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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 ispaair 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 energie30556-282(97)00805-9

PACS numbgs): 13.87.Ce, 13.85.Hd, 13.85.Tp, 96.40.De

I. INTRODUCTION the scaling model. Recently, UA7 experimental dg2&|
have appeared to show as if hadronic interactions obey a
Before reaching a ground-based detector, a cosmic ragcaling behavior at the fragmentation region in the accelera-
particle has typically undergone multiple interactions withtor energy range. When the UAL group divided minimum
air nuclei. Because the interactions are random processes, thias events which were observed in the CERN Super Proton
interaction altitudes cannot be estimated reliably. In additionSynchrotron(Spp$S) into two kinds of events, jet events and
the kinds of incident particles in ultrahigh energyHE) no-jet events, they found that their characteristics are very
cosmic rays can only be estimated from the statistical distridifferent [3]. Both the multiple distribution and the trans-
butions of low energy primary cosmic rays. All of these fac-verse momentum distribution for jet events are wider than
tors make for complications in the cosmic ray data analysisthose distributions of no-jet events. The fraction of jet events
Simulating the propagation of cosmic ray particles in thein the hadronic interaction is greatly enhanced with an in-
atmosphere and comparing the Monte CdMC) samples crease in energy. The increase of the inelastic cross section
with experimental data is an effective way to investigate then the p-p interactions between the CERN Intersecting Stor-
UHE nuclear interactions. age Rings(ISR) and $pS energy regions can be explained
The basic frame of a Monte Carlo generator for the simuby the contribution of jet events. In recent years, some mul-
lation of cosmic ray propagation in the atmosphere consistgiple particle production models with a hard partonic colli-
of the following parts. sion mechanism have been developed, such as the dual par-
(1) Incident particles energies are sampled from the enton model(DPM) [4,5], Lund [6,7], ISAJET [8], and HIJING
ergy spectrum of the primary cosmic rays. In this work, the[9]. All of these models are used for describing hadronic
primary UHE spectrum is a smooth extrapolation from theinteractions in detail at accelerator energies. However, such
up-to-data direct observational data in the*18V energy  models cannot be simply scaled to the UHE range of cosmic
region[1]. rays. In typical cosmic ray experiments the detectors work in
(2) Cosmic ray particles interact with air nuclei and sec-the very wide energy regions and do not distinguish the
ondary particles are produced based on a multiple hadronikinds of hadrons clearly. Although some Monte Carlo gen-
production model. erators have been used for the simulation of cosmic ray
(3) The propagation processes of secondary particles afgropagation, they only include the production of a pair of
traced in air until they reach the ground-based detector oiarge transverse momentum QCD jdts0—13. In these
their energies are lower than the threshold energy of the denodels, because the inclusive jet cross section rises steeply
tector. following the incident particle energy increases, the cross
The main part of a Monte Carlo generator is the proton-airsection of a pair of jets would be larger than the total inelas-
(p-air) nuclear interaction model, and the key part of thetic cross section at a high energy. In order to solve this prob-
p-air interaction model is @-p interaction model. There are lem, such models used a transverse momentum cut at mo-
variousp-p interaction models and they can be divided intomenta higher than 4 Gev/
two types according to their scaling behaviors in the so- In fact, according to investigations of semihard interac-
called fragmentation region. The first type is the scaling vio-tions in perturbative QCBPQCD), the steep rise of the jet
lation model, such as the fire ball model, or the diffractive-inclusive cross section means that the number of jets in-
nondiffractive (D-ND) model [2] which is based on the creases quickly in hadronic interactions at high energies.
Zhou-Yang model; the other type pfp interaction model is 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
*Electronic address: chenjc@bepc5.ihep.ac.cn omodel. The UA1 group had claimed that they found multiple
chenjc@hpws5.ihep.ac.cn jets in the PpS accelerator data. In this work, we present a
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new Monte Carlo generator in which the multiple minijet In the impact parameter representation, ignoring spin-
production is included in the nonsingle diffractidMSD) dependent effects and assuming that phe scattering am-
process of nuclear interactions; soft hadrons are assumed plitude is purely imaging at high energy, we have eikonal
follow the Feynman scaling rule and the single diffraction expressions for the total cross sectigg;, the inelastic cross
(SD) process is described by a phase space model. We calectiono;,, and the elastic cross section, [17-20:

this generator a multijet and single diffraction dissociation

(MJSD model. According to our simulation, the MJSD _ F 201 — e x(b,s)\2
X . o= | db°(l-—e )%, (6)
model can reproduce cosmic ray experimental data very 0
well.
Oin=1 xdbz 1—e 2x(b.s)y 7
Il. p-p COLLISION " fo ( ) 0

