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SOME KEY OPEN QUESTIONS IN PARTICLE PHYSICS

▸ The nature of dark matter 

▸ Baryogenesis 

▸ The strong CP problem 

▸ The fermion mass spectrum and mixing 

▸ The cosmological constant 

▸ … 

๏ Some of these can be addressed with liquid xenon detectors operated 
deep underground 

๏ Demonstrated excellent sensitivities and scalability to large target masses
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IN THE DARK…

DM mass [GeV]

103110-3

“Known physics”

Light dark matter “WIMPs”10-22 eV ~100 MO.
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~68%

~27%
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DIRECT DARK MATTER DETECTION
q  10sMeV� �

Standard 
Model states

Standard 
Model states

+ collisions with 
electrons in the atomic 
shell, or absorption of 
light bosons via the 
axio-electric effect 

+ Bremsstrahlung from 
polarised atoms; e- 

emission due to  so-
called Migdal effect

see e.g., Kouvaris, Pradler, 
McCabe; M. Ibe et al.

DM-SM 
mediator

e-

e-
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DM INTERACTION CROSS SECTION VS MASS
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mDM ⌧ mN
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recoiling nuclei
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NEUTRINOLESS DOUBLE BETA DECAY

▸ Some of the open questions in neutrino physics can be addressed with an extremely rare 
nuclear decay process: the neutrinoless double beta decay  

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the origin of small neutrino masses?

+
Nucleus A Nucleus B

+
Elektrons (Anti)Neutrinos

2 2e- ⌫
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NEUTRINOLESS DOUBLE BETA DECAY

▸ Can only occur if neutrinos have mass and if they are their own antiparticles => ΔL = 2 

▸ Expected signature: sharp peak at the Q-value of the decay

Sum energy of the two electrons

Ra
te

2⌫��

0⌫��

T 0⌫��
1/2 > 1024 y
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Q = Ee1 + Ee2 � 2me

The double beta decay without neutrinos: 
first discussed by Wendell H. Fury in 1939  

Ettore Majorana had proposed in 1937 that 
neutrinos could be their own antiparticles

u
d
d
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d
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W-

W-
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u

u
d
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DARK MATTER & DOUBLE BETA DECAY EXPERIMENTS

๏ Nuclear recoils: ~keV-energies 

๏ Featureless recoil spectrum 

๏ Very low event rates: < 0.1/(kg x year)

๏ Q-values: MeV-scale 

๏ Peak at the Q-value 

๏ Very low event rates: <0.1/(kg x year)

ER

dR
/d

E R

higher  
WIMP mass

lower WIMP mass

Sum energy of the two electrons

Ra
te

2⌫��

0⌫��
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MAIN EXPERIMENTAL REQUIREMENTS

๏ Low energy thresholds 

๏ Large detector masses 

๏ Ultra-low backgrounds 

๏ Excellent signals versus 
background discrimination

๏ Excellent energy resolution 

๏ Large detector masses 

๏ Ultra-low backgrounds 

๏ Excellent signals versus 
background discrimination
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BACKGROUNDS
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LB et al., JCAP01 (2014) 044

flux from Emin
ν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNEr=2

p
, which is the minimum

neutrino energy required to generate a nuclear recoil with
energy Er,

dRν

dEr
¼

Z

Emin
ν

dσ
dEr

dΦ
dEν

dEν: ð4Þ

The neutrino flux Φ is the sum of multiple different
components each with different individual energies and
uncertainties. The relevant contributions to the neutrino
background for WIMP searches are displayed in the left
panel of Fig. 1 with uncertainties listed in Table I. In fact

with advances in technology currently under way [47] it
will be possible for direct detection experiments to make
competitive measurements of these neutrino fluxes [48] and
even constrain new physics such as the existence of sterile
neutrinos [49] or new interactions between neutrinos and
nuclei or electrons [50].
Neutrinos from various fusion reactions in the interior of

the Sun dominate the low-energy, high-flux regime and are
the major neutrino background for direct detection with a
total flux at Earth of around 6.5 × 1011 cm−2 s−1 [55,56].
Neutrinos from the initial pp reaction make up 86% of all
solar neutrinos and have been detected most recently by the
Borexino experiment, determining the flux with an uncer-
tainty of ∼10% [57]. For all neutrino fluxes other than 8B
the theoretical uncertainty is smaller than the measurement
uncertainty. In this work we base our neutrino flux values
and uncertainties on the high-metallicity standard solar
model (SSM) calculation of Grevesse and Sauval [58],
using values presented in Ref. [51] which are based on
updated fusion cross sections [59]. However for the 8B
neutrino flux, a better estimate is found from considering
current measurements; in this case we use the result
presented in Ref. [52] based on a global analysis of all
solar and terrestrial neutrino data.
For WIMP masses between 10 and 30 GeV, the neutrino

