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Abstract
Search for Dark Matter with the XENONnT Experiment: Knowns and Unknowns

Zihao Xu

This thesis presents the search for Weakly Interacting Massive Particles (WIMPs) with the
XENONNT experiment, a dual-phase liquid xenon time projection chamber (TPC) operated with
multiple subsystems for shielding, purification, and active vetoing. The experiment achieved an
unprecedentedly low electronic-recoil background, primarily through suppression of ?2*Pb decays
by radon distillation system. A detailed reconstruction and correction framework was developed
to account for detector spatial and temporal non-uniformity. A bayesian fitting framework was
developed to constrain the detector response to nuclear and electronic recoils using calibration
sources. While the underlying microphysics of scintillation and ionization at low energies remains
an open problem, the statistical inference framework, combined with a strict blinding strategy,
enabled a robust analysis of the WIMP search region. After final unblinding, no significant excess
above background was observed, and the results were interpreted as upper limits on the

spin-independent WIMP-nucleon cross section, setting strong constraints on dark matter models.
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Chapter 1: The Dark Matter Mystery

1.1 Evidence for Dark Matter

General Relativity (GR), formulated by Albert Einstein in 1915 [1], provides the modern the-
oretical framework for describing gravity as the manifestation of spacetime curvature induced by
matter and energy. GR relates the geometry of spacetime to its energy-momentum tensor via the

Einstein eld equations:

8
. 6= C?) . (1.1)

where -4 is the Einstein tensor encoding spacetime curvatures, the cosmological constant,
64 is the metric tenso), 5 is the energy-momentum tensor,is Newton's gravitational constant,
and?2is the speed of light. All these tensors are functions of the spacetime coordihates

In cosmology, eq. (1.1) is applied under the assumptions of large-scale homogeneity and

isotropy, leading to the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric [2, 3, 4, 5]:

d&

2 ; 2
v K1d\? | sird\ dg%° - (1.2)

d& = 2?2dé, 0°® 1

where0!C is the cosmic scale factor a2 fO— lgdetermines the spatial curvature. Substituting
the FLRW metric into eq. (1.1) yields the Friedmann equations, which govern the expansion history

of the Universe:

®° 8 A2 2

2 —

0 -3 %t Gz (1.3)
¥ 4c 3?0t 22

O - 3 tot , 22 5 3 (14)

Here:
e 1IC ®IC-0Cisthe Hubble parameter at cosmic tiGe

1



dm is the matter density (non-relativistic particles),

d; is the radiation density (photons and relativistic neutrinos),

d 22¢18c ° s the dark energy density from the cosmological constant,

diot dm, dr, d isthe total energy density,

?t0t IS the total pressure of all components.

The present-day Hubble parameter is denotgdDe ne the critical density today as
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and the corresponding present-day density parameters as
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Using these de nitions, eq. (1.3) can be written as

2100

= 100 4 mo0 3 . ~0 2 s 0° (1-5)

g ,
This expression, with each term scaling in a characteristic wayQyiibrms the basis for interpret-

ing a wide range of cosmological observations, from the Cosmic Microwave Background (CMB)
anisotropies to the large-scale distribution of galaxies.

Dark matter (DM), conventionally refers to a type of non-baryonic matter which does not in-
teract with standard model (SM) particles through electromagnetism. Several independent mea-
surements have shown evidence of the existence of DM. One of them is from the measurement
of the anisotropy of the CMB. After the Big Bang, the universe started to expand and cool down,
and at some point the universe became transparent for photons, meaning that the mean free path of
photons became much larger than the Hubble ragius The photon decoupled from other mat-

ter, and traveled freely in the universe, and became the CMB. The temperature anisotropies in the
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Figure 1.1: CMB temperature power spectrum from the resul®arick2018 [6]. The red points
show the measurements BYanck and the blue curve shows theCDM model tted to the full
likelihoods ofPlanckTT, TE, EE + lowE + lensing data. Summing up the densities of all compo-
nents show consistency with the at universe, ie= 0.

