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Some words on the BRN organisation and report
• Groups were divided by A) Science (Higgs & Energy Frontier, Neutrinos, Dark 

Matter, Cosmic Acceleration: Dark Energy and Inflation, Explore the Unknown), B) Technology 
(Calorimetry, Noble Elements, Photodetectors, Quantum Sensors, Readout & ASICS, Solid State and 
Tracking, TDAQ, cross cutting)  and C) Facilities 

• Main product of the reports is the identification of 4 Grand 
Challenges, 26 Priority Research Directions (PRDs) tied to Technical 
Requirements from Science needs
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Organization of the Report

The BRN Study and this report are organized as follows. Section 2 introduces the field of HEP in-
strumentation. The physics motivation to pursue instrumentation and the Grand Challenges are described.
We next state the deep commitment of the HEP community to the principles of Equality, Diversity and
Inclusion in HEP Instrumentation R&D. These principles equate to excellence. The HEP instrumentation
development ecosystem, connections to other science disciplines and benefits to Society, and how this report
relates to the national and global particle physics programs conclude Section 2.

The BRN Study structure diagonalises the field of HEP instrumentation first by physics and then by
technology. The physics diagonalization identifies physics objectives and the Technical Requirements (TRs)
to meet them. The technology diagonalization determines the Priority Research Directions (PRDs) and
actionable Research Plans to meet the TRs. This structure was chosen to most e↵ectively address the
charge.

Explicitly the structure consists of five Physics Panels one for each of the five Science Drivers as laid out
in the 2014 P5 report. These Science Drivers lay out a 10 year plan with a 20+ year vision for particle physics
experiments. The Science Drivers are: the Higgs as a tool for discovery, the physics of neutrino mass, the
new physics of dark matter, cosmic acceleration: inflation and dark energy, and exploring the unknown: new
particles, new interactions and physical principles. The seven Technology Panels in alphabetical order are:
Calorimetry, Nobel Liquids, Photodetectors, Quantum Sensors, Readout and ASICs, Solid State (including
vertexing and tracking), and TDAQ (including Machine Learning).

In Section 3 each Physics Panel identifies the physics objectives associated with a Science Driver and
the TRs to meet them. In Section 4 each Technology Panel determines PRDs each with research Thrusts
and actionable Research Plans to meet the TRs. The four Grand Challenges summarize the 26 PRDs (as
illustrated in Table 1). This structure and flow is described by the Venn Diagram of Figure 1.

A Cross-cut Panel identifies connections and synergies between and across the Physics and Technology
Panels as well as foundational issues for the Panels in Section 4.8. The current and needed future facilities
to accomplish this program are described in Section 5.

Figure 1: Structure and flow of the report. Five Physics Panels define Technical Requirements (TRs) to
address the Science Drivers. Seven Technology Panels define Priority Research Directions (PRDs) motivated
by the TRs. The PRDs are summarized by 4 Grand Challenges. One Cross-cut Panel looks across all areas.
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Grand Challenges and PRDs
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PRD: Priority Research Direction Grand
Challenge

PRD 1: Enhance calorimetry energy resolution for precision electroweak mass and
missing-energy measurements

1

PRD 2: Advance calorimetry with spatial and timing resolution and radiation hard-
ness to master high-rate environments

1,4

C
al
or
im

et
ry

PRD 3: Develop ultrafast media to improve background rejection in calorimeters and
particle identification detectors

1,3,4

PRD 4: Enhance and combine existing modalities to increase signal-to-noise and
reconstruction fidelity

1,2

PRD 5: Develop new modalities for signal detection 1

N
ob

le
s

PRD 6: Improve the understanding of detector microphysics and characterization 1
PRD 7: Extend wavelength range and develop new single-photon counters to enhance
photodetector sensitivity

1,3

PRD 8: Advance high-density spectroscopy and polarimetry to extract all photon
properties

2,3

PRD 9: Adapt photosensors for extreme environments 2,4

P
h
ot
od

et
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rs

PRD 10: Design new devices and architectures to enable picosecond timing and event
separation

1,2,4

PRD 11: Develop new optical coupling paradigms for enhanced or dynamic light
collection

1,2,3

PRD 12: Advance quantum devices to meet and surpass the Standard Quantum Limit 1,3
PRD 13: Enable the use of quantum ensembles and sensor networks for fundamental
physics

1,2

PRD 14: Advance the state of the art in low-threshhold quantum calorimeters 1,3

Q
u
an

tu
m

PRD 15: Advance enabling technologies for quantum sensing 1,2,3
PRD 16: Develop process evaluation and modeling for ASICs in extreme environments 3,4

A
S
IC

PRD 17: Create building blocks for Systems-on-Chip for extreme environments 1,4
PRD 18: Develop high spatial resolution pixel detectors with precise high per-pixel
time resolution to resolve individual interactions in high-collision-density environ-
ments

1,4

PRD 19: Adapt new materials and fabrication/integration techniques for particle
tracking

2,3

S
ol
id
S
ta
te

PRD 20: Realize scalable, irreducible-mass trackers 2,3
PRD 21: Achieve on-detector, real-time, continuous data processing and transmission
to reach the exascale

2,4

PRD 22: Develop technologies for autonomous detector systems 2

T
D
A
Q

PRD 23: Develop timing distribution with picosecond synchronization 1
PRD 24: Manipulate detector media to enhance physics reach 1,3
PRD 25: Advance material purification and assay methods to increase sensitivity 1,2,3,4

X
cu
t

PRD 26: Addressing challenges in scaling technologies 2,3

Table 1: Priority Research Directions (PRDs) by technology in the order in which they appear in the report,
and their mapping to Grand Challenges. Their order does not reflect any prioritization. (Xcut denotes
Cross-cut PRDs that are common to many technologies important for HEP).
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1. Advancing HEP detectors 
to new regime of sensitivity 

2. Using integration to enable 
scalability for HEP sensors 

3. Building the next-
generation HEP detectors 
with novel materials and 
advanced techniques 

4. Mastering extreme 
environments and data 
rates in HEP experiments



Relation to Low backgrounds and Underground Detectors

• Science: Neutrinos & Dark Matter
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ionization tracks. A kton-scale detector with high granularity and capability to achieve per-channel signal
over background >10 above 100 keV would be able to provide strong constraints on mCPs in unexplored
parameter regions.

3.2.5 Neutrinos: Preparing for Discovery

Neutrino physics has yielded a bountiful harvest of knowledge over the past few decades, and neutrinos still
hold great promise as windows into new physics. The goals of the next generation of neutrino experiments
are to:

• Push the three-flavor paradigm into the regime of high-precision measurements of all parameters.

• Explore unknown territory in neutrino energy range, types of neutrino sources, and faint source inten-
sities.

• Hunt for evidence of new particles and phenomena in the neutrino sector, and in other sectors using
neutrino detectors.

Table 3 summarizes Technical Requirements for physics progress in these directions. These examples are,
however, barely scratching the surface of possibilities, and we expect detector enhancements to extend the
physics reach in both depth and breadth.
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Relation to Low backgrounds and Underground Detectors

• Science: Neutrinos & Dark Matter
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3.3 Dark Matter

3.3.1 Science Impact

It is remarkable that, despite the enormous progress in particle physics over the last century, we understand
only about one-sixth of the total particles that compose matter in the Universe. The remaining 5/6th are
still to be discovered dark matter particles, presumed to be passing through Earth at a speed similar to
that of Earth’s orbiting the Galaxy. The importance of this problem has been recognized in numerous DOE
reports and studies including the 2014 P5 report that identified the search for dark matter particles as one
of the five priority Science Drivers for the HEP program.

There are many well motivated ideas of what the dark matter might be. The most popular ones include
Weakly Interacting Massive Particles (WIMPs) [61], gravitinos [62], axions [63–65] or other light bosons,
sterile neutrinos [66–68], asymmetric dark matter [69], dark glueballs [70], strongly interacting massive
particles [71], and hidden sector dark matter [72–78]. These candidates span many orders of magnitude
in mass (see Figure 10), and, of course, it is entirely possible that the dark matter could be composed of
more than one type of particle. The mass of the dark matter particle is unknown, and in principle could be
anywhere between 10�22 eV and 1019 GeV.

Figure 10: Mass range of theoretical dark matter candidates (from [79]). ”Thermal” dark matter is in
thermal equilibrium with ordinary matter in the early Universe.

Although multiple astronomical observations give abundant evidence for the gravitational interactions
of dark matter at a variety of length and time scales, no other interactions of dark matter have been
conclusively detected. As such, it is imperative that several di↵erent approaches be pursued. There are four
known experimental approaches to search for dark matter: (1) direct detection of interactions of dark matter
in terrestrial detectors, (2) detection of signatures of dark matter production by particle accelerators, (3)
indirect detection of signatures of annihilations and decays of dark matter from astrophysical sources, and
(4) detection of astrophysical evidence of non-gravitational interactions.

