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Part 1

Tritium Calibration of Liquid Xenon WIMP search experiments



Project Description, November 2010
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UMD tritium removal experiment
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Figure 4: An experiment performed at Maryland to demonstrate the removal of CH3T from gaseous xenon. Left: A
picture of our UHV-compatible xenon proportional tube (the conflat plumbing in the center) and the xenon purifier
(blue device on the right) in the Maryland Nuclear Physics lab. The CH3'T source and injection plumbing is mounted
on the reverse side of the frame. Right: Results from our CHaT removal experiment. More than 99.9% of the
CHsT activity is removed from the proportional tube in a single pass through the purifier. The inset plot shows
the difference of the counting rates before injection and after purification. This implies, among other things, that

contamination of the detector surfaces by CHa'T 1s minimal. See text for details.
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First WIMP search results from LUX, October 2013 (ECA year 3)

First results from the LUX dark matter experiment at the Sanford Underground
Research Facility

(a) Tritium ER Calibration
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Project Description, November 2010

Proposed program. We propose here to carry out the following program to bring this source
to completion:

¢ Removal-via-xenon-recovery. Our preliminary results indicate that CHszT source could be

mjected mto LUX immediately prior to a planned warm-up of the detector. We will com-
plete our current series of experiments at Maryland, making them more realistic by imserting
materials such as teflon and polyethylene into our proportional tube gas system.

e Removal-on-the-fly. Ultimately we would hike to periodically mject CH3'T mto a liquid xenon

experiment and remove it through re-circulation while the detector continues to operate (l.e.,
without warming-up the detector and recovering the liquid xenomn). We propose here to
demonstrate removal of CH3'T from an operating liquid xenon detector m our liguid xenon
lab here at Maryland (see Ref. [32]), using our existing CHzT source. Ultimately a removal-
on-the-fly test can be performed with LUX at the end of the physics data-taking period.

e Removal at high flow rates. Our experiments on removal of non-radioactive methane (CH,)

showed that the efliciency of the purifier decreases as the gas flow rate increases[29]. We
would hke to recover the very highest efficiency at the very highest flow rates, mm order to
allow larger activities to be injected into a dark matter detector at once.® This will allow for
more comprehensive calibration campaigns, in which the data can be finely binned by posi-
tion and energy while retaining adequate statistics everywhere. Higher purifier temperatures
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FIG. 2: Rate of single scatter events with S1 below 150
phd in the fiducial volume during the August 2013
CH3T injections. The solid lines are exponential fits to
the activity vs. time.
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FIG. 8: Light yield measurement from LUX tritium
data compared with results from other authors. Left
vertical scale: light yield relative to that of the
32.1 keV decay of 83™Kr at zero field. Right vertical
scale: absolute light yield measurements. Blue squares
represent tritium at 105 V/cm, black squares are
tritium at 180 V/cm. The shaded bands are the the
systematic errors on the tritium data. Magenta squares
represent zero field measurements from [24], green
triangles and red stars represent zero field and
450 V/cm from [5]. All non-tritium data is from
Compton scatters.
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First WIMP search results from LZ — July 2022 (six years post ECA)

First Dark Matter Search Results from the LUX-ZEPLIN (LZ) Experiment
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Part 2
Detection of trace impurities in Xe with Mass Spectrometry
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Project Description, November 2010
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Figure 6: Left: the coldtrap/RGA system constructed by our group for the EXO-200 double beta decay experiment.
Right: Coldtrap/RGA results from a xenon gas sample collected from EXO-200 on June 23, 2010. The leak valve is
opened at 12:16, and Argon (purple), Neon (light green), and Krypton (red) are observed in the gas sample. Oxygen

(brown) does not increase above background levels, and we infer a hmit of <(0.5 ppb on the oxygen concentration.



