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FIG. 1. Left: Cutaway drawing of the LZ detector system. The LXe-TPC is surrounded by the outer detector (OD) tanks
(green) and light collection system (white), all housed in a large water tank (blue-grey). Conduits penetrate the various regions
and boundaries to deliver services to the LXe-TPC: PMT and instrumentation cables (top and bottom, red); cathode high
voltage (lower left with cone); purified LXe (bottom center, green); neutron beam conduit (right, yellow and pitched). Right:
Expanded view of the lower right corner. ‘OD PMT’ indicates an outer detector photomultiplier tube. The xenon skin region
is observed by an independent set of PMTs (not depicted).

and is surrounded by a room temperature liquid scintilla-
tor outer detector (OD). Both are located within a large
water tank in the Davis Campus at the 4850-foot level
(4300 m w.e.) of the Sanford Underground Research Fa-
cility (SURF) [11]. Key dimensions and masses of the
experiment are summarized in Table I.

The active volume of the TPC is a cylinder with both
diameter and height equal to 1.46 m, containing 7-tonnes
of LXe. Particle interactions in the LXe generate prompt
scintillation light (‘S1’) and release ionization electrons—
the latter drift in an applied vertical (z) electric field and
are extracted into the gas layer above the surface where
they generate electroluminescence photons (‘S2’). The
xenon circulation and purification strategies are based
on the LUX experience [12–14] and electronegative im-
purities are suppressed su�ciently to allow electrons to
survive, with good e�ciency, drifting through the length
of the TPC.

Photons are detected by 494 Hamamatsu R11410-
22 300-diameter photomultiplier tubes (PMTs), with a
demonstrated low level of radioactive contamination [15,
16] and high quantum e�ciency [17] at the LXe scintilla-
tion wavelength of 175 nm [18]. The PMTs are assembled
in two arrays viewing the LXe from above and below.
The 241 bottom PMTs are arranged in a close-packed
hexagonal pattern to maximize the collection e�ciency
for S1 light. The 253 top PMTs are arranged in a hybrid
pattern that transitions from hexagonal near the center
to nearly circular at the perimeter, thereby optimizing
the (x, y) position reconstruction of the S2 signal for in-
teractions near the TPC walls. The TPC walls are made
of highly reflective polytetrafluoroethylene (PTFE) pan-
els that also embed 57 field-shaping rings which define

the drift field.
Vertical electric fields in the TPC are created by four

horizontal electrode planes, which consist of grids woven
from thin stainless steel wires. At the top of the TPC,
the gate and anode grids (operating at ⌥5.75 kV, respec-
tively) straddle the liquid surface to extract ionization
electrons from the liquid into the gas, and to create an
S2-generating region in the gas phase. At the bottom,
the cathode grid defines the lower boundary of the ac-
tive TPC volume. An additional grid below the cathode
shields the bottom PMT array from the cathode poten-
tial. This creates a reverse field region below the cathode,
containing 840 kg of LXe, where energy deposits create
S1-only events. The drift field is established between the
cathode and gate grid. The nominal cathode operating
voltage is �50 kV, delivered from a dedicated conduit
penetrating the cryostat laterally. In this work we as-
sume a uniform TPC drift field of 310 V cm�1.

A two-component veto system rejects multi-site back-
grounds and asynchronously characterizes the radiation
environment around the WIMP target. The innermost
veto component is the xenon skin region, formed by in-
strumenting the outer 2 tonnes of LXe located between
the TPC and the inner cryostat vessel. This region is op-
tically segregated from the TPC, and scintillation light
produced in the LXe is viewed by 93 Hamamatsu R8520
100 PMTs mounted near the xenon liquid level and a fur-
ther 38 Hamamatsu R8778 200 PMTs mounted near the
bottom of the TPC. The inner surface of the inner cryo-
stat vessel is covered by a thin liner of PTFE to improve
light collection. The principal role of this skin region
is the detection of scattered gamma rays. A 3 phd re-
quirement on the scintillation signal yields an e↵ective
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Figure 3.1.1: Schematic views of the Xenon Detector. The 7-tonne active region is contained within
the TPC field cage between cathode and gate electrodes, viewed by “top” and “bottom” PMT arrays
in the vapor and liquid phases, respectively. S2 signal generation occurs between the liquid surface and
the anode (right inset). The HV connection to the cathode (left inset) uses a dedicated conduit leading
from outside of the water tank. Below the TPC, a reverse-field region grades the cathode potential to
low voltage at the bottom PMT array. The Side Skin PMT readout is shown outside of the TPC field
cage.

ergies, allowing identification of multiple scatter events and, as described in the previous Chapter, it provides
discrimination between ER and NR interactions.

Table 3.1.1 lists the key design parameters of the Xenon Detector System needed to meet the LZ scientific
requirements. An important enhancement beyond LUX is the treatment of the Skin layer of LXe located
between the PTFE-clad field cage and the cryostat inner wall, as well as the region beneath the bottom PMT
array. A high-quality dielectric stando� is needed between the high electric field regions of the field cage
and the grounded vessel wall. A few-cm-thick layer of LXe performs this role, with the added advantage
of allowing measurement of any energy deposited in this layer, from which we read out the scintillation
light. Operated as a stand-alone veto, this layer is too thin to have high e�ciency. However, the combination
of this Skin Detector and the liquid scintillator Outer Detector is highly e�cient at tagging internal and
external backgrounds. The e�ciency is further enhanced by the overall minimization of inert materials that
can absorb gamma rays and neutrons: The TPC is constructed of the minimum needed mass of PTFE and
field-shaping rings, and the vessels and PMT support structures are made of titanium. Both PTFE and Ti
have low density and atomic number, and are thus quite transparent to gamma rays. Important design drivers
for the Skin are its optical decoupling from the TPC, and compatibility between the Skin readout and the
TPC HV design.

