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Abstract

Recoil imaging entails the detection of spatially resolved ionization tracks generated by par-
ticle interactions. This is a highly sought-after capability in many classes of detector, with
broad applications across particle and astroparticle physics. However, at low energies, where
ionization signatures are small in size, recoil imaging only seems to be a practical goal for
micro-pattern gas detectors. This white paper outlines the physics case for recoil imaging,
and puts forward a decadal plan to advance towards the directional detection of low-energy
recoils with sensitivity and resolution close to fundamental performance limits. The science
case covered includes: the discovery of dark matter into the neutrino fog, directional detection
of sub-MeV solar neutrinos, the precision study of coherent-elastic neutrino-nucleus scatter-
ing, the detection of solar axions, the measurement of the Migdal effect, X-ray polarimetry,
and several other applied physics goals. We also outline the R&D programs necessary to
test concepts that are crucial to advance detector performance towards their fundamental
limit: single primary electron sensitivity with full 3D spatial resolution at the ~100 micron-
scale. These advancements include: the use of negative ion drift, electron counting with
high-definition electronic readout, time projection chambers with optical readout, and the
possibility for nuclear recoil tracking in high-density gases such as argon. We also discuss the
readout and electronics systems needed to scale-up detectors to the ton-scale and beyond.

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S.
Department of Energy, Office of Science, Office of High Energy Physics.
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1 Executive summary

The direction in which future particle physics discoveries lie is unknown. Yet it is clear that whatever
these discoveries may be, novel approaches for measurement will be what facilitates them. This
white paper describes progress towards a class of measurements that could lead us to a broad
range of discoveries in the fundamental and applied sciences. These measurements involve the
direct imaging of keV-MeV energy particle tracks. Primarily driven by technological development
in particle physics, recoil imaging is most noteworthy for providing directional information about
recoils from a range of different sources, and for enabling the identification of the recoiling particle.

IF5: Micro-pattern gaseous detectors

Micro-pattern gaseous detectors (MPGDs) are modern gas avalanche devices with 100 pm-scale
segmentation, enabled by modern photo-lithographic techniques. MPGDs can be used to read out the
ionization in low-density gas time projection chambers (TPCs) with exquisite sensitivity and spatial
resolution. In the most advanced MPGD TPCs, even individual primary electrons—corresponding
to an energy deposit on the order of ~30 eV—can be detected with negligible background from noise
hits, and 3D ionization density can be fully imaged with ~100 um? voxel size.

It is clear from these unique capabilities that this experimental technique should have a large number
of interesting applications in fundamental and applied physics. Indeed, early R&D has established
high-definition gas TPCs (HD TPCs) with MPGD readout as the leading candidate technology for
imaging the short, mm-scale tracks resulting from keV-scale nuclear recoils in gas. In this context,
the detailed ionization images can distinguish electronic from nuclear recoils with high confidence,
and can provide the 3D vector direction (i.e. both the recoil axis and the head/tail assignment)
of both types of recoils, even at the 10-keV-scale recoil energies relevant to dark matter (DM),
neutrino-nucleus scattering, and more.

One of the most intriguing applications is to scale up TPCs with MPGD readout to construct a
competitive, low-background, high-definition ionization imaging experiment. By virtue of a planned
ultimate sensitivity approaching a single primary electron, the proposed “CYGNUS” experiment
would be sensitive to any process—whether known, hypothesized, or not yet thought of—that pro-
duces ionization in the target gas.

Currently, much of the R&D on MPGDs occurs within the context of the RD51 collaboration based
at CERN. At the same time, some of the leading advances made in the application of MPGDs to
low-energy physics were made in the US. There is a clear opportunity for the US to take the lead
and initiate a novel experimental program with a broad scientific scope, one that we have only just
started to map out. We note also that there are clear synergies with this proposal and the Electron
Ion Collider, where MPGDs will be used broadly, and where R&D, production, and test facilities in
the US will be required.

Several important R&D steps need to be pursued in the next decade. First, HD TPCs should be
advanced to their natural performance limit, where primary electrons are counted individually in
3D with O(100 um)? spatial resolution. In this regime, the energy resolution is expected to reach
a fundamental limit, finite dynamic range of detectors is mitigated, and particle identification and
directional capabilities required for physics measurements will be maximized.

The second step is to enable this level of performance in larger detectors, at reasonable cost. Elec-
tronic readout in the form of Micromegas detectors with 2D x/y strips are a candidate technology for
this, and the main approach being pursued in the US. Key ingredients to this include self-triggering,



highly-multiplexed electronics with topological programmable triggers. Another main direction is
optical readout, which is the main approach pursued in Europe. In place of electron drift, negative
ion drift (NID) will also likely be required to reduce diffusion and enable 3D fiducialization. De-
pending on how negative ions are used in detail, custom front-end electronics may be required. We
also want to achieve NID with gases that have low environmental footprint, and are developing the
capabilities to clean and recirculate gas.

The level of internal radioactivity in relevant MPGD technologies must be reduced for an experiment
with large exposure. The exact level required also depends strongly on the particle identification
capabilities of the detector. Early R&D has shown that modern machine learning can make a
large difference in this context. For example, 3D convolutional neural networks are ideally suited
to analyze the 3D ionization images created by HD TPCs. This can improve performance by up
to two orders of magnitude, thereby lowering the requirement on radiopurity by the same factor.
Algorithm development and machine learning both for offline analysis and for smart triggers (known
as “machine learning on the edge”) are therefore a crucial part of our proposed program.

A notable application of recoil imaging in MPGDs beyond DM and neutrinos is for the International
Axion Observatory (IAXO). TAXO will be an axion helioscope, an experiment that aims to detect
the keV-scale photons generated when the hypothesized flux of axions coming from the Sun enters
a large static magnetic field. TAXO is the proposed successor to the CAST experiment, and its
intermediate stage BabylAXO plans to begin data-taking in 2025-2026. A range of technology is
planned to be tested for IAXO to further improve backgrounds levels and discrimination capabilities,
including novel devices such as GridPix and Timepix3.

As well as for use in axion helioscopes, recoil imaging is also a desirable strategy for background
rejection and signal identification in applications totally apart from those listed already. Directional
neutron detection, the measurement of the Migdal effect, X-ray polarimetry, and the detection of
rare nuclear decays, are to name just a few.

One final concept that has attracted some interest recently, and is outlined in this paper, is the use
of high density gases such as SeFg or argon. There are several groups looking into the TPC designs
that can provide the necessary sub-mm to 10 micron resolution with such gases. One potential way
this could be achieved is via the use of a ‘dual readout’” TPC which can detect both the positive ions
as well as the electrons generated by a recoil event. TPCs using gaseous argon could have many
potential advantages, especially for the neutrino sector, for example 7-tracking for the study of v.7
charged current interactions.

CF1: Dark matter

One of the driving motivations behind the development of approaches to image low-energy recoils
of nuclei and electrons is the search for dark matter (DM). Thanks to our motion through a roughly
stationary galactic halo, signals of DM interacting in an Earth-bound experiment are expected to
be directional in a highly characteristic way (see Ref. [1] for a review). This smoking-gun signature
should underlie the signal of whichever DM candidate is eventually discovered—the only problem is
that, at present, very few direct detection experiments are designed with the ability to measure it.
A large-scale recoil imaging detector not only provides an opportunity to discover direct evidence for
DM interactions, but also represents the only way to conclusively confirm the nature of a detected
signal as truly that of DM. A corollary to this statement is that recoil imaging presents the optimal
way to subtract known sources of background that could mimic such a signal. This turns out to
be precisely the existential crisis the field now faces, with the imminent arrival of the “neutrino



fog” [2-4]. As a result, the case for pursuing a directional DM experiment is stronger than it has
ever been.

Working towards a competitive large-scale gas TPC for a directional DM search is the central goal of
the CyaNUS collaboration over the next decade. Initially, the CYGNUS collaboration will attempt to
converge on the TPC design that optimizes the directional sensitivity of nuclear and electron recoils
with O(keV) energies. Obtaining good directional sensitivity is essential for identifying the DM’s
supposed smoking-gun signal, but is also required to perform nuclear/electron recoil discrimination.
As discussed in a recent feasibility study [5], particle identification is the main obstacle for lowering
the threshold below ~10 keV, which is required to probe the neutrino fog. The tentative conclusion
of this first technology comparison was that a cost-effective choice can be found by combining an z/y
strip-based electronic readout with Micromegas amplification in a negative ion drift TPC. The gas
under consideration was a 755:5 He:SFg mixture under atmospheric conditions. Scaling up such an
experiment to the 1000 m? scale needed to probe into the neutrino fog is a daunting task, however
the modular and multi-site design envisioned for CYGNUS should mean that once a smaller scale 10
m? module has been demonstrated, the full-scale experiment can then follow by combining several
modules inside a common shielding.

There are many shorter-term physics goals that can be achieved even in a much smaller experiment
than the ultimate CyGNUS-1000 that will explore the neutrino fog. For instance, thanks to the
high fluorine content, even a 10 m?® detector will have the ability to set world-leading limits on
spin-dependent DM-proton interactions [5]. Moreover, as a gas-based experiment CYGNUS would
have far superior flexibility than its liquid- and solid-based counterparts, which can include the
ability to tune both the gas mixture and its density. For instance, there is even the possibility
that a smaller-scale experiment could compete with some of the larger non-directional detectors in
a so-called ‘search mode’, in which the directional sensitivity would be sacrificed in exchange for an
overall target mass increase. This would be achieved simply by running certain modules at higher
pressure. Since CYGNUS would have a modular configuration there is even the possibility for multiple
modes of operation to be adopted at the same time.

A staged program where the combined volume of the modular and multi-site CYGNUS detector is
gradually expanded over the next two decades is expected to yield an exciting mixture of results
on DM. To achieve CyGNUS-1000 within a twenty-year timescale, the immediate goal of the collab-
oration now must be for the sub-groups within CYGNUS to finalize the optimal configuration of a
10 m3 CyGNUS module from which the larger CYGNUS experiment will be formed. Several 10 m?
experiments will be built in the next 10 years, with 1 m3 prototypes already under construction by
members of the collaboration.

To realize the primary aim of CyGNUS—namely, directional DM discovery into the neutrino fog—
there are a few critical performance benchmarks that must be attained. The most important of
these are (1) angular resolution better than 30°, (2) correct head/tail recognition at a probability
better than 75%, (3) electron backgrounds rejected by a factor of O(10%), and (4) all of those limits
achieved down at sub-10-keV, energies and in as high-density a gas as possible. These goals appear
feasible already down to nuclear recoil energies of 8 keV, in 1 atmosphere of 755:5 He:SFg [5], as long
as the diffusion of the primary ionization can be kept to a minimum—i.e. by exploiting negative ion
drift, and limiting the maximum drift length of each 10 m*® CyGaNUs TPC module to around 50 cm.
Nevertheless, with further gas and readout optimization, as well as advanced algorithms for track
reconstruction, sensitivity close to the fundamental limit of single primary electron detection is not
an unrealistic ultimate goal. Such sensitivity would enable thresholds even below 1 keV,, and allow
the exploration of the solar-neutrino component of the neutrino fog down to ~0.3 GeV DM masses.



The performance requirements listed above appear formidable at first glance, but many are already
close to being realized experimentally. There are several ongoing R&D programs addressing, for
example, the development of high-definition TPCs using both electronic and optical readouts, the
use of negative ion drift, as well as track reconstruction using machine learning techniques—all
of which will be required to bring a CyaNus DM and neutrino observatory to reality. It should
be emphasized that a directional measurement of a recoil signal is the only way to convincingly
prove beyond any doubt that DM has been discovered. Therefore the potential importance of an
experiment like CYGNUS is not limited to simply being the experiment that will one day continue
the search for DM into the neutrino fog. Even if a positive DM-like signal were detected in the years
prior to CyaNUs-1000, a directional followup of that discovery would be essential. It is therefore
imperative for the future of direct DM detection: directional recoil detection must be pursued in
some form.

Still, to make the case for recoil imaging even more convincing, it turns out that there is substantial
complementarity between the exquisite low-energy directional performance needed for CYGNUS, and
the requirements of a host of other experiments. That is why this white paper advocates not simply
for CyGNuUs alone, but for a global effort towards developing highly-performing recoil imaging TPCs
to service physics far beyond the detection of DM.

NF10: Neutrinos

The motivation for the concept of recoil imaging becomes even more compelling when we expand
the scope beyond DM. A large number of sources of particles are inherently directional in some
way, and many particle interactions themselves also have angular dependencies that can be both
interesting and useful for detection. Since directional detectors represent the optimal way to see
through the neutrino fog, the most immediate way we can appreciate these detectors in a new light
is to promote that background to a signal. With the right optimization, recoil imaging detectors
like CYGNUS could simultaneously have excellent directional sensitivity to DM, as well as natural
sources of neutrinos via both nuclear and electron recoils.

A nuclear recoil threshold of 8 keV, has already been shown to be feasible in the 755:5 He:SFg
atmospheric pressure gas mixture suggested by the aforementioned feasibility study [5], and could
be lowered with further optimization and track reconstruction algorithms. This would enable a
1000 m? experiment to see on the order of 30-50 nuclear recoil events from solar neutrinos over
a few years, which would represent the first directional measurement of coherent elastic neutrino-
nucleus scattering (CEvNS) with a natural source of neutrinos. A similarly configured detector
would also be able to detect and point towards supernovae explosions occurring within ~3 kpc of

Earth [5].

Another major advantage of recoil imaging in general is the clear distinction between electron and
nuclear track topologies. This can enable excellent particle identification, and hence background
rejection, for DM and CEvNS searches, but also means that those electron tracks can be used as a
signal. It turns out that the high rate and high energies from solar neutrino-electron scattering mean
that neutrinos could be detected via electron recoils in much smaller scale experiments (10-100 m?).
The high energies (100-1000 keV) of neutrino-electron recoils from solar neutrinos also mean there
is scope to use much higher density gas targets since directionality does not need to be preserved at
the extremely low recoil energies needed to measure solar neutrinos via CEvNS. The main physical
motivation for pursuing this idea is to do neutrino spectroscopy [6-8]: the known position of the Sun
means that a precise direction and energy measurement of an electron recoil can be used to perform
event-by-event reconstruction of each neutrino’s original energy. There is scope for a CYGNUS-1000



detector could measure multiple solar neutrino fluxes at a competitive level—including fluxes that
have been historically challenging to measure, such as CNO neutrinos in an experiment around the
size of CyGNUs-1000. To capitalize on these prospects, the main outstanding challenges for the
next few years will be to perform further screening and reduction of the large electron background,
as well as to develop novel algorithms to reconstruct the more complicated electron tracks. These
efforts will be made in parallel with the optimization of CycaNuUs for DM, as described above, and
there is scope for an intermediate-stage 1-10 m? prototype detector to be trialled near to a neutrino
source for this purpose.

Indeed, there is quite a considerable scientific motivation for using a recoil imaging detector in
conjunction with a human-made source of neutrinos. One of the best examples is to test the nature of
the CEvNS interaction. CEvNS remains one of the lesser-studied neutrino interactions predicted by
the SM, having only recently been observed by COHERENT [9,10]. A sample of the types of probe
a directional measurement could facilitate include low-background measurements of fundamental
parameters involved in CEvNS, such as the Weinberg angle sin? fy, or the neutron distributions
inside nuclei [11]. In addition, a measurement of the direction-dependence of CEvNS could also
be used to reduce the Standard Model (SM) background and improve constraints on non-standard
interactions, for example those that appear as a result of the existence of new mediator particles or
perhaps sterile neutrinos [12].

Preparations for experiments to investigate the potential for the directional detection of CEvNS are
being undertaken right now under the name vBDX-DRIFT [11]. Currently, the feasibility of a 1 m?
negative ion TPC near to a proton beam dump is being investigated, with the eventual goal to put
an experiment at the DUNE Near Detector Complex at Fermilab. A detector of this scale would
be able to detect a substantial number of CEvNS events in a timescale of a year, and thanks to its
directional sensitivity will be subject to a much lower background than other CEvNS measurements.

2 Introduction

Recoil imaging entails directly observing one or more components of a recoiling particle’s trajectory.
As discussed in a recent review on the subject of directional recoil detection more generally, Ref. [13]
argued that real-time measurements of this directional information is only realistic in gas targets
currently. The reason is that a measurement of some component of a track requires that the readout
segmentation scale be smaller than both the initial tracks themselves, and the diffusion scales. The
need for real-time measurements of these quantities, on the other hand, results from the fact that the
Earth rotates with respect to many sought-after fluxes of incoming particles [14], and that timing
information itself is often used as a further discriminant in many other searches. The first of these
requirements makes recoil imaging impractical in liquid targets, and the second makes it extremely
demanding in solids as well (although see Refs. [15-17] for proposed workarounds).

Direct recoil direction measurements in real-time seems to be achievable only via drifting ionization
distributions in gas, and should therefore be one of the major motivations for pursuing further de-
velopment of micro-pattern gas detectors (MPGDs).! The early sections of this paper will argue
why such measurements are desirable. The rest of the paper focuses on ongoing and future exper-
imental work under the umbrella of recoil imaging in gas detectors. We have presented our vision
for the future of this field pictorially in Fig. 1, which gives a tentative timeline for several major

LOther methods of directional detection that could be described as recoil imaging, are solid state detectors relying
on nuclear emulsions [15] and crystal defect spectroscopy [16], as well as the proposed DNA detector [18, 19], however
since this paper focuses on gas detectors they will not be discussed here.
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Figure 1: The Eplan for developmeni;s towards recoil ima:ging over the next decade and beyond. We
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physics, other physics, and detector R&D. The latter component is not anticipated to span two
decades, instead the knowledge gained during those R&D programs will gradually be incorporated
into the large-scale projects such as CyaNus, and vBDX-DRIFT.



advances. Before we begin, however, we must first lay out the basic physics that underpins all of
the measurement strategies that we will discuss, as well as describe what has come before.

