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Five main topical areas drived by big science questions with
cosmic probes over the next decade:

History of Universe and Cosmology
Cosmic Probes of Dark Matter
Astroparticle Physics
Multimessenger Synergies in Particle
Astrophysics

e Architecture of Spacetime

Solid curve: current existing facilities
Dashed curve: future experiments
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Multimessenger Synergies in Particle Astrophysics
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Gamma-Ray Instrumentation Roadmap

MeV Gamma-ray missions Today (2022)
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Particle Astrophysics example - TeV halos vs AMS-02 Positron Excess
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Understanding the astrophysical contribution is crucial to indirect dark matter searches



Particle Astrophysics example - Diffuse High-energy Neutrino Background

IceCube Coll. (2020, 2021, 2022); Reimann, galaxies (2017) Chianes et al JCAP (2019)
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Precise measurements of diffuse emission backgrounds are important to indirect
searches



Astroparticle Physics

e Standard Model particles and their
interactions

e Beyond-Standard-Model (BSM)
neutrino physics: BSM neutrino
interaction with DM, sterile neutrinos,
secret neutrino interactions, neutrino
flavors

e Muon puzzle of UHECRs

e Nature of matter in neutron star
interiors

e Test of Lorentz and CPT invariance

e Exotic particles in QED domain
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Astroparticle Physics
In synergy with Neutrino Frontier
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® initial composition: Ve : vy :vr
pion & muon decay:

1220
muon-damped decay: 0:1:0
neutron decay: 1:0:0

Galactic sources of UHECR neutrons + electron antineutrinos
unique beam to determine neutrino oscillations parameters



Astroparticle Physics
in synergy with Energy, Accelerator, and Computational Frontiers

Collisions Thal Changed The World
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Test of strangeness production: Solving the “muon puzzle” with AugerPrime + CERN’s FPF



Experiment

Instrumentation Roadmap

Feature

Timeline

Cosmic Ray Science
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History of the Universe and
Cosmology

e Hubble constant (H ) tension
(in synergy with CF4-6)

e Imprints from early universe:
cosmic strings, primordial GW from
inflation, GW from phase transitions

e Super-have dark matter particles
produced at the end of inflation:
ultrahigh-energy cosmic rays,
photons, and neutrinos

e Inferring the Neutrino Mass from
Cosmological Probes

NF5-CF7 cross-frontier discussion session
in HUB 307 (JUIy 22 8:00to 1200) 50 65 70 75 80 85

Abdalla et al., Cosmology Intertwined whitepaper 2203.0614




Hubble constant tension

After last Snowmass an intriguing inconsistency between measurements of the cosmic expansion rate

based on early- and late-Universe probes has emerged
Hubble Constant Over Time
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This inconsistency shows up as
a discrepancy in the value of H,
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Depending on which set of measurements one combines > tension between model-dependent and
independent estimates of H sits between 4.50 to 6.30

The H, tension has become new cornerstone of modern cosmology and many new-physics setups are
rising to the challenge

Is the H tension a footprint of BSM physics?
Roughly 50 GWSS with EM counterparts would be needed to measure H, to 1% precision



High Precision Measurements of the Hubble Constant

Indirect Measurements 1.5 km/s/Mpc 3 km/s/Mpc Direct Measurements

e
e

CMB with Planck -t

Balkenhol et al. (2021), Pogosian et al. (2020), Aghanim et al. 2020), S SNia-Cepheid: ,
Ade et al. (2016) Riess et al. (2022), Camarena, Marra (2021), Riess et al. (2020),

Breuval et al. (2020), Riess et al. (2019), Camarena, Marra (2019)

CMB without Planck —
Dutcher et al. (2021), Aiola et al. (2020), Aiola et al. (2020), Zhang, .. —B SNIa-TRGS: -
Huang (2019), Henning et al. (2018), Hinshaw et al. (2013) | —~— — Dhawan et al. (2022), Jones et al. (2022), Anand, Tully, Rizzi, Riess,
. ‘ ) : Yuan (2021), Freedman (2021), Kim, Kang, Lee, Jang (2021), Soltis,
R Casertano, Riess (2020), Freedman et al. (2020), Reid, Pesce, Riess

