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Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)
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1. Accelerator physics of colliders 1

1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0 mass: m =?

X0 spin: J =?

X0 parity: P =?

X0 lifetime: ⌧ =?

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?

X0 self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �exp ⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�x�y
(1.2)
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interactions with normal matter?
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X0

the microscopic nature of 
DM is almost completely 

unconstrained



Informs and limits the 
possible interactions 

Cosmology
Particle Physics

Explaining this value suggests dark and 
visible matter interactions are generic&

⌦DMh2 = 0.120± 0.001
<latexit sha1_base64="LtBLjPMc6raGmdhnXk+cHFSFMhQ="></latexit>
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Figure 1: Summary of case studies presented in this document, shown in the context of a sketch of the
coupling-mass plane including the parameter space typical of some of the rich variety of DM theories possible.
The shaded colors in this sketch are suggestive of the Frontiers with experiments represented in the case
studies in a given region, with color coding specified near the rounded rectangles.

(at 1.1 TeV for the Higgsino and 2.8 TeV for the Wino) by matching the relic density under the assumption
of a standard cosmology with thermal freezeout of the DM [20, 21].

Indirect searches for gamma-rays and antiprotons already constrain the thermal Wino (e.g. [22, 23]),
albeit with significant systematic uncertainties associated with the DM density and cosmic-ray propagation.
Future cosmic probes and complementary astrophysical measurements could reduce these uncertainties and
strengthen the bounds. In direct detection, the cross section is very small [24], but large future direct
detection experiments such as DARWIN can probe the Wino scenario, with cross-sections still above the
neutrino fog [25]. The direct detection cross section for the thermal Higgsino lies in the neutrino fog, but
CTA should have sensitivity to the indirect-detection signal [26]. Current colliders can only probe lighter
non-thermal Wino- and Higgsino-like particles, but a future multi-TeV lepton or hadron collider could meet
the thermal target for both Wino and Higgsino (and eventually even for larger multiplets) [20, 21]. A direct
or indirect detection during the planning phase of such a collider would provide crucial input to the design.
A collider discovery would provide in-depth information on the WIMP’s interactions with SM particles and
its associated particle spectra. Alternatively, null results at collider experiments could significantly constrain
the interpretation of a putative DM signal from direct or indirect detection.

Generic Beyond the Standard Model (BSM)-mediated and Vector Portal Dark Matter. If
DM particles are discovered by either Cosmic Frontier or accelerator-based (EF and/or RPF) experiments,
the other technique will be essential to understanding its properties. In the case of a CF detection of
DM particles, di↵erent types of cosmic probes and target materials can shed some light on the nature of
DM interactions. However, producing the same kind of DM in the lab, with a known initial state, opens
new windows to characterising DM interactions and resolving the roles of related, cosmologically unstable,
particles. Likewise, while a signal of invisible particle production in a fixed target or collider experiment can
be related to DM models, a simultaneous discovery in Cosmic Frontier experiments is needed to ascertain
the cosmological nature of the DM candidate.

This kind of complementarity is illustrated by theoretical scenarios that extend the WIMP paradigm to
include an additional particle beyond the SM that mediates interactions between DM and SM. These mediator
particles can decay into both DM and SM particles; searches for each decay mode o↵er further insight into the
DM-SM interaction. A thermal history for the DM candidates in the early universe can be attained depending
on the coupling types and strengths of the mediator (or portal) particle, as well as on the mediator and DM
particle masses. Specific realizations of these models are used as benchmarks in e.g. Refs. [4, 27–29]. Figures
2 (b) and 3 (a) illustrate complementarity across CF, EF and RPF experiments in terms of both opportunities
for simultaneous discovery (CF1/EF10) and complementary discovery sensitivity (EF10/RF6); we also refer
the reader to Fig. 1-1 and Case studies 1 and 2 of [5] for discussion of the CF1/RF6 complementarity for
low-mass DM. Further insights into these and related portal DM models can be gained from MeV-energy
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Boveia et al, arXiv:2211.07027
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DM landscape: classifying with clever people’s ‘mind-map’
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Bertone, Tait, Nature 
arXiv:1810.01668



How can we make progress?
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Aim: determine DM mass and interaction cross section 
(or, experimentally exclude the broadest accessible ranges of both quantities) 

Approach: search for direct interaction of DM with a terrestrial detector 

Delve deep (cover high priority targets e.g., WIMPs)  

Search wide (explore as much DM parameter space as possible)

Cooley et al  
arXiv:2209.07426

Cosmic Frontier’s recommendation:



Dark matter landscape in the context of XLZD
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the target. The light is detected by two arrays of photomultiplier tubes (PMTs) on the top and
bottom of the detector (mainly in the bottom array due to reflection from the liquid/gas interface).
Particle interaction also causes ionisation of atoms in LXe, whereas an applied electric field suppresses
electron-ion recombination and allows electrons to drift upwards, towards the gas phase. Electrons are
then extracted from the liquid into the gas and produce the delayed signal (S2) by electroluminescence
that is seen by the PMTs (mainly in the top array). The pattern of light in the top PMT array from
S2 provides the x � y coordinates (in the horizontal plane) of the original energy deposition with an
accuracy of about 1 cm for low-energy events, whereas the time delay between S1 and S2 determines
the position along the vertical z-axis with a few mm accuracy [6]. In addition, the ratio of S2/S1
provides a very good discrimination power between the nuclear recoils (NRs) expected from WIMP
interactions (also from the neutron background) and electron recoils (ERs) from the main background
of gamma-rays and beta-decays. Figure 1 (right) shows the inner part of the LUX TPC, without
the bottom PMT array. A detailed description of the LUX experiment including early calibrations,
event reconstruction, and data analysis procedures, have been reported in [7]. The total active xenon
mass (within the TPC) was 250 kg, with the inner fiducial volume for WIMP searches containing
about 100 kg of xenon. The search for WIMP interactions involved identifying single-hit NR events,
potentially caused by WIMPs, in a background of ERs, based on the S2/S1 ratio that was measured to
be significantly smaller for NRs than for ERs for a fixed, measured S1 signal [7]. Only single-hit events
were considered as candidates for dark matter particle interactions, whereas multiple hit events were
associated with the background.

Figure 1. (Left) The operating principle of the dual-phase xenon TPC. An electric field is applied along
the cylindrical part of the TPC, allowing electrons to drift towards the anode. Each particle interaction
in the active LXe produces two signals: the first one comes from the prompt scintillation (S1) and the
second one, delayed by the electron drift time, comes from ionisation, by electroluminescence in the
gas phase (S2). See text for detail. (Right) Photo of the inner part of the LUX TPC, without the bottom
PMT array.

The LUX detector was immersed in a large water tank that provided shielding against gamma-rays
and neutrons from the surrounding rock. Cosmic-ray muon flux was attenuated by about 6 orders of
magnitude by rock above the detector, being located at a depth of about 1480 m below ground in the
Sanford Underground Research Facility (SURF) (Lead, SD, USA).

After 3.35 ⇥ 104 kg·days of running the experiment, no statistically significant excess of single-hit
events in the fiducial volume over the background-only model was found that resulted in the limit
on the spin-independent WIMP-nucleon cross-section of 1.1 ⇥ 10�46 cm2 at the minimum of the
sensitivity curve (about 50 GeV/c2) [1]. These limits were world-leading at the time of the experiment.
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the bottom PMT array. A detailed description of the LUX experiment including early calibrations,
event reconstruction, and data analysis procedures, have been reported in [7]. The total active xenon
mass (within the TPC) was 250 kg, with the inner fiducial volume for WIMP searches containing
about 100 kg of xenon. The search for WIMP interactions involved identifying single-hit NR events,
potentially caused by WIMPs, in a background of ERs, based on the S2/S1 ratio that was measured to
be significantly smaller for NRs than for ERs for a fixed, measured S1 signal [7]. Only single-hit events
were considered as candidates for dark matter particle interactions, whereas multiple hit events were
associated with the background.