2.1 Physics of the ionization process

We start with the most basic question one can ask in this context: what low-energy physics drives
the ionization process that eventually leads to recoil tracks? This physics, by itself, is already of
great interest and many of the technologies discussed later may elucidate this subject beyond our
current knowledge. For now we can summarize a few of the key well-known aspects, which will also
allow us to introduce terminology that will appear frequently throughout the rest of the paper.

The energy-loss processes of recoils in the energy regime we are interested in were first described
by Lindhard et al. [20] (see also the review Ref. [21]). The energy loss as a function of distance,
dE/dz, of a charged particle in a medium has a maximum value at some distance called the Bragg
peak. At low energies this energy loss follows the stopping (or falling) side of this Bragg peak, i.e.
the energy loss is decreasing with time eventually coming to a stop. The energy loss of fast particles
is caused by the excitation and ionization of other atoms along the path initially, but eventually
becomes dominated by elastic processes as they slow down. How much of dF/dz is caused by
electronic rather than nuclear scattering varies not just as function of recoil energy but also with
the composition of the medium—a feature that is important to understand in all low-energy recoil
detectors, but especially when the goal is to measure those recoils’ directions. For example, the
decrease of dE/dx along the recoil track can provide a means to measure the vector sign of the
recoil track direction, otherwise known as head/tail (see e.g. Refs. [22,23]), but is also essential to
understand to obtain good angular resolution and to infer the initial recoil energy.

Understanding energy loss in a medium is also important if we want to discriminate electronic and
nuclear recoils, which each have characteristic dE'/dx. Indeed, one of the major advantages of recoil
imaging is particle identification. Notably, the dE/dx of electrons is seen to grow as they slow
down, the opposite sign to that of nuclear recoil tracks. This is due to a rapid increase in the rate
of scattering towards the end of electron trajectories, which also causes their tracks to curl up at
the end. This distinction is important for any recoil imaging detector that aims to identify electron
recoils and nuclear recoils such as a DM (Sec. 3) or a neutrino detector (Sec. 4), and is critical for
plans to measure the Migdal effect via recoil imaging (see Sec. 6.2).

One of the major goals for the near future of MPGD R&D is to understand how to push elec-
tron/nuclear track discrimination to very low energies. The main reason this is a challenge is
because the discriminating characteristics between electron/nuclear recoils become unusable when
tracks shrink beneath either the diffusion or readout segmentation scale. Addressing this issue is
crucial for a potential directional DM and neutrino detector, since nuclear recoils from both are
generated mostly at energies below 10 keV,. One of the major obstacles for reducing the energy
threshold of a detector is limiting the electron background, and hence electron/nuclear recoil dis-
crimination is essential for opening up searches for light DM particles and solar neutrinos. Work
is underway in the CYGNUS collaboration to try and address these issues and will be discussed in
Sec. 3.3.

2.2 Current status of directional recoil detection using MPGDs

One of the driving motivations behind low-energy, especially nuclear, recoil imaging has been the
search for DM. Gas TPCs provide flexibility in operating pressure and gas mixture that allows
optimization for varying DM mass ranges and interaction types (spin independent, spin dependent
etc.). Readouts available for TPCs can provide reconstructed tracks with up to 3-dimensions, and
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a granularity of ~200 um or better. For the lateral components of the track parallel to the drift
direction this has only come about thanks to MPGD technologies (with the drift direction coming
via pulse-shape timing).

Several advances over the past decade have improved TPCs for use in directional DM searches. Many
of these are now finding new relevance in the context of other physics. One example is negative ion
drift (NID), achievable by the addition of electronegative components to the gas mixture [24]—
leading to very low diffusion and a factor 10® slower drift velocities when compared to drifting
electrons. NID allows for low cost and sub-mm resolution in the drift direction, to complement the
resolution already achievable on the readout plane. Validating the use of NID in MPGDs is therefore
one of the directions for future R&D that we advocate for in this paper, and will be discussed in
Sec. 7.6.

The DRIFT experiment [25] pioneered the use of NID, and were the first directional DM search to
take data underground, which they did over several generations of detector. Over time, the advances
in MPGDs made many other directional DM searches possible. For example the US-based DMTPC
collaboration built several CCD-based optical readouts [26] for DM searches. Currently the Italian
CYGNO collaboration are also employing an optical readout using scientific CMOS cameras, which
they plan to augment via pulse-shaping using PMTs to also measure the track pattern along the
drift direction [27].

Electronic readouts using Micromegas, gas electron multipliers (GEMs), and other novel MPGDs
are also being used in underground experiments. The Japanese NEWAGE collaboration for instance
has deployed several TPCs based on a micro pixel chamber (u-PIC) combined with GEMs and strip
readouts [28], whereas the French MIMAC experiment is using a Micromegas strip readout [29]. An
LBNL and U. Hawaii R&D project, D3, instead constructed small prototypes with HD pixel charge
readout based on application-specific integrated circuit (ASIC) chips, which have been deployed for
directional neutron measurements at SuperKEKB [30].

Although sizeable cost and effort is required to scale up such high-definition detectors to competi-
tive volumes, large-scale pixel-based readout planes are already being tested for tracking detectors
in colliders—an R&D synergy that could prove useful in the future. In fact, GridPix detectors [31],
based on pixel ASICs combined with a gas amplification MPGD structure, have already demon-
strated superb imaging of nuclear recoils [32]. Still, it is not always obvious what the optimal choice
for a future detector should be, given the abundance of available charge readout technologies. Ref-
erence [5] was the first attempt to perform a “cost versus performance” comparison of different
readouts in the context of a future DM search, and will be described in the next section.

3 Dark matter

3.1 Directionality for dark matter discovery

It has been known since the 1980s [33] that the flux of DM on Earth should be anisotropic in a way
that is characteristic only of particles originating from the galactic halo. This fact is simply a result
of our Sun’s motion through the galaxy which points us along a path towards the constellation of
Cygnus. This velocity vector is now pinned down rather precisely thanks to the Gaia satellite and
other Milky Way surveys [34], so the only caveats to the statement that the DM flux should point
back towards Cygnus are if the halo model were not the homogeneous, roughly isotropic sphere that
is expected under the Standard Halo Model [35]. These caveats were discussed in Ref. [5], but in
general it seems that only very radical and little-motivated halo formation scenarios could lead to a
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notable suppression of the DM flux anisotropy, and even more radical modifications are needed to
change its preferred direction [36]. In fact, it is important that we emphasize that many of these non-
standard halo modifications that suppress the DM wind would harm nondirectional experiments as
much as they would harm directional ones. Even though nondirectional experiments do not rely on
the directionality of the DM wind, they still rely on the ~300 km/s relative DM-nucleus velocities
when setting their claimed sensitivity. Without a DM wind all experiments would suffer loss in
sensitivity at low DM masses due to the lower kinetic energies of the recoils, and the predicted event
rates would also be diminished due to the lower flux.

Therefore, it is not unreasonable to state that the directionality of the DM flux is one of the only
broad predictions one can make about a terrestrial DM signal that is independent of the assumed
particle candidate. So even though this characteristic signal is not searched for in any of the most
competitive DM searches currently, it is still spoken of as a ‘smoking gun’. In contrast, the annual
modulation of the flux, which is also due to the relative motion of the Earth with respect to the
DM halo, is searched for (and apparently observed [37]) but has proven unreliable. In a recoil-
based particle-like DM experiment, the predicted dipole anisotropy in the flux is slightly washed
out in the scattering process, but it generally persists at the O(10) forward-backward asymmetry in
the rate when comparing the recoils pointing in the half of the sky towards Cygnus against those
pointing towards the opposite half. This is also robust against all realistic DM-nucleus interaction
models [38,39]. This startlingly low number has been what has driven the majority of the interest
in directional DM experiments to date.

Under the conditions that DM nuclear recoil-based searches currently operate (i.e. roughly isotropic
backgrounds) a set of well-measured recoil directions would be enough to make a non-parametric
discovery of DM with as few as tens of events [1,5,40-43]. One of the key capabilities that these
numbers assume, however, is the ability to measure the head/tail of each recoil, and this will be
reiterated several more times later in this paper as an important technical hurdle that all proposed
directional DM experiments must overcome.?

Under anisotropic background conditions, however, as long as the background is generally well
separated from Cygnus®, then the numbers of required events are even smaller, and the heavy
reliance on head/tail is slightly less severe. This turns out to be the case for solar neutrinos [46, 47],
which appear to us to originate from a single point—in other words, they are essentially a maximally
anisotropic source of background.

Therefore directionality seems to be the way forward if we want to have a reliable discovery of
DM, and that should remain true even if a DM-like signal is first seen in another nondirectional
experiment. While it is certainly true that the most competitive DM searches have trustworthy
background models, signal reconstruction, and statistical analyses, a signal that does not possess
any unique characteristics befitting a galactic particle—as is case in the majority of experiments—
will need to await some confirmation before it is widely accepted. Indeed, a history of purported
signals, hints, and excesses (see Ref. [48] for the most recent cause for excitement) would certainly

2The importance of vector sense (head/tail) sensitivity for discovering DM has been highlighted several times in
the directional detection literature, e.g. Ref. [44]. The central reason why it is so important is that the expected DM
signal is a dipole—a lack of head/tail effectively means it is impossible to tell which hemisphere a given track direction
is pointing towards. That is why, for instance, even a directional detector that can only measure one component of a
recoil track, but can still measure head/tail accurately, will actually out-perform one that can measure tracks in full
3D while failing to correctly assign their vector sense [45, 46].

3and generally any background originating within the Solar System will, since the DM flux is stationary with respect
to the fixed background of stars, whereas anything else would probably be fixed in either geocentric or heliocentric
coordinates.
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affirm any reasons one might have to doubt even a high-significance excess of events. Only with
directionality can we be sure that we have captured the same mysterious substance that we have
observed across our galaxy, the Universe, and throughout cosmic time [49]. Ultimately, the distant-
future goal of detecting DM is to transport us to an era in which we possess a brand new messenger
to study new physics beyond the SM, and to unravel the history and structure of our galaxy. A
directionally sensitive detector would have an unmatched capability to do this [1,41,42,50-53].

3.2 Directionality and the neutrino fog

While the search for DM has inspired much advancement in low-energy recoil imaging detectors for
nuclear recoils, over the last several decades the broader direct detection community has devoted
much of its effort in different directions [54]. Most notably, the largest collaborations have focused on
scaling-up experiments to large target masses, with the latest generation, especially of liquid-noble
detectors, being already beyond the ton-scale [55,56]. While these kinds of experiment lead the field
right now, it has been known for some time that this rapid progress cannot continue indefinitely. Even
if it were possible to keep making detectors larger, improvements in sensitivity to particle-like DM*
would eventually stall due to the presence of the neutrino background [57-61]. Neutrinos scatter
with nuclei via the recently measured SM process of coherent elastic neutrino-nucleus scattering
(CEvNS). The scattering kinematics dictates that for typical direct detection targets 1-100 keV-
scale nuclear recoils will be generated by 1-100 MeV scale neutrinos, which unfortunately is precisely
where there is a huge flux of solar and atmospheric neutrinos. Worse still is the fact that the CEvNS
recoil spectra are extremely similar to those generated by DM. For a wide range of models, the
neutrino background is therefore not just an unshieldable source of noise, but a source of noise that
looks remarkably like the signal being searched for. The DM scattering cross section at which the
CEvNS signal was expected to drown out a potential DM signal was labelled the “neutrino floor”,
see e.g. Refs. [62-79] for discussion.

One of the more recent shifts in language however has been the softening of the term neutrino floor
to the “neutrino fog” [3]. The reason is simply to more accurately reflect the statistical nature of
the problem. As long as all sources of background are properly characterized and any systematic
uncertainties accounted for, then there can only be a “floor” if a background mimics the signal
perfectly. This is not the case for the neutrino background. Hence there is no hard neutrino floor,
but instead a fog: a region of parameter space where a conclusive identification or exclusion of a
signal requires many more events (sometimes even orders of magnitude more) than would naively
be expected under Poisson statistics. The neutrino fog is visualized in Fig. 2 for the most familiar
DM cross section corresponding spin independent DM-nucleon scattering with equal couplings to
protons and neutrons. The color (blue to red) indicates how badly the neutrino background inhibits
the discovery of a DM signal against a neutrino-only background.

The advantage of directionality then is made quite clear in the context of the neutrino fog: the
anisotropy of the incoming DM flux is a feature that only it should possess, so if the directional
signals of both the DM and neutrino-induced nuclear recoils can be fully measured, then this should
be the information required to disentangle the two signals and eliminate the problem. In other words,
a directional detector should be able to “see-through” the neutrino fog [1,5,13,14,46,47,74,94].

Interestingly, compared against the scenario described in the previous subsection, directional detec-
tors should in principle fare against the neutrino background even better. The key reason is that
both the neutrino and DM signals are highly anisotropic, meaning it is easier to distinguish DM
from solar neutrinos, than it is from other isotropic sources of background [46]. As a result, the

*i.e. DM in the form of weakly interacting massive particles (WIMPs), or similar
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Figure 2: A graphical description of the neutrino fog and its boundary, based on Ref. [3]. We show
the spin-independent DM parameter space, coloring the neutrino fog according to the value of n,
defined as the index with which a hypothetical discovery limit scales with the number of background
events, i.e. ¢ o N~1/". The neutrino fog is defined to be the regime for which n > 2, with the
neutrino “floor” being the largest cross section for each mass where this transition occurs. For a
high-performance directional detector this entire region would be white, as the value of n would
never exceed two. We also show existing limits from other direct DM searches as of the time of
writing [37,80-93].

sensitivity of a fully directional experiment that has access to full 3-d vectorial (as opposed to axial,
i.e. without head-tail) information about every single event scales very favourably with exposure. In
the case of a non-directional experiment, this scaling becomes worse than the Poissonian expectation
~ 1/v/MT due to the fact that the neutrino signal mimics a DM signal for certain DM masses. A
directional experiment circumvents this theoretical boundary entirely, and sensitivity scales almost
as the background-free expectation of ~ 1/MT at the low-mass end [46].

The key issue that remains to be understood is if a gas-based experiment can achieve, for one, the
energy thresholds and target mass needed to reach the neutrino fog, but also the angular performance
necessary to discriminate the two signals and probe through the neutrino fog. Addressing these issues
is the primary goal of the CYGNUS collaboration.
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3.3 CYGNUS

Though there are several proposed techniques for realizing directional detection experimentally, it is
safe to say that the majority of the community is converging around the gas TPC as the optimum
technology, both in terms of the potential directional performance, but also in terms of the scale-
up needed to be create a competitive experiment. Proponents of the gas TPC as the preferred
technique for doing a directional DM search have grown in number in recent years. The most recent
development has been the formation of the CYGNUS proto-collaboration [5], which is the joint venture
of several international groups [25,28,95,96] who have successfully run small-scale directional TPC
experiments in the past. These groups are now utilizing the continual improvements in advanced
readout technologies, that should be capable of detecting the nuclear and electron recoil events at
low energies, whilst also providing excellent direction reconstruction and discrimination between the
two. This acceleration in interest and technological capability has caused the vision of the CYGNUS
collaboration to expand beyond simply the discovery of DM, but into a range of other fundamental
and applied physics goals, perhaps most notably in the context of neutrino physics, which will be
the subject of the following section of this paper.

We point the reader to the recent feasibility study of Ref. [5] for details on the potential feasibility
of the ton-scale ‘recoil observatory’ that is put forward there. Here we will simply summarize the
key results from this paper and highlight some of the directions that future simulation and detector
R&D should move towards.

To reach the solar neutrino shoulder of the neutrino fog for GeV masses, a detector must have a total
target exposure around the ton-year scale, but potentially lower if nuclear recoil energy thresholds
can be lowered significantly. Bear in mind that for a typical TPC fill gases like SFg or CFy, all
solar neutrino recoils will be below 10 keV (true recoil energy). For lighter nuclei such as helium,
8B neutrinos generate recoils at much higher energies, but the CEvNS rate scales with the number
of neutrons squared, so this gas would suffer a factor 25 suppression in the event rate compared
to a fluorine-based one. Another consideration that has to balance this statement is the fact that
recoil directions are better preserved in a gas mixture containing a light target like helium than in,
say, pure SFg. So even if a TPC were filled with a high density target that allows it to observe the
neutrino background, that same gas could have such poor angular resolution, head-tail recognition
and electron discrimination, that it would provide no benefit over a non-directional experiment. This
is one of the key issues that needs to be resolved.

One possible baseline configuration for a directional experiment that would reach the neutrino fog
is the proposed ‘CyGNUS-1000" detector outlined in Ref. [5]. CyGNUs-1000 would have a fiducial
target volume of 1000 m?, filled with a 755:5 He:SFg gas mixture at room temperature and atmo-
spheric pressure, and with 1-3 keV, event detection thresholds, though this depends critically on the
chosen readout, as will be discussed below. This mixture has multiple advantages: it improves the
directionality of all recoil species, permits fiducialization in the drift direction via minority carriers.
Atmospheric pressure, on the other hand, provides a high event rate while also avoiding the need for
a vacuum vessel. This baseline configuration would observe 10-40 solar neutrino events, and already
have a non-directional sensitivity to DM-nucleon cross sections extending significantly beyond ex-
isting limits. For spin-independent nucleon interactions this sensitivity could extend into presently
unexplored sub-10 GeV parameter space, whereas for spin dependent-proton (SD-p) interactions it
would beat the most stringent limit set by PICO-60 [97] by several orders of magnitude.

