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The LUX-ZEPLIN dark matter search aims to achieve a sensitivity to the WIMP-nucleon spin-
independent cross-section down to (1-2)x10™ "> pb at a WIMP mass of 40 GeV /c>. This paper de-
scribes the simulations framework that, along with radioactivity measurements, was used to support
this projection, and also to provide mock data for validating reconstruction and analysis software.
Of particular note are the event generators, which allow us to model the background radiation, and
the detector response physics used in the production of raw signals, which can be converted into
digitized waveforms similar to data from the operational detector. Inclusion of the detector response
allows us to process simulated data using the same analysis routines as developed to process the

experimental data.

I. INTRODUCTION

The LUX-ZEPLIN (LZ) dark matter direct detection
experiment [TH4] will use a dual-phase, 7 tonne liquid-gas
xenon time projection chamber (TPC). The goals of LZ
encompass primarily the pursuit of Weakly Interacting
Massive Particles (WIMPs) through spin-independent
and spin-dependent interactions with target xenon nu-
clei, but also axions and axion-like particles, searches
for additional dark matter candidates using effective field
theory (EFT), and neutrino-less double-beta decay. The
signal for one search is sometimes the background of an-
other. However, common backgrounds arise in the form
of intrinsic radioactivity from detector components (in-
cluding surface contamination), noble radioisotope impu-
rities present in the xenon, and environmental and cos-
mogenic radiation.

To achieve a high sensitivity to rare events, any back-
ground must be heavily suppressed. In this respect, LZ
will benefit from:

a) the underground location of the experiment
(4850 ft below the surface at the Sanford Under-
ground Research Facility (SURF), with a mean
slant depth of about 4.5 km water equivalent);

b) shielding provided by a tank of water surrounding
the detector, of height 591 cm and radius 381 cm;

¢) an active veto system including an instrumented
outer layer of about 2 tonnes of liquid xenon (the
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LXe skin), around 17 tonnes of gadolinium-doped,
organic liquid scintillator (GALS), and water in the
tank mentioned in b);

d) the self-shielding properties of the xenon and accu-
rate position reconstruction, which allow for fidu-
cialization of the LXe volume;

e) identification and rejection of events with multiple
hits;
f) accurate energy reconstruction;

g) discrimination between nuclear recoils, as expected
from WIMPs, and electron recoils from gamma in-
teractions, beta-decays and some types of signal
(e.g. axions).

For the main aim of a WIMP search, the sensitivity to
the WIMP-nucleon spin-independent cross-section is pre-
dicted to reach 1.4 x 107" pb at 40 GeV /¢ WIMP mass
[3] due in large part to these features. This represents the
smallest cross-section that will be probed in a direct de-
tection experiment, based on the projected sensitivities
of other experiments in operation or construction.

Simulations play a key role in estimating our back-
ground rejection efficiency, and predicting the residual
background based on radioactivity measurements and
known external sources (e.g. solar neutrinos or cosmic-
ray muons). At their core, they must be capable of cap-
turing any part of the expected particle flux, be it signal
or background, and the response it produces in the detec-
tor media. For LZ, these media consist of the liquid and
gaseous xenon in the TPC and skin, and the GALS em-
ployed in the outer detector. The skin and OD together
comprise an effective veto system, the former ideal for
tagging scattered y-rays, the latter highly efficient as a
neutron veto because of the very high thermal neutron
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capture cross section of gadolinium and the high total en-
ergy released in such captures. The veto system is com-
plemented by the instrumented water, which is able to
catch Cherenkov radiation from muons or muon-induced
cascades if they miss other active media of the detector.

Within the TPC, for low-energy (up to a few MeV) lo-
calized events, a recoil of either a xenon nucleus or an
electron is detected with a prompt scintillation signal
(S1) followed by a delayed charge signal (S2). The S2
is formed by drifted ionization electrons extracted with
high efficiency into the gas phase, where they cause elec-
troluminescence. The ratio of these two signals allows
for discrimination between nuclear and electron recoils,
whilst the time between them provides the depth of the
interaction. The xenon target is viewed by 253 photomul-
tiplier tubes (PMTs) at the top of the cryostat, and 241
PMTs on the bottom. The hit pattern of light on these
PMTs, particularly the localization of the S2 signal on
the top array, allows for effective 3D position reconstruc-
tion of the interaction vertices. The main design features
of the LZ detector are described in greater detail in [TH4].

In this paper we focus on the method of simulating
signals for different types of particles. Such simulations
are based on an in-house software package, BACCARAT
(Section [ITB)), that tracks particles using GEANT4 [5].
Various features have been added to BACCARAT to bet-
ter model the xenon and GdLS response (Section[[LC)). A
second package, the DER (Section exists to repro-
duce the signal processing done on the resulting PMT
hits. Primary particles are specified using generators,
be they for backgrounds, calibration or physics sources.
Sections [VIB)) discuss the simulations and studies
done with a number of these generators, which have been
incorporated into the backgrounds model and sensitivity
analyses.

