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Until now, the dominant background for liquid 
xenon DM experiments are electron recoils (ERs). 
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methane of known activity. All cuts and e�ciencies
combine to give an overall WIMP detection e�ciency of
50% at 4.3 keV

nr

(17% at 3 keV
nr

and > 95% above
7.5 keV

nr

) [39].

re
la

tiv
e 

di
ffe

re
nt

ia
l r

at
e

100

101

102

re
la

tiv
e 

de
te

ct
io

n 
ef

fic
ie

nc
y

S1 x,y,z corrected (phe)
100 101 1020

0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

FIG. 1. Comparison of AmBe data (blue circles) with
simulations (blue line), showing excellent agreement above
the 2 phe threshold (left axis). The gray histogram and
fitted dashed red line show the relative e�ciency for detection
of nuclear recoils from AmBe data (right axis). Overlaid
are the ER detection e�ciency from tritium data (green
squares), applied to the ER background model in the profile
likelihood analysis, and the e�ciency from NR simulations
(purple triangles), applied to the WIMP signal model.

A radial fiducial cut was placed at 18 cm (Fig. 2),
defined by the position resolution for decay products
from Rn daughters implanted on the detector walls. This
population, primarily sub-NR band but intersecting the
signal region at the lowest energies, is visible (along with
other expected backgrounds) on the detector walls in
Fig. 2. In height, the fiducial volume was defined by a
drift time between 38 and 305 µs to reduce backgrounds
from the PMT arrays and electrodes. The fiducial target
mass is calculated to be 118.3 ± 6.5 kg from assessment
of the homogeneous tritium data.

Periods of live-time with high rates of single electron
backgrounds (& 4 extracted electrons per 1 ms event
window) are removed [19–21]. The associated loss of
live-time is 0.8% (measured from assessment of the
full dataset, including non-triggered regions), primarily
removing periods following large S2 pulses.

Extensive calibrations were acquired with internal ER
sources (tritiated methane, 83mKr) and NR calibrations
were performed with external neutron sources (AmBe,
252Cf). The ER sources were injected into the xenon
gas system and allowed to disperse uniformly, achieving
a homogeneous calibration of the active region. In
particular, we developed a novel tritiated-methane �

�

source (E
max

' 18 keV) that produces events extending
below 1 keV

ee

, allowing ER band (Fig. 3) and detection
e�ciency calibrations (Fig. 1) with unprecedented
accuracy; the tritiated methane is subsequently fully
removed by circulating the xenon through the getter.

A 83mKr injection was performed weekly to determine
the free electron lifetime and the three-dimensional cor-
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FIG. 2. Spatial distribution of all events with position-
corrected S1 in the range 2-30 phe from the 85.3 live-days
of WIMP search data. The cyan dashed line indicates the
fiducial volume. The physical locations of the cathode and
gate grids and the detector walls (where the vertical PTFE
walls of the TPC form a dodecagon) are also shown.

rection functions for photon detection e�ciency, which
combine the e↵ects of geometric light collection and PMT
quantum e�ciency (corrected S1 and S2). The 9.4 and
32.1 keV depositions [22] demonstrated the stability of
the S1 and S2 signals in time, the latter confirmed with
measurements of the single extracted electron response.
131mXe and 129mXe (164 and 236 keV de-excitations)
a↵orded another internal calibration, providing a cross-
check of the photon detection and electron extraction
e�ciencies. To model these e�ciencies, we employed
field- and energy-dependent absolute scintillation and
ionization yields from NEST [23–25]. Applying a
Gaussian fit to determine the single phe area [26], the
mean S1 photon detection e�ciency was determined to
be 0.14±0.01, varying between 0.11 and 0.17 from the top
to the bottom of the active region. This is estimated to
correspond to 8.8 phe/keV

ee

(electron-equivalent energy)
for 122 keV �-rays at zero field [23]. This high photon
detection e�ciency (unprecedented in a xenon WIMP-
search TPC) is responsible for the low threshold and good
discrimination observed [27].

Detector response to ER and NR calibration sources is
presented in Fig. 3. Comparison of data with simulation
permits extraction of NR detection e�ciency, which is
in excellent agreement with that obtained using other
datasets (Fig. 1). We describe the populations as a
function of S1 (Fig. 3 and Fig. 4), as this provides
the dominant component of detector e�ciency. We
also show contours of approximated constant-energy [28],
calculated from a linear combination of S1 and S2 [24, 27,
29] generated by converting the measured pulse areas into
original photons and electrons (given their e�ciencies).

A parameterization (for S2 at a given S1) of the
ER band from the high-statistics tritium calibration
is used to characterize the background. In turn,
the NR calibration is more challenging, partly due to
the excellent self-shielding of the detector. Neutron

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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For future multi-ton Xe experiments, ER 
backgrounds from Xe136 2v2b and 
solar neutrinos will be dominant (before  
reaching the neutrino coherent 
scattering background)�

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
depleted in the 136Xe isotope. The overall background without the 2⌫�� component is shown
in the same figure.
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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.

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
0.3 GeV/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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The two-phase xenon detectors use S2/S1 ratio to reject 
electron recoil background in the fiducial volume. 
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Fig. 8. Calibration using neutrons from an AmBe source (upper) and Compton
scattered 60Co γ-rays (lower). These calibrations were performed at a high trig-
ger rate, leading to a small, uniform, population of coincidental events distributed
throughout the S2/S1 parameter space. These coincidentals are verified by compari-
son with events with unphysical drift times. Also shown are the S2/S1 boundary for
50% nuclear recoil acceptance, and the acceptance window used in the dark matter
analysis.
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98.5% ER rejection for 
~50% NR acceptance�

1.5 cm below the cathode mesh, to efficiently collect the
majority of the direct light which is preferentially reflected
downward at the liquid-gas interface. The top array of 48
PMTs, in the gas, detects the majority of the proportional
scintillation light. From the distribution of the PMT hits on
the top array, the event location in XY can be reconstructed
with a position resolution of a few millimeters. The third
coordinate is inferred from the electron drift time measured
across 15 cm of LXe, with better than 1 mm resolution. The
PMT signals are digitized at 105 MHz with the trigger
provided by the S2 sum of 34 center PMTs of the top array.

