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Scientific Importance of
detection of dark matter

Understanding the nature of 
dark matter is one of the most 
important issues in particle 
astrophysics.

Strong evidence on dark matter: 
Cluster of galaxies, rotation curve 
of galaxies, lensing effect, large 
scale structure, cosmic 
microwave background, etc.

Identifying dark matter must be 
a breakthrough in understanding 
the universe filled with 
“unknowns”.
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Particle dark matter

• Target mass range as “particle dark matter”
– Less than 1 DM / (de Broglie wavelength)3: > 30 eV
– More than 1 DM coming into m2 detector/yr: < 1016 GeV

Size of galaxy 1000 solar massMass ~totally unknown 
Interaction ~totally unknown

2-dimensional search
ó

Neutrino physics: interaction predicted
Gravitational wave: interaction predicted
Proton decay: lifetime unknown (1-dim)

0n double beta decay: lifetime unknown (1-dim)

https://arxiv.org/pdf/2101.11735.pdf
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Basic kinematics
• Velocity of dark matter particles

– b~10-3 ~ rotation velocity of the sun inside the galaxy
– Fully non-relativistic unless boosted

• Expected energy deposition
Elastic scattering (DM mass >~ target mass):
– Nuclear target: m=1-100GeV à Ekin~mb2/2~O(keV-MeV)
– Electron target: m=511 keV à Ekin~mab/2~O(eV)
– Quasi-particle target (~electron): useful for smaller mass
Absorption case:
– Rest mass of dark matter
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Target materials

Credit: wikipedia
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Directional

Superheated liq
Supercooled liq.
Particle ID

There are still large “phase” space to be explored.

PICO-40L Construction

Colin Moore (Queen’s University) PICO dark matter detectors March 31, 2023 11 / 24

PICO-40L
C. Moore, UCLADM

XENONnT

Some Example Events
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<= triple (2+1) 
nucleation

Pause for: superCool.mp4

The snowball Chamber
M. Szydagis, UCLA DM

NEWAGE, K. Miuchi

SNOLAB SuperCDMS detectors

Successful campaign in Soudan finished, now moving to
SNOLAB.

Detectors improvements:

• Bigger (more fiducial volume)
and higher purity (fewer
radioactive impurities)
crystals
I Ge (1.4 kg crystals): larger

exposure
I Si (0.6 kg crystals): lower

mass reach

• Critical temperature Tc reduced from 90 to 40 mK,
resolution scales as T3

c

• Newly optimized QET geometry to enhance the phonon
collection e�ciency

• More channels for better event position reconstruction
5/16

DAMA
P. Belli, UCLA DM 2023
Super-CDMS
E. Michielin, UCLA DM

Upgrade on Nov/Dec 2010: all PMTs 
replaced with new ones of higher Q.E.

Q.E. of the new PMTs:
33 – 39% @ 420 nm
36 – 44% @ peak

DAMA/LIBRA–phase2 JINST 7(2012)03009
Universe 4 (2018) 116

NPAE 19 (2018) 307
Bled 19 (2018) 27

NPAE 20(4) (2019) 317
PPNP114(2020)103810

NPAE 22(2021) 329
arXiv:2209.00882

Goal: software energy threshold 
at 1 keV – accomplished
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Quanta and their excitation energy

Photon ~10eV
Charges ~10eV
Phonon 1-102meV
Cooper ~meV
Low excitation E
Multi modules

Photon ~10eV
Charges ~10eV
Roton ~meV
Monolitic

Photon ~10eV
Charge ~10eV
Directional

Acoustic
Images
Particle ID

Low-energy quanta are suitable for low-mass WIMP search.

