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OTHER RELEVANT SESSIONS

• 13   (CRI)   New Instrumentation and Tools for EAS Detection   (overlap with CRD) (21 Jul, 12:00)
• 14   (CRD)  CRs and ISM (15 Jul, 12:00)
• 16   (CRD)  Cosmic Ray Antiparticles and Electrons (15 Jul, 18:00)
• 17  (CRD)  Nuclear CR Spectra: Theory and Observations (14 Jul, 18:00)
• 18  (CRD)  Cosmic Ray Secondary Nuclei: Observations and Impact on Theories (19 Jul, 18:00)
• 25  (MM)  Blazars, AGN (12 Jul, 18:00)
• 26  (MM)  Galactic Sources & Winds (21 Jul, 12:00)
• 27  (MM)  GW Follow-Up Observation (20 July, 18:00)
• 28  (MM)  Searches for Transients (16 July, 12:00)
• 33  (NU)   Photodetection in Cherenkov Detectors (13 Jul, 18:00)
• 43  (GAD)  New and Upcoming Instruments for Space-Based Gamma-Ray Astronomy (20 Jul, 18:00)
• 56  (GAI)  New Instruments, Performance & Future Projects for Ground-Based Gamma-Ray Astronomy 

(20 Jul, 12:00)
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CRD rapporteur: Philipp Mertsch
MM rapporteur: Irene Tamborra
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THE FUTURE
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- Primary nuclei and electrons; 12:03 - 12:17
Shuang Nan Zhang / HERD
Pier Simone Marrocchesi (with Paolo Maestro) / systematics
Also invited but not confirmed: HEPD-02, GAMMA-400, NUCLEON-2

- Secondary nuclei (including isotopes); 12:17 - 12:27
Nahee Park / HELIX
Laurent Derome / future secondary nuclei measurements

- Ultraheavy nuclei; 12:27 - 12:37
Brian Rauch / TIGERISS, APT

- Antimatter, dark matter searches; 12:37 - 12:55
Philip von Doetinchem / GAPS
Stefan Schael / AMS-100
Roberto Battiston / ALADInO

- Ultrahigh energy regime (UHECRs and neutrinos); 12:55 - 13:17
Angela Olinto / POEMMA
Abby Vieregg / PUEO 
Lawrence Wiencke / JEM-EUSO, EUSO-SPB2
Joerg Hoerandel / GCOS
Stephanie Wissel/ Lunar detectors / ZAP

- Accelerator measurements 13:17 - 13:24       
Michael Unger / NA61 / Shine

- CRI/CRD overlap 13:24 - 13:30
John Krizmanic with Toshihiro Fujii / Marco Casolino

For each topic:
• quick motivation by JFK/SC
• 1-2 slides and minutes per speaker
• interactive discussion
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PRIMARY NUCLEI AND ELECTRONS
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Need to resolve differences between 
experiments, confirm spectral details 
(slopes, hardening, diffuse vs source 
terms), extend to the knee… 

O. Adriani et al., PRL 
120, 261102 (2018)

M. Aguilar et al., PRL 
122, 101101 (2019)

ICRC 2021 - Stephane Coutu



ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

PoS(ICRC2021)098

Proton spectrum with CALET Kazuyoshi Kobayashi

from 30 GeV to 60 TeV, compared with AMS-02, CREAM-III, and DAMPE. In the low energy
region of E<200GeV, the result is fully consistent. In the higher energy region, the systematic
difference is observed, but the difference is within the uncertainty. We confirmed the spectral
hardening around 500 GeV reported in [7]. We also observed a spectral softening in E>10 TeV. We
have tested two independent analyses with different efficiencies. We confirmed that the two results
are consistent.
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Figure 3: Proton spectrum measured by CALET (red circles) compared to the experimental results of
AMS02 [1], CREAM-III [2], and DAMPE [3]. Hatched band shows the total uncertainty for CALET. Dark
blue colored band shows the total uncertainty for DAMPE.

3.5 Discussion

In order to calculate the hardening and softening quantitatively, we apply spectral fitting to the
proton spectrum using double broken power law function defined as follows:
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, where Φ is the proton flux×!2.7, " is the normalization factor, #0 and #1 is the fitting parameter
for the low energy region, $ is the smoothness parameter, % is the spectral index, Δ% is the spectral
index for hardening, !0 is the hardening start energy, Δ%1 is the spectral index for softening, !1 is
the softening start energy.

In figure 4, black circles show the data with statistical errors and red line shows the best fitted
function. &2 is 2.9 in 22 degree of freedom. The best fitted parmeters are as follows: #0 = 9.1±26,
#1 = −6.6 ± 470, % = −2.9 ± 0.3, $ = 2.1 ± 2.0, Δ% = (4.4 ± 3.8) × 10−1, !0 = (5.5 ± 1.3) × 102

GeV, Δ%1 = (−4.4± 3.0) × 10−1, and !1 = (1.1± 0.4) × 104 GeV. The hardening starts at 550±130
GeV and the softening starts at 11±4 TeV.
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CRD: Cosmic Ray High-energy Nuclei Measurements
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P. Maestro on behalf CALET Collab: 
PoS(ICRC2021)093

K. Kobayshi & P.S. Marrocchesi on behalf 
CALET Collab: PoS(ICRC2021)098
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CALET carbon and oxygen spectra Paolo Maestro
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Figure 1: CALET (a) carbon and (b) oxygen flux (multiplied by E
2.7) and (c) ratio of carbon to oxygen fluxes, as a function of

kinetic energy E . Error bars of CALET data (red) represent the statistical uncertainty only, while the gray band indicates the quadratic
sum of statistical and systematic errors. Also plotted are other direct measurements [14–22].
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F. Stolzi, C. Checchia, & Y. Akaike on behalf 
CALET Collab: PoS(ICRC2021)109

PoS(ICRC2021)109
CALET iron spectrum Francesco Stolzi

Figure 6: CALET iron flux (multiplied by E
2.6 ) as a function of kinetic energy per nucleon. Error bars of the CALET data

(red) represent the statistical uncertainty only, the yellow band indicates the quadrature sum of systematic errors, while the green band
indicates the quadrature sum of statistical and systematic errors. Also plotted are other direct measurements [36–44].

energy and with CRN [43] and HESS [41] at high energy, but di�ers in the absolute normalization
with NUCLEON (lower) and Sanriku [40] (higher). CALET and AMS-02 [44] iron spectra have
a very similar shape and comparable errors, but di�er in the absolute normalization of the flux by
⇠ 20% as shown in Fig. 7.
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Figure 7: Iron flux (with multiplicative factor E
2.7) measured by CALET (red points) with 4 bins/decade, multiplied by 1.20

for comparison with the AMS-02 results [44]. The error bars of CALET data are the quadrature sum of statistical and systematic
uncertainties.

