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Particle cosmology research

A growing and fast-evolving field

« We are working in a global approach to
comprehend the evolution of the early universe.

* Interdisciplinary problems such as Dark Matter,
Dark Energy, Baryogenesis and Inflation require
a complementarity of approaches.

« DESY has long been working in these inter-related
areas and has established a strong reputation.

« Dark Matter (DM) & Gravitational-wave research
intertwined, both at theoretical level &
experimentally

« Gravitational waves (GW) are a new window to
fundamental questions and energy scales that
colliders cannot access.
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Life on earth - »
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Open questions e M| U

« What drove the primordial acceleration of the expansion of the universe?
 What is the thermalising mechanism after inflation?

« What is the nature of the electroweak phase transition?

« What produces the Matter—antimatter asymmetry?

* What is Dark Matter?

« How was Dark Matter produced?

 What is the spectrum of primordial gravitational waves?

« Why is the expansion of the universe accelerating again today?
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Directions of research ATRAMIU
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MATTER AND

Selected success stories during the last POF period e

* Kyohei Mukaida * Ryusuke Jinno

« DESYPD —
Faculty at U. Tokyo

* Ryosuke Sato

« DESYPD —
Faculty at U. Osaka

« DESYPD —
Faculty at KEK

« Valerie Domcke » Filippo Sala

« DESY junior staff —»
Faculty at CERN

« DESY junior staff — Faculty
at CNRS-> U. Bologna

« Enrico Morgante

« DESY PhD — Faculty
at U. Trieste

Laura Sagunski

DESY PhD — Faculty
at U. Frankfurt
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Dark Matter it oniverse [0 L
Well-motivated over a huge mass range

1022 eV aco keV GeV iy Mpanek  Pimes 10 M,

106- 104 eV Warm limit 100 TeV holes

T i i | | | -

Still huge uncertainty on its mass and couplings to the Standard Model, despite tremendous progress over the last
decade in constraining its properties, by combining information from

« cosmological surveys

» indirect searches with telescopes
« collider searches

* non-collider direct searches

« theoretical modelling and phenomenological analysesuniverse.
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Dark Matter @ DESY MM M| U
Broad theoretical & experimental activities over an extensive range of masses and couplings

Self-interactin
Theory 2
Non-thermal ) Dark photon

— model buildin «
9 Wave \\\ / / PNGB
—t> n(()jveclj [t)r?rk M?tter pC:.oductlon mechanisms, beyond the Composite] . DARK — [Asymmetric
Standar ermal paradigm :
P g Axion M ATTER Bouncing
— numerical simulations fragmentation| ™ // \ | Fuzzy from
_ . _ - —— ) string theory
— search for novel signatures & detection strategies Axion misalignment: :
kinetic, trapped, Sterile from exponentlal
—» probes in gravitational waves SloelgSHERIERONAN |Aawara growth
Experiments
., ATLAS & CMS For dark sector with sizeable -Dark sector searches with the CMS experiment, 2405.13778, Physics Reports
couplings to the SM -ATLAS Constraints on spin-0 DM mediators with tthar and missing
— Belle |l transverse momentum, Eur.Phys.J.C 83 (2023) 6, 503, 2211.05426
\
— ALPS-II
— MADMAX > For axion-like-particles -See talk by Axel Lindner
— IAXO J
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https://arxiv.org/abs/2211.05426

Axion-like-particles e M | U

An international race

Limits on axion and ALPs
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Searches for axion-like-particles at colliders
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* @Belle Il :Phys. Rev. Lett. 125, no. 16, 161806 (2020)

» Long-lived ALPs in Top Production at the LHC, JHEP 10 (2023) 138

* Constraining axions that couple to W-bosons and Z-bosons using diboson
cross section data from ATLAS, Phys. Rev. D 104, no.9, 092005 (2021)

* Limits from rare tau lepton decays in Belle Il, Phys. Rev. Lett. 130, no. 18,
181803 (2023).