Another area of major di�erence between the device described here and the previous LUX and ZEPLIN
detectors is the side-entry method to deliver the high-voltage connection to the cathode, and the relatively
short “reverse-field” region (RFR) between the cathode and the lower PMT array. The RFR is especially
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Figure 1.3.1: Integrated rate above threshold per tonne-year of exposure for WIMP elastic scattering
on Xe, Ge, and Ar targets for 50 GeV/c2 and 1 TeV/c2 WIMP masses and 10−47 cm2 interaction cross
section per nucleon. The green marker indicates the 1.1 keVnr WIMP-search threshold in LUX with
nominal ER/NR discrimination [30]. CDMS II searched above Ì5 keV in their Ge target [31]; selected
SuperCDMS detectors allowed a 1.6 keVnr threshold with lower discrimination [32]; CDMSlite search
for low-mass WIMPs with an electron recoil threshold down to 56 eV [22]. In LAr, the DarkSide-50
experiment has recently conducted a WIMP search above 13 keVnr [33].

Figure 1.3.2: Operating principle of the double-phase Xe TPC. Each particle interaction in the LXe (the
WIMP target) produces two signatures: one from prompt scintillation (S1) and a second, delayed one
from ionization, via electroluminescence in the vapor phase (S2). This allows precise vertex location in
three dimensions and discrimination between nuclear and electron recoils.
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Background composition: 

‣ Electron recoil backgrounds, including:


‣ Betas & gammas including Rn chain 
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double beta decay 


Backgrounds
‣ Rare event search: ~10 dark matter events/yr


‣ WIMP interactions —> nuclear recoil signal


‣ Important to control & quantify backgrounds!
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‣ Electron capture (EC) backgrounds


‣ Xe-127 and Xe-125 EC 


‣ Xe-124 double EC: half-life of 
1.1x1022 years! 

Background composition: 

‣ Electron recoil backgrounds, including:


‣ Betas & gammas including Rn chain 
decays


‣ Solar neutrino interactions and Xe-136 
double beta decay 


See back-up & Scott 
Haselschwardt’s talk 

for more details 

‣ Rare event search: ~10 dark matter events/yr


‣ WIMP interactions —> nuclear recoil signal


‣ Important to control & quantify backgrounds!
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‣ Nuclear recoil backgrounds, including:


‣ Neutrons, neutrinos


‣ Spurious instrumental effects forming accidental backgrounds

Background composition: 

‣ Electron recoil backgrounds, including:


‣ Betas & gammas including Rn chain 
decays


‣ Solar neutrino interactions and Xe-136 
double beta decay 
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average 11% in the (x, y) plane and comes primarily from
nonoperational PMTs and extraction-field nonuniformity
caused by electrostatic deflection of the gate and anode
electrodes. The S2 correction in z is due to electron at-
tachment on impurities and averages 7%. Corrected pa-
rameters are uniform across the TPC to within 3%.

To reproduce the TPC response to ER and NR
events, detector and xenon response parameters of the
nest 2.3.7 [43] ER model are tuned to match the
median and widths of the tritium calibration data in
log10S2c-S1c space, and to match the reconstructed en-
ergies of the 83mKr (41.5 keV), 129mXe (236 keV), and
131mXe (164 keV) peaks. The photon detection e�-
ciency g1 is determined to be 0.114 ± 0.002 phd/photon
and the gain of the ionization channel g2 to be 47.1 ±

1.1 phd/electron [44]. The tritium data are best mod-
eled with the nest recombination skewness model [45]
disabled, and comparisons between the tuned model and
tritium data using several statistical tests show consis-
tency throughout the full tritium ER distribution [46–49].
The nest ER model also includes e↵ects from electron
capture decays [50] when making predictions from elec-
tron capture background sources. The parameters of the
ER model were propagated to the nest NR model and
found to be in good agreement with DD calibration data,
matching NR band means and widths to better than 1%
and 4% in log10S2c, respectively. Further checks com-
paring DD and AmLi neutron calibrations agree to 1%.
Figure 1 shows the tritium and DD neutron data com-
pared to the calibrated model.

FIG. 1. Calibration events in log10S2c-S1c for the tritium
source (dark blue points, 5343 events) and the DD neutron
source (orange points, 6324 events). Solid blue (red) lines
indicate the median of the ER (NR) simulated distributions,
and the dotted lines indicate the 10% and 90% quantiles.
Thin gray lines show contours of constant electron-equivalent
energy (keVee) and nuclear recoil energy (keVnr).

