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Physics goal of the XENON programme
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The WIMP landscape in 2015

accessibletonextgenerationexperiments.Forthe100 GeV=c2

case, however, the exposure required to get 100 neutrino
background events is 2,150 ton-years. Given these expo-
sure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become
impractical due to the large exposures required even in
the Poisson-dominated regime.
As a final calculation, we have mapped out the WIMP

discovery limit across the 500 MeV=c2 to 10 TeV=c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudoexperiments with a threshold of 3 eV and 4 keV. To
ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit for
dark matter experiments. Interestingly, we can denote three
distinct features in the discovery limits coming from the
combination of 7Be and CNO neutrinos, 8B and hep
neutrinos and atmospheric neutrinos at WIMP masses of
0.5, 6, and above 100 GeV=c2 respectively. Also shown are
the current exclusion limits and regions of interest from
several experimental groups. If the potential WIMP signals
around 10 GeV=c2 are shown not to be from WIMPs, the
remaining available parameter space for WIMP discovery
is bounded at the top by the LUX Collaboration and at the
bottom by the neutrino background. Progress below this
line would require very large exposures, lower systematic

errors on the neutrino flux, detection of annual modulation,
and/or large directional detection experiments.

VII. CONCLUSION

We have examined the limitations on the discovery
potential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 GeV=c2 to
10 TeV=c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 and
∼10−49 cm2 are the maximal sensitivity to light and heavy
WIMP dark matter respectively that direct detection
searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
100 neutrino background events. For heavier WIMPs
(above 20 GeV=c2) we have shown that progress below
10−48 cm2 will be strongly limited by the very large
increases in exposure required for decreasing gains in
discovery reach.

FIG. 12 (color online). Left: Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest.
The contours delineate regions in the WIMP-nulceon cross section vs WIMP mass plane which for which dark matter experiments will
see neutrino events (see Sec. III D). Right: WIMP discovery limit (thick dashed orange) compared with current limits and regions of
interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond this line would require a
combination of better knowledge of the neutrino background, annual modulation, and/or directional detection. We show 90%
confidence exclusion limits from DAMIC [46] (light blue), SIMPLE [47] (purple), COUPP [48] (teal), ZEPLIN-III [49] (blue),
EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
99.7% C.L.), and CRESST [59] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the
LUX Collaboration.
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Noble gases in Mendeleev’s Periodic Table

Discovered later by William 
Ramsay, student of Bunsen and 
professor at UC London

1904 Nobel Prize in  Chemistry

"in recognition of his services in the 
discovery of the inert gaseous 
elements in air, and his determination 
of their place in the periodic system".Argon: “the inactive one”, neon: “the new one”, krypton: 

“the hidden one”, xenon: “the strange one”



Why xenon for direct dark matter detection?

• Dense, homogeneous target with self-shielding; fiducialization


• Large detector masses feasible at moderate costs


• High light (40 photons/keV) and charge (WLAr = 24 eV, WLXe = 15 eV ) yields

W. Ramsay: “These gases occur in the air but sparingly as a rule, for while argon forms nearly 1 
hundredth of the volume of the air, neon occurs only as 1 to 2 hundred-thousandth, helium as 1 to 2 
millionth, krypton as 1 millionth and xenon only as about 1 twenty-millionth part per volume. This more 
than anything else will enable us to form an idea of the vast difficulties which attend 
these investigations. “

414 E. Aprile and L. Baudis

Table 21.1. Physical properties of xenon, argon and neon.

Properties [unit] Xe Ar Ne

Atomic number: 54 18 10
Mean relative atomic mass: 131.3 40.0 20.2
Boiling point Tb at 1 atm [K] 165.0 87.3 27.1
Melting point Tm at 1 atm [K] 161.4 83.8 24.6
Gas density at 1 atm & 298 K [g l−1] 5.40 1.63 0.82
Gas density at 1 atm & Tb [g l−1] 9.99 5.77 9.56
Liquid density at Tb [g cm−3] 2.94 1.40 1.21
Dielectric constant of liquid 1.95 1.51 1.53
Volume fraction in Earth’s atmosphere [ppm] 0.09 9340 18.2

several practical aspects of a dark matter detector based on the specific noble
liquid. The high atomic number and high density make LXe an excellent
detector medium for penetrating radiation. Its relatively high temperature,
compared with that of LAr and LNe, also facilitates detector handling. In
terms of cost, LXe is the most expensive of the three noble liquids, owing to
its low fraction in the atmosphere. However, the problem of radioactive 39Ar
present at the level of 1 Bq kg−1 in atmospheric Ar will increase the cost of
LAr for large dark matter detectors, which will require Ar depleted in 39Ar
by centrifugation or by extracting it from other sources than the atmosphere.

21.1.2 Ionization and scintillation production

The ionization process. The energy loss of an incident particle in noble
liquids is shared between the following processes: ionization, excitation and
sub-excitation electrons liberated in the ionization process. The average
energy loss in ionization is slightly larger than the ionization potential or the
gap energy because it includes multiple ionization processes. As a result, the
ratio of the W -value, the average energy required to produce an electron-
ion pair, to the ionization potential or the gap energy is 1.6−1.7 [102].
Table 21.2 shows the W -values in noble gases (liquid and gaseous states)
[102; 691; 1459; 1833]. In general, the W -value in the liquid phase is smaller
than in the gaseous phase, and the W -value in liquid xenon is smaller than
that in liquid argon and liquid neon. As a consequence, the ionization yield
in liquid xenon is the highest of all noble liquids.
The scintillation process. Luminescence emitted from liquids or solids
is called scintillation. Scintillation from noble liquids arises in two distinct



WIMP physics with xenon

Probe WIMP-Xenon interactions via various channels: 

• 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 3. Spin-dependent WIMP-neutron cross-section constraints for the neutron-only coupling
case.

