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The key parameters in -ray astronomyγ
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• The energy threshold 

• R, the signal/background relative trigger 
efficiency (depends mainly on the altitude)

• The effective area  (not crucial for low energies)

• The angular resolution 

• Q-factor, the background rejection capability   
(with arrays mainly provided by muons)
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Sensitivity of a ground-based array in 1 year
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A classical Air Shower Array
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Large number of particle detectors 
spread over an area of order 105 m2

scintillators, RPCs, water tanks (Cherenkov light in water), 
hadron calorimeters, muon detectors, emulsions, etc.

v ~ c 

c
d
ttg ⋅Δ=ϑ

Disc of particles sweeps down 
through atmosphere

Detectors fire in sequence as 
shower front hits

100% duty cycle, relatively easy to operate 
aperture = area of array (independent of energy) 
energy resolution σ(E)/E ≈ 30%
Wide field of view instrument

coverage factor (sensitive area/instrumented area) ≈10-4 - 10-2

➜ only a small sub-set of secondary particles are recorded
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Particle sampling with arrays
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Sample lateral distribution with an array of detectors

13

Unit density

/ N

d

A A: area of the array (= instrumented area)
determines the rate of high energy events recorded 

(i.e. the maximum energy via limited statistics)

d: grid distance
determines the low energy threshold 

(small showers are lost in the gaps between detectors)

and the quality of sampling of the shower

Cd: cost per detector
determines quality, size, efficiency, resolution,…

i.e. detail of measurement 

For best physics:

A large, d small, Cd high 

But cost rises with Cd A/d2 Always compromise needed.  

How good is "good enough"? 
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Detection of showers with arrays
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From an experimental point of view, the sampling of secondary particles at ground can be 
realized with two different approaches 

(1) Particle Counting. A measurement is carried out with thin (≪ 1 radiation length) 
counters providing a signal proportional to the number of charged particles (as an example, 
plastic scintillators or RPCs). The typical detection threshold is in the keV energy range. 

(2) Calorimetry. A signal proportional to the total incident energy of electromagnetic particles is 
collected by a thick (many radiation lengths) detector. An example is a detector 
constituted by many radiation lengths of water to exploit the Cherenkov emission of 
secondary shower particles. The Cherenkov threshold for electrons in water is 0.8 MeV 
and the light yield ≈320 photons/cm or ≈160 photons/MeV emitted at 41◦. 

The critical parameters of a detector are the time and the amplitude resolutions. 

“Detecting gamma-rays with moderate resolution and large field of view: Particle detector arrays and 
water Cherenkov technique”
Michael A. DuVernois, Giuseppe Di Sciascio
Chapter for "Handbook of X-ray and Gamma-ray Astrophysics" (Eds. C. Bambi and A. Santangelo, 
Springer Singapore) arXiv:2211.04932

S
S

https://arxiv.org/search/astro-ph?searchtype=author&query=DuVernois%2C+M+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Di+Sciascio%2C+G
https://arxiv.org/abs/2211.04932
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Milagro vs ARGO-YBJ
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2 different approaches in the last 2 decades for TeV 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

Water Cherenkov Technology 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: ≈340 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 

(1)  Calorimetry: MILAGRO (2) Particle Counting: ARGO-YBJ 
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Milagro vs ARGO-YBJ

7

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 CMS/ATLAS)    
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Main limits of a classical array
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13

Unit density

/ N

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ OK trigger

sparse array

coverage factor ≈ 10-3 - 10-2

by CASA-MIA

Reducing detector spacing → Lower the energy threshold
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(2) Poor sampling → large fluctuations(1) Higher energy threshold

Full coverage approach
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The “full coverage” approach
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a continuous “carpet” of detectors
coverage factor >90%

Increasing the sampling (~1% ➜100%)

• Lowers energy threshold 

• Reduces the sampling fluctuations

• Improves angular resolution 

13

Unit density

/ N

sparse array

coverage factor ≈ 10-3 - 10-2

by CASA-MIA
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Angular resolution and time resolution
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The time resolution can affect the angular resolution of the apparatus if it is not comparable 
with the rising edge of the shower front (∼ns). 

