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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.

21



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

10-47

1048

WIMP-nucleon oS! [cm?]

joswb . ., Eftipetednoutring fog

10! 102
WIMP mass [GeV/c?]

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-d