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RAGGI COSMICI
I raggi cosmici di energia E < 1017 eV sono per la maggior parte di origine galattica 
La maggior parte dei raggi cosmici viene prodotta e accelerata nelle esplosioni di Supernova  
I raggi cosmici attraversano il mezzo interstellare ed interagiscono con il campo magnetico galattico 
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Figure 28.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 28.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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‣Diminuzione del flusso di elementi leggeri 

‣Cut off ad energie proporzionali a Z 

‣Lo spettro all-particle è la somma degli spettri 
delle singole componenti

Legge di potenza con un cambiamento 
dell’indice spettrale a ~ 4.5 PeV

EZ = Z · EKnee

SPETTRO DI ENERGIA - COMPOSIZIONE - ANISOTROPIA
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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

Gaisser - Stanev - Tilav
arXiv:1303.3565

Regione accessibile ad ARGO—YBJ

‣Diminuzione del flusso di elementi leggeri 

‣Cut off ad energie proporzionali a Z 

‣Lo spettro all-particle è la somma degli 
spettri delle singole componenti

Legge di potenza con un cambiamento 
dell’indice spettrale a ~ 4.5 PeV

EZ = Z · EKnee

ARGO—YBJ può esplorare la regione 
energetica 1-10000 TeV

Importanza della misura della 
composizione al ginocchio
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20 The ARGO-YBJ experiment

2.3 L’apparato sperimentale 27

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 

Tappeto (5600 m2) di Resistive 
Plate Chambers (RPCs) a 
copertura totale (92% di 
superficie instrumentata)

risoluzione temporale ~ 1 ns 
segmentazione = 5.6 x 62 cm2  
ris. angolare = 0.5° (Nhit ⩾ 500)

studio dettagliato della struttura 
spazio—temporale del fronte dello 
sciame combinando due differenti 
sistemi di acquisizione (digitale/
analogico)

L’ESPERIMENTO ARGO—YBJ
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✓ Copertura totale ed elevata segmentazione 
✓ Acquisizione digitale/analogica 
✓ Area instrumentata: 

• Tappeto centrale ~5600 m2 
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Sistema di lettura digitale 
Sciami fino a  ~23 particelle/m2

Sistema di lettura analogico 
Sciami fino a ~104 particelle/m2

Estensione dell’intervallo massimo di 
energia fino alla regione dei PeV

Digitale Analogico

ANALOGICO 
DIGITALE

Differenti scale di guadagno per esplorare 
un vasto range di densità di particelle

L’ESPERIMENTO ARGO—YBJ
Astropart Phys 67 (2015) 47 

NIM A 783 (2015) 68



STRATEGIA DI ANALISI

• Analisi dei dati del sistema digitale e analogico e misura dello 
spettro di energia mediante una procedura di unfolding Bayesiano 

• Analisi dei dati del sistema analogico e ricostruzione dell’energia 
evento per evento 

• Tecnica ibrida utilizzando i dati provenienti dal sistema analogico e 
da un telescopio Cherenkov
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TABLE II. Values of the intensities of the light component
energy spectrum measured by the ARGO–YBJ experiment
by using the full 2008–2012 data sample.

Energy Range Energy Flux Intensity
[GeV] [GeV] [m�2s�1sr�1GeV�1]
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FIG. 7. Multiplicity distribution of the events selected by the
criteria described in section IVA. Values for data and Monte
Carlo (black solid line) are reported.

3. Interaction model in simulation351

In order to estimate e↵ects due to the particular choice352

of the high energy interaction model in Monte Carlo353

simulations, a small dataset has been generated by us-354

ing the SIBYLL [20, 21] high energy hadronic interac-355

tion model. These data have been compared with the356

QGSJET dataset used in this analysis. In figure 8 the357

ratio between the QGSJET shower size spectrum and358

the SIBYLL simulation is reported as a function of pri-359

mary energy. The plot shows that.... The contribution360

to the systematic uncertainty has been estimated as less361
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FIG. 8. Fraction of events surviving the selection cuts.

than ?? %.362

4. Contamination of heavier elements363

VI. DISCUSSION364

The Cosmic Ray energy spectrum in the range 1 �365

100TeV plays a fundamental role in the understanding366

of the mechanisms that rely beyond the production, ac-367

celeration and propagation of charged particles in our368

Galaxy. The ARGO–YBJ experiment has been taking369

data in its full and stable configuration since November370

2007 to February 2013.371

VII. CONCLUSIONS372
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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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3.4 Misura del core dello sciame e della densità laterale 57

(c)

Figura 3.9: Le figure (a–c) sono rispettivamente le molteplicità M3–M5. Protoni (cerchi

blu), nuclei di elio (quadrati rossi), gruppo CNO (triangoli verdi) e nuclei ferro (stelle

viola).

