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WIMP search with a LXe-TPC
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Direct detection/LXe-TPC/LZ
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(University of California, Berkeley)

(SLAC National Accelerator Laboratory)

Requires: large target mass + low energy threshold + low background   

Look for low energy WIMP-induced nuclear recoils
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LUX-ZEPLIN (LZ)

• LXe-TPC: ×50 scale up of LUX

• 1 mile underground (4300 m w.e.) at SURF

• Underground installation 2019

• Physics data taking 2020
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A discovery instrument
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Background strategy

• Xenon purification to remove 85Kr and 39Ar:
• Dedicated facility at SLAC: based on LUX demonstrated techniques

• Final natKr/Xe 0.015 ppt (g/g)   

• Extensive radio-assay campaign for detector materials
• γ-screening, ICP-MS, NAA

• ~1000 assays so far, ~1000 to go

• Strict surface cleanliness program:
• Assembly in dedicated Rn-reduced cleanroom

• Dust < 500 ng/cm2 on all LXe wetted surfaces

• Rn-daughter plate on TPC walls < 0.5 mBq/m2

• Active veto to suppress and characterise backgrounds 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See Hugh Lippincott’s talk
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Active veto system

• WIMP-like nuclear recoil backgrounds in 6-30 keV region of interest

• Before/after application of outer detector + skin vetos 
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≈10 events/
5.6 tonne FV

≈1 events/
5.6 tonne FV

Before veto After veto

See Sally Shaw’s talk
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Projected background rates

• Counts/kg/day/keV in 5.6 tonne fiducial volume

• Single scatter events with no veto signal
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Counts/1000 days: WIMP-search ROI
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Backgrounds in LZ

Background Source ERs NRs

Detector Components 9 0.07

Dispersed Radionuclides — Rn, Kr, Ar 816 —

Laboratory and Cosmogenics 5 0.06

Surface Contamination and Dust 40 0.39

Physics Backgrounds — 2β decay, neutrinos* 322 0.51

Total (after 99.5% discrimination and 50% NR efficiency) 6.48

5.6 ton fiducial, 1000 live-days
~1.5 - 6.5 keV, single scatters, no coincident veto

* not including 8B and hep
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Measurement-driven detector model
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for this calibration. The scintillation emission spectrum
from liquid xenon is centred at 174.8 nm with a signifi-
cantly larger FWHM of 10.2 nm [16]; the electrolumines-
cence spectrum from gaseous xenon peaks at a somewhat
shorter wavelength of 171 nm with a FWHM of 12 nm [17]
(it is noted that this is a room temperature measurement).
Therefore, a calibration is required that is more represen-
tative of the scintillation emitted by liquid and gaseous
xenon incident over the whole photocathode.

Finally, and perhaps most importantly, it has been
recognised recently that more than one ‘photoelectron’
can be emitted in response to a single VUV photon in
some PMT models, including the R11410 [18]. Although
this phenomenon has been known for decades [19, 20], the
impact of this double photoelectron emission (DPE) in
LXe TPCs had not been fully appreciated until recently.1

Hamamatsu report a DC measurement, whereby the QE is
determined by dividing the steady photocathode current
by the incident VUV photon flux. This QEDC does not
represent the probability that a VUV photon will produce
a detectable response (QEP). The latter is the quantity
required in experiments which must estimate without bias
the stochastic distribution of scintillation photons emitted
in particle interaction events. Understanding and quan-
tifying this phenomenon led to a significant improvement
in response linearity and in energy resolution in the LUX
experiment [21].

The response of these detectors to very low energy elec-
tronic and nuclear recoils cannot be correctly interpreted
without this understanding. The single photon response
for each PMT must be determined accurately, including
the DPE emission fraction (⇠20%, as measured in [18])
and its temperature dependence, which has not been stud-
ied previously.

By testing to percent level a su�cient sample of the
LZ phototubes, we aim to establish a good correlation be-
tween these response parameters and those specified by the
manufacturer, which will then permit cross-calibration of
all (494) units in the LZ TPC; naturally, this information
will be useful to other liquid xenon experiments and be-
yond. To this end we employed a xenon gas scintillation
cell maintained at room temperature illuminating a vac-
uum cryostat containing seven PMTs, which are cooled
to �97.4�C, the nominal LZ operating temperature. We
measured precisely the absolute QE for xenon scintillation
as well as the response to single scintillation photons of
the same wavelength, which may involve the generation of
one or two photoelectrons and other phenomena.

