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LIQUID XENON TIME PROJECTION CHAMBER
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Liquid Xenon is a good target for  
WIMP Dark Matter searches… 

- High density 

- High ionization yield  

- High scintillation yield  

- Transparent to its own scintillation light 

- Self-shielded 

- High intrinsic radio-purity 

… but not only 
- Axion Like Particles 

- Exotic Dark Matter candidates (mirror dark matter, solar 
axions, …) 

- Neutrino physics & astrophysics 

-  search using   & 

(W ∼ 13.7 eV)

( > 50,000 photons/MeV)

0νββ 134Xe 136Xe
Credit: Symmetry Magazine



Liquid Xenon TPC 

- Type of signals 

- S1: Primary scintillation (light) 

- S2: Secondary scintillation (charge) 

- 3D position reconstruction 

- XY position:  from S2 light pattern 

- Z position:  from S1-S2 timing 
LZ TPC 

- 1.5 m in diameter and height 

- 10 tonnes of total mass, 7 tonnes active 
 and 5.6 tonnes fiducial volume 

- Electric field:  

- 247 (top) + 247 (bottom) PMTs to monitor the TPC

𝒪(mm)
𝒪(μm)

300 V/cm

LIQUID XENON TIME PROJECTION CHAMBER
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LZ DETECTOR SYSTEMS
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TPC

Outer Cryostat 
Vessel

Inner Cryostat 
Vessel

Cathode HV

Outer 
Detector

Water tank

Location 

- Davis cavern of the SURF 
underground laboratory 

- 4850 feet (1.48 km) underground 

- Muon flux reduced by  
(@4.3 km.w.e) 

More details 

- NIMA 953 163047 (2020) 

- LUX-ZEPLIN (LZ) TDR

𝒪 (107)

https://www.sciencedirect.com/science/article/pii/S0168900219314032?via=ihub
https://arxiv.org/abs/1703.09144


LZ DETECTOR SYSTEMS
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Acrylic scintillator tank insertion

Water tank in the Davis cavern at SURF

Lower inner cryostat vessel into 
outer cryostat vessel

High-voltage testing at LBNL



LZ has two veto systems 
Skin 

- Two tonnes of LXe surrounding the TPC  

- PMTs at top and bottom of the skin region  

- Lined with PTFE to maximize light collection efficiency  

- Anti-coincidence detector for -rays  
Outer Detector 

- 17 tonnes Gd-loaded liquid scintillator in acrylic 
vessels  

- 120 8” PMTs mounted in the water tank  

- Anti-coincidence detector for γ-rays and neutrons  

- Observe  -rays from thermal neutron 
capture

γ

∼ 8 MeV γ

LZ VETO SYSTEMS
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n

γ
γ

Skin PMT

μ



- Geant4-based simulation for background studies  
(Astro.Phys. 125 102480 (2020)) 

- Used to predict LZ sensitivity (Phys. Rev. D 101, 052002) 

- Low level of background: multi-year campaign of material assay and 
acquisition of radiopure materials (EPJC 80, 1044 (2020)). 

- Background budget 

WIMP ROI for 1000 live days and 5.6 t fiducial

BACKGROUND BUDGET ESTIMATES
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ER Background 
1131 events

222Rn
681 events (pp + 7Be + 13N) ν

191 events

220Rn
111 events

136Xe
67 events

Surf. contam.
40 events

85Kr
25 events

Det. comp.
9 events

NR Background 
1.03 events

Atm. ν
0.46 events

Surf. contam.
0.39 events

DSN ν
0.05 events

Det. comp.
0.07 events

Env.
0.06 events
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FIG. 3. Simulated e�ciencies for electronic (left) and nuclear recoils (right) after WIMP search region of interest cuts: 3-fold
S1 coincidence, S2 > 415 phd (5 emitted electrons), and S1c < 80 phd.
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FIG. 4. ER background spectra in the 5.6-tonne fiducial volume for single scatter events with neither a xenon skin nor an OD
veto signal. No detector e�ciency or WIMP-search region of interest cuts on S1c have been applied. The right-hand panel
shows a close-up of the 0–200 keV region of the left-hand panel. Below 30 keV the contribution from elastic scattering of
pp+7Be+13N solar neutrinos is scaled according to the relativistic random phase approximation (RRPA) calculation in [54].

in Table III. As a result of this comprehensive program
and the power of self-shielding a↵orded by LXe, trace ra-
dioactivity in detector materials is not expected to be a
leading cause of background to the experiment.