Fig. 8 shows a fit to the CALET iron flux with a single power law (SPL) function from 50 GeV/n
to 2.0 TeV/n. The fit gives a spectral index � = �2.60 ± 0.02(stat) ± 0.02(sys) with �2/DOF =

4.2/14. The result is stable when the binning is changed from 10 to 4 bins/decade (� = �2.59 ±
0.02(stat) ± 0.04(sys)). The spectral index � is also calculated by a fit of d[log(�)]/d[log(E)]
inside a sliding window centered in each energy bin and including the neighboring ±3 bins, in the
region between 50 GeV/n and 2 TeV/n. The result in Fig. 9 shows that the iron flux, in the fit region,
is compatible within the errors with a single power law.
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M. Di Santo, P,X. Ma, A. Surdo, C. Yue, & Y.P. Zhang on 
behalf of DAMPE Collab: PoS(ICRC2021)114
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Cosmic Ray helium spectrum measured by the
DAMPE experiment Margherita Di Santo
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Figure 5: (Left) E�ective acceptance for the helium MC events surviving the analysis selection cuts. (Right) Helium flux
weighted with E2.6 as a function of the primary energy per nucleon, compared with previous measurements performed
by AMS-02 [1], CREAM I+III combined [2], PAMELA [3], ATIC-2 [4] and NUCLEON (KLEM) [6]. The error bars
describe the statistical uncertainty, the inner dashed area refers to the systematic uncertainties due to the analysis, while
the outer dashed band defines the systematics due to the adopted hadronic model.
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Measurement of the light component (p+He) energy spectrum with DAMPE Francesca Alemanno

will be definitely clarified with the extension of the DAMPE spectrum to higher energy, which is
currently in progress.
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Figure 5: Preliminary p+He spectrum measured with the DAMPE detector (blue circles), between 50 GeV
and 150 TeV, compared with (a) direct measurements of p+He made by ATIC-02 [16], Nucleon [17] and
CREAM [6] (b) indirect measurements from ARGO YBJ+WFCT [18], HAWC [19] and KASCADE [20].
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The High Energy Cosmic-Radiation 
Detection (HERD) facility on board 
the Chinese Space Station

SHUANG-NAN ZHANG FOR THE HERD COLLABORATION

6ICRC 2021 – Shuang-Nan Zhang



HERD Collaboration
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Institute of High Energy Physics, CAS (IHEP)
Xi'an Institute of Optical and Precision Mechanics, CAS (XIOPM)
Guangxi University (GXU)
Shandong University (SDU)
Southwest Jiaotong University (SWJTU) 
Purple Mountain Observatory, CAS (PMO)
University of Science and Technology of China (USTC)
Yunnan Observatories (YNAO)
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SWITZERLAND
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EPFL - Lausanne

The High Energy cosmic-Radiation Detection 
(HERD) facility is an international space mission 

that will start operation around 2027.
The experiment is based on a 3D, homogeneous, 
isotropic and finely-segmented calorimeter that 
will measure the cosmic ray flux up to the knee 
region, search for indirect signal of dark matter 

and monitor the full gamma-ray sky

7
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HERD on board CSS

HERD expected to be installed around 2027

CSS expected to be completed in 2022

Life time > 10y

Orbit Circular LEO
Altitude 340-450 km

Inclination 42°

Life time > 10y
FOV +/- 70°

Power < 1.5 kW

Mass < 4 t

8
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The detector

SCD Charge Reconstruction

PSD Charge Reconstruction
γ Identification

FIT Trajectory Reconstruction 
Charge Identification

CALO Energy Reconstruction
e/p Discrimination

TRD Calibration of CALO  response for 
TeV protons

Main requirements

g e p, nuclei

Energy 
Range

>100MeV 10 GeV
100 TeV

30 GeV
3 PeV

Energy 
resolution

1% 
@

200 GeV

1% 
@

200 GeV

20% 
@

100 GeV -1 PeV

Effective 
Geometric 

Factor

>0.2 m2sr
@ 

200 GeV

>2 m2sr
@ 

200 GeV

>1 m2sr
@

100 TeV
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HEPD-02 ON-BOARD CSES-02

10ICRC 2021 – Cristian De Santis

Launch: end of 2022up to 100s of MeV



HEPD-02 MAIN REQUIREMENTS

11ICRC 2021 – Cristian De Santis



HEPD-02 SYSTEM ARCHITECTURE

HEPD-02 consists of five subsystems: 

 Detector (DES)

 Mechanics (MES)

 Electronics (ELS)

 Power-Supply (PSS)

 Harness (HAS)

MES

ELS+PSS

DES
12ICRC 2021 – Cristian De Santis



HEPD-02 DETECTOR LAYOUT

TRigger plane TR1 (overall dimensions 200x180 mm2) 

segmented in 5 plastic scintinllator bars (2 mm thick);

Direction Detector DD ("tracker") made of five standalone 

tracking modules ("turrets"), each composed of three sensitive 

planes ("staves");

TRigger plane TR2 (overall dimensions 150 x 150 mm2)

Energy Detector ED ("calorimeter") composed of:

 12 plastic scintillator planes (150 x 150 x 10 mm3);

 2 crystal (LYSO) scintillator planes (overall dimensions 150 

x 150 mm2 segmented in 3 bars (50 mm thick);

Containment Detector CD surrounding the calorimeter on 5 

sides, made of plastic scintillator planes (4 lateral and 1 bottom 

plane), 8 mm thick.

Plastic scintillators: Eljen EJ-200; PMTs: Hamamatsu R9880-

210 13ICRC 2021 – Cristian De Santis



 HEPD-02 designed to meet the scientific requirements 

(energy range, energy and angular resolution)

 Particular attention paid to the electron and proton angular 

and energy resolution in the explored energy range

 Given the demanding mechanical constraints, the detector 

has been carefully studied to obtain an optimal trade-off 

between active materials and support structures along the 

vertical axis

Superposition between a TR1 bar (removed from 

figure) and the underlying DD ALPIDE stave

HEPD-02 DETECTOR DESIGN

Second trigger plane TR2 on top of the ED calorimeter14ICRC 2021 – Cristian De Santis



 The scientific performance of HEPD-02 has been evaluated 

by means of a Geant4 simulation for an isotropic incoming 

flux of electrons and protons on top of the instrument

 The energy range requirement is met both for electron (3 

MeV  100 MeV) and proton (30 MeV  200 MeV)

 The low energy threshold is limited by the mechanical 

constraints on the stiffness of the detector support layers, 

given by the structural requirements to sustain mechanical 

stresses at launch

HEPD-02 PERFORMANCE - ENERGY RANGE

HEPD-02 electron geometric factor

HEPD-02 proton geometric factor 15ICRC 2021 – Cristian De Santis



HEPD-02 PERFORMANCE – ENERGY AND ANGULAR RESOLUTION

 Energy resolution: relative difference between true initial 

kinetic energy and reconstructed kinetic energy (selected 

sample)

 Electron energy uncertainty <10% for kinetic energies >5 MeV 

in compliance with the mission requirement 

 Angular resolution: distribution of the angle between incoming 

electron direction reconstructed in the DD and true direction 

(selected sample)

 Angular resolution better than 10° for the larger part of the 

electron events with kinetic energies above 5 MeV in 

compliance with the mission requirement 
HEPD-02 electron angular resolution

HEPD-02 electron energy resolution

16ICRC 2021 – Cristian De Santis



CONCLUSIONS

 The High Energy Particle Detector (HEPD-02) is being developed to be launched on-board of the 

second China Seismo-Electromagnetic Satellite (CSES-02) by the end of 2022

 HEPD-02 will be capable of detecting individual incident particles and:

 identifying type (proton, electron, nucleus)

 measuring energy

 determining pitch angle

 HEPD-02 main purpose: identifying particle burst from the stability bands of the Van Allen internal belt 

to find possible temporal correlations with terrestrial seismic events

 HEPD-02 architecture is the result of an optimized trade-off between scientific objectives of the mission 

and technical requirements for high-reliability operation in space environment

 Simulation demonstrate that HEPD-02 performance is expected to meet the mission requirements

17ICRC 2021 – Cristian De Santis
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Investigating the Vela SNR’s Emission of Electron Cosmic Rays with CALET
at the International Space Station

Holger Motz for the CALET collaboration

The ISS-based Calorimetric Electron Telescope (CALET) is directly measuring the energy spec-

trum of electron+positron cosmic rays up to 20 TeV. Cosmic-ray electrons of TeV region energy

are limited by energy loss to a propagation range of about 1 kpc, therefore the expected sources

are a few nearby supernova remnants (SNR), with the Vela SNR dominating the spectrum.

