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Lesson 3
2-phase xenon detectors for WIMP search



Outline
Lesson 1: Evidence and Candidates

• Evidence 
• First hints

• More evidence

• The Big Picture


• DM Candidates 
• Candidates

• The WIMP paradigm

• Supersymmetry


• Our Dark Milky Way 
• The Standard Halo Model
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Outline
Lesson 2: Detection Methods

• Production in colliders 

• Indirect detection 

• Direct detection 
• Principles

• Kinematics and expected rates

• Nucleon scattering cross sections

• Modulation and directionality

• Expected WIMP signal and background sources


• Direct detection technologies 
• Cryogenic experiments

• Room temperature detectors

• Liquid noble element experiments
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Outline
Lesson 3: Direct detection

• 2-phase xenon TPC experiments
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The technological landscape
Detection technologies

Interactions produce:
‣light
‣charge (electrons and ions)
‣heat

Heat & Ionisation 
Bolometers
Targets: Ge,Si

CDMS, EDELWEISS,
SuperCDMS

cryogenic (<50 mK)

Light & Heat Bolometers
Targets: CaWO4, BGO, Al2O3

CRESST, ROSEBUD
cryogenic (<50 mK)

Light & Ionisation 
Detectors

Targets: Xe, Ar
ArDM, Argo, LUX, WARP, 

DarkSide, DARWIN, Panda-X, 
XENON, ZEPLIN, LZ

cold (LN2)

ionisation
Q

WIMP SEARCH TECHNOLOGY ZOO
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Scintillators
Targets: NaI, Xe, Ar

ANAIS, MiniCLEAN, DAMA, 
ZEPLIN-I, DEAP-3600, DM-ICE, 
KIMS, LIBRA, PICOLON, NAIAD, 

SABRE, XMASS

Ionisation Detectors
Targets: Ge, Si, CS2, CdTe

CoGeNT, CDEX, D3, DAMIC, DRIFT, 
DM-TPC, GENIUS, IGEX, MIMAC, 

NEWAGE, NEWS, TREX

Bolometers
Targets: Ge, Si, Al2O3, TeO2

CRESST-I, CUORE, CUORICINO

Bubbles & Droplets
CF3Br, CF3I, C3F8, C4F10

COUPP, PICASSO, PICO, 
SIMPLE
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Liquid noble element T
PCs Will focus on xenon TPCs, but argon based are similar

Measuring two channels simultaneously allows for 
discrimination between ERs (backgrounds) and NRs

Energy distribution between the 3 channels 
depends on the type of interaction (ERs/NRs)



Detection technologies
The effect of new technologies

Even faster than the computing power evolution: a factor of 10 every 5 years



Operation principles



• TPC → Time Projection Chamber


• A volume of liquid topped by a layer 
of gas ~(-100 C, 1.5 bar)


• An electric field is applied in the 
liquid, to drift ionisation electrons to 
the gas


• A stronger electric field is applied in 
the gas, to extract electrons and 
accelerate them

2-Phase Xenon TPCs
Working principle
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• Each particle interaction produces two 
signals:

• S1 - prompt scintillation light in the liquid

• S2 - electroluminescence in the gas  

(much larger than S1)


• These signals are observed by one or two 
light sensor arrays


• From these 2 signals we get:

• energy of the interaction

• 3D position reconstruction

• Nuclear/electron recoil discrimination

2-Phase Xenon TPCs
Working principle
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Interactions in a xenon TPC
2-Phase Xenon TPCs



Example event — from the LUX detector
2-Phase Xenon TPCs

LOW-ENERGY SIGNALS

24

՚ 3.5 keV electron interaction

This event: S1 and S2 signals, 
plus single response quanta 
in the S1 and S2 channels
(single photoelectrons 
and single electrons)

SE

S2

S1
SE

S2

S1

Single electron
distribution

H. Araújo

SPE
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Energy reconstruction
2-Phase Xenon TPCs

Xe*

+Xe

Xe2
*

Triplet
27ns

Singlet
3ns

2Xe2Xe

175nm175nm

Xe** + Xe

Xe2
+

+e-

(recombination)

Xe+

+Xe
Ionisation

Excitation

Electron/nuclear recoil

Heat 
(undetected)

A fraction of these is drifted 
by the field, detected as S2

The effect on the S1 signal is less than 2% at any location in
the detector.

D. Electron-recoil response

1. Combined energy model for electron recoils

Single-scatter events in the TPC are interpreted with the
combined energy model [64]

Etotal ¼ W · ðne þ nγÞ ¼ W ·
!
S1
g1

þ S2
g2

"
; ð5Þ

where g1 and g2 represent gain factors in units of phd/
quantum that convert S1 and S2 signals to electron number
(ne) and photon number (nγ), respectively. W is the energy
scale factor of LXe in units of eV=quantum, g1 is the
product of the average photon collection efficiency and
the average QE of the PMTs, while g2 is the product of the
electron extraction efficiency at the liquid-gas surface (ϵee)
and the single-electron size. For ER events in LUX, a
constant W value of 13.7 eV=quantum is assumed [65].

The gain factors g1 and g2 may be determined by
observing two or more ER line sources of known energy
in which the average light and charge yields differ. g1 and
g2 are then fixed by requiring that Etotal, computed with
Eq. (5), reproduces the true energy of each source. In ER
events, the average yields vary with energy and electric
field due to changes in the average recombination of
ionization electrons with Xeþ ions.
The nine sources listed in Table II were used to extract

values for g1 and g2 in LUX. A scatter plot of S1c vs S2c for
these data is shown in Fig. 32. A strong anticorrelation
between S1 and S2 is apparent in each line due to
recombination fluctuations. The data are fitted with a
rotated two-dimensional Gaussian to determine hS1i and
hS2i for each line source. To reduce the dependence of the
result on the data selection, each fit has data selected within
two Gaussian widths of the mean, as determined by the
initial fit. Variation in the S2 signal and S1 signal due to

FIG. 31. Top: uncorrected xy positions for 83mKr data with drift
times between 200 and 300 μs. Bottom: The same data, after the
correction to xy position has been applied.

FIG. 32. S1c vs S2c for a compilation of LUX line source data.
83mKr and 137Cs data were collected during dedicated calibration
runs. All other lines were present in the low background WIMP
search data. 127Xe [66], 129Xe, and 131Xe were only present early
in Run 3 due to their cosmogenic origin. The anticorrelation
between S1 and S2 is due to recombination.

TABLE II. Table of sources used in the analysis of Fig. 33.

Source E (keV) Type Origin
127Xe 5.3 L-shell x ray Run 3 data
83mKr 41.55 IC Internal calibration source
131mXe 163.9 IC Early Run 3 data
127Xe 208.3 L-shell x rayþ γ Run 3 data
127Xe 236.1 K-shell x rayþ γ Run 3 data
129mXe 236.1 IC early Run 3 data
127Xe 409 K-shell x rayþ γ Run 3 data
214Bi 609 γ Detector background
137Cs 661.6 γ External calibration source

All source data were collected at 180 V=cm. The 129mXe decay
and one of the 127Xe processes completely overlap at 236.1 keV.
IC ¼ internal conversion.

D. S. AKERIB et al. PHYS. REV. D 97, 102008 (2018)

102008-20

In NRs a larger fraction of the energy goes 
to the heat channel — a “quenching” 

factor must be applied
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3D position reconstruction

• Z position: obtained from the time difference between the 2 signals — ~ mm  
(electron cloud drift time x drift speed)


• XY position: from the light distribution in the top array — ~ cm

• Simple centroid

• Minimisation with light distribution functions

• Machine learning, etc.