The search for dark matter interactions is a multi-pronged world-wide e↵ort involving underground
experiments, particle accelerators, and both space-based and ground-based experiments. The U.S. e↵ort
is supported by multiple funding agencies including the DOE, other federal agencies, and several private
foundations. The foundation of the U.S. dark matter program is the current Generation-2 (G2) dark matter
experiments ADMX [80], LZ [81] and SuperCDMS [82]. Additionally, the DESI [83], VRO-LSST [84] and
CMB-S4 [85] cosmic surveys have science goals that include probing the microphysics of dark matter through
its impact on small-scale structure formation. However, the frontier in dark matter research continues to
evolve and in order to maintain U.S. leadership, investment is needed in R&D to develop technologies needed
to achieve the scientific goals of the next two decades. We expect broad impact on searches for multiple
types of dark matter from a significant number of PRDs in this report.

3.3.2 Sensitivity approaching the neutrino floor to interaction of galactic dark matter parti-
cles (1 GeV - 100 TeV)

WIMPs are a favored theoretical class of dark matter particles because there is a simple model for their
thermal production in the early Universe. WIMPs would interact with Standard Model particles through
the exchange of a Z or Higgs boson, a pair of W bosons, or undiscovered bosons with similar mass, such as
the squarks predicted by supersymmetry. The interaction cross-section of the thermally-produced WIMP is
model dependent and extends many orders of magnitude, with WIMP masses ranging from the 1 GeV to 100
TeV scale. Significant supersymmetric WIMP parameter space can be tested by future experiments. The
cross-section sensitivity to heavier dark matter particles scales linearly with the dark matter mass, producing
the same recoil spectrum, independent of dark matter particle mass in the limit where dark matter mass
becomes much greater than that of the target nucleus. These experiments therefore have much higher mass
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Beam-dump experiments use detectors placed downstream from an existing electron or proton beam-
dump. Capable of a factor of at least 10-fold increased sensitivity to certain hypothesized dark matter
interactions over existing capabilities, these experiments search for dark matter particles produced in the
beam dump which then scatter in a sensitive detector. In the event of a discovery, these experiments o↵er the
unique ability to measure additional properties of the dark matter particle. The U.S. has multiple facilities
that can be exploited to realize a beam-dump experiment including CEBAF or LCLS-II, Booster/Main
Injector, SNS or LANSCE.

Cosmological measurements and studies of structure formation in the early Universe are another powerful
method of constraining dark matter models. Instruments used to study dark energy and inflation can also be
used to probe the microphysics of dark matter through its impact on the formation of small-scale structures.
Details of these programs can be found in Section 3.4, Cosmic Acceleration: Dark Energy and Inflation.

3.3.7 Dark Matter: Preparing for Discovery

Tremendous advances in technology have lead to significant progress in excluding large areas of dark matter
parameter space. However, despite this progress, the constituents of dark matter remain unknown. We
outlined an ambitious physics program along four major thrusts:

• Searching for WIMP dark matter towards the neutrino floor

• Searching for particle dark matter with low masses

• Searching for wave-like dark matter

• Searching for the annihilation or decay products of dark matter interactions

R&D into new technologies is required in order to achieve the science program outlined here. With adequate
support, each of these programs has the potential to lead to a major discovery in the coming decades.
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reach than current collider-based experiments, extending up to and beyond the thermal dark matter mass
limit of ⇠100 TeV, above which the annihilation cross-section of thermally-produced dark matter becomes
too small, leading to an over-abundance of dark matter in the Universe.

The current portfolio of direct detection experiments is focused on extending the sensitivity to the scat-
tering of WIMPs on nuclei and the scattering of low-mass dark matter candidates on electrons. Leading these
e↵orts are the DOE funded G2 experiments LZ and SuperCDMS, as well as competing international experi-
ments. These experiments will have searched the spin-independent nucleon-WIMP coupling parameter space
to within an order of magnitude of the neutrino floor (the space where solar, atmospheric and astrophysical
neutrino interactions become a dominant background) by 2025. In addition, the LZ experiment and PICO,
a dedicated spin-dependent dark matter search experiment in Canada, will also have excluded significant
parameter space for spin-dependent interactions. There are also ongoing e↵orts to push sensitivity beyond
the neutrino floor using directional detectors. There are also dedicated searches to understand the origin of
the annual modulation of event rate observed by DAMA/LIBRA.

The goal of the next generation dark matter experiments (G3) is to explore the dark matter parameter
space to the neutrino floor for WIMPs with mass 1 GeV to 100 TeV, as recommended in the P5 report.
Relevant PRDs include 5, 6, 7, 9, 11, 24, 25, and 26 (see Table 4). Experiments with sensitivity down to the
neutrino floor for masses above 10 GeV will likely be based on two-phase xenon, solid xenon, two-phase or
single-phase argon, or bubble chamber detectors. Between 1 and 10 GeV there is a larger variety of proposed
targets, including cryogenic and non-cryogenic semiconductors, gaseous detectors, crystalline scintillators,
bubble chambers, supercooled water, hydrogen-doped liquid xenon, and xenon and argon detectors with
charge-only readout. For all of these proposed G3 experiments, a major challenge is achieving su�ciently
low background levels while scaling to large detector masses and maintaining a low energy threshold.

Science Measurement
Technical
Requirement (TR)

PRD

Test for dark matter
particles with
mass >1 GeV

Search for nuclear recoils
arising from scattering
of >1 GeV dark matter
with normal matter via
spin-independent and
spin-dependent couplings
to nucleons

Mass 1 - 10 GeV
TR 3.1(SI),TR 3.7(SD): Background
rate < coherent scattering rate of solar
neutrinos
TR 3.2(SI), TR 3.8(SD): Target mass
⇠100 kg TR 3.3(SI), TR 3.9(SD):
Energy Threshold: ⇠100 eV

5, 6,
24, 25

Mass > 10 GeV
TR 3.4(SI), TR 3.10(SD): Background
rate < coherent scattering rate
of atmospheric neutrinos
TR 3.5(SI), TR 3.11(SD): Target
mass ⇠100 tonnes
TR 3.6(SI), TR 3.12(SD):
Energy Threshold: ⇠10 keV

6, 7,
9, 11,
25, 26

Table 4: Technical Requirements to enable dark matter direct detection experiments to reach the neutrino
floor, and map to Priority Research Directions. SI denotes Spin-independent, SD denotes Spin-dependent.

3.3.3 Detection of sub-GeV galactic dark matter particles (1 meV – 1 GeV)

As indicated in Section 3.3.2, a great e↵orts have gone into searching for the canonical WIMP. However,
there has been no evidence of its existence from direct searches and no evidence of physics beyond the
Standard Model at the LHC. Theoretical advances in the last decade have indicated that there exists a large
number of reasonable dark matter candidates with lower masses, many in the meV-GeV range. Several dark
matter candidates naturally lie in this mass range, including asymmetric dark matter, strongly interacting
massive particles, and hidden sector dark matter. The motivation for sub-GeV dark matter is described in
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Science Measurement
Technical
Requirement (TR)

PRD

Test for meV–GeV
mass dark matter
particles

Search for
scattering or
absorption of
meV–GeV dark
matter via coupling
to nucleons

Near Term:
TR 3.13: Threshold ⇠1 eV
TR 3.14: Target Mass ⇠1 kg
with negligible background

5, 6, 11, 14,
24, 25, 26

Long Term:
TR 3.15: Threshold ⇠1 meV
TR 3.16: Target Mass ⇠100 kg
with negligible background

5, 6, 14,
25, 26

Test for meV–GeV
mass dark matter
particles

Search for
scattering of
meV–GeV dark
matter with
normal matter
via coupling
to electrons

Near Term:
TR 3.17: Threshold ⇠1 eV
TR 3.18: Target Mass ⇠1 kg
with negligible background

5, 6, 11, 14,
24, 25, 26

Long Term:
TR 3.19: Threshold ⇠1 meV
TR 3.20: Target Mass ⇠100 kg
with negligible background

6, 14, 25, 26

Table 5: Technical Requirements for experiments designed to detect meV-GeV scale dark matter, and map
to Priority Research Directions. In the long term, either target mass of 100 kg (with negligible background
and ⇠1 eV threshold) or a threshold of 1 meV would allow substantial new dark matter parameter space to
be tested. Ideally, both of these technical goals would be attained.

generic bosonic dark matter is not as well constrained theoretically as the QCD axion. Covering the more
than 20 orders of magnitude in allowed mass range for wave-like dark matter will require a combination
of many diverse experimental approaches. Future experiments will have to rapidly search large regions of
mass-coupling parameter space to be justifiable.

Figure 13 shows a cartoon illustration of the di↵erent regions to be probed by wave-like dark matter
searches. There is significant overlap in the couplings and mass ranges that can be covered by the various
techniques. If an experiment were to discover a dark matter signal at a specific mass and coupling, it would
set an immediate target for other experiments to provide confirmation. In addition, measuring the di↵erent
couplings of wave-like dark matter with di↵erent particles, for example with photons vs. nuclei, would
elucidate the nature of the particle and the new physics it entails.