To achieve good directional sensitivity and electron/nuclear recoil discrimination at energies below
10 keV, CyGNUS will require a highly segmented charge readout. This must also be complemented by
a drift length that minimizes diffusion of the ionization as much as possible while ensuring a decent
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Figure 3: Summary of the projected 90% CL spin-independent DM-nucleon cross section exclusion
limits as a function of the total fiducial volume of the detector-network comprising CYGNUS, along
with a few key physics measurement benchmarks that could be achieved at each stage. Target
masses are multiplied by a running time of six years so that CYGNUS-1000 corresponds to a 1 ton
year exposure, assuming a 755:5 Torr He:SFg gas mixture. The achievable threshold is dependent
crucially on the electron rejection factor, and as a consequence on the readout, gas mixture, and
track reconstruction algorithms all of which are under further investigation. Hence the thresholds for
the limits shown here are increased evenly between 0.25 and 8 keV, and for each increasing volume
to illustrate a possible range. Below the final volume an additional “search mode” limit is shown,
which would have 1520 Torr of SF¢ (as opposed to 5 Torr), but would have no directional sensitivity.
Reproduced from Ref. [5].

fiducial volume and readout planes that are not excessively large. A high electron rejection factor is
critical to ensure that the detector can operate free of internal background and allow the detector to
discriminate DM from CEvNS events as promised by the directional detection concept. The most
cost-effective way to achieve a highly segmented readout, low diffusion, and excellent directional
sensitivity simultaneously seems to be to use a strip-based readout with NID.® Limiting the drift
distance to 50 cm and using a back-to-back configuration as in Fig. 4, CyaNus-1000 would require
a 2000 m? readout plane. Large strip Micromegas planes from CERN meeting these segmentation
requirements are already available at a cost of order $12,500 /m?. If a radiopure version of these
detectors as well as preamps with integration time appropriate for NID are developed, then CYGNUS-
1000 could be constructed relatively soon and at quite reasonable cost. Assuming 20 million readout
channels at an electronics cost of US $1/channel for mass production, the total charge readout
cost of CYGNUS-1000 would then amount to US $45 million. Downstream DAQ, gas vessels and
shielding would add to the cost, but due to the ability of CYGNUS to operate with low noise at room
temperature and atmospheric pressure, these costs could be kept reasonable.

SImportantly though, electron drift used in combination with other readouts such as optical are not thoroughly
ruled out for a large-scale DM /neutrino observatory at this stage, and work to demonstrate their feasibility should be
encouraged, as we will discuss in Sec. 7.5.
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Figure 4: Schematic of the modular scheme envisioned to implement a CYGNUS recoil observatory
at a large scale. A N x 10 m? detector could be comprised of N back-to-back NID TPC modules.
Each module would have a central cathode and two readout planes so as to limit the maximum drift
distance to 50 cm and thereby minimize diffusion. Reproduced from Ref. [5].

Unlike most other direct detection experiments, CYGNUS is not envisioned to be a monolithic exper-
iment. Instead, a scheme of modularity would have to be implemented, such as in Fig. 4. An even
larger experiment could be realized by distributing further modules across multiple sites; formal and
informal agreements with Laboratori Nazionali del Gran Sasso (LNGS), Boulby Underground Lab,
Kamioka, and Stawell Underground Physics Laboratory (SUPL), have all been made for the devel-
opment of directional experiments, and could host the eventual network of CYGNUS detectors. As
well as simply facilitating a large scale gaseous experiment while maintaining low pressure operation,
the modularity and distribution of the experiment provides several additional benefits: systematics
could be controlled by comparison between detectors, and importantly, the modularity allows for
flexibility in the size and shape of the detector and allows for expansion at each site. Utilizing mul-
tiple detectors would allow also the use of multiple target gases and pressures to explore different
ranges of DM mass, different DM-nucleon interactions, and potentially optimize for the detection of
electron recoils rather than nuclear recoils in a fraction of the total volume. The latter optimization
could be essential if CYGNUS is to serve a dual-purpose as a DM and neutrino observatory, as we
will discuss in the following section.

While a low-density gas such as 755:5 Torr He:SFg is essential to maintain low-mass WIMP and
neutrino sensitivity with directionality, the planned segmentation of CYGNUS naturally enables
operation of parts of the detector with a higher-density “search mode” gas. If we choose a vacuum-
capable gas vessel design, then this would be capable of withstanding a 1 atmosphere pressure
differential. In that case the search mode could utilize 1520 Torr of SFg for a factor 300 boost in
exposure, and around a factor of ~17 boost in sensitivity at high masses. The beauty of CYGNUS is
that the exact partitioning of the target volume into low-density and search mode running can be
optimized and varied even after construction, and be responsive to new developments in the field.
This flexibility may prove particularly important for larger volume detectors, e.g. a CYGNUS-100k
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with a total volume similar to that of DUNE [98], which will require a substantial investment of
time and funding but could utilize directionality to penetrate deep into the neutrino fog perhaps
even at high masses.

An exciting physics program will be possible with the anticipated network of CYGNUS detectors, as
illustrated in Fig. 3. To move forward, after a fully optimized technical design is outlined, all of
the energy-dependent performance parameters of that design, including energy resolution, angular
resolution, head-tail recognition, and electron rejection, must all be validated experimentally. A
CyGNUs HD1 Demonstrator listed in Fig. 1 would be a 1 m? prototype with full drift length and
high readout resolution and should be achievable over a tentative timescale of a few years. This
experiment would already be sensitive to neutrinos if placed near a reactor or spallation source,
and would allow optimization for a next-stage solar neutrino search to begin. If, along with this
development, the intrinsic radioactivities of the components of the suggested strip readout can be
reduced to a level consistent with the measured electron rejection capabilities, then progress towards
a large-scale CYGNUS detector network would be well underway.

3.4 CYGNUS Internationally

The eventual CYGNUS experiment is foreseen to have a multi-site setup by design, involving collabo-
ration between multiple globally dispersed groups. This global configuration will aid in understand-
ing some additional systematics inherent to directionally-sensitivity experiments, but will also draw
upon the local expertise of the smaller groups who have all collectively run successful smaller-scale
gas TPC experiments in the past. In this section we briefly comment on some of the planned ad-
vancements of the different international groups as they prepare for an eventual coordinated effort
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Figure 5: Photographs of six prototype detectors used by different groups involved in CYGNUS,
and described in Sec. 3.4.

CYGNUS-HD (USA): The US groups in the CYGNUS collaboration have converged on advancing
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high-definition (HD) recoil imaging using TPCs with electronic charge readout. This effort is referred
to as CYGNUs HD. Previous and ongoing precision studies using ultra-high-resolution (pixel ASIC
and optical) charge readout in small prototypes at U. Hawaii [30] and U. New Mexico [99] have shown
that excellent particle identification capabilities, axial recoil directionality and head/tail sensitivity
can be achieved even below 10 keV... This is discussed further in Section 7.4. These studies have
also demonstrated the importance of advanced reconstruction algorithms in extending directionality
and particle ID to low recoil energies. Importantly, these studies have also informed the modelling
of recoil imaging detectors, and validated that simulation tools can reliably predict recoil directional
performance from the ground up, based on detector specifications. For example, the dependence of
angular resolution for recoils on detector segmentation and diffusion was validated with pixel ASIC
TPCs in Ref. [100]. The energy resolution of GEM based detector is explored in Ref. [101].

With the simulation tools validated, the simulation study [5] described in Sec. 3.3 revealed strip
readout as a very promising scale-up strategy. By combining custom CERN Micromegas amplifica-
tion planes with z/y strip readout and off-the-shelf CERN SRS readout systems, directionality in
the sub-10-keV,, regime could be achieved at substantially reduced (two orders of magnitude lower)
cost compared to pixel readout, with components that can be readily mass produced, while retaining
most of the pixel readout performance. This should enable large-scale recoil imaging facilities at
realistic cost. The initial target is to demonstrate the performance goals using electron drift gases,
with which single-electron sensitivity has already been achieved.

Construction of a 40 L fiducial volume CycaNUs HD prototype is well underway (as seen in Fig. 5),
and will be used to optimize the gas mixture and choose between several Micromegas types. A
1000 L fiducial volume CycaNUS HD1 Demonstrator, a unit cell prototype that will demonstrate the
critical ingredients of a large-scale facility, has also been designed and construction will begin this
year. This detector will use bi-directional drift and two 1 m? Micromegas x/y strip charge readout
planes. While both CyGNUs HD detectors will operate with electron drift gases as a baseline, the
natural R&D goal is to increase the gas gain with negative ion drift gases (where gain is typically
much lower) until individual primary electrons can be counted. Since the single-electron showers
are due to electron avalanching and have the time-scale associated with electron drift gases, this
electron-counting approach would allow the reuse of existing SRS readout electronics (designed for
electron-drift timescales) also for negative-ion gases where drift velocities are much lower. Beyond
negating the need to develop custom electronics, this would result in two very significant advances:
(1) substantially reduced diffusion—and therefore directional performance at low energies—due to
NID; and (2) improved energy resolution because electron counting removes the contribution coming
from avalanche variance. Some further steps to explore the use of NID in MPGDs will be discussed
in Sec. 7.6.

CYGNO (Italy): The CYGNO experiment (a CYGNus module with Optical readout) [27] is
being developed by a distinct collaboration who are working with and alongside the wider CYGNUS
community. The goal of CYGNO is to develop a high-resolution 3D gas TPC at atmospheric pressure
with an electron drift He:CF4 gas mixture. The experiment will be installed underground at LNGS
and used to search for low mass DM as well as solar neutrinos. To achieve this, CYGNO aims to
use Active Pixel Sensor based on scientific CMOS technology (sCMOS) and PMTs coupled to a
triple thin GEM amplification stage. The high charge gain of O(10°) achieved in this configuration,
together with the relatively high light yield due to the presence of CF4 of about one visible photon
per 10 electrons [102], allows the collection of about 1 photon per eV released in the gas. In parallel,
the collaboration is also pursuing the development of NID operation at 1 bar using the CYGNO 3D
optical readout technique.
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Using a 20 L prototype electron drift detector, CYGNO has already achieved 10% resolution for
fiducialization along the z-direction using a fit to the diffusion of the electronic cloud [103]. It has
also shown O(1 keV) energy threshold [104], and the capability to discriminate nuclear recoils from
%Fe events at 5.9 keV with 102 rejection of electron recoils and a 40% signal efficiency [105].

The CYGNO project will be developed through several phases to optimize the apparatus and improve
its performance, while mitigating any unexpected contingency:

e PHASE 0 (2022): installation of a large prototype (50 L of sensitive volume) underground
at LNGS to study performance in a low background environment and validate Monte Carlo
simulations.

e PHASE_1 (2024-2026): testing the scalability of the experimental approach in an O(1) m?
detector while studying and minimizing the radioactivity background due to apparatus ma-
terials. The PHASE_1 demonstrator will be based on readout modules having the PHASE_0
dimensions and layout.

e PHASE 2: depending on the results of preceding phases, a larger-scale experiment (30-100
m?) will be constructed to explore the 1-10 GeV DM mass regime with sensitivity to both
spin independent and dependent interactions, and the possibility to measure low-energy solar
neutrinos.

The PHASE_O prototype is called LIME (Long Imaging ModulE), see top left of Figure5. It has
a 33 x 33 cm? readout area and 50 cm drift length, for a total of 50 L active volume readout
by one sCMOS and four PMTs. LIME mounts a more performing camera with respect to older
CYGNO prototypes, and has demonstrated an energy threshold of 500 eV during commissioning in
overground Laboratori Nazionali di Frascati. The energy resolution on the *Fe peak is measured
to be 14% across the whole 50 ecm drift length, with full efficiency in the full 50 L LIME volume.
LIME was installed underground at LNGS in February 2022, completed with the auxiliary systems
that will serve the CYGNO PHASE_1. This will allow the detector performance to be tested in a
low radioactivity /low pile-up environment, characterization of the internal radioactive background,
and validation of the detector simulations.

CYGNUS (Japan): The Japanese group in CYGNUS has a long history conducting directional
DM searches with a series of gas TPC detectors under the name NEWAGE. Starting with a first
proposal to use MPGDs and CF, [106], NEWAGE then set the first directional limits [107] using a
gaseous TPC readout by a 30 x 30cm? u-PIC. NEWAGE started the underground study in 2007 and
continuously improved directional limits at Kamioka Observatory [28,108], and has also performed
a directional DM search using head-tail information [109]. A versatile analog front-end chip called
LTARS, was developed for negative ion TPC readouts in collaboration with KEK [110], which is
being tested by the CYGNUS-UK group. One important milestone achieved by the Japanese group for
the negative ion TPC development was the simultaneous detection of the three-dimensional tracks
and the absolute drift length [111]. A low radioactive background p-PIC was developed as one of
the standard CYGNUS strip readouts [112].

CYGNUS (UK): The UK'’s involvement in CYGNUS stems from the pioneering success of the
DRIFT experiment developed with US groups, and hosted at the Boulby Underground Labora-
tory [25]. The 1 m3 DRIFT-IId experiment and Ile vessels remain operational at Boulby and are
available for international CYGNUS R&D activity. Meanwhile, the UK activity in CYGNUS is oriented
towards three areas, key to the scale-up and low-energy sensitivity ambitions of the collaboration,
namely: (1) development of machine learning techniques to improve separation of electron and nu-
clear recoil signals at low energy; (2) development of active gas recirculation infrastructure to reduce
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radon-related backgrounds and mitigate against gas impurities that suppress gas gain; and (3) the
development of new low-background and high-gain strip charge readout technology with negative
ion gases. Re-analysis of DRIFT data has recently demonstrated the potential for machine learning
to lower discrimination thresholds [113]. On gas processing the group has successfully demonstrated
new low background radon scrub molecular sieve systems [114] and has built a gas recirculation
demonstrator suitable for scale-up for CYGNUS prototypes. This is intended for field tests with
CyaGNUs-Japan groups at Kamioka Laboratory and in cooperation with CYGNO.

Regarding charge readout planes, the vision is to explore techniques than can combine sufficient
position resolution for CYGNUS without compromising on low background, including allowance for
operation with negative ion gases. This includes development of a novel hybrid GEM-Mulitwire
Proportional Chamber [115]. Here gas gain is achieved using a thick GEM amplification stage but
with the signal read using wires, thereby benefiting from the low capacitance and low background of
the MWPC technology. Recent work has focused on new Multi-Mesh thick GEM devices developed
with the CERN MPGD group and also on large-area strip readout [116]. The former have now
demonstrated gains >3000 with negative ion gas SF6 when operated with a Micromegas readout.
Ongoing work here is towards operation of this readout with CERN SRS electronics and the LTARS
front-end electronics developed by CyGNuUs-Japan, and to demonstrate operation with He:CF4:SFg
mixtures at atmospheric pressure. This is an important objective of CYGNUS, to enable low DM
mass sensitivity and affordable scale-up. The short-term plan is to undertake comparisons of the
various readout planes in the CYGNUS-Japan test vessel and in cooperation with the U. Hawaii

group.

CYGNUS-Oz (Australia): Finally, The Australian contribution to CYGNUS is currently focused
on the CYGNUSs-1 prototype. This TPC contains a 1.5 L fiducial volume with a maximum drift
length of 20 cm. The prototype’s gas control system can supply arbitrary tertiary mixtures of gases
and is able to operate between atmospheric pressure and ~10 Torr. There is currently a dual charge-
optical readout using an MWPC and a photomultiplier tube to read out signals from the GEM gain
stage. There are near-term plans to add an intensified camera optical readout, which will permit the
triggered acquisition of z/y track images with superb signal-to-noise. The avalanche scintillation
yields of negative ion gas mixtures are poorly studied, and CyGNUS-1 is intended to study the
charge and light signals of a variety of gas mixtures, with a focus on those containing SFg. In
addition to detailed detector studies, the prototype will be used as a testbed for technical challenges
associated with operating a larger gas TPC, making use of the trace element analysis facilities at
the Australian National University, which hosts the prototype. This work will include studies of gas
capture, recirculation, impurities, and the screening of detector components for radioactivity.

4 Neutrinos

We have discussed the role played by recoil imaging detectors as instruments to one-day discover and
study DM interactions. However many of the same techniques, and even the same experiments as
those we have discussed, are extremely well suited to studying neutrino interactions as well. In prin-
ciple, both nuclear and electron recoils resulting from neutrino interactions should be measured and
distinguished from one another in a single detector. Although so far we have introduced neutrinos,
in particular CEvNS, as a critical background for DM searches, one experiment’s noise is another’s
signal. Indeed, the science case for underground DM experiments to use their eventual neutrino
background as a tool to study neutrinos is a subject that has been explored extensively over the last
few years [56,67,72,117-134]. In the case of a directional experiment, not only is there the potential
for superior background rejection and particle identification, but there may be interesting signals
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present in angular spectra that would be completely invisible to nondirectional DM experiments,
whilst being at too low energies for neutrino observatories. In this section, therefore, we will discuss
the ways in which recoil imaging in MPGDs, and directional detection more broadly, could be a
route towards new discoveries in the neutrino sector.

