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Dark Matter Nuclear Scattering
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What are we searching for? How can we search?

How are we doing?

Very small scattering 
cross-sections!

1 event / ton / year



Part 1: LZ



The LUX-ZEPLIN (LZ) experiment
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‣ S1 prompt scintillation
‣ S2 delayed scintillation after ionization 

electrons are drifted and extracted in gas 
phase

‣ For each event in the detector with an S1 
and S2 signal, we can determine:
‣ Position 
‣ Energy (threshold ~ few keV)
‣ Recoil identification

PMT hit map gives 
x, y position

Two-phase xenon time projection chamber
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Electron recoils (ER)

Nuclear recoils (NR)

Phys. Rev. D. (2017) 95, 012008
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Cathode

Gate

e- drift region

Construction in radon reduced clean room at surface 
assembly lab completed in 2019

The LZ TPC

‣ 1.5 m diameter x 1.5 m height
‣ 7 t liquid xenon target
‣ PTFE construction for light collection
‣ 494 3” PMTs in two arrays on top and bottom
‣ 4 grids (bottom, cathode, gate, anode)
‣ Field cage to define TPC
‣ 3 spill-over weirs to define liquid surface

Anode e- extraction 
region

Bottom

Bottom PMT array and cathode electrode during construction
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3-in-1 integrated detector system
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LXe Skin
• 2 t of LXe surrounding the TPC
• 1” and 2” PMTs at top and bottom of 

the ‘skin’ region
• Lined with PTFE to maximize light 

collection
• Anti-coincidence detector for γ-rays

The Outer Detector (OD)
• 17 t of Gd-loaded liquid scintillator in 

acrylic vessels
• 120 8” PMTs mounted in the water tank
• Anti-coincidence detector for γ-rays and 

neutrons (89% tagging efficiency, 
measured in situ with AmLi neutrons)

LXe TPC LXe Skin Outer detector (OD)
21 3
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Picture round!
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• ~2t LXe ”Skin” detector surrounding the TPC

- Lined with PTFE & observed by 131 PMTs

- Anti-coincidence detector for ! rays

• 17t Gd-loaded LAB outer detector

- Scintillator in acrylic vessels in water tank

- Viewed by 120 8” PMTs situated in water

- Observe ~8.5 MeV of ! rays per thermal 
neutron capture
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Veto Detectors in Detail

LZ Overview & Status, 16th Patras Workshop

Skin OD

OD

Detector insertion

Completion of TPC assembly
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The LZ timeline
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2019 2020 2021 2022

Detector construction at 
surface lab 

Aug 2018 – Aug 2019

TPC assembled 
Aug 2019

TPC moves 
underground 

Oct 2019

Construction & commissioning overview

Detector sealed up
March 2020

Circulation Test
July 2020

Electronics installation
Fall 2020

OD Construction
Winter 2020-2021

Cold Xe gas, 
March 2021

OD Fill
June 2021

Kr Reduction
Jan-Aug 2021

Xenon Fill
Aug-Sep 2021

Commissioning
Fall 2021

First science
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Part 2: First Science Run (SR1)



Run conditions

8

LXe

GXe

Drift field
193 V/cm

Extraction field
7.3 kV/cm

-32 kV

-4.0 kV
+4.0 kV

-1.5 kV

e-e-
e- e-

Max drift 
~ 1 ms

‣ Data from Dec 23rd ’21 to May 12th ’22
‣ Mid-run and post-run calibrations 
‣ WIMP search live time = 60 days
‣ Data not blinded, but analysis developed 

in side bands and/or calibration data

‣ > 97% of PMTs operational 
‣ Liquid T = 174.1 K (0.02% variation)
‣ Gas P = 1.791 bar(a) (0.2% variation)
‣ Liquid level stable within 10 microns
‣ Gas Circulation ~ 3.3 t/day

Goal: Demonstrate physics capability of the LZ detector 

Note: xenon is constantly purified by circulating through a hot 
zirconium getter that removes electronegative impurities 
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A comprehensive detector model

9

‣ NEST(*)-based electron recoil 
model tuned to tritium data, then 
propagated to nuclear recoil model 
and verified with DD data.

