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We have built a Monte Carlo generator for simulating propagation of cosmic ray particles in the atmosphere.
The core of the generator is ap-air nuclear interaction model in which SD and NSD processes are included in
the inelastic collisions. Based on QCD partonic theory, multiple minijet production is described in detail in the
NSD process. A phase-space model is used for the SD process in our work. This generator reproduces cosmic
ray experimental data well at very high energies.@S0556-2821~97!00805-9#

PACS number~s!: 13.87.Ce, 13.85.Hd, 13.85.Tp, 96.40.De

I. INTRODUCTION

Before reaching a ground-based detector, a cosmic ray
particle has typically undergone multiple interactions with
air nuclei. Because the interactions are random processes, the
interaction altitudes cannot be estimated reliably. In addition,
the kinds of incident particles in ultrahigh energy~UHE!
cosmic rays can only be estimated from the statistical distri-
butions of low energy primary cosmic rays. All of these fac-
tors make for complications in the cosmic ray data analysis.
Simulating the propagation of cosmic ray particles in the
atmosphere and comparing the Monte Carlo~MC! samples
with experimental data is an effective way to investigate the
UHE nuclear interactions.

The basic frame of a Monte Carlo generator for the simu-
lation of cosmic ray propagation in the atmosphere consists
of the following parts.

~1! Incident particles energies are sampled from the en-
ergy spectrum of the primary cosmic rays. In this work, the
primary UHE spectrum is a smooth extrapolation from the
up-to-data direct observational data in the 1014 eV energy
region @1#.

~2! Cosmic ray particles interact with air nuclei and sec-
ondary particles are produced based on a multiple hadronic
production model.

~3! The propagation processes of secondary particles are
traced in air until they reach the ground-based detector or
their energies are lower than the threshold energy of the de-
tector.

The main part of a Monte Carlo generator is the proton-air
(p-air! nuclear interaction model, and the key part of the
p-air interaction model is ap-p interaction model. There are
variousp-p interaction models and they can be divided into
two types according to their scaling behaviors in the so-
called fragmentation region. The first type is the scaling vio-
lation model, such as the fire ball model, or the diffractive-
nondiffractive ~D-ND! model @2# which is based on the
Zhou-Yang model; the other type ofp-p interaction model is

the scaling model. Recently, UA7 experimental data@25#
have appeared to show as if hadronic interactions obey a
scaling behavior at the fragmentation region in the accelera-
tor energy range. When the UA1 group divided minimum
bias events which were observed in the CERN Super Proton
Synchrotron~Sp̄pS! into two kinds of events, jet events and
no-jet events, they found that their characteristics are very
different @3#. Both the multiple distribution and the trans-
verse momentum distribution for jet events are wider than
those distributions of no-jet events. The fraction of jet events
in the hadronic interaction is greatly enhanced with an in-
crease in energy. The increase of the inelastic cross section
in thep-p interactions between the CERN Intersecting Stor-
age Rings~ISR! and Sp̄pS energy regions can be explained
by the contribution of jet events. In recent years, some mul-
tiple particle production models with a hard partonic colli-
sion mechanism have been developed, such as the dual par-
ton model~DPM! @4,5#, Lund @6,7#, ISAJET @8#, andHIJING
@9#. All of these models are used for describing hadronic
interactions in detail at accelerator energies. However, such
models cannot be simply scaled to the UHE range of cosmic
rays. In typical cosmic ray experiments the detectors work in
the very wide energy regions and do not distinguish the
kinds of hadrons clearly. Although some Monte Carlo gen-
erators have been used for the simulation of cosmic ray
propagation, they only include the production of a pair of
large transverse momentum QCD jets@10–13#. In these
models, because the inclusive jet cross section rises steeply
following the incident particle energy increases, the cross
section of a pair of jets would be larger than the total inelas-
tic cross section at a high energy. In order to solve this prob-
lem, such models used a transverse momentum cut at mo-
menta higher than 4 GeV/c.