4.1 Coherent elastic neutrino-nucleus scattering

Elastic scattering between nuclei and neutrinos is one of the more active frontiers of neutrino physics
that has emerged recently®. After COHERENT’s first detection of CEvNS using a stopped pion
source [9,10], many more dedicated experiments have been proposed to test this prediction of the
SM [136-138]. As discussed above, the importance of CEvNS in the context of natural sources of
neutrino is well-appreciated—Dbeing a crucial background to the upcoming generation of direct DM
searches. However, the physics case for precision studies using an artificial neutrino source, such
as a spallation source in the manner of COHERENT [139] or a reactor [140-147], is extensive. So
far, the CEvNS cross section, as measured with both Csl [9] and LAr [10] targets, appears to be
consistent with a Z boson exchange as predicted by the SM. However, as a flurry of recent theoretical
studies have shown, this channel is a potentially promising way to probe the fundamental nature of
neutrino interactions [148-156], explore lepton unitarity and sterile neutrinos [157,158], evaluate the
electromagnetic properties of neutrinos [159-161], or even to reveal the existence of new mediator
particles [162-164]. The latter could thus open up doors to probe undiscovered dark sectors of
particle physics, as will be discussed in the following Sec. 5. Moreover, even in the absence of any
signal for new physics, simply measuring the SM process itself also has important implications for
high-energy physics, astrophysics, nuclear physics [11, 160, 165-168], as well as reactor monitoring
and safeguard applications. Hence new experiments to test the fundamental nature of CEvNS in
new ways are important. A notable example is that although the angular dependence of CEvNS is
well-predicted [12,46,169], it has never been measured in any form. We highlight here the ways in
which a direction-sensitive search could be fruitful.

One immediate reason why detecting the direction of the nuclear recoil originating after CEvNS may
be crucial is that it provides information that cannot be extracted from the energy spectrum alone.
This is useful for more than just background rejection, because directional information encodes
additional kinematic information which, in the best-case scenario when the neutrinos have a single
known initial direction, can allow for the event-by-event reconstruction of the original neutrino energy
spectrum. Moreover, if combined with precise-enough timing information, a directional measurement
of neutrinos originating from a beam could allow the subtraction of other SM backgrounds and
thereby search for new physics. Since the directional dependence of CEvNS has never been measured,
such an experiment could be agnostic about any reasons why it would depart from the SM. However,
as a simple demonstrative example, say there was a new GeV-scale mediator that also contributed
to the CEvNS. This would generate distinct and prominent spectral features in both the angular
and the recoil energy spectrum [12] which a recoil imaging detector would be able to disentangle
from the SM contribution even for nuclear recoil thresholds as high as 50 keV. The same principle
would allow a directional experiment to make more precise measurements of SM quantities involved
in CEvNS;, such as the Weinberg angle or the neutron distribution inside nuclei [11].

4.2 vBDX-DRIFT

The idea to detect CEvNS directionally using a next-generation neutrino facility is currently being
pursued for YBDX-DRIFT experiment [11]. An initial proposal was put forward to place a negative-

6See Ref. [135] for a dedicated Snowmass white paper on the subject
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Figure 6: Left: Sketch of the back-to-back NID TPC design of the vBDX-DRIFT detector, with
a central cathode and two readouts along the plane perpendicular to the neutrino beam direction.
Right: CEvVNS event yield in a 10 m?® experiment over 7 years for each nucleus present in CSs, and
as a function of the vessel pressure/energy threshold.

ion TPC behind the NuMI proton beam dump at Fermilab, with the longer-term goal of operating
a TPC at the DUNE Near Detector Complex.

There are several proposals for experiments that would build upon two the successful implementa-
tions of NID in a TPC done by the DRIFT experiment. As discussed in the previous section, NID
allowed DRIFT to have the lowest energy threshold and best inherent directional sensitivity of any
limit-setting, directional DM detector, including background-free limits [170]. With its unique direc-
tional and background rejection capabilities, DRIFT’s negative ion TPC technology is ideally suited
to search for nuclear recoils in beam dump experiments, and a proposal was developed to search
for light DM recoils behind an electron beam dump at JLab [171]. Preliminary work, including a
test run at SLAC, suggests that a Beam Dump experiment using a DRIFT detector, BDX-DRIFT,
would have sensitivity rivaling the best limits on light DM and provide an unequivocal directional
signature in the event of discovery [172]. The ¥YBDX-DRIFT experiment then would extend this idea
and place a detector behind a proton beam dump, such as in the DUNE Near Detector Complex.

The Near Detector Complex is 100 m underground. The beam timing structure at the NuMI beam is
such that backgrounds are expected to be reduced to negligible levels. Proton beam-dumps produce
a plethora of neutrinos, particularly the Long Baseline Neutrino Facility (LBNF) beam, which is
optimized for neutrino production. Thus, in addition to traditional beam-dump searches for light
DM we can also search for beyond the standard model (BSM) neutrino interactions. A 1 m? detector
run for several years at the DUNE Near Detector Complex would detect several hundred CEvNS
events, potentially confirming recent CEvNS detection results [9,10], but with minimal background.
Off-axis and directional sensitivity will provide vyBDX-DRIFT signatures to search for new physics
even in the presence of a neutrino background, opening up a new window to search for BSM physics.

A recent study [11] evaluated the event rates, backgrounds, and performance on the sensitivity
to a number of physics measurements of a 10 m? experiment placed at LBNF. The design under
consideration, shown in Fig. 6 (left), was a back-to-back NID TPC filled with a 40:1 Torr CS2:02
gas mixture. This design is similar to the one used by the DRIFT collaboration for DM, and to the
design proposed for 10 m® CyGNUS module shown in Fig. 4. The use of the LBNF is interesting
in this context as it provides a way to probe CEvNS in the higher energy F, ~ 100 MeV window,
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Figure 7: Expected number of nuclear (left) and electron (right) recoil events as a function of the
cosine of the angle away from the Sun. The calculated rates assume a 740:20 He:SFg gas mixture
at 1 atmosphere, and a volume of 1000 m? run for five years.

compared to reactor and SNS sources using Ge or Csl targets respectively. Usually this window is
thought to be challenging due to the need for sufficiently low backgrounds, however this challenge
can be addressed by the inclusion of directional sensitivity. For the high energy neutrinos in the
LBNF beamline, one can optimize the pressure to balance the need for high target mass, but also
a low energy threshold which is not possible if the gas density is too high. As can be seen in
Fig. 6 (right), a pressure of ~ 400 Torr (corresponding to thresholds of 77.1 keV for carbon and
205.5 keV for sulfur) maximizes the event rate to around 370 events over seven years—at higher
pressures (i.e. thresholds) the event rate is suppressed due to the nuclear form factor of sulfur. Such
a configuration could provide percent-level measurements of the Weinberg angle in the [0.1,0.4] GeV
renormalization scale window. The directionality allows for a suppression in the neutrino-induced
neutron background relative to the CEvNS signal by a factor of around 20, potentially facilitating
many other novel BSM searches not possible in other detectors.

A 1 m? vBDX-DRIFT detector is available to be deployed in the NuMI beam at Fermilab, with the
intention to use the knowledge gained in those runs to inform a subsequent experiment at DUNE.

4.3 Solar neutrinos

The Sun is the most prominent source of natural neutrinos with energies that are readily measurable
in gas detectors via nuclear or electron recoils. There are several well-known fluxes, generated by
the nuclear fusion processes involved in the Sun’s energy generation. As we have already discussed
in Sec. 3, the fluxes of highest energy—°B and hep neutrinos—will generate the majority of the
nuclear recoils via CEvNS and will therefore be a key background for the upcoming generation of
DM searches. These ~10 MeV fluxes are what give rise to the region of the neutrino fog that is
closest to present exclusion limits, as shown in Fig. 2.

For a fluorine based target, the majority of CEvNS events from solar neutrinos will lie beneath
10 keV, but even with the worst-case 8 keV, threshold estimated by Ref. [5], CYGNUS-1000 would
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be able to observe around O(10) CEvNS events over a few years. For a more optimistic, but still
foreseeable, threshold of 1 keV, this number can rise to 30—50 depending on the density of a fluorine-
based gas relative to helium. This level of event rate would already be sufficient to begin some
limited spectroscopy on the high-energy tail of the solar flux, and could likely represent the first
directional measurement of CEvNS with a natural neutrino source.

However, even before the very large-scale and low-threshold gas TPC experiments become available,
there is scope to do interesting and novel neutrino physics using solar neutrinos with the intermediary
10 m?® experiments planned for CYGNUS (see Fig. 3). The more favourable kinematics of elastic
neutrino-electron scattering leads to recoil energies in the 100s to 1000s of keV. This means that the
strongest—but lowest energy—flux of the solar neutrinos from pp reactions would be observable to
an experiment with O(10kev) thresholds. The electron recoil directions would also be more strongly
peaked back towards the Sun compared to CEvNS, which yields very wide scattering angles, further
aiding background rejection. See for example Fig. 7 where we compare the angular spectra of solar
neutrino-induced nuclear and electron recoils. One can see, that a similarly configured CYGNUS-1000
experiment operating over a few years, would yield several hundred solar neutrino electron events.
A 5 keV threshold was assumed here, but the electron recoil spectra are much flatter in energy
compared to CEvNS, so there is much less sensitivity to the precise recoil energy threshold.

The science case for doing neutrino physics with a gas detector is therefore much more substantial
when considering electron recoils instead. This was realized already in proposals from the 1990s [6-§],
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but has not be followed up since. The key advantage brought by directionality is a result of the fact
that the Sun generates neutrinos from a fixed direction. In principle, with a well-measured recoil
energy and angle with respect to the Sun, each solar neutrino energy could be reconstructed event-
by-event, thereby enabling an empirical measurement of the solar neutrino energy spectrum. This is
crucial when considering the fluxes that are most desirable scientifically. While the majority of the
event rate would arise from pp neutrinos for which the flux is relatively well-understood [173,174],
there are several interesting fluxes, in particularly those from the Sun’s CNO cycle that are of great
interest from a solar physics standpoint, but are hidden beneath other fluxes. This flux has only
very recently been observed by Borexino [175]. Many fluxes are almost degenerate with one another
when only recoil energy is available, however with the added directional information, in principle,
they can be separated.

There are several important issues that must be addressed to evaluate the potential for gas detectors
to do solar neutrino physics with electron recoils. One is the optimization of the gas density—just
like in the case of DM, ideally we want to maximize the event rate, but also need to maintain good-
enough angular and energy resolution to precisely reconstruct the electron recoils. The electron
tracks are much longer at the relevant energies however, so it is likely that a solar neutrino search
could tolerate a much higher gas density than the baseline CYGNUS configuration, i.e. with a higher
fraction of SFg. Four estimates for the sensitivity to overlapping solar neutrino fluxes are shown in
Fig. 8 taken from a recent study in the context of the CYGNUS experiment [176].

We show here the expected 1o measurements on one flux (left) and 2o contours on two fluxes (right)
for 1000 m? experiment using 740:20 Torr of He:SFg and running for five years. The four cases
correspond to four rough performance benchmarks for head-tail recognition, angular resolution, and
energy resolution, where the lightest blue corresponds to no directional sensitivity at all, and the
darkest blue is a high-performance benchmark that is based on the limitations set by the effects
of multiple scattering, diffusion, and readout resolution, which would limit the angular resolution
to approximately 15° at around 50 keV. While these performance benchmarks are just a proof
of principle, they clearly demonstrate that increasing directional performance alone can lead to a
massive jump in the physical potential in terms of measuring these fluxes, without any increase in
event rate.

Another issue that could severely limit the potential sensitivity of a search like this, is the size of the
electron background. Electron backgrounds in the (100 keV) range are not as well-studied, however
estimates would suggest that without dedicated screening of materials the electron background rate
could be orders of magnitude higher than the neutrino rate. The importance of this is expressed in
the left-hand panel of Fig. 8, where we can see that the size of the background relative to the pp
rate is what limits the sensitivity to reconstruct its flux precisely. However, as seen previously, when
the directional performance is good, a background rate much higher than the neutrino rate is still
tolerable, while making a competitive measurement.

It should be highlighted that although a solar neutrino detection could be made even in a 10 m?
module, it is unlikely that a gas-based detector would be fully competitive with dedicated neutrino
observatories. Instead we frame this physics motivation behind the complementarity between multi-
ple experiments, and the fact that these measurements could in principle be done in conjunction with
nuclear-recoil-based searches, e.g. for DM. Nevertheless, the physics case, especially for the large
scale detectors is important. In particular a better measurement of the CNO flux would go some
way to resolving a long-standing puzzle surrounding with the Sun’s heavy element content known
as the solar abundance problem [177]. A directional measurement, as shown above, would not only
help measure multiple fluxes independently and with lower degeneracy, but also at much lower en-
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ergies than, say, Borexino whose threshold is ~160 keV. Currently, Borexino’s measurement of the
combined CNO flux is not at the level needed to provide a firm resolution to the solar abundance
problem, so any further data would undoubtedly help, thus making a compelling case for ton-scale
gas TPCs.

4.4 Non-solar neutrinos

For nuclear recoils, the most interesting source apart from the Sun is the possibility of a nearby
burst of 10 MeV-scale neutrinos coming from a Galactic supernova. An explosion occurring at
distances closer than 3 kpc would be sufficient to produce a measurable number of highly energetic
nuclear recoil events in a 1000 m? scale detector operating at atmospheric pressure. Naturally, if
a SN occurred much closer than this, then neutrino events would be guaranteed, possibly even in
small-scale prototype experiments.

For electron recoils on the other hand—which typically allow experiments sensitive to keV recoils
to access MeV neutrino energies—the most interesting source beyond solar neutrinos would be the
constant flux of 7, coming from the Earth known as geoneutrinos. The energies are typically very low
< 4.5 MeV, and so is the expected flux. The physics case backing a potential dedicated geoneutrino is
substantial from the point of view of geophysics, in particular if such an experiment had directional
sensitivity. For instance a 10 ton-scale gas detector operating for 10 years would be capable of
a 95% CL measurement of the “°K flux [129] and go some way to understanding the radioactive
contribution to the Earth’s surface heat flow [178,179]. However ensuring good directionality of
electron recoils at such a large scale will be something that must be evaluated further in the future.

4.5 Tau neutrinos

Another opportunity brought via recoil imaging, specifically in the context of noble gas experiments
is the study of v, interactions. Another major goal for the next decade of particle physics, the
value of studying tau neutrinos is clear: precise measurement of neutrino oscillations in the v,
appearance and disappearance channels would directly test the unitarity of the neutrino mixing
matrix [158,180-182]. Any deviation from unitarity would suggest a portal into physics beyond
the SM. Yet, with a global sum of 21 identified v, candidates [183,184], tau neutrinos remain the
least experimentally probed particles in SM. Super-Kamiokande [185, 186] and IceCube [187] have
developed statistical methods to separate the tau neutrino component in the atmospheric flux, and
upcoming experiments such as DeepCore [188] or DUNE [189] plan to use similar techniques. Yet,
the only technology deployed to select v, charged current interactions via the tau identification at
accelerator neutrino energies is nuclear emulsion. This guarantees excellent tracking (1 wm in the
active volume), but the long timescales and awkward data acquisition methods involved in emulsion
readout makes scalability of such techniques impractical.

Experiments addressing DM searches with directional techniques and experiments aiming to detect
taus in v; charged current interactions face some similar challenges. In order to overpower the
small cross section of neutrino interactions or to compete with the current stringent limits on DM
scattering, they must utilize a large target mass, requiring a detection medium with the highest
possible density. Additionally, this large mass needs to be instrumented with an extremely fine-
granularity tracking capability of order of tens of microns, to reconstruct directions of very low energy
recoils or to identify the short-lived tau particle. This capability must, furthermore, be employed
in such a way that the extreme channel density does not become a prohibitive technological hurdle
for a large detector. This is why an MPGD using a gas such as argon, SFg or SeFg, may be the
optimal approach. Achieving the required sub-mm track resolution, while also instrumenting the
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entire volume however will be a key challenge for the next decade if recoil imaging is to be feasible.
Some specific R&D directions along these lines that have already been planned will be discussed in
Sec. 7.8 and 7.9.

5 Beyond the SM

5.1 Searches for BSM physics using a neutrino source

Measurements using artificial neutrino sources, such as a reactor, stopped pions, or beam dumps,
all offer a potential gateway to beyond-the-SM physics. These could include the detection of up-
scattered heavy neutrinos, axion-like particles [190, 191], and light DM candidates [192], which
may produce novel signatures in angular spectra. With even higher statistics, constraining and
disentangling a wide range of additional mediators that could be involved in CEvNS could also
greatly benefit from additional information present in the angular distribution [11,12]. Though the
measured CEvNS cross section is consistent with the SM, there is still room for beyond-the-SM
corrections below experimental bounds [193]. In the context of DM detectors, the effects of new
mediators taking part in CEvNS have been considered, for example, in Refs. [67,72,124,127,194].
As well as providing opportunities for discovery, the added uncertainty in the CErNS background
also presents problems for conventional recoil detectors. As we discussed earlier, the height of the
neutrino floor is controlled by the neutrino event rate and its uncertainty. Non-standard interactions
and additional mediators have the potential to increase both. In particular, the event rate at low
energies relevant for GeV and sub-GeV WIMP searches is precisely where there is substantial room
for large deviations from the SM. Conducting a directional search to unravel these subtleties and
distinguish them from a potential DM signal, is therefore even more warranted.

Recently, several neutrino experiments have performed searches for sub-GeV DM-like particles pro-
duced in bremsstrahlung processes at beam dumps, with a putative experimental signature being a
nuclear recoil [192,195-198]. The primary concern of such a dark particle appearance search is the
SM neutrino background. However when this idea is applied to potential searches at neutrino ex-
periments, e.g. COHERENT [199], CCM [200], JSNS? [201], it is envisioned that timing and energy
spectra could be used to isolate the SM background on the basis that the SM neutrinos should come
from the prompt decays of 71 and delayed decays of u™ [192,198]. For various types of new feeble
interactions via scalar/gauge boson mediators, a signal could be distinguished from the SM back-
ground even in the absence of timing measurements, by measuring the recoil spectra and angular
distribution with a direction sensitive detector.

