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The LUX hand soap in the 
restrooms here is infused 
with moisturizing liquid 
xenon, that cools your 
hands as it cleans them.
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But this isn’t a talk about soap
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LUX Detector
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• LUX is a dual-phase time projection 
chamber (like most other liquid-noble 
DM experiments); essentially a 
cylinder of LXe.

• Primary scintillation light (“S1”) is 
emitted from the interaction vertex, 
and recorded by an array of PMTs on 
top and bottom.

• Electrons emitted from the interaction 
are drifted by and applied field to the 
surface and into the gas, where they 
emit proportional scintillation light 
(“S2”), also recorded by the PMTs.

• This design permits:
‣ Identification of multiple scatters 

(via S2 count).
‣ 3-D localization of each vertex.
‣ ER/NR discrimination (via S2/S1)
‣ Sensitivity to single electrons.
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Sanford Underground Research Facility
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LUX, located on the 4850 level 
(~1.5 km underground) in Lead, 
South Dakota. ~107 reduction in 
cosmic muon rate.

Same cavern where 
solar neutrinos were 
first discovered.
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LUX Detector
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The detector and 
cryostat live inside a 
~300 tonne ultra-pure 
active water shield.
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LUX Detector
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• 47cm diameter by 48 cm 
height dodecagonal 
“cylinder”. 

• 370 kg LXe total, 250 kg 
active region 

• 61 PMTs on top, 61 on 
bottom, specially produced 
for low radiogenic BGs and 
VUV sensitivity. 

• Xenon was pre-purified via 
chromatographic 
separation, reducing 
residual krypton levels to 
3.5±1 ppt (g/g). 

• Liquid is continuously 
recirculated (¼ tonne per 
day) to maintain chemical 
purity. 

• Ultra-low BG titanium 
cryostat.
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LUX on the horizon
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There are several upcoming LUX [DM] papers in 
the pipeline:

•Vanilla re-analysis (i.e. S1+S2) of the already 
released data.

•Ionization-only search for low-mass WIMPs.

•Axion (solar) and axion-like particles.
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LUX ionization sensitivity
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LUX ionization sensitivity
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Light dark matter 

•Light O(1 GeV) vanilla WIMPs or asymmetric DM*

•~keV axion-like particles†

•subGeV hidden-sector U(1)’ models*†

* Gives up on scintillation signal
† Looks for electronic recoils
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Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Red error bars show systematic 
uncertainties

• (1!) bar dominated by 
statistical uncertainty in 
electron extraction efficiency

• (flat) bar accounts for detector 
parameter uncertainties and 
variations during the run

• Pos. Rec. bias correction error 
bars compensate for modest 
Eddington bias due to position 
reconstruction uncertainties

Blue Crosses - LUX Measured Qy; 180 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale) 
Orange Crosses - Manzur 2010; 4 kV/cm 
(absolute energy scale)
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)
Teal Lines - Sorensen IDM 2010; 0.73 kV/cm 
(energy scale from best fit  MC)
Black Dashed Line - Szydagis et al. (NEST 
v1.0) Predicted Ionization Yield at 180 V/cm
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LUX 2014 PRL Conservative
Threshold Cut-Off 

Reconstructed Ionization Yield with 
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 33 phe)

Light WIMP search

12

Assumed cutoff 
for LUX first results

3 keV

From J. Verbus, APS2015

• The published LUX 
results assumed LXe’s 
response has a hard 
cutoff below 3 keV 
(conservative choice due 
to ignorance).

• We have since measured 
LXe’s ionization response 
down to ~0.75 keV!

• How much of a 
difference this make vis-
à-vis light-WIMP 
sensitivity?



Light dark matter in LUX

A. Manalaysay, May 30, 2015James Verbus - Brown University APS April Meeting - April 12th, 2015

Energy Measured from Scattering Angle [keVnra]

Io
n
iz
a
ti
o
n
Y
ie
ld

[e
le
ct
ro
n
s
/
k
eV

n
r
a]

Sys. uncertainty due to pos. rec. energy bias correction

Sys. uncertainty (flat)

Sys. uncertainty (±1σ)

100 101
100

101

Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Red error bars show systematic 
uncertainties

• (1!) bar dominated by 
statistical uncertainty in 
electron extraction efficiency

• (flat) bar accounts for detector 
parameter uncertainties and 
variations during the run

• Pos. Rec. bias correction error 
bars compensate for modest 
Eddington bias due to position 
reconstruction uncertainties

Blue Crosses - LUX Measured Qy; 180 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale) 
Orange Crosses - Manzur 2010; 4 kV/cm 
(absolute energy scale)
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)
Teal Lines - Sorensen IDM 2010; 0.73 kV/cm 
(energy scale from best fit  MC)
Black Dashed Line - Szydagis et al. (NEST 
v1.0) Predicted Ionization Yield at 180 V/cm

11

LUX 2014 PRL Conservative
Threshold Cut-Off 

Reconstructed Ionization Yield with 
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 33 phe)

Light WIMP search

12

Assumed cutoff 
for LUX first results

3 keV

From J. Verbus, APS2015

• The published LUX 
results assumed LXe’s 
response has a hard 
cutoff below 3 keV 
(conservative choice due 
to ignorance).

