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Outline
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★ Gamma-Ray Astronomy
• Study of the Cygnus region: the Cygnus Cocoon

• Diffuse γ-ray emission

• Flaring TeV γ-ray sky

★ The ARGO-YBJ experiment

• All-particle and (p + He) energy spectra

• Observation of the proton “knee”

• Anisotropies

★ Cosmic Ray Physics

★ New Wide FoV experiments: the LHAASO project

★ Future Wide FoV experiments: What’s Next ?
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ARGO-YBJ: a multi-purpose experiment
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•  Sky survey -10%  ≤ δ ≤ 70% (γ-sources, diffuse emission) 

•  High exposure for flaring activity (γ-sources, GRBs, solar flares) 

•  CR 1 TeV ➜ 104 TeV 

•  Antip/p at TeV energies   

• Solar and heliospheric physics   

•  Hadronic interactions, cross sections 

p + He energy spectrum 
Proton “knee” 
Composition at the knee 
Anisotropies 

A multi-purpose experiment capable of acting simultaneously 
as a Cosmic Ray detector and a Gamma Ray Telescope to 

face the open problems in Galactic CR Physics

“Main physics results of the ARGO-YBJ experiment”, Int. J. of Mod. Phys. D23 (2014) 1430019 
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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. 
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ARGO-YBJ: a full coverage detector

4

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

Classical air shower array

large number of detectors spread over an area of ≈105 m2

coverage factor (sensitive area/instrumented area) ≈ 10-3 - 10-2
a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

Increasing the sampling (~1% ➜100%)

• Improves angular resolution 

• Lowers energy threshold 
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The ARGO-YBJ experiment
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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 



G. Di Sciascio ISVHECRI 2016, Moscow Aug. 24, 2016

The basic concepts
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…for an unconventional air shower detector
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❖ 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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Shower detection
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Fired pads on the carpet 

Arrival time  vs position 

Small and compact events
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The RPC charge readout
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Fig. 1. Average strip and pad sizes compared to the total and truncated
sizes for proton-induced air showers on the ARGO-YBJ central carpet.
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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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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 

…extending the dynamical range up to 10 PeV

4 different gain scales used to cover 
a wide range in particle density:

ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 10
4
particles/m

2

BIG 
PAD ADC 

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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FRA - 2014 I. De Mitri: Measurement of the CR energy spectrum with ARGO-YBJ 
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absorption after the shower 
maximum. Get the correct 
signal at maximum (Np8max) 
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The RPC charge readout: the core region
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MC: 100 TeV MC: 1000 TeV

Strip read-out

Charge read-out Charge read-out

Strip read-out
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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 

Strip read-out

Charge read-out

Data
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Intrinsic linearity: test at 
the BTF facility
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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

M. Iacovacci RPC2014, Beijing 14/18
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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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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)



G. Di Sciascio ISVHECRI 2016, Moscow Aug. 24, 2016

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


p+He spectrum (3 - 300 TeV)

flux difference at 5% level
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The Moon shadow analysis
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Angular resolution!

Energy calibration!

★ A  tool to evaluate the detector performance 
• Pointing accuracy 
• Angular resolution                 
• Absolute energy calibration

The$energy$scale$uncertainty$is$estimated$to$be$smaller$
than$13%$in$the$energy$range$1$–$30$(TeV/Z).?PRD 84 (2011) 022003 

PRD 85 (2012)  022002  
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The Crab Nebula

16

The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.
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Figure 4. Significance map of the Crab Nebula region, after smoothing and
background subtraction.

a different right ascension. With these events, a new sky map
(background map) is built, with statistics nf times larger than
the event map in order to reduce the fluctuations. To avoid the
inclusion of the source events in the background evaluation, the
showers inside a circular region around the source (with a radius
related to the PSF and depending on Npad) are excluded from
the time swapping procedure. A correction on the number of
swaps is applied to take into account the rejected events in the
source region (Fleysher et al. 2004).

Event and background maps are then smoothed accord-
ing to the PSF corresponding to each Npad interval. Fi-
nally, the smoothed background maps are subtracted from the
smoothed event maps, obtaining the “excess maps,” where
for every bin the statistical significance of the excess is
calculated as:

nσ = NE − NB√
δN2

E + δN2
B

with NE = Σi ni wi and NB = Σi bi wi/nf . In these expressions
ni and bi are the number of events of the ith bin of the event map
and background map, respectively; wi is a normalized weight,
proportional to the value of the PSF at the angular distance of
the ith bin; and nf is the number of swappings. The sum is over
all the bins inside a radius Rmax, chosen to contain the signal
events and depending on the PSF. Since the number of events
per bin is large, the fluctuations follow the Gaussian statistics,
hence the errors on NE and NB are: δNE = √

Σiniw
2
i and δNB =√

Σi biw
2
i /n2

f .
The number of gamma-ray events from the source is:

Nγ = NE − NB

2π
∫ Rmax

0 w(r)2rdr

where w(r) is the weight used in the smoothing procedure,
calculated at the angular distance r from the source position.

When adding all data, an excess consistent with the Crab
Nebula position is observed in each of the nine maps, with a
total statistical significance of 21.1 standard deviations. The
number of excess events is ∼3.3 × 105, corresponding to
189 ± 16 day−1, where a “day” means a source transit. Table 2
gives the signal significance for each map and the corresponding
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Figure 5. Comparison of experimental and simulated PSFs: event rate per solid
angle as a function of the angular distance from the source position, for events
with Npad ! 20, 100, and 500. The solid lines are the results of the simulation.

event rates measured from the source. For comparison, the
background rates measured inside an angular window of 1◦

radius around the source are given. Figure 4 shows the total
significance map.

Finally, the gamma-ray signal can be used to check the
detector angular resolution since the Crab Nebula’s angular
size is small compared to the detector PSF. Figure 5 shows
the distribution of the arrival directions of the excess showers
with respect to the source position, for Npad ! 20, 100, and 500,
compared to simulations. The agreement is excellent.

4. ENERGY SPECTRUM

The energy spectrum is evaluated by comparing the number
of events detected from the Crab Nebula in the previously
defined Npad intervals to the expected number given by a
simulation assuming a set of test spectra. We consider the power
law spectrum:

dN

dE
(I0,α) = I0

(
E

2 TeV

)−α

where the flux normalization I0 and slope α are the parameters
to be estimated with the fitting procedure.

5

dN/dE = (5.2 ± 0.2)·10-12 ·(E/2 TeV)(-2.63 ± 0.05) cm-2 s-1 TeV-1

The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.
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Figure 7. Rate of events detected from the Crab Nebula for different Npad
thresholds as a function of time. The bin width is 200 days. The lines represent
the average values.

200 days. The median energies corresponding to these Npad
thresholds are 0.76, 1.8, and 5.1 TeV, respectively. The signal
appears stable during 5 yr for any threshold within the statistical
fluctuations. Assuming a constant rate, the obtained χ2 are 15.7,
3.27, and 5.17 (with 9 d.o.f.) for Npad ! 40, 100, and 500. The
corresponding p-values are 0.073, 0.95, and 0.82, respectively.

A 6 yr monitoring of the Crab Nebula was previously
performed by the Tibet-III air shower array from 1999 to 2005,
at energies ∼3 TeV, with a sensitivity 3–4 times lower than that
of ARGO-YBJ, reporting a yearly flux consistent with a steady
emission (Amenomori et al. 2009).

5.1. Search for Flares

To make a “blind” search for rate variations in short
timescales, we consider all the time intervals of duration ∆t
ranging from 1 to 15 days, starting from every observation day.
This time range has been chosen on the basis of the duration
of the flares observed in the GeV energy region. For each in-
terval, we compare the observed rate of Crab events with the
average rate and evaluate the significance of the excess as: σi =
(Ri − Rm)/δ(Ri − Rm), where Ri is the counting rate in the i-th
interval, Rm is the average counting rate, and δ(Ri − Rm) is the
statistical error of the difference Ri − Rm. Note that the values
of σi are not independent, since the time intervals overlap.

Figure 8 shows the distributions of σi for ∆t = 1 day and ∆t =
2–15 days, for Npad ! 40. The total number of intervals is 1851
for ∆t = 1 and 25911 for ∆t = 2–15 days. The distributions can
be fitted by a Gauss function with mean value m = −0.04 ±
0.03 and rms = 1.05 ± 0.02 for ∆t = 1 day, and m = −0.06 ±
0.01 and rms = 1.061 ± 0.005 for ∆t = 2–15 days. The root
mean square values indicate rate variations slightly larger than
what would be expected by statistical fluctuations. However no
significant excess is observed for any of the considered time
intervals.
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Figure 8. Search for flares: distribution of the excesses from the Crab Nebula
around the average value, in units of standard deviations, for different flare
durations ∆t .

Given the ARGO-YBJ sensitivity, a flare would produce a
five standard-deviation signal (pre-trial) if the flux exceeds the
average value by a factor f ∼ 10/

√
∆t(days).

5.2. Correlation with Fermi-LAT Data

To reduce the number of trials in the search for possible
flares, we can limit our analysis to the days in which a flare was
observed by satellite instruments at lower energies. We consider
the Fermi-LAT daily light curve at energy E > 100 MeV from
2008 August to 2013 February, obtained through the analysis of
the scientific Fermi data publicly available at the Fermi Science
Support Center.22

The first panel of Figure 9 shows the daily light curve,
representing the sum of the nebula and pulsar fluxes. The average
flux is (2.66 ± 0.01) × 10−6 photons cm−2 s−1. Also, excluding
the days with flares, the rate is variable, with modulations on
timescales of weeks and months.

First, we consider the three largest Fermi flares, which
occurred in 2009 February, 2010 September, and 2011 April
(Abdo et al. 2011; Buehler et al. 2012). To define the time
boundaries and duration of these flares, we select the days in
which the Fermi flux is higher than 4 × 10−6 photons cm−2 s−1.
The dates and the duration of the three flares are given in Table 3.
The counting rates from the Crab Nebula measured by ARGO-
YBJ with events with Npad ! 40 during the flares are compared
with the average rate of 137 ± 10 day−1. In all cases, the rates
are slightly higher than the average value, but consistent with it
within statistical errors (see Table 3). Summing the three flares
the average rate is 205 ± 91 day−1. Table 3 also shows the results
concerning the events with Npad ! 100 and 500. No significant
excess is present in this case, either.

Our preliminary analysis reported in (Aielli et al. 2010b)
showed a four standard-deviation excess observed in the time
interval from 2010 September 17 to 22, from a direction consis-
tent with the Crab Nebula. However, removing the contribution

22 http://fermi.gsfc.nasa.gov/ssc/data/access/
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Search for flares: distribution of the excesses 
from the Crab around the average value, in 
units of s.d., for different flare durations Δt.
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Figure 4. Significance map of the Crab Nebula region, after smoothing and
background subtraction.

a different right ascension. With these events, a new sky map
(background map) is built, with statistics nf times larger than
the event map in order to reduce the fluctuations. To avoid the
inclusion of the source events in the background evaluation, the
showers inside a circular region around the source (with a radius
related to the PSF and depending on Npad) are excluded from
the time swapping procedure. A correction on the number of
swaps is applied to take into account the rejected events in the
source region (Fleysher et al. 2004).

Event and background maps are then smoothed accord-
ing to the PSF corresponding to each Npad interval. Fi-
nally, the smoothed background maps are subtracted from the
smoothed event maps, obtaining the “excess maps,” where
for every bin the statistical significance of the excess is
calculated as:

nσ = NE − NB√
δN2

E + δN2
B

with NE = Σi ni wi and NB = Σi bi wi/nf . In these expressions
ni and bi are the number of events of the ith bin of the event map
and background map, respectively; wi is a normalized weight,
proportional to the value of the PSF at the angular distance of
the ith bin; and nf is the number of swappings. The sum is over
all the bins inside a radius Rmax, chosen to contain the signal
events and depending on the PSF. Since the number of events
per bin is large, the fluctuations follow the Gaussian statistics,
hence the errors on NE and NB are: δNE = √

Σiniw
2
i and δNB =√

Σi biw
2
i /n2

f .
The number of gamma-ray events from the source is:

Nγ = NE − NB

2π
∫ Rmax

0 w(r)2rdr

where w(r) is the weight used in the smoothing procedure,
calculated at the angular distance r from the source position.

