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Estable a escalas de tiempo
comparables con la edad del Universo

Fracción de Materia Oscura ⌦DM =0.2

2 / 27

• Weak and gravitational interaction 

• No relativistic particles. Cold Dark Matter 

• Stable in time scales comparable to the 
age of the Universe  

• Dark Matter fraction 0.25

Dark Matter Features 
Possible Candidate
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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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The best sensitivity to WIMPs above 5 GeV/c2 comes from experiments using 
liquid noble gases as sensitive detectors (Xe, Ar). (heavy target and easy scalability)

Probing lower cross sections will require much larger detectors. DARWIN, with its 
40 tons of active target, aims to increase 100-fold the current sensitivity.

Current Limits

Near Future Limits

The ultimate discovery 
limit before the 

neutrino floor

Past Limits

DARWIN LIMIT

spin-independent WIMP nucleon interaction 
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DARWIN: THE ULTIMATE DARK MATTER DETECTOR

Explore the entire experimentally accessible parameter space for WIMPsMAIN GOAL

(until neutrino interactions become an irreducible background)

a multi-ton detector and extremely ultra-low background level
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Figure 8. A possible realisation of
a ⇠50 t (40 t) total (target) LXe mass
DARWIN detector, inside a double-
walled stainless steel cryostat. The TPC
is surrounded by highly reflective PTFE
walls, closed by the cathode and anode
electrodes on bottom and top, respec-
tively. The sketch shows a TPC with
two photosensor arrays made of circular
PMTs with 3” diameter. The final sensor
type, however, is not yet defined and all
details regarding the cryostat and TPC
are subject to R&D.

granularity, liquid level control, etc.). DARWIN, in its baseline configuration, will feature
this well-established dual-phase TPC design scheme with light detected by photosensor arrays
above and below the LXe target, see Figure 8. The light collection efficiency is constant for a
fixed height-diameter ratio. With an optimal design of the reflecting inner TPC surfaces, it is
only affected by the LXe absorption length. The working hypothesis of DARWIN’s baseline
design is that the absorption length can be kept much larger than the TPC diameter by
continuous purification of the xenon, see Section 5.3. Under this assumption, with state-
of-the-art PMTs, it is expected that the currently achieved thresholds of ⇠1 keVnr [27] can
also be established with DARWIN. To cope with the possibility of smaller values for the
absorption length – or, alternatively, to further increase the light collection efficiency – a
potential scheme with the TPC surrounded by photosensors in ⇠4⇡, similar to a single-phase
detector, is being evaluated as part of the DARWIN R&D program. This option is outlined
in Section 5.4, which also discusses alternative photosensor technologies. A novel scheme
relying on the concept of liquid hole multipliers (LHMs), with a potentially significant light
yield improvement, is discussed in Section 5.4, as well.

Insulating materials are essential to construct the TPC, as components biased with
very high voltages above �100 kV (cathode, field shaping electrodes) must be supported
and insulated from grounded components. The primary choice is PTFE providing excellent
insulation, good UV reflectivity [44], reasonable mechanical strength, and low radioactivity.
A possible cylindrical DARWIN TPC of 260 cm diameter and height, enclosing a target mass
of 40 t of xenon, is illustrated in Figure 8.

The type and dimension of the light sensors installed on the two arrays, above and
below the target are still an active part of the DARWIN study. Under the assumption that
the charge signal is detected via proportional scintillation in the gas phase, the 40 t LXe
TPC would require ⇠1800 sensors of 3” diameter (⇠1000 of 4”) assuming the use of identical,
circular photosensors on both arrays. If available, larger low-radioactivity photosensors on

– 15 –
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DARWIN BASELINE DESIGN

· Dual-phase Time Projection Chamber (TPC). 

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

· Dimensions:  2.6 m diameter and 2.6 m height. 

· Two arrays of photosensors (top and bottom). 

· 1800 PMTs of 3” diameter (~1000 of 4”).  

· Drift field  ~0.5 kV/cm. 

· Low-background double-wall cryostat. 

· PTFE reflector panels & copper shaping rings. 

· Outer shield filled with water (14 m diameter).  

· Inner liquid scintillator neutron veto.

the baseline design assumes PMTs 
but several alternative photosensors 

are under consideration
Possible realisation 
of DARWIN inside 

the water tank

14
 m

14 m



DUAL-PHASE XENON TIME PROJECTION CHAMBER

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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Two different backgrounds

Electronic Recoils
𝛾-rays from materials
Intrinsic backgrounds
Low energy solar neutrinos (pp, 7Be)

(85Kr, 222Rn, 136Xe)

Nuclear Recoils

Neutrons from the materials 

CNNS  (irreducible)
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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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DARWIN will require a 
ER rejection > 99.98% 

Cosmogenic and radiogenic (lab) neutrons 

Backgrounds

6

· 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

JCAP 10, 016 (2015)

0.1 𝜇Bq/kg

0.1 ppt

pp+7Be neutrinos

2𝜈𝛽𝛽

85Kr

222Rn

Background contribution before ER discrimination 

N
R

ER = 5.824 events/(t·y·keVee)

BACKGROUND PREDICTIONS

(reduced by overburden, veto and fiducialisation)

ER can be rejected 
based on the S1/S2 ratio

lower than current experiments
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THE WIDE VARIETY OF PHYSICS CHANNELS

The DARWIN detector, with its large mass, low-energy threshold and ultra-
low background, will open a large variety of relevant physics channels
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SENSITIVITY TO WIMPS

Considered all mentioned background 

Assumed an exposure 200 t x y  

99.98% ER rejection  

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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with the photon detection efficiency

✏ =
Ly

Y
. (2.3)

Ly is the average light yield in PE/keVee at 122 keV and zero field and Y = 63.4 is the number
of photons/keV generated in LXe at zero field [26]. Our benchmark value is Ly = 8PE/keV,
about 2⇥ larger than achieved in XENON100 [60] and similar to the LUX value [61]. The
number of electrons from the charge signal (S2) is consequently

n
0
S2 = q � n

0
� . (2.4)

n
0
S1 and n

0
S2 are anti-correlated, and the resolution due to the statistical nature of the signal-

generation process is properly modeled. The signal quanta observed in the detector, nS1 and
nS2, are drawn from a Poisson or a Gaussian distribution, respectively, with the means n

0
S1

and n
0
S2 and resolutions tuned to match existing experimental data. This takes into account

additional effects from the photoelectron detection process (“single photoelectron resolution”)
as well as the conversion of ionization electrons to photoelectrons (Gaussian process with a
mean of 20-30 PE/e� [30, 31]). Throughout this study, the charge signal (S2) is given in
electrons, and we do not consider charge losses during the drift of the electrons through the
LXe, which requires an effective gas cleaning system and 100% charge extraction into the gas
phase (as achieved by XENON100 [30]).

3 Energy Scale and Energy Resolution

In this work we consider two energy scales. The first one relies on the scintillation signal (S1)
only, which is still the standard in the field and used in most published analyses [8, 9, 11]. The
second one is based on light and charge (S1+S2), additionally taking into account the anti-
correlation between the two observables, which is induced by the signal generation process:
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Figure 1. (left) Simulated light (S1) and charge signals (S2) from hypothetical mono-energetic NR
energy depositions. The same number of events was simulated for all three energies. A light yield
Ly = 8.0PE/keVee, full charge extraction, and the processes discussed in Section 2 are considered.
The anti-correlation between both signals is very weak. (right) Resolution of different energy scales
as derived from the simulation. The “combined energy” scales use the S1 and S2 signals and take into
account the anti-correlation. The data points are well described by functions of the form a0+a1/

p
E.