‣ GEANT4-based simulation 
framework allows us to model 
backgrounds and signals (Astro 
Part Phys 102480).

Detector parameters
‣ Light gain, g1 = 0.114 ± 0.002 

phd/photon
‣ Charge gain, g2 = 47.1 ± 1.1 phd/

electron
‣ Single electron size = 58.5 phd
‣ ER / NR discrimination = 99.9% for 

40 GeV/c2 WIMP

ER from tritium (low energy in-situ 𝛃 decay)

NR from Deuterium-
Deuterium neutron  
generator

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

(*) https://nest.physics.ucdavis.edu/
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Background model
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‣  Pb214 (Rn222)
‣  Pb212 (Rn220)
‣  Kr85
‣  Xe136 (2𝜈𝛽𝛽) 
‣  Ar37
‣  Xe127
‣  Xe124 (double e- 

capture)

ER Backgrounds
(categorized according to energy 

spectra and rate estimation) 

Xenon contaminants Solar neutrinos (ER)

Detector materials (ER)
‣  𝛾-rays from U238, 

Th232, K40, Co60 
contamination

‣  pp + Be7 + N13  

NR Backgrounds
‣ B8 Solar Neutrinos
‣ Neutrons from detector materials - (α, n) 

or spontaneous fission. 
‣ SR1 TOTAL = 0.15 events 

SR1 TOTAL = 276 events
+ [0, 291] from Ar37

Accidental coincidences of 
isolated S1 and S2 pulses - 
effectively eliminated after 
analysis selections

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

LZ backgrounds: Phys. Rev. D 108, 012010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012010


Data analysis
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‣ Right: all single scatter 
interactions in the TPC - no 
other selections. Can you 
see the WIMPs?

‣ Put differently: need to distill 
O(108) events captured 
throughout SR1.   



Data quality analysis 

12

‣ Two broad categories of data selections allow 
us to remove data based on bad quality:

1.  Time-based:
‣ Exclude periods with high rates of spurious 

activity (e.g. electron and photon emission)

2. Pulse-based:
‣ Exclude events based on outlier pulse 

characteristics
‣ Impacts signal acceptance - studied using 

tritium and AmLi calibration data
‣ 50% efficiency at 5.3 keV nuclear recoil 

energy

All cuts developed on calibration data or search 
data outside the WIMP search region of interest 
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Fiducial volume and vetoes
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‣ S2 charge-loss close to TPC wall leads to 
poor position resolution at radial 
boundary
‣ Choose a central fiducial volume  

simultaneously with S2 threshold to 
make ‘wall backgrounds’ negligible 
for this analysis

‣ 5.5 t fiducial mass (measured by 
uniformly dispersed tritium source) 

⬤ = pass all selections (candidates), ⬤ = pass all sections 
outside fiducial volume, x = skin tagged,  ⃝  = OD tagged 

‣ Prompt (< 0.5 μs) Skin and OD tag:
‣ Reduces naked L-, M-shell Xe127 

background by x5 by tagging γ-rays 
that escape the TPC 

‣ Delayed OD (and skin) tag:
‣ 1200 μs window, ~ 200 keV threshold for n-capture tag - 5% false veto rate
‣ Constraint on neutron background 0+0.2 for this analysis 
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The final dataset
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Ar37

30 GeV/c2 WIMP

NR band

B8 CE𝜈NS 

‣ 335 events in the final dataset
‣ Define a WIMP search ‘region-of-

interest’ for a Profile Likelihood 
Ratio (PLR) analysis:
‣ 3 phd < S1c < 80 phd
‣ S2 > 600 phd (~ 10 

extracted electrons)
‣ S2c < 105 phd 

60 live days, 5.5 t fiducial volume, 0.9 t years exposure 

Background model

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science



Results - best fits
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Best fit of zero WIMP events 
at all masses, p-value = 0.96

Expected from LZ background studies (energy sidebands), auxiliary datasets 
(e.g. measured half lives, rate predictions from other data or simulations)   

