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ARTICLE INFO ABSTRACT

Editor: Tommy Ohlsson The XENON family of experiments have been at the forefront of direct dark matter searches for
weak-scale dark matter for more than fifteen years. In this time, the program has scaled from
a few-kilogram pathfinder detector to the current XENONNT holding 8.6 tonne of liquid xenon.
Innovations in xenon handling, material selection and purification have allowed each detector
generation to feature a lower background rate than the previous.

1. Introduction

The nature of dark matter (DM), the dominant form of matter in the Universe [1], remains unknown despite decades of theo-
retical and experimental efforts. Its undisputed existence cannot be explained without invoking new physics Beyond the Standard
Model (BSM) of particle physics. Weakly Interacting Massive Particles (WIMPs) [2] are compelling DM particle candidates that arise
naturally in several BSM theories. WIMPs direct detection via their rare scattering off normal matter in low background experi-
ments has been pursued over the last several decades with a variety of target materials and detector technologies. The best limits on
WIMP-nucleon cross section for spin-independent interactions have been achieved by dual-phase Liquid Xenon (LXe) Time Projection
Chambers (TPCs) such as the family of detectors operated by the XENON collaboration. This detector technology has led the field
for more than fifteen years and continues to be the most promising to cover the remaining expected parameter space, until the dark
matter rate becomes comparable with the irreducible background caused by interactions of neutrinos [3]. The Xe high atomic mass
number and high liquid density allow for massive yet compact, homogeneous detectors with efficient self-shielding against exter-
nal radiation. The simultaneous detection of both ionization and scintillation signals down to a few keV enables dual-phase TPCs
to reconstruct event positions in 3D, in turn allowing for powerful background suppression via fiducialization of the active liquid
target.

These features are exploited by the detectors of the XENON phased program carried out since 2005 at the INFN Laboratori
Nazionali del Gran Sasso (LNGS) in Italy, first with the pathfinder XENON10 (14 kg LXe TPC) followed by XENON100 (62 kg LXe),
then XENONIT (2.0 t LXe) and the currently operating XENONNT (5.9 t LXe) detector. Results on the WIMP-nucleon scattering cross
section achieved by these successive experiments are shown in Fig. 1b. The unprecedented improvement in sensitivity, with a factor
of 10 every ~3.3 years since ~2007, was only possible thanks to the drastic concomitant reduction in background levels (see Fig. 2),
with current lowest electronic background rate in XENONNT of ~0.3 events/(td) in the energy region relevant for WIMPs, below 10
keV. In the following we summarize the key features of the different experiments developed within the XENON program and the key
results obtained on the search for WIMPs.
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(a) Progress of direct detection limits for LXe (b) XENON WIMP-nucleon spin independent
TPCs cross section constraints

Fig. 1. Progress in WIMP searches with LXe: The plot shows the improvement in sensitivity to spin independent WIMP-nucleon coupling (for a mass of 50 GeV/c?)
achieved by LXe experiments of increasing target masses [4]. The right plot shows successive results from the XENON collaboration [5-9]. The gray region at low
cross-sections is one estimate of where the astrophysical neutrino flux will dominate over a dark matter signal, from [10], and the contour shows a supersymmetric
parameter scan favored region for WIMP dark matter [11].
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Fig. 2. Evolution of fiducial LXe target mass and electronic recoil background below 10 keV in the XENON detectors, scaled by volume to achieve the required
dynamic range.

2. The phases of the XENON program

The detector at the heart of each of the XENON experiments is a dual-phase LXe TPC, in which particle interactions are observed
via scintillation and ionization signals, as illustrated in Fig. 3: the first is the prompt scintillation light (S1), while the second is
caused by ionization electrons that are drifted and extracted into the gaseous phase where they produce electroluminescence (S2).
The photons are detected by two arrays of photomultiplier tubes (PMTs). The difference in arrival time between the S1 and S2
signals yields the depth z of an interaction. The S2 light distribution in the top array yields the (x, y)-position of an event, while the
S2/81 ratio allows discriminating electronic recoils (ERs) from nuclear recoils (NRs), as demonstrated in the XENON10 phase [12],
illustrated in Fig. Sc. Fig. 4 lists key characteristics of each XENON experiment.