Credit: wikipedia

PICO-40L Construction

Colin Moore (Queen’s University) PICO dark matter detectors March 31, 2023 11 / 24

PICO-40L
C. Moore, UCLADM

XENONnT

Some Example Events
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Goal: software energy threshold 
at 1 keV – accomplished

eV~104 K
meV~10 K
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Further developments of 
“particle dark matter” search

• By considering available quanta
– Light DM, small E è e recoil, multi-modules

• Efforts to delve deep.
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Constraints and future

https://arxiv.org/abs/2203.08297

aa
Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [204], but see also [203, 212]) together
with approximate regions in parameter space that can be explored in the next ⇠5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 213, 214], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 203]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In
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Further developments of 
“counter” experiments

• By considering available quanta
– Light DM, small E è e recoil, multi-modules

• Efforts to delve deep.

– Heavy DM, large E è N recoil, monolithic
• Atm. neutrino fog
• Efforts to extend to low-mass range.
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Constraints and future

https://arxiv.org/abs/2211.09978



Dual phase LXe detector
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Energy deposition in TPC 
causes scintillation light 
S1 in liquid xenon target

Electrons from ionization
extracted into the gas phase 
and amplified: S2.

Drift time: Z position
Photon distribution
of S2: 
X&Y position 
determination

S1 and S2:
Energy & particle 
identification

~13.7eV/quantum
S1 S2

TPC cryostat. 241AmBe emits neutrons via the alpha-
capture reaction 9Beðα; nÞ12C, which has a chance of about
60% to emit an additional 4.44 MeV γ ray [27]. This γ ray,
well above the NV threshold, is used to select NR S1
signals in a 400 ns window. After applying the same data-
quality cuts as used in the main analysis, 1986 events
remain in the region of interest (ROI) shown in Fig. 1. Only
1.8# 0.6 events are expected from random coincidences
between the two detectors, determined through a sideband
study. The tagging efficiency of the NV is estimated from
the number of delayed neutron capture signals following
the NR S1 signals. This data-driven tagging efficiency is
corrected for position-dependent effects using GEANT4 [28]
simulations which account for the full spatial distribution of
neutrons emitted by detector materials [8]. The length of
the veto window was set to 250 μs with a fivefold PMT
coincidence and a 5 PE event area threshold in the NV. This
gives a neutron tagging efficiency of ð53# 3Þ%, and a live
time reduction of 1.6%.
The ER response model is calibrated with 2051 212Pb β

events from a 222Rn calibration source [29], before SR0 and
with events from an 37Ar source [30] collected after SR0, as
discussed in Ref. [13]. NR and ER calibration datasets were
fitted using the LXe response model and fast detector
simulation described in Ref. [31]. For both datasets, a
Markov-chain Monte Carlo sampling of the parameter
space gives the best-fit point and posterior distribution.
The goodness of fit (GOF) was assessed by partitioning the
cS1, cS2 space into equiprobable bins according to both
best-fit models and then computing a Poisson χ2 likelihood,
as well as one-dimensional projections on cS2. Neither test
rejects the best-fit model, with two-dimensional p-values of

0.18 and 0.39 for ER and NR, respectively, and no
significant p-values for the one-dimensional projections.
The calibration data and contours of the best-fit model are
shown in Fig. 1. The leakage fraction of the 220Rn ER
events below the NR median is 1.1þ0.2

−0.3%.
The full ER model has too many parameters to be

tractable in the inference toy MC simulations. Using linear
combinations of the original parameters identified with a
principal component analysis reduces parameter redundan-
cies, and these parameter directions are then ranked
according to their impact on the background expectation
in a signal-like region in cS1 and cS2. The two parameters
with the highest impact are included as nuisance parameters
in the ER model used in the WIMP search likelihood.
The ROI is defined by cS1 between 0 and 100 PE and

cS2 between 126 and 12 589 PE. Together with detection
and selection efficiencies, this gives an energy range with at
least 10% total efficiency from 3.3 to 60.5 keVNR. All
events reconstructed with an ER energy below 20 keVER
and found in the cS1 and cS2 contours of the ER and NR
band were blinded. For the study of the ER data presented
in Ref. [13], all events above the −2σ quantile of the ER
band or with a reconstructed ER energy larger than
10 keVER were unblinded. The remaining region was
unblinded only after finalizing the analysis procedure
presented here.
The event selection criteria from Ref. [18] were opti-