Composizione ARGO-YBJ Simulazione Analisi Risultati Conclusioni

La densità laterale efficace

M4 (2.2 · 105 ÷ 2.6 · 106 hit con < E >⇠ 700TeV )

Andrea Cirillo Studio della composizione elementale dei raggi cosmici 21 settembre 2011

L’analisi dei dati delle 
scale G4 e G1 permettono 
di esprlorare l’intervallo 
energetico 10 TeV - 5 PeV

EVENTI CENTRALI QUASI VERTICALI

N(E, ID) = P (E, ID|M,D1, . . . Dn) ·N(M,D1, . . . Dn)



P 
He 
CNO 
Fe

Simulated spectrum 
After fiducial cuts 
Light component 
Heavy component

SPETTRO P + He: 10—3000 TeV 

Raccordo con i risultati ottenuti dalla misura con i dati G4

⇢5/⇢0 ⇢10/⇢0

P 
He 
CNO 
Fe

Simulated spectrum 
After fiducial cuts 
Light component 
Heavy component

Raccordo con la 
regione energetica 
già esplorata con i 
dati digitali

G1

G1

G4

G4

⇢5/⇢0

⇢5/⇢0

Analisi basata sul parametro Np8m numero di particelle entro un 
raggio di 8 m dal core
La distribuzione laterale può essere utilizzata per la 
discriminazione leggeri-pesanti
⇢5/⇢0 ⇢10/⇢0 parametri sensibili alla massa



Energy [GeV]

410 510 610 710

]
1.

6
 G

eV
-1

 s
r

-1
 s

-2
 [m

2.
6

 E
×

Fl
ux

 

310

410

ARGO-YBJ - p+He (Digital)

ARGO-YBJ - p+He (G4)

ARGO-YBJ - p+He (G1)

ARGO-YBJ p+He (PRD 2012)

Horandel 2003 - P+He

Gaisser-Stanev-Tilav 2013 - p+He

ARGO-YBJ Preliminary

 

Eccellente accordo con i 
risultati ottenuti dai dati 
digitali  
Buona sovrapposizione 
con le misure dirette in un 
ampio intervallo 
energetico 
Incertezza sistematica ~ 
10%

Cambiamento dell’indice spettrale ad E ~ 700 TeV 
Stesse incertezze sistematiche di G4 + ~10-12% di contaminazione di elementi pesanti 
(soprattutto CNO)

Risultati preliminari!!

100 – 3000 TeV

10 – 100 TeV

SPETTRO P + He: 10—3000 TeV 

arXiv:1502.01894



Mass compositon and hadronic interaction studies with ARGO-YBJ
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Fig. 2: Reconstructed LDF of the detected particles around
the shower axis for simulated p, He and Fe initiated
showers with 103.7 < Np8 < 104.0 and zenith angle less
than 15◦. The three distributions are here normalized to the
particle density at 11m.

fluctuations. In Fig. 1, the correlation between E and Np8
is shown for simulated proton, helium and iron initiated
showers. Four Np8 intervals have been chosen to select
event samples corresponding to different primary energies.
As already stated in the previous section, the basic

idea is to get information on the shower development
stage from the LDF structure around the core. In a first
preliminary study [16], we found a promising correlation
between the reconstructed LDF slope in the range 1÷2m
from the core and the distance of the shower maximum
from the detection level, Xdm, for p and iron initiated
showers. In the current analysis, the whole reconstructed
LDFs (up to about 10m from the core), for different Np8
intervals and different shower initiating primaries, have
been studied in detail by fitting their shape with some
proper functions (see [8] for details). As an example, Fig. 2
shows the average LDF obtained for a sample of simulated
proton induced shower events in the interval ∆Np8=103.7-
104.0, corresponding to an average energy Ep≃70TeV. In
the same plot, the average LDFs for the case of He and Fe
primaries in the same ∆Np8 (corresponding to an average
energy EHe≃100TeV and EFe≃300TeV respectively ) are
also shown. As discussed in [8], the following NKG-like
function

ρ(r) = A×
( r
r0

)s′−2(
1− r

r0

)s′−4.5
(1)

has been found to better reproduce, in the above
distance interval, the LDF shape for both ARGO-YBJ
simulated and real data, with the minimum number of free
parameters, normalization (A) and slope (s′), while r0 is
set at 30m.

