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Abstract

A great number of astrophysical observations suggests that of the matter in

our universe, only a sixth is made up of known matter. The rest, named dark

matter, has not been successfully identified. This thesis presents the analysis

and statistical inference that was used by the XENON1T collaboration to con-

duct a search for a particular dark matter candidate; weakly interacting massive

particles (WIMPs).

XENON1T is a dual-phase time projection chamber that can detect parti-

cles scattering in a 2 tonne target of liquid xenon with deposited recoil ener-

gies above ≈3 keV. This is low enough to observe the elastic recoil between

a WIMP and a xenon nucleus for WIMP masses & 5GeVc−2. The results pre-

sented in this thesis use 278.8 days of data, with an analysis mass of 1.3 tonne.

XENON1T uses models for backgrounds and signals within this volume to

construct a combined likelihood for two science data-taking periods as well as

calibration data-sets. Fits to simulated data-sets were used to calibrate and val-

idate the confidence interval construction. In addition, analysis choices were

evaluated both to optimize the discovery power and expected sensitivity of the

search, and to improve the robustness of the analysis.

No significant excess was observed in the search for a spin-independent

WIMP-nucleon interaction for any WIMP masses between 6 GeVc−2 and

1×104 GeVc−2 for the 1 ton-year exposure. This analysis produced the

strongest constraint on the spin-independent WIMP-nucleon cross-section so

far, with a minimum of 4.1×10−47 cm2 for a 30 GeVc−2 WIMP.
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1. Introduction

Searches for dark matter, which is believed to account for over 80% of the mass in the

universe [2] have not yielded an identification. This thesis is about the statistical in-

ference methods developed and used in the search for weakly interacting massive par-

ticles (WIMPs), a dark matter candidate, by the XENON1T experiment (XENON1T).

The first indication of dark matter was observed in the movement of galaxies in clus-

ters, which move with higher velocities than could be explained by visible matter

alone [7], with one of the proposed explanations being a large population of planets,

asteroids, dust and other non-luminous matter. Further observations, including the ro-

tation of stars in galaxies [8], and an improving knowledge of the gas and dust in the

universe, led to the hypothesis that dark matter behaves as a collisionless and gravitat-

ing fluid, and can not be identified with known matter [9]. Today, observations of the

cosmic microwave background (CMB) give precise measurements of the abundance of

non-interacting matter in the early universe that are compatible with observations on

smaller scales [2]. Section 2.1 gives a short overview of indications of dark matter,

and section 2.3 includes an introduction to a few dark matter candidates.

In this thesis, I will focus on a particular dark matter particle candidate, WIMPs,

which are the main target of the XENON1T experiment. WIMPs have been motivated

in particular by the observation that a particle with the weak cross-section and a weak-

scale mass, O(100GeVc−2), would be produced in the early universe with approxi-

mately the observed abundance. In section 2.4 I give an introduction to WIMP prop-

erties, followed by a summary of the properties of WIMP-nucleus scattering, which is

the signature XENON1T was designed to observe, in section 2.5.

The XENON1T detector is the largest two-phase liquid xenon time projection

chamber (TPC) built when this thesis is written. A deposition of energy in the 2 t

liquid xenon target, / 50keV for an elastic WIMP scatter, causes an immediate scin-

tillation light flash, and liberates electrons that will drift upwards in an electric field.

The primary scintillation signal, termed S1, and the secondary signal emitted as the

electrons are extracted from the liquid to the gaseous xenon, termed S2, allow a three-

dimensional reconstruction of the interaction position, as well as an estimate of the

total energy deposited. The analysis volume in the TPC is defined within the total ac-

tive volume to avoid the higher background rates at the surfaces, and the final analysis

uses the radius fron the detector axis, as well as S1 and S2 to discriminate between

background and signal events. Chapter 3 details the XENON1T detector, operating

principle and reconstruction.

In chapter 4, I introduce the analysis variables and models that were constructed

for the results published by the XENON1T collaboration, and the likelihood used to

represent the experiment. In chapter 5, I explain the statistical analysis procedure

for the analysis, and the statistical properties of the analysis. Working on the infer-
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ence was my main contribution to the XENON1T analysis, and in addition to writing

and validating the inference machinery, sensitivity studies were used to inform the

model construction and other analysis choices. The un-binned likelihood used for

XENON1T results is constructed with separate terms for each data-set or measure-

ment. Therefore, additional data-sets or measurements could easily be added to the

statistical model of the experiment. The inference demanded large amounts of toy

Monte-Carlo (toyMC) simulations from the background models to calibrate the confi-

dence intervals and validate the inference method, in particular the coverage proper-

ties. Chapter 6 presents sensitivity and mis-modelling studies, and chapter 7 presents

the results of the search for spin-independent WIMP-nucleus scattering in the 1 t×y

data-set, which consists of two data-taking periods, SR0 and SR1, lasting 32.1 d and

246.7 d.

Finally, in chapter 8, I present some studies on the future performance of XENON1T

and a future detector, and ideas for communicating experimental results before con-

cluding.
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2. Dark Matter

This chapter∗ will give an introduction to the evidence for dark matter, and some dark

matter candidates. Weakly interacting massive particles (WIMPs) are the target of the

searches in this thesis, and are treated in more detail, including the scattering of WIMPs

on nuclei. The last section summarizes some searches for WIMPs.

2.1 Indications of dark matter

Observations of large gravitationally bound structures show that stars in galaxies

and galaxies in galaxy clusters orbit faster than expected from the visible contained

mass. In fact, the visible contained mass is smaller than the inferred non-luminous

(or dark) mass. Cosmological measurements also indicate that non-interacting (and

non-relativistic) matter in the same abundance was present in the early universe.

2.1.1 Dynamical measurements

The gravitational potential of a galaxy or galaxy cluster can be measured by determin-

ing the orbit of test masses- gas, stars or galaxies. In the simplest case of a circular

orbit and a spherical potential, the orbital velocity is v =

√

GM(r)
r

, where r is the dis-

tance from the center, G the gravitational constant, and M(r) the mass enclosed within

r. Instead of measuring orbits, one may measure instantaneous velocities and radiuses,

and use the virial theorem, which states that the average kinetic and potential energies,

〈Ek〉and
〈

Ep

〉

are related for inverse-square forces as [10]:

〈Ek〉=−1

2
·
〈

Ep

〉

. (2.1)

Figure 2.1 shows the orbital velocities of stars and gas clouds in the Milky Way, with

the red points from data strongly disagreeing with the gray band that shows the expec-

tation if M(r) corresponded to the visible mass in the galaxy. Even higher discrepan-

cies are seen in dwarf spheroidal satellite galaxies (dSphs), satellites of the Milky Way

with some 10 to 1000s of stars. For the best-known cases, the dark matter content can

be determined with ∼ 20% uncertainties, with ratios of total to luminous mass of up

to 1000 [11].

In disk galaxies, the bulk motion has been measured with the Doppler shift of

hydrogen absorption lines. Rotation velocities that plateau or increase towards the

∗This chapter is a re-worked and extended version of the dark matter chapter of my licenti-

ate thesis A Search for Dark Matter Lines with H.E.S.S. II, 2016 (unpublished)
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edge of the visible galaxy imply that a large fraction of the mass is in the form of

invisible matter, with the case of a constant velocity in particular implying ρdm ∝

r−2 [12].

Dark matter in galaxy clusters is measured using both velocities of the bound

galaxies and the temperature of the gas bound to the cluster, which emits X-rays. The

temperature profiles of the gas is used to measure the distribution of the dark matter

in the cluster, as well as to measure the ratio between baryonic and dark matter. As an

example, XMM-Newton measures a ratio between visible and total matter of 0.20±
0.03

(

H0

70kms−1 Mpc−1

)−2/3
[13], where H0 is the Hubble constant today, in agreement

with measurements of the cosmic microwave background (CMB) by Planck [2].
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Figure 2.1: Rotation curve of the Milky Way, from [1]. Red crosses are star and

gas cloud measurements, while the gray band shows the expected distribution in

the absence of dark matter. Velocities, positions and distance from the galactic

centre are collated from a total of 2780 objects from several object classes. In the

middle panel, the residuals are shown together with a dashed blue line showing a

Navarro, Frenk and White (NFW) dark matter profile as defined in equation 2.4,

with scale length 20 kpc, and local dark matter density 0.4 GeVcm−3. The lowest

panel shows a χ2 measurement of goodness of fit between the no-dark-matter

model and the measurements. A value above the red line signifies a 5σ rejection

of the model with no dark matter.

2.1.2 Structure formation and the CMB

Observations of the early universe give precise measurements of the dark matter abun-

dance, and constraints on possible dark matter models from the history of structure
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formation. The early universe was hot and dense enough to produce all standard

model particles [14], and some dark matter models, such as WIMPs, are also pro-

duced thermally. The expansion in scale R and cooling of the universe is described by

the Friedmann equation;

H2 ≡ (Ṙ/R)2 =
8πGρtot

3
− kc2

R2
(2.2)

where the expansion is governed by the total energy density ρtot and the curvature

parameter k, giving the Hubble parameter H. G is Newtons constant, and c the speed

of light. Cosmological measurements are consistent with a flat universe, k = 0 [15].

The critical energy density where the universe is exactly flat is ρc ≡ 3 ·H2
0/(8πG),

given the Hubble constant today, H0. Energy densities of individual populations of

neutrinos, photons etc. are typically given as the ratio to the critical energy density;

Ω ≡ ρ/ρc, giving the equation H2/H2
0 = ∑Ω for the evolution of the universe. Non-

relativistic matter has kinetic energies far smaller than the rest mass, and ρ ∝ R−3.

Radiation, including relativistic particles, are red-shifted as the universe expands, and

the energy density falls quicker; ρ ∝ R−4. The early, hot universe was dominated by

radiation, but as it cooled, nonrelativistic matter started to dominate the evolution of

the universe. This occurred when the universe was approximately 3000 times smaller

than today [14]. Observations of the expansion of the universe indicate the presence

of a third component; dark energy, which did not affect the early universe, but causes

the expansion of the universe to accelerate today, parameterized with a constant energy

density component ΩΛ =Λ [14]. The cosmological standard model, ΛCDM∗, includes

cold† dark matter and dark energy components in additional to standard model matter

to fit the CMB and other cosmological observations.

The CMB was emitted as the universe cooled down enough to allow electrons to

bind with nuclei, and photons went out of equilibrium with the rest of the universe.

The temperature of the photons, red-shifted to microwave energies with a black-body

spectrum of 2.7K today, traces the temperature of the plasma at decoupling, when the

universe was approximately 1000 times smaller than today. At roughly the same time,

the energy densities of radiation and baryonic matter became equal. Unlike normal,

baryonic, matter, which was kept from clumping by its pressure, dark matter could

start forming structures already when the total matter density exceeds the radiation.

Galaxies are observed that could not have formed from the anisotropies seen in the

CMB [15] unless dark matter had already started forming structures before the CMB

was emitted [14]. Dark matter with a mass lower than the thermal energy at CMB

emission would be relativistic and smooth density fluctuations if it was thermally pro-

duced. As an example, if neutrinos, which have masses below 0.17 eV [15], were the

dominant component of dark matter, they would suppress structures below a scale of

40 Mpc [12]. As a consequence, large structures would form first, contrary to obser-

vations. Theories for light dark matter particles will therefore often feature a non-

thermal production mechanism so that the particles would have been non-relativistic

before the CMB was emitted. As an example, axion dark matter, briefly described in

∗named after the unidentified ingredients; cold dark matter, and the cosmological constant

Λ representing dark energy
†non-relativistic
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section 2.3.2, may be produced non-thermally in the early universe from the decay of

the initial axion field [16].

The gravitational wells of the dark matter structure also affect the CMB. The rel-

ative size of CMB fluctuations on different angular scales is sensitive to the ratio of

baryonic to total matter densities. Acoustic waves in the early universe, before the

CMB is emitted, propagate and interact gravitationally with the dark matter. The rela-

tive heights of the dark matter anisotropy power spectrum are sensitive to the intensity

of the acoustic compression. The first peak of ∼ 1◦ corresponds to fluctuations that

after inflation had time to compress once, while further peaks represent successive os-

cillations [14]. Figure 2.2 shows the measured temperature anisotropies from Planck,

together with an illustration of the way the spectrum changes with changing dark mat-

ter fraction. Measurements by the Planck Collaboration, summarized in table 2.1 are

consistent with a flat universe, where approximately 5% is baryonic matter, 26% cold,

i.e. non-relativistic, dark matter and the rest, 69% is dark energy.

Table 2.1: Matter-energy abundances from CMB data [2], scaled with the reduced

Hubble constant:

Parameter Symbol Value

Baryon abundance Ωbh2 0.02230±0.00014

Dark matter abundance Ωch2 0.1188±0.0010

Dark energy density ΩΛh2 0.6911±0.0062

Reduced Hubble con-

stant

h ≡ H0

100kms−1 Mpc−1 0.6774±0.0046

2.1.3 Colliding clusters and gravitational lensing

Clusters of galaxies are among the largest gravitationally bound systems known. Most

of the visible matter in a cluster is plasma with a temperature determined by the po-

tential well, visible in X-rays. When two clusters collide, the plasma will interact,

while most stars and galaxies will not hit anything to slow them down. Collision-less

dark matter would follow the same path as the galaxies, and separate from the plasma.

The gravitational potential in such systems can be mapped by studying the distortions

of background galaxies due to gravitational lensing. Studies, first of 1E0657-558, the

"Bullet Cluster" [17] have shown that the gravitational potential of merging clusters is

coincident with the galaxies, and not with the plasma. The gravitational lensing indi-

cates that the mass around the visible galaxies is seven times that around the plasma

component, while the visible mass is two times higher at the plasma peak than the

brightest galaxy. Figure 2.3 shows an optical image, overlaid with colors indicating

the X-ray signal from the plasma, and the gravitational potential. The gravitational

potential indicates that dark matter does not trace visible matter.

22



0

1000

2000

3000

4000

5000

6000

D
T
T

ℓ
[µ
K

2
]

30 500 1000 1500 2000 2500

ℓ

-60

-30

0

30

60

∆
D

T
T

ℓ

2 10

-600

-300

0

300

600

(a) Observed CMB temperature power-

spectrum from [2]

(b) The effect of changing the baryon-dark

matter ratio on the CMB power spectrum,

from [3]. The dark matter density is varied,

while the total matter content is kept fixed.

For higher matter fractions, odd peaks in

the power-spectrum are enhanced with re-

spect to the even-numbered.

Figure 2.2: The CMB temperature anisotropy power-spectrum as function of the

multipole moment l

Modifications of gravity

If gravitational potentials were to fall off slower than 1/r at large distances r, this could

explain the observed galaxy rotation curves. However, creating a so-called modified

Newtonian dynamics (MOND) model that can explain both galactic and larger struc-

tures while keeping compatibility with extensive tests of the theory of relativity is

challenging [15]. In addition, cluster mergers, as described above, show an offset

between the gravitational potential and visible matter that disfavors modifications to

gravity.

2.2 Distribution of dark matter

As rotation curves of galaxies flatten out at large radiuses r, the matter density should

scale as approximately ρ(r) ∝ 1/r2. In the center of the halo, this shape must be mod-

ified, and the shape of the inner parts of dark matter halos is of great importance in

searches for annihilation or decay signals from dark matter in the universe, in partic-

ular for self-annihilating dark matter, where the signal is proportional to the square of

the density. N-body simulation of dark matter halos from dwarf galaxies of ∼ 1011 so-

lar masses to galaxy clusters of ∼ 1015 solar masses have been fit well with analytical

functions such as the NFW [18] and Einasto [19] profiles for the dark matter density
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Figure 2.3: Composite image of the "Bullet Cluster". The pink coloring shows

the X-ray gas, while the blue color indicates the gravitational potential inferred

with gravitational lensing in [17], on top of a visible-light image.
Credit: NASA/CXC/SAO;

X-ray: NASA/CXC/CfA/M.Markevitch et al.;
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;

Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
From http://chandra.cfa.harvard.edu/photo/2006/1e0657/
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ρ(r):

ρEinasto(r) =ρ0,Einasto · exp

(

− 2

α

[

r

rs

]α

−1

)

(2.3)

ρNFW(r) =
ρ0,NFW

( r
rs
) ·
[

1+ r
rs

]2
(2.4)

Where the ρ0 are normalization factors, usually set by requiring the dark matter den-

sity to match estimates of the dark matter density at the Sun’s distance from the galac-

tic center: ρ⊙ = 0.39± 0.03GeVc−2 cm−3 [15]. The profiles are characterised by a

scale radius rs, and an exponent α in the case of the Einasto profile.

Both of the above profiles, derived from dark matter only simulations, are cusped-

they predict a very high density at the center of the halo. In the center of galaxies,

both dark matter self-interactions and dark matter-baryon interactions would be ex-

pected to be the strongest [20]. Examples include dark matter self-interactions, which

could smooth out an inner cusp, and baryonic mass outflows, which could drag dark

matter out with them. Observations of galaxies and clusters have pointed towards a

less pronounced central peak- a core [20]. In the High Energy Stereoscopic System

phase II (H.E.S.S. II) line analysis [Paper VI], two cusped profiles were considered;

the Einasto and NFW profiles, defined in section 2.4, but further variation of the pro-

files was not considered. Searches for cored dark matter with H.E.S.S. I have been

performed [21], but requires a dedicated observation strategy, as the core is typically

larger than the field of view (FOV). Direct detection experiments are less sensitive to

the particular dark matter profile, as the local dark matter density can be measured

at the Sun’s distance from the Galactic center [22]. Direct detection experiments, in-

cluding XENON1T typically set ρ⊙ = 0.3GeVc−2 cm−3[Paper II]. ∗ Since the dark

matter rate is directly proportional to the local density, results can be scaled to other

dark matter densities.

2.3 Dark matter candidates

Given the observational constraints, a particle dark matter candidate:

1. Must have mass.

2. Cannot interact stronger than current bounds from cluster mergers, CMB mea-

surements and dark matter searches, covered in section 2.6.

3. Must have been non-relativistic, "cold", during the era of structure formation.

4. Must be present in the correct abundance.

Among standard model particles, neutrinos fulfill the first two criteria. However,

the abundance of neutrinos produced in the early universe would be too low. Cur-

rent neutrino oscillation measurements set limits of the neutrino masses of ∑mν <

∗Due to the attraction from baryons, the dark matter density in a galaxy disk may be higher

than the average computed from stellar motions, but this effect is not included in XENON1T

direct detection limits.
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0.17eV [15], while the density is predicted to be ων = ∑mν/47eV, far smaller than

measurements [14]. Furthermore, neutrinos would be relativistic until after the CMB

was emitted, smearing out density fluctuations required for structure formation. Dark

matter formed by thermal production and subsequent freeze-out, where the expansion

of the universe halts the dark matter annihilation, leaving a relic density until today,

must have masses above ∼ 1keV to permit galaxies to form [15].

Additional heavy neutrino flavors below half the Z-mass were excluded by Large

Electron – Positron Collider (LEP). However, right-handed neutrinos that do not inter-

act with Z-bosons, so-called sterile neutrinos, are not excluded. Sterile neutrinos have

a theoretical motivation from the generation of masses for the left-handed neutrinos,

and can have masses between keV and electroweak energies. Masses in the keV range

have been proposed as a dark matter candidate [23].

Some other dark matter models are presented below. The masses span from

macroscopic black holes down to axions with masses around 0.01 eV. A partial list

may be found in [12]. WIMPs, covered in the following sections, could be produced

thermally with a weak-scale cross-section, and are the main target for XENON1T dark

matter searches.

2.3.1 Dark objects or black holes

When the dark matter problem was first encountered by Zwicky, Lundmark and oth-

ers in the 1930s, normal, baryonic matter in the form of planets, asteroids and other

non-luminous objects such as black holes, later termed massive compact halo objects

(MACHOs), was a natural hypothesis [9]. Neither of these classes can explain the re-

sults of ΛCDM fits to the CMB if they were formed after the CMB was emitted, which

rules out standard baryonic candidates. In addition, the abundances of light elements

in the universe depends on the ratio of baryonic matter to photons in the early universe,

and constrains the closure parameter to be Ωbaryonic = 0.044±0.005 [14], in line with

the baryon density in the CMB fits.

Searches for populations of primordial black holes, produced in the early uni-

verse, have used microlensing- black holes passing in front of an object will bend and

focus light, resulting in a transient increase in brightness. These searches exclude a

dark matter halo composed entirely of compact objects in the mass range from 1 to

30 M⊙ [24]. Black holes with masses below 1×1011 kg decay by emitting Hawking

radiation [14]. Production scenarios for primordial black holes must therefore have

mechanisms to produce black holes in only a restricted mass range [25]. With the

detection of gravitational waves from black hole mergers [26], primordial black holes

may also be discovered or constrained by the rate and mass-spectrum of merging black

holes [27].

2.3.2 Axion-like dark matter

The axion was proposed to explain the low amount of charge parity (CP)-violation in

strong interactions. In quantum chromodynamics (QCD), a CP-violating term occurs

with an a priori unknown strength parameter |Θ| <= π , that is constrained within

|Θ|< 1×10−10 experimentally [28, 29].
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To provide a dynamical explanation for the small coupling, the QCD Lagrangian

is extended with a term proportional to the QCD CP violating term, but multiplied with

an axion field arising from a U(1) symmetry. The field would be driven to a minimum

where it cancels the QCD CP-violation by non-perturbative QCD interactions [15]. The

spontaneously broken U(1) symmetry generates a Goldstone boson, the axion, acquir-

ing a small mass through QCD interactions. Axions couples to two photons in propor-

tion to their mass [14], and must have masses below 10 eV in order to be stable for the

lifetime of the universe. Stronger limits on the mass have been set by considering the

cooling effect that escaping axions would have on star evolution, ma < 0.01eV [12].

