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space for weakly interacting massive particles, while featuring extensive sen-
sitivity to many alternative dark matter candidates. These detectors can also
study neutrinos through neutrinoless double-beta decay and through a variety
of astrophysical sources. A next-generation xenon-based detector will therefore
be a true multi-purpose observatory to significantly advance particle physics,
nuclear physics, astrophysics, solar physics, and cosmology. This review article
presents the science cases for such a detector.
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1. Introduction

1.1. An observatory for rare events

Identifying the true nature of dark matter is one of the most important questions in physics
today. As we show in this review, liquid xenon time projection chambers (TPCs) are the leading
technology in searches for a large variety of dark matter particle candidates. Following two
decades of evolution of this technology, now is the time to design the next-generation dark
matter experiment in order to probe the widest possible range of dark matter candidates. A
possible realization of such a detector has been proposed by the DARWIN collaboration [1]
and is pursued by the XLZD consortium. This experiment will also have competitive sensitivity
to search for neutrinoless double-beta decay and other rare events. Furthermore, we show in
this review that such an experiment serves as a versatile astroparticle physics observatory that
is sensitive to neutrinos from our Sun, the atmosphere, and Galactic supernovae. Figures 1 and
2 illustrate these topics.

1.2. Evidence for dark matter

Strong evidence on astronomical and cosmological scales suggests gravitational interaction
between baryonic matter and an unknown type of non-luminous matter, called dark matter
[2]. First evidence that much matter in the Universe remained unseen in telescopes started to
accumulate already in the early 1900s [3, 4]. This motivated the original use of the term ‘dark
matter’ to mean invisible matter whose existence is inferred only from its gravitational effects,
possibly in the form of dark stars [5]. In 1922, James Jeans realized that ‘there must be about
three dark stars in the Universe to every bright star’ [6]. The next decade, Jan Oort used the
vertical kinematics of Milky Way stars to constrain the local dark matter content [7], while
Fritz Zwicky became the first to use the virial theorem to infer the presence of dark matter
within the Coma Cluster [8].

Crucial evidence for dark matter in galaxies came in the late 1970s when Vera Rubin and
collaborators established that optical rotation velocities of stars in spiral galaxies consistently
differ from those expected from the distribution of their baryonic matter [9, 10]. Albert Bosma
soon after confirmed this finding by means of 21 cm rotation curves, well outside the edge of
stellar disks [11]. Galactic rotation curves [12, 13] and dynamics [14, 15] provide evidence for
the existence of a uniformly-distributed halo of dark matter around all spiral galaxies and very
likely around every Galaxy [16]. The critical role of dark matter in the formation of galaxies
[17] such as our own Milky Way [18] underlines its significance to our very existence.

Evidence for dark matter has now been found across all time and length scales [19], span-
ning from the Big Bang to today, and from the cosmos as a whole down to individual galaxies
[20]. Gravitational effects of dark matter can be observed in the cosmic microwave background
(CMB), e.g. with the Planck satellite [21]. Detailed measurements of the power spectrum from
the CMB put the dark matter mass—energy density at five times that of baryonic matter [22] and
significantly constrain any electromagnetic coupling of dark matter [23]. Our understanding
of large-scale structure formation points to the existence of non-relativistic (cold) dark matter
[24-26]. Gravitational lensing suggests the presence of a significant amount of non-baryonic
matter with no observable electromagnetic interaction [27], both when observing strong
(e.g. reference [28]) and weak lensing (e.g. reference [29]). Merging Galaxy clusters, made
famous by the initial reports from the Bullet Cluster [30], have now become a laboratory for
dark matter physics [31]. Taken together, cosmological and astrophysical observations are not
only used to identify some of the characteristics of dark matter [32], but in particular also to
constrain its coupling to ordinary matter [33].
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Science Drivers o

e The ultimate probe of WIMPs down to the
neutrino fog, with potentially transforma-
tive implications for particle physics and
our view of the Universe

A competitive and economic search for
neutrinoless double-beta decay, which is
so fundamental to nuclear physics and the
origin of matter

e Measurements of multiple astrophysical
neutrino signals at lowest energies, with
key insights into the physics of neutrinos,
our Sun, and supernova explosions

Figure 1. Main science drivers for the next-generation liquid xenon observatory.
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Figure 2. The science channels of a next-generation liquid xenon observatory for rare
events spans many areas and is of interest to particle physics, nuclear physics, astro-
physics, solar physics, and cosmology.

A precise determination of the local dark matter halo density is required for interpreting
results from direct detection experiments. Observational density estimates come from a variety
of studies [18, 34, 35]. Methods used to determine the local dark matter density can be broadly
classified into local methods and global methods. Local methods focus on dynamics of stars in
a small volume around the Solar System, while global methods determine the dark matter
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halo in the whole Galaxy and obtain the local dark matter density from our position
within it. Global methods based on the galactic rotation curve yield a local density
0= (0.4-0.5) GeV cm™3 [36]. Using the Gaia data release 2 [37], the local density has
recently been determined to be in the range o = (0.3-0.4) GeV cm™ [38], in good agree-
ment with the former values when one adopts the same local speed v.. Local meth-
ods in contrast yield a wider range of o = (0.4-1.5) GeV cm~* [39-41] with some
tendency toward higher values [42]. Note though that the two methods, global and
local, measure, in principle, different quantities: the properties of a sphere of 1 kpc
radius around the Sun could be different with respect to the average (D/kpc)® spheres
located at the same galactocentric distance D which are considered by global meth-
ods. When presenting results from direct dark matter searches, it is common to assume
0=0.3 GeV cm 3 [43], which ensures both historical compatibility of the derived direct
detection results, as well as a conservative interpretation of such results.

While the existence of dark matter is thus well established, its physical characteristics
remain elusive. The absence of electromagnetic coupling observed in the CMB, the lack of
any observed thermal emission from dark matter, and the dynamics of merging Galaxy clus-
ters, indicate that dark matter takes the form of new quanta outside the current Standard Model
(SM) of particle physics [44]. The nature of this non-baryonic dark matter is still unknown:
its existence is one of the strongest pieces of evidence that the current theory of fundamental
particles and forces, summarized in the SM, is incomplete. A number of proposed candidates
have been put forward over time, with some of the most popular candidates being probed by
the experiment discussed here, as elaborated in sections 2 and 3.

1.3. Dark matter direct detection

The fact the cosmological dark and luminous matter densities are of the same order [21], as
well as observed scaling relations in galaxies [45], suggest that the dark sector and the SM
are coupled through additional interactions stronger than gravity. Since the 1980s, there have
been large efforts to develop experiments on Earth that are able to directly search for dark
matter, particularly for weakly interacting massive particles (WIMPs) [46—49], one popular
dark matter candidate. Given the low expected interaction strength, the probability of multiple
collisions of dark matter particles within a detector is negligible, resulting in a recoil spectrum
of single scattering events.

In the effort to directly detect dark matter, many technologies have been developed to mea-
sure dark matter interactions with target nuclei. Complementary searches with different targets,
discussed further in section 8, are essential to unveil the nature of dark matter. In the most
common approach, experiments attempt to measure the nuclear recoil (NR) energy produced
by collisions between dark matter candidates and target nuclei in the detector. The recoiling
nucleus can deposit energy in the form of ionization, heat, and/or light that is subsequently
detected. Different technologies have been explored so far to achieve this goal [50]. Success-
ful targets include solid state crystals [51-59], metastable fluids [60, 61], and noble liquids
[62-67].

A possible dark matter signature would be an annual modulation of the interaction count
rate due to the motion of the Earth around the Sun [48, 49, 68]. The relative velocity of dark
matter particles in the Milky Way halo with respect to the detector on Earth depends on the time
of year; therefore, the measured count rate is expected to exhibit a sinusoidal dependence with
time, where the amplitude and phase of modulation will depend on the dark matter distribution
within the halo [69]. While there is general consensus on standard values to be used to calculate
expectations for direct experiments [43], this scenario can be modified in a number of possible
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Figure 3. The background rates in liquid xenon TPCs (before ER/NR discrimination)
have decreased exponentially over the years. This has been a key accomplishment that
has enabled an exponential gain in sensitivity with ever-larger detectors. Solid dots are
the best achieved limits, open squares the expected sensitivities. The experiment dis-
cussed here is labeled DARWIN/G3 and will at low energies be dominated by the signal
from solar neutrinos. See text for references.

astrophysical scenarios such as the presence of dark matter streams [70, 71], halo substructure
[72—74], a dark disk [75] or local captured populations of WIMPs resulting from interactions
in the Sun [76] and Earth [77], which all have the common feature of increasing the local dark
matter density.

1.4. An evolution of scales

Liquid xenon TPCs in particular have demonstrated their exceptional capabilities for rare event
detection as a result of an intense, decade-long development. The interested reader is referred
to [78-80] for detailed discussions of this technique. The two-phase (or dual-phase) emission
detector that underlies liquid xenon TPCs was proposed a half-century ago [81]. Its use for the
detection of dark matter particles and neutrinos was proposed in 1995 [82], with more mature
conceptional designs developed around the turn of the millennium [83, 84]. Evolving out of
ZEPLIN-I [85], the ZEPLIN-II [86] detector was the first two-phase xenon dark matter experi-
ment, with both experiments setting competitive limits on WIMP interactions at that time. This
technology was further advanced in ZEPLIN-III [87, 88] and with XENON10 [89] saw the
first leading limits on WIMP interactions. XMASS built the first two-phase xenon dark matter
detector underground [90], and with a single-phase detector provided an impressive demonstra-
tion of fiducialization in liquid xenon (section 7.2) [91]. Further evolution progressed through
successively larger, cleaner, and thus more sensitive detectors: from XENON100 [92, 93],
LUX [63], PandaX-I [94] and PandaX-II [95] to XENONIT [96] and the current generation
PandaX-4T [97], XENONNT [98], and LZ [99] (figure 3).

In 2021, scientists from the DARWIN/XENON and LZ collaborations signed a Memo-
randum of Understanding, forming the XLZD consortium, to jointly work on the design,
construction and eventual operation of a next-generation detector. This experiment is labeled
DARWIN/G3 in figure 3 [100] and represents a natural continuation of this evolution toward
larger xenon exposures, as presented in the sensitivity studies shown below. Scaling up the same
mature technology (to a compact size of only ~3 m in height and diameter), and exploiting the
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Figure 4. Principle of a dual-phase liquid xenon TPC. Energy from a particle interaction
within the active liquid xenon volume produces prompt scintillation light (S1) and a
delayed signal (S2) from electroluminescence (proportional scintillation) in the gaseous
xenon layer. The localization of the S2 signal and the time difference between S1 and
S2 allows for determination of the original vertex location.

collective experience of the participating scientists, drastically reduces risks otherwise inherent
in such projects. Continued research and development is ongoing using dozens of dedicated
setups at the participating institutions. At the same time, experience from the operation and
analysis of the current generation of detectors provides important lessons. It is thus timely to
review the science case of such a rare event observatory.

1.5. The liquid xenon time projection chamber

Conventionally, a next generation liquid xenon TPC will consist of a central liquid xenon
volume surrounded by light reflectors for vacuum ultra-violet (VUV) light, allowing maxi-
mum light detection [101]. Two arrays of light sensors, such as photomultiplier tubes (PMTs)
[102, 103] or silicon photomultipliers (SiPMs) [104, 105], are arranged on the top and bottom
part of the TPC to detect light signals, see figure 4.

A particle incident on the liquid xenon target deposits energy and produces both prompt
scintillation light and ionization electrons. The scintillation signal is immediately detected by
the photosensors as the S1 signal. The active liquid xenon volume is defined by a cathode
and a gate electrode, separated by ~3 m to provide a drift field for the electrons. These drift-
ing ionization electrons are then extracted into the gas phase above the liquid xenon, where
they produce electroluminescent light [106]. Typical dual phase detectors operate at ~1.5 bar,
where 5 kV cm™! for the extraction field is sufficient to create proportional scintillation. This
electroluminescence is then detected by the same photosensors and is known as the S2 signal
[101, 107, 108].

The time delay between S1 and S2 in addition to the localization of the S2 light pattern on
the top photosensor array [109—111] allows precise reconstruction of the three-dimensional
interaction vertex [112]. Fiducialization in event selection (section 7.2) enables an effective
way to suppress external gamma and neutron background for all rare event searches and to
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minimize effects from imperfections of the TPC near its surface. The ratio of S2 and S1 signals
further allows for discrimination between different types of interaction in the liquid xenon TPC:
NRs and electronic recoils (ER). NRs are most notably induced by WIMPs, through coherent
elastic neutrino-nucleus scattering (CEvNS), and by neutrons; whereas ERs are produced by
gamma rays and internal beta decays [113, 114]. NRs exhibit a lower S2/S1 ratio and can
therefore be distinguished from ERs [114, 115]. Excellent energy resolution further helps to
differentiate various signals from relevant background [116]. As we explain in section 3.2,
the scientific reach of these TPCs can be extended toward lower energies by dropping the
requirement of the presence of an S1; this results in sensitivity to single electrons.

1.6. Xenon as a detector medium

Xenon as a detection medium exhibits several desirable features [117, 118], giving it a sig-
nificant advantage as a target material. Xenon has a very low work function, requiring only
11.5 eV averaged over scintillation and ionization to produce an excitation [119]. This leads
to signal yields as high as ~65 photons per keV for gamma rays that are of order ~100 keV
[120, 121], similar to other excellent scintillators such as Nal and Csl. For NRs, the yields are
still ~10% of that, even below ~10 keV [122, 123]. Energy resolutions better than 1% (o /E)
have been achieved at MeV scales [116] and mm-level position resolution can routinely be
achieved [105, 124, 125].

Liquid xenon is a well-understood and well-characterized detector medium. Based on world
data, its response can be accurately modeled using the Noble Element Simulation Technique
(NEST), a code package to simulate interactions in liquid xenon (and argon) and their detection
in a TPC [121, 126—-128]. This includes various interactions of interest, such as ERs induced
by gamma and beta rays, NRs, energy deposits by alphas, and more complex decays such as
that from 83™Kr. These models have been demonstrated to correctly reproduce the mean yields
and their widths across a wide range of detector parameters and energies even down to 300 eV,
making this simulation package a mature, comprehensive tool for liquid xenon experiments. As
a result of this and other efforts [129—-135], the light and charge yields can now be accurately
described and predicted, with good comparisons to existing calibration data sets, as a function
of energy, stopping power, drift electric field, extraction electric field, particle and interaction
type, and in some cases even concerning density, phase, and angle of the recoil relative to the
drift field.

Liquid xenon may be naturally contaminated with radioactive isotopes that could pro-
duce a dark matter background, such as 3’ Ar, 3Kr or ??>Rn. However, purification to very
high levels has already been demonstrated in dark matter [63, 96, 136, 137] and neutrinoless
double-beta decay experiments [138]. Cosmogenically-produced 3’ Ar decays away quickly
[139], and purity levels achieved for 83Kr are already sufficient for the next-generation detec-
tor discussed here. Further advantages of xenon are obtained through its high charge number
Z, mass number A, and density; these allow for self-shielding of gamma-ray and neutron back-
grounds, which will multiply-scatter, especially in the outer limits of the fiducial volume (FV).
Xenon also contains odd-neutron isotopes for spin-dependent neutron coupling (section 2.4),
and enough residual spin-dependent proton sensitivity to produce competitive results for that
science channel. In addition, natural xenon possesses promising isotopes for the search for
neutrinoless double-beta decay (section 4.1) and double electron capture (section 4.2). Finally,
the mass of the xenon nucleus makes it kinematically ideal for WIMPs in the mass range above
~10 GeV/c?.

In the following sections, we highlight the science case for a large, next-generation liquid
xenon TPC detector for astroparticle physics. In section 2, we overview various WIMP dark
matter models, and the expected sensitivity when probing such models. In section 3, we discuss
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other dark matter models that a next-generation liquid xenon TPC is sensitive to. In section 4,
we review double-beta processes to probe physics beyond the SM. In section 5, we discuss the
science channels using neutrinos for astroparticle physics and particle physics. In section 6,
we collect physics channels that are not part of the above categories. Mitigation and rejection
of detector backgrounds is sketched out in section 7. The relation of a next-generation liquid
xenon TPC to other future experimental efforts is discussed in section 8. Finally, we review
some of the already-documented support for such a detector in the particle physics community
in section 9 before concluding in section 10.

2. Dark matter WIMPs

2.1. WIMP direct detection

A well-motivated candidate for particle dark matter is the WIMP [140, 141]. This is a special
case of a thermal relic particle, i.e., one that in the early Universe was in thermal equilibrium
with the primordial plasma, permanently annihilating and being produced. Once the annihi-
lation rate becomes slower than the Hubble expansion rate, the particle is said to freeze out,
its relic density becoming fixed at that point [20]. While the list of possible dark matter can-
didates is now quite long, the WIMP model remains a leading scenario, with large regions of
well-motivated yet unprobed parameter space [142]. The hierarchy problem [143], specifically
the surprisingly and unnaturally low mass of the Higgs particle, continues to strongly motivate
searches for new physics and new particles at the ~100 GeV scale of the electroweak force
[44]. In addition, if a new stable particle existed in this mass range, and if it interacted with SM
particles via some force also at the electroweak scale, then a simple thermal freeze-out process
in the early Universe would result in the observed dark matter density [144]. While this link
most tightly constrains the WIMP annihilation cross-section [145], crossing symmetry pro-
vides a connection to the direct scattering cross-section as well. It is this surprising connection
of particle physics at the weak scale and the evolution of the macroscopic density in the early
Universe that continues to motivate searches for WIMP dark matter. Few other models can
point to as clear a convergence.

The assumption of a massive (electroweak scale) mediator implies a lower bound on the
WIMP mass, the so-called Lee-Weinberg limit [146]. A heavy mediator will suppress the dark
matter annihilation cross section. Thus, for dark matter with a mass of less than ~2 GeV/ 2,
the thermal freeze-out process of the early Universe ends too early and results in a dark matter
density that is too high and inconsistent with observation.

Because WIMPs are so well-motivated, searches for particles satisfying these criteria
are underway in parallel following three general and complementary strategies [147, 148]
(see also section 8): (1) WIMP production at high energy colliders such as the Large Hadron
Collider (LHC) [149]; (2) indirectly via WIMP annihilation in dense astrophysical environ-
ments that produce astrophysical signals in various SM particle channels [150]; and (3) directly
via observation of NRs produced by dark matter scattering as proposed here [48, 151]. This
latter approach is particularly powerful. In fact, the original WIMP in the sense of a weak inter-
action via Z-boson exchange at tree level was ruled out using direct detection already in 1987
[152]. Today, experiments such as the one discussed here probe scattering cross-sections typi-
cal of e.g. coupling via a Z boson at loop level, or some of the well-motivated models discussed
in this section. The next-generation liquid xenon-based experiment discussed here is thus com-
plementary to the next generation of astrophysical searches [153] and the high-luminosity LHC
[154] and at a similar time scale.

Direct detection experiments are particularly interesting for a variety of reasons. As scat-
tering interactions happen at energies far below the electroweak scale itself, the interaction
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mechanism can be simplified and described as a contact interaction. A diverse set of high-
energy models will therefore appear nearly identical at these low energies, distinguished almost
exclusively by the characteristic scattering cross section. This generality of direct detection via
low-energy scattering is a significant advantage to this detection approach. Also, for a large set
of WIMP models and a wide range of WIMP masses, direct dark matter experiments depend
only linearly on the local dark matter density, which makes results robust against astrophysical
uncertainties. Further, for relics produced by the freeze-out process, such as WIMPs, the relic
density is inversely related to the thermal annihilation cross section, such that a dimensional
argument can be made that the expected scattering rate in a detector (which goes like density
times cross section) should be roughly independent of details of the theory. Another expres-
sion of the generality of the direct detection approach is its sensitivity to a large mass range
[155]. The kinematics for non-relativistic scattering remain unchanged once the WIMP mass is
much larger than the target mass, rendering these experiments sensitive to dark matter masses
well beyond 100 TeV (and in principle even up to the Planck mass [156], see section 3.15).
Thus, a single experiment can probe many orders of magnitude of the allowed dark matter mass
parameter space.

Xenon in particular is expected to couple well to WIMP dark matter for several rea-
sons [157]. First, in the low momentum-transfer regime of direct detection, a generic spin-
independent scattering (section 2.3) will interact with the nucleus as a whole as a many-nucleon
object, and this coherence provides a significant boost to the corresponding scattering cross
section [47, 48], scaling roughly as the square of the number of nucleons. Therefore, a heavy
nucleus like xenon is significantly favored over lighter options. A second advantage is the large
number of common natural xenon isotopes, resulting in a diversity of nuclear properties. This
variety of isotopes gives xenon significant sensitivity to other interaction models as well, such
as spin-dependent (section 2.4) or various effective couplings (section 2.5).

2.2. WIMP sensitivity projections: method

Figures 5 and 7 show sensitivity estimates for a liquid xenon TPC with only neutrino-induced
backgrounds and the double beta decay of '*Xe considered. We use a binned likelihood in
position-corrected cS1 and cS2 (see e.g. references [158, 159]), and assume the log-likelihood
ratio test statistic is asymptotically distributed [160].

Particle yields and the detector response to ER and NRs is simulated using NEST v2.1.0
[128] with the LUXrun03 detector model, roughly corresponding to the model presented in
reference [161] for the first science run of LUX. The modeled detector response is similar to the
models assumed for the sensitivity projections for LZ [99] and XENONnT [98]. For S1 scintil-
lation signals, the detector model assumes a g, value of 0.12 phd/photon and a two-fold photon
hit threshold for S1s. For S2 ionization signals, the g, value depends primarily on the photon
yield g™ and field strength in the gas gap, which are 0.1 phd /photon and 6.4 kV cm™!, respec-
tively; more details can be found in [161]. This corresponds roughly to a g, = 13.8 phd/e.
The S2 threshold is assumed as 165 phd. The spatially varying drift field for this simulation
is between ~90 V em~! and 300 V cm ™!, and the electron lifetime assumed is ~16 times the
maximum drift length. We leave a detailed parametric investigation of the sensitivity of such
a next-generation detector to a future study.

The background model is made up of the intrinsic ER and NR backgrounds. The expectation
value is dominated by ERs from naturally occurring '3°Xe and solar (mostly pp) neutrinos scat-
tering off electrons. ER events can be distinguished from a WIMP signal using the ionization
signal.
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Figure 5. Projections for the next-generation experiment discussed here, together
with projected and current leading 90% upper limits, on the spin-independent
WIMP-nucleon cross section. Blue and purple solid lines show the current limits from
XENONIT [96] and PandaX-4T [173] (non-blind*). Dashed blue and orange lines indi-
cate sensitivity projections from LZ [99] (15.3 t X y, one-sided) and XENONNT [98]
(20 t x y). Projected median upper limits for exposures of 200 t x y and 1000 t X y
are plotted in dashed red. The dashed line shows one definition of the ‘neutrino floor’
[164], the shaded gray area indicates the ‘neutrino fog’, specifically where more than
one, 10, 100, etc neutrino events are expected in the 50% most signal-like S1/S2 region.
Calculations follow references [166, 167].

NR events from neutrons scattering in the detector volume can be separated to some degree
from a WIMP signal based on the recoil energy spectrum and their tendency to scatter multiple
times. Further, neutrons can be tagged surrounding the detector with an active neutron veto. We
thus only include NR backgrounds from 8B, HEP, diffuse supernovae and atmospheric neutri-
nos. These neutrino signals, while being an interesting signal in their own right (section 5), may
significantly affect the sensitivity to dark matter as they are becoming the dominant background
(section 2.17).

The neutrino recoil spectra, as well as flux uncertainties on the different components, are
taken to be the same as in reference [98], with spectra from references [162—165]. WIMP
recoil spectra are computed using the wimprates package [166], with spin-independent
computations from reference [167], spin-dependent computations from reference [168], and
WIMP-pion recoil spectra from references [169, 170]. We use the background and signal
distributions to construct signal regions for each WIMP interaction and mass as the 50% most
signal-like regionin S1 and S2, ordered by signal-to-backgroundratio. We indicate the region at
which neutrinos become an appreciable background as the cross section where the WIMP and
neutrino expectation in the signal region are equal. Levels where the neutrino signal is equal,
10 times, 100 times etc of the WIMP signal are indicated by the shared gray regions labeled
‘neutrino fog’ in figures 5 and 7. Estimates of where experimental sensitivity will improve
only very slowly with exposure depend crucially on the uncertainty on the neutrino signal and
detector response. Attempts to quantify the ‘neutrino floor’, such as [171, 172] (the former is
included as a dashed line in figure 5) often assume e.g. very low experimental energy thresh-
olds in order to reflect the ultimate limit. Further discussion of the neutrino background may
be found in section 2.17.
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Figure 6. Illustration of discovery potential and example discovery contours for the
same detector model as in figure 5. The black dashed line shows the cross-section giving
1 observed event per tonne-year, and the contours show the 1- and 2-sigma (dark and light
red) confidence intervals on spin-independent WIMP signals with a 1000 t X y expo-
sure and WIMP masses of either 20 or 100 GeV/c?. Dash-dotted (dotted) red lines show
the cross-section where the median significance equals 3-sigma (5-sigma) for 200 t x y
(upper two lines) and 1000 t x y exposure. Gray bands indicating the neutrino fog as in
figure 5.