The WIMP signal considered in this analysis is ex-
pected to produce low-energy, single-scatter NR signals

uniformly distributed in the TPC, with no additional sig-
nals in the TPC, skin, or OD. The following strategy is
used to obtain a clean sample of such events: exclude
time periods of elevated TPC activity or electronics in-
terference; remove multiscatter interactions in the TPC;
remove events outside an energy region of interest (ROI);
remove events due to accidental coincidence of S1 and S2
pulses; remove events with coincident signals in the TPC
and skin or OD; remove events near the TPC active vol-
ume boundaries. Methods of bias mitigation that involve
obscuring the data, such as blinding the signal region or
adding fake events (“salting”), were avoided to allow con-
trol over larger sources of systematic errors that may be
presented by a new detector. To mitigate bias in this
result, all analysis cuts were developed and optimized on
sideband selections and calibration data.
The search dataset totals 89 live days after removing

periods for detector maintenance and calibration activity,
as well as a 3% loss due to DAQ dead time and a 7% loss
to periods excised due to anomalous trigger rates. Be-
cause dual-phase xenon TPCs experience elevated rates
of activity after large S2 pulses [25, 28, 51, 52], a time
hold-o↵ is imposed to remove data taken after large S2s
and after cosmic-ray muons traversing the TPC. These
omissions result in a final search live time of 60 ± 1 d
where a WIMP interaction could be reconstructed. In
future searches, the hold-o↵ can be relaxed by optimiza-
tion with respect to analysis cuts and detector operating
conditions.
The ROI is defined as S1c in the range 3 � 80 phd,

uncorrected S2 greater than 600 phd (>10 extracted elec-
trons), and S2c less than 105 phd, ensuring that signal ef-
ficiencies are well understood and background ER sources
are well calibrated by the tritium data. Events classi-
fied as multiple scatters in the TPC are removed, as are
events with poor reconstruction due to noise, spurious
pulses, or other data anomalies.
A suite of analysis cuts targets accidental coincidence

events, henceforth called “accidentals,”, where an iso-
lated S1 and an isolated S2 are accidentally paired to
mimic a physical single-scatter event. Isolated S1s can
be generated from sources such as particle interactions in
charge-insensitive regions of the TPC, Cherenkov and flu-
orescent light in detector materials, or dark-noise pileup.
Isolated S2s can be generated from sources such as ra-
dioactivity or electron emission from the cathode or gate
electrodes, particle interactions in the gas phase or in
the liquid above the gate electrode, or drifting electrons
trapped on impurities and released with O(100ms) time
delay [52]. Analysis cuts to remove accidentals target
individual sources of isolated S1s and S2s using the ex-
pected behavior of the S1 and S2 pulses with respect
to quantities such as drift time, top-bottom asymme-
try of light, pulse width, timing of PMT hits within the
pulse, and hit pattern of the photons in the PMT ar-
rays. The cuts remove >99.5% of accidentals, measured

Electron recoils (calibration)

Nuclear recoils 
(calibration)

‣ Rare event search: ~10 dark matter events/yr


‣ WIMP interactions —> nuclear recoil signal


‣ Important to control & quantify backgrounds!

‣ Electron capture (EC) backgrounds


‣ Xe-127 and Xe-125 EC 


‣ Xe-124 double EC: half-life of 
1.1x1022 years! 

LZ First DM Results
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‣ Nuclear recoil backgrounds, including:


‣ Neutrons, neutrinos


‣ Spurious instrumental effects forming accidental backgrounds
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Background composition: 

‣ Electron recoil backgrounds, including:


‣ Betas & gammas including Rn chain 
decays


‣ Solar neutrino interactions and Xe-136 
double beta decay 
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electrodes. The S2 correction in z is due to electron at-
tachment on impurities and averages 7%. Corrected pa-
rameters are uniform across the TPC to within 3%.

To reproduce the TPC response to ER and NR
events, detector and xenon response parameters of the
nest 2.3.7 [43] ER model are tuned to match the
median and widths of the tritium calibration data in
log10S2c-S1c space, and to match the reconstructed en-
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ER model were propagated to the nest NR model and
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Figure 1 shows the tritium and DD neutron data com-
pared to the calibrated model.
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source (dark blue points, 5343 events) and the DD neutron
source (orange points, 6324 events). Solid blue (red) lines
indicate the median of the ER (NR) simulated distributions,
and the dotted lines indicate the 10% and 90% quantiles.
Thin gray lines show contours of constant electron-equivalent
energy (keVee) and nuclear recoil energy (keVnr).

The WIMP signal considered in this analysis is ex-
pected to produce low-energy, single-scatter NR signals

uniformly distributed in the TPC, with no additional sig-
nals in the TPC, skin, or OD. The following strategy is
used to obtain a clean sample of such events: exclude
time periods of elevated TPC activity or electronics in-
terference; remove multiscatter interactions in the TPC;
remove events outside an energy region of interest (ROI);
remove events due to accidental coincidence of S1 and S2
pulses; remove events with coincident signals in the TPC
and skin or OD; remove events near the TPC active vol-
ume boundaries. Methods of bias mitigation that involve
obscuring the data, such as blinding the signal region or
adding fake events (“salting”), were avoided to allow con-
trol over larger sources of systematic errors that may be
presented by a new detector. To mitigate bias in this
result, all analysis cuts were developed and optimized on
sideband selections and calibration data.
The search dataset totals 89 live days after removing

periods for detector maintenance and calibration activity,
as well as a 3% loss due to DAQ dead time and a 7% loss
to periods excised due to anomalous trigger rates. Be-
cause dual-phase xenon TPCs experience elevated rates
of activity after large S2 pulses [25, 28, 51, 52], a time
hold-o↵ is imposed to remove data taken after large S2s
and after cosmic-ray muons traversing the TPC. These
omissions result in a final search live time of 60 ± 1 d
where a WIMP interaction could be reconstructed. In
future searches, the hold-o↵ can be relaxed by optimiza-
tion with respect to analysis cuts and detector operating
conditions.
The ROI is defined as S1c in the range 3 � 80 phd,