floor is caused by the subdominant diffuse supernova
neutrino background (DSNB), the sum total of all neutrinos
emitted from supernovae over the history of the Universe.
The background flux is calculated by performing a line
of sight integral of the spectrum of neutrinos from a
single supernova with the rate density of core-collapse
supernovae as a function of redshift. See Ref. [53] for the
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FIG. 1. Left: Neutrino energy spectra that are backgrounds to direct detection experiments: solar, atmospheric, and the diffuse
supernova background. The atmospheric neutrino spectrum is the sum of contributions from electrons, antielectrons, muons and
antimuons. The diffuse supernova background is the sum of three different neutrino temperatures, 3, 5 and 8 MeV. Right: Xenon
scattering event rate as a function of recoil energy for each type of neutrino as well as a 6 GeVWIMP with σχ−n ¼ 5 × 10−45 cm2 (solid
black line) and a 100 GeV WIMP with σχ−n ¼ 2.5 × 10−49 cm2 (dashed black line).

TABLE I. Total neutrino fluxes with corresponding uncertain-
ties. All solar neutrino fluxes are from the updated high-
metallicity SSM (Ref. [51]) with the exception of 8B which is
from an analysis of neutrino data (Ref. [52]). The DSNB and
atmospheric neutrino fluxes are from Refs. [53] and [54]
respectively. The maximum neutrino energy, Emax

ν , and maximum
recoil energy of a Xenon target, Emax

rXe , are also shown.

ν type Emax
ν (MeV) Emax

rXe (keV) ν flux (cm−2 s−1)

pp 0.42341 2.94 × 10−3 ð5.98$ 0.036Þ × 1010
7Be 0.8613 0.0122 ð5.00$ 0.35Þ × 109

pep 1.440 0.0340 ð1.44$ 0.017Þ × 108
13N 1.199 0.02356 ð2.96$ 0.41Þ × 108
15O 1.732 0.04917 ð2.23$ 0.34Þ × 108
17F 1.740 0.04962 ð5.52$ 0.94Þ × 106
8B 16.360 4.494 ð5.16$ 0.11Þ × 106

hep 18.784 5.7817 ð8.04$ 2.41Þ × 103

DSNB 91.201 136.1 85.5$ 42.7
Atm. 981.748 15.55 × 103 10.5$ 2.1

DARK MATTER ASTROPHYSICAL UNCERTAINTIES AND … PHYSICAL REVIEW D 94, 063527 (2016)

063527-3

C.A.J. O’Hare , PRD94, 2016

▸ In the ideal case: below the expected signal 

▸ Muons & associated showers; cosmogenic activation of detector materials 

▸ Natural (228U, 232Th, 40K) and anthropogenic (85Kr, 137Cs) radioactivity: γ,e-,α,n  

▸ Neutrinos: coherent elastic neutrino-nucleus scattering (DM) and elastic neutrino-
electron scattering (DM and 0νββ-decay)



BACKGROUND REDUCTION

11

includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )B - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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XENON collaboration, EPJ-C 75 (2015) 11

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.

PRL 109, 181301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

181301-4

๏ Go deep underground

๏ Select low-radioactivity materials

๏ Use active shields

๏ Fiducialize

๏ Avoid cosmic activation



EXPERIMENTAL STATUS: OVERVIEW

▸ No evidence for dark matter particles 

▸ Probing scattering cross sections (on 
nucleons) of ~ a few x 10-47 cm2

▸ No evidence for the neutrinoless double 
beta decay 

▸ Probing half-lives up to 1.8 x 1026 years

Current experiments
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�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

PDG Review: PTEP 8, August 2020 

m3 ⌧ m1 < m2
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m�� < (0.08� 0.18) eV (90% C.L.)
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THE DARWIN EXPERIMENT

▸ Will use a large amount of clean liquid xenon target & detect ionisation and excitation 
from particle interactions 

▸ Xenon: "the strange one", concentration in the atmosphere: 87 ppb* (by volume)

Xe*

Xe+

Xe*2

Xe

Xe

Xe+2 Xe*2

Excitation

Ionisation

Excited  
molecule

Ionised  
molecule

e-

e-
Recombination

h𝜈 (VUV region)