Purity monitoring of the LUX Xenon, 2013 (ECA year 3)
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Purity monitoring of the LUX Xenon, 2013 (ECA year 3)
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LZ Dark Matter Search, 2020 — 2023 (Four years post-ECA)




LZ Dark Matter Search, 2020 — 2022 (Four to six years post-ECA)

Kr measurements in LZ
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Proposal Scorecard

* Mass spectrometry detection of impurities
1. Apply technique to LUX
2. Extend technique to observe water and CO, impurities

3. Remote control; automation |v/

 Tritium calibration of LUX
1. Removal via Xe recovery | X
2. Removal on-the-fly |v/
3. Removal at high flow rates |v/

» Mitigation of radioactive noble impurities (Kr and Ar)

1. Kr and Ar detection via mass spectrometry |V
2. Rnremoval from Xe |X
3. Rn and Kr monitoring with LUX WIMP search data |%




Unsuccessful attempts — 2008 & 2009
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Extending the reach of the LUX dark matter search

Carter Hall
Asst. Prof. of Physics, University of Maryland

October 31, 2008

1 Introduction

The evidence for the existence of dark matter is by now very convincing. A broad range of
observations, including galactic rotation curves, the cosmic microwave background, gravita-
tional lensing, and large scale structure, point to a universe filled with a new type of matter,
previously unknown to physics, and comprising over 25% of its energy-mass budget. This
conclusion is surprising and welcome news to particle phys . who have spent over half
a century studying the quarks and leptons which make up ordinary matter. In retrospect,
we now understand that baryonic matter is only the tip of the iceberg, and that there could
be a vast unexplored territory of new phenomena waiting to be discovered over the horizon.
The race to map this new territory is now in full swing.

High energy physicists have suspected for decades that the particle zoo may need to be
expanded to stabilize the mass of the Higgs boson and to provide for a grand unification of
the strong, weak, and electromagnetic forces. And because many standard model extensions
contain new particles which are dark matter candidates, the astrophysical and cosmological
data comes as an encouraging sign that these ideas are on the right track. The only ingredient
missing from this picture is a direct observation of the non-standard model particles and
phenomena that these models predict.

Experimentalists are bringing to bear a wide variety of techniques to uncover the nature
of the dark matter. One promising approach is to directly observe the dark matter wind
as it flows through the earth. Experiments of this type hope to detect the faint signal of
a new, weakly interacting massive particle (WIMP) scattering on an atomic nucleus in an
underground detector. A positive observation of this effect would revolutionize our under-
standing of matter at its most basic level, and also give birth to a new branch of experimental
astrophysics.

The PI proposes here a WIMP search program in the context of the LUX experiment.
LUX 1s a dual-phase liquid xenon experiment which will be installed in the Sanford Lab
at the Homestake in 2009. LUX builds upon the success of the ZEPLIN[1] and XENON|2]

experiments, which pioneered the application of this detector technology to the dark matter
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1 Introduction

The evidence for the existence of dark matter is now very convincing. A broad range of observations,
including galactic rotation curves, the cosmic microwave background. gravitational lensing, and
large scale structure, point to a universe filled with a new type of matter, previously unknown to
physics, and comprising over 25% of its energy-mass budget. The race to map this new territory is
now underway.

Experimentalists are bringing to bear a wide variety of techniques to uncover the nature of the
dark matter. One promising approach is to directly observe the dark matter wind as it flows through
the earth, virtually unimpeded. Experiments of this type hope to detect the faint signal of a new,
weakly Interacting massive particle (WIMP) scattering on an atomic nucleus in an underground
detector. A positive observation of this effect would revolutionize our understanding of matter at
its most basic level, and also give birth to a new branch of experimental astrophysics.

In this Early Career Research proposal, we outline a plan to augment the LUX-ZEPLIN se-
ries of dark matter experiments by developing technology to allow for efficient radioactive source
calibrations of the detectors. Specifically, we propose to address the problem of how to calibrate
the response of a large liquid xenon detector to beta-like background events at low energy where
the dark matter signal is expected to appear. These calibrations will have two important impacts
on the experiment. First, by using low-energy gamma line sources, the relevant energy scale of
the detector can be fixed. Secondly, by using a low energy beta source, the background rejection
efficiency of the nuclear-recoil discrimination cuts can be determined in the dark matter energy
range. These calibrations will reduce the systematic errors of the experiment, and counld play a key
role in cross-checking the backgronnd estimate if a tentative dark matter signal is observed.

