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Dark Matter Evidence
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Dark MatterDark Energy

Ordinary
Matter

• data 

– bulge, disk & halo 

bulge disk 
– bulge & disk 

v ~ r–1/2  

v ~ const 
Bulk of luminous matter 

Motion of galaxies and galaxy clusters 

Cosmological Evidence (CMB, BAO, Supernovae…) 

〈T〉=  2.725 K 

Gravitational Lensing (weak/strong) 
Bullet Cluster Kochanski, Dell’Antonio, Tyson 

Coma cluster 

BAO (SDSS) 

spiral galaxies 
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Dark Matter Detection
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indirect

SMSM

χχ

Indirect Detection
(DM annihilation)
HAWC,  ANTARES,
Fermi, IceCube,
MAGIC, CTA,  AMS,
HESS, VERITAS, GAPS…

?
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Dark Matter Detection
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Accelerator Searches
(DM production)
LHC, LDMX

?
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Dark Matter Detection
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Direct Detection
Different Targets / Technologies:
NaI, Ge, Si, Ar, Xe, RF
and many more…
Generally model independent
- can search for a variety of 

candidates 

?
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Dark Matter Detection
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Direct Detection
Different Targets / Technologies:
NaI, Ge, Si, Ar, Xe, RF
and many more…
Generally model independent
- can search for a variety of 

candidates 
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Er

WIMPs Direct Detection
• WIMPs scatter off nuclei (NR)

✦ Expect recoils O(10 keV)
✦ Expect < 1 event / tonne / year

• Backgrounds
✦ Gammas and electrons - scatter off atomic electrons (ER)
✦ Neutrons - also scatter off nuclei (NR)
✦ Neutrinos! new enemy. ER, NR. Can’t be shielded against   

7

Background: Electron Recoil

Er

Signal: Nuclear Recoil
(calibrate with neutrons)
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Neutron calibration (NR)

Gamma calibration (ER)

PhysRevD.95.012008

Dual Phase Noble Liquid TPC

• Excellent 3D imaging capability
✦ Z position from S1 - S2 timing 
✦ XY positions from S2 light pattern

• Ratio of charge (S2) to light (S1)  
=> Signal vs Background discrimination

(light)

8

(charge)

Time

99.8% discrimination, 50% NR acceptance 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012008
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012008
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A Typical Event
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4850 feet deep
(~1 mile)

LZ

Sanford Underground Research 
Facility (SURF) in Lead, SD

Muon flux reduced by 107 (4.3 km.w.e) 

Ray Davis, noble 
prize winner
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LZ Detector Overview
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• Xenon TPC 
✦ Total mass: 10 T
✦ Active mass: 7 T
✦ Fiducial: 5.6 T

7 tonne 
 LXe TPC

120 Outer 
detector 

PMTs

Exis4ng 
water tank

Gadolinium-loaded 
liquid scin4llator veto

LXe heat 
exchanger 

tower

7 tonne ac4ve volume 
liquid XeTPC. 10 tonnes total

Cathode high 
voltage connec4on 
(50 kV cathode) 

Titanium 
cryostats 

LZ detector paper:
NIM A, 163047 (2019)

• 3-component veto system:  
✦ Water tank
✦ Gd-loaded scintillator
✦ Instrumented LXe Skin

https://www.sciencedirect.com/science/article/pii/S0168900219314032
https://www.sciencedirect.com/science/article/pii/S0168900219314032
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Xenon TPC
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• 1.5 m diameter x 1.5 m height 

• 7T active LXe (5.6T fiducial)
✦ x50 more than LUX
✦ x6 XENON1T

• 50 kV cathode HV

• 494x 3” PMTs

• Gas circulation @ 500 slpm 
(turnover full mass in 2.4 days)

• Instrumented Xe skin region, 
outside the field cage

Top PMT array

Side Skin PMTs

TPC field cage

Cathode grid

Reverse-field region

BoPom PMT array

TPC walls are made of 
PTFE with field rings
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PMT arrays
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Hamamatsu R11410 (3”)