Indirect DM searches via neutrinos produced when WIMPs are caught and then anni-

hilate in the Sun can place constraints on the SD WIMP-proton cross-section as collisions

of WIMPs with hydrogen (protons) is part of the process for capturing WIMPs in the

Sun [74]. Figure 4 shows constraints placed by the IceCube/DeepCore [75] and Baksan

[76] neutrino detector searches for such neutrinos. The constraints depend on the annihi-

lation channel and are shown here for the representative b-quark and W -boson channels.

While neutrino searches can be very sensitive to WIMPs with SD proton couplings, the

high thresholds in IceCube/DeepCore and some other neutrino experiments means they

are often unable to probe for light WIMPs as LUX and other direct searches are capable

of doing. Furthermore, the limits shown here assume the DM capture and annihilation

processes in the Sun are in equilibrium, an assumption that may not be true for many DM

candidates [77].

The exclusion of the DAMA region by LUX in the SD proton-only coupling case, the

case where LUX limits are approximately at their weakest, suggests that the LUX result

may exclude any SD explanation for the DAMA signal, the first time a single experiment

– 13 –

 C. Savage et al, arXiv:1502.02667 L. Baudis et al, Phys. Rev. D 88, 115014 (2013)

SI, elastic WIMP-nucleus SD, elastic WIMP-nucleus SD, inelastic WIMP-nucleus
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The xenon time projection chamber
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The XENON Programme

XENON10 XENON100 XENON1T/nT

XENON10/XENON100: conventional shield, onion-like structure


XENON1T/nT: large water Cherenkov shield



The XENON10 experiment: 2005-2007

• 22 kg LXe in total


• 20 cm diam, 15 cm drift


• 89 1-inch PMTs


• 0.73 kV/cm drift field

age events for each energy bin in the analysis of the WIMP-
search data is currently limited by available calibration
statistics. Based on the analysis of multiple-scatter events,
no neutron induced recoil events are expected in the single-
scatter WIMP-search data set. To set conservative limits on
the WIMP-nucleon spin-independent cross section, we
consider all ten observed events, with no background sub-
traction. Figure 4 shows the 90% C.L. upper limit on
WIMP-nucleon cross sections as a function of WIMP
mass, calculated for a constant 19% Leff , the standard
assumptions for the galactic halo [25], and using the
‘‘maximum gap’’ method in [26]. For a WIMP mass of
100 GeV=c2, the upper limit is 8:8! 10"44 cm2, a factor
of 2.3 lower than the previously best published limit [27].
For a WIMP mass of 30 GeV=c2, the limit is 4:5!

10"44 cm2. Energy resolution has been taken into account
in the calculation. The largest systematic uncertainty is
attributed to the limited knowledge of Leff at low
nuclear-recoil energies. Our own measurements of this
quantity [21] did not extend below 10.8 keVr, yielding a
value of #13:0$ 2:4%% at this energy. More recent mea-
surements by Chepel et al. [22] have yielded a value of
34% at 5 keVr, with a large error.

A comparison between the XENON10 neutron calibra-
tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The constant
Leff assumption used to calculate the limits above shows
reasonable agreement at the 10% level between the
Monte Carlo predicted spectrum and the measured energy
dependence and intensity of the single-scatter nuclear-
recoil spectrum. The Leff assumption which gives the
best agreement implies a slightly more sensitive exclusion
limit and is not quoted. A conservative exclusion limit was
calculated by including estimates of possible systematic
uncertainty in the signal acceptance near threshold. Also
included was an estimate of the uncertainty in the energy
dependence of the neutron scattering cross sections used in
the Monte Carlo simulations. The Leff assumption which
gives poorest sensitivity, while remaining consistent at the
1% level with the neutron calibration data, corresponds to
exclusion limits as high as 10:4! 10"44 cm2 (5:2!
10"44 cm2) for a WIMP mass of 100 GeV=c2

(30 GeV=c2).
Although we treated all ten events as WIMP candidates

in calculating the limit, none of the events are likely WIMP
interactions. !log10#S2=S1% values for 5 events (compared

FIG. 3 (color online). Results from 58.6 live days of WIMP
search in the 5.4 kg LXe target. The WIMP-signal region was
defined between the two vertical lines (4.5 to 26.9 keV nuclear-
recoil equivalent energy) and the two zigzag lines (about 50%
nuclear-recoil acceptance).
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FIG. 4 (color online). Spin-independent WIMP-nucleon cross
section upper limits (90% C.L.) versus WIMP mass. Curves are
shown for the previous best published limit [upper (blue)] [27]
and the current work [lower (red)], assuming a constant 19%
Leff . The shaded area is for parameters in the constrained
minimal supersymmetric models [6,29].

FIG. 2 (color online). Position distribution of events in the 4.5
to 26.9 keV nuclear-recoil energy window, from the 58.6 live
days of WIMP-search data. (small dots) All events. (&) Events
in the WIMP-signal region before the software cuts. (') Events
remaining in the WIMP-signal region after the software cuts.
The solid lines indicate the fiducial volume, corresponding to a
mass of 5.4 kg.
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The XENON10 experiment at the Gran Sasso National Laboratory uses a 15 kg xenon dual phase time
projection chamber to search for dark matter weakly interacting massive particles (WIMPs). The detector
measures simultaneously the scintillation and the ionization produced by radiation in pure liquid xenon to
discriminate signal from background down to 4.5 keV nuclear-recoil energy. A blind analysis of 58.6 live
days of data, acquired between October 6, 2006, and February 14, 2007, and using a fiducial mass of
5.4 kg, excludes previously unexplored parameter space, setting a new 90% C.L. upper limit for the
WIMP-nucleon spin-independent cross section of 8:8! 10"44 cm2 for a WIMP mass of 100 GeV=c2, and
4:5! 10"44 cm2 for a WIMP mass of 30 GeV=c2. This result further constrains predictions of super-
symmetric models.