CMB, as measured by experiments like WMAP [7] and Planck [6], encode information about the
density uctuations in the primordial plasma. These uctuations give rise to acoustic oscillations,
whose amplitude and spacing are sensitive to the total matter content, including both baryonic and
dark matter components. Speci cally, the relative heights of the even and odd acoustic peaks in the
CMB power spectrum provide a direct measurement of the baryon-to-total matter ratio. If all the
matter were baryonic, the rst and second peaks would have similar amplitudes, but observations
show a higher rst peak and a lower second peak ( g. 1.1), indicating that a signi cant portion of
matter does not interact electromagnetically, consistent with cold dark matter model.

Another hint of the existence of DM comes from the anomaly of the rotation velocities of
stars in galaxies [8], namely in many galaxies the rotation velocities are much higher than the

virial theorem with the mass density observed, indicating extra massive existence in galactic scale.



There are many other experimental indications, such as from gravitational lensing, X-rays from
the clusters etc. Although there are some attempts to modify the gravity theory to explain such
anomalies, it is still a prominent belief that DM exists. In summary, all these observations lead
to the properties of DM to be cold (i.e. non-relativistic velocities, massive (to have gravity), and

electromagnetically almost neutral (otherwise DM would have been already observed).

1.2 Dark Matter Candidates

Despite overwhelming astrophysical and cosmological evidence for dark matter, its true nature
remains one of the biggest mysteries in modern physics. The leading candidates for dark matter
come from extensions of the Standard Model of particle physics, particularly those that propose
new, yet-undetected particles. Among these, the most popular and well-motivated candidates are
Weakly Interacting Massive Particles (WIMPs), axions, and sterile neutrinos. A detailed discussion
about DM models can be found in [9]. Each of these candidates arises from different theoretical
frameworks and offers distinct experimental signatures. In this thesis, | will mainly focus on
WIMPs, and DM and WIMP refer to the same thing unless speci ed.

WIMPs are among the most extensively studied dark matter candidates and are strongly moti-
vated by theories beyond the Standard Model, such as Supersymmetry (SUSY). These hypothetical
particles interact via the weak nuclear force and gravity but not electromagnetically, making them
effectively “invisible” in ordinary interactions. Their masses are typically predicted to be in the
GeVe 22 to TeVe 22 range, similar to ordinary particles like protons and neutrons, but they are ex-
pected to be electrically neutral and long-lived or stable on cosmological timescales.

A key feature that makes WIMPs attractive is the so-called WIMP miracle, a natural mecha-
nism by which they could have been produced in the early universe. If WIMPs were in thermal
equilibrium with the primordial plasma, their abundance would have decreased as the universe
expanded and cooled, eventually “freezing out” when the interaction rate dropped below the ex-
pansion rate of the universe. The resulting relic density of WIMPs is found to be remarkably close

to the observed dark matter density if the interaction cross-section is of the order of weak-scale



interactions. Basically, the relic density of DM at freeze-out depends on the self-annihilation cross

section times velocity [10]
,, 6 1027cm’st

WIMP (1.6)
i1 ssH

The DM annihilation cross sectidn;; , 55 depends on the actual DM model assumed. Substi-
tuting the dark matter density inferred from CMB observations into the relic abundance equation
yieldsHEi' 3 10 ?cm®s 1. Assuming that the DM particle interacts with the standard model
particles via electro-weak interaction by exchangingosons, the DM annihilation cross section
follows
<?2

fii ss/ #— (1.7)
where<, = 91:2Ge\*2? is the mass of thé boson . To match the densitywvp, the mass
of DM must be around the electro-weak sc@&100 Ge\ 22°. This remarkable coincidence has
motivated physicists to search for WIMPs for decades. To date, WIMPs remain one of the most
well-motivated dark matter candidates, even though no de nitive signal has yet been observed in
experimental searches. To avoid an overabundance of dark matter in the Universe, the WIMP

paradigm imposes a lower bound on the particle mass, known as the Lee-Weinberg bound [11]:
<j | 2GeW2% (1.8)

For sure, this bound relies on the validity of the thermal relic cross section given in eq. (1.7).
By modifying the assumptions of the dark matter model, for instance by introducing new light
mediator particles, the mass bound can be relaxed or altered.

