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In a dedicated test setup at the Kamioka Observatory we studied pulse shape discrimination (PSD) in
liquid xenon (LXe) for dark matter searches in the absence of an externally applied electric ﬁeld. PSD in
LXe was based on the observation that scintillation light from electron events was emitted over a longer
period of time than that of nuclear recoil events, and our method used a simple ratio of early to total
scintillation light emission in a single scintillation event. Requiring an efﬁciency of 50% for nuclear
2
at
recoil retention we reduced the electron background by a factor of 7:7 7 1:1ðstatÞ 7 1:2
0:6 ðsysÞ  10
3
energies between 4.8 and 7.2 keVee and 7:7 7 2:8ðstatÞ 7 2:5
ðsysÞ

10
at
energies
between
9.6
and
2:8
12 keVee for a scintillation light yield of 20.9 photoelectrons/keVee. Further study was done by masking
some of that light to reduce this yield to 4.6 photoelectrons/keVee. Under these conditions the same
1
for the
method results in an electron event reduction by a factor of 2:4 7 0:2ðstatÞ 7 0:3
0:2 ðsysÞ  10
lower of the energy regions above. We also observe that in contrast to nuclear recoils the ﬂuctuations in
our early to total ratio for electron events are larger than expected from statistical ﬂuctuations.
& 2011 Published by Elsevier B.V.
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1. Introduction
The results of various astronomical observations [1–5] show
strong evidence for a large amount of dark matter in the universe.
Weakly Interactive Massive Particles (WIMPs) are a dark matter
candidate motivated in extensions of the theory of high energy
particle physics [6]. Various dedicated WIMP dark matter search
experiments are underway around the world [7–9]. The XMASS
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experiment, using liquid xenon (LXe) as a target for WIMP dark
matter, was proposed in 2000 [10]. The construction of the 800 kg
detector was ﬁnished in 2010.
The interaction of WIMP dark matter is expected to be
observed as a nuclear recoil in a speciﬁc detector’s target material,
which in our case is LXe. The main backgrounds (BG) for such
nuclear recoil events are electron events (from photoabsorption
or Compton scattering of environmental gamma rays), nuclear
recoils from the scattering of fast neutrons, and possibly alpha
and beta decays in the detector medium itself. The aim of this
study is to use the shape of scintillation light pulse in LXe to
discriminate against electron events.
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The scintillation mechanism is classiﬁed into two processes
depending on whether or not the process involves recombination [11].
(1) The process without recombination:
Xen þ Xe-Xen2
Xen2 -2Xe þ hn:

ð1Þ

(2) The process with recombination:
Xe þ þ Xe-Xe2þ
Xe2þ þ e -Xenn þ Xe
Xenn -Xen þ heat
Xen þ Xe-Xen2
Xen2 -2Xe þ hn:

ð2Þ

Both processes lead to the formation of an exciton (Xen2 ). The
de-excitation has two components called singlet and triplet component. The singlet component is caused by a spin singlet state (1 Suþ ),
and the triplet component is caused by a spin triplet state (3 Suþ ) [12].
The shape of the scintillation light pulse in LXe is determined
by the lifetimes of the excited states, the time scale of electron–
ion recombination, the timing resolution of the scintillation light
detector, the time of ﬂight in the detector, and the electronics
employed to record the scintillation light. The convolution of all
these components shapes the recorded scintillation light pulses.
Pulse shape measurements for 1 MeV electrons, a particles, and
relativistic ions in LXe were reported [13]. In the case of a particles,
two distinct lifetime components were observed. The lifetimes for
singlet and triplet states were found to be approximately 4 ns and
22 ns respectively. In the case of electron events on the other hand,
only one long component with 45 ns lifetime was observed.
This pulse shape difference is attributed to the inﬂuence of
electron–ion recombination [14,15]. In the case of electron events,
dE/dx is one order of magnitude smaller than in the case of a nuclear
recoil [14,16], and the ensuing ionization is thus spread out over a
larger volume. Therefore the recombination process of electron