2-Phase Xenon TPCs

13

5 mm

E2 >> E1

E1



Real examples

ZEPLIN-II — first 2-phase xenon TPC 
used for WIMP search



2-Phase Xenon TPCs
Real examples — ZEPLIN-III (2008-2011)

15



Real examples — ZEPLIN-III (2008-2011)
2-Phase Xenon TPCs

12 kg of liquid xenon

31 PMTs

Installed in the Boulby lab (UK), 1100 m deep

5th Patras WS 2009 Henrique Araújo 23

Phase II – PMT Upgrade

! Existing PMTs limited sensitivity of first run (gammas-rays at least)

! Custom design for ultra low-background tubes, pin-by-pin compatible

! Factor ~30 improvement in gamma-ray activity expected
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Real examples — the LUX detector (2013-2016)
2-Phase Xenon TPCs

370 kg of liquid xenon

122 PMTs

Installed at SURF (USA), 1500 m deep

All inner surfaces in PTFE
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Another example — the LUX-ZEPLIN detector
• 7 tonnes of active mass

• 10 tonnes total Xe

• 1.5 m diameter ⨉ 1.5 m height


• 494 3” PMTs


• All inner surfaces in PTFE

2-Phase Xenon TPCs

 

Full TPC - August 2019

Top PMT array

TPC field cage

Cathode grid

Bo5om PMT array

Gate grid

Anode grid

Also installed at SURF (USA), 1500 m deep



What happens to old detectors?
Golden retirement

LUX decommissioning (end of 2016)

LUX in exhibition at the Homestake 
Visitor’s Center

ZEPLIN-III on display at the Whitby Museum
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Advantages for WIMP detection 

With the examples of the LUX and LZ detectors



Background reduction strategies
Underground deployment
Sanford Underground Research Facility (SURF)
• Deepest gold mine in North America (1.5 km and 2.5 km levels)

• Abandoned due to the lower gold price at the end of the 1990’s

• Bought by the state of South Dakota for a symbolic amount

• A millionaire (D. Sanford) donated $80M to convert it for science! 
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Background reduction strategies
Underground deployment

• 1478 m deep (4.2 km w.e., 107 µ flux reduction)


• 1 muon / hand surface / 3 months


• Same cavern where Ray Davis installed his 
Solar Neutrino Experiment in the 1960’s
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Background reduction strategies
Underground deployment

2010 - 2012

Water  
tank



Background reduction strategies
Shielding and vetoes

LUX detector inside the water tank



Background reduction strategies
Shielding and vetoes

Installing the inner cryostat 
of the LZ detector

Water Thickness (mm)

Rock γ

µ neutrons

Rock 
neutrons



Background reduction strategies
Shielding and vetoes

• Example: the LZ detector uses three veto systems

• The water tank detects muon via Cherenkov light

• A liquid scintillator outer detector (17 tonnes)


• Loaded with Gd (high cross section for neutron capture)


• A liquid xenon “skin” (2 tonnes) Outer detector

TPC and Skin

26



• The LZ xenon “skin” 
• 2 t of LXe surrounding the TPC

• Optically isolated from the TPC

• Instrumented with 1” (side) and  

2” (bottom) PMTs

• All surfaces covered in PTFE to  

maximize light collection

Background reduction strategies
Shielding and vetoes

18 2” Bottom dome PMTs 93 1” PMTs Top Xe skin PMTs

D. Woodward

20x 2” Bottom side dome PMTs 

O
uter detector

Active TPC

Cathode

PMT array

LXe skin

LXe skin

Cryostat



• The LZ outer detector 
• Suppress neutron induced background

• 17 t Gd-loaded liquid scintillator in acrylic tanks

• Surrounded by 120 8” PMTs

• ~8 MeV 𝛾-rays following neutron capture


• 95% design efficiency for tagging neutrons

Background reduction strategies
Shielding and vetoes

12 D.S. Akerib, C.W. Akerlof and A. Alqahtani et al. / Astroparticle Physics 125 (2021) 102480 

Fig. 12. The LZ neutron veto inefficiency versus energy threshold. The solid blue 
line shows the result using the DICEBOX simulation for Gd neutron capture, and 
the dashed green line shows the result from the default GEANT4 Final State (FS) 
neutron capture model. The baseline threshold for the OD is 200 keV to avoid false 
vetoes from the decays of 14 C, 152 Gd, and 147 Sm in the GdLS. Simulations also as- 
sume an energy threshold for the LXe skin of 100 keV. 
3.4. Muons and muon-induced neutrons 
3.4.1. Muon model 

Energetic neutrons are produced by atmospheric muons that 
penetrate through the rock surrounding SURF. Evaluations of the 
impact of these neutrons must begin with understanding their cre- 
ation, and therefore the development of a muon flux model. Atmo- 
spheric muons with different energies were propagated through 
rock with known composition and density using the MUSIC code 
[63,64] . The energy distributions of these muons were recorded at 
several depths that cover the whole range of distances that muons 
can cross at different zenith and azimuthal angles before reaching 
SURF. These energy distributions have then been convoluted with 
the energy spectra and angular distributions of muons at the sur- 
face, with the surface profile taken into account (see Ref. [64] for 
a detailed description of the procedure). Muon energy spectra and 
angular distributions obtained this way were recorded and used 
to sample muons at SURF around the cavern (the MUSUN code 
[64] ). Muons sampled with MUSUN are passed to the LZ software 
package for further simulations of muon-induced effects. To val- 
idate the muon model, the vertical and total muon fluxes were 
compared with existing measurements in the Davis cavern where 
LZ will be located. Vertical muon intensity has been measured in 
early 1980s by the veto system of the chlorine solar neutrino ex- 
periment giving the value of (5 . 38 ± 0 . 07) × 10 −9 cm −2 s −1 sr −1 
[65] . This can be compared with the LZ model, which gives the 
vertical muon intensity of 5 . 18 × 10 −9 cm −2 s −1 sr −1 (note that the 
measured vertical intensity of single muons has been corrected by 
us to include the reported fraction of multiple muon events). Re- 
cently, the total muon flux has been measured in another hall at 
SURF with a veto system of the Majorana demonstrator. The mea- 
sured value of (5 . 31 ± 0 . 17) × 10 −9 cm −2 s −1 [66] is slightly lower 
than our model prediction for the total muon flux of 6 . 16 × 10 −9 
cm −2 s −1 . In both measurements, only statistical uncertainties are 
quoted. Given a (-7+16)% difference between our model predictions 
and the two measurements (one for the vertical muon intensity 
and the second one for the total muon flux), we estimate the ac- 
curacy of the model in calculating the muon flux as about 20%, due 
primarily to the uncertainty in the rock density. Validation of the 
muon propagation code was reported in [63,64] . The mean muon 
energy at SURF is calculated to be 283 GeV. 

Fig. 13. Top: surface profile around SURF. The position of the LZ detector is shown 
by the black circle in the middle. The color scheme depicts the altitude above sea 
level in meters. East direction is to the right. Bottom: azimuthal angle distribution 
of 10 7 muons at SURF as generated by MUSUN; azimuth angle is counted from East 
to North. Muon intensity is integrated over zenith angle. 

