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Figura 2.2: Schema del rivelatore ARGO e delle unità in cui è suddiviso. Il rivelatore

è costituito da 130 cluster nella parte centrale e 23 nell’anello esterno per un totale di

1836 camere RPC. Ogni cluster è formato da 12 camere RPC, a loro volta suddivise in

10 pad da 8 strip ciascuna.

2.3.1 Le camere RPC

Le camere RPC sono largamente utilizzate negli esperimenti di fisica delle alte

energie poiché sono rivelatori in grado di garantire prestazioni molto elevate, con

un’e�cienza di rivelazione pari a circa il 98% e una risoluzione temporale dell’or-

dine di 1 ns, ad un costo di produzione relativamente modesto. Gli RPC sono

dei rivelatori a gas in grado di rivelare il passaggio di particelle cariche mediante

processi di ionizzazione e moltiplicazione a cascata nella miscela di gas contenuta

al loro interno.

Il principio di funzionamento alla base di questo tipo di rivelatori è il processo di

ionizzazione. Quando una particella carica attraversa la miscela di gas, interagi-

sce con le molecole del mezzo attraverso un certo numero di processi di natura

Figure 2.3: Layout of the ARGO-YBJ detector.

many practical advantages like easy mounting without mechanical support,

robust assembling and easy access to any part of the detector. The RPCs

are low noise detector usually operated for triggering and tracking purposes,

however the layout of the chambers built for the ARGO-YBJ experiment

has been optimized for the detection of EAS secondaries. Each chamber

consists on two Bakelite foils, a polymer with a resistivity ⇢ ⇠ 5 · 1011 ⌦ cm,

assembled to form a gas gap 2 mm wide. A grid of plastic cylindrical spacers

(10 cm pitch) is used in order to maintain the gas volume plane and flat.

A schematic layout of a RPC is reported in figure 2.4. In order to have

a homogeneous distribution of the high voltage to the Bakelite electrodes,

a layer of conductive material (graphite) is laid on the electrode surface.

The choice of a high-resistivity material for the electrodes is related to the

necessity to reduce the dead time of the detector. In this way the signal

formation on the electrodes is a localized phenomena and the regions of the

chamber which are not interested in the ionization process remain sensitive.

The RPCs used in the ARGO-YBJ experiment are operated in streamer

mode at a voltage of about 7400 V with a gas mixture of Tetrafluoroethane

R134A, Isobutane and Argon in the proportion 75:10:15%. Argon is the

active component of the gas mixture while the other two components are

needed to quench the discharge by absorbing the ultraviolet photons and

secondary electrons emitted in recombination processes. The signal is picked

0.056 X 0.62 m2 

• time resolution ~ 1 ns 
• space pixel = 5.6 x 62 cm2  
• Angular resol. = 0.5° (Nhit ⩾ 500)

‣ DIGITAL READOUT  
‣ ANALOG READOUT 
‣ COVERS THE ENERGY RANGE 1-5000 TeV

‣ High Altitude 
‣ Full Coverage 
‣ High segmentation 

‣ IMAGE THE SHOWER WITH UNPRECENDENTED DETAIL

Two independent readout 
systems
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• In observation since July 2006 (commissioning phase)

• Stable data taking since November 2007

• End/Stop data taking: January 2013

• Average duty cycle ~87%

• Trigger rate ~3.5 kHz @ 20 pad threshold 

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

• 100 TB/year data

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)

Energy calibration!
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‣Full and stable data taking since Nov. 2007 

‣End of data taking in Feb. 2013 

‣Average duty cycle ~87% 

‣Trigger rate ~ 3.5 kHz @ 20 Pad threshold 

‣~ 5 x 1011 events recorded 

‣~ 100 TB/year 
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• In observation since July 2006 (commissioning phase)

• Stable data taking since November 2007

• End/Stop data taking: January 2013

• Average duty cycle ~87%

• Trigger rate ~3.5 kHz @ 20 pad threshold 

• N. recorded events: ≈ 4·1011 from 100 GeV to PeV

• 100 TB/year data

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)

Energy calibration!