Today, the term “WIMP” is no longer strictly reserved for particles interacting via the elec-
troweak force. Instead, it broadly refers to hypothetical particles with masses ranging from a few
GeVe 22 to a few TeVe22 that interact with SM particles with weak-scale or weaker-than-weak

cross sections. In this thesis, | adopt this generalized de nition of WIMPs.



Figure 1.2: Cartoon showing three types of DM detection experiments, whegpresents DM
and@epresents any standard model particles.

1.3 Direct Detection of WIMPs

Since WIMPs do not emit, absorb, or re ect light, its detection relies on indirect methods that
probe its gravitational effects and potential weak-scale interactions. Experimental efforts to detect
dark matter are broadly classi ed into three categories: direct detection, indirect detection, and
collider searches as shown in g. 1.2. These approaches target different aspects of dark matter
interactions and complement each other in the search for the elusive DM patrticles.

Indirect detection searches for secondary particles (gamma rays, neutrinos, positrons, and an-
tiprotons etc) produced when dark matter particles annihilate or decay in regions of high dark
matter density, such as the galactic center, dwarf spheroidal galaxies, or galaxy clusters. Since
dark matter accumulates in these regions through gravitational attraction, they are prime targets
for indirect searches. There are some excesses in cosmic rays and gamma rays (e.g., the Galactic
Center excess observed by Fermi-LAT [12]) that have been debated as possible dark matter sig-
nals, but astrophysical explanations (e.g., pulsars) remain plausible. The major challenge lies in
distinguishing potential dark matter signatures from astrophysical backgrounds (e.g., cosmic ray
interactions with interstellar gas).

If dark matter interacts via weak-scale interactions, it might be produced in high-energy par-



Figure 1.3: lllustration of the detectable interaction channels in dark matter direct detection exper-
iments, along with the experimental techniques employed to probe them. Plot is made by Langing
Yuan.

ticle collisions at accelerators like the Large Hadron Collider (LHC) at CERN. Since dark matter
particles would not interact with detectors, their presence would be inferred by looking for missing
transverse energy, a telltale sign of an invisible particle escaping detection. However, there is still
no direct evidence for WIMPs or related new physics found at the LHC so far. But if WIMPs are
heavier than a few Te\?#, the LHC may not have enough energy to produce them, requiring future
high-energy colliders.

This thesis mainly focuses on the direct detection. DM direct detection experiments aim to
observe DM particles scattering off atomic nuclei. If WIMPs exist, they should occasionally in-
teract with ordinary matter via weak nuclear interactions, producing nuclear recoils that can be
detected. Such scatterings trigger three types of signals to detect: scintillation, ionization, and

heat. Different experiments usually choose one or two channels to detect as shown in g. 1.3,



and these experiments are typically conducted deep underground in low-background laboratories
to shield against cosmic rays and other sources of noise. The leading techniques in direct detec-
tion experiments is to use noble liquid time projection chambers (TPCs), such as XENONNT [13],
LUX-ZEPLIN (LZ) [14], PandaX [15], Darkside [16]. XENONNT, LZ and PandaX all use liquid
xenon (LXe) as the target, and Darkside uses liquid argon (LAr). The xenon atom is heavier than
the argon atom, so the WIMP-xenon cross section (assuming a spin-independent WIMP model
which is discussed later) is larger. The argon atom is lighter. However, the dominant background
is from -events, -events etc., which mainly scatter with the orbital electrons of the target atom,
i.e. electronic recoil. The pulse shape difference between nuclear recoils and electronic recoils
in LAr allows a powerful signal-background discrimination. All these experiments feature large
volumes of noble liquid, allowing signi cant sensitivity of WIMP search and good self-shielding.
The scintillation and ionization signals emitted by the noble liquid provide abundant information
about the primary scatterings, which brings more possibilities for discriminating WIMP-nuclei
scattering events from background events. These experiments have achieved the best sensitivity
in WIMP searches to date. No de nitive dark matter signal has been observed in direct detection
experiments so far.

