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WIMP DETECTION LANDSCAPE TODAY

The highest sensitivity above 2 GeV/c2 comes from experiments using 
liquid noble gases as target (Xe, Ar). (heavy target and easy scalability)

2

Current Limit

DARWIN, the ultimate LXe WIMP detector, with 50t of total mass, 
plans to increase 100-fold the current sensitivity.

spin-independent WIMP nucleon interaction 
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Near Future Sensitivity
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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
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DARWIN BASELINE DESIGN

· Dual-phase Time Projection Chamber (TPC). 

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

· Dimensions:  2.6 m diameter and 2.6 m height. 

· Two arrays of photosensors (top and bottom). 

· 1910 PMTs of 3” diameter.  

· Low-background double-wall cryostat. 

· PTFE reflector panels & copper shaping rings. 

· Outer shield filled with water (12 m diameter). 

baseline design with PMTs but 
several alternatives under 

consideration

Possible realization 
of DARWIN inside 

the water tank

12
 m

12 m

DARWIN Collaboration,  
JCAP 1611 (2016) 017

2.6m

2.6m



DUAL-PHASE XENON TPC

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

Dual phase TPC working principle

The ratio S2/S1 depends on the 
interacting particle.   
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DUAL-PHASE XENON TIME PROJECTION CHAMBER
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The dual-phase TPC allows for a 3D 
position reconstruction.
x-y from the light sensors, z from the drift time
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THE VARIETY OF PHYSICS CHANNELS

DARWIN

SOLAR AXIONS

GALACTIC AXION-LIKE 
PARTICLES
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much more than a dark  
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DARWIN Collaboration, JCAP 1611 (2016) 017
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THE VARIETY OF PHYSICS CHANNELS
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WHY LOOK FOR THE 0𝜈𝛽𝛽 DECAY WITH DARWIN ?

8

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

- Abundance of 8.9% in natural Xe. 
- Q-value = 2.458 MeV (above the ROI of WIMPs)

136Xe excellent candidate:

Ultra-low background environment 
dominated by intrinsic backgrounds:

- 222Rn, 2𝜈𝛽𝛽 decays of 136Xe  

- solar 8B neutrinos  
- 137Xe from cosmogenic activation underground

Expected energy resolution < 1% at 
2.5 MeV

DARWIN will have more than 3.5 t of 
active 136Xe.

Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]

a
rb

itr
a
ry

 u
n
its expected: 

“peak” at the Q-value of the decay

Q = Ee1 + Ee2 � 2me

�2

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

0vbb

- Already demonstrated by XENON1T
C. Wittweg talk, yesterday

2vbb

8

6.1 Half-life sensitivity estimation

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

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (3)

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

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

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

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

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

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

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

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

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

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

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

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

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

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

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

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

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

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

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

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

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

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

negligible.
We obtain a T 0⌫

1/2 sensitivity limit of 2.4⇥ 1027 yr480

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

The corresponding 3� discovery potential after 10 years 482

exposure is 1.1⇥ 1027 yr.

7 Discussion 484

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

aration threshold ✏, intrinsic and external background
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DEDICATED SIMULATIONS: DARWIN GEOMETRY

Detailed detector geometry in Geant4 following the baseline design
all the major components have been included

Water tank

neutron-vetocryostat

GXe

LXe

TPC

laboratory
ZOOM of the TPC geometry 

GXe

LXe

laboratory

baseline design sketch of the G4 geometry
detailed G4 TPC geometry

Xenoscope: Towards DARWIN – the Ultimate Dark Matter Detector

L. Baudis, Y. Biondi, F. Girard, L. Iven, A. Manfredini, P. Sanchez, K. Thieme, Universität Zürich

Prospec
t

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 materials 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.

• Identification of materials with ultra-low
radioactivity levels of radon.

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

• Improved nuclear vs. electronic recoil
discrimination.

Background Reduction Techniques

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

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 of electron drift 

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

DARWIN Demonstrator

R&D challenges for DARWIN

DARk matter WImp search with liquid xenoN 

DARWIN Simulations in Geant4

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

As a detector searching for rare events, DARWIN will require a detailed simulation
campaign to identify and quantify all the possible backgrounds in the detector. This study is
crucial in order to determine the sensitivity of DARWIN to the different physics channels.

DARWIN geometry 
in Geant4 with a 
zoom of the TPC

Simulations will be also needed to determine the
optimal dimensions of the TPC and the shielding
structures as well as the best material for the cryostat.

Geant4 visualization of the DARWIN cryostat 
using geantinos

One of the most complex elements
implemented in Geant4 is the cryostat, a
double walled, vacuum insulated vessel
composed of a cylindrical body and a
torispheric dome on top and bottom. The
level of background inside the TPC will
drastically depend on the material used to
build the cryostat. Titanium and stainless
steel are the materials under investigation.

With Geant4 we can simulate the energy
spectra of all the radioactive isotopes in the
detector materials which are able to deposit
energy within the sensitive detector, the
LXe inside the TPC.

Energy spectrum of the ER background produced 
by the 238U chain from the PTFE

Double Wall Cryostat

Based on engineering 
studies at Nikhef 

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

Si
m

ul
at

io
n 

cr
ite

ria

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

➣ disks accounting for the proper amount of material
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Assumed activity levels ➔ Conservative
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- XENON, Eur. Phys. J. C 77 (2017) 12 890
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The paper is organized as follows: in Sect. 2 we
provide a brief review of the baseline design of the68

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

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

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

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

2 The DARWIN Observatory

DARWIN is a next-generation dark matter experiment78

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

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

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

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

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

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

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

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

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

neutron thermalization.