II. SIMULATIONS FRAMEWORK
A. Overview

Monte Carlo modeling of events for LZ serves several
purposes: the assessment of design features of the detec-
tor through, for example, efforts to maximize the light
collection efficiency; the calculation of the rate of back-
ground events in LZ with input from radioactivity mea-
surements; the prediction of the sensitivity of the exper-
iment to various rare event searches based on the back-
ground rate and Profile Likelihood Ratio analysis (PLR);
the simulation of the whole event processing chain for
future reconstruction validation and tests. All of these
simulations begin with BACCARAT, which tracks parti-
cles using GEANT4 and identifies their interaction points
in the detector (Section . From there, two separate
chains exist for consuming this information (Figure [1)).

The first records the energy deposits in the detector
and passes them to NEST (Section to generate
S1 and S2 signals. This enables large statistics datasets

Record energy
deposits in liquid
xenon and

Detector response,
returning S1 and

scintillator volumes 82 signal sizes S P
ensitivi
BACCARAT NEST . ty
analysis
Generate
Optical simulations waveforms per
of light/charge, DAQ event from
ing hits on PMT hit
BACCARAT PMTs DER information Lzap
+ G4S1(S2)Light
Event processing
(similar to real data)
MDC analysis

FIG. 1. Processing chain for simulations used to generate data
for the background model (sensitivity analyses) and Mock
Data Challenges (MDCs).

to be generated, which can be bulk analyzed to assess,
for example, background rates and inform sensitivity
estimates. The downside is that these results rely on
detector-averaged quantities and do not contain timing
information.

The second chain enables a full simulation of the VUV
photons and ionization electrons that are produced dur-
ing xenon interactions, as well as the scintillation light
generated in the OD. The majority of the physics in-
volved is not well-modeled in GEANT4, and thus exter-
nal models have been added into BACCARAT to capture
these phenomena (Section[[TC)). NEST is then referenced
in BACCARAT solely to calculate the raw photons and
electrons emerging from an interaction.

The PMT hits recorded in the BACCARAT output
are then translated into waveforms by the DER (Sec-
tion, which simulates the PMT response and trans-
forms the signal as if it had been transferred through the
various stages of the read-out electronics. The result-
ing data are organised in the DAQ event format, which
means they can be passed through the event process-
ing framework and analyzed much like real data. Whilst
this chain is more computationally intensive, it allows for
more realistic, event-by-event analysis.

Simulations with the second chain are carried out for
Mock Data Challenges (MDCs), in which analyzers are
presented with data designed to mimic what is expected
in commissioning and science run periods. The sources
simulated are the major radioactive components, with
their activities set to approximate the expected back-
ground event rate, calibration sources, and potentially
WIMP and non-WIMP physics signals (Sections m
[VIB). Detector parameters, such as the optical reflec-
tivities of different surfaces and the attenuation length
of drifting electrons, are also defined and may be time
dependent. The ultimate goal of the MDCs is to ensure
physics readiness when data-taking commences through
the development of data analysis methods and recon-
struction tools.



B. Particle Generation and Tracking: BACCARAT

The LZ code for simulating particles and their inter-
actions, BACCARAT (Basically, A Component-Centric
Analog Response to AnyThing), builds upon that devel-
oped for LUX [6], which sought to provide a more use-
ful interface to GEANT4 for low-background experiments.
Central to this interface is the shift of focus towards in-
dividual volumes in the geometry (components). A C++
detector component object was implemented that inher-
its from the underlying GEANT4 structure with the goal
of making the code familiar to users of this software, but
also providing additional functionality. This functional-
ity includes macro-level control to set a component as
a three-dimensional source of radioactivity for modeling
impurities in the materials or surface contaminants, as
well as the ability to record varying levels of information
about what occurs in each component, such as the total
energy deposited. Figure [2] illustrates the geometry of
the LZ detector components defined with BACCARAT.

FIG. 2. Visualization of the LZ detector in GEANT4-based
BACCARAT. The TPC (magenta) within the cryostat (light
green) is surrounded by the GALS outer detector tanks (yel-
low) that are immersed in a water tank. The inner part of
the water tank within the PMT structure is shown in blue.

