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We present a detailed account of our analysis on ultrahigh-energy cosmic-ray double-coreg-family events
observed in emulsion chambers at mountain levels. Extending the leading-order perturbative QCD jet calcu-
lations for hadron-hadron collisions to hadron-nucleus collisions by including nuclear effects, we performed a
Monte Carlo simulation of cosmic-ray particle interaction and propagation in the atmosphere. We find a
significant excess of event rates at large transverse momenta with respect to our prediction based on pertur-
bative QCD. The excess cannot be accounted for by a compositeness model of quarks with a characteristic
energy scale lower limitLc.1.4 TeV or a possible value ofLc.1.6 TeV from the CDF at the Fermilab
Tevatron. We discuss possible onset of new physics indicated by the large discrepancy atElab;1042105 TeV,
an energy region beyond the reach of existing colliders but within the range of future hadron colliders such as
the proposed Large Hadron Collider at CERN.@S0556-2821~97!06823-9#

PACS number~s!: 13.85.Tp, 12.38.Qk, 12.60.Rc, 96.40.De

I. INTRODUCTION

Several emulsion chamber experiments installed on
mountain tops at high altitudes have taken data for more than
a decade. The major goals of these experiments are to search
for new high-energy phenomena and to explore the mecha-
nism of nuclear collisions in an energy regime not yet acces-
sible to current accelerators or colliders. A typical atmo-
spheric cosmic-ray event registered in such experiments is
the so-calledg family. A g family consists of a bundle of
high-energy particles incident on the chamber in almost the
same direction. Each observed particle in a family has a vis-
ible energy above the threshold of the detector~usually
;224 TeV!. A g-family event contains the electromagnetic
component near the core of an atmospheric cascade resulting
from cosmic-ray interactions with the atmospheric targets.
Efforts have been made by several groups of authors@1–3#
to extract useful information from theg-family phenomenon
about characteristics of multiparticle production in hadron-
hadron interactions as well as information about the spec-
trum and composition of primary cosmic rays at lab energy
of 101521017 eV.

Several classes of exotic events with unusual features
have been reported, indicating new physics of the strong in-
teraction at energies at least one order of magnitude higher
than that of current accelerators. Examples are Centauro~and
mini-Centauro! events, coplanar~or cluster alignment!
events, concentric~or ringlike! events, and double-core~or
binocular! events. Of a particular interest one is the double-
core events in which most particles or energy flows in a
family are spatially distributed in two clusters. Two experi-
mental groups have consistently found that;7% of g fami-

lies exhibit such a behavior. It has been pointed out that the
two cluster configuration of cosmic-ray events has a connec-
tion to high transverse momentum (pT) jet production@4#.
Since then several detailed analyses have shown that the
QCD-jet production is indeed the physics that is responsible
for the double-core structure. For coplanar structure, expla-
nations were suggested based on QCD-jet production by
Halzen and Morris@5# and based on single diffractive disso-
ciation by Heet al. @6#.

In a recent Letter@7#, we briefly reported the major results
of our studies of double-core phenomena. We emphasized
the significant excess of event rates at large transverse mo-
menta with respect to the prediction of perturbative quantum
chromodynamics~PQCD!. In this paper, we present a de-
tailed account of our systematic analysis of cosmic-ray
double-core events with additional new calculations of gen-
eral properties ofg-family events. In Sec. II, we discuss
some general features of cosmic-ray study of the strong in-
teraction, focusing on issues that we want to address in this
paper. Section III briefly reviews the experimental aspects of
g-family observations at mountain levels. In particular, we
discuss the selection criteria of double-core events and the
data set we used in this analysis. Section IV is devoted to a
presentation of the interaction models used in our Monte
Carlo simulations. It includes discussions of the PQCD cal-
culation of high-pT physics and a conventional model of
low-pT physics of hadron-hadron interactions, our treatment
of nuclear effects in hadron-nucleus interactions, and an ef-
fective theory of the compositeness of quarks. In Sec. V, we
outline our Monte Carlo simulation ofg-family phenomena,
including the interaction and propagation of cosmic-ray par-
ticles in the atmosphere, and the response of detectors. In
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Sec. VI, we compare our simulation results with the data
including the general properties ofg-family events and the
special features of double-core events. After discussing pos-
sible onset of new physics indicated by double-core events,
we summarize our conclusions and present additional com-
ments in Sec. VII.

II. STUDY OF NEW PHYSICS
FROM g-FAMILY PHENOMENA

To study the underlying physics of exotic phenomena in
ultrahigh energy cosmic-ray events, it is very important to
consider the background and fluctuations carefully. This be-
comes even more critical forg-family phenomena as can be
seen in the following.

Particles recorded in a family event are products of mul-
tiple collisions and cascades of primary cosmic-ray particles
in the atmosphere above the observational level. Multiple
particle production plays an essential role in the formation of
g families. The cascade feature as well as the bias in the
observation leads to the indispensability of the Monte Carlo
simulation of the interaction, decay, and propagation of
ultrahigh-energy cosmic-ray particles in the atmosphere. The
Monte Carlo method appears to be the best way so far to
compare the model predictions with the data under the same
biased condition. Moreover, a variety of uncertainties in-
volved in the multiparticle production model requires a
Monte Carlo generator to simulate the interaction process.

We have pointed out before@6,8# that one of the features
of the study of hadronic interactions byg families is the
biased detection. There are many reasons for biased record-
ing. First of all, the particles observed in emulsion chambers
are the products of multiple successive interactions and cas-
cades in the atmosphere rather than one single interaction.
Our simulation showed that forg-family events with visible
energies (Eg510021000 TeV they experience;526
times as many collisions on average during their propagation
in the atmosphere. The thick atmosphere target above the
observation level ~5002600 g cm22) corresponds to
;9212 mean free paths for hadron-nucleus interactions at
these energies. Therefore, events having fewer interactions
during their propagation, lower multiplicities in each reac-
tion, and slower energy attenuation in the atmosphere would
have larger recording probability in emulsion chambers. Sec-
ondly, the energy threshold is quite high~usually ;224
TeV!. As a consequence of this high threshold, the Feynman
variable xF spectrum of observed particles is much flatter
than that of all particles produced in one interaction, showing
that most of the particles with smallxF are absorbed during
the atmospheric propagation and only a small fraction of the
particles in the fragmentation region is observed. More pre-
cisely, if we define the region withxF larger than 0.05 as the
fragmentation region, we find that more than 95% particles
recorded in ag-family event are in the fragmentation region
and less than 5% are in the central region due to fluctuations
in every interaction. Therefore, it is very important to know
the energy dependence of the behavior in the fragmentation,
because the way in which the energy is subdivided into in-
dividual hadronic interactions determines how far showers
penetrate into the atmosphere. Finally, our simulation shows
that most of the particles (>90%) recorded in emulsion

chambers have pseudorapidity in center-mass-system
hc.m.s..4, i.e., the extremely forward region of small angles.
Furthermore, more than half of the particles recorded have
hc.m.s..6, a difficult region to observe in a collider experi-
ment. This leads to the claim that cosmic-ray experiments
and collider experiments are complementary to each other in
terms of sensitive phase space.