When adding all data, an excess consistent with the Crab
Nebula position is observed in each of the nine maps, with a
total statistical significance of 21.1 standard deviations. The
number of excess events is ∼3.3 × 105, corresponding to
189 ± 16 day−1, where a “day” means a source transit. Table 2
gives the signal significance for each map and the corresponding
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Figure 5. Comparison of experimental and simulated PSFs: event rate per solid
angle as a function of the angular distance from the source position, for events
with Npad ! 20, 100, and 500. The solid lines are the results of the simulation.

event rates measured from the source. For comparison, the
background rates measured inside an angular window of 1◦

radius around the source are given. Figure 4 shows the total
significance map.

Finally, the gamma-ray signal can be used to check the
detector angular resolution since the Crab Nebula’s angular
size is small compared to the detector PSF. Figure 5 shows
the distribution of the arrival directions of the excess showers
with respect to the source position, for Npad ! 20, 100, and 500,
compared to simulations. The agreement is excellent.

4. ENERGY SPECTRUM

The energy spectrum is evaluated by comparing the number
of events detected from the Crab Nebula in the previously
defined Npad intervals to the expected number given by a
simulation assuming a set of test spectra. We consider the power
law spectrum:

dN

dE
(I0,α) = I0

(
E

2 TeV

)−α

where the flux normalization I0 and slope α are the parameters
to be estimated with the fitting procedure.

5

ApJ 798 (2015) 119 

PSF: data vs MC simulation

• Energy spectrum in 0.3–20 TeV in 
agreement with other experiments 

• Light curve over five years 
compatible with a steady emission
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ARGO J2031+4157 as the 
Cygnus Cocoon

17

The Fermi/LAT view

in the 10-100 GeV band

Science 334 (2011) 1103

The ARGO-YBJ view at TeV energies 

after reanalysis with the full data

Smax = 6.1 s.d. 
σext = 1.8º±0.5º

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

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

A pure hadronic model was assumed 
with a power law and a cutoff energy Ec 

ApJ 790 (2014) 152

The emission of ARGO J2031+4157 can be identified 
as the counterpart of Cygnus Cocoon at TeV energies. 

A cocoon of freshly accelerated cosmic rays
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Diffuse γ-rays from the Galactic Plane
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The different lines indicate the energy spectra expected 
from the Fermi/LAT template (with spectral index -2.6) in 
the different sky regions investigated by the detectors.

The difference may be due to the Cygnus Cocoon, not 
yet discovered at the time of the Milagro measurement.

This result is obtained after masking all the sources detected 
in the region (in particular the TeV counterpart of the Cygnus 
Cocoon) and removing the residual contamination.

Cygnus region: 65° < l < 85°; |b|< 5�
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Fig. 5.— The energy spectrum of the di↵use gamma-ray emission measured by ARGO-YBJ

in the Galactic region 65� < l < 85�, |b| < 5� (dots). The solid line shows the flux according

to the Fermi-DGE model. The short-dashed line represents its extension following a power

law with spectral index -2.6. The EGRET results (squares) in the same region are also

shown. The Milagro result (triangle) for the Galactic region 65� < l < 85�, |b| < 2� is also

given. The long-dashed line and its extension (short-dashed line) represent the flux in this

region according to the Fermi-DGE model. The spectral energy distribution of gamma-ray

emission measured by Fermi-LAT in the Galactic region 72� < l < 88�, |b| < 15� is also

reported (stars). The flux in the same region expected from the Fermi-DGE model is shown

as a dot-dashed line.

72° < l < 88°; |b|< 15�
65° < l < 85°; |b|< 2�

The TeV diffuse flux in the Cygnus  region does not show 

a strong excess like that reported by Milagro at 15 TeV.

ApJ 806 (2015) 20

Diffuse γ-rays are produced by relativistic electrons by bremsstrahlung or inverse Compton scattering on bkg radiation 
fields, or by protons and nuclei via the decay of πº produced in hadronic interactions with interstellar gas. 

The space distribution of this emission can trace the location of the CR sources and the distribution of interstellar gas.
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Diffuse γ Emission
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in the Galactic region 40� < l < 100�, |b| < 5� (dots). The solid line shows the flux in

the same region according to the Fermi-DGE model. The short-dashed line represents its
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40° < l < 100°; |b|< 5�

Diffuse gamma-ray emission from the Galactic plane for |b| < 5◦ 

A precise comparison of the spectrum of young CRs, as those supposed in the Cygnus region, with the spectrum of 
old CRs resident in other places of the Galactic plane, could help to determine the distribution of the sources of CRs.

Interestingly, the energy spectrum of the light component (p+He) up to 
700 TeV measured by ARGO-YBJ follows the same spectral shape as 
that found in the Cygnus region. 

– 20 –

Table 1: Di↵use gamma-ray emission from the Galactic plane for |b| < 5�. The median

energies and the corresponding di↵erential fluxes are reported. The errors are only statistical.
l Intervals Significance Spectral index Energy(GeV) Fluxa

25� < l < 100� 6.9 s.d. �2.80± 0.26 390 8.06± 1.49

750 1.64± 0.43

1640 0.13± 0.05

1000b 0.60± 0.13

40� < l < 100� 6.1 s.d. �2.90± 0.31 350 10.94± 2.23

680 2.00± 0.60

1470 0.14± 0.08

1000b 0.52± 0.15

65� < l < 85� 4.1 s.d. �2.65± 0.44 440 5.38± 1.70

780 1.13± 0.60

1730 0.15± 0.07

1000b 0.62± 0.18

25� < l < 65� & 5.6 s.d. �2.89± 0.33 380 9.57± 2.18

85� < l < 100� 730 1.96± 0.59

1600 0.12± 0.07

1000b 0.60± 0.17

130� < l < 200� -0.5 s.d. – – < 5.7c

aIn units of 10�9 TeV�1 cm�2 s�1 sr�1.
bThis entry gives the result of the fit to the three data points.
c99% C.L. at 700 GeV.

ApJ 806 (2015) 20
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Study of the flaring sky: Mrk421
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• ARGO-YBJ (E > 300 GeV) 
• FERMI-LAT (E > 0.3 GeV) 
• SWIFT-BAT (E = 15-50 keV) 
• RXTE-AMS (E = 2-12 keV) 
• MAXI-GSC (E = 2-20 keV) 
• SWIFT-XRT (E = 0.3-10 keV) 
• SWIFT-UVOT (UVW1) 
• OVRO (radio 15 GHz)

By analysing the public data, we have evaluated: 

• Light curves 
• SEDs 

for 4.5 years

All these data provide a unique chance to investigate the multi-wavelength SED evolution during 
different states of activity of Mrk421.

Cherenkov data exist for limited periods

During 4.5 years (August 2008 – Feb 2013), Mrk 421 was continuously monitored by ARGO-YBJ and 
Fermi-LAT, covering the energy range from 0.1 GeV to 10 TeV without any gap.

Using the data of many different detectors, the MWL SEDs (from radio to TeV gamma 
rays) have been studied during 7 flares, one outburst phase and 2 quiescent periods

The multi wavelenght emission can be reasonably described by the one-zone SSC model, 
however different models cannot be excluded by these data.

ApJ Supplement, 222 (2016) 6
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Mrk421 emission
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ARGO-YBJ (E > 300 GeV) 

FERMI-LAT (E > 0.3 GeV) 

SWIFT-BAT (15-50 keV) 

RXTE-AMS (2-12 keV) MAXI-GSC (2-20 keV) 

SWIFT-XRT (0.3-10 keV) 

SWIFT-UVOT (UVW1) 

OVRO (15 GHz) 

30 days bins 

7 days bins 
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One-zone Synchrotron Self-Compton model
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Steady 1 �

Flare 2 (2010) � Flare 3 (2010) �

Flare 1 (2009) �

Steady 2 �

Outburst�
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One-zone Synchrotron Self-Compton model
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Flare 7 (2012) �

Flare 5 (2011) �Flare 4 (2010) �

Flare 6 (2012) �

The	one-zone	SSC	model	reasonably	describes	all	the	measured		SEDs

ApJ Supplement, 222 (2016) 6
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Take Home Message - 1
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Homework

• Maps of the gamma-ray sky not unbiased.

• PeVatrons ‘smoking gun’ signature still missing.

• Measurement of diffuse γ-ray emission at 100 TeV crucial.

• Monitoring of flaring emissions (GRBs, AGNs, etc) very important.

✓ All-sky survey instrument for an unbiased map of the sky at % Crab flux level

✓ Observation of gamma-ray sky in the 100 - 1000 TeV range !

✓ Wide-angle instrument for very extended sources and diffuse emission.
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Measurement of CR energy spectrum with ARGO-YBJ

25G. Di Sciascio Roma Tor Vergata 29/03/2010 40

Modelli vs Altitudine
Tibet ASγ (4300 m asl) vs KASCADE (sl)

Ad alta quota osservabili 
“indipendenti”  dai  modelli  di  

interazione adronica

At high altitude p and Fe produce 
showers with similar size.

• Working at high altitude (4300 m asl):

• Measurement of the CR energy spectrum (all-particle and light component) in the energy range 
TeV - 20 PeV by ARGO-YBJ with different ‘eyes’


‣  ‘Digital readout’ (based on strip multiplicity) below 300 TeV


‣  ‘Analog readout’ (based on the shower core density) up to 20 PeV


‣  ‘Hybrid' measurement with a Wide Field of view Cherenkov Telescope 200 TeV - few PeV

1. p and Fe produce showers with similar size

2. Small fluctuations: shower maximum

3. Low energy threshold: absolute energy scale 

calibration with the Moon Shadow technique and 
overposition with direct measurements
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Energy calibration!

N ≈ 21 · (ETeV/Z)1.5

Calibration of the energy scale
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• 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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All-particle energy spectrum by ARGO-YBJ
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ARGO-YBJ reports evidence for the all-particle knee at the expected energy
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All-particle energy spectrum by ARGO-YBJ

ARGO-YBJ analog All Particle ICRC15 ID366

ARGO-YBJ analog All Particle ICRC15 ID382

ARGO-YBJ analog All Particle (Bayes)

Tibet Array All Particle - QGSJet

IceTop 73 All Particle - SIBYLL

KASCADE All Particle - QGSJet

KASCADE-Grande All Particle - QGSJet



G. Di Sciascio ISVHECRI 2016, Moscow Aug. 24, 2016

Selection of light (p+He) component
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• Selection of (p+He)-induced showers: NOT by means of an unfolding procedure after the 
measurement of electronic and muonic sizes, but on an event-by-event basis exploiting showers 
topology, i.e. the lateral distribution of charged secondary particles. 

• Energy reconstruction is based on the Np8m parameter: the 
number of particle within 8 m from the shower core position. 

