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DARWIN General Goals
• Build a dark matter detector capable of exploring the experimentally accessible parameter space 

for WIMP dark matter


• Base this detector on a TPC filled with Xe in its liquid form, a concept successfully proven by the 
ZEPLIN, XENON, LUX and PandaX programs 


• Reach a low energy threshold and an ultra-low background before ER/NR discrimination, and 
probe a variety of other physics channels
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Figure 7 shows the limits we hope to reach with the 
initial 20-kg detector. The ICARUS xenon detector 
operating at the Mt. Blanc Laboratory could also 
reach favorable limits if the background can be kept 
under control and if a long operating period is 
utilized. 

3. A detailed study of the rise-time distribution for 
Xe events and backgrounds has been made. 

In Fig. 8, we summarize these advances. The study 
of the discriminating liquid-Xe detector continues to 
show that this may be one of the best methods to use 
to detect SUSY - WIMPS. 

6. RECENT PROGRESS IN THE TEST 
LIQUID-XENON DETECTOR 

During the first part of 1996, several advances 
have been made in the development of the 
ICARUS- WIMP liquid-Xe detector: 

1. A detailed study of the background from low- 
energy gammas has been conducted. 

2. Neutron-induced events in the presence of large 
backgrounds have been observed directly. 
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Figure 7. Dark matter limits for (A) spin-dependent and (B) spin-independent interactions. Typical existing limits 
are shown for Ge ionization detectors plus recent (1994) improvements using NaI detectors with pulse shape 
discrimination [from UK data (Gran Sasso data is similar)]. In each diagram, the lower pair of curves show 
estimated limits vs running time for this proposal, using primary/secondary scintillation in liquid Xe at lo-keV 
energy threshold. The (Xe-doped) Ar case shows the advantage of data from both Xe and Ar targets. 
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On a discriminating liquid-xenon detector for SUSY dark-matter observation 

David B. Cline 

Department of Physics and Astronomy, Box 95 1647 
University of California Los Angeles, Los Angeles, CA 90095 1647, USA 

We briefly review the arguments for SUSY dark matter and the problems of detecting neutralinos; this may 
be the easiest way to detect supersymmetry. We then describe the studies of liquid xenon as a detection medium, 
including various discrimination techniques as part of the ICARUS project. Finally we describe the ZEPLIN 
project to carry out a definitive search for SUSY dark matter. 

1. DARK MATTER--SUSY OR NOT? 

The history of the evidence for dark matter in the 
Universe was recently reviewed at a University of 
California Los Angeles (UCLA) symposium [l]. 
Remarkably, even in the 1920s some evidence had 
been found and of course in the 1930s F. Zwicky 
provided perhaps the first definitive evidence for dark 
or non-luminous matter in Galaxies [2]. 

While no one knows the exact cause of dark 
matter, there is a reasonable likelihood that new 
elementary particles play some role in this 
phenomenon. Of all of the current ideas in this regard, 
many feel supersymmetry is the most “natural.” Our 
viewpoint is to take the SUSY model seriously and to 
see what level of detection and discrimination is 
required to observe such particles. While even the 
SUSY model is not fully predictive, it would appear to 
be better than other even more ad hoc models. The 
project described here grew out of the ICARUS 
project to construct a massive “electronic bubble 
chamber” using liquid argon [3]. The first stage of this 
project, the construction of a 600-ton detector for Hall 
C at the Gran Sasso, is now approved. 

In the early 1990s as the ICARUS technique was 
being perfected, we considered the possibility of 
detecting very small recoil energies in the detector. 
Figure 1 shows a conceptual method to extract a signal 
from a WIMP collision, which was presented at the 
1991 dark-matter detector meeting at Oxford [4]. We 

considered the pulse shape and relative 
scintillation-light output to be important factors 
needed to discriminate against various radioactive 
backgrounds. I gave a follow-up talk at a meeting at 
the Intl. Conf. on Liquid Radiation Detectors, which 
was held at Waseda University in 1992 [5]. 

2. RATES FOR A SUSY DARK-MATTER 
DETECTOR 

There are many estimates for the cross section of 
SUSY - WIMPS with various targets. We believe this 
illustrates the difficulty, as well as the promise, for the 
search for SUSY-WIMPS. In this report, we follow 
the recent work of Nath and Arnowitt [6] (and the 
references cited therein). Figure 2 shows the limits on 
the rate of interactions (per kg/d) as a function of the 
approximate neutralino mass (the gluino mass is 
expected to be approximately the same) for values of 
p : 0 [6]. Without getting into the details of the 
assumptions in this calculation, we note that the range 
of rates goes from a few kg/d to lo-’ kg/d. Although 
the results are for Ge and Pb, we expect similar results 
for liquid Xe. These results, if taken at face value, 
suggest that the detection of SUSY - WIMPS could be 
very difficult, requiring large detectors of certainly 
100 kg and possibly tons of detector. In this case, the 
rejection of background is even more important. 

0920-5632/96/$15.00 Copyright 01996 Elsevier Science B.V. All rights reserved. 
PZZSO920-5632(96)00520-S 

Nuclear Physics B (Proc. Suppl.) 51B (1996) 304-313 

On a discriminating liquid-xenon detector for SUSY dark-matter observation 

David B. Cline 

Department of Physics and Astronomy, Box 95 1647 
University of California Los Angeles, Los Angeles, CA 90095 1647, USA 

We briefly review the arguments for SUSY dark matter and the problems of detecting neutralinos; this may 
be the easiest way to detect supersymmetry. We then describe the studies of liquid xenon as a detection medium, 
including various discrimination techniques as part of the ICARUS project. Finally we describe the ZEPLIN 
project to carry out a definitive search for SUSY dark matter. 

1. DARK MATTER--SUSY OR NOT? 

The history of the evidence for dark matter in the 
Universe was recently reviewed at a University of 
California Los Angeles (UCLA) symposium [l]. 
Remarkably, even in the 1920s some evidence had 
been found and of course in the 1930s F. Zwicky 
provided perhaps the first definitive evidence for dark 
or non-luminous matter in Galaxies [2]. 

While no one knows the exact cause of dark 
matter, there is a reasonable likelihood that new 
elementary particles play some role in this 
phenomenon. Of all of the current ideas in this regard, 
many feel supersymmetry is the most “natural.” Our 
viewpoint is to take the SUSY model seriously and to 
see what level of detection and discrimination is 
required to observe such particles. While even the 
SUSY model is not fully predictive, it would appear to 
be better than other even more ad hoc models. The 
project described here grew out of the ICARUS 
project to construct a massive “electronic bubble 
chamber” using liquid argon [3]. The first stage of this 
project, the construction of a 600-ton detector for Hall 
C at the Gran Sasso, is now approved. 

In the early 1990s as the ICARUS technique was 
being perfected, we considered the possibility of 
detecting very small recoil energies in the detector. 
Figure 1 shows a conceptual method to extract a signal 
from a WIMP collision, which was presented at the 
1991 dark-matter detector meeting at Oxford [4]. We 

considered the pulse shape and relative 
scintillation-light output to be important factors 
needed to discriminate against various radioactive 
backgrounds. I gave a follow-up talk at a meeting at 
the Intl. Conf. on Liquid Radiation Detectors, which 
was held at Waseda University in 1992 [5]. 