mized for the ROI in this analysis. Data quality cuts are
applied in order to include only well-reconstructed events
and to suppress backgrounds. All cuts were optimized
based on calibration data and simulations using WFSim.
Each valid event is required to have a valid S1-S2 pair.
Events tagged by the MVor NVare removed from the data
selection as are multiple-scatter (MS) events since WIMPs
are expected to induce only single-scatter (SS) NRs. The
MV uses a veto window of 1 ms with a fivefold PMT
coincidence and a 10 PE MV event area threshold.
A dedicated cut similar to that in Ref. [32] using a

gradient boosted decision tree (GBDT) was developed to
reduce the background due to randomly paired S1-S2
signals called accidental coincidences (ACs). This cut uses
S2 area and shape, as well as interaction depth, and reduces
the AC background by 65% at 95% signal acceptance.
Because of an insufficient model of the S2 pulse shape near
the transverse wires caused by local variations of the drift
and extraction field with respect to the rest of the TPC, an
optimization of the GBDT and other S2 shape-based cuts
was not possible with WFSim. Consequently, the LXe
target is split into two parts in the modeling for the WIMP
search. A less strict data-driven model for the S2 width cut
and no GBDT selection is used in an 8.9 cm wide band
around the transverse wires, leading to a lower signal-to-
background ratio, but with a 10% higher selection effi-
ciency. The total selection efficiency for these “near”- and
“far-wire” regions is estimated following the procedure in

FIG. 1. NR and ER calibration data from 241AmBe (orange),
222Rn (blue), and 37Ar (black). The median and the #2σ contours
of the NR and ER model are shown in blue and red, respectively.
The gray dash-dotted contour lines show the reconstructed NR
energy (keVNR). Only not shaded events up to a cS1 of 100 PE
are considered in the response model fits.

PHYSICAL REVIEW LETTERS 131, 041003 (2023)

041003-4

DM or neutron

g, b rays



XENONnT: overview
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Background Suppression

Evan Shockley |  Lake Louise Winter Institute 2019 !5

1. Material selection 

2. Shielding  
‣ Underground in Gran Sasso, Italy 
‣ Passive water shielding + active muon veto 
‣ Self-shielding of xenon 

3. Fiducialization of active volume 
‣ Self-shielding + 3D position reconstruction 

4. Krypton distillation column 

5. Background discrimination
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Target LXe ~4.2 ton
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tags radiogenic neutrons
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Key for the discovery: neutron veto

13Covered by reflector sheets

The neutron veto aims to detect radiogenic neutrons from the TPC. 
Adding 0.2% Gd by weight to the water in the muon veto, ~95% of 
these neutrons get captured on Gd rather than H in the water. Total 
8 MeV gamma cascade from the Gd greatly improves the tagging 
efficiency. 

Reflector sheets will contain the Cherenkov 
emission from the g conversions. - 120 PMTs will 
collect the light inside the reflector volume. 



Key for the discovery: neutron veto
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Super-K Gd and EGADS 

Technology to detect neutron 

in a water Cherenkov detector

Super-K Gd technology, developed to observe 
the diffused supernova background, is applied in 
a dark matter experiment for the first time. 
XENON also uses the G4 Gd gamma ray code 
developed for EGADS and Super-K.