Fig. 13 shows the surface profile around SURF (top) and the 
azimuthal angular distribution of muons at SURF integrated over 
zenith angle (bottom). The open cut in the surface profile (shown 
as a blue region on the top plot) results in a peak in muon inten- 
sity at about 170 degrees counted from East to North. 
3.4.2. Muon-induced neutrons 

Recorded energy spectra and angular distributions of muons 
were used to generate muon events within LUXSim [6] (a prede- 
cessor of BACCARAT with a similar performance; BACCARAT was 
not available at the time of these simulations but the physics was 
the same in both codes). Muons were sampled on the surface of a 
box that encompasses the cavern and a few meters of rock around 
it (7 m on top and 5 m from all other sides), to account for muon- 
induced cascades that can start in rock and propagate to the de- 
tector. Rock composition and density were taken from [67] and the 
detector geometry and physics processes were similar to those in 
the current version of BACCARAT. 

In total, 2.3 × 10 8 muons corresponding to ≈ 120 live years 
were simulated and analyzed applying the background rejection 
cuts described in Section 3.1 . In the 6–30 keV nr energy range, there 
are 1.4 ± 0.2 “pure” NR events (i.e. with no other energy deposi- 
tion) in 10 0 0 days before any event selections are made. The en- 
ergy spectra of all muon-induced events surviving each of the cuts 
applied consecutively are shown in Fig. 14 . Most events at these 
energies are single scatters that occur outside the fiducial volume. 

Of the small number of events that remain, all are removed by 
the LZ veto systems (the skin and outer detector). In this analysis 
the water tank, which has a high probability to veto events by de- 
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Background reduction strategies
Shielding and vetoes



Background reduction strategies
Shielding and vetoes



Advantages for WIMP detection
Scalability — same technology

15 years ago… Now Future (2028 - )

ZEPLIN-II 
32 kg

LUX-ZEPLIN (LZ) 
10 tonnes

Next generation detector 
40-80 tons
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massive particles (WIMPs) as dark matter candidates.
Other physics goals include the search for the 0⌫��-
decay, the real-time detection of solar pp neutrinos via
electron scattering, the observation of supernova and
solar 8B neutrinos via coherent neutrino nucleus scat-
tering and the search for solar axions, galactic axion-like
particles and dark photons.

The DARWIN detector is described in detail in [11].
In the baseline scenario, the detector is a cylindrical,
two-phase (liquid and gas) xenon TPC with 2.6m di-
ameter and 2.6m height. The TPC will be placed in a
low-background, double-walled cryostat surrounded by
an instrumented water tank to shield it from the en-
vironmental radioactivity and to record the passage of
cosmic muons and their secondaries as well as for neu-
tron thermalization.

Interactions in the TPC will give rise to a prompt
signal (S1) from photons and a delayed, proportional
scintillation signal (S2) from electrons transported by
a homogeneous drift field and extracted into the gas
phase. Both signals will be detected by photosensor ar-
rays (made of photomultiplier tubes (PMTs), silicon
photomultiplier (SiPM), or new types of sensors), pro-
viding the x-y-z-coordinates of an interaction, as well as
its energy with < 1% 1� resolution for MeV energy de-
positions. Interactions separated by more than 15mm
are assumed to be individually identified in event re-
construction. This allows for separation between sin-
gle scatters (as expected from 0⌫��-decays and dark
matter particle interactions) and multiple scatters (as
expected from many sources of backgrounds), as well
as the definition of an inner (fiducial) volume with re-
duced background levels. The high density of the liquid
xenon (⇠3 g/cm3) ensures a short attenuation length
for �-rays.

The final location of the DARWIN experiment is
yet to be decided. A good candidate is the Gran Sasso
Underground Laboratory (LNGS) in Italy. We will use
its overburden in this study.

2.1 Monte Carlo model of the detector

For the Monte Carlo event generation and particle prop-
agation in geant4 we use a realistic model of the DAR-
WIN detector. Its details are described in the following.

The TPC is enclosed within the outer and inner ti-
tanium cryostat (shown in Fig. 1), including torispher-
ical domes, flanges and sti↵ening rings to minimize the
amount of material. A pressurizable titanium vessel is
placed on the inner cryostat floor to reduce the amount
of xenon while keeping the material budget low. A study
based on previously-measured specific activities of cryo-
stat materials [13,14] showed that a cryostat made of

Fig. 1: Drawing of DARWIN’s double-walled cryostat
and TPC, showing all components considered in the
simulation.

titanium yields a lower background rate than a stainless
steel cryostat of equal mechanical stability.

The inner cryostat contains the liquid xenon volume
and the TPC. The TPC walls are formed by PTFE
reflectors of 3 mm thickness with high reflectivity for
the vacuum ultra-violet (VUV) scintillation light, sur-
rounded by 92 cylindrical copper field shaping rings.
The structure is reinforced with 24 PTFE support pil-
lars. Titanium frames at the bottom and top of the
TPC support the electrodes to establish drift and ex-
traction fields. Two photosensor arrays are located at
the top and bottom of the TPC cylinder, consisting of
a structural copper support, a PTFE reflector disk, the
VUV-sensitive photosensors and the sensors’ cold elec-
tronics. Because the final sensor type is yet to be chosen
for DARWIN and R&D on light sensor options [15,16,
17,18] is ongoing, the top and bottom sensors have, for
the majority of simulations, been simplified to two disks
which properly account for the material budget and the
associated activities of radioactive isotopes. This allows
for a direct comparison between a baseline scenario with
PMTs and an alternative based on SiPMs.

All the major components included in the simula-
tions are listed in Table 1. The assumed radioactivity
levels of the materials are discussed in Sect. 4 and listed
in Table 2.

3 0⌫�� signal events in liquid xenon

In a 0⌫��-decay, the energy Q�� is released mainly in
the form of kinetic energy of the two electrons. In liquid
xenon, the electrons thermalize within O(mm) result-
ing in a single site (SS) signal topology, as shown in
Fig. 2 (left). Bremsstrahlung photons emitted during

Large target mass → Increased interaction probability



Interaction rate and recoil spectrum
Advantages for WIMP detection

8

NUCLEAR RECOIL SPECTRUM

WIMP-nucleus SI scattering rate
(𝑨𝟐 enhancement)

CEnNS scattering
(𝑵𝟐 enhancement)

Henrique Araújo (Imperial)

Expected WIMP recoil spectra:

Sensitivity is mostly at low energies

High A → Increased interaction rate



Low threshold

• The energy threshold is driven by the scintillation (S1)  
signal — can be as low as 2 photons detected!

• Each event must contain an S1 and an S2


• Strategy: cover all the inner surfaces with highly  
reflective PTFE (R>97%)


• Light sensors (PMTs) can detect single photons  
(Qeff ~ 30%)


• Detection efficiency: 
~10% @ 2 keVnr 
~50% @ 3 keVnr

Advantages for WIMP detection

wall. At 4 cm it is less than 10−6 for the smallest S2 signals
considered, ensuring that wall events are a subdominant
background. Ultimately, inclusion of spatial coordinates in
the PLR will obviate the need for a fixed fiducial volume.

