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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422

Liquid xenon detectors: the definitive search for “high-mass” WIMPs
Projected sensitivity 
and current limits

2

Systematic limit imposed by 
coherent scattering of 
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Low cross section and high 
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].
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With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372
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liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375
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90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378
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ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391
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interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395
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ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422

Liquid xenon detectors: the definitive search for “high-mass” WIMPs
Projected sensitivity 
and current limits

Potential detection of 
benchmark candidates

2

Systematic limit imposed by 
coherent scattering of 
astrophysical neutrinos

Low cross section and high 
mass (>10 GeV) → large liquid 

noble detectors

7

101 102 103 104

DM mass [GeV/c2]

10�49

10�48

10�47

10�46

10�45

SI
D

M
-n

uc
le

on
cr

os
s

se
ct

io
n

[c
m

2 ]

DarkSide

X
E
N
O
N
n
T

L
Z

(9
0%

ex
cl
.)

EDELWEISS

PIC
O2L

DEAP-360
0

L
U
X

P
an

d
aX

2

3

4

5 G
radient

of
exclusion

lim
it,

n
=

�
(d

ln
�
/d

ln
N

)
�

1

101 102 103 104 105

DM mass [GeV/c2]

10�49

10�48

10�47

10�46

10�45

10�44

SI
D

M
-n

uc
le

on
cr

os
s

se
ct

io
n

[c
m

2 ]

DarkSide

Electroweak

multiplet DM

Z
�
-m

e
d
ia
t
e
d

m
a
jo
r
a
n
a
W

IM
P

N
M

S
S
M

C
u
rr
en

t
li
m

it
s

Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].
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LXe [43]. Background reduction strategies to achieve367
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With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391
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interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395
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left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375
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90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378
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xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395
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ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401
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The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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Liquid Xenon Detectors:  World leading since 2007
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Drift time gives 
z position  
(~0.5 mm 
resolution)

S2 light pattern 
gives x-y 
position 

(~few mm 
resolution)

S1-S2 relative size 
gives event-type 
discrimination

Cathode
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Liquid Xenon Dual Phase TPCs

3

• Calibration is key - e.g.:
• LZ - High stats of ER (background) distribution 

using dispersed tritium (CH3T) - ~160k events!
• LZ and XENON have now used YBe to calibrate 

low energy NR
• Allows for precise modeling in final analysis, 

enables discovery

https://indico.cern.ch/event/1188534/contributions/5429332/attachments/2674694/4637858/LZ_PASCOS%202023.pdf
https://agenda.infn.it/event/39713/contributions/237829/attachments/123564/181262/xenonnt-cevns-newresults-idm-2024.pdf
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The Neutrino Fog

3

• 8B solar neutrinos have a measured flux (SNO, SuperK, etc)
• Interact coherently with nuclei like DM - coherent neutrino nucleus scattering 

• First observed in 2017 by COHERENT collaboration at Spallation Neutron Source at Oak Ridge
• Atmospheric neutrinos look like >100 GeV WIMPs, 8B like ~5.5 GeV WIMPs

•
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We’re into the fog!

R. Lang

● The three xenon experiments are seeing clear 
evidence for solar 8B neutrinos

● PandaX (2407.10892) and XENONnT 
(2408.02877) reported in 2024 with ~2.7 sigma

● LZ reported in December with 4.5 sigma 
(2512.08065)
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We’re into the fog!

R. Lang

● The three xenon experiments are seeing clear 
evidence for solar 8B neutrinos

● PandaX (2407.10892) and XENONnT 
(2408.02877) reported in 2024 with ~2.7 sigma

● LZ reported in December with 4.5 sigma 
(2512.08065)

Clear observation of astrophysical sources of low 
energy nuclear recoils via a coherent scattering 
process!
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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with optical readout by two arrays of 3-inch Hama-721

matsu R11410-22 photomultiplier tubes (PMTs). The722

LXe-TPC is housed in a titanium cryostat. The thin723

layer of LXe (⇠2 tonnes) between the TPC and the in-724

ner cryostat vessel, often referred to as LXe Skin, is725

instrumented with scintillation readout to function as726

a veto detector. The cryostat is surrounded by an Outer727

Detector containing 17 tonnes of Gd-loaded liquid scin-728

tillator in acrylic vessels, viewed by 120 8-inch PMTs.729

Both detector systems are immersed in a water tank730

with a 7.6m diameter. Xenon cooling and purification731

are done separately; cold LXe is fed to a pipe mani-732

fold at the bottom of the detector; liquid is extracted733

from a weir system at the top and converted to gas734

for purification. Krypton removal was conducted us-735

ing gas chromatography before deployment. LZ pub-736

lished world-leading results from its first science run in737

2022 [28].738

The XENONnT collaboration is operating a TPC739

with 5.9-tonnes of LXe in the active region (8.5 tonnes740

LXe in the full detector) [96] at the INFN Laboratori741

Nazionali del Gran Sasso (LNGS), Italy. It is the up-742

grade of XENON1T [97], the first LXe-TPC with a tar-743

get above the tonne scale, which was operated at LNGS744

from 2016-2018. XENONnT features a lightweight TPC745

made of thin PTFE walls, two concentric sets of field-746

shaping electrodes, and high-transparency electrode747

grids made of individual parallel wires. Two arrays of748

Hamamatsu R11410-21 PMTs provide the optical read-749

out. Although the LXe Skin concept was pioneered by750

XENON100 [98], it was not installed in XENON1T/nT751

to minimize backgrounds due to radon emanation from752

PTFE and maximize the active target. The TPC is753

housed in a stainless steel cryostat, placed in the center754

of a 9.6m diameter water shield operated as Cherenkov755

muon veto. The neutron veto has an inner volume of756

33m3 around the cryostat, defined by highly-reflective757

PTFE walls and instrumented with 120 8-inch PMTs:758

after the first runs with demineralized water, Gd has759

been added to the shield to increase the neutron tagging760

e�ciency. A diving bell controls the LXe level inside the761

TPC. For purification, LXe is extracted from the bot-762

tom of the cryostat and e�ciently purified in the liquid763

phase [99]; an additional gas purification system cleans764

the warmer gas phase. Krypton removal is done via a765

cryogenic distillation column [100] installed on-site, al-766

lowing for online distillation. A second cryogenic distil-767

lation system constantly removes radon atoms from the768

liquid and gaseous xenon target [101]. XENONnT pub-769

lished results for a search for new physics with a world-770

leading electronic recoil background level in 2022 [102]771

and for a first WIMP search in 2023 [11].772

Although the two experiments may appear simi- 773

lar, very di↵erent implementations have been adopted 774

for most subsystems, with some di↵erences highlighted 775

above. These proven alternative implementations, al- 776

ready demonstrated at the multi-tonne scale in world- 777

leading dark matter detectors, constitute a powerful 778

tool for risk management. In each case, there are two 779

solutions to choose from, and their performance is thor- 780

oughly evaluated in real dark matter search conditions. 781

Adding this diversity of options to the long track record 782

of this technology, it may be argued that the next step 783

to the XLZD detector entails only modest technical risk 784

– and although the proposed ⇠10-fold mass scale-up is 785

significant, the increase in linear dimensions is relatively 786

modest (factor ⇠2). 787

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition 788

The nominal XLZD detector features a dual-phase LXe- 789

TPC with around 3m inner diameter and height, con- 790

taining 60 tonnes of active mass as depicted in Fig. 7. 791

Such a detector enables dark matter searches down to 792

the neutrino fog and a competitive search for 0⌫�� 793

decay in 136Xe using a natural abundance target (see 794

XLZD: definitive search for high mass WIMPs
● Searching for WIMPs into the “fog”

