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NEED OF A MULTI-TON XENON OBSERVATORY
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Still Many Unknows in 
Particle Physics 

Dark Matter 

Neutrinos

Solar Axions
fundamental nature?

type/strength of interaction ?

WIMPs?

mass range? absolute mass scale?
Dirac vs Majorana nature?

strong CP problem?
are they produced?

axion couplings?

magnetic dipole moment?

Many of these questions can be answered by a large 
liquid xenon detector located deep underground like …

DARWIN
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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
12
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12 m

DARWIN Collaboration,  
JCAP 1611 (2016) 017

2.6m

2.6m

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
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DUAL-PHASE XENON TIME PROJECTION CHAMBER
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3D Position and Energy reconstruction:
- (x-y) from S2 pattern, z from drift time
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 S2/S1 depends on the particle ID

background

signal

- Energy from S1 and S2
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S2
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DARWIN'– The'ultimate'WIMP'Detector

WIMP&detection&and&signal&discrimination& in&LXe&TPCs

• Interaction&with&xenon&causes&prompt&scintillation&(light,&S1)&and&ionization&
(charge),&causing&a&delayed&proportional&scintillation&signal&(S2).

• Position&reconstruction&by&x"yIlight&sensor&array&+&drift&time&(z)

• Characteristic&light&/&charge&ratio&for&ER and&NR events&! discrimination

light

charge heat

LXe
TPC

Electronic&Recoil&(ER)
gamma,&charged&particles,&(neutrinos)

Nuclear&Recoil&(NR)
neutrons,&neutrinos,&WIMP

⇒ High&target&mass:&40t&in&TPC&
(~30t&fiducial&volume)

⇒ Ultra&low&ER&and&NR&background&
+&efficient&ER/NR&discrimination

eI drift

S1&

S2&! x&I y

! z

⌀ 2.6&m

2.
6&
m
&

XENON1T:&ER/NR&Discrimination&

ER-events

NR-events

XENON1T calibration 



DARWIN IN THE CONTEXT OF THE XENON PROJECT 
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LXe TPC Evolution

Large TPC challenges:

● Achieve stable high voltage

● Need for high purification speed (see Guillame’s talk)

● Need for fast recuperation (see Luca’s talk)
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LXe TPC Evolution

Large TPC challenges:

● Achieve stable high voltage

● Need for high purification speed (see Guillame’s talk)

● Need for fast recuperation (see Luca’s talk)
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DARWIN SCIENCE PROGRAMME

DARWINDARWIN

Large Mass Low Energy ThresholdUltra-low Background

DIRECT DETECTION 
OF DARK MATTER
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DARWIN SCIENCE PROGRAMME
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DARWIN Collaboration,  
EPJ C80, 808 (2020) 

DARWIN Collaboration,  
EPJ C80, 1133 (2020) 
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WIMP DIRECT DETECTION OVERVIEW

The best sensitivity above 5 GeV/c2 comes from experiments using 
liquid noble gases as target (Xe, Ar). (heavy target and easy scalability)

10

Current Limits

Past Limits

DARWIN, with its 50t of total target, plans to increase 100-fold the 
current sensitivity.

spin-independent WIMP nucleon interaction 
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Current Limits

Past Limits

Near Future Sensitivity

sensitivity limited by he 
neutrino floor

DARWIN

XENON10

spin-independent WIMP nucleon interaction 

The best sensitivity above 5 GeV/c2 comes from experiments using 
liquid noble gases as target (Xe, Ar).

DARWIN, with its 50t of total target, plans to increase 100-fold the 
current sensitivity.

(heavy target and easy scalability)

WIMP DIRECT DETECTION OVERVIEW



SENSITIVITY TO WIMPS

Assumed an 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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· 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
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Assumed an exposure 200 t x y  (30t FV) 
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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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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

– 3 –

spin-dependent interaction

Complementary to LHC searches (14TeV)

Background Assumptions



SOLAR NEUTRINO DETECTION

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

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

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

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

- 5 background components 

- 5 neutrino components + neutrino capture 131Xe

Multivariate spectral fit of 11 components up to 3 MeV

(𝛾-materias, 222Rn, 85Kr, 2v2b-136Xe, 2v2EC-124Xe)

(pp, 7Be, 13N, 15O, pep, nu-capture)

14

Materials - 30t

136Xe

222Rn

85Kr

124Xe

pp- 𝜈
7Be- 𝜈

13N- 𝜈 15O- 𝜈
𝜈-capture

pep - 𝜈

background + signal components up 1.5 MeV

neutrino fluxes high-Z SSM 



SOLAR NEUTRINO DETECTION

Measured relative uncertainty for each neutrino component

(136Xe abundance of 8.9% in natural xenon - main background)
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Two scenarios: natural xenon vs depleted xenon (no 136Xe)

pp-,7Be-,13N- and 15O- 
components can be 

observed with a 
precision lower than 
25% after 300 txy for 

natural xenon
(All of them for depleted xenon)

300 txy

300 txy is 10 years of 
data taking for 30t FV!!

Assuming high-Z SSM model

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



SOLAR NEUTRINO DETECTION
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2% precision

pp- and 7Be- 
components with a 
precision lower than 
2% after 300 txy for 

natural xenon

300 txy

(10% precision in pp flux 
after only 1 txy )

Measured relative uncertainty for each neutrino component

(136Xe abundance of 8.9% in natural xenon - main background)
Two scenarios: natural xenon vs depleted xenon (no 136Xe)

Assuming high-Z SSM model

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

300 txy is 10 years of 
data taking for 30t FV!!