Interactions in the TPC will give rise to a prompt98

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

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

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

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

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

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

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

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

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

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

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

2.1 Monte Carlo model of the detector

For the Monte Carlo event generation in geant4 we use 122

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

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

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

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

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

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

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

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

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

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

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

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

tural copper support, a PTFE reflector disk, the VUV-
sensitive photosensors and the sensors’ cold electronics. 146
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Because the final sensor type is yet to be chosen for
DARWIN and the R&D on light sensor options [15,16]148

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

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

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

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

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

Element Material Mass

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

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

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

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

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

3 0⌫�� signal events in liquid xenon

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

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

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

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

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

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

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

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

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

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

action is larger than a separation threshold ✏.

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

The distribution of energy per electron and the an- 180

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

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

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

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

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

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

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

tively.

The fraction of misidentified signal events decreases 196

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

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

The decrease in signal acceptance is overcompensate by
the improved background rejection. 202
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Material Unit 238U 226Ra 232Th 228Th 60Co 44Ti Reference

Titanium mBq/kg <1.6 <0.09 0.28 0.25 <0.02 <1.16 [13]
PTFE mBq/kg <1.2 0.07 <0.07 0.06 0.027 - [14]
Copper mBq/kg <1.0 <0.035 <0.033 <0.026 <0.019 - [14]
PMT mBq/unit 8.0 0.6 0.7 0.6 0.84 - [14]
Electronics mBq/unit 1.10 0.34 0.16 0.16 <0.008 - [14]

Table 2: Assumed activity levels for the simulated materials and isotopes.

be subdominant by more than two orders of mag-
nitude. Activation of xenon in the non-shielded en-
vironment of the purification loop is non-negligible,
but can be e�ciently suppressed by a delayed re-
feed of the LXe into the detector.

– The 2⌫�� decay spectrum of 136Xe has been sim-
ulated assuming the measured half-life of T1/2 =
(2.165 ± 0.061) ⇥ 1021 yr [24]. For the analytic
spectrum we use the non-relativistic Primako↵-
Rosen approximation for the interaction between
nuclei and electrons in the parametrization dis-
cussed in [25]. This approximation is conservative
as it overestimates the rate around the spectral end
point.

– 222Rn in LXe is assumed to be reduced by on-
line cryogenic distillation [26] and stringent ma-
terial selection to a concentration equivalent to
0.1µBq 222Rn activity per kg of xenon. Being cru-
cial for the WIMP search, significant e↵orts are be-
ing undertaken to reach this design goal. The domi-
nant intrinsic background contribution for the 0⌫��
search originates from the �-decay of 214Bi (Q� =
3.27MeV). In 19.1% of the cases it decays to the
214Po ground state without �-emission, which ren-
ders the rejection based on spatial topology rather
ine�cient, as discussed in Sect. 3. The short half-life
of the decay daughter 214Po (T1/2 = 164.3µs), how-
ever, allows for BiPo event tagging and suppression
with more than 99.8% e�ciency [27].

4.2 External radiogenic background sources

Long-lived radionuclides are present in each detector
material. Their decays, as well as the subsequent de-
cays of their daughter isotopes, might introduce back-
ground in the target. Activity levels for all materials are
listed in Table 2 and based on reports from previous or
ongoing experiments [13] [14].

– The natural decay chains of 238U, 232Th and 235U
yield a background contribution primarily from �-
rays emitted by 214Bi- (E� = 2.45MeV) and 208Tl-
decays (E� = 2.61MeV). The former two chains
were split into their early and late component at

226Ra and 228Th, respectively, to account for radio-
genic non-equilibrium.

– 60Co �-decays dominantly (99.95%) via the two ex-
cited states of 60Ni. The de-excitation is tempo-
rally non-resolvable and spatial coincidences of the
1.17MeV and the 1.33MeV �-events contribute to
the background.

– Among the radio-isotopes from cosmogenic material
activation at sea level [28], 44Ti in the cryostat ma-
terial is the most relevant, due to its long half-life
(T1/2 = 59.1 yr) and the subsequent decay of 44Sc
with �-emission at 2.66MeV.

– 222Rn contamination in the non-instrumented
xenon surrounding the TPC can contribute to the
214Bi-induced �-background. The rejection based on
BiPo tagging described above cannot be applied
since the subsequent alpha decays are not observed.

5 Analysis and background results

The background sources discussed in Sect. 4 are sim-
ulated with the geant4 particle physics simulation
toolkit [29], using the detector model presented in
Sect. 2.1. The equivalent of at least 100 years of DAR-
WIN run time has been simulated for each material and
isotope. In this section, we discuss the methods applied
for event selection. The analytical background model,
used for the profile-likelihood analysis in Sect. 6.2, is
also described, and the background results are dis-
cussed.

5.1 Monte Carlo data processing and event selection

The energy depositions generated by geant4 per
event undergo a density-based spatial clustering algo-
rithm [19] to topologically distinguish signal-like single
site (SS) from background-like multi site (MS) events,
as discussed in Sect. 3. We assume a separation thresh-
old ✏ = 15mm for the DARWIN TPC. This compara-
tively coarse clustering inevitably results in a fraction of
�-accompanied �-decays from background events, e.g.,
214Bi decays which frequently occur with higher multi-

XENON
XENON
XENON

LZ

XENON

upper limits as 
detection values

Detailed detector geometry in Geant4 following the baseline design
all the major components have been included
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DEFINITION OF A FIDUCIAL VOLUME

Distribution of the external background events in the detector volume

Super-ellipsoidal cut

2

P

Water tank

neutron-vetocryostat

GXe

LXe

TPC

laboratory

ZOOM of the TPC geometry 

GXe

LXe

laboratory

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

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

T 0⌫
1/2 = ln 2

✏ ↵NA

1.64Mxe

p
Mtp
B�E

(1)

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

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

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

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (2)

