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Dark Matter Direct Detection 
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2) Take deep 
underground

1) Ultra-radio pure materials and construction + low-threshold detector

Key features relevant for S&C needs:
● Low background constraints + long exposures
● Wide-range of physics signal across full dynamic range
● Triggerless “every photon saved” 
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FIG. 1. Left: Cutaway drawing of the LZ detector system. The LXe-TPC is surrounded by the outer detector (OD) tanks
(green) and light collection system (white), all housed in a large water tank (blue-grey). Conduits penetrate the various regions
and boundaries to deliver services to the LXe-TPC: PMT and instrumentation cables (top and bottom, red); cathode high
voltage (lower left with cone); purified LXe (bottom center, green); neutron beam conduit (right, yellow and pitched). Right:
Expanded view of the lower right corner. ‘OD PMT’ indicates an outer detector photomultiplier tube. The xenon skin region
is observed by an independent set of PMTs (not depicted).

and is surrounded by a room temperature liquid scintilla-
tor outer detector (OD). Both are located within a large
water tank in the Davis Campus at the 4850-foot level
(4300 m w.e.) of the Sanford Underground Research Fa-
cility (SURF) [11]. Key dimensions and masses of the
experiment are summarized in Table I.

The active volume of the TPC is a cylinder with both
diameter and height equal to 1.46 m, containing 7-tonnes
of LXe. Particle interactions in the LXe generate prompt
scintillation light (‘S1’) and release ionization electrons—
the latter drift in an applied vertical (z) electric field and
are extracted into the gas layer above the surface where
they generate electroluminescence photons (‘S2’). The
xenon circulation and purification strategies are based
on the LUX experience [12–14] and electronegative im-
purities are suppressed su�ciently to allow electrons to
survive, with good e�ciency, drifting through the length
of the TPC.

Photons are detected by 494 Hamamatsu R11410-
22 300-diameter photomultiplier tubes (PMTs), with a
demonstrated low level of radioactive contamination [15,
16] and high quantum e�ciency [17] at the LXe scintilla-
tion wavelength of 175 nm [18]. The PMTs are assembled
in two arrays viewing the LXe from above and below.
The 241 bottom PMTs are arranged in a close-packed
hexagonal pattern to maximize the collection e�ciency
for S1 light. The 253 top PMTs are arranged in a hybrid
pattern that transitions from hexagonal near the center
to nearly circular at the perimeter, thereby optimizing
the (x, y) position reconstruction of the S2 signal for in-
teractions near the TPC walls. The TPC walls are made
of highly reflective polytetrafluoroethylene (PTFE) pan-
els that also embed 57 field-shaping rings which define

the drift field.
Vertical electric fields in the TPC are created by four

horizontal electrode planes, which consist of grids woven
from thin stainless steel wires. At the top of the TPC,
the gate and anode grids (operating at ⌥5.75 kV, respec-
tively) straddle the liquid surface to extract ionization
electrons from the liquid into the gas, and to create an
S2-generating region in the gas phase. At the bottom,
the cathode grid defines the lower boundary of the ac-
tive TPC volume. An additional grid below the cathode
shields the bottom PMT array from the cathode poten-
tial. This creates a reverse field region below the cathode,
containing 840 kg of LXe, where energy deposits create
S1-only events. The drift field is established between the
cathode and gate grid. The nominal cathode operating
voltage is �50 kV, delivered from a dedicated conduit
penetrating the cryostat laterally. In this work we as-
sume a uniform TPC drift field of 310 V cm�1.

A two-component veto system rejects multi-site back-
grounds and asynchronously characterizes the radiation
environment around the WIMP target. The innermost
veto component is the xenon skin region, formed by in-
strumenting the outer 2 tonnes of LXe located between
the TPC and the inner cryostat vessel. This region is op-
tically segregated from the TPC, and scintillation light
produced in the LXe is viewed by 93 Hamamatsu R8520
100 PMTs mounted near the xenon liquid level and a fur-
ther 38 Hamamatsu R8778 200 PMTs mounted near the
bottom of the TPC. The inner surface of the inner cryo-
stat vessel is covered by a thin liner of PTFE to improve
light collection. The principal role of this skin region
is the detection of scattered gamma rays. A 3 phd re-
quirement on the scintillation signal yields an e↵ective

3) Run until you see signal/background limited



Dark Matter Direct Detection
● Taking LZ/LXe as example in following, but many S&C R&D needs likely to apply to 

other DM experiments [Ar/DarkSide programme,  SuperCDMS, low-mass]
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electrons from the liquid into the gas, and to create an
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● Simulations challenge 
from self-shielding

● Low event BG rates     
1-100 Hz… 

● …but long exposures &
high stats calibrations 
add up à large 
datasets



For context: data and CPU-requirements
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● Current generation experiments (like LZ)

○ 3 live-years, O(10 PB) data, >200 M.CPU-hrs

● Next generation (LXe-observatory)

○ 5-10 live-years, O(100 PB) data,                                  
> 0.2 M.CPU-years

● c.f. HL-LHC experiment:

○ 1-3 EB and 10-40 M.CPU-years

○ DM is factor 10-100 less  

DM experiments not facing same Exascale challenge as LHC but still areas 
where S&C R&D required or can bring significant improvement



QSFP/low-mass/other smaller experiments
● Not all DM experiments at same stage or 

require UG running 

● Quantum Sensors for the Hidden Sector 
(QSHS) 

○ Particle theory à time on HPC clusters for numerical 
simulations of the dynamics of possible new light 
particles and dark matter candidates (typically ~1 M.CPU-
hrs) à burgeoning field à benefit from time with 
RTPs/computer scientists not specific R&D