Dissociation
Xe

�

<latexit sha1_base64="KJDizh4Qqix6fRiVUl48LZ2Zza8=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFSY12GRXdOOygn1AG8pkOmmGTiZhZiKU0l9w40IRt/6QO//GSVtBRQ9cOJxzL/feE2acKY3Qh1VaW9/Y3CpvV3Z29/YPqodHHZXmktA2SXkqeyFWlDNB25ppTnuZpDgJOe2Gk+vC795TqVgq7vQ0o0GCx4JFjGBdSAMSs2G1hmzf83zkQmS7CLmNuiEXvu9fIujYaIEaWKE1rL4PRinJEyo04VipvoMyHcyw1IxwOq8MckUzTCZ4TPuGCpxQFcwWt87hmVFGMEqlKaHhQv0+McOJUtMkNJ0J1rH67RXiX14/15EXzJjIck0FWS6Kcg51CovH4YhJSjSfGoKJZOZWSGIsMdEmnooJ4etT+D/p1G3Htb1bt9a8WsVRBifgFJwDBzRAE9yAFmgDAmLwAJ7As5VYj9aL9bpsLVmrmWPwA9bbJ4cqjpg=</latexit>

13

*https://doi.org/10.1007/978-3-319-39312-4_202



DETECTION PRINCIPLE: A TWO-PHASE TPC

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenongas xenon

liquid xenon

photosensors

photosensors

E
S1

S2

S1
S2

time

S1

S2

▸ 3D position resolution via light (S1) and 
charge (S2) signals 

▸ S2/S1 depends on particle ID 

▸ Fiducialisation 

▸ Single versus multiple interactions

electronic recoils 

nuclear recoils 
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DARWIN DESIGN: BASELINE SCENARIO

▸ Two-phase TPC: 2.6 m ø, 2.6 m height 

▸ 50 t (40 t) LXe in total (in the TPC) 

▸ Two arrays of photosensors (e.g. 1800 
3-inch PMTs) 

▸ PTFE reflectors and copper field 
shaping rings 

▸ Low-background, double-walled 
titanium cryostat 

▸ Shield: Gd-doped water, for µ and n

50 t LXe

DARWIN collaboration, JCAP 1611 (2016) 017

Alternative designs and photosensors under consideration

15



BENCHMARK: THE XENON LEGACY AT LNGS

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

2005-2007 2008-2016 2012-2018 2020-2025 2027—

15 kg 161 kg 3200 kg 8400 kg 50 tonnes

15 cm 30 cm 96 cm 150 cm 260 cm

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN

16



BENCHMARK: THE XENON LEGACY AT LNGS
XENON10 XENON100 XENON1T XENONnT

17

2005-2007 2008-2016 2012-2018 2020-2025 2027—

15 kg 161 kg 3200 kg 8400 kg 50 tonnes

15 cm 30 cm 96 cm 150 cm 260 cm

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2



DARWIN BACKGROUND GOAL AND MAIN SOURCES

▸ Goal: allow for "background-free" exposure of 200 t y for the DM search 

▸ ER and NR backgrounds: to be limited by neutrino-induced events 

๏ 222Rn in liquid xenon: goal is 0.1 µBq/kg (achieved ~ 6 µBq/kg in XENON1T, ~ 1.8 µBq/kg in LUX) 

๏ natKr: goal is 0.1 ppt (achieved < 26 ppq*) 

๏ 136Xe, 137Xe, 124Xe (T1/2 = 1.8 x 1022 y**) 

๏ Solar neutrinos (pp, 7Be) 

๏ Radiogenic neutrons 

๏ Muon-induced neutrons 

๏ CEνNS (solar, atm neutrinos)

18

Example: 

ER background at low 
energies (30 t fiducial) 

DARWIN collaboration, 
arXiv: 2006.03114

*XENON collaboration, EPJ-C 77, 2017 
**XENON collaboration, Nature 568, 2019



DARWIN PHYSICS PROGRAMME

DIRECT DARK 
MATTER DETECTION

SOLAR AXIONS

GALACTIC ALPS, 
DARK PHOTONS

LOW-ENERGY 
SOLAR NEUTRINOS

SUPERNOVA 
NEUTRINOS

COHERENT 
NEUTRINO NUCLEUS 

SCATTERS

NEUTRINOLESS 
DOUBLE BETA DECAY 

136XE

darwin-observatory.org

19

DARWIN Collaboration, 
arXiv:2006.03114

DARWIN Collaboration, 
arXiv:2003.13407 



DIRECT DARK MATTER DETECTION: WIMPS

▸ Probe SI elastic scattering:124Xe, 126Xe, 128Xe, 129Xe, 130Xe, 131Xe, 132Xe (26.9%), 134Xe (10.4%), 136Xe (8.9%) 

