
ASTROPARTICLE PHYSICS 
TOWARDS A NEW ROADMAP



APPEC: what is it?

AstroParticle Physics European 
Consortium
• An international coordinating structure, founded in 

2001 to facilitate EU network in Astroparticle
ü European Strategy for Astroparticle Physics published in 

2008
ü First roadmap with priorities in 2011

• Based on MoU by all partners and an APPEC 
Common Fund of order 70k€/year

• 18 (+1 suspended) member countries with 22 funding 
agencies

• In discussion with Denmark and Norway

• 3 bodies: 
• General Assembly with Observers
• Scientific Advisory Committee
• Joint Secretariat

www.appec.org
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APPEC Bodies

• General Assembly
• Strategic, decision making and supervisory body
• Representatives of funding agencies
• Chair: Carlos Peña-Garay (LSC, Spain) 2025-2026
• Vice-Chair: Antoine Kouchner (APC, France) 

• Scientific Advisory Committee 
• Advisory body 
• Chair: Aldo Ianni (INFN-LNGS) since June 2024; 
• Vice-Chair: Mathieu de Naurois (CNRS) since June 2024

• Joint Secretariat (distributed office)
• Executive body chaired by the General Secretary
• General Secretary: Julie Epas (APC) since June 2024

• Connections
• Nuclear, particle, and astroparticle physics communities 

(NuPECC, ECFA, APPEC, ESFRI)  joining efforts for science and society 
• ESO (Andy Williams)
• EPS-HEPP (Ramon Miquel)
• EU Consortium for Astroparticle

Physics Theory (EuCAPT, Silvia Pascoli)

www.appec.org
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http://www.appec.org/


Outcome: APPEC roadmaps
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2008 2011 2017 + 2023 midterm update

https://www.appec.org/roadmap

https://www.appec.org/roadmap


5

APPEC roadmap – scientific/technical topics

• Cosmic rays
• High-energy neutrinos
• High-energy photons
• Gravitational waves
• WIMP Dark Matter
• Non-WIMP Dark Matter
• Neutrino properties
• Cosmic Microwave Background
• Dark Energy
• Multi-messenger astroparticle physics
• Astroparticle theory
• Instrumentations and technology
• Computing and data policies

•Ecological Impact
•Societal Impact
•Open Science and Citizen Science
•Human Talent Management
•Central Infrastructures
•European and Global Cooperation
•Interdisciplinary Opportunities

Recommendations are given
for each topic



Resources updated: survey from major experiments/projects
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Roadmap Update 2023:
projected annual capital 
investment

A resource aware roadmap 
(darker colors show M&O of RI)



THE BIG QUESTIONS IN ASTROPARTICLE PHYSICS
(FROM APPEC SAC)

• WHAT IS DARK MATTER ?

• WHAT IS DARK ENERGY ?

• WHAT IS THE ORIGIN OF A MATTER AND NOT ANTI-MATTER DOMINATED UNIVERSE ?

• CAN WE PROVE DEEPER INTO THE EARLIEST PHASES OF THE UNIVERSE ?

• WHAT ARE THE PROPERTIES OF NEUTRINOS ?

• CAN WE IDENTIFY SOURCE OF HIGH-ENERGY NEUTRINOS ?

• WHAT IS THE ORIGIN OF COSMIC RAYS ?

• DO PROTON DECAY ?

• WHAT DO GRAVITATIONAL WAVES TELL US ABOUT GENERAL RELATIVITY AND COSMOLOGY ?

• WHAT WILL MULTI-MESSENGER ASTRONOMY TEACH US ?



OUR UNIVERSE AS A LABORATORY

Galaxy cluster 4Gpc

Betelgeuse180pc

Milky Way

Sun

Large Magellanic Cloud 50kpc
Host remnant of SN1987A

CMB



ASTROPARTICLE PHYSICS MODALITY

• Satellite-based experiments

• Ground-based experiments (telescopes, reactors, 
accelerators)

• Underground experiments: ice, water or rock overburden



ABOUT THIS TALK

• Selection of highlights
ØAstroparticle has many projects over wide topics

• Not covered 
Ø Neutrino oscillations 
Ø Solar, SN neutrinos, and proton decay
Ø Nuclear astrophysics in underground laboratories 

• Next APPEC roadmap



CAN WE IDENTIFY THE SOURCES OF HIGH ENERGY NEUTRINOS?

WHAT IS THE ACCELERATION MECAHNISM OF PRIMARY CR?

WHAT MULTI-MESSENGER OBSERVATIONS WILL TEACH US?



NEUTRINO 
ASTRONOMY

• NEUTRINOS FROM ASTROPHYSICAL 
SOURCES ARE IDEAL PROBES TO 
UNDERSTAND THE ORIGIN OF COSMIC 
RAYS 

• Universe opaque to PeV photons
due to pair-production off CMB photons

• Gamma-rays emission can be hidden 
in the source ISAPP’23 |01-02.07.23 | E. Resconi 
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NEUTRINOs from the Universe
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Cosmic neutrinos

Unified Neutrino Spectrum 

E. Resconi, ISAPP 2023



A CASE STUDY: ICECUBE

Results of neutrino sky map

Spectral Energy Distribution of IC diffuse flux and of NGC and TXS sources. 

• NGC 1068: neutrino energies in a range not well measured with the diffuse flux.
• Best-fit spectral index of γ = 3.2±0.2, softer than the diffuse flux 

• TXS 0506+056 is >100 times farther away than 
the near NGC 1068: there are at least two 
populations of neutrino sources that differ in 
luminosity by orders of magnitude.

• The TXS 0506+056 time-integrated emission in 
10 y has pre-trial of 3.5 σ (i.e. ns=5).

• The Science 2018 result provided evidence for 
transient emission with ns = 13±5 in 6 months.

M. Spurio: Open problems in HE ν's - Neutrino 24 23

 IceCube:DOI 10.1126/science.abg3395 (2022)

Identified a diffused high energy neutrino signal 
(since 2013)

Identified neutrino sources:
NGC 1068 (M77) spiral galaxy at 10±2 Mpc
TXS 0506+056 Blazar at ~1.8 Gpc

From data source mechanism unclear: 
1. at least two populations of sources
2. TXS 0506+056 correlation with gamma-rays 
observations in 2017 (Fermi-LAT and MAGIC) 
3. TXS 0506+056 neutrino burst in 2015 with no EM 
correlation
4. NGC 1068: brightest extragalactic neutrino source; 
neutrino flux exceed gamma-ray fluxes  and upper limits 
from Fermi, MAGIC: gamma-ray obscured source?
 



ICECUBE
•

•

•
•

•

• VISION FOR FUTURE: GEN-II
•
•
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KM3NeT is a research infrastructure in the Mediterranean Sea hosting 

two neutrino detectors
KM3NeT/ORCA: Study of the physical properties of the neutrino – neutrino mass ordering
KM3NeT/ARCA: Discovery and observation of cosmic neutrino source

Two different detectors based on the same technology and operated by the same collaboration

ORCA (Oscillation Research with Cosmic in the Abyss)
● Depth ∼2500 m 
● block of 115 Detection Units
● Average distance between Detection Units  ∼20 m
● Average vertical distance between DOMs ∼9 m
● Volume ≈ 7 Mton

ARCA (Astroparticle Research with Cosmic in the Abyss)
● Depth ∼3500 m 
● Two blocks of 115 Detection Units each
● Average distance between Detection Units  ∼90 m
● Vertical distance between DOMs ∼36 m
● Volume (0.5 × 2 ) km3 ≈1 Gton



16
THE UHE KM3NET EVENT: KM3-230213A

February 13 2023 a neutrino event with the highest energy ever detected with ARCA

Huge amount of light detected: 35% of the total number of PMTs were triggered

Nature 638, 376–382 (2025)



17

• It is not an atmospheric neutrino or atmospheric muon background 
ü Given the detected energy and direction the expected rate of atmospheric muon is « 10-10 per year. 

• Horizontal track event (0.6° above the horizon) traversing ~140km of rock&water
ü At this energy a muon has an attenuation lenght of 20km

• It is a neutrino which has produced a muon near the detector

• Celestial coordinate 

Galactic coordinate

THE UHE KM3NET  EVENT:  KM3-230213A,  A  COSMIC  NEUTR INO

12 AGN sources found in region of 
3° (@99%) around the estimated 
direction

Equatorial coordinate

KM3-230213A: horizontal muon from ωµ

Actual water equivalent distance even larger due to continental shelf → not an atmospheric µ.

13 / 54
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K M 3 N E T  S TAT U S  A N D  C H A L L E N G E S

• Have the detectors completed around 2030
• Funds availabilities 
• Availabilities of components

• Improve the present systematic uncertainties on
• angular resolution ➡ precision measurement of the absolute detector position 

(~1m)

KM3NeT detectors under construction
present status

• ARCA 33 DUs (30% of one building 
block)

• ORCA 24 DUs (20% of the full detector)

Status

Challenges

ARCA ORCA

} International political context important
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Baikal-GVD

IceCube

IceCube-Gen2
10x extension

TRIDENT

P-ONE

KM3NeTT

RNO-G

R&D phase

complete

planned

planned



APPEC MID-TERM ROADMAP UPGRADE 
NEUTRINO ASTROPHYSICS

• APPEC fully endorses the goal of the KM3NeT collaboration to completer the 
construction ot the large-volume telescope optimised for high-energy neutrino 
astronomy ARCA, and the dedicated detector to resolve the neutrino mass hierarchy 
ORCA. APPEC strongly supports the construction of the IceCUbe Upgrade, and the  
ambition to build IceCube-Gen2 in the following decade

•

•

•



WHAT DO GRAVITATIONAL WAVES TELL US ABOUT GENERAL 
RELATIVITY AND COSMOLOGY ?

WHAT WILL MULTI-MESSENGER ASTRONOMY TEACH US ?