Large number of time pixels 
improves the time resolution 

Detector with time resolution  mandatory! ≈ ns

Angular resolution

16 DuVernois & Di Sciascio
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Fig. 8 Ratio of secondary photons in gamma- and proton-
induced showers of di�erent energies as a function of the
observation level. The particles have been selected inside an
area 150⇥150 m2 centered on the shower core [44].
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Fig. 9 Number of muons within 150 m from the shower core
position for proton and photon-induced showers at di�erent
altitudes.

by a cone-like shape with an average cone slope of about 0.10 ns/m. The accuracy in the reconstruction of
the shower arrival direction mainly depends on the capability of measuring the relative arrival times of the
shower particles.

The angular resolution of a shower array is a combination of the temporal resolution of the detector unit,
the dimension of apparatus, i.e. the dimension of the lever arm in the fitting procedure of the shower front,
and the number of temporal hits, i.e. the granularity of the sampling.

The time resolution of each detector is determined by the intrinsic time resolution, the propagation time
of the signal and the electronic time resolution. As an example, for the ARGO-YBJ experiment the total
detector resolution is ⇡1.3 ns (including RPC intrinsic jitter, strip length, and electronics time resolution).
The dependence of the angular resolution on the time resolution of RPCs in the ARGO-YBJ experiment
is shown in Fig. 10 [55]. Events with N?03 �60, 100 and 500 fired pads on the central carpet have been
selected. As it can be seen from the figure, a time resolution in the range between 1 and 2 ns corresponds to a
very small change in the angular resolution because the time jitter of the earliest particles in high multiplicity
events (>100 hits) is estimated ⇡1 ns [4, 54].

Following the same arguments as given in [45], the angular resolution f\ , averaged on the azimuthal
angle q, is found to depend on multiplicity # and zenith angle \ as

f\ / fC (#)p
#

p
sec \ (15)

where fC (#) is the average time fluctuation for events with # particles. The factor
p

sec \ accounts for the
geometrical e�ect related to the reduction with increasing \ of the e�ective distance between detectors [54].
The dependence of f\ upon # is well explained in terms of the combined e�ect of the time thickness of the
extensive air shower disk, as imaged by the detector, and the density of shower particles.

Shower multiplicity

Full coverage

Full coverage reduces this effect

VHE W-ray air shower detectors 17
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time resolution (in the range between 1 and 2 ns) corresponds to a
daily change of 0:04!, 0:03! and 0:02! in the angular resolution
[11] under the three conditions, respectively. These uncertainties
are small compared with a typical angular resolution of about 0:5!

and the particle detection efficiency of about 98% for the RPCs in
the experiment.

4. Conclusions

At the Yangbajing laboratory, 4300 m a.s.l., we monitored the
variations of the RPC detection efficiency and time resolution with

respect to the temperature at the preset working point of 7.2 kV.
RPCs show a slight improvement in efficiency and time resolution
at higher temperature, as expected. We found linear correlations
of those variables with the temperature. For daily temperature
variations of about 10 !C in the laboratory, the efficiency changes
are only about 0.3% and those of the time resolution about 0.4 ns.
These variations do not affect substantially the ARGO-YBJ carpet
performance.
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Fig. 10 Angular resolution vs time resolutions for RPCs in
the ARGO-YBJ experiment. Events with N?03 �60, 100
and 500 fired pads have been selected [55].
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Fig. 11 Angular resolution vs shower core position resolu-
tion in the ARGO-YBJ experiment.

Placing a thin sheet of lead converter (1 radiation length) above the detector (scintillator or RPC) is a well
known technique to improve the angular resolution, mainly at the threshold, due to, qualitatively:

(1) absorption of low energy electrons (and photons) which no longer contribute to the time signal;
(2) multiplication process of high-energy electrons (and photons) which produce an enhancement of the

signal.

A similar e�ect is provided by a suitable water depth in a water Cherenkov detector. The enhanced signal
reduces the timing fluctuations: the contributions gained are concentrated near the ideal time profile because
the high energy particles travel near the front of the shower while those lost tend to lag far behind. The
ARGO-YBJ experiment has been the only gamma-ray detector operated without a layer of lead above the
detectors. The observation of a number of gamma sources showed the capability of the high granularity
sampling provided by the RPC readout in imaging the temporal profile of air showers.