A suite of custom-built generators, based on the
standard framework and generators available within
GEANT4, is used to produce the various types of par-
ticles that might interact in the detector, including those
from radiogenic decay and cosmic ray events. They al-
low for the simultaneous and time-delayed emission of

multiple primary particles from a given source. Several
sources may be loaded onto the same or different compo-
nents, and with arbitrary activities, to replicate the total
expected particle flux in a single simulation run. The
primary particles are pre-determined in time and loca-
tion and chronologically ordered at the beginning of the
simulation, allowing for realistic position and time-based
analysis of the output data stream. A similar approach
is described in Ref. [7]. The resultant particles can go on
to interact in the detector media and form a single event.
The beginning time of each event is recorded to allow for
higher-level analysis, such as event pile-up.

The GEANT4 toolkit contains pre-defined physics lists
that provide options for modeling various processes, in-
tended to align with a specific application. The toolkit
also contains the functionality to allow user-defined pro-
cesses to be integrated into the physics of the simula-
tion. The prominent modules that are deployed in BAC-
CARAT are:

1. G4EMLivermorePhysics, which covers electro-
magnetic interactions using Livermore models for
gamma and electron cross-sections [] [9], extending
the validity of the physics down to 10eV. This has
a particular focus on low energy processes, such as
Rayleigh and Compton scattering, bremsstrahlung
and the photoelectric effect;

2. G4HadronPhysicsQGSP_BIC_HP_Gd, which
uses the Binary Cascade (BIC) intra-nuclear model
[10] for certain lower energy inelastic interactions,
and adds several community modifications that
better model nuclear processes on Gd: this includes
the DICEBOX neutron capture model described in

Section [[ITC 4}

3. G4S1Light & G4S2Light, which have been de-
veloped by LZ collaborators to integrate NEST
physics into BACCARAT (Section [[ICT)), and
which govern the generation of light and charge
quanta in the xenon.

These are in addition to a set of standard reference
physics lists that determine, amongst other things, the
production of light via scintillation and Cherenkov pro-
cesses in non-xenon materials; the at rest and in-flight
decay of radioactive nuclei via «, ﬂi, 7 emission or elec-
tron capture; the emission of electrons and X-rays due to
the relaxation of excited atomic states; the hadronic in-
teractions of photons, electrons and positrons. Both the
generators and the physics lists have been substantially
developed since the advent of BACCARAT in an effort
to better construct events that might be seen in LZ. Ex-
amples of custom-built generators include muon events,
wall events, coincident neutrons and gammas from («, n)
reactions, a number of calibration sources etc. Some of
them will be described in more detail below.

The code base continues to be expanded and main-
tained via a Git version control system, and tested
against newer versions of GEANT4, with BACCARAT



verified against 10.3 at the time of writing. Given the
goal of increased realism of the simulations through the
incorporation of the latest physics models and under-
standing, and to provide added functionality and stream-
line the process for users, we periodically evaluate addi-
tional releases of GEANT4 for production running of of-
ficial simulations. In addition, background pathologies
which cannot be simulated by a simple event generator
are also considered, such as single-electron backgrounds

(Section [IT C 3)).

C. Simulating Light and Charge Response
1. Noble Element Simulation Technique (NEST)

The production of both VUV scintillation photons
and thermal ionization electrons is modeled with the
NEST [11H14] formalism, a semi-empirical collection of
models based on past and present detectors’ calibration
and science data sets, as well as on the specific mea-
surements from purpose-built instruments. NEST is fre-
quently updated based on the most up-to-date published
data, with new features/tools also added regularly; it is
both postdictive and predictive [I5HIT].

NEST simulates the excitation, ionization, electron re-
capture (“recombination”), and electron electrolumines-
cence processes in liquid or in gaseous xenon, as a func-
tion of particle and interaction type, energy, ionization
density, stopping power, electric field [18, [19], and fluid
density, via the temperature and pressure. NEST also
models S1 and S2 pulse shape profiles versus time, based
on known light and charge yields [20, 2I]. The contem-
porary NEST version, v2.0, uses simple sigmoidal-class
functions to model yields as functions of energy inspired
by the Doke modification to Birks’ law [22] at high ener-
gies and the Thomas-Imel box recombination model [23]
at low energies, with coefficients as functions of field.
The quantum generation is vetted against data from 1
to 1000 keV for betas, 0.1-5000 keV for gammas, 0.5—
300 keV for neutron-induced xenon recoils, and fields
from 0 to more than 10000 V/cm.

Multiple steps determine how simulated quanta are
translated into the observables of primary (S1) and sec-
ondary (S2) scintillation light. The exciton-to-ion ratio
first determines how many excitons, leading to S1, and
ion-electron pairs are initially generated by an energy
deposit. Low-energy electrons recombine to produce ad-
ditional excitons, which add to the S1 signal after de-
excitation. A third possible channel is also taken into
account: energy loss into heat, not visible in a TPC.
This is represented by a simple power law that closely
approximates the Lindhard factor [24] [25].

