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LUX: (2013) UA’(1) (201?) LZ: (2019 commissioning) 

Fiducial mass – 5.4 kg 

•  Dark matter candidates old and new 
•  A Standard Model standard candle   
•  UA’(1): A modest (ly sized) proposal  
•  Turning your back on the greatest invention since sliced bread  
•  Energy calibration in the few electron regime 
•  Few-electron noise in noble liquids 

XENON-10: (2007)  

Fiducial mass – 145 kg 

Fiducial mass – 5600 kg 

Fiducial mass – 10 kg  
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‘WIMPs’ – ~100 GeV particles with 
neutrino-level cross sections   
 
 
 
 
 
 
 
 
Interacts coherently with nuclei 
 
 
Phase space thoroughly probed in the 
50-500 GeV range by LUX and others 
 

Standard Model Photon ! A 
Dark photon ! A’  
the exchange particle for WIMPS or 
other DM particles ?  
 
 
 
 
  
 
scatters incoherently from or is 
absorbed by shell electrons 
 
Phase space already probed by LUX, 
XENON-10, XENON-100 
 

Some other viable Dark Sector interactions Weakly interacting massive particles 

! 

! 

Nuclear scatter 

Dark Sectors Workshop arxiv:1608.08632 

shell e- scatter 

! 

! 

LZ will approach/breach the solar 
neutrino coherent scatter noise floor 

Low cost, fast  UA’(1) experiment may 
probe more deeply than prior expts. 

! 

e- absorption 
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"  Standard Model: (fast, light, Z0 

mediated, blind to charge and 
flavor, coherent) 

"  WIMP: (slow, heavy, unmediated, 
blind to charge and flavor, coherent) 

�̄

�̄

Z0 
! 

λ ~ a few fmλ ~ a few fm M = ~ 1 meV M = ~100 GeV 

! 

Coherent Neutrino Nucleus Scattering  WIMP-Nucleus Scattering  

χ + Xe→ χ + Xeν + Xe→ν + Xe
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The UA’(1) experiment consists of a ~10 kg dual-phase xenon detector 

Rafael Lang: Getting the Most out of Liquid Xenon 14 

• Critical Xe expertise, multiple R&D setups 
• Understand & reduce e- backgrounds 
• Reduce them 

UA’(1) Project (so far LLNL/A.Bernstein, LBNL/P.Sorensen, 
UCSD/K.Ni, Purdue/RL) 

Purdue, UCSD, LBL, LLNL are involved so far.. Others anticipated and welcomed  
Rafael Lang: Getting the Most out of Liquid Xenon 14 

• Critical Xe expertise, multiple R&D setups 
• Understand & reduce e- backgrounds 
• Reduce them 

UA’(1) Project (so far LLNL/A.Bernstein, LBNL/P.Sorensen, 
UCSD/K.Ni, Purdue/RL) 

UA1 experiment   

Discovered  W and Z 
bosons, won Nobel prize 

UA’(1) experiment 

Discovery of A’, the 
dark photon ?  
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10 kg, 1 year, 1 e-  threshold, 0 background   
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Heavy Dark Photon model   Light Dark Photon model   

Plots/estimates courtesy R. Essig, Stonybrook Univ   

Optimistic ! 
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~3 GWt reactor  
~25 meter standoff 
~10 meter depth 

Adapted from 
arXiv:0411004 

Ar-39 dominates in natural argon  
but can be suppressed (Savarese, Fri. 4 pm)   
negligible in xenon  

Argon (Xenon): ~25 (6) cts/day 

But why make a reactor coherent scatter 
measurement ?  
1.  First detection ever, an important physics 

result 
2.  Close dark matter analog 
3.  new monitoring tool for nonproliferation  

an LLNL priority 
4.  Experimental tour-de-force !  

