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Low mass dark matter
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].
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From Cosmic Visions (1707.04591)

Unconstrained

Existing liquid noble 
searches are in  

10s-100s GeV/c2

Many new proposed 
experiments aimed at 

<5 GeV/c2

Neutrino floor
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Low mass dark matter rate
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For low mass sensitivity, need:  
(1) low threshold  

(2) lighter target for better kinematic match to DM mass

Typical Xe threshold100 GeV 10 GeV
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Low mass dark matter detectors

4

Match target-DM mass

Low energy threshold

Large/scalable target mass

Underground / shielding

Self-shielding, discrimination, 
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Sensitivity to multiple interaction 
types
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Low energy depositions


Extremely rare interaction

Environmental backgrounds


Detector backgrounds 

Impurities

Unknown particle physics


Challenge Solution
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5

Already achieved in LZ (and other G2 DM experiments)

But LZ has a heavy target (Xe)

Put a low-Z target in LZ,  
while retaining benefits of Xe 
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1. Dissolve H2 into LXe 2. Look for recoiling proton

HydroX: Hydrogen-doped Xenon

LZ

𝛘

H

Xe
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HydroX advantages: signal yield
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vs.

• Xe recoil: mXe=mXe → energy lost to heat (Lindhard) → O(20%) of energy is observable 
• H2 recoil: mp ≪ mXe  → all electronic excitations → ~100% of energy is observable

𝛘
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HydroX advantages: BG mitigation
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• Retain self-shielding of LXe 
• Vetoes, water tank, intensive radio-cleanliness of LZ 
• Fully characterized BG model from LZ
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Liquid H2
Liquid xenon

Two main factors determine how far the fiducial boundary should lie from the lateral TPC walls. The prime
consideration is to ensure a su�ciently thick layer of LXe to self-shield against the external radioactivity
backgrounds. This is related to the mean attenuation length for those particles: Figure 1.3.5 confirmed that
Ì2 cm of liquid decreases the �-ray background tenfold, and as much as Ì6 cm is needed to mitigate neutrons
by the same factor. However, the outer detector is very e�cient for neutron tagging, which brings these two
requirements closer together.

Secondly, it is essential that the reconstructed (x,y) positions of low-energy interactions occurring near
the TPC walls do not "leak" into the fiducial volume. As mentioned above (and discussed in Chapter 3)
interactions from radon progeny plating the lateral PTFE are of particular concern: These can generate
events with very small S2 signals due to trapping of charge drifting too close to the PTFE. If allied with poor
position resolution, this can constitute a very challenging background [35]. In the vertical direction, only
the former consideration arises. We point out that the reverse field region below the cathode will provide
much of the required self-shielding (>14 cm), whereas at the top, the small thickness of liquid above the gate
(0.5 cm) will have a limited impact.

Figure 1.6.1 shows the simulated background rate from material radioactivity in the WIMP region of inter-
est (6 keV to 30 keV) as a function of radius squared and height above the cathode grid. Nuclear and electron
recoil backgrounds were combined, with 50 % acceptance applied to the former and 99.5 % discrimination
applied to the latter. The neutrino and dispersed background contributions listed in Table 1.6.1 are omitted
from Figure 1.6.1 because they populate the figures uniformly.

The left panel of Figure 1.6.1 shows the rate of material backgrounds when neither of the outer detector
systems, the LXe skin nor the outer detector, is utilized. The background-free region in the central TPC
is small, and comprises about one-half of the 7 tonnes of active liquid xenon. The right panel shows the
background rates after the application of the two outer detector systems, which enlarge considerably the
background-free region. The event totals in Table 1.6.1 are computed from the events inside the fiducial
volume enclosing 5.6 tonnes delineated by the dashed line in Fig. 1.6.1.