After the primary WIMP-nuclei scattering, the energized nuclei generate a cascade of excitons
and ionized electrons. The de-excitations of excitons and recombination of ions and electrons re-
lease the scintillation light, which can be detected by photo sensors, for example photon multiplier
tubes (PMTs). The remained ionized electrons can be detected as the second channel, usually by
applying an external drift eld to drag these electrons to the electrodes. This microphysics process
is complicated and usually requires calibration data to build a model, which will be discussed in
chapter 5. In addition, since WIMP is massive and mainly interact with nucleus only, there is a
large fraction of the recoil energy that becomes heat, or phonons in the context of crystal detectors.
In general, combining these channels can bring more information of the scattering event and thus
produce better sensitivity to WIMP detection. Up to date, no direct detection experiment combines

all these three channels. And depending on which two channels are combined, the experiment



can be sensitive in different mass range of WIMP. For example, LXe TPCs that combines charge
and light signals are usually sensitive to WIMP with mass@g 100 Ge\ 2%°, and experiments
dedicated for phonon detection such as SuperCDMS can have better sensitivity at lower WIMP

masses Ot GeVe 220 [17].

1.4 WIMP-nucleus Scattering Spectrum

Even though DM is unknown, the design of DM search experiments and the analyses both
require a theoretical WIMP model targeted. From the perspective of DM direct detection, the
WIMP model should tell experimentalists the recoil energy spectrum of WIMP-nucleus scattering.
Letf be the WIMP-target-nucleus cross sectiorpe the nuclear recoil energy, the recoil energy
spectrum of WIMP signal can be written as

1

d _ dj

d <j<)

jVj 51v°:i1v° d3v— (1.9)

whered; is the local DM mass density,is the DM velocity with distribution functiorb'v® with
respect to the frame of lak,; and<, are the masses of DM and target nuclei. The integral is over
the full 3D space, excluding the regig®j Y Enin, Where
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and " j isthe reduced mass of DM and target nuclei. This requirement is purely kinetic. Below
Enin the DM particle is too slow to generate recoil energyNote that eq. (1.9) is the differential
rate per unit mass of target nuclei. For a pure counting experiment with total ef c[eéncy total
target mas$ , and running timg , the expectation of number of WIMP signal events is

1
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and the product ) is usually called exposure.



As in eq. (1.9), the velocity distribution of DM patrticles is one of the key ingredients. Usually,

it is assumed to be an isotropic Boltzmann distribution with a hard velocity cut-off [18]

[
1 VEO
5ve [ exp

‘Besc J V., VEJ>- (1.12)

with the proportionality being some normalization factor. This assumption is referred to as the
standard halo model. The assumption of the velocity distribution is supported by N-body sim-
ulations [9]. However, using eq. (1.12) in DM direct detection experiments located on Earth is
more like an assumption. A massive object near the Earth, for example the Sun, could affect the
local DM velocity distribution [19]. Even though, in this thesis | will still use eq. (1.12) as the
benchmark model of DM, and the values of all these parameters follow the recommendation in
[18], whereky = 238 ks, Eosc = 544 kne s, jvgj = 250 ke s from various astrophysical obser-
vations [20, 21, 22, 23, 24], and| = 0.3 Ge\» 22scm? [25]. Note that the local DM density;

has very large uncertainty, ranging from 0®6 GeVe 2% cnr. Sinced; completely degenerate

with the cross sectioh, all constraints ori  should be considered to be dependent on the choice
of dj , and changing the convention df trivially scalesf proportionally. In the scenario of spin-
independent and spin-dependent WIMP-nuclei interactions, the integral in eq. (1.9) is proportional

to the average af¢jvj, which can be written out analytically
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Where0 = Bese By, 1 = V. j*Ep, 2= Bine By, G= jvje By, #o = 1 CE3, and
2 02
# = #o erflQ° p%04 .

