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Outline
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• Why Gamma-Ray Astronomy ?


• The scientific case: open problems in Cosmic Ray Physics 


• The “Cosmic Ray Connection”: cosmic rays and photons 

• Detection of photons from ground


• EAS Array technique for survey instruments 

• What’s Next ?
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Questions in CR physics
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• How are cosmic rays and cosmic ray sources distributed in 
the Galaxy ? Is the Earth embedded in the cosmic ray 
background (sea) or is it located close a source ?  

• What are the Galactic sources of TeV and PeV cosmic rays ? 
How high in energy can the different Galactic sources 
accelerate particles ?  

• How do cosmic rays propagate in the Galaxy ?
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Astrophysics with CRs ?
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• High quality information about the locally measured primary 
and secondary components of CRs  

• CR factories can be revealed only by neutral & stable 
astronomical messengers: photons and neutrinos  

• Charged CRs do not provide information about the 
acceleration sites

Crucial connection between charged cosmic rays, 
photons and neutrinos in Cosmic Ray Sources  

➡ multi-messenger astronomy
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The "Cosmic Ray Connection"
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ONLY charged CRs observed at E > 1014 eV so far ! 

Recent observations of PeV neutrinos by IceCube

In CR sources hadronic interactions of nuclei produce photons and neutrinos


➜  CRs, photons and neutrinos are strongly correlated: they come likely from the same sources !
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 Neutrino Astronomy 
difficult to detect

Gamma-Ray Astronomy 
easy to detect

Eγ ~ ECR/10
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Tracers to CR accelerators
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Observing the sources

Gamma-rays and 
Neutrinos are the only 
messenger particles that 
are not deflected by 
magnatic fields 

Gamma-rays can be 
detected with satellites 
or from the ground by 
observing air-showers

 

Gamma-rays and Neutrinos are 
the only messenger that are not 

deflected by magnetic fields 

Interstellar magnetic field 
B ≈ 3 µG 

Curvature radius at 1 TeV: 
r ≈ 0.3 × 10-3 pc  
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Observing the sources

Gamma-rays and 
Neutrinos are the only 
messenger particles that 
are not deflected by 
magnatic fields 

Gamma-rays can be 
detected with satellites 
or from the ground by 
observing air-showers

 

Gamma-rays and Neutrinos are 
the only messenger that are not 

deflected by magnetic fields 

Interstellar magnetic field 
B ≈ 3 µG 

Curvature radius at 1 TeV: 
r ≈ 0.3 × 10-3 pc  

Gamma-Ray Emission: 
a probe of CR origin and propagation
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TeV-atron Sky
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Gammas from Galactic Cosmic Rays: Eγ ~ ECR/10
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Galactic source population

12

TeV-atron Sky
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Gammas from Galactic Cosmic Rays: Eγ ~ ECR/10

Sources of TeV Cosmic Rays 
Photons > 100 GeV !

But ‘smoking gun’ still missing…

leptonic ?

hadronic (CR sources) ?

Complex scenario: each source is 
individual and has a unique behaviour. 
In general one expects a combination 
of leptonic and hadronic emission !
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The ‘knee’ in the CR energy spectrum

�8



G. Di Sciascio - INFN CTA School, Sesto June 24-29,  2019

The ‘knee’ in the CR energy spectrum
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We’d like CR sources 
to accelerate (at least) 

up to that energy

CR knee @ few PeV’s 
Something must 
happen here... We would like SNRs to 

be CR PeVatrons…!
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The ‘knee’ in the CR energy spectrum

�8

We’d like CR sources 
to accelerate (at least) 

up to that energy

CR knee @ few PeV’s 
Something must 
happen here... We would like SNRs to 

be CR PeVatrons…!

PeV Cosmic Rays 
Photons > 100 TeV !

?
Where are the 

CR PeVatrons ?

Bonus @ 100 TeV: 
Hadronic spectra: hard 
Leptonic spectra: soft 
No hard IC γ-rays >100 TeV 
IC in deep Klein-Nishina

Recent hints by HESS and HAWC
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Expected Galactic diffuse γ-ray flux
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Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

Grey band: 
expected gamma 
ray flux in the 
region 
|lat| < 5° 
long =25°-100° 
 

    S.Vernetto & P.Lipari                                                                                 35th ICRC, 12-20 July 2017, Busan, Korea 

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) 

Grey band: expected γ-ray flux in 
the region |lat|<5º, long=25º-100º

Extrapolation of the Fermi spectrum E-2.65±0.05 
with a steepening due to CR knee

by S. Vernetto & P. Lipari: ICRC 2017

Observing a location dependence of the knee 
energy (or of the spectral index !) would provide 
important clues on the nature of the knee.

Is the knee a source property, in which case we should see a corresponding spectral feature in the 
gamma-ray spectra of CR sources, or the result of propagation, so we should observe a knee that is 
potentially dependent on location, because the propagation properties depend on position in the Galaxy ? 

The space distribution of this emission 
can trace the location of the CR sources 
and the distribution of interstellar gas.
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�9

Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

Grey band: 
expected gamma 
ray flux in the 
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|lat| < 5° 
long =25°-100° 
 

    S.Vernetto & P.Lipari                                                                                 35th ICRC, 12-20 July 2017, Busan, Korea 

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) 

Grey band: expected γ-ray flux in 
the region |lat|<5º, long=25º-100º

Extrapolation of the Fermi spectrum E-2.65±0.05 
with a steepening due to CR knee

by S. Vernetto & P. Lipari: ICRC 2017

Observing a location dependence of the knee 
energy (or of the spectral index !) would provide 
important clues on the nature of the knee.

Is the knee a source property, in which case we should see a corresponding spectral feature in the 
gamma-ray spectra of CR sources, or the result of propagation, so we should observe a knee that is 
potentially dependent on location, because the propagation properties depend on position in the Galaxy ? 

The space distribution of this emission 
can trace the location of the CR sources 
and the distribution of interstellar gas.

Observation of the knee in diffuse γ-ra
y emission one of 

the main goals in High-Energy Gamma-Ray astronomy
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Attenuation of γ-ray flux in the Galaxy
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Survival probability vs. gamma ray energy 

g-rays from Galactic center 

    S.Vernetto & P.Lipari                                                                                             6th RICAP, 21-24 June 2016, Roma 

g-rays from 3 source positions 

CMB 

IR 

γ-rays from Galactic center

Survival probability vs. gamma ray energy 

g-rays from Galactic center 

    S.Vernetto & P.Lipari                                                                                             6th RICAP, 21-24 June 2016, Roma 

g-rays from 3 source positions 

CMB 

IR 

γ-rays from 3 source positions

Vernetto & Lipari, PRD 94, 2016 

The absorption exists but does not precludes Galactic gamma ray studies up to 
a few hundreds TeV. At higher energies only a fraction of the Galaxy is visible. 

The production rate of γ-rays is not in general the emission rate observed: photons can be absorbed 

First and Last Name  |  Title of Presentation  |  Date  |  Page  

The gamma-ray horizon

66

Learned & Mannheim, 2000

γ-ray horizon

γTeV

e+
γIR

e-

Pair production in  
intergalactic photon fields

starlight dust

CMB

Above 100 GeV the universe starts to turn opaque for γ-rays. 
Only neutrino telescopes can do astronomy at PeV/EeV energies.

γ-rays meet IR-photons pair production in intergalactic photon fields 
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How do we detect γ-rays ?
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, ARGO, LHAASO

≈ 1 m2 2.5 sr
30 MeV - 300 GeV 

Fermi Satellite

26

Wide Field of View

Continuous operations

TeV sensitivity
H.E.S.S. (헤스)

5

• Array of five IACTs in Khomas highland, Namibia
- Phase I : 2002-2012 with four 12m IACTs
- Phase II : 2012-, additional 25m IACT

• Energy range : ~100GeV/30 GeV – 100 TeV
• FoV : 5 degree / 3.2 degree
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Cosmic Ray detection
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In general: for all particle types

the higher the energy ➜ the lower the flux

the lower the flux ➜ the larger the required detector area

Nevts = Flux × Area × Time

small 
given by nature

≈ 1 m2 
for satellite exp

≈ 3 yrs> 100

Detector size limits the smallest measurable flux !

Direct measurements of nuclei up to about 100 TeV/n
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The problem of effective area
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The problem of the collection area

Fluxes at high and very high energy gamma
Radiation aAre decreasing rapidly with energy

Space instruments like Fermi cannot provide 
enough collection area

Need a much larger detector!

In space?

Too expensive!

Crab Nebula, 
strongest source 
in TeV energy range

Flux from Crab Nebula, the strongest TeV source Power-law energy spectra ➜ the gamma flux 
decreases rapidly with increasing energy

Space instruments cannot provide enough 
collection area for statistical … measurement

Flux of photons much lower !

Direct measurements of photons 
up to about 100 GeV
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The problem of the collection area

Fluxes at high and very high energy gamma
Radiation aAre decreasing rapidly with energy

Space instruments like Fermi cannot provide 
enough collection area

Need a much larger detector!

In space?

Too expensive!

Crab Nebula, 
strongest source 
in TeV energy range

Flux from Crab Nebula, the strongest TeV source Power-law energy spectra ➜ the gamma flux 
decreases rapidly with increasing energy

Space instruments cannot provide enough 
collection area for statistical … measurement

To extend the energy range        
➜ very large area

➜ γ-ray detectors at ground

Flux of photons much lower !

Direct measurements of photons 
up to about 100 GeV
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EAS: the key to study CRs from ground
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A high energy primary particle, upon entering the 
atmosphere, initiates a chain of nuclear interactions 

Surviving hadrons

π± give rise 
to muons

π0 initiates e.m. 
cascades

MUONIC 
COMPONENT 

HADRONIC 
COMPONENT 

ELECTROMAGNETIC 
COMPONENT 

Extensive air showers are key to study UHECRs

e.m.

A high energy primary particle, upon entering the 
atmosphere, initiates a chain of nuclear interactions

The backbone of an air shower is the hadronic component of nucleons, pions 
and other particles, which feeds the electromagnetic and muonic components.

≈10%

≈1% ≈90%
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How do we detect Cosmic Rays at ground ?
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The major observables of EAS at ground are: electron-photon, muon and hadron components, 
Cherenkov photons, nitrogen fluorescence, radio emission ➜ not only particles !

AIR MASS 1:

27 rad.length

11 hadronic abs. length

ARTIST VIEWOF A

 PROTON INDUCED

AIR SHOWER +

OBSERVABLES

E. Lorentz 2005
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CARTOON

SHOWER FRONT (FLASH

PHOTO BEFORE HITTING

GROUND)

DETECTOR CONCEPTS

MAY BE IN FUTURE:

DETECTION BY RADIO

SIGNALS??

(24 h, ALL SKY??)