Therefore, it is clear that eachg-family event recorded in
emulsion chambers does not correspond to a single interac-
tion. Nevertheless, it has been shown that observables attain-
able in these experiments are still sensitive to characteristics
of cosmic-ray interactions with atmospheric target nucleus.
For example, the intensity ofg families at a given observa-
tional level is determined by the inelastic cross section, mul-
tiplicity, inelasticity for hadronic interactions, and their en-
ergy dependences. The lateral spread ofg rays in a family is
related mainly to the mean value ofpT in the primary inter-
actions as well as the primary composition.

It is of particular interest to note that the observablex12 in
double-core events appears to be an indicator of the trans-
verse momentum in the interaction of cosmic-ray particles
with the atmospheric target. Experimentally,x12 is defined
asR12AE1E2 whereE1 andE2 are energies of the two clus-
ters andR12 is the distance between the two clusters. The
existence of events with unusually largex12 implies highpT
particle production in the fragmentation region. In order to
explain the double-core family data obtained from Kanbala
and Chacaltaya experiments, we use a conventional model of
hadronic interactions as a starting point. We built a hadron-
hadron inelastic interaction model in two sectors:single-
diffraction ~SD! dissociation and non-single-diffraction
~NSD! dissociation. We developed a hard1soft two-
component model for the NSD interaction. The dynamics of
high-pT jet production in the hard component which is the
essential mechanism responsible for cluster phenomena is
described by perturbative QCD. The soft process is phenom-
enologically described by a modified version of the geomet-
ric model proposed originally by Chou and Yang@9#. The
failure of this conventional model to explain the largex12
events would indicate the possible onset of new physics.

In the QCD parton-parton scattering, we include the direct
production of high-pT mesons due to a higher twist correc-
tion of QCD @10#. Because the production cross section is
proportional toas

3f p
2 , the enhancement in the production of

high-pT particles due to this process is found to be<1024

compared to the leading order contribution. We therefore
conclude that higher twist correction could not be important
for the excess of event rates at highpT . Higher order cor-
rections in perturbative QCD calculations are not included in
our present calculations. From the recent calculation of Giele
et al. @11#, it appears that the next-to-leading order correc-
tions become important at Fermilab energies and make sig-
nificant contribution in the region of high transverse mo-
menta and large rapidities. We shall comment on the effect
of the next-to-leading order corrections on the rate of double-
core events in Sec. VII.

We extend this two component model to hadron-nucleus
collisions by taking into account nuclear target effects. The
expectation is that the nuclear effects will have important
contribution to the enhancement of high-pT particle produc-
tion by multiscattering. The most significant one is the so-
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called Cronin effect. Experiments@12# have shown that the
cross section for high-pT process inpA interactions is en-
hanced compared to that inpp interactions by a factor of
Aa(pT). The exponent indexa(pT) has been found to be
greater than unity in the high-pT region. For this reason, the
effect is also called abnormal nuclear enhencement~ANE! of
high-pT production. This type of enhancement has been
found at both the jet level and particle production level. We
include this nuclear effect in our simulation model for both
hard and soft components.

We also consider new physics that might be responsible
for high-pT particle production at higher energies. In particu-
lar, we introduce the effective theory of quark compositeness
as a new physics mechanism. The even harder scattering
between preons produces even higher-pT particles.

III. DOUBLE-CORE g-FAMILY EVENTS AND DATA SETS

Four large-scale emulsion chamber experiments have
been carried out for more than one decade. They are experi-
ments on Mt. Kanbala~5500 m! @2#, Mt. Chacaltaya~5200
m! @1#, Mt. Pamir~4300 m!, and Mt. Fuji~3750 m! @2#. The
total accumulated collecting power has been up to;5000
m2 yr for the four experiments. In each experiment, emul-
sion chamber is composed of multilayers of photosensitive
films interleaved with plates of absorbers~lead or iron!. Each
photosensitive layer contains highly sensitive x-ray films or
the combination of x-ray films with nuclear emulsion plate
~the use of emulsion is for calibration!. The total thickness of
a chamber is about 14 radiation lengths or more, so that each
chamber is suitable for detecting the electromagnetic compo-
nent (g rays and electrons! in cosmic-ray showers. An elec-
tron or a photon~electromagnetic component, abbreviated as
g ray hereafter! incident on the chamber initiates an electro-
magnetic cascade inside the chamber. The development of
the cascade is recorded as a series of black spots on the x-ray
films ranging over several layers in the chamber. With a
calibration using emulsion plates, the optical density of
showers on every layer of x-ray film represents the shower
longitudinal profile. If theg ray has an initial energy higher
than 4 TeV, measurements of its longitudinal development
permit the determination of its energy to within 20% accu-
racy based on the cascade theory. For ag ray, the detection
efficiency is nearly 100% as long as its energy is higher than
4 TeV. For hadrons, only those interacted inside the chamber
and induced electromagnetic showers can be detected. There-
fore, the detection efficiency for the hadronic component is
much lower than 100% and the detection threshold is higher
than that forg rays, depending on the structure of the cham-
ber. Cascade showers in each family are statistically identi-
fied as two categories:g rays and hadrons. In principle, a
chamber is equivalent to a shower calorimeter. The lack of
timing information in this passive calorimeter does not count
as a disadvantage here because of the extremely low event
rates (;0.3 m22 yr 21). In Fuji and Kanbala experiments,
simple structure chambers are used. In these experiments,g
rays are identified as showers with starting depth less than 6
radiation lengths, with no accompanying successive interac-
tions in the chamber, and others are identified as hadrons. In
the other two experiments, in order to detect hadrons more
efficiently two chambers separated by light target material

~carbon blocks! are used. A sophisticated procedure is
adopted to distinguish hadrons fromg rays. The detail of
experimental issues can be found in Refs.@1,2#, and refer-
ences therein.

A family event is experimentally identified by requiring
that showers of family members are parallel to each other.
The direction of a family is determined by zenith angle and
azimuthal angle to within 0.1 rad@2#. Family events are clas-
sified into two groups:g families and hadron families. The
former consists of onlyg rays and the latter of bothg rays
and hadrons. The study of these family phenomena is the
major subject of emulsion chamber experiments.

All the groups found that there are about 10% of theg
families in whichg rays distribute in a clear multiple cluster
pattern. The most probable case is double-core structure,
which counts to about 7% of totalg families.

