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Light-component spectrum of the primary cosmic rays in the multi-TeV region measured
by the ARGO-YBJ experiment
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The ARGO-YBJ experiment detects extensive air showers in a wide energy range by means of a
full-coverage detector which is in stable data taking in its full configuration since November 2007 at the
YBIJ International Cosmic Ray Observatory (4300 m a.s.l., Tibet, People’s Republic of China). In this
paper the measurement of the light-component spectrum of primary cosmic rays in the energy region

*Corresponding author.
mari @fis.uniroma3.it

1550-7998/2012/85(9)/092005(10) 092005-1 © 2012 American Physical Society



B. BARTOLI et al.

PHYSICAL REVIEW D 85, 092005 (2012)

(5 +200) TeV is reported. The method exploited to analyze the experimental data is based on a Bayesian
procedure. The measured intensities of the light component are consistent with the recent CREAM results
and higher than that obtained adding the proton and helium spectra reported by the RUNJOB experiment.

DOI: 10.1103/PhysRevD.85.092005

I. INTRODUCTION

The cosmic ray spectrum spans a huge energy interval
up to 10% eV or more [1,2]. Many experimental efforts
have been devoted to the study of cosmic ray properties.
However, despite a huge amount of experimental data the
site of their origin and the mechanisms of acceleration and
propagation are still under discussion. The observation
techniques can be grouped into two broad classes: direct
and indirect measurements. Direct measurements can ac-
cess only the low-energy region, up to a few hundred TeV,
because of the restricted dimensions and the limited expo-
sure of the detectors. The measurement technique based on
the observation of extensive air showers (EASs) with sur-
face arrays allows the detection of events induced by
primary particles with energies up to 10°° eV. Unless
complementary techniques provide an independent cali-
bration, the measurement of the energy spectrum relies on
Monte Carlo simulations in order to unfold the relevant
information from collected data. The indirect measure-
ments in the region of a hundred TeV show an overall
agreement between the experiments within a factor of 2
[3], while the balloon-borne experiments have to cope with
the systematic uncertainties due to the analysis of data
taken during different flights. Recent more precise mea-
surements carried out by the long duration flights of the
balloon-borne CREAM experiment [4,5] show that the
proton and helium spectra from 2.5 to 250 TeV are both
flatter compared with the lower energy measurements. In
particular, the proton spectrum in this energy range is
found harder than the value quoted in [3] and obtained
by fitting many previous direct measurements. In addition,
the proton and helium fluxes measured by CREAM are
consistent with the measurements of JACEE [6] and
higher, particularly for helium, in comparison with
RUNIJOB [7]. The evolution of the proton and helium
spectra and their subtle differences can be an indication
of a different population of cosmic ray sources or accel-
eration sites. In many current models, as, for instance,
those proposed in [8,9], a scenario is envisaged, in which
the explosion of normal supernovae directly into the inter-
stellar medium and the explosion of massive stars into their
former stellar wind, like that of Wolf-Rayet stars, are the
main sources of cosmic rays up to the knee region. If
elements heavier than hydrogen come mainly from the
latter sources, their spectra are expected to be harder than
the proton spectrum and extending to higher energies.
Since proton and helium nuclei are the bulk of the cosmic
rays at energies below the knee (~ 3 X 10" eV), the
study of their spectrum in this energy region is of primary
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importance. A better understanding of this topic can be
obtained by extending the indirect measurements to the
low-energy region covered by balloons and satellite detec-
tors. The ARGO-YBJ experiment [10-12], characterized
by low-energy threshold and high duty cycle, is able to
overlap direct measurements in a wide region below
100 TeV, not accessible by other EAS experiments. In
this paper we evaluate the light-component spectrum of
the primary cosmic rays in the energy region (5 =+
200) TeV by using a Bayesian approach. In Sec. II the
main characteristics of the detector are briefly described. In
Sec. III the Bayesian method used for this analysis, pre-
viously presented in [13], is outlined. In Sec. IV the
Monte Carlo events used in the Bayesian unfolding proce-
dure are described. Section V is devoted to the data analy-
sis, and the results are presented in Sec. VI and discussed in
Sec. VII. Section VIII summarizes the main conclusions of
the work.