Conventional misalignment makes too little DM e M | U

107

Limits and projections from Ciaran O'Hare

10| Eroncel, Sato, Servant, Sgrensen 2206.14259

Any ALP
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HELMHOLTZ | Cosmology & Dark Matter | Geraldine Servant, 6.12.2024 g@’}/ — (aem /27T) ( 1 ° 92/ f) 10



THE UNIVERSE LV
Opening up the parameter space with axion kinetic misalignment
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Limits and projections from Ciaran O'Hare 5
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Monophilic QCD axion e M | U

Another way to get the correct axion relic abundance at large axion coupling

Peccei-Quinn-charged heavy quark carries T 10!
. | -2
magnetic charge. > 10 R
10~
. . Q 107> Y — a
Integrating out heavy magnetic monopoles o 10°
. g . . =7
results in additional electromagnetic coupling g o
Q. 109 .
[Sokolov, Ringwald, 2104.02574; 2205.02605; 2303.10170] 5 00 ASthjylS‘CS
[Tobar, Sokolov, Ringwald, Goryachev, 2306.13320] ; 18_12 T ‘ — S
© 1078 : :
= - " Dark:matt
Can be probed by Ny o (direct detection)
c'l‘ o E .E & Dark matter
—-17 ¥,
« ALPSII and (Baby)IAXO g 18—18 = g ©%§§ (astrophysics)
: "2 100 O
* new type of low-mass haloscope axion- < 10 =

yeV  zeV aeV feV peV neV peV meV eV keV MeV GeV TeV

Maxwell equations Axion mass [eV]
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(Rel)axion: New cosmological solution to the hierarchy problem

¢: relaxion, classically evolving and scanning the Higgs mass parameter

N: cutoff of the Higgs effective theory

Higgs-relaxion \ 1, , )
potential to set-up V(¢,h) = —gA°¢p + 5(5\ — g’Aqé)h + Ay (h)[1 —cos(o/f)]+ ...
the electroweak V(6) m2, back-reaction |
scale |
mig ~ A® Hubble friction i
& ¢~ __Slow-ro| 2!
_____________ R mH:: 0
? DA
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Beyond the classical relaxion BIASHIM| U

Real-time numerical simulation of the Fokker-Planck equation

0.1 Probability distribution: p(¢)
0.08 | i
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0 A A
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Field value
[2210.01148]
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The relaxion can be dark matter s MU
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First-order cosmological phase transitions e universe N1 K8

Gravitational New non-thermal dark matter
waves production mechanisms

Baryogenesis
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Precise predictions for phase transitions it univense V] LUJ
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First-order cosmological phase transitions e universe N1 K8

Multiple pioneering studies

Defect-driven phase transitions,
Blasi et al, JCAP 10 (2023) 051

Hydrodynamics of inverse phase transitions,
Barni et al, JCAP 10 (2024) 042

A sonic boom in bubble wall friction,
Dorsch et al, JCAP 04 (2022) 04, 010

Model-independent energy budget of cosmological first-order phase transitions

—A sound argument to go beyond the bag model
Giese et al, JCAP 07 (2020) 07, 057

High-Temperature Electroweak Symmetry Non-Restoration from New Fermions and Implications for Baryogenesis
Matsedonskyi et al, JHEP 09 (2020) 012
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First-order cosmological phase transitions i M| U

Multiple applications

Gravitational New non-thermal dark matter
waves production mechanisms

GWs from decaying sources in strong phase
transitions, Caprini et al, 2409.03651

Higgsless simulations of cosmological phase Shakya 2308.16224, Mansour-Shakya 2308.13070,
transitions and GWs, Jinno et al, JCAP 02 (2023) 011 Giudice, Lee, Pomarol, Shakya 2403.03252

A hybrid simulation of gravitational wave production in first-

order phase transitions, Jinno et al, JCAP 04 (2021) 014 Supercool composite Dark Matter beyond 100 TeV,
Baldes et al, JHEP 07 (2022) 084