Multiple minijet production can be described by PQCD o
theory with a partonic collision in the hadronic interaction. Utot:z”f db?(1—ex(bX), (8)
In the parton-parton collision, a pair of back-to-back jets is 0

produced by two hard parton scattering events. The inclusivgy comparing formula5) with (7), x(b,s) can be expressed

cross section of jet events can be written as as
do _ (b,8)=xs(b,S)+ xn(Db,8) =3 0sorTn(D,S) + 30 Tn(D,S).
jet X Xs Xh 20soft! N 20jet! N
dP-dé PTdé’(A+ B—jet+ X) 9
2 We follow the assumption proposed in tR8ING model[9]
1 27P3 K 10 : .
=——-0.3894— Z f _dx, that the energy-dependent partonic overlap function can be
2 Esir’6 T ab Jxg" approximated by the Fourier transformation of a dipole form
) o factor
Xb g
X fa(xa . Q) fh(x,. Q) —=, (1) Xo(&)
2 dt Tn(b,s)= : (10
O soft
where the partonic structure functid‘@(xa,Qz) describes with

the possibility of a parton with energy fractior, in the
hadronA, and the Duke-Owens structure function s¢t.4] xs(b,S)=3x0(&),
is used. The factoK~2 is used to correct the lowest order

PQCD rates for next to leading order effects. The transverse 1 Ojet

momentumP+ is expressed in Gew/ Xn(B,8) =27~ xo(&),
At a scale Py~2 GeV/c, partonic collisions are pre-
sumed to be independef®] and the average number of ul 3
minijets in the collision of a pair of nucleons is X0(6) = 75 (10€) Ka(uob),
Nier= Tn(b) Ot (2)  wherey, satisfies
whereTy(b) is partonic overlap function of two nucleons at fmgdgx (6)=1
impact parameteb. According to the independent collision 0 0

approximation,Nje; follows the Poisson distribution. With )
collision parameteb, the possibility of a number of multiple and where€=b/bg, wo=3.9, Thy=0sx/2, osor=57 mb,

minijets, Nje;, with aJ pair is[9,15,16 and the unit ob is fm. The total probability ofl pairs of jets
with momentumP+= P, produced in an inelastip-p colli-
: J sion is given by the integration b) andg;(b):
gi(b)= [a,etTJN|(b)] o e (®) @ 9 y 9 @o(b) andg,(b)
! Gozlfmdbz[l_efzxs(b,s)]efb(h(bys), (11)
OinJo

The probability of J=0 is related to the nonperturbative
cross sectionrgyy by

T (® 2yn(b,s)]?
GJ=—f dbzwe*wbﬁ) J=1). (12
gO:[1_e—osoﬁTN(b)]e_U’jetTN(b)_ (4) OinJo J!
The total inelastic cross section forpap collision is Ill. MULTIPLE NUMBER DISTRIBUTION OF MINIJETS
IN THE NSD EVENTS
o :fxdbzz gi(b) The UA4 and UA5 groups of CERN’'s S and the
" Jo T =0 E710 group of Fermilab have observed SD and NSD phe-

. nomena in inelastic collisions. When cosmic rays propagate
:f db?[1— e (7softt e TN(D)], (5) in the atmosphere, the particles produced in the SD process
0 will be much more likely to reach the ground due to their
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FIG. 1. SD cross section in thep interaction. The dashed line FIG. 2. Pgp and Gq in inelastic processes. The solid line is
is the o'22Mt by Eq. (16) and the solid line is thergp calculated G, calculated using Eq11) and the dashed line Bgp defined by
using formula(14). The circles arerS®' from Refs.[21-24,28. formula(15). Circles are experimental data Bfp from Refs.[21—