Figure 1. (Left) The operating principle of the dual-phase xenon TPC. An electric field is applied along
the cylindrical part of the TPC, allowing electrons to drift towards the anode. Each particle interaction
in the active LXe produces two signals: the first one comes from the prompt scintillation (S1) and the
second one, delayed by the electron drift time, comes from ionisation, by electroluminescence in the
gas phase (S2). See text for detail. (Right) Photo of the inner part of the LUX TPC, without the bottom
PMT array.

The LUX detector was immersed in a large water tank that provided shielding against gamma-rays
and neutrons from the surrounding rock. Cosmic-ray muon flux was attenuated by about 6 orders of
magnitude by rock above the detector, being located at a depth of about 1480 m below ground in the
Sanford Underground Research Facility (SURF) (Lead, SD, USA).

After 3.35 ⇥ 104 kg·days of running the experiment, no statistically significant excess of single-hit
events in the fiducial volume over the background-only model was found that resulted in the limit
on the spin-independent WIMP-nucleon cross-section of 1.1 ⇥ 10�46 cm2 at the minimum of the
sensitivity curve (about 50 GeV/c2) [1]. These limits were world-leading at the time of the experiment.

LXe-TPC 
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the target. The light is detected by two arrays of photomultiplier tubes (PMTs) on the top and
bottom of the detector (mainly in the bottom array due to reflection from the liquid/gas interface).
Particle interaction also causes ionisation of atoms in LXe, whereas an applied electric field suppresses
electron-ion recombination and allows electrons to drift upwards, towards the gas phase. Electrons are
then extracted from the liquid into the gas and produce the delayed signal (S2) by electroluminescence
that is seen by the PMTs (mainly in the top array). The pattern of light in the top PMT array from
S2 provides the x � y coordinates (in the horizontal plane) of the original energy deposition with an
accuracy of about 1 cm for low-energy events, whereas the time delay between S1 and S2 determines
the position along the vertical z-axis with a few mm accuracy [6]. In addition, the ratio of S2/S1
provides a very good discrimination power between the nuclear recoils (NRs) expected from WIMP
interactions (also from the neutron background) and electron recoils (ERs) from the main background
of gamma-rays and beta-decays. Figure 1 (right) shows the inner part of the LUX TPC, without
the bottom PMT array. A detailed description of the LUX experiment including early calibrations,
event reconstruction, and data analysis procedures, have been reported in [7]. The total active xenon
mass (within the TPC) was 250 kg, with the inner fiducial volume for WIMP searches containing
about 100 kg of xenon. The search for WIMP interactions involved identifying single-hit NR events,
potentially caused by WIMPs, in a background of ERs, based on the S2/S1 ratio that was measured to
be significantly smaller for NRs than for ERs for a fixed, measured S1 signal [7]. Only single-hit events
were considered as candidates for dark matter particle interactions, whereas multiple hit events were
associated with the background.

Figure 1. (Left) The operating principle of the dual-phase xenon TPC. An electric field is applied along
the cylindrical part of the TPC, allowing electrons to drift towards the anode. Each particle interaction
in the active LXe produces two signals: the first one comes from the prompt scintillation (S1) and the
second one, delayed by the electron drift time, comes from ionisation, by electroluminescence in the
gas phase (S2). See text for detail. (Right) Photo of the inner part of the LUX TPC, without the bottom
PMT array.

The LUX detector was immersed in a large water tank that provided shielding against gamma-rays
and neutrons from the surrounding rock. Cosmic-ray muon flux was attenuated by about 6 orders of
magnitude by rock above the detector, being located at a depth of about 1480 m below ground in the
Sanford Underground Research Facility (SURF) (Lead, SD, USA).

After 3.35 ⇥ 104 kg·days of running the experiment, no statistically significant excess of single-hit
events in the fiducial volume over the background-only model was found that resulted in the limit
on the spin-independent WIMP-nucleon cross-section of 1.1 ⇥ 10�46 cm2 at the minimum of the
sensitivity curve (about 50 GeV/c2) [1]. These limits were world-leading at the time of the experiment.
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The cuts remove >99.5% of accidentals, measured using
single-scatter-like events with unphysical (>951 µs) drift
time (UDT) and events generated by random matching
of isolated S1 and S2 populations.

FIG. 2. Signal e�ciency as a function of NR energy for the
trigger (blue), the 3-fold coincidence and >3 phd threshold on
S1c (orange), single-scatter (SS) reconstruction and analysis
cuts (green), and the search ROI in S1 and S2 (black). The
inset shows the low energy behavior, with the dotted line at
5.5 keVnr marking 50% e�ciency. The error band (gray) is
assessed using AmLi and tritium data as discussed in the text.

Data-driven signal e�ciencies for the trigger, recon-
struction, and analysis cuts are shown in Fig. 2. The
DAQ trigger e�ciency is determined from DD data by
comparing the external trigger of the generator against
the TPC S2 trigger logic, and is confirmed using ran-
domly triggered events collected throughout the search.
The reconstruction e�ciency for low-energy NR events
is evaluated by comparing the reconstruction results
against a large set of events manually identified as single-
scatter in DD data. An additional reconstruction ine�-
ciency due to S2 splitting for long drift times for low
numbers of extracted electrons is accounted for with sim-
ulation. Analysis cut e�ciency is not determined directly
from neutron calibration data as they do not cover the
spatial extent of the TPC and are contaminated by a
high rate of single photons and electrons. Instead, the
e�ciency throughout the full analysis volume is evalu-
ated using tritium data for analysis cuts targeting S1
pulses and the combination of tritium and AmLi data for
those targeting S2 pulses. Composite NR-like waveforms
are generated using tritium single scatters with their S2
pulses replaced by smaller pulses from other tritium or
AmLi events (an “AmLi-tritium” dataset). The uncer-
tainty on the NR signal e�ciency is the larger of the
±1� statistical fluctuation of the AmLi-tritium dataset
and the di↵erence between the AmLi-tritium dataset and
a pure AmLi dataset. The uncertainty is 3% for nuclear
recoil energies >3.5 keVnr, increasing to 15% at 1 keVnr.

FIG. 3. Data in reconstructed r2 and z after all analysis cuts.
Black (grey) points show the data inside (outside) the FV.
Red crosses and blue circles show events vetoed by a prompt
LXe skin or OD signal, respectively. The solid line shows the
FV definition, and the dashed line shows the extent of the
active TPC. Field non-uniformities cause the reconstructed r
position of the active volume boundary to vary as a function
of z. Events with drift time of approximately 50 µs are from
recoils in the gas which produce S1 and S2 pulses with a fixed
time separation.