2.3. Spin-independent WIMPs

Traditionally, WIMP detection has been limited primarily by the experiment’s exposure
(expressed in mass X time), and sensitivity has progressed proportionally to that exposure.
This linear scaling will hold as long as contamination by any non-WIMP recoils remains small.
This next-generation WIMP detector will be the last to benefit from this proportional scaling
over much of its operating time. Any larger experiment would face a rate of CEvNS from
astrophysical sources [164, 174]. While that is an interesting signal in its own right (section 5),
neutrinos present an unavoidable background to WIMP sensitivity.

The energy threshold of this search is also important. A recoil threshold of ~keV is required
in order to efficiently test WIMP hypotheses down to the Lee-Weinberg limit of few GeV /c?
mass. The goal for any WIMP dark matter detector, then, can be described as testing the entire
WIMP mass range (~2 GeV/c? to ~100 TeV /c?) at least down to cross sections limited by
neutrino scattering. Such a detector also has sensitivity to many theoretically interesting and
yet unexplored dark matter candidates (section 3) and probes the coupling of dark matter to
the Higgs boson [175].

To indicate the WIMP mass and cross section resolution expected for a signal from WIMPs
roughly one order of magnitude below current constraints (one event per tonne-year), figure 6
shows confidence intervals for spin-independent WIMP signals at 20 and 100 GeV /c?. At high
masses, spin-independent WIMP spectra are degenerate in WIMP mass (as the kinematics only
depend on the reduced mass). This leads to poor mass resolution, which can be significantly
improved using additional, different target materials [176]. An excess for intermediate and low
masses will be well-constrained both in mass and cross section using a xenon target alone.

A simple variation of the vanilla spin-independent WIMP scenario is to allow the interaction
strength to depend on the nucleon type (proton or neutron) with non-trivial coupling strengths
fp» fu [177]. The deviation of the ratio f,/ f,, from 1 will then depend on the specific dark matter
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model. If for a given nuclear isotope, f,/f, = (Z—A)/Z, then this isotope would give no
constraint. Fortunately, the mixture of multiple isotopes in xenon detectors provides sensitivity
to even the most difficult case of f,/f, ~ —1.4 [178-180], providing yet another benefit of
xenon as a target material.

2.4. Spin-dependent scattering

The simplest deviation from the spin-independent scattering to a more complicated coupling
can be modeled by allowing the WIMP to interact solely with the nuclear spin but with
different couplings a,, a, to protons and neutrons. This scenario is typically referred to as
spin-dependent scattering [182—184]. If one simplifies this picture by assuming that one cou-
pling vanishes, then the derivation of a differential rate of scattering events by WIMPs depends
on the spins and nuclear structure (mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve the sensitivity to the spin-dependent
WIMP-proton coupling in xenon, see section 2.5.2.

For xenon detectors, the two naturally occurring isotopes '*Xe (spin-1/2) and '3'Xe
(spin-3/2), with natural abundances of 26.4% and 21.2%, respectively, are most relevant for this
spin-dependent coupling. Both have an unpaired neutron, making xenon also an ideal target
for detecting the spin-dependent WIMP—neutron cross section. The projected sensitivity for a
next-generation liquid xenon TPC is shown in figure 7, calculated using the same assumptions
and method as in figure 5.

2.5. Effective field theory

The spin-independent and spin-dependent scattering discussed in the previous sections 2.3 and
2.4 are the more frequently studied interactions of the WIMP with SM fields. Their motiva-
tion dates back to dark matter candidates in supersymmetric theories [ 183] defining the leading
responses related to the nuclear density (therefore scaling coherently with the number of nucle-
ons A, spin-independent interactions) or to the nuclear spin (spin-dependent interactions). A
more systematic picture covering more general WIMP—nucleus interactions beyond standard
spin-independent and spin-dependent scattering has been worked out recently using effective
field theories (EFTs). This includes both a nonrelativistic framework, see section 2.5.1, as well
as chiral EFT, see section 2.5.2, which incorporates the constraints from QCD at low energies.

2.5.1. Nonrelativistic effective field theory. The nonrelativistic EFT (NREFT) [185-187] inte-
grates out all degrees of freedom except for nucleons and the WIMP. The effective operators
that describe the coupling of the WIMP to nucleons are constructed imposing Galilean invari-
ance in terms of the momentum transfer g, the WIMP transverse relative velocity vt, and the
spins of the nucleon and the WIMP [185—187]. At lowest (zeroth) order in ¢ and v, the only
contributions correspond to the leading operators considered for spin-independent and spin-
dependent scattering. Up to second order in ¢ and first order in v, 14 operators appear at
the single-nucleon level for spin-1/2 dark matter, each with different isoscalar and isovector
(or, equivalently, proton and neutron) couplings [187]. The corresponding coefficients, usually
considered to be independent, have been constrained from several experiments [188—191].
With few exceptions, the best constraints are given by experiments using a xenon target. For
an extension of NREFT to dark matter of spin 1 or higher, see [192—194]. Even given the sig-
nificant uncertainties in the WIMP halo phase space distribution, NREFT coefficients could
nevertheless be constrained by a single next-generation direct detection experiment, if some
dozen events would be detected [195].
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Figure 7. Projections and current leading 90% upper limits on the spin-dependent
WIMP-nucleon cross section, assuming that the WIMP couples only to proton spins
(top) or neutron spins (bottom). Green and blue solid lines show the current leading
limits by PICO-60 [67] and XENONIT [96, 181]. Projected median upper limits for
exposures of 200 t x y and 1000 t x y are plotted in red. The shaded gray areas indicate
the ‘neutrino fog’ with the lightest area showing the WIMP cross section where more
than one neutrino event is expected in the 50% most signal-like S1, S2 region. Subse-
quent shaded areas indicate tenfold increases of the neutrino expectation. Calculations

follow references [166, 168].

Since the NREFT is limited to nucleons as degrees of freedom, additional matching steps
are required to constrain particular WIMP models from experimental limits. This is because
the NREFT coefficients contain information on the underlying WIMP—quark or WIMP—gluon
operators, but also on hadronic matrix elements (section 2.6). In addition, there is a priori no
hierarchy among the various NREFT operators apart from their scaling in ¢ and v*. In that
sense, the NREFT can be considered minimal, as even constraints from QCD are not imposed.
In addition, the NREFT formalism has also been used to represent contributions beyond the
applicability of the strict EFT. For example, long-range effects due to pion exchange (as occurs
in chiral EFT) or electromagnetic interactions (such as dipole operators) can be expressed in
terms of g-dependent NREFT Wilson coefficients. For a complete description, however, the

corresponding degrees of freedom need to be included in the EFT.
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Figure 8. Projections and current leading 90% upper limits on the scalar WIMP—pion
interaction cross section. Blue solid lines show the current leading limits by XENONIT
[169]. Projected median upper limits for exposures of 200 t x y and 1000 t X y are
plotted in red. Calculations follow references [166, 170].

2.5.2. Chiral effective field theory. Chiral EFT [196—198] classifies the possible interactions
of the WIMP with nucleons according to their chiral scaling, i.e., the scaling with momenta and
quark masses, with nucleons and WIMPs but also pions (and, in SU(3), kaons and n-mesons)
as active degrees of freedom. In this way, the constraints from the chiral symmetry of QCD are
automatically included. The chiral regime is appropriate to study WIMP—nucleus scattering
because the typical momentum transfer ¢ is of the order of the mass of the pion, the pseudo-
Nambu—Goldstone boson resulting from the spontaneous breakdown of chiral symmetry. This
is also the relevant scale for the typical momenta in heavier nuclei, such as xenon, used for
direct detection experiments.

At the single-nucleon level, the chiral analysis can be mapped onto the NREFT operator
basis [199-201]. This provides a prediction for an additional hierarchy of the NREFT operators
based on their chiral scaling, which significantly simplifies the number of one-body opera-
tors relevant for WIMP—nucleus scattering. A second important advantage of the chiral EFT
framework is that it predicts subleading multi-nucleon effects. For example, contributions in
which the WIMP couples to a virtual pion exchanged between the nucleons inside the nucleus
(section 2.5.3) appear at subleading order in the chiral expansion. Such meson-exchange cur-
rents (or two-body currents) provide subleading contributions to generalized spin-independent
and spin-dependent scattering and have been studied in a number of papers [168, 170, 199,
202-210]. For a xenon target, two-nucleon currents improve the sensitivity to spin-dependent
WIMP-proton scattering by more than an order of magnitude.

2.5.3. WIMP—-pion coupling. A novel contribution to WIMP—nucleus scattering that emerged
from the chiral EFT analysis (section 2.5.2) concerns meson-exchange currents. In the simplest
case, the WIMP couples to a virtual pion exchanged between two nucleons within the nucleus.
Interestingly, meson-exchange contributions, which enter at subleading order in chiral EFT,
can scale coherently with the number A of nucleons. The combination of the nuclear and chi-
ral hierarchies defines a scaling that lies between the spin-independent and spin-dependent
responses, coherent but suppressed in the chiral counting. Chiral EFT also predicts the lead-
ing meson-exchange currents to dominate over all other NREFT operators except the standard
spin-independent one.
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As observed in reference [169], once an underlying quark-level operator is specified, the
resulting limits can be expressed in terms of a WIMP—pion cross section, in close analogy to
the spin-independent and spin-dependent WIMP—nucleon cross sections. The proposed next-
generation liquid xenon experiment will improve this result by a similar factor as the standard
spin-independent limit, shown in figure 8.

2.5.4. Three-flavor EFT and the ultraviolet. From a particle physics point of view, the most
immediate parameterization of dark matter interactions at low energies, p ~ 2 GeV, is in
terms of three-flavor dark matter EFT that has been studied extensively [170, 199-201, 206,
211-219]. This model has as degrees of freedom the dark matter particle, the lightest three
flavors of quarks (u, d, s), the gluon, and the photon. Dark matter interactions are organized
in terms of dimensions of the operators, so that the effective Lagrangian takes the form
Lomerr = Yy L0/ A4, where C'¥ are dimensionless Wilson coefficients and A the
typical scale of the ultraviolet (UV) theory for dark matter. The sum is over different types, a,
and dimensions, d, of the operators Q;d). An example of a dimension-six operator for fermionic
dark matter is (X" x)(g7y.q) for dark matter—quark vector interactions, or a dimension-seven
operator m,(Xx)(gq) for scalar interactions, both of which lead to spin-independent scattering.
The full basis of up to and including dimension-seven operators in the limit A > m, ~ my
can be found in reference [219]. The case of the heavy dark matter limit is discussed in refer-
ence [216,217,220,221]). The chiral EFT of section 2.5.2 then gives the hadronization of the
three-flavor dark matter EFT and the nuclear response.

The three-flavor dark matter EFT is a valid description for dark sector mediators that
are heavier than a few hundred MeV. In this case, the mediators are heavier than the typ-
ical momenta exchanged in the dark matter scattering on nuclei and can be integrated out.
The Wilson coefficients, C), are constants that contain all the UV dark matter physics. In
the absence of a complete UV theory of dark matter they can be freely varied when com-
paring the results of dark matter direct detection experiments. For A well above the nuclear
scale, the higher dimension operators are suppressed, making the framework predictive. For
instance, for A > m,, a truncation at dimension seven is expected to capture most new physics
models.

The connection between the three-flavor dark matter EFT at ;1 = 2 GeV and the UV the-
ory at u ~ A is achieved by going through a series of appropriate EFTs and performing the
matchings at each threshold [214, 215, 222-224]. In this way the results of indirect dark
matter searches and the dark matter searches at the LHC can be reliably compared with
the direct detection results. From the perspective of direct detection experiments, the UV
physics is encoded in the values of Wilson coefficients C!“. One can then compare the con-
straints on C'¥ obtained from direct detection experiments with the constraints imposed by
the LHC and indirect dark matter searches on either complete dark matter models or on sim-
plified models by going through the above series of matchings and renormalization group
evolutions.

2.6. Nuclear structure factors

The WIMP—nucleus cross section is proportional to the nuclear structure factors, which
encode the relevant information of the structure of the target nuclei. The EFT operators
at the WIMP—-nucleon level generate, at the nuclear level, six different nuclear one-body
responses analogous to semileptonic weak interactions [225-227]. In addition, chiral EFT
predicts two-nucleon nuclear responses associated with meson-exchange currents. The cor-
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responding nuclear structure factors are obtained from the one-body nuclear responses FM,
FO' R FY F® and FA [183, 187], and the two-body nuclear responses F, Fy, [170,
206]. The one-body structure factors decompose into isoscalar and isovector (or, equivalently,
proton and neutron) contributions, e.g. ]-"i” . FM and the two-body F, Fy, can receive coherent
contributions from all A nucleons in the nucleus while about one in five nucleons contributes
coherently to F ®" These responses dominate spin-independent (F™) and scalar WIMP—pion
(F») scattering. 7= and F*" are usually rewritten in terms of the more common Soo, So1, S11
or S,, S, in spin-dependent analyses. They are related to the spin distribution in the nucleus
and are not coherent because the nuclear pairing interaction couples nucleons in spin-zero
pairs.

The nuclear structure factors allow one to factorize the nuclear response from the hadronic
matrix elements and the couplings of the WIMP. Schematically, the WIMP—nucleus cross
section decomposes as

d
g;;\f x Z,: |c,-]-",-(qz)|2 + interference terms, (1)

where the Fi(¢?) denote the nuclear structure factors and the ¢; involve a convolution of
hadronic matrix elements and WIMP couplings. Thus, in the case of scalar operators, the role
of the pion—nucleon ¢ term is well known in the literature [228—-233]. In special cases, the
WIMP-nucleus cross section can be expressed in terms of single-particle cross sections: (i) if
only ¢! is non-vanishing it can be expressed by the spin-independentisoscalar WIMP-nucleon
cross section (section 2.3); (ii) if only the coefficients of S, or S, are non-vanishing, by the spin-
dependent WIMP—proton or WIMP—neutron cross section (section 2.4); and (iii) if only ¢, is
non-vanishing, by the scalar WIMP—pion cross section (section 2.5.3).

In general, reliable nuclear structure factors for any nuclear response require a good descrip-
tion of the nuclear target. The only exception is the leading ]-'_’E structure factor in spin-
independent scattering, for which the purely phenomenological Helm form factor [167, 234]
is a common and good description [235]. For heavy targets such as xenon, structure factors
need to be calculated from nuclear theory. The nuclear shell model is presently the method
of choice with significant progress in recent years. The shell model solves the many-body
problem in a relatively small configuration space (one or two harmonic oscillator shells near
the Fermi surface) with a phenomenological nuclear interaction adapted to the configuration
space [236]. The description of excitation energies, charge radii, and electromagnetic prop-
erties of medium- and heavy-mass nuclei, including all stable xenon isotopes, is already very
good [168, 170, 235]. State-of-the-art nuclear structure factors are easily available in dedicated
notebooks documented in references [170, 187]. Figure 9 shows nuclear structure factors for
a general coherent WIMP scattering off '3?Xe (26.9% natural abundance) with the hierarchy
given by chiral EFT.

More advanced nuclear structure ab initio calculations treat explicitly all nucleons in the
nucleus (see e.g. references [237-242]). They can use nuclear interactions based on chiral
EFT, thus consistently providing the nuclear states and WIMP—nucleon operators that enter
the calculation of the structure factors. This will allow one to estimate theoretical uncertainties.
While nuclear structure factors obtained with ab initio many-body techniques have historically
been limited to light nuclei with A < 6 [207, 209, 243], recent progress has been significant
and ab initio spin-dependent structure factors have been calculated very recently [210] with
the valence-space in-medium similarity renormalization group method.
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Figure 9. Structure factors for '**Xe from one- and two-body contributions (without
interference terms). Solid lines show isoscalar and two-body contributions while dashed
lines indicate isovector couplings. Reproduced from [170]. CC BY 4.0.

2.7 Inelastic scattering

The recoil energy spectrum resulting from spin-dependent interactions is similar to the one
expected from spin-independent interactions. Using different target materials with other exper-
iments can help to break that degeneracy, as would be a different mixture of isotopes of xenon
in a target. In addition, liquid xenon TPCs can even differentiate between these two interaction
channels with one and the same exposure, as WIMPs might alternatively scatter inelastically
off nuclei that possess low-lying excited states up to ~100 keV [244], including '**Xe and
131Xe [245-247]. This inelastic scattering in the nuclear sector is not to be confused with dark
matter models in which the WIMP can be excited, as is discussed in the context of the inelastic
dark matter (iDM) model in section 2.13.

Inelastic scattering is always non-coherent, because of the different initial and final nuclear
states. This would allow one to narrow the nature of the underlying WIMP—nucleon interaction,
testing the spin-dependent case upon detection in the simplest scenario. In addition to the NR, a
prompt ER is caused by the de-excitation of the up-scattered xenon nucleus. Such interactions
thus suffer from the larger background of ERs. However, since they would only be expected
for non-coherent spin-dependent interactions, given sufficient statistics, a single xenon detector
would be able to extract information about dark matter that is inaccessible to the elastic channel
alone.

Observation of such inelastic scattering would provide a range of further insights to the
nature of dark matter: each unique nuclear excitation is sensitive to a distinct portion of the
WIMP halo, so that multiple contributions from the inelastic channel could be combined with
that of the elastic channel to constrain the WIMP velocity distribution [245]. In addition, the
range of observed recoil energies as well as the energy at which the inelastic channel begins
to overtake the elastic one would indicate the mass of the incident WIMP. Finally, in con-
trast to the elastic channel, the inelastic event rate may be enhanced or suppressed with the
enrichment or depletion of '>’Xe and '*'Xe. This flexibility would allow one to optimize data
acquisition in a xenon detector. The most stringent limit on inelastic WIMP—nucleon scatter-
ing currently comes from the XMASS detector [248]. Prospects for a future detection of dark
matter detection with inelastic xenon transitions are further discussed in reference [249].

2.8. Discriminating between WIMP—-nucleus responses

Given the number of different nuclear responses (section 2.6), a key question is how they
could, in the event of a detection, be distinguished in order to extract information on the nature
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Figure 10. Discrimination power against \]-'f |? vs exposure for three selected structure
factors, | FM|? (black), | Fx|* (orange), and ¢* /4m?| FM|* (green). The detector setting
is like the one discussed here, for a WIMP mass of m, = 100 GeV /c? and interaction
strength o9 = 107*’ cm?. Reproduced from [250]. CC BY 4.0.

of the WIMP [195]. One possible strategy concerns the study of inelastic scattering into low-
lying excited states of the xenon target, discussed in the previous section 2.7. The detection
of the inelastic channel, in addition to the elastic scattering would primarily point to the non-
coherent character of the WIMP—nucleus interaction, suggesting a spin-dependent interaction
as the prime choice.

A second handle to discriminate the nuclear responses exploits their different dependence on
the momentum transfer, see figure 9. The feasibility of this approach has been explored for sev-
eral WIMP—nucleon interactions [250, 251]. In particular, reference [250] considered realistic
detector settings, including projections for a next-generation experiment like the one proposed
here, see figure 10. As with inelastic scattering, for most responses a discrimination becomes
possible with sufficient statistics. However, due to the similarities in the g-dependence, a
separation of isoscalar and isovector responses will be difficult.

Finally, the nature of the WIMP—nuclear response and in particular its spin-dependent char-
acter can be tested by varying the enrichment or depletion on the isotopes with odd A'**Xe
and '3'Xe that is possible with a liquid xenon target. In this case it will be most powerful to
combine the results of the proposed experiment with searches using spinless nuclear targets,
such as argon, to further test the spin-dependent hypothesis. Likewise, to discriminate between
isoscalar and isovector responses the most promising strategy takes advantage of the different
proton to neutron ratios in different target nuclei. In this sense, xenon isotopes exhibit the
smallest proton to neutron ratios, in contrast to the largest ones which are found e.g. in fluorine
or argon.

2.9. Scattering at high momentum transfer

Traditional momentum- and velocity-independent dark matter models used to drive experi-
mental developments already starting in the 1990s. Those lead to the well-known low-energy
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Figure 11. The expected recoil spectrum for EFT operators, O(1) (top left panel),
0(6) (top right panel), O(10) (bottom left panel), and for anapole interactions (bot-
tom right panel) in a xenon experiment. The dark matter particle mass is chosen to be
m, = 100 GeV/c? (solid), 500 GeV /c? (dashed), and 1000 GeV /c? (dotted). The verti-
cal dashed lines represent Ep,x = 30 keV and 500 keV. Units are per (keV kg d) and the
coupling for each operator has been fixed to produce 100 events in the energy range [3,
30] keV. Reproduced from [259]. © 2018 IOP Publishing Ltd and Sissa Medialab. All
rights reserved.

recoil spectra, resembling simple distributions exponentially falling with energy [167]. Conse-
quently, significant experimental effort went into lowering the energy threshold, the calibration
for NRs in this energy regime, and improved understanding of relevant background sources.

However, many models, such as momentum-dependent effective models or non-trivial mix-
tures of interactions, result in a more complex NR signature with characteristic peaks in the
higher nuclear energy regime. This includes many of the models discussed in the following,
such as inelastic, composite, exothermic, and magnetic dark matter [188, 252-256] but also
the well-known EFT operators for elastic scattering [189, 257, 258]. These effects manifest
themselves often outside the traditionally analyzed energy ranges. The fact that most particles
in the SM adhere to such more complex interactions provides strong motivation to explore this
important higher-energy parameter space. Figure 11 show possible recoil spectra for selected
interactions, taken from reference [259]. Further motivation to also probe higher recoil ener-
gies stems from the presence of Galactic streams that may result in higher recoil energies than
from the customarily assumed isothermal halo [71, 72, 260-264].

In case of discovery, features in the higher NR tails of recoil energy spectra might be used
to determine the property of the dark matter—matter interaction. Further, the high-energy NR
tails of the recoil spectrum are especially sensitive to astrophysical parameters that describe
the dark matter velocity distribution, such as the maximum velocity, Galactic escape speed
[42, 265], or the presence of tidal streams [74, 266, 267]. By employing multiple experiments
with different target materials, it is possible to significantly reduce astrophysical uncertainties.
For example, the complementarity between argon and xenon-based targets aids to determine
the properties of the dark matter particle [157, 176, 268-271].

2.10. Simplified models

Despite the fact that dark matter—nucleus scattering is characterized by low-energy processes
(for which EFTs could provide swift analyses and some general conclusions), further explo-
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ration of the internal structures in the interactions between dark matter and SM particles would
involve high-energy processes such as those probed at colliders and in the early Universe.
At sufficiently high energies, the EFT treatment will break down, as the internal mediators
generating the effective dark matter—SM couplings become on-shell.

Simplified models of dark matter can provide a predictable framework to remedy the afore-
mentioned problem, while keeping the number of free parameters manageable, see e.g. refer-
ences [272-276] and references therein for review and [277-282] for some specific studies. In
the simplest scenario, only the dark matter mass, mediator mass and a few couplings (depend-
ing on the specific models) connecting the dark sector to ours are assumed. This can readily
build the interplay among dark matter signals in direct detection, high-energy colliders and
astrophysical/cosmological evolution. In light of these complementary approaches, it should be
noted that a next-generation xenon experiment is particularly well-suited to probe most of the
remaining parameter space in some broad classes of simplified models, e.g. Z' mediated WIMP
models [283]. In some realizations of simplified models, the tree-level dark matter—nucleon
scattering cross section could exhibit either velocity-suppressed or spin-dependent features to
pass the current strong constraints from the existing liquid xenon limits. Examples are a pseudo-
scalar or axial-vector current in the interactions of the mediator with the SM quarks and/or the
dark sector [284]. It is also worth mentioning that the tree-level interactions between the dark
matter and the SM in simplified models can generate loop processes which may still induce
detectable signals. These can play important roles in future of direct detection experiments
such as the one proposed here [285-303].

2.11. Electroweak multiplet dark matter

One particularly simple case among WIMP candidates is the dark matter particle as the lightest
member of an electroweak multiplet. This is in essence the original WIMP model, sometimes
also called the ‘minimal dark matter’ scenario [304—-306]. Where ‘WIMP’ refers to particles
interacting through the weak force, this WIMP is the same an as electroweak multiplet, by
definition. The interaction between the dark matter and the SM particles are therefore medi-
ated by the SM gauge bosons and the Higgs boson, without the need to introduce additional
mediators. Since the interactions are governed by the SM gauge invariance, this is a very pre-
dictive scenario and serves as an example of a simple and elegant WIMP dark matter model
that is still largely unexplored by experimental searches.