5 Results and discussion
The average LDF for each of the three considered
primaries (p, He, Fe) and for each Np8 interval (i.e. energy
bin) has been fitted by the function given in Eq.(1) to
get the shape parameter s′ (see [8] for details). From
these studies we find that, for a given primary, the s′
value decreases when Np8 (i.e. the energy) increases,
this being due to the observation of younger (deeper)
showers at larger energies. Moreover for a given range

)2Xmax (g/cm
350 400 450 500 550 600

s’

1.1

1.2

1.3

1.4
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1.6
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MC Fe

Fig. 3: The age parameter s′ resulting from the fits of the
average LDF of simulated p, He and Fe samples (in each
Np8 bin) vs the corresponding Xmax average values.

of Np8, s′ increases going from proton to iron, as a
consequence of a larger primary interaction cross section.
Both dependencies are in agreement with the expectations,
the slope s′ being correlated with the shower age, thus
reflecting its development stage. This outcome has two
important implications, since the measurements of s′ and
Np8 can both (i) help constraining the shower age and (ii)
give information on the primary particle nature.
Concerning the first point, we show in Fig.3 the s′

values as obtained from the fit of the average LDFs,
for each simulated primary type and Np8 interval, as a
function of the corresponding Xmax average value. As
can be seen the shape parameter s′ depends only on
the development stage of the shower, independently from
the nature of the primary particle and energy. That plot
expresses an important universality of the LDF of detected
EAS particles in terms of the lateral shower age. This
implies the possibility to select most deeply penetrating
showers (and quasi-constant Xdm intervals) at different
zenith angles, an important point for correlating the
exponential angular rate distribution with the interaction
length of the initiating particle [1]. Obviously shower-to-
shower fluctuations (the RMS of Xmax is of the order of
70g/cm2 for p and helium, and about 30g/cm2 for iron)
introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account.
The second implication is that s′ from the LDF fit very

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
primary mass composition and the selection of a proton-
enriched CR data sample to be used for p-air cross section
measurement.
Similar LDF distributions, in the same Np8 intervals

used for MC data, have been obtained from real event
samples and the fit with function in Eq.(1) has been
applied. Also for experimental data, the lateral particle
density profiles appear properly described by that function,
as shown in Fig.4 where the fit of the average LDF
in a particular Np8 bin is shown (see [8] for details).
The s′ values from experimental data are reported in
Fig.5 together with the corresponding fit results from
MC simulations for different primaries. Even with the
preliminary nature of this result, we observe that the data
points lie between the expectations from extreme pure
compositions.

RICOSTRUZIONE DELL’ENERGIA DEL PRIMARIO
Le informazioni sull’età dello sciame permettono di identificare 
un estimatore dell’energia indipendente dalla massa. 

STUDIO DELLA DISTRIBUZIONE LATERALE (LDF) 

Correlato con l’energia del primario 

Non risente della dimensione finita del rivelatore 

Risente debolmente delle fluttuazioni dello sciame 

La relazione tra Np8 ed E dipende dalla massa 😕

Assumendo un assorbimento esponenziale dopo il 
massimo, si può ricavare il valore di Np8max utilizzando 
le misure di Np8 e s’ evento per evento. 
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Il parametro s’ è correlato con l’età dello 
sciame e permette di stimare Xmax 
indipendentemente dalla massa
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the saturation at ∼20/m2 otherwise present by using the
detector in digital mode, i.e. by simply counting the
number of fired strips.
The system uses a set of eight dynamic gain scales

(defined as G0,...,G7, with increasing gains), with an
overlap between digital and analog linearity ranges, thus
providing an efficient way to calibrate the system itself
[5, 6, 7]. The different scales of operation also define
the ranges of the maximum number of particles measured
by each BigPad with sufficient overlaps. The measurable
maximum density of particles, in each single event, covers
more than two decades while the detection rate spans over
five decades. Apart from the data of the largest gain scale
G7, useful for inter-calibration purposes with the digital
mode, for this analysis we used two sets of analog data
collected with G4 and G1 scales, thus accessing particle
density values up to∼ 104/m2. Further details can be found
in [6, 8].