As the light signal is non-symmetric at low energies, the RMS is a better measure for the resolution
than the Gaussian width �.
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spin-independent interaction

Complementary to LHC searches (14TeV)minimum: 2.5x10-49 cm2 at 40 GeV/c2
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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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NEUTRINOLESS DOUBLE-BETA DECAY

Figure 6. Expected sensitivity for the
effective Majorana neutrino mass. The
sensitivity band widths reflect the uncer-
tainties in the nuclear matrix element of
the 136Xe 0⌫��-decay. The ‘DARWIN’
sensitivity assumes a 30 t⇥y exposure of
natural xenon and a background dom-
inated by �-rays from detector materi-
als. The ’ultimate’ case with 140 t⇥y
exposure assumes this background being
absent, thus only 222Rn, 2⌫�� and 8B
solar neutrinos contribute. For details,
see [48]. Also shown are the expected re-
gions for the two neutrino mass hierarchy
scenarios.

ity detector materials, DARWIN’s 0⌫�� sensitivity will become comparable to other future
ton-scale experiments. In Figure 6, we show its reach for the effective Majorana neutrino
mass |m�� | versus the mass of the lightest neutrino, as calculated in [48]. The correspond-
ing sensitivities to the half-life of the decay are T0⌫

1/2 > 5.6⇥1026 y and T0⌫
1/2 > 8.5⇥1027 y (at

90% C.L.) for assumed natural xenon exposures of 30 t⇥y and 140 t⇥y, respectively. The
latter value assumes that the material backgrounds can be completely mitigated and that
the only background sources are 0.1µBq/kg of 222Rn, 2⌫��-decays and interactions of solar
8B neutrinos. The width of the bands reflect the uncertainties in the nuclear matrix element
calculations of the 136Xe 0⌫��-decay. We expect smaller exposures compared to the WIMP
search, caused by a more stringent fiducialisation to reach the required background level at
Q�� . Other rare nuclear processes, such as the double-beta decays of 134Xe, 126Xe and 124Xe,
might be observable as well [77].

3.2.4 Coherent neutrino-nucleus scattering

The rate of low-energy signals in all multi-ton WIMP detectors will eventually be dominated
by interactions of cosmic neutrinos via coherent neutrino-nucleus scattering (CNNS) [78].
DARWIN will be able to detect and study this yet-unobserved standard model process, which
produces a nuclear recoil signal like the WIMP. (For the implications on the WIMP search, see
Section 4.3.) The largest CNNS rate comes from the relatively high-energy 8B solar neutrinos
which produce nuclear recoils 3 keVnr. Neutrinos from the solar hep-process induce a similar
maximal recoil energy but their flux is much lower. Events from neutrinos created in the upper
atmosphere and from the diffuse supernova neutrino background will extend to slightly higher
energies of O(10) keVnr, however at significantly lower rates.

Because LXe detectors operate at low energy thresholds, even the low-energy CNNS
signal from 8B neutrinos is readily accessible. LUX has demonstrated an energy threshold of
1.1 keVnr in a re-analysis of their data [27], and XENON10 reached a threshold of 1.4 keVnr
using an energy scale based on the S2 signal only [79]. Such thresholds would lead to an
observed rate of ⇠90 events t�1y�1 from 8B neutrinos. The rate from atmospheric neutrinos
will be much lower, around 3⇥10�3 events t�1y�1 [78]. Being a standard model process, the
cross section of coherent neutrino-nucleus scattering can be calculated to a high precision [80,
81]. A deviation of the experimentally measured value from the expectation is thus a clear
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the question whether neutrinos are Majorana 
fermions is studied via the neutrinos less 

double-beta decay (0𝜈𝛽𝛽)

136Xe has an abundance of 8.9% in natural xenon. 

DARWIN will have more than 3.5 t of 136Xe. 

Q-value = 2.458 MeV  (above the ROI of WIMPs) 

Ultra-low background environment: 222Rn, 2𝜈𝛽𝛽 
decays and interactions of solar 8B neutrinos. 

Preliminary study with 6 tons fiducial mass.  

With a resolution (𝜎/E) ~2% at 2.5 MeV the sensitivity 
will be comparable to future dedicated experiments

(without enrichment)

- 30 ton×year         ⟶       T1/2 > 5.6×1026 yr 

- 140 ton×year       ⟶       T1/2 > 8.5×1027 yr 

Projected sensitivity at 90% CL
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SOLAR NEUTRINOS
the precise measurement of pp- neutrinos  would test the main 

energy production mechanisms in the Sun

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

Real-time measurement of the neutrino flux: 371 events/(t x y) 

Flux with 2% statistical precision after 1 year 

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

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
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• Neutrinos are detected in DARWIN by elastic scattering:
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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.
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Figure 5. (left) Differential electron recoil spectra for pp- (blue) and 7Be neutrinos (red) in liquid
xenon. The sum contribution (solid line) is split into the contributions from ⌫e (dashed) and the
other flavours (dotted). Figure adapted from [48]. (right) Survival probability of solar, electron-
neutrinos. The expected sensitivity of DARWIN (red) is shown together with existing measurements
from Borexino and the MSW neutrino oscillation prediction (±1�, green) for the large mixing angle
scenario [68]. The precise measurement of the pp-flux with sub-percent precision with DARWIN will
allow for testing neutrino and solar models.

and n7Be = 0.9 events/day. These numbers assume a fiducial target mass of 30 tons of natural
xenon and take into account the most recent values for the neutrino mixing angles [69]. More
than 2⇥103 pp-neutrino events will be observed per year, allowing for a measurement of the
flux with 2% statistical precision. A precision below 1% would be reached after 5 years of
data taking. DARWIN would therefore address one of the remaining experimental challenges
in the field of solar neutrinos, namely the comparison of the Sun’s neutrino and electro-
magnetic luminosities with a precision of <1% [70]. The high statistics measurement of the
pp-neutrino flux would open the possibility to test the solar model and neutrino properties,
see Figure 5 (right). For example, non-standard neutrino interactions [71, 72] can modify the
survival probability of electron neutrinos in the transition region around 1 MeV but also at
pp-neutrino energies.

3.2.3 Neutrinoless double-beta decay

The question about whether neutrinos are Majorana fermions (i.e., their own antiparticles) is
of intense scientific interest [73]. The most practical investigation of the Majorana nature of
neutrinos, and of lepton number violation, is through the search for neutrinoless double-beta
decay (0⌫��). 136Xe is an interesting 0⌫��-decay candidate and has an abundance of 8.9%
in natural xenon. Its Q��-value is at 2.458MeV, well above the energy-range expected from
a WIMP recoil signal.

Two experiments, EXO-200 [74] and KamLAND-Zen [75, 76], have already reported very
competitive lower limits on the half-life using a few hundred kilograms of 136Xe. Even with-
out isotopic enrichment, DARWIN’s target contains more than 3.5 t of 136Xe and can be used
to perform a search for its 0⌫��-decay in an ultra-low background environment. The main
challenge for this measurement will be to optimise the detector’s sensors and readout elec-
tronics to perform at both the O(10) keV energy-scale and at the O(1)MeV scale relevant for
the expected 0⌫��-decay peak. Once a resolution �/E⇠ 1-2% at ⇠2.5 MeV is achieved and
the background is reduced by a strong fiducialisation or the selection of ultra-low radioactiv-
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in natural xenon. Its Q��-value is at 2.458MeV, well above the energy-range expected from
a WIMP recoil signal.

Two experiments, EXO-200 [74] and KamLAND-Zen [75, 76], have already reported very
competitive lower limits on the half-life using a few hundred kilograms of 136Xe. Even with-
out isotopic enrichment, DARWIN’s target contains more than 3.5 t of 136Xe and can be used
to perform a search for its 0⌫��-decay in an ultra-low background environment. The main
challenge for this measurement will be to optimise the detector’s sensors and readout elec-
tronics to perform at both the O(10) keV energy-scale and at the O(1)MeV scale relevant for
the expected 0⌫��-decay peak. Once a resolution �/E⇠ 1-2% at ⇠2.5 MeV is achieved and
the background is reduced by a strong fiducialisation or the selection of ultra-low radioactiv-
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COHERENT NEUTRINO NUCLEUS SCATTERING (CNNS)

DARWIN: an excellent environment to probe neutrino physics

— University of Zurich —
P. Sanchez-Lucas on behalf of the DARWIN collaboration

Figure 6. Expected sensitivity for the
effective Majorana neutrino mass. The
sensitivity band widths reflect the uncer-
tainties in the nuclear matrix element of
the 136Xe 0⌫��-decay. The ‘DARWIN’
sensitivity assumes a 30 t⇥y exposure of
natural xenon and a background dom-
inated by �-rays from detector materi-
als. The ’ultimate’ case with 140 t⇥y
exposure assumes this background being
absent, thus only 222Rn, 2⌫�� and 8B
solar neutrinos contribute. For details,
see [48]. Also shown are the expected re-
gions for the two neutrino mass hierarchy
scenarios.

ity detector materials, DARWIN’s 0⌫�� sensitivity will become comparable to other future
ton-scale experiments. In Figure 6, we show its reach for the effective Majorana neutrino
mass |m�� | versus the mass of the lightest neutrino, as calculated in [48]. The correspond-
ing sensitivities to the half-life of the decay are T0⌫

1/2 > 5.6⇥1026 y and T0⌫
1/2 > 8.5⇥1027 y (at

90% C.L.) for assumed natural xenon exposures of 30 t⇥y and 140 t⇥y, respectively. The
latter value assumes that the material backgrounds can be completely mitigated and that
the only background sources are 0.1µBq/kg of 222Rn, 2⌫��-decays and interactions of solar
8B neutrinos. The width of the bands reflect the uncertainties in the nuclear matrix element
calculations of the 136Xe 0⌫��-decay. We expect smaller exposures compared to the WIMP
search, caused by a more stringent fiducialisation to reach the required background level at
Q�� . Other rare nuclear processes, such as the double-beta decays of 134Xe, 126Xe and 124Xe,
might be observable as well [77].