Combined fit to data with expected events as priors
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the ensuing 127I nuclear de-excitation γ ray(s) escapes the
TPC. The rate of 127Xe electron captures is constrained by
the rate of K-shell atomic de-excitations, which are outside
the ROI. The skin is effective at tagging the 127I nuclear de-
excitation γ ray(s), reducing this 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 correcting for the decay time before the
search [74]. A flat constraint of 0 to 3 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 scattering
(CEνNS) from 8B solar neutrinos. The prediction for the
CEνNS rate, calculated as in Refs. [54,65–67], 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 tagging efficiency from the
AmLi calibration sources (89! 3%). A likelihood fit of the
NR component in the OD-tagged data is consistent with
observing zero events, leading to a data-driven constraint of
0.0þ0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [63].
Finally, the expected distribution of accidentals is

determined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying the
WIMP analysis selections. The selection efficiency is then
applied to unphysical drift time single-scatter-like events to
constrain the accidentals rate.
Statistical inference of WIMP scattering cross section

and mass is performed with an extended unbinned profile

likelihood statistic in the log10S2c-S1c observable space,
with a two-sided construction of the 90% confidence
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 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 9 GeV=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 σSI as a
function of mass. For WIMP masses between 13 and
36 GeV=c2, background fluctuations produce a limit that
is substantially smaller than the median expected limit, as
shown by the dot-dashed line in Fig. 5. For these masses,
the limit is constrained to a cross section such that the
power of the alternate hypothesis is πcrit ¼ 0.16 [77]. This
restricts the fluctuation to 1σ below the median expected
limit. The introduction of the power constraint also intro-
duces overcoverage, i.e., the coverage of the limit with the
power constraint is greater than 90%. The minimum of the
limit curve is σSI ¼ 9.2 × 10−48 cm2 at mχ ¼ 36 GeV=c2.
The minimum of the unconstrained limit curve is 6.2 ×
10−48 cm2 at 26 GeV=c2, and the minimum of the median
expected limit is 1.9 × 10−47 cm2 at 43 GeV=c2. 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

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs WIMP mass. The gray dot-
dash line shows the limit before applying the power constraint
described in the text. The green and yellow bands are the 1σ and
2σ sensitivity bands. The dotted line shows the median of the
sensitivity projection. Also shown are the PandaX-4T [26],
XENON1T [25], LUX [28], and DEAP-3600 [78] limits.

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.

PHYSICAL REVIEW LETTERS 131, 041002 (2023)
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WIMP-nucleon upper limits (SI)
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‣ Frequentist, 2-sided PLR test 
statistic

‣ Power constrain at -1σ 
sensitivity band to account for 
discovery power

‣ Best limit of σSI = 9.2 x 10-48 at 
36 GeV/c2 

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

‣ Assume a spin independent 
(scalar) WIMP-nucleon 
interaction —   Observed (constrained) limit

- -   Median sensitivity
-•-   Raw (unconstrained) limit 

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

Phys. Rev. Lett. 131, 041002
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WIMP-n, WIMP-p upper limits
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‣ Same statistical treatment as spin-independent case
‣ Assume a spin dependent WIMP-proton and WIMP-neutron interaction
‣ Xe has two isotopes with non-zero nuclear spin (both with unpaired neutrons)
‣ WIMP-proton sensitivity through higher-order nuclear effects
‣ Grey uncertainty band due to theoretical uncertainties on nuclear structure factors. A 

similar uncertainty applies for all other xenon experiments on this plot (i.e. PandaX-II, 
LUX, and XENON1T).

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

at a cross section of σnSD ¼ 1.49 × 10−42 cm2; a
power constraint is applied between 13 and 36 GeV=c2.
Figure 8 shows the 90% confidence level nominal upper limit
and uncertainty on the WIMP-proton spin-dependent
cross section as a function of mass. The minimum of the
limit curve is at mχ ¼ 32 GeV=c2 at a cross section of
σpSD ¼ 4.2 × 10−41 cm2; a power constraint is applied

between 13 and 32 GeV=c2. The minimum and maximum
limits that form the nuclear structure factor uncertainty are
also power-constrained over the relevant mass range for both
the neutron and proton cases.
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Figure 5: The 90% C.L. upper limit on effective
neutrino magnetic moment (left) and neutrino effective
millicharge (right). Selected limits from other
experiments are also shown [4, 66–71] and astrophysical
observations [59, 60].

of time-dependence. Between 3.2 keV and 4 keV, random
fluctuation in the data results in upper limits which fall
below the median sensitivity by more than 1�. For this
specific mass interval, we employ the Power Constrained
Limit method [63] to not report a limit stronger than the
�1� range of the projected sensitivity. We note that the
XENONnT searches of Ref. [4] do not apply a similar
constraint.