Quantum instruments capable of detecting strains in space-time and/or on material objects, variations in
energy levels of quantum systems and/or fundamental constants, di↵erential accelerations, spin torques, and
small electromagnetic fields are well-suited to contribute to the search for wave-like dark matter. Examples of
detection techniques include atomic clocks, atomic interferometers, magnetic-resonance-based sensors, optical
cavities, resonant-mass detectors, microwave cavities, single-photon detectors, superconducting resonators,
superconducting quantum interference devices (SQUIDs), quantum amplifiers, and opto-mechanical sensors.
PRD 12, 13, and 15 are especially germane to the e↵orts described in this section (see Table 7).

QCD axion dark matter searches The QCD axion has a coupling to photons that results in small
modifications to Maxwell’s equations in the presence of axion dark matter. The local dark matter axion
density can be represented by an oscillating classical scalar field weakly coupled to the conventional E and B

fields. This coupling is the basis for signal generation in the majority of proposed axion search experiments.
The best established axion search technique and the only one so far to have demonstrated sensitivity to

QCD axions is the “axion haloscope” proposed by Pierre Sikivie in 1983 [92]. In these experiments, the small
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Priority Research Direction (PRD) Technical Requirement (TR)

PRD 4: Enhance and combine existing modalities to in-
crease signal-to-noise and reconstruction fidelity
PRD 5: Develop new modalities for signal detection

TR 1.3.3, 2.1, 2.4, 2.5, 2.7, 2.9, 3.3, 3.6,
3.9, 3.12, 3.13, 3.15, 3.17, 3.19

PRD 6: Improve the understanding of detector micro-
physics and characterization to increase signal-to-noise and
reconstruction fidelity

TR 2.8, 2.9, 3.3, 3.6, 3.9, 3.12, 3.13,
3.15, 3.17, 3.19

PRD 25: Advance material purification and assay methods
to increase sensitivity

TR 2.3, 3.1, 3.4, 3.7, 3.10

PRD 26: Addressing challenges in scaling technologies TR 2.1, 2.3, 2.4, 2.7, 2.9, 3.2, 3.5, 3.8,
3.11 , 3.14, 3.16, 3.18, 3.20

Table 15: Table mapping Priority Research Directions to Technical Requirements.

Connection to physics requirements for the future: Noble element detectors operate over a wide
range of energy scales, observing tracks of MeV to GeV scales for neutrino experiments like DUNE, and
down to the keV nuclear recoils that would be induced by dark matter scattering. Pushing these detectors
to lower energy thresholds while maintaining control of backgrounds is a priority for this technology, driven
by requirements for new physics searches as discussed in Sections 3.2 and 3.3.

A major challenge in the detection of neutrinos in argon TPCs is to reach high signal-to-noise per readout
channel in 10-kt scale detectors (see TR 2.7, TR 2.9). Achieving high spatial resolution readout (at the sub-
mm scale) (see TR 2.1, 2.4) is an active area of R&D focused on improving reconstruction fidelity at lower
energy thresholds, as well as reducing neutrino interaction systematic uncertainties (see TR 2.1, 2.7, 2.9).

Key issues in the detection of dark matter are to reach recoil energy thresholds at the keV-scale and below
(see TR 3.3, 3.6, 3.9, 3.12, 3.13, 3.15, 3.17, 3.19), and to demonstrate particle identification for discrimination
against backgrounds at these low thresholds. Given current constraints in physics parameter space, dark
matter-induced signal rates are predicted to be at the level of 1 event/ton/year/keV.

Neutrinoless double beta decay searches share challenges similar to direct dark matter detection, as
background suppression is also the primary challenge in this area. The planned ton-scale experiments aim
for background rates at or below 1 decay/ton/year in a ⇠10 keV region of interest around the endpoint of
the two-neutrino beta decay (2.5 MeV in 136Xe).

Five Priority Research Directions are identified where progress could be transformative for the perfor-
mance of noble element detectors. Table 15 maps these PRDs to the technical requirements.

4.2.2 PRD 4: Enhance and combine existing modalities to increase signal-to-noise and re-
construction fidelity
PRD 5: Develop new modalities for signal detection

Significantly enhancing the amount of signal collected by noble element detectors, in the form of charge,
light, heat, novel detection signals, and multi-modal combinations, as well as increasing the fidelity of the
signals collected, would greatly enhance the capability of the noble element detector technology. Lower
energy thresholds will improve the current level of performance achieved in existing experiments and allow
future experiments to achieve entirely new physics reach.

Thrust 1: Improve and enhance light collection

Increasing the light collected from noble element detectors will improve both their calorimetric and topo-
logical reconstruction capabilities (see TR 2.1, TR 2.4, TR 2.5). Two clear ways to accomplish this are: by
increasing the likelihood that any given photon will hit a light sensor, via large-area photocoverage or other
means like wavelength-shifting, and by improving the detection e�ciency of those sensors. We address the
former here, the latter is included in Section 4.3.
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Priority Research Direction (PRD) Technical Requirement (TR)
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crease signal-to-noise and reconstruction fidelity
PRD 5: Develop new modalities for signal detection
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reconstruction fidelity
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Table 15: Table mapping Priority Research Directions to Technical Requirements.

Connection to physics requirements for the future: Noble element detectors operate over a wide
range of energy scales, observing tracks of MeV to GeV scales for neutrino experiments like DUNE, and
down to the keV nuclear recoils that would be induced by dark matter scattering. Pushing these detectors
to lower energy thresholds while maintaining control of backgrounds is a priority for this technology, driven
by requirements for new physics searches as discussed in Sections 3.2 and 3.3.

A major challenge in the detection of neutrinos in argon TPCs is to reach high signal-to-noise per readout
channel in 10-kt scale detectors (see TR 2.7, TR 2.9). Achieving high spatial resolution readout (at the sub-
mm scale) (see TR 2.1, 2.4) is an active area of R&D focused on improving reconstruction fidelity at lower
energy thresholds, as well as reducing neutrino interaction systematic uncertainties (see TR 2.1, 2.7, 2.9).

Key issues in the detection of dark matter are to reach recoil energy thresholds at the keV-scale and below
(see TR 3.3, 3.6, 3.9, 3.12, 3.13, 3.15, 3.17, 3.19), and to demonstrate particle identification for discrimination
against backgrounds at these low thresholds. Given current constraints in physics parameter space, dark
matter-induced signal rates are predicted to be at the level of 1 event/ton/year/keV.

Neutrinoless double beta decay searches share challenges similar to direct dark matter detection, as
background suppression is also the primary challenge in this area. The planned ton-scale experiments aim
for background rates at or below 1 decay/ton/year in a ⇠10 keV region of interest around the endpoint of
the two-neutrino beta decay (2.5 MeV in 136Xe).

Five Priority Research Directions are identified where progress could be transformative for the perfor-
mance of noble element detectors. Table 15 maps these PRDs to the technical requirements.

4.2.2 PRD 4: Enhance and combine existing modalities to increase signal-to-noise and re-
construction fidelity
PRD 5: Develop new modalities for signal detection

Significantly enhancing the amount of signal collected by noble element detectors, in the form of charge,
light, heat, novel detection signals, and multi-modal combinations, as well as increasing the fidelity of the
signals collected, would greatly enhance the capability of the noble element detector technology. Lower
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Thrust 1: Improve and enhance light collection

Increasing the light collected from noble element detectors will improve both their calorimetric and topo-
logical reconstruction capabilities (see TR 2.1, TR 2.4, TR 2.5). Two clear ways to accomplish this are: by
increasing the likelihood that any given photon will hit a light sensor, via large-area photocoverage or other
means like wavelength-shifting, and by improving the detection e�ciency of those sensors. We address the
former here, the latter is included in Section 4.3.
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Thrust 2: Improve and enhance charge collection

One key goal in the area of charge collection is to achieve unambiguous 3D charge imaging. Projective 2D
readout, as shown in Figure 24, can lead to ambiguities in event reconstruction, especially for complex event
topologies, and for events where the particle trajectory is parallel or perpendicular to readout channels. These
ambiguities lower event reconstruction e�ciencies and increase background contamination, two e↵ects that
negatively impact the physics reach of these detectors. The goal is to reach a detector readout granularity
that can achieve a per-channel signal-to-noise ratio better than 10 for energies above 100 keV in kton-scale
detectors.

Figure 24: Inside of the protoDUNE TPC. The wire planes,
o↵ering a projective readout, can be seen on the left of the
TPC [212].

A science-objective-driven priority for no-
ble element detectors is to lower the event
energy threshold (see TR 2.7, 2.9, 3.3, 3.6,
3.9, 3.12, 3.13, 3.15, 3.17, 3.19) and thus ex-
tend the physics reach of these detectors. For
neutrino experiments, the goal is to achieve
10 MeV deposited energy threshold with
microphysics-limited resolution. Neutrinoless
double beta decay and dark matter experi-
ments have a goal of single electron thresh-
olds (⇠10 eV) with internal backgrounds sub-
dominant to the coherent neutrino-nucleus
scattering floor [213]. Lowering thresholds in
liquid argon TPCs to the keV scale may require
direct amplification of the signals produced by
drifting electrons, similar to the gain achieved
in gaseous detectors. Alternatively, the explo-
ration of ultra-low noise charge collection de-
vices that do not require carrier amplification
should also be aggressively pursued. Another
interesting research avenue is the investigation
of the energy resolution enhancement of future

large LAr calorimeters at colliders that could be achievable by exploiting the combined readout of the anti-
correlated charge and light signals (see TR 1.3.3).

