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Introduction to LUX-ZEPLIN (LZ)
❖ LZ is a dark matter direct detection experiment based 

at the Sanford Underground Research Facility

- 4850 ft underground -> cosmic ray reduction

❖ Dual-phase xenon time projection chamber (TPC)

- 7 t active xenon viewed by 494 photomultiplier tubes

❖ Skin and Outer Detector (OD) active veto systems

❖ Commissioning started (see D. Woodward’s talk)

❖ Primarily designed for WIMP detection, but has 
considerable sensitivity to other new physics
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https://indico.ific.uv.es/event/6178/contributions/15794/
https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032?via=ihub


TPC Detection Principle
❖ Interactions in the xenon create

- Light - prompt scintillation (S1)

- Charge - electrons drifted and extracted into gas 
-> proportional scintillation (S2)

❖ Excellent 3D position reconstruction (~mm)

- Z from time difference between S1 and S2

- XY from S2 hit pattern on top PMT array

❖ Signals can be used to determine energy of the 
event and for particle identification

S1

S2
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WIMP Analysis Strategy
❖ S2 to S1 ratio -> discrimination of electron recoil 

(ER) from nuclear recoil (NR) events

- ER and NR bands obtained via calibration 

- Conduct search below NR band median -> 
predicted 99.5% ER event rejection

❖ Reduce background events via

- Fiducialisation to cut external source contributions

- Rejection if coincident veto response (Slide 7)

❖ Projected energy threshold of ~1.5 keVee 
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ER	band

NR	band

Simulated	data	inside	the	fiducial	volume	
for	the	full	LZ	exposure	(1000	days	*	5.6	t)

Energy	
isocontours

WIMP	signal	
region



Background Control
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❖ Material selection based on ~2000 assays with 13 HPGe 
detectors, ICPMS, neutron activation analysis

❖ Four Rn emanation screening sites

❖ TPC assembly in Rn-reduced cleanroom

- Cleanliness protocols limiting surface contamination

‣ Dust (<500 ng/cm3)

‣ Plate-out (<0.5 mBq/m2)

❖ Charcoal chromatography at SLAC to remove xenon 
contaminants (85Kr, 39Ar)

❖ Online radon reduction system and purification via getter

Dan Akerib / Wes Craddock – 1.4.2 Kr Removal LZ Status & Operations Planning IPR at LBNL, Jan 2018

Kr removal - gas charcoal chromatography
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EPJC, Vol 80: 1044 (2020);

https://link.springer.com/article/10.1140/epjc/s10052-020-8420-x


Background Simulations
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❖ Geant4-based simulation framework (BACCARAT)

- Event generators written for specific backgrounds e.g.

‣ Neutrons with coincident gammas (e.g. uranium spontaneous fission)

‣ Laboratory and external backgrounds (e.g. muons, cavern gammas)

‣ Surface backgrounds (e.g. embedded Po210 (alpha, n) on fluorine)

- Custom physics lists e.g. OD Gd neutron capture with DICEBOX

❖ Energy depositions converted to S1s and S2s with NEST

- Used for backgrounds estimates and sensitivity projections

❖ Detailed optical and electronics response simulations also possible to 
produce pulses and realistic scatter topologies for mock analyses

j.astropartphys.2020.102480

https://www.sciencedirect.com/science/article/abs/pii/S0927650520300529


Veto Impact on Backgrounds
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FIG. 6. Single scatter event distributions for all NR backgrounds in the region of interest relevant to a 40 GeV/c2 WIMP
(approximately 6–30 keV) with no vetoing (left) and after application of both xenon skin and OD vetoes (right). The integrated
counts for the 5.6 tonne fiducial volume (dashed line) are reduced from 12.31 cts/1000 days with no vetoing to 1.03 cts/1000 days
after application of the vetoes.

S1-like signals from Cherenkov light generated in the
PMT quartz windows (e.g. from energetic betas or Comp-
ton electrons from 40K decays internal to the PMTs [71])
were also considered. Such signals can combine with S2-
only events to create fake S1-S2 pairs that populate the
WIMP search region of interest as low-energy NR-like
events. Fortunately, the majority of these Cherenkov sig-
nals can be readily identified based on their timing and
PMT hit patterns, typically possessing a spread in arrival
times of less than 10 ns with the majority of the light de-
tected in the source PMT. These characteristics and the
above S2-only rate lead to a projection of 0.2 events in a
1000 day run.

