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LXe as Dark Matter Target

Challenge Solution Liquid Xenon

Extremely rare Large mass Very dense - 3 tonnes 
in 1 m3

Energy depositions of 
~10 keV or below

Low energy 
thresholds

~60-70 electrons + 
photons / keV

Backgrounds -  
Impurities Purification Noble gases are 

(mostly) easy to purify

Backgrounds -  
Detector Self shielding Low MFP for ionizing 

radiation
Backgrounds - 

Internal/Detector Discrimination Charge to light ratio 
gives particle ID



Two phase Xenon Detectors

• Interaction in the xenon 
creates:

• Scintillation light (~10 ns) 
- called S1

• ionization electrons

• Electrons drift through 
electric field to liquid/gas 
surface

• Extracted into gas and 
accelerated creating 
proportional scintillation 
light - called S2



Two phase Xenon Detectors

• Excellent 3D reconstruction 
(~mm)

• Z position from S1-S2 
timing

• XY position from hit 
pattern of S2 light

• Allows for self shielding, 
rejection of edge events

• Ratio of charge (S2) to light 
(S1) gives particle ID

• Better than 99.5% 
rejection of electron 
recoil (ER) events



Self shielding is powerful

WIMP	scattering



Self shielding is powerful

~MeV 
gamma

~keV energy
deposit

Must cross full 
volume without 

interacting



LUX

LZ		<3×10-48	cm2
(XENON	nT)

Ge,	NaI no	discrimination

Ge,	w/discrim.

LXe,	w/discrim.

ZEPLIN-III

XENON	1T

DEAP

wDarkside
CDMS

SCDMS
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sen-
sitivity band [28]. This does not constrain our re-
sult. For the WIMP energy spectrum we assume a
standard isothermal WIMP halo with v0 = 220 km/s,
⇢DM = 0.3 GeV/cm3, vesc = 544 km/s, and the Helm
form factor for the nuclear cross section [29]. No light
and charge emission is assumed for WIMPs below 1 keV
recoil energy. For all WIMP masses, the background-
only hypothesis provides the best fit, with none of the
nuisance parameters representing the uncertainties dis-
cussed above deviating appreciably from their nomi-
nal values. Our results improve upon the previously
strongest spin-independent WIMP limit for masses above
10 GeV/c2. Our strongest exclusion limit is for 35-
GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.
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cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is
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LUX - 100 kg (active)
PandaX-II - 329 kg (fid)
Xenon1T - 1 tonne (fid) 

More mass!
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LZ	=	LUX	+	ZEPLIN
38	Institutions,	217	People

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



Collaboration meeting last week at SURF



Scale	Up	≈50	in	Fiducial Mass

9

LUX

LZ
Total	mass	– 10	T
WIMP	Active	Mass	– 7	T
WIMP	Fiducial Mass	– 5.6	T

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



Sanford	Underground	Research	Facility

Davis	Cavern	1480	m	

(4200	mwe)

LUX	Water	Tank

10

LZ	Here

Nelson	- Collaboration CD3	IPR	at	LBNL	- January	10-12,	2017



7 ton 
LXe TPC

Xe heat
exchanger

Water
tank

Gd-loaded
liquid scint.

Cathode
HV 

feedthrough Neutron beam pipe



LZ design notes

• More mass (x50 more than LUX, x6 more than 
Xenon1T)

• 494 3” PMTs on TPC

• Significant HV/grid engineering (no xenon experiment 
has achieved HV goals so far) 

• Requirement: 50 kV        Goal: 100 kV

• Sophisticated veto system - maximizes fiducial volume

• LXe “skin” - 93 1” PMTs + 38 2” PMTs

• 120 outer detector PMTs

• Radioactivity, radioactivity, radioactivity!



System test at SLAC

LZ Collaboration Call December 19, 2016

System Test at SLAC

• Platform 
– Thermosyphon cryogenics - LZ like 
– LZ slow control: PLC and Ignition 

• Phase I:  
– Scaled prototype TPC, with full LZ fields 
– HV testing: 

•Can requirement/goal voltages be 
reached and held without sparking/
tripping the power supply? 

• Look for small amounts of light 
and charge emission from the 
grids that impact backgrounds 

– Prototype purification tower 
– LZ compressor based circulation

3LZ Collaboration Call December 19, 2016
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• Main test platform for LZ

• Same cryogenics/control

• Phase 1 (ongoing)

• Full LZ fields in scaled 
prototype TPC

• Can HV be achieved 
with sparking or light 
emission?

• Prototype circulation

• LZ architecture and 
compressor

• Phase II will test grids



Background suppression by screening

• Every component is screened and simulated 
for radioactivity

• E.g. cryostat made of the most radiopure 
titanium in the world: < 0.05 counts in 
1000 days after cuts 

• Similar campaign working with 
Hamamatsu on PMTs

• Backed up by extensive quality assurance 
during production



Background suppression by veto

Xe TPC only

• Two component outer detector

• Gd-loaded liquid scintillator

• instrumented skin

Xe TPC+skin TPC+skin+OD

Fiducial
mass: 3.3 T

Fiducial
mass: 4.2 T

Fiducial
mass: 5.6 T



• Two component outer detector

• Gd-loaded liquid scintillator

• instrumented skin

Xe TPC only Xe TPC+skin TPC+skin+OD

Fiducial
mass: 3.3 T

Fiducial
mass: 4.2 T

Fiducial
mass: 5.6 T

With veto, detector components are
a subdominant background!