The angular resolution f\ is related to the opening angle �⌦. If the point spread function of the angular
resolution is Gaussian

4
� \2

2f2
\ (16)

then opening angle that maximize the signal/bkg ratio is given by �\ = 1.58f\ and it tallies with a fraction
of n = 0.72 of the events from the direction of the source in the solid angle �⌦ = 2c(cos�\). Therefore,

n (�⌦)
�⌦

' 0.72
1.6f\

=
0.45
f\

[56] . (17)

The usual method for reconstructing the shower direction is performing a j2 fit to the recorded arrival
times C8 by minimization of

ARGO-YBJ

NIM A 608, 246 (2009)Angular resolution limited to 0.1  - 0.15  mainly 
due to the description of the temporal profile

∘ ∘
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“Full coverage” with high segmentation of the readout
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A “full-coverage” detector allows to exploit a high segmentation of the read-out

• To further improve the quality of the sampling
• To further lower the energy threshold

Small space - time pixels

Space pixels: 146,880 strips (7×62 cm2) 
Time  pixels: 18,360 pads (56×62 cm2)    

ARGO-YBJ strip/pad readout

�N
um
be
r 'o
f 'F
ir
ed
'S
tr
ip
s 1

Real%event%)

The granularity of the read-out is made possible by the 
particular detector utilised: the Resistive Plate Chamber
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Shower detection with small space-time pixels

12

Fired pads on the carpet


Arrival time  vs position


Small and compact events

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

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

 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, not internal)

The ARGO-YBJ detector was connected to two independent
data acquisition systems, corresponding to the shower and
scaler operation modes. In the scaler mode, the total counts of
each cluster are recordedevery 0.5 s. In theshower mode, the
detector is triggered when at least 20 pads in the central carpet
are fired within a time of 420 ns. The information on the arrival
time and location of each hit are recorded to reconstruct the
shower front shape and the arrival direction. These data are
used for gamma astronomy studies and to the search of GRBs
in shower mode.

3. Data Selection and Analysis

From 2007 November 6 to 2013 February 7, 188 GRBs
occurred in the ARGO-YBJ field of view (zenith angle θ�
45°). 99 of them were detected by Fermi (selected from the
Fermi-GBM Burst Catalog website24) and 89 were detectedby
Swift and other detectors (selected from Swift and GCN web
sites25). The present analysis is carried out on 156 of them,
since the remaining 32 occurred when the detector was not
operating, or the localization by Fermi was too poor (i.e., error
boxes larger than 10°).

As GRB photons of energy above ∼1 TeV (or even below,
for very large distances) are likely to be absorbed by the EBL,
we assume a GRB power-law spectrum with a sharp cutoff Ecut
at two different maximum energies: 100 GeV and 1 TeV. Since
showers generated by photons of energy E < 10 GeV cannot
trigger the ARGO-YBJ detector, we limit our search to the two
energy ranges 10–100 GeV and 10–1000 GeV. The selection of
events with these primary energies is done by selecting the
showers according to the number of fired pads (Npad). The

number of fired pads is related to the gamma-ray energy, but
for a given energy the number of pads has a large distribution,
mainly depending on the fluctuations of shower development
and on the position of the shower core with respect to the center
of the detector. In this analysis, the primary energy is not
reconstructed. To evaluate the Npad intervals optimized for the
two energy ranges considered, we use Monte Carlo simula-
tions: the CORSIKA7.3700 code to describe the development
of extensive air showers in the atmosphere, and a code based
on GEANT4 (Agostinelli et al. 2003) to simulate the detector
response. Figure 1 shows the Npad distributions assuming a
gamma-ray power-law spectrum with index −2 and cutoff at
100 GeV and 1 TeV, respectively, for events with zenith angles
smaller than 45°. We found that the Npad intervals that optimize
the detection of gamma-rays with the assumed spectra (i.e., that
maximizes the signal-to-noise ratio) are Npad=20–60 for
E=10–100 GeV and Npad=20–500 for E=10–1000 GeV
(Table 1). In the same figure, the Npad distributions produced by
spectra with Ecut=1 TeV affected by the EBL absorption are
also shown, for redshifts z=0.6 and 2. To describe the
absorption effects, we used the optical depths evaluated by
Gilmore et al. (2012). For redshift z=2, the Npad distribution
is similar to the one with Ecut =100 GeV, since gamma-rays
of energy above 100 GeV are strongly absorbed by EBL. From
the figure, it is clear that the Npad=20–60 interval is suitable
for the detection of a typical “long GRB” with redshift around
2, while the Npad=20–500 interval is suitable for nearby
GRBs with the extended spectrum.
The detector effective area Aeff for events with Npad=20–60

and Npad=20–500 has been calculated for gamma-ray energy
ranging from 10 to 1000 GeV using the expression:

R R�( ) · · ( )A E
n
N

A, cos , 1eff
s

s

where ns is the number of successfully reconstructed shower
events in a given Npad range, N is the total number of events
generated by CORSIKA, and As is the sampling area
(200×200 m2). Figures 2 and 3 show the effective area as a
function of the primary energy in the two Npad ranges, for
different zenith angles. The effective area for vertical showers
with Npad=20–60 ranges from ∼0.01 m2 at 10 GeV to
∼50 m2 at 100 GeV, while the effective area reaches

Figure 1. Npad distribution for gamma-rays in the energy range of10–100 GeV
and 10–1000 GeV.

Table 1
Npad Ranges and Corresponding Angular Window Radii for Gamma Rays in

Two Different Energy Ranges

Energy (GeV) Npad Ψ70 (°)

10–100 20–60 3.8
10–1000 20–500 2.6

Figure 2. Effective area of ARGO-YBJ for events with Npad=20–60 and
different zenith angles, as a function of the primary energy.

24 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigtrig.html
25 http://swift.gsfc.nasa.gov/archive/grb_table; http://gcn.gsfc.nasa.gov/
gcn3_archive.html

3

The Astrophysical Journal, 842:31 (11pp), 2017 June 10 Bartoli et al.

1 m2 at 30 GeV!≈

ApJ 842 (2017) 31

Inclusive trigger by a majority of 20 pads 
out 15,600 pads accidental free! 

Noise: 380 Hz/pad
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The 100 GeV challenge (ARGO-YBJ)
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ARGO-YBJ: the only array who measured 
the Crab spectrum starting from ≈300 GeV !

median energy of first mult. bin: 340 GeV, 
with εγ (100 GeV) = 73% at 4300 m asl

RPCs are the only detection technique that demonstrated 
the capability to detect showers in the 100 GeV range

Very silent detector (380 Hz/pad, a half from soil radioactivity) and a particle 
multiplicity built up correlating at different time scales increasing portions of the carpet 
(cluster, supercluster,…. full detector) made it possible to achieve this performance.

First release: 8 July 2021  www.sciencemag.org  (Page numbers not final at time of first release) 11 
 

 
 

  

Fig. 3. Ȗ-ray flux of the Crab measured by LHAASO and spectral 
fitting. Panel A shows TeV to PeV Ȗ-ray fluxes of the Crab plotted as 
EdN/dE. The red squares and blue squares are the spectral points 
measured using KM2A and WCDA, respectively. The spectral points 
above 100 TeV were obtained in the signal-dominated regime, with 89 
detected Ȗ-rays and 2 events expected from CR induced (hadronic) air 
showers after the muon cuts. No events were detected in the 1.6 to 2.5 
PeV bin where an arrow indicates the flux upper limit at 90% confidence 
level. The purple line shows the fitting using a log-parabola (LP) model in 
the 0.3 TeV to 1.6 PeV interval (Ȥ2 / dof: 9.3/14). For comparison, the 
black line shows the fitting using a simpler power-law (PL) model in the 
10 TeV to 1.6 PeV interval (Ȥ2 / dof: 5.4/9). Also plotted are previous 
observations of the Crab by other facilities: High Energy Gamma Ray 
Astronomy (5), High Energy Stereoscopic System (17), Major 
Atmospheric Gamma Imaging Cherenkov Telescope (4, 6), 
Astrophysical Radiation by Ground-based Observation at Yang Ba Jing 
(19), High Altitude Water Cherenkov Detector (7), Tibet Air Shower array 
(8). Panel B shows the energy-dependent local power-law index ī 
derived by the log-parabola model fitting, as indicated by the purple 
band. For comparison, the black line shows the photon index 3.12 ± 0.03 
derived from the simpler power-law model fitting. Error bars represent 
one standard deviation. 

on July 8, 2021
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Energy resolution