3.2.4 Coherent neutrino-nucleus scattering

The rate of low-energy signals in all multi-ton WIMP detectors will eventually be dominated
by interactions of cosmic neutrinos via coherent neutrino-nucleus scattering (CNNS) [78].
DARWIN will be able to detect and study this yet-unobserved standard model process, which
produces a nuclear recoil signal like the WIMP. (For the implications on the WIMP search, see
Section 4.3.) The largest CNNS rate comes from the relatively high-energy 8B solar neutrinos
which produce nuclear recoils 3 keVnr. Neutrinos from the solar hep-process induce a similar
maximal recoil energy but their flux is much lower. Events from neutrinos created in the upper
atmosphere and from the diffuse supernova neutrino background will extend to slightly higher
energies of O(10) keVnr, however at significantly lower rates.

Because LXe detectors operate at low energy thresholds, even the low-energy CNNS
signal from 8B neutrinos is readily accessible. LUX has demonstrated an energy threshold of
1.1 keVnr in a re-analysis of their data [27], and XENON10 reached a threshold of 1.4 keVnr
using an energy scale based on the S2 signal only [79]. Such thresholds would lead to an
observed rate of ⇠90 events t�1y�1 from 8B neutrinos. The rate from atmospheric neutrinos
will be much lower, around 3⇥10�3 events t�1y�1 [78]. Being a standard model process, the
cross section of coherent neutrino-nucleus scattering can be calculated to a high precision [80,
81]. A deviation of the experimentally measured value from the expectation is thus a clear
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(40 t active) LXe target will probe particles with masses above 5 GeV/c2, and WIMP-nucleon
cross sections down to the few ⇥10�49 cm2 region for masses of ⇠50 GeV/c2 [35]. Should dark
matter particles be discovered by existing or near-future experiments, DARWIN will measure
WIMP-induced nuclear recoil spectra with high statistics and constrain the mass and the
scattering cross section of the dark matter particle [41, 42]. Other physics goals are the
real-time detection of solar pp-neutrinos with high statistics, detection of coherent neutrino-
nucleus interactions, searches for solar axions and galactic axion-like particles (ALPs) and the
search for the neutrinoless double beta decay (0⌫��). The latter would establish whether the
neutrino is its own anti-particle, and can be detected via the double beta emitter 136Xe, which
has a natural abundance of 8.9% in xenon. The facility will also be able to observe neutrinos
of all flavours from supernova explosions [43], providing complementary information to large-
scale water-Cherenkov or LAr detectors. DARWIN is included in the European Roadmap for
Astroparticle Physics (APPEC) and additional national roadmaps.

Figure 2. Sketch of the DARWIN detector
inside a tank, operated as a water-Cherenkov
muon veto. The need for an additional liquid-
scintillator neutron veto inside the water shield,
as shown in the figure (‘inner shield’), is subject
to further studies. The dual-phase time projec-
tion chamber is enclosed within a double-walled
cryostat and contains 40 t of liquid xenon (50 t
total in the cryostat). In the baseline scenario,
the prompt and delayed VUV scintillation sig-
nals, induced by particle interactions in the sen-
sitive volume, are recorded by two arrays of pho-
tosensors installed above and below the liquid
xenon target.

The experiment will operate a large volume of liquid xenon in a low-background cryostat,
surrounded by concentric shielding structures, as shown schematically in Figure 2. Future
studies will reveal whether a liquid scintillator detector inside the water Cherenkov shield is
required for this massive detector. The core of the experiment is a dual-phase TPC containing
the active xenon mass. The high density of liquid xenon, ⇠3 kg/l, results in a short radiation
length and allows for a compact detector geometry with efficient self-shielding. The fiducial
target mass is not fixed a priori: it will be defined during the analysis process, based on
the relevant backgrounds and on the studied physics case. A drift field of O(0.5) kV/cm
across the liquid target is required to drift the electrons from the interaction vertex. This
will be achieved by biasing the cathode at the bottom of the TPC with voltages on the order
of �100 kV or above. Large field shaping rings made from oxygen-free high conductivity
(OFHC) copper, optimised for such high voltages, will ensure the field homogeneity. The
main materials to be used for the TPC construction are OFHC copper as a conductor and
polytetrafluoroethylene (PTFE) as an insulator, with the latter also acting as an efficient
reflector for vacuum ultra-violet (VUV) scintillation light [44]. The TPC will be housed in a
double-walled cryostat made out of stainless steel, titanium or copper, and all the materials
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Solar neutrinos are an important physics channel since a precise 
measurement of pp-neutrinos would test the main energy 
production mechanisms in the Sun.

鏃 Assuming 30 t of fiducial volume, DARWIN will observe more than 2500 
pp-neutrinos per year ⟶ Flux measurement with 2% statistical precision.

鏃 The high statistics will lead also to test different neutrino properties, 
such as the electron neutrino survival probability (Pee).

鏃 136Xe is a good candidate: abundance of 8.9% in natural xenon and Q-
value at 2.458 MeV (above the region of interest for WIMP searches).

鏃 T1/2 > 1027 y  for an exposure of  30 t×y  (90%CL).

鏃 With an energy resolution of ~2%, DARWIN’s sensitivity will become 
comparable to future dedicated experiments.

鏃 The largest rate comes from the high-energy solar 8B neutrinos. With a threshold of 
1 keV, ~90 events/( t×y )  are expected.

鏃  Atmospheric neutrinos will produce ~3×10-3 events/(t×y ) .

鏃 Geo-neutrinos will not produce nuclear recoils with enough energy to be observed 
above a threshold of 1 keV.

鏃 All flavors of supernova (SN) neutrinos will be observed as well, providing additional 
information to dedicated experiments. DARWIN will detect SN bursts up to 65 kpc 
from Earth (5σ), observing ~700 events from a 27 M⊙ SN progenitor at 10 kpc.

鏃 Detection of low-energy solar neutrinos through elastic scattering:

鏃 pp- and 7Be-neutrinos account for ~98% of the total neutrino flux 
predicted by the Standard Solar Model.
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Figure 5. (left) Differential electron recoil spectra for pp- (blue) and 7Be neutrinos (red) in liquid
xenon. The sum contribution (solid line) is split into the contributions from ⌫e (dashed) and the
other flavours (dotted). Figure adapted from [48]. (right) Survival probability of solar, electron-
neutrinos. The expected sensitivity of DARWIN (red) is shown together with existing measurements
from Borexino and the MSW neutrino oscillation prediction (±1�, green) for the large mixing angle
scenario [68]. The precise measurement of the pp-flux with sub-percent precision with DARWIN will
allow for testing neutrino and solar models.

and n7Be = 0.9 events/day. These numbers assume a fiducial target mass of 30 tons of natural
xenon and take into account the most recent values for the neutrino mixing angles [69]. More
than 2⇥103 pp-neutrino events will be observed per year, allowing for a measurement of the
flux with 2% statistical precision. A precision below 1% would be reached after 5 years of
data taking. DARWIN would therefore address one of the remaining experimental challenges
in the field of solar neutrinos, namely the comparison of the Sun’s neutrino and electro-
magnetic luminosities with a precision of <1% [70]. The high statistics measurement of the
pp-neutrino flux would open the possibility to test the solar model and neutrino properties,
see Figure 5 (right). For example, non-standard neutrino interactions [71, 72] can modify the
survival probability of electron neutrinos in the transition region around 1 MeV but also at
pp-neutrino energies.