○ Device design simulations à device and detector 
design make use of finite element tools à ANSYS-HFSS 
and multiphysics tools from the Cadence package à
essential tools for designing quantum systems à
previously available through Europractice suite hosted by 
STFC à important to maintain access

● Whilst CPU/disk requirements not at not at 
same level benefit from continued access to 
licenses, CPU/disk resources and (presumably) 
access to RTPs

5Thanks for Ed Daw and Ed Hardy for providing input.
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Figure 3: Four capacitative axion sensors in a stack, with
the upper (lower) plates of the vacuum-gap capacitors power
combined (split), in-phase, with a Wilkinson type power
combiner (splitter). Each circular disk is a circuit board
copper clad on each face. All cables are coaxial. The cold
attenuator and low noise cold amplifier also shown in Fig-
ures 1, 2, 5 and A.6 are included. The arrows indicate the
direction of signal propagation around this portion of the
resonant feedback circuit. The cables between the capaci-
tor plates and the power combiners must all have the same
electrical length. This could be accomplished either by cable
loops on the connections to the closer plates or by fabrica-
tion of a custom Wilkinson combiner and splitter on circuit
boards above and below the stack. The electrical connections
between the capacitor plates and the coaxial cables to the
Wilkinson devices each use the scheme shown in Figure 1. A
stack of diameter 25 cm and of plate separation 1.5 cm hav-
ing 5 plates as shown would have height ⇠ 6 cm. Increasing
the number of capacitors to 64 whilst maintaining the same
capacitor geometry would result in a 220 litre volume. A
small stack such as that shown could be run in parallel with
a cavity in an existing axion experiment as a commissioning
test and proof of principle.
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Figure 4: On the left, a cross section through a right circu-
lar cylindrical conducting wall resonant cavity excited in the
TM010 mode. The vertical arrows indicate the electric field
lines, and the circles with dots (crosses) indicate magnetic
field lines directed out of (in to) the plane of the diagram.
Half a period later the direction of both electric and mag-
netic field lines reverses. The electric field lines terminate on
charge distributed on the inner wall of the metal ends. Cur-
rents flowing in the side walls, the charges on the ends, and
the time rate of change of the displacement current, "0@ ~E/@t
completes the electrical circuit. In the case of the capacitor,
the electric field is more uniform (we have exaggerated the
distance between the capacitor plates relative to the plate
size for clarity), and the circuit is completed by the external
wire that passes through the resonant electronics.

3. Resonant feedback compared to resonant
cavities

It is not obvious that the circuit with the exter-
nal resonant filter achieves the same resonant en-
hancement as the Sikivie cavity technique, In this
section we show semi-quantitatively that the pro-
posed resonant feedback scheme should achieve sim-
ilar enhancement in signal power by a factor of Q,
previously demonstrated both experimentally and
theoretically for the cavity case in both the classi-
cal and single quantum limits [8, 43, 44]. Figure 4
shows a cross section through a right circular cylin-
drical metal wall resonant cavity with the TM010

mode excited on the left, and a capacitor of similar
geometry connected to a simplified resonant feed-
back circuit on the right. In the cavity case, the
high Q resonance is due to boundary conditions on
~E and ~B at the cavity walls. As with all resonators,
fields circulating in the cavity form closed circuits,
with power building up when the phase shift in the
round trip is such that constructive interference oc-
curs. In the case of the TM010 mode, the magnitude
of the electric field is given as a function of time t

and the cylindrical radial coordinate ⇢ as [10]

E(⇢, t) = E0J0

✓
2.405⇢

R

◆
cos(!t). (5)
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Quantum limited resonance circuit readout
for axion haloscope E. Daw, NIMA 921 
(2019) 50-56

https://arxiv.org/abs/1805.11523


UK strengths in software and computing in area of Dark 
Matter direct detection (my view)
● Expertise in low-background simulations (GEANT4-based) & 

background model building 

● Distributed compute & storage (via GridPP) 

○ For data processing, simulations and analysis building on experience 
from LHC experiments 

○ For example, Imperial hosts one of LZ’s two data centres

● Expertise in modern development and release engineering 
practices (CI/CD, automation, DevOps) 

○ Facilitating adoption within the DM experiments

○ Strong industry links through CDTs
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S&C challenges currently running experiments

● Keeping up with modern software development/release 
engineering practices

○ Potential huge physicist-hours efficiency gains with more RTPs/exp

● Speedup GEANT4-based low-background simulations

○ In particular high-fidelity full optical sims 

● Ensuring data format and analysis tools allow staying at cutting 
edge of techniques from data science/industry

● At end of experiment: long-term data archival, open data, 
software sustainability
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S&C challenges future experiments

● Same challenges with regards to 
sustainable modern software development

● Energy efficient software/computing 

● Longer run times/larger detectors

○ Factor >10 increase data rates and CPU-
requirements

○ Similar for simulation stats

● Increase in channels → cabling impractical 
given background requirements (low-radon)

○ Cryogenic on-board waveform digitisation

8

Channel readout: LZ at limit of what can be done 
with cable readout given radon-requirements 



Software and Computing R&D needs

● How to keep up with modern software development/release 
engineering practices → training, RTPs, demonstrator projects

● Simulation optimisation/performance

○ Use of GPUs for low-background detector optical simulations (GEANT4 + 
Opticks); ML techniques such as GANs 

○ Application of event-biassing techniques for rare-event searches

● Readout techniques → commercial FPGAs and SoC ASICs for 
near-sensor waveform digitisation (low-radon, performance at 
cryogenic temperatures) 

● Exploration of common tools/frameworks (within HEP, within 
rare-event search community)
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N.B a selective and likely biased list… expecting discussion in breakout sessions