2.1. XENON10

The first prototype of the XENON family of detectors, XENON10, contained 15 kg of liquid xenon of which 5.4 kg was selected
for a WIMPs search [13]. Fig. 5 shows the 1-inch square metal-channel PMTs developed to work in LXe and first used in XENON10,
and key results from the XENON10 WIMP search: by operating as a dual-phase TPC, reading out both scintillation light and charge
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Fig. 3. Principle of operation of a dual phase LXeTPC, courtesy of the XENON collaboration. In the left figure, an incoming particle deposits energy, and the scintillation
light is observed in the top and bottom PMT arrays. On the right, ionisation electrons are drifting to the LXe surface, where they will be extracted as an S2 signal
carrying position information.
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Fig. 4. The experiments of the XENON phased program.

allowed discrimination between electronic and nuclear recoils, as shown in Fig. 5b. The TPC was shielded by a passive polyethylene
and lead shield against environmental radiation. The experiment also demonstrated three-dimensional position reconstruction, so
that the high-background edges of the xenon target could be excluded from a WIMP search. The resulting science-data, shown in
Fig. 5c allowed a striking improvement over then-current limits for WIMPs with masses above 10 GeV/c?, shown in Fig. 5d. With
only a few months of data, XENON10 fully demonstrated the potential of the LXe detector technology, paving the way for the next
phases of the XENON program.
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Fig. 5. Figures illustrating the XENON10 experiment. Subfigure b) shows the calibration using either a '*’Cs ER source, or an AmBe NR calibration source, demon-
strating the ER/NR discrimination capability of the technology. Subfigure c) shows the final search data within the search region defined by blue lines [5]. Using a
maximum-gap analysis, XENON10 set limits as shown in subfig. d), significantly improving the state-of-the-art.

2.2. XENON100

The XENON100 detector [14] not only scaled up the fiducial mass by almost an order of magnitude, but crucially did so while
lowering the background rate by two orders of magnitude [15]. The ~100 kg mass of LXe surrounding the TPC’s volume was
instrumented with PMTs to act as an active veto. This feature, in addition to a layer of pure copper close to the TPC’s cryostat,
improved the shielding against environmental radioactivity with respect to XENON10. In addition, materials used for the XENON100
detector were carefully selected for the lowest intrinsic radioactivity, after an extensive screening campaign. The resulting data in
scintillation versus ionization signal is shown in Figs. 6a and 6b. These efforts yielded a significant gain in science reach— nearly
two orders of magnitude improvement in the spin-independent WIMP search, as shown in Fig. 6¢c. Other science channels were also
investigated, including a search for axion-like particles [16], leptophilic dark matter [17] and an annual modulation signal [18],
among others.

2.3. XENONIT

With XENONIT the collaboration realized the promised scale envisioned in the original XENON proposal to the US National
Science Foundation of a tonne-scale detector [19,20], but in one monolithic detector rather than the originally envisioned ten
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Fig. 6. Results from XENON100: the scatter plots show the observed events in ¢S1,cS2 and radius/depth, showing the very good background discrimination in both
spaces. The last figure shows the resulting 90% CL upper limits on WIMP-nucleon spin-independent interactions.

identical detectors at the 100-kg scale. The cylindrical TPC measured 96 cm in diameter with a maximum drift length of 97 cm,
enclosing a 2 t sensitive volume. Much of the infrastructure built for XENON1T was designed with the vision to rapidly upgrade
the experiment with a larger LXeTPC. The 15 m water tank encloses a Cherenkov muon veto detector, to reduce the muon-induced
background rate to a negligible level [7], as well as to provide shielding against external backgrounds.

Several new and improved system were developed to handle the challenges associated with the cooling and cleaning of the first
tonne-scale LXeTPC, as well as new data acquisition and calibration systems. The XENON1T experiment, located in Hall B of the
LNGS, consists of the central LXe detector in its water tank, flanked by a three-story service building shown in Fig. 7a, dwarfing the
XENON100 setup which was contained in an office-sized niche at LNGS. The LXe volume, including both the instrumented volume
and that contained in non-instrumented regions, totaled 3.2 t, continuously cooled and purified by the cryogenics infrastructure.
A spherical storage and recovery sphere was designed to safely contain the entire xenon mass to be recovered from the detector in
case of an emergency, and for the xenon to be liquefied and purified before filling the detector. After filling the detector, the xenon is
continuously circulated through rare-gas purifiers to remove electronegative impurities that absorb drifting electrons and therefore
reduce the S2 signal. The xenon flow can also be routed to a cryogenic krypton distillation column, to remove krypton, including the
radioactive 33Kr background source. XENON1T demonstrated the online removal of krypton, achieving a reduction in the "Kr/Xe
ratio from 60 ppb to 0.36 + 0.06 ppt after 70 days of distillation [21]. The reduction is shown in Fig. 8a.

