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Measurement of the CR light component primary spectrum
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Abstract: The ARGO-YBJ experiment, located at the Yangbajing Cosmic Ray Laboratory (Tibet, 4300 m a.s.l., 606
g/cm2) has an high segmentation that allows the detection of air showers with greater detail and lower energy threshold (a
few hundred GeV) compared to other EAS arrays. The spectrum of theprimary Cosmic Ray light (p+He) component in
the energy range∼10 - 100 TeV is measured selecting quasi-vertical showers with the reconstructed core position located
in a 40×40 m2 fiducial area. The results are compared with other measurements carried out with direct methods.
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1 Introduction

There is a general consensus that Cosmic Rays (CRs) up
to the ”knee” (∼3·1015 eV) originate in Galactic Super-
nova Remnants accelerated by the first order Fermi mech-
anism in shock waves. The theoretical modelling of this
mechanism can reproduce the measured spectra and com-
position of CRs. The bulk of primary CRs at the energies
well below the knee are proton and helium nuclei. Recent
measurements carried out by the balloon-borne CREAM
experiment [1, 2] show that the proton and helium spectra
from 2.5 to 250 TeV are both flatter compared to 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 mea-
surements. In addition, the proton and helium fluxes mea-
sured by CREAM are consistent with the measurements of
JACEE [4] and higher, particularly for helium, with respect
to RUNJOB [5]. The evolution of the proton and helium
spectra and their subtle differences can be an indication of
the contribution of different populations of CR sources op-
erating in environments with different chemical composi-
tions [6].

In the knee region the measurements of the CR primary
spectrum are carried out only by EAS arrays and the cur-
rent experimental results are still conflicting. In the stan-
dard picture the mass of the knee is light [7, 8] being due
to the steepening of the p and He spectra. However, in-
creasing the altitude of the experiment locations the aver-
age mass of the knee increases as well. In fact, the results
of the Tibet ASγ and the BASJE experiments, located at
4300 m a.s.l and at 5200 m a.s.l. respectively, favour a

heavier composition because the proton component is no
more dominant at the knee [9, 10].

Therefore, protons are the key component for understand-
ing the origin of the knee. In addition, precise knowledge
of their fluxes may allow one to calculate the yield of rare
secondary CRs as antiprotons and positrons and establish
the expected fluxes of the atmospheric neutrinos. Data in
the TeV range are important for the neutrino-induced up-
ward muon calculations.

Additional information on the proton spectrum has been
obtained from the high energy branch of the sea level
muon spectrum [11] and from the energy spectrum of the
hadronic component in EAS[12]. A measurement of the
Cherenkov light yield at different core distances in EAS
performed by the EAS-TOP and MACRO experiments has
been used to infer the helium flux at 80 TeV, resulting twice
larger than that obtained by JACEE [7].

The ARGO-YBJ detector is well suited to study the spec-
trum of the ”light component” at energies<100 TeV by
exploiting its digital readout. In addition, by exploitingthe
analog readout, the experiment is able to extend its ener-
getic range up to the knee. The capability to measure the
CR spectrum over more than 3 energy decades (TeV-PeV)
makes ARGO-YBJ the only experiment suitable to anchor
ground-based data to direct measurements.

In this paper we report on the measurement of the spec-
trum of the primary CR light (p+He) component in the en-
ergy range∼10 - 100 TeV selecting quasi-vertical showers
(zenith angleθ < 15◦) with the reconstructed core position
located in a 40×40 m2 fiducial area. The results are com-
pared with measurements carried out with direct methods.
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2 The ARGO-YBJ experiment

The detector is composed of a central carpet large∼74×
78 m2, made of a single layer of Resistive Plate Cham-
bers (RPCs) with∼93% of active area, enclosed by a guard
ring partially (∼20%) instrumented up to∼100×110 m2.
The apparatus has a modular structure, the basic data ac-
quisition element being a cluster (5.7×7.6 m2), made of
12 RPCs (2.8×1.25 m2 each). Each chamber is read by
80 external strips of dimension 6.75×61.8 cm2 (the spatial
pixels), logically organized in 10 independent pads of area
55.6×61.8 cm2 which represent the time pixels of the de-
tector. The readout of 18360 pads and 146880 strips is the
experimental output of the detector [13]. The relation be-
tween strip and pad multiplicities has been measured and
found in fine agreement with the Monte Carlo prediction
[13]. In addition, in order to extend the dynamical range
up to PeV energies, each chamber is equipped with two
large size pads (139×123 cm2) to collect the total charge
developed by the particles hitting the detector [14]. The
central carpet contains 130 clusters (hereafter, ARGO-130)
and the full detector is composed of 153 clusters for a total
active surface of∼6700 m2. Due to the small pixel size, the
detector is able to record events with a particle density ex-
ceeding 0.003 particles m−2, keeping good linearity up to
a core density of about 15 particles m−2. This high gran-
ularity allows a complete and detailed three-dimensional
reconstruction of the front of air showers with an energy
threshold of a few hundred GeV. Showers induced by high
energy primaries (> 100 TeV) are also imaged by the ana-
log read-out of the large size pads [14].