3.2.3 Neutrinoless double-beta decay

The question about whether neutrinos are Majorana fermions (i.e., their own antiparticles) is
of intense scientific interest [73]. The most practical investigation of the Majorana nature of
neutrinos, and of lepton number violation, is through the search for neutrinoless double-beta
decay (0⌫��). 136Xe is an interesting 0⌫��-decay candidate and has an abundance of 8.9%
in natural xenon. Its Q��-value is at 2.458MeV, well above the energy-range expected from
a WIMP recoil signal.

Two experiments, EXO-200 [74] and KamLAND-Zen [75, 76], have already reported very
competitive lower limits on the half-life using a few hundred kilograms of 136Xe. Even with-
out isotopic enrichment, DARWIN’s target contains more than 3.5 t of 136Xe and can be used
to perform a search for its 0⌫��-decay in an ultra-low background environment. The main
challenge for this measurement will be to optimise the detector’s sensors and readout elec-
tronics to perform at both the O(10) keV energy-scale and at the O(1)MeV scale relevant for
the expected 0⌫��-decay peak. Once a resolution �/E⇠ 1-2% at ⇠2.5 MeV is achieved and
the background is reduced by a strong fiducialisation or the selection of ultra-low radioactiv-
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neutrinos. The expected sensitivity of DARWIN (red) is shown together with existing measurements
from Borexino and the MSW neutrino oscillation prediction (±1�, green) for the large mixing angle
scenario [68]. The precise measurement of the pp-flux with sub-percent precision with DARWIN will
allow for testing neutrino and solar models.

and n7Be = 0.9 events/day. These numbers assume a fiducial target mass of 30 tons of natural
xenon and take into account the most recent values for the neutrino mixing angles [69]. More
than 2⇥103 pp-neutrino events will be observed per year, allowing for a measurement of the
flux with 2% statistical precision. A precision below 1% would be reached after 5 years of
data taking. DARWIN would therefore address one of the remaining experimental challenges
in the field of solar neutrinos, namely the comparison of the Sun’s neutrino and electro-
magnetic luminosities with a precision of <1% [70]. The high statistics measurement of the
pp-neutrino flux would open the possibility to test the solar model and neutrino properties,
see Figure 5 (right). For example, non-standard neutrino interactions [71, 72] can modify the
survival probability of electron neutrinos in the transition region around 1 MeV but also at
pp-neutrino energies.

3.2.3 Neutrinoless double-beta decay

The question about whether neutrinos are Majorana fermions (i.e., their own antiparticles) is
of intense scientific interest [73]. The most practical investigation of the Majorana nature of
neutrinos, and of lepton number violation, is through the search for neutrinoless double-beta
decay (0⌫��). 136Xe is an interesting 0⌫��-decay candidate and has an abundance of 8.9%
in natural xenon. Its Q��-value is at 2.458MeV, well above the energy-range expected from
a WIMP recoil signal.

Two experiments, EXO-200 [74] and KamLAND-Zen [75, 76], have already reported very
competitive lower limits on the half-life using a few hundred kilograms of 136Xe. Even with-
out isotopic enrichment, DARWIN’s target contains more than 3.5 t of 136Xe and can be used
to perform a search for its 0⌫��-decay in an ultra-low background environment. The main
challenge for this measurement will be to optimise the detector’s sensors and readout elec-
tronics to perform at both the O(10) keV energy-scale and at the O(1)MeV scale relevant for
the expected 0⌫��-decay peak. Once a resolution �/E⇠ 1-2% at ⇠2.5 MeV is achieved and
the background is reduced by a strong fiducialisation or the selection of ultra-low radioactiv-
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Figure 6. Expected sensitivity for the
effective Majorana neutrino mass. The
sensitivity band widths reflect the uncer-
tainties in the nuclear matrix element of
the 136Xe 0⌫��-decay. The ‘DARWIN’
sensitivity assumes a 30 t⇥y exposure of
natural xenon and a background dom-
inated by �-rays from detector materi-
als. The ’ultimate’ case with 140 t⇥y
exposure assumes this background being
absent, thus only 222Rn, 2⌫�� and 8B
solar neutrinos contribute. For details,
see [48]. Also shown are the expected re-
gions for the two neutrino mass hierarchy
scenarios.

ity detector materials, DARWIN’s 0⌫�� sensitivity will become comparable to other future
ton-scale experiments. In Figure 6, we show its reach for the effective Majorana neutrino
mass |m�� | versus the mass of the lightest neutrino, as calculated in [48]. The correspond-
ing sensitivities to the half-life of the decay are T0⌫

1/2 > 5.6⇥1026 y and T0⌫
1/2 > 8.5⇥1027 y (at

90% C.L.) for assumed natural xenon exposures of 30 t⇥y and 140 t⇥y, respectively. The
latter value assumes that the material backgrounds can be completely mitigated and that
the only background sources are 0.1µBq/kg of 222Rn, 2⌫��-decays and interactions of solar
8B neutrinos. The width of the bands reflect the uncertainties in the nuclear matrix element
calculations of the 136Xe 0⌫��-decay. We expect smaller exposures compared to the WIMP
search, caused by a more stringent fiducialisation to reach the required background level at
Q�� . Other rare nuclear processes, such as the double-beta decays of 134Xe, 126Xe and 124Xe,
might be observable as well [77].

3.2.4 Coherent neutrino-nucleus scattering

The rate of low-energy signals in all multi-ton WIMP detectors will eventually be dominated
by interactions of cosmic neutrinos via coherent neutrino-nucleus scattering (CNNS) [78].
DARWIN will be able to detect and study this yet-unobserved standard model process, which
produces a nuclear recoil signal like the WIMP. (For the implications on the WIMP search, see
Section 4.3.) The largest CNNS rate comes from the relatively high-energy 8B solar neutrinos
which produce nuclear recoils 3 keVnr. Neutrinos from the solar hep-process induce a similar
maximal recoil energy but their flux is much lower. Events from neutrinos created in the upper
atmosphere and from the diffuse supernova neutrino background will extend to slightly higher
energies of O(10) keVnr, however at significantly lower rates.

Because LXe detectors operate at low energy thresholds, even the low-energy CNNS
signal from 8B neutrinos is readily accessible. LUX has demonstrated an energy threshold of
1.1 keVnr in a re-analysis of their data [27], and XENON10 reached a threshold of 1.4 keVnr
using an energy scale based on the S2 signal only [79]. Such thresholds would lead to an
observed rate of ⇠90 events t�1y�1 from 8B neutrinos. The rate from atmospheric neutrinos
will be much lower, around 3⇥10�3 events t�1y�1 [78]. Being a standard model process, the
cross section of coherent neutrino-nucleus scattering can be calculated to a high precision [80,
81]. A deviation of the experimentally measured value from the expectation is thus a clear
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 Size and background evolution of dark matter 
detectors based on dual-phase LXe TPCs.

The future of dark matter direct searches calls for the use of multi-ton scale detectors. In this 
context, DARWIN (DARk matter WImp search with liquid xenoN), with its 40 tons of active target, 
will be the ultimate xenon detector, able to explore the entire experimentally accessible parameter 
space for WIMPs. Furthermore, such a large detector, with its low energy threshold and ultra low 
background level, will be also a powerful tool to probe neutrino physics. 

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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• 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
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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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The main goal is the direct detection of WIMPs, probing masses in a wide range, and WIMP-
nucleon cross sections until neutrino interactions become an irreducible background.

· Cylindrical dual-phase TPC:  2.6 m diameter and 2.6 m height. 
· 50 t total (40 t active) of LXe. 
· In the baseline scenario two arrays of PMTs (top and bottom). 
· Other possible photosensors are under study. 
· Low-background cryostat surrounded by concentric structures. 
· Outer and inner shields filled with water and liquid scintillator respectively. 
· Electron recoil background discrimination level of 99.98%.

Figure 8. A possible realisation of
a ⇠50 t (40 t) total (target) LXe mass
DARWIN detector, inside a double-
walled stainless steel cryostat. The TPC
is surrounded by highly reflective PTFE
walls, closed by the cathode and anode
electrodes on bottom and top, respec-
tively. The sketch shows a TPC with
two photosensor arrays made of circular
PMTs with 3” diameter. The final sensor
type, however, is not yet defined and all
details regarding the cryostat and TPC
are subject to R&D.

granularity, liquid level control, etc.). DARWIN, in its baseline configuration, will feature
this well-established dual-phase TPC design scheme with light detected by photosensor arrays
above and below the LXe target, see Figure 8. The light collection efficiency is constant for a
fixed height-diameter ratio. With an optimal design of the reflecting inner TPC surfaces, it is
only affected by the LXe absorption length. The working hypothesis of DARWIN’s baseline
design is that the absorption length can be kept much larger than the TPC diameter by
continuous purification of the xenon, see Section 5.3. Under this assumption, with state-
of-the-art PMTs, it is expected that the currently achieved thresholds of ⇠1 keVnr [27] can
also be established with DARWIN. To cope with the possibility of smaller values for the
absorption length – or, alternatively, to further increase the light collection efficiency – a
potential scheme with the TPC surrounded by photosensors in ⇠4⇡, similar to a single-phase
detector, is being evaluated as part of the DARWIN R&D program. This option is outlined
in Section 5.4, which also discusses alternative photosensor technologies. A novel scheme
relying on the concept of liquid hole multipliers (LHMs), with a potentially significant light
yield improvement, is discussed in Section 5.4, as well.

