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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
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What is Astroparticle physics?

¢ Particle Physics + Astrophysics/
Cosmology

+ Study the properties o Study Universe's
of matter and evolUtion and
interactions surrounding

astrophysical objects
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Astroparticle physics

Particle phyiscs
soisAydouisy

omo/ogy

Understand the dynamics of our Universe through the radiation/particles
collected at Earth
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Cosmic ray energy spectrum

103

10° I 2 i

1073
10°¢

10°°

Fmtsr s GeV)'

|0-|2
| m'2yr"I

Io—IS
Io—|8

Io-2|

I kM2 -
|0—24 m yr‘

10727

10° 1o'! 10'3 10'> 10'7 10'° 102!
E (eVv)

(Charged particles continuously bombarding Earth)
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Cosmic ray energy spectrum

103

10° I 2 i

1073
10°¢

10°°

Fmtsr s GeV)'

|0-|2
Io—IS
Io—|8

102!

1 0—24

10727

10° 1o'! 10'3 10'> 10'7 10'° 102!
E (eVv)

Rapidly falling energy spectrum

Different sources according to the energy
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GZK effect

A practical example of how astroparticle physics works...
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SR
EY[é;eV] o 1
+Discovery of the A +Discovery of the
baryon in accelerator  cosmic microwave
measurements background

ruben@lip.pt



GZK eftect

+ GZK cuttoff

+ QGreisen, Zatsepin,
Kuz'min (1966)

+ Cosmic ray interaction
Wlth CMB P+ voeuB — A-l— —>])—|—7T0

+ Energy loss process p+ycms — At = n+ 7t

+ Prediction: CR energy $ Wt \Protons
spectrum should have a :
cutoffaround E ~ 102%eV % |

s b Ty
(Cronin, TAUP 2003)

Propagation Distance (Mpc)
ruben@lip.pt



UHECR energy spectrum

E /eV Pierre Auger Collaboration
1018 1019 1020
~—~
i o T d
5 10 "RRZ8s g0, _--3HAES
Iy oo, “'5?5'5‘2?5?‘ _Z
= *eee o ‘o°‘.‘
o0 ®
o ® o0
=
R,
o
>
< 10%7
~
—~~
@ Cutoff
—
N
SN ® Auger (ICRC 2017)

17.5 18.0 18.5 19.0 19.5 20.0
Ig(E/eV)

(Suppression could still be due to the source exhaustion)
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Neutrino oscillations

Yet another, more recent, example...
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Solar Neutrinos

+ Standard Solar Model

+ Built upon our
knowledge over:

¢ Solar dynamics
4+ Interaction cross-sections

+ It was noted since the
60's that the prediction
of the flux of solar
neutrino exceeded the

observations

ruben@lip.pt

lines, cm

at 1 AU (em™2 s™!MeV ™) [for

Flux

The structure of the Sun

Neutrino energy (MeV)



Neutrino oscillation

NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)
THE SUN ONTARIO, CANADA

PROTECTING ROCK l

2100 m

Electron-neutrinos
are produced in the
Sun center.

Both electron neutrinos
alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

SNO

¢+ Neutrino oscillation was found while trying to solve the Solar
neutrino problem

+ Nobel prize 2015 (A. MacDonald [SNO] ; T. Kajita [Super-
Kamiokande])
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Astroparticle physics allows to test
our Universe combining particle
physics with astrophysics

What are our probes?

ruben@lip.pt
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PhotOhs other wavelengths
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1000 m =1 km+
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Radio waves

)

¥
0
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I\/Iess'en'g”ers from the Universe -

.

CHANDRA X-RAY

GALEX ULTRAVIOLET

CARTWHEEL GALAXY

SPITZER INFRARED

.o

Multi-wavelength astronomy
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Joi Testthe d 'harﬁ':ics of o(J_r gosinGs < 5, Y
. Charged Gravitational
“ . .cosmic rays waves
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Complementarity

gammas travel in straight lines but can be
\ absorbed in the way

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

+ (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




&Astrophysical ga:m»r-nadrays | g e
. +Energy region of interest from GeVs to hundreds TeVs |




(Very) ngh Energy Gamma Rays'

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

i +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)
+ Testfundamental properties of quantum gravity
3t




How to detect?

Satellite



\ How to detect?

Satellite AN




\ How to detect?