E. Lorentz 2005

Different detectors for different observables

�16
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1. Ground-based arrays: sample shower tail particles reaching ground 

➜ Tail Catcher Sampling Calorimeter 
 (in HEP detector language) 

Atmosphere: the absorber

Detector at ground: the device to measure a (poor) calorimetric signal 
➜ signal about direction and energy from the shower tail particles

★ large shower-to-shower fluctuations 
★ large geometric acceptance and 

high duty cycle (≈100%)
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1. Ground-based arrays: sample shower tail particles reaching ground 

➜ Tail Catcher Sampling Calorimeter 
 (in HEP detector language) 

Atmosphere: the absorber

Detector at ground: the device to measure a (poor) calorimetric signal 
➜ signal about direction and energy from the shower tail particles

★ large shower-to-shower fluctuations 
★ large geometric acceptance and 

high duty cycle (≈100%)

2. Telescopes: observation of Cherenkov photons/nitrogen 
fluorescence allows the study of EAS longitudinal profile

 

➜ Homogeneous Calorimeter

★ low duty cycle (≈10-15%) 


★ good energy resolution
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Ground-based gamma-ray detectors
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Very low energy threshold (≈10 GeV)

Excellent bkg rejection (>99%)

Excellent angular resolution (≈0.05 deg)

Good energy resolution (≈15%)

High Sensitivity (< % Crab flux)

Effective area increase with zenith angle

Small zenith angle dependent (≈cos θ-2.7)

Low duty-cycle (≈10%)

Small field of view (≈ 5 deg)

VHE Gamma-ray window 

+ Large field of view

(easier to study very 

extended emission)

+ High duty cycle

(continuous observation) 

+ Good PSF

+ Better instantaneous 

sensitivity

(for moderately

extended source)

+ Good energy resolution

(15-20%)

Covers wide energy range from few tens of GeV 
to > 100 TeV with large effective area (~ 105 m2)

- Higher energy thresholds

- Worse PSF,  especially 

for E< 1 TeV

- Limited field of view

( < 5 degree)

- Duty cycle < 20% 

(requires dark nights)

8

Air Shower Arrays (≈100 GeV → 1 PeV)

Cherenkov Telescopes (≈10 GeV → 100 TeV)

EAS arrays 

Higher energy threshold (≈ 0.3 TeV) 
Moderate bkg rejection (≈ 50 %) 
Good sensitivity (≈ 0.25 Φcrab) 
Modest energy resolution 
High duty-cycle (> 90 %) 
Large field of view (~2 sr) 

detection of the charged 
particles in the shower High duty-cycle (≈100%)


Large field of view (≈2 sr) 

Higher energy threshold (≈300 GeV ARGO),       

very strong zenith angle dependent (≈cos θ-(6-7))

Good bkg rejection (>80%)

Good angular resolution (0.2-0.8 deg)

Modest energy resolution (≈50%)

Good Sensitivity (5-10% Crab flux)

Effective area shrinks with large zenith angle

Air Cherenkov Telescopes 

Very low energy threshold (≈ 60 GeV) 
Excellent bkg rejection (99.7 %) 
High sensitivity (< 10-2 Φcrab) 
Good energy resolution 
Low duty-cycle (~ 5-10 %) 
Small field of view Δθ < 4° 

detection of the Cherenkov light 
from charged particles in the EAS 

Detecting Extensive Air Showers
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Wide field of view detectors
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Cherenkov 
Telescopes

Extensive Air 
Shower Arrays
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Wide field of view detectors
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Cherenkov 
Telescopes

Extensive Air 
Shower Arrays

Arrays are irreplaceable tools for unbiased 
all sky survey and to study the transient sky  

➜ Transient Factories !
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Classical Extensive Air Shower Arrays
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Large number of detectors spread 
over an area of order 105 m2

scintillators, water tanks (Cherenkov light in water), hadron 
calorimeters, Cherenkov telescopes, emulsions, etc.

v ~ c 

c
d
ttg ⋅Δ=ϑ

“density sampling” + “fast timing”

coverage factor (sensitive area/instrumented area) ≈ 10-3 - 10-2

Disc of particles sweeps down 
through atmosphere

Detectors fire in sequence as shower front hits
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Sensitivity to a γ-ray point source
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Wide FoV telescope in the South G. Di Sciascio
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Figure 1: Differential sensitivities to a Crab-like point gamma-ray source of different experiments/projects
(multiplied by E2). The Crab Nebula spectrum, extrapolated to 1 PeV, is reported as a reference together
with the spectra corresponding to 10%, 1% and 0.1% of the Crab flux

S =

R
Jg(E) ·Ag

e f f (E) · eg(E) · fg(DW) ·T dE
R

Jbkg(E) ·Abkg
e f f (E) · (1� ebkg(E)) ·DW ·T dE

(2.1)

where Jg and Jbkg are the differential fluxes of photon and background, Ag
e f f and Abkg

e f f the
effective areas, that determines the number of showers detected in a given observation time T ,
DW= 2p(1�cosq) the solid angle around the source and fg(DW) the fraction of g-induced showers
fitted in the solid angle. The parameters eg and ebkg are the efficiencies in identifying g-induced and
background-induced showers, respectively. As most of the parameters are function of the energy,
the sensitivity depends on the energy spectra of the cosmic ray background and of the source.

The minimum detectable flux MDF in 1 year can be expressed by

MDF µ
p

Fbkg

Fg
· 1

R ·
q

Ag
e f f

·sq ·
1
Q

(2.2)

where Fg and Fbkg are the integral fluxes of photon and background, sq is the angular resolu-

tion, R =
q

Ag
e f f /Abkg

e f f the g/hadron relative trigger efficiency and Q =
egp

1�ebkg
represents the gain

in sensitivity due to the hadron discrimination procedure. Because for the integral fluxes we can
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Sensitivity to a γ-ray point source 

Anche se c’e’ spazio per ottimizzazioni (rivelatore piu’ grande, pb e piu’ alta quota) riteniamo
questa stima molto a�dabile perche’ basata su un detector gia’ utilizzato con successo per piu’
di 5 anni.

Imaging Air Cherenkov Telescopes (IACTs) are calorimenters which uses the atmosphere
as a detection medium. The light collected in the detector is proportional (??????????????)
to the primary gamma-ray energy. On the contrary, surface arrays are sampling calorimeters
because the shower is sampled at the observation level where the number of (charged) secondary
particles, or the energy reaching the ground level, is measured, not the total gamma-ray energy.

2. Detection of EAS
In Gamma-Ray Astronomy, the ultimate characteristics of a detector is given by the sensitivity
to a known point-source standard candle. The capability to detect a photon signal over the
background of charged cosmic rays can be expressed through the so-called ”signal to noise
ratio” S

S =
N�p
Nbkg

=

R
J�(E) ·A�

eff (E) · ✏�(E) · f�(�⌦) · TdE
qR

Jbkg(E) ·Abkg
eff (E) · (1� ✏bkg(E)) ·�⌦ · TdE

(1)

where J� and Jbkg are the energy spectra of photon and background, A�
eff and Abkg

eff are the
e↵ective areas, the trigger probabilities for source and background showers. T is the e↵ective
observation time, �⌦ = 2⇡(1� cos✓) the solid angle around the source and f�(�⌦) the fraction
of �-induced showers fitted in the solid angle. The parameters ✏� and ✏bkg are the e�ciencies in
identifying �-induced and background-induced showers, respectively. As most of the parameters
are function of the energy, the sensitivity depends on the energy spectra of the cosmic ray
background and of the source.

The minimum detectable flux MDF in 1 year can be expressed by

�MDF
� /

p
�bkg ·

1

R ·
q
A�

eff

· �✓ ·
1

Q
(2)

where �✓ is the angular resolution, R =
q
A�

eff/A
bkg
eff the �/hadron relative trigger e�ciency

and Q = ✏�p
1�✏bkg

the �/hadron relative identification e�ciency. These are the main parameters

which determine the sensitivity of a gamma-ray telescope.

2.1. The energy threshold
The key to lower the energy threshold is to locate a detector at very high altitude. In the Fig.
1 the average sizes produced by showers induced by primary photons and protons of di↵erent
energies at di↵erent observation levels are plotted. The left plot shows the total number of
secondary particles (charged plus photons), the right one shows the number of particles contained
inside an area 150⇥150 m2 centered on the shower core. As can be seen, the number of particles
in proton-induced events exceeds the number of particles in �-induced ones at low altitudes.
This implies that, in gamma-ray astronomy, the trigger probability is higher for the background
than for the signal.

The small number of charged particles in sub-TeV showers within 150 m from the core imposes
to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV �-induced
showers contains about 8 times more particles than proton showers within 150 m from the
core. This fact can be appreciated in the Fig. ?? where the ratio of particle numbers (charged
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Integral number of events
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fraction of time a source spend in the detector FoV
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Sensitivity to a γ-ray point source

�22

R =

vuutA�
eff

Abkg
eff

[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).

Sensitivity to a gamma-ray point source emitting a photon flux Φγ(>E) above 
the energy E
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The traditional way to reject cosmic ray events with EAS arrays it to measure the muon
content of showers. In fact, the muons are generated from the decay of charged pions and
kaons, which in hadronic showers are produced in nucleus-nucleus interactions, while in photon
showers come out only in the photoproduction processes. The ratio between the cross sections
of photoproduction and nucleus-nucleus interaction processes is, around 100 TeV, ⇡ 8 ⇥ 10�3

[?], resulting in < N�
µ > / < Nh

µ >⇡ 6 · 10�2. This technique is e↵ective at energies above
few tens TeV because the muon lateral distribution is flatter than that of the electromagnetic
component and the number of muons detectable by a detector is small, as can be seen in Fig.
??, where the muon sizes within 150 m from the core are plotted for �- and proton-induced
showers at di↵erent observation levels. Therefore, the separation between gamma and proton
showers improves with increasing energy.

In the TeV range the hadronic showers can be identified through the pattern of energy
deposition in the detector. While gamma-ray induced showers have compact cores with smoothly
falling lateral density, hadronic showers typically deposit large amounts of energy in distinct
clumps far from the shower core. This is due not only to the presence of hadrons and muons in
hadronic showers, but also clumps of electromagnetic energy far from the core caused by high
pT hadronic interactions in the development of the atmospheric shower.

Therefore, to separate the CR background from the gamma-ray signal a topological cut based
on the compactness of the charge distribution in the water ponds is applied. The Compactness
parameter, C, is defined as C = Nhit/PE40, where Nhit is the number of PMTs fired in an
event and PE40 is the total number of photo-electrons in the PMT with the largest signal that
is located outside a radius of 40 meters from the reconstructed air shower core. Gamma-ray
induced showers have only small hits far from the core and therefore have large values of C.
Hadron induced showers with muons and hadrons and multiple clumps of EM energy have low
values for C.

This technique, suggested by Milagro, is applied in HAWC and will be applied in LHAASO.
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To maximize the chances of detecting any excess from a source 
we look at EAS arriving from within the resolution angle θpsf of a 
source direction. Since the significance of any excess events from 
within θpsf would depend on the standard deviation of the number 
of events expected from cosmic ray EAS (√ (θpsf2) ), we must 
maximize the quantity 
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[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).

to obtain the best value, θpsf  ≈1.59 σ. This resolution angle 
contains ≈72% of all events incident from the source direction.
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The minimum detectable flux
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Minimum Detectable Gamma-Ray Flux (1 year):

Sensitivity in 1 year 

Wide FoV telescope in the South G. Di Sciascio
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Figure 1: Differential sensitivities to a Crab-like point gamma-ray source of different experiments/projects
(multiplied by E2). The Crab Nebula spectrum, extrapolated to 1 PeV, is reported as a reference together
with the spectra corresponding to 10%, 1% and 0.1% of the Crab flux
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where Jg and Jbkg are the differential fluxes of photon and background, Ag
e f f and Abkg

e f f the
effective areas, that determines the number of showers detected in a given observation time T ,
DW= 2p(1�cosq) the solid angle around the source and fg(DW) the fraction of g-induced showers
fitted in the solid angle. The parameters eg and ebkg are the efficiencies in identifying g-induced and
background-induced showers, respectively. As most of the parameters are function of the energy,
the sensitivity depends on the energy spectra of the cosmic ray background and of the source.

The sensitivity S, formula (2.1), in 1 year can be expressed by
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[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).

Anche se c’e’ spazio per ottimizzazioni (rivelatore piu’ grande, pb e piu’ alta quota) riteniamo
questa stima molto a�dabile perche’ basata su un detector gia’ utilizzato con successo per piu’
di 5 anni.

Imaging Air Cherenkov Telescopes (IACTs) are calorimenters which uses the atmosphere
as a detection medium. The light collected in the detector is proportional (??????????????)
to the primary gamma-ray energy. On the contrary, surface arrays are sampling calorimeters
because the shower is sampled at the observation level where the number of (charged) secondary
particles, or the energy reaching the ground level, is measured, not the total gamma-ray energy.

2. Detection of EAS
In Gamma-Ray Astronomy, the ultimate characteristics of a detector is given by the sensitivity
to a known point-source standard candle. The capability to detect a photon signal over the
background of charged cosmic rays can be expressed through the so-called ”signal to noise
ratio” S
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=
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where J� and Jbkg are the energy spectra of photon and background, A�
eff and Abkg

eff are the
e↵ective areas, the trigger probabilities for source and background showers. T is the e↵ective
observation time, �⌦ = 2⇡(1� cos✓) the solid angle around the source and f�(�⌦) the fraction
of �-induced showers fitted in the solid angle. The parameters ✏� and ✏bkg are the e�ciencies in
identifying �-induced and background-induced showers, respectively. As most of the parameters
are function of the energy, the sensitivity depends on the energy spectra of the cosmic ray
background and of the source.

