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Discussion Outline

e Overview Presentation of Report
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Origin of Universe

o Suggestions
o 40-45 min

CF7 Report:
https://www.dropbox.com/s/7aax
xImtcjvxyab/CE7-report.pdf?dl=0
Feedback form:
https://forms.gle/kKKuWWPgRaohQ
8YgN7
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Report Outline

e Big Questions & Goals for the Next Decade
o History of the Universe & Cosmology
o Cosmic Probes of Dark Matter
o Astroparticle Physics
o Multimessenger Synergies in Particle Astrophysics
o Architecture of Spacetime
e Current & Future Experiments
e Connections to Other Snowmass Frontiers

e Diversity, Equity, Inclusion & Accessibility

The Standard Model
IS Inherently
Incomplete. It does
not explain all
physical phenomena.
One of the most
challenging problems
In High-Energy
Physics Is to
elucidate the
complete theory
underlying the SM.



Diversity Equity Inclusion Accessibility

DEIA support means providing Recommendations: |
educational and career e Track demographic information for
collaborations

develo_pmer)t opportunities o o Especially Pls
potentlal sclentists whose o Include at a min: gender &
background did not provide them. ethnicity
o Release aggregate data publicly

o . s e \Vhere money goes, so does
It means oL IMIIARE) L deC'S'O.nS demographic record keeping
apout admissions, hiring, teaching e Consider DEIA service in hiring &
and mentoring to support evaluation in a similar fashion as
excellence in the whole community, other service work (e.g. refereeing
by making sure each individual Sl Ay panels, mentoring,

achieves their full potential.



Big Science Questions

e 5 categories of Big Science
Questions over the next decade

e Solid lines: established
connections; dashed lines:

anticipated connections 7 isory o the)

e Coordination between energies A U\
and messengers is imperative to ‘ AP
rapid progress in the study of e

/7

most iImportant questions. A\ ‘Spacetims

Architecture




Cosmic Neutrinos as BSM Probes

Models of new neutrino physics

classified according to the stage at N

which they act, and what feature | P Bl fopation
: 7 # -v interaction

they affect. Ref. Arguelles et al. ///T{em

(2020) i

Since neutrinos travel the longest
distance unscathed, even tiny
effects can accumulate into
observable phenomena.

Credit: Neutrino WP



Neutrino Discovery Space
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Future work will build on | HE and UHE neutrinos can probe
IceCube’s discoveries to probe: physics at energy scales inaccessible in

e Nature of_ Dark Matter the lab. lllustration of phenomena and
e New particles and interactions experiments by neutrino energy and
e New fundamental symmetries distance.
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Key Gamma-Ray Science

e Gamma rays provide a unigue view
of extreme environments
o Magnetars, Active Galaxies,
Cosmology, etc

e Crucial to Multimessenger Studies
o GRB 170817 GeV with GW
o TXS 0506+056 GeV with neutrinos

e [0 probe fundamental physics
beyond earth, we have to
understand the Universe's
laboratories through Astrophysics.

Credit: Kristi Engel; Gamma Ray WP



e Gamma rays provide a unigue view
of extreme environments
o Magnetars, Active Galaxies,
Cosmology, etc

e Crucial to Multimessenger Studies
o GRB 170817 GeV with GW
o TXS 0506+056 GeV with neutrinos

e [0 probe fundamental physics
beyond earth, we have to
understand the Universe's
laboratories through Astrophysics.

Key Gamma-Ray Science

Standard Model :

Credit: Kristi Engel; Gamma Ray WP



Gamma-Ray Detector Development

=== |NTEGRAL-JEM-X === NUuSTAR == VERITAS
A Key opportunity in the next /0 I e s e
decade is in MeV gamma-ray

detector development.

e Unprobed astrophysics - DM,
Difftuse, AGN, Pulsars,

e Key space to Multimessenger
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e Relevant to collider detector i oo T
ompton air

development Photoelectric Scattering Creation = Cherenkov
103 10 107 10° 101 1013 105
Energy (eV)