Figures 8 and 9 show search results for WIMPs under-
going the Migdal effect from 0.5 to 9 GeV/c2. Masses
below 0.5 GeV/c2 were not considered in this work as
the energies are predominantly sub-threshold and rarely
fluctuate above threshold so as to produce S1 signals
which are both �3-fold and >3 phd. 90% C.L. upper
limits are shown for both spin-independent (SI) and spin-
dependent (SD) coupling modes. For the SD-proton and
SD-neutron modes, the mean nuclear structure functions
from Ref. [64] were used to ensure consistency with lim-
its from previous xenon-based limits. Based on these
results, LZ has placed strong limits upon < 2 GeV/c2
WIMPs undergoing a SI coupling mode, and < 3 GeV/c2
WIMPs undergoing a SD-neutron coupling mode. The
SD-neutron coupling is dominated by the unpaired neu-
trons of 129Xe (spin 1/2, 26.4% abundance) and 131Xe
(spin 3/2, 21.2% abundance) [65].

We note that SD WIMP interactions have significant
uncertainties due to nuclear modeling, and these uncer-
tainties are not included in the quoted results or shown in
Fig. 9. These nuclear uncertainties can be estimated (for
each WIMP mass) by calculating the global minimum
and maximum interaction rate at each energy across
Refs. [64, 72, 73]. For the SD-neutron (SD-proton) cou-
pling in Xe, the global minimum and maximum nuclear
coupling models lead to limits changing by, on average,
factors of 0.74 to 2.7 (0.81 to 44).

As described in Secs. II and IV, the present work
has included the time-dependence of the 37Ar and 127Xe

Figure 6: The 90% C.L. upper limit (black line) on
solar axion gae coupling constant. Selected limits from
other experiments and astrophysical observations are
also shown [4, 62, 74–79]. The shaded orange region
corresponds to predicted values from the benchmark
QCD axion models DFSZ [80, 81] and KSVZ [82, 83].
The LZ median sensitivity is not displayed due to close
overlap with the observed limit.

background contributions. To measure the impact on
observed limits of this inclusion of time-dependence, the
same statistical analysis was performed with all time-
dependence removed. As expected, the largest impact
is on monoenergetic signals near the 37Ar 2.82 keV (K-
shell) peak. For example, for 2.8 keV ALPs, the ob-
served limit is weakened by a factor of 3. The inclu-
sion of time-dependence enhances sensitivity by a smaller
amount for the other signals considered, in proportion to
their overlap with the 37Ar background (the dominating
time-dependent background): 11.5% for neutrino mag-
netic moment, 5.1% for neutrino effective millicharge,
9.2% enhancement for solar axions, and <10% across
WIMP masses undergoing Migdal effect.

VI. CONCLUSIONS

In summary, we have performed eight BSM physics
searches in low-energy electron recoil signals using the
same 0.91 tonne⇥years exposure and data selections as
presented in the experiment’s first WIMP results [6]. In
the case of SD-neutron Migdal and neutrino effective mil-
licharge, the upper limits exclude new regions of their re-
spective parameter space. Where this work tests models
already tested by XENONnT [4], a difference in 214Pb
rate gives XENONnT comparatively greater sensitivity
for a similar exposure.

LZ is continuing to collect data after a period of cal-
ibrations and detector state optimizations. Subsequent
science data will benefit from further decay of both 127Xe
and 37Ar, which will especially improve the solar axion

Searches for low-energy electron recoils
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neutrino fluxes which dominate sensitivity are considered
(pp, 7Be, CNO).