ARGO-YBJ: performance 
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Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects) Days 
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Event Rate ~ 3.5 kHz for Nhit >20  - Duty cycle ~ 86% - 1011 evts/yr – 100TB/yr      

High space/time granularity  
+ Full coverage 
+ High altitude 

detailed study on the  
EAS space/time structure 
with unique capabilities 
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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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‣ EXTEND THE MAXIMUM ENERGY RANGE UP TO THE PeV REGION 
‣ Access the LDF down to the shower core 
‣ Sensitivity to primary mass 
‣ info/checks on Hadronic Interactions
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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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…extending the dynamical range up to PeV

• Extend the covered energy range 
• Access the LDF in the shower core 
• Sensitivity to primary mass
• Info/checks on Hadronic Interactions

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

42 

G1 G4 

G1 sensitivity 

N
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Not all distances can be 
accessed at a given gain 
scale 
 
We focused on the first 
10 meters from the core, 
this being the ARGO-YBJ 
peculiarity and 
innovative aspect  

G4  
linearity range 

G1  
linearity range 

G1 
Strips 

Strips saturation 

G4 sensitivity 

Digital readout:  
Showers up to ~23 particles/m2

Analog Readout 
Showers up to ~104 particles/m2

Astropart Phys 67 (2015) 47 
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‣ EXTEND THE MAXIMUM ENERGY RANGE UP TO THE PeV REGION 
‣ Access the LDF down to the shower core 
‣ Sensitivity to primary mass 
‣ info/checks on Hadronic Interactions

The RPC analog readout (II) 

Eight gain scales (G0, G1, … G7) to get good linearity up 
to about 2 x 104 particles/m2 
 

G7 data overlap the digital-mode linearity range, and 
have been used for intercalibration and cross checks 
 
 
 
 
 
 
 
 
 
 

Here we use G4 and G1 scales 
to cover the 50 TeV – 5 PeV 
range with high efficiency 
and without saturation  
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SF57 lead glass is 2.61 cm). The scatter plot of Fig. 7 shows the sig-
nal of the first RPC along the beam line (mean value ± r.m.s.) in
bins of ADC counts in the calorimeter. Assuming the linearity of
the RPC behavior and the amplitude of the single particle men-
tioned before, we reconstructed between 7 to 30 particles imping-
ing on the RPC surface. This number is fully consistent with the
estimate provided by the beam monitoring system of the BTF. On
the right scale of Fig. 7 the corresponding particle density of the
beam is reported. To check the consistency with linear response,
the experimental data have been fitted with the red straight line
shown in Fig. 7 and the residual values, normalized to the fit val-
ues, are reported in the histogram of Fig. 8. The gaussian fit to
the residual distribution (Fig. 8) shows a good agreement, as con-
firmed by the value of the v2=d:o:f .. From the fitted values of the
gaussian parameters one can say that local deviations are con-
tained within a few per cent (r.m.s), while the integral deviation
(mean) is below 1%. The offset of the RPC response in Fig. 7 is
due to the strong attenuation of the calorimeter signal and to its
adaptation to match the specifications of the readout electronics.
In conclusion, up to 30 particles on 15 cm2 there is no evidence
of deviation from linearity behavior of the RPC, which means line-
arity response up to density of about 2! 104=m2. Of course this
value is conservative because the particle density of the beam spot
is not properly uniform.

5. Local Station and trigger system

The trigger of the experiment is generated by the digital signals
sent by the Front-End boards mounted on the RPCs. These digital

signals are processed by a specific crate named Local Station (LS)
[29] – the Cluster DAQ Unit –, as depicted in Fig. 9, that provides
the pad multiplicity to the trigger system. The LS crate contains
and manages 12 receiver cards, one I/O card for the communica-
tion with the DAQ and one active backplane. Each receiver card
collects the signals coming from one RPC chamber and provides
the fast-OR signals which start the TDC counting. When a trigger
occurs, a common stop signal goes from the backplane to the recei-
ver cards, which store the patterns of the active strips, and to the
TDCs which perform the arrival time measurement. Each LS out-
puts two busses, namely a 6-bit Low Multiplicity (LM) weighted
bus (providing signal when P1, P2, P3, P4, P5, P6 pads are
fired within 150 ns) and a 4-bit High Multiplicity (HM) weighted
bus (providing signal when P7, P16, P32, P64 pads are fired
within 60 ns).