• Nearly indistinguishable background from 
astrophysical neutrinos

• Sensitivity rapidly falls - 20% flux uncertainty
• Systematic limit (1000 tonne-year exposure) 

= practical limit of ~100-tonne detector 
• 3-sigma discovery at 3x10-49 at 40 GeV 

● Combine best of LZ and XENONnT
• 10x mass: 60 tonnes (80 if funding permits) of 

active LXe
• Double TPC linear dimensions
• Compact geometry: readout, underground 

transport & fit

Total mass: 
~100 tonne 

scale

4
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360

https://arxiv.org/abs/2410.17137
https://arxiv.org/abs/2203.02309
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(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325
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XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329
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Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337
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candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 43]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates where the overlaid shading (labelled as ATLAS) illustrates
model regions excluded by ATLAS [25,27,28].

inside the detector. In addition, leakage from the more
numerous electronic recoil (ER) backgrounds into the
nuclear recoil signal region will need to be controlled.
With a target suppression of 222Rn to 0.1µBq/kg and
natKr to 0.1 ppt, the processes dominating electron re-
coils will be those from solar (mostly pp) neutrinos scat-
tering o↵ electrons and naturally occurring 136Xe in the
LXe [44]. Background reduction strategies to achieve
these goals are further discussed in Section 5.

With a conservative 200 t·y exposure, assuming a
successful suppression of radioactive backgrounds be-
low the irreducible neutrino backgrounds and negligi-
ble leakage of electron recoil events from solar neu-
trinos into the signal region, the experiment will de-
liver an order of magnitude improvement in exclusion
sensitivity and discovery capability compared to cur-
rent experiments. For a 40GeV/c2 WIMP it will reach
90% exclusion sensitivity down to a cross-section of
2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-
section of 7 ⇥ 10�49 cm2. In order to be the definitive
xenon experiment, the detector must be capable of run-
ning up to a 1000 t·y exposure without becoming lim-
ited by backgrounds from radioactive impurities, mak-
ing it sensitive to a potential 3� evidence at a cross-
section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as
shown in Fig. 2. In case of a discovery, XLZD could
also shed light on the nature of the WIMP-nuclear re-
sponses [45].

2.2 Neutrinoless Double Beta Decay

The lepton number violating neutrinoless double beta
(0⌫��) decay process is another critical signature for
Beyond Standard Model physics. Its detection would
reveal the nature of neutrinos, and under the assump-
tion of light-neutrino exchange and Standard Model
interactions, the half-life will yield insights into their
mass ordering. With 8.9% abundance of 136Xe in nat-
ural, non-enriched xenon, the observatory will instru-
ment 5.3 tonnes of this isotope, aiming to observe 0⌫��-
decays above the background spectrum shown on the
left of Fig. 3. The corresponding half-life sensitivity
projections for the 0⌫��-decay, derived using a Figure-
of-Merit estimator [46] in corresponding optimal fidu-
cial volumes, are shown on the right of Fig. 3 for the
XLZD detector with either 60 or 80 tonnes target mass.
The sensitivity is estimated for a range of detector per-
formance parameters and background assumptions, as
discussed below, represented by a band for each target
mass between a nominal (lower bound) and an opti-
mistic (upper bound) scenario.

The backgrounds to a 0⌫��-decay signal, shown
on the left of Fig. 3, are caused by �-rays emitted
from detector materials and electron-induced signals,
with the latter being uniformly distributed in the de-
tector volume. Two of these uniform backgrounds are
irreducible: the continuous spectrum induced by so-
lar 8B neutrinos scattering o↵ electrons and leakage
of the 2⌫�� decay spectrum of 136Xe into the 0⌫��
energy region of interest (ROI). The latter is highly
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Fig. 3: Left: Energy spectra of a hypothetical 5⇥ 1027 yr 136Xe 0⌫�� signal (yellow) and the dominant backgrounds to this
search: �-rays from materials before (grey) and after (black) rejection by the veto systems (see text), 2⌫��-decays of 136Xe
(blue), 222Rn induced �-decays of 214Bi (green), ⌫-e� scattering of 8B neutrinos (purple), and �-decays of 137Xe (red) for
examples of di↵erent host laboratories. Right: Projected evidence sensitivity at 3� significance to the 0⌫�� decay of 136Xe
as a function of exposure time for the two final target mass scenarios: 60 t and 80 t, and an interim 40 t configuration further
discussed in Section 3. For each target mass, the band represents the range of detector performance parameters and background
assumptions between the nominal (lower limit) and optimistic (upper limit) scenarios, as discussed in the text. The right axis
shows the sensitivity in e↵ective Majorana mass m�� , assuming a nuclear matrix element range of M0⌫

136Xe 2 [1.11, 4.77] [47].
The projected sensitivity of other proposed 136Xe 0⌫�� experiments is shown for comparison [47–50].

suppressed due to the excellent energy resolution of
�E = 0.65% Q�� [51, 52] (0.60% Q��) in the nominal
(optimistic) scenario, which corresponds to a Q�� ± 1�
ROI of 32 keV (29 keV) illustrated by the vertical yel-
low band on the left of Fig. 3. Additionally, two iso-
topes present in the target cause �-decays with ener-
gies extending over the 0⌫�� ROI: 214Bi, a progeny of
222Rn, and 137Xe, which is produced in the TPC by
the capture of neutrons on 136Xe. The rate of the lat-
ter scales with the muon flux and thus primarily de-
pends on the depth of the host laboratory [53]. We
consider Laboratori Nazionali del Gran Sasso (LNGS),
Italy (29.7µ m�2d�1) and the Sanford Underground
Research Facility (SURF), USA (4.6µ m�2d�1) as rep-
resentative of reasonable nominal and optimistic sce-
narios, respectively. A natural abundance xenon target
limits 137Xe production, and both facilities provide a
su�cient muon flux reduction for it not to be a domi-
nant background. Only 137Xe production directly inside
the TPC is considered an inevitable source of back-
ground: xenon activation outside the shielding water
tank, e.g. during xenon purification, can be avoided by
adequate shielding of the xenon handling infrastructure
(discussed in Section 4.4). A low level of 222Rn in the
target of 0.1µBq/kg of natural xenon is a common re-
quirement for the dark matter science goal [44,54]. Ad-
ditionally, the tagging of the subsequent 214Po ↵-decay
allows for vetoing 214Bi decays with high e�ciency, from
99.95% (nominal) to 99.99% (optimistic).

