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WIMP DETECTION LANDSCAPE TODAY

The best sensitivity above 5 GeV/c2 comes from experiments using 
liquid noble gases as a target (Xe, Ar). (heavy target and easy scalability)
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DARWIN, the ultimate liquid Xe WIMP detector, with 50t of total mass, 
plans to increase 100-fold the current sensitivity.
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DARWIN BASELINE DESIGN

· Dual-phase Time Projection Chamber (TPC) 

· 50t total (40 t active) of liquid xenon (LXe) 

· Dimensions:  2.6 m diameter x 2.6 m height 

· Two arrays of photosensors (1800 PMTs of 3”) 

· Low-background double-wall Ti cryostat 

· PTFE reflector panels & copper shaping rings 

· Outer shield with Gd doped water (veto µ & n)

baseline design with PMTs but 
several alternatives under 

consideration
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DARWIN Collaboration,  
JCAP 1611 (2016) 017
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Possible realisation of the water tank



DUAL-PHASE XENON TPC

Detection of the scintillation light (S1) and the delayed 
scintillation light proportional to the charge (S2)

Dual phase TPC working principle

The ratio S2/S1 depends on the 
interacting particle.   
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DUAL-PHASE XENON TIME PROJECTION CHAMBER
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The dual-phase TPC allows for a 3D position 
and Energy reconstruction.
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- (x-y) from S2 pattern, z from drift time
- Energy from S1 and S2

Background discrimination
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DARWIN SCIENCE PROGRAMME

DARWIN
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DARWIN
much more than a dark  

matter detector
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DARWIN Collaboration,  
EPJ C80, 808 (2020) 

DARWIN Collaboration,  
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SENSITIVITY TO WIMPS

Assumed exposure 200 t x y  (30t FV) 

99.98% ER rejection (30% NR acceptance) 

Combined (S1+S2) energy scale 

Energy window 5-35 keVNR 

Light yield 8PE/keV
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Figure 1. (left) The attainable bound on spin-independent WIMP nucleon cross-section as a function
of the WIMP mass of present and future nobel liquid detectors. Shown are upper limits from PandaX-
II [28], DarkSide-50 [31], XENON100 [25], and LUX [27] as well as the sensitivity projections for
DEAP3600 [16], XENON1T [32], XENONnT [32], LZ [33], DarkSide-20k [34] and DARWIN [35], for
which we also show the 1-� (yellow band) and 2-� (green band) regions. DARWIN is designed to
probe the entire parameter region for WIMP masses above ⇠5 GeV/c2, until the neutrino background
(⌫-line, dashed orange [36]) will start to dominate the recoil spectrum. (right) Upper limits on the
spin-dependent WIMP-neutron cross section of ZEPLIN-III [19], XENON100 [37] and LUX [38] as
well as projections for XENON1T, XENONnT, LZ and DARWIN. DARWIN and the high-luminosity
LHC will cover a common region of the parameter space. The 14 TeV LHC limits for the coupling
constants g� = gq = 0.25, 0.5, 1.0, 1.45 (bottom to top) are taken from [39]. The LHC reach for spin-
independent couplings is above 10�41 cm2. Argon has no stable isotopes with non-zero nuclear spins
and is thus not sensitive to spin-dependent couplings. Figures updated from [35], using the xenon
response model to nuclear recoils from [27] for the DARWIN sensitivity.

in the LUX programme, which plans to operate a 7 t LXe detector with an additional scin-
tillator veto to suppress the neutron background [33]. The DarkSide collaboration proposes
a 20 t LAr dual-phase detector, with the goal to reach 9 ⇥ 10�48cm2 at 1TeV/c2, based on
extrapolations of the demonstrated PSD efficiency of the smaller detector [34, 40].

The DARk matter WImp search with liquid xenoN (DARWIN) observatory, which is the
subject of this article, aims at a ⇠10-fold increase in sensitivity compared to these projects.
Figure 1 (left) summarises the status and expected sensitivities to spin-independent WIMP-
nucleon interactions as a function of the WIMP mass for noble liquid detectors including
DARWIN. Figure 1 (right) shows the situation for the spin-dependent case, assuming WIMP
coupling to neutrons only. DARWIN and the high-luminosity LHC will cover common pa-
rameter space [39] in this channel.