15

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

Fixed first interaction elevation: 30km

HAWC elevation: 4.1km
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HAWC Performance: Energy Resolution IHAWC Performance: Energy Resolution I

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

Fixed first interaction elevation: 30km

HAWC elevation: 4.1km

1
 T

e
V

 g
a
m

m
a
-ra

y
 s

h
o
w

e
r L

o
n
g
itu

d
in

a
l P

ro
file

Distribution of height ofDistribution of height of

11stst interaction interaction

1 
Te

V
 g

am
m

a-
ra

y 
sh

ow
er

 

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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The PeV challenge (ARGO-YBJ)
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High stability (efficiency ≈ 97%, T = 8° ÷ 22° C) 


‣ the main drawback: the need of a high gas flow, about 4 
volume changes /day


‣ for a large-scale use a gas recirculation/purification 
system is needed to operate these RPCs in closed loop

Average Xmax (g/cm2) 

9 /24 

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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The LDF slope s’ is related to the shower 
age independently on the primary mass 

FRA - 2014 I. De Mitri: Measurement of the CR energy spectrum with ARGO-YBJ 

Assume an exponential 
absorption after the shower 
maximum. Get the correct 
signal at maximum (Np8max) 
by using Np8 and s’ 
measurements for each event  
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Strips saturation

Charge readout

• up to 20/m2 by digital read-out ➜ 200 TeV 


• up to 8 x 104/m2 at least by charge read-out, 
resolution = 20% /√N + 4.4%  ➜ 10 PeV 

These RPCs have been also equipped with 2 large Big Pads to collect the total charge and measure the 
number of particle hitting the detector. 

Indeed the operation in streamer mode assures a high uniformity of the charge delivered by each particle.

Particle number used as energy proxy

time resolution about 1.5 ns (including electronics) 
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I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 17 / 21 

Strips 

(digital) 

BigPads 

(analog) 

Real event 

9 Extend the covered energy range 

9 Access the LDF down to the shower core 

9 Sensitivity to primary mass 

9 Info/checks on Hadronic Interactions 

The RPC analog readout 

RICAP - 2013 
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The imaging capability of RPCs ARGO-style

17

The imaging capability of the ARGO-YBJ carpet

The same shower has seen by the digital readout 
(left) and by the analog readout (right) 

The imaging capability of the ARGO-YBJ carpet

The same shower has seen by the digital readout 
(left) and by the analog readout (right) 

time (ns)

meters

The imaging capability of the ARGO-YBJ carpet

time (ns)

meters

The imaging capability of the ARGO-YBJ carpet

Unprecedented details in 
the core region useful to 

study hadronic interactions 

The same shower as seen by the digital readout (left) and by the charge readout (right)
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Background rejection: Milagro

18

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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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

82

Consistent with ARGO findings 
after cuts on χ2 of the temporal fit

(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. 

4A
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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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Dimensions are important…

19

Milagro 
bottom layer

γ

p

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

G. Sinnis, 2010

Well known! In fact, 30 years ago we proposed to INFN a 120✕120 m2 full coverage carpet…
With a possible muon detector below!
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What’s next? γ-ray astronomy in the South

20

LHAASO observed a lot of sources above 100 TeV with a maximum emission up to 1.4 PeV in the North

We expect to observe dozens of γ sources above 100 TeV in the South, probably up to 10 PeV range 
(“SuperPeVatrons”)!

We need a new array with a wide dynamical range: 50 GeV  10 PeV!→

2 | Nature | www.nature.com

Article

the slope of the tangent. For all three spectra, the log-parabola fits 
are preferred over simple power-law fits. The gradual steepening of 
multi-hundred-teraelectronvolt γ-rays is partly due to the γ–γ absorp-
tion that occurs during their interactions with the diffuse far-infrared 
and microwave radiation fields. However, as follows from Fig. 1, for 
all sources the effect of absorption appears to be small, even at the 
highest energies. These results demonstrate the capability of KM2A 
for spectral measurements of sharply declining γ-ray fluxes. This 
achievement is the result of the combination of: (i) a 1-km2 detection 
area providing adequate UHE photon statistics; (ii) suppression of the 
CR background at the level of 10−5, enabling background-free detec-
tion of γ-rays; and (iii) an energy resolution of <20% constraining the 
spillover that mainly occurs in the neighbouring energy channels with 
a width of ∆(logE) = 0.2.