An algorithm of clustering was introduced to describe the

cluster behavior ofg-family events@1,13#. Let Ei ,rW i be the
energy, position of thei th photon,Ri j the distance between
the i th and j th photons, andN the number of photons in a
family. All those notations with a subscriptc instead ofi or
j are for the corresponding quantities of a cluster. One cal-
culates x i j 5AEiEjRi j between the two photons. If
xmin[min$x i j ,(i , j 51,2, . . . ,N)% is less than a given cutoff
value x0, e.g., 40 TeV cm@2#, the i th and j th particles are
then combined into one cluster. The cluster is assigned
to a new energyEi1Ej and a new position at the energy-

weighted center of those two particles (EirW i1EjrW j )/(Ei1
Ej ). The procedure is repeated untilxmin>x0 or all members
in the family are combined into a single cluster, i.e.,Nc51.
After clustering, the following additional criteria are applied:
~1! For each cluster,Ec>10 TeV; ~2! the total energy of
clusters should be more than 80% of the total energy of the
family, i.e., (Ec>0.8(Eg ; and~3! min$Rlk ,(l ,k51,2, . . . ,
Nc ,lÞk)%>5max$^r c&k ,~k51,2, . . . ,Nc)%, in which ^r c&k is
the average lateral spread of thekth cluster weighted by the

energy of its members, i.e.,( i {curW i2rWcuEi /(Ei .
Only the Chacaltaya and Kanbala Collaborations have

made their systematic reports on double-core events. Kan-
bala Collaboration reported four double-core events in Ref.
@2#. The group reported two additional events in Ref.@14#.
Among these six events, there are five satisfying our criteria.
These double-core events were all found among theg-family
data set obtained by the Kanbala experiment in exposures
during the years 1980–1986 with a total collecting power of
420 m2 yr. The total number ofg-family events with
(Eg>200 TeV accumulated during this period is on the
order of 80. The Chacaltaya Collaboration reported 21
double-core events obtained from exposures of 400 m2 yr in
Ref. @1#. Among these 21 events, there are 12g-family
events with(Eg>100 TeV ~seven events are hadron fami-
lies and two events have(Eg,100 TeV!. The total number
of g-family events was not reported by the Chacaltaya group
in their paper. Based on the collecting power of the experi-
ment, we estimate that the totalg-family events with
(Eg>100 TeV is on the order of 200. We found that the
frequency of the double-core events is consistent between
these two experiments (;7%).
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IV. INTERACTION MODEL: CONVENTIONAL AND NEW

A. Hadron-hadron interaction model

We divide inelastic hadron-hadron collision into single-
diffractive ~SD! dissociation and non-single-diffractive
~NSD! dissociation two sectors. The cross section for the
inelastic interaction at a given lab energyElab can be ex-
pressed as

s inel~Elab!5sSD~Elab!1sNSD~Elab!. ~4.1!

It is experimentally known thats inel increases with energy as
ln2Elab. It has been found thatsSD(Elab) also increases with
energy as ln2Elab, as shown in Fig. 1. Based on cross sec-
tions measured at CERN Intersecting Storage Rings~ISR!

@15#, CERN Super Proton Synchrotron~Sp p̄S! @16#, and
Fermilab Tevatron @17#, the high-energy behavior of
sSD(Elab) can be fitted by

sSD~Elab!5@a11a2ln~Elab/1 GeV!

1a3ln2~Elab/1 GeV!#s inel~Elab!, ~4.2!

with a150.140, a2520.0215, a350.00441, and
x251.6/NDF, shown as the curve in Fig. 1.

For the SD dissociation, we use a Monte Carlo generator
developed based on the longitudinal phase space model. This
Monte Carlo generator has been demonstrated to be a good
description of the SD process at the CERNSp p̄S energies
@18#.

The NSD process is described by a hard1soft two-
component model@19#. The hard component is characterized
by the jet production due to parton-parton scattering. The
high-pT jet production can be precisely calculated with per-
turbative QCD for hard partonic scatterings. The ‘‘hardness’’
condition is given quantitatively in terms of minimum trans-

verse momentum cutoffpT
min . In this work, we setpT

min54
GeV c21. The choice of this cutoff transverse momentum is
constrained by the requirement of the unitarity in total inelas-
tic cross section. For those scatterings in which the momen-
tum transfer is lower than this cutoff, perturbative QCD is
incorrect and not applicable. For soft interactions, we use a
modified version of Chou-Yang model. This version of
Chou-Yang model has been demonstrated to be able to re-
produce the data of the multihadron production in NSDpp
collision at CERNSp p̄S energies@30,31#.

In our QCD calculation of jet production, the evolution of
partons before the hard scattering is introduced by the
Q2-dependence of structure function, whereQ2 is the
squared momentum transfer in hard scattering between par-
tons, and is taken as (pT/2)2. We choose the updated version
of the parametrization of the distribution function made by
Morfin and Tung@20# f (x,Q2), where x is the fractional
momentum carried by a parton. The QCD scale parameter
LQCD is determined by the latest measurement ofas(Q

2) for
Q25mZ

2 at CERN e1e2 collider LEP @21#. The inclusive
cross section for jet production is given by

d2s

dpTdh
~pp→ jet1X!5ppTeh(

a,b
E dx1dx2f a~x1 ,Q2!

3 f b~x2 ,Q2!ŝ
dŝ

d t̂
~ab→cd! ~4.3!

in which the summation runs over all possible parton scat-
tering subprocesses. The subscattering cross section is given
as

ŝ
dŝ

d t̂
~ab→cd!5

pas
2~Q2!

ŝ
um~ab→cd!u2d~ ŝ1 t̂1û!.

~4.4!

The squared invariant amplitude of 2→2 scattering between
partonsum(ab→cd)u2, can be found for the tree-level cases
in Ref. @22#.

The calculated inclusive jet cross sections as a function of
pT in different pseudorapidity intervals are compared with
data from UA2@23# in Fig. 2. The agreement between our
calculations and the data is quite impressive. It should be
noted that our calculation includes only the leading order
PQCD.