Figure 3 shows the simulated efficiencies after applica-
tion of the WIMP search ROI cut for single scatter events in
the TPC as a function of recoil energy for electronic and
nuclear recoils. This region of interest specifically targets
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FIG. 2. Distribution of S1 (top) and S2 (bottom) yields as a function of deposited energy for nuclear (left) and electronic recoils (right)
in LZ. The dashed line indicates the average response.
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FIG. 3. Simulated efficiencies for electronic (left) and nuclear recoils (right) after the WIMP search region of interest cuts: threefold S1
coincidence, S2 > 415 phd (5 emitted electrons), and S1c < 80 phd.
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Self shielding

• External radiation will mostly interact in the outer regions  
— the high density of xenon (~3 g/cm3) maximizes this effect 
compared to other targets


• 𝛾-rays and neutrons will likely interact multiple times 
(but WIMPs only interact once! — single scatters)

Advantages for WIMP detection
It’s quiet in the 

middle

log10DRU
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No intrinsic backgrounds
• No short lived radioactive isotopes → no intrinsic backgrounds!


• excellent for rare search experiments  
(DM, neutrinos, rare nuclear decays)


• Very long lived decays with physical interest on their own

• 136Xe (2𝜈𝛽𝛽) has a half-life of 1021 years  

— compare with the age of the Universe (1010 yr)!


• Possible to search for the neutrino less mode too (0𝜈𝛽𝛽)


• Never observed, T1/2 > 1026 yr

• Beyond the SM physics: 


• Majorana nature of the neutrinos (own anti-particle)

• Neutrino mass hierarchy

• Leptonic contribution to the observed matter/anti-matter asymmetry


• 124Xe (2𝜈2EC), half-life of 1022 years — test nuclear models

Advantages for WIMP detection

136Xe

APS/Alan Stonebraker

2

The long half-life of double electron capture makes it
extremely rare and the process has escaped detection for
decades. In the two-neutrino case (2⌫ECEC), two pro-
tons in a nucleus simultaneously convert into neutrons
by the absorption of two electrons from one of the atomic
shells and the emission of two electron neutrinos (⌫e) [1].
After the capture of the two atomic electrons, mostly
from the K shell [21], the filling of the vacancies results in
a detectable cascade of X-rays and Auger electrons [22].
The nuclear binding energy Q released in the process
(O(MeV)) is carried away by the two neutrinos, which
are not detected within the detector. Thus, the exper-
imental signature appears in the keV-range rather than
the MeV-range. The process is illustrated in Fig. 1.

2⌫ECEC is allowed in the Standard Model of particle
physics and related to double �-decay as a second-order
Weak Interaction process. However, few experimental in-
dications exist. Geochemical studies for 130Ba [4, 5] and
a direct measurement for 78Kr [2, 3] quote half-lives on
the order of 1020 � 1022 years.

Even longer timescales are expected for a hypothet-
ical double electron capture without neutrino emission
(0⌫ECEC) [16, 17]. A detection of this decay would show
that neutrinos are Majorana particles [15], i.e. their own
anti-particles, and could help understanding the domi-
nance of matter over antimatter in our Universe by means
of Leptogenesis [23]. An eventual Majorana nature would
give access to the absolute neutrino mass, but rely on nu-
clear matrix element calculations from theory. A plethora
of di↵erent calculation approaches and results exist [8–

K L M N

e

e

K L M N

ν

ν
X

e

ν

ν

FIG. 1. In the 2⌫ECEC process the nucleus captures two
atomic shell electrons (black), most likely from the K-shell,
and simultaneously converts two protons (red) to neutrons
(white). Two neutrinos (black) are emitted in the nuclear
process and carry away most of the decay energy while the
atomic shell is left in an excited state with two holes in the
K-shell. A cascade of X-rays (red X) and Auger electrons (red
e) are emitted in the atomic relaxation where the lower shells
are refilled from the higher ones (arrows).

14]. As these models also predict the 2⌫ECEC half-life,
its measurement would provide necessary input to nar-
row down the uncertainty therein.
Here we study the 2⌫ECEC of 124Xe. Natural xenon is

a radiopure and scalable detector medium that contains
about 1 kg of 124Xe per tonne. 124Xe undergoes 2⌫ECEC
to 124Te with Q = 2857 keV [24]. Since the amount
of energy released by the recoiling nucleus is negligible
(O(10 eV)) and with the neutrinos carrying away the en-
ergy Q undetected, only the X-rays and Auger electrons
are measured. The total energy for the double K-shell
capture is 64.3 keV [24]. This value has already been
corrected for energy depositions that do not exceed the
xenon excitation threshold [22, 37]. Previous searches
for the 2⌫ECEC decay of 124Xe have been carried out
with gas proportional counters using enriched xenon [6]
as well as large detectors originally designed for Dark
Matter searches [25]. The currently leading lower limit
on the half-life comes from the XMASS collaboration at
T 2⌫ECEC
1/2 > 2.1⇥ 1022 y (90% C.L.) [7].

XENON1T [26] was built to detect interactions of Dark
Matter in the form of weakly interacting massive parti-
cles (WIMPs) and has recently placed the most stringent
limits on the coherent elastic scattering of WIMPs with
xenon nuclei [27]. XENON1T uses 3.2 t of ultra-pure liq-
uid xenon (LXe), of which 2 t are within the sensitive
volume of the time projection chamber (TPC): a cylin-
der of ⇠96 cm diameter and height with walls of highly-
reflective PTFE that is instrumented with 248 photomul-
tiplier tubes (PMTs). The TPC allows for the measure-
ment of the scintillation (S1) and ionisation signals (S2)
induced by a particle interaction – the latter by convert-
ing ionisation electrons into light by means of propor-
tional scintillation. It provides calorimetry, 3D position
reconstruction, and measures the scatter multiplicity.
The detector is shielded by the overburden due to its

underground location at Laboratori Nazionali del Gran
Sasso, an active water Cherenkov muon veto [28], and
the liquid xenon itself. All detector materials were se-
lected for low amounts of radioactive impurities and low
radon emanation rates [29]. In addition, the anthro-
pogenic �-emitter 85Kr was removed from the xenon in-
ventory by cryogenic distillation [30]. The combination of
material selection, active background reduction, and an
inner low-background fiducial volume selection in data
analysis results in an extremely low event rate. This
makes XENON1T the currently most sensitive detector
for 2⌫ECEC searches in 124Xe.
The data presented here was recorded between Febru-

ary 2, 2017 and February 8, 2018 as part of a Dark Matter
search. Details on the detector conditions and signal cor-
rections can be found in the original publication [27]. The
data quality criteria from the Dark Matter analysis were
applied with the exception of those exhibiting low accep-
tance in the energy region of interest around 60 keV. Dur-
ing the analysis, the data was blinded, i.e. inaccessible for

2𝜈2EC

0𝜈2β2𝜈2β
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Fiducialization

• A (very useful) side effect of self-shielding

• Most of the background interactions occur in the outer regions of the detector

• Using 3D position reconstruction, we can define an inner region with lower background rate

Advantages for WIMP detection

Simulated rate of nuclear recoils in the energy region of interest for WIMP search in the LZ 
detector due to neutrons emitted from detector building materials before (left) and after 

(right) excluding events with coincident signals in the vetoes

Fiducial volume Fiducial volume

Before vetoes After vetoes



ER/NR discrimination
Advantages for WIMP detection

✤ Electron recoils: 𝛾, 𝛽, 𝜈 
(interactions with the atomic electrons)

✤ Nuclear recoils: WIMPs, neutrons, 𝜈 
(interactions with the nucleus)

Larger energy fraction converted 
to heat (undetected)

Lower charge/light ratio

(S2/S1)ER > (S2/S1)WIMP

Recoil 
median

Electron recoils 
137Cs source

Nuclear recoils 
(AmBe source)