In this model, the fermionic multiplets only have gauge interactions at the renormalizable
level. One of the simplest models is a singlet with an additional neutral scalar stabilised by a Z,
symmetry [307]. In general, we could consider multiplets (1, n, ¥) under the SM gauge group
SUB)e x SU2), x U(1)y. The mass scale of the electroweak multiplet is set by a vector-like
mass parameter. After electroweak symmetry breaking, the mass spectrum of the multiplet is
not exactly degenerate. Minimally, the degeneracy will be lifted by electroweak loop correc-
tions [304, 305, 308—-311]. For a large multipletn > 7, the Landau pole will be about one order
of magnitude above the mass of electroweak multiplet [312], which makes the model contrived;
conversely, new physics below the scale of the Landau pole may lead to an asymptotically safe
scenario [313]. Ultimately, perturbative unitarity of the annihilation cross section provides a
limitof n < 14 [311, 314].

Sommerfeld enhancement [315-320] and bound state effects [321-325] need to be included
in accurate calculations of predictions. Target masses of the electroweak multiplet dark matter
are in the range of 1-30 TeV [306, 324, 326] for n < 7, but can approach the unitarity bound
for larger multiplets, which saturates at n = 13 [311, 314]. These masses are beyond the reach
of the LHC [327-330] and would require one of the proposed future high energy colliders
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Figure 12. Expected spin-independent scattering cross-section for Majorana multiplets
(red) and for real scalar multiplets (blue), assuming the Higgs portal coupling Ay = 0).
Vertical errors correspond to LQCD uncertainties on the elastic cross-section, horizon-
tal errors indicate uncertainties from the determination of the WIMP freeze out mass.
The next-generation experiment discussed here will fully probe these classes of highly
motivated WIMP dark matter models. Reproduced from [311]. CC BY 4.0.

[311, 331-333]. In contrast, the direct detection of the electroweak multiplet dark matter is
through one-loop processes involving the SM W, Z, and Higgs bosons. The spin-independent
cross sections have been computed to be around 10747 cm? for the Majorana triplet (wino)
[334] and 10~*® cm? for the Dirac doublet (Higgsino) [335]. The other cases are expected to
be within the same order [314]. As shown in figure 12, this level of spin-independent cross
section is well within the reach of the next-generation liquid xenon detector discussed here
[311,336,337]. To avoid confusion, note that the LZ line in reference [311] corresponds to the
sensitivity from the LZ design reports [108, 338] instead of the goals shown reference [99].
For an explicit phenomenological framework which captures most minimal supersymmetric
Standard Model (MSSM) parameters [339], the significant boost of the next-generation xenon
experiment to probe the possibility that the lightest supersymmetric particle is the dark matter,
see e.g. figure 3(a) in reference [340].

2.12. Implications for supersymmetry

One classic WIMP dark matter model is the lightest supersymmetric partner (LSP). Supersym-
metric models, such as the MSSM, with an exact R-parity, predicts that a stable electrically
neutral LSP could be a cold dark matter candidate [140]. There are three possibilities for a sta-
ble neutral LSP: sneutrino, gravitino and neutralino. Among them, the most attractive scenario
for direct detection is neutralino dark matter. For a general review on supersymmetry (SUSY)
and its low-energy phenomenology, see [341].

In the MSSM, two neutral higgsinos and two neutral gauginos could mix with each other
after electroweak symmetry breaking to form four mass eigenstates called neutralinos. Current
direct detection is sensitive to the scattering of WIMPs off nuclei through tree-level Higgs
exchange. Thus, existing data has ruled out a significant part of the parameter space of the
‘well-tempered’ neutralino scenario [342], in which the LSP is a mixed neutralino (e.g. mixed
bino and higgsino) with the right thermal relic abundance and couplings to the nucleus through
the Higgs boson.
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Yet, there are large regions of parameter space unprobed by current experiments. In the
MSSM, the reason is that for an LSP that is predominantly a bino, there is a general reduc-
tion of the spin-independent direct detection cross section for negative values of the higgsino
mass parameter p. This reduction is induced by a decrease of the coupling of the bino to the
Higgs boson [343], as well as by a destructive interference between the contributions of the
standard Higgs with the ones of non-standard Higgs bosons [344, 345]. The same happens
in other minimal supersymmetric extensions, like the NMSSM, but for a singlino dark matter
candidate, the reduction occurs for positive values of i [346]. Moreover, there are regions of
parameter space, called blind spots, in which the scattering amplitude is drastically reduced
[343, 344, 346, 347]. The precise parameter space associated with these blind spots is slightly
modified by loop corrections [348]. Quite generally, for the appropriate signs of 1, the spin-
independent scattering cross section can easily be below 10~#” cm? [346, 349—351]. This range
of cross sections are out of the reach of current experimental searches but can be probed by
next generation direct detection experiments like the one discussed here.

In addition to the well-tempered neutralino at the blind spot, nearly pure wino or hig-
gsino dark matter can scatter off nuclei elastically at one-loop level with a small cross section
[220, 352]. The pure wino scenario has been strongly constrained by indirect detection of
gamma rays from the Galactic center [353, 354] and local spheroidal satellite galaxies [355,
356], although the former is subject to large uncertainty from the dark matter profile. The spin-
independent pure wino-nucleon cross section is around 2 x 10~#’ ¢cm? [334], which can be
probed by next-generation direct detection experiments. The elastic scattering cross section of
the higgsino is found to be below 10~*® cm? with a large theoretical uncertainty [335]. Depend-
ing on the mass splitting between neutral higgsinos, the inelastic scattering of higgsino dark
matter could be potentially probed with such a future experiment [256].

It is also possible that dark matter could have multiple components, such as a combination
of very light QCD axions and neutralinos in a supersymmetric theory that solves the strong CP
problem [357]. In this scenario, direct detection experiments probe the dark matter fraction of
the WIMP times its scattering cross section, and the next-generation experiment is motivated
as its improved sensitivity now corresponds to a sensitivity to smaller fractions of dark matter
[358—363]. In a most optimistic scenario, this same detector might then even detect multiple
different components of dark matter, see section 3.

2.13. Inelastic dark matter

iDM was originally proposed [252] to resolve the tension between results published by the
DAMA/LIBRA collaboration [364—366] and other direct and indirect observations [367-369].
Multiple particle candidates have since been proposed as iDM [319, 370], mostly motivated
by the measured DAMA/LIBRA spectrum and the constraints for other experiments. Although
ultimately this model failed given later exclusions from XENON100 [371], iDM has sparked
significant theory development and has remained as an interesting and well-studied family of
dark matter models. A common feature is a dark matter particle that scatters off SM particles
through an excited state of the dark matter particle itself. The mass difference of the excited
state J imposes a threshold on the energy transfer of the interaction, below which interactions
are suppressed. This threshold on the energy transfer E,,; limits the population of dark matter
that can interact with a given target to those with a minimum velocity S, expressed by

1 MNEnr
min — +9 > (2)
p 2MNEy; ( o )

where My is the nucleus mass and y is the reduced mass of the dark matter and target parti-
cles. Enforcing this constraint alters the spectrum of the expected interaction and can result
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in peaked recoil spectra [71, 252], strong dependencies on the particular target material [372],
or halo distributions with differing high velocity behavior [373]. Note that number-changing
interactions that involve multiple dark matter and one standard model particle (Co-SIMPs) lead
to similar effects, since rest mass is converted to kinetic energy [374]. Calculating this spec-
trum for a given detector can be done in a model-independent way; software packages have
been developed [375] to perform these calculations in a consistent manner. Dedicated searches
for iDM are thus required and have been carried out in XENON100 [189], PandaX-II [376],
and LUX [377].

2.14. Self-interacting dark matter

Self-interacting dark matter (SIDM) [379, 380] is a leading candidate that can resolve both
long-standing and more recent tensions between small-scale structure observations and pre-
vailing cold dark matter predictions, see [381] for a review. SIDM phenomenology is also
expected if the dark matter is composite (section 3.10) or arises from a mirror world scenario
(section 3.12). Dark matter self-interactions, analogous to the nuclear interactions, can ther-
malize the inner Galactic halo in the presence of the stellar component and tie dark matter
and baryon distributions in accord with observations [382—385]. In many particle physics real-
izations of SIDM, there exists a light force carrier that mediates dark matter self-interactions
[386—397]. When the mediator couples to SM particles, it may generate dark matter signals in
direct detection experiments [398]. For a typical SIDM model, the mediator mass is comparable
to or less than the momentum transfer in NRs. Compared to WIMPs with a contact interac-
tion, the SIDM signal spectrum is then more peaked toward low recoil energies [378, 399],
see figure 13. Thus the detection of such a spectrum can be an indication of the self-scattering
nature of dark matter. Even a null result can put a stringent constraint on the coupling constant
between the two sectors. Recently, the PandaX-II collaboration analyzed their data based on an
SIDM model with a dark photon mediator and derived an upper bound of ~10~1° [400, 401]
on the kinematic mixing parameter between the dark and visible photons. Limits from liquid
xenon experiments set the strongest constraints also on light SIDM models [402]. The next-
generation liquid xenon experiment discussed in this review will further test SIDM models,
and dark matter models with a light mediator in general.

2.15. Leptophilic interactions

While past efforts in direct dark matter detection have mostly focused on WIMP couplings
to nucleons, it is also possible that dark matter would couple preferentially to leptons. Such
‘leptophilic’ dark matter candidates have been discussed extensively in the context of the cos-
mic ray positron excess observed by PAMELA [403] and AMS-02 [404], as well as the bright
511 keV x-ray signal from the Galactic Center [405], and the high-energy cosmic ray electron
data from DAMPE [406]. Leptophilic dark matter is easily realized in concrete models. This is
the case, for instance, if dark matter interactions with the SM particles are mediated by a new
gauge boson that couples predominantly to leptons [407-409]. Another example are dark mat-
ter interactions mediated by new scalar particles carrying lepton number, such as the sleptons
in supersymmetric models [410-414].

Even if the tree-level interactions of dark matter are leptophilic, couplings to nucleons can
be induced at loop level. In that case the WIMP—nucleon scattering is the more promising
detection channel, despite loop-suppression, as long as the WIMP is much heavier than the
electron [409, 413, 415—421]. The reason for this is the more favorable kinematics: the scat-
tering of a heavy WIMP (>>MeV) on an electron leads to a very small momentum transfer,
mostly invisible to a typical direct detection experiment.
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Figure 13. Predicted event rates at a xenon-based experiment for a SIDM model with a
light mediator (solid red), a model with three times the mediator mass (dashed magenta),
and the vanilla WIMP model with contact interaction (dotted green). The spectra are
normalized to have the same number of total events within the signal range. See [378]
for details.

However, there are scenarios in which WIMP couplings to nucleons are absent even at
the loop level. This can happen for instance if WIMP—-lepton interactions are mediated by
a new axial vector boson. In this case, the dominant direct detection signal is dark matter
scattering on electrons [415, 420, 422], and searches for this process have been carried out by
many experiments, including XENON100 [423—-425] and LUX [426]. Scattering on electrons
is particularly efficient for sub-GeV dark matter [427], making it the primary detection channel
in that mass range.

Scattering on electrons is also the most efficient channel for dark matter capture in the Sun
[415, 428, 429]. Therefore, if dark matter annihilates into a final state including high-energy
neutrinos, searches for these neutrinos from the Sun leads to highly competitive and comple-
mentary limits. On the collider side, strong limits on leptophilic dark matter are obtained from
LEP data [430]. Future lepton collider would lead to further improvements [431-433]. Progress
with these experiments will be complementary to advances from the experiment proposed here.

2.16. Modulation searches

As the Earth revolves around the Sun, a sinusoidal annual modulation should be observable in
the dark matter flux hitting direct detection experiments underground [49, 434], with details
depending on the phase space distribution of the halo [435, 436]. The DAMA/LIBRA collabo-
ration upholds a long-standing claimed observation of an annually modulating event rate [366]
with a statistical significance in excess of 9. However, most interpretations of this signal in
terms of WIMPs have been ruled out by numerous other experiments. A substantial level of
particle model fine-tuning is now required to reconcile the DAMA/LIBRA observation with
other null results [69, 437]. Moreover, experiments such as ANAIS [438, 439], COSINE-100
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[440, 441] and SABRE [442] attempt to replicate DAMA/LIBRA with an identical sodium
iodide target but have not found any evidence of modulation.

A next-generation liquid xenon experiment will be robustly constructed using long-term
infrastructure that is made to last multiple years or even decades. Combined with the extremely
low background and large target mass, a next-generation experiment may be the ideal experi-
ment to perform an annual modulation search. An annual modulation analysis thus is an integral
part of the primary dark matter data analysis, with a sensitivity enhanced by the long data taking
time spanning many annual cycles.

A diurnal modulation is guaranteed for most dark matter candidates due to the varying speed
of the Earth relative to the dark matter wind as the Earth rotates, though this will be around
two orders of magnitude smaller than the annual modulation. However, if dark matter interacts
more strongly inside the Earth, then there may be a much larger diurnal modulation effect
as the Earth’s ‘shadow’ eclipses the dark matter wind from the perspective of an experiment
[443-446]. Such shadowing effect also provides additional sensitivity to cosmic-ray boosted
dark matter (CRDM) with mass lower than around 1 GeV [447]. Many models within the scope
of a future xenon experiment will exhibit such a modulation (section 3).

Experimentally, the challenge for detecting diurnal modulations remains to understand sub-
1% variations in detector parameters on a daily basis rather than from weekly or monthly
calibrations. In a massive next-generation detector, spatial variation of quantities such as light
collection efficiencies may be inherently greater, but there is no reason to assume that temporal
variation will be worse than in contemporary detectors. These experiments can teach us how to
better control variation, through existing logging of temperature and pressure data as function
of time, and excellent handles for temporal systematic uncertainties [64, 108], especially when
coupled to frequent calibrations using fast-decaying radioisotopes such as 33mKr [448, 449].

2.17 Confronting the neutrino fog

As the size and sensitivity of direct detection experiments improves, the detectable signal of
dark matter will become so small that it will reach a level similar to the strength of the CEvNS
signal of astrophysical neutrinos [164, 174, 450]. While there is a substantial science case for
the detection of astrophysical neutrinos in their own right (section 5), for dark matter searches
they are a critical background.

When searching for a signal that is mimicked by a background, discovery is only possi-
ble when an excess in events is larger than the expected statistical fluctuations and systematic
uncertainties of that background. For the neutrino background, the systematic uncertainties on
the flux normalizations dominate, which range from 1%—-50%. Many of the particle models
discussed here will eventually be limited in some way by the neutrino background, in both the
ER [451, 452] and NR channels [164, 453-456]. This background is often referred to as the
‘neutrino floor’, or more accurately, the ‘neutrino fog’, as it represents a gradual worsening
of sensitivity and a dependence on the systematics of the neutrino flux. Various definitions of
this neutrino fog have been put forward [457]. Just like any generic limit on dark matter, the
shape of a neutrino fog is dependent on nuclear [458], astrophysical [172] and particle model
[258,454,455] inputs for the dark matter signal. Given non-standard neutrino-nucleus interac-
tions, these could be further modified [459, 460] and even raised by several orders of magnitude
[461].

Unlike many other backgrounds, neutrinos cannot be shielded, so they must be dealt with
statistically, or by searching for some discriminating features. Techniques that have been dis-
cussed in the past include exploiting the differing annual modulation signatures [462], or the
complementarity between different target nuclei [463]. However, only direction-dependence
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provides enough of a discriminant to fully subtract the background [464—468], but measuring
this in any large-scale experiment is extremely challenging.

Fortunately for the next-generation xenon experiment, extending the dark matter physics
reach below the neutrino fog will be facilitated by complementary measurements made by
neutrino experiments. Taking the example of standard WIMP—nucleon cross sections, the most
important backgrounds will be 3B solar neutrinos for WIMP masses below ~10 GeV/c?, and
atmospheric neutrinos above that. The 8B flux is measured at the 2% level from Solar neutrino
data [469]. The atmospheric flux on the other hand, is difficult to measure and to theoretically
predict at the relevant sub-100 MeV energies, so it still has a ~20% uncertainty (section 5.3
and [165]). Any reduction in these uncertainties will, in effect, ‘lower’ the neutrino fog. Indeed,
gradual improvements in neutrino flux measurements are expected independent of the exper-
iment under discussion here. For example, experiments like SNO—+ [470], JUNO [471] and
DUNE [472, 473] will be either operating or under construction over a similar timescale to the
next-generation xenon experiment.

In figure 14 we show how the minimum discoverable spin-independent cross section for a
100 GeV WIMP evolves with increasing exposure in a xenon experiment. The brief plateau
in the discovery limit is the impact of the atmospheric neutrino background. However, in the
limit of high statistics, the number of observed background events will eventually be large
enough to account for the finite uncertainty. At this point, the discovery limit breaks past the
neutrino fog and smaller cross sections can be accessed. Comparing the different lines, we
see clearly the importance of the systematic uncertainty. A future improvement down to ~4%
would be enough to extend the reach of a 1000 tonne-year xenon experiment almost an order
of magnitude into the neutrino fog at high masses [474]. This is where much of the remaining
supersymmetric WIMP candidates [352, 475-477], as well as many alternative WIMP models
[289, 478, 479] lie.

3. Broadening the dark matter reach

Liquid xenon experiments have already demonstrated that they are versatile detectors with
significant sensitivity to a variety of non-WIMP dark matter models. Traditionally, WIMPs are
searched-for using analyses that exploit the ER/NR discrimination capability of liquid xenon
and achieve the lowest NR background of any dark matter direct detection technology. To
broaden this reach, a number of different analyses and technologies are available as presented in
this section. This in turn enables liquid xenon experiments to achieve competitive sensitivity to
a number of dark matter models that are also described here. In particular, subsections 3.1-3.5
describe dedicated analyses and technologies to lower the energy threshold of liquid xenon
TPCs. Subsections 3.6—3.9 describe models that especially profit from such lower thresholds,
and subsections 3.8—3.13 models where the signal can be in the ER band. Subsections 3.14
and 3.15 describe two models that require dedicated analyses to increase the reach of liquid
xenon TPCs to complex interactions and up to Planck mass dark matter, respectively.

With the WIMP model being probed extensively by experiment, the community is in parallel
starting to work on detector concepts that can probe dark matter over a much wider mass range
[480], in particular covering thermal relic particles in the MeV /c? to GeV /c? mass range
[427,480-484]. Searches in this lower mass range were pioneered with liquid xenon detectors
[485]. While many experiments optimized for very low-energy recoils now exist [486—490],
liquid argon [491, 492] and xenon [181, 493, 494] TPCs still remain the leading technologies
even for sub-GeV masses. There is thus significant interest in achieving the lowest-possible
energy threshold in a next-generation liquid xenon detector.
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Figure 14. Spin-independent discovery limits at m, = 100 GeV as a function of the
expected number of atmospheric CEvNS events N, and the fractional uncertainty on the
atmospheric neutrino flux, d® agm /P am. Reprinted (figure) with permission from [474],
Copyright (2020) by the American Physical Society. Three scaling regimes as a function
of N are shown with dashed lines: (1) ‘background-free’ o ~ N~!, (2) Poissonian o ~

N2 and (3) saturation o ~ /(1 + 6®*N) /N. The bottom panels in each case show

the logarithmic scaling exponent defined as: np., = dlnopr/dIn N. This figure shows
the importance of the neutrino flux systematic uncertainty in extending the dark matter
physics reach below the neutrino fog.

Figure 15 visualizes the relevant dark matter scattering kinematics. For a maximum-velocity
dark matter particle (v = vese + Vgarn) and a head-on dark matter—nucleus collision, it shows
the maximum recoil energy for either elastic scatters resulting in a nuclear xenon recoil, or
inelastic scatters resulting in ERs. For a given energy threshold, this translate into a minimum
mass for the dark matter particle to be able to leave a signal in the xenon target. As can be
seen, lowering the threshold increases the dark matter mass range that the detector is sensitive
to. Further, inelastic scatters as discussed below can be used to probe drastically lighter dark

matter candidates (see e.g. reference [497]).

3.1. Double photoelectron emission

In the traditional analysis where both primary scintillation (S1) and ionization (S2) signals are
read out, the energy threshold of two-phase liquid xenon TPCs is set by the smallest scintillation
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Figure 15. Maximum recoil energy transferred in elastic dark matter interactions to a
xenon nucleus (blue) or in iDM interactions to an electron (green). Currently-achieved
energy thresholds are indicated for both the traditional S1 + S2 analysis [96, 495] as
well as a S2-only analysis [181]. The ultimate thresholds for an ideal detector are also
shown (13.7 eV for inelastic scatters [119] and 0.3 keV for elastic NRs [496]).
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Figure 16. Superposition of single photon pulse area spectra of a R11410 PMT for dif-
ferent wavelengths. Each spectrum is normalized by the integral in the region between
50-120 mV ns in order to show the effect more clearly. Reproduced from [500]. © 2015
IOP Publishing Ltd and Sissa Medialab srl. All rights reserved.

signal that can be confidently discriminated from background sources. Typically, dark matter
experiments require an n-fold coincidence of PMTs within a short time window for a pulse
to be classified as an S1. The optimal value of n (typically in the range 2—4) is a compromise
between signal efficiency and the rejection of fake S1 pulses, caused by random coincidences
of PMT dark counts [498].
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Figure 17. 90% CL upper limits on the spin-independent WIMP—nucleon cross section
obtained using the single-photon population producing DPE in the LUX 2013 WIMP
search. The observed limit with a 0.3 keV NR energy cut-off is shown in solid black,
with 1o and 20 sensitivity bands shown in green and yellow. The dashed black line is
derived from the same analysis but with a model cut-off at 1.1 keV. Both of these results
correspond to the NEST v.2.0.0 model. The upper limit using a 0.3 keV NR energy cut-
off with the newer NEST v.2.0.1 model is shown using a dotted black line. Also shown
are other results current at the time, namely from the LUX 2013 search [504] (gray), the
LUX complete exposure [63] (red), DarkSide-50 [491] (green), PandaX-II [65] (blue),
PICO60 [67] (lilac) and CDMSLite [486] (purple). Reprinted (figure) with permission
from [503], Copyright (2020) by the American Physical Society.

This methodology makes no attempt to otherwise discriminate dark count background
pulses from actual photon-induced pulses. However, it is known that, for some PMT photo-
cathodes, the energy of the liquid xenon scintillation photons (175 nm or 7 eV [499]) is enough
to produce two photoelectrons on the PMT photocathode a fraction of the time, resulting in
pulses that are on average twice as large as a single photoelectron pulse.

This so-called double photoelectron emission (DPE) effect can therefore be exploited to
increase the signal efficiency beyond the standard n-fold optimisation, provided that the DPE
fraction and efficiency gain can be properly calibrated. This requires the precise determination
of the PMT DPE probability, which depends strongly on the wavelength of the impinging
light, as well as on the composition and thickness of the photocathode. For the widely-used
Hamamatsu R11410 PMT model, a wavelength scan was performed with single photons down
to the VUV range on one unit [500] (see figure 16). The inter-PMT variability due to the
photocathode manufacturing process has also been measured at low temperature with a batch
of 35 R11410-22 PMTs [501]. Measuring the DPE probability is also crucial for pulse area
calibration. A pulse area in ‘photoelectrons’ does not represent the number of photon hits
detected, but can be understood and calibrated if the DPE probability is known. Experiments
have reported average values of their PMT DPE probability of around ~10%—-20% given liquid
xenon scintillation light [502, 503].
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Figure 18. Shown are 90% confidence level upper limits (black lines with gray shading
above) on spin-independent dark matter—nucleus scattering with the dark matter mass,
m,, on the horizontal axis. The thick black line is the result from the XENONIT charge-
only analysis. Other results are shown from XENONIT in blue [96], LUX in orange [63],
PandaX-II in magenta [400], DarkSide-50 in green [491], XENON100 in turquoise [137,
506]. Dotted lines show the XENONIT limit when assuming the Q,, from NEST v2.0.1
[516] cut off below 0.3 keV. Reproduced from [181]. CC BY 4.0.

The LUX experiment exploited this DPE to lower the coincidence condition from two PMTs
to just a single PMT with an S1 pulse consistent with DPE [503] (figure 17). In general, an
experiment may lower its n-fold condition by requiring that a subset of PMT hits are consistent
with DPE. A PMT with a low dark count rate and high DPE probability might enhance the low-
energy reach of a next-generation dark matter experiment with a straightforward extension of
the analysis [S05].

3.2. Charge-only analysis

Interactions from WIMP candidates below ~ GeV /c? would produce scintillation (S1) signals
close to or below the typical low-energy threshold of liquid xenon TPCs. This loss of efficiency
can be bypassed by removing the requirement that the S1 signal be detected at all, and lever-
aging the inherent gain in the S2 signal [181, 491, 505-508]. Relaxing the requirement of an
observed S1 allows events which resulted in even a single extracted electron to be analyzed.
This increased sensitivity to low-mass dark matter candidates comes at the expense of recoil-
ing particle discrimination (usually from the S2/S1 ratio) and accurate determination of the
z-coordinate (usually from the delay between the S1 and S2 signals). While sometimes these
analyses still make use of S1 pulses to reject background events, when they do not require an
S1 to be present, they are commonly referred to as ‘charge-only’ or ‘S2-only’ analyses.