In fact, according to investigations of semihard interac-
tions in perturbative QCD~PQCD!, the steep rise of the jet
inclusive cross section means that the number of jets in-
creases quickly in hadronic interactions at high energies.
When selecting adaptive parameters, the cross section for
multiple jet production will be less than total inelastic cross
section and this is the idea behind the multiple minijet
model. The UA1 group had claimed that they found multiple
jets in the Sp̄pS accelerator data. In this work, we present a
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new Monte Carlo generator in which the multiple minijet
production is included in the nonsingle diffraction~NSD!
process of nuclear interactions; soft hadrons are assumed to
follow the Feynman scaling rule and the single diffraction
~SD! process is described by a phase space model. We call
this generator a multijet and single diffraction dissociation
~MJSD! model. According to our simulation, the MJSD
model can reproduce cosmic ray experimental data very
well.

II. p-p COLLISION

Multiple minijet production can be described by PQCD
theory with a partonic collision in the hadronic interaction.
In the parton-parton collision, a pair of back-to-back jets is
produced by two hard parton scattering events. The inclusive
cross section of jet events can be written as

ds jet

dPTdu
~A1B→ jet1X!
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where the partonic structure functionf a
A(xa ,Q

2) describes
the possibility of a parton with energy fractionxa in the
hadronA, and the Duke-Owens structure function set 1@14#
is used. The factorK'2 is used to correct the lowest order
PQCD rates for next to leading order effects. The transverse
momentumPT is expressed in GeV/c.

At a scaleP0;2 GeV/c, partonic collisions are pre-
sumed to be independent@9# and the average number of
minijets in the collision of a pair of nucleons is

Njet5TN~b!s jet , ~2!

whereTN(b) is partonic overlap function of two nucleons at
impact parameterb. According to the independent collision
approximation,Njet follows the Poisson distribution. With
collision parameterb, the possibility of a number of multiple
minijets,Njet , with a J pair is @9,15,16#

gj~b!5
@s jetTN~b!#J

J!
e2s jetTN~b!. ~3!

The probability of J50 is related to the nonperturbative
cross sectionssoft by

g05@12e2ssoftTN~b!#e2s jetTN~b!. ~4!

The total inelastic cross section for ap-p collision is
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In the impact parameter representation, ignoring spin-
dependent effects and assuming that thep-p scattering am-
plitude is purely imaging at high energy, we have eikonal
expressions for the total cross sections tot , the inelastic cross
sections in , and the elastic cross sectionsel @17–20#:
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By comparing formula~5! with ~7!, x(b,s) can be expressed
as

x~b,s!5xs~b,s!1xh~b,s!5 1
2ssoftTN~b,s!1 1

2s jetTN~b,s!.
~9!

We follow the assumption proposed in theHIJING model @9#
that the energy-dependent partonic overlap function can be
approximated by the Fourier transformation of a dipole form
factor
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ssoft
, ~10!

with
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and the unit ofb is fm. The total probability ofJ pairs of jets
with momentumPT>P0 produced in an inelasticp-p colli-
sion is given by the integration ofg0(b) andgJ(b):
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III. MULTIPLE NUMBER DISTRIBUTION OF MINIJETS
IN THE NSD EVENTS

The UA4 and UA5 groups of CERN’s Sp̄pS and the
E710 group of Fermilab have observed SD and NSD phe-
nomena in inelastic collisions. When cosmic rays propagate
in the atmosphere, the particles produced in the SD process
will be much more likely to reach the ground due to their
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smaller number of multiple production and less energy loss
per event. The SD process plays an important role in cosmic
ray propagation in the atmosphere, so that the SD contribu-
tion as well as jet production must be included in our Monte
Carlo generator. The multiple number distribution of mini-
jets in inelastic events can be explained by the eikonal for-
mula; however, we still do not know the distribution in NSD
process. According to accelerator experiments the inelastic
cross section consists of the SD cross section and the NSD
cross section,s in5sSD1sNSD. The fraction ofsSD in the
s in is

PSD5
sSD

s in
. ~13!

We inferred this ratio by fitting accelerator experimental data
@21–24,26# as

sSD50.580310.4903lnAs10.0981ln2As, ~14!

PSD5
sSD

s in
520.062510.0561lnAs20.0032ln2As,

~15!

whereAs is in GeV and the cross section is in mb. Accord-
ing to the UA4, UA5, and E710 experimental results,sSD
andPSD rise slowly following an energy increase and it is
difficult to judge in which energy region they will decrease.
Based on unitarity bound of the diffraction process, it can be
inferred that the upper limit of the single diffraction cross
section is@27#

sSD
up limit5 1

2s tot2sel . ~16!