The trigger system [30], which has the LM and HM busses in
input, implements two different selection algorithms based on a
simple, yet robust, majority logic which takes into account the
topology and the time distribution of the fired pads. The LM trigger
implements a selection of small-size showers by requiring at least
Ntrig fired pads in the central carpet. The HM trigger has been
designed to select showers with a much higher particle density.
The whole trigger electronics is hosted in 2 VME crates as shown
in Fig. 9.

The LM trigger is implemented with a four-level hierarchical
architecture, where each level correlates only pads belonging to
adjacent areas. According to simulations and to the measured
pad rate ("400 Hz/pad), the number of spurious hits in the
420 ns trigger window has been estimated to be less than 3.

The data collected in each LS, that is the pattern of the fired
strips and the arrival time of the particles, are packed and trans-
mitted at each trigger occurrence to the central DAQ at a rate of
160 Mbit/s (16-bit word in 100 ns) by means of the I/O card.

The present trigger set-up enables just the LM selection with a
threshold of 20 pads. Since the amount of data for each event
strongly depends on the shower size and the cosmic ray spectrum
follows a power law, the data frame of the event ranges from about
hundred bytes to Mbytes, with an average event size of about
2 kbytes.

6. The charge readout system

The BP signals of two adjacent Clusters are processed by elec-
tronic modules hosted in a custom crate, called MINICRATE, that
has two independent sections, each one containing 3 readout cards
(CHargeMeter cards) and a Control Module (see Fig. 10). The
CHargeMeter (CHM) processes 8 analog signals and digitizes them,
while the Control Module builds the data frame of 3 CHM boards
and transfers it to the LS, which finally provides the data to the

Fig. 6. Experimental setup of the test beam at the BTF.
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Fig. 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. (For interpretation of the
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this article.)
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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.
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8 Different gain scales: G0…G7

HERE WE USE G4 AND G1 SCALES TO COVER A LARGE 
ENERGY RANGE BETWEEN 10 TeV and 5 PeV  
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• COSMIC RAY ENERGY SPECTRUM 

• ALL-PARTICLE 

• PROTON + HELIUM 

• COSMIC RAY ANISOTROPY 

• ANTIPROTON-PROTON RATIO [Phys. Rev. D 85 (2012) 022002] 

• P-AIR CROSS SECTION [Phys. Rev. D 80 (2009) 092004] 

• GEOMAGNETIC EFFECTS  [Phys. Rev. D 89 (2014) 052005] 

• SHOWER TIME STRUCTURE
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FIG. 4: Overview of the spectrum from below the knee to the ankle with the fit of Table III. Air shower data shifted as in
Figs. 2 and 3. Left: lines showing individual groups of nuclei from all populations compared to data from PAMELA [9] and
CREAM [7] at low energy. Right: shaded regions show the overlapping contributions of the three populations.

the all-particle spectrum is given by

φi(E) = Σ3
j=1 ai,j E

−γi,j
× exp

[

−
E

ZiRc,j

]

. (3)

The spectral indices for each group and the normaliza-
tions are given explicitly in Table II. The parameters for
Population 1 are from Refs. [7, 8], which we assume can
be extrapolated to a rigidity of 4 PV to describe the knee.
In Eq. 3 φi is dN/dlnE and γi is the integral spectral in-
dex. The subscript i = 1, 5 runs over the standard five
groups (p, He, CNO, Mg-Si and Fe), and the all-particle
spectrum is the sum of the five. This model is plotted as
the solid line in Figs. 2 and 3.

B. An alternative picture and global fit

Spectra for the second fit are given by the same Eq. 3
but with qualitatively different parameters, as given in
Table III. In particular, the first population has a much
lower cutoff of Rc = 120 TV. This description is related
to the significantly harder spectra assumed for the first
population. Each component in the first population is fit-
ted only above Rc = 200 GV, after the spectra hardening
noted in Refs. [8] and [9]. With these harder spectra (as
compared to Table II), the heavy components cannot be
extended past the knee region. It is interesting to note
that Rc ≈ 100TV is the classical result for the expected
maximum energy of supernova remnants expanding into
the interstellar medium with an un-amplified magnetic
field of a few µGauss [44].