2. RATES FOR A SUSY DARK-MATTER 
DETECTOR 

There are many estimates for the cross section of 
SUSY - WIMPS with various targets. We believe this 
illustrates the difficulty, as well as the promise, for the 
search for SUSY-WIMPS. In this report, we follow 
the recent work of Nath and Arnowitt [6] (and the 
references cited therein). Figure 2 shows the limits on 
the rate of interactions (per kg/d) as a function of the 
approximate neutralino mass (the gluino mass is 
expected to be approximately the same) for values of 
p : 0 [6]. Without getting into the details of the 
assumptions in this calculation, we note that the range 
of rates goes from a few kg/d to lo-’ kg/d. Although 
the results are for Ge and Pb, we expect similar results 
for liquid Xe. These results, if taken at face value, 
suggest that the detection of SUSY - WIMPS could be 
very difficult, requiring large detectors of certainly 
100 kg and possibly tons of detector. In this case, the 
rejection of background is even more important. 

0920-5632/96/$15.00 Copyright 01996 Elsevier Science B.V. All rights reserved. 
PZZSO920-5632(96)00520-S 

322 T Shult et al. /Nuclear Physics B (Proc. Suppl.) SIB (1996) 318-322 

“I s 
?i 

1 

15 0.1 

0.01 

0 50 100 150 200 250 300 
WIMP Mass (GeV/c2) 

Figure 3. WIMP parameter space showing 
currently excluded interaction rates, and rates 
predicted with minimal supersymmetric models. 

gernanium Stanford detectors. The 62 gm 
detector performed as well as it had in the 
Berkeley test facility, and the backgrounds were 
roughly consistent with our expectations. 

In figure 3 we show the expected 
sensitivity of our experiment [23], along with the 
existing limits from conventional germanium 
detectors (note that we do yet not include the 
recent Nal limits discussed in this 
proceedings[22]), and expected WIMP 
interaction rates in minimal supersymmetry 
models. The top curve represents what we can 
achieve at the relatively shallow Stanford (SUF) 
location with 1 kg operating for 100 days, 
assuming we see no signal. The photon 
background rejection is taken to be 99% at high 
energies, and degraded at low energies by the 
overlap of the electron and nuclear recoil 
distributions. The muon veto efficiency is 
assumed to be only 98%. 

Also shown is what can be achieved at a 
deep location with 10 kg of detectors and 
modest improvements to the detector 
performance. We are beginning to plan a 
second phase of the experiment at a deep site, 
with a second icebox cryostat already funded, 
and discussions underway with several deep 
facilities. Among the many advantages of such a 
site is that space that must be used for the 
innermost moderator in the shallow site can be 
reclaimed for tower/detector packages. Thus we 
can have 7 towers in the deep experiment, as 
compared to only 3 towers in the current shallow 
experiment. 
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We report on progress of the CDMS experiment, which seeks to detect WIMP dark matter 
through its interactions in a particle detector operated in a low radioactivity environment. We have 
developed novel cryogenic detectors which discriminate between nuclear recoils from WIMPS and 
electron recoils from background photons. We describe the experiment and discuss recent progress, 
including first operation of a cryogenic detector in the low radioactivity cryostat in June of 1996. 

1. INTRODUCTION 

Direct detection of WIMP dark matter 
with particle detectors is a formidable 
experimental challenge [l]. The amount of 
energy deposited in a detector is on the order 
of 10 keV and the interaction rates expected for 
supersymmetry (SUSY) models are expected to 
be on the order of 1 event/kg/day, or lower. 
The difficulty lies both in measuring these small 
energies in large mass detectors, and in 
distinguishing WIMPS, which elastically scatter 
on nuclei, from a large background of photons, 
which interact with electrons. Current searches 
with conventional detectors are limited by 
photons from the immediate surroundings of 
the detectors and from the detectors 
themselves [2-41. 

A variety of new experiments with 
different detector technologies were discussed 
in this conference [5]. Here we describe the 
Cryogenic Dark Matter Search (CDMS), an 
experiment based upon a low-temperature 
detector technology in which the recoil energy 

and the amount of ionization produced by 
particles are measured. Since nuclear recoils 
are less ionizing than electron recoils, WIMPS 
and photons are distinguished on an event-by- 
event basis. 

2. THE DETECTORS 

Two complementary detector 
technologies are being developed for the CDMS 
experiment. In both the detector consists of a 
target of germanium or silicon in which the 
particle interacts. Energy of the recoiling 
nucleus or electron appears in the form of both 
vibrations of the crystal lattice (phonons) and 
ionization in these semiconducting targets. The 
ionization is drifted out of the crystal with an 
electric field and measured by essentially 
standard charge measurement techniques. The 
phonons, on the other hand, must be measured 
at temperatures well below 1 K, as the few keV of 
energy they represent is small compared to the 
amount of energy in the form of thermally 
generated phonons at temperatures higher than 
this. 

0920-5632/96/$15.00 Copyright 01996 Elsevier Science B.V. All rights reserved. 
PZZSO920-5632(96)00523-3 



DARWIN Science Goals

• Probe WIMP-nucleon interactions for WIMP masses above ~5 GeV/c2 

• via spin-independent, spin-dependent and inelastic interactions


• probe even lower WIMP masses by using the charge signal alone


• Look for signatures of DM scattering off electrons


• Detect solar neutrinos: pp-neutrinos via nu-e scattering, 8B coherent nu scattering


• Search for the neutrinoless double beta decay in 136Xe


• Probe interaction of axions and axion-like particles, via the axio-electric effect


• Probe sterile neutrinos with masses in the > 10 keV range


• Probe bosonic SuperWIMPs via their absorption by Xe atoms
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DARWIN TPC baseline concept

• 50 t LXe in total 


• 40 t LXe in the TPC


• ~ 103 photosensors


• 2.6 m drift length


• 2.6 m diameter TPC


• PTFE reflectors, Cu field shaping rings


• Background: dominated by neutrinos
3" R11410 photomultipliers

Low radioactivity photosensor for XENON1T

Component Radioactivity
238

U < 10 mBq/PMT
228

Th ⇠ 0.5 mBq/PMT
226

Ra ⇠ 0.6 mBq/PMT
235

U ⇠ 0.3 mBq/PMT
60

Co ⇠ 0.8 mBq/PMT
40

K ⇠ 12 mBq/PMT

XENON collaboration, arxiv:1503.07698

High QE: ⇠ 35 % at 175 nm
for a low energy threshold
⇠ 90% collection efficiency
Gain average @1500 V: 5⇥106

Teresa Marrodán Undagoitia (MPIK) PMTs München, 04/2015 9 / 19

DARWIN photosensors

Several photosensors being considered:

PMTs: improved 4 inch version of
R11410/R11065 currently under
development @ Hamamatsu
See talk Yuji Hotta, UCLA DM2014

SiPMs: large areas necessary
See talk by G. Fiorillo

GPMs: gaseous photomultipliers
See talk by L. Arazi

Hybrid tubes, SIGHT: Photocathode + APD

Teresa Marrodán Undagoitia (MPIK) PMTs München, 04/2015 17 / 19

3-inch PMT, R11410-21 4-inch PMT

50 tons

5

50 tonnes LXe

Bottom photosensor array

Top photosensor array



Backgrounds: nuclear recoils

• Radiogenic goal: ~4 x 10-5 events/(t y) in 30 t fiducial


• active LS veto around cryostat under study


• Cosmogenic (MC: 7.3 x 10-10 n/(cm2 s) for En > 10 
MeV)