The minimum detectable flux MDF in 1 year can be expressed by
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where �✓ is the angular resolution, R =
q
A�

eff/A
bkg
eff the �/hadron relative trigger e�ciency

and Q = ✏�p
1�✏bkg

the �/hadron relative identification e�ciency. These are the main parameters

which determine the sensitivity of a gamma-ray telescope.

2.1. The energy threshold
The key to lower the energy threshold is to locate a detector at very high altitude. In the Fig.
1 the average sizes produced by showers induced by primary photons and protons of di↵erent
energies at di↵erent observation levels are plotted. The left plot shows the total number of
secondary particles (charged plus photons), the right one shows the number of particles contained
inside an area 150⇥150 m2 centered on the shower core. As can be seen, the number of particles
in proton-induced events exceeds the number of particles in �-induced ones at low altitudes.
This implies that, in gamma-ray astronomy, the trigger probability is higher for the background
than for the signal.

The small number of charged particles in sub-TeV showers within 150 m from the core imposes
to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV �-induced
showers contains about 8 times more particles than proton showers within 150 m from the
core. This fact can be appreciated in the Fig. ?? where the ratio of particle numbers (charged
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Extended sources (1)
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If we have an extended source with a photon flux equal to that of the point source we 
must integrate on the extension of the source to have the same number of photons.     
➜ the background will increase !

Sensitivity to a gamma-ray point source emitting a photon flux Φγ(>E) above the energy E
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[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).

The traditional way to reject cosmic ray events with EAS arrays it to measure the muon
content of showers. In fact, the muons are generated from the decay of charged pions and
kaons, which in hadronic showers are produced in nucleus-nucleus interactions, while in photon
showers come out only in the photoproduction processes. The ratio between the cross sections
of photoproduction and nucleus-nucleus interaction processes is, around 100 TeV, ⇡ 8 ⇥ 10�3

[?], resulting in < N�
µ > / < Nh

µ >⇡ 6 · 10�2. This technique is e↵ective at energies above
few tens TeV because the muon lateral distribution is flatter than that of the electromagnetic
component and the number of muons detectable by a detector is small, as can be seen in Fig.
??, where the muon sizes within 150 m from the core are plotted for �- and proton-induced
showers at di↵erent observation levels. Therefore, the separation between gamma and proton
showers improves with increasing energy.

In the TeV range the hadronic showers can be identified through the pattern of energy
deposition in the detector. While gamma-ray induced showers have compact cores with smoothly
falling lateral density, hadronic showers typically deposit large amounts of energy in distinct
clumps far from the shower core. This is due not only to the presence of hadrons and muons in
hadronic showers, but also clumps of electromagnetic energy far from the core caused by high
pT hadronic interactions in the development of the atmospheric shower.

Therefore, to separate the CR background from the gamma-ray signal a topological cut based
on the compactness of the charge distribution in the water ponds is applied. The Compactness
parameter, C, is defined as C = Nhit/PE40, where Nhit is the number of PMTs fired in an
event and PE40 is the total number of photo-electrons in the PMT with the largest signal that
is located outside a radius of 40 meters from the reconstructed air shower core. Gamma-ray
induced showers have only small hits far from the core and therefore have large values of C.
Hadron induced showers with muons and hadrons and multiple clumps of EM energy have low
values for C.

This technique, suggested by Milagro, is applied in HAWC and will be applied in LHAASO.
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[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).
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Extended sources (2)
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dimension of the extended source

Detectors with a ‘poor’ angular resolution (EAS 
arrays) are favoured in the extended source studies. 

Motivation for a wide energy range and wide field of view �-ray telescope 15
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by the interaction of CRs with energy up to the all-particle knee and to measure the knee in the di↵use energy
spectrum corresponding to the ARGO-YBJ observation of the proton knee at ⇠700 TeV [6].
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• The energy threshold


• R, the signal/background relative trigger efficiency


• The angular resolution


• Q-factor, the background rejection capability

Because for the integral fluxes we can write
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Figure 2: Average number of particles (charged + photons) produced by showers induced by primary pho-
tons and protons of different energies at different observation levels. The left plot shows the total size, the
right one refers to particles contained inside an area 150⇥150 m2 centered on the shower core. The plotted
energies are 100, 300, 1000 GeV starting from the bottom.
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being g ⇠1.5 and gbkg ⇠1.7.
Angular resolution, relative trigger probability, energy threshold and Q-factor are the main

parameters, the drives, which determine the sensitivity of a ground-based wide FoV g-ray telescope.

2.1 The energy threshold

The energy threshold of EAS-arrays is not well defined. In fact, the trigger probability for
a shower of a fixed energy increases slowly with energy mainly due to fluctuations in the first
interaction height and is not a step function at the threshold energy Ethr.

The key to lower the energy threshold is to locate a detector at very high altitude. In the Fig.
2 the average sizes produced by showers induced by primary photons and protons of different en-
ergies at different observation levels are plotted. The left plot shows the total number of secondary
particles (charged plus photons), the right one shows the number of particles contained inside an
area 150⇥150 m2 centered on the shower core. As can be seen, the number of particles in proton-
induced events exceeds the number of particles in g-induced ones at low altitudes. This implies
that, in gamma-ray astronomy, the trigger probability is higher for the background than for the
signal.

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)
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where Jg and Jbkg are the differential fluxes of photon and background, Ag
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e f f the
effective areas, that determines the number of showers detected in a given observation time T ,
DW= 2p(1�cosq) the solid angle around the source and fg(DW) the fraction of g-induced showers
fitted in the solid angle. The parameters eg and ebkg are the efficiencies in identifying g-induced and
background-induced showers, respectively. As most of the parameters are function of the energy,
the sensitivity depends on the energy spectra of the cosmic ray background and of the source.
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in sensitivity due to the hadron discrimination procedure. Because for the integral fluxes we can
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Background of Charged Cosmic Rays

�27

What were the problems that frustrated the gamma-ray search for so long ? 


Any γ-ray signal were completely overwhelmed by showers produced by ordinary 
charged CRs (mainly protons) spread evenly over the sky. 

ΦCRAB( >1 TeV)  ~2·10-11 ph/cm2·s

Φbkg( >1 TeV) · ΔΩ(=1 msr) ~1.5·10-8 nuclei/cm2·s } Φsignal ≈ 10-3 · Φbkg

No possible veto with an anticoincidence shield as in satellite experiments

In addition…

Cosmic Ray showers ≈ γ-ray showers ! 
… fortunately, some difference does exist !!
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DETECTION OF HIGH-ENERGY GAMMA RAYS 
FROM THE CRAB NEBULA 
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ABSTRACT 
By means of the ground-based atmospheric Cerenkov technique, observations of the Crab Nebula, 

averaged over a 3-year period, indicate that a flux of 7-rays (4.4 ± 1.4 X 10-11 photons cm-2 s-1) with 
energy >2.5 X 10u eV has been detected at the 3.1 o- level. This flux corresponds to an emission of 
6 X 1033 ergs s_1, significantly less than the continuous X-ray emission. The 7-ray flux may vary with 
time, with the most significant flux (1.21 ± 0.24 X 10“10 photons cm-2 s“1) occurring 60-120 days after 
a major spin-up of the pulsar NP 0532. This increase was observed on three different occasions, and if 
the flux in only these intervals is used, the effect is at the 5 a level. The total 7-ray energy observed on 
each occasion was ^1041 ergs, an energy approximately equal to the energy of the pulsar spin-up. 

Weekes et al. (1972) recently reported the results of a search for lO^lO^-eV cosmic 
7-rays from 27 suspected sources. The largest positive effect detected was from the 
Crab Nebula, but the cumulative total of 2 years (1969-1971) of observations was not 
considered statistically significant (on/ofe ratio = 1.0019 ± 0.0011). We noted, how- 
ever, that most of this positive excess occurred in the 60-140-day interval after the 
spin-up in the Crab pulsar NP 0532 on 1969 September 29. This apparent flux of 1011- 
eV 7-rays, which was at the 3 a level of confidence, was 2 X 10“10 photons cm-2 s-1. 

In this Letter, we report new observations made over the period 1971 October to 1972 
April. These observations indicate a 4 o' excess from the direction of the Crab Nebula 
averaged over this time interval. Major spin-ups of almost the same magnitude as the 
1969 September spin-up were detected on 1971 August 1 (Nelson 1972) and on 1971 
October 25 (Lohsen 1972) (see table 1). Once again, we find evidence in each case for 
the strongest 7-ray emission occurring in the interval 60-120 days after the spin-up of 
the pulsar. 

As in the previously reported observations, the 10-m optical reflector on Mount 
Hopkins, in southern Arizona, was used to search for directional anisotropies in the cos- 
mic-ray background in the vicinity of suspected 7-ray sources; the resulting air showers 
were detected by their atmospheric Cerenkov radiation. Under ideal conditions the 
shower counting rate is ^400 min-1; under normal operating conditions the rate is 
^200-300 min-1. The energy threshold for 7-rays with this instrument is about 1.6 X 
1011 eV. By tracking the suspected source with two channels, one offset as a reference 
channel, a flux sensitivity of 10-10 photons cm-2 s-1 can be attained in 10 hours of ob- 
servation. The operating technique used here was the same as that reported in detail 
elsewhere (Rieke 1969; Weekes et al. 1972). Because the mirror reflectivity had de- 
teriorated, the energy threshold of these observations was about 1.4 times that of pre- 
vious years. As in the past, the system was thoroughly checked for possible systematic 
errors. 

The results of this year’s observations on several possible sources are shown in table 2. 
The on/off ratio is the ratio of counts recorded in the channel containing the source 
to those in the reference channel. The experimental error shown is based on the statis- 
tical distribution of the data taken in an individual night’s observations. In general, 
this experimental error is 1.20 times the statistical error. Intermingled with the obser- 
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Weekes et al. in 1972 found a marginal 3σ excess in the 
‘‘on-source’’ counts for the Crab Nebula, recording ‘‘on-
source’’ and ‘‘off-source’’ pulse counting rates.


The ‘‘off-source’’ counts were about 320 times as numerous 
as the excess counts that were attributed to gamma rays. 

This was the problem !! 

1970 - 80’s:  A number of groups constructed Cherenkov telescopes, but there were no outstanding 
results for some time. Each individual result did not exceed a 3-4 standard-deviation significance.
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The “Hillas image parameters"

�28

In 1985 at the ICRC (La Jolla) Hillas suggested to use the “Hillas image parameters” 
to reduce the background  

➜ a key milestone in the history of ground-based imaging air Cherenkov telescopes. 
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1970-80‘s: plenty of “discoveries” on 3-4 σ level

A.M. Hillas, University of Leeds:
   “A physicist‘s apparatus gradually learns what is 
    expected of it. It has a dog-like desire to please.“

“Concentration” is a good parameter
(>75% of light is concentrated in 2 pixels)

Plyasheshnikov, Bignami (1985) showed that  
α is a useful parameter

La Jolla, 1985: Hillas suggests to use the 
“Hillas image parameters”

gamma showers are:
slimmer,
more concentrated
oriented towards source

Gamma showers are slimmer, more 
concentrated and orientated towards the source
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860 16 Atmospheric Cherenkov Radiation

off-axis with respect to the telescope axis is illustrated in Fig. 16.14.4 The solid
ellipse in the upper right of this figure represents the contour of the resulting pixel
pattern and the parameters characterizing the Cherenkov light image in terms of
shape and orientation are identified.