Other BSM searches made possible by placing a directional recoil detector near to a neutrino source
involve the search for up-scattered heavy neutrinos. Nuclear scattering from neutrinos or some
other feebly interacting species could produce both additional particles such as heavier sterile neu-
trinos [148,150,150,202], or perhaps a heavier state of the original particle, if the new physics existed
in a spectrum similar to inelastic DM scenarios. These heavy particles may decay within or outside
the detector. If they decay occurs within the detector, the angular and recoil energy spectra would
be able to distinguish this scenario from the SM background. However, if the heavier state decays
into electrons or photons within the detector’, then the angular and energy spectra of the electrons
or photons would provide important additional handles.

"This is one possible explanation [203-205] for the low energy excess in the MiniBooNE data [206].
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5.2 Axion-like particles

Axions are hypothetical pseudoscalar particles [207-212], proposed in the late 70s to solve the
strong CP problem of quantum chromodynamics (QCD) [207,208]. As well as being the only widely
accepted solution to this fundamental problem of the SM, axions could also be copiously produced
in the early Universe, so are a compelling candidate for DM [213-217]. It is common to generalise
the original QCD axion to a broader class of axion-like particles (ALPs) which are not involved in
solving the strong CP problem, as many such particles appear in theories of physics beyond the SM
(a prime example being string theory [218-224]) and could also play important roles in astrophysics
and cosmology. The search for axions, ALPs, and other light and feebly interacting particles, is one
of the major frontiers of particle physics right now, with a healthy experimental program that is
just on the horizon.

Axions and ALP models are be constructed to have several well-motivated interaction channels with
SM particles [224]. One of the most important of these interactions experimentally is the axion-
photon coupling, which permits the conversion of axions into photons and vice-versa, in a process
known as the Primakoff effect. This interaction facilitates many dedicated experimental techniques
(one of the most notable ones will be detailed in the next section). ALPs are expected to also have
derivative couplings to fermions, permitting their detection in recoil-based searches as well.

Recently it has been realized that some of the same neutrino experiments as discussed in the previous
section could be used to test for the existence of an ALP. This is because photons produced in beam
dumps can create ALPs via Primakoff, and/or Compton-like processes [190, 191, 225], which would
then travel to the nearby neutrino detector and be detected after they decay via the inverse Primakoff
or Compton-like processes. The ALP can produce two photons or electrons when it decays, and the
non-observation of these decay products would provide stringent constraints on the ALP parameter
space, particularly for ~MeV masses. The advantage of a directional detector is, again, the fact
that the angle-energy spectra of the electrons and photons would provide an important discriminant
against the background.

As well as a pure search for physics beyond the SM, ALPs may also comprise the DM that makes
up the galaxy, and can be detected using the same underground recoil searches described in Sec. 3.
However, in this case the signal would not be a nuclear recoil. Instead, ALPs (or other light
bosonic DM candidates such as dark photons [226, 227]), would undergo absorption processes in
atoms [228], resulting in the emission of photoelectrons with energies equal to the DM mass [229].
Therefore electrons from keV-mass particles would readily be observable in most GeV-mass DM
nuclear recoil searches. The key issue is how to separate these signal electrons from all other sources
of electron recoils. A major advantage of directional detectors in this context is the ability to not
just discriminate electrons from nuclear recoils, but to discriminate many sources of electron recoil
from each other. The event rate of electron recoils will essentially follow the angular dependence
of the photoelectric cross section of the target atom or molecule. Unfortunately, it was recently
pointed out that all underground limits on the ALP-electron coupling for DM masses above 6 keV
are in fact superseded by limits from the 1-loop decay to two photons [230]. Therefore extremely
low backgrounds, and sensitivity to very low energy electron track directions will be needed to be
competitive.

5.3 MPGD development for IAXO

The most widely sought-after interaction channel between axions and the SM is through their cou-
pling to the photon. The axion couples to electromagnetism via a term in the Lagrangian propor-
tional to E-B, with a strength parameterized by an effective 2-photon coupling g,. This term allows
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the conversion of an axion into a single photon in the presence of an electromagnetic field which
supplies a virtual photon [231-233]. The axion-photon conversion probability scales with square of
the applied magnetic field strength, so axion experiments are usually involve large and powerful mag-
nets. A comprehensive and recent review on experimental axion searches can be found in Ref. [234].
We also provide an overview of current limits in Figure 9, with some estimated projections for future
bounds shown as dashed lines.
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Figure 9: Sensitivity plot of axions experiments in the primary g,y —m, parameter space. Current
(solid) and future (dashed) experimental and observational limits. The yellow band represents the
standard QCD axion models and the orange line the benchmark KSVZ model.

In this section we concentrate on the “helioscope” technique pursued by the international axion
observatory (IAXO) [235]. Axions can be produced in the solar core via several process [236-239],
giving rise to a relativistic flux at Earth in the energy range 1-10 keV. The helioscope technique aims
to back-convert these axions into X-ray photons with the use of a long magnet pointed at the sun.
This detection mechanism is highly complementary to other searches for axions and ALPs [235,240—
242], and can service a number of other science goals such as the exploration of solar physics [243,244],
or the detection of other particles such as chameleons [245-249].

The helioscope technique was first applied in [250] and later by the Tokyo helioscope [251-253].
Since then the concept was been used by the CAST Collaboration [254-260] who used a 10m long
decommissioned LHC test dipole magnet to provide a 9 T magnetic field along its two parallel pipes
of 2x14.5cm?. The CAST magnet can point and track the Sun over 3h per day using a rotating
platform, with the rest of the day devoted to background measurements.
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Several X-ray detectors have been used by CAST since the beginning of the experiment: a conven-
tional TPC [261], a CCD [262], gaseous Micromegas-based TPCs [263] and an Ingrid TPC [264].
CAST was the first helioscope that applied low background techniques to X-ray detectors, previ-
ously employed in other rare event searches, like for DM and double beta decay. Another important
innovation was the use of X-ray focusing mirror systems, which increased the signal-to-noise ratio
and the sensitivity of the experiment. One involved a mirror from the X-ray astronomy mission
ABRIXAS [265] coupled to the CCD or Ingrid TPC, whereas the other was a mirror specially de-
signed for axion detection using NuSTAR tooling, which was coupled to a Micromegas detector [266].

CAST has been taking data since 2003 and has now set the most stringent experimental limits on
the axion-photon coupling of g,, < 0.66 x 10719 GeV~! (95% CL) for almost the entirety of the mass
range below 0.2 eV. In the first phase of the experiment, the CAST magnet operated in vacuum
to probe masses low masses, but then extended its sensitivity up to higher masses by operating
the magnet with “He and *He at different pressure settings, eventually obtaining high continuous
sensitivity up to m, =1.17eV [267]. The International AXion Observatory [235,268,269], IAXO,
a new generation of axion helioscope, aims to improve on the CAST sensitivity by 1-1.5 orders of
magnitude. The conceptual design consists of an 8-coil toroidal magnet with 60 cm diameter bores
equipped with optics focusing X-rays into 0.20 cm? spots coupled to ultra-low background detectors.
The magnet will be on a platform that would allow solar tracking for 12 hours per day.

BabyIAXO [270] is an intermediate scale experiment with a single bore magnet but with similar
dimensions to the full TAXO bores. BabylAXO will be a test bench for the magnet, optics, and
detectors, that will provide a competitive physics outcome whilst also mitigating any risks for the
full IAXO experiment. Data-taking is expected to begin in 2025. Direct DM detectors are also
sensitive to an axion-photon coupling via inverse-Primakoff scattering. A large generation-3 xenon
detector could even have sensitivity that is competitive with IAXO [271].

The Micromegas detectors developed for the CAST experiment are the baseline technologies for
IAXO’s X-ray detectors. The greatly improved background levels were a result of several different
factors: A new manufacturing technique called Microbulk [272] which led to high intrinsic radiopu-
rity; the optimization of the passive and active shielding; and the refinement of background rejection
algorithms. The Micromegas detectors of CAST have been in continuous evolution since 2002 with
different Micromegas technologies and shieldings. At the start of CAST, only one detector out of
the four installed was a Micromegas, but thanks to the achieved performances, all four have been
based on Micromegas technologies since 2004. The detector installed in the 2014 CAST data taking
campaign on the “sunrise side” presented major novelties: it was the first time a Micromegas detec-
tor was operated with X-ray optics specially designed and built purposely for an axion application.
The total efficiency of the detector, taking into account all the losses due to thin windows, is ~75%
between 2-8keV. The background level of the detector has been improved over previous designs,
reaching a value of (1 4+ 0.2) x 10 5counts keV~! ecm™2 s=! [266] the lowest achieved at CAST.
This system can be considered as a technological pathfinder for TAXO with a series of improvements
as the background level needs to be improved by a factor 10. A substantially improved muon veto
system should bring the detector background down further to ~ 1 x 10~ "counts keV~! cm™2 g1
which is considered a realistic target for the BabylAXO detectors. Currently tests are being done in
the University of Zaragoza with the IAXO pathfinder detector and 47-veto. A picture of the set-up
is shown in figure 10.

Y

Additional improvements beyond this level are possible, following improvements in shielding and
veto extensions towards the pipe to the magnet, moving to a Xe-based operation and new elec-
tronics. A new version of the detector has been designed implementing these improvements. A
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Figure 10: TAXO-DO setup surrounded by the ~ 4m plastic scintillator system to veto cosmic
muons.

multi-approach strategy coming from ground measurements, screening campaigns of components of
the detector, underground measurements at Canfranc underground laboratory, background models,
in-situ background measurements should allow to improve the current level of background and could
potentially lead to ~ 1 x 10 8counts keV~! cm™2 s7! levels.

GridPix detectors are an evolution of the Micromegas technology where the Micromegas mesh is
produced by photolithographic postprocessing techniques on top of a pixelized readout chip allowing
small feature sizes and precise alignment [264]. Each grid hole of the mesh is aligned to one pixel
allowing single electron detection. A GridPix detector was developed installed and operated in the
CAST experiment in 2014-2015 with an energy threshold of 300 eV and achieving background levels
of ~ 1 x 10~ 5counts keV~! em=2 s~! [248,264]. Background levels were improved in the last data
taking run by introducing active cooling, an active muon veto, and recording the mesh for triggering
purposes and background discrimination.

In order to further improve background levels for BabylAXO, the radiopurity of the GridxPix de-
tector will be optimized by developing new polyimide printed circuit boards and finding radiopure
materials for the mounting of the detector on the beamline. In addition, the successor of the TimePix,
TimePix3 [273] will allow a fully three-dimensional reconstruction of the charge cloud associated with
the X-ray conversion can be exploited for improved background rejection. Furthermore, dead-time
free readout can be achieved. With the combination of all these efforts, background levels similar
to the ones obtained with the Micromegas detector should be within reach.

6 Other applications

So far we have discussed the ways in which recoil imaging could service scientific discoveries in the
frontiers of DM, neutrino physics, and in searching for new physics lying beyond the Standard Model.
Although these fields represent the ultimate goals of many experimental collaborations pursuing
recoil imaging, fundamental physics is not the only motivator behind the concept in general. Indeed,
there is a slew of other applications for recoil imaging. Many of these are scientifically worthwhile
in their own right, but importantly they can also represent feasible short-term measurements that
are stepping stones towards more ambitious experiments in the long-term.
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6.1 Directional neutron detection

Recoil imaging can be used to achieve direction-sensitive neutron detection. In the case of the most
common application—directional detection of fast neutrons by imaging nuclear recoils resulting
from elastic neutron-nucleus scattering—the recoil energies involved are typically higher (up to
O(100) keV) than those expected from DM scattering (O(10) keV). Therefore, directional fast-
neutron detection is slightly less challenging and a good stepping stone on the way towards directional
DM detection. At the same time, both directional neutron and DM detection benefit from lower
energy thresholds, so many of the technological challenges are shared.

Several groups working towards directional DM detection with gas TPCs have already successfully
demonstrated smaller-scale directional neutron detectors based on optical readout [274], strip-based
charged readout [275], and charge readout via pixel ASICs [30]. These TPCs are relatively portable,
compact, tolerant of high signal and background rates, and capable of measuring both the energy
spectrum and directional distribution of a neutron field. So far, such detectors are not in wide use,
but a number of diverse applications appear feasible and have been proposed: these include direc-
tional neutron background monitoring at underground labs, directional detection of special nuclear
material, fuel rod monitoring, monitoring of atmospheric neutrons, and possibly even monitoring of
neutrons in space.

For example, the BEAST TPC detectors developed at the University of Hawaii [30] have been
operating for several years in an extreme background environment at the SuperKEKB electron-
positron collider in Japan, and have been successfully used to characterize the rate, spectrum, and
directional distribution of neutrons there [276-279]. More recently, the CYGNO collaboration have
installed the largest of its prototype (LIME) with a 50 L active volume underground at LNGS (see
Sec.3.4). As well as testing the CYGNO PHASE_1 demonstrator in an underground environment,

LIME will also provide a precise, spectral and directional measurement of the natural neutron flux
at LNGS.

6.2 Migdal effect

Directional neutron detection via recoil imaging will also facilitate an important measurement in
the near future: the Migdal effect. This measurement is not only important in terms of pushing
the performance limits of HD TPCs, but also has implications for the wider DM direct detection
community.

The Migdal effect refers to a process in which a very low-energy recoil signal can give rise to an
observable ionization signal due to the perturbation experienced by the atomic electron cloud during
a nuclear scattering event [280]. The process can be appreciated by taking the “Migdal approach”
for modelling the nucleus and electron cloud as distinct entities. Doing so reveals that even when
a nucleus is only nudged slightly, the boost that the electron cloud experiences can be sufficient
to cause ionization or excitation of individual electrons [281-285]. Currently this process is of
particular interest to low-mass DM searches [130, 286-296] for which standard nuclear recoil signals
would lie far below typical threshold energies and be made near-vanishingly small due to nuclear
quenching. Emitted Migdal electrons, on the other hand, would carry away more of the kinetic
energy of the interaction, and would not be subject to nuclear quenching. Therefore the possible
presence of detectable electron events emitted during DM-nucleus scattering hints at a way for DM
experiments to extend their reach to significantly lower masses. Several collaborations, for example
EDELWEISS [297,298], XENON [92], LUX [299], CDEX [300], COSINE [301], and SuperCDMS [302]
have all extended their limits to lighter DM masses by modelling the Migdal effect and searching for
excess electron events—in some cases lowering their reach by almost two orders of magnitude.
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Unfortunately these limits are somewhat fraught, as this form of the Migdal effect has never been
measured experimentally, and is not always straightforward to calculate precisely for different tar-
gets [286,303,304]. Although experiments have already measured the Migdal effect during nuclear
decay process [305-307], the case of nuclear scattering remains unobserved. There is now an strong
interest in the community [308-310] towards trying to make a first measurement of the Migdal effect
from neutron-nucleus scattering. A conclusive observation will be essential for validating the use
of the effect in searching for low mass DM, but it could have relevance in the context low-energy
CEvNS measurements as well [311]. It is also important to be able to calibrate the effect for dif-
ferent detectors—in fact, this may be crucial in resolving the theoretical uncertainties inherent in
calculating the effect for certain targets, especially those using liquids or molecules.
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Figure 11: An example of how a Migdal event would appear in a recoil imaging experiment. The
image on the left is a composite of a ~5.2 keV electron track (lower yellow arrow) and a 160keV e
nuclear recoil (upper yellow arrow), overlaid at their tails and moving in opposite directions. The
intensity along the electron track has been upscaled by a factor of five, due to the large difference
in the magnitude of the dE/dx compared to the nuclear recoil. The right-hand panel shows the
combined dE/dx profile of the full Migdal event as a function of the distance from the track start
(yellow dot). This panel shows the true relative magnitudes of the electron (blue) and nuclear recoil
(orange) without any upscaling.

The MIGDAL collaboration has now been formed with the intention to measure the Migdal effect due
to neutron scattering for the first time [308]. The use of high-definition recoil imaging in particular
is foreseen as advantageous because spatially resolved particle tracks allow a nuclear recoil event
to be linked to its coinciding Migdal electron. With sufficient resolution, a Migdal event would be
identified as an electron and nucleus emerging from a common vertex, see Fig. 11 (left). The differing
magnitudes of their dE/dx profiles, as well the sign—falling towards the head of the track for the
nuclear recoil and rising for the electron—would then provide a means to distinguish the two.

Comparing the tracks in Fig. 11, we can see that the <keVe./mm dFE/dz of the electron is sig-
nificantly smaller than the >10 keVe/mm energy in the case of the nuclear recoil. Full 3D track
reconstruction with fine granularity would need to be combined with signal-to-noise approaching sin-
gle primary electron detection to obtain detailed d E'/dx information on both the low-energy nuclear
and electron tracks. The combination of these requirements suggests the need for a high-definition
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TPC using either electronic or optical MPGD-based readouts, and operating with NID. These per-
formance requirements are similar to those outlined in Sec. 3.3, but in contrast, the Migdal effect
would likely not require a large volume to detect with a neutron source—occurring at a probability
of 107° — 10~%. Instead the focus can be placed on identifying the optimal technology, without
the additional burden of needing to scale-up to large volumes. Nevertheless, since the performance
requirements are comparable to those that would enable the required directional sensitivity to DM
and neutrinos in CYGNUS (see Sec. 7.1), observing the Migdal effect will represent an important
stepping stone towards demonstrating the low-energy performance needed for a much longer-term
experiment.

The example Migdal event shown in Fig. 11 was constructed using experimentally measured elec-
tron/nuclear recoil tracks in a small TPC using ~30 Torr of CF4 consisting of a double-THGEM gas
amplification device and a CCD-based optical readout [312]. This configuration is similar to what
is envisioned for the MIGDAL experiment.