• Top array: 253 PMTs 


• Bottom array: 241 PMTs 
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Assembled TPC

14Full TPC - August 2019 October 2019

Insertion 
into inner 
cryostat 
vessel

• Detector integration 
started in December 
2018 at Surface 
Assembly Laboratory 
(SURF) ~13,500 
working hours
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Ti Cryostat
• Intensive R&D program identified low activity titanium 

material (Astropart. Phys. 96, 1-10 (2017))
• Arrived at SURF May 14, 2018

15

Test fitting

Outer cryostat vessel @ SURF
ICV and OCV HV ports 

alignment and parallelism < 1 mm

https://www.sciencedirect.com/science/article/abs/pii/S0927650517300592
https://www.sciencedirect.com/science/article/abs/pii/S0927650517300592
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Transport of TPC Underground

16

October 2019
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Underground deployment
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Lower inner cryostat vessel 
into outer cryostat vessel

Water 
tank

Making up cathode connections 
(under N2 purge) 

cathode connection 
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LZ Cryogenics
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Sketch of cooling system

Thermosyphon principle

• Cooling provided by thermosyphon technology 
(also used in LUX)

Liquid nitrogen bath

Heat

Heat

Condenser

Evaporator 
(attached to 
LXe tower / 

detector) 

Heat
Chilled water

Cryocooler

LN storage 
vessel

Detector evaporator

Cryocooler LN Tank

Thermosyphon  
Control Panel
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Circulation System
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Xe tower

Transfer Lines

Test 
cryostat

Water tank

Water tank flange

Xenon storage in underground alcove at SURF

Cryo-tower for xenon condensing (shown here in a test setup)

Xenon purification unit from SAES 
using hot zirconium getter   

Gas compressors for xenon circulation
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Circulation System & Commissioning
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500-600 slpm 
demonstrated in testing

Liquid 
Xenon 
Tower

Cable 
Stand 
Pipe

TPC PTFE 
Walls

Re
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Water Tank

Compressors

LXe-TPC

Xe Vapor

Cathode 
High 

Voltage

Cable 
Breakout

Cable 
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Radon Removal

Storage and Recovery

Getter

LXe Skin

Weir

Cryovalves

HX/
Gas Gap

Figure 9: Overview of the online Xe purification system. LXe in the Xenon Detector (right) spills over a weir drain and flows horizontally to
the Liquid Xenon tower, which stands outside the water tank. It is vaporized in a two phase heat exchanger, pumped through a hot zirconium
getter, and returned to the detector after condensing. Cryovalves control the flow of LXe between the LXe tower and the Xenon Detector. A
radon removal system treats Xe gas in the cable conduits and breakout feed-throughs before sending it to the compressor inlet.

gas compressors, model A2-5/15 from Fluitron [18]. The
two compressors operate in parallel, each capable of 300
SLPM at 16 PSIA inlet pressure. The system operates
with one compressor at reduced flow rate during peri-
odic maintenance. The total achieved gas flow is trimmed
by a bellows-sealed bypass proportional valve, model 808
from RCV. Both circulation compressors have two stages,
each featuring copper seals plated onto stainless steel di-
aphragms. All-metal sealing technology was chosen to
limit radon ingress from air.

The LXe tower is a cryogenic device standing on the
floor of the Davis Cavern outside the water tank and at a
height somewhat below the Xenon Detector. Its primary
purpose is to interface the liquid and gaseous portions of
the online purification circuit and to e�ciently exchange
heat between them. There are four vessels in the tower:
the reservoir vessel, the two-phase heat exchanger (HEX),
the subcooler vessel, and the subcooler HEX.