• We have since measured 
LXe’s ionization response 
down to ~0.75 keV!

• How much of a 
difference this make vis-
à-vis light-WIMP 
sensitivity?

Assumed cutoff 
for XENON10 S2-only
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Light WIMP search
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LUX 2013 upper limits assumed NO SENSITIVITY 
to recoils below 3 keV
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Light WIMP search
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Decreasing this response cutoff from 3keV to 0.75keV 
provides access to a factor of 8000* more signal at M = 6 GeV

*Before folding in detection efficiencies
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keV axion-like particles
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The data are compatible with the background model,
and no excess is observed for the background only
hypothesis.
Figure 5 shows the new XENON100 exclusion limit on

gAe at 90% C.L. The sensitivity is shown by the green/
yellow band (1σ=2σ). As we used the most recent and
accurate calculation for solar axion flux from [10], which is
valid only for light axions, we restrict the search to
mA < 1 keV=c2. For comparison, we also present other
recent experimental constraints [31–33]. Astrophysical

bounds [34–36] 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 con-
straint on the coupling to electrons, excluding values of gAe
larger than 7.7 × 10−12 (90% C.L.).
For a specific axion model, the limit on the dimension-

less coupling gAe can be translated to a limit on the axion
mass. Within the DFSZ and KSVZ models [4–7],
XENON100 excludes axion masses above 0.3 eV=c2

and 80 eV=c2, respectively. For comparison, the CAST
experiment, testing the coupling to photons, gAγ , has
excluded axions within the KSVZ model in the mass range
between 0.64 and 1.17 eV=c2 [37,38].

B. Galactic ALPs

Figure 6 shows the XENON100 data after the selection
cuts in the larger energy region of interest used for the
search for nonrelativistic galactic ALPs (1422 surviving
events), along with their statistical errors. Also shown is the
expected signal for different ALP masses, assuming a
coupling of gAe ¼ 4 × 10−12 and that ALPs constitute all
of the galactic dark matter. The width of the monoenergetic
signal is given by the energy resolution of the detector at the
relevant S1 signal size [19]. As for the solar axion search,
the data are compatible with the background hypothesis,
and no excess is observed for the background-only hypoth-
esis for the various ALP masses.
The XENON100 90% C.L. exclusion limit for galactic

ALPs is shown in Fig. 7, together with other experimental
constraints [31,39,40]. Astrophysical bounds [34–36] and
the KSVZ benchmark model [6,7] are also presented.
The expected sensitivity is shown by the green/yellow
bands (1σ=2σ). The steps in the sensitivity around 5 and
35 keV=c2 reflect the photoelectric cross section due to
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FIG. 4 (color online). Event distribution of the data (black dots)
and background model (grey) of the solar axion search. The
expected signal for solar axions withmA < 1 keV=c2 is shown by
the dashed blue line, assuming gAe ¼ 2 × 10−11, the current best
limit, from EDELWEISS-II [31]. The vertical dashed red line
indicates the low S1 threshold, set at three PE. The top axis
indicates the expected mean energy for ERs as derived from the
observed S1 signal.
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FIG. 5 (color online). The XENON100 limits (90% C.L.) on
solar axions are indicated by the blue line. The expected
sensitivity, based on the background hypothesis, is shown by
the green/yellow bands ð1σ=2σÞ around the XENON100 limits.
Results by EDELWEISS-II [31] and XMASS [32] are shown,
together with the ones from a Si(Li) detector by Derbin et al. [33].
Indirect astrophysical bounds from solar neutrinos [34] and red
giants [35] are represented by light grey horizontal lines. The
benchmark DFSZ and KSVZ models are represented by dark
grey lines [4–7].
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FIG. 6 (color online). Event distribution in the galactic ALPs
search region between 3 and 100 PE (black dots with error bars).
The grey line shows the background model used for the profile
likelihood function. The vertical dashed red line indicates the S1
threshold. The expected signal in XENON100 for various ALP
masses, assuming gAe ¼ 4 × 10−12, is shown as blue dashed
peaks. The top axis indicates the expected mean energy for ERs
as derived from the observed S1 signal.