uncorrected S2 greater than 600 phd (>10 extracted elec-
trons), and S2c less than 105 phd, ensuring that signal ef-
ficiencies are well understood and background ER sources
are well calibrated by the tritium data. Events classi-
fied as multiple scatters in the TPC are removed, as are
events with poor reconstruction due to noise, spurious
pulses, or other data anomalies.
A suite of analysis cuts targets accidental coincidence

events, henceforth called “accidentals,”, where an iso-
lated S1 and an isolated S2 are accidentally paired to
mimic a physical single-scatter event. Isolated S1s can
be generated from sources such as particle interactions in
charge-insensitive regions of the TPC, Cherenkov and flu-
orescent light in detector materials, or dark-noise pileup.
Isolated S2s can be generated from sources such as ra-
dioactivity or electron emission from the cathode or gate
electrodes, particle interactions in the gas phase or in
the liquid above the gate electrode, or drifting electrons
trapped on impurities and released with O(100ms) time
delay [52]. Analysis cuts to remove accidentals target
individual sources of isolated S1s and S2s using the ex-
pected behavior of the S1 and S2 pulses with respect
to quantities such as drift time, top-bottom asymme-
try of light, pulse width, timing of PMT hits within the
pulse, and hit pattern of the photons in the PMT ar-
rays. The cuts remove >99.5% of accidentals, measured

Electron recoils (calibration)

Nuclear recoils 
(calibration)

I’ll focus on a few key backgrounds

‣ Rare event search: ~10 dark matter events/yr


‣ WIMP interactions —> nuclear recoil signal


‣ Important to control & quantify backgrounds!

‣ Electron capture (EC) backgrounds


‣ Xe-127 and Xe-125 EC 


‣ Xe-124 double EC: half-life of 
1.1x1022 years! 

LZ First DM Results

PRL 131, 041002 (2023)

https://arxiv.org/abs/2207.03764
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‣ Major background: beta decays from 
U-238 (Rn-222) and Th-232 (Rn-220) 
chains


‣ Largest contribution: Pb-214 naked 
betas 

‣ Rn-222 diffuses further than Rn-220


‣ Extensive mitigation:


‣ Screening of detector materials 


‣ Radon-reduced clean room (~2000x 
reduction) at the SURF Surface 
Assembly Laboratory (SAL)


‣ In-line Radon Removal System (iRRS)


‣ Resulting Pb-214 activity in TPC ~ 4 μΒq/
kg

A preliminary measurement of the tower after integration found a very high radon
activity in the reservoir side, possibly due to a leak into the system from laboratory
air. As a precautionary measure, the reservoir vessel was flushed with a concentrated
solution designed for removing radioactive contamination (RadiacwashTM) and rinsed
with deionized water. The portable radon trap was then deployed underground to
measure the two sides of the complete xenon tower prior to the installation of the
purity monitor and found a total emanation rate of 3.14+0.86

�0.81mBq.

Figure 7: Approximate schematic of LZ highlighting key sub-systems and xenon circulation paths
in and out of the ICV. The diagram condenses some of the key radon emanation measurements that
will contribute to the overall radon budget of LZ. The results presented in green text are directly
from measurements and those in black show summed results for that particular component. All
of the results shown are measurements made at room temperature and do not include any radon
removal or cold temperature suppression expected under operational conditions.

5.4. GdLS screener for the Outer Detector (OD)

Achieving a low level of radioimpurities in the 17.3 t of GdLS used in the LZ
OD is crucial for its performance as both an e↵ective monitor of the experiment’s

42

LZ radioactivity & cleanliness controls program 

Eur. Ph. Journal C, vol. 80, 1044 (2022)

https://arxiv.org/pdf/2006.02506
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‣ Operational control can create predictable flow state: 


‣ Velocity ~ O(10 μm/s)


‣ Flow mapping with Rn-222/Po-218 pairs 


‣ Flow map can be used to predict the path of Pb-214 and 
isolate its decays


LZ Preliminary LZ Preliminary 
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‣ Pb-214 tag efficiency: 60 +/- 4% efficiency in Low Mixing state


‣ Efficiency determined high energy alpha fits


‣ Tagged events are not removed, but included in the likelihood as a separate bin


‣ Useful sideband to understand backgrounds


‣ Untagged exposure with stable flow has a remaining Pb-214 activity of 1.8 +/- 0.3 μBq/kg 
—> 2x reduction!

1.8 tonne-yr 
exposure

0.3 tonne-yr 
exposure

WS2024 dataset with MC signal & backgrounds overlaid

Xe124

Accidental model

40 GeV WIMP

ER backgrounds
LZ Preliminary LZ Preliminary 
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‣ Neutron sources:


‣ Radioactivity in detector 
components & cavern


‣ Muon-induced sources


‣ Dedicated Outer Detector (OD) with 
gadolinium-doped liquid scintillator to 
veto neutrons


‣ High neutron capture cross-section


Proton recoil (LAB)

Neutron capture 
gamma

Outer Detector

TPC

Skin 
Detector

AmLi neutron source event

LZ Technical Design Report 1.6 Dominant Backgrounds

Figure 1.6.1: Total NR background plus ER leakage from material radioactivity for sources external to
the LXe in the TPC, counted over a 6 keV to 30 keV acceptance region; a discrimination efficiency of
99.5% is applied to ERs from beta decays and gamma rays. Left: Single scatters only, no vetoing by the
anti-coincidence systems. Right: Adding the combination of both the skin veto and the outer detector.
The dashed line shows the boundary of the 5.6 tonnes fiducial mass.

