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mission that will be the first to target both MeV gamma-ray observations and antimatter-based
indirect dark matter searches with a LArTPC (Liquid Argon Time Projection Chamber) detec-
tor. Astrophysical observations at MeV energies have been poorly explored and long-neglected.
With a cost-effective, large-scale LArTPC, a single LDB (Long-Duration Balloon) flight could
provide an order of magnitude improved sensitivity compared to previous experiments. We can
uniquely measure gamma rays from annihilating dark matter and evaporating primordial black
holes. Additionally, GRAMS can extensively explore dark matter parameter space via antimatter
measurements. In particular, low-energy antideuterons can be background-free dark matter sig-
natures. We could deeply investigate the parameter space and validate the potential dark matter
signatures suggested by the Fermi gamma-ray observations and AMS-02 antiparticle measure-

ments.
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1. Introductions

Astrophysical observations of gravitational lensing, the Bullet Cluster, and galaxy rotation
curves have indicated the existence of dark matter since the 1960s [1, 2]. However, the nature and
origin of dark matter are still unknown, and many theories and experiments have been proposed
and are ongoing to reveal the mystery of dark matter. Direct dark matter search experiments,
usually located at the underground lab, try to measure the recoil energy induced by the dark
matter scattering inside the detector. On the other hand, indirect dark matter experiments measure
Standard Model particles produced in dark matter annihilation/decay. The recent results of Fermi-
LAT (Large Area Telescope on the Fermi Gamma-Ray Space Telescope) and AMS-02 (Alpha
Magnetic Spectrometer) suggested possible dark matter signatures in gamma-ray and antiproton
measurements, respectively [3—7]. However, these results are in strong tension with Fermi dwarf
spheroidal galaxies observations, and a new project is needed to shed light on these issues.

Astrophysical observations via high-energy gamma-ray (above 20 MeV) and X-ray (up to 80
keV) measurements have been well-explored by the Fermi-LAT (Large Area Telescope on the Fermi
Gamma-Ray Space Telescope) and the NuSTAR (Nuclear Spectroscopic Telescope Array) missions,
respectively [8, 9]. Spectra of gamma-ray sources in the MeV energy range (MeV gamma rays),
however, have not yet been well-explored, leading to the so-called “MeV gap.” COMPTEL (The
Imaging COMPton TELescope) produced the first catalog of MeV sources but only with approxi-
mately 30 objects [10]. The MeV regime can potentially provide rich information on astrophysical
processes. Nuclear lines from the radioactive isotopes are mainly in the MeV range. They are
the keys to understanding nucleosynthesis processes and mechanisms of astrophysical phenomena,
including relativistic flows generated in stellar-mass black holes, supermassive black holes in active
galactic nuclei, and various types of neutron stars such as radio pulsars and magnetars [11]. More-
over, MeV gamma rays could be produced in dark matter annihilation/decay and primordial black
hole evaporation and association with gravitational waves from neutron-star mergers [12].

GRAMS (Gamma-Ray and AntiMatter Survey) is a proposed balloon-borne/satellite-based
mission to target both astrophysical observations with MeV gamma rays and indirect dark matter
searches with antimatter using a LArTPC (Liquid Argon Time Projection Chamber) detector. The
LATCTPC is cost-effective and easily expandable to build a large-scale detector, unlike current and
previous experiments with semiconductors or scintillation crystals, allowing us to have extensive
sensitivities to MeV gamma rays and antimatter. The performance of a LArTPC detector, in
particular, has been significantly improved over the past decade for neutrino and dark matter search
experiments [13].

2. Detector Design

The GRAMS instrument includes a LArTPC detector surrounded by two layers of plastic
scintillators (see Figure 1). The overall instrument (outer layer of the plastic scintillators) will
approximately be 3.5 m X 3.5 m X 2 m, which is compatible with a payload for LDB (Long-
Duration Balloon) flights. The plastic scintillators can measure the time-of-flight (TOF) of an
incoming antiparticle. They work as veto counters to reject incoming charged particles for gamma-
ray measurements. The plastic scintillators will be operated at ambient temperature. The LArTPC
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Figure 1: GRAMS detector design and detection concept for MeV gamma rays

will be about 1.4 m x 1.4 m X 0.2 m and will work as a calorimeter and particle tracker for antimatter
detection while acting as a Compton camera for gamma-ray measurements.