Insulating materials are essential to construct the TPC, as components biased with
very high voltages above �100 kV (cathode, field shaping electrodes) must be supported
and insulated from grounded components. The primary choice is PTFE providing excellent
insulation, good UV reflectivity [44], reasonable mechanical strength, and low radioactivity.
A possible cylindrical DARWIN TPC of 260 cm diameter and height, enclosing a target mass
of 40 t of xenon, is illustrated in Figure 8.

The type and dimension of the light sensors installed on the two arrays, above and
below the target are still an active part of the DARWIN study. Under the assumption that
the charge signal is detected via proportional scintillation in the gas phase, the 40 t LXe
TPC would require ⇠1800 sensors of 3” diameter (⇠1000 of 4”) assuming the use of identical,
circular photosensors on both arrays. If available, larger low-radioactivity photosensors on
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Possible realization of DARWIN 
TPC inside the cryostat. Sketch of the DARWIN detector.
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Detection significance 
as a function of the SN 
distance. The SN signal 

has been integrated 
over a window of 7 s.
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DARWIN will use a dual-phase liquid xenon (LXe) time projection chamber (TPC).
Working principle: The prompt scintillation light (S1) and the delayed proportional 
scintillation light signal from the charge (S2) are measured.

鏃 The neutrino mixing angle will be measured below 300 keV.

The nature of neutrinos is still unknown and the question about 
whether they are Majorana fermions is studied via the search of the 
neutrinoless double-beta decay              

鏃 DARWIN will have more than 3.5 t of 136Xe without isotopic enrichment 
and an ultra-low background environment: only 222Rn,       decays and 
interactions of solar 8B neutrinos.

DARWIN will be able to detect this process, which produces a nuclear recoil.

Supernova neutrinos8B solar neutrinos

CNNS is a irreducible background for WIMP searches but also 
one of the scientific goals of DARWIN

DARWIN: an excellent environment to probe neutrino physics

Figure 6. Expected sensitivity for the
effective Majorana neutrino mass. The
sensitivity band widths reflect the uncer-
tainties in the nuclear matrix element of
the 136Xe 0⌫��-decay. The ‘DARWIN’
sensitivity assumes a 30 t⇥y exposure of
natural xenon and a background dom-
inated by �-rays from detector materi-
als. The ’ultimate’ case with 140 t⇥y
exposure assumes this background being
absent, thus only 222Rn, 2⌫�� and 8B
solar neutrinos contribute. For details,
see [48]. Also shown are the expected re-
gions for the two neutrino mass hierarchy
scenarios.

ity detector materials, DARWIN’s 0⌫�� sensitivity will become comparable to other future
ton-scale experiments. In Figure 6, we show its reach for the effective Majorana neutrino
mass |m�� | versus the mass of the lightest neutrino, as calculated in [48]. The correspond-
ing sensitivities to the half-life of the decay are T0⌫

1/2 > 5.6⇥1026 y and T0⌫
1/2 > 8.5⇥1027 y (at

90% C.L.) for assumed natural xenon exposures of 30 t⇥y and 140 t⇥y, respectively. The
latter value assumes that the material backgrounds can be completely mitigated and that
the only background sources are 0.1µBq/kg of 222Rn, 2⌫��-decays and interactions of solar
8B neutrinos. The width of the bands reflect the uncertainties in the nuclear matrix element
calculations of the 136Xe 0⌫��-decay. We expect smaller exposures compared to the WIMP
search, caused by a more stringent fiducialisation to reach the required background level at
Q�� . Other rare nuclear processes, such as the double-beta decays of 134Xe, 126Xe and 124Xe,
might be observable as well [77].

3.2.4 Coherent neutrino-nucleus scattering

The rate of low-energy signals in all multi-ton WIMP detectors will eventually be dominated
by interactions of cosmic neutrinos via coherent neutrino-nucleus scattering (CNNS) [78].
DARWIN will be able to detect and study this yet-unobserved standard model process, which
produces a nuclear recoil signal like the WIMP. (For the implications on the WIMP search, see
Section 4.3.) The largest CNNS rate comes from the relatively high-energy 8B solar neutrinos
which produce nuclear recoils 3 keVnr. Neutrinos from the solar hep-process induce a similar
maximal recoil energy but their flux is much lower. Events from neutrinos created in the upper
atmosphere and from the diffuse supernova neutrino background will extend to slightly higher
energies of O(10) keVnr, however at significantly lower rates.

Because LXe detectors operate at low energy thresholds, even the low-energy CNNS
signal from 8B neutrinos is readily accessible. LUX has demonstrated an energy threshold of
1.1 keVnr in a re-analysis of their data [27], and XENON10 reached a threshold of 1.4 keVnr
using an energy scale based on the S2 signal only [79]. Such thresholds would lead to an
observed rate of ⇠90 events t�1y�1 from 8B neutrinos. The rate from atmospheric neutrinos
will be much lower, around 3⇥10�3 events t�1y�1 [78]. Being a standard model process, the
cross section of coherent neutrino-nucleus scattering can be calculated to a high precision [80,
81]. A deviation of the experimentally measured value from the expectation is thus a clear
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Neutrinoless 
double-beta decay  Detection through elastic scattering:

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
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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.
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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.
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More than 2500 pp-neutrinos per year. 
Flux measurement with 2% statistical 
precision.

Test energy production mechanisms 
in the Sun.

Test different neutrinos properties, 
such as Pee and sin!w.

136Xe is a good candidate to study if 
neutrinos are Majorana fermions via 
the search of the 0νββ-decay. 

DARWIN Collaboration, 
JCAP 1611 (2016) 017

8.9% of natural abundance (3.5 t). 
Q-value at 2.458 MeV. 
Energy resolution ~2%.

DARWIN’s sensitivity comparable 
to future dedicated experiments.

The coherent neutrino-nucleus 
scattering will be detected for 
different neutrino sources.

del orden de 10�39 cm2. Este proceso sólo ocurre para neutrinos con enerǵıas relativamente
bajas, por debajo de 50 MeV. La sección eficaz diferencial de este proceso viene dada por la
expresión [30]:
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donde GF es la constante de Fermi, Z y N son el número de protones y neutrones de los
núcleos del detector, ✓w es el ángulo de Weinberg, E⌫ es la enerǵıa del neutrino, M es la masa
de los núcleos del detector, Erec es la enerǵıa de retroceso y q es el momento transferido, el
cual tiene la expresión q =

p
2MErec. Cuando la longitud de onda del bosón Z es más pequeña

que el radio del núcleo la sección eficaz se ve modificada por un factor de forma |f(q)|2. En
este trabajo hemos adoptado para nuestros cálculos el factor de forma de Helm [9]:

|f(q)|2 =
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3
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e
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donde j1 es la función esférica de Bessel de primer tipo y orden 1, R0 = 1,14A
1
3 fm, es el

radio efectivo de los núcleos del detector y s = 0,9 fm, es el espesor efectivo del núcleo.

Como ya se ha comentado anteriormente este proceso nunca ha sido observado debido a que
los retrocesos nucleares que induce son del orden de unos pocos keV. Sin embargo, en los
detectores de Materia Oscura de baja enerǵıa umbral, como DAMIC, este tipo de procesos
pueden empezar a ser visibles para los geoneutrinos y los neutrinos solares. Nuestra intención
es averiguar la cantidad de sucesos de este tipo que se esperan en cada uno de los dispositivos
experimentales considerados.

