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•The LUX detector
•Spin-dependent and spin-
independent  WIMP interaction 
- full exposure. 

•New calibrations
o 14C yields
o Pulse shape discrimination

• New rare searches results
o Axions and Axion-like-particles
o ER annual and diurnal modulation 
o Sub-GeV DM searches

• The LZ detector

Outline

Image: LUX inside the water 
tank (September 2012)



•LUX is a liquid/gas time projecting 
chamber (TPC):

o 370 kg of liquid LXe - 250 kg in the 

active region (~47 cm height, ~⌀49 cm).
•Energy depositions produce light 
and charge:

o S1 signal  Light ⇒ Prompt 
scintillation

o S2 signal  Charge ⇒ Proportional 
scintillation

     122 PMTs (61 on top, 61 on bottom) 
observe both S1 and S2.

•3D Position Reconstruction
o Depth (z) ⇒ time difference between 

S1 and S2 (drift time)
o xy ⇒ reconstructed from the S2 light 

pattern.

LUX Time Projection Chamber 3

Anode

Cathode



Liquid Xenon TPC
•Ratio of charge to light is used as a discriminator against backgrounds (>99%):

o ELECTRONIC RECOIL (ER): 𝜸s and e- interact with the electrons ⇒ high ionization 
to scintillation ratio

o NUCLEAR RECOIL (NR): WIMPs and neutrons interact with nuclei ⇒ lower 
ionization to scintillation ratio

•Quenching processes are different between NR and ER
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LUX Timeline 5

2012 (Jul):             
LUX moves 
underground

2013 (Apr):        
First Science Run 
WS2013 starts 

2013 (Nov):        
WS2013 results 

reported
(85 live-days)

2014 (Sep):           
Second Science Run 
(WS2014–16) Starts 

2015 (Dec):            
WS2013

reanalysis posted  
(95 live-days)

2016 (May):        
WS2014-16 run 

finishes

2016 (Jul):                  
WS2014-16 

results released 
(332 live-days)

2016 (Sep):              
LUX 

Decommission 2006:                
LUX coll. 
formed

Two main scientific runs:
WS2013: 2013/04–2013/09, 95 live-days
WS2014–16: 2014/09–2016/05, 332 live-days

Analysis of the 
collected data 

continues!

2016 (May-Aug):                  
Final calibrations

2017 (Jun):                  
LUX in a 
museum



WS2014-16 Detector Response 6
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ER Band Mean

NR Band Mean

Reconstructed Energy

Dashed lines are 10%-90%-iles

•ER band: Tritium, naked β decay, 
Emax=18.6 keV (S1~120 phd)

• NR band: 2.45 MeV neutrons 
generated by a D-D generator



WIMP-search data WS2014-16 7
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332 live-days
Black Dots: Bulk events (>3 cm from the wall)

Open circles: <1 cm from fiducial limit
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Spin-Independent - WS2013+WS2014-16

•Both Runs Combined, 95+332 live-days, 33.5 tonne-days
o http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.021303
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0.11 zeptobarns 
(at 50 GeV/c2)

SUSY-cMSSM
(1 σ)

PRL, 118, 021303, 2017

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.021303


Spin-Independent - WS2013+WS2014-16 9
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• PandaX-II - acquired between 2016 and 2017 (77.1 live-days) - PRL 119, 181302
o Lowest 90% C.L. exclusion - 0.086 zeptobarns at 40 GeV/c

•XENON1T - acquired between 2016-2018 ( 278.8 live-days) - arXiv1805.12562
o Lowest 90% C.L. exclusion - 0.041 zeptobarns at 30 GeV/c

See Ranny 
Budnik talk, 
tomorrow 
at 9 a.m.



Spin-Dependent - WS2013+WS2014-16 10

•Both runs combined
•We observed an improvement of a factor of six compared with the 
results from the first science run (PRL, 116, 161302, 2016).

PRL 118, 251302, 2017
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LUX post-run objectives
Towards multi-tonne liquid xenon TPCs

I. Understand the response of the detector for different particle types, energy 
deposition, electric field, etc
I. Wide range of calibration sources available: following the primary WIMP-search run 

(Run04), a series of calibrations were performed (14C, 3H, 43mKr,  222Rn, …).
II.  Access to different electric fields in the detector: the drift field in the detector 

changes between 40 V/cm and 400 V/cm.

II. Understand in detail the backgrounds of the detector
III.Look for other possible signals:

I. Dark matter: EFT, Inelastic DM, Axions,  Axions, etc…

II.Neutrino physics: 0ν2β decays, ν magnetic moment, CEνNS, etc..
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1 keVee 10 keVee 100 keVee

SI & SD searches

1 MeVee
Energy 

Deposition

134Xe 0ν2β 136Xe 0ν2β
124Xe DECDONE!

Axions and ALPsDONE!

Effective field theory and Inelastic Dark Matter

Daily and Annual Electron-recoil Modulations

Lightly-Ionising particles (multiple-scatters)
(Not all possible analysis are shown and not representative of our current analysis effort)

NR

ER



ER Calibrations - 14C source

•14C β calibration
o Emax = 156.5 keV, T1/2 = 5,730 a

•Light yield, charge yield, and 
recombination probability estimated for 
different energies and fields

o Field bins ranging from 40 V/cm until 490 V/cm 

•Detector resolution taken into account

12

180 V/cm

~100 V/cm

LUX
Preliminary

LUX
Preliminary

LUX
Preliminary



S1 Pulse Shape Calibrations
•Xenon scintillation originates from two excited molecular states with decay times

o Singlet state - 4 ns
o Triplet state - 24 ns

•Measurement of the scintillation timing characteristics of liquid xenon using a 
template-fitting method to reconstruct the detection times of photons:

o measurement of the singlet-to-triplet scintillation ratio for ER and NR (first ever)
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Singlet-to-triplet ratio is different for 
electron recoil (ER) and nuclear recoil (NR). 