▸ SD (+ inelastic) DM-nucleus scattering:  129Xe (26.4%), 131Xe (21.2%)

APPEC Dark Matter Report 2020 

Preliminary

20

Assumptions for DARWIN: 30 t LXe in FV, 99.98% 
ER rejection (at 30% NR acceptance)

SI, elastic WIMP-nucleus



DIRECT DARK MATTER DETECTION: WIMP SPECTROSCOPY

▸ Capability to reconstruct the WIMP mass and cross section for various masses  - 
here 20, 100, 500 GeV/c2 - and cross sections

Exposure: 200 t y

1 and 2 sigma credible regions after marginalising the posterior probability distribution over:

� � �

10 100 1000
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]

Exposure: 200 t y

154 224
60

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3
Update: Newstead et al., PRD D 88, 076011 (2013)
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SOLAR NEUTRINOS 

▸ Real-time measurement: 365 events/(t y) from pp ν and 140 events/(t y)  from 7Be ν (above 1 keVee) 

▸ pp-flux measurement: 0.15% statistical precision with 300 t y exposure (sub-percent after 10 t y) 

▸ Measurement of νe survival probability & weak mixing angle < 300 keV

⌫ + e� ! ⌫ + e�

P (⌫e ! ⌫e)
<latexit sha1_base64="T6u38e5rQjtFP+Ed22T+NUNysNw=">AAACA3icdVDLSgMxFM34rPVVdaebYBHqZkgf2M6u6MZlBfuATimZNNOGZjJDklHKUHDjr7hxoYhbf8Kdf2M6raCiBy4czrmXe+/xIs6URujDWlpeWV1bz2xkN7e2d3Zze/stFcaS0CYJeSg7HlaUM0GbmmlOO5GkOPA4bXvji5nfvqFSsVBc60lEewEeCuYzgrWR+rnDRsEVcZ9CV7LhSGMpw1uYKqf9XB7ZTq3moApEdgWhSrVkSNlxnDMEizZKkQcLNPq5d3cQkjigQhOOleoWUaR7CZaaEU6nWTdWNMJkjIe0a6jAAVW9JP1hCk+MMoB+KE0JDVP1+0SCA6UmgWc6A6xH6rc3E//yurH2a72EiSjWVJD5Ij/mUIdwFggcMEmJ5hNDMJHM3ArJCEtMtIkta0L4+hT+T1olu1i2S1eVfP18EUcGHIFjUABFUAV1cAkaoAkIuAMP4Ak8W/fWo/Vivc5bl6zFzAH4AevtE7pll5o=</latexit>

DARWIN collaboration, arXiv: 2006.03114

68% confidence regions

DARWIN

22

with pp neutrinos

1-σ MSW-
LMA solution



COHERENT NEUTRINO NUCLEUS SCATTERS 

▸ Detect solar 8B neutrinos: 90 events for Eth > 1 keVnr (however ~negligible above 4 keVnr) 

▸ Detect supernova neutrinos, sensitive to all neutrino flavours: 

๏ ~ 700 events from SN with 27 Msolar @ 10 kpc 

▸ Planned participation in SNEWS network

Signal integrated from [0, 7] s

R. Lang et al., PRD
 94, 103009

23

XEN
O

N
 collaboration, arXiv:2007.08796



DOUBLE BETA DECAY IN DARWIN

▸ 136Xe: excellent candidate 

๏ abundance in natXe: 8.9%, Q-value: (2457.83±0.37) keV* 

▸ Total amount of 136Xe in DARWIN: ~3.5 tonnes 

▸ Expected (1-σ) energy resolution:  

๏ ~0.8% at 2.5 MeV, demonstrated by XENON1T 

▸ Ultra-low background environment (222Rn, 8B neutrinos, 137Xe from 
cosmogenic activation, 2νββ-decays)

24

*M. Redshaw et al., PRL 98, 2007: M(136Xe)-M(136Ba) =2457.83(37)



BACKGROUND SIMULATIONS FOR DOUBLE BETA STUDY

▸ Detailed detector model in Geant4

Cryostat

Xenon

TPC components

Photosensors and 
electronics

25
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SIGNAL EVENTS IN LIQUID XENON

▸ Electrons thermalise within O(mm) => 
single-site topology 

▸ Bremsstrahlung photons: may travel > 
15mm (E>300 keV) => multi-site event 

▸ Energy depositions: spatially grouped 
using density-based spatial clustering 
algorithm 