• <0.01 events/(t y) in XENON1T/nT shield


• <<0.003 events/(t y) in 14 m diameter water 
shield  

• XENON1T muon veto performance must be 
improved by ~ a factor of 10 (conservative) 

• Alternative: line the experimental hall with muon veto 
- possibility under study via MC

DARWIN in 14 m ø 
water Cherenkov shield

Increased)Water)Cerenkov)muon)veto)
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Backgrounds: electronic recoils

• Materials (cryostat, photosensors, TPC)


• 222Rn in LXe


• natKr in LXe (natKr contains 2 x 10-11 85Kr)


• 136Xe double beta decay


• Solar neutrinos (mostly pp, 7Be)

14t12t10t8t6t4t2t

Background reduction

∙ 3D position reconstruction → fiducialization of the LXe target, multisite event cut

∙ interaction in the center of the target → remaining xenon acts as an active veto for multiple scattering events

∙ Z coordinate from delay time between S1 and S2
   → resolution ~3mm (typical S2 width 2μs, electron drift velocity 1.5 mm/μs)

∙ XY resolution of about 8 mm can be achieved with 3 inch phototubes

∙ efficiency of FV + multisite cuts >99.5%

∙ more efficient for electronic than for nuclear recoils due to shorter mean free path

Alexander Kish, UZH 3

∙charge-to-light ratio provides additional ER BG discrimination: 99.5% – 50% NR acceptance,
                                                                                                      99.9% – 30% NR acceptance

Materials: strong self-shielding by dense LXe

Channel Before discr After discr (99.98%)
pp + 7Be neutrinos 95 0.488

Materials 1.4 0.007
85Kr in LXe (0.1 ppt natKr) 40.4 0.192
222Rn in LXe (0.1 µBq/kg) 9.9 0.047

136Xe 56.1 0.036
200 t x yr exposure
4-50 keVnr, 30% acceptance

1 t x yr exposure,
2-30 keVee 7
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WIMP physics with xenon nuclei

Probe WIMP-Xe interactions via: 

• spin-independent elastic scattering: 124Xe, 126Xe, 128Xe, 129Xe, 130Xe, 131Xe, 132Xe (26.9%), 134Xe (10.4%), 136Xe (8.9%)


• spin-dependent elastic scattering: 129Xe (26.4%), 131Xe (21.2%)


• inelastic WIMP-129Xe and WIMP-131Xe scatters
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Figure 7. (Left) Estimated sensitivity reach of a multi-ton LXe detector to spin-independent WIMP-
nucleon scattering cross sections for exposures of 200 t⇥ y (black, with 1�/2� intervals) and 500 t⇥ y
(blue). It was derived using a likelihood analysis assuming a 5–35 keVnr energy interval, a separa-
tion of the ER and NR distributions corresponding to 99.98% ER rejection at 30% NR acceptance,
and a combined energy scale with Ly = 8.0PE/keVee. The results are compared to published lim-
its from XENON100 [9] and LUX [10], and to the reach of the upcoming projects XENON1T [13],
XENONnT [14] and LZ [15]. The “WIMP discovery limit” of ref. [55] is also shown (red dashed).
(Right) Estimate of the typical linear dimension (diameter and height) of a cylindrical LXe time pro-
jection chamber vs. the target mass used for the WIMP search. The reduction of external backgrounds
requires a larger detector scale (we assume extra 30 cm) and more LXe (right scale).

the sensitivity dependence on several experimental parameters and can draw the following
conclusions in order to optimize the dark matter reach:

• A minimal exposure of 100 t⇥ y is required to probe cross sections of a few ⇥10�49 cm2

at ⇠ 40GeV/c2, assuming realistic detector parameters. Sensitivities as low as 2.5 ⇥
10�49 cm2 can be reached with 200 t⇥ y (see figure 7, left).

• An energy threshold of 5 keVnr or below must be achieved in order keep sensitivity to
WIMP masses below ⇠ 10GeV/c2. However, the CNNS-induced background increases
significantly at lower energies.

• The achievable sensitivity crucially depends on the rejection e�ciency for ER back-
grounds, which mainly stem from low energy solar neutrinos. The goal is 99.98%
rejection or better. Such a discrimination level has already been demonstrated by LXe
experiments [8, 62]. The mean expected sensitivity at this level, taking into account
all backgrounds, is only ⇠ 20% worse than the (unrealistic) case in which all sources
besides the one from CNNS can be rejected completely. This factor is only mildly
dependent on the assumed exposure and increases from 10% to 30% from 100 t⇥ y to
1200 t⇥ y.

• The concentration of natKr has to be reduced to a level around 0.1 ppt to achieve a
background level which is a factor ⇠ 2.5 below the one from solar neutrinos [19]. The
concentration of 222Rn has to be < 0.3µBq per kg of LXe target in order to contribute
to the background at the same level as 85Kr. With these assumptions, the background
is dominated by NR events from CNNS interactions at rejection levels around 99.98%.
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Figure 8. Sensitivity of a DARWIN-type LXe detector to spin-dependent WIMP-nucleon cross sec-
tions, assuming neutron-only couplings. Results from a likelihood analysis for 200 t⇥ y and 500 t⇥ y
exposures are shown (assumptions as in figure 7, left), together with the limit by XENON100 [67], an
interpretation of the LUX data [68] and estimated sensitivities for XENON1T, XENONnT, and LZ.
DARWIN and the high-luminosity LHC will cover common parameter space. The 14TeV LHC limits
for the coupling constants g� = gq = 0.25, 0.5, 1.0, 1.45 (bottom to top) are taken from [66].

spin-dependent limits are then given by �SD(m�) = f(m�) ⇥ �SI(m�). For LUX, we obtain
the identical exclusion curve as published by [68] for m� � 10GeV/c2 (and somewhat weaker
limits at lower masses), confirming the validity of our approach.

In general, the LHC will only be able to probe WIMPs up to ⇠ 1TeV even at 14TeV.
For spin-independent couplings, shown in figure 7 (left), the science reach of direct detection
detectors is many orders of magnitude superior to future LHC searches, which will not reach
below 10�44 cm2 [66]. Therefore, direct searches — such as multi-ton LXe detectors covering
the entire mass-space above ⇠ 6GeV/c2 — are necessary even at low WIMP masses to detect
dark matter if it couples to matter via spin-independent interactions.
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WIMP physics: spectroscopy
• Capability to reconstruct the WIMP mass and cross section for various masses  - here 20, 100, 

500 GeV/c2 - and cross sections

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3

Exposure: 200 t y

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

Update: Newstead et al., PRD D 88, 
076011 (2013)
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WIMP physics: sensitivity for SI scattering

• E = [3-70] pe ~ [4-50] keVnr

200 t y exposure, 99.98% discrimination, 30% NR acceptance, LY = 8 pe/keV at 122 keV

Note: “nu floor” = 3-sigma detection line at 500 CNNS events above 4 keV 11
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WIMP physics: complementarity with the LHC
• Minimal simplified DM model with only 4 variables: mDM, Mmed, gDM, gq


• Here DM = Dirac fermion interacting with a vector or axial-vector mediator; equal-strength 
coupling to all active quark flavours
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines), LZ (red lines) and
DARWIN (purple lines) in the cross section vs mDM plane for SI and SD interactions appropriate
for the vector and axial-vector mediators respectively. The collider limits are defined for coupling
scenarios with gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach of DD exper-
iments accounting for the neutrino scattering background are also displayed (green lines). For the
spin-independent interaction we also show a projection of the SuperCDMS limit (orange line).

among the DD community. However, when comparing the two planes care must be taken

in the interpretation of the relative sensitivities of the di↵erent scenarios. For example,

whereas in the (M
med

,m
DM

) plane the mono-jet limits get stronger with increasing cou-

pling, the same results displayed in the (�0

DD

,m
DM

) plane show that for DM masses below

a few hundred GeV more parameter space is ruled out for the weaker coupling scenarios.