SOLAR NEUTRINO DETECTION
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Real-time measurement of the neutrino flux: 

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

pp-𝜈 —— 365 events/(t x y) 
7Be-𝜈 —— 140 events/(t x y) 

15O-𝜈 —— 7.1 events/(t x y) 

13N-𝜈 —— 6.5 events/(t x y) 

(whole energy range above 1 keVee)

(deviation from prediction would indicate new physics)

DARWIN

68% confidence regions 

DARWIN Collaboration, Eur. Phys. J. C 80, 1133 (2020) 
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Extremely rare nuclear process, but allowed in the Standard Model

Two-Neutrinos double beta decay (2𝜈𝛽𝛽)

Observed in more that 10 nuclei:

48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd, 238U

T1/2 >1018 years

Electrons

ΔL = 0

DOUBLE BETA DECAYS: INTRODUCTION
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DOUBLE BETA DECAYS: INTRODUCTION

Extremely rare nuclear process, NEVER OBSERVED BEFORE

ΔL = 2

Neutrinoless double beta decay (0𝜈𝛽𝛽)

Electrons

➢ Neutrinos are their own anti-particle 
(Majorana fermions)

➢ Lepton number violation



0𝜈𝛽𝛽 EXPERIMENTS OVERVIEW
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Different experiments with different isotopes

Figure adapted from M. Agostini in TAUP2019

Running or completed 
experiments

Nowadays a very active, exciting and promising field
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Running or completed 
experiments

76Ge

136Xe

130Te

100Mo

Different experiments with different isotopes

Nowadays a very active, exciting and promising field



0𝜈𝛽𝛽 EXPERIMENTS OVERVIEW
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Running or completed 
experiments

76Ge

136Xe

130Te

100Mo

Different experiments with different isotopes

Nowadays a very active, exciting and promising field

DARWIN?



EXPECTED 0𝜈𝛽𝛽 SIGNAL
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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)

Sharp peak at the end of the 2𝜈𝛽𝛽 energy spectrum, Q-value

0𝜈𝛽𝛽
2𝜈𝛽𝛽

(A,Z)

(A,Z+2)

𝛽𝛽
Q-value: mass difference between mother and

daughter nucleus



WHAT DO WE NEED TO OBSERVE THIS SIGNAL?
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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)

2𝜈𝛽𝛽

0𝜈𝛽𝛽

Large mass of a 
candidate isotope

1

2

3

Excellent energy 
resolution

Ultra-low background

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E
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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)

2𝜈𝛽𝛽

0𝜈𝛽𝛽

Large mass of a 
candidate isotope

1

2

3

Excellent energy 
resolution

Ultra-low background

DARWIN offers the possibility of looking for this 
process for FREE !!

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E
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WHAT DO WE NEED TO OBSERVE THIS SIGNAL?
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Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]
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itr
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ry
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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)

2𝜈𝛽𝛽

0𝜈𝛽𝛽

Large mass of a 
candidate isotope

1

2

3

Excellent energy 
resolution

Ultra-low background

more than 3.5 t of 
active 136Xe.
- No enrichment  (8.9% in natural Xe) 

- Q-value = 2.458 MeV 

T 0⌫
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B ·�E
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Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]
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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)

2𝜈𝛽𝛽

0𝜈𝛽𝛽

Large mass of a 
candidate isotope

1

2

3

Excellent energy 
resolution

Ultra-low background

more than 3.5 t of 
active 136Xe.
- No enrichment  (8.9% in natural Xe) 

- Q-value = 2.458 MeV resolution of ~0.8% at 2.5 MeV
- As demonstrated by XENON1T

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E
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Eur. Phys. J. C 80, 785 (2020) 
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Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]
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itr
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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)

2𝜈𝛽𝛽

0𝜈𝛽𝛽

Large mass of a 
candidate isotope

1

2

3

Excellent energy 
resolution

Ultra-low background

- No enrichment  (8.9% in natural Xe) 

- Q-value = 2.458 MeV resolution of ~0.8% at 2.5 MeV
- As demonstrated by XENON1T

Environment dominated by 
intrinsic backgrounds 

- Material/external 
backgrounds subdominant

- Irreducible intrinsic 
background 

more than 3.5 t of 
active 136Xe.

Eur. Phys. J. C 80, 785 (2020) 
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SIGNAL TOPOLOGY IN DARWIN

- Not always true if e- emits Bremsstrahlung 
photons that travel some distance

Treat the 0vbb signal as a single-site (SS) events 

- Events misidentified as MS and rejected

We use 𝜀 = 15mm for SS/MS identification 

SS events

3.5 mm

decay

decay

23 mm

29

90% efficiency for 0vbb events (equal share)
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Fig. 2 Simulated energy deposition (color scale) of two different
0νββ-events in the x-y-plane. Left: The two electrons thermalize along
two non-resolvable back-to-back tracks. The emitted Bremsstrahlung
photons yield detached energy depositions. Right: A O(400 keV) pho-
ton Compton scatters 8 mm from the position of the decaying 136Xe
nucleus and travels more than 2 cm without energy loss before absorp-
tion. The circles indicate the boundaries of individually resolvable clus-
ters assuming a separation threshold ϵ = 15 mm

3 0νββ signal events in liquid xenon

In a 0νββ-decay, the energy Qββ is released mainly in the
form of kinetic energy of the two electrons. In liquid xenon,
the electrons thermalize within O(mm) resulting in a sin-
gle site (SS) signal topology, as shown in Fig. 2 (left).
Bremsstrahlung photons emitted during electron thermaliza-
tion travel some distance without energy deposition before
scattering or being absorbed. Abundantly emitted low energy
photons are likely to deposit their energy close to the decay
position and remain unresolved in the DARWIN detector.
Photons with energies above 300 keV have a mean free path
of more than 15 mm and might travel larger distances before
interacting. This can result in an energy deposition which is
spatially separable and can cause a false identification as a
multi site (MS) event, Fig. 2 (right).

Energy depositions are therefore spatially grouped using
a density-based spatial clustering algorithm [19]. An energy
deposition is considered as a new cluster if its distance to any
previous energy deposition is larger than our selected sepa-
ration threshold ϵ. Figure 3 shows the efficiency for signal
acceptance and background rejection for photons and elec-
trons with an energy of Qββ as a function of ϵ.

The distribution of energy per electron and the angle
between the two depend on the yet unknown decay mech-
anism. We assume a mass mixing mechanism and the most
probable decay where the electrons are emitted back-to-back,
each with a kinetic energy of Qββ/2. This assumption is com-
pared in Fig. 3 to the predicted energy and angular distribu-
tions in the mass mixing (MM) model and a right-handed
current (RHC) model presented in [20].