This article is structured as follows: After a brief introduction to the DARWIN project
in Section 2, we discuss its reach for several astroparticle and particle physics science channels
in Section 3. DARWIN’s main background sources are introduced in Section 4, followed by a
detailed discussion on design considerations and the status of the ongoing R&D towards the
ultimate WIMP dark matter detector in Section 5.

2 The DARWIN project

DARWIN will be an experiment using a multi-ton liquid xenon TPC, with the primary goal
to explore the experimentally accessible parameter space for WIMPs. DARWIN’s 50 t total
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spin-independent interaction

minimum: 2.5x10-49 cm2 at 40 GeV/c2
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and selection campaigns. The contributions of the photosensors could possibly be reduced by
using improved low-background sapphire instead of quartz [39] or by employing novel sensors
such as gaseous photomultipliers (GPMs) [42].

The neutron production rates and energy spectra were calculated using the SOURCES-
4A code [43], based on the assumed radioactive contamination of the materials. Details
on the calculations can be found in [44]. For each component (the two cryostats and the
two photosensor arrays were simulated independently), 4 ⇥ 107 neutrons were simulated in
Geant4 [45], which leads to a negligible statistical uncertainty. The finite efficiency to identify
multiple scatter signatures increases the true single scatter background by a factor 1.85 when
taking into account a resolution of 3mm (10 mm) to separate vertices in the z (xy) coordinate
and assuming a realistic lower threshold to identify the second S2 signal in double scatters [44].
Figure 2 (left) shows the exponentially falling recoil spectrum, which is reached after a fiducial
cut of ⇠16 cm from all sides. As the surface-to-volume ratio decreases with increasing detector
size, the background situation will improve for detectors larger than the simulated one, as the
background sources scale with the surface. For this study, we do not pick a specific geometry
but assume that the neutron background scales with exposure, similar to target-intrinsic
backgrounds. We note that a full study of this background contribution requires the precise
knowledge of the detector components for the neutron production (contamination, material
assembly), as well as detector size and geometry, which is not defined at this point.
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Figure 2. (left) Differential energy spectrum of single-scatter NR background from the detector
materials, assuming 100% NR acceptance and an infinite energy resolution. (right) Differential
energy spectra of the ER background sources. No energy resolution or ER rejection is applied at this
point. The dominating contribution is from pp- and 7Be solar neutrinos.

Intrinsic 85Kr Xenon does not have long-lived isotopes besides 136Xe, a 2⌫�� emitter, and
can be purified to a high degree from other contaminations. One exception are other noble
gases, as these are chemically inert (cannot by removed by chemical methods) and mix very
well into xenon. As a consequence, such backgrounds are uniformly distributed in the target.
A problematic isotope is the anthropogenic �-emitter 85Kr (T1/2 = 10.76 y), present in natural
krypton at the 2 ⇥ 10�11 g/g level [46]. Krypton can be separated from xenon by cryogenic
distillation, exploiting its 10⇥ higher vapor pressure at LXe temperatures [47], and natKr-
concentrations of less than 1 ppt in xenon have already been achieved [48]. At low energies,
the single scatter ER spectrum from 85Kr is basically flat [49]. For this study we assume a
natKr concentration of 0.1 ppt, only a factor of ⇠5 below the design goal of systems currently
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0.1 𝜇Bq/kg

pp+7Be neutrinos

2𝜈𝛽𝛽

85Kr

222Rn

Schumann et al.,  
JCAP 1510 (2015) 016

Backgrounds
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· Monte Carlo simulations for main components 
(PTFE, copper, photosensors) 

· Intrinsic backgrounds: 

   85Kr:      ×2 below XENON1T design (natKr 0.1 ppt) 
                (achieved 0.03 ppt                                    ) 

   222Rn:    ×100 below XENON1T design (0.1 μBq/kg) 

   136Xe:      assuming natural Xe composition (8.9%)

EPJ C 74, 2746 (2014)

ER NR
exposure 200 ton×yr

JCAP 10, 016 (2015)

Alexander Kish (UZH),  TeVPA-2016 @ CERN;  Sept. 16, 2016

N
R

ER = 5.824 events/(t·y·keVee)