24,26
smaller number of multiple production and less energy loss
per event. The SD process plays an important role in cosmitotal inelastic cross sectioRgp= o5p/ o, , Will increase the
ray propagation in the atmosphere, so that the SD contribuotal value of G, (which describes the soft process in our
tion as well as jet production must be included in our Montemode) if o5y does not decrease quickly whels excesses 5
Carlo generator. The multiple number distribution of mini- Tev (as seen in Fig. )2 In other words, the probability of
jets in inelastic events can be explained by the eikonal forno-jet production in inelastic event§,, which is calculated
mula; however, we still do not know the distribution in NSD from Eq. (11), cannot include the probability of single dif-
process. According to accelerator experiments the inelastigaction processes in the UHE region.
cross section consists of the SD cross section and the NSD |n order to include the SD process in the eikonal formula

cross sectiong,= osptonsp. The fraction ofogp in the  for inelastic collisions in a simple way, we suppose that the

IS SD events were produced from particle edge collisions in our
model. From the mathematical point of view, it is assumed
_UYso that the SD cross section comes from the large impact pa-
sp=— - (13 : . e
Tin rameter(high order wave functioncontribution. Based on

) ] ) o ) this assumption the eikonal formula fogp andoysp can be
We inferred this ratio by fitting accelerator experimental datagken to be

[21-24,26 as
osp=0.5803+0.4903In/s+0.0981IF\s, (14 o= | db?(1—e~2x(b:s)y, (17)
SD
Pep=—2C = — 0.0625+ 0.0561In/5— 0.0032I7 s, bso
Tin ONSD™— ’7TJO d bz(l_ e_ZX(b’s)), (18)

(19

where /s is in GeV and the cross section is in mb. Accord- ® o, C2y(bs)

ing to the UA4, UA5, and E710 experimental resulisy Oin=0spT UNSD:WJO db™(1—e ™), (19)
and Pgp, rise slowly following an energy increase and it is

difficult to judge in which energy region they will decrease. \yhere the parametérsp, can be inferred by fittingrep and
Based on unitarity bound of the diffraction process, it can begNSD with experimental data ip-p collisions, that is,
inferred that the upper limit of the single diffraction cross

section is[27] bep(S) = 6.243- 0.4364In/5+0.027 25I3+s.  (20)
up limit _ 1

T =300 T 18 The unit of /s is GeV, and the unit ob is fm. The results
Sfor osp and oygp by these parametrized formulés?) and
(18) are shown in Fig. 3, and there is no obvious contradic-
ttion with any experimental data up to the present time.
he The probability of no-jet events in NSD events can be
inferred from the eikonal formula given above as

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

In order to include the SD cross section into the minije
model, it has been suggested that SD can be attributed to t
softer parts of the scattering proc¢48]. However, in such a
model the SD cross section will decrease quickly with in- b
creasing energy and this obviously contradicts the accelera- GB‘SD:LJ SDde(1_e72)(5(b,s))672)(h(b,s)' (21)
tor data. In addition the ratio of the SD cross section to the ONsDJ 0
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FIG. 3. Cross sections in thep interaction. The solid line is
Tinelastic: the dotted line isrygp, and the dashed line isgp which
are calculated using parametrized formula®—(19). The symbols
are experimental data from Ref21-24,28, where solid symbols
are oinelasticv OPEN circles arerysp, and open squares avep.

The probability ofJ pair jet events in NSD is given by

b 2xn(b,s)]’
GS‘SD:LJ SDdb2[Xh\(]—l)]e—2Xh(b,S) (J=1),
ONSDJ 0 :
(22)
where theG; satisfy
GO+J§::l G,=1. (23

The distribution ofGg°° and G°° are shown in Fig. 4.

IV. PARTON HADRONIZATION
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Probability G,

0 2 4 6 8 10
J (number of jet pairs)

FIG. 4. Probability of jet number for NSD processes in @
interaction G, G;). The solid line is for/s=900 GeV, the dashed
line is for \/s=200 GeV in the NSD process by formuléal) and
(22), and the dotted lines are for 900 and 200 GeV in the inelastic
process by formulagll) and (12).