In Fig. 1, we show also the significance maps of γ-rays with E ≥ 25 TeV. 
The two-dimensional images of these sources extend to at least 1°, 
implying that γ-ray emitters occupy huge (≥104 pc3) regions in the 
Galactic plane. Although γ-ray emission itself indicates the presence 
of active or recent particle accelerators inside or in the proximity of 
γ-ray-emitting regions, the localization and identification of particle 
accelerators is not a trivial task and requires deep theoretical and phe-
nomenological studies based on comprehensive multi-wavelength 
data.

Not surprisingly, in the vicinity of the extended UHE sources, one can 
find potential counterparts for both the γ-ray production regions and 
the nearby particle accelerators (see Extended Data Table 2). The list 
includes candidates that are potentially responsible for the electron and 
proton PeVatrons in the Milky Way: pulsars and pulsar wind nebulae, 
supernova remnants and young massive star clusters. Detailed studies 
of the spectral and morphological features of UHE sources and their 
astrophysical implications are beyond the scope of this paper. The 
results of in-depth studies of individual LHAASO sources, including the 
data from both WCDA and KM2A, acquired over three decades from 
1 TeV to 1 PeV, will be published elsewhere. Here we limit the discussion 
to a few general comments on the origin of the UHE radiation.

The only firmly identified source in Table 1 is the Crab Nebula, a repre-
sentative of pulsar wind nebulae, one of the largest nonthermal source 
populations in our Galaxy. The Crab Nebula is a peculiar pulsar wind 
nebula. It differs from other members of this source population by the 
Crab pulsar’s huge spin-down luminosity, L0 ≈ 5 × 1038 erg s−1, compact 
size (a few parsecs) and large nebular magnetic field, B ≈ 100 µG. The 
latter makes the conversion of the energy of relativistic electrons to 
inverse Compton γ-rays inefficient, as low as 0.01%. Yet, thanks to the 

large spin-down luminosity, the Crab Nebula is a luminous γ-ray source. 
The rotational powers of other pulsars are smaller by orders of magni-
tude. On the other hand, the magnetic field strength in the surrounding 
nebulae is typically smaller than 10 µG. This dramatically enhances the 
γ-ray production efficiency, which scales as B−2, and thus compensates 
for the relatively modest rotational power of pulsars. On the basis of 
such arguments, pulsar wind nebulae have been predicted, and later 
established, as a prolific teraelectronvolt γ-ray source population9.

The size of a pulsar wind nebula is determined by the region in which 
electrons, being accelerated at the termination shock, advect with the 
nebular flow. Typically, it varies between a few to 10 parsecs. These 
hydrodynamical (usually asymmetric) formations are enveloped by 
larger and more regular structures consisting of relativistic electrons 
and positrons that have already left the nebula and propagate diffu-
sively in the interstellar medium9. The spectrum and energy-dependent 
morphology of γ-rays depend on the character of propagation of elec-
trons10,11; therefore, it can be used to measure the diffusion coefficient 
in the interstellar medium9,12. It has been argued13,14 that a considerable 
fraction of the extended multi-teraelectronvolt γ-ray sources detected 
by HAWC are linked to these giant ‘halos’. This could be also the case for 
some of the LHAASO sources that presumably host energetic pulsars 
(see Extended Data Table 2).

A possible realization of this scenario is demonstrated in Extended 
Data Fig. 5 for LHAASO J1908+0621. It is assumed that electrons 
are injected with a rate that closely follows the time history of the 
spin-down luminosity of the pulsar PSR J1907+0602, receiving a 
constant 6% of the spin-down power. The γ-ray spectral points with 
energies from gigaelectronvolt to several hundred teraelectronvolts 
could be explained by a power-law spectrum of accelerated electrons 
with index αe = 1.75, and a super-exponential cutoff at E0 = 0.8 PeV (see 
Methods). Although acceleration at the wind termination shock could, 
in principle, boost the energy of electrons to 1 PeV, their escape from 
the acceleration site and further propagation over distances of tens of 
parsecs is a challenge. Alternatively, UHE γ-rays can be explained by 
interactions of protons with the ambient gas through the production 
and decay of π0 mesons. If the reported fluxes at gigaelectronvolt and 
teraelectronvolt energies are linked to the UHE source, it is difficult to 
fit the spectral points in the entire gigaelectronvolt–petaelectronvolt 
energy range of γ-rays using, for example, a simple power law with an 
exponential cutoff or broken-power-law proton spectra. However, a 
more complex spectral distribution—for example, a broken power 
law with an exponential cutoff—can fit the data (see Methods and 
Extended Data Fig. 5). The production of hadronic UHE γ-rays can 