The reservoir vessel collects LXe departing the Xenon
Detector via the weir system. It features a standpipe con-
struction to decouple its liquid level from that in the weir
drain line. LXe flows from the bottom of the reservoir
into the two-phase HEX, where it vaporizes after exchang-
ing heat with purified Xe gas returning from the getter.
The two-phase HEX is an ASME-rated brazed plate de-
vice made by Standard Xchange consisting of corrugated

stainless steel. On its other side, condensing LXe flows into
the subcooler vessel and subcooler HEX. The vessel sepa-
rates any remaining Xe gas from the LXe, while the HEX
cools the LXe to below its saturation temperature. The
HEX consists of three isolated elements: the LXe volume,
an LN thermosyphon coldhead cooled to 77 K, and a thin
thermal coupling gap. The power delivered to the LXe can
be varied from 90 W and 480 W by adjusting the compo-
sition of the He/N2 gas mixture in the gap. An additional
thermosyphon coldhead integrated with the reservoir re-
moves excess heat during cooldown and operations. Both
the reservoir and the subcooler vessels are equipped with
LXe purity monitors (LPMs) to monitor electronegatives
entering and exiting the Xenon Detector. Each LPM is
a small, single-phase TPC which drifts free electrons over
a distance, and measures the attenuation of the electrons
during that transit.

LXe flows between the LXe tower and the Xenon De-
tector through three vacuum insulated transfer lines that
run across the bottom of the Davis Cavern water tank.
Two lines connect to the bottom of the ICV and supply
sub-cooled LXe to the TPC and skin regions of the Xenon
Detector. The third line returns LXe from the ICV weir
drain system to the reservoir. The lines are constructed
by Technifab with an integrated vacuum insulation jacket.
They are further insulated from the water by an additional

11

Sampling Systems 
(Mobile and Stationary)

Time

• Design gas circulation rate: 500 slpm
✦ Turnover full xenon mass every 2.4 days

• Purification using hot zirconium getter
✦ Removes non-noble impurities

• Underground commissioning completed
✦ Exercise xenon delivery, circulation, and 

recovery systems with a modest liquid 
xenon payload in a full-height test cryostat 
prior to the installation of the LZ TPC

✦ Up to 600 slpm demonstrated 
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TPC moves 
underground
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2015 2016 2017 2018 2019 2020

TPC assembled 
Aug 2019

2021

COVID-19 
Experiment in safe 

configuration
First 

science 
2021

Current Status
• Significant progress in the assembly of the TPC and associated systems

✦ TPC complete and moved underground;  HV cathode connection installed; Circulation testing complete

• Out of concern for the health of our staff and to slow the spread of the COVID-19 virus:
✦ Shut down in mid-March; Reopened at reduced capacity in the summer

• Work continues while following institutional, local, and national guidelines
✦ LZ construction almost complete! 

21
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Background sources and mitigation
• Detector materials 

✦ Nothing went into the detector without screening
✦ Radio-assay campaign with 13 HPGe detectors, 

ICPMS, neutron activation analysis

• Rn emanation 
✦ Four screening sites 
✦ All major parts emanated before assembly
✦ Target Rn activity: 2 μBq/kg 

• Rn daughters and dust on surfaces 
✦ TPC assembly in Rn-reduced cleanroom
✦ Dust <500 ng/cm2 on all LXe wetted surfaces
✦ Rn-daughter plate-out on TPC walls <0.5 mBq/m2 

• Xenon contaminants — 85Kr, 39Ar 
✦ Charcoal chromatography at SLAC 

• Cosmogenics and externals 
✦ 4300 m.w.e. underground at SURF in Lead, SD
✦ Instrumented Xe skin region
✦ Gd-LS outer detector
✦ High purity water shield 

22

Many sources of BG
Many methods for BG mitigationPMT HV Feedthroughs

26

• Measured 112 ± 35 atoms vs 46 ± 22 atoms from 
blank, from 5 PMT HV feedthroughs
- Implies the 122 HV flanges in LZ emanate 

~10 mBq. 
- ~Half emanates onto air side, other half is 

90% removed by gas mitigation system, so 
adds ~0.5 mBq.

