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Point sources sensitivity
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Figure 6. Layout of the LHAASO experiment. The insets show
the details of one pond of the WCDA and of the KM2A array
constituted by two overimposed arrays of electromagnetic parti-
cle detectors (ED) and of muon detectors (MD). The telescopes
of the WFCTA, located at the edge of a pond, are also shown.

of CRs in the energy range between 1012 and 1017 eV, as
well as to act simultaneously as a wide aperture (⇠2 sr),
continuosly-operated gamma-ray telescope in the energy
range between 1011 and 1015 eV is the LHAASO exper-
iment [32, 33]. The remarkable sensitivity of LHAASO
in CR physics and gamma astronomy would play a key-
role in the comprehensive general program to explore the
“High Energy Universe”.

The first phase of LHAASO will consist of the follow-
ing major components (see Fig. 6):
• 1 km2 array (LHAASO-KM2A) for electromagnetic

particle detectors (ED) divided into two parts: a central
part including 4931 scintillator detectors 1 m2 each in
size (15 m spacing) to cover a circular area with a radius
of 575 m and an outer guard-ring instrumented with 311
EDs (30 m spacing) up to a radius of 635 m.
• An overlapping 1 km2 array of 1146 underground water

Cherenkov tanks 36 m2 each in size, with 30 m spacing,
for muon detection (MD, total sensitive area ⇠42,000
m2).
• A close-packed, surface water Cherenkov detector fa-

cility with a total area of about 78,000 m2 (LHAASO-
WCDA).
• 18 wide field-of-view air Cherenkov telescopes

(LHAASO-WFCTA).

LHAASO is under installation at high altitude (4410
m asl, 600 g/cm2, 29� 21’ 31” N, 100� 08’15” E) in the
Daochen site, Sichuan province, P.R. China. The commis-
sioning of one fourth of the detector will be implemented
in 2018. The completion of the installation is expected by
the end of 2021.

In Table 2 the characteristics of the LHAASO-KM2A
array are compared with other experiments. As can be
seen, LHAASO will operate with a coverage of ⇠0.5%
over a 1 km2 area. The sensitive area of muon detectors
is unprecedented and about 17 times larger than CASA-
MIA, with a coverage of about 5% over 1 km2.

LHAASO will enable studies in CR physics and
gamma-ray astronomy that are unattainable with the cur-
rent suite of instruments:
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Figure 7. Di↵erential sensitivity of LHAASO to a Crab-like
point gamma-ray source compared to other experiments (mul-
tiplied 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.

1)LHAASO will perform an unbiased sky survey of the
Northern sky with a detection threshold of a few percent
Crab units at sub-TeV/TeV energies and around 100 TeV
in one year (Fig. 7). This sensitivity grants a high dis-
covery potential of flat spectrum Geminga-like sources
not observed at GeV energies. This unique detector will
be capable of continuously surveying the �-ray sky for
steady and transient sources from about 100 GeV to 1
PeV.
From its location LHAASO will observe at TeV ener-
gies and with high sensitivity about 30 of the sources
catalogued by Fermi-LAT at lower energy, monitoring
the variability of 15 AGNs (mainly blazars) at least.

2)The sub-TeV/TeV LHAASO sensitivity will allow to
observe AGN flares that are unobservable by other in-
struments, including the so-called TeV orphan flares.

3)LHAASO will study in detail the high energy tail of the
spectra of most of the �-ray sources observed at TeV
energies, opening for the first time the 100–1000 TeV
range to the direct observations of the high energy cos-
mic ray sources. LHAASO’s wide field-of-view provides
a unique discovery potential.

4)LHAASO will map the Galactic di↵use gamma-ray
emission above few hundreds GeV and thereby measure
the CR flux and spectrum throughout the Galaxy with
high sensitivity. The measurement of the space distribu-
tion of di↵use �-rays will allow to trace the location of
the CR sources and the distribution of interstellar gas.