The TPC is enclosed in a SS vessel, insulated by a
vacuum cryostat, also made of SS. Reliable, stable cryo-
genics is provided by a pulse tube refrigerator [19] with
sufficient cooling power to liquefy the Xe gas and maintain
the liquid temperature at !93 "C. The Xe gas used for the
XENON10 experiment was commercially procured with a
guaranteed Kr level below 10 parts per billion. The
XENON10 detector is surrounded by a shield made of
20 cm thick polyethylene and 20 cm thick lead, to reduce
background from external neutrons and gamma rays. At
the Gran Sasso depth of 3100 m water equivalent, the
surface muon flux is reduced by a factor of 106, such that
a muon veto was not necessary for the sensitivity reach of
XENON10.

We report here the analysis of 58.6 live days of WIMP-
search data taken with the XENON10 detector at LNGS
during the period between October 6, 2006, and
February 14, 2007. The analysis was performed ‘‘blind’’;
i.e., the events in and near the signal region were not
analyzed until the final signal acceptance window and
event cuts were tested and defined, using low energy
electron and nuclear recoils from calibration data, as well
as 40 live days of ‘‘unmasked’’ WIMP-search data. In this
Letter we interpret the data in terms of a spin-independent
WIMP-nucleon scattering cross section. Another Letter
will focus on the spin-dependent interpretation of the
same data [20]. More details on the analysis and the
estimation of backgrounds will be reported elsewhere [17].

A total of#104 electron-recoil events, in the a priori set
energy range of interest (4.5 to 26.9 keV nuclear-recoil
equivalent energy) for the WIMP search, were collected
with a 137Cs source. The number of events in the final
fiducial volume is about 2400, 1.3 times the statistics of the
WIMP-search data. The detector’s response to nuclear
recoils was obtained from 12 hours irradiation in situ, using
a 200 n=s AmBe neutron source.

The S1 signal associated with each triggered event is
searched for in the off-line analysis. By requiring a coin-
cident signal in at least two PMTs, the efficiency of the S1
signal search algorithm is larger than 99%, above a thresh-
old of 4.4 photoelectrons (pe), or 4.5 keV nuclear-recoil
equivalent energy. The S2 hardware trigger threshold is
100 pe, corresponding to about 4 electrons extracted from
the liquid, which is the expected charge from an event with

less than 1 keV nuclear-recoil equivalent energy [14]. The
S2 trigger efficiency, with a software threshold of 300 pe, is
more than 99% for 4.5 keV nuclear recoils. Basic-quality
cuts, tuned on calibration data, are used to remove unin-
teresting events (e.g. multiple scatter and missing S2
events), with a cut acceptance for single-scatter events
close to 99%.

Energy calibration was obtained with an external 57Co
gamma ray source and with gamma rays from metastable
Xe isotopes produced by neutron activation of a 450 g Xe
sample, introduced into the detector after the WIMP-
search data taking. The S1 and S2 responses from the
131mXe 164 keV gamma rays, which interact uniformly
within the detector, were used to correct $20% variations
of the signals due to the position dependence of the light
collection efficiency. S1 for 122 keV gamma rays, after
position-dependent corrections, gives a volume-averaged
light yield, Ly, of 3:0$ 0:1%syst& $ 0:1%stat& pe=keVee
(keVee is the unit for electron-recoil equivalent energy)
at the drift field of 0:73 kV=cm. The nuclear-recoil equiva-
lent energy (in units of keV) can be calculated as Enr '
S1=Ly=Leff%Se=Sn&. Here Leff is the nuclear-recoil scin-
tillation efficiency relative to that of 122 keV gamma rays
in LXe at zero drift field. We used a constant Leff value of
0.19 which is a simple assumption consistent with the most
recent measurements [21,22]. Se and Sn are the scintilla-
tion quenching factors due to the electric field, for electron
and nuclear recoils, respectively. Se and Sn were measured
to be 0.54 and 0.93, respectively, at a drift field of
0:73 kV=cm [14].

Background rejection is based on the ionization/scintil-
lation (S2=S1) ratio, which is different for nuclear and
electron recoils in LXe. Figure 1 shows the energy depen-

FIG. 1 (color online). log10%S2=S1& as a function of energy for
electron recoils (top) and nuclear recoils (bottom) from calibra-
tion data. The colored lines are the mean log10%S2=S1& values of
the electron-recoil [upper (red)] and nuclear-recoil [lower (blue)]
bands. The region between the two vertical dashed lines is the
energy window (4.5–26.9 keV nuclear-recoil equivalent energy)
chosen for the WIMP search. An S2 software threshold of 300 pe
is also imposed (black lines).
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dence of the logarithm of this ratio for electron recoils from
the 137Cs gamma ray and for nuclear recoils from AmBe
fast neutron calibrations. The separation of the mean
log10!S2=S1" values between electron and nuclear recoils
increases at lower energy. In addition, the width of the
electron-recoil band is also smaller at lower energy. The
combination of these two effects gives a better electron-
recoil rejection efficiency at lower energies, reaching
99.9%. The different ionization density and track structure
of low energy electrons and Xe ions in LXe result in a
different recombination rate and associated fluctuations,
which might explain the observed behavior.

The log10!S2=S1" values increase with decreasing en-
ergy for both electron and nuclear recoils, within the
energy window of interest (4.5–26.9 keV nuclear-recoil
equivalent energy). The same behavior has been observed
previously in small prototype detectors [14,15]. In our
analysis, we subtract the energy-dependent mean
log10!S2=S1" from the electron-recoil band to obtain
!log10!S2=S1" for all events. After this band flattening,
the energy window of interest for the WIMP search is
divided into seven individual energy bins (see Table I).
For each energy bin, the nuclear-recoil acceptance window
is defined to be between !log10!S2=S1" # ! and
!log10!S2=S1" # !$ 3". Here ! and " are the mean
and sigma from a Gaussian fit of the nuclear-recoil
!log10!S2=S1" distribution. The nuclear-recoil acceptance
efficiency is the fraction of nuclear-recoil events within the
acceptance window. The !log10!S2=S1" distribution for
electron recoils from the 137Cs data is found empirically
to be statistically consistent with Gaussian fits, except for a
small number of ‘‘anomalous leakage events.’’ From these
fits, we estimate the electron-recoil rejection efficiency and
predict the number of statistical leakage events in the
WIMP-search data, for the defined nuclear-recoil accep-
tance window. For each energy bin, the derived electron-
recoil rejection efficiency and the nuclear-recoil accep-
tance values are listed in Table I.