W
idth
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Azwidth

Di
st

an
ce

M
iss

Y

X
M

C Cherenkov
Image

ϕ

α

A

On-Source Gamma
Ray Image

Fig. 16.14 Principle and basic parameters of air Cherenkov image analysis to select gamma ray
initiated showers and discriminate against proton showers. The solid ellipse indicates the pixel
image contour, C is the centroid of the image (location of highest brightness) and M the center of
the field of view. The relevant parameters are the major and minor axis of the ellipse, labeled Length
and Width in the plot, the angle α between the major axis and the line connecting the centroid C
with the center of the field of view M , the Distance between C and M , and the two new quantities
called Miss and Azwidth. Miss is the offset or the perpendicular distance between the extension of
the major axis of the ellipse and M , and Azwidth is the azimuthal width of the image as indicated;
it is the r.m.s. spread of light perpendicular to the line connecting C with M . Except for the clean
regular elliptic shape this image is also representative for hadronic showers. The dashed ellipse at
the lower right with the extension of the major axis intercepting the center M of the mirror, labeled
On-Source Gamma Ray Image, shows the typical narrow elliptic contour of a gamma ray shower
when the mirror axis is pointing at the source and the impact parameter is non-zero (for details see
Fegan, 1996)

C is the centroid of the image, i.e., the center of brightness, and M is the center
of the field of view. The relevant parameters are the major and minor axis of the
ellipse, labeled Length and Width in the plot, which mark the r.m.s. spread of the
light and represent the development of the cascade, the angle α between the major
axis and the line connecting the centroid C with the center of the field of view M, the
Distance between C and M, and the two quantities called Miss and Azwidth. Miss
is the offset or perpendicular distance between the extension of the major axis of
the ellipse and M. It is a measure of the shower orientation. Azwidth is the r.m.s.
spread of light perpendicular to the line connecting the centroid of the image to the
center of the field of view, M. The angle ϕ is the major axis orientation angle with

4 Modern large imaging systems are operated over an impact parameter range from 0 to 500 m.

The relevant parameters are the major and minor axis of the ellipse, labeled 
Length and Width in the plot, the angle α between the major axis and the line 
connecting the centroid C with the center of the field of view M, the Distance 
between C and M, and the two quantities called Miss and Azwidth. 

The solid ellipse indicates the pixel image contour, C is the centroid of the image (location of highest brightness) 
and M the center of the field of view. 

Miss is the offset or the perpendicular distance between the 
extension of the major axis of the ellipse and M, and Azwidth is 
the azimuthal width of the image as indicated; it is the r.m.s. 
spread of light perpendicular to the line connecting C with M. 


Except for the clean regular elliptic shape this image is also 
representative for hadronic showers. 

The dashed ellipse at the lower right with the extension of the major axis intercepting the center M of the 
mirror, labeled On-Source Gamma Ray Image, shows the typical narrow elliptic contour of a gamma ray 
shower when the mirror axis is pointing at the source and the impact parameter is non-zero.
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Background rejection with EAS arrays
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The standard technique is to look for “muon-poor“ showers.

The ratio between the cross sections of photo-production and nucleus-
nucleus interaction processes is ~10-3 resulting in < Nµγ  >/< Nµh > ~ 3·10-2 

The main limitations of this technique is due to the extent of fluctuations 
in hadron-initiated showers and to the small number of muons                

➡ large muon detector !

photons

protons

10 TeV

The discrimination capability increases with the energy and the µ–detector area.

photons

protons

50 TeV

Bkg
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�31

The standard technique is to look for “muon-poor“ showers.

The ratio between the cross sections of photo-production and nucleus-
nucleus interaction processes is ~10-3 resulting in < Nµγ  >/< Nµh > ~ 3·10-2 

The main limitations of this technique is due to the extent of fluctuations 
in hadron-initiated showers and to the small number of muons                

➡ large muon detector !

photons

protons

10 TeV

The discrimination capability increases with the energy and the µ–detector area.

photons

protons

50 TeV

Bkg

To evaluate the power of this bkg rejection technique it is important 
to know how frequently hadronic showers fluctuate in such a way to 
have a low muon content as the one resulting from γ-induced events.
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Muon-poor technique with LHAASO
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γ/P discrimination

ED MD
Gamma-ray 
E=194 TeV

Proton 
E=129 TeV

Geant4 based γ/P discrimination

ED MD
Gamma-ray 
E=194 TeV

Proton 
E=129 TeV

Geant4 based

γ/P discrimination

ED MD
Gamma-ray 
E=194 TeV

Proton 
E=129 TeV

Geant4 based γ/P discrimination

ED MD
Gamma-ray 
E=194 TeV

Proton 
E=129 TeV

Geant4 based

S.Z. Chen, WASDHA 2018
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Gamma/Hadron discrimination with arrays
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HAWC/LHAASO approach requires large area:

discrimination based on topological cut in the pattern of energy 
deposition far from the core (>40 m).


Requires sufficient number of triggered channels  (>70 - 100)   
→ minimum energy required: E > 0.7 - 1 TeV ?

New ideas ?
• Suitable trigger logic to reject not 'symmetric' showers 
• Calorimetry with multi-layer RPCs  
• Calorimetry with RPCs + water Cherenkov tanks ?

Classical technique: 

measurement of the muon content event by event


But, muon size very small: ≈ 3 µ per TeV (protons)


➡  Only high energy (> 5 - 10 TeV) !

Background discrimination < TeV  is OPEN PROBLEM !
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Milagro vs ARGO-YBJ
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2 different approaches in the last 2 decades for ground-based survey instruments

• operated from 2000 to 2008 
• 2600 m above sea level  
• angular resolution ≈0.5° 
• 1700 Hz trigger rate 
• Median Energy at the threshold: ≈ 2 TeV 
• Energy range: 2 - 40 TeV 
• poor background rejection (with outrigger) 
• conversion of secondary photons in water

Milagro 
Water Cherenkov Technology

ARGO-YBJ 
Resistive Plate Chamber Technology

• operated from 2007 to 2012 (final configuration) 
• 4300 m above sea level 
• angular resolution ≈0.5° at 1 TeV 
• 3500 Hz trigger rate 
• high granularity of the readout 
• Median Energy at the threshold: ≈300 GeV 
• Energy Range: 340 GeV - 10 PeV 
• NO background rejection (no outrigger) 
• NO conversion of secondary photons (no lead)

Widely used technology in cosmic ray physics Widely used technology in particle physics

Cluster = DAQ unit 

BigPad 

RPC 

Cluster = DAQ unit 

BigPad 

RPC 
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Milagro 
Water Cherenkov Technology

How Did Milagro Work? 

  Detected Particles in Extensive Air Showers from 
Cherenkov light created in 60m x 80 m x 8m pond 
containing filtered water 

  Reconstructed shower direction to ~0.5° from the 
time that different photodetectors are hit 

  Field of view was ~2 sr and duty factor  >90% 
  1700 Hz trigger rate mostly due to Extensive Air 

Showers created by cosmic rays 
  > 100 billion air showers were recorded 

8 meters 

e µ
 γ


80 meters 

50 meters 

ARGO-YBJ 
Resistive Plate Chamber Technology

Central 80 m x 60 m x 8 m water reservoir, containing 
two layers of PMTs


• 450 PMTs at 1.4 m below the surface (top layer) 

• 273 PMTs at 6 m below the surface (bottom layer)

Outrigger Array, consisting of 175 tanks filled with water and 
containing one PMT, distributed on an area of 200 m x 200 m 
around the central water reservoir.

Space pixels: 146,880 strips (7×62 cm2) 

Time  pixels: 18,360 pads (56×62 cm2)    

Experimental Hall & Detector Layout

Vulcano Workshop 2010 G. Di Sciascio 4

Single layer of Resistive Plate Chambers (RPCs) 
with a full coverage (92% active surface) of a large area (5600 m2)

+ sampling guard ring (6700 m2 in total)

time resolution ~1-2 ns (pad)
space resolution = strip

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 

for each Pad1 CLUSTER = 12 RPCs

78 m
111 m

99
 m

74
 m

(5.7 7.6 m2)

Gas Mixture: Ar/ Iso/TFE = 15/10/75

HV = 7200 V

Central Carpet:
130 Clusters
1560 RPCs

124800 Strips

2 read-outs:
ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 104 particles/m2
HAWC and LHAASO    

MATHUSLA proposal, CR and hadronic 
physics at CERN (RPC carpets above ATLAS)    
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are detected.

The muon layer in Milagro is located under 6m of water (corresponding to 17 more

radiation lengths and 7.2 interaction lengths). This means that most EM charged

particles that enter the pond get absorbed before reaching this layer, although their

Cherenkov light does reach the muon layer. On the other hand, muons with energies

as low as 1.2 GeV can penetrate and shower near the PMTs of the muon layer. These

penetrating muons and hadrons will result in bright compact clusters of light in this

layer. This is clearly seen in figure 5.1 which shows images from the muon layer

of six Monte Carlo events. The top three events are γ-ray-induced events, and the

bottom three are proton-induced events. The area of each square is proportional to

the number of photoelectrons (PEs) registered in the corresponding PMT, and the

area is saturated at 300 PEs. It can be seen from this figure that the γ-ray events have

relatively smooth PE distributions in the muon layer while the hadronic events have

well-defined clumps of high intensity regions. Using Monte Carlo simulations it is

estimated that 79% of all proton showers that trigger Milagro contain a muon and/or

a hadron that enters the pond, while only 6% of gamma ray induced air showers

contain a muon and/or a hadron that enters the pond.

5.1.1 The Compactness Parameter

A simple algorithm has been developed [14] to distinguish γ-ray initiated air showers

from the overwhelming background of hadron initiated air showers. The compactness

parameter [14] is defined as:

C =
Nbot≥2PEs

PEmaxB
(5.1)

where Nbot≥2PEs is the number of PMTs in the bottom layer with more than 2 PEs,

and PEmaxB is the number of PEs in the bottom layer tube with the maximum

76

compactness parameter

where Nbot≥2PEs is the number of PMTs in the bottom layer 
with more than 2 PEs, and PEmaxB is the number of PEs in 
the bottom layer tube with the maximum number of PEs.

C
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Figure 5.4: Quality factor Q as a function of the minimum value of C required to
retain an event. The red line compares Monte Carlo γ-rays to Monte Carlo cosmic-
rays, and the black line compares Monte Carlo γ-rays to data.
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Consistent with ARGO findings 
after cuts on χ2 of the temporal fit

4A
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Q

0

0.5

1

1.5

2

2.5

3
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MC Cosmic Rays

Data
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Figure 5.7: Quality factor Q as a function of the minimum value of A4 required to
retain an event. The red line compares Monte Carlo γ-rays to Monte Carlo cosmic-
rays, and the black line compares Monte Carlo γ-rays to data.

initiated events passing this cut is around 10 TeV.

The energy of the primary gamma-ray is also a function of the A4 cut applied.

Figure 5.9 shows the median energies as a function of an A4 cut. Each point represents

the median energy for gamma-ray events with an A4 value greater than the x-axis

value. As can be seen from this figure, there is a good correlation between the median

energy for a given A4 value and that value of A4. One can use this dependence to

estimate the energy spectrum of a gamma-ray source. See Appendix A for details.
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Abdo, PhD thesis

5.2 A4, Milagro’s New Gamma-Hadron Separation

Variable

The denominator of the compactness parameter (equation 5.1) carries the proper

information about the clumpiness in the muon layer that is caused by the penetrating

muons and hadrons that are mostly present in cosmic-ray-induced air showers. This

parameter, however, does not carry information about the size of the air shower or

how well this shower was fit.

A4 is a new γ-hadron separation variable that makes use of the information about

the shower size and how well the shower was fit [2, 3]. A4 is defined as:

A4 =
(ftop + fout) × Nfit

PEmaxB
(5.3)

where

• ftop is the fraction of the air shower layer PMTs hit in an event.

• fout is the fraction of the outriggers hit in an event.

• Nfit is the number of PMTs that entered in the angle fit.

The “A” in A4 stands for “Abdo” and the “4” stands for the number of parameters

that make up A4. Originally A4 included Ntop and Nout instead of ftop and fout,

respectively. The reason for using the fraction of the air shower layer and outriggers

hit and not the actual numbers of the tubes hit is to give a higher weight for the

outriggers in this variable. This is done for many reasons. One of these reasons is

that events with cores on the pond seem to be more hadron like, while events with

cores off the pond seems to be more γ-ray like. Also, events with large number of

outriggers hit have better angular and core resolutions.