The total inclusive cross section fortwo-jet production is
obtained by integrating Eq.~4.3! over all the kinematically
allowed phase space. The exclusive cross sectionspp

jet (pT.4
GeV c21) is simply the half of the total two-jet cross section
because only two jets are produced above thepT threshold in
the entire energy region to which the emulsion chamber ex-
periments are sensitive. Our calculated cross section is plot-
ted in Fig. 3, together with the data from UA1@24#. The
difference between the calculation and the UA1 data reflects
the fact that UA1 data were obtained with a lowerpT cutoff
@19#. In the same figure, we also present the total inelasticpp

cross sectionspp
inel . We plot the data from ISR,Sp p̄S, and

Tevatron as well as the parametrization of the Particle Data
Group@25#. The cross section for thepure soft ppinteraction
is obtained as the difference betweenspp

inel and spp
jet (pT.4

GeV c21) shown as the dashed curve. The cross section for
the pure soft cross section obtained in this way increases

FIG. 1. The cross section for single diffractive~SD! dissociation
in pp collision as a function of energy. The ISR data@15# are
sketched by the shaded area as low-energy reference points. The

curve is the fit to the data from UA4 atSp p̄S @16# and from E710
at Fermilab Tevatron@17#.
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with energy fromAs520 to 1500 GeV and then decreases
with energy onward. As the result of the simplified assump-
tion of two-jets, we overestimate the high-pT jet production
at high energies. As we will show later, even though such an
overestimated jet production cross section is used in our
analysis, the event rates at largepT still cannot be accounted
for by the conventional model of hadron-hadron interactions.

We developed a Monte Carlo algorithm to generate the
hadronization of jets based on the independent fragmentation
scheme@26#. Since the detector makes no distinction among
various hadrons, it is assumed in our generator that only
pions are produced in the hadronization process. This allows
us to simplify particle yields of various types. There are only
two types of jets, jets of quarks and jets of gluons, needed to
be considered in the algorithm. In particular, a gluon is
treated as a pair of independent quark and antiquark. The
splitting function@27#

f ~x!5
3

2
@x21~12x!2# ~4.5!

controls the distribution of gluon energy, wherex represents
the fractional energy carried away by the quark.

The fragmentation of quarks is controlled by the fragmen-
tation function with the following parametrization@28#:

f ~z!5@11c~Q2!#~12z!c~Q2!, ~4.6!
FIG. 2. The inclusive cross section for the jet production in

various windows of pseudorapidityh as a function ofpT for p̄p
collisions atAs5630 GeV. The UA2 data are taken from Ref.@23#.
The curves present our perturbative QCD calculations.

FIG. 3. The energy dependence of various cross sections inpp

and p p̄ collisions in our two-component model. UA1@34# mea-
sured the jet production cross section withpT

min53 GeV c21. Our
calculation withpT

min54 GeVc21 is represented as thick solid line.
The cross section for pure soft scattering~dashed line! shows a
decrease withAs. The data and parametrization of the total cross
section for inelastic scattering~thin solid line! are taken from@25#.

FIG. 4. Fractional momentum distribution of secondaries for
hadron production ine1e2 annihilation. Histograms are our calcu-
lations forAs522 GeV~dotted line! and 91 GeV~solid line!. Data
are taken from@29#.
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in which z is the ratio of the light-cone variableE1pi of the
daughter hadron to that of the mother quark. TheQ2 depen-
dence of parameterc(Q2) reflects the evolution of the quark
in the final state. The transverse momentum of produced
hadrons is assumed to follow a Gaussian. Its widths(Q2,z)
is a function ofQ2 andz due to the evolution of quarks and
the correlation between the longitudinal and transverse mo-
menta of the jet fragmentation. The remaining quarks have
the same transverse momentum but in the opposite direction.
The fragmentation procedure is repeated for the remaining
quarks until its light-cone variable goes below the mass of
mesons. To guarantee the conservation of the energy and
momentum of the fragmenting system, we adopted an addi-
tional procedure@26#. All parameters involved in the jet frag-
mentation are determined by fitting the hadronic production
data ine1e2 annihilation. Our fragmentation scheme repro-
duces data from MARK II, TASSO, and LEP@29# reason-
ably well, as shown in Figs. 4 and 5. The fragmentation of
spectators is assumed to follow a soft law.

The geometrical model of Chou and Yang@9# is used to
describe the soft interaction. This model assumes that par-
ticles produced in a hadronic scattering with a certain impact
parameter are stochastically distributed in the phase space.
The overall contribution in interactions with various impact
parameters gives a single particle inclusive distribution:

E
d3s

dp3 5Kg~pT!e2E/Tp, ~4.7!

in which Tp is the so-called partition temperature,g(pT) is
the cutoff factor inpT , and K is an overall normalization
factor. A Monte Carlo generator based on this model has
been developed by Dinget al. @30# and refined by Cao and
Ding @31#. It reproduces most of the data atSp p̄S energies.
A set of parameters involved in this model has been carefully
extrapolated to higher energies. In the present work, we use
this model to generate thesoft hadronic scattering. The en-
ergy dependences of thepT cutoff factor and partition tem-
perature have been carefully considered.

Let us denote the particle density in phase space element
as (dn/dpT

2dh)s , in which the subscripts refers to the con-
tribution to NSD process from different sources. It is obvious
that the particle density in NSD process is the statistical av-
erage of various components: pure soft~PS!, fragmentation
of spectators~beam!, and fragmentation of jets:

S dn

dpT
2dh

D
NSD

~As!5psS dn

dpT
2dh

D
PS

~As!

1phS dn

dpT
2dh

D
beam

~As2Ejet!

1phS dn

dpT
2dh

D
jet

~As!, ~4.8!

FIG. 5. Rapidity distribution of secondaries for hadron production ine1e2 annihilation. Histograms are our calculations forAs529 GeV
~lower! and 91 GeV~upper!. Data are taken from@29#.

7366 56Z. CAO, L. K. DING, Q. Q. ZHU, AND Y. D. HE



in which, ph5spp
jet (As)/sNSD(As) and ps512ph give the

relative probability of jet production and pure soft hadronic
scattering,As is the total energy in the hadron-hadron center-
of-mass system, andEjet is the energy carried by the jets.
With the approximation ofAs2Ejet;As for the fragmenta-
tion of spectators, the density distribution for pure soft pro-
cess can be calculated using Eq.~4.8!. Namely, we used the
measured distribution for NSD and calculated distribution
from our Monte Carlo code of PQCD calculation and had-
ronization of jets to determine the particle density inpure
soft scattering. The resulting distribution in each energy in-
terval is then fitted by Eq.~4.7!. All parameters in the model
can be determined in this way. ThepT cutoff factor is deter-
mined to be forpT,pT

min

g~pT!5
1

pT
ea1pT~B1ea21bpT

2
!, ~4.9!

in which, parametersa1, a2, b, andB depend on the total
energy of the interaction. The partition temperatureTp is
determined to be a power law of the interaction energy

Tp50.17~As!0.701. ~4.10!