II. THE ARGO-YBJ DETECTOR

ARGO-YB]J is a “full-coverage” air shower array oper-
ating at the Yangbajing International Cosmic Ray
Observatory, located in the Tibet region (People’s
Republic of China) at an altitude of 4300 m above sea
level. One of the main physics items of the experiment is
the study of the cosmic rays in the (1 = 10000) TeV
energy range. The detector consists of a single layer of
resistive plate chambers (RPCs) [12] covering an area of
74 X 78 m?. The basic module of the detector is the cluster
(5.7 X 7.6 m?) made of 12 RPCs (2.85 X 1.23 m? each).
One hundred and thirty clusters are assembled in a full-
coverage carpet of 5800 m? with an active area of about
93%. This carpet is surrounded by 23 additional clusters,
arranged in a guard ring with a coverage of about 40% to
improve the reconstruction of the core position and the
angular resolution. The total area of the array is 110 X
100 m?. Each RPC is read out via 80 strips (6.75 X
61.80 cm?), logically organized in 10 pads (55.6 X
61.8 cm?). Each strip represents the space granularity of
the detector, i.e., the pixel used to sample the particles of
the shower front. Each pad signal, which is realized by 8
strips, is sent to a time-to-digital converter and represents
the time pixel, allowing a resolution of about 1.8 ns in
measuring the particle arrival time [14]. In order to extend
the measurable primary energy range up to the PeV region,
each RPC is also equipped with 2 large pads (139 X
123 cm?) with analog readout [15]. The whole system
allows a detailed reconstruction of the shower front with
a high space-time resolution. The detector performance is
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discussed in [12,16]. The angular resolution has been
estimated using different methods and is better than 0.6°
[17] for events with more than 200 fired pads. The instal-
lation of the central carpet was completed in June 2006.
The guard ring was completed during spring 2007 and was
plugged in the data acquisition system [18] in November
2007. The data analyzed in this paper have been collected
during the first months of 2008.

III. UNFOLDING THE PRIMARY SPECTRUM BY
USING THE BAYESIAN METHOD

As it is well-known, the development of atmospheric
showers exhibits large fluctuations. For this reason, the
energy distribution of the incoming particles cannot be
obtained on an event-by-event basis, but must be evaluated
by means of an unfolding procedure. The observable mea-
sured by ARGO-YB]J is the multiplicity distribution N (M),
which represents the number of events with a given number
M of fired strips (multiplicity), collected in a fixed period
AT and accepted within a solid angle (). The rate of
observed events is obtained by integrating the primary
cosmic ray differential intensity N(E) on the energy range
of the primary particles and on the overall acceptance of
the detector:

E-
N(M) = L ’ /QAeff(E', M, 8")N(E)d ¢ sin®’d'dE',
1

(D

where A(E, M, 9) is a function of the primary particle
energy E, of the number of fired strips M, and of the solid
angle (). In this paper the analysis is restricted to nearly
vertical events, where the effective area depends only
weakly on the zenith angle 4, so it is averaged by consid-
ering the mean value within the whole observation solid
angle:

A (E, M) =$ fg Ae(E, M, 9')déb sin(8)dd.  (2)

Inserting Eq. (2) in Eq. (1), the rate of measured events is
given by

NM) = Q fE " A(E', M)N(E')dE. 3)

This equation represents the connection between the
observable quantity N(M) and the primary cosmic ray
intensity N(E). The left side of Eq. (3) is the rate of events
measured by the ARGO-YBJ detector after applying
selection criteria on measured data. Extracting the cosmic
ray flux from Eq. (3) is a classical unfolding problem [19]
and can be tackled by means of the Bayesian technique
[20]. The classical approach is based on a fitting procedure
which requires formulating hypotheses on the shape of the
spectra of different primaries. On the contrary, the Bayesian
unfolding method does not require any assumption about
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the shape of the primary spectra. The relevant quantities
used in this analysis are

P(E): the probability distribution of primary cosmic rays
of energy E, the quantity to be obtained.

P(M): the probability distribution to detect showers with
multiplicity M, the quantity measured by the ARGO-YBJ
detector.

P(M|E): conditioned probability, namely, the probabil-
ity that a shower induced by a primary cosmic ray of
energy E is detected with multiplicity M.

