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LUX-ZEPLIN (LZ) Collaboration

Rutherford Appleton Laboratory, UK, January 2020

35 Institutions: 250 scientists, engineers, and technical staff

Thanks to our 
sponsors and 
participating 
institutions!

U.S. Department of Energy 
Office of Science

https://lz.lbl.gov/
@lzdarkmatter

● Black Hills State University
● Brookhaven National Laboratory
● Brown University
● Center for Underground Physics
● Edinburgh University
● Fermi National Accelerator Lab.
● Imperial 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 Wisconsin, Madison

     US            UK         Portugal        Korea        Australia
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LZ Experiment

SNOLAB

● Located at the Sanford Underground Research 
Facility (SURF) in South Dakota in USA

● ~1 mile of rock overburden to reduce muon flux 
contributing to experiment background

● Muon flux reduced by O(10^7)
● Radiogenic backgrounds become 

the dominant ones
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LZ Detector Overview

120t High 
purity water 
tank with 120 
8” PMTs

2t liquid xenon “skin” 
region instrumented 
with 1” & 2” PMTs 

17t Gd-loaded                
liquid scintillator,                                                           
outer detector

LZ core: 7t liquid xenon time 
projection chamber (TPC)

LZ 
vetoes

[LZ Technical Design Report: NIM 2019, 163047] 
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Nested detector system made of 
ultrapure materials selected from 
~5years of screening campaign       (      
(ref. Eur.Phys.J.C 80 (2020) 11, 1044)

https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032
https://link.springer.com/article/10.1140/epjc/s10052-020-8420-x
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LZ vetoes: Outer Detector and Skin Region
Purpose:
● Characterization, tagging and rejection      of 

background (n,𝛄) events to enhance 
discovery potential
○ E.g, 88.5% OD n tagging efficiency was 

measured in situ with AmLi neutrons
● Coupled to LXe self-shielding property, 

enable to increase fiducial volume & 
increase sensitivity.

                         Without veto (3.2t fid.vol)                  With veto (5.6t fid.vol)

Distributions of  single-scatter nuclear recoils in 40GeV WIMP ROI (6-30 keV)

Expected bckg NR:         10.31 cts/1000 days                                  1.03 cts/1000 days
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[LZ Projected WIMP 
sensitivity for 1000 
live days, 5.6 tonnes 
FV,PRD.101.052002] 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002
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LZ Core: the Xenon TPC

● Dual phase time projection chamber 
primarily searching for WIMPs via 
low-energy nuclear recoils

● Particle scattering on xenon produces 
prompt scintillation (S1) and ionization 
electrons

● Electrons drift up into gas phase to
produce electroluminescence S2

● Excellent 3D position reconstruction from 
S1-S2 timing (Z) and PMT hit pattern (XY) 

● S2/S1 ratio allows for nuclear recoil vs 
electron recoil discrimination

[LZ Technical Design Report, NIM 2019, 163047]
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https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032
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LZ Detection Principle

● Dual phase time projection chamber 
primarily searching for WIMPs via 
low-energy nuclear recoils

● Particle scattering on xenon produces 
prompt scintillation (S1) and ionization 
electrons

● Electrons drift up into gas phase to
produce electroluminescence S2

● Excellent 3D position reconstruction from 
S1-S2 timing (Z) and PMT hit pattern (XY) 

● S2/S1 ratio allows for nuclear recoil (NR)     
vs electron recoil (ER) discrimination

[LZ Technical Design Report, NIM 2019, 163047]
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https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032


LZ Timeline
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Central TPC assembly 
under stringent 

cleanliness protocols in 
ISO-6 cleanroom 

LZ Detector Assembly Highlights

Cleanliness check

TPC completion
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(ref. Eur.Phys.J.C 80 (2020) 11, 1044)

https://link.springer.com/article/10.1140/epjc/s10052-020-8420-x
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TPC underground 
transportation & 

insertion into OD/
water tank 

LZ Detector Assembly Highlights

U/G transportation
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LZ’s Science Run 1 (SR1) 
● Initial plan for Science Run 1 to collect 60 live days

○ Demonstrate successful detector operation and physics capability of 
LZ detector

➔ >97% of TPC PMTs operational
➔ Stable liquid temp (0.02% variation),          

Gas pressure (0.2% variation) & liquid         
level (10 𝜇m)