Thrust 3: Improve and enhance integration of charge and light collection

Traditionally, the detector elements used for charge detection and light detection are separate technologies in
neutrino oscillation experiments using noble elements. Integration of charge and light detection modes into
a single integrated detector element is an aspiration that would simplify large detectors, and enhance light
collection by increasing the percent-level light sensor coverage of current systems. Moreover, if such a device
could be made sensitive to the VUV scintillation directly, with reasonable quantum e�ciency (� O(20%))),
detectors could exploit: (i) the collection of fine-grained information for both charge and light, opening up
new possibilities to exploit previously undetectable associations from the production of the two signals; (ii)
enhanced imaging capability free from the additional timing uncertainty introduced via wavelength-shifter
re-emission, (iii) improved light collection via increased surface area coverage, which will improve energy
resolution, and (iv) simplification of the design of larger-scale detectors.

Thrust 4: Improve and enhance heat collection

The third major mechanism for energy deposition is heat, as shown in Figure 22. This channel has been
demonstrated in bubble chambers using superheated liquids, notably the PICO dark matter experiment [214],
that observe heat deposition above a threshold (see Figure 25). Measurement of heat energy in addition
to charge and light would allow for 100% reconstruction of the energy deposited by a particle in the target
medium, and would increase background discrimination capability.
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Figure 25: Two views of an example multiple bubble event
in the PICO-60 bubble chamber detector, caused by a neu-
tron interacting in the liquid [214].

For the future, noble liquid bubble cham-
bers hold the promise of extending the intrin-
sic background rejection to energy thresholds
as low as a few tens of eV [215]. Achieving this
threshold would open new parameter space to
search for dark matter below 1 GeV/c2 mass,
and high rate detection of MeV neutrinos at
reactors or other facilities via coherent interac-
tions. Bubble chambers are discussed in PRD
24 for their broad applicability both in sci-
ence goal and in medium/material. Combining
quantum photodetectors with noble element
technologies, superfluid helium detectors can
provide sensitivity to meV-scale excitations for
dark matter or other searches.

Thrust 5: Enhance and develop doping
and ion collection

Another promising direction for noble element
detectors is target mixtures or doping with
other elements. Such mixtures can improve
sensitivity by changing the characteristics of the detector response in a beneficial way, e.g., wavelength-
shifting and time-profile compression. In gaseous detectors, some quenching of the light production is
necessary for stable detector operation, and investigation of novel gas mixtures may provide an avenue for
improved signal collection along with stable operations. For liquid detectors, on the other hand, mixtures
can be exploited to extend the physics reach of the experiments by, e.g., adding new nuclei that provide dark
matter sensitivity down to lower masses. Again, the cross-cutting nature of this area of work motivates its
discussion in PRD 24.

A complimentary signal channel for noble element detectors is detecting ions, as opposed to electrons,
created by ionization energy deposition. Ions drift to the collection plane with di↵usion lower than electrons
by the mass ratio, thus signals from ions can o↵er more precise spatial imaging, down to the ion di↵usion limit.
Ions can potentially have much longer e↵ective lifetime during the drift because attachment cross sections are
less than those of electrons for a range of drift fields. For NLDBD, the detection of daughter ions, e.g., via
barium tagging, carries chemical information which provides orthogonal background discrimination. Ions,
which are less a↵ected by some microphysics such as di↵usion, may also carry complementary information,
useful for calibration. Negative ion drift also presents advantages for gaseous detectors – discussed in PRD
24.

Research Plan

High-priority research activities for the future include the following:

1. Increasing the light collected (most of which is emitted in the VUV range) over many tens to hundreds
of square meters and improving the light detection e�ciency of sensors, addressed in PRD 5, are crucial.
Another important area of research is to enable high-e�ciency wavelength-shifting techniques via novel
thin films, fluorescent and scintillating structural materials, and dissolved atoms and molecules (the
latter overlapping PRD 24 to some extent). In addition, the development of highly reflective surfaces
over large detector components promises to greatly improve light collection e�ciency.

2. Today, laboratory bench-top demonstrators exist for some promising technologies for unambiguous
3D charge imaging. On a five-year horizon, the aspiration is to demonstrate this capability at the
multi-square meter scale. This R&D entails the development of readout ASICs suitable for cryogenic
environments. Electron amplification in liquid is being investigated, but it has not yet been harnessed
in a stable, linear, and reproducible way. Challenges include the formation of bubbles, management of
heat load, and management of the additional ions created in the avalanche.
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Relation to Low backgrounds and Underground Detectors

• Technology: Noble Elements, Photodetectors
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Priority Research Direction
(PRD)

Technical Requirements (TR)

PRD 7: Extend wavelength range and
develop new single-photon counters to
enhance photodetector sensitivity

TR 1.3, TR 1.4, TR 2.3, TR 2.4, TR 2.5, TR 2.6, TR 2.7,
TR 2.8, TR 2.9, TR 2.10, TR 2.11, TR 3.3, TR 3.4, TR 3.5,
TR 3.6, TR 3.48, TR 3.49, TR 3.50, TR 3.51, TR 4.1,
TR 4.2, TR 4.5, TR 4.6, TR 5.10, TR 5.19

PRD 8: Advance high-density spec-
troscopy and polarimetry to extract all
photon properties

TR 4.1, TR 4.2

PRD 9: Adapt photodetectors for ex-
treme environments

TR 1.4, TR 2.3, TR 2.4, TR 2.5, TR 2.6, TR 2.7, TR 2.8,
TR 2.9, TR 2.10, TR 2.11, TR 3.1, TR 3.4, TR 5.2,
TR 5.10, TR 5.15

PRD 10: Design new devices and ar-
chitectures to enable picosecond timing
and event separation

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 4.3, TR 4.4, TR 5.1, TR 5.2, TR 5.7, TR 5.10

PRD 11: Develop new optical cou-
pling paradigms for enhanced or dy-
namic light collection

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 2.8, TR 2.9, TR 2.10, TR 2.11, TR 3.3, TR 3.4,
TR 3.5, TR 3.6, TR 3.47, TR 3.52, TR 5.2, TR 5.15

Table 16: The mapping of photodetector PRDs to physics TRs. Photodetectors are critical to advances
across high energy physics and beyond.

Thrust 1: Increased IR sensitivity

The sensitivity of current photodetectors with a reasonable active area drops precipitously in the IR. There
are many applications for detectors with increased IR sensitivity, from recovering light from aging scintillators
to separating Cherenkov and scintillation light in scintillator detectors (see TR 4.1, TR 4.2, TR 4.5 and
TR 4.6). However, the most significant and urgent need comes from cosmological measurements with galaxy
surveys.

The e↵ective band-gap of 1.1 eV limits silicon CCDs to galaxy redshifts of z < 1.6. At higher redshifts,
singly-ionized oxygen ([OII]), the primary spectroscopic feature used to determine redshift, is moved out of
the bandpass accessible by silicon and into the IR. Detectors with sensitivity at wavelengths longer than 1 µm
will allow us to extend galaxy surveys to higher redshifts where enormous, relatively unexplored volumes of
space remain.

While infrared InGaAs and HgCdTe CMOS detectors have been used in ground- and space-based observa-
tories, these detectors are expensive, require substantial cooling, and su↵er from low yield in the fabrication
process. Calibration of the pixelated amplifiers is a considerable challenge and an impediment to data qual-
ity for long-term surveys. Germanium (bandgap 0.7 eV) CCDs o↵er a potentially attractive alternative to
access longer wavelengths. Germanium CCDs, processed with the same tools used to build silicon imaging
devices, show promise for read noise and sensitivity comparable to that of silicon detectors and o↵er a high
quantum e�ciency to wavelengths as high as 1.4 µm when cooled to 77K. This increase in wavelength cov-
erage will allow a spectroscopic identification of [OII] emission lines to z = 2.6, a factor of two increase in
the observable volume of the Universe over what is accessible in the DESI galaxy set obtained with silicon
CCDs. The development of germanium CCDs overlaps with the work of PRDs 18, 19, and 20.

