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Ultralow energy calibration of LUX detector using >’Xe electron capture
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We report an absolute calibration of the ionization yields (Q,) and fluctuations for electronic recoil
events in liquid xenon at discrete energies between 186 eV and 33.2 keV. The average electric field applied
across the liquid xenon target is 180 V/cm. The data are obtained using low energy '>’Xe electron capture
decay events from the 95.0-day first run from LUX (WS2013) in search of weakly interacting massive
particles. The sequence of gamma-ray and x-ray cascades associated with '?’I deexcitations produces
clearly identified two-vertex events in the LUX detector. We observe the K-(binding energy, 33.2 keV),
L-(5.2keV), M-(1.1 keV), and N-(186 eV) shell cascade events and verify that the relative ratio of observed
events for each shell agrees with calculations. The N-shell cascade analysis includes single extracted
electron (SE) events and represents the lowest-energy electronic recoil in situ measurements that have been

explored in liquid xenon.

DOI: 10.1103/PhysRevD.96.112011

I. INTRODUCTION

The LUX dark matter search experiment [1] is a 250 kg
active mass dual-phase (liquid/gas) xenon time projection
chamber located at the 1480 m level of the Sanford
Underground Research Facility in Lead, South Dakota,
USA. LUX detects both scintillation and ionization signals
produced by incident or internally emitted particles inter-
acting with xenon atoms in the active region via either
electronic recoil (ER) or nuclear recoil (NR).

The recoil interaction initially produces excitons (Xe*)
and electron-ion (e~Xe™) pairs at the interaction site. The
excitons collide with neutral neighbors to form Xe3 excited
dimers which decay on a time scale of tens of nanoseconds
and produce the primary scintillation light, denoted as S1.
A fraction of the electrons also recombines with ions and
produce additional scintillation light contributing to S1 on a
similar time scale. The remaining electrons which survive
recombination are drifted upwards by the applied vertical
electric field in the liquid xenon (LXe) active volume. An
electric field with a mean and range in the fiducial volume
of 180 £20 V/cm [2] is applied during WS2013. The
mean electron drift velocity is 1.51 £ 0.01 mm/us [3]. The
electrons are then extracted from the liquid to the gas phase
with an extraction efficiency of 0.49 £0.03 [4]. The
extracted electrons subsequently undergo electrolumines-
cence in the gas phase; this proportional scintillation light is
known as S2. Each extracted electron induces a mean of
24.66 £ 0.02 detected photons (phd) and a 1o width of
5.95£0.02 phd [4-6] across all photomultiplier tube
(PMT) photocathodes. The event (x,y) position is recon-
structed from the S2 light distribution in the top PMT array
[7], while the z position is determined based on the time
delay between the S1 and S2 signals.

For NR events, in addition to excitons and electron-ion
pairs, part of the deposited energy is lost to atomic motion
and eventually converted into heat. The energy lost by the
projectile particle to atoms in the medium is well described
by the Lindhard model [8,9] down to ~keV energies,
and has been experimentally measured by LUX for
nuclear recoils in LXe over the range 0.7-74 keV,,, [5].
The ER and NR events are typically discriminated by the

logarithmic charge to light ratio, i.e. log;,(S2/S1), thanks
to the different ionization/excitation ratios for ER and NR
interactions [10,11]. We expect weakly interacting massive
particles (WIMPs) to interact with LXe via nuclear recoil,
depositing up to O(100) keV in a single scatter. LUX has
reported world-leading dark matter search results on both
spin-independent and spin-dependent WIMP-nucleon scat-
tering in [2,3,12,13].

In the context of a WIMP search experiment using a LXe
target, it is important to understand LXe scintillation and
ionization yield responses over the WIMP search energy
range for both ER and NR because of their nonlinear
energy dependence [14,15]. Many efforts have been
devoted to understanding the scintillation and ionization
response in LXe in the past few years using various
techniques [16-20]. LUX has independently developed
and deployed a number of novel in situ internal and external
sources to calibrate detector ER and NR response in the
energy region that is relevant to WIMP searches. Two such
sources are tritiated methane (CH; T) for ER calibration
[21] and deuterium-deuterium (D-D) neutrons for NR
calibration [5]. While tritium is an ideal source to calibrate
detector ER response in the low energy region, its appli-
cation is limited by it being a continuum-energy source
which affects the sensitivities at low energies, and the
detector light collection efficiency. As a result, the tritium
calibration currently reaches a lowest-energy calibration
point of 1.3 keV [21]. A source that is capable of studying
calibrations in the sub-keV energy range in LXe is
desirable. For example, this small signal regime is directly
relevant to the signal and backgrounds for low-mass
WIMP searches and for coherent neutrino-nucleus scatter-
ing [22,23].