5)The high background rejection capability in the 10 – 100
TeV range will allow LHAASO to measure the isotropic
di↵use flux of ultrahigh energy � radiation expected
from a variety of sources including Dark Matter and the
interaction of 1020 eV CRs with the 2.7 K microwave
background radiation. In addition, LHAASO will be
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CTA and a new Wide FoV observatory
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A future Wide FoV Observatory to be useful to CTA needs:


• <10% Crab sensitivity below TeV


• Low energy threshold (≈ 100 GeV)


• Ability to detect extragalactic transient (AGN, GRBs)


• Southern hemisphere site

★ Is this possible ?
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Figure 6. Layout of the LHAASO experiment. The insets show
the details of one pond of the WCDA and of the KM2A array
constituted by two overimposed arrays of electromagnetic parti-
cle detectors (ED) and of muon detectors (MD). The telescopes
of the WFCTA, located at the edge of a pond, are also shown.

of CRs in the energy range between 1012 and 1017 eV, as
well as to act simultaneously as a wide aperture (⇠2 sr),
continuosly-operated gamma-ray telescope in the energy
range between 1011 and 1015 eV is the LHAASO exper-
iment [32, 33]. The remarkable sensitivity of LHAASO
in CR physics and gamma astronomy would play a key-
role in the comprehensive general program to explore the
“High Energy Universe”.

The first phase of LHAASO will consist of the follow-
ing major components (see Fig. 6):
• 1 km2 array (LHAASO-KM2A) for electromagnetic

particle detectors (ED) divided into two parts: a central
part including 4931 scintillator detectors 1 m2 each in
size (15 m spacing) to cover a circular area with a radius
of 575 m and an outer guard-ring instrumented with 311
EDs (30 m spacing) up to a radius of 635 m.
• An overlapping 1 km2 array of 1146 underground water

Cherenkov tanks 36 m2 each in size, with 30 m spacing,
for muon detection (MD, total sensitive area ⇠42,000
m2).
• A close-packed, surface water Cherenkov detector fa-

cility with a total area of about 78,000 m2 (LHAASO-
WCDA).
• 18 wide field-of-view air Cherenkov telescopes
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LHAASO is under installation at high altitude (4410
m asl, 600 g/cm2, 29� 21’ 31” N, 100� 08’15” E) in the
Daochen site, Sichuan province, P.R. China. The commis-
sioning of one fourth of the detector will be implemented
in 2018. The completion of the installation is expected by
the end of 2021.

In Table 2 the characteristics of the LHAASO-KM2A
array are compared with other experiments. As can be
seen, LHAASO will operate with a coverage of ⇠0.5%
over a 1 km2 area. The sensitive area of muon detectors
is unprecedented and about 17 times larger than CASA-
MIA, with a coverage of about 5% over 1 km2.

LHAASO will enable studies in CR physics and
gamma-ray astronomy that are unattainable with the cur-
rent suite of instruments:
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1)LHAASO will perform an unbiased sky survey of the
Northern sky with a detection threshold of a few percent
Crab units at sub-TeV/TeV energies and around 100 TeV
in one year (Fig. 7). This sensitivity grants a high dis-
covery potential of flat spectrum Geminga-like sources
not observed at GeV energies. This unique detector will
be capable of continuously surveying the �-ray sky for
steady and transient sources from about 100 GeV to 1
PeV.
From its location LHAASO will observe at TeV ener-
gies and with high sensitivity about 30 of the sources
catalogued by Fermi-LAT at lower energy, monitoring
the variability of 15 AGNs (mainly blazars) at least.

2)The sub-TeV/TeV LHAASO sensitivity will allow to
observe AGN flares that are unobservable by other in-
struments, including the so-called TeV orphan flares.

3)LHAASO will study in detail the high energy tail of the
spectra of most of the �-ray sources observed at TeV
energies, opening for the first time the 100–1000 TeV
range to the direct observations of the high energy cos-
mic ray sources. LHAASO’s wide field-of-view provides
a unique discovery potential.

4)LHAASO will map the Galactic di↵use gamma-ray
emission above few hundreds GeV and thereby measure
the CR flux and spectrum throughout the Galaxy with
high sensitivity. The measurement of the space distribu-
tion of di↵use �-rays will allow to trace the location of
the CR sources and the distribution of interstellar gas.