B. Surface contaminants

Radioactivity on detector surfaces arises from the ac-
cumulation of 222Rn-daughters plated-out during the
manufacture and assembly of components, as well as
generic dust contamination containing NORMs that re-
lease gamma rays and induce neutron emission. Plate-
out can generate NR backgrounds through two mech-
anisms: (↵, n) processes that release neutrons into the
xenon; and ions from the 210Pb sub-chain originating
at the edge of the TPC being misreconstructed as NRs
within the fiducial volume. The impact of the latter de-
pends critically on the performance of position recon-

struction and drives the 4 cm radial fiducial volume cut
(see Sec. III C). LZ has instituted a target for plate-out
of 210Pb and 210Po of less than 0.5 mBq/m2 on the TPC
walls and below 10 mBq/m2 everywhere else. LZ has also
instituted a requirement limiting generic dust contami-
nation to less than 500 ng/cm2 on all wetted surfaces
in the detector and xenon circulation system. A rigor-
ous program of cleanliness management is implemented
to ensure that the accumulated surface and dust contam-
ination do not exceed these limits. All detector compo-
nents that contact xenon must be cleaned and assembled
according to validated cleanliness protocols and witness
plates will accompany the production and assembly of
all detector components. Detector integration will take
place in a reduced-radon cleanroom built at the Surface
Assembly Laboratory at SURF.

Several large volume liquid scintillator experiments re-
ported observing mobility of radon-daughters plated onto
surfaces, in particular the beta emitter 210Bi [55–57].

Electronic Recoils
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taken to be 9.2%(13.3%) [58, 59]. Direct measurements
of 222Rn emanation from xenon-wetted materials are per-
formed [60]. For components that do not yet exist or are
still to be measured, projections are made based on mea-
surements of similar materials that exist in the literature.
Most measurements are made at room temperature, and
the expected emanation can depend strongly on temper-
ature depending on the source material. For these es-
timates a conservative approach is adopted, only taking
credit for a reduction at LXe temperatures if there is di-
rect knowledge that such a reduction will occur. The LZ
gas handling apparatus [23] includes a radon reduction
system that can take a small stream of gas from problem
areas, such as the cable conduits, and perform on-line
radon purification [61]. The current best estimate for
emanation from LZ components results in a 222Rn spe-
cific activity of 1.53 µBq/kg of LXe.

Radon emanation from dust is estimated separately.
For the radioactivity levels typical of dust at SURF and
under the conservative assumption, compared to prelim-
inary measurements, that 25% of 222Rn is released into
the LXe, the dust requirement of <500 ng/cm2 generates
a 222Rn specific activity of 0.28 µBq/kg of LXe. Com-
bined with the emanation from detector components, a
total of 1.8 µBq/kg of 222Rn is projected. A concentra-
tion of 0.09 µBq/kg of 220Rn (⇥0.05 the specific activity
of 222Rn, based on the ratio seen in LUX [62]) is also
included in the background estimates.

Natural xenon includes trace levels of 85Kr and 39Ar,
both of which disperse throughout the liquid and are
beta emitters that lead to ER events in the ROI. LZ
has instituted a significant xenon purification campaign
using chromatography to remove krypton from xenon
in order to control 85Kr. In an R&D phase, the chro-
matography system reduced the natKr/Xe concentration
to 0.075 ppt g/g [23] and a further improvement to 0.015
ppt g/g is expected in the production system. Argon lev-
els are also reduced during this purification step, with an
expected concentration of natAr/Xe below 0.45 ppb g/g.