II. XENON-127 IN LUX DETECTOR

LUX background measurements with WS2013 data
revealed an initial '*’Xe activity of 490 £ 95 uBq/kg in
the active region [24]. From this, we infer approximately
0.8 million '?"Xe decay events during the WS2013 three-
month run period, given the 36.4 day half-life of the
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isotope. The '?’Xe radioisotope is present in the LXe
target due to cosmogenic activation of the Xe during its
time on the surface before being brought one mile under-
ground. The surface production rate is modeled and
estimated using ACTIVIA and described in [24]. The
decay characteristics of '*’Xe make it an appealing mono-
energetic source for LUX ER energy calibration. This
calibration covers the entire signal region relevant to the
WIMP search, reaching all the way down to the observation
of 186 eV energy deposition. This represents the lowest-
energy ER in situ measurements that have been explored in
LXe to date.

The '?"Xe decays via electron capture (EC), in which its
nucleus absorbs one of the atomic electrons. Following this
EC, the possible initial states and subsequent decays of the
daughter nucleus, I, are shown in Fig. 1. The '?"L is left in
its 375 or 203 keV excited state with 47% and 53%
probability, respectively. There is a 17.3% probability of
decay from the 375 keV state to ground state by a single
gamma-ray emission and a 43.9% [25] probability of decay
from the 203 keV state to ground state via a single gamma-
ray emission. Nuclear deexcitation can also occur via
internal conversion (IC) electron emission; however, this
process occurs with a branching ratio of less than 10%
relative to the gamma-ray emission [26].

The electron capture can occur from either the K, L, M,
or N shell with 83.37%, 13.09%, 2.88% and 0.66%
probabilities (see Table I), respectively, resulting in an
atomic orbital vacancy [26]. The vacancy is subsequently
filled with an electron from a higher level via emission of
cascade x rays or Auger electrons (Fig. 2), with total
cascade energies of 32.2 keV, 5.2 keV, 1.1 keV, and 186 eV
[27], respectively. Localized energy depositions associated
with these processes are clearly observed by the LUX
detector and are used for low and ultralow energy ER
calibration.
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FIG. 1. Decay scheme of '?’Xe [25] with units of keV. The

127Xe decays via electron capture to '*/I. The percentage above
the transition arrow is the gamma-ray intensity as a fraction of
parent ('?’Xe) decay.
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TABLE 1. The observed intensities of K-, L-, M-, and N-shell
EC x rays as a fraction of parent (>’Xe) decays. “Events” is the
number of events from each shell plotted in histograms in Fig. 6;
“Amplitude” is the y intercept of each fit, which is proportional to
the total number of events under each curve. The quoted errors on
Amplitude are the statistical errors based on the number of events
for each fit. The measured relative intensity for each shell is
compared with the expected rate [26].

Events Amplitude Expected (%) Observed (%)
K 33.2 keV 2067 18200 £ 400 83.37 82.7£24
L 52keV 542 3090 £ 130 13.09 14.1£0.7
M 1.1 keV 164 580 =+50 2.88 2.6+0.2
N 186 eV 31 133 £23 0.66 0.6 £ 0.1

Our analysis focuses on the '’Xe decay events that
involve a single gamma-ray emission followed by an
atomic cascade. The two energy depositions are sufficiently
spatially separated to be individually identified in the LUX
detector. The IC electrons are not considered in this work
due to their short range in Xe, which causes the nuclear and
subsequent atomic deexcitation signals to always spatially
overlap [7]. The subdominant component of decays with
multiple gamma-ray emission is not considered, as the
complexity of their event energy reconstruction leads to
unnecessary systematic uncertainties in the analysis.