ZEPLIN-III — 99.99%

>99.8% ER discrimination 
>500x reduction in ER background



ER/NR discrimination
Advantages for WIMP detection

✤ Electron recoils: 𝛾, 𝛽, 𝜈 
(interactions with the atomic electrons)

✤ Nuclear recoils: WIMPs, neutrons, 𝜈 
(interactions with the nucleus)

Larger energy fraction converted 
to heat (undetected)

Lower charge/light ratio

(S2/S1)ER > (S2/S1)WIMP

Electron recoils 
CH3T injected source

Nuclear recoils 
DD generator neutrons

>99.8% ER discrimination 
>500x reduction in ER background

LZ detector



(S2>350 phe); Energy deposited in the RFR is smaller than that deposited1568

in the active region. ( (fLXeEDepER_keV + 1.5
6 fLXeEDepNR_keV ) < 01569

&& fLXeS1cTot_phe > 200 && fLXeS2c_phe > 350 && fRFRER_keV <1570

fLXeEDepER_keV )1571

• Single scatter cut: energy weighted variance is less than 0.2 cm and 3.0 cm1572

in the vertical and radial directions, respectively. ( fLXeSigmaZ_cm < 0.21573

&& fLXeSigmaR_cm < 3.0 )1574

• Skin veto cut: energy deposited in the skin less than 100 keV ( fSkinEDep_keV <1575

100 )1576

• OD veto cut: energy deposited in the OD less than 100 keV ( fODEDep_keV <1577

100 )1578

• Fiducial volume cut: energy deposited inside a cylinder with radius 68.8 cm1579

and a height between 2 cm and 132.6 cm. ( fLXeR_m < 68.8 &&1580

fLXeZ_cm > 2 && fLXeZ_cm < 132.6 )1581

Figure 4.8: E�ect of applying successive analysis cuts.

Figure 4.8 shows the e�ect of applying each cut in succession for the background1582

events coming from the detector components, resulting in a decrease of almost two1583
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Projections
Background model

• Reduction of the external gamma background with successive analysis cuts

39
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Projections
Background model

• Example for LZ, after all BG mitigation strategies 
(except discrimination of ERs)

Monte Carlo simulations and analysis cuts described in
Sec. III to determine background rates in the detector.
Table III presents integrated background ER and NR counts
in the 5.6-tonne fiducial mass for a 1000 live day run using a
reference cut-and-count analysis, both before and after ER
discrimination cuts are applied. For the purposes of tracking
material radioactivity throughout the design and construc-
tion of LZ, the counts in Table III do not use the ROI
described in Sec. III and instead are for a restricted region
relevant to a 40 GeV=c2 WIMP spectrum, equivalent to
approximately 1.5–6.5 keV for ERs and 6–30 keV for NRs.
For continuity with previous studies the values in Table III
are based on the baseline opticalmodel described in theTDR
[23]; when constructing the background model used for the
sensitivity projections in Sec. V, the full ROI and the
projected optical model described in Table II are used.
The expected total from all ER (NR) background sources

is 1131 (1.03) counts in the full 1000 live day exposure.
Applying discrimination against ER at 99.5% for a NR
acceptance of 50% (met for all WIMP masses given the
nominal drift field and light collection efficiency in LZ [23])
suppresses the ER (NR) background to 5.66 (0.52) counts.
Radon presents the largest contribution to the total number of
events. Atmospheric neutrinos are the largest contributor to
NR counts, showing that LZ is approaching the irreducible
neutrino background [52]. Figures 4 and 5 show the spectral
contributions to ER and NR backgrounds, respectively, used
when generating the (S1,S2) PDFs for the sensitivity analysis
described in Sec. V. These figures show rates of unvetoed
single scatter events in the fiducial volume with no energy
region of interest or detector efficiency cuts applied.

A. Trace radioactivity in detector components

The most prevalent isotopes in naturally occurring
radioactive materials (NORMs) are the gamma-emitting

isotopes 40K, 137Cs, and 60Co, as well as 238U, 235U, 232Th,
and their progeny. The TDR [23] describes the facilities
utilized to measure the radioactivity of detector materials,
and LZ is undertaking a campaign involving nearly
2000 radio assays of the materials that form the composite
assemblies, components or subcomponents listed in
Table III. As a result of this comprehensive program and
the power of self-shielding afforded by LXe, trace radio-
activity 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 accumu-
lation of 222Rn daughters plated-out during the manufacture
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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 efficiency 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 ppþ 7Beþ 13N solar neutrinos
is scaled according to the relativistic random phase approximation (RRPA) calculation in [53].
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FIG. 5. NR 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 efficiency or WIMP-search region
of interest cuts on S1c have been applied.
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Simulated ER spectrumMonte Carlo simulations and analysis cuts described in
Sec. III to determine background rates in the detector.
Table III presents integrated background ER and NR counts
in the 5.6-tonne fiducial mass for a 1000 live day run using a
reference cut-and-count analysis, both before and after ER
discrimination cuts are applied. For the purposes of tracking
material radioactivity throughout the design and construc-
tion of LZ, the counts in Table III do not use the ROI
described in Sec. III and instead are for a restricted region
relevant to a 40 GeV=c2 WIMP spectrum, equivalent to
approximately 1.5–6.5 keV for ERs and 6–30 keV for NRs.
For continuity with previous studies the values in Table III
are based on the baseline opticalmodel described in theTDR
[23]; when constructing the background model used for the
sensitivity projections in Sec. V, the full ROI and the
projected optical model described in Table II are used.
The expected total from all ER (NR) background sources

is 1131 (1.03) counts in the full 1000 live day exposure.
Applying discrimination against ER at 99.5% for a NR
acceptance of 50% (met for all WIMP masses given the
nominal drift field and light collection efficiency in LZ [23])
suppresses the ER (NR) background to 5.66 (0.52) counts.
Radon presents the largest contribution to the total number of
events. Atmospheric neutrinos are the largest contributor to
NR counts, showing that LZ is approaching the irreducible
neutrino background [52]. Figures 4 and 5 show the spectral
contributions to ER and NR backgrounds, respectively, used
when generating the (S1,S2) PDFs for the sensitivity analysis
described in Sec. V. These figures show rates of unvetoed
single scatter events in the fiducial volume with no energy
region of interest or detector efficiency cuts applied.

A. Trace radioactivity in detector components

The most prevalent isotopes in naturally occurring
radioactive materials (NORMs) are the gamma-emitting

isotopes 40K, 137Cs, and 60Co, as well as 238U, 235U, 232Th,
and their progeny. The TDR [23] describes the facilities
utilized to measure the radioactivity of detector materials,
and LZ is undertaking a campaign involving nearly
2000 radio assays of the materials that form the composite
assemblies, components or subcomponents listed in
Table III. As a result of this comprehensive program and
the power of self-shielding afforded by LXe, trace radio-
activity 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 accumu-
lation of 222Rn daughters plated-out during the manufacture
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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 efficiency 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 ppþ 7Beþ 13N solar neutrinos
is scaled according to the relativistic random phase approximation (RRPA) calculation in [53].
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FIG. 5. NR 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 efficiency or WIMP-search region
of interest cuts on S1c have been applied.
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Simulated NR spectrum

Note the difference in the rate scales!