This truncated size is

• well correlated with primary energy

• not biased by finite detector effects

• weakly affected by shower fluctuations

DRAFT 1.0 Compiled on 25/03/2016 at 1:14am III EVENT SIMULATION AND RECONSTRUCTION
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simulated showers initiated by different primary nuclei (see
text).
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is a mass-independent estimator of the average slong
(or Xmax). Obviously shower-to-shower fluctuations2

introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account. Another4

implication is that s′ from the LDF fit close to the shower
axis, together with the measurement of the truncated size6

Np8, can give information on the primary particle nature,
thus making possible the study of mass composition8

and the selection of a light-component data sample (see
below).10

B. Shower energy determination

In order to get a mass independent energy estimator,12

the information of the shower age given by the LDF fit
was used to correct the number of particles detected14

on ground to the corresponding value at the shower
maximum. As it is well known, this value would be well16

correlated with energy, independently on the primary
mass.18

As a first approximation, we can assume that the
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shower is absorbed after its maximum in the atmosphere
following an exponential law:

N(X) = Nmax
tot · exp

[
− Xdet −Xmax

λabs

]
(3)

where the number N(X) of particles at depth X is
obtained from the number of particles at maximum
Nmax

tot , taking into account the shower maximum depth
Xmax and the absorption length in the atmosphere λabs.
It is then reasonable to apply the same absorption law to
the truncated size Np8, in order to get the corresponding
signal at maximum, Nmax

p8 . By inverting Eq.3

Nmax
p8 = Np8 · exp

[
h0 · sec(θ)−Xmax(s′)

λabs

]
(4)

where h0 is the atmospheric depth of the detection level, θ
is the zenith angle, and Xmax(s′) is the shower maximum
as estimated from the event LDF slope. Equivalently,
using Eq. 2, we obtain:

Nmax
p8 = Np8 · exp

{
3

2

h0 · sec(θ)
λabs

[
1− 1

slong(s′)

]}
(5)

which directly expresses Nmax
p8 as a function of s′,

through the longitudinal age

slong = (0.389± 0.005) · s′ + (0.678± 0.007) (6)

resulting from data in Fig.2. It is then possible to
get Nmax

p8 for each event, on the basis of the observed20

truncated size Np8 at ground and the s′ parameter LDF
fit. The value of λabs is left as a free parameter in order22

to optimize the energy reconstruction (see below).
The shower size at maximum, Nmax

tot , is only a
function of the total energy, mostly independent on
the primary nature [2]. The quantity Nmax

p8 is then
expected to be a good, and mass independent, estimator
of the primary energy. This is evident in Fig. 5,
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is a mass-independent estimator of the average slong
(or Xmax). Obviously shower-to-shower fluctuations2

introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account. Another4

implication is that s′ from the LDF fit close to the shower
axis, together with the measurement of the truncated size6

Np8, can give information on the primary particle nature,
thus making possible the study of mass composition8

and the selection of a light-component data sample (see
below).10

B. Shower energy determination

In order to get a mass independent energy estimator,12

the information of the shower age given by the LDF fit
was used to correct the number of particles detected14

on ground to the corresponding value at the shower
maximum. As it is well known, this value would be well16

correlated with energy, independently on the primary
mass.18

As a first approximation, we can assume that the
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shower is absorbed after its maximum in the atmosphere
following an exponential law:

N(X) = Nmax
tot · exp

[
− Xdet −Xmax

λabs

]
(3)

where the number N(X) of particles at depth X is
obtained from the number of particles at maximum
Nmax

tot , taking into account the shower maximum depth
Xmax and the absorption length in the atmosphere λabs.
It is then reasonable to apply the same absorption law to
the truncated size Np8, in order to get the corresponding
signal at maximum, Nmax

p8 . By inverting Eq.3

Nmax
p8 = Np8 · exp

[
h0 · sec(θ)−Xmax(s′)

λabs

]
(4)

where h0 is the atmospheric depth of the detection level, θ
is the zenith angle, and Xmax(s′) is the shower maximum
as estimated from the event LDF slope. Equivalently,
using Eq. 2, we obtain:

Nmax
p8 = Np8 · exp

{
3

2

h0 · sec(θ)
λabs

[
1− 1

slong(s′)

]}
(5)

which directly expresses Nmax
p8 as a function of s′,

through the longitudinal age

slong = (0.389± 0.005) · s′ + (0.678± 0.007) (6)

resulting from data in Fig.2. It is then possible to
get Nmax

p8 for each event, on the basis of the observed20

truncated size Np8 at ground and the s′ parameter LDF
fit. The value of λabs is left as a free parameter in order22

to optimize the energy reconstruction (see below).
The shower size at maximum, Nmax

tot , is only a
function of the total energy, mostly independent on
the primary nature [2]. The quantity Nmax

p8 is then
expected to be a good, and mass independent, estimator
of the primary energy. This is evident in Fig. 5,
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FIG. 7: Energy resolution as a function of the reconstructed
energy Erec for quasi-vertical events (θ < 15o), λabs =
100 g/cm2 and Hörandel model [13]. The method was
applied for E ≥ 100TeV.

FIG. 8: Energy calibration bias as a function of the
reconstructed energy Erec for quasi-vertical events (θ <
15o), λabs = 100 g/cm2 and Hörandel model [13]. The
method was applied for E ≥ 100TeV.

where a two-dimensional histogram of the Log(Nmax
p8 )

quantity versus Log(E/TeV ) is shown for a simulated
mixture of protons, He, CNO group and Fe, weighted
by the flux model proposed by Hörandel [13]. Very
similar results are obtained using other composition
models (for instance, the Gaisser-Stanev-Tilav model
[44]). Monte Carlo events have been selected with the
same quality cuts of real data and zenith angle within
15◦. The two-dimensional histogram has been divided in
Log(Nmax

p8 ) bins of 0.08. For each bin the distribution of
Log(E/TeV ) has been well fitted by a gaussian function
(see Fig. 6 for an example). The line superimposed
in Fig. 5 is a fit of the mean values of each gaussian
as a function of Log(Nmax

p8 ) Such relationship is well
described by:

Log(E/TeV ) = a · Log(Nmax
p8 ) + b (7)

with a=(0.98 ± 0.01) and b =(−2.42 ± 0.05). It is
important to note that the value of the slope a is in good2

agreement with expectations [2, 51].

The energy resolution, defined as one standard devia-4

tion of the distribution of the quantity Log(Erec/Etrue)
(being Etrue the true energy of the simulated event and6

Erec the value as reconstructed from Eq. 7), has been
evaluated at various energies. A value of 0.2 has been8

obtained at 30TeV, improving with energy, as shown in
Fig. 7, donw to 0.05 at 10PeV. Moreover, as shown in10

Fig.8, the energy reconstruction bias, defined as the dif-
ference Log(Erec/TeV ) - Log(Etrue/TeV ), stays within12

±0.05 for all energies above 30TeV.

The absorption length parameter λabs has been14

determined by optimizing the energy resolution and
bias in the whole considered energy range. The16

value λabs = 100 g/cm2 satisfies both the request of
Log(E/TeV ) resolution better than 0.2 and bias within18

±0.05 for all energies above 30TeV nad it is in agreement
with expectations and an independent ARGO-YBJ20

measurement [26].

Gain scale G4 G1
Data from 14-jul-2010 27-sep-2010

to 30-jul-2010 31-dec-2010
Live time (s) 1.14 × 106 7.14 × 106

Triggering events 8.5 × 106 5.4 × 107

Reconstructed events with 9.5 × 105 6.7 × 106

core in Afid and θ < 15◦

Events after G4/G1 fiducial cut 2.3 × 105 8.7 × 104

Events with LDF fit 2.1 × 105 8.2 × 104

p+He selection 1.3 × 105 3.7 × 104

TABLE I: Summary of data samples used in the present
analysis at each selection step (see text).

IV. THE ALL-PARTICLE ENERGY SPECTRUM22

As described in Sec.II and [33], the RPC charge
readout system has eight different and overlapping gain24

scale settings (G0,....,G7 from lower to higher gains, with
nominal shifts of a factor two) in order to explore the26

particle density range ≈(20 – 104) particles/m2. In
this paper the results obtained with two gain scales (so-28

called G1 and G4) are presented. The main information
concerning the two data samples are given in Tab.I,30

together with the number of events surviving various
steps in the analysis (see below).32

The analog system response, for each considered data
set and gain scale has been carefully calibrated by34

following the procedures fully discussed in [33, 34].
Fiducial cuts in order to ensure the operation in the36

proper linearity range for each gain scale have been
applied, namely (Log(Npeak) > 1.7 and 3 < Log(Np8) <38

5) for G4, and (Log(Npeak) > 2.7 and 4 < Log(Np8)) for
G1, where Npeak is the number of particles detected on40

the BP with the largest signal in the considered event.
The same procedure described in Sec.III was then42

applied to fit the single event LDF in the first 10 meters
around the reconstructed shower axis and get the value44

of the lateral slope parameter s′. The measured values
of s′ and Np8 were then used to reconstruct the energy46

7

Energy resolution
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Measurement of the light-component (p+He) CR spectrum  in the 
energy region (2.5 – 300) TeV via a Bayesian unfolding procedure

Direct and ground-based measurements overlap for a wide energy 
range thus making possible the cross-calibration of the experiments.
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3. Hadronic interaction models

In order to estimate e↵ects due to the particular choice
of the high energy hadronic interaction model in Monte
Carlo simulations, a dataset has been generated by using
the SIBYLL 2.1 [27, 28] model. A small dataset have also
been simulated using the EPOS 1.99 [29] model. These
data have been compared with the QGSJET dataset used
in this analysis. In figure 7 the ratio between the mul-
tiplicity distributions obtained by using QGSJET model
and the one obtained by respectively using SIBYLL and
EPOS is reported as a function of primary energy. The
plot shows that the variation of the multiplicity distribu-
tions obtained with the two hadronic models is of order of
a few percents, giving a negligible e↵ect on the measured
flux.

4. Contamination of heavier elements

A possible systematic e↵ect relies in the contamination
of elements heavier than Helium. The selection criterion
based on the particle density rejects a large fraction of
showers produced by heavy primaries, as shown in figure
3. The fraction of heavier elements has been estimated
by using the QGSJET–based simulations according to
the Hörandel model [23]. In the energy region below
10TeV the contamination does not exceed 0.3%, in the
range (10�100)TeV is 4.2% and at energies higher than
100TeV it has been evaluated as 9%. A sample of Monte

ballons/satellites ground-based exp
−2.64 ± 0.01

Phys. Rev. D91, 112017 (2015)
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based on the particle density rejects a large fraction of
showers produced by heavy primaries, as shown in Fig. 3.
The fraction of heavier elements has been estimated by
using the QGSJET–based simulations according to the
Hörandel model [23]. In the energy region below 10 TeV
the contamination does not exceed 0.3%, in the range
(10–100) TeV is 4.2% and at energies higher than 100 TeV
it has been evaluated as 9%. A sample of Monte Carlo
events has been generated in order to evaluate the condi-
tional probabilities that heavy nuclei have been selected by
the criteria used in the analysis. These probabilities have
been introduced in the unfolding procedure in order to
subtract the contribution of heavy nuclei from the measured
spectrum. The contribution of this effect is therefore not
included in the total systematic uncertainty.

5. Summary of systematic errors

The total systematic uncertainty was determined by
quadratically adding the individual contributions. The
results are affected by a systematic uncertainty of the order
of !5% in the central bins, while the edge bins are affected
by a larger systematic uncertainty less than !10%.

V. CONCLUSIONS

The ARGO–YBJ experiment was in operation in its
full and stable configuration for more than five years: a
huge amount of data has been recorded and reconstructed.
The peculiar characteristics of the detector, like the

full-coverage technique, high altitude operation and high
segmentation and spacetime resolution, allow the detection
of showers produced by primaries in a wide energy range
from a few TeV up to a few hundreds of TeV. Showers
detected by ARGO–YBJ in the multiplicity range
150–50000 strips are mainly produced by primaries in
the (3–300 TeV) energy range. The relation between the
shower size spectrum and the cosmic ray energy spectrum
has been established by using an unfolding method based
on the Bayes theorem. The unfolding procedure has been
performed on the data collected during each year and on the
full data sample. The resulting energy spectrum spans the
energy range 3–300 TeV, giving a spectral index
γ ¼ −2.64! 0.01, which is in very good agreement with
the spectral indices obtained by analyzing the sample
collected during each year, therefore demonstrating the
excellent stability of the detector over a long period. The
resulting spectral indices are also in good agreement with
the one obtained by analyzing the first data taken with the
detector in its full configuration [4]. Special care was
devoted to the determination of the uncertainties affecting
the measured spectrum. The uncertainty on the results is
due to systematic effects of the order of !5% in the central
energy bins. At present this is one of the most accurate
measurements of the cosmic ray proton plus helium
spectrum in the multi-TeV energy region made by a
ground-based air shower experiment. This result reveals
the potential of extending this measurement toward the
highest energies, where galactic sources should become
less efficient in accelerating light elements.
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The high segmentation of the read-out allows to access the LDF down to the shower core.