D. Laboratory and cosmogenic backgrounds

Neutrons produced from muon-induced electromag-
netic and hadronic cascades can generate background
events [63, 64]. The number of muon-induced NR back-
ground events has been estimated using simulations of
muon transport through rock around the laboratory and
detector geometry, including secondary particle produc-
tion, transport and detection. Backgrounds from outside
the water tank are dominated by the cavern walls. The
gamma flux has been measured at the 4850-foot level of
SURF (4300 m w.e.) at various locations in the Davis
Campus [65, 66]. Neutrons from the laboratory walls
are attenuated e�ciently by water and scintillator sur-
rounding the LZ cryostat; with a minimum thickness of
hydrogenous shielding of 70 cm, the neutron flux is re-
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FIG. 5. NR background spectra in the 5.6-tonne fiducial vol-
ume for single scatter events with neither a xenon skin nor
an OD veto signal. No detector e�ciency or WIMP-search
region of interest cuts on S1c have been applied.

duced by more than 6 orders of magnitude [36] resulting
in a negligible contribution to backgrounds in LZ.

Cosmogenic activation of xenon can lead to contamina-
tion by 127Xe (T1/2 = 36.4 d). LUX measurements [62]
show an equilibrium decay rate of (2.7 ± 0.5) mBq/kg
of 127Xe after xenon was exposed to cosmic rays on the
Earth’s surface (see also [67]). That level of activity leads
to the projected number of events shown in Table III fol-
lowing an assumed 8-month cooling down period under-
ground prior to data-taking. The largest contribution to
activation in the detector materials comes from produc-
tion of 46Sc (T1/2 = 83.8 d) in the 2.5 tonnes of titanium
being used in LZ. Using GEANT4 and ACTIVIA [68, 69]
simulations, the decay rate of 46Sc is estimated to be
4.8 mBq/kg of titanium after 6 months activation at sea
level and surface assembly of the TPC within the cryo-
stat at SURF, followed by the same 8 month cooling down
period underground assumed for 127Xe.

E. Physics backgrounds

Three sources of background are identified that carry
interesting physics in their own right: neutrino-electron
scattering (ER), 2⌫�� 136Xe decay (ER), and neutrino-
nucleus scattering (NR). All three of these backgrounds
generate single-scatter events uniformly in the detector
with no corresponding veto signal.

The solar neutrino ER background is dominated by pp
neutrinos, with smaller contributions from the 7Be, and
CNO chains, and LZ uses the flux and spectra from [70]
and up to date oscillation parameters from [71] to cal-
culate the solar neutrino rates. Below 30 keV a scaling
factor is applied to the free electron scattering rate based
on the relativistic random phase approximation calcula-

Nuclear Recoils

WIMP ROI

∼ 1.5 − 6.5 keV

∼ 6 − 30 keVNR

https://www.sciencedirect.com/science/article/pii/S0927650520300529
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.052002&v=5ba60b08
https://link.springer.com/article/10.1140/epjc/s10052-020-8420-x#citeas
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SIGNAL REGION

Signal/Background discrimination 

- ER and NR events can be distinguished  
from their different S2/S1 ratio 

- 1000 days run  

- Before discrimination 1131 ER events and 10.4 NR events 

- After discrimination 5.97 ER events and 0.51 NR events 
(with 99.5% ER discrimination, 50% NR efficiency) 

BACKGROUND REDUCTION
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.052002&v=5ba60b08
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1.03 cts / 1000 days12.31 cts / 1000 days

Fiducialisation and Veto cut (NR background)

Before veto cuts After veto cuts 

BACKGROUND REDUCTION
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Fiducial volume 
56 tonnes



WIMP DARK MATTER PROJECTED SENSITIVITY
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TABLE IV. Eleven background types considered in the PLR
analysis, along with the systematic uncertainties on their nor-
malizations, included as nuisance parameters in the PLR.

