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The General Antiparticle Spectrometer (GAPS) is the first experiment optimized to identify low-
energy (50.25 GeV/n) cosmic antinuclei, in particular antideuterons from dark matter annihilation
or decay. The GAPS program will deliver unprecedented sensitivity to cosmic antideuterons, an
essentially background-free signature of various dark matter models, as well as a high-statistics
antiproton spectrum in the unexplored low-energy range, and leading sensitivity to cosmic an-
tihelium. GAPS is currently under construction. The first Antarctic balloon flight of GAPS
is planned for late 2022, and two additional flights are planned for the coming years. Based
on measurements of our custom-developed instrument technology, including large-area lithium-
drifted silicon (Si(Li)) detectors and a large-acceptance time-of-flight system, as well as detailed
instrument simulation and reconstruction studies, we present here the anticipated impact of the
GAPS program on dark matter searches. This contribution discusses the current status of cosmic
antinuclei studies while focusing on the science potential of GAPS.
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1. Introduction
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Figure 1: The GAPS antideuteron sensitivity””zl (black bar) overlaid with current best upper limit by
BESSI3] , the predicted antideuteron flux from viable DM models! 4] (cyan), and antideutron fluxes from the
secondary (blue) and tertiary (pink) astrophysical background. Orange points are GAPS projected antiproton
measurement for one flight and dashed black line is the antiproton flux predication from Galprop model.)

The origin of dark matter (DM) is a driving question of modern physics. Finding dark
matter in the laboratory and elucidating its properties could revolutionize our understanding of the
fundamental building blocks of the universe. Dark matter experiments are usually categorized into
collider searches, direct detection and indirect detection. Indirect dark matter detection is looking
for Standard Model particles from dark matter annihilation or decay, such as high-energy photons or
neutrinos, or excess antimatter. Cosmic rays are widely used for indirect dark matter detection with
the assumption that cosmic rays from dark matter annihilation or decay follow different kinematics
than those produced via conventional astrophysical processes. The common challenge for such
experiments is the understanding of the astrophysical backgrounds. Compared to other cosmic rays,
cosmic antinuclei provide an excellent channel for dark matter searches because of their relatively
low level of production from conventional astrophysical processes[1 1

The General Antiparticle Spectrometer (GAPS), an Antarctic long-duration balloon (LDB)
experiment, is the first experiment optimized to search for low-energy (kinetic energy <0.25 GeV/n)
cosmic antideuterons, as well as measuring a high-statistics antiproton spectrum in an unexplored
low-energy range. GAPS also provides a leading sensitivity to low-energy cosmic antihelium. The
unique strength of the GAPS low-energy antideuteron search for DM lies in this channel’s ultralow
astrophysical background. Secondary or tertiary (astrophysical background) antideuterons are
produced by the interaction of cosmic-ray protons or antiprotons with the interstellar medium. As
illustrated in Fig. 1, the combination of the high production threshold for antideuterons, relativistic
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Figure 2: Antideuteron event topology in the GAPS instrument: the red line is the reconstruction of the
primary antideuteron and the black lines reconstruct the secondary tracks from the stopping vertex inside the
tracker. The colored boxes represent energy depositions in sensitive detector volumes: the largest of which
(red) are on the primary track, and the green ones are on the secondary tracks. The detector materials (TOF
system and ten silicon tracker layers) are in light gray.

kinematics, and the low abundance of high-energy cosmic rays, leads to a secondary or tertiary
antideuteron flux that, compared to realistic DM models, is highly-suppressed and also boosted
towards higher energies. In this scenario, low-energy antideuterons have long been recognized as
just such a background-free, “smoking gun” DM signature[l].

2. Antinuclei Identification with the Exotic Atom Technique

GAPS uses a novel detection technique based on exotic atom capture and decay to identify
cosmic antinucleil®!. As illustrated in Fig. 2, the time-of-flight (TOF) system measures the velocity,
angle, and energy deposition (dE/dx) of low-energy antinuclei when they pass through two layers
of plastic scintillator. The TOF system also provides the high-speed trigger to the experiment.
The incoming antiparticle is further slowed by energy losses in the Si(Li) tracker layers, and it
eventually stops inside the tracker volume. The captured antiparticle then replaces a shell electron
of the silicon to form an exotic atom in an excited state. This exotic atom de-excites and emits
X-rays promptly. Finally, the antiparticle annihilates with the silicon nucleus, producing a nuclear
star of pions and protons. Both the produced X-rays and charged particles (protons and charged
pions) are further detected by the Si(Li) tracker.