Discrimination Light/Heavy based on the measurement of the LDF at different distances from the core
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correlation between the shower size and the primary en-
ergy. In figure 6 the selection e�ciency is shown for pro-
ton, helium nuclei, CNO and NeMgSi mass groups and
iron nuclei. The plot shows that in the energy region
300TeV � 10PeV the selection e�ciency is almost the
same for all the species, demonstrating the selection cri-
teria do not a↵ect the spectrum measurement. Also in
the energy region around 100 TeV the fraction of selected
events allows a correct estimation of the conditional prob-
ability.
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FIG. 6. Fraction of selected showers produced by protons,
helium nuclei, CNO group, NeMgSi group and iron nuclei.

The values of the all-particle spectrum, including both
statistical and systematic errors are reported in table V.
The uncertainties have been evaluated by using a simi-
lar procedure as the one used for the proton plus helium
spectrum. The measurements are a↵ected by a statisti-
cal uncertainty of the order of 1% at the lowest energies,
gradually increasing up to ⇠ 8% at energies higher than
1PeV. The systematic uncertainty is of the order of 15%
mainly due to the limited Monte Carlo statistics (10%)
and to variations of the bin edges (10%).
Systematic e↵ects introduced by using di↵erent hadronic
models, by variation of the fiducial cuts and by the
unfolding procedure have been evaluated and are sum-
marised in table IV. The all-particle spectrum measured
in the energy range 100TeV�5PeV is in agreement with
the spectra measured by the KASCADE, [26] TIBET-
III [28] and ICETOP [29] experiments. The all-particle
energy spectrum obtained in this analysis is consistent
with the measurements made by other experiments ei-
ther with direct technique or with indirect technique. It
also demonstrates the stability and the reliability of the
unfolding procedure.

VI. CONCLUSIONS

The knowledge of the evolution of the energy spectrum
of individual elements plays a key role in understanding

TABLE IV. Summary of systematic uncertainties a↵ecting
the all-particle spectrum.

Uncertainty Flux(%)
Selection criteria ±3%
Response matrix ±16%
Interaction model +7%
Flux model < ±1%
Unfolding < ±1%
Total (�16.0 + 18.0)%

TABLE V. All-particle spectrum measured by ARGO–YBJ.

Energy Flux ± stat ± sys
[103 GeV] [m�2s�1sr�1GeV�1]
89.13 (1.56± 0.02+0.28

�0.25)⇥ 10�9

142.12 (4.62± 0.06+0.82
�0.73)⇥ 10�10

223.87 (1.33± 0.02+0.24
�0.21)⇥ 10�10

354.81 (3.97± 0.10+0.71
�0.62)⇥ 10�11

501.19 (1.58± 0.06+0.28
�0.25)⇥ 10�11

794.33 (4.72± 0.19+0.84
�0.75)⇥ 10�12

1258.93 (1.41± 0.07+0.25
�0.27)⇥ 10�12

1995.26 (4.24± 0.26+0.76
�0.67)⇥ 10�13

3162.28 (1.33± 0.10+0.24
�0.21)⇥ 10�13

5011.87 (3.10± 0.23+0.55
�0.49)⇥ 10�14

the origin, acceleration and propagation of cosmic rays.
The peculiar characteristics of the ARGO–YBJ experi-
ment, like the high segmentation and the full–coverage
technique, allows a deep investigation of the properties
of extensive air showers. The detector is able to explore
a wide energy range from few TeV up to several PeV,
providing a detailed measurement of the distribution of
the charged particles in the shower front. The accurate
reconstruction of the lateral distribution can be exploited
in order to discriminate showers produced by primaries
of di↵erent mass groups. The measurement of the proton
plus helium spectrum in the energy range 20TeV�5PeV
presented in this work is based on the analysis of more
than 2 million events. Combining the results obtained
from the analysis of data collected by using the digital
with results presented in this paper, the ARGO–YBJ ex-
periment measured the proton plus Helium flux over two
energy decades, from 3 TeV to 5 PeV. The determina-
tion of the proton plus helium spectrum does not take
into account to number of muons, thus reducing the un-
certainties due to hadronic interaction models.
There is a strong evidence of a deviation from a single
power law at energies around 1PeV, suggesting that the
knee of the all–particle spectrum is due to heavier ele-
ments. Similar conclusion has been suggested also by the
results of the hybrid experiment ARGO–WFCTA which
made use of a Cherenkov telescope. The all–particle
spectrum is in good agreement with several other experi-
mental results. These results demonstrate the possibility
of exploring the cosmic ray properties in a wide energy
range with a single ground based experiment and opens
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❖ ARGO-YBJ: core reconstruction  & lateral distribution in the core region  
à mass sensitive 

❖ Cherenkov telescope: longitudinal information 
Hillas parameters  à mass sensitive 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

H&He Selection 
• Elongation of the shower image 
              L/W ~ 0.09(Rp/10m) 

2L 

2W 

• angular resolution: 0.2º


• shower core position resolution: 2 m

Phys. Rev. D 92, 092005 (2015)

‣ 4.7 m2 spherical mirror composed of 20 
hexagon-shaped segments 


‣ 256 PMTs (16 ⨉ 16 array)

‣ 40 mm Photonis hexagonal PMTs (XP3062/FL) 
‣ pixel size 1º

‣ FOV: 14º ⨉ 14º


‣ Elevation angle: 60º

A prototype of the future LHAASO telescopes has 
been operated in combination with ARGO-YBJ
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• Contamination of heavier component ≈10 % 
• Energy resolution: ~25% constant with energy 
• Uncertainty : ~25% on flux

/ Procedia Computer Science 00 (2014) 1–10 6
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Figure 6. Light component (p+He) energy spectrum of primary CRs measured by ARGO-YBJ compared with other experimental results. The
ARGO-YBJ 2012 data refer to the results published in [19] and the 2013 ones have been obtained with the full statistics.

that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
He, CNO, MgSi, Fe) investigated. The primary masses have been simulated in the same relative percentage. As can
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parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
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According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
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tion. About 40,000 simulated events that survived all the re-376
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were used to derive the resolution of the reconstructed energy.378

We compared the reconstructed energy Ereco and the true en-379

ergy Etrue in the MC simulation. The distributions of the380

∆E = Ereco−Etrue at 300 TeV, 1 PeV and 3 PeV are shown381

in FIG. 9. The energy resolution is about 25%, nearly con-382

stant, with an offset less than 3% throughout the energy range383

up to 3 PeV (Table II). This helps to achieve a minimal dis-384

tortion of the spectrum in the interested energy range.385
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VI. ENERGY SPECTRUM OF PROTON AND HELIUM386

The flux of H&He is calculated by387

J(E) =
∆NMeasured

H&He

∆E · T ·AH&He
=

∆NH&He +∆NHeavy

∆E · T ·AH&He
(1)388

where ∆NMeasured
H&He is the measured number of H&He-like389

events in an energy bin (∆E). ∆NMeasured
H&He has two parts,390
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composition groups that survive through the H&He selection cuts.
The Hörandel model is assumed in the simulation.

∆NH&He (the number of pure H&He events) and ∆NHeavy391

(the number of heavy contamination events) in each energy392

bin. T is the total exposure time for the used data. AH&He is393

the aperture of the hybrid detection system for pure H&He394

component.395

Following the H&He selection described and energy re-396

construction procedures described in Section V and Sec-397

tion IV, we have obtained the energy spectrum of the H&He398

component shown in FIG. 10. The number of events in399

each energy bin and the corresponding detector aperture are400

shown in Table II. The bin width is chosen to be 0.2 in401

log10(E/1TeV ), corresponding to the resolution listed in the402

5th row of Table II. To take into account the energy resolu-403

tion and possible smearing like bin-to-bin migration between404

the true and reconstructed primary energies, a Bayesian algo-405

rithm38 was applied to unfold the reconstructed events. The406

selection efficiency for He showers is about 80% of that for407

H showers. The observed spectrum can be successfully fitted408

with a broken power law function409

J(E) =

{
J(Ek) · (E/Ek)β1 (E < Ek)
J(Ek) · (E/Ek)β2 (E > Ek)

(2)410

with Ek=700±230 TeV, J(Ek) = (4.65 ± 0.27) ×411

10−12 GeV −1 m−2 s−1 sr−1, β1=-2.56±0.05 and β2=-412

3.24±0.36. The relatively large error on the breaking energy413

Ek is due to the limited statistics. Considering a systematic414

uncertainty in the absolute energy scale of 9.7% (see the next415

session for a more detailed discussion), the systematic uncer-416

tainty in Ek is estimated to be ∼70 TeV.417

We previously reported a similar analysis with tighter cuts418

for light component selection to obtain a H&He sample with419

higher purity (98% assuming the composition models given420

in35) for events below 700 TeV18. The aperture in that analysis421

was much smaller (∼ 50 m2sr, as shown in FIG. 7) and the422

selection efficiency was around 30%. The H&He spectrum423

that we previously obtained was consistent with a single-index424

power law, in good agreement with CREAM7 and ARGO-425

YBJ15,16 results (see FIG. 10). The overall difference between426

our flux and the other measurements was found to be less than427

9%, which makes us confident on the hybrid observation and428

the new analysis techniques developed for the measurement429

of both the absolute flux and the primary energy.430

In the current analysis we adopt the same technique de-431

scribed in 18 but with looser cuts, in order to have a larger432

statistics and reach higher energies. As a consequence, the se-433

lected event sample purity is reduced to 93% below 700 TeV434

assuming the same composition model. Since the contamina-435

tion of heavy nuclei increases with energy (see FIG. 8), the436

heavy contaminant not only increases the observed H&He437

spectrum flux, but also changes the spectrum index. To es-438

timate how much the heavy contaminants introduced by the439

looser selection cuts affect the spectrum shape and index, we440

tried to subtract them from the spectrum by using the com-441

position model given in reference 35. We simulated the num-442

ber of heavy nuclei that passed the selection cuts for each en-443

ergy bin. The result is reported in the last row of Table II.444

Fitting the spectrum after the subtraction of these events,445

we obtain Ek=770±200 TeV, J(Ek) = (3.25 ± 0.22) ×446

10−12 GeV −1 m−2 s−1 sr−1, β1=-2.62±0.05, and β2=-447

3.58±0.50. This value of β1 is in excellent agreement with448

the spectral index -2.63±0.06 in our previous report, and cor-449

respondingly consistent with the spectral indexes reported by450

CREAM7 and ARGO-YBJ15,16.451

The statistical significance of the observed knee feature re-452

ported in Fig. 10 was estimated by comparing the number of453

events observed above the knee with the number of events ex-454

pected by extending at PeV energies the spectrum measured455

below the knee. The number of expected events in the three456

energy bins above the knee is 82, 39 and 20, respectively.457

The difference between the observed number of events (see458

Table II) and the expectation from a single power law spec-459

trum corresponds to a deficit with a statistical significance of460

4.2 standard deviations. To see if any artificial feature could461

have been produced in our analysis, we also conducted a ded-462

icated simulation according to the composition model given463

in ref.35 that includes five different mass groups. After apply-464

ing the same MC data quality cuts and the selection procedure465

for H&He showers, we obtained the reconstructed spectrum.466

The comparison between the reconstructed spectrum and the467

input H&He spectrum is shown in FIG. 11. The shaded468

area represents the systematic uncertainties caused by the con-469

tamination of heavy nuclei and boundary selection, which is470

discussed in the next section. Both spectra agree with each471

other within the systematic uncertainties, with no new knee-472

like breaks in the reconstructed spectrum.473

VII. SYSTEMATIC UNCERTAINTIES474

Systematic uncertainties discussed below include the un-475

certainties in both the reported flux and shower event energy476

reconstruction. The systematic uncertainties in the shower en-477

ergy reconstruction include:478

(1) The uncertainty in the weather and atmosphere condi-479

tions is estimated by using the starlight in the Galactic480

plane recorded by the Cherenkov telescope. A variance481

of < 9.5% in the light intensity is observed after the482
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construction quality cuts and the H&He selection procedure377

were used to derive the resolution of the reconstructed energy.378

We compared the reconstructed energy Ereco and the true en-379

ergy Etrue in the MC simulation. The distributions of the380

∆E = Ereco−Etrue at 300 TeV, 1 PeV and 3 PeV are shown381

in FIG. 9. The energy resolution is about 25%, nearly con-382

stant, with an offset less than 3% throughout the energy range383

up to 3 PeV (Table II). This helps to achieve a minimal dis-384

tortion of the spectrum in the interested energy range.385
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FIG. 4. The simulated largest number of particles in the RPC (Nmax)
as a function of the simulated number of photo-electrons in the
Cherenkov telescope (Npe

