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Dark matter: a problem with a long history..

In 1823, Swiss astronomer .
Ctz Zwicky appliec 3 ths earller, in a
mathematinal theorem to infer .

the existence uf what 1ié IC rays, he wrote
alled Diiplce Materie,
coining the term dark matter.
Zwicky was a noted
curmudgeon and
self-described “lone wolf’
who claimed to “have a good
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The ratio a/b is equal at the very least to a hundred. It is

therefore i.mpossible that the cosmic rays, if photons, come
fro.m luminous matter. Now according to the p,resent
estimates the average density of dark matter in our galax
(pi)‘ and throughout the rest of the universe (p,) are in ‘chzef
ratio

pg/pw>100,000. (8)




Dark matter: a problem with a long history..

Lord Kelvin (1904)

“Many of our stars, perhaps a
great majority of them, may be
dark bodies.”




Dark matter: a problem with a long history..

Lord Kelvin (1904) Henri Poincaré (1906)

“Many of our stars, perhaps a  “Since [the total number of stars] is

great majority of them, may be  comparable to that which the

dark bodies.” telescope gives, then there is no
dark matter, or at least not so
much as there is of shining matter.”




Dark matter: a problem with a long history..

Lord Kelvin (1904) Henri Poincaré (1906) Albert Einstein (1921)
“Many of our stars, perhaps a  “Since [the total number of stars] is Applies ‘\‘/iral theorem to star
great majority of them, may be  comparable to that which the cluster:“the hon Iummgus
dark bodies.” telescope gives, then there is no masses contribute no higher

order of magnitude to the total
mass than the luminous
masses”

dark matter, or at least not so
much as there is of shining matter.”




Dark matter: a problem with a long history..

/

Lord Kelvin (1904) Henri Poincareé (1906) Albert Einstein (1921) Fritz Zwicky (1933)
“Many of our stars, perhaps a  “Since [the total number of stars] is Applies viral theorem tostar  “If this would be copﬁr med, we
great majority of them, may be ~ comparable to that which the cluster:“the non luminous would get the surprising result
dark bodies.” telescope gives, then there is no masses contribute no higher that dark matter is present in

dark matter. or at least not so order of magnitude to the total =~ much greater amount than
much as there is of shining matter.” mass than the luminous luminous matter”
masses”

“A history of Dark Matter” GB & Hooper - RMP 1605.04909
“How dark matter came to matter” de Swart, GB, van Dongen - Nature Astronomy; 1703.00013 §




What is the Universe made of?

IIIII

OBSERVATIONS

.| e Rotation Curves

® Clusters of galaxies

*CMB

*Type la Supernovae

Dark Energy
72%

Dark Matter
23%

Atoms
5%

[statement valid now, and on very large scales]
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What is the Universe made of?

Posti & Helmi, A&A 621,A56 (2019)

Dark Matter
72% Dark Energy

/ 72%
Dark Matter
23%
’ oms
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What was the Universe made of?

At BBN At recombination Today ...eventually
Neutrinos Dark Matter Dark E
e ar 72:/1ergy
2 Dark Energy
Atoms 100%
- 5% e
\ \5 15% Dark Matter -
Atomﬂéutﬁnos - 23% e
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Evolution of matter/energy density

. Known stuff
(Atoms, light, neutrinos)

Dark matter
wee Dark energy
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Created with #astropy https://astropy.org, astropy.cosmology package https://docs.astropy.org/en/stable/cosmology/
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Simulating the Universe

http://www.illustris-project.org/media/




hat do we know!

In order to be considered a viable DM candidate,
a new particle has to satisfy a number of conditions:

I) Abundance ok?

2) Cold?

.

3) Neutral?

4) BBN ok?

5) Stars OK?

™




What do we know!?

In order to be considered a viable DM candidate,
a new particle has to satisfy a number of conditions:

I) Abundance ok!? 2) Cold? 3) Neutral? 4) BBN ok? 5) Stars OK?
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e :',-::1:;;?;,' ..oo....
6) Collisionless? 8) Y-rays OK? 9) Astro bounds? 10) Can probe it?
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Candidates

Standard- Sterile

model .
: neutrinos
neutrinos

Neutrinos

Extra
dimensions

Dark matter Weak scale

Macroscopic

Primordial
black holes

GB, Tait, Nature (2018)1810.01668




Candidates

e No shortage of ideas..
e Tens of dark matter models, each with its own phenomenology

e Models span 90 orders of magnitude in DM candidate mass!
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WIMPs

By far the most studied class of dark matter candidates.