The projection of the external background in the
nominal scenario assumes the material budget of a
dimensionally-scaled LZ design and the radiopurity of
materials already identified [55]. In the optimistic sce-
nario, a reduction of the external background by a fac-
tor of three is assumed.

Suppression of the 208Tl contribution in the exter-
nal background (shown by the rate decrease from the
gray to the black line in Fig. 3, left) requires an outer
detector surrounding the cryostat, as well as instrumen-
tation of the LXe region surrounding the TPC. The
background from �-rays emitted by radioactivity in the
laboratory rock walls is assumed to be suppressed by a
water shield (3.5m minimum thickness) to a negligible
level compared to the detector material-induced �-ray
flux.

As shown on the right of Fig. 3, after an initial es-
sentially background-free period, XLZD becomes back-
ground limited, with the uniform backgrounds (dom-
inated by solar 8B neutrinos) and the external �-ray
backgrounds having similar contributions in the opti-
mized fiducial volumes. Running the detector twice as
long (20 years) would result in a 50% higher half-life
sensitivity. The 0⌫�� science reach is primarily deter-
mined by the instrumented target mass, and within
the sensitivity range bands, the reduction of the ex-
ternal background by improved material selection has
the strongest impact on the achievable sensitivity. Par-
tial enrichment in 136Xe could be deployed at a future
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 43]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates where the overlaid shading (labelled as ATLAS) illustrates
model regions excluded by ATLAS [25,27,28].

inside the detector. In addition, leakage from the more
numerous electronic recoil (ER) backgrounds into the
nuclear recoil signal region will need to be controlled.
With a target suppression of 222Rn to 0.1µBq/kg and
natKr to 0.1 ppt, the processes dominating electron re-
coils will be those from solar (mostly pp) neutrinos scat-
tering o↵ electrons and naturally occurring 136Xe in the
LXe [44]. Background reduction strategies to achieve
these goals are further discussed in Section 5.

With a conservative 200 t·y exposure, assuming a
successful suppression of radioactive backgrounds be-
low the irreducible neutrino backgrounds and negligi-
ble leakage of electron recoil events from solar neu-
trinos into the signal region, the experiment will de-
liver an order of magnitude improvement in exclusion
sensitivity and discovery capability compared to cur-
rent experiments. For a 40GeV/c2 WIMP it will reach
90% exclusion sensitivity down to a cross-section of
2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-
section of 7 ⇥ 10�49 cm2. In order to be the definitive
xenon experiment, the detector must be capable of run-
ning up to a 1000 t·y exposure without becoming lim-
ited by backgrounds from radioactive impurities, mak-
ing it sensitive to a potential 3� evidence at a cross-
section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as
shown in Fig. 2. In case of a discovery, XLZD could
also shed light on the nature of the WIMP-nuclear re-
sponses [45].

2.2 Neutrinoless Double Beta Decay

The lepton number violating neutrinoless double beta
(0⌫��) decay process is another critical signature for
Beyond Standard Model physics. Its detection would
reveal the nature of neutrinos, and under the assump-
tion of light-neutrino exchange and Standard Model
interactions, the half-life will yield insights into their
mass ordering. With 8.9% abundance of 136Xe in nat-
ural, non-enriched xenon, the observatory will instru-
ment 5.3 tonnes of this isotope, aiming to observe 0⌫��-
decays above the background spectrum shown on the
left of Fig. 3. The corresponding half-life sensitivity
projections for the 0⌫��-decay, derived using a Figure-
of-Merit estimator [46] in corresponding optimal fidu-
cial volumes, are shown on the right of Fig. 3 for the
XLZD detector with either 60 or 80 tonnes target mass.
The sensitivity is estimated for a range of detector per-
formance parameters and background assumptions, as
discussed below, represented by a band for each target
mass between a nominal (lower bound) and an opti-
mistic (upper bound) scenario.

The backgrounds to a 0⌫��-decay signal, shown
on the left of Fig. 3, are caused by �-rays emitted
from detector materials and electron-induced signals,
with the latter being uniformly distributed in the de-
tector volume. Two of these uniform backgrounds are
irreducible: the continuous spectrum induced by so-
lar 8B neutrinos scattering o↵ electrons and leakage
of the 2⌫�� decay spectrum of 136Xe into the 0⌫��
energy region of interest (ROI). The latter is highly

8

2300 2350 2400 2450 2500 2550 2600

Energy [keV]

10�6

10�5

10�4

10�3

10�2

R
at

e
[(

to
nn

e
yr

ke
V

)�
1 ]

0���
signal

0���
ROI

222Rn

�8B

136Xe
(2���)

M
at

er
ia

l

ve
to

s

21 (90)

14 (60)

9.3 (40)

7 (30)

0 2 4 6 8 10 12
Exposure time [yr]

1027

1028

T
1/

2,
0�

�
�

di
sc

ov
er

y
se

ns
it

iv
it
y

(3
�
)

[y
r]

NEXT-HD

nEXO

PandaX-III

KamLAND2-Zen

XLZD

(40 t)

XLZD
(60

t)

XLZD (80
t)

Nominal

Optimistic

m
�
�

sensitivity
[m

eV
]

Fig. 3: Left: Energy spectra of a hypothetical 5⇥ 1027 yr 136Xe 0⌫�� signal (yellow) and the dominant backgrounds to this
search: �-rays from materials before (grey) and after (black) rejection by the veto systems (see text), 2⌫��-decays of 136Xe
(blue), 222Rn induced �-decays of 214Bi (green), ⌫-e� scattering of 8B neutrinos (purple), and �-decays of 137Xe (red) for
examples of di↵erent host laboratories. Right: Projected evidence sensitivity at 3� significance to the 0⌫�� decay of 136Xe
as a function of exposure time for the two final target mass scenarios: 60 t and 80 t, and an interim 40 t configuration further
discussed in Section 3. For each target mass, the band represents the range of detector performance parameters and background
assumptions between the nominal (lower limit) and optimistic (upper limit) scenarios, as discussed in the text. The right axis
shows the sensitivity in e↵ective Majorana mass m�� , assuming a nuclear matrix element range of M0⌫

136Xe 2 [1.11, 4.77] [47].
The projected sensitivity of other proposed 136Xe 0⌫�� experiments is shown for comparison [47–50].