๏ New cluster, if distance to any previous 
Edep > ε (separation threshold)

  Assumption: ε = 15 mm; 90% efficiency for ββ-events

26

Single-site

Multiple-site

3.5 mm

23 mm

2 e- back-to-back



MAIN BACKGROUND COMPONENTS

▸ Intrinsic:  

▸ 8B ν’s, 137Xe, 2νββ, 222Rn 

▸ Materials: 

▸ 238U, 232Th, 60Co, 44Ti 

▸ FV cut: super-ellipsoidal

27

Ti: LZ, Astrop.  Phys., 96 (2017) 

Other: XENON, EPJ-C 77 (2017)

✓
z + z0
zmax

◆t

+

✓
r

rmax

◆t

< 1
<latexit sha1_base64="Jlo3DRXDNo83Q8eE3TBXVogDMwU="></latexit>

100 y of DARWIN run time 

External background events with energy deposits 
in the ROI [Qββ± FWHM/2] = [2435 - 2481] keV

44Ti: T1/2 = 59 y, cosmogenic



ENERGY RESOLUTION

▸ Anti-correlation between light (S1) and charge (S2) 

▸ Energy scale uses linear combination of S1 and S2 

▸ Photon gain: g1 (pe/photon), electron gain: g2 (pe/electron)

E = (nph + ne) ·W =

✓
S1

g1
+

S2

g2

◆
·W

W-value = 13.7 eV

Example for XENON1T: 

σ/E ≈ 0.8% at Qββ 

S2

E
=

g2
W

� g2
g1

S1

E
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XENON collaboration, arXiv: 
2003.03825, accepted in EPJ-C



EXTERNAL (MATERIAL) BACKGROUND

29

20 tones of LXe in fiducial volume

▸ ROI: [2435-2481] keV = FHWM around Qββ 

▸ 214BBi: γ at 2.45 MeV, 208Tl, γ at 2.61 MeV; 44Sc, γ at 2.66 MeV



INTERNAL BACKGROUNDS
▸ 222Rn in LXe: 

๏ 0.1µBq/kg, 99.8% BiPo tagging 

▸ 8B solar neutrinos 

๏ Φνe = (5.46±0.66) x 106 cm-2s-1 

๏ Pee = 0.50 

▸ 2νββ-decay: subdominant  

▸ 137Xe: cosmogenic activation underground 

๏n + 136Xe -> 137Xe

30

137
54 Xe
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T1/2 = 3.82 min 
Q-value: 4173 keV

137
55 Cs
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3.82 min

30.1 y

455 keV

661 keV

137Xe: (6.9±0.4) atoms/(t y)

β, 33%

β, 67%

β, 94.6%

β, 5.4%



RADON BACKGROUND

▸ Assumption: 

๏  0.1 µBq/kg 222Rn (cryogenic distillation + 
material selection) 

▸ Problematic:  

๏ 214Bi decay, Q-value = 3.27 MeV, "naked" β-
decay without γ emission: 19.1% BR 

▸ 214Po:  

๏ α-decay with short half-life, T1/2 =164.3 µs => 
active veto for 214Bi-decays 

▸ Assumption:  

๏ 99.8% BiPo tagging efficiency

222Rn       3.8 d

218Po   3.05 min

214Pb   26.8 min

214Bi     19.9 min

214Po     164 µs

210Pb      22.3 y

210Bi        5.0 d

210Po       138 d

206Pb       stable

α 5.5 MeV

α 6.0 MeV

α

α

β

β

β

β
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MATERIAL + INTRINSIC BACKGROUND

▸ ROI: [2435-2481] keV = FHWM around Qββ 

▸ 137Xe: β-decay with Q=4173 keV, T1/2=3.82 min (via n-capture on 136Xe)

32

Rate versus fiducial mass  Rate in 5 tonnes fiducial region (0.45 t 136Xe)

Signal: T1/2 = 2 x 1027 y



DOUBLE BETA DECAY SENSITIVITY 

▸ Profile likelihood analysis, baseline T1/2 sensitivity:  

▸ 2.4 x 1027 y for 5 t fiducial mass x 10 y exposure (90% CL)

33

Discovery potential: 

1.1 x 1027 y at 3-σ



ROOM FOR IMPROVEMENT?

34

DARWIN could reach ~6 x 1027 y sensitivity

▸ Reduce external backgrounds 

▸ SiPMs, cleaner materials & 
electronics 

▸ Reduce internal background 

▸ Time veto for 137Xe, deeper lab, 
BiPo tagging 

▸ Improve signal/background 
discrimination; resolution…



ROOM FOR IMPROVEMENT?