GRAVITATIONAL 
WAVES

• Gravitational astronomy is a new 
emerging field with a strong 
impact on fundamental physics 
and astrophysics 

•

ü

ü

ü



LIGO, Virgo and KAGRA network

 

Ø Keep improving Virgo with the Advanced Virgo+ (2025-2029 x2 
sensitivity) and Virgo-NEXT programme (>2031 x2 sensitivity) 

Ø critical building the bridge between second and third-generation 
detectors to maintain European expertise and leadership in the field 

O1, O2, O3 runs completed and O4 in progress

• Currently 4 runs since 2015
ü O1, O2, O3
ü O4 in progress

• In O2 merging of two neutron stars (BNS) with EM signal correlation 
(GW 170817 @ 40Mpc)

• In O3 BNS w/o EM signal (GW 190425)
ü Total mass 5s  > than the mean fo galactic BNS

• In O3 NSBH merging w/o EM signal (GW 200115, GW 200105)
• O1+O2+O3 with 90 observations, most BBH

ü population study: mass, spin
• O4 with increase of sensitivity 
• Almost 300 detected mergers of compact object binaries
• The large majority are binary black-holes 



FUTURE:
EINSTEIN TELESCOPE 
EXPECTED 
SENSITIVITY
•

•

•

•

•
ü

•



APPEC MID-TERM ROADMAP UPGRADE 
GRAVITATIONAL WAVES

• APPEC strongly suppports actions to enlarge European countries’ participation in ET, 
acquire funds for ET construction and operations, and develop the ET scientific 
community.

•

•

ü Future network: ET, CE, LISA



MULTI-MESSENGER ASTRONOMY
• Multiple signals from the same source
•

ü

ü

ü

ü

ü

ü

• Ongoing plan: 

• With ET and CTA a scientific-based selection required 
to optimize collected data

•

GW170817 and multi-messenger astronomy



APPEC MID-TERM ROADMAP UPGRADE 
MULTI-MESSENGERS

• APPEC supports the further development and coordination of optimised multi-
messenger observational strategies, common tools and data formats. Optimising 
future observatories for multi-messenger observation among theorists, 
experimentalists, and experts in data analysis and computing from different 
communities.



WHAT IS DARK ENERGY?

WHAT IS DARK MATTER?

CAN WE PROVE DEEPER INTO THE EARLIEST PHASES OF THE UNIVERSE ?

WHAT DO GRAVITATIONAL WAVES TELL US ABOUT GENERAL RELATIVITY AND
COSMOLOGY ?



CMB: THE HOLY GRAIL
•

• Observations of CMB have been crucial in
establishing the “standard” cosmological model ,
providing evidence of primordial fluctuations
from a period of inflation

•

• A remarkable agreement between theory and
data

Planck ESA mission

Standard cosmology in 6 parameters:
{As, ns, Wb, Wm, WL, t} 
Assumed SM and power spectrum 
for initial perturbations

Planck Collaboration: The cosmological legacy of Planck
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Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left), and the
lensing potential (bottom right). Within ↵CDM these spectra contain the majority of the cosmological information available from
Planck, and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance,
rather than by noise or foreground residuals, at all scales below about ✓ = 1800 – a scale at which the CMB information is essentially
exhausted within the framework of the ↵CDM model. The T E spectrum is about as constraining as the TT one, while the EE

spectrum still has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection
of CMB lensing to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at
✓ = 30), but are plotted here with a multipole axis that goes smoothly from logarithmic at low ✓ to linear at high ✓. In all panels, the
blue line is the best-fit Planck 2018 model, based on the combination of TT , T E, and EE.
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• COBE Cosmic Background Explorer launched by NASA in 1989

• WMAP Wilkinson Microwave Anisotropy Probe launched by NASA in 2001

• Planck L-class CMB mission launched by ESA in 2009

• Litebird Next generation CMB mission planned by JAXA

• PICO Ambitious future CMB mission concept in the US

• PIXIE CMB spectrometer concept first discussed in 2011

• PRISM CMB imager and spectrometer concept proposed to ESA for the L2 and L3 call in 2013

• FOSSIL CMB spectrometer concept proposed to ESA for the M7 call in 2022

• Voyage 2050 Long-term programmatic planning of ESA’s future space program

• ACT Atacama Cosmology Telescope

• SPT South Pole Telescope

• SO The Simons Observatory

• AliCPT in Thibet/China

• CMB-S4 Stage IV CMB experiment

• TMS Tenerife Microwave Spectrometer

• BISOU CMB spectrometer balloon supported by CNES

• QUBIC bolometric interferometer for CMB

Outstanding effort in CMB observation



SPT 16,000,
 SO 60,000

Next generation

ACT, 5,000 detectors



BUILDING ON PLANCK LEGACY
Planck ACT SO

2009-2013
Final data 2018
100% coverage
0.35-10mm (9 bands)
5-33’ resolution

Observations ended 2022
Last data release 2025
40% coverage
Noise < 3x Planck
1.4-10mm (5 bands)
1-7’ resolution

Since 2025
40% coverage
Noise < 3x ACT
1-10mm (6 bands)
1-7’ resolution

6m diameter



Planck data Planck + ACT data



Planck + ACT 2mm (150 GHz)



OPPORTUNITY TO GO BEYOND STANDARD 
COSMOLOGY WITH CMB
Improve measurements of intensity and polarization to:
• probe relativistic species with small-scale anisotropies

ü accurate measurement of small scales anisotropies
• probe existence of B modes induced by GWs

ü current experiments (BICEP, SPTpol, Polarbear) not sensitive (scalar-to-tensor ratio < 0.035)
ü detected lensing B modes

• probe inflation through initial conditions detecting B modes
ü inflation predicts primordial GWs through tensor fluctuations with amplitude related to the expansion rate and a power law

spectrum

Improve synergy between ground-based and satellite-based experiments:
• Satellite-based higher sensitivity to large scales (2<l<30), thermal stability and wide sky coverage
• provide foreground information for ground-based from satellite-based
• improve satellite-based with high resolution ground-based
• ground-based longer time integration, high resolution, detector accessibility and upgrade
• technological development of cryogenic sensors



A GLIMPSE INTO THE FUTURE FOR CMB 
CMB-S4 (2030+)
• Measurement of the scalar-to-tensor ratio (probe inflation)

ü r<0.001 @95%CL if r=0
• Relic particles

ü DNeff < 0.06 @ 95%CL
• Connection with LSS

• Site selection: South Pole, Atacama desert (Chile)
• Challenges:

ü exploit technology from Simons Observatory (SO; need 10x detectors deployment, ~500k TES detectors)
ü major challenge is production on the required scale, high performance computing and cryogenics read-out
ü QUBIC outcome as technological input

LiteBIRD (2032)
• JAXA strategic mission (2032) for 3-year survey from sun-earth Lagrangian point L2

• Full sky

• Improve measurements of polarization and spectrum (distorsions)

• Probe large scale E modes (reionization optical depth)

• Probe inflation paradigm by measuring B modes induced by primordial GWs

• Probe relativist species with

• Probe sum of neutrino masses



CURRENT AND 
FUTURE IN CMB 
MEASUREMENTS

2 30 180 500 1000 2500 5000

Multipole �

10�5

10�3

10�1

101

103

V
ar

ia
nc

e
in

C
M

B
m

ap
[µ

K
2 ]

Planck
BICEP2/Keck
LiteBIRD

SOLAT (+Planck)

CMB-TT

CMB-EE

CMB-BB
tensor r = 0.01 (��) + lensing (�·)

90� 1� 0.2� 0.1� 0.05�

Angular separation in the sky

Figure 2. Key CMB cosmology observables that can be derived from the SO LAT sky maps: CMB
temperature (TT) and polarization (EE and BB) power spectra. The di!erent colored points with er-
ror bars show existing (Planck and BICEP2/Keck) and forecast (LiteBIRD and SO) power spectrum
measurements from various CMB experiments. The forecast SO noise power spectra here include
detector and atmospheric noise, as well as the e!ects of residual foregrounds after component separa-
tion, following the methodology described in Ade et al. (2019). Planck data are also assumed to be
combined with SO, as indicated in the legend. Small-scale power spectrum measurements from exist-
ing ground-based CMB experiments (e.g., ACT, SPT, POLARBEAR) are omitted here for clarity.

In particular, SO will significantly improve the precision with which the characteristic phase
shift imprinted by free-streaming particles can be detected in the CMB, a unique signature
sensitive to BSM physics (Montefalcone et al. 2025). A robust detection of Ne! di!ering from
its standard-model value (3.044) would be landmark evidence for new physics, yielding the
first direct cosmic signal from the epoch between post-inflationary reheating and neutrino
decoupling one second later. Importantly, Ne! is a generic, model-independent probe of new
light particles in the early universe, thus yielding robust constraints on new physics across a
vast search space (Green et al. 2019; Muñoz et al. 2021).

The reported tension between local and cosmological measurements of the rate of ex-
pansion of the universe (as characterized by the Hubble constant, H0; Breuval et al. 2024;
Di Valentino et al. 2021a; Freedman et al. 2024; Verde et al. 2019) may be resolved by new
particle physics models that can increase the Hubble constant while preserving the fit to
current CMB power spectrum data (see, e.g., Di Valentino et al. 2021b, for a review). Mod-
els that alter the pre-recombination dynamics are of particular theoretical interest (Knox &

– 6 –

Expectations for SO

Small-scale anisotropies
E-modes
CMB lensing



APPEC MID-TERM ROADMAP UPGRADE 
COSMIC MICROWAVE BACKGROUND

• APPEC encourages European contribution to the LiteBIRD  mission as well as R&D 
for further space-based CMB studies, such as a possible successor of COBE/FIRAS. 
APPEC encourages contributions to CMB Stage 4 and R&D towards other, next-
generation, ground-based experiments.



DARK ENERGY
• SN Ia candles show an accelerating 
universe
• Measuring clustering of galaxies with BAO one can
can add another way to probe this observation

ü 2PCF in bins of z

• Standard cosmology contains
a significant amount of dark energy
The equation of state of dark energy
seems to be that of a cosmological
constant, w0 = -1
• Non standard scenario (WCDM): w(a) = w0+(1-a)wa = w0 + wa z/(1+z)

The accelerating expansion of the 
universe is a cosmological constant
or modified gravity or …?



HINTS FROM 
DIFFERENT DATA SET

• Combining different data set at 
different redshifts shows DE might 
not be constant

• Non standard scenario: 
w(a) = w0+(1-a)wa = w0 + wa z/(1+z)



Extended Dark Energy analysis using DESI DR2 BAO measurements

• Dark Energy Spectroscopic Instrument
     (DESI)
• DESI goal

• DESI DR2 BAO

•

49

Ref: DESI DR2 Results II

3.8σ
2.8σ

4.2
σ

𝚲CDM

Courtesy DESI coll. 



