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What is Astroparticle physics?
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What is Astroparticle physics?

+ Particle Physics

+ Study the properties
of matter and
Interactions

ruben@lip.pt



What is Astroparticle physics?

s Particle Phygics + Astrophysics / Cosmology
+ Study the properties ¢ gf,%(?gt%?]'\éirjes
of matter and surrounding

nteractions astrophysical objects

ruben@lip.pt



Astroparticle physics

Particle phyiscs
so1sAydo.isy

Cosmology

Understand the dynamics of our Universe through the radiation/particles collected at Earth

ruben@lip.pt
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| I\/Iessengers from the
| Photorgs other Wavelengths e 8
. .' : 4, : ] o R o Multi-wavelength astronomy

CHANDRA X-RAY

GALEX ULTRAVIOLET

Radio waves

HUBBLE VISIBLE

SPITZER INFRARED







Charged
cosmic rays




Charged
cosmic rays
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Charged

cosmic rays
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3 | Neutrinos |
L nger approach -

- Charged ravitational
-+ ‘cosmic rays waves




Complementarity

gammas travel in straight lines but can
N )
N be absorbed in the way

neutrinos travel in straight lines but
are very difficult to detect
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In this lecture...

SN1987a

¢ (Very) high-energy gamma-rays
+ Probe some of the most violent
astrophysical phenomena

+ SuperNovae (SN) & SuperNovae
Remnants (SNR)

¢+ Gamma-ray bursts (GRB)

+ Ultra high-energy cosmic rays
+ Universe greatest accelerators
+ Nature and origin still a mystery

¢+ Opportunity to do particle
physics above the human-made
accelerator energies

ruben@lip.pt



Very High-Energy
Gamma-rays
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Very) High En erg

+Astrophysical gamma rays
+ Energy region of interest from GeVs to hundreds TeVs :




(Very) ngh Energy Gamma Ra_ys“

<>Astrophy5|ca| gamma rays
+ Energy region of interest from GeVs to hundreds TeVs

.+ Scientific interest:

+Key to understand the acceleration mechanism of
cosmic rays in our galaxy

: : »

+Violent astrophysical phenomena: pulsars and black holes

+ Galactic magnetic fields

+Photon radiation fields in the Universe

+Indirect search of dark matter (WIMP interactions) ‘_

+ Test fundamental properties of quantum gravity

Sra e




How to detect?

Satellite



\ How to detect?

Satellite A~




. How to detect?

! Primary particle of :
i<— low energy high energy—» |

Satellite

7,

7
(==

Extensive Air_
Shower (EAS)

Arrays at high-altitude = large field of view + large duty cycle + low energy



What we know so far...

+ Protons are known to be —
accelerated in the galaxy up i
to PeV energies (E = 1015
eV)

+ All current acceleration
models encounter non- o= >
trivial difficulties at these | )
energies

+ HESS data suggests that
there might be a PeVatron
source in the galactic center

61.7

23.0

7.8

Galactic Latitude (deg.)

1.9

-0.5

-1.4

+ Fermi bubbles - gamma ray
emission in outbursts from

our galaxy

ruben@lip.pt
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Complementary to the powerful
Cherenkov Telescope Array project

EB 3 ¢

cta

cherenkov telescope array | #
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Current Wide Field-of-View
Gamma-Ray Observatories

P

o ~-11

)

>
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t.10—12

m

A

L .

[ 13
10 E LHAASO
10_14 — i

10? 10°
E [GeV]

R. Conceicao
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How to lower the energy threshold?

+ Put the experiment at
higher altitude

+Gamma-ray EAS arrays
have typically 20 000 m2

R. Conceigao 3 1



How to lower the energy threshold?

+ Put the experiment at
higher altitude

+Gamma-ray EAS arrays
have typically 20 000 m2

+ Itis possible to find sites
with =5000 m of altitude

+ Atacama desert, Northern
Chile

+ Can the detector concept
be improved?

R. Conceigao 32
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JOU ™v¢ TEWO WASRTEOL TV SELFE RADOS BLOGS NI SITES

NOTICIAS DESPORTO TELEVISAO RADIO RTPPLAY
Terca-feira, 2 Julho 2019

Ny L]
ULTIMA HORA Operagdo Antidoto. PJ detém médicos em buscas a consultérios Fuchal  24° Q5 = tv‘ 2 4
INiCIO NOTICIAS VIDEOS FOTOS DIRETO GUIATV DOSSIERS EUvi B

O C S Uttimas ~ Opinigo ~ Sociedade  Politica Economia  Intemacional Desporto ~ Motores Msica)