5)The high background rejection capability in the 10 – 100
TeV range will allow LHAASO to measure the isotropic
di↵use flux of ultrahigh energy � radiation expected
from a variety of sources including Dark Matter and the
interaction of 1020 eV CRs with the 2.7 K microwave
background radiation. In addition, LHAASO will be
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The key parameters

�3

• 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

Wide FoV telescope in the South G. Di Sciascio
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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.

write Fg ⇠ E�g
thr and Fbkg ⇠ E�gbkg

thr we obtain
p

Fbkg

Fg
⇠ E(g�gbkg/2)

thr ⇠ E2/3
thr (2.3)

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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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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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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The key parameters to improve the sensitivity are
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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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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 sensitivity S, formula (2.1), in 1 year can be expressed by

S µ
Fgp
Fbkg

·R ·
q

Ag
e f f ·

1
sq

·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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Lowering the energy threshold: extreme altitude
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Sea Level
ARGO-YBJ
LHAASO

6000 m

HAWC

5200 m

• Extreme altitude (≈5000 m asl) 

• Detector and layout 

• Coverage and granularity of the read-out 

• Trigger logic 

• Detection of secondary photons

Lowering the energy threshold:
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ARGO-YBJ energy distributions
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G. Di Sciascio 15th AGILE 2017, May 24, 2017

Energy threshold

29

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
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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

8 Albert et al.

Figure 3. Fits to the true energy distribution of photons from a source with a spectrum of the form E−2.63 at a declination
of +20◦N for B between 1 and 9, summed across a transit of the source. Better energy resolution and dynamic range can be
achieved with a more sophisticated variable that takes into account the zenith angle of events and the total light level on the
ground. The curves have been scaled to the same vertical height for display.

2.4. Core Reconstruction

In an air shower, the concentration of secondary particles is highest along the trajectory of the original primary
particle, termed the air shower core. Determining the position of the core on the ground is key to reconstructing the
direction of the primary particle. In the sample event, Figure 2, the air shower core is evident in Figure 2a. The image
is an overhead view of the HAWC detector with circles indicating the WCD location and the PMTs within the WCDs.
The colors indicate the amount of light (measured in units of PEs) seen in each PMT. The air shower core is evident
as the point of maximum PE density.
The PE distribution on the ground is fit with a function that decreases monotonically with the distance from the

shower core. The signal in the ith PMT, Si, is presumed to be

Si = S(A, x⃗, x⃗i) = A
( 1

2πσ2
e−|x⃗i−x⃗|2/2σ2

+
N

(0.5 + |x⃗i − x⃗|/Rm)3

)

(1)

where x⃗ is the core location, x⃗i is the location of the measurement, Rm is the Molière radius of the atmosphere,
approximately 120 m at HAWC altitude, σ is the width of the Gaussian, and N is the normalization of the tail.
Fixed values of σ = 10 m and N = 5 · 10−5 are used. This leaves three free parameters, the core location and overall
amplitude, A.
The functional form used in this algorithm, termed the Super Fast Core Fit (SFCF), is a simplification of a modified

Nishimura-Kamata-Greisen (NKG) function (Greisen 1960) and is chosen for rapid fitting of air shower cores. The
NKG function has an additional free parameter, the shower age, and involves computationally intensive power law and
gamma function evaluation. The SFCF hypothesis in Equation 1 is similar but numerical minimization can converge
faster because: the function is simpler, the derivatives are computed analytically, and the lack of a pole at the core
location.
Figure 2b shows the recorded charge in each PMT as a function of the PMT’s distance along the ground to the

reconstructed shower core. The fit for this event is shown along with the PINCness moving average from Section 2.6.
While the full NKG function would describe the lateral distribution better, the SFCF form allows rapid identification
the center of showers and this is sufficient for the present analysis. Cores can be localized to a median error of ∼2

ARGO-YBJ (final) HAWC (2017)

full coverage RPC carpet operated at 4300 m asl

coverage ≈ 92%

high granularity

array of water tanks operated at 4100 m asl

coverage ≈ 60%

Topology-based Trigger logic: 
>20 pads out of 15,000 bkg free !Median energy first bin = 360 GeV
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Shower detection
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Fired pads on the carpet 

Arrival time  vs position 

Small and compact events
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Detector stability at different energies
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Stability of angular resolution and pointing accuracy (TeV)
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Fig. 2. Experimental distributions of the counting rates and their Gaussian fits for a typical cluster: (a) C1, (b) C2 and (c) C3 for 30 min data accumulation. The standard
deviation of the Gaussian fit (rexp) is compared with the square root of the mean of the experimental distribution (rth) to check the compatibility with the Poisson
distribution.
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Fig. 3. Experimental distribution of the total number of particles hitting a typical
cluster and its Gaussian fit for 30 min data accumulation. The standard deviation of
the Gaussian fit (rexp) is compared with the expected value derived from the single
multiplicities counting rates (see text, Eq. (3)).
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Fig. 4. Experimental distribution of the normalized excesses of signal over
background of a typical cluster (see text, Eq. (5)) compared with a Gaussian fit.
Top: CP1 channel; bottom: sum of the four channels.