We assume that a spatial separation between energy depo-
sitions of ϵ = 15 mm can be resolved in the DARWIN TPC.
This results in a signal acceptance of 90.4% (MM: 88.7%,
RHC: 86.6%) as SS events. Background events from elec-
trons and photons with Qββ energy are rejected as MS with an

Fig. 3 Efficiency of 0νββ signal acceptance and background rejection
as a function of the spatial separation threshold ϵ. The three signal
lines (blue) compare different energy and angular distributions based
on a back-to-back electron emission, a mass mixing (MM) mechanism
and a right-handed current (RHC) model. The background rejection
efficiency is shown for γ s (red) and electrons (green) with E = Qββ .
The vertical line (grey) corresponds to the value of ϵ assumed in this
study. Bands indicate ±2 σ uncertainties

efficiency of 17.7% and 85.1%, respectively. A smaller sepa-
ration threshold ϵ results in a larger fraction of misidentified
0νββ-decays. Simultaneously, electrons from β decays and
γ -ray events are more efficiently identified as MS. As we will
discuss in Sect. 7, a lower spatial threshold can increase the
sensitivity to 0νββ-decays. The decrease in signal acceptance
is overcompensated by the improved background rejection.

4 Background events in the 0νββ energy range

We discuss all background sources which contribute events
within the energy range of [2.3–2.7] MeV around Qββ .
We consider intrinsic background events from radioactive
decays (radiogenic) and those induced by cosmic neutrinos,
muons and their secondaries (cosmogenic). Intrinsic events
are homogeneously distributed in the liquid xenon. Like-
wise we study radiogenic background radiation from external
sources emanating into the target.

4.1 Homogeneously distributed intrinsic background

The intrinsic background sources originate from noble gas
isotopes or from interactions of cosmogenic particles with
the xenon target:

– 8B solar neutrinos are an irreducible background source.
The expected rate of ν-e− scatterings is derived assuming
a 8B-ν flux of φ = (5.46±0.66)×106 cm−2 s−1 [21]. The
calculation of scattering cross sections follows [22]. The

123

E = 2.457 MeV

MS events

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



MATERIAL BACKGROUND SIMULATIONS

Detailed detector geometry in Geant4 following the baseline design

Critical components for the BG ➜  Fully simulated in detail
example: Double wall cryostat Si

m
ul

at
io

n 
cr

ite
ria

Elements under considerations  ➜  Simplified for modifications
example: PMTs vs SiPMs 

- disks accounting for the proper amount of material

2

The paper is organized as follows: in Sect. 2 we
provide a brief review of the baseline design of the68

DARWIN detector and describe the detector model uti-
lized in our simulation study. Sect. 3 addresses the sig-70

nal topology and how it is used to reduce background
events. In Sect. 4 we discuss the expected background72

sources, while the resulting background spectra and
rates are presented in Sect. 5. We discuss DARWIN’s74

sensitivity to 0⌫��-decay in Sect. 6 and give a summary
and an outlook in Sect. 7.76

2 The DARWIN Observatory

DARWIN is a next-generation dark matter experiment78

that will operate a 40 t active (50 t total) liquid xenon
TPC with the main goal to probe the entire experimen-80

tally accessible parameter space for weakly interacting
massive particles (WIMPs) as dark matter candidates.82

Other physics goals are the search for the 0⌫��-decay,
the real-time observation of solar pp-neutrinos as well84

as all flavors of supernova neutrinos, the detection of
coherent neutrino-nucleus interactions, and the search86

for solar axions, galactic axion-like-particles and dark
photons [11].88

The DARWIN detector is described in detail else-
where [11]. In the baseline scenario, the detector is90

a cylindrical, two-phase (liquid and gas) xenon TPC
with 2.6m diameter and 2.6m height. The TPC will92

be placed in a low-background, double-walled cryostat
surrounded by concentric structures to shield from the94

environmental radioactivity and to record the passage
of cosmic muons and their secondaries as well as for96

neutron thermalization.

Interactions in the TPC will give rise to a prompt98

light signal (S1) and a delayed, proportional scintilla-
tion signal (S2) from electrons transported by a homo-100

geneous drift field and extracted into the gas phase.
Both signals will be detected by photosensor arrays102

(made of photomultiplier tubes (PMTs), silicon photo-
multiplier (SiPM) arrays, or new types of sensors), pro-104

viding the x-y-z-coordinate of an interaction, as well as
its energy with < 1% 1-� resolution for MeV-energy de-106

positions. Interactions separated by more than 15mm
are assumed to be individually identified in event recon-108

struction. This allows for the separation between single
scatters (such as expected from 0⌫��-decays and dark110

matter particle interactions) and multiple scatters (as
expected from many sources of backgrounds), as well as112

for the definition of an inner (fiducial) volume with re-
duced background levels. The high density of the liquid114

xenon (⇠3 g/cm3) ensures a short attenuation length
for �-rays.116

The final location of the DARWIN experiment is
yet to be decided. A good candidate is the Gran Sasso 118

Underground Laboratory (LNGS) in Italy. We will use
its overburden in this study. 120

2.1 Monte Carlo model of the detector

For the Monte Carlo event generation in geant4 we use 122

a realistic model of the DARWIN detector. Its details
are described in the following. 124

The TPC is enclosed within the outer and inner tita-
nium cryostat (shown in Fig. 1), including torispherical 126

domes, flanges and sti↵ening rings to minimize the ma-
terial budget. A pressurizable titanium vessel is placed 128

on the inner cryostat floor to reduce the amount of
xenon while keeping the material budget low. A study 130

based on previously measured specific activities of cryo-
stat materials [13,14] showed that a cryostat made of ti- 132

tanium yields a lower background compared to a stain-
less steel cryostat of equal mechanical stability. 134

Fig. 1: Drawing of the DARWIN double-walled cryostat
and TPC, showing all components considered in the
simulation, but the water tank.

The inner cryostat contains the liquid xenon volume
and the TPC. The TPC walls are formed by PTFE 136

reflectors of 3 mm thickness with high reflectivity for
the vacuum ultra-violet (VUV) scintillation light, sur- 138

rounded by 92 cylindrical copper field shaping elec-
trodes. 24 PTFE support pillars reinforce the struc- 140

ture. Titanium rings at the bottom and top of the TPC
support the electrodes to establish drift and extraction 142

fields. Two photosensor arrays are located at the top
and bottom of the TPC cylinder, consisting of a struc- 144

tural copper support, a PTFE reflector disk, the VUV-
sensitive photosensors and the sensors’ cold electronics. 146

3

Because the final sensor type is yet to be chosen for
DARWIN and the R&D on light sensor options [15,16]148

is ongoing, the top and bottom sensors have, for the ma-
jority of simulations, been simplified to two disks which150

properly account for the material budget and the asso-
ciated activities of radioactive isotopes. This allows for152

a direct comparison of a baseline scenario with PMTs
and an alternative based on SiPMs.154