The first part in the numerator of A4 carries information about the size of the
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(ftop +fout) = info on the size of the shower

Nfit carries information about how well the shower was 
reconstructed. PEmaxB carries information about the clumpiness 
in the muon layer that is due to the penetrating muons and 
hadrons which are mostly presented in hadronic air showers. 
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Hadronic showers typically deposit large amounts of energy in distinct clumps far 
from the shower core (>40 m)   ➜   CR rejection using topological cut in hit pattern 


(the pattern of energy deposition in the detector)

Milagro 
bottom layer

γ

p

• Algorithm looks for high-amplitude hits more than 
40 m from the reconstructed core location

G. Sinnis, 2010

Requires sufficient number of triggered channels (>70) to work well. 
Q-value max (εγ/√εCR) is estimated ~5 for point sources. 
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Milagro

Water Cherenkov Technology

• Gamma-ray Astronomy

• CR anisotropy

• No results on selection of 

different primary masses and 
spectra of different elements

ARGO-YBJ

Resistive Plate Chamber Technology

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum up to the knee range 

• Study of the shower core region

• Selection of light component (p+He) and 

observation of the proton knee 

The capability of Water Cherenkov facilities in extending the energy 
range to PeV and in selecting primary masses must be investigated    

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum

• Still NO results on the selection 

of different primary masses

HAWC

Water Cherenkov Technology

Benefits of RPCs in ARGO-YBJ:

• dense sampling → low energy threshold (≈ 300 GeV)

• wide energy range: ≈300 GeV → 10 PeV

• high granularity of the read-out → good angular 

resolution and unprecedented details in the core region

With ARGO-YBJ we demonstrated that RPCs can be 
safely operated at extreme altitude for many years.
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Lowering the energy threshold: extreme altitude
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HAWC (4100 m asl)

ARGO-YBJ/LHAASO (4400 m asl) = 1, 1 energy thr.

Chacaltaya (5200 m asl) ≈2x, ≈3x energy thr.

6000 m asl ≈3x, ≈5x energy thr.

Showers of all energies have the same slope after shower 
maximum: ≈1.65x decrease per r.l. .

So, for all energies, if a detector is located one radiation 
length higher in atmosphere, the result will be a ≈1.65x 
decrease in the energy observable.

This imply that the effective areas of EAS 
detectors increases at low energies. 

• Extreme altitude (>4400 m asl) 
• Detection technique and layout 
• Coverage and granularity 
• Trigger logic 
• Detection of secondary photons

Lowering the energy threshold:

Sea LevelHAWC
ARGO-YBJ
LHAASO

6000 m

HAWC

5200 m

increase in size decrease in en. thr.



G. Di Sciascio - INFN CTA School, Sesto June 24-29,  2019

ARGO-YBJ: a full coverage detector

�40

ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

13

Unit density

/ N

sparse array

coverage factor ≈ 10-3 - 10-2
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Unit density
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ARGO-YBJ: a full coverage detector

�40

ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

Increasing the sampling (~1% ➜100%)

• Improves angular resolution 

• Lowers energy threshold 13

Unit density

/ N

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ trigger

sparse array

coverage factor ≈ 10-3 - 10-2

by CASA-MIA
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Energy threshold and resolution
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The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.
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Figure 2. Angular resolution for different Npad intervals, according to simula-
tions. The curves represent the fraction of events beyond the angular distance d
from the source, as a function of d.

shower arrival direction. For events with Npad ! 100, for which
the core position is determined with more accuracy, the error
can be considerably reduced.

These selections and corrections shrink the PSF by a factor
ranging from ∼1.1 for events with Npad = 20–39, up to ∼2,
for Npad ! 1000. The PSFs obtained by simulating the Crab
Nebula along its daily path up to θ = 45◦ are shown in Figure 2
for different intervals of Npad.

To describe the PSFs analytically, for small values of Npad
that cannot be simply fitted by a two-dimensional Gaussian
function, the simulated distributions have been fitted with a
linear combination of two Gaussians. In general, when the PSF
is described by a single Gaussian (F(r) = 1/(2πσ 2) exp (− r2/
σ 2), where r is the angular distance from the source position),
the value of the root mean square σ is commonly defined as the
“angular resolution.” In this case, the fraction of events within
1σ is 39%. For our PSFs, the value of the 39% containment
radius R39 ranges from 0.◦19 for Npad ! 2000 to 1.◦9 for Npad =
20–39. Table 1 reports the values of R39 for different Npad
intervals, together with the core position error, after quality
cuts, as obtained by simulating the source during the daily path
in the ARGO-YBJ field of view.

2.3. Energy Measurement

The number of hit pads Npad is the observable related to
the primary energy that is used to infer the source spectrum.
In general, the number of particles at ground level is not a
very accurate estimator of the primary energy of the single
event, due to the large fluctuations in the shower development
in the atmosphere. Moreover, for a given shower, the number
of particles detected in a finite area detector like ARGO-YBJ
depends on the position of the shower core with respect to
the detector center; for small showers this is especially poorly
determined.

The relation between Npad and the primary gamma-ray en-
ergy of showers surviving the selection cuts is illustrated in
Figure 3, where the corresponding primary energy distributions

 Energy (TeV)
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Figure 3. Normalized distribution of the primary gamma-ray energy for different
Npad intervals, for a Crab-like source.

for different Npad intervals are reported, as obtained by simulat-
ing a Crab-like source with a power law spectrum with index
− 2.63. The distributions are broad, with extended overlapping
regions, spanning over more than one order of magnitude for
small Npad values. The median energies for different Npad inter-
vals are given in Table 1. They range from 340 GeV for events
with Npad = 20–39, to ∼18 TeV for Npad ! 2000.

Since the variable Npad does not allow the accurate mea-
surement of the primary energy of a single event, the energy
spectrum is evaluated by studying the global distribution of
Npad. The observed distribution is compared to a set of simu-
lated ones obtained with different test spectra to determine the
spectrum that better reproduces the data.

3. THE CRAB NEBULA SIGNAL

The data set used for this analysis contains all the events
recorded from 2007 November to 2013 February, with Npad !
20. The total on-source time is 1.12 × 104 hr.

For each source transit, the events are used to fill a set of nine
12◦ × 12◦ sky maps centered on the Crab Nebula position, with
a bin size of 0.◦1×0.◦1 in right ascension and declination (“event
maps”). Each map corresponds to a defined Npad interval:
20–39, 40–59, 60–99, 100–199, 200–299, 300–499, 500–999,
1000–1999 and Npad ! 2000.

To extract the excess of gamma-rays, the cosmic-ray back-
ground has to be estimated and subtracted. Using the time swap-
ping method (Alexandreas et al. 1993), the shower data recorded
in a time interval ∆t = 2–3 hr are used to evaluate the “back-
ground maps,” i.e., the expected number of cosmic-ray events in
any location of the map for the given time interval. This method
assumes that during the interval ∆t the shape of the distribution
of the arrival directions of cosmic-rays in local coordinates does
not change, while the overall rate could change due to atmo-
spheric and detector effects. The value of the time interval ∆t is
less than a few hours to minimize the systematic effects due to
the environmental parameters variations that could change the
distribution of the arrival directions.

The time swapping method is a sort of “simulation” based on
real data: for each detected event, nf “fake” events (with nf =
10) are generated by replacing the original arrival time with
new ones, randomly selected from an event buffer that spans the
time ∆t of data taking. By changing the time, the fake events
maintain the same declination of the original event, but have

4

ARGO-YBJ (all triggered events) HAWC (2019) internal events only

coverage ≈ 92%

high granularity (cm level)

Topological-based Trigger logic; 
>20 pads out of 15,000 bkg free !

Noise: 380 Hz/pad

array of water tanks operated at 4100 m asl


coverage ≈ 60%

poor granularity (m level)

Trigger rate: 24 kHz

Noise: 20-30 kHz/8” PMT (40-50 kHz/10"PMT)

full coverage RPC carpet operated at 4300 m asl

Energy resolution in HAWC
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Energy resolution
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The energy resolution is given by the folding of

Shower fluctuations  
Fluctuations in the depth of 

the first interaction point

Sampling fluctuations 

Fluctuations in the measured 

number of secondary particles 
⨁

Gus Sinnis
AGIS Collaboration Meeting June 2008

HAWC Performance: Energy Resolution IHAWC Performance: Energy Resolution I

From http://www.ast.leeds.ac.uk/~fs/photon-showers.html
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Ground level

1st Interaction

Shower fluctuations dominate 
energy resolution of EAS arrays.

Can be reduced with high coverage 
and high granularity of the read-out


➜ all particles are measured !

HAWC: 40% - 55% at 1 TeV   (gamma internal)

HAWC: 23% - 30% at 50 TeV (gamma internal)

ARGO: 10% at 10 TeV     (protons internal)

ARGO: 5%   at 100 TeV   (protons internal)

IACT: 8% - 15% at 1 TeV  

IACT: 15% - 35% at 50 TeV 
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Northern Hemisphere: HAWC
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The High Altitude Water Cherenkov Gamma-ray Observatory (HAWC) 
is up and running 


Goals: observe gamma rays and cosmic rays from half the sky each 
day between 100 GeV and 100 TeV 


• 4100 meters above sea level


• 19°N latitude (Galactic Center at 48° zenith)


• 300 water tanks, 1200 large photocathode area PMTs 1/6th of sky 
in instantaneous field of view

IPA 20155/4/15

HAWC Site

8

Pico de Orizaba
(“Citlaltepetl”)
5636 meters, 5 km distant

Platform
4100 meters

Sierra Negra
4582 meters

Lava flow
(~4 kyr BPD)

Counting House

HAWC Utility Building
(HUB)

• Instrumented Area: 22,000 m2 

≈140 X 140 m2


• Coverage factor: ≈60 %


• 10 kHz event rate

4

tank contains a custom-made light-tight bladder to ac-
commodate 190,000 liters of purified water. Four up-
ward facing photomultiplier tubes (PMTs) are mounted
at the bottom of each tank: a 10” Hamamatsu R7081-
HQE PMT positioned at the center and three 8” Hama-
matsu R5912 PMTs which are positioned halfway be-
tween the tank center and rim. The central PMT has
roughly twice the sensitivity of the outer PMTs due
to its superior quantum e�ciency and its larger size.
The WCDs are filled to a depth of 4.5m, with 4.0m
(more than 10 radiation lengths) of water above the
PMTs. This large depth guarantees that the electrons,
positrons, and gammas in the air shower are fully ab-
sorbed by the HAWC detector well above the PMT level,
so that the detector itself acts as an electromagnetic
(EM) calorimeter providing an accurate measurement
of EM energy deposition. High-energy electrons are de-
tected via the Cherenkov light they produce in the water
and gamma rays are converted to electrons through pair
production and Compton scattering. Muons are also
detected. They are more likely to be produced in air
showers originating from hadronic cosmic-ray interac-
tions with the atmosphere and tend to have higher
transverse momentum producing large signals in the
PMTs far from the air shower axis and thus serve as
useful tags for rejecting hadronic backgrounds. The
WCDs are arranged in a compact layout to maximize
the density of the sensitive area, with about 60% of the
22,000m2 detector area instrumented. See Figure 1 for
a diagram of the HAWC detector.
Analog signals from the PMTs are transmitted by RG-

59 coaxial cable to a central counting house. The sig-
nals are shaped and discriminated at two voltage thresh-
olds roughly corresponding to 1/4PE and 4PEs and the
threshold crossing times (both rising and falling) are
recorded using CAEN V1190A time-to-digital convert-
ers. Individual signals that pass at least the low thresh-
old are called hits. The time-over-threshold is used to
estimate the charge. The response of this system is
roughly logarithmic, so that the readout has reasonable
charge resolution over a very wide dynamic range, from a
fraction of 1PE to 10,000PEs. The timing resolution for
large pulses is better than 1 ns. All channels are read out
in real time with zero dead time and blocks of data are
aggregated in a real-time computing farm. A trigger is
generated when a su�cient number of PMTs record a hit
within a 150 ns window (28 hits were required for most of
the data used in this analysis, though other values were
occasionally used earlier). This results in a ⇠20 kHz
trigger rate. Small events, with a number of hits close
to the threshold value and which dominate the triggers,
require a specific treatment and are removed from the

Figure 1. Layout of HAWC WCDs and positions of the
PMTs (PMTs not to scale). The conspicuous gap indicates
the location of the counting house, which is centrally located
to minimize the cable length.