Background suppression by veto



Internal backgrounds
• Radon, Krypton, Argon

• Distributed throughout the liquid volume

• ER backgrounds (can discriminate, thankfully)

• Radon requirement (goal) of 20(1) mBq

Cross Calibration of Systems

• EXO Canadian collaborator J. Farine
shared a rubber sample with UA to cross-
calibrate the radon emanation system.
– 61 x 7.7 x 0.3 cm, 17.73 g

• UA initial calibration found RUA/REXO = 
0.83 ± 0.15 (stat) ± 0.08 (syst).

• UA#2: 0.85 ± 0.19 (stat) ± 0.08 (syst).
• SDSM&T: 0.89 ± 0.12 (stat) ± 0.15 (syst).
• UMD#1: 1.06 ± 0.07 (stat) ± 0.17 (syst).
• UMD#2: 1.19 ± 0.09 (stat) ± 0.19 (syst). 8

• Each system already calibrated with radon source
• Plans to cross-calibrate all systems with at least two samples (blind)

– One higher rate to calibrate efficiency w/o interference from backgrounds
– One lower rate to check understanding of backgrounds (thoriated rods)

EXO sample inside UA 
emanation chamber

Miller - 1.10.2 - Radon

PTFE

• Material Availability:
• 20 m^2 (24%): counted
• Screenings need to be 

done by summer 2017

25

PMT HV Feedthroughs

26

• Measured 112 ± 35 atoms vs 46 ± 22 atoms from 
blank, from 5 PMT HV feedthroughs
- Implies the 122 HV flanges in LZ emanate 

~10 mBq. 
- ~Half emanates onto air side, other half is 

90% removed by gas mitigation system, so 
adds ~0.5 mBq.

- Above democratic requirement (0.1 mBq) 
and original estimate (0.3 mBq)

• Mitigations:
- First try cleaning to remove any surface 

contaminants, double number to assay, then 
re-assay (must be done by 2017)

- Possibility of a polyethylene or epoxy plug to 
prevent some Rn from entering Xe

• 100% flange assemblies to be done June 2018
• Tests in progress with LUX flanges/feed-thrus

Miller - 1.10.2 - Radon

Cryostat Seal

27

• Helicoflex Seal
- Has only Al in contact with Xe
- 350 cm2

• Assayed July 2016 UA but hot
- Measurement indicates 0.6 ± 0.4 mBq in LZ

• Seal measurement likely dominated by
spring not in contact with Xe
- Measurement of 5000 cm^2 Al in 

December 2016
- Indicates < 0.035 mBq contribution

in LZ (complete analysis forthcoming)

Miller - 1.10.2 - Radon

Cryogenic Valves

36

• Three cryogenic valves to 
control LXe flow.

• Exact make and model not yet 
identified.

• All-metal bellows sealed. 
• Disassemble to clean.
• Radon emanation of similar 

valves reported in Zuzel and 
Simgen Applied Radiation and 
Isotopes 67 (2009) 889–893. 
Values range from 55 muBq
(acceptable) to  2.2 mBq (too 
high).

• Identify valve candidate this 
spring and screen later this 
year. Example cryogenic valve from WEKA.

36

Determination of Rn Emanation by HPGe
Assay

• Method: Vent sample to create disequilibrium 
between Radon daughters and 226Radium, seal 
sample, and count on HPGe detector. Works well 
for rocks, soils, etc.

• Sample: 14 samples, extracted from 
underground cleanroom HEPA vacuum monthly, 
combined together Total Mass ~400 grams

• WARM  Result: 222Rn emanation ~ 12±3%

** this is for macro-sample. We will ‘process’ it 
later to remove hair, M&M’s, sunflower seeds, and 
other junk  and repeat the test with just the fines 
so that some of the activities can be normalized to 
mass more accurately.

45Miller - 1.10.2 - Radon

Radon emanation measurements

Dust is a killer!



Internal backgrounds
Determination of Rn Emanation by HPGe

Assay

• Method: Vent sample to create disequilibrium 
between Radon daughters and 226Radium, seal 
sample, and count on HPGe detector. Works well 
for rocks, soils, etc.

• Sample: 14 samples, extracted from 
underground cleanroom HEPA vacuum monthly, 
combined together Total Mass ~400 grams

• WARM  Result: 222Rn emanation ~ 12±3%

** this is for macro-sample. We will ‘process’ it 
later to remove hair, M&M’s, sunflower seeds, and 
other junk  and repeat the test with just the fines 
so that some of the activities can be normalized to 
mass more accurately.

45Miller - 1.10.2 - Radon

Dust is a killer!

• Contributes half our radon budget

• Emanation measurements of  
“clean room dust”

• Requirement of <500 ng/cm2 of 
dust in LZ

• Goal of 5 ng/cm2

• SNO achieved 20 ng/cm2, 
BOREXINO 1 ng/cm2

• 1 gram total!