A more general program of R&D into other infrared technologies, including the study of new materials
with larger bandgaps, addressed below in Thrust 4, could also allow for extended surveys. Superconducting
devices, such as TESs, MKIDs, and SNSPDs, have demonstrated high-sensitivity detection, spanning X-ray
to infrared wavelength range. Both TESs and MKIDs have already been used in space-based and ground-
and atmosphere-based instruments, respectively [217].
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TR 1.4, TR 2.3, TR 2.4, TR 2.5, TR 2.6, TR 2.7, TR 2.8,
TR 2.9, TR 2.10, TR 2.11, TR 3.1, TR 3.4, TR 5.2,
TR 5.10, TR 5.15

PRD 10: Design new devices and ar-
chitectures to enable picosecond timing
and event separation

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 4.3, TR 4.4, TR 5.1, TR 5.2, TR 5.7, TR 5.10

PRD 11: Develop new optical cou-
pling paradigms for enhanced or dy-
namic light collection

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 2.8, TR 2.9, TR 2.10, TR 2.11, TR 3.3, TR 3.4,
TR 3.5, TR 3.6, TR 3.47, TR 3.52, TR 5.2, TR 5.15

Table 16: The mapping of photodetector PRDs to physics TRs. Photodetectors are critical to advances
across high energy physics and beyond.

Thrust 1: Increased IR sensitivity
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tories, these detectors are expensive, require substantial cooling, and su↵er from low yield in the fabrication
process. Calibration of the pixelated amplifiers is a considerable challenge and an impediment to data qual-
ity for long-term surveys. Germanium (bandgap 0.7 eV) CCDs o↵er a potentially attractive alternative to
access longer wavelengths. Germanium CCDs, processed with the same tools used to build silicon imaging
devices, show promise for read noise and sensitivity comparable to that of silicon detectors and o↵er a high
quantum e�ciency to wavelengths as high as 1.4 µm when cooled to 77K. This increase in wavelength cov-
erage will allow a spectroscopic identification of [OII] emission lines to z = 2.6, a factor of two increase in
the observable volume of the Universe over what is accessible in the DESI galaxy set obtained with silicon
CCDs. The development of germanium CCDs overlaps with the work of PRDs 18, 19, and 20.

A more general program of R&D into other infrared technologies, including the study of new materials
with larger bandgaps, addressed below in Thrust 4, could also allow for extended surveys. Superconducting
devices, such as TESs, MKIDs, and SNSPDs, have demonstrated high-sensitivity detection, spanning X-ray
to infrared wavelength range. Both TESs and MKIDs have already been used in space-based and ground-
and atmosphere-based instruments, respectively [217].
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Thrust 2: UV and VUV scintillation and Cherenkov photon detection

The detection of UV and VUV photons is critical for a number of applications within high energy physics.
Liquid noble elements, which will be used in future short- and long-baseline neutrino oscillation detectors,
dark matter experiments, calorimeters, and in searches for neutrinoless double-beta decay, scintillate in
the VUV, at the edge of current photosensor capabilities. Current-generation experiments rely on chemi-
cal wavelength-shifters to increase their photon detection e�ciency, which are di�cult to apply and have
questionable long-term stability. Photodetectors directly sensitive to VUV light with quantum e�ciencies
comparable to those achieved for optical photons would see wide-spread adoption in noble liquid detec-
tors (see TR 4.1). UV-sensitive, solar blind photodetectors also have applications in experiments detecting
Cherenkov light, including future gamma ray telescopes (see TR 3.48) and neutrino detectors, and crystal
calorimeters for high-rate experiments at the Intensity Frontier, where detection of the prompt-UV emission
would allow for fast timing and particle identification.

Thrust 3: Single photon detection

The e�cient detection of single photons is the basic feature from which all photodetector advancements
proceed. Recent advances in PMTs are mainly related to photocathodes for cryogenic operation, materials
selection for low background experiments, and hybrid devices that combine PMTs with solid state devices.
The most widely adopted alternative to PMTs is the SiPM therefore the reduction of its dark rate, increased
dynamic range and advances in timing would be interesting in themselves in addition to the goals listed in
other PRDs (see example application in TR 3.48, TR 3.49, TR 3.50, TR 3.51).

Like PMTs, MCPs are room temperature devices. The Large-Area Picosecond Photodetector (LAPPD) is
a promising MCP-based photodetector capable of achieving timing resolution on the order of ten picoseconds,
while covering large areas, 8 inch by 8 inch tiles, with sub-millimeter spatial resolution (see TR 2.1, TR 2.4,
TR 2.6, TR 2.7, TR 4.1, TR 4.3, TR 4.4, TR 5.1, TR 5.6, TR 5.7 and TR 5.11). The technology is particularly
interesting for neutrino detectors based on liquid scintillators or water, but could also be deployed in ring
imaging Cherenkov (RICH) detectors for studies of flavour physics, where large areas and operation in
magnetic fields are required. This technology is being commercialized by industry.

The ability to count single photons o↵ers the ultimate sensitivity for imaging and spectroscopic astro-
nomical instruments. This is required to achieve astronomical background limited sensitivity, including in
the sub-millimeter far-infrared wavelength range and at ultraviolet wavelengths. Skipper CCDs are Si-based
charge coupled devices with low readout noise and a stable linear gain that allows simultaneous charge mea-
surement at the single electron level in pixels with occupancy ranging from a single electron to thousands
of electrons[218]. Skipper CCDs can also achieve high quantum e�ciency between 0.87 and 1 µm, allowing
them to measure fainter galaxies at the same redshifts as current surveys. Advances in Skipper CCD develop-
ment o↵er synergies with dark matter searches, such as the SENSEI experiment[219, 220], and other similar
searches. Potential partnerships with NASA are also possible because low-noise, optical photo-detectors can
satisfy the need for faint exoplanet characterization with a space-based instrument.

Superconducting detectors are a relatively new technology that in specialized deployments can outper-
form other photon-counting technologies in a variety of performance metrics, such as detection e�ciency,
dark count rate, timing jitter, recovery time, and energy resolution. Semiconductor-based detectors are
fundamentally limited by the band gap of the semiconductor (1.1 eV for silicon) and thermal noise sources
from their relatively high (⇡ 100 K) operating temperatures. Superconducting detectors allow the use of su-
perconductors with gap parameters roughly 10,000 times lower than semiconductors. This di↵erence allows
a leap in broadband response capabilities. If the cryogenic requirements of superconducting detectors could
be relaxed, or if these requirements could be accommodated within a detector design, the resulting device
could be transformative (see TR 2.5, TR 2.7, TR 2.8, TR 2.10, TR 2.11, TR 3.3, TR 3.6, TR 4.1, TR 4.2,
TR 4.5 and TR 4.6).

Superconducting detectors include TESs [221], MKIDs [222], and SNSPDs [223]. Over the last decade,
both TES and MKID arrays have been developed for high-sensitivity detection of frequencies ranging from
the far-infrared to X-rays for a range of astronomical applications, especially the study of the CMB. SNSPD
devices have demonstrated single photon sensitivity from X-ray to mid-infrared[224]. A kilopixel array of
SNSPDs has recently been demonstrated with a mm

2 active area at 1.5µm [225] and with a clear path
identified for scaling to 100 cm2 area. By tuning the material and device parameters, the realization of the
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long-term goal of SNSPDs, namely sensitivity to single photons at 100 µm, can be achieved. This achieve-
ment will impact axion searches using a quantum haloscope and low-threshold direct dark matter detection
experiments. In terms of quantum e�ciency, both TES and SNSPD devices have demonstrated quantum
e�ciencies approaching 100% at 1.5 µm wavelengths with a clear path towards optimizing e�ciencies from
UV to mid-IR. SNSPDs also have excellent timing resolution and very low,⇠ 10�4 Hz/mm2, dark count
rates [226].

Thrust 4: Advanced materials for photodetectors

The development of new materials for photodetectors is critical for enabling advances in their performance.
This work includes the development of new photocathode materials, high temperature superconductors, and
large band-gap materials. The design of solid state devices that build on the success of SiPMs, but allow
for increased wavelength sensitivity by utilizing new materials, is an active area of research. These materials
include but are not limited to Silicon Carbide (SiC) and variations of Gallium Nitride (GaN, InGaN, and
AlGaN). Such devices have lower thermally excited dark count rates and are more tolerant to radiation
damage. Similar improvements in wavelength sensitivity can be achieved by pursuing novel photocathode
materials such as GaAs at longer wavelengths and CsTe at shorter wavelengths.

Moving to more novel approaches, Dirac materials and nanocrystals o↵er a fine tuning of the bandgap
that could revolutionize the design of photodetectors. Similar to CCDs, Dirac materials are also interesting
to dark matter direct detection experiments[227]. For superconductiong devices, the recent discovery that
bilayer graphene is a superconductor could produce new and interesting devices for the field.

Research Plan

To address Thrust 1, an investment in germanium CCDs is logical and o↵ers synergies with Light Source
Applications and NASA X-ray observatories due to the sensitivity at X-ray energies as high as 100 keV. The
requirement for ultrapure germanium wafers o↵ers a synergy with nuclear physics, where germanium is used
in neutrinoless double-beta decay experiments based on scintillating bolometers as secondary light collecting
bolometers[228].

Fabrication of germanium CCDs faces several challenges that need to be addressed before these devices
can be integrated onto large focal planes. Several processes in doping, etching, and film deposition are similar
to those in silicon CCD fabrication but need to be tested with the new vendor’s capabilities. However, GeO2

water solubility and low-temperature limitations result in the need for changes in gate insulator and electrode
technologies. In addition, there is only one wafer vendor for germanium and further investigation is required
to ensure that purity requirements can be met for production at scale on large wafers. Finally, germanium
has higher density than silicon and requires a full assessment of handling and packaging techniques. At
present there are no foundries specializing in germanium devices. Based on these challenges, a program
exploring alternative technologies is warranted.