Thus far, charge-only analyses have been background-limited due to large single- and few-
electron backgrounds, which have yet to be reliably quantified and mitigated [S07-515]. The
extended drift volume of a next-generation detector may be subject to stronger electron lifetime
effects, but will also provide improved identification of S2s originating from the bottom of the
detector because of increased electron diffusion (resulting in wider S2 pulses). Additionally,
xenon contamination from out-gassing or surface detachment of impurities will benefit from
the relative scaling of volume and surface area. Despite being background limited, charge-only
analyses have been used to set leading limits on dark matter interaction rates, see figure 18.
The sensitivity of liquid xenon TPCs to signals at the level of single electrons results in leading
sensitivity to sub-GeV WIMPs as well as other particle models. Specifically, charge-only anal-
yses are especially good for detecting ER signals, as their S1 is much smaller than for a NR
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of the same S2 size. A charge-only analysis in a next-generation detector will further improve
this sensitivity over the current generation of xenon TPCs (see also figure 15).

3.3. General dark matter-induced atomic responses

A dark matter particle with mass in the MeV-GeV range can deposit enough energy in the
collision with an electron in a xenon atom to ionise the target and produce a detectable S2
signal in a TPC detector [415, 427]. This charge-only analysis has mainly been performed
with models where the interaction between dark matter and electrons is mediated by a new
hypothetical force carrier such as the dark photon [181, 492, 507]. To avoid confusion, here
the dark photon acts as force carrier, as opposed to the analysis described in section 3.8.1, where
the dark photon itself is the dark matter candidate. In this framework, the total ionisation rate
for a given xenon orbital can be expressed in terms of a single target-dependent ionisation form
factor, which is a function of the initial and final state electron wave functions [415, 427].

Xenon detectors can also probe more complex models, such as those where the amplitude for
dark matter scattering by a free electron, M, depends on the initial electron momentum [517].
These include models where dark matter couples to electrons via magnetic dipole or anapole
interactions. By expanding M using effective theory methods similar to the ones previously
discussed in the context of dark matter—nucleon interactions (see section 2.5.1), reference [517]
found that the most general form for the total ionisation rate of a given xenon orbital is a linear
combination of four target-dependent atomic responses, which are defined in terms of initial
and final state electron wave function overlap integrals. Assuming that dark matter is made of
fermions with mass in the MeV—-GeV range and interactions dominated by electromagnetic
moments of higher order, such as the electric and magnetic dipoles or the anapole moment,
reference [518] showed that liquid xenon TPCs can shed light on whether dark matter is a
Dirac or Majorana particle. By using Monte Carlo simulations and a non-trivial extension of
the likelihood ratio test to the case where one of the hypotheses lies on the boundary of the
parameter space, only about 45-610 signal events are required to reject Majorana dark matter
in favour of Dirac dark matter at 3 sigma confidence level.

3.4. Migdal effect and bremsstrahlung

The progressive loss of the scintillation (S1) response with decreasing NR energy impedes the
ability of liquid xenon TPCs to reach sensitivity for sub-GeV dark matter masses. However, the
standard dark matter—nucleus interaction can also induce an inelastic atomic scattering signal.
The Migdal effect [521] predicts the ionization of the atom with some (small) probability due
to the sudden nuclear acceleration caused by the dark matter collision, resulting in excitation
and ionization processes from the electrons [522]. Since ERs produce a more detectable signal
than NRs, this channel enables liquid xenon detectors to reach dark matter masses of order
~100 MeV/c? [494, 519, 523, 524], see figure 19. The sensitivity of liquid xenon detectors to
sub-GeV dark matter achieved using the Migdal effect is competitive with other detectors that
are dedicated to searches of light dark matter [56, 58, 490]. Figure 20 shows a conservative
projected Migdal sensitivity for a next-generation detector assuming LZ detector parameters
with an extended exposure of 300 tonne-years, equivalent to e.g. a 56 tonne fiducial mass and
5.4 live-years. However, the Migdal effect has not yet been observed directly in dark matter
targets. A dedicated calibration could be performed using a low-energy neutron beam [525].
This could provide a direct test of the theoretical predictions of the Migdal effect.

Similar to the Migdal effect, nuclear bremsstrahlung searches leverage the fact that in liquid
xenon at low energies, ERs produce a stronger signal than NRs [497]. Bremsstrahlung searches
consider the emission of a photon from the recoiling atomic nucleus. In the atomic picture this
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Figure 19. Limits on the spin-independent light mediator dark matter—nucleon interac-
tion cross section at 90% confidence level using signal models from the Migdal effect
and bremsstrahlung in the XENONIT experiment with the S1-S2 data (blue contours
and lines) and charge-only data (black contours and lines). The solid and dashed (dot-
ted) lines represent the lower boundaries (also referred to as upper limits) and Midgal
(bremsstrahlung) upper boundaries of the excluded parameter regions. Green and yellow
shaded regions give the 1 and 20 sensitivity contours for upper limits derived using the
S1-S2 data, respectively. The upper limits on the spin-independent dark matter—nucleon
interaction cross sections from LUX [494] and XENONIT charge-only (elastic NR
results) [181] are also shown. Reproduced from [519]. CC BY 4.0.
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Figure 20. Spin-independent sensitivity for the ER-inducing Migdal effect for the case
of a heavy scalar mediator. The S1-S2 sensitivity (black, solid) and the charge-only
sensitivity (violet, solid) are shown. The charge-only analysis improves the sensitiv-
ity by more than two orders of magnitude with respect to the standard S1-S2 analysis
(red, solid). Experimental limits from similar analyses in LUX (blue, solid) [494],
XENONIT (green, solid) [181] and CDEX (gray, solid) [520] are also shown.

43


https://creativecommons.org/licenses/by/4.0/

J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 Topical Review

can be viewed as the dipole emission of a photon from a xenon atom that has been polarized
in the dark matter—nucleus scattering. In xenon, the emission of the bremsstrahlung photon is
more heavily suppressed compared to the Migdal effect and hence results in a weaker signal for
all interaction types [526]. The theoretical motivation and event rates for bremsstrahlung have
been derived in reference [497] and searches using liquid xenon detectors have been published
in reference [66, 494, 527].

3.5. Hydrogen doping

Kinematically, the large xenon nucleus (average mass 122 GeV/c?) is not well suited for an
efficient transfer of energy from Galactic dark matter with mass <1 GeV/c?. As a result, nearly
all of the resulting xenon NRs fall below the energy threshold for detection. A possible solution
for enhancing the sub-GeV sensitivity of liquid xenon TPCs is to dissolve a lighter species in
the liquid xenon bulk [528]. In this configuration, the lighter nucleus becomes the dark matter
target, and the xenon becomes the sensing medium.

This strategy exploits two of the primary advantages of the liquid xenon medium. First, the
high atomic number and density of liquid xenon provides excellent self-shielding of external
backgrounds from the central volume of the detector. Such a suppression would not be possi-
ble in a similarly-sized detector comprised of the light species alone. Second, the high yield
of detectable quanta (electrons and photons) resulting from low-energy particle interactions
makes xenon an ideal sensor for the recoiling light nuclei.

Having the lightest nucleus of any element, hydrogen is kinematically the best candidate
species for detecting interactions from sub-GeV dark matter and astrophysical neutrinos [529].
The lone proton comprising hydrogen’s nucleus additionally provides unique sensitivity to
the spin-dependent dark matter coupling to protons. Likewise, doping the xenon target with
deuterium would provide similar sensitivity to the neutron-only couplings. There are still sig-
nificant open questions concerning the actual feasibility of adding H; to a liquid xenon TPC.
Drifting electrons in the detector’s gas space will be cooled down by the hydrogen and there-
fore the electric field strength needed to extract quasi-free electrons out of the liquid and into
the gas space will be increased [530]. Furthermore, the light yield of xenon electrolumines-
cence will be suppressed. Molecular species within the liquid space are also known to quench
the S1 light production. S1 as well as ionization signals for H, mole fractions up to 5.7% have
been observed in a 26 atm gaseous xenon TPC from *! Am 5.5 MeV alpha particles [531],
although there is a reported loss of about half of the S1 and electron signals for an H, mole
fraction of 1.1%. Helium is also a viable option as the light mass target species, as it would
not have the signal quenching properties of H,, but its spin-dependent sensitivity would be
comparatively poor. Introduction of helium into the detector might not be suitable if PMTs are
used as a photosensor due to its ability to diffuse into and degrade the PMT vacuum [532], but
could be considered if SiPMs are used instead of PMTs.

3.6. Upscattered dark matter

The sensitivity reach of liquid xenon detectors for sub-GeV dark matter is significantly
enhanced if some dark matter particles receive a kinematic boost from up-scattering with cos-
mic rays [456, 533-538]. This process, often denoted CRDM, will create a small population
of fast or even relativistic dark matter particles. This in turn provides sensitivity to liquid xenon
experiments to dark matter with masses several orders of magnitude below 1 GeV. Cosmic ray
up-scattered dark matter is only a fraction of the Galactic dark matter population, with an abun-
dance and flux that depends on the dark matter—cosmic ray scattering cross section, the local
dark matter density, and the local interstellar spectrum of cosmic rays. Relatively large cross
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section values of e.g. oy 21073 cm? for m, = 1 GeV are required to have a notable impact
on the sensitivity of a typical liquid xenon detector. For spin-independent interactions, liquid
xenon experiments are competitive with and complementary to existing neutrino experiments
[447, 533, 535], which have sensitivity in a similar region of parameter space. Additionally,
cosmic-ray upscattering extends the sensitivity of liquid xenon detectors to iDM models with
mass splittings up to ~100 MeV [539].

Another upscattering mechanism extending the sensitivity of liquid xenon detectors to dark
matter masses down to keV scales is a process called ‘solar reflection’ [540—-545]. This is based
on the observation that scatterings on thermal electrons and nuclei within the Sun can accel-
erate light dark matter particles. This could give rise to an observable flux of highly energetic
particles in a liquid xenon TPC detector.

3.7 Dark matter annihilation products

In several models of so-called ‘neutrino portal’ dark matter, Galactic dark matter self-
annihilates into neutrinos [546—550]. These in turn may be detected at direct detection experi-
ments with high rates via CEvNS (see section 5.1.1). A next-generation liquid xenon detector
would be sensitive to the flux of these neutrinos for dark matter mass (respective neutrino
energy) of [0.01-1] GeV/ c? [551]. The sensitivity to this neutrino flux would complement
neutrino detectors such as Super-Kamiokande.

Similarly, dark matter may annihilate into another component of dark matter, which, if rela-
tively light, may receive a Lorentz boost [552, 553]. Thanks to its higher kinetic energy, such a
light annihilation product might in turn be discovered in a direct detection experiment. A next-
generation liquid xenon TPC will be sensitive to the effective baryonic coupling of thermal
boosted dark matter that is as low as the weak interaction [551].

Alternatively, dark matter may annihilate or decay within the target volume of future liq-
uid xenon detectors [554]. Considering deposited energies up to a few MeV, the relevant final
states include annihilation into v+ and e~ e™, and decays into v, yv and e~ e™. Although the
sensitivity obtained is not as high as the current limits from cosmological considerations [555]
and x-ray measurements [556], this is a complementary approach in a well-understood back-
ground environment and free of the large uncertainties typically present in indirect detection
experiments.

3.8. FIMPs and super-WIMPs

Broad classes of non-WIMP dark matter candidates are feebly interacting massive particles
(FIMPs), which are produced by the thermal freeze-in mechanism [557, 558], as well as super
weakly interacting massive particles (super-WIMPs), which are produced by the decay of a
freeze out-produced state to a lighter state which is secluded from the SM [559]. Both classes
share the feature that they couple to SM particles with cross sections far smaller than the weak
scale. These include fermions such as sterile neutrinos [560] and gravitinos, both of which
only couple to the SM gravitationally and thus are impossible to observe in a typical direct
detection experiment. However, both multi-GeV bosonic and fermionic FIMPs and ke V-scale
bosonic FIMPs or super-WIMPs can couple to light SM particles in such way to be observed
with low-background experiments [561-563]. We note here that dark sectors with non-trivial
dynamics, for instance an early Universe thermal phase transition, allow freeze-in production
of dark matter in the mass range 10 keV/c* < m < 100 MeV /c? with relatively large scatter-
ing cross section with nucleons and/or electrons, which blurrs the distinction between FIMPs
and WIMPs [564]. In the following, we give two examples of possible keV-scale candidates,
namely dark photons and axion-like particles (ALPs), and discuss related signals.
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3.8.1. Dark photons. Dark photons, more properly dark Z' vector bosons, are a possible FIMP
or super-WIMP candidate if they are stable over cosmological time scales [561], and even
if unstable, they can act as the mediator of dark matter—SM interactions [481]. Like axions,
they are well motivated in many UV constructions, and have the advantage over some other
candidates of having a mass which is naturally protected from large corrections. In addition
to production related to the usual thermal freeze-in or freeze-out, there is also an attractive
universal inflationary fluctuation mechanism that gives the observed relic density depending
only on the vector-boson mass and inflationary scale [565]. Furthermore, dark photons can
be produced in a non-thermal way through the misalignment mechanism [566] if they have
a non-minimal coupling to gravity [567, 568]. As is known from the related case of axions,
the relic density then has contributions from inflationary perturbations or the vacuum conden-
sate, and thus can produce a cold dark matter candidate despite the low mass of the relevant
particle.

A well-studied interaction of dark photons with the SM is via kinetic mixing [569] with
hypercharge, and thus with both the SM photon and the Z-boson [570, 571]. As a consequence,
dark photons can be absorbed in a detector with a cross section proportional to the photoelectric
cross section. The expected signal is therefore a mono-energetic ER peak at the dark photon
mass.

Direct detection experiments have set competitive constraints on kinetic mixing parame-
ter x of dark photons, in a mass range from several to hundreds of keV [181, 495, 568]. A
next-generation detector such as the one discussed here will have improved sensitivity to this
mixing parameter «. Further, dedicated low-energy calibrations, for example using *’ Ar diluted
in the liquid xenon, will help to improve the search in the keV mass range and reduce the rel-
evant detector-specific systematics to negligible levels for a discovery experiment. Using a
low-energy charge-only analysis (section 3.2), the sensitive mass range can be extended to
the sub-keV level, see e.g. reference [572]. In addition, XENONIT data already results in
the current-best limits on the solar emission of dark photons for some masses [573]. These
channels offer significant room for improvement with a next-generation detector.

3.8.2. Axions and axion-like particles. The QCD axion is a pseudoscalar Nambu—Goldstone
boson originally proposed as a solution to the strong CP problem of QCD [574—576]. The QCD
axion is also an excellent dark matter candidate [577-581]: as they acquire their mass via non-
perturbative QCD effects, they are stable on cosmological timescales. Further, QCD axions
offer a variety of well-motivated production mechanisms [582]. They couple to the SM very
weakly, with couplings suppressed by a high energy scale f,. In terms of this unknown (but con-
strained) scale, QCD axions are predicted to have a mass m, ~ 5.7 ueV(10'> GeV/f,) [583].
The strict lower bound f, 2 few x 107 GeV (see [584]) arising from astrophysical constraints
[585-589] and the solar axion helioscope CAST [590] implies that QCD axion dark matter is
beyond the reach of detectors like the one discussed here, and requires dedicated experiments.
However, axions produced in the Sun would have thermal spectra with keV energies, and could
be detected with a xenon TPC as discussed in section 6.1.

ALPs are a generalization of the QCD axion in that they share many of the same properties,
except that the strict relationship between the mass and the scale f, is relaxed and that the
various possible couplings of ALPs to the SM vary over greater ranges than the QCD axion.
In particular ALPs can be both much lighter than the QCD axion or much heavier. These
particles do not solve the strong CP problem, but nevertheless are good dark matter candidates
and can show up abundantly in theories for physics beyond the SM, in particular string theory
[591-595]. In a similar way to dark photons, ALPs can be detected via an analogous process
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to the photoelectric effect [596]. For dark matter ALPs, the resulting signal is again a mono-
energetic spectrum of ERs at the ALP mass, with an event rate proportional to the square of
the dimensionless axion—electron coupling g,,.

Due to their ultra-low ER background levels, liquid xenon TPCs have placed the strongest
constraints to date on keV ALP dark matter [181, 495, 507, 572, 597-602]. Next-generation
detectors including the one discussed here will continue to set world-leading constraints [1].

3.8.3. Solar axions, dark matter, and baryon asymmetry. As discussed in section 6.1, a liquid
xenon TPC can detect the QCD axion and ALPs from the Sun for sufficiently large couplings
of the axion with electrons or photons. Such relatively large couplings correspond to a small
decay constant, f,, of the axion. In this case, the cosmological abundance of axions produced
by conventional mechanisms [577-579, 603] is too small for the axion to explain the observed
dark matter. However, the axion abundance can be large enough to be dark matter in the various
scenarios proposed in references [604—610], with couplings that are sufficiently large to be
detected in the proposed detector.

In one such cosmological scenario for example [609], a non-zero field velocity delays the
onset of field oscillations, enhancing the axion abundance relative to the conventional mis-
alignment mechanism. For ALPs, this field velocity can simultaneously explain the baryon
asymmetry of the Universe [611]. Fitting the ratio of dark matter to baryon abundances predicts
the axion coupling in terms of its mass m,

1/2
e ) 3)

o ~2x10 e, G V*l(
Bay €y e meV

where ¢, is a model-dependent constant of order unity. For any axion mass, this is much
larger than the photon coupling of the QCD axion. A next-generation liquid xenon TPC with
a 1000 ton-year exposure can probe this coupling down to g, ~ 3 x 107" GeV~! [612],
corresponding to m, ~ meV.

3.9. Asymmetric dark matter

Asymmetric dark matter is one of the most motivated non-WIMP dark matter candidate. Sim-
ilar to the physics that sets the SM cosmic baryon abundance, asymmetric dark matter posits
that the dark matter relic density is determined by a dark-sector particle—antiparticle asymme-
try associated to a new conserved quantity [613—624]. Then, similarly to protons and baryon
number, the lightest symmetry-carrying state in the dark sector is cosmologically stable. If 1y
and 74, are, respectively, the baryon and dark matter asymmetries, and if like for baryons and
anti-baryons the process of particle—antiparticle annihilation is efficient in the dark sector, then
the ratio of the dark matter to the baryon densities is given by
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Here, myy, is the mass of the lightest asymmetry-carrying dark matter particle.

In many beyond the SM theories, the asymmetries are naturally equal and opposite, up to a
computable coefficient which is of order ~1. Thus, in this case we have an explanation of why
the observed baryon and dark matter densities are so close, Qqm ~ 5Qg, if nmgm ~ few GeV /c?.
This strongly motivates searches for dark matter particles in the ~1—-10 GeV/c? mass range.
Independently-motivated theories, such as those based on ‘neutral naturalness’ Twin Higgs
[625] or composite Higgs explanations of the LHC-data driven little hierarchy problem for the
weak scale also predict dark-sector states in this mass range [395, 626—628].
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In theories such as Twin Higgs, the leading interactions of the individual asymmetric dark
matter particles with the SM are due to Higgs-portal and/or kinetic mixing with hypercharge,
so often the direct-detection phenomenology is similar to the case of WIMPs with these
interactions. In other cases the leading higher-dimensional interaction of the individual asym-
metric dark matter particles arises from the ‘connector’ interaction that determines the relation
between 14, and 17z [389, 629-632], or can sometimes be related to a freeze-out process involv-
ing heavier states [633]. In effect, since the freeze-out mechanism is no longer setting the dark
matter density, the scattering cross section of asymmetric dark matter with the SM can be
smaller (or larger) than that for WIMPs.

3.10. Composite dark matter

Similar to the rich set of cosmologically stable composite states that exist in the SM sector, all
or part of the dark matter density might be in the form of bound states of individual dark matter
particles. This is a natural possibility if the dark matter is part of a dark sector (as is in turn often
so in explicit constructions of physics beyond the SM), or if the dark matter is self-interacting.
These composites may be strongly-bound ‘dark (hidden) pions’ or ‘dark (hidden) baryons’ in
dark (hidden) QCD [634—638]; ‘dark nuclei’ or ‘dark nuggets’ [255, 639-644] of possibly
extremely large dark nucleon number; ‘dark atoms’ [395, 645, 646] made of dissimilar stable
dark matter particles; or they could be weakly bound two-body ‘dark-onium’ states of identical
or conjugate particles [321, 647—-650]. Further, topological solitons such as "t Hooft—Polyakov
monopoles [651, 652] might exist in the dark sector and provide a form of composite dark
matter with a rich phenomenology [392]. Q-balls [653] can also be thought of as a form of
nontopological composite states, carrying a conserved quantum number, the Q-ball description
sometimes applying to bound states of bosonic dark matter particles.

Such composite states typically give rise to a variety of new or modified signatures in direct
detection experiments. One of the most studied case is that of large dark nuclei in which case
the recoil spectrum is modified by a characteristic quasi-universal dark sector form factor
[255, 654—656]. Since there is often an N?> (N >> 1) dark nucleon number coherent enhance-
ment in the direct detection scattering cross-section, which is not present in the collider produc-
tion of (pairs of) individual dark matter particles, the usual collider bounds on direct detection
cross sections can be significantly weakened [255]. In addition, many of these composite states
have low-lying excitations, leading to a rich set of possible inelastic signatures (section 2.13).
It is also possible to have an enhanced diurnal modulation signal as a consequence of the
dissipative dynamics that is naturally associated with such composite dark matter states [657].

3.11. Absorption dark matter

If a dark matter particle is absorbed in a direct detection experiment, its mass energy may be
transferred to the nucleus, leading to a recently-proposed, distinct dark matter direct detec-
tion signal [658, 659]. Such a process can be realized from a UV-complete theory where the
dark matter has a mass-mixing with the SM neutrino and the incoming dark matter is con-
verted into a neutrino after scattering through a neutral current (NC), x + N — v + N. Since
the mass of the dark matter dominates this process, the resulting NR energy has a sharp peak at
E, ~ mi /(2my). The first search for such a mono-energetic recoil signature was performed in
PandaX-4T [660], with a resulting constraint on the absorption dark matter—nucleon scattering
cross section at the level of 107°° cm?.

Another possible absorption process is the induced beta-decay through a charged current
(CC) x +4N — e~ +4 |N. The corresponding signature has multiple correlated signals: the
ejected energetic electron, the recoil of the daughter nucleus, a gamma from the de-excitation
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of the daughter nucleus, and possibly another beta-decay of the final nucleus if that is unstable.
It is also possible that such an absorption happens when dark matter interacts with electrons
[661-663]. The signature in a direct detection experiment is a mono-energetic ER. Currently
the strongest constraints on this channel are also provided by PandaX-4T [664].

3.12. Mirror dark matter

Closely related to both asymmetric and composite dark matter is the idea of mirror dark matter
[665—668]. This is the intriguing idea that an exact copy of the SM in the dark sector is invoked
with an unbroken symmetry between the two. Like some other asymmetric and composite
dark matter models, mirror dark matter can generate signatures both in NRs similar to those
expected from ~7 GeV /c*> WIMPs with a cross section around 10-* ¢m?, as well as in ERs
[669-671]. The strongest direct detection constraint on the kinetic mixing currently comes
from LUX [672], with a factor of ~2 better projected sensitivity for the current-generation
detectors [572]. Mirror dark matter as a hypothesis is potentially entirely falsifiable by the
next-generation liquid xenon experiment discussed here [673].

3.13. Luminous dark matter

It is possible to construct models where the dominant signal of the dark matter originates from
photons. These photons could be observed in direct detection experiments as a monoenergetic
line produced by dark matter decay from an excited state [674, 675]. The excited state could
be populated through upscattering in or near the detector (and have short lifetimes ~1 us) or
in the Earth (lifetimes ~ (1-10) s). For this scenario to work, the elastic cross section needs to
be small relative to the inelastic cross section. A simple way to achieve this is with a magnetic
dipole operator which couples two distinct Majorana fermions that have a keV-order mass
splitting. Such ‘luminous dark matter’ was first proposed as a potential explanation of the
DAMA/LIBRA modulation [674] and has since been used to explain the recent XENONIT
excess [676]. While the former scenario is now strongly constrained, the latter scenario will
be confirmed or ruled out by a next-generation liquid xenon experiment.