Number of electrons 
 

4 e- threshold 
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"  primary or S1 scintillation  
(prompt photons generated in liquid 
 start the TPC clock) 
 
and:  
 
secondary or S2 scintillation  
(delayed electrons, each converted  
to 10-100 photons in gas blanket)   

"  Good electron drift properties 

"  Large self-shielded target mass 

"  3-D signal localization to ~1 mm 

"  Powerful discrimination between  
nuclear and electromagnetic recoils   
 

8 

(charge) 

(light) 

S1/S2 ratio differs for nuclear/E&M recoils 

UA’(1) would sacrifice these properties to reduce energy thresholds 
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Hagmann and Bernstein 
2004 – arXiv:0411004v1 
 
‘Two-Phase Emission 
Detector for Measuring 
Coherent Neutrino-
Nucleus Scattering’  

Essig et. al,  
2011 – arxiv:1206.2644 
 
‘First Direct Detection 
Limits on sub-GeV Dark 
Matter from XENON10’ 

LUX example: Retain efficiency 
at low threshold using only the 
charge (S2) signal 

Searching for dark matter with LUX and LZ                                                                                         Lake Louise, Feb 21 2017 

Signal detection efficiency

❖ S2 efficiency (red)

❖ S1 efficiency (green)

❖ combined S1+S2 (blue)

❖ total after analysis cuts 
(black)

❖ range (dashed) is extrema 
of 16 detectors

8

S2 efficiency (red) 
S1 efficiency (green) 
combined S1+S2 (blue) 
All cuts (black) 

LUX analysis range 

First proposed  
 

A recent application 
 

adapted from P. Sorensen 
Lake Louise, 2/17 
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 / ndf = 125.5 / 1152!
Prob   0.2367
ExpCoeff  8.6± 104.7 
ExpOffset  2.25± -28.19 
ExpConst  6.3± 118.1 
p.e./keV - Fe  0.5± 130.2 
FeCoeff   2.3±  84.5 
FeWidth   3.32± 89.22 
p.e./keV - ArK  0.9± 187.7 
ArKCoeff  2.74± 78.46 
ArKWidth  2.19± 56.66 
p.e./keV - ArL  12.3±   328 
ArLCoeff  4.8±  27.9 
ArLWidth  3.49± 18.44 
Exp2Coeff  23.5± 539.5 
Exp2Coeff  0.17± 11.04 
Exp2Coeff  0.313± 3.638 
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DS56063 - Spectrum Fit

37Ar L-shell EC!
0.27 keV!
µ = 86 p.e.!
! = 22%!

37Ar K-shell EC!
2.82 keV!

µ = 530 p.e.!
! = 11%!

55Fe Mn K"1 K"3!
6.49 keV!

55Fe Mn K#1 K#2!
5.89 keV!

µ = 768 p.e.!
! = 12%!
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Figure 3: Fit to the spectrum of the data collected after injection of
37Ar. The peaks are due to the 55Fe and 37Ar calibration sources. The
total fit is shown in black and the individual components of the fit as
red dashed lines. Data obtained with an electric field of 2.4 kV/cm in
the drift region and of 9.0 kV/cm in the amplification region. �2/d.o.f.
= 125.5/115.

The 55Fe source is described by two Gaussians, one at
5.90 keV and the second at 6.49 keV. These values come
from the weighted average of the four most prominent
x-ray lines in the 55Fe decay [16]. The relative ampli-
tude of the two peaks was constrained accordingly to
a factor (2.99/25.4). The width of the smaller peak at
6.49 keV was also fixed from the value of the primary
5.90 keV peak. The two 37Ar peaks were also modeled
with two independent gaussians.

A relative branching ratio of 0.116 ± 0.013 for the L-
over K-shell electron capture for 37Ar is calculated from
the fit. This branching ratio is in good agreement with
previous measurements in gaseous argon [17–20].

During the same run we were able to measure the
detector response to single ionization electrons (i.e.).
Single electron events appeared following electric dis-
charge in the detector, their rate decreasing over the
course of several hours. The production mechanism
of those single electrons is not fully understood at this
time. The single i.e. spectrum is shown in Fig. 4. In or-
der to study the population of single electrons, a stricter
cut is applied, requiring less than 1 s.p.e. before or after
each event. The fiducialization cut was removed as it
is not e↵ective at this very low number of p.e. The av-
erage event width for single electrons was ⇠6 µs, with
longer events due to pile up of more than one single-
electron event, as shown in the inset of Fig. 4. The spec-
trum is fitted using two gaussians to describe single-
and double-electrons events. The mean and width of
the double-electrons gaussian are constrained from the
values of the single electrons distribution. The single
electron response is 8.2 p.e/i.e. with a 1 sigma resolu-
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Figure 4: Single electron spectrum obtained in the same electric field
configuration of the 37Ar data. The spectrum is fitted with two gaus-
sians describing the single- and double-electrons events. Data ob-
tained with an electric field of 2.4 kV/cm in the drift region and of
9.0 kV/cm in the amplification region. �2/d.o.f. = 115.4/94. In the
inset, scatter plot of the event width vs the collected light in p.e. for
the events in the spectrum. The distribution shown in the inset agrees
with expected behavior for single and double-electron events, the ex-
tended length of some double-electron events is a result of pile-up of
two single-electron events.