It can be seen from Fig. 1 that our formula of the SD cross
section does not contradict the theory upper limit.

In order to include the SD cross section into the minijet
model, it has been suggested that SD can be attributed to the
softer parts of the scattering process@15#. However, in such a
model the SD cross section will decrease quickly with in-
creasing energy and this obviously contradicts the accelera-
tor data. In addition the ratio of the SD cross section to the

total inelastic cross section,PSD5sSD/s in , will increase the
total value ofG0 ~which describes the soft process in our
model! if sSD does not decrease quickly whenAs excesses 5
TeV ~as seen in Fig. 2!. In other words, the probability of
no-jet production in inelastic events,G0, which is calculated
from Eq. ~11!, cannot include the probability of single dif-
fraction processes in the UHE region.

In order to include the SD process in the eikonal formula
for inelastic collisions in a simple way, we suppose that the
SD events were produced from particle edge collisions in our
model. From the mathematical point of view, it is assumed
that the SD cross section comes from the large impact pa-
rameter~high order wave function! contribution. Based on
this assumption the eikonal formula forsSD andsNSD can be
taken to be

sSD5pE
bSD

`

db2~12e22x~b,s!!, ~17!

sNSD5pE
0

bSD
db2~12e22x~b,s!!, ~18!

s in5sSD1sNSD5pE
0

`

db2~12e22x~b,s!!, ~19!

where the parameterbSD can be inferred by fittingsSD and
sNSD with experimental data inp-p collisions, that is,

bSD~s!56.24320.4364lnAs10.027 25ln2As. ~20!

The unit ofAs is GeV, and the unit ofb is fm. The results
for sSD andsNSD by these parametrized formulas~17! and
~18! are shown in Fig. 3, and there is no obvious contradic-
tion with any experimental data up to the present time.

The probability of no-jet events in NSD events can be
inferred from the eikonal formula given above as

G0
NSD5

p

sNSD
E
0

bSD
db2~12e22xs~b,s!!e22xh~b,s!. ~21!

FIG. 1. SD cross section in thepp interaction. The dashed line
is thesSD

up limit by Eq. ~16! and the solid line is thesSD calculated
using formula~14!. The circles aresSD

expt from Refs.@21–24,26#.

FIG. 2. PSD and G0 in inelastic processes. The solid line is
G0 calculated using Eq.~11! and the dashed line isPSD defined by
formula ~15!. Circles are experimental data ofPSD from Refs.@21–
24,26#.

55 5659MULTIJET AND SINGLE DIFFRACTION DISSOCIATION . . .



The probability ofJ pair jet events in NSD is given by

GJ
NSD5

p

sNSD
E
0

bSD
db2

@2xh~b,s!#J

J!
e22xh~b,s! ~J>1!,

~22!

where theGj satisfy

G01 (
J51

`

GJ51. ~23!

The distribution ofG0
NSD andGJ

NSD are shown in Fig. 4.

IV. PARTON HADRONIZATION

According to QCD quarks and gluons cannot reach free
states so that they can be detected only by their secondary
hadrons produced in the partonic fragmentation. Following
the assumption proposed in the SD-SH model@12#, the par-
tonic fragmentation functions used in our model are taken as

Dq~z!5za~s!e2b~s!z ~24!

for quarks and

Dg~z!5zdg~12z!Dq~z! ~25!

for gluons, wherez is longitudinal momentum fraction,

z5
2PL

As
, ~26!

and the transverse momentum distribution is

f ~PT!5b2PTe
2bPT, ~27!

where

1

b
5

^PT&
2

50.22710.0462lnPL10.0081ln2PL . ~28!

The seagull effect has been included here. In order to con-
serve energy after samplingzn from the above distribution,
the real longitudinal momentum fraction is taken to be

zn85znS 12 (
i51

n21

zi8D . ~29!

The parameters of this fragmentation function are inferred by
fitting e1e2 collider data.

Our Monte Carlo results for jet fragmentation are consis-
tent with e1e2 experimental data for~a! the momentum
fraction of charged particle distributionXp , ~b! the trans-
verse momentum distributionPT , ~c! the pseudorapidity dis-
tribution h, and ~d! the mean charged multiplicity distribu-
tion. The comparative results are shown in Figs. 5~a!–5~d!.