The primary science results from XENONIT used a total of 278.8 d of exposure from November 2016 until February 2018,
divided in two science runs. The analysis of both science runs was performed blinded to reduce experimenter bias, and yielded
strong constraints on spin-independent WIMP-nucleon interactions. The WIMP constraints from the analysis of the full exposure,
which used an analysis volume containing 1.3 t, for a 1.0 ty exposure, are shown in Fig. 1b. This figure also includes constraints
from XENONI1T using only the scintillation signal, in order to lower the energy threshold [8], providing results comparable or better
than dedicated low-threshold detectors.
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Fig. 7. XENONI1T infrastructure and results.
2.4. XENONnT

Using the same water shield, and much of the infrastructure developed and tested with XENON1T, the upgraded XENONNT phase,
started science data-taking in 2021, with a 97.1 d first exposure. The new and larger TPC measures 1.33 m in diameter, and 1.49 m
in height, and features twice as many PMTs as XENON1T, 494 in total. It is enclosed in a vacuum insulated vessel containing a total
8.3 tonne of LXe of which 5.9 tonne make the active WIMP target. Of these 4.4 t were chosen for the first science analysis [22].

Surrounding the TPC is a new active neutron veto, which consists of an optically separated and instrumented core of the muon
veto water tank with 120 PMTs and a projected neutron tagging efficiency of 0.87 when the water is doped with Gd.

XENONNT also features significant advances in xenon purification. The electron lifetime achieved is an unprecedented >10 ms
thanks to an innovative liquid purification technology that can process the entire xenon volume of 8.3 tonne in 18 hours [23]. At
low recoil energies relevant for both searches for electronic recoil and WIMP signatures < 20 keV, the background is dominated by
single-beta decays of the 222Rn-daughter 2!4Pb [22]. XENONNT uses a new Rn distillation system capable of operating with high
flow, 91 + 2 kg/h, of xenon [24]. Fig. 8b shows the performance of the column, both in a gas-only mode used for the first science
run, reaching 1.8uBq/kr, and the full-flow mode where a further factor 2 reduction was achieved.

The first science run of XENONnT (SRO) was dedicated to probe the nature of an intriguing excess observed in XENON1T: a
peak in the spectrum of electronic recoil events compatible with a 2.3 keV peak from solar axions or from a new background, such
a very small contamination of tritiated hydrogen molecules [25]. The analysis blinding strategy was adapted to also cover signals
in the electronic recoil band, and dedicated side-band runs were collected where a tritium signal, if any, would be amplified by
by-passing purification systems. Fig. 9 shows the blinding regions for both the ER and NR searches, together with representative
signals for each. The resulting analysis of 1.16 ty featured the lowest ever background rate achieved in a dark matter detector,
16.1 + 1.3 events/(tonne X year X keV), and found no excess, as shown in Fig. 10a. This conclusively ruled out any new physics
explanation of the XENONI1T excess, placing strong limits, as shown in Fig. 10b.

XENONNT also performed a search for WIMPs with the same dataset. The data, shown in Fig. 10, had no significant excess with
respect to the background model (p > 0.2), but limits reflect this +1¢ fluctuation, and are shown in Fig. 1b. For WIMP searches, two-
phase LXe TPCs benefit from a significant discrimination between the nuclear recoil signal events and the more numerous electronic
recoil background. The XENONNT response to neutrons was calibrated using an external AmBe source whereas for the response to
electronic recoils, internal calibration sources were used. The first science run used 83”Kr data to characterize the detector spatial
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Fig. 9. Calibration data and unblinded search data from the XENONnT SRO [9].

response, correcting for geometric light collection efficiency, electrode sagging and other effects. 22ORn calibration data provided a
low-energy approximately flat spectrum of beta-induced ERs, while 37 Ar provided a 2.8 keV K-shell decay after an electron capture.
Both these sources were fitted with a fast detector simulation model [9] which provided a good fit to the data. Fig. 9 shows the

lowest-energy calibration data collected for XENONNT, and illustrates the power of the LXeTPC to distinguish the more common ER

background and a NR signal, represented with blue and red contour lines, respectively, for the radon calibration and AmBe data.
Following its first science run, XENONNT is collecting further data, with the reduction of Rn from both gas and liquid Xe and

with the neutron veto operating with Gd doping. Similar to the XENON1T efforts, the collaboration is also working to realize the
full range of science potential by investigating other signatures, such as low-threshold ionization-only searches, lowering the NR S1

coincidence threshold, and using the ultra-low ER background to improve on searches for high-energy ER signatures, among others.
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The XENON dark matter program has successfully demonstrated the application of the LXeTPC detector technology as one of the
most promising for WIMP direct detection, with a series of experiments which have led the field for almost two decades. The target
mass scalability from the few kg-scale to the multi-tonne-scale was accompanied by an unprecedented five orders of magnitude
reduction of the intrinsic background, thanks to careful xenon handling, material screening and selection, LXe purification and
cryogenic distillation for the reduction of intrinsic radioactivities. The progress in WIMP limits is shown in Fig. 1b, and is now being

accompanied by an increasing menu of other new physics or rare events searches.
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