suppressed due to the excellent energy resolution of
�E = 0.65% Q�� [51, 52] (0.60% Q��) in the nominal
(optimistic) scenario, which corresponds to a Q�� ± 1�
ROI of 32 keV (29 keV) illustrated by the vertical yel-
low band on the left of Fig. 3. Additionally, two iso-
topes present in the target cause �-decays with ener-
gies extending over the 0⌫�� ROI: 214Bi, a progeny of
222Rn, and 137Xe, which is produced in the TPC by
the capture of neutrons on 136Xe. The rate of the lat-
ter scales with the muon flux and thus primarily de-
pends on the depth of the host laboratory [53]. We
consider Laboratori Nazionali del Gran Sasso (LNGS),
Italy (29.7µ m�2d�1) and the Sanford Underground
Research Facility (SURF), USA (4.6µ m�2d�1) as rep-
resentative of reasonable nominal and optimistic sce-
narios, respectively. A natural abundance xenon target
limits 137Xe production, and both facilities provide a
su�cient muon flux reduction for it not to be a domi-
nant background. Only 137Xe production directly inside
the TPC is considered an inevitable source of back-
ground: xenon activation outside the shielding water
tank, e.g. during xenon purification, can be avoided by
adequate shielding of the xenon handling infrastructure
(discussed in Section 4.4). A low level of 222Rn in the
target of 0.1µBq/kg of natural xenon is a common re-
quirement for the dark matter science goal [44,54]. Ad-
ditionally, the tagging of the subsequent 214Po ↵-decay
allows for vetoing 214Bi decays with high e�ciency, from
99.95% (nominal) to 99.99% (optimistic).

The projection of the external background in the
nominal scenario assumes the material budget of a
dimensionally-scaled LZ design and the radiopurity of
materials already identified [55]. In the optimistic sce-
nario, a reduction of the external background by a fac-
tor of three is assumed.

Suppression of the 208Tl contribution in the exter-
nal background (shown by the rate decrease from the
gray to the black line in Fig. 3, left) requires an outer
detector surrounding the cryostat, as well as instrumen-
tation of the LXe region surrounding the TPC. The
background from �-rays emitted by radioactivity in the
laboratory rock walls is assumed to be suppressed by a
water shield (3.5m minimum thickness) to a negligible
level compared to the detector material-induced �-ray
flux.

As shown on the right of Fig. 3, after an initial es-
sentially background-free period, XLZD becomes back-
ground limited, with the uniform backgrounds (dom-
inated by solar 8B neutrinos) and the external �-ray
backgrounds having similar contributions in the opti-
mized fiducial volumes. Running the detector twice as
long (20 years) would result in a 50% higher half-life
sensitivity. The 0⌫�� science reach is primarily deter-
mined by the instrumented target mass, and within
the sensitivity range bands, the reduction of the ex-
ternal background by improved material selection has
the strongest impact on the achievable sensitivity. Par-
tial enrichment in 136Xe could be deployed at a future

Unprecedented reach for 
low-energy rare processes
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• XLZD uses figure of merit estimator, not a full analysis
• Multiple design approaches to draw from:
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• Consortium MOU signed in July 2021 by XENONnT, LUX-ZEPLIN, DARWIN
• Collaboration agreement signed in Sept 2024  
• XENONnT and LZ: ongoing science programs, technology progenitors
• DARWIN: initiated R&D and design 

studies with significant ERC support
• Recent / ongoing activities

• Design and sensitivity reports posted
• Working groups:  science, technical, siting
• UK Pre-construction & Boulby development
• Annual gatherings:  KIT 2022, UCLA 2023, 

RAL 2024, LNGS 2025
• xlzd.org

XLZD: A Unified Community to build the definitive experiment

First annual XLZD meeting ay KIT in Karlsruhe, Germany (June 2022)

XLZD Collaboration formed → establish international project
6
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7

• Rich heritage from two successful programs
• Deep bench of expertise in key areas, including:

• Radioactivity, including extensive Rn screening programs
• High voltage electrodes and delivery
• Low-background PMTs w/Hamamatsu
• Purification and cryogenics
•

• Multiple design approaches to draw from:

LZ Grids

XnT Kr distillation
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R&D to mitigate top technical risks
Highest risks that require early R&D

Establish Electric Fields Control Detector Backgrounds
Key requirements:
●⬆ grid size 

●⬆ cathode HV

Key requirements:
●⬇ intrinsic background from radon 

●⬇ accidentals (⬆surface & PMT count)

R&D and mitigations:  
● Alternative grid mechanics
● HV component testing

Potential R&D and mitigations: 
● High-throughput in-line radon removal
● Radon barrier around TPC active region

8
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R&D to mitigate top technical risks

8

• Studies of accidentals, detector effects in LZ/XnT data
• Investments across XLZD groups in medium and 

large scale test platforms
• Possible definitive performance testing using existing 

shielded underground infrastructure 

26

Fig. 14: Existing large test facilities at surface labs (top left: Freiburg [115], top right: Zurich [174]), and underground facility
(bottom left: XMASS at Kamioka [175]) within the XLZD collaboration. The LZ and XENONnT (bottom right) experimental
infrastructures at SURF and LNGS o↵er additional testing capabilities after completing their science programs.

ground located largely in the low-energy region relevant1877

to the study of low-mass WIMPs, CE⌫NS, and axions.1878

The current generation detectors XENONnT and LZ,1879

with their low backgrounds, are the best resources avail-1880

able to characterize these backgrounds in detail. With a1881

larger and taller target volume in XLZD, critical R&D1882

will be carried out to reduce the lone-S1 and lone-S21883

pulses to control and reduce the accidental coincidence1884

background to improve the sensitivity of the detector1885

to do interesting science at the lowest energy threshold1886

possible.1887

6 Critical R&D, Risk Mitigation, and1888

Opportunities1889

The next-generation liquid xenon observatory XLZD1890

will adopt most of the mature technologies that have1891

already been demonstrated and rigorously tested in the1892

LZ and XENON experiments. Further R&D e↵orts will1893

provide solutions to lessons learned from the current1894

generation experiments. New and redundant technology 1895

choices provide risk mitigation and alternative solutions 1896

during the design stage. A complete program of qual- 1897

ity assurance and control for the production hardware 1898

and testing operational parameters or background mit- 1899

igation strategies to employ during detector running, 1900

likely utilizing R&D infrastructure, will be required to 1901

meet the needs of scaling up and longevity of the exper- 1902

iment. In addition, opportunities for upgrades and im- 1903

proved performance to increase physics sensitivity shall 1904

be explored. 1905

The areas of critical R&D study link back to the fun- 1906

damental operations of the liquid xenon TPC, as well as 1907

the veto systems: reducing external and internal back- 1908

grounds to unprecedented levels, enhancing light and 1909

charge collection to lower energy thresholds, and aiding 1910

recoil discrimination. These primary physics goals lead 1911

to studies of low background materials, radon reduction 1912

and removal, photosensors and surface reflectivity, high 1913

voltage and electrodes, xenon purification, reduction of 1914

spurious charge and light noises, Cherenkov and scin- 1915

Highest risks that require early R&D
Establish Electric Fields Control Detector Backgrounds

Key requirements:
●⬆ grid size 

●⬆ cathode HV

Key requirements:
●⬇ intrinsic background from radon 

●⬇ accidentals (⬆surface & PMT count)

R&D and mitigations:  
● Alternative grid mechanics
● HV component testing

Potential R&D and mitigations: 
● High-throughput in-line radon removal
● Radon barrier around TPC active region

