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Topics	to	be	covered

✧ 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


✧ (Very) high-energy gamma-rays

✧ Probe some of the most violent 

astrophysical phenomena 
✧ SuperNovae (SN) & SuperNovae 

Remnants (SNR)

✧ Gamma-ray bursts (GRB)

SN1987a

Centaurus A



Cosmic	ray	energy	spectrum

(Charged particles continuously bombarding Earth)



Cosmic	ray	energy	spectrum

Rapidly falling energy spectrum 
Different sources according to the energy

?



Different	experimental	techniques	vs	energy

?
Large	ground	detector	arrays

Detectors	above	Earth	atmosphere







Extensive	Air	showers



We can see the cosmic rays !

Cosmic	Ray	Interactions	in	a	Cloud	Chamber

(Pic	du	Midi,	2877	m	altitude)
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Spark	chamber	@	LIP



Understand high-energy Universe

Production (sources; acceleration 
mechanisms…)


Test particle physics at energies 
above the LHC

Ultra	High	Energy	Cosmic	Rays
E	~	1019	-	1020	eV

ECM~	100	TeV

High-energy interactions 



Area: 3000 km2


Located in the Pampa 
Amarilla, Mendoza, Argentina


 Altitude: 1400 m a.s.l.

Pierre	Auger	Observatory

~ 60 km









Hybrid	Technique



Very-high-energy	cosmic-ray	flux



Greisen,	Zatsepin,	Kuz'min	effect

✧ GZK cuttoff (1966): 
✧ E ~ 1020 eV  : ECM> mΔ= 1.23 GeV 
✧

CMB		T	=	2.7	K	



Dipolar	anisotropy

UHECRs coming from outside our galaxy !

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

Galactic	center

Map	of	arrival	directions	for		E	>	8	x	1018	eV	



Composition	vs	Hadronic	interactions

Tension between data and all hadronic interaction models 
—> calls for an independent direct measurement of the number of muons

1.0

Motivation Muons measurement

Number of muons

Muons constitute one of the best links to the hadronic interactions in the
EAS since these are created in the decay of the shower hadrons

• The WCD measures a combination of
the di↵erent components of the
showers

• The muonic component is determined
indirectly, introducing significant
uncertainties

• Auger’s results show a muon deficit in
simulation (or muon excess in data)

• The results call for an independent
direct measurement of the muon
content

PoS(ICRC2019)404

Measurement of the fluctuations in the number of muons in inclined air showers Felix Riehn

Figure 4: Shower-to-shower fluctuations (left) and the average number of muons (right) in inclined air
showers as a function of the primary energy. For the fluctuations, the statistical uncertainty (error bars) is
dominant, while for hRµi the systematic uncertainty (square brackets) is dominant. The shift in the markers
for the systematic uncertainty in the average number of muons represents the uncertainty in the energy scale.
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Figure 5: Left: Comparison of the measured fluctuations of the number of muons as a function of the
primary energy with the expectation derived from hadronic models and the CR composition from the fit
of four primary mass components to the measured Xmax-distributions [21, 22]. Right: Average number of
muons as a function of the average depth of shower maximum at 1019 eV.

hadronic interaction models [18, 19, 20]. The measured fluctuations seem to slightly decrease with
the primary energy. Fitting p0 + p1 log10(E/eV) to the fluctuations, we find a significant non-zero
value for the slope with p1 = �0.11±0.04.

In addition to the fluctuations, we also obtain new results for the measurement of the average
number of muons. The results are shown on the right in Fig. 4. Note that in the figure, hRµi
is divided by the factor (E/1019 eV). In contrast to the fluctuations, the measurement here falls
outside the range of the predictions from simulations (see also the discussion in [4]).

For the parameters of the energy evolution of the number of muons, hRµi = a(E/(1019 eV))b,

6

F. Riehn, Measurement of the fluctuations in the number of muons
in inclined air showers with the Pierre Auger Observatory, ICRC2019
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The	future	in	Auger

✧ 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

AMIGA

M
ARTA

Auger PRIM
E SSD



The MARTA project

MARTA Engineering Array

Engineering Array

• An engineering array of seven MARTA stations
is being installed in the Infilled’s 750 m array

• Its main goals are to study the MARTA
concept, how useful the combined
measurement can be, and assess the RPCs
performance in the field

• It can also be used to cross-calibrate other
detectors in the same region of the array:
AMIGA, AERA and the SSD

• The array will not interfere with the normal
operation of the standard SD array