analysis presented here. In the future their inclusion
will significantly lower the energy threshold of HAWC.
For sources with spectra that extend beyond 1TeV, like
the Crab Nebula, the sensitivity usually peaks above
5TeV (depending on the source spectrum and declina-
tion) and excluding the near-threshold events does not
significantly reduce the sensitivity. Details of the event
selection for the present analysis are presented in the
next section.
For each triggered event, the parameters of the

air shower, like the direction, the size, and some
gamma/hadron separation variables, are extracted from
the recorded hit times and amplitudes, using a shower
model developed through the study of Monte Carlo sim-
ulations and optimized using observations of the Crab
Nebula (Abeysekara et al. 2017, submitted to ApJ).
The angular resolution of the HAWC instrument varies
with the event size (number of hit PMTs) and ranges
from ⇠0.2� (68% containment) for large events events
hitting almost all the PMTs to ⇠1.0� for events near
the analysis threshold.
Gamma-ray induced showers are generally compact

and have a smooth lateral distribution around the
shower core (the position where the shower axis in-
tersects the detector plane). In contrast, hadronic back-
ground events tend to be broader, contain multiple or
poorly defined cores, and include highly localized large
signals from muons and hadrons at significant distance
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Water Cherenkov Method
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• Robust and cost-effective surface detection technique 


• Water tanks: 7.3 m radius, 5 m height, 185 kL purified water 


• Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

IPA 20155/4/15

Water Cherenkov Method
‣ Robust and cost-effective surface detection technique

‣Water tanks: 7.3 m radius, 5 m height, 185 kL purified water

‣ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

10

Air$shower$par,cle$
(e.g.,$GeV$muon)$

IPA 20155/4/15

Tank Deployment
‣ Tanks built using 5 “rings” of curved steel panels and capped 

with an opaque military-grade canvas roof

‣ Next: bladder installation, water delivery, wet PMT deployment

‣ 55 million L (55 kT) water delivered: 3900 tanker truck trips

11

Final tank deployed: December 15, 2014 Water filtration system in HUB, Sierra Negra

IPA 20155/4/15

Water Cherenkov Method
‣ Robust and cost-effective surface detection technique

‣Water tanks: 7.3 m radius, 5 m height, 185 kL purified water

‣ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

10

Air$shower$par,cle$
(e.g.,$GeV$muon)$
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2nd HAWC Catalog
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A total of 39 sources were detected with 507 days of data.


Out of these sources, 16 are more than one degree away from any 
previously reported TeV source 

7 of the detected sources may be associated with PWN, 2 with SNRs, 
2 with blazars, and the remaining 23 have no firm identification yet. 

6

Table 1. Properties of the nine analysis bins:
bin number B, event size fhit, 68% PSF contain-
ment  68, cut selection e�ciency for gammas
✏MC
� and cosmic rays ✏dataCR , and median energy
for a reference source of spectral index �2.63 at
a declination of 20� ẼMC

� .

B fhit  68 ✏MC
� ✏dataCR ẼMC

�

(%) (�) (%) (%) (TeV)

1 6.7 – 10.5 1.03 70 15 0.7

2 10.5 – 16.2 0.69 75 10 1.1

3 16.2 – 24.7 0.50 74 5.3 1.8

4 24.7 – 35.6 0.39 51 1.3 3.5

5 35.6 – 48.5 0.30 50 0.55 5.6

6 48.5 – 61.8 0.28 35 0.21 12

7 61.8 – 74.0 0.22 63 0.24 15

8 74.0 – 84.0 0.20 63 0.13 21

9 84.0 – 100.0 0.17 70 0.20 51

et al. 2003). It is used to fit the isotropic distribution
of events that pass the gamma-ray event selection, while
accounting for the asymmetric detector angular response
and varying all-sky rate. As strong gamma-ray sources
would bias the background estimate, some regions are
excluded from the computation. These regions cover the
Crab, the two Markarians, the Geminga region and, a
region ±3� around the inner Galactic Plane. Nine event
maps and nine background maps are generated, for the
nine analysis bins.
The maps are produced using a HEALPix pixelization

scheme (Górski et al. 2005), where the sphere is divided
in 12 equal area base pixels, each of which is subdivided
into a grid of Nside ⇥ Nside. For the present analysis,
maps were initially done using Nside = 1024 for a mean
spacing between pixel centers of less than 0.06�, which is
small compared to the typical PSF of the reconstructed
events as shown on Table 1.

3.4. Source Hypothesis Testing

The maximum likelihood analysis framework pre-
sented in Younk et al. (2016) is used to analyze the
maps. The test statistic is defined using the likelihood
ratio,

TS = 2 ln
Lmax(Source Model)

L(Null Model)
, (1)

to compare a source model hypothesis with a null hy-
pothesis. The likelihood of a model L(Model) is ob-

Figure 2. Test statistic distribution of the point source
search (black) and standard normal distribution (red).

tained by comparing the observed event counts with the
expected counts, for all the pixels in a region of interest,
and for all nine analysis bins.
For the null model, the expected counts are simply

given by the background maps derived from data. For
the source model, the expected counts correspond to the
same background plus a signal contribution from the
source derived from simulation. We assume a source
model characterized by:

• a point source or a uniform disk of fixed radius
and

• a power law energy spectrum.

The signal contribution is derived from the source char-
acteristics and the detector response from simulation
(expected counts for the spectrum and PSF, both func-
tions of the analysis bin and the declination).
The TS is maximized with respect to the free param-

eters of the source model. This approach is used both
to search for sources (with a TS threshold) and to mea-
sure the characteristics of said sources as a result of the
maximization.
We make a TS map by moving the location of the

hypothetical source across the possible locations in the
sky. In the following searches the source flux is the only
free parameter of the model while the extent and spec-
tral index are fixed. The source and null model are
nested; hence by Wilks’ Theorem the TS is distributed
as �2 with one degree of freedom if the statistics are suf-
ficiently large. Consequently, the pre-trial significance,
conventionally reported as standard deviations (sigmas),
is obtained by taking the square root of the test statistic,p
TS (here and after, what we denote

p
TS actually cor-

responds to sign(TS)
p

|TS|). Figure 2 shows the distri-

arXiv:1702.02992

15

Figure 8. Parts of the inner Galactic Plane region, in Galactic coordinates. The TS map corresponds to a point source
hypothesis with a spectral index of �2.7. The green contour lines indicate values of

p
TS of 15, 16, 17, etc. In this figure and the

following, the 2HWC sources are represented by white circles and labels below the circle; whereas the source listed in TeVCat
are represented with black squares and labels above the square symbol.

16

Figure 9. Same as Figure 8, farther along the Galactic Plane.

Energy threshold ≈ 700 GeV
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The Galaxy above 56 TeV with HAWC
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Galactic Plane above 56 TeV (0.5 deg extended source assumed)

K. Malone, TeVPA 2018

K. Malone | TeVPA 2018 �12

• Same technique used to construct HAWC’s catalog (ApJ 2017) used 
to locate regions of high significance (> 5σ) high energy emission  

• 6 sources in the plane > 56 TeV (plus the Crab)

• All coincident with 2HWC sources

• Not corrected for resolution/feed-down effects

2HWC J2031+415

2HWC J2019+367

2HWC J1908+063

2HWC J1844-032

2HWC J1837-065

2HWC J1825-134

The Galactic plane above 56 TeV in 
reconstructed energy

PRELIMINARY

6 sources in the plane > 56 TeV (plus the Crab)
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The Galaxy above 100 TeV with HAWC
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Galactic Plane above 100 TeV

K. Malone, TeVPA 2018

2 sources in the plane > 100 TeV (plus the Crab ?)

K. Malone | TeVPA 2018 �14

2HWC J1908+063
2HWC J1825-134

PRELIMINARY

PRELIMINARY

Hint of the Crab 
Nebula?

• Same technique used to construct HAWC’s catalog 
(ApJ 2017) used to locate regions of high 
significance (> 5σ) high energy emission  

• 2 sources in the plane > 100 TeV 

• Both coincident with 2HWC sources

• Not corrected for resolution/feed-down effects

The Galactic plane above 100 TeV in 
reconstructed energy

K. Malone | TeVPA 2018 �14

2HWC J1908+063
2HWC J1825-134

PRELIMINARY

PRELIMINARY

Hint of the Crab 
Nebula?

• Same technique used to construct HAWC’s catalog 
(ApJ 2017) used to locate regions of high 
significance (> 5σ) high energy emission  

• 2 sources in the plane > 100 TeV 

• Both coincident with 2HWC sources

• Not corrected for resolution/feed-down effects

The Galactic plane above 100 TeV in 
reconstructed energy
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Crab Nebula with HAWC
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The Crab spectrum measured between June 2015 and December 2017 with 837 days of data 

arXiv:1905.12518

12 HAWC Collaboration

Table 4. Test statistic as a function of energy and flux points

Bin Ê energy range GP TS GP median GP flux NN TS NN median NN flux

(TeV) energy (TeV) (TeV cm�2 s�1) energy (TeV) (TeV cm�2 s�1)

c 1-1.78 3896 0.932 (3.73 ± 0.07) ⇥ 10�11 2734 1.04 (3.63 ± 0.08) ⇥ 10�11

d 1.78-3.16 3754 1.46 (3.11 ± 0.07) ⇥ 10�11 4112 1.83 (2.67 ± 0.05) ⇥ 10�11

e 3.16-5.62 3543 2.68 (2.37 ± 0.06) ⇥ 10�11 4678 3.24 (1.92 ± 0.04) ⇥ 10�11

f 5.62-10.0 3481 5.41 (1.37 ± 0.04) ⇥ 10�11 3683 5.84 (1.24 ± 0.03) ⇥ 10�11

g 10.0-17.8 1864 9.82 (8.26 ± 0.33) ⇥ 10�12 2259 10.66 (8.15 ± 0.31) ⇥ 10�12

h 17.8-31.6 975 18.4 (5.04 ± 0.31) ⇥ 10�12 1237 19.6 (5.23 ± 0.29) ⇥ 10�12

i 31.6-56.2 365 33.9 (2.47 ± 0.27) ⇥ 10�12 572 36.1 (3.26 ± 0.28) ⇥ 10�12

j 56.2-100 107 59.3 (1.26 ± 0.25) ⇥ 10�12 105 66.8 (1.23 ± 0.24) ⇥ 10�12

k 100-177 19.9 102 (6.79 ± 2.70) ⇥ 10�13 28.8 118 (8.37 ± 2.91) ⇥ 10�13

l 177-316 0.33 174 < 5.92 ⇥ 10�13 0.14 204 < 8.14 ⇥ 10�13

The test statistic for each energy bin, corresponding to the flux points in Figure 8. The “Ê energy range” column gives the
range in reconstructed energy for each bin, while the columns labeled “GP med. energy” and “NN med. energy” give the
median energy from simulation for the ground parameter and neural network, respectively, assuming that the fitted log

parabola spectra are the true spectra. Some median energies fall outside the reconstructed energy range because the Crab
Nebula spectrum is steep, so that there are more photons with lower energy than higher which are reconstructed at a given Ê.
The flux gives statistical uncertainties only and is reported at the median energy in each bin. The last bin is a 95% upper

limit following Feldman & Cousins (1998).

Figure 9. The Crab excess per transit, along with the resid-
ual, defined as (measured - expected)/expected. The two es-
timators have di↵erent numbers of events in some bins due
to di↵ering bias, resolution and e�ciency to gamma rays.

Figure 10. The bin purity for both estimators, for a hard
(E�2) and a soft (E�3) power-law spectra. The plot is made
after gamma/hadron cuts.

ures 5 and 10). This calculation assumes that the true
spectrum of the Crab Nebula is the fitted log parabola.
We can expect roughly half of the ⇠11 events in the

100-177 TeV bin to be above the median energy. From
the binomial distribution, the probability of seeing zero
events above the median is simply (0.5)11, or 0.000488.
This corresponds to a 3.3� detection of gamma rays
above the median energy (102 TeV for the GP and 118
TeV for the NN).

12 HAWC Collaboration
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The test statistic for each energy bin, corresponding to the flux points in Figure 8. The “Ê energy range” column gives the
range in reconstructed energy for each bin, while the columns labeled “GP med. energy” and “NN med. energy” give the
median energy from simulation for the ground parameter and neural network, respectively, assuming that the fitted log

parabola spectra are the true spectra. Some median energies fall outside the reconstructed energy range because the Crab
Nebula spectrum is steep, so that there are more photons with lower energy than higher which are reconstructed at a given Ê.
The flux gives statistical uncertainties only and is reported at the median energy in each bin. The last bin is a 95% upper

limit following Feldman & Cousins (1998).

Figure 9. The Crab excess per transit, along with the resid-
ual, defined as (measured - expected)/expected. The two es-
timators have di↵erent numbers of events in some bins due
to di↵ering bias, resolution and e�ciency to gamma rays.