Latest results of XENONnT
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the near-wire region give a 6 times larger AC rate for this
region compared to the rest of the TPC. Background
sidebands and 220Rn and 37Ar calibration data were used
to validate the AC model, and the rate is estimated with an
uncertainty of better than 5%. The surface background
model is constructed from 210Po events originating from
the TPC walls, using a similar method as in Ref. [31]. The
data are described in radius using a parametric likelihood fit
based on events foundbelow the blinded region. cS1 and cS2
are modeled using a kernel density estimation derived from
events reconstructed outside of the TPC. The wall model is
validated using the unblinded WIMP region outside of the
FVas a sideband. The expected values for both backgrounds
are summarized in Table I and their distributions in the
(cS1, cS2) space are shown in Fig. 3. An extended table
including separate values for the near- and far-wire region is
included in the Supplemental Materials [34] as Table S2.
The statistical analysis of the WIMP search data uses toy

MC simulations of the experiment to calibrate the distribu-
tion of a log-likelihood-ratio test statistic as in Refs. [31,40].
Four termsmake up the likelihood: two search-data terms for
events near and far from the transverse wires, an ER
calibration term, and a term representing ancillary measure-
ments of parameters. The first three are extended unbinned
likelihoods in cS1, cS2, as well as R for the first term. All
three terms have the same form as Eq. (21) in Ref. [31]. The
two search-data likelihoods include components for the ER,
AC, surface, CEνNS, and radiogenic neutron backgrounds,

as well as the WIMP signal. The 220Rn calibration term
includes the ER model as well as an AC component. The
expected number of events for each component is a nuisance
parameter in the likelihood. In addition, two shape para-
meters for the ER model are included, and a parameter
representing the uncertainty of the expected number of
signal events given the NR response model. The ER shape
parameters mainly modify the signal-like ER tail below
S1 ¼ 10 PE, where they allow the signal-like ER tail below
the median S2 expected from a 200 GeV=c2 WIMP to vary
between 0.009 and 0.017 at 60% confidence level. The
signal shape is fixed, as even a large signal excess would be
small enough that the calibration constraints would domi-
nate. The signal expectation value for a certain cross section
is included as a nuisance parameter. The ancillary meas-
urement term includes Gaussians representing the measure-
ments constraining the AC, radiogenic, surface, and CEνNS
rates, and the uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [41], and a
standard halo model with parameters fixed to the recom-
mendations of Ref. [40]. The main change from previous
XENON publications is an updated local standard of rest
velocity of 238 km=s [42,43]. The NR model fit to

TABLE I. Expected number of events for each model compo-
nent and observed events. The “nominal” column shows expect-
ation values and uncertainties, if applicable, before unblinding.
The nominal ER value is the observed number of ER events
before unblinding. Other columns show best-fit expectation
values and uncertainties for a free fit including a 200 GeV=c2

WIMP signal component. The best-fit signal cross section is
3.22 × 10−47 cm2. In addition to the expectation values in the full
ROI, we include the expectation values in a signal-like cS1,cS2
region containing the 50% of signal in with the best signal-to-
background ratio. This region is indicated in Fig. 3 with an orange
dashed contour. The best-fit and preunblinding values agree
within uncertainties for all components which include an ancil-
lary constraint term.

Nominal Best fit

ROI Signal-like

ER 134 135þ12
−11 0.92# 0.08

Neutrons 1.1þ0.6
−0.5 1.1# 0.4 0.42# 0.16

CEνNS 0.23# 0.06 0.23# 0.06 0.022# 0.006
AC 4.3# 0.9 4.4þ0.9

−0.8 0.32# 0.06
Surface 14# 3 12# 2 0.35# 0.07
Total background 154 152# 12 2.03þ0.17

−0.15
WIMP … 2.6 1.3
Observed … 152 3

FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie chart showing the fraction of the best-fit
model, including the expected number of 200 GeV=c2 WIMPs
(orange) evaluated at the position of the event. The size of the pie
charts is proportional to the signal model at that position.
Background probability density distributions are shown as 1σ
(dark) and 2σ (light) regions as indicated in the legend for ER
(blue), AC (purple), and surface (green, “wall”). The neutron
background (yellow in pies) has a similar distribution to the
WIMP (orange-filled area showing the 2σ region). The orange
dashed contour contains a signal-like region which is constructed
to contain 50% of a 200 GeV=c2 WIMP signal with the highest
possible signal-to-noise ratio.