In addition to the statistical events leaking from the
electron-recoil band into the nuclear-recoil acceptance
window, we observed similar anomalous leakage events
in the 137Cs calibration data and unmasked WIMP-search
data. These events were identified to be multiple-scatter
events with one scatter in the nonactive LXe mostly below
the cathode and a second scatter in the active LXe volume.
The S2 signal from this type of event is from the interaction
in the active volume only, while the S1 signal is the sum of
the two S1’s in both the active and the nonactive volume.
The result is a smaller S2=S1 value compared to that for a
single-scatter event, making some of these events appear in
the WIMP-search window. Two types of cuts, one using the
S1 signal asymmetry between the top and bottom PMT
arrays and the other using the S1 hit pattern, defined as

S1RMS #
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1
n

P!S1i $ S1"2
q

, on either the bottom or the top
PMT array, are defined to remove these anomalous events.

The S1 signal from the scatter outside the active volume
tends to be clustered on a few of the bottom PMTs (larger
S1RMS), while the S1 signal from a normal event in the
active volume is distributed more evenly over the PMTs
(smaller S1RMS). A large fraction of events that leaked into
the WIMP-signal window is of this type of background and
could be removed by the cuts discussed above. The cut
acceptance "c for single-scatter nuclear-recoil events,
based on AmBe neutron calibration data, is listed in
Table I.

The 3D position sensitivity of the XENON10 detector
gives additional background suppression with fiducial vol-
ume cuts [23]. Due to the high stopping power of LXe, the
background rate in the central part of the detector is lower
(0:6 events=keVee=kg=day) than that near the edges
(3 events=keVee=kg=day". For this analysis, the fiducial
volume is chosen to be within 15 to 65 !s (about 9.3 cm in
Z, out of the total drift distance of 15 cm) drift time
window and with a radius less than 8 cm (out of 10 cm)
in XY, corresponding to a total mass of 5.4 kg (Fig. 2) [24].
The cut in Z also removes many anomalous events due to
the LXe around the bottom PMTs, where they happen more
frequently compared to the top part of the detector.

After all the cuts were finalized for the energy window
of interest, we analyzed the 58.6 live days of WIMP-search
data. From a total of about 1800 events, ten events were
observed in the WIMP-search window after cuts (Fig. 3).
We expect about seven statistical leakage events (see
Table I) by assuming that the !log10!S2=S1" distribution
from electron recoils is purely Gaussian, an assumption
which is statistically consistent with the available calibra-
tion data, except for a few anomalous leakage events.
However, the uncertainty of the estimated number of leak-

TABLE I. The software cut acceptance of nuclear recoils "c,
the nuclear-recoil acceptance Anr, and the electron-recoil rejec-
tion efficiency Rer for each of the seven energy bins (Enr in
nuclear-recoil equivalent energy). The expected number of leak-
age events, Nleak, is based on Rer and the number of detected
events, Nevt, in each energy bin, for the 58.6 live days WIMP-
search data, with 5.4 kg fiducial. Errors are the statistical
uncertainty from the Gaussian fits on the electron-recoil
!log10!S1=S2" distribution.

Enr (keV) "c Anr 1$ Rer (10$3) Nevt Nleak

4.5–6.7 0.94 0.45 0:8%0:7
$0:4 213 0:2%0:2

$0:1

6.7–9.0 0.90 0.46 1:7%1:6
$0:9 195 0:3%0:3

$0:2

9.0–11.2 0.89 0.46 1:1%0:9
$0:5 183 0:2%0:2

$0:1

11.2–13.4 0.85 0.44 4:1%3:6
$2:0 190 0:8%0:7

$0:4

13.4–17.9 0.83 0.49 4:2%1:8
$1:3 332 1:4%0:6

$0:4

17.9–22.4 0.80 0.47 4:3%1:7
$1:2 328 1:4%0:5

$0:4

22.4–26.9 0.77 0.45 7:2%2:4
$1:9 374 2:7%0:9

$0:7

Total 1815 7:0%1:4
$1:0
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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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from Ref. [15]. Ly ¼ ð2:28# 0:04Þ PE=keVee is the up-

dated response to 122 keV gamma rays as determined from
calibration measurements using lines above and below this
value. The interpolation between these lines is performed by
using the noble element simulation technique model for
scintillation [16].

After verification that electronic noise was not respon-
sible for any of the S1 pulses, the lower energy threshold
used for this analysis was set to 3 PE, corresponding to
6:6 keVnr. The PL analysis takes into account the expected
WIMP energy distribution and would not need an upper
energy threshold. However, an upper threshold of
43:3 keVnr (30 PE) was employed, and the data above
this energy were used to test the background prediction
before unblinding. The benchmark region is limited to an
upper threshold of 30:5 keVnr (20 PE) chosen to optimize
the signal-to-background ratio. Signal (NR) and back-
ground (ER) events can be distinguished by their different
S2=S1 ratio, where only the S2 signal detected by the
bottom PMTs, S2b, is used since it requires smaller cor-
rections [5]. The mean of the log10(S2b=S1) band from ER
calibration data is subtracted in order to remove the energy
dependence of this discrimination parameter.

The dark matter data used for this analysis were accu-
mulated over a period of 13 months between February 28,
2011 and March 31, 2012. Besides three interruptions due
to equipment maintenance, the data were acquired contin-
uously. Dark matter data taking was otherwise interrupted
only by regular calibrations using blue LED light (for the
PMT response), a 137Cs source (for monitoring of the LXe
purity), and 60Co and 232Th sources (for ER background
calibration). Overall, the duty cycle of XENON100 during
this dark matter run was 81%. To calibrate the response to
NRs, data from an 241AmBe neutron source were taken just
before the start and right after the end of the run. The two
measurements are in good agreement.

Periods with increased electronic noise or very localized
light emission in the xy plane were removed from the data,
as well as periods in which crucial detector parameters
such as temperature or pressure fluctuated outside of their
normal range (3% of the total data-taking time). This
results in a final dark matter data set of 224.6 live days.
In order to avoid analysis bias, the dark matter data were
blinded from 2–100 PE in S1 by keeping only the upper
90% of the ER band, thereby masking more than 90% of
the signal region.

