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Dark Matter
• Composition of the Universe  
•Dark Energy/Matter　95% unknown 
•Dark Energy(68%), Dar Matter(27%) 

•What is Dark Matter? 
• WIMP, Axion, Primordial Black Hole … 
• Weakly Interacting Massive Particle (WIMP) 
•WIMP appears in many beyond the standard models, such as SUSY. 
•WIMP is not excluded by the experiments but is detectable near future. 
•WIMP is a relic from the simple mechanism of the thermal freeze-out process. 
•e.g., successful scenario CMB, Big Bang Nucleosynthesis (H, He,..)

=> WIMP miracle
motivated particle theory, particle experiment, and cosmology

freezeout

production/annihilation

Planck(2013)
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Dark Matter	
（WIMP）

Deposit Energy

•WIMP mean velocity is  about 230 km/s at the location of our solar system.  
•  WIMPs interact with ordinary matter through elastic scattering on nuclei.  
•Typical nuclear recoil energies are of order of 1 to 100 keV. 

v ~ 200 km/s

Xe

v ~ 200 km/s
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What we get from Direct Detection?
• DM particles are traveling around us. 
• Mass of DM particles 
• DM-nucleus scattering cross-section   
•It will rely on !dm ( = 0.3 GeV/cm3),  Velocity distribution (= > Maxwellian, DM stream? )
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J. Aalbers et al JCAP11(2016)017 

The projected sensitivity critically depends on the ability to discriminate NR signals from
ER background, as the background from low-energetic solar neutrinos cannot be mitigated
by other methods. Our study assumes an ER rejection level of 99.98% at 30% nuclear recoil
acceptance, which is a factor 5 above the one of XENON100 [25] and has already been achieved
by ZEPLIN-III [50]. Crucial requirements for reaching this rejection level include a uniform
and high light yield for S1 and an S2 signal detection with uniform electron extraction and
gas amplification. The statistical fluctuations in the S1 signal close to threshold significantly
affect the width of the electronic and nuclear recoil distributions. Uniformity in S1 and
S2 signal detection minimises any instrument-related fluctuations affecting the width of the
S2/S1 distributions and hence the ER rejection power. While an increased light yield will also
reduce the energy threshold, the dominating CNNS background will render thresholds below
5 keV nuclear recoil energy (5 keVnr) less relevant for the WIMP search at spin-independent
cross sections below ⇠10�45cm2. A further consideration is that the steeply falling CNNS
spectrum requires the best possible energy resolution also at threshold. An energy scale
derived from the charge signal or from a combination of light and charge is therefore necessary
to optimise the sensitivity, as discussed in Section 5.7.

We have studied the reconstruction of WIMP properties, namely mass and scattering
cross section, from the measured recoil spectra. In a numerical model, we have incorporated
realistic detector parameters, backgrounds and astrophysical uncertainties [42]. Our primary
study was directed towards spin-independent WIMP-nucleon interactions; however, given
DARWIN’s excellent sensitivity to spin-dependent interactions, especially for 129Xe [51], it
can be extended to axial vector couplings as well. Figure 3 (left) shows the reconstructed
parameters for three hypothetical particle masses and a fixed cross section of 2⇥ 10�47 cm2,
assuming an exposures of 200 t⇥y [42]. The corresponding number of events are 154, 224
and 60, for WIMP masses of 20 GeV/c2, 100 GeV/c2 and 500 GeV/c2, respectively. Us-
ing the same exposure, Figure 3 (right) shows the reconstructed mass and cross section