It should be noted that the above treatment of the soft
interaction may, to some extent, oversimplify the case. How-
ever, we want to emphasize that the focus of the present
study is on high-pT jet production; the simplified model does
not affect our conclusions. This hard1soft two-component
model reproduces all the data for NSDpp collision mea-
sured at accelerator energies. In Fig. 6, we compare the cal-
culated Feynman variable (x) distribution with data taken at
CERN ISR energies@32#. Figure 7 shows a comparison of
the calculated pseudorapidity (h) distributions of charged
secondaries with data from UA5 and UA7@33#. Figure 8 is
the calculatedpT distribution in comparison with data from
UA1 and CDF@34#. It is conceivable that over such a wide
energy range from 53 GeV to 1.8 TeV, our model agrees
with a variety of data quite well.

This model serves as conventional building blocks in our
analysis ofg families. Most of statistical behaviors ofg
families can be reproduced using this model in the Monte
Carlo simulation ofg families.

B. Hadron-nucleus interaction model

In the atmosphere the cosmic-ray particle interaction
takes place with the target of air nuclei. Therefore, we need
to develop hadron-nucleus interaction model. Applying the
independent nucleon hypothesis, we extend the hadron-
hadron interaction model to a hadron-nucleus interaction by
including nuclear target effects. This phenomenological ap-
proach has been proved to be successful. Among the various
nuclear effects, the abnormal nuclear enchancement~ANE!
effect is the most important one. The ANE effect has been
studied by several experiments@12#. Measurements have
been made for ANE at both the jet final state level and single
hadron final state level. The data for these two cases are
summarized in Figs. 9 and 10, respectively. The ANE expo-
nent indexaF shown as the vertical axis in these figures is
defined by

E
d3s

dp3 ~pA→F1X!5AaF~pT!E
d3s

dp3 ~pp→F1X!,

~4.11!

where the final stateF refers to either jet or single hadron
(ptl). The inclusive cross section forpp collision in Eq.
~4.11! is given by Eq.~4.3! for jet production and by Eq.
~4.7! for single particle production. The obtained ANE pa-
rameters from experimental data as a function ofpT ~in units
of GeV c21), aF(pT), can be expressed as

a jet~pT!50.66710.04173
~110.333pT!2

110.000653pT
2.5

~ for pT.4 GzeVc21!,

aptl~pT!50.76610.175pT20.0203pT
2

~ for pT<4 GeV c21!. ~4.12!

These fittings are shown as solid lines in Figs. 9 and 10.
To extrapolate Eq.~4.12! to the ultrahigh energy region

for the cosmic-ray air shower simulation, we made the fol-
lowing two additional assumptions.~1! aF(pT) is indepen-
dent of energy. This assumption is valid in the narrow energy
range that has been experimentally studied from 70 to 400
GeV, but is no longer valid when energy reaches 800 GeV
@35#. Since the new data at 800 GeV has, in fact, shown a
weaker effect in comparison with that at 400 GeV, the as-
sumption overestimates the ANE effect at higher energies.

FIG. 6. Distribution of Feynman variable of secondary hadrons
in pp collisions. The data are reported in differentpT regions for
total inelastic scattering at CERN ISR@32#. Our calculation is car-
ried out only with the NSD scattering.
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~2! The function forms ofa jet andaptl in the fragmentation
region which cannot be measured in collider experiments are
the same as those measured in the central region.

Multijet production is another nuclear target effect in our
extension from pp interaction model topA interaction
model. Integrating Eq.~4.11! over the phase space for
F5 jet, with mean nucleon numberA514.5, the inclusive
cross section for jet production inpp scattering
s incl(p1A→ jet1X) could be greater than the total inelastic
cross section inpA scattering determined by other cosmic-
ray experiments as@36#

s inel
p-air5290 mb S Elab

1 TeVD k

. ~4.13!

In Eq. ~4.13!, Elab is the energy of incident proton in labora-
tory frame. The exponentk is in the range of 0.0420.06 and
a value of 0.055 is taken in this paper. According to the
geometric scaling law and the consideration of a possibility
of multiscattering of the incident proton off the nucleons in
target nucleus, the hard component ofpA interaction is
treated as a multijet production. The average multiplicity of
jets is determined as

FIG. 7. The pseudorapidity distribution of secondary hadrons inp̄p collisions at CERNSp p̄S. The experimental data@33# are from UA5
at small h and from UA7 at largeh ~triangles!. The solid lines are our calculations for different energies and the dashed line is our
calculation forh.5 at As5630 GeV.

FIG. 8. Transverse momentum spectra of secondaries inp̄p
collisions at the different rapidity windows from CDF and UA1
@34# in comparison with our calculations. Note that our model re-
produces the data well in the high-pT region.

FIG. 9. ANE indexa jet of the jet final state in thepA interac-
tion. Data are for 400 GeV proton scattering on lead and aluminum
targets. Our extrapolation function gives a behavior ofa jet at higher
pT but there is no effect on thepp scattering in the fragmentation
region.
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^njet&5
s incl~p1A→ jet1X!

s inel
p-air

, ~4.14!

and the distribution of number of jets is assumed to be uni-
form.

Another nuclear target effect considered in our model is
that the inelasticity of hadron-nucleus scattering is 10– 20 %
greater than that of hadron-hadron scattering@37#. We ne-
glect other nuclear effects such as the nuclear shadowing on
the parton distribution function at smallx @38# and possible
jet quenching resulting from final state interaction@39#. Be-
cause a relative largepT cutoff, 4 GeVc21, is taken in our
PQCD calculation, hard scattering between partons with
small x would mainly contribute to the jet production in the
center region. Therefore, the shadowing effect is negligible
in our analysis. The interaction of final state of the hard
scattering is also not important in our analysis because the
target nucleus in the atmosphere is not heavy and the original
energy of out going parton is sufficiently high~at least 4
GeV!.

C. Quark substructure model

When one seeks a mechanism to explain the high event
rates at unreachable high transverse momenta by the ordi-
nary interaction model, it is natural to guess that the interac-
tion probably takes place at a more fundamental level. From
the point of view of current QCD parton model, it would be
the substructure of quarks. To introduce the mechanism into
our Monte Carlo simulation, we use a model of the compos-
iteness of quarks developed by Eichtenet al. @40#. It is as-
sumed that quarks and leptons are composed of preons. The
interaction between the preons is described by a metacolor
gauge field. This non-Abelian field is similar to the color
force between quarks and is asymptotically free and infrared
confining. The inverse of the size of composited constituents
provide a characteristic energy scaleLc as a parameter of the

model. If the interaction energyAŝ were much smaller than
Lc , the quark would interact each other as a whole particle,

otherwise, whenAŝ>Lc , the compositeness of quarks
would manifest itself in the interaction, subsequently, an en-
hancement of the high-pT particle production would be ex-
pected. Eichtenet al. @40# have pointed out that the compos-
iteness of quarks could be searched for in the study of jet
production as an excess in thepT spectrum of jets with re-
spect to the prediction of QCD.