Background Assumptions

0.1 ppt

ER
 R

at
e

before ER discrimination 



LOW ENERGY SOLAR NEUTRINOS

pp- neutrinos are ~92% of the solar neutrino flux (SSM) 
Detection through neutrino-electron elastic scattering (ER) 

DARWIN Collaboration, Eur. Phys. J. C 80, 1133 (2020) 

DARWIN

68% confidence regions 

Neutrino Physics with DARWIN
M. L. Benabderrahmane on behalf of the DARWIN collaboration

New York University Abu Dhabi, UAE

Introduction
Large-scale Xenon based dark matter detectors, that are under development, have detection capabilities for rare
events beyond dark matter. DARWIN (DARk matter WImp search with liquid xenoN), a multi-ton liquid xenon
detector can detect low-energy neutrinos, and also search for 0νββ decay of 136Xe. With its 40 tons active liquid
target, low-energy threshold and ultra-low background level, DARWIN will be able to detect solar neutrinos from
pp and 7Be channels with ~2% precision. It will be also sensitive to low energy signals triggered by neutrino
interaction originating from coherent neutrino-nucleus scattering. One source of these neutrinos is core-
collapse supernovae, where DARWIN will be sensitive to all neutrino flavors.

• Physics goal is the search for WIMPs:
• elastic and inelastic scattering
• types of couplings: spin-dependent and spin-independent

• Working principle is based on dual-phase noble gas time projection chamber
• Prompt scintillation light (S1) and delayed proportional scintillation light 

signal from the charge (S2) are measured
• Both signals are used for vertex reconstruction 

• It consists of:
• Double-walled, low-background cryostat 
• Dual phase TPC filled with ~40 tons of Liquid Xenon
• Arrays of VUV photosensors, on the top and bottom of TPC
• Inner shield filled with liquid scintillator(optional)
• Outer shield filled with water
• Cryostat is filled with ~50t of LXe (Liquid Xenon)

DARWIN Detector

Figure 2. DARWIN cryostat encompassing, the
TPC and photosensors in 50t LXe.

Figure 1. A Sketch of the DARWIN Detector. The
Cryostat surrounded by two shields: water
Cherenkov and scintillation shield.

Potential Physics with DARWIN
Solar Neutrinos Detection

• The energy generated by the sun comes mainly from the pp
cycle where 99.76% of solar neutrinos are produced from
these channels:

! + !# →# %& + '( #+ #)e
*' +#'+ #⟶- ./# +#- ###)0

• Neutrinos are detected in DARWIN by elastic scattering:

)1 + ' → )1 + '
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Sensitivity to 0νββ decay 

• Assuming a 30t LXe fiducial
mass and energy range 2-30
keV, DARWIN is expected to
detect ~ 104 pp-ν in 5 years1

• A <1% precision in pp ν-flux
with DARWIN will:

• Allow high precision real-
time comparison between
solar luminosity in photons,
and luminosity inferred by
the direct measurement of
neutrinos

Figure3. Differential electron recoil spectra 
for pp and 7Be-neutrinos in LXe1,2

Figure4. Survival probability of νe produced
by different reactions in the sun1.

• Scattering ν-rates in the detector, 
depend on survival probability Pee

200 = 456789: 1 − 0.56/@&89& + 6/@789:

• Change of neutrinos flavor is 
governed by the LMA-MSW Effect

• LMA-MSW predicts for pp neutrinos
a tiny matter affect, i.e. vacuum 
dominated oscillations

• Neutrinos are not electrically charged
• Possibility for neutrinos to be their own antiparticle, i.e.

Majorana particles

• Search for the Majorana particle and lepton number violation,
through the detection of the 0νββ decay

• 136Xe is a good candidate for 0νββ with Qββ ~2.46MeV

• The overall background in DARWIN is dominated by detector
materials

• Challenge: tune DARWIN to measure spectra at both O(10keV) &
O(2MeV)

• σE ~1% allow DARWIN to be sensitive to 0νββ

• With an exposure of 30 t·y, DARWIN is sensitive to T1/2>5.6·1026y
with 90%C.L

• There is no theoretical preference for a Normal or Inverted Mass
Hierarchy

• DARWIN is sensitive to |mββ| in the range of 0.02-0.04eV

• The “ultimate” case assumes 140 t·y without materials’ background

Figure 5. DARWIN expected sensitivities
to the effective Majorana neutrino mass.