G. Spatial distribution of NR backgrounds and
e↵ect of the vetoes

The spatial distribution of single scatter NR events
from all significant background sources is shown in Fig. 6
before (left) and after (right) application of the veto de-
tectors. Neither the low-energy 8B and hep events nor the
sharply falling radial wall events are included in Fig. 6.
Without the veto system, the rate of NR events increases
by a factor of around 10, severely impacting the sensitiv-
ity and discovery potential of LZ. A reduction in fiducial
mass to approximately 3.2 tonnes would be necessary to
reduce the NR rate to that achievable with the veto sys-
tem and the full 5.6 tonne fiducial mass.

V. WIMP SENSITIVITY

The LZ projected sensitivity to SI and SD WIMP-
nucleon scattering is calculated for an exposure of

1000 live days and a fiducial mass of 5.6 tonnes. The
sensitivity is defined as the median 90% confidence level
(CL) upper limit on the relevant WIMP-nucleon cross
section that would be obtained in repeated experiments
given the background-only hypothesis. It is evaluated
using the Profile Likelihood Ratio (PLR) method [72]
that provides near-optimal exploitation of the di↵erences
between signal and background, based on the position-
corrected signals S1c and S2c. For these projections no
position information is included in the list of PLR ob-
servables and instead the simple cylindrical fiducial vol-
ume cut described in Sec. III is applied, containing 5.6
tonnes of LXe. A scan over cross section is performed
for each WIMP mass, and the 90% confidence interval
is obtained by performing a frequentist hypothesis test
inversion using the RooStats package [73]. For the limit
projections shown here, a one-sided PLR test statistic for
upper limits is used, cf. equation (14) in [72]; for evalu-
ating discovery potential a test statistic for rejecting the
null hypothesis is used, following equation (12) in [72].

An 11-component background model is built for the
PLR based on the estimates described in Sec. IV and
shown in Table IV. Contributions from detector compo-
nents and environmental backgrounds are summed to-
gether into a single Det. + Env. component. Also shown
in Table IV are systematic uncertainties on the normal-
ization of each background. The uncertainties on the
Det. + Env. component are estimated from the counting
and simulation results, those on the neutrino components
are primarily flux uncertainties, those on the radon con-
tribution come from uncertainty in the branching ratio
of 214Pb and 212Pb to their respective ground states, and
those on 85Kr and 136Xe from uncertainty on the spectral
shapes at low energies. These systematics are treated as
nuisance terms in the PLR calculation, but they do not
have a significant e↵ect on the sensitivity because of the
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No vetoes: 10.4 NR cts/1000 days With vetoes: 1.0 NR cts/1000 days 

❖ Combined veto system allows for a fiducial volume of 5.6 t  
(80% of active volume)

❖ See H. Birch’s poster for more details
CAD	view	of	the	Outer	Detector

https://indico.ific.uv.es/event/6178/contributions/15808/


WIMP Search Backgrounds
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ER Backgrounds NR Backgrounds 

Expected contributions after analysis cuts  
(single scatter (SS), 5.6 t fiducial volume (FV), veto anti-coincidence)
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Source ER [cts] NR [cts]
Total 1131 1.03

+ 99.5% ER discrimination, 50% NR efficiency 5.66 0.52

ER Counts NR Counts 

222Rn/220Rn85Kr/39Ar

Physics
• 136Xe 2ν2β
• Solar νs

Surface 
Contamination

Physics
• Atmospheric νs 

• Supernova νs

Detector 
materials

SS, FV, Veto Cuts
+ ROI Cut of 
1.5-6.5 keVee

Muon Induced 
Neutrons

Other  
(e.g. detector 
& cavern γs)



WIMP Sensitivity
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PRD 101, 052002 (2020)

❖ Profile likelihood ratio analysis

- S1, S2 (+ position) PDFs

‣ Simulated backgrounds (Slide 6)

‣ Analytical recoil spectra -> 
NEST (signal/physics)

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

For full LZ exposure (1000 days * 5.6 t)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.101.052002&v=5ba60b08


Extension to Lower Mass Candidates
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FIG. 1. Illustration of electron emission from nuclear re-
coils. If a DM particle scatters o↵ a nucleus (panel 1), we
can assume that immediately after the collision the nucleus
moves relative to the surrounding electron cloud (panel 2).
The electrons eventually catch up with the nucleus, but indi-
vidual electrons may be left behind and are emitted, leading
to ionisation of the recoiling atom (panel 3).

given by

d2Rnr

dER dv
=

⇢ �N

2µ2
N mDM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, mDM the DM mass,
µN = mN mDM/(mN + mDM) the DM-nucleus reduced
mass and f(v) =

