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Abstract: Correlations among three components in the air-showers, i.e., air-shower size, burst-size and accom-
panied family energy, observed by Chacaltaya hybrid experiment, are studied by comparing those of simulated
data. Burst-density in each block of hadron calorimeters, located at the center of air-shower array, are newly cal-
culated using the GEANT4 simulation code in oder to compare directly to the experimental data. Air-shower size
is also recalculated using EGS4 in the CORSIKA package and also taking into accounts contributions of scin-
tillator response of gamma-ray component in the air-shower. It is shown no model can describe well observed
correlations between burst-size and family energy. The burst-density of the events accompanied by atmospher-
ic family is systematically larger than expectation and also the observed family energy accompanied by the air-
showers with larger burst-size is systematically smaller than that expected in the simulated events. Effects of a
fluctuation in the cross-section of hadronic interactions are studied to settle the disagreement between experimen-
tal data and simulations. Inclusion of the fluctuation of the cross-section makes less attenuation of energy flow
of the hadronic component in the air-shower and explains some characteristics of the experimental data.
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1 Introduction
The hybrid experiment, operating simultaneously an air-
shower array, a hadron calorimeter and an emulsion cham-
ber at Mt. Chacaltaya (5200m, Bolivia)[1, 2], have been
shown that the characteristics of the observed air-shower
events in the energy region 1015 ⇠ 1017 eV can not be
fully explained simply by changing chemical composi-
tion of primary particles. In the hybrid experiments, we
can obtain air-shower size, Ne, from the air-shower ar-
ray data, particle-density, nb, which are closely connected
to the hadron component in the air-shower, from hadron
calorimeter (burst detector) and the energy and geomet-
rical position of individual high energy electromagnetic
particles of atmospheric families by the emulsion cham-
ber. Correlations between air-showers and accompanying
families were studied by comparing experimental and sim-
ulated data using Chacaltaya data [3, 4] together with
the data of the other two hybrid experiments, Tibet AS
(Yang-bajing , 4300m, China)[5, 6] and Tien-Shan (3340m,
Kazakhstan)[7] . Although details of the experimental pro-
cedure are different in these hybrid experiments the results
are found to be almost the same[4]. In the papers[8, 9] we
have also shown some results on the correlation between
burst-density and accompanied family energy observed by
the Chacaltaya hybrid experiment. It is found that the ex-
perimental data are not well explained by the current mod-
el calculations. In the previous analysis, air-shower size

was estimated simply by using NKG option in CORSIKA
simulation. Here, we recalculated air-shower size by using
EGS4 of electromagnetic cascade and also burst-density
taking into accounts the detection response of the experi-
ment, based on the GEANT4 simulation[10].

2 Hybrid experiment at Mt.Chacaltaya
The air-shower array covers a circular area within a radius
about 50 m by 35 plastic scintillation detectors to mea-
sure the lateral distribution of electron density of the air-
showers. In the center of the air-shower array, 32 blocks
of emulsion chambers (0.25 m2 each) are installed. Each
block of the emulsion chamber consists of 30 lead plates
each of 0.5 cm thick and 14 sensitive layers of X-ray film
which are inserted after every 1 cm lead. The total area of
the emulsion chambers is 8 m2. Hadron calorimeters with
plastic scintillator of 5cm thick are installed underneath the
respective blocks of the emulsion chamber. A 2 cm thick
iron support is inserted between the emulsion chamber and
the hadron calorimeter. Details of the Chacaltaya hybrid
experiment are described in Refs.[1, 2]
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3 Simulations
3.1 Air-shower size
For generating extensive air-showers and families we use
the CORSIKA simulation code (version 6.980) [11] em-
ploying the QGSJET model (QGSJET01c)[12] for the
cosmic-ray nuclear interaction. Primary particles of E0 �
1015 eV are sampled respectively from the power low en-
ergy spectrum of integral power index �1.8, for pure pro-
tons and pure irons, and also from the energy spectrum of
primary cosmic rays with proton dominant (PD) and heavy
dominant (HD) chemical composition. The thinning ener-
gy in the calculations in the air-showers is fixed to be 10
GeV. Shower size, Ne, at the observation level is calcu-
lated taking into accounts detector response of low ener-
gy electromagnetic particles. The shower size increases by
25% compared with the previous calculations[8, 9] using
NKG option. The increase of shower size is mainly due to
the contribution of scintillator response from low energy
gamma-rays, because gamma-rays also give some energy
deposit in the scintillator by electromagnetic interactions.
Here we use default values in the CORSIKA code for the
low energy cut-off of hadrons and muons, i.e., Ecut = 0.3
GeV but we use Ecut = 0.001 GeV for electromagnetic
particles. Air-shower center is randomly sampled within a
area of ±2.5 m in X and Y direction from the center of 32
hadron calorimeters.