This is explained by the fact that the planes use di↵erent observables to benchmark the

performance of the search. In one case the mediator mass M
med

is the benchmark, whereas

in the other case it is the nucleon-WIMP scattering cross section �0

DD

. As explained above,

the cross section scales as (gqgDM
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for DD experiments, and approximately like
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) for the collider search. It is important to take these relations into
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implies that, whereas the collider limit on M
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gets stronger with increasing coupling,

when taking into account the factor (gqgDM

)2, it rules out less parameter space in �0

DD
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the coupling increases. Therefore, the results displayed in these two planes are fully consis-

tent but represent di↵erent ways to benchmark the search. Depending on what observable

is more relevant for the question at hand, either the (M
med
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) plane or the (�0

DD

,m
DM
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plane might be more appropriate to answer it.

We emphasize that the results and sensitivity projections presented here are valid for

single vector or axial-vector mediator exchange, assuming equal coupling to all quarks.

Experimentally, DD experiments probe a combination of the couplings to u and d quarks

for vector exchange and to u, d and s quarks for axial-vector mediator exchange. This

is in contrast to the mono-jet search. Although the production of the vector or axial-
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines), LZ (red lines) and
DARWIN (purple lines) in the cross section vs mDM plane for SI and SD interactions appropriate
for the vector and axial-vector mediators respectively. The collider limits are defined for coupling
scenarios with gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach of DD exper-
iments accounting for the neutrino scattering background are also displayed (green lines). For the
spin-independent interaction we also show a projection of the SuperCDMS limit (orange line).
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Technical challenge: discrimination
• A level of 99.98% needs factor of 5 improvement w.r.t. XENON100


➡ high light yield - R&D for high (4-pi) coverage with 
photosensors is ongoing; options are high QE PMTs, SiPMs 
and/or GPMs; single-phase TPC also under study 


➡ strong R&D program in place


➡ high stats ER band calibrations - internal sources, for instance 
tritiated methane à la LUX; also 220Rn as in XENON1T

Dual-phase LXe TPC with 
Gaseous Photo-Multipliers (GPMs) 

 

2 L. Arazi (WIS), APPEC Meeting, Munich Apr 2015 

GPMs 

field cage 

Screening 
mesh 

GPMs 

“Modest” design option:  
top-array only 

Ambitious design option:  
4π, modified field cage 

WIS Liquid Xenon (WILiX) facility: 
playground for detector R&D 

7 

WILiX schematic view 

LXe TPC 

GPM 

L Arazi 7th Symp. on Large TPCs, Paris Dec. 2014 
https://indico.cern.ch/event/340656/contribution/46/material/sl
ides/1.pdf 

4” triple-THGEM 
GPM 

CsI coated 

L. Arazi (WIS), APPEC Meeting, Munich Apr 2015 

ER Band 
• Tritiated methane calibrates the ER band over the entire 

WS energy range 

11 

A. Breskin, L. Arazi: bialkali GPM 
stable operation at gain of 1e5

LUX Tritium calibration using CH3T 
(inert)
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Technical challenge: HV & drift field

• Electron drift length of 2.6 m, high purity, and uniform 
field at the 1% level


• HV to bias the cathode must be -130 to -260 kV to 
have a drift field of 0.5 - 1 kV/cm


• build long (2.6 m) TPC demonstrator(s) 


• Robust, and transparent grid or wire electrodes with 
2.6 m diameter


• Challenge is to combine thin wires O(100 µm) to 
ensure high LCE


• build shallow (2.6 m ø) TPC demonstrator(s)


• Very precise, 3D field simulations based on the BEM 
technique

40 t LXe

~ 2.6 m
~ 2.6 m

High 
voltage 
FT

e- drift

Geometry in the
BEM simulation
software
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Technical challenge: liquid target

• Procurement, storage, cooling, high-speed purification of ~50 t of LXe


• coordinate procurement among institutions, funding agencies and companies


• Storage: à la ReStoX, developed for XENON1T/nT, acts as a demonstrator


• possible solution: a network of 7 interconnected ReStoX units, with a main storage directly 
connected to the cryostat


• study a different mechanism for recovery, based on gravity (recuperation pipe below 
cryostat)

DPG 2015 Melanie  Scheibelhut 9/18

Nitrogen Circuit around the inner 
Sphere

16 nitrogen lines around the inner sphere

The Lines are bent and welded on the
sphereDPG 2015 Melanie  Scheibelhut 8/18

Inside the Sphere

8 fins inside the sphere

Transfer of the cooling temperature into the
sphere

DPG 2015 Melanie  Scheibelhut 6/18

ReStoX 

15

ReStoX: can 
store up to 
7.6 t of xenon

Max heat 
leak: ~50 W



Technical challenge: backgrounds

• ER dominance by solar neutrinos needs:


➡ low intrinsic levels of 85Kr and 222Rn 


• 85Kr: 0.1 ppt natKr (0.2 ppt natKr => same background 
level as solar neutrinos)


•  0.2 ppt is goal for XENON1T, factor 20 better 
than this already achieved by Münster group*: 
separation factor > 120000


• 222Rn: 0.1 µBq/kg (1 µBq/kg => same background 
level as solar neutrinos)


•  10 µBq/kg is goal for XENON1T): control Rn 
levels with low-emanation materials & cryogenic 
distillation (use different vapour pressure), 
adsorption

*M. Murra, Münster: natKr/Xe < 26e-15 = 26 ppq (90% CL); measured with MPIK RGMS system 
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Figure 2. (Left): overall predicted background spectrum from detector construction materials (see
table 1) and internal (85Kr, 222Rn, 136Xe) contaminations for a central, 14 t region of the detector.
The expected background from 85Kr decays (green, 0.1 ppt of natural krypton), from 222Rn decays
(black dashed, 0.1µBq/kg) and from 136Xe 2⌫��-decays (blue) is also shown separately, along with
the total neutrino signal (red, pp and 7Be). (Right): predicted signal and background rates in the
2-30 keV energy region as a function of fiducial liquid xenon mass.

The contribution of these internal background components is shown separately in fig-
ure 2: they yield a total rate of ⇠700 events/y in the energy region 2–30 keV and a rate of
about 1 event/y in the energy region 2–10 keV, assuming 99.5% rejection of electronic recoils
in the latter case. This rate is comparable to the background coming from 136Xe 2⌫��-decays.
In figure 2, right, we show the background and signal rates as a function of fiducial liquid
xenon mass, motivating our conservative choice of 14 t of LXe in the central detector region.