Figure 3. The 1� and 2� credible regions of the marginal posterior probabilities for simulations of
WIMP signals assuming various masses and spin-independent (scalar) cross sections with DARWIN’s
LXe target. The width and length of these contours demonstrate how well the WIMP parameters
can be reconstructed in DARWIN after a 200 t⇥y exposure. The ‘⇥’ indicate the simulated bench-
mark models. (left) Reconstruction for three different WIMP masses of 20 GeV/c2, 100GeV/c2 and
500 GeV/c2 and a cross section of 2⇥ 10�47 cm2, close to the sensitivity limit of XENON1T. (right)
Reconstruction for cross sections of 2 ⇥ 10�46 cm2, 2 ⇥ 10�47 cm2 and 2 ⇥ 10�48 cm2 for a WIMP
mass of 100GeV/c2. The black curve indicates where the WIMP sensitivity will start to be limited
by neutrino-nucleus coherent scattering. Figure adapted from [42].
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Fig. 3. Summary for spin-independent WIMP–nucleon scattering results. Existing
limits from the noble gas dark matter experiments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with projections for DarkSide-50 [85],
LUX [39], DEAP3600 [90], XENON1T, DarkSide G2, XENONnT (similar sensitivity as
the LZ project [92], see text) and DARWIN [93] are shown. DARWIN is designed to
probe the entire parameter region for WIMP masses above ⇠6 GeV/c2, until the
neutrino background (yellow region) will start to dominate the recoil spectrum.
Experiments based on the mK cryogenic technique such as SuperCDMS [94]
and EURECA [95] have access to lower WIMP masses. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Figure adapted from [91].

once XENON1T is taking science data, with planned operation
between 2018 and 2021. The XMASS collaboration plans a 5 t (1 t
fiducial) single-phase detector after its current phase, with greatly
reduced backgrounds and an aimed sensitivity of ⇠10�46 cm2. In
its second stage, PandaX will operate a total of 1.5 t LXe as WIMP
target, with ⇠1 t xenon in the fiducial volume. All sub-systems
of the existing experiment, with the exception of the central TPC,
are designed to accommodate the larger target mass [83]. The
DarkSide collaboration plans a 5 t LAr dual-phase detector, with
3.3 t as active target mass, in the existing neutron and muon veto
at LNGS. The aimed sensitivity is 10�47 cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an
initiative to build an ultimate, multi-ton dark matter detector at
LNGS [97,93]. Its primary goal is to probe the spin-independent
WIMP–nucleon cross section down to the 10�49 cm2 region for
⇠50 GeV/c2 WIMPs, as shown in Fig. 3. It would thus explore the
experimentally accessible parameter space, which will be finally
limited by irreducible neutrino backgrounds. Should WIMPs be

discovered by an existing or near-future experiment, DARWINwill
measureWIMP-induced nuclear recoil spectrawith high-statistics,
constraining the mass and the scattering cross section of the dark
matter particle [98,99]. Other physics goals of DARWIN are the first
real-time detection of solar pp-neutrinos with high statistics and
the search for the neutrinoless double beta decay [27]. The latter
would establish whether the neutrino is its own anti-particle, and
can be detected via 136Xe, which has a natural abundance of 8.9%
in xenon.

As soon as direct evidence for a dark matter signal has been
established with so-called discovery experiments, the efforts will
shift towards measuring the mass and cross section of the dark
matter particle. This information is complementary to the one pro-
vided by indirect detection experiments such as IceCube, AMS and
CTA, and by dark matter searches with ATLAS and CMS at the LHC.
Fig. 4 (left) displays the capability of a large LXe/LAr detector to re-
construct theWIMPmass and cross section for various masses and
a hypothetical WIMP–nucleon cross section of 3⇥ 10�46 cm2 [99].
Exposures of 10 t ⇥ yr and 20 t ⇥ yr using a LXe target only, as
well as a combined exposure of 10 t ⇥yr LXe and of 20 t⇥yr LAr,
were assumed. The right side of the same figure shows the re-
constructed mass and cross sections for a 100 GeV/c2 WIMP, and
several cross sections, using the combined exposure of 10 t ⇥ yr
xenon and 20 t ⇥ yr argon. The study assumes nuclear recoil en-
ergy thresholds of 6.6 keVnr and 20 keVnr in xenon and argon,
respectively. The uncertainties on the dark matter halo parame-
ters ⇢0 = (0.3 ± 0.1) GeV/cm2, v0 = (220 ± 20) km/s and
vesc = (544 ± 40) km/s are taken into account.