- Above democratic requirement (0.1 mBq) 
and original estimate (0.3 mBq)

• Mitigations:
- First try cleaning to remove any surface 

contaminants, double number to assay, then 
re-assay (must be done by 2017)

- Possibility of a polyethylene or epoxy plug to 
prevent some Rn from entering Xe

• 100% flange assemblies to be done June 2018
• Tests in progress with LUX flanges/feed-thrus

Miller - 1.10.2 - RadonP. Majewski – 1.2 Cryostat LZ collaboration meeting, SURF, July 17-20, 2017 6

Screening 
(sample & stock material)

Eur. Phys. J. C, 80: 1044 (2020)

https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8420/10052_2020_Article_8420.html
https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8420/10052_2020_Article_8420.html
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Kr Removal System
• 10 tonnes of Xe in hand
• Gas chromatography to remove Kr from Xe

✦ Demonstration of 0.06 ppt in R&D at SLAC 
• Production in progress

23

Kr removal system at SLAC
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How to maximize the WIMP target mass?

24

• No veto

Xe-TPC only

r2 [cm2]

z 
[c

m
] Fiducial Volume 

3.2 tonnes
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Xenon “Skin” veto

25

3.7.1

lower side skin PMTs

dome skin PMTs

PTFE tiling in ICV & Bottom side skin assembly

• Anti-coincidence detector for γ-rays 

• 2 tonnes of LXe surrounding the TPC

• 1” and 2” PMTs at the top and bottom of the 
skin region

• Lined with PTFE to maximize light collection 
efficiency
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Outer Detector

26

• Suppression of neutron-induced nuclear recoil rate ⇒ maximize fiducial volume.

• 17 tonnes Gd-loaded liquid scintillator in acrylic vessels

• 120 8” PMTs mounted in the water tank

• Observe ~8 MeV γ-rays from thermal neutron capture

• >95% efficiency for tagging neutrons

• Draw on experience from Daya Bay

All Side Tanks in!  12/1/2018
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How to maximize the WIMP target mass?

27

• Three-component veto system:
✦ Water tank
✦ Xenon “skin”
✦ Gd-loaded scintillator

• Tag individual neutrons and gammas 
>95% efficiency for tagging neutrons

• Characterize backgrounds in situ 
→ Enables discovery potential 

｝
TPC + skin + Gd-scint.Xe-TPC only (No veto)

r2 [cm2]

z 
[c

m
]

r2 [cm2]

z 
[c

m
]Fiducial Volume

3.2 tonnes
Fiducial Volume

5.6 tonnes

 Combined veto system allows to define fiducial a volume of 80% of active volume
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Expected backgrounds for 5.6 T fiducial - 1000 days

28

Background Source ER 
(cts)

NR 
(cts)

Detector Components 9 0.07
Surface Contamination 40 0.39

Laboratory and Cosmogenics 5 0.06
Xenon Contaminants 819 0

222Rn 681 0
220Rn 111 0

natKr (0.015 ppt g/g/) 24.5 0
natAr (0.45 pub g/g) 2.5 0

Physics 258 0.51
136Xe 2νββ 67 0

Solar neutrinos (pp+7Be+13N) 191 0*
Diffuse supernova neutrinos 0 0.05

Atmospheric neutrinos 0 0.46
Total 1131 1.03
with 99.5% ER discrim., 50% NR eff. 5.66 0.52
*Not including 8B or hep 

Radon is the 
dominant 
background! 0 50 100 150 200
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Phys. Rev. D 101, 052002 (2020) 
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Expected backgrounds for 5.6 T fiducial - 1000 days

29

• Simulation of a 1000 day run of LZ

Phys. Rev. D 101, 052002 (2020) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002


Carmen Carmona - Penn State APS MAS Meeting, December 2020 30

90% CL minimum of  
1.4 x 10-48 cm2 at 40 GeV/c2

Projected Sensitivity (5.6 T exposure, 1000 live days)

Phys. Rev. D 101, 052002 (2020) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002
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Thank You!
2021 will be an exciting year for direct detection! 