The spectrum with the parameters of Table III is
shown in Fig. 4 from below the knee to the ankle. The
contributions of individual groups of nuclei are shown,
as well as the spectra of nuclei from CREAM [8]. We
note that the bump in the spectrum around 1017 eV cor-
responds with the “iron knee” reported by KASCADE-
Grande in their electron rich sample [45] and also noted
by GAMMA [37]. A tendency for increasing mass above
the knee has been noted for a long time (for example by
CASA-MIA [46]), which seems now to be confirmed with
higher resolution.
Another noteworthy feature is the possibility illus-

trated in this fit of explaining the ankle as a Peters cy-
cle containing only protons and iron. This possibility is
also suggested in Ref. [32] as an example of their “disap-
pointing” model [47] of the end of the cosmic-ray spec-
trum. Such a picture is disappointing because the end of
the spectrum would correspond to the highest energy to
which cosmic-ray acceleration is possible, rather than to
the Greisen-Zatsepin-Kuz’min effect in which higher en-
ergy particles lose energy in interactions with the cosmic
microwave background [48, 49].

C. Comments on fitting with several populations

In both fits above we refer to three populations of par-
ticles, with spectral indices for each nuclear component
and a single characteristic maximum rigidity for each
population. The latter assumption has the effect of mak-
ing the composition become heavier as each population
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‣ Learn information about the energy spectrum from the experimental data by using probability theory
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Analysis based on the N8 parameter: the number of particle 
within 8 m from the shower core position.

‣ Well correlated with primary energy 

‣ not biased by finite detector size 

‣ weakly affected by shower fluctuations
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TABLE I. Passing rates after the selection criteria described
in the text.

Cut Data Monte Carlo

Surviving Cumulative Surviving Cumulative

fraction (%) (%) fraction (%) (%)

Quality cuts 100 100

Direction 70.2 70.2 68.7 68.7

Containment 40.3 28.3 43.3 29.7

Size 61.8 17.5 62.0 18.4

Maximum 91.7 16.0 89.0 16.4
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FIG. 1. Core position resolution obtained from Monte Carlo
events.

model reported in [21]. The agreement between the dis-192

tributions demonstrates the reliability of the Monte Carlo193

simulations.194195

In a shower produced by heavy nuclei a substantial196

amount of secondary particles is spread further away197

from the core region. On the contrary, in a shower pro-198

duced by light elements, the largest amount of parti-199

cles is concentrated in a small region around the shower200

core. With its peculiar characteristics, like full–coverage,201

high segmentation and wide dynamic range, ARGO–YBJ202

is able to measure the lateral particle density near the203

shower core with high precision. The ratio between the204

particle density measured at several distances from the205

core and the one measured very close to the core can be206

exploited in order to identify showers produced by light207

elements. Several studies performed on simulated events208

have shown that the quantities �
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= ⇢
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, where ⇢
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are respectively the particle density measured in the210

core region and at 5m from the core and �
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where ⇢
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is the particle density measured at 10m from212

the core are sensitive to primary mass. The resolution213

of the core position reconstruction determines an uncer-214

tainty of about 5% on the measurement of the parameters215

�
5

,�
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. As an example in figure 3 the distributions of �
5

216

and �
10

are reported for data and Monte Carlo events217

weighted according to the composition model given in218

[21]. Primaries have been grouped into two mass groups:219
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FIG. 2. Reconstructed shower size spectra of the two datasets.

light (H, He) and heavy (CNO, Fe). The distributions220

show a di↵erent behaviour depending on the primary221

mass. The parameters �
5

and �
10

have been combined in222

order to estimate the probability that showers have been223

produced by primaries of di↵erent mass.224

Unfolding of the cosmic ray spectrum225

In the Bayesian approach the number of showers
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then the formula 2 has been used to obtain at the k226

iteration an updated value of the prior P (k)(E
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The prior has been chosen P
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l

, a con-228

vergence criterion has been defined by requiring the229

change in the unfolded flux between two iterations k230

and k + 1 less than 1%. In a discrete formulation of the231
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PRELIMINARY 

WORK IN PROGRESS…

➡CONSISTENT PICTURE WITH MODELS AND OTHER EXPERIMENTS
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‣ High segmentation 
‣ Access the LDF down to the shower core 
‣ Precision measurement of the LDF at 
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TABLE I. Passing rates after the selection criteria described
in the text.