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

Cavern background 3.4⇥ 10�4

137Xe from Cosmogenic activation 6.2⇥ 10�2

222Ra in LXe 1.1⇥ 10�2

8B (⌫ � e scattering) 1.4⇥ 10�2

136Xe in LXe 1.0⇥ 10�4

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

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

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

�E

E
=

ap
E[keV]

+ b, (2)

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

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

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

5.2 Background model and fiducial mass dependence

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

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

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

5.2 Background model and fiducial mass dependence

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

Fig. 4: Composition of the material-induced external
background in the 20 t fiducial volume. Top: Relative
contribution to the background in the 0⌫��-ROI by
material and isotope. Bottom: Background spectra by
isotope with the corresponding model fits. The relative
contributions and spectral shapes are representative for
smaller fiducial volumes.
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MATERIAL BACKGROUND: ZOOM AROUND Q-value
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rays emitted in 44Sc decays account for less than one
percent of the external background. 214Bi decays with352

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the target mass-independent intrinsic contributions.

5.3 Background rates in the 0⌫��-ROI398

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

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

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

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

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

The intrinsic background in the ROI is dominated 404

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

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

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

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

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

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

The main external background in the ROI:

Mainly from the cryostat 
and the PMTs

DARWIN ROI for 0𝜈𝛽𝛽:

Q-value ± FWHM/2 

(2435 - 2481 keV)

➢ 214Bi absorption peak (2.45 MeV) 
➢ Compton scattered photons from 208Tl 
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INTRINSIC BACKGROUNDS:

137Xe from cosmogenic activation 
underground:

- Potential background for a depth of 3500 m.w.e  
- Dedicated simulations of muon-induced neutrons

- ɸ𝜈e = 5.46 x 106 cm-2 s-1 

- Pe = 0.50

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

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

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

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

14
n + 136Xe —> 137Xe 

WHY 137Xe IS IMPORTANT?

4

137Xe beta decays with a Q-value of 4173 keV (above ROI of 0vbb). 
The half-life is 3.82 min.  
137Xe decays into 137Cs and this one in 137Ba (stable). 
Background uniformly distributed in the detector volume. 
The primary background from 137Xe is the beta decay.
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Sitting DARWIN at LNGS, the intrinsic backgrounds 
will be dominated by the 137Xe
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INTRINSIC BACKGROUNDS: ZOOM AROUND Q-value

production rate from 
simulations

(6.9 ± 0.4) atoms/(t·yr) 

 (2.165 ± 0.061)x1021 yr 

assuming a measured 
half-life,T1/2

137Xe

2𝜈𝛽𝛽

EXO-200 Collaboration, 
Phys. Rev. C89 (2014) 015502
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7

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

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

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

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

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

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

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

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

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

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

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

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

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

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

6 Sensitivity Calculation

We use the background rates predicted in the previous 430

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

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

1/2 required to exclude 434

the no-signal hypothesis with a median significance of
99.7% C.L. 436
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6.1 Half-life sensitivity estimation

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

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (3)

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

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

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

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

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

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

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

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

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

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

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

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

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

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

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

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

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

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

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

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

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

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

negligible.
We obtain a T 0⌫

1/2 sensitivity limit of 2.4⇥ 1027 yr480

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

The corresponding 3� discovery potential after 10 years 482

exposure is 1.1⇥ 1027 yr.

7 Discussion 484

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

aration threshold ✏, intrinsic and external background
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the background index in t�1yr�1keV�1 and �E the444

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

Following Eq. (3) and using the background index
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sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.450

This figure-of-merit estimation is an established tool
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uncertainties we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.462

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

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

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

Background uncertainties from the model are
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ground contributions their priors are obtained either
by the model fit on the spectrum corresponding to470
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or extrapolation of the conversion factors from larger472
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bution from 44Sc has been neglected. For the intrinsic476

contributions the priors correspond to the errors listed
in Table 3, the corresponding slope uncertainties are478
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up to two at acceptable exposure losses. The 137Xe 506
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ground suppression by a factor of five or even eight
could then be reached assuming a reduced BiPo tag- 510
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The sensitivity could be increased by further ex-
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Sect. 3. Despite an increased signal rejection, the gain in
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ity photosensor top array, featuring e.g. SiPMs. The z-
position reconstruction is already more accurate and a 522

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

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

Fig. 7 shows the time evolution of the DARWIN half-life
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Background sources Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

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

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

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

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

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

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

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

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

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

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

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

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

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

6 Sensitivity Calculation

We use the background rates predicted in the previous 430

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

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

1/2 required to exclude 434

the no-signal hypothesis with a median significance of
99.7% C.L. 436
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6.1 Half-life sensitivity estimation

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

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
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B�E

, (3)

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

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

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

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

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

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

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

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

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

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

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

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background460

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

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

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

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

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

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

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

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

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

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

negligible.
We obtain a T 0⌫

1/2 sensitivity limit of 2.4⇥ 1027 yr480

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

The corresponding 3� discovery potential after 10 years 482

exposure is 1.1⇥ 1027 yr.

7 Discussion 484

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

aration threshold ✏, intrinsic and external background
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Background sources Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

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

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

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

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

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

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

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

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

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

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

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

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

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

6 Sensitivity Calculation

We use the background rates predicted in the previous 430

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

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

1/2 required to exclude 434

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

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

Detector Material 2.0 x 10-3

137Xe 1.4 x 10-3

222Rn in LXe 3.1 x 10-4

8B neutrinos 2.4 x 10-4

136Xe 2v𝛽𝛽 5.8 x 10-6

TOTAL 3.96 x 10-3

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

B = 0.91 events/yr

Less than 1 event 
per year in the ROI !!

