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Experimental milestones

Mountain altitude < 5 km CREAM balloon ~ 40 km AMS-02 (on ISS) ~ 300 km
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2019 Cosmology Gruber prize (N. Kaiser and J. Silk)

“[...] for their seminal contributions to the theory of
cosmological structure formation and probes of dark
matter.

[...] while Silk recognized dark matter's indirect signatures
such as antiprotons in cosmic rays and high energy
neutrinos from the Sun
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After 40 years of efforts...

— Yy-rays from dSphs and antiprotons provide best targets for DM searches

Conrad & Reimer, Nature 13, 224 (2017)

Icecube 2016 /ANTARES 2015

HESS: 2016
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High precision era
— need conjoined effort from community to fully exploit data


https://www.nature.com/nphys/journal/v13/n3/pdf/nphys4049.pdf

Charged vs neutral cosmic rays

* Neutral species
v Gamma-rays
v Neutrinos

— Astronomy

Two categories

Multi-messenger
approaches
Multi-wavelength
observations

* Charged species
v Leptons
v Nuclei

Observation types

point-like, extended, diffuse emissions

Fermi-LAT
(y-ray> 1-GeV)

30 orders of magnitude
A

source: Swordy - U.Chicago)

— Spectra & anisotropy maps
(diffusion/deflection in B)
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1. GCRs

- Charged CRs




Detection: direct vs indirect
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Galactic CR data (E~10°-10" eV)

Elemental spectra
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DM indirect detection: charged CRs
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Installed on ISS in May 2011
— Cireular orbit, 400 km, 51.6°
— Continuous operation 24/7
— Average rate ~700 Hz (60 millions particles/day)

More than 140 billion events so far!




Rise of the positron fraction and leptons
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High rigidity break and species-dependent slopes

— Spectral break at ~ 300 GV — Break seen in all data
— Different slope H and He (primary and secondary species)

(see also PAMELA and CREAM) Aguilar et al., PRL 120, 021101 (2018)
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Origin of difference in slopes? Origin of spectral break?
— Acceleration, spatial segregation, — spatial dependence of diffusion coefficient,
different kind of sources... time-dependent propagation, break in

diffusion coefficient (coupling CR/waves)
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Antiproton analysis: origin of uncertainties

Boudaud, Génolini et al., arXiv:1906.07119

y2=(data—model) T (¢™model cdatay =1 (data—model)

— Statistically consistent with

pure secondary origin

Visualisation in rotated base

— Systematics are diagonal
C=UcU"

— Rigidities replaced by pseudo ones

Ri=)_UZR;
J

— Residuals in rotated base now
account for correlations in systematic
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http://adsabs.harvard.edu/abs/2013PhRvL.110n1102A
http://adsabs.harvard.edu/abs/2014PhRvL.113l1101A
http://adsabs.harvard.edu/abs/2014PhRvL.113l1102A

1. GCRs

- Challenges



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.021101

Low-energy data

Voyager IS data — Anomalies in isotopic abundances

Stone et al., Science 341, 150 (2013) Binns et al., ApJ 634, 361 (2005)
Cummings et al., ApJ 831, 18 (2016) , ,
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(and Voyager 1)
— Part of CRs from superbubbles?



Fields et al., Astro2020 Science White Paper

The local interstellar medium (LISM) puzzle

— Nearby SN events

Supernova Radioactivity: ®Fe on Earth and Moon
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Figure 1: Global and lunar detections of “Fe, not
corrected for decay. All data show a signal around
~2-3 Myr. Amplitude differences may reflect iron
uptake variations, or latitude variations in iron fall-
out. Upper panel: " Fe/Fe ratios in deep-ocean Fe-
Mn crusts. Lower panel: %UFe/Fe in deep-ocean

sediments, showing signal duration 21 Myr. Data:

refs.

[40, 23,70, 22, 46].

— LISM origin...

Nal absorption measurements (5890 A)
Lallement et al., A&A 411, 447 (2003)
Welsh et al., A&A 510, A54 (2010)
Capitanio et al., A&A 606, A65 (2(217)

301

— 20 SN explosions during the past
10-20 Myr (age of the local bubble)

— 1 more SN ~ 1 Myr ago?

(as close as ~ 40 pc, related to
Pliocene-Pleistocen extinction?)