No CMB, with BBN

Zhang et al. (2021), Chen et al. (2021), Philcox et al. (2021), D' Amico (2019), Yuan et al. (2019)

et al. (2020), Colas et al. (2020), Ivanov et al.(2020), Alam et al. (2020) B &
CMB lensing Blakeslee et al. (2021)
Baxter et al. (2020), Philcox et al. (2020), -y
LSS t.q standard ruler - N WABSSTS
Farren et al. (2021) " Pesce et al. (2020)
Tully Fisher:
. Kourkchi et al. (2020), Schombert, McGaugh, Lelli (2020)
~5 sigma
Lensing related, mass model dependent:
Yang, Birrer, Hu (2020), Millon et al. (2020), Qi et al. (2020), Liao et
al. (2020), Liao et al. (2019), Shajib et al. (2019), Wong et al. (2019)
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Ho (in km/s/Mpc)
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Birth and death of superheavy X-particles

13.8 billion years ago Fraction of a second later Today

<

9

Intense fluctuating gravitational fields gave birth to superheavy X-particles just after the big bang
The expansion of space during inflation distributed the X-particles through the cosmos
After billions of years the X-particles decay producing a range of detectable particles

particle physics factor (solving DGLAP numerically)
To estimate the flux of detectable particles we need to evaluate:

astrophysical factor (with roughly 10% uncertainty)

X-particle have GUT scale masses ®® background free dark matter indirect detection experiments!
A clear detection of an extreme energy photon would be momentous discovery



Quantum Gravity Constraints on Low Energy Dynamics
In synergy with Theory Frontier

Swampland: IR consistent QFTs that cannot be embedded into a UV complete QGT
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> This sorting of QFTs by their consistency with gravity

has become an unexpectedly powerful theoretical tool

offering potential solutions to the problems of fine-tuning
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E.g. Cosmological Hierarchy Problem A ~ 107 %% Mj,
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https://arxiv.org/abs/2205.12293

Cosmology of non-minimal dark sectors

Dynamical Dark Matter (DDM) is a framework for non-minimal dark sectors which posits that the dark matter
in the Universe comprises a vast ensemble of interacting fields with a variety of different masses, lifetimes,

and cosmological abundances _ ,
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E.g. dark-to-dark decays of a DDM ensemble alter the dependence of H(z) on z and so DDM framework can
potentially provide a way of addressing the H0 tension

13 “take-away lessons” for Snowmass 2021

see Dienes and Thomas arXiv2203.17258:


https://arxiv.org/abs/2203.17258

Gravitational Waves: Key Science Questions

® Black holes and neutron stars throughout the Universe
O Axion clouds around black holes
O Primordial black holes
® Dynamics of dense nuclear matter
o Equation of state (p > 10" kg/m?)
© QCD phase diagram
O Synthesis of heavy elements in the Univer
O Synergies w Rare Isotope studies (e.g. FRIB)
® Physics beyond the standard model

O Dark matter in neutron stars

O

Modified gravity; spacetime structure

What is the nature of BH Horizons?

(©]

O

Boson stars and other exotic objects

O

Precision cosmology for H_ and dark energy
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Cosmological Gravitational signatures || Multimessenger
gravitational waves of dark matter cosmology

dynamics
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Fundamental physics
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BSM physics,

modified gravity

Spacetime singularities, QFT in curved spacetime,
physics

phase transitions information paradox
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[ Astroparticle
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outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liqui

few % electron Fermi gas

inner core 0-3 km

quark gluon plasma?




GravitatioNaL Waves: FaciLities AND TIMELINE

~$100M / detector;

GW170817 exploits facility
limits
Advanced LIGO Start

GW150914 m LIGO post-O5 upgrades / Voyager

o

2024 2026

LIGO/Virgo O4 run

LISA (Laser Interferometer Space Antenna)

Laser Interferometer Space Antenna
Pulsar Timing Arrays
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Link to CF7 Report:
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Feedback form:
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CoNcLUsION:
GREAT OPPORTUNITIES FOR IDISCOVERIES

e Several Science Objectives from Multi-Messenger Probes (EM, UHECR, GW)
e Cosmic Probes of Dark Matter: Particle, wave, or modified gravity
{ ]