events takes longer than in the case of nuclear recoil events and
dominates the pulse evolution. This hypothesis was conﬁrmed by
measurements in electric ﬁelds, as the slow component was not
observed when an external electric ﬁeld is applied. Under the
inﬂuence of an external electric ﬁeld recombination is suppressed
as the electrons and ions are drifted apart, and the two components
characteristic of high dE/dx events re-emerge. The pulse shape of
electron events in an electric ﬁeld of 4 kV/cm is very similar to that
of nuclear recoils in zero electric ﬁeld [12]. In this paper we aim to
exploit the characteristically longer time constant of 45 ns observed
for electron events in LXe at zero electric ﬁeld.
To this end we examine pulse shape discrimination (PSD) in
LXe at energies of less than 20 keVee (electron equivalent keV).
This energy range is most relevant for dark matter searches. The
average waveform of nuclear recoil and electron events was
previously compared above 10 keVee [17]. But no event-by-event
analysis was done. An event-by-event analysis was reported [18],
but the scintillation light yield was one order of magnitude lower
than for our setup. One other PSD study was performed in a dual
phase detector [19]. A reduction factor for electron events of
0.2 by PSD alone was demonstrated at 5 keVee in that dual phase
detector by limiting the electric ﬁeld to 0.06 kV/cm.
Previous investigations [17–19] were done at scintillation light
yields below 5 photoelectrons/keVee (p.e./keVee). Using two closely spaced photomultipliers (PMTs) of the kind also used in the
XMASS experiment we measured a light yield of 20.9 p.e./keVee.
The higher light yield we obtained will allow a more detailed
study of PSD at energies as low as 5 keVee. Anticipating more
limited light collection in real detectors we artiﬁcially reduced the
photosensitive area in our experimental setup and repeated the
measurements at an effective light yield of 4.6 p.e./keVee.

2. Detector setup
Our measurements were made in a dedicated setup shown
in Fig. 1. Two 2 in. hexagonal PMTs (Hamamatsu R10789) facing
each other from a distance of 60 mm are viewing the enclosed

Fig. 1. A schematic view of the detector used in the PSD measurement.
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Fig. 2. A schematic diagram of the data acquisition system.

0.58 kg LXe target from the top and bottom respectively. The sides
of the target are deﬁned by a highly reﬂective PTFE surface.
Embedded in the PTFE reﬂector were a LED and a 300 Bq 57Co
source. The LED was used to obtain single p.e. spectra and the
source to monitor the PMT gain. The light yield from this source
was found to be stable within 2%. To protect the LXe from
radioactive contamination this 57Co source was enclosed in a thin
stainless steel container. The PMTs, the LXe, and the calibration
light sources described above were all kept at  100 72 1C inside
a stainless steel vessel that itself was suspended inside a vacuum
chamber for thermal insulation. Radioactive sources placed outside of the LXe volume and its vacuum enclosure produced the
recoil events used in this study: either a 137Cs source provided
gamma rays that produced electron events or a gamma tagged
252
Cf ﬁssion source provided neutrons to study nuclear recoils. To
tag the ﬁssion events a plastic scintillator and a PMT (labeled
PMT3 in Fig. 1) were set up next to the Cf source. In the direction
of the LXe on the other hand the gamma rays emitted in the 252Cf
ﬁssion events were shielded by 50 mm of lead. When ﬁlling the
setup with LXe the Xe gas was passed through a SAES getter
(Model PS4-MT3-R-1) to remove impurities in the Xe gas.
For data acquisition we used NIM logic to trigger recording of
the waveform in a LeCroy WavePro 900 digital oscilloscope. This
is shown schematically in Fig. 2. Events in the LXe volume were
identiﬁed by a coincidence of signals in the two PMTs that view
the LXe volume. The width of the coincidence timing window
is 100 ns, and the discriminator thresholds were set to 2 p.e.
equivalent for each PMT. As mentioned above a plastic scintillator
was used to tag 252Cf ﬁssion events every time the Cf source was
employed to produce neutron events in the LXe. The corresponding signal from PMT3 was also entered into the coincidence unit,
but with 140 ns gate.
The digital oscilloscope provided 8 bit resolution and a 1 GHz
sampling rate. We used it to record 10 ms traces of all PMT
signals involved in the respective measurement with 1 ns timing
resolution.
The gains of the two PMTs reading out the LXe volume were
both set to 3:8  106 at the operating temperature of 100 1C,
with the HV for PMT1 and PMT2 ﬁxed at 1.26 kV and 1.21 kV,
respectively. The single p.e. calibration was obtained from the
LED data. The scintillation light yield was then determined to
be 20.9 p.e./keVee from the 57Co spectrum shown in Fig. 3. The
energy resolution was 5.4% (RMS) at 122 keVee.
To quantify the impact of the ensuing loss in statistical power
on our discrimination method we artiﬁcially reduced the light
collection in our setup by covering part of the photocathode area
of the bottom PMT (PMT2) with a copper mask. While the PMT1
signal was no longer used to estimate the deposited energy in our
study with reduced effective light yield, its signal was used in the
trigger during that study in the same way as before.