These sensitivities assumes a 30 t·y
exposure of natural xenon and background
dominated by the detector materials. The
ultimate case with 140 t·y assumes no
materials’ background. In this case only
background from 222Rn, 2νββ and solar
neutrinos from 8B is considered1.

1- J. Aalbers, et al., DARWIN collaboration, arXiv:1606.07001
2- L. Baudis et al., JCAP 01 (2014) 044

www.darwin(observatory.org
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Figura 7: Flujo diferencial de los neutrinos emitidos por la Tierra.

del núcleo del Sol, de su composición qúımica, de su opacidad y de la sección eficaz de las
reacciones nucleares entre otros factores. La mayor fracción de neutrinos solares se produce
en la llamada cadena pp y una pequeña fracción (⇠1.6%) se producen como consecuencia del
ciclo CNO. En la cadena pp las siguientes reacciones nucleares producen neutrinos:

p + p �! d + e+ + ⌫e

p + e� + p �! d + ⌫e

7Be + e� �!7Li + ⌫e

8B �!8Be⇤ + e+ + ⌫e

3He + p �!4He + e+ + ⌫e

Y las reacciones nucleares del ciclo CNO que producen neutrinos son:

13N �! 13C + e+ + ⌫e

15O �! 15N + e+ + ⌫e

17F �! 17O + e+ + ⌫e

Los correspondientes neutrinos se llaman neutrinos pp, pep, 7Be, 8B, hep, 13N, 15O y 17F .
La mayor parte de los neutrinos solares son neutrinos pp. Los neutrinos del 7Be y los pep son
monoenergéticos. Los neutrinos hep son los que alcanzan mayores enerǵıas, llegando hasta
18.8 MeV.

14

Real-time measurement of the neutrino flux:
pp-𝜈 —— 365 events/(t x y) 
7Be-𝜈 —— 140 events/(t x y) 

7

Measurement of electron neutrino survival probability (Pee) 
and the neutrino mixing angle below 300 keV.

(with 30t FV & above 1 keVee)

neutrino fluxes high-Z SSM 
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NEUTRINO LESS DOUBLE BETA DECAYNeutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0
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“peak” at the Q-value of the decay

Q = Ee1 + Ee2 � 2me
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• Nuclear decay mode without emission of neutrinos (“forbidden” in the SM, since the lepton number 
is violated: ΔL =2)

0𝜈𝛽𝛽

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

22

2𝜈𝛽𝛽

Large mass of a candidate isotope

Excellent energy resolution

Ultra-low background

1

2

3

3.5 t of active 136Xe (8.9% in natural Xe)
- Q-value = 2.458 MeV 

resolution of ~0.8% at 2.5 MeV

dominated by intrinsic backgrounds 

- As demonstrated by XENON1T

7

Background sources Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

External sources (5 t FV):
214Bi peaks + continuum 1.36⇥ 10�3 0.313 ±3.6%
208Tl continuum 6.20⇥ 10�4 0.143 ±4.9%
44Sc continuum 4.64⇥ 10�6 0.001 ±15.8%

Intrinsic contributions (FV independent):
8B (⌫ � e scattering) 2.36⇥ 10�4 0.054 +13.9%,�32.2%
137Xe (µ induced n-capture) 1.42⇥ 10�3 0.327 ±12.0%
136Xe 2⌫�� 5.78⇥ 10�6 0.001 +17.0%,�15.2%
222Rn in LXe (0.1µBq/kg) 3.09⇥ 10�4 0.071 ±1.6%

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

Table 3: Expected background index averaged in the 0⌫��-ROI of [2435 -
2481] keV, corresponding event rate and relative uncertainty by origin.