Extended Dark Energy analysis using DESI DR2 BAO measurements 50Courtesy DESI coll. 

Acceleration starts earlier than predicted by 
LCDM
Slow down effect of cosmic acceleration prediced
We expect q(0) ~ -0.5

Goal: To test robustness of this deviation using
different parametric and non-parametric methods
(change parametrization and number of parameters)

In the absence of unknown systematics, the results 
suggest a more richer dark energy sector than 
expected, potentially giving clues to new 
fundamental physics.



NEUTRINO MASS FROM INCLUDING DESI DATA

Ma Yin-Zhe and Xin Tang

DESI DR1 data

H(z) given as a function
of  Wn, Wg, Wm, WDE, Wk

DESI 2025

With prior mn > 0

With LCDM < 0.064 eV (95% CL)

6 standard cosmological parameters + 1 free neutrino mass parameter 
+ 2 dark energy equation of state parameters in the case of w0waCDM  
+ 9 nuisance parameters associated with CMB calibration and 
foregrounds. Hence, the total is 16 or 18 parameters.



EUCLID ESA MISSION
• At the Lagrangian L2 since August 2023
• 6-year mission 
• 1.2 m diameter telescope in the payload module

üVisible and near IR 
• November 2023 1st images
• Spacecraft and instruments performing well
• Public DR1 expected in 2026 and final in 2030
• Designed for

üDark Energy and Dark Matter
üProbe expansion of the universe
üProbe gravity at cosmological scale

www.esa.int

euclid

EXPLORING THE DARK UNIVERSE

Perseus cluster



APPEC MID-TERM ROADMAP UPGRADE 
DARK ENERGY

• APPEC supports the forthcoming ESA Euclid satellite mission, which will establish 
European leadership in space-based Dark Energy research. APPEC encourages 
continued participation in next-generation ground-based research projects, e.g. Rubin-
LSST and spectroscopic surveys such as DESI and proposed successors.



WHAT IS THE NEUTRINO MASS?

IS NEUTRINO A MAJORANA PARTICLE?

WHAT ARE THE NEUTRINO PROPERTIES?



NEUTRINO PROPERTIES

Crucial questions after discovery of neutrino oscillations

• Neutrino mass scale
• Mass ordering for neutrinos: NO vs IO 
• CP violation in neutrino sector
• Neutrino nature: are neutrinos their own antiparticle?
• Are there sterile neutrinos?



Tritium beta decay Q = 18.594±0.008 keV

mn=0.4 eV

mn=0.1 eV

3x10-16

0.1 eV

mn=0 eV

mb=0.4 eV with mixing

m4=10 eV, |U2
e4|=0.2

10 eV

𝑑𝑁
𝑑𝐸 ∝

∆𝐸
𝐸"

#



N E U T R I N O  M A S S  F R O M  T H E  Ꞵ - S P E C T R U M  E N D - P O I N T  

Depends on 
the ordering

Oscillation bounds:
m𝜈  > 10 meV (N.O.)
m𝜈  > 60 meV (I.O.)

Cosmology bounds:
Σ m𝜈  < 250 meV (CMB) 
only)
Experimental Requirements:

- low Q-value
- reasonable half-life
- simple nuclear structure
- sizeable source
- high rate handling
- energy resolution ≤ 1 eV



K AT R I N  -  M O L E C U L A R  T R I T I U M  ( T 2 ) KATRIN at KIT: 
1011 Bq T2 source with an
high acceptance and 
eV-resolution integrating 
spectrometer

Energy resolution ~ 1 eV
Ultimate sensitivity 300 
meV 

End of data taking 2025

KATRIN KNM1 to KNM5 campaigns:
m𝜈 < 0.45 eV (90% CL) (Lokhov-Tkachov)
m𝜈 < 0.31 eV (90% CL) (Feldman-Cousins)
Q-val = 18575.0 ± 0.3 eV

140 nuisance parameters and 4 physics parameters
(amplitude of the beta spectrum, end point energy, 
background rate, and the mass of the neutrino)

Far future upgrade
(sensitivity 50 meV)

KATRIN++
- Atomic tritium
- Reuse of the KATRIN 
infrastructure
- Collaboration with
Project-8



O T H E R  P R O J E C T S

ELECTRON CAPTURE WITH 163HO (Q~3 KEV) CRYOGENIC 
BOLOMETERS: 
(ECHO AND HOLMES)

HOLMES 
[ARXIV:2503.19920]
7 X 107 EVENTS IN ROI
M𝜈  < 27 EV (90% CL)
ENERGY RESOLUTION 6 EV

CYCLOTRON RADIATION EMISSION SPECTROSCOPY 
(CRES): 

PROJECT 8
[PRL 131, 102502 (2023)] 
3800 EVENTS IN ROI
M𝜈  < 155 EV (90% CL)
ENERGY RESOLUTION 1.7 EV

QTNM, A R&D CRES WITH
QUANTUM SENSORS

PTOLEMY
Full-scale: detection of cosmic neutrino 
background via capture on tritium bound on 
graphene layers:
Monochromatic peak at Qb + mne

- compact source 
- small-size transverse dynamic filter
- ultra-high energy resolution goal (50 meV) 

Demonstrator (LNGS): filter prototype with 
superconducting magnet. Sensitivity lower than 
200 meV with a few  µg’s of tritium on 
graphene, exposed for 1 years.



Cyclotron Radiation Emission 
Spectroscopy 

(CRES)

• A new technique to measure electron energy from 
cyclotron emission from radiating electrons. 

• Pioneered by the Project 8 Collaboration.   
• Also being persued by the QTNM Collaboration (UK) 

• Advantages: 
• Frequency measurement, high precision 
• Differential measurement 
• Reduced backgrounds (Metric: 3x10-10cps/eV) 
• Amenable to using an atomic tritium source. 
• Demonstrated technique



K AT R I N + +

• KATRIN will conclude its program with one 
year sterile neutrino search with TRISTAN

• GOAL: 50 meV with 0.2 eV sensitivity and 
atomic Tritium

• Atomic Tritium requires use of a new 
technology.

• Switch to differential spectrum 
measurement

kink

m4 = 10 eV
sin2q4

 =0.2



NEUTRINOLESS DOUBLE BETA DECAYHow to search for 0νββ
• Isotope choice:  

• Highest Qββ value (lower backgrounds) 
• Highest abundance (lower cost) 

• Detector technology choice:  
• Best energy resolution 
• Lowest backgrounds 
• Most scalable

10

M. Agostini, et al., (2023) Rev. Mod. Phys. 95, 025002

Isotope choice: 
High Qbb for low background
High BR for lower cost  

Detector technology: 
Liquid or gas Xenon (nEXO, XLZD, NEXT
Semiconductor (LEGEND)
Liquid scintillator (SNO+, Kamland-Zen)
Cryogenic bolometer (CUPID, AMORE)
Tracking caloremeter (SuperNEMO)

Energy resolution
Low background 
Scalability

Current experiments: 
 mbb ≳ 40 – 100 meV (T1/2 ~1027 yr)
Next-generation experiments: 
 mbb ≳ 8 - 20 meV (T1/2 ~1028 yr)
     <0.1 cts/FWHM/ton/yr ~ 10-5 cts/keV/kg/yr

(A,Z) ➝(A,Z-2) + 2e-

Gateway to BSM physics
Majorana nature of neutrino + DL ≠ 0
Probe neutrino mass scale



Experime
nt

Isotop
e

Mass
Isotop
e [kg]

Technology Status 
or 

expect
ed start

lab T1/2 

[years]
DE@Qb

b

FWHM
[keV]

B
[cts/ke
V/kg/y]

mbb 
[meV]

Notes and/or 
challenges

CUORE 130Te 202 Bolometer 
988 TeO2 
crystals

running LNGS >2.8x10
25

8 10-2 70-
240

Running till 3 
ton x year in 
early 2026

SNO+
Phase-I

130Te 1330 Liquid 
scintillator

2025 SNOLA
B

>2x1026 230 10-4 28-
240

0.5% loading 
by mass

SNO+
Phase-II

130Te 3990 Liquid 
scintillator

planned SNOLA
B

>7x1026 230 10-4 17-73 Funding
1.5% loading 

by mass

130Te, no enrichment, bolometer and LS



Experiment Isotop
e

Mass
Isotop
e [kg]

Technology Status or 
expected 

start

lab T1/2 
[years]

DE@Qbb

FWHM
[keV]

B
[cts/keV/k

g/y]

mbb 
[meV]

Notes and/or 
challenges

GERDA+Major
ana

76Ge 40.7+2
6

HPGe stopped LNGS
/

SURF

>1.9x1026 2 5.2x10-4 77-175

LEGEND-200 76Ge 128-
190

HPGe running LNGS ≳2.8x102

6
2 5x10-4 75-200

LEGEND-1000 76Ge 900 HPGe 2031-
2035

LNGS ≳1028 2 10-5 9-25 Funding driven 
schedule

Underground 
Ar

AMoRE 100Mo 100 Scintillating 
bolometer
360 LMO 
crystals

90 LMO 
2026

360 LMO 
2027

Yemil
ab

>4.5x1026 8 10-4 17-50 background 
index

CUPID 100Mo 240 Scintillating 
bolometer
1596 LMO 

crystals

Stage I 
(80kg) 
2030

Stage II 
2034

LNGS ≳1027 8 10-4 12-21 background 
index

Use of CUORE 
infrastructure

76Ge and 100Mo, enrichment, HPGe and bolometer



Experiment Isotope Mass
Isotope 

[kg]

Technology Status or 
expected 

start

lab T1/2 

[years]
DE@Qbb

FWHM
[keV]

B
[cts/keV

/kg/y]

mbb 
[meV]