Credit: Henrike Fleischhack; Gamma Ray WP



Particle Physics with Ultra-High-Energy Cosmic Rays

e [est of hadronic interaction models at c.m. energies and kinematic
regimes not accessible at colliders

e [est of strangeness production answering the muon puzzle with
AugerPrime and the CERN's Forward Physics Facility

e [est of Lorentz invariance during both cosmic ray propagation and air
shower evolution

e Only background free dark matter indirect detection experiments!

e Highest energy cosmic rays are an incisive probe of UV physics



Instrumentation Roadmap

Experiment Feature ‘ Cosmic Ray Science Timeline
Hybrid array: fluorescence, ' Hadronic interactions, search for BSM,

Pierre Auger Observatory . .
5 Y | surface e /1 + radio, 3000 km? UHECR source populations, op_air

Hybrid array: fluorescence,  UHECR source populations, Op-Air

Telescope Array (TA , 2 :
P ¥ (TA) surface scintillators, up to 3000 km?

Hybrid array: surface + deep, Hadronic interactions, prompt decays IceCube-Gen2 IceCube-Gen2
up to 6 km? deployment operation
Radio array for inclined events, ' UHECR sources via huge exposure, GRAND GRAND 200k

up to 200,000 km? search for ZeV particles, o, air 10k multiple sites, step by step

IceCube / IceCube-Gen?2

GRAND

Space fluorescence and UHECR sources via huge exposure,

Cherenkov detector search for ZeV particles, opair

| Hybrid array with Xnax + €/p UHECR sources via event-by-event rigidity, | GCOS GCOS

over 40,000 km? forward particle physics, search for BSM, o7, air R&D + first site further sites
2025 2030 2035

POEMMA POEMMA

GCOS




Gravitational Waves: Key Science Questions

Experiments

e Black holes and neutron stars throughout the o e
. GW detectors G detectore Pulsar Timing Arrays
Universe

Science investigations

o Axion clouds around black holes

Tests of black hole : . : ,
Tests of i Cosmological Gravitational signatures || Multimessenger
strong gravity P dvnamics gravitational waves of dark matter cosmology

o Black hole seeds and galaxy formation .
Fundamental physics

O Pr|m0rd|a| bIaCk hOleS Spacetime singularities, QFT in curved spacetime,
phase transitions information paradox

e Dynamics of dense matter

o Equation of state of dense nuclear matter

o QCD phase diagram N oo i Mosen S
o Synthesis of heavy elements in the Universe Collision
e Physics beyond the standard model §
Q.
o Dark matter in neutron stars s
N . . Neutrqq Star
o Modified gravity theories C‘;i—fm
o Boson stars and other exotic objects *;;*;;:;f‘.

o Precision cosmology for HO and dark energy Density



Gravitational Waves: Facilities and Timeline

GW170817 Cosmic Explorer
Advanced LIGO Start Einstein Telescope

GW150914 W LIGO post-O5 upgrades / Voyager

2024 2036

LIGO/Virgo O4 run TianQin

LISA (Laser Interferometer Space Antenna)

_ Cosmic Explorer

-

o

-

Pulsar Timing Arrays




Multimessenger Synergies in Particle Astrophysics

e [op Right: Probes of Cosmic Physics with a
fully funded, balanced program
e [op Left: Probes of Cosmic Physics with a

limited program \

e Bottom Right: Fundamental Astrophysics with
a fully funded, balanced program

e Bottom Left: Fundamental Astrophysics with
a limited program

e Each solid line represents our best chance to
solve major questions in the pointed topic
over the next decade, and fewer lines give us
fewer discovery opportunities. The potential
loss Is greater than linear since a single
co-detection between messengers can
provide more constraint than a decade of
repeated observations with only one

messenger. Credit: Kristi Engel; Multimessenger WP




IceCubeGen-2,

IGCOS, GRAND, Auger, AugerPrime,
POEMMA TA, TAx4, JEM-EUSO,|
LHAASO, IceCube,
IceCubeGen-2,
GCOS, GRAND,
POEMMA

Auger, TA, LHAASO, _nmn:cm._
IceCubeGen-2

$:mma TA, GCOS
|
|
|
_

HAWC, LHAASO, AMS-02)