5. Summary and outlook

Dark matter detectors based on liquefied noble gases have
matured into a robust technology for detecting the minuscule
energy deposited into a medium when a WIMP scatters off an
atomic nucleus in the target. They have demonstrated the low-
est backgrounds reached up to now in any direct detection ex-
periment, and their scale up to large, homogeneous target masses
is rather straightforward. While detectors currently in operation
have reached background levels as low as a few events/(keV t d)
in the dark matter region of interest, before discrimination of elec-
tronic and nuclear recoils, detectors under commissioning and/or
construction will improve these absolute backgrounds by a few
orders of magnitude, until the irreducible neutrino background
will start to dominate the recoil spectra. These ton- and multi-ton

Fig. 4. The 1-� and 2-� credible regions of the marginal posterior probabilities for simulations of WIMPs of various masses and cross sections demonstrate how well the
WIMP parameters can be reconstructed for different exposures of a LXe or LAr detector. The ‘+’ indicates the simulated model. (Left) Exposures of 10 t ⇥ yr xenon (green),
20 t ⇥ yr LXe (red), and 10 t ⇥ yr LXe plus 20 t ⇥Ar (blue). (Right) 10 t ⇥ yr LXe plus 20 t ⇥ yr LAr exposure for cross sections of 3 ⇥ 10�46cm2 (green), 3 ⇥ 10�47cm2 (red)
and 3 ⇥ 10�48cm2 (blue) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from [99].

J. Newstead  et al , PRD 88, 076011 (2013)

Xe + Ar

Xe

Complementarity of targets

Xe target

once we detect dark matter….
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Dark Matter Direct Detection

A. Manalaysay, Nov. 30, 2022

History of WIMP searches

15Aaron Manalaysay Kashiwa DM 2022

-Semiconductor  (Ge, Si)

-Liquid Noble Gas (Xe,Ar..) 
-Scintillation + Charge

-Cryogenics (Ge, Si) 
- Photon + Charge

XENONnT ‘23



Masaki Yamashita, Kavli IPMU, The University of Tokyo 7

Dark Matter Direct Detection

A. Manalaysay, Nov. 30, 2022

History of WIMP searches

15Aaron Manalaysay Kashiwa DM 2022

-Semiconductor  (Ge, Si)

-Liquid Noble Gas (Xe,Ar..) 
-Scintillation + Charge

-Cryogenics (Ge, Si) 
- Photon + Charge

XENONnT ‘23



Masaki Yamashita, Kavli IPMU, The University of Tokyo 8

Dark Matter Direct Detection
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History of WIMP searches

15Aaron Manalaysay Kashiwa DM 2022

-Semiconductor  (Ge, Si)

-Liquid Noble Gas (Xe,Ar..) 
-Scintillation + Charge

-Cryogenics (Ge, Si) 
- Photon + Charge

2303.14729 
(XENON Collaboration)
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Gas-Liquid Two-phase Xe Time Projection Chamber
• Signal from Scintillation Light(S1) and Charge (S2) 
• 3D Position Reconstruction: x-y (S2) and z (drift time) 
• Xe: Z(=54), Powerful Self-shielding of external radiations such as gamma rays. 
•  Identify multiple sites events: Compton Scattering, Neutron 

• Particle identification: the nuclear recoil signal (WIMP) from electronic recoil (γ, β 
rays) with  S2/S1 ratio (  > 99% )

9
•

Io
ni

za
tio

n 
el

ec
tr

on
 -S

2

• Scintillation light - S1

�,�

• S1: Scintillation light 
• S2: Ionization (Proportional Light)

X
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History of XENONBENCHMARK: THE XENON LEGACY AT LNGS