Notes and/or 
challenges

Kamland-
Zen

136Xe 670 Liquid 
scintillator

stopped Kamioka >4x1026 240 1.5x10-4 28-122

Kamland2-
Zen

136Xe 8001 Liquid 
scintillator

2027 Kamioka >1x1027 120 1.7x10-5 >20 Low background 
vessel production

NEXT-100 136Xe 87 High pressure 
gas TPC

running LSC ≳1026 24.5 4x10-4 _ Rn background

NEXT-HD 136Xe 900 High pressure 
gas TPC

2032 LSC >1027 15-20 4x10-5 _ scalability

EXO-200 136Xe 80 LXe TPC
Single phase

stopped WIPP >3.5x1025 66.5 4x10-3 93-286

nEXO 136Xe 430 LXe TPC
Single phase

2034 SNOLAB >4x1026 58 7x10-5 Funding 
Phase 1 

no enrichment

nEXO 136Xe 4500 LXe TPC
Single phase

2036+ SNOLAB 1028 58 7x10-5 6-27 Funding 
Phase 2 

enrichment

XLZD 136Xe 5340 LXe TPC
Double phase

2035+ Selection 
in 2026

2x1027 38 2x10-4 _ No enrichment

136Xe, no enrichment/enrichment, liquid or gas single and double phase TPC



Detectors technology
• Liquid or gas Xenon (nEXO, XLZD, NEXT)
• Semiconductor (GERDA, LEGEND)
• Liquid scintillator (SNO+, Kamland-Zen)
• Cryogenic bolometer (CUORE, CUPID, AMORE)
• Tracking caloremeter (SuperNEMO)
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LEGEND-1000

CUPID/AMoRE-II

nEXO

KamLAND-Zen
NEXT-100

CUORE

SNO+
Phase-I

EXO-200

LEGEND-200

measured predicted

AMoRE-I

KamLAND2-Zen

XLZD

nEXO w/ multivariate
analysis

NEXT-HD

References:
NEXT: 
JJ Gomez-Cadenas, 3rd Summit on
 DBD, 2025
nEXO: 
https://arxiv.org/pdf/2106.16243
D. Leonard, 1° Yemilab Workshop
2024 
KamLAND2-Zen: 
Itaru Shimizu, 
International Conference on the 
Physics of the two Ininities, 2023
AMoRE: document submitted to
ESPPU
SNO+: document submitted to 
ESPPU
CUPID: slides submitted to ESPPU
LEGEND: slides submitted to ESPPU
XLZD: M. Schumann, 3rd Summit on
DBD 2025

https://arxiv.org/pdf/2106.16243


Mbb PROBABILITY IN PARAMETER SPACE
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16%

105 sampling points
with DESI DR1

AI, Ma Yin-Zhe, N. Rossi, Xin Tang, A. Razeto, work in preparation
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CURRENT PROJECTS SuperNEMO
• 82Se 100kg
• Tracking caloremeter
• Location: LSM
• Status: commissioning

SNO+
• 130Te 3.9 ton
• Liquid scintillator
• Locqtion: SNOLAB
• Status: commissioning

NEXT-100
• 136Xe 100 kg
• Gas TPC
• Location: LSC
• Status: commissioning

CUORE
• 130Te  741 kg TeO2 (206 130Te)
• Cryogenic bolometer
• Location: LNGS
• Status: running

LEGEND-200
• 76Ge 200 kg
• Arrays of semiconductor in active LAAr veto
• Location: LNGS
• Status: running

AMORE
• 100 kg of 100Mo
• Cryogenic bolometer
• Location: Yemilab
• Status: 

ü 90 crystals 2025-2026; 360 crystals 2026-2030

Kamland-Zen
136Xe 745 kg
Liquid scintillator
Location: Kamioka
> 3.8x1026 yr
Status: upgrading untill 2027
New target: >20 meV

XENONnT
136Xe 5.9 ton
LXe TPC
Location: LNGS
Status: running

PANDA-X
136Xe 3.7 ton
LXe TPC
Location: CJPL
Status: running



FUTURE PROJECTS
CDEX
• 76Ge
• Arrays of semiconductor in active LUAr veto
• Location: CJPL

nEXO
• 136Xe 5ton 
• LXe 
• Expected sensitivity 1028 yr
• Location: SNOLAB ???

NEXT-HD / NEXT-BOLD
• 136Xe 1 ton
• GXe 1ton  / with Ba tagging
• Location: LSC

CUPID
• 100Mo  500 kg
• Cryogenic scintillating bolometer with particle
identification
• Location: LNGS

LEGEND-1000
• 76Ge 1 ton 
• Arrays of semiconductor in active LUAr veto
• 20x improvement of BI w.r.t. LEGEND-200
• Expected sensitivity 1028 yr 
• BI <10-5cts/keV/kg/yr
• Location: LNGS



FUTURE OPPORTUNITIES AND CHALLENGES

Community merging in technical and 
economical effort for ton-scale 
experiments while considering new 
technologies for future projects

Opportunity
• JUNO/THEIAS: take advantage on current 

technology with SNO+

• XLZD: take advantage on current technology 
with direct dark matter experiments

Challenges
• Huge effort on material screening
(sensitivty and number of samples) asks for 
work load sharing in screening facilities worlwide

• Crucial procurement of underground argon

• Geo-political situation for funding



FUTURE 
OPPORTUNITIES AND 

CHALLENGES:
BARIUM TAGGING

11

Not fluorescent Fluorescent

Dye

Receptor

Barium ions are imaged 
through single molecule 
fluorescence imaging.

Courtesy NEXT collaboration

10

136Xe  136Ba + e + e

• 1) Energy resolution 
  

• 2) Topology  

• 3) Practicality at scale 

 

Fluctuation-less EL gain produces 
resolution comparable with solid-state 
technologies in a monolithic TPC 
experiment 

Lower density allows powerful single-
vs-multi electron and single-vs-multi-
site topological background rejection 

Reliance on active background 
rejection rather than self shielding 
means program uses isotope 
efficiently and can be phased

4) Possibility of barium tagging

Why Xenon Gas?

Identify this Ba2+ ion within one 
ton of xenon for a potentially 
background-free experiment.

10

136Xe  136Ba + e + e

• 1) Energy resolution 
  

• 2) Topology  

• 3) Practicality at scale 

 

Fluctuation-less EL gain produces 
resolution comparable with solid-state 
technologies in a monolithic TPC 
experiment 

Lower density allows powerful single-
vs-multi electron and single-vs-multi-
site topological background rejection 

Reliance on active background 
rejection rather than self shielding 
means program uses isotope 
efficiently and can be phased

4) Possibility of barium tagging

Why Xenon Gas?

Identify this Ba2+ ion within one 
ton of xenon for a potentially 
background-free experiment.

Summary 
• NEXT is developing a sequence of high-pressure Xe gas TPCs 

for ultra-low background searches for 0nubb in 136Xe. 

• The power of the NEXT approach derives from superb energy 
resolution (<1% FWHM), topological signal identification (1e vs 
2e) and scalability to large masses with efficient use of isotope. 

• NEXT-100 construction is complete and operation is ongoing. 
First data look great! 

• Rapid technical progress on molecules, microscopes, and ion 
manipulation for Ba2+ tagging aims to provide a path toward 
background-free ton- to beyond-ton-scale searches. 

16

Fluorescence imaging of Ba2+ atoms

For 1028 yr 50% efficiency order
1-2 events 10 ton-year



APPEC MID-TERM ROADMAP UPGRADE 
NEUTRINO MASS AND NATURE

• APPEC strongly supports the CUPID and LEGEND-1000 double-beta decay 
experiments selected in the US-European process and endorses the development of 
NEXT. APPEC strongly supports fully exploiting the potential of the KATRIN direct 
neutrino mass measurement and the development of a new generation of experiments 
beyond KATRIN.



WHAT IS DARK MATTER?



WIMP SEARCH
In the last 30 years the most studied hypothesis
• Liquid Xenon is leading the sensitivity since 2007
• Background reduction by 3x104 and fiducial mass increased by ~900x

Current experiments:
• XENONnT at LNGS 2-phase TPC with 5.9t

ü Active neutron veto with Gd in water

• LZ at SURF 2-phase TPC with 7t
ü Active neutron veto with Gd in liquid scintillator

• PandaX-4T  at CJPL 2-phase TPC with 3.7t

Future opportunity (ultimate option???):
• Xenon, LZ, DARWIN (XLZD): active mass 60-80 t multi-purpose detector

ü solar and SN neutrinos, DBD (~6x1027 yr)

• Sensitivity for SI at 40 GeV/c2 ~10-49 cm2

Liquid Xenon experiments are leading the sensitivity at 
intermediate/high WIMP masses since ~2007

2502.18005 

2410.17036

Dedicated talks on 3/26 
LZ: Daniel Kodroff 
XENONnT: Zihao Xu 
PandaX: Ning Zhou 

Liquid Xenon experiments are leading the sensitivity at 
intermediate/high WIMP masses since ~2007

E. Aprile UCLA DM 2025



SOLAR NEUTRINOS WITH DM DETECTORS

Low backgrund achieved in current WIMP DM experiment 
opens new opportunities:
• Coherent Elastic Neutrino-Nucleus Scattering can be 

detected through Nuclear Recoil techniques

Solar neutrinos:
• 8B solar neutrinos <15 MeV good candidate in LXe
• First step into the neutrino floor
• Low energy calibration: 88YBe with 152keV neutron
• Background only hypothesis disfavoured at 2.73s
(PANDA-X also mesured 8B solar  neutrinos) PRL 133(2024) 19, 191002

ER background



LIQUID ARGON FOR DARK MATTER SEARCH

LAr:
• Excellent scintillator
• 8-10 orders of magnitude suppression of ER with PSD
• Challenge: required underground argon w/o 39Ar; 20m2 SiPM 
instrumented detection surface

The Global Argon Dark Matter Collaboration (GADMC):
• DEAP-3600, DarkSide-50, MiniCLEAN, ArDM, DarkSide-20k

ü UAr extraction rate expected to be 250-330 kg/day
• DEAP-3600 upgrade completed; expected data taking summer 2025
• DarkSide-20k under construction; commissioning and data 2028

Next-generation: 
• ARGO with 300 t FM @ SNOLAB or SURF(2nd option)

DarkSide-20k with 50(TPC)+32(veto) tons 
of UAr



C O H E R E N T  E L A S T I C  N E U T R I N O - N U C L E U S  S C A T T E R I N G  
( C E 𝜈N S )  

WHY important for DM search?

