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Abstract
A Monte Carlo simulation of the Large Underground Xenon (LUX) detector has been developed and is

being used to model the detector response in the presence of hypothetical dark matter particles in the form
of Weakly Interacting Massive Particles (WIMPs). The motivation for a low mass WIMP search (~5-10
GeV) is explained as well as simulation procedures and analysis.

1 Introduction
1.1 Dark Matter
The dark matter hypothesis was proposed in an at-
tempt to account for several cosmological observa-
tions, including gravitational lensing and galactic ro-
tations caused by unseen matter. Current estimates
attribute roughly five times more of the mass-energy
content of the universe to dark matter than to regular
matter.[1] It is conjectured that one type dark mat-
ter candidate may interact with matter via the weak
nuclear force. These particles, know as Weakly Inter-
acting Massive Particles (WIMPs), are the prominent
candidates for dark matter searches.

1.2 LUX
1.2.1 Detector Function

The Large Underground Xenon (LUX) experiment is
one of several direct detection experiments looking
for WIMPs. A fundamental assumption in this ex-
periment is that WIMPs will interact with matter via
nuclear recoils (NRs).
The LUX detector is a dual phase time projection

chamber. Inside the detector is 350kg of highly pu-
rified liquid xenon with gaseous xenon above. When
a WIMP enters the detector and causes an NR with

a xenon nucleus, γ-ray scintillation light and ionized
electrons are emitted. The initial scintillation (called
S1) is detected with PMT arrays at the top and bot-
tom of the chamber (Figure 1). Two mesh lattices
at the top and bottom are kept at a potential dif-
ference in order to drift the electrons to the gaseous
xenon. The electrons produce a secondary scintilla-
tion (S2) from an electron-electron recoil with valence
electrons in the gaseous xenon which is also recorded
by the PMTs. The difference in arrival time between
S1 and S2, along with the known electron drift veloc-
ity in liquid xenon, permits calculation of an event’s
height (z position) in the detector. Similarly, the rel-
ative intensities recorded by the PMT arrays allow
us to reconstruct the x-y position of an event.

It is crucial to maximize the probability of this in-
teraction which is related to the target atom’s elastic
scattering cross section, σ. The cross section goes
as σ~ A2, where A is the number of nucleons of
the target nucleus. To determine the sensitivity of
a detector to attributes of unknown particles, parti-
cle experiments measure the ability of the detector
to span a parameter space. Parameter space is the
set of all possible combinations of unknown param-
eters in the model being tested. For WIMPs, the
probability of interaction is dependent on the spin-
independent elastic scattering cross section, σSI, and
particle mass.

1



Figure 1: A depiction of the basic function of the
detector. Note the relative intensities of detection
at the top of the schematic which is used used to
track the x-y position of the interaction. The sketch
of the S1 and S2 signals, separated by the electron
drift time, allow us to calculate the z position of the
interaction.

1.2.2 Detector Background

The detector is 4850 feet underground in order to
eliminate enough cosmic background to make it negli-
gible in comparison to internal background and back-
ground from the containment mine[1]. The detector
is also encased in a water shield to filter out γ-ray
and muon background.
The largest sources of background come from

within the detector, mainly from the components of
the PMTs. These materials emit neutrons due to fis-
sion and α-decays. Neutrons can produce NRs that
can be mistaken for WIMPs, so extremely low neu-
tron backgrounds is essential. Similarly, a consider-
able amount of low energy background is produced
when background light excites electrons in the liquid
xenon and light is reemitted. These events are called
electron recoils (ERs).
The other main source of internal background is

Figure 2: Illustration of how different drift times for
different particles (in this case γ-rays and neutrons)
allow us to differentiate them. Once distinguished,
we can cut out much of the detector response that
does not have WIMP-like behavior.

from impurities in the liquid Xe, namely 85Kr which
is a β-emitter. Impurities could also absorb scintil-
lation light and cause deficiencies. Therefore, high
xenon purity is important in decreasing the detec-
tor’s internal background. To this end, liquid xenon
is incrementally boiled off and run through a getter,
which is a substance that reacts with and removes
impurities. The xenon is then re-condensed and put
back into the detector.