3 Analysis strategy and objectives
An EAS array by itself cannot measure directly the shower
development stage, through the direct determination of
the depth of the shower maximum. It can only measure
the particle density distribution at ground as a function of
the core distance (LDF) and, from its slope, information
on the longitudinal shower development can be accessed.
Historically, it was shown that the LDF, as measured by
a traditional sampling EAS array at distances of the order
of hundreds meters from the core, can be described by
the Nishimura-Kamata-Greisen (NKG) function [9], with
parameters reflecting the shower size, the detection altitude
and the shower age. The age parameter determined in this
way is usually referred to as ’lateral age’ [10].
The detailed study of the LDF is expected to provide

information on the shower development stage and then on
Xmax (g/cm2), the atmospheric depth at which the cascade
reaches its maximum size. This would give the possibility
of selecting some intervals of Xmax or, equivalently, of
Xdm the distance between the shower maximum and the
detector. The selection of showers with Xdm in a given
interval for different zenith angles is an important point for
the measurement of p-air cross section using the method
of flux attenuation, as discussed in [1].
The shower development stage in the atmosphere, as

observed at a fixed altitude (the detection one), depends on
the energy of the interacting primary. For fixed energy, it
depends on the primary nature: heavier primaries interact
higher in the atmosphere, thus giving showers which, on
average, reach their maximum at a larger distance from the
detector than a lighter primary of the same energy. For this
reason, the combined use of the shower energy and age
estimations can ensure a sensitivity to the primary nature.
This would also give the possibility of selecting a proton-
enriched event sample, thus allowing a measurement of
the p-air cross-section. A possible residual contamination
will contribute to the overall systematic uncertainty of the
measurement.

4 Monte Carlo simulation
Several samples of simulated data were produced and
studied with the aim of correlating the experimental
observables to the physics parameters of the showers.
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Fig. 1: Average primary energy for p, He and Fe initiated
MC showers for various intervals of Np8 , the number of
detected particles within 8m from the shower axis. Vertical
error bars are the RMSs of the energy distributions, while
the horizontal ones show the widths of the Np8 bins.

About 30 · 106 proton, 7·106 helium and 3.5·106 iron
initiated showers were generated by the CORSIKA [11]
code, with zenith angle up to 45◦, energy range between
1TeV and 3000TeV and energy spectra as given in [12].
In order to have a better evaluation of the systematics,
we produced independent samples of proton showers
by using two different hadronic interaction models,
namely QGSJET-II.03 [13] and SIBYLL-2.1 [14]. If not
differently stated, the results described in this work refer
to QGSJET-II model. The full simulation of the detector
response, based on the GEANT package [15], included
the effects of time resolution, trigger logic, electronics
noise, etc. Simulated data have been analyzed by using the
same reconstruction code as for real data. The simulation
reliability was successfully checked by comparing several
simulated and measured quantities.
Several quantities, such as the LDF of the detected

particles around the core, estimated through the analog
system simulation, have been checked in order to
investigate the systematics introduced by the hadronic
interaction model. The reconstructed LDF obtained with
QGSJET-II and SIBYLL-2.1 are quite similar, their
difference being within few percent, as expected in this
energy range [16].
Events that triggered the analog RPC readout (≥73 fired

pads in a cluster) were subsequently selected by requiring
the core position, reconstructed with a precision of the
order of 1m or less, to be in a 64× 64m2 fiducial area
around the detector center. This cut actually reduces to a
negligible value (less than 10−3) the fraction of events with
true core outside the detector but mis-reconstructed inside.
This preliminary work was also restricted to events with
reconstructed zenith angle θ < 15◦.
As a first step, various observables were considered and

analyzed in order to find a suitable estimator of the primary
CR energy E . Among them, Np8, the number of particles
detected within a distance of 8m from the shower axis,
resulted well correlated with E , not biased by the finite
detector size and not much affected by shower to shower
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Fig. 2: Reconstructed LDF of the detected particles around
the shower axis for simulated p, He and Fe initiated
showers with 103.7 < Np8 < 104.0 and zenith angle less
than 15◦. The three distributions are here normalized to the
particle density at 11m.

