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The Cosmic Ray spectrum has been studied by the ARGO-YBJiexpeat in a wide energy
range energy (from few TeV up to several PeV). This study isiqdarly interesting since it
allows a better understanding of the so called "knee” of thergy spectrum and of its origin and
also provides a powerful cross-check among very differgpegmental techniques. The unique
detector features (full coverage, time resolution, largeagic range) and location (4300 m a.s.l.)
allowed both lowering the energy threshold down to the negiovered by direct measurements
and reaching the knee of the all-particle spectrum whelefdatn many ground based experiment
are available. In addition, the possibility of a detailaadstof the distribution of particles detected
in the first few meters from the shower axis provided a new dficlent way of selecting events
initiated from light mass primaries (i.e. protons and alph#icles), without relying on the muon
signal. On the other side, such a study could give new inpatthe very forward region, to
the hadronic interaction models currently used for the stigation of the cosmic ray flux and
origin at the highest energies. The resulting all-partsgectrum (measured by ARGO-YBJ in
the energy range 80 TeV - 20 PeV) is in good agreement with thetbretical parametrizations
and previous measurements, thus validating the selectidrreconstruction procedures. The
light-component (i.e. p+He) spectrum, measured from 30 Uip\{o about 5 PeV, while being
consistent with highest energy direct measurements, saahesar indication of a bending below
1 PeV. This is in agreement with other two independent arabfsARGO-YBJ data (one of them
also using the Cherenkov signal as measured by a LHAASCctgpesprototype), and provides
new important inputs to acceleration/propagation modwigélactic cosmic rays.
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1. Introduction

The all-particle cosmic ray (hereafter CR) energy spectrum in the kigganréfew PeV) has
been investigated by several experiments with different approache8glow the knee, recent
measurements carried out by the balloon-borne CREAM experimentg08] that the proton and
helium spectra from 2.5 to 250 TeV are harder compared to lower ene@gumements. The struc-
ture of the proton and helium spectra and their subtle differences couldé® of the presence of
different populations of CR sources contributing to the overall flux gretating in environments
with different chemical compositions, as pointed out by several autdof.[ Diffusion effects
during CR propagation in the Galaxy might also play an important role.

Towards higher energies, including the knee region, the CR primaryrapeis measured by
means of EAS arrays. In this case, mass composition studies are diffiduttfeam affected by
large systematic uncertainties. The average composition at the knee issreddiuolbe dominated
by light elements, and the knee itself is interpreted as the steepening of tlhieHeapectra [6].
However, several experimental results suggest a heavier composiknaeaenergies [7-12].

A measurement of the CR primary energy spectrum (all-particle and light-@oemp) in the
10*2 — 10'%eV energy range is under way with the ARGO-YBJ experiment (see.[IiBprder to
cover this very wide energy range, different approaches havefbewed:

- 'Digital’ analysis. It is based on the RPC digital readout system (i.e. on the strip mitigplic
and is sensitive in the 3TeV - 300 TeV range [14, 15].

- 'Analog-LDF’ analysis. It uses the information coming from the RPC analog readout, xthus e
ploring the 30 TeV-20PeV energy range. The energy is reconstroctech event-by-event basis
by measuring the particle densities (and their lateral distribution) close to theeslaxis [16, 17].

- 'Analog-Bayes’analysis. Same as above but the energy is reconstructed in a complatendiffe
way, on a statistical basis, by using a bayesian approach. The selddigiti elements (i.e. p+He)

is also different, even if based (as in the previous analysis) on the paatietal distribution [18].

- 'Hybrid’ analysis. It is carried out by combining the data coming from ARGO-YBJanite
field of view Cherenkov telescope, exploring the 100 TeV - 3 PeV rediénZ0].

The results concerning the all-particle and the light-component (i.e. p+téejra, so far ob-
tained by the aforementioned analyses (in particulaiAhalog-LDF’ one), will be here described.