V. FEYNMAN SCALING SOFT INTERACTION

In NSD events, both theG0 ~no jet! particle’s fragmenta-
tion and the spectator particle’s fragmentation are soft had-
ronic interactions. The soft interaction cannot be calculated
by PQCD, so that it becomes necessary to apply a phenom-
enological model to describe the soft process. In the MJSD
generator, the soft hadrons are assumed to follow the Feyn-
man scaling distribution

f ~xf !5
~12xf !

5

xf
, ~30!

xf5
2PL

As
, ~31!

with the transverse momentum following a distribution given
by

f ~PT!5b2PTe
2bPT, ~32!

1

b
5

^PT&
2

50.10510.063lnPL10.0084ln2PL . ~33!

FIG. 4. Probability of jet number for NSD processes in thepp
interaction (G0 GJ). The solid line is forAs5900 GeV, the dashed
line is for As5200 GeV in the NSD process by formulas~21! and
~22!, and the dotted lines are for 900 and 200 GeV in the inelastic
process by formulas~11! and ~12!.

FIG. 3. Cross sections in thepp interaction. The solid line is
s inelastic, the dotted line issNSD, and the dashed line issSD which
are calculated using parametrized formulas~17!–~19!. The symbols
are experimental data from Refs.@21–24,26#, where solid symbols
ares inelastic, open circles aresNSD, and open squares aresSD.
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Because this generator is used for UHE cosmic ray data
and a typical detector in such experiments cannot distinguish
hadron types in most cases, the following assumptions are
made in this model: Secondary particles are 90% pions, 10%
kaons, and a fewh ’s, with 60% of all secondaries charged
and 40% neutral. Inelastic efficiency is assumed to be a uni-
form distribution from 0 to 96%. The species of the leading
particle is assumed the same as the incident particle. Multi-
plicity numbers presumably obey a KNO distribution and the
mean multiplicity number rises with energy as ln~s!.

VI. FRAMEWORK OF THE NSD GENERATOR
OF p-p COLLISION

In the inelastic ofp-p collisions, the framework of a NSD
events generator is taken as follows.

~1! Njet , number of jet produced in NSD, is sampled from
theG0 andGJ distributions.

~2! Characteristics of jets are sampled in the following
way. ~a! transverse momentum of theC jet ~forward jet! is
sampled from

f ~PT!5

E PT
` dPTE 0

p~ds jet /dPTdu!du

E P0
` dPTE 0

p~ds jet /dPTdu!du

. ~34!

~b! The angular distribution of theC jet is given by

f ~uuPT!5

E u
p~ds jet /dPTdu!du

E 0
p~ds jet /dPTdu!du

. ~35!

~c! The fraction of gluon jets is described by the distribution

f g~PT!5
sg~PT!

s jet~PT!
. ~36!

~d! The momentum fraction of theC jet is

xC5
PT

sinuCAS/2
. ~37!

~e! The transverse momentum of a backward jet (D jet! is
the same as theC jet’s PT . ~f! The fraction of theD-jet
momentumxD is sampled from thexD jet distribution. ~g!
The emission angle of theD jet is taken as

sinuD5
PT

XdAS/2
. ~38!

~3! No jet events~energy fractionG0) and spectator par-
ticle fragmentations @their energy fractions are
(12(xC)AS/2 and (12(XD)AS/2# are taken to be soft
hadronic interactions.

In a comparison of our Monte Carlo results with NSD
data fromp-p collisions in accelerator experiments, Figs.
6~a!–6~f! show that the MJSD generator can reproduce most
important experimental features, such as~a! the pseudorapid-
ity distribution, ~b! PT distribution, ~c! charged Koba-
Nielsen-Olesen~KNO! distribution, ~d! jet event charged
KNO distribution,~e! mean charge multiplicity distribution,
and ~f! PT2dn/dh distribution.

VII. SD PROCESS

Diffraction dissociation is a process of coherent hadron
fragmentation. In diffraction dissociation a secondary par-
ticle cluster can carry large invariant mass, and its inner
quantum numbers are the same as the incident hadron. Its
main characteristic is an obvious rising forward differential
cross section@40–42#. There is no mature theoretical model
for the SD process up to now. A workable approach to the
problem would be to study the SD process in momentum
phase space using a phenomenological model.