Figure 10. The bin purity for both estimators, for a hard
(E�2) and a soft (E�3) power-law spectra. The plot is made
after gamma/hadron cuts.

ures 5 and 10). This calculation assumes that the true
spectrum of the Crab Nebula is the fitted log parabola.
We can expect roughly half of the ⇠11 events in the

100-177 TeV bin to be above the median energy. From
the binomial distribution, the probability of seeing zero
events above the median is simply (0.5)11, or 0.000488.
This corresponds to a 3.3� detection of gamma rays
above the median energy (102 TeV for the GP and 118
TeV for the NN).

These measurements are the highest-energy 
observation of a gamma-ray source to date.

The Crab Nebula at Very High Energies 11

Figure 8. The Crab spectrum obtained with the GP method (black) and NN method (green). The error bars on the flux
points are statistical only The shaded grey and green shaded bands denote systematic uncertainties. The upper ranges of the
overall forward-folded fit are calculated using binomial statistics (described in Section 4.4.2). This method breaks down when
there are large numbers of events, so the lower ranges of the fits are chosen by looking at the true energy distribution in the
lowest-energy bin and finding the energy that 90% of the events in that bin are above. For comparison, the HAWC Crab fit from
Abeysekara et al. (2017) is also shown. See the text for details of how the flux points were obtained. Systematic uncertainties
are discussed further, in Section 4.5. The dotted navy line is the Inverse Compton parameterization from Meyer et al. (2010).
References for other experiments: HESS (Holler et al. 2015), VERITAS (Meagher 2015), MAGIC (Aleksić et al. 2015), Tibet
AS� (Amenomori et al. 2015), ARGO YBJ (Bartoli et al. 2015), HEGRA (Aharonian et al. 2004)

We find that the conventional log parabola fit is sig-
nificantly preferred over the log parabola convolved with
a hard cuto↵ at 56 TeV for both estimators (5.12� for
the GP and 6.99� for the NN, respectively). Moving the
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2 HAWC Collaboration

We present TeV gamma-ray observations of the Crab Nebula, the standard reference source in
ground-based gamma-ray astronomy, using data from the High Altitude Water Cherenkov (HAWC)
Gamma-Ray Observatory. In this analysis we use two independent energy-estimation methods that
utilize extensive air shower variables such as the core position, shower angle, and shower lateral energy
distribution. In contrast, the previously published HAWC energy spectrum roughly estimated the
shower energy with only the number of photomultipliers triggered. This new methodology yields a
much improved energy resolution over the previous analysis and extends HAWC’s ability to accurately
measure gamma-ray energies well beyond 100 TeV. The energy spectrum of the Crab Nebula is well fit

to a log parabola shape
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dE = �0 (E/7 TeV)�↵�� ln(E/7 TeV)
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with emission up to at least 100 TeV. For

the first estimator, a ground parameter that utilizes fits to the lateral distribution function to measure
the charge density 40 meters from the shower axis, the best-fit values are �o=(2.35±0.04+0.20

�0.21)⇥10�13

(TeV cm2 s)�1, ↵=2.79±0.02+0.01
�0.03, and �=0.10±0.01+0.01

�0.03. For the second estimator, a neural network
which uses the charge distribution in annuli around the core and other variables, these values are
�o=(2.31±0.02+0.32

�0.17)⇥10�13 (TeV cm2 s)�1, ↵=2.73±0.02+0.03
�0.02, and �=0.06±0.01±0.02. The first set

of uncertainties are statistical; the second set are systematic. Both methods yield compatible results.
These measurements are the highest-energy observation of a gamma-ray source to date.
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energy, where the radiative losses are equal to collisional
energy losses and the shower begins to die out. This
point is known as the “shower maximum”. For a review
on air shower development, see Matthews (2005).
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take di↵erent approaches in estimating the energy of the
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telescopes (IACTs) work by detecting this Cherenkov
light. Variables such as the image amplitude, the dis-
tance between the image and the center of the camera,
the distance between the telescope and the shower axis,
and the estimated height of the shower maximum are
used to obtain gamma-ray energy estimates (Hofmann
et al. 2000). Techniques used may include look-up ta-

bles (Holder 2015) or template-based analyses (Bohec
et al. 1998; Parsons & Hinton 2014).
EAS arrays work by detecting the shower particles

that reach ground level. Energy must be reconstructed
using only this information. Because of this, it is a chal-
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ray. For ⇠1 TeV showers, the shower maximum occurs,
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ground level. Shower fluctuations mostly stemming from
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The simplest way to obtain a gamma-ray energy esti-

mate with an EAS array is to count the number of detec-
tor elements triggered during an air shower event. This
method was used by the Milagro experiment (Abdo et al.
2012), among others. However, this parameter is typi-
cally only weakly correlated with energy as it does not
take into account some important variables: the zenith
angle of the event, the distance from the air shower core
to the array, and how well-contained the shower is within
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mines the overall level of signal detected. The contain-
ment of the shower within the array can lead to a lack
of dynamic range at the highest energies. Above some
energy threshold, every detector element may be trig-
gered. At this point, it becomes impossible to estimate
the gamma-ray energy just from the percentage of de-
tector elements hit.

2 HAWC Collaboration
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The Ideal Observatory for PeVatrons
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• Search for sources of cosmic rays close to PeV energies 
➡ High sensitivity at about 30-40 TeV


• Test spectral break and cutoffs at several TeV ➡ Good 
energy resolution at several TeVs 

• Search for different and possibly unexpected classes of 
sources ➡ Unbiased survey 


• Resolve sources which might be hidden in the tails of 
bright sources and compare and correlate with gas 
surveys ➡ Good angular resolution at several TeV.
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HAWC Mixing Matrix
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Performance best above 10 TeV, 
where showers are largest

Gamma cut-off at 30 TeV imply 
proton cut-off at about 1 PeV.


Of course the higher energy the 
better but most sources become 
too faint.

40% - 55% at 1 TeV (8%-15% IACT)

23% - 30% at 50 TeV (15%-35% IACT)


Not ideal spectroscopy, extremely 
important to detect spectral break and 
cut-offs !!!

Physical limits due to the detection 
technique, although there one 
might strive for improvementsK. Malone | TeVPA 2018

Mixing matrix 

�9

Performance 
best above 10 

TeV, where 
showers are 

largest

S. Casanova, Roma 2019 
K. Malone, TeVPA 2018
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LHAASO: from γ-ray astronomy to CR physics
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WCDA

• 1.3 km2 array, including 5195 scintillator detectors 1 m2 each, with 15 m spacing.


• An overlapping 1 km2 array of 1171, underground water Cherenkov tanks 36 m2 each,  with 30 m 
spacing, for muon detection (total sensitive area ≈ 42,000 m2).


• A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m2.


• 18 wide field-of-view air Cherenkov (and fluorescence) telescopes.


• Neutron detectors
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The LHAASO site
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The experiment is located at 4400 m asl (600 g/cm2) in 
the Haizishan (Lakes’ Mountain) site, Sichuan province

Coordinates: 29º 21' 31’' N, 100º 08' 15’' E 

场地中心： 
29度21分30.7秒， 
                    100度08分14.65秒 
公路入口： 
29度21分32.76秒， 
                     100度07分43.03秒 
场地西边界： 
29度21分30.61秒， 
                     100度07分50.61秒 
场地东边界： 
29度21分30.68秒， 
                     100度08分38.73秒 
场地北边界： 
29度21分51.78秒， 
                     100度08分14.50秒 
场地南边界： 
29度21分9.54秒， 
                     100度08分14.73秒 
 
 

Beijing 

Chengdu 

Haizishan 

700 km to Chengdu

50 km to Daocheng City (3700 m asl, guest house)

10 km to the highest airport in the world
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LHAASO installation: WCDA
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22,500 m2 33,000 m2

22,500 m2

1st muon
detector

¾Liner 

Construction of LHAASO-1/4

A few muon detectors are covered

20” PMTs with special PE 
collecting design in #2 and #3 
ponds of WCDA
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The Starting of the Data Taking
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First Events
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LHAASO Science White Paper
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THE LARGE HIGH ALTITUDE AIR SHOWER
OBSERVATORY

SCIENCE WHITE PAPER I

(V3.2 MAY 9, 2019)

May 9, 2019
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★ Commissioning of first quarter of the experiment 
started April 2019 (sensitivity ≈HAWC):

• 22,500 m2 water Cherenkov detector 

• 1/4 scintillator array

• 6 WFCTA telescopes

• ≈ 300 muon detectors

★ Completion of the installation by the end of 2021.

★ First Sky Map with sensitivity better than HAWC 
expected next year.
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Galactic Plane in the LHAASO field of view
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Zenith angle < 40° Visible Galactic Plane: l = 20° – 225° 

TeV sources from TeVCat HESS survey:           l = 250°– 60°    |b| < 3.5° 
VERITAS survey:     l = 67°– 82°      -1° < b < 4

HESS survey 

Equator 

VERITAS 
survey 
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LHAASO integral sensitivity
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CRAB extrapolation

LHAASO (1 year, 5 s.d.)
HAWC (1 year, 5 s.d.)
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA-South Survey
CTA-South point sources (50 hours)
EAS-TOP Crab u.l. (1995)
KASCADE Crab u.l. (2004)
HEGRA AIROBICC u.l. (2002)
CASA-MIA Crab u.l. (1991,1997)

EAS-array: 5 s.d. in 1 year

Cherenkov: 5 s.d. in 50 h on source

★ 1 year for EAS arrays means:


(5 h ⨉ 365 d) ~1500 - 2200 of 
observation hours for each source 
(about 4-6 hours per day).


★ For Cherenkov: 


(5 h ⨉ 365 d) ⨉ d.c. (≈ 15%) ≈ 270 h/y 
for each source.
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TeV sources in the LHAASO field of view

�58

From TeVCat: 

71 sources culminating at zenith angle  < 40°


LHAASO latitude = 30° N         
-10° < decl < 70°  

•  40 extragalactic  

•  31 galactic  
13  Unidentified 
9    Pulsar Wind Nebulae 
6    Shell Supernova Remnant 
2    Binary System 
1    Massive Star Cluster

70% of Galactic sources are extended
Probably the fluxes are higher then what measured by IACT

Crab

0.1 × Crab

0.01 × Crab

average index = 2.42

The real sensitivity depends on spectral slope, 
culmination angle and angular extension of the source

Extrapolation of TeV spectra assuming no cutoff
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6 Shell SuperNova Remnants
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Source' Zenith'
angle'
culm.'

F'>'1'
TeV'
(c.u.)'

Energy'
range'

Spectral'
index'

Angular'
Extension'(σ)'

Thyco' 34°' 0.009' 1E10' 1.95'

G106.3+2.7' 31°' 0.03' 1E20' 2.29' 0.3°'x'0.2°'

Cas'A' 29°' 0.05' 0.5E10' 2.3'

W51' 16°' 0.03' 0.1E5' 2.58' 0.12°''

IC443' 7.5°' 0.03' 0.1E2' 3.0' 0.16°'

W49B' 21°' 0.005' 0.3E10' 3.1'

TYCHO&&&(34°)&
CAS&A&&&(29°)&
&G106.3+2.7 (31°)&
 

IC443 
(7.5°)&
 

W51&&
(16°)&W49B&

(21°)&
&

CRAB 

No cutoff observed in the 6 TeV spectra

TYCHO 

E-1.95 

IC#443#

E-3.0 

CAS  A 

E-2.3 
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Cygnus Cocoon
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Broad Objects: Cygnus region

Overlapping sources？Morphological study？Multi-wavelength？

The 1st VHE supper-bubble by ARGO-YBJ  

Broad Objects: Cygnus region

Overlapping sources？Morphological study？Multi-wavelength？

The 1st VHE supper-bubble by ARGO-YBJ  

ApJ 790 (2014) 152

Counterpart of Cygnus Cocoon at TeV energies 
discovered by ARGO-YBJ (ARGO J2031+4157) 

Spectrum of ARGO J2031+4157: dN/dE ∝ E-2.62±0.27 

Combined Fermi-LAT&ARGO spectrum: dN/dE ∝ E-2.16±0.04

Z. Cao, WASDHA 2018
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What’s Next ? Beyond HAWC/LHAASO

�61

• Discovering rare transient events requires full sky coverage and very low energy 
threshold (100 GeV range): transient factory


• GRB finder for Advanced LIGO, which will detect all neutron binary coalescence 
with z < 0.5 


• AGN flares & GRBs as distant probes of high energy physics (e.g. Lorentz 
invariance and axions) 


• Survey of the Inner Galaxy and Galactic Center 

• TeV Source finder for CTA south

Southern Hemisphere

In the next decade CTA-North and LHAASO are expected to be the most sensitive 
instruments to study γ-ray astronomy in the Northern Hemisphere from ≈20 GeV up to PeV.