2. Event reconstruction and measurement of the all-particlespectrum

The RPC charge readout system of the ARGO-YBJ detector allows sgutherstructure of
the particle density distribution in the shower core region up to values oft d§m? [28, 29].
The study of the patrticle lateral distribution, through a lateral density fum¢LibF), is expected
to provide information on the shower longitudinal profile in the atmosphereigha estimate its
development stage, or the so-calkgk which is related toXyax the atmospheric depth at which
the cascade reaches its maximum size. When observed at a fixed altitudietghgon one),
the shower development stage depends on the energy of the interadtiagypwhile, for fixed
energy, it depends on the nature of the primary itself. For this reasomrpothbined use of the
shower energy and age estimations can ensure a sensitivity to the primazytesgiving the
possibility of selecting a light (p+He) event sample with high efficiency.
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Figure 1: The primary energy as a function of the  Figure 2: The longitudinal age parametggng Vs

reconstructed truncated sikig (within 8 m from the lateral ages’ resulting from the fit of the re-
the axis) for simulated showers initiated by differ- constructed LDF, for simulated showers initiated
ent primary nuclei. by different primary nuclei (see text).

For the analyses here presented, several air shower samples ibgwditdrent primary kinds
have been simulated, for a total amount of several millions events in thé-108) eV energy
range. The simulated showers were produced by usinC®@BSIKAcode [21], withQGSJET-
11.03 [22] as hadronic interaction model, and following the spectra as given3) y@th zenith
anglef < 45°. Randomly sampled in a larger area than the detector surface, suchrsivosve
given in input to a&5EANT[24] based program fully simulating the detector structure and response
(including the effects of time resolution, trigger logic, electronics noise,.elhg Monte Carlo
(MC) events triggering the digital and analog readout systems have tleenpbecessed by the
same reconstruction program used for real data. The events weegsigntly selected having the
core in a fiducial area contained in the central detector, thus ensuromgesower reconstruction.

The study of these MC events allowed to identify the truncated$izedefined as the number
of particles detected within a distance of 8 m from the shower axis, as alsugstimator of the
primary CR energy, since well correlated with E, not biased by effedgalinite detector size,
nor dominated by shower to shower fluctuations. Clearly, as shown in FiieNgg quantity
is a mass dependent primary energy estimator parameter. In order to haassandependent
parameter we fitted the lateral particle distribution of individual showersqtgn meters from the
core) event-by-event, for differeiyg intervals and different shower initiating primaries, with a
suitable NKG-like LDF [25, 26] to get the shape paramstésee [16] for details).

The LDF slope parametstplays the role of the so-callddteral age[27], as proven by Fig.2,
where the average value of the longitudinal shower age parasgtee 3Xget/ (Xdet+ 2Xmax), for
each simulated primary type ahglg interval, is plotted as a function of tisevalue obtained from
the fit of each reconstructed event. That figure also expresses artampmiversality property of
the LDF of detected EAS in terms of the lateral shower age, i.e. the shapaet@rs' depends
only on the development stage of the shower, independently from thesrwdtiine primary particle.
Then, the LDF slope' is a mass-independent estimator of the avesagg(0r Xmax)-

Moreover,s from the LDF fit close to the shower axis, together with the measurement of
Ngg, can give information on the primary particle nature, thus making possibldutig ef mass
composition and the selection of a light-component data sample (see below).
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Figure 3: Thelogio(E/TeV) vsloglo(Nggax) scat- Figure 4: The all-particle energy spectrum of
ter plot for a simulated mixture of quasi-vertical primary CRs resulting from this work. The
(6 < 15°) nuclei, in the assumption of Hérandel parametrizations provided by [4] and [23] are
composition model. A linear fit is superimposed. shown for comparison.

By assuming an exponential absorption after the shower maximum, wefggthe truncated
size at the shower maximum, usiNgs ands' measurements for each event and simply correcting
with: NIz~ Npg - expf(hose® — Xmax(S')) /Aabd- A suitable choice of the atmosphere absorption
lenghtAaps (100 g/cnd) allows to get r@gX, a parameter correlated with primary energy in an al-
most linear and mass independent way (see Fig.3), providing an erstigator with Log(E/TeV)
resolution of 0.10-0.15 (getting better with energy) and Log(E/TeV) biastihes 0.05 [16].