While axions are too light to be thermally produced cold dark matter, they are also too

weakly interacting to be in thermal equilibrium with the early universe. Instead, they

may be non-thermally produced when the U(1) symmetry is broken and the associ-

ated field starts oscillating, generating axions, which for masses ma ∼ 1meV would

produce the correct relic density. Axion-like particles, which may have different in-

teraction strengths than the standard axions for the same mass, are also possible dark

matter candidates featured in or motivating extensions of the standard model [14].

2.3.3 Supersymmetric dark matter

Supersymmetry introduces a new symmetry operator that transforms fermions to bosons

and vice versa. Beyond theoretical interest in supersymmetry as a symmetry that con-

nects space-time and internal symmetries [12], supersymmetry turns out to provide

potential solutions to several outstanding issues in particle physics. If exact, super-

symmetry would imply that every particle should have a supersymmetric partner of

the same mass, and a difference in spin of 1/2. No so-called sparticles have been

found, and so supersymmetry must be a broken symmetry at low energies. Includ-

ing sparticles in the running of gauge couplings makes the electromagnetic, weak and

strong forces be of equal strength at about 1×1016 GeV [30], which could hint of a

possible unification of forces. A second attractive feature is that fermions and bosons

appear in Higgs renormalization loops with opposite sign, canceling terms that oth-

erwise would increase quadratically with energy and require fine-tuning to bring the

Higgs mass down to the electroweak scale.

Finally, supersymmetry provides possible particle dark matter candidates. At least

three super-particles could constitute dark matter if they are stable; the super-partners

of neutrinos, gravitons and the neutral gauge bosons (and the Higgs particle). The

super-partners of the neutrinos are excluded as dark matter if their mass is set to give

the correct relic density [12]. An additional quantum-number called R-parity is as-

signed to be +1 for particles and −1 for sparticles in many supersymmetric theories.

R-parity was originally introduced to ensure the stability of the proton, but would also

ensure that the lightest supersymmetric particle would be stable [12].

Gravitinos are the super-partner of the graviton, with a spin of 3/2. As they

interact at the strength of gravity, detection seems feasible only if the gravitino is un-

stable at timescales larger than the age of the universe, so that a fraction would create

standard model particle signatures [15]. Cosmological limits from the production of

light elements in the early universe constrain gravitino dark matter , without excluding

some models that satisfy the constraint as well as giving the observed abundance [12].
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Neutralinos are a mix of the super-partners of the B, W3 and Higgs bosons, and can

include a WIMP dark matter candidate that interacts via the weak force. An uncharged

neutralino that is also the lightest supersymmetric particle could be a WIMP dark mat-

ter candidate. This neutralino, χ0
1 , would couple to fermion-antifermion pairs, the

weak gauge bosons as well as Higgs bosons.

2.4 WIMP dark matter

In addition to fulfilling the criteria listed in section 2.3, a WIMP with a mass around the

weak scale, ∼ 100GeV and a velocity averaged cross-section of

〈σv〉 ∼ 3×10−26 cm3 s−1 [14], would depart equilibrium as the universe cooled down,

and remain as a relic of approximately the observed density in the universe. This ther-

mal production mechanism, a natural slot in supersymmetric theories and signatures

within experimental reach of colliders, direct and indirect dark matter searches has

made WIMPs a widely studied dark matter candidate, and they are the main target of

XENON1T dark matter searches.

2.4.1 Thermal production of WIMPs

As the early universe expanded and cooled, the equilibrium density of a non-relativistic

particle, neq decreases with temperature, and is approximated by the Maxwell-Boltzmann

distribution,

neq =

(

mT

2π

)3/2

e−m/T (2.5)

where T is the temperature and m the particle mass. The Boltzmann equation govern-

ing the number density is:

dn

dt
=−〈σv〉(n2 −n2

eq)−3H ·n (2.6)

Here, n(t) is the number density of the particle, H is the Hubble constant, and 〈σv〉 is

the thermal average of the dark matter annihilation cross-section times velocity. The

first term on the right hand side of the equation represents the production and anni-

hilation of dark matter particles, and the second the dilution due to the expansion of

the universe. As the temperature T nears the particle mass, neq drops dramatically,

with the ratio m/T ∼ 25 at so-called freeze-out varying only logarithmically with the

mass [14]. The expansion of the universe continues diluting n, so that the annihilation

term ∝ −〈σv〉n2 on the right side of equation decreases as well. The size of 〈σv〉 de-

termines how long the dark matter can maintain thermal equilibrium with the universe

as the equilibrium density drops; the larger 〈σv〉, the more dark matter will annihilate.

The portion of the dark matter that remains is said to be frozen out. An approximate

solution of the above equation gives;

Ωdmh2 ≈ 3×10−27 cm3 s−1

〈σv〉 , (2.7)
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where Ωdm is the ratio of the dark matter density and the critical energy density re-

quired for a flat universe, and h ≡ H0/100kms−1 Mpc−1 is the reduced Hubble con-

stant. The fact that the cross section required to satisfy the dark matter abundance

measured by Planck, Ωdmh2 = 0.1199± 0.0022 [2] is of the order of typical weak

cross-sections is a significant motivation for WIMP dark matter.

2.5 WIMP-matter scattering

XENON1T and other direct dark matter detectors are build to observe the interaction

between WIMPs and nuclei of the target material. Elastic, spin-independent recoils can

coherently scatter off the entire nucleus, leading to improved sensitivity [4]. However,

other signatures such as spin-dependent interactions are also targets of analyses.

2.5.1 Elastic collisions

A dark-matter particle with a non-relativistic velocity v0 and mass MD recoiling elas-

tically can deposit a maximum energy;

Emax = 2
µ2v2

0

MT

, (2.8)

on a target particle with mass MT , and reduced mass µ ≡ MDMT

(MD+MT )
. For a weak-scale

mass of 100GeVc−2, a target 132Xe, MT ≈ 132GeVc−2, and galactic velocities of

10−3c, Emax ≈ 50 keV. For a low-energy scatter, the recoil energy will be uniformly

distributed between 0 and Emax, as the recoil direction in the center of mass frame will

be isotropic [14]. Therefore, the dark matter velocity with respect to the Earth, vvv will

give the range of deposited energy, and the distribution of vvv, f (vvv, t), will govern the

nuclear recoil spectrum, together with the WIMP–nucleon cross-section.

The orbit of the Earth around the Sun changes the distribution throughout a year,

as the Earth will move with or against the Suns motion with respect to the galaxy.

Directional detectors, discussed in section 2.6.3, may also be sensitive to the velocity

direction. The change in the WIMP-nucleus cross-section with recoil energy is ex-

pressed with a nuclear form-factor F2(E) = σ(E)/σ0, where σ0 is the cross-section

for zero momentum transferred [31].

In total, the differential rate of dark matter interactions per time, target mass and

energy, dR
dE

, reads:

dR

dE
=

ρ0

MDMT

·
∫

f (vvv, t) · dσ

dE
(E,vvv)d3vvv (2.9)

Where dσ
dE

(E,vvv) is the differential cross-section [4], which may depend on direction in

a directional detector, and ρ0 is the local dark matter density.
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Velocity distribution of dark matter

The dark matter velocity distribution is commonly taken to be a Maxwell-Boltzmann

distribution below the galactic escape velocity vesc:

f (vvv,vvve) =

{

n0
k
· e−|vvv+veveve(t)|2/v2

0 if |vvv+vvve|< vesc

0 if vesc ≤ |vvv+vvve|
(2.10)

Where vvve(t) is the time-dependent velocity of the Earth, and the laboratory, with re-

spect to the galactic center∗, vvv the dark matter velocity with respect to the Earth, and

v0 the local galactic circular velocity [31]. The local number density is n0 = ρ0/MD,

and k is an integration constant chosen so that n0 =
∫ ∞

0 f (vvv,veveve)d
3vvv. The XENON1T

analysis assumes a standard halo model, with v0 = 220kms−1, vesc = 544kms−1 and

ρ0 = 0.3GeVc−2 cm−3 for dark matter signal models [Paper II]. While this simplifies

the comparison of direct detection limits, the steeply falling energy spectrum of the

Maxwell-Boltzmann distribution together with the finite energy thresholds of exper-

iments makes this an important source of systematic error for the actual dark matter

cross-section. A recent study exploring the possibility that the dark matter velocity

distribution at the sun is peaked at significantly lower values than the standard halo

model due to a population of non-virialized dark matter from a merger event in the

Milky Way past shows that low-mass upper limits, where only the highest tail in ve-

locity can deposit enough energy to exceed the experimental threshold can move by a

factor ∼ 8 [32]. Direct detection experiments commonly hold these parameters fixed,

but section 8.2.1 shows one way to present the experimental results that would enable

re-analyses using different halo assumptions.

For illustration, integrating over velocities in equation 2.9 between the lowest and

highest velocity that can yield a recoil energy E, and assuming that the cross-section

is isotropic in centre-of-mass direction, integrating over all velocities up to ∞†, the

differential recoil rate takes the form [31]:

dR

dE
=

R0

Es

· e−E/Es ·F2(E) · I (2.11)

R0 =
2√
π

NA

A

ρ0

MD

σ0v0 (2.12)

With the event rate at E = 0 written R0, and a scale energy Es =
1
2 ·MD ·v2

0 · 4MD·MT

(MD+MT )2 .

A multiplicative factor I represents collective nucleon effects, described further in

section 2.5.1. For the standard spin-independent interaction, I = A2, where A is the

target atomic number. The effect on the expected WIMP scattering rate of v0, Eth, and

A for this example is illustrated in figure 2.4.

∗The velocity of the galactic center with respect to the Earth will be −vvve(t), so that the

Galilean transformation of the dark matter velocity from being relative to the Earth to being

relative to the galactic center is vvvgalactic = vvv+vvve(t)
†i.e. not taking the truncation of the distribution at the escape velocity into account.
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Figure 2.4: Illustration of the impact of three parameters on the expected WIMP-

nucleus scattering rate. The blue full and dashed curves shows the change due

to a ±20 kms−1 change in v0. The change in rate from a germanium (A = 72)

to a xenon (A = 129) target is shown in orange, demonstrating the size of the A2

coherence enhancement discussed further in section 2.5.1. The red dashed and

full curves show how moving Eth from 3 keV to 7 keV changes the rate. The

dashed black line shows a comparison model where the parameters are fixed to

v0 = 220kms−1, A = 129,Eth = 5keV.
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Annual modulation

The Sun orbits with a velocity with respect to the galactic center of 230 kms−1. The

Earth’s velocity with respect to the galactic center oscillates around the Sun’s with

an amplitude of ∼ 15kms−1 [33]. This annual modulation results in a higher recoil

energy tail peaking in June, when the Earth orbits in parallel with the Sun’s galactic

orbit, and a corresponding decrease in December causing a modulation of the dark

matter rate and spectrum [31]. The modulated signal is expected to be a small fraction

(0.01−0.1) of the total dark matter scattering rate [33]. Therefore, the main gain of an

annual modulation search is if the experiment due to un-modelled backgrounds cannot

search for the total dark matter rate, or if only the velocity boost in June brings dark

matter events over the experimental threshold. In addition, a modulation would be a

powerful argument to identify an excess as dark matter.

Form factors

The coupling between a WIMP and the nucleus depends strongly on the energy transfer,

as deeper scatters probe the structure of the nucleus, while low-energy scatters only

see the collective nuclear charge. This dependence is captured in the form-factor

which decreases from 1 at E = 0, where the WIMP-nucleon cross-section is σ0 [31],

including a constant I expressing collective nucleon effects:

F2(E) · I = σ(E)

σ0
(2.13)

The form factor can be computed as the Fourier transformation for the scattering cen-

ter distribution in the plane wave approximation [31], or can be considered as part of

the WIMP-nucleon coupling, as described in the following section.

WIMP-nucleon couplings

In the spin-independent case, assuming the WIMP couples equally to all nucleons, form

factors can be compared to deep electron scattering probes [4]. The Helm parametriza-

tion is used by the XENON1T experiment [34, Paper II]. As all nucleons would con-

tribute coherently at low energy transfers, the total rate is enhanced by a factor A2 if the

WIMP couples equally to proton and neutrons, where A is the number of nucleons [31].

Recently, this coherence effect has been observed in coherent elastic neutrino-nucleus

scattering (CEνNS) [35]. Detectors with heavier target elements will therefore expect

a higher signal rate for spin-independent interactions. At higher momentum transfers,

the loss of coherence as the WIMP interacts with the nuclear structure is expreessed by

a corresponding reduction in F(E).
The XENON1T and other direct detection experiments report their results in terms

of the WIMP-nucleon rather than WIMP-nucleus cross-sections, to compare detectors

with different target materials. The WIMP-nucleon cross-section is given by dividing

away the material-specific 1/µN and A2 factor to give the comparable cross-section

for a single nucleon;

σ0 nucleon ≡ σ0
µ2

n

µ2
NA2

, (2.14)
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where µn is the reduced mass of the WIMP on a single nucleon [31, 36].

In the case that the WIMP couples to the nucleon spin, a coherent addition of the

spins would result in opposite-sign spins shielding each other, leaving only a possible

un-paired nucleon contributing at low momentum transfers, leading to an expected

spectrum that is less peaked towards lower energies.

2.5.2 Nonrelativistic effective field theory

The actual WIMP-nucleon coupling does not have to consist of only the spin-independent

coupling above, and will, in general, depend on the details of the WIMP model, in-

cluding possible mediator particles. Different models can be compared, or model-

independent limits can be constructed using effective field theories (EFTs), where the

details of the WIMP-nucleon interaction are replaced by contact interactions between

incoming and outgoing WIMP and nucleon fields, χ and N, illustrated in figure 2.5.

The interactions are characterised by interaction Lagrangians involving operators O,

Lint = χ†χN†ON [37], where χ is the WIMP field and N the nucleon field. For the

non-relativistic velocities involved in direct detection, a total of 15 operators can be

constructed that are invariant under Galilean velocity transformations [38]. In ad-

dition to the spin-independent (OSI = ✶) and spin-dependent (OSI, containing terms

with SSSχ ·SSSN) operators, the other operators are combinations of the WIMP and nucleon

spins, SSSχ , SSSN , the transferred momentum qqq, and the transverse velocity v⊥. All opera-

tors but OSI and OSD include the momentum transfer or the transverse velocity. There-

fore, these operators are suppressed at low momentum transfers. This reduces their

expected rate in direct detection experiments, but can also cause recoil spectra to be

concentrated at higher recoil energies than the falling spectra of the spin-independent

interaction [39].

2.5.3 Two-body interactions

An alternative approach to construct an EFT of the WIMP interaction with the nucleus

is to start with the chiral effective field theory (ChEFT) theory of low-energy QCD in-

teractions [40]. The up and down are much lower than the mass scale of the strong

interaction, ∼ 1GeV. If the quark masses are set to zero, the QCD Lagrangian gains

a global SU(2)R ×SU(2)L, chiral, symmetry, where left- and right-handed quark field

do not mix [41]. This symmetry is broken in nature, with the pions as the Goldstone

bosons of the broken symmetry. For energies below the chiral-symmetry breakdown

scale Λ ∼ 1GeV, the complete QCD Lagrangian can be approximated by an expansion

in powers of the momenta q or pion mass m divided by this scale; (m/Λ)ν , (q/Λ)ν .

Counting the powers ν of this expansion parameter for each Feynman graph system-

atically, and only including terms below a certain power can therefore be used to

compute the low-energy QCD interactions [41].

The typical momentum transfer of an elastic WIMP-nucleon collision is ∼
200MeV, allowing ChEFT to be used to study WIMP-nucleon scattering effects [42]. In

addition to interactions equivalent to the non-relativistic EFT operators, new interac-

tion terms where the WIMP couples to a pion exchanged between nucleons, termed

two-body currents, appear when all terms up to the third power of ν are consid-
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ered [40]. The power-counting also introduces a hierarchy between different in-

teraction terms, and WIMP-pion interactions occupy the same rung as momentum-

suppressed WIMP-nucleon interactions [40]. For spin-dependent interactions, this

term has additional importance as it provides a spin-dependent interaction term even

when the nucleus does not feature an un-paired nucleon [43, 44].

In the case of the spin-independent WIMP-xenon scattering, the two-body term

enters with its own structure function, and cannot be included as a correction to the

spin-independent form-factor. After the standard WIMP-nucleon coupling, it is the

next interaction, in order of ν , to enter among coherently enhanced interactions [45].

Specific WIMP models may couple more or less strongly via each operator, but the

generic expectation is that a hierarchy is implied by coherence effects, as well as the

chiral power-counting. The expectation for the relationship between spin-independent

WIMP-nucleon, spin-independent WIMP-pion and spin-dependent scattering is [Paper IV];

A2 ≫ 4

(

Mπ

Λ

)6(
mN

Mπ

)2

A2 ≫ 4

3

J+1

J
〈Sn/p〉2, (2.15)

where Mπ ,mN are the pion and nucleon masses, J is the nuclear spin, and 〈Sn/p〉
the expected neutron or proton spin. The approximate ratios for xenon are 10000 ≫
1100 ≫ 0.3 [45]. However, these expectations only hold for equal couplings to all

operators. Searches for the suppressed interactions probe slices of parameter space

where the ordinarily dominant interactions vanish. The first constraint on the spin-

independent WIMP-nucleon intersection was performed in [Paper IV], using the same

data set and inference machinery as in the spin-independent WIMP-nucleon analysis,

described in chapter 4. While the form factors for the two interactions are different at

higher energy regions, the weighting of the low-energy recoils by both the structure

functions and the velocity distribution meant that the nuclear recoil spectrum of the

WIMP-pion interaction was qualitatively of the same, exponentially falling shape as the

WIMP-nucleon spectrum, albeit with a slightly higher high-energy tail. The analysis

therefore found similar results in terms of expected events, while the cross-sections

probed reflected the different scalings as illustrated in equation 2.15.

2.6 Examples of dark matter searches

Searches for WIMP dark matter may roughly be divided in three; direct searches for

dark matter scattering off a detector target, indirect searches for the particles produced

by dark matter either decaying or annihilating in the universe, and searches at particle

colliders, where an un-balanced final state could signify an escaping non-interacting

particle. The schematic diagrams of figure 2.5 illustrates typical indirect, direct and

collider signatures. This section will briefly review experimental searches from indi-

rect, collider and detector searches for WIMPs. While many theories of dark matter and

EFTs can relate the interactions illustrated in figure 2.5, experiments typically present

their results in different analysis spaces.
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Figure 2.5: Sample Feynman diagrams of dark matter detection methods. Fig-

ure (a) shows dark matter annihilation to two photons, which would create a

spectral line for indirect searches. Direct detection, as illustrated in (b), detects

the recoil of a nucleon from a dark matter particle. Lastly, dark matter may be

produced in colliders, as shown in (c). An example signature where a gluon is

emitted as initial state radiation (ISR), creating a single jet is shown. Gray circles

represent the unknown dark matter-matter interaction.

2.6.1 Indirect searches

Indirect searches for annihilation or decay products of dark matter can take advantage

of the large dark matter concentrations that are expected to be present in the center of

the Milky Way, as well as in dwarf spheroidal satellite galaxies (dSphs). In the case

of a dark matter annihilation line signal, illustrated in figure 2.5a, where two mono-

energetic photons are produced, few astrophysical backgrounds are expected to be able

to mimic the signal. However, the signal rate will usually be suppressed with respect to

less peaked, continuum signals from dark matter annihilating to other standard model

particles by the electromagnetic fine structure constant [25]. Unknown backgrounds

are a particular concern in the Galactic Center, where for example millisecond pulsars

may create signals in the GeV range that can mimic a dark matter signal [46]. Other

messenger particles that have been considered include antimatter propagating in the

galaxy as well as neutrinos. Limits from these experiments constrain the velocity-

averaged cross-section 〈σv〉.
The Fermi-LAT satellite measures gamma-ray energies between ∼ 20MeV to

∼ 500GeV, with an effective area of ∼ 1m2 [47]. Since the satellite surveys the

entire sky, analyses can select a number of regions of interest (ROIs). In addition to

searches towards the galactic center, FERMI-LAT has published results searching for

dark matter annihilations in the central galaxy, and for dwarf spheroidal satellite galax-

ies (dSphs), which feature low astrophysical backgrounds [47]. For several dark mat-

ter annihilation channels, the upper limits set are lower than the cross-section required

to thermally produce WIMPs, ∼ 3×10−26 cm3 s−1 up to 100 GeV [48]. At higher γ
energies than ∼ 1 TeV, imaging air Cherenkov telescopes (IACTs), with their large
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effective areas ∼ 1×105 m2 [49] provide the strongest limits. However, the narrow

field of view (FOV) of ∼ 2◦ means that the upper limits set depend on the ROI and the

assumed dark matter density distribution, and can vary by orders of magnitude [21].
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Figure 2.6: Figure showing typical limits of current gamma-ray searches for

dark matter. The left panel shows results of searches for a dark matter anni-

hilation γ-ray line. Since this is a prominent spectral feature, experiments can

perform searches even close to the galactic center, where the high dark matter

density greatly boosts the signal. On the right, upper limits on the dark matter

annihilation to bb̄-pair is shown, both from the galactic center and dSphs.