Maiz-Apellaniz, ApJ 560, L.83 (2001)
Berghofer & Breitschwerdt, A&A 390, 299 (2002)
Benitez et al., PRL 88, 081101 (2002)

— Impact on CR fluxes?

300



HAWC, local diffusion, and back to leptons...

— Extended y-ray
emission around pulsars

Abeysekara et al., Science 358, 911 (2017)

X HAWC collaboration

Geminga

PSR Bﬂél:dn/c

109 104 99

Dec. [deqg]
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-4 -3 -2 -1 0 1 2 3 = 5

Significance [sigmas]

Di Mauro, Manconi, Donato, arXiv:190305647
Fermi-LAT data

— 7.8 — 11.80 significance around Geminga
— Geminga pulsar proper motion detected

- Pockets of “inefficient” diffusion
(D <<D

pocket halo)
Hooper & Linden, PRD 98, 083009 (2018)
Profumo et al., PRD 97, 123008 (2018)

“Lessons from HAWC pulsar wind nebulae
observations: The diffusion constant is not a
constant; pulsars remain the likeliest sources of
the anomalous positron fraction; cosmic rays are
trapped for long periods of time in pockets of
inefficient diffusion”

— May further “decouples”
predictions from nuclei and
leptons...



Super-heavy CRs and gravitational waves

The Electromagnetic Counterpart of the Binary Neutron Star Merger LIGO/Virgo
GW170817. I1I. Optical and UV Spectra of a Blue Kilonova from Fast Polar Ejecta

The Electromagnetic Counterpart of the Binary Neutron Star Merger
LIGO/Virgo GW170817. IV. Detection of Near-infrared Signatures

of r-process Nucleosynthesis with Gemini-South

I11. Early emission ~ ‘blue KN’: ~0.3 Msol ejecta @ 0.3c, lanthanide frac. <10™ => light r-process (A<140)
IV. Late (>2.5 d) ~ ‘red KN’: 0.04 Msol ejecta @ 0.1c, lanthanide frac.~10 => heavy r-process elements
— Consistent with NS merger (r<12km), favours NS as major contributors to r-process nucleosynthesis
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+ The Emergence of a Lanthanide-rich Kilonova
Following the Merger of Two Neutron Stars



GCR sources: gamma-rays and neutrino

A. Marcowith

* SNR are gamma-ray sources, but origin still uncertain (hadronic/leptonic)
Lemoine-Goumard & Renaud 2012

* Where are the PeVatrons (Cristofari et al 2013)?
* massive star clusters and superbubbles (Parizot et al 2004)
* galactic center (HESS collaboration 2016)
* young SNR (Schure & Bell 2013, Marcowith et al 2018)

* CTA should provide an answer (Cristofari et al 2018) and probe gamma-ray/neutrinos
diffuse emission (Neronov & Semikov 2019)

@‘10_10:_ Broadband emission from SNR of different ages
C}IE ; RX J1713.7-3946 (Funk 2015)
810" — Highest energies are obtained for the youngest
E by objects, with the fastest shocks
W . i, 7“5.;. .
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> l 1 S\ \ l! | — Oldest objects (W44, IC 443...) show a bump
W[ v | 11 associated with neutral pion production.
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Acceleration (theoretical) studies
A. Marcowith

— Strong progress from PIC, hybrid codes, and PIC-magnetohydrodynamics
(Marcowith et al 2016)

Survey of parameter space to test Fermi acceleration : 3 main parameters

* Shock speed (non- to ultra-relativistic).
* Magnetic field obliquity (orientation of ambient magnetic field wrt shock normal).

* Ambient (un-shocked) medium magnetization (ratio of magnetic to rest mass energy).
* Studies done for both electron-positron/ electron-proton plasma.
— [llustration from PIC-MHD (MHD for the fluid and PIC for non-thermal particles)

3D simulations of non-relativistic shock
(up = magnetic field, down = gas density)

— CRs injected upstream generate magnetic perturbations due to
their current : non-resonant streaming instability (Bell 2004, van

Marle et al 2018, 2019).

— Longest, to date, simulations of a 3D non-relativistic shock

— The shock front is strongly corrugated = CR back-reaction over
the flow and impact over the CR injection process.