40

Main ER backgrounds: 
• Rn mixed in the Xe

• Solar neutrinos

• 136Xe 2𝝂ββ

• External gammas

Main NR backgrounds: 
• 8B+hep neutrinos

• Atmospheric neutrinos

• Detector neutrons



Projections
Projected backgrounds of the LZ detector

5.66 events after  
99.5% ER discrimination

0.52 events after  
50% NR acceptance

1131 ER 
events

1.03 NR 
events



Results
LZ started operating at the end of 2021 (24/12/21)
• Observed backgrounds — low energy (arXiv:2211.17120)

Short lived isotopes from cosmogenic and neutron activation



Results
LZ started operating at the end of 2021 (24/12/21)
• Observed backgrounds — high energy (arXiv:2211.17120)



Projections
Discrimination plot

• Expected science data from the LZ detector, after a simulated 1000 day exposure

44

Coherent  
𝜈-nucleus scattering

Expected signal 
profile for a  

40 GeV WIMP

ER band dominated by 
pp neutrinos and radon



• Observed data during 90-day science run

Results
LZ started operating at the end of 2021 (24/12/21)
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FIG. 15. Left: Low-energy data after all data quality and physics cuts in log10(S2c)-S1c space. Contours enclose 1� and 2� of
the best-fit background model (shaded grey), the 37Ar component (orange ellipses), a 30GeV/c2 WIMP (purple dashed lines),
and 8B solar neutrinos (shaded green regions). The solid red line shows the NR median, and the red dotted lines indicate the
10% and 90% quantiles. Right: Corrected z and r2 positions of the same data. Dashed black lines outline the active liquid
xenon volume and dashed gray lines represent the fiducial volume. In both figures, events falling below the 2� contour of the
best-fit background model are shown as pie charts for which the size of each wedge is determined by the relative weight of each
of the background components in the fit.

VI. CONCLUSIONS

A backgrounds model for LZ was developed with analy-
sis of data from the first science run, and was successfully
employed in the inaugural WIMP results reported by the
experiment in Ref. [7]. The pre-fit model agrees well
with the observed data in the WIMP ROI (Figure 14).
Sources outside the WIMP ROI were well-characterized,
which enables their inferred activities to inform addi-
tional physics searches in a broader ROI. Fitting of the
gamma-ray sources and radon alpha decays was achieved
to good precision: gamma-ray activities were found to be
compatible with assay expectations, whereas radon lev-
els were found to be higher than expected. The results
inform strategies for radon emanation and assay mea-
surements for future experiments.

The model is comprehensive across a wide range of
energies, and can be easily adapted for other physics
searches. The backgrounds in the higher energy regions
up and beyond the ROI relevant for 136Xe 0⌫�� have
been characterized, ready for blinded searches with fu-
ture science runs. For WIMPs and low energy searches,
these background results can be used as the basis for un-
derstanding how to optimize the detector conditions for
later science data-taking: for instance, investigating how
to push analysis thresholds whilst maintaining a work-
able accidental coincidence rate. All three detectors were
leveraged in the determination of contributions to the
model, with the assessed veto performance in the OD
and Skin being instrumental to estimates for neutrons

and 127Xe. Work is ongoing to understand the back-
ground events observed in the veto detectors themselves,
which can in turn further inform the TPC model.
The background rate in the WIMP ROI was estab-

lished as (6.3±0.5)⇥10�5 events/keVee/kg/day: this rep-
resents a 57 times reduction over the background rate of
(3.6±0.4)⇥10�3 events/keVee/kg/day reported by LUX
after their WS criteria were applied in Ref. [28]. This
rate is likely to improve further as the components in the
model evolve with time. The cosmogenically-activated
xenon and 37Ar will decay to subdominant levels. On
the other hand, the state of the detector becomes more
variable with longer exposures, which could, for example,
lead to enhancement of sources contributing to accidental
coincidences. The WS ROI definition, cuts, and FV may
also change in the future, which would alter the back-
ground profile in consideration for a next WIMP analy-
sis. A more sophisticated profile-likelihood ratio analy-
sis involving more parameters, such as time dependence,
could be developed to better utilize the background infor-
mation detailed in this paper. Analyses presented here,
such as the radon alpha movement studies, demonstrate
that position dependence is also viable for a next physics
analysis.

ACKNOWLEDGMENTS

The research supporting this work took place in part
at SURF in Lead, South Dakota. Funding for this work



Analysis
Statistical analysis strategies

46

ZEPLIN-III

✤ Approach 1 (older publications): 
✤ define region of interest (ROI) for WIMP search
✤ estimate BG counts in ROI from BG model
✤ compare observed with expected
✤ determine statistical significance (if observed 

compatible with BG or not) 
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✤ Approach 1 (older publications): 
✤ define region of interest (ROI) for WIMP search
✤ estimate BG counts in ROI from BG model
✤ compare observed with expected
✤ determine statistical significance (if observed 

compatible with BG or not) 

ZEPLIN-III

✤ Approach 2: 
✤ select set of observables (S1, S2, R, Z)
✤ fully characterise BG populations in those observables
✤ develop signal model
✤ apply a Profile Likelihood Ratio statistical analysis to 

the observed data

4

FIG. 2: Spatial distributions of DM search data. Events that pass all selection criteria and are within the fiducial mass are
drawn as pie charts representing the relative probabilities of the background and signal components for each event under the
best-fit model (assuming a 200 GeV/c2 WIMP and resulting best-fit �SI = 4.7 ⇥ 10�47 cm2) with color code given in the
legend. Small charts (mainly single-colored) correspond to unambiguously background-like events, while events with larger
WIMP probability are drawn progressively larger. Gray points are events reconstructed outside the fiducial mass. The TPC
boundary (black line), 1.3 t fiducial mass (magenta), maximum radius of the reference 0.9 t mass (blue dashed), and 0.65 t core
mass (green dashed) are shown. Yellow shaded regions display the 1� (dark), and 2� (light) probability density percentiles of
the radiogenic neutron background component for SR1.

FIG. 3: DM search data in the 1.3 t fiducial mass distributed in (cS1, cS2b) (left) and (R2, cS2b) (right) parameter spaces
with the same marker descriptions as in Fig. 2. Shaded regions are similar to Fig. 2, showing the projections in each space of
the surface (blue) and ER (gray) background components for SR1. The 1� (purple dashed) and 2� (purple solid) percentiles
of a 200 GeV/c2 WIMP signal are overlaid for reference. Vertical shaded regions are outside the ROI. The NR signal reference
region (left, between the two red dotted lines) and the maximum radii (right) of the 0.9 t (blue dashed) and 1.3 t (magenta
solid) masses are shown. Gray lines show iso-energy contours in NR energy.

keVee). The background contribution from the natural
radioactivity of detector materials is suppressed within
the fiducial volume to a similar level. Thus, the dominant
ER background is from �-decays of 214Pb originating
from 222Rn emanation. The maximum and minimum de-
cay rate of 214Pb is (12.6±0.8) and (5.1±0.5)µBq/kg, es-

timated from 218Po ↵-decays and time-coincident 214Bi-
214Po decays, respectively, similarly to the method used
in [25]. The corresponding event rates in the ROI are
(71 ± 8) and (29 ± 4) events/(t⇥ yr⇥ keVee). The to-
tal ER background rate is stable throughout both science
runs and measured as (82+5