B. Solar Axions

The axion is a pseudo-scalar Nambu-Goldstone boson
that results from the Peccei-Quinn mechanism [23] in-
troduced to interpret the small neutron electric dipole
moment, often termed the strong CP problem. In the
Peccei-Quinn mechanism, an additional U(1) global chi-
ral symmetry is included in the QCD Lagrangian, rep-
resenting a dynamical field; axions are the µeV/c2-scale
particle associated with this field, with couplings to lep-
tons, hadrons, and photons. With these properties, ax-
ion production is possible within stars via nuclear and
thermal processes: axions produced in the Sun are called
solar axions. These mechanisms and their corresponding
couplings are:

1. Axion-electron coupling: Atomic, Bremsstrahlung
and Compton (ABC) [24]

2. Axion-nucleon coupling: 57Fe de-excitation [25]

3. Axion-photon coupling: Primakoff effect [26]

The interaction of interest in LZ is the axion-electron
coupling; this occurs via the axio-electric effect, analo-
gous to the photo-electric effect, allowing atomic ioniza-
tion by absorption of axions. The axion-electron cou-
pling has a coupling constant given as gae. Following
Refs. [27, 28], the cross-section for the axio-electric effect
is given as

�A = �PE(EA)
gae2

�A

3EA
2

16⇡↵me
2
(1� �2/3

A

3
), (2)

where �PE is the cross-section for the xenon photo-
electric effect in barns, EA is the axion total energy, and
�A is the ratio of the axion velocity to the speed of light.
Solar production via the ABC process is dominant com-
pared to the Primakoff effect and 57Fe de-excitation, and
so conservatively only the solar axion flux from the ABC
process is considered in this work. The signature of so-
lar axions in LZ would be an excess of events as seen in
Fig. 3: an approximately exponentially falling yield cou-
pled to the detector threshold and an L-shell absorption
edge of the axio-electric effect leading to a characteristi-
cally double peaked spectrum. We limit our searches to
solar axion masses <1 keV/c2 such that their rest mass
does not significantly affect the results.

C. Axion-like particles

The symmetry-breaking framework invoked to solve
the strong CP-problem, which motivates the QCD axion,
is also used in other BSM theories in which there is break-
ing of a global U(1) symmetry, with the prediction of

Figure 3: Reconstructed energy (keVee) spectra for the
background-only model (grey) and representative signal
models: solar axion (orange), solar neutrino magnetic
moment (green), solar neutrino millicharge (red), spin
independent WIMPs undergoing Migdal effect (blue),
and axion like particles (ALPs) (purple). To produce
these spectra, the detector S1 and S2 response is
simulated and then all data selections, thresholds, and
data quality acceptances are applied. This standard
reconstructed energy quantity can be improved by
applying an unequal weighting to the sum of S1c and
S2c (see text for details), and we illustrate the
advantage of an unequal weighting by showing an
alternative reconstruction of the example ALP signal.

pseudo-scalar Nambu Goldstone bosons known as ‘axion-
like’ particles (ALPs). Similar light scalars are also pre-
dicted to result from higher dimensional gauge fields that
are generic in string theories [29–33]. In general, ALPs
are far less constrained than standard QCD axions, allow-
ing masses and couplings over a much larger parameter
space. As with solar axions, ALPs could be detected in
LZ as absorption via the axio-electric effect. In the case
of galactic ALPs, where the velocity is non-relativistic,
the spectral signature is a mono-energetic peak (a line
feature) corresponding to the ALP rest mass. An ex-
ample ALP signal at mALP=10keV is shown in Fig. 3 to
illustrate the effect of finite energy resolution.

Following Refs. [27, 34] and using factors from Ref. [35],
if ALPs constitute all of the cold DM in the galaxy with
⇢ = 0.3 GeV/cm3 [36], the expected ALP event rate
(kg�1 day�1) in an earthbound detector is given by

RALP ' 1.5⇥ 1019

A
g2
ae
�PEmALP, (3)

where A is the average mass number of xenon (131.29),
mALP is ALP mass in keV/c2, and gae is the ALP-electron
coupling constant.

‣ Analyses in the electron recoil channel can probe 
other dark matter candidates and Beyond 
Standard Model (BSM) physics.
‣ Same datasets as SR1 WIMP-search.
‣ Same analysis selections.
‣ Same detector model and simulations.
‣ Time added as a parameter to statistical 

inference capitalize on Ar37 (t1/2 = 35.0 d) 
and Xe127 (t1/2 = 36.3 d) rate decay.  