FIRST AXION RESULTS FROM THE XENON100 EXPERIMENT PHYSICAL REVIEW D 90, 062009 (2014)

062009-5

•XENON100 has searched 
their data for evidence of 
axio-electric conversion of 
DM candidates in the O(1-10) 
keV mass range.

•Easy to search for: looking 
for a monoenergetic line 
given by

the atomic energy levels. Below 5 keV=c2 the obtained
90% C.L. is higher than expected, deviating by as much as
2σ from the mean predicted sensitivity. This is due to a
slight excess of events between 3 and 5 PE. A similar effect
is responsible for the limit oscillating around the predicted
sensitivity above 5 keV=c2. The ALP limit is very sensitive
to fluctuations in individual bins because of the expected
monoenergetic signal. In the 5–10 keV=c2 mass range,
XENON100 sets the best upper limit, excluding an axion-
electron coupling gAe > 1 × 10−12 at the 90% C.L., assum-
ing that ALPs constitute all of the galactic dark matter.
The impact of systematic uncertainties has been evalu-

ated for both analyses presented here. In particular, we have
considered the parametrization of the cross section of
the axioelectric effect, the data selection based on a band

in the log10ðS2b=S1Þ vs S1 space, the choice of the fiducial
volume, as well as the conversion of the S1 signal into an
ER energy and the energy resolution.
Previous works (e.g., [15,32]) have used a different

parametrization of the axion velocity term in σA, while we
chose to employ ð1 − β2=3A =3Þ [Eq. (1)], as suggested by
[31]. However, we also tested the other assumptions and
found the impact on the final limit to be negligible.
Varying the width of the band chosen to select the data

entering the analysis [shown in Fig. 1 (top) as horizontal
dashed red lines] from #1σ up to #4σ changes the final
result on gAe by 5%, i.e., well within the #2σ of the
sensitivity band.
Similarly, a variation of the fiducial volume has a

negligible impact on the sensitivity: the inner ellipsoid
was changed in size to accomodate between 28 and 40 kg,
but maintaining the same 224.6 days of live time. The
reduced background for smaller fiducial masses is com-
pensated by the smaller total exposure, resulting in a
variation of the limit well below 10%.
The uncertainty on the energy scale used for the

conversion from the observed S1 signal in PE into keV
[Fig. 2 and Eq. (2)] is taken into account in the profile
likelihood function and is profiled out via the nuisance
parameter t [Eq. (5)]. The detector’s energy resolution is
considered by smearing the predicted energy spectrum
dR=dE by Poisson and Gaussian processes, as described in
Eq. (7). We note that the final results on gAe are also robust
against further changes in the energy scale: even if LYðEÞ,
as defined in Eq. (2), is varied by 25%, the limits change by
less than 5% and about 10% for the solar and for the
galactic axion searches, respectively.
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1 keVee , allowing ER band (Fig. 3) and detection effi-
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-
rection functions for photon detection efficiency, which
combine the effects of geometric light collection and PMT
quantum efficiency (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 deexcitations)
afforded another internal calibration, providing a cross-
check of the photon detection and electron extraction
efficiencies. To model these efficiencies, we employed
field- and energy-dependent absolute scintillation and
ionization yields from NEST [23–25], which provides an
underlying physics model, not extrapolations, where only
detector parameters such as photon detection efficiency,
electron extraction efficiency and single electron response
are inputs to the simulation. Using a Gaussian fit to the
single phe area [26], together with the S1 spectrum of
tritium events, the mean S1 photon detection efficiency
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=keVee (electron-

equivalent energy) for 122 keV γ rays at zero field [23].
This high photon detection efficiency (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 AmBe data with
simulation permits extraction of NR detection efficiency
(Fig. 1), which is in excellent agreement with that obtained
using other data sets (252Cf and tritium). We describe the
populations as a function of S1 (Figs. 3 and 4), as this
provides the dominant component of detector efficiency.
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 efficiencies).
A parameterization (for S2 at a given S1) of the ER band

from the high-statistics tritiumcalibration is used to character-
ize the background. In turn, the NR calibration is more
challenging, partly due to the excellent self-shielding of the
detector. Neutron calibrations therefore include systematic
effects not applicable to the WIMP signal model, such as
multiple-scattering events (including those where scatters
occur in regions of differing field) or coincident Compton
scatters fromAmBeand 252Cf γ raysand(n,γ) reactions.These
effects produce the dispersion observed in data, which is well
modeled in our simulations (in both band mean and width,
verifying the simulatedenergy resolution), and larger than that
expected from WIMP scattering. Consequently, these data
cannot be used directly to model a signal distribution. For
differentWIMPmasses, simulatedS1 andS2 distributions are
obtained, accounting for their unique energy spectra.
The ratio of keVee to nuclear recoil energy (keVnr) relies

on both S1 and S2, using the conservative technique
presented in [29] (Lindhard with k ¼ 0.110, compared to
the default Lindhard value of 0.166 and the implied best-fit
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~1 keV and ~5 keV 
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energy)

• 118 kg fiducial mass, 
85.3 days

• Lower background 
than XENON100: can 
expect improved 
sensitivity.