Fig. 3. The p.e. distribution of 57Co data (122 keV gamma-rays) obtained from the
sum of the PMT1 and PMT2. The energy resolution was 5.4%.

The resulting 57Co spectrum is shown in Fig. 4, using the p.e.
count of only the masked bottom PMT. The effective light yield
was thus reduced to 4.6 p.e./keVee and the energy resolution to
11.7% (RMS) at 122 keVee.

3. Data reduction
A trigger offset of 260 ns allowed us to monitor the baselines
260 ns prior to the recording of our physics events. To ensure the
quality of the data sample for both our electron and nuclear recoil
event samples we require that none of the events show any ‘‘preactivity’’ in the ﬁrst 150 ns from the beginning of its PMT traces,
i.e. from 260 ns to 110 ns prior to the event trigger time.
The dynamic range of the oscilloscope was chosen to saturate
at a signal height of 400 mV for the PMTs that read out our LXe
volume. To avoid problems with saturation, we disregard events
where PMT traces from either PMT1 or PMT2 dropped below
 350 mV, which is roughly equivalent to 1000 p.e. for electron
events.
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Table 1
Data reduction summary of PSD measurement. The number of events before and
after each step in the event selection are shown.
252

Before cuts
After pre-activity cut
After saturation cut
After TOF selection

Cf (neutron) Run

8.0  105
5.6  105 (69%)
2.2  105 (27%)
2.2  104 (2.7%)

137

Cs (gamma ray) Run

4.0  105
3.5  105 (88%)
7.4  104 (18%)

a narrow TOF range from 15 ns to 30 ns was chosen for further
analysis.
Table 1 summarizes our data reduction.

4. Pulse shape discrimination

Fig. 4. The p.e. distribution of 57Co data obtained from the masked PMT2 only. The
light yield was reduced to 4.6 p.e./keVee by that mask. The energy resolution
was 11.7%.

The parameter we chose to discriminate between electron and
nuclear recoil events is the ratio RPSD as deﬁned in Eq. (3). This
ratio is determined by the prompt scintillation light detected in
just the ﬁrst Dtt1 ¼ 20 ns and the total amount of scintillation
light detected in that same pulse. As we measure light with PMTs,
the amounts of prompt and total light are recorded in units of
p.e.: p:e:prmt and p:e:tot . The window for evaluating the amount of
total light starts at the same time t0 as that for the prompt light
and is Dttot ¼ 200 ns long. t0 is the same software threshold
crossing time as used in the TOF distribution (Fig. 5). Therefore
each PMT has its own software threshold crossing resulting in
potentially slightly different start times t01 and t02 for the
integration of a PMT’s respective scintillation signal. While in
our case the size of the setup rendered TOF corrections irrelevant
and the scope trace encoded the arrival times of many photons,
realistic large volume detectors would have to calibrate timing
offsets between many PMTs and apply proper TOF subtraction to
obtain viable results. Our respective integrals for prompt and total
charges measured from the base line subtracted oscilloscope
traces VPMT1 ðtÞ and VPMT2 ðtÞ of the scintillation signal recorded
by PMT1 and PMT2 respectively are added as the ratio is
evaluated for each event:
R t þ Dtt1
R t01 þ Dtt1
VPMT1 dt þ t0202
VPMT2 dt
p:e:prmt
t
RPSD ¼ R t01 þ Dt
¼
:
ð3Þ
R t02 þ Dttot
tot
01
p:e:tot
VPMT1 dt þ
VPMT2 dt
t01

t02

The 20 ns width for the prompt timing window was optimized
for best discrimination against electron events. In the case of the
reduced effective light yield measurement all terms involving
VPMT2 are simply dropped. A possible systematic effect from recoil
event positions in the LXe volume was studied with the help of
the light balance in the two PMTs.
4.1. Neutron data

Fig. 5. TOF distribution of

252

Cf Run.

