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Cosmic Relics

Messengers of our cosmic history:

Matter:
● Light element abundances from Big Bang Nucleosynthesis (BBN)
● Matter-antimatter asymmetry from baryogenesis
● Large scale structure (LSS)
● Dark matter (DM)

Radiation:
● Cosmic microwave background (CMB) from photon decoupling
● Cosmic neutrino background (CνB) from neutrino decoupling (Neff)
● Gravitational Waves (GWs)
● Magnetic fields? BSM relics?

Production and evolution governed by laws of particle physics and gravity at high energies

Present day properties allow to infer information on BSM scenarios 
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Status ΛCDM

The cosmological concordance „standard“ model: 

SM + GR = ΛCDM

● Phenomenologically very successful
● We have reached the level of precision test at different scales  true test of ΛCDM
● Some tensions (H0, σ8, Ωm) and challenges (systematics, …)
● Sensitive to neutrino mass scale (testing neutrino mass ordering), extra radiation,...
● More data coming !
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Astrophysical messengers

Astrophysical environments as laboratories
for fundamental physics:

● Cosmic rays (CRs)
● Neutrinos
● Electromagnetic (EM) radiation
● Gravitational Waves (GWs)

➢ Probes of extreme environments in and around stars and their remnants
➢ Products of cosmic accelerators
➢ Probes of galactic and extragalactic environments (propagation)
➢ Travel over large length- and time scales: sensitive to rare processes

Probes of particle physics at high energies and/or low event rates
(with challenges from astrophysical modeling)

GWs
A new messenger

Image: IceCube/WIPAC
Juan Antonio Aguilar & Jamie Yang. 
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Outline

● Electromagnetic Radiation
● Neutrinos
● (Charged) Cosmic Rays
● Gravitational Waves

Astrophysical messengers

Cosmic relics

● Cosmic Microwave Background
● Large Scale Structure
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Electromagnetic radiation

Image credit: SKA

● Observation of extreme astrophysical environments
and cosmic accelerators

● Searches for light BSM sectors
● Indirect dark matter searches 
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A multimessenger view of our galaxy

Image credit:
NASA/CSFC
IceCube
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High-energy neutrinos
● Galactic, cosmic, supernova neutrinos, AGNs, Blazars,..
● Detect high-energy neutrinos to study extreme cosmic accelerators, origin of cosmic rays.
● Sub-degree angular resolution  → multimessenger astronomy
● New physics searches: DM, ν-interactions, Lorenz invariance violation (LIV), …
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Synergies:
● Forward neutrino detectors at LHC (FASER, SND) : x-section for neutrino production
● Instrumentation, trigger and data acquisition systems, simulation and reconstruction software

High-energy neutrinos
● Galactic, cosmic, supernova neutrinos, AGNs, Blazars,..
● Detect high-energy neutrinos to study extreme cosmic accelerators, origin of cosmic rays.
● Sub-degree angular resolution  → multimessenger astronomy
● New physics searches: DM, ν-interactions, Lorenz invariance violation (LIV), …

Current water-Cherenkov telescopes @ GeV to PeV (Global Neutrino Network):
● IceCube (South Pole, 7-string in-fill upgrade to be completed by 2026)
● KM3Net ORCA/ARCA (Mediterranean Sea, 20/30% deployed, full deployment by 2030)
● GVD (Baikal lake, Russia, 0.5 km3 deployed and growing)

Proposed  water-Cherenkov telescopes :
● IceCube Gen2 (10 x IceCube volume, construction could begin 2027/28)
● P-ONE (Pacific Ocean Neutrino Experiment, first stage under construction)
● TRIDENT/HUNT/NEON (next generation)

Other (proposed) detection concepts @ PeV – EeV:
Radio, optical Cherenkov, fluorescence, particle showers, radar
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● KM3Net ORCA/ARCA (Mediterranean Sea, 20/30% deployed, full deployment by 2030)
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Proposed  water-Cherenkov telescopes :
● IceCube Gen2 (10 x IceCube volume, construction could begin 2027/28)
● P-ONE (Pacific Ocean Neutrino Experiment, first stage under construction)
● TRIDENT/HUNT/NEON (next generation)

Other (proposed) detection concepts @ PeV – EeV:
Radio, optical Cherenkov, fluorescence, particle showers, radar

arxiv: 2203.05591
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The sky in neutrinos