All the major components included in the simula-
tions are listed in Table 1. The assumed specific ra-156

dioactivity levels of are discussed in Sect. 4 and listed
in Table 2.158

Element Material Mass

Outer cryostat Ti 3.04 t
Inner cryostat Ti 2.10 t
Bottom pressure vessel Ti 0.38 t

LXe instrumented target LXe 39.3 t
LXe bu↵er outside the TPC LXe 9.00 t
LXe around pressure vessel LXe 0.27 t
GXe in top dome + TPC top GXe 30 kg

TPC reflector (3mm thickness) PTFE 146 kg
Structural support pillars (24 units) PTFE 84 kg
Electrode frames Ti 120 kg
Field shaping rings (92 units) Copper 680 kg

Photosensor arrays (2 disks):
Disk structural support Copper 520 kg
Reflector + sliding panels PTFE 70 kg
Photosensors: 3 ”PMTs (1910 Units) composite 363 kg
Sensor electronics (1910 Units) composite 5.7 kg

Table 1: List of detector components included in the
geant4 geometry model of DARWIN stating their ma-
terial and total mass.

3 0⌫�� signal events in liquid xenon

In a 0⌫��-decay the energy Q�� is released in the form160

of kinetic energy of the two electrons. In liquid xenon,
the electrons thermalize within O(mm) resulting in a162

single-site (SS) signal topology, as shown in Fig. 2 (left).
Bremsstrahlung photons emitted during electron ther-164

malization travel some distance without energy deposi-
tion before scattering or absorption. Abundantly emit-166

ted low energetic photons are likely to deposit their
energy close to the decay position and remain unre-168

solved in the DARWIN detector. Photons with energies
� 300 keV have a mean free path of more than 15mm170

and might cross even larger distances before interact-
ing. This can result in an energy deposition which is172

spatially separable and can cause a false identification
as a multi-site (MS) event, Fig. 2 (right).174

Energy depositions are therefore spatially grouped
using a density-based spatial clustering algorithm [17]. 176

An energy deposition is considered as a new cluster if
their distance to any previous energy depositing inter- 178

action is larger than a separation threshold ✏.

Fig. 2: Simulated energy distribution of two di↵erent
0⌫��-events in the x-y-plane. Left: The two electrons
thermalize along two back-to-back tracks. The emitted
Bremsstrahlung photons yield detached energy depo-
sitions. Right: The O(400 keV) photon Compton scat-
ters at 8mm distance from the position of the decay-
ing 136Xe nucleus and escapes before absorption. The
circles indicate clustering with a separation threshold
✏ = 15mm, the color visualizes the cluster boundaries.

The distribution of energy per electron and the an- 180

gle between the two depends on the yet unknown de-
cay mechanism. We assume a mass mixing mechanism 182

and the most probable decay where both electrons are
emitted back-to-back with a kinetic energy of Q��/2 184

each. This assumption is compared to the predicted
energy and angular distributions in the mass mixing 186

(MM) model and a right-handed current (RHC) model
presented in [18]. 188

We assume that a spatial separation between en-
ergy depositions of ✏ = 15mm can be resolved in 190

the DARWIN TPC. We obtain a signal acceptance of
↵0⌫�� = 90.4% (MM: 88.7%, RHC: 86.6%), as well as a 192

rejection e�ciency towards electrons and photons with
Q�� energy of ✏e� = 17.7% and ✏� = 85.1%, respec- 194

tively.

The fraction of misidentified signal events decreases 196

with higher separation threshold, as does the rejec-
tion power towards electrons from � decays and �-ray 198

events. As we will discuss in Sect. 7, a lower spatial
threshold can increase the sensitivity to 0⌫��-decays. 200

The decrease in signal acceptance is overcompensate by
the improved background rejection. 202

Conservative Activity Levels ➜  Already achieved by XENON and LZ

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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DEFINITION OF A FIDUCIAL VOLUME

Distribution of the external background events in the detector volume

Super-ellipsoidal cut

2

P

Water tank

neutron-vetocryostat

GXe

LXe

TPC

laboratory

ZOOM of the TPC geometry 

GXe

LXe

laboratory

Fig. 1: Left: Sketch of the DARWIN geometry together with a view of the Geant4 TPC. Right: Spatial distribution
of the background events inside the instrumented xenon volume. The line indicates the contour of the fiducial
volume.

next figure of merit [4], which corresponds to the actual
half-life estimate at 90% C.L:

T 0⌫
1/2 = ln 2

✏ ↵NA

1.64Mxe

p
Mtp
B�E

(1)

being ✏ the detection e�ciency of the two electrons, ↵
the abundance of 136Xe in natural xenon, NA the Avo-
gadro number, MXe the molar mass number of xenon,
M the fiducial mass, t the measuring time, B the back-
ground index and �E the energy resolution at Q�� .
The value 1.64 is the number of standard deviations
corresponding to a 90% C.L.

Our group has generated most of the Monte Carlo
simulations to estimate the electronic recoil backgrounds
in the region of interest for this channel. We have con-
sidered a variety of background radiation from external
sources, emanating from the detector materials, and in-
trinsic radiogenic events, which are homogeneously dis-
tributed in the target. To simulate the background com-
ing from the materials we have simulated 238U, 235U,
232Th, 40K, 137Cs, 60Co and 44Ti for the di↵erent de-
tector components taken into account the proper activ-
ities. We have also participated in the generation and
analysis of intrisic backgrounds such as the 2⌫�� decay
of 136Xe and the cosmogenic 137Xe, produced by a neu-
tron capture on 136Xe. The background sources in the
region of interest of neutrinoless double beta decay are
displayed in table 1.

Following equation 2 we compare the 0⌫�� sensitiv-
ity for DARWIN with other experiments in figure 2.

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (2)

Background source Events/(t·y)
Detector Materials 7.1⇥ 10�2

Cavern background 3.4⇥ 10�4

137Xe from Cosmogenic activation 6.2⇥ 10�2

222Ra in LXe 1.1⇥ 10�2

8B (⌫ � e scattering) 1.4⇥ 10�2

136Xe in LXe 1.0⇥ 10�4

Table 1: Expected background counts in the 0⌫�� ROI
(2435-2481 keV) by origin in a fiducial volume of 6 tons.

Fig. 2: T1/2 Sensitivity at 90% C.L. as a function of
the exposure for di↵erent experiments. For DARWIN
the sensitivity is estimated using a figure of merti and
assuming a 6 tons fiducial volume.
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plicity, being falsely identified as SS and consequentially
contributing to the background.