fluctuations. In Fig. 1, the correlation between E and Np8
is shown for simulated proton, helium and iron initiated
showers. Four Np8 intervals have been chosen to select
event samples corresponding to different primary energies.
As already stated in the previous section, the basic

idea is to get information on the shower development
stage from the LDF structure around the core. In a first
preliminary study [16], we found a promising correlation
between the reconstructed LDF slope in the range 1÷2m
from the core and the distance of the shower maximum
from the detection level, Xdm, for p and iron initiated
showers. In the current analysis, the whole reconstructed
LDFs (up to about 10m from the core), for different Np8
intervals and different shower initiating primaries, have
been studied in detail by fitting their shape with some
proper functions (see [8] for details). As an example, Fig. 2
shows the average LDF obtained for a sample of simulated
proton induced shower events in the interval ∆Np8=103.7-
104.0, corresponding to an average energy Ep≃70TeV. In
the same plot, the average LDFs for the case of He and Fe
primaries in the same ∆Np8 (corresponding to an average
energy EHe≃100TeV and EFe≃300TeV respectively ) are
also shown. As discussed in [8], the following NKG-like
function

ρ(r) = A×
( r
r0

)s′−2(
1− r

r0

)s′−4.5
(1)

has been found to better reproduce, in the above
distance interval, the LDF shape for both ARGO-YBJ
simulated and real data, with the minimum number of free
parameters, normalization (A) and slope (s′), while r0 is
set at 30m.

5 Results and discussion
The average LDF for each of the three considered
primaries (p, He, Fe) and for each Np8 interval (i.e. energy
bin) has been fitted by the function given in Eq.(1) to
get the shape parameter s′ (see [8] for details). From
these studies we find that, for a given primary, the s′
value decreases when Np8 (i.e. the energy) increases,
this being due to the observation of younger (deeper)
showers at larger energies. Moreover for a given range
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Fig. 3: The age parameter s′ resulting from the fits of the
average LDF of simulated p, He and Fe samples (in each
Np8 bin) vs the corresponding Xmax average values.

of Np8, s′ increases going from proton to iron, as a
consequence of a larger primary interaction cross section.
Both dependencies are in agreement with the expectations,
the slope s′ being correlated with the shower age, thus
reflecting its development stage. This outcome has two
important implications, since the measurements of s′ and
Np8 can both (i) help constraining the shower age and (ii)
give information on the primary particle nature.
Concerning the first point, we show in Fig.3 the s′

values as obtained from the fit of the average LDFs,
for each simulated primary type and Np8 interval, as a
function of the corresponding Xmax average value. As
can be seen the shape parameter s′ depends only on
the development stage of the shower, independently from
the nature of the primary particle and energy. That plot
expresses an important universality of the LDF of detected
EAS particles in terms of the lateral shower age. This
implies the possibility to select most deeply penetrating
showers (and quasi-constant Xdm intervals) at different
zenith angles, an important point for correlating the
exponential angular rate distribution with the interaction
length of the initiating particle [1]. Obviously shower-to-
shower fluctuations (the RMS of Xmax is of the order of
70g/cm2 for p and helium, and about 30g/cm2 for iron)
introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account.
The second implication is that s′ from the LDF fit very

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
primary mass composition and the selection of a proton-
enriched CR data sample to be used for p-air cross section
measurement.
Similar LDF distributions, in the same Np8 intervals

used for MC data, have been obtained from real event
samples and the fit with function in Eq.(1) has been
applied. Also for experimental data, the lateral particle
density profiles appear properly described by that function,
as shown in Fig.4 where the fit of the average LDF
in a particular Np8 bin is shown (see [8] for details).
The s′ values from experimental data are reported in
Fig.5 together with the corresponding fit results from
MC simulations for different primaries. Even with the
preliminary nature of this result, we observe that the data
points lie between the expectations from extreme pure
compositions.

Analisi basata sul parametro Np8m numero di particelle 
entro un raggio di 8 m dal core
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Mass independent energy reconstruction 
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In excellent agreement with total-size 
vs E theoretical plot.


The shift is simply due to the fact that 
we are using the truncated size.