Table 2 gives an overview of the most relevant background contributions to the overall
event budget. The total background in the energy region 2–30 keV is dominated by 2⌫��-
decays of 136Xe, followed by decays of 85Kr and 222Rn. While the latter can be in principle
further reduced by noble gas purification, the solar neutrino measurement requires the sub-
traction of the 2⌫��-decay component. To diminish its contribution without the need of
background subtraction, and to extend the energy range over which the solar neutrinos can
be observed beyond the 30 keV upper bound, one might consider using xenon gas that is de-
pleted in the 136Xe isotope. The overall background without the 2⌫�� component is shown
in the same figure.

4 Neutrino backgrounds for the dark matter search

In this section we contemplate the main physics channel of DARWIN, the dark matter
search, and calculate the backgrounds from elastic neutrino-electron scatters and from coher-
ent neutrino-nucleus interactions. The expected dark matter signal events are nuclear recoils
from elastic WIMP-nuclei collisions. The charge-to-light ratio, measured independently for
each event, is used to suppress 99.5% of the electronic recoil background. Such a discrimi-
nation level was reached by current-generation detectors and could in principle be improved
by using higher drift fields, through analysis techniques, or by reducing the acceptance of
nuclear recoils. Table 2 gives the expected event rates from WIMP interactions for two cases,
assuming the standard halo model: an isothermal halo with a local dark matter density of
0.3GeV/cm3, a circular velocity of 220 km/s and an escape velocity of 544 km/s [43, 44]. An
in-depth study of the scientific dark matter reach of DARWIN was performed in ref. [45].
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Physics reach: solar neutrinos

• Rate of solar neutrinos > 2 keV


• pp neutrinos (2-30 keV): 


• 2571 events/(30 t y) 


• 7Be neutrinos (2-30 keV): 


• 321 events/(30 t y)


• 220Rn: 0.1 µBq/kg; natKr: 0.1 ppt


• Reach ~ 1% precision after 3 years
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Figure 1. (Left): di↵erential electron recoil spectra in liquid xenon for pp- (blue) and 7Be (red)
neutrinos. The dashed lines show the contribution from electron neutrinos, the dotted lines the
ones from other flavours, while the solid lines represent their sum. (Right): survival probability of
electron neutrinos as a function of energy for pep (dashed) and 8B (solid) for two di↵erent oscillation
scenarios LMA-0 (blue) and LMA-I (red), where the relative di↵erence is expected to be of similar
size for pp-neutrino [31]. The datapoint shows the result of a possible pp-neutrino measurement with
DARWIN, in a fiducial LXe mass of 14 t. The horizontal error bar represents the energy spread for
the pp-neutrinos and the vertical error bar shows the expected statistical error for 5900 events.

<0.1%, which is well below the statistical uncertainty of the measurement. The systematic
uncertainty in the determination of the event vertex will be tested by using collimated ex-
ternal sources, such as 57Co [18], internal, point-like alpha sources, as well as short-lived
radioactive isotopes mixed into the LXe, such as 83mKr [53]. The latter leads to a constant
volume activity throughout the active volume and deviations can be attributed to systematic
biases in the vertex determination.

Such a large statistics measurement of the pp-neutrino flux will open the possibility
to distinguish among di↵erent oscillation scenarios. For example, non-standard neutrino
interactions can modify the survival probability of electron neutrinos in the vacuum to matter
dominated oscillation transition region around 1MeV but also at lower, pp-neutrino energies.
Figure 1, right, shows the survival probability of electron neutrinos as function of energy for
pep and 8B for two di↵erent oscillation scenarios, LMA-0 and LMA-I, the relative di↵erence
for pp-neutrinos being of similar size [31]. The datapoint represents a possible measurement
of the survival probability of pp-neutrinos in DARWIN, with a relative statistical error of
1.3%. The total neutrino rate per year, taking into account the 2 keV energy threshold for
detecting the recoiling electrons and an upper energy threshold of 30 keV is 1331 events (see
also table 2).

3 Background considerations

Elastic neutrino-electron interactions will cause electronic recoils competing with a poten-
tially much larger background coming from detector construction materials, from radioactive
noble gas impurities in the liquid xenon itself, such as 85Kr and 222Rn, and from double
beta decays of 136Xe. With an instrumented water Cherenkov shield, ultra-low radioac-
tivity construction materials, the self-shielding of liquid xenon and the information on the
spatial event-position, DARWIN will be designed to reduce most of this background noise
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Physics reach: double beta decay

• 136Xe: Q-value = 2458.7 ± 0.6 keV


• Fiducial mass 6 t natXe


➡sensitivity to 0nbb-decay of 136Xe: 


• T1/2 > 5.6 x 1026 yr (95% CL) in 30 t y


• T1/2 > 8.5 x 1027 yr (95%  CL) in 140 t y


• Assumptions: 

• 222Rn: 0.1 µBq/kg (~ 0.036 events/(t y))


• (8B rate is ~ 0.036 events/(t y))


• sigma/E = 1% at Q-value
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Figure 4. (Left): integral background rate in ±3� energy region around the Q-value (2385–2533 keV)
as a function of fiducial LXe mass. (Right): predicted background spectrum around neutrinoless
double beta decay peak for 6 t fiducial mass. We show the overall background (thick black solid)
which includes contributions from detector materials (black), from 0.1µBq/kg of 222Rn in the LXe
(black dashed), from 8B neutrino scatters (green dotted)and 2⌫��-decays with T1/2=2.11⇥1021 y
inside the liquid xenon (blue). The potential signal for the neutrinoless double beta decay (0⌫��,
red) assumes T1/2=1.6⇥1025 y.

The Q-value of the double beta decay of 136Xe is (2458.7±0.6) keV [55]. Employing
an energy scale based on a linear combination of the charge and light signals, which have
been shown to be anti-correlated in liquid xenon TPCs [15, 18, 53], the extrapolated energy
resolution is �/E = 1% in this high-energy region.

The combined e�ciency of the fiducial volume and multi-scatter cut, which rejects
events with a separation larger than 3mm in the z-coordinate [18] is 99.5% in a ±3� energy
interval around the Q-value. The materials background is dominated by 214Bi, followed by
208Tl decays in the photosensors and in the cryostat, and can only be further reduced, for
a given fiducial volume, by identifying detector construction materials with lower 226Ra and
228Th levels. The background contribution from internal radon can be e�ciently rejected
by so-called 214Bi–214Po tagging. It exploits the fact that the 214Bi �-decay (Q�= 3.3MeV)
and the 214Po ↵-decay (Q↵= 7.8MeV) occur close in time, with a mean lifetime of the 214Po
decay of 237µs. At the high energies relevant for the double beta decay, only the �-decay
will contribute to the background. We assume a tagging e�ciency of 99.8%, as achieved
in EXO-200 [38] and confirmed by us in a Monte Carlo simulation, assuming that 214Po
decays can be detected up to 1ms after the initial 214Bi decay. The event rate from radon,
considering the same 0.1µBq/kg contamination level as for the dark matter search region, is
0.035 events/(t·y) in a ±3� energy region around Q�� .