The electrons which instead escape are drifted to the
liquid-gas interface. NEST can handle transportation un-
der a parameterized electric field applying diffusion and
a finite mean free path, which stems from the concen-
tration of impurities; a separate set of drift simulations
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% Doke et. al: 300 V/cm
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FIG. 3. Top: the derived average ionization charge (full
markers) and scintillation light (open markers) yields from
representative world calibration and background data sets.
NEST v2.0 detector-independent yields for NR (red) and ER
(blue) are shown for the baseline LZ drift field of 310 V/cm,
with bands indicating the estimated 1 and 2 o systematic
uncertainty. Bottom: the energy resolution from NEST for
NR (red), S-only ER (blue) and -y/X-ray (green) under LZ
(dashed) and LUX (solid) conditions, again compared to ex-
perimental data (solid markers). The NEST lines follow a vE
trend, with the cut-off at low energy corresponding to detec-
tor threshold, with the S1 able to remain above threshold
down to lower energies.

was devised to examine this with a variable electric field
model, as described in Section[[TC2] Surviving electrons,
successfully extracted into the gas, will produce electro-
luminescence (52), with the amount of light being a func-
tion of electric field and pressure in the gas phase. The
probability of extraction is quantified in NEST via an
extraction efficiency, although there are theorized mech-
anisms that can delay the emission and thus affect the
S2 signal (Section [ITC 3).

NEST can be run both within BACCARAT, or as a
standalone executable (fastNEST). To generate the fi-
nal signals, raw photons and electrons can be passed
back to BACCARAT for transport (Section [[IC2) and
ray-tracing propagation to the PMTs (Section [II C 5|), or
translated into S1 and S2 signals using detection efficien-



cies derived from BACCARAT in fastNEST. fastNEST
bypasses the processing chain of full mock data, and thus
enables rapid generation of high-statistics simulated data
for the signal and background models [I8} 26} 27] entering
into sensitivity, limit, or discovery calculations.

In summary, NEST creates non-analytical NR and
ER yield probability distribution functions with high-
precision S1/S2 means and energy resolution [28], as illus-
trated in Figure [3] which compares NEST with selected
pre-LZ empirical data.

2. Charge Transport

The positional distribution of the S2 light depends
upon the trajectories of the ionization electrons that
cause the electroluminescence. These electrons have too
low a kinetic energy for their drift to be handled effi-
ciently by GEANT4 transportation processes. Therefore
a bespoke simulation of the electron drift was devised,
whose results are used in BACCARAT to predict the
drift time and radial locations of the electrons on the
liquid-gas surface.

A radially symmetric QuickField model [29] of the
TPC electric field was used as input for the drift calcula-
tion. Different electric field configurations can be consid-
ered by modifying the grid potentials. The electric field
strength at any point along the electron trajectory can
be found by sampling the QuickField map. The electron
drift velocity can be found from the field strength using a
function determined by the EXO collaboration [30]. This
allowed for the evaluation of the instantaneous drift ve-
locity of an electron at any given location in the LXe.
For the particular field strengths simulated, this saw an
average drift velocity of 1.6 mm/us in the bulk. Thus
the average drift path of electrons from an initial posi-
tion (sampled at 1 mm intervals throughout the LXe),
to a final position at the phase boundary was calculated.
The velocity of the virtual electron was updated every 1
us in order to closely approximate the true mean velocity
and path of an electron traversing the LXe.

The simulations resulted in a look-up table giving the
electron drift time and final radial location for given po-
sitions of origin in the LXe. This map was interpolated
in BACCARAT to fold the field into the simulated S2
signals. To validate this procedure, the data was un-
folded using the same step-wise method to reconstruct
the original positions of each interaction in the TPC.

This initial calculation disregarded the stochastic pro-
cess of electron diffusion which was handled within
NEST. Diffusion during drift will perturb the trajecto-
ries of the electrons: non-uniformities in the field lead
to a non-Gaussian final position distribution of electrons
originating from the same interaction point.

3. Electron Pathologies

Delayed, spontaneous and induced emissions of elec-
trons can produce pathological features in the data. Tails
of single electrons (SEs) following an S2 signal can alter
the reconstructed parameters of an event, leak into suc-
cessive events producing pile-up or even be triggered on
as standalone events. They can also create a consider-
able background to S2-only analyses focused on low-mass
WIMPs. Several sources of SEs have been identified and
introduced in the simulation.

Firstly, VUV light from Xe scintillation or electrolumi-
nescence is energetic enough to extract electrons from the
grid wires via the photoelectric effect. The hit pattern
of S2 photons on the wires was modeled and introduced
into the simulation. The average number of S2 photons
per electron and an estimate of the grid wire QE [31]
are used in a Poisson random number generator. The
number of produced SEs drawn are then placed at the
appropriate locations according to the hit distribution.