4.1. Tasas diferenciales de sucesos ⌫ � A

La tasa diferencial de sucesos ⌫ �A viene dada por la expresión [30]:
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donde Nt es el número total de núcleos del detector, �(E⌫) el flujo diferencial de neutrinos y
E⌫min la enerǵıa mı́nima que puede tener un neutrino para producir un retroceso nuclear de
enerǵıa Erec. E⌫min viene dada por la expresión:

E⌫min =

r
ErecM

2
(4.19)

Utilizando los flujos diferenciales de geoneutrinos y neutrinos solares obtenidos en la sección
anterior hemos calculado la tasa diferencial de sucesos ⌫ � A para dos materiales muy
relevantes en los experimentos de búsqueda de WIMPs de baja masa, silicio (DAMIC) y
xenon (XENON 100). En la Figura 9 puede verse la tasa diferencial de sucesos ⌫ � A que se
espera que produzca cada una de las fuentes que contribuyen a los geoneutrinos en un de-
tector de 131Xe y en otro de 28Si. En la Figura 10 puede verse lo mismo para neutrinos solares.

Si comparamos las dos gráficas de la Figura 9 se pueden apreciar claramente dos diferencias.
La primera es que para el 28Si la tasa diferencial de sucesos es aproximadamente un orden
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cual tiene la expresión q =

p
2MErec. Cuando la longitud de onda del bosón Z es más pequeña

que el radio del núcleo la sección eficaz se ve modificada por un factor de forma |f(q)|2. En
este trabajo hemos adoptado para nuestros cálculos el factor de forma de Helm [9]:

|f(q)|2 =
✓
3
j1(qR0)

qR0

◆2

e
�q2s2 (4.17)

donde j1 es la función esférica de Bessel de primer tipo y orden 1, R0 = 1,14A
1
3 fm, es el

radio efectivo de los núcleos del detector y s = 0,9 fm, es el espesor efectivo del núcleo.

Como ya se ha comentado anteriormente este proceso nunca ha sido observado debido a que
los retrocesos nucleares que induce son del orden de unos pocos keV. Sin embargo, en los
detectores de Materia Oscura de baja enerǵıa umbral, como DAMIC, este tipo de procesos
pueden empezar a ser visibles para los geoneutrinos y los neutrinos solares. Nuestra intención
es averiguar la cantidad de sucesos de este tipo que se esperan en cada uno de los dispositivos
experimentales considerados.

4.1. Tasas diferenciales de sucesos ⌫ � A

La tasa diferencial de sucesos ⌫ �A viene dada por la expresión [30]:

dR(Erec)

dErec
= Nt

Z 1

E⌫min

dE⌫�(E⌫)
d�

dErec
(4.18)

donde Nt es el número total de núcleos del detector, �(E⌫) el flujo diferencial de neutrinos y
E⌫min la enerǵıa mı́nima que puede tener un neutrino para producir un retroceso nuclear de
enerǵıa Erec. E⌫min viene dada por la expresión:

E⌫min =

r
ErecM

2
(4.19)

Utilizando los flujos diferenciales de geoneutrinos y neutrinos solares obtenidos en la sección
anterior hemos calculado la tasa diferencial de sucesos ⌫ � A para dos materiales muy
relevantes en los experimentos de búsqueda de WIMPs de baja masa, silicio (DAMIC) y
xenon (XENON 100). En la Figura 9 puede verse la tasa diferencial de sucesos ⌫ � A que se
espera que produzca cada una de las fuentes que contribuyen a los geoneutrinos en un de-
tector de 131Xe y en otro de 28Si. En la Figura 10 puede verse lo mismo para neutrinos solares.

Si comparamos las dos gráficas de la Figura 9 se pueden apreciar claramente dos diferencias.
La primera es que para el 28Si la tasa diferencial de sucesos es aproximadamente un orden
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~90 events/( t×y )  from solar 8B 
neutrinos. 

Atmospheric neutr inos wi l l 
produce ~3×10-3 events/(t×y ) .  

All flavors of supernova neutrinos 
will be observed as well. ~700 
neutrinos for a SN of 27 M⊙.

R. F. Lang et al., Phys. Rev. D 
94 (2016) 103009 
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FIG. 5: The detection significance is given as a function of
the SN distance for a 27 M� progenitor with LS220 EoS.
The SN signal has been integrated over [0, 7] s. The di↵erent
bands refer to XENON1T (red), XENONnT and LZ (blue),
and DARWIN (green). The band width reflects uncertainties
from our estimates for the background rate, discussed in sec-
tion IV. The vertical dotted lines mark the centre and edge
of the Milky Way as well as the Large and Small Magellanic
Clouds (LMC and SMC, respectively). For this SN progeni-
tor, XENONnT/LZ could make at least a 5� discovery of the
neutrinos from a SN explosion anywhere in the Milky Way.
DARWIN extends the sensitivity beyond the SMC.

the first 7 seconds after the core bounce. We calcu-
late the detection significance following the likelihood-
based test for the discovery of a positive signal described
in [101]. Our null hypothesis is that the observed events
are only due to the background processes described in
section IV, while our alternative hypothesis is that the
observed events are due to both the background processes
and from SN neutrino scattering. A detection signifi-
cance of 5� means that we reject the background-only
hypothesis at this significance, which we therefore regard
as a 5� discovery of the SN neutrino signal. The bands in
Fig. 5 show the detection significance for a background
rate spanning the range (1.4�2.3)⇥10�2 events/tonne/s,
our assumption for the background rate discussed in sec-
tion IV, based on the measured rates in XENON10 and
XENON100.

Figure 5 shows the detection significance for the 27M�
LS220 EoS progenitor, which gives the highest event rate
among the four progenitors that we consider. However,
from this figure and Table I, it is straightforward to cal-
culate the detection significance for the other progeni-
tors. The expected number of events simply scales with
the inverse square of the SN distance, which implies that
the distance d2|n� for an n� detection of an alternative

SN progenitor is related to the distance d27,LS220|n� for
an n� detection of the 27 M� LS220 EoS progenitor
by d2|n� = d27,LS220|n�

p
events2/events27,LS220. Here

‘events’ is simply the number of events calculated from
the S2th = 60 PE row in Table I (which gives the number
of events per tonne and thus must be multiplied by the
detector size). With this formula, we estimate that the
SN burst from the 11 M�, Shen EoS progenitor can be
detected at 5� significance at 16 kpc, 26 kpc and 44 kpc
from Earth for XENON1T, XENONnT/LZ and DAR-
WIN, respectively.

B. Distinguishing between supernova progenitors

Besides spotting a SN burst, we are also interested in
investigating whether dual-phase xenon detectors could
help us to constrain the SN progenitor physics and the
neutrino properties. Given the sensitivity of xenon de-
tectors to SN neutrinos and the expected insignificant
background, detection should allow the progenitor mass
to be discerned. With the neutrino flux from only four
progenitor models, we cannot perform a detailed study
of the precision with which the progenitor mass could
be reconstructed. However, we can make some general
statements on the performance of the di↵erent xenon ex-
periments.
For a SN at 10 kpc, the expected numbers of events in

XENON1T, XENONnT/LZ and DARWIN for the 27M�
LS220 EoS progenitor are 35, 123 and 704, respectively,
which are 3.8�, 7.1� and 16.9� higher than the 11 M�
LS220 EoS progenitor, where the expectations are 19, 66
and 376 events. This demonstrates that when the SN
distance is well known, DARWIN will be able to discern
between these progenitor masses with a high degree of
certainty, while even XENON1T’s ability will be reason-
ably good.

C. Reconstructing the supernova neutrino light
curve

We now discuss the reconstruction of the SN neutrino
light curve from a Galactic SN burst. Figure 6 shows the
neutrino event rate for the most optimistic of the four
SN progenitors (27 M� with LS220 EoS) as a function
of the time after the core bounce. The rate has been
obtained for a SN at 10 kpc from Earth by adopting an
S2-only analysis with a benchmark threshold of 60 PE
for XENON1T, XENONnT/LZ and DARWIN. In this
analysis, we neglect the small background rate.
The left panel of Fig. 6 shows the light curve dur-

ing the full time evolution of the SN burst with 500 ms
bins. For a Galactic SN, a detector the size of DARWIN
clearly shows the characteristic behaviour of the Kelvin-
Helmholtz cooling phase where the event rate slowly de-
creases between 1 to 7 s, following the same neutrino lu-
minosity trend (cf. Figs. 1 and 2). This behaviour is
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POTENTIAL NEUTRINO CHANNELS

preliminary

sensitive to all neutrino flavours

8B neutrinos from the Sun:  
  Eth > 1 keV  ⟶   90 events/( t×y )

Atmospheric neutrinos:  
  Eth > 1 keV  ⟶   0.003 events/( t×y )

DARWIN will detect SN bursts up to 65 kpc 
from Earth (5σ), observing ~700 events from a 
27 M⊙ SN progenitor at 10 kpc (window of 7s).