3.14. Magnetic inelastic dark matter

A natural scenario where dark matter dominantly scatters off nuclei through an inelastic tran-
sition in the dark sector (section 2.13) is the case of a magnetic dipole interaction [677]. This
model relies on the fact that fermionic dipole operators vanish for Majorana fermions. Thus,
if a dark matter Dirac fermion state is split into two nearly degenerate Majorana fermions,
an elastic dipole transition is forbidden, leaving the leading dark matter interaction to be an
inelastic magnetic dipole transition [678—681].

For magnetic iDM, the sensitivity of a direct detection experiment is modified by both the
kinematic constraints of inelastic transitions and by the dependence on the charge and magnetic
dipole moment of the target nuclei [677]. Depending on the dark matter mass splitting and
the size of the dipole moment, the excited dark matter state can also decay in the detector,
thus yielding both a NR from the initial scatter and an ER from the decay shortly thereafter.
Searching for the photons produced by this decay can be an additional handle on uncovering
such a scenario [675, 682]. A dedicated search has been performed by XENON100 [683], with
the proposed experiment providing significantly improved sensitivity not only due to the lower
background and longer exposure, but also due to the larger size of the detector, which translates
into a sensitivity to longer decay times.
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Figure 21. Per-nucleon spin-independent scattering cross sections and dark matter
masses that can be probed by liquid xenon dark matter detectors via dedicated searches
for multi-scatter signals. For cross sections above oypvp (horizontal green lines) one
expects dark matter to scatter multiple times in the detector while transiting. The maxi-
mum mass reachable (vertical green lines) is limited by the total integrated flux of dark
matter in the detector over the run-time of the experiment. Masses up to and beyond
the Planck mass ~ 10'® GeV/c? may be probed with a next-generation detector. Only
smaller cross-sections and smaller masses are probed by the standard single-scatter
analyses (blue lines). Reproduced from [156]. CC BY 4.0.
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Figure 22. Predicted background spectrum around the Ov 53 energy region of interest
(ROI) for a proposed next-generation dark matter experiment. Rates are averaged over a
FV containing 5000 kg of liquid xenon with natural isotopic abundance. Bands indicate
410 uncertainties. The orange line represents a hypothetical signal corresponding to
Ty, =2 x 10%7 years. Reproduced from [710]. CC BY 4.0.
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Figure 23. Efficiency of Ov3/3 signal acceptance and background rejection as a function
of the minimum distance for individual reconstruction of energy depositions. The three
signal lines (blue) compare different energy and angular distributions for the Ov3 signal
based on a back-to-back electron emission, a mass mixing mechanism and a right-handed
current model. The background rejection efficiency is shown for vs (red) and electrons
(green) with E'= Q5 = 2457.8 keV. The vertical line (gray) corresponds to the value
assumed here. Bands indicate +2¢0 uncertainties. Reproduced from [710]. CC BY 4.0.

3.15. Dark matter around the Planck mass

The observed local dark matter mass density could be made up of few but very massive dark
matter particles with masses around the Planck mass ~10'* GeV /c?, as opposed to numerous
lighter particles. Super-massive species are motivated by supersymmetric and grand unified
theories (GUTs) [684], or production by Hawking evaporation of early Universe primordial
black holes [685, 686]. In extensions of the WIMP scenario, with two thermal relics, one of
which has a finite lifetime, super-massive dark matter particles with stronger interactions than
typical electroweak WIMPs are naturally expected [687], and provide excellent targets. The
detection of any such particles could help determine parameters of the early Universe such as
inflation [688], or an epoch of early matter domination [687, 689] leading to efficient primordial
black hole production. Their existence could also imply new light mediators beyond the SM
[690].

Due to the small number density, the flux of these particles through a given detector would
be very low, and thus any detection would both imply and require a very high scattering cross
section, such that almost all particles impinging on the detector prompt a signal. When the cross
section becomes high enough that these particles would interact more than once in the detector,
discovery requires a dedicated analysis looking for multiple-scatter events. Such events are
typically discarded in WIMP-like dark matter analyses, leaving many orders of magnitude of
unexplored parameter space, see figure 21. In this multiple scattering regime, a next-generation
liquid xenon experiment would be capable of probing dark matter masses up to and beyond
the Planck mass ~ 10'” GeV [156], in a complementary way to the range that could be probed
using dedicated neutrino experiments [691-693]. A dedicated search using the DEAP-3600
liquid argon detector has already been published [694]. Clusters of dark matter formed through
self-attraction [640, 654, 695], such as ‘dark blobs’ or ‘dark nuggets’ [255, 640, 655, 656] could
exist at these high masses and create tracks if they have sufficiently large cross-sections.
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Figure 24. Predicted median T?}’2 sensitivity at 90% CL as a function of the exposure
time for a next generation TPC detector containing 40 t of liquid xenon with natural iso-
topic abundance. The band indicates the sensitivity range between a baseline radio purity
scenario at a depth of 3500 m water equivalent to a scenario with neutrino dominated
background. Sensitivity projections for future '3Xe 033 experiments [710-714] are
shown for comparison. Reproduced from [710]. CC BY 4.0.

4. Double beta processes

4.1. Neutrinoless double beta decay of ¥ Xe

Among the main intellectual challenges facing the nuclear and particle physics communi-
ties today are the neutrino-mass generation mechanism, the absolute neutrino-mass scale, and
the neutrino-mass spectrum. One of the best ways to address these fundamental questions
is to search for neutrinoless double beta decay (0v35) [696—699]. The observation of this
rare nuclear decay process, forbidden in the SM, would imply that the lepton number is vio-
lated by two units and confirm the Majorana nature of the neutrinos. It would also provide
invaluable information about the dominance of matter over antimatter in the Universe, because
two matter particles—electrons—are emitted in the decay without the balance of the corre-
sponding antiparticles. Double beta decay can occur in the two xenon isotopes '**Xe [700]
and '3%Xe, with the latter offering a larger sensitivity to the Ov(3(3 half-life (T?}’z). The best
experimental constraint on the '*Xe 0v3/3 half-life, T?}’2 > 1.07 x 10 years (90% CL), is

set by the KamLAND-Zen collaboration using '*Xe dissolved in a liquid scintillator [701].
Among double-beta experiments, only "°Ge, 32Se, '%’Mo and '*°Te offer Ov3/3 half-life limits
comparable to '3Xe [702-707]. The EXO-200 collaboration demonstrated that better energy
resolution and background rejection can be achieved with a liquid xenon TPC [708], and the
PandaX-II collaboration conducted a first search using a dual-phase natural xenon detector
[709]. XENONIT recently demonstrated that energy resolutions below o'/ = 1% at Q5 can
be achieved in liquid xenon TPCs used for dark matter searches [116].

A next-generation liquid xenon detector will contain multiple tonnes of the '*¢Xe isotope,
either at the natural abundance of 8.9%, or, as a possible upgrade, using enriched xenon.
Given a TPC design optimized for WIMP searches, a detector instrumenting ~40000 kg
of non-enriched xenon can already improve the sensitivity to Ov 33 decay by more than one
order of magnitude over current limits, without any interference with its primary dark matter
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science goal. Taking advantage of the excellent self-shielding of liquid xenon, the material-
induced gamma ray background can be suppressed below the total intrinsic background rate
(section 7.2). Figure 22 shows the relevant sources of background with a hypothetical Ov 33
signal for the innermost 5000 kg of natural xenon in the TPC of a proposed next-generation
detector [710]. The background from material-induced gamma rays will be further reduced in
more massive detectors than the one simulated in figure 22.

Selecting ultra-low background materials for construction can further reduce the material
contribution as well as the background rate from ?>’Rn, which emanates from material sur-
faces into the target volume. A sufficiently deep laboratory suppresses cosmogenic background
sources, such as the in situ activation of '3*Xe by muon-induced neutrons (producing '*’Xe)
[715, 716], down to the limit set by electron scattering of solar ®B neutrinos. Optimizing
the detector design for an improved spatial resolution would allow to further exploit back-
ground rejection, based on the different topology of background and signal events caused by
bremsstrahlung radiation, as shown in figure 23. Combining these measures, the experimental
sensitivity can be further enhanced to make a next-generation dark matter detector competitive
to dedicated next-generation, tonne-scale Ov33 experiments, as shown in figure 24. Naturally,
a larger target mass would allow further gains in self-shielding and even more competitive
sensitivity to rival the next generation of dedicated experiments. Isotopic enrichment in **Xe
would further improve this sensitivity, as it linearly increases the signal, although this also
increases the background rate from the two-neutrino double beta decay (2v373) of **Xe and
B-decay of 37Xe.

In addition, there exist mechanisms of Ov 33 decay where the lepton-number violation nec-
essary for the decay is due to a lepton-number violating mechanism other than the standard
scenario of exchange of light neutrinos. A large fraction of these models can be tested using
an EFT approach [717-726] which in the case of chiral EFT also provides a hierarchy for the
relevant nuclear matrix elements [727-736], along similar lines as described in section 2.5 for
dark matter. These theoretical models can thus be used as a low-energy test of new physics
phenomena that complements high-energy searches at accelerators.

Besides the search for Ov 3 decay, precision measurements of the 23 decay can reduce
the experimental uncertainty on the 233 nuclear matrix element [737] and constrain the
underlying nuclear theories [699, 738, 739]. In situ measurement of this decay can be per-
formed directly in the detector, even with a natural xenon target [740]. This is especially
relevant regarding Ov 33 decay, because predictions of nuclear matrix elements disagree by a
factor three or more, severely limiting the interpretation of current limits and the physics reach
of future searches, for instance in terms of neutrino masses [699, 739]. The nuclear many-body
methods used to calculate Ov/33 nuclear matrix elements are generally the same that are also
used to obtain the nuclear structure factors in section 2.6. The nuclear shell model among other
more phenomenological approaches yields most predictions [725, 741-749], complemented
by recent ab initio studies [736, 750-752]. A precise 2v 3 spectrum shape measurement can
provide insights toward reliable Ov3 nuclear matrix element calculations [753]. In addition,
precision measurements of 233 decay can also be used to probe new physics. For example,
right-handed lepton currents affect the angular and energy distributions of the decay [754],
MeV-scale sterile neutrinos can be searched for through kinks in the 233 spectrum [755, 756],
and neutrino self-interactions can leave an imprint on the spectrum as well [757]. Because lep-
ton number is not necessarily violated in 233 decay, this is independent of the neutrino nature
and can be used to constrain or pinpoint properties of both Majorana and Dirac neutrinos.
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4.2. Double electron capture on '**Xe

Similar to double beta decay, double electron capture is a second order weak interaction process
[758, 759] with extremely long half-lives. Two electrons are captured from the atomic shell and
two protons are converted into neutrons. In the SM decay, two neutrinos carrying virtually the
total Q-value are emitted and leave the active volume undetected (2vECEC). The measurable
signal is constituted by the atomic de-excitation cascade of x-rays and Auger electrons that
occurs when the vacancies of the captured electrons are refilled. In a liquid xenon detector, this
cascade is measured as a single resolvable signal at 64.3 keV for the double K-capture [760] as
the most likely case [761]. The half-life of this decay is of great interest with regard to nuclear
matrix element calculations, as it provides a benchmark point from the proton-rich side of the
nuclide chart [762-764]. A precise measurement would help to narrow down uncertainties,
which in turn have implications on the neutrino mass scale derived from Or 33 as discussed in
section 4.1.

Following hints in XMASS [765], the half-life of the '>*Xe double K-capture has recently
been measured by XENONIT [766]. At le/”fK = (1.8 £ 0.54a & 0.15y5) x 10%* years, it
agrees with recent theoretical predictions [762—764]. For comparison, this is about one order of
magnitude slower than the 2v/33 decay of '**Xe due to the small overlap of the K-electron with
the nucleus. Assuming a natural isotopic abundance similar to XENONIT, a next-generation
experiment would record on the order of 10 000 events in its full exposure. This will allow a
precision measurement of the double K-capture half-life to the percent level. Additionally, an
observation of the KL-capture and LL-capture would be within reach [761]. Their measurement
would help to decouple the nuclear matrix element from phase-space factors.

Beyond the SM, the double electron capture on '?*Xe without neutrino emission (OvECEC)
can complement Ov 5/ in addressing fundamental questions about the mass and nature of the
neutrino [767, 768]. To conserve energy and momentum, OvECEC is possible if the '**Xe
decay populates an excited state of the '*Te daughter nucleus, so that the final energy matches
the initial one. This scenario would allow a resonant enhancement of this channel, which would
be needed to provide accessible half-lives [769]. A suitable daughter state exists, but current
measurements of the Q-value indicate only an approximate match of the '**Te level, two-hole
energy, and Q-value that would only provide a minor enhancement [760]. If this decay is real-
ized, the experimental signature contains multiple v-rays emitted in a cascade, so coincidence
techniques could increase experimental sensitivity [770].

4.3. Other double-beta processes

The '**Xe Q-value of 2857 keV also allows second-order decays involving positrons [771].
Examples are the as-yet unobserved SM 20vECS™ and 2057 7 decays, as well as the hypo-
thetical OvEC3™ and Ov3" BT decays. The decay 2vEC™ is predicted to have a half-live one
order of magnitude above that of 2vECEC [772]. Exploiting the coincidence signature of the
positron annihilation and the atomic de-excitation cascade, this decay could already be within
reach of LZ and XENONNT [770, 773] and be a sure signal in the next-generation detector.
The 23131 decay is expected to be several orders of magnitude slower [772]. It exhibits
a unique signature with five point-like ionization clusters, located in the same plane with the
central vertex [774].

On the neutrinoless side, 0vECS ™ would be favoured in the absence of resonance enhance-
ment for OvECEC, even though the decay rate is expected to be suppressed by about three
orders of magnitude with respect to the Ov33 decay of '*6Xe [772, 775-777]. Here, the cur-
rent lower limits on the half-lives are on the order of 10%' years [778—780]. These would
be accessible to a large extent in a next-generation liquid xenon experiment when exploiting
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Figure 25. Astrophysical neutrino fluxes span many orders of magnitude in flux and
energy. This explains the different exposures and energy thresholds required to measure
them. Reproduced with permission from [786].

the coincidence signature of the atomic relaxation, the mono-energetic positron, and the two
subsequent back-to-back ~y-rays. Moreover, limits on half-lives of neutrinoless second-order
weak decays in '?*Xe could complement Ov33 searches in '*Xe and other nuclei and help to
identify the decay mechanism [770, 781-783]. These channels provide an exciting avenue for
the next-generation detector discussed here to complement ongoing searches for double-weak
processes.

5. Neutrinos for astrophysics

Many sources of astrophysical neutrinos exist [784, 785], and those in the relevant energy
range for xenon experiments are shown in figure 25 [786]. Overall, the flux is dominated by pp
solar neutrinos, which will be the leading source of low-energy ERs. Atmospheric neutrinos
have the highest energy and can induce sizable NRs of tens of keV through CEvNS; their
measurement is a goal of the next-generation liquid xenon experiment. A prominent source is
8B solar neutrinos as they lie in a sweet spot: their energy is high enough that NRs are visible
in dedicated xenon TPCs, while their flux is so large that a first measurement can be achieved
already with the currently-running generation of liquid xenon experiments.

A next-generation detector will make important advances in neutrino astrophysics, covering
low-energy realms that are out of the reach of experiments such as Hyper-K [787] or DUNE
[788]. This section outlines the scientific scope of the next-generation detector, including solar,
atmospheric, and supernova neutrinos, and discusses the unique interaction channels that this
detector will be sensitive to.
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5.1. Neutrino interactions

Neutrinos can interact with liquid xenon through CC and/or NC interactions to produce
detectable ER and NRs. The neutrino-induced rate is
E,, T
dR do(E,, Tr) dE

— =Nx ¢(Eu)><

v 5
dTR E,r/nin dTR ( )

where N is the number of target nuclei or electrons per unit of mass of detector material (for
nuclear and ERs, respectively), ¢(E, ) is the neutrino flux as a function of the neutrino energy
as shown in figure 25 [786], and E™" is the minimum neutrino energy required to generate a
recoil at an energy Tr. For a NR, in the limit where my > E,, the minimum energy is given
by

mNTR
2 9

(6)

Emin _
v
whereas in the case of an ER, it is given by

B = 2 (T4 VTar 1 2m0) ). )

The differential cross section depends on the nature of the interaction. In the next two
sections, we discuss CEvNS and the electroweak interaction, which constitute the major con-
tributions to the potential detectable signal for liquid xenon detectors.

5.1.1. Coherent elastic neutrino-nucleus scattering. In the SM, elastic neutrino-nucleon scat-
tering proceeds only through NC interaction with the exchange of a Z-boson. The resulting
differential neutrino-nucleus cross section as a function of the NR energy 7 and the incoming
neutrino energy E, is

mpy TR
2E2

2
T S (2 +Ngz)2<1 - )FZ(TRL ®)
where my is the target nucleus mass, Gy is the Fermi coupling constant, N the number of neu-
trons, Z the number of protons, g = —1/2, and g = 1/2 — 2sin” 6 ,,, where 6,, the weak
mixing angle. Because sin” 6, ~ 0.23, the cross section scales roughly with the number of
neutrons squared. The nuclear form factor F(7gr) describes the loss of coherence due to the
internal structure of the nucleus. For momentum transfers less than the inverse of the size
of the nucleus, the coherence condition is largely satisfied and F(7g) — 1. In lieu of experi-
mental data on the neutron distribution in the nucleus, a typical parameterization is the Helm
form factor [234] that is also commonly used for WIMP direct detection [167, 789]. Note that
equation (8) gives the leading form of the cross section, keeping only the coherently enhanced
part of the vector interaction; reference [790] has the complete expressions.

In effect, this CEvNS [791] increases the cross section for heavy nuclei such as xenon,
while pushing the recoil energy spectrum to small energies of keV or less. Given the excel-
lent performance of liquid xenon detectors at such low energies, this channel thus opens the
possibility to detect neutrinos from astrophysical sources with a target mass that is modest in
comparison to other neutrino detectors, see figure 26. In addition to providing the possibility to
measure some astrophysical neutrino sources for the first time, the fact that this interaction is
flavor-independent provides complementary information for sources that have been measured
by other neutrino detectors [792, 793].
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Figure 26. NR event rates from astrophysical neutrinos via CEvNS. ®B solar neutrinos
are expected to be measured first in the currently-running generation of experiments.
The detector proposed here targets a precision measurement of that flux, and a first
measurement of the atmospheric neutrino flux. Reproduced with permission from [786].

5.1.2. Electroweak interaction. The neutrino-electron electroweak interaction proceeds
through both CC (W-boson exchange) and NC (Z-boson exchange) interactions. In the free
electron approximation, the resulting differential neutrino-electron cross section as a function
of the ER energy T and the incoming neutrino energy E, is

dU(EV7 TR) _ G%me

, 9
dTR 271' ( )

m,T, TR\’
(g0 + 87 + (82— &) EZR + (g0 — 8a)* <l — ER>

v

where m, is the electron mass, Gy is the Fermi coupling constant, g, = 2 sin? 6, — 1 /2 and
g, = 1/2 are respectively the vectorial and axial coupling, and 6,, is the weak mixing angle.
In the context of v, 4+ ¢ — v, + e scattering, the interference coming from the addition of
the charge current leads to a shift in axial and vectorial couplings such as: g, — g, + 1 and
84 — 8, + 1. This is then contributing to enhance the v, 4+ ¢ — v, + e scattering cross section
with respect to the v, + e — v, + e cross section by about one order of magnitude. Further,
neutrino oscillations also are an important factor that needs to be taken into account to properly
calculate neutrino-induced event rates.

Low-energy ER starts to deviate from the simple free electron approximation below a few
tens of keV. Therefore, it is important to include corrections for the stepping of atomic shells
and atomic binding. This has been included into the calculation by using the relativistic random
phase approximation (RRPA) as presented in reference [163]. The inclusion of these atomic
effects result in a reduction of the neutrino-induced ER event rate below ~5 keV. Importantly,
this reduces the neutrino background in the [2—10] keV energy range by ~22%. Figure 27
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Figure 27. ER scattering rates from solar neutrinos. The step-wise decrease in event rate
toward low energies is due to the stepping approximation, where each step corresponds
to the energy levels of electrons in the xenon atom. Reprinted (figure) with permission
from [802], Copyright (2019) by the American Physical Society.

shows the ER event rate for different neutrino flux contributions. The wavy features in the
energy spectra are due to the stepping of atomic shells, smoothed by detector resolution effects.

5.2. Solar neutrinos

Experimental studies of solar neutrinos date back to over half of a century ago [794]. The pri-
mary goal of these experiments is to measure the different components of the solar neutrino
flux, in order to provide an understanding of the physics of the solar interior. Many different
types of solar neutrino experiments were operated, and they have evolved in their size and sci-
entific scope since the original experiments [795]. The combination of all solar neutrino data
with terrestrial experiments that study neutrinos in the same energy range has led to the LMA-
MSW solution to neutrino flavor transformation from the Sun to the Earth [796]. With this solu-
tion, at low energies <5 MeV, vacuum oscillations describe the neutrino flavor transformation,
and the electron neutrino survival probability is 250%. At energies =5 MeV, matter-induced
transformations describe the flavor transformation, with a corresponding survival probability
of >21/3.

However, in spite of all the theoretical and experimental progress in the field of solar neu-
trino physics over the past several decades, there are still outstanding questions that surround
some of the data. For example, three experiments (Super-Kamiokande [797], SNO [798], and
Borexino [799]) that are sensitive to ERs from neutrino-electron elastic scattering find that, at
ER energies of a few MeV, the data are ~2¢ discrepant relative to the prediction of the best-
fitting LMA-MSA solution. In addition, the recent measurement of the solar mass-squared
difference from solar neutrino data, in particular from the day—night Super-Kamiokande data
[797], is discrepant at the ~2¢ level relative to that measured by KamLAND [800]. Non-
standard interactions (NSIs) provide a possible solution to this discrepancy [801].

Another outstanding question relates to the measured neutrino flux, and how it is able to
inform the physics of the solar interior. There is a long-standing problem with standard solar
models (SSMs) and predictions of the abundances of heavy elements, or metals, in the Sun.
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Older abundance calculations [803] relied on many simplifying assumptions, but neverthe-
less fit solar observables well, in particular helioseismology data. More recent calculations
however [804], while more sophisticated in construction, were ultimately worse fits to the
data [804—807]. These calculations are referred to as high-Z and low-Z models respectively,
according to their relative predicted metallicities. Their disagreement is known as the solar
abundance problem [808], and has not yet been resolved. A global analysis of all solar neutrino
fluxes remains inconclusive [469]. A step toward resolving this problem will be to accurately
measure the flux of solar neutrinos from the carbon, nitrogen, oxygen (CNO) nuclear fusion
cycle, first achieved by Borexino [809], which is possible with the experiment discussed here
(section 5.2.4).

5.2.1. Boron-8 solar neutrinos (NR). Combined with the neutrino-electron scattering data
from SNO, Super-Kamiokande and Borexino, precision measurements of 8B neutrino induced
CEvNS in a next-generation liquid xenon detector will constrain the v, survival probability in
the 5—15 MeV range. A significant deficit from the theoretical prediction can be interpreted as
evidence of active-to-sterile neutrino oscillation [171]. A next-generation liquid xenon detector
will provide an independent measurement of the NC component of the solar ®B neutrino flux,
with an expected event rate of ~90 events per tonne-year [1], measured to be right in between
that predicted by the low and high metallicity SSM [498, 799, 810].

5.2.2. Hep solar neutrinos (NR). A future next-generation detector may detect neutrinos from
the minor branch of the pp chain that generates the most energetic neutrinos via the reaction
‘He + p — *He + e~ + v,. Along with ®B neutrinos, neutrinos from this hep reaction also
undergo adiabatic conversion in the solar interior. Neutrinos from the hep reaction have not
been directly identified in solar neutrino experiments; the best upper bound from the SNO
experiment is ~4 times greater than the SSM prediction [811].

5.2.3. pp solar neutrinos (ER). 'The possibility to use liquid xenon as a low-energy solar neu-
trino detector by means of v + e scattering was suggested in reference [812] but only now
is becoming a realistic measurement. A next-generation liquid xenon detector will provide a
new, high-precision observation of the ER energy spectrum induced by elastic scattering of
pp neutrinos, see figure 27. This, in turn, will improve measurements of the Sun’s (neutrino)
luminosity. The pp neutrino flux was first indirectly identified as a component of the Gallium
data, and Borexino was the first experiment to make a measurement of the spectral energy dis-
tribution of ER events induced by pp neutrinos [813]. The Borexino measurement uncertainty
on this component is now down to < 10% [799]. Further improving upon the measurement
of this component will better constrain the ‘neutrino luminosity’ of the Sun because pp neu-
trinos account for 86% of all solar neutrino emission [814]. Projections for a next-generation
xenon experiment indicate that the pp neutrino flux can be measured to 0.15% uncertainty with
300 tonne-years of exposure. Combined with a 1% measurement of the next-largest component,
"Be, such a detector could ultimately achieve 0.2% uncertainty in the neutrino-inferred solar
luminosity [815]. This will also have the important consequence of constraining alternative
sources of energy production in the solar interior [802].