0 , normalized to Rp=0 and α=0◦). The
separation between the different mass groups is visible.
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VI. ENERGY SPECTRUM OF PROTON AND HELIUM386

The flux of H&He is calculated by387

J(E) =
∆NMeasured

H&He

∆E · T ·AH&He
=

∆NH&He +∆NHeavy

∆E · T ·AH&He
(1)388

where ∆NMeasured
H&He is the measured number of H&He-like389

events in an energy bin (∆E). ∆NMeasured
H&He has two parts,390

Events for which pL  ≤ -4.53 and pC ≤ 0.78 are rejected
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ
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ARGO-YBJ reports evidence for a proton knee starting at about 700 TeV
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The overall picture
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Comparison with other experiments
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FIG. 7. Cosmic ray all–particle and proton plus helium energy spectra as measured by ARGO–YBJ in this wors compared
with previous results of ARGO–YBJ [12, 22], other experimental results [23, 26–29] and theoretical models [21, 25].

new scenarios about the evolution of the light compo-
nent energy spectrum towards the highest energies and
the origin of the knee.
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Medium/Small Scale 
Anisotropy
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Data: November 8, 2007 - May 20, 2012 
≈ 3.70×1011 events

Proton median energy ≈ 1 TeV

CRs excess ≈ 0.1 %   
with significance up to 15 s.d. 

dec. region δ ∼ -20◦÷ 80◦

Map smoothed with the detected PSF for CRs, 
obtained with the Moon Shadow analysis

Galactic plane 

CRAB 

Cygnus Region 

Galactic center 

Phys. Rev. D 88 (2013) 082001

ApJ 809 (2015) 90
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Take Home Message - 2
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✓ Spectra of individual mass groups !! 

✓ Multi-parameter EAS measurements to validate hadronic interaction models

✓ Absolute energy scale calibration: low energy threshold  → High altitude !

✓ Composition dependent anisotropy studies !!!

✓ High statistics in a large energy range (➜ 1016-17 eV)

Homework

• Energy range 1014 - 1017 eV crucial 

• Experimental results conflicting !

• The origin of the observed anisotropies at different angular scales is still unknown 
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The LHAASO experiment
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LHAASO (Large High Altitude Air Shower Observatory),a new generation EAS array  strategically built 
to cover the exploration of several energy decades with a unique installation, with 20x trigger rate, will 
be able to deepen and extend these observations.

LHAASO will enable studies in cosmic ray physics and gamma-ray astronomy that are unattainable 
with the current suite of instruments: 

• LHAASO will monitor 'all the sky all the time' performing an unbiased sky survey of the 
Northern hemisphere in the 100 GeV - 1 PeV range.


• LHAASO will open for the first time the 100 -1000 TeV range to the direct observation of the 
high energy CR sources.


• LHAASO, observing the gamma diffuse emission, will be able to constrain the possible 
Galactic origin of a fraction of the IceCube neutrinos.


• LHAASO, studying CRs in a unprecedented wide energy range 1011 - 1018 eV, will clarify the 
observations of Galactic CRs and will give a solid foundation for understanding CR physics at 
energies >1017 eV. 

• LHAASO will look for signatures of WIMPs as candidate particles for DM probing the PeV-mass 
DM scenario as a possible source of IceCube neutrinos. 
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LHAASO layout
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N
O
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TH

150 m

WFCTA

ED

MD

WCDA

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

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

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

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

• Neutron detectors → Yuri Stenkin talk
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The LHAASO site
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The experiment will be located at 4400 m asl (600 g/cm2) 
in the Haizishan (Lakes’ Mountain) site, Sichuan province

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

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

Beijing 

Chengdu 

Haizishan 

700 km to Chengdu

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

10 km to the highest airport in the world
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Status of LHAASO
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• 2015: geo survey and final layout fixed.


• Installation of detectors started in September 2015 for tests.


• July 30th: starting ceremony of the big construction at the site: 
power station at the site, a power line of 29 km to the nearest 
major power line in the national grid, the roads in the field, data 
center and living base.


• April 2017: Construction of first pond and MD tanks


By the middlle of 2018, the first quarter of the whole array, i.e. 
22,500 m2 water Cherenkov detector, surrounded by 300 MDs 
and 1200 scintillator counters, and 6 wide FoV Cherenkov 
telescopes will be put in operation.  


2021: conclusion of installation of main components.

Construction of muon detectors

• LHAASO is finally approved and funded for detectors and infrastructures
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Gamma-Ray Astronomy with LHAASO
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(1) To open for the first time the 102 - 103 TeV range to the direct observation of the 
Cosmic Ray sources (“PeVatrons”). LHAASO's wide field of view provides a 
unique discovery potential.
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LHAASO will observe at TeVs, with high 
sensitivity, >40 of the sources catalogued 
by Fermi-LAT at lower energy, monitoring 
the variability of >20 AGNs.
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LHAASO sensitivity to diffuse γ-ray flux
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Diffuse gamma ray flux in the disk region l = 25° -100°  and |b| < 5°

Detector sensitivity to the diffuse gamma ray flux 
in the disk region l = 25° -100°  and |b| < 5° 

Detector features: 
 
• Effective area  A0 = 1 km2 

• g-ray detection efficiency  e0 = 1 

• Observation time T0 = 1 year 
• Latitude 30° N 
• Maximum zenith angle 45° 
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LHAASO 

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

Absorbed
by P. Lipari & S. Vernetto: RICAP 2016

  

Propagation of cosmic rays in the Galaxy and
in Extragalactic space

Side view of 
the Galaxy

The Solar system is 8.5 kpc away from the galactic
center. One pc is 3.1018 cm, so we are at a distance
of 2.55 1017 km and the light from it reaches us 
after 2,800 years. One pc is the distance at which
1 AU (149.6 106 km) is seen at an angle 1 arcsec.

Galactic latitude b is the angle at which an object
is above the galactic plane.

Todor Stanev
Bartol Research Institute and
Department of Physics and Astronomy
University of Delaware

  

View of the galactic plane from the galactic North Pole 

Galactic longitude l
is measured counter
clockwise from the
direction of the 
galactic center.

l and b are the
galactic coordinates

Most of the matter
in the Galaxy is in 
the galactic arms.

Detector features: 

• Effective area  A0 = 1 km2 

• γ-ray detection efficiency  ε0 = 1 

• Observation time T0 = 1 year 
• Latitude 30° N 
• Maximum zenith angle 45°
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Cosmic Ray Physics with LHAASO
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(2) To fill the gap in the CR detection between the low and the very high energy ranges 
with a single experiment.

LHAASO
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IACTs and LHAASO/HAWC
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LHAASO (and HAWC) sensitivity is well matched to 
current generation of IACTs (HESS, VERITAS, MAGIC)
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CTA Sky Survey Plans
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G. SinnisRICAP, June 2016

CTA Survey Plans

Survey 1/4 of the 
sky to 6.5 mCrab 
~3x HAWC 5yr

14

Survey the Galaxy to 3.8 mCrab (~5x sensitivity of HAWC 5yr)

from R. Ong

CTA: 
Survey of entire Galactic Plane to ≈ 2 - 4 mCrab 

Unbiased survey of 1/4 sky to  ≈ 6 mCrab 

from R. Ong, 2015

• Present/Future Surveys:6. KSP: Galactic Plane Survey 6.1 Science Targeted

Observatory Hemisphere Energy Threshold Angular Resolution Pt. Source Sensitivity Reference
CTA N, S 125 GeV ⇠ 0.07� at 1 TeV 2 – 4 mCrab [193]

HAWC N 2 TeV 0.30� 20 mCrab [192]

Table 6.2 – Comparison of CTA and HAWC for surveying the Galactic plane at VHE. The angular resolution
is defined as the 68% confinement radius at the quoted energy threshold. The HAWC sensitivity assumes a
livetime of five years. The sensitivity estimates for both instruments assume a power-law spectrum (E�2.3 or
E

�2.4) with no cut-off. Note that if a source cuts off at 5 TeV, the HAWC sensitivity degrades to ⇠ 50 mCrab
while the CTA sensitivity is not greatly changed. The sensitivities for the CTA GPS were calculated for an
energy threshold of 125 GeV; for a discussion of the unit “mCrab” unit of flux sensitivity, see Section 6.4 and
[187].

overall community (e.g. the Galactic Centre, Cygnus, Vela, etc.) that will set the stage for even
deeper, pointed follow-up observations.

All these various considerations motivate a target sensitivity for the GPS at the level of a few mCrab.

6.1.3 Multiwavelength / Multimessenger Context

Synergy with HAWC

The HAWC air-shower array [192] has very recently completed construction at Sierra Negra, Mexico.
Larger than its predecessor, Milagro, and at a higher altitude of 4,100 m, it is substantially more sensitive.
It is also farther south (latitude = 19

� N) than Milagro (latitude = 36

� N), which will permit a better view
of the inner regions of the Galaxy. Table 6.2 shows a comparison of the relevant capabilities of HAWC
and CTA for surveying the Galactic plane. The table shows that CTA and HAWC are complementary
telescopes. HAWC will survey the entire (northern) sky above an energy threshold of ⇠ 2 TeV. CTA will
survey the Galactic plane in both the North and South at an order of magnitude lower energy, a factor of
5 – 10 better sensitivity and with superior angular resolution compared to HAWC.

Synergies with Other Instruments

The CTA GPS will have signficant synergies with other multiwavelength and multi-messenger facilities,
greatly enhancing the profile and scientific output of CTA. On the particle detection side, the increas-
ingly better localization of sources of neutrinos and cosmic rays detected by, e.g., IceCube and the
Pierre Auger Observatory, makes a new searchable catalogue of TeV sources a valuable tool for multi-
messenger analysis of potential cosmic ray sources. The GPS will also be very relevant for the new and
upcoming (on the same timescale as CTA early and full operations) optical and radio “Transient Facto-
ries” (e.g., Gaia, iPTF, ZTF, LSST, plus SKA and its pathfinders: LOFAR, MeerKAT, ASKAP, and MWA).
For instance, a key step in the necessary automated decision-tree pipelines for further observation is to
check coordinates against existing catalogues in order to identify the source. Given the propensity of
VHE sources to vary also in radio and optical, it is important to provide access to some results of the
GPS as soon as possible, ideally without waiting for the official public releases described above. The
power to negotiate such agreements to share key source information with other facilities requires official
KSP status, and can in turn result in desirable proprietary information such as trigger alerts for CTA’s
Transients KSP.

Thus, to summarize the advances that the CTA GPS will bring to the state of the art:

• in the South, CTA will go deeper in the inner region (|l| < 60

�) by a factor of 5 – 20 compared to
H.E.S.S., and CTA will cover the entire Galactic plane accessible, and

• in the North, CTA will go deeper by a factor 5 – 10 compared to HAWC, at much lower energy and
with better angular resolution. In Cygnus, CTA will reach a factor of 10 better sensitivity than that
achieved by VERITAS.

CTA Construction Project
Science Case
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(5 yr)

• Previous Surveys:
6. KSP: Galactic Plane Survey 6.1 Science Targeted

Experiment Hemisphere Galactic Plane Energy Sensitivity Reference
Coverage (GeV) (mCrab)

H.E.S.S.-I S �70

� < l < 60

�, |b| < 2

� >⇠ 300 10 – 30 [182]
VERITAS N 67

� < l < 83

�, �1

� < b < 4

� >⇠ 300 20 – 30 [183]
ARGO-YBJ N Northern Sky > 300 240 – 1000 [184]

HEGRA N �2

� < l < 85

�, |b| < 1

� > 600 150 – 250 [185]
Milagro N Northern Sky > 10, 000 300 – 500 [186]

Table 6.1 – Compilation of previous VHE surveys of the Galactic plane. For each experiment, the coverage,
energy threshold, approximate point-source sensitivity and reference are given. The experiments are listed in
order of increasing energy threshold. For a discussion of the “mCrab” unit of flux sensitivity, see Section 6.4
and [187].