This paper is organised as follows: we introduce our
PMT response model in section 2; we describe the ex-
perimental methodology in section 3; we then present the

1Note that only the primary electron directly released by the pho-
ton can be termed the ‘photoelectron’, with the second one being
produced by subsequent impact ionisation within the photocathode
layer; we use the term ‘double photoelectron’ loosely, mostly to dis-
tinguish these electrons from others generated in the multiplication
process.

results for the single photon response and the response to
the main scintillation pulse in section 4; and we discuss our
results in section 5. Conclusions are presented in section 6.

Figure 1: Solid model of the VUV cryostat. The xenon scintillation
cell is attached to the outer vessel (OV) lid, illuminating the PMT ar-
ray through a large MgF2 viewport on the inner vessel (IV) lid. The
IV is cooled with liquid nitrogen vapour flowing along meandering
channels formed on its external walls.

2. PMT response model

When a photoelectron (phe) is produced by a photon
incident on the PMT photocathode, it may di↵use to the
surface of the sensitive layer and be emitted into the vac-
uum inside the PMT if it has su�cient energy to overcome
the work function of the photosensitive layer. The prob-
ability that these three steps are successful is termed the
quantum e�ciency (QE) of the photocathode [22]. The
emitted electron accelerates in the electric field created
by the potential Vk-dy1 applied between the photocathode
and the first dynode. The collection e�ciency (⌘) repre-
sents the probability that the photoelectron reaches the
first dynode and successfully multiplies through the dyn-
ode chain to produce a measurable electronic signal at the
PMT anode. This e�ciency ⌘ depends on the electric field
distribution and strength, the geometry and the materials
of the electron multiplier, and in particular the design of
the first stages of electron multiplication. Occasionally, for
su�ciently short photon wavelengths, the primary photo-
electron can lead to the emission of a second electron via
impact ionisation in the photocathode, which may result
in DPE. In either case, each ‘photoelectron’ can contribute

2

Characterisation of LZ PMTs 

@ Imperial College London

LZ PTFE reflectivity measurements  

@ LIP Coimbra

TPC light collection efficiency now 11.9% (cf. 7.5% TDR baseline) 
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H. Lippincott - LZ Sensitivity Update LZ Status & Operations Planning IPR at LBNL, January 9-11, 2018

Profile Likelihood Ratio (PLR) method 
● Extended likelihood function in terms of x = (S1, (S2/S1), r, z)

○ S2/S1 discriminates NR from ER
○ At present P(r, z) PDF is binary: either inside or outside the 5600 kg fiducial volume
○ Dominant source of ER is Rn, Kr, spatially uniform throughout the detector

4

Sensitivity estimates
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NEST models charge + light prod. in 
LXe: anchored to LUX + world dataBased on 

measurements 
of materials/
components 

procured for LZ

Projected background spectra

LZ detector response + NEST 

WIMP spectra

PDFs: (S1, S2)

Profile likelihood ratio (PLR)
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Projected WIMP sensitivity
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(1000 live-days 5.6 tonne fiducial)

1.6 × 10-48 cm2 
@ 40 GeV/c2
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3σ and 5σ discovery potential
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Summary

• LZ is optimised for WIMP discovery
• 7-tonne active mass + low energy threshold 

• Extensive radio-assay and surface cleanliness → BG control

• Near-hermetic active veto system suppresses remaining NR backgrounds  

• Order of magnitude sensitivity improvement beyond 
running experiments
• → exploring new WIMP parameter space

• → 5σ discovery potential 

• Will have sensitivity to other signals:
• Astrophysical neutrinos,  ALPs, 0νββ, …

• Underground installation 2019 → physics data 2020
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LZ projected sensitivity paper: arxiv.org/abs/1802.06039
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Backups

15
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Full background table
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Key detector parameters

17

5

TABLE II. Key detector parameters for the LXe-TPC.

Detector Parameter Value

Photon Detection E�ciency (PDE)
PDE in liquid (g1) [phd/ph] 0.119
PDE in gas (g1,gas) [phd/ph] 0.102
Single electron size [phd] 83
E↵ective charge gain (g2) [phd/e] 79
PTFE-LXe reflectivity 0.977
LXe photon absorption length [m] 100
PMT e�ciency at 175 nm 0.269