These probabilities are connected by the Bayes theorem
which, in the case of n independent causes (energies)
E(i=1,...,ng) responsible for the effects (multiplic-
ities) M;(j = 1,..., ny), states that

P(E) =S P(EIM,) - P(M)), 4)
=1

P(M;|E;) - P(E;)

" P(VIE)P(E))

P(EiIMj) = %)
where P(E;|M;) and P(M;|E;) are the conditioned proba-
bilities, namely, the probabilities connecting events with
energy E; to events with multiplicity M;. In the Bayesian
unfolding scheme, P(M jIEi) must be evaluated by means
of a Monte Carlo simulation, the P(M;) are calculated from
the experimental data, and the P(E;) are related to the
cosmic ray differential intensity. The Bayesian analysis is
performed with an iterative procedure: the P(E;|M ;) are
computed by Eq. (5) assuming a starting value of the
energy distribution P(E;). Using Eq. (4), a more accurate
value of P(E;) is derived and used to iterate. The iterative
procedure ends when the variations on the value of P(E;)
are negligible. The relevant quantities P(E;) and P(M;) are
defined as follows:

N(E;)

P(E) = S ©
E/
Py =00, )

where N(E;) is the number of events with energy E;, N is
the total number of selected events, and N(M,) is the
number of detected events with multiplicity M;. The
P(M;|E;) quantities have been computed by using a
Monte Carlo simulation described in the following section.

IV. THE MONTE CARLO DATA SAMPLE

The events have been generated by using the CORSIKA
code [21] (ver. 6.710), which provides a complete
simulation of the shower development in the Earth’s atmo-
sphere. The electromagnetic part of the shower simulation
is implemented by means of the EGS4 code [22,23], while
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for the hadronic component several options [24] are avail-
able. The Monte Carlo events have been generated by
using the QGSJET-II interaction model [25] for the high-
energy hadronic interactions and by the GHEISHA inter-
action model [26] for the low-energy hadronic interactions.
The data have been generated in the energy range (1 +
10000) TeV with distribution given by

N(E)dE = NyE~"dE. )]
A total number of about 2.27 X 107 events have been
generated with a spectral index y = 2.78. The resulting
showers have been sampled at the Yangbajing altitude. In
order to accurately reproduce the detector response, a
simulation based on GEANT3 [27] has been applied. The
accidental background generated by each pad has been
included and a full trigger simulation performed, taking
into account the measured efficiency and the time resolu-
tion of RPCs. Monte Carlo events have been produced in
the same format as data and processed via the same re-
construction code. Only protons, helium nuclei, and CNO
nuclei have been generated extensively, because the heav-
ier components give a minor contribution in the energy
interval explored in this work [7,28,29]. Indeed, showers
initiated by heavy nuclei develop and are absorbed faster in
the atmosphere. At a given energy heavy nuclei thus pro-
duce showers of smaller size at the observation level. The
contribution of the CNO component is reduced by the cuts
used in this analysis (described in Sec. V) and it turns out to
be less than 2% (see Fig. 3). The Monte Carlo data set is
composed of 91% protons and 9% helium nuclei according
to the RUNJOB measurements [30]. The shower axis is
randomly distributed over an area A, centered on the
ARGO-YBJ detector. Different A, have been chosen for
the different energy bins used in the simulation, ranging
from (100 X 100) m? in the lower energy bins up to
(400 X 400) m? in the higher energy bins. However, we

Y (m)

40
X (m)
(a) x-y projection

FIG. 1 (color online).

Time (ns)
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point out that in the Bayesian approach the actual value of
A, is not relevant.

V. DATA ANALYSIS

The ARGO-YBJ detector takes data by using an inclu-
sive trigger [31] requiring a number of fired pads Ny,q =
Nyie in the central carpet, within a time coincidence win-
dow of 420 ns. The detector was in stable data taking
during the runs selected for this analysis; Ny, was set to
20, with a resulting trigger rate of ~3.5 kHz and a dead
time of ~4%. In Fig. 1 the space-time view of a typical
event is shown. The high segmentation of the readout
allows a high granularity imaging of the space-time struc-
ture of the shower front, which is used to reconstruct the
shower direction and the core position. Special care is
devoted to the time calibration procedure [32] of the
18360 pads of the detector in order to get a high pointing
accuracy and good angular resolution. The angular resolu-
tion improves increasing the number of fired pads.
Experimental results show that the angular resolution
7,, defined as the opening angle containing 71.5% of
the reconstructed events coming from a fixed direction, is
about 0.4° for events with pad multiplicity of about 500
[17]. The core position (X¢oe> Yeore) Of €ach shower is
estimated by using the likelihood method based on the
Nishimura-Kamata-Greisen function [33-35]. The accu-
racy of the core position reconstruction is estimated to be
about 5 m from Monte Carlo studies for events with the
core hitting the detector. A first selection of the data has
been based on the quality of the reconstruction procedure.
Additional cuts have been applied in order to estimate with
good accuracy the probabilities used in the unfolding
procedure and to make negligible the contamination by
external events (i.e., showers with core position outside the
detector but reconstructed incorrectly inside). The