Transport (theoretical) studies

A. Marcowith
— Progress from new theoretical ideas and also from hybrid and PIC-MHD
* Role of self-generated turbulence

* to explain spectral hardening ~200 GeV/n (Blasi et al 2012)
* around sources (Nava et al 2016, Brahimi et al 2019) => CR halos around pulsars and SNRs

* Role of CR anisotropy to constrain properties of the local ISM turbulence (Giacinti & Kirk 2017)

— Illustration of PIC-MHD resonant streaming instability (Bai, ... Plotnikov et al 2019)

107 : L .
: Linear growth rate of the resonant streaming instability

(3 different set-ups)

o 10% Bai et al (2019)

G

= 05 - black= left-handed polarized modes

- - red = right handed polarized modes

5 - solid = theoretical growth rate for left modes
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- dashed = theoretical growth rate for right modes.

— Linear growth rate solution well reproduced, saturation due to
CR diffusion (the instability is quenched)
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Summary and ‘recommendations’ for GCRs

Experimentally

* Should we participate to next generation GeV-TeV experiments (Aladino, AMS-100)?
* Should we participate to gamma-ray GeV-TeV LHAASO experiment
* Should we support more MeV mission?

Phenomenology/theory

* Improve contacts between phenomenologists in the GeV-TeV and in the EeV domain

* IN2P3 has strengthen its support to theory in particle physics and DM research. But the
theory to study CR acceleration/propagation is not yet fully recognized.

* Increase the support to numerics through code development and exploitation (e.g. for CTA)

* Develop the links with other communities involved in particle acceleration problems (space
physics in the perimeter of INSU), power laser physics (INP/CEA).



1. GCRs

- Gamma rays (including CTA)




Number of sources

CTA: a bright (soon to be) future

De Naurois & Mazin, arXiv:1511.00463
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— Better energy coverage
— Better angular resolution

— Better sensitivity




Gamma-ray targets for DM indirect detection

2. Dwarf spheroidél galaxies:
clean and among best targets

B i

1. Galactic centre:
.. dominated by astro. bkgd

’

o R

3. Around Galactic centre; \
better than dSphs for IACTs |

-~

4. G-alaxy clusters: Iih1ited )%
astro. background (to be detected)

3. Dark halos blind searches:
complementary to dSphs

3"

5. Diffuse
extragalactic...
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Even simple targets require complex approaches

(memmEsssssssssssssssssssssa=s Numerical Simulations (eg--=-=-===========ceccccecca=- ;
=== - DM-only, hydro, MHD - . T ISLIITT I :
' - Grid, mesh, hybrid h | | : :
ot - Zoom-in techniques Damping CDM/WDM ! ]
T (Mass cut-off) | yeccceemEEEr T T T - == ) :
3 Census | .| Ultra-light ' :
t SDSS 1| axions (zeV) ' :
T LSST \\ . ' ]
T DES Photo-J Sterile v (keV) ' ]
1, 1 1
t .‘ : [ WIMP (GeV-TeV) |» SIDM |} E
E Baryons Light : (+ s-wave, resonance..) 1
.| Morphology | | profile \ Y A E !
. Metallicity ? DM WIMP vs | __—¥1 MOND | !
: Populations | — oo | | army narey Lol e ™ non-WIMP "= as !
:__ ‘ dSph5_= Jeansv - p(r]!M{r] ‘_'._________________________'_“ _____ 1
etc. and/or ' e . -
C Mo *.‘ + direct detection + colliders ;
¢ J-, D-factor ‘& + Indirect detection 7%
A Targets: MW, clusters, CMB...
g : Methods: stacking, X-correl...
: Backgrounds: depend on target
: h
B'asies \
. « Multi-wavelength/messenger
Contamination ‘ & -
— F“"eg'f“””_d stars -t - (Indirect)® Indirect {Eﬂaé}
Binaries - L e
(e.g. ACTA) || (e.g. XMM) || (Fermi-LAT, CTA)

Mock data



2. PBH



https://arxiv.org/abs/1511.00463

Primordial black holes with ‘HE physics’

B. Carr talk
“High”(Stellar)-mass PBH Low-mass PBH
10 — 100 M, | 10~1% — 1071 M
Mechanism: Gas accretion onto . Mechanism: Emission of charged
(P)BH* . cosmic rays and photons at low
Probes: Radio (GHz), X rays (keV) | energies via Hawking radiation”
Exp: VLA, Chandra, NuSTAR . Probes: Extragalactic gamma rays,

' electron/positron yields (sub-GeV)
| Exp: EGRET, Voyager, AMS02,
-~ Fermi-LAT

* Complementary to CMB and other cosmological bounds

'|I !

gamma ray X-ray ultraviolet  visible infrared  microwave radio
Francesca Calore 3 CNRS, LAPTh




Small window to explain all DM?

