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We present a detailed account of our analysis on ultrahigh-energy cosmic-ray doublefaondy 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 limiA.>1.4 TeV or a possible value of.=1.6 TeV from the CDF at the Fermilab
Tevatron. We discuss possible onset of new physics indicated by the large discreppgy 26" — 10° 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 CERS0556-282(197)06823-9

PACS numbes): 13.85.Tp, 12.38.Qk, 12.60.Rc, 96.40.De

I. INTRODUCTION lies exhibit such a behavior. It has been pointed out that the
two cluster configuration of cosmic-ray events has a connec-
Several emulsion chamber experiments installed orion to high transverse momentunp+() jet production[4].
mountain tops at high altitudes have taken data for more thaSince then several detailed analyses have shown that the
a decade. The major goals of these experiments are to sear@CD-jet production is indeed the physics that is responsible
for new high-energy phenomena and to explore the mechder the double-core structure. For coplanar structure, expla-
nism of nuclear collisions in an energy regime not yet accesnations were suggested based on QCD-jet production by
sible to current accelerators or colliders. A typical atmo-Halzen and Morri§5] and based on single diffractive disso-
spheric cosmic-ray event registered in such experiments isiation by Heet al. [6].
the so-calledy family. A v family consists of a bundle of In a recent Lettef7], we briefly reported the major results
high-energy patrticles incident on the chamber in almost thef our studies of double-core phenomena. We emphasized
same direction. Each observed particle in a family has a visthe significant excess of event rates at large transverse mo-
ible energy above the threshold of the detectosually  menta with respect to the prediction of perturbative quantum
~2—4TeV). A y-family event contains the electromagnetic chromodynamicfPQCD. In this paper, we present a de-
component near the core of an atmospheric cascade resultitgjled account of our systematic analysis of cosmic-ray
from cosmic-ray interactions with the atmospheric targetsdouble-core events with additional new calculations of gen-
Efforts have been made by several groups of autfibss] eral properties ofy-family events. In Sec. Il, we discuss
to extract useful information from the-family phenomenon some general features of cosmic-ray study of the strong in-
about characteristics of multiparticle production in hadron-teraction, focusing on issues that we want to address in this
hadron interactions as well as information about the specpaper. Section Il briefly reviews the experimental aspects of
trum and composition of primary cosmic rays at lab energyy-family observations at mountain levels. In particular, we
of 10°-10' eV. discuss the selection criteria of double-core events and the
Several classes of exotic events with unusual featuredata set we used in this analysis. Section IV is devoted to a
have been reported, indicating new physics of the strong inpresentation of the interaction models used in our Monte
teraction at energies at least one order of magnitude highdzarlo simulations. It includes discussions of the PQCD cal-
than that of current accelerators. Examples are Centame  culation of highpt physics and a conventional model of
mini-Centaurg events, coplanar(or cluster alignment low-p; physics of hadron-hadron interactions, our treatment
events, concentri¢or ringlike) events, and double-co@r  of nuclear effects in hadron-nucleus interactions, and an ef-
binoculay events. Of a particular interest one is the double-fective theory of the compositeness of quarks. In Sec. V, we
core events in which most particles or energy flows in aoutline our Monte Carlo simulation og-family phenomena,
family are spatially distributed in two clusters. Two experi- including the interaction and propagation of cosmic-ray par-
mental groups have consistently found thaf % of y fami-  ticles in the atmosphere, and the response of detectors. In
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Sec. VI, we compare our simulation results with the datachambers have pseudorapidity in center-mass-system
including the general properties gffamily events and the 7. >4, i.e., the extremely forward region of small angles.
special features of double-core events. After discussing pos-urthermore, more than half of the particles recorded have
sible onset of new physics indicated by double-core eventsy.,s>6, a difficult region to observe in a collider experi-
we summarize our conclusions and present additional comment. This leads to the claim that cosmic-ray experiments
ments in Sec. VILI. and collider experiments are complementary to each other in
terms of sensitive phase space.

Therefore, it is clear that eacitfamily event recorded in
emulsion chambers does not correspond to a single interac-
tion. Nevertheless, it has been shown that observables attain-

To study the underlying physics of exotic phenomena inable in these experiments are still sensitive to characteristics
ultrahigh energy cosmic-ray events, it is very important toOf cosmic-ray interactions with atmospheric target nucleus.
consider the background and fluctuations carefully. This beFor example, the intensity of families at a given observa-
comes even more critical foy-family phenomena as can be tional level is determined by the inelastic cross section, mul-
seen in the following. tiplicity, inelasticity for hadronic interactions, and their en-

Particles recorded in a family event are products of mul-rgy dependences. The lateral spreag oéys in a family is
tiple collisions and cascades of primary cosmic-ray particlegelated mainly to the mean value pf in the primary inter-
in the atmosphere above the observational level. Multipleactions as well as the primary composition.
particle production plays an essential role in the formation of It is of particular interest to note that the observapjgin
v families. The cascade feature as well as the bias in thgouble-core events appears to be an indicator of the trans-
observation leads to the indispensability of the Monte Carloerse momentum in the interaction of cosmic-ray particles
simulation of the interaction, decay, and propagation ofwith the atmospheric target. Experimentally,, is defined
ultrahigh-energy cosmic-ray particles in the atmosphere. ThasR;,VE,E, whereE; andE, are energies of the two clus-
Monte Carlo method appears to be the best way so far tters andR,, is the distance between the two clusters. The
compare the model predictions with the data under the samexistence of events with unusually large, implies highp+
biased condition. Moreover, a variety of uncertainties in-particle production in the fragmentation region. In order to
volved in the multiparticle production model requires aexplain the double-core family data obtained from Kanbala
Monte Carlo generator to simulate the interaction process. and Chacaltaya experiments, we use a conventional model of