Preliminary



EXPECTED SENSITIVITY FOR THE BASELINE DESIGN
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DARWIN will reach a sensitivity at 90% C.L of 2.4×1027 years 
for a 5t × 10 year exposure

Profile likelihood analysis for the sensitivity: 

Discovery potential at 3𝜎 
after 10 years of data:

1.1×1027 years

In case of signal

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

Preliminary

2.4×1027 years

1.3×1027 years
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Baseline scenario not optimised for 0vbb 
Pre-achieved radio-purity of materials

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

Reduce external background1

2 Reduce internal background

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

ROOM FOR IMPROVEMENT !!

DARWIN could reach a sensitivity of 
6×1027 years3 Improve signal/background 

discrimination

Preliminary

What could be 
improved?



CONCLUSIONS
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DARWIN will be the ultimate dark matter detector. In addition, its large mass and ultra 
low background makes it an excellent detector to look for the 0v𝛽𝛽 decay of 136Xe.

Expected energy resolution of ~0.8% at 2.5 MeV

Dedicated simulations of the material background: Contribution at the ROI of the 
0vbb dominated by the PMTs and the cryostat:

- Other photosensors under investigation, 

Dedicated simulations of the intrinsic backgrounds: The 137Xe will be the main 
contribution for a depth of 3500 m.w.e.

A statistical analysis provides a sensitivity at 90% C.L of 2.4×1027 years for 
5t ×10 year exposure for the baseline design.

Still room for improvement: in a progressive scenario DARWIN can be comparable 
to dedicated experiments



BACK UP
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Baseline scenario not optimised for 0vbb 
Pre-achieved radio-purity of materials

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

Reduce external background1

2 Reduce internal background

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

ROOM FOR IMPROVEMENT !!

DARWIN could reach a sensitivity of 
6×1027 years3 Improve signal/background 

discrimination

What could be 
improved?

9

rates. Fig. 8 translates the half-life limit sensitivity532

to the e↵ective Majorana neutrino mass m�� using
Eq. (1), where the m�� range corresponds to the range534

of published nuclear matrix elements [32]. Under the
conservative baseline assumptions DARWIN reaches536

a m�� limit of [18-46meV]. The progressive neutrino
dominated scenario yields a limit in the [11-28meV]538

range.
Future dedicated neutrinoless double beta decay ex-540

periments using 136Xe, like KamLAND2-ZEN (m�� :
25-70meV, after 5 yr), PandaX-III (20-55meV, 5 yr),542

NEXT-HD (13-57meV, 10 yr) [33] and nEXO (8-
22meV, 10 yr), are aiming for a similar m�� reach544

as DARWIN. They are complemented by experiments
using other isotopes like SNO+-II (130Te, 20-70meV,546

5 yr), CUPID (130Te / 100Mo, 6-17meV, 10 yr) and
LEGEND-1000 (76Ge, 11-28meV, 10 yr). Unless oth-548

erwise stated, the values are taken from [34].
The objective of detecting particle dark matter with550

a sensitivity down to the neutrino floor requires the
DARWIN observatory to be an ultra-low background552

experiment. It additionally features a high 136Xe ex-
posure, excellent energy resolution and single site dis-554

crimination capability. In the presented baseline sce-
nario DARWIN will reach the same order of sensitivity556

for the neutrinoless double beta decay as other pro-
posed experiments which are dedicated to this search.558

Under more progressive assumptions, requiring adapta-
tions of the baseline design, DARWIN will explore the560

full inverted hierarchy and will compete with the most
ambitious proposed 0⌫�� projects.562
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DOUBLE BETA DECAY: SOME THEORY

Extremely rare nuclear process, NEVER OBSERVED BEFORE

ΔL = 2

Neutrinoless double beta decay (0𝜈𝛽𝛽)

Electrons

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

➢ Lepton number violation
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DOUBLE BETA DECAY: SOME THEORY

Neutrinoless double beta decay (0𝜈𝛽𝛽)

Electrons

2

Abstract The DARWIN observatory is a proposed
next-generation experiment to search for particle dark
matter and for the neutrinoless double beta decay of
136Xe. It will operate 40 t of natural xenon in a time pro-
jection chamber, thus containing about 3.6 t of 136Xe.
Here, we show that its projected half-life sensitivity is
2.4⇥ 1027 yr, using a fiducial volume of 5 t of natural
xenon and 10 yr of operation with a background rate of
less than 0.2 events/(t · yr) in the energy region of inter-
est. This sensitivity is based on a detailed Monte Carlo
simulation study of the background and event topolo-
gies in the large, homogeneous target. DARWIN will
be comparable in its science reach to dedicated double
beta decay experiments using xenon enriched in 136Xe.

1 Introduction

Neutrinos are the only known elementary particles
that are Majorana fermion candidates, implying that
they would be their own antiparticles. The most sen-
sitive probe for the Majorana nature of neutrinos is
an extremely rare nuclear decay process called neu-
trinoless double beta decay (0⌫��), where a nucleus
with mass number A and charge Z decays by emitting
only two electrons and changes its charge by two units
(A,Z)�!(A,Z+2) + 2e�. The observation of this de-
cay would mean that lepton number is violated by two
units and would yield information about the neutrino
mass scale via the e↵ective neutrino Majorana mass
hm��i = |⌃iU2

eimi|. The sum is over the neutrino mass
eigenstates, mi, and Uei, the corresponding entries in
the lepton mixing matrix, which are complex numbers.
The two-neutrino double beta decay mode (2⌫��) is
allowed in the Standard Model and has been observed
in more than 10 nuclei [1]. In this case, the summed
energy of the two electrons is a continuum, while for
the 0⌫��-decay the distinct signature is a peak at the
Q-value, the mass di↵erence between the mother and
daughter nuclei.