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.
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MC sample following Horandel 
model spectra and composition 
 
Similar results with Gaisser-
Stanev-Tilav (GST) model 

Log((Np8max)

Measurement energy range

Le misure della molteplicità troncata NP8 e del 
parametro s’ (correlato con l’età dello sciame) 
permettono di stimare la molteplicità troncata al 
massimo dello sciame. 

Questo approccio permette di ottenere una stima 
dell’energia indipendente dalla massa del primario 

ALL—PARTICLE + Spettro P+He

Efficienza di discriminazione
Taglio nel piano s’ VS NP8 - Discriminazione dei leggeri

RICOSTRUZIONE DELL’ENERGIA DEL PRIMARIO
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ARGO-YBJ Preliminary

Cambiamento dell’indice spettrale ad E ~ 700 TeV 
Accordo con l’analisi precedentemente illustrata 
Sovrapposizione con le misure dirette a bassa energia 
Stessa sistematica dell’all-particle +  contaminazione CNO → totale~ 20%

Consistente con le 
precedenti misure e i vari 
modelli 
Buona sovrapposizione tra 
le due scale  
Evidenza di un indice 
spettrale ~ -2.6 al di sotto 
di  1 PeV 
Incertezza sistematica 
totale ~ 14%

ALL PARTICLE  

SPETTRO P+He

Risultati preliminari!!

SPETTRO ALL-PARTICLE & P + He: 30—3000 TeV 
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p+He spectrum: 
measurement of Cerenkov light 

Wide Field of View Cerenkov 
Telescope (Array): (WFCTA) 

 
5m2 spherical mirror 

16×16 PMT array 
14◦ ×16◦  Field Of View 

Elevation angle: 60 ◦  

Energy easurement by using 
the Cerenkov signal and the 
shower geometry as 
reconstructed with the 
ARGO-YBJ analog data. 
 
Light elements are selected 
by using information of 
particle desity near the core 
(ARGO-YBJ) and the shape 
of the Cerenkov image 
Chin. Phys. C 38 (2014) 045001 
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Hybrid approach: 
The light component selection 
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Hybrid approach: 
The light component selection 
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p
L

= N
max

� 1.44 log10(Erec

/1TeV)

Stima dell’energia ottenuta sfruttando la misura della 
geometria dello sciame effettuata con ARGO—YBJ e la misura 
dell’emissione di luce Cherenkov da parte delle particelle 
dello sciame 

ARGO—YBJ: NMax — Distribuzione laterale (sensibile alla 
composizione) 

WFCTA: Distribuzione longitudinale →  Parametri di Hillas  
(sensibili alla composizione);  NPe → Energia
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p+He spectrum: 
measurement of Cerenkov light 

Wide Field of View Cerenkov 
Telescope (Array): (WFCTA) 

 
5m2 spherical mirror 

16×16 PMT array 
14◦ ×16◦  Field Of View 

Elevation angle: 60 ◦  

Energy easurement by using 
the Cerenkov signal and the 
shower geometry as 
reconstructed with the 
ARGO-YBJ analog data. 
 
Light elements are selected 
by using information of 
particle desity near the core 
(ARGO-YBJ) and the shape 
of the Cerenkov image 
Chin. Phys. C 38 (2014) 045001 
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WFCTA - Wide FoV Cherenkov Telescope Array 

pC = L/W � 0.091⇥ (Rp/10m)� 0.14 log10(Erec/1TeV)



Energy [GeV]

410 510 610 710

]
1.

6
 G

eV
-1

 s
r

-1
 s

-2
 [m

2.
6

 E
×

Fl
ux

 

310

410

ARGO-YBJ - p+He (Digital)
ARGO-YBJ - p+He (G4)
ARGO-YBJ - p+He (G1)
ARGO-YBJ p+He (PRD 2012)
ARGO-YBJ - p+He (G4 - Np8max)
ARGO-YBJ - p+He (G1 - Np8max)
ARGO-YBJ + WFCTA
Horandel 2003 - P+He
Gaisser-Stanev-Tilav 2013 - p+He

ARGO-YBJ Preliminary

Cambiamento dell’indice spettrale a ~ 700 TeV 
Contaminazione degli elementi pesanti < 5 % 
Risoluzione energetica ~ 25% 
Incertezza totale ~ 25%

TECNICA IBRIDA

Risultati preliminari!!