5.2.4. CNO neutrinos (ER). The flux of CNO neutrinos from the Sun makes up less than 1%
of the Sun’s total neutrino luminosity but is sensitively dependent on the solar metallicity,
with higher metallicity models predicting a higher CNO component. A precise measurement
of the CNO flux would provide the necessary information to discriminate between the low
and high-Z calculations, thereby resolving the solar abundance problem directly. The very
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first measurement of CNO neutrinos was achieved recently by Borexino [809], though with
insufficient statistics to yet conclusively resolve the abundance problem.

Due to the small CNO luminosity fraction, measuring the CNO flux in a xenon TPC will
require large experimental exposures and well controlled backgrounds. A next-generation
liquid xenon detector would be capable of measuring the '*N and 'O fluxes individually
(20%-25%) even in the presence of the 233 decay background from '3®Xe [815]. Significant
improvements to the precision of these measurements can be achieved through depletion of
the natural xenon target from the '*®Xe isotope [802], while negating the possibility of a Ov3/3
search (section 4.1). Hence, both a natural xenon target and a '3°Xe-depleted target provide
exciting physics opportunities for a next-generation liquid xenon detector.

5.2.5. Neutrino capture on xenon-131 and xenon-136. Solar neutrinos may also be observed
through the neutrino capture process on xenon: v,+4,Xe— 4,Cs™) + e~ [816]. The isotopes
131Xe and '**Xe have sufficiently low reaction thresholds of Q = 355 keV and Q = 90.3 keV
for capture of all solar neutrino species. The prompt electron gives an ER with an energy that
is offset from that of the captured neutrino as E, = E,, — Q — E, where E, is the excitation
energy of the resulting Cs nucleus.

The possibility of tagging neutrino capture events which populate excited states in the prod-
uct Cs nuclei has been explored in reference [817]. The emission of y-rays and/or conversion
electrons during relaxation of the excited nuclear state in conjunction with the primary fast
electron provides opportunities for background rejection.

An especially high suppression of background can be achieved if a delayed coincidence
signature in the Cs de-excitation could be exploited. The product isotopes '3!'Cs and '3°Cs are
unstable with half-lives 9.7 days and 13.0 days, respectively. Detection of the corresponding
electron-capture and 3-decay signatures which occur long after the initial capture event may
also be possible. With abundances of 21.2% and 8.9%, one expects 0.6 and 0.7 neutrino capture
events per tonne of natural Xe per year on '*' Xe and '*°Xe, respectively [817].

5.3. Atmospheric neutrinos (NR)

The collisions of cosmic rays in the atmosphere produce neutrinos over a wide range of ener-
gies. A precise determination of this atmospheric neutrino flux depends on several factors,
including the cosmic-ray flux at the top of the Earth’s atmosphere, the propagation of cosmic
rays through the atmosphere, and the decay of the mesons and muons as they propagate though
the atmosphere to Earth’s surface. Since the flavors of neutrinos that are produced in the decays
are known, theoretical models accurately predict the ratio of the flavor components of neutri-
nos across all energies. However, the normalizations of the fluxes differ depending upon the
theoretical input.

While the atmospheric neutrino flux for energies = 1 GeV has been well studied by the afore-
mentioned experiments, the low-energy flux of atmospheric neutrinos, < 100 MeV, is difficult
to both model and measure [818]. The resulting energy spectrum of neutrinos corresponds to
that from muon and pion decay at rest, but the absolute normalization of the flux is less well
constrained, due to uncertainties that arise from several uncertain physical processes. A next-
generation dark matter detector will measure this neutrino flux at so-far unexplored low energy,
see figure 28. The flux at these energies is impacted by the geomagnetic field and modulated
by the solar cycle, but the corresponding effects, namely a larger modulation at higher latitudes
but an overall smaller flux at lower latitudes [819] will be challenging to discern, given the low
interaction rates. In fact, measuring atmospheric neutrinos will require an exposure of order
700 tonne-years [165], thus providing a benchmark target exposure for a next-generation liquid
xenon observatory.
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Figure 28. The differential fluxes of atmospheric neutrinos that are accessible by various
experiments, normalized such that the area under the curves is equal to unity. The flux
accessible to a next-generation xenon experiment (labeled G3 LXe) is shown in blue,
and reaches much lower in energy than Super-Kamiokande currently does (shown as
solid violet). Reprinted (figure) with permission from [165], Copyright (2021) by the
American Physical Society.

5.4. Supernova neutrinos (NR)

The next supernova event in the Milky Way or in nearby galaxies will provide unprecedented
information on the physics of neutrino propagation from the supernova core [820, 821]. For
example, large water Cherenkov detectors such as Super-Kamiokande will measure thousands
of events, mostly through the charged-current inverse beta decay channel, and hundreds of
events through various other elastic and inelastic channels [822—824]. Dark matter detec-
tors can play an important role in supernova neutrino astrophysics through their sensitivity
to supernova neutrinos via coherent elastic scattering, yielding complementary information
for example on the nature of stellar collapse and the explosion energy of the supernova
[825, 826].

5.4.1. Galactic supernova neutrinos. Current and future liquid xenon dark matter detectors
are uniquely sensitive to neutrinos of all flavors through CEvNS [827, 828], whether from
core-collapse (type II) [829, 830] or thermonuclear runaway fusion (type Ia) [831]. This pro-
vides a calorimetric measurement of the explosion energy going into neutrinos, independent of
oscillation effects [830]. The physics available with the statistics collected by a next-generation
liquid xenon detector would complement that of larger, dedicated neutrino observatories: in a
next-generation detector, there are of order 100 expected events from a core-collapse supernova
within 10 kpc of Earth [830].

CEvNS is the primary detection interaction from galactic neutrinos in liquid xenon detec-
tors, but charge current reactions are also possible. A supernova within 10 kpc could produce
a handful of charge current interactions in a next-generation detector, particularly interacting
with the 13¢Xe isotope [832, 833]. Even the large water Cherenkov veto volumes that typically
surround these detectors may record notable supernova neutrino event rates [834].
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Also possible are inelastic CC interactions of the supernova electron neutrinos with the
xenon nuclei. Such interactions, while creating an electron in the final state, leave the post-
interaction target nucleus in an excited state. Its subsequent de-excitation produces, among
other particles, gamma rays and neutrons [835, 836]. The electron and the de-excitation gamma
rays give rise to ERs. On the other hand, neutrino-induced neutrons (v1x) from the de-excitation
of the final state nucleus can create, through their multiple scattering on the xenon nuclei,
additional xenon NR events. The rate of vIn NR events is generally low compared to CE¥NS
NRs. However, it may still be possible to identify these vIn NR events using the capability of
large liquid xenon detectors to tag neutrons which undergo multiple scatterings, both within
the TPC and using the external neutron veto detector. Detection and identification of both ER
and NRs from supernova v, CC interactions, together with the NR events from NC CEvNS,
may thus provide an additional probe of the distribution of the total supernova explosion energy
going into different neutrino flavors.

Observations of astrophysical neutrinos are complementary to terrestrial experiments which
are sensitive to MeV-scale neutrinos [822]. The recent detection of CEvNS has provided novel
bounds on new physics, for example in the form of kinetic mixing, hidden sector models, flavor
models, and sterile neutrinos [791]. Future measurements of supernova neutrinos at dark matter
detection experiments can improve on this sensitivity [837], providing further information on
new physics models (see also section 6).

5.4.2. Pre-supernova neutrinos. In the event of a near-Earth (d < kpc) core-collapse super-
nova, future liquid xenon detectors will also be sensitive to neutrinos of all flavors that are
emitted by a massive star in its silicon-burning stage, a few hours prior to core collapse
[839, 840]. Due to lower stellar temperatures before collapse, these ‘pre-supernova’ neutrinos
are O(10) softer than supernova neutrinos, and therefore require low thresholds for detection
[841]. Figure 29 indicates that a next-generation liquid xenon experiment operating at 0.1 keV
energy threshold would detect, in a 12 h window prior to collapse, O(100) pre-supernova neu-
trinos from a massive star 200 pc away, e.g. Betelgeuse [838]. Such a detection would constitute
the first measurement of the final stages of stellar evolution, and provide a valuable warning
before the explosion. Pre-supernova neutrinos can also help constrain dark photon, axion, and
ALPs parameters [842-844].

5.4.3. Supernova early warning system. In order to be optimally prepared for the next super-
nova, the supernova early warning system (SNEWS) was developed [845]. SNEWS is an
inter-experiment network to prepare and provide an early warning for Galactic supernovae:
in contrast to the optical signal, neutrinos basically free-stream from the collapsing star and
thus reach Earth minutes, hours or even days before the optical counterpart becomes visible.
Therefore, by detecting supernova neutrinos, an early alert can be sent to astronomers to facili-
tate early observations of the Supernova [846]. SNEWS is in the process of being revamped and
amplified to SNEWS2.0 which will have a larger physics reach [847, 848]. The next-generation
detector discussed here will be able to contribute to this network.

5.4.4. Diffuse supernova neutrinos. In addition to the yield from a Galactic supernova event,
an exciting prospect is the detection of the diffuse supernova neutrino background (DSNB)
[849-851], i.e., the neutrinos emitted from past supernovae occurring across the Universe.
Modern predictions put this flux at approximately 6 cm~2 s~! [852] for neutrino energies above
17.3 MeV, including contributions from all neutrino flavors. In addition to being a probe on
supernova physics, the DSNB is an independent probe of the local core-collapse supernova and
cosmic star formation rate [849, 853]. Although this signal has not yet been directly detected,
there are strong upper bounds on the ¥, component of the flux from Super-Kamiokande [854].
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Figure 29. For a next-generation liquid xenon dark matter experiment with an assumed
target mass of 50 tonnes, the expected number of pre-supernova neutrinos above the
detection threshold is shown as function of time until the core collapse, for two different
stellar masses at a distance of 200 pc. Reproduced from [838]. CC BY 4.0.

The best predictions for the flux of all flavors, with an expected event rate of ~0.05 events per
tonne-year, implies that liquid xenon dark matter detectors with exposures ~1000 tonne-year
may have discovery potential to this signal above known backgrounds [450, 855]. Besides,
these detectors might be the only ones capable of probing the non-electron component of the
DSNB, thanks to their excellent sensitivity.

5.5. Terrestrial antineutrinos (ER)

The Earth is a rich source of antineutrinos with energies in the MeV range, due to radioactive
decays in Earth’s crust and interior [849]. A signal from these geoneutrinos has been mea-
sured at Kamland [856] and Borexino [857]. Coherent neutrino interactions with xenon will
produce recoil energies that are likely below experimental thresholds. However, depending on
exposure time, mass, and other backgrounds, several neutrino-electron scattering events may
be detectable in a next-generation xenon detector.

5.6. Other neutrino physics

5.6.1. Measuring the Weinberg angle. The solar pp flux is very strongly determined by the
luminosity constraint on the total neutrino flux, to a precision of ~0.4% [469]. The depen-
dence of the neutrino-electron cross section on the Weinberg (weak) angle sin” ,, thus allows
for an independent measurement of this quantity, at energies far below the reach of col-
liders. Precision determinations of sin?f,, must be made by running LEP measurements
(at ~100 GeV) down to lower energies. At present, the lowest-energy determination of sin? 6,
remains above the MeV scale [858]. ERs from pp neutrinos yield an exchanged momentum
on the order of ~keV, so a detection of the pp flux via ERs in next-generation xenon exper-
iments will cover new and uncharted territory. The next-generation xenon detector discussed
here would be able to constrain sin® 6, with (4-5)% precision [815] even without any addi-
tional constraints from other experiments. Alternatively, using the solar luminosity condition,
a liquid xenon experiment with a 200 tonne-year exposure can already yield a measurement
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Figure 30. Running of the Weinberg angle sin” f,, as a function of momentum scale
QZ, along with measured values. A deviation from SM predictions (black line) could
indicate the presence of new physics effects. The green band indicates the effect of a new
7' with my = 50 MeV, where the width of the band is determined by the strength of the
kinetic mixing parameter with U(1)y. An O(tonne-year) xenon dark matter observatory
can extend the reach of these measurements down to the keV scale, significantly to the
left of this plot, via the measurement of the pp solar neutrino flux. Reprinted (figure)
with permission from [861], Copyright (2014) by the American Physical Society.

of sin® @, with a precision of 1.5% at the keV scale [859]. This is complementary to measure-
ments using CEvNS of pion-decay neutrinos as achieved by the COHERENT collaboration
[860]. Applying the RRPA correction (see section 5.1.2 and [163]), the expected ER rate
from solar pp neutrinos is ~90 counts per 1000 tonne-day in the (0—15) keV energy range
(or 780 counts per 1000 tonne-day in the full energy range). Hence, a 150 tonne-year expo-
sure can reduce the statistical uncertainty in the measurement of sin® 6, down to 1.4% for the
energy transfer in the range of (0—15) keV.

A deviation of sin’ §,, from the computed value at low energies would be an indication
of new physics. For example, a new light gauge boson could lead to a different value at low
momentum Q. Figure 30 shows an example of the variation that could be produced by a
50 MeV Z'-mediator, with a coupling in the range required to simultaneously explain the muon
(g — 2),, anomaly [861-863].

5.6.2. Electron-type neutrino survival probability. The total electron-neutrino scattering rate
receives neutral-current contributions from all three flavors, but charge-current contributions
only from the electron-type neutrino. Consequently, a high-statistics observation of solar pp
neutrinos enables a liquid xenon experiment to directly measure the oscillation probability of
the electron-type neutrinos emitted from the Sun in an energy range that is not accessible to
any other experiment. Figure 31 shows that with an exposure of 300 tonnes-years, a liquid
xenon detector would measure the low-energy survival probability to 3%—4% [815]. Such a
measurement would serve as a test of the Mikheyev—Smirnov—Wolfenstein large mixing angle
(MSW-LMA) solution of neutrino oscillation and a probe of exotic neutrino properties and
NSIs. This can also be used to perform a solar-neutrino-only measurement of the magnitude of
the U3 entry of the neutrino mixing matrix, to search for very light sterile neutrinos in currently
unexplored regions of parameter space, and one can extend the sensitivity to the hypothesis that
neutrinos are pseudo-Dirac fermions by an order of magnitude [864].
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Figure 31. The v, survival probability versus neutrino energy, assuming the high-Z

SSM. Dots represent the solar measurements of pp (green), 'Be (blue), pep (orange),
and ®B (red) from Borexino. The upward (downward) triangle shows a measurement
of "Be (®B) from KamLAND (SNO). The open point indicates that a next-generation
liquid xenon experiment could enhance the precision of the v, survival probability to
0.02 below 200 keV, using solar pp neutrino events. The pink band represents the 1o
prediction of the MSW-LMA solution. Reproduced from [815]. CC BY 4.0.

5.6.3. Searching for new physics of neutrinos. A next-generation liquid xenon detector will
also be a powerful tool to search for new physics of neutrinos via elastic neutrino-electron
scattering. An extensively-studied scenario of new physics of neutrinos is the so-called NSI
[865], which might play a potentially important role in future long-baseline experiments such
as DUNE [866]. In addition, there has also been rising interest in new interactions mediated by
light mediators [867—870]. A next-generation liquid xenon detector can significantly improve
the sensitivity to sterile neutrino mixing parameters, particularly if solar neutrino detection via
elastic neutrino-electron scattering (pp component) and the CEvNS channel (3B component) is
combined with reactor neutrino data from JUNO [871]. Notably, the correlation of the mixing
angles sin” ), and sin’ #;4 can be broken by a combined analysis of these complementary data
sets.

It has been shown that when combined with a radioactive source, a multi-tonne-scale lig-
uid xenon detector can significantly improve current bounds on leptonic NSIs [872] and light
mediators, thanks to the high electron density in liquid xenon. In addition, xenon nuclei lie in
a range where radiative corrections are particularly sensitive to new weak isospin conserving
processes from new physics and are insensitive to isospin violating processes [873]. Consid-
ering solar neutrinos as the source, since the Borexino experiment has demonstrated excellent
sensitivities to such new interactions [874, 875], especially to v, interactions, it is expected
that a next-generation liquid xenon detector will be superior in searching for new physics of
neutrinos [876].

6. Additional physics channels

At the time of writing, an excess of ER events below 7 keV has been reported by XENONI1T
[495]. With a statistical significance of about 30, this excess has received enormous interest
from the community [374, 573,602, 612,661, 676, 868, 869, 877-1004]. We refrain here from
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discussing whether one or the other explanation is more likely and instead mention the various
explanations in the respective sections of this review.

6.1. Solar axions

Originally postulated to resolve the strong CP problem in QCD [574-576], axions have
emerged as a suitable non-baryonic dark matter candidate [577-579, 1005, 1006]. As such,
there has been a growing interest in the last few decades to search for axion particles in gen-
eral, and for axion dark matter in particular [594, 1007—-1012]. They may be sought in the dark
matter galactic halo within which they would cluster [1013] as a cold dark matter axion.

Independently of being dark matter, if an axion or ALP exists in nature, then it should
be produced copiously in the hot solar plasma [1014, 1015]. Due to the ~keV temperature
of the Sun, solar axions are produced with roughly thermal fluxes in the 1-10 keV energy
range, and are thus well-suited for detection in xenon experiments. Via their coupling to the
photon, g, the most widely considered process of axion production is Primakoff conversion in
which photons convert into axions inside the electromagnetic fields of the electrons and ions
of the solar plasma. This flux is dominant in hadronic QCD axion models like the ‘KSVZ’
axion [1016, 1017]. Another widely considered QCD axion model labeled the ‘DFSZ’ axion
[1018, 1019] possesses a tree-level coupling to electrons, g,,,, which brings sizable fluxes from
the so-called ‘ABC’ processes: atomic recombination and deexcitation, bremsstrahlung, and
Compton scattering [1020].

The primary way for xenon experiments to measure the axion is through the axioelectric
effect [596], which allows constraints to be set on g,,. Xenon experiments may also constrain
8.4+ both by measuring the Primakoff component [1021] of the solar flux (which is depen-
dent only on g,,), as well as by exploiting inverse Primakoff conversion inside the detector
[612, 945]: aZ — ~Z. In the latter case, the sensitivity to solar axions is boosted, even if
the value of g, is small. A final component of the solar axion flux beyond ‘ABC’ and Pri-
makoff components is the 3’Fe axion—nucleon interaction, which depends on g,, [1022]. A
next-generation xenon experiment with a ~1000 tonne-year exposure may even be able to
out-perform devoted solar axion telescopes [612] such as the planned International Axion
Observatory (IAXO) [1023].

The ER background level of the detector is the main limiting factor for its sensitivity to
solar axions. Liquid xenon TPCs are well known for their very low ER background levels and
are therefore ideal for this search. Among underground detectors, liquid xenon TPCs place the
strongest constraints to-date on g,, with solar axions [495, 597, 599, 600, 1024, 1025].

The excess of ER events seen in XENONI1T [495] has a spectrum that matches the expected
solar axion flux. However, the amplitude of the excess would require large couplings that would
place the excess in conflict with more stringent astrophysical bounds [589, 890, 926, 976]. The
proposed next-generation liquid xenon TPC will enable this excess to be robustly tested, should
it persist, perhaps leading to the discovery of solar axions.

6.2. Neutrino dipole moments and light mediators

Dark matter searches start to probe various novel neutrino-induced signals, see e.g. references
[164, 872]. Therefore, the interpretation of potential discoveries as coming from new neutrino
physics becomes increasingly plausible. As a result, next-generation dark matter detectors will
be capable of placing interesting limits on models of new physics in the neutrino sector, often
complementary with other experiments [876].

This is apparent in limits from ERs. In figure 32 we show the observed ER spectrum
observed by several dark matter as well as neutrino experiments, adopted from references
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Figure 32. Neutrinos may show up in dark matter experiments well above the neutrino
fog. Shown in red are the electron recoil spectra in several experiments taken from ref-
erences [1026, 1027], with the background level in XENONIT indicated [64, 495]. The
spectrum expected from SM solar neutrinos is in solid black. The colored curves are the
solar neutrino spectra for several new physics models discussed in the text, with line-
styles corresponding to various mediator masses. The jagged steps below ~5 keV are
an effect of the electron binding energy as discussed in reference [1028].

[1026, 1027] with the most recent XENONIT measurements [64] included. They represent
about two orders of magnitude improvement over the XENON100 background rate.

The next generation of experiments will have further sensitivity [892, 962]. In figure 32
we show several spectra from new physics models which lead to an enhanced scattering rate at
low energies. The green curve shows the recoil spectrum in the case that the neutrino possesses
a magnetic dipole moment around that which is allowed by current solar neutrino data from
Borexino [1029]. In this case the differential cross section is

do ) 1 1
iE. —”"O‘<E, E) (10)
where i, is the neutrino dipole moment and E, is the recoil energy of the electron. At high
recoil energies, the dipole-induced scattering is lower than the SM rate and in agreement with
the Borexino rate. However, due to the E,’1 falloff, the rate is higher at low recoil energies.
Already an analysis of XENONIT [495] improves the limit in dipole moments to <3 x 10~ !!
times a Bohr magneton. The next-generation experiment will precisely measure the pp solar
neutrino spectrum at low energies and thus further improve this sensitivity. In addition to the
neutrino magnetic moment, a new interaction mediated by a scalar propagator will also fall
as E;l as described in reference [1027]. An example of such a scalar-mediated interaction is
plotted in orange in figure 32.

One can also consider models with a faster falling spectrum. For example, blue curves of
figure 32 are the spectra in a model with a new very light B-L gauge boson which is mediating
a new interaction between neutrinos and electrons. The cross section is
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di _ gé—]_me (11)
dE,  4mn(2m2E? +m3 )’

where mp— and gg_; are the mass and coupling. Here, we have dropped subleading terms
in E,/E, as well as interference with the SM process which is unimportant at most recoil
energies. If the mass of the gauge boson is small, the cross section falls as £, 2. This behavior
is due to the 1/(¢> — m}_; ) propagator in the amplitude, with g = 2m,E,. Again it can be seen
that a next-generation experiment will have significant sensitivity, well beyond that achieved
by the Borexino experiment [1030], the GEMMA reactor experiment [1031], or the XMASS
experiment [1032]. In fact, the discussion around the possible excess observed by XENONIT
[495] can already be used to place a constrainton gg_; < 3.6 x 1077 for mediators with mass
mp—1, < 10keV. This is already comparable with the constraint from GEMMA [901]. A next-
generation liquid xenon experiment will be able to strengthen this bound.

It is interesting to consider a scenario in which the next generation of xenon experiments
uncovers an excess above the solar neutrino fog. In this case we will immediately entertain
both the possibility of dark matter and that of new neutrino physics, as evidenced by the list
of papers discussing the excess observed by XENONIT. Fortunately, this degeneracy can be
disentangled with reactor neutrino experiments. To those that stand within 100 m of the core,
nuclear reactors are a brighter source of neutrinos than the Sun. A low-threshold detector near a
reactor, such as GEMMA [1031], can thus place strong limits or distinguish whether an excess
is coming from dark matter or neutrinos. Figure 33 shows the current limits on the neutrino
magnetic moment from both large underground detectors and reactor experiments, as well as
the projected sensitivity for a next-generation liquid xenon detector with a 750 tonne-year
exposure, complementary to dedicated experiments such as CONNIE [1033].
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In addition to the physics discussed in section 6.5, a mono-energetic neutrino source in
combination with a large xenon detector could set very competitive sensitivities to neutrino
magnetic dipole moments and sterile neutrino oscillation [1034]. A 50 days run with a 3 MCi
SICr source produces 82 v—e elastic scattering events in the XENONI1T detector, which cor-
responds to 9.8 times better signal-to-noise ratio compared to using solar neutrinos [925].
The next-generation experiment discussed here could set much more stringent bounds on the
neutrino magnetic moment, if combined with an electron capture source.

6.3. Fractionally charged particles

The quantization of the electric charge has been one of the long-standing mysteries stemming
from empirical observation. In principle, the SM U(1) allows arbitrarily small real-number
charge, but so far, experiments indicate that there is a fundamental unit of electric charge of
1/3e. This has sparked theoretical explanations including Dirac quantization [1035] and pro-
vides one of the major motivations for a GUT [1036, 1037]. The search for such fractionally
charged or millicharged particles is a test of the paradigm of charge quantization [1038—1052].
If such a particle was found, its small charge may or may not be the new electric charge unit,
but in either case it will inevitably change our understanding of the current charge quantization
built on quark charges, and contradict the predictions of certain GUTs.