2 The LUX-ZEPLIN program

The search for the direct interaction of WIMPs in a deep underground detector has become one of
the most vibrant and rapidly evolving pursuits of experimental particle physics and astrophysies
in the last ten years. Researchers have demonstrated a wide variety of techniques to observe a
WIMP signal while passively and actively rejecting the overwhelming backgrounds due to natu-
rally occurring radicactivity. Recent experiments of this type include CDMS TI[1], XENON|2],[3],
ZEPLIN[4].[5], COUPP|6]. PICASSO(7], and DAMA/LIBRA8].

The PI proposes here to search for WIMPs in the context of the LUX-ZEPLIN experimental
program. LUX-ZEPLIN is an international scientific collaboration dedicated to searching for WIMP
dark matter with liquid xenon detector technology. The collaboration formed in April 2008 by
agreement between the US-based LUX collaboration[9] and the British, Portuguese, and Russian
groups which comprise the ZEPLIN III collaboration|5]. The PIis a member of both the LUX and
the LUX-ZEPLIN collaborations.

The LUX collaboration consists of groups from Brown, Yale, Rochester, Harvard, Maryland,
Case Western, Texas ALM, UC Davis, Lawrence Berkeley Lab, Lawrence Livermore Lab, and
the University of South Dakota. Collaboration members have broad expertise in dark matter
physics, neutrino physies, nuclear physies, and particle physics, including playing leading roles in
the world’s most sensitive dark matter searches (CDMS, CDMS-II, ZEPLIN-II, and XENON10).
The collaboration is rapidly expanding, with two new groups joining in the last year, and with
other groups eurrently being considered for membership. The PI joined the collaboration in March
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1 The search for WIMP dark matter with liquid xenon

The evidence for the existence of dark matter is by now very convinecing. A broad range of ohserva-
tions, including galactic rotation curves, the cosmic microwave background, gravitational lensing,
and large scale structure, point to a universe filled with a new type of matter, previously unknown
to physies, and comprising over 25% of its energy-mass budget. To map this new territory, experi-
mentalists are bringing to bear a wide variety of techniques. One promising approach is to directly
observe the Milky Way's dark matter halo as it flows, virtually unimpeded, through the Earth. Ex-
periments of this type hope to detect the faint signal of a new, weakly interacting massive particle
(WIMP) scattering on an atomic nuclens in an underground detector. A positive observation of
this effect would revolutionize our understanding of matter at its most basic level, while also giving
birth to a new branch of observational astrophysics.

In the last ten years, liguid xenon TPC technology has quickly advanced to the frontier of dark
matter research. The method was pioneered by the ZEPLIN(1, 2] and XENON10[3] collahorations,
and has reached a new level of maturity with the recent results from the XENON100 experiment [4].
XENON100 will be followed in quick succession by the LUX[5, 6, 7] and XMASS|[8] experiments,
which are expected to produce additional sensitivity gains of an additional two orders of magnitude
or more. This heralds the arrival of a new era in which large regions of the WIMP parameter
space will be rapidly explored. Most importantly, since these experiments are sensitive to many
prominent WIMP models, a direct observation of astrophysical dark matter could be imminent.

In parallel with current efforts, researchers around the world are developing ton and multi-ton
liquid xenon proposals[9, 10, 11, 12, 13] which could probe WIMP cross-sections down to 10743

m?, roughly four orders of magnitude below current limits. These detectors can be rapidly scaled
because the technology has been demonstrated by the ploneering experiments. Nevertheless, we
anticipate that new challenges will naturally arise at these new scales, while other issues which
carry over from the current generation of experiments must be faced in a more systematic manner.
In this Early Career proposal, we outline a strategy to address several of the most important such
issues:

1. Calibration - How can massive liquid renon detectors be calibrated for their response to the
dominant electron-recoil backgrounds? Such a calibration is absolutely required in order ex-
tract any meaningful physics from the WIMP search data, but previous calibration strategies
based on external gamma sources will fail. We propose to apply a new strategy based on
tritiated methane, and we have already made significant progress towards showing that it can
be inserted and removed safely from a detector. See Section 2.