3.2 High energy showers in the atmospheric
families

For high energy (e, )-particles and hadrons of E � 1
TeV in the atmospheric families arriving at each emulsion
chamber, we calculate further nuclear and electromagnet-
ic cascade development inside the chamber taking into ac-
count the exact structure of the emulsion chamber. We use
a code formulated by Okamoto and Shibata for high ener-
gy electromagnetic cascade[13]. The electron number den-
sity under every 1 cmPb is converted into spot darkness
of the X-ray film. Then the energy of each shower is re-
estimated from the shower transition on spot darkness by
applying the procedure used in the experiments.

3.3 Calculation of the burst-density
Hadron calorimeters detect a bundle of charged particles,
which are produced in the emulsion chamber material
mainly by the hadron component in the air-shower through
the local nuclear interactions. We use GEANT4 code[10]
with QGSP model for hadronic interactions for calculating
the burst-density. We calculate nuclear and electromagnet-
ic cascades in the emulsion chamber and the energy de-
posit in the 5 cm thick plastic scintillator is estimated for al-
l the charged particles (mainly electrons and positrons) and
-rays in the cascade . Actually, the energy deposit is cal-
culated for the hadrons (pions, protons, neutrons and kaon-
s) and also muons and e, with 5 different energies of 10
GeV, 100 GeV, 1 TeV, 10TeV and 100 TeV, and 5 differ-
ent zenith tangent of arrival direction, tan =0.0, 0.2, 0.4,
0.6, 0.8. The distribution of the energy deposit obtained
by the GEANT4 simulations are approximated by numeri-
cal functions. In order to save computing time, the energy
deposit is sampled from the numerical functions for every
particle incident upon the emulsion chamber and is con-
verted into a particle number using average energy loss
(=10MeV) of a single muon in the 5 cm thick plastic scin-
tillator. Finally we get the burst-density, nb, the number of

Fig. 1: Shower-size dependence on the maximum burst-density
normalized by the accompanied air-shower size, nb(max)/Ne.
Large solid circles are for the Chacaltaya data. Lines are for the
simulated events using CORSIKA with QGSJET01 model. Red
lines are for the simulated events taking into accounts the effect
of the cross-section fluctuation with fluctuation parameter =0.3.

particles per 0.25 m2, in each block of 32 hadron calorime-
ters. Details of the procedure for the calculations are given
in the paper[14].

4 Selection of the events
We define nb(max) as the largest burst-density among 32
blocks of hadron calorimeters. In the following we pick up
the events which satisfy the following criteria;

• Ne � 106,

• nb(max)� 104,

• RAS�Bs  1m,
where RAS�Bs is the distance between the burst cen-
ter and the air-shower center,

• more than 10 among 32 blocks have burst-density
nb � 100.

• energy of the accompanied family is ΣE � 10 TeV
(n � 5 with Emin = 2 TeV).

The burst center is determined by the algorithm described
in Ref.[2]. In the Chacaltaya data 62 events are accom-
panied by high energy atmospheric family among 1,037
events which satisfy the above first four criteria in ⇠ 40
m2year exposure of hadron calorimeters. In the following,
we analyze those 62 events accompanied by atmospheric
families.

5 Characteristics of air-showers
accompanied by bursts and families

5.1 Air-shower size and burst size
Figure 1 shows shower-size dependence of the maximum
burst-density normalized by air-shower size, nb(max)/Ne.
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Fig. 2: Correlation diagram between nb(max) and family en-
ergy ΣE in the burst-triggered-families in the air-showers of
106  Ne < 108. Large solid circles are for the Chacaltaya data.
Small dots and open squares are for proton primaries and for iron
primaries, respectively, of the simulated events using CORSIKA
with QGSJET01 model.

As seen in the figure, the maximum burst-density in the ex-
perimental data are systematically larger than that expect-
ed in the simulated events irrespective of the air-shower
size. The distribution is almost independent on the chemi-
cal composition of primary particles though iron-primaries
give a little smaller burst-density for the events with small-
er air-shower size, Ne  107.

5.2 Burst size and family energy
Figure 2 shows a correlation diagram between the maxi-
mum burst density nb(max) and accompanying family en-
ergy ΣE . The experimental data are compared with those
of simulated data of proton- and of iron-primaries by COR-
SIKA/QGSJET01. As naturally expected, the family ener-
gy is roughly proportional to nb(max) in the simulated da-
ta irrespective of the primary particles though the family
energy of the events coming from iron-primaries is smaller
than that from proton-primaries. We can see a lot of the ex-
perimental data are located far from the simulated events
in the diagram. The family energy in the experimental data
is systematically smaller than that of simulated data in the
events with larger burst-density, nb(max) >⇠ 106.