We have pointed out befof@,8] that one of the features hadronic interactions as a starting point. We built a hadron-
of the study of hadronic interactions by families is the hadron inelastic interaction model in two sectosingle-
biased detection. There are many reasons for biased recordiffraction (SD) dissociation and non-single-diffraction
ing. First of all, the particles observed in emulsion chambergNSD) dissociation. We developed a hargoft two-
are the products of multiple successive interactions and casomponent model for the NSD interaction. The dynamics of
cades in the atmosphere rather than one single interactiohigh-p; jet production in the hard component which is the
Our simulation showed that foy-family events with visible essential mechanism responsible for cluster phenomena is
energiesXE,=100-1000 TeV they experience-5—6  described by perturbative QCD. The soft process is phenom-
times as many collisions on average during their propagatiornologically described by a modified version of the geomet-
in the atmosphere. The thick atmosphere target above théc model proposed originally by Chou and Yaf@]. The
observation level (500-600 gcm ?) corresponds to failure of this conventional model to explain the large,
~9—12 mean free paths for hadron-nucleus interactions agvents would indicate the possible onset of new physics.
these energies. Therefore, events having fewer interactions In the QCD parton-parton scattering, we include the direct
during their propagation, lower multiplicities in each reac-production of highpt mesons due to a higher twist correc-
tion, and slower energy attenuation in the atmosphere woultlon of QCD [10]. Because the production cross section is
have larger recording probability in emulsion chambers. Secproportional t0a§ff,, the enhancement in the production of
ondly, the energy threshold is quite highsually ~2—4  highp; particles due to this process is found to 40 4
TeV). As a consequence of this high threshold, the Feynmasompared to the leading order contribution. We therefore
variable xg spectrum of observed particles is much flatterconclude that higher twist correction could not be important
than that of all particles produced in one interaction, showindor the excess of event rates at high. Higher order cor-
that most of the particles with smat} are absorbed during rections in perturbative QCD calculations are not included in
the atmospheric propagation and only a small fraction of theur present calculations. From the recent calculation of Giele
particles in the fragmentation region is observed. More preet al. [11], it appears that the next-to-leading order correc-
cisely, if we define the region witkg larger than 0.05 as the tions become important at Fermilab energies and make sig-
fragmentation region, we find that more than 95% particlesnificant contribution in the region of high transverse mo-
recorded in ay-family event are in the fragmentation region menta and large rapidities. We shall comment on the effect
and less than 5% are in the central region due to fluctuationsf the next-to-leading order corrections on the rate of double-
in every interaction. Therefore, it is very important to know core events in Sec. VII.
the energy dependence of the behavior in the fragmentation, We extend this two component model to hadron-nucleus
because the way in which the energy is subdivided into in<€ollisions by taking into account nuclear target effects. The
dividual hadronic interactions determines how far showersxpectation is that the nuclear effects will have important
penetrate into the atmosphere. Finally, our simulation showsontribution to the enhancement of high-particle produc-
that most of the particles=%90%) recorded in emulsion tion by multiscattering. The most significant one is the so-

Il. STUDY OF NEW PHYSICS
FROM y-FAMILY PHENOMENA
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called Cronin effect. Experimen{d2] have shown that the (carbon blocks are used. A sophisticated procedure is
cross section for higlp+ process inpA interactions is en- adopted to distinguish hadrons fromrays. The detail of
hanced compared to that mp interactions by a factor of experimental issues can be found in Ré¢fs2], and refer-
AP The exponent indexx(p;) has been found to be ences therein.

greater than unity in the high; region. For this reason, the A family event is experimentally identified by requiring
effect is also called abnormal nuclear enhencent®NE) of  that showers of family members are parallel to each other.
high-pr production. This type of enhancement has beenrhe direction of a family is determined by zenith angle and
found at both the jet level and particle production level. Wegzimuthal angle to within 0.1 rd@]. Family events are clas-
include this nuclear effect in our simulation model for both sjfieq into two groups:y families and hadron families. The

hard and soft components. former consists of onlyy rays and the latter of botly rays

We also consider new physics that might be responsible,j hagrons. The study of these family phenomena is the
for high{p+ particle production at higher energies. In partlcu-major subject of emulsion chamber experiments.

lar, we introduce the effective theory of quark compositeness Al the groups found that there are about 10% of e

as a new physics mechanism. The even harder scatterir}gm“ieS in which~ ravs distribute | | ltiole clust

between preons produces even higperparticles. v rays distribute In a clear muftipie cluster
pattern. The most probable case is double-core structure,
which counts to about 7% of totgl families.

lll. DOUBLE-CORE y-FAMILY EVENTS AND DATA SETS An algorithm of clustering was introduced to describe the

Four large-scale emulsion chamber experiments havéluster behavior ofy-family events[1,13]. Let E;,r; be the
been carried out for more than one decade. They are expegnergy, position of théth photon,R;; the distance between
ments on Mt. Kanbald5500 m) [2], Mt. Chacaltaya5200 theith andjth photons, andN the number of photons in a
m) [1], Mt. Pamir (4300 m), and Mt. Fu;ji(3750 m [2]. The  family. All those notations with a subscriptinstead ofi or
total accumulated collecting power has been up~6000 | are for the corresponding quantities of a cluster. One cal-
m? yr for the four experiments. In each experiment, emul-culates xij=VEEjR;; between the two photons. If
sion chamber is composed of multilayers of photosensitiveg, . = min{xi;,(i,j=1.2,...N)} is less than a given cutoff
films interleaved with plates of absorbetsad oriron. Each  yajye y,, e.g., 40 TeV cn{2], theith andjth particles are
photosensitive layer contains highly sensitive x-ray films Ofhen combined into one cluster. The cluster is assigned
the combination Qf x-ray f|Im§ Wlt.h nuclear emluIS|on plate 5 4 new energyE; +E; and a new position at the energy-
(the use of emulsion is for calibratipnThe total thickness of . . > -

a chamber is about 14 radiation lengths or more, so that eaclieighted center of those two particles;(;+Erj)/(E; +
chamber is suitable for detecting the electromagnetic compd=i): The procedure is repeated unjlin=xo or all members
nent (y rays and electronsn cosmic-ray showers. An elec- In the family are combined into a single cluster, ile=1.

tron or a photor{electromagnetic component, abbreviated adifter clustering, the following additional criteria are applied:
v ray hereafterincident on the chamber initiates an electro- (1) For each clusterE.>10 TeV; (2) the total energy of
magnetic cascade inside the chamber. The development &fusters should be more than 80% of the total energy of the
the cascade is recorded as a series of black spots on the x-r@mily, i.e., XE.=0.85E,; and(3) min{R,(I,k=1,2, ...,
films ranging over several layers in the chamber. With aN¢,l #k)}=5max(r.),(k=1,2, ... N}, in which(r) is
calibration using emulsion plates, the optical density ofthe average lateral spread of tkih cluster weighted by the
showers on every layer of x-ray film represents the showegnergy of its members, i.€5;_ o|r; — 1| E; /SE; .

longitudinal profile. If they ray hf';\s an initial_ energy higher Only the Chacaltaya and Kanbala Collaborations have
than 4 TeV, measurements of its longitudinal developmenp,age their systematic reports on double-core events. Kan-

permit the determination of its energy to within 20% accu-paj4 Collaboration reported four double-core events in Ref.
racy based on the cascade theory. For i@y, the detection 2]. The group reported two additional events in Riaf].