Two main factors determine how far the fiducial boundary should lie from the lateral TPC walls. The prime
consideration is to ensure a su�ciently thick layer of LXe to self-shield against the external radioactivity
backgrounds. This is related to the mean attenuation length for those particles: Figure 1.3.5 confirmed that
Ì2 cm of liquid decreases the � -ray background tenfold, and as much as Ì6 cm is needed to mitigate neutrons
by the same factor. However, the outer detector is very e�cient for neutron tagging, which brings these two
requirements closer together.

Secondly, it is essential that the reconstructed (x,y) positions of low-energy interactions occurring near
the TPC walls do not "leak" into the fiducial volume. As mentioned above (and discussed in Chapter 3)
interactions from radon progeny plating the lateral PTFE are of particular concern: These can generate
events with very small S2 signals due to trapping of charge drifting too close to the PTFE. If allied with poor
position resolution, this can constitute a very challenging background [35]. In the vertical direction, only
the former consideration arises. We point out that the reverse field region below the cathode will provide
much of the required self-shielding (>14 cm), whereas at the top, the small thickness of liquid above the gate
(0.5 cm) will have a limited impact.

Figure 1.6.1 shows the simulated background rate from material radioactivity in the WIMP region of inter-
est (6 keV to 30 keV) as a function of radius squared and height above the cathode grid. Nuclear and electron
recoil backgrounds were combined, with 50 % acceptance applied to the former and 99.5 % discrimination
applied to the latter. The neutrino and dispersed background contributions listed in Table 1.6.1 are omitted
from Figure 1.6.1 because they populate the figures uniformly.

The left panel of Figure 1.6.1 shows the rate of material backgrounds when neither of the outer detector
systems, the LXe skin nor the outer detector, is utilized. The background-free region in the central TPC
is small, and comprises about one-half of the 7 tonnes of active liquid xenon. The right panel shows the
background rates after the application of the two outer detector systems, which enlarge considerably the
background-free region. The event totals in Table 1.6.1 are computed from the events inside the fiducial
volume enclosing 5.6 tonnes delineated by the dashed line in Fig. 1.6.1.
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Simulated NR background (including ER leakage)




Figure 2: A schematic of the calibration deployment methods used for category A-E isotopes in
Table 1 (items are not shown to scale). Due to the variation in the physical size, form factors, and
production mechanism of the calibration sources, different hardware and deployment methods are
required.

getter every 3 days. The getter is also critical for the removal of methane-based radioactive gaseous
sources after their deployment for electronic recoil calibrations, as will be discussed in section 3.3.
As the purification takes place in the gas-phase, xenon has to be continuously evaporated and
condensed. Condensation and evaporation happen in the liquid xenon tower, which features a heat
exchanger for efficient liquid-gas interface handling. The circulation is driven by two all-metal
diaphragm gas compressors (model A2-5/15 from Fluitron) [37]. The purified and re-condensed
xenon is delivered into the bottom of the ICV via two transfer lines. One feeds the TPC directly;
the other allows flow into the Skin. Cryovalves allow the flow into these regions to be adjusted. At
the top of the TPC, LXe spills over a set of six weirs. The spillover is collected in three drain lines
which combine into one transfer line, returning the liquid in the circulation system for purification.

Gaseous sources for internal calibrations can be injected/pushed into the circulation flow path
before or after the getter, as required by the source type. They then flow into the main circulation
system and enter the TPC at controlled dose via seven LXe inlet ports beneath the TPC, as will be
detailed below.

3.2 Dispersed Sources

LZ uses several gaseous calibration radioisotopes which are injected (pushed by flowing high
pressure xenon gas) into the main xenon circulation system. The circulation flow then carries the
injected radioactivity to the condensing stage, and finally with the LXe into the TPC volume itself.
This deployment of calibration isotopes directly into the TPC volume is desired for several reasons,

– 5 –

Neutron veto

12

‣ Use neutron calibration sources deployed in CSD system 
to understand veto efficiency


‣ AmLi veto efficiency: 89 +/- 3% 

‣ Background neutron veto efficiency with AmLi 
measurement input: 92 +/- 4% 

‣ Can also use veto tag to construct sideband which 
constrains neutron rate


‣ Best-fit neutron counts in WS2024: 0.0 +/- 0.2
Figure 12: Left: Three custom-made AmLi sources used in LZ. The gold-americium-lithium matrix
is encapsulated in nested tungsten and stainless steel capsules, which are designed to integrate with
the CSD system and provide gamma-radiation suppression. The welds on the outer stainless-steel
capsules are visible in the picture. Right: Two customized AmBe sources from Eckert & Ziegler
designed for LZ. The stainless steel threaded capsules were designed to integrate in the CSD system
and shield against low energy gammas from 241Am decay.

Figure 13: Detector response to the AmLi source in LZ. The solid (dashed) blue line is the median
(90-10% quantiles) of a flat ER distribution modelled using ���� 2.3.7 [57]. The solid (dashed)
red line is the median (90-10% quantiles) of an NR band fitted to the AmLi data using a skewed
Gaussian distribution [58]. The dashed grey lines are contours of constant energies. Only data
points within 5-sigma of the fitted AmLi distribution are shown.