Similarly to gamma-rays, neutrinos produced in dark matter annihilations or de-

cays would arrive from the direction of dark matter concentrations. The IceCube

detector, which detects neutrino interactions in over a cubic kilometer of ice, has set

upper limits on the dark matter self-annihilating to neutrinos via standard model par-

ticles [55]. Depending on the standard model annihilation assumed, IceCube limits

place the strongest constraint on the spin-dependent dark matter-proton interaction.

Dark matter annihilations may also produce antimatter-matter pairs in excess of

the astrophysical backgrounds. The antimatter particles diffuse in the galactic mag-

netic fields, and could be detected as a peak in the positron-to-electron fraction at

Earth. AMS-02 has reported a rise in the positron-to-electron fraction [56]. How-

ever, the propagation of charged particles in the galaxy is associated with large un-

certainties [57], and astrophysical sources such as pulsars can also produce a positron

excess [58].
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2.6.2 Collider searches

Most targeted particle accelerator searches for dark matter look for a large un-balanced

momentum in the products of a particle collision, caused by an escaping, non-interacting

particle recoiling against, for example, a hadronic jet [59], photons [60] or Z and W -

bosons [61]. A typical production mechanism, where an incoming quark radiates a

gluon as initial state radiation (ISR) is shown in figure 2.5c. In order to compare these

results to direct and indirect detection limits, simplified interaction models including

a single mediator particle are used [59], as well as EFTs. Depending on the mediator

mass and coupling strength assumed , these limits are competitive with both indirect

and direct detection upper limits below 10−100 GeV [59, 61]. To establish that a de-

tected particle in a collider is identical to dark matter on astronomical scales would be

challenging, however, without corroboration from either direct or indirect detection.

2.6.3 Direct detection

Finally, direct detection experiments search for particles interacting with a target ma-

terial, with the representative diagram for an elastic recoil shown in figure 2.5b. Fig-

ure 2.7 shows observables of an elastic WIMP interaction with matter. In addition

to the scintillation light and charge production discussed in section 3.5.1 for xenon,

crystalline detectors or bubble chambers can detect the deposited heat from an elas-

tic recoil. Measuring multiple observables can be used to discriminate between a

WIMP-nucleus recoil and other backgrounds. As an example, the ratio between the

charge and scintillation yield is used as a discriminant between signal events, where

the xenon atom recoils, and background events causing recoils on electrons [4]. Non-

WIMP direct detection searches include searches for Axion-like particles, described in

section 2.3.2, coupling to photons in resonance chambers [62]. An overview of direct

detection searches can be found in [4].

Solid-state direct detectors

As seen in section 2.5.1, lowering the recoil energy threshold greatly increases the

fraction of WIMP recoils that an experiment can detect, and thus the sensitivity. Low

WIMP masses also reduces the maximum recoil energy from equation 2.8, 2M2
Dv2

0/MT

when MD ≪ MT . Solid state detectors aim to achieve the lowest energy thresholds in

order to constrain low-mass WIMP s.

CRESST-II uses target crystals made of CaWO4 cooled to O(mK) temperatures

as bolometers, measuring the deposited heat [63]. Very close to absolute zero, the

heat capacity decreases ∝ T 3 [64] so that even a small energy deposition can increase

the target crystal temperature significantly, which can then be read out by transition

edge sensors (TESs), which are kept in the phase change region between the normal

and superconductive states. In addition, the CaWO4 crystal is a scintillator, and a

second TES reads out a photon absorption plate. The phonon and light signal can be

combined to estimate the recoil energy, and to discriminate between recoils on the

crystal electrons and nuclei, with the latter depositing a larger fraction of the total

energy as heat. The experiment is able to reach an energy threshold of 0.3 keV, and

dark matter masses of 0.5 GeVc−2 [63]. At O(5GeVc−2), the dark matter is heavy
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Figure 2.7: Diagram, from [4], showing the possible signatures of direct de-

tection WIMP experiments. XENON1T and other liquid noble gas TPCs detect

scintillation light as well as ionization, and use this to reconstruct the recoil po-

sition and energy.

enough that recoils on the heavier tungsten, with a higher coherence factor A2, exceed

the detector threshold, causing the change in the limit slope.

The CDMS collaboration also utilizes cryogenic bolometers, but measures charge

instead of scintillation light using germanium crystals and an applied field to read out

the electron signal [65]. By segmenting the top and bottom read-out channels of the

cylindrical crystal, events near the cylinder wall can be rejected. The electric field

applied to the crystals is designed with interleaved 0 V and ±2V electrodes. Electron-

hole pairs produced in the bulk of the material experience the average field and drift

in opposite directions, while near the top or bottom, the field will tend to lead the

electrons and holes to two adjacent electrodes on the same surface [65]. The charge-

to-phonon ratio is used for signal-background discrimination in the same manner as

in CRESST-II [66]. The upper limit indicated in figure 2.8 was produced using a

single detector crystal operating with a higher voltage to lower the detector threshold

to 0.17 keV termed CDMSLite [66].

The DAMA collaboration uses scintillating NaI(Tl) crystals to search for dark

matter. The detector cannot discriminate between individual background and signal

events from the scintillation signal only, but performs searches for an annual modula-

tion in the event rate due to the movement of the Earth, discussed in section 2.5.1. The

DAMA/LIBRA experiment has amassed 1.13 t×y of exposure with an energy thresh-

old of 1 keV, and reports an annual modulation in line with the dark matter expectation

with a significance of 12.9 σ [67]. However, other experiments has not reproduced

this finding and sets 90% limits incompatible with this result [68, 69]. Recently, re-

sults have been published by the COSINE collaboration using a NaI target and two

months of data to constrain the dark-matter spin-independent cross-section below the
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region favored by DAMA [70].
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Figure 2.8: Selection of limits of the WIMP-nucleon spin-independent cross-

section. XENON limits [Paper I, 71, 72] are drawn in blue, and includes the

sensitivity band for the latest result [Paper II]. Other liquid xenon experiment

results are from LUX [73] (red) and PandaX-II [74] (orange). DEAP-3600 uses a

target of liquid argon [75] (purple), and also probes the higher WIMP mass range.

At lower WIMP masses CDMSLite [66] (green), CRESST-II [63] (magenta) and

other solid-state detectors are able to detect recoils with lower energy. The gray

band shows the region where the neutrinos become a barrier for further searches

with xenon detectors [76].

Directional detection

To overcome the neutrino flux due to cosmic sources, termed the neutrino "floor"

shown in figure 2.8 and described in section 3.6.2, experiments are being designed to

measure the direction of the recoil. In contrast to other direct detection experiments

where a dense target provides shielding and economy, directional detectors often use

low-pressure gas in order that a WIMP-nucleus recoil track, . 100nm in liquid xenon,

will be resolvable [4]. The DRIFT-II experiment operates as a TPC filled with low-

pressure CS2 gas, and a 1 m3 active volume, containing a 167 g target mass [77].

2.6.4 Liquid noble gas direct detectors

At WIMP masses over ∼ 6GeVc−2, the leading spin-independent limits have been

provided by liquid xenon detectors using a two-phase TPC design to detect charge

and scintillation light. Chapter 3 gives a detailed description of the representative
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XENON1T detector, which has published results based on 1 t×y. Other recent re-

sults include LUX, which has analysed 92 kg×y [73, 78] of data, and PandaX, with

148 kg×y [74]. Figure 2.8 illustrates the rapid improvement in sensitivity over ten

years for these experiments. Another approach to high-mass WIMP searches is DEAP-

3600 [75], with a one-phase design that observes scintillation light from liquid argon

to constrain dark matter.

A challenge in detecting elastic scatters from dark matter is the low energy de-

posited. Recoils on electrons will yield more detectable energy than the standard nu-

clear recoil. Therefore, proposals have been made to use recoils of WIMPs scattering

on electrons or nuclear recoils only causing ionization to reach lower energies. [79].

Preliminary results from these searches have been shown by LUX, and start approach-

ing the sensitivity of solid-state detectors [80]. Annual modulation searches may also

constrain lower-energy WIMP masses than the standard spin-independent searches, as

they do not require the recoil to be a nuclear recoil, which allows them to be sensitive

to recoils on electrons [69, 68].
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3. The XENON1T Experiment

The XENON1T detector, like its predecessors XENON10 (containing 25 kg xenon

[81]) and XENON100 (using 161 kg xenon [82]), is a two-phase time projection

chamber (TPC). These detectors detect the scintillation light and ionization electrons

produced by energy depositions in the liquid xenon target. The signature of an event in

the liquid xenon target is a flash of immediate scintillation light (S1) and a subsequent

signal from the electrons that drift upwards to the liquid xenon surface (S2). This

chapter will first describe the XENON1T detector, the operation of the two-phase TPC

and the event reconstruction. Later sections describe the properties that make xenon a

good target material for WIMP searches and important backgrounds for the instrument.

3.1 The XENON1T detector

The XENON1T detector, illustrated in figure 3.1, is contained in a 2m tall cryogenics

vessel, itself suspended in a water tank shielding the inner detector. Cooling, purifi-

cation and storage of xenon, power and read-out facilities are located in an adjacent

3-story building. The laboratory halls containing XENON1T and over a dozen other

experiments [83] are built alongside a highway tunnel passing under the Gran Sasso

mountain range, at the Laboratori Nazionali del Gran Sasso (LNGS), Italy. The lab-

oratory is covered by 1.4km of rock overburden, providing shielding against cosmic

rays equivalent to 3.6km of water [83, 5].

The main detector, shown in figure 3.1b is a cylindrical time projection chamber

(TPC), with PMTs installed at the top and bottom to observe cS1 and cS2 signals. The

inner polytetrafluorethylene (PTFE) walls are designed to maximise the reflectivity of

the detector, to collect as much light as possible in the PMTs.

A drift field is set up in the liquid xenon between a cathode mesh at the bottom

of the detector (with a screening mesh below to shield the PMTs) and a gate mesh just

below the liquid surface. Above the liquid, a stronger extraction field is set between

the gate mesh and the anode, with another screening mesh at the top. Copper electrode

rings outside the PTFE cylinder improve the electric field homogeneity.

3.1.1 Shielding

In addition to the location at LNGS, the TPC is shielded from external radiation by

a 740m3 water tank, instrumented with 84 PMTs to detect Cherenkov radiation from

transversing muons. This muon detector has a muon tagging efficiency in excess of

99.5% for muons that enter the water detector. The neutron background induced by

muons in the analysis volume of the TPC is estimated at < 0.01y−1 [6]. In addition, the
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(a) View of the inside of the water tank,

showing the TPC suspended in the middle,

with a cryogenic pipe leading to the service

building, and rails (red and purple) used

for external calibration sources. The pho-

tomultiplier tubes (PMTs) on the water tank

walls provide a muon veto.

(b) Illustration of the TPC, with upper and

lower PMT arrays, a diving bell (blue) to

maintain the liquid xenon level, and field

shaping electrons surrounding the inner

TPC walls.

Figure 3.1: Illustrations of the XENON1T detector, showing the cryostat vessel

suspended in the 10.2 m tall water tank (left) and a figure of the 0.97 m tall TPC,

contained in the inner cryostat (right), from [5].
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water tank provides passive shielding against natural radioactivity in the laboratory.

Further shielding is provided in the cryostat itself, which contains the liquid xenon,

so that there is a layer of xenon between the inner cryostat wall and the TPC. The

diving-bell construction of the TPC illustrated in figure 3.1 allows this shielding layer

to be extended even above the inner detector.

3.1.2 Cryogenics and purification

The inner detector of XENON1T is contained within a double-walled steel cryostat

insulating the −96 ◦C liquid xenon. Cooling and purification of the xenon is done in

the service building adjacent to the detector, leaving only an insulated pipe to enter

the detector. The total 3.2t xenon contained in the detector is circulated between the

cryostat, refrigerators and purification systems. The service building also houses a liq-

uid xenon storage vessel that can hold the entire xenon inventory, allowing emergency

recovery of the xenon within minutes, and storage in the liquid phase.

Electrons that drift in the TPC may be lost on electronegative contaminations such

as oxygen or water, reducing the S2 signal. Xenon is constantly circulated between

the TPC and the service building to be purified and cooled. Heated zirconium get-

ters bind oxide, carbide and nitride contamination [5]. In addition, XENON1T uses

a cryogenic distillation column to remove krypton, including 85Kr , described further

in section 3.6.1, which is a β -emitter with a 10.76y half-life. The column is able to

operate during normal detector operation, processing 7% of the total xenon recircu-

lation flow. From the start of purification to data-taking, the krypton-to-xenon ratio

was reduced from 60× 10−12, where it would have been the dominant background

component, to (0.66±0.11)×10−12 [Paper II, 5].

3.2 Data collected
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Figure 3.2: Illustration of the cumulative exposure of the XENON1T SR0+SR1

data-sets versus date. Calibration periods are marked with shaded regions, de-

tailed in the legend. The dashed line on January 18 2017 shows the end of SR0,

when an earthquake temporarily halted data-taking.

The main result included in this thesis uses a total exposure of 1.0 t×y of XENON1T

data dedicated to dark matter searches, taken between November 2. 2016 and February

8. 2018. The data is split between exposures lasting 32.1 d referred to as science run 0
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(SR0 ), and 246.7 d, referred to as science run 1 (SR1 ) [Paper II]. The SR0 data-taking

period end was defined by a strong earthquake that temporarily halted data-taking, and

led to altered data-taking conditions, including a lower drift field. The data live-time

accumulated over time, punctuated by calibration-periods is illustrated in figure 3.2.

Detector parameters such as liquid height, temperature and pressure are monitored,

and are stable over the exposure period. Charge and light-yields, part of the signal

correction described in section 3.4.3, vary within a 2% level [84]. Weekly calibrations

of PMT gains and electron lifetime measurements using science and 83mKr data al-

lows for a time-dependent compensation of reconstruction position biases, discussed

in section 3.4.3. The amplification gain of each PMT is monitored with weekly LED

calibrations, with most tubes showing only percent variations in their ∼ (1− 5) · 106

amplification gains over time [Paper II, 84]. A few PMTs’s high voltages are turned

down or off in response to increased rates of after-pulses due to leakage of xenon into

the vacuum tube [5, 84].

3.3 Two-phase TPC operating principle

The principle of a two-phase time projection chamber (TPC) is shown in figure 3.3.

An energy deposition in liquid xenon is divided into vacuum UV scintillation light,

ionization of xenon atoms and heat. Section 3.5.1 describes the xenon response to

energy depositions from either recoils on a xenon nucleus, nuclear recoil (NR), or on

an electron, giving an electronic recoil (ER). The ratio of scintillation light to ioniza-

tion electrons is different for the two recoil types, which can be used to discriminate

between WIMP signal events and backgrounds.

The scintillation light is detected as a short prompt scintillation signal (S1) pulse

by the PMT arrays at the top and bottom of the detector. Electrons drift upwards in

the drift field between the cathode and the gate grid, of 120 Vcm−1 in SR0, reduced

to 81 Vcm−1 in SR1 [Paper II]. As they reach the liquid xenon surface, the stronger

∼ 10kVcm−1 field accelerates the electrons, causing a proportional emission of scin-

tillation emission light [85], detected as a secondary scintillation signal (S2). Due

to the variation in drift time, and diffusion of the electron cloud, a typical S2 signal

will have a broader time signature than an S1. The depth, Z,∗ of the interaction can

be reconstructed using the known, constant drift-time of the electrons, while an x,y
position is estimated from the hit-pattern of the S2 pattern at the top PMT array.

3.3.1 Electron drift

The drift speed of electrons in the applied field is around 1.4 mmµs−1 [36], corre-

sponding to a ∼ 700µs drift time from the bottom cathode to the surface, measured by

the end-point of the drift-time distribution, where the electron cloud drifted the length

of the TPC. As the electron cloud drifts upwards, it diffuses both along the drift field,

widening the S2 time signal with increasing depth and drift time t, and transversely:

σD =
√

D · t (3.1)

∗Z is 0 at the surface of the liquid xenon, and negative deeper in the TPC
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Figure 3.3: Diagram of dual-phase TPC operating principle from [5]. Energy

depositions in the liquid xenon give scintillation light and ionisation electrons.

The right panel shows a schematic of the signal detected in the PMT array, with

a dashed arrow indicating a WIMP scattering in the active volume. The smaller,

narrower S1 is detected first, followed by an S2 when the drifting electrons reach

the higher extraction field. The ratio between the S1 and S2 signals is different,

on average, between ER and NR recoils. Neutron events, shown in the lowest

panel, may scatter multiple times.
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With typical transverse diffusion coefficients, D, of 100cm2 s−1 [85], the spread from

the deepest events will only be ∼ 0.3cm, small compared to the position reconstruc-

tion uncertainty of ∼ 2cm [Paper I]. In the longitudinal direction, the diffusion con-

stant is lower, (22.8±8.0)cm2 s−1 [36], but the time resolution of 10 ns [5] allows the

widening of S2 signals to be observed. Events that have an S2 width incompatible

with the reconstructed drift length are cut as badly reconstructed events.

Electrons drifting may be trapped by electronegative impurities in the liquid xenon,

giving an exponential loss in the S2 signal with increasing drift time t, S2 ∝ et/τ , where

τ is the electron lifetime. For meter scale drift lengths, the concentration of e.g. O2

must be reduced to one part per billion [85]. In XENON1T, the electron lifetime was

increased with continuous purification from 380 µs to 605 µs at the end of SR1 [84].

3.4 Signal reconstruction

The XENON1T event reconstruction aims to identify and estimate the prompt scintil-

lation light and ionization from an energy deposition in the TPC, as well as the loca-

tion of the event in three dimensions. A number of other event parameters are used to

identify badly reconstructed events or to cut certain backgrounds, and are discussed in

section 4.1.

3.4.1 Trigger and event identification

To identify candidate events, the XENON1T data acquisition (DAQ) system records

individual PMT pulses above a digitization threshold. The trigger searches for clus-

terings of individual PMT hits, and stores the pulses for the maximal TPC drift time

before and after the cluster [Paper II]. The efficiency of the trigger exceeds 99% for

S2 pulses greater than 200 PE [5]. Figure 3.4a shows the waveform; the sum of all

pulses versus time for an example event. Triggered event candidates are processed

off site with the PAX [86] reconstruction software. The software identifies clusters of

PMT hits, and computes the total pulse area, width and position for each [5]. Clusters

are identified as S1 or S2 candidates based on the pulse rise-time and number of PMTs

participating [5]:

• S1 candidates have rise-times in 70− 100ns and ≥ 3 PMTs hit in a 50 ns win-

dow,

• S2 candidates have rise-times > 100ns and ≥ 4 PMTs hit,

Events are constructed by pairing the largest S1 preceding the largest S2∗, and the

interaction depth is reconstructed from the S1-S2 time difference. The signals are

expressed in units of the average single photoelectron charge ( PE), using weekly LED

calibrations to measure the PMT gains. Figure 3.4 shows an example NR event, with

identified S1, S2 clusters.

∗If no S1 candidate is found before the largest S2, the second largest etc. S2 are considered
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Figure 3.4: Example of the total PMT signal and identified S1 and S2 pulses

from [5]. The event was reconstructed at z=−75.9cm, and approximately 20cm

from the detector axis. The event was recorded during 241AmBe calibration, and

the pulse areas of S1 = 4.3 PE,S2 = 250 PE are compatible with an NR event

similar to the recoil expected from a WIMP.
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3.4.2 Position reconstruction

The lateral (X,Y) position reconstruction uses the S2 proportional scintillation sig-

nal, which is emitted immediately under the top PMT array in the gaseous xenon.

An optical Monte Carlo simulation is used to generate expected hit-patterns given

a true S2 position. Parameters of the simulation are tuned to match the optical pa-

rameters of 83mKr calibration data [Paper II], described further in section 3.7.1. The

average hit patterns are used in a maximum likelihood fit [87] to reconstruct the po-

sition in [Paper I], with a resolution of σr ∼ 2cm in the radial direction [5]. The

hit-patterns from simulated 83mKr events and the same optical Monte Carlo were used

to train a neural network position reconstruction algorithm, which was employed in

the SR1 analysis [Paper II] with compatible performance to the likelihood fit. An

S2-dependent cut between 2 and 5 cm was placed on the distance between the neu-

ral network and likelihood-based reconstructed positions to reject badly reconstructed

events [84].

The electric field of the TPC is not completely uniform, with the electric field

having a component pointing out in addition to down, in particular at high radius and

low z [5]. Drifting electrons from the detector edge are therefore reconstructed at

lower radii at the top array. For the deepest events, the radial bias increased from 7 to

12 cm during data-taking, due to charge build-up on the PTFE detector walls [Paper II].

In SR0, only the region of the detector with a small field distortion was included in

the analysis. In the SR1 analysis, a method was developed to compensate the recon-

structed position for the position-dependent drift field. 83mKr , detailed in section 3.6,

is assumed to be homogeneously distributed in the detector. Events distributed in un-

corrected coordinates X ,Y,Z are shifted in the radial direction with a position- and

time-dependent drift field correction so that 83mKr calibration data is distributed ho-

mogeneously in the drift-corrected coordinates [84]. In the following chapters 4, 5, 6

and 7 that detail the SR1 analysis, the drift-compensated radius and height r,z are

used.

3.4.3 Signal correction

Effects of the detector geometry, the increased loss of electrons with drift time, and

variable PMT gains cause a spatially uneven response of the detector. To avoid having

to include these effects in the detector model, the signals are compensated to give

a flat response throughout the detector, giving corrected prompt scintillation signal

(cS1) and corrected secondary scintillation signal (cS2). The S1 correction, shown

projected on r,z in figure 3.5, is caused by geometrical and reflection effects, and

is derived from 83mKr calibration data [5]. For S2s, both the z-dependant drift loss

discussed in section 3.3.1, and the inhomogeneity of the PMT array response, shown

in figure 3.6 are taken into account. As the S2 signal occurs immediately under the

top array, individual PMT variation has a larger effect there. In the final analysis, the

corrected S2 signal is computed using only the bottom array, labeled cS2b [5], as the

response is more homogeneous.