SPETTRO P+He 

Intervallo energetico 
20-3000 TeV

Chinese Physics C 38 (2014) 045001
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CONCLUSIONSCONCLUSIONI

Misura dello spettro p+He nell’intervallo energetico 3—300 TeV utilizzando 5 anni di presa dati

Misura dello spettro p+He nell’intervallo 10-3000 TeV utilizzando i dati del sistema analogico

Evidenza del cambiamento di indice spettrale dello spettro p+He ad energie E < 1PeV 

Due analisi indipendenti forniscono risultati in accordo entro gli errori sistematici. Una 
terza analisi (approccio ibrido) fornisce risultati consistenti.

Eccellente stabilità del rivelatore su un lungo periodo 

Misura dello spettro all-particle con la tecnica Bayesiana 
Misura dello spettro della componente pesante (m > mHe)
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(a) x - y projection (b) x, y, t view

Fig. 1. A typical event triggered by the ARGO-YBJ detector. The space hit den-

sity is obtained by the pattern in x - y projection, whereas the arrival direction is

reconstructed by the time distribution, shown on the vertical coordinate.

based on the NKG function. The accuracy of the core position reconstruction1

is estimated to be about 5 m from Monte Carlo studies for events with the2

core hitting the detector. A first selection of the data has been based on the3

quality of the reconstruction procedure. Additional cuts have been applied in4

order to estimate with good accuracy the probabilities used in the unfolding5

procedure and to make negligible the contamination of external events (i.e.6

showers with the core position outside the detector but mis-reconstructed in-7

side). The following selection criteria are adopted for both Monte Carlo and8

data:9

(a) the Monte Carlo events used in the analysis have been generated with the10

zenith angle (✓G) in the range (0� ÷ 45�). In order to avoid bias e↵ects11

estimating the quantities P (Mj|Ei) and to improve the quality of the12

reconstruction, data and Monte Carlo events have been selected requiring13

that the zenith reconstructed angle (✓R) is in the range (0� ÷ 30�). In14

figure 2 the distribution of the reconstructed zenith angle ✓R versus the15

9

Figure 3.2: A typical event triggered by the ARGO-YBJ detector. The space hit

density is obtained by the pattern in x–y projection, whereas the arrival direction

is inferred from the time distribution, shown on the vertical coordinate.

system. When the trigger conditions are satisfied a common stop signal is

sent to the TDCs and the local station assembles the data frame containing

the addresses of fired strips and all the timing informations from the TDCs.

These informations are transferred to the Central Station for event building

and data storage. The Central Station contain s the modules that receive the

pad signals and produce the trigger signal. The digital read out system has a

density of 23 strips/m2 and can be used to investigate the primary spectrum

up to energies of a few hundreds TeV. At greater energies the response starts

to saturate, as shown in [52]. In figure 3.3 the average strip and pad size are

compared with the size and the truncated size of induced proton showers at

Yangbajing altitude. The figure shows that the strip size start to saturate at

a few hundreds of TeVs. In order to extend the dynamic range of the detec-

tor an analog readout system of the RPC detectors was implemented. This

system, described in the next section, allow the detection of showers with a

particle density around the core of about 104 particles/ m2 and therefore to

investigate the PeV energy range.
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sity is obtained by the pattern in x - y projection, whereas the arrival direction is

reconstructed by the time distribution, shown on the vertical coordinate.
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is estimated to be about 5 m from Monte Carlo studies for events with the2

core hitting the detector. A first selection of the data has been based on the3

quality of the reconstruction procedure. Additional cuts have been applied in4

order to estimate with good accuracy the probabilities used in the unfolding5

procedure and to make negligible the contamination of external events (i.e.6

showers with the core position outside the detector but mis-reconstructed in-7
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system. When the trigger conditions are satisfied a common stop signal is

sent to the TDCs and the local station assembles the data frame containing

the addresses of fired strips and all the timing informations from the TDCs.