The WIMP paradigm is based on a simple yet powerful idea:

dn,

i 3Hn, = —(ov) [n? —

X

Weak-scale cross sections can
reproduce observed relic density

s  3x107%"cm3s7?!

Qh* ~

< oV >

‘WIMP miracle’: new physics at ~| TeV solves at same time
fundamental problems of particle physics (hierarchy problem) AND DM
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WIMPs searches




WIMPs searches

ATLAS SUSY searches

ATLAS SUSY Ses or Limits

No WIMPs
espite many efforts!

10722 4t profiling J (b fixed)
—— Draco
Leo ll
Sculptor
—— Ursa Minor
—— Combined

DAMA/I
-

102
DM mass [GeV]
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WIMP mass IGeV/cZI
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Are WIMPs ruled out!?

NO

absence of evidence # evidence of absence

pA




Are WIMPs ruled out!?

Absence of evidence has dampened the enthusiasm for WIMPs, but:

* Large portions of the parameter space of specific WIMP candidates
remain viable [Leane+ 1805.10305, Beekveld+ 1906.10706, Blanco+
1907.05893,...]

* WIMP paradigm # WIMP miracle [Arakawa and Tait 2101.11031,...]

* Clear way forward:
* |15 years of LHC & HL-LHC data
* Direct detection experiments all the way to “neutrino floor”
* Non-dedicated Indirect Detection experiments

22




A new era in the search for DM

GB, Tait, Nature (2018)1810.01668

l.  Broaden/improve/diversify searches
ll. Exploit astro/cosmo observations

lll. Exploit Gravitational VWaves

23




Park matter sgarches at the IsHGC




Improving existing strategies

Speeding up statistical inference with Machine Learning tools




Improving existing strategies
Speeding up statistical inference with Machine Learning tools

GB+ Phys.Dark Univ.24 (2019) 100293
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Simulated yield

* Exploring parameter spaces of theoretical models computationally expensive

* Machine learning methods (distributed gaussian processes, deep neural networks)
bring computation time from ~CPU centuries to ~CPU weeks!

* Can be run by a PhD student in | day on a desktop computer!




Improving existing strategies

E.g. New Machine Learning tools
applied to LHC searches:

i) Fast exploration of pheno-
menology in high-dimensional
parameter spaces

ii) Perform fast inference if new
particles discovered, that
allows us to recover theory
parameters compatible with
data

GB JCAP 1803 (2018) no.03, 026
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The Dark Machines initiative

Dark Machines About  Events  Projects  Researchers  White paper  Mailinglist ~ Contribute

- About Dark Machines ‘

Dark Machines is a research Collective of physiéists and data scientists. We are
curious about the universe and want to answer cutting edge questions about
Dark Matter with the most advanced techniques that data science provides us

with.

3rd D’arkMachines Workshop: Advanced Workshop on Accelerating the
Search for Dark Matter with Machine Learning

27 April 2020 to 1 May 2020

CERN

Europe/Zurich timezone

Website: darkmachines.org ; Twitter: dark _machines
28




A new era in the search for DM

GB, Tait, Nature (2018)1810.01668

Broaden/improve/diversify searches

Il. Exploit astro/cosmo observations
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GAIA'S SKY

Total brightness and colour of stars observed by ESA's Gaia satellite and released as part of Gaia's Early Data Release 3
30




tellar streams
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Gaia GD|I stream data!

New map of stars in GD| stream (longest cold stream in the MW) with
Gaia second data release combined with Pan-STARRS.

Stream appears to be perturbed, with several ‘gaps’ and a ‘spur’
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Bonaca et al. 2001.07215
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Statistical analysis of perturbations:
Strong hints of dark substructures!

GD-1 stream, Trailing arm

Only Baryonic structures

100 1

Banik, Bovy, GB, Erkal, de Boer, MNRAS 502, 2364 (2021)

- Gaia GD1 stream data exhibit substantial ‘structure’

- Density fluctuations cannot be explained by “baryonic” structures (GC, GMC, spiral arms etc)

34




Statistical analysis of perturbations:
Strong hints of dark substructures!

GD-1 stream, Trailing arm

Only Baryonic structures Subhalos + Baryonic structures

@ Gaia + PanSTARRS
100 1

10
1/k¢1 (deg)

Banik, Bovy, GB, Erkal, de Boer, MNRAS 502, 2364 (2021)

-Density fluctuations are consistent with CDM predictions (not a fit!)