Primary particle of

<« low energy high energy —»

Satellite

Extensive Air
Shower (EAS)
arrays

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



@® Built IACT
Built Array

(O Planned IACT
Planned Array




What we know so far...

+ Protons are known to be
accelerated in the galaxy
up to PeV energies (E =
101> eV)

+ All current acceleration
models encounter non-

trivial difficulties at these
energies

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

¢+ Fermi bubbles- gamma
ray emission in outbursts
from our galaxy
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The future...

+ Higher sensitivity experiments

glanned to be built in the
outhern Hemisphere T
+ CTA ’
¢+ LATTES (LIP w/ leading role)... 3"
R e e
w0t 1w 1ot éé[ze\/] o
Galactic Coordinates Equatorial Coordinates
90, S0,
80, 50, ‘8 50, 50 ‘&g
30, . * : 30, 30, 30,
S 0 9 . $ 0 N & 0. o . s 0 2
-30, . - -30, -30, P 14}
50, o -8, S 60, > A9, L80,
-90, -90,
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The future...

+ Higher sensitivity experiments
Elanned to be built in the
outhern Hemisphere

+ CTA
¢+ LATTES (LIP w/ leading role)...

¢+ Detect and follow transient
phenomena
+ Large field of view
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The future...

+ Higher sensitivity experiments
Elanned to be built in the
outhern Hemisphere

+ CTA
¢+ LATTES (LIP w/ leading role)...

¢+ Detect and follow transient
phenomena
+ Large field of view

+ Look for dark matter at the

Ll
Moore

center of the galaxy
s NFW
107 Kravisoy - 3
Einasto F
10?
X /Y (?5 101 .................
WIMP Dark ~ > B N
Matter Particles = " i
Ecm~100GeV ’ 107" - X E
% \Y 102 - DM density profile AN
10_3 LU LU U UL [ U UL [ \:
102 107 10° 10' 10°

r [kpc]
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Ultra High-Energy
Cosmic Rays




Ultra High Energy Cosmic Rays

103
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Ultra High Energy Cosmic Rays

+Opportunity to understand high-
energy Universe

+ Production (sources:

+Propagation ( ...)

+Opportunity to test particle

ohysics at energies above the
LHC

¢+ E=10"eV =>sqgrt(s) ~ 130 TeV
+ Different
¢ Epeam Up to 108 TeV




Pierre Auger Observatory

i Ceritral
e Campus....

Loma Amarilla

....................
oooooooooooooo

Los Leone

70
[km]

60

50

Area: 3000 km?

Located in the Pampa
Amarilla, Mendoza,
Argentina

Altitude: 1400 m a.s.l.
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Pierre Auger Observatory

gl ., .
Ve B &
" & = .\\\»A
A SN NE —

» ~ 1600 Surface
Detector (SD) Stations
* 1.5 km spacing

* 3000 km?

Low energy
extension

+ Aimto E = 1017 eV

+ AMIGA

+ Denser array plus
muon detectors

+ HEAT

* 4 Fluorescence Detectors (FD) ¢ 3 additional FD
telescopes with a

* 6 x 4 Fluorescence Telescopes high elevation FoV
ruben@lip.pt 44
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Hybrid Technique
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Loma Amarilla 2 & Losleones 4oy
= -®- Los Morados : 'E-,
Coihueco 2 16 O
A 2 1
e )
— Ay g Ji2 X < 20 g/cm2
3 = g Ay <10g/cm
- Los Morados < 1o

-18
] Xmax

s 10 ;
w - 2 .
> - %2/ NDOF: 16.769/ 16 dE
El . Ecal = f_XdX
S 10° d
5

102;— O'E/ENS%

10 =

E \H\‘\\H‘HH‘HH‘HH‘HH
N 0 10 20 30 40 50 60

PRI S S [ SR SR S S NN TR S ST SR RN ST S ST S H S S S
"nn 1000 1500 2000 2500
r[m] dE/dX [PeV/(gcm]

81 000 Esurface — f(S10007 9)



What have we learned so far...
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What have we learned so far...

