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The General Antiparticle Spectrometer (GAPS) experiment is designed to detect low-energy
(< 0.25 GeV/n) cosmic-ray antinuclei as indirect signatures of dark matter. Several beyond-
the-standard-model scenarios predict a large antideuteron flux due to dark matter decay or an-
nihilation compared to the astrophysical background. The GAPS experiment will perform such
measurements using long-duration balloon flights over Antarctica, beginning in the 2022/23 aus-
tral summer. The experimental apparatus consists of ten planes of Si(Li) detectors surrounded by a
time-of-flight system made of plastic scintillators. The detection of the primary antinucleus relies
on the reconstruction of the annihilation products: the low-energy antinucleus is captured by an
atom of the detector material, forming an exotic atom that de-excites by emitting characteristics
X-rays. Finally, the antinucleus undergoes nuclear annihilation, producing a “star” of pions and
protons emitted from the annihilation vertex. Several algorithms were developed to determine
the annihilation vertex position and to reconstruct the topology of the primary and secondary
particles. An overview of the event reconstruction techniques and their performances, based on

detailed Monte Carlo simulation studies, will be presented in this contribution.
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1. Introduction

Since the first detection of antiprotons in the 1970s, cosmic-ray antinuclei have been used
as a tool to search for dark matter signatures or other new astrophysical phenomena. Antiproton
measurements appear to be consistent with secondary production, but a contribution from dark
matter annihilation or decay cannot be completely excluded [1, 2]. On the other hand, heavier
antinuclei as antideuteron and antihelium can provide a much clearer evidence for dark matter
signature: in the energy region below few GeV/n, several beyond-the-Standard Model theories
predict a contribution from dark matter annihilation or decay several orders of magnitude greater
than the astrophysical background [3, 4]. Currently only upper limits have been provided for
antideuteron spectrum in cosmic rays (as in [5]).

The General AntiParticle Spectrometer (GAPS) [6, 7] is the first experiment designed for the
observation of low-energy antinuclei, covering the energy region below 0.25 GeV /n. As opposed as
other experiments, which are based on a magnetic spectrometer, GAPS will use a new identification
technique based on the formation of an exotic atom and the observation of its decay and annihilation
products. The GAPS experiment will perform such measurements using long-duration balloon
flights over Antarctica. At least three flights are planned and the first is expected to be performed in
the 2022/23 austral summer. During its lifetime, GAPS will improve the sensitivity for antideuteron
and antihelium nuclei by at least two orders of magnitude [8, 9]. Moreover, GAPS will collect the
largest sample of antiprotons to date and it will extend the energy coverage in the unexplored region
below 100 MeV.

The algorithms developed for the reconstruction of the topology of the antinucleus annihiliation
inside the detector are described in this paper. In Section 2 a brief description of the experimental
apparatus is given. The reconstruction algorithms are then explained in Section 3 and the obtained
reconstruction performances are summarized in Section 4.

2. The GAPS experiment

The GAPS experimental apparatus consists of a time-of-flight (ToF) system surrounding several
tracker planes. The ToF is arranged in an outer and an inner ToF systems made of ~160 plastic
scintillator paddles. The outer ToF if made of and horizontal plane above the rest of the detector
(named ‘“umbrella”) and of four lateral vertical walls (named “cortina”). The inner ToF is a cube
that surround the tracker system on top, bottom and lateral sides. All scintillators are 6.35 mm thick
and 16 cm wide, with a variable lenght between 1.51 and 1.8 m. Each paddle system provides the
measurement of energy deposit, time and longitudinal position along its largest dimension [10]. The
tracker systems is made of 1440 Si(Li) detectors arranged in 10 evenly spaced planes [11-14]. Each
detector has a cylindrical shape of ~10 cm diameter and ~2.5 mm thickness and it is segmented
into eight strips of equal area. The required operational temperature of ~-40° is achieved with an
oscillating heat pipe system [15, 16]. The readout is performed with a dedicated ASIC [17]. In
each plane 2 x 2 detectors are grouped into a module and 36 modules are arranged in a 6 X 6 array.
The support structure of the planes is made of aluminum. A schematic view of the instrument is
shown in Figure 1.
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Figure 1: Schematic view of the GAPS experimental apparatus.