The nuclear and atomic deexcitations of '*’I can be
treated as prompt (ns time scale [25]) and simultaneous
processes in the LUX detector, given the subsequent Xe
scintillation light (S1) emission with time scales charac-
terized by tens of ns and the data acquisition (DAQ)
system’s sampling interval of 10 ns [28]. The simultaneity
is confirmed by data which shows that the ER primary S1
signals from both processes overlap with each other in time.
Therefore, for a given EC event, there are two simultaneous
ER processes in the active volume: one due to the gamma
ray and the other due to the x ray. Events of this type are
known as double-scatter (or two-vertex) events, distin-
guished from single-scatter events in which there is only

cascade X-ray
/ Auger electron

FIG. 2. A schematic illustrating atomic electron capture
(a K-shell electron in this case), for a 2’Xe nucleus, which is
converted into >/ in an excited state. The excited /I nucleus can
subsequently deexcite via emission of one or more gamma rays
(or IC electrons). The atomic structure deexcites through x-ray
(or Auger electron) cascade emissions.
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FIG. 3. Schematics (not to scale) of '*’Xe decay events in the
LUX detector where both the x ray and gamma ray have ER
interactions in the active volume. Due to the relatively short MFP,
the x-ray ER interaction site is considered the same as where the
initial nuclear EC happens. Depending on the component of the
gamma-ray travel in the vertical direction, the subsequent drift
readout of the event in the S2 can appear as two S2s merged with
each other (left), as a small (x-ray deposition) S2 followed by a
large (gamma-ray deposition) S2 (middle), or a large S2 followed
by a small S2 (right).

one particle interacting with LXe once, such as WIMP-Xe
interaction.

The mean-free path (MFP) in the LXe for gamma rays at
203 and 375 keV is 0.93 and 2.56 cm [29], respectively.
The EC x ray, which has the maximum possible energy of
32.2 keV, has a MFP of <0.05 cm [29] in LXe. In this
analysis, the x-ray ER interaction site can be considered to
be at the same location as where the initial nuclear EC
occurs. The relative spatial location of two ER interactions
sites is therefore predominantly defined by the gamma-ray
travel direction and distance in the LXe volume.
Schematics of a typical '?’Xe EC event in the LUX detector
are shown in Fig. 3.

The x ray and gamma ray independently produce both
scintillation (S1) and ionization (S2) signals at their ER
interaction sites. The two S1 signals originating from these
sites cannot be separately resolved in LUX data (Fig. 4) as
discussed above. As a result, low energy ER scintillation
yield (L,) measurements using EC double-scatter events
are not possible. Both charge signals are drifted vertically
upwards to the liquid surface, and are then both extracted
into the gas phase to produce S2 signals. Depending on the
relative depths in the LXe target of the x-ray and gamma-
ray ER components (Fig. 3), the two S2 signals can be
either well separated in drift time (reflecting their separa-
tion in depth, the z coordinate) or sometimes merged into
one pulse in the reconstructed event waveform. In the case
of two S2s overlapping in drift time, the double-scatter
event will be classified (in the LUX data processing
framework) as a single-scatter event with a single S2 pulse,
making it difficult to extract the x-ray signal. Consequently,
events with well separated S2 pulses along the z axis are
desirable, especially for the two lowest-energy x-ray
calibration points, to achieve an ionization yield (Q,)

PHYSICAL REVIEW D 96, 112011 (2017)
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FIG. 4. The time trace, using 10 ns samples, in LUX summed
across all 122 PMTs for a '2’Xe decay event with K-shell electron
capture in LUX data (top). The event appears as a clear double
scatter. An S1 signal is followed by two well separated S2s. The
first (green) S2 is due to K-shell x-ray ER, and the second (blue)
S2 is due to the 203 keV gamma-ray ER in the LXe volume. The
two S1s from both ERs overlap and appear as one S1 (cyan). The
(bottom) plot is a closeup of the two S2s.

measurement with minimum systematic uncertainty.
A typical LUX !?7Xe decay event via K-shell EC with
two ER sites well separated in the z direction is presented in
Fig. 4. The z separation is 10.0 us in drift time, corre-
sponding to a distance of 15.1 mm.