G. Aielli et al. / Astroparticle Physics 30 (2008) 85–95 89

Distribution of particles 
hitting a cluster (GeV)
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The light component spectrum
Stability of CR flux measurement


p+He spectrum (3 - 300 TeV)

flux difference at 5% level

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)
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Azimuthal distribution EAS > 80 deg
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Profile of the mountains around ARGO-YBJ
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Azimuthal distribution EAS > 80 deg
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Profile of the mountains around ARGO-YBJ
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ARGO-YBJ milestones
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• In data taking since July 2004  (with increasing portions of the detector)


• Commissioning of the central carpet in June 2006

• Stable data taking full apparatus since November 2007

• End/Stop data taking: February 2013


• Average duty cycle ~87%

• Trigger rate ~3.5 kHz @ 20 pad threshold 

• N. recorded events: ≈ 5·1011 from 100 GeV to 10 PeV

• 100 TB/year data

D
ut

y-
cy

cl
e

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)
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Secondary photons
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Detection of secondary photons very important to lower the energy threshold

and to improve the angular resolution

The number of secondary photons in γ-showers exceeds the number of gammas in  p-showers with increasing altitude.

In γ-showers the ratio Nγ/Nch decreases if the comparison is restricted to a small area around the shower core. 

For instance, we get Nγ/Nch ≈3.5 at a distance r < 50 m from the core for 100 GeV showers. 

G. Di Sciuscio et al. /Astroparticle Physics 6 (1997) 313-322 315 

Table I 

Erh (MeV) A,(&) G(&h) A,(&) (b c&h) 

1 0.92 0.00 4.80 -0.88 
5 0.75 0.19 2.98 -0.69 

IO 0.63 0.35 2.13 -0.57 
15 o.s4 0.45 1.71 -0.45 
20 0.50 0.53 1.45 -0.36 
50 0.32 0.83 0.74 0.12 

100 0.21 1.20 0.41 0.63 

where t2 is the modified depth according to the ex- 
pression t2 = t + uy( E,h), with A,( E,h) and uY( E,h) 
threshold energy-dependent parameters. The shower 
age sz is calculated inserting the modified t2 value in 
Eq. (3). The parameters A,(&), &(Eth), A,(Eth) 
and a,( Eth) are given in Table 1. They can be in- 
terpolated for intermediate E,h values with a reason- 
able accuracy. These parametrizations are valid in the 
depth range 4 < t < 24 for primary photon energies 
0.1 5 Eo < lo3 TeV. 

The dependence of the average size NC, NY on the 
primary energy is shown in Fig. 4 for 642 g/cm2 and 
800 g/cm*, figures (a) and (b) respectively. We see 
that at a depth of 642 g/cm2 the y-component is about 
7 times more abundant than electrons for a primary 
energy of 100 GeV, this factor decreasing to about 
5.5 at 20 TeV. However, this result depends on the 
threshold energy E,l, of the secondaries (??,,/Np N 2 
for E,/, = 100 MeV) as confirmed by the dependence 
of A, ( Erli ) and A, ( Eth) on Eth (see Table 1) . More- 
over, the ratio NY/NC decreases if the comparison is 
restricted to a small area around the shower core. For 
instance, we get NY/NC N 3.5 at a distance r < 50 
m from the core for 100 GeV showers. This result is 
due to the different lateral spread of the electron and 
photon components as shown in the next section. A 
similar behaviour is found at the depth of 800 g/cm2, 
the ratio Ny/Ei, changing from w 7 at 10 TeV to N 6 
at lo3 TeV. 