Model-independent energy budget for LISA, Giese et al,
JCAP 01 (2021) 072

Detecting gravitational waves from cosmological phase transitions
with LISA: an update, Caprini et al, JCAP 03 (2020) 024

1079
o On the wall velocity dependence of electroweak baryogenesis,
i Dorsch et al, JCAP 08 (2021) 020
G
& 107 . Baryogenesis From a Dark First-Order Phase Transition,
- Baryogenesis .o JHEP 04 (2020) 042
107 105 104 0001 0010 0400 Bruggisser et al, Status of electroweak baryogenesis in

f [Hz] minimal composite Higgs, JHEP 08 (2023) 012
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https://arxiv.org/abs/2409.03651
https://inspirehep.net/literature/1762047
https://inspirehep.net/literature/1762047

Purely-gravitational probes of dark matter

Effect of on the density
of the subhalo of a merging system

Mon. Not. Roy. Astron. Soc. 510, no. 3, 4080-4099 (2022).

GW Dephasing from denser halos associated with
(light bosonic DM with a mass <~ 10 eV)

Kim et al, Phys.Rev.D 107 (2023) 8, 08300

Testing

with GW interferometers , [Kim 2306.13348]
with Precision astrometry [Kim 2406.03539]

with Pulsar Timing Arrays [Kim and Mitridate 2312.12225]
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Primordial gravitational waves

MATTER AND
THE UNIVERSE

Reading the cosmological history in the GW frequency spectrum

a
_ prod
GW frequency Jfowo = ’10\1)\/( - )
0
B Temperature of the Universe
Low-freq. lim 10° 10°¢ 10 1 10° 10° 10° 10" 105 Gev
i ~ -1 ! ! ! 1 L L L 1 1 inf =H—1
fain = H; et
~ 107'8 Hz ! | | | | | | | | }LGW=H—
102
/\GW ~ H—l/loﬁ } | | | } L 1 L
107°

1077

Participation to Community White

Papers on future GW missions 10-°

Cosmology With the Laser Space Antenna, 2022

Voyage 2050

—
|

=

=

Cosmology with Einstein Telescope, Div.2 Blue
Book, 2024
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<
=
w

Cosmology Working Group GWSpace 2050
missions

=

<
=
o1

WaveForm Coordination Unit (CU-WAV) of the
LISA Distributed Data Processing Centre (DDPC)

Fraction of energy density in GW today: Qgwh?
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Primordial gravitational waves e unverse 10 (8]

THE UNIVERSE
: 1076F
From reheating era T Lsa

10‘16&
e GWs from the Standard Model
thermal plasma R

GWs as a Big Bang Thermometer, Ringwald et al, JCAP 03 (2021) 054 NSRTRL

[a\]
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e GWs from inflaton-hidden U(1) coupling 106
Westphal et al, 2112.13861 10-9
Qcw ,/" -
10—12
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Primordial gravitational waves e unvense 0 8

From early axion dynamics 1029 e, SOSMic evolution
. ] _ ] _ -~ " Ejny = 1.6 x 106 GeV

e Amplification of inflationary GW from axion- L ach 2
induced kination era. f
( 10712¢
Gouttenoire et al, 2108.10328 & 2111.01150 @ é:% 3
10—15 é

standard“cosmology
107 1 10*
Frequency f [Hz]

e Axiverse spectroscopy from axion excitation 2 puF 12

during inflation due to coupling to dark U(1). 4a l 5 10°f -1=22 .

a 1074 =
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Ultra-high frequency primordial GWs it univense V] LUJ
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Discovery of a GW background by Pulsar Timing Arrays iebiverse (1] 1