A. Arbey
Marco Cirelli (2016) MACHO or PBEH mass Mi&é%lar masses
10~V 10~ 10-% 10-5 1 4 10° 10" 1078
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Figure: fraction of PBHs as dark matter, as a function of their mass. The
colored regions correspond to different exclusions [2]. It was noted in [4] that
PBH formation in clusters may strongly influence these constraints.


http://adsabs.harvard.edu/abs/2016JCAP...09..047H
http://adsabs.harvard.edu/abs/2015PhRvL.115w1301A

Best limits from CRs and gamma-rays

A. Arbey

PPBH/ PDM
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Summary for PBH

— From the proposal (more than DM indirect searches)
[my fault for only having this, probably more from A. Arbey in discussions]

[...] we propose that IN2P3 gets more strongly involved on studies and
searches for black holes



3. DM with LSST




[.SST basics

J. Cohen-Tanugi

A stage-1V survey

— 8.4(6.7)m telescope (Cerro
Pachon, Chile)
— 3.2 Gpix camera 9.6°FOV
— 0.2 pixel/0.7”’seeing
— First Light 2020
Survey 2022

A synoptic survey

— Southern sky (18000°) every 3 days

— ugrizy bands (r~24.4/visit)

- 2800 visits everywhere (all bands)

— Dynamic time range from sub-minute (hard to
use in practice) to 10 years (survey duration)




[.LSST — technical contributions
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LSST — Data management system

J. Cohen-Tanugi

” LSST Alert

Raw Data: 20TB/night A Prompt Data Products = (B\ via nightly alert streams dd___ Filtering Service
e Sequential 30s images Alerts: up to 10 million per night ~ _J %~ - — “‘“——-___ Community
g covering the entire visible o - - e Brokers

sky every few days Raw, calibrated, and difference e ~
images and their source and via Prompt Products
object catalogs E4h Database

Solar System Objects: ~ 6 million LSST DAC (NCSA)

—
Data Release Data Products Independent DACs

(iDACs)
Final 10yr Data Release: @ e T,

* Images: 5.5 million x 3.2 Gpx
. = Catalog: 15PB, 37 billion objects i

Data reduction, storage, management, and accessibility constitute a major
challenge

Take away message : LSST is a telescope, a baseline cadence, and a computing
framework for science!



Science collaborations in LSST

J. Cohen-Tanugi

Note : the LSST project is not in charge of science

* Galaxies

* Stars, Milky Way, and Local Volume

* Solar System

* Dark Energy (DESC)

* Active Galactic Nuclei

* Transients/variable stars

* Strong Lensing
https://www.Isstcorporation.org/science-collaborations for further details

Dark Matter interest rose up within DESC, but clearly concerns several other
collaborations (actually Dark Energy as well)

Several Dark Energy probes actually also probe Dark Matter
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Dark Matter is now in DESC!

Probing the Fundamental Nature of Dark Matter with thé Cohen-Tanugi
Large Synoptic Survey Telescope
arXiv:1902.01055

The following people have contributed to or endorsed the LSST dark matter science case as presented here:

Contributors: Alex Drlica-Wagner'->*", Yao-Yuan Mao*", Susmita Adhikari’, Robert Armstrong®, Arka Banerjee’’,
Nilanjan Banik®?, Keith Bechtol'?, Simeon Bird'!, Kimberly K. Boddy'?, Ana BDHHC&I 3, JoBovy'4, Matthew R. Buckley'”
Esra Bulbul'®, Chihway Chang’?, George Chapline 16 Johann Cohen-Tanugi'’, Alessandro Cuoco'®!?, Francis-
Yan Cyr-Racine®”?!, William A. Dawson®, Ana sz Rivero?®, Cora Dvnrkmz” Denis Erkal®?, ChI‘lSlD—