These informations are transferred to the Central Station for event building

and data storage. The Central Station contain s the modules that receive the

pad signals and produce the trigger signal. The digital read out system has a

density of 23 strips/m2 and can be used to investigate the primary spectrum

up to energies of a few hundreds TeV. At greater energies the response starts

to saturate, as shown in [52]. In figure 3.3 the average strip and pad size are

compared with the size and the truncated size of induced proton showers at

Yangbajing altitude. The figure shows that the strip size start to saturate at

a few hundreds of TeVs. In order to extend the dynamic range of the detec-

tor an analog readout system of the RPC detectors was implemented. This

system, described in the next section, allow the detection of showers with a

particle density around the core of about 104 particles/ m2 and therefore to

investigate the PeV energy range.

✓ Full coverage and high segmentation 
✓ Digital and analog readout 
✓ Active area: 

• Central carpet ~5600 m2 

• Sampling guard-ring ~1000 m2 
   

✓ Stable data taking since Nov. 2007 to Feb. 2013 with full 
detector 

✓ Average duty cycle ~ 90%  
✓ ~1011 events/year
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EAS space/time structure 
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3-D view of a detected shower Top view of the same shower 
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reconstruction 
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86% duty cycle 
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High space/time granularity  
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detailed study on the  
EAS space/time structure 
with unique capabilities 

3-D view of a detected shower Bruno Rossi conceptual EAS detector 

EAS 
reconstruction 

Event Rate ~ 3.5 kHz for Nhit >20  - Duty cycle ~ 86% - 1011 evts/yr – 100TB/yr      

Data taking with full configuration: 
November 2007- February 2013  
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The ARGO-YBJ experiment
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Intrinsic linearity: test 
at the BTF facility
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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

Astroparticle Physics submitted
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Performance evaluation
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4 data sample:


ρ: 10 → 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

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
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Absolute comparison Data - MonteCarlo
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J.R. Horandel , Astrop. Phys. 19 (2003) 193

Pmax spans over two and half decades, while the 
event frequency runs over five decades. 
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Differential rate of Pmax, shower core density, for 2 gain scales

Excellent agreement with MonteCarloEvent selection: 

★ Core reconstructed in a fiducial 

area of 2400 m2


★ Zenith angle < 15°
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ARGO-YBJ: Cosmic Ray Energy Spectrum

P. Montini RICAP 2014 - NOTO

‣ Learn information about the energy spectrum from the experimental 
data by using probability theory

Experimental  
data 

Energy Spectrum 
Composition

Probability theory 

• Causes: {Ei,…..En; IDi,……IDn}
• Effects: {Mi,….,Mn; Di,….,Dn}

The Bayesian Unfolding Method

Monte Carlo  
Simulations 

+ 
Iterative procedure 

Consistency checks 
with simulations

Gaisser - Stanev - Tilav
arXiv:1303.3565

P

He

Light

N(E, ID) = P (E, ID|M,D1, . . . Dn) ·N(M,D1, . . . Dn)



P. Montini RICAP 2014 - NOTO

Data sample

‣ EAS development: CORSIKA (QGSJETII.03 + FLUKA + EGS4)
‣ Energy range: 0.316 - 31600 TeV
‣ Full detector simulation (GEANT3)
‣ Protons + Helium nuclei + CNO nuclei + Iron nuclei

Monte Carlo data sample

G4 Gain Scale 
(10 - 100 TeV) 

• 17 days (195-211) 2010

• 461Files

G1 Gain Scale 
(100 - 1000) TeV 

• 75 days (290-365) 
2010


• 830 Files

Digital Readout 
(1 - 100 TeV) 

• About 9 X 1010 events 
(~ 8000 hours) 
recorded in the period 
Jan. 2008 - Dec 2012

Three data sets in order to explore the energy range 1  - 1000 TeV 

Data analysis



Finding the best λabs parameter 

RICAP - 2014 I. De Mitri: Measurement of CR energy spectra with ARGO-YBJ 

 LogE resolution at 270 TeV vs λabs 

Correction with 
λ=120 g/cm2 

No correction 
 

• p 
• He 
• CNO 
• Fe 
• Total 

1 
σ

 o
f L

og
(E

re
c/

E
tr

ue
) 

Small residual shift 
with LogA as 
foreseen by theory 

• p 
• He 
• CNO 
• Fe 

λ=120 g/cm2 

λ→∞ 

( λ→∞ ) 
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Trigger and selection efficiencies 
for the p+He measurement 

Energy range for 
p+He spectrum 
measurement 
with G4 

Energy range for 
p+He spectrum 
measurement 
with G1 

On the efficiency plateau above 200TeV  
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