efficiency is nearly 100% as Iong as its energy is higher tha mong these six events, there are five satisfying our criteria.
4 TeV. For hadrons, only those interacted inside the chambef, . "0 ble-core even,ts were all found amongytiamily

and induced electromagnetic showers can be detected. Ther 4ta set obtained by the Kanbala experiment in exposures

fore, the detection efficiency for the hadronic component is

much lower than 100% and the detection threshold is higheﬁjuring the years 19801986 with a total collecting power of

than that fory rays, depending on the structure of the cham-+20 m?yr. The total number ofy-family events with
ber. Cascade showers in each family are statistically identi&E»>200 TeV accumulated during this period is on the
fied as two categoriesy rays and hadrons. In principle, a order of 80. The Cha_caltaya Collaboration reportt_ad 21
chamber is equivalent to a shower calorimeter. The lack oflouble-core events obtained from exposures of 48Q/min
timing information in this passive calorimeter does not countRef. [1]. Among these 21 events, there are jZamily

as a disadvantage here because of the extremely low eve@yents withXE =100 TeV (seven events are hadron fami-
rates 0.3 m~2 yr ). In Fuji and Kanbala experiments, lies and two events haveE <100 Te\). The total number
simple structure chambers are used. In these experimgnts,of y-family events was not reported by the Chacaltaya group
rays are identified as showers with starting depth less than i& their paper. Based on the collecting power of the experi-
radiation lengths, with no accompanying successive interaonent, we estimate that the totaj-family events with
tions in the chamber, and others are identified as hadrons. IBE, =100 TeV is on the order of 200. We found that the
the other two experiments, in order to detect hadrons morérequency of the double-core events is consistent between
efficiently two chambers separated by light target materiathese two experiments<(7%).
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verse momentum cutofs™™". In this work, we sep'"=4
GeV ¢ . The choice of this cutoff transverse momentum is
er CERN ISR DATA ] constrained by the requirement of the unitarity in total inelas-

tic cross section. For those scatterings in which the momen-

4 : Iczfrlr{nli\{aipll);?OAEﬁTA 7 tum transfer is lower than this cutoff, perturbative QCD is
—— Our Fit incorrect and not applicable. For soft interactions, we use a
5 o s modified version of Chou-Yang model. This version of
= Chou-Yang model has been demonstrated to be able to re-
VQ 1ok - produce the data of the multihadron production in NSP
o’ ‘ collision at CERNSp pS energieq30,31.

4 In our QCD calculation of jet production, the evolution of
partons before the hard scattering is introduced by the
] Q?-dependence of structure function, whe@?® is the
squared momentum transfer in hard scattering between par-
tons, and is taken ap¢/2). We choose the updated version
of the parametrization of the distribution function made by
e Morfin and Tung[20] f(x,Q?), wherex is the fractional
%0 100 1000 10000 momentum carried by a parton. The QCD scale parameter

As (GeV) ASCD is determined by the latest measurementgiQ<) for

Q =m§ at CERNe"e™ collider LEP[21]. The inclusive

cross section for jet production is given by

FIG. 1. The cross section for single diffracti¢®D) dissociation
in pp collision as a function of energy. The ISR ddtk5] are
sketched by the shaded area as low-energy reference points. The d?o . ” 5
curve is the fit to the data from UA4 &p pS [16] and from E710 dedn(ppHJeH X)=mpre aE’b f dx,d%,f4(x1,Q%)
at Fermilab Tevatrofl7].

do
IV. INTERACTION MODEL: CONVENTIONAL AND NEW X fb(XZ,QZ)Sa(ab_’Cd) 4.3

A. Hadron-hadron interaction model ) ) ) )
in which the summation runs over all possible parton scat-

~We divide inelastic hadron-hadron collision into single- tering subprocesses. The subscattering cross section is given
diffractive (SD) dissociation and non-single-diffractive zs

(NSD) dissociation two sectors. The cross section for the

inelastic interaction at a given lab ener@y,, can be ex- ~do wag(Qz) A o~ A
pressed as sﬁ(ab—md)leu(ab—wd)lZ&(erHu).

Tinel( Eian) = 0sp( Ejab) + onsp Ejan) - 4.7) 44
The squared invariant amplitude of22 scattering between
It is experimentally known that;, increases with energy as partons| u(ab—cd)|?, can be found for the tree-level cases
In?E,y,. It has been found thatsp(E ) also increases with in Ref.[22].
energy as IfE,,, as shown in Fig. 1. Based on cross sec- The calculated inclusive jet cross sections as a function of
tions measured at CERN Intersecting Storage Rifi§®) pr in different pseudorapidity intervals are compared with
[15], CERN Super Proton Synchrotraip pS) [16], and data from UA2[23] in Fig. 2. The agreement between our

: S : calculations and the data is quite impressive. It should be
Eig(néllas C;ﬁvsg(%gégg’y the high-energy behavior of noted that our calculation includes only the leading order
a

PQCD.

The total inclusive cross section fowo-jet production is
obtained by integrating Eq4.3) over all the kinematically

+a3n%(Ejp/1 GeV) |onel(Eray), (4.2 allowed phase space. The exclusive cross seetffjipr>4
GeVc 1) is simply the half of the total two-jet cross section

with  a;=0.140, a,=-—0.0215, a;=0.00441, and because only two jets are produced abovepthéhreshold in
x>=1.6Npg, shown as the curve in Fig. 1. the entire energy region to which the emulsion chamber ex-

For the SD dissociation, we use a Monte Carlo generatoperiments are sensitive. Our calculated cross section is plot-
developed based on the longitudinal phase space model. THed in Fig. 3, together with the data from UAR4]|. The
Monte Carlo generator has been demonstrated to be a godtfference between the calculation and the UA1 data reflects
description of the SD process at the CERSp pS energies the fact that UA1 Qata were obtained with a Iovm_rcutoff
[18]. [19]. In the same figure, we also present the total inelgsic

The NSD process is described by a hasbft two-  Cross SeCtiOﬁT',?S'- We plot the data from ISRSp pS, and
component moddl19]. The hard component is characterized Tevatron as well as the parametrization of the Particle Data
by the jet production due to parton-parton scattering. Thésroup[25]. The cross section for thgure soft p pinteraction
high-p; jet production can be precisely calculated with per-is obtained as the difference betweeﬁg' and o';‘,‘)(pT>4
turbative QCD for hard partonic scatterings. The “hardness”GeV ¢~ 1) shown as the dashed curve. The cross section for
condition is given quantitatively in terms of minimum trans- the pure soft cross section obtained in this way increases

osp(Ejap) =[a1+a2In(Ej5/1 GeV)
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FIG. 2. The inclusive cross section for the jet production in

various windows of pseudorapidity as a function ofp; for ﬁ)
collisions aty's= 630 GeV. The UA2 data are taken from REZ3].
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FIG. 3. The energy dependence of various cross sectiopp in
and p?collisions in our two-component model. UAB4] mea-
sured the jet production cross section \/\4i11‘fli”:3 GeVc i Our
calculation Withp?‘"‘:4 GeVclis represented as thick solid line.
The cross section for pure soft scatteritdpshed ling shows a