The whole system, in smooth data taking since July 2006
firstly with ARGO-130, is in stable data taking with the full
apparatus of 153 clusters since November 2007 with the
trigger condition Ntrig = 20 pads and a duty cycle≥86%.
The trigger rate is 3.5 kHz with a dead time of 4%.

3 Data analysis

The reconstruction of the shower parameters is split into
the following steps. First, the shower core position is de-
rived with the Maximum Likelihood method from the lat-
eral density distribution of the secondary particles [15].In
the second step, given the core position, the shower axis
is reconstructed by means of an iterative unweighted pla-
nar fit able to reject the time values belonging to the non-
gaussian tails of the arrival time distributions. Finally,a
conical correction with a slope fixed toα = 0.03 ns/m is
applied to the surviving hits in order to improve the angu-
lar resolution [16].

The analysis reported in this paper refers to events col-
lected in 2009 after the following selections: (1) more than
251 strips on the ARGO-130 carpet; (2) zenith angle of
the shower arrival direction less than 15◦; (3) reconstructed
core position inside area Afid=40×40 m2 centered on the
detector. This selection provides that the contamination
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Figure 1: Event rates before (blue points) and after (red
points) the correction of barometric and bad pad effects
(see text for details).

of external events erroneously reconstructed inside Afid is
less than 15% and the reconstruction efficiency>85%.

In addition, a sample of high quality runs has been selected
by requiring that the total number of pads dead or with a
counting rate less than 50% of the mean value (”bad” pads)
is less than 3%. In such a way only runs with less than
about 500 bad pads (over 15600) have been used in the
analysis. We also excluded from the analysis all data with
a pressure value larger than 3 standard deviations from the
mean value. This leads to a data set of about 250 days.

The measured event rate is modulated on a long time period
by the fluctuations of the shower development and instru-
mental response. In order to correct these effects, the corre-
lation with atmospheric pressure and temperature has been
investigated. We found, as expected, the barometric effect
dominant. In Fig.1, for example, the rate of all the events
starting from the trigger threshold Ntrig = 20, without any
core selection, is shown by blue points. The horizontal axis
represents the time elapsed from January 1, 2009 counted
in bins of 1 day. The rates are normalized at a definite num-
ber of efficient pads and at the nominal pressure at YBJ site,
following the relation

R = R0 [1− α(N −N0)] e
−β(p−p0) (1)

where R0 is the daily measured rate, N is the number of bad
pads whose mean number is N0=425,p is the daily pressure
value and p0 = 606 g/cm2 is the nominal pressure at the
YBJ site. The two coefficientα andβ are, respectively, the
spectral index of the pad spectrum and the coefficient for
the barometric effect. The normalized rate is showed by
the red points in Fig.1.

The FWHM of the corrected rate distribution is about±

2%. However, we note some “runs” with rate much scat-
tered from the average. A check of the detector conditions
confirms that this effect is due to failures of the electron-
ics as, for instance, a change of the threshold level of the
RPC front-end, or a defect in the low voltage supplies of
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Figure 2: Barometric coefficient versus the strip multiplic-
ity for events with zenith angleθ ≤ 15◦ and reconstructed
core in Afid.

the readout system. We excluded from the analysis all the
data with a trigger rate outside the interval±3% from the
mean value. The gaps in the data stream correspond to
maintenance periods. The selected events have been di-
vided into ”differential classes” defined by strip multiplic-
ity ∆Ns. The width of the fired strip bins corresponds to
∆Log(Ns) = 0.2. For each bin, the measured rate has been
corrected for the previous effects, for the dead time (4%)
and for the average pad efficiency (95%). In Fig.2 the baro-
metric coefficientβ as a function of the shower multiplicity
for quasi-vertical events (θ ≤ 15◦) is shown. The coeffi-
cient exhibits a dependence on the strip multiplicity.

4 Monte Carlo simulation

The air shower development in the atmosphere has been
simulated with the CORSIKA v. 6.7.2 code [17]. The elec-
tromagnetic interactions are described by the EGS4 pack-
age while the hadronic interactions above 80 GeV are re-
produced by the QGSJET-II.03 model. The low energy
hadronic interactions are described by the FLUKA pack-
age. Cosmic rays have been generated in the energy range
from 100 GeV to 4 PeV according to different spectra given
in [2, 3]. About∼109 showers induced by protons, helium
nuclei, CNO group and heavy nuclei have been sampled
in the zenith angle interval 0◦ - 15◦. The secondary par-
ticles have been propagated down to cut-off energies of 1
MeV (electromagnetic component) and 100 MeV (muons
and hadrons). The experimental conditions (trigger logic,
time resolution, electronic noises, relation between strip
and pad multiplicities, etc.) have been taken into account
via a GEANT3-based code. The core positions have been
randomly sampled in an energy-dependent area large up to
3.5·103 × 3.5·103 m2, centered on the detector. Simulated
events have the same format used for the experimental data
and are analyzed with the same reconstruction code.
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Figure 3: Effective areas for proton-, helium- and CNO-
induced showers with Ns > 400 as a function of the pri-
mary energy.