6 Effect of fluctuations in hadron-Air
interaction

It looks as if the fluctuation of event by event is much
more in the experimental data than in simulations as seen
in Figure 2. One of the possible origin of the observed
large fluctuation could be due to a fluctuation in the
cross-section of hadronic interaction. In the paper of Wilk
and Wlodarczyk[15], non-exponential decrease of shower-
starting points of the hadronic showers observed by Pamir
thick lead emulsion chamber, one of the unusual phenom-
ena in cosmic-ray interactions, was explained by intro-
ducing intrinsic fluctuations in cross-section of hadronic

Fig. 3: Correlation diagram between nmaxb and family energy ΣE
in the burst-triggered-families in the air-showers of 106  Ne <
108 in case of introducing fluctuation in the hadron-Air interac-
tion in the simulations, with a parameter of relative fluctuation
N-Air=0.3.

interaction[16]. Here we introduce the same fluctuation
of the cross-section in high-energy hadron-air interactions
and study the effect to the correlation between bursts and
families observed by the hybrid experiment. We apply the
same procedure used in their paper [15] , that is, the cross-
section, (E), of hadron-air interaction is sampled from
the uniform distribution in the interval [1�

p
3 0(E),1+p

3 0(E)]. Here 0(E) is the mean cross-section at the
energy E and is the relative fluctuation of the cross-
section. We assume the parameter �Air for meson-air
interaction is 1.6 times of N-Air for nucleon-air interac-
tion. We apply these modification in the CORSIKA simu-
lation code and calculate air-showers, bursts and high ener-
gy atmospheric families. The results are shown in Figure 3
for the case of N-Air = 0.3. The simulated data scattered
out more widely when the fluctuation of the cross-section
is included in the calculations, though the frequency to ob-
serve the events with larger nb(max) and smaller ΣE at
the same time is still smaller in simulations than that in the
experiment. In Figure 1 we show the shower size depen-
dence of the nb(max)/Ne also for the simulated events in-
cluding cross-section fluctuation. It is seen that the experi-
mental data are well described by taking into accounts the
fluctuation of the cross-section.
Figure 4 shows average longitudinal development of air-

showers, in the form of the number of particles, for the
primary protons and irons of E0 = 1016 eV. Also shown
shown are those for the case including fluctuation of the in-
teraction cross-section. Here we put the cut-off energy is
1 MeV for e+,e� and 300 MeV for hadrons. The shape of
shower development in the case of inclusion of the cross-
section fluctuation is not much different from those with-
out fluctuations. That is, we can not see the effect of the
cross-section fluctuation in the usual air-shower observa-
tions. Figure 5 shows average longitudinal development of
the air-showers in the form of the energy flow of the parti-
cles. Here we apply high energy cut-off, Ecut = 1 TeV both
for e+,e� and hadrons. As seen in the figure, inclusion of
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Fig. 4: Air-shower development in the form of the number of
particles for the primary protons and irons of E0 = 1016 eV.
Broken lines are for e+,e� component with Ecut =1 MeV and
solid lines are for the hadron component with Ecut =300 MeV.
Red lines are for the simulated events taking into accounts the
effect of the cross-section fluctuation with fluctuation parameter
N-Air=0.3.

the fluctuation of the cross-section makes less attenuation
of energy flow, especially of the hadronic component in the
air-shower. The energy flow of the hadron component at
Chacaltaya altitude becomes significantly larger when the
fluctuation of cross-section is taken into accounts. In con-
trast to the hadron component, the energy flow of e+,e�
is almost unchanged even when the cross-section fluctua-
tion is taken into accounts at Chacaltaya altitude. This is
a reason why inclusion of the fluctuation of cross-section
makes more events with larger burst density for given fam-
ily energies.

7 Summary and discussions
The characteristics of the air-showers accompanied by
burst and atmospheric family in their core are studied. The
burst density in those events are considerably larger than
those expected by simulated events. Also the family ener-
gy accompanied by the events with larger burst-density is
considerably smaller than those of simulated events.
Some changes of the characteristics of particle produc-

tion may cause the discrepancy between experimental and
simulated data, but recent results of the LHCf experiment
show the production spectra of secondary particles in p-p
collisions at

p
s = 7 TeV are not much different from those

assumed in current simulation models though no model
can describe well the LHCf data[17]. As an another pos-
sibility, we considered the effect of the fluctuation in the
cross-section of hadron-air interactions. It is found that
the disagreement between experimental and simulated data
at the mountain altitude becomes smaller when the cross-
section fluctuation is taken into accounts.
The air-shower events which are used in the present

analysis are those accompanied by atmospheric families.
The number of those events are less than 10 % of all the
events with Ne � 106 and nb(max)� 104 in the experimen-

Fig. 5: Air-shower development in the form of energy flow of
particles for the primary protons and irons of E0 = 1016 eV, Cut
off energy is 1 TeV for both e+,e� and hadron components.
Symbols are same to those in Figure 4.

tal data, while 30 ⇠ 40 % of the events accompany atmo-
spheric families in the simulated events.
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