• Cleanliness protocols, witness plate 
protocols, packaging protocols



Backgrounds summary
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Background Estimates 
Intrinsic Contamination Backgrounds Mass (kg) Composite U early 

(mBq/kg)
U late 

(mBq/kg)
Th early 
(mBq/kg)

Th late 
(mBq/kg)

Co60 
(mBq/kg)

K40 
(mBq/kg)

n/yr (inc. 
S.F. rej.) ER (cts) NR (cts) (w/ 

SF rej.)
Upper PMT Structure 40.5 Y 3.90 0.23 0.49 0.38 0.00 1.46 2.53 0.05 0.000
Lower PMT Structure 69.9 Y 2.40 0.13 0.30 0.24 0.00 0.91 6.06 0.05 0.001

R11410 3" PMTs 91.9 Y 71.63 3.20 3.12 2.99 2.82 15.41 81.83 1.46 0.013
R11410 PMT Bases * 2.8 Y 287.74 75.80 28.36 27.93 1.43 69.39 34.65 0.36 0.004

R8778 2" PMTs 6.1 Y 137.50 59.38 16.88 16.88 16.25 412.50 52.80 0.13 0.008
R8520 Skin 1" PMTs 2.2 Y 60.50 5.19 4.75 4.75 24.20 332.76 4.60 0.02 0.001

R8520 Skin PMT Bases * 0.2 Y 212.95 108.46 42.19 37.62 2.23 123.61 3.62 0.00 0.000
PMT Cabling 103.5 Y 29.83 1.47 3.31 3.15 0.65 33.14 2.65 1.43 0.000
TPC PTFE 184.0 N 0.02 0.02 0.03 0.03 0.00 0.12 22.54 0.06 0.008
Grid Wires 0.75 N 1.20 0.27 0.33 0.49 1.60 0.40 0.02 0.00 0.000

Grid Holders 62.2 Y 1.20 0.27 0.33 0.49 1.60 0.40 6.33 0.27 0.002
Field Shaping Rings 91.6 Y 5.41 0.09 0.28 0.23 0.00 0.54 10.83 0.23 0.004

TPC Sensors 0.90 Y 21.09 13.51 22.89 14.15 0.50 26.29 24.77 0.01 0.002
TPC Thermometers 0.06 Y 335.50 90.46 38.48 25.02 7.26 3,359 1.49 0.05 0.000

Xe Recirculation Tubing 15.1 Y 0.79 0.18 0.23 0.33 1.05 0.30 0.64 0.00 0.000
HV Conduits and Cables 137.7 Y 1.9 2.0 0.5 0.6 1.4 1.2 4.9 0.04 0.001
HX and PMT Conduits 199.6 Y 1.25 0.40 2.59 0.66 1.24 1.47 5.33 0.06 0.001

Cryostat Vessel 2406.1 N 1.59 0.11 0.29 0.25 0.07 0.56 123.70 0.63 0.013
Cryostat Seals 33.7 Y 73.91 26.22 3.22 4.24 10.03 69.12 38.78 0.45 0.002

Cryostat Insulation 23.8 Y 18.91 18.91 3.45 3.45 1.97 51.65 69.83 0.43 0.007
Cryostat Teflon Liner 26.0 N 0.02 0.02 0.03 0.03 0.00 0.12 3.18 0.00 0.000
Outer Detector Tanks 3199.3 Y 0.16 0.39 0.02 0.06 0.04 5.36 77.96 0.45 0.001

Liquid Scintillator 17640.3 Y 0.01 0.01 0.01 0.01 0.00 0.00 14.28 0.03 0.000
Outer Detector PMTs 204.7 Y 570 470 395 388 0.00 534 7,587 0.01 0.000

Outer Detector PMT Supports 770.0 N 1.20 0.27 0.33 0.49 1.60 0.40 14.30 0.00 0.000
Subtotal (Detector Components) 6.20 0.070

222Rn (2.0 µBq/kg) 722 -
220Rn (0.1 µBq/kg) 122 -
natKr (0.015 ppt g/g) 24.5 -
natAr (0.45 ppb g/g) 2.47 -
210Bi (0.1 µBq/kg) 40.0 -

Laboratory and Cosmogenics 4.3 0.06
Fixed Surface Contamination 0.19 0.37

921 0.50

Physics Backgrounds
67 0

255 0
0 0**
0 0.21
0 0.05
0 0.46

Subtotal (Physics backgrounds) 322 0.72
1,240 1.22
6.22 0.61

Subtotal (Non-ν counts)

Astrophysical ν counts (Hep)
Astrophysical ν counts (8B)

6.82

Astrophysical ν counts (diffuse supernova)

136Xe 2νββ
Astrophysical ν counts (pp+7Be+13N)

Total (with 99.5% ER discrimination, 50% NR efficiency)
Total

Astrophysical ν counts (atmospheric)

My summary of the summary table 6 ER, 0.6 NR 
in 1000 days!
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SF rej.)
Upper PMT Structure 40.5 Y 3.90 0.23 0.49 0.38 0.00 1.46 2.53 0.05 0.000
Lower PMT Structure 69.9 Y 2.40 0.13 0.30 0.24 0.00 0.91 6.06 0.05 0.001