To address Thrust 2, there are a number of promising avenues to extend photosensor sensitivity to shorter
wavelengths and increase their detection e�ciency, including novel device architectures, sensor coatings, UV-
sensitive photocathodes, such as CsI or CsTe, and doping configurations. Alternative wavelength shifting
materials and methods for deploying them in large detectors should also be explored.

Superconducting devices can also be optimized to operate with high-sensitivity, fast timing and high
detection e�ciency at shorter wavelengths. In a recent experiment, SNSPDs have been integrated with a
9Be+ ion trap demonstrating high e�ciency and low background noise at 315 nm wavelength [229].

Beyond these specific goals of increased wavelength sensitivity encapsulated in Thrust 1 and 2, new
technologies and new materials for existing technologies will lead to breakthroughs in the performance of
photodetectors. Therefore, investment in new and possibly more speculative technologies and materials of
Thrust 3 and 4 is needed for the future of high energy physics and more generally any imaging application.
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in PRD 26); in some applications they are inaccessible for a very long time or need to have low intrinsic
radiological background.

Thrust 1: Cryogenic operation at noble liquid temperatures

Large noble liquid detectors planned for future neutrino and dark matter experiments will use photodetectors
directly immersed in cryogenic liquids, such as xenon, argon, and neon, that must be robust to multi-year
operation at cryogenic temperatures. Additionally, the large instrumented surface of these detectors and the
need to detect single photons necessitates the use of co-located, low-power, cold electronics to minimize the
number of cryostat penetrations and improve the signal to noise ratio of the sensors. Addressing this challenge
will require the development of novel sensor materials, including low-temperature photocathodes, new sensor
architectures, integrated electronics capable of cryogenic operation, and fabrication processes and detector
packaging techniques robust to the mechanical stress induced when cooling to cryogenic temperatures (see
TR 2.1, TR 3.1, TR 3.3, TR 3.4, TR 3.5 and TR 3.6). These innovations will require cryogenic test facilities
where the long-term performance of these materials, devices and electronics can be characterized.

Thrust 2: Low-radiological-background sensors and detector packages

Photodetectors, photosensor front-end electronics, and sensor packaging are integral components of many
low-background experiments for studying neutrinos and dark matter. This Thrust is highly related to PRD
25 and all advancements made in that program will help this e↵ort (see TR 2.3).

Thrust 3: High-durability and radiation hard sensors

The application of SiPMs in harsh radiation environments is currently being pioneered by upgrades of the
CMS detector for the high-luminosity phase of the LHC. Two projects, the barrel timing layer [239] based on
LYSO crystals and the scintillator tile-based hadronic section of the endcap calorimeter [240], will use several
hundred thousand SiPMs and expose them to neutron fluences up to 1014 neq/cm2. Radiation-induced noise
hampers signal discrimination and ultimately also degrades the photon detection e�ciency (see TR 1.3,
TR 1.4, TR 4.6, TR 5.2 and TR 5.10).

To meet the challenges of future hadron colliders, like the FCC-hh (see Section 3.1), with one to two
orders of magnitude higher neutron exposure, significant advances in the radiation tolerance of SiPMs [241]
are needed, a requirement that is driven exclusively by particle physics. The internal structure of the
semiconductor sensor could be optimised to achieve smoothly varying electrical fields that minimize trap-
assisted tunneling e↵ects. Additional improvements could be made by developing low-power devices (low
bias and gain), which reduces self-heating e↵ects, with fast recovery times, which keeps the occupancy
small, and are therefore more resistant to radiation damage. Advances will become possible through the
ever-increasing precision in semiconductor manufacturing, but dedicated co-developments by academic and
industrial partners are required, including the development of robust packaging techniques, such as radiation-
hard optical coatings and e�cient means of detector cooling.

Hybrid or monolithic integration of the sensor with a read-out ASIC coupled to each individual pixel
opens additional capabilities. Damaged pixels with elevated dark rate can be disabled and fast transistor
switches, replacing the quenching resistor, allow for active gating of the sensor with the collider time structure
reducing noise pile-up.

A particularly di�cult challenge is the detection of single photons with radiation damaged sensors, since
the increased dark rate counts cannot be separated from single-photon signals by applying a discriminating
threshold. Mitigating technologies should be explored, including on-device cooling, annealing at elevated
temperatures, Si-structure optimization, and exploration of alternative materials with a higher band-gap
(e.g., GaInP).

Degradation e↵ects are also observed in MCP PMTs, including LAPPDs. Following illumination over
extended periods of time, the photocathode degrades due to bombardment by ionized rest-gas ions. Coating
the microchannel plates with a secondary emission material by atomic layer deposition (ALD) prolongs the
lifetime of the tube, typically to about 10 C/cm2 accumulated charge on the anode. Further research is
needed to go considerably beyond this limit in high rate experiments like Mu2e and Belle II.
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4.3.7 PRD 11: Develop new optical coupling paradigms for enhanced or dynamic light col-
lection

Enhanced and dynamic light collection of multi-channel devices is essential for an improved signal-to-noise
operation in low-light-level detection with SiPMs and for a fast reconfiguration in the telescope focal plane.
For the High-Luminosity LHC, R&D of optical fibers for scintillation-fibre based tracking systems is needed
to achieve a higher light yield.

Thrust 1: Novel light propagation and collection systems

Often a photodetector must be coupled to the detecting medium. Light guides and optical fibers are mature
technologies, however there is the possibility to make interesting new systems by making use of anti-reflective
films or moving from non-imaging to imaging collection schemes. For instance, SiPMs are an attractive
choice for RICH detectors with one exception, dark counts (see TR 5.2). With a dark count rate of a few 100
kHz/mm2, spurious signals cannot be distinguished from single photon pulses. One way to improve the signal-
to-noise ratio is to develop dedicated light collectors, either as quartz Winston cone like arrays [243, 244], or
by developing suitably designed meta-materials [245]. In this way, photons would propagate from a larger
entry window to a considerably smaller sensor, resulting in an improved signal photon to dark count ratio.
Another interesting idea uses light concentrators constructed from di-chroic reflectors to sort photons by
wavelength to aid Cherenkov-scintillation separation and ultimately direction reconstruction in kiloton-scale
neutrino detectors [246]. Increasing the scale of the system substantially, ground based searches for dark
matter annihilation, require large fields of view with high light collection e�ciency (see TR 3.47 and TR 3.52),
which could lead to novel systems of light collection.

Thrust 2: Dynamic physical reconfiguration of multi-channel devices

Novel collection systems may not be stationary. In order to achieve multiplexing factors of 20,000 to 50,000
in future galaxy surveys for dark energy studies, new technologies are required to reconfigure the telescope
focal plane in real time to collect spectra from targeted galaxies at a very high density. Positioners at a pitch
(packing) of 5-6 mm provide the observational path to probe the high-redshift volumes for Dark Energy and
Inflation (see TR 4.1, TR 4.2, TR 4.5 and TR 4.6).

The fiber positioners for the Stage-IV DESI galaxy survey consist of 5000 individual robots supported
by a 812 mm diameter aspheric focal plane at a 10.4 mm pitch between neighboring units. Assembly of
these fiber positioners was complicated by the tight spacing between positioners, need for manually applied
glue joints, splicing of fibers, and large numbers of individual parts (675,194 in total). It may be possible to
improve the two-axis DESI positioners by using smaller motors, press-fit instead of glue joints, alternatives
to splicing, and new approaches to handling a one-ton focal plane assembly.

The current state-of-the art fiber positioner designs also include the “Cobra” Twirling Post design being
constructed for the Prime Focus Spectrograph (PFS) and the “Tilting Spine” developed by the Australian
Astronomical Observatory (AAO) for 4MOST and the proposed Mauna Kea Spectroscopic Explorer. The
Tilting Spines position the end of the fiber by tilting about a long axis rather than positioning in a plane
about a central coordinate. This technique allows for more close packing capability, but because the end of
the fiber moves on an arc, excessively large tilt angles can lead to light loss and PSF calibration errors. The
4MOST instrument will have 2436 such fiber positioners with a 9.5 mm pitch.

Piezoelectric designs o↵er the potential for smaller, simpler positioners, but no significant study has yet
been carried out. In addition, there is potential for micro-shutters or micro-mirrors to redirect the light in
real time for single object spectroscopy. Given the lack of large moving parts, it may be possible to obtain
even larger multiplexing power with advanced microelectronics.

