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Introduction to LZ
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• LZ is based 4850 ft underground at the Sanford 
Underground Research Facility (SURF) in Lead, SD

• LZ is a dark matter direct detection experiment

- Primarily designed for WIMPs, but has 
considerable sensitivity to other new physics

• Central detector: dual-phase xenon time 
projection chamber (TPC) with 7 t active xenon

• “Skin” & outer detector (OD) active vetoes 

• The detectors have been commissioned and 
science data-taking is underway

Liquid xenon TPC

Outer veto detector: 
Gd-doped liquid 

scintillator 

Liquid xenon “Skin” 
veto detector

j.nima.2019.163047

https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032?via=ihub
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TPC Detection Principle
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• Interactions in the xenon create

- Light - prompt scintillation - S1

- Charge - electrons drifted and extracted into 
gas -> proportional scintillation - S2

• Excellent 3D position reconstruction (~mm)

- Z from time difference between S1 and S2

- XY from S2 hit pattern on top PMT array

• S2:S1 ratio - discriminate electronic recoils (ERs) 
from potential WIMP nuclear recoils (NRs)

S1

S2
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Background Mitigation
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FIG. 6. Single scatter event distributions for all NR backgrounds in the region of interest relevant to a 40 GeV/c2 WIMP
(approximately 6–30 keV) with no vetoing (left) and after application of both xenon skin and OD vetoes (right). The integrated
counts for the 5.6 tonne fiducial volume (dashed line) are reduced from 12.31 cts/1000 days with no vetoing to 1.03 cts/1000 days
after application of the vetoes.

S1-like signals from Cherenkov light generated in the
PMT quartz windows (e.g. from energetic betas or Comp-
ton electrons from 40K decays internal to the PMTs [71])
were also considered. Such signals can combine with S2-
only events to create fake S1-S2 pairs that populate the
WIMP search region of interest as low-energy NR-like
events. Fortunately, the majority of these Cherenkov sig-
nals can be readily identified based on their timing and
PMT hit patterns, typically possessing a spread in arrival
times of less than 10 ns with the majority of the light de-
tected in the source PMT. These characteristics and the
above S2-only rate lead to a projection of 0.2 events in a
1000 day run.

G. Spatial distribution of NR backgrounds and
e↵ect of the vetoes

The spatial distribution of single scatter NR events
from all significant background sources is shown in Fig. 6
before (left) and after (right) application of the veto de-
tectors. Neither the low-energy 8B and hep events nor the
sharply falling radial wall events are included in Fig. 6.
Without the veto system, the rate of NR events increases
by a factor of around 10, severely impacting the sensitiv-
ity and discovery potential of LZ. A reduction in fiducial
mass to approximately 3.2 tonnes would be necessary to
reduce the NR rate to that achievable with the veto sys-
tem and the full 5.6 tonne fiducial mass.

V. WIMP SENSITIVITY

The LZ projected sensitivity to SI and SD WIMP-
nucleon scattering is calculated for an exposure of

1000 live days and a fiducial mass of 5.6 tonnes. The
sensitivity is defined as the median 90% confidence level
(CL) upper limit on the relevant WIMP-nucleon cross
section that would be obtained in repeated experiments
given the background-only hypothesis. It is evaluated
using the Profile Likelihood Ratio (PLR) method [72]
that provides near-optimal exploitation of the di↵erences
between signal and background, based on the position-
corrected signals S1c and S2c. For these projections no
position information is included in the list of PLR ob-
servables and instead the simple cylindrical fiducial vol-
ume cut described in Sec. III is applied, containing 5.6
tonnes of LXe. A scan over cross section is performed
for each WIMP mass, and the 90% confidence interval
is obtained by performing a frequentist hypothesis test
inversion using the RooStats package [73]. For the limit
projections shown here, a one-sided PLR test statistic for
upper limits is used, cf. equation (14) in [72]; for evalu-
ating discovery potential a test statistic for rejecting the
null hypothesis is used, following equation (12) in [72].