As described in [28], the RPC charge readout system has 8 diffarehbverlapping gain
scale settings (GO,....,G7 from smaller to larger gains), in order to explorertiwgdensity range
from about 20 up tev10* particles/m. In this analysis, the results obtained with two gain scales
(so-called G1 and G4) are presented. The analog system respmresschi considered data set and
gain scale, has been carefully calibrated by following the procedullgsifscussed in [28, 29].

Selecting quasi-vertical event8 ¢ 15°) with different values of the truncated sikigg, using
the above described procedure, we reconstructed the CR all-partaigyespectrum shown in
the Fig.4 in the energy range 80 Te20PeV. In the plot the overall systematic uncertainty, due
to hadronic interaction models, selection criteria, unfolding algorithms, aeduap calculation,
is shown by the shaded area. The statistical uncertainty is shown by trebars. As can be
seen from the figure, spectra obtained by analyzing two different datalss with two different
gain settings, actually overlap. The resulting all-particle spectrum is in fagreagent with the
parametrizations provided by [4] and [23], showing evidence of ategdeiodex change at an
energy consistent with the knee position. As shown in Fig.7, this result Estent with previous
measurements made by both direct and indirect experiments and is in agreeitheanother
independent analysis of ARGO-YBJ data [30]. It also represents avrieng check on the absolute
energy scale set for this analysis (systematic uncertainty anyhow gatigely estimated at 10%).

3. Measurement of the light-component energy spectrum

For the light-component spectrum measurement, a selection has been mader ito dhave
a sample of p and He initiated showers, with sufficiently high efficiency andctantamination.
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Figure 5: The LDF slopes’ as a function of the truncated sikig as reconstructed for showers initiated by
different primaries, as indicated in the upper left lab&lse p+He selection cut is shown by the pink line.

In the’Analog-LDF’ analysis, starting from the initial data set used for the all-particle spectrum
measurement, the selection of a sample of showers initiated by light nucleediapbssible on the
basis of the simultaneous study of the LDF slspend the truncated si2é;s (see Sec. 2 and [16]).

In Fig.5 the values of are shown as a function dfyg, as reconstructed for different samples
of simulated data resulting form EAS initiated by protons, helium, CNO (i.e. GaNitvogen-
Oxigen) group, and iron nuclei. As in the previous plots, the fluxes haea Iparametrized as
in [23], and the full simulation of detector response and analysis proesdas been applied.
A different parametrization of the single fluxes, namely [4], gives comsisresults within the
quoted systematics (see below). The line in the plots shows the cut useddtingetbe p+He
enriched sample from real data. The efficiency in selecting p and He initsut@ders and the
heavier elements contamination are at the level of 90% and 10% respeatiitblywariations of
few percent depending on the energy region and the adopted fluxetizations.

Taking into account these values (and their energy dependence)tteeflux has been ob-
tained. The result is shown in Fig.6. The systematic uncertainty on the flugwagby the shaded
area and the statistical one by the error bars. A systematic uncertainty endtgy scale at the
level of 10% has also been conservatively estimated (not shown in thg. plédseover we con-
servatively decided not to subtract the estimated contamination of heawvieergle adding their
contribution in the systematic uncertainty on the flux. The parametrizations liffitecomponent



(GeV'm2sisri)

dN
dEdAdtd Q

E20x

(GeV *m2sisrl)

dN
dEdAdtd Q

E26x

U

T T TTTTH

N
<

T THHW

.
U

Hw

U

T T TTTTul

N
2w

T THHW

Cosmic Ray p+He energy spectrum by the ARGO-YBJ experiment

A. Surdo

provided by [4] and [23] are shown by the red and blue dashed liespgectively. A modified

version of the fluxes given in [23], with each knee atZPeV (i.e. about a factor four lower in
energy than in the original formulation), is also shown for comparison. aiksbe seen also from
Fig.7, the result is consistent with low energy (direct) measurements andestiear evidence for
a bending at larger energies but starting below 1 PeV.
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spectrum of primary CRs as measured in the anal- spectra of primary CRs as measured in this work,
ysis of ARGO-YBJ analog data (see text).
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Figure 7: All-particle and light-component energy

compared to several other experimental results.