35

Baseline: mββ = (18 – 46) meV  
Progressive: mββ= (11– 28) meV   

▸ Reduce external backgrounds 

▸ SiPMs, cleaner materials & 
electronics 

▸ Reduce internal background 

▸ Time veto for 137Xe, deeper lab, 
BiPo tagging 

▸ Improve signal/background 
discrimination; resolution…



PROJECT OVERVIEW

▸ 30 groups from 12 countries , working towards CDR and TDR 

▸ R&D and design on several aspects: 

▸ Detector including cryostat & TPC  

▸ Light and charge sensors & readout 

▸ Backgrounds (incl. Rn/Kr removal, materials) & veto 

▸ LXe procurement, storage, purification & cryogenics 

▸ Xenon properties and calibration of 50 t detector
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DARWIN TIMESCALE

CDR

2022

2024

Engineering 
studies  

TDR

Construction 
phase

2024-25

2026

Commissioning 
phase

Start data  
taking

2027
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THE DARWIN COLLABORATION

▸ About 170 members from 30 institutions in Europe, USA and Asia 

▸ Latest groups to join: University of Alabama (Igor Ostrovsky), University of Hamburg (Belina von 
Krosigk), University of L'Aquila (Alfredo Ferella), University of Naples (Michele Iacovacci)

LNGS, December 2019
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DETECTOR PROTOTYPES

▸ Two large-scale demonstrators in construction (z & x-y) supported by ERC grants 

▸ These also offer test platforms for the entire collaboration 

▸ Smaller TPCs are operated at various institutions 
Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13

Test e- drift over 2.6 m (purification, high-voltage) Test electrodes and homogeneity of extraction field
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DETECTOR PROTOTYPES

Test e- drift over 2.6 m (purification, high-voltage) Test electrodes and homogeneity of extraction field

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13
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DETECTOR PROTOTYPES: XENOSCOPE
▸ Under construction at UZH, first commissioning in late 2020 

▸ Support structure, gas system, cryostat, cooling tower, electrical system, etc completed 

▸ HV feed-through, TPC and purity monitor under design/construction 

▸ Goals: test 200 V/cm drift field, 100 slpm purification speed, measure e- cloud diffusion, etc

41



LIGHT AND CHARGE SENSORS AND READOUT

▸ Test alternative to PMTs: e.g., ABALONE (hybrid photosensor), VUV-SiPMs (FBK, 
Hamamatsu) 

▸ Develop cryogenic electronics for SiPMs; develop cryogenic digital SiPMs 

▸ Bubble-assisted Liquid Hole Multipliers: local vapour bubble underneath GEM-like 
perforated electrode in LXe

Liquid hole multipliers           
E. Erdal, 2018 JINST 13, 2018

Cryogenic preamp for SiPMs, F. 
Arneodo et al., NIM 936, 2019

ABALONE,  D. Ferenc 
et al., NIM 954, 2020 Hamamatsu SiPM arrays 

in two-phase TPC, LB et 
al., EPJ-C 80, 2020
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LIGHT AND CHARGE SENSORS AND READOUT

▸ Test VUV-sensitive SiPMs as potential replacement for PMTs 

▸ First Xe-TPC with SiPM in top array at UZH 

▸ Characterisation with 37Ar and 83mKr sources 

Characterisation with 37Ar source

S2 versus S1 for the 2.82 keV 37Ar 
line (K-shell, 90.2% BR)

x-y position reconstruction 
~ 1.5 mm resolution

Upgrade of Xurich-II (LB et al., EPJ-C 
80, 2020 and EPJ- C 78, 2018) 
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SUMMARY

▸ DARWIN observatory: excellent sensitivity in particle/astroparticle physics 

▸ Due to very low expected event rates, we need: 

๏Large detector masses, ultra-low backgrounds (material radio-assay & Rn reduction 
remain crucial) 

๏Very good energy resolutions, low energy thresholds 

▸ In general: dark matter detectors are optimised at keV energy scales, double beta decay 
detectors at MeV-scale energies 

๏ Can we do both? Ideally, a large detector (DARWIN) with sensitivity to search for a 
variety of signals in particles physics (neutrinos, 0νββ, axion/ALPs, dark photons, WIMPs, 
etc) 

▸ Eventually limited by neutrino interactions (but also new physics opportunities!) 