DOI: 10.1103/PhysRevLett.100.021303 PACS numbers: 95.35.+d, 14.80.Ly, 29.40.Mc, 95.55.Vj

The well-established evidence for nonbaryonic dark
matter [1–3] is a striking motivation for physics beyond
the standard model of particle physics. Weakly interacting
massive particles (WIMPs) [4] as dark matter candidates
arise naturally in various theories, such as supersymmetry,
extra dimensions, and little Higgs models [5–8]. Since by
hypothesis the WIMPs interact through the weak interac-
tion and can efficiently transfer kinetic energy by elasti-
cally scattering from atomic nuclei, the WIMP model can
be tested by searching for nuclear recoils in a sensitive,
low-radioactivity detector [9,10]. Predicted event rates are
less than 0:1 events=kg=day, with energy depositions of
the order of 10 keV.

XENON10 is the first 3D position sensitive time projec-
tion chamber (TPC) developed within the XENON pro-
gram to search for dark matter WIMPs in liquid xenon
(LXe) [11]. Dual phase operation enables the simultaneous
measurement of direct scintillation in the liquid and of
ionization, via proportional scintillation in the gas [12].
The ratio of the two signals is different for nuclear (from

WIMPs and neutrons) and electron (from gamma and beta
background) recoil events [13], providing event-by-event
discrimination down to a few keV nuclear-recoil energy
[14,15]. In March 2006 the detector was deployed under-
ground at the Gran Sasso National Laboratory (LNGS)
[16], where it has been in continuous operation for a period
of about 10 months, with excellent stability and perform-
ance [17]. The TPC active volume is defined by a Teflon
cylinder of 20 cm inner diameter and 15 cm height. Teflon
is used as an effective UV light reflector [18] and electrical
insulator. Four stainless steel (SS) mesh electrodes, two in
the liquid and two in the gas, with appropriate bias volt-
ages, define the electric fields to drift ionization electrons
in the liquid, extract them from the liquid surface, and
accelerate them in the gas gap. For the dark matter search
reported here, the drift field in the liquid was 0:73 kV=cm.

Two arrays of 2.5 cm square, compact metal-channel
photomultiplier tubes (PMTs) (Hamamatsu R8520-06-Al)
detect both the direct (S1) and the proportional (S2) scin-
tillation light. The bottom array of 41 PMTs is in the liquid,
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The XENON10 experiment: 2005-2007

• 22 kg LXe in total


• 20 cm diam, 15 cm drift


• 89 1-inch PMTs


• 0.73 kV/cm drift field
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consider all ten observed events, with no background sub-
traction. Figure 4 shows the 90% C.L. upper limit on
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mass, calculated for a constant 19% Leff , the standard
assumptions for the galactic halo [25], and using the
‘‘maximum gap’’ method in [26]. For a WIMP mass of
100 GeV=c2, the upper limit is 8:8! 10"44 cm2, a factor
of 2.3 lower than the previously best published limit [27].
For a WIMP mass of 30 GeV=c2, the limit is 4:5!

10"44 cm2. Energy resolution has been taken into account
in the calculation. The largest systematic uncertainty is
attributed to the limited knowledge of Leff at low
nuclear-recoil energies. Our own measurements of this
quantity [21] did not extend below 10.8 keVr, yielding a
value of #13:0$ 2:4%% at this energy. More recent mea-
surements by Chepel et al. [22] have yielded a value of
34% at 5 keVr, with a large error.

A comparison between the XENON10 neutron calibra-
tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The constant
Leff assumption used to calculate the limits above shows
reasonable agreement at the 10% level between the
Monte Carlo predicted spectrum and the measured energy
dependence and intensity of the single-scatter nuclear-
recoil spectrum. The Leff assumption which gives the
best agreement implies a slightly more sensitive exclusion
limit and is not quoted. A conservative exclusion limit was
calculated by including estimates of possible systematic
uncertainty in the signal acceptance near threshold. Also
included was an estimate of the uncertainty in the energy
dependence of the neutron scattering cross sections used in
the Monte Carlo simulations. The Leff assumption which
gives poorest sensitivity, while remaining consistent at the
1% level with the neutron calibration data, corresponds to
exclusion limits as high as 10:4! 10"44 cm2 (5:2!
10"44 cm2) for a WIMP mass of 100 GeV=c2

(30 GeV=c2).
Although we treated all ten events as WIMP candidates

in calculating the limit, none of the events are likely WIMP
interactions. !log10#S2=S1% values for 5 events (compared

FIG. 3 (color online). Results from 58.6 live days of WIMP
search in the 5.4 kg LXe target. The WIMP-signal region was
defined between the two vertical lines (4.5 to 26.9 keV nuclear-
recoil equivalent energy) and the two zigzag lines (about 50%
nuclear-recoil acceptance).
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FIG. 4 (color online). Spin-independent WIMP-nucleon cross
section upper limits (90% C.L.) versus WIMP mass. Curves are
shown for the previous best published limit [upper (blue)] [27]
and the current work [lower (red)], assuming a constant 19%
Leff . The shaded area is for parameters in the constrained
minimal supersymmetric models [6,29].

FIG. 2 (color online). Position distribution of events in the 4.5
to 26.9 keV nuclear-recoil energy window, from the 58.6 live
days of WIMP-search data. (small dots) All events. (&) Events
in the WIMP-signal region before the software cuts. (') Events
remaining in the WIMP-signal region after the software cuts.
The solid lines indicate the fiducial volume, corresponding to a
mass of 5.4 kg.