Figure 12: Left: A model of the MIGDAL OTPC with two flanges along the beam-axis removed.
The PMT enclosure can be seen on the left protruding into the cube to get closer to the 10x10x3 cm3
active volume. A cathode mesh lies between the active volume and the PMT to produce an electric
field directed towards the GEM surfaces. The electric field is supported by three field-shapers, two
of which are discontinuous to allow the neutron beam to pass through (into the page). The CMOS
camera can be seen attached to the flange on the right side of the image. The top flange houses the
connectors for charge readout. Right: An image taken inside the TPC with several flanges removed.
The window visible at the bottom of the image is the camera view port.

The MIGDAL experiment will use two fast neutron generators: DD (2.45 MeV), and DT (14.1 MeV)
at the Rutherford Appleton Laboratory, in conjunction with an OTPC filled with ~50 Torr of CFy
gas. Figure 12 shows a render of the experiment with the flanges along the neutron beam axis
removed. The active volume of the OTPC is approximately 10x10 cm? (image plane) by 3 cm (drift
direction). The recoils create an ionization trail as they travel through CF4 which is then drifted
towards a stack of two glass GEMs. The scintillation light from the GEMs is then imaged with a
high-resolution, low-noise CMOS camera.® The electrons from the avalanche drift out of the GEMs

8The C14440-20UP ORCA-Fusion Digital camera was chosen for its high readout speed (89.1 frames/s), high
resolution (2304x2304 px), and low readout noise (1.4 electrons RMS in the fast-scan mode). Each pixel corresponds
to an area of 43.4x43.4 um, which is significantly smaller than the 280 pwm pitch of the GEMs. This means the pixels
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towards a plate of indium-tin-oxide (ITO) strips with 830 pwm pitch, which are used to time the
arrival of charge and reconstruct the depth information of the tracks. The TPC will also use a PMT
to time the difference between primary and secondary (amplified) scintillation to ascertain the drift
length of the tracks. The two neutron generators are expected to generate to produce millions of
nuclear recoils per day within the detector—sufficient to make the first measurement of the Migdal
effect from scattering.

6.3 X-ray polarimetry

The ability to detect photon polarization is of central importance in many areas of physics. There
is a broad range of both fundamental and applied science goals that can be facilitated via such
measurements, in particular in astronomy and astroparticle physics. Polarimetry in the X-ray band
has historically been challenging due to a lack of sensitive instrumentation, but it is at these energies
where there are substantial prospects for interesting science. X-ray polarimetry is recognized as an
essential tool if we wish to study, for instance, the mechanisms behind the production of cosmic rays,
the nature of supermassive black holes and their influence on their host galaxies, or the interactions
between radiation and matter in strong magnetic and gravitational fields [313, 314]. Polarimetry
could also improve our understanding of solar flares, which would have important implications for
space weather science and therefore social and economic security on Earth [315, 316].

The lack of sensitive instrumentation in the X-ray energy band has been the limiting factor for the
development of X-ray polarimetry over the last 40 years. This was mainly due to the limitation of the
experimental techniques used. Bragg diffraction, for example, is limited to a narrow energy band,
whereas Thomson scattering suffers a loss of efficiency for energies < 10 keV due to photoelectric
absorption. Contrary to imaging, spectroscopy and timing, polarimetry techniques could not be
combined with X-ray optics in the past, which limited them to the study of only a few bright
galactic sources.

However, recent developments in highly-performing imaging and tracking devices make Gas Pixel
Detectors (GPDs) and TPCs a promising basis for innovative sensitive X-ray polarimeters by ex-
ploiting the photoelectric effect [317-320]. During photoionization, the s-photoelectron is ejected
preferentially in the direction of the electric field of the incident photon, with a known probability
distribution for cos2¢, where ¢ is the polarization-dependent azimuthal angle correlated with the
photon momentum direction. By reconstructing the impact point and the direction of the photoelec-
tron, a high-resolution gas detector can measure the linear polarization of X-rays, while preserving
the information on the absorption point as well as the energy and the time of the individual photons.
The use of this effect to measure X-ray polarization in a gas proportional counter was first suggested
in 1992 [321]. More recently, the first GPD optimized for X-ray polarimetry measurements in space
has been produced [318,319,322], and launched on the IXPE mission in December 2021 [323]. The
GPD displays a 1 cm drift gap filled with pure DME, single GEM amplification combined with an
innovative charge pad readout, and a finely subdivided custom VLSI ASIC, realized in 0.35 um
CMOS technology. This allows full 2D imaging of photoelectron tracks down to 3—4 keV, across a
15 x 15 mm? area covered by 105k hexagonal pixels. The GPD demonstrates that it is possible to
operate a high-resolution gas detector in space in sealed condition, and therefore opens the door
for further exploitation of this technology by combining it with recent developments in imaging
techniques for high resolution TPCs.

Advances in commercial CMOS processes have led to the availability of highly segmented sensors
with > 100k pixels, each operating as an independent element. Such sensors can be used to detect

can be binned to improve signal-to-noise without significant loss of detail.
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either the electrons or photons produced in the amplification stage of a gas detector. There are two
lines of advancement that this facilitates:

e Improved performance for detectors on a focal plane, i.e. for X-rays incident perpendicular
to the drift field. This will be possible thanks to the use of highly-performing pixel chips
such as the Timepix3 [273], paving the way for next-generation optics. Timepix3 can provide
single electron sensitivity and 3D tracking, allowing the detector to discriminate photoelectrons
emitted out of the plane from those suffering high Rutherford scattering which possess limited
information on polarization. The Timepix3, has a 5.12 Gbps output bandwidth, so will permit
time-resolved X-ray polarimetry in high-throughput future telescopes with virtually no dead
time. An even more advanced version of this, Timepix4 [324], with sub-200 ps timestamp
binning is nowadays available for such purposes;

e Development of large area/volume detector for the measurement of faint sources and tran-
sients”, with the use of CMOS cameras. This has demonstrated by the CYGNO collaboration
for directional DM searches [104,105]. Such OTPCs could also exploit NID operation [24,325],
as will be discussed in Sec. 7.6. With this approach, new transient sources with unpredictable
orientation could be detected, opening up entirely new classes of observation not accessible to
the detectors installed on the IXPE or eXTP missions [326].

With the first measurements incoming from IXPE we are witnessing the dawn of X-ray polarimetry
in space. Thanks to the ability to measure both the polarization fraction of photons, as well as
the angle of polarization, future detectors will be able to access information about the geometry of
the system being observed, as well as the structure of the magnetic and gravitational fields present
there. X-ray polarimetry is also thought to be a crucial element for developing our understanding of
the X-ray emission process itself [327]. Including the propagation of photons from sources, as well
as the mechanisms fueling the most powerful cosmic particle accelerators like supernovae remnants,
pulsar wind nebulae, and gamma ray burst jets. Polarization measurements may also provide a
qualitatively new and independent way to measure intrinsic properties of black holes [317].

Put together, the motivation for pursuing advanced X-ray polarization detectors is quite substantial
from the perspective of astrophysics, but there are also a range of tests of fundamental physics that
can also be performed with polarimetry measurements [328]. The rotation of the polarization angle of
photons can be used to measure QED vacuum birefringence for instance. Tests of General Relativity
may also be possible via a similar measurement of polarization rotation in the extreme gravitational
fields around black holes. Polarization signals are also typically inherent when photons interact with
axion-like particles. One example of a possible application of this in the X-ray band is neutron
stars which host very strong magnetic fields that can permit photon-axion conversion. There are
potentially two ways in which emitted X-rays could be polarized from this effect, either the thermal
X-rays from neutron stars could partially convert into axions [329-332], or axions produced inside
the star via nucleon bremsstrahlung could leave and convert into X-rays/soft gamma rays [333]'°.
Since only the photons parallel to the magnetic field would undergo conversion, both signals would
be expected to be polarized. Induced polarization signals in the X-ray band due to axion-photon
mixing has also been explored in the context of active galactic nuclei, quasars, and clusters [337-339].
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Figure 13: Representation of implantation-decay of the exotic nucleus ''Be. This experiment was
performed at TRIUMF using the prototype Active Target TPC detector at the Facility for Rare
Isotope Beams [340]—a TPC that operates in charge mode. The '!'Be decays into a 200 keV proton
and a 10 keV °Be nucleus. Novel OTPCs based on electronegative gases will improve the resolution
and the detection limits of this type of experiment.

6.4 Rare nuclear decays

Nuclear decay is, for most cases, a 2- or 3-body process in which a heavy nucleus emits a much
lighter particle(s) or a massless photon. Because of momentum conservation, the resulting daughter
nucleus will recoil, but due to the large mass difference, the amount of kinetic energy it takes from
the decay is usually negligible. For instance, in a v decay, the energy of the recoiling nucleus is
well below an eV, and for S decay it is usually below ~ 100 eV. However, as we approach the
nucleon drip-lines, new decay modes are possible, and nuclei can emit heavier particles composed
of one or more nucleons. Study of decay modes like 5-delayed proton or neutron emission [341], or
two-proton radioactivity [342] are usually performed by measuring the light particle. In such cases
the daughter’s recoiling energy is in the few keV range and can no longer be neglected. Although
these recoils are important to account for, a direct measurement of them has been out of reach of
nuclear physics detectors until very recently.

Measuring the recoiling nucleus instead of the emitted particle can present several advantages.
Neutrons, due to their lack of electric charge, are difficult to detect. Although detection can be
achieved with scintillator materials or neutron absorbers, typically the achievable energy resolution
is rather limited. This requires large distances between the emission point and the neutron detector,
which in turn will cover a low solid angle and thus have low efficiency. By detecting the charged
recoiling nucleus on the other hand, high detection efficiency and precise energy measurement can
be achieved simultaneously. Moreover, heavy nuclei can also decay, emitting several particles with
well defined patterns, such as the famous Hoyle state of 1?C which decays into three very low-energy
« particles [343]. The study of the energy and angle between the decaying particles yields crucial
information about the structure of the atomic nucleus and the reaction mechanism. See for instance
Fig. 13, for an example of the recoil imaging of implantation decay of the exotic nucleus ''Be with
its associated 200 keV proton and recoiling 1°Be nucleus [340].

The measurement of heavy recoils and low-energy charged particles can be realized using an op-

“with no requirement on X-ray focusing, these could be compatible with mini/micro and even nano-satellites
10Gee also Refs. [334-336] for the case of a magnetic white dwarf.
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tical TPC (OTPC), see Secs. 7.5 and 7.6 for further detector-focused discussion. With appealing
capabilities such as low detection thresholds and excellent angular and energy resolution, next-
generation OTPCs operated at low pressure will bring about greatly improved detection schemes
for implantation-decay experiments—enabling the measurement of the heavy recoil. Particularly
attractive is the use of NID gases which provide unprecedented resolution due to their much lower
diffusion. Moreover, experiments with very rare ion beams (few particles per second) benefit from
slower drift speeds as it would enable a more precise determination of the half-life of the implanted
ion. The IGFAE at the University of Santiago de Compostela, in collaboration with UNM and the
Facility for Rare Isotope Beams at Michigan State University, is developing a novel NID OTPC
for the high-resolution study of §-delayed nucleon emission of exotic nuclei. The prototype will be
tested this year at TRIUMF laboratory, by implanting exotic beams of °C and '6C which decay
emitting a proton and two « particles and a very low energy "N recoil respectively.

7 Detector R&D

Having focused mostly on the physics case that motivates the general concept of recoil imaging via
MPGDs, we now move to more specific experimental R&D directions that must be followed for this
to be realized. In particular we will highlight some of the requirements for future large-scale and
high-resolution imaging detectors, for example the ability to be scaled up to large target masses.

7.1 Recoil imaging performance requirements

A directional recoil detector targeting the keV-scale recoils from solar neutrinos and DM, requires
event-level angular resolution of < 30° as well as excellent head/tail assignment efficiency (> 70%)
down to energies of O(5 keV) [13]. A modest timing resolution for events of around 0.5 hours should
also be sufficient [13] to maintain sensitivity to extraterrestrial signals, which will rotate around the
detector over the day. Additionally, the narrow energy range over which solar neutrino recoils would
be present necessitates good fractional energy resolutions of around 10%—a level that is also likely
needed to achieve sufficient electron rejection in a large detector. These requirements were derived
in Ref. [13] for helium and SFg for both DM and solar neutrino recoils. They are broadly consistent
with the conclusion of a previous optimization study [344] which focused on DM-fluorine recoils in
CFy.

7.2 Performance in practice

The performance requirements listed above are close to being met by current gas TPCs, although
further study is still needed to determine the optimal configuration of readout segmentation, drift
length, gas mixtures and pressure. HD charge readout (as already discussed in Secs. 3.4) is one
promising approach, as a high segmentation will most likely be needed to achieve sufficient nu-
clear/electron recoil discrimination. This approach would extract the maximum quantity of informa-
tion on the primary ionization. If the cost and internal radioactivity can be limited to an acceptable
level, then HD charge readout will be certainly worth pursuing. The two main R&D directions for
HD readout, electronic and optical HD TPC readout, are discussed further in Sections 7.4 and 7.5.

One of the important factors for evaluating the performance of gas TPCs is the energy dependence
of the directional sensitivity. For example, while the CYGNUS simulation study suggested that 10°
angular resolution and almost 100% head/tail recognition on helium recoils was feasible for energies
2 50 keV,, at lower energies even an idealized detector’s performance will degrade. Accounting for
diffusion, a realistic experiment would lose almost all directional sensitivity around 1 keV,, therefore,
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ensuring good directionality in the 1-10 keV, window where the majority of detectable solar neutrino
nuclear recoils would lie, is essential for future low mass DM searches into the neutrino fog. We will
see below (Sec. 7.6) that negative ion drift gases can be used to mitigate diffusion.

The other contribution that limits the achievable angular resolution is the performance of the TPC
readout. In general this can be predicted reliably, see for instance Eq. (5) of Ref. [100]. For nuclear
recoils of mm-length, this necessitates highly-segmented detectors with O(100 um) feature size, in
addition to, the need for low diffusion. However, uncertainties are present in predicting the impact
on the angular performance and head/tail sensitivity originating from the shape of the primary
ionization distribution, especially below 10 keV,. These are especially important considerations for
future DM /solar neutrino searches, so it will be essential that the commonly used simulation tools
are validated at these low energies. For instance, Reference [23] already conducted this type of
validation for carbon and fluorine recoils above 10 keV e, and helium recoils above 50 keV 4., whereas
Ref. [345] showed measurements of fluorine recoils down to 6 keV,. Making further progress in this
direction will demand recoil imaging detectors with both minimal diffusion as well as HD readouts.
First results from ongoing studies with helium recoils which extend down to 1 keV, are shown in
Section 7.4.

7.3 MPGD TPCs at large-scale

The largest directional DM detector prototypes to date have had ~1 m? volumes, and were built by
the DRIFT and DMTPC collaborations. These early efforts were important in exploring two main
approaches to the target gas, negative ion versus electron drift, and to the TPC readouts, electronic
versus optical. Both detectors were designed to search for 100-GeV DM particles, and have limited
directionality for recoil energies below 50 keV,; several hundred detected events would be required
for a directional DM discovery with DRIFT. Regardless, 3D fiducialization via minority carriers,
enabled DRIFT to reject all internal backgrounds in the fiducial volume [170].

It is not simple to determine the best strategy for a large-scale TPC out of the wide range of
available charge-readout technologies. This requires: 1) that the angular performance discussed
above is maintained, 2) that cost is within limits, and 3) that backgrounds levels are under control.
Reference [13] was the first to attempt such a readout technology comparison in the context of a
large-scale CYGNUS TPC to search for low-energy nuclear recoils. As discussed already in Sec. 3.3,
the result of that study suggested that x/y strips with O(100 um) segmentation provided the optimal
balance of cost versus performance. A fully optimized strip readout would in principle enable HD
charge readout close to the resolution obtained using pixel ASICs, but with significantly reduced
complexity and lower cost.

In the most optimal configuration, a high-definition TPC readout would be able to reconstruct single
electrons with a 100 pm-scale resolution in all three dimensions with perfect efficiency. Though
they are unlikely to be cost-effective for any large-scale detector, pixel ASIC readouts are close to
achieving this performance level. Due to the lower cost, strip readout appears to be a realistic option
for moving beyond the 1 m? scale, but the issue of limiting diffusion would still need to be addressed,
and would likely imply NID (see Sec. 7.6 below).

While directional detectors are more robust against backgrounds than non-directional ones, mini-
mization of backgrounds from internal radioactivity and noise hits are still required. This implies
that the minimum requirements on radiopurity, lab site depth, and cleanliness will increase with
detector size, or that the offline background rejection capabilities of the detectors must be able to
compensate for increased backgrounds at larger scales and exposures.
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In the CyGNUs feasibility study [13] the radiopurity requirements and electron rejection requirements
for different technologies were also assessed. For an experiment to maintain sensitivity with a
1000 m? volume (i.e. approaching ton-year exposures), the internal electron background would need
to be reduced by at least O(10%), also down at O(5 keV) energies. This is the requirement to
obtain the DM sensitivity for CYGNUS shown in Fig. 4. If Micromegas with strip x/y readout are
used, radiopurity would need to be improved. The electron background rejection capabilities are
also algorithm dependent. Recent and ongoing work has shown that for HD ionization imaging,
advanced shape observables and machine learning can improve the electron background rejection by
two orders of magnitude, compared to the traditional observables used in the field [346, 347].

7.4 Electronic readout
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Figure 14: Helium recoils induced with a neutron source, in a 3D electronic-readout TPC with
GEM amplification and pixel ASIC charge readout at U. Hawaii. The fill gas is 760 Torr He:CO»
(70:30), the drift length is 11 cm, the gain is 900, the 3D voxel size is 50 x 250 x 250 um?3. Raw data
is shown, without any post-processing. The red arrows show fitted recoil directions, with the head
and tail (i.e. sign of the vectors) determined by a 3D convolutional neural network. The confidence
level of correct assignment is indicated in the legend.