▸ Remember that yesterday’s background might be today’s signal ;-)
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BACKUP SLIDES



BACKGROUND BUDGET IN DOUBLE BETA REGION
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ELECTRONIC RECOIL BACKGROUNDS IN XENON1T

85.3%

4.3%
4.9%
4.1%
1.4% 136Xe 2νββ-decays

Materials

Solar neutrinos

85Kr (natKr: 0.66 ppt)

222Rn (10 µBq/kg) Control surface emanation 
Reduce by online distillation

In 1 t fiducial mass 
Singles-scatters

๏ ER rate: (82±5) events/(keV t y), 
in 1.3 t and below 25 keVee 

๏ Lowest background in a dark 
matter detector

DM

e-
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NUCLEAR RECOIL BACKGROUNDS IN XENON1T

95.2%

3.2%
1.6%

Cosmogenic neutrons (muon 
induced neutrons); rock 
overburden, water Cherenkov 
shield (here upper limit)

Coherent neutrino-nucleus 
scattering from 8B neutrinos; 
irreducible, but relevant at low 
(<1 keV) energies

From (α,n ) and SF 
reactions; material 
selection; single versus 
multiple-scatters

Radiogenic neutrons

In 1 t fiducial mass 
Singles-scatters

DM

e-
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10 µBq/kg (before replacement of Q-drive pumps)

Pipe and cables
8%

Porcupine
5.4%

Cryo ststem
6.8%

Q-drive
30.8%

Getter
4.2%

Inner vessel
5.6%

TPC
13.6%

Cryo pipe
26.0%

RADON BUDGET IN XENON1T



137-XE BACKGROUND
▸ Simulate 137Xe, production rate by cosmogenic n-capture 

▸ Rate: 6.7 atoms/(t y), dominated by production on LXe (6.3 atoms/(t y) (at LNGS, 3600 mw.e.) 

▸ nEXO: 2.2 atoms/(t y) at SNOLAB (PRC 97, 2018); KamLAND-Zen: 1.42 atoms/(t y) at Kamioka (PRL 117, 2016)

ROI: Q-value ± FWHM/2 = (2435-2481) keV

WHY 137Xe IS IMPORTANT?

�3

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 (estable). 
Background uniformly distributed in the detector volume. 
The primary background from 137Xe is the beta decay.
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WHY 137Xe IS IMPORTANT?

�3

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 (estable). 
Background uniformly distributed in the detector volume. 
The primary background from 137Xe is the beta decay.
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WHY 137Xe IS IMPORTANT?

�3

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 (estable). 
Background uniformly distributed in the detector volume. 
The primary background from 137Xe is the beta decay.

SS+MS

137Cs (661 keV)

137Xe (455 keV)
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Rate in ROI: (1.40±0.06) x 10-3 events/(t y keV)



137-XE BACKGROUND
▸ Simulate 137Xe, production rate by cosmogenic n-capture 

▸ Rate: 6.7 atoms/(t y), dominated by production on LXe (6.3 atoms/(t y) (at LNGS, 3600 mw.e.) 

▸ nEXO: 2.2 atoms/(t y) at SNOLAB (PRC 97, 2018); KamLAND-Zen: 1.42 atoms/(t y) at Kamioka (PRL 117, 2016)

�16

Material Muon-induced Neutron 
Production Rate [n/year]

137Xe Production Rate 
 [atoms/kg/year]

Copper 1.12×104 7.39×10-5

SS 1.32×105 2.40×10-4

LXe 1.02×106 6.34×10-3

Total 6.66×10-3

MUON-INDUCED NEUTRONS: SIMULATION RESULTS

Experiment Location Depth [m.w.e]
137Xe Production Rate 

 [atoms/kg/year]
KamLAND-Zen [2] Kamioka 2050 1.42×10-3   

DARWIN LNGS 3600 6.66×10-3

nEXO [3] SNOLAB 6011 2.20×10-3

KamLAND-ZEN uses just spallation products for its estimation
➢ Our result is consistent with the value given by nEXO (3 times larger)

[2] KamLAND-Zen Collaboration, Phys. Rev. Lett. 117, 082503 (2016).     
[3] nEXO Collaboration, Phys. Rev. C 97, 065503 (2018).
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NEUTRINO BACKGROUNDS FOR DM SEARCHES
▸ Low mass region: limit at ~ 0.1- 10 kg year (target dependent) 

▸ High mass region: limit at ~ 10 ktonne year 

▸ But: annual modulation, directionality, momentum dependance, inelastic DM-nucleus 
scatters, etc Solar neutrinos

ν’s begin limiting sensitivity for

RE, Mukul Sholapurkar, Yu
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DM-electron scatters (R. Essig et al, PRD97, 2018)