PRL 100, 021303 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 JANUARY 2008

021303-4

XENON10

CDMS-II

First Results from the XENON10 Dark Matter Experiment
at the Gran Sasso National Laboratory

J. Angle,1,2 E. Aprile,3,* F. Arneodo,4 L. Baudis,2 A. Bernstein,5 A. Bolozdynya,6 P. Brusov,6 L. C. C. Coelho,7

C. E. Dahl,6,8 L. DeViveiros,9 A. D. Ferella,2,4 L. M. P. Fernandes,7 S. Fiorucci,9 R. J. Gaitskell,9 K. L. Giboni,3

R. Gomez,10 R. Hasty,11 L. Kastens,11 J. Kwong,6,8 J. A. M. Lopes,7 N. Madden,5 A. Manalaysay,1,2 A. Manzur,11

D. N. McKinsey,11 M. E. Monzani,3 K. Ni,11 U. Oberlack,10 J. Orboeck,2 G. Plante,3 R. Santorelli,3 J. M. F. dos Santos,7

P. Shagin,10 T. Shutt,6 P. Sorensen,9 S. Schulte,2 C. Winant,5 and M. Yamashita3

(XENON Collaboration)

1Department of Physics, University of Florida, Gainesville, Florida 32611, USA
2Department of Physics, RWTH Aachen University, Aachen, 52074, Germany

3Department of Physics, Columbia University, New York, New York 10027, USA
4INFN-Laboratori Nazionali del Gran Sasso, Assergi, 67010, Italy

5Lawrence Livermore National Laboratory, Livermore, California 94550, USA
6Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106, USA
7Department of Physics, University of Coimbra, R. Larga, 3004-516, Coimbra, Portugal

8Department of Physics, Princeton University, Princeton, New Jersey 08540, USA
9Department of Physics, Brown University, Providence, Rhode Island 02912, USA

10Department of Physics and Astronomy, Rice University, Houston, Texas, 77251, USA
11Department of Physics, Yale University, New Haven, Connecticut 06511, USA

(Received 31 May 2007; published 17 January 2008)

The XENON10 experiment at the Gran Sasso National Laboratory uses a 15 kg xenon dual phase time
projection chamber to search for dark matter weakly interacting massive particles (WIMPs). The detector
measures simultaneously the scintillation and the ionization produced by radiation in pure liquid xenon to
discriminate signal from background down to 4.5 keV nuclear-recoil energy. A blind analysis of 58.6 live
days of data, acquired between October 6, 2006, and February 14, 2007, and using a fiducial mass of
5.4 kg, excludes previously unexplored parameter space, setting a new 90% C.L. upper limit for the
WIMP-nucleon spin-independent cross section of 8:8! 10"44 cm2 for a WIMP mass of 100 GeV=c2, and
4:5! 10"44 cm2 for a WIMP mass of 30 GeV=c2. This result further constrains predictions of super-
symmetric models.

DOI: 10.1103/PhysRevLett.100.021303 PACS numbers: 95.35.+d, 14.80.Ly, 29.40.Mc, 95.55.Vj

The well-established evidence for nonbaryonic dark
matter [1–3] is a striking motivation for physics beyond
the standard model of particle physics. Weakly interacting
massive particles (WIMPs) [4] as dark matter candidates
arise naturally in various theories, such as supersymmetry,
extra dimensions, and little Higgs models [5–8]. Since by
hypothesis the WIMPs interact through the weak interac-
tion and can efficiently transfer kinetic energy by elasti-
cally scattering from atomic nuclei, the WIMP model can
be tested by searching for nuclear recoils in a sensitive,
low-radioactivity detector [9,10]. Predicted event rates are
less than 0:1 events=kg=day, with energy depositions of
the order of 10 keV.

XENON10 is the first 3D position sensitive time projec-
tion chamber (TPC) developed within the XENON pro-
gram to search for dark matter WIMPs in liquid xenon
(LXe) [11]. Dual phase operation enables the simultaneous
measurement of direct scintillation in the liquid and of
ionization, via proportional scintillation in the gas [12].
The ratio of the two signals is different for nuclear (from

WIMPs and neutrons) and electron (from gamma and beta
background) recoil events [13], providing event-by-event
discrimination down to a few keV nuclear-recoil energy
[14,15]. In March 2006 the detector was deployed under-
ground at the Gran Sasso National Laboratory (LNGS)
[16], where it has been in continuous operation for a period
of about 10 months, with excellent stability and perform-
ance [17]. The TPC active volume is defined by a Teflon
cylinder of 20 cm inner diameter and 15 cm height. Teflon
is used as an effective UV light reflector [18] and electrical
insulator. Four stainless steel (SS) mesh electrodes, two in
the liquid and two in the gas, with appropriate bias volt-
ages, define the electric fields to drift ionization electrons
in the liquid, extract them from the liquid surface, and
accelerate them in the gas gap. For the dark matter search
reported here, the drift field in the liquid was 0:73 kV=cm.