Without knowing any detail of the interaction between
preons, an effective Lagrangian of four-fermion direct con-
tact interaction term~CT! can be written as

Lqq5
g2

2Lc
2
h0 q̄ LgmqL q̄LgmqL , ~4.15!

in which g is the coupling constant of a metacolor field and
is usually taken asg2/4p51 by choosing an appropriate
parameterLc ; h0 is a phase factor which could beuh0u51
as its maximum and is taken as21 for the constructive
interference case in our calculation.

The contribution to the differential cross section for jet
production due to Eq.~4.15! is an additional term to the
squared amplitude of quark scattering:

um~ab→cd!u25 f QCD~ ŝ, t̂ ,û;as!1 f CT~ ŝ, t̂ ,û;as ,Lc!.
~4.16!

The explicit formulas ofum(ab→cd)u2 can be found in
Refs. @40# and @41#. The inclusive cross section for jet pro-
duction is calculated using Eqs.~4.3! and~4.4!. The appear-
ance off CT enhances the cross section for jet production at
high pT . As Lc→`, f CT vanishes and the calculation returns
to pure PQCD@40#.

Several experimental groups have searched for the signal
of the substructure of quarks at the highest-energy colliders.
All of them obtained null results, and the lower limits onLc
have been placed. For example, UA2 group@23# reported
Lc.825 GeV obtained in thep p̄ collision at CERNSp p̄S;
and CDF group@42# at Fermilab Tevatron has reported
Lc.1.4 TeV atAs51.8 TeV, the most stringent limit ob-
tained so far. We note that the latest result reported by CDF
indicates a possible value ofLc.1.6 TeV @43#.

It is obvious that the inclusion of the quark substructure in
our hadronic interaction model leads to the enhancement of
the high-pT particle production. The degree of the enhance-
ment depends sensitively on the value ofLc assumed. Forg
families, the case becomes complicated and less obvious be-
cause of the biased recording due to the high-energy thresh-
old of the detector. It is critical for us to ask whether the
effect of quark substructure affects significantly the behavior
of particle production in the fragmentation region. A Monte
Carlo calculation has been carried out to prove that there
really is a detectable effect in the fragmentation region, e.g.,
uhu.4, due to the compositeness of quarks, as shown in Ref.
@44#.

V. MONTE CARLO SIMULATION OF ATMOSPHERIC
INTERACTION AND PROPAGATION

When an ultrahigh-energy cosmic-ray particle, e.g., a pro-
ton, enters the atmosphere, it collides with a nucleus in the
atmosphere and produces secondary particles. About 1/3 of

FIG. 10. ANE indexaptl of the single hadron final state inpA
interaction. Data@12# from different experiments, target materials
and interaction energies are plotted. They show a clear indepen-
dence of energy from 70 to 400 GeV, especially in the regionpT,4
GeV c21.
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the secondaries would bep0, which immediately decay into
photons and the photons subsequently induce electromag-
netic cascades in the atmosphere. The charged secondaryp6

would either interact with an air nucleus or decay into muons
during its flight. The leading particles that carry a significant
fraction of incident energy (12 inelasticity! and some sec-
ondary particles will induce successive interactions. When
the g rays and hadrons reach the observational level, only
those whose visible energies are higher than the detector
threshold (;4 TeV! would be recorded.

A. Monte Carlo simulation code

A full Monte Carlo code is developed to simulate the
propagation process. The interaction models described above
are applied to multiparticle production in the propagation.
The electromagnetic cascade induced by each photon pro-
duced in the decay ofp08s is also simulated with a full Monte
Carlo code. Our codes are designed to track every particle in
those two kinds of cascades until it reaches the observational
level or its energy becomes less than the threshold of the
detector. The type, energy, position, and direction of all the
registered particles are stored. Because the detector only dis-
tinguishes electromagnetic component against hadrons, it is
blind in detailed particle identification. This simplifies the
simulation to a great degree. For example, we assume that
leading particles are protons and all charged secondaries are
pions. Once a charged pion decays, it is no longer tracked.
The vertices~including the strong interaction, decay,e1e2

pair production of the photon, and the bremsstrahlung of

electron! are determined with corresponding free path distri-
bution of pA, pA, lifetime, electromagnetic interaction, and
the local density of atmosphere. The U.S. Standard Atmo-
sphere Model is adopted to estimate the density.

B. Primary cosmic-ray composition and spectra

The energy spectra and chemical composition of primary
cosmic rays are important input in the study ofg family at
ultrahigh energies. The direct measurement of the spectra
and composition made possible by balloon-borne experi-
ments such as JACEE reaches only a few times 1014 eV/
particle@45#. Above this energy, the cosmic ray composition
was indirectly obtained by using various techniques such as
underground muon detectors@46#, extensive air shower ar-
rays @47#, and the Fly’s Eye observatory@48#. These results
are, to a large extent, subject to the correctness of the inter-
action model used and the adequateness of the method ap-
plied, even though the all-particle spectrum has been ro-
bustly determined by these techniques. It is well known that
there exists a sudden steepening~‘‘knee’’ ! of the spectrum
with an exponent index from22.67 changing into23.00,
around 3500 TeV. So far, the composition around the
‘‘knee’’ with our concern (101521017 eV! remains largely
unknown. Hence, we have to extrapolate the direct measure-
ments to higher energies. A conventional procedure of the
extrapolation would be guided by the rigidity cutoff model.
All the data at thevery highenergy mentioned above, are
fitted with a function formAE2n for each of the seven
groups of cosmic rays, i.e., the proton, helium, medium,
lightly heavy, medium heavy, very heavy nuclei, and iron
groups. The corresponding mean charge numberC, coeffi-
cient A, and spectrum indexn are listed in Table I. All the
spectra are extended to higher energy over the ‘‘knee’’ re-
gion with a sharp bending atCEb according to the rigidity
cutoff model and the differential spectrum index is con-
stantly 3.0 for all the seven groups after the bending. The
energyEb at which the spectrum of proton is bent is deter-
mined to be 537 TeV. The absolute intensities of the seven
groups and the fitting of the data are shown in Fig. 11. The
percentageR(.E) of each individual group in the all-
particle flux above 103 and 105 TeV are also listed in the
Table I.

C. Detection of shower particles

A simple procedure is developed to simulate the response
of the emulsion chamber. The geometric center of an air

FIG. 11. Differential energy spectra of cosmic rays. The thin
lines of different styles correspond to different components. The
summation of them~thick solid line! fits the EAS data@47#.