Background �/N
222Rn (ER) 10%

pp+7Be+14N ⌫ (ER) 2%
220Rn (ER) 10%

136Xe 2⌫�� (ER) 50%
Det. + Env. (ER) 20%

85Kr (ER) 20%
8B solar ⌫ (NR) 15%

Det. + Env. (NR) 20%
Atmospheric ⌫ (NR) 25%

hep ⌫ (NR) 15%
DSN ⌫ (NR) 50%

low number of background counts expected in LZ. No
other nuisance terms are included in the sensitivity cal-
culation presented here.

The signal spectrum for WIMP recoils is calculated
using the standard halo model following the formal-
ism of [74], with �0 = 220 km/s; �esc = 544 km/s;
�e = 230 km/s and ⇢0 = 0.3 GeV/c2. For SI scattering
the Helm form factor [75] is used as in [76], while for SD
scattering structure functions are taken from [77]. Signal
and background PDFs in S1c and S2c are created using
NEST and the parameterization of detector response de-
scribed in Sec. III and shown in Table II. The power of the
PLR technique arises from an optimal weighting of the
background-free and background-rich regions, and for all
WIMP masses considered background rejection exceeds
99.5% for a signal acceptance of 50%. Figure 7 demon-
strates the separation in (S1c,S2c) of a 40 GeV/c2 WIMP

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.6⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [78]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [51, 79] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [80].

signal from the LZ backgrounds expected in a 1000 day
run.

A. Spin-independent scattering

The LZ projected sensitivity to SI WIMP-nucleon scat-
tering is shown in Fig. 8. A minimum sensitivity of
1.6 ⇥ 10�48 cm2 is expected for 40 GeV/c2 WIMPs, an
order of magnitude below the projected sensitivities of
all running LXe experiments. With this sensitivity LZ
will probe a significant fraction of the parameter space
remaining above the irreducible background from coher-
ent scattering of neutrinos from astrophysical sources,
intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [22] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 35 and 1 counts expected in the full exposure,
respectively. These events are not a background at most
WIMP masses but are interesting in their own right and
would constitute the first observation of coherent nuclear
scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T ap-
propriately assume a cuto↵ in signal below 1.1 keV to

Best sensitivity for 
 WIMP mass 

at 
40 GeV/c2

1.4 × 10−48 cm2

LZ sensitivity Paper (Phys. Rev. D 101, 052002)

https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.052002&v=5ba60b08


- No enrichments ( ) 

-  

- Fiducial volume: 1 tonne 

-  in 1000 live days

8.8 %
136Xe Qββ = 2458 keV

T1/2 (90 C . L.) > 1.06 × 1026 years

 DECAY OF 0νββ 136Xe
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Projected sensitivity to the   decay of   (Phys. Rev. C 102, 014602 (2020))0νββ 136Xe
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Good progress in assembly and integration of detector and associated systems 

- Expecting first data later this year 

- Dark Matter detection 

- WIMP projected sensitivity:  at  

- Low mass WIMPs sensitivity (arXiV:2101.08753) 

- Sensitivity to new physics via low-energy electron recoils (arXiv:2102.11740) 

- Neutrino physics 

-  decay of  (Phys. Rev. C 102, 014602 (2020)) 

-  and  decays of  (arXiv:2104.13374) 

Stay tuned!

1.4 × 10−48 cm2 40 GeV/c2

0νββ 136Xe
2νββ 0νββ 134Xe

SUMMARY
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https://arxiv.org/abs/2101.08753
https://arxiv.org/abs/2102.11740
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.014602
https://arxiv.org/abs/2104.13374


THE LZ (LUX-ZEPLIN) COLLABORATION
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34 Institutions: 250 scientists, engineers, and technical staff 

•Black Hills State University •Brandeis 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 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 Wisconsin, Madison 

 US            UK         Portugal     Korea

U.S. Department of 
Energy Office of Science

Thanks to our 
sponsors and 
participating 
institutions!

@lzdarkmatter
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U.S. Department of Energy Office of Science

Thanks to our sponsors and 34 
participating institutions!