- Well predicted by SM
- Validation of NR detection 

techniques
- Benchmark for DM detector 

sensitivity

Crucial for upcoming DM 
detectors:

- Background (neutrino floor)
- New physics beyond SM

Synergy with direct CE𝜈NS 
measurements (e.g. COHERENT, 
NUCLEUS, CONUS, etc) 

XENON-nT,  2.7𝜎 
[Phys. Rev. Lett. 133, 191002]

PandaX-4T,  
2.6𝜎

[Phys. Rev. 
Lett. 133, 
191001]

Two “first 
Indication” 
of Solar 8B 
Neutrinos



BEYOND WIMPS
Crucial to understand the particle nature of DM

There is a wide range of possible DM candidates.

Hidden dark sector (Ultra-light DM, e.g. QCD axions)

This motivate exploiting different techniques.

Multi-experiment program

DM
DM

e-

nucleus

e-

nucleus

Probing sub-GeV DM scattering w/ e.g. silicon Skipper-CCDs

• DM-e scattering

• DM-N scattering 
via Migdal effect

DM DM

e- nucleus

e-

nucleus

DM

signal consists of one to a few electrons

Ekin = 1
2 mDMv2

DM ∼ 1 eV ( mDM
1 MeV ) silicon bandgap 

~ 1 eV
Rouven Essig UCLA DM 2025

Probe parameter space through:

DM – e scattering
DM – nucleus scattering with Migdal effect



DM WIMP/WIMP-like/low mass detectors 
(non-exhaustive list)

• XENONnT, LZ, Panda-X, DarkSide-
20k, DEAP-3600, PICO-40L, PICO-
500, XLZD, ARGO

• CRESST, DELight, TESSERACT, 
SENSEI,  DAMIC-M, DarkNESS, 
CrystalLiZe, SuperCDMS

• TRISTAN

• CYGNO, CYGNUS (network), 
MIMAC, TREX-DM, NEWS-G, 
NEWAGE, NEWSdm

• ANAIS, COSINE, SABRE, 
COSINUS

• PADME



Indirect DM search
• Basic idea: look at the center of the galaxy assuming WIMP-like particles decay or annihilation 

into SM particles

• Several multi-purpose instruments: AMS, FERMI, MAGIC, CTA, HAWC, IceCube, KM3NeT, …

• Search for
• Gamma ray lines

• Neutrino lines

• Continuu, gamma emission (excess of gamma rays in the galaxy center)

• Dwarf galaxies
• Expected high DM concent

• Positrons excess
• Clear excess wrt secondary positron flux (AMS-02, Pamela)

• Explained by electrons accelerated in a pulsar’s magnetic field radiating and producing e- + e+

• Still options for ad-hoc DM models to be tested by AMS-0

• Huge impact from direct search and no conclusive evidence of DM signal. Anomalies explained 
by systematics, models



QCD AXIONS
• Motivated by the strong CP QCD problem

• QCD axions can be a cold DM candidate

• QCD axions can interact with SM particles

• QCD axions can account for some or most of 
the DM

• Huge parameter space: 10-12 – 1 eV

• ADMX paved the way for an Haloscope with 
a resonant cavity
ü Exploiting axion-photon conversion (gagg)



AXION-LIKE PARTICLES (ALPS)

• Solar axion experiments: 
Helioscopes

• Space-satellite: 
üNuSTAR

• DM-axions converting into 
photons in sun spots detected 
by low frequency radio 
telescopes (sensitivity to µeV)

• Ground-based: 
üCAST (stopped), BabyIAXO, 

IAXO

58 CHAPTER 4. THE SOLAR AXION

γ∗

γ a γ

γ∗

a

e, Zee, Ze "B

Figure 4.1: Left: Feynman diagram of the Primakoff effect in the Sun. A photon is converted into an axion in the
electric field, which originates from the charged particles in the plasma. Right: In a laboratory magnetic field, the axion
can couple to a virtual photon provided by the transverse magnetic field resulting in a real photon. This is the so-called
inverse Primakoff effect.

where the axion and photon energies are taken to be equal and the momentum transfer is given by
!q = !pγ − !pa. The cut-off of the long-range Coulomb potential in vacuum for massive axions is
given by the minimum required momentum transfer

qmin =
m2

a

2Ea
, (4.3)

forma # Ea, yielding a total cross section of

σγ→a = Z2g2
aγ

[

1

2
ln

(

2Ea

ma

)

−
1

4

]

. (4.4)

The cut-off of the long-range coulomb potential in a plasma is due to screening effects resulting in
an additional factor of the differential cross section such that

dσγ→a

dΩ
=

g2
aγZ2α

8π

|!pγ × !pa|2

!q 4

!q 2

κ2 + !q 2
. (4.5)

Here, the screening effects are described by the Debye-Hückel scale given by [105]

κ2 =
4πα

T"

∑

j

Z2
j nj, (4.6)

where T" denotes the temperature in the plasma (solar core), α is the fine-structure constant and
nj represents the number density of charged particles carrying the charge Zje. Near the center of
the Sun, the Debye-Hückel scale κ is roughly 9 keV and the ratio (κ/T ) ≈ 7 is approximately
constant throughout the Sun. Raffelt [66, 105] calculated the total scattering cross section taking
into account this modification. Assuming a non-relativistic medium and neglecting recoil effects,
he derived an expression for the transition rate Γγ→a by summing over all target species of the
medium

Γγ→a =
T"κ2g2

aγ

32π2

|!pγ |
Eγ

∫

dΩ
|!pγ × !pa|2

!q 2 (!q 2 + κ2)
. (4.7)

source detector



QCD Axion and ALP detectors (non-exhaustive list)

IAXO and BabyIAXO
ADMX
HAYSTAC
NuSTAR
DMRadio
PXS
ABRACADABRA
RADES

QUAX
PADME
MADMAX
LUXE
ALPS II
CADEx
RADES
Multipurpose experiments: CUORE, …



DMRadio

• Tuning the detector on the basis of the 

axion wavelength relative to the size of 
the cavity (radio tuning idea)

• DMRadio-50L under construction



Mass-Radius
distribution of 
all structures in 
the universe 
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Figure 2: Logarithmic plot of the mass and radius of different structures in the Universe as in Fig. 1 with boundaries and lines determined in
the present work. The “black hole” boundary and the “quantum mechanics” boundary are determined by Eqs. (2) and (5), respectively. The
“nuclear density” line connects structures in which the nuclear interaction is dominant. The “atomic density” line connects structures in which the
electromagnetic interaction dominates. See the text for more details.

whole Universe which corresponds to a limiting point on the mass-radius diagram. The mass of the visible Universe
can be written as MU ⇠ 0.22mp↵�1

G
r
�1
p

rU , while its radius is rU ⇠ c/H0, being H0 the present day Hubble expansion
rate, and MU ⇠ c

3
t/6⇡GN with t ⇠ 1/H0 for a matter-dominated Universe. Hereafter, we will not include the Universe

point in our discussions, since it only refers to the visible part of the whole Universe: its real size and mass are not

7

AI, M. Mannarelli, N. Rossi, Results in Physics, 38 (2022), 105 

Understand nature of DM from
observations at all scales

Synergy between different fields in 
Astroparticle

Example: mass-radius distribution
extrapolation SIDM mass ~ 10 meV



APPEC MID-TERM ROADMAP UPGRADE 
DARK MATTER

• APPEC strongly supports the European leadership role in the Dark 
Matter direct detection, underpinned by the pioneering LNGS 
programme, to realise at the least one next-generation xenon (order 50 
tons) and one argon (order 300 tons) detector, respectively, of which at 
least one sshould be situated in Europe. APPEC strongly encourages 
detector R&D to reach down to the neutrino floor on the shortest 
possible time scale for WIMP searches for the widest possible  mass 
range.

• APPEC supports the unique European-led efforts for axions and ALPs 
detection in mass ranges complementary to the established cavity 
approach. APPEC encourages R&D efforts to improve experimental 
sensitivity and extend the accessible mass range.

Next generation WIMP experiments
require global coordination

Huge parameter space requires a
strategy for small scale projects and
technology developments

Crucial synergy with collider phyiscs, 
astrophysics and cosmology



WHAT IS THE ORIGIN OF COSMIC RAYS?

WHAT MULTI-MESSENGER OBSERVATIONS WILL TELL US?

WHAT IS THEIR ACCELERATION MECAHNISM?



HIGH ENERGY GAMMA RAY
ASTROPHYSICAL AND POLITICAL CONTEXT
Emergence of multi-messenger astronomy
• Growing evidence that AGN are also sources of neutrinos 
• Synergies with GWs

Rather complete wavelength coverage (from radio to TeV)
• MeV gap (last mission was Comptel, 1996)
• Very important to maintain a GeV mission (Fermi-LAT)

Political context
• Competition from China: LHAASO, HERD, LACT
• Possible threat on existing (VERITAS, IceCube) and proposed (SWGO) projects



EXISTING INSTRUMENTS
Fermi-LAT
• Large field of view pair-creation telescope
• Energy range 20 MeV – 300 GeV
• Launched June 2008
• Still in operation
• Solar array drive failure in 2018, degraded operation mode
• > 7000 sources detected 

Integral – International Gamma-ray astrophysics laboratory
• Large field of view (imager + spectrometer)
• Energy range 15 keV – 10 MeV
• Launched October 2002
• Mission ended 2025 after 22 years

tracker 

veto

calorimeter



EXISTING INSTRUMENTS
Atmospheric Cherenkov Telescopes
• 3 arrays in operations: HESS (Namibia), MAGIC (Canary Island) 
and VERITAS
• Energy range 20 GeV – 100 TeV
• Operation extended to 2028 (CTAO will take over)

Large High Altitute Air Shower Observatory (LHAASO)
• At 4,410 a.s.l. in China, in operation since 2019
• Focusing on > 100 TeV
• 43 UHE gamma sources detected
• Hybrid design with three sub-arrays: Water Cherenkov Detector Array (WCDA), Kilometer Square 

Array (KM2A), Wide Field-of-view Cherenkov Telescope Array (WFCTA)
• WCDA: 78,000 m2 equipped with 3,120 water Cherenkov detectors with 1 PMT
• KM2A: 1 km2 equipped with 5,195 1m2 scintillators and 1,188 36 m2 water Cherenkov for muons



EXISTING INSTRUMENTS
High Altitude Water Cherenkov (HAWC)
• At 4,100 a.s.l. in Sierra Negra (Mexico), in operation since 2015
• Energy range 100 GeV – 50 TeV
• 20,000 m2 array with 300 WCD 7.5 m diameter + 350 out tanks 1.5 m diameter

Gamma-Ray Astro-Imager with Nuclear Emulsions (GRAINE)
• Baloon-born mission
• Based on emulsion plates with polarization capabilities
• Low exposure
• Energy range 10 MeV-100 GeV
• Last flight April 2023



PLANNED PROJECTS
Compton Spectrometer and Imager (COSI)
• Selected in 2021 by NASA as its next small Explorer (SMEX) 
astrophysics mission

• Energy range 0.2 – 5 MeV

• Launch scheduled in 2027

High Energy cosmic-Radiation Detector (HERD)
• Hodoscopic Calorimeter + Transition Radiation
• Energy range 0.5 GeV - 100 TeV
• Operation from 2027 for 10 years



PLANNED PROJECTS
Cherenkov Telescope Array Observatory (CTAO)
• Successor of HESS, MAGIC, Veritas
• Two Imaging Atmospheric Cherenkov Telescopes (IACTs) in the northern and southern 

hemispheres
• Energy range 10 GeV – 300 TeV
• Wide scientific programs from gamma-ray astronomy to cosmology and fundamental physics 
• Three classes of telescopes: LST (Large Sized Telescopes), MST, and SST
• CTAO: 4 LST in north site in operation 2026; south site construction soon and operations in 

2028+
• Challenges: 
From APPEC survey: ERIC signed in 2015 but very delayed
north site in advanced stage than south site.