6.1.2 Context / Advance beyond State of the Art

Our current knowledge of the Galaxy at VHE is based on both survey and pointed observations made
by ground-based gamma-ray telescopes using the atmospheric Cherenkov and air-shower techniques.
Specifically, surveys have had a major impact on VHE source detections in the Galactic plane, including
the H.E.S.S. GPS, the Milagro survey of the northern sky, the HEGRA survey of the northern Galactic
plane, and the VERITAS survey of the Cygnus region. Table 6.1 provides a compilation of the previous
VHE surveys of the Galactic plane.

A total of ⇠ 75 Galactic sources of VHE gamma rays have now been detected. Their distribution in
Galactic latitude peaks sharply in the Galactic plane, with more than 90% located at latitudes |b| < 2.0�,
although there may be some bias due to the worsening sensitivity of the H.E.S.S. survey off-plane. The
largest source class is that of PWNe, followed by unidentifieds / dark accelerators and SNRs. Only a
handful of the VHE Galactic sources are point-like in nature (mostly binary systems); the large majority
of sources have extended VHE emission, with a typical angular size of ⇠ 0.1� � 0.2� (in radius), and
a few are considerably larger than this. The reconstructed spectra are generally well fit by power-law
spectral models, with typical differential spectral indices in the range of � ⇠ 2.0 � 2.5; some sources
have spectra harder than � = 2.0.

We can estimate the expected number of VHE sources (predominantly PWNe and SNRs) to be detected
in the CTA GPS from the known population of ⇠ 75 VHE Galactic sources. For example, in Renaud
2009 [188], the log N - log S distribution of the VHE Galactic population (including all discoveries made
by imaging atmospheric Cherenkov telescopes, but dominated by H.E.S.S. detections) was used to
predict 300 – 500 sources for an instrument with an achieved sensitivity of 1 – 3 mCrab. Figure 6.1
shows the cumulative source count as a function of VHE flux sensitivity. Similarly, a few different source
population models were used in Dubus et al. 2013 to estimate the source count for the CTA GPS at 20 –
70 SNRs and 300-600 PWNe [5]. It is important to note that these estimates are made for a point-source
sensitivity; in fact, the sensitivity will be worse for extended sources (see Section 6.2.2) and the actual
detected numbers of sources may be correspondingly reduced. However, this extrapolation can also be
viewed as conservative, since it is based on the currently known VHE source populations. The discovery
of new source classes would increase the total number of Galactic sources detectable by CTA.

Figure 6.2 shows a simulated image of what could result from a survey done by CTA of a portion of
the Galactic plane using a model that incorporates SNR and PWNe source populations as well as dif-
fuse emission. As can be seen in this figure, and discussed in [5] for similar simulations, the source
density in the innermost regions of the Galaxy (|l| < 30

�) could approach 3 – 4 sources per square
degree and thus source confusion is likely to be an issue (see Section 6.4.2). A relatively simplistic, but
straightforward, estimate of the number of sources expected can be made by calculating the intrinsic
VHE luminosities of the existing sources (with known distances) and then assuming a disk-like distri-
bution of sources to estimate the increased number of more distant sources with comparable intrinsic
luminosities detectable by CTA. This estimate [189] yields ⇠ 300 sources and is likely an underestimate
because it does not consider possible sources that are intrinsically dim – i.e. those sources with intrinsic
luminosities comparable or dimmer than Geminga, the source that currently has the lowest intrinsic VHE
luminosity. The conclusions that can be drawn from these population estimates is that CTA can
expect the detection of many hundreds of Galactic sources that would follow from a survey of

CTA Construction Project
Science Case

Page 70 of 197 OBS-TDR/141106 | v.1.7 | 25 May 2015

from CTA Science Case, 2015

LHAASO N ≈ 500 GeV 10 mCrab (1 yr) ≈ 0.30º at 1 TeV



G. Di Sciascio ISVHECRI 2016, Moscow Aug. 24, 2016

Why a new Wide FoV detector in the CTA era ?
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✦ Multi-Messenger Instrument (by definition) 


✦ “Finder” telescope for CTA


✦ Galactic/Extragalactic unbiased survey


✦ Extended objects (PWN, diffuse gamma-ray emission)


✦ High exposure for flaring activity (AGN, GRBs, solar flares)


✦ High mass dark matter (> 10 TeV)


✦ “Classical” Cosmic Ray Physics (energy spectrum, elemental 
composition, anisotropy, hadronic interactions) 
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• Build	an	EAS	array	
experiment:

– Located	in	the	South	
Hemisphere

– Low	energy	threshold:

• High	altitude

• Next	generation	
detector	concept

from R. Conceicao, RICAP 2016

No Wide FoV experiment to:


• Explore the 100 GeV energy region 


• Survey the Galactic Center (GC)

✦ Multi-Messenger Instrument (by definition) 


✦ “Finder” telescope for CTA


✦ Galactic/Extragalactic unbiased survey


✦ Extended objects (PWN, diffuse gamma-ray emission)


✦ High exposure for flaring activity (AGN, GRBs, solar flares)


✦ High mass dark matter (> 10 TeV)


✦ “Classical” Cosmic Ray Physics (energy spectrum, elemental 
composition, anisotropy, hadronic interactions) 
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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:


• ≈ 5x - 10x greater sensitivity below TeV


• Lower energy threshold (≈ 100 GeV)


• Ability to detect extragalactic transient (AGN, GRBs)


• Southern hemisphere site

Is this possible ?
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Φγ
MDF ∝ ΦB ⋅

1
R ⋅ Aeff

γ
⋅ψ 70 ⋅

1
Qf

R =
Aeff

γ (E)
Aeff
B (E)

Aeff
γ ,p (E) = effective area

Qf =
fraction of surviving photons
fraction of surviving hadrons

ψ 70 = opening angle

ΦB= background flux

Minimum Detectable Gamma-Ray Flux:
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Lowering the energy threshold: extreme altitude
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HAWC (4100 m asl)

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

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

6000 m asl ≈3x, ≈5x energy thr.

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

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

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

• Extreme altitude (>4400 m asl)

• Detector and layout

• Coverage

• Detection of secondary photons

Lowering the energy threshold:
Sabrina Casanova 49 

From Milagro to HAWC 
•  Higher altitude: 2630 m a.s.l. -> 4100 m a.s.l.  
•  Closer to the shower maximum. 

HAWC	
Milagro	

Sea	level	Sea	LevelHAWC
ARGO-YBJ	
LHAASO

6000	m

HAWC

5200 m
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Secondary photons
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gamma rays dominate the particles on ground (≈7:1 for 100 GeV γ-showers at 4300 m asl)
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 
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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

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. 
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γ/p detection efficiency
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The number of particles in γ-showers 
exceeds the number of particles in p-

showers at extreme altitude.

Trigger probability of a detector 
larger for γ-showers than for p-
showers at extreme altitude.

High altitude → rejection of the background ‘for free’ !
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Effective Area
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The Effective Area is function of


• Number of charged particles

• Dimension and coverage of the detector

• Trigger Logic

Effective Areas at 100 GeV: 


≈ 1000 m2 at 5200 m asl

≈ 5000 m2 at 6000 m asl
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ARGO-YBJ 6000 m asl

Very Preliminary !

Instrumented 
Area

Effective Areas at 300 GeV: 


≈ 10,000 m2 at 5200 m asl

≈ 20,000 m2 at 6000 m asl
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Gamma/Hadron discrimination
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protons

photons

Very difficult at low energy (< 1 TeV)


Muon size very small 


HAWC/LHAASO approach requires large area:

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


Requires sufficient number of triggered channels  
(>70 - 100) →minimum energy required

LHAASO

LHAASO Q-factor: 3 at 500 GeV, 7 at 1 TeV, 22 at 5 TeV.

Discrimination depends on detector area 

→ according to HAWC/LHAASO calculations 

sensitivity ≈Aeff0.8  and not Aeff0.5 up to ≈ 300x300 m2 
at TeV energies

New ideas ?
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A hybrid detector: LATTES

56

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 

Quantity Fermi-LAT IACTs EAS

Energy range 20 MeV–200 GeV 100 GeV–50 TeV 400 GeV–100 TeV
Energy res. 5-10% 15-20% ⇠ 50%
Duty Cycle 80% 15% > 90%
FoV 4⇡/5 5 deg ⇥ 5 deg 4⇡/6
PSF 0.1 deg 0.07 deg 0.5 deg
Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Table 1: A comparison of the characteristics of Fermi LAT, of the present IACTs and of a typical EAS particle detector array. Sensitivity is computed over one year
for Fermi and the EAS, and over 50 hours for the IACTs.

very good time and space resolutions (ARGO), or a large set of
Water Cherenkov Detectors WCD, each one with large volume
of water (HAWC). The ARGO approach relies on a detailed
knowledge of the charged particle pattern of the air showers
at ground. The HAWC approach relies on the knowledge of
the electromagnetic energy contents of the air shower integrated
in one reasonable large size region at ground combined with a
good discrimination power for single muons.

In this paper we argue that a hybrid concept composed by a
carpet of low-cost RPCs on top of WCDs (or other Cherenkov
detectors based on glass or lead glass) of reasonably small
dimensions, benefits from the main advantages of both ap-
proaches and can reach a much better sensitivity at the lowest
energies (around 100 GeV). This detector should be placed at
high altitude (we assume 5200 m a.s.l. in this paper).

Our basic element used in this simulation, the station (Fig.
2), is constructed by putting together one WCD, with a rectan-
gular 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. On top of the WCD there are two RPCs, each
with a surface of (1.5 ⇥ 1.5) m2 and with 16 charge collect-
ing pads. Each RPC is covered with a thin (5.6 mm) layer of
lead, to provide secondary photon conversion: this can exploit
the fact that these photons have a stronger correlation with the
primary direction with respect to the secondary electrons of the
shower.

Figure 2: Basic detector station, with one WCD covered with RPCs and a thin
slab of lead. The green lines show the tracks of the Cherenkov photons pro-
duced by the electron and positron from the conversion of a photon in the lead
slab.

The full detector (Fig. 3) is deployed as an array of indi-
vidual stations set in long lines with each touching the other
on their largest dimension. The row of lines of detectors are
separated by a small distance (roughly 0.5 m) to allow access

Figure 3: Layout of the detector used in the case study.

to service the PMTs and the RPCs. This arrangement allows
for a compact array and for a scaling of the full detector. The
performance results presented herein are based on a baseline
configuration with 60 rows and 30 lines, covering an e↵ective
area of about 10 000 m2.

The proposed RPCs are of the MARTA type (see [18]) which
have been developed in the last four years at LIP in Coim-
bra, Portugal, and successfully tested at Pierre Auger site in
Malargüe, Argentina. These RPCs were designed to work at
low gas flux, (1-4) cc/min, at harsh outdoor environment, and
demanding very low maintenance services. Their intrinsic time
resolution was measured to be better than 1 ns.

4. Signal, background and simulation tools

We have performed a Monte Carlo simulation of the detector
to evaluate its performance.

For the simulation of atmospheric showers we use the
CORSIKA (COsmic Ray SImulations for KAscade) (version
7.4100) program having the electromagnetic interaction been
treated by the EGS4 routines. [19]. The model to describe
hadronic interactions is FLUKA [20, 21], together with the
QGSJet-II [22] model for high-energy interactions.