– 18 –

LZ Calibrations paper
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Accidental backgrounds

A. Fan

Accidental pairing of random isolated S1s and S2s mimic real single scatters

Random isolated S1s Random isolated S2s

PMT dark count pile-up

Events in gas phase

Cherenkov light in PMTs 
or PTFE

Fluorescence of PTFE

Light leaks from outside 
TPC

Charge-insensitive 
regions near walls

Charge-insensitive 
regions below cathode

Events in gas phase

Events in liq. above gate

e- emission from grids

Sub-S1-threshold ER 
events

Delayed e- after S2s

Radioactivity from gate 
and cathode grids

Background: Accidental coincidence events

13

“Remove as much as possible. Model the rest.”

Efficiency of data quality cuts to remove accidentals: >99.5%
Data-driven accidentals background: 1.2 ± 0.3 events

Accidentals PDF 
derived from bootstrap simulation

Figure credit: N. Angelides 
& K. Stifter

‣ Low energy background


‣ Spurious S2s are a key 
background for low energy S2-
only searches!

13

‣ Many sources of 
spurious S1s and 
S2s


‣ Can randomly pair 
together within a drift 
time—> Accidental 
S1-S2 event

Max drift time



Accidental backgrounds: grid emission

‣ Likely origin: gate electrode


‣ See photon ~2.2 us before S2, 
corresponding to drift time 
between gate and liquid surface

Preliminary

14

‣ Example of spurious S2 
source: “hotspots”, or 
localized electron emission


‣ S2 rates spike in hotspots

Gate

Anode
Liquid surface

Extraction region only dataset 
(cathode off)

LZ Preliminary 

LZ Preliminary 

LZ Preliminary 



Accidental modeling

‣ Dedicated cuts to target anomalous 
signatures remove ~99.5% of accidentals


‣ Cuts were tuned on calibration data & 
sidebands


‣ Remaining events are modeled by 
producing “Chopstitch” events from 
spurious S1s and S2s from data —> 
generate PDF 

‣ Events combined at waveform level
15

Accidental Chopstitch 
distribution after cuts

LZ Preliminary 

LZ Preliminary 



Accidental modeling

16

‣ To constrain the rate & to 
validate the model, use 
Unphysical Drift Time (UDT) events


‣ Validate Chopstitch distributions 
with UDT distributions

Predicted accidental counts in WS2024: 
2.8 +/- 0.6 in 220 live days (0.14 μHz)

LZ Preliminary 

LZ Preliminary 

LZ Preliminary 



Summary

17

‣ Backgrounds in LZ are 
mitigated through


‣ Design choices


‣ Radioassay and cleanliness 
program


‣ Analysis techniques


‣ Strong understanding of 
backgrounds and background 
modeling enable world-leading 
dark matter sensitivity


‣ Outlook for full LZ exposure is 
promising


‣ Thank you!



LZ (LUX-ZEPLIN) Collaboration: 38 Institutions 
    250 scientists, engineers, and technical staff

● Black Hills State University 
● Brookhaven National Laboratory 
● Brown University 
● Center for Underground Physics 
● Edinburgh University 
● Fermi National Accelerator Lab. 
● Imperial College London 
● King’s College London 
● Lawrence Berkeley National Lab. 
● Lawrence Livermore National Lab. 
● LIP Coimbra 
● Northwestern University 
● Pennsylvania State University 
● Royal Holloway University of London 
● SLAC National Accelerator Lab. 
● South Dakota School of Mines & Tech 
● South Dakota Science & Technology  Authority 
● STFC Rutherford Appleton Lab. 
● Texas A&M University 
● University of Albany, SUNY  
● University of Alabama 
● University of Bristol 
● University College London 
● University of California Berkeley  
● University of California Davis 
● University of California Los Angeles 
● University of California Santa Barbara 
● University of Liverpool 
● University of Maryland 
● University of Massachusetts, Amherst 
● University of Michigan 
● University of Oxford 
● University of Rochester 
● University of Sheffield 
● University of Sydney 
● University of Texas at Austin  
● University of Wisconsin, Madison 
● University of Zürich 

●      US        Europe        Asia        Oceania

https://lz.lbl.gov/

@lzdarkmatter

Check out other LZ talks!

• LZ Status talk by Scott Haselschwardt

• Millicharged particle search talk by 

Yongheng Xu



Backup
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Background model fit (WS2024)

20
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Radon details

21

‣ Pb-214 rate estimates: 

‣ (1) Measure rate from Po-218 
alphas & model flow


‣ (2) Fit to single scatter 
distribution in side band


‣ Spectrum comes from 
arXiv:2007.1368

‣ Flow map: 
‣ Apply loose selection to select 

pairs close in time and position

‣ Separate charged and neutral 

Po-218 using the vertical velocity 
information 


‣ Rn-222 and Po-218 pairs can 
then be used to measure fluid 
flow for neutral & charged 
separately


‣ Tagged volume increases with 
time after initial decay

9

Neutral
Volume t=5

min
Neutral
Volume t=15

min

Neutral
Volume t=25

min
t=0 min

Po218

214Pb

214Pb

214Pb+

214Pb+

214Pb+

Charge
 Volume

t=5 min

Charge
 Volume

t=15 min

Charge
Volume t=25

min

214Pb

FIG. 8. Illustration of a 218Po-214Pb search from the initial
decay following a neutral (black dashed line) and charged ion
trajectory (red dotted line), not drawn to scale. As the best
estimate of the 214Pb position moves along the streamline
the search volume for the 214Pb decay expands. The rate of
expansion is chosen to reflect the flow uncertainty along the
path, as precisely defined by Eq. 6.