+ UHECRs are accelerated:

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

¢+ Outside the galaxy

Science 357 (2017) no.6537, 1266-1270
0.46

ruben@lip.pt



Composition vs Hadronic interactions &

1.0

o Eros LHC E=10YeV 6 = 67° o,

0| O QGSIETII-04 | /
. ©1 ¢ QGSJET 11-03 — P 4/‘;*"/‘/)7;@ .
& ¢ QGSJETO1 Avoer J/ / P B
D / \/ A/'D qu"};[
Q ; A'. Vs i L
o |

V' 4 y

qr_U I* 4 L ? ‘¢ 4
Z A

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

Fluorescence Detector

Combination of the number of muons R, with X, reveals
tension between data and all hadronic interaction models
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The future of UHECRs...

+ Gain better understanding over
the shower physical mechanisms

+ Use LHC data to bettertune the
hadronicinteraction models at low

energy

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

¢ Complementaryinformationto
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
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Multi-messengers

The opening of a new era...
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Multi-messenger observation of a
Binary Neutron Star Merger

GW (90% CL)
NGC 4993
neutrino candidate (IceCube)
neutrino candidate (ANTARES)

= IceCube horizon
ANTARES horizon

[ ]Auger FoV (Earth-skimming)

[ JAuger FoV (down-going)

¢+ Non-detection of high-energy neutrinos correlated with
the Gravitational Wave (GW)

+ Observations consistent with theoretical expectation

ruben@lip.pt




Multi-messenger observation of a
Binary Neutron Star Merger

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 https://doi.org/10.3847/2041-8213 /aa91c9
© 2017. The American Astronomical Society. All rights reserved.
CrossMark

Multi-messenger Observations of a Binary Neutron Star Merger

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
Telluride Imager Team, IPN Collaboration, The Insight-Hxmt Collaboration, ANTARES Collaboration, The Swift Collaboration, AGILE
Team, The 1M2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DLT40 Collaboration,
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
Array, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboration, MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, KU Collaboration, Nordic
Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT Group, TOROS: Transient Robotic Observatory of the South
Collaboration, The BOOTES Collaboration, MWA: Murchison Widefield Array, The CALET Collaboration, IKI-GW Follow-up
Collaboration, H.E.S.S. Collaboration, LOFAR Collaboration, LWA: Long Wavelength Array, HAWC Collaboration, The Pierre Auger
Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill University, DFN:
Desert Fireball Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT
(See the end matter for the full list of authors.)

Received 2017 October 3; revised 2017 October 6; accepted 2017 October 6; published 2017 October 16

+ Paper appeared in arXiv in October 2017
+ Already with about 350 citations
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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° \ l Swope +10.9 h
LIGO/ 2 — ;

Virgo

-~

/ Fermi/ ‘ i ’
o , GBM — E

16h 12h gh

IPN Fermi /
INTEGRAL

-30° -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. Conceicao



Multi-messenger observation of a
Binary Neutron Star Merger

Fes

[T~ SALT
(o) l\ “"y‘x‘h'""" ESO-NTT
12 ’ SOAR
e, ESO-VLT
A ""'---..A................-

/
oA =14
INTEGRAL/SPI-ACS!
24

400 600 1000 2000

+ Observe the same
phenomenon with

normalized F,

counts/s (arb. scale)

t-t(s) : . ° wavelength (nm)
different instruments =
y-ray N
X2y,

+ Follow the evolution —

° ° Optlczal
IN time .\,\, i |
M1 tnufinm nild
PRAI0 - i o smon o s A5 o P a7 s \ nn
TR IR &1
¢ D oﬁ Wo 102 107 e (6o ‘100 10|
t (s -1, (days; \

I e re n 1M2H Swope DLT40 VISTA Chandra
wavelengths = Y 8
diff t kind of » '

I e re n I n O 10.86h i h|[11.24h ; YJK; 9d X-ray

MASTER

Las Cumbres J VLA

Interactions = |
different phenomena » . » ;

11.31h. W||11.40h iz/|11.57h w| |16.4d Radio
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Summary

+ Astroparticle physics (Multi-Messengers)

+ Use astrophysical messengers and known particle
ohysics 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 overfundamental physics
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Pierre Auger Observatory
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UHE Photons/Neutrinos

35t ICRC, PoS(2017) 517

Photons
".-:‘ L upper limits 95% CL GZK proton| -~ Z-burst
‘._>~ g [ GZKproton Il e D
= - .= SHDM |
o — —— - SHDM Il
E ] Y 2010 ™, HP 2000
= i, T jAe002
5101 s
L ;\LHy 2011 T RO
" ¥ ...... RETI 1
E N\ Hy 2016 I TA 2015 *\\
ERLE R R
2 S . T R
c 102 % $ NN o s
5 - < Tes
2 I LTS,
a - Tl
B - + e
Q ™~ ~_ l
c
IS SD 2015 -
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108 10" ”
E, [eV]