�3 (sys)± 3 (stat)) events/(t⇥

XENON1T
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background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [73]. A flat
constraint of 0 to three times the estimate of 96 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 64–66],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tag-
ging e�ciency (88.5± 0.7%). A likelihood fit of the NR
component in the OD-tagged data is consistent with ob-
serving zero events, leading to a data-driven constraint
of 0.0+0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [62].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency
is then applied to UDT single-scatter-like events to con-
strain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The
green and yellow bands are the 1� and 2� sensitivity bands.
The dotted line shows the median of the sensitivity projec-
tion. Also shown are the PandaX-4T [26], XENON1T [25],
LUX [28], and DEAP-3600 [74] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component
shapes are modeled in the observable space using the
geant4-based package baccarat [75, 76] and a custom
simulation of the LZ detector response using the tuned

FIG. 6. Reconstructed energy spectrum of the best fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.
Above the smallest tested WIMP mass of 9GeV/c2,

the best-fit number of WIMP events is zero, and the data
are thus consistent with the background-only hypothesis.
Figure 5 shows the 90% confidence level upper limit on
the spin-independent WIMP-nucleon cross section �SI as
a function of mass. The minimum of the limit curve is at
m� = 30GeV/c2 with a limit of �SI = 6.5⇥ 10�48 cm2.
For WIMP masses between 19GeV/c2 and 26GeV/c2,
background fluctuations produce a limit which is below
a critical discovery power threshold, ⇡crit = 0.32, and
for these masses the reported limit is set to the limit
equivalent to ⇡crit [54]. The background model and data
as a function of reconstructed energy are shown in Fig. 6,
and the data agree with the background-only model with
a p-value of 0.96. LZ also reports the most sensitive
limit on spin-dependent neutron scattering, detailed in
the Appendix. A data release for this result is in the
Supplemental Materials [77].

The LZ experiment has achieved the highest sensitivity
to spin-independent WIMP-nucleon scattering for masses
greater than 9GeV/c2 due to the successful operation
of an integrated detector system containing the largest
dual-phase xenon TPC to date. LZ is continuing opera-
tions at SURF and will undertake further detector and
analysis optimization to search for a broad range of rare-
event physics searches, including WIMPs, neutrinoless
double-beta decay, solar neutrinos, and solar axions [78–

6

FIG. 4. WIMP-search data (black points) after all cuts in
log10S2c-S1c space. Contours enclose 1� and 2� of the fol-
lowing models: the best-fit background model (shaded grey
regions), the 37Ar component (orange ellipses), a 30GeV/c2

WIMP (purple dashed lines), and 8B solar neutrinos (shaded
green regions). The red solid line indicates the NR median,
and the red dotted lines indicate the 10% and 90% quan-
tiles. Model contours incorporate all e�ciencies used in the
analysis. Thin grey lines indicate contours of constant energy.

to poor position reconstruction resolution. Radially, the
FV terminates at 4.0 cm in reconstructed position from
the TPC wall, with small additional volumes removed
in the top (5.2 cm for drift time <200 µs) and bottom
(5.0 cm for drift time >800 µs) corners to account for in-
creased rates of background in those locations. Events
within 6.0 cm of the (x, y) positions of two ladders of
TPC field-cage resistors embedded in the TPC wall are
also removed. Vertically, events with drift times <86 µs
and >936.5 µs are rejected, corresponding to 12.8 cm and
2.2 cm from the gate and cathode electrodes, respectively.
The number of remaining events from the wall entering
the FV is estimated to be < 0.01. The xenon mass in the
FV is estimated to be 5.5± 0.2 t using tritium data and
confirmed by geometric calculation.

Figure 4 shows the distribution in log10S2c-S1c of the
335 events [53] passing all selections, along with con-
tours representing a 30GeV/c2 WIMP, a flat NR distri-
bution, and the background model. The signal model as-
sumes spin-independent scattering from WIMPs with an
isotropic Maxwell–Boltzmann velocity distribution, pa-
rameterized as in Ref. [54], with inputs from Refs. [55–
60]. The WIMP model has an approximately exponen-
tially decreasing energy spectrum with shape that de-
pends on the mass of the WIMP [55].

The background model in this analysis consists of nine
components, grouped according to their spectra in the
ROI or the uncertainty on their rate. Table I lists the
expected number of events from each component.

The dominant ER signal in the search comes from

TABLE I. Number of events from various sources in the
60 d⇥5.5 t exposure. The middle column shows the predicted
number of events with uncertainties as described in the text.
The uncertainties are used as constraint terms in a combined
fit of the background model plus a 30GeV/c2 WIMP signal
to the selected data, the result of which is shown in the right
column. 37Ar and detector neutrons have non-gaussian prior
constraints and are totaled separately. Values at zero have no
lower uncertainty due to the physical boundary.

Source Expected Events Fit Result
� decays + Det. ER 215 ± 36 222 ± 16

⌫ ER 27.1 ± 1.6 27.2 ± 1.6
127Xe 9.2 ± 0.8 9.3 ± 0.8
124Xe 5.0 ± 1.4 5.2 ± 1.4
136Xe 15.1 ± 2.4 15.2 ± 2.4

8B CE⌫NS 0.14 ± 0.01 0.15 ± 0.01
Accidentals 1.2 ± 0.3 1.2 ± 0.3
Subtotal 273 ± 36 280 ± 16

37Ar [0, 288] 52.5+9.6
�8.9

Detector neutrons 0.0+0.2 0.0+0.2

30GeV/c2 WIMP – 0.0+0.6

Total – 333 ± 17

radioactive decay of impurities dispersed in the xenon.
214Pb from the 222Rn decay chain, 212Pb from 220Rn, and
85Kr have broad energy spectra that are nearly flat in en-
ergy across the ROI and are summed into an overall �
background. The concentrations of 214Pb (3.26 µBq/kg)
and 212Pb (0.14 µBq/kg) are determined by fitting to
energy peaks outside the ROI. The xenon was puri-
fied of krypton above ground using gas chromatogra-
phy [61], and an in situ mass spectroscopy measurement
of 144± 22 ppq natKr (g/g) informs the 85Kr rate es-
timate. The � component is further combined with a
small (<1%) and similarly flat ER contribution from
�-rays originating in the detector components [62] and
cavern walls [63]. Solar neutrinos are also predicted to
contribute a nearly flat ER spectrum in the ROI, with
a rate calculated using Refs. [54, 64–66]. As the predic-
tion is very precise, neutrinos are kept separate from the
detector � background in this model. The naturally oc-
curring isotopes of 124Xe (double electron capture) and
136Xe (double � decay) contribute ER events, and the
predictions are driven by the known isotopic abundances,
lifetimes, and decay schemes [67–69].
Cosmogenic activation of the xenon prior to under-

ground deployment produces short-lived isotopes that de-
cayed during this first run, notably 127Xe (36.3 d) and
37Ar (35.0 d) [70–72]. Atomic de-excitations following
127Xe L- or M-shell electron captures fall within the ROI
if the ensuing 127I nuclear de-excitation �-ray(s) escapes
the TPC. The rate of 127Xe electron captures is con-
strained by the rate of K-shell atomic de-excitations,
which are outside the ROI. The skin is e↵ective at tag-
ging the 127I nuclear de-excitation �-ray(s), reducing this