Two arrays of 2.5 cm square, compact metal-channel
photomultiplier tubes (PMTs) (Hamamatsu R8520-06-Al)
detect both the direct (S1) and the proportional (S2) scin-
tillation light. The bottom array of 41 PMTs is in the liquid,
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The XENON100 experiment: 2008-2015

• Double phase time projection chamber with 161 kg 
(30-50 kg) of LXe total (fiducial), at LNGS


• 30 cm e- drift length, 30 cm diameter


• 2 arrays of 1-inch, low-background PMTs + LXe veto


• Low radioactivity - screened/selected - materials

Instrument described in: 
Astroparticle Physics 35, 2012 

Material screening results in: 
JINST 6, 2011 

Detailed analysis paper: 
Astroparticle Physics 54, 2014

Top array: 98 PMTs Bottom array: 80 PMTs



Example of a low-energy event waveform

S1 signal: ~ 100 photons

S2 signal: ~ 23 electrons

S1 signal: 5.14 pe S2 signal: 459.7 pe



The measured background in XENON100
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Gammas from neutron calibrations
• AmBe (~ MeV neutrons) data to map the nuclear recoil band, 220 n/s


• Inelastic n-scattering on Xe: 129,131Xe + n → 129,131Xe + n + γ (40 keV, 80 keV)


• Inelastic n-scattering on F (in PTFE): 19F+ n → 19F + n + γ (110 keV, 197 keV)


• Also Xe n-activation lines: 129mXe (236 keV) and 131mXe (164 keV) 

All gammas from the neutron irradiation of XENON100 are used to check/correct signal 
dependency with position and also to infer the LY at 122 keV 



Background prediction for Run10

• Expected background in: 34 kg inner 
region, 224.6 live days, 99.75% 
rejection of electronic recoils


• Electronic recoil background:


• 0.79±0.16 events


• from ER calibration data, scaled to non-
blinded ER band background data


• Nuclear recoil background


• 0.17+0.12-0.07 events


• from cosmogenic and radiogenic 
neutrons


• Total: 1.0±0.2 events
• benchmark WIMP region (not used in 

PL analysis)



After unblinding the previous dark matter run

• Two events observed in signal region (there is a 26.4 % chance for upward 
fluctuation): at 7.1 keVnr (3.3 pe) and at 7.8 keVnr (3.8 pe) (note: zero events below 3 pe)


• Both events at low S2/S1 with respect to NR calibration data 

• Visual inspection: waveforms of high quality 

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.
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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.
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XENON100 predictions for light WIMPs

• Past signal claims of other experiments in XENON100 data

WIMP-nucleon cross section : 

3 x 10-41 cm2

WIMP with mW = 8 GeV

WIMPs combined with asymmetric upward fluctuations in
the Poisson dominated regime of small S1. For both cases
the expected number of WIMPs is calculated for an expo-
sure equivalent to the 225 live-days XENON100 WIMP
search run in a region given by an S1 range of 3–30 PE S1
and below the 99.75% electron recoil line as defined in
Ref. [2]. The results are 223þ303

"85 ðsysÞ and 1409þ53
"4 ðsysÞ

events for the 8 GeVc"2 and for the 25 GeVc"2

WIMP, respectively. In both cases, statistical errors are

subdominant as the distribution is created using large
numbers of statistics and is scaled to the calculated expo-
sure. The systematic error is defined by simultaneously
using the upper and lower bounds of Leff and Qy. Rates

could similarly be calculated for the Leff extracted in this
article. The shape of this Leff leads to predicted rates
consistent with those calculated for the direct Leff

measurements within errors.
The excess of predicted WIMP recoil rates above only

two event candidates observed in the 225 live-days
XENON100 dark matter search [2] is consistent with
the reported exclusion limit, supporting the tension
between these results and signal claims by other
experiments [25–27].

V. CONCLUSIONS

The neutron calibration of the XENON100 dark matter
detector with a 241AmBe source is modeled with a MC
simulation that includes the signal generation in both the
S1 and S2 channels. Agreement in the ionization channel is
achieved through the adoption of a Qy (derived using
241AmBe data and a fixed Leff) that is largely consistent
with previous direct and indirect measurements and phe-
nomenological estimations but shows no indication of a
low-energy increase as reported by the direct measurement
of Ref. [11]. Additionally, an optimizedLeff is determined
using a similar method and is used to match the data and
MC simulation signal distributions in the scintillation
channel. The ionization and scintillation channels are com-
bined in two-dimensional spaces, achieving agreement
between the MC simulation and the data, constraining
the uncertainty in the nuclear recoil energy scales and
reproducing both means and widths of energy distribu-
tions. It provides a strong validation of the understanding
of the discrimination parameter space in which previous
XENON100 dark matter searches were analyzed and
reported. A simulated neutron emission rate of 159 n=s is
required to achieve spectral matching. This is in agreement
with the measured emission rate of ð160% 4Þ n=s and
confirms the robustness of the S1 signal acceptance used
in the XENON100 WIMP searches [2,3,6,18].
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FIG. 10 (color online). Two-dimensional distributions of
expected cS1 and cS2 signals for (top) monoenergetic nuclear
recoils of 4, 8, 16 and 32 keVnr (represented using 1! and 2!
contours), (middle) for an 8 GeVc"2 WIMP and for (bottom) a
25 GeVc"2 WIMP with spin-independent WIMP-nucleon cross
sections of 3& 10"41 cm2 and of 1:6& 10"42 cm2, respectively.
The same assumptions used to generate the recoil spectra in
Fig. 9 were used. The vertical red lines represent the 3 PE
analysis threshold and the upper 30 PE boundary (lower two
panels). In the lower two panels, the horizontal (long-dash)
red curve represents the mean (") "3! for the elastic nuclear
recoil distribution and the horizontal (short-dash) red curve
represents the 99.75% electron recoil rejection line as discussed
in Ref. [2].
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WIMPs combined with asymmetric upward fluctuations in
the Poisson dominated regime of small S1. For both cases
the expected number of WIMPs is calculated for an expo-
sure equivalent to the 225 live-days XENON100 WIMP
search run in a region given by an S1 range of 3–30 PE S1
and below the 99.75% electron recoil line as defined in
Ref. [2]. The results are 223þ303

"85 ðsysÞ and 1409þ53
"4 ðsysÞ

events for the 8 GeVc"2 and for the 25 GeVc"2

WIMP, respectively. In both cases, statistical errors are

subdominant as the distribution is created using large
numbers of statistics and is scaled to the calculated expo-
sure. The systematic error is defined by simultaneously
using the upper and lower bounds of Leff and Qy. Rates

could similarly be calculated for the Leff extracted in this
article. The shape of this Leff leads to predicted rates
consistent with those calculated for the direct Leff

measurements within errors.
The excess of predicted WIMP recoil rates above only

two event candidates observed in the 225 live-days
XENON100 dark matter search [2] is consistent with
the reported exclusion limit, supporting the tension
between these results and signal claims by other
experiments [25–27].