In this paper a phenomenological model of the SD pro-
cess, which was developed in our laboratory@43#, is used in
our MJSD generator. In this model, SD is taken to be the

FIG. 5. The comparative results between the
e1e2 collider data and the jet fragmentation by
the MJSD model. The lines are results of the
MJSD model and symbols are experimental data
from Refs. @28–32#. In ~a! the solid line and
squares are forAs591 GeV, and the dotted line
and circles are forAs522 GeV. In ~b! the solid
line and the solid square are forPT

out and the dot-
ted line and empty square are forPT

in at As591
GeV. In ~c! the solid line and square are for
As591 GeV and the dashed line and circle are
for As529 GeV.
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decay process of the excited incident hadron. The longitudi-
nal phase space technique is used@44,45#, and SD experi-
mental data are reproduced very well by this model. Its main
characteristics are the following.

~1! The distribution of the invariant mass of the SD sys-
tem is given by

dN

d~M2/S!
}

1

M2/S

~1.414 GeV,M,0.22As!,

because there are many spikes in the experimental data when
M2, 2 GeV, so that a uniform mean distribution is as-
sumed.

~2! The SD system is deexcited by emitting mesons uni-
formly in phase space.

~3! The transverse momentum of the secondary particles
follows a distribution given by

f ~PT!}PTe
2PT /b, ~39!

whereb5^PT&/25240 MeV/c.

~4! Among the secondary particles, 10% are presumed to
be kaons with 90% being pions. The number of charged
kaons is taken to be the same as that of uncharged kaons.
p0, p1, andp2 are assumed to be produced in equal num-
bers as well.

~5! Energy and momentum are conserved in the model.

VIII. p-AIR COLLISION

In the UHE region, thep-air nuclear interaction can be
treated as the interaction of a proton with all nucleons of an
air nucleus @15#. According to the independent nucleon
model, the parton structure function in the air nucleus can be
taken asf a/air(x)5Afa/N(x), where f a/N(x) is the parton
structure function in a free nucleon andA is the air nucleus
mass number. In other words, the hard collisions of patrons
are treated as point collisions so thats jet

p-air5As jet
p-N . How-

ever, there are screen effects in thep-air soft interaction
because its cross section is large. In the MJSD generator, for
thep-air interaction the soft cross sectionssoft

p-air is taken to be
aboutA2/3ssoft

p-N In thep-air collision,ssoft
p-air is taken to be 330

mb.

FIG. 6. The comparative results between the NSD data ofp-p collisions and Monte Carlo samples of the MJSD model. The lines are
results of the MJSD model and symbols are experimental data.~a! Energy regions are 53, 200, 546, 630, 900, and 1800 GeV and data are
from Refs.@33–36,25#. ~b! Squares are UA1 data@37#. ~c! KNO distribution of NSD at 546 GeV; circles are from Ref.@24#. ~d! KNO
distribution of NSD jet events selected by UA1 criterion@1#; circles are data from Ref.@38#. ~e! Circles are by UA5 formula@24#:
Nch527.517.6s0.124. ~f! Circles are data from Ref.@39#.
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In fact, according to heavy ion collider experimental data,
the hard interactions of patrons cannot be treated simply as
point collisions, even at high energies. In collider experimen-
tal results the ratio

RA~x!5
1

A

f a/A~x!
1
2 f a/D~x!

Þ1. ~40!

RA(x) obviously decreases both in regions ofx<0.1 ~the
parton shadowing effect! and 0.3<x<0.7 @the European
Muon Collaboration~EMC! effect#.

Among parton models there are several explanations for
parton shadowing. Some attribute it to coherent interactions
between the backward scattered parton and the parton in the
nucleon, while others attribute it to gluon recombination in
the high density collision state@46–48#. In an effort to ex-
plain the EMC effect, some have proposed that it is due to
the changes of binding characteristics of nucleons@49,50#.

Following a proposed parametrization@47,48,51,9#,
target-nucleus effects are described withRA(x,r ) ~wherer is
the distance from the parton to the nuclear center! given by

RA~x,r !5
f a/A~x!

Afa/N~x!

5111.19ln1/6A@x321.5~X01XL!x213X0XLx#

2FaA~r !2
1.08~A1/321!

ln~A11!
AxGe2x2/X0

2
, ~41!

whereX050.1, XL50.7, and

aA~r !50.1~A1/321!
4

3
A12

r 2

R0
2. ~42!