The latest all-electron spectrum measured by CALET together with the positron-only flux

published by AMS-02 is fitted with a comprehensive flexible model including the parametrized

flux from distant SNR, secondaries, and nearby pulsars as the source of the positron excess as

background, to which the flux from the nearby SNR as calculated with DRAGON is added. The

integrated energy emitted by each SNR in electron cosmic rays above 1 GeV is taken as a variable

scale factor for the flux, for which a best-fit estimate and 95%CL limits are calculated under

a variety of propagation and injection conditions. The expected flux anisotroy for each case is

calculated for a comparison with Fermi-LAT anisotropy limits.

Both the results of a study considering only Vela as the dominating soruce in the TeV-region,

and one considering the three significantly contributing SNR (Vela, Monogem and Cygnus Loop)

are presented. In either case, the preferred range for the energy emitted by a SNR in electron cosmic

rays is found to be in a range of several 10
47

erg over a wide variety of conditions for propagation,

release timing and spectral cut-o↵, with 95%CL limits on the order of a few 10
48

erg. Conditions

under which cosmic rays from Vela can only partly propagate to Earth due to delayed release and

low propagation speed constitute a special case where no strong constraint can be set on the Vela

SNR alone, but limits of ⇠ 5⇥ 10
48

erg, exceeding those from Fermi-LAT anisotropy data, can be

set, if considering the combined flux from all three nearby SNR.

Figure 1: An example of a best fit (left) and limit fit (right) for the case of burst-like emission from

the three nearby SNR after a 5 kyr delay, with a power-law injection spectrum with exponential

cut-o↵ at 30 TeV. See legend for explanation of each graph element.

H. Motz on behalf CALET Collab: 
PoS(ICRC2021)100 

PoS(ICRC2021)105

Precise Measurement of the Electron and Positron Spectrum with CALET Shoji Torii

Figure 5: Cosmic-ray all-electron spectrum measured by CALET from 11 GeV to 4.8 TeV using the same
energy binning as in our previous publication [7], where the gray band indicates the quadratic sum of
statistical and systematic errors (not including the uncertainty on the energy scale). Also plotted are direct
measurements in space [8, 17–19] for comparison.

In the energy region from 40 to 300 GeV, the power-law index of CALET’s spectrum is found to
be -3.128±0.019, which is consistent with other experiments within errors. However, the spectrum
is considerably softer from 300 to 600 GeV than the spectra measured by DAMPE and Fermi-LAT.
The CALET results exhibit a lower flux than those of DAMPE and Fermi-LAT from 300 GeV up
to near 1 TeV, indicating the presence of unknown systematic e�ects.

To check if the CALET spectrum is consistent with a possible break at 0.9 TeV, as suggested by
DAMPE’s observations, we have adopted exactly the same energy binning as DAMPE to show our
spectrum. In Fig. 6, we fit our spectrum with a smoothly broken power-law model [8] in the energy
range from 55 GeV to 4.8 TeV, while fixing the break energy at 914 GeV( blue line). A broken
power law steepening from -3.151 ±0.012 by -0.873±0.178 fits our data well, with j2 = 11.64 and
number of degrees of freedom (NDF) equal to 29. This result is consistent with DAMPE regarding
the spectral index change of 0.7±0.3. A single power-law fit over the same energy range (black
line) gives an index -3.197±0.011 with j2 /NDF=54.50/30, which means that the broken power law
is favored with 6.55 sigma significance over the single power law. An exponentially cut-o� power
law [20] (green line) is also presented for comparison, which has the power index of -3.054±0.026
below a cuto� energy of 2170 GeV± 340 GeV with j2 /NDF =11.25/29 which gives a significance
of f=6.58 over the single power law.

On the other hand, as presented in Fig. 6, the flux in the 1.4 TeV bin of DAMPE’s spectrum,
which might imply a peak structure, is not compatible with CALET results at a level of > 4 sigma
significance, including the systematic errors from both experiments.

Here, we try to explain the CALET energy spectrum observed in a whole energy region.
Figure 7 presents one example of fitting a model for the electron and positron origins described in

6

S. Torii & Y. Akaike on behalf CALET Collab: 
PoS(ICRC2021)105

DAMPE results reported during Plenary Session 16 July 21
Recent status and results of the Dark Matter Particle Explorer
PoS(ICRC2021)013 X. Li  
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• In the present era of precision CR direct measurements, still significant tensions exist among
the data from different experiments.  A well known example is shown below for electrons. 

• The main "Known Sources" of systematic errors  include uncertainties on:

Systematic errors in CRD measurements: room for improvement    (1/2) 

• Energy Scale

• MC models entangled to:

- unfolding

- background subtraction

- back-scattering

• Normalization

- live time

- long-term stability

- energy scale

• Event selection

- tracking

- charge-ID

- trigger

- acceptance

- more ...

Present electron measurements cluster into 2 groups:
AMS02 + CALET     and     FERMI + DAMPE 
possibly indicating the presence of unkown systematics

37th  ICRC  2021  - CRD + MM 15 Pier Simone Marrocchesi and Paolo Maestro

Phys. Rev. Lett 120, 261102 (2018)

hadronic models
including:

DPMJET-III in :
- EPICS 9.21  
- FLUKA 2011 2c.6

FTFP_BERT in:
- GEANT4 10.5
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Systematic errors in CRD measurements: room for improvement

37th  ICRC  2021  - CRD + MM 15 Pier Simone Marrocchesi and Paolo Maestro

CALET - carbon

Breakdown of systematic errors:  two examples where the uncertainty on MC hadronic models can exceed 10%

magenta dashed line:
contribution from
MC hadronic models

EPICS 9.21  (DPMJET-III)
FLUKA 2011 2c.6   (DPMJET-III)

• Improvement in the understanding of  "Known Sources" of systematics, should leave less room for the still 
"Unknown Sources" and mitigate  the present discrepancies in flux normalization among AMS-02, CALET, DAMPE.

(2/2) 

An inter-collaboration effort is needed to track down unknown systematics.

DAMPE - helium
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SECONDARY NUCLEI

21

B/C shape well constrained by AMS;
interesting sec vs pri comparison;
Be and other isotopes need better measurements, 
phenomenological understanding of secondary 
production being refined (crucial for antimatter)

T. Hams et al., ApJ 611, 892 (2004)

H. S. Ahn et al., Astropart. Phys. 30, 133 (2008)
A. Oliva et al., 34th ICRC (2015)
M. Aguilar et al., PRL 117, 231101 (2016)

ISOMAX

dif
fus

ive
 ha

loLB
Ms

Cowsik et al.

M. Aguilar et al., PRL 120, 021101 (2018)

ICRC 2021 - Stephane Coutu
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High Energy Light Isotope eXperiment
A spectrometer with 1 Tesla superconductive magnet w/ mass resolution better than 3% up to 3 GeV/n 

• HELIX will provide key data to understand the propagation of cosmic rays by measurements of light isotopes ( 1 ≤ Z ≤10) 
✓Mass productions of the flight hardware have finished 
✓Performance of sub-detector components meet the design goals  
✓Integration of sub-systems underway 
→ Full system integration test in 2021 
→ Flight from Sweden in 2022 summer

Top TOF

Bottom TOF

2.3 m
Drift  
Chamber 
Tracker

RICH

Pressurized Vessel  
(1 atm)

Magnet 
coil

Bore-defining 
 paddle

Drift Chamber Tracker

Ring Imaging Cherenkov Counter

   
  

Time of Flight (TOF)
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Future expansion of ⁄B C ratio to higher 
energies 

Current status: Precise estimation (percent level) of B/C ratio up to TeV region 
with AMS, CALET, DAMPE…
Physical case: ⁄B C (or ⁄B O) is key observable to understand propagation

In the high energy regime, diffusion dominates and B/C ∝ 𝐾!𝑅"# :
→Large lever arm to measure the diffusion index 𝛿 and/or to investigate 
breaks.
→Reaching the knee region ⁄B C would be of the utmost interest. 

As diffusion increase with energy/rigidity, galactic grammage decrease and 
secondary production at the source can become dominant:

→ ⁄B C at higher energy could alternatively probe the sources/acceleration 
processes.