Results from the 90-day first science run
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background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [73]. A flat
constraint of 0 to three times the estimate of 96 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 64–66],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tag-
ging e�ciency (88.5± 0.7%). A likelihood fit of the NR
component in the OD-tagged data is consistent with ob-
serving zero events, leading to a data-driven constraint
of 0.0+0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [62].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency
is then applied to UDT single-scatter-like events to con-
strain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The
green and yellow bands are the 1� and 2� sensitivity bands.
The dotted line shows the median of the sensitivity projec-
tion. Also shown are the PandaX-4T [26], XENON1T [25],
LUX [28], and DEAP-3600 [74] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component
shapes are modeled in the observable space using the
geant4-based package baccarat [75, 76] and a custom
simulation of the LZ detector response using the tuned

FIG. 6. Reconstructed energy spectrum of the best fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.
Above the smallest tested WIMP mass of 9GeV/c2,

the best-fit number of WIMP events is zero, and the data
are thus consistent with the background-only hypothesis.
Figure 5 shows the 90% confidence level upper limit on
the spin-independent WIMP-nucleon cross section �SI as
a function of mass. The minimum of the limit curve is at
m� = 30GeV/c2 with a limit of �SI = 6.5⇥ 10�48 cm2.
For WIMP masses between 19GeV/c2 and 26GeV/c2,
background fluctuations produce a limit which is below
a critical discovery power threshold, ⇡crit = 0.32, and
for these masses the reported limit is set to the limit
equivalent to ⇡crit [54]. The background model and data
as a function of reconstructed energy are shown in Fig. 6,
and the data agree with the background-only model with
a p-value of 0.96. LZ also reports the most sensitive
limit on spin-dependent neutron scattering, detailed in
the Appendix. A data release for this result is in the
Supplemental Materials [77].

The LZ experiment has achieved the highest sensitivity
to spin-independent WIMP-nucleon scattering for masses
greater than 9GeV/c2 due to the successful operation
of an integrated detector system containing the largest
dual-phase xenon TPC to date. LZ is continuing opera-
tions at SURF and will undertake further detector and
analysis optimization to search for a broad range of rare-
event physics searches, including WIMPs, neutrinoless
double-beta decay, solar neutrinos, and solar axions [78–
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The Future
40 — 80 tonne detector

• Goal is to cover the remaining phase space down to the neutrino floor

1000 tonne x year required 
to reach the neutrino floor


(with 3𝜎 significance)



The Future
40 — 80 tonne detector

• What happens when we “hit the floor”?

Dark Matter Direct Detection on the Moon
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Direct searches for dark matter with large-scale noble liquid detectors have become sensitive
enough to detect the coherent scattering of local neutrinos. This will become a very challenging
background to dark matter discovery in planned future detectors. For dark matter with mass above
10 GeV, the dominant neutrino backgrounds on the Earth are atmospheric neutrinos created by
cosmic ray collisions with the atmosphere. In contrast, the Moon has almost no atmosphere and
nearly all cosmic rays incident on the Moon first collide with the lunar surface, producing a very
di↵erent neutrino spectrum. In this work we estimate the total flux and spectrum of neutrinos near
the surface of the Moon. We then use this to show that a large-scale liquid xenon or argon detector
located on the Moon could potentially have significantly greater sensitivity to dark matter compared
to an equivalent detector on the Earth due to e↵ectively reduced neutrino backgrounds.

Introduction: Our nearest celestial neighbor, the
Moon, has fascinated humankind since time immemo-
rial [1, 2]. The Moon has also helped us understand our
Universe, such as through tests of gravity with laser lu-
nar ranging [3–5]. Recent renewed interest in visiting and
exploring the Moon [6] has motivated proposals for new
scientific facilities to be built there, including instruments
for astronomy and cosmology [7, 8] and energy-frontier
particle colliders [9]. In this letter we demonstrate that
the Moon could also enable the direct detection of dark
matter beyond what is possible on the Earth.

Evidence for dark matter (DM) from astrophysics and
cosmology is overwhelming [10], but its specific iden-
tity remains a mystery [11]. A leading paradigm for
DM is a new elementary particle species � that inter-
acts with ordinary matter more strongly than through
gravity alone [12–17]. For masses in the 1 GeV–50 TeV
range, near the electroweak scale, such a particle could be
created and obtain the observed DM density by thermal
processes in the hot early Universe [18]. This paradigm
has motivated a worldwide program to search for DM in
the lab (on Earth) by its scattering with ordinary matter
in deep underground detectors [19, 20].

E↵orts to identify DM through this direct detec-
tion method have made enormous progress over the
past decades [21]. For DM with mass m� & 10 GeV
and primarily spin-independent interactions with nu-
clei, the most sensitive current experiments are large-
volume noble-liquid detectors using xenon [22–24] or
argon [25, 26] as the target material. These detec-
tors are so sensitive that they are beginning to ob-
serve the coherent scattering of neutrinos on nuclei [27].
While this is a remarkable achievement, it also im-
plies that neutrino scattering will be a di�cult back-
ground in future direct searches for DM [28–39]. In-
deed, proposed detectors such as DARWIN [40, 41] and
ARGO [42] are expected to be able to look for DM all
the way down to the neutrino floor [31, 32] (or neutrino
fog [38, 39]) beyond which neutrino backgrounds make
further progress very challenging. Many well-motivated

theories of DM predict scattering cross sections below the
neutrino floor [43–48], such as the infamously challeng-
ing m� = 1.1 TeV Higgsino [45, 49–51]. Going beyond
it would appear to require directional sensitivity [52–54],
combining data from detectors consisting of di↵erent tar-
get materials [32, 35, 37], or extremely large detector
volumes [32, 35, 38]. Probing below the neutrino floor
is complicated further by uncertainties in the spectral
shapes of neutrino fluxes and the energy dependences of
detector responses [37].

In this letter we show that locating a large-scale de-
tector under the surface of the Moon could allow for
greater sensitivity to DM by reducing neutrino back-
grounds. The dominant neutrino backgrounds for the
detection of DM with mass m� & 10 GeV on the Earth
are atmospheric neutrinos, created when cosmic ray (CR)
protons and helium collide with molecules in the atmo-
sphere to produce pions and kaons which yield neutrinos
in their subsequent decay chains [55]. In contrast, the
Moon has almost no atmosphere and CRs collide pri-
marily with the thin regolith layer covering the lunar
surface or the underlying rocky crust. This greatly al-
ters the resulting neutrino flux spectrum: on the Earth
the pions and kaons decay while in flight, whereas on
the Moon they are mostly stopped or absorbed before
decaying [56–58]. We find that the modified neutrino
spectrum on the Moon makes for a significantly weaker
background to DM scattering relative to the Earth and
could provide a novel approach to exploring DM below
the (Earth) neutrino floor.

Neutrino Fluxes: Many neutrino fluxes on the Moon
are nearly the same as on the Earth, but a few are
radically di↵erent. For direct detection of electroweak
scale dark matter on the Earth, the most important
flux sources are solar neutrinos [59–61], di↵use supernova
background neutrinos (DSNB) [62], and atmospheric
neutrinos [55]. Solar and DSNB neutrino fluxes are e↵ec-
tively identical on the Moon. In contrast the flux of neu-
trinos created by cosmic rays (CR) – called atmospheric
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Conclusions

• Multi-tonne noble liquid detectors are currently the best technology to search 
for WIMPs in the 10 GeV — 100 TeV mass range


• Experiments starting to run now will be able to improve existing results by 
more than an order of magnitude


• The next generation of such experiments, with target masses approaching 100 
tonnes, will be able to cover the remaining parameter space down to the 
neutrino floor


• They will be sensitive enough to be competitive in other physics studies 
(e.g. search for the BSM process 0𝜈2β, study neutrino properties, etc.)
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