The simultaneous detection of the incoming particle by the TOF and the annihilation products by
the tracker provides a powerful way to distinguish antinuclei from particles such as muons, protons,
electrons or alphas. Furthermore, benefitting from its novel detection technique, GAPS provides
multiple ways to discriminate between antiprotons and antideuterons: 1) The TOF measures the
velocity of the incoming particle. Compared to antiprotons with the same velocity, antideuterons
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Figure 3: GAPS instrument design. The front panel of the cortina has been removed to show the inner
detector and that the inner TOF has been cut open to show the tracker.

pass through more tracker layers and deposit more total energy. 2) After annihilation, antideuterons
yield more charged particles (protons and charged pions) than antiprotons since antideuterons are
more massive. 3) For a given target material, the energies of X-rays from the exotic atom are
uniquely determined by the mass of the captured antinuclei, so the characteristic X-ray lines provide
a further method for antinuclei identification. Combining the discrimination powers of the stopping
depth, energy deposition profile, multiplicity of charged particles, and characteristic X-rays, the
GAPS antinuclei mis-identification can be suppressed to below 107, Hence, the observation of
one antideuteron in GAPS is sufficient to claim a discovery.

Based on the aforementioned detection principle, Fig. 3 shows the GAPS instrumental design,
see S. Quinn’s contribution for more details. The heart of the GAPS detectorisa 1.6 mx1.6 mx1.0m
Si(Li) tracker. It measures the dE/dx of the incoming particles, tracks the annihilation products
(X-rays and charged particles), and reconstructs the annihilation vertex (combined with the TOF).
The GAPS tracker is built with ten layers of custom-made large-area Si(Li) detectors 0117181 , and

each layer covers an area of over 1 m?

. The tracker is surrounded by a plastic scintillator TOF
system. The GAPS TOF system consists of an inner “cube”, top “umbrella”" and four sides, called
“cortina". The separation is 90 cm between the cube and the umbrella, and ~30 cm between the
cube and the cortina. The TOF is composed of plastic scintillator paddles with 6 SiPMs mounted
at each end. The GAPS thermal system utilizes an oscillating heat pipe (OHP), which faces away
from the Sun to maintain the instrument temperature[9]. The heat produced by the tracker will be
transferred into space via a radiator. On the Sun-facing side, there is a solar array to supply power.
The electronics bay houses the electronics and other mechanical supports. The full payload of the
GAPS instrument is ~2.5 t and the total power consumption is ~1.3 kW. The instrument will serve

for a series of long-duration balloon flights, each lasting around 35 days.
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3. GAPS Scientific Potential

GAPS will start the initial Antarctic LDB flight in late 2022 and plans two follow-up flights.
The science objectives of the GAPS Antarctic flight program are as follows:

* Flight 1 will validate the novel antinuclei identification technique, start a new era of precision
measurements of low-energy cosmic antiprotons, and deliver a leading sensitivity to cosmic
antideuterons that will begin to probe viable DM models.

* Flights 2 and 3 will open sensitivity to more generic dark matter models with antideuterons.

 All flights will provide leading sensitivity to low-energy cosmic antihelium.

Using a Geant4! 1011111 paged simulation of the full GAPS instrument, the projections of

sensitivities to antideuteron and antihelium-3!12] , and antiproton flux were determined. The GAPS
scientific potential is presented in the following.

3.1 Antiproton Flux

Previous antiproton measurements have been used to constrain DM models, as well as as-
trophysical production and propagation scenarios. Recent studies of the AMS-02 low-energy an-
tiproton spectrum indicate a possible excess that could be consistent with 20-80 GeV dark matter,

[13]. However the

invoking some of the same models indicated by the Galactic Center y-ray excess
DM interpretation is inconclusive due to astrophysical uncertainties. In addition, any antideuteron
signal needs to be compatible with antiproton constraints. Hence, precision measurements of
antiprotons are vital input for DM searches with antideuterons.

Fig. 1 illustrates the expected antiproton measurement at Top of the Atmosphere (TOA) for a
GAPS 35-day Antarctic flight at 37 km float altitude; see more details in F. Rogers’s contribution.
GAPS extends the range of precision antiproton measurements about an order of magnitude lower
in kinetic energy compared to the AMS-02 experiment. It needs to be noted that the current highest-
precision AMS-02 antiproton data have an uncertainty of about 30% at 0.5 GeV/n. The crucial
low-energy range (<0.25 GeV/n) that the GAPS experiment is focused on is relatively unconstrained.
The GAPS precision measurement of antiprotons in this unexplored low-energy range will include
around two orders of magnitude more low-energy antiprotons than BESS!!4) and PAMELA!!3]
combined. These measurements will provide strong constraints on DM candidates with masses
<30 GeV, and on primordial black hole evaporation on Galactic length scales. In addition, it will
also offer detailed constraints of phenomena such as solar modulation that affect the low-energy
antiproton flux.