Events with coincident activity in the TPC and skin or
OD are removed to reduce backgrounds producing �-rays
and neutrons. To mitigate backgrounds associated with
�-rays, events with a prompt signal in the OD (skin)
within ±0.3 µs (±0.5 µs) of the TPC S1 pulse are re-
moved. Neutrons can thermalize in detector materials
and those that capture on hydrogen or gadolinium in
the OD can be tagged by an OD pulse of greater than
⇠200 keV within 1200 µs after the TPC S1. A selection
on large skin pulses in the same time window additionally
tags �-rays returning to the xenon from an OD capture
process. AmLi calibration sources placed at the nine lo-
cations close to the TPC are used to determine a position-
averaged neutron tagging e�ciency of 88.5± 0.7% for
TPC single-scatters in the nuclear recoil band. Back-
ground data is used to determine a false veto rate of 5%
due to accidental activity in the OD during the coinci-
dence window. Background neutrons may have a higher
tagging e�ciency due to their harder energy spectrum
and coincident �-ray emission.

Finally, events outside a central fiducial volume (FV)
are removed to reject external and other backgrounds
which concentrate near the TPC boundaries, as shown in
Fig. 3. Events at high radius have reduced position re-
construction resolution, due to reduced S2 light collection
e�ciency and charge-loss e↵ects within a few millimeters
of the PTFE wall. The radial extent of the FV and the S2
threshold are chosen simultaneously using data outside
the S1c ROI to eliminate events leaking into the FV due

3D reconstruction of interaction position: 

Can exploit Xe self-shielding to  
search in quietest parts of the detector

LZ, PRL, arXiv:2207.03764
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the target. The light is detected by two arrays of photomultiplier tubes (PMTs) on the top and
bottom of the detector (mainly in the bottom array due to reflection from the liquid/gas interface).
Particle interaction also causes ionisation of atoms in LXe, whereas an applied electric field suppresses
electron-ion recombination and allows electrons to drift upwards, towards the gas phase. Electrons are
then extracted from the liquid into the gas and produce the delayed signal (S2) by electroluminescence
that is seen by the PMTs (mainly in the top array). The pattern of light in the top PMT array from
S2 provides the x � y coordinates (in the horizontal plane) of the original energy deposition with an
accuracy of about 1 cm for low-energy events, whereas the time delay between S1 and S2 determines
the position along the vertical z-axis with a few mm accuracy [6]. In addition, the ratio of S2/S1
provides a very good discrimination power between the nuclear recoils (NRs) expected from WIMP
interactions (also from the neutron background) and electron recoils (ERs) from the main background
of gamma-rays and beta-decays. Figure 1 (right) shows the inner part of the LUX TPC, without
the bottom PMT array. A detailed description of the LUX experiment including early calibrations,
event reconstruction, and data analysis procedures, have been reported in [7]. The total active xenon
mass (within the TPC) was 250 kg, with the inner fiducial volume for WIMP searches containing
about 100 kg of xenon. The search for WIMP interactions involved identifying single-hit NR events,
potentially caused by WIMPs, in a background of ERs, based on the S2/S1 ratio that was measured to
be significantly smaller for NRs than for ERs for a fixed, measured S1 signal [7]. Only single-hit events
were considered as candidates for dark matter particle interactions, whereas multiple hit events were
associated with the background.

Figure 1. (Left) The operating principle of the dual-phase xenon TPC. An electric field is applied along
the cylindrical part of the TPC, allowing electrons to drift towards the anode. Each particle interaction
in the active LXe produces two signals: the first one comes from the prompt scintillation (S1) and the
second one, delayed by the electron drift time, comes from ionisation, by electroluminescence in the
gas phase (S2). See text for detail. (Right) Photo of the inner part of the LUX TPC, without the bottom
PMT array.

The LUX detector was immersed in a large water tank that provided shielding against gamma-rays
and neutrons from the surrounding rock. Cosmic-ray muon flux was attenuated by about 6 orders of
magnitude by rock above the detector, being located at a depth of about 1480 m below ground in the
Sanford Underground Research Facility (SURF) (Lead, SD, USA).

After 3.35 ⇥ 104 kg·days of running the experiment, no statistically significant excess of single-hit
events in the fiducial volume over the background-only model was found that resulted in the limit
on the spin-independent WIMP-nucleon cross-section of 1.1 ⇥ 10�46 cm2 at the minimum of the
sensitivity curve (about 50 GeV/c2) [1]. These limits were world-leading at the time of the experiment.
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above the irreducible background from coherent scatter-
ing of neutrinos from astrophysical sources, intersecting
several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [23] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 36 and 0.9 counts expected in the full ex-
posure, respectively. These events are not a background
at most WIMP masses but are interesting in their own
right and would constitute the first observation of coher-
ent nuclear scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T appro-
priately assume a cuto↵ in signal below 1.1 keV to ob-
tain conservative upper limits [7, 89], even though such
a cuto↵ is not physically motivated. The results shown
here are projections only, and an extrapolation down to
0.1 keV following Lindhard theory is used. Use of a hard
cuto↵ at 1.1 keV would degrade sensitivity to a 4 GeV/c2

mass WIMP by a factor of two, with no significant e↵ect
on sensitivity to WIMP masses above 6 GeV/c2. The
expected rate of 8B background events would also de-
crease by about 20%. Ultimately, the planned suite of
low energy nuclear recoil calibrations will be needed to
fully characterize the sensitivity of LZ to low mass WIMP
and 8B neutrino signals.

Since radon is projected to be the largest source of
events, a number of scenarios are considered based on
current assessments for radon rates in LZ: the nomi-
nal projected scenario (1.8 µBq/kg of 222Rn with an im-
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mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [82]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [53, 87] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [88].

plicit 220Rn contribution at 1/20th the specific activity
of 222Rn); a high estimate (2.2 µBq/kg) and low esti-
mate (0.9 µBq/kg) that correspond to all Rn-screening
measurements being aligned at their +1� and �1� ex-
pectations, respectively; and a highest estimate scenario
(5.0 µBq/kg) that in addition to +1� expectations also
assumes no reduction in emanation rate at LZ operating
temperatures. Figure 9 shows how the SI sensitivity to
a 40 GeV/c2 WIMP varies as a function of overall radon
concentration in the 5.6 tonne fiducial volume. Even for
the highest estimate scenario the median sensitivity is
better than 3⇥10�48 cm2. Scans of sensitivity as a func-
tion of other background components and as a function
of several detector parameters can be found in [23].

B. Discovery potential

LZ discovery potential for SI WIMP-nucleon scattering
is shown in Fig. 10, where the ability to exclude the null
result at 3� and 5� significance is shown as a function of
WIMP mass and is compared to existing and future LXe
90% CL sensitivities. At 40 GeV/c2 the median 3(5)�
significance will occur at 3.4(6.5) ⇥ 10�48 cm2. For all
WIMP masses the projected 5� significance is below the
90% CL limits from recent experiments.
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detector. The recoiling nucleus can deposit energy in the
form of ionization, heat, and/or light that is subsequently
detected. Di↵erent technologies have been explored so far
to achieve this goal [47]. Successful targets include solid
state crystals [48–56], metastable fluids [57, 58], and no-
ble liquids [59–64].

D. An Evolution of Scales
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FIG. 3. The background rates in liquid xenon TPCs (before
discrimination) have decreased exponentially over the years.
This has been a key accomplishment that has enabled an ex-
ponential gain in sensitivity with ever-larger detectors. Solid
dots are the best achieved limits, open squares the expected
sensitivities. The experiment discussed here is labeled DAR-
WIN/G3 and will at low energies be dominated by the signal
from solar neutrinos. See text for references.