Linear fit — 0.042

14C data (this work)

Exp. fit — 0.063⨉E-0.12

Systematic uncertainty of the linear fit

Takiya 2016, 
zero field

3H data (this work)

Kubota 1979, 
207Bi I.C.

D-D data (this work)

Exp. fit — 0.15⨉E0.15

Linear fit — 0.269

Systematic uncertainty of the linear fit



S1 Pulse Shape
o NR/ER discrimination using the S1 prompt 
fraction defined as

14

See more in PRD 97, 112002 (2018)!

We test for energy dependence of the singlet/triplet ratio
by fitting both a constant value and a power law depend-
ence, the latter given by ðC1τ1Þ=ðC3τ3Þ ¼ αEβ. Such an
energy dependence is well established in liquid argon [46],
but has never been directly explored in xenon. For electron
recoils, the best-fit values of the power law give α ¼
0.063 keV−1 and β ¼ −0.12. The χ2/d.o.f. for the constant
and power law models are 16.6=9 (p ¼ 0.06) and 13.7=8
(p ¼ 0.09), respectively. For nuclear recoils, the best-fit
values of the power law give α ¼ 0.15 keV−1 and
β ¼ 0.15. In this case, the χ2/d.o.f. for the constant and
power law models are 4.6=5 (p ¼ 0.47) and 3.2=4

(p ¼ 0.52). We conclude that our data are statistically
consistent with both models, and both are compared to data
in Figs. 7, 9, and 10 for completeness.
Our best fits of the triplet and singlet time constants, τ1

and τ3, agree with previously measured values. The
expected values, listed in Table II, are the error-weighted
averages computed in Ref. [12] based on a survey of
measurements in the literature. The only value in slight
tension is the triplet time constant that we measure for
electron recoils, which is higher than both the expected
value and our best fit for nuclear recoils. This is consistent
with small recombination effects that are not accounted for
in our model. If we assume τ3er ¼ τ3nr ¼ 23.97 ns and take
the recombination time distribution derived in Ref. [8]
(PðtÞ ∝ ½1þ ðt=τRÞ&−2), simulations reproduce our best-fit
distribution with τR ≈ 0.6 ns. This expression for recombi-
nation time may not be directly applicable here, as it is
derived by solving a diffusion equation with no applied
electric field. However, we note that the qualitative agree-
ment with the empirical prediction of τR ¼ 0.7 ns from
Ref. [12] is encouraging. Regardless, our result for τ3er is
still within the range of τ3 measurements available in the
literature [6,11], indicating that recombination plays a
minor role in the pulse shapes for electron recoils in our
experiment.

VI. PULSE SHAPE DISCRIMINATION

A. Prompt fraction discriminator

To discriminate between ER and NR events we use a
prompt fraction discriminator (PFD), a standard technique
that has been successfully adapted for use in other liquid
xenon and liquid argon dark matter experiments
[11,16,17,47,48]. The parameter is defined as

PF ¼
R
t1
t0 S1ðtÞdtR
t3
t2 S1ðtÞdt

¼
P

Prompt PhotonsP
Total Photons

: ð6:1Þ

The four variables t0, t1, t2, and t3, are allowed to vary
independently in the range of −30 to 170 ns to minimize the
leakage of ER events into the 50% NR acceptance region
[defined as everything above the NR median (NR)]. No
additional constraints on these parameters were imposed,
and cases where t0 > t2, etc., were explored.
We apply an additional weighting scheme to avoid a bias

in the optimization due to the energy dependence of the
source. Since the yield at the calibration sources is energy
dependent, we divide the data into 10 phd-wide bins. Each
10 phd bin is weighted equally when calculating the total
leakage and is not weighted by the number of events in that
particular bin. Doing so allows us to optimize the PFD for a
flat distribution in pulse area.
To calculate the performance of the PFD, we separate the

calibration data sets into two groups. Events in all data sets
are randomly assigned to either a training or a testing

FIG. 7. Singlet/triplet ratio (C1τ1=C3τ3) measured for nuclear
recoils (top) and electron recoils (bottom) using LUX calibration
data. Only statistical uncertainties of the data are shown.
Calibration sources are DD neutrons (red), tritium (blue), and
14C (green). Measurements in different energy bins are shown by
the square points, and the best fit constant model by the solid line.
The shaded region indicates the statistical uncertainty on the
constant model. The shaded gray bar indicated the systematic
uncertainty of the constant model. A power law is also fit to the
data and is presented by the dashed line. We also show
measurements of the ER singlet/triplet ratio at zero field from
Ref. [11] (cyan diamonds), and a measurement using a 207Bi
internal conversion source at 4 kV=cm from Ref. [8] (purple
diamond). In Ref. [11], the singlet fraction (denoted F1) is given
rather than the singlet/triplet ratio. For direct comparison to this
work we make the conversion ðC1τ1Þ=ðC3τ3Þ ¼ F1=ð1þ F1Þ.

LIQUID XENON SCINTILLATION MEASUREMENTS AND … PHYS. REV. D 97, 112002 (2018)

112002-11

t0-3, variables are allowed to vary 
independently to minimize the leakage of ER 
events into the 50% NR acceptance region. 
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D-D data
14C data

Top: Fraction of ER events that leak into the NR region. Top: PF distribution

Leakage fraction: fraction of ER 
events with a PF smaller than the 
average PF of a nuclear recoil.