As the relative spatial location of the two vertices is
predominantly determined by the gamma-ray propagation
distance, the efficiency for observing events involving the
375 keV gamma ray is greater because its MFP in LXe is a
factor of 2.8 longer than that of the 203 keV gamma ray.
However, the 375 keV gamma ray has a Compton scatter-
ing cross section a factor of 1.8 [29] greater than that of
photoelectric absorption in LXe, which results in more
triple-(or higher-multiple) scatter events and significantly
reduces the double-scatter event rate. The 203 keV gamma-
ray interactions with LXe are dominated by photoelectric
absorption via full energy deposition. In addition, the
branching ratio for decay with a single 203 keV gamma-
ray emission is a factor 2.5 higher than that of a single
375 keV gamma-ray emission (Fig. 1). Given these con-
siderations, EC events tagged by the 203 keV gamma-ray
emission were chosen for ER calibration due to an expected
higher event rate. About 15% of all EC events with the
203 keV gamma-ray emission are expected to have two
clearly separated S2 pulses suitable for our analysis. A total
of 0.8 million EC events during WS2013 provides suffi-
cient data for clear observation of K-, L-, M- and N-shell
events for energy calibration.
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III. ANALYSIS AND RESULTS
A. K-, L-, M- and N-shell x-ray analysis

As discussed in the previous section, an ideal EC event
for low energy calibration contains two scatters, with one
S1 followed by two well separated S2s. The size of one S2
is expected to be significantly greater than that of the other
(Fig. 4). Depending on the gamma-ray travel direction
relative to the deexcited nucleus (Fig. 3), it can either create
a large gamma-ray S2 followed by a small x-ray S2 or vice
versa. The isotropic distribution of the gamma-ray emission
direction makes these two scenarios equally likely to occur.

The WS2013 data set is used [2] for this analysis.
Weekly #3MKr calibration is performed to determine free
electron lifetime [30]. The nearest 83™Kr calibration is used
for S2 size correction. Events containing exactly one S1
and two S2s are selected. An S2 threshold of 250 phd
(corresponding to ten electrons extracted from the liquid
surface in the TPC) is set for the selection of the gamma-ray
S2s. No pulse size threshold is applied to the selection of
the x-ray S2s. Events with separation between two vertices
less than 6 cm in (x,y) and less than 30 us (equivalent to
4.5 cm) in z are considered. The (x, y) position resolution is
1-2 cm for N-shell x-ray signals, and is better than 1 cm for
others. The z position resolution is 0.1 cm. This cut has
99% acceptance for EC events that occur from a 203 keV
gamma-ray emission, given a gamma-ray MFP of 0.93 cm.
Because of the distinct signature of '>’Xe EC decay, events
can be identified with a negligible amount of background
contamination. The radial fiducial cut is placed at 22 cm in
this work (20 cm for [2]), 2 cm away from the lateral
detector surface to prevent potential signal charge loss to
the wall. The vertical fiducial cut is kept the same as in [2],
i.e. between 38 and 305 us in charge drift time. The total
fiducial mass used is 178 kg, 21% more than in [2]. The
double-scatter event position used for the application of the
fiducial cut is defined as the energy-weighted average
position of both vertices. An event total energy cut based on
S2 sizes is applied to make sure that selected events are in
the energy region of interest.

All double-scatter events after applying cuts are dis-
played in the scatter plot of Fig. 5, where the area of the first
time-ordered S2 is plotted versus the area of the second S2.
Events to the left of the line S2; = S2, have a small S2
followed by a large S2 (Fig. 3, middle), while events to the
lower right have the opposite drift time ordering (Fig. 3,
right). The symmetry feature with respect to the line S2; =
S2, in Fig. 5 is due to isotropic distribution of gamma-ray
emission direction as discussed above. The absence of
well-resolved EC peaks from the M and N shells to the
lower right of this line is caused by the extended tails (in
time) of large S2 pulses, which tend to overlap with the
subsequent small S2 pulses. This reduces the efficiency for
observing double-scatter events when gamma-ray S2 pre-
cedes the x-ray S2 in time. Events with small S2s ahead of
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FIG. 5. Double-scatter events associated with '*’Xe decays.

The “First vertex” is the first S2 ordered by drift time. The S2
sizes have been converted to the number of electrons initially
drifted away from the interaction site. The two arced loci of
events with higher and lower signal sizes are due to the
deexcitation from 375 keV state and 203 keV state, respectively.
The first four populations to the left of the line S2; = S2, on
the 203 and 375 keV bands are EC double scatter events with
well isolated K-, L-, M-, and N-shell x-ray S2s from right to left.
The populations labeled SE represent a background of single
extracted electrons that are emitted from the liquid surface
into the gas. This later feature is not centered on log;, (52,
[electron]) = 0 because efficiency corrections are made to
calibrate the corresponding signals at the interaction sites (see
Sec. III B for more details).

large S2s (shown in Fig. 3, middle, and in Fig. 5 as events to
the left of the line S2; = S2,), can be more cleanly
identified with well characterized efficiencies and so we
focus on them in the rest of the EC x-ray peak analysis.