LNTF (SLAC)

“Pancake” (Freiburg)

Xenoscope (Zurich)

LZ Loom & “LSST” 
clean room (SLAC)
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larger and taller target volume in XLZD, critical R&D1882

will be carried out to reduce the lone-S1 and lone-S21883

pulses to control and reduce the accidental coincidence1884

background to improve the sensitivity of the detector1885

to do interesting science at the lowest energy threshold1886

possible.1887

6 Critical R&D, Risk Mitigation, and1888

Opportunities1889

The next-generation liquid xenon observatory XLZD1890

will adopt most of the mature technologies that have1891

already been demonstrated and rigorously tested in the1892

LZ and XENON experiments. Further R&D e↵orts will1893

provide solutions to lessons learned from the current1894

generation experiments. New and redundant technology 1895

choices provide risk mitigation and alternative solutions 1896

during the design stage. A complete program of qual- 1897

ity assurance and control for the production hardware 1898

and testing operational parameters or background mit- 1899

igation strategies to employ during detector running, 1900

likely utilizing R&D infrastructure, will be required to 1901

meet the needs of scaling up and longevity of the exper- 1902

iment. In addition, opportunities for upgrades and im- 1903

proved performance to increase physics sensitivity shall 1904

be explored. 1905

The areas of critical R&D study link back to the fun- 1906

damental operations of the liquid xenon TPC, as well as 1907

the veto systems: reducing external and internal back- 1908

grounds to unprecedented levels, enhancing light and 1909

charge collection to lower energy thresholds, and aiding 1910

recoil discrimination. These primary physics goals lead 1911

to studies of low background materials, radon reduction 1912

and removal, photosensors and surface reflectivity, high 1913

voltage and electrodes, xenon purification, reduction of 1914

spurious charge and light noises, Cherenkov and scin- 1915

Highest risks that require early R&D
Establish Electric Fields Control Detector Backgrounds

Key requirements:
●⬆ grid size 

●⬆ cathode HV

Key requirements:
●⬇ intrinsic background from radon 

●⬇ accidentals (⬆surface & PMT count)

R&D and mitigations:  
● Alternative grid mechanics
● HV component testing

Potential R&D and mitigations: 
● High-throughput in-line radon removal
● Radon barrier around TPC active region

LNTF (SLAC)

“Pancake” (Freiburg)

Xenoscope (Zurich)Combined team’s track record establishes technical foundation and 
capabilities for making the necessary advances

LZ Loom & “LSST” 
clean room (SLAC)
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Possible sites for XLZD
• Completing a study of siting options

• Key considerations include

• Depth - impact on backgrounds, particularly for 
DBD

• Ability of host site and country to provide suitably 
outfitted space compatible with project timeline 
and separate from project cost

• Accessibility & transport large sub-assemblies, 
vessels

• Underground fabrication and staging where 
required

• Key contenders - shortlist
• Boulby -  proposed in 1100/1300 m deep configurations
• LNGS - middle of Hall C
• SNOLAB CryoPit/CubeHall - under evaluation
• SURF -  “Module of Opportunity” cavern or new excavation

9

Boulby

SNOLAB

LNGS

SURF
M. Kapust, SDSTA
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Major site considerations
• How do we build this detector underground?

• 4+ meter diameter cryostats

• 3+ meter diameter TPC components

• Fabricated in clean, low radon environment

• Xenon handling

• Online krypton/radon distillation columns (significant scale up from XnT)

• Neutron shielding for xenon that leaves water tank (mitigate activation)

• Xenon recovery (capacity for 100t of xenon)

• Liquid scintillator plant for outer detector

• XLZD Site Review Process ongoing now

• Establish technical feasibility of all sites under consideration
9

SURF
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Key endorsements & roadmaps

P5 Recommendation

10

Vision of the 2023 Particle Physics Project 
Prioritization Panel (P5)
 

We envision a new era of scientific leadership, centered on decoding the quantum realm, 
unveiling the hidden universe, and exploring novel paradigms. Balancing current and 
future large- and mid-scale projects with the agility of small projects is crucial to our vision. 
We emphasize the importance of investing in a highly skilled scientific workforce and 
enhancing computational and technological infrastructure. Particle physics has a long-
proven record of creating new technologies and provides a training ground for a skilled 
workforce that drives not only fundamental science, but also quantum information science, 
AI/ML, computational modeling, finance, national security, and microelectronics.

We recommend the following:

1. As the highest priority independent of the budget scenarios, complete construction projects and 
support operations of ongoing experiments and research to enable maximum science. This includes 
High-Luminosity LHC, the first phase of Deep Underground Neutrino Experiment (DUNE) and Proton Improvement 
Plan II, the Rubin Observatory to carry out the Legacy Survey of Space and Time (LSST).

2. Construct a portfolio of major projects that collectively study nearly all fundamental constituents of 
our universe and their interactions, as well as how those interactions determine both the cosmic past and future. 

a.  CMB-S4, which looks back at the earliest moments of the universe, 

b.  Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam and  
a third far detector as the definitive long-baseline neutrino oscillation experiment,

c.  Offshore Higgs factory, realized in collaboration with international partners, in order to reveal  
the secrets of the Higgs boson, 

d.  Ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino fog, 

e.  IceCube-Gen2 for the study of neutrino properties using non-beam neutrinos complementary to DUNE and  
for indirect detection of dark matter.

3. Create an improved balance between small-, medium-, and large-scale projects to open new sci-
entific opportunities and maximize their results, enhance workforce development, promote creativ-
ity, and compete on the world stage. The proposed portfolio includes implementing the recommended program, 
Advancing Science and Technology using Agile Experiments (ASTAE).

4. Support a comprehensive effort to develop the resources—theoretical, computational and tech-
nological—essential to our 20-year vision for the field. This includes an aggressive R&D program 
that, while technologically challenging, could yield revolutionary accelerator designs that chart a 
realistic path to a 10 TeV parton center-of-momentum (pCM) collider. In particular, the muon collider option 
builds on Fermilab strengths and capabilities and supports our aspiration to host a major collider facility in the US. 

5. Invest in initiatives aimed at developing the workforce, broadening engagement, and supporting 
ethical conduct in the field. This commitment nurtures an advanced technological workforce not only for particle 
physics, but for the nation as a whole.

Report of the 2023 Particle Physics Project Prioritization Panel 2023p5report.org

“This improvement in reach 
would provide coverage of 
important benchmark 
WIMP models, such as 
most remaining potential 
dark matter parameter 
space under the 
constrained minimal 
supersymmetric extension 
to the Standard Model.”

“APPEC strongly supports the European leadership role in Dark Matter 
direct detection, underpinned by the pioneering LNGS programme, to 
realise at least one next-generation xenon (order 50 tons) and one argon 
(order 300 tons) detector, respectively, of which at least one should be 
situated in Europe.  APPEC strongly encourages detector R&D to reach 
down to the neutrino floor on the shortest possible me scale for WIMP 
searches for the widest possible mass range.”