Liquid xenon TPCs in particular have demonstrated
their exceptional capabilities for rare event detection as
a result of an intense, decade-long development. The in-
terested reader is referred to [65–67] for detailed discus-
sions of this technique. The two-phase (or dual-phase)
emission detector that underlies liquid xenon TPCs was
proposed a half-century ago [68]. Its use for the detection
of dark matter particles and neutrinos was proposed in
1995 [69], with more mature conceptional designs devel-
oped around the turn of the millennium [70, 71]. Evolv-
ing out of ZEPLIN-I [72], the ZEPLIN-II [73] detec-
tor 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 [74, 75] and with
XENON10 [76] saw the first leading limits on WIMP
interactions. While XMASS provided an impressive
demonstration of fiducialization in liquid xenon even in
a single phase detector [77], further evolution progressed
through successively larger, cleaner, and thus more sen-
sitive detectors: from XENON100 [78, 79], LUX [60],
PandaX-I [80] and PandaX-II [81] to XENON1T [82] and
the current generation PandaX-4T [83], XENONnT [84],

and LZ [85] (Figure 3). The next-generation experiment
discussed here is labeled DARWIN/G3 in Figure 3 [86]
and represents a natural continuation of this evolution
towards larger xenon exposures, as presented in the sen-
sitivity studies shown below. Yet, despite even its sen-
sitivity to low-energy neutrino interactions, such a next-
generation experiment will remain compact, with height
and diameter only ⇠ 3m.

E. The Liquid Xenon Time Projection Chamber

FIG. 4. Principle of a dual-phase liquid xenon time projection
chamber. Energy from a particle interaction within the active
liquid xenon volume produces prompt scintillation light (S1)
and a delayed signal (S2) from electroluminescence (propor-
tional scintillation) in the gaseous xenon layer. The localiza-
tion of the S2 signal and the time di↵erence between S1 and
S2 allows for determination of the original vertex location.

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, al-
lowing maximum light detection [87]. Two arrays of light
sensors, such as photomultiplier tubes (PMTs) [88, 89] or
silicon photomultipliers (SiPMs) [90, 91], are arranged on
the top and bottom part of the TPC to detect light sig-
nals, 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 immedi-
ately 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 meters to provide a drift
field for the electrons. These drifting ionization electrons
are then extracted into the gas phase above the liquid
xenon, where they produce electroluminescent light [92].
Typical dual phase detectors operate at ⇠ 1.5 bar, where
5 kV/cm for the extration field is su�cient to create pro-
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physics, rare decays, astroparticle physics including dark matter and dark energy, and quantum technolo-
gies”. 

The addi�onal physics opportuni�es of XLZD in the search for neutrinoless double beta decay in Xe-136 are 
consistent with the UK PP community strategy and the PPAP Roadmap 2021, which priori�ses LEGEND1000 
as the main 0NBB experiment with leading UK par�cipa�on. 

Finally, and cri�cally, there is an excellent fit to strategic UKRI and UK Government priori�es, including the 
development of cu�ng-edge research and innova�on infrastructure, with investment in industry and skills in 
the context of the “Levelling-Up” agenda, development of regional clusters of excellence, and promo�ng the 
UK as a science superpower with global impact. Specifically, the STFC Strategic Delivery Plan 2022 to 2025 
emphasises the aim to “actively position STFC national laboratories and large-scale facilities as world-class 
centres of excellence with one of the key multi-disciplinary projects being the design study for a greatly ex-
panded underground science facility in the North East, with the potential to host a major international sci-
ence infrastructure, such as a next generation dark matter experiment.” Clearly, STFC regards this as a major 
opportunity, evidenced by the decision to support the Boulby Development Project already underway. 

5. Awareness and context 
The search for new electroweak-scale physics beyond the Standard Model has progressed tremendously in 
the last decade, in great measure due to several genera�ons of LXe-based WIMP-search experiments. These 
have complemented the ATLAS and CMS detectors at the LHC to rule out new neutral dark mater candi-
dates in the GeV to TeV range that are beyond the reach of the LHC in mass or produc�on cross-sec�on, in-
cluding those predicted by some ‘natural’ supersymmetry (SUSY) theories.  However, many well-mo�vated 
regions of parameter space, including the simplest natural SUSY models with pure higgsino or wino dark 
mater, remain unexplored above the so-called ‘neutrino fog’, where the background from astrophysical 
neutrinos will become prac�cally irreducible. 

XLZD is proposing the most ambi�ous underground observatory for dark mater to address the final order of 
magnitude in scatering cross sec�on beyond what the experiments opera�ng now (LZ, Xenon-nT) can even-
tually reach in the next few years. The proposal is for a nominal 60-tonne ac�ve LXe-TPC with 75 tonnes of 
total xenon payload. Such an experiment opera�ng in the 2030s alongside the upgraded HL-LHC will be inval-
uable – and, cri�cally, XLZD offers enough sensi�vity not only to exclude but to discover new par�cles down 
to the neutrino fog – see Figure 1 (le�). 

 

     
Figure 1: Left – Spin-independent sensitivity for discovery and exclusion (inc. 90% CL experimental limits); the 2022 leading results 
from LZ are also shown. Right – Historical trend of experimental limits at 50 GeV WIMP mass for the various technologies; the final 
green marker is from LZ [Aalbers 2022], and the final red marker is from DEAP-3600 [Amaudruz 2018]. 

As LXe experiments grow from the present scale of ~10 tonnes, the backgrounds from external and internal 
radia�on decrease and addi�onal physics searches become feasible. Consequently, the field is moving to-
wards “an observatory” for rare events: an ultra-low background experiment for low-energy par�cle physics 
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section provides a limit of n < 14 [292, 295].
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FIG. 12. Expected spin-independent scattering cross-section
for Majorana multiplets (red) and for real scalar multiplets
(blue), assuming the Higgs portal coupling �H = 0). Ver-
tical errors correspond to LQCD uncertainties on the elas-
tic cross-section, horizontal 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. Fig-
ure adopted from [292].

Sommerfeld enhancement [296–301] and bound state
e↵ects [302–306] need to be included in accurate cal-
culations of predictions. Target masses of the elec-
troweak multiplet dark matter are in the range of 1 to
30 TeV [288, 305, 307] for n < 7, but can approach
the unitarity bound for larger multiplets, which satu-
rates at n = 13 [292, 295]. These masses are beyond
the reach of the Large Hadron Collider [308–311] and
would require one of the proposed future high energy
colliders [292, 312–314]. In contrast, the direct detection
of the electroweak multiplet dark matter is through 1-
loop processes involving the Standard Model W, Z, and
Higgs bosons. The spin-independent cross sections have
been computed to be around 10�47 cm2 for the Majorana
triplet (wino) [315] and 10�48 cm2 for the Dirac dou-
blet (Higgsino) [316]. The other cases are expected to
be within the same order [295]. 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 [292, 317, 318]. To avoid confusion, note
that the LZ line in [292] corresponds to the sensitivity
from the LZ Design Reports [94, 319] instead of the goals
shown Ref. [85].