The distribution of electron and photon numbers 
around the average values ??, and FY follows a rather 
complicated evolution. The fluctuation reaches a min- 
imum at depths slightly greater than the depth corre- 
sponding to the maximum development of the shower, 
the effect being more pronounced for the photon com- 
ponent. This is shown in Fig. 5 where the dependence 
of the dispersion crd/N on the atmospheric depth t is 

105 F- ’ I ““““I “’ F 
104 F (4 
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0 0 _ 

0 
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Fig. 4. Average size versus primary energy at depths of 606 g/cm’, 
0 = 20° (plot (a)) and 800 g/cm* (plot (b)). 

plotted(ui=(Cy=,(Ni-??)2)/(n- 1)). 
In [ 1 ] we have found that the size Np is distributed 

according to a log-normal distribution. In a real ex- 
periment we can expect a contribution from sampling 
fluctuations, due to the finite size of the detector. Lo- 
cal fluctuations have been studied coupling the EPAS 
code to a set of detectors placed at 16 different points at 
distances ranging from 1 to 100 m around the shower 
core. Detectors of area 1,4, and 10 m* have been con- 
sidered. The results can be summarized as follows: 

( 1) At fixed size N, no substantial correlation be- 
tween the number of hits on different detectors does 
exist for detectors more than 10 m apart, the correla- 
tion coefficient being N 0.1-0.2. At closer distances 
this coefficient increases. As an example, for lo2 TeV 
showers sampled at a depth of 800 g/cm2, the scat- 
ter plot (nr , n2) - being nr and n2 the number of hits 
recorded by 1 m2 detectors about 2 m apart near the 
shower axis - provides a coefficient N 0.8; 

(2) The number np of electrons incident onto a 
surface S at a distance r from the shower axis fluctuates 
according to a binomial law 

4300 m asl

gamma rays dominate the particles on ground (≈7:1 for 100 GeV γ-showers at 4300 m asl)
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Extensive Air Shower Array
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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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ARGO-YBJ: a full coverage detector
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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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ARGO-YBJ: a full coverage detector
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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

high energy shower = big shower 
➔ trigger

sparse array

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

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ trigger

sparse array

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

�13

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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The ARGO-YBJ experiment

�14

Tibet ASγ 
ARGO 

The Yangbajing Cosmic Ray Laboratory 

Longitude: 90º 31’ 50’’ East
Latitude: 30º 06’ 38’’ North

90 km North from Lhasa (Tibet)

4300 m above sea level
∾ 600 g/cm2

INFN IHEP/CAS

ARGO-YBJ is a telescope optimized for the detection of small size air showers  
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The ARGO-YBJ layout
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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
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The experimental hall
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Cluster = DAQ unit 

BigPad 

RPC 

Cluster = DAQ unit 

BigPad 

RPC 
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The basic concepts
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…for an unconventional air shower detector
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Real%event%)

❖ HIGH ALTITUDE SITE                             
(YBJ - Tibet 4300 m asl - 600 g/cm2)


❖ FULL COVERAGE                                  
(RPC technology, 92% covering factor)


❖ HIGH SEGMENTATION OF THE READOUT 
(small space-time pixels)

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

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

 … in order to

• image the shower front with unprecedented details


• get an energy threshold of a few hundreds of GeV
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The daily temperature in the ARGO hall
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• The data sample for each year

The daily average temperature in the ARGO Hall

Year T>10℃ days T<10℃ days

2008 36-366 331 1~35 35

2009 1-365 365 0 0

2010 50-336 287 1~49, 337~365 78

2011 82-316 235 1~81, 317~365 130

2012 78-356 279 1~77, 356~366 87
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Energy threshold
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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
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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 (final)

HAWC (2017)

full coverage RPC carpet operated at 4300 m asl

coverage ≈ 92%

high granularity

array of water tanks operated at 4100 m asl

coverage ≈ 60%

E50 ≈ 360 GeV
E50 ≈ 700 GeV

and variables that utilize the light level seen in PMTs on the
ground, similar to what was used in the original sensitivity
study (Abeysekara et al. 2013), have a dynamic range above
100 TeV. These variables, not used in this analysis, will
improve the identification of high-energy events. This is
discussed further in Section 5.3.