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

n-1
zgzzn( 1- '21 zi’) : (29

=
The parameters of this fragmentation function are inferred by
fitting e* e~ collider data.

Our Monte Carlo results for jet fragmentation are consis-
tent with e*e~ experimental data fofa) the momentum
fraction of charged particle distributioX,, (b) the trans-
verse momentum distributidA;, (c) the pseudorapidity dis-
tribution #, and (d) the mean charged multiplicity distribu-
tion. The comparative results are shown in Figs)55(d).

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 mddél], the par- In NSD events, both th&, (no je particle’s fragmenta-
tonic fragmentation functions used in our model are taken ation and the spectator particle’s fragmentation are soft had-

ronic interactions. The soft interaction cannot be calculated

V. FEYNMAN SCALING SOFT INTERACTION

Dy(2)=2*e A9z (24 by PQCD, so that it becomes necessary to apply a phenom-
enological model to describe the soft process. In the MJSD
for quarks and generator, the soft hadrons are assumed to follow the Feyn-
dg man scaling distribution
Dy(2)=2"%(1-2)Dy(2) (25
. - . (1—x¢)°
for gluons, where is longitudinal momentum fraction, f(xs)= Y (30)
f
2P, (26) 2P
2= —
Vs’ Xp=—, 31
f \/g ( )
and the transverse momentum distribution is ) _ o .
with the transverse momentum following a distribution given
f(P1)=b?Pre PP, (27 by
where f(Pr)=b’Pre °Pr, (32
1 (Py) 1 (Pr)
b= 5 —0.227 0.0462IP, +0.0081IFP, . (29 5= 5 —0.105 0.063IrP_ +0.0084ItP, . (33
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Because this generator is used for UHE cosmic ray dat&d) The momentum fraction of th€ jet is
and a typical detector in such experiments cannot distinguish
hadron types in most cases, the following assumptions are Py
made in this model: Segondary particles are QQ% pions, 10% XC_SmgC\/@Z'
kaons, and a fewy's, with 60% of all secondaries charged
and 40% neutral. Inelastic efficiency is assumed to be a unite) The transverse momentum of a backward jt jét) is
form distribution from 0 to 96%. The species of the leadingthe same as th€ jet's P;. (f) The fraction of theD-jet
particle is assumed the same as the incident particle. Multimomentumxy is sampled from th&p jet distribution. (g)
plicity numbers presumably obey a KNO distribution and theThe emission angle of thB jet is taken as
mean multiplicity number rises with energy agdn

(37)

P
Sinfp = T
VI. FRAMEWORK OF THE NSD GENERATOR X4v/S/2
OF p-p COLLISION

(38

(3) No jet eventgenergy fractionGy) and spectator par-
In the inelastic ofp-p collisions, the framework of a NSD ticle fragmentations [their energy fractions are

events generator is taken as follows. (1-3%c)VS/2 and (1-3Xp)V/S/2] are taken to be soft
(1) Njet, number of jet produced in NSD, is sampled from hadronic interactions.
the Gy and G, distributions. In a comparison of our Monte Carlo results with NSD

(2) Characteristics of jets are sampled in the followingdata fromp-p collisions in accelerator experiments, Figs.
way. (a) transverse momentum of ti@ jet (forward je) is  6(a)—6(f) show that the MISD generator can reproduce most
sampled from important experimental features, suchl@sthe pseudorapid-

ity distribution, (b) Py distribution, (¢) charged Koba-
w - Nielsen-Olesen(KNO) distribution, (d) jet event charged

f PTd PTJ o(doje/dPrd6)do KNO distribution, (e) mean charge multiplicity distribution,

f(Pr)= (34 and(f) Py—dn/d distribution.