An 11-component background model is built for the
PLR based on the estimates described in Sec. IV and
shown in Table IV. Contributions from detector compo-
nents and environmental backgrounds are summed to-
gether into a single Det. + Env. component. Also shown
in Table IV are systematic uncertainties on the normal-
ization of each background. The uncertainties on the
Det. + Env. component are estimated from the counting
and simulation results, those on the neutrino components
are primarily flux uncertainties, those on the radon con-
tribution come from uncertainty in the branching ratio
of 214Pb and 212Pb to their respective ground states, and
those on 85Kr and 136Xe from uncertainty on the spectral
shapes at low energies. These systematics are treated as
nuisance terms in the PLR calculation, but they do not
have a significant e↵ect on the sensitivity because of the
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FIG. 6. Single scatter event distributions for all NR backgrounds in the region of interest relevant to a 40 GeV/c2 WIMP
(approximately 6–30 keV) with no vetoing (left) and after application of both xenon skin and OD vetoes (right). The integrated
counts for the 5.6 tonne fiducial volume (dashed line) are reduced from 12.31 cts/1000 days with no vetoing to 1.03 cts/1000 days
after application of the vetoes.

S1-like signals from Cherenkov light generated in the
PMT quartz windows (e.g. from energetic betas or Comp-
ton electrons from 40K decays internal to the PMTs [71])
were also considered. Such signals can combine with S2-
only events to create fake S1-S2 pairs that populate the
WIMP search region of interest as low-energy NR-like
events. Fortunately, the majority of these Cherenkov sig-
nals can be readily identified based on their timing and
PMT hit patterns, typically possessing a spread in arrival
times of less than 10 ns with the majority of the light de-
tected in the source PMT. These characteristics and the
above S2-only rate lead to a projection of 0.2 events in a
1000 day run.

G. Spatial distribution of NR backgrounds and
e↵ect of the vetoes

The spatial distribution of single scatter NR events
from all significant background sources is shown in Fig. 6
before (left) and after (right) application of the veto de-
tectors. Neither the low-energy 8B and hep events nor the
sharply falling radial wall events are included in Fig. 6.
Without the veto system, the rate of NR events increases
by a factor of around 10, severely impacting the sensitiv-
ity and discovery potential of LZ. A reduction in fiducial
mass to approximately 3.2 tonnes would be necessary to
reduce the NR rate to that achievable with the veto sys-
tem and the full 5.6 tonne fiducial mass.

V. WIMP SENSITIVITY

The LZ projected sensitivity to SI and SD WIMP-
nucleon scattering is calculated for an exposure of

1000 live days and a fiducial mass of 5.6 tonnes. The
sensitivity is defined as the median 90% confidence level
(CL) upper limit on the relevant WIMP-nucleon cross
section that would be obtained in repeated experiments
given the background-only hypothesis. It is evaluated
using the Profile Likelihood Ratio (PLR) method [72]
that provides near-optimal exploitation of the di↵erences
between signal and background, based on the position-
corrected signals S1c and S2c. For these projections no
position information is included in the list of PLR ob-
servables and instead the simple cylindrical fiducial vol-
ume cut described in Sec. III is applied, containing 5.6
tonnes of LXe. A scan over cross section is performed
for each WIMP mass, and the 90% confidence interval
is obtained by performing a frequentist hypothesis test
inversion using the RooStats package [73]. For the limit
projections shown here, a one-sided PLR test statistic for
upper limits is used, cf. equation (14) in [72]; for evalu-
ating discovery potential a test statistic for rejecting the
null hypothesis is used, following equation (12) in [72].

An 11-component background model is built for the
PLR based on the estimates described in Sec. IV and
shown in Table IV. Contributions from detector compo-
nents and environmental backgrounds are summed to-
gether into a single Det. + Env. component. Also shown
in Table IV are systematic uncertainties on the normal-
ization of each background. The uncertainties on the
Det. + Env. component are estimated from the counting
and simulation results, those on the neutrino components
are primarily flux uncertainties, those on the radon con-
tribution come from uncertainty in the branching ratio
of 214Pb and 212Pb to their respective ground states, and
those on 85Kr and 136Xe from uncertainty on the spectral
shapes at low energies. These systematics are treated as
nuisance terms in the PLR calculation, but they do not
have a significant e↵ect on the sensitivity because of the

• Material selection - ~2000 assays; radon emanation & neutron activation analysis

• Cleanliness protocols - Rn-reduced cleanroom assembly -> limit surface contamination