Cut Data Monte Carlo

Surviving Cumulative Surviving Cumulative

fraction (%) (%) fraction (%) (%)

Quality cuts 100 100

Direction 70.2 70.2 68.7 68.7

Containment 40.3 28.3 43.3 29.7

Size 61.8 17.5 62.0 18.4

Maximum 91.7 16.0 89.0 16.4
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FIG. 1. Core position resolution obtained from Monte Carlo
events.

model reported in [21]. The agreement between the dis-192

tributions demonstrates the reliability of the Monte Carlo193

simulations.194195
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high segmentation and wide dynamic range, ARGO–YBJ202

is able to measure the lateral particle density near the203

shower core with high precision. The ratio between the204
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FIG. 2. Reconstructed shower size spectra of the two datasets.

light (H, He) and heavy (CNO, Fe). The distributions220

show a di↵erent behaviour depending on the primary221

mass. The parameters �
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and �
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have been combined in222

order to estimate the probability that showers have been223

produced by primaries of di↵erent mass.224

Unfolding of the cosmic ray spectrum225
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Energy & Mass group
Mass group estimators

‣ Find a range of mass group 
estimators that correspond to 
light primaries 

‣ In these bins a large fraction of 
events is produced by light 
primaries  

Simulations & Bayesian unf.

FRACTION OF EVENTS AS A 
FUNCTION OF ENERGY
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UNCERTAINTIES

‣ SELECTION CRITERIA 
‣ ± 2.5% over the whole energy range 

‣ HADRONIC INTERACTION MODEL 
‣ Check with SIBYLL hadr, interaction model  

+ (4 - 10)% 
‣ RESPONSE MATRIX 
‣ ~10% @ E < 300 TeV 
‣ ~5% @ 300 TeV < E < 500 TeV 
‣ Gradually increase up to ~20% @ PeV energies 

‣ UNFOLDING 
‣ < 1% 

‣ FLUX MODEL IN SIMULATIONS 
‣ < 1%

TOTAL SYSTEMATIC: 
 -5.8% +7% @ E< 600 TEV 
 -20.2% + 22.5% @ E> 1 PEV 

SYSTEMATIC

STATISTICAL ERRORS 
1% @ E ~ 10 TeV Up to 
18% @ E ~ 1 PEV 
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FIG. 13: Apertures for G4 and G1 data samples, obtained by
using the flux parametrization as given in [13] and [44], for
the measurement of the light-component energy spectrum.
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FIG. 14: Light-component energy spectrum of primary CRs
as measured in this work. The parametrizations provided
by [13] and [44] and are shown for comparison. A modified
version of the fluxes given in [13], with each knee at Z×1 PeV
(i.e. about a factor four lower in energy than in the original
formulation), is also shown.

as in the case of the all-particle spectrum. The result is
shown in Fig.14. The systematic uncertainty on the flux2

is shown by the shaded area and the statistical one by
the error bars. A systematic uncertainty on the energy4

scale at the level of 10% has also been conservatively
estimated (not shown in the plots). Moreover we conser-6

vatively decided not to subtract the estimated contami-
nation of heavier elements, adding their contribution in8

the systematic uncertainty on the flux (see Sec.VI). The
parametrizations of the light-component as provided in10

[13] and [44] are shown by the blue and red dashed lines,
respectively. A modified version of the fluxes given in12

[13], with each knee at Z×1 PeV (i.e. about a factor
four lower in energy than in the original formulation),14

is also shown for comparison. The G4 and G1 mea-
surements were then properly combined, by considering16

the corresponding uncertainties, in order to get the light-
component spectrum shown in Fig.15.18

Below 300TeV the spectrum is consistent with a power
law with spectral index γ = −2.65 ± 0.09, in agreement20

with direct measurements. It then shows a clear evidence

for a bending at about 700TeV, i.e. about a factor22

four lower than the energy corresponding to the position
of the all-particle knee. This is in agreement with the24

result of the combined analysis of data coming from
the ARGO-YBJ experiment and a wide field of view26

Cherenkov telescope (a prototype of the future LHAASO
experiment) [25]. Similar indications have also been28

given by earlier measurements (see Sec.I).