A. Tuning 218Po-214Pb Spatial Coincidence Cut571

Pair selection tuning over the timelines of interest572

is done with 222Rn-218Po and 218Po-214Po coincidences.573

These searches are done over 21 min and 81 min, respec-574

tively. Both of these timescales correspond to roughly575

where we observe good and unrelated pairs in equal parts576

for the specific decay pairs, as shown in Fig 11. Only neu-577

tral 218Po-214Po are used for the neutral streamline selec-578

tion volume design, as neutral 222Rn-218Po pairs are the579

basis of the flow model. Both decay pairings will be used580

to tune charged pair acceptances. 218Po-214Po driven se-581

lections involve a long time separation and exhibit “semi-582

charged” branching where 214Pb and 214Bi charge states583

do not match. Semi-charged paths are not expected to584

be well tracked by either neutral or charged streamlines,585

so charged 222Rn-218Po will prove essential to selection586

cut design. Unrelated pair distributions are estimated587

with a 24 hour shifted search for all pairs considered in588

Sec. V. All selections will be developed in terms of spatial589

deviations from streamlines (e.g. �Xs ⌘ X�Xs), where590

Xs is the streamline position at the time of the decay.591

The neutral and charged streamline selections are de-592

fined with the same functional form:593

�XYs =
p
�X2

s +�Y 2
s < g + h(1� exp(��T/))

|�Zs| < i+ j(1� exp(��T/�)),
(6)

where the parameters for the neutral case are:

g = 15 mm, h = 40 mm,  = 800 s,

i = 30 mm, j = 30 mm, � = 800 s,

and those tuned independently to the charged case are:

g+ = 15 mm, h+ = 30 mm, + = 144 s,

i+ = 20 mm, j+ = 100 mm, �+ = 600 s.

Neutral streamlines are investigated first with the594

more prominent 218Po-214Po signal populations in the595

background-subtracted distributions shown in Fig. 9.596

Vertical deviations show a bifurcation into two bands:597

one centered near zero being well tracked by the neutral598

streamlines, and a charged or semi-charged population599

not targeted with neutral streamlines, extending down600

from the neutral band. The neutral population of inter-601

est represents branching to neutral 214Pb and 214Bi, as602

well as cases where one or both were charged and very603

short-lived. The o↵set from 0 in the bottom right panel of604

Fig. 9 is most likely due to S1-based position reconstruc-605

tion, used extensively for 214Bi-214Po coincidences. The606

bottom left panel shows neutral streamline successfully607

tracking the neutral populations horizontal positions to608

better than 50 mm over an hour. The larger horizon-609

tal deviations (between 50–200 mm) in the upper left610

panel indicates poorer agreement for charged 214Pb+ or611

214Bi+ when tracked by the neutral lines as a result of612

Z-dependent flow patterns.613

Similar signal populations can be identified in Fig. 10614

for charged streamlines. A significant di↵erence to the615

neutral streamlines is that the large negative vertical616

velocities cause all charged ions to reach the cathode617

within 64 minutes, so we truncate charged searches at618

that time. A semi-charged population is observed just619

as in the neutral case, through a smeared signal region620

for 214Po vertical deviations (top-right panel in Fig. 10).621

Comparing the upper left and bottom left panels we see622

large horizontal deviations disappear after application of623

a vertical selection, indicating neutral progeny are poorly624

tracked by charged streamlines. The spread in charged625

ion drift velocities, as well as a very prominent semi-626

charged branching makes use of 222Rn-218Po charged627

pairs necessary to design a precise vertical position error628

cut. The substitution of 222Rn-218Po for 218Po-214Po629

is imperfect, as evaluating the charged streamline ver-630

tical deviations on timescales longer than 15 minutes is631

not immediately possible and the selection is projected632

outward to 64 minutes.633

https://arxiv.org/pdf/2007.13686


Accidental chopstitch vs UDT agreement
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‣ Demonstrated agreement between chopstitch and UDT 
distributions

LZ Preliminary 

LZ Preliminary 

LZ Preliminary 

LZ Preliminary 
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Chopstitch distributions
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Effect of accidentals on the limit
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‣ Tests conducted to probe effect of accidentals 
on limit


‣ (1) Effect of removing fit constraint on 
accidentals 


‣ Best-fit counts: 1.4


‣ (2) Effect of removing constraint & accidentals-
like event in WS2024 dataset


‣ Best-fit counts: 0


‣ (3) Effect of adding two accidentals events

LZ Preliminary LZ Preliminary 

LZ Preliminary 



Accidental-like event test

‣ Probability of seeing 1 event in 
region 2 and 0 events in region 1: 4.4 
-0.1/+1.2 %

25
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Electron Capture (EC) backgrounds

26

‣ Xe-127, Xe-125 activation backgrounds 
produce ER backgrounds through 
electron capture (EC)

‣ Auger electron & x-rays result in 

dense track —> more 
recombination (fewer electrons for 
S2)


‣ Lower charge yield relative to betas

‣ Effect for Double EC Xe-124 LL 
expected to be even more pronounced


‣ Charge suppression incorporated as 
nuisance parameter 


‣ Constraint varies between size of 
effect with single EC and effect 
assuming twice the track density

LZ Preliminary 



Electron Capture (EC) backgrounds
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‣ Electron capture process:


‣ Electron captured by nucleus 


‣ Vacancy is filled from an outer 
shell electron, energy is released 
as an x-ray or transferred to 
another electron (Auger 
electron)


‣ Excited nuclear state which can de-
excite through gamma or internal 
conversion electron


‣ Electron capture usually from the K 
shell


‣ Lower charge yield relative to 
equivalent energy betas has been 
measured by XELDA and LUX

3

The 127Xe decays via electron capture (EC), in which
its nucleus absorbs one of the atomic electrons. Follow-
ing this EC, the possible initial states and subsequent
decays of the daughter nucleus, 127I, are shown in Fig. 1.
The 127I is left in its 375 keV 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. Nu-
clear de-excitation 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 to-
tal 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 ultra-low en-
ergy ER calibration.