L. Implications for Supersymmetry

One classic WIMP dark matter model is the lightest
supersymmetric partner (LSP). Supersymmetric models,
such as the Minimal Supersymmetric Standard Model
(MSSM), with an exact R-parity, predicts that a sta-
ble electrically neutral LSP could be a cold dark matter

candidate [126]. There are three possibilities for a stable
neutral LSP: sneutrino, gravitino and neutralino. Among
them, the most attractive scenario for direct detection is
neutralino dark matter. For a general review on super-
symmetry and its low-energy phenomenology, see [320].
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 o↵ nuclei through tree-level Higgs
exchange. Thus, existing data has ruled out a signifi-
cant part of the parameter space of the “well-tempered”
neutralino scenario [321], 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.
Yet, there are large regions of parameter space un-

probed by current experiments. In the MSSM, the rea-
son is that for an LSP that is predominantly a bino,
there is a general reduction of the spin-independent di-
rect detection cross section for negative values of the hig-
gsino mass parameter µ. This reduction is induced by
a decrease of the coupling of the bino to the Higgs bo-
son [322], as well as by a destructive interference between
the contributions of the standard Higgs with the ones of
non-standard Higgs bosons [323, 324]. The same hap-
pens in other minimal supersymmetric extensions, like
the NMSSM, but for a singlino dark matter candidate,
the reduction occurs for positive values of µ [325]. More-
over, there are regions of parameter space, called blind
spots, in which the scattering amplitude is drastically re-
duced [322, 323, 325, 326]. The precise parameter space
associated with these blind spots is slightly modified by
loop corrections [327]. Quite generally, for the appropri-
ate signs of µ, the spin-independent scattering cross sec-
tion can easily be below 10�47 cm2 [325, 328–330]. This
range of cross sections are out of the reach of current
experimental searches but can be probed by next gener-
ation direct detection experiments like the one discussed
here.
In addition to the well-tempered neutralino at the

blind spot, nearly pure wino or higgsino dark matter can
scatter o↵ nuclei elastically at one-loop level with a small
cross section [205, 331]. The pure wino scenario has been
strongly constrained by indirect detection of gamma rays
from the Galactic center [332, 333] and local spheroidal
satellite galaxies [334, 335], although the former is sub-
ject to large uncertainty from the dark matter profile.
The spin-independent pure wino-nucleon cross section
is around 2 ⇥ 10�47 cm2 [315], which can be probed by
next-generation direct detection experiments. The elastic
scattering cross section of the higgsino is found to be be-
low 10�48 cm2 with a large theoretical uncertainty [316].
Depending on the mass splitting between neutral hig-
gsinos, the inelastic scattering of higgsino dark matter
could be potentially probed with such a future experi-
ment [241].
It is also possible that dark matter could have mul-
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FIG. 5. The XENON1T 90% confidence level constraints on the MIMP spin-independent cross-section (orange shaded) from
this multiple-scatter analysis, with (left) and without (right) the A4 coherence enhancement. For comparison, we show the
results from the XENON1T single-scatter analysis [23] (orange line), MAJORANA Demonstrator [23, 50] using germanium
targets and DEAP-3600 [51] using argon targets. The dashed line denotes the extrapolation region in the DEAP analysis.

FIG. 6. The XENON1T 90% confidence level constraints on the MIMP-neutron (left, green) and MIMP-proton (right, blue)
cross-sections. We show the constraints from this XENON1T multiple-scatter analysis (shaded) and a recast of the XENON1T
spin-dependent single-scatter analysis [19] (line). Given di↵erent theoretical calculations of xenon nuclear models, we show our
results based on the works by Klos et al. [36] (solid), Ressell and Dean [37] (dashed), and Toivanen et al. [38] (dash-dotted).
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high masses [449]. This is where much of the remain-
ing supersymmetric WIMP candidates [331, 450–452], as
well as many alternative WIMP models [273, 453, 454]
lie.

III. BROADENING THE DARK MATTER
REACH

Liquid xenon experiments have already demonstrated
that they are versatile detectors with significant sensitiv-
ity to a variety of non-WIMP dark matter models. Tra-
ditionally, WIMPs are searched-for using analyses that
exploit the electronic/nuclear recoil discrimination capa-
bility of liquid xenon and achieve the lowest nuclear recoil
background of any dark matter direct detection technol-
ogy. To broaden this reach, a number of di↵erent anal-
yses 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 partic-
ular, subsections IIIA–III E describe dedicated analyses
and technologies to lower the energy threshold of liquid
xenon TPCs. Subsections III F–III I describe models that
especially profit from such lower thresholds, and subsec-
tions IIIH–III L models where the signal can be in the
electronic recoil band. Subsections IIIM and IIIN de-
scribe two models that require dedicated analyses to in-
crease the reach of liquid xenon TPCs to complex inter-
actions 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 [455], in particular cov-
ering thermal relic particles in the MeV/c2 � GeV/c2

mass range [402, 455–459]. Searches in this lower mass
range were pioneered with liquid xenon detectors [460].
While many experiments optimized for very low-energy
recoils now exist [461–465], liquid argon [466, 467] and
xenon [166, 468, 469] TPCs still remain the leading tech-
nologies even for sub-GeV masses. There is thus sig-
nificant interest in achieving the lowest-possible energy
threshold in a next-generation liquid xenon detector.

Figure 15 visualizes the relevant dark matter scattering
kinematics. For a maximum-velocity dark matter parti-
cle (v = vesc+vEarth) 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 in-
elastic scatters resulting in electronic recoils. 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 be-
low can be used to probe drastically lighter dark matter
candidates (see e.g. Ref. [472]).

FIG. 15. Maximum recoil energy transferred in elastic dark
matter interactions to a xenon nucleus (blue) or in inelastic
dark matter interactions to an electron (green). Currently-
achieved energy thresholds are indicated for both the tradi-
tional S1+S2 analysis [82, 470] as well as a S2-only analy-
sis [166]. The ultimate thresholds for an ideal detector are
also shown (13.7 eV for inelastic scatters [105] and 0.3 keV for
elastic nuclear recoils [471]).

A. Double Photoelectron Emission

In the traditional analysis where both primary scin-
tillation (S1) and ionization (S2) signals are read out,
the energy threshold of two-phase liquid xenon TPCs is
set by the smallest scintillation signal that can be con-
fidently discriminated from background sources. Typi-
cally, dark matter experiments require an n-fold coinci-
dence of PMTs within a short time window for a pulse
to be classified as an S1. The optimal value of n (typ-
ically in the range 2–4) is a compromise between signal
e�ciency and the rejection of fake S1 pulses, caused by
random coincidences of PMT dark counts [473].
This methodology makes no attempt to otherwise dis-

criminate dark count background pulses from actual
photon-induced pulses. However, it is known that, for
some PMT photocathodes, the energy of the liquid xenon
scintillation photons (175 nm or 7 eV [474]) 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)

e↵ect can therefore be exploited to increase the signal e�-
ciency beyond the standard n-fold optimisation, provided
that the DPE fraction and e�ciency gain can be prop-
erly 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 wave-
length scan was performed with single photons down to
the VUV range on one unit [475] (see Figure 16). The
inter-PMT variability due to the photocathode manufac-
turing process has also been measured at low temperature
with a batch of 35 R11410-22 PMTs [476]. Measuring the
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FIG. 20. Spin-independent sensitivity for the electronic recoil-
inducing Migdal e↵ect for the case of a heavy scalar medi-
ator. The S1-S2 sensitivity (black, solid) and the charge-
only sensitivity (violet, solid) are shown. The charge-only
analysis improves the sensitivity 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) [469], XENON1T (green, solid) [166] and CDEX
(gray, solid) [495] are also shown.

to the sudden nuclear acceleration caused by the dark
matter collision, resulting in excitation and ionization
processes from the electrons [497]. Since electronic recoils
produce a more detectable signal than nuclear recoils,
this channel enables liquid xenon detectors to reach dark
matter masses of order ⇠ 100MeV/c2 [469, 494, 498,
499], see Figure 19. The sensitivity of liquid xenon detec-
tors to sub-GeV dark matter achieved using the Migdal
e↵ect is competitive with other detectors that are dedi-
cated to searches of light dark matter [53, 55, 465]. Fig-
ure 20 shows a conservative projected Migdal sensitivity
for a next-generation detector assuming LZ detector pa-
rameters 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 e↵ect has not yet been ob-
served directly in dark matter targets. A dedicated cal-
ibration could be performed using a low-energy neutron
beam [500]. This could provide a direct test of the theo-
retical predictions of the Migdal e↵ect.