VI. DISCUSSION30

Several sources for systematic uncertainty on both
all-particle and light-component flux measurements,32

together with their evaluations are summarized in Tab.II.
The overall process of event reconstruction can34

contribute to a wrong assignement of each event within
or outside the fiducial area and/or angular region. In36

particular, taking into account the resolution for the
core position and the incoming direction reconstructions,38

at the evel of 1.5m and 0.5◦ respectively, brings to
both a leak of inner events reconstructed outside and a40

contamination of external events. By using simulations,
the size of this effect was evaluated at about 10%. This42

is somehow related to the uncertainty of the aperture.
In the case of the all-particle spectrum, the effect above44

300TeV is essentially limited by the statistics of the
MC sample. This was estimated to be at the level of46

5%. Below 300TeV, down to 80TeV there is a mass-
composition dependence (see Sec.IV), that has been48

evaluated by comparing different models, to about 10%.
As pointed out in Sec.V, the uncertainty on the aperture50

is larger in the case of the light-component spectrum
because of the model dependence due to a different52

efficiency in selecting protons and He nuclei. This effect
has been evaluated by comparing the results obtained54

by using different parametrizations of the p and He
fluxes (namely [13] and [44]). Even if the differences56

were at the level of few percent, a contribution of
10% has been quoted (see Tab.II) as a conservative58

estimate that takes into account the uncertainties on
the used parametrizations. The effect of the unfolding60

procedure on the reconstructed energy distribustions has

Systematics uncertainties on the flux
Contamination from events with core outside the
fiducial area or with θ ≥ 15◦ ±10%
Aperture estimate ±(5 − 10)%
Longitudinal profile modeling ±3%
Unfolding algorithm ±3%
Hadronic interaction model ±5%
Combined, All-particle ±(12 − 15)%
Aperture estimate ±10%
Contamination of nuclei heavier than He ±(10 − 20)%
Combined, p+He ±(19 − 27)%

Uncertainty on the absolute energy scale ±10%

TABLE II: Summary of systematics uncertainties for all-
particle and p+He flux measurements (see text).
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EVENT BY EVENT ENERGY 
RECONSTRUCTION

HYBRID

‣ Independent measurements 

‣ Different Analysis technique 

‣ Results are quite consistent within 

systematic errors
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• P+He spectrum  
• 10-100 TeV energy range 

•Good agreement with previous analysis 
•100-3000 TeV energy range 
•Evidence of a gradual change of the spectral index at energies around 1 PeV 
•Good agreement between independent analyses within systematic errors 

• All—particle spectrum  
• Good agreement with other experiments

• ARGO-YBJ has been taken data for more than 5 years 
• Excellent stability of the detector 
• 2 Independent readout systems 
• Covers a very wide energy range: TeV ➟ PeV



MORE STUFF…
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➡  Excellent stability over a long period 

➡  Overlap with direct measurements in a wide energy region 

➡ Total systematic uncertainty ~ 5%

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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FIG. 5 (color online). The proton plus helium spectrum measured by the ARGO–YBJ experiment using the full 2008–2012 data
sample. The error bars represent the total uncertainty. Previous measurement performed by ARGO–YBJ in a narrower energy range by
analyzing a smaller data sample is also reported (blue squares) [4]. The green inverted triangles represent the sum of the proton and
helium spectra measured by the CREAM experiment [24]. The proton (stars) and helium (empty stars) spectra measured by the
PAMELA experiment [25] are also shown. The light component spectra according to the Gaisser-Stanev-Tilav (dashed–dotted line) [26]
and Hörandel (dashed line) [23] models are also shown.
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FIG. 6 (color online). Multiplicity distributions of the events
selected by the criteria described in Sec. III C. Values for data and
Monte Carlo (black solid line) are reported. The ratio between
data and Monte Carlo is shown in the lower panel.