The effective area Aeff (E,>Ns), for events with core in-
side the fiducial area, is shown in Fig. 3 for showers with a
strip multiplicity Ns > 400. These values are folded with
the energy spectrum of each primary nucleus, to obtain the
expected rate for each primary massi

Ri(> Ns) =

∫
Φi(E) Aeff,i(E,> Ns) dE dΩ (2)

The expected integral rate of quasi vertical showers in-
duced by protons, helium and CNO nuclei with CREAM
spectra, reconstructed inside the fiducial areaAfid, is
shown in Fig. 4.

The main contribution to the expected rate is provided by
proton primaries. The contribution of the other nuclei in-
creases with the strip multiplicity of the event. The relative
fractions (in% of the total)RP /RHe/RCNO/Rheavy are
67.6/28.2/2.7/0.7 in the first multiplicity bin (∆NS = 251-
398) and 51.2/40.4/5.4/2.4 in the last multiplicity bin (∆NS

= 6310 - 10000) for CREAM spectra. Proton- and helium-
induced showers contribute to the rate for more than 90% in
the whole strip multiplicity range. The CNO contribution
is < 7%, heavier nuclei contribute less than 3%.

5 Comparison with data

To obtain the light (p+He) component spectrum, we sub-
tracted from the data the contribution of heavy elements,
CNO, MgSi and Fe, calculated with the spectra shown in
Fig. 4. In Fig. 5 the experimental event rate, without
the contribution of heavy nuclei, is shown as a function
of the strip multiplicity (stars) and compared to the ex-
pectations according to CREAM, Ḧorandel, JACEE and
RUNJOB (p+He) spectra. The rate has been multiplied
by N1.25. The median energy for proton- (helium-) in-
duced showers ranges from 4.5 (9) TeV (∆NS = 251-398)
up to 56 (90) TeV (∆NS = 6310-10000). The statisti-
cal error on data is negligible, while the systematic uncer-
tanty is estimated± 10%, mainly due to the reconstruc-
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Figure 4: Expected integral rate of quasi vertical events
with core in the fiducial areaAfid induced by protons, he-
lium and CNO nuclei, calculated with spectra obtained by
fitting the CREAM data.
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Figure 5: Comparison between the experimental data
(stars) and the differential expected rates according to dif-
ferent spectra. The solid line is the best fit to data (see text
for details).

tion of the core position. The different lines in Fig. 5 are
best fits with the following spectral indices: -1.25±0.03
for data (solid line), -1.21±0.03 for Ḧorandel spectrum
(short-dashed line), -1.32±0.03 for RUNJOB spectrum
(dot-dashed line), -1.26±0.02 for JACEE spectrum (long-
dashed line) and -1.15±0.03 for CREAM spectrum (dotted
line). The uncertainties associated to different measure-
ments are not shown in Fig. 5.

6 Conclusions

The high segmentation of the full coverage ARGO-YBJ de-
tector and its location at high altitude allow the detection
and the reconstruction of air showers induced by primary
CRs of energies< 100 TeV. Selecting quasi-vertical show-
ers with core located on a fiducial area inside the ARGO-

YBJ central carpet, a sample of events mainly induced by
proton and helium primaries is obtained.

The ARGO-YBJ data are consistent with JACEE and
Hörandel expectations for what concern slope and flux and
disfavour the RUNJOB helium measurement.

For the first time a ground-based measurement of the CR
light component spectrum overlaps data obtained with di-
rect methods for about two energy decades, providing a
solid anchorage to the CR primary spectrum measurements
in the knee region carried out by EAS arrays.

References

[1] H. S. Ahn et al.,ApJ Letters714, 2010, L89-L93.
[2] Y. S. Yoon et al.,ApJ728, 2011, 122-129.
[3] J.H. Hörandel,Astrop. Phys.19, 2003, 193-220.
[4] K. Asakimori et al.,ApJ502, 1998, 278-283.
[5] A.V. Apanasenko et al.,Astrop. Phys.16, 2001, 13-

46.
[6] D. Caprioli et al.,Astrop. Phys.34, 2011, 447-456.
[7] M. Aglietta et al.,Astrop. Phys.21, 2004, 223-240.
[8] W.D. Apel et al.,Astrop. Phys.31, 2009, 86-91.
[9] M. Amenomori et al.,Phys. lett.B632, 2006, 58-64.

[10] H. Tokuno et al.,Astrop. Phys.29, 2008, 453-460.
[11] Lagutin et al., Proc. of the29th ICRC, Pune6 (2005)

77-80 (astro-ph/0507017).
[12] M. Aglietta et al.,Astrop. Phys.19, 2003, 329-338.
[13] G. Aielli et al.,NIM, A562, 2006, 92-96.
[14] M. Iacovacci et al,, Proc. of the31st ICRC(2009).
[15] G. Di Sciascio et al., Proc. of the28th ICRC, Tsukuba

(2003) 3015-3018.
[16] G. Di Sciascio et al., Proc. of the29th ICRC, Pune6

(2005) 33-36.
[17] D.Heck et al.,Report FZKA6019 (1998).