Similar to the Migdal e↵ect, nuclear Bremsstrahlung
searches leverage the fact that in liquid xenon at low en-
ergies, electronic recoils produce a stronger signal than
nuclear recoils [472]. Bremsstrahlung searches consider
the emission of a photon from the recoiling atomic nu-
cleus. In the atomic picture this can be viewed as the
dipole emission of a photon from a xenon atom that
has been polarized in the dark matter-nucleus scatter-
ing. In xenon, the emission of the Bremsstrahlung pho-
ton is more heavily suppressed compared to the Migdal
e↵ect and hence results in a weaker signal for all inter-
action types [501]. The theoretical motivation and event

rates for Bremsstrahlung have been derived in [472] and
searches using liquid xenon detectors have been published
in [63, 469, 502].

E. Hydrogen Doping

Kinematically, the large xenon nucleus (average mass
122 GeV/c2) is not well suited for an e�cient transfer of
energy from Galactic dark matter with mass .1 GeV/c2.
As a result, nearly all of the resulting xenon nuclear re-
coils 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 [503]. 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 num-
ber and density of liquid xenon provides excellent self-
shielding of external backgrounds from the central vol-
ume of the detector. Such a suppression would not be
possible 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 detect-
ing interactions from sub-GeV dark matter and astro-
physical neutrinos [504]. The lone proton comprising
hydrogen’s nucleus additionally provides unique sensitiv-
ity to the spin-dependent dark matter coupling to pro-
tons. Likewise, doping the xenon target with deuterium
would provide similar sensitivity to the neutron-only cou-
plings. There are still significant open questions concern-
ing the actual feasibility of adding H2 to a liquid xenon
TPC. Drifting electrons in the detector’s gas space will be
cooled down by the hydrogen and therefore the electric
field strength needed to extract quasi-free electrons out of
the liquid and into the gas space will be increased [505].
Furthermore, the light yield of xenon electroluminescence
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 H2 mole fractions up
to 5.7% have been observed in a 26 atm gaseous xenon
TPC from 241Am 5.5MeV alpha particles [506], although
there is a reported loss of about half of the S1 and elec-
tron signals for an H2 mole fraction of 1.1%. To broaden
the understanding of the exact properties of such an H2-
doped liquid xenon TPC, further measurements are in
progress. Helium is also a viable option as the light mass
target species, as it would not have the signal quenching
properties of H2, 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 di↵use into and degrade
the PMT vacuum. However, helium could be considered

‘Migdal effect’: 
electrons and the nucleus are 
coupled in atoms so perturbations 
of the nucleus can induce 
electronic transitions 

Allows XLZD to prove the sub-GeV 
window 

(Several activities ongoing to gain a 
better understanding of the effect) 

‘Search wide’
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. 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, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential 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 cou-
pling in xenon, see section II E 2.

FIG. 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 cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ 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. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (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 sec-
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confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. 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, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential 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 cou-
pling in xenon, see section II E 2.

FIG. 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 cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ 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. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (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 sec-
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Type Abbrev. Operator Dimension Coherent Coe�cients

(Q) enhancement

Magnetic Dipole - �̄�µ⌫�Fµ⌫ 5 Partial CF

Electric Dipole - �̄�µ⌫�F̃µ⌫ 5 Yes C̃F

Vector⌦Vector V V �̄�µ�q̄�µq 6 Yes CV V
u,d,s

Axial-vector⌦Vector AV �̄�µ�5�q̄�µq 6 Yes CAV
u,d

Tensor⌦Tensor TT �̄�µ⌫�q̄�µ⌫q 6 Yes CTT
u,d,s

Pseudo-tensor⌦Tensor gTT �̄�µ⌫i�5�q̄�µ⌫q 6 Yes C̃TT
u,d,s

Scalar⌦Scalar SS �̄�mq q̄q 7 Yes CSS
u,d,s

Scalar-gluon Sg ↵s�̄�G
a
µ⌫G

µ⌫
a 7 Yes CS

g

Pseudo-scalar - gluon S̃g ↵s�̄i�5�G
a
µ⌫G

µ⌫
a 7 Yes C̃S

g

Pseudo-scalar⌦Scalar PS �̄i�5�mq q̄q 7 Yes CPS
u,d,s

Spin-2 - �̄�µi@⌫�✓̄
µ⌫
q(g) 8 Yes C(2)

u,d,s,g

Axial-vector⌦Axial-vector AA �̄�µ�5�q̄�µ�5q 6 No CAA
u,d,s

TABLE I. Summary of the ChEFT operators considered in the ChEFT analysis of this work, showing the abbreviation used
in the paper, the analytical expression of the operators, the dimension, and the respective coe�cients. The AA operator is
shown here, but it is not used for the single operator analysis, since it does not lead to a coherent enhancement in the nuclear
response.

ChEFT analysis: one is starting from the nuclear level
perspective, taking the SI cross section and reconstruct-
ing the nuclear response from chiral level, focusing on
the chiral contributions to the nuclear structure factors
[18–20], the other is finding a complete basis of ChEFT
operators in the three quark flavor EFT and create a
matching to the non-relativistic single nucleon EFT level
[30–34]. These two approaches have lead to the develop-
ment of two complementary frameworks, respectively, the
Generalised SI ChEFT framework [20] and the DirectDM
framework [31]. In this work we perform a ChEFT anal-
ysis of all the chiral operators that contribute to the nu-
clear response in a coherent way, using the full infor-
mation about the nuclear form factors from [20]. We
consider operators up to dimension-eight, coupled to a
large-scale shell model computation [35–39] of the nuclear
structure factors to compute possible WIMP-nucleus in-
teractions observable in the XENON1T detector, and set
constraints on the Wilson coe�cients and the interaction
scale, ⇤. In Tab. I we show a list of the operators, the ter-
minology and the coe�cients we investigate in this work.
For a set of operators that appear at leading order in
the most common WIMP models, we present constraints
obtained with both the Generalised SI framework and
the DirectDM framework. The full list of operators, the
matching and di↵erences between the two frameworks are
detailed in Appendix A.

Isospin-breaking Couplings

Besides the constraints on the individual Wilson coef-
ficients, we include the study of three benchmark models
of WIMP interactions corresponding to the most popular
DM models, where the leading contributions arise from

a single type of couplings within ChEFT:

• vector mediator for Majorana DM, with leading
contribution from the AV operators [40],

• vector mediator for Dirac DM, with leading contri-
bution from the V V operators,

• and scalar mediator for fermion DM, with leading
contribution from the SS operators.

In these models we study the e↵ect of isospin-breaking
interactions by changing the value of the u and d Wilson
coe�cients and computing the limits for various com-
binations of the two, neglecting possible contributions
from s and g couplings.
Turning on both u and d coe�cients, for a given ratio
r = Ca

u/C
a
d , we can set constraints on one of the coef-

ficients, which can then be extrapolated in constraints
on the Ca

u, C
a
d plane, given the symmetry under parity

transformation.