[IceCube Collaboration]

Also DUNE, JUNO,
HyperKamiokande,...
→ talk by S. Bolognesi 

KM3NeT, Nature 638, p 376–382 (2025)

9 / 25



Cosmic Messengers

 

Valerie Domcke - CERN

Cosmic Rays

Probe of extreme environments
→ probe of galactic and extragalactic astrophysical sources, interaction with interstellar medium
→ particle physics at very high energies & rare processes
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Cosmic Rays

Probe of extreme environments
→ probe of galactic and extragalactic astrophysical sources, interaction with interstellar medium
→ particle physics at very high energies & rare processes

Current instruments:
● Direct detection (DD) of galactic CRs (< 106 GeV) taking data until 2030: 

AMS, CALET (ISS), DAMPE (satellite), HELIX, GAPS (balloon)
● Indirect detection (ID) of extragalactic CRs (> 106 GeV): 

Pierre Auger Observatory (Argentina), Telescope Array (USA)

Future instruments:
● DD (from 2027-2028): HERD (China Space Station), TIGER-ISS 
● ID (2030+): Giant Radio array for Neutrino Detection (GRAND), Global cosmic ray observatory (GCOS)

ESO: Centaurus A (AGN)

Synergies:
● Indirect DM searches: antimatter particle fluxes in CRs
● DD: Fixed target experiments (e.g. LHCb-SMOG, AMBER (COMPASS), NA61/SHINE (NA49), n-TOF)

provided key input to reduce cross-section uncertainties in galactic CR propagation (spallation) 
● ID: Accelerator data (TOTEM, FASER, SND, Forward Physics Facility) for hadronic interactions in 

air showers, light ion runs (p-O) at LHC, Monte-Carlo simulations
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Cosmic Rays

2503.16173

DATA XS now PROP XS future DATA XS now PROP XS future0

10

20

[%
]

p 10 GeV p 200 GeV

X-sections as the limiting factor
(e.g. antiproton production, AMS):

sought precision to match current %-level measurements 
direct detection
(galactic)

indirect detection
(extra-galactic)
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Gravitational waves

● Strong-field tests of gravity and cosmology
● Test early universe and TeV-scale particle physics via SGWBs

(first order EWPT, topological defects in GUTs,…)
● Nuclear physics from neutron star mergers (QCD phase diagram..)
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Gravitational waves

● Strong-field tests of gravity and cosmology
● Test early universe and TeV-scale particle physics via SGWBs

(first order EWPT, topological defects in GUTs,…)
● Nuclear physics from neutron star mergers (QCD phase diagram..)

Current instruments:
● LIGO/Virgo/Kagra network ~ 100 Hz (First detection 2015, currently in run O4b, O5 to start 2028)
● Pulsar timing arrays ~ nHz: EPTA+InPTA, NanoGrav, PPTA, CPTA, Meerkat (First evidence for SGWB)

Future/Proposed instruments:
● Continuous upgrades of PTAs, in particular SKA
● ESA mission LISA, launch 2030s, ~ mHz
● Einstein Telescope (Europe), Cosmic Explorer (US)  ~ 100 Hz
● Extending spectral coverage: Astrometry, atom interferometers, R&D for high frequency GW searches,..

Synergies:
● Probe of particle physics at extremely high energies (SGWBs)
● Complementary probe of the weak scale (LISA)
● Vacuum system, civil and technological infrastructures (ET)
● Computing and data analysis, theoretical tools from PP applied to GW waveform computations
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Gravitational waves
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Gravitational waves

Possible cosmological sources
Phase transitions
Cosmic strings
Inflation

PTA SGWB
hint

Prospects for Stochastic Gravitational Wave Background Searches
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Cosmic microwave background

● Probe ΛCDM and the dark universe (dark matter, dark energy, synergies with LSS surveys)
● Probe cosmic inflation (B-modes)
● Probe light relics (cosmological plasma, propagation since last scattering surface)
● Probe neutrino mass scale
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Cosmic microwave background

● Probe ΛCDM and the dark universe (dark matter, dark energy, synergies with LSS surveys)
● Probe cosmic inflation (B-modes)
● Probe light relics (cosmological plasma, propagation since last scattering surface)
● Probe neutrino mass scale

Current instruments:
● ESA satellite Planck (completed)
● Ground-based: ACT, SPT, Bicep/Keck, Simons Observatory
● Balloon: SPIDER, LSPE (completed)

Future instruments (next decade):
● JAXA satellite mission LiteBIRD
● Ground-based: CMB S4
● COBE-FIRAS successor overdue (proposals: COSMO, BISOU, TMS, PIXIE, FOSSIL,..)