tion of 3.4 p.e. This number of p.e./i.e. is consistent
with the yield of secondary scintillation light in gas ar-
gon [21] and the estimated collection e�ciency in our
detector (approximately 1-2%).

Using the single electron response, we compute the
number of electrons extracted from liquid argon for
each of the three main peaks in Fig. 3. These are plotted
in Fig. 5 as a function of the nominal energy deposited
in the detector.

4. Discussion

It is interesting to compare the data in Fig. 5 against
the Thomas–Imel box model [22] that predicts the frac-
tion of electrons that escape recombination as

ne

Ni
=

1
⇠

ln(1 + ⇠), ⇠ =
Ni↵

4a2uE
(1)

where ↵ and u are the recombination and mobility co-
e�cients, E the electric field , a the box dimension pa-
rameter and ne the number of electrons escaping recom-
bination. Following the suggestion in [4], the number of
initial electrons Ni is calculated assuming a value wq =
19.5 eV for the energy required to create a quanta (either
ionization or excitation) in liquid argon [5] and an initial
partitioning between the two channels of Nex/Ni = 0.21
[23].

Equation (1) is fitted to the data with ↵/(4a2uE) as a
constant free parameter, as shown in Fig. 5. These cal-
culations are consistent with those obtained from argon

4

Argon 
arXiv: 1301.4290v2 

LLNL results circa 2013-2014 Yale/LBL/UCB results circa 2016-17 
E. Boulton et. al arxiv 1705.08958 
 

Xenon 

Figure 7. Charge Yield versus Energy. The blue squares are the 37Ar points at 0.198 kV/cm from this
analysis. The green bands are charge yield measurements from Goetzke et al. at 0.19 kV/cm. The band of
black squares is from the tritiated methane measurements in LUX at .182 kV/cm. The orange curve is the
LZ TDR NEST package model for 0.18 kV/cm [17].

predictions for 2.8 keV from previous experiments. In analyses of LUX, XENON10, and MiX
data the function E�/E

mean

· 100% = a/
p

E + b was fit to energy resolutions for di�erent energy
peaks [40–42]. In the LUX analysis, a = 33 ± 0.01 keV�1/2 and b = 0, in the XENON10 analysis,
a = 44.3 keV�1/2 and b = 0, in the MiX analysis, a = 22 keV�1/2 and b = 0.42. Using these fits for
2.8 keV, energy resolutions of 19.7%, 26.5%, and 13.7% are expected from the LUX, XENON10,
and MiX analyses, compared to the values of 9.8% to 10.8% measured here.

We also investigated the relationship of recombination with drift field. The LUX tritium data
show that recombination decreases with energy [46]. This PIXeY 37Ar analysis shows results
consistent with that finding. For the 2.8 keV peak, as the field increases the charge yield increases,
indicating that recombination decreases as the field increases. However, for the 0.27 keV peak, as
the field increases the charge yield stays nearly constant. This indicates that recombination is small
and does not vary substantially with field at 0.27 keV. For the K-shell peak, r = 0.288 ± 0.025 and
for the L-shell peak, r = 0.023 ± 0.021, which is consistent with zero.