Our analysis focuses on the 127Xe decay events that in-
volve a single gamma-ray emission followed by an atomic
cascade. The two energy depositions are su�ciently spa-
tially 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 de-excitation signals to
always spatially overlap [7]. The sub-dominant compo-
nent of decays with multiple gamma-ray emission are not
considered, as the complexity of their event energy recon-
struction leads to unnecessary systematic uncertainties in
the analysis.

Xe I

νe γ-ray

cascade X-ray 
/ Auger electron

127127

FIG. 2. A schematic illustrating atomic electron capture
(a K-shell electron in this case), for a 127Xe nucleus, which
is converted into 127I in an excited state. The excited 127I
nucleus can subsequently de-excite via emission of one or
more gamma rays (or IC electrons). The atomic structure
de-excites through X-ray (or Auger electron) cascade emis-
sions.

The nuclear and atomic de-excitations of 127I can be
treated as prompt (ns timescale [25]) and simultaneous
processes in the LUX detector, given the subsequent Xe
scintillation light (S1) emission with timescales charac-

terized by 10’s of ns and the data acquisition (DAQ) sys-
tem’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, distinguished from single-scatter events in which
there is only one particle interacting with LXe once, such
as WIMP-Xe interaction.
The mean free path (MFP) in the LXe for gamma rays

at 203 keV and 375 keV is 0.93 cm 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 are therefore predominantly
defined by the gamma-ray travel direction and distance
in the LXe volume. Schematics of a typical 127Xe EC
event in the LUX detector are shown in Fig. 3.

Gas Xe Gas Xe Gas Xe

Liquid Xe Liquid Xe Liquid Xe

e drift direction

e drift direction

e drift direction

X-ray 
(EC site)

X-ray (EC site)

X-ray (EC site)

γ-ray γ-ray γ-ray

PMT PMT PMT

FIG. 3. Schematics (not to scale) of 127Xe 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).

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 (Ly) 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 sig-
nals. 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 separation 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

arXiv:1709.00800

‣ Xe-124 DEC LL and LM are in the 
energy range for the WIMP search

https://arxiv.org/pdf/1709.00800


Accidental & data quality cuts

‣ Dedicated cuts to target 
anomalous signatures


‣ Several categories of cuts


‣ Lifetime hold-offs removing 
periods after specific events 
(e.g. e/photon trains) are  
applied


‣ Periods with high rates of 
detector activity (e.g. grid 
emission) or detector operation 
problems were removed


‣ S1 & S2 pulse cuts targeting 
anomalous pulses were also 
developed

28
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• Large pulses in the detector are followed by a so-
called “train” of signals

• Consists of a decaying rate of both small S2s 

and S1s (electrons & photons)

• Mitigate this background with an analysis hold-

off period after detecting a large S1/S2 pulse

• Decaying electron rate has been characterized and 

follows a power law (as seen in other LXe 
experiments)


• ~ 10% of livetime removed due to veto

LZ First Results Hugh Lippincott, UCSB and Aaron Manalaysay, LBL

● The rate of single photons and 
single electrons in a train depends 
on the size of the progenitor S2 
pulse.

● We veto live time (gray bands) 
following large S2s (red dots)

Data Quality - pulse trains

49

 

 

  

Progenitor S2

Subsequent photon rate

Accidental backgrounds: Delayed electrons/photons

Electron rate following a 
progenitor S2
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LZ First Results Hugh Lippincott, UCSB and Aaron Manalaysay, LBL

● The rate of single photons and 
single electrons in a train depends 
on the size of the progenitor S2 
pulse.

● We veto live time (gray bands) 
following large S2s (red dots)

Data Quality - pulse trains

49

 

 

  

Example of “e/photon train” event



214Pb Øs

Other Øs + material ∞s

Solar ∫ ER

127Xe +125 Xe EC
+124Xe DEC

136Xe 2∫ØØ

Electron Recoil
Backgrounds
WS2024 All

Other beta backgrounds
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‣ Pb-212 (Rn-220 daughter)

‣ Measure Po-212 alphas to 

constrain rate 

‣ Po-218 (Rn-222 daughter)

‣ Infrequently Po-218 beta 

decays (to At-218)

‣ Po-218 alphas are measured 

and used to inform Po-218 
beta decay rate 


‣ Kr-85 & Ar-39

‣ Extensive Kr removal 

program using charcoal 
chromatography at SLAC to 
reduce to ~100 ppq


‣ Measure natural Kr and Ar in 
xenon sampling, then 
calculate relevant isotopic 
amounts

‣ CH3T/C-14 from calibration 
injections (predictable decay rate)


‣ Other detector ERs (including 
material gammas) are simulated and 
normalized using high energy fits