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

112017-7

YEAR Gamma
2008 2.63 ± 0.01
2009 2.63 ± 0.01
2010 2.63 ± 0.01
2011 2.64 ± 0.01
2012 2.65 ± 0.01

YEAR Flux x 10-9 ± tot. err
2008 4.53 ± 0.28
2009 4.54 ± 0.28
2010 4.54 ± 0.28
2011 4.50 ± 0.27
2012 4.36 ± 0.27

3 - 300 TeV energy range

FLUX @ 50 TeV

Phys. Rev. D 85 092005 (2012) 
Phys. Rev. D 91 112017 (2015)

� = 2.64± 0.01Full sample

Extension of the previous ARGO-YBJ light component 
spectrum measurement in the low energy region

Bayesian Approach
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stant, with an offset less than 3% throughout the energy range377

up to 3 PeV (Table II). This helps to achieve a minimal dis-378

tortion of the spectrum in the interested energy range.379

)pe

0
(N

10
log

3.5 4 4.5 5 5.5 6 6.5

)
m
ax

(N
10

lo
g

2

2.5

3

3.5

4

4.5
Proton
Helium
CNO
MgAlSi
Iron

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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FIG. 5. The length to width ratio (L/W ) of the shower Cherenkov
image as a function of the impact parameter Rp, for showers with
log10N

pe
0 between 5.0 and 5.3, according to simulations. The sepa-

ration between the different mass groups is visible.

VI. ENERGY SPECTRUM OF PROTON AND HELIUM380

Following the H&He selection and energy reconstruction381

procedures described above, we have obtained the energy382

spectrum of the H&He component shown in FIG. 10. The383

number of events in each energy bin and the corresponding384

detector aperture are shown in Table II. The bin width is cho-385

sen to be 0.2 in log10(E/1TeV ), corresponding to the resolu-386

tion listed in the 5th row of Table II. To take into account the387

energy resolution and possible smearing like bin-to-bin mi-388

gration between the true and reconstructed primary energies, a389
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FIG. 6. Composition-sensitive parameters pL and pC for two mass
groups, H&He (solid contours) and heavier masses (dashed con-
tours). The numbers on the contours indicate the percentage of con-
tained events.
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FIG. 7. Aperture of the hybrid experiment. Solid circles represent
the aperture for all particles, solid squares for the selected H&He
events, triangles for the H&He events obtained with stricter cuts for
calibration purposes using the low energy part of the spectrum18.

Bayesian algorithm38 was applied to unfold the reconstructed390

events. The selection efficiency for He showers is about 80%391

of that for H showers. The observed spectrum can be success-392

fully fitted with a broken power law function393

dN/dE =

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

(1)394

with Ek=700±230 TeV, J(Ek) = (4.65 ± 0.27) ×395

10−12 GeV −1 m−2 s−1 sr−1, β1=-2.56±0.05 and β2=-396

3.24±0.36. The relatively large error on the breaking energy397

is the total number of photo-electrons normalized to Rp = 0 and α=0°
Rp: the impact parameter; 
α: the space angle between shower direction and Cherenkov telescope main axis.

p
L

= log10 Nmax

� 1.44 log10 N
pe

0

pc = L/W �Rp/109.9m� 0.1 log10 N
pe
0

Npe
0

H&He selection criteria : pL>-4.53 & pC>0.78 

•  The purity of H&He showers: ~93% below 700 TeV; 
•  The contamination of heavy nuclei increases with energy: 

13% @ 1 PeV, gradually increases to 27% @ 3 PeV

Energy reconstruction 
based on ∑Npe in the 
Cerenkov image



P. MONTINI COSMIC RAY PHYSICS WITH ARGO—YBJ CRIS2015 14 SEP. 2015

THE P+HE SPECTRUM

21

‣ The knee of H&He spectrum at (700±230) TeV is clearly measured 
‣ Broken power law fits data well with indices 
‣ -2.56 ± 0.05 and -3.24 ± 0.36 below and above the knee  
‣ Consistent with other two independent analyses

100-2500 TeV energy range
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MASS INDEPENDENT ENERGY RECONSTRUCTION

22

The truncated size as (mass dependent) energy estimator
Np8 (number of particles within 8m from the core): 

• well correlated with primary energy 
• not biased by finite detector size effects 
• weakly affected by shower fluctuations

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

Look for information on the shower age in order to have 
a mass independent energy estimator.  