HAWC, SWGO, LHAASO, HESS, CTA,
IceCube, IceCube-Gen2

| 1

iceCube, IceCube-Gen2,
RET-N, TAMBO, Trinity,
GRAND, POEMMA,
BEACON, ARIANNA, ARA,
HAWC, SWGO, LHAASO, HESS, CTA, RNO-G, PUEO, TAROGE-M,
Fermi-LAT SKA, EUSO-5PB, Auger,
AugerPrime, TA, TAx4
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Current and planned
observations are

facilities across all
energies in a
messengers.
Coordinated

more constra

than Ind
measurements.
Multimessenger WP
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Gamma-ray
Space Telescope

Gamma-ray Bursts
Blazars, TDEs [
Pulsars/SN remnants [
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History of the Universe
and Cosmology

e |s the Hubble constant measured with low
redshift probes different from the value
inferred with ACDM normalized to the
cosmic microwave background data”

e |s the Hubble tension a footprint of
physics beyond the Standard Model?

e \What are the imprints of early Universe
phase transitions and inflation in the
stochastic gravitational-wave
backgrounds?

e \Vhat role do ultra-high-energy cosmic
rays and advances in constraint-based

modelling of Grand Unified Theories play
in early Universe model building?




Cosmic Probes of Dark Matter

e |s there a portal connecting the dark and
visible sectors?

e \Vhat fraction of dark matter is held in
primordial black holes and are there " Darke
currently evaporating primordial black Se— e,

Primordial Black Holes

Mass distribution in

- e gt [ i
e Does the dark sector consist of a vast
ensemble of particle species whose

decay widths are balanced against their e ———
cosmolo g ical abundances? |G e Telescopes Pulsar Timing Arrays
e What is the gravitational-wave signature *
of dark matter?
e \What are the gravitational-wave
sighatures of dilute dark matter
distributions?

Detector Stellar Galaxy

Small Scales Length Scale

Large Scales




Astroparticle Physics

e \What are the properties of Standard Model

particles and their interactions beyond the
reach of terrestrial accelerators?

e How do neutrino flavors mix at high
energies? Are neutrinos stable, are there
hidden neutrino interactions with cosmic
backgrounds?

e Could an enhancement of strangeness
production in hadronic collisions be the
carrier of the observed muon deficit in
air-shower simulations when compared to
ultra-high energy cosmic-ray data”? Do new
particles and interactions exist at the
highest energies?

e How does matter behave in the center
of neutron stars? What are the physical
properties of matter at ultra-nigh density,
large proton/neutron number asymmetry,
and low temperature?

e Do the Lorentz and CPT symmetries that
underpin the Standard Model break
down In extreme cosmic environments?

e Does the QED domain (extreme
magnetic fields) produce exotic particles
or dark matter?



Multimessenger Synergies in Particle Astrophysics

e How are particles accelerated in the
cosmos to ultra-high energies? Is the
cosmic ray maximum energy a fingerprint
of physics beyond the Standard Model?

e \Vhat role do hadrons play In the
extreme-energy Universe?

e How does diffuse emission from different
messengers and energies contribute to
cosmic evolution?

e How are Galactic TeVatrons and
PeVatrons produced”? Are gamma-ray
halos a signal of physics beyond the
Standard Model?

e How are heavy elements formed?




Architecture of Spacetime

e \What are the true degrees of freedom in e Does general relativity apply to EM and GW
gravitational-wave polarizations, how are sighals from black hole environments without
gravitational waves produced and how do modification?
they propagate? e \What are the "ab initio” models of

e |s there a modification of general relativity nonsingular, horizonless alternatives to black
that successfully takes into account the holes, and self-consistent predictions of the
effects ascribed to dark matter and dark ringdown and echo signals they produce?
energy?

e Does the graviton have a mass, what is the Experiments

d fundamental Symmetry Of nature? Science investigations
e \What is the space of low energy Effective m Tii‘:c‘;i.?,!ii"a*;‘ﬁe m tatonal s

Field Theories that admit an UV completion® Fundamental physics

e What are the phenomenological implications setanstions. | | inormaton peradon

of the Swampland conjectures?