NS (GeV)

with energy from/s=20 to 1500 GeV and then decreases
with energy onward. As the result of the simplified assump-
tion of two-jets, we overestimate the high-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 lange 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
schemd 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]

3
f(x)= §[x2+(1—X)2] (4.5

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

The fragmentation of quarks is controlled by the fragmen-
tation function with the following parametrizatig28|:

2
f(z2)=[1+c(QH)](1-2)%Y, (4.9
1000
E T 3
100 [ : TASSO Xp dis. E
QO :LEP Xp dis. b
~Eq m, 22 GoV '
I —E_ T 91 GeV ]
10 |- -
z e C 1
b= B~ L N
IR :
z

1L _
01 | _

0.01 L | | |
0 0.2 0.4 06 0.8 1

Xp

FIG. 4. Fractional momentum distribution of secondaries for

hadron production i®* e~ annihilation. Histograms are our calcu-

decrease with/s. The data and parametrization of the total crosslations for\/s=22 GeV (dotted ling and 91 GeV(solid line). Data

section for inelastic scatteringhin solid ling are taken fronj25].

are taken fron{29].
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O : Mark -l Rapidity dis.

O : LEP Rapidity dis. —

—-our model

FIG. 5. Rapidity distribution of secondaries for hadron productioa'ia~ annihilation. Histograms are our calculations {&r=29 GeV
(lower) and 91 GeV(uppe). Data are taken frorf29].

in which z is the ratio of the light-cone variabe+ p, of the  in which T, is the so-called partition temperatugy,py) is
daughter hadron to that of the mother quark. Qfedepen- the cutoff factor inpy, andK is an overall normalization
dence of parametan(Q?) reflects the evolution of the quark factor. A Monte Carlo generator based on this model has
in the final state. The transverse momentum of producetieen developed by Dingt al. [30] and refined by Cao and
hadrons is assumed to follow a Gaussian. Its wig®9*,z)  Ding [31]. It reproduces most of the data®p pS energies.

is a function ofQ? andz due to the evolution of quarks and A set of parameters involved in this model has been carefully
the correlation between the longitudinal and transverse maextrapolated to higher energies. In the present work, we use
menta of the jet fragmentation. The remaining quarks havehis model to generate theoft hadronic scattering. The en-
the same transverse momentum but in the opposite directiogrgy dependences of thg- cutoff factor and partition tem-
The fragmentation procedure is repeated for the remainingerature have been carefully considered.

quarks until its light-cone variable goes below the mass of | et us denote the particle density in phase space element
mesons. To guarantee the conservation of the energy ang dn/dp2dy),, in which the subscrips refers to the con-
momentum of the fragmenting system, we adopted an addiihution to NSD process from different sources. It is obvious
tional procedur¢26]. All parameters involved in the jet frag- that the particle density in NSD process is the statistical av-
mentation are determined by fitting the hadronic productionsrage of various components: pure s¢t9, fragmentation
data ine*e” annihilation. Our fragmentation scheme repro- o¢ spectatordbean), and fragmentation of jets:

duces data from MARK II, TASSO, and LEP9] reason-

ably well, as shown in Figs. 4 and 5. The fragmentation of
spectators is assumed to follow a soft law. ( dn

The geometrical model of Chou and Yaf®j is used to

) <J§>=p5( an ) (V9)

2 2
describe the soft interaction. This model assumes that par- dprd7 dprd7 s
ticles produced in a hadronic scattering with a certain impact
parameter are stochastically distributed in the phase space. D dn (Vs—Ex)
The overall contribution in interactions with various impact h dp%dn Jet
parameters gives a single particle inclusive distribution: beam
dn
d3o + s), 4.8
Ed—pa:Kg(pT)e*E’Tp, 4.7) p“(a;ﬁdy,)jet( vs) 4.8
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in which, pp=o’sp(V/S)/ onsp(V/S) and ps=1—py, give the 100 l | T |
relative probability of jet production and pure soft hadronic
scattering,/s is the total energy in the hadron-hadron center-
of-mass system, anHj is the energy carried by the jets.

With the approximation of/s— Ej~ /s for the fragmenta- 10F
tion of spectators, the density distribution for pure soft pro-
cess can be calculated using £4.8). Namely, we used the

measured distribution for NSD and calculated distribution
from our Monte Carlo code of PQCD calculation and had- 1

ronization of jets to determine the particle densitypuare C
soft scattering. The resulting distribution in each energy in-

11 L1ibis

v ol

<

terval is then fitted by Eq4.7). All parameters in the model g
can be determined in this way. Tipg cutoff factor is deter- o 0.1F E
mined to be fop<pT" 3 3
. il
9(py) = p_ealpT(B+eaz+Bp$), (4.9 001 ISR DATA (Inel.) ¥ E
T b 3
— [+ B.=0.2GeV/c ]
in which, parameters,, a,, 8, andB depend on the total + .
energy of the interaction. The partition temperatdig is 0001 O PT =0.8 GeV/c .
determined to be a power law of the interaction energy £ E
~ - — our model + 3
T,=0.17\/s)°7% (4.10 - i

0.0001 ' ' ! '

It should be noted that the above treatment of the soft 0 02 0.4 0.6 0.8 1

interaction may, to some extent, oversimplify the case. How-
ever, we want to emphasize that the focus of the present
study is on highpt jet production; the simplified model does
not affect our conclusions. This hardoft two-_cqmponent total inelastic scattering at CERN I§R2]. Our calculation is car-
model reproduces all the data for NSip collision mea-  jgq out only with the NSD scattering.

sured at accelerator energies. In Fig. 6, we compare the cal-

culated Feynman variable) distribution with data taken at dBo d3o

CERN ISR energie$32]. Figure 7 shows a comparison of E——=(pA—=F+X)=A%*PVE——(pp—F+X),

the calculated pseudorapidityp) distributions of charged dp dp 41
secondaries with data from UA5 and UA33]. Figure 8 is (4.1
the calculatedpy distribution in comparison with data from \yhere the final stat& refers to either jet or single hadron
UA1 and CDF[34]. It is conceivable that over such a wide (pt|). The inclusive cross section fgrp collision in Eq.
energy range from 53 GeV to 1.8 TeV, our model agreeg4.11) is given by Eq.(4.3) for jet production and by Eq.
with a variety of data quite well. (4.7 for single particle production. The obtained ANE pa-