Light dark matter in LUX

A. Manalaysay, May 30, 2015

×

Detection of light DM

17

SM

SM

DM

DM

� A0

"

Standard 
Model

Hidden 
Sector

gDe

• Hidden sector with its own 
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kinetically mixes with our 
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• The DM interacts with SM 
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• DM masses in the range 
O(1-1000 MeV)

• Kinematics precludes looking 
for this as nuclear recoils: we 
look instead for electronic 
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!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.
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!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.
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!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.
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reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
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range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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The first direct detection limits on dark matter in the MeV to GeV mass range are presented, using

XENON10 data. Such light dark matter can scatter with electrons, causing ionization of atoms in a

detector target material and leading to single- or few-electron events. We use 15 kg day of data acquired in
2006 to set limits on the dark-matter—electron scattering cross section. The strongest bound is obtained at
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Introduction.—Most current dark-matter (DM) direct
detection experiments focus on detecting a weakly inter-
acting massive particle (WIMP) with a mass of
1–1000 GeV. There are two main reasons for this focus.
Theoretically, a WIMP in this mass range can naturally
have the correct thermal relic abundance [1]. Experi-
mentally, a WIMP-nucleus scattering event is likely to
produce detectable quanta (phonons, scintillation photons,
ionization or some combination of these). DM candidates
with mass & 1 GeV typically cannot produce nuclear re-
coil signals above detector thresholds, and have therefore
been largely ignored.

It is straightforward, however, to theoretically construct
well-motivated, viable, and natural DM candidates with
sub-GeV masses (e.g., [2–6]). Given the current lack of
firm experimental evidence for WIMPs in any mass range,
it is important to search for other theoretically motivated
DM candidates. As was recently proposed in [2], sub-GeV
DM can lead to observable signals if it scatters with atomic
electrons, as opposed to nuclei. This scattering can ionize
atoms in a target material, resulting in single-electron
signals. As discussed below, few-electron signals may
result if the primary ionized electron or deexcitation pho-
tons lead to further ionization.

Dual-phase liquid xenon detectors have demonstrated
sensitivity to such small ionization signals [7–9]. In this
Letter, we present the first direct detection limits on
MeV—GeV-mass DM, using 15 kg day of exposure of
the XENON10 experiment obtained with a single-electron
trigger threshold [10]. We consider the observed rate of
one-, two-, and three-electron events. The origin of these
events is unclear, and they are likely to result from back-
ground processes. The data nevertheless allow robust limits
to be set for DM as light as a few MeV.

Data sample.—The XENON10 Collaboration has re-
ported results from a 12.5 live-day search for scattering
of low-mass (few-GeV rather than sub-GeV) WIMPs with
xenon nuclei [10]. Particle interactions in the liquid xenon
target can produce both ions (Xeþ) and excited atoms
(Xe$). A fraction of the ions recombine to form other
Xe$, whose deexcitation process produces 7 eV scintilla-
tion photons. Electrons that escape recombination are ac-
celerated away from the interaction site by an electric field,
and extracted from the liquid to the gas with an efficiency
that is essentially unity [11,12]. Under the influence of a
high electric field in the gaseous xenon (% 10 kV=cm),
each extracted electron produces Oð100Þ scintillation pho-
tons [13]. The detector’s array of photomultiplier tubes
measures an average of 27 of these photoelectrons per
extracted electron.
The search for few-GeV dark matter reported in [10]

imposed a software ionization threshold of 5 electrons due
to uncertainties in the ionization yield from very low-
energy nuclear recoils. However, the XENON10 hardware
trigger (described in [9]) was sensitive to single electrons.
Among liquid xenon targets, this is the lowest trigger
threshold in all reported dark-matter search data.
However, the precise trigger efficiency for this data sample
was not reported. To better understand the trigger effi-
ciency, we have performed a detailed Monte Carlo simu-
lation of the trigger response to single to few-electron
events in the XENON10 detector, based on the information
given in Sec. 2.8 of [9]. This simulation allows the hard-
ware trigger efficiency to be calculated, and the result is
shown in Fig. 1 (bottom).
The performance and accuracy of our trigger efficiency

simulation has been verified by comparing its prediction to
the observed trigger roll-off of the calibration spectrum

PRL 109, 021301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
13 JULY 2012

0031-9007=12=109(2)=021301(5) 021301-1 ! 2012 American Physical Society

•Here for mA’ ≈ 10 MeV, 
F(q) = 1

•12.5 live-day data set, 
1.2 kg, no BG 
subtraction, can already 
probe un-touched 
parameter space.