Experiments can observe a certain decay rate in a
detector. The corresponding half-life is inversely pro-
portional to hm��i

2,

1

T 0⌫
1/2

=
hm��i

2

m2
e

G0⌫
|M0⌫

|
2, (1)

assuming that the decay is mediated by the exchange
of a light Majorana neutrino. me is the mass of the
electron, G0⌫ is the phase space factor, and M0⌫ is the
nuclear matrix element. Recent experimental limits on
T 0⌫
1/2 and hm��i are of the order T 0⌫

1/2 � (1025-1026) yr
and hm��i  (0.06� 0.17) eV, using a variety of nuclei
and detector technologies [2,3].

A particularly suitable isotope to search
for the 0⌫��-decay with is 136Xe, with
Q��=(2457.83±0.37) keV [4]. Current experiments
use liquid xenon either in its pure form, EXO-200 [5],
or mixed with a scintillator, KamLAND-Zen [6], and
provide competitive constraints on the half-life. Future
detectors that use xenon gas operated at high pressure,
NEXT [7,8] and PandaX-III [9], will add tracking
capabilities for improved background rejection, while
nEXO [10] proposes to operate a total of 5 t of
isotopically enriched liquid xenon.

DARWIN [11] is a proposed observatory using 40 t of
liquid natural xenon (LXe) in a time projection cham-
ber (TPC) with the primary goal of searching for parti-
cle dark matter. Here, we demonstrate that DARWIN
has a similar reach to dedicated future neutrinoless dou-
ble beta decay experiments. This is due to its large, ho-
mogeneous target, and its ultra-low background, cou-
pled to the capability of the TPC to simultaneously
measure the location, energy, particle type and multi-
plicity of an event [12].

The paper is organized as follows: in Sect. 2 we pro-
vide a brief review of the baseline design of the DAR-
WIN detector and describe the detector model utilized
in our simulation study. Sect. 3 addresses the signal
topology and how it is used to reject background events.
In Sect. 4 we discuss the expected background sources,
while the resulting background spectra and rates are
presented in Sect. 5. We discuss DARWIN’s sensitivity
to 0⌫��-decay in Sect. 6 and give a summary and an
outlook in Sect. 7.

2 The DARWIN Observatory

DARWIN is a next-generation dark matter experiment
that will operate a 40 t active (50 t total) liquid xenon
TPC with the main goal to probe the entire experimen-
tally accessible parameter space for weakly interacting
massive particles (WIMPs) as dark matter candidates.
Other physics goals include the search for the 0⌫��-
decay, the real-time detection of solar pp neutrinos via
electron scattering, the observation of supernova and
solar 8B neutrinos via coherent neutrino nucleus scat-
tering and the search for solar axions, galactic axion-like
particles and dark photons.

The DARWIN detector is described in detail in [11].
In the baseline scenario, the detector is a cylindrical,
two-phase (liquid and gas) xenon TPC with 2.6m di-
ameter and 2.6m height. The TPC will be placed in a
low-background, double-walled cryostat surrounded by
an instrumented water tank to shield it from the en-
vironmental radioactivity and to record the passage of

Extremely rare nuclear process, NEVER OBSERVED BEFORE

➢ The inverse of the half-life is:

phase space 
factor nuclear matrix 

element

majorana 
mass

electron mass



SIGNAL TOPOLOGY IN LIQUID XENON

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

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

- Events misidentified as MS and rejected

E = 2.457 MeV

We use 𝜀 = 15mm for SS/MS identification 

- 90% efficiency for 0vbb events (equal share)

SS events MS events

3.5 mm

decay

decay

23 mm

90% efficiency



EXTERNAL BACKGROUND: ANALYTIC MODEL 

Understanding of the backgrounds we have in the ROI

Prediction of the background rate for very smaller fiducial volumes

Model-derived uncertainty (for 5t FV) is a factor 4 lower than Poissonian errors

19LNGS
09.12.2019

Sensitivity&to&0νββ of&136Xe&in&DARWIN

External&Background:&Analytic&model

External&background&is&ɣIinduced,&with&three&isotopes&contributing&with&Eɣ � Qββ

208Tl&(2.61&MeV) 44Sc&(2.66&MeV)214Bi&(2.45&MeV&+&more)

Two&components&from&each&monoIenergetic&ɣIline:&

• photo&absorption&peak&(E,&σE, fixed,&scale free,&214Bi:&relative&scales&fixed)

• exponential&continuum&(intensity at&Qββ&+&exponent free)& &(&≠&Compton&spectrum)&

https://www.physik.uzh.ch/groups/groupbaudis/aspera09/wiki/doku.php?id=simulation:0v2b:er_materials_analysis#background_model
https://www.physik.uzh.ch/groups/groupbaudis/aspera09/wiki/doku.php?id=simulation:0v2b:material_background_unifr

Background induced by gammas ➔ contributions in the ROI 
from 3 different isotopes

Two components per gamma-line
➣ Photo absorption peak (amplitude, E, 𝜎)

➣ exponential continuum (intensity at Q-value, exponent/slope)



BACKGROUND INDEX IN THE ROI [2435-2481 keV]
8

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

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

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

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

Table 3: Expected background index averaged in the 0⌫��-ROI of [2435 - 2481] keV,
corresponding event rate in the 5 t FV and relative uncertainty by origin.

The model-estimated background indices for all con-
tributions are summarized in Table 3. To validate the
analytic model introduced in Sect. 5.2, we compare the
background model estimate with the values derived by
weighted event counting in the 5 t fiducial mass data
from Monte Carlo. Both results are in agreement within
the statistical errors. The model-derived uncertainty on
the background, however, is a factor of 4 lower than
the Poissonian statistics error in the simple counting
approach. The uncertainties on intrinsic background
sources account for statistical errors, the variation of
the overlap with the 0⌫��-ROI based on the energy
resolution and systematic uncertainties from (theory-
driven) input parameters. The dominant contributions
are the ⌫e survival probability and the neutrino flux
(8B ⌫-e� scattering), the 136Xe neutron capture cross-
section (governing the 137Xe production rate) and the
half-life of 136Xe (2⌫�� decay).