‣ Results are consistent with XENONnT (Phys. Rev. 
Lett. 129, 161805); ruling out the low-energy 
ER excess reported by XENON1T (Phys. Rev. D 
102, 072004).

‣ New limits on Solar Axions, ALPs, Hidden Photons 
and Solar Neutrino Magnetic Moment. World-
leading limit on Neutrino Effective MilliCharge.

‣ New LZ WIMP-scattering limits for masses 
between 0.5 - 9.0 GeV/c2 using the Migdal 
Effect.

Phys. Rev. D 108, 072006

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072006


Part 3: Future Prospects



90% CL minimum (one sided) 
1.4 x 10-48 cm2 at 40 GeV/c2  

Phys. Rev. D 101 (2020), 
052002

LZ can detect dark matter!
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‣ SR1 result represents 6% of the planned LZ exposure (1000 live days).
‣ Since SR1: detector optimizations and extensive calibrations 

completed. Began a long science run in ‘discovery mode’ with 
experimenter bias mitigation (salting).

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

https://doi.org/10.1103/PhysRevD.101.052002
https://doi.org/10.1103/PhysRevD.101.052002
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FIG. 4: Projected 90% C.L. exclusion sensitivity to (a) electromagnetic neutrino couplings µ⌫ and q⌫ , (b) kinetic
mixing squared, 2 for hidden photons, (c) axio-electric coupling for solar axions , (d) axio-electric coupling for
galactic ALPs, (e) mirror dark matter kinetic mixing, and (f) DM-electron scattering cross-section for leptophilic
dark matter. ±1� (green) and +2� (yellow) bands are also shown. For selected models, sensitivity to 3� evidence is
also shown. Results from other experiments and astrophysical constraints are referenced in the text.

Other LZ science searches
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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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KamLAND-Zen (2016)

EXO-200 (2019)

90% 136Xe Enrichment

Projected Sensitivity (90% C.L.)
±1s

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
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neighbouring 214Bi and 208Tl peaks relies heavily on the
energy resolution, the dependence of the sensitivity on
the energy resolution at the 136Xe Q-value is shown in
Figure 5. It is clear that an energy resolution slightly
worse than the assumed 1.0% has a minor impact on the
sensitivity. However, if the energy resolution were 2.0%
or larger, the impact from the 208Tl peak would be sig-
nificant.

0.6% 0.8% 1.0% 1.2% 1.4%
Energy resolution [s(Qb b)/Qb b ]
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FIG. 5. Expected 90% CL sensitivity for a 1000 live-days run
and for various assumed values of energy resolution at Q�� .
The vertical dashed line labeled “LZ projected” marks the
assumed resolution for this analysis. Also shown on the plot
is the projected LZ sensitivity assuming the energy resolution
recently measured in XENON1T [34].

It is assumed in this analysis that multiple scatter
events can be rejected with a depth-based vertex separa-
tion cut, as multiple energy deposits at di↵erent depths
in the TPC will have multiple S2 pulses. As expected,
Figure 6 demonstrates that there is a large variation in
sensitivity with this cut as multiple scatter events form
the dominant background contribution.

Under the assumption that light neutrino exchange is
the driving mechanism for 0⌫��, the half-life sensitiv-
ity can be translated into the sensitivity to the e↵ective
neutrino mass

⌦
m��

↵
through the relation [56]

⇣
T 0⌫
1/2

⌘�1
=

⌦
m��

↵2

m2
e

G0⌫ |M0⌫ |2. (3)

Fig. 7 shows that the expected sensitivity to
⌦
m��

↵
af-

ter 1000 days is 53–164 meV, with the uncertainty driven
by the range of estimates used for the nuclear matrix el-
ement [57, 58]. The phase space factor from Ref. [47]
and an unquenched axial-vector coupling constant of gA
= 1.27 are used to calculate the e↵ective neutrino mass.
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FIG. 6. Expected 90% CL sensitivity for a 1000 live-days run
and for various assumed minimum separable vertex distances
in depth. Here multiple scatter events are assumed to be
rejected based on z separation only. The vertical dashed line
marks the assumed separation of 3 mm. At lower separation
values, this cut also begins to exclude signal events, resulting
in the observed loss in sensitivity.
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FIG. 7. LZ projected sensitivity to
⌦
m��

↵
and subsequently

the neutrino mass hierarchy. The width of the green sen-
sitivity band is due to the uncertainty in the nuclear matrix
elements [57][58]. The red and blue contours show the allowed
parameter space (± 1�) for the inverted hierarchy and nor-
mal hierarchy neutrino mass scenarios, respectively [6]. On
the right are the current best limits and their uncertainties
for di↵erent 2⌫�� isotopes, showing that 136Xe provides the
most stringent constraints on

⌦
m��

↵
[56].