222Rn is part of the 238U natural decay chain and constantly emitted by detector surfaces,
which therefore have to be selected for low Rn-emanation [101, 102]. The 222Rn concentrations
in LXe achieved so far are 65µBq/kg in XENON100 [25], 32µBq/kg in LUX [98], 22µBq/kg
in PandaX-I [103], 9.8µBq/kg in XMASS [15], and (3.65± 0.37)µBq/kg in EXO [104]. With
the exception of EXO, none of these experiments was particularly optimised for low radon
emanation. The target concentration for XENON1T is ⇠10µBq/kg, and the smaller surface-
to-volume ratio will further help with the reduction in larger detectors. Nonetheless, we
anticipate that achieving a low radon level will be the largest background reduction challenge.
Concentrations of ⇠0.1µBq/kg must be achieved to probe WIMP-nucleon cross sections down
to a few 10�49cm2, assuming an S2/S1-based rejection of ERs at the 2 ⇥ 10�4 level at 30%
NR acceptance [35]. Such rejection levels have already been achieved [19]. The emanation
of 220Rn, a part of the 232Th chain, could lead to similar backgrounds. However, it has a
considerably shorter half-life than 222Rn and is observed to be less abundant in existing LXe
detectors, hence its impact is considered sub-dominant.

At DARWIN’s current background goal of 0.1 ppt of natKr in Xe, 0.1µBq/kg of 220Rn and
a target of natural 136Xe abundance, a total Xe-intrinsic background rate of ⇠17 events t�1 y�1

is expected in a 2-10 keVee WIMP search energy interval [35]. An ER rejection efficiency of
2⇥ 10�4 reduces this rate to 3.5⇥ 10�3 events t�1 y�1.

4.3 Neutrino backgrounds

Neutrino signals in DARWIN will provide important science opportunities (see Sections 3.2.2,
3.2.4 and 3.2.5). However, they will also constitute the ultimate background source for many
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Figure 7. (left) Summed differential energy spectrum for pp and 7Be neutrinos (red) undergoing
neutrino-electron scattering in a LXe detector. Also shown are the electron recoil spectrum from the
double-beta decay of 136Xe (blue), as well as the expected nuclear recoil spectrum from WIMPs for a
spin-independent WIMP-nucleon cross section of 6⇥10�49 cm2 (solid black) and 4⇥10�49 cm2 (dashed
black) and WIMP masses of 100GeV/c2 and 40 GeV/c2, respectively. A 99.98% discrimination of ERs
at 30% NR acceptance is assumed and the recoil energies are derived using the S1 signal only (see [48]).
(right) The differential nuclear recoil spectrum from coherent scattering of neutrinos (red) from the
Sun, the diffuse supernova background (DSNB), and the atmosphere (atm), compared to the one from
WIMPs for various masses and cross sections (black). The coherent scattering rate will provide an
irreducible background for low-mass WIMPs, limiting the cross section sensitivity to ⇠4⇥ 10�45 cm2

for WIMPs of 6 GeV/c2 mass, while WIMP masses above ⇠10 GeV/c2 will be significantly less affected.
No finite energy resolution but a 50% NR acceptance is taken into account. Figure from [48].
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CURRENT STATUS OF DARWIN 

2010 2020 20302015 2025

R&D 
ASPERA founded

R&D 
Design Study

Engineering 
studies

Construction 
Commissioning Physics Runs

28 groups from 11 countries 

Working towards a CDR and TDR 

DARWIN is in the APPEC roadmap  

Funding with two ERC grants for R&D:
ULTIMATE (UniFr) and Xenoscope (UZH)

(2018) here we are

www.darwin-observatory.org
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R&D on detector design 

testing different sensor technologies (SiPMs)

building demonstrators

mechanical mock-ups

screening of new materials



DARWIN COLLABORATION MEETING IN ZURICH 

DARWIN

The Talks will cover th
e following Topics: 

– R&D towards DARWIN

– Design considerations

– MC simulations

– Sensitivity stu
dies

– Science channels and their requirements

https://indico.cern.ch/event/758156/ 

Local Organizing Committee: Laura Baudis, Patricia Sanchez-Lucas, Michelle Galloway, Alessandro Manfredini, Julien Wulf, Yanina Biondi,  

Frédéric Girard, Kevin Thieme, Monika Röllin, Regina Schmid 

Programme Committee: Laura Baudis (U. Zurich), Marc Schumann (U. Freiburg), Luca Grandi (KICP), Uwe Oberlack (Johannes Gutenberg-Universität 

Mainz), Ranny Budnik (Weizmann Institute of Science), Rafael Lang (Purdue University), Pa
trick Decowski (Nikhef), Guido Drexlin (KIT) 

Collaboration 

Meeting 2018

17. – 18. December 2018, RAA-G-01, University of Zurich

Organised by the University of Zurich 

80 participants from 20 different institutions  

33 contributions  

Discussions about R&D and design considerations 

Sensitivities studies
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R&D AT THE UZH: XURICH TPC WITH SiPMs
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Xenoscope: Towards DARWIN – the Ultimate Dark Matter Detector
L. Baudis, Y. Biondi, F. Girard, P. Sanchez, K. Thieme, Universität Zürich

Prospec
t

Current Configuration of Xurich II

• Small-scale, two-phase xenon TPC
• Operating at the University of Zürich.
• Designed to investigate particle

interactions in LXe at very low energies
(50 keV)

Xurich II offers an optimal environment to 
test alternatives to PMTs:

Current configuration with two 2-inch PMTs, top and 
bottom

Array of SiPMs

• Rapid implementation
• Lower radioactivity

• High gain
• Good SPE resolution

Schematic view of the SiPM array

PHASE I

PHASE II

Array of SiPMs in the top
and PMT in the bottom

Array of SiPMs in the top
and in the bottom

Optimization of Light Readout
• Testing of state-of-the-art Photomultiplier

Tubes (PMTs)
• Testing of novel, solid-state, VUV-sensitive

Silicon Photomultiplier (SiPM) arrays
• 4π photosensor coverage in a LXe TPC

• Identification and characterization of low-
radioactivity material for photosensors and other
components of the TPC.

• Determination of required dimensions and
effectiveness of a water Cherenkov shield for
muon-induced neutron background reduction in a
50 t LXe TPC.

• Identification of materials with ultra-low
radioactivity levels for radon and high energy γ-
lines background minimization.

• Study and modelling of short-lived, muon-
induced isotopes at underground site.

• Improved nuclear vs. electronic recoil
discrimination.

Background Reduction Techniques

Design and operation of a LXe TPC with a
full 4π-coverage using our large cryostat
MarmotXL:

This will be the first realization 
of a 4π-coverage TPC

We will calibrate this detector with internal
and external sources to characterize the
light and charge detection with SiPMs.

• 15 cm diameter x 10 cm height

• 60 SiPMs in the top array

• 61 SiPMs in the bottom array

• 5 rings with 28 SiPMs each

TOP PMT

BOTTOM 
PMT

GATE ANODE

CATODE

Design of the MarmotXL-TPC

The main objective of the project is the
demonstration of the electron drift over
the full height of DARWIN. For this
purpose, we are going to design, build
and operate a TPC of 2.6 m height and
20 cm diameter filled with approximately
315 kg LXe. Our group will be the first to
operate a LXe TPC with this height for
which one of the indispensable
requirements is a stable and uniform drift
field of ~0.5 kV/cm.

In order to achieve the necessary free
electron lifetime of several milliseconds to
drift and extract the electrons into the gas
phase, one of the main goals is to
determine the required circulation and
purification rate.

The current design involves two arrays of
PMT’s, three 3” PMTs on the bottom, and
24 1” PMT’s on the top array. The low
light collection efficiency caused by the
geometry can be increased to 26% (39%)
due to simulations by adding 10 (20)
rings of SiPM arrays, each consisting of
30 modules (not shown in the CAD
drawing on the right).

Xenoscope is a new ERC-granted
project focused on essential,
cutting-edge research towards
DARWIN, a future astroparticle
observatory in Europe.