To account for the finite energy resolution of the de-
tector, the combined energy deposited inside each clus-
ter is smeared according to a resolution of

�E

E
=

ap
E[keV]

+ b, (2)

with a = (0.3171 ± 0.0065) and b = (0.0015 ± 0.0002),
as demonstrated in the XENON1T TPC [30]. At E =
Q�� this corresponds to �E/E = 0.8%. The cluster
position is smeared to account for the detector’s spatial
resolution which is conservatively assumed to be �x,y =
�z = 10mm above 2MeV.

Constraining the target to a super-ellipsoidal-
shaped fiducial volume (FV) allows us to exploit the
excellent self-shielding capabilities of liquid xenon. To
compensate for the reduced shielding power in the
xenon gas phase, the FV is shifted slightly downwards
from the center of the instrumented volume. The fidu-
cial volume is optimized for each FV mass indepen-
dently. We use the lifetime-weighted combined external
background, after single site cut, energy and spatial res-
olution smearing. Only events with an energy inside the
0⌫��-ROI of [2435 - 2481] keV, defined as the full width
at half maximum (FWHM) range of the expected signal
peak, are considered. The spatial distribution of exter-
nal background events inside the active volume is shown
in Fig. 3.

Fig. 3: Spatial distribution of external background
events inside the instrumented volume for 100 years
of DARWIN run time. The colored lines indicate the
contours of the optimized fiducial volumes containing
di↵erent LXe target masses. The 5 t fiducial volume is
used for the sensitivity estimate presented below.

5.2 Background model and fiducial mass dependence

The fiducial volume definition removes all ↵- and �-
contributions originating from external sources. The �-
background is shown in Fig. 4 (bottom) for the 20 t
fiducial volume. In the 0⌫��-ROI the background is
composed of the absorption peak from 214Bi at EBi =
2.45MeV and Compton scattered photons, mainly from
the 208Tl line (ETl = 2.61MeV). Compton scatterings
inside the fiducial volume with the subsequent escape
of the scattered lower energy �-ray are strongly sup-
pressed by fiducialization. The continuous background
is dominated by photons that undergo an undetected
Compton scatter outside the detector followed by their
absorption in the fiducial volume.

Fig. 4: Composition of the material-induced external
background in the 20 t fiducial volume. Top: Relative
contribution to the background in the 0⌫��-ROI by
material and isotope. Bottom: Background spectra by
isotope with the corresponding model fits. The relative
contributions and spectral shapes are representative for
smaller fiducial volumes.

100 years of DARWIN run time, events with energy in the ROI
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Fig. 3: Spatial distribution of external background
events inside the instrumented volume for 100 years
of DARWIN run time. The colored lines indicate the
contours of the optimized fiducial volumes containing
di↵erent LXe target masses. The 5 t fiducial volume is
used for the sensitivity estimate presented below.

5.2 Background model and fiducial mass dependence

The fiducial volume definition removes all ↵- and �-
contributions originating from external sources. The �-
background is shown in Fig. 4 (bottom) for the 20 t
fiducial volume. In the 0⌫��-ROI the background is
composed of the absorption peak from 214Bi at EBi =
2.45MeV and Compton scattered photons, mainly from
the 208Tl line (ETl = 2.61MeV). Compton scatterings
inside the fiducial volume with the subsequent escape
of the scattered lower energy �-ray are strongly sup-
pressed by fiducialization. The continuous background
is dominated by photons that undergo an undetected
Compton scatter outside the detector followed by their
absorption in the fiducial volume.

Fig. 4: Composition of the material-induced external
background in the 20 t fiducial volume. Top: Relative
contribution to the background in the 0⌫��-ROI by
material and isotope. Bottom: Background spectra by
isotope with the corresponding model fits. The relative
contributions and spectral shapes are representative for
smaller fiducial volumes.

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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MATERIAL BACKGROUND: ZOOM AROUND Q-value
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rays emitted in 44Sc decays account for less than one
percent of the external background. 214Bi decays with352

E� > Q�� contribute with a similarly subdominant
level. Spatial coincident absorption of both 60Co gam-354

mas accounts for only approximately 10�3 of the total
material background at E = 2.51MeV in the 30 t fidu-356

cial volume. In the fiducial volume mass range of in-
terest it can be considered negligible. The largest back-358

ground contribution in the ROI is induced by the ab-
sorption peak of 2.45MeV �-rays emitted by 214Bi de-360

cays in the detector materials. The contribution from
214Bi decays in the non-instrumented LXe around the362

TPC accounts for less than 0.2% of the total material
induced background.364

The relative contributions to the �-background in
the ROI are shown per material of origin in Fig. 4 (top).366

The similar contribution of cryostat induced events
from the walls and the combined PMT and electronics368

background originating from the top and bottom sensor
array is a result of the optimization of the fiducial vol-370

ume, which is properly balancing the r- and z-extent.
The spectral shape of the material induced �-372

background is modelled with a Gaussian peak and an
exponentially decreasing continuum for each line, as374

shown in Fig. 4 (bottom). We consider the 2.61MeV
208Tl line, the 2.66MeV 44Sc peak and each contribu-376

tion of 214Bi with E� > 2.0MeV. The ratio between
the 214Bi and the 44Sc peaks to the 208Tl peak inten-378

sity is established using Monte Carlo data in su�ciently
large fiducial volumes with high statistics. Similarly,380

each continuum contribution is tied to its correspond-
ing peak intensity and a fixed relation between the three382

slope parameters is found. The only remaining free pa-
rameters of the model are the total intensity of the 208Tl384

peak and one common slope parameter. The model is
tested and confirmed using a �2 goodness of fit test on386

the combined external background in the fiducial vol-
ume mass range  20 t.388

The intrinsic background by 8B neutrinos is as-
sumed to be flat. The spectra corresponding to 137Xe,390

222Rn are approximated linearly falling in the [2.2-
2.8MeV] range. The slopes are obtained from Monte392

Carlo studies. The 2⌫�� spectrum is convoluted with a
Gaussian energy resolution.394

The suppression of the external background with de-
creasing fiducial mass is shown in Fig. 5, together with396

the target mass-independent intrinsic contributions.