PHYSICAL REVIEW LETTERS 131, 041003 (2023)

041003-6

95.1 days of data ~ similar exposure of XENON1T: ~1 t yr
Electron recoil BG dominates: world best radon BG, < 1/2 now
Neutron BG: pure water nveto è Gd loaded nveto is necessary
5 yrs data can explore WIMP dark matter ~ 2x10-48cm2

Target LXe=5.9 tonne



LZ and Panda-X
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Target LXe=7 tonne Target LXe=3.7 tonne

Three experiments are competing to discover 
particle dark matter in following years!

Tritium removal, Run 1, hall construction,
Expect to resume by the end of 2023

Aiming at 1000 live days data
x 17 more exposure than SR0
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Masaki Yamashita, Kavli IPMU, UTokyo

• LZ and XENONnT are operating and leading experiments 
• DARWIN: planned after the XENON program. R&D and 

design studies for next-generation LXe TPC. 
• Formed by  

• XENONnT +  LUX-ZEPLIN +  DARWIN

The XLZD Consortium

5

2021　   XENON/DARWIN, LUX-ZEPLIN meeting 
                  https://indico.cern.ch/event/1028794/ 
2021　   MOU signed:16 countries, 104 scientists 
2022       1st Summer Meeting at KIT in Germany 
2023       2nd meeting at UCLA

2023��April�@UCLA

+ +

Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 (115pp) https://doi.org/10.1088/1361-6471/ac841a

Topical Review

A next-generation liquid xenon
observatory for dark matter and neutrino
physics

J Aalbers1,2, S S AbdusSalam3, K Abe4,5, V Aerne6,
F Agostini7, S Ahmed Maouloud8, D S Akerib1,2,
D Y Akimov9, J Akshat10, A K Al Musalhi11, F Alder12,
S K Alsum13, L Althueser14, C S Amarasinghe15,
F D Amaro16, A Ames1,2, T J Anderson1,2, B Andrieu8,
N Angelides17, E Angelino18, J Angevaare19, V C Antochi20,
D Antón Martin21, B Antunovic22,23, E Aprile24,
H M Araújo17, J E Armstrong25, F Arneodo26, M Arthurs15,
P Asadi27, S Baek28, X Bai29, D Bajpai30, A Baker17,
J Balajthy31, S Balashov32, M Balzer33, A Bandyopadhyay34,
J Bang35, E Barberio36, J W Bargemann37, L Baudis6,
D Bauer17, D Baur38, A Baxter39, A L Baxter10, M Bazyk40,
K Beattie41, J Behrens42, N F Bell36, L Bellagamba7,
P Beltrame43, M Benabderrahmane26, E P Bernard41,44,
G F Bertone19, P Bhattacharjee45, A Bhatti25, A Biekert41,44,
T P Biesiadzinski1,2, A R Binau10, R Biondi46, Y Biondi6,
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History of Direct WIMP Dark Matter Search

• Scalability,�large�mass�(tonne�scale)�

• Self-shielding:�High�Z(=54)�and�density�(~3g/cm3)�

• Easy�purification�in�gas�and�liquid�phase,�even�
during�science�run�

• Particle�identification�of�electronic�recoils�and�
nuclear�recoils�

• Low�energy�threshold

Liquid-gas double phase Xe Time Projection Chamber 

Liquid Noble DM & G3 / XLZD / P5 2023 

Liquid Noble Technology: World leading since 2007

• Tool of choice for massive detectors
• Liquid targets can scale “easily” (⬆ mass)

• Readily purified (⬇ backgrounds)

• Architectures explored → 2-Phase TPCs
• ER/NR discrimination
• Low energy threshold
• 3D position - self-shielding, singles/multiples 

• LXe world leading, 10-tonne scale
• High density, large A2 , many isotopes (SI, SD, 

NR-ETF, inelastic)

• LAr only viable alternative
• Confirmation in case of DM discovery
• DM couplings/properties

