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Liquid Xenon
Z(A) Density [g/cm3] Boiling Point

at 1 atm [K]
ionization
[ e-/keV]

scintillation 
[photon/keV]

Ar 18(40) 1.40 87.3 42 40
Xe 54(131) 3.06 165 64 46

LXe (-100℃）
•High-Z for good self-shielding
•High-density rare gas liquid 
•-100 ℃  (173 K)
•Hight light/charge yield



Masaki Yamashita, Kavli IPMU, UTokyo 3

Xenon Isotopes

•  half-half: even and odd isotopes 
• Both spin-independent and spin-dependent WIMP DM search  

• No long-lived isotopes except 124Xe and 136Xe  
• 124Xe double electron capture isotope ( T1/2 ~ 1022 y) 

• the longest half-life ever measured directly (XENON1T) 
• 136Xe 0νββ decay  
• Enrich or depleted gases are possible.   

•  e.g.  Y. Suzuki arXiv:0008296

124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
0.10% 0.09% 1.92% 26.4% 4.07% 21.2% 26.9% 10.4% 8.87%
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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
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Liquid�Xenon

D.�Akerib@P5�2023
2000 20202007 2016 2018 now
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• To realize an ultimate liquid xenon experiment 
•  Forming XLZD : 

• XENONnT +  LUX-ZEPLIN +  DARWIN 
• LZ and XENONnT are operating and leading experiments 
• DARWIN: planned after the XENON program.

The XLZD Consortium
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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
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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% flux 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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Mass and Cross Section

20GeV 100GeV

• Search for WIMPs down to the  
neutrino “fog” 
• Indistinguishable background from astrophysical 

neutrinos 

• Limited sensitivity improvement  
(20% flux uncertainly) 

• Systematic uncertainty limit (1000 t∙yr) 

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

• Example discovery contours (DM Mass + Cross Section) 

• 1000 t X y exposure 



Masaki Yamashita, Kavli IPMU, UTokyo 8

WIMP DM Search in 2020’-2030’

the other hand, generated via tree-level interactions to the
R-symmetry breaking sector [22] (see [23] for a related
mechanism), which leads to a much heavier Higgsino than
the gauginos. As a result, the pure gravity mediation model
predicts the almost pure neutral wino as the lightest
supersymmetry particle (LSP) which is a good candidate
for WIMP dark matter.
As mentioned earlier, the wino dark matter possesses a

phenomenologically notable feature, a large annihilation
cross section enhanced by the so-called Sommerfeld effects
[16–18]. Due to the enhancement, the annihilation cross
section into a pair of the W-bosons at present universe
is automatically boosted to be 10−24–10−25 cm3=s. In
Fig. 1(a), we show the annihilation cross section of the
wino dark matter into a pair of W bosons as a solid line.
With this large cross section, the antiproton flux from the
wino annihilation can be comparable to the secondary
astrophysical antiproton flux at Tp ≳ 100 GeV, with Tp

being the kinetic energy of a proton and an antiproton.
There are two favored mass regions for the wino dark

matter. One is the mass region around 3 TeV where the
observed dark matter density is explained solely by its
thermal relic density [24]. The other region is below
1–1.5 TeV where the relic density is provided nonthermally
by the decay of the gravitino [25,26]. There, the appropriate
gravitino abundance for the nonthermal wino production is
achieved when the reheating temperature of the universe is
consistent with the traditional thermal leptogenesis scenario
[27]. As we will see shortly, the wino mass in the both mass
regions can sizably contribute to the antiproton spectrum,
although the thermal wino case fits the observed spectrum
of the antiproton fraction particularly well.

So far, the mass of the wino dark matter has been
constrained by collider experiments. Among them, the
searches for disappearing tracks made by a short lived
charged wino inside the detectors put a lower limit on the
mass of the wino dark matter,

M ~w ≳ 270 GeV; ð1Þ

with 20 fb−1 data at LHC 8 TeV running [28].3 At the
14 TeV running, the limit can be pushed up to 500 GeV
with 100 fb−1 data [30]. See also Refs. [31–33] for more
details on the future prospects of the wino dark matter
searches at the collider experiments.
The wino dark matter is also constrained by the indirect

detections of dark matter in cosmic rays. To date, the most
robust limit comes from the gamma-ray searches from the
dwarf spheroidal galaxies (dSphs) at the Fermi-LATexperi-
ment. By taking uncertainties of the dark matter profile of
the dSphs, it has excludedM ~w ≲ 320 GeV and 2.25 TeV≲
M ~w ≲ 2.43 TeV at the 95% confidence level (C.L.) using
four-year data [34].4 It should be noted that the constraints
on the wino dark matter via monochromatic gamma-ray
searches from the galactic center [37] and from the dSphs
[38] by the H.E.S.S experiments are less stringent due to
large uncertainties of the dark matter profile at the galaxy
center (see e.g. Ref. [39]) and the small cross section into
the monochromatic gamma rays.