The detection principle is based on the obsevation of the annihilation products of the incoming
antinucleus (hereafter called “primary particle” or just “primary”’). The primary, after being slowed
down by its ionization losses, can substitute an atomic electron (mostly in a silicon detector or in
the aluminum frame) and form an exotic atom. The exotic atom then decays through a series of
atomic transitions emitting characteristic X-rays [8], and the antinucleus finally annihilates with
the target nucleus producing several secondary particles from a common vertex (mainly pions and
protons). In order to discriminate antiproton nuclei from the cosmic ray background, a rejection
power of at least 10° is required, taking into account the relative particle abundances (e.g., [18]). To
measure a possible antideuteron component an additional 107 rejection factor is necessary to reject
also antiproton background. A precise reconstruction of the event topology is required to achieve
these discrimination performances.

3. Reconstruction algorithm

The reconstruction algorithm is designed to reconstruct the track of the primary particle, to
identify the secondary particles produced in the annihilation, and to determine the position of the
annihilation vertex.

The algorithm has been developed and validated using detailed Geant4 [19] simulations of the
detector. Both the geometry and the response of the instruments have been implemented in the
simulation. The position resolution of the ToF paddles (along the largest dimension) has been set
to 4 cm, consistent with the time resolution of better than 400 ps. The transfer function of the ASIC
channels is also implemented to correctly reproduce the energy resolution of the silicon detectors
(~4 keV below energy deposits of ~100 keV, slowly increasing up to 100 keV for deposits above 50
MeV).

Before the actual reconstruction, a clustering procedure is performed on the hits in the ToF that
are spatially and temporally consistent. A trigger condition is applied to select annihilation events:
eight hits are required in the ToF, with at least three hits both in the outer and in the inner ToF. A
cut on the deposited energy of the hits is also applied to reject both minimum ionizing particles and
high-Z particles.
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3.1 Primary particle reconstruction

The primary particle is identified assuming that it is the first particle hitting the outer and inner
ToF. The first hit in the outer ToF and the first one in the inner ToF are used to build the initial
track estimation, then a track-following approach is used: the initial track is extrapolated to the next
detector plane, then the hits in that plane are associated to the primary if they satisfy the following
requirements:

1. Spatial consistency: the intersection of the track with the plane (p;) is calculated with its
estimated uncertainty ¢;. The estimated multiple scattering displacement is also included in
the error. A hit in that plane is included if its distance from p; is less than a;(8) - 6;, where
a;(B) is a B-dependent coefficient.

2. Energy consistency: the spatially consistent hit with the highest dE /dx (with dx = p - dl,
where dE is the energy deposit, p is the density of the material and d/ is the length of the
track intersection in the active hit volume) are added to the primary track if E; > E;_1/v;(B),
where E; is the energy deposit of the hit, E;_; is the deposited energy in the previous plane
(or in the inner ToF in case of the first tracker plane), and v;(8) is a B-dependent coefficient.

3. Upper limit to distance between hits: a hit that is both spatially and energetically consistent
but is more distant than y;(8) from the previously added hit is discarded to avoid adding hits
that are beyond the annihilation vertex.

Every time a hit from a plane is added, the primary track is estimated again with a least-squares
minimization on all the associated hits. This method is then iterated through all the tracker planes.
The coefficients a;(8), vi(B8) and y;(B) are chosen for each plane to ensure a ~98% selection
efficiency of the primary hits according to Monte Carlo simulations.

3.2 Secondary tracks finding algorithm

The remaining hits that are not associated with the primary are used to search for secondary
tracks. Two algorithm were developed: a global approach based on the Hough-3D transform
algorithm [20] and a custom algorithm specifically developed for this experiment. Since the latter
was found to have better efficiency and vertex resolution (as will be shown in Section 4), it was
chosen as the main reconstruction algorithm, and it is the one that will be described in this section.

A scan with a step of length 2 cm is performed along the primary track, starting from its
entrance in the tracker volume until the projected exit: from every scan point p, 1281 trajectories,
isotropically distributed over the solid angle, are traced and the hits that are intercepted by a track
are associated to it. Then, the track with the largest number of associated hits is selected and the
search is repeated with the remaining hits. This method is iterated until there are no more tracks
intercepting at least two hits. For each p the quantity

o(p) ﬁ) o
b k=1 "
is evaluated, where N(p) is the number of tracks found from p, n; is the number of hits associated
to the k™ track and n is the total number of hits. The value p,,;, that minimizes log Q(p) is chosen,
and its track candidates are fitted with a least-squared method on their associated hits.
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3.3 Annihilation vertex determination

The annihilation vertex can be reconstructed if at least the primary track and one secondary
track were found. The vertex position p,.,; is found by minimizing the quantity

where N is the number of tracks, di(p) is the distance of the k™ track from p and & is the associated
error evaluated from the covariance matrix of the fitted track parameters. Since spurious hits can
still be wrongly associated to the tracks, the procedure is iterated again after doing some corrections:

1. The tracks with a distance from the vertex of greater than 20 cm are rejected, and the
annihilation vertex is fitted again with the remaining tracks. This cut selects 98% of the
tracks originating from the annihilation vertex according to Monte Carlo simulations.