2.4. Core Reconstruction

In an air shower, the concentration of secondary particles is
highest along the trajectory of the original primary particle,
termed the air shower core. Determining the position of the
core on the ground is key to reconstructing the direction of the
primary particle. In the sample event, Figure 3, the air shower
core is evident in Figure 3(a). The image is an overhead view
of the HAWC detector, with circles indicating the WCD
location and the PMTs within the WCDs. The colors indicate
the amount of light (measured in units of PEs) seen in each

PMT. The air shower core is evident as the point of maximum
PE density.
The PE distribution on the ground is fit with a function that

decreases monotonically with the distance from the shower
core. The signal in the ith PMT, Si, is presumed to be
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where x is the core location, xi is the location of the
measurement, Rm is the Molière radius of the atmosphere,
approximately 120 m at HAWC altitude, σ is the width of the
Gaussian, and N is the normalization of the tail. Fixed values of
σ=10 m and N=5×10−5 are used. This leaves three free
parameters, the core location and overall amplitude, A.
The functional form used in this algorithm, termed the Super

Fast Core Fit (SFCF), is a simplification of a modified
Nishimura–Kamata–Greisen (NKG) function (Greisen 1960)
and is chosen for rapid fitting of air shower cores. The NKG
function has an additional free parameter, the shower age, and
involves computationally intensive power-law and gamma
function evaluation. The SFCF hypothesis in Equation (1) is
similar, but numerical minimization can converge faster
because the function is simpler, the derivatives are computed
analytically, and there is a lack of a pole at the core location.
This fit is seeded with a simple center-of-mass algorithm that
computes the center of mass from the recorded charge in
each PMT.
Figure 3(b) shows the recorded charge in each PMT as a

function of the PMT’s distance along the ground to the
reconstructed shower core. While the full NKG function would
describe the lateral distribution better, the SFCF form allows
rapid identification of the center of showers, and this is
sufficient for the present analysis. Cores can be localized to a
median error of ∼2m for large events ( 8� = ) and ∼4m for
small events ( 3� = ) for gamma-ray events with a core that
lands on the HAWC detector. The error in reconstructing the
shower core increases as the core moves farther from the array.
For example, a shower with a core that is 50m from the edge
of the array will have an error in the location of the core
of ∼35m.

Table 2
Cuts Used for the Analysis

� fhit deg68y ( ) ( Maximum � Minimum Crab Excess per Transit

1 6.7%–10.5% 1.03 <2.2 >7.0 68.4± 5.0
2 10.5%–16.2% 0.69 3.0 9.0 51.7± 1.9
3 16.2%–24.7% 0.50 2.3 11.0 27.9± 0.8
4 24.7%–35.6% 0.39 1.9 15.0 10.58± 0.26
5 35.6%–48.5% 0.30 1.9 18.0 4.62± 0.13
6 48.5%–61.8% 0.28 1.7 17.0 1.783± 0.072
7 61.8%–74.0% 0.22 1.8 15.0 1.024± 0.053
8 74.0%–84.0% 0.20 1.8 15.0 0.433± 0.033
9 84.0%–100.0% 0.17 1.6 3.0 0.407± 0.032

Note. The definition of the size bin � is given by the fraction of available PMTs, fhit, that record light during the event. Larger events are reconstructed better, and ψ68,
the angular bin that contains 68% of the events, reduces dramatically for larger events. The parameters ( and � (Section 2.6) characterize the charge topology and are
used to remove hadronic air shower events. Events with a ( less than indicated and a � greater than indicated are considered photon candidates. The cuts are
established by optimizing the statistical significance of the crab and trend toward harder cuts at larger size events. The number of excess events from the crab in each �
bin per transit is shown as well.

Figure 2. Fits to the true energy distribution of photons from a source with a
spectrum of the form E−2.63 at a declination of +20°N for � between 1 and 9,
summed across a transit of the source. Better energy resolution and dynamic
range can be achieved with a more sophisticated variable that takes into
account the zenith angle of events and the total light level on the ground. The
curves have been scaled to the same vertical height for display.

5
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Energy calibration!

N ≈ 21 · (ETeV/Z)1.5

Calibration of the energy scale

�20

• CREAM:       1.09 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.62 

• ARGO-YBJ: 1.95 ⨉ 10-11 (E/400 TeV)-2.61 

• Hybrid:          0.92 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.63

CREAM: 1.09x1.95x10-11(E/400TeV)-2.62 
 ARGO-YBJ:      1.95x10-11(E/400TeV )-2.61 
Hybrid:   0.92x1.95x10-11(E/400TeV)-2.63 

B. Bartoli et al, Chinese Physics C, Vol. 38, No. 4, 045001 (2014) 

Single power-law: 2.62 ± 0.01

Flux at 400 TeV:  

1.95 × 10-11± 9% (GeV-1 m-2 sr-1 s-1)

The 9% difference in flux corresponds to a difference 
of ± 4% in energy scale between different experiments.