• Astroparticle Physics European 
Consortium (APPEC) mid-term roadmap 

• Helmholtz roadmap (DE)
• UKRI funds to develop XLZD
• SERI roadmap (CH)
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Definitive WIMP search is attainable, timely and competitive
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422

From M. Bautista, DOE, at DPF Community 
Meeting, December 2025

No new starts until 2031…
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Canada slide

11

Canadian Team

4

• 11 institutions
• 18 PIs (others 

expressed interest)

More in Thomas 
Brunner’s talk

New Members!
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PandaX - the competition

11

• Planned 40t LXe detector - similar science goals as XLZD
• 20 tonne intermediate scale

• Infrastructure planned to complete in second half of 2026
• Commissioning in 2027
• First physics data starting in 2028!



XLZD / SNOLAB Users Meeting

0vbb - the competition

11
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Definitive WIMP search is attainable, timely and competitive

• WIMP science - potential for major discovery
• XLZD is timely

• Proven technology / merger of expert teams
• International planning underway

• Technical readiness - risks defined and tractable
• Several possible siting options

11
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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Definitive WIMP search is attainable, timely and competitive

• WIMP science - potential for major discovery
• 0vBB is equally important goal, see 2410.19016

• Many other exciting science channels
• XLZD is timely

• Proven technology / merger of expert teams
• International planning underway

• Technical readiness - risks defined and tractable
• Several possible siting options
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
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matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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with optical readout by two arrays of 3-inch Hama-721

matsu R11410-22 photomultiplier tubes (PMTs). The722

LXe-TPC is housed in a titanium cryostat. The thin723

layer of LXe (⇠2 tonnes) between the TPC and the in-724

ner cryostat vessel, often referred to as LXe Skin, is725

instrumented with scintillation readout to function as726

a veto detector. The cryostat is surrounded by an Outer727

Detector containing 17 tonnes of Gd-loaded liquid scin-728

tillator in acrylic vessels, viewed by 120 8-inch PMTs.729

Both detector systems are immersed in a water tank730

with a 7.6m diameter. Xenon cooling and purification731

are done separately; cold LXe is fed to a pipe mani-732

fold at the bottom of the detector; liquid is extracted733

from a weir system at the top and converted to gas734

for purification. Krypton removal was conducted us-735

ing gas chromatography before deployment. LZ pub-736

lished world-leading results from its first science run in737

2022 [28].738

The XENONnT collaboration is operating a TPC739

with 5.9-tonnes of LXe in the active region (8.5 tonnes740

LXe in the full detector) [96] at the INFN Laboratori741

Nazionali del Gran Sasso (LNGS), Italy. It is the up-742

grade of XENON1T [97], the first LXe-TPC with a tar-743

get above the tonne scale, which was operated at LNGS744

from 2016-2018. XENONnT features a lightweight TPC745

made of thin PTFE walls, two concentric sets of field-746

shaping electrodes, and high-transparency electrode747

grids made of individual parallel wires. Two arrays of748

Hamamatsu R11410-21 PMTs provide the optical read-749

out. Although the LXe Skin concept was pioneered by750

XENON100 [98], it was not installed in XENON1T/nT751

to minimize backgrounds due to radon emanation from752

PTFE and maximize the active target. The TPC is753

housed in a stainless steel cryostat, placed in the center754

of a 9.6m diameter water shield operated as Cherenkov755

muon veto. The neutron veto has an inner volume of756

33m3 around the cryostat, defined by highly-reflective757

PTFE walls and instrumented with 120 8-inch PMTs:758

after the first runs with demineralized water, Gd has759

been added to the shield to increase the neutron tagging760

e�ciency. A diving bell controls the LXe level inside the761

TPC. For purification, LXe is extracted from the bot-762

tom of the cryostat and e�ciently purified in the liquid763

phase [99]; an additional gas purification system cleans764

the warmer gas phase. Krypton removal is done via a765

cryogenic distillation column [100] installed on-site, al-766

lowing for online distillation. A second cryogenic distil-767

lation system constantly removes radon atoms from the768

liquid and gaseous xenon target [101]. XENONnT pub-769

lished results for a search for new physics with a world-770

leading electronic recoil background level in 2022 [102]771

and for a first WIMP search in 2023 [11].772

Although the two experiments may appear simi- 773

lar, very di↵erent implementations have been adopted 774

for most subsystems, with some di↵erences highlighted 775

above. These proven alternative implementations, al- 776

ready demonstrated at the multi-tonne scale in world- 777

leading dark matter detectors, constitute a powerful 778

tool for risk management. In each case, there are two 779

solutions to choose from, and their performance is thor- 780

oughly evaluated in real dark matter search conditions. 781

Adding this diversity of options to the long track record 782

of this technology, it may be argued that the next step 783

to the XLZD detector entails only modest technical risk 784

– and although the proposed ⇠10-fold mass scale-up is 785

significant, the increase in linear dimensions is relatively 786

modest (factor ⇠2). 787

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition 788

The nominal XLZD detector features a dual-phase LXe- 789

TPC with around 3m inner diameter and height, con- 790

taining 60 tonnes of active mass as depicted in Fig. 7. 791

Such a detector enables dark matter searches down to 792

the neutrino fog and a competitive search for 0⌫�� 793

decay in 136Xe using a natural abundance target (see 794
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422
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with optical readout by two arrays of 3-inch Hama-721