VUV photons may also ionize impurities dispersed in
the liquid xenon. A LUX estimate of the bulk photoion-
ization probability [32] was scaled to LZ to give 7x 1077,
and again a Poisson distribution used to determine the
number of SE generated from S2 light. These were placed
homogeneously throughout the LXe following the origi-
nal S2 signal.

Next, two exponential tails following an S2 signal have
recently been characterized [33]. The fast component,
with a time-constant of ~ 30 us, is attributed to elec-
trons trapped at the liquid-gas interface due to an ex-
traction efficiency smaller than unity. A random 3% of
ionization electrons pick up a time delay to follow this
exponential. The slow component has been simulated
with a time constant of ~ 20 ms and is applied to 1% of
ionization electrons. Several explanations for this effect
can be found in [33].

Other effects that could cause electron backgrounds
exist but have not yet been implemented due to their
smaller contributions, for example: electrons from field
emission from the grid wires and photoionization of im-
purities due to PTFE fluorescence.

4.  GdLS Optical Physics

Optical simulation of the outer detector is non-trivial
due to the complex geometry of the 10 segmented acrylic
tanks and scintillation properties of the GdLS. The scin-
tillation light, which ranges in wavelength from 350 nm
to 550 nm, can travel through the acrylic and be collected
by 120 PMTs situated on a tyvek curtain 115 cm from the
outer radius of the tanks. Data from a small prototype
detector, the LS Screener [34], which was calibrated with
various a-decays, [S-decays and v-rays, was used to fine-
tune a modified version of the GEANT4 G4Scintillation
code.

Firstly, generation of photons from energy deposits in



TABLE 1. Parameters used for various particles in production
of scintillation photons in the GdLS of the Outer Detector.

Y kB C
(photons/MeV) (g/MeV/cmz) (g/MeV/cmz)2

o 9 x 10° 4.63x10°° 1.77 x 1079
v/e” 9 x 10° 0.03 0
Proton 9 x 10° 8.26 x 107° 0

the scintillator is implemented using a modified Birk’s
law formula [35]. The mean number of photons emitted
along the particle track, dL/dz, is given by:

dE
dL G

a_ 1dE 1dE 2
1+ kB (142) + C (142)

(1)

where p is the density of the GdLS, 0.86 g/cm3, dE/dz
is the energy loss per unit path length, Y is the scintil-
lator light yield (i.e. photons/MeV), kB and C are the
first and second Birk’s law parameters that describe the
quenching process for heavily ionizing particles. The pa-
rameters used for a-particles, y-rays and electrons, and
the light yield were obtained using the LS Screener cal-
ibration data [34]; external "*"Cs and **Th ~ sources
were used to fix Y for all particles and to determine kB
for v/e”, and a *20Rn source was bubbled through the
GdLS to obtain kB and C' for a-particles. Parameters
for protons were taken from [36], and all are shown in
Table [Il

The number of photons calculated using Eq. is
smeared using a Gaussian (> 10 photons) or a Poisson
(< 10 photons) distribution. Photons are produced at
positions scattered about the energy depositing track,
and with a time distribution according to fast and slow
time constants that are chosen based on particle type.
Once produced, optical photons may be absorbed by
the wavelength shifter within the scintillator, after which
they have a wavelength-dependent probability to be re-
emitted at a longer wavelength [34].

The three key optical properties of the LS are the
emission spectrum, the absorption spectrum and the re-
emission probability; these are shown as implemented for
optical simulation of the OD in Figure [l The shifted
spectrum was sampled independently of the absorbed
photon wavelength, with the final intensities tuned to
measurements made on the liquid scintillator [34].

5. Photon Tracking

Photons produced through interactions in the xenon
and liquid scintillator are tracked to give the measured
signal. A number of parameters affect the light collec-
tion efficiency. Most notable are the PTFE reflectivity
in liquid and gaseous xenon, for which the latest mea-
surements are used [37], and the properties of the liquid
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FIG. 4. Emission spectrum probability of optical photons
(top), absorption lengths (middle) and re-emission probabil-
ity (bottom, plotted as a function of the wavelength of the
absorbed photon) of the liquid scintillator used in simulation
of the LZ OD [34].

xenon: both the refractive index [38] and Rayleigh scat-
tering length [39] are encoded with dependence on the
photon wavelength and the thermodynamic properties of
the medium. The UNIFIED optical reflection model [40]
is adopted for all surfaces, and the reflectance and rough-
ness are specified for each. The estimated PTFE cover-
age of a surface is taken into account when assigning its
reflectivity.