-Likelihood-free method based on approximate likelihood ratios -> more stringent bounds
(Hermans et al. 2019)
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Statistical analysis of perturbations:
Stringent constraints on the nature of DM

o/ keV Constraints on the particle
— DMonly mass of dark matter
incl. baryonic disruption o
candidates such as warm, fuzzy,
and self-interacting dark
matter

See also 2001.11013,
2001.05503.

®  Streams (Banik et al. 2019)
%  Classical MW satellites

10° 10 107 10%° 10° 10" 10'  10%2
M, /Mg

1911.02663
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Gravitational nanolensing
(time domain)

Milky Way stellar halo
perturbations (astrometry)

Dwarf & ultradiffuse
galaxy counts as a
function of z (wide-
field galaxy surveys,
targeted surveys )

(astrometry,
spectroscopy)
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Q
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1014 7
107 Mo Cluster component offsets

101 M (lensing, wide-field surveys)

Local measurements of
H, (astrometry)

Gravitational probes of dark matter physics

Probes

Microlensing of
compact-object
DM (time
domain)

Gravitational waves
from compact-object
DM (multi-
messenger)

Substructure
lensing subhalo
mass functions of
group & cluster
halos (galaxy
surveys, ground-
and space-based
spectroscopy)

Substructure lensing

Lya forest
(spectroscopy)

Stellar-mass—halo-
mass relation w/
cosmological tools
on wide-field
surveys

Initial mass function

Cluster mass from wide-
field surveys

Galaxy survey & CMB
measurements of
H,, g, Negr

M. Buckley and A. Peter, Physics Reports, 761, 1-60 (2018)
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The future of dark matter searches

lll. Exploit Gravitational VWaves

38




Gravitational Waves
“The discovery that shook the world”

LIGO &Virgo coll, PRL 116,061102
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

LIGO-Virgo Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




Black Hole environments

Credit: Owen/Blondin Credit;: HS Chia

I//

Accretion discs Gravitational “atoms” Dark Matter “spikes”
(e.g. 1810.03623 and refs therein) (e.g. 1912.04932 and refs therein) (e.g. 2002.12811 and refs therein)




log,o £ (GeV/cm?)

Dark Matter ‘dress’ around BHs
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GB & Merritt 2005

annihilation plateau
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* Adiabatic ‘spikes’ around SMBHs
(Gondolo & Silk 2000;...)

9

6

® ‘Mini-spikes’ around IMBHs
(GB, Zentner, Silk 2005; ...)

3
3
log10 p (Msun/pc )

0

® Overdensities around primordial BHs
(e.g. Boudaud+ 2106.07480)

-3

Open questions: astrophysical uncertainties, dependence
on DM properties (self-interactions, annihilations)
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Dark Matter around BHs

Energy losses:

Eorb — _EGW - EDF

Eda+ PRL 110, 221101 (2013)




Dark Matter around BHs

Energy losses:

. . . Intermediate Mass
Eor, = —Egw — Epr Compact
Object

Separation:
B 64 Gg Mm1 mo
5¢° (rg)3

81 G2 my log A’r’g/2 pom (T2, 1) E(r2, 1)

vV Mm1

To =

Dark Matter 'spike’'

Kavanagh, GB et al. 2002.1281 |




‘Dressed’ BH-BH merger

Mpgau=30M4; a; =0.01pc; e; =0.995
T'=0.00kyr

Kavanagh, Gaggero & GB, arXiv:1805.09034
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Dark Matter around BHs

Energy losses:

. . . Intermediate Mass
Eor, = —Egw — Epr Compact
Object

Separation:
B 64 Gg Mm1 mo
5¢° (rg)3

81 G2 my log A’r’g/2 pom (T2, 1) E(r2, 1)

vV Mm1

To =

Dark Matter 'spike’'

Time-dependent dark matter profile:

ot

5/2
Torb 8]((57 t) — —pgf(é', t) + / ( ¢ > f(g - Ag? t)Pg_Ag(A((:) dAE

E—AE

Kavanagh, GB et al. 2002.1281 |




Gravitational Waveform dephasing

I === No DM
! With DM Halo
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B. Kavanagh

® Dark matter modifies binary

— Static dynamics via dynamical friction
== Dynamic (Eda+ 2013,2014)

® This induces a dephasing of the
waveform, potentially
detectable e.g. with LISA

® Dephasing is smaller than
previously thought (i.e. wrt to
case with fixed dark matter
profile) but still potentially
detectable

Kavanagh, GB et al. PRD 102 (2020) 8, 083006




Bayesian method to assess Detectability/
Discoverability/Measurability with LISA
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Coogan, GB +,in preparation