DARWIN will be using a ∼40 t
target of liquid xenon for direct
detection of dark matter particles
in a sensitive time projection
chamber (TPC). This detector will
achieve an unprecedented
sensitivity, probing the entire
parameter space for WIMP
masses above ∼5 GeV/c². It will
ultimately be limited by the

Spin-independent sensitivity projection for 
DARWIN 

With a lower energy threshold than
current neutrino experiments and its
ultra-low background level,
DARWIN will even be sensitive to
low energy solar neutrinos (pp, 7Be),
as well as to the neutrinoless double
beta decay of 136Xe, which has an
abundance of 8.9% in natural Xe.

Other rare event searches with
DARWIN will include the coherent
neutrino scattering of 8B, galactic
supernova neutrinos and the
observation of axions and axion-like
particles.

irreducible background of neutrino
interactions (ν-line, dashed orange),
making DARWIN the ultimate dark
matter detector.

Possible realization of DARWIN

Future Configuration of Xurich II

References:
[1] DARWIN Collaboration (J. Aalbers et al.) 
JCAP 1611 (2016) 017, arXiv:1606.07001.
[2] L. Baudis et al., arXiv:1712.08607.
[3] http://darwin.physik.uzh.ch/ 
[4] http://www.physik.uzh.ch/en/groups/baudis
/Research/Xenoscope.html

This will be the first 
demonstration ever of electron 

drift over 2.6 m in LXe and 
extraction into a vapour phase in 

a TPC

DARWIN DemonstratorUpgrade of Xurich II with SiPMs

R&D challenges for Xenoscope

DARk matter WImp search with liquid xenoN 

Upgrade of MarmotXL

L. Baudis et al.,  
Eur.Phys.J. C78 
(2018) no.5, 351

Previous configuration of 
the Xurich TPC

Small-scale, dual-phase xenon TPC 

Under operation at the University of Zürich   

Designed to investigate particle interactions 
in LXe at energies below 50 keV

(3.1cm diameter x 3.1cm height)

CATHODE

2-inch

Upgrade of the TPC
Replacement of the top PMT with an array 

of 16 SiPMs (6 x 6 mm2)

12 mm12 mm

16 readout 
channels

3D position reconstruction adding x-y coordinates 

Direct comparison between the performance of 
SiPMs and PMT in the same experiment. 

Test for the first time the performance of SiPMs 
in a dual-phase TPC to show if they are a viable 
solution for large TPCs like DARWIN

(possible fiducialisation)

data taken on going



R&D AT THE UZH: DEMONSTRATOR

DARWIN demonstrator

Xenoscope: Towards DARWIN – the Ultimate Dark Matter Detector
L. Baudis, Y. Biondi, F. Girard, P. Sanchez, K. Thieme, Universität Zürich

Prospec
t

Current Configuration of Xurich II

• Small-scale, two-phase xenon TPC
• Operating at the University of Zürich.
• Designed to investigate particle

interactions in LXe at very low energies
(50 keV)

Xurich II offers an optimal environment to 
test alternatives to PMTs:

Current configuration with two 2-inch PMTs, top and 
bottom

Array of SiPMs

• Rapid implementation
• Lower radioactivity

• High gain
• Good SPE resolution

Schematic view of the SiPM array

PHASE I

PHASE II

Array of SiPMs in the top
and PMT in the bottom

Array of SiPMs in the top
and in the bottom

Optimization of Light Readout
• Testing of state-of-the-art Photomultiplier

Tubes (PMTs)
• Testing of novel, solid-state, VUV-sensitive

Silicon Photomultiplier (SiPM) arrays
• 4π photosensor coverage in a LXe TPC

• Identification and characterization of low-
radioactivity material for photosensors and other
components of the TPC.

• Determination of required dimensions and
effectiveness of a water Cherenkov shield for
muon-induced neutron background reduction in a
50 t LXe TPC.

• Identification of materials with ultra-low
radioactivity levels for radon and high energy γ-
lines background minimization.

• Study and modelling of short-lived, muon-
induced isotopes at underground site.

• Improved nuclear vs. electronic recoil
discrimination.

Background Reduction Techniques

Design and operation of a LXe TPC with a
full 4π-coverage using our large cryostat
MarmotXL:

This will be the first realization 
of a 4π-coverage TPC

We will calibrate this detector with internal
and external sources to characterize the
light and charge detection with SiPMs.

• 15 cm diameter x 10 cm height

• 60 SiPMs in the top array

• 61 SiPMs in the bottom array

• 5 rings with 28 SiPMs each

TOP PMT

BOTTOM 
PMT

GATE ANODE

CATODE

Design of the MarmotXL-TPC

The main objective of the project is the
demonstration of the electron drift over
the full height of DARWIN. For this
purpose, we are going to design, build
and operate a TPC of 2.6 m height and
20 cm diameter filled with approximately
315 kg LXe. Our group will be the first to
operate a LXe TPC with this height for
which one of the indispensable
requirements is a stable and uniform drift
field of ~0.5 kV/cm.

In order to achieve the necessary free
electron lifetime of several milliseconds to
drift and extract the electrons into the gas
phase, one of the main goals is to
determine the required circulation and
purification rate.

The current design involves two arrays of
PMT’s, three 3” PMTs on the bottom, and
24 1” PMT’s on the top array. The low
light collection efficiency caused by the
geometry can be increased to 26% (39%)
due to simulations by adding 10 (20)
rings of SiPM arrays, each consisting of
30 modules (not shown in the CAD
drawing on the right).

Xenoscope is a new ERC-granted
project focused on essential,
cutting-edge research towards
DARWIN, a future astroparticle
observatory in Europe.

DARWIN will be using a ∼40 t
target of liquid xenon for direct
detection of dark matter particles
in a sensitive time projection
chamber (TPC). This detector will
achieve an unprecedented
sensitivity, probing the entire
parameter space for WIMP
masses above ∼5 GeV/c². It will
ultimately be limited by the

Spin-independent sensitivity projection for 
DARWIN 

With a lower energy threshold than
current neutrino experiments and its
ultra-low background level,
DARWIN will even be sensitive to
low energy solar neutrinos (pp, 7Be),
as well as to the neutrinoless double
beta decay of 136Xe, which has an
abundance of 8.9% in natural Xe.

Other rare event searches with
DARWIN will include the coherent
neutrino scattering of 8B, galactic
supernova neutrinos and the
observation of axions and axion-like
particles.

irreducible background of neutrino
interactions (ν-line, dashed orange),
making DARWIN the ultimate dark
matter detector.

Possible realization of DARWIN

Future Configuration of Xurich II

References:
[1] DARWIN Collaboration (J. Aalbers et al.) 
JCAP 1611 (2016) 017, arXiv:1606.07001.
[2] L. Baudis et al., arXiv:1712.08607.
[3] http://darwin.physik.uzh.ch/ 
[4] http://www.physik.uzh.ch/en/groups/baudis
/Research/Xenoscope.html

This will be the first 
demonstration ever of electron 

drift over 2.6 m in LXe and 
extraction into a vapour phase in 

a TPC

DARWIN DemonstratorUpgrade of Xurich II with SiPMs

R&D challenges for Xenoscope

DARk matter WImp search with liquid xenoN 

Upgrade of MarmotXL

4𝜋-coverage TPC

Design and operation of a LXe TPC with a full 
4𝜋-coverage using our large cryostat MarmotXL

- 15 cm diameter x 10 cm height 
- 60 SiPMs in the top array 
- 61 SiPMs in the bottom array 
- 5 rings with 28 SiPms each

261 SiPMs in total

The main goal of Xenoscope is the 
demonstration of the electron drift over 

the full height of DARWIN

 current configuration 
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Medium Term Plan
Long Term Plan

Design Ongoing

First �eld 
simulations

Structural Support 
and assembly hall 

Preliminary gas 
system

6

courtesy of F. Girard

build a TPC of 2.6 m height 
and 20 cm diameter filled 

with ~300kg LXe



SUMMARY
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DARWIN will be the ultimate dark matter detector, probing a wide mass-range and 
WIMP-nucleon cross sections down to the irreducible background from neutrinos. 

The large mass, low-energy threshold and ultra-low background, will open a large 
variety of relevant physics channels:

DARWIN is a growing collaboration, currently  28 groups from 11 countries.

R&D and prototypes supported by two  ERC grants: Ultimate (Freiburg) and 
Xenoscope (Zürich). 

- WIMP dark matter  

- Neutrinoless double-beta decay  

- Low energy solar neutrinos  

- CNNS 

- Axions and axion-like particles 

- TPC with SiPMs 

- DARWIN demonstrator to drift electrons over 2.6m 