Top: Average photon detection time spectra for
events with pulse area between 40–50 phd. 

14C data ∈ [40, 50]

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.112002


Axions and Axion-like Particles
•The axion field provides a dynamical solution to the strong CP violation.
•Two sources of axions studied - I) axions from the sun and II) ALPs slowly moving 
within our Galaxy.

•They couple with electrons, via the axio-electric effect
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Axion and ALP searches rely on the so-called axio-

electric e↵ect [29–31]

�Ae = �pe(EA)
g

2
Ae

�A

3E2
A

16⇡↵emm

2
e

 
1� �

2/3
A

3

!
, (1)

where �pe is the photoelectric cross section on the target
material (xenon), gAe is the coupling constant between
axion or ALP and electron, ↵em is the fine-structure con-
stant, me is the mass of the electron, and �A and EA are
the velocity and the energy of the axion.

Two signal sources are considered here: axions pro-
duced and emitted from the Sun, and primordial ALPs
within the Galaxy. In the first case, Redondo [32] has
estimated the solar axion spectral shape, assuming mass-
less axions. The flux is dominated by contributions
from atomic recombination and deexcitation (that in-
troduce features associated with atomic shell structure),
bremsstrahlung and Compton scattering (both of which
contribute smoothly), and is presented as the dashed blue
line in Fig. 1, for an arbitrary choice of axion coupling
constant. The flux, as estimated for zero axion mass, is
still valid without heavy corrections for masses smaller
than 1 keV/c2 since the total energy is dominated by ki-
netic energy. The solar axion is therefore approximated
to be massless, but note that these models cover theo-
retically interesting phase space, including the region for
which axions provide a solution to the strong CP prob-
lem. Such a signal detected in LUX would be modified
by detector resolution and e�ciency e↵ects [33]. These
have been modelled with the Noble Element Simulation
Technique (NEST) package [34–36] with the resulting ex-
pected solar axion energy spectrum presented as the solid
red distribution in Fig. 1.

In the case of ALP interactions within a detector, be-
cause the ALPs are expected to be essentially at rest
within the galaxy, axio-electric absorption leads to elec-
tron recoils with kinetic energy equal to the mass of the
ALP. Interactions of this type therefore produce a mo-
noenergetic spectral feature.

III. BACKGROUND MODEL

The detector design, its location deep underground,
and its construction from radiopure materials contribute
to ensuring a low rate of events from background radioac-
tivity. Moreover, xenon attenuates radiation relatively
strongly (Z=54, density ⇠ 3 g/cm2) which, combined
with the ability to accurately reconstruct the position of
the interaction point, allows fiducialization away from lo-
cal sources of background such as the walls that surround
the xenon target, the PMTs and the cathode.

Figure 2 presents, for the fiducial volume and the en-
ergy region of interest, the LUX 2013 data, together with
the background model. Radiogenic backgrounds are es-
timated as in Ref. [37] and lead to a contribution from
Compton scattering of � rays from detector component

FIG. 1: Dashed blue distribution: expected energy spectrum
from a massless solar axion, assuming a coupling gAe = 10�12.
The shape arises from the combination of a continuous contri-
bution to the axion flux due to bremsstrahlung and Compton
scattering, together with features associated with atomic re-
combination and deexcitation e↵ects. Solid red distribution:
the expected LUX experimental solar axion energy spectrum,
as modelled with NEST [34–36].

radioactivity (light green). An additional �-ray contri-
bution arising from heavily down-scattered emission from
238U chain, 232Th chain, and 60Co decays in the center of
a large copper block below the PMTs is also included [25]
(dark green). Further significant contributions arise from
85Kr and Rn-daughter contaminants in the liquid xenon
undergoing � decay with no accompanying � rays de-
tected (orange), and x rays emitted following those 127Xe
electron-capture decays where the coincident � ray es-
capes the xenon (purple). Each background contribution
has been estimated from modelling measured impurity
levels, and no scaling has been performed. The four ob-
servables used in the subsequent statistical analysis are
modelled: the prompt scintillation (S1), the base 10 loga-
rithm of the proportional (S2) signal, the radius (r), and
depth (z) of the event location. S1 pulses are required
to have two-PMTs in coincidence and an S1 value in the
range 1–80 detected photons; the S2 signal is required
to be in the range 100–10000 detected photons. A radial
fiducial cut is placed at 18 cm and the range in z is set
to be 48.6–8.5 cm above the faces of the bottom PMTs.
The resulting fiducial volume has been calculated as in
Ref. [24].
Figure 3 shows the background model and LUX 2013

data as a function of recoil energy, with energy recon-
structed as E = [S1c/g1 + S2c/(✏g2)]W . Here, S1c
is the S1 signal size corrected to equalize the response
throughout the active volume to the response at the cen-
ter of the detector (scale of corrections ±10%), while
S2c is the S2 signals size corrected to equalize the re-
sponse to that at the surface (scale of correction from 0
to 50%). g1 = 0.117±0.003 phd/photon and g2 = 12.1±
0.8 phd/electron are the gain factors [38], defined by the

gAe measures the coupling 
between axions and electrons.

Figure: Solar axion spectral shape: product of 
solar axion flux [JCAP 12, 008 (2013)] and 
photo- electric cross section on xenon.

Figure: Detector response for a 10 keV ALP.  
Axio-electric absorption leads to electron recoils 
with kinetic energy equal to the ALP mass: sharp 
spectral feature, smeared by energy resolution.