In order to identify valid NR candidate events with the
highest possible acceptance, several classes of cuts and event
selections are applied to the data. Their acceptance is eval-
uated on NR calibration data, with the exception of quality
cuts which might have a time dependence due to changing
detector conditions. These are tested on the nonblind part of
the science data or on the ER calibration data. The first class
of cuts are basic data quality cuts which remove events that
show either unidentified peaks or an excessive level of

electronic noise or light (as from a very high-energy event
or a high voltage discharge). Since only single-scatter events
are expected from WIMP interactions, the second class of
cuts identifies such events by using the number of S1 and S2
peaks in the waveform and the information from the active
veto. Conditions on the size of the S2 and the requirement
that at least two PMTs must observe an S1 peak ensure that
only data above the threshold and well above the noise level
are considered. Finally, it is verified that several quantities
associated with the event are consistent, e.g., that the width
of the S2 signal, affected by electron diffusion in the LXe, is
consistent with the z position derived from the time differ-
ence between the S1 and the S2.
The cuts and their acceptance determination are identi-

cal or similar to those described in Ref. [11] except for the
cut against electronic noise, which has been improved
considerably. The acceptance of most of the cuts is given
vs the size of the measured S1 signal, used to infer the NR
energy scale (vertical blue line in Fig. 1). The S1 signal is
subject to large Poisson fluctuations due to the low number
of quanta involved. Only the acceptance of the S2 thresh-
old condition S2> 150 PE is given vs the S1 signal before
Poisson smearing, since the S2 signal fluctuates indepen-
dently from the S1 after the initial energy deposition.
Given the systematic uncertainties in the LXe light and
charge yields and the resulting XENON100 response at
very low nuclear recoil energies, we choose not to model
WIMP interactions with energy deposits below 3 keVnr.
With the mean Leff shown in Ref. [6], this is essentially
equivalent to neglecting upward fluctuations in S1 above
the threshold of 3 PE from energy deposits with S1 expec-
tation values below 1 PE. This approach results in a con-
servative upper limit for low mass WIMPs. For the central
part of the WIMP mass range, its impact is <1%. The
resulting acceptance of the S2> 150 PE cut [11] is shown
in Fig. 1 (red line).
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Figure 2: Left: Calibrations of detector response in the 118 kg fiducial volume. The
ER (tritium, panel a) and NR (AmBe and 252Cf, panel b) calibrations are depicted,
with the means (solid line) and ±1.28� contours (dashed lines). This choice of band
width (indicating 10% band tails) is for presentation only. Panel a shows fits to
the high statistics tritium data, with fits to simulated NR data shown in panel b,
representing the parameterizations taken forward to the profile likelihood analysis.
The ER plot also shows the NR band mean and vice versa. Gray contours indicate
constant energies using an S1–S2 combined energy scale (same contours on each plot).
The dot-dashed magenta line delineates the approximate location of the minimum S2
cut. Right: LUX WIMP signal region. Events in the 118 kg fiducial volume during
the 85.3 live-day exposure are shown. Lines are as shown on the left, with vertical
dashed cyan lines showing the 2–30 phe range used for the signal estimation analysis.

6 Result: Dark Matter WIMP Limit

The total number of events was only 160 in 85.3 live-days and 118 kg (Figure 2, right).
The distribution of those events is completely consistent with the ER background,
both in log10(S2/S1) as well as in terms of position in the volume. 0.64±0.16 back-
ground events total below the S1c-dependent NR band centroid were expected for the
initial LUX exposure [38], and 1 was observed, very close to that border. However,
this event is not automatically considered a “WIMP candidate” because a binary
decision is not implemented in terms of log10(S2/S1) to determine whether an event
is NR or ER, but rather the PLR assigns a continuous probability as a function of S1,
S2, radius, and z, based on the distributions of the backgrounds in these variables.
This method increases statistical power by not discriminating between interaction
types with a simplistic binary cut. In keeping with the combined-energy philosophy,
after vetting the WIMP Monte Carlo with the empirical NR band, S1 and S2 dis-
tributions were simulated together from the theoretical true recoil energy spectrum
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Figure 2: Left: Calibrations of detector response in the 118 kg fiducial volume. The
ER (tritium, panel a) and NR (AmBe and 252Cf, panel b) calibrations are depicted,
with the means (solid line) and ±1.28� contours (dashed lines). This choice of band
width (indicating 10% band tails) is for presentation only. Panel a shows fits to
the high statistics tritium data, with fits to simulated NR data shown in panel b,
representing the parameterizations taken forward to the profile likelihood analysis.
The ER plot also shows the NR band mean and vice versa. Gray contours indicate
constant energies using an S1–S2 combined energy scale (same contours on each plot).
The dot-dashed magenta line delineates the approximate location of the minimum S2
cut. Right: LUX WIMP signal region. Events in the 118 kg fiducial volume during
the 85.3 live-day exposure are shown. Lines are as shown on the left, with vertical
dashed cyan lines showing the 2–30 phe range used for the signal estimation analysis.

6 Result: Dark Matter WIMP Limit

The total number of events was only 160 in 85.3 live-days and 118 kg (Figure 2, right).
The distribution of those events is completely consistent with the ER background,
both in log10(S2/S1) as well as in terms of position in the volume. 0.64±0.16 back-
ground events total below the S1c-dependent NR band centroid were expected for the
initial LUX exposure [38], and 1 was observed, very close to that border. However,
this event is not automatically considered a “WIMP candidate” because a binary
decision is not implemented in terms of log10(S2/S1) to determine whether an event
is NR or ER, but rather the PLR assigns a continuous probability as a function of S1,
S2, radius, and z, based on the distributions of the backgrounds in these variables.
This method increases statistical power by not discriminating between interaction
types with a simplistic binary cut. In keeping with the combined-energy philosophy,
after vetting the WIMP Monte Carlo with the empirical NR band, S1 and S2 dis-
tributions were simulated together from the theoretical true recoil energy spectrum
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99.9%~99% ER rej.  
w/ 50% NR acpt.�



The Question: 
Is 99.9% ER rejection (50% NR acceptance) 

the fundamental limit for liquid xenon?�



ZEPLIN III: achieved 99.987% ER rejection power, 
the best reported for LXe DM detectors. 
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Figure 3: Above: fiducial events in full SSR exposure. Green mark-
ers label prompt veto coincidences (mostly γ-rays); events in the
delayed window (mostly accidental coincidences) are in red. There
are 8 unvetoed events in the WIMP acceptance region. The dashed
lines show the nuclear and electron recoil band medians (in blue
and yellow, respectively). Below: Distribution in signal acceptance
(recoils from WIMPs and neutrons are distributed uniformly in the
y-axis). There were seven (one) events in the upper (lower) region.