There are several methods used to account for the
remaining background after the data are taken. Cuts
on the data can be made to filter out signals that
are not WIMP-like in nature. For example, we can
discriminate between gamma and neutron interac-
tions (the latter of which will have similar signals
as WIMPs) by looking at the difference in their drift
time through the liquid xenon (Figure 2).

Due to the large nucleus of the xenon atom, the
outermost liquid xenon absorbs the majority back-
ground, leaving a smaller internal mass with few
background interactions. Because of this, the experi-
ment defines an interior fiducial mass in the detector
and disregards all events outside of this mass. The
observed background will decrease as we discriminate
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against events outside of the fiducial mass; however,
particles that have low probability of interaction will
be affected less, including WIMPs. Simulations ac-
counting for all of these background were run to de-
termine the best possible fiducial cut for the purpose
of background discrimination cuts. The main prob-
lem then becomes distinguishing between NRs and
ERs caused by background for similar cuts. The ra-
tio of S2 to S1 is higher for electron recoils which
allows a filter to be applied between NRs and ERs.
In S2-only analysis, this ratio can no longer be used,
so a detailed simulation of ER sources will be needed
to proceed (Section 2.3).

1.3 Motivation
Recently, experiments including CoGeNT (Contact
Germanium Neutrino Technology) and CDMS (Cryo-
genic Dark Matter Search) have reported excesses of
low mass interactions that they interpret as possi-
ble dark matter candidates with m ~ (6.5-10 GeV)
and σSI ~ (2-6)×10-41cm2.[2] It was also found that
a careful change of assumptions could alter the
Xenon100 experiment constraints in a feasible way
that would change their parameter space constraint
to include the region of parameter space to include
the low-energy event region to which CoGeNT and
CDMS attribute their dark matter signals.[2] These
recent developments have motivated an S2-only anal-
ysis project for the LUX collaboration. My project
in this analysis concerns using a Monte Carlo simula-
tion developed for LUX (LUXSim) to determine the
discovery potential for the LUX detector for a WIMP
in this region of parameter space. This project will
also help estimate the event frequency of these low
mass WIMPs, and what detector response we should
expect to see if these dark matter candidates prove
to be valid.

2 Discussion
2.1 Procedures
2.1.1 LUXSim

Geant4 is a powerful Monte Carlo particle simulation
package written in C++. This simulation software is
equipped with the ability to set physics parameters
in a simulation environment and build geometries of
detectors. An extension to Geant4 called the No-
ble Element Simulation Technique (NEST) has also
been developed to account for the scintillation yield
having a non-linear behavior. LUXSim is a simula-
tion built in Geant4 that accounts for the geometries
of the LUX detector as well as extensions developed
with NEST. LUXSim was used to produce the Monte
Carlo simulated data throughout this paper.

2.1.2 Automation

Geant4 has the capabilities of working with scripting
macros which are files that contain a series of Geant4
commands to be procedurally executed. The simu-
lations I ran involved altering minor parameters in
these macros and running them in succession. Doing
this using the Geant4 loop mechanism proved diffi-
cult and potentially unreliable, so instead I learned
some basic bash scripting. Bash scripts are programs
written for the UNIX operating system, or any sys-
tem built off of the UNIX shell. Knowing some basic
technique allowed me to edit parameters in Geant4
macros and run them in order, as well as process the
outputs of the simulation to convert them into us-
able files. This, in effect, minimized the time spent
running the simulation.

2.1.3 ROOT

ROOT is a data analysis framework written in C++
by CERN for handling large amounts of real world
and simulated particle experiment data. ROOT, like
Geant4, has the capability of using macros in which
large numbers of C++ commands can be written and
compiled in order. This proved particularly helpful in
processing many different simulation outputs in the
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Figure 3: A plot of simulated counts per day of pho-
toelectrons expected from the PMTs as the result of
nuclear recoils fromWIMPs of integer mass from 5-10
GeV.

same way. All of the data processing done for this
project was done in ROOT.