Solar Axion 10 keV Axion-like 
particle



Axions and Axion-like 
Particles

•WS2013 data: 95 live-days, 118 kg fiducial.
•Standard PLR analysis sets a two-sided limit on 
gAe, having the BG rates as nuisance parameters.
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• Backgrounds modelled on the four 
observables used in the statistical 
analysis: the prompt scintillation (S1) 
and the logarithm in base 10 of the 
proportional (S2) signal, and the 
radius (r) and depth (z) of the event 
location 

• Statistical PLR (Profile Likelihood 
Ratio) analysis, aimed at setting a 
two-sided limit on the coupling 
between axions/ALPs and electrons 
gAe, having the BG rates as nuisance 
parameters

• LUX 2013 data and background model as a function of 
recoil energy, with the energy reconstructed as                               
E = (S1c/g1+ S2c/(εg2))W 

• g1: geometric light collection efficiency and PMT 
quantum efficiency 

• εg2: electron extraction efficiency and number of 
photons detected per electron extracted 
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gAe > 4.2x10–13 (90% CL)
(across the range 1-16 keV)



Lawrence Livermore National Laboratory LLNL-PRES-XXXXXX 3

No definitive dark matter observations?
A longstanding dark matter claim by DAMA:
▪ An unexplained annual rate modulation (only present at low 

energies) in a large array of low background NaI(Tl) detectors
▪ Conflict with many other dark matter experiment if the modulation 

were to be explained by WIMP interactions

Eur. Phys. J. C 73 (2013) 2648

Dark matter interaction rate in an 
Earth-based experiment is 
expected to modulate due to the 
motion of the Earth around the sun. 
DM velocity distribution changes:
▪ Flux of DM particles
▪ Interaction cross section

ER Modulations
•DM interaction rate in an Earth-based 
experiment is expected to modulate due 
to the motion of the Earth around the 
sun.

•LUX Electron-recoil data:
o Low background rate ~3 counts/keV/tonne
o Modest rate excess at 3 keV - maybe 
explained by 37Ar.

o Electron recoil events uniformly distributed 
in the volume.

•Analysis:
o WS2013 and WS2014-16 (2 calendar years)
o Using innermost volume (51.4 kg)
o Remove periods of data with unstable slow 
control parameter (temperature, pressure 
and liquid level), during and after calibrations, 
low liquid xenon purity - 271 live-days.

17

(top) Low energy spectrum 
observed in LUX WS 

Lawrence Livermore National Laboratory LLNL-PRES-XXXXXX 4

Modulation analysis with LUX
LUX is well positioned for a modulation search:
▪ Low background rate: ~3 cpd/keVee/ton
▪ ~2 calendar years of dark matter search

LUX observed a modest rate excess at 3 keVee

▪ Electron recoil events uniformly distributed
▪ May be explained as 37Ar background
▪ No conclusion has been drawn due to low statistics

Low energy spectrum observed in LUX WS2013

127Xe
37Ar?

LUX
Preliminary



Annual and Diurnal Modulation

• ~2 cpd/keV/tonne - 40x lower than DAMA;
• Best fits using unbinned extended maximum 
likelihood;

• Day/night rates
o 2.06 / 2.14 cpd/keV/tonne (asymmetry 
factor of -1.6±8.7%)

• Next →look to other energy bins.

18

Lawrence Livermore National Laboratory LLNL-PRES-XXXXXX 10

LUX event rate evolution
Event rate as a function of time in 
the signal region (2-6 keVee) and 
that in the control energy region 
(6-10 keVee)
▪ ~135 events each group
▪ ~5 events each bin
▪ ~2 cpd/keV/tonne, 40 times 

lower than DAMA
▪ Best fits using unbinned 

extended maximum likelihood 
are shown in red

Control region event can be fully 
explained as background.

2-6 keVee

6-10 keVee

Lawrence Livermore National Laboratory LLNL-PRES-XXXXXX 11

Annual modulation result

Significance contours were determined using toy Monte 
Carlo simulations (consistent with Wilks’s Theorem).

Energy window Modulation amplitude
(cpd/keV/tonne)

Modulation Phase
(days since Jan 1st)

2-6 keVee

0.50 +/- 0.27 30 +/- 35

-0.33 +/- 0.27 152 +/- 0

6-10 keVee

0.12 +/- 0.32 124 +/- 113

0.10 +/- 0.30 152 +/- 0

Best fit results for annual modulation searches:

Modulation Phase (days since Jan 1st)

Lawrence Livermore National Laboratory LLNL-PRES-XXXXXX 12

Diurnal modulation result
▪ Diurnal NR dark matter modulations are predicted 

to be very small (<1%)
▪ Certain ER dark matter models predict diurnal 

modulation amplitude up to ~10%
Asymmetry factor for the diurnal modulation analysis:

Day/night rates: 2.06 / 2.14 cpd/keV/tonne

Asymmetry: -1.6% +/- 8.7% (stats only)

Morning/evening rate: 1.99/2.21 cpd/keV/tonne

Asymmetry: -5.4% +/- 8.7% (stats only)
ER event rate in LUX (2-6 keVee) as a function of time in the 

day (local MT w/ DST corrected for).

Top plots: annual modulation, rate (left) and modulation 
amplitude (right) bottom: diurnal modulation

Signal 2-6 keVee, 
A = 0.5±0.27, φ = 30±35 days

Control region 6-10 keVee, 
A = 0.12±0.32, φ = 124±113

LUX
Preliminary

LUX
Preliminary



Sub-GeV DM
•The light yield for a nuclear recoil is 
practically 0 below 1.1 keV — can 
only look for mDM≳5GeV. 