sure, is also shown in the figure; the curve minimum is
3.9×10−8 pb at 52 GeV/c2.
Excellent sensitivity to spin-dependent WIMP-neutron

interactions is afforded by the odd-neutron isotopes 129Xe
and 131Xe. The spin-dependent result is calculated as de-
scribed in Ref. [12], accounting for the composition of our
xenon (depleted in 136Xe) and using Bonn-CD nucleon-
nucleon potentials. The FSR+SSR combined curve, shown
in Figure 5, has a minimum of 8.0×10−3 pb at 50 GeV/c2

mass. At the time of writing there is no corresponding
result from XENON100; this is expected to be a few times
lower. The original XENON10 result [33] is not shown in
the figure since this had assumed a constant scintillation
efficiency and the more favourable (∼2) Bonn A poten-
tial; a fair comparison would raise this result to above the
ZEPLIN-III curve.
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Figure 4: 90%-CL limits on WIMP-nucleon spin-independent cross
sections from ZEPLIN-III (FSR, SSR and combined) and from
XENON100 [34], XENON10 (low energy analysis [35]), CDMS-II [36]
and EDELWEISS-II [37]. Previous results from the ZEPLIN pro-
gramme are also indicated [38, 39]. In blue we represent the 3- and
5-σ DAMA/LIBRA contours (2008 data, no ion channelling [40]) in-
terpreted in Ref. [41]. The magenta contour is the fit to CoGeNT
data under the light WIMP hypothesis [42]; in cyan is the 2-σ region
from CRESST-II [43]. The crosses are the original SUSY bench-
mark points [44]. Favoured regions of parameter space from a 2008
Bayesian analysis in mSUGRA [45] and the likelihood analysis of
LHC data within cMSSM [3] are also shown.

4. Conclusion

In this article we presented experimental upper limits
on WIMP-nucleon elastic scattering cross sections from
the second run of ZEPLIN-III at Boulby. These were de-
rived from analysis of 1,344 kg·days of fiducial exposure
acquired between June 2010 and May 2011. A 90% CL
upper limit on the signal content from this exposure al-
lows the exclusion of a scalar WIMP scattering cross sec-
tion above 4.8×10−8 pb/nucleon near 50 GeV/c2 mass.
The combined result for the two runs constrains the scalar
cross section to 3.9×10−8 pb and the WIMP-neutron
spin-dependent cross section to 8.0×10−3 pb. Along
with XENON100 [34], XENON10 [35], CDMS-II [36] and
EDELWEISS-II [37] these results disfavour an interpreta-
tion of DAMA in terms of nuclear recoils from WIMPs as
well as recent results from CRESST-II under the canoni-
cal dark halo [43]. Models favoured by CoGeNT [42] are
harder to rule out completely from our data.
This second run followed the upgrade of the experiment

with a new array of purpose-developed, low-radioactivity
PMTs, a veto detector based on Gd-loaded polypropylene
and plastic scintillator, and new calibration hardware. The
automation of the system enabled a 319-day run with ex-
cellent stability and reduced manpower underground.
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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? 



Unfortunately it’s difficult to answer these questions 
with the large Xe dark matter detectors. 



Some earlier studies performed at small LXe prototypes 
(with no 3D sensitivity) 

PMT) is estimated from Monte Carlo calculations to be
more than 50%, and uniform to within 5%. An internal blue
light-emitting diode (LED) is used to calibrate and monitor
the gain of the two PMTs. The Case detector uses a single
PMT in the gas, with an S1 light collection efficiency of
!16%. The PMT gain is monitored using the S1 light from
5.3 MeV alphas from a source described below. The PMT
signals were digitized with multiple analog-to-digital con-
verters sampling at 5 MHz–1 GHz. The trigger threshold
for the Case detector was 4.5 electrons for the S2 signal,
and the single photoelectron (pe) acceptance for S1 was
50%. For the Columbia detector the trigger was either the
coincidence of the S1 signals from the two PMTs (at the
level of a few photoelectron) or the S1 signal from the PMT
in the liquid (at the level of 6 spe).

Both detectors are housed in temperature-controlled
liquid nitrogen-cooled cold-finger cryostats. The detectors
were operated with Xe vapor pressures between 2.0 and
2.8 atm, stabilized to better than 1% during data taking.
The Case detector also uses a triple parallel-plate capacitor
system [10] to align the liquid surface with the grids and
monitor the level and stability of the liquid surface, which
was stable to within 20 !m over two months. The xenon
was purified with a high temperature commercial getter to
minimize trapping of the drifting electrons by electroneg-
ative impurities. The Columbia detector accomplished this
with a continuous gas circulation system developed for the
first XENON prototype [11,12], while the Case detector
used a similar recirculation system only at the start of its
two-month run.

The detectors were calibrated with external gamma ray
sources, including 57Co, 133Ba, and 137Cs. The Case detec-
tor also had an internal 210Po source deposited on the center
of the cathode plate, providing 5.3 MeValpha particles. For
neutron data, external 5 Ci AmBe (Columbia) and 25 !Ci
252Cf (Case) sources were used.

Figures 1 and 2 show the detectors’ responses to neutron
and low energy Compton scattering events. The logarithm
of the ratio S2=S1 is plotted as a function of nuclear recoil
energy. In both detectors, the elastic nuclear recoil band is
clearly separated from the band of electron recoil events. In

the neutron data there are distributions of events from
neutron inelastic scattering on 129Xe, giving 40 keV gam-
mas, and from inelastic scattering on 131Xe and 19F con-
tained in Teflon, giving higher energy gammas. By
contrast, only the electron recoil band is seen when the
detectors are exposed to gammas. At low energies, the
difference in shape of the elastic nuclear recoil bands for
the two data sets is due to the different thresholds and light
sensitivities of the two detectors.