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

2005-2007 2008-2016 2012-2018 2020-2025 2027—

15 kg 161 kg 3200 kg 8400 kg 50 tonnes

15 cm 30 cm 96 cm 150 cm 260 cm

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN
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M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

arXiv:2303.14729v1 
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DARWIN TPC

2.6 m
2.
6 
m

DARWIN Detector

•Total: 50-tonne LXe 
          40-tonne Fiducial volume 

 ( X 10  XENONnT)

•Total: ~2000  3’’ PMTs 
          (Top + Bottom) 
          PTFE reflector 
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DARWIN (XLZD) Sensitivity

•X 10 higher sensitivity than goal of current 
ongoing experiments(XENONnT, LZ, PandaX-4)

•Ultimate Direct Detection detector 
>1 ν >10ν

•Exploring WIMP cross sections into the 
‘neutrino fog’  (coherent elastic neutrino-
nucleus scattering).

Hisano 2015
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Realization of DARWIN

arXiv:2303.14729v1 

XENONnT Background
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Realization of DARWIN (XENONnT Technology)

LXe
purification
• Faster xenon cleaning 
• 2L/min LXe

• Inner region of 
existing muon veto 

• optically separate 
• Gd in the water tank 
• 0.5 % Gd2(SO4)3

nVeto

TPC
XENONnT 
8.5 tonne

222Rn
distillation

• Reduce Rn (214Pb) from 
pipes, cables, 
cryogenic system 

↓ BG (ER)

↑Sensitivity

↓ BG (NR)
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DARWIN: R&D Photosensor

R11410 (LZ, XENONnT, PandaX)

R13111 (XMASS) 
Lowest radioactivity 

Low Dark Current SiPM (See Kobayashi talk)

Hybrid sensors 
e.g. Abalone

Liquid hole multiplier



Masaki Yamashita, IPMU, The University of Tokyo 16

DARWIN: R&D Detector 

2.
6 
m

2.6 m

Full height and diameter test facility for DARWIN

High voltage, Purity … Electrode and other detector components

s

Baudis et al. JINST 16 P08052(2021)
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2021/4/26,27 XENON/DARWIN, LUX-ZEPLIN meeting 
                         https://indico.cern.ch/event/1028794/ 
2021/7/6 :       MOU: XENON, DARWIN, LUX-ZEPLIN 

          16 countries,104 scientists 
2022/6/27-29  1st Summer Meeting at KIT in Germany  
                         Japan： Kavli IPMU UTokyo, Kobe U, Nagoya U,

XENON-LZ-DARWIN (XLZD) Consortium

•White Paper: 
•A Next-Generation Liquid Xenon Observatory for Dark Matter and Neutrino Physics 
•https://arxiv.org/abs/2203.02309

Liquid Xenon Time Projection Chambers =>  A World leading Technology 
The consortium is aiming to build a unique 50-100 tonne ultimate detector XENON-LZ-DARWIN 　
->   XLZD Consortium

Xenon Lab
Logo

Xenon Lab
Logo Variants

2022/12               Submitted DARWIN/XLZD proposal to the Science Council of Japan (Future Academic Advancement Initiative)
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Liquid Xe TPC: Physics
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Solar Neutrino

Liquid Xe TPC: Physics

DARWIN
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Liquid Xe TPC: Physics in Future
Solar Neutrino
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Liquid Xe TPC: Physics in Future
Solar Neutrino

Supernova
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•DARWIN will be a successor of the state-of-art 
liquid xenon dark matter detector. 
•Ultimate detector for WIMP search (neutrino fog) 
‒Solar Neutrino 
‒Double Beta Decay 
‒SuperNova  … 
•Recently, we formed the consortium (XLZD) to 
realize the ultimate dark matter detector with LXe

22

Conclusion DARWIN Collaboration 
~170 members 
33 institutions 
11 countries

2030年代2025 20262020’s 2030’s2010’s

XENON1T XENONnT DARWIN/XLZD
2040’