Other Key Parameters
Single phe trigger e�ciency 0.95
Single phe relative width (Gaussian) 0.38
S1 coincidence level 3-fold
S2 electron extraction e�ciency 0.95
Drift field [V cm�1] 310
Electron lifetime [µs] 850

and components procured for use in LZ. More conserva-
tive baseline parameters were described in the TDR [22]
and represent the minimum requirements that have been
set for basic functionality. The photon detection e�-
ciency in liquid, g1, is the average fraction of S1 light
produced in the TPC that is eventually detected by any
of the 494 TPC PMTs. S1 and S2 signals are measured in
units of ‘photons detected’ (phd), an observable that ac-
counts for double photoelectron emission from the PMT
photocathode at these wavelengths [23, 24]. The cur-
rent estimate of g1 is 11.9%, based on reflectivity mea-
surements of the LZ PTFE [25–27]; measurements of the
quantum e�ciency, first dynode collection e�ciency, and
two photoelectron emission probability in a sample of the
300 Hamamatsu PMTs to be used in LZ [17]; and a pho-
ton absorption length in LXe motivated by the high light
yields reported in the literature [28, 29]. The electron ex-
traction e�ciency, not included in g1,gas, is extrapolated
from [30]. Finally, the trigger e�ciency for single photo-
electrons (phe) is based on measurements of a full-scale
LZ electronics test chain described in the LZ TDR. The
S1 coincidence level, electron extraction e�ciency, drift
field and electron lifetime are unchanged from their TDR
baseline values.

III. SIMULATIONS

A. Simulations framework

A variety of software packages is employed to simu-
late the physics of signals and backgrounds that induce
responses in the LXe-TPC, xenon skin and OD. The over-
all simulation framework is BACCARAT, which is based
on an earlier simulation package developed for the LUX
experiment [31]. BACCARAT is built on the GEANT4
toolkit [32] and provides object-oriented design specifi-
cally tuned for noble liquid detectors; it records particle
interactions on a geometry-component basis, but with an

infrastructure which is independent of the actual detector
geometry.

The results described in this paper were produced
with GEANT4 version 9.5 compiled with CLHEP version
2.1.0.1 libraries. Standard GEANT4 optical processes
were used to evaluate the g1 and g1,gas parameters, but
final background analyses were performed with NEST
(Noble Element Simulation Technique) as described in
Sec. III B. For electromagnetic processes the Livermore
physics list was used, with the addition of the Goudsmit-
Saunderson Model for multiple scattering. The hadron-
ics physics list is based on QGSP BIC HP. The e↵ects of
proton molecular binding on neutron transport and cap-
ture, described by the thermal elastic scattering matrix
S(↵, �), were not considered.

The capability of the simulations framework has been
enhanced to address various phenomena that GEANT4
does not model adequately for LZ. An improved descrip-
tion of the de-excitation cascade following neutron cap-
ture on Gd was implemented with use of the DICEBOX
algorithm [33]. The GEANT4 deficiencies in � emission
after neutron capture on other nuclei more complex than
the proton were not corrected. A custom event gener-
ator was developed to simulate neutron production in
materials from naturally occurring uranium and thorium
chains using SOURCES-4A [34], modified as described
in [35] (see also references therein).

A new spontaneous fission (SF) generator was written,
implementing particle multiplicity such that the rejection
e�ciency for decays producing multiple neutrons and
gamma rays can be correctly determined. The MUSUN
muon simulation code [36] has been integrated into BAC-
CARAT as a particle generator to sample atmospheric
muons around the underground laboratory for further
tracking by GEANT4. Finally, a new radioactive de-
cay generator for gamma ray emission from naturally oc-
curring uranium and thorium decay chains was imple-
mented, which allows splitting the activity by individual
isotope during analysis, simplifying the implementation
of breaks in secular equilibrium.

B. From energy deposition to signals

In the xenon skin and TPC volumes, energy deposi-
tions within 400 µm are clustered (matching the ER and
NR track clustering in NEST) and categorized as either
ER or NR. The NEST [37, 38] package is used to stochas-
tically compute the number of photons and electrons pro-
duced at each cluster. The NEST model used in this sim-
ulation has been updated to incorporate the latest cali-
bration results from the LUX experiment [21, 28, 39, 40].
For NR energies below 1.1 keV, the lowest energy for
which light yield was measured in [21], the signal yields
are extrapolated down to 0.1 keV following the Lindhard
model [41, 42]. The impact of this is discussed in Sec. V.

The S1 light is propagated to the faces of the PMTs,
accounting for binomial fluctuations, using a complete
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Spin-dependent sensitivity
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Spin structure functions from Klos et al, Phys. Rev. D89, 029901 (2014) + SHM 

SD WIMP-neutron
2.7 × 10-43 @ 40 GeV/c2 

SD WIMP-proton
8.1 × 10-42 @ 40 GeV/c2 

Naturally occurring Xe: ≈50% odd neutron isotopes (26.4% 129Xe and 21.2% 131Xe by mass)
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Sensitivity vs Rn-level
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