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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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(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.

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

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

￭ 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).

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

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

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

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

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

￭ 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.

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

￭ 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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scenario [68]. The precise measurement of the pp-flux with sub-percent precision with DARWIN will
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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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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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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.

￭ 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              

￭ 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.

http://www.darwin-observatory.org