Experimental challenges, need for:
Precise energy measurement up to the highest energy,
Large acceptance (as B/C →

$→&
0),

High identification power capabilities.
Low grammage, thin detector.  ICRC21 discussion session #15 

Laurent Derome, UGA, LPSC/IN2P3/CNRS

Kachelrieß, M. ; Neronov, A. ; Semikoz, D. V. PRD97 (2018)

Mertsch, P. ; Sarkar, S. PRD90 (2014)
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ICRC21 discussion session #15 
Laurent Derome, UGA, LPSC/IN2P3/CNRS

Future projects?: 2 large acceptance magnetic 
spectrometer and calorimeter space experiments.

ALADInO:
Spectrometer: Acc. 10 m2sr, MDR 30 TV
Calorimeter: Acc. 9 m2sr

AMS-100:
Spectrometer: Acc. 100 m2sr, MDR 100 TV
Calorimeter: Acc. 30 m2sr (>10 up to the Knee)

ALADInO

ALADInO expectation for the ⁄B C (20 m2 sr yrs): 

Future expansion of ⁄B C ratio to higher 
energies 
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CRD: Ultra-heavy Galactic Cosmic Rays, measurements for Z > 40 critical
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requirement nor is the 20% resolution, but offers what the full potential of TIGERISS can be 

in an extended mission with 5-year exposure (see Fig 1). 

 
 
 

 
Figure 1: TIGERISS cosmic ray elemental count rates versus exposure time. The 20% resolution in not a 1 year exposure 
requirement but meant as a guide to the statistical resolution of TIGERISS measurements as a function of exposure time 
based on the current understanding of the UHGCR composition based on HEAO-3, Ariel 6, TIGER, and SuperTIGER data. 

 

UHGCR Flux Expectations: 

 

The elemental count predictions in Fig. 1 are based on an empirical model based on HEAO-3 

(1989ApJ...346..997B  )and Ariel 6 data (Bibcode: 1983ICRC....9..110F), which measured even 

nuclei and/or even-odd nuclei pairs. Assumptions regarding the even-odd mix as a function of Z 

are based on a model assuming solar system abundance ratios. The major point is that our current 

understanding of the astrophysics of UHGCRs is based on measurements, as opposed to well-

developed models. TIGERISS will accumulate in 1 year > 50% of the HEAO-3 statistics and 
with single element resolution (see Fig 5 showing the elemental resolution of the TIGERISS 

silicon detectors based on CERN  Pb test beam measurements) thru the Pt-Pb group to better 

define the measurement data-based understanding, from which the astrophysics models are 

derived and/or constrained. 

elements to distinguish whether these are created by s- or r-process nucleosynthesis, provide a 
fundamental understanding of how the elements are created in our galaxy.  

 
Figure 3: Source Nathan Walsh's PhD dissertation, “SuperTIGER Elemental Abundances for the Charge Range 41 
£  Z £ 56”, WUSTL 2020. 

 
Figure 4: Source Nathan Walsh's PhD dissertation, “SuperTIGER Elemental Abundances for the Charge Range 41 
£  Z £ 56”, WUSTL 2020. 

Introduction

Fig. 1.4: SN elemental production factors relative to solar (Lodders 2003[1]). Figure from
Woosley & Heger 2007[4].

For elements with Z Æ 40, where the s-process products from the pre-SN star dominate,

calculated elemental production in SNe ranges from ≥ 3 to ≥ 15 times solar abundances.

For Z > 40, SN predicted yields fluctuate around those of solar abundances. An important

exception is 56Ba (≥ 2 times solar), which SuperTIGER has now measured.

1.3.3 Compact Object Mergers

Compact object mergers, such as binary neutron star (NS-NS) mergers or neutron star-black

hole (NS-BH) mergers are also sources of r-process nuclei. During a NS-NS merger, tidal

and viscous forces from the initial violent impact of the stars throws o� neutron-rich mass.

For a NS-BH merger, extreme tidal forces on the NS being whipped around the BH throw

o� mass in a similar way. Both these systems can settle into remnant BH-torus systems that

20

Introduction

Fig. 1.5: Mass fraction yields by atomic mass A from NS-NS and NS-BH merger simula-
tions for di�erent resulting BH-torus masses (all normalized to to the same solar
A = 196 abundance). The white circles show solar r-process abundances from
Goriely 1999[6]. Figure from Just et al. 2015[7].

Both core-collapse SN and compact object merger models claim to account for some con-

tribution to the r-process abundances. The GCRS abundances derived in this work, which

extend up to 56Ba, will help to constrain these models.
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With the observation of the hypernova GW170817, the picture of UHGCR nucleosynthesis 
has become more interesting.    It has been known that nucleosynthesis in supernovae have 
difficulty in producing elements with Z > 40 (see Fig 3.).  However, binary-neutron-star 
(BNS) nucleosynthesis models appear to ‘turn on’ around Z > 40 (see Fig 4).  Thus
sufficiently accurate measurements of the UHGCR abundances for Z > 40, initially for a 
set of key elements to distinguish whether these are created by s- or r-process 
nucleosynthesis, provide a fundamental understanding of how the elements are created 
in our galaxy. 

ICRC 2021 – John Krizmanic
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HNX/SuperTIGER SSD Lead Test Beam Response John F. Krizmanic

Charge
0 10 20 30 40 50 60 70 80

C
o
u
n
ts

1

10

210

310

(a) Z = 2�82

Charge
0 2 4 6 8 10 12 14 16

C
o

u
n

ts

1

10

210

310

(b) Z = 2�16

Charge
70 72 74 76 78 80 82 84

C
o

u
n

ts

1

10

210

310

(c) Z = 70�82

Figure 8: Charge distributions of ohmic side of a single HNX pSSD using the charge selection defined by
the four cSDs. Each color histograms show the events identified by the 4 layers of cSDs.
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sQ < 0.24e for 5 ≲ Z ≤ 82

SSD CERN Pb TestBeam Results

Silicon strip detector (SSD) for precision charge 
measurement 5 ≲ Z ≤ 82 and SiPM Cherenkov detector 
readout based on CERN testing.

The Trans-Iron Galactic Element 
Recorder for the International Space 

Station (TIGERISS) 1.67 m× 0.67 m × 0.36 
m

• Large electronic particle 
detector system – 1.1  
m2 active area, AΩ >
1.6 m2 sr (JEM-EF 
version)

Charge measurement:
• dE/dx vs.  Cherenkov
• Cherenkov vs. Cherenkov 

techniques: 

TIGERISS - Heritage
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TIGERISS Measurements and Science

In one-year TIGERISS will have:
- Comparable statistics to SuperTIGER-1
- ~1/2 statistics for HEAO-3-HNE charge group 

measurements (Binns et al. 1989) with individual 
element resolution

- Probe relative amount of nucleosynthesis by s- and r-
processes in GCR with significant measurements of  

- s-process elements 50Sn, 56Ba
- r-process elements 52Te, 54Xe

1341. Determination of Expected TIGERISS Observations
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The Advanced Particle-astrophysics 
Telescope (APT): 

Simulation of the Instrument Performance for 
Gamma-Ray Detection

Localize n-star mergers/GW sources over whole sky to ~1˚
Discriminate n-star and r-process synthesis of heavy elements
Detect or rule out WIMP dark matter over entire natural parameter space

Left: Error in reconstructed direction of a Band-spectrum GRB versus fluence. Middle: An example Compton sky map of a 1 
MeV/cm−2 GRB detected by the ADAPT. Right: 3-σ DOP sensitivity of the APT and ADAPT as a function of the GRB fluence.

28
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The Advanced Particle-astrophysics 
Telescope (APT): 

Characterization of a prototype imaging calorimeter for the 
Advanced Particle-astrophysics Telescope from Antarctic 

balloon flight and CERN beam test data.

APT vs. HNX charge plot from CERN beam test.