Optical tracking in GEANT4 was found to be compu-
tationally expensive, given the millions of resulting S2
photons routinely generated in background simulations.
Simulations with full optics were seen to be many-fold
slower than their energy-deposition only counterparts,
with the ray-tracing estimated to consume >95% of the
CPU time. This hinders the production of large-scale
datasets, which are needed for both backgrounds esti-
mates and analysis development).

Solutions to this problem involve high statistics ap-
proaches. Ome uses detector-averaged quantities and
computes signal sizes via the fastNEST package, de-
scribed in Section These quantities include the
gains g1 and ¢2, which stipulate the number of photons
detected per S1 photon and per ionization electron, re-
spectively. Optical simulations, in which VUV photons
are emitted from random positions in both the liquid bulk
of the TPC and the gas gap between phase boundary and
anode, are used to inform the values chosen for g1 and
g2.

These simulations can be further analyzed to extract
the hit pattern and times of arrival on the PMT arrays,
with output encoded into maps giving the probability of
each outcome. This provides information as to how this
light is distributed, but there is a trade-off between map



resolution and size that makes this a less viable approach
for large regions of interest. Fortunately, the S2 signal,
which typically dominates over the S1, lends itself to pa-
rameterization due to a relatively small volume of origin
i.e. the aforementioned gas gap. Suspending tracking of
the S2 photons and using the map formulation speeds up
the simulations by a factor of 20.

D. Simulating Electronics:
Detector Electronics Response

The Detector Electronics Response (DER) is a soft-
ware package designed to simulate the PMT signal gen-
eration and the subsequent signal processing done by
the analogue front-end electronics and digitizers of LZ.
It reads in raw photon hits from BACCARAT to create
mock digitized waveforms, organized and written in an
identical format to output from the planned data acqui-
sition system (DAQ). These can be passed through the
LZ Analysis Package (LZap), which performs pulse and
event reconstruction, to provide practice data for analy-
sis.

The PMT model considers each photon hit in turn: it
first decides whether a photon is detected based on the
efficiencies of photoconversion on the photocathode and
collection of the emergent photoelectron(s), collectively
handled as a quantum efficiency (QE) parameter. The
single photon response varies, with the gain and time
delay of the signal Gaussianly-distributed about the av-
erage multiplication from the dynode chain, and the time
of flight of the electrons between each stage of it respec-
tively.

In addition to the standard scenario of a single pho-
toelectron emerging from the photocathode and propa-
gating through the entire dynode chain, several other re-
sponses are also accommodated by the model, for which
the gain and transit must be separately considered:

e The double photoelectric (DPE) effect - if the in-
cident photon is energetic enough, two photoelec-
trons may be liberated from the photocathode in-
stead of one.

e First dynode conversion - the photon may be trans-
mitted through the photocathode and instead pho-
toconvert on the first dynode, thus missing one of
the multiplication stages.

e Other undersized signals - photoelectrons can in-
elastically scatter off the first dynode, leading to
a delayed undersized response. Additionally, de-
pending on their trajectories and the internal elec-
tric fields, photoelectrons may miss the first dynode
and collect on the second dynode instead.

The probability of each mode, as well as the QE, may be
individual to each PMT, and dependent upon the wave-
length of the impingent photon. An example of the sin-

gle photon response distribution for an LZ TPC PMT is
given in Figure
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FIG. 5. Simulated distribution of single photon response pulse
areas for a typical R11410-2 Hamamatsu PMT for 175nm
photons. The single photoelectron (SPE) peak is visible, fol-
lowed by the DPE peak at roughly 20% the height [41]. First
dynode collection leads to the first, low pulse area peak, whilst
other effects lead to undersized pulses that govern the peak-
to-valley ratios.

Photoelectrons may ionize trace amounts of gas as they
accelerate through the PMT, with the ions then stimulat-
ing new photoelectron cascades. These afterpulses have
a time delay distribution relative to the primary signal
and a defined size dependent upon the type of ion. The
simulation encodes a variety of common ions, including
xenon that may leak into the PMT body.

Signals may be produced in PMTs that are indepen-
dent of photon hits. These so-called dark counts arise
from spontaneous thermionic emission from the photo-
cathode or inital stage dynodes, and look identical to a
single photoelectron pulse. The dark rate may be spec-
ified separately for each PMT in the simulation, and is
typically dependent on operating temperature.

Analytical models are included for the cabling, dual-
gain amplifiers and digitizers, based on extensive circuit
analysis to derive frequency-dependent transfer functions
for each device. These are then approximated by a series
of digital filters and gains, which model how the pulses
are scaled and shaped in the time-domain [42].