Dephasing: Model comparison / parameter
estimation with LISA

MBH — ].OOOMO

—— PBH + DM spike
Astro BH + DM spike
BH + thin disk

Pippa Cole

Cole, GB + in preparation




Further GW-DM connections:

Axion
forces

[:} EMRI dephasing

BH-Boson

condensate Hidden sector scalars

g El ]

PBH

mergers

Dark Photon  Boson star Bubble collision
production binaries DM production Dark blobs

i0ilEd 0O &

QCD Axion
(GW+Radio)

PBH /sub-halo
transits

BH spin Dark Photon
distribution production
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
10—20 10—10 100 1 1020 1030 1040 1050 1060 1070
Dark Matter Candidate Mass [eV]

“Gravitational wave probes of dark matter: challenges and opportunities”
GB, Croon, et al. SciPostPhysCore 3, 007 (2020)
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Conclusions

* This is a time of profound transformation for dark matter
studies, in view of the absence of evidence (though NOT
evidence of absence) of popular candidates

* LHC, ID and DD experiments may still reserve surprises!

* At the same time, it is urgent to:
* Diversify dark matter searches
* Exploit astronomical observations
* Exploit gravitational waves

* The field is completely open: extraordinary opportunity for
new generation to come up with new ideas and discoveries




First EUCAPT Annual Symposium

5-7 May 2021
CERN

Europe/Zurich timezone

Overview

Scientific Programme,
Confirmed Speakers and
Area Conveners

Call for Lightning Talk
Abstracts

Registration
Participant List

Scientific Advisory
Committee

Local Organising
Committee

EuCAPT White Paper

EuCAPT Code of Conduct

Search... ,O

*** 09/02/2021: the Symposium will be held in fully remote mode. Registration is now open ***
21/12/2020: invited speakers and area conveners announced.

The European Consortium for Astroparticle Theory (EuCAPT, https://www.eucapt.org) is a new initiative,
with central hub at CERN, that aims to bring together the European community of theoretical
astroparticle physicists and cosmologists. Our goals are to increase the exchange of ideas and
knowledge; to coordinate scientific and training activities; to help scientists attract adequate resources
for their projects; and to promote a stimulating, fair and open environment in which young scientists can
thrive. More than 660 scientists completed the 1st EUCAPT census in January 2020, and expressed an
interest in EUCAPT activities.

We are delighted to announce the first edition of the EUCAPT annual symposium, the flagship event of
our consortium, that aims to provide an interdisciplinary Europe-wide forum to discuss opportunities
and challenges in Theoretical Astroparticle Physics and Cosmology. We invite all scientists (PhD
students, postdocs, and staff) active in these fields of research to join us remotely from May 5 to May 7,
2021. The symposium will feature invited presentations, and young scientists will have the opportunity
to present their work with lightning talks. Beside scientific presentations, the programme also includes:
thematic parallel discussions; a plenary session dedicated to the planning of a community-wide white
paper; an award ceremony for the best talks from young scientists.




Primordial Black Holes

Mon. Not. R. astr. Soc. (1971) 152, 75-78.

GRAVITATIONALLY COLLAPSED OBJECTS OF VERY
LOW MASS

Stephen Hawking
(Communicated by M. J. Rees)

(Received 1970 November g)

An upper bound on the number of these objects can be set from the measure-
ments by Sandage (%) of the deceleration of the expansion of the Universe. These
measurements indicate that the average density of the Universe cannot be greater
than about 10728 g cm™2. Since the average density of visible matter is only
about 10731 g cm™2, it is tempting to suppose that the major part of the mass of
the Universe is in the form of collapsed objects. This extra density could stabilize
clusters of galaxies which, otherwise, appear mostly not to be gravitationally bound.




Can we convincingly discover primordial BHs!?

Yes, e.g. if we:

|. Detect sub-solar mass Il. Detect O(100) Msun BHs Ill. Discover ‘unique’ radio
BHSs with joint Ligo/Virgo at very high-z (z > 40) with signature with Square
observing run 3 (in Einstein Telescope (e.g. Kilometre Array [tricky]
progress) 1708.07380)
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Multiwavelength observations of PBHs
(and astrophysical BHs) in the MW

0.4

e[°]

Gaggero, GB et al. PRL 118,241101 (2017)

* Isolated BH moving at supersonic speed in ISM produce radio and X-ray emission. Exciting
prospects for detecting primordial and astrophysical BHs with SKA [Manshanden, Gaggero+
JCAP 06 (2019) 02, Scarcella, Gaggero+, 2012.10421]
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