B. Projection with 90% 136Xe Enrichment

After completion of the WIMP search run of LZ, the
sensitivity for 0⌫�� could be extended with several spe-
cific upgrades that would be either unnecessary or dis-

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

‣ Upcoming, from SR1 data:
‣ Searches for WIMPs in Effective Field Theories
‣ Ultra-heavy dark matter / multiply ionizing 

massive particles (see Ibles O at Riken/N3AS Workshop).

‣ Beyond SR1:
‣ Axions and Axion-Like-Particles (full exposure)
‣ Rate modulation searches
‣ ‘S2-only’ searches (low mass WIMPs)
‣ Neutrinos: B8 CEνNS, 0νββ Xe134, 0νββ Xe136  

Phys. Rev. C. (2020) 102, 014602

Phys. Rev. D (2021) 104, 092009
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https://n3as.berkeley.edu/p/event/2023-riken-multi-messenger-astrophysics/#program
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.014602
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092009


XLZD - next generation liquid xenon experiment
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‣ XENON, LZ and DARWIN collaborations 
working toward a G3 xenon observatory - 
consortium formed in 2022

‣ Multiple major science goals:
‣ Test WIMP hypothesis all the way to 

the ‘neutrino fog’
‣ Test other dark matter candidates
‣ Neutrinoless double beta decay
‣ Atmospheric neutrinos 

APS/JPS 2023 - Workshop on Double Beta Decay and Underground Science

UCLA, 2023

J. Phys. G: Nucl. Part. Phys. 50 013001

https://iopscience.iop.org/article/10.1088/1361-6471/ac841a


Thank you for listening! Questions?

@lzdarkmatter

https://lz.lbl.gov/
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LZ circulation system
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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
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‣ Xenon purified prior to being added to LZ.
‣ Concentration reduced from 1-10 ppb (g/g) to < 300 ppq (g/g). 
‣ Naked beta-decay Kr85 no longer a limiting background 
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Calibrations: Electronic Recoil Response

Methane tagged with tritium, CH3T (β; 18.6 keV endpoint) 
or C14 (β; 156 keV endpoint) 
Kr83m (e-; 32.1 keV, 9.4 keV) 
Rn220 (γ, β, α; various energies) 

‣ x3 deployment tubes between 
inner and outer cryostat vessels

‣ Laser-guided deployment to 
specific z-positions at 5 mm 
precision

  

Radioactive sources 
secured in generator bays

Xe
1: Parent nuclide (producing daughter 
calibration isotope) enclosed in VCR cap.
2: Filter elements for incoming and outgoing 
xenon flow 

Figure 12: TOP: Three example solid materials containing parent
nuclides that emit daughter calibration gaseous sources. Charcoal

dosed with
83
Rb is fixed to the a 1/2-inch VCR plug (1). A gas-

permeable pill (2) containing
131

I and a disk source (3) of electro-

plated
228

Th can also be fixed in place. BOTTOM: Photograph of
a typical gaseous source generator. Carrier Xe gas flows from left
to right. The active parent material is stored in the central region
(4), accessed via a 1/2-inch VCR port. This region is bounded by a
pair of filter elements (5) of 3 nm pore size sintered nickel and then
a pair of lockable manual valves for isolation during shipping and
installation.

laser ranger (visible at the top of Fig. 13), supplying live
data for an active feedback protocol to a SH2141-5511
(SANYO DENKO Co) stepper motor. A ⇠100 µm nylon
composite filament suspends the sources, rated to a maxi-
mum load of 12 kg. The external sources themselves are in
most cases commercial sources (Eckert & Ziegler type R).
A special case is the AmLi source, custom fabricated but
of the same form factor. To enable smooth transport up
and down the conduit, each source is epoxied and encap-
sulated at the lower end of a 5” long by 0.625” diameter
acrylic cylinder. The top end contains the capsule holder
allowing connection to the filament and includes a ferro-
magnetic connection rod for recovery in case of filament
breakage.