Discovery limits 
(2-σ) for various 
ionisation 
efficiencies Y, 
solar ν 
background 
only

Nij
ν ðϕkÞ ¼ M

Z
Eiþ1

Ei

Z
tjþ1

tj

dRνðtÞ
dEr

ðϕkÞdtdEr; ð19Þ

where M is the mass of the detector.
In Fig. 10 we show the improvement on the neutrino

floor limit under the inclusion of time information. We
show only narrow mass ranges: between 0.3 and 1 GeV
when the 7Be, pep, 13N, 15O and 17F neutrinos play the
biggest role and between 4 and 8 GeV when the floor is
induced by 8B and hep neutrinos. Outside of these specific
mass ranges (for the exposures considered here) the
improvement offered by time information is negligible.
Because the annual modulation amplitudes are small,
obtaining a benefit from time information needs in excess
of Oð1000Þ neutrino events. Here, to isolate the effects
of including time information in the neutrino floor calcu-
lation, we have neglected additional detector effects and
use a 3 eV energy cutoff to map the low WIMP mass
dependence.
Incorporating uncertainties on the SHM parameters into

the energyþ time analysis we obtain limits shown in
Fig. 11. These limits are analogous to those of Fig. 7
extended to an exposure large enough to receive the benefit
of time information (104 ton-years). Again the discovery
limit under the assumption of the largest values of uncer-
tainty is up to an order of magnitude higher than the
astrophysics fixed case around 15 GeV. However it still

remains below the energy-only limit around the peaks due
to the solar neutrino contributions meaning the inclusion of
time information still mitigates the neutrino background
even when astrophysical uncertainties are taken into
account.

VIII. SUMMARY

In this work we have demonstrated the impact of
astrophysics uncertainties on the calculation of the neutrino
floor. Relaxing the assumption of perfectly known astro-
physics parameters such as the solar velocity, escape speed
and local WIMP density results in a shift in the range of
WIMP parameter values that are prohibited by the neutrino
background. We find that if there are reasonably large
uncertainties in the various astrophysics parameters (close
to those currently known) then the neutrino floor extends to
larger WIMP masses and is closer to existing experimental
limits than previously thought.
When attempting to reconstruct the input WIMP and

neutrino parameters we find that unfixing the astrophysics
parameters induces a significant increase in the uncertainty
of the reconstruction. Input WIMP parameters that lie
below the neutrino floor are recovered extremely poorly,
and this problem is only worsened by the inclusion of
astrophysical uncertainties; both the errors on the recovered
values ofmχ and σχ−n are increased but the range of masses
for which the reconstruction fails also increases. This
means that even if experiments were to become sensitive
to a WIMP with cross section and mass close to the
neutrino floor then the measurement of the properties of
such a WIMP will be extremely difficult or impossible to
measure accurately in conjunction with astrophysical
parameters.
The first detection of coherent neutrino-nucleus scatter-

ing is expected to be made with the forthcoming generation
of ton-scale direct detection experiments [11]. When this
occurs it will be crucial to begin to implement strategies for
dealing with neutrino backgrounds. This can be achieved in
a number ways. As can be seen in this work, as well as that
of Ref. [17] the number of events observed at these detector
masses are not yet enough to utilize the time dependence of
the WIMP and neutrino signals to discriminate the two. For
spin-dependent interactions as well as nonrelativistic
effective field theory operators, complementarity between
target materials will be a powerful and relatively easy
method for discriminating neutrinos [16,21]. Independent
of the WIMP-nucleus interaction however, directional
detection, if experimentally feasible, will prove the most
powerful scheme for distinguishing WIMPs and neutrinos
[18–20]. The angular signatures of WIMP and neutrino
recoils are entirely distinct and this is true for any
relationship set of astrophysical inputs or WIMP-nucleus
interactions. However for the upcoming generation of
direct detection experiments which will lack sensitivity
to either direction or time dependence, we have shown that
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FIG. 11. Spin-independent neutrino floor as a function of
WIMP mass calculated with the inclusion of astrophysical
uncertainties and time dependence. The blue, red and green
curves correspond to 3 sets of 1σ uncertainties on the parameters
ρ0, v0 and vesc. The sizes of the uncertainties are labeled from low
to high with values indicated. The black lines are the energy-
information-only neutrino floor (dashed black line) and the
energyþ time information neutrino floor (solid black line).
The filled regions are currently excluded by experiments,
CRESST [84], CDMSlite [85], Xenon100 [6] and LUX [7].
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DM-nucleus scatters (C.A.J. O’Hare, PRD94, 2016)
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