TABLE I. The composition and energy spectrum parameters of cosmic rays. The differential spectrum
takes the formAE2n below the bending energyCEb . Above the bending energy, all components have
n53.0. R(.103 TeV) andR(.105 TeV) are the relative abundance of each individual component above
103 and 105 TeV, respectively.

p He M LH MH VH Fe

C 1 2 7 12 17 23 26
A 1.10 0.871 0.309 0.507 0.0076 0.0125 0.105
n 2.70 2.79 2.64 2.70 2.47 2.52 2.60
R(.103 TeV) 23.6 7.1 24.4 17.1 7.1 5.7 15.0
R(.105 TeV) 13.4 4.0 20.3 16.6 11.4 10.1 24.3
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shower is randomly sampled over the area covered by the
emulsion chamber. Only those events with the number of
photons greater than 4 are considered as observable families.
All photons and electrons in a family are assumed to be
detectable with 100% efficiency. For a hadron in the family,
the vertex of the first interaction in the chamber is sampled
according to the interaction cross section of proton or pion
with the absorber of the chamber~usually Pb!. If the first
vertex is too deep, e.g., the distance to the bottom of the
chamber is less than 4 radiation lengths, the hadron is unde-
tected because there is not enough material for the shower to
develop. If the first vertex is too shallow, e.g., less than 6
radiation lengths, the hadron is misidentified as a photon.
The experimentally determined ‘‘visible’’ energy for such a
photon is that carried by the neutral component of the
shower. Our Monte Carlo shows that the visible energy is
about 40% of the inelastic interaction energy which is deter-
mined stochastically by the inelasticity of hadron-lead inter-
action. The energy of all ‘‘photons’’ in ag family are
summed as the total energy of the family. We only count
events with(Eg.200 TeV for the Kanbala experiment and
(Eg.100 TeV for the Chacaltaya experiment.

VI. SIMULATION RESULTS AND COMPARISON
WITH DATA

We obtained about a million air shower samples at Mt.
Kanbala and Mt. Chacaltaya levels. A small fraction of the
samples obtained with the mixed primary cosmic ray com-
position was used to study the general properties of family
events. The Monte Carlo samples are compared with all the
available data about general characteristics ofg families in
detail. This provides a basic reference point for the interac-
tion model. Since nearly all double-core events are found to
be induced by protons@2#, we performed our Monte Carlo
simulation for double-core events with only the samples ini-

tialized by protons. Imposing the final selection criteria, we
have about;6500g-family samples with(Eg.200 TeV at
Chacaltaya and;9000 g-family samples with(Eg.100
TeV at Kanbala. Three sets of simulations have been carried
out assuming~1! the basic model with QCD jet production,
~2! the hadron-nucleus interaction with the inclusion of
nuclear target effects, and~3! the model with the inclusion of
quark compositeness. A comparison of them with the data is
presented as follows.

A. General properties of g-family events

The intensity ofg-family events is an important observ-
able in emulsion chamber experiment. It is believed that the
absolute intensity would depend on the total inelastic scatter-
ing cross section of a cosmic-ray particle with atmospheric
nuclei, the inelasticity of the interaction, and the composition
of cosmic rays. Given the composition of cosmic rays and
their interaction cross sections with atmospheric nuclei de-
termined by other experiments, we obtained the energy spec-
trum of the family events via Monte Carlo simulations. The
calculated family intensity is consistent with the data ob-
served by the Kanbala experiment@2# as shown in Fig. 12.
This agreement confirms that our two component interaction
model, including the enhanced jet production and the nuclear
effects, gives a correct overall description of the ultrahigh-
energy interaction in the forward region. Although the Chou-
Yang model has a well-known feature of breaking down the
Feynman scaling, the model of the SD and NSD processes
implemented by careful consideration of enhanced inelastic-
ity for pA collisions describes correctly the attenuation prop-
erty of the ultrahigh-energy air shower in its propagation.

The lateral spread ofg families is another important ob-
servable in the Kanbala experiment@2#. Two variableŝ R&
and ^ER& are introduced as a measure of the average trans-
verse momentum for all secondaries in hadron-nucleus inter-

FIG. 12. Flux of theg-family events versus total energy of the
g family at Kanbala altitude. The uncertainty of our calculation is
attributed to the statistical fluctuation and difference in model as-
sumptions.

FIG. 13. Average lateral spread of theg family ^R& for all
events versus total energy of theg family at Kanbala altitude. The
uncertainty of our calculation is attributed to the statistical fluctua-
tion and uncertainties in our model assumptions.
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actions. They are of particular relevance to the study of
double-core events. The measurements of^R& and^ER& ver-
sus (Eg serve as a constraint to possible overall enhance-
ment of high-pT particle production in the model. These two
observables are calculated and are shown in Figs. 13 and 14
as a function of the total energy of theg family. The uncer-
tainties, represented as the shadow areas in these figures, are
due to differences between model assumptions together with
statistical fluctuation. It is seen that our simulation agrees
with the data reasonably well except for a slight overestimate
for high-energy families. It is also found that^ER& agrees
with the data better than̂R&. This might be attributed to an
experimental bias by which some possible members of a
family are simply missed in the scanning just because they
locate too far away from the center of the family@2#.

Particles in Monte Carlo family samples show the ten-
dency of multicluster structures. This feature becomes more
significant after applying the procedure of clustering as de-

scribed in Sec. III. The distribution of the number of clusters
in a family is compared to the data reported by the Kanbala
group@2#. They agree with each other. As shown in Fig. 15,
the distribution is not very sensitive to the changes in the
interaction model. It is found that about 12% of theg fami-
lies have cluster structures, a frequency that is remarkably in
agreement with the data.

In summary, the overall agreements of our simulation
with the general features of theg families observed in the
Kanbala experiment are established. The confidence of our
model gained in this comparison put us in a position to pur-
sue further study of the double-core phenomenon.

B. Properties of double-core events

For families with two clusters, the so-called double-core
events, there are more observational quantities reported by
experimental groups. The compilation of experimental data
sets obtained by the Kanbala and Chacaltaya Collaborations
is described in Sec. III. The integral frequency spectra of the
observablex12 are plotted in Figs. 16 and 17 for Kanbala and
Chacaltaya, respectively. The vertical axes of these figures
represent the ratio of the number of double-core events with
.x12 to the number of all family events. The solid curves in
those two figures show the prediction of our basic model

FIG. 14. Average lateral spread of theg family ^ER& for all
events versus total energy of theg family at Kanbala altitude. The
uncertainty of our calculation is attributed to the statistical fluctua-
tion and difference in model assumptions.

FIG. 15. Distribution of average number of clusters in ag fam-
ily for all the Kanbala data.

FIG. 16. Distribution ofx12 of double-core events in Kanbala
experiment. Corresponding simulation results based on the basic
model~solid curve! and the model with the ANE effect are plotted.