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

⇢NKG = A ·
⇣ r

r0

⌘s0�2
·
⇣
1 +

r

r0

⌘s0�4.5

NMax

p8 ⇡ N
p8 · e

h0 sec#�X

max

(s0)
�

abs
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The measurement of Np8 and the (age correlated) LDF slope allows estimating the truncated size at the 
shower maximum. 
This ensures a mass independent Energy determination.

Discrimination parameter 
s’ VS Np8P

He

CNO Fe

MASS INDEPENDENT ENERGY RECONSTRUCTION
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•  Consistent picture with models and previous 
measurements 

•  Cross check with another ARGO-YBJ analysis 
•  Nice overlap with the two gain scales (different 

data set,…) 
•  Suggest spectral index of -2.6 below 1 PeV and 

smaller at larger energes 

•  Same considerations as for the all-particle 
spectrum 

•  Gradual change of the slope starting around 700 
TeV  

•  Agreement with other two ARGO-YBJ independent 
analyses 

• Overlap with direct measurements at low energy 
•  Flux systematics as for the all particle spectrum ⊕ 

< 15% mainly for the CNO   contamination ➔ 
Overall < 20 %

The all-particle and the p+He energy spectra with ARGO-YBJ I. De Mitri
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Figure 3: The Np8 distributions for the two real
data samples with different gain setting configura-
tions (see text).
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Figure 4: The all-particle energy spectrum of
primary CRs resulting from this work. The
parametrizations provided by [5] and [24] are
shown for comparison.

age. The LDF slope s′ is a mass-independent estimator of the average slong (or Xmax). Obviously
shower-to-shower fluctuations introduce unavoidable systematics, whose effects can be anyway
quantified and taken into account. Another implication is that s′ from the LDF fit close to the
shower axis, together with the measurement of the truncated size Np8, can give information on the
primary particle nature, thus making possible the study of mass composition and the selection of a
light-component data sample (see below).

By assuming an exponential absorption after the shower maximum, we get Nmax
p8 , a variable

linearly correlated to the size at the shower maximum, using Np8 and s′ measurements for each
event and simply correcting with: Nmax

p8 ≈ Np8 · exp[(h0secθ −Xmax(s′))/λabs]. A suitable choice
of the absorption lenght λabs (=100 g/cm2) allows to get Nmax

p8 , a parameter correlated with pri-
mary energy in an almost linear and mass independent way, providing an energy estimator with
a Log(E/TeV) resolution of 0.10–0.15 (getting better with energy) and Log(E/TeV) bias less than
0.05 [20]. We also checked that using more realistic parametrizations of the EAS longitudinal ab-
sorption, given the age values and the role of shower-to-shower fluctuations, leads to consistent
results

As described in [21], the RPC charge readout system has 8 different and overlapping gain
scale settings (G0,....,G7 from smaller to larger gains, with nominal shifts of a factor two) in order
to explore the particle density range ≈20 – 104 particles/m2. In this analysis the results obtained
with two gain scales (so-called G1 and G4) are presented. The analog system response, for each
considered data set and gain scale has been carefully calibrated by following the procedures fully
discussed in [21, 22]. In Fig.3 the Np8 distributions are shown for two real data samples (with
different gain setting configurations), in the intervals considered for this analysis. As can be seen,
the overlap among different gain scales is more than satistafctory, thus also validating the adopted
calibration procedure.

Selecting quasi-vertical events (θ < 15◦) with different values of the truncated size Np8, using
the described procedure, we reconstructed the CR all-particle energy spectrum shown in the Fig.4
in the energy range 80TeV→ 20PeV. In the plot the overall systematic uncertainty, due to hadronic
interaction models, selection criteria, unfolding algorithms, and aperture calculation, is shown by

4

The all-particle and the p+He energy spectra with ARGO-YBJ I. De Mitri

Figure 5: The LDF slope s′ as a function of the truncated size Np8 as reconstructed for showers initiated by
different primary nuclei, as indicated in the upper left labels. The p+He selection cut is shown by the pink
line.
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Figure 6: Light (i.e. p+He) component energy spectrum of primary CRs as measured in this work (see text).
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Error bars: statistical uncertainty
Shaded area: systematic uncertainty

ALL-PARTICLE SPECTRUM

P+He SPECTRUM