In the treatment of the vector mediator for Majorana
DM model, due to operators above the weak scale match-
ing onto both AV and Axial-vector⌦Axial-vector (AA)
operators, the AA contribution cannot be set to zero.
Thus, to retain the freedom to vary CAV

d and CAV
u inde-

pendently, we set CAA
u = 0 and CAA

d = CAV
d � CAV

u , to
maintain the relations of the above-weak-scale operators
[34], and study the limit on the signal rate as a function
of the ratio CAV

u /CAV
d . A more detailed description of

the treatment of the vector mediator for Majorana DM
model can be found in Appendix B.

Can test a menagerie of dark matter interactions 
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of the MiDM model: the excited WIMP de-excites with a lifetime ⌧ = ⇡/(�3µ2
�) ⇡ O(µs) (for

the values of � and µ� considered in this analysis). During this period, the WIMP propagates
a distance of O(m) given the mean velocity of the Sun with respect to the WIMP halo. The
de-excitation leads to the emission of a O(100 keV) photon which will interact with the target
as well, inducing an electronic recoil signal. This unique combination of a low-energy nuclear
recoil followed by a significantly larger electronic recoil provides the means for the first search
for dark matter-induced interactions in double-scatter signatures.

For the analysis presented here, we use data from the science run II of the XENON100
dark matter experiment, previously used for various analyses [11–14]. The data was acquired
between February 28, 2011 and March 31, 2012 comprising a total live time of 224.6 days.
XENON100, a liquid xenon time projection chamber (LXe TPC) described in detail in [15],
is located at the Laboratori Nazionali del Gran Sasso (LNGS) of INFN in Italy. The TPC is
instrumented with two arrays of photomultipliers (PMTs, Hamamatsu R8520), one below the
62 kg LXe target in the cryogenic liquid and one above in the xenon gas phase. A particle inter-
action inside the TPC leads to a prompt scintillation signal (S1) and liberates free ionization
electrons, that are drifted towards the liquid-gas interface by an electric field of 0.53 kV/cm.
A stronger electric field (⇠12 kV/cm) extracts them into the gas phase, where they create a
secondary scintillation signal (S2), which is proportional to the ionization charge [16]. The
interaction vertex can be spatially reconstructed using the time separation of the two signals
and the S2-signal spatial distribution on the top PMT array. The ratio of scintillation light
and ionization charge signal depends on the interacting particle. This allows the discrimi-
nation of � and � backgrounds, which produce electronic recoils (ER), from nuclear recoils
(NR) that are expected from WIMP interactions.

The size of the cylindrical XENON100 TPC (⇠30 cm diameter and height) allows a first-
ever search for the distinct MiDM signature of a primary nuclear recoil followed by the photon

Figure 1. (Left) The expected signature from the interaction of magnetic inelastic dark matter
consists of a primary WIMP-nucleon scattering (NR signal) and the subsequent decay of the excited
WIMP, leading to a �-emission (ER signal in TPC). In the analysis, both interactions have to happen
within the 48 kg fiducial volume illustrated by the dashed line. (Right) Illustration of the expected
PMT waveform corresponding to the interaction shown on the left. Peaks corresponding to the NR
(ER) interaction are shown in black (red). The narrow peaks on the left are S1 signals, the wider
ones on the right S2 signals. The first S1 peak always corresponds to the NR interaction.

– 2 –

‘Search wide’

Multiple DM candidates have been proposed 
with sub-structure 

Allows for inelastic scattering of DM with nuclei 

Rich phenomenology of signals: higher energy 
signals; mixed nuclear recoil and electronic 
recoil signals 

Larger TPC allows for larger DM lifetimes to be 
probed 

[WIMPs can also excite the xenon nucleus: could 
be used as a secondary discovery channel] 
  XENON, JCAP, arXiv:1704.05804



Much recent activity exploring the sub-GeV 
window with ionisation signals, giving DM 
sensitivity down to ~10 MeV 

Larger TPC allows for:  
‣ improved identification of S2s from the 

bottom of the detector  
‣ decrease in Xe contamination from the 

relative scaling of volume and surface area

Broadening the search: charge only signals
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where results have been calculated indirectly from pre-
vious experimental results, and where assumptions have
been made on the exact detector response, we choose to
represent the limit as gray lines. Those results should
be used with caution, as they may not be comparable to
this work.

a. DM-electron Interactions We consider the
case of DM-electron scattering, in which a fermion or
scalar boson DM candidate scatters o↵ an electron bound
in a xenon atom. We follow the approach laid out in
Ref. [49], as described in Appendix A1. We treat the tar-
get xenon atoms as isolated, resulting in assumed binding
energies (12.1 eV [49]) larger than the true binding energy
due to the electronic band structure of LXe (9.2 eV [50]).
Our estimation of the ionization rate can thus be consid-
ered to be conservative [51]. The interaction cross section
is dependent on the DM form factor, for which we con-
sider two benchmark models:

• FDM(q) = 1, where the scattering can be approx-
imated as a point-like interaction, for example re-
sulting from a heavy vector mediator exchange.

• FDM(q) = (↵me
q )2, where the interaction occurs via

the exchange of an ultra-light vector mediator.

The 90% confidence upper limits for DM-electron scat-
tering are shown in Figure 13, where direct experimental
results are shown in solid lines, and limits recast from
experimental data with inferred detector response mod-
els are shown in gray lines. By lowering XENON1T’s
S2 threshold to include single electron signals, we are
able to probe DM-electron scattering via the light me-
diator, which was not done in Ref. [10]. The ability
of XENON1T to set strong limits on DM signals that
are dominated by few-electron signals is degraded due to
the fact that the electron lifetime and maximum electron
drift time in XENON1T are both O(1)ms. This occurs
due to both the large background in the 14-42PE region
(1 electron) from impurities, as well as the fact that elec-
tron loss from larger DM signals (� 2 electrons) deeper
in the detector would result in the signal spectrum being
strongly peaked in the 1 electron region.

Implied in the treatment of the DM-electron scatter-
ing cross section described in detail in Appendix A 1,
is the assumption that the scattering amplitude is de-
pendent only on the transferred momentum. We use a
non-relativistic e↵ective theory [54] to derive the most
general form of this amplitude, for which we investigate
the e↵ective coupling constants on three models of DM-
electron interactions, namely anapole, magnetic dipole,
and electric dipole interactions. The limits are set on the
ratio g/⇤2 for anapole and g/⇤ for magnetic dipole and
electric dipole interactions, where g is the dimensionless
coupling constant and ⇤ is the energy scale at which the
corresponding interaction is generated. These limits are
shown in Figure 14, and represent the first direct limits
from experimental results on these operators.