Both detectors used the same method to calibrate the
drift-field-dependent S1 and S2 signals. The energy of
electron recoils, Ee, is based on S1 assuming a linear
scaling from the signals of 122 keV gammas from 57Co.
The energy of nuclear recoils, Er, is then given by Er "
EeLeffSe=Sr, where Leff is the effective Lindhard factor
[13] that relates the scintillation yields of nuclear and
electron recoils at zero field. Sr and Se are the fractions
of scintillation light at a given electric field, E, relative to
the scintillation light at zero field for nuclear and electron
recoils, respectively, and are equal to S#E$=S0 for the
respective particles in Fig. 3. Recent measurements at
Columbia University give Leff for nuclear recoils with
energy as low as 10.4 keV and Sr for 56.5 keV recoils
[14]. Other experiments [15–18] have measured Leff at
higher and lower energies. The Columbia and other data,
except [17], were parameterized by Leff " 0:0984Er0:169.
Because the Columbia-measured value of Sr is close to
unity, as seen in Fig. 3, we assume for simplicity that it has
no energy dependence. Following convention, nuclear re-
coil energies calculated in this way are denoted ‘‘keVr’’,
and electron recoil energies based on the linear S1 scale are
denoted ‘‘keVee’’. In the Case and Columbia detectors, the
S1 calibration gives, respectively, 1:5 pe=keVee and
5 pe=keVee at zero electric field, which correspond to
0:28 pe=keVr and 1 pe=keVr for 56 keVr nuclear recoils.

Calibration of the S2 ionization signal is also based on
57Co 122 keV gammas, but, as there is no published data of
charge yield at these low energies, separate direct charge
calibrations in the liquid phase were made in both detec-
tors. The amount of S2 light per electron is a function of
gas pressure and electric field in the gas phase [4], with the

FIG. 1 (color). Columbia detector response to AmBe neutron and 137Cs gamma sources, at 2:0 kV=cm drift field.
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PMT) is estimated from Monte Carlo calculations to be
more than 50%, and uniform to within 5%. An internal blue
light-emitting diode (LED) is used to calibrate and monitor
the gain of the two PMTs. The Case detector uses a single
PMT in the gas, with an S1 light collection efficiency of
!16%. The PMT gain is monitored using the S1 light from
5.3 MeV alphas from a source described below. The PMT
signals were digitized with multiple analog-to-digital con-
verters sampling at 5 MHz–1 GHz. The trigger threshold
for the Case detector was 4.5 electrons for the S2 signal,
and the single photoelectron (pe) acceptance for S1 was
50%. For the Columbia detector the trigger was either the
coincidence of the S1 signals from the two PMTs (at the
level of a few photoelectron) or the S1 signal from the PMT
in the liquid (at the level of 6 spe).

Both detectors are housed in temperature-controlled
liquid nitrogen-cooled cold-finger cryostats. The detectors
were operated with Xe vapor pressures between 2.0 and
2.8 atm, stabilized to better than 1% during data taking.
The Case detector also uses a triple parallel-plate capacitor
system [10] to align the liquid surface with the grids and
monitor the level and stability of the liquid surface, which
was stable to within 20 !m over two months. The xenon
was purified with a high temperature commercial getter to
minimize trapping of the drifting electrons by electroneg-
ative impurities. The Columbia detector accomplished this
with a continuous gas circulation system developed for the
first XENON prototype [11,12], while the Case detector
used a similar recirculation system only at the start of its
two-month run.

The detectors were calibrated with external gamma ray
sources, including 57Co, 133Ba, and 137Cs. The Case detec-
tor also had an internal 210Po source deposited on the center
of the cathode plate, providing 5.3 MeValpha particles. For
neutron data, external 5 Ci AmBe (Columbia) and 25 !Ci
252Cf (Case) sources were used.

Figures 1 and 2 show the detectors’ responses to neutron
and low energy Compton scattering events. The logarithm
of the ratio S2=S1 is plotted as a function of nuclear recoil
energy. In both detectors, the elastic nuclear recoil band is
clearly separated from the band of electron recoil events. In

the neutron data there are distributions of events from
neutron inelastic scattering on 129Xe, giving 40 keV gam-
mas, and from inelastic scattering on 131Xe and 19F con-
tained in Teflon, giving higher energy gammas. By
contrast, only the electron recoil band is seen when the
detectors are exposed to gammas. At low energies, the
difference in shape of the elastic nuclear recoil bands for
the two data sets is due to the different thresholds and light
sensitivities of the two detectors.

Both detectors used the same method to calibrate the
drift-field-dependent S1 and S2 signals. The energy of
electron recoils, Ee, is based on S1 assuming a linear
scaling from the signals of 122 keV gammas from 57Co.
The energy of nuclear recoils, Er, is then given by Er "
EeLeffSe=Sr, where Leff is the effective Lindhard factor
[13] that relates the scintillation yields of nuclear and
electron recoils at zero field. Sr and Se are the fractions
of scintillation light at a given electric field, E, relative to
the scintillation light at zero field for nuclear and electron
recoils, respectively, and are equal to S#E$=S0 for the
respective particles in Fig. 3. Recent measurements at
Columbia University give Leff for nuclear recoils with
energy as low as 10.4 keV and Sr for 56.5 keV recoils
[14]. Other experiments [15–18] have measured Leff at
higher and lower energies. The Columbia and other data,
except [17], were parameterized by Leff " 0:0984Er0:169.
Because the Columbia-measured value of Sr is close to
unity, as seen in Fig. 3, we assume for simplicity that it has
no energy dependence. Following convention, nuclear re-
coil energies calculated in this way are denoted ‘‘keVr’’,
and electron recoil energies based on the linear S1 scale are
denoted ‘‘keVee’’. In the Case and Columbia detectors, the
S1 calibration gives, respectively, 1:5 pe=keVee and
5 pe=keVee at zero electric field, which correspond to
0:28 pe=keVr and 1 pe=keVr for 56 keVr nuclear recoils.

Calibration of the S2 ionization signal is also based on
57Co 122 keV gammas, but, as there is no published data of
charge yield at these low energies, separate direct charge
calibrations in the liquid phase were made in both detec-
tors. The amount of S2 light per electron is a function of
gas pressure and electric field in the gas phase [4], with the

FIG. 1 (color). Columbia detector response to AmBe neutron and 137Cs gamma sources, at 2:0 kV=cm drift field.
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Both studies obtained ~99% ER 
rejection (50% NR acceptance), 
suffered from edge effect.�
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•  Active diameter: 58 mm 
•  Meshes: 2 mm pitch with 

100 um crossing bars 
•  Anode-Gate grid: 5 mm 
•  Liquid level: ~2.5 mm 
•  Gate grid V: -4 kV 
•  Gas field: >10 kV/cm 
•  Drift length: 1 cm 
•  Cathode: -(4.2~6) kV 
•  Drift field: 0.2-2 kV/cm 

A 3D sensitive two-phase xenon TPC used for this study 
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External sources (Cs137, Cf252) are used for electron recoils 
(ERs) and nuclear recoils (NRs) discrimination studies. 