Light dark matter in LUX

A. Manalaysay, May 30, 2015

XENON10

21

reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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Introduction.—Most current dark-matter (DM) direct
detection experiments focus on detecting a weakly inter-
acting massive particle (WIMP) with a mass of
1–1000 GeV. There are two main reasons for this focus.
Theoretically, a WIMP in this mass range can naturally
have the correct thermal relic abundance [1]. Experi-
mentally, a WIMP-nucleus scattering event is likely to
produce detectable quanta (phonons, scintillation photons,
ionization or some combination of these). DM candidates
with mass & 1 GeV typically cannot produce nuclear re-
coil signals above detector thresholds, and have therefore
been largely ignored.

It is straightforward, however, to theoretically construct
well-motivated, viable, and natural DM candidates with
sub-GeV masses (e.g., [2–6]). Given the current lack of
firm experimental evidence for WIMPs in any mass range,
it is important to search for other theoretically motivated
DM candidates. As was recently proposed in [2], sub-GeV
DM can lead to observable signals if it scatters with atomic
electrons, as opposed to nuclei. This scattering can ionize
atoms in a target material, resulting in single-electron
signals. As discussed below, few-electron signals may
result if the primary ionized electron or deexcitation pho-
tons lead to further ionization.

Dual-phase liquid xenon detectors have demonstrated
sensitivity to such small ionization signals [7–9]. In this
Letter, we present the first direct detection limits on
MeV—GeV-mass DM, using 15 kg day of exposure of
the XENON10 experiment obtained with a single-electron
trigger threshold [10]. We consider the observed rate of
one-, two-, and three-electron events. The origin of these
events is unclear, and they are likely to result from back-
ground processes. The data nevertheless allow robust limits
to be set for DM as light as a few MeV.

Data sample.—The XENON10 Collaboration has re-
ported results from a 12.5 live-day search for scattering
of low-mass (few-GeV rather than sub-GeV) WIMPs with
xenon nuclei [10]. Particle interactions in the liquid xenon
target can produce both ions (Xeþ) and excited atoms
(Xe$). A fraction of the ions recombine to form other
Xe$, whose deexcitation process produces 7 eV scintilla-
tion photons. Electrons that escape recombination are ac-
celerated away from the interaction site by an electric field,
and extracted from the liquid to the gas with an efficiency
that is essentially unity [11,12]. Under the influence of a
high electric field in the gaseous xenon (% 10 kV=cm),
each extracted electron produces Oð100Þ scintillation pho-
tons [13]. The detector’s array of photomultiplier tubes
measures an average of 27 of these photoelectrons per
extracted electron.
The search for few-GeV dark matter reported in [10]

imposed a software ionization threshold of 5 electrons due
to uncertainties in the ionization yield from very low-
energy nuclear recoils. However, the XENON10 hardware
trigger (described in [9]) was sensitive to single electrons.
Among liquid xenon targets, this is the lowest trigger
threshold in all reported dark-matter search data.
However, the precise trigger efficiency for this data sample
was not reported. To better understand the trigger effi-
ciency, we have performed a detailed Monte Carlo simu-
lation of the trigger response to single to few-electron
events in the XENON10 detector, based on the information
given in Sec. 2.8 of [9]. This simulation allows the hard-
ware trigger efficiency to be calculated, and the result is
shown in Fig. 1 (bottom).
The performance and accuracy of our trigger efficiency

simulation has been verified by comparing its prediction to
the observed trigger roll-off of the calibration spectrum
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2011 2012
2013

2014
2015

2016

XENON100 first results

LUX first results

Today

If it’s so easy, then why have we seen no 
results yet from XENON100 or LUX?

XENON10
hidden-sector 
limits
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Why is this type of search challenging?

Two problems:

1. Detector details:
•Detector “features” lead to difficulties in interpreting 

ionization-only searches. 