PLANNED PROJECTS
Large Array of Cherenkov Telescope (LACT)
• Next generation Image Atmospheric Cherenkov Telescope 
• Array of 32 IACTs to be deployed in LHAASO site
• Photodetector type: SiPM
• Energy range 1 TeV -  1 PeV
• Resolution 0.05o 6x LHAASO
• Prototype being built and full array expected in 2025
• Second telescope in 2026
• Full array by 2028

SiPM camera



PROPOSED PROJECTS
Southern Wide-field Gamma-ray Observatory (SWGO)
• Site selected in 2024 in Atacama Astronomical Park (above 4400 a.s.l.)
• Currently down-selecting design and funding applications for construction
• Aiming start construction in 2027; challenge: funding approval

Transient High-Energy Sky and Early universe Surveyor (THESEUS)
• ESA mission as candidate M7 for a launch in 2037
• combination of X-/gamma-ray monitors
• Designed to provide a breakthrough in early universe cosmology and multi-

messenger astrophysics through Gamma-Ray Burst and other classes of high-
energy transients



PROPOSED PROJECTS
e-Astrogram
• Space-based project
• Compton and pair-creation telescope (silicon tracker + calorimeter)
• Energy range: 0.3 MeV – 3 GeV
• Proposed at ESA M5 mission in 2017 and M7 in 2022
• Not selected in M7; new proposal for M8 (2041)

AMEGO-X (All –sky Medium-Energy Gamma-ray Observatory eXplorer)
• Space-based project
• Compton and pair-creation telescope (silicon tracker + CsI calorimeter)
• Energy range: 100 keV – 1 MeV
• Proposed in 2021, to be launched no later than 2028



APPEC MID-TERM ROADMAP UPGRADE 
HIGH ENERGY GAMMA RAYS

• APPEC fully endorses the construction and subsequent long-term operation of CTA in 
bot the northern and southern hemispheres APPEC supports work towards the 
selection of the mission concept THESEUS and the construction of  SWGO. It urges 
the community to consider a replacement for the Fermi telescope.



WHAT IS THE ORIGIN OF ULTRA HIGH ENERGY COSMIC RAYS?

WHAT IS THEIR MASS COMPOSITION?

WHAT IS THEIR ACCELERATION MECAHNISM?

IS THERE AN UPPER LIMIT TO THE ENERGY?



ULTRA HIGH ENERGY COSMIC RAYS (E > 1018 EV): 
EXISTING INSTRUMENTS

Pierre Auger Observatory Telescope Array

1

Pierre AugerPrime Observatory:
• South hemisphere, Argentina
• 1660 surface detectors (SD) stations 
(WCD+SSD) in 3000 km2

• 27 fluorescence detectors (FD) stations
• Upgrade completed
• Upgrade of UMD ongoing
Telescope Array (TA):
• North hemisphere
• In Utah, USA at 1,400 m a.s.l.
• 680 km2 with 507 SD
• 3 FD stations

FD determines the lateral shower extension: Xmax(Fe) < Xmax(p)
Inferred mass composition depends on hadronic interaction models



HIGHLIGHTS
E > 1020 eV ~ 10-3 particle/km2/yr
      ~ 1/km2/century

Use large natural media (polar ice sheet, 
atmosphere, ocean, earth)

UHECR flux from 3.4 source evolution scaling.
• Large exposure > 20 years
• New feature above 1019 eV
• Established presence of intermediate-mass nuclei at
highest energies
• Test hadronic interactions at > 14 TeV in CoM

1st high statistic measurement of Xmax with SD using
neural network which shows similar features as from
the energy spectrum

Ultra-High-Energy Cosmic Rays

Particles (p, nuclei) with energies larger than 1018 eV measured at
the Pierre Auger and Telescope Array Observatories

Large accumulated exposures with > 20 years of operation

- Precise measurement of the spectral features with the
discovery of a new feature above 1019 eV

- Establishment of the presence of intermediate-mass nuclei at
the highest energies and measurement of their fractions in
the cosmic rays flux

- Test of hadronic interaction models at
p
s > 14TeV and

measurement of the p-air cross-section
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Figure 6. Same as figure 2 (upper row) but including experimental systematic uncertainties as
nuisance parameters.

Figure 7. Same as figure 3 but including experimental systematic uncertainties as nuisance parameters.

example, that the models with strong source evolution are disfavored. This is mostly due to
a poor description of the energy spectrum (blue). Also, when comparing the models with
and without systematics, one can see that the likelihood ratio improves consistently when
systematic shifts are allowed, mainly due to a better description of the shower maximum
depth distributions (grey), but also the energy spectrum shows an improvement for the cases
with strong evolution. The arrival direction likelihood (green) is almost independent of the
source evolution and the systematics, and is always the largest for the SBG catalog.

For a more quantitative comparison, we use the test statistic calculated as 2 times
the likelihood ratio between a model and the respective reference model with the same
evolution and (no) systematics:

TStot =
∑

obs=E,Xmax,ADs

2(log Lm=x → log Lm=x
ref )obs

. (4.1)

Hence, the test statistic describes the improvement of adding a specific catalog to a model
compared to just homogeneous sources. The values for the test statistic of each model are
given in table 3. As is apparent from the table, the arrival directions observable provides
the largest contribution to the total test statistic. This is understandable, as the reference
model already provides a proper fit of the energy spectrum and Xmax data [10], so the
subdominant contribution by the nearby source candidates only has a minor impact on
these observables. For the arrival directions, however, the improvement from fully isotropic
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analyses [12, 37, 50–52] and extending our measurements to
100 EeV. As shown in Figure 2b, with rising energy, the fluc-
tuations diminish and agree well with previous FD measure-
ments. The observation of decreasing !(Xmax) implies that
besides becoming heavier, the mass composition also has to
be rather pure. This yields a consistent interpretation of the
primary UHECR composition when combined with measure-
ments of →Xmax↑. The small fluctuations disfavor a substantial
fraction of light particles at the highest energies and, at the
same time, indicate that the observed suppression in the en-
ergy spectrum cannot be entirely ascribed to effects of extra-
galactic propagation [8, 9].

A change in the composition of the primary mass can be
studied by investigating the elongation rate:

D10 =̂
d→Xmax↑
dlog10 E

= D̂10

(
1↓ d→lnA↑

dlnE

)
,

defined by the change of →Xmax↑ in one decade of energy
and comparing it to an expected elongation rate D̂10 obtained
using simulations, which is to a good approximation uni-
versal across all primary masses A and hadronic interaction
models and ranges from 55 to 60 gcm↓2 decade↓1. A lin-
ear fit with a constant elongation rate yields D10 = 24.1 ±
1.2 gcm↓2 decade↓1, in good agreement with the FD mea-
surements in this energy range

(
(26±2) gcm↓2 decade↓1),

but does not describe well our data with ∀2/dof = 46.7/13.
Due to the significant increase in statistics, we find evidence
for a distinctive structure in the transition towards a heav-
ier composition. We study the energy dependence of →Xmax↑
using a function piece-wise linear in log(E/eV) with three
breaks. The observed elongation rate model, shown as a
red line in the top panel of Figure 3, features three breaks
(∀2/dof = 10.4/7) at which the elongation rate changes. Us-
ing Wilks’ theorem, we compared this model with the null hy-
pothesis of a constant elongation rate and found that we can
reject the constant elongation rate model at a statistical signif-
icance of 4.6! . Considering energy-dependent systematic un-
certainties, the significance level for rejecting a constant elon-
gation rate reduces to 4.4! . We furthermore studied the com-
patibility of the FD data with our new elongation rate model
and observed a good agreement (∀2/dof = 12.8/12). The null
hypothesis of a model describing only two breaks at lower en-
ergies (E1,E2), positioned close to the ankle and instep, can
be rejected at a statistical significance level of 3.3! using the
found elongation rate model. The rejection of the two-break
model hypothesis shows a stronger dependence on systematic
uncertainties due to the low statistics in the hybrid data set at
high energies (E > 30 EeV) used for investigating the energy
dependence of the DNN calibration. A single-break model
can be rejected with a significance of 4.4! and consistently
remains above the 3! level when including systematics.