The NANOGrav 15 yr Data Set: Evidence for a Gravitational-wave Background
NANOGrav Collaboration - Gabriella Agazie (Marquette U.) et al. (Jun 28, 2023)
Published in: Astrophys.J.Lett. 951 (2023) 1, L8 - e-Print: 2306.16213 [astro-ph.HE]

pdf & DOI [ cite [ reference search %) 1,004 citations

The NANOGrav 15 yr Data Set: Search for Signals from New Physics
NANOGrav Collaboration - Adeela Afzal (Munster U. and Quaid-i-Azam U.) et al. (Jun 28, 2023)

Published in: Astrophys.J.Lett. 951 (2023) 1, L11, Astrophys.J.Lett. 971 (2024) 1, L27 (erratum) - e-Print:
2306.16219 [astro-ph.HE]

pdf Z links  DOI [= cite Q@ reference search %) 596 citations

PTArcade

v0.1.0 [2312.09281]

Main developers:

Andrea Mitridate
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, D-22607 Hamburg, Germany

David Wright
Department of Physics, University of Central Florida, Orlando, FL 32816-2385, USA
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Interpretation of NANOGrav signal with cosmological GWs

New physics or standard black holes?

Bayes Factor (BF)

Interpretation of NANOGrav signal
with a dark sector phase transition

Bringmann, Depta, Konstandin, Schmidt-Hoberg, Tasillo’ 23

HELMHOLTZ | Cosmology & Dark Matter | Geraldine Servant, 6.12.2024
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New—physics vs. SMBHB interpretations of NANOGrav 15-year data

Figueroa
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Constraining post-inflationary axions with PTAs
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Organised local events

How fast does the bubble grow?
May 15 - 17 2023 at DESY Hamburg

Plenary Talks

Bogumita Swiezewska (Warsaw University
Carlos Tamarit (JGU Mainz)
Miguel Vanvlasselaer (Brussels University)

Speakers

‘We especially encourage ¢ b
Deadline for abstract submiss

WHISPERS FROM THE
DARK UNIVERSE - PARTICLES & FIELDS
AVE ERA

MATTER AND m
THE UNIVERSE

WHISPERS FROM THE
DARK UNIVERSE - PARTICLES & FIELDS
IN THE GRAVITATIONAL WAVE ERA

DESY Theory Workshop
24 - 27 September 2024 at DESY Hamburg, Germany

Plenary Talks

P. Agrawal (Oxford U.) J. Harz (Mainz U.)

0. Buchmiiller (ICL London) A. Hook (Maryland U.)

M. Buschmann (GRAPPA & UvA) M. Kamionkowski (J. Hopkins U.)
A. Chou (Fermilab) E. Lim (King's College)

S. Ellis (Geneva U.) M. Peloso (Padova U.)

R. Flauger (UC, San Diego) N. Porayko (MPI Bonn)

G. Franciolini (CERN)

DESY Heinrich-Hertz-Lecture

Prof. Dr. Marc Kamionkowski (Johns Hopkins University)

Parallel Sessions
Contributions by young researchers are especially encouraged.
Deadline for abstract submission will be on June 30, 2024.

R. Porto (DESY)

C. Prescot-Weinstein (N. Hampsh. U.)
E.-M. Rossi (Leiden U.)

K. Schutz (McGill U.)

X. Siemens (Oregon State U.)

J. van de Vis (Leiden U.)

26 September 2024




Inspiring visitors

WOLFGANG PAULI CENTRE

A COMPETENCE FIELD OF PIER

MPIERM

Partnership of
Universitat Hamburg and DESY

Theoretical Physics Symposium 2020

25 November 2020

https://desy.zoom.us/j/3544139367
Meeting ID: 354 413 9367
Passcode: WP(251120!

The Symposium in 2020 offers two scientific seminars:

Valery Rubakov
Institute for Nuclear Research of the Russian Academy
of Scien Moscow

14:30
Hard job of starting the Universe

Neil Turok
Higgs Chalr of Thearetical Physics, University of Edinburgh

15:30
Path Integrals for the Universe

The Hamburg Prize for Theoretical Physics was brought i eing
in 2010 and recognizes outstanding achievements in the discipline
of theoretical physics. It is endowed by the Joachim Herz Foundation
with a prize money of 137,036.00 euros.