One can consider the kinetic mixing between the SM U(1)y and an additional gauge group
U(1)p, with additional matter particles £ charged under a dark U(1)p. In the limit when the dark
U(1)p vector boson (often called a dark photon, see section 3.8.1) is massless, the would-be
dark sector particles which are charged under U(1)p, become electromagnetically ‘fractionally
charged’ or ‘millicharged’. The level of kinetic mixing is often ~10~2 or smaller, from loop
effects in either QFT or string theory [569, 1053, 1054], which naturally gives small elec-
tric charges. For masses of such new particles below ~MeV /c?, the limits on the kinetic
mixing parameter (and thus the fractional charges) are stringent <10~'> [1040]. For heavier
states, the limits are weaker [1055]. Direct detection experiments can possibly observe bound
state formation between g < 0 millicharged particles and nuclei [1056]. One can also look
for millicharged particles without massless gauge bosons in regimes where the dark photon
is constrained [1051]. A search for such a particle can be a test of GUTs and certain string
compactification scenarios [1057]. Further, liquid xenon detectors are sensitive to the possible
millicharge of solar neutrinos [1032].

6.4. Nucleon decay

In the SM, the conservation of baryon number B is an empirically observed symmetry. If B
were an exactly conserved quantum number, then protons, being the lightest baryons, would
be stable. However, baryon number could be an approximate symmetry of Nature, and violated
by small amounts, as predicted for example by many GUTs. This could explain the observed
matter—antimatter asymmetry of the Universe [1058].

Several liquid xenon detectors, such as DAMA-LXe [1059, 1060] and EXO-200 [1061],
explored the possibility to investigate nucleon decay through so-called invisible decay modes,
where the final states (neutrinos, or more exotic particles such as dark fermions) are not
detected. One example for an invisible mode is n — vvv, as proposed in reference [1062].
Following such a decay, the daughter nuclei would be left in an excited state, and would emit
a detectable signal, such as a v-ray, once they de-excite. Table 1 illustrates the various sig-
natures for two xenon isotopes, '??Xe and '**Xe. These decays can be searched-for with a
next-generation liquid xenon detector with unprecedented sensitivity.
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Table 1. The daughter isotopes and their decay modes that follow the invisible mono-
and di-nucleon decays of '*’Xe and '3Xe as well as the tri-nucleon decays of **Xe.
This table is adapted after [1059, 1060]. The Q-values are reported in MeV.

Isotope Invisible decay mode Daughter Subsequent decays
n 128%e Stable
8] — [Q = 2.217]37 *¥Xe
p 18] Or %1 — [Q = 1.258]EC 4 37 1Te
nn 127Xe 127Xe — [Q = 0.664]EC'?"]
pn 1271 Stable
129%e pp 127Te 121Te — [Q = 0.694]5~ 1271
n 135Xe 35Xe — [0 = 1.151181%°Cs
33T — [0 = 2.648]3 Xe
P 1351 — [0 =1.15118""3Cs
nn 34xe Stable
np 1341 B34 5 [0 = 4.175]5~ ¥ Xe
34Te — [0 = 1.55013 1341
Pp 134Te — [0 =4.17518"3*Xe
nnn 133Xe 13Xe — [0 = 0.4274]5~133Cs
131 5 [0 = 1.770]5 **Xe
nnp 1331 — [0 = 0.4274]5~13Cs

133Te — [0 = 2.92018 131
— [0 = 177018 **Xe
npp 133Te — [0 = 0.4274]5~13Cs
1338h — [Q = 4.003]13~ B Te
— [0 =2.92018~ 131
— [0 = 177015 33Xe
136Xe PPP 1335b — [0 = 0.4274]5~13Cs

6.5. Short-baseline oscillations

Persistent anomalies in short baseline experiments, including LSND and MiniBooNE, are sug-
gestive of an additional undiscovered neutrino mass eigenstate at the ~1 eV mass scale [1063].
However, there is significant tension between different experiments that has yet to be explained
[1064]. Given the energy of >'Cr neutrinos, the oscillation pattern is expected to be within a
meter-scale detector. This would make a next-generation liquid xenon TPCs well-suited to con-
clusively test the existence of sterile neutrinos [1034]. In addition, such an experiment would
be able to rule out portions of currently allowed parameter space, potentially resolving the
existing tension if sterile neutrinos do not exist [1034].

7. Background considerations

As discussed in this present paper, the proposed next-generation liquid xenon experiment is a
versatile observatory for a number of relevant science channels, spanning low-energy NRs in
particular for dark matter, ERs for a number of measurements, and reaching up to high energy
events expected from neutrinoless double-beta decay. In order to support this broad physics
reach, multiple background sources must be considered. In addition to improved xenon purifi-
cation, further scrutiny of materials in assays and exploration of discrimination techniques
will be necessary to minimize backgrounds for rare event searches. The choice of host facility
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Figure 34. Depth-dependent muon flux at various underground laboratories (measured
in ‘meters water equivalent’ (m.w.e.). While the depth increases from 620 m.w.e. to
6720 m.w.e., the muon flux decreases by more than four orders of magnitude. The data
points represent the following measurements: CallioLab (Pyhasalmi, Finland) at various
depths [1071], LSC (Canfranc, Spain) [1072] (with depth taken from [1073]), Soudan
(Minnesota, USA) [1074], Kamioka (Japan) [1075] (conversion from muon rate to flux
based on simulations from [1076]), Boulby (UK) at 1100 m level (2850 m.w.e.) [1077],
LNGS (Gran Sasso, Italy) [1078], SURF (South Dakota, USA) [1079] (depth taken
from [1080]), LSM (Modane, France) [1081], SNOLAB (Sudbury, Canada) [1082], and
Jingping (China) [1083].

and detector design are also important considerations that will impact which and how back-
grounds manifest. Modeling of detector performance and simulations of background events
will be critical in informing the design of the experiment, deriving sensitivities, and ultimately
in achieving final science results [151].

71. Underground laboratories

Muons traversing detectors or surrounding materials will induce primary backgrounds as well
as secondary neutrons and cosmogenic backgrounds from activation of materials [1065, 1066].
Dark matter detectors are thus deployed in deep underground laboratories, where cosmic-
ray muon backgrounds are greatly reduced by the rock overburden [1067]. Nevertheless, for
high-sensitivity experiments, active muon shielding is still required in order to tag remain-
ing muon-related background events and reduce the muon-induced background to a negligible
level compared to other sources. Muon fluxes at the typical underground laboratories range
from 1 muon m~2 h™! at the Laboratori Nationali del Gran Sasso (LNGS, 3100 m water
equivalent deep) [1065, 1068] to about 5 muons m~2 month ! at China’s Jinping underground
laboratory (CJPL, 6720 m water equivalent deep) [1069, 1070] (figure 34).

There are a host of underground laboratories that can be considered as location for the
next-generation observatory discussed here. This includes the laboratories hosting the current
generation of liquid xenon detectors: LNGS [1084] (location of XENONnT), CJPL [1085]
(location of PandaX-4T) and SURF [1086] (location of LZ). The Boulby Underground Lab-
oratory has a similar muon flux to LNGS with notably low radon levels [1087]. The Modane
Underground Laboratory [1088] includes a facility for radon-free air, and the entire scientific
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campus of SNOLAB [1089] is equipped as a cleanroom with some of the lowest available muon
flux. Several of these laboratories entertain feasibility studies for creating additional under-
ground space for scientific use. All in all, there is a favorable outlook that suitable underground
space can be made available for the next-generation liquid xenon observatory. While radioac-
tive and muon-induced backgrounds are dominated by the rock composition and overburden,
respectively, the varying geomagnetic field at different latitudes has a (modest) impact on the
science that can be done with atmospheric neutrinos [819]. To select an adequate underground
location for the next-generation detector, in addition to such background considerations, rele-
vant questions are related to e.g. the availability of underground space, constraints in accessing
it, operational considerations, the local support infrastructure, and funding.

72. Fiducialization

The dominant background component in liquid xenon detectors at a given energy range has
evolved with increasing detector size. In earlier detectors (e.g. XENON100 [1090], LUX and
PandaX-I/IT), the gamma radiation from radioactive contaminants of detector construction
materials contributed significantly to the ER background for dark matter searches in the keV
energy range. A FV selection is typically applied to reduce these backgrounds, which predom-
inantly appear toward the boundaries of the bulk xenon: with larger detector masses and hence
smaller surface-to-volume ratios, fiducialization can preserve a higher proportion of the active
volume for a physics search. Gamma-induced ERs will remain a significant background for
rare event searches at the MeV scale such as the Ov33-decay of '3°Xe (section 4.1, figure 22).

Radioactive contaminants of detector materials are also the source of radiogenic neutrons
through spontaneous fission or (v, n) reactions. Fiducialization of the liquid xenon target is
not quite as effective for neutrons compared to gamma radiation. Therefore, current and future
liquid xenon detectors are equipped with dedicated neutron veto systems for efficient mitigation
of NR background events.

Design studies for a next-generation detector will need to optimize the use of veto systems to
achieve the largest possible FV. From the inside to the outside, this required research concerns
the xenon skin region as used in XENON100 [92] and LZ [1091]; a neutron veto for which
LZ uses boxed gadolinium-loaded liquid scintillator [1091] whereas XENONnT implements
a gadolinium-loaded water Cherenkov design [98]; and the size of a muon veto, which may be
constrained by or put constrains on the respective underground laboratory. Further studies to
optimize the FV concern the electric field configuration inside the TPC, in order to reduce the
loss of signal from regions near the surface where charge collection is reduced or signal yields
are non-optimal [1092].

73. Material selection

The selection of materials featuring the lowest contamination with radioactive impurities is the
most important strategy for background mitigation in current and future liquid xenon exper-
iments [1093, 1094]. Trace amounts of uranium and thorium can be detected by means of
highly sensitive gamma-spectrometers, inductively-coupled plasma mass spectrometry mea-
surements or neutron activation analysis. Radon emanation rates are determined in dedicated
setups where the radon which is emanating from the sample accumulates in an ambient car-
rier gas, before the radon activity in this sample gas is measured, typically using proportional
counters or electrostatic radon monitors [1094, 1095].

Various material samples are measured in intensive screening campaigns in order to pre-
select and built radiopure detector components which fit the requirements for a next-generation
liquid xenon experiment [103]. Once the materials are selected, the screening measurements
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are used for background modeling by means of simulation. Precise knowledge of emanation
sources can further be used to optimize the online purification systems. Following multiple iter-
ations of low-background xenon experiments, much of this process is now well-established.
However, its application to a next-generation detector can be challenging, as substantial ded-
icated screening infrastructure is needed with sufficient measurement time to achieve the
required sensitivity. This in turn necessitates an early start, years ahead of the construction
of the next-generation detector.

74. Intrinsic background mitigation

Sources of so-called intrinsic backgrounds are typically radioactive noble gases which are
homogeneously mixed within the liquid xenon target. Thus, any type of shielding remains
ineffective. Trace amounts of 8Kr that stay in the xenon during its distillation from air will
cause, if not removed, a low-energy ER background from its beta decay. Due to the absence
of krypton sources within the detector, the 8Kr contamination is constant over time and scales
with the liquid xenon mass. 8 Kr thus needs to be removed through cryogenic separation of the
xenon target, as pioneered by the XMASS collaboration [136]. The purification of xenon from
trace amounts of ®Kr has been successfully demonstrated using both cryogenic distillation
[136, 1096, 1097] and adsorption [1098, 1099] as separation techniques. Cryogenic distilla-
tion in particular is appropriate to process large amount of xenon gas before being filled into the
experiment, but also an online krypton purification at a running detector has been demonstrated.
Starting with a Kr-nat contamination of several ppm in commercial xenon, a purification to
(360 =+ 60) ppq was achieved in XENONIT using the online krypton purification [1100]. The
lowest concentration to-date was measured in the outlet of the XENONIT distillation system
to be below 26 ppq (90% CL) [1097], using an enhanced rare gas mass spectrometer with a
sensitivity of 8 ppq [1101]. This level is well below even the requirements of a next-generation
liquid xenon experiment.

222Rn is not immanent in the xenon gas, but continuously emanates from surfaces of detector
materials. Due to its subsequent beta decays, radon is the dominant background source in cur-
rent liquid xenon detectors. A smaller surface-to-volume ratio will naturally decrease the radon
concentration in next-generation liquid xenon detectors. However, further mitigation strategies
are needed to achieve a level of about 0.1 uBq kg~ that is required in order to render radon-
induced backgrounds sub-dominant versus the irreducible contributions from neutrino signals.
Once a new detector has been built, its emanation rate of *?Rn is set and expected to be constant
over the lifetime of the experiment. A further suppression of the radon induced background can
be achieved through continuous purification of the xenon target. The key for an efficient radon
removal is a good separation technique and a high purification flow which revolves the entire
xenon target fast with respect to the 3.8 days half-life of radon. Radon removal based on cryo-
genic distillation has been successfully tested in large scale liquid xenon experiments [1102]
and is used also in XENONNT [1103]. Radon purification systems designed for small purifica-
tion flows can also significantly reduce the radon concentration in xenon. Since the dominating
radon emanation sources in an experiment are known from screening, dedicated purge flows
toward the radon removal system can prevent radon to enter the liquid xenon target [1094]. For
the next-generation detector discussed here, a strict radon mitigation protocol will need to be
developed and implemented, including extensive screening for radon emanation; strategies to
limit radon emanation (e.g. reference [1104]); radon removal from xenon both within the TPC
and outside the shielding; optimized xenon flow; etc.

Another intrinsic background source is the decay of '3’Xe, with particular relevance for
the search for neutrinoless double-beta decay [710, 716]. It is naturally created inside the
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xenon target through activation by muon-induced neutrons. Thus, the '*”Xe induced back-
ground strongly depends on the muon rate at the experimental site. Short-lived cosmogenic
isotopes such as >’ Ar are of little concern for the anticipated experiment [139].

75. Isolated light and charge signals and accidental coincidences

Due to the large electroluminescence gain that is exploited in dual-phase liquid xenon TPCs,
even a single extracted electron can produce a detectable S2 of tens of photoelectrons in size
[509, 1105-1110]. A standalone search with S2s (i.e. without requiring an accompanying S1
signal, see section 3.2) can thus lower the energy threshold, improving the reach to low-mass
WIMPs, solar axions and solar neutrinos, and other physics that have associated low-energy
recoil signatures [181]. However, this sensitivity to any process that can release even single
electrons from their shell brings in additional instrumental backgrounds. Several sources of
S2-only, single and few-electron backgrounds are known [507, 509-515, 1111]; significant
research is needed to further understand and eventually mitigate those backgrounds. Pho-
toionization backgrounds caused by large S2s die away within a maximum drift time after
the S2 [509]. Emission from metal surfaces would be evident in specific locations that could
be avoided with positional cuts. The most impactful background appears to be S2s up to five
electrons in size that continue for times up to seconds after a large S2. The rates of these corre-
lated small S2s, which appear in the same location as a previous large S2, decrease according
to a power law with time after the large S2 [507, 513, 514]. This background can be mitigated
with positional and temporal cuts after large S2s.

S1-only backgrounds also exist due to interactions in areas insensitive to the charge chan-
nel. One such origin of lone S1 events is from outside of the main drift field region of the TPC,
notably below the cathode. Another origin is from volumes where charges are depleted, or
where electrons cannot reach the extraction region. Most notably this can be as a result of the
field configuration toward the edges of the detector [63]. Unrelated, isolated S1-only and S2-
only signals can be close enough in time to be mis-identified as a single event. Such accidental
coincidences of instrumental backgrounds can thus mimic a physics interaction for a conven-
tional search in S1-S2 phase space. As both lone S1s and S2s are more likely to manifest at
smaller signal values, these accidental coincidence backgrounds are particularly problematic
for the WIMP search ROI. The absolute incidence of such accidental events could increase in a
next-generation detector, as the corresponding surfaces and volumes from which lone S1s and
S2s can arise become larger. However, their impact on the WIMP search will decrease with
increasing detector size, due to the favorable surface-to-volume ratio. In the XENONI1T exper-
iment, this background was tackled in a data-driven approach (reference [1112] and figure 35):
lone S1 and lone S2 events where characterized with high statistics in the available parameter
spaces. The expected distribution of accidental coincidences was then simulated by randomly
drawing an S1 and an S2 event from these distributions. This allowed for a detailed charac-
terization of this background and thus modest impact on sensitivity. Combined with detailed
detector simulations, and the lower rate per exposure unit, such an approach is expected to be
sufficient to control this background for a next-generation experiment.

76. Monte-Carlo simulation of backgrounds

76.1. Background model. To construct a model of expected backgrounds, the activities and
normalizations found from material assays and physics estimates must be paired with the cor-
responding detection efficiencies of the associated events. These efficiencies are determined
through Monte Carlo simulations of event primaries, such as daughters from radioactive decay,
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Figure 35. Illustration of the accidental coincidence background distribution from
XENONIT in cS1 and log;o(cS2b), with projections on each axis showing the expected
distribution within the entire analysis space (blue), and in the reference region for 1.3
tonne FV. The reference region lies between the NR median and —20 quantile lines,
marked by red and black lines, respectively. Reprinted (figure) with permission from
[1112], Copyright (2019) by the American Physical Society.

within a realistic representation of the experiment. Simulations are used to determine the
energy depositions from backgrounds within the detector, and in translating them into observed
signals.

A framework based on the GEANTA4 toolkit [1113] allows for the tracking of particles within
a rendering of the detector geometry. Custom additions can enhance the modeling of various
physics processes and phenomena beyond the standard physics lists available, as in the case
of modeling neutron captures on Gd using ANNRI [1114, 1115] or DICEBOX [1116] derived
outcomes for an improved veto assessment. Bespoke event generators enable the simulation
and study of more involved scenarios that are not well-captured in default GEANT4, such as
(o, n) reactions accompanied by a varying multiplicity of gammas, or events from atmospheric
muons which penetrate the laboratory rock overburden [1117].

Analysis cuts can be applied to remove events with coincident scatters in veto detectors, and
restrict to an energy ROI and/or a FV. Persistent background counts can then be compared to
those anticipated from potential signals. This approach has been used in predicting the back-
ground burden of many present-generation experiments, forming the basis of WIMP sensitivity
estimates for XENONNT [98], LZ [99] and PandaX-4T [97].

76.2. Generation of S1 and S2 signals. Generally, energy depositions are converted to
observable S1s and S2s to construct PDFs for background components and signal for
likelihood-based analysis [1126]. The microphysics behind the interactions of particles with
the active xenon is captured by the NEST [121, 126—128, 1127]. NEST offers a comprehen-
sive and mature framework to simulate the atomic and nuclear physics of energy deposition
and the resulting detector response. Using world data from previous experiments includ-
ing LUX, XENON, PIXeY [515, 1128], neriX [1129, 1130], ZEPLIN-III [502], and Xurich
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Figure 36. The light and charge yields for nuclear and ERs, as measured by various
experiments and as modeled by the NEST v2.3.5 [128]. The light (charge) yield is
defined as the number of photons (electrons) leaving the recoil site after electron—ion
recombination, per unit energy. For ERs, NEST has two models for S-induced and
~-induced recoils, respectively, and we show the 5 model. Correspondingly, we only
show experimental measurements from /3 calibrations or low-energy line sources, which
are observed to fit the 8 model better than the v model. The NR data points are from
Dahl’s thesis [130], XENONIT [1112], XENON10 [129, 132, 1107, 1118], LUX Run 3
(WS2013) [1119], and dedicated xenon TPCs at Columbia University [122], Case West-
ern Reserve University [115], and Lawrence Livermore National Lab [496]. The ER data
points are from LUX [1120-1123], XENON100 [1124], PIXeY [1125], Xurich II [105],
and a paper by Doke et al [117].

[105, 1131], the NEST collaboration has developed models for the light and charge yields
of various interactions. These models are semi-empirical and reproduce calibration data from
alphas, betas, gammas, NRs, and exotic interactions like the two-step internal conversion of
83mKr. The excellent agreement between the NEST models and data can be seen in figure 36.
Further research will be needed to further improve this understanding in particular at even
lower recoil energies. Physicists on a next-generation liquid xenon experiment are thus able
to take advantage of NEST to accurately simulate the signals induced by both signals and
backgrounds, including their S1, S2, position, and pulse timing.

77 Electronic/nuclear recoil discrimination

The results of simulating events from a type of source, be it ER or NRs, are a list of S1 and
S2 values for each event. Binning these events into a 2D histogram will show how a given
type of interaction looks like in terms of the signals received. An example shown in figure 37
is the histogram of a 50 GeV spin-independent WIMP, which is lower in S2 than that of ER
events. This difference allows for distinction between these two types of interactions and can
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Figure 37. Histograms for a flat ER spectrum and a NR spectrum as from a 50 GeV
spin-independent WIMP, simulated for different electric fields (using NEST 2.3.5). The
top band for each plot is the ER band, the bottom is the NR band. Red lines refer to the
median for either band, and the white dotted lines delimit the one-sigma region. Already-
demonstrated ER/NR discrimination is expected to be sufficient for a next-generation
detector.

be measured quantitatively in a few ways. Leakage is the proportion of ER events per bin that
lie below the NR median line; rejection is the percentage of background events that are not
in the ROI given by (1 — leakage). Various instrumental parameters affect the discrimination
capability. For example, the drift field affects the gap between the nuclear and ER spectra, as
does the g, parameter which measures the S1 light yield in the detector. As can be seen from
figure 37, even moderate drift fields provide satisfactory ER/NR discrimination. Discrimination
is also affected by the atomic structure of xenon, leading to increased leakage from neutrino
and Compton scatters on L-shell electrons due to the accompanying atomic de-excitation via
Auger electron cascades. This effect is still under study, but available measurements indicate
a reduction in rejection by a factor of 6x near the L-shell binding energy (5.2 keV) compared
to predictions from valence ERs and /3-decays [1132, 1133]. Including this effect for the solar
neutrino-induced ER background results in an 8% relative increase in leakage from 5.2—8 keV,
for 50% NR acceptance.

Importantly, already with the performance of running detectors, discrimination between
ER and NRs in liquid xenon is sufficient to achieve the various science goals presented in this
review, whether they pertain to WIMPs, neutrino-induced signals in both the ER and NR band,
or the search for neutrinoless double-beta decay. The accuracy of these simulation results is
confirmed in situ using dedicated calibration sources, such as dissolved gamma line sources
83ImKr [448], dissolved beta-spectrum sources >°Rn [1134, 1135], TH5C [1121], as well as
various neutron sources [1119, 1136, 1137].

8. Complementarity with other experimental efforts

8.1. Crossing symmetry for freeze-out relic particles

Production, decay and scattering of dark matter particles are often governed by the same or
similar interaction. Relic particles such as WIMPs are a textbook example of this situation,
where the production through freeze-out from the thermal equilibrium in the early Universe
creates the observed relic density [32, 1138, 1139]. The three principal approaches to discover
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Figure 38. Based on the general idea of thermal relic particles (such as WIMPs) inter-
acting with the SM, three detection techniques are possible: production at colliders,
scattering from a target material (direct detection) and annihilation resulting in cosmic
rays (indirect detection).

thermal freeze-out relic particles correspond to the s- or z-channel processes of dark matter
production or scattering, and the time-reversed process to production, which might lead to
annihilation of dark matter. This results in the following detection channels, related through
crossing symmetry [1140] (see also figure 38):

(a) Direct detection: direct detection of particle dark matter in the Galactic halo in under-
ground experiments as described here;

(b) Collider production: production of dark matter in the laboratory, usually using high energy
particle collisions;

(¢) Indirect detection: detection of products of dark matter annihilating or decaying in our
local Universe.

8.2. Dark matter at colliders

The electroweak energy scale is powerfully probed by the LHC at CERN [1141]. The freeze-
out mechanism requires significant couplings between the dark matter and the SM, which
further motivates searches at a particle collider. Moreover, many ‘beyond the SM’ theories
in high energy physics require new particles at the electroweak scale, which are either viable
dark matter candidates or might couple to particle dark matter. The most prominent example of
such a theory that connects naturally astrophysical and theoretical motivation is SUSY, which
not only remedies many known problems of the SM, such as the hierarchy problem, but also
provides an excellent dark matter candidate [140, 341, 1142, 1143].

Another motivation for collider searches is the potential to study dark matter in the labora-
tory. Collider production implies production of the mediator, i.e., the force carrier that connects
the dark sector with the visible sector of the SM. Hence, collider dark matter searches are in
essence searches for the mediator rather than dark matter. Most collider dark matter searches
assume maximal decay of the mediator into dark matter [212, 213]. This is in particular true
for ‘mono-X’ searches, where the main signature is missing momentum in the transverse plane
due to the dark matter particle escaping the detector undetected. Constraints placed on the
mediator masses are typically about twice as strong as the constraints on the dark matter mass
itself. Other analyses attempt to place constraints on the nature of dark matter by looking for
deviations in the properties of known particles, for example the Higgs boson, or to search for
the mediator directly, such as in dijet searches [1144]. Further complementarity stems from
searches at colliders for ALPs and dark photons, see e.g. references [1145, 1146].
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8.3. Indirect dark matter searches

Dark matter annihilation and decay into SM particles lead to potential signatures in the
CMB [555, 1147, 1148] and astrophysical observables such as x-rays [1149-1151], gamma
rays [367, 1152—-1178], antiprotons [1179-1184], positrons [358, 1185-1189], neutrinos
[1190-1201], or other particles [1202—1212]. Thermal relic dark matter candidates are
generically expected to have a thermally averaged annihilation cross section (ov) ~ 2.2 x
10726 cm?® s~! [20, 145], though other production mechanisms or annihilation channels are
known to predict much smaller or larger annihilation cross sections, e.g. Sommerfeld enhance-
ment [319, 1213], non-thermal/out-of-equilibrium production [1214—1217], asymmetric dark
matter [624, 1218-1220], co-annihilation [1221-1223], velocity-dependent annihilation, or
non-standard cosmologies [1214, 1215, 1224—1230]. The thermal relic cross section, however,
provides an important benchmark for indirect detection efforts. While this leads to a character-
istic signature of dark matter in the corresponding cosmic ray spectrum [150, 1152, 1155], the
topology, spectral shape and strength of such a signal is rather model dependent and affected
by astrophysical foregrounds.