60

20 0 8070605040302010 0-10
m

Y (m)
(b) z,y,t view

A typical event triggered by the ARGO-YBJ detector. The space hit density is obtained from the pattern in the

x-y projection, whereas the arrival direction is reconstructed from the time distribution, shown on the vertical coordinate.
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following selection criteria have been adopted for both
Monte Carlo events and data:

(a) The Monte Carlo events used in the analysis have
been generated with the zenith angle () in the
range 0° + 45°. In order to avoid bias effects in
estimating the quantities P(M,|E;) and to improve
the quality of the reconstruction, data and
Monte Carlo events have been selected requiring
the reconstructed zenith angle () in the range
0° = 30°. This cut sets the solid angle () to about
0.842 sr. In Fig. 2 the distribution of the recon-
structed zenith angle J3 versus the generated zenith
angle 9J; is reported, and the cut on ¥ is also
shown.

(b) The Monte Carlo events have been generated in the
energy range (1 = 10000) TeV. In order to select
well reconstructed events and reduce bias effects in
the estimate of the Bayesian probabilities, mainly
located at the edges of the energy range used in this
analysis, the events have been selected requiring the
strip multiplicity M, measured for each event, in the
range 500 = M = 50000. This cut selects events
well within the energy range used for the event
simulation.

(c) The rejection of events falling far from the detector
is achieved by comparing the average particle den-
sity measured by the innermost 20 clusters (p;,) to
that measured by the outermost 42 ones (py). By
requiring p;, > 1.25 X p,y., the core position turns
out to be inside an area of about 40 X 40 m? cen-
tered on the detector. No events generated outside
the detector have been selected by this procedure.
The fraction of events passing the cuts used in this
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FIG. 2 (color online). The distribution of the reconstructed
zenith angle 95 versus the generated zenith angle ;. The cut
on Uy is shown by the horizontal line.
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analysis has been checked to be consistent with the
Monte Carlo prediction, being about 24% both in
data and simulations.

Moreover, only about 2% of the showers induced by the
CNO group pass the cuts used in this analysis; the cut on
the particle density (p;,) selects showers with well-shaped
core discarding events induced by heavier primaries. The
effects of the cuts are shown in Figs. 3 and 4. In Fig. 3 the
fraction of the generated events selected by the cuts is
shown as a function of the energy for hydrogen, helium,
and CNO primary nuclei. This figure shows that the events
outside the energy range (10° + 107) GeV give a negli-
gible contribution to the estimation of the probabilities
P(M;|E;); furthermore the fraction of CNO induced show-
ers selected by the cuts is reduced by about 10 times
compared with the fraction of protons and helium nuclei.
In Fig. 4 the distributions of the X and Y coordinates of the
core are shown both for Monte Carlo events and data. The
figure shows clearly that the events selected by the cuts are
located in an area of about 40 X 40 m? centered on the
detector.

VI. RESULTS
A. The unfolding procedure

In the Bayesian method the energy bins are indepen-
dent, without constraints among each other [36]. Three
data samples, of about 10° events each, have been gen-
erated with spectral index y = 1, 2, 2.78, in a cone of
opening angle 45° around the vertical direction. The
Bayesian procedure has been then applied, the final re-
sults N(E) turning out to be completely independent of
the spectral indexes y used in the simulation. In order to
measure the light-component spectrum, the Monte Carlo
events generated with spectral index y = 2.78 have been

1E
E @ Proton
C ase Helium
et . .
101 £ .I CNO
= n
@ E ® ®
S B onm
2 102
@ E ° ®
G o u
c C
2 103 e
(&) =
g =
- C o g
104 k u
] FTEY VAN IV ST IR I S N S S