The two arced bands in Fig. 5 are denoted as the 203 keV
band and the 375 keV band. On the 203 keV band to the
upper left of the line S2; = S2,, there are four distinct
populations from right to left, which are EC double-scatter
events with well isolated K-, L-, M-, and N-shell x-ray S2s,
respectively, which are target events of this work. The four
x rays on the 375 keV band are less well resolved due to
lower statistics for reasons discussed in the previous
section. Other features seen in Fig. 5 are discussed in
Sec. III C.

The EC events permit the measurement of the gamma-
ray MFP and the relative ratio of observed events for each
shell. Histograms of the vertical z separation between the
vertices of EC events with the 203 keV gamma-ray
emission for K-, L-, M-, and N-shell x rays are displayed
in Fig. 6. Only vertical separation is used because LUX has
far superior z position resolution compared to (x,y). In
order to minimize cross contamination from 375 keV band
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FIG. 6. Histograms of vertical separation (1 us is equivalent to
1.51 mm) between two vertices of EC events with the 203 keV
gamma-ray emission for K-(cyan), L-(red), M-(green), and
N-(blue) shell x rays. The distributions are fitted with the model
described by Eq. (1). The solid black curves are the fits to data.
The dashed black curves are the extrapolations from those fits.

events due to their 2x longer gamma-ray MFP, only events
with S2 sizes below the 203 keV-band mean are selected in
this MFP measurement. Since the histogram represents the
vertical separation of two vertices rather than the exact
spatial distance, the fitting model is not exactly exponen-
tial. Instead, it is the projection of a 3D exponential
function onto one direction, as described by Eq. (1),

p(Z)—/yleXp <—W>dxdy, (1)

where x, y, and z are the spatial coordinates of the 203 keV
gamma-ray ER site with respect to the EC site, and 4 is the
MEFP of the 203 keV gamma ray. The 203 keV gamma-ray
MFP is measured by fitting the K-shell distribution with a
model based on Eq. (1) using the least squares method.
Bins which have >99% efficiency, with minimum event
loss due to x-ray and gamma-ray signal merging effects, are
used for fitting. The best fit gives a 203 keV gamma-ray
MFP of 1.04 £0.03 £0.10 cm by assuming a constant
1.51 mm/us electron drift velocity. The value 0.03 cm is
the statistical error measured from fitting, while 0.10 cm is
the systematic error due to the drift time resolution and
uncertainties from LXe density, drift velocity, and x-ray
location. The value is consistent with the expected value for
the MFP of 0.93 cm. The L-, M-, and N-shell histograms
are fitted with the same curve shape obtained from the
K-shell fit. This is justifiable, given the K-shell x-ray MFP
in LXe is 0.5 mm (0.33 us electron vertical drift when x ray

PHYSICAL REVIEW D 96, 112011 (2017)
N M L K
40 1

351 1
301 1
251 1

20 . 1

1
15 i 1
i

counts/electron

S2 [electron]

FIG. 7. X-rays’ ER charge spectra. The S2 size has been
converted to the number of electrons escaping recombination at
the interaction site. The peaks from right to left are due to K-, L-,
M-, and N-shell x rays respectively. The fits shown use Gaussian
functions.

travels vertically), while the S2 pulse has a 10%-90%
width of 1.4 us on average.

It is apparent in Fig. 6 that a majority of EC events are
missing at low z-separation. This is due to x-ray and gamma-
ray signals overlapping. This effect is energy dependent. The
underlying total number of EC events for each shell can be
extrapolated. The area under the curve represents the total
number of EC events, which is linearly proportional to
the amplitude given by the fits of the same curve shape. The
relative event ratio for each shell is estimated using the
amplitudes and has good agreement with the expected rate
percentages [26]. The details are shown in Table I.

The x-rays’ ER charge spectra are shown in Fig. 7. The
charge peaks, from right to left, are from K-, L-, M-, and
N-shell X-rays, respectively. The peaks are isolated by
selecting events both to the upper left of the line S2; = S2,
in Fig. 5 and with a second vertex S2 size within £2¢ of the
203 keV gamma-ray band mean. The N-shell x-ray charge
spectrum is also shown alone in Fig. 8 along with its
measured background, the details of which will be dis-
cussed in Sec. III B. Both means and widths are extracted
by fitting the peaks with Gaussian functions and are
tabulated in Table II together with predicted values from
the NEST model (NEST v0.98) [11]. Figure 10 includes Q,
measurements made in this analysis along with those made
in an analysis of the LUX tritium calibration [21].