48



R [cm]
0 5 10 15 20 25 30 35 40 45

Z
 [

cm
]

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

Figure 3.5: Relative light collection efficiency averaged around the detector axis,

as function of radius and depth, from [5].
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Figure 3.6: Maps of the relative efficiency of detecting the amplified S2 signal

for the top and bottom PMT arrays, from [5]
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3.5 Properties of xenon

Xenon has a number of advantages as the target material for a WIMP detector. A high

density of 3.06 gcm−3, and a radiation length X0 of 2.77 cm [88] allows a relatively

compact detector and self-shielding against external radiation. In addition, xenon is

nonreactive, and can be purified to 10−9 levels of oxygen-equivalent impurities [5, 85]

The high atomic number makes it particularly suited to search for spin-independent

WIMP-scatterings, due to the coherent A2 enhancement of the interaction rate, dis-

cussed in section 2.5.1. Finally, xenon is a scintillator, emitting 178 nm light [5].

3.5.1 Energy deposition in xenon

The modelling of the distribution of deposited energy into ionization, excitation and

random atomic motion (heat), and afterwards into the observable scintillation light,

S1, and drifting electrons, S2, is the first step in modelling the detector response to

a signal. Particles may recoil off the xenon nucleus, causing a nuclear recoil (NR),

or off an electron, giving a electronic recoil (ER). The expected size of the S1 and

S2 signal depends on the recoil type. In XENON1T, over 99% of the expected back-

ground, discussed in section 3.6 is ER, which can be statistically separated from the ex-

pected WIMP NR signal. The XENON1T model of ER and NR recoils on xenon closely

follows the Noble Element Simulation Technique (NEST) model of liquid xenon re-

sponse [89, 90], which fits multiple measurements of xenon response to predict the

produced scintillation light and drifting electrons given an interaction and true recoil

energy.

A recoiling xenon atom looses energy by excitation and ionization of atoms along

its track, as well as by transferring kinetic energy to the surrounding atoms, creating

heat. Excited xenon atoms do not de-excite alone, but first combine with a non-exited

xenon atom to create a two-atom excited state (an excimer), which then de-excites

by emitting 177.6 nm scintillation light. The excimers de-excite with two decay con-

stants of 4.1 nm and 22 nm according to whether the excimers are in a singlet or triplet

state [85]. This is too rapid to be distinguished in xenon, but experiments using ar-

gon, with decay constants of 6 nm and 1300 nm, are able to use the scintillation pulse

shape [75]. In the absence of an electric drift field, the ions will re-combine, resulting

in further excimers, which decay, emitting scintillation light.

Electrons and γs, which interact with the electron cloud of xenon atoms, yielding

ERs, deposit energy almost entirely into scintillation and ionisation, giving a ratio of

true recoil energy to detectable signal of ∼ 1 [91]. On the other hand, a recoiling

xenon atom due to a scatter with a weakly interacting particle such as a neutron or a

WIMP also looses energy to atomic motion, as the stopping powers of both electronic

and atomic recoil processes are comparable at low energies [91]. At typical recoil

energies of 1 keV-100 keV, on the order of 80% of the total recoil energy of a nuclear

recoil is lost to heat [92], expressed in the Lindhard factor L, the ratio of electronic

to nuclear stopping power for each recoil type [91]. Measurements of the visible

scintillation light from neutrons with a known initial energy, and measured scattering

angle [93] give a direct measurement of the portion of the total recoil energy that is

visible. In this case, no drift field was applied, so ionization electrons recombine, and
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the measurement measures the scintillation yield.

The measurable energy from an energy deposition of E0 is shared between Nex

excimers and Ni electron-ion pairs [90]:

E0 ·L = 〈Nex +Ni〉 ·W (3.2)

Where W =(13.7±0.2) eV is the average energy needed to create an excimer or lib-

erate an electron [90]. Fluctuations of the number of total quanta are lower than what

would be expected from Poisson statistics, with the variance in the number of de-

tectable quanta, Nq = Ni + Nex reduced by a Fano factor F computed to be 0.059

by [94, 85].

For electronic recoils, where L ≈ 1, the division of energy to ions and excimers

can be probed by collecting both light and charge, as in [95], using a γ source with

known energy, and fitting the anti-correlation between the light and charge signal.

In the XENON1T ER model, a constant excimer-to-ion ratio with an unknown value

between 0.06 and 0.2 is assumed when fitting the calibration data [Paper III]. In the

case of NR recoils, the ratio is written as a function of energy and electric field EEE [90]:
〈

Nex

Ni

〉

= α|EEE|−ζ (1− e−βE0) (3.3)

Where α,β ,ζ are fit to calibration data in the XENON1T analysis. At the energy

threshold of the detector, an NR recoil will yield approximately 5 PE keV−1 in both

S1 and S2, while an ER recoil yields ∼ 15 PE keV−1 in scintillation light and a charge

yield of ∼ 55 PE keV−1 [Paper III].

Electron-ion pairs have a certain probability r to recombine and create more ex-

cimers, increasing with higher density of ions. The Thomas-Imel model [96] solves a

diffusion equation for electrons diffusing, drifting and recombining in an electric field

inside a box with sides a, giving an expected escape probability 1−〈r〉;

1−〈r〉= ln(1+Niς)

Niς
, (3.4)

where ς is a field- and energy-dependent power-law of the electric field. Higher fields

reduce the number of ions that recombine, as more electrons are moved to escape.

The particular recombination probability for each energy deposition is modelled as a

random Gaussian variable r ∼ Gaus(〈r〉 ,∆r), with standard deviation ∆r, reflecting

event-to-event fluctuations and an inhomogeneous field [97]. In the XENON1T ER

model, the recombination parameterization is modified with additional parameters to

fit the data [Paper III].

The distribution of total detectable quanta in the XENON1T model is illustrated

with figure 3.7. For each simulated event the energy is divided stepwise [Paper III]:

• The number of produced total quanta Nq = Nex +Ni is drawn from a Gaussian

with expectation value given in equation 3.2, and variance modified with the

Fano Factor, F
〈

Nq

〉

.

• Ni is drawn from a binomial ∗, Ni ∼ Binom(Nq,
1

1+〈Nex〉/〈Ni〉 )

∗At low values of the expectation value of Nq, the above formulae will not yield
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• the event recombination fluctuation is drawn from a Gaussian,

r ∼ Gaus(〈r〉 ,∆r)

• The number of escaped electrons is drawn as ne ∼ Binom(Ni,1− r), with the

remaining quanta going to scintillation light, nγ = Nq −ne

The resulting number of electrons and scintillation photons are then convolved with

the detector response, described in section 3.4.3, to give the model in the analysis

variables cS1 and cS2, which include corrections for the inhomogeneous detector re-

sponse. Figure 3.8 shows the ER and NR bands for XENON1T, illustrating the dis-

crimination power. For a given cS1, the median ER recoil yields a 1.8 times higher

cS2 signal than an NR. The ER-NR discrimination in XENON1T is measured as the

fraction of ER recoils with cS2b lower than the NR median, ∼ 3×10−3 [Paper III].
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Figure 3.7: Sketch showing the distribution of an energy deposition in the

XENON1T modelling. The energy is shared between ionisation, scintillation

light, and heat in the case of NRs.

the correct excimer-to-ion ratio, which would require inverting the expectation value
〈

Ni/(Nq −Ni)
〉

(Nq, p) to express the correct p. However, at the lowest edge of the XENON1T

analysis E0 ∼ 3 keV, Nq ∼ 200, and the error is negligible.
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3.6 Backgrounds

Sources of NR and ER in the TPC include both deliberately introduced radioactive

sources and contamination of detector materials. Radioactive contamination embed-

ded in detector materials is reduced greatly by selecting a sub-volume of the TPC for

the final analysis, using the outer xenon for shielding. Other contaminants are dis-

solved in the xenon, and must be discriminated against by their distribution in S1 and

S2. Table 3.1 shows background estimates for the central 1 t TPC volume, as well as

the recoil type and spatial distribution.

3.6.1 Electronic recoil

The background rate in the detector is dominated by electronic recoil (ER) events.

By exploiting the S1,S2 spectral discrimination, the effect is reduced, but even in

the WIMP NR band, the lower S2 tail of the ER band constitutes the largest expected

background in the central volume [Paper II]. In the spin-independent WIMP search, the

region of interest corresponds to ER energy depositions between 1.4 keV to 10.6 keV.

In this energy range, the low energy tail of the beta decay spectra of 222Rn and 85Kr are

the largest contributors, as shown in table 3.1.

Radioactivity from detector materials is attenuated by the radiation length of liq-

uid xenon of 2.87 cm [85], and is a sub-dominant component in the 1 t detector vol-

ume. Of the intrinsic ER background sources, solar neutrino-electron scattering and

double-beta decays of 136Xe are unavoidable in the detector, but contribute less than a

tenth of the total ER background.
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Table 3.1: Table of expectation values and recoil types of XENON1T back-

grounds, estimated using material measurements and a detector Monte Carlo

simulation, from [5]

Background Source Rate /(t ×
y)

Recoil

Type

Spatial Distribution

222Rn 620 ER Intrinsic

Solar pp- and 7Be-ν 36 ER Intrinsic
85Kr (0.36 ppt Kr) 56 ER Intrinsic
136Xe double-beta de-

cay

9 ER Intrinsic

Material radioactivity 30 ER From volume edges

Radiogenic neutrons 0.55 NR From volume edges

CEνNS 0.6 NR Intrinsic

Muon-generated neu-

trons

< 0.01 NR From outside detector,

through muon veto

The second largest contribution to intrinsic ERs in the WIMP search region is the

β -decay of 85Kr , dissolved in the xenon [5]. During the SR0 science run krypton

distillation, discussed in section 3.1.2, reduced the krypton concentration to (0.66±
0.11)× 10−12. At this level, the rate of ER events in the WIMP search region caused

by β -decays of 85Kr compared to the dominant 222Rn is bracketed between 0.11 and

0.27 [Paper II].

The highest number of expected ER events arise from 222Rn , which continu-

ously emanates from detector surfaces as part of the 238U decay chain, and decays

with a half-life of 3.8 d to 214Pb via two alpha decays [98]. Convection and diffusion

will therefore have time to distribute 222Rn evenly throughout the detector [Paper III].
214Pb can decay further to 214Bi, and in 10.9% of decays decay directly to the ground

state, emitting only an electron, causing an ER, and an antineutrino. Very close to the

TPC edges, emitted γs may be lost, and 214Pb-decays to excited states can also con-

tribute to the ER rate [5]. Subsequent beta decays of 214Bi to 214Po are followed by

an α-decay with a half-life of 164 µs, allowing the analysis to reject these events [5].

The low-energy distribution of the 222Rn decay spectrum is approximately flat in the

WIMP search region, which therefore is also assumed to be the energy spectrum of the

total ER energy spectrum [Paper III].

3.6.2 Nuclear recoil

Neutrons and neutrinos may scatter on the xenon nucleus, giving a nuclear recoil

(NR). Neutrinos in particular constitute an entirely indistinguishable background to

XENON1T, as their signature of a spatially uniform source of NR recoils is identical

to that of a WIMP, while the neutron background can be reduced with analysis volume

selection, spatial modelling and material selection.
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The XENON1T NR rate is dominated by neutrons originating from radioactive

decays in the detector materials, or secondary neutrons from lighter elements that

absorbed an α-particle. The rate, and distribution in recoil energy and position is com-

puted using the measured radioactivity for the detector components, and the SOURCES-

4A radioactive decay software [99, 6]. The resulting neutron interaction with a full

model of the XENON1T detector is simulated with a GEANT-4 simulation [100, 6].

Figure 3.9 shows the expected distribution of neutron events that only scatter once in

the fiducial volume. The mean free path length O(10cm) of neutrons in liquid xenon

means that some leakage is expected into the inner analysis volume for those events

that do not scatter multiple times in the sensitive volume of the TPC.
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Figure 3.9: Expected distribution of radiogenic neutron background events,

from [6]

The neutrino background in XENON1T is dominated by coherent elastic neutrino-

nucleus scattering (CEνNS), where the neutrino scatters coherently on the entire xenon

nucleus, as detailed in section 2.5.1 for WIMPs. The part of the solar neutrino spec-

trum that can exceed the XENON1T energy threshold is dominated by decays of 8B

and 3He+p-fusion (hep) up to ∼ 4 keV recoil energy. At higher energies, the ex-

pected flux drops, and a lower flux from atmospheric cosmic rays and supernovas is

expected [6]. An annual rate modulation of the signal [4], or a detector that could

determine the direction of the recoiling particle would be needed to investigate signals

below the expected neutrino flux, termed the "neutrino floor".

3.7 Calibration data

In order to model the XENON1T signal and background distributions, monitor the

stability of the detector, validate detector simulations, and to calibrate the position and

energy reconstruction, calibration data sets are taken interleaved with the science data
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Table 3.2: Selected calibration sources used in XENON1T.

Calibration

source

Recoil type Spatial distribution

220Rn ER, including low-energy

β -decays

Injected in the detector

83mKr ER Injected in the detector,

assumed spatially homo-

geneous
241AmBe NR from neutrons Source outside detector

Neutron

generator

NR from neutrons Source outside detector

taking, illustrated in figure 3.2. Short-lived isotopes soluble in xenon are injected into

the detector via the cryogenic recirculation system. Other radioactive sources can be

lowered into the water tank to sit alongside or under the cryostat on belts, marked in

red in figure 3.1a. Table 3.2 lists some of the important calibration sources.

3.7.1 Electronic recoil calibration

The ER calibration of XENON1T is primarily performed with dissolved sources as the

inner detector would otherwise be heavily shielded by the surrounding xenon. How-

ever, various γ-ray energy peaks identified from the detector materials have been used

in validation studies. In particular, α-decays of 210Po, deposited from the air during

construction, are used to investigate and calibrate the detector position reconstruction

and surface backgrounds [Paper II].

The detector ER response for lower energies, relevant to the WIMP search, is cali-

brated with 220Rn , which, including daughter particles, are expected to decay within

weeks, with the longest lifetime of 10.6 h for 212Pb [101]. The beta-decay of 212Pb

yields low-energy ER recoil events. The distribution of events from the 220Rn calibra-

tion for the SR0+SR1 analysis is shown in cS1,cS2b in figure 4.3. The ER background

model fitted to these events is discussed in 4.2.1 and in [Paper III]. Due to the low

lifetime of 220Rn of 56 s, the decays are unevenly spread in the TPC, but have been

used to study the convection dynamics in XENON100 [101].

Studies of the detector homogeneity, and the calibration of the position recon-

struction is performed using 83mKr , which emits conversion electrons with energies

of 32.1 keV and 9.4 keV [5]. After the isotope is emitted from a 83Rb source in the

cryogenics system, it is assumed to distribute homogeneously throughout the detector,

with a half-life of 1.8 h. This assumption is exploited in the field distortion correction

discussed in section 3.4.2.

The known decay energies allows the experiment to infer the position-dependent

efficiency of the PMT to detect light, in the form of S1, and charge from S2s [5], by

selecting a wide box around the peak in S1 and S2. The light collection efficiency
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is shown in figure 3.5. The charge collection effect is factorized into the depth-

dependence due to electron absorption discussed in section 3.3.1, expressed in the

electron lifetime, and the uneven response due to geometrical effects and changing

PMT properties, shown in figure 3.6.

A number of radioactive decays besides 83mKr produces mono-energetic ER en-

ergy depositions in the detector. The corrected observables cS1 and cS2 are used to

define the electronic recoil energy (EER) reconstruction for the experiment, re-writing

equation 3.2 for ER recoils as [5]:

EER =

[

cS1

g1
+

cS2b

g2b

]

×W (3.5)

This expresses the expected cS1,cS2b as g1 ·nγ ,g2b ·ne, respectively. XENON1T fits

peaks between 41.5 keV and 2225 keV, and finds a linear energy response, well fit by

g1 = (0.144±0.007) PE/γ and g2b = (11.5±0.8) PE/e− [5], which is propagated to

the ER background model [Paper III].

3.7.2 Nuclear recoil calibration

The detector response model of NR recoils is constrained by external neutron sources

which are lowered into the water tank. A collimated 241AmBe neutron source emits

neutrons with a mean energy of 4 MeV [15], and used in the SR0 and SR1 calibration

campaigns. For SR1, a deuterium-deuterium neutron generator was also employed

with the same number of calibration events collected from each source [Paper III, 84].
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4. Modelling of the XENON1T ex-

periment

This chapter will introduce the modelling of XENON1T used in the spin-independent

analysis. The backgrounds and the signal are modelled as probability density func-

tions (PDFs) in three analysis directions; cS1, cS2b and the radius. The likelihood

used in the analysis may also be considered a model of the entire outcome of the

XENON1T experiment, including calibration and ancillary measurements. These

models are used to compute simulated outcomes of the XENON1T experiment, toy

Monte-Carlo (toyMC), which are used extensively in the inference, described in chap-

ter 5.

4.1 Analysis variables

The XENON1T inference models the experiment in three dimensions; cS1, cS2b and

radius from the detector axis, r2. The definitions of the corrected S1 and S2, mea-

suring the light and charge yield of the energy deposition, and the drift-corrected

radial coordinate r are given in section 3.4.3. Figure 4.1b shows the distribution of

SR0+SR1 events in these three coordinates, together with filled contours illustrating

the two largest background components, ER and surface backgrounds, discussed in

sections 4.2.1 and 4.2.2. The cS1, cS2b space provides separation between a signal

and the ER background, while the surface background is strongly concentrated at high

r2.

Neutrons primarily originate from detector surfaces, illustrated by the yellow con-

tours in figure 4.1a, depending both on r2 and the TPC depth, z. Therefore, the mod-

elling was extended with a final parameter as a binary category stating whether an

event is inside or outside the inner, "core", volume of the detector, illustrated with a

green line in figure 4.1a. This segmentation, as well as the r2-dependent z-cut, shown

by a red line in figure 4.1a is discussed further in section 6.2.2.

In addition to the analysis variables, a number of cuts are applied to the events,

listed in table 4.1. Most of the cuts depending on S1 or S2 take the form of a goodness-

of-fit test of whether the event is compatible with an interaction in the main fiducial

volume without a second scatter, with some cuts also rejecting noisy detector condi-

tions, for example due to a large preceding event.

The triggering and event selection [86] also applies conditions to reconstruct an

event, such as finding a compatible pair of S1 and S2 signals, and a coincidence of at

least 3 PMTs participating in the S1 signal. The detection efficiency due to this step

dominates the efficiency threshold at low recoil energies [Paper II].
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Table 4.1: Table of cuts applied in the SR1 spin-independent analysis

Cuts applied to cS1

3 ≤ cS1 ≤ 70 PE Analysis energy region of interest.

S1 hit pattern likelihood Goodness-of-fit likelihood for the

S1 hit pattern

Fraction of S1 in top PMTs Goodness-of-fit test of observed

fraction given the reconstructed po-

sition.

S1 single scatter No alternative, viable S1 candidate

in the event record.

S1 signal from multiple PMTs Reject events where a single PMT

observes a large fraction of the S1

energy.

Cuts applied to cS2b

1.7 ≤ log10(cS2b/(1 PE))≤ 3.9 Contains entire ER , NR band in the

cS1 energy range

S2 Hit pattern Goodness-of-fit likelihood for the

S2 hit pattern

Fraction of S2 in top PMTs Goodness-of-fit test of observed

fraction.

S2 single scatter No other large S2 candidate in the

event record

width of S2 The width of the S2 signal in time

should be compatible with drift the

reconstructed depth.

Cut on noisy S2 waveform Events with noise preceding the S2

peak, or following a large S2 are re-

jected.

Other cuts

Muon Veto Reject events following a trigger of

the water tank muon veto.

z-cut See section 6.2.2.

r ≤ 42.8cm Include the inner tail of the surface

background, see section 6.1.

Position difference cut Cut events where reconstruction al-

gorithms disagree, see section 3.4.2.

Detector dead-time Busy detector read-out or high de-

tector rate
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(a) Spatial distribution of the SR0+SR1 events in x,y and r2,z. The full analysis

volume is indicated with a purple line, while the blue dashed line contains the

0.9 t reference volume. The core volume, constructed to reject radiogenic back-

ground is illustrated in green. The distribution of the radiogenic model is shown

in yellow contours in the right panel, while light gray points shows event outside

the analysis volume, illustrating the large number of surface events.
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(b) Distribution of the SR0+SR1 events in the analysis space of cS1,cS2b and

r2. Gray and blue shaded regions show the 1,2σ containment regions of the

best-fit ER and surface backgrounds, respectively. The purple contours show

1σ ,2σ containment contours for a 200 GeV WIMP. In the left plot, lines show

nuclear recoil equivalent energy. Red dashed lines in the left plot indicate the NR

reference region.