This model serves as conventional building blocks in ourrameters from experimental data as a functiopfin units
analysis ofy families. Most of statistical behaviors of  of Gev ¢ 1), ar(py), can be expressed as

families can be reproduced using this model in the Monte
Carlo simulation ofy families. (1+0.33%7)2
el P1)=0.667+0.0417X ———————
1+0.00065p7

X
FIG. 6. Distribution of Feynman variable of secondary hadrons
in pp collisions. The data are reported in differgnt regions for

B. Hadron-nucleus interaction model

. o . > -1
In the atmosphere the cosmic-ray particle interaction (for pr>4Gzeve ),

takes place with the target of air nuclei. Therefore, we need _ _ 2
to develop hadron-nucleus interaction model. Applying the apu(Pr)=0.766+ 0.1757—0.02097

independent nucleon hypothesis, we extend the hadron- (for pr<4GeV ¢ 1). (4.12
hadron interaction model to a hadron-nucleus interaction by

including nuclear target effects. This phenomenological apThese fittings are shown as solid lines in Figs. 9 and 10.
proach has been proved to be successful. Among the various To extrapolate Eq(4.12) to the ultrahigh energy region
nuclear effects, the abnormal nuclear enchancer(®NKE) for the cosmic-ray air shower simulation, we made the fol-
effect is the most important one. The ANE effect has beerlowing two additional assumption$l) ar(py) is indepen-
studied by several experimenfd2]. Measurements have dent of energy. This assumption is valid in the narrow energy
been made for ANE at both the jet final state level and single#ange that has been experimentally studied from 70 to 400
hadron final state level. The data for these two cases ar@eV, but is no longer valid when energy reaches 800 GeV
summarized in Figs. 9 and 10, respectively. The ANE expof35]. Since the new data at 800 GeV has, in fact, shown a
nent indexag shown as the vertical axis in these figures isweaker effect in comparison with that at 400 GeV, the as-
defined by sumption overestimates the ANE effect at higher energies.
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FIG. 7. The pseudorapidity distribution of secondary hadrorﬁin:ollisions at CERNS pFS. The experimental da{83] are from UAS
at small » and from UA7 at largen (triangles. The solid lines are our calculations for different energies and the dashed line is our
calculation for>5 at+/s=630 GeV.

(2) The function forms ofaj; and ay in the fragmentation -air Elab
region which cannot be measured in collider experiments are Tinel =290 mb (1 Tev) : (4.13
the same as those measured in the central region.

Multijet production is another nuclear target effect in our
extension frompp interaction model topA interaction
model. Integrating Eq.4.11) over the phase space for
F=jet, with mean nucleon numbek=14.5, the inclusive
cross section for jet production inpp scattering
o"(p+A—jet+X) could be greater than the total inelastic
cross section irpA scattering determined by other cosmic-
ray experiments a36]

In Eq. (4.13, E,,, is the energy of incident proton in labora-
tory frame. The exponeiitis in the range of 0.04 0.06 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 A interaction is
treated as a multijet production. The average multiplicity of

1025 ¢ jets is determined as
A + CDF Ilyl<l.0
. 10°% O UAL lyl<25 2 25 , , ,
‘?> ; ~— our model
© 1077
3 : ANE .
o 1028 i 2r > 7
N —
g &
107
- L5 Target Ejp
2 10
«_»: : O Pb 400GeV
; 1
= 107 o Al 400GeV
320
10 05 1 1 1 1
5 | | | | 1 0 10 20 30 40 50
10° .
02 4 6 8§ 10 j

et

Py (GeV/c)
pt (GeV/c)
. FIG. 9. ANE indexaj of the jet final state in th@A interac-

FIG. 8. Transverse momentum spectra of secondarieppn tion. Data are for 400 GeV proton scattering on lead and aluminum
collisions at the different rapidity windows from CDF and UAL targets. Our extrapolation function gives a behaviowgfat higher
[34] in comparison with our calculations. Note that our model re-p+ but there is no effect on thpp scattering in the fragmentation
produces the data well in the high-region. region.
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13 ‘ ' ‘ otherwise, when\/ngc, the compositeness of quarks

i would manifest itself in the interaction, subsequently, an en-
X hancement of the hight particle production would be ex-
# | pected. Eichtert al.[40] have pointed out that the compos-
s & + iteness of quarks could be searched for in the study of jet
| production as an excess in tipg spectrum of jets with re-

+  70GevV spect to the prediction of QCD.
X 300Gy Without knowing any detail of the interaction between
400 GeV 1 . . . .
O 400GeV preons, an effective Lagrangian of four-fermion direct con-
O 400GeV tact interaction terr{CT) can be written as
O 400GeV 1
—— The best fit
I 1 ! 9> —
075 2 4 6 8 quzﬁ 7odL Y dLdL YL (4.19
Pr (GeVic) ¢

in which g is the coupling constant of a metacolor field and
FIG. 10. ANE indexap, of the single hadron final state pA is usually taken as_]2/4ﬂ-=1 by choosing an appropriate
interaction. Datd12] from different experiments, target materials parameter; 7, is a phase factor which could Bey| =1
and interaction energies are plotted. They show a clear indeperys its maximum and is taken as1 for the constructive
dence of energy from 70 to 400 GeV, especially in the regipri4 interference case in our calculation.
Geve ™ The contribution to the differential cross section for jet
production due to Eq(4.15 is an additional term to the

o"(p+A—jet+X) squared amplitude of quark scattering:
<nje[>: p-air y (414) A A
inel |u(ab—cd)|?=focp(s,t,Usas) + fer(s,t,Usag, Ay).

4.1
and the distribution of number of jets is assumed to be uni- (4.10
form. The explicit formulas of|u(ab—cd)|? can be found in
Another nuclear target effect considered in our model isRefs.[40] and[41]. The inclusive cross section for jet pro-
that the inelasticity of hadron-nucleus scattering is 10— 20 %gluction is calculated using Eq&.3) and(4.4). The appear-
greater than that of hadron-hadron scattefi8g]. We ne- ance offcr enhances the cross section for jet production at
glect other nuclear effects such as the nuclear shadowing drigh pr. As A.—», fcr vanishes and the calculation returns
the parton distribution function at smadl[38] and possible to pure PQCO40].
jet quenching resulting from final state interacti@9]. Be- Several experimental groups have searched for the signal
cause a relative large; cutoff, 4 GeVc ™!, is taken in our  of the substructure of quarks at the highest-energy colliders.
PQCD calculation, hard scattering between partons withAll of them obtained null results, and the lower limits dn
smallx would mainly contribute to the jet production in the have been placed. For example, UA2 grd@3] reported
center region. Therefore, the shadowing effect is negligiblex .>825 GeV obtained in thp?collision at CERNS p?S;
in our analysis. The interaction of final state of the hardand CDF group[42] at Fermilab Tevatron has reported
scattering is also not important in our analysis because thg >1.4 TeV at\s=1.8 TeV, the most stringent limit ob-
target nucleus in the atmosphere is not heavy and the originghined so far. We note that the latest result reported by CDF
energy of out going parton is sufficiently higlat least 4 indicates a possible value df,~1.6 TeV[43].
GeV). It is obvious that the inclusion of the quark substructure in
our hadronic interaction model leads to the enhancement of
C. Quark substructure model the highp+ particle production. The degree of the enhance-
ent depends sensitively on the valueAgf assumed. Foy
. milies, the case becomes complicated and less obvious be-
rates at unreachable high transverse momenta by the or

int y del. iti tural t that the int ause of the biased recording due to the high-energy thresh-
nary interaction model, it1s natural to guess that the Interacs, y ot the getector. It is critical for us to ask whether the