• An all-sky detector in the Southern Hemisphere should be a high priority 
to face a broad range of topics.
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Scientific requirements
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A future Wide FoV Observatory to be useful (to CTA) needs:


• Low energy threshold (≈ 100 GeV) to detect extragalactic transient (AGN, GRBs).


• Angular resolution ≈ 1° at the threshold for survey of Inner Galaxy (source confusion).


• <10% Crab sensitivity below TeV to have high exposure for flaring activity. 

• Good energy resolution above 10 TeV to detect spectral cut-offs 

• Background discrimination capability at level of 10-5 (!!!) in the 100 TeV range to observe the 
knee in the energy spectrum of the gamma diffuse emission in different regions of the GP.

★ Is this possible ?

Physical limits mainly due to the detection technique !
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Southern Gamma-Ray Survey Observatory

�63

 5

Who are we?…

The alliance
- Advancement of this effort in the Southern-

Hemisphere
- Organizing the writing of a white-paper on 

the science case 
- Documentation on site-candidates
- No decision on technical design (for now)
- Currently 75 members from 11 countries
- Next meeting 8-9 October Heidelberg, 

Germany www.sgso-alliance.org

H. Schoorlemmer 
Recontres du Vietnam 2018
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Science Case White Paper by SGSO
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Science Case for a Wide Field-of-View
Very-High-Energy Gamma-Ray Observatory

in the Southern Hemisphere

A. Albert1, R. Alfaro2 H. Ashkar3, C. Alvarez4,4 J.Álvarez5, J.C. Arteaga-Velázquez5,
H. A. Ayala Solares6, R. Arceo4, J.A. Bellido7, S. BenZvi8, T. Bretz9, C.A. Brisbois10,

A.M. Brown11, F. Brun3, K.S. Caballero-Mora4, A. Carosi12, A. Carramiñana13,
S. Casanova14,15, P.M. Chadwick11, G. Cotter16, S. Coutiño De León13, P. Cristofari17,18,

S. Dasso19,20, E. de la Fuente21, B.L. Dingus1,23 P. Desiati22, F. de O. Salles23, V. de Souza24,
D. Dorner25, J. C. Dı́az-Vélez21,22, J.A. Garćıa-González2, M. A. DuVernois22,

G. Di Sciascio26, K. Engel27, H. Fleischhack10, N. Fraija28, S. Funk29, J-F. Glicenstein3,
J. Gonzalez,30 M. M. González28, J. A. Goodman27, J. P. Harding1, A. Haungs31, J. Hinton15,

B. Hona10, D. Hoyos32,33, P. Huentemeyer10, A. Iriarte34, A. Jardin-Blicq15, V. Joshi15,
S. Kaufmann11, K. Kawata35, S. Kunwar15, J. Lefaucheur3, J.-P. Lenain36, K. Link31,

R. López-Coto37, V. Marandon15, M. Mariotti38, J. Mart́ınez-Castro39, H. Mart́ınez-Huerta24,
M. Mostafá6, A. Nayerhoda14, L. Nellen32, E. de Oña Wilhelmi40,41, R.D. Parsons15,
B. Patricelli42,43, A. Pichel19, Q. Piel12, E. Prandini38, E. Pueschel41, S. Procureur3,

A. Reisenegger44,45, C. Rivière27, J. Rodriguez2,46, A. C. Rovero19, G. Rowell7,
E. L. Ruiz-Velasco15, A. Sandoval2, M. Santander47, T. Sako35, T. K. Sako35, K. Satalecka41,

H. Schoorlemmer15,?, F. Schüssler3,?, M. Seglar-Arroyo3, A. J. Smith27, S. Spencer16,
P. Surajbali15, E. Tabachnick27, A. M. Taylor41, O. Tibolla11,48, I. Torres13, B. Vallage3,
A. Viana24, J.J. Watson16, T. Weisgarber22, F. Werner15, R. White15, R. Wischnewski41,

R. Yang15, A. Zepeda49, H. Zhou1

1 Physics Division, Los Alamos National Laboratory, Los Alamos, NM, USA
2 Instituto de F́ısica, Universidad Nacional Autónoma de México, Circuito de la Investigación

Cient́ıfica, C.U., A. Postal 70-364, 04510 Cd. de México, México
3 IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

4 Facultad de Ciencias en F́ısica y Matemáticas, Universidad Autónoma de Chiapas, C. P. 29050,
Tuxtla Gutiérrez, Chiapas, México

5 Universidad Michoacana de San Nicolás de Hidalgo, Morelia, Michoacán, México
6 Department of Physics, Pennsylvania State University, University Park, PA, USA
7 School of Physical Sciences, University of Adelaide, Adelaide, SA 5005, Australia

8 Department of Physics and Astronomy, University of Rochester, 500 Wilson Boulevard, Rochester NY
14627, USA

9 III. Physics Institute A, RWTH Aachen University, Templergraben 56, D-52062 Aachen, Germany
10 Michigan Technological University, Houghton, Michigan, 49931, USA

11 Centre for Advanced Instrumentation, Dept. of Physics, Durham University, Durham DH1 3LE, UK
12 Laboratoire d’Annecy de Physique des Particules, Univ. Grenoble Alpes, Univ. Savoie Mont Blanc,

CNRS, LAPP, F-74000 Annecy, France
13 Instituto Nacional de Astrof́ısica, Óptica y Electrónica, Puebla, México

14 Institute for Nuclear Physics PAN, ul. Radzikowskiego 152, 31-342 Kraków, Poland
15 Max-Planck Institute for Nuclear Physics, 69117 Heidelberg, Germany

16 University of Oxford, Department of Physics, Denys Wilkinson Building, Keble Road, Oxford OX1
3RH, United Kingdom

17 Columbia University, Department of Astronomy, 10027, New York, USA
18 Gran Sasso Science Institute, 67100 L’Aquila, Italy

19 Instituto de Astronomı́a y F́ısica del Espacio (IAFE,UBA–CONICET), Buenos Aires, Argentina
20 Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Ciencias

de la Atmósfera y los Océanos and Departamento de F́ısica, Buenos Aires, Argentina
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óp

ez-C
oto

3
7,

V
.
M
aran

d
on

1
5,

M
.
M
ariotti 3

8,
J.

M
art́ın

ez-C
astro

3
9,

H
.
M
art́ın

ez-H
u
erta

2
4,

M
.
M
ostafá
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A straw mans design: point source sensitivity
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A straw mans design: 
Realistic & Ambitious

CORSIKA  &
Simple Detectors 

SGSO Detector Response 
at 5km above sea-level

HAWC
 performance

Size & Fill factor

 8

A straw mans design: Point source sensitivity 
(not so important…)

5 km above sea level
If you are interested join SGSO at 


www.sgso-alliance.orgHAWC-based layout

H. Schoorlemmer 
Recontres du Vietnam 2018

Final layout in next 3 years

http://www.sgso-alliance.org


G. Di Sciascio - INFN CTA School, Sesto June 24-29,  2019

2 
 

Description of Activities 

Our main goal is to manufacture and test a new radiation-particle detector based on RPCs [1,2] that, in 
combination with an underlying Shower Array detector (HAWC-like or equivalent, SA), can be sensitive to 
high-energy photons in the range 100 GeV – 100 TeV. In particular, the special focus of our program and 
the specific INAF contribution is to enhance the sensitivity of shower array experiments in the 100 GeV 
range. We name our program SHARP (Southern High-Altitude RPCs) that will proceed as follows: 

1. manufacture the SHARP 28 m2 RPC detector capable to be positioned on top of an underlying 
high-energy instrument at high altitude; 

2. simulate photon- and hadron-induced showers interacting with the combined instrument 
(SHARP + SA detector); 

3. test the SHARP detector at CERN; 
4. taking data at high-altitude (4100-5100 m) for the combined instrument; 
5. data analysis and requirements for SGSO. 

More specifically, the program is aimed at: (a) studying the sensitivity of the combined instrument to low-
energy showers; (b) obtaining detailed spatial structure of the shower with particular emphasis on low-
energy hits (down to sub-MeV); (c) determining the space and time resolution of the SHARP + SA detector; 
(d) determining the requirements for a configuration based on SHARP + SA detector to achieve an 
astrophysically relevant sensitivity in the range 100 GeV – 1 TeV for SGSO [3]. 

The SHARP detector 

The SHARP detector is based on phenolic-resin RPCs and is designed to be installed on top of one HAWC 
tank (covering most of its surface) or equivalent SA detector. The RPCs are to be mechanically supported, if 
possible, by the structure already existing inside the tank; alternatively, a dedicated light mechanical 
support can be developed. The RPC rectangular geometry is adapted to the circular geometry of the tank, 
with 7 m diameter, by means of two different chamber sizes, according to the scheme shown in Fig. 1. Our 
current layout is based on 8 chambers of size 3x0.75 m2 and 6 chambers of 2.35x0.75m2. The total 
coverage is about 28 m2 (about 74% of the HAWC tank surface). 

The type of RPC detector foreseen for this test is similar to the well tested ARGO [4] chambers, with a few 
differences suggested by the evolution of the detector in the last 10 - 15 years: 

¾ operation in avalanche mode instead of streamer;  
¾ thinner electrode plates of thickness near 1 mm (instead of 2 mm as in ARGO), made of 
phenolic resin high-pressure laminate (HPL); 
¾ new front-end electronics, adequate to the avalanche mode operation.  

Each chamber consists of 3 parts assembled 
together: (1) the gas volume (or gas gap); 
(2) the strip panels for the signal read out, 
with the front-end electronics embodied in 
them; (3) the mechanical support panels.  
The detector layout is reported in Fig. 2. The 
gas volume is a 1mm gap between two 
resistive electrode plates each ~1 mm thick. 
The gas volume is sandwiched between two 
read out panels, one made of copper strips 
and one made of big pads (Fig. 3), which 
detect the signals generated inside the gas 
gap. The strip panel (the top one in Fig.2) is 
equipped with strips with the front-end 
electronics located at the end of the strip 

Fig.1 

STACEX: γ-ray astronomy in the South

�66

STACEX proposal combines in a hybrid detector both 
approaches so far used in survey instruments

• Water Cherenkov technique HAWC/LHAASO - like

• RPC technique ARGO-like

Two experimental techniques operated for many years at high altitude

Benefit of RPCs:

✦ Full coverage and high granularity of the read-out (very low energy threshold)

✦ Better energy resolution, in particular above 10 TeV (10% at 50 TeV)

✦ Wide energy range (100 GeV → 300 TeV, with only digital readout)

✦ Elemental composition up to ≈10 PeV (with charge readout) 

Benefit of Water Cherenkov:

✦ Gamma/Hadron discrimination above TeV at distances > 40 m from the core

Southern TeV Astrophysics and Cosmic rays Experiment 
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Point source sensitivity
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Conclusions
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Open problems in cosmic ray physics push the construction of new generation Wide FoV experiments.

In the next decade CTA-North and LHAASO are expected to be the most sensitive instruments to study 
γ-ray astronomy in the Northern hemisphere from ≈20 GeV up to PeV.


• An all-sky detector in the Southern Hemisphere should be a high priority to face a broad range of 
topics.


• Extragalactic transient detection requires low threshold, ≈100 GeV.


• Extreme altitude (≈5000 m asl), high coverage and high granularity of the read-out are key.


• Background rejection below TeV challenging ➜ RPCs + Water Cherenkov ?  

• Selection of primary masses crucial ➜ RPCs + Water Cherenkov ? 

• Capability of Water Cherenkov Facilities in selecting primary masses at the knee must be investigated.


• Different groups are studying different experimental solutions (ALPACA, ALTO, LATTES, STACEX)