5.3 Background rates in the 0⌫��-ROI398

The fiducial volume is finally optimized by maximizing
the T 0⌫

1/2 sensitivity with respect to the fiducial mass, as400

Fig. 4: Composition of the material induced external
background in the 20 t fiducial volume. Top: Relative
contribution to the background in the 0⌫��-ROI by
material and isotope of origin. Bottom: Background
spectra by isotope with the corresponding model fits.
The shown relative contributions and spectral shapes
are representative for smaller fiducial volumes.

discussed in detail in Sect. 6, and yields 5 t. The result-
ing background spectrum from intrinsic and external 402

sources is shown for this fiducial mass in Fig. 6.

The intrinsic background in the ROI is dominated 404

by the gently falling ��-spectrum of the 137Xe decay.
Subdominant contributions are the electron scattering 406

of solar 8B neutrinos and ��-events from 214Bi-decays
which are not vetoed by BiPo tagging. The 2⌫�� spec- 408

trum overlaps negligibly with the ROI, but dominates
the background towards lower energies. 410

The model estimated background indices for all con-
tributions are summarized in Table 3. To validate the 412

analytic model introduced in Sect. 5.2 we compare the
background model estimate with the values derived by 414

weighted event counting in the 5 t fiducial mass data
from Monte Carlo. Both results are in agreement within 416
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Example for 20t (same behaviour for smaller FV)

The main external background in the ROI:

Mainly from the cryostat 
and the PMTs

DARWIN ROI for 0𝜈𝛽𝛽:

Q-value ± FWHM/2 

(2435 - 2481 keV)

214Bi absorption peak (2.45 MeV) 
 Compton scattered photons from 208Tl 

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



INTRINSIC BACKGROUNDS

137Xe from cosmogenic activation 
underground:

- Beta decay, Q-value = 4173 keV 
- Half-life 3.82 min 
- Potential background for a depth of 3500 m.w.e 

Irreducible 8B solar neutrinos (𝜈-e →𝜈-e):

2𝜈bb decay of 136Xe.
- Subdominant due to the energy resolution 

222Rn in the LXe:
- Assumption:  0.1 𝜇Bq/kg  

- 10 times lower than XENONnT 
- 99.8 % BiPo tagging efficiency

n + 136Xe —> 137Xe 
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Sitting DARWIN at LNGS, the intrinsic backgrounds 
will be dominated by the 137Xe
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INTRINSIC BACKGROUNDS: ZOOM AROUND Q-value

production rate from 
simulations

(6.9 ± 0.4) atoms/(t·yr) 

 (2.165 ± 0.061)x1021 yr 

assuming a measured 
half-life,T1/2

137Xe

2𝜈𝛽𝛽

EXO-200 Collaboration, 
Phys. Rev. C89 (2014) 015502

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

(for LNGS depth)



TOTAL BACKGROUND: MATERIALS + INTRINSICS

35

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

intrinsics do not change 
with the fiducialization

externals reduced 
with the FV

Looking for the optimal fiducial mass:
Minimize background 

without penalizing 
the exposure

8

6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [29]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (3)

with ✏ = 0.9 being the detection e�ciency of a single438

site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe440

in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the442

fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1 and �E the444

energy range of the ROI in keV. 1.64 is the number of
standard deviations corresponding to a 90% C.L.446

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life448

sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.450

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-452

periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-454

ment of the sensitivity as a function of di↵erent pa-
rameter such as, e.g., the fiducial volume mass. It does,456

however, not consider background uncertainties but as-
sumes perfect knowledge of the background rates.458

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

uncertainties we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.462

The inserted signal is a Gaussian peak with Q�� and
�Q�� according to Eq. (2), which is scaled by the 136Xe464

atoms in the target volume, an activity corresponding
to T 0⌫

1/2 and the detection e�ciency ✏, as shown in Fig. 6.466

Background uncertainties from the model are
treated as nuisance parameters. For external back-468

ground contributions their priors are obtained either
by the model fit on the spectrum corresponding to470

MFV = 5 t (208Tl peak intensity and slope parameter)
or extrapolation of the conversion factors from larger472

fiducial volumes into the mass range of interest (214Bi
/ 208Tl peak ratio, 208Tl continuum / 208Tl peak in-474

tensity). The uncertainty on the subdominant contri-
bution from 44Sc has been neglected. For the intrinsic476

contributions the priors correspond to the errors listed
in Table 3, the corresponding slope uncertainties are478

negligible.
We obtain a T 0⌫

1/2 sensitivity limit of 2.4⇥ 1027 yr480

for a 10 year exposure with 5 t fiducial volume mass.

The corresponding 3� discovery potential after 10 years 482

exposure is 1.1⇥ 1027 yr.

7 Discussion 484

The DARWIN observatory will reach a sensitivity to the
neutrinoless double beta decay of 136Xe of 2.4⇥ 1027 486

years T1/2 exclusion limit (90 % CL) and a discovery
sensitivity (3�) of T1/2 = 1.1⇥ 1027 years after 10 years 488

of exposure.
In the baseline scenario discussed above, the as- 490

sumptions on radio-purity and detector performance
are considered realistic or even conservative. In a pro- 492

gressive scenario the external background could be re-
duced by a factor of three and beyond. The required 494

measures include the application of less radioactive
PMTs with reduced mass of ceramic and/or low ra- 496

dioactivity SiPMs, more stringent material selection to
reach lower contamination levels for PTFE [30], cop- 498

per [31] and titanium, as well as more radio-pure elec-
tronics. 500

Intrinsic backgrounds, dominated by the muon in-
duced activation of 136Xe, are di�cult to mitigate as- 502

suming the muon flux at 3500 meter water equivalent
(mwe) depth of LNGS. An involved time- and spatial- 504

muon veto might allow a suppression by a factor of
up to two at acceptable exposure losses. The 137Xe 506

contribution would, however, become subdominant in
a su�ciently deep laboratory. A total intrinsic back- 508

ground suppression by a factor of five or even eight
could then be reached assuming a reduced BiPo tag- 510

ging ine�ciency of 0.1% and 0.01%, respectively. As-
suming a factor five reduction in external sources the 512

latter scenario leads to a solar 8B neutrino dominated
background. 514

The sensitivity could be increased by further ex-
ploitation of the SS/MS discrimination, discussed in 516

Sect. 3. Despite an increased signal rejection, the gain in
background reduction dominates for spatial separation 518

thresholds down to ✏ = 3mm. The cluster separation
in the x-y-plane would benefit from a higher granular- 520

ity photosensor top array, featuring e.g. SiPMs. The z-
position reconstruction is already more accurate and a 522

combined three dimensional (x, y, t) charge signal anal-
ysis will optimize the separation. 524