2. Backgrounds:
•In normal mode (ionization and scintillation), BG can 

be rejected either by particle ID, or vertex position.  
This is not possible with ionization-only.
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Large detectors are harder to 
build than small detectors
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Large detectors are harder to 
build than small detectors
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Large detectors are harder to 
build than small detectors

Experiment Liquid-gas electron 
extraction efficiency

XENON10 ~100%

XENON100 ~100%

LUX ~50%
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29with that of small ionization signals originating from the detector
walls (corresponding to a radius of r ¼ 0:7 a.u.). The later is a
known background of nuclear recoils arising from plating of the
PTFE walls with a-emitters from 222Rn decay in the LXe [4]. The
depth (drift time) distribution also shows relatively uniform pro-
duction throughout the LXe bulk.

The fact that large secondaries appear to be followed by multi-
ple single electron pulses suggests their production may be related
to the number of VUV photons in the chamber. The quiet timelines
found between primary and secondary signals, together with the
proportionality between the primary signal and the energy depos-
ited, allow testing of this hypothesis in a quantitative manner. Fig.
6 shows the fraction of events where a single electron is observed
as a function of energy (proportional to the number of scintillation
photons generated in the liquid). A clear energy dependence is ob-
served, suggesting that the production of single electrons could be,
at least in part, due to photoionization processes in the liquid.

The mean free path (mfp) of the ’7.1 eV photons for generating
an electron in LXe can be estimated from Fig. 6. Combining the
slope of the trend line with a scintillation yield of 39 photons/
keV (measured at 1 kV/cm), we conclude that an average of
32,500 photons are required to produce an electron. These photons
can escape from the surface or be absorbed in the surrounding
PTFE or in the electrodes. A Monte Carlo simulation places the
mean escape length from the LXe at "25 cm for photons generated
uniformly. This value is not significantly affected by bulk absorp-
tion for the xenon purity considered here, or by Rayleigh scatter-
ing. This places the photon mfp for photoionization at
" 1:0# 106 cm. Several chemical species, including xenon itself,
can be responsible, but impurities in the liquid are the most likely.
Unfortunately, the mfp depends on both the microscopic cross-sec-
tion and the atom number density, and so none can be ruled out
with certainty since either (or both) quantities may be unknown.

Sub-threshold photoionization, either of impurities or of Xe
atoms, dimers and higher order polymers, cannot be ruled out,
even if it is unlikely. Some of the most abundant impurities are
electronegative species (e.g. O2, H2O, N2O, etc.) responsible for
the finite electron lifetime. Although these have ionisation energies
typically above 12 eV in gas phase [24], this does not rule out com-
pletely the possibility of photoionisation at lower energies. Their
concentration can be estimated from the rate of electron attach-
ment. From known attachment cross-sections [25] at an average
energy of 0.1 eV for electrons drifting in a 1 kV/cm field [26], we
estimate that an O2 concentration of "60 ppb or a N2O at just
"8 ppb would produce the "100 ls electron lifetime observed
during this run. The photoionization cross-section needed to ex-
plain the measured mfp is only "0.001 Mb (compared to 10–

100 Mb typically found well above threshold). During the data
run, the electron lifetime did not vary enough to allow us to study
any possible correlation with the single electron production rate.

In the case of intrinsic LXe photoionization (9.3 eV threshold
[27]) a cross-section as low as 35 lb is sufficient. So, although
the sub-threshold process is very unlikely, the interaction proba-
bilities required are also extremely small; in addition, the non-zero
width of the scintillation emission will play a favourable role.

Alternatively, minute amounts of species with low ionization
thresholds may be responsible, of which there are many candi-
dates, organic and inorganic. In addition to neutral species, it is also
conceivable that negative ions previously created by electron
attachment can be photoionised during their long drift towards
the anode, which is as slow as "0.7 cm/s for a O$2 ions in LXe
[28]. However, the concentration of O$2 accumulated from electron
attachment during calibration and background runs seems too low
to explain the observed rate. Finally, we mention photoionization
induced by the well-known ‘n ¼ 1’ LXe exciton, which lies below
the intrinsic threshold at 8.4 eV [29–31]. Although excitons do
not cause photoionization directly, they can transfer the excitation
to impurities onto which they become trapped and ionise them in a
Penning-type interaction.

In summary, a population of small signals in the ZEPLIN-II data
was identified with the emission of single electrons into the gas re-
gion, probably caused by photoionization of a yet underdeter-
mined contaminant species in the LXe. The detection of single
electrons demonstrates the excellent sensitivity of the ionization
channel in two-phase xenon systems.
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directly) to energy depositions from interactions in the active volume; a ‘spontaneous’ rate

can be measured for this population.1 We associate these clusters with those studied in

the DSER dataset. We now treat both types of signal in turn.