~36 institutions, 250 scientists,  engineers, technicians
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Backup Slides
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ER searches

• Sensitive to electron recoils from many types of new physics including
✦ Neutrino magnetic moment
✦ Solar axions (axio-electric effect)
✦ Axion like particles

• Paper in preparation describing LZ sensitivity to these signals
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Non-WIMP sensitivity - 0νββ

34

7

volume, or 6.9 ⇥ 10�6 events/kg 136Xe/year in a ±1�510

ROI. 8B solar neutrinos similarly result in a rate of 0.01
events/tonne/year, corresponding to 0.03 events in the
ROI over 1,000 days of live time and in the inner 967 kg
fiducial volume, considering a neutrino flux of 5.79 ⇥ 106

cm�2 s�1 [43].515

G. Summary of Backgrounds

Figure 3 shows the number of simulated background
events in the ROI versus z and radius squared. The
backgrounds are higher at the top than at the bottom
of the active volume, as the bottom PMTs are shielded520

by the xenon in the reverse field region. The innermost
region of the detector has a much lower background due
to the self shielding of LXe. However, a fiducial cut can
result in a loss of total exposure. A fiducial volume choice
makes a trade-o↵ between total mass and background re-525

duction. The outer volume of active xenon will provide
a very sensitive measure of the true radioactivity of the
detector components. The fiducial volume presented in
Figure 3 was optimized using a cut and count analysis
and is just a snapshot of the full background model in530

the most sensitive region of the detector. A larger vol-
ume is used for the sensitivity analysis, as discussed in
Section IV.
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FIG. 2. Background energy spectrum in the inner 967 kg fidu-
cial volume. The 60Co, 238U-late chain and 232Th-late chain
backgrounds from the detector components are combined into
a single curve but are treated independently in the sensitivity
analysis. The spectra are smeared using the energy resolution
function of LUX [44], scaled to be 1.0% at Q�� .

IV. SENSITIVITY PROJECTION

The sensitivity to 0⌫�� decay is defined as the median535

90% confidence level (CL) upper limit on the number of

FIG. 3. Background event rate in the active region and in the
±1� energy ROI as a function of r2 and z. The dashed rect-
angle represents the 967 kg fiducial volume where LZ is most
sensitive to the 0⌫�� decay. The self-shielding of LXe pro-
vides a low background environment at the innermost regions
of the detector.

signal events that would be obtained from a repeated set
of background-only experiments, assuming 1,000 days of
detector live time and a LXe mass of 5.6 tonnes, cor-
responding to a 1,360 kg·years exposure of 136Xe. To540

estimate the background contribution for such an ex-
posure, a multidimensional background model is con-
structed that accounts for each of the sources discussed
in section III. Each background is described by the three
observables: energy (2000 < E < 2700 keV), depth545

(2 < z < 132.6 cm) and radial position (0 < r < 68.8
cm). These are combined to model the background with
a probability density function (PDF) P (E, r2, z). For
the detector component, cavern and internal radon back-
grounds, the PDFs are empirically determined from en-550

ergy deposit simulations and are approximated by de-
composing into factorised energy and position distribu-
tions P (E, r2, z) = P (E)P (r2, z), which has been veri-
fied as a suitable approximation in the given ranges of
the observables. The following cuts are applied to the555

simulations to reject background events:

• Fiducial Volume (FV): events that occur close to
the TPC walls and grids are rejected with a fiducial
cut. The fiducial volume is defined as 4 cm from
the TPC walls, 2 cm above the cathode grid and560

13 cm below the gate grid, which defines a region
containing 5.6 tonnes of LXe. This cut removes
backgrounds which may originate from the grids or
TPC walls such as the �-emitting charged 222Rn
daughters.565

• Single Scatter: 136Xe 0⌫��-decay events in LXe
are almost point-like and therefore are expected
to produce a single-scatter S2 pulse, whereas the
dominant �-ray background predominantly results

• 136Xe Q value at 2458 keV

• Nominal 1% energy resolution at Q value

• T1/2 (90% C.L.) > 1 x 1026 years in 1000 live days, inner 1 tonne fiducial 

mass
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generated using DECAY0 [53] and applying the selection
criteria. The ine�ciency is due to the rejection of mul-
tiple scatter signal events arising from Bremsstrahlung
emission.