The fitted parameters of the model with three breaks are
summarized in Table I together with the positions of the en-
ergy of spectrum features measured using the SD and the infill
array with 750 m spacing. As shown as a continuous red line
in the top panel of Figure 3, the found breaks in the evolution
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FIG. 3: Positions of breaks in the elongation rate compared to the
features identified in the energy spectrum. Top: Evolution of →Xmax↑
as a function of energy for the SD (black) and the FD (grey) [37].
The red line indicates the elongation model found using the SD, and
the dotted grey line using the FD. Bottom: Combined energy
spectrum [53] as measured using the SD 1500 m array and the low
energy 750 m infill array of the Observatory. Grey regions indicate
the uncertainties in the energy of the found breaks in the →Xmax↑
evolution and features in the energy spectrum.

of →Xmax↑ are observed close to the ankle, instep, and sup-
pression features of the energy spectrum [53], shown in the
bottom panel of Figure 3. The hatched grey regions denote
statistical and systematic uncertainties of the position of the
features. Note that distinct features do not have to emerge at
similar energies for an astrophysical interpretation of the en-
ergy spectrum and its composition. For example, the break in
the elongation rate observed using the FD of the Observatory
around 2 EeV [51], shown as a dotted grey line in the top panel
of Figure 3, is physically interpreted [8, 9, 54] in association
with the ankle, which has been discovered at 5 EeV.

Interestingly, the composition model discussed in Ref. [9]
(Fig. 3 and Fig. 6), derived by taking into account astrophys-
ical scenarios, including extragalactic propagation and fitting
the energy spectrum measured by the SD and the Xmax distri-
bution observed by the FD, predicts three breaks at positions

2



HIGHLIGHTS
UHECR flux in equatorial coordinates
• Dashed line is galactic plane with center at the star
• Maximum of flux outside the galactic plane
• Evidence of extragalactic origin of UHECR
• Evidence of dipole structure (>6.8s)

Combined TA and Auger above 4x1019 eV
Hotspots visible, lower one is Centaurus A
Correlation with supergalactic plane under 
investigation by joined WG

Arrival directions and multimessenger astrophysics

the west sector, is less sensitive than the Fourier method, but
the systematics are under better control. The Fourier coeffi-
cients for the East–West method are
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where α0(ti) is the R.A. of the zenith of the array, and ξi= 0 for
events coming from the east (−π/2< f< π/2) and ξi= π for
those coming from the west (π/2< f< 3π/2).

The Fourier amplitude, r, and phase, j, are related to the
East–West method values, rEW and jEW, through
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as in R. Bonino et al. (2011). As in the Fourier method, the
probability of obtaining an amplitude larger than that expected
from an isotropic distribution is ( ) ( ( ) )P r N rexp 4EW EW

2= - .
For the 0.25–0.5 EeV energy bin, one can also use the data of

the SD-750 array with the standard Fourier method since the
SD-750 array is fully efficient at these energies. The disadvantage
of having lower statistics with the SD-750 array compared to those

of the SD-1500 array at these energies is compensated by the fact
that the number of events needed to have a statistical uncertainty
with the Fourier method equal to that with the East–West method
is approximately a factor four smaller (the statistical uncertainty
obtained with the East–West method is larger by a factor

cos 2 sin 2.1p d qá ñ á ñ ~ for θ< 60°; R. Bonino et al. 2011).
For the energy bins below 0.25 EeV, the statistics of the SD-

750 array is larger than that of the main array, and the East–West
method is applied given that for those energies the trigger of the
SD-750 array is not fully efficient. For the analyses in R.A., the
geomagnetic corrections are not necessary (they are only relevant
for the analyses in azimuth); therefore, these corrections are not
done for the SD-750 data set. However, the atmospheric
corrections in the reconstructed energy and the not completely
uniform exposure in R.A. of the array are accounted for in the
analyses with the SD-750 data set, like in the SD-1500 data set.

4. Results

4.1. 3D Dipole above 4 EeV

The results for the 3D dipole reconstruction above full
efficiency are listed in Table 1. For E� 8 EeV, the significance of
the dipolar modulation in R.A. is now at 6.8σ, and its significance
in the 8–16 EeV energy bin is 5.7σ. The uncertainties reported
correspond to the 68% confidence level (CL) of the respective
marginalized probability distribution function.
In Figure 1, the flux above 8 EeV in equatorial coordinates and

the distribution in R.A. of the rates of events (normalized to unity)

Table 1
Results for the 3D Dipole Reconstruction above Full Efficiency

E N d⊥ dz d αd δd ( )P r1
a

(EeV) (%) (%) (%) (deg) (deg)

4–8 118,722 1.0 0.4
0.6

-
+ −1.3 ± 0.8 1.7 0.5

0.8
-
+ 92 ± 28 52 19

21- -
+ 0.14

�8 49,678 5.8 0.8
0.9

-
+ −4.5 ± 1.2 7.4 0.8

1.0
-
+ 97 ± 8 38 9

9- -
+ 8.7 × 10−12

8–16 36,658 5.7 0.9
1.0

-
+ −3.1 ± 1.4 6.5 0.9

1.2
-
+ 93 ± 9 29 12

11- -
+ 1.4 × 10−8

16–32 10,282 5.9 1.8
2.0

-
+ −7 ± 3 9.4 1.9

2.6
-
+ 93 ± 16 51 13

13- -
+ 4.3 × 10−3

�32 2,738 11 3
4

-
+ −13 ± 5 17 4

5
-
+ 144 ± 18 51 14

14- -
+ 9.8 × 10−3

Note. For each energy bin the number of events N, the equatorial component of the amplitude d⊥, the north–south component dz, the amplitude d, the R.A. αd, and the
decl. δd of the dipole direction and the probability of getting a larger amplitude from fluctuations of an isotropic distribution ( )P r1

a are presented.

Figure 1. (a) Flux above 8 EeV, smoothed by a Fisher distribution with a mean cosine of the angular distance to the center of the window equal to that of a top-hat
distribution with a radius of 45°, in equatorial coordinates. The position of the Galactic center is shown with a star, and the Galactic plane is indicated with a dashed
line. (b) Distribution in R.A. of the unit-normalized rates of events with E � 8 EeV. The black line shows the obtained distribution, with the Fourier analysis assuming
only a dipolar component.
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UHECR sky is anisotropic

- The dipole structure (> 6.8�) above 8⇥ 1018 eV
gives evidence of an extra-galactic origin

- Hints (> 3�) for intermediate scales: Centaurus A,
Starburst Galaxies, Perseus Pieces Cluster

Multimessenger astrophysics

- Continuous search for ultra-high energy neutrinos
and photons with limits excluding several
theoretical models

- Constrains on the lifetime and mass of super-heavy
dark matter

Providing infrastructure and a test environment for:
FAST, IceCube-Gen2, GCOS, GRAND, SWGO, PEPS

3

Arrival directions and multimessenger astrophysics

the west sector, is less sensitive than the Fourier method, but
the systematics are under better control. The Fourier coeffi-
cients for the East–West method are
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where α0(ti) is the R.A. of the zenith of the array, and ξi= 0 for
events coming from the east (−π/2< f< π/2) and ξi= π for
those coming from the west (π/2< f< 3π/2).

The Fourier amplitude, r, and phase, j, are related to the
East–West method values, rEW and jEW, through
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as in R. Bonino et al. (2011). As in the Fourier method, the
probability of obtaining an amplitude larger than that expected
from an isotropic distribution is ( ) ( ( ) )P r N rexp 4EW EW

2= - .
For the 0.25–0.5 EeV energy bin, one can also use the data of

the SD-750 array with the standard Fourier method since the
SD-750 array is fully efficient at these energies. The disadvantage
of having lower statistics with the SD-750 array compared to those

of the SD-1500 array at these energies is compensated by the fact
that the number of events needed to have a statistical uncertainty
with the Fourier method equal to that with the East–West method
is approximately a factor four smaller (the statistical uncertainty
obtained with the East–West method is larger by a factor

cos 2 sin 2.1p d qá ñ á ñ ~ for θ< 60°; R. Bonino et al. 2011).
For the energy bins below 0.25 EeV, the statistics of the SD-

750 array is larger than that of the main array, and the East–West
method is applied given that for those energies the trigger of the
SD-750 array is not fully efficient. For the analyses in R.A., the
geomagnetic corrections are not necessary (they are only relevant
for the analyses in azimuth); therefore, these corrections are not
done for the SD-750 data set. However, the atmospheric
corrections in the reconstructed energy and the not completely
uniform exposure in R.A. of the array are accounted for in the
analyses with the SD-750 data set, like in the SD-1500 data set.

4. Results

4.1. 3D Dipole above 4 EeV

The results for the 3D dipole reconstruction above full
efficiency are listed in Table 1. For E� 8 EeV, the significance of
the dipolar modulation in R.A. is now at 6.8σ, and its significance
in the 8–16 EeV energy bin is 5.7σ. The uncertainties reported
correspond to the 68% confidence level (CL) of the respective
marginalized probability distribution function.
In Figure 1, the flux above 8 EeV in equatorial coordinates and

the distribution in R.A. of the rates of events (normalized to unity)

Table 1
Results for the 3D Dipole Reconstruction above Full Efficiency

E N d⊥ dz d αd δd ( )P r1
a

(EeV) (%) (%) (%) (deg) (deg)

4–8 118,722 1.0 0.4
0.6

-
+ −1.3 ± 0.8 1.7 0.5

0.8
-
+ 92 ± 28 52 19
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+ 0.14
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Note. For each energy bin the number of events N, the equatorial component of the amplitude d⊥, the north–south component dz, the amplitude d, the R.A. αd, and the
decl. δd of the dipole direction and the probability of getting a larger amplitude from fluctuations of an isotropic distribution ( )P r1

a are presented.