¢+ The absence of photons and neutrinos strongly
disfavorstop-down acceleration models

35t ICRC, PoS(2017) 972

Neutrinos

Single flavour, 90% C.L.

s _VolVuive=1:1:1

Cosmogenic v models
p, Fermi-LAT, Emm=1o19 eV (Ahlers '10)
. = p, Fermi-LAT, E_ =3 10" eV (Ahlers '10)

—
Q

=== = |ceCube (2015) (x

E2 dN/dE [ GeV cm?s'sr]

9

—
Q

Ruben Conceicéo

=iimn ANITA-II (2010) (x 1/3)

mm= Auger 1 Jan 04 - 31 Mar 17

113) p, FRII & SFR (Kampert '12)
[ p or mixed, SFR & GRB (Kotera '10)

XXX Fe, FRII & SFR (Kampert '12)

Astrophysical sources

— — AGN v (Murase '14)

ke

10%°

10?1

10



relative abundance

Composition fits to X,

35t ICRC, PoS(2017) 506
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More trouble for
Hadronic Interaction Models...

Phys.Rev.Lett. 117 (2016) no.19, 192001

2 ‘

¢+ Combined fit of energy scale

(Rg) and hadronic by §§\

component rescaling (R.q4) 2 2|

1 |

[Hybrid: SD + FD] I—

. 06 1 QllodMen o
¢ Depth of maximum of muon  o¢f oS0 8

0.7 0.8 0.9 1 1.1 1.2 1.3

production depth (X**_.,) o g

35t ICRC, PoS(2017) 398
A In(A)

< o9F L < o9 .
\E/ g ¢ Xm”ax Auger 2017 preliminary + \E/ 8 Auger 2017 preliminary
4 L X, ] .l. -
Fe 4 7+ S } 7+
6l EPOS-LHC P b 6/ QGSJet-11.04 + +
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4 4 e
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UHECRs dipole

Harmonic analysis in right ascension «
E [EeV] events amplitude » phase [deg.] P(>r1)
4-8 81701 0.0057) 505 80 + 60 0.60
>8 32187 0.04779055  1004+10 2.6 x 1078

Significant modulation at 5.2¢ (5.60 before penalization for energy bins explored)

1.1
1.08
1.06 -
1.04
1.02

N 2 360
0.98 -
0.96
0.94
0.92

Normalized Rate

{ data E>8 EeV ——+— :
| f|rst harmonlc )

0.9
360 300 240 180 120 60 0
Right Ascension [deg]

3-d dipole above 8 EeV:
(6.515:3)% at (o, §) = (100°, —24°) —
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Search for intermediate scale
anisotropy

preliminary

# events per beam

Observed Excess Map - E > 39 EeV
90

# events per beam

Model Excess Map - Starburst galaxies - E > 39 EeV
90 _

starburst
f=10%, ¢ = 13°
pre-trial* p-value: 4 x 107°
post-trial™ p-value: 4 x 10~°
post-trial* significance: 3.9 o

Observed Excess Map - E > 60 EeV

# events per beam

Model Excess Map - Active galactic nuclei - E > 60 EeV
90 __

# events per beam

f=T%, ¢ ="1°

pre-trial* p-value: 5 x 10~*
post-trial™ p-value: 3 x 103
post-trial™ significance: 2.7 o
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Two possible scenarios

Cutoff caused by GZK or photo- Cutoff caused by source energy
disintegration exhaustion
E [eV]
1018 10" 10%0 o5 Aloisio et al (2014)
| Auger 2013 preliminary 10 Yg=1-0, Emax=52X1618 eV ' gal e
-—l;-‘ 1038 ;.' AE/E =14% T_/\
S e, % 102
% T "o
q o
£ I o 107
N> 1037 - -7 - I E)/
] P —
—_ i I &
@ — Proton, B =2.6, m =0 m_J 1022
0,’? - Proton, p =235 m=5 Ll
N} —Iron, =23, m=0
ol @ Combined - 21 \
1017.5 18.0 18.5 19.0 19.5 20.0 20.5 10 1018 101 9 1020 1021
log,,(E/eV)