(p+He) spectrum (2 - 700) TeV

ARGO-YBJ: Moon shadow tool

The energy scale uncertainty is estimated at 
10% level in the energy range 1 – 30 (TeV/Z).

Chin. Phys. C 38, 045001 (2014)

PRD 84 (2011) 022003
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The RPC charge readout
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Fig. 2. Comparison between the digital strip size spectrum and the analog
big pad spectrum. Two different amplitude scales have been used to extend
the energy range. In the upper scale the corresponding proton mean energy
is reported.

Clusters (ARGO-42, ª1820 m2 out of ª6700 m2), has been
put in data taking with a so-called ”Low Multiplicity Trigger”,
requiring at least 60 fired pads on the whole detector [13].
The corresponding median energy of proton-induced triggered
showers is º6 TeV. In this paper we present a first measure-
ment of the strip size spectrum performed with the ARGO-42
detector.

II. THE ARGO-YBJ DETECTOR

The ARGO-YBJ detector is constituted by a single layer of
RPCs with ª93% of active area. This carpet has a modular
structure, the basic module being a Cluster (5.7£7.6 m2),
divided into 12 RPCs (2.8£1.25 m2 each). Each chamber
is read by 80 strips of 6.75£61.8 cm2, logically organized
in 10 independent pads of 55.6£61.8 cm2 [14]. The central
carpet, constituted by 10£13 clusters, is enclosed by a guard
ring partially instrumented (ª40%) in order to improve the
rejection capability for external events. The full detector is
composed by 154 clusters for a total active surface of ª6700
m2. A lead converter 0.5 cm thick will uniformly cover the
apparatus in order to improve the angular resolution. The main
features of the ARGO-YBJ experiment are: (1) time resolution
ª1 ns; (2) space information from strips; (3) time information
from pads. Due to its small size pixels, the detector is able to
image the shower profile with an unprecedented granularity,
with high duty cycle (º 100%) in the typical field of view of
an EAS array (ª2 sr).

A. The digital read-out
The particle density measurement with the digital read-out

provided by the strip system is limited to showers with a
primary energy up to º 100 TeV (for proton-induced events)

due to a strip density of ª22 strips/m2. In Fig. 1 we show the
average strip and pad sizes (Ns and Npad) as a function of the
primary energy for proton-induced showers. For comparison,
the total shower size Nch and the so-called ”truncated size”
Ntr

ch
, i.e., the size sampled by the ARGO-YBJ carpet, are also

plotted. In calculations only quasi-vertical (zenith angle µ <
15±) showers with core reconstructed inside a small fiducial
area (260 m2 around the center of the carpet corresponding
to the inner 6 clusters) have been used. An average strip
efficiency of 95% and an average strip multiplicity m = 1.2
have been taken into account. As can be seen from the figure,
log(Ns) is a linear function of log(E) up to about 100 TeV
(corresponding to a particle density of º 12-15 m°2) and
”saturates” above 1000 TeV. Accordingly, the digital response
of the detector can be used to study the primary spectrum up
to energies of a few hundreds of TeV.

B. The analog read-out

In order to extend the dynamic range up to PeV energies, a
charge read-out has been implemented by instrumenting every
RPC also with two large size pads of dimension 140£125 cm2

each (the so-called ”big pads”) [12]. The signal from the big
pad is read by a 12 bits ADC. Different signal amplitude scales
(0-330 mV, 0-2.5 V and 0-20 V) have been implemented in
order to extend the particle density measurement up to º104
particles/m2.
Since November 2004 the analog read-out has been put

in data taking into increasing portions of the full carpet
with a trigger requiring more than 32 particles on at least
one Cluster. In Fig. 2 a comparison between the measured
digital strip size spectrum and the analog big pad spectrum is
shown. Two different amplitude scales have been used in this
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…extending the dynamical range up to 10 PeV

4 different gain scales used to cover 
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LDF and shower age 
 With the analog data we can study the LDF without saturation  
near the core. It is well fitted by a modified NKG function 
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Intrinsic linearity: test at the BTF 
facility

