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Motivation for HydroX
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‣ Sensitivity of xenon-based TPCs to dark matter candidates drops rapidly below 
O(10 GeV)

‣ Typically have keV energy threshold

‣ Maximum recoil energy from ~GeV WIMP is < 100 MeV —> no detectable 

signal!

‣Basis of HydroX: add light target to xenon-based detectors to improve light 

DM sensitivity! 
‣ Larger recoil energy for hydrogen atom, recoil energy is then transferred to Xe 

for visible signal 

‣ Keep desirable properties of Xe while providing a better kinematic match for 

light DM particles
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background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [74]. A flat
constraint of 0 to three times the estimate of 96 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 65–67],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tagging
e�ciency from the AmLi calibration sources (89 ± 3%).
A likelihood fit of the NR component in the OD-tagged
data is consistent with observing zero events, leading to
a data-driven constraint of 0.0+0.2 applied to the search.
This rate agrees with simulations based on detector ma-
terial radioassay [63].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency is
then applied to unphysical drift time single-scatter-like
events to constrain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The gray
dot-dash line shows the limit before applying the power con-
straint described in the text. The green and yellow bands
are the 1� and 2� sensitivity bands. The dotted line shows
the median of the sensitivity projection. Also shown are
the PandaX-4T [26], XENON1T [25], LUX [28], and DEAP-
3600 [75] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component

FIG. 6. Reconstructed energy spectrum of the best-fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

shapes are modeled in the observable space using the
geant4-based package baccarat [76, 77] and a custom
simulation of the LZ detector response using the tuned
nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.
Above the smallest tested WIMP mass of 9GeV/c2,

the best-fit number of WIMP events is zero, and the
data are thus consistent with the background-only hy-
pothesis. Figure 5 shows the 90% confidence level up-
per limit on the spin-independent WIMP-nucleon cross
section �SI as a function of mass. For WIMP masses
between 13GeV/c2 and 36GeV/c2, background fluctua-
tions produce a limit that is substantially smaller than
the median expected limit, as shown by the dot-dashed
line in Fig. 5. For these masses, the limit is constrained
to a cross section such that the power of the alternate hy-
pothesis is ⇡crit = 0.16 [78]. This restricts the fluctuation
to 1� below the median expected limit. The introduction
of the power constraint also introduces overcoverage, i.e.,
the coverage of the limit with the power constraint is
greater than 90%. The minimum of the limit curve is
�SI = 9.2 ⇥ 10�48 cm2 at m� = 36GeV/c2. The mini-
mum of the unconstrained limit curve is 6.2⇥ 10�48 cm2

at 26GeV/c2, and the minimum of the median expected
limit is 1.9 ⇥ 10�47 cm2 at 43GeV/c2. The background
model and data as a function of reconstructed energy are
shown in Fig. 6, and the data agree with the background-
only model with a p-value of 0.96. LZ also reports the
most sensitive limit on spin-dependent neutron scatter-

PRL 131, 041002 (2023)

https://arxiv.org/abs/2207.03764


Projected sensitivity
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‣ Pro: we can upgrade a pre-
existing xenon-detector 

‣ Successful program with 
well-understood 
backgrounds 

‣ Sensitivity projections with 
LZ show a competitive reach 
for low masses


‣ Projected limits assume 
2.6% mole fraction of H2 in 
xenon and 250 live-days


‣ Excellent sensitivity to spin-
dependent interactions 
(hydrogen is an unpaired 
proton)

A. Fan (SLAC) CPAD 2019 HydroX

HydroX sensitivity
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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

A. Fan (SLAC) CPAD 2019 HydroX

HydroX sensitivity
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• 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
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Plots by H. Lippincott



‣ Several questions need to be explored to understand the feasibility of 
hydrogen-doped xenon detectors


How much hydrogen can we dissolve in liquid xenon?

How will adding hydrogen affect ER/NR discrimination?

Does hydrogen degrade the Xe scintillation signal? 

H2 can cool the electrons or absorb energy from the excited Xe states

Unknowns about hydrogen doping

4

→ Focus of the test stand at 
SLAC at the Liquid Noble Test 

Facility (LNTF)

HydroX institutions:

UCSB, LBL, SLAC, Penn State,


Michigan, SURF, Imperial College 
London, Northwestern, Rochester 

LZ Technical Design Report 1.3 Design Drivers for WIMP Identification
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Figure 1.3.1: Integrated rate above threshold per tonne-year of exposure for WIMP elastic scattering
on Xe, Ge, and Ar targets for 50 GeV/c2 and 1 TeV/c2 WIMP masses and 10−47 cm2 interaction cross
section per nucleon. The green marker indicates the 1.1 keVnr WIMP-search threshold in LUX with
nominal ER/NR discrimination [30]. CDMS II searched above Ì5 keV in their Ge target [31]; selected
SuperCDMS detectors allowed a 1.6 keVnr threshold with lower discrimination [32]; CDMSlite search
for low-mass WIMPs with an electron recoil threshold down to 56 eV [22]. In LAr, the DarkSide-50
experiment has recently conducted a WIMP search above 13 keVnr [33].