We have also estimated the background from elastic neutrino-electron scatters from 8B
solar neutrinos. As the endpoint of the electron recoil energy spectrum extends up to about
14MeV, such single-site scatters are a potential background source for double beta experi-
ments. Using the 8B neutrino flux of �8B=5.82⇥106 cm�2s�1 [8] and mean scattering cross
sections of �⌫e=59.4⇥10�45 cm2 and �⌫µ=10.6⇥10�45 cm2 for electron- and muon-neutrinos
respectively [22], we obtain an event rate 0.036 events/(t y) in the energy region of interest,
see also table 3. While this is above the expected background from 2⌫��-decays, and similar
to the radon contribution, it is well below the one from detector materials.

The expected total background in a ±3� region around the Q-value is 4.6 events/(t·y)
in 6 t of LXe fiducial mass. With an exposure of 30 t·y, a sensitivity to the neutrinoless

– 10 –

136Xe: 
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Physics reach: coherent neutrino scatters

• Neutrino sources: 

• 8B solar neutrinos 


• DSNB


• Atmospheric neutrinos


• Expected rates: 

• 90 events/(t y) above 1 keVnr


• 1.8 x 10-2 events/(t y) above 4 keVnr
LB et al, JCAP01 (2014) 044

⌫ +N ! ⌫ +N

With an energy threshold of ~1 keVnr, DARWIN would detect about 3000 CNNS events per year
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Physics reach: heavy sterile neutrinos

• Explore physics scenarios in which 
interactions are enhanced due to BSM 
processes:


• new interactions between neutrinos and e- 
mediated by a very light or massless particle 
(these would dominate the SM rates at low 
energies relevant for DD)


• A: nu with magnetic moment of 0.32 x 10-10 µB


• B, C, D: A’-mediated               scattering 
(sterile neutrinos heavier than ~ 10 keV)


• A’ is a new light gauge boson (“dark photon”) 
that has a small kinetic mixing with the 
photon

JCAP07(2012)026
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Figure 2. Expected event spectra in a dark matter detector from new physics in the scattering
of solar neutrinos on electrons. The di↵erent colored curves correspond to (A) a model where the
neutrino has a magnetic dipole moment of µ⌫ = 0.32 ⇥ 10�10µB and (B, C, D) models where the
scattering is enhanced by the exchange of a new light gauge boson A0 with couplings ge to electrons
and g⌫ to neutrinos. The latter case is for instance realized in the model from section 3.3, where
Standard Model particles couple to the A0 through its kinetic mixing with the photon, but there is
also a sterile neutrino ⌫s directly charged under U(1)0. To keep the discussion general, we assume the
⌫e ! ⌫s transition probability to be energy-independent, and we have absorbed the corresponding flux
suppression into a redefinition of g2⌫ . The black curve shows the Standard Model rate from figure 1,
and the red curves and data points show the observed electron recoil rates in XENON-100 [39] (see
section 2 for details), Borexino [34], CoGeNT [25], and DAMA [40]. (Note that CoGeNT and DAMA
cannot distinguish nuclear recoils from electron recoils, so their data can be interpreted as either.)

and flattens out for lower Er. This can be easily discerned by comparing curves B, C and D,
which where computed assuming di↵erent values for MA0 . All three of these curves satisfy
(but almost saturate) the Borexino limit, and all of them may be within the reach of LUX,
XENON-1T, X-MASS, PANDA-X or even XENON-100, provided the detector response to
electron recoils can be su�ciently well understood, and the electron recoil background from
Standard Model processes can be su�ciently reduced. Even now, XENON-100 disfavors sce-
narios in which all of the events seen in CoGeNT or DAMA are explained by the scattering of
solar neutrinos on electrons. It is of course still conceivable that only a fraction of these rates
signifies the scattering of sterile neutrinos on electrons, and the rest is due to instrumental
backgrounds. In fact, a recent preliminary investigation by the CoGeNT collaboration [79]
suggests that such instrumental backgrounds exist. The annual modulation amplitudes ob-
served by DAMA and CoGeNT are roughly at the level of the XENON-100 background, and
we may hope to explain these signals in models that predict a strongly modulating signal,
see section 6.

Curves B, C and D in figure 2 were computed with the U(1)B�L model from section 3.2
and the U(1)0 model with kinetic mixing and U(1)0-charged sterile neutrinos from section 3.3
in mind. The former model is more strongly constrained since it predicts enhanced scattering

– 13 –
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Possible location at LNGS

• Minimum water tank dimensions: 14 m diameter


• Space in Hall B (former ICARUS location)


• Or space in Hall C (Borexino shield or other), or Hall A

DARWIN-LXe

+ clean room

XENON1T/nT

Infrastructure 
building

Water shield
15 m ø

Xe storage

Example: space in hall B
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Estimated DARWIN timescale

2014 - 2019 

R&D and design study 
2018: CDR/TDR 

Engineering studies 

2019-20: demonstrators at home institutions 
2021: construction/integration at LNGS

Construction, commissioning, science run 

2022: construction/integration at LNGS 
2023: commissioning 

2024: physics runs start

2010 - 2013 

First R&D phase, Aspera funded 

June 2013: Aspera final report

2022 - 2032

2019 - 2021
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The DARWIN Consortium

Department of Physics
Imperial College London
Blackett Laboratory
Imperial Centre for Inference and Cosmology 
Prince Consort Road
London SW7 2AZ
Tel: +44 (0)20 7594 7793 Fax: +44 (0)20 7594 7541

Email: r.trotta@imperial.ac.uk
Website: www.robertotrotta.com

Dr Roberto Trotta FRAS FHEA
Senior Lecturer in Astrophysics 

Thursday, 27 September 2012  
 
 
 
Prof Laura Baudis
DARWIN project coordinator 
University of Zurich 

Request to join the DARWIN Collaboration  

Dear Prof Baudis

Following our numerous informal discussions on the subject, I am writing to submit an official 
request to join the DARWIN Collaboration.

My research expertise lies in the development and application of advanced statistical 
techniques to complex data sets, both in cosmology and astroparticle physics. I am one of the 
leading proponents of astrostatistics as a new  discipline able to provide robust and insightful 
data-based answer to complex theoretical problems.  

I am interested in joining the DARWIN Collaboration with a view  to contributing to the 
development of the data analysis pipeline for the identification and characterization of  WIMP 
signals. In particular, I propose to design and implement a Bayesian data analysis pipeline for 
DARWIN, which promises superior capabilities in terms of  extracting a possible weak signal 
from a dominating background and a more accurate and robust modelling of  systematic 
errors. 

A fully Bayesian approach has never been applied to the analysis of  data from a direct 
detection experiment. The Bayesian and frequentist (e.g., profile likelihood) approaches can 
be seen as complementary: they ask different questions from the data, and in general, the 
results might differ. This is particularly to be expected in the case of  interest for discovery 
experiments such as DARWIN, where a high-dimensional parameter space (including 
parameters characterizing the signal, the background component, systematic effects and 

Imperial College of Science, Technology and Medicine                  
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Request of TU Dresden to join DARWIN  
(
'
Dear Laura, 
'
Next generation noble gas detectors as studied within DARWIN are extremely interesting but 
challenging projects. A contribution and participation from my group at TU Dresden would 
complete my long term planning of activities and I believe we can offer some valueable 
contributions to DARWIN. 
 