Cosmic-ray event reconstruction for 2019 APT-Lite balloon flight.

APT/ADAPT have silicon strip detectors: APT measure cosmic-rays to 82Pb+

29



ANTIMATTER

30

• How well are the secondary e+, pbar understood? Can DM annihilations explain the excess positrons? 
Any meaningful pbar structure?

• New regime: antideuterons 

antiprotonspositrons
M. Aguilar et al., PRL 122, 041102 (2019) M. Aguilar et al., PRL 117, 091103 (2016)

Diffuse term

Source term

ICRC 2021 - Stephane Coutu



GAPS - General AntiParticle SpectrometerGAPS - General AntiParticle Spectrometer

• Low-energy cosmic-ray antideuterons are sensitive to a range of 

different dark matter models 

(review: JCAP08(2020)035, arXiv:2002.04163)

• The General AntiParticle Spectrometer is the first experiment 

dedicated and optimized for low-energy cosmic-ray antinuclei search 

• Particle identification technique uses the formation and decay of an 

exotic atoms, followed by antinucleus-nucleus annihilation 

● GAPS will deliver: 
● a precision antiproton measurement in an unexplored energy 

range <0.25 GeV/n
● antideuteron sensitivity 1-2 orders of magnitude below the current 

best limits, probing a variety of DM models across a wide mass 

range
● provide leading sensitivity to low-energy cosmic antihelium nuclei

• GAPS is under construction 

→ first Long Duration Balloon flight from Antarctica in late 2022

ICRC 2021 - Philip von Doetinchem (philipvd@hawaii.edu) on behalf of the GAPS Collaboration

GAPS contributions to ICRC: 

221: Xiao, Science overview

1028: Quinn, Instrument overview

1335: Rogers, Antiproton sensitivity

719: Stoessl, Antihelium sensitivity

1194: Tiberio, Event reconstruction

428: Marcelli, NN event reconstruction
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• A  thin solenoid provides a  
magnetic field of 1 Tesla. 

• The solenoid is operated at 60 K  
behind the sunshield in thermal  
equilibrium with the environment. 

• An expandable compensation coil  
balances the magnetic dipole moment  
of the solenoid. 

• The solenoid is instrumented on the  
inside with a silicon tracker and a  
calorimeter system.

Weight 
40 t

Nuclear	Inst.	and	Methods	in	Physics	Research,	A	944	(2019)	162561	 Stefan Schael, RWTH Aachen

Compensation Coil, R=6m
32
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PHYS. REV. D 97, 103011, 2018
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3

AMS-100:  
Angular Resolution for  

Converted Photons

CRAB Nebula TeV - Photons

FERMI, CTA AMS-100

Crab Nebula with Chandra (blue and white),  
Hubble (purple), and Spitzer (pink) data.

34ICRC 2021 – Stefan Schael



An Antimatter Large Acceptance Detector In Orbit 
ALADInO

35
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AMS / 10 years / ISS 

170 Billions of events collected

about 1 anti-He event/year 

Statistical sample too small to 
allow for accurate MC simulation 

(1/1010) particles

ALADInO will observe
100 times more 

event/year than AMS

Allowing for 

1- unambiguous determination
of the antimatter signal

2- measurement of mass and energy 
spectrum

3- search of higher Z antimatter

Breakthrough physics 

36
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ALADiNO
Performances (10x - 100x current/future)

37
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ALADiNO pathfinder strategy:
• PATHFINDER: 

• Reduced magnetic field (10 times less) same collecting area
• Physics goal :  nuclear antimatter up to 100 GV, first class science 
• Physics goal : precision GeV energy CR physics 
• 2 Tons weight

• FULL VERSION:
• Full magnetic field
• 6.5 Tons weight
• Lagrangian 2 point
• Physics goal :  

• nuclear antimatter up to 1000 GV
• Dark matter at the multi TeV/c2

• Composition of CR in the multi 10 TV, approaching the knee

~ 2030

~ 2040

38
ICRC 2021 – Roberto Battiston



ALADiNO technology path:
• Tracker: silicon strip detectors, already space qualified (AMS, Pamela, Fermi, 

Agile, Dampe…)
• Tracker: pixel strip detectors, advanced development for LHC upgrade ongoing

(CERN-Atlas, Alice), space qualification ongoing (ASI - CSES2)
• Calorimeter: cube crystals R&D completed for HERD, space qualification

ongoing (INFN)
• Superconducting Magnet: YBCO magnets under advanced development at

CERN for LHC upgrade and future accelerators. Long standing collaboration
between ASI, INFN and CERN. Space qualification needed.
• Low power cryogenics: very efficient Pulsed Heat Pipes developed through the 

H2020 SR2S program (CEA Saclay). Space qualification needed
• Electronics: extensive experience and space qualification of CERN experiments

(micro) electronics up to O(106) channels : AMS, Pamela, Fermi, Agile, Dampe…
• Thermal shield: passive thermal shield to be derived from e.g. Planck, Gaia

39
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AMS-01

AMS-02

Pamela

FERMI

Dampe

Arina

Agile

CSES-01

……. 40
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MM: Future UHECRs and VHE and UHE Neutrino Measurements
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LORD

PUEO

EUSO-SPB2

GCOS
ICRC 2021 – John Krizmanic



Probe Of Extreme Multi-Messenger Astrophysics
UHECRs; UHE and VHE Neutrinos

Tau Neutrinos → Tau-lepton decay
Upgoing EAS Cherenkov (>20 PeV)

UHECRs + UHENs
Fluorescence (>20 EeV)

Full Sky Coverage Great Sensitivity
TARGET OF OPPORTUNITY for Neutrinos >20PeV

Olinto et al
https://pos.sissa.it/395/976
Venters et al 
https://pos.sissa.it/395/977

/406; /419; /437; /519; 
/551; /977; /1201

42ICRC 2021 – Angela Olinto
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POEMMA UHECR Exposure  

ICRC 2021 – Angela Olinto 43



Dec 2018 3

Dual Manifest
ATLAS V LPF

optical collecting area ~ 6.4 m2

Launch: >2029 (Astro 2020)
Mission Lifetime: 3 years (5 year goal)
Orbits: 525 km, 28.5∘ Inc
Orbit Period: 95 min
Satellite Separation: ~25 km – 1000+ km
Satellite Position: 1 m (knowledge)
Pointing Resolution/ Knowledge: : 0.1∘ /0.01∘

Slew Rate: 8 min for 90 ∘

Satellite Wet Mass: 3860 kg
Power: 2030 W; Data: 1 GB/day; Data Storage:7 days
Clock synch (timing): 10 nsec

ICRC 2021 – Angela Olinto 44



UV Fluorescence 
MAPMTs with BG3 filter: 
1 usec sampling

1.6 m

Elementary	Cell	 (EC)
SiPM (8x8)

PCB1
Si-Diode

PCB2
Interconnector

Cherenkov Detection 
SiPMs: 
20 nsec sampling

30 SiPM focal surface units 
Total 15,360 pixels
512 pixels per FSU (64x4x2)

55 Photo Detector Modules (PDMs)
TOTAL 126,720 pixels

(1 PDM = 36 MAPMTs = 2,304 pixels) 

9∘

POEMMA 
Hybrid Focal Surface

EUSO-SPB2
3 PDMs

EUSO-SPB2
Cherenkov
Camera

ICRC 2021 – Angela Olinto 45



PUEO: The Payload for Ultrahigh Energy Observations
Abby Vieregg, U. Chicago

� One of four NASA Astrophysics Pioneers

Missions (the only balloon payload); 

Launch Planned December 2024.

� System Requirements Review in the fall

� A unique detector for the highest energy 

( > 1018 eV) cosmic particles (neutrinos, 

cosmic rays, ++ ?) 