:'r?n pric;]t;ak?cli//itebl\/(esf plar(r:en?t acrgore rl‘tur:]drz?]mgnltailt I&Ivell. dFtr)or%ffect of quark substructure affects significantly the behavior
€ point of view of current Q parton model, ould De particle production in the fragmentation region. A Monte

the substructure of quarks. To introduce the mechanism inte:arlo calculation has been carried out to prove that there

our Monte Carlo simulation, we use a model of the compos- ; : - ;
) ’ ) . really is a detectable effect in the fragmentation region, e.g.,
iteness of quarks developed by Eichtenal. [40]. It is as- (b |>4, due to the compositeness of quarks, as shown in Ref.

When one seeks a mechanism to explain the high evegé

sumed that quarks and leptons are composed of preons. T

. . . ) 4].
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 infrare
confining. The inverse of the size of composited constituents

provide a characteristic energy scalg as a parameter of the When an ultrahigh-energy cosmic-ray particle, e.g., a pro-

model. If the interaction energ;/g were much smaller than ton, enters the atmosphere, it collides with a nucleus in the
A, the quark would interact each other as a whole particleatmosphere and produces secondary particles. About 1/3 of

d V. MONTE CARLO SIMULATION OF ATMOSPHERIC
INTERACTION AND PROPAGATION
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104 E : : : : electron are determined with corresponding free path distri-
: bution of pA, 7A, lifetime, electromagnetic interaction, and
I the local density of atmosphere. The U.S. Standard Atmo-
10° £ sphere Model is adopted to estimate the density.

10%F B. Primary cosmic-ray composition and spectra

The energy spectra and chemical composition of primary

10 cosmic rays are important input in the studypfamily at

E2SFE) m? s sr' Gev )

poo He o == VH ¢ Akeno daa ] ultrahigh energies. The direct measurement of the spectra
100 M TR and composition made possible by balloon-borne experi-
10! 10? 10 10* 10° 10° ments such as JACEE reaches only a few time¥ &%/
E (TeV) particle[45]. Above this energy, the cosmic ray composition

was indirectly obtained by using various techniques such as

_FIG. 11. Differential energy spectra (.)f cosmic rays. The thlnunderground muon detectof46], extensive air shower ar-
lines of different styles correspond to different components. The

summation of thengthick solid ling fits the EAS datd47]. rays[47], and the Fly's Eye observatofyi8]. These resuits
are, to a large extent, subject to the correctness of the inter-

action model used and the adequateness of the method ap-
lied, even though the all-particle spectrum has been ro-
ustly determined by these techniques. It is well known that

the secondaries would be”, which immediately decay into
photons and the photons subsequently induce electroma
hetic ca;cadgs in the a}tmosphere. The charged Sfeconé}ary there exists a sudden steepenitignee”) of the spectrum
would either interact with an air nucleus or decay into muong i o exponent index from-2.67 changing into— 3.00

?u”tr.'g |tsffl_|gh_t(.jThte Ieadmgia_rtlcllest_th?t car(;ya&gnlflcantamund 3500 TeV. So far, the composition around the
raction of incident energy (% inelasticity and some sec- .y oo \ith our concern (16— 10" eV) remains largely

ondary particles will induce successive interactions. Whe nknown. Hence, we have to extrapolate the direct measure-

the  rays and_h_adrons fe?Ch the opservational level, onl ents to higher energies. A conventional procedure of the
those whose visible energies are higher than the detect%r

xtrapolation would be guided by the rigidity cutoff model.
threshold -4 TeV) would be recorded. All the data at thevery highenergy mentioned above, are
fitted with a function formAE™" for each of the seven
A. Monte Carlo simulation code groups of cosmic rays, i.e., the proton, helium, medium,

A full Monte Carlo code is developed to simulate the lightly heavy, medium heavy, very heavy nuclei, and iron

propagation process. The interaction models described abogkouPs: The correspon_dmg mean charge nuntbecoeffi-

. X ) C .~ cientA, and spectrum index are listed in Table I. All the
are applied to multiparticle production in the propagation. ectra are extended to higher energv over the “knee” re-
The electromagnetic cascade induced by each photon prc?—.p 9 9y

uced n he decay ofs s alsosimiated wiha ful orte. Jor 1715 St bending S5, accoring to e vy
Carlo code. Our codes are designed to track every particle i antly 3.0 for all the seven groups after the bending. The

those two kinds of cascades until it reaches the observationg ergyE, at which the spectrum of proton is bent is deter
b -

level or its energy becomes Ie_s_s than the_ thr(_ashold of th ined to be 537 TeV. The absolute intensities of the seven
detector. The type, energy, position, and direction of all the

. ; groups and the fitting of the data are shown in Fig. 11. The
registered particles are stored. Because the detector only d'gércentageR(>E) of each individual group in the all-
tinguishes electromagnetic component against hadrons, it Sarticle flux above 1Dand 16 TeV are also listed in the
blind in detailed particle identification. This simplifies the Table |

simulation to a great degree. For example, we assume thaf' '

leading particles are protons and all charged secondaries are _ _
pions. Once a charged pion decays, it is no longer tracked. C. Detection of shower particles

The vertices(including the strong interaction, decag/fe™ A simple procedure is developed to simulate the response
pair production of the photon, and the bremsstrahlung obf the emulsion chamber. The geometric center of an air

TABLE I. The composition and energy spectrum parameters of cosmic rays. The differential spectrum
takes the formAE™" below the bending energ€E,. Above the bending energy, all components have
v=3.0.R(>10° TeV) andR(>10° TeV) are the relative abundance of each individual component above
10% and 18 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
v 2.70 2.79 2.64 2.70 2.47 2.52 2.60
R(>1C® TeV) 23.6 7.1 24.4 171 7.1 57 15.0

R(>1C TeV) 13.4 4.0 20.3 16.6 11.4 10.1 24.3
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FIG. 12. Flux of they-family events versus total energy of the ~ FIG. 13. Average lateral spread. of the family (R_) for all
y family at Kanbala altitude. The uncertainty of our calculation is 8Vents versus total energy of thefamily at Kanbala altitude. The

attributed to the statistical fluctuation and difference in model asHncertainty of our calculation is attributed to the statistical fluctua-
sumptions. tion and uncertainties in our model assumptions.