The LArTPC is cost-effective since argon is one of the most abundant gases on earth. It will be
operated at about 85 Kelvin in the liquid phase. We measure both scintillation light and ionization
electrons emitted from excited and ionized argon atoms induced by the incoming particle. The
ionization electrons will drift to the anode plane along the electric field applied inside the LArTPC.
Silicon Photo-Multipliers (SiPMs) will measure the scintillation light, providing the trigger and
timing of the event. The signals induced on the anode sensors wires or pads with a ~2 mm
pitch provide x/y positions of the event. The satellite mission will have an upgraded design with
a finer pitch of wires/pads. The drift time of the ionization electrons measured relative to the
event-triggered time in SiPMs can provide the z coordinate. Unlike semiconductors or scintillation
detectors, the LArTPC does not need to configure a multi-layer design with readout electronics at
each layer to reconstruct three-dimensional space points of the event. As a result, the LArTPC can
significantly reduce the number of readout electronics and the total power consumption compared
to other detectors for the same size, allowing to configure a large-scale design. There is almost
no dead volume inside the LArTPC, which allows having a profound detection efficiency, unlike
semiconductors or scintillation detectors with mounting frames and preamps nearby. The LArTPC
can also have the capability to identify electron recoil events from nuclear recoil events, separating
and rejecting neutron background events, as has been well demonstrated in dark matte search
experiments. Table 1 shows the comparison between LArTPC and semiconductors or scintillation
detectors.

3. MeV Gamma-Ray Observation

3.1 Detection Concept

While high-energy gamma rays tend to produce electron-positron pairs, the Compton scattering
process dominantly occurs when a MeV gamma-ray below 10 MeV enters the LArTPC. An incident
gamma ray may undergo multiple Compton scatterings before being photo-absorbed or even escape
from the sensitive volume. It can fully deposit its original energy inside the LArTPC or partially
if the Compton scattered photon escapes from the detector. We estimated the effective area for
the GRAMS balloon (satellite) flight using a GEANT4 simulation (see the right panel of Figure
2 ) [14]. Here, for reliable event reconstruction, we selected events for up to three Compton
scatterings with vertices separated more than 10 (2) cm from each other and for pair-production
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with leaving 2 (0.4) cm or longer tracks of the electron and positron inside the detector. We have
recently developed event reconstruction techniques to analyze four or more Compton scattering
events inside the LArTPC, which will allow us to have a further enhanced effective area.
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Figure 2: The left figure shows expected background fluxes for the balloon experiment (atmospheric photons)
and the satellite mission in a low-earth orbit (Albedo and Extragalactic photons) [15]. The right figure shows
the effective areas for Compton scattering and pair-production events in GRAMS (solid lines). The dashed
lines represent the effective areas with detector upgrades.

3.2 Sensitivity
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Figure 3: The continuum gamma-ray sensitivities at a 30~ confidence level for the GRAMS balloon exper-
iment (one LDB flight, T,y = 35 days) and a possible satellite mission with detector upgrades (T,.r 5 = 1
year) compared to the sensitivities for previous and future experiments, including SPI (SPectrometer for
INTEGRAL), PICSIT (PIxelated CsI Telescope) and ISGRI (INTEGRAL Soft Gamma-Ray Imager) on
INTEGRAL. Black dashed lines represent the flux levels of 1-100 mCrab [16, 17].

We have estimated GRAMS sensitivities to gamma rays at a 3-0- confidence level based on the
effective area discussed above and the background model shown in the left panel of Figure 2. The
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atmospheric photons dominate the background for the balloon flight!, while the albedo photons
dominate for the satellite mission in a low-earth orbit. The sensitivity for a single LDB flight with 35
days of observation time could be an order of magnitude improved compared to previous experiments
[16]. We can expect further enhanced sensitivity for the GRAMS satellite mission, comparable to
future proposed missions such as e-ASTROGAM and AMEGO [17]. GRAMS will also have further
improved sensitivities to gamma-ray lines from positron annihilation and radioactive isotopes, as
well as potential gamma-ray lines from Galactic neutron star merger remnants [18, 19].