FIG. 13. The 90% confidence level upper limits on DM-
electron scattering (dark blue) via a heavy mediator (top)
and a light mediator (bottom), as function of DM mass m�.
For comparison, we show experimental results (solid) from
XENON1T S2-only [10] (light blue), PandaX-II [14] (purple),
SENSEI [52] (gold) and DAMIC [53] (red), alongside limits
calculated (gray) in Ref. [37] using data from XENON10 [11]
(dashed). Additionally shown is the relic abundance from
freeze-out (top) and freeze-in (bottom) [49] (dark gray).

b. Bosonic Dark Matter Pseudo-scalar DM,
such as axion-like particles (ALPs), or vector-boson DM
candidates, such as dark photons, would be detectable
through absorption by xenon atoms within the TPC.
Dark photons would be absorbed as a massive non-
relativistic particle with monoenergetic signal at the mass
of the dark photon, mA0 , where the strength of the kinetic
mixing between the photon and dark photon is given by
✏. Axion-like particles (ALPs) interact with electrons
through the “axioelectric” e↵ect [58], where axions may
be absorbed by bound electrons in the xenon atom, re-
sulting in a monoenergetic signal at the rest mass, mA,
of the particle. The absorption rate is dependent on the
axion-electron coupling strength gae.
Exclusion limits are shown for dark photons and ALPs

in the top and bottom panels of Figure 15, respectively.
We report our limits assuming that ionized electrons are
always produced from the lowest electron shell for which
the mass of the DM particle exceeds the binding energy
of that specific shell. This approach is more conservative
than that adopted in Ref. [38], where the ionized electron
is assumed to always originate from the outer most 5p
electron shell. A complete analysis would require a care-
ful treatment of the di↵erential ionization rate for each
shell. In order to compare directly to previous results,

LXe-TPC

DM DM

e-
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DM absorption (bosons) gives DM sensitivity 
down to ~10 eV 

Larger TPC and lower background rates will 
improve sensitivity 

Allows XLZD to probe down to the particle DM/
wave DM boundary (~few eV)
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FIG. 14. The 90% confidence level upper limits on electric
dipole (top), anapole (middle), and magnetic dipole (bottom)
interactions (dark blue) as function of DM mass m�. For
comparison, we show limits calculated (gray) in Ref. [54] using
data from XENON10 [11] (dashed), XENON1T S2-only [10]
(dot-dashed) and DarkSide-50 [55] (dotted).

and to provide an estimate of the systematic uncertainty
stemming from the unknown di↵erential ionization rate,
we also report our limit calculated under the less con-
servative assumption used in Ref. [38], where the uncer-
tainty between the two assumptions is covered as a blue
shaded region in Figure 15. Additionally limits from di-
rect experimental results are shown in solid lines, and
calculated limits in gray lines. In both cases, we probe
lower mass ranges than previous XENON1T results, and
exclude new parameter space for dark photons in a nar-
row mass range.

c. Solar Dark Photon Finally, we consider the
case of dark photons originating in the Sun. The en-
ergy spectrum and flux of solar dark photons will di↵er
greatly from relic DM dark photons as discussed in Ap-
pendix A 2 c. The absorption rate of solar dark photons
in LXe is strongly a↵ected by their kinetic energy, which
may be orders of magnitude higher than the rest energy,

FIG. 15. The 90% confidence level upper limits on bosonic
DM (dark blue) via dark photons (top) and ALPs (bottom),
as function of DM mass mA. The blue shaded band indicates
the systematic uncertainty induced by the unknown di↵er-
ential ionization rate of the various electron shells in xenon.
For comparison, we show experimental results (solid) from
XENON1T S2-only [10] (light blue), XENON1T Low-ER [46]
(cyan), SENSEI [52] (gold), and SuperCDMS [56] (orange),
alongside limits calculated (gray) in Ref. [38] using data from
XENON10 [11] (dashed) and XENON100 [15] (dotted). Also
shown are astrophysical constraints [57] (dark gray).

and the polarization, which is not isotropic, of the solar
dark photon. The 90% confidence upper limits for solar
dark photons is presented in Figure 16. Since the solar
dark photons may be produced with considerable kinetic
energy, the expected recoil spectrum is maximal in our
3-5 electron region. Due to our low background rate in
the 42-150PE (2-5 electrons) region, we are thus able to
probe new parameter space. As a result we improve over
the previous limits derived from XENON1T S2-only data
by almost an order of magnitude.

VII. CONCLUSION

We have studied the background of single and few-
electron S2 signals in XENON1T. This instrumental
background has been observed in previous LXe TPCs
and has presented an obstacle to push ionization-only
searches for DM candidates in these detectors down to
the lowest number of detected quanta. We attribute
this background as originating from impurities within
the LXe target volume. In doing so, we were able to
develop data selection criteria to optimize the signal-
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Figure 1: Summary of case studies presented in this document, shown in the context of a sketch of the
coupling-mass plane including the parameter space typical of some of the rich variety of DM theories possible.
The shaded colors in this sketch are suggestive of the Frontiers with experiments represented in the case
studies in a given region, with color coding specified near the rounded rectangles.

(at 1.1 TeV for the Higgsino and 2.8 TeV for the Wino) by matching the relic density under the assumption
of a standard cosmology with thermal freezeout of the DM [20, 21].

Indirect searches for gamma-rays and antiprotons already constrain the thermal Wino (e.g. [22, 23]),
albeit with significant systematic uncertainties associated with the DM density and cosmic-ray propagation.
Future cosmic probes and complementary astrophysical measurements could reduce these uncertainties and
strengthen the bounds. In direct detection, the cross section is very small [24], but large future direct
detection experiments such as DARWIN can probe the Wino scenario, with cross-sections still above the
neutrino fog [25]. The direct detection cross section for the thermal Higgsino lies in the neutrino fog, but
CTA should have sensitivity to the indirect-detection signal [26]. Current colliders can only probe lighter
non-thermal Wino- and Higgsino-like particles, but a future multi-TeV lepton or hadron collider could meet
the thermal target for both Wino and Higgsino (and eventually even for larger multiplets) [20, 21]. A direct
or indirect detection during the planning phase of such a collider would provide crucial input to the design.
A collider discovery would provide in-depth information on the WIMP’s interactions with SM particles and
its associated particle spectra. Alternatively, null results at collider experiments could significantly constrain
the interpretation of a putative DM signal from direct or indirect detection.

Generic Beyond the Standard Model (BSM)-mediated and Vector Portal Dark Matter. If
DM particles are discovered by either Cosmic Frontier or accelerator-based (EF and/or RPF) experiments,
the other technique will be essential to understanding its properties. In the case of a CF detection of
DM particles, di↵erent types of cosmic probes and target materials can shed some light on the nature of
DM interactions. However, producing the same kind of DM in the lab, with a known initial state, opens
new windows to characterising DM interactions and resolving the roles of related, cosmologically unstable,
particles. Likewise, while a signal of invisible particle production in a fixed target or collider experiment can
be related to DM models, a simultaneous discovery in Cosmic Frontier experiments is needed to ascertain
the cosmological nature of the DM candidate.

This kind of complementarity is illustrated by theoretical scenarios that extend the WIMP paradigm to
include an additional particle beyond the SM that mediates interactions between DM and SM. These mediator
particles can decay into both DM and SM particles; searches for each decay mode o↵er further insight into the
DM-SM interaction. A thermal history for the DM candidates in the early universe can be attained depending
on the coupling types and strengths of the mediator (or portal) particle, as well as on the mediator and DM
particle masses. Specific realizations of these models are used as benchmarks in e.g. Refs. [4, 27–29]. Figures
2 (b) and 3 (a) illustrate complementarity across CF, EF and RPF experiments in terms of both opportunities
for simultaneous discovery (CF1/EF10) and complementary discovery sensitivity (EF10/RF6); we also refer
the reader to Fig. 1-1 and Case studies 1 and 2 of [5] for discussion of the CF1/RF6 complementarity for
low-mass DM. Further insights into these and related portal DM models can be gained from MeV-energy
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The search for dark matter continues… 
Current strategy adopted by the community summarised with ‘delve deep and search wide’ 

In this context, XLZD is the definitive broadband,  
multi-purpose particle dark matter detector 

XLZD definitively probes ‘natural-WIMPs’ to the neutrino floor, and gives  
sensitivity to candidates up to the Planck mass and down to eV scale 

Remarkably, candidates across the full mass range of particle dark matter can be tested 