5.3. Photoneutron sources

A selection of photoneutron (�,n) sources, including
88YBe, 124SbBe, 204BiBe and 205BiBe, are planned to cal-
ibrate the nuclear recoil energy range from below 1 keV

Figure 13: LEFT: One of three external source deployment systems,
including the laser ranging system (top black component) and the
stepper motor and gear/winding assembly (enclosed in a KF50 Tee
at the back). A transparent plate makes visible the region in which
the sources are installed and removed. RIGHT: An external source
assembly, showing the acrylic body, the source region (at bottom),
and the filament connection, black skids, and laser reflector (at top).

up to about 4.6 keV. This range corresponds to the ex-
pected energy depositions from 8B solar neutrino coherent
scattering. Only about one neutron is produced for every
104 gammas emitted, so a significant quantity of gamma
shielding is required (see Fig. 14). The neutrons are quasi
mono-energetic at production (within a few percent) but
undergo additional scatterings before they reach the liq-
uid xenon. The utility of this calibration source is derived
from the endpoint energy the neutron deposits, which sim-
ulations indicate will be clearly distinguishable after a few
days of calibration.

A ⇠140 kg tungsten shield block is designed to be de-
ployed at the top of LZ via a crane. In the unlikely event
the shield block were to become lodged inside the LZ water
tank, it would be possible to separately remove the conical
structure which contains the gamma source and the Be.

5.4. Deuterium-deuterium neutron sources

An Adelphi DD-108 deuterium-deuterium (DD) neu-
tron generator produces up to 108 neutrons per second. A
custom upgrade will allow up to 109 n/s. The neutrons
are delivered through the Davis Cavern water tank and
Outer Detector via dedicated neutron conduits. There are
two sets of conduits, one level and one inclined at 20 de-
grees from the horizontal. Each conduit assembly includes
a 2–inch diameter and a 6–inch diameter path, and all are
filled with water during dark matter search. As shown in
Fig. 14, the generator is permanently mounted on an Ekko
Lift (model EA15A), and surrounded by custom neutron
shielding material. A kinematic mounting plate, located
between the forks of the lift, will bolt to threaded inserts
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Calibrations: Nuclear Recoil Response

TPC

Neutrons delivered down 3 m conduit

Water Tank OD

Direct mode: 80 n/s, 2.45 MeV 
D-reflector: 21 n/s, 350 keV

H-reflector: 22 n/s, 10-200 keV

DD Neutron GeneratorAmLi source

YBe source

‣ Photoneutron source for low 
energy nuclear recoil calibration at 
threshold.

‣ Deployment to top of cryostat 
vessel (between OD top tanks). 

‣ Demonstrated during 
commissioning at different fields 
to the final WIMP-search.

‣ Three AmLi sources deployed 
in calibration source tubes.

‣ Allows for a scan of different 
detector depths.

‣ Tungsten enclosure to 
contain low energy γ-rays.  

α +7 Li → n +10 B

γ +9 Be → n +8 Be+
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https://iopscience.iop.org/article/10.1088/1748-0221/18/05/P05006/pdf


LZ SR1 Doke Plot

g1 and g2 values in 
agreement with NEST tuning 
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Downward fluctuation of SR1 limit

Tritium data analyzed identically to WS data.  
Deficit region is well-covered.

DD data also shows deficit region is well-
covered.  
(Not shown here) AmLi neutron calibration 
data also shows deficit region well-covered.

WS data Tritium DD Skin-tagged 
127Xe

Downward fluctuation in the observed upper 
limit near 30 GeV/c2 is a result of the 
deficit of events under the 37Ar population. 

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

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

Deficit appears 
consistent with under-
fluctuation of 
background.

Outside 
of FV
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Data Salting
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S1
S2

• Salting is a bias mitigation 
strategy: we inject synthetic 
events into raw data stream 
that look like signal events.


• Build signal events by 
chopping and stitching high 
stats ER and NR calibration 
data.

Mock ‘WIMP-search’ dataset 


Salt event


