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GRAMS

Deploying a huge liquid argon detector into the sky

Gamma-Ray and AntiMatter Survey

1. ultra-long duration balloon flights around late 2020s—early 2030s

2. a satellite-based deep all-sky survey mission in 2030s-2040s

Indirect dark matter search

v Nuclear astrophysics background-free search via hadronic channels

v Particle acceleration—particularly focusing using antideuteron/antihelium
on the thermal-to-nonthermal transition

dark matter\ standard model
particle particle

indirect search




Sensitivity gap at the MeV band
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For high sensitivity, we need a large effective area
to obtain high photon statistics, and to obtain precise background estimate.



Quick summary of MeV science

There is enormous discovery space in the unexplored MeV/sub-GeV bands.

* Nucleosynthesis In supernovae and neutron star mergers

* Nuclear reactions in black hole accretion flows

» Cosmic ray interactions in interstellar medium

» Energy peak of synchrotron radiation from the most efficient cosmic accelerators

» Transition from thermal to non-thermal distribution of particles
(triggers or initiation of particle acceleration)

» Low energy limit of cosmic rays
» Probes of cosmic neutrino generation sites

- Dark matter particles and primordial black holes



Quick note on sensitivity

»  We measure events as the sum of the signal and background.
C — S —+ BTI'U@

» The signal is obtained by
5=0C- BEstimate

» The error of the signal:

AS = AC D ABEstimate
AS ~ AB1. . ® ABpgimae Recall$ < By, for MeV faint sources

* This error gives our sensitivity:

AS /AT ( S ) b
— = CLflux =

— (simplified argument, depending on the background estimation)
S flux - AT AS

AT
where A: effective area, T: observation time, b: background rate per effective area

* To have a better sensitivity, maximize the area, and minimize the background level.



Dark matter search with antideuteron

Primary: dark matter annihilation 10-3
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LSP: Donato et al., 2008
BKG: Ibarra et al., 2013
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| GAPS experiment in Antarctica (2024-) » GRAMS (next generation)



Liquid argon time projection chamber

3D tracker

25 cm

Compton telescope

MeV gamma ray

antideuteron

/J

Novel approach to realize
an extremely large effective area
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ﬂ_ , 1. Adoption of liquid detector |
A |

- high density and large volume

2. Use in particle physics experiments |

— anode 2D readout

| - neutrino physics

/ - direct dark matter search

— cathode

- this technology will be deployed to

| space missions (balloon/satellite)




Interactions in liquid argon

1.3 MeV ~ nuclear line /0 MeV ~ pion bump

LArTPC efficiently detects 1.3 MeV gamma rays via LArTPC accurately measures 70 MeV gamma rays via
multiple Compton scattering interactions. pair production with small effects of multiple scattering.

A thick volume of liquid argon is promising for a high efficiency gamma-ray detector of 1-100 MeV.



Event reconstruction technique

GRAMS employs a new Compton camera concept
made of only a single Compton-thick scatter
with no dead volume inside the detector.

scattering scattering

scattering

scattering — GRAMS detects multiple scattering events with
high efficiency.

absorption

escape

canonical event escape with — We have developed new Compton reconstruction
multiple scattering algorithms to treat multiple scattering with escaping.
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Timeline: achievements and plan

2020 2025 February Late 2020s

First concept paper J-PARC/T98 (Japan) Proposed science flights
Aramaki et al. 2020 Antiproton beam (Ultra-)Long duration balloon
experiment with LArTPC Location: TBD

(Sweden, New Zealand, Antarctica)
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2023 July 2026

Engineering flight Prototype flight _ -
Hokkaido, Japan Arizona, USA Proposed satellite mission

2030+

Multi-year deep all-sky survey

' ' f LArTP Demonstration of
First operation o rTPe with detector upgrades

at stratosphere mission concept



GRAMS Collaboration
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eGRAMS: Engineering flight in Japan 2023 suy
The world’s first balloon flight of a LArTPC Nakajima et al. 2024
v a minimal configuration of a LArTPC for an engineering test N
v to establish safe and stable operations of LArTPC on a flying balloon l 5 s‘
v launched from JAXA balloon facility on 2023 July 27 R |

A Charge
preamp

gondola

LArTPC

10 cm

Pressurized | ‘ Balloon
Vessel Controller

Hokkaido, Japan Gondola: 1.2 m LArTPC



eGRAMS: Engineering flight in Japan  [2023 July

_ Nakajima et al. 2024
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Anti-proton beam test at J-PARC 2025 February

Purpose: performance evaluation of anti-particle identification by LArTPC e * = o Ky
y. (
Method: we measured anti-protons at J-PARC K1.8BR beam line % LTARS ASIC readout

LArTPC

e 30cm x 30 cm x 30 cm
* 5 mm electrode pitch

* LTARS ASIC readout

* SiPM light readout

Beam

* antiproton
* proton

e deuteron
o K-

LAr tanks




Anti-proton beam test at J-PARC 2025 February

Annihilation event tracks of an incident antiproton of 0.7 GeV/c
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We demonstrated the high capability of particle tracking
and particle identification of LArTPC.



Imaging experiment: NanoGRAMS

Evaluate gamma-ray imaging capability with a small LArTPC

with high-energy resolution pixel ASIC and high-gain SiPM arrays ~ 'eedback for a large-size detector

|

Circuit board
(ASIC readout)

Anode pixels

* Energy resolution
5 keV (10) ~200 e- ENC

e Spatial resolution

3 mm Liquid argon

Transparent
cathode
(ITO)

SiPM readout



Imaging experiment: NanoGRAMS
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Imaging experiment: NanoGRAMS 2025 pecember
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3-hit events for Compton reconstruction successfully obtained.



The next important step is a prototype flight
of a scientific LArTPC called MiniGRAMS.

v NASA/APRA funded in 2023

v demonstration of the mission concept

v planned for launch in 2026 in Arizona
MiniGRAMS —a prototype LArTPC

v TPC size: 30 x 30 x 20 cm3

v" Scalable design

v Tile/pads for x-/y-directions ~3 mm pitch

v 180 cryogenic charge preamps
operated in 87K liquid argon

v 32 SiPMs at the bottom

PpGRAMS: Prototype flight
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Scheduled for launch in 2026




Concluding remarks

GRAMS aims to deploy a large liguid-argon time projection chamber (LArTPC)
IN sub-orbital and space missions to explore MeV gamma-ray astronomy
and perform background-free dark-matter searches.

The LArTPC offers an unprecedented effective area for both gamma rays and antiparticles.
The first engineering balloon flight in Japan (2023) was successfully completed.

In February 2025, we demonstrated excellent antiparticle tracking and identification
by using the J-PARC antiproton beam.

Prototype developments are ongoing in the U.S. and Japan.

As the next step toward future science missions, a prototype flight supported
by the NASA/APRA program is planned for launch in Arizona in 2026.



Quick note on sensitivity

»  We measure events as the sum of the signal and background.
C — S —+ BTI'U@

» The signal is obtained by
5=0C- BEstimate

» The error of the signal:

AS = AC D ABEstimate
AS ~ AB1. . ® ABpgimae Recall$ < By, for MeV faint sources

* This error gives our sensitivity:

AS /AT ! S b
— = Soflux = | — —
S flux - AT AS AT

where A: effective area, T: observation time, b: background rate per effective area

* To have a better sensitivity, maximize the area, and minimize the background level.