3 3.5 4 4.5 5 55 6 6.5 7
Log (E [GeV])

FIG. 3 (color online). The fraction of the simulated events
selected by the cuts used in this analysis is shown as a function
of the energy for proton induced events (red circles), helium
induced events (blue squares), and CNO induced events (green
triangles).
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FIG. 4 (color online). Distributions of the X and Y coordinates
of the core for Monte Carlo events (red circles) and for data (blue
squares) selected by the criteria used in this analysis.

sorted in seven energy bins and 12 multiplicity bins. The
same multiplicity bins have been used to analyze a sam-
ple of data (see Table I) consisting of three runs of about
25.0 X 10° events each, collected during the period
January—May 2008. The Bayesian unfolding has been
performed by using a flat distribution as the initial value
of the P(E;). The effect of using different prior distribu-
tions P(E;) has been evaluated as negligible. A soft
smoothing [13] has been applied to the nth value of
P(E;) during the recursive procedure in order to ensure

TABLE 1.
collected in year 2008 (see text for details).
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a stable convergence. A dedicated procedure has been
used in order to evaluate the effective alive time of the
detector for the three runs used in this analysis, which
results to be about 96.2% of the data taking period. The
intensities N(E) of the light-component energy spectrum
obtained by this analysis are reported in the last column
(full sample) of Table I. The Bayesian procedure was then
applied to each of the three runs separately. The results
shown in Table I provide a valuation of the systematic
effects, mainly due to the accuracy of the simulation of
the detector response and to the seasonal effect of the
shower flux (see next section).

B. Evaluation of systematic uncertainties

The measurements of the intensity of the light-
component energy spectrum given in Table I are affected
by a statistical error of the order of =1%. A study of the
possible systematic effects has been performed. The
sources of systematic effects considered in this work are

(i) Effects due to the selection cuts on the following
measured quantities: zenith angle <%, multiplicity M,
and particle density p. The uncertainty on the mea-
sured spectrum, estimated by applying large varia-
tions to the selection cuts, is about *5%.

(i1) Effects due to the reliability of the simulation of the
detector response. The relation between the
measured strip multiplicity and the primary energy
distribution has been studied in [37] and has been
found to be in good agreement with Monte Carlo
predictions. The reliability of the simulation proce-
dure has been checked by comparing the distribu-
tions of several variables obtained applying the
same selection cuts to data and to Monte Carlo
events. As an example the distribution of the core
position, reported in Fig. 4, shows that the same
fraction of events in the data and Monte Carlo
sample has been selected in the inner detector
area. Moreover, the strip multiplicity distribution
obtained from the Monte Carlo events has
been compared with the experimental distribution
by successfully using the Kolmogorov-Smirnov
test with K = 0.035 and 30 d.o.f. (see Fig. 5).

Intensity of the light-component energy spectrum obtained by using a Bayesian method applied to about 75 X 10° events

Emin_Emax [GCV] Mean energy

N(E) =+ statistical errors [m 2 s~ !sr ! GeV™!]

[GeV] Run 1 Run 2 Run 3 Full sample
5.50 X 10°-9.55 X 10°  7.35 X 10° (8.62 = 0.09) X 1077 (9.40 = 0.09) X 1077 (7.88 = 0.08) X 10~7 (7.91 = 0.05) X 10~
9.55 X 103-1.66 X 10* 1.25 X 10* (1.75*0.02) X 1077 (1.88 £ 0.02) X 10~7 (1.81 £ 0.02) X 10~7 (1.77 = 0.01) X 1077
1.66 X 10*-2.88 X 10* 2.16 X 10* (3.87 £0.04) X 1078 (4.12 £ 0.04) X 1073 (4.12+0.04) X 1078 (4.11 = 0.02) X 1078
2.88 X 10*-5.01 X 10* 3.68 X 10* (1.02 = 0.01) X 1078 (1.07 = 0.01) X 10~% (1.07 = 0.01) X 10~% (1.03 + 0.01) X 10~8
5.01 X 10*-8.91 X 10* 6.40 X 10* (2.44 £0.02) X 107% (2.53 £0.02) X 1079 (2.59 £ 0.02) X 107 (2.45 = 0.01) X 107°
8.91 X 10°-1.58 X 10° 1.13 X 10° (5.34 = 0.05) X 1071 (5.86 = 0.05) X 1071 (6.09 = 0.06) X 1071 (5.50 = 0.04) X 10710
1.58 X 10°-2.82 X 10° 2.04 X 10° (1.13 £ 0.01) X 10719 (1.28 = 0.01) X 107'° (1.31 = 0.01) X 107'° (1.19 = 0.01) X 10~10
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FIG. 5 (color online). Normalized strip multiplicity distribu-
tion for Monte Carlo events (dashed red line) and data (solid blue
line). The green points represent the ratio of data over
Monte Carlo distributions.