matsu R11410-22 photomultiplier tubes (PMTs). The722

LXe-TPC is housed in a titanium cryostat. The thin723

layer of LXe (⇠2 tonnes) between the TPC and the in-724

ner cryostat vessel, often referred to as LXe Skin, is725

instrumented with scintillation readout to function as726

a veto detector. The cryostat is surrounded by an Outer727

Detector containing 17 tonnes of Gd-loaded liquid scin-728

tillator in acrylic vessels, viewed by 120 8-inch PMTs.729

Both detector systems are immersed in a water tank730

with a 7.6m diameter. Xenon cooling and purification731

are done separately; cold LXe is fed to a pipe mani-732

fold at the bottom of the detector; liquid is extracted733

from a weir system at the top and converted to gas734

for purification. Krypton removal was conducted us-735

ing gas chromatography before deployment. LZ pub-736

lished world-leading results from its first science run in737

2022 [28].738

The XENONnT collaboration is operating a TPC739

with 5.9-tonnes of LXe in the active region (8.5 tonnes740

LXe in the full detector) [96] at the INFN Laboratori741

Nazionali del Gran Sasso (LNGS), Italy. It is the up-742

grade of XENON1T [97], the first LXe-TPC with a tar-743

get above the tonne scale, which was operated at LNGS744

from 2016-2018. XENONnT features a lightweight TPC745

made of thin PTFE walls, two concentric sets of field-746

shaping electrodes, and high-transparency electrode747

grids made of individual parallel wires. Two arrays of748

Hamamatsu R11410-21 PMTs provide the optical read-749

out. Although the LXe Skin concept was pioneered by750

XENON100 [98], it was not installed in XENON1T/nT751

to minimize backgrounds due to radon emanation from752

PTFE and maximize the active target. The TPC is753

housed in a stainless steel cryostat, placed in the center754

of a 9.6m diameter water shield operated as Cherenkov755

muon veto. The neutron veto has an inner volume of756

33m3 around the cryostat, defined by highly-reflective757

PTFE walls and instrumented with 120 8-inch PMTs:758

after the first runs with demineralized water, Gd has759

been added to the shield to increase the neutron tagging760

e�ciency. A diving bell controls the LXe level inside the761

TPC. For purification, LXe is extracted from the bot-762

tom of the cryostat and e�ciently purified in the liquid763

phase [99]; an additional gas purification system cleans764

the warmer gas phase. Krypton removal is done via a765

cryogenic distillation column [100] installed on-site, al-766

lowing for online distillation. A second cryogenic distil-767

lation system constantly removes radon atoms from the768

liquid and gaseous xenon target [101]. XENONnT pub-769

lished results for a search for new physics with a world-770

leading electronic recoil background level in 2022 [102]771

and for a first WIMP search in 2023 [11].772

Although the two experiments may appear simi- 773

lar, very di↵erent implementations have been adopted 774

for most subsystems, with some di↵erences highlighted 775

above. These proven alternative implementations, al- 776

ready demonstrated at the multi-tonne scale in world- 777

leading dark matter detectors, constitute a powerful 778

tool for risk management. In each case, there are two 779

solutions to choose from, and their performance is thor- 780

oughly evaluated in real dark matter search conditions. 781

Adding this diversity of options to the long track record 782

of this technology, it may be argued that the next step 783

to the XLZD detector entails only modest technical risk 784

– and although the proposed ⇠10-fold mass scale-up is 785

significant, the increase in linear dimensions is relatively 786

modest (factor ⇠2). 787

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition 788

The nominal XLZD detector features a dual-phase LXe- 789

TPC with around 3m inner diameter and height, con- 790

taining 60 tonnes of active mass as depicted in Fig. 7. 791

Such a detector enables dark matter searches down to 792

the neutrino fog and a competitive search for 0⌫�� 793

decay in 136Xe using a natural abundance target (see 794
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Definitive WIMP search is attainable, timely and competitive

If WIMPs exist above the systematic limit of astrophysical neutrinos, XLZD will observe them.
11
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Fig. 1: The science channels of the proposed LXe observatory for rare events span many areas and are of interest to particle
physics, nuclear physics, astrophysics, solar physics, and cosmology.

matter consists of new subatomic particles, the so-303

called Weakly Interacting Massive Particles (WIMPs)304

[20, 21]. The relic abundance of dark matter is easily305

reproducible by adding a coupling to standard model306

particles at the electroweak scale [22]. Xenon, with307

an average atomic mass of ⇠130GeV/c2, is an ideal308

target to search for kinematic collisions from such309

WIMPs. In the simplest case, the interaction would be310

a spin-independent (SI) interaction between a WIMP311

and a xenon nucleus. For the last two decades, ex-312

periments utilizing LXe-TPCs have led the search for313

WIMPs [1–4,6,9,23,24], with current most-competitive314

results derived from the initial data of LUX-ZEPLIN315

(LZ), PandaX-4T and XENONnT [10–12]. While these316

experiments have ruled out various WIMP candidates,317

many viable WIMPs remain, which can be realized in318

simple extensions to the SM. For example, electroweak319

multiplet DM [25] and Z 0 mediated models [26] provide320

minimal WIMP candidates that satisfy experimental321

constraints. More complex extensions to the SM, such322

as supersymmetry, can also o↵er viable WIMPs [27].323

In these three benchmark cases, much of the remaining324

parameter space will be explored by XLZD (see Fig. 2325

right).326

XLZD will also have competitive sensitivity to spin-327

dependent WIMP-nucleon scattering via the naturally328

occuring 129Xe (spin 1/2, 26.4% natural abundance)329

and 131Xe (spin 3/2, 21.2% natural abundance) iso-330

topes. Current generation liquid xenon detectors have331

demonstrated leading sensitivities for both WIMP- 332

neutron and WIMP-proton scattering [10,11,28]. 333

Though designed to target WIMP-nuclear scatter- 334

ing, these versatile detectors have exceptional sensi- 335

tivity to other types of WIMP interactions (for ex- 336

ample, WIMP-pion scattering [29], inelastic WIMP- 337

nucleus scattering [30], and E↵ective Field Theory anal- 338

ysis [31–33]) and additional well-motivated dark-matter 339

candidates: sub-GeV [34], dark photon [35, 36], axion- 340

like particle [37–40], and Planck mass dark matter [41]. 341

Prominent examples are listed in Fig. 1 with sensitivity 342

studies summarised in Ref. [16]. 343

Figure 2 illustrates the decisive progress achiev- 344

able with the XLZD detector in the flagship spin- 345

independent WIMP-nucleon search channel. As the 346

definitive WIMP discovery instrument, the experiment 347

must reach into the neutrino fog [13–15], where its 348

discovery potential becomes systematically limited by 349

the coherent nuclear scattering of astrophysical neutri- 350

nos (CEvNS). In the nuclear recoil signal region, non- 351

neutrino background events are maintained at the order 352

of a single event expected within the entire exposure. 353

However, the expected reach into the neutrino fog pre- 354

dicts more than one coherent elastic neutrino-nucleus 355

scatter. The other backgrounds arise from neutrons, 356

which can be reduced by low-background material selec- 357

tion, vetoed using the outer detector volumes, and dis- 358

criminated against with potential multiple scatterings 359

inside the detector. In addition, leakage from the more 360
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Fig. 2: Left: Projected 90% C.L. upper limits on the spin-independent WIMP-nucleon cross section for 200 and 1000 tonne-
year (t·y) exposures of the XLZD detector, along with current upper limits [10–12, 42]. The blue shaded regions illustrate the
“neutrino fog” [15]. Right: Median evidence potential curves for 3� for both exposures. The example evidence contours for 20
and 80GeV WIMPs are 1-,2- and 3-sigma (yellow, orange, red) confidence intervals with the 1000 t·y exposure. The plot also
illustrates example regions of interest for dark matter candidates [25–27].