Thrust 3: Tracking systems with optical readout

Scintillating fibres o↵er a cost-e↵ective way of instrumenting large areas for charged particle tracking at
relatively low material budget. With the availability of small-pitch SiPM arrays, high resolutions are possible,
as shown with the LHCb SciFi tracker upgrade [247] just being completed. To further advance the technology,
e.g. for a second upgrade of the tracker envisaged for the High-Luminosity LHC (see section 3.1), not only
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Relation to Low backgrounds and Underground Detectors

• Technology: Cross cutting

9

4.8.3 PRD 25: Advance material purification and assay methods to increase sensitivity

Experiments that search for particle dark matter and neutrinoless double-beta decay can be limited in
sensitivity by radiological backgrounds, i.e. adding more detector mass or running the experiments longer
can reach a point of diminishing returns. As these experiments scale up to reach greater sensitivity, they also
must significantly reduce radiological backgrounds. External backgrounds are controlled through shielding.
For instance, the most sensitive systems are installed deep underground (4000+ feet) to shield them from
cosmic rays and suppress cosmogenic activation of detector materials. External backgrounds also come from
the surrounding rock that emits both gamma rays and neutrons from naturally occurring radioactivity,
primarily originating from 238U, 232Th, and 40K in the rock. Low radioactivity shielding, typically lead and
copper for gamma rays and polyethylene and water for neutrons, can be used to mitigate these external
backgrounds. A particularly pernicious background for such experiments is radon, a radioactive gaseous
daughter product of 238U, 232Th decay, which can migrate in the environment and plate out on surfaces of
detectors or become entrained in liquid detector media. Radon emanation is greater at these underground
sites.

In addition to radioactive contaminants that can limit detector sensitivity, other impurities can also limit
performance. Impurities can limit charge carrier lifetimes and photon attenuation lengths in gaseous and
liquid detectors while isotopic impurities can add degrees of freedom that spoil quantum system performance.
In the case of neutrinoless double-beta decay, only specific isotopes can decay through this process and
enrichment of targets in the relevant isotope, e.g. 76Ge or 136Xe, is used to increase the mass of the relevant
isotope without increasing the total target mass required (see also PRD 24).

As experiments continue to grow in physical size and in sensitivity, and with them the channel count and
mass, so do the challenges related to material purity and requirements for screening, background reduction,
and purification systems.

Thrust 1: Radiologically pure materials

Radiological purity includes control of naturally occurring 238U, 232Th, and 40K which are present in nearly
all materials at some level as well as other naturally occurring and anthropogenic radioisotopes. The timely
procurement and clean storage of large quantities of pure materials is an emerging need of future exper-
iments. Historically important materials for the community have included low radioactivity lead, low ra-
dioactivity commercial copper, and ultra-low-background electroformed copper, low radioactivity polymers
such as polyethylene for neutron shielding, Teflon used for light reflectors and PCTFE used for electrical
insulation; photomultiplier tubes and vessels for bubble chambers fabricated with low radioactivity fused
silica; low background cables; and carefully screened electronics components. In many cases, these materials
are identified by screening commercially available products to identify suitable sources, but in other cases
dedicated manufacturing is required to control backgrounds in the source materials.

Cosmogenic activation is a significant concern for both targets and surrounding detector materials. In
many cases there is inherent purification of the radioactive contaminants during processing, whether that
is electrorefinement in the case of copper or crystal growth in the case of silicon and germanium, and it
is important to manage surface exposure from this manufacturing step onward. For targets pursuing low-
energy phenomena, underground target storage will eventually be required to control the production of
cosmogenically-produced tritium and, for argon, long-lived radioactive 37,39,42Ar isotopes. Cosmogenically-
produced 60Co in copper has driven electroformed copper production and storage underground for the past
decade.

Target materials of high radiopurity are central to any low background experiment. These include noble
elements (e.g. Xe, Ar, He) as gasses, liquids, or solids, semiconductors (e.g. Si, Ge), scintillators (e.g. NaI,
CsI), bolometer materials (e.g. Si, Ge, TeO2), and bubble chamber fluids (e.g. Freon, noble liquids). For
many of these materials there is inherent purification in the production process that has made them suitable
target candidates, including processes such as cryogenic distillation, zone refinement, and crystal growth.
Some unique low background materials are sourced from materials that have been shielded from cosmic rays
for many decades allowing the radioactive isotopes produced by cosmogenic activation to decay away, e.g.
lead from the keels of sunken Roman ships and low radioactivity argon gas sourced from deep underground
gas wells.
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Sourcing and clean and/or underground storage of radiopure materials will continue to be a hallmark
need for particle-like dark matter and neutrinoless double-beta decay searches.

Thrust 2: Enhanced capability for measurement and control of surface backgrounds

Surface backgrounds originate from deposition of radioactive particulates (dust) and plate-out of radon
daughters. Advances in cleaning techniques are needed for surface background reduction of various detector
components, both metals and plastics. For smaller components and systems, these techniques can be per-
formed in highly controlled environments such as glove boxes or clean rooms with radon-reduced air. But
as detectors scale up to kiloton class it is no longer feasible to require all handling to be done in tightly
controlled environments and in-situ surface cleaning techniques are required.

More sensitive measurement techniques are needed to assay for radon and radon daughters. These
include large area surface alpha (and beta) screening, assay of daughters such as 210Pb, and radon emanation
measurements.

Thrust 3: Purification and storage of noble liquids

Noble liquids are an attractive detector medium for scaling both neutrino and dark matter detectors to
kiloton scale. Noble liquid detectors employ recirculating purification systems that can continuously remove
radioactive and chemical impurities, including electronegative impurities. Scaling up to the next generation
of dark matter (DARWIN, GADMC) and neutrino (DUNE) experiments will require sourcing and storage
of high purity noble liquids and the development of industrial-scale cryogenic and purification systems,
including cryogenics purification (N2, O2, H2O removal, etc.) and removal of noble backgrounds (Kr, Rn,
39Ar).

Understanding and characterizing the impacts of impurities on ultimate detector performance through
experimental and computational techniques will be essential to realizing the science goals of future noble
liquid detectors.

Thrust 4: Isotopic enrichment or rejection

Isotopic separation is used to produce enriched sources for neutrinoless double-beta decay, including 76Ge,
100Mo, 116Cd, 130Te and 136Xe. The principle enrichment techniques used have been electromagnetic or
centrifuge separations. Most, if not all, recent experiments have sourced enriched material from Russia.

Isotope separations can also be used to reduce the amount of unwanted isotope, for example the radioac-
tive isotope 32Si, in silicon for dark matter detectors or 29Si in silicon for quantum devices.

Production strategy and supply of enriched/depleted isotopes for the U.S. is overseen by the Isotopes
Program in the DOE O�ce of Science. There is an active program to re-establish domestic isotope production
through electromagnetic and centrifuge separators targeting stable isotope production at ORNL (in this
context neutrinoless double-beta decay isotopes are considered stable). There are also emerging technologies
such as microchannel distillation under study for isotope separation. The HEP community could benefit
greatly from initiatives that lead to reduced cost.

Research Plan

1. Developing new solutions for screening and procurement of low-background detector materials, includ-
ing electronics components such as cables, and understanding how those backgrounds generate signals
in sensitive detectors.

2. Developing strategies for storage and transportation of large quantities of noble liquids with minimal
exposure to cosmogenic activation.

3. Developing strategies to further reduce surface backgrounds and for commensurate assay sensitivity.

4. Developing methods for scale-up of purification solutions for the removal of both electronegative species
and radioactive contaminants, including radioactive noble elements.

5. Leveraging developments in isotope separation solutions being pursued by other disciplines.
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4.8 Cross-Cutting Priority Research Directions

4.8.1 Introduction

Cutting across many of the specific technologies discussed above are a set of Priority Research Directions
that encapsulate needs in a multitude of areas. Recognition of the cross-cutting nature of these needs may
spur collaboration between di↵erent technology groups to pursue them and may motivate funding agencies
to identify new ways to sponsor work on these broad needs. Given the cross-cutting nature of these Priority
Research Directions, no explicit association with individual Technical Requirements has been made. It is
understood that these PRDs support the totality of the program.

4.8.2 PRD 24: Manipulate detector media to enhance physics reach

The development of new materials and media has always been a key component of HEP detector R&D,
yielding, for example, a zoo of scintillating crystals, plastics, and liquids. This work has required a deep
coupling to allied fields such as materials science, condensed-matter physics, and chemistry. Such new
materials and media can have impact across a wide range of technologies and fields. This topic is therefore
identified as a cross-cutting PRD. Below are a number of Thrusts, many of which are also themselves cross-
cutting:

Thrust 1: Doping or enrichment to enhance interaction rate

For detectors in which the detection medium also acts as the source of, or target for, the particles to be
detected, doping/mixtures or enrichment can be used to extend the physics reach of the experiments by,
respectively, the introduction of the element or enhancement of the abundance of the particular isotope that
provides the physics reach. Examples include the addition of hydrogen or deuterium to liquid xenon detectors
to provide additional sensitivity to both spin-dependent and spin-independent dark matter interactions at for
masses below 1 GeV (PRDs 4, 5), the dissolution of quantum dots with isotopes interesting for neutrinoless
double beta decay (e.g., 116Cd) in liquid scintillators, and isotopic enrichment of germanium, xenon, and
other materials for both neutrinoless double beta decay and spin-dependent dark matter scattering. Isotopic
enrichment is discussed in more detail in the context of separation of undesirable isotopes in PRD 25.