A conservative estimate of the uncertainty due to the
effect of different run conditions and to seasonal
effects has been obtained by analyzing the three
runs separately (see Table I), and it turns out to be
about *£4%, slightly larger in the edge bins.

(iii) Effects related to the fraction of helium component
used to evaluate the Bayesian probabilities. The
effect of the variation of the helium component in
the range 7 + 11% has been evaluated as negli-
gible. In order to evaluate the effect of a large
variation of the helium component, the unfolding
procedure has been performed again by using a
Monte Carlo sample composed of 50% protons
and 50% helium nuclei. The values of the energy
spectrum obtained by using this sample are consis-
tent, within a few percent, with those obtained with
the sample containing 9% of helium.

Therefore we estimate that our result is affected by a total
systematic uncertainty not exceeding 10%. In order to have an

PHYSICAL REVIEW D 85, 092005 (2012)

P(M|E) have been computed for three energy values, namely,
10 TeV, 30 TeV, 120 TeV, by using also the SIBYLL model
[38,39]. The results are reported in Fig. 6 as a function of the
multiplicity M of the detected showers and compared with the
same results obtained by using QGSJET-II. The plots show
that the probabilities provided by the two interaction models
are very similar, suggesting therefore a very small contribution
to the systematic uncertainty.

C. The light-component spectrum

The values of the energy spectrum obtained by applying
the Bayesian unfolding procedure to all the data collected
in the three runs are shown in Fig. 7. The spectrum covers
the energy region from 5 up to 200 TeV. The measured
intensities are reported with the total uncertainty obtained
by adding the systematic uncertainties, as estimated in the
previous section, to the statistical errors. It can be noted
that the total uncertainty on each experimental point does
not exceed 10%. As shown in Sec. V, the contribution to the
energy spectrum of elements heavier than helium is negli-
gible. Our data are compared with the recent results of
the CREAM experiment and with the best fit provided
by Horandel to proton and helium experimental fluxes
[3]. The point at 80 TeV represents the “‘p + He’’ inten-
sity measured by EAS-TOP and MACRO experiments
[40] at the Gran Sasso Laboratory combining the
simultaneous detections of the electromagnetic and
Cherenkov light components of atmospheric showers
and of high-energy muons. The ARGO-YBJ data agree
remarkably well (within about 15%) with the values
obtained by adding up the proton and helium fluxes
measured by CREAM, both concerning the total inten-
sities and the spectrum slope. The value of the spectral
index of the power-law fit representing the ARGO-YBJ
data is —2.61 = 0.04 (which should be compared with

evaluation of the systematics due to the use of different  Yproron = —2.66 = 0.02 and ypejjym = —2.58 * 0.02 ob-
hadronic interaction models, the conditioned probabilities tained by CREAM).
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FIG. 6 (color online).

28 3 3.234363.8 4 424446

28 3 3.23.43.63.8 4 424.446

Log(M) Log(M)

Conditioned probability P(M|E) for three different energy values (10 TeV, 30 TeV, 120 TeV) by using

QGSIJET-II (blue circles) and SYBILL (red squares) interaction models.

092005-7



B. BARTOLI et al.

PHYSICAL REVIEW D 85, 092005 (2012)

105 T T T 1710 T T T 1710

Flux x E2”® (m?-s-sr)" (GeV)""®

T ||||||_l

ARGO - YBJ (p + He) O @ PAMELA (p, He)
CREAM (p, He) # % AMS (p, He) -
Horandel (2003) O m BESS (p, He)
JACEE (p + He) ¥V v CAPRICE (P, He)

MACRO & EAS-TOP (p +He) @ CREAM (p +He)
.=+ RUNJOB (p + He)

10 102 10°

10* 10° 10°

Energy (GeV)

FIG. 7 (color online).