� Especially large instantaneous effective 

volume, for transient, point source, and 

multi-messenger searches

� Builds on heritage from ANITA, with  

~order of magnitude sensitivity 

improvement enabled by a phased array 

trigger, real-time digital filtering, and 

antenna optimization

arXiv:2010.02892

46
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EUSO-SPB2: ULDB flight from Wanaka,  New Zealand in spring 2023

13Jul21 CRD + MM Future Instruments - Discussion Session 15 4711-MAr-2021 GSFC Astroparticle Lab Seminar 47
7/13/21 XIX Workshop Neutrino Telescopes 47

JEM-EUSO  Program
http://jem-euso.roma2.infn.it/

Where Completed Current In Preparation Future

Space TUS 
(satellite)

Mini-EUSO 
(ISS)

K-EUSO
EUSO-EVA

Suborbital
(balloon)

EUSO-Balloon
EUSO-SPB1

EUSO-SPB2

Ground TA-EUSO

ICRC 2021 Berlin (Virtual)  Wiencke  

EUSO Publications (link)

ICRC 2021
JProgram Overview 389

MiniEUSO
411, 414, 614, 757, 886, 
971 1001, 1181, 1165

EUSO-SPB2
235, 403, 330, 403, 489, 
490, 614, 867, 1091 also
1001

K-EUSO 754

MINI-EUSO (ISS)

R&D, UV Backgrounds,  
Flashers, TLEs

EUSO-SPB2    
Goal:  3 Firsts from Near Space

UHECR via fluorescence 0.12/hr
HECR via direct Cherenkov ~1/min
Neutrino Backgrounds  near limb
Also
Tau Neutrino sensitivity  for 
transient sources:  Galactic and 
Near Galaxies.   

Observe UHECRs from Space
Threshold 300 EeV
4x Pupil of Mini-EUSO

EUSO-EVA K-EUSO

Target: UHECRs 
Threshold ~30 EeV
ICRC21:  754

NASA  SPB (Balloon) : Wanaka 2023
47
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2

Lightning
TGBs

Stars

Fluorescence: UHECRs EeV

First observation of UHECRs from
near-orbit altitude with the
fluorescence technique

Search for Upward Event Candidates

Cherenkov: PeV

Above Limb: 
First Observation of Cosmic Rays from 

near-orbit altitude with the 
Direct Cherenkov Technique

Below Limb: 
Search for tau neutrino (Qʏ)
Measure optical backgrounds for

earth-skimming technique

Earth
Upward 
Events?

EUSO-SPB2
Wanaka NZ

2023

2 48
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GCOS - The Global Cosmic Ray Observatory

GCOS homepage: http://particle.astro.ru.nl/gcos

• World-wide initiative to conduct multi-messenger astroparticle physics beyond 2030  

• MM-APP has started: GW sources, IceCube neutrinos, and follow-ups, 
key results from Telescope Array & Pierre Auger Observatory (anisotropies, mass composition) 

• building on this knowledge, it is time to prepare for a Global Cosmic Ray Observatory after 2030  

• aim for multi-purpose observatory:  
sources of UHE particles (charged CRs, neutrinos, gamma rays),  
dark matter searches, fundamental physics, particle physics, geophysics and atmospheric science  

• considering different detection concepts, including layered/nested water Cherenkov detectors, radio 
antennas, and fluorescence light telescopes  

• workshop with >200 participants in May 2021  
to discuss path to define physics case and develop concepts for detection technologies  

• we plan a follow-up workshop at the end of 2021/begin of 2022 with the goal  
to write a roadmap for multi-messenger astroparticle physics (CRs, GAs, NUs, GWs) beyond 2030  
and a Global Cosmic Ray Observatory

49



Zettavolt Askaryan Polarimeter ZAP
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UHECR

Particle 
Shower

Regolith

Basalt

Refracted 
radio 
emission

3-20 m5 m Askaryan 
Radio impulse

Bright, ~1 ns 
wide impulse

Polarization: 
projected 
shower direction

Polarimetric 
dipole array

100 km

2MRSSwift-BAT AGNs Starburst Galaxies

Concept:
• Detection of UHECR radio pulses produced by interactions 

in the lunar regolith (PI: A. Romero-Wolf, JPL)
• Smallsat with VHF (30-300 MHz) polarimetric antenna 

array that takes advantage of broad Askaryan pulse at 
low frequencies

Science Targets:
• Independent identification the sources of the highest 

energy cosmic rays and test the mechanism by which 
the spectrum cuts off

• Full sky coverage with≳ 2,000 cosmic ray events 
with E ≳ 10!".$ eV

• Super-heavy dark matter searches via LPM pulse trains 
from > 10%! eV  𝜈& correlated with galactic center

• Planetary science: subsurface ice reflectors
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Accelerator Measurements with NA61/SHINE at the CERN SPS M. Unger (KIT) for NA61/SHINE
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secondary ion beam (Pb+Be fragments at 13.5 A GeV/c)

pbeam up to Z⇥450 GeV/c, p, p̄, O, S, Ar, Pb...

• large acceptance ⇡ 50% at pT  2.5GeV/c

• momentum resolution: �(p)/p2 ⇡ 10�4(GeV/c)�1

• tracking efficiency: > 95%, pid with dE/dx and ToF
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The Cosmic-Ray Program of the NA61/SHINE

Topics

• Particle Production in Air Showers
• p+C Interactions

(31, 60, 90 120 GeV/c)
• ⇡+C Interactions

(30, 60, 158, 350 GeV/c)
• Galactic Cosmic Rays

• d, d̄ and p̄ Production
p+p at 20, 31, 40, 80, 158, 400 GeV/c
! M. Naskret, contribution 1134/535
! A. Shukla, contribution 1343/178

• Nuclear Fragmentation
light nuclei on p at 13.5 GeV/c/nucleon
! N. Amin, contribution 609/201

PRC 84 (2011) 034604, PRC 85 (2012) 035210, PRC 89 (2014) 025205, EPJ C74 (2014) 2794, EPJ C76 (2016) 84, EPJ C76 (2016) 198, EPJ C77 (2017) 671, EPJ C77 (2017) 626, PRD 98 (2018) 052001

Timeline

• 2018: pilot run on nuclear fragmentation
C+C, C+CH2 at 13.5 GeV/c/nucleon

• ongoing: NA61 detector upgrade
increase readout rate from 80 to 1000 Hz

• 2022: physics run on nuclear fragmentation
measure most important channels for Li, Be, B, C, N GCRs

• post-LS3 (2027+) program under discussion
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new CR collaborators welcome!
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5.2.2 Nuclei spectra

In the analysis of heavier nuclei, charge identification using CHD is critical, while it is also im-
portant to require consistency with IMC charge, which starts to saturate at above Z ≥ 10.

Figure 10: CHD charge separation [39].

Figure 10 illustrates the charge identification ca-
pability of CALET based on the CHD data only,
showing clear separation of nuclei up to iron and
nickel.

Figure 11 shows the preliminary energy
spectra of carbon, oxygen, neon, magnesium,
silicon, and iron as a function of kinetic energy
per particle with 962 days of operation up to
May 31, 2018 [39]. These spectra are compa-
rable with previous observations [40, 41, 42, 43,
44, 45, 46, 47, 48]. We note that the event selec-
tion that we applied here is based on a prelimi-
nary analysis, not what can eventually be achieved with CALET. Further studies are now underway
to provide a more detailed analysis of these spectra [49]. The preliminary spectra illustrate the
excellent capability of CALET to measure heavy ions with high statistics in a wide energy range.
Further studies on an increased data set and a detailed systematic study will increase the sensitivity
to detailed spectral features, which may be key for answering questions about galactic cosmic-ray
acceleration and propagation.