6 Sensitivity Calculation

We use the background rates predicted in Sect. 5.3 to
derive a limit on the half-life sensitivity at 90% confi-
dence level (C.L.) as well as the 3� discovery potential
for the 0⌫��-decay. The latter is defined as the mini-
mal value of T 0⌫

1/2 required to exclude the null hypothesis
with a median significance of 99.7% C.L.

6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [31]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mt

p
B�E

, (3)

with ✏ = 0.9 being the detection e�ciency of a single
site 0⌫��-decay event, fROI = 0.76 the fraction of signal

covered by the ROI, ↵ = 0.089 the abundance of 136Xe
in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the
fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1, and �E the
width of the ROI in keV. The value 1.64 is the number
of standard deviations corresponding to a 90% C.L.

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life
sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-
periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-
ment of the sensitivity as a function of di↵erent param-
eters, such as the fiducial mass. It does not, however,
consider background uncertainties, but assumes perfect
knowledge of the background rates.

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background
uncertainties, we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.
The inserted signal is a Gaussian peak with Q�� and
�E(Q��) according to Eq. (2), which is scaled by the
136Xe atoms in the target volume, an activity corre-
sponding to T 0⌫

1/2 and the detection e�ciency, as shown
in Fig. 6.

Background uncertainties from the model are
treated as nuisance parameters. For external back-
ground contributions, their priors are obtained either
by the model fit on the spectrum corresponding to
MFV = 5 t (208Tl peak intensity and slope parameter)
or extrapolation of the conversion factors from larger
fiducial volumes into the mass range of interest (214Bi

Uncertainties from the analytic model

B = 0.91 ± 0.05 events/yr

Less than 1 event per year!!
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HOW IS 137Xe PRODUCED?

137Xe is mainly produced when muon-induced 
neutrons are captured by 136Xe. 

neutron capture

Rock

Concrete

Water

LXe

!

n
thermalization

capture

Cosmic Muons ⇒ Fast Neutrons ⇒ Thermalize by collision ⇒ Neutron Capture

Flux reduction underground: 106 times (LNGS). 
High energy muons (GeV) can reach the lab.  
Muons produce neutrons when they travel through the rock, the 
shields, the cryostat and the detector itself. 
Once thermalized by collisions, the neutrons are captured in LXe.

Neutron capture gammas are not a problem because 
they occur in coincidence with a tag muon 

EXO-200 Collaboration, JCAP 1604 (2016) 029

➣ Radiogenic neutrons can also contribute
(negligible contribution)



30

SIMULATION OF THE 137Xe PRODUCTION RATE

- Simulation of the neutrons and propagate them 
until the LXe active volume.

- Neutrons following a power law energy spectrum. 

- Count number of 136Xe neutron captures.   

Simulations of the muon-induced neutrons in the DARWIN materials

neutron energy spectrum

[2] Y. Wang, PRD 64, 013012 (2001)

Material Volume in 
DARWIN [m3]

n Production Rate in 
DARWIN [n/year] Sim. Events 137Xe isotopes

137Xe Production Rate 
 [atoms/kg/year]

Copper 0.076 1.12×104 106 234 ± 15 (6.7 ± 0.4)×10-5

Cryostat 1.076 1.32×105 106 89 ± 9 (2.9 ± 0.3)×10-4

LXe 19.976 1.02×106 106 252 ± 16 (6.5 ± 0.4)×10-3

Total 1.16×106 (6.9 ± 0.4)×10-3

- Input (1): muon simulations for the LNGS depth

- Input (2): muon-induced neutrons distributions for 
the different materials
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137Xe PRODUCTION RATE: COMPARISON

➢ Our result is consistent with the values given by EXO-200 and nEXO

The production rate of 137Xe, dominated by the muon-induced 
neutrons, depends on the depth our the underground lab

The relative difference between the data and our model
[Eq. (4)] is shown in Fig. 4, where the uncertainties reflect
the experimental uncertainties in Table I. In order to cir-
cumvent the misuse of vertical muon intensity in compar-
ing sites with flat overburden to those under mountains, we
define the equivalent depth relative to a flat overburden by
the experimental measurements of the total muon intensity.
This definition and these intensities are used hereafter.

B. Stopping-muon intensity

Stopping muons are also a source of background. For
example, !! capture on a nucleus produces neutrons and
radioactive isotopes. The total stopping-muon rate has
contributions from cosmic-ray muons coming to the end

of their range, secondary muons generated locally through
interactions of the primary muons (due to virtual-photo
interactions with nuclei), and local muon production by
real photons ("0-decay in electromagnetic showers). It is
customary to quote results in terms of the ratio, R, of
stopping muons to throughgoing muons. A detailed calcu-
lation is provided by Cassiday et al. [3]. The total ratio,
R"h#, of stopping muons to throughgoing muons (vertical
direction) at different depths can be parametrized as [14]

R"h# $ #!
!Eeh=$

"eh=$ ! 1#%!
; (7)

where #! % 3:77 for E! & 1000 GeV [15], $ %
2:5 km:w:e:, !E $ &h, & % 0:268 GeV=km:w:e: [16]
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FIG. 3 (color). The total muon flux measured for the various
underground sites summarized in Table I as a function of the
equivalent vertical depth relative to a flat overburden. The
smooth curve is our global fit function to those data taken
from sites with flat overburden [Eq. (4)].
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FIG. 4 (color online). The relative deviation between data on
the total muon flux and our global fit function. The horizontal
lines indicate the root-mean-square deviation amongst the re-
siduals based upon the experimental uncertainties in the mea-
surements.

TABLE I. Summary of the total muon flux measured at the
underground sites and the equivalent vertical depth relative to a
flat overburden.

Total flux Depth
Site cm!2sec!1 km.w.e.