Recently, smaller R&D detectors in the US have shown that the particle identification and event-
level recoil directionality required for a directional discovery with only 5-10 events can be achieved
even at sub-10-keV energies with modern MPGD-based detectors. Figure 14 shows examples of
electronic and nuclear recoil events recorded in state-of-the art “Cyanus HD” TPC prototypes at
US institutes. Pixel ASIC readout is the most sensitive gas TPC readout technology, and enables
3D imaging. The events shown in Fig. 14 (right) were recorded at low gain of only about 900,
where electron recoils are strongly suppressed due to their lower ionization density. However, these
detectors [30] operate stably at gains of at least 5 x 10%. Depending on the charge threshold used, at
gains exceeding 3000-9000, single electrons of primary ionization are detected with high efficiency.
Events recorded in single-electron mode are shown in Figure 15. The ionization threshold in this
case, is on the order of 30 eV, and sub-10-keV recoils that are easily detectable as large signals
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compared to a negligible background from noise hits.
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Figure 15: Left: Nuclear recoils detected in a pixel-ASIC TPC operating in the single-electron
regime, at a gain of 1.3 x 10%. Right: Head/tail efficiency for helium recoils versus energy, obtained
with 3D convolutional neural networks on simulated pixel-ASIC TPC data for two different gas
avalanche gain settings.

To utilize this type of extreme sensitivity in directional DM searches, simply detecting the events
is insufficient. We must also separate electronic and nuclear recoils, and assign recoil directions,
even at the lowest observed energies. This challenge has motivated novel algorithm development
for low-energy particle identification and head/tail detection over the last few years. CyGNus HD
recently achieved both the desired low-energy particle identification and directional capabilities
with 3D convolutional neural networks (3D CNNs). Figure 15 (right) shows the head/tail correct
assignment efficiency in a simulated pixel TPC, versus recoil energy. At low gain (~900), 70%
head/tail efficiency is obtained only down to 20 keVge in simulation, while in high-gain (single-
electron) mode, this performance is extended down to 3 keVe. Experiments with both settings have
been conducted. The predicted low-gain performance has already been confirmed experimentally.
The high-gain experimental data is currently being analyzed. Both results will be published together
in the near future [348].

These recent developments are extremely promising. However, we expect substantial further im-
provements: the event displays and 3 keV directional threshold seen in Fig. 15 were obtained with
an electron drift (i.e. high diffusion) gas at atmospheric pressure. Both choices reduce low-energy
directionality. Also, the detector utilizes a double-GEM gain stage which limits the point resolution.
The result is that the sub-10 keV recoils appear round to the eye, even though the CNN can still
determine the head/tail in this regime. The CyGNUS feasibility study [5] suggested that Micromegas
amplification integrated with 2D x/y strip readout is a cost-optimal way to improve the low-energy
performance even further, and to scale directional detectors up to very large volumes. Because of
reduced charge sharing across fewer pixels in Micromegas-based detectors compared to GEM-based
detectors, the gain required for single-electron detection is reduced by a factor of ~5. Then, it should
be feasible to detect single electrons even when using NID where gains are reduced. The negative ion
drift would in turn minimize diffusion, while the electron counting would remove the contributions
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of gain fluctuations to the energy resolution. The expected end results would be a CYGNUS detector
operating at the fundamental performance limit, where individual primary electrons are counted in
3D at 100 um? spatial resolution. Recent R&D with GridPix charge readout [349] has demonstrated
the feasibility of this on a smaller scale. The CYGNUS HD members in the US are currently building
prototypes to demonstrate sub-10-keV directionality at the 40 L and then 1000 L module scale (for
further detail see Refs. [5,13]).

7.5 Optical readout

Recording scintillation light emitted during avalanche multiplication in amplification structures such
as GEMs or Micromegas offers an alternative way to visualize events and exploit highly pixelated
and sensitive photon sensors. Optical readout of MPGDs is being explored and used in a number
of applications from radiation imaging to event reconstruction. The intuitive visualization of event
topologies and the high granularity offered by modern imaging sensors are also important features
for nuclear recoil imaging and enable detailed measurements of event topology, directionality, and
deposited energy distributions. Current examples include the CYGNO [27] and MIGDAL [308]
projects (see Secs. 3.4 and 6.2, respectively) as well as the ARIADNE dual-phase LAr TPC [350].

Optical readout can offer an attractive way to profit from the latest developments in imaging sen-
sors. With increased frame rate capabilities, wide dynamic range, and low noise characteristics, it
represents a good candidate for imaging short recoil tracks, as well as events with highly variable
energy deposits. While suitable optics and detector windows offer great flexibility in the placement
of imaging sensors, spectral sensitivity is a crucial challenge. Careful considerations are required to
match the emission characteristics of detector gases with the sensitivity of recording devices. CFy4
has been a popular choice due to its strong visible scintillation band which can be picked up by
many standard imaging sensors, but this may not match experimental requirements on detector op-
eration. In addition, future restrictions on the availability of CF4 are expected due to its greenhouse
warming potential. To address these issues, investigations of the scintillation spectra of alternative
gas mixtures should be encouraged. This may also require the optimization of wavelength shifters,
or adaptation of imaging sensors to cover wider spectral ranges that can allow direct recording of
light emitted by those gases. The use of image intensifiers with different photocathode materials to
extend spectral sensitivity is already being explored and could offer a modular way to adapt optical
readout systems to varying experimental requirements.

While imaging sensors offer highly detailed 2D visualizations of tracks, slow frame rates (10s—100s
frames/s) have typically limited optical readout to an integrated imaging approach. For track
reconstruction in optical TPCs, this means that an additional fast detector such as a PMT is
required to provide z-information that can then be combined with the 2D images. Alternative
approaches such as fitting the amount of diffusion, or the use of semi-transparent readout anodes
for simultaneous optical/electronic readout can be used to increase reconstruction capabilities to
3D for intricate track topologies. In addition, the latest generation of ultra-fast CMOS sensors
may overcome previous frame-rate limitations and allow for direct reconstruction of drift processes
from sequences of images with ps-level inter-frame intervals. Currently limited by resolution and
sensitivity, future developments towards even faster and more sensitive CMOS cameras may be
used for track visualization in optical TPCs. Hybrid readout devices like Timepix-based cameras
as well as other fast photon detection technologies like SiPMs may offer alternative ways to obtain
z-information while profiting from high-granularity 2D images.

Technical advances in photon detection devices towards increasing pixel counts, single-photon sensi-
tivity and an extension of the accessible range of spectral sensitivity as well as higher readout speeds
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make optical readout a highly flexible and versatile approach for detailed visualization of particle
tracks and recoil processes.
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Figure 16: Experimental data from Ref. [351] demonstrating various properties of SF that make it
attractive as a negative ion drift gas for MPGDs: (a) ®Fe energy spectrum in 30 Torr of SFg using
a 0.4-mm THGEM detected with a gas gain of 3000. (b) A typical waveform showing the small SF
minority carrier peak that can be used for fiducialization. (c) The reduced mobility (uo) of SFy,
SF; and CS; as a function of the drift field divided by the gas density £/N in units of 1 Townsend
(1 Td = 1077 V ecm?)—this demonstrates low drift velocity and hence the ability to reconstruct the
third dimension of each track. (d) Longitudinal diffusion along the drift direction o, as a function
of the electric field, compared to the expectation for thermal diffusion (black dot-dashed line). This
data was collected in a detector consisting of eight times the target mass of DRIFT at the same
pressure.

The rich history of negative ion time projection chambers (NITPCs) started with a proposal by
Martoff to use the electronegative vapor CSg in the DRIFT experiment [24]. TPCs that use negative
ion drift (versus electron drift) provide the lowest possible diffusion in both the longitudinal (along
z, the drift axis) and transverse dimensions (x,y) without using a magnetic field [24,325]. The slow
drift speeds of negative ions (~1000 times slower than for electron drift) also provide sub-100 pm
granularity measurements of the z-component of the track using pulse-shape timing. The DRIFT
experiment used off-the-shelf electronics to measure waveforms sampled at ~MHz and demonstrated

44



its best resolution along the drift direction.

The pioneering studies of CSy by the DRIFT collaboration demonstrated all of its features as an
ideal negative ion drift gas: the efficient capture of the primary electrons, thermal diffusion (for drift
fields £ < 700 V/cm); slow drift speeds ~50 m/s, and the efficient stripping of the electron from
the negative ion inside the high field gas amplification region of the TPC. In addition, good gas gain
and energy resolution were also demonstrated. It is important to mention that all of this was done
at the low, ~40 Torr, gas pressures needed to reconstruct the low-energy nuclear recoils of interest
to directional DM searches.

Following the initial studies, DRIFT embarked on a program that involved a series of ~m3 scale
TPCs that were deployed underground at Boulby [352-356]. This program continued for over a
decade and produced a number of important results that demonstrated the NITPC technology and
currently informs the CYGNUS effort outlined in Sec. 3.3. These can be summarized by the following:

e Stable operation of the detectors running remotely for close to a decade.

e Flexibility to tune the TPC gas for targets better suited for different DM-nucleon interactions
such as spin independent (e.g. sulfur) [357] or spin dependent (e.g. fluorine) [358], as well as
hydrogen or helium-based mixtures appropriate for GeV-scale DM masses.

e Discovery and identification of several sources of backgrounds [359]. This work led to novel
techniques for background mitigation, including an ultra-thin film cathode [356] and the discov-
ery of minority negative ion species that enabled full fiducialization of the TPC volume [360].

e A complete rejection of all identified backgrounds [170], which resulted in a number of zero-
background limits on the spin-dependent DM-proton cross section [170,361].

e Demonstrated axial directionality in 2D [355] and vector (i.e with head/tail) directionality
along the drift direction [354].

In spite of its success, the NITPC technology used by DRIFT also laid bare some of its limitations.
Some of these were directly related to the specific gas mixture, while others were due to the MWPCs
used for the readouts. Regarding the former case, DRIFT’s final gas mixture, which involved 30:10:1
Torr of CS9:CF4:04, has its drawbacks. The CSs+0O9 component is toxic, flammable, and explosive,
requiring special care for handling and transport in an underground environment. It also required
a complex gas system to achieve the correct mixture before flowing into the detector volume, as
well as a way to capture the CSs to transport above ground for disposal. For future scale-ups, a
recirculation and purification system would be desirable, but the high reactivity of CSs makes it
challenging to design such a system.

The MWPC, on the other hand, provided a very simple and robust device to readout the DRIFT
NITPC. They introduced very little additional material, minimizing the introduction of radioactive
backgrounds into the TPC volume, and have low capacitance (pF/m) allowing large ~m? readout
areas to be instrumented without limitations due to electronic noise. Nevertheless, the coarse 2 mm
pitch of the wires provided poor granularity /sampling of the short low-energy recoil tracks of interest.
An additional drawback of the MWPCs was the low ~1000 gas gains that limited the signal-to-
noise, resulting in poor discrimination below ~30 keV. When DRIFT first began there were few
options besides the MWPCs but over the past decade the tremendous progress in the development
of MPGDs, especially in the area of gas amplification, combined with high-definition (fine-pitch)
strip readouts, has naturally shifted the focus towards considering these options. Below we describe
progress in the R&D for both alternative negative ion gases as well as MPGD-based alternatives to
MWPCs.
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The SFs negative ion gas for directional DM searches—The complex DRIFT mixture moti-
vated collaborators at the University of New Mexico (UNM) to search for alternatives that provided
all the benefits of CS9:CF4:09, but were also non-toxic and safe, while maintaining a high fluorine
content to maximize sensitivity to the spin-dependent DM-proton cross section. A natural choice
was SFg, but due to its high electron affinity, there was concern that stripping the electron from
SF to initiate gas gain might prove to be too difficult. It was felt, however, that the relatively new
development of Thick Gas Electron Multipliers (THGEMSs) might be the ideal device to achieve this.
Using a 0.4-mm THGEM produced at CERN, UNM demonstrated gas gains in 20-100 Torr SFg and
undertook studies to measure other drift properties using a cylindrical 60-cm drift TPC. Besides
gas gains (up to ~3000 at the lowest pressures) these included mobilities, diffusion and the general
properties of the waveforms. The latter led to a pleasant surprise: a small second peak due to a
minority carrier, identified as SF;, that arrives earlier in time. Together with the slow drift speeds
and low thermal diffusion, this serendipitous discovery completed the set of desired qualities for a
NID gas replacement of the DRIFT gas mixture: thermal diffusion, slow drift speeds, the capability
to fully fiducialize the TPC, and roughly eight times higher fluorine mass compared to DRIFT at
the same pressure. Some of the key results from this work are shown in Fig. 16. The publication
of this work [351] led to numerous follow-up studies that demonstrated gas gains in other MPGD
devices [111,362], which included an effort to incorporate SFg into the CERN Garfield Monte Carlo
framework [363,364].

With all the promise of SFg there are nevertheless a number of areas where improvements are
definitely needed. These largely center around the desire for higher gas gains and a larger SF;
minority peak (~3% of the main SFy peak), but also include understanding the effects of water
vapor as a contaminant. Improvements in MPGD technologies together with a better understanding
of the complicated chemistry of SFg, especially as it relates to the electron capture and stripping
efficiencies, should help. Although SFg is much safer than the DRIFT mixture, it is a potent green
house gas and its release into the atmosphere will have a detrimental effect on the climate. Therefore,
any deployment of large SFg-based NITPCs must include mechanisms for recirculation/purification
so as not to release any of the gas into the atmosphere. This too is being studied within the CyaNUS
collaboration.

With the advent of MPGDs numerous possibilities exist for TPC readouts [365] that take advantage
of the low diffusion and drift velocities with NID. Within these we consider electronic readouts
using strips, pixels or other schemes, and optical readouts based on lenses and cameras. Both were
outlined in Secs. 7.4 and 7.5 and have distinct advantages and disadvantages depending on the goals
of the specific experiment.

NID with electronic readouts—The main challenge for any electronic readout is the large channel
count required to instrument the large readout areas with the fine spatial granularity. For example,
a granularity of ~200-400 um would be required for reconstructing the short particle tracks left by
recoils from DM, neutrinos, and Migdal events. For these applications, very large volume detectors
will eventually be needed, so various schemes like grouping the strips can be used to limit the number
of channels. DRIFT used this scheme, thereby limiting the number of channels to 8 per plane of
512 wires in their MWPC readout. The challenge for MPGDs is that the capacitance per strip is
much higher than for wires, limiting both the length of strips and any scheme involving grouping.
Nevertheless, there are several applications that do not require large detectors, like detecting X-ray
polarization, the Migdal effect, and rare nuclear decays. For these, NID combined with pixel or
strip-based readouts may be ideal.

A generic advantage of electronic readouts for NITPCs is the greater flexibility in choosing the target
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Figure 17: Small-scale MPGD-based NITPC with data taken in 80 Torr of CSy: (a) A
10 cm x 10 em 2D strip readout TPC with a single-thin GEM. The 8-channel front-end ASICs
were developed at BNL and used to instrument 16 strips along both x and y. (b) A long carbon
nuclear recoil that triggers all 16 strips in x. The pulses are broad, ~25 us, typical for the low
drift velocity for NID gases. (c) The charge distribution from an 5°Fe interaction across ~8 strips
(1.6 mm) demonstrating the very high spatial resolution and signal-to-noise achieved in this demon-
strator NITPC. (d) The charge vs strip number for a ~40 keV carbon recoil, clearly showing the
head-tail expected from neutrons coming from the left.

gas mixtures, as they are not required to scintillate or produce large gas gains. The latter can be as
low as ~ 103-10*—more than an order of magnitude lower than what is required for optical readouts
to achieve a comparable signal-to-noise. Gas gains at this level are also much easier to obtain at low
pressures and with a wider variety of MPGDs, including thin GEMs which have much finer pitch
than THGEMs [366]. The main advantage of an electronic readout, however, is that it is much
easier to operate with NID. Although NID in optical TPCs has been demonstrated with CF4 as the
dominant gas [99, 367, 368], the scintillation light was suppressed by the addition of even a small
amount of the negative-ion gas—this is described in more detail below.

To date a number of small-scale MPGD-based NITPCs have been developed and studied. One of
the earliest, by Hagemann [366], used a single-thin GEM with a ~200 pm pitch 2D strip readout
that had a small area instrumented using electronics designed at BNL, see Fig. 17 (a). Data of
electron (?°Fe and %°Co) and nuclear recoils (2°2Cf) were taken and used to study discrimination
and directionality in 80 and 120 Torr CSa, as shown in Fig. 17 (b)—(d). A number of other MPGD-
based NITPCs are currently under development using both CSs [349] and SFg [111]. The former are
using the GridPix technology and have presented data on low energy nuclear recoils, demonstrating
exquisite spatial resolution and signal-to-noise.

NID with optical readout—As highlighted in Sec. 7.5, a significant advantage of an optical
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Normalized Light Yield in 150 Torr CF4 and x% CS2 mixtures

&3 Pure CF, (150 Torr) B +5.9Torr CS,

‘ Light yield vs CS, N .. 450um M o-150um

LY (normalized)

0 05 1 15 2 25 3 35 4 as
CS2 Pressure (Torr)

Figure 18: Data taken using the triple thin-GEM-based optical TPC described in Ref. [99]. The
left-most plot shows the light yield—defined as the ratio of optical to charge gain from °Fe—as a
function of CSs partial pressure in 150 Torr CF4. The middle two images show images of « tracks
from 2'°Po showing the sharp reduction in diffusion from ~450 um in 150 Torr CF4 to ~150 pm
when only 5.9 Torr CSs is added. The left-most plot, however, shows that this comes with a price:
a reduction by a factor of five in the light yield. The right-most image shows an image of a nuclear
recoil track in 150 Torr CF4 + 5.9 Torr CSs. The track is ~1 pixel (~165 um) wide, comparable to
the GEM pitch (140 pm).