Doping/mixing can present new R&D challenges beyond the development of the dopant/mixture itself:
stability of the doping or mixture, characterizing the proportions, modifications to detector operation, etc.
Isotopic enrichment can require R&D to demonstrate enrichment of new isotopes or enhance enrichment
e�ciency and/or reduce cost.

Thrust 2: Doping and new materials for enhanced or more radiation-hard light or charge
production

Doping, or embedding, can be used in a variety of ways to enhance light production in materials that
scintillate in pure form, and new materials are constantly being explored. Examples of the former include
the doping of LYSO with cerium and of garnet with cerium or praseodymium to enhance radiation tolerance
(e↵ectively preventing a degradation of light production; PRD 2), the doping of water and liquid scintillators
with specific elements, or with quantum dots containing specific elements, to provide or enhance neutron
capture cross-section and thus light production for neutrino detectors using inverse beta decay, the doping of
gallium arsenide to achieve enormous IR scintillation yields, and the doping of wide band-gap semiconductor-
based inorganic scintillators with nano-crystals (another name for quantum dots) for ultra-fast scintillation
(noted in the context of PRD 3; see also PRD 2). Examples of the latter include the perovskite ceramics as
scintillators (PRD 2) as well as diamond and other wide band-gap materials for ionization-based tracking
(PRD 19). R&D challenges include, besides identification of potential dopant-material combinations and
new materials, the same operational considerations as for Thrust 1.
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Thrust 3: Doping for enhanced light or charge collection

Mixtures, or doping, can improve sensitivity by changing the characteristics of the detector response in a
beneficial way. Liquid argon scintillation light with 1 µs-scale emission at 128 nm can be shifted to 10 ns scale
and 178 nm by xenon doping, enhancing timing information while also making the light easier to collect
(PRDs 4, 5). Quantum dots can absorb a broad spectrum above a cuto↵ and reemit at a characteristic
wavelength, making it possible to tune the reemission to the peak e�ciency of photodetectors and also
enhance separation of scintillation and Cherenkov light. Gaseous time projection chambers for directional
dark matter searches have been doped with CS2 to implement negative ion rather than electron drift, which
can reduce di↵usion and also slow down the arrival of the track information at the readout, thus improving
charge collection and track reconstruction. Such negative ion doping may be beneficial for noble liquid
detectors for the same reasons.

Thrust 4: Doping to improve event localization

The same techniques noted above can also improve event localization by increasing signal-to-noise for position
reconstruction via enhanced light production, faster generation of light from particles produced in interactions
before they can move significantly away from the creation site, or reduced di↵usion of ionization tracks.

Thrust 5: Metastable systems; see also PRDs 4, 5

It is conventional to consider the target or detector medium as “passive” in the sense that its properties
are only weakly dependent on operating conditions and evolve slowly over time: i.e., drifts to be taken out
by calibration. But there is growing interest in “active” media, in the sense that quantities like physical
parameters can be tuned to adjust performance parameters like threshold and background rejection.

This strategy has been demonstrated in bubble chambers using superheated liquids, notably the PICO
dark matter experiment [214] and its predecessors. Bubble chambers provide intrinsic, noise-less amplification
of small heat signals, as once the bubble exceeds a certain critical size determined by thermodynamic
conditions, it grows to macroscopic size. Various fluids have been explored to date, providing varying
thresholds and sensitivities, and there are certainly more materials to be studied. Bubble chambers using
noble liquids hold the promise of extending the intrinsic background rejection of such devices to energy
thresholds as low as a few tens of eV [215] because electronic excitation is e�ciently radiated away from
an interaction site by charge and light while nuclear interactions deposit most of their energy as heat.
Hydrogenated liquids and liquid nitrogen are also interesting targets for this approach because of their
greater sensitivity to spin-dependent interactions (higher abundance of unpaired spin isotopes).

Research Plan

Given the large range of possibilities, the vast majority of the Thrusts above begin with small-scale experi-
mentation, and they can benefit from highly multidisciplinary environments such as is present in universities
and the multi-purpose national labs. It is important to recognize that a diversity of approaches is beneficial
given the wide range of parameter space to explore, and thus these small-scale investigations should be
given appropriate support. This support can be incredibly cost-e↵ective given the possible long-term physics
impact of these individual R&D e↵orts.

Facilities and Capabilities

Hand-in-hand with support for small-scale experimentation on ideas in the vein of this PRD, support is
also needed for the small-scale testing infrastructure, at universities and national labs, for the necessary
measurements. Once an investigator determines how to make a measurement of a particular property of a
detection medium and develops the test infrastructure, it would be cost-e↵ective for that infrastructure to be
used for multiple developments. There may be multidisciplinary e↵orts the O�ce of Science can encourage
between its various subprograms to enhance this R&D e↵ort.
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scintillate in pure form, and new materials are constantly being explored. Examples of the former include
the doping of LYSO with cerium and of garnet with cerium or praseodymium to enhance radiation tolerance
(e↵ectively preventing a degradation of light production; PRD 2), the doping of water and liquid scintillators
with specific elements, or with quantum dots containing specific elements, to provide or enhance neutron
capture cross-section and thus light production for neutrino detectors using inverse beta decay, the doping of
gallium arsenide to achieve enormous IR scintillation yields, and the doping of wide band-gap semiconductor-
based inorganic scintillators with nano-crystals (another name for quantum dots) for ultra-fast scintillation
(noted in the context of PRD 3; see also PRD 2). Examples of the latter include the perovskite ceramics as
scintillators (PRD 2) as well as diamond and other wide band-gap materials for ionization-based tracking
(PRD 19). R&D challenges include, besides identification of potential dopant-material combinations and
new materials, the same operational considerations as for Thrust 1.

146



Relation to Low backgrounds and Underground Detectors

• Facilities 

✓ Test beams 

✓ Simulation frameworks 

✓ Ultra-low temperature test stands 

✓ Specialized calibration facilities 

✓ Low-background materials and assay
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promising new materials for use in low-background detectors, and developing the radiochemical purification
and materials handling.

Besides access, there would also be greater e�ciency in having a community-wide coordination element
that includes maintaining supply chain information, papers on production and measurement techniques, and
a database of results. For example, SNOLAB currently hosts radiopurity.org that maintains a database of
assay results. This is a hugely valuable service to the community, but it is in danger of becoming obsolete
due to inadequate support.

Figure 56: Left: Low background counting clean room facility on the 4850’ level of the Sanford Underground
Research Facility (SURF). The detectors from left to right around the room are the Mordred, SOLO,
Morgan, Maeve and Twins detectors, all HPGe spectrometers. Right: Copper electroforming facility at
the 4850’ level of SURF. The electroforming process removes radioactive constituents including naturally
occurring uranium and thorium as well as the activation product Co60. The process is done underground to
suppress reintroduction of the latter. The part shown is for the Majorana Demonstrator project.

Microelectronics capability and foundry access

The use of application specific integrated circuits (ASICs) is ubiquitous in particle physics experiments. The
drivers for in-house capability include the harsh environments in which the devices have to operate (radiation,
temperature) and the need to tailor electronics to specific detector outputs, data rates, etc. There are many
elements required to support this capability.

Personnel with requisite skills in electrical engineering, device design, layout, and familiarity with the
design and validation tool suites is essential. Such skilled personnel are highly sought after by industry and
maintaining a pipeline of students and early career engineers and scientists with these skills is essential.
Enabling continued participation of university groups will be critical.

The design and validation tools are unique to each foundry process and are increasingly more expensive
as technology moves to smaller feature sizes. HEP has unique needs for process and device models both at
low (down to 4K) temperatures as well as under high radiation dose rates and integrated dose. Experimental
data is needed to build these models that can then be integrated with the design and validation software.
This must be redone for each new foundry process and feature size.

Given the escalating costs of the design and validation tools, wafer processing, and device characterization
to build models for extreme environments unique to HEP, and the high cost of having to port designs, it
would be prudent for HEP to work with other U.S. government agencies and CERN to identify foundries
and processes that will be more enduring, from an industrial obsolescence standpoint with regard to access
by the HEP community, as well as focus R&D activities on those processes. To further realize cost savings,
many institutions rely on building blocks that can be used in multiple System On Chip (SOC) designs.
University consortia with implicit lab and U.S. foundry access could be used to help support basic research,
create a pipeline for lab sta↵ (and U.S. industry), support this critical U.S. technology sector, shore up lab
programs, and build a foundation for the future.
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Summary
• BRN was a huge community-led effort on instrumentation 

• Intent was to map out the future of HEP (near and longer) and its 
future instrumentation needs 

• Intent was to keep room for new ideas, so we tried to remain generic 
as much as possible  

• It should serve as an input for SNOWMASS 

• If you notice that something was missing, you have a great 
opportunity to provide additional input 

• I only gave an brief overview, more details can be found in the report
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https://science.osti.gov/hep/Community-Resources/Reports
https://science.osti.gov/hep/Community-Resources/Reports