Neutron events are identiﬁed by the neutron’s time of ﬂight
(TOF) in the ofﬂine analysis. Fig. 5 shows the TOF distribution
extracted from software threshold crossings between the leading
edges of PMT3 and PMT2. The software thresholds for all timing
determinations corresponds to the typical height of a 3 p.e. signal
from the PMTs. The peak at zero timing is due to 252Cf ﬁssion
gammas passing through the lead shielding. To limit the gamma
ray background in the sample and speciﬁcally select fast neutrons

The recoil energy Er of a xenon nucleus elastically scattered
on by a neutron with energy En is expressed by the following
equation:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Er ¼ En 2ðA þ1cos2 ycos y A2 1þ cos2 yÞ
ð4Þ
ð1 þAÞ2
where A is the mass number of the recoil nucleus, and y is the
scattering angle of the neutron. The maximum recoil energy at
y  1801 is 220 keVr for an 8 MeV neutron. To estimate the light
yield we need to know the relative scintillation efﬁciency Leff that
describes the scintillation light yield of a nuclear recoil event as
compared to the yield of an electron event at the same energy; we
assume Leff ¼ 0:2 [9]. With that the maximum visible energy for a
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Fig. 7. The

Fig. 6. The scatter plot between total p.e. and RPSD for TOF from 15 to 30 ns in the
252
Cf data.

Xe nucleus recoiling in LXe from the elastic scattering of an 8 MeV
neutron is 44 keVee, corresponding to about 920 p.e. in our setup.
The trigger rate for the neutron data run with the 252Cf source
was 13.2 Hz (coincidence rate of PMT1&PMT2&PMT3). The trigger
rate of PMT3 alone was 16.2 kHz and the coincidence of just PMT1
and PMT2 occurred at 1.12 kHz.
Accidental coincidences in the sample can be estimated from the
background in the TOF distributions for each energy range individually, and are found to be less than 5% after our event selection.
Fig. 6 shows the correlation between total p.e. and RPSD for the
neutron data. The nuclear recoil band just below RPSD ¼ 0:5 can
clearly be seen, ending about where expected from the above
calculation of maximal recoil energy. At higher p.e. we also ﬁnd
gamma rays caused by inelastic scattering below RPSD ¼ 0:4, which
is well separated from the nuclear recoils. The cluster at high
RPSD  0:8 was caused by very sharp pulses such as Cherenkov light
generated in the PMT window.
4.2. Gamma-ray data
Gamma ray data were taken with an external 137Cs source and a
lead collimator for the source. The trigger rate of the 137Cs Run was
4.52 kHz (PMT1&PMT2). Fig. 7 shows the correlation between total
p.e. and RPSD for this electron event sample. While the average RPSD
was rather constant for nuclear recoils in the 252Cf data down to
low energies, it does increase for gamma-rays at low energies,
slowly merging into the nuclear recoil region as recoil energies
approach zero.

5. Results
From Figs. 6 and 7 we expect that the power of RPSD to isolate
nuclear recoils and reject gamma-ray background is a function
of the scintillation light output observed in our recoil event.
To estimate the rejection power for gamma-ray background as a
function of energy from our data we proceed in three steps: First

165

137

Cs scatter plot between total p.e. and RPSD .

we split our data sample into energy bands according to the total
p.e. count observed with both, PMT1 and PMT2. We then ﬁt
Gaussian distributions to both of the RPSD distributions, the one
for nuclear recoils and the one for electron events, separately in
each energy band. In the third step we estimate the contamination in the nuclear recoil sample from the tail of the gamma-ray
Gaussian that extends beyond the mean of the nuclear recoil
Gaussian. Integrating the tail of the ﬁtted distribution beyond the
other distribution’s mean was compared to straightforwardly
counting events in the region integrated over. Counting events
was found to give the same result. We deﬁne the fractional
electron leakage rEL into our nuclear recoil sample at an efﬁciency
of 50% for nuclear recoils:
rEL ¼

Z

þ inf

Ge dx:

ð5Þ

mn

Here Ge denotes the normalized Gaussian as ﬁtted to the RPSD
distribution for electron events, which has a mean me and a
variance se . Gn , mn , and sn stand for the corresponding entities
derived from the ﬁt to the RPSD distribution of the nuclear recoils.
Fractional electron leakage was evaluated for the p.e. ranges of
100–150, 150–200, 200–250, 250–300, and 300–400 p.e. Using
a conversion factor of 20.9 p.e./keVee, these p.e. ranges correspond
to energy ranges of 4.8–7.2, 7.2–9.6, 9.6–12, 12–14.4, and
14.4–19.1 keVee respectively. We approximated the energy scale
assuming that the scintillation light yield is linear in energy. Fig. 8
shows the RPSD distributions for both the nuclear and the electron
event samples in the energy range from 4.8 to 7.2 keVee. The
corresponding Gaussian ﬁts are also shown.
Fig. 9 summarizes the fractional electron leakages we measured in
the energy ranges listed above. Horizontal bars reﬂect the range of
electron equivalent recoil energy that was used. Vertical error bars
show the statistical uncertainties; the range between the braces has
the systematic uncertainties added quadratically. The largest contribution to the systematic uncertainty came from the single p.e.
determination. Open circles show the results for the study with the
artiﬁcially reduced effective light yield of 4.6 p.e./keVee, while solid
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Fig. 8. The RPSD distribution in the energy range between 4.8 and 7.2 keVee. The
red and black lines show the 137Cs data and the 252Cf data, respectively. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 10. The efﬁciency dependence of nuclear recoil retention on rejection power.
The black and red points show the rejection power in the energy range 4.8–
7.2 keVee and 9.6–12 keVee for non-masked data, respectively.

6. Discussion

Fig. 9. The rejection power distribution. The open and ﬁlled circle points show the
masked (4.6 p.e./keV) and non-masked (20.9 p.e./keV) data. Error bars shows the
statistical error. Braces show the error including systematic uncertainty added in
quadrature.

circles show the rejection power for the full measured scintillation
light yield of 20.9 p.e./keVee.
So far we discussed electron recoil rejection at a ﬁxed
efﬁciency for nuclear recoil events of 50%. Fig. 10 shows how
efﬁciency and rejection trade off against each other for nonmasked data in the energy ranges 4.8–7.2 keVee and 9.6–12 keVee.

Our study clearly shows that PSD can be used in pure
scintillation based LXe dark matter detectors. As expected its
power depends on the effective light yield. Our rEL measure as
deﬁned above ultimately depends on the relative size of two
quantities: the distance of the two means mn me as compared to
the width of the electron distribution se .
In Fig. 11 we compare the mean values of the RPSD distributions
for the electron and nuclear recoil runs as a function of our energy
ranges. Both the high yield data and the data taken with an
artiﬁcially lower effective yield are shown, and it can be seen that
the means change by less than 5% as we change the light yield.
The effect of this systematic change in mn me contributes only
4% to the overall efﬁciency loss; the larger contribution comes
from the widening of the distribution.
Looking at the electron distribution width se , we tried to
separate the statistical component reﬂecting the p.e. statistics
from an intrinsic component reﬂecting the physics of the various
processes involved in generating, detecting, conditioning, and
recording the signal. Figs. 12 and 13 respectively show se and
sn , again as a function of our energy ranges.
To estimate the statistical contribution to the width of the RPSD
we used a Monte Carlo (MC) simulation. In this process we ﬁrst
randomly chose a value for p:e:tot in the relevant range from 50 to
400 p.e. Using the ﬁts to our RPSD means as shown in Fig. 14 we
determine the proper RPSD mean to use for this p:e:tot value. Using
p:e:tot and its proper RPSD , the MC obtains a set of p:e:prmt by
sampling from the binomial distribution:
p:e:

Pðp:e:prmt Þ ¼ p:e:tot Cp:e:prmt :tot RPSDprmt ð1RPSD Þp:e:tot p:e:prmt

ð6Þ

where C represents the appropriate binominal coefﬁcient. From this
set of p:e:prmt,MC we calculate a set of RPSD,MC ¼ p:e:prmt,MC =p:e:tot .
RPSD,MC distributions are built up for both the electron and
nuclear recoil means and ﬁtted to Gaussians to extract me,MC ,

K. Ueshima et al. / Nuclear Instruments and Methods in Physics Research A 659 (2011) 161–168

Fig. 11. Mean value of the RPSD as a function of observed energy in units of keVee
for 137Cs runs and 252Cf runs. The ﬁlled and open triangle points show the values
of 137Cs runs for the non-masked PMT1 þPMT2 (20.9 p.e./keV) and for the masked
PMT2 (4.6 p.e./keV), respectively. The ﬁlled and open circle points show the values
of 252Cf data for the non-masked PMT1 þPMT2 (20.9 p.e./keV) and for the masked
PMT2 (4.6 p.e./keV), respectively.