Fig. 5: Background rate in the ROI versus fiducial mass.
External contributions are combined, fiducial volume
independent intrinsic sources are shown per contribu-
tion. Bands indicate ±1� uncertainties. At ⇡ 5 t the
external sources contribute at the same level as the
combined intrinsic background.

the statistical errors. The model derived uncertainty
on the background, however, is a factor of 4 lower418

compared to the Poissonian statistics error in the sim-
ple counting approach. The uncertainties on intrinsic420

background sources account for statistical errors, the
variation of the overlap with the 0⌫��-ROI based on422

the energy resolution and systematic uncertainties from
(theory-driven) input parameters. The dominant con-424

tributions are the ⌫e survival probability and the neu-
trino flux (8B ⌫ � e scattering), the 136Xe neutron cap-426

ture cross-section (governing the 137Xe production rate)
and the half-life of 136Xe (2⌫�� decay).428

Fig. 6: Predicted background spectrum around the
0⌫��-ROI for the 5 t fiducial volume. A hypothetical
signal of 0.5 counts per year corresponding to T 0⌫

1/2 ⇡
2⇥ 1027 yr is shown for comparison. Bands indicate
±1� uncertainties.

6 Sensitivity Calculation

We use the background rates predicted in the previous 430

Sect. 5.3 to derive a limit on the half-life sensitivity
at 90% confidence level (C.L.) as well as the 3� dis- 432

covery potential for the 0⌫��-decay. The latter is de-
fined as the minimal value of T 0⌫

1/2 required to exclude 434

the no-signal hypothesis with a median significance of
99.7% C.L. 436

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 

Eur. Phys. J. C 80, 785 (2020) 

0.91 background events 
per year in ROI

Background Model & Signal
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NEUTRINO LESS DOUBLE BETA DECAY
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Large mass of a candidate isotope

Excellent energy resolution

Ultra-low background

1

2

3

3.5 t of active 136Xe (8.9% in natural Xe)
- Q-value = 2.458 MeV 

resolution of ~0.8% at 2.5 MeV

dominated by intrinsic backgrounds 

- As demonstrated by XENON1T

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 

Eur. Phys. J. C 80, 785 (2020) 

DARWIN Sensitivity

DARWIN could reach a sensitivity of 
2.4×1027 years (90%C.L)

for 50 t⨉y (baseline)

Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]

a
rb

itr
a
ry

 u
n
its expected: 

“peak” at the Q-value of the decay

Q = Ee1 + Ee2 � 2me

�2

• Nuclear decay mode without emission of neutrinos (“forbidden” in the SM, since the lepton number 
is violated: ΔL =2)

0𝜈𝛽𝛽

2𝜈𝛽𝛽



OVERVIEW OF THE DARWIN COLLABORATION 

10www.darwin-observatory.org

More than 170 members from 33 institutions in 11 countries and growing…



DARWIN TIME SCALE 

2022

11

2024

Commissioning

R&D phase
demonstrators

CDR

Engineering 
studies 

TDR

Construction

2024-2025

2026

Start data 
taking

2027

here we are

2021

2019: LoI submission to LNGS, invited to submit a CDR



ONGOING R&D: DEMONSTRATORS

DARWIN full-length 
demonstrator

DARWIN full-(x,y) 
scale demonstrator
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The main goal is the demonstration of the 
electron drift over the full height of DARWIN

2.6 m

2.
6 

m
The main goal is to test components at real 

diameter under real conditions
- purification 
- HV 
- signal diffusion

- flatness of electrodes 
- strength of the extraction field 
- x-y homogeneity of the drift field

L. Baudis et al 2021 JINST 16 P08052 



FUTURE: DARWIN-LZ COLLABORATION
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Future merger of DARWIN and LZ 
collaborations to build/operate next-
generation liquid xenon experiment

- comes after LZ and XENONnT are done

- new, stronger international collaboration

- very successful DARWIN-LZ meeting  
on April 26-27, 2021

- MoU signed on July 6, 2021 by 104 
research group leaders  from 16 
countries

New Collaboration

First steps ongoing



SUMMARY
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DARWIN observatory: excellent sensitivity for dark matter and neutrino physics

The large mass (50t), low-energy threshold and ultra-low background, offer the 
possibility of a broad physics programme:

DARWIN is a growing collaboration, currently  33 institutions from 13 countries.

R&D and prototypes in their way

- WIMP dark matter  

- Low energy solar neutrinos  

- Neutrinoless double-beta decay  

- and much more …

-  CDR for the end of 2022

(1% precision in pp flux after 1 year of data)

(half-life sensitivity of 2.4×1027 years)

(sensitivity down to the neutrino floor)

Thank	you	for	
your	attention!!

Future DARWIN-LZ merger