Figure 1. (a) Flux above 8 EeV, smoothed by a Fisher distribution with a mean cosine of the angular distance to the center of the window equal to that of a top-hat
distribution with a radius of 45°, in equatorial coordinates. The position of the Galactic center is shown with a star, and the Galactic plane is indicated with a dashed
line. (b) Distribution in R.A. of the unit-normalized rates of events with E � 8 EeV. The black line shows the obtained distribution, with the Fourier analysis assuming
only a dipolar component.
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UHECR sky is anisotropic

- The dipole structure (> 6.8�) above 8⇥ 1018 eV
gives evidence of an extra-galactic origin

- Hints (> 3�) for intermediate scales: Centaurus A,
Starburst Galaxies, Perseus Pieces Cluster

Multimessenger astrophysics

- Continuous search for ultra-high energy neutrinos
and photons with limits excluding several
theoretical models

- Constrains on the lifetime and mass of super-heavy
dark matter

Providing infrastructure and a test environment for:
FAST, IceCube-Gen2, GCOS, GRAND, SWGO, PEPS
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FUTURE DIRECTIONS
AugerPrime fully deployed > 2035 and in operations 
for 10 years
Next-generation: 
Space: POEMMA  (Stereo Fluorescence Observatory from
Space)
Funding secured to relaunch a baloon
Surface: Global Cosmic Ray Observatory (GCOS) 
in conceptual stage with multiple sites 
(N and S) and a surface of order 60,000 km2

Combination of surface, fluorescence, and radio detectors

Future directions

AugerPrime fully deployed and operational with a
data taking of at least 10 more years (>2035)

Next generation ultra-large aperture:

- From space: Probe of Extreme
Multi-Messenger Astrophysics (POEMMA)

- On the ground: Global Cosmic Rays
Observatory (GCOS)

GCOS - The Global Cosmic Ray Observatory Jörg R. Hörandel

resolution at the cost of less aperture, i.e., requiring longer exposure times to collect a sufficient
number of particles at the highest energies.
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Figure 4: Differential exposure as a function of dec-
lination, assuming a single-mode operation of PO-
EMMA for the full 5-year benchmark. Purple curves
denote the stereo (near-nadir) mode at 1019.7 eV
(dashed) and 1020 eV (solid). Red curves denote the
POEMMA limb-viewing mode at 1020 eV (dashed),
1020.3 eV (dash), and 1021 eV (solid). The exposures
of the surface detectors of the Pierre Auger Obser-
vatory and the Telescope Array (including the TA×4
upgrade) assuming being in operation until 2030 are
shown as green and black curves, respectively. Also
a rough estimate of a potential GCOS performance is
indicated. Adapted from [79].

This is directly connected to the question
about the optimal/target energy range. Will
the focus of GCOS be the fall-off region of the
spectrum (above 1019.6 eV) or slightly lower en-
ergies above 1019 eV? Due to the steeply falling
spectrum at the highest-energies the choice of
threshold (respectively the main target energy
range) has a big impact on the required area on
the ground. To identify and study the sources,
will it be necessary to isolate low-𝐿 particles
at the highest energies and track them back to
their sources, i.e., conduct astronomy? This
raises the immediate question: do light par-
ticles (protons, neutrinos, gamma rays) exist
at all above 1019 eV? Although recent studies
leave room for a small fraction of light parti-
cles at the higest energies [50], this needs to be
evaluated further by the ongoing experiments,
such as the Pierre Auger Observatory and the
Telescope Array (and their upgrades). If the
mass composition of UHE cosmic rays follows
(roughly) a Peter’s cycle (as indicated, e.g., by
[80, 81]) one would expect intermediate masses
(He to CNO, with moderate charge numbers 2 ≤ 𝐿 ≤ 8) at energies around 1019 eV. Important for
the further considerations here is the expected development of our understanding of Galactic and
extra-galactic magnetic fields in the next decade. With sufficient knowledge of the magnetic fields
it could be possible to correct for their effects for particles with moderate charge numbers (𝐿 ≤ 8).
If this indeed will be possible after 2030 one could consider energies above 1019 eV as the main
target of interest and would still be able to do particle astronomy, by back-tracing the particles in
the Galactic magnetic fields. To converge on these issues we will closely follow the developments
in the next years.

How to reach the physics case with a ground array? Identification of the UHE particle sources
will require a good angular resolution. A reasonable target is to achieve a resolution < 0.5◦ at
100 EeV. This will be determined by the grid spacing and the accuracy of the (GPS) timing at each
station. Ionospheric distortions reduce the timing accuracy typically to values around 5 − 8 ns.
Assuming a detector spacing of the order of 1.6 − 2 km an angular resolution < 0.5◦ is realistic.

It is anticipated that GCOS will require good energy resolution of the order of 10 − 15%
to be able to investigate the energy spectrum in detail and discover new features/fine structure.
In particular, in regions of a steeply falling energy spectrum, as e.g., at the highest energies a
good energy resolution is important to restrict spill over of measured events to higher energies to
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Towards a Global Cosmic Ray 
Observatory (GCOS)

R. Engel, A. Haungs, M. Roth et al.
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Future directions

AugerPrime fully deployed and operational with a
data taking of at least 10 more years (>2035)

Next generation ultra-large aperture:

- From space: Probe of Extreme
Multi-Messenger Astrophysics (POEMMA)

- On the ground: Global Cosmic Rays
Observatory (GCOS)

GCOS - The Global Cosmic Ray Observatory Jörg R. Hörandel

resolution at the cost of less aperture, i.e., requiring longer exposure times to collect a sufficient
number of particles at the highest energies.
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lination, assuming a single-mode operation of PO-
EMMA for the full 5-year benchmark. Purple curves
denote the stereo (near-nadir) mode at 1019.7 eV
(dashed) and 1020 eV (solid). Red curves denote the
POEMMA limb-viewing mode at 1020 eV (dashed),
1020.3 eV (dash), and 1021 eV (solid). The exposures
of the surface detectors of the Pierre Auger Obser-
vatory and the Telescope Array (including the TA×4
upgrade) assuming being in operation until 2030 are
shown as green and black curves, respectively. Also
a rough estimate of a potential GCOS performance is
indicated. Adapted from [79].

This is directly connected to the question
about the optimal/target energy range. Will
the focus of GCOS be the fall-off region of the
spectrum (above 1019.6 eV) or slightly lower en-
ergies above 1019 eV? Due to the steeply falling
spectrum at the highest-energies the choice of
threshold (respectively the main target energy
range) has a big impact on the required area on
the ground. To identify and study the sources,
will it be necessary to isolate low-𝐿 particles
at the highest energies and track them back to
their sources, i.e., conduct astronomy? This
raises the immediate question: do light par-
ticles (protons, neutrinos, gamma rays) exist
at all above 1019 eV? Although recent studies
leave room for a small fraction of light parti-
cles at the higest energies [50], this needs to be
evaluated further by the ongoing experiments,
such as the Pierre Auger Observatory and the
Telescope Array (and their upgrades). If the
mass composition of UHE cosmic rays follows
(roughly) a Peter’s cycle (as indicated, e.g., by
[80, 81]) one would expect intermediate masses
(He to CNO, with moderate charge numbers 2 ≤ 𝐿 ≤ 8) at energies around 1019 eV. Important for
the further considerations here is the expected development of our understanding of Galactic and
extra-galactic magnetic fields in the next decade. With sufficient knowledge of the magnetic fields
it could be possible to correct for their effects for particles with moderate charge numbers (𝐿 ≤ 8).
If this indeed will be possible after 2030 one could consider energies above 1019 eV as the main
target of interest and would still be able to do particle astronomy, by back-tracing the particles in
the Galactic magnetic fields. To converge on these issues we will closely follow the developments
in the next years.

How to reach the physics case with a ground array? Identification of the UHE particle sources
will require a good angular resolution. A reasonable target is to achieve a resolution < 0.5◦ at
100 EeV. This will be determined by the grid spacing and the accuracy of the (GPS) timing at each
station. Ionospheric distortions reduce the timing accuracy typically to values around 5 − 8 ns.
Assuming a detector spacing of the order of 1.6 − 2 km an angular resolution < 0.5◦ is realistic.

It is anticipated that GCOS will require good energy resolution of the order of 10 − 15%
to be able to investigate the energy spectrum in detail and discover new features/fine structure.
In particular, in regions of a steeply falling energy spectrum, as e.g., at the highest energies a
good energy resolution is important to restrict spill over of measured events to higher energies to
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FUTURE DIRECTIONS
Giant Radio Assay for Neutrino Detection (GRAND)
• Surface radio detection of EAS induced by UHE particles
• 200,000 km2

• Antennas operate in 60-200 MHz band to avoid noise at low frequencies
• Complementarity with IceCube-Gen2 radio, GRAND has a better angular resolution and 

narrower field of view

• First prototype deployed in 2023 in 2 sites (46 antennas in the Gobi desert in China and 10 
antennas in the Auger site), currently under commissioning

• Next steps: 
ü Extension of stations in China to 300

• Challenge: funding for full deployment



APPEC MID-TERM ROADMAP UPGRADE 
HIGH ENERGY COSMIC RAYS

• APPEC fully endorses the completion of AugerPrime and strongly supports the 
exploitation of the combined Auger and TA full sky coverage by joint working groups. 
APPEC encourages continued R&D on new cost-effective detector technologies for 
next-generation observatory. APPEC encourages theory efforts to understand air 
shower physics, cosmic rays sources and propagation.



PATH TO THE NEXT APPEC ROADMAP 2027-2036

•

ü

ü

•

• TOWN MEETING in Zaragoza 23-
24 Septempber https://indico.cern.ch/event/1516919/

https://indico.cern.ch/event/1516919/manage/registration/116617/form/


Time Sept 23rd
9:00-9:25 Introduction by APPEC chair

C. Pena-Garay
9:25-9:50 APPEC SAC A. Ianni
9:50-10:15 ACME overview A. Kouchner
10:15-10:45 Summary from ESG (focus Astroparticle) E. Previtali

10:45-11:10 ASTRONET, M. Giard
11:10-11:30 break
11:30-12:00 Summary from P5 (focus Astroparticle)

Karsten Heeger
12:00-12:30 EuCAPT S. Pascoli
12:30-13:00 ESO overview,  Xavier Barcons
13:00-13:30 JWST overview, Frederic.Courbin

13:30-15:00 Lunch break
15:00-18:30 Round tables
20:30-22:30 dinner

Town Meeting
Agenda



CONCLUSIONS: THE APPEC ROADMAP

• Astroparticle is an incredibly rich field with great opportunities to contribute 
to science advancement and BSM physics

• Pleanty of projects require a «good» strategy and roadmap
• Next-generation projects ask global coordination (strategy crucial)
• It is understood that AI will lead to substantial advancements (trigger 

algorithms, …)
• It is required a network of European supercomputers for advanced data 

analysis for astroparticle physics
• Crucial synergy with astronomy, astrophysics, collider physics and nuclear 

physics to tackle the DM conundrum



CONCLUSIONS: ASTROPARTICLE OPPORTUNITIES

• Crucial synergy with astronomy, astrophysics, collider physics and nuclear 
physics to tackle the DM conundrum

• Crucial advancement in DBD research: an incredible opportunity for BSM 
physics

• Crucial advancement in neutrino mass direct determination
• Understanding UHECRs origin
• Crucial advancement for next-generation GW detectors