V. CONCLUSIONS

The neutron calibration of the XENON100 dark matter
detector with a 241AmBe source is modeled with a MC
simulation that includes the signal generation in both the
S1 and S2 channels. Agreement in the ionization channel is
achieved through the adoption of a Qy (derived using
241AmBe data and a fixed Leff) that is largely consistent
with previous direct and indirect measurements and phe-
nomenological estimations but shows no indication of a
low-energy increase as reported by the direct measurement
of Ref. [11]. Additionally, an optimizedLeff is determined
using a similar method and is used to match the data and
MC simulation signal distributions in the scintillation
channel. The ionization and scintillation channels are com-
bined in two-dimensional spaces, achieving agreement
between the MC simulation and the data, constraining
the uncertainty in the nuclear recoil energy scales and
reproducing both means and widths of energy distribu-
tions. It provides a strong validation of the understanding
of the discrimination parameter space in which previous
XENON100 dark matter searches were analyzed and
reported. A simulated neutron emission rate of 159 n=s is
required to achieve spectral matching. This is in agreement
with the measured emission rate of ð160% 4Þ n=s and
confirms the robustness of the S1 signal acceptance used
in the XENON100 WIMP searches [2,3,6,18].
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FIG. 10 (color online). Two-dimensional distributions of
expected cS1 and cS2 signals for (top) monoenergetic nuclear
recoils of 4, 8, 16 and 32 keVnr (represented using 1! and 2!
contours), (middle) for an 8 GeVc"2 WIMP and for (bottom) a
25 GeVc"2 WIMP with spin-independent WIMP-nucleon cross
sections of 3& 10"41 cm2 and of 1:6& 10"42 cm2, respectively.
The same assumptions used to generate the recoil spectra in
Fig. 9 were used. The vertical red lines represent the 3 PE
analysis threshold and the upper 30 PE boundary (lower two
panels). In the lower two panels, the horizontal (long-dash)
red curve represents the mean (") "3! for the elastic nuclear
recoil distribution and the horizontal (short-dash) red curve
represents the 99.75% electron recoil rejection line as discussed
in Ref. [2].
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WIMP with mW = 25 GeV

WIMP-nucleon cross section : 

1.6 x 10-42 cm2

E. Aprile et al (XENON), PRD 88, 2013



WIMP results from XENON100
• Ultra-low background and design sensitivity 

achieved


• Background: ~ 5 x 10-3 events/(kg d keV)


• No evidence for WIMP dark matter


• Upper limits on SI, SD WIMP-nucleon cross 
sections (PRL 109, PRL 111)
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! 5% for all WIMP masses for the background-only hy-
pothesis, indicating that there is no excess due to a dark
matter signal. The probability that the expected background
in the benchmark region fluctuates to two events is 26.4%
and confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections !" is calcu-

lated, assuming an isothermal WIMP halo with a local
density of #" ¼ 0:3 GeV=cm3, a local circular velocity

of v0 ¼ 220 km=s, and a Galactic escape velocity of
vesc ¼ 544 km=s [17]. Systematic uncertainties in the
energy scale as described by the Leff parametrization of
Ref. [6] and in the background expectation are profiled
out and represented in the limit. Poisson fluctuations in
the number of PEs dominate the S1 energy resolution and
are also taken into account along with the single PE
resolution. The expected sensitivity of this data set in the
absence of any signal is shown by the green (yellow)
[1! (2!)] band in Fig. 3. The new limit is represented by
the thick blue line. It excludes a large fraction of previously
unexplored parameter space, including regions preferred
by scans of the constrained supersymmetric parameter
space [18].

The new XENON100 data provide the most stringent
limit for m" > 8 GeV=c2 with a minimum of ! ¼ 2:0#
10$45 cm2 at m" ¼ 55 GeV=c2. The maximum gap analy-

sis uses an acceptance-corrected exposure of 2323:7 kg#
days (weighted with the spectrum of a 100 GeV=c2

WIMP) and yields a result which agrees with the result of
Fig. 3 within the known systematic differences. The new
XENON100 result continues to challenge the interpretation
of the DAMA [19], CoGeNT [20], and CRESST-II [21]
results as being due to scalar WIMP-nucleon interactions.
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FIG. 3 (color online). Result on spin-independent WIMP-
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Solar axions with XENON100
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 (LB 
et al., PRD 87, 2013; arXiv:1303.6891)

XENON, Phys. Rev. D 90, 062009 (2014) 
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Galactic axion-like particles with XENON100

Background 
Signal

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


Expect line feature at ALP mass


Assume

R / g2Ae

XENON, Phys. Rev. D 90, 062009 (2014) 
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• XEON100: based on 224.6 live days x 34 kg 
exposure; using the electronic-recoil spectrum, 
and measured light yield for low-energy ERs (LB 
et al., PRD 87, 2013; arXiv:1303.6891)

⇢0 = 0.3GeV/cm3

�A = c�A ⇥ ⇢0
mA

XENON, Phys. Rev. D 90, 062009 (2014) 

http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1404.1455


Upcoming results from XENON100
Probing XENON100 at lowest recoil energies: YBe calibration 