FIG. 17. Distribution ofx12 of double-core events in Chacaltaya
experiment. Corresponding simulation results based on the basic
model~solid curve! and the model with the ANE effect are plotted.
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with the PQCD jet production. We find huge excesses of the
event rates over the prediction in both sets of data. In the
region of x12,300 TeV cm, the model reasonably repro-
duces the data. However, at largex12 around 1000 TeV cm,
the prediction is almost one order of magnitude lower than
the data. In general, the uncertainty of the PQCD calculation
is smaller than one order of magnitude. The huge discrep-
ancy between the data and our model prediction has to be
caused by some certain physical processes.

We also examined the correlation between the total en-
ergy of two clusters and the spatial distance between them.
Figure 18 shows the scattering plots for the Kanbala data.
Some of our Monte Carlo samples are also plotted for com-
parison. The population of the scattering points relatively
concentrates at the corner with lower energy and shorter dis-
tance. Double-core families havingR12.20 cm are rarely
found in our Monte Carlo samples. In the Kanbala data,
event K5618 is located far away from the main population.
In our Monte Carlo events, even the sample size is a factor of
10 larger than the experimental data, there are only five
events withR12.25 cm and only one withR12;30 cm.

VII. CONCLUSIONS AND DISCUSSIONS

The distribution ofx12 and the relation betweenE11E2
and R12 for double-core events from both the Kanbala and
Chacaltaya experiments areinconsistentwith the prediction
from the Monte Carlo simulation based on the extrapolation
of conventionalphysics. The discrepancies are so large that
neither the uncertainties involved in our interaction models,
nor the statistical errors of the data are sufficient to account
for them. We have to attribute them to the possible onset of

certain physical mechanisms which have not been included
in our interaction models.

Nuclear target effects are expected to make a considerable
contribution to the high event rates at largex12. The results,
plotted as the dashed curves in Figs. 16 and 17, show that
nuclear target effects indeed increase the event rates at large
x12. But they are certainlynot enough to explain the data. It
should be pointed out that nuclear target effects are included
in our current calculation in such a way that the production
of high-pT particles are already overestimated, as we dis-
cussed in Sec. IV.

Recent calculations of next-to-leading order PQCD by
Gieleet al. @11# call for the attention to the significant impact
on two-jet differential cross sections where one of the jets
has large c.m. rapidity and highpT . The enhancement of jet
cross sections relative to the leading order calculations
clearly increases with the increasing rapidity and transverse
momentum of the jet. For instance, the enhancement is up to
a factor of 2 in the region of 10<pT<20 GeVc21 andh>4
to which the cosmic ray experiments are sensitive. Although
the effect of this enhancement on the rate of cosmic-ray
events could not be accurately evaluated due to the compli-
cations of multiple interactions of cosmic-ray interactions
and biased detection in emulsion experiments, our estimate
indicates that it could not contribute to event rates at
x12;1000 TeV cm by more than one order of magnitude.
Therefore, it seems that the existing more than one order of
magnitude excess of the data over the model prediction is
hardly accounted for by solely including higher order correc-
tions in PQCD calculations. A careful evaluation based on
Monte Carlo simulations with next-to-leading order QCD jet
production will be performed in the future.

The effect of the compositeness of quarks is introduced
using an effective model with a scaleLc . The corresponding
simulation with a set of choices ofLc includingLc51.4 ~the
latest upper limit frompp collider experiments! is carried
out. The enhancement of the prediction in thex12 distribu-
tion is readily seen in Fig. 19 for Kanbala and Fig. 20 for
Chacaltaya. The calculation results using a conventional

FIG. 18. The correlation betweenE11E2 and R12 for double-
core events observed in the Fuji~F! and Kanbala~K! experiments.
The simulation is carried out only for Kanbala altitude. K5618 is
the event with the greatestx12. Cross indicate the only Monte
Carlo event with a long distant between cores.

FIG. 19. Integral flux of double-coreg-family events withx12

observed in emulsion chambers installed on the top of Mt. Kanbala,
in comparison with our calculations. Data are compiled from Refs.
@2,14#.
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model are also plotted in the same figures for comparison. It
is noted that the effect of subquark structure is not enough to
be the only reason for the excesses.

The scale of subquark structure is lowered in an attempt
to fit the data. In Figs. 19 and 20, the results corresponding to
Lc5500 and 100 GeV are plotted, respectively. The experi-
mentalx12 distributions are marginally fitted by the simula-
tion with a very low scaleLc5100 GeV. We found one
event withR12;30 cm out of 93 Monte Carlo double-core
events at Kanbala level, shown as crosses in Fig. 18.

Thex12 distributions predicated by models with the quark
compositeness are closer to the data than those produced by
models without the quark compositeness. The degree of the
deviation decreases with a decreasing characteristic energy
scale Lc . This indicates that the mechanism of subquark
structure could account for the deviation observed inx12
distributions and in the correlation betweenE11E2 andR12.
But it cannot be the only reason because calculations with
Lc.1.4 TeV allowed by the latest collider experiments are
not sufficient to explain the data. For the quark substructure
to be the only reason for this discrepancy, the date would
require an unrealisticLc as low as 100 GeV.

Even though 100 GeV may be an unrealistic energy scale

for quark compositeness as indicated by current collider ex-
periments, the study gives us an idea that how large the
transverse momentum could be needed in the hadron-nucleus
interaction in order to explain the double-core phenomenon.
In a more general sense, the inclusion of the quark substruc-
ture model is used to estimate quantitatively what kind of
meanpT andpT distribution the data require as an important
feature of the possible new physics. We emphasize that the
family events are results of successive particle productions.
A value of the quarkpT is sampled in every interaction in the
simulated air showers. It is found that a stronger enhance-
ment is expected atpT.10;20 GeVc21 in the fragmenta-
tion region of hadron-hadron or hadron-nucleus interaction,
although it is really a smallpT comparing that in center
region. It is proved that there is only 1% enhancement in jet
production withpT;10 GeV c21 in the fragmentation re-
gion uhu.4, due to the effect of subquark at ultrahigh energy
@44#.

In our present work, the high-pT jet production in the
central region is introduced by using the subquark model
with Lc5100 GeV. The explanation of the double-core phe-
nomenon may involve new mechanism for high-pT particle
production in the forward region. In this regard, new physics
in connection with SD process or the fragmentation of spec-
tators with high-pT valence quarks would be interesting to
explore. For example, the study of the so-called hard single
dissociation with aJ/c production might be of potential in-
terest.

Finally, we point out that the energy region in which we
observe that discrepancy can be explored in the next genera-
tion of colliders such as the Large Hadron Collider~LHC!. It
seems to be particularly feasible to study the new physics
indicated by our analysis with a wide acceptance detector
system designed for the dedicated study of forward physics
at the LHC @49,50#. In such a detector system, the signal
could be readily detectable as a large departure from the
standard QCD, as a consequence of either the quark compos-
iteness or other new physics.
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