Figure 1.3.2: Operating principle of the double-phase Xe TPC. Each particle interaction in the LXe (the
WIMP target) produces two signatures: one from prompt scintillation (S1) and a second, delayed one
from ionization, via electroluminescence in the vapor phase (S2). This allows precise vertex location in
three dimensions and discrimination between nuclear and electron recoils.
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Figure from LZ TDR

• Measure S2 as a function 
of H2 concentration


• Gain experience with 
handling H2-Xe mixtures



‣ Spent past ~year constructing 
system for these measurements


‣ TPC with ~800 g of xenon 
(modified LZ System Test TPC)


‣ 32-PMT array with 1-inch 
Hamamatsu R8520-406


‣ Gas handling systems for 
feeding, circulating, and 
recovering xenon and hydrogen


‣ Extensive instrumentation to 
monitor temperature and 
pressure across the system


‣ Custom DAQ and reconstruction 
package based on the strax 
analysis framework

Status of test stand @ SLAC
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https://strax.readthedocs.io/en/latest/
https://strax.readthedocs.io/en/latest/


TPC Configuration & Detection
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‣ Run in gas phase with both a gate and 
anode plate


‣ Particle interactions will produce two 
observable signals: 


S1 - “light” signal 

S2 - “charge” signal


‣ Focus is to measure the effect of H2 
on the S2, but we will also measure 
the S1 (in gas)

e-e-e- S1

S2

Detector Parameters

Drift region height 3.7 cm

Drift region diameter 14 cm

Extraction region height 8 mm

Average drift field 276 V/cm

Average extraction 
region field 8.64 kV/cm



Gas handling system
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‣ Built H2 feed system with 
separate line to H2 test vessel 
(PMT after pulsing tests)


‣ Gas circulates @ 5 SLPM with 
KNF double diaphragm pump 
through a purifier from 
Entegris for H2/X2 mixtures


‣ Design incorporated solutions 
to deal with H2 safety/
material concerns:


‣ Pressure relief exhaust 
routed to outdoors due to 
flammability concerns


‣ Detector is cooled with a 
LN thermosyphon system 
to run with cold gas 



Photos of gas system & detector
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Recovery Panel H2 Feed Panel

Circulation Panel

DetectorH2 test vesselXe feed & 
storage

Major 
construction 
effort for gas 

handling



‣ First demonstrate understanding 
of detector with Xe only 
measurements 


‣ Use a radioactive source to 
calibrate our signal & detector


‣ Rn-222 decay has a 3.8 day half 
life with 5.6 MeV alpha, track 
length ~1 cm


‣ Large energies, but provides 
clear signal (& was readily 
available)


‣ Injected a Rn-222 internal source 
with ~kHz of triggers


‣ Analysis:


‣ See peak in our spectrum and 
we apply a very loose 
selection around peak in S1 
pulse area to select Rn events 

Xenon-only Rn-222 measurements

9

Example event

Preliminary



‣ Analysis - continued


‣ Relatively uniform population 
of Rn S2s using centroid 
position reconstruction 
(despite 2 disabled PMTS) 


‣ We then apply a rough 
fiducial volume cut (~6 cm 
radius and drift time cut), as 
well as S1 and S2 position 
corrections


‣ S1 vs drift time corrections


‣ S2(x,y) corrections


‣ Resulting peak in S1 vs S2 
space is pretty localized!

Xenon-only Rn-222 measurements
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Preliminary

Preliminary



‣ Disclaimer: data was recently 
collected and requires further 
investigation & validation


‣ After the Xe-only run, we injected 
H2 at three concentrations using a 
known volume with ~10% 
uncertainty: 0.1%, 0.3%, 0.5% (by 
mol fraction)

‣ See next slide for a comment on 

the measured H2 concentration 

‣ We observe a significant decrease 
in both S2 size and maximum 
electron drift time as a function of 
injected hydrogen concentration

Preliminary observations

11

Preliminary

Preliminary

Injected H2 
concentration



‣ H2 concentration is measured by a SRS binary gas analyzer built into the 
circulation gas panel


‣ We also take two datasets across different days for the 0.1 and 0.3% H2 
concentration points to monitor stability (these datasets give consistent 
S1 vs S2 peaks)


‣ However, we see a discrepancy between our injected concentration and 
the concentration measured with the BGA—> under investigation

H2 concentration measurements

12



‣ Our system is up and running!