FIG. 1 (color online). (a) Constraints on the (MDM-hσvi) plane. The black solid lines show the predicted annihilation cross sections for
the wino and Higgsino. Red solid, blue dashed and green dotted lines show the upper bounds on the annihilation cross section at
95% C.L. for MIN, MED and MAX propagation models, respectively. The shaded regions with the same color show the best-fitted
regions. The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region indicates the wino mass range
where the wino thermal relic abundance is the observed dark matter density. (b) Predicted antiproton to proton ratio with experimental
data. The solid (dashed) lines show the case with (without) the dark matter contributions.

3See [29] for a two-loop calculation of the wino mass splitting.
4For uncertainties and future prospects of the searches for the

wino dark matter via the gamma rays from the dSphs, see e.g.
[35,36].

IBE et al. PHYSICAL REVIEW D 91, 111701(R) (2015)

111701-2

RAPID COMMUNICATIONS

LHC/ATLAS

CTA(Indirect)

Minimal DM, almost pure Wino 
-> Hisano, Ishiwata,  Nagata  JHEP06(2015)097Collider, Indirect, Direct Search Complementarity 

DARW
IN/XLZ

D

(almost)�Wino�DM�
- WIMP�interacting�with�the�SM�particles�via�the�SM�weak�interaction.�
- a�very�predictive�and�simple�model�(�2�x�10�-47�cm2)

Wino�DM

‘minimal dark matter’ scenario 
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• 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

9

A staged approach 

4 m80 t

60 t 3 m

1step

3 m

2�m40�t

Next�step

agressive�
design�
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• 5 candidate sites for hosting XLZD 
Kamioka, LNGS, Boulby, SURF, SNOLAB 

• Well know laboratories 
have proven support capability for state-of-the-art experiments 

• XLZD will require: 

– Low cosmic muon flux to reach science goals 

– + Significant staging space and UG fabrication capability 

– 20-25 m diameter cavity: exists (LNGS, Kamioka, SNOLAB), new (Boulby, SURF)
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XLZD Siting
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Science: Multi-purpose observatory

• WIMP measurement is the primary goal


• Opportunity to be competitive in 0𝝂ββ

• Other DM candidates  

(Light WIMPs, Axions, ALPs, Dark Photons, etc)


• Neutrino physics

• Solar neutrinos (model, properties)

• Supernovae
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XLZD:  136Xe 0𝝂ββ Search

• External gamma-ray background 
• 214Bi 𝛾 in the 238U chain (2447 keV)


• 208Tl 𝛾 in the 232Th chain (2615 keV) — can be highly 
suppressed by vetoes

• Internal and intrinsic backgrounds 


• 214Bi β from 222Rn in the xenon (Q = 3270 keV)

• We assume 0.1 µBq/kg 222Rn rate and >99.95% BiPo tagging


• 137Xe β (Q = 4170 keV), neutron activation of 136Xe

• Mostly by muon-induced neutrons, depending on the installation site


• Electron recoils from 𝝂-e- scattering (8B), irreducible

• 136Xe 0𝝂ββ Q = 2458 keV

• 136Xe is 8.9% of natural xenon


• With 80 t target mass, XLZD will contain >7 t of 136Xe

• Xenon TPCs have excellent resolution


• 0.67% demonstrated in LZ,  0.8% in XENON1T  (σ)

33 keV

𝑇1∕2 = 5 × 1027 y
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XLZD:  136Xe 0𝝂ββ Search

11-30�meV

5.4-15�meV

1027

1028

104 Year

Sensitivity�Study
Bands cover the range between current TPC performance and 
backgrounds (lower) and more progressive assumptions (upper)
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~0.15%

14

Solar Neutrino

• Neutrinos (solar model, neutrino properties) 