•LUX is more sensitive to lower 
energies of electron recoils (50% 
energy threshold):

o Nuclear recoils = 3.3 keV
o Electron recoils = 1.2 keV
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NR Efficiency
PRL 11, 161301 (2016)

ER Efficiency - 3H data 
(PRD 93, 072009, 2016)

Top: Scattering rates for 0.5 GeV DM

LUX
Preliminary
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•LUX can detect sub-GeV DM via 
Bremsstrahlung

o Emission of a photon from a xenon 
atom — nuclear interaction, but 
electron recoil signal.

•Using the same data set and 
background model of the WS2013 
data (except that we are looking for 
signal in the electron recoil band).

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.161301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072009
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Sub-GeV DM 20

Limit for 95 live-days of data (WS2013, 13.8 tonne⋅day exposure).
Limit from the complete LUX exposure is forthcoming.

Heavy mediator (≫MeV)

LUX
Preliminary
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Instrumentation 
conduits

120 outer 
detector 

PMTs

(Main Detector)
2-phase  XeTPC

494 (131) TPC (Xe skin) PMTs

Existing LUX 
water tank

Gd-loaded 
liquid 
scintillator

n tubes

The LUX-ZEPLIN Experiment

• Turning on by 2020 with 1,000 
initial live-days plan

• In the same location of LUX
• 10 tons total, 7 tons active, 
~5.6 ton fiducial

• Unique triple veto system
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Paper on arXiv: Projected WIMP sensitivity of the 
LUX-ZEPLIN (LZ) dark matter experiment
arXiv 1802.06039

https://arxiv.org/abs/1802.06039


Conclusions
•The LUX spin-independent WIMP limit led the field 
for 3 years (2013-2016). Only recently are the 
larger XeTPCs catching up.

•Significant improvements in the calibration of 
xenon detectors:

o LUX yields, efficiencies, and fields well calibrated, 
simulated, and understood;

o New pulse shape discrimination presented.

•And is still producing new physics results:
o No annual or the diurnal modulation observed in the 
ER signal.

o and more results in the back-up slides!

•More analysis forthcoming
o Effective field theory,  double electron capture, 
neutrinoless double beta decay, more calibrations etc.

•Onwards and downwards: LUX-ZEPLIN (LZ) 
experiment under construction, 7 tonne active 
mass (2020).
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The LUX Experiment
•370 kg Liquid Xenon 
Detector (59 cm height, 49 
cm diameter)

o 250 kg in the active 
region (with field)

26

Active region defined by PTFE 
reflectors (high reflectivity 

>97%) - high light collection

122 ultra low-
background PMTs (61 
on top, 61 on bottom) 

observe both S1 and S2 

49 cm 
59 cm 

Construction materials 
chosen for low radioactivity 

(Ti, Cu, PTFE)

~47 cm 
(cath.-surface)



83mKr monitors detector performance
•83mKr injected in the gas system and 
decaying uniformly inside the detector. It 
decays by emitting 2 internal conversion 
electrons

o 32.2 keV (T1/2 = 1.83 h) followed by 9.4 keV 
(T1/2 = 154 ns) (Mono-energetic for our 
analyses)

o see PRD 96, 112009 
• 83mKr used for:

o Overall stability monitoring
o Develop S1 and S2 position corrections

•  both S1 and S2 pulses depend on the location of the 
event due to geometrical light collection and 
electronegative impurities.

o Map variations of the electric field in the 
detector - see JINST 12 P11022

o Develop and test the position 
reconstruction - see JINST 13 P02001 
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83mKr  data (Drift Time 4 - 8 !s), SSR

The large difference between the drift field (180 V/cm) and the 
extraction field (2.8 kV/cm in liquid) causes the the drift field lines 
to be compressed as they pass through the gate plane; any 
electrons leaving the drift volume appear only in narrow strips 
between each pair of gate wires creating the strip pattern 
observed in this figure.



3H and D-D calibrate the detector response

•ER Calibrations: Tritium, naked β decay
o Emax=18.6 keV (S1~120 phd),  T1/2 =12.32 a.
o Tritiated methane injected in the gas system and 

removed by the getter (T1/2 ~ 6 h).

o ER band calculation (right) and absolute 
calibration of QY and LY for ER down to ~1 
keVee.

•NR Calibrations: 2.45 MeV neutrons
o Generated by a D-D generator placed  outside 
the detector and collimated by an air-filled pipe. 

o Performed quarterly at different z’s.
o Neutrons scatter elastically with the nucleus

o Double-scatters - ionization yield Qy 
o Single-scatters - scintillation yield Ly and NR 
band calibration.

28

PRD 93, 072009, 2016

arXiv:1608.05381  



Backgrounds in WS2014–16

•These figures are figure of merit only. In our analysis we use a likelihood analysis.
o + ~ 0.3 single scatter neutrons, e.g. from (α, n), not included in PLR

29

Background source Expected number below 
NR median

External Gamma Rays 1.51±0.19

Internal Betas 1.20±0.06

Rn plate out (wall back.) 8.7±3.5

Accidental S1-S2 0.34±0.10

Solar 8B neutrinos (CEνNS) 0.15±0.02

Bulk volume, but leakage at all 
energies 

Low-energy, but confined to the edge 
of our fiducial volume†

In the bulk volume, low- energy, 
in the NR band

† - Our likelihood analysis includes position information, so these events have low likelihood as signal.



LUX Likelihood Analysis

•A profile-likelihood test (PLR) was 
implemented to compare the models with 
the observed data

•5 un-binned PLR dimensions
o z/drift time, r, ϕ, S1 and log10(S2)

•1 binned PLR dimension:
o Event date

•Detector’s response (S1,S2) modeled with 
NEST (Noble Element Simulation Technique) 
with input from our situ calibration data 

o See M. Szydagis 2013 JINST 8 C10003

•Data in the upper-half of the ER band were 
compared to the model (plot at right) to 
assess goodness of fit.