Figure 4.1: Distribution of the SR0+SR0 events in the detector, and in the

cS1,cS2 space, from [Paper II]. Each event is divided into a pie chart. The

pie chart indicates what fraction of the total PDF of the best-fit model at the

coordinates of the event is contributed by each background or signal hypothesis

component. The best-fit shown is for a 200 GeVc−2 WIMP.
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4.2 Modelling

The XENON1T background and signal distributions are modelled as PDFs in the

cS1,cS2b,r2 analysis space. For components where the processes from energy deposi-

tion in the liquid xenon to the detected signal are known in detail, a detector response

model fitted to ER and NR calibration sources is used, yielding the distribution for

a given recoil energy spectrum. In other cases, sidebands in energy and position or

ancillary data samples are used to construct data-driven models of backgrounds. Ta-

ble 4.2 lists the components and best-fit expectation value of the components of the

total model, and figure 4.2 displays the distribution of each model in cS1, cS2b.

Table 4.2: Components of the XENON1T model of the science data, and the

best-fit expectation for each.

Component Model Expectation [(t×y)−1]

ER ER detector response model 627±18

neutron NR model and GEANT-4

simulation

1.43±0.66

CEνNS NR model 0.05±0.01

AC Data-driven 0.47+0.27
−0.00

Surface Data-driven 106±8

Total backgrounds - 735±20

WIMP NR model, halo model and

form factors

-

4.2.1 Detector response modelling

The detector response to an ER or NR recoil is modelled as random processes di-

viding the energy quanta in scintillation light, ionisation and heat, as described in

section 3.5.1 . These light quanta and electrons are transported to the PMT arrays

according to the light and charge yield maps, and converted to detected S1,S2 sig-

nals using the light and charge collection maps described in 3.4.3, as well as detector

efficiencies, and reconstruction uncertainties [Paper III].

Parameters governing each step of the signal generation process are included in

a Bayesian combined binned likelihood fit to 220Rn (ER) and neutron generator and
241AmBe (NR) calibration data-sets. A full list of the detector response model param-

eters are found in [Paper III]. Examples include the parameters of the xenon response

parametrization covered in section 3.5.1.
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Figure 4.2: Projection of all model components of the SR1 science data model

on cS1, cS2b. Contours indicate the 1 and 2σ containment contours of each

component. The SR1 science events are marked with points.
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ER shape parameters

To avoid large numbers of strongly correlated nuisance parameters, and to select direc-

tions of nuisance parameter space of interest, a principal component analysis (PCA) is

performed on a sample from the posterior distribution of the fit [Paper III]. In the

spin-independent WIMP-nucleon searches of [Paper I, Paper II], the two directions

representing the largest variance components from the PCA were chosen as nuisance

parameters propagated to the final analysis. The two uncertainties, representing a

combination of uncertainties related to the recombination fluctuation and photon yield

parameters, respectively, affect the cS2 spread and mean of the ER distribution. The

effect of each ER parameter is shown in figure 4.3. While the number of parame-

ters makes full sensitivity studies of them all a challenge, an alternative for parameter

choice for future analyses might be an approach similar to the envelope method shown

in section 5.1.6, computing simplified figures of merit for samples of the posterior,

and choosing directions that have the greatest impact on these figures of merit. A

mis-modelling term which modifies the signal-like tail of the distribution, described

in section 4.4.1 is also included in the ER model.
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Figure 4.3: Illustration of the ER distribution, with 1,3σ containment contours

shown for multiple values of the ER model photon yield and recombination fluc-

tuation parameters, as well as the mis-modelling term, described in section 4.4.1.

The photon yield shifts the distribution in cS2b, while the recombination impacts

the width of the ER band. The mis-modelling term, shown for a 200 GeV WIMP,

reduces or enhances the signal-like tail of the distribution.

The 220Rn calibration sample of ∼ 6000 events, shown in cS1,cS2b in figure 4.3 is

used to constrain the detector response to ER events in the spin-independent analysis

range. Both 220Rn and the dominant ER background sources in the science data, 214Pb

and 85Kr, yield β -particles in the analysis energy region [Paper III]. To avoid surface

background contamination, the ER model is fit to 220Rn calibration within a 1 t fiducial

volume [Paper III].
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Neutron backgrounds

Neutron background, yielding NR recoils, are produced by radioactive decays, with

muon-induced neutrons estimated to be a negligible additional component [Paper III],

as discussed in section 3.1.1.

Neutrons scattering more than once in the active volume can be rejected by the

analysis, and the 9 double scatter events identified in the XENON1T data are con-

sistent with analysis predictions [Paper III]. The change in the NR spectrum due to

so-called neutron-X events, where one of the scatterings occurs in a charge-insensitive

region of the detector was also included in the neutron model.

Neutrino scattering is an irreducible background for non-directional direct detec-

tion experiments. The expected number of coherent elastic neutrino-nucleus scattering

(CEνNS) events in the XENON1T fiducial volume is 0.05±0.01 [Paper II] from solar

neutrinos.

Finally, the signal models for a range of WIMP masses are computed using the

standard halo model described in section 2.5.1 and Helm form factors [Paper II]. For

the signal prediction, the uncertainty of the signal expectation given a cross-section

is computed from the detector response fit posterior, and this is included as an uncer-

tainty on the WIMP rate in the analysis. The signal rate uncertainty is described in

detail in section 4.4.2.

4.2.2 Data-driven backgrounds

In addition to backgrounds that can be fit to ER and NR calibrations, the analysis incor-

porates models of surface events originating at the detector wall, as well as accidental

pairings of S1,S2s are modelled from event samples only. Both backgrounds intersect

a WIMP signal mainly in the low cS1,cS2 region, as shown in figure 4.4b.

Surface background modelling

Surfaces of the detector materials accumulate radioactive contaminants from expo-

sure to air [Paper III]. While the radioactivity induced is dominated by ER events,

the proximity to the surfaces challenges the position reconstruction, and electrons are

lost along the TPC walls. Therefore, the events originating from the TPC walls, recon-

structed towards high radii are modelled as a separate background, based on sideband

samples [Paper III]. Events whose best-fit position are at the TPC boundaries or outside

were chosen to estimate the S1,S2,z distribution of the surface background, while the

radial distribution was constructed with events below the analysis space cS2b bound-

ary. Validation regions were used to test the surface modelling before un-blinding.

The surface background is concentrated at low cS2 values, reflecting the loss of

electrons along the detector wall [84]. The overlap between the surface and signal dis-

tributions therefore mainly occurs at high r and low cS1,cS2b. In previous XENON

analyses, this background was excluded by the analysis volume choice, and no side-

band region or calibration was available in the signal-wall overlap region. Section 6.1

discusses the studies that were performed to estimate the gain in sensitivity from in-

creasing the radial cut. Studies of the effect of mis-modelling the overlap pointed to

too tight constraints of the surface background as a cause of spurious excesses if the
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surface background is mis-modelled. Therefore, the modelling of the radial extension

of the surface background into the TPC was made with an emphasis on containing the

largest possible variation given the sideband data, and no constraint was placed on the

tail when fitting to the science data. An investigation into the effect of mis-modelling

the radial distribution is detailed in section 6.1.
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Figure 4.4: Contours containing 68 and 95 percent (whole and dashed lines,

respectively) of expected events from the surface and AC backgrounds, as well

as the 68% contour of a 200 GeV WIMP and the ER background, projected on two

axis combinations, as well as points for SR1 events.

Accidental coincidence background

By chance, lone S1 and S2 events may occur close enough together that they are

classified as a single event. These accidental coincidence (AC) events are estimated

using samples of lone events of each, randomly paired according to the expected rate

of accidental pairings, the product of the rates of the lone events rates [Paper III]. The

distribution in analysis coordinate space is constructed using a kernel density estimate

(KDE) of this random sample. The accidental coincidence (AC) events are distributed

broadly across the cS1,cS2 space, with the highest expectation at low cS1.

4.3 XENON1T likelihood

Given a probability distribution f (x|θ), where x is the random variable and θ is a pa-

rameter of the distribution, the likelihood is L(θ) = f (x|θ), interpreted as a function

of θ . The full XENON1T likelihood is a combination of likelihoods for the two sci-

ence data-sets, SR0 and SR1, as well as likelihood terms for ancillary measurements.

In particular, a likelihood term is included for each 220Rn data-set to constrain the ER

nuisance parameters.

With the background and signal models defined for the analysis coordinates cS1,

log10(cS2/[1pe]) and r2, the extended un-binned likelihood for the XENON1T data
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for one science run takes the form:

LSR(s,M,θθθ |xxxSR) = Pois(NSR| µtot SR(θθθ))·
NSR

∏
i=1

(

∑
source

[

µSR source(θθθ)

µtot SR(θθθ)
· fSR source(xxxSR, i|θθθ)

])

(4.1)

In this equation:

• SR is the data-taking period, may be SR0 or SR1,

• s is the signal-strength parameter, scaled from the WIMP-nucleon cross-section

σ ; s = σ/1×10−45 cm2.

• M is the WIMP mass in GeV.

• θθθ is a vector of all nuisance parameters in the model

• xxxSR is a vector of event coordinates in cS1, log10(cS2/[1pe]) and r2

• NSR is the number of events in the science run data-set

• source is an index running over each background and signal source.

• µSR source(θθθ) is the expectation value of each source

• µtot SR(θθθ)≡ ∑source µSR source is the total expectation value

• fSR source(xxxSR, i|θθθ) is the PDF of a source, evaluated at the event coordinates of

event i given nuisance parameters θθθ

The corresponding likelihood for a calibration data-set takes the same form:

LCR(M,θθθ |xxxCR) =Pois(NCR| µtot CR(θθθ))· (4.2)

NCR

∏
i=1

(

∑
source

[

µCR source(θθθ)

µtot CR(θθθ)
·gCR source(xxxSR, i|θθθ)

])

(4.3)

Here, CR denotes the specific 220Rn data-set, constraining SR0 or SR1 ER nui-

sance parameters, µCR source are the expectation values of the calibration sources and

µtot CR(θθθ) is the total calibration model expectation value. The PDF evaluated at each

calibration event, gCR source(xxxSR, i|θθθ) is modelled in cS1 and cS2. This likelihood still

depends on the WIMP mass due to the signal-dependent mis-modelling term, pre-

sented in 4.4.1

4.3.1 Ancillary constraint terms

In addition to the science and ER calibration data-sets, the rate of the radiogenic,

coherent elastic neutrino-nucleus scattering (CEνNS) and AC backgrounds are con-

strained by ancillary measurements. Denoting their measured value µ̂source and mea-

surement uncertainty σsource, the expectation value µsource is constrained by a Gaus-

sian:

Lsource SR(θθθ) =L(µsource SR|µ̂source SR,σsource SR)

=Gaus(µ̂source SR| µsource SR,σsource SR) (4.4)
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Rates for the CEνNS background are un-correlated across science runs, while the

radiogenic uncertainty is assumed to be completely correlated between runs, as the

uncertainty is dominated by the common simulation code used to estimate the back-

ground [Paper III]. Table 7.1 shows the best-fit rate of the two parameters after the fit,

of (1.43±0.66) t×y−1 and (0.05±0.01) t×y−1, respectively. Another constraint

term, Leff SR(εSR) is included for each science run to constrain the signal efficiency

εSR uncertainty, detailed in section 4.4.2.

For the AC background component, the uncertainty is given as a maximum and

minimum expectation value [Paper III]. This is incorporated as a uniform PDF between

µ̂min
source and µ̂max

source:

LAC SR(θθθ) = L(µAC SR|µ̂min
AC SR, µ̂

max
AC SR) = Uniform(µAC SR| µ̂min

AC SR, µ̂
max
AC SR)

The best-fit AC rate is at the lower edge of the uncertainty band, with the best-fit rate

in the science data of 0.47+0.27
−0.00 t×y−1.

4.3.2 Combined likelihood

The combined likelihood for a single science run, omitting the radiogenic constraint

which is shared between science runs may be written:

LSR(s,M,θθθ) =LSR(s,M,θθθ |xxxSR) ·LCR(M,θθθ |xxxCR)·
LCEνNS SR(θθθ) ·LAC SR(θθθ) ·Leff SR(εSR) (4.5)

Which gives a final, total likelihood of:

Ltotal(s,M,θθθ) = LSR0(s,M,θθθ) ·LSR1(s,M,θθθ) ·Lradiogenic(θθθ) (4.6)

4.4 Likelihood parameters

The combined likelihood in equation 4.6 has 22 nuisance parameters in addition to

the signal strength and WIMP mass. Background expectation values are expressed

with respect to a nominal expectation value, either the best-fit value for parameters

with ancillary measurements, or an approximate value from sidebands for the ER and

surface backgrounds that are constrained by the fit only. Five background components

per science data-set, and two for each 220Rn calibration data-set gives 14 rate nui-

sance parameters, reduced by 1 as the radiogenic rate is a common parameter. Each

ER model has three shape parameters, the photon yield parameter, a recombination

fluctuation parameter and the mis-modelling term. The photon yield parameter is

shared between science runs both in the calibration fit and the final inference proce-

dure, giving a final 5 ER shape parameters. The signal efficiency for each science run

adds two more. Lastly, the surface background model of each science run has a shape

uncertainty. Table 4.3 shows a list of all likelihood parameters, as well as a note of

whether the parameter is constrained by a science or calibration data-set or an ancil-

lary measurement. As the combined likelihood is maximized in one fit, in principle

all data-sets impact their fit, and for example ER shape parameters will be impacted

by both the calibration data-sets and the roughly ten times smaller science data-sets.
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Table 4.3: Table of parameters of the full XENON1T likelihood, with a note of

which data-set that mainly constrains it.

Rate Parameter Constraint Expectation Value

SR0 AC events Ancillary measurement 0.051+0.035
−0

SR1 AC events Ancillary measurement 0.42+0.29
−0

SR0 220Rn AC events Ancillary measurement 0.73+0.51
−0

SR1 220Rn AC events Ancillary measurement 2.8+1.9
−0

SR0 CEνNS events Ancillary measurement 0.0040+0.0014
−0.0014

SR1 CEνNS events Ancillary measurement 0.050+0.017
−0.017

SR0 science data ER SR0 data-set 73.4+8.8
−8.4

SR1 science data ER SR1 data-set 554+24
−24

SR0 calibration data ER SR0 220Rn data-set 689+27
−26

SR1 calibration data ER SR1 220Rn data-set 5264+73
−72

Radiogenic events in

SR0+SR1

Ancillary measurement 1.44+0.65
−0.66

SR0 Surface events SR0 Science Data 12.5+3.9
−3.2

SR1 Surface events SR1 Science Data 93.7+10
−9.5

Efficiency Parameter Constraint Value

SR0 Signal efficiency NR model uncertainty 1.000+0.036
−0.036

SR1 Signal efficiency NR model uncertainty 1.000+0.021
−0.021

Shape Parameter Constraint Value

ER photon yield 220Rn calibration −0.043+0.053
−0.052

SR0 ER recombination

fluctuation

SR0 220Rn data-set 0.64+0.58
−0.70

SR1 ER recombination

fluctuation

SR1 220Rn data-set 0.32+0.41
−0.39

SR0 Safeguard as fraction

of ER

SR0 220Rn data-set −0.0060+0.0049
−0.0036

SR1 Safeguard as fraction

of ER

SR1 220Rn data-set −0.0049+0.0014
−0.0045

SR0 Surface shape pa-

rameter

SR0 science data 1.00+0.0
−0.67

SR1 Surface shape pa-

rameter

SR1 science data −0.39+0.24
−0.22

Signal Parameter Constraint Value

WIMP cross-section

[10−45cm2]

0.0421+0.1165
−0

Wimp mass [GeV] Fixed in analysis 200
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4.4.1 Mis-modelling safeguard

While the ER background model contains nuisance parameters affecting its shape,

the low cS2 tail is challenging to constrain due to low statistics. Since the ER back-

ground shape can be fit to calibration data, it is possible to introduce a so-called safe-

guard, proposed in [102], where the original background model PDF fb(x) acquires

a signal-like component by including a fraction of the signal model fs to construct a

background model fb;

fb(x)→ (1−αmm) fb(x)+αmm fs(x),

where αmm is an additional nuisance parameter that is constrained by calibration data,

considered signal-free. In the paper introducing the uncertainty, the case is first con-

sidered where αmm ≥ 0 when computing discovery significances, and αmm ≤ 0 when

constructing upper limits, but lifting the restriction did not alter the statistical proper-

ties of the examples [102]. In the XENON1T analysis, the mis-modelling term is not

constrained in this way, since the additional model freedom is a conservative addition

itself, and to ease the construction of unified confidence intervals.

The ER distribution in the analysis space, f ′ER is a mix of the nominal ER source

and the WIMP distribution. f ′′ER is the ER distribution, including nuisance parameters,

without safeguard Note that as αmm may be negative, the PDF must be restricted

against going negative. This truncation is only applied to the ER PDF:

f ′ER = max
(

(1−αmm) · f ′′ER +αmm fWIMP,M,0
)

The final ER PDF is the normalised f ′:

fSR ER(cS1,cS2,r2) =
f ′ER(cS1,cS2,r2)

∫

f ′ER(cS1,cS2,r2)dcS1dcS2dr2

A crucial assumption is that the ER distribution in both science and calibration data

are equal;
∫

fSR ERdr2 = gCR ER, where the integration is used since the calibration

fit is performed only in cS1,cS2. An illustration of the safeguard for the ER model

is shown in figure 4.5, and figure 4.6 shows the best-fit safeguard together with other

model components for a slice of the data.

4.4.2 Signal efficiency

The SR0 spin-independent analysis included two uncertainty parameters on the shape

of the WIMP signal due to NR calibration uncertainties. However, in the absence of

a signal, the shape of the signal is undetermined, and unless an excess is very large,

the parameters would not have an important effect on the likelihood compared to the

larger NR calibration. However, an uncertainty in the expected rate of the WIMP for

a certain cross-section can directly affect limits. The selected shape uncertainties rate

uncertainty was on the order of 2%. A toy Monte-Carlo (toyMC) investigation found

that the signal shape uncertainty had a small effect on the upper limits, as shown in fig-

ure 4.7. For the SR1+SR0 analysis, the signal expectation uncertainty was expressed

with an efficiency parameter for each WIMP mass;

µWIMP SR =
σ

10−45cm2
· ε ·µ0

WIMP SR,
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Figure 4.5: Illustration of the effect on the ER model of changing the mis-

modelling term αmm, using a 200 GeV WIMP safeguard, for a slice 20 PE <
cS1 < 30 PE, projected on log10(cS2b/(1 PE)). The histograms have an arbi-

trary, common normalisation. The difference between the distribution and the

nominal (blue) is shown underneath. Note that since the normalisation must be

preserved, a positive safeguard (black) will raise the signal-like tail of the distri-

bution, but also flatten the peak above. However, this raising due to normalisation

is small compared to the total ER PDF.
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Figure 4.6: Illustration of the effect of the mis-modelling safeguard for the

SR0+SR1 best-fit, using the same projection on log10(cS2b/(1 PE)) and cS1

slice, 20 PE < cS1 ≤ 30 PE, as figure 4.5. The dashed blue line shows the effect

of the mis-modelling term on the ER model, using a symmetric log-scale, allow-

ing negative values to be shown. The data is shown with magenta points, and the

total model is shown with a black line, together with a band indicating the 68%

Poisson belt given the total model. Individual source contributions are colored in

gold, blue, purple, green, cyan and red, representing the WIMP, ER, surface, AC,

neutron and CEνNS contribution, respectively.
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where ε is the detection efficiency term, with 1 corresponding to the best estimate of

the WIMP rate, and µ0
WIMP SR is the nominal expectation for WIMPs at mass M and

a cross-section of 10−45cm2 for that science run. The signal rate uncertainty was

determined by fitting the posterior of the NR calibration rate. It decreases from ∼ 15%

at low masses to ∼ 2% at higher masses, shown in figure 4.8

Figure 4.7: Histogram of ratio of upper limits with and without signal shape

uncertainties of the SR0 signal model. No efficiency uncertainty term is included,

which would reduce the ratio further. Based on the small difference in upper

limits, the shape uncertainties for the signal distribution was replaced by a total

rate uncertainty in SR1 analyses.
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Figure 4.8: Uncertainty for WIMP rate efficiency ε for science runs 0 (black) and

1 (blue) as function of WIMP mass.
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5. Inference

The primary result of the XENON1T is whether a WIMP-like excess with respect to

the background model is observed in the data. Confidence intervals are the second

result, and express which dark matter-nucleon cross-sections that are compatible with

the observed data at a certain confidence level. Both results can be considered as hy-

pothesis tests, of either the no-signal model for discoveries, or for a range of signal

strengths for confidence intervals. This chapter details the profile likelihood computa-

tion XENON1T uses as a test statistic for these hypothesis tests. Confidence intervals

are required to have coverage– a 1−α confidence interval of a parameter of interest

should contain the true parameter in 1−α of repeated experiments. Section 5.2.2

shows the checks that were performed to validate the coverage.

5.1 Inference procedure

The XENON1T inference is performed for a single WIMP mass hypothesis at a time,

profiling the log-likelihood ratio, or setting the nuisance parameters to the values that

maximizes the likelihood given the signal strength. Subtracting the best-fit gives the

test statistic λ (s|M):

λ (s|M) = log

(

Ltot(ŝ,M,θ̂θθ)

Ltot(s,M, ˆ̂θθθ)

)

(5.1)

The combined XENON1T likelihood Ltot(s,M,θθθ) is defined in equation 4.6. The

global best-fit is found at s = ŝ, θθθ = θ̂θθ , while the nuisance parameters that maximise

the likelihood when the signal is fixed at s are
ˆ̂θθθ . All expectation values are constrained

to be non-negative in the fit, including the signal rate s. The main results desired are

the local and global significance of any excess, as well as confidence intervals, which

may be one- or two-sided. In all cases, the distribution of λ (s|m), given that s is the

true signal, is required. Significances are assessed using p-values, the probability p

to observe a result at least as extreme as the observed one, or the equivalent number

of standard deviations ("sigmas"), σ(p) = Φ−1(1− p), where Φ is the cumulative

density function (CDF) of the normal distribution.