Marc Weber, Columbia University APS April Meeting 2015 Baltimore 

• YBe source placed inside the XENON100 radiation shield 

(lead bricks serve for high gamma-ray flux absorption) 

 

• Expected maximum nuclear recoil energy deposit of ~4.5 

keV due to very low kinetic neutron energy 

 

• Collected > 80 live days of data at both low (180 V/cm) 

and regular (476 V/cm) electron drift fields 

 

• Preliminary results show clear additional signal 

appearance due to low energy neutron scattering 

Æ direct proof of sensitivity towards low-mass WIMP 

interactions in XENON100   

YBe AmBe 

What‘s next ‒ unblinding of 154 live days 

Marc Weber, Columbia University APS April Meeting 2015 Baltimore 

• Analysis of another 154 live days of blinded 

dark matter search about to be finished 

• Same very low background level of ~5 mDRU 

as achieved in previous runs 

• Lowest level of Kr-85 confirmed by RGMS: 

~1ppt at beginning of the run; multiple 

samples taken during the run 

ROI 

• Development and establishment of novel analysis techniques Æ test case for XENON1T/nT 

• 2-D modelling of exptected DM signal and radiation background distribution to enhance 

sensitivity and discovery potential 

8 GeV WIMP signal 
σ = 3 x 10-41 cm2 

2-D modelling of the gaussian 
and anomalous background in 
discrimination space 

• Search for annual modulation (2 papers submitted)


• Analysis of 153 live days of blinded dark matter 
search data close to unblinding; search for inelastic 
scattering on 129Xe, search for low-mass WIMPs


• Calibration measurements:


• probe lowest nuclear recoil energies (max at 
4.5 keVnr) with YBe source placed inside the 
shield; more than 80 live days collected and 
clear signal due to neutron scatters observed


• currently 83mKr, 220Rn calibration run & analysis


• XENON100 is also used as a test facility for 
XENON1T/nT: novel online radon purification 
technique, by cryogenic distillation (Rn has 10 x 
lower vapour pressure than xenon) verified
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XENON100 Collaboration
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From XENON100 to XENON1T in numbers

From XENON100 to XENON1T

A. Molinario (INFN-LNGS) The XENON Project at LNGS NDM15 14 / 23

XENON100 XENON1T

Total LXe 
mass [kg] 161 3300

Background 
[dru] 5 x 10-3 5 x 10-5

222Rn  

[µBq/kg] ~ 65 ~ 1

natKr 

[ppt] ~120 ~0.2

e- drift

[cm] 30 100

Cathode HV

[kV] -16 -100



The XENON1T experiment

• Under construction at LNGS since autumn 2013; commissioning planned for late 2015


• Total (active) LXe mass: 3.3 t (2 t), 1 m electron drift, 248 3-inch PMTs in two arrays


• Background goal: 100 x lower than XENON100 ~ 5x10-2 events/(t d keV)

XENON1T at LNGS

XENON1T at LNGS

1 ton fiducial volume out of ⇠3 ton LXe
Goal to reach 2⇥ 10�47 cm2

Construction started in 2013 at LNGS
Water tank, cryostat & cryosystem installed
Gas and storage systems commissioning

Commissioning in summer 2015

Detector design
Background requirement:
<1 event in ⇠ 2 years
1 m electron-drift and 100 kV
HV demonstrated

XENON1T TPC design

Teresa Marrodán Undagoitia (MPIK) PMTs München, 04/2015 9 / 21



XENON1T: status of construction work
• Water Cherenkov shield built and instrumented


• Cryostat support, service building, electrical plant completed


• Several subsystems (cryostat, cryogenics, storage, purification, cables & fibres, pipes ) installed/
being tested underground

+'-



XENON1T: status of construction work
• Water Cherenkov shield built and instrumented


• Cryostat support, service building, electrical plant completed


• Several subsystems (cryostat, cryogenics, storage, purification, cables & fibres, pipes ) installed/
being tested underground

DPG 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 9/18

Nitrogen Circuit around the inner 
Sphere

16 nitrogen lines around the inner sphere

The Lines are bent and welded on the
sphere

Construction Milestones

Mayra Cervantes The XENON Collaboration May 19, 2015 24 / 26



The XENON1T inner detector

PMT tests at -100 C

The TPC

• PMTs are screened with HPGe, then tested in cold gas and - a subsample - in LXe


• TPC design is finalised, currently under prototyping, materials being screened

1 ton fiducial
3 t total
@180K

127  3’’ sensors top

121  3’’ sensors top PMT and final bases & 
cables tests in liquid xenon



The XENON1T photosensors

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

R11410-21 3-inch PMTs; average QE at 175 nm: 36%, average gain: 2 x 106 at 1500 V

 Relative contribution [%]
0 10 20 30 40 50 60 70 80 90 100

 

U238

Ra226

Ra228

Th228

K40

Co60

Cs137 1) Quartz: faceplate (PMT window)
2) Aluminum: sealing
3) Kovar: Co-free body

4) Stainless steel: electrode disk
5) Stainless steel: dynodes

6) Stainless steel: shield
7) Quartz: L-shaped insulation
8) Kovar: flange of faceplate

9) Ceramic: stem
10) Kovar: flange of ceramic stem

11) Getter

Material screening/selection for PMT production

226Ra/228Th: 

~1 mBq/PMT

Screening of final product

XENON collaboration, arXiv:1503.07698v1

http://xxx.lanl.gov/abs/1503.07698v1


XENON1T background predictions
• Materials background: based on screening results for all detector components


• 85Kr: 0.2 ppt of natKr with 2x10-11 85Kr; 222Rn: 1 µBq/kg; 136Xe double beta: 2.11x1021 y