•Good agreement with background-only 
model, p-value >0.6 for each projection.
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3H and D-D calibrate the detector response 31

Figure: NR and ER calibration 
(PRD, 95, 012008, 2017)
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ER Calibration - 127Xe
•The 127Xe radioisotope is present in the WS2013 data due to cosmogenic 
activation of the xenon during its time on the surface.

o 36.4 days of half-life, 127Xe initial activity of 490 ± 95 μBq/kg 
o Decays to an excited state of 127I via electron capture (EC).  With a ~62% probably, the 
decay of the excited state is via a single γ-ray emission (203 keV or 375 keV).

o The vacancy resulting from the electron capture is subsequently filled with an electron 
from a higher level via emission of cascade X-rays or Auger electrons.
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6

cally), while the S2 pulse has a 10-90% width of 1.4 µs
on average.

TABLE I. The observed intensities of K-, L-, M-, and N-shell
EC X-rays as fraction of parent (127Xe) decays. “Events” is
the number of events from each shell plotted in histograms
in Fig. 6; “Amplitude” is the y-intercept of each fit, which is
proportional to the total number of events under each curve.
The quoted errors on “Amplitude” are the statistical errors
based on the number of events for each fit. The measured
relative intensity for each shell is compared with the expected
rate [26].

Events Amplitude Expected (%) Observed (%)

K 33.2 keV 2067 18200 ± 400 83.37 82.7 ± 2.4

L 5.2 keV 542 3090 ± 130 13.09 14.1 ± 0.7

M 1.1 keV 164 580 ± 50 2.88 2.6 ± 0.2

N 186 eV 31 133 ± 23 0.66 0.6 ± 0.1

It is apparent in Fig. 6 that a majority of EC events
are missing at low z-separation. This is due to X-ray
and gamma-ray signals overlapping. This e↵ect is energy
dependent. The underlying total number of EC events
for each shell can be extrapolated. The area under the
curve represents the total number of EC events, which
is linearly proportional to the amplitude given by the
fits of the same curve shape. The relative event ratio
for each shell is estimated using the amplitudes and has
good agreement with the expected rate percentages [26].
The details are shown in Table I.

The X-rays’ ER charge spectra are shown in Fig. 7.
The charge peaks, from right to left, are from K-, L-,
M-, and N-shell X-rays, respectively. The peaks are iso-
lated by selecting events both to the upper-left of the
line S21 = S22 in Fig. 5 and with a second vertex S2
size within ±2� of the 203 keV gamma-ray band mean.
The N-shell X-ray charge spectrum is also shown alone
in Fig. 8 along with its measured background, the details
of which will be discussed in Sec. III B. Both means and
widths are extracted by fitting the peaks with Gaussian
functions and are tabulated in Table II together with pre-
dicted values from the NEST model (NEST v0.98) [11].
Fig. 10 includes Q

y

measurements made in this analysis
along with those made in an analysis of the LUX tritium
calibration [21].

B. Optimization of N-Shell X-ray Analysis

The background for the N-shell X-ray analysis is dom-
inated by single extracted electrons primarily associated
with photoionization of impurities in LXe by photons
from S1 signals [31]. These background events in the
data appear as SEs preceding a 203 keV gamma-ray S2,
and are shown in Fig. 5 as the lower half of the leftmost
population labeled “SE”. This feature is not centered at
log10(S21 [electron]) = 0 on the x-axis because e�ciency
corrections (both free electron lifetime and electron ex-
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FIG. 7. X-rays’ ER charge spectra. The S2 size has been
converted to the number of electrons escaping recombination
at the interaction site. The peaks from right to left are due
to K-, L-, M-, and N-shell X-rays respectively. The fits shown
use Gaussian functions.
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FIG. 8. The black (solid and dashed) histogram shows the N-
shell X-ray charge signals (with background). The red (solid
and dashed) lines are the data-driven background model.
Both dashed black and red lines mainly populated by SEs
are not used for signal extrapolation. The blue data points
are the N-shell X-ray charge spectrum after background sub-
traction fit with a Gaussian function (blue curve).

traction e�ciency) applied to all S2s are also applied to
SEs for consistency to put all signals on the basis of the
equivalent number of electrons at the initial interaction
site. To resolve the N-shell X-ray peak shape with inter-
ference from background populations subtracted, a data-
driven background model is established.
Additionally, the population of signal plus background

events for this N-shell X-ray analysis is selected using the
203 keV gamma-ray total reconstructed energy using S1
and S2 instead of its S2 size only as in the previous sec-
tion. Because S1 signal and S2 signal are anti-correlated
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Backgrounds - 210Pb decay
•During construction 222Rn progeny plate out on the inner PTFE walls.
•All short lived isotopes decay away leaving 210Pb, 210Bi, and 210Po.
•These isotopes can be absorbed off of the walls into the xenon.
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210Pb on Walls

10

Fit requires contributions from 210Pb conversion electrons in the 
range 30.1-33.1 keV, 210Pb conversion electrons and gamma ray in 
range  42.6-46.5 keV, and xenon fluorescence in range 29.5-34.5 
keV. Lower limit is set assuming LUX is capable of seeing a fraction 
of the 210Pb decay products on the wall.

Activity of 210Pb on wall 
in the fiducial volume 

drift range for 
WS-2014/16

> 9.6 ± 0.6 mBq

J.Low Temp.Phys. 176 (2014) no.5-6, 959-965

Total of 46.5 keV

210Pb in the walls

Measured activity is 
>5.7±0.4 mBq/cm2                      
(WS2014-16 data)

210Pb in the Fiducial Volume
Background rate is estimated in 17 keV beta region 
using sidebands. Limit is set at 90% confidence 
interval as defined in: Applied Radiation and Isotopes 
Vol 53, Issues 1–2, 15 July 2000, P  45-50.