The main disadvantage of a negative ion OTPC (NI-OTPC) is related to the suppression of scin-
tillation light due to the negative ion dopant. Omne of the earliest works on NI-OTPC was done
in low-pressure CSy/CF4 gas mixtures using thin GEMs read out with a CCD [99, 367, 368]. NID
was demonstrated in the sense that diffusion was reduced down to the thermal regime and low drift
speeds were achieved as expected. The light yield, however, was unfortunately reduced by a factor
~5. Nuclear recoil and alpha tracks could still be imaged with good signal-to-noise, but electron
tracks were faint and barely resolved (see Fig. 18). Since then, a number of advances have taken
place, with MPGDs that deliver much higher gas gains and with ultra-low noise CCD and CMOS
cameras that are approaching single-photon counting. With these, it is conceivable that the factor
~5 light loss can be overcome, enabling the high resolution, high signal-to-noise imaging in a NI-
OTPC required to image even low dE/dx particles. In the near future, the small-scale applications
described earlier—such as X-ray polarimetry, detecting the Migdal effect, and measuring rare nuclear
searches—would receive immediate benefits from such a technological advance.

7.7 Scalable readout electronics

As the size and complexity of a directional detector increases, so do the number of readout channels.
Therefore, there is a need for a data acquisition system that can scale up to meet these demands,
whilst supporting multiple readout technologies and remaining affordable at a cost per channel.

The Scalable Readout System (SRS) is a mature and widely used [374] readout technology developed
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since 2009 by RD51 with CERN infrastructure and resources. It is widely used for high channel count
detectors such as MPGDs, with readout rates up to several MHz per channel [375]. It consists of two
main parts, a readout frontend with integrated ASICs which can be located close to or inside the
detector, and connected back to a crate-mounted backend. Due to the flexible nature of the system,
many different frontend ASICs can be connected to the system. The most recent SRS frontend is
based on the VMM3a ASIC [376] which includes zero-suppression and configuration settings for a
wide range of detectors.

The SRS paradigm splits the backend and frontend into fully functional, independent DAQ slices of
at minimum, 128 channels. This allows detector R&D to begin with a single, 128-channel “hybrid”
to be read out by a crate-based SRS backend and dedicated online software. The addition of more
hybrids is in principle unlimited, but requires additional SRS hardware. Larger systems will also
require more performant computers. The SRS comes with professional DAQ and control software
associated with the default particle physics data analysis framework, ROOT [377]. Channel hit rates
in the 1 MHz range may require fast trigger selections in order to reduce bandwidth or alternatively
to enhance the physics content of events.

The SRS is now widely accepted within the MPGD user community. Following a very successful early
period with the analogue APV frontend, newer frontend technologies, like Timepix [273], SAMPA,
and in the particular VMM, have now also been interfaced. Based on the latest VMM3a ASIC
developed for the ATLAS NSW detector [378], the SRS has been fully redesigned for commercial
production. The new PBX can also be inserted into the SRS frontend links to provide longer
distances between the backend and frontend. The PBX module is now fully specified from the
system level down to the schematic and 3D levels, with a first prototype expected this year.

Several CYGNUS group are currently conducting first tests to establish the feasibility of using the
SRS system for large gas TPCs. The CyaNUS-HD 40 L prototype under construction at U. Hawaii
will utilize CERN Micromegas read out with VMM3a hybrids, interfaced to a small SRS readout
System.

Optionally inserted into the frontend HDMI links of the SRS, the PBX (Power Box with X for cross-
linked trigger FPGAs) modules allow for the implementation of fast triggers using Spartan-7 FPGAs.
Because the true signals in DM and neutrino experiments occur very rarely, data rates after event
selection are rather low. We therefore expect that the planned PBX smart-trigger capabilities should
allow us to implement topological triggers in the programmable logic (FPGAs). When a nuclear
recoil event is detected by the trigger logic, only data from that detector region would be sent to the
downstream DAQ. The rate of physics backgrounds (e.g. throughgoing cosmics) and backgrounds
from noise hits (individual channel hits) very have different topologies from recoil events and should
be easy to reject or pre-scale, as desired, by such topological triggers. This scheme is expected to
greatly reduce the DAQ and CPU cost of a large gas TPC such as CYGNUS, despite a very large
number of voxels and readout channels.

7.8 Directionality in gaseous argon

So far we have primarily focused on TPCs using gases such as CF4 and helium which have typically
been favored for obtaining directional sensitivity to low energy nuclear recoils. However, noble
element TPCs have long been favored for larger-scale DM and neutrino experiments as they provide
a number of desirable properties, including full homogeneous calorimetry in dense media as well
as 4m tracking, among others. As a result, there is significant interest now in advancing an R&D
program to study the feasibility of measuring the directions of nuclear recoils in gaseous argon (GAr)
TPCs by tracking their ionization signatures.
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The advantages of measuring both the direction and energies of nuclear recoils in a noble gases are
similar to those enjoyed by the experiments described in earlier sections. As discussed in Sec. 4, in the
case of CEvNS interactions from a known neutrino source, measuring the recoil energy and direction
could in principle allow a fully empirical spectral measurement on the flux. Directionality would also
improve background rejection beyond what is usually achievable in noble element TPCs, whether
these are from neutron-induced recoils in beam CEvNS measurements, or the CEvNS backgrounds
from atmospheric neutrinos in a future high-mass direct DM search.

X vs Y with Starting Ion Energy 104.81 keV 103 NRs in GAr [data from ATIMA simulation]
—

— GAr @ 1 atm
—— GAr @ 10 atm
==== 100 keV / 100 um
==== 10 keV / 10 um

1 atm, SRIM
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Figure 19: Simulation studies of the ranges of nuclear recoils in gaseous argon, with the SRIM
(left) and ATIMA (right) packages, demonstrating the typical 10-100 um range for 10-100 keV recoil
energies. The left-hand panel shows a range of tracks from 100 keV nuclear recoils in 1 atmosphere,
whereas the right-hand panel shows the recoil range for initial energies between 10-200 keV at both
1 and 10 atmospheres.

To achieve directionality in GAr, the focus now must be to develop high-granularity GEM-based
TPCs capable of resolving the @(10-100) pm ionization tracks produced by O(10-100) keV nuclear
recoils. Figure 19 (left) shows some example trajectories, simulated using the Stopping and Range
of Tons in Solids (SRIM) package [379], for 100 keV nuclear recoils in 1 atmosphere of argon gas at
1 atmosphere. The right-hand panel, on the other hand, shows the expected nuclear recoil range for
different energies simulated using ATIMA [380].

A detector capable of tracking these recoils would enable a broad range of physics measurements
in focused beams of O(100) MeV neutrinos. In addition, there is motivation for an experiment at
high-intensity stopped pion neutrino sources, which are currently available or will be operational in
the coming years at facilities such as the SNS at Oak Ridge National Lab and in Fermilab’s next-
generation neutrino beamline. A particularly interesting prospect would be to augment a DUNE-like
GAr TPC detector in order to measure CEvNS interactions from sub-100 MeV neutrinos in a future
underground near-detector experimental hall at Fermilab.

The technological challenges to be addressed in order to ensure the proposed detector’s ability to
perform physics measurements of CEvNS events in the mentioned beamlines are:

e Achieving O(10 keV) thresholds in the ionization energy-loss channel in argon.

e Achieving large enough event rates within the limitations of detector size to enable a positive
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observation of CEvNS events.
e Achieving the spatial resolution needed to track the direction of nuclear recoils in GAr.

e The availability of powerful beamlines capable of delivering high intensity neutrino rates with
a large duty cycle.

Achieving these goals requires optimization of several detector components. The R&D effort being
proposed, aims to address these by optimizing the gas pressure and exact gas mixture for the detector,
which impact spatial resolution, total event rate, and tracking potential for NRs. Development of
GEM design focused on optimizing the detection of NRs in particular is another important aspect
of this program.

7.9 Dual readout TPCs
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Figure 20: Diagram of the concept behind the dual-readout gas TPC that can detect both positive
ions and electrons generated by a nuclear recoil event.

Following on from the previous section, an interesting new design put forward for inert gas TPCs
recently is a dual-readout configuration: a high pressure gaseous TPC collecting charge from both
the ionization electrons at the anode and the positive ions at the cathode. The intrinsic spatial
limitation of noble gas TPCs is driven by the transverse diffusion of the electrons during drift.
Unlike electrons, ions remain thermal during their drift, so their diffusion is significantly reduced.
The use of positive ions collected at the cathode would push the intrinsic physical resolution of such a
chamber in the 10-100 micron region. The challenge associated with this scheme is the development
of a sensor that can reliably detect slow positive ions with the required granularity. Detection at
micron-scale pitches in massive detectors implies major technological challenges. However, there are
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several emerging technologies that may make micron-scale tracking of ions a reality during the next
decade, enabling such a detector to be realized at scale.

The concept is depicted diagrammatically in Fig. 20. In such a dual-readout TPC, the anode
sensors would allow a “coarse” (mm to cm) event reconstruction using conventional electron detection
methods, while the cathode would push the scale of tracking in the tens of micron region via detection
of ions. If the anode readout is pixelated, it would be possible to identify the 3D region of interest
(ROI) for the interaction, map it to a cathode equivalent ROI, and trigger the fine cathode readout
online. The drift timescales of electrons and ions are orders of magnitude apart—microseconds vs
seconds, respectively. This approach, therefore, not only evades problems associated with what may
be an unmanageable data rate from a finely granular cathode, but also allows for solutions where the
readout is triggered in a locally defined region, based on coarse reconstruction of electron positions.
For readout of the ion signal, there are at least two distinct but promising technological solutions.

TopMetal: is a series of highly pixelated charge sensors implemented using industrial standard
CMOS processes. The sensor exposes a metal electrode on the top surface of each pixel to collect
charge coming from outside of the sensor. It allows the direct coupling of sensor to gas and liquid
media for charge readout. Leveraging the CMOS microelectronics process, charge-sensitive amplifiers
are embedded in tens of um sized pixels and signal processing/multiplexing are in the chip as well.
An earlier version, Topmetal-II-, demonstrated a 72 x 72 pixel array with 83 wm pixel pitch, < 15e~
per pixel analog noise, and a 200 e~ minimum threshold for digital readout per pixel. The sensor is
capable of detecting both electrons and ions drifting in gas, demonstrating readout device in future
TPCs with low background and low rate-density experiments [381]. Recent improvements include
implementing a full-reticle array with MAPS and time-of-arrival measurement added to each pixel
(Topmetal-M [382]), and the demonstration of combining Topmetal-II- and a gas-electron avalanche
layer for X-ray polarimetry [383].

Ion Microscopy: Techniques for ion sensing and microscopy in gas are under development for
neutrinoless double beta decay searches (barium tagging), spearheaded by the University of Texas
at Arlington group within the NEXT collaboration. In those systems the target ion is a doubly
charged metal dication. However, for TPCs with admixtures of certain gases, such as CF4, SFg
or SeFg, the positive ions are expected to be sufficiently chemically reactive that novel fluorescent
chemosensors could be deployed, which exhibit turn-on fluorescence upon reaction with them at the
cathode. A system with a fluorescent ion-sensing layer probed by a mobile laser excitation source
and EMCCD camera could resolve projected ion tracks with micron precision, seconds to minutes
after the original interaction. Positioning of the camera could be realized using similar systems to
those being considered for barium tagging in liquid or gaseous xenon, in schemes where the sensor
moves to the ion rather than vice versa. Groundwork has demonstrated single ion detection at
scanning surfaces with 2 nm spatial resolution [384], and developed bespoke fluorophores with dry
fluorescent response to target metal dications [385]. The development of chemosensors for positive
ion detection within its host gas, as opposed to metal dications, has been explored conceptually and
appears plausible, with several promising chemoreceptors already identified.

8 Conclusions

In this white paper we have outlined the diverse physics case for the directional detection of recoils
via real-time imaging. This physics motivation spans astroparticle physics to pure particle physics,
as well as applications. We have described the ongoing work of some notable collaborations, namely
CyanNus, CYGNO, vBDX-DRIFT, TAXO, and MIGDAL, but have also highlighted the work of

smaller groups engaged in various pieces of crucial R&D work. To conclude, we would like to
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highlight some of the major recommendations that we have reached from undergoing the writing of
this paper, as well as some of the important advancements that we anticipate over the next decade.

Key developments expected from collaborations

CYGNUS: Two (40 L and 1000 L) “CyGNuUs HD demonstrator” detectors, utilizing CERN
strip Micromegas readout and CERN SRS DAQ systems, are now under construction [386].
Using the results from these prototypes, the collaboration will begin to converge on an optimal
configuration for a 10 m? CYGNUS module over the next decade. Meanwhile, the design of the
ultimate CYGNUS-1000 m? recoil observatory will be decided.

CYGNO: the 50 L LIME prototype has been installed underground at LNGS and will be
used to study performance in a low-background environment and to validate Monte Carlo
simulations.

vBDX-DRIFT: The collaboration is continuing work on understanding backgrounds and
mitigation while also strengthening the physics case.

TAXO: BabyIAXO will begin data-taking in 2025-2026 in vacuum-mode operation. The
estimated sensitivity will allow an improvement on the limits on the axion-photon coupling by
around a factor of five over CAST. The results will be used to mitigate the risks of the full
TAXO experiment which aims to explore important and well-motivated QCD axion models at
presently unexplored axion masses.

MIGDAL: The collaboration is preparing to install an optical TPC at a neutron source
in Rutherford Appleton Laboratory. The TPC will use CF4 and attempt to make the first
measurement of the Migdal effect occurring during a nuclear scattering event.

Future issues to be studied

Detector R&D: The fundamental performance limits of recoil imaging in gas TPCs should be
demonstrated: single primary electron counting with fully 3D spatial resolution at the 100 um?
voxel size. One likely path towards this end goal is the use of negative ion drift. A critical issue
will therefore be to develop next-generation MPGDs that retain sufficient avalanche gain with
negative ion drift gases, so as to count individual electrons above the noise floor while keeping
cost low-enough for the timely construction of a 1000 m3-scale detector. Next, radio-purity of
such MPGDs needs be reduced sufficiently. Finally, the steps necessary to scale-up the services
(gas, readout, LV, HV) need to be outlined and investigated to avoid potential showstoppers
along the road to achieving a large-scale DM or neutrino detector. Highly multiplexed DAQs
utilizing programmable, topological triggers will be key for cost reduction. Gas purification
and recirculation will also be critical. We emphasize that all proponents of new recoil imaging
techniques should demonstrate directional performance versus recoil energy, and that these
can be implemented in modules of at least 1 m3-scale, or at the kg-scale for condensed matter
targets.

Physics of low-energy recoils: Smaller, high-definition TPCs using MPGDs and either
optical or electronic readout should be used to validate simulations of keV-scale nuclear and
electron recoils down to the lowest possible energies of ~0.3 keV. This will ensure our sensitivity
projections for future experiments are accurate. Such work includes confirmation of the Migdal
effect for use by DM experiments.
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e Physics case: The physics reach of directional electron recoil detectors has not received much
attention to date, but appears very promising. This should be studied further so that designs
for fully optimized directional electron and nuclear recoil detectors can begin. This physics
case should focus on evaluating the potential to detect low-mass and bosonic DM candidates,
but also cover neutrino-electron scattering, as is needed to develop the potential for MPGDs
to detect solar and geoneutrinos.

e Simulations and analysis tools: Software tools that generate the 3D topology of low-
energy nuclear recoils should be developed and made publicly available. This includes recoil
tracks in high density gases such as argon and SeFg. Early studies on the use of convolutional
neutral networks for identifying head/tail signatures in very short nuclear recoil tracks are
already promising. Dedicated track reconstruction algorithms should therefore be developed
for both electron and nuclear recoils across all relevant energy scales. Dedicated algorithms
for performing particle ID on short, low-energy recoils are also needed.

Final remarks on synergies and the future of MPGDs in the US

The unifying theme of this white paper is recoil imaging in MPGDs. We have motivated how
advancing and scaling up this technique would be widely impactful in low-background experiments
such as DM searches, neutrino physics, and numerous applications. However, we have not touched
on the large number of other uses of MPGDs in particle physics. MPGDs are also key enabling
technologies needed for particle tracking at colliders. Whenever large area coverage and/or low-
mass tracking is desired in high-energy physics, such as in TPC trackers and in muon detectors,
MPGDs are routinely used. Virtually all future detectors both in high-energy and nuclear physics
will require improved and optimized MPGDs. For example, the Electron-Ion-Collider (EIC), to be
constructed in the US, will be using MPGDs extensively. MPGDs will also be used in experiments at
Jefferson Lab and at the National Superconducting Cyclotron Laboratory. In the last few decades,
however, gas detector R&D generally has not received strong emphasis in the US, and the RD51
collaboration at CERN has been at the nexus of MPGD R&D. With EIC design ramping up, and
the physics case of CYGNUS strengthened by the approach of the neutrino fog, we now have a unique
opportunity to address this imbalance. We should enable world-leadership in the US, by investing in
MPGD R&D, production and test infrastructure at a national lab and/or university. A joint nuclear
and particle physics MPGD facility would allow optimization and then production of detectors for
the EIC. Similarly, such a facility would enable optimization followed by mass-production of MPGDs
for a large-scale directional recoil observatory such as the proposed CYGNUS experiment. A slew
of other programs in high energy physics, nuclear physics, and related fields would stand to benefit
tremendously from such an investment.
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