The signal and background PDFs are combined to form
the unbinned extended likelihood function,

L(µs, {µb}) = (2)
"
µsPs(E, r2, z) +

nbX

i=1

µi
bP

i
b (E, r2, z)

#
nbY

j=1

g(ajb,�
j
b),

where the floating parameters are µs, the number of sig-
nal events, and µi

b, the number of events for the i-th
background source. The systematic uncertainties �j

b on

the expected background rates ajb are included by treat-
ing the background sources as nuisance parameters with
the set of Gaussian constraint terms g(ajb,�

j
b). Table II

summarises the background sources included as param-
eters in the likelihood as well as the relative systematic
uncertainties on their rate. The cavern background un-
certainties are taken directly from the uncertainty of the
measured 238U and 232Th activities [30]. The uncertain-
ties of the detector component background rates are con-
servatively set at 30%. The contribution of the remaining
background components to the sensitivity is low and their
uncertainties are negligible in the first approximation to
the final result. The uncertainty for the 222Rn compo-
nent is driven by the range of the estimated contamina-
tion and is expected to be conservative. Uncertainties
for 136Xe and 8B come from the measured half-life and
uncertainties of the neutrino flux, respectively, making
these rather constrained. Since the 137Xe background
and 214Bi cathode background rates are not known they
are assigned a large uncertainty. The backgrounds con-
sidered in this analysis and the associated uncertainties
will be measured with high precision once LZ begins col-
lecting data.

The 90% CL upper limit on the number of signal events
is calculated using the profile likelihood ratio (PLR)
method, utilising the asymptotic one-sided profile like-
lihood test statistic [54]. It has been verified that Wilk’s
theorem is valid and that the asymptotic approximation
is applicable.

The sensitivity analysis takes advantage of the pre-
cise multi-parameter reconstruction of events in the LXe
TPC, namely the energy and 3-dimensional position, for
enhanced sensitivity. As demonstrated by Figure 2, the
self shielding LXe of LZ results in a low background in-
ner region of the TPC where the majority of signal sen-
sitivity is expected. However, the analysis utilises an
extended fiducial volume which allows for the fit of the
backgrounds close to the TPC walls and therefore con-
strains the background in the inner volume of the TPC.
Alongside this, the full shape of the position distribu-
tion can be used to discriminate between signal-like and
background events, which results in both increased sig-
nal exposure and sensitivity compared to a simple cut-
and-count analysis. Similarly, the extended energy range

TABLE II. Summary table of the individual background
sources and the relative uncertainties on their background
rates assumed in this analysis.

Background �/N

238U (Detector) 30%
232Th (Detector) 30%
60Co (Detector) 30%
238U (Cavern) 50%
232Th (Cavern) 30%
214Bi (Cathode) 50%
222Rn (Internal) 50%
137Xe (Internal) 50%
136Xe 2⌫�� 5%
8B solar ⌫ 5%

used in the PDFs strongly constrains the backgrounds
near the Q-value. Using an extended phase-space in the
profile likelihood analysis improves the sensitivity result
by a factor of two when compared to a simple cut-and-
count analysis.

A. Projection with Natural Abundance of 136Xe

The 90% CL sensitivity to the 136Xe 0⌫�� half-life
as a function of detector live time is shown in Fig. 4.
A median sensitivity to a half-life of 1.06⇥1026 years is
reached after 1000 live-days.
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FIG. 4. LZ projected sensitivity to 136Xe 0⌫�� decay as a
function of detector live time. The light green shaded band
represents a ±1� statistical uncertainty on the sensitivity.
The dashed black line shows the projected sensitivity to 136Xe
0⌫�� decay for a dedicated run with 90% 136Xe enrichment.
For comparison, the limits set by EXO-200 [55] (orange full)
and KamLAND-Zen [5] (purple full) are also shown, along
with the respective projected sensitivities (dashed).

As the ability to distinguish signal events from the