WIMP Limits vs Time: principal detector categories
Spin-Independent WIMP-Nucleon scattering 

90% C.L. exclusion

3

Liquid�Xenon

D.�Akerib@P5�2023
2000 2020

M. Yamashita, WS on  “Double Beta Decay and Underground Science” 

Future: XLZD



Masaki Yamashita, Kavli IPMU, UTokyo

• Use 60 t diameter (~3 m in 1:1 ratio) as baseline design


• First phase:

• 40 t, shallow detector

• Build infrastructure for taller detectors 

(cryostat, water tank, etc.)

• 5 years run time

• Technical demonstration and early dark matter result


• Main phase:

• >10 years operation

• Full science reach

• Ultimate size depending on xenon availability

• Nominal, 60 t, 1:1 ratio

• Opportunity, 80 t, tall detector

10

A staged approach 

4 m80 t

60 t 3 m

1step
3 m

2�m40�t

Next�step

agressive�
design�

18

Masaki Yamashita, Kavli IPMU, UTokyo

Community white paper J. Phys. G: 
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XLZD: WIMP Sensitivity J.�Phys.�G�50�(2023)�013001

>1 ν
>10ν

• Searching  for WIMPs down to the  
neutrino “fog” 

• Indistinguishable background from 
astrophysical neutrinos 

• Limited sensitivity improvement  
(20% !ux uncertainly) 

• Systematic uncertainty limit (1000 t∙yr) 

• 90% C.L. exclusion 2.5x10-49 cm2  
(at 40 GeV, 200 t∙yr)

Masaki Yamashita, Kavli IPMU, UTokyo

Community white paper J. Phys. G: 

6

XLZD: WIMP Sensitivity J.�Phys.�G�50�(2023)�013001

>1 ν
>10ν

• Searching  for WIMPs down to the  
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astrophysical neutrinos 
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(20% !ux uncertainly) 

• Systematic uncertainty limit (1000 t∙yr) 

• 90% C.L. exclusion 2.5x10-49 cm2  
(at 40 GeV, 200 t∙yr)
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Future: XLZD



Low-mass WIMP search in LXe detectors

19

S1 S2

S1 determines the threshold of S1-S2 analyses à increase sensor area
S2 only analysis à reduce single electron background
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A single-phase approach to lower the energy threshold

26

Proposal of a Single-Phase 
LXe detector with S2/S1 
discrimination (Qing Lin, 
JINST 16 P08011, 2021)

XMASS: high S1 yield, but no S2

Principle demonstration at UCSD 
arXiv: 2111.09112, JINST 2022  
arXiv: 2301.12296, JINST 2023 

more new results coming…

a low energy nuclear recoil event (Anode: 4.5 kV)

S1 S2

NR

ER

N. Kaixuan, CosPA2023
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Towards S2 Signal in Spherical LXe TPC

22

Similarities between the spherical proportional counter and XMASS are striking
➡SPC: Charge-only, and gas.

XMASS: Light-only, liquid Xenon

Question: Could sensitivity be improved further if fiducialisation/background rejection
improved? ➡Can this be done by adding charge-amplification to get S2 signal

+
Phys.Rev.D 108 (2023) 8, 083022

H. Sekiya, ICRR, U. Tokyo

1 phase LXe detectors may
also mitigate possible issues
in large dual-phase detectors.



Summary

23

• Particle dark matter with a broad mass range (30 eV-1016 GeV),  
is expected to be explored by counter experiments.

• Various excitation modes in various material phases enable us 
to explore it. Further combinations can be studied.

• Efforts using rare-gas liquid, LXe, made significant progress at 
> 10 GeV range and extended to lower mass ranges.
• XENON, LZ, and Panda-X are leading the exploration.
• XLZD is expected to enter the neutrino fog.
• 1-phase LXe detector is technically important. Interests in 

utilizing the XMASS site for R&D/low-mass WIMP search.