Cs137, Cf252�



Typical signals from the TPC 
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Light yield: equivalent to 10.0 PE/keV 
for 122 keV at zero field 
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Figure 8. (Left) The position dependence of S2 signals from 164 keV gamma rays at 1kV/cm drift field.The
maximum attenuation of S2 signals for events at the bottom versus those at the top of the sensitive volume
is 2.4%. Blue dots indicate the median S2 values of each drift time slice. An exponential fit was applied for
drift time ranging from 2.5 µs to 5 µs. Dashed lines indicate the positions of gate mesh and cathode. (Right)
X-Y dependence of S2 signals from 164 keV gamma rays at 1 kV/cm drift field. The blue solid line indicates
the fiducial volume selection.

gamma rays and those originating from detector materials, we select single-scatter events in the
center of the TPC, indicated by the lines in figures 7 and 8 (corresponding to a fiducial mass of
about 3.2 grams). The fiducial mass is 4% of the total sensitive mass of 77 grams. Additionally,
10% of events with small width and 30% of events with large width were rejected. Possible origin
of events with small and large widths includes edge events and double scattering events with two
scatters at similar Z positions. This width cut improves energy resolution by less than 0.1% for
activated xenon lines and by 0.4% for 662 keV gamma rays. Figure 9 shows two populations of
events in the S2-S1 correlation space after the data selections described above.

Both S1 and S2 can be used individually to construct the energy scale. However it is better
to combine these signals for energy reconstruction [24, 25]. It was observed that projecting the
events along the S1-S2 correlation axis produces the best energy resolution for calibrated gamma
line energies (figure 9). Thus the energy scale Ec,hEi, usually referred to as the combined energy
scale, is determined by combining the two signals as

Ec,hEi =
S2+S1 · tanq

hS2i+ hS1i · tanq
· hEi, (3.2)

where hEi is the energy of the total absorption events; hS1i and hS2i are the mean S1 and S2 values,
obtained through a 2-D Gaussian fit; and q represents the anti-correlation angle of the S2-S1 profile
which is shown in the left plot of figure 9.

Figure 9 shows an example of a combined energy spectrum from an activated xenon run at
2 kV/cm. Energy resolutions of 2.35% and 2.10% are obtained for the 164 keV and 236 keV lines
in the central volume. For comparison, the energy resolutions for these two lines in the entire
sensitive volume are 4.4% and 3.4%, respectively. This is due to a larger position-dependence of
correction and more background contamination events near the edge.
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Electron lifetime: ~200 us (or 40 cm 
attenuation length) 
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Figure 9. (Left) Correlation of the S1 and S2 signals from activated xenon at 2 kV/cm drift field. A 2-D
Gaussian fit was applied to the S2-S1 profile and the correlation angle q was obtained. (Right) Combined
energy spectrum showing the two activated xenon lines at 164 keV and 236 keV. The combined scale was
defined based on 164 keV best fit. A fit using two independent Gaussian functions plus a flat background
gives resolutions (s/E) of 2.35% and 2.17% for the two lines, respectively. The reconstructed energy of
236 keV under 164 keV gamma’s best fit scale is 231 keV. The best resolution for 236 keV under its best fit
scale is 2.10%.

Figure 10 shows the combined energy spectrum from a 137Cs run at 0.5 kV/cm with remaining
activity from activated xenon. An energy resolution of 1.60% was achieved. For comparison, the
resolution for the 662 keV peak in the entire volume is 2.42%. The resolutions for the two activated
xenon lines (164 keV and 236 keV), with energy reconstruction based on the best-resolution scale
for the 662 keV gamma rays, are slightly worse than their best resolutions for 500 V/cm drift field
shown in figure 11 (left). Since it was not possible to define an energy scale which simultaneously
minimizes the resolutions at these three energies, an energy scale was defined that has a high reso-
lution at the calibrated energy, but poorer resolution and linearity further away from that calibration
point.

3.4 Energy resolution and drift field dependence

In order to study the energy resolution as a function of the drift field, we varied the field between
100 V/cm and 2 kV/cm. The results is shown in figure 11. For drift fields between 100 V/cm and
2 kV/cm, better than 2% resolution can be obtained for 662 keV gamma rays. We observed a slight
improvement from 100 V/cm to 500 V/cm, which is due to the increased number of drifted electrons
that survive from recombination as the drift field increases. After that, no further improvement was
observed because the improvement caused by the increased number of drift electrons was canceled
by the reduction in primary scintillation light. For 662 keV gamma rays, the resolution becomes
slightly worse at a higher drift field. This is mainly due to saturation of S2 signals. Additional op-
timization of the PMT gain and electronic chain is needed to investigate whether the resolution can
be further improved. According to ref. [27], a ratio of electric field above and below the gate elec-
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This TPC obtained excellent energy resolution for gamma rays. 
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Figure 7. The position dependence of the S1 signal in the selected volume (|Ycog| < 4.88 mm) for 164 keV
gamma rays for a drift time of 1 kV/cm. The blue solid line indicates the fiducial volume selection of central
events. This corresponds to a cylinder with a height of 4.2 mm and a center-of-gravity reconstructed radius
of 9.75 mm which corresponds to a MC reconstructed radius of about 9.0 mm, while dashed lines indicate
the gate and cathode positions.

activated xenon source allowed us to determine the position dependence of the two signals. Figure 7
shows the S1 position dependence for 164 keV gamma rays in the TPC at a drift field of 1 kV/cm.
The S1 signal variance (RMS/mean) in the entire region is 6.0%. After correcting the position
dependence using the map from figure 7, the over position variance decreases to 4.2%.

In figure 8 the position dependence of the S2 signals from the 164 keV gamma rays in the
volume os shown. Unlike for the S1 signal, the S2’s position dependence is due to three factors.
The first is the dependence on the drift time due to attachment of drifting electrons to impuri-
ties in liquid xenon. The second is the S2 production in the gas gap, where a non-uniform gap
will result in a non-uniform S2 production. The third is the S2 light collection’s position depen-
dence. The S2 dependence on drift time is shown in figure 8 (left), where an exponential fit of
S2(td) = S2(0)exp(�td/t) results in a measured electron lifetime (t) of 205 µs, improved from
84 µs after four days of purification at a flow rate of at least 5 SLPM. The maximum variation of
S2 signals in the entire 5 µs drift region is 2.4%. The right panel of figure 8 indicates a larger
S2 value in the center than near the edge, which is due to a combined effect of non- uniform S2
light collection efficiency and uneven gas gap for S2 production. The data are corrected for the
S2 position dependence due to the non-uniform gas gap and the light collection. The S2 variance
(RMS/mean) in the entire region is 6.5%. After correcting the position dependence using the map
in figure 8, the S2 variance decreased to 3.2%.