1This terminology does not preclude a radiation-induced origin for these events; its use in quotation

marks highlights that no event was detected within the maximum drift time of the time projection chamber.

– 5 –

E. Santos et al. JHEP12 (2011) 115
ZEPLIN-III

All dual-phase LXe DM experiments have 
observed single-e- backgrounds that are 
difficult to model. LUX is no different

“Background-free” 
is a pipe dream
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Figure 5. (Left). Single-electron rate per event as a function of the main S2 signal
size. The residuals of the data points with respect to the linear fit show a very good
proportionality of the relation. (Right). Single-electron rate per event, for events with the
main S2 between 5000 and 10 000 PE, as a function of the O2-equivalent concentration
of impurities in liquid xenon. The linear fit shows that the rate is also proportional to
the concentration of impurities.

2.3. Rate

Another interesting observable is the rate of small S2 signals. Figure 5 (left) shows that the
relative rate per triggered event of small S2 signals (<150 PE) following the main S2 is
proportional to the size of the main S2 signal. In this figure, the small S2 signals are taken
from 0 to 180 µs, the maximum drift time, after the main S2 signal. All events with just one
S2 signal of more than 150 PE size in the whole waveform of 400 µ are considered. Datasets
used for this figure were recorded during the last months of the dark matter search of 225 d
when the purity was the highest and almost constant [7]. A linear fit gives a proportionality
coefficient of 4.3 × 10−4 small S2 signals per photoelectron in the main S2 signal and an
ordinate at the origin of 0.3 small S2 signal per waveform, which corresponds to signals not
correlated to the main S2 signal.

The relative single-electron rate is also proportional to the impurity concentration in the
liquid xenon, as shown on figure 5 (right). The figure presents the relative rate of small S2
signals that are located from 20 to 150 µs after the main S2 signal of single-scatter events. This
smaller time window has been chosen to select only the single electrons that are potentially
generated inside the liquid xenon volume. The oxygen-equivalent impurity concentration is
calculated based on the electron lifetime measured with the 662 keV photopeak from a 137Cs
source [1] and the O2 attachment rate KO2 , which is 9.7 × 1010 l mol−1 s at 0.53 kV cm−1 and
182 K, obtained by linearly interpolating the values at 87 K and 165 K taken from [12]. For
this figure, 137Cs source calibration datasets recorded over a period of 18 months have been
used. The analysis has been repeated using background data (without any external source),
leading to the same conclusions.

We also observe single-electron signals not associated with a S1 or a S2 signal. To estimate
the corresponding rate, we looked at the part of the waveform before the trigger for which
there is no S1 or S2 signal. We collected the equivalent of about 100 s of waveform per day.
We derived, in case of absence of an external source, a relative rate of 5 × 10−3 fortuitous
single electrons per triggered event, which is much lower than the rate of single electrons

7
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4.3.4 Single-electron S2

The generating mechanism of the observed single-electron S2 events is uncertain. Speculations include

impurity-trapping of drifting electrons (with delayed release), and spontaneous boiling of electrons from

the stainless steel cathode mesh into the liquid Xe. Photo-electric generation from the cathode mesh was

considered, but the single-electron pulses do not appear to show a time-correlation with either S1 or S2

pulses. Further, it is di�cult to see how they could be due to genuine energy depositions (scatters) in the

active target because the rate (when measured in dru) is inconsistent with the observed rate 1� 20 keVee

(it is too high by about ⇥1000).
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Figure 4.7: Single electron S2 events from 2.52 live days of WS2 background data. Pulses with
random event times (black) are shown separately from those which triggered the DAQ (grey). The
former are well-fit by a Gaussian distribution (red), with a shoulder clearly attributable to double
electron S2 events (blue). The population of double electron S2 events has µ2e� = 2 µ1e�, and
⌦2e� =

�
2 ⌦1e�. An additional shoulder of pulses corresponding to 3 electrons is evident, but

was not fit with a Gaussian due to the low statistics. The measured ⌦ = 6.3 is 25% higher than
that expected due to Poisson fluctuations; the excess is predicted by the width (⌦r = 0.58) of
the PMT single photo-electron distribution. The distribution of pulses which triggered the DAQ
(grey) is asymmetrical due to the trigger e⌃ciency, which begins to drop slightly for events with
S2 < 15 phe. Based on the asymmetry (comparing bin counts), the trigger e⌃ciency during WS2
was still > 0.80 for single-electron S2 events with S2 = 10 phe. After WS2, a slight modification to
the liquid level decreased the single electron S2 size by about 11%, to 24 phe per liquid electron.