Synergies:
● Sensor and readout development (ECFA DRD5 initiative, low temperature detectors + electronics R&D)
● Design and development of large cryogenic platforms/infrastructures, for deployment & detector tests
● Radiation-hardness assurance utilizing CERN’s accelerator facilities and expertise
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Cosmic microwave background

You are here

BK + Planck : r < 0.03
Higgs, R2 inflation
Litebird : r < 0.002large field inflation models

Planck : σ(ΔNefff) < 0.17
ACT : σ(ΔNefff) < 0.13

ACT : Σmν < 0.2

see  Kevork Abazajian et al. CMB-S4 Science Case, Reference Design, and Project Plan. 2019

IO : Σmν > 0.10 eV
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Large scale structure
Test of cosmic inflation paradigm
Test of ΛCDM (eg dark energy, dark matter, neutrino mass)
Cross-correlation with CMB (and GWs)

Current instruments (galaxy cluster counts):
● DESI (Arizona US, deep field, spectroscopic, ongoing: DR2 released 2025)
● Euclid (ESA mission, all-sky, photometric, launched 2023, DR1 expected 2026)
● SPHEREx (NASA mission, all-sky, spectroscopic, targeting fNL at large scales, launched 2025)

Upcoming instruments (galaxy cluster counts):
● Vera Rubin Observatory (Chile, deep field, photometric, first light expected July 2025)
● Roman Telescope (NASA mission, all-sky + deep field, spectroscopic, to be launched 2027)

Plus several other tracers:
● Lyman-α (HETDEX), 21 cm (HERA/Meerkat → SKA), Supernovea (DES), weak lensing of galaxies 

(HSC → Euclid, Vera Rubin) + Distance ladder H0 measurements (complementary to CMB)

Euclid, 2025

Synergies:
● Theoretical tools (EFTs)
● Complementary searches for new physics
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Outlook

Rich observational program in the next few years. Full science exploitation requires

● Multimessenger analyses, synergies between observatories and particle physics

● Dialog between astroparticle and particle physics: Theory and R&D

Complementarity and synergies with particle physics, e.g:

● Sensor R&D for particle and astroparticle detectors. Desire for stronger European
coordination, centralized technical support. 

● Infrastructure and management of large facilities: cyrogenic platforms, 
vacuum systems, detector testing, radiation hardness testing,...

● Many interdisciplinary physics cases: neutron stars, x-sections for cosmic rays,
dark matter searches, probing the early universe

Complementary ways to probe particle physics at high energies and small couplings
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Backup
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High energy gamma rays : instruments

● Observation of extreme astrophysical environments
● Indirect dark matter searches 

Current instruments:
● Fermi-LAT satellite (20 MeV – 300 GeV)
● Water Cherenkov Telescope HAWC (100 GeV – 50 TeV)
● Atmospheric Cherenkov Telescopes HESS, MAGIC, VERITAS (20 GeV – 100 TeV)
● LHAASO (> 100 TeV)

Proposed instruments:
● HERD  (GeV – 100 TeV)
● Atmospheric Cherenkov Telescope CTAO (10 GeV – 300 TeV)
● SWGO (100 GeV - PeV)
● THESEUS satellite (proposal for M7 ESA mission)
● Compton Spectrometer and Imager (COSI) (0.2 – 5 MeV) (NASA, to be launched 2027)

Synergies and strategic importance:
● Synergies with particle physics detectors (Fermi, AMS,..)
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Cosmic rays : Xsection challenge (DD)
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Sky coverage of neutrino telescopes

Ambrosone et al,
arxiv:2306.17285
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Searching for neutrinos at the highest energies
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GW foregrounds
From Valeriya Korol, 2024

LVK 2021: 2101.12130 

Astrophysical foregrounds depend
on frequency and detector sensitivity
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Complementary probes of the weak scale: GWs and HL LHC

Caprini et al, 1910.13125

LISA reachHL LHC reach
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Example cosmological parameter constraints: BAO + CMB

Minimal neutrino mass
from oscillations:
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