3.3 Energy reconstruction

Because activated xenon atoms are diffused uniformly in liquid xenon, uniform event distribution
over the whole sensitive volume was expected. However, events near the edge of the sensitive vol-
ume also include background events. To exclude background events, mostly due to environmental

– 9 –

Center� Edge�



ER and NR bands obtained at 200 V/cm 

1σ ER band �

1σ NR band �

8 PE�

5.5 keVnr�



ER and NR bands obtained at 700 V/cm 



ER and NR bands obtained at 1000 V/cm 



ER/NR calibration bands overlapped, 200 V/cm 



ER/NR calibration bands overlapped, 700 V/cm 



ER/NR calibration bands overlapped, 1000 V/cm 
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ER rejection power at different drift fields (central events) 
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Main%Observa,ons�

•  ER rejection power above 105 is observed 
(50% NR acceptance, 5.5~11 keVnr)  
–  two orders of magnitude better than previous results 

•  No strong drift field dependence 
–  observed >105 ER rejection at 200 V/cm drift field 
–  If confirmed, HV will not be a concern for future multi-ton 

two-phase Xe detectors (low field operation) 

•  ER rejection power gets better at lower energy 
–  Xe is ideal for WIMP detection! 



But%why?�
•  ER/NR%band%separa,on%
•  ER%band%variance�
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(a) Tritium ER Calibration
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Figure 2: Left: Calibrations of detector response in the 118 kg fiducial volume. The
ER (tritium, panel a) and NR (AmBe and 252Cf, panel b) calibrations are depicted,
with the means (solid line) and ±1.28� contours (dashed lines). This choice of band
width (indicating 10% band tails) is for presentation only. Panel a shows fits to
the high statistics tritium data, with fits to simulated NR data shown in panel b,
representing the parameterizations taken forward to the profile likelihood analysis.
The ER plot also shows the NR band mean and vice versa. Gray contours indicate
constant energies using an S1–S2 combined energy scale (same contours on each plot).
The dot-dashed magenta line delineates the approximate location of the minimum S2
cut. Right: LUX WIMP signal region. Events in the 118 kg fiducial volume during
the 85.3 live-day exposure are shown. Lines are as shown on the left, with vertical
dashed cyan lines showing the 2–30 phe range used for the signal estimation analysis.

6 Result: Dark Matter WIMP Limit

The total number of events was only 160 in 85.3 live-days and 118 kg (Figure 2, right).
The distribution of those events is completely consistent with the ER background,
both in log10(S2/S1) as well as in terms of position in the volume. 0.64±0.16 back-
ground events total below the S1c-dependent NR band centroid were expected for the
initial LUX exposure [38], and 1 was observed, very close to that border. However,
this event is not automatically considered a “WIMP candidate” because a binary
decision is not implemented in terms of log10(S2/S1) to determine whether an event
is NR or ER, but rather the PLR assigns a continuous probability as a function of S1,
S2, radius, and z, based on the distributions of the backgrounds in these variables.
This method increases statistical power by not discriminating between interaction
types with a simplistic binary cut. In keeping with the combined-energy philosophy,
after vetting the WIMP Monte Carlo with the empirical NR band, S1 and S2 dis-
tributions were simulated together from the theoretical true recoil energy spectrum
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Figure 2: Left: Calibrations of detector response in the 118 kg fiducial volume. The
ER (tritium, panel a) and NR (AmBe and 252Cf, panel b) calibrations are depicted,
with the means (solid line) and ±1.28� contours (dashed lines). This choice of band
width (indicating 10% band tails) is for presentation only. Panel a shows fits to
the high statistics tritium data, with fits to simulated NR data shown in panel b,
representing the parameterizations taken forward to the profile likelihood analysis.
The ER plot also shows the NR band mean and vice versa. Gray contours indicate
constant energies using an S1–S2 combined energy scale (same contours on each plot).
The dot-dashed magenta line delineates the approximate location of the minimum S2
cut. Right: LUX WIMP signal region. Events in the 118 kg fiducial volume during
the 85.3 live-day exposure are shown. Lines are as shown on the left, with vertical
dashed cyan lines showing the 2–30 phe range used for the signal estimation analysis.

6 Result: Dark Matter WIMP Limit

The total number of events was only 160 in 85.3 live-days and 118 kg (Figure 2, right).
The distribution of those events is completely consistent with the ER background,
both in log10(S2/S1) as well as in terms of position in the volume. 0.64±0.16 back-
ground events total below the S1c-dependent NR band centroid were expected for the
initial LUX exposure [38], and 1 was observed, very close to that border. However,
this event is not automatically considered a “WIMP candidate” because a binary
decision is not implemented in terms of log10(S2/S1) to determine whether an event
is NR or ER, but rather the PLR assigns a continuous probability as a function of S1,
S2, radius, and z, based on the distributions of the backgrounds in these variables.
This method increases statistical power by not discriminating between interaction
types with a simplistic binary cut. In keeping with the combined-energy philosophy,
after vetting the WIMP Monte Carlo with the empirical NR band, S1 and S2 dis-
tributions were simulated together from the theoretical true recoil energy spectrum
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Energy'Bin'
(200'V/cm)�

ΔLog10(S2/S1)� �ER�

8=12%PE� 0.491±0.011� 0.110±0.009�

12=16%PE� 0.423±0.010� 0.090±0.009�

16=20%PE� 0.377±0.011� 0.090±0.008�

20=24%PE� 0.349±0.011� 0.094±0.009�

24=28%PE� 0.330±0.010� 0.087±0.009�



Implica,ons%for%the%future�

•  Key factors to achieve a high ER background  
rejection (with high NR acceptance) 
–  S1 light collection 
–  S2 threshold 
–  Field uniformity (NOT strength) 

This result is very encouraging for a background-free 
operation of multi-ton two-phase Xe detectors  towards 
a WIMP detection. 