The raw rate of spontaneous single-electron S2 events inside R < 8 cm (the z-coordinate is indeterminate

without an S1) was found to be 0.22 ± 0.01 Hz, based on 2.5 live-days of WIMP Search data (from WS2,

early september). This rate includes S2 events with 1, 2 and 3 electrons, as shown in Fig. 4.7. The pulses are

clearly identifiable by their width, size and distinct hit pattern: about 59% of the proportional scintillation

light falls on the top PMT array, and is localized above the (x, y) electron extraction point (see Fig. 4.6).

The S2 spectrum at threshold is shown in Fig. 4.7, with a peak corresponding to 1 electron and a shoulder

corresponding to 2 electrons; there is an outline of an additional shoulder corresponding to 3 electrons. The

events are separated according to those which triggered the DAQ (grey) and those found at random in event

P. Sorensen, Ph.D. Dissertation (2008), Brown University
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All dual-phase LXe DM experiments have 
observed single-e- backgrounds that are 
difficult to model. LUX is no different

“Background-free” 
is a pipe dream
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10

Rate Spikes

 We notice periods 

of elevated pulse 

rates from the 

DAQ

 Pulse rate spikes 

that follow a large 

S2

 Quiet region pulse 

rate 2-3 Hz “Quiet” Region

“Noisy” Region From S. Uvarov, APS2014• Because LUX’s acquisition 
system is triggerless (i.e. we 
record everything), we can 
monitor these events as well.

• Following a large event, we see 
elevated pulse activity, which 
decays through several 
different time constants.
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These observations teach us that multiple mechanisms 
contribute to single-electron background signals.

e- e- e-

e-

LXe

GXe• The electrons see a potential barrier at 
the surface and can get trapped there, 
to later “evaporate” off.
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These observations teach us that multiple mechanisms 
contribute to single-electron background signals.

e- e- e-

e-

LXe

GXe• The electrons see a potential barrier at 
the surface and can get trapped there, 
to later “evaporate” off.

O2

e-
�10

�5

0

5

10

�1.0

�0.5

0.0

0.5

1.0

O2

e-

-

• O2 impurities that have captured an 
electron can be ionized by a Xe 
scintillation photon.
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These observations teach us that multiple mechanisms 
contribute to single-electron background signals.
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• O2 impurities that have captured an 
electron can be ionized by a Xe 
scintillation photon.

• A Xe scintillation photon (7 eV) can 
eject an electron from the surface of a 
metal (i.e. one of the electrodes).
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• 238U is a naturally occurring radioisotope, 
found in every material in nature.

• Its complicated decay chain takes it through 
222Rn, which is a noble gas, and can therefore 
diffuse into the air and get everywhere. It will 
then “plate out” once it decays.

• The penultimate daughter, 210Po, is 
problematic: low energy, heavy projectile, 
gives small ionization and scintillation signals 
(for which we don’t yet have measurements).

210Po

206Pb
α

5.3 MeV 103 keV
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e- e- e-

e-

LXe

GXe

210Po

206Pb
α

5.3 MeV 103 keV

• We are currently unable to model 
these processes, and hence unable to 
form a background model.  No 
background model -> limits only

• Several LUX/LZ groups are building 
dedicated setups to study these 
processes thoroughly*.

*An empirical model can be made in some,
but not all situations.
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• We are currently unable to model 
these processes, and hence unable to 
form a background model.  No 
background model -> limits only

• Several LUX/LZ groups are building 
dedicated setups to study these 
processes thoroughly*.

*An empirical model can be made in some,
but not all situations.
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•LUX re-analysis coming out soon.  Currently collecting 
data for the 300-day run.

•Several DM papers in the pipeline (not just vanilla 
WIMP).

•Ionization-only searches are good at targeting light 
DM candidates, but are fraught with backgrounds we 
don’t yet understand.

•Several LUX/LZ groups currently working to better 
understand these details.

Stay tuned!
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LUX-ZEPLIN (LZ)
Next generation, the LUX-ZEPLIN (LZ) experiment, recently 
selected as one of three “G2” DM projects! Projected for 2016-2020, 
100-fold sensitivity improvement over LUX.
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LUX-ZEPLIN (LZ)
• Successor to LUX
• Active LXe mass of 7 tonnes, 

fiducial mass of 5.6 tonnes.
• Construction slated to begin 

in 2016.
• To be placed in the LUX 

water shield.
• LXe, inside 4π liquid 

scintillator veto, inside water 
shield.
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The WIMP Landscape — past and future

Physics reach: WIMP space

DARWIN can probe the experimentally available parameter space for WIMPs (m > 10 GeV/c2)

Patrick Decowski - Nikhef/UvA

Ultimate limits
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