Lastly, the DER also captures the LZ data extrac-
tion and sparsification schemes i.e. the logic to decide
when to save data and how to build events. The software
presently implements a finite impulse response filter that
can be tuned and passed over any waveform, following
the prescription used for LUX [43]. The threshold and
coincidence requirements for an event trigger based on
the output from applying this filter can be configured.
The simulations are thus useful in assessing trigger ef-
ficiencies and event data volumes for science data and
calibration sources.



III. SIMULATIONS OF BACKGROUND
SOURCES

A. Overview

All materials used in the detector construction con-
tain some level of naturally occurring radioactive iso-
topes, such as 2°U, 2Th, °K and ®Co, all of which
contribute to the electron recoil (ER) background com-
ponent of the experiment via the emission of y-rays
and electrons that may interact and deposit energy in
the active xenon volume (Section . Moreover, the
first two are also responsible for the production of neu-
trons through spontaneous fission and (a,n) reactions
in the materials (Section [[ILC]), leading to nuclear re-
coils (NRs)in the xenon. These NRs mimic the expected
WIMP signal if singular in the TPC and not observed
with an associated energy deposition in the veto volumes.

Neutrons and gammas are also produced in the cavern
walls surrounding the experiment, originating either from
uranium and thorium decay chains in the rock formations
(Section7 or induced by atmospheric muons pass-
ing through the rock and detector (Section . The
vetoes are critical in suppressing both of these contri-
butions. The neutron flux from radioactivity in rock is
efficiently suppressed by at least 6 orders of magnitude
by a hydrogeneous shielding (water and scintillator) [2]
and will not be considered here.

A fraction of the **’Rn (**°Rn) in the decay chain of
238U (**2Th) present in materials and residual dust on
surfaces in direct contact with liquid or gaseous xenon
will escape and mix in the xenon, contributing to the ER
background (Section [IIIB 3). Plate-out (surface deposi-
tion) of >'°Pb (in the “**Rn chain) on all surfaces due to
exposure to air during manufacture and assembly is also
considered (Section [[ITE). and leads to an additional NR
background due to (a,n) reactions or recoiling nuclei in
a-decays if an alpha is lost in a wall or a dust particu-
late. Daughters of this 219p | in particular the 3 emitter
219Bi, may constitute an additional source of ER back-
ground if they detach from the internal TPC walls and
mix in the xenon.

To mimic the preliminary selections that will be ap-
plied to LZ data for a WIMP search, simulated events
not meeting all of the following criteria (hereafter called
‘standard cuts’) are automatically rejected (see Ref. [3]
for details):

1. Single scatter - 0, < 3 cm and o, < 0.2 cm, where
o, and o, are the energy-weighted standard devi-
ations of hit positions in radial and vertical direc-
tions respectively. These cuts are based on the ex-
pected position reconstruction resolution from pre-
vious experience with LUX data [44].

2. Fiducial events - those that occur within a cen-
tral cylinder of xenon, defined as having energy-
weighted positions with a radius r < 68.8 cm (from

the center of the active xenon volume) and a ver-
tical coordinate of 1.5 < z < 132.1 ¢m (counted
upwards from the cathode, and where z = 146.1
cm is the liquid surface). The fiducial mass of LXe
after this cut is about 5.6 tons.

3. Non-vetoed events - any interactions in the xenon
volume that are not within 500 us (800 us) of a total
energy deposition greater than 200 keV (100 keV)
in the GALS (LXe skin).

In addition, results are often narrowed to the WIMP en-
ergy region of interest (ROI): 1.5-6.5 keV,, for ERs and
6-30 keV,,,. for NRs.

B. Gamma-Rays, Betas and Alphas
1. Decay Chains and Single Decays

Materials used during the construction of the LZ de-
tector will contain trace amounts of radioactivity, even
after a campaign of screening and material selection [45].
These radioactive sources constitute a major part of the
LZ background [3] and their simulation is therefore cru-
cial in any background estimation.

Gammas and betas from the decays of radioactive iso-
topes are modeled using generators within the BAC-
CARAT framework. Alpha particles are also simulated,
but they are only relevant for sources inside xenon due to
their short range in most materials. The contribution of
alphas to the neutron background is modeled separately,
and is discussed in more detail in Section [ITCIl

The GEANT4 code provides functionality to simulate
radioactive decays, using data libraries from the Evalu-
ated Nuclear Structure Data File (ENSDF) [46], which
describes the nuclear decays, and from the Livermore
Evaluated Atomic Data Library (EADL) [47], which de-
scribes any subsequent atomic transitions. Two gener-
ators have been written that modify the GEANT4 algo-
rithm in several ways to optimize background simula-
tions.