4 dPTf $(doje/dPrd@)d6
0 VIl. SD PROCESS

(b) The angular distribution of th€ jet is given by 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

(39 main characteristic is an obvious rising forward differential

f 0(doje/dPrd6)d e cross section40—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.

oo(Py) In this paper a phenomenological model of the SD pro-

ALY (36)  cess, which was developed in our laboratptg], is used in

Tiet P1) our MJSD generator. In this model, SD is taken to be the

f "(doe/dP7d)d o

f(6|Pr)=

(c) The fraction of gluon jets is described by the distribution

fg( Pr)=
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FIG. 6. The comparative results between the NSD datp-pfcollisions and Monte Carlo samples of the MJSD model. The lines are
results of the MJSD model and symbols are experimental @t&nergy regions are 53, 200, 546, 630, 900, and 1800 GeV and data are
from Refs.[33-36,25. (b) Squares are UAL daf87]. (c) KNO distribution of NSD at 546 GeV; circles are from REg24]. (d) KNO
distribution of NSD jet events selected by UA1 criteriph]; circles are data from Ref38]. (e) Circles are by UA5 formuld?24]:

Ny =— 7.5+ 7.6s%1?4 (f) Circles are data from Ref39].

decay process of the excited incident hadron. The longitudi- (4) Among the secondary particles, 10% are presumed to
nal phase space technique is u$dd,45, and SD experi- be kaons with 90% being pions. The number of charged
mental data are reproduced very well by this model. Its mairkaons is taken to be the same as that of uncharged kaons.

characteristics are the following. w0, ", andw~ are assumed to be produced in equal num-
(1) The distribution of the invariant mass of the SD sys-bers as well.
tem is given by (5) Energy and momentum are conserved in the model.
dN 1
d(M?/s) ~“ M?/s VIIl. p-AIR COLLISION

In the UHE region, thep-air nuclear interaction can be
(1414 GeM<0.22s), treated as the interaction of a proton with all nucleons of an
air nucleus[15]. According to the independent nucleon

because there are many spikes in the experimental data Whﬁ%del, the parton structure function in the air nucleus can be

2 . . . . .
M?< 2 GeV, so that a uniform mean distribution is as-, asf .(x) =Afn(x), where f,(x) is the parton

sumzed_fh sD ¢ is d ited b i . structure function in a free nucleon aAdis the air nucleus
(2) The system 1S deexcited by emiting mesons Unli,ass number. In other words, the hard collisions of patrons

formly in phase space. : . -air_ 5 _p-N
(3) The transverse momentum of the secondary particlegre treated as point collisions S0 thﬁi“. Aai?t ' HO\.N
follows a distribution given by ever, there are screen effects in theair soft interaction

because its cross section is large. In the MJSD generator, for
f(Pr)«Pre PT/P, (39)  thep-air interaction the soft cross sectiofly' is taken to be
aboutA?3¢2 N In the p-air collision, o23" is taken to be 330

whereb=(P1)/2=240 MeV/c. mb.



55 MULTIJET AND SINGLE DIFFRACTION DISSOCIATION . .. 5663

g ] ~ 800 B
< T Ejoo - ¢
210 =1 T : 5 =
= I 900 GeV 600 |-
o} - ; - i
§ 10 :_______: 500 - +
o 153 b : 400 z—
B 300
10 =
200 E
10 100 -
10_ PRI T T A N T T T R R T i ' 0 2||||||||| Z:lulml A;““"II 5||||||||| 6||||||||| 7||||||||| 8IIIIIIII| 9||||||| "
0 2 4 6 8 10 10° 107 100 107 100 160 100 107 10
J (number of jets) B (GeV)
FIG. 7. Gy, G; distributions of NSD process for thg-air inter- FIG. 8. The absorptive cross section for theair interaction.
action. The line is by the MJSD model. The solid square is data from

Fermilab[52], solid circle is data from Fly's Ey§53], and open
In fact, according to heavy ion collider experimental data,circles are data from Akenib4].
the hard interactions of patrons cannot be treated simply as

point collisions, even at high energies. In collider experimen- 4 r
tal results the ratio an(r)=0.1AY3-1) 3\ [1— =z (42)
0
1 faalX) _ _ _ T
Ra(¥)= 17— #1. (40)  Rq is the radius of the nucleus. If a uniform distribution of
A3 fan(x) i i )
nucleons is assumed in the nucleus, the nuclear overlap func

Ra(X) obviously decreases both in regions£0.1 (the tion for a uniform sphere is

parton shadowing effectand 0.3<x<0.7 [the European )

Muon CollaborationEMC) effect]. TA(r)= ﬂz 1— r_z
Among parton models there are several explanations for 27R, R
parton shadowing. Some attribute it to coherent interactions
between the backward scattered parton and the parton in the 1(r2 dr2=
nucleon, while others attribute it to gluon recombination in Kfo mTA(r)dre=1. (43

the high density collision statel6—48. In an effort to ex-
plain the EMC effect, some have proposed that it is due tone carry out the integration over
the changes of binding characteristics of nuclef@tg50.