• Xenon purification - charcoal chromatography; online radon reduction & getter usage

• Analysis cuts - fiducialisation, single scatter, energy ROI, veto anti-coincidence

No vetoes: 
10.4 NR cts/
1000 days 

With vetoes:  
1.0 NR cts/ 
1000 days 

EPJC, Vol 80: 1044 (2020)

https://link.springer.com/article/10.1140/epjc/s10052-020-8420-x
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WIMP Sensitivity
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90% CL minimum:  
1.4 x 10-48 cm2 at 40 GeV/c2

Source ER [cts] NR [cts]

Total 1131 1.03

+ 99.5% ER 
discrimination, 

50% NR efficiency
5.66 0.52

For full exposure (1000 days * 5.6 t):

Background counts after analysis 
cuts in the 40 GeV/c2 WIMP ROI

PRD 101, 052002 (2020)
j.astropartphys.2020.102480

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.101.052002&v=5ba60b08
https://www.sciencedirect.com/science/article/abs/pii/S0927650520300529
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Physics Reach Beyond WIMPs
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Solar Axions

Neutrino Magnetic 
Moment 

Neutrino Magnetic Moment & 
Effective Millicharge

136Xe Neutinoless Double Beta Decay

• Low energy ER - competitive for solar axions; neutrino µν, qν; axion-like particles + more 

• High energy ER - 134Xe 2νββ & 0νββ ,136Xe 0νββ + exotic decay modes (see Z. Tong’s talk)
PRD 104, 092009 (2021),  PRC 102, 014602 (2020),  PRC 104, 065501 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092009
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevC.102.014602&v=a0bfe551
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.065501
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Construction & Commissioning Timeline
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TPC & Skin integration in the  
Surface Assembly Laboratory (SAL)

OD acrylic tanks 
underground

Inner cryostat vessel (ICV), 
housing TPC, underground 

2018 2019
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High voltage installed;  
ICV sealed & under vacuum

OD PMT & Tyvek 
Installation Detector Commissioning 

Construction & Commissioning Timeline

2020 2021
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Commissioning Activities
• TPC detector levelled & grids biassed in liquid

~190 V/cm drift & ~7.5 kV/cm gas fields established

• Data processing chain exercised with first S1+S2s

• Data acquisition & trigger settings tuned

• PMT operations & characterisation

- LED measurements for e.g. afterpulsing and  
single photoelectron (SPE) studies

- PMTs gain-matched and gain drifts monitored

- Dark count & DPE analyses (see A. Baker’s talk)

9

Preliminary

Preliminary
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Calibrations
• Different deployment systems available

- Circulation panel for injection into Xe

- Vertical source tubes between TPC & 
Skin for commercial rod sources 

- DD neutron generator + TPC conduits 
(see J. Orpwood’s poster)

• Calibrations can be used to inform

- Energy scale in all three detectors

- Inter-detector timings

- NR & ER bands in the TPC

10

Rn220

DD

Preliminary
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Detector Response Characterisation 
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• Mono-energetic ER peaks can be 
used to find

- g1, photons detected (phd) per 
prompt scintillation photon 

- g2, phd per ionisation electron

  via the relation ,

  where  = energy, = W-value 
   denotes position-corrected signals

• Saturation of higher energy signals 
problematic (see A. Al Musalhi’s talk)

E = W ( S1c

g1
+

S2c

g2 )
E W

c
Preliminary
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Background Analyses
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• Trial fits of background simulations to data attempted, matching mono-energetic peaks 

• Rn222 & Rn220 chain alpha populations identified & constrained (see N. Angelides’ talk)

• Investigating non-xenon sources of charge/light e.g. Cherenkov (see I. Khurana’s talk)

Preliminary

Preliminary

Po-210

Rn-222
Po-218

Po-216

Po-214

Po-212
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Conclusions
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• LZ is a multi-physics experiment, primed for 
the detection of WIMPs

• The experiment has started taking science 
data, and extensive analyses are underway

• Radon in LZ - N. Angelides

• Saturation corrections - A. Al Musalhi

• VUV detection - A. Baker

• Majoron searches - Z. Tong

• Cherenkov backgrounds - I. Khurana

• Multiple scatter studies in DD data - J. Orpwood
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