The evidence for the spectral bending is also given by a differetysiagthe’Analog-Bayes’

one) of the same ARGO-YBJ analog data set, which uses a bayesianingfajproach for the
statistical measurement of the CR energy spectrum, in particular the light-cemtpone (see

[15, 18] for the details). Again, the truncated si¢g has been used as shower energy estimator,
while the ratio between the particle densities measured respectively ratfrom the axis and in

a region of~1n? around the core has been identified as discrimination parameter to select the
showers from light primaries. The obtained light component spectrunosrsin Fig.8. Both the

G4 and G1 results (separately shown) are affected by a systematit¢aimtyeof about 10%. The

Gl result is also affected by a contamination of elements heavier than helidargetthan 10%.
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Figure 8: Light component (p+He) energy spec-
trum of primary CRs as measured from the ARGO- primary CRs as obtained from a hybrid data set of
YBJ data using a bayesian unfolding approach.
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Figure 9: Light component energy spectrum of

ARGO-YBJ and a wide FoV Cherenkov telescope.

Moreover, a third analysis (thelybrid’ one) also gives similar results. In this analysis, the
energy spectrum of the light component below 3 PeV has been measimgdhe hybrid data from
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the ARGO-YBJ detector and a wide field of view Cherenkov telescope.xAatsstive discussion
of the analysis method can be found in [19,20]. Here we only outline thaisicdise the shower en-
ergy is reconstructed from the total number of photoelectrons in the shoage recorded by the
telescope. The selection of the p+He sample is instead carried out by cogwdicomposition-
sensitive parameters: the first is a combination of the number of particlesiestin an event by
the most hit RPC of the ARGO-YBJ carpet and the number of photoeledtrdims same event, the
other one is related to the geometrical shape of the shower image recgride®herenkov tele-
scope. The light component spectrum of Fig.9 is finally obtained, whichexisibits an evident
bending structure with a knee at700 TeV. The overall systematic uncertainty on flux is plotted
as a dashed area in the figure. Assuming the Hérandel composition, ttaendoation of heavy
species in this analysis is found to be 13%-4tPeV and gradually increases to 27% around 3 PeV.

The light (p+He) component energy spectra of primary CRs as meaburABRGO-YBJ in
three independent analyses are finally summarized and compared in FidhéGhree analyses
are in agreement in revealing a bending of the spectrum below 1 PeV a@mdaisistent results,
within the systematic uncertainties and the possible difference in the enalgyasthe’Hybrid’
analysis with respect to the other two.
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Figure 10: The light (p+He) component energy spectra of primary CRseasured by ARGO-YBJ in three
independent analyses (see text). They are in agreememnvgalireg a bending of the spectrum below 1 PeV.

4. Conclusions

The CR all-particle and light component (p+He) energy spectra have beasured by the
ARGO-YBJ experiment with different approaches. In particular, tiselte of the analysis tech-
nique based on the study of the number of charged particles at grodrideashape of their lateral
density distribution within the first ten meters from the shower axis have legented.

The cosmic ray all-particle spectrum has been measured in the 80 Te\W2eegy region,
by using two different data samples taken with two different gain settinged®BC analog readout
system. The results are in agreement with previous observations frondireth and indirect
experiments, thus validating the analysis strategy and the event rectinstprocedures.
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Suitable selections of the light-component (i.e. protons and helium nucled)thea been ap-
plied and its energy spectrum has been measured from 30 TeV up to Bite¥.independent anal-
yses of ARGO-YBJ data (one of them using in addition the information comorg & Cherenkov
telescope) give consistent results: a clear indication of a bending bd®aV is observed.
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