‣ We observe an effect of injecting hydrogen on the S2 signal and maximum 
drift time

‣ More precise quantification to come


‣ Continue Rn-222 measurements with increased H2 concentrations


‣ Repeat measurements with other sources: e.g. Kr-83m (41 keV) and Co-57 
source (122 keV)


‣ Measure effect of H2 on the single electron S2 signal  

Summary & future plans

13



Backup



HydroX principles
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• Hydrogen atom serves as 
the target


• Bonus! Xe-Xe collisions 
lose energy to heat 
through the Lindhard 
effect (~0.2), H-Xe 
collisions should have a 
Lindhard factor of ~ 1

A. Fan (SLAC) CPAD 2019 HydroX

HydroX advantages: signal yield

7

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

!

0 1 2 3 4 5
Nuclear recoil energy [keV]
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~5x more signal 
from H relative to Xe

H

Xe

He

!

Cartoon from A. Fan’s CPAD talk

https://agenda.hep.wisc.edu/event/1391/contributions/7057/attachments/1642/1849/CPAD2019_HydroX_AFan.pdf


Detector Stability
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• Detector pressure and temperature sensors are consistent across different acquisitions 
within ~few percent


• Note here the top ring temperature should be significantly colder than the temperature 
of the gas (RTD is placed on SS support ring for the TPC)


• From the pressure measurement estimate the detector is ~220 K



PMT HV vs Rn Peak Size
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• Scanned PMT HVs to equalize Rn peak across PMTs



Electron lifetime

18

Preliminary



TPC design
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PTFE PMT tray

PMT array

PMT motherboard

PTFE cone

PEEK spacers

PTFE supportHV connection

• Modified version of LZ System Test TPC

Gate Grid

PMT 
Screening 

Mesh



Grid specifications
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• Woven stainless steel grids of 
diameter 14.1 cm


• Wire: 2.5, 5 mm pitch, 700, 100 
microns diameter


• Glued between SS rings 

68 CHAPTER 4. THE LZ SYSTEM TEST AT SLAC

(a) Cross section of the Phase 1 extraction region (b) The Phase 1 extraction region

Figure 4.3: Left: A cross section of the Phase 1 diagram shows it is one of the most complicated
regions of the detector. Major components are labeled. Courtesy of T. Whitis. Right: The assembled
extraction region sits on top of the Phase 1 TPC. In the center, a PEEK housing for a level sensor
is shown. Below it is the PTFE tube to the weir drain line. A weir is visible on the right, secured
to the gate ring.

of the cable shields were terminated with the resistive heat shrink used in LZ. At the other end of

the cables, the high voltage feedthroughs from warm xenon gas into air used the same terminations

and ceramic feedthroughs as in the LZ design, but were housed in a 3” tube, instead of a 6” tube,

which presented non-trivial problems with high voltage stability (see Sec. 4.3.2).

Since the geometry of the extraction region is the same as in LZ, the LZ nominal voltages produce

approximately the same fields as they do in LZ. Due to the smaller scale of the electrodes, there is

little to no deflection of the wires, meaning the actual fields are 10%–15% smaller in Phase 1 than in

LZ, for the same voltages. To probe the full range of possible fields, Phase 1 was not limited to the

nominal LZ voltage of 11.5 kV �V (anode/gate at ±5.75 kV), but could be taken to the maximum

voltages allowed by the electrode power supply (16 kV �V, ±8 kV on the anode/gate). Even at the

highest anode voltages, the field between the top PMT array and the anode is not large enough to

produce S2 signals, except immediately surrounding the anode wires.

In addition to electric fields, other detector performance items of interest include exact liquid

level height, which directly a↵ects both S2 size and field strength. Liquid level stability over time is

also important, as changes can cause S2 size to vary over time. For this reason, the liquid level and

weir design were extensively investigated in Phase 1 (see Sec. 4.3.2).

To measure the liquid level to the precision required to determine if the LZ requirement was

being met, the level sensors used in Phase 1 were supplied by Oxford University and are very similar

to the ones used in LZ. They consist of copper bodies attached to PEEK holders, which then attach

to the PEEK spacers in the extraction region. Within the copper body, there are vertical parallel

copper plates. The liquid level is detected by carefully measuring the capacitance between these

plates, which changes as the liquid xenon, acting as a dielectric, fills the space between them. The

Credit: TJ Whitis



H2 after-pulsing test
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• Plot shows projected effect of 
temperature on time to after-pulsing 
(assume after-pulsing begins at 1e-3 
torr)


• Uses projection from high temperature 
diffusion data through silica


• Experimentally test effect on PMT 
using LED with a vessel filled with 1 
bar of H2 gas


• Meanwhile for PMT safety we cool our 
detector gas for measurementsH2 test 

vessel 
setup