Gamma and proton primaries are simulated with fixed en-
ergies and with a power-law di↵erential energy spectrum with
index -1.0. Each shower is reprocessed 100 times, with a new
core position randomly set in each realisation. Gamma rays are
simulated as coming from a point-like source at a zenith angle
of 10�, while protons are simulated with incoming directions
spanning the range from 5� to 15� in zenith angle. In detail:

4

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

LATTES	concept

7

LATTES station

Pb
RPC

WCD

– Thin	lead	plate	(Pb)
• 5.6	mm	(one radiation lenght)

– Resistive	Plate	Chambers (RPC)
• 2	RPCs	per	station
• Each	RPC	with	4x4	readout	pads

– Water	Cherenkov	Detector (WCD)
• 2	PMTs	(diameter:	15	cm)
• Dimensions:	1.5	m	x	3	m	x	0.5	m
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Baseline configuration with 60 rows and 30 lines, 
instrumented area ≈10,000 m2.

Simulated site at 5200 m asl

events in the bottom plot of Fig. 8. One year of e↵ective time
corresponds to 7.9⇥106 seconds, assuming a duty cycle of 25%
(which corresponds to the average fraction of time at which a
source culminating at zenith is seen within an angle of 30� from
zenith).

The significance of a detection in terms of number of stan-
dard deviations n� can be calculated with a simplified for-
mula n� ' Nexcess/

p
Nbkg, where Nexcess is the number of ex-

cess events, and Nbkg is the background estimate, whenever
Nexcess ⌧ Nbkg. The significance of the Crab signal for one
year is also shown in the bottom plot of Fig. 8.
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Figure 8: Top: Signal from Crab (solid line) and background from charged
cosmic rays (dashed line) per second after the cuts in the 1� angular region,
before the background rejection. Bottom: Signal from Crab (solid line) and
background (dashed line) in one year of e↵ective time after all cuts. The Crab
significance, expressed as the ratio between the signal and the square root of
the background, is also shown.

5.7. Sensitivity for a steady source

To evaluate the performance of the detector, we compute its
di↵erential sensitivity, i.e. we investigate the sensitivity in nar-
row bins of energy (4 bins per decade). We compute the sensi-
tivity as the flux of a source giving Nexcess/

p
Nbkg = 5 after 1

year of e↵ective observation time for a source visible for 1/4 of
the time (this roughly corresponds to the visibility of the Galac-
tic Centre from the Southern tropic).

The result is shown in Fig. 9, and compared with the one-
year sensitivities of Fermi and HAWC.
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Figure 9: Di↵erential sensitivity. We compute the flux of the source in a given
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p
Nbkg = 5, Nexcess > 10, after 1 year of time (a
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used. For comparison, fractions of the Crab Nebula spectrum are plotted with
the thin dashed gray lines.
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The di↵erential sensitivity is independent of the spectral en-
ergy distribution (SED) of the emitting source. To compute the
total sensitivity one must assume a SED; from this assumption,
one can compute an integral sensitivity.

We compute the integral sensitivity as the flux of a source
with a SED proportional to the SED of Crab Nebula giving
Nexcess/

p
Nbkg = 5 after 1 year, and integrating all energies

above a given energy. The integral sensitivity is shown in
Fig. 10.

5.8. Sensitivity to transient phenomena

To evaluate the capability of the detector to study sources
with a fast luminosity variability in time, as well as to observe
fast transient phenomena, we computed the integral sensitivity
for a time window of one minute. Demanding a 3 sigma level
above background we estimated a sensitivity of 25 Crab units
above 100 GeV.

7

Very Preliminary calculations

a new core position randomly set in each realization. Gamma
rays are simulated as coming from a point-like source at a zenith
angle of 10�, while protons are simulated with incoming direc-
tions spanning the range from 5� to 15� in zenith angle. In
detail:

• Fixed energies: 104 showers were simulated in energy
steps between 30 GeV and 100 GeV; for energies between
100 GeV and 1 TeV, 103 showers were produced. The
maximum distance of the random core with respect to the
center of the array is set according to the energy of the
primary, varying between 200 m for E0 = 30 GeV and
600 m for an initial energy E0 = 1 TeV.

• Continuous energy spectrum: the minimum energy is
10 GeV for the photons and 40 GeV for the protons; the
maximum energy is 5 TeV. About 2 ⇥ 103 showers were
used for each primary, with the core generated inside an
area of (110 ⇥ 110) m2.
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Figure 4: Top: Signal above a given energy on a surface of 10000 m2, integrated
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within one square degree (dashed line). Bottom: ratio signal/background from
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Once atmospheric showers have been simulated and the in-
formation of the electrons and photons reaching a height of
5200 m a.s.l. is recorded, we simulate the response of the de-
tector stations using the GEANT4 [23, 24] toolkit.

In the baseline simulation of the WCD units, the photomul-
tipliers have a diameter of 15 cm. The maximum quantum ef-
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Figure 5: E↵ective area at trigger level (solid curves) and after the cuts used for
the shower direction reconstruction (dashed curves), separately for gamma-ray-
and proton-initiated showers.

ficiency is 30% at � ⇠ 420 nm. The inner walls of the tanks
are covered with a white di↵usive surface in order to increase
the light collection. The specular and di↵usive properties of
this layer are accounted for, as well as its wavelength depen-
dence. In more detail, the reflectivity was taken to be 95%, for
� > 450 nm, of which 80% is di↵usively reflected and 20% is
reflected according to a Gaussian angular distribution around
the specular reflection direction, with a characteristic width of
�↵ ⇠ 0.2�. The detailed structure and materials of the RPC
are also described in the simulation. In particular the informa-
tion concerning the ionizing energy depositions in the gas is
recorded for subsequent processing.

The response of the tanks was studied for single vertical par-
ticles injected uniformly over the top surface. The mean num-
ber of photoelectrons for 20 MeV photons, the median energy
at about 10 m from the shower core, is 15 p.e., while for rela-
tivistic muons it is 230 p.e.

In order to evaluate the performance of the detector, we con-
sider a source with an emission energy distribution like the Crab
Nebula.

The Crab Nebula is a nearby (⇠ 2 kpc away) pulsar wind
nebula and the first source detected in VHE gamma-rays [25].
Moreover, it is the brightest steady VHE gamma-ray source,
therefore it has become the so-called standard candle in VHE
gamma-ray astronomy. Recent observation of flares in the GeV
range [26, 27] have however shown that occasionally the Crab
flux can vary.

The stationary flux from the Crab Nebula follows, according
to the measurements from MAGIC [28], a law

dN�
dE
' 3.23⇥10�11

✓ E
TeV

◆�2.47�0.24( E
TeV )

TeV�1s�1cm�2 .(1)

For the spectral energy distribution of background cosmic
rays we have used the expression

dN
dE
' 1.8 ⇥ 104

✓ E
GeV

◆�2.7
GeV�1s�1sr�1m�2 ; (2)

the approximation is valid from some 10 GeV to about 1 PeV.
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Figure 6: Angular resolution for gamma-ray primaries with zenith angle ✓ =
10�, as a function of the energy.

The number of photons from Crab per m2 per second above
a given threshold are shown in Fig. 4, and compared to the
background from cosmic rays in a square degree.

The photon and proton showers, simulated with an energy
spectrum with index -1.0, are weighted by E0 ⇥ f (E0), where f
is the di↵erential energy spectrum in Eqs. 1 and 2, respectively,
and E0 is the energy of the primary particle.

5. Estimated performance

5.1. E↵ective area at the trigger level

We use a trigger selection which requires that at least three
stations have detected a signal; the trigger condition for each
station requires at least 5 photoelectrons in either photomulti-
plier. Although a detailed study of trigger is out of the scope of
this paper, a central trigger scheme with a few hardware and/or
software stages can o↵er a good flexibility and be able to han-
dle the expected trigger rates. The e↵ective area at trigger level,
i.e., the integral of the surface times the trigger e�ciency, is
shown in Fig. 5 for gamma-ray and proton initiated showers.

5.2. Angular resolution

We reconstruct the arrival direction of the particle initiating
the shower from the positions and the arrival times of the hits
in the RPC pads. The reconstruction is performed assuming a
shower front plane model. It was considered a time resolution
of �t = 1 ns, which can be achieved by present RPCs with stan-
dard electronics. In order to improve the angular reconstruction
it is required that the event has at least 10 active RPC pads. The
pad is only accepted for the reconstruction if it belongs to a trig-
gered WCD stations. We compare the reconstructed angle with
the angle in the simulation, and we calculate the 68% contain-
ment angle, �✓,68. The results as a function of the reconstructed
energy are shown in Fig. 6. A reasonable resolution, better than
2�, can be achieved at energies around 100 GeV.

5.3. E↵ective area at the reconstruction level

After the event selection for the shower direction reconstruc-
tion, we further require that the direction of gamma showers is
within the 68% containment radius defined by the angular res-
olution. The e↵ective area after these cuts is shown in Fig. 5,
for proton-initiated showers and for gamma-initiated showers.

5.4. Energy estimate

The shower energy is reconstructed from the total signal, de-
fined as the sum of the number of photoelectrons in all WCD
stations. A calibration curve is obtained using the photon sim-
ulation with the Crab spectrum, by plotting the median of the
generated photon energies in each bin of measured signal, as a
function of the median of the measured signal. The dependence
appears approximately linear for E0 > 300 GeV.

The non-linearity, defined as the relative di↵erence between
the median of the reconstructed and true energies assuming the
calibration constant computed for E0 > 300 GeV, is shown in
Fig. 7, top, as a function of the reconstructed energy.

The reconstructed energy follows quite well a log-normal
distribution as a function of the generated energy. The en-
ergy resolution was thus calculated by fitting the distribution
of ln(E/E0) with a Gaussian function; the relative resolution is
shown in Fig. 7, bottom. The resolution on the reconstructed
photon energy depends both on the detector resolution and on
the fluctuations in the shower development.

5.5. Hadron background suppression

The hybrid configuration of the detector units allows to com-
bine the background rejection techniques used by ARGO and
HAWC [13, 16]. Large signals in WCDs away from the core
are mostly due to isolated muons, a characteristic signature of
showers initiated by hadrons. In addition, the RPCs on top
provide important additional information about the structure of
isolated energetic particle clusters, which allows to further im-
prove the gamma-hadron discrimination. The development of a
hadron rejection algorithm, which combines the information of
the two sub-dectectors is out of the scope of this article. Con-
servatively, no background rejection was considered below 200
GeV, and above this energy the performance of HAWC [29] was
assumed.

5.6. Significance of the Crab signal

Gamma-initiated events have been selected within the angu-
lar window defined by the cone with half-aperture equal to the
angular resolution for photons. The cosmic-ray background has
been calculated for the same window, assuming an isotropic
flux. The event rate in each bin of reconstructed energy, before
background suppression, is shown in the top plot of Fig. 8.

We then computed the number of events for one year of ef-
fective time, after applying the hadron suppression e�ciency
curves; the result is shown separately for signal and background
events in the bottom plot of Fig. 8. One year of e↵ective time
corresponds to 7.9⇥106 seconds, assuming a duty cycle of 25%
(which corresponds to the average fraction of time at which a

6
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Open problems in cosmic ray physics push the construction of new generation EAS arrays to study, in 
the 1011 - 1018 eV energy range, at the same time photon- and charged-induced  events.

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


• With CTA coming a future all-sky array should have ~5x increase in sensitivity over LHAASO at least.


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


• Extreme altitude (5500 m asl) and high coverage are key.


• New detector ideas are under study to improve the bkg rejection below TeV.

Benefits of RPCs in ARGO-YBJ:


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

• wide energy range (with charge read-out): ≈300 GeV → 10 PeV

• high granularity of the read-out → good angular resolution and unprecedented details in the core region

With ARGO-YBJ we demonstrated that RPCs can be safely operated at extreme altitude for many years.
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MAGIC II (50 hours)
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HAWC (1 year)
HiSCORE (1000 hours)
Tibet Array + Muon Det (1 year)
LHAASO (1 year)

CRAB extrapolation

0.1 CRAB

0.01 CRAB

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

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

1 year for EAS arrays means:

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

For Cherenkov: 

(5 h ⨉ 365 d) ⨉ d.c. (≈ 15%) ≈ 270 h / y 
for each source.