• ER vs NR discrimination level: 99.75%; 40% acceptance for NRs


➡ Total ERs: 0.3 events/year in 1 ton fiducial volume, [2-12] keVee


➡ Total NRs: 0.2 events/year in 1 ton, [5-50] keVnr (muon-induced n-BG < 0.01 ev/year)

Total

Materials

Total
double beta

Background rate from various components Background versus fiducial LXe mass



XENON1T backgrounds and WIMP sensitivity
Single scatters in 1 ton fiducial
99.75% S2/S1 discrimination
NR acceptance 40%
Light yield = 7.7 PE/keV at 0 field
Leff = 0 below 1 keVnr

WIMP mass: 50 GeV
Fiducial LXe mass: 1 t
Sensitivity at 90% CL

ER + NR backgrounds and WIMP spectra Sensitivity versus exposure (in 1 ton fiducial mass)



XENONnT: 2018-2020

• Plan: double the amount of LXe (~7 tons), double the number of PMTs


• XENON1T is constructed such that many sub-systems will be reused for the upgrade:

Patrick Decowski - Nikhef/UvA

XENON1T
1.1m

XENON1T
1.4m

XENONnT

Double amount of LXe (~7 tons), ~double # PMTs
Design XENON1T with as much reuse as possible

17

• Water tank + muon veto


• Outer cryostat and 
support structure


• Cryogenics and 
purification system


• LXe storage system


• Cables installed for 
XENONnT as well


• More LXe, PMTs, 
electronics will be needed



XENONnT WIMP sensitivity



                 Dark matter WIMP search with noble liquids

• R&D and design study for 30-50 tons LXe detector


• ~ few  x 103 photosensors


• >2 m drift length


• >2 m diameter TPC


• PTFE walls with Cu field shaping rings (baseline 
scenario, 4-π readout under study)


• Background goal: dominated by neutrinos


• Physics goal: 


• WIMP spectroscopy


• many other channels (pp neutrinos, double beta 
decay, axions and ALPs, bosonic 
SuperWIMPs…)

160 kg

3.3 tons

30-50 tons

36darwin-observatory.org

http://darwin-observatory.org


Strong R&D programme required

Photo-
sensors

LAr/LXe 
response 
to particle 
interactions

Materials with 
ultra-low 
radioactivities

Cables and 
connectors

Detector design; 
for TPCs: field 
cage, HV feed-
through

Calibration: 
internal sources, 
neutrons etc

Noble liquid handling, 
storage, purification

Discrimi-
nation

37



Backgrounds: electronic recoils

• Materials (cryostat, photosensors, TPC)


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


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


• 136Xe double beta decay


• Solar neutrinos (mostly pp, 7Be)

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

WIMPs and backgrounds
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WIMP physics: spectroscopy
• Capability to reconstruct the WIMP mass and cross section for various masses (20, 100, 500 

GeV/c2) and a spin-independent cross section of 2x10-47 cm2 (assuming different exposures)

⨯ ⨯ ⨯

ν floor
100 t.y
200 t.y

10 100 1000

10-49

10-47

10-45

mχ[GeV/c2]

σ
S
I[c
m
2
]

num. events:

77, 112, 29,154 224 60

⨯ ⨯ ⨯

ν floor
100 t.y
400 t.y

10 100 1000

10-49

10-47

10-45

mχ[GeV/c2]

σ
S
I[c
m
2
]

num. events:

77, 112, 29,308 448 119

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3

Exposure: 100 t y; 200 t y Exposure: 100 t y; 400 t y

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

Update: Newstead et al., PHYSICAL 
REVIEW D 88, 076011 (2013)
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Sensitivity for spin-independent cross sections

• 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 40



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

)2/M4

med

for DD experiments, and approximately like

(gqgDM

)2/(M4

med

�
med

) for the collider search. It is important to take these relations into

account when translating between the two planes. For the example mentioned above, this

implies that, whereas the collider limit on M
med

gets stronger with increasing coupling,

when taking into account the factor (gqgDM

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

DD

as

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

,m
DM

) plane or the (�0

DD

,m
DM

)

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).

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

pling, the same results displayed in the (�0
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) plane show that for DM masses below

a few hundred GeV more parameter space is ruled out for the weaker coupling scenarios.
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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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S. Malik et al., arXiv:1409.4075
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Evolution of the experimentally probed WIMP-
nucleon cross section

• Sensitivity at WIMP masses above ~ 6 GeV/c2 is clearly dominated by noble liquid (Xe) 
time projection chambers

Update from  Physics of the Dark Universe 1, 94 (2012)

LUX

DARWIN
LZ

XENONnT

XENON100

XENON1T

SuperCDMS/EURECA

http://xxx.lanl.gov/abs/1012.4764v1


Summary

• New particles with masses and cross sections at the electroweak scale still viable 
candidates for galactic dark matter


• Liquid xenon based experiments offer great sensitivity over a wide range of masses


• XENON100 has reached its design sensitivity for medium-heavy WIMPs, and it can also 
probe other type of interactions (axions, ALPs, light WIMPs)


• XENON1T is well under construction at LNGS & various home institutions, integration of 
all sub-systems is planned for fall 2015, with commissioning ~ late 2015


• XENONnT is proposed as a fast upgrade to XENON1T, with a factor of 10 increase in 
sensitivity


• DARWIN - an R&D and design study for a third-generation, ‘ultimate’ WIMP dark matter 
detector - would operate a 30 - 50 t LXe detector, with the goal of probing the 
experimentally accessible parameter space for masses >~ 10 GeV & spectroscopy


• It could also detect pp-neutrinos in real time, with high stats, possibly coherent 
neutrinos scattering, axions, ALPs, bosonic SuperWIMPs, etc



The end