R11410 3" PMTs 91.9 Y 71.63 3.20 3.12 2.99 2.82 15.41 81.83 1.46 0.013
R11410 PMT Bases * 2.8 Y 287.74 75.80 28.36 27.93 1.43 69.39 34.65 0.36 0.004

R8778 2" PMTs 6.1 Y 137.50 59.38 16.88 16.88 16.25 412.50 52.80 0.13 0.008
R8520 Skin 1" PMTs 2.2 Y 60.50 5.19 4.75 4.75 24.20 332.76 4.60 0.02 0.001

R8520 Skin PMT Bases * 0.2 Y 212.95 108.46 42.19 37.62 2.23 123.61 3.62 0.00 0.000
PMT Cabling 103.5 Y 29.83 1.47 3.31 3.15 0.65 33.14 2.65 1.43 0.000
TPC PTFE 184.0 N 0.02 0.02 0.03 0.03 0.00 0.12 22.54 0.06 0.008
Grid Wires 0.75 N 1.20 0.27 0.33 0.49 1.60 0.40 0.02 0.00 0.000

Grid Holders 62.2 Y 1.20 0.27 0.33 0.49 1.60 0.40 6.33 0.27 0.002
Field Shaping Rings 91.6 Y 5.41 0.09 0.28 0.23 0.00 0.54 10.83 0.23 0.004

TPC Sensors 0.90 Y 21.09 13.51 22.89 14.15 0.50 26.29 24.77 0.01 0.002
TPC Thermometers 0.06 Y 335.50 90.46 38.48 25.02 7.26 3,359 1.49 0.05 0.000

Xe Recirculation Tubing 15.1 Y 0.79 0.18 0.23 0.33 1.05 0.30 0.64 0.00 0.000
HV Conduits and Cables 137.7 Y 1.9 2.0 0.5 0.6 1.4 1.2 4.9 0.04 0.001
HX and PMT Conduits 199.6 Y 1.25 0.40 2.59 0.66 1.24 1.47 5.33 0.06 0.001

Cryostat Vessel 2406.1 N 1.59 0.11 0.29 0.25 0.07 0.56 123.70 0.63 0.013
Cryostat Seals 33.7 Y 73.91 26.22 3.22 4.24 10.03 69.12 38.78 0.45 0.002

Cryostat Insulation 23.8 Y 18.91 18.91 3.45 3.45 1.97 51.65 69.83 0.43 0.007
Cryostat Teflon Liner 26.0 N 0.02 0.02 0.03 0.03 0.00 0.12 3.18 0.00 0.000
Outer Detector Tanks 3199.3 Y 0.16 0.39 0.02 0.06 0.04 5.36 77.96 0.45 0.001

Liquid Scintillator 17640.3 Y 0.01 0.01 0.01 0.01 0.00 0.00 14.28 0.03 0.000
Outer Detector PMTs 204.7 Y 570 470 395 388 0.00 534 7,587 0.01 0.000

Outer Detector PMT Supports 770.0 N 1.20 0.27 0.33 0.49 1.60 0.40 14.30 0.00 0.000
Subtotal (Detector Components) 6.20 0.070

222Rn (2.0 µBq/kg) 722 -
220Rn (0.1 µBq/kg) 122 -
natKr (0.015 ppt g/g) 24.5 -
natAr (0.45 ppb g/g) 2.47 -
210Bi (0.1 µBq/kg) 40.0 -

Laboratory and Cosmogenics 4.3 0.06
Fixed Surface Contamination 0.19 0.37

921 0.50

Physics Backgrounds
67 0

255 0
0 0**
0 0.21
0 0.05
0 0.46

Subtotal (Physics backgrounds) 322 0.72
1,240 1.22
6.22 0.61

Subtotal (Non-ν counts)

Astrophysical ν counts (Hep)
Astrophysical ν counts (8B)

6.82

Astrophysical ν counts (diffuse supernova)

136Xe 2νββ
Astrophysical ν counts (pp+7Be+13N)

Total (with 99.5% ER discrimination, 50% NR efficiency)
Total

Astrophysical ν counts (atmospheric)

My summary of the summary table 6 ER, 0.6 NR 
in 1000 days!

• Lots of neutrinos - significant fraction of both ER and NR 
counts

• Discrimination cuts are important



Sensitivity projectionsPerformance Drivers

8

• 5.8 keVnr S1 threshold (4.5 keVnr LUX) 

• 0.31 kV/cm drift field, 99.5% ER/NR disc. 
(already surpassed in LUX at 0.2 kV/cm)

• ~6 keVnr threshold in baseline scenario (LUX achieved 4.5 keVnr)

• Driven by S1 trigger coincidence threshold

• Better than 99.5% ER/NR discrimination at this field
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Schedule

• 2012 - LZ Collaboration formed

• 2014 - LZ Project start

• 2015 - DOE CD-1 approval - Conceptual Design Report 
(1509.02910)

• 2016 - DOE CD-3 approval - Technical Design Report 
(1703.09144)

• March 2017 - LUX removed from water tank

• 2018 - Underground construction begins

• 2019 - Commissioning



Schedule

• Competition is fierce!