2.2 S2-Only Analysis
S2-only analysis becomes important in the low mass
region of the parameter space. Lower masses corre-
spond to smaller nuclear recoil energies. As a result,
the S1 scintillation, which is significantly smaller than
the S2, decreases to negligible levels. Similarly, the
S2 signal decreases, but as it is larger that the S1, we
are left with an analyzable signal. To determine the
detector response for the low mass spectrum of the
detector, a simulation of 2 million WIMP particles
was conducted at integer masses from 5 to 10 GeV.
The simulations of the S2 signals are done for a set
number of particles, irrespective of the amount of real
world time it would take for that many particles to
actually interact with the detector. So in order to get
a more coherent scale, the counts of photoelectrons
are normalized to a one day interval. The results of
this simulation are expressed in Figure 3. There are
several interesting properties of this plot that need
explanation.
During the nuclear recoil interaction, different

numbers of electrons will ionize depending on how
much energy the WIMPs impart on the xenon atom.
It is important to note that this number of electrons
is an integer number so when they reach the gaseous
xenon, they should produce integer multiple amounts
of S2 scintillation depending on the integer number
of electrons involved. The S2 produced in LUX from
this effect is given by [2]:

S2 = EnrQy(E)Y, (1)

where Enr is the nuclear recoil energy from the WIMP
interaction with the detector, Qy is the charge yield
(or free electrons per unit energy), and Y is the ra-
tio of photoelectrons (phe) to ionized electrons. For
LUX, the average Y is 23 phe per ionized electron,
fit to a normal distribution. Because integer numbers
of electrons are produced in ionization, we expect to
see peaks of S2 around integer multiples of 23 phe.
Figure 4 demonstrates this effect with peaks of pho-
toelectrons centered about 23, 47, and 70 phe.

Also notice the diminishing response as the mass of
the simulated WIMPs decreases. This also confirms
our expectations. The simulation assumes an equal
velocity distribution for the particle of varying mass,
so the kinetic energy of the WIMPs scales linearly
with the mass. Because NRs occur when WIMPs
transfer their kinetic energy to the liquid xenon nu-
clei, nuclear recoil energies are proportional to the
mass of the incoming WIMPs. As a result, the S2 we
see, which is also proportional to the recoil energy
(Equation 1), increases with increasing mass.

These simulations were conducted in the absence of
background solely for the purpose of determining the
S2 response for the detector. In order to get a realistic
response, a detailed spectrum of the background must
also be generated.

2.3 Low Energy Background
Simulation

The S2 profiles are simulated independent of the de-
tector background. In order to correct the simulated
profiles, a background simulation must be conducted,
normalized, and added into the simulated data to
produce a realistic detector output. This process is
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Figure 4: This is an unnormalized version of the 10
GeV plot in Figure 3. The peaks are roughly around
integer multiples of the ratio of photoelectrons to
ionized electrons. This occurs because only integer
numbers of ionized electrons can be produced from
a nuclear recoil. Notice that the number of counts
decrease for larger numbers of phe; this corresponds
to an increasing ionization energy for each successive
electron that decreases the likelihood of ionization.

difficult because the detector was built to minimize
background, so in order to build up significant statis-
tics in the low electron recoil energy region, millions
or even billions of background sources must be simu-
lated. These simulations are still in progress.
Like the S2 signals, these simulations are run for a

certain number of particles. We are more interested
in the expected behavior with respect to a normal-
ized time, so the real world time is used to ascertain
the average behavior per day. In a similar fashion, we
want to normalize the background against the fidu-
cial mass and the particular energy binning used so
that we have the amount of background scaled to
events per keV*kg*day. Normalizing the background
is important because it will give us a normalized envi-
ronment in which to compare the background and the
S2 signals, which otherwise would be on completely
different scales.

3 Conclusion
The future goal of this project is to finish the high
statistic low energy detector background and super-
impose it with the simulated S2 response to deter-
mine the discovery potential for an S2-only analysis.
This will establish a new lower limit for the low mass
area of the parameter spaces and allow us to gauge
the response we should expect out of the detector for
a continuous run.

In the mean time, my research on the behavior of
this background is ongoing. As the statistics build
up, we can find the trending form of the background.
A previous project assumed the background at the
very low energies was flat, something these simula-
tions will be able to verify or dismiss.
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