➔ Gas Circulation~3.3t/day

➔ Data taken from Dec. 23, 2021 to May 12, 2022
➔ Engineering run → data not blinded
➔ Mid-run & post-run calibrations
➔ In SR1, e-lifetime consistently greater than 5ms 

(above LZ requirement)
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LZ Detector Calibration 

LXe response modeled using the 
Noble Element Simulation 
Technique (NEST)

Fit data to NEST-based model for
detector-performance parameters
● NEST-based ER model tuned to 

CH3T data first and then 
propagated to NR and verified with 
DD

In SR1, electron recoils (ER) vs nuclear recoil (NR) 
discrimination = 99.9% for 40 GeV WIMP
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LZ Detector Calibration: ER 

Sealed 𝞬 sources of various energies
Flow of injection sources
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e-
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LZ Detector Calibration: NR 
AmLi source DD neutron generator
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Background Origins & Sources in SR1
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Non-physics sources 
(1.2 events expected)
● Accidental 

coincidences of 
isolated S1 and S2 
pulses. 

Xenon contaminants (ER)
● 214Pb (222Rn daughter)
● 212Pb (220Rn daughter)
● 85Kr
● 37Ar
● 127Xe
● 136Xe (2𝜈𝛽𝛽)
● 124Xe (double 

e-capture) 

Detector materials (ER)
● 𝛾-emitters in 238U 

chain, 232Th chain, 
40K, 60Co

ER backgrounds

Events expected:
276 + [0, 291] 

from 37Ar

NR backgrounds 
(0.15 events expected)
● Neutron emission from 

spontaneous fission 
and (𝛼,n)

● 8B solar neutrinos

Solar neutrinos (ER)
● pp + 7Be + 13N



Radon Progeny Background

● Alphas from 222Rn decay are identified
by S1 spectrum.

● Naked 214Pb from 222Rn is the main 
source of background in the WIMP 
search
○ 214Pb rate determined using side 

bands to WIMP ROI in search data 
and must be ≤ rate of 222Rn decays.

A Kamaha                                                                                                 Nov. 7-11, 2022                                                                             16



Ar37 Background

● Ar-37 produced by atmospheric 
activation and cosmic spallation of 
xenon.

● Electron capture decay, t1/2 = 35 
days
○ Mono-energetic 2.8keV ER 

deposition
● Prediction of ~100 decays in SR1, 

accounting for surface exposure of 
LZ xenon
○ Large uncertainty from 

production models.
● Explicitly included as a component 

in background model.

[LZ Collaboration, Phys. Rev. D 105, 082004 (2022), 2201.02858]
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https://arxiv.org/abs/2201.02858
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 Full Single Scatter dataset from SR1

● All single-scatter data
● No cut of any kind applied
● Are there WIMP in there?
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 Data Analysis Strategy

● All single-scatter data
● No cut of any kind applied
● Are there WIMP in there?

Model backgrounds

Apply fiducial cuts to maximize 
Signal-to-Background 

Compare data to test background- 
only or background + signal 
hypotheses (Profile Likelihood Test)

2

3
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Data Quality Selections
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Candidate Events: Final SR1 Data
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Results - Best fits
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Projecting onto electronic-equivalent
reconstructed energy ("keVee")

Best fit with zero WIMP events at 
all masses yields p-value =0.96



Results - spin independent interactions
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[LZ Collaboration first science results, arXiv:2207.03764]

New limit @ 90% CL of 
WIMP-nucleon σSI = 5.9 x 10-48 
cm2 at 30 GeV/c2 WIMP mass

In line with Phystat 
recommendations:

● Frequentist, two-sided 
profile-likelihood-ratio (PLR)  test 
statistic

● Signal rate must be 
non-negative

● 90% confidence bands

● Power constrain at 𝛑crit = 0.32

Green and yellow are the 1σ 
and 2σ sensitivity bands.

https://arxiv.org/abs/2207.03764
https://arxiv.org/pdf/2105.00599.pdf


Results - spin dependent interactions
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Grey band represents theoretical 
uncertainty on nuclear form factor for Xe (*)
“Brazil” band not shown for clarity
(*) P. Klos, J. Menéndez, D. Gazit, and A. Schwenk Phys. Rev. D 88, 083516 
(2013)

[LZ Collaboration first science results, arXiv:2207.03764]

Spin-dependent WIMP-neutron scattering Spin-dependent WIMP-protron scattering

Using the two Xe isotopes with 
non-zero nuclear spin, a spin 
dependent limit was also set. 