Since the annihilation rate of dark matter is proportional to the square of the dark mat-
ter density at the location of annihilation, the brightest signals are expected to come from
dense structures. Present searches for annihilation signatures aim at a variety of targets, with
the Galactic center and local spheroidal satellite galaxies (dSphs) of the Milky Way being
among the most prominent ones. The former is expected to be the brightest source in the sky
because of the large dark matter overdensity, but it also has the brightest foregrounds and
complex dynamics. The latter are the most extreme dark matter-dominated galaxies known
to us, but have a much lower J-factor [1231, 1232] compared to the Galactic center (around
10" to 10" GeV? cm ™ for dSphs and about 10?> GeV? cm > for the Galactic center, leading
to a fainter potential signal.

In contrast, the flux of particles from decaying dark matter is only proportional to a single
power of density, so it is predicted to give rise to less clumpy signals compared to those from
annihilating dark matter. Constraints on decaying dark matter come for example from isotropic
gamma-ray and neutrino observations [1175, 1197].

There is more than just phenomenological support for the hypothesis that dark matter self-
annihilates. N-body simulations suggest that dark matter halos, in the absence of baryonic
effects, follow a density profile which behaves like ¢ o< ! irrespective of initial conditions.
This is referred to as a Navarro—Frenk—White profile [1233, 1234]. Measured profiles of disk
and spheroidal galaxies appear to follow a shallower density profile: o oc 7 [1235-1239]. This
disagreement is referred to as the ‘core-cusp-problem’ and could possibly be resolved by co-
annihilating or SIDM [379] (section 2.14).

8.4. Measurements of standard model parameters

In some models of dark matter, the dark matter mass and nucleon—dark matter scattering cross
section are predicted or bounded as functions of SM parameters such as the top quark mass
and the strong coupling constant. In such scenarios, dark matter searches constrain the SM
parameters, which can be precisely measured by future colliders [1240—1244] and lattice QCD
computations [1245].

For example, in a model that solves the strong CP problem by a space—time parity sym-
metry [1246], the dark matter mass is proportional to the energy scale at which the SM Higgs
quartic coupling vanishes (10° to 10'?> GeV), which is sensitive to the SM parameters. Dark
matter couples to a massless dark photon and the dark matter—nucleon scattering arises from
unavoidable quantum corrections leading to photon-dark photon mixing.
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Figure 39. The expected number of signals per tonne-year exposure as a function of
the top quark mass, m;,, and the strong coupling constant evaluated at the Z-boson mass
scale, a(my), in the model described in reference [1246]. The signal count is inversely
proportional to the threshold energy Ey,. The thickness of each colored band corresponds
to 20 uncertainty in the Higgs mass.

The resultant correlation between the dark matter signal rate and the SM parameters that
determine the scale where the Higgs quartic coupling vanishes is shown in figure 39. Here, to
estimate the projections for next-generation experiments, we scale the limit from XENONI1T
according to the projections in the high mass region shown in figure 5. Another example is
sneutrino or higgsino dark matter in supersymmetric theories, where the dark matter mass is
predicted to be smaller than the scale at which the SM Higgs quartic coupling vanishes [1247].
Dark matter scatters with nuclei via tree-level Z-boson exchange, generating signals detectable
in a 1000 tonne-year exposure even for a dark matter mass as large as 10'> GeV. Detection of
or constraints on nucleon—dark matter scattering signals will give an upper bound on the top
quark mass and a lower bound on the strong coupling constant.

8.5. Other direct dark matter searches

In the search for dark matter directly interacting with a laboratory target, a host of synergis-
tic detectors are required to overcome signal degeneracies, particularly as experiments begin
probing the neutrino fog. With different technologies and targets, complimentary experiments
can confirm potential dark matter signatures and disentangle them from both neutrino-induced
(CEvNS) signals and instrumental backgrounds. Additionally, a large variety of detectors can
probe a wider dark matter mass range, as shown in figure 40. Target materials range from
solid state crystals to dense liquids [44, 151]. Even within the context of liquid xenon TPCs,
larger detectors are required for dark matter nuclear scattering searches, but smaller detectors
optimized for single-electron signals might achieve better sensitivity to lower masses and dark
matter scattering with electrons [1248].

8.5.1. Solid state detectors. Germanium detectors (HPGe detectors) are a well-understood
target for dark matter searches and have been used particularly by CoGeNT [51] and EDEL-
WEISS [54]. DAMIC [55] and SENSEI [57] are using silicon CCDs to look for dark matter
interactions, in particular through the ER channel. SuperCDMS [52] measures both phonons
and ionization in silicon and germanium crystals cooled to millikelvin temperatures. CRESST
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Figure 40. Spin-independent dark matter—nuclear scattering limits set by leading direct
detection experiments. Complementary experiments with different targets are essen-
tial for breaking degeneracies between signals from CEvNS and WIMP dark matter.
Additionally, a variety of targets covers a wider range of potential dark matter masses.
Reproduced from [584]. Image stated to be in the public domain.

[56] uses calcium tungstate crystals at millikelvin temperatures to read both phonons and scin-
tillation. Sodium iodide is used by ANAIS [439], SABRE [54] as well as DAMA/LIBRA
[1060]. Depending on the target and readout, crystals have different sensitivities to different
dark matter interaction energies, but largely overlap across dark matter masses in the GeV and
sub-GeV range.

8.5.2. Liquid target detectors. The PICO experiment [67] uses octafluoropropane in a bub-
ble chamber to search for dark matter-induced signals with a particularly strong sensitivity
for spin-dependent interactions. Piezo-electric sensors detect bubble formation in the super-
heated target during an interaction, and cameras record the bubble nucleation. Perhaps the
most complementary experiments to liquid xenon TPCs are liquid argon TPCs, such as dark-
side [62]. The operating principle is identical to the detector described here, but the smaller
atomic mass of argon and its effect on collision kinematics makes argon invaluable for breaking
the energy degeneracy of dark matter scatters and coherent elastic neutrino-nucleus scatters,
once observed in liquid xenon TPCs. While self-shielding of external backgrounds is better
in xenon, the ability to discriminate ER from NRs is better in argon. Taken together, the two
target elements provide a complementary approach to probing dark matter down to the signal
from atmospheric neutrinos.

8.6. Neutrinoless double beta decay experiments

Experimental searches for 033 decay [1249] span a variety of isotopes, including "°Ge, #2Se,
100Mo, 139Te, 136Xe, and '3°Nd. The choice of isotope is driven by the Q-value of the 213/
mode, the ability to obtain high isotopic abundance, and compatibility with a suitable detection
technique. Detection techniques include semiconductor crystals, cryogenic bolometers, TPCs,
and organic and inorganic scintillators. The choice of detection technique is a balance of the
detector energy resolution at the Q-value, the scalability of the technology to large masses,
and ability to achieve ultra low backgrounds. The leading experimental efforts to date include
MAJORANA [705], GERDA [1250], CUORE [1251], EXO-200 [706], and KamLAND-Zen
[701, 1252]. The next generation of Ov 3 searches includes LEGEND [1253], nEXO [713],
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NEXT [1254], CUPID [1255], KamLAND?2-Zen [1256], and SNO+ [1257]. Compared to the
experiments using semiconductors and bolometers, a next-generation liquid xenon detector
will have significantly larger isotopic mass, even with a natural abundance of '**Xe, but it
will have poorer energy resolution compared to other technologies. The ability to fiducialize
the detector means that the backgrounds from radiogenic sources are significantly reduced. A
next-generation liquid xenon dark matter detector can have a Ov 303 sensitivity comparable to
those of the next generation of dedicated Ov 35 experiments (section 4.1).

8.7 CEvNS experiments

The identification of neutrinos in dark matter experiments, in particular through the CEvNS
channel, will be complementary to terrestrial neutrino experiments which operate in a similar
energy regime. The COHERENT experiment [1258] uses a stopped-pion source of neutri-
nos, generated by the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory.
Muon neutrinos with energy 30 MeV are produced from charged pion decays, and 7, and v, are
produced with a Michel energy spectrum from the subsequent decay of muons atrest. 77, and v,
from muon decays are delayed relative to the 30 MeV v/, neutrinos produced from the prompt
pion decay. With characteristic energies of tens of MeV, a large sample of the neutrino-nucleus
interactions are coherent, which together with the timing structure, permits a measurement of
the CEvNS process.

Using 14.6 kg CsI[Na] scintillator detectors, the COHERENT collaboration announced the
first detection of CEvNS in 2017 [791], with a best-fit count of 134 4 22 CEvNS events, which
is 77 £ 16 percent of the SM prediction. From this initial detection, COHERENT was able to
constrain NSIs in a regime of parameter space that had not been possible to probe. In particular,
the COHERENT data is sensitive to u- and d-type NSIs for flavor-diagonal muon components,
€uu- The COHERENT detection also set new constraints on exotic solutions to solar neutrino
mixing, places novel constraints on new physics that manifests through the neutrino sector
(e.g. reference [1259]), constrains the neutron form factor for CsI [1260], sterile neutrinos
[1261, 1262], and the g — 2 anomaly [862, 863, 1263]. The collaboration has since also mea-
sured CEvNS on argon [1264].

Nuclear reactors have been purposed as a copious source of electron anti-neutrinos. The
characteristic neutrino energy is <1 MeV; as such, the coherence condition for the recoil is
largely preserved over the entire reactor energy regime. The primary difficulty in detecting
CEvNS using reactors is that detectors have not been able to achieve the low threshold required
to identify the CEvNS NR signal. With further improvements in detector technology, several
experiments are poised to identify CEvNS at reactors [ 1033, 1265—1271]. The two-phase noble
gas detection technique is very promising for this purpose [1271, 1272], and currently the RED-
100 detector (with ~160 kg of active liquid xenon) is being tested at the Kalinin NPP site. This
is the first CEvNS experiment using a two-phase emission technique, and other experiments,
such as NUXE with liquid xenon and CHILLAX with xenon-doped liquid argon, are currently
being developed.

8.8. Solar neutrino experiments

Direct real-time measurements of solar neutrinos have been observed for the first time by
the Borexino experiment [799, 809, 1273]. A next-generation liquid xenon experiments can
offer complementary measurements when detecting solar neutrinos through elastic neutrino-
electron scattering (section 5.2). Neutrinos that contribute to the signal are generated from the
pp-reaction chain, produced from the electron-capture decay of beryllium-7, and emitted in
the CNO fusion cycle. The measurement of CNO neutrinos in liquid xenon-based detectors is
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limited by the presence of the two-electron spectrum arising from the 2v33-decay of '*°Xe.
Depletion of 13¢Xe by at least a factor of 100 relative to its natural abundance would be neces-
sary to detect the CNO solar neutrino component in the next-generation xenon-based detector
[802].

8.9. Gravitational wave searches

Liquid xenon-based detectors can be utilized to look for neutrinos and gamma-rays released
in association with gravitational waves emitted during cataclysmic cosmic events. Such
‘simultaneous’ observation is related then to supernova detection and multi-messenger astro-
physics, as discussed in section 5.4.

8.10. Xenon in medical physics

The great advantages of using liquid xenon for medical imaging have been noticed already
back in the 1970s [1274, 1275]. Its fast primary scintillation and sufficiently large ionization
yield make it especially attractive for positron emission tomography (PET). The two-phase
emission detector with condensed xenon as working medium has been tested in the 1980s
as a high-quality gamma-camera for nuclear medicine [1276]. The 1990s saw compressed
xenon gas being proposed for very effective, collimator-less SPECT systems [1277-1279].
The first liquid xenon detector prototypes for PET scans were built and tested around the same
time [1280-1282]. Further developments of liquid xenon detectors for PET came recently
[1283—1286]. In a PET scan, patients are injected with small amounts of chemicals, such as
sugar, where molecules have had common stable carbon atoms replaced with positron-emitting
isotopes. Position—electron annihilation in the electron shells of atoms in the body leads to
back-to-back 511 keV ~-rays. Cancerous tumors will preferentially absorb more sugar than
other parts of the body due to higher rates of metabolic activity [1287]. Liquid xenon is being
explored due to its advantageous spatial, temporal, and energy resolutions. Already, PETALO
is a full-body PET scanner using the S1 signals in liquid xenon to achieve a high resolution
image with reduced patient radioactivity exposure [1288]. Many of the developments in liquid
xenon detector technology for particle physics thus directly benefit other scientific disciplines,
such as medicine, as evidenced here.

Xenon in its gaseous form has also come into use as an alternate anesthetic with minimal
dangerous side-effects [1289]. Xenon anesthesia results in a more stable blood pressure, a lower
heart rate, and faster emergence from anesthesia than other conventional methods, despite a
higher risk of nausea [1290]. Most oddly and uniquely, there are some studies that suggest it
is useful for treating traumatic brain injuries and post-traumatic stress disorder [1291, 1292].
While in the United States these claims have not been evaluated by the Food and Drug Admin-
istration (FDA), in Russia, the inhalation of xenon is used for selective ‘deletion’ of traumatic
memories, associated with negative emotions [1292]. All this serves to illustrate the extreme
versatility of the element. The study of xenon for particle physics may thus have side-effects
spilling over into numerous other fields that seem entirely unrelated.

8.11. Liquid xenon TPCs for nuclear security

The neutron is the gold-standard calibration particle of choice for any WIMP detector, since
it is supposed to emulate the NR generated by dark matter WIMPs. This implies that a WIMP
dark matter detector is also an outstanding neutron detector. Liquid xenon TPCs stationed at
seaports and airports can allow for non-intrusive inspection of fissionable materials in cargo, by
detecting gamma rays and fast neutrons emitted spontaneously or by stimulation from nuclear
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materials [1293]. The ability of discriminating between nuclear and ERs allows to better dis-
criminate against activation from other backgrounds. This holds true even through shielding,
given the low ~keV energy thresholds achieved recently for dark matter searches.

Another homeland security application is monitoring of nuclear reactors at power plants for
fuel rod theft, which could change the outgoing neutrino (and not just neutron) flux, or rod
type replacement, which could change the balance of uranium and plutonium amounts. This
concept has been explored by the Nucifer Experiment [1294] with a scintillating liquid. Liquid
xenon could be ideal for detecting the resulting change in the rate of CEvNS, already discussed
in detail above. Liquid xenon is being considered for detecting CEvNS by the RED [1271] and
NUXE [1272] collaborations.

8.12. Data-intensive and computational sciences

All of the aforementioned scientific deliverables require the development of cyber-
infrastructure such as algorithms, methods, and tools, for the wider benefit of data-intensive
sciences. Years of substantial improvements in dark matter detectors means that the field
launched into the realm of petabyte data science. The computational science pursued in this
field includes, but is not limited to: how ultra-low-energy simulations are performed, including
relevant microphysics (section 1.6); how event reconstruction can be performed with the aid
of e.g. machine learning [1295]; and how high-throughput/high-level triggers can be deployed
on such non-collider experiments.

This effort requires computational science developments, which can benefit other scien-
tific efforts at both small and large scales. For small scales, there has been an explosion in
the number of experiments in recent years. Examples of advancements in this field that are
broadly impactful to those having to harness their data are integrating smaller efforts into
existing infrastructure using frameworks such as GAUDI [1296]; data management systems
such as OSG [1297]; and demonstrating the effectiveness of columnar compilers in tackling
data-intensive applications in high-level descriptive languages. For large scales, overcoming
computational science hurdles with novel technologies means serving as a test bed for tech-
nologies for big science projects such as the HEP software project [1298]. Therefore, achiev-
ing our physical science goals requires novel computational science and cyber-infrastructure
development.

9. Research community priority

The need for a next-generation liquid xenon TPC is strongly acknowledged throughout the
international particle physics community. Studies toward a large-scale liquid xenon dark matter
detector started already in 2009 within the EU-ASPERA program, which eventually led to the
DARWIN project. The support for DARWIN was strongly recommended in the 2011 update
of the ASPERA roadmap [1299]. During the ‘snowmass’ process to plan research priorities
in 2013, US particle physicists concluded that the discovery goal of liquid xenon dark matter
detectors must be to ‘search for WIMPs over a wide mass range (1 GeV to 100 TeV)...until
we encounter the coherent neutrino scattering signal that will arise from solar, atmospheric
and supernova neutrinos. [1300]. In 2017, the Astro Particle Physics European Consortium
(APPEC) devised a European Strategy, which aimed to converge ‘with its global partners’ on
the realization of at least one ‘ultimate dark matter detector based on xenon’ [1301].

The Division of Particles and Fields of the American Physical Society defined the next
step for the detection of WIMPs to be ‘to partner with Europe and Asia on one large inter-
national generation-3 detector’ [1302] and they note that detector R & D looks promising for
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‘the scaling up of liquid noble. . . detectors to cover the WIMP mass range to the coherent neu-
trino floor’ [1303]. The Chinese community also endorses a next generation deep underground
xenon observatory as one of the top priorities in particle astrophysics [1304]. The APPEC
dark matter report states that underground dark matter programs with the sensitivity to reach
down to the ‘neutrino floor at the shortest possible timescale’ should receive enhanced sup-
port [1305]. Clearly, the main goal is to search for dark matter, but it is understood that this
detector will have important implications for astrophysics and the quest for the nature of neu-
trinos. This present paper is a response to the global support for a next-generation liquid xenon
TPC, as evidenced here. Progress is also made in assembling a strong global liquid xenon
detector community, evidenced for example by the signing in 2021 of a joint Memorandum
of Understanding between the members of the LZ and XENON collaborations forming the
XLZD consortium.

9.1. Dark matter

In the past two decades, the goal of liquid xenon TPCs has been to detect theorized elastic
scatters of WIMP dark matter off xenon nuclei. In addition to WIMPs, these detectors have
sensitivity to a large host of well-motivated dark matter candidates, as outlined in this work.
About 10 different xenon-based dark matter detectors were built over the years, increasing the
xenon target mass by almost three orders of magnitude, reducing the ER background by about
four orders of magnitude and improving the sensitivity to WIMP dark matter by more than a
factor 1000. After the pioneering work by ZEPLIN-II/III and XENON10, XENON100, LUX
and PandaX managed to build a suite of detectors with world-leading sensitivity. XENONI1T
was the first TPC with a target above the tonne-scale. The current generation of detectors,
XENONNT [98], LUX-ZEPLIN (LZ) [99], and PandaX-4T [97], feature multi-tonne liquid
xenon targets. Despite a lack of definitive signal so far, these detectors are clear leaders in
sensitivity to WIMPs and other physics channels, and scale reliably in mass [96]. It is for these
reasons that a next-generation liquid xenon TPC is of such high interest to the international
physics community.

The Update of the European Strategy for Particle Physics (ESPP) from 2020 points out
that the search for dark matter is a crucial part of the search for new physics and that exper-
iments that offer ‘potential high-impact’ should be supported [1306]. The APPEC report on
the direct detection of dark matter (2021) states that ‘the search for dark matter with the aim
of detecting a direct signal of dark matter particle interactions with a detector should be given
top priority in astroparticle physics, and in all particle physics’ [1305]. Already in 2014, the
US Particle Physics Project Prioritization Panel (P5) highlighted the identification of the new
physics of dark matter as one of the five science drivers for all of particle physics and recom-
mended that US funding agencies ‘support one or more third-generation (G3) direct detection
experiments. .. (with) a globally complementary program and increased international partner-
ship in G3 experiments’ [1307]. Consolidation of the world-wide xenon community already
took place when the members of the ZEPLIN collaboration joined LUX, and XMASS teamed
up with XENON. Another important step toward the realization of this next-generation detec-
tor happened in 2021, when the scientists from the XENON/DARWIN and LUX-ZEPLIN
collaborations agreed to join forces in the XLZD consortium toward the realization of this
observatory.

The German [1308], Swiss [1309] and Dutch [1310] particle physics communities like-
wise identified the multi-tonne liquid xenon observatory DARWIN of particular interest for
their national strategy roadmaps and support R & D toward this goal via national funding pro-
grams. Other countries are strong members of the XENON experiment and it is expected that
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its follow-up project (e.g. DARWIN) will also be supported. The UK’s Particle Astrophysics
roadmap also stresses the importance of a xenon-based next-generation (‘G3’) observatory,
explicitly recommending R & D toward this detector as the highest priority in dark matter.
Relevant R & D is also supported through multiple European Research Council (ERC) grants.

9.2. Neutrinoless double beta decay

Understanding the physics of neutrino mass is another important science driver for particle
physics identified by the US P5 and APPEC, which noted the importance of neutrinoless dou-
ble beta decay searches in that context [1301, 1307]. Such experiments are also a top priority
in the 2015 US Long Range Plan for Nuclear Science [1311], with one of the four main recom-
mendations being the construction of a massive detector. The European APPEC double beta
report (2019) states that ‘the search for neutrinoless double beta decay is a top priority in parti-
cle and astroparticle physics’ and acknowledges that the Ov33 sensitivity of a next generation
dark matter detector opens up an exciting scenario [1312]. Similar statements of support for
neutrinoless double beta decay detection, especially in dark matter detectors, can be found in
UK [1313], Russian [1314], CERN/European [1315], and Chinese [1316] particle and nuclear
physics priority planning documents. The APPEC dark matter report states on this topic that
‘the potential of dark matter detectors to search for rare nuclear decays has been demonstrated
spectacularly when XENONIT observed for the first time double electron capture on '**Xe
[766]° [1305].

9.3. Neutrinos

Recently, the observed phenomenon of CEvNS [791] has made large dark matter detectors,
such as the one discussed here, particularly desirable for studying neutrinos. Such a detector
would be invaluable to the field of astrophysics for measuring Galactic supernovae neutrinos
of all flavors. A next-generation liquid xenon detector would be able to probe multiple solar,
atmospheric and supernova neutrino signals, which are invaluable measurements in their own
right. The US Nuclear Physics community, in the 2015 Long Range Plan for Nuclear Science
(LRP) [1311], notes that measuring the CNO cycle and addressing the ‘metallicity problem’
in the Sun—both accessible to this detector technology—are the next big challenges in solar
neutrino research.

Taken together, the experiment discussed here addresses a number of high-priority sci-
ence issues. Spanning across (astro-)particle physics, astrophysics, and nuclear physics, such
a detector will significantly advance fundamental science on a variety of fronts.

10. Summary

The compelling and versatile science case for a next-generation liquid xenon experiment, com-
bined with its mature technology and minimal technological risk, renders such a detector a
paramount facility for the next decade of particle physics, nuclear physics, and astrophysics.
This detector will be sensitive to many types of dark matter interactions. Probing the remaining,
well-motivated parameter space for spin-independent WIMP scattering down to the neutrino
fog will be a milestone in the quest to unravel the nature of dark matter. With its xenon target,
this detector will have unprecedented sensitivity to a variety of dark matter models, including
spin-dependent couplings, ALPs, dark photons, and sterile neutrinos. With the help of opti-
mized analyses, it covers dark matter masses ranging from kilo-electronvolts all the way up to
the Planck mass. This next-generation experiment will therefore have significant and lasting
impact on dark matter physics.
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Simultaneously, such a next-generation liquid xenon experiment will be a competitive
experiment in the search for neutrinoless double-beta decay, using a very cost-effective natural
xenon target. It will therefore directly address one of the most pressing problems of nuclear
physics. Isotopic separation of the natural xenon target can be used to further this sensitivity,
or to enable a direct measurement of solar CNO neutrinos.

Furthermore, this next-generation experiment will be a true observatory for a number of
relevant physics. Examples include a precision measurement of the Solar pp neutrino flux, a
measurement of the Solar metallicity through boron-8 neutrinos, as well as a first measurement
of atmospheric neutrinos in the mega-electronvolt energy range. This detector also has the
chance to observe neutrinos from a Galactic supernovain a complementary, flavor-independent
channel, if such an event were to occur in the lifetime of the experiment.

Finally, this detector provides the opportunity to search for a host of signatures from physics
beyond the SM of particle physics. No other technology is capable of probing this many dif-
ferent signals, spanning areas from cosmology to nuclear physics, particle physics, and solar
astrophysics.
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