Table 1 | UHE γ-ray sources

Source name RA (°) dec. (°) Significance above 100 TeV (×σ) Emax (PeV) Flux at 100 TeV (CU)

LHAASO J0534+2202 83.55 22.05 17.8 0.88 ± 0.11 1.00(0.14)

LHAASO J1825-1326 276.45 −13.45 16.4 0.42 ± 0.16 3.57(0.52)

LHAASO J1839-0545 279.95 −5.75 7.7 0.21 ± 0.05 0.70(0.18)

LHAASO J1843-0338 280.75 −3.65 8.5 − +0.26 0.10 0.16 0.73(0.17)

LHAASO J1849-0003 282.35 −0.05 10.4 0.35 ± 0.07 0.74(0.15)

LHAASO J1908+0621 287.05 6.35 17.2 0.44 ± 0.05 1.36(0.18)

LHAASO J1929+1745 292.25 17.75 7.4 − +0.71 0.07 0.16 0.38(0.09)

LHAASO J1956+2845 299.05 28.75 7.4 0.42 ± 0.03 0.41(0.09)

LHAASO J2018+3651 304.75 36.85 10.4 0.27 ± 0.02 0.50(0.10)

LHAASO J2032+4102 308.05 41.05 10.5 1.42 ± 0.13 0.54(0.10)

LHAASO J2108+5157 317.15 51.95 8.3 0.43 ± 0.05 0.38(0.09)

LHAASO J2226+6057 336.75 60.95 13.6 0.57 ± 0.19 1.05(0.16)

Celestial coordinates (RA, dec.); statistical significance of detection above 100 TeV (calculated using a point-like template for the Crab Nebula and LHAASO J2108+5157 and 0.3° extension 
templates for the other sources); the corresponding differential photon fluxes at 100 TeV; and detected highest photon energies. Errors are estimated as the boundary values of the area that 
contains ±34.14% of events with respect to the most probable value of the event distribution. In most cases, the distribution is a Gaussian and the error is 1σ. Nature 594: 33-36 (2021) 
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An idea from scratch for a new wide FoV array

21

Detection of muons is the key to reject background of charged CRs

10-5!!Determination of muon number is far from trivial.

Although muons represent ≈10% of all charged particles in a typical 
EAS at ground level their density is very low owing to their wide 
lateral distribution which results from their large production height. 

Example: a 1015 eV proton shower contains about 104 muons above 300 MeV at sea level (≈10 µ/TeV).  
Density in the shower core ≈1 m-2  ➜  a 100 m2 detector will register at most ≈1% of all µ in the EAS! 
In typical arrays there is only 1 µ-detector  
Small number of measured muons ➜ large sampling fluctuations

A “core” detector made by a 150 x 150 m2 RPC carpet above a muon detector

+ an array  >0.5 km2 to improve statistics above 100 TeV

BUT, to detect PeVatrons in a bkg-free regime 
a bkg rejection at 10-5 level is mandatory!

Full Coverage Muon detector !To improve the number of measured muon in the TeV range
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Muon detector layouts below the RPC carpet

22

A water Cherenkov pond
A water Cherenkov array (tanks) below RPC carpet

Few muons at low energy. 
bkg rejection increases with the number of muons 
→  full coverage pond to increase the bkg rejection 
capability at lower energies.

10 x 10 muon detectors 6x6 m2 each
separated by 10 m

water Cherenkov detector LHAASO-like
1.2 m of water + 8’’ PMT downward

22,000 m2

3600 m2
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STACEX proposal: very preliminary calculations 

23

RPC carpet

2.4 m soil

Water Cherenkov pond

2.8º at 100 GeV
0.30º at 1 TeV

Energy estimator: 
density at 30 m

5 at 1 TeV

1.2 m water

At 5000 m asl
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STACEX Effective Area

24

STACEX observatory Rodriguez-Fernandez Gonzalo
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by the RPC carpet.
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Figure 3: Angular resolution for photon-induced
showers as a function of the primary energy.
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Figure 4: Shower core resolution for photon-
induced showers as a function of the primary en-
ergy.