5.1.1 Asymptotic inference

In the large data limit, the distribution of 2 · λ tends to being distributed according

to a χ2-distribution with one degree of freedom [103]. A one-sided test-statistic to
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compute upper limits takes the form of λ̃ (s|M):

λ̃ (s|M) =

{

2 ·λ (s) if s < ŝ

0 else
(5.2)

The distribution of λ̃ (s|M) under the hypothesis that s = s0 is distributed according

to λ̃ ∼ 1
2 δ (λ̃ )+ 1

2 χ2
1 (λ̃ ) in the large data limit [104], where δ (x) is the Dirac-delta

function. The first XENON1T result, using 34.2 days of data [Paper I], used this

assumption to compute one-sided intervals (upper limits). However, it was noted that

this construction leads to under-coverage due to the low signal expectation values

probed. A plot showing the coverage as function of the true signal for this analysis

is shown in figure 5.8. Section 5.2.2 presents checks of the coverage of the 1 t×y

analysis, which does not use the asymptotic result.

5.1.2 Profile construction

Due to the under-coverage noted in the first analysis, asymptotic results for the distri-

bution of λ (s) cannot be used. Instead, the distribution is estimated using simulations

of the entire XENON1T experimental results. The simulations are toyMCs– data-sets

are drawn from each model component:

• Science data events, cS1, cS2b and r are drawn from the nominal science data

model.

• Calibration data events in cS1 and cS2bare drawn from the calibration data

models.

• Ancillary measurements, such as the AC or radiogenic neutron rates are drawn

according to their measurement uncertainties.

Each realization of the XENON1T outcome is fit with the same machinery as the final

results. Figure 5.1 shows the resulting distributions of λ (s|M) for two WIMP masses,

and a range of signal expectations. At 10 GeV, the distribution is slower to converge

to the asymptotic, high-signal result than at 200 GeV.

The Neyman 1−α confidence belt for a parameter s given an observed parameter

x, distributed according to f (x|s) is given by the boundaries a(s), b(s) that satisfy;

1−α =
∫ b(s)

a(s)
f (x|s)dx, (5.3)

where the integration boundaries are written as functions of s to emphasise that the

construction must be performed for all values of s. Inverting a(s),b(s), the 1−α
confidence interval for s given a measured value x0 is [b−1(x0),a

−1(x0)]. From equa-

tion 5.3, it can be seen that if the true value of s is s0, x will fall between a(s0) and

b(s0) in 1−α of the cases, and s0 will be contained by the confidence interval. This

means that the Neyman construction has the required coverage ∗.

∗In the discrete case, it may be necessary to extend the cut boundaries in the confidence

belt, and one can only ensure not to under-cover.
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(b) 200 GeV WIMP

Figure 5.1: Survival fraction (1-CDF) of λ for true signals from 0 to 10 expected

events for two WIMP masses. As the signal expectation increases, the distribu-

tions converge to the asymptotic result.

The choice of the cut boundaries a,b is free in the Neyman construction. For lower

and upper limits (a(s) =−∞,b(s) = ∞ respectively), the choice is made if one desires

a compact interval. Two-sided intervals are often symmetrical around the best-fit.

However, if an experiment is searching for a small signal, it may not wish to commit

to reporting one- or two-sided intervals independent on the data, but would rather

switch depending on the discovery significance.

Feldman and Cousins pointed out that switching between two confidence interval

constructions, even if they both individually have coverage, based on the experimental

result can induce under-coverage. To resolve this, they proposed a unified confidence

interval that smoothly switches between a one-sided and two-sided confidence interval

based on the data [105]. The impact of changing analysis properties based on the

experimental outcome is discussed further in section 6.3. The interval has the required

coverage by virtue of being a single Neyman construction.

To determine the boundaries of the belt at a signal s, the Feldman-Cousins interval

is ordered according to the likelihood ratio R(x)≡ f (x|s)/ f (x|ŝ), where ŝ is the best-

fit signal that maximises the likelihood L(s) = f (x|s). The FC interval is constructed

by choosing the confidence to include the highest R first. It may also be constructed

directly using R(x) as the observed parameter:

1−α =
∫ 1

Rmin(s)
RdR (5.4)

Here, all s where Rmin(s)≥ R(s) are included in the confidence interval.

The confidence intervals for XENON1T are constructed in a similar manner, using

the profile log-likelihood λ (s|M) defined in equation 5.1:

1−α =
∫ λmax(s|M)

0
f (λ (s|M)d(λ (s|M)) (5.5)

Where the distribution of λ (s|M) is f (λ (s|M). The likelihood ratio threshold λmax(s|M)
can be found in figure 5.1 as the value that gives a survival fraction of α for each true
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signal value. In this case, called the Profile Construction [15], coverage is not assured

due to the profiling of nuisance parameters, and must be investigated. Section 5.2.2

describes the coverage validation of the XENON1T profile construction. To give the

correct coverage for a signal size of 0, the construction above will yield two-sided

intervals that exclude s = 0 in 10% of cases when there is no signal. However, the

threshold for claiming a discovery in particle physics is 5σ , and 3σ is a typical thresh-

old for claiming an excess. Therefore, the XENON1T collaboration resolved to report

only the upper edge of the two-sided confidence interval unless the discovery signifi-

cance exceeded 3σ . This leads to over-coverage for small signals, shown in figure 5.9.
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Figure 5.2: Illustration of the profile construction for 10 GeV and 200 GeV

WIMPs, with the lower axis showing cross-section, and the upper the correspond-

ing signal expectation. The full line shows the profiled log-likelihood ratio, while

the vertical lines show the best-fit and upper limit, the latter defined by the in-

tersection with the profile construction threshold, computed with toyMC simula-

tions, shown in gray.

5.1.3 Computing framework

The full likelihood is implemented using blueice∗, a public inference code that pro-

vides core functionality to compute and profile likelihoods. Parameters in the like-

lihood are classified as rate parameters, that only scale expectation value of a single

source, and shape parameters, that affect the PDF shapes in the analysis dimensions.

In the case of shape uncertainties, blueice interpolates the PDF between "anchor

points", steps in nuisance parameter space. For the XENON1T analysis, where back-

ground distributions are provided by non-analytic calibration fits, anchor points were

chosen from calibration fit uncertainties [Paper III]. Blueice functionality was ex-

tended for the XENON1T analysis to read PDF templates in the analysis dimensions

∗https://github.com/JelleAalbers/blueice, written by Jelle Aalbers
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from ROOT THNF∗ histograms , and to accept a non-asymptotic likelihood threshold to

construct confidence intervals.

In the SR0 analysis [Paper I], the XEPHYR inference framework was used to com-

pute upper limits, while the analysis using blueice produced the sensitivity and ex-

pected distribution of upper limits, as well as ancillary checks. In SR1, the limit and

sensitivity was computed with the blueice analysis, with XEPHYR used to cross-check

the results.

The SR1 analysis moved from the asymptotic Neyman construction to the profile

construction. Together with a large increase in nuisance parameters due to the run

combination, this required O(100000) toyMC simulations to be fitted, with each fit

requiring O(15s). This means that ∼ 400h of computation is needed to compute

the profile construction curves alone. Computing scripts were written around blueice

to generate, fit and optionally compute confidence intervals for toyMC data-sets in

parallel jobs† on the Midway computing cluster of the University of Chicago Research

Computing Center.‡ Fitting investigation, construction of the confidence belt in λ ,

sensitivity and coverage studies and a number of ancillary studies all used parallel

toyMC studies.

5.1.4 Power constraint

Some statistical methods for constructing confidence intervals may exclude intervals

that the experiment is not sensitive to in some cases. A simple case would be an upper

limit construction, which to have a 1−α coverage for a true signal expectation value of

0 must produce a negative upper limit, or an empty interval in α ·100% of cases. The

XENON100 experiment (XENON100) presented results using the CLs method [106],

which penalises p-values where the overlap between signal and background is large.

However, the CLs method penalty varies smoothly with signal, and may also affect

higher signals. The alternative power-constrained limit (PCL) method [107] sets a

simple threshold in the signal size, defined by a minimal discovery power. The profile

construction used in the combined SR0+SR1 analysis produces fewer very low limits,

as the coverage at 0 signal can be achieved by upwards fluctuations causing two-sided

intervals. This effect is shown in figure 5.3. The very lowest limits in this plot still

corresponded to a signal expectation value of ∼ 1, however. Therefore, XENON1T

set a 15% power threshold below which limits would not be set in case of a strong

downwards fluctuation.

5.1.5 Trial correction

Since the WIMP mass at which an excess occurs is not known before unblinding, and

since multiple WIMP mass hypotheses are tested, the global significance of an excess

must correct for the fact that an excess is more likely the more hypotheses are tested.

Correcting for this "look-elsewhere" effect must take into account that the XENON1T

∗https://root.cern.ch/root/html534/THnT_float_.html
†Up to 500
‡https://rcc.uchicago.edu
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Figure 5.3: Cumulative histogram of upper limits in gray, and survival (1−CDF)

for lower limits in blue for no signal toyMCs and a 50 GeV WIMPfit, showing that

only intervals where the true signal of 0 is not covered are the signal-like upwards

fluctuations where the lower limit is greater than 0. The green whole and dashed

lines indicate the median and 68% containment region of upper limits.
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hypotheses are highly correlated, with WIMP masses over roughly 200 GeV being en-

tirely correlated, since the recoil energy spectrum converges to a constant shape. To

account for this, toyMCs are generated, and discovery significances for every WIMP

mass M are computed for each data-set. Since the distribution of the test statistic

λ (0) does not follow the same, asymptotic distribution for all masses, local p-values

pM are used to assess significance. The smallest local p-value for each toy data-set

P = minM(pM) is recorded to estimate the distribution f (P). The final, global signifi-

cance p
global
data for an observed excess with the smallest p-value Pdata is then:

p
global
data =

∫ ∞

Pdata

f (P)dP (5.6)

Figure 5.4 shows the relation between local and global significance for the XENON1T

mass range. As signal spectra are expected to be broad falling exponentials, the cor-

relation is large and the correction from local to global significances relatively small

compared to the number of masses that are tested.
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Figure 5.4: Relation between the most significant local excess and the corre-

sponding global significance, expressed in σ = Φ−1(1− p)

5.1.6 Expectation value uncertainties

The main inference analysis is constructed to provide confidence intervals for the dark

matter signal rate. However, for presenting the result, expectation values were desired

for all source components in the entire analysis volume, as well as in sub-volumes,

such as only in the core mass, or below the NR median in cS2b. Uncertainties in

the included nuisance parameters can be done straightforwardly by profiling the like-

lihood in those directions and using the asymptotic approximation, but in particular

the sub-volumes were more challenging. To avoid having to re-parameterize the likeli-

hood, an "envelope" method was employed, where an MCMC [108] sampler was used
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to draw 100000 samples from the 23-dimensional parameter space, recording the pa-

rameters and the total likelihood L. Afterwards, the ith source expectation values in

each sub-volume v; µi,v can be computed for the entire "cloud" of points.

Plotting L versus the parameter of interest µi,v, the lowest point Lmin(µi,v 0) at a

certain µi,v 0 corresponds, within the uncertainty of the MCMC random sampling, to

the profiled likelihood as a function of the parameter of interest. Figure 5.5 illustrates

the construction for the ER expectation below the NR median, and the AC expectation.

Note that the AC expectation in figure 5.5a, with the flat constraint, sees the best-fit

value at the very edge of the interval, so that the final expectation value uncertainty is

extended to include the best-fit value.

Expectation values and uncertainties can be computed with this method for the

full analysis volume or in the reference region in cS2b, which is defined to lie between

the NR cS2b median and the −2σ NR cS2bline, as shown in figure 4.1b. In addition,

expectations for the sub-volumes of the analysis volume containing 0.9 t, and the inner

core of 0.65 t can be computed. The reference region was chosen for ease of compar-

ison with previous analyses, while the various fiducial volume cuts demonstrate the

wall and neutron separation with volumes. Table 7.1, from the spin-independent

analysis [Paper II] summarises the results of the expectation value uncertainty for the

best-fit signal and background model with a 200 GeV WIMP. The confidence inter-

vals for the WIMP are not included in this table, as they are computed with a different

(90%) confidence level, and are presented separately in the limit plot. Further, confi-

dence intervals for the expectation values are computed using the profiled likelihood

curve, and assuming the asymptotic distribution of the test-statistic. Therefore, these

intervals are not directly comparable to the confidence intervals for the signal cross-

section, computed with the profile construction.

(a) AC expectation in the full analysis range (b) ER expectation below NR median in

cS2b, and the core volume

Figure 5.5: Illustrations of the envelope method used to profile the likelihood

in directions of each expectation value. The gray line is the lower "envelope" of

the MCMC point cloud, plotted in likelihood versus parameter of interest. Blue

lines show the 1σ confidence interval using the asymptotic approximation, and a

magenta line the best-fit from the standard profile likelihood.
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5.2 Validation of the inference procedure

The inference codes provided a number of checks of best-fits to toy data to ensure that

the framework and method provides valid and stable results, and to validate the cover-

age properties. The validation checks also provided useful data to construct ancillary

results in the final analysis, such the nuisance parameter pulls shown in figure 7.5.

5.2.1 Pull-plots

To investigate and validate the likelihood fitting, and to estimate the typical uncer-

tainty of fitted parameters given a true parameter, a study was performed where the

true toyMC parameters were varied, in addition to the data-sets and measured values

of nuisance parameters. Figures 5.6 and 5.7 show the result of this study for SR1 rate

and shape parameters, respectively. For best-fits, the signal efficiency parameter will

always be fit to the measured value, and so this parameter was omitted from the com-

putation. All parameters are seen to fit the true value on average, with the low-rate

signal and radiogenic rates showing some truncation at 0. The AC rate, which has a

flat likelihood constraint between the maximum and minimum value, typically tends

to one or the other edge of the allowed interval. The true value of other parameters

were varied according to distributions approximately representing their uncertainty

before the un-blinding.

The impact of collecting a larger ER calibration data-set than the O(10) times

science data size was studied by fitting toy data with a varying the calibration event

expectation value NER calibration. The spread of fitted nuisance parameters was found

to increase slowly with larger data-sets, in line with a
√

NER calibration scaling, even for

the mis-modelling term that affects the low-cS2b tail of the ER distribution with the

lowest statistics. The small improvement discouraged further calibration data-taking.

To estimate the significance of the final best-fit, the results of this study was also

used to estimate the expected spread σθ of each parameter at a certain true parameter

θ0. The significance of the best-fit nuisance parameter deviations from the pre-fit

assumptions was summarized by a pull zθ ;

zθ =
θ̂ −θ0

σθ
, (5.7)

where θ̂ is the best-fit value of the nuisance parameter, and σθ is the standard deviation

of the best-fit distribution of θ̂ given the true value θ0. Figure 7.5 shows the pull of all

fit parameters of the final XENON1T fit to the un-blinded data.

5.2.2 Coverage checks

To investigate the coverage of the XENON1T SR1 , toyMC simulations of the science

and calibration data-sets, as well as ancillary measurements were generated for true

signal expectation values between 0 and 15 events, and the fraction of confidence

intervals containing the true cross-section recorded. The under-coverage in the SR0

analysis is illustrated in figure 5.8. Figure 5.9 shows the result for two WIMP masses,

showing nominal coverage for the profile construction, and over-coverage due to the

83



0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
True SR1 AC rate 
relative to nominal

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Fi
tte

d 
SR

1 
AC

 ra
te

 
re

la
tiv

e 
to

 n
om

in
al

fit = true
15th, 85th percentiles
median fit

(a) SR1 AC rate multiplier

0.0 0.5 1.0 1.5 2.0 2.5 3.0
True SR1 CNNS rate 
relative to nominal

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fi
tte

d 
SR

1 
CN

NS
 ra

te
 

re
la

tiv
e 

to
 n

om
in

al

fit = true
15th, 85th percentiles
median fit

(b) SR1 CEνNS rate relative to nominal

0.6 0.8 1.0 1.2
True SR1 ER rate

 

0.6

0.8

1.0

1.2

Fi
tte

d 
SR

1 
ER

 ra
te

 

fit = true
15th, 85th percentiles
median fit

(c) SR1 ER rate in science data

0.0 0.5 1.0 1.5 2.0 2.5 3.0
True Radiogenic rate 

relative to nominal

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fi
tte

d 
Ra

di
og

en
ic 

ra
te

 
re

la
tiv

e 
to

 n
om

in
al

fit = true
15th, 85th percentiles
median fit

(d) Radiogenic rate relative to nominal

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
True SR1 Surface rate 

relative to nominal

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

Fi
tte

d 
SR

1 
Su

rfa
ce

 ra
te

 
re

la
tiv

e 
to

 n
om

in
al

fit = true
15th, 85th percentiles
median fit

(e) SR1 Surface rate relative to nominal

0.0 0.1 0.2 0.3 0.4
True WIMP cross-section/1 · 10−45cm2

 

0.0

0.1

0.2

0.3

0.4

Fi
tte

d 
W

IM
P 

cr
os

s-
se

ct
io

n/
1
·1
0
−4

5
cm

2

 

fit = true
15th, 85th percentiles
median fit

(f) WIMP cross-section/1 ·10−45cm2

Figure 5.6: Two-dimensional histogram of best-fit SR1 rate parameters versus

the true parameter used to generate the toyMC data-set. The magenta line marks

the median of each bin in the true parameter, while the black line shows a perfect

fit.
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(c) SR1 Safeguard as fraction of ER
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Figure 5.7: Two-dimensional histogram of best-fit SR1 shape parameters versus

the true parameter used to generate the toyMC data-set. The magenta line marks

the median of each bin in the true parameter, while the black line shows a perfect

fit.
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3σ discovery threshold only below the sensitivity band. These coverage checks were

performed before un-blinding, and the true values of all nuisance parameters are set

to their nominal values. Results are close to the pure binomial error-band of correct

coverage, even disregarding the uncertainty in the construction of the profile likelihood

threshold λmax(s|M) from equation 5.5.

Figure 5.8: Coverage of the one-sided upper limit for the SR0 analysis. The

coverage, in the blue band, is consistently under the nominal value in the range

of the median sensitivity (green line)

While the Feldman-Cousins method has coverage by construction, the profile con-

struction described in section 5.1.2 is not guaranteed to display coverage unless the

true nuisance parameters are those used to construct the threshold. Additional toyMC

simulations with non-central nuisance parameters were computed, with confidence in-

tervals using the profile likelihood threshold of the nominal nuisance parameter value.

Figure 5.10 shows the effect of choosing large off-central values for the SR1 ER mis-

modelling term compared to the pull-plot scatter, and the final best-fit of −0.004. The

mis-modelling term directly affects the signal-like region, and thus is expected to have

a comparatively large effect on the coverage. The shift due to the off-central value in

the toyMC study is one percentage point change in the signal-averaged coverage due

to shifting the mis-modelling term by 0.012, ∼ 9 times the uncertainty of the mis-

modelling term, and 3 times the best-fit value.
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Figure 5.9: Coverage as function of true WIMP-nucleon cross-section for two

different WIMP masses, with signal expectation values indicated on the top x-

axis. The blue and orange points show the coverage with and without the 3σ
discovery threshold applied, and 1σ binomial uncertainties. The green line and

band shows the sensitivity and 68% containment band for the upper limits.
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Figure 5.10: Illustration of coverage for a 50 GeV WIMP, without the 3σ thresh-

old, computed as a function of the signal cross-section, and the toyMC true mis-

modelling fraction. The corresponding expected number of events is shown on

the upper x-axis, and the gray band and line shows the 1σ and median sensitivity.

The shift in coverage, averaged over the true signal is about 1 percentage point

for the step size in αmm.
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6. Analysis Studies

This chapter will present statistical studies of the XENON1T analysis choices For

optimisation studies, the most common figure of merit was the median upper limit. In

some cases, the discovery probability given a true signal was also considered. On the

other hand, studies of the robustness of the analysis to mis-modelling, in particular

in the tail of background distributions are focused on the possibility that rare, signal-

like events could affect the analysis. Therefore, the mis-modelling studies use the

spurious discovery probability as a figure of merit. The spurious discovery probability

is the chance that the analysis, using a possibly flawed background model, identifies a

certain excess given the true (or assumed) model. An ideal analysis will give p-values

p ≤ 0.1 in 0.1 of cases, but an imperfect modelling could make the analysis report a

signal-like excess with p < 0.1 with a higher or lower frequency than this.

This chapter presents studies of the modelling in r and z, as well as an investiga-

tion of the robustness of the analysis to AC mis-modelling. The blinding procedure of

the analysis is presented in chapter 6.3.

6.1 Radial modelling and optimisations

With the improvement in surface background modelling, the SR1 analysis could in-

clude a larger analysis volume in r. The attention given to the radial modelling reflects

the r2 scaling of the analysis volume. However, the parameter region where the most

WIMP-like wall background occurs, at low cS2b and at relatively low r2 were blinded

during the analysis design. Therefore, mis-modelling of the radial surface distribution

was a concern. Three options were discussed;

• Keep the cS1, cS2b analysis dimensions and model an average surface contam-

ination within the fiducial volume

• Split the fiducial volume in a "clean" and "dirty" volume, with a surface back-

ground in the outer volume

• Construct models in cS1,cS2b and radius.