• XENON1T out with new results, already heading to 
XENONnT 

• Infrastructure already in place - update of TPC and 
cryostat 

• PandaX also has a strong group

• We’re moving as fast as we can!



Summary
• Liquid xenon TPCs are the leading technology in the search 

for ~10 GeV and above WIMPs (spin independent)

• Mature technology, challenge is to make the detectors 
bigger

• Scaling up raises new technical questions (HV, internal 
radioactivity, …)

• LZ is poised to achieve a factor >30 more sensitivity than 
current best limits

• The race is on for the next order of magnitude in 
sensitivity



End
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Some LXe physics

Slide C. Ghag  !  University College London  !  24 April 2014

Principle of detection: dual phase xenon TPC

22

Chapter 4. The ZEPLIN–III Experiment

Figure 4.7: Flowchart of the two processes creating a primary scintillation signal in
an elastic recoil in liquid xenon. In the primary interaction both excited and ionised
Xe atoms are created. The two branches produce, in their final stages, excited dimer
states responsible for the typical scintillation light of the noble gas (� = 178 nm).
Transparency of the medium to its own scintillation light, i.e. the energy of the emitted
photons is less than the energy di↵erence between the ground state (of the two separated
atoms) and the first atomic excited state, ensures good light collection.

regions without the need for any physical barriers. Comprehensive overviews of the

properties of liquid xenon and its utilisation in noble gas detectors are given in Refs. [72,

83].

4.2.1 The primary scintillation signal

The scintillation light produced in a particle interaction within the liquid xenon is

attributed to two separate processes involving excited atoms and ions. A flow chart of

the individual processes, both resulting in the production of VUV scintillation photons

and their interconnection, is shown in Fig. 4.7 [126, 127].

Firstly, direct excitation takes place resulting in excitation luminescence by the

de-excitation of singlet and triplet states of the created excimer Xe⇤2, see Eq. (4.3).

The transition of the excited states occurs at short interatomic distance, where the

ground state potential is repulsive and the molecule becomes dissociated. The two

possible de-excitations from the lowest electronic excited states are quite di↵erent in

their characteristic decay time due to the forbidden direct transition of the triplet to

the ground state. The latter becomes possible through spin-orbital coupling and the

52

✤ Primary scintillation (S1) and secondary ionization  
signal from electroluminescence (S2)!

✤ 3D position (mm resolution)!

✤ S2/S1 particle discrimination!

✤ Recoil energy correlated to S1 and S2!

✤ Powerful Xe self-shielding

E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006)



Some LXe physics
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Figure 6.3: Example nuclear recoil tracks at 2, 5, 10, 20, 50, and 100 keVr, simulated using RIVAL.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. All of these
tracks are much smaller than the box sizes found in Section 6.4.

We then take the initial condition

N0 =
Ni
∑

k=1

{

1
8a3 |x − xk|, |y − yk|, |z − zk| < a

0 otherwise
, (6.19)

where {xk, yk, zk} are the locations of the ions in the track as given by the recoil simulations. Note

that in the original Thomas-Imel condition a determines the total size of the track, but for us the

track geometry is given in the spatial distribution of ions and a is the smearing applied at each

ion. This construction is the simplest way to include the Monte Carlo tracks in the recombination
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Figure 6.1: Example electron recoil tracks at 4, 10, 20, and 40 keVee, simulated using Penelope.
Each blue dot is one xenon ion, and the red X marks the location of the initial recoil. The boxes
correspond to the box sizes (a) in our recombination model, as listed in Table 6.2.

6.3.2 Nuclear recoil track Monte Carlo

For nuclear recoils, the Monte Carlo program SRIM/TRIM [88] creates cascades of recoils using

the universal nuclear scattering cross sections given by Ziegler [99]. Although this program does

keep track of energy lost via electronic channels, it is difficult to extract this information from the

output available to the user. We therefore create a Monte Carlo to suit our purposes, dubbed

RIVAL (Recoiling Ions in Various Atomic Liquids). This program also generates nuclear recoil

tracks, following the primary and daughter recoils down to a set energy threshold and keeping track

of energy lost via low-energy nuclear collisions and electronic stopping along the way. It turns out

that the details of the nuclear recoil simulation are unimportant in our recombination model, but

see Appendix C for a complete description of the Monte Carlo.

Sample nuclear recoil tracks are shown in Fig. 6.3. As with electron recoils, hard scatters give the

track a tree-like structure. Since stopping power in nuclear recoils decreases as energy is lost, such

branches have the opposite effect on ionization density as in electron recoils — every branch ends

in a sparse scattering of ions. Figure 6.2 shows the rms radii of nuclear recoil tracks as a function

108

Note 
scales

40 keV
ER

100 keV
NR

C. Dahl, PhD Thesis

• Significant difference 
between ER and NR tracks

• ER lead to more signal than 
NR

• More NR energy goes 
into heat and is lost

• Lindhard factor, Leff, 
Quenching factor 

• Two energy scales keVee 
and keVnr

• Leads to different behavior 
with field

• Also leads to ER/NR 
discrimination



Requires calibration

• LUX has really done great work here

• Kr-83m - Over 1e6 events spread uniformly throughout detector

Fiducial volume determination Position-based S1 corrections



Requires calibration

• LUX has really done great work here

• Tritiated methane (CH3T) - to measure low energy ER band

Low energy ER Measured in both light and charge
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Requires calibration

• LUX has really done great work here

• DD neutron generator to measure 
NR yields
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tion [22]) were created via a simultaneous fit to all
Qy, Ly, and nuclear recoil band results reported in
this article. These new NEST models are described in
Sec. VII.