4. Antimatter Survey

4.1 Detection Concept
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Figure 4: The GRAMS antimatter detection technique. The stopped antimatter forms an excited exotic
atom that decays and emits atomic X-rays and annihilation products (pions and protons). The atomic X-rays,
pion/proton multiplicities, and the stopping depth in the LArTPC provide the particle identification capability.

The GRAMS antimatter detection relies on capturing an antiparticle in a target material with
the subsequent formation and decay of an exotic atom, similar to the GAPS project [20-22]. The
antiparticle slows down and stops inside the LArTPC detector, where it forms an exotic atom in
the excited state with an argon atom. Then, the exotic atom emits atomic X-rays as it de-excites,
followed by the nuclear annihilation with the emission of pions and protons. Additionally, GRAMS
measures the stopping range of the incoming antiparticles with an excellent position resolution in the
LACTPC. Thus, the incoming antiparticle can be identified based on the atomic X-rays, the number
of pions and protons, and the combination of the TOF, dE/dX energy deposit, and the stopping
range of the incoming particle. The detection concept and particle identification techniques were
validated and demonstrated in the accelerator test with an antiproton beam as well as the prototype
flight for the GAPS experiment [21, 23-25]. The expected mimic/background events could be as
small as 0.01 during the LDB flight.

4.2 Sensitivity

The low-energy antideuteron measurements are considered essentially background-free dark
matter searches since the signal-to-background ratio is more than two orders of magnitudes [26-28].

1The atmospheric photon flux was estimated using EXcel-based Program for calculating Atmospheric Cosmic ray
Spectrum (EXPACS).
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The left panel of Figure 1 shows the predicted antideuteron fluxes from dark matter annihilation
(primary) and cosmic ray interactions (secondary/background). The figure also includes the sensi-
tivities for GRAMS and GAPS (three LDB flights, 105 days) and the current upper limit obtained
by BESS [22, 29].

The recent results from the Fermi-LAT gamma-ray observations in the Galactic Center region
and the AMS-02 antiproton measurements implied the detection of potential dark matter signatures
[3-6, 30, 31]. The right panel of Figure 1 shows the areas in the dark matter parameter space
that could explain these results. The figure also includes the GRAMS and GAPS sensitivities
in the parameter space, taking into account the uncertainty of the antideuteron production model
[7,32,33]. GAPS will start investigating these areas while GRAMS would be able to explore these
regions extensively.
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Figure 5: The left figure shows the antideuteron sensitivities for GRAMS (three LDB flights from Antarctica,
105 days) and other experiments together with the predicted antideuteron fluxes from dark matter annihilation
(primary) and cosmic ray interactions (secondary) [22, 26-29, 34]. The right figure shows the parameter
space for the possible dark matter signatures suggested by Fermi and AMS-02 [3-6, 30], where GRAMS and
GAPS sensitivities are overlaid with an uncertainty of the antideuteron production model [7, 32, 33]. GAPS
is an antideuteron search experiment using the exotic atom technique that is currently under construction for
a science flight with a first opporunity in the 2022 austral summer.

5. Conclusion and Outlook

GRAMS is a proposed next-generation mission to target both gamma-ray observations in the
poorly explored MeV energy band and indirect dark matter searches with antimatter. The project will
begin with a balloon experiment as a step forward to a satellite mission. With a cost-effective, large-
scale LArTPC detector, the sensitivity to MeV gamma rays can be more than an order of magnitude
improved compared to previous experiments with a single balloon flight. GRAMS antideuteron
measurements can be essentially background-free dark matter searches. We can investigate and
validate the possible dark matter detection indicated in the Fermi GCE and AMS-02 antiproton
excess. The project is currently in the R&D phase, and we have developed the event reconstruction
techniques for multiple Compton scatterings. We are currently building a small-scale prototype
detector, MiniGRAMS, to demonstrate the detection concept and the detector performance.
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