The second key ingredient in eq. (1.9) is the differential cross sedtied . The differential
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cross section depends on the WIMP model. Besides the normal gravitational interaction, it is still
unclear which type of interaction WIMP can have with standard model particles. However, the
interaction Lagrangiah must obey Lorentz invariance, thus according to effective eld theory
(EFT) the Lagrangian can be expanded as the linear combination of some effective operators.
Assuming WIMP is fermionic, among all those operators, it turns out two operators are dominant
at the limit of low momentum transferred, namely scalar-scalar (SS) and axial-vector-axial-vector
(VV) interactions.

Lss/ jj @@- (1.14)
Laa/ jW Wj @W@- (1.15)

where @denotes quark. At leading order, these two can be expressed in terms of chiral EFT
operators

Lss 1j 14— (1.16)
Laa S Sy— (1.17)

where# denotes nucleon, arfddenotes the spin operator. Thus these two types of interactions
are usually called spin-independent (SI) and spin-dependent (SD) interactions. One can do sim-
ilar exercise for the vector-vector (VV) coupling, and in the end the leading order term is still
proportional to Sl interaction. At low momentum transferred, | will not be very careful with the
underlying difference between Sl and SS/VV or SD and AA, but simply call them Sl and SD in-
teractions. The experimental results are usually translated to be the constraints on the WIMP cross
section, while to constrain the actual coupling constants, one has to carefully match the coef cients
across different theories [26], which will not be discussed in this thesis.

For Sl interaction, assuming that WIMP and target nuclei scatter coherently, i.e. the effective

coupling constant of the whole nuclei is proportional to its atomic mass numlibe differential
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cross section can be written as

daf _ fiu <)

T a2 a2
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where” j» is the reduced mass of WIMP and nucle@n,is the incoming momentum of WIMP,
) =<j*<y,and as afunction of isthe form factorf j , sometimes called WIMP-nucleon
cross section, is de ned as the total WIMP-nucleon cross section at the lifit bf 0. According
to the standard halo model, the velocity of WIMRQA$100kn» °, thus the non-relativistic limit of

eg. (1.18) can be used:

i = —f i# <) 2 27 o, (119)
d 274 jvj?
Substituting into eq. (1.9), the nal SI spectrum is
] d
d = —J i fj# 2 21 Oe (120)

d 22%< Vi

For Slinteraction, the form factor is simply the Fourier transformation of nucleon density, which

can be well approximated by the Helm form factor [25]

1 0= wel @B-2_

oA (1.21)

where@= P25, 1\, R = 1123 13 062 fm? | 1c21052fnP?2 58, andB= 09 fm.
For SD interaction, the complexity comes from the form factor, since the interaction is sensitive
to the alignment of the spins of nucleons. The cross section is usually parameterized as [27, 28]

a _ Tk ¢
d@ 32 jvj22 , 1

(‘@ (1.22)

where@s the momentum transferred,is the total nuclear spin, ar(dis called structure factor.
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Substituting into eq. (1.9), the SD recoil energy spectrum is then

c d; 1
- — fu (2@ (1.23)
2 ,1 J?# <j
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For natural xenon as the target atoms, ofifXe and 13Xe have non-zero thus non-zerq.
Because of this, the constraint on SD interaction is usually much weaker than Sl. In this thesis, the

structure factor of SD interaction is taken from [28], which is usually written as

(1@=05(00'@, 0001(02*@, 0%(11'@- (1.24)

whereQg is the isoscalar coupling ar@® is the isovector coupling. In the case tldgt= 01 = 1,
the SD interaction with neutrons vanishes, which corresponds to “proton-only” SD interaction;
and in the case th&p = 01 = 1, the SD interaction with protons vanishes, which corresponds to
“neutron-only” SD interaction.