B. Optimization of N-shell x-ray analysis

The background for the N-shell x-ray analysis is domi-
nated by single extracted electrons (SE) primarily associ-
ated with photoionization of impurities in LXe by photons
from S1 signals [31]. These background events in the data
appear as SEs following a 203 keV gamma-ray S1 and
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FIG. 8. The black (solid and dashed) histogram shows the
N-shell x-ray charge signals (with background). The red (solid
and dashed) lines are the data-driven background model. Both
dashed black and red lines mainly populated by SEs are not used
for signal extrapolation. The blue data points are the N-shell x-ray
charge spectrum after background subtraction fit with a Gaussian
function (blue curve).

preceding its S2, and are shown in Fig. 5 as the lower half
of the leftmost population labeled “SE.” This feature is not
centered at log;y (S2, [electron]) = 0 on the x axis because
efficiency corrections (both free electron lifetime and
electron extraction efficiency) applied to all S2s are also
applied to SEs for consistency to put all signals on the basis
of the equivalent number of electrons at the initial inter-
action site. To resolve the N-shell x-ray peak shape with
interference from background populations subtracted, a
data-driven background model is established.
Additionally, the population of signal plus background
events for this N-shell x-ray analysis is selected using the
203 keV gamma-ray total reconstructed energy using S1 and
S2 instead of its S2 size only as in the previous section.
Because S1 signal and S2 signal are anticorrelated as
demonstrated in the following energy reconstruction model,
the underlying electron-ion recombination fluctuation effect
is canceled in the reconstructed energy by including the S1
signal. This results in a significantly better energy resolution

TABLEII. O, mean and width comparisons between data and
NEST (v0.98) prediction for each x ray. The first error quoted in
measurement is the statistical error and the second is the
systematic error.

Energy 0, [n./keV] Width (0)
Data 332keV 22.72+£0.03+£1.58  3.62+0.02£0.25

52keV 308 +£0.1 £2.1  6.28+0.09+044

l.1keV 614 £05 +43 129 +£04 +£09

186 eV 753 +£65 £52 30 4 42
NEST 332keV 23.1 34

52keV 332 52

1.1 keV 545 12.3

186 eV 65.4 325
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than that achieved with S2-only energy scale. This improved
resolution helps suppress the background event population
and increase the detector sensitivity to N-shell x-ray signals
via a more effective selection of events, details of which are
presented below. This additional technique is not required for
K-, L-, and M-shell x-ray analyses because their backgrounds
are negligible as discussed earlier.
The energy reconstruction model is given by

Etotal =W- ("}/ + ne)’ (2)

where W is the energy required to produce a scintillation
photon (exciton) or an ionization electron (electron-ion
pair) and has a value of 13.7+ 0.2 eV [32]; n, and n, are
the number of photons and electrons produced at the
interaction site, respectively [33]. S1 and S2 both have
units of phd and are proportional to the number of photons
and the number of electrons, respectively:

S1

n,=—, 3

g G)
S2

n, =—. 4
" )

Parameters g; and g, are signal gains for S1 and S2
with respective values of 0.117 + 0.003 phd/photon and
12.06 £ 0.84 phd/electron during the WS2013 period [4].
Parameter g, is the product of electron extraction efficiency
(0.49 £0.03) at the liquid-gas interface and the mean
response to the single extracted electron (24.66 4= 0.02 phd).

The reconstructed energy spectrum for events in the
energy region of interest with a gamma-ray S2 threshold set
at 250 phd is shown in Fig. 9. The first peak from the left

184 203 222 235 270

10°F §ignal Windovz .,BG Window .