Local organizing committee
Christophe Grojean, Thomas Konstandin, Volker Schomerus,
Geraldine Servant, Alexander Westphal

http://www.wpc-hh.de

Valery Rubakov WPC Theoretical H E RTZ

Physics Symposium 2021

HELMHOLTZ | Cosmology & Dark Matter | Geraldine Servant, 6.12.2024

LECTURE.

DESY Lecture on Physics 2021

' Cosmology and astrophysics into

the next decade

Prof. Matias Zaldarriaga
(Institute for Advanced Study, Princeton)

', 21 September 2021

18:00 h, talk will be live-streamed

https://webcast.desy.de

MATTER AND m
THE UNIVERSE

HERTZ
LECTURE.

DESY Lecture on sics 2024

Consensus and confusion
in cosmology

Prof. Dr. Marc Kamionkowski
Johns Hopkins University

Thursday, September 26,17:30 h

DESY main auditorium
https://webcast.desy.de
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Lorentz

Online Workshop

rganised events elsewhere

Institut d’Etudes Scientifiques de Cargése

F-20130 Cargése
Téléphone : 04 95 26 80 40

hitps:/Jiesc.universita.corsica/

InlemnHonnl Summer S ]100]
Rethinking Beyond the Standard Model

July 25 - August 6,2022

JJ. BLANCO-PILLADO (U Basque County, F:

Y. HOCHBERG (Hehrew U, I1) A HOOK (Ul sf
A. NICOLIS (Columbia U, USA) E. PAJER (Cambridge U, UK)
J. PLEFKA (Humboldt U, DE) M. SERONE (SISSA. I7)
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9 — 20 September 2024 CENTRE

Fundamental Physics and
Gravitational Wave Detectors

Gravitational waves (GWs) from compact binaries have been detected in the kHz regime, and Pulsar
Timing Arrays are revealing a GW background in the nHz band. Experimental ideas spanning from
nHz to MHz are being explored to cover the gravitational spectrum. This is an exciting time to
explore what GWs can uncover about fundamental physics and cosmology by detecting astrophysical
and primordial GW sources, as well as exploring effects that could be induced by various Dark Matter
candidates.

rkshop will unite astrophysicists, cosmologists, and particle physicists to discuss open

ions and def; theoretical targets, guiding the field in experimental strategies across the

itational spectrum to learn about our Universe. All of this is to be set against the backdrop of the
medieval town of Pollica in southwestern Italy (Cilento region).
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Essential Asymmetries of Nature
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Particle cosmology outlook

Coherent activity over the whole spectrum of studies in
cosmology, fueled by intense experimental activity in the
short-term and long-term future.

-Multitude of different approaches, from model building to
analytical studies, lattice calculations, numerical simulations,
and analysis of constraints from cosmological observations.

-strong links with particle theory, string theory and
phenomenology activities.

-International collaborations

-Center of activity in Axions and in Gravitational waves
of cosmological origin

-Emergent activities related to Pulsar Timing Arrays
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Today - 14 billion years
Life on earth - »

Acceleration 11 billion years

Star formation peak -
Galaxy formation era\ y

Earliest visible galaxie: 700 mill.ion years
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Recombination Atoms form w years =

Relic radiation decouples (CMB) .;"(! h P e f
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Matter domination 5,000 years

Onset of gravitational collapse

Nucleosynthesis ' 3 minutes :

Light elements created - D, He, Li Y .
Nuclear fusion begins - 0.01 seconds
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Quark-hadron transition

Protons and neutrons formed

Electroweak transition -
Electromagnetic and weak nuclear | =
forces first differentiale

Supersymmetry breaking

Axions etc.?

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down
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