LHAASO 

CTA 
The big advantage of EAS arrays 

• High Energy (>10 TeV) 

• Sky Survey
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Shower size distribution on the  
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Data analysis

Data
MC

Data
MC

Data
MC

Event selection based on:
➡  Shower size on detector, M (strip multiplicity) 
➡  Reconstructed zenith angle
➡  Constraint on strip density (ρ) in the innermost and 

outermost area of the detector

Discard the events 
falling outside a 40 
X 40 m2 area 
centered on the 
detector

‣Select “well-reconstructed” events
‣Avoid contamination of events coming from non simulated 

regions

Reconstructed shower core position

Data collected between Jan. 2008 and Dec. 2012 ≈ 8 ⨉ 1010 high quality events
• M ≤ 50,000

• Zenith Angle ≤ 35º

• Highest density cluster in 40 ⨉ 40 m2

• Light Component (p+He) selection: 
ρA20 > 1.25 ρA42


A20 = 20 innermost clusters

A42 = 42 outermost clusters

2. Reliability of the detector simulation

A systematic effect could arise from inaccuracies in the
simulation of the detector response. The quality of the
simulated events has been estimated by comparing
the distribution of the observables obtained by applying
the same selection criteria to Monte Carlo simulations
and the data sample collected in each different year. As an
example in Fig. 6 the multiplicity distribution obtained
from the Monte Carlo events is reported with the multi-
plicity distribution of the data. The ratio between the two
distributions is also reported showing a good agreement
between the two distributions. The contribution to the total
systematic uncertainty due to the reliability of the detector
simulation has been evaluated by using the unfolding
probabilities and turns out to be about !6%.

3. Hadronic interaction models

In order to estimate effects due to the particular choice of
the high energy hadronic interaction model in Monte Carlo
simulations, a data set has been generated by using the
SIBYLL 2.1 [27,28] model. A small data set has also been
simulated using the EPOS 1.99 [29] model. These data
have been compared with the QGSJET data set used in this
analysis. In Fig. 7 the ratio between the multiplicity
distributions obtained by using QGSJET model and the
one obtained by respectively using SIBYLL and EPOS is
reported as a function of primary energy. The plot shows
that the variation of the multiplicity distributions obtained
with the three hadronic models is of order of a few percents,
giving a negligible effect on the measured flux. All these
models have a different description of the underlying
physics, including the extrapolations of the hadronic cross
sections at higher energies. There is therefore an intrinsic

systematic uncertainty related to the reliability of the
description of the hadronic cross sections at the highest
energies.

4. Contamination of heavier elements

A possible systematic effect relies on the contamination
of elements heavier than Helium. The selection criterion
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elements (heavy component). The plot shows that the
selected sample is essentially made of light nuclei.

IV. THE LIGHT COMPONENT SPECTRUM

The analysis was performed on the sample selected by
the criteria described in Sec. III. Simulated events have
been sorted in 16 multiplicity bins and 13 energy bins in
order to minimize the statistical error and to reduce bin
migration effects. The Monte Carlo data sample was
analyzed in order to evaluate the probability distribution
PðMjEÞ and the energy resolution which turns out to be
about 10% for energies below 10 TeV and of the order of
5% at energies of about 100 TeV. The multiplicity dis-
tribution extracted from data has been unfolded according
to the procedure described in Sec. III A. Results are
reported in Fig. 4 for each year of data taking and also

for the full sample. In order to investigate the stability of the
detector over a long period the analysis was performed
separately on the data samples collected during each solar
year in the period 2008–2012. The values of the proton plus
helium flux measured at 50 TeV are reported in Table I. A
power-law fit has been performed on the measured spec-
trum of each year and of the full data sample, the resulting
spectral indices are reported in Table II. Both the spectral
indices and the flux values are in very good agreement
between them, demonstrating the long-period reliability
and the stability of the detector. The spectral index
γ ¼ −2.64$ 0.01, obtained by analyzing the full data
sample, is in good agreement with the one measured by
using a smaller data sample collected in the first months of
2008 [4] which was not corrected by the contamination
from heavier nuclei (see Sec. IVA 4).
In Table III and Fig. 5 the flux obtained by analyzing the

full data sample is reported. The spectrum covers a wide
energy range, spanning about two orders of magnitude and
is in excellent agreement with the previous ARGO–YBJ
measurement. Statistical errors are of the order of 1‰,
more than 105 events have been selected in the highest
energy region, while at the lowest energies more than 107

events have been selected. Systematic errors are discussed
in the next section. The ARGO–YBJ data are in good
agreement with the CREAM proton plus helium spectrum
[24]. At energies around 10 TeV and 50 TeV the fluxes
differ by about 10% and 20%, respectively. This means that
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TABLE I. Proton plus helium flux measured at 5.0 × 104 GeV.

Year Flux $ tot. error ½m−2 s−1 sr−1 GeV−1&
2008 ð4.53$ 0.28Þ × 10−9

2009 ð4.54$ 0.28Þ × 10−9

2010 ð4.54$ 0.28Þ × 10−9

2011 ð4.50$ 0.27Þ × 10−9

2012 ð4.36$ 0.27Þ × 10−9

TABLE II. Spectral indices of the power-law fit of the light
component spectrum measured by analyzing the data sample
collected in the period 2008–2012. The spectral index obtained
in a previous analysis of the ARGO–YBJ data is shown as
2008* [4].

Year Events Gamma

2008* 7.5 × 107 2.61$ 0.04
2008 5.57 × 1010 2.63$ 0.01
2009 5.65 × 1010 2.63$ 0.01
2010 5.56 × 1010 2.63$ 0.01
2011 5.64 × 1010 2.64$ 0.01
2012 5.69 × 1010 2.65$ 0.01
Full sample 2.81 × 1011 2.64$ 0.01

COSMIC RAY PROTON PLUS HELIUM ENERGY SPECTRUM … PHYSICAL REVIEW D 91, 112017 (2015)

112017-5

Phys. Rev. D85, 092005 (2012)

Phys. Rev. D91, 112017 (2015)

Analysis of digital RPC data (strip multiplicity) and statistical measurement of the energy 
spectrum by using a bayesian approach.

Fraction of selected events: 

30 TeV → 18%

115 TeV → 24%
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V. HYDROGEN AND HELIUM EVENT SELECTION304

The secondary particles in showers induced by heavy pri-305

maries are spread further away from the core region than light306

primaries. Therefore, difference exists in the secondary par-307

ticle distribution near the core between showers induced by308

light and heavy nuclei26. Beyond a certain distance, e.g.,309

20 m from the core, the lateral distributions become similar310

because they are mainly affected by multiple Coulomb scat-311

tering of the secondary particles and can be well described312

by the Nishimura-Kamata-Greisen (NKG) function. With its313

full coverage, the ARGO-YBJ array precisely measures the314

lateral distribution of the secondary particle density in the315

shower core region. The number of particles recorded by the316

most hit RPC in an event, denoted as Nmax, is a good pa-317

rameter to discriminate between showers with different lat-318

eral distribution within 3 m from the cores. In a shower in-319

duced by a heavy nucleus, Nmax is expected to be smaller320

than that in a shower induced by a light nucleus with the321

same energy26. Obviously, for a give primary mass, Nmax322

also depends on the energy. We found from simulations that323

Nmax is proportional to (Npe
0 )1.44 where Npe

0 is the total324

number of photo-electrons normalized to Rp = 0 and α=0◦325

(see FIG. 4). We define a reduced dimensionless variable326

pL = log10Nmax − 1.44log10N
pe
0 to describe the Nmax and327

Npe
0 correlation.328

The shape of the shower image recorded by the Cherenkov329

telescope is also a mass-sensitive parameter. The elliptical330

characteristics are described by the Hillas parameters37, width331

and length. Generally the Cherenkov image is more stretched,332

i.e., narrower and longer, for showers that are more deeply333

developed in the atmosphere. For a given energy and impact334

parameter, the length to width ratio (L/W ) is a parameter sen-335

sitive to the depth of the shower maximum, that is related to336

the nature of the primary. It is also known that the images are337

more elongated for showers at larger distance from the tele-338

scope because of geometric effects. The ratio L/W is nearly339

proportional to the shower impact parameter Rp (FIG. 5), but340

in our case depends weakly on the shower size measured by341

Npe
0 . By a series of MC studies, we have introduced a re-342

duced dimensionless variable pC = L/W − Rp/109.9m −343

0.1log10N
pe
0 that takes into account the L/W correlation with344

both Rp and Npe
0 .345

The H&He sample for this work was selected from the co-346

incident events by combining the two composition-sensitive347

parameters pL and pC . MC studies show that different com-348

position groups can be statistically separated on the pL-pC349

map18. A contour plot of the map for two mass groups,350

H&He and all other nuclei (C-N-O, Mg-Al-Si and Iron) in351

the energy range between 100 TeV and 10 PeV, is shown in352

FIG. 6. The cuts pL ≥ −4.53 or pC ≥ 0.78 result in a se-353

lected sample of H&He showers with a purity of 93% be-354

low 700 TeV and an efficiency of 72% assuming the Hörandel355

composition models35. The aperture, defined as the geometri-356

cal aperture (163 m2 sr) times the selection efficiency, grad-357

ually increases to 120 m2 sr at 300 TeV and remains nearly358

constant at higher energies (see FIG. 7). The selection ef-359

ficiency is defined as the ratio of the selected number of360

H&He events and the total number of injected H&He events361

in the simulation. The contamination from the heavy nuclei362

increases with primary energy and depends on the composi-363

tion. Assuming the Hörandel composition35, the contamina-364

tion of heavy species is found to be 13% at energies around365

1 PeV, and gradually increases to 27% around 3 PeV, which366

is shown in FIG. 8. The contamination fraction for different367

mass groups in FIG. 8 is defined as Ni/(NH+NHe+NCNO+368

NMgAlSi + NIron) with Ni = NCNO, NMgAlSi, NIron for369

i = 1, 2, 3. The associated uncertainty on the light component370

flux is discussed below.371

For the selected H&He events, their energies are better372

defined because the intrinsic difference between H and He373

showers of the same energy is smaller than 10% in our de-374

tectors, which is significantly lower than the energy resolu-375

Distribution of the number of Cherenkov photo-electrons measured by the 
telescope compared to expectations according to different all-particle spectra

Phys. Rev. D 92, 092005 (2015)
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Extended Data Figure 1 | The largest number of particles recorded in the RPCs, Nmax, depends on the shower
energy Erec, and is proportional to E1.44

rec . Separations between composition groups, distinguished by colours, are
clearly visible. The line represents the energy-dependent criterion for H&He sample selection. In the simulation, the
saturation of the analogue signals from RPCs was taken into account, so the largest number of the particle counting
was set to be 42,000.
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Extended Data Figure 2 | The length width ratio (L/W) of the shower’s Cherenkov image is linearly proportional
to Rp. The separations between composition groups, distinguished by colour, are clearly visible. The line represents
the Rp dependent criterion for H&He sample selection.

9

According to MC, the largest number of particles Nmax recorded by a RPC in an given shower is a useful 
parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

Nmax is a parameter useful to select different primary masses

Nmax∝ Erec1.44, where Erec is the shower primary 
energy reconstructed using the Cherenkov telescope.

We can define a new parameter 
to reduce the energy dependence 

/ Procedia Computer Science 00 (2014) 1–10 6
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Figure 6. Light component (p+He) energy spectrum of primary CRs measured by ARGO-YBJ compared with other experimental results. The
ARGO-YBJ 2012 data refer to the results published in [19] and the 2013 ones have been obtained with the full statistics.

that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
He, CNO, MgSi, Fe) investigated. The primary masses have been simulated in the same relative percentage. As can
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energy Erec, and is proportional to E1.44

rec . Separations between composition groups, distinguished by colours, are
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the Rp dependent criterion for H&He sample selection.
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Figure 6. Light component (p+He) energy spectrum of primary CRs measured by ARGO-YBJ compared with other experimental results. The
ARGO-YBJ 2012 data refer to the results published in [19] and the 2013 ones have been obtained with the full statistics.

that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
He, CNO, MgSi, Fe) investigated. The primary masses have been simulated in the same relative percentage. As can
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that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
He, CNO, MgSi, Fe) investigated. The primary masses have been simulated in the same relative percentage. As can
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