R
v2 f(v) d⌦v the DM speed distribu-

tion in the laboratory frame [51]. We neglect nuclear
form factors since we are only interested in small momen-
tum transfers. The di↵erential event rate for a nuclear
recoil of energy ER to be accompanied by an ionisation
electron with energy Ee is

d3Rion

dER dEe dv
=

d2Rnr

dER dv
⇥ |Zion(ER, Ee)|

2 , (2)

where the transition rate is given by

|Zion(ER, Ee)|
2 =

X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron being emitted, qe =
me

p
2ER/mN is the momentum of each electron in the

rest frame of the nucleus immediately after the scatter-
ing process, and pcqe(nl ! Ee) quantifies the probability
to emit an electron with final kinetic energy Ee. We can
make the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

vref me

◆
pcvref

(nl ! Ee) , (4)

where vref is a fixed reference velocity. The functions
pcvref

(nl ! Ee) depend on the target material under con-
sideration. We use the functions from ref. [44], which
have been calculated taking vref = 10�3.

1 We have absorbed the coherent enhancement factor into our def-
inition of �N .

If the emitted electron comes from an inner orbital,
the remaining ion will be in an excited state. To return
to the ground state, further electronic energy will be re-
leased in the form of photons or additional electrons.2

The total electronic energy deposited in the detector is
hence approximately given by EEM = Ee + Enl, where
Enl is the (positive) binding energy of the electron before
emission.

We integrate eq. (2) over the nuclear recoil energy and
the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
tronic and nuclear recoil energy at the interaction point
where the DM-nucleus scattering occurs, we now convert
these energies into observables accessible for direct detec-
tion experiments. The focus of this discussion will be on
liquid xenon detectors, but we note that the dominance
of the electronic energy EEM resulting from the Migdal
e↵ect is not limited to xenon. These detectors convert
the atomic excitations and ionisations at the interaction
point into a primary (S1) and a secondary (S2) scintil-
lation signal [55]. A specific detector can be character-
ized by two functions: pdf(S1,S2|ER, EEM) quantifies the
probability to obtain specific S1 and S2 values for given
ER and EEM; and ✏(S1,S2) quantifies the probability that
a signal with given S1 and S2 will be detected and will
satisfy all selection cuts. Using these two functions, we
can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dER dEEM

d2R

dER dEEM

⇥ pdf(S1,S2|ER, EEM) , (7)

2 In contrast, the probability to obtain double ionisation from the
Migdal e↵ect itself is exceedingly small [52, 53].

3 We neglect the di↵erence in mass between the original atom and
the recoiling excited state.
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Enl is the (positive) binding energy of the electron before
emission.

We integrate eq. (2) over the nuclear recoil energy and
the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
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❖ Lowering the energy threshold

- Exploit 2-phe effect to reduce S1 
coincidence requirement from 3 to 2

‣ ~4x sensitivity gain at 2.5 GeV/c2

- Conduct an S2-only search

‣ Discriminate backgrounds based on 
S2 pulse shape/width 

❖ Sub-GeV masses accessible when 
considering Migdal electron emission

ArXiv: 2101.08753 Image credit: PRL 121, 101801

https://arxiv.org/pdf/2101.08753.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.101801


Low Energy ER Searches
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❖ Signal & background models use 
NEST reconstructed energy, S1, S2

❖ Example 90% CL upper limits:

- Solar axions - gAe < 1.58 x 10-12

- Neutrino magnetic moment - 
µνsolar < 6.2 × 10−12 µB

- Neutrino electric millicharge -  
qνsolar < 1.4 × 10−13 e0

❖ 37Ar & 3H included in likelihood fits

❖ Robustly test XENON1T excess
ArXiv: 2102.11740 

https://arxiv.org/pdf/2102.11740.pdf


136Xe Neutrinoless Double Beta Decay

13PRC 102, 014602 (2020)

❖ Isotopic abundance of 8.9% 136Xe 

❖ Gamma backgrounds near Qββ (2458 keV)

❖ Energy and position dependent PDFs

❖ Requires good energy resolution  
(assume 1% or better at Qββ)

❖ Needs good single vs multiple scatter 
discrimination (Z separation < 3 mm)

T1/2 (90% C.L.) > 1 x 1026 years  
in 1000 live days in 5.6 t fiducial volume
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevC.102.014602&v=a0bfe551


Conclusions
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❖ LZ is fully optimised for the direct detection of WIMPs

- 20x more sensitive than the current best limits 

❖ LZ is a multi-physics experiment, with competitive searches 
across a range of energies, in both NR & ER channels

❖ Long-term campaign of backgrounds control and continued 
assessment to ensure world-leading sensitivities

❖ Experiment is in its commissioning phase, with first science 
data expected this year

❖ This next year will be a pivotal one in dark matter physics - 
watch this space!
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https://lz.lbl.gov/
@lzdarkmatter
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https://lz.lbl.gov/
https://twitter.com/lzdarkmatter?lang=en