In the left panel of figure 5 the calibration plot is shown with the proposed fit. In the middle
panel the energy resolution for ⇢rec > 10 TeV (⇠ 22 %) is shown. Finally in the right panel we show
the energy resolution as a function of the reconstructed energy. We note the the energy resolution
at 100 TeV is ⇠13%.

2.5 Discrimination of the CR background

The classical method to reject the events induced by the background of charged CRs with arrays
is to look for "muon poor" showers. To evaluate the power of this background 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 W-induced events [9]. The main limitations of this technique is
due to the extent of fluctuations in hadron-initiated showers and to the small number of muons. As
shown by LHAASO, the capability to discriminate the CR background by the muon-poor technique
at a level of 10�4 is the crucial point to study UHE gamma-ray astronomy with air shower arrays.

The basic elements are

5

30 m2 at 20 GeV!≈
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Sensitivity of the “core” detector
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Preliminary!

Bkg-free regime starts at 50 TeV≈
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An additional array >0.5 km2
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An additional array to collect statistics up to the 10 PeV range is under study
In bkg-free regime only e.m. modules in the array are enough → no additional muon detector array
The full coverage 22,000 m2 muon detector seems ok to have bkg discrimination capability better than 10-4

30 m

RPC carpet + full 
coverage muon detector

Preliminary!
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SWGO + RPC?
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SWGO proposal: array of HAWC-like water Cherenkov tanks with different coverage

Can covering tanks with RPCs improve sensitivity?
As well as reduce threshold energy.

A test of a hybrid detector is  
planned in the framework of 

PNRR CTA+

Water Cherenkov is a detector easier to operate with respect to RPCs but energetic range much smaller
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Conclusions
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• Extragalactic flaring/transient detection (GRBs, AGNs,…) requires low threshold, ≈50-100 GeV.

• LHAASO demonstrated GP is full of PeVatrons and possibly of 10 PeV SuperPeVatrons!

• We need a new array with a wide dynamical range: 50 GeV  10 PeV in the South!

• A full coverage carpet of RPCs is a detector able to cover the 50 GeV - 10 PeV energy range

• Background rejection with arrays is mainly based on muons  full coverage -detector to 
increase the bkg rejection capability at TeV energies.

→

→ μ

• Take home message: Preliminary calculations show that the sensitivity of a 
“small” (150✕150 m2) carpet above a full coverage muon detector could be similar 
to much bigger arrays  (LHAASO, SWGO).

• A test of a hybrid detector with RPCs above water Cherenkov (tanks, pond) 
will be organized in the framework of CTA+ (with HAWC, LHAASO ?)
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EAS arrays
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Table 1: Table 1: Characteristics of di↵erent EAS-arrays
Experiment g/cm2 Detector �E e.m. Sensitive Area Instrumented Area Coverage

(eV) (m2) (m2)
ARGO-YBJ 606 RPC/hybrid 3 · 1011 � 1016 6700 11,000 0.93

(central carpet)
BASJE-MAS 550 scint./muon 6 · 1012 � 3.5 · 1016 104

TIBET AS� 606 scint./burst det. 5 · 1013 � 1017 380 3.7⇥104 10�2

CASA-MIA 860 scint./muon 1014 � 3.5 · 1016 1.6⇥103 2.3⇥105 7⇥10�3

KASCADE 1020 scint./mu/had 2� 90 · 1015 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 1020 scint./mu/had 1016 � 1018 370 5⇥105 7⇥10�4

Tunka 900 open Cher. det. 3·1015 � 3 · 1018 - 106 -
IceTop 680 ice Cher. det. 1016 � 1018 4.2⇥102 106 4⇥10�4

LHAASO 600 Water C 1012 � 1017 5.2⇥103 1.3⇥106 4⇥10�3

scintill/muon/hadron
Wide FoV Cher. Tel.

µ Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

TIBET AS� 4300 4.5⇥103 3.7⇥104 1.2⇥10�1

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

CASA-MIA 1450 2.5⇥103 2.3⇥105 1.1⇥10�2
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