%alized by protons. Imposing the final selection criteria, we

shower is randomly sampled over the area covered by th . .
y P v v y ave about- 6500 y-family samples witi=E,,>200 TeV at

emulsion chamber. Only those events with the number o . .
photons greater than 4 are considered as observable famili hacaltaya and-9000 y-family .sampl_es withZE,, > 100 .
All photons and electrons in a family are assumed to be evat Kapbala. Three sets of S|mglat|ons h_ave been (?arrled
detectable with 100% efficiency. For a hadron in the family,O4t a;su:}nmg{l) the basic model with QCD jet production,
the vertex of the first interaction in the chamber is sampleo(z) It e hadron-nucleus interaction W'.th the_ |nclu_5|on of
according to the interaction cross section of proton or pior['Ucleéar target effects, arid) the model with the inclusion of
with the absorber of the chambgsually Pb. If the first quark compositeness. A comparison of them with the data is
vertex is too deep, e.g., the distance to the bottom of th@resented as follows.

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 intensity ofy-family events is an important observ-
The experimentally determined “visible” energy for such a @ble in emulsion chamber experiment. It is believed that the
photon is that carried by the neutral component of theRPsSolute intensity would depend on the total inelastic scatter-
shower. Our Monte Carlo shows that the visible energy idng Cross section of a cosmic-ray particle with atmospheric
about 40% of the inelastic interaction energy which is deternuclei, the inelasticity of the interaction, and the composition
mined stochastically by the inelasticity of hadron-lead inter-Of COSMIC rays. Given the composition of cosmic rays and
action. The energy of all “photons” in ay family are their interaction cross sections with atmospheric nuclei de-
summed as the total energy of the family. We only count€'mined by other experiments, we obtained the energy spec-
events withSE>200 TeV for the Kanbala experiment and trum of the family events via Monte Carlo simulations. The

SE.>100 TeV for the Chacaltaya experiment. calculated family intensity is consistent with the data ob-
4 served by the Kanbala experimdi2 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-
We obtained about a million air shower samples at Mt.energy interaction in the forward region. Although the Chou-
Kanbala and Mt. Chacaltaya levels. A small fraction of theYang model has a well-known feature of breaking down the
samples obtained with the mixed primary cosmic ray com-+eynman scaling, the model of the SD and NSD processes
position was used to study the general properties of familymplemented by careful consideration of enhanced inelastic-
events. The Monte Carlo samples are compared with all thégy for pA collisions describes correctly the attenuation prop-
available data about general characteristicy damilies in  erty of the ultrahigh-energy air shower in its propagation.
detail. This provides a basic reference point for the interac- The lateral spread of families is another important ob-
tion model. Since nearly all double-core events are found teervable in the Kanbala experimdi®]. Two variables(R)
be induced by protong2], we performed our Monte Carlo and(ER) are introduced as a measure of the average trans-
simulation for double-core events with only the samples ini-verse momentum for all secondaries in hadron-nucleus inter-

A. General properties of y-family events

VI. SIMULATION RESULTS AND COMPARISON
WITH DATA
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FIG. 16. Distribution ofy, of double-core events in Kanbala
experiment. Corresponding simulation results based on the basic
0 . L] . e model(solid curve and the model with the ANE effect are plotted.
100 1000 10000
scribed in Sec. lll. The distribution of the number of clusters
2Ey (TeV)

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 thdami-

lies have cluster structures, a frequency that is remarkably in
agreement with the data.

actions. They are of particular relevance to the study of [N summary, the overall agreements of our simulation
double-core events. The measurementéRyfand(ER) ver- with the genergl features of thg families obseryed in the
susXE, serve as a constraint to possible overall enhancel@nbala experiment are established. The confidence of our
ment of highp- particle production in the model. These two M0del gained in this comparison put us in a position to pur-
observables are calculated and are shown in Figs. 13 and £¥€ further study of the double-core phenomenon.
as a function of the total energy of thefamily. The uncer-
tainties, represented as the shadow areas in these figures, are
due to differences between model assumptions together with For families with two clusters, the so-called double-core
statistical fluctuation. It is seen that our simulation agreegvents, there are more observational quantities reported by
with the data reasonably well except for a slight overestimatexperimental groups. The compilation of experimental data
for high-energy families. It is also found th@ER) agrees  sets obtained by the Kanbala and Chacaltaya Collaborations
with the data better tha(R). This might be attributed to an is described in Sec. Ill. The integral frequency spectra of the
experimental bias by which some possible members of @bservabley,, are plotted in Figs. 16 and 17 for Kanbala and
family are simply missed in the scanning just because thegrhacaltaya, respectively. The vertical axes of these figures
locate too far away from the center of the famiBj. represent the ratio of the number of double-core events with
Particles in Monte Carlo family samples show the ten->, . to the number of all family events. The solid curves in

dency of multicluster structures. This feature becomes morghose two figures show the prediction of our basic model
significant after applying the procedure of clustering as de-

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

B. Properties of double-core events

1; T
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FIG. 15. Distribution of average number of clusters iy fam-

ily for all the Kanbala data.

FIG. 17. Distribution ofy, of double-core events in Chacaltaya
experiment. Corresponding simulation results based on the basic
model(solid curvg and the model with the ANE effect are plotted.
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FIG. 19. Integral flux of double-corg-family events withy,
observed in emulsion chambers installed on the top of Mt. Kanbala,
100 —! | { | i | | in comparison with our calculations. Data are compiled from Refs.
0 5 10 15 20 25 30 (2,14
R12 (cm) certain physical mechanisms which have not been included
FIG. 18. The correlation betwees, + E, and R;, for double-  in our interaction models.
core events observed in the F(fi) and KanbalaK) experiments. Nuclear target effects are expected to make a considerable

The simulation is carried out only for Kanbala altitude. K5618 is contribution to the high event rates at largg,. The results,

the event with the greatest;,. Cross indicate the only Monte plotted as the dashed curves in Figs. 16 and 17, show that