3.2 Antideuteron Science

Cosmic antideuterons have not yet been observed, and any detection would open a new field
of cosmic research. A broad range of DM models predict a low-energy antideuteron flux from DM
annihilation or decay orders of magnitude above this astrophysical background. As illustrated in
Fig. 1, the flux from a generic 70-GeV WIMP annihilating into antideuterons via bb-pairs exceeds
the standard astrophysical background by three orders of magnitude in the energy range below a
few GeV/n, even taking into account constraints from y-ray and antiproton measurements 41,

Fig. 4 illustrates the GAPS sensitivity to low-energy cosmic antideuteron searches with three
LDB flights compared with antideuteron fluxes predicted by several specific DM models. These
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Figure 4: GAPS antideuteron sensitivity (30 discovery for 1 detected event) for three LDB flights, in

comparison with viable DM models41118112111221123]

DM models include a right-handed Kaluza-Klein neutrino of extra-dimensional grand unified
theories (LZP)! 1 6], a decaying LSP gravitino[”], a particle with gluonic decay channels! 18] , and
candidates in the next-to-minimal supersymmetric model (NMSSM)[lg]. For a 30 discovery of
one antideuteron event, the GAPS sensitivity will reach well below the thermal relic cross section
for DM with masses below 20-100 GeV annihilating into light quarks[zo]. In contrast to direct
detection and collider DM searches, the GAPS antideuteron search is also sensitive to certain heavy
DM models, for example, (5-20 TeV) WIMP models (217 and TeV-scale pure-Wino dark matter with
a Sommerfeld enhancement mechanism! 22!, Furthermore, GAPS can explore hidden-sector DM,
such as dark photon models that also evade direct and collider searches, via the hadronic decay of

massive mediatorslz3J.

3.3 Antihelium Sensitivity

In 2018, the AMS-02 collaboration reported eight antihelium nucleus candidate events. Full
information on these tentative events has yet to be published, but there is broad consensus that the
confirmation of cosmic antihelium nuclei would imply new physics. Various models attempt to
explain the potential antihelium detection by AMS-02. These models include standard cosmic rays
with heavily-tuned formation models[24] [251126] , new DM annihilation channels [27], and even the
existence of an antistar within our Galaxy (2811291 The projected antihelium nuclei fluxes in the
GAPS energy range could span many orders of magnitude. Fig. 5 illustrates examples of predicted
antihelium nuclei fluxes for dark matter with various masses annihilating into different channels,
overlaid with the predicted astrophysical antihelium flux. Three GAPS LDB flights will provide
the strongest sensitivity to low-energy antihelium-3 nuclei, with the potential to probe dark matter
models annihilating into W*W~ [12] (also see more details in A. Stoessl’s contribution).

Furthermore, the AMS-02 events shown at conferences have momenta of >10 GeV/c, while
GAPS is sensitive to the low-energy range (<0.25 GeV/n) where the contribution from new physics is
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Figure 5: GAPS antihelium-3 nuclei sensitivity[l2] (95% C.L.) for three LDB flights in comparison with
predictions from a variety of DM and standard astrophysical background models. The uncertainties in the
sensitivities are estimated using the upper and lower limits of true antihelium-3 nuclei detection from the
95% confidence interval, based on the calculated mean number of background event.

expected to be highest in most models. Using a completely different antinuclei detection technique
from AMS-02, GAPS is the only experiment in the near future that can independently test the
existence of low-energy cosmic antihelium nuclei.

4. Conclusions

The GAPS (General Antiparticle Spectrometer) Antarctic long-duration balloon program is the
first experiment optimized for low-energy (<0.25 GeV/n) cosmic antinuclei. In the coming decade,
the GAPS experiment will:

e deliver a first-time dedicated search for low-energy antideuterons, an unambiguous signal
of new physics that probes a wide array of DM models, or improve limits by two orders of
magnitude, significantly constraining current viable DM scenarios;

* provide a precision antiproton spectrum in an unexplored low-energy region, permitting
leading constraints on < 10 GeV DM, the best limits on primordial black hole evaporation on
Galactic length scales, and novel insight on cosmic-ray propagation models; and

* open sensitivity to low-energy cosmic antihelium, in particular to investigate the candidate
antihelium events reported by AMS-02.

The GAPS design has nearly completed, and the construction and integration has begun. The
instrument is on schedule for the initial Antarctic flight in late 2022.
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