R0 is the radius of the nucleus. If a uniform distribution of
nucleons is assumed in the nucleus, the nuclear overlap func-
tion for a uniform sphere is

TA~r !5
3A

2pRA
2A12

r 2

R2,

1

AE0R0
2

pTA~r !dr251. ~43!

We carry out the integration overr :

aA5
1

AE0R0
2

pTA~r !aA~r !dr250.1~A1/321!, ~44!

RA~x!5
1

AE0R0
2

pTA~r !RA~x,r !dr2

5111.19ln1/6A@x321.5~X01XL!x213X0XLx#

2FaA2
1.08~A1/321!

ln~A11!
AxGe2x2/X0

2
, ~45!

f a/A~x!5Afa/N~x!RA~x!. ~46!

FIG. 7. G0, Gj distributions of NSD process for thep-air inter-
action.

FIG. 8. The absorptive cross section for thep-air interaction.
The line is by the MJSD model. The solid square is data from
Fermilab @52#, solid circle is data from Fly’s Eye@53#, and open
circles are data from Akeno@54#.

TABLE I. Composition of primary cosmic rays in this work.

E ~TeV! J(m22 sec21 sr21) p He CNOa Ne-Sb Sub-Fec

30 3.5131024 0.345 0.300 0.122 0.069 0.164
110 3.6631025 0.331 0.332 0.111 0.056 0.169
500 2.6231026 0.316 0.374 0.098 0.042 0.170
1000 7.8531027 0.308 0.395 0.092 0.037 0.169

aZ56–8.
bZ510–16.
cZ>17.
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The p-air cross section can now be obtained with
f b/air(xb ,Q

2)5Aairf b/N(xb ,Q
2)RA(x) @instead of

f b
B(xb ,Q

2)# in Eq. ~1!. Forp-air interactions, all distributions
of jets can be calculated by analogy with those formulas for
p-p interactions. So replacingsp-p with sp-air, thePT distri-
bution, andu distribution of jets as well as theG0 andGJ
distributions of jets can be obtained. The shapes ofp-air
G0 andGJ distributions are shown in Fig. 7. The fraction of
sSD in s in is assumed to be the same as forp-p interactions.
The integration limit used to obtainsSD

p-air andsNSD
p-air in for-

mulas~17! and ~18! is parametrized as

bSD
p-air~s!55.03810.0643lnAs10.0058ln2As. ~47!

From Fig. 8 we can see that althoughp-air collisions are
treated simply in the MJSD model, the absorptive cross sec-
tion for p-pair interaction experimental data can be repro-
duced by MC samples at UHE region very well.

Up to now, we have presented all the details of the MJSD
model, and we have reported that this model can reproduce a
lot of e1e2 and proton-antiproton accelerator experimental
results, as well as the absorptive cross section for thep-air
interaction at UHE. In the following section we will apply
the MJSD model to illustrate several published experimental
data observed in a large scale Mountain Emulsion Chamber
~MEC! cosmic ray experiment.

IX. CALCULATIONS FOR THE MEC COSMIC
RAY EXPERIMENT

Large scale MEC experiments usually consist of alterna-
tively placed films and metal plates. They concern features
of the UHE hadronic interaction in the fragmentation region
mainly @11#. ‘‘Family’’ events are observed in the MEC ex-
periment, which consist of some parallel incident particles
originated by a UHE primary cosmic ray in the atmosphere.
Family events are divided into two classes, i.e., ‘‘g family’’
and ‘‘hadron family.’’ The former is composed of onlyg
rays ~abbreviation of electromagnetic components! and the
latter is composed of bothg rays and hadrons.

The intensity ofg families is known to depend sensitively
on UHE nuclear interaction features and composition of pri-
mary cosmic rays. In Sec. I, we have described the basic
frame of the Monte Carlo generator for the simulation of
cosmic ray propagation in atmosphere. In our simulation, the
UHE primary cosmic ray spectrum~see Table I! is a smooth
extrapolation from the direct observational data in the about
1014 eV energy region in Ref.@2#. It should be noticed that

this primary spectrum is compatible with JACEE recent ex-
perimental results too@56#. Based on this primary cosmic
spectrum, we apply the MJSD model to simulate MEC fam-
ily phenomena. The comparisons of some average features of
families between experimental data and MC samples in the
energy region from 20 TeV to 200 TeV are shown in the
Table II. According to the Monte Carlo simulation, more
than 90% of these families were produced by primary cosmic
ray particles with energy in the region from 331013 eV to
1015 eV. The intensity of experimental families and MC
samples are compared in Fig. 9 and it can be seen that the
intensity of MC samples is consistent with both sets of ex-
perimental data in Refs.@11,55#.