The results presented in this paper used several
simulation frameworks to produce targeted results as
appropriate for each section. The Monte Carlo setup
used for each section is described in the text.

II. EXPERIMENTAL SETUP

The experimental setup at the TPC is shown in Fig. 1.
Neutrons produced by the D-D source are introduced into
the TPC via an air-filled conduit spanning the LUX water
tank as described in Sec. II B. A convenient coordinate
system used for the subsequent nuclear recoil calibration
analysis is defined here. The orientation of the Cartesian
coordinates x

0, y

0, z

0 are defined by the neutron beam
pipe axis. The neutron beam spans a geometrical chord
that is o↵set from the TPC diameter. The coordinate y

0

is along the beam pipe direction with zero at the point
where the beam enters the liquid xenon active region.
The coordinate x

0 is transverse to the beam pipe axis in
the horizontal plane. The x

0 and y

0 coordinates defined
by the beam direction di↵er from the more traditional x

and y coordinates, which are centered in the middle of
the TPC, by the translation and rotation defined by


x

0

y

0

�
=


cos ✓

rot

� sin ✓

rot

sin ✓

rot

cos ✓

rot

� 
x � 7.1 cm
y + 23.0 cm

�
, (4)

where ✓

rot

= �5.1�. The coordinate z

0 is perpendicular
to the beam pipe axis in the vertical plane. It is nearly
identical to the traditional z (ionization drift) coordinate
indicating the distance from the liquid surface. The
neutron beam entry point into the liquid xenon volume
is 0.9 cm above the exit point. This corresponds to an
angle of ⇠1� with respect to the liquid xenon surface.1

A distance of 47.4 cm along y

0 separates the entry and
exit points of the neutron beam in the liquid xenon.

This notation is further used in this paper such that
S2[y0

1

] and S2[y0
2

] represent the S2 signal size from the
first and second neutron-xenon scattering sites in the y

0

direction along the beam line, respectively. The z vs. y

0

distribution of single-scatter events is shown in Fig. 2.
We use the coordinate r, which is the radial coordinate

in the cylindrical coordinate system coaxial with the
monolithic liquid xenon target.

1 The small angle of the neutron conduit with respect to the liquid
xenon surface was due to the precision of the neutron conduit
leveling process.
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FIG. 1. Conceptual diagram of the LUX D-D calibration
experimental setup. The LUX TPC is in the center of the
8 m diameter, 6 m tall water shield. The LUX cryostat
boundary is depicted as the thick gray line around the TPC.
The TPC active region has a diameter of 47 cm and a height
of 48 cm [2]. The mono-energetic 2.45 MeV neutrons are
collimated through an air-filled conduit spanning the distance
from the water tank wall to the LUX detector cryostat. The x0

coordinate is coming out of the paper, and the y0 coordinate is
in line with the beam. This figure illustrates a potential event
used for the Qy analysis: a neutron (red dotted line) enters
the active liquid xenon volume, scatters twice, and then leaves
the target media. The resulting time-integrated hit pattern is
shown on the PMT arrays. The bottom frame shows an event
record of this neutron interaction sequence (for illustration
only). The PMT hit pattern provides (x, y) information, while
the electron drift time to the liquid surface provides precise
reconstruction of the z position of each neutron interaction.

A. LUX detector operating parameters

The nuclear recoil calibration program using a D-D
neutron generator discussed in this paper was performed
at the end of the 2013 LUX WIMP search run
using the same detector operational state, including
identical DAQ/trigger conditions and frequent 83mKr-
based calibrations for position-dependent S1 and S2
signal corrections [3]. As in Ref. [3], the event window
extends ±500 µs around the trigger signal generated by
the hardware trigger. For S2 signals produced by nuclear

5

recoils in the beam line, the mean electron lifetime
correction was 1.16⇥S2 and the average (x, y) correction
was 0.96 ⇥ S2. For S1 signals produced by nuclear
recoils in the beam line, the mean (x, y, z) position
correction was 1.06 ⇥ S1. Data were corrected for any
time variation between their direct measurement during
the WIMP search period and the later D-D calibration
period using the variation in 83mKr S1 and S2 peak
positions. The single electron (SE) distribution was
measured to have a mean value of 23.77 ± 0.01 phd
during the D-D measurements with a standard deviation
of 5.75 ± 0.01 phd. The electron extraction e�ciency
during the D-D calibration period was 0.48 ± 0.04. The
average electron drift velocity was measured to be 1.51±
0.01 mm/µs corresponding to a 324 µs maximum drift
time [2].