We can offer various kinds of neutron sources, among them the most intense DD and DT 
generator in Europe. Measurements in collaboration UZH, Muenster and Mainz could be done 
to study light yields in LAr and LXe (WP3, TG3). As these mesurements are extremely 
important it might be worthwhile to do them twice at UZH and TU Dresden. 
 
Furthermore these sources will allow to measure radioisotope production in LXe/LAr of 
potential danger, even so they haven’t appeared in previous experiments. As highlighted in 
the report (WP8, TG1), the aim of DARWIN is to improve the sensitivity for dark matter 
significantly and especially reducing background by another order of magnitude with respect 
to experiments in the building up phase. This is a real challenge and new background sources 
might show up and have to be considered. We would like to explore parts of these by studying 
neutron reactions on Xe/Ar and also make a detailed study of solar neutrino background. 
Recently we published such a solar neutrino background study for double beta decay in 
Journal of Physics G. Doing solar neutrinos by myself for decades (GALLEX, SNO and 
SNO+) this is also of large personal interest for me. 
 
As part of the planned background improvement also material screening will be a major and 
time consuming task (WP6, TG3). Within this context we can offer the usage of the ultralow 
background Ge-detectors in the Felsenkeller Underground Laboratory for screening 
measurements within DARWIN.  
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Physics reach: bosonic SuperWIMPs

• Bosonic, light, super weakly interacting cold dark 
matter (mass in the 10-100 keV range)


• Scattering cross section is many orders of magnitude 
below the weak-scale cross section, but such particles 
could be absorbed in LXe and produce a detectable signal


• Signature: a line at the rest mass of the boson
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Physics reach: solar axions
4
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FIG. 3: Background model N
b

⇥ f
b

(grey line), scaled to the
correct exposure, as explained in the text. f

b

is based on the
60Co and 232Th calibration data (empty blue dots), and is
used in Eq.4. The 3 PE threshold is indicated by the vertical
red dashed line.

where ✏(S1) is the acceptance and �
PMT

= 0.5 PE is the
PMT resolution [23].

The background spectrum, f
b

, is modeled based on
60Co and 232Th calibration data. The spectrum is scaled
to the science data exposure by normalizing it to the
number of events seen outside the signal region. For so-
lar axions, it is done between 30 and 100 PE, and for
galactic ALPs below m

A

[pe]�2� and above m
A

[pe]+2�,
where m

A

[pe] is the ALP mass in units of PE and � is
the width of the expected signal peak, see Fig.6. Then,
the scaled background spectrum is integrated in the sig-
nal region to give the expected number of background
events, N

b

. The background model scaled to the correct
exposure, N

b

⇥ f
b

, is shown in Fig.3, along with the
scaled calibration spectrum.

The energy scale term in Eq.3, L2, has been
parametrised with a single nuisance parameter t. The
likelihood function is defined to be normally distributed
with zero mean and unit variance, corresponding to

L2(n
exp(t)) = e�t

2
/2, (7)

where t = ±1 corresponds to a ±1� deviation in nexp, as
shown in Fig.2, i.e., t = (nexp � nexp

mean

)/�.

III. RESULTS

A. Solar axions

The remaining events after all the selection cuts are
shown in Fig.4 as a function of S1. The solid grey line
shows the background model, N

b

⇥ f
b

. The expected S1
spectrum for solar axions, lighter than 1 keV/c2, is shown
as a blue dashed line for g

Ae

= 2 ⇥ 10�11, the best limit
so far reported by the EDELWEISS-II collaboration [30].
The data are compatible with the background model, and
no excess is observed for the background only hypothesis.

Fig.5 shows the new XENON100 exclusion limit on g
Ae

at 90% CL. The sensitivity is shown by the green/yellow
band (1�/2�). As we used the most recent and accurate
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FIG. 4: Event distribution of the data (black dots), and back-
ground model (grey) of the solar axion search. The expected
signal for solar axions with m

A

< 1 keV/c2 is shown by the
dashed blue line, assuming g

Ae

= 2 ⇥ 10�11, the current best
limit from EDELWEISS-II [30]. The vertical dashed red line
indicates the low S1 threshold, set at 3 PE. The top axis shows
the expected mean value of the electronic recoil energy.
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FIG. 5: The XENON100 limits (90% CL) on solar axions is
indicated by the blue line. The expected sensitivity is given
by the green/yellow bands (1�/2�). Limits by EDELWEISS-
II [30], and XMASS [31] are shown, together with the lim-
its from a Si(Li) detector from Derbin et al. [32]. The
contour area corresponds to a possible interpretation of the
DAMA/LIBRA annual modulation signal as originating from
axions [33]. Indirect astrophysical bounds from solar neutri-
nos [34] and red giants [35] are represented by dashed lines.
The benchmark DFSZ and KSVZ models are represented by
grey dashed lines [4–7].

calculation for solar axion flux from [10], which is valid
only for light axions, we restrict the search to m

A

< 1
keV/c2. For comparison, we also present recent exper-
imental constraints [30–32] and the DAMA/LIBRA an-
nual modulation signal [33] interpreted as being due to
axion interactions. Astrophysical bounds [34, 35] and
theoretical benchmark models [4–7] are also shown.For
solar axions with masses below 1 keV/c2 XENON100 is
able to set the strongest constraint on the coupling to
electrons, excluding values of g

Ae

larger than 7.7⇥ 10�12

Background 

Signal
mA < 1 keV/c2

gAe = 2⇥ 10�11

Look for solar axions via their couplings to 
electrons, gAe, through the axio-electric effect

• XEON100: based on 224.6 live days x 34 kg 
exposure; using the electronic-recoil spectrum, 
and measured light yield for low-energy ERs


• Factor of ~10 improvement with DARWIN

XENON, Phys. Rev. D 90, 062009 (2014) 
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Physics reach: galactic axion-like particles (ALPs)

Background 
Signal

Look for ALPs via their couplings to electrons, 
gAe, through the axio-electric effect 

Expect line feature at ALP mass 

assume rhodm = 0.3 GeV/cm3

• XEON100: based on 224.6 live days x 34 kg 
exposure; using the electronic-recoil spectrum, 
and measured light yield for low-energy ERs


• Factor of ~100 improvement with DARWIN

�A = c�A ⇥ ⇢dm
mA

R / g2Ae
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Physics reach: low WIMP masses

• Achieve a lower energy threshold for NRs if 
the energy is measured by the S2 signal (e-), 
with ~ 20-25 PE per extracted e- in the gas 
phase


• XENON10: threshold of Enr ~ 1 keV 
reached 

• XENON100: analysis ongoing 

• Loss of S2/S1 discrimination: sensitivity 
reduction by ~ factor 100, compared to 
higher WIMP masses; acceptable because at 
low WIMP masses the solar neutrinos will 
dominate the NR rate


• LUX (APS2015): ionization signal 
absolutely measured below 1 keVnr

Erratum: Search for Light Dark Matter in XENON10 Data
[Phys. Rev. Lett. 107, 051301 (2011)]

J. Angle et al.*

(XENON10 Collaboration)
(Received 15 May 2013; published 13 June 2013)

DOI: 10.1103/PhysRevLett.110.249901 PACS numbers: 95.35.+d, 14.80.Ly, 29.40.!n, 95.55.Vj, 99.10.Cd

In our Letter, the 90% C.L. exclusion limits presented in Fig. 3 were incorrect, due to a software bug. The corrected
limits are shown in Fig. 4, keeping all other assumptions and parameters as described in the original work. This leads to a
decrease in sensitivity of approximately f"2;"4;"5g at dark matter particle masses of f5; 10; 20g GeV. The corrected
limit calculation is in good agreement with the work of Ref. [1] if we make the same astrophysical assumptions. The
original conclusions of the Letter are not affected by this correction.