https://doi.org/10.1103/PhysRevD.88.083516
https://doi.org/10.1103/PhysRevD.88.083516
https://arxiv.org/abs/2207.03764


LZ -What’s next?
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LZ plans to take 1000 live days of data (x17 more 
exposure)

● Increase sensitivity to WIMP (projection: 1.4 
x 10-48 cm2 at 40 GeV/c2 (90% CL one-sided)

● Other science channels
○ Extending the reach: S2-only, Migdal 

effect, EFT

○ Non-WIMP DM candidates: Axions, 
ALPs, hidden photons, mirror dark matter, 
leptophilic DM, and more

○ Astrophysical neutrinos: 8B CEvNS, 
solar-pp, supernova,  and more

○ Rare decays: 0ν𝛽𝛽 of 136Xe, 2ν𝛽𝛽 and 
0ν𝛽𝛽 of 134Xe, and more

Phys. Rev. D 101, 052002 (2020)
Phys. Rev. C 102, 014602 (2020)
Phys. Rev. D 104, 092009 (2021)
Phys. Rev. C 104, 065501 (2021)

https://doi.org/10.1103/PhysRevD.101.052002
https://doi.org/10.1103/PhysRevC.102.014602
https://doi.org/10.1103/PhysRevD.104.092009
https://doi.org/10.1103/PhysRevC.104.065501


XLZD Consortium
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❖ LZ, XENON and DARWIN collaborations have joined forces to work toward 
the next generation of LXe dark matter detector
➢ See https://xlzd.org and white paper (arXiv:2203.02309)

❖ First meeting Summer 2022 at KIT in Germany
❖ Second meeting Spring 2023 in USA
❖ Ongoing R&D works in various institutions

XLZD Meeting in Karlrushe, Germany (June 2022)



XLZD: A Rare Event Observatory
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[XLZD science case, arxiv 2203.02309]

https://arxiv.org/abs/2203.02309


● LZ is online and taking high quality physics data
○  All detectors (OD, Skin, TPC) performing well
○  Backgrounds within expectation

● After 60 live days, LZ has set new limit on WIMP interactions for masses 
>30 GeV/c2 

● With its planned 1000 livedays, an increased in WIMP sensitivity is 
expected and a broad physics program lies ahead for LZ!

● The xenon community (LZ, XENONnT & Darwin) have unified into the 
XLZD consortium to build one big xenon experiment to rule them all!
○ This new experiment will address numerous scientific questions in 

addition to probing dark matter nature. 

Summary 

28
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Backup slides
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Using Xenon as target material

Large signal rate                                    ● High density (>3 g/cm3)

● High atomic mass (A=131g/mol)
⇒ Large signal rate via coherent 
nuclear scattering

● 50% odd isotopes in natural Xenon  
⇒ spin-dependent sensitivity as well

● Self-shielding 
⇒ Ultra-low background inner 
region (using 3D position recons)

● No long-lived radioactive Xe isotopes

● Large light output and fast response

● Long electron drift lengths (~1 m)                                    

Self shielding                                    

Event rate in cts/keVee/kg/day
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Sensitivity Reach vs Pb-214 rate
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Neutron Background
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Accidentals  Background
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Fiducial Volumes & Vetoes
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Downward Fluctuation
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WS data Tritium DD Skin-tagged 
127Xe

2. Tritium data analyzed identically to WS data. 

Deficit region is well-covered.

3. DD data also shows deficit region is 

well-covered.

(Not shown here) AmLi neutron calibration data 

also shows deficit region well-covered.

1. Downward fluctuation in the observed upper 

limit near 30 GeV/c2 is a result of the deficit of 

events under the 37Ar population. 

Due to background  under-fluctuation or 
unaccounted for signal inefficiency? Probe 

the latter.

4. Bare M-shell decays of 
127Xe populate near 
deficit region. Observed 
rate of M-shell decays 
with coincident γ-ray 
tagged by the skin is 
consistent with 
expectation, given signal 
efficiencies.

5. Deficit appears 
consistent with 
under-fluctuation of 
background.

Outside 
of FV
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Data Selection Summary
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Doke Plot (Detector response characterization)
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LZ Commissioning Highlights
● TPC detector filled and leveled from August through September
● Grids biassed: extraction & drift fields established in October and 

December
● First light (and charge) on October 6 2021!
● Established drift field ~190 V/cm (32 kV on cathode)
● Established extraction field ~7.3 kV/cm gas (8 kV between gate and 

anode)

S1

S2

An actual waveform!
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