Investigagdes Alexandra Borges Investigagdes Ana Leal Deus e 0 Diabo Gente Que

2Jul. 201911048 DESPORTO PAIS MUNDO POLITICA ECONOMIA

,' & _ Portugal junta-se a oito paises para
construir observatério de raios gama nos

i Portugal junta-se a oito paises para FEEE R ® | oS
construir observatério de raios gama [ : , , o ,
2 L Sera o primeiro observe}tono de raios gama no hemisfério sul. Ja existe um do género, mas no
nos Andes hemisfério norte, no México

01 Jul, 2019, 07:24 | Mundo

pas _ e 2
- SIC NOTICIAS 1C MULHE! S C CARA ERNACIONAL SIC ESPERANCA (
€ non oo lgital Plataforma Ojoga Motor24 Men's Health Women's Health Evastes ValtazoMundo NM N-TV Delas

=] O @ 19 Diirio de Noticias s I c ‘;‘k PLASTICO NOSSO DECADADIA  POLIGRAFOSIC  E SE FOSSE CONSIGO?
’ ‘ -
noTIicCIAS NOTICIAS ~ OPINIAO PROGRAMAS GUIATV

LUSA

Portugal junta-se a oito paises para

construir observatodrio de raios gama nos ) o ]
Andes Portugal junta-se a oito paises para construir

7 . .
Lisboa, 01 jul 2019 (Lusa) - Portugal e mais oito paises juntam-se a partir de hoje numa colaboragdo internacional observatorlo de ralos gama nos Andes

para construir um observatdrio de raios gama na regido dos Andes, para procurar sinais de matéria escura no
centro da Via Lactea, foi hoje anunciado.

MUNDO

= 0 P P2 (PSILON CULTO FUGAS P3  CINECARTAZ

CIENCIA > ESPACO  MEDICINA  ECOSFERA

UNIVERSO

Portugal junta-se a oito paises para construir observatorio
de raios gama nos Andes

Empreendimento marcara a edificacao do primeiro laboratério de observacao de raios gama no hemisfério sul. Custo da
construcao estimado em, pelo menos, 50 milhoes de euros.

5
Lusa -1 de Juho de 2018, 2100 . @ OD@




Ultra High-Energy
Cosmic Rays
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Cosmic ray energy spectrum

103
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(Charged particles continuously bombarding Earth)
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Ultra High Energy Cosmic Rays

103
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Ultra High Energy Cosmic Rays

+Opportunity to understand high-
energy Universe
+ Production (sources;

+Opportunity to test particle

ohysics at energies above the
LHC

3Te

+ E=10" eV =>sqgrt(s) ~ 130 TeV

|\c}'9\_/|/o2'

1 km-2 century-!



Pierre Auger Observatory

Cenitral
Campus....

Los Leone

Loma Amarilla

70

[km]

60

50

40

30

20

10

Area: 3000 km2

Located in the Pampa
Amarilla, Mendoza, Argentina

Altitude: 1400 m a.s.l.

ruben@lip.pt
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Really big!!
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Pierre Auger Observator
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Pierre Auger Collaboration

Argentina

Australia

Brasil ﬂ
Colombia*

Czech Republic ﬁﬁ
France 3 *

Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

USA

—

Pierre Auger
Observatory

*associated

Auger Portuguese group at LIP

PIERRE
AUGER

OBSERVATORY

B Full members
Associate members



Pierre Auger Observatory

Data taking since 2004

Installation completed in
2008

...................
ooooooooooooooooooooooooooo
----------------
ooooooooooooooooo
oooooooooooooooo
ooooooooooooooooooo
------------------

Los Leone

v

/|3

~ 60 km

* 4 Fluorescence Detectors (FD)

* 6 X 4 Fluorescence Telescopes
ruben@lip.pt

40

» ~ 1600 Surface
Detector (SD) Stations

* 1.5 km spacing
* 3000 km?2

Low energy extension
+ Aimto E= 1017 eV
+ AMIGA

+ Denser array plus
muon detectors
+ HEAT

+ 3 additional FD
telescopes with a
high elevation FoV

45



What is mea ured'?

+ FD: Collects the fluorescence light
produced by the e.m. shower
component in moonless nights

¢+ ~15% duty cycle

N N W
o (4 o

elevation [deg]
o
T TTTT TTTT TTTT

-
o
TT[TTT

(4]
TTTT

o
TTT

+ Energy from integral
+ Quasi-calorimetric measurement

+ Depth of shower maximum (X )~

+ Composition sensmve iy AW
's J'f_':'“‘f“:-r- ans ! T,x/'i,/./

- ‘ A e
l\ \i ‘\ .‘ ‘_- . B ., '._ .. (‘ ” <
o "e v, o e e 0 T
b . . ", . * ra "

%

- s rss
.........
---------

i
t
:
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What is measured?

+Inclined events

+ Measure directly muons at
ground

+Muon Production Depth (MPD)

+ Use arrival time at ground plus
shower geometry to reconstruct
the muon production profile

Surface Detector

ruben@lip.pt
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What is measured?