• The MARTA EA will measure mostly events in
the second knee region of the spectrum, with
energies between 1016.5 eV and 1018.5 eV

area = 1.46 km2

750 m

With triggered MARTA stations

With core inside MARTA hexagon

Ricardo Luz MARTA’s readout 30/01/2020 31 / 61
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Data	acquisition	electronics	developed	@	LIP
Resistive	Plate	Chambers	developed	@	LIP



(Very) High Energy Gamma Rays
✧Astrophysical 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 
✧…



z<x´´´

p

γ
ν

protons	are	deflected	by	the	galactic	
magnetic	fields


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


neutrinos	travel	in	straight	lines	but	are	
very	difficult	to	detect

Complementarity



R. Conceição

Multi-messenger observation of a Binary Neutron 
Star Merger

✧ 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

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



How	to	detect?

Satellite



How	to	detect?

Satellite

Cherenkov

Telescopes



How to detect?

Satellite

Cherenkov

Telescopes

Extensive Air 

Shower (EAS)

arrays


Primary particle of

low energy     high energy

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



A picture of the sky in VHE Gamma-Rays

At E > 10 GeV we can observe the most extreme processes of the Universe: relativistic particles 

that strike our Galaxy, jets fired by Super Massive Black Holes and cosmic explosions known as 
Gamma Ray Bursts

Ajello et al. (2017, ApJS, 232, 2)



VERITAS

HESS

HAWC

VERITAS

								Built	IACT

								Built	Array

								Planned	IACT

								Planned	Array

LHASSO

Looking	at	the	VHE	gamma	sky
RPCs

WCDs

MAGIC

ARGO

CTA

CTA



VERITAS

ARGO

VERITAS

LHASSO

RPCs

HAWC

WCDs

Presently	no	large	FoV	EAS	gamma	observatories	in	the	South	!



VERITAS

ARGO

VERITAS

LHASSO

RPCs

HAWC

WCDs

SWGO



VERITAS

ARGO

VERITAS

LHASSO

RPCs

HAWC

WCDs

SWGO

Galactic Center



VERITAS

SWGO Complementary to the powerful  
Cherenkov Telescope Array project



Current	Wide	FoV	Gamma-Ray	Observatories

A	window	to	be	opened	!	But	a	big	challenge…		
➢ Find	new	technological	solutions;		
➢ Develop	novel	data	analysis	methods;	



SWGO
Southern	Wide-field	Gamma-ray	Observatory
Energy	range	100	GeV	–	100	TeV	
High	altitude	in	South	America	
Based	on	Water	Cherenkov	Detectors	
▪

✧ 80000 m2 compact array

✧ 220 000 m2 sparse array

Possible	WCD	layout



SWGO	Collaboration
Next	3	years	R&D	programme	to	develop	the	detectors	design,	choose	site,	…	



Site?

24

Laguna	Sibinacocha,	Peru

ALPACA	site
near	Mt	Chacaltaya,	Bolivia

CUBIC	site,	Salta,	Argentina

Chajnantor region,	Chile

4.9	km

5.0	km

4.8	km

4.7	km

Several	possible	sites…



Prospective	gamma-ray	sky	view



✧ Gamma-ray bursts 
✧ SWGO as a finder for VHE 

bursts

✧ Triggers for CTA


✧ Flaring Active Galactic Nuclei 
(AGN) 
✧ Bright AGN flares detectable on 

short timescales with SWGO 
✧ Long-term monitoring  

✧ Large scale Galactic emission 
✧ Fermi Bubbles 
✧ Halos around CR accelerators

GRBs

33

¤The big news of 2019 
ª 3 GRB detections -

HESS+MAGIC
ª Emission up to ~TeV

established
ª Emission deep in to afterglow
ª All Swift-BAT triggers

¤Most GRBs are not well 
localised
ª BAT FoV is 1.4 sr
ª SWGO as finder for VHE 

bursts àtriggers to CTA
¤Also GW error boxes…

z=4.3, E>30GeV, 0.1 sec time bin
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HESS

Swift X-ray Lightcurves

Flares
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¤Bright AGN flares 
detectable on short 
timescales with SWGO

¤Triggers to CTA
ª Better short-timescale 

sensitivity than Fermi 
ª Selection of highest energy 

events which are most 
promising for many CTA 
science cases (LIV, Axions, 
Hadron acceleration, …)

¤Long-term monitoring 
with SWGO

SWGO	Scientific	potential



Summary

✧ (Multi)-Messengers from the Universe


✧ Gain a deeper understanding of the dynamics of 
our Universe


✧ Highest-energy particle beams available at Earth


✧ Several ambitious projects in which LIP participates



R. Conceição

Backup slides