The attenuation length of families in the atmosphere is
another important quantity of the family phenomena related
to p-air interaction features. The family events attenuate in
accordance with the rule of exp(2x/l) in the atmosphere,
wherex is the height of observation (x5520 g/cm2 at Mt.
Kanbala, China! andl is the attenuation length. The attenu-
ation length can be inferred from the zenith angle distribu-
tion of families, and it is (9868) g/cm2, obtained with our
MC families the energies of which are greater than 20 TeV.
It can be compared to the length of (106622) g/cm2, ob-
tained with experimental data at the same family energy re-
gion in Ref. @55#, and the length of (110610) g/cm2, ob-

TABLE II. Mean features of families.

SEi
a ^SEi&

b ~TeV! ^Ei&
c ~TeV! ^N& d

~TeV! Expt. MC Expt. MC Expt. MC

20–50 3767 3466 7.861.6 7.261.4 4.760.8 4.760.7
50–100 67614 68613 9.361.9 9.761.9 7.260.4 7.160.1
100–200 126626 134627 11.362.3 11.162.2 11.260.9 12.160.1

aE is the observed energy of a particle and theSEi is the observed energy of a family.
bMean energy of families.
cMean energy of particles.
dMean number of particles in a family.

FIG. 9. g family intensity at Mt. Kanbala altitude~Tibet of
China, 5500 m above sea level, atmospheric depth 520 g/cm2).
Solid circles are data from Ref.@11# and open circles are data from
Ref. @55#. The line is given by the MJSD model in which the errors
of primary UHE cosmic ray spectra have been included.
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tained in experiment@11# with families the energies of which
are higher than 100 TeV.

The multiplicity distribution of particles near the center of
the family relates to thep-air nuclear interaction features in
the fragmentation region. The comparison of our MC
samples and experimental data, in which the family energies
are greater than 20 TeV, is shown in Fig. 10. It can be seen
from the figure that the MC result is in agreement with the
data very well.

It is well known that lateral spreads of families relate
sensitively to the transverse momentum of secondary par-
ticles in the hadronic interactions and to the electrons emit-
ting angles in the electromagnetic cascade, so that the lateral
spread of secondaries in MEC data can provide us some
information on the hadronic interaction model. The differen-
tial distributions of average lateral spreads^ER& and^R& for
hadron families, the energies of which are greater than 20
TeV, are shown in Figs. 11~a! and 11~b!, where theE is the
observed energy of a particle and theR is the distance from
the particle to the center of family,^ER& being the average
value ofE3R. We can see from Fig. 11 that MC samples
are compatible with the data in the statistical error.

It can be seen from Figs. 9, 10, and 11 and Table II that
our MC samples and experimental data can reach agreement
well. This means that the hadronic interaction parameters are
reasonable in our MJSD model. Further results applying the
MJSD model to investigate the MEC data in detail will be
reported elsewhere.

X. REMARKS

SD and NSD processes have been included into the mini-
jet model in the MJSD Monte Carlo generator. SD and NSD
cross sections are consistent with all of the experimental data
and do not contradict with the theory up to the limit in the
UHE region. The major phenomenological features of
accelerator-based experimental results are reproduced well
by the MJSD model. We have applied the MJSD model to
simulate the cosmic ray propagation in the atmosphere, and
MC results accord with the family phenomena observed in
the MEC cosmic ray experiment.

The present model is most suited to very high energies
where semihard parton-parton interactions are dominant. In
the UHE region, there are many unknown factors in the cos-
mic ray experiment, so that we obtain some information on
hadronic interaction features usually by comparing the ex-
perimental phenomena to the MC samples. The MJSD model
will provide a useful tool in the research of cosmic rays in
which SD plays an important role in the process of cosmic
ray propagation in the atmosphere.
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