Fig. 12. Sigma of the RPSD distribution as a function of observed energy in units of
keVee for 137Cs data. The ﬁlled circle and ﬁlled triangle points show the values for
the non-masked PMT1þ PMT2 data (20.9 p.e./keV) and for the masked PMT2 data
(4.6 p.e./keV), respectively. The open circle and open triangle points show the MC
simulation of the non-masked PMT1þ PMT2 (20.9 p.e./keV) and the masked PMT2
(light yield was reduced to 4.6 p.e./keV), respectively.

se,MC , mn,MC and sn,MC . The resulting me,MC and mn,MC are in good
agreement with their measured counterparts me and mn .
Figs. 12 and 13 show the variances of s for MC and data compared
for electron and nuclear recoil respectively. Systematically the MC

167

Fig. 13. Sigma of the RPSD distribution as a function of observed energy in unit of
keVee for 252Cf data. The ﬁlled circle and ﬁlled triangle points show the values for
the non-masked PMT1þPMT2 (20.9 p.e./keV) and for the masked PMT2 (4.6 p.e./keV),
respectively. The open circle and open triangle points shows the MC simulation of the
non-masked PMT1þ PMT2 (20.9 p.e./keV) and the masked PMT2 (light yield was
4.6 p.e./keV).

Fig. 14. The relation between RPSD and total p.e. The black and red lines show the
ﬁt function of 252Cf and 137Cs. The error bars of 137Cs represent the width (1s) of
the distribution. For reference we underlay the ﬁt functions with the 252Cf (black
dots) and 137Cs (red dots) data. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

data are less spread than the real data, but the effect is quite striking
for the high light yield electron event data.
In the case of electron events the waveform is dominated by
recombination, which is slow. In case of nuclear recoil, the waveform reﬂects the relatively short lifetimes of the singlet and triplet
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nuclear recoil and electron events was exploited in a high light
yield setup in which 5 keVee of deposited energy produced 100
p.e. equivalent in PMT signal output.
At high light yield (20.9 p.e./keVee) our RPSD parameter allows a
rejection of electron events by a factor of 7:7 71:1ðstatÞ 7 1:2
0:6 ðsysÞ 
102 in the energy range between 4.8 and 7.2 keVee with a
50% efﬁciency to retain nuclear recoil events. In the energy range
14.4–19.1 keVee electron events were reduced by more than three
orders of magnitude with the same efﬁciency for nuclear recoils.
The dependence of this rejection power on photon statistics was
also studied. At low effective light yield (4.6 p.e./keVee), a rejection
1
of electron events by a factor of 2:47 0:2ðstatÞ 7 0:3
was
0:2 ðsysÞ  10
demonstrated for the energy range 4.8–7.2 keVee with a 50%
efﬁciency for nuclear recoil events.
In our MC replication of the experimental results the width of
the RPSD distribution for nuclear recoils is almost exhausted by the
expected purely statistical contribution to that width, while that
is clearly not the case for electron events. This excess width is
tentatively interpreted as stemming from ﬂuctuations inherent to
the energy deposition of electron events.

Acknowledgements
Fig. 15. The sintrinsic distribution of electron events and nuclear recoil events. The
black open and ﬁlled circle points show the values of the masked and the nonmasked data, respectively. The red points show the sintrinsic distribution of nuclear
recoil events of the non-masked data. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

states. Fluctuations in the energy deposit along the electron track
will translate into ﬂuctuations in the recombination time scale and
might be one mechanism by which additional ﬂuctuations can
propagate into our RPSD parameter. In an effort to quantify the extra
contribution sintrinsic to the width of our distribution that is evident
in our data we calculated:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð7Þ
sintrinsic ¼ s2data s2MC :
In case of electron events, the high and low light yield data are
consistent as shown in Fig. 15, which is expected if the intrinsic
width reﬂects processes associated with the production of the
scintillation light. In both cases the same amount of light is
actually produced, but only a fraction of it is used in the masked
case. In the energy range that we investigated the intrinsic
contribution to the electron width does not depend on energy.
In case of nuclear recoil events, the sintrinsic is smaller than
electron events as shown in Fig. 15.

7. Conclusion
PSD in liquid xenon was studied at energies relevant to dark
matter searches. A signiﬁcant difference in pulse shape between
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