The systematic uncertainty in S1 and S2 due to time
variation in the three-dimensional (3D) position-based
corrections using 83mKr was determined to be 0.6% and
2.5%, respectively. A small radial drift field component
alters the path of drifting electrons in the liquid xenon,
with a maximum inward radial deflection of 4.6 cm for
electrons originating at the bottom of the TPC [3]. The
magnitude of this radial component is smaller near the
liquid surface where the neutron beam is positioned.
The reconstructed event position is corrected to account
for this e↵ect. The systematic uncertainty in S1 and
S2 from the 83mKr-based corrections due to these non-
uniformities in the drift field was determined to be a bias
of 0.5% in S1 and 2.5% in S2.

B. The neutron beam

An Adelphi Technology, Inc. DD108 neutron generator
was used as the mono-energetic neutron source. The
neutron generator was operated externally to the LUX
water tank shield. Neutrons were introduced into
the LUX detector via a narrow air-filled pipe, which
displaced water producing a collimation path. The
sealed, air-filled 4.9 cm inner-diameter (ID), 6.0 cm
outer-diameter (OD) polyvinyl chloride (PVC) conduit
was suspended by stainless steel wire rope from the top
of the 6 m tall LUX water tank. The neutron conduit is
377 cm in length, spanning the horizontal distance from
the outer water tank wall to the outer surface of the LUX
cryostat. The sum of the water gaps at the two ends of
the conduit is 6 cm. During the nuclear recoil calibration
campaign, the center of the neutron conduit was raised
to be 16.1 cm below the liquid xenon surface in the
TPC and leveled to 1� with respect to the liquid surface
as shown in Fig. 2. This z position of the beam was
chosen to provide a short distance to the liquid surface in
order to increase the fraction of low-multiplicity neutron
scatters in the dataset. The observed profile of single-
scatter neutron events was used to define the direction
of the neutron beam through the TPC. The shape of the
observed beam profile is consistent with the expectation

from the solid angle presented by the neutron calibration
conduit. The source of neutron production inside the
neutron generator was positioned 46±2 cm outside of the
LUX water tank in line with the neutron conduit during
the calibration. The neutron conduit was stored out of
line with the TPC during the WIMP search campaign.
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FIG. 2. The z (drift time) vs. y0 distribution of single-scatter
events passing all nuclear recoil area selection and data quality
cuts. The neutron beam pipe is aligned outside of the plot
to the left in line with the beam at a drift time of 107 µs. A
position cut was used to select scatters in a 10 cm wide slide in
x

0 around the projection of the neutron beam into the liquid
xenon. This plot contains the full 107.2 live-hours of 2013 D-D
data. The shine due to neutrons scattering in passive detector
materials can be seen localized where the beam enters the
liquid xenon. The black dashed line shows the approximate
location of the neutron beam energy purity cuts. The neutron
shine near the beam entry point is asymmetric in this plot due
to the event selection criteria; only single-scatter events are
accepted for this plot and the 12.6 cm total mean free path
for neutrons makes it more probable for a neutron to exit out
of the top of the xenon volume than the bottom.

The energy spectrum of the specific DD108 hardware
was characterized at Brown University prior to use in
the LUX calibration [18].2 The mean neutron energy
was measured to be 2.40 ± 0.06 MeV, consistent with
the expected 2.45 MeV. The expected mean neutron
energy of 2.45 MeV was used for the LUX nuclear recoil
signal yield data analysis with an associated uncertainty
of 2%. For the LUX calibration, the DD108 source was
operated at 5% duty cycle using 100 µs neutron pulses
at a 500 Hz repetition rate. An incident neutron flux of
78 ± 8 n cm�2 s�1 was measured on the exterior of the
water tank near the entrance to the calibration conduit

2 The LUX calibration used an identical shielding structure
and source configuration defined as “Target Orientation A” in
Ref. [18].
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the detection of the combined S1 signal. A requirement
was imposed that S2[y0

2

] > 225 phd. This minimum
cut on S2[y0

2

] ensured a 90% e�ciency for detecting
the combined S1 for double-scatter events due to the
S1 contribution from the second scatter alone. This
cut accepts > 70% of underlying double-scatter nuclear
recoils before other cuts are applied and has a constant
e�ciency as a function of the energy deposited by the
first neutron scatter.

For double-scatter events with both interaction sites
within the projection of the neutron conduit, there can
be ambiguity as to which interaction occurred first. A
cut on S2[y0

2

] < 1500 phd was e↵ective in removing
events in which a first scatter with ✓ ⇠ 180 degrees is
followed by a second scatter in the cylinder of the beam
at smaller y

0. Monte Carlo studies demonstrated that
this cut accepts 89% of good candidate D-D neutron
forward-scatter events while rejecting 95% of potential
events where the interactions may have been incorrectly
ordered by the analysis.

The JENDL-4 nuclear database was used to calculate
the e�ciencies presented in this section [34].
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FIG. 3. The gray points represent the measured ionization
signal for each of the 1031 events remaining after all cuts in
the double-scatter dataset. The gold crosses illustrate the
estimated error associated with the most precisely measured
individual events, both in ionization signal (y error) and
reconstructed energy (x error). The measured ionization
signal for each bin is represented by the blue crosses. As
discussed in Sec. III B, the mean recoil energy of the event
population in each bin, represented by the location of the
blue crosses on the horizontal axis, has been corrected for
Eddington bias. The red error bars at the bottom of the
plot represent the systematic uncertainty associated with this
Eddington bias correction.