The differential energy spectrum of the light component (proton and helium) measured by ARGO-YBJ (filled red

triangles) compared with the proton (open circles) and helium spectra (filled circles) measured by the CREAM experiment [43]. The
crossed circles represent the sum of the proton and helium data measured by CREAM [5]. The blue dotted line represents the best fit to
proton and helium data quoted by Horandel [3], and the shaded area is obtained considering the errors on the fit parameters. The dashed line
represents the JACEE proton and helium measurements [6], and the dash-dotted line represents the RUNJOB proton and helium
measurements [30] (the errors on both are not reported). The black cross represents the proton and helium flux measured by EAS-TOP
and MACRO Collaborations [40]. The spectra obtained at lower energies by PAMELA (green diamonds) [44], AMS (stars) [45], BESS
(squares) [46], and CAPRICE (inverted triangles) [47] are also shown.

VII. DISCUSSION

The energy spectrum of the light component of the
primary cosmic rays from 10'? to 10'° eV plays an im-
portant role to understand the mechanisms of acceleration,
propagation, and galactic confinement. Spectral differ-
ences between the proton and helium components might
be related to different types of sources and acceleration
environments [8,41]. The present analysis does not allow
the determination of the individual proton and helium
contributions to the measured flux, and shows a discrep-
ancy with the spectra obtained at lower energies from
direct measurements by the passive balloon-borne experi-
ments JACEE and RUNJOB. The disagreement with the
spectrum obtained adding the proton and helium compo-
nents quoted by RUNJOB [30] is remarkable. This dis-
crepancy takes place also at energies around 100 TeV
where the JACEE and RUNJOB experiments report a
proton spectral index of about —2.8 [6,30]. Deriving the
primary energy spectrum from ground-based EAS mea-
surements introduces uncertainties related to the hadronic
interaction model underlying the analysis. The strip multi-
plicity spectrum measured by ARGO-YBJ is mainly due to
the electromagnetic component of the shower, the fraction
of muons and hadrons being less than 10%. This

component is sensitive to parameters governing the longi-
tudinal development of the shower, like the proton-air
inelastic cross section and the energy transferred to the
leading particle (elasticity). These processes influence the
number of particles observed at ground level. A different
longitudinal development of the shower could stretch or
compress the energy scale in such a way as to affect the
spectral shape. In this context it is worthwhile to note that
the proton-air inelastic cross section measured by the
ARGO-YBJ experiment in the energy range (1 =+
100) TeV [37] has been found in good agreement with
the values set in the CORSIKA/QGSJET code. According to
the results shown in Fig. 6, the QGSJET and SYBILL
models provide the same description of the longitudinal
development of the shower in the energy range of interest.
Moreover, dedicated calculations find that the influence on
the shower size of different low-energy models (GHEISHA
and FLUKA) is negligible [42]. These results give support
to the present interpretation of the ARGO-YBJ experimen-
tal data.

VIII. CONCLUSIONS

The peculiar features of the ARGO-YBJ experiment—
high segmentation coupled to a digital readout, full
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coverage, and high altitude location—allow the imaging of
the front of small size showers induced by primaries with
energies down to a few TeV, so far accessible only with
balloon-borne experiments. Showers recorded by ARGO-
YBJ with a number of fired strips in the multiplicity
interval 500 + 50000 are mainly induced by primaries in
the energy range (1 <+ 300) TeV. Requiring quasivertical
showers (19 < 30°) and applying a selection criterion based
on the particle density, a sample of events mainly induced
by protons and helium nuclei with core inside a fiducial
area (of about 40 X 40 m?) has been selected. The con-
tamination by heavier nuclei is found negligible. An un-
folding technique based on the Bayesian approach has
been applied to the strip multiplicity distribution in order
to obtain the differential energy spectrum of the light
component (protons and helium nuclei) in the energy range
(5 +200) TeV. The main uncertainty affecting this analy-
sis is due to systematic effects which do not exceed 10%.
Whereas fairly consistent with the recent results of the
CREAM experiment, the ARGO-YBJ data indicate a flux

PHYSICAL REVIEW D 85, 092005 (2012)

of the light component higher with respect to RUNJOB.
This measurement bridges the energy gap between the
lower energy direct observation and the ground-based
EAS experiments.
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