Carlo event with a long distant between cores. nuclear target effects indeed increase the event rates at large
X12- But they are certainlyot enough to explain the data. It

with the PQCD jet production. We find huge excesses of théhould be pointed out _that_ nuclear target effects are inclu_ded
event rates over the prediction in both sets of data. In th& our current calculation in such a way that the production
region of y;,<300 TeV cm, the model reasonably repro- of hlgh-pT particles are already overestimated, as we dis-
duces the data. However, at largg, around 1000 TeV cm, cussed in Sec. IV.. _
the prediction is almost one order of magnitude lower than_ R€cent calculations of next-to-leading order PQCD by
the data. In general, the uncertainty of the PQCD calculatiofPieleet al.[11] call for the attention to the significant impact
is smaller than one order of magnitude. The huge discrepP" tWwo-jét dlfferen'ugl cross sections where one of the. jets
ancy between the data and our model prediction has to b@as large c.m. rapidity and high . The enhancement of jet
caused by some certain physical processes. cross sections rel:_:ltlve to the I_eadmg_o_rder calculations
We also examined the correlation between the total encléarly increases with the increasing rapidity and transverse
ergy of two clusters and the spatial distance between thenff@mentum of the jet. For instance, the enha_nlcement IS up to
Figure 18 shows the scattering plots for the Kanbala date® factor of 2 in the region of ¥0p;=20 GeVc™ - and =4
Some of our Monte Carlo samples are also plotted for comto which the cosmic ray experiments are sensitive. AIth_ough
parison. The population of the scattering points relativelyhe effect of this enhancement on the rate of cosmic-ray
concentrates at the corner with lower energy and shorter digvents could not be accurately evaluated due to the compli-
tance. Double-core families having,,>20 cm are rarely ~Cations of multlple interactions of cosmic-ray interactions
found in our Monte Carlo samples. In the Kanbala dataf’mq biased dete_:ctlon in emulsion experiments, our estimate
event K5618 is located far away from the main population.'nd'cates that it could not contribute to event ratgs at
In our Monte Carlo events, even the sample size is a factor of12~~ 1000 TeV cm by more than one order of magnitude.

10 larger than the experimental data, there are only fivd herefore, it seems that the existing more than one order of
events withR;,>25 cm and only one withR;,~30 cm. 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
The distribution ofy,, and the relation betweeli; + E,  production will be performed in the future.

and R,, for double-core events from both the Kanbala and The effect of the compositeness of quarks is introduced

Chacaltaya experiments aireconsistentwith the prediction  using an effective model with a scale. . The corresponding

from the Monte Carlo simulation based on the extrapolatiorsimulation with a set of choices & including A .= 1.4 (the

of conventionalphysics. The discrepancies are so large thatatest upper limit frompp collider experimentsis carried

neither the uncertainties involved in our interaction modelsput. The enhancement of the prediction in thg distribu-

nor the statistical errors of the data are sufficient to accourtion is readily seen in Fig. 19 for Kanbala and Fig. 20 for

for them. We have to attribute them to the possible onset o€hacaltaya. The calculation results using a conventional

VIl. CONCLUSIONS AND DISCUSSIONS
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o~ 10 for quark compositeness as indicated by current collider ex-
'y 2 CHACALTAYA periments, the study gives us an idea that how large the
N>= transverse momentum could be needed in the hadron-nucleus
'E » interaction in order to explain the double-core phenomenon.
= 10 3 - In a more general sense, the inclusion of the quark substruc-
_ . ture model is used to estimate quantitatively what kind of
O “&QP meanpy andp+ distribution the data require as an important
;f 1% “//:20 feature of the possible new physics. We emphasize that the
~ E //{& @@ family events are results of successive particle productions.
e . % >, < A value of the quarlp; is sampled in every interaction in the
= - umi Ae =14TevV gy s, i i ;
= | A - 08Tev < /@ simulated air showers. It is found th_at a stronger enhance-
= 107 o A =% ment is expected gir=10~20 GeVc ! in the fragmenta-
F zoz A =01Tev @ tion region of hadron-hadron or hadron-nucleus interaction,
k1 L] Lz although it is really a smalp; comparing that in center
100 200 500 1000 2000 5000 region. It is proved that there is only 1% enhancement in jet
Y12 (TeV cm) production withp;~10 GeVc™! in the fragmentation re-

i _ gion|#n|>4, due to the effect of subquark at ultrahigh energy
FIG. 20. Integral flux of double-corg-family events withy, [44]

observed in emulsion chambers installed on the top of Mt. Chacal-

) ) ) . ) In our present work, the hight jet production in the
taya, in comparison with our calculations. Data are compiled from . L :
Ref. [1]. central region is introduced by using the subquark model

with A.=100 GeV. The explanation of the double-core phe-
nomenon may involve new mechanism for high-particle
model are also plotted in the same figures for comparison. lyroduction in the forward region. In this regard, new physics
is noted that the effect of subquark structure is not enough tth connection with SD process or the fragmentation of spec-
be the only reason for the excesses. tators with highp; valence quarks would be interesting to
The scale of subquark structure is lowered in an attempgxplore. For example, the study of the so-called hard single
to fit the data. In Figs. 19 and 20, the results corresponding tgissociation with al/¢ production might be of potential in-
A =500 and 100 GeV are plotted, respectively. The experiterest.
mentaly,, distributions are marginally fitted by the simula-  Finally, we point out that the energy region in which we
tion with a very low scaleA =100 GeV. We found one gbserve that discrepancy can be explored in the next genera-
event withR;,~30 cm out of 93 Monte Carlo double-core tion of colliders such as the Large Hadron CollideHC). It
events at Kanbala level, shown as crosses in Fig. 18. seems to be particularly feasible to study the new physics
The x 1, distributions predicated by models with the quarkindicated by our analysis with a wide acceptance detector
compositeness are closer to the data than those produced §ystem designed for the dedicated study of forward physics
models without the quark compositeness. The degree of thgt the LHC[49,50. In such a detector system, the signal
deviation decreases with a decreasing characteristic energyuld be readily detectable as a large departure from the
scale A.. This indicates that the mechanism of subquarkstandard QCD, as a consequence of either the quark compos-
structure could account for the deviation observedyxid  iteness or other new physics.
distributions and in the correlation betwelep+ E, andR5.
But it cannot be the only reason because calculations with
A>1.4 TeV allowed by the latest collider experiments are
not sufficient to explain the data. For the quark substructure This work was supported in part by Chinese Natural Sci-
to be the only reason for this discrepancy, the date woulénce FoundatiofZ.C., L.K.D., and Q.Q.Z, and by the U.S.
require an unrealistid . as low as 100 GeV. Department of Energy under Contract Nos. DE-FGO6-
Even though 100 GeV may be an unrealistic energy scal®1ER40637(Z.C.) and DE-AC03-76SF00098r.D.H.).
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