D. Data analysis

The per-event ionization signal is defined as the
number of electrons ne escaping recombination with
ions at the interaction site. The ionization signal was
determined for each event by dividing the position-
corrected S2[y0

1

] by the electron extraction e�ciency and
by the measured single electron size. The uncertainty
on the single electron size is subdominant (⌧1%) to
other uncertainties in the Qy analysis. The 1031 events
remaining after the application of all cuts are shown as
gray points in Fig. 3. These events were divided into
eleven keV

nr

bins. The two lowest-energy bins span
the regions from 0.3–0.65 keV

nr

and 0.65–1.0 keV
nr

,
respectively. The remaining nine bins are logarithmically
spaced from 1–30 keV

nr

. Histograms of the measured
distribution of electrons escaping the interaction site for
each bin are shown in Fig. 4.

In order to determine the energy dependence of the
charge yield, the analysis took full account of the sta-
tistical fluctuations associated with the ionization signal
measurement, and the influence of the S2 threshold.
Given an input mean number of ionization electrons that
escape recombination, a Monte Carlo based model was
used to generate the expected probability distribution of
the number of reconstructed electrons at the interaction
site. The model is composed of an underlying Poisson
distribution convolved with a Gaussian to account for
the observed resolution of the ionization distribution.
Detector-specific e↵ects including SE size and S2
threshold are included in the model. Liquid xenon purity
and electron extraction e�ciency e↵ects were applied
binomially to the modeled number of ionization electrons
to determine the distribution of observed electrons in the
xenon gas.

The most significant contribution to the resolution
of the ionization distribution is Eddington bias. This
arises from uncertainty in reconstructed energy due to
the position reconstruction e↵ects described in Sec. IIIA.
The expected ionization resolution after Eddington bias
e↵ects were addressed was confirmed to have an energy
dependence /1/

p
E

nr

via simulation [17]. The resolution
in the model, set using the variance of the Gaussian
convolution, was determined by fitting the signal model
to the seven highest-energy Qy bins where S2 threshold
e↵ects are minimal as shown in Fig. 4. The a/

p
E

nr

dependence was fit to the measured ionization resolution
for these seven bins as shown in Fig. 5. The value of the
parameter a±�a was measured to be 0.64±0.06

p
keV

nr

.
The mean of the signal model distribution was an
unconstrained nuisance parameter during this maximum-
likelihood fit to extract the resolution. The resulting
additional uncertainty from this nuisance parameter is
reflected in the reported error bars.

After determining the nuclear recoil energy dependence
of the ionization signal resolution, the final signal
model was fit to each bin. The resulting ionization
signal distribution and best-fit model for each bin is



Leads to background rejection

Grey contours indicate lines of constant energy
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Principle of detection: dual phase xenon TPC
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Chapter 4. The ZEPLIN–III Experiment

Figure 4.7: Flowchart of the two processes creating a primary scintillation signal in
an elastic recoil in liquid xenon. In the primary interaction both excited and ionised
Xe atoms are created. The two branches produce, in their final stages, excited dimer
states responsible for the typical scintillation light of the noble gas (� = 178 nm).
Transparency of the medium to its own scintillation light, i.e. the energy of the emitted
photons is less than the energy di↵erence between the ground state (of the two separated
atoms) and the first atomic excited state, ensures good light collection.

regions without the need for any physical barriers. Comprehensive overviews of the

properties of liquid xenon and its utilisation in noble gas detectors are given in Refs. [72,

83].

4.2.1 The primary scintillation signal

The scintillation light produced in a particle interaction within the liquid xenon is

attributed to two separate processes involving excited atoms and ions. A flow chart of

the individual processes, both resulting in the production of VUV scintillation photons

and their interconnection, is shown in Fig. 4.7 [126, 127].

Firstly, direct excitation takes place resulting in excitation luminescence by the

de-excitation of singlet and triplet states of the created excimer Xe⇤2, see Eq. (4.3).

The transition of the excited states occurs at short interatomic distance, where the

ground state potential is repulsive and the molecule becomes dissociated. The two

possible de-excitations from the lowest electronic excited states are quite di↵erent in

their characteristic decay time due to the forbidden direct transition of the triplet to

the ground state. The latter becomes possible through spin-orbital coupling and the

52

✤ Primary scintillation (S1) and secondary ionization  
signal from electroluminescence (S2)!

✤ 3D position (mm resolution)!

✤ S2/S1 particle discrimination!

✤ Recoil energy correlated to S1 and S2!

✤ Powerful Xe self-shielding

E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006)

For 122 keV ER, 56 keV NR
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PLR (Profile Likelihood Ratio)
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● Simple fiducial of 5600 kg (X,Y,Z position info not yet implemented in PLR)

● Dominant ER: Rn, Kr, pp-neutrinos spatially uniform like signal

ER Background x5
LZ exposure x5

ER

NR Signal, 40 GeV WIMP