WIPP "4:77 ' 0:09# ( 10!7 [4] 1:585 ' 0:011
Soudan "2:0 ' 0:2# ( 10!7 [5] 1:95 ' 0:15
Kamioka "1:58 ' 0:21# ( 10!7 [12] 2:05 ' 0:15a

Boulby "4:09 ' 0:15# ( 10!8 [6] 2:805 ' 0:015
Gran Sasso "2:58 ' 0:3# ( 10!8 (this work) 3:1 ' 0:2a

"2:78 ' 0:2# ( 10!8 [9] 3:05 ' 0:2a

"3:22 ' 0:2# ( 10!8 [10] 2:96 ' 0:2a

Fréjus "5:47 ' 0:1# ( 10!9 [11] 4:15 ' 0:2a

"4:83 ' 0:5# ( 10!9 (this work) 4:2 ' 0:2a

Homestake "4:4 ' 0:1 ( 10!9# (this work) 4:3 ' 0:2
Sudbury "3:77 ' 0:41# ( 10!10 [7] 6:011 ' 0:1

aEquivalent vertical depth with a flat overburden determined by
the measured total muon flux.

Depth (km.w.e.)
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FIG. 5 (color online). The ratio of stopping muons to through-
going muons, relative to the vertical direction, as a function of
depth. The ratio is calculated assuming the Majorana-like de-
tector geometry discussed later in this paper assuming a 60 kg
target mass of germanium surrounded by 40 cm of lead.

MUON-INDUCED BACKGROUND STUDY FOR . . . PHYSICAL REVIEW D 73, 053004 (2006)

053004-3

Experiment Location Depth 
[m.w.e]

Muon 
flux  

[1/s/cm2]

137Xe Production 
Rate 

 [atoms/kg/year]

EXO-200[3] WIPP 1600 ~4×10-7     2.95

DARWIN LNGS 3600 ~2×10-8     7.71×10-2     

nEXO [4] SNOLAB 6011 ~4×10-10     2.44×10-3  

D. Mei, A. Hime,  
Phys.Rev.D73 (2006) 053004

values normalized per kg of 136Xe

[4] nEXO, Phys. Rev. C 97, 065503 (2018)
[3] EXO-200,  JCAP 1604 (2016) 029

➢ The Xe137 production rate behaves as expected, scaling with the muon flux



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 

Coherent v-N scattering  (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
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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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SENSITIVITY TO WIMPS

Considering all mentioned background 

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

99.98% ER rejection (30% NR acceptance) 

Combined (S1+S2) energy scale 

Energy window 5-35 keVNR 

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

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

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

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

2 The DARWIN project

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

The precise measurement of pp- neutrinos will test the main 
energy production mechanisms in the Sun
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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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pp- neutrinos are ~92% of the solar neutrino flux (SSM) 
Detection through neutrino-electron elastic scattering 

Real-time measurement of the neutrino flux: 361 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:

)1 + ' → )1 + '

Energy [keV]
0 100 200 300 400 500 600 700

]
-1

 k
eV

× 
-1

 y
× 

-1  t
×

R
at

e 
[e

vt
s 

-210

-110

1
pp

Be7

+eeν
+exν

Sum

Be (862 keV)7

Be (384 keV)7

Neutrino Energy [keV]
210×2 310 310×2 410 410×2

eeP

0.2

0.3

0.4

0.5

0.6

0.7

0.8
pp Be7 pep B8

DARWIN

Sensitivity to 0νββ decay 

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

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

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

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

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

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

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

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

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

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

Majorana particles

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

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

• The overall background in DARWIN is dominated by detector
materials

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

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

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

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

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

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

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

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

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

www.darwin(observatory.org

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

New York University Abu Dhabi, UAE

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

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

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

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

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

DARWIN Detector

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

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

Potential Physics with DARWIN
Solar Neutrinos Detection

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

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

• Neutrinos are detected in DARWIN by elastic scattering:

)1 + ' → )1 + '

Energy [keV]
0 100 200 300 400 500 600 700

]
-1

 k
eV

× 
-1

 y
× 

-1  t
×

R
at

e 
[e

vt
s 

-210

-110

1
pp

Be7

+eeν
+exν

Sum

Be (862 keV)7

Be (384 keV)7

Neutrino Energy [keV]
210×2 310 310×2 410 410×2

eeP

0.2

0.3

0.4

0.5

0.6

0.7

0.8
pp Be7 pep B8

DARWIN

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

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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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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Solar neutrinos  Neutrinoless double-beta decay 

Coherent neutrino-nucleus scattering (CNNS)

(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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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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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

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

New York University Abu Dhabi, UAE

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

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

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

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

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

DARWIN Detector

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

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

Potential Physics with DARWIN
Solar Neutrinos Detection

• The energy generated by the sun comes mainly from the pp
cycle where 99.76% of solar neutrinos are produced from
these channels:
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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
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• 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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Figura 7: Flujo diferencial de los neutrinos emitidos por la Tierra.