5.2.3 Ultra-heavy nuclei

In addition to the nuclei spectra measurements, CALET has measured ultra-heavy cosmic-ray
(UHCR) nuclei heavier than 26Fe. It has confirmed a dynamic range for measuring cosmic-ray
nuclei of 1H to 40Zr. A high-duty-cycle (∼90%) UHCR trigger provides an expanded geomet-
ric acceptance that is ∼ 6× that for events fully contained by the calorimeter. In ∼5 years, the
UHCR trigger will collect a data set comparable to that so far collected by the balloon-borne Su-
perTIGER instrument. Preliminary CALET results presented at the last International Cosmic Ray
Conference [50] were in reasonable agreement with SuperTIGER relative abundances of even-
charge UHCR nuclei in a similar energy range. Both of these measurements are complemented by
the ∼1/3 smaller lower-energy space-based ACE-CRIS measurements. At this conference, we will
present the current status and future plans for the CALET UHCR analysis [51].

5.3 Gamma Rays

With a fully active calorimeter of 30-radiation-length thickness, CALET is capable of mea-
suring gamma rays up to the TeV region. In addition to the HE trigger, CALET uses an LE-γ
trigger for gamma rays with primary energies down to 1 GeV. To avoid a large dead-time fraction,
however, the LE-γ trigger is activated only at low geomagnetic latitudes or following a gamma-ray
burst (GRB) triggered onboard by the CALET gamma-ray burst monitor (CGBM).

5.3.1 Instrument performance

10

PoS(ICRC2019)001 
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acceptance as iron primaries at an energy of 1015.3 eV. The TALE composition result based on the
EPOS-LHC analysis showed a slightly higher preference for protons at the low end of the energy
range than the QGSJetII-03 based analysis. Consequently, the composition averaged aperture was
slightly higher and the estimated flux came down, as seen in the figure.
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Figure 3: TALE updated energy spectrum along with 2018 spectrum. Note that the change in normalization
is due to the changed shower missing energy correction, now using EPOS-LHC versus the original using
QGSJetII-03. Fit results for the original spectrum are shown.

Lastly, we perform a broken power-law fit to the updated flux, with the fit results shown in
Figure 4. These results may be compared to those in Figure 3. Qualitatively, the fit results are very
similar.
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Figure 4: TALE updated energy spectrum with updated broken power law fit results. Fit results may be
compared to those in Figure 3. Qualitatively, the fit results are very similar.

4. Summary

We presented the results of a measurement of the cosmic-ray energy spectrum in the energy
range of 1015.3 - 1018.3 eV using data collected by the TALE FD detector over a period of roughly

5
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Measurement of the light component (p+He) energy spectrum with DAMPE Francesca Alemanno

will be definitely clarified with the extension of the DAMPE spectrum to higher energy, which is
currently in progress.
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Figure 5: Preliminary p+He spectrum measured with the DAMPE detector (blue circles), between 50 GeV
and 150 TeV, compared with (a) direct measurements of p+He made by ATIC-02 [16], Nucleon [17] and
CREAM [6] (b) indirect measurements from ARGO YBJ+WFCT [18], HAWC [19] and KASCADE [20].
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from 30 GeV to 60 TeV, compared with AMS-02, CREAM-III, and DAMPE. In the low energy
region of E<200GeV, the result is fully consistent. In the higher energy region, the systematic
difference is observed, but the difference is within the uncertainty. We confirmed the spectral
hardening around 500 GeV reported in [7]. We also observed a spectral softening in E>10 TeV. We
have tested two independent analyses with different efficiencies. We confirmed that the two results
are consistent.
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Figure 3: Proton spectrum measured by CALET (red circles) compared to the experimental results of
AMS02 [1], CREAM-III [2], and DAMPE [3]. Hatched band shows the total uncertainty for CALET. Dark
blue colored band shows the total uncertainty for DAMPE.

3.5 Discussion

In order to calculate the hardening and softening quantitatively, we apply spectral fitting to the
proton spectrum using double broken power law function defined as follows:

Φ = !2.7 × " ×
(
1 − #0

!
− #1
!2

)
×

(
!

45

)!
×

(
1 +

(
!

!0

)") Δ!
"

×
(
1 +

(
!

!1

)") Δ!1
"

(2)

, where Φ is the proton flux×!2.7, " is the normalization factor, #0 and #1 is the fitting parameter
for the low energy region, $ is the smoothness parameter, % is the spectral index, Δ% is the spectral
index for hardening, !0 is the hardening start energy, Δ%1 is the spectral index for softening, !1 is
the softening start energy.

In figure 4, black circles show the data with statistical errors and red line shows the best fitted
function. &2 is 2.9 in 22 degree of freedom. The best fitted parmeters are as follows: #0 = 9.1±26,
#1 = −6.6 ± 470, % = −2.9 ± 0.3, $ = 2.1 ± 2.0, Δ% = (4.4 ± 3.8) × 10−1, !0 = (5.5 ± 1.3) × 102

GeV, Δ%1 = (−4.4± 3.0) × 10−1, and !1 = (1.1± 0.4) × 104 GeV. The hardening starts at 550±130
GeV and the softening starts at 11±4 TeV.
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uncertainty is shown in the right panel of Fig. 2, estimated by shifting the energy assignment in MC
in accordance with the 15% systematic uncertainty in the energy scale.

The energy scale uncertainty of the Cherenkov–dominated data is slightly larger than that
a�ecting showers at higher energies [8], since it also accounts for the uncertainty in the Cherenkov
emission model estimated to be 3% in energy, it includes a contribution related to the invisible
energy model [11], and incorporates 2.5% in energy for half of the maximum reconstruction bias
observed. The energy threshold of 6 PeV accessible by Cherenkov–dominated events is mainly
determined by the systematic uncertainty in exposure at low energies. We report data above an
energy where the uncertainty in exposure matches the uncertainty attributed to the energy scale.
Further details on the analysis of the Cherenkov events will be reported in a dedicated publication.

3. The Auger spectrum and its features

The measurements of the energy spectrum obtained with the 1500 m array using vertical events
[5], inclined events [13], hybrid events, events detected by the 750 m array [6] and the FD events
dominated by Cherenkov light are shown in the left panel of Fig. 3. The analysis and data set used
for the hybrid events is the same as in [13] with the only exception being the improvement in the
estimation of the exposure addressed in the previous section. Also, the data set for the 750 m array
is the same as in [13], but now the analysis benefits from an improved absolute calibration of the
HEAT telescopes and a reassessment of the trigger e�ciency that a�ects the measurements around
the threshold at 1017 eV [6].

For the FD Cherenkov events, in comparison to our previous report [11, 13], the analysis has
been improved in several aspects that have allowed us to lower the energy threshold from 3⇥1016 eV
down to 6 ⇥ 1015 eV, see Section 2.2. The data period was extended to 06/2012–12/2017 resulting
in 123 159 events selected for analysis. The energy spectrum of cosmic rays derived from the
PCGF reconstruction method is depicted in the right panel of Fig. 3, together with systematic
uncertainties. Besides the uncertainties in exposure we also show a major contribution from the
energy scale uncertainty, both are discussed in Section 2.2.
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the energy spectrum deduced from Cherenkov–dominated data (right). In the right plot, the systematic
uncertainty related to exposure is shown by the magenta band, that corresponding to the energy scale by the
blue band, and the total systematic uncertainty by the gray band.
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They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.

IceCube Collaboration, arXiv:2011.03545

γ-rays UHECRsNeutrinos

Connecting multi-wavelength and multi-particle observations

Intriguing  for both theorists and experimentalists 
Similar sensitivity at Space, South-pole and Desert

56ICRC 2021 – Fujii - Casolino



3

Galactic

!

!

!

!
!

!

!

!

!

!

!

!! !

!
!

!
!

!