E (eV)

The UHECR composition is essential to understand
the spectrum features cause

Ruben Conceigao 1 1
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Complementary to the powerful
Cherenkov Telescope Array project

cta

cherenkov telescope array
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Requirements to build a Wide FoV
gamma-ray observatory
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+ Located in the
South

Hemisphere

+ Low energy

threshold:

+ High altitude

+ Next generation
detector concept




Requirements to build a Wide FoV
gamma-ray observatory

A + Located in the

107" South

O Hemisphere /

e

E 10712 + Low energy

A threshold:

L

L 1018 + High altitude /

+ Next generation
5 | . detector concept
107

10? 10° /

E [GeV]
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LATTES @ ALMA site

arge rray elescope for racking nergetic ources

+ Joint Brazil / Italy /
Portugal initiative

¢ Interest from Czech group & %&

+ Possible site:

Atacama Large Millimeter
Array site

Chajnantor plateau

5200 meters altitude in
north Chile

Good position to survey
the Galactic Center




The concept: a hybrid detector

S —_— e
—

WCDs + RPCs - -

RPCs : time and spatial resolution

WCDs: e.m. energy, g/h discrimination
and trigger

R. Conceigao



Array configuration

+ LATTES compact core array

¢+ 3600 LATTES stations
¢ Array of roughly 20 000 m?

R. Conceicao



Towards LATTES sensitivity...

Shower simulation

(CORSIKA)

Detector simulation

(Geant4)

Shower reconstruction
(LATTESrec)




LATTES sensitivity

(accepted to publication on Astropart. Phys.)
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LATTES concept can cover the energy gap between satellite borne and
ground base experiments

R. Conceicao



Muon content in air showers

+Muon EAS content is directly
related with the hadronic
shower component

¢+Through inclined showers is
possible to measure directly
the muon content (R,) in the
S D MC: p QGSJET I1-03

+ Electromagnetic shower .
component gets attenuated -

H

90°

180°

Almosphcrc -~ oo - 2253" | .3150

270°




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




What is measured?

30

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

+ ~15% duty cycle
+ Energy from integral
+ Quasi-calorimetric measurement
¢+ Depth of shower maximum (X,..,)”
s Composm sen‘_.l;uve,,m e

RRNN N s

25

elevation [deg]
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What is measured?

+SD: Sample the
charged secondary
particles that arrive at
ground
+100% duty cycle

+Shower direction:
from arrival time

+ Energy estimator: :
signal at 7000 m from
the core ’

Signal [VEM]

3L
105 30 32 34 36 38 40 42 44 46 48

x [km]

10

500 1000 1500 2000 2500 3000 3500
r[m]




Combined spectrum + comp fits
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Explore hybrid events

+Combined fit of energy
scale (Rg) and hadronic

component rescaling
(Ri...)

—_ (0%
Sresc(RE, Rhad)i,j = RE SEM,ij+Rhad RE Shad.i,j

S [VEM]

+Findings:
+No need for an energy
rescaling
+Hadronicsignal in data is
significantly larger with
respectto simulations

I:‘had

Model RE Rhad
QII-04 p 1.09 +0.08 = 0.09(1.59 + 0.17 £ 0.09
QII-04 Mixed|1.00 £0.08 £0.11|{1.61 £0.18 £0.11
EPOS p 1.04 +0.08 &= 0.08|1.45 + 0.16 £ 0.08
EPOS Mixed |1.00 £ 0.07 £ 0.08{1.33 £ 0.13 £ 0.09

Total —e—

Pure Muon —=— |

Pure EM ——
EM from pu Decay

EM from Had. Jet -~ T
u from Photprod. ------

Syétematic Uncert. 1 1

i Qll-04p e
i Qll-04 Mixed o
{ EPOS-LHCp =
EPOS-LHC Mixed O

0.8 0.9 1 1.1 1.2
Re

1.3




Mass composition interpretation

number of charged particles N, / 10’

§o - N W &t o o = : EPOSI-LHC ) Fﬁ — 1
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= |
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© r = !
; H N . E. 500 600 700 800 900 1000
g = = xmax [glcm2]
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+ Interpretation of the X, distribution in terms of mass composition &
+ Proton showers have deeper X, than iron induced showers i
¢ Xmax fluctuates more for proton induced showers