counts/keV

/\ data
10°F
__ 13ImXe (164 keV) fit

__ 127Xe L-shell EC (208 keV) fit
127X e K-shell EC and
129mxe (236 keV) fit
150 200 250 300
Energy [keV]

FIG. 9. The reconstructed energy spectrum of single-scatter
events in the energy range of interest. The “Signal Window”
indicates the energy range where N-shell x-ray signals (Fig. 8
solid blue) are exploited, while “BG Window” indicates the
energy range where the N-shell x-ray calibration background
model (Fig. 8 solid red) is defined.
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consists of *'™Xe decay events with an energy of 164 keV
mainly via IC. Events in the second peak centered at
208 keV are mainly L-shell EC events with a combined L-
shell x-ray and gamma-ray S2. The third peak centered at
236 keV includes K-shell events with a combined K-shell
x-ray and gamma-ray S2, as well as '2°™Xe decay events
with an energy of 236.1 keV mainly via IC. The '**™Xe and
13Imye isotopes are also due to cosmogenic activation with
half lives of 8.9 and 11.8 days, respectively. The peak mean
values attained by Gaussian fitting agree well with the
respective expected values of 208.1 and 236.1 keV to
within 0.2%. An analysis of the yields from these
composite x-ray and gamma-ray events is presented in [34].

Due to energy resolution and low statistics, M- and N-shell
EC event peaks are not visible in Fig. 9. For N-shell EC
events, because the x-ray energy is negligible compared to
that of the gamma ray, the underlying distribution is expected
to be centered at 203 keV with a width similar to both the K-
shell and L-shell peaks, given they are close in energy.

As shown in Fig. 9, events for the N-shell Q, measure-
ment are selected from within +2¢ of 203 keV in combined
energy (Signal Window). Small S2 pulses of potential
N-shell x-ray signals preceding 203 keV gamma-ray S2s
are exploited from these events. A background spectrum of
small pulses preceding combined x-ray and gamma-ray S2s
is made using events in the energy region more than 3¢
above 203 keV (BG Window), which should be free of any
N-shell EC events while still giving rise to the same
photoionization SE background discussed earlier. With
these selection criteria applied, Fig. 8 shows the observed
charge spectrum for N-shell x-ray S2 pulses. In this figure,
Signal +BG events (black histogram) and the BG spectrum
(red histogram) are drawn from the respective Signal and
BG Windows shown in Fig. 9. The BG spectrum is
normalized by the ratio of the number of events in both
selected energy ranges as well as the photoionization-based
SE rates for different S1 sizes due to different energies. A
distinct peak (solid black in Fig. 8) in the Signal + BG
spectrum containing the majority of the N-shell x-ray
charge signals is observed following the SE population
(dashed black) with >5¢ significance above background.
The SE population present in the Signal + BG spectrum is
well modeled by the corresponding SE population in the
BG spectrum (dashed red).

The N-shell x-ray Signal spectrum is obtained by
subtracting the BG spectrum from the Signal + BG spec-
trum, and the Signal mean and width (Table II) are
extracted by fitting the spectrum with a Gaussian function
via the chi-squared method.

A dedicated event visual assessment of 300 indicates
that the LUX analysis code has a >99% flat efficiency
for N-shell x-ray signal down to a single electron with
90% confidence level.

The best fit gives y*> = 6.7 with 8 degrees of freedom.
The probability of y*> > 6.7 is 57%, which is reasonable.
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The best fit mean implies an average of 14 4 1 electrons
produced at the ER interaction site for a given 186 eV
energy recoil.

C. Estimation of systematics in peak shapes

In Fig. 5, the bent tail to the right of the K-shell EC
events on the 203 keV band is likely caused by an “energy
deposition transfer” between the x-ray and gamma-ray
signals within a small fraction of K-shell events. The
203 keV gamma ray deposits a small portion of its energy
near the EC site via Compton scattering before later being
fully absorbed. This leaves the Compton signal merged
with the x-ray signal. A similar process that also contributes
to the tail is the decay of the 203 keV state via two
transitions with 145.4 keV gamma-ray and 57.6 keV
gamma-ray (or IC electron) emissions (Fig. 1), of which
the 57.6 keV signal is combined with the x-ray signal due to
a shorter MFP.

The population that lies on the crossing of the line S2; =
S2, and 375 keV band is populated by events that deexcite
via two gamma-ray emissions (or one gamma ray and one
IC electron) of energy 172 and 203 keV from the 375 keV
state (Fig. 1), with one of the two signals merged with the
following x-ray signal. The symmetry feature is again due
to the isotropic distribution of gamma-ray emission direc-
tion. The prominent population at the bottom right corner
of both 203 and 375 keV bands consists of events with a
combined x-ray and gamma-ray S2 followed by an isolated
tail pulse that are incorrectly classified as a separate S2.