The largest sensitivity increase can be achieved
with a combination of the above mentioned measures. 526

Fig. 7 shows the time evolution of the DARWIN half-life
limit sensitivity (90%C.L.) calculated with the figure- 528

of-merit estimator (see Sect. 6.1) for the baseline and
di↵erent progressive scenarios with reduced spatial sep- 530

aration threshold ✏, intrinsic and external background
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6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [29]
we calculate the half-life sensitivity at 90% C.L. as:
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with ✏ = 0.9 being the detection e�ciency of a single438

site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe440

in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the442

fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1 and �E the444

energy range of the ROI in keV. 1.64 is the number of
standard deviations corresponding to a 90% C.L.446

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life448

sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.450

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-452

periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-454

ment of the sensitivity as a function of di↵erent pa-
rameter such as, e.g., the fiducial volume mass. It does,456

however, not consider background uncertainties but as-
sumes perfect knowledge of the background rates.458

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

uncertainties we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.462

The inserted signal is a Gaussian peak with Q�� and
�Q�� according to Eq. (2), which is scaled by the 136Xe464

atoms in the target volume, an activity corresponding
to T 0⌫

1/2 and the detection e�ciency ✏, as shown in Fig. 6.466

Background uncertainties from the model are
treated as nuisance parameters. For external back-468

ground contributions their priors are obtained either
by the model fit on the spectrum corresponding to470

MFV = 5 t (208Tl peak intensity and slope parameter)
or extrapolation of the conversion factors from larger472

fiducial volumes into the mass range of interest (214Bi
/ 208Tl peak ratio, 208Tl continuum / 208Tl peak in-474

tensity). The uncertainty on the subdominant contri-
bution from 44Sc has been neglected. For the intrinsic476

contributions the priors correspond to the errors listed
in Table 3, the corresponding slope uncertainties are478

negligible.
We obtain a T 0⌫
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Intrinsic backgrounds, dominated by the muon in-
duced activation of 136Xe, are di�cult to mitigate as- 502

suming the muon flux at 3500 meter water equivalent
(mwe) depth of LNGS. An involved time- and spatial- 504

muon veto might allow a suppression by a factor of
up to two at acceptable exposure losses. The 137Xe 506

contribution would, however, become subdominant in
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ground suppression by a factor of five or even eight
could then be reached assuming a reduced BiPo tag- 510

ging ine�ciency of 0.1% and 0.01%, respectively. As-
suming a factor five reduction in external sources the 512

latter scenario leads to a solar 8B neutrino dominated
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The sensitivity could be increased by further ex-
ploitation of the SS/MS discrimination, discussed in 516

Sect. 3. Despite an increased signal rejection, the gain in
background reduction dominates for spatial separation 518

thresholds down to ✏ = 3mm. The cluster separation
in the x-y-plane would benefit from a higher granular- 520

ity photosensor top array, featuring e.g. SiPMs. The z-
position reconstruction is already more accurate and a 522

combined three dimensional (x, y, t) charge signal anal-
ysis will optimize the separation. 524

The largest sensitivity increase can be achieved
with a combination of the above mentioned measures. 526

Fig. 7 shows the time evolution of the DARWIN half-life
limit sensitivity (90%C.L.) calculated with the figure- 528

of-merit estimator (see Sect. 6.1) for the baseline and
di↵erent progressive scenarios with reduced spatial sep- 530
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∝

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

Optimal Value 
5 tonnes

This value maximize our sensitivity

(0.45t 136Xe)

Looking for the optimal fiducial mass:
Minimize background 

without penalizing 
the exposure
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6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [29]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe
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, (3)

with ✏ = 0.9 being the detection e�ciency of a single438

site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe440

in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the442

fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1 and �E the444

energy range of the ROI in keV. 1.64 is the number of
standard deviations corresponding to a 90% C.L.446

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life448

sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.450

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-452

periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-454

ment of the sensitivity as a function of di↵erent pa-
rameter such as, e.g., the fiducial volume mass. It does,456

however, not consider background uncertainties but as-
sumes perfect knowledge of the background rates.458

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

uncertainties we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.462

The inserted signal is a Gaussian peak with Q�� and
�Q�� according to Eq. (2), which is scaled by the 136Xe464

atoms in the target volume, an activity corresponding
to T 0⌫

1/2 and the detection e�ciency ✏, as shown in Fig. 6.466

Background uncertainties from the model are
treated as nuisance parameters. For external back-468

ground contributions their priors are obtained either
by the model fit on the spectrum corresponding to470

MFV = 5 t (208Tl peak intensity and slope parameter)
or extrapolation of the conversion factors from larger472

fiducial volumes into the mass range of interest (214Bi
/ 208Tl peak ratio, 208Tl continuum / 208Tl peak in-474

tensity). The uncertainty on the subdominant contri-
bution from 44Sc has been neglected. For the intrinsic476

contributions the priors correspond to the errors listed
in Table 3, the corresponding slope uncertainties are478

negligible.
We obtain a T 0⌫

1/2 sensitivity limit of 2.4⇥ 1027 yr480

for a 10 year exposure with 5 t fiducial volume mass.

The corresponding 3� discovery potential after 10 years 482

exposure is 1.1⇥ 1027 yr.

7 Discussion 484

The DARWIN observatory will reach a sensitivity to the
neutrinoless double beta decay of 136Xe of 2.4⇥ 1027 486

years T1/2 exclusion limit (90 % CL) and a discovery
sensitivity (3�) of T1/2 = 1.1⇥ 1027 years after 10 years 488

of exposure.
In the baseline scenario discussed above, the as- 490

sumptions on radio-purity and detector performance
are considered realistic or even conservative. In a pro- 492

gressive scenario the external background could be re-
duced by a factor of three and beyond. The required 494

measures include the application of less radioactive
PMTs with reduced mass of ceramic and/or low ra- 496

dioactivity SiPMs, more stringent material selection to
reach lower contamination levels for PTFE [30], cop- 498

per [31] and titanium, as well as more radio-pure elec-
tronics. 500

Intrinsic backgrounds, dominated by the muon in-
duced activation of 136Xe, are di�cult to mitigate as- 502

suming the muon flux at 3500 meter water equivalent
(mwe) depth of LNGS. An involved time- and spatial- 504

muon veto might allow a suppression by a factor of
up to two at acceptable exposure losses. The 137Xe 506

contribution would, however, become subdominant in
a su�ciently deep laboratory. A total intrinsic back- 508

ground suppression by a factor of five or even eight
could then be reached assuming a reduced BiPo tag- 510

ging ine�ciency of 0.1% and 0.01%, respectively. As-
suming a factor five reduction in external sources the 512

latter scenario leads to a solar 8B neutrino dominated
background. 514

The sensitivity could be increased by further ex-
ploitation of the SS/MS discrimination, discussed in 516