2. The search for secondary tracks is done again around the previously estimated vertex, and a
new vertex position is found.

3. If the primary track has associated hits beyond the vertex, they are removed from it and the
fit of the track and the vertex is repeated.

4. If the annihilation vertex is found in a Si(Li) strip, the corresponding hit is associated to all
the tracks and the fit of all the tracks and the vertex is repeated.

The stopping time of the primary particle can be estimated by back-propagating the secondary tracks
that have at least two time measurements. The primary particle is excluded from this calculation:
the extrapolation of the stopping time using the 5 measured in the ToF does not take into account
the slowdown of the primary due to the energy losses in the inner ToF and in the tracker, so a shorter
time would be obtained with respect to the real one. Secondary particles are mostly lighter and
relativistic, so their time extrapolation is more precise with respect to the primary. A reconstructed
annihilation event of an antideuteron with 8 = 0.28 is shown in Figure 2, where the comparison
between the simulated and the reconstructed tracks can be appreciated.

4. Reconstruction performance

The performance of the primary reconstruction was estimated from the capability to associate
the right hits and from the resolution of the measured velocity (8). The difference between the true
and the reconstructed number of primary hits is shown in Figure 3 for antiproton, antideuteron and
antihelium-3 primaries. Most of the events (~85%) have no more than one wrongly associated hit.
The g resolution is ~5% for particles entering from the top umbrella, while it is ~20% for particles
from the side walls. The big difference between the resolution for particles from the umbrella and
from the sides is due to the shorter distance between the lateral inner and outer ToF (~35 cm) with
respect to the top ones (~90 cm). However, most of the Galactic cosmic rays will enter from the
top, while the majority of the particles entering from the sides are of atmospheric origin.
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Figure 2: Schematic view of an antideuteron annihilation event (side view). Gray boxes represent the active
parts of the detector. On the left side, the simulated tracks are drawn, with a different color for each particle
species (solid lines for particles, dashed lines for antiparticles). Each colored box represents a hit, where
the color indicates the amount of the energy deposition. On the right side, the reconstructed tracks and the
associated hits are shown as gray lines/points (red for the primary) The small black ellipse represents the
95% confidence interval of the fitted annihilation vertex.
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Figure 3: Difference between the number of primary hits according to Monte Carlo information and to
reconstruction for antiprotons (solid line), antideuterons (dashed line) and antihelium-3 (dotted line).

The vertex reconstruction efficiency is estimated by selecting a sample of simulated antinuclei
annihilating in the tracker volume according to simulation. The efficiency is then calculated
requiring the existence of a reconstructed vertex. Figure 4 shows the reconstruction efficiency for
different antinuclei as a function of the generated 5. A value of about 90% is found for all particles
and velocities. The efficiency of the Hough3D algorithm is roughly 15% worse and it is also shown
for comparison. The vertex position resolution is defined as the absolute distance between the true
and the reconstructed vertex. The distribution of the distance is shown in Figure 5 for antiprotons,
antideuterons, and antihelium-3. The distributions have a peak around 1 cm, with 68% of the events
within 9-12 cm The resolution of the Hough3D algorithm appears to be worse and it is shown for
reference. Good spatial resolution is fundamental for the reconstruction of the trajectory and path
length of the primary particle, which are needed for the discrimination of the various antinucleus
species. As a reference, antideuterons incident vertically with § < 0.4 annihilate more than 12 cm
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Figure 5: Distance between the vertex from re-
construction and from Monte Carlo information
for antiprotons (solid line), antideuterons (dashed
line) and antihelium-3 (dotted line). The perfor-
mance of the Hough3D algorithm is also shown
for comparison (dashed-dotted).

Figure 4: Vertex reconstruction efficiency as a
function of the generated S for antiprotons (cir-
cles), antideuterons (squares) and antihelium-3
(triangles). The efficiency of the Hough3D algo-
rithm is also shown for comparison (stars)

deeper in the tracker with respect to an antiproton with comparable velocity. The stopping time
resolution exhibits an RMS of about 10%.
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