�22

The RPC signal vs the calorimeter 
signal 

Normalized residuals: the gaussian fit to the 
distribution Æ no deviations from linearity

Linearity of the RPC 
@ BTF in Frascati:

•• electrons (or positrons)electrons (or positrons)
•• E = 25E = 25--750 750 MeVMeV (0.5% resolution)(0.5% resolution)
•• <N> = 1<N> = 1÷÷101088 particles/pulseparticles/pulse
•• 10 ns pulses, 110 ns pulses, 1--49 Hz49 Hz
•• beam spot uniform on 3*5 cmbeam spot uniform on 3*5 cm22

beam

Æ Linearity up to § 2 104 particle/m2 ( see also S. Mastroianni’s poster) 

Calorimeter: lead glass block from OPAL,  
PMT  a Hamamatsu R2238.

IntrisicIntrisic linearity:ȱtestȱatȱtheȱBTFȱfacilitylinearity:ȱtestȱatȱtheȱBTFȱfacility
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Figure 7: Result of the RPC linearity test performed at the BTF (see text for details).
The fit with a straight line, in red, has been performed.

red straight line shown in Fig.7 and the residual values, normalized to the fit141

values, reported in the histogram of Fig.8. The gaussian fit to the residual142

distribution (Fig.8) shows a good agreement, as confirmed by the value of143

the χ2/d.o.f.. From the fitted values of the gaussian parameters one can say144

that local deviations are contained within a few per cent (r.m.s) , while the145

integral deviation (mean) is below 1%.146

The offset of the RPC response in Fig.7 is due to the strong attenuation147

of the calorimeter signal and to its adaptation to match the specifications of148

the readout electronics. In conclusion, up to 30 particles on 15 cm2 there is149

no evidence of deviation from linearity behavior of the RPC, which means150

linearity response up to density of about 2× 104/m2. Of course this value151

is conservative because the particle density of the beam spot is not properly152

uniform.153

IV. Local Station and Trigger System154

The trigger of the experiment is generated by the digital signals sent155

by the Front-End boards mounted on the RPCs. These digital signals are156

processed by a specific crate named Local Station (LS) [6] - the Cluster157

DAQ Unit -, as depicted in Fig. 9, that provides the pad multiplicity to the158

9

The RPC signal vs the calorimeter signal

➔ Linearity up to ≈ 2・104 particle/m2

Linearity of the RPC @ BTF 
in INFN Frascati Lab: 
• electrons (or positrons) 
• E = 25-750 MeV (0.5% resolution) 
• <N>=1÷108particles/pulse 
• 10 ns pulses, 1-49 Hz 
• beam spot uniform on 3⨉5 cm

4 RPCs  
60 x 60 cm2

Astrop. Phys. 67 (2015) 47

4 data sample:
ȡ : 10 Æ 104 part/m2

Event selection:
� Core reconstructed 
in a fiducial area of 
2400 m2 ;
� Zenith angle < 15°

Good overlap between 4 scales with the maximum density
of the showers spanning over three decades

Trigger 
effect

RPC2014, Beijing M. Iacovacci

ChecksȱandȱperformanceȱevaluationChecksȱandȱperformanceȱevaluation

16/18

Good overlap between 4 scales with the maximum 
density of the showers spanning over three decades
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The RPC charge readout: the core region
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The RPC charge readout: the core region
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Shower Core = study of hadronic interactions 
in a region with pseudorapidity > 8 !!!
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Southern Hemisphere: LATTES
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1. one Water Cherenkov Detector (WCD) with a rectangular horizontal surface of 3 m × 1.5 m and a 
depth of 0.5 m, with signals read by PMTs at both ends of the smallest vertical face of the block. 


2. On top of the WCD there are two MARTA RPCs, each with a surface of (1.5 × 1.5) m2 and with 16 
charge collecting pads. Each RPC is covered with a thin (5.6 mm) layer of lead.

An array of hybrid detectors constituted by 

P. Assis, U. Barres de Almeida, A. Blanco, R. Conceicao, B. D’Ettorre Piazzoli, A. De Angelis, 

M. Doro, P. Fonte, L. Lopes, G. Matthiae, M. Pimenta, R. Shellard, B. Tome’
arXiv:1607.03051

Depth of water tank too small ? 
Outdoor operation ? 
Glass vs bakelite 
Granularity of the read-out ? 
Analog read-out ?