+SD: Sample the
charged secondary
particles that arrive at |
ground Baf

oooooooooo
48

oooooooooo

46F o° o o o o o o o o o

° F o o o 0 o = ®@® o o o
+100% duty cycle R )
+Shower direction: from wp L

38__0 ooooooooo c‘c!c'oc‘o
arrival time

f' © 6 o 0 c o ¢ o © o o o o
36 -

ooooooooooooooo

34F ° ° ° ° © ©o ° o o © o o o
celaeyv ey byaplipi e biiplieiloribiiolip
‘o, 30 32 34 36 38 40 42 44 46 48

x [km]

r[m]

-
°i-

Signal [VEM]
e

+Energy estimator: signal
at 1000 m from the core

]
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Hybrid Technique
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What have we learned so far...
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What have we learned so far...

+ UHECRSs are accelerated:

¢+ somewhere in our Universe
+ from the photon and neutrino limits

+ Outside the galaxy
Science 357 (2017) no.6537, 1266-1270

0.46

0.38

ruben@lip.pt



Composition vs Hadronic interactions

1.0

© EpPOs LHC E=10YeV, 0 =67° o

0.8 o QGSJET 11-04 /
5 1< QGSJET I1-03 —_ _,4/,-,‘/“ < /*/7'/&\ -
+ 7% QGSJETO1 V2R
@ Auger ‘ / i
= 0.6 - [ o ] F e o ¥
v data v 0
o '/ i
3 i . A'. P
© yooosT Y
T / P
-
7 Y]

680 700 720 740 760 780 800 820
<Xmax> / g Cfn_2

Fluorescence Detector

Combination of the number of muons R}J with X reveals

tension between data and all hadronic interaction models
ruben®@lip.pt 52




The future of UHECRs...

+ Gain better understanding over the
shower physical mechanisms

+ Use LHC data to better tune the
hadronic interaction models at low
energy

ass IWIdd 198Ny

+ Auger upgrade
+ Auger PRIME (operates until 2025)
+ Put a scintillator on top of the SD

+ Complementary information to separate
the muon from the e.m. shower component

+ Several R&D projects
+ EAS radio detection

+ MARTA engineering array
+ RPCs below the tank

+ AMIGA

+ Scintillators below the ground

ruben@lip.pt



Multi-messengers

The opening of a new era...

ruben@lip.pt



Multi-messengers

1. Active galaxies

, Some f9ur billion yea.rs ago, an active

0 galaxy in the constellation of Orioffsent a
ghostly subatomic particle, called a
neutrino, speeding towards Earth. Active
-galaxies are large, elliptical galaxies with
~ an extremely bright core at its centre,

powered by a supermassive black hole.
They are an interes:ting target for
- multimessenger astronomy as they are
; expected to produce various cosmic
messengers: light of all wavelength,
charged and uncharged particles and

0. ¢ . even gravitational waves.

-

". . @e e continue L

https://multimessenger.desy.de
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Multi-messenger observation of a Binary Neutron
Star Merger

Joint publication of LIGO, VIRGO, INTEGRAL, Fermi, IceCube, Pierre Auger ..

BREAKTHROUGH

OF THE YEAR LIGO =

30° \\\\\¥ 1 Swope +10.9 h
LIGO/ “ — Y

Virgo

5, |

. N
Fermi/ ‘ . l
Ve 30//
o ' GBM E
16h 12h gh
DLT40-20.5d
IPN Fermi /
INTEGRAL
»
.
-30° —\ U -30°

+ Simultaneous observation of a Gravitational Wave + electromagnetic
counter parts

+ Allows to test the dynamics of our surrounding Universe

Study of transient phenomena in all energy regions is one of the main
ingredients

R. Conceigao



Multi-mmessenger observation of a Binary Neutron
Star Merger

+ Observe the same
phenomenon with
different instruments

+ Follow the evolution in
time

+ Different wavelengths
= different kind of

interactions = different

phenomena

|||||||

50
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Summary

+ Astroparticle physics (Multi-Messengers)

¢+ Use astrophysical messengers and known particle
physics to gain a deeper understanding of the
dynamics of our Universe

+ Rapidly evolving field

¢+ Lots of ambitious projects

+ Will soon provide important tests to our knowledge
over fundamental physics

ruben@lip.pt



Backup slides
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Improve detector concept!

¢+ Thin lead converter plate (Pb)
+ Improve shower geometry reconstruction

+ Resistive Plate Chamber (RPC)

+ Measure charged particles with high spatial and time
resolution

+ Water Cherenkov Detector (WCD)

+ Collect shower secondary photons/electrons to improve
trigger at low energy

R. Conceicao 60



The station

HAWC
(present detector) (next generation)

*caveat: R&D phase, which means that the detector concept continues to evolve...

R. Conceicao 61