6.1.1 Sensitivity Optimization

Studies of the sensitivity gain of additional modelling used toyMC simulations with

varying fiducial volume cut-offs, and either a two- or three-dimensional analysis showed

a 10% gain in sensitivity, as shown in figure 6.1. The 3σ discovery power showed a

larger difference, with a 20% improvement for a 3-D analysis. In addition to showing
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the improvement to be gained, this study would have been used to set the fiducial vol-

ume had a two-dimensional analysis been chosen. The middle option∗ with a simpler

radial modelling lay between these extremes at a 7% improvement, and was chosen

by the statistics cross-check.

6.1.2 Mis-modelling studies

With a more comprehensive model, random fluctuations of background events may

affect the result less– a high-r2 event in the signal region will be less influential, in

accordance with the knowledge of the surface background. This is also reflected in

a slight reduction in the sensitivity band width for the three-dimensional case with

respect to the optimal two-dimensional analysis. However, the downside of this is that

if the surface background leakage is underestimated, a three-dimensional analysis will

see leakage events at lower radii as more signal-like than a two-dimensional analysis

where the surface leakage is "averaged" over the volume.

The vulnerability of a three-dimensional analysis to radial mis-modelling was in-

vestigated by using another radial model in the analysis than in the toyMC data-sets.

The figure of merit is the probability for a p-value p < 0.26%†. A mis-modelled radial

tail could lead to a higher frequency of these excesses, leading to spurious discoveries.

Figure 6.2 shows the discovery probability, with no signal injected, of a two- and three-

dimensional analysis. When the shape of the radial distribution is fixed to a different

value than the toyMC truth, the three-dimensional analysis shows a much larger spu-

rious excess rate than the two-dimensional analysis, shown in figure 6.2a. However,

when the surface shape is free, as in figure 6.2b, the excess probability is nominal for

both analyses. Due to the improved sensitivity and power, the three-dimensional anal-

ysis was chosen, but extra attention was paid to ensuring that the surface background

radial shape was allowed to move in a wider range than the constraint expected from

the fit the data, avoiding possible mis-modelling.

6.2 Modelling and segmentation in z

The depth of an interaction, z, affects the cS1, cS2b distributions of ERs and NRs.

Therefore, the sensitivity gain by including z in the analysis was studied in parallel

with the radial optimization studies. Since the sensitivity gain was small, the analysis

was not extended to z, and the background from the top and bottom of the detector

is rejected with a cut in z. Unlike backgrounds that are concentrated at the detector

surfaces, the radiogenic neutron background extends into the analysis volume from

the surfaces. When the z-cut was optimised, the impact of the radiogenic neutron rate

on discovery significance motivated a proposal to segment the fiducial volume. This

is discussed further in section 6.3.

∗With optimization studies on the optimal splitting of the volumes performed by Adam

Brown using the blueice framework
†Equivalent to a 2-sided 3σ excess.
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Figure 6.1: Plot showing sensitivity and shaded 0.68 containment region of up-

per limits, computed using the asymptotic approximation for a likelihood with

cS1 and cS2b only (orange) and a three-dimensional likelihood including a radial

coordinate (blue) as a function of the fiducial mass, in terms of the total analysis

volume. In this example, the core volume segmentation has also been applied,

discussed in section 6.2.2
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(b) Free surface radial shape

Figure 6.2: Plots showing the probability to observe a discovery significance

greater than 0.26% (two-sided 3σ , marked with a dashed black line) with either

fixing the surface scale to the wrong value, or allowing it to float free. The 3-D

analysis discovers too many excesses when the surface is tightly constrained.
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6.2.1 Study of z-dependence of models

To estimate the maximal improvement by modelling z inside the detector volume,

distributions of the expected WIMP and ER distributions in to slices from the top and

bottom 10 cm of the detector were obtained from the detector response model. These

are shown as a projection on log10(cS2b/(1 PE)) in figure 6.3a. The distribution of

upper limits, either when averaging over z for the two slices, or using it as an analysis

variable are shown in figure 6.3b. The difference was 10% when only the two most

separated slices in z were included. Due to the less promising sensitivity gain in this

case, and the increase in computing and analysis resources required to include both

r and z, it was decided to not include z in the analysis. Radially dependent fiducial

z-cuts rejects background events from the top and bottom of the detectors.
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(a) Distribution of ER (upper panel) and a
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of log10(cS2b/(1 PE)) in the highest and

lowest 10 cm z-slices of the detector.
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Figure 6.3: Illustration of the difference in ER and WIMP distribution in the

highest and lowest slices of the detector, and the impact of averaging over z on

sensitivity.

6.2.2 Optimisation of z-cut and the core segmentation

Upper and lower cuts in z as functions of r were constructed by studying the event

rate in a WIMP-like region of cS1,cS2b defined by the log-likelihood ratio between

signal and background [84]. In each slice in r, the z-cut was loosened until the event

rate due to leakage increased by 10%. Figure 4.1 shows the projections of models

on r,z together with the fiducial volume, showing the r-dependent z-cut. The cut is

constrained by events in the gas above the liquid surface, and events in the cathode

region where the field uniformity decreases, giving a maximum z-range of −94 cm to

92



−8 cm [84].

Neutron recoils are a special concern to the volume modelling, as they produce

NR recoils. Fiducial volume choices or spatial modelling, together with cuts against

double scatters are the main tool to reduce this background. Reducing the expected

neutron rate by a factor 5 in the entire analysis volume improved the 3σ detection

probability from .34 to .42 in a toyMC study. Figure 4.1a shows that the radiogenic

rate is the highest at the surfaces of the detector, where the xenon self-shielding is

smaller. This motivated a proposal to divide the analysis volume further, creating

a separate, neutron-poor "core" volume to enhance the discovery power. The core is

illustrated with the dashed green line in figure 4.1a. The 0.65 t core volume was chosen

to optimise the figure of merit m = s/
√

b in r and z, where s and b were the signal

and background expectations in a certain volume. The optimisation was performed

by adding volume elements in order of decreasing m until the total figure of merit

reached a maximum. The core volume neutron rate is 0.36 of the rate averaged over

the analysis volume. Implementing the core volume segmentation in the likelihood is

equivalent to re-writing equation 4.1 as a combination of likelihoods for the inner and

outer volumes:

LSR(s,M,θθθ |xxxSR) =LSR v=outer(s,M,θθθ |xxxSR v=outer)

·LSR v=inner(s,M,θθθ |xxxSR v=inner) (6.1)

Where v is an index that runs over separate analysis volumes, and each sub-volume

likelihood written as:

LSR v(s,M,θθθ |xxxSR v) = Pois(NSR v| µtot SR v(θθθ))·
NSR v

∏
i=1

(

∑
source

[

βs vµSR source(θθθ)

µtot SR v(θθθ)
· fSR source v(xxxSR, i,v|θθθ)

])

(6.2)

Here, the βi v is the fraction of the source i expected in sub-volume v,

fSR source v(xxxSR, i,v|θθθ) the PDF in sub-volume v, evaluated at the NSR v events in that

volume, and µtot SR v(θθθ)≡∑i (βi vµSR source). This is mathematically equivalent to the

technical implementation in the code, where all events and model PDFs are modified

so that the core volume is represented by −1 · r2.

6.2.3 Effect of AC contamination of calibration data-set

The 220Rn calibration data is not entirely pure, with an AC contamination expectation

of 4.7 events, of 5276 total events. As the AC distribution overlaps with the signal

distribution, a mis-measured expected AC expectation could propagate to the best-fit

mis-modelling safeguard, skewing the best-fit. The spurious excess probability is used

to assess this effect, similarly to the radial mis-modelling study. However, to speed

up the computation, the frequency of p < 0.1 excesses were used instead of a higher

significance threshold.

Varying the toyMC expectation value of the AC between 0 and 2 times the nominal

rate, while maintaining the nominal ancillary measurements, showed that in the range
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of AC rate uncertainty∗, the median best-fit mis-modelling term changes by 0.0005,

much smaller than the random scatter in the best-fits of ∼ 0.02. The probability for a

discovery p-value below 10%, shown in figure 6.4b shows that AC rates between 0.6
and 1 times the nominal rate have 10% p-value rates between 10 and 11%, even when

the rate is constrained more than in the final analysis. This shows that the inference

p-values will not be significantly affected if the true AC rate in the calibration data is

shifted with the final AC rate uncertainty of between 0.6 and 1, and shifting the value

between 0 and 2 shifts the frequency of p < 0.1 excesses from ∼ 13% to ∼ 8%.
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(b) Discovery probability of a p-value be-

low 10%, as function of true toyMC AC

rate, with binomial uncertainty in gray.

The magenta band shows the AC rate con-

straint (1-sigma band) that is applied. On

the left, the AC rate is overestimated, and

the ER background in the science data is

underestimated, leading to a higher fre-

quency of p < 10%. On the other side,

the AC fraction is under-estimated, and the

safeguard is fit positive, leading to fewer

p < 10% excesses than the nominal.

Figure 6.4: Effect of altering the true 220Rn AC rate while keeping the mea-

sured value constant on the best-fit mis-modelling term and on the probability to

observe a p-value below 10% for a 200 GeV WIMP.

6.3 Blinding considerations

The Neyman belt construction relies on being able to compute the distribution of the

test statistic given a true signal hypothesis. However, if the choice or construction of

the Neyman belt itself is random, for example if it depends on the outcome of the ex-

periment, the method may not cover. One example of this is so-called "flip-flopping",

∗This was a preliminary study, and the AC rate uncertainty was estimated to be smaller than

the uncertainty used in the final analysis. Since the mis-modelling effect is larger when the

constraint keeps the nuisance parameter away from the true value, the effect of mis-modelling

is overestimated in this study.
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where an experiment switches between providing upper limits or two-sided intervals,

depending on the discovery significance. Section 5.1.2 reviews the solution to this

problem, which is to construct a single Neyman construction that provides one- or

two-sided intervals depending on the data [105]. Section 8.3 summarizes [Paper V],

which presents a method to modify this method for situations where the discovery

p-value threshold is smaller than the significance level of the intervals. Figure 6.5a

illustrates the two Neyman belts, and the under-coverage that this switching may pro-

duce. The coverage of the SR1 analysis in preliminary investigations had a minimum

of 83% if the analysis switched between one- and two-sided intervals.
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limit when the discovery significance is be-

low 3 σ , and a two-sided interval for larger

excesses. The coverage as function of the

true signal s shown on the right, dips down

to 0.85.
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and standard deviation 0.8, 1, respectively.
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ible with s = 0 within 1σ , described be-

low. The experiment both under and over-
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Figure 6.5: Illustrations of 90% Neyman bands as function of the best-fit signal

versus true signal, and coverage as function of true signal in two situations where

post-unblinding changes affects the coverage. In both cases, ŝ is distributed as a

Gaussian around s.

Another danger is if the analysis is not entirely determined prior to examining

the data. Subconscious biases, or simply the data itself, may predispose researches to

think of or prefer certain choices after having examined the data. Figure 6.5b illus-

trates an extreme example. In this case, the experiment observes an estimator ŝ, which

is Gaussian distributed with expectation value s and standard deviation 1. However,

if the outcome of the experiment deviates from the expected null hypothesis s = 0 by

more than 1σ , the analysis is improved, to a point where the standard deviation of the

measurement is 0.8, and the experiment is performed again. This is a caricature, as

most analysis changes will not change the experimental outcome this drastically, but

illustrates the problem. Note however, that analysis cuts can have a large effect of the

XENON1T result, as the likelihood is sensitive to small signals that may be cut away.
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As an example, if the radial cut was free, the limit can change by a factor ∼ 1.6.

Since this latter effect is hard (or even impossible) to model, experiments design

their analyses to make these kind of analysis choices less likely. A common approach,

also used by XENON1T, is to "blind" the data during the construction of the anal-

ysis and background models, and only "un-blind" and perform the analysis once all

analysis choices have been made. However, this approach risks that the final result

will be impacted by bugs in the analysis code, or even missed background contribu-

tions that only become apparent in the un-blinded data. An alternative to blinding that

aims to reduce these problems is to "salt" the data, injecting signal-like events that

are unknown to the analysis team, so that they will not change the analysis in ways

that would cut away salt-events, which would impact the analysis acceptance. In the

XENON1T 1 t×y analysis, two salt events were introduced to the data.

After the un-blinding of the 1 t×y science data, but before the removal of the

(then unidentified) salted events, the following changes were made to the analysis:

• The ER background model was modified in response to a bad fit in the low cS1

region to the calibration and science data.

• The neutron background model was modified to take the change in spectrum

due to neutron-X background, described in section 4.2.1, into account.

• The volume segmentation, with a neutron-poor inner 0.65 t core volume, de-

scribed in section 6.2.2, which had been proposed prior to unblinding.

These changes illustrates the difficulties of a blind analysis; in particular the two

first choices were unambiguous improvements in the description of the respective

backgrounds. A motivation for increased scrutiny of the neutron background model

was the observation of a single neutron (or WIMP)-like event at z = −92.9cm and

cS1 = 17.1 PE. The volume segmentation had been proposed shortly before un-

blinding, and was not implemented then due to lack of time. It was further motivated

by the change in neutron background. The total effect of these changes improved the

limit and median sensitivity of the analysis by 13% and 4%, respectively [Paper II].

The neutron-like event at low z changed the best-fit probability of a neutron from 35%

to 75%. In section 8.2.1, the log-likelihood curves for bands in cS1 are presented.

These show that the excess observed for high-mass WIMPs is not mainly concentrated

at low cS1, and that this event alone is not responsible for the excess.
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7. Results of the 1 t×y WIMP

Search

This chapter presents the main inference results of the XENON1T search for spin-

independent WIMP-nucleon scattering. No significant excess was observed in the

1 t×y data. The best-fit to the data, and the discovery significance is presented in

section 7.1. The goodness of fit studies are detailed in section 7.1.1. Last, section 7.2

report the confidence intervals for the WIMP-nucleon cross-section.

7.1 Fit results

After unblinding the XENON1T spin-independent data, no significant excess was ob-

served. The discovery significance as function of mass is shown in figure 7.1, with a

minimum of 0.18 at masses above ∼ 1000GeV. The discovery p-value is computed

as percentiles of toyMC samples, illustrated in figure 5.1. Since all under-fluctuations

where the best-fit signal strength is 0 results in λ (0) = 0, within the fit tolerance,

high p-values within the minimizer tolerance should be considered degenerate. This

scheme is used since high p-values are not of great interest, and since this method

ensures that the local p-value distribution is uniform for each mass.

The best-fit expectation values for all model components, computed with the

method of section 5.1.6, are shown in table 7.1. Projections of the best-fit model

for a 200 GeV WIMP are shown on the analysis axes in figure 7.2. Figure 7.3 shows

slices in cS1 projected on log10(cS2b/(1 PE)). More detailed goodness-of-fit studies

are detailed in section 7.1.1, and the best-fit of all parameters compared to their pre-fit

nominal toyMC values are shown in figure 7.5.

The only nuisance parameter not contained within the uncertainties from the pull-

plot study is the SR1 mis-modelling fraction, which is fit to −0.004, described in sec-

tion 4.4.1. Setting this parameter to 0 would have raised the signal-like background,

and lowered the upper limit by approximately 12%∗.

The best-fit projected on the analysis axes, and in slices of cS1 projected on

cS2b are shown in figure 7.2 and 7.3 for the SR1 science data. Figure 7.4 shows

the same slices for the calibration fit with the cS1 220Rn data.

7.1.1 Goodness of fit assessments

The first step to assess the agreement between the models and data-sets are projections

of the model and data on the analysis axes, as shown in figures 7.4 for the 220Rn cal-

∗Using the same profile construction, where the mis-modelling term is fitted.
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Figure 7.1: Discovery p-value for the XENON1T spin-independent WIMP-

search, as function of WIMP mass. Green and yellow bands denote local 1σ and

2σ thresholds, respectively, while the right axis shows the corresponding global

significance.

ibration data, and in figures 7.3 and 7.2 for the SR1 science data. The error-band in

gray shows the 1σ containment band of a Poisson with the best-fit expectation value,

extended up to the best-fit value if the containment band only includes 0 events. As

the expectation values in many bins are too small to employ a χ2 goodness-of-fit test,

a combined Poisson probability P for the counts ni and best-fit expectation value µi is

used:

P ≡ ∏
i

Pois(ni| µi) (7.1)

The distribution of P is found by generating 10000 toy realisations of ni given the best-

fit µi. The goodness of fit p-value is then the percentile of the observed P of the toyMC

sample. Note that this is not a p-value of the entire experiment– it does not take into

account that the best-fit will change to accommodate different random realisations,

and was used to highlight potential bad fits for further investigation. Values for slices

in cS1 for the science and calibration data of SR1 are shown in table 7.2. The low cS1

slice shows the worst fit, which was also seen in the ER and NR modelling goodness

of fit tests [Paper III].

The goodness of fit of the model is most important in the most signal-like re-

gion of the analysis space. The signal reference region in cS1, cS2b is defined to lie

between the NR median cS2b line, and the −2σ th percentile of the ER band cS2bs, il-

lustrated with red lines in figure 4.1b. A measure of the goodness-of-fit in this region,

that also takes the effect of fitting, was constructed using the value of the un-binned

log-likelihood evaluated only for events in the reference region. Best-fits for the full

analysis space were computed with the full toyMC simulation. After this, a modified

version of the science likelihood defined in equation 4.1 was computed for each toy

data-set, where only events in the reference region, defined to lie between the −2σ
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Figure 7.2: Projections of the best-fit model with a 200 GeV WIMP to the SR1

data (magenta circles) on cS1, log10(cS2b/(1 PE)) and r2. The gray band around

the total model in black indicates a 1σ Poisson error band, used to compute resid-

uals in the lower panel. The Poisson interval includes only 0 at low expectation

values, but is extended up to the best-fit value in that case. Sources are colored in

gold, blue, purple, green, cyan and red, representing the WIMP, ER, surface, AC,

neutron and CEνNS contribution, respectively.
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Figure 7.3: Projections of the best-fit model with a 200 GeV WIMP to the SR1

data on log10(cS2b/(1 PE)), for slices in cS1. Source contributions are colored

in gold, blue, purple, green, cyan and red, representing the WIMP, ER, surface,

AC, neutron and CEνNS contribution, respectively.
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Figure 7.4: Projections of the best-fit model with a 200 GeV WIMP to the SR1
220Rn data on log10(cS2b/(1 PE)), for slices in cS1. Source contributions are

colored in blue and green, showing the ER and AC contribution, respectively.

The gray band around the total model in black indicates a 1σ Poisson error band.
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Table 7.1: Total (SR0+SR1) expectation values for the science data source com-

ponents in the full analysis space, and in the reference region defined in cS1,cS2b

Mass 1.3 t 1.3 t 0.9 t 0.65 t

cS1,cS2b cut None 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

Table 7.2: Table of toyMC p-values for cS1 slices of the SR1 science and
220Rn data

cS1 range SR1 science data p-value SR1 220Rn data p-value

3 ≤ cS1 < 10 PE 0.40 0.05

10 ≤ cS1 < 20 PE 0.63 0.31

20 ≤ cS1 < 30 PE 0.40 0.45

30 ≤ cS1 < 40 PE 0.54 0.64

40 ≤ cS1 < 50 PE 0.68 0.93

50 ≤ cS1 ≤ 70 PE 0.51 0.88

quantile and the median of the NR band in cS2b, were included. Expectation values

were also computed for the reference region only. This procedure allows the effect of

fitting the likelihood parameters to be included in the goodness of fit measure. The

cumulative distributions of the likelihood for the best-fit and background-only fit are

shown in figure 7.6 together with the same likelihood computed with the un-blinded

data. The p-values including or excluding the signal in the fit are 0.01 and 0.04, re-

spectively. Despite the lower likelihood for the no-signal fit, the p-value is higher

since the distribution of best-fit likelihoods broadens as well.

7.2 Confidence intervals

Since no signal excess larger than the 3 σ threshold was reported, the confidence in-

terval construction returns upper limits. Section 5.1.2 details the profile construction

used to compute the upper limits. Figure 7.7 shows the upper limit as a function
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(a) Unconstrained best-fit, 200 GeV WIMP
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0

Figure 7.6: Cumulative distribution of log10(L) in the reference region for the

best-fit of toyMC simulations. Better fits are to the right, and the p-value of a

fit being at least as bad as observed can be read off on the y-axis. The orange

line shows the likelihood for the SR1 data-set, and the associated goodness-of-fit

p-value is shown with the horizontal binomial error-band.

of WIMP mass. Upper limits constructed with the profile construction detailed in sec-

tion 5.1.2 are shown as a function of mass in figure 7.7. At the time of writing, this

is the best constraint on the spin-independent WIMP-nucleon cross-section for WIMP

masses above ∼ 6GeVc−2.

7.2.1 Confidence interval studies

The upper limit is higher than average at high masses, leading to a limit slightly above

the 1σ sensitivity band while the p-value is less significant than 1σ . Figure 7.8 shows

the result of repeated toyMCs with no signal as points in best-fit signal and upper limit.

The actual limit, while higher than the average, still falls within this distribution.