As a summary of this section, the recoil energy spetttred as a function of recoil energy

for different theories and masses of WIMPs are shown in g. 1.4.
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Figure 1.4: Recoil energy spectra for spin-independent theory (red), neutron-only spin-dependent
theory (yellow), and proton-only spin-dependent theory (blue). The solid lines are the spectra of
WIMP masses:j = 100 GeM 22, and dashed lines are far; = 50 Ge\s 22,
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Chapter 2: The XENONNT Experiment

Figure 2.1: XENONNT experiment at LNGS in Italy. The central TPC labeled by 3 nests in the
water Cherenkov neutron veto system labeled by 2, and the outer water tank labeled by 1 is the
Cherenkov muon veto system.

The XENONNT experiment, located at the INFN Laboratori Nazionali del Gran Sasso (LNGS)
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in Italy as shown in g. 2.1, is one of the largest dark matter direct detection experiments to date.
It features a dual-phase time projection chamber (TPC) containing approximately 8.6 tonnes of
liquid xenon in the cryostat and 5.9 tonne in active volume, and integrates multiple supporting
subsystems, including cryogenics, puri cation, krypton distillation, radon distillation, and both a
water Cherenkov muon veto (MV) and a gadolinium-doped neutron veto (NV). The TPC is en-
closed by the NV and MV to suppress backgrounds from cosmic muons and radiogenic neutrons.
XENONNT inherited many of its subsystems from its predecessor, XENON1T [29]. Figure 2.2
illustrates the xenon ow path through these subsystems. In this chapter, | will describe the func-
tions and operating principles of each subsystem, which were designed and implemented by other
collaborators. Finally, | will summarize the current operational status and the data set used in the
analysis presented in this thesis. It should be noted that | did not participate in the construction of
XENONRNT; the purpose of this section is solely to provide a complete overview of the experiment

within the context of this thesis.

Figure 2.2: The recirculation ow path of the XENONNT experiment [13], highlighting the key
subsystems: the cryogenic system (CRY), radon distillation system (Rn-DST), liquid xenon pu-
ri cation system (LXe-PUR), neutron veto, muon veto, and krypton distillation system (Kr-DST).
The orange and blue arrows indicate the ow of gaseous and liquid xenon, respectively. The dashed
lines connecting Kr-DST and GXe-PUR represent optional paths for enabling online krypton dis-
tillation.
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2.1 Dual-phase Time Projection Chamber

Figure 2.3: CAD rendering of the XENONNT time projection chamber (TPC). The TPC is vacuum-
insulated by a low-radioactivity stainless steel vessel. Its walls are constructed from PTFE pillars to
enhance the re ectivity of xenon scintillation light. Field-shaping rings are incorporated to ensure
uniformity of the drift eld inside the TPC.

The heart of XENONNT is the central dual-phase TPC as shownin g.2.3. The TPC is enclosed
by a polytetra uoroethylene (PTFE) 1.33mL.49 m (diameter height) cylinder to enhance the
light re ection and thus the light collection ef ciency. The TPC was designed to minimize the
amount of PTFE, as it is the dominant source of outgassing that can degrade xenon purity [30]. In
addition, PTFE can contribute to neutron backgrounds thréughe reactions ort°F, producing
22Na,

The TPC is instrumented with 494 3-inch Hamamatsu R11410-21 photomultiplier tubes (PMTSs),
evenly distributed between the top (253 PMTs) and bottom (241 PMTSs) arrays [31]. Two PTFE
discs are used to mount the top and bottom PMTs and to enhance the re ectivity for xenon scintil-
lation light. Each PMT array is mechanically supported by a copper disc, which ensures structural
stability and atness during the thermal contraction of the PTFE. The liquid xenon (LXe) level and
the pressure of the gaseous xenon (GXe) are regulated by a diving bell that surrounds the top PMT
array. The full structure is shown in g. 2.4.

The electric eld inside the TPC is set by the electrodes. The direction of the electric eld
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