numerous electronic recoil (ER) backgrounds into the361

nuclear recoil signal region will need to be controlled.362

With a target suppression of 222Rn to 0.1µBq/kg and363

natKr to 0.1 ppt, the processes dominating electron re-364

coils will be those from solar (mostly pp) neutrinos scat-365

tering o↵ electrons and naturally occurring 136Xe in the366

LXe [43]. Background reduction strategies to achieve367

these goals are further discussed in Section 5.368

With a conservative 200 t·y exposure, assuming a369

successful suppression of radioactive backgrounds be-370

low the irreducible neutrino backgrounds and negligi-371

ble leakage of electron recoil events from solar neu-372

trinos into the signal region, the experiment will de-373

liver an order of magnitude improvement in exclusion374

sensitivity and discovery capability compared to cur-375

rent experiments. For a 40GeV/c2 WIMP it will reach376

90% exclusion sensitivity down to a cross-section of377

2 ⇥ 10�49 cm2 and 3� evidence capability at a cross-378

section of 7 ⇥ 10�49 cm2. In order to be the definitive379

xenon experiment, the detector must be capable of run-380

ning up to a 1000 t·y exposure without becoming lim-381

ited by backgrounds from radioactive impurities, mak-382

ing it sensitive to a potential 3� evidence at a cross-383

section of 3 ⇥ 10�49 cm2 for a 40GeV/c2 WIMP as384

shown in Fig. 2. In case of a discovery, XLZD could385

also shed light on the nature of the WIMP-nuclear re-386

sponses [44].387

2.2 Neutrinoless Double Beta Decay388

The lepton number violating neutrinoless double beta389

(0⌫��) decay process is another critical signature for390

Beyond Standard Model physics. Its detection would 391

reveal the nature of neutrinos, and under the assump- 392

tion of light-neutrino exchange and Standard Model 393

interactions, the half-life will yield insights into their 394

mass ordering. With 8.9% abundance of 136Xe in nat- 395

ural, non-enriched xenon, the observatory will instru- 396

ment 5.3 tonnes of this isotope, aiming to observe 0⌫��- 397

decays above the background spectrum shown on the 398

left of Fig. 3. The corresponding half-life sensitivity 399

projections for the 0⌫��-decay, derived using a Figure- 400

of-Merit estimator [45] in corresponding optimal fidu- 401

cial volumes, are shown on the right of Fig. 3 for the 402

XLZD detector with either 60 or 80 tonnes target mass. 403

The sensitivity is estimated for a range of detector per- 404

formance parameters and background assumptions, as 405

discussed below, represented by a band for each target 406

mass between a nominal (lower bound) and an opti- 407

mistic (upper bound) scenario. 408

The backgrounds to a 0⌫��-decay signal, shown 409

on the left of Fig. 3, are caused by �-rays emitted 410

from detector materials and electron-induced signals, 411

with the latter being uniformly distributed in the de- 412

tector volume. Two of these uniform backgrounds are 413

irreducible: the continuous spectrum induced by so- 414

lar 8B neutrinos scattering o↵ electrons and leakage 415

of the 2⌫�� decay spectrum of 136Xe into the 0⌫�� 416

energy region of interest (ROI). The latter is highly 417

suppressed due to the excellent energy resolution of 418

�E = 0.65% Q�� [50, 51] (0.60% Q��) in the nominal 419

(optimistic) scenario, which corresponds to a Q�� ± 1� 420

ROI of 32 keV (29 keV) illustrated by the vertical yel- 421

low band on the left of Fig. 3. Additionally, two iso- 422

• WIMP science - potential for major discovery
• 0vBB is equally important goal, see 2410.19016

• Many other exciting science channels
• XLZD is timely

• Proven technology / merger of expert teams
• International planning underway

• Technical readiness - risks defined and tractable
• Several possible siting options

12

with optical readout by two arrays of 3-inch Hama-721

matsu R11410-22 photomultiplier tubes (PMTs). The722

LXe-TPC is housed in a titanium cryostat. The thin723

layer of LXe (⇠2 tonnes) between the TPC and the in-724

ner cryostat vessel, often referred to as LXe Skin, is725

instrumented with scintillation readout to function as726

a veto detector. The cryostat is surrounded by an Outer727

Detector containing 17 tonnes of Gd-loaded liquid scin-728

tillator in acrylic vessels, viewed by 120 8-inch PMTs.729

Both detector systems are immersed in a water tank730

with a 7.6m diameter. Xenon cooling and purification731

are done separately; cold LXe is fed to a pipe mani-732

fold at the bottom of the detector; liquid is extracted733

from a weir system at the top and converted to gas734

for purification. Krypton removal was conducted us-735

ing gas chromatography before deployment. LZ pub-736

lished world-leading results from its first science run in737

2022 [28].738

The XENONnT collaboration is operating a TPC739

with 5.9-tonnes of LXe in the active region (8.5 tonnes740

LXe in the full detector) [96] at the INFN Laboratori741

Nazionali del Gran Sasso (LNGS), Italy. It is the up-742

grade of XENON1T [97], the first LXe-TPC with a tar-743

get above the tonne scale, which was operated at LNGS744

from 2016-2018. XENONnT features a lightweight TPC745

made of thin PTFE walls, two concentric sets of field-746

shaping electrodes, and high-transparency electrode747

grids made of individual parallel wires. Two arrays of748

Hamamatsu R11410-21 PMTs provide the optical read-749

out. Although the LXe Skin concept was pioneered by750

XENON100 [98], it was not installed in XENON1T/nT751

to minimize backgrounds due to radon emanation from752

PTFE and maximize the active target. The TPC is753

housed in a stainless steel cryostat, placed in the center754

of a 9.6m diameter water shield operated as Cherenkov755

muon veto. The neutron veto has an inner volume of756

33m3 around the cryostat, defined by highly-reflective757

PTFE walls and instrumented with 120 8-inch PMTs:758

after the first runs with demineralized water, Gd has759

been added to the shield to increase the neutron tagging760

e�ciency. A diving bell controls the LXe level inside the761

TPC. For purification, LXe is extracted from the bot-762

tom of the cryostat and e�ciently purified in the liquid763

phase [99]; an additional gas purification system cleans764

the warmer gas phase. Krypton removal is done via a765

cryogenic distillation column [100] installed on-site, al-766

lowing for online distillation. A second cryogenic distil-767

lation system constantly removes radon atoms from the768

liquid and gaseous xenon target [101]. XENONnT pub-769

lished results for a search for new physics with a world-770

leading electronic recoil background level in 2022 [102]771

and for a first WIMP search in 2023 [11].772

Although the two experiments may appear simi- 773

lar, very di↵erent implementations have been adopted 774

for most subsystems, with some di↵erences highlighted 775

above. These proven alternative implementations, al- 776

ready demonstrated at the multi-tonne scale in world- 777

leading dark matter detectors, constitute a powerful 778

tool for risk management. In each case, there are two 779

solutions to choose from, and their performance is thor- 780

oughly evaluated in real dark matter search conditions. 781

Adding this diversity of options to the long track record 782

of this technology, it may be argued that the next step 783

to the XLZD detector entails only modest technical risk 784

– and although the proposed ⇠10-fold mass scale-up is 785

significant, the increase in linear dimensions is relatively 786

modest (factor ⇠2). 787

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition 788

The nominal XLZD detector features a dual-phase LXe- 789

TPC with around 3m inner diameter and height, con- 790

taining 60 tonnes of active mass as depicted in Fig. 7. 791

Such a detector enables dark matter searches down to 792

the neutrino fog and a competitive search for 0⌫�� 793

decay in 136Xe using a natural abundance target (see 794
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