11

 Activity of 210Pb 
in fiducial volume 

< 0.099 ḒBq/kg

J.Low Temp.Phys. 176 (2014) no.5-6, 959-965

Total of 46.5 keV
210Pb in the fiducial volume

r<20 cm, at ~4 cm from the wall

Measured activity is 
<0.1 μBq/kg (WS2013)

LUX
Preliminary

LUX
Preliminary



LZ Sensitivity to other physics

•Axions and Axion-like searches:
o Axions: gAe>1.5x10-12 (90% C.L.).
o Axion-like particles:  gAe>1.5x10-12 (90% C.L.)

•Neutrinoless Double Beta Decay:
o Two isotopes available 134Xe and 136Xe.
o Preliminary sensitivity studies show a                                                                            sensitivity 
limit on the 0νββ half-life of 136Xe                                                                of >0.74×1026 a 
(90% C.L.).

•Elastic Scattering of Solar Neutrinos:
o Expected 838 pp events, 69 events from 7Be                                                              and <10 
from 13N (Eν<220 keV) in the 1.5 to                                                                  20 keVee 
window.

•Neutrino Magnetic Moment (μν):
o The LZ ~1 keV energy threshold suggests an increase in sensitivity of ~1 order of magnitude 
relative to the upper limit of 5.4x10-11 μB set by BOREXINO.

•Coherent Nuclear Scattering of Solar Neutrinos (CEνNS):
o Expected 7 events from 8B neutrinos (with a signal very similar to a 6 GeV WIMP).
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The 136Xe neutrinoless double beta decay search with LZ
Paulo Brás, on behalf of the LUX-ZEPLIN Colaboration
Department of Physics, University of Coimbra - LIP

pbras@coimbra.lip.pt

Introduction
A detector designed to observe the neutrinoless double beta (0⌫��) decay of a given source needs to have a complete un-
derstanding of the backgrounds in the event search region, a high abundance of the decaying element to compensate for the
rare nature of this process and an excellent energy resolution at the Q-value of the decay.

• The isotope 136Xe is a known double beta emitter with a half-life of 2.11⇥ 1021 years and Q-value of 2458 keV [1]

• Average concentration in natural xenon is 8.9%

• The LZ experiment features a 7 tonne instrumented liquid xenon (LXe) target, implying that around 623 kg of 136Xe will
be present without enrichment of the LXe volume [2]

The LZ detector
The LZ detector (Figure 1) is a 7 tonne dual-phase xenon time projection chamber (TPC) (Figure 2) designed for dark matter
search. It will be operated at a depth of 1478 m in the Davis cavern at the Sanford Underground Research Facility (SURF)
in Lead, South Dakota, where the LUX detector was once operated [2].

Figure 1: The LZ detector: The main detector is supported by a titanium cryostat. Within, a PTFE light reflector cage
surrounds the LXe volume. Two arrays of Hamamatsu R11410 3” PMTs observe the active LXe region from the top (253
PMTs) and bottom (241 PMTs). Four horizontal grids woven from thin stainless steel wire establish a vertical drift field
the length of the TPC and a high field extraction region straddles the liquid-gas interface. A layer of LXe between the
PTFE reflectors and the inner cryostat vessel surrounds the TPC on the sides and bottom. This volume, named the ”LXe
skin”, features a 131 PMT readout and will act as an anti-coincidence detector. The titanium cryostat is surrounded by a
Gadolinium-loaded liquid scintillator with a 120 PMT readout (dubbed the outer detector, OD), that works as an active veto.
All the detector systems are within the water tank for additional shielding.

Figure 2: Dual-phase TPC operating principle. An energy
deposition in the active region produces prompt scintillation
light (S1) and ionization electrons. The electrons that do not
recombine are drifted to the liquid-gas interface and extracted
into the gas phase, creating electroluminescence light (S2).
The deposited energy is reconstructed using the S1 and S2
signals. The depth of the interaction can be obtained by the
time difference between the S1 and S2 signals, while the XY
position can be reconstructed using the light pattern generated
by the S2 signal on the top PMT array.

Background model for 0⌫�� decay of 136Xe
The background model includes contributions from 238U and 232Th contamination of detector components and the laboratory
walls, the 2⌫�� decay mode of 136Xe, 8B solar neutrino scattering, internal Radon contributions and decay of the neutron
activated 137Xe. The energy spectrum of the main contributors to the background model are shown in Figure 3. The main
contribution to the total background is from the contamination in detector components. The model assumes 1.0% energy
resolution at Q-value and 0.3 cm vertex separation capability in depth.
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Figure 3: Contributions from the main background sources to the total background spectrum, excluding gammas from
cavern walls (black line). An energy resolution of 1.0% at the Q-value of 136Xe 0⌫�� decay is considered. The background
is dominated by the 2448 keV gamma line from 214Bi in the 238U decay chain (blue line) and the 2615 keV gamma line of
208Tl in the 232Th decay chain (red line). The gamma line of 214Bi is only 10 keV away from the 0⌫�� decay energy and
cannot be resolved from the signal with the energy resolution of LZ. Fortunately, the branching ratio for this line is only
1.4%. The line from 208Tl has a branching ratio of 35% but only a few events fall within the 2� ROI. The summed peaks
of 60Co are excluded due to the LZ multiple scatter rejection capabilities. Events from the 2⌫�� decay of 136Xe (green
line) leak into the 2� region of interest (ROI, dashed orange lines). Elastic ⌫e scattering of solar neutrinos from 8B is also
accounted for in the background model (cyan line). The purple dashed line is the expected signal spectrum for 136Xe 0⌫��
decay, considering a half-life of 0.74⇥ 1026 years and a 1000 live-days exposure in a 957 kg fiducial volume.