Sect. 3. Despite an increased signal rejection, the gain in
background reduction dominates for spatial separation 518

thresholds down to ✏ = 3mm. The cluster separation
in the x-y-plane would benefit from a higher granular- 520

ity photosensor top array, featuring e.g. SiPMs. The z-
position reconstruction is already more accurate and a 522

combined three dimensional (x, y, t) charge signal anal-
ysis will optimize the separation. 524

The largest sensitivity increase can be achieved
with a combination of the above mentioned measures. 526

Fig. 7 shows the time evolution of the DARWIN half-life
limit sensitivity (90%C.L.) calculated with the figure- 528

of-merit estimator (see Sect. 6.1) for the baseline and
di↵erent progressive scenarios with reduced spatial sep- 530

aration threshold ✏, intrinsic and external background
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years of exposure.450

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-452
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ment of the sensitivity as a function of di↵erent pa-
rameter such as, e.g., the fiducial volume mass. It does,456

however, not consider background uncertainties but as-
sumes perfect knowledge of the background rates.458
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uncertainties we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.462
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atoms in the target volume, an activity corresponding
to T 0⌫
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treated as nuisance parameters. For external back-468

ground contributions their priors are obtained either
by the model fit on the spectrum corresponding to470

MFV = 5 t (208Tl peak intensity and slope parameter)
or extrapolation of the conversion factors from larger472

fiducial volumes into the mass range of interest (214Bi
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contributions the priors correspond to the errors listed
in Table 3, the corresponding slope uncertainties are478
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suming the muon flux at 3500 meter water equivalent
(mwe) depth of LNGS. An involved time- and spatial- 504

muon veto might allow a suppression by a factor of
up to two at acceptable exposure losses. The 137Xe 506

contribution would, however, become subdominant in
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ground suppression by a factor of five or even eight
could then be reached assuming a reduced BiPo tag- 510

ging ine�ciency of 0.1% and 0.01%, respectively. As-
suming a factor five reduction in external sources the 512

latter scenario leads to a solar 8B neutrino dominated
background. 514

The sensitivity could be increased by further ex-
ploitation of the SS/MS discrimination, discussed in 516

Sect. 3. Despite an increased signal rejection, the gain in
background reduction dominates for spatial separation 518

thresholds down to ✏ = 3mm. The cluster separation
in the x-y-plane would benefit from a higher granular- 520

ity photosensor top array, featuring e.g. SiPMs. The z-
position reconstruction is already more accurate and a 522

combined three dimensional (x, y, t) charge signal anal-
ysis will optimize the separation. 524

The largest sensitivity increase can be achieved
with a combination of the above mentioned measures. 526

Fig. 7 shows the time evolution of the DARWIN half-life
limit sensitivity (90%C.L.) calculated with the figure- 528

of-merit estimator (see Sect. 6.1) for the baseline and
di↵erent progressive scenarios with reduced spatial sep- 530

aration threshold ✏, intrinsic and external background

∝

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

Background source FV scenario: 5 t 
Events in ROI/(t·y·keV) 

Detector Material 2.0 x 10-3

137Xe 1.4 x 10-3

222Rn in LXe 3.1 x 10-4

8B neutrinos 2.4 x 10-4

136Xe 2v𝛽𝛽 5.8 x 10-6

TOTAL 3.96 x 10-3

The hypothetical 0𝜈𝛽𝛽 signal in the plot has a strength 
of 0.5 events/y  (T1/2≈2×1027 years) 

B = 0.91 events/yr

Less than 1 event 
per year in the ROI !!

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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DARWIN will reach a sensitivity at 90% C.L of 2.4×1027 years 
for a 5t × 10 year exposure

Profile likelihood analysis for the sensitivity: 

Discovery potential at 3𝜎 
after 10 years of data:

1.1×1027 years

In case of signal

- EXO-200 Collaboration, Phys. Rev. Lett. 120, 072701 (2018)
- KamLAND-Zen Collaboration, Phys. Rev. Lett. 117, 082503 (2016)

2.4×1027 years

1.3×1027 years

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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Baseline scenario not optimised for 0vbb 
Pre-achieved radio-purity of materials

- top array of SiPMs 
- bottom array of cleaner PMTs 
- identify cleaner materials (PTFE, Ti) 
- cleaner electronics

Reduce external background1

2 Reduce internal background

- time veto for the 137Xe 
- deeper lab 
- better BiPo tagging technics 

ROOM FOR IMPROVEMENT !!

DARWIN could reach a sensitivity of 
6×1027 years3 Improve SS/MS discrimination

What could be 
improved?

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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Baseline scenario not optimised for 0vbb 
Pre-achieved radio-purity of materials

- top array of SiPMs 
- bottom array of cleaner PMTs 
- identify cleaner materials (PTFE, Ti) 
- cleaner electronics

Reduce external background1

2 Reduce internal background

- time veto for the 137Xe 
- deeper lab 
- better BiPo tagging technics 

ROOM FOR IMPROVEMENT !!

DARWIN could reach a sensitivity of 
6×1027 years3 Improve SS/MS discrimination

What could be 
improved?

DARWIN Collaboration, Eur. Phys. J. C 80, 808 (2020) 
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More than 170 members from 33 institutions in 11 countries and growing…



DARWIN TIME SCALE 

2022
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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

43

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



COMMISSIONING OF THE ZURICH DEMONSTRATOR 

Commissioning started at the beginning of 2021

 Installation Heat Exchanger
 Installation Cold Head Cryo-Tower

Assembly Cryo-Tower

Assembly Storage Array

Assembly Inner Vessel

Mylar Installation

Assembly Outer Vessel
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MARCH 2021: FIRST LXe FILL 

LXe flow from the view port

Part of the Xenoscope team

First LXe fill 
successfully achieved in 

the DARWIN vertical 
demonstrator 

Commissioning run underway

Facility if fully operational

The best is yet to come…
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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)
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Thank	you	for	
your	attention!!