⊕

⊕

⊗⊕ ⊗⊕

⊕

⊗
⊕

⊕

⊕

⊕

⊗
⊕

⊕

⊕⊕

⊗

⊕
⊕

⊕

⊕

⊗

⊕⊕

⊕

⊕

⊗

⊕

⊕

⊕

⊕
⊕

⊕

⊕

⊗

⊕
⊕

⊕

⊕

⊗

⊗

⊗

⊕

⊗

⊕
⊕

⊕

⊕

⊕

⊗

⊕

⊕

⊕
⊗

⊕

⊕

⊗

⊗

⊗

⊕

⊕

⊕

⊕

⊕

⊕

⊕
⊗

⊕

⊕

⊕

⊕ ⊗

⊕

⊗
⊕

⊕

⊕

⊗

!

!

!

!

!

!
!

!

!
!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!
!
! !

!

!

!

!

!

!
!

Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

Earth
absorption

South

TXS 0506+056

76.4◦76.8◦77.2◦77.6◦78.0◦78.4◦

Right Ascension

4.6◦

5.0◦

5.4◦

5.8◦

6.2◦

6.6◦

D
ec
lin

at
io
n

best-fit direction IC170922A

IC170922A 50%

IC170922A 90%

best-fit direction IC170922A

IC170922A 50%

IC170922A 90%

0
1
2
3
4
5
6
7
8
9
10

F
er
m
i-
L
A
T
C
ou
nt
s/
P
ix
el

Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (⊙), the high-energy starting events
(HESE) (tracks ⊗ and cascades ⊕) [17–19] collected in 6 years, and additional track events published as public
alerts (⊙) [20] since 2016. Note that the angular resolution for the different event categories varies from ≲1 deg
for high-quality track events to ≳10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ∼0.5◦ for track-like events from charged-current
muon neutrino interactions and ∼10◦ for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced γ-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3σ and 3.5σ.

5
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Strategies for New instrumentations and tools
Small instrument but "punchy" 

Low cost detectors 

Wide field-of-view for transient sources and time-domain 
astronomy 

Upgrade electronics 

Drone-borne calibration sources 

Detailed simulations using high-computing resources

4

58ICRC 2021 – Fujii - Casolino



New instrumentations and tools for EAS detection 5

Wednesday 21 July 2021

Discussion: 13 New Instrumentation and Tools for EAS Detection | CRI (12:00 PM-1:30 PM)

title presenter boar
d

 ROBAST 3 OKUMURA, Akira

 Electrical signals induced in detectors by cosmic rays: a reciprocal look at
electrodynamics

WINDISCHHOFER, Philipp

 Simulation of single, double, and triple layer GEM detectors JUNG, Aera

 CORSIKA below the knee WIBIG, Tadeusz

 Study of the Electron-Neutron Detector Array (ENDA) in Yangbajing, Tibet XIAO, Dixuan

 Latest results of ultra-high-energy cosmic ray measurements with prototypes of
the Fluorescence detector Array of Single-pixel Telescopes (FAST)

FUJII, Toshihiro

 FOV direction and real image size calibration of Fluorescence Detector using
light source mounted on the UAV

NAKAZAWA, Arata

 New coordinate-tracking detector on drift chambers for registration of muons in
near-vertical EAS

VOROBEV, Vladislav

 Status of the novel CORSIKA 8 air shower simulation framework ALVES JUNIOR, Antonio
Augusto

 Development of drone-borne aerial calibration pulser system for radio
observatories of ultra-high energy air showers

KUO, Chung-Yun

 Acquisition of data from a Water Cherenkov Detector based on an on purpose
acquisition card

MORENO BARBOSA,
Eduardo

 Pulse Shape Discrimination for Online Data Acquisition in Water Cherenkov
Detectors Based on FPGA/SoC

GARCIA ORDONEZ, Luis
Guillermo

 Efficiency estimation of self-triggered antenna clusters for air-shower detection BEZYAZEEKOV, Pavel

 The YAG Lidar System Applied in LHAASO SUN, Qinning

 Calibration of LHAASO-WFCTA CHEN, Long

 Application of the nitrogen laser calibration system in LAASO-WFCTA LI, Xin

 Denoising cosmic rays radio signal using Wavelets techniques WATANABE, Clara

 Adaptive predictor as trigger mechanism for cosmic ray radio signals corrupted
by Gaussian noise

WATANABE, Clara

 Status of simulation and data comparison of wcda-1 WU, hanrong

 An Advanced Triggerless Data Acquisition System for GRAPES-3 Muon Detector JAIN, Atul

 Integration and qualification of the Mini-EUSO telescope on board the ISS CAMBIÈ, Giorgio

 EUSO-SPB2 Telescope Optics and Testing KUNGEL, Viktoria

 AugerPrime Upgraded Unified Board: The New Front-End Electronics MARSELLA, Giovanni

 Towards a full and realistic simulation framework for the Extreme Energy
Events experiment

GRAZZI, Stefano

 Development of a scintillation and radio hybrid detector array at the South Pole OEHLER, Marie

 Reconstruction of sub-threshold events of cosmic-ray radio detectors using an
autoencoder

BEZYAZEEKOV, Pavel

 Electromagnetic Shower Simulation for CORSIKA 8 ALAMEDDINE, Jean-Marco
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 The XY Scanner - A Versatile Method of the Absolute End-to-End Calibration of
Fluorescence Detectors

SCHÄFER, Christoph

 Progress in optimizing the detection surface structure of CRAFFT KUBOTA, Yuto

 Development of autonomous observation system for next-generation cosmic ray
telescope

TOMIDA, Takayuki

 Tunka-Rex Virtual Observatory LENOK, Vladimir

 Overview of the Mini-EUSO $\mu s$ trigger logic performance BATTISTI, Matteo

 Sensitivity of the Tibet hybrid experiment (Tibet-III + MD) for primary proton
spectra between 30 TeV and a few hundreds of TeV’s

KURASHIGE, Daichi

 A drone-borne installation for studying the composition of cosmic rays in the
range of 1-1000 PeV by registering the reflected Cherenkov light of EAS

VAIMAN, Igor

 Test of the Electron-Neutron Detector Array (ENDA) in Laboratory YANG, Fan

 Tools and Procedures for the ASTRI Mini-Array Calibration MINEO, Teresa

Discussion: 41 Indirect Dark Matter Detection Through Photons and Neutrinos | DM (12:00 PM-1:30 PM)

title presenter boar
d

 Multimessenger constraints on the dark matter interpretation of the Fermi-LAT
Galactic center excess

DI MAURO, MATTIA

 Hunting for Dark Matter and New Physics with (a) GECCO STEFANO, Profumo

 Cherenkov Telescope Array Sensitivity to the Putative Millisecond Pulsar
Population responsible for the Galactic Center Excess

MACIAS, Oscar

 Search for axion-like-particle induced gamma-ray bursts from core-collapse
supernovae with the Fermi LAT

MEYER, Manuel

 Integral X-ray constraints on sub-GeV dark matter PINETTI, Elena

 Sensitivity of the Cherenkov Telescope Array to a dark matter signal from the
Galactic centre

ECKNER, Christopher

 Search for Gamma-ray Line emission from Dark Matter annihilation in the
Galactic Centre with the MAGIC telescopes

INADA, Tomohiro

 Dark Matter annihilation to neutrinos: New limits and future prospects KHEIRANDISH, Ali

 Searching for Dark Matter with the Southern Wide-field Gamma-ray
Observatory (SWGO)

VIANA, Aion

 Indirect Searches for Secluded Dark Matter SIQUEIRA, Clarissa

 Indirect dark matter searches with neutrinos from the Galactic Centre region
with the ANTARES and KM3NeT telescopes

GOZZINI, Sara Rebecca

 Dark Matter Searches for heavy Dark Matter with LHAASO ADDAZI, Andrea

 Constraints on decaying dark matter with LHAASO-KM2A CHIANESE, Marco

Discussion: 24 Ground-based measurements of low-energy GCRs | SH (12:00 PM-1:30 PM)

title presenter boar
d

 A Peculiar ICME Event in August 2018 Observed with the Global Muon Detector
Network

MUNAKATA, KAZUOKI
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