pher D. Fassnacht> , Juan Garcia-Bellido**, Maurizio Giannotti*>, Vera Gluscevic®, Nathan Golovich®, David Hendel '*,
Yashar D. Hezaveh®’, Shunsaku Horiuchi*®, M. James Jeezv’ 2% Manoj Kaplinghat’’, Charles R. Keeton'r"
Sergey E. Koposov-!: k) , Ting S. Lll'“ Rachel Mandelbaum®> Samuel D. McDermott', Mitch McNanna'’
Michael Medford***, Manuel Meyer’, Moniez Marc™, Slmona Murgia™, Ethan 0. I*Jzu:lli::f5 3% Lina NEClbﬂ
Eric Nuss'’, Andrew B. Pace™, :‘\nnlka H. G. Peter’®***! Daniel A. Polin*’, Chanda Pres.cod Weinstein®?,
Justin 1. Read®?, Rogerio Rosenfeld****, Nora Shipp’, Todhua D. Simon®, Tracy R. Slatyer*®, Oscar Straniero
Louis E. Strigari*®, Erik Tollerud*®, J. Anthony Tyson>?, Mei-Yu Wang’!, Risa H. Wechsler> 7'“, David Wittman?>?
Hai-Bo Yu'!, Gabrijela Zaharijas*’

-w

Endorsers: Yacine Ali-Haimoud®?, James Annis', Simon Birrer’!, Rahul Biswas’?, Jonathan Blazek”,
Alyson M. Bmol{ah, Elizabeth Buckley-Geer , Regina Cdputﬂid, Eric Charles’’, Seth Dlgelbi 7. Scott Dndelann“,
Brenna Flaugher], Joshua Frieman"?, Eric Gawiser'”, Andrew P. Hearin”’, Renee Hlniek]""ﬁﬁ, Bhuvnesh Jain‘:'?,
Tesla E. Jeltemaﬁﬁ, Savvas M. Knushiappasjg, Mariangela Lisantim, Marilena LoVerde®! . Siddharth Mishra-Sharma’
Jeflrey A. Newman®, Brian NDrd1‘2'3, Erfan Nourbakhshﬂ, Steven Ritzjg, Brant E. Robertsnnﬁg, Miguel A. Sanchez-
Conde? %2, AnZe Slosar®, Tim M. P. Tait®", Aprajita Verma®, Ricardo Vilalta®, Christopher W. Walter®®,
Brian Yanny', Andrew R. Zentner*
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Dark Matter probes in the LSST sky

J. Cohen-Tanugi

* Minimum halo mass
— Satellite galaxies
— Stream gaps

— strong lensing
* Halo profiles

— dwarf galaxies as lenses
— Galaxy clusters
* Compact object abundance
* Anomalous energy loss

* Large scale structure



Dark Matter Fraction
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Microlensing forecast with LSST
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CMB

Compact Object Mass (M)
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Reach could be further extended with fast observing cadences in dense stellar fields



LSST and machine learning

* There is a very basic level where ML is used in the context of LSST
— Star/galaxy separation
— Photometric classification
— Photometric distance (photo-z) estimation

— Deblending

— At the bright end, this is easy : Gaia!

— At the faint end, this is hard (small galaxy vs point-like source?)


https://www.lsstcorporation.org/science-collaborations

[llustration of deblending

SCARLET Residual

SCARLET https://github.com/fred3m/scarlet is
state-of-the-art non-ML alg around

Neural Nets are closing in

How to efficiently incorporate external
observations when LSST dataset is already so
large?




LSST conclusions/prospective

[LSST has a very rich potential for Dark Matter search
— From stars to large scale structure

— and from static to multi-timescale transient sky

Dark Matter search needs Machine Learning to deal with larger and more
complex/heterogeneous data

— and clearly the low hanging fruit season is over....

— Many areas are still ML-R&D !

Thus there is every reason to believe that LSST will open new avenues in
utilising Machine Learning techniques for constraining Dark Matter nature

But this has not (yet?) been concretely investigated, so let’s get started!



4. Conclusions




General conclusions / perspectives

Evolution in the last 20 years

1) For all astro-particles and DM studies, evolution from ‘single messenger’ to
* Multi-wavelength
* Multi-messenger
* ... and now multi-probe

2) All projects, for best scientific return, always involve
e Multi-scale physics
* Inter-disciplinary (astro/particle/nuclear/plasma physics)
* Inter-institute (IN2P3/INP/INSU...)

3) At any level (data analysis, modelling, interpretation)
* Heavy numerical simulations (GCRs and DM)
* Machine learning

So what?

— No single institute has all the manpower/competences
— Many excellent student who could lead the field in 5 yrs do not fit in the ‘institute’ boxes

Possibilities
- GDR ‘dark matter’?
— CNRS interdisciplinary committee?
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