LZ ER+NR backgrounds (external)

LZ TDR (1703.09144)
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HydroX advantages: SD sensitivity
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Equivalent masses
1H natXe

820 times more spin-dependent 
sensitivity 

unpaired neutron spin

1H natXe

unpaired neutron spinunpaired proton spin

For equivalent 
masses of H and Xe:

1H has 820x more SD sensitivity per kg than natXe
In addition, use deuterium: gives both DM-p and DM-n sensitivity
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HydroX sensitivity
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SuperK

Assumptions:

• Signal yields from SRIM + LZ detector 

model

• 2.2 kg of H2 in LXe (2.6% mol fraction)

• Proton recoil S2/S1 is ER-like  

(no discrimination)

• 250 live-day exposure


SD sensitivity at low mass is unique

SI

SD
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R&D

• Will it work? 
• What is Henry coefficient?

• Effect on signal generation (light and charge)

• Circulation and cryogenics

• Purification removes H2

• Ti embrittlement

• H2 leakage into PMTs


• How do we calibrate? 
• Ultra low energy proton recoils in LXe

• Effect on discrimination


• How do we make it work in LZ?

11
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Injecting H2 into LXe

• XELDA: small TPC constructed at Fermilab

• Originally for measuring ER discrimination for inner shell e-, now for H2-doping


• One 3” PMT facing four 1” PMTs

• Gas phase circulation, inject H2 at the condenser

12
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Injecting H2 into LXe

• Is H2 in the liquid?

• YES, though hard to say how much

• Measure H2 in gas space after injection, 

before and after inducing mixing 
(circulating)


• H2 level in gas space goes down,  
(by factor 2-3) → H2 is in the LXe

13

1e-5 [arb] before mixing

3e-6 [arb] after mixing

RGA scans
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Injecting H2 into LXe
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• TPC still working!

• S1s and S2s still being produced and can see them


• Loss of S2 yield (as predicted)

• Possible decrease in S1 yield (~10%)

Xe only Xe + H2

S2 yield 
shifted down
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Immediate next steps

XELDA Run 2 
• Improved gas analysis

• Inject more H2

• S1-only mode to measure S1 loss more carefully

• S2s difficult to measure well in XELDA setup with H2


H2+GXe at SLAC 
• Use SLAC System Test in room temperature gas-only mode

• Used extensively for electron emission studies 

(see R. Mannino’s talk)

• Measure effect on S2 yield more carefully

15

SLAC System Test  
S2 measurement setup
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Low energy recoil calibration
• Classic neutron scattering setup: scattering angle gives recoil energy

• Low energy neutron source: 24 keV neutrons from 124Sb-9Be source

• TPCs for both target and neutron tagger

16

keV Iron Neutron source (keVIN)

Fe
Poly

Sb-Be γ-n source 
~24 keV neutrons

10”

n
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Cryogenics and circulation with H2-doped Xe
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• LZ purifier will remove H2 → Inject and remove H2 continuously, around purifier

• Options for removing H2:

• Distillation column

• Sparging


• Test at O(100 kg) of Xe using SLAC System Test
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Summary

•Many new searches for low mass dark matter

•HydroX is a novel new effort

•Hydrogen-doped LXe

•Optimize kinematic matching for low mass DM (0.1-5 GeV/c2)

•SI and SD sensitivity

•Leverage success of conventional LXe TPCs


•R&D needed; already underway

•First proof that TPC works with H2+Xe

18
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The original HydroX

19
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Backup

20
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Low mass dark matter detection
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 

2-1 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  

���&#��2+1+��	����%��%!#��! ��"%+�

Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:

dR

dQ
=

⇢0
m�

⇥ �0A2

2m2
p
⇥ F 2(Q)⇥

Z vesc

vm

f(v)

v
dv. (1)

5
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primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Solubility in LXe

• Dissolving H2 in LXe has not 
previously been done


• But lots of other stuff has

• LXe is an efficient solvent
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keV Iron Neutron source (keVIN)

• 124Sb-9Be source gives 24 keV neutrons + gammas

• Surround source with Fe: stops gammas and passes neutrons (“notch” at 24 keV)

• Alternate configuration to get 2 keV neutrons:

• Degrade neutron energy down with poly

• Exploit 2 keV notch in scandium (21Sc)
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