The near-circular shape of the K-shell EC event distri-
bution with log-log scale in Fig. 5 suggests that the detector
has comparable charge resolution between 33.2 (x-ray) and
203 keV (gamma-ray) energy depositions. At 203 keV, the
recombination probability is smaller [34], but the recombi-
nation fluctuation, a significant component to the S2 energy
resolution in LXe, is larger [34].

In Fig. 7, the shoulder to the right of the K-shell peak
includes the bent tail events on the scatter plot, as discussed
earlier. The continuum between the K- and L-shell peaks
can be explained with the same energy deposition transfer
process that occurs for the K-shell events.

IV. DISCUSSION AND CONCLUSION

The Q, mean and width measured from each x ray are
listed in Table II along with quoted statistical and system-
atic uncertainties. The systematics are dominated by the
uncertainty in the electron extraction efficiency at the
liquid-gas interface. Because the efficiency has the same
effect on all charge signals, the systematics shift all four
measured means in the same direction simultaneously.

The table also lists the corresponding NEST v0.98
predictions for comparison. There is good agreement
between the measured K- and L-shell Q, means and
NEST v0.98 predictions. For the M- and N-shell, while
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FIG. 10. The Q, mean values (green points) measured from
127Xe EC events (this work) at 180 V/cm. The red bar indicates
the systematic uncertainty on the '?’Xe measurement due to g,.
Also shown are the Q, measured from the LUX tritium
calibration [21] at 180 V/cm, of the NEST v0.98 model [11]
at 180 V/cm, and measured by the neriX experiment [35] at

190 V/cm. The light gray band on the trittum measurement
indicates the systematic uncertainty due to g,.

they still agree within uncertainty of 2¢ level by taking
systematics into account, the measured means’ central
values are found to be 12.7% and 15.9% higher than
NEST v0.98 predictions.

As shown in Fig. 10, there is slight tension between
L-shell measured mean and LUX tritium measurement
[21], given similar systematic on both measurements due to
g>. This can be possibly understood as different track
topologies for x ray and beta particle in LXe. The M-shell
measurement reasonably agrees with inferred trend of
tritium measurement, indicating smaller difference in track
topologies for lower energies.

If we assume a constant W value of 13.7 eV independent
of energy, the N-shell measurement indicates that nearly all
of the energy for the 186 eV electron recoil appears as
electrons. With this assumption, we are able to place upper
limits on both electron-ion recombination probability and
photon emission probability for 186 eV electron recoils.
The N-shell measured charge yield indicates a 90% con-
fidence upper limit of 0.056 for electron-ion recombination
probability, if we assume the theoretical estimate for
Nex/Mion for ER is 0.06 [36,37]. The constraint from our
observation on the electron-ion recombination probability
becomes even more severe if we assume n,, /n;,, for ER is
the 0.2 measured for higher energy sources (662 keV in
[38] and 1 MeV in [14]). Our observed N-shell charge yield
also places a 90% confidence upper limit for the photon
emission probability per event at 186 eV of 0.11.

For linewidths, the table shows good agreement between
measurements and NEST v0.98 predictions. The NEST
width predictions are calculated via NEST with simulation

PHYSICAL REVIEW D 96, 112011 (2017)

of LUX detector effects such as binomial electron extrac-
tion, light collection efficiencies, and SE size resolution [4]
during the WS2013 data taking period. The widths are
mainly comprised of two components, the intrinsic elec-
tron-ion recombination, and the following binomial proc-
esses due to electron drift lifetime and the electron
extraction efficiency. For N- and M-shell, the widths are
dominated by the binomial processes because of the
relatively small number of electrons produced at the ER
sites. The measured Q, indicates small recombination
probability as discussed above. For L-shell events, both
the intrinsic recombination and the following binomial
processes become significant effects in determining the
width. For K-shell events, the intrinsic recombination
becomes the dominant contributor to the width due to
the significance of recombination fluctuations at higher
energy.

In conclusion, we have successfully extracted K-
(33.2 keV), L-(5.2 keV), M-(1.1 keV), and N-(186 eV)
shell x-ray electronic recoil (ER) charge signals due to
127Xe electron capture decay in the LUX detector LXe
active volume from the WS2013 data set. Both the mean
and sigma of Q) associated with each energy are accurately
measured. The N-shell x-ray Q| measurement with 186 eV
electronic recoil energy deposition represents the lowest-
energy ER in situ measurements that have been explored
in Xe.
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