The calculation of the Thomas-Imel box parameter agrees with an analysis from Lin et al.
The Lin analysis calculates 4⇠/N

i

by comparing simulations to data and then fits the relationship
between 4⇠/N

i

and field to Eq. 4.2 [45]. Lin et al.’s analysis found A = 0.017+0.003
�0.002 and � = 0.140,

which are similar to the values found in this analysis, A = 0.017 ± 0.002 and � = 0.130 ± 0.013.
Additionally, the Akimov et al. 2.8 keV charge yield measurement of 47 ± 5.5 electrons/keV at
3.75 kV/cm matches within error bars the measured charge yield field dependence shown in figure
4 [23].
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arxiv:1608.05381 
0.7 keVr  - lowest measured yield value  
from the LUX experiment 
  

These extrapolated charge yields are consistent  
with the latest LUX and world data for xenon  

Plot courtesy B. Lenardo 
UC Davis and LLNL  
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Solar 8B CS 
negligible effect 

Reactor antineutrino CS 
>4 e- threshold: ~10x rate difference 

3 GeV WIMP-nucleus 
>4 e- threshold: ~15x rate difference 
 

Note similarities 
in these cumulative  
ionization  
distributions 

Plot courtesy B. Lenardo 
UC Davis and LLNL  
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Thin LiF target 

Neutron recoil in Xe or Ar  
dual-phase detector 

neutron recoil in  
liquid scintillator detector 
determines energy  
deposition in dual 
phase detector  

collimator 

collimator 

LLNL#Xe#Detector#Assembly#

Pulsed low energy neutron beam at Duke 
Univ. provided by Prof. Phil  Barbeau 

Sub-keV nuclear  
recoil calibration study  
at LLNL  
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At thresholds  ~< 1keV or ~1-10 e- , we enter a new domain: 
 
Physics-induced signals are comparable to intrinsic excitations in 
detector materials – the detector itself is the background, not just 
external radiation ! 
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Time 
correlated  
prompt 
events 
(bulk)   

Position 
correlated 
delayed 
events 
(surface) 

S2 positions              single electron positions 

Top-down (X-Y) view of single electron distribution 

Different(X*Y(posi/on(pa1erns(can(be(iden/fied(for(
different(stages(of(electron(emission:(
(

"  Prompt(electron(emissions(from(bulk(photoioniza/on((
"  Delayed(electrons(emissions(from(liquid(surface(

Plots courtesy J. Xu 
And the LUX collaboration 
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Where are these events coming from ?  

S2 positions              single electron positions 

The distribution of few-
electron events 200 ms after 
small, isolated energy 
depositions is not highly 
space or time  
correlated with a prior event.. 
 
Not seen to come from grid  
defects or “hot spots”… 
 
 



Lawrence Livermore National Laboratory LLNL-PRES-xxxxxx 
18 

 
"   The Malter effect is enhanced e- emission in the 

presence of dielectric layers on metals, due to 
accumulation of positive charge on the dielectric surface 

"  Layers of solid xenon are observed to form on metals 
immersed in liquid xenon (and He, Ne, Ar)  

"  Photo-induced  electron emission (PIEE) is  observed 
in rare element solids  

Positive ion accumulation at the liquid xenon-metal  boundary  may 
result in correlated emissions of a few electrons   
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?  Increase extraction field – may reduce trapped 
electrons at the liquid gas interface  

?  Apply AC field at the cathode to de-trap positive 
ions (local, does not disrupt drifting electrons) 

?  Apply an infrared pulse to  liberate trapped 
electrons  

We will explore these noise suppression techniques  
in the coming year as part of the  UA’(1)  effort  
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"  Sub-kev thresholds permit exploration of new dark sector 
phase space with relatively small detectors  

"  The UA’(1) collaboration is well positioned to explore this 
new phase space with a 10 kg xenon detector  

"  Low energy calibrations and noise studies will help us 
explore the light mass particle regime – and possibly 
extend the reach of LZ  beyond its baseline sensitivity 

"  Reactors provide high statistics sample of (anti)neutrino 
scatters that closely mimic low-mass WIMPs  
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"  Xe(scin/lla/on(light(can(
ionize(impuri/es(in(the(bulk(
liquid(((

"  Produced(by(both(
scin/lla/on((S1)(and(
ioniza/on((S2)(light(

"  Time(delay(up(to(full(driH(
/me(in(the(detector(

Max 
Drift 
Time 
in LUX 

‘S1’ (light) event ‘S2’ (charge) event 

Electron emissions from bulk ionization 
following a large energy deposition 

Plots courtesy J. Xu 
And the LUX collaboration, APS 2016 