• High statistics pp neutrino 

measurement 

• Neutrino survival probability at high 

(5-15 MeV) and very low energies 

• Neutrino magnetic moment
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CEvNS Charged-Current Neutral-Current

Sub-dominant for SN neutrinos

Phys.Rev.D	94	(2016)	10,	103009	
Ann.	Rev.	Nucl.	Part.	Sci.	27,	167	(1977)XLZD: Supernova neutrino

At	low	energies,	scattering	cross-section	
is	coherently	enhanced	by	the	square	of	
the	nucleus’s	neutron	number

Kara�(KIT)
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Phys.Rev.D	94	(2016)	10,	103009	
Ann.	Rev.	Nucl.	Part.	Sci.	27,	167	(1977)

snewpy: Astrophys.J. 925 (2022) 2, 107

XENONnT

DARWIN/XLZD

XLZD: Supernova neutrino

a few 100s events @ 10kpc
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Technology  toward Ultimate detector
• LXePUR	(XENONnT)	
• Liquid	phase	purificaSon
• > 15 ms electron lifetime
• =>   ~ 15 m drift length

• gamma	Veto	
• neutron	Veto

XENONnT

• Radon/Krypton	disSllaSon		
(XENONnT)

• 222Rn/ < 1 uBq/kg
• 85Kr < ppt

LZ
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2.
6 
m

2.6 m

Full height and diameter test facility for DARWIN/XLZD

High voltage, Purity … Electrode and other detector componentss

JINST 16 P08052(2021)

@Freiburg

@Freiburg@Zurich

R&D Activities:  TPC and Electrodes/HV 
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TPC R&D
Hermetic TPC to protect Rn from outside volume 
Single phase Xe TPC to avoid the liquid-gas interface control

PTEP 2020 113H02

Quartz chamber

@Nagoya
@Kamioka
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DARWIN: R&D Photosensor

R11410 (LZ, XENONnT, PandaX) R13111 (XMASS) 
Lowest radioactivity 

Low Dark Current SiPM

K. Abe et al. JINST 15 P09027

Digital SiPM @Heidelberg2inch square @Zurich

Hybrid @Nagoya
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R13111 (3inch) 
(1) Photocathode: produced with 39K-enriched potassium

(2) Vacuum seal: purest grade of aluminum material 

(3) Stem: glass material was synthesized using low-radioactive-
contamination material  
(4) Convex geometry improved the collection efficiency and TTS 
(~2.1 ns ↔ R11410:~9.2 ns)

XMASS Collaboration

2020 JINST 15 P09027

Abe@Nagoya workshop 2024
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11Dark Count Rate: 50um pixel

•Dark count rate (DCR) at high temperature(200-210K) was measured 
with random trigger because of its large DCR 

•DCR at low temperature was measured using self-trigger with  
the threshold of 0.5 pe pulse height. 

•Reached DCR of O(0.01) Hz/mm2 for 50um pixel size

OV = 5 V

@167K

DCR [Hz/mm2] Reduction w.r.t. 
VUV4

New-1 
(50um)

0.049 – 0.073 13 - 16% 

New-2 
(50um)

0.060 – 0.087 15 - 20 %

VUV4_1
VUV4_2
New_1
New_2

VUV4_1
VUV4_2
New_1
New_2

Kazama@Nagoya�workshop�2024
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• XLZD is formed by  
• XENONnT +  LUX-ZEPLIN +  DARWIN 

•XLZD will be a successor to the state-of-the-art 
liquid xenon dark matter detector. 
•Ultimate detector for WIMP search (neutrino fog) 
‒Solar Neutrino 
‒Double Beta Decay 
‒SuperNova  …etc 
• start observation in 2030’ 

23

Conclusion

2030年代2025 20262020’s 2030’s2010’s

LUX/XENON1T LZ/XENONnT DARWIN/XLZD
2040’

•US P5:  

•An ultimate Generation 3 (G3) dark matter direct detection 
experiment reaching the neutrino fog, in coordination with 
international partners and preferably sited in the US (section 
4.1). 

• Europe APPEC: 
• at least one next- generation xenon (order 50 tons) and one 
argon (order 300 tons) detector, 

•Japan ‘Future Academic Initiative (未来の学術構想)‘: 

The DARWIN/XLZD proposal was accepted by the Science 
Council of Japan.