We also point out that the parameterization of the detector energy resolution contained a typo: it should read

RðEnrÞ ¼ ðQyEnrÞ!1=2.

[1] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar, and K. Schmidt-Hoberg, arXiv:1304.6066.

FIG. 4 (color online). Previously published (solid black curve, labeled ‘‘This work’’) and corrected (solid green curve, labeled
‘‘corrected’’) 90% C.L. exclusion limits obtained from our data. The original figure is otherwise unmodified.

*Full author list given at the end of the Letter.

PRL 110, 249901 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
14 JUNE 2013

0031-9007=13=110(24)=249901(1) 249901-1 ! 2013 American Physical Society

XENON 10 result, PRL107/110

James Verbus - Brown University APS April Meeting - April 12th, 2015
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Technical challenge: discrimination

• Best value in LXe by ZEPLIN-III, 99.987% 

• LUX: 99.9% - 99% (at 50% NR acceptance)


• K. Ni: ER power > 105 at 50% acceptance


• weak dependance on field strength, but 
field  uniformity crucial

What is the key factor that determines the ER 
rejection power? 

Field !
 (kV/cm)!

Light yield  
(pe/keVee, 
for 122 keV 
at zero field)!

Energy ROI!
(keVnr) !

NR 
acceptance!

ER rejection 
power!

ZEPLIN-II! 1.0! 1.1! 14-58! 50%! 98.5%!
XENON10! 0.73! 5.4! 4.5~26.9! 45%~49%! 99.9~99.3%!
ZEPLIN-III! 3.4! 3.1-4.2! 7-35! ~50%! 99.987%!
XENON100! 0.53! 3.8! 6.6-43.3! 60%~20%! 99.75%!
LUX� 0.18� 8.8� 3-27� 50%� 99.9~99%�

•  Stronger field? 
•  Higher light yield? 
•  Something else? 

Discrimination 

12 

ER rejection power at different drift fields (central events) 
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Energy resolution

can be optimised, although in general they are rather high. The light yield of the LUX821

detector, 8.8 PE/keV
ee

for a 122 keV line at zero field [26], is about 2⇥ higher than the one of822

XENON100 (4.3 PE/keV
ee

[14]), mainly thanks to an improved PTFE reflectivity, optimized823

TPC electrodes transparency and a higher collection efficiency of the PMTs. Typically, PTFE824

is used as an efficient reflector for the scintillation light of LXe at 178 nm, with a reflectivity825

above 90% [80].826

Due to recombination effects, the light yield (LY) is always highest for zero-field and827

decreases (in an energy dependent way) with increasing field, see for example [115]. Already828

achieved values are 2.3 PE/keV
ee

and ⇠4.6 PE/keV
ee

at 122 keV
ee

and ~

E ⇠ 0.5 kV/cm in the829

LXe detectors XENON100 and LUX, respectively. (LUX operates at a lower drift field of830

0.18 kV/cm and we have converted its zero-field value of 8.8 PE/keV
ee

to the higher reference831

field.) Figure 11, left, illustrates the described situation: A higher light yield will improve832

the S1-resolution at a given nuclear recoil energy E

nr

. However, the TPCs of the current833

LUX detector as well as of XENON1T under commissioning [30] are already highly opti-834

mised, hence not much improvement beyond values of ⇠4. . .5 PE/keV
ee

at a 0.5 kV/cm drift835

field (⇠8. . .10 PE/keV
ee

at zero field) can be realistically expected for DARWIN, leading to836

resolutions around 40% in the light signal.837

Due to the larger number of quanta involved, the resolution of the proportional S2 signal838

from the charge is superior to the S1 resolution. The W -value, describing the required energy839

to create an electron-ion pair, is 15.6 eV in Xe. The number has to be corrected for recom-840

bination effects in the non-zero electric field, leading to a somewhat larger effective W -value,841

however, the total number of electrons liberated by low-energy interactions is still rather high.842

As the typical extraction fields of >9 kV/cm lead to 100% extraction efficiency [81], the main843
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Figure 11. (Left) Mean size of the S1 light signal in a LXe dual-phase TPC, expected from a nuclear
recoil of 5 keVnr (left axis), plotted against the detector’s light yield for a 122 keV �-line at a drift field
of ⇠500 V/cm. The relative scintillation efficiency Le↵ of LXe is taken from [13]. Also shown is the
relative resolution at 5 keVnr, assuming that it is dominated by a Poisson process (right axis). The
operational LXe TPCs XENON100 [14] and LUX [131] have achieved light yields of ⇠2.3 PE/keVee

and ⇠4.6 PE/keVee at this drift field, respectively, as indicated by the green lines. (Right) Mean
charge signal in electrons, before gas amplification, for a 5 keVnr recoil signal as a function of the
electron lifetime ⌧e. A drift field of ⇠0.5 kV/cm is assumed. The charge yield Qy for LXe is taken
from [120]. The right axis shows the relative Gaussian resolution for 1.3 m and 2.6 m electron drift,
corresponding to the central and the maximal value in a DARWIN detector. Lifetimes of 2 ms have
already been achieved in LXe detectors (green line). In both cases, it is unrealistic that DARWIN
can improve significantly with respect to the numbers already achieved, leading to S1 resolutions of
about 40% for 5 keVnr recoil signals, and to charge resolutions of about 20%.
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XENONnT*
Assump&ons*for*the*
background*in*XENONnT:**
*
ER:*
assumed*as*only*due*to*
intrinsic*components*+*solar*
neutrino*elas&c*sca^ering*
(no*ER*bkg*from*materials*in*
the*FV)*

The*ER*background*rates*in*the*three*configura&ons,*BEFORE*any*discrimina&on,*in*the*S1*
range*[3,*70]*(corresponding*to*about*[2,*12]*keVee),*are:**
•  XENON1T*(materials*+*0.2*ppt*85Kr*+*1uBq/kg*222Rn*+*SolarNu*+*2n2b):*~*128*ev*/*t*/*y;**
•  XENONnT*(0.2*ppt*85Kr*+*1uBq/kg*222Rn*+*SolarNu*+*2n2b):*~*109*ev*/*t*/*y*;*
•  DARWINGNeutrinoGOnly*(*SolarNu*):*~*35*ev*/*t*/*y.**
*

ER backgrounds: XENON1T/nT & DARWIN-LXe

• ER background before discrimination, in [2-12] keVee 


• XENON1T: ~ 128 events/(t y) 


• materials + 0.2 ppt Kr + 1µBq/kg Rn + solar nu + 2nbb


• XENONnT: ~ 109 events/(t y)


• 0.2 ppt Kr + 1µBq/kg Rn + solar nu + 2nbb


• DARWIN: ~ 35 events/( t y)


• 0.1 ppt Kr + 0.1µBq/kg Rn


• solar neutrino dominated

M. Selvi XENON 2015



Technical challenges: light yield

Slide from Lior Arazi

MC simulation for a 2 m tall and 2 m diameter LXe TPC with XENON1T grids 


