EPJ Web of Conferences 280, 07002 (2023) https://doi.org/10.1051/epjconf/202328007002
RICAP-22

The GAPS experiment: low-energy antinuclei measure-
ments for dark matter searches

N. Marcelli!** on behalf of the GAPS collaboration?

'INFN, Sezione di Trieste, Padriciano 99, 1-34149 Trieste, Italy
2Full author list: https://gaps|.astro.ucla.edu/gaps/authors/

Abstract. GAPS (General Anti-Particle Spectrometer) is a balloon-borne ex-
periment designed to measure low-energy (<0.25 GeV/n) cosmic antinuclei
(i.e., antiprotons, antideuterons, and antihelium nuclei) as a signature of dark
matter annihilation or decay. According to viable beyond-the-Standard Model
theories, the predicted dark matter signal in the low-energy antideuterons and
antihelium nuclei channels is several orders of magnitude higher than the as-
trophysical background. The experiment will conduct a series of at least three
long-duration balloon flights at high altitudes from Antarctica. The instrument
is composed of a Si(Li) tracker surrounded by a Time-of-Flight system made
of plastic scintillators. GAPS uses the novel exotic-atom detection technique
in which an antinucleus is captured by the tracker material and forms an exotic
atom. This excited exotic atom decays within the order of nanoseconds emit-
ting X-rays at specific energies defined by the atomic transitions and annihilates
emitting secondary particles (mainly pions and protons). The measured quan-
tities (e.g., dE/dx, time of flight, annihilation vertex position, X-rays energies,
etc.) allow for identifying antinuclei with high precision.

1 Introduction

The General AntiParticle Spectrometer (GAPS) [1, 2] is the first experiment devised to mea-
sure low-energy antinuclei, exploring the energy region below 0.25 GeV/n. According to vi-
able beyond-the-Standard Model theories, the predicted dark matter (DM) signal in the low-
energy antideuterons and antihelium nuclei channels is several orders of magnitude higher
than the astrophysical background [3, 4]. In this scenario, GAPS will operate in an almost
background-free energy region. The experiment will use a novel detection technique based on
the formation and decay of exotic atoms. GAPS is planned to have at least three long-duration
balloon (LDB) flights from McMurdo station in Antarctica. The first flight is expected to be
performed in the austral summer of 2023-2024. GAPS will provide unprecedented sensitiv-
ity for antideuteron and antihelium nuclei [5, 6]. Moreover, GAPS will perform high statistic
measurements of antiprotons and extend the energy coverage in an unexplored low-energy
region [7].
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Figure 1. Left panel: A schematic view of the GAPS detector. Right panel: The GAPS sensitivity for
cosmic antiproton spectrum (red) at the top of the atmosphere is shown with the statistics expected from
three 35-day flights [7]. Data from BESS (1995 and ‘97 [12]), BESS Polar I1 [ 13], PAMELA (2006—09
[14]), and AMS-02 (2011-18 [15, 16]) are also shown.

2 The GAPS detector

Fig. 1 (left panel) shows a schematic view of the GAPS apparatus consisting of a Time-of-
Flight (ToF) and tracking systems.

The ToF system consists of ~160 plastic scintillator paddles [8] and is arranged in an outer
Tof system and an inner Tof system. The outer ToF consists of an umbrella of scintillator
oriented horizontally and a cortina of four walls of scintillator oriented vertically. The inner
ToF is a cube of scintillator paddles, consisting of four sides, a top and a bottom. The ToF
system measures the time information necessary to reconstruct the velocity of particles and
the ionization energy losses dE/dx of particles. The ToF also provides the overall trigger for
GAPS.

The core of the apparatus is a tracking system made of ten planes of 12 X 12 cylindrical
Si(Li) detectors each [6, 9]. For the first flight, ~1000 Si(Li) detectors will be equipped. On
each supporting aluminum plane, the Si(Li) cylinders are arranged in a 6 X6 array of modules,
each with four Si(Li) detectors read out by a dedicated ASIC [10]. The Si(Li) detectors have
a diameter of ~10 cm, are ~2.5 mm thick and are segmented into eight strips of equal area.
Finally, the tracking system is kept at its operational temperature of ~-40° C by an oscillating
heat pipe (OHP) thermal system [11].

3 Detection technique

GAPS uses a novel technique for antinuclei detection, based on the formation and decay of
exotic atoms. The incoming primary antinucleus slows down due to ionization energy losses
in the materials of the apparatus and, after losing all kinetic energy, can form an exotic atom
by replacing a shell electron in a silicon or aluminum atom. During the de-excitation process,
the exotic atom emits characteristic X-rays with energies determined by atomic transitions
[5]. In the end, the primary particle annihilates with the target nucleus producing secondary
particles, mainly pions and protons from a common vertex. The measurements of the time-of-
flight, ionization losses dE/dx, and X-ray energies together with the reconstructed topology
of the “annihilation star”, allow to clearly identify antinuclei.
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Figure 2. Left panel: the predicted antideuteron flux from a generic 70-GeV WIMP annihilating via
bb-pairs (cyan), as well as the predicted secondary (blue) and tertiary (pink) astrophysical antideuteron
flux. The anticipated sensitivity of GAPS [5, 19] for a 3 ¢ discovery and the BESS 97-00 95% C.L.
exclusion limits are shown [20]. Right panel: GAPS antihelium sensitivity (red line, with 95% C.L.)
compared with the flux predicted by different dark matter and astrophysical background models [6].

In order to reconstruct the antinucleus annihilation topology, a custom algorithm was de-
veloped. First, the primary track is identified, followed by the secondary tracks associated
with the primary track. Finally, the annihilation vertex is defined as the point which mini-
mizes the distance between primary and secondary reconstructed tracks [17].

4 Antinuclei sensitivity

The sensitivity curves for antinuclei were determined using the GAPS simulation software,
which reproduces the instrument geometry and materials using the Geant4 toolkit [ | 8]. More-
over, a digitization process was applied to the simulated data to mimic a realistic instrument
response for time, energy, and position measurements.

Fig. 1 (right panel) shows the expected antiproton measurement at the top of the atmo-
sphere (TOA) for three ~35 day antarctic flights at ~37 km float altitude [7]. The GAPS
precision measurement of antiprotons in this unexplored low-energy range will have about
two orders of magnitude more low-energy antiprotons than BESS [12, 13] and PAMELA
[14] combined, i.e., ~500 antiprotons expected for each flight. These measurements will pro-
vide strong constraints on DM candidates with masses <30 GeV and primordial black hole
evaporation on Galactic length scales [19].

Antideuteron nuclei have never been observed in cosmic rays, and any detection would be
sufficient to claim the discovery of new physics. Fig. 2 left pannel shows the GAPS sensitivity
to low-energy cosmic antideuteron after three LDB flights, compared with the antideuteron
fluxes expected from a generic 70-GeV WIMP annihilating into antideuterons via bb-pairs
(cyan) [5, 19]. As described in Sec. 1, the astrophysical background (blue and pink) is at
least two orders of magnitude below the expected DM signal [21].

The flux of antihelium nuclei predicted by several dark matter models is illustrated in
Figure 2, right panel. Three GAPS LDB flights will provide enough sensitivity to low-energy
antihelium-3 nuclei, with the potential to probe dark matter models annihilating into W*W~
[6].

Due to its novel detection technique and sensitivity to the lower-energy range, where the
predicted contribution from most of the new-physics models is highest, GAPS will provide
complementary measurements to the experiments operating so far.
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