2. Technology - How can we reliably and robustly achieve the extremely low concentlrations of
electronegative impurities which liquid zenon experiments require? The most common method
to identify and correct purity problems in liquid xenon experiments can best be deseribed as
“trial and error”. The fundamental difficulty, which is faced by all experiments, is a lack of
available analytical tools which can provide gnidance as to the source of purity problems. We
have recently developed a new technique in our lab at Maryland which removes much of the
guesswork. We propose to apply this tool to the dark matter problem and extend the method
into new areas. See Section 3.

3. Backgrounds - How can we monitor and mitigate the most serious remaining backgrounds
which liqguid zenon erperiments will encounter? The rapid advances in sensitivity which are
now being seen in liquid xenon detectors are made possible primarily through the background
rejection power of self-shielding. Radioactive contaminants dissolved in the liquid xenon,
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Figure 3: Nuclear recoil discrimination in liquid xenon. These scatter plots show the discriminant variable,
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log10(52/51), as a function of energy for electron-recoil events (left) and nuclear recoil events (right). WIMP scatter-
ing causes nuclear recoils, while the dominant background sources are electron recoils. To collect data of this tvpe,
and thereby determine the discrimination factor of the detector, we require both electron-recoil and nuclear-recoil

calibration sources. Data courtesy of the LUX group at Case Western.

The importance of calibration. Here we briefly describe why a comprehensive calibration
campaign is absolutely required for these liquid xenon experiments to be successful. 1) The detector
cannot make a reliable energy measurement in either the scintillation or ionization channels without
a full-volume calibration dataset. For example, the primary scintillation collection in such a detector
varies by as much as a factor of two depending on the event location, and this dependence must
be understood[16]. Also, the response of the anode to the charge deposition can also vary by 20%
depending on the x-y position of the event[16]. This dependence is due to non-uniformities in the
anode electric field, and we must correct for this as well. 2) Dark matter interactions are expected
to produce an exponentially-falling recoil spectrum, which means that the energy threshold of the
detector must be well characterized with a known source. 3) The recoil discrimination factor (see
Fig. 3) of the detector must be determined in situ and over the full volume of the detector because
it depends on the scintillation and ionization acceptance. Therefore this important background
rejection method cannot be employed without a careful calibration campaign. Note that we must
calibrate with both beta-like sources (to induce electron-recoil events) and neutron sources (to induce
nuclear-recoil events). Neutron sources alone are not adequate for our needs.

The power of self-shielding. Dark matter searches benefit from a large target mass in two
respects. First, the number of signal events in the detector scales linearly with the target mass
and the exposure time. Secondly, at the scale of modern detectors, seltshielding begins to play
a dominant role in reducing backgrounds. The reason for this suppression is easy to understand.
Gammas and betas in the dark matter energy range (~ 1 - 10 keVee!) cannot penetrate into the
fiducial volume due to the opacity of xenon material at those energies, while higher energy gammas
have difficulty producing single-scatter events at the correct energy. A simulation of the exponential
power of self-shielding in the LUX detector 1s shown m Fig. 2.

Calibration of a large liquid xenon experiment. The fantastic background rejection
power of self-shielding, illustrated in Figure 2 1s the key feature of modern experiments of this
type. On the other hand, having constructed such a background-insensitive instrument, we are
faced with a new challenge: how can we calibrate such a deviee with radioactive sources? Until
now, experiments have been calibrated primarily with external, localized gamma sources such as

1 %eVee” = keV-electron-equivalent, the energy observed in the detector nnder the assumption that the interacting
particle was a gamma or beta.
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