The first lets entire decay chains, or single decays
within that chain be simulated. In the former case, the
parent isotope and all subsequent decays are processed
within a single GEANT4 ‘event’. In the latter scenario,
this event is split into ‘sub-events,” one for each decay,
to provide a clearer association between the decay par-
ent, marked as the progenitor of the sub-event, and the
energy depositions by betas/gammas in the detector vol-
umes. This allows for the renormalization of (sub-)event
rates in post-processing to reflect measured source activ-
ities, which is particularly important in cases where the
chain is not in equilibrium. Time is reset for each sub-
event such that particle interactions are recorded with
sufficient timing precision to ensure data selections can
be made based on the relative timing of events in the
xenon TPC and veto regions. This is the preferred gen-



erator for studies assessing the background contribution
of a given decay chain.

The second generator takes as an input the age of a
given radioactive source and uses recursive solutions to
Bateman equations [48] to compute the relative popula-
tions of radioisotopes in the corresponding decay chain.
The goal is to generate events with realistic starting time
stamps, given both the source activity and source age.
This accurately mimics the real-time acquisition of data,
and enables information from timing or position correla-
tions in the detector to be identified using simulations.
This generator has therefore been used extensively in
MDCs, where relative timing is paramount and data sets
contain events from a mixture of different sources. A
similar approach has been used in Ref. [7].

For both generators, special consideration is also given
to radloactlve decays with short half-lives, for examgle
2P in the ***Th decay chain and 214Po in the
decay chain. Given the time duration of an LZ event is
about 1 ms, as limited by the maximum drift time, these
fast decays may produce signals that overlap with those
from a previous decay, and they are therefore recorded
in the same BACCARAT event.

2. Gammas from Rock

Gamma-rays produced from trace radioisotopes in the
rock around the cavern are an external source of back-
ground to the LZ experiment. The ~-flux is effectively
attenuated by water, scintillator and the steel pyramid
beneath the water tank, with a significant part of the
remaining background further sué)pressed by event selec-
tion cuts. Consequently, 0(10 initial decays in the
rock need to be simulated to fully characterlze this back-
ground [49]. To make this computationally feasible, the
simulation is divided into several stages. In the first
stage, ~-rays are produced in the rock using the gen-
erator described in Section [[ITB 1| and those that enter
the water tank are saved to file. Concentric cylindrical
‘shells’ are then defined in the simulation geometry, as
shown in Figure [f] In successive stages of the simula-
tion, ~y-rays are transported to the next shell boundary,
and those that survive are passed to the next simulation
stage to be re-propagated multiple times with the same
initial position and momentum. Using this scheme with
n shells, each with a multiplication factor m;, the start-
ing number of decays is effectively increased by a factor
fv = [1i; m;. The systematic uncertainty introduced by
this simulation setup dominates the overall uncertainty
in the final result, and will be discussed later in this sec-
tion.

Simulations of 232Th, 2387 and K decays were under-
taken as their daughters dominate the cavern wall v-rays.
Full decay chains for all isotopes were simulated assuming
secular equilibrium and normalized to the following activ-
ities taken from the measurements of gamma-ray spectra
in the cavern: ***Th - 13 Bq/kg, ***U - 29 Bq/kg and
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10K - 220 Bq/kg [50]. Figures|7|& [8|display the resulting
energy spectrum and spatial distribution, respectively,
of the remaining events within the TPC after standard
analysis cuts (Section . Figure |7] also presents the
energy spectrum of the remaining events before the stan-
dard analysis cuts are applied. Energy depositions in the
OD were recorded only after stage 4 (see Figure @ to
reduce the disk space required for the simulation output.
This means the result is conservative since some gammas
could trigger the OD on their way to the TPC at stage
4.

The simulations predict 1.81+0.19 (stat) background
events in 1000 live days for a 5.6 ton fiducial mass af-
ter standard analysis cuts and before any ER/NR dis-
crimination. Further cuts are also made to select events
with S1 signals present in three individual PMTs, and
with size greater than 20 detected photons. This approx-
imately corresponds to energy deposits in the range 1.5
- 6.5 keV,,, the WIMP ROI. The event rate from cavern
walls is sub-dominant to the internal backgrounds, high-
lighting the effectiveness of the water/scintillator and
steel pyramid shielding.

The systematic uncertainty of these simulations is
dominated by a potential biasing of the results when
propagating surviving gamma-rays multiple times. How-
ever, the consistency of the results has been tested by
running simulations several times with different positions
of the surfaces for the individual stages, with the conclu-
sion that the results are consistent within 20%.

FIG. 6. A schematic drawing of the event biasing method
implemented into BACCARAT allowing the simulations of
the cavern rock y-rays. The relative dimensions of the cavern,
water tank, LS veto, and TPC are not to scale.

3.  Radon

Simulations of radon and its daughters inside the lig-
uid xenon target have been carried out similarly to other
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