• Contribution from the Davis cavern walls were estimated considering early activity measurements on site

– will be updated using recent measurements still under analysis

• 222Rn mixed in the LXe will produce 214Bi. This isotope can decay via naked-beta with a Q-value of 3.27 MeV and 19.1%
branching ratio. A rejection efficiency > 99.99% is possible due to the coincidence with the decay of the 214Po daughter,
with a half-life of 163.6 µs, within the event time window of LZ

• The neutron activation of 136Xe produces 137Xe, which decays 67% of the time through the emission of a naked beta with
an endpoint energy of 4.173 MeV. Preliminary estimates of neutron flux from cosmogenic muons (�

µ

= 6.2⇥ 10�9 cm�2

s�1) at SURF [2] and from environmental sources indicate that this background is negligible

Background Analysis
The background model is continuously updated with the most recent material assays and detector simulations [3]. The
main background contributions are summarized on Table 1. Extensive Monte Carlo simulations of the backgrounds from
radioactive contamination in detector components and the cavern rock are generated using BACCARAT, a framework based
on GEANT4 that evolved from the LUXSim [4] simulation package developed for LUX. The full detector geometry is
modeled. Backgrounds will be measured with high precision once the detector begins the first science run.

Analysis cuts

• Region of interest (ROI)
– 2� on each side of the Q-value, 1.0% E resolution
– 2409 < E

dep

< 2507 keV

• Fiducial volume (FV) – 957 kg
– R < 42 cm &

p
(x� 70)2 + y

2) > 39 cm
– 33 < z < 96 cm

• Single scatter selection
– Energy deposition spread in z < 0.3 cm
– No cut for spread in the xy plane

• Veto detectors
– E > 100 keV in Skin within 800 µs coincidence window
– E > 200 keV in OD within 500 µs coincidence window
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Figure 4: Background event rate in the active region and in the ROI: as a function of r2 and z (right) and in the xy projection
for values of z between 33 and 96 cm (left). The blue dashed lines represent the 957 kg fiducial volume used in the analysis.
The self-shielding of LXe provides a low background environment at the innermost regions of the detector. The feature
visible on the right plot (Figure 4b) at x = 73 cm is due to the field-shaping resistors being vertically aligned on the side of
the TPC.

Item Counts
from 238U

Counts
from 232Th

Other
counts

Total
Counts

TPC PMTs & bases 2.75 0.36 0.0 3.10
TPC PMT structures & cables 2.70 0.34 0.0 3.03

Skin PMTs & bases 0.47 0.02 0.0 0.49
PTFE walls 0.25 0.0 0.0 0.25

TPC sensors & thermometers 1.49 0.0 0.0 1.49
Field grids & holders 1.14 0.08 0.0 1.23
Field-cage resistors 1.47 0.05 0.0 1.51

Cryostat 4.27 0.86 0.0 5.14
Outer detector components 1.52 1.12 0.0 2.63

Other components 1.29 0.14 0.0 1.43
Cavern walls <0.1⇤ 2⇤ 0.0 2⇤

2⌫�� - - 0.01 0.01
8
B solar neutrinos - - 0.07 0.07

Neutron-induced 137
Xe - - <0.01⇤

<0.01⇤

Total 17.44 4.97 0.09 22.50
⇤
preliminary estimate

Table 1: Summary table of the background counts in the 2� ROI and 957 kg fiducial volume, for a 1000 live-days run,
considering 1.0% energy resolution at Q-value and 0.3 cm multiple scatter rejection on depth. The main contributors are
the cryostat vessel, the TPC PMTs and surrounding structures, the outer detector acrylic tanks and the field cage resistors.
Despite the low contamination levels of the OD acrylic tanks, the total acrylic mass of 4.3 tonnes is responsible for the
background rates presented. The opposite is true for the resistors, which weigh less than 50 grams combined but have high
contamination levels. The titanium vessels, with a mass of 2.6 tonnes, contributes only half of the total background counts
from the cryostat. Some contamination values for detector materials are measured upper-limits. An additional 8 cm of
steel-equivalent shielding is considered above the detector and helps to minimize the contributions from the cavern walls.

Sensitivity projection
The LZ experiment will be able to achieve a competitive limit for the half-life of the 0⌫�� decay of
136Xe without a dedicated run. With the total background levels expected for a run of 1000 live-days
(Table 1), the 90% confidence level (CL) upper limit is 7.58 counts, corresponding to:

Median 90% CL sensitivity to the 136
Xe 0⌫�� decay half-life of 0.74⇥ 1026 years

Current best results from KamLAND-ZEN are T

0⌫
1/2 > 1.07⇥ 1026 years and a sensitivity of 0.56⇥ 1026 years [5]

• Sensitivity is calculated using a Feldman-Cousins cut and count limit projection in a background-only scenario
• The signal acceptance efficiency is calculated to be of 77%

– 95.4% efficiency imposed by the the ROI definition
– 80% estimated for the single scatter cut

• A post-WIMP search dedicated run with an enriched xenon volume could improve the projected sensitivity of LZ by
over an order of magnitude

• Estimated resolution of 1.0% at the Q-value is achievable assuming an average photon detection efficiency of 7.5%, a
95% electron extraction efficiency and 50 detected photons per extracted electron.

• For these energies, the S2 signal will saturate some PMTs in the top array, but using only the bottom PMT array for
energy reconstruction will not affect the resolution.
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