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

p + p �! d + e+ + ⌫e

p + e� + p �! d + ⌫e

7Be + e� �!7Li + ⌫e

8B �!8Be⇤ + e+ + ⌫e

3He + p �!4He + e+ + ⌫e

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

13N �! 13C + e+ + ⌫e

15O �! 15N + e+ + ⌫e

17F �! 17O + e+ + ⌫e

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

14

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

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

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

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

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

DARWIN Detector

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

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

Potential Physics with DARWIN
Solar Neutrinos Detection

• The energy generated by the sun comes mainly from the pp
cycle where 99.76% of solar neutrinos are produced from
these channels:
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• Assuming a 30t LXe fiducial
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keV, DARWIN is expected to
detect ~ 104 pp-ν in 5 years1

• A <1% precision in pp ν-flux
with DARWIN will:
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and luminosity inferred by
the direct measurement of
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depend on survival probability Pee
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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.
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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]:
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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]:

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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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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del orden de 10�39 cm2. Este proceso sólo ocurre para neutrinos con enerǵıas relativamente
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donde GF es la constante de Fermi, Z y N son el número de protones y neutrones de los
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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 flavors

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

Atmospheric neutrinos:  
  Eth > 1 keVnr  ⟶   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

Energy [keV]
1 2 3 4 5 6 7 8 10 20 30 40 210

]
-1

 k
eV

× 
-1

 y× 
-1  t×

Ra
te

 [e
vt

s 

-410

-310

-210

Be7pp+

2WIMP 100 GeV/c

2WIMP 40 GeV/c

ββν2

2 cm-4910×4

2 cm-4910×6

Energy [keV]
-110×4 1 2 3 4 5 6 7 8 910 20

]
-1

 k
eV

× 
-1

 y× 
-1  t×

Ra
te

 [e
vt

s 

-310

-210

-110

1

10

210

2WIMP 100 GeV/c

2WIMP 40 GeV/c

2WIMP 6 GeV/c: Sumν
B8: ν

: atmν

: DSNBν

: hepν 2 cm-4710×2

2 cm-4810×2

2 cm-4510×4

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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AXION AND AXION-LIKE PARTICLES

Axions and axion-like particles (ALPs) are well 
motivated dark matter candidates they can be produced in the Sun 

independently if they are the dark 
matter candidate or not 

but

Measurement via axio-electric effect (ER channel) 

Expected Signal: mono-energetic peak at the particle mass (few keV) 

Dependence of the coupling on the exposure (M×T): 

Sensitivity to ALPs two orders of magnitude better than current limits (                            )            

Modest sensitivity to solar axions (                     ) 

Main backgrounds: irreducible solar neutrinos & 2𝜈𝛽𝛽 of 136Xe.
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Figure 4. Sensitivity of DARWIN to solar axions (left) and axion-like-particles (ALPs) (right)
which could constitute the entire galactic dark matter. While the increase in sensitivity compared
to the XENON100 result [59] is only moderate for solar axions, due to the very weak dependence
on the exposure (x�1/8), DARWIN could improve the sensitivity to galactic ALPs by almost two
order of magnitude in a 200 t⇥ y exposure. Direct upper limits from the dark matter experiments
XMASS [60], EDELWEISS [61] and CDMS [62], indirect limits from solar neutrinos and red giants,
as well as two generic axion models, DFSZ [63] and KSVZ [64], are also shown.

of 200 t⇥y, we find that DARWIN could improve the sensitivity of XENON100 for galactic
ALPs by almost two orders of magnitude, as shown in Figure 4, right. For solar axions, the
sensitivity improvement will be more modest, equaling about one order of magnitude, see Fig-
ure 4, left. This is due to the rather weak dependence of the coupling on the exposure (target
mass M ⇥ time T ), with gALP

Ae / (M T )�1/4 for galactic ALPs and gsolarAe / (M T )�1/8 for
solar axions. The dominating background for these searches will come from irreducible solar
neutrino interactions and from the 2⌫�� of 136Xe, see Sections 3.2.2 and 3.2.3, respectively.

3.2.2 Solar neutrinos

The most restrictive background for DARWIN’s dark matter physics program will come from
solar neutrino interactions, see Section 4.3. On the other hand, the DARWIN detector can also
study neutrinos, and this capability opens up another relevant physics channel, as detailed
in [48]. A precise measurement of the pp-neutrino flux would test the main energy production
mechanism in the Sun, since the pp- and 7Be-neutrinos together account for more than 98%
of the total neutrino flux predicted by the Standard Solar Model. A total 7Be-neutrino flux
of (4.84 ± 0.24) ⇥ 109 cm�2s�1 has been measured by the Borexino experiment [66], assum-
ing MSW-LMA solar oscillations, a flux which was confirmed by KamLAND [67]. However,
the most robust prediction of the Standard Solar Model is for the pp-neutrino flux, which is
heavily constrained by the solar luminosity in photons. A high-precision real-time comparison
between the solar photon luminosity and the luminosity inferred by the direct measurement of
the solar pp-neutrino flux would therefore severely limit any other energy production mech-
anism, besides nuclear fusion, in the Sun. Borexino has recently reported the first direct
measurement of the pp-flux, (6.6± 0.7)⇥ 1010 cm�2s�1, with ⇠10% precision [68].

The detection of low-energy solar neutrinos is through elastic neutrino-electron scatter-
ing ⌫ + e� ! ⌫ + e�. We estimated the potential of the DARWIN detector to measure their
spectrum in real time [48]. Figure 5 (left) shows the recoil spectrum from pp and 7Be neutri-
nos. (Figure 7 (left) on page 13 focuses on the low energy region.) The total expected number
of events above an energy threshold of 2 keVee (electronic recoil equivalent) and below an up-
per limit of 30 keVee, imposed by the rising 2⌫�� spectrum of 136Xe, is npp = 7.2 events/day
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Sensitivity:  Axions and ALPs

· measurement via axio-electric effect (ER channel) 

· expect mono-energetic peak at the particle mass 

· moderate sensitivity to axions (weak dependence  of the coupling on the exposure:                           ) 

· sensitivity to ALPs two orders of magnitude better than current limits  (                        ) 

· dominant backgrounds: solar neutrinos and 2νββ of 136Xe
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ONGOING R&D: DEMONSTRATORS

DARWIN full-length 
demonstrator

The main goal is the demonstration of the 
electron drift over the full height of DARWIN

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

with ~300kg LXe

courtesy of F. Girard

DARWIN full-(x,y) 
scale demonstrator

The main goal is to test components at real 
diameter under real conditions

5

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

37credit: Florian Tönnies

2.6 m

2.
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m