As the signal size is increased along the profiled likelihood, the best-fit nuisance

parameters will change. Figure 7.9 shows the best-fit nuisance parameters along the

profile for a 50 GeVc−2 WIMP. Compared with the expected spread in best-fit values

from the pull-plot studies, they change little from their best-fit values to the signal

upper limit best-fit.
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limit. Green and yellow bands show the one- and two-sigma ranges of upper
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Figure 7.8: Illustration of typical upper limit versus best-fit signal distribution

for toyMC samples containing no signal, tested at 200 GeV. The median result

is marked in orange, lying in the population with best-fit σ = 0, and the actual

result is shown in magenta. Figure 2.8 shows this limit together with other direct

detection constraints.
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(d) Neutron background rate
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Figure 7.9: Best-fit nuisance parameters along the profiled likelihood, as func-

tion of the WIMP cross-section for a 50 GeV WIMP. Parameters that showed a

clear dependence of the signal were selected. Green and yellow band shows the

toyMC 1 and 2σ quantile spread of best-fits, centered around the best-fit value,

taken from the pull-plot studies in section 5.2.1.
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8. Outlook and Conclusion

This chapter will present projections of the future performance of XENON, as well

as two methods that may be used for future analysis. A bin-wise profiled likelihood

can be computed swiftly compared to the full profile likelihood, and be used for re-

analyses of the data by the physics community. Another idea is to modify the Feldman

& Cousins confidence construction, which would reduce the over-coverage due to the

discovery threshold set by the collaboration. A short summary of the thesis concludes

the chapter.

8.1 Projections for XENON1T and XENONnT

New xenon TPCs are build on roughly the same timescales the experiments subse-

quently take data. The XENON collaboration is preparing to build the XENONnT ex-

periment (XENONnT) [109], with a projected analysis mass of 6 t using the cryostat

and much of the infrastructure from XENON1T. Therefore, the trade-off between con-

tinued exposure of a current experiment and constructing a bigger one becomes a sub-

ject for optimization. Figure 8.1 shows the improvement in sensitivity of XENON1T

by adding an additional 180 d of exposure after SR1, either as a standard sensitivity

where the SR1 data is randomised as well, or by keeping the SR1 data fixed. In both

cases, the result scales with
√

time, as expected in the high-number limit. The sensi-

tivity and discovery potential of XENONnT using the asymptotic test statistic distri-

bution is shown in figures 8.2 and 8.3. These simple projections use the XENON1T

distributions, scaled to the higher exposure∗. More detailed studies will take the dif-

ferent detector properties, such as drift field and PMT array efficiencies, into account.

The surface background was set to zero, to reflect the lower relative importance

of the edge for the larger fiducial volume. Otherwise, the model was the nominal SR1

background and signal models, scaled for higher exposures. Two cases for the main

intrinsic background rates were considered; the SR1 rate of ER and radiogenic neu-

tron background, and, optimistically, 10 times lower rates, reflecting the higher self-

shielding in the larger detector. Even with pessimistic background assumptions, the

sensitivity minimum reaches 8×10−48 cm2, while the optimistic case reaches roughly

half that again on average. For the discovery power, a cross-section at the current up-

per limit would lead to a 50% 5σ discovery power between 8 t×y and 1 t×y for WIMP

∗A SR0-based forecast was built upon in a summer student work by Benjamin Lalle-

mand in cooperation with the author using an approximate supersymmetric WIMP-prior to con-

struct a single probability of discovery, where the discovery probability of XENONnT exceeds

XENON1T after approximately 50 days, as the new detector would gather an exposure equiva-

lent to SR0+SR1 in two months.
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Figure 8.1: Sensitivity of the SR0 and SR1 analyses, as function of total ex-

posure, as well as projections for including an additional 180 d of data from

XENON1T with an ER rate reduced to a factor 0.6 of SR1. The red band shows

the result if the SR1 data-set is fixed in the sensitivity computation, while the

green band shows the result when the entire data-set is randomised in the sen-

sitivity toyMC computation. Dashed black lines show the SR0+SR1 limit and

sensitivity scaling with the square root of exposure.

masses between 10 GeVc−2 and 200 GeVc−2 in the optimistic case. The pessimistic

case would instead reach the same power after 12 t×y and 2 t×y, respectively. If the

WIMP was at the best-fit cross-section, corresponding to the excess at high masses for

the XENON1T analysis, the optimistic case would give an almost 50% 5σ discovery

chance after 12 t×y.

8.2 Presenting experimental results

Many other recoil spectra than the spin-independent one is of interest in some dark

matter theories [39, Paper IV], and researches may also wish to study effects of as-

trophysical assumptions such as the dark matter velocity distribution, discussed in

section 2.5.1. One approach to this problem is to construct limits for a number of dark

matter spectra, one at a time, as done in the EFT analysis of XENON100 [39]. How-

ever, a generic dark matter particle will induce a combination of many of these spectra,

which may make it necessary to, for example, map and match the desired spectrum to

those published by XENON1T, and then looking up the limit for that spectrum. An-

other approach, used in the high-energy cS1 region in the XENON100 analysis is to

segment the analysis in multiple analysis regions, and to consider a Poisson likelihood

in each bin. Using this approach, also used in the Fermi-LAT dSphs papers [48], an

experiment can publish the likelihood as function of signal expectation in each analy-

sis bin as well as a transfer matrix that allows one to compute the signal expectation
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Figure 8.2: Illustration of sensitivity as function of WIMP mass for different ex-

posures relevant for XENONnT. Blue and orange points show the median upper

limits for the SR1 background rates, and for a tenfold reduction in ER and ra-

diogenic neutron backgrounds, respectively. Lines around the points indicate the

15th and 85th percentile of the limit distributions. The solid black line shows the

SR0+SR1 sensitivity, while the dashed limit indicates the sensitivity scaled with

the different exposures. The projections were computed with the asymptotic test

statistic distribution and the profile likelihood.
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versus exposure assuming that the WIMP cross-section is at the XENON1T 1 t×y
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mistic and pessimistic background scenarios for ER and radiogenic neutrons. For

200 GeVc−2, the result for the best-fit WIMP cross-section is also shown, with

red and green bands for the optimistic and pessimistic cases.
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in each analysis bin. This section will show how a similar method could be used to

publish the XENON1T results, using profiled, un-binned likelihoods in bins in cS1.

8.2.1 Binned likelihood construction

The main XENON1T likelihood for the science data is a combined un-binned likeli-

hood, detailed in section 4.3;

LSR(s,M,θθθ |xxxSR) =Pois(NSR| µtot SR(θθθ))

·
NSR

∏
i=1

(

∑
source

[

µSR source(θθθ)

µtot SR(θθθ)
· fSR source(xxxSR, i|θθθ)

])

(8.1)

The total likelihood is a product of these likelihoods for each science-data-taking pe-

riod, as well as calibration data-sets, and likelihood terms representing ancillary mea-

surements of background rates.

The binned likelihood would segment the analysis space, similar to what is al-

ready done in the core volume, shown in section 6.2.2. In this example, the seg-

mentation will be performed in slices of cS1, which is correlated with recoil energy.

Partitioning the likelihood does not change the likelihood itself. However, for the pub-

lishable binned likelihood, each cS1 slice likelihood will be profiled as a function of

the signal expectation µsignal in that bin. For the rest of this example, we will disre-

gard the signal rate uncertainty, as that can be included in the signal uncertainties in

the final inference. The signal expectation in each bin µb is defined by the detector re-

sponse ab(E), which can be interpreted as the transfer probability that a certain recoil

energy E produces a cS1 in the bin;

µb =
∫ ∞

0
ab(E) f (E)dE, (8.2)

where f (E) is the expected NR recoil spectrum of the WIMP model. For publication

purposes, it is useful to follow the XENON100 example of computing ab(Ei)∆Ei in a

fine energy grid of Eis, to create an energy transfer matrix.

Labelling the total likelihood for each cS1 slice Lb(µb,M,θθθ), where b is the index

of the slices, and µb is the signal expectation in each slice, the total xenon likelihood

may be written:

logLtot(s,M,θθθ |xxxSR) = ∑
b

logLb(µb,θθθ) (8.3)

To avoid over-counting the constraint and ancillary likelihood terms, their log-likelihood

must be divided by the number of bins Nb. With a fine enough cS1 binning, the ex-

pression above reduces to the standard XENON1T likelihood.

However, in order to produce a result that will be independent of the signal model

assumed, the likelihood must be profiled for each cS1 bin separately. Therefore, the

bin width must be wide enough that the background model nuisance parameters con-

strained primarily by the science data sets, for example the surface model, will be

constrained in each slice separately. In this example, 10 PE bin widths were chosen,

with the exception of the first bin which runs from 3 PE to 10 PE. Figure 8.4 shows

the profiled likelihood curves for each cS1 bin as a function of µb. The dashed line
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shows the likelihood curves if the nuisance parameters are fixed to their best-fit values

from the 200 GeV fit. The slight differences between the two indicate that the 10 PE

bins are not so small that the nuisance parameters are not constrained. This study is

also useful as a way to examine the nature of the excess in the XENON1T data, with

excesses in the high-cS1 bins 30 PE < cS1 < 40 PE and 50 PE < cS1 < 60 PE.

If the nuisance parameters are profiled separately in each cS1 bins, the addi-

tional freedom will broaden the likelihood curve in general, yielding conservative

limits. One complication is the mis-modelling term which is correlated with the sig-

nal. Therefore, the safeguard in each of the bin-wise likelihoods includes a safeguard

in only the relevant cS1 region (while the ER calibration likelihood term includes the

entire cS1 range to constrain the other ER nuisance parameters). The bin-wise profile

likelihood ratio is, similar to equation 5.1:

λb(µb) = 2 · log

[

Lb(µb,
ˆ̂θθθ)

Lb(µ̂b,θ̂θθ)

]

(8.4)
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Figure 8.4: Profiled bin-wise log-likelihood ratios for 7 different cS1 bins.

Dashed lines show the same log-likelihood, but with nuisance parameters set

to their best-fit values in the 200 GeV WIMP fit.

The profiled likelihood λb(µb) can be used together with equation 8.3 to compute

the likelihood for a certain energy recoil spectrum f (E) for the entire analysis range;

logLbin−wise( f (E)) = ∑
b

[λb ( µb ( f (E) ) )]+K, (8.5)

where K is a constant that does not affect the inference. The approach is illustrated in

figure 8.5, where the µb spectrum of a 200 GeV WIMP is shown for a specific cross-

section. The total log-likelihood for a given spectra is the sum of the value at each µb.

The full profile construction may be challenging with this approach, since the method
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Figure 8.5: Figure showing the bin-wise log-likelihood ratio versus cS1 bin and

expectation value in the bin. Magenta dashed lines show the best-fit expectation

value in each bin, and a 200 GeV spin-independent WIMP-spectrum is drawn in

orange.

should be applicable to all NR signal recoil energy distributions. For upper limits,

assuming that the test statistic is asymptotically distributed will give an approximate

result. Figure 5.2 shows that at high signals, the profile construction threshold ap-

proaches the asymptote. However, for two-sided intervals, the asymptotic construction

will not hold as the threshold changes with lower signal sizes. The spin-independent

limit computed with this approach is shown in figure 8.6, together with limits using

the full likelihood and either the profile construction or the asymptotic assumption.

The result of the main analysis is not precisely recovered, as the best-fit background

model changes when each cS1 bin are fitted separately. The three main differences

between the bin-wise likelihood and the main inference are:

• The bin-wise method would employ an asymptotic Neyman construction. No

way to simulate the test-statistic distributions for a general signal, similar to the

toyMC-based procedure in section 5.1.2 was found.

• The bin-wise method averages the background and signal model over the cS1

bin, which means that very sharp NR recoil spectra may not be well represented.

• The bin-wise method profiles the nuisance parameters, including the mis-

modelling term separately in each cS1 bin. This is equivalent to a background

with many more degrees of freedom in the main analysis, and may cause the

best-fit points and thus precise limits to differ. On average, the bin-wise mod-

elling will be a conservative assumption due to the additional degrees of free-

dom.

A useful cross-check of this method would be to compute upper limits both with the

nominal inference machinery for a set of toyMC simulations, and include the his-
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tograms of the deviation between the two in a publication of the method to indicate

the typical spread in the result. Computation speed is an important advantage of this

method, due to the already profiled nuisance parameters, which can be very useful if

one wishes to include the XENON1T results in large global fit framework.
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Figure 8.6: Figure showing upper limits for the nominal SR0+SR1 spin-

independent analysis, as well as for an asymptotic version of the same (black

and blue, respectively), as well as the limit from the bin-wise inference.

8.3 Modification of the profile construction

Due to the 3σ discovery threshold, XENON1T over-covers at low signal rates, as

shown in figure 5.9. While this only affected cross-sections below the sensitivity band,

a higher reporting threshold could affect the sensitivity, and the smoothly varying

coverage is not easily communicated succinctly. [Paper V] details a modification to

the standard Feldman & Cousins confidence interval that shifts the confidence band

at low signals to achieve discrete coverage regimes, with exact coverage above the

power-constraint threshold, and 1− β (s) below, where β (s) is the signal-dependent

discovery power.

8.4 Summary

Dark matter has only been unequivocally detected by observing its gravitational in-

teraction with the visible universe. A particle that could constitute dark matter must

have little or no interactions with ordinary matter, be non-relativistic during the growth

of galaxies and clusters, and be stable enough to be present today with the observed

relic abundance. The weakly interacting, massive WIMP particle meets these crite-
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ria, together with a production mechanism, detailed in section 2.4.1, that provides the

observed relic abundance.

Possible dark matter particle signatures include annihilation or decay of dark mat-

ter to standard model particles, and the production of dark matter in particle acceler-

ators together with recoiling standard model particles. Direct detection experiments

search for yet another signature, where dark matter interacts with the detector target

material. This signature is the target of XENON1T, which searches for interactions

between dark matter particles, in particular WIMPs, and a liquid xenon target which is

shielded and purified to yield a very low rate of background events, on the order of

two events per day in the central 1 t of xenon [Paper II].

Using xenon as a detector target provides advantages including ease of purifica-

tion, self-shielding and scintillation properties. Lastly, the spin-independent WIMP-

nucleon scattering rate is coherently enhanced at low momentum transfers by the

square of the mass number. Progressively bigger two-phase xenon time projection

chambers in the last ten years have been able to improve their sensitivity by O(3) or-

ders of magnitude. The XENON1T detector is the largest of these detectors built so

far.

In the search for WIMPs, the analysis aims to model the detector response and

background contributions in the reconstructed variables; the primary scintillation light

corrected for spatial detector variations (cS1), the ionization signal corrected for the

inhomogeneous response (cS2), and the event position. Calibration data-sets as well

as data samples are used to constrain these models. The analysis of the 1 t×y data

used models in cS1, cS2 and the radius from the detector axis. The analysis volume

could be increased with respect to the previous analysis to 1.3 t since the effect of the

drift-field on the reconstructed position and the surface background distributions were

modelled.

The change to three analysis dimensions is an example of how the XENON1T

statistical inference presented in this thesis was constructed alongside the modelling

of the XENON1T background and signal models, with studies performed on possi-

ble sensitivity improvements, as well as results of mis-modelling or over-constraining

parameters. The inference uses an un-binned likelihood, combined between science

runs, as well as terms from the data-sets. The structure of the likelihood, as well as the

code to compute it is easily extensible to include new data-sets, both science data and

new calibrations and constraints. Adopting the profile construction, as well as combin-

ing two science and two calibration data-sets and introducing a third analysis dimen-

sion greatly increased the computing power demands of the analysis. The machinery

to process hundreds of simultaneous simulated data-set fitting processes on computing

clusters was a crucial component developed for the final inference. With ongoing de-

velopments, this machinery can also be used for future XENON searches, and is being

applied to alternative signal models for multiple analyses of the XENON1T data.
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Sammendrag

Stjerner og galakser beveger seg som om de trekkes av en sterkere tyngdekraft enn vi

kan forklare med den massen vi kan se i universet. Kollisjoner mellom to galaksehoper

og den kosmiske bakgrunnsstrålingen gir også indikasjoner på at det i tillegg til den

materien vi kan se i form av stjerner og gass i galakser finnes omtrent seks ganger så

mye usynlig, "mørk materie". Om den mørke materien består av en ny partikkel, må

denne partikkelen ha kun små vekselvirkninger med vanlig materie, være stabil fra det

tidlige universet til nå, og bevege seg med ikke-relativistiske hastigheter tidlig i univer-

sets utvikling. Da vil den mørke materien ha tid til å falle sammen i klumper som siden

vil samle gass og danne galakser og galaksehoper. En partikkel som vekselvirker med

den svake kjernekraften vil kunne dannes i det tidlige universet i den observerte meng-

den dersom partikkelen har en masse nær den svake skalaen ∼ 100GeVc−2∗. Svakt

vekselvirkende massive partikler (weakly interacting massive particles, WIMP) er der-

for en populær kandidat til mørk materie. En signatur av disse partiklene er fotoner,

nøytrinoer eller antimaterie fra WIMP-er som tilintetgjøres eller henfaller i universet.

Om en WIMP skapes i en partikkelaksellerator kan den ubalanserte rekylen også bru-

kes som en signatur. Tilsist finnes eksperiment som leter etter tegn på at en WIMP har

kollidert med detektormaterialet. Denne oppgaven handler om den statistiske behand-

lingen av data fra et slikt eksperiment, XENON1T. To tonn nedkjølt, flytende xenon

fungerer som mål for WIMP-er. XENON1T bruker det umiddelbare scintillasjonslyset

(S1) og elektronsignalet (S2) fra partikkelkollisjoner i flytende xenon til å rekonstru-

ere den tredimensjonale posisjonen til partikkelkollisjonen. Modeller for bakgrunn og

WIMP-kollisjoner i XENON1T ble bygget i tre variabler, S1, S2 og radius fra detek-

toraksen. I denne avhandlingen er den statistiske behandlingen som ble brukt i søk

etter WIMP-er med 1 t×y for XENON1T i fokus. En kombinert likelihoodfunksjon†,

med termer for forskjellige datasett og sidemålinger ble definert med bakgrunns- og

signal-modellene, og en rekke sekundærvariable i tillegg til signalstyrken. Den endeli-

ge testvariablen ble beregnet ved å minimere likelihoodfunksjonen med hensyn på alle

sekundærvariable‡. Utstrakt bruk av simulerte datasett fra modellene, kalt toyMC, ble

brukt for å beregne konfidensbelter, og for å bekrefte at de endelige konfidensinterval-

lene hadde det ønskede signifikansnivå. Inferenskoden som ble skrevet for analysen,

som en av to uavhengige koder, ble også brukt til studier av feilmodellering, sensiti-

vitet ved forskjellige valg i analysen, og anslag av sensitivitet for en større detektor.

Søket etter spinnuavhengige WIMP-kollisjoner med XENON1T viste ingen signifi-

kante indikasjoner på et signal, og XENON1T kunne sette de til nå strengeste øvre

grensene på dette tverrsnittet for WIMP-masser over ∼ 6GeVc−2.

∗Litt mindre enn massen til et sølvatom
†Engelsk: Combined Unbinned Likelihood
‡Profile Likelihood Method
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Sammanfattning

Stjärnor och galaxer rör sig som om dom dras av en starkare tyngdkraft än vi kan

förklara från massan vi kan se i universum. Kollisioner mellan två galaxhopar samt

den kosmiska bakgrundsstrålningen visar också att förutom materian vi kan se i form

av stjärnor och gas i galaxer är det ungefär sex gånger så mycket osynlig, mörk mate-

ria". Om den mörka materian består av en ny partikel, måste denna partikel växelverka

svagt med vanlig materia, vara stabil från det tidiga universum till nu och röra sig med

icke-relativistiska hastigheter tidigt i universums utveckling. Då kommer det mörka

materian att ha tid att kollapsa i klumpar som sedan samlar gas och bildar galaxer

och galaxhopar. En partikel som interagerar med den svaga kärnkraften kan skapas i

det tidiga universum i den observerade mängden om partikeln också har en massa nära

skalan av den svaga kärnkraften ∼ 100GeVc−2. Svagt interagerande massiva partiklar

(weakly interating massive particles, WIMPs) är därför en populär kandidat för mörk

materia. En möjlig signatur av partiklarna är fotoner, neutriner eller antimateria som

förstörts eller sönderfaller i universum. Om en WIMP skapas i en partikelaccelerator

kan den obalanserade rekylen också användas som en signatur. Utöver dessa metoder

finns det experiment som letar efter tecken på att en WIMP har kolliderat med detektor-

materialet. Denna avhandling handlar om statistisk behandling av data från ett sådant

experiment, XENON1T. XENON1T använder två ton avkyld, flytande xenon som mål

för WIMP-ar. XENON1T använder sig av det omedelbara scintillationsljuset (S1) och

elektronsignalen (S2) från partikelkollisioner i flytande xenon för att rekonstruera den

tredimensionella positionen av partikelkollisioner. Modeller för bakgrund och WIMP-

kollisioner i XENON1T använder tre variabler, S1, S2 och radien från detektoraxeln. I

denna avhandling är den statistiska behandling som används i sökandet efter WIMP-ar

med 1 t×y för XENON1T i fokus. En kombinerad sannolikhetsfunktion, med termer

för olika experimentella data och mätninger definierades med bakgrund och signal-

modeller, och ett antal sekundära variabler utöver signalstyrkan. Den slutliga testvari-

abeln beräknades genom minimering av sannolikhetsfunktionen med avseende på alla

sekundära variabler. Omfattande användning av simulerad data och mätninger ,toyMC,

användes för att beräkna fördelningar av testvariable, och bekräfta att de slutliga kon-

fidensintervall hade önskad signifikans. Inferenskoden som är skriven för analysen,

som en av två oberoende koder används också för studier av felmodellering, känslig-

het, olika val i analysen och beräkningar av framtida känslighet för XENON1T. Ett

sök efter spinnoberoende WIMP-kollisioner med XENON1T visade ingen signifikant

indikation på en signal, och XENON1T kunde sätta den starkaste övre gränsen för

denna form av växelverkan för WIMP-massor över ∼ 6GeVc−2.
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