Following a proposed parametrizatiof47,48,51,9, 1(Rr2 ) s
target-nucleus effects are described WRi(x,r) (wherer is “A:KJO TTA(Naa(Ndre=0.1A"~-1), (44
the distance from the parton to the nuclear cergaren by

1(Rr2
Ra(xr) = A% Ra(¥)= 7% f "mT AN RA(X, 1) I
Afa/N(X) 0
=1+ 1.19ICA[ x3— 1.5 Xo+ X, ) X2+ 3XX, X] =1+1.19IN"°ADX3— 1.5(Xo+ X )x?+ 3XoX X]
1/3
1.0&A1/3— 1) 902 10&A - 1) 7x2/X2
_ -~ —Xx“IX —|lap— —————\X|€ 0, 45
(= —arn |e e @D A TarD) VX (49
whereX,=0.1, X, =0.7, and faa(X)=Afyn(X)RA(X). (46)
TABLE I. Composition of primary cosmic rays in this work.
E (TeV) Jm2sectsrl) p He CNC? Ne-& Sub-Fé
30 3.51x1074 0.345 0.300 0.122 0.069 0.164
110 3.66<10°° 0.331 0.332 0.111 0.056 0.169
500 2.62107° 0.316 0.374 0.098 0.042 0.170
1000 7.85 1077 0.308 0.395 0.092 0.037 0.169
37=6-8.
b7 =10-16.

Z=17.
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TABLE Il. Mean features of families.

SE? (SE)P (Tev) (E))° (TeV) (N) @

(TeV) Expt. MC Expt. MC Expt. MC
20-50 37 34+ 6 7.8:1.6 7.2:1.4 4.7+0.8 4.7%+0.7
50-100 6714 68+13 9.3:1.9 9.7+1.9 7.2:0.4 7.1+0.1
100-200 12626 134+ 27 11.3:2.3 11.22.2 11.2:0.9 12.20.1

°F is the observed energy of a particle and ®ig; is the observed energy of a family.
bMean energy of families.

‘Mean energy of particles.

dMean number of particles in a family.

The p-air cross section can now be obtained withthis primary spectrum is compatible with JACEE recent ex-
fo/ai(Xp » Q%) = Aqirf o/n(Xp , Q) Ra(X) [instead of perimental results to$56]. Based on this primary cosmic
fE(xb ,Q?)]1in Eq.(1). Forp-air interactions, all distributions spectrum, we apply the MJSD model to simulate MEC fam-
of jets can be calculated by analogy with those formulas foily phenomena. The comparisons of some average features of
p-p interactions. So replacing”® with 2", the P distri-  families between experimental data and MC samples in the
bution, andé distribution of jets as well as th&, andG;  energy region from 20 TeV to 200 TeV are shown in the
distributions of jets can be obtained. The shapep@fir  Table Il. According to the Monte Carlo simulation, more
Gy andG; distributions are shown in Fig. 7. The fraction of than 90% of these families were produced by primary cosmic
ospin oj, is assumed to be the same asfiep interactions.  ray particles with energy in the region fromx3.0' eV to
The integration limit used to obtain§3" and o{dp in for- 105 eV. The intensity of experimental families and MC
mulas(17) and (18) is parametrized as samples are compared in Fig. 9 and it can be seen that the
_ intensity of MC samples is consistent with both sets of ex-
b2:a"(s)=5.038+ 0.0643In/s+0.0058If\s.  (47) perimental data in Ref§11,55,

The attenuation length of families in the atmosphere is
another important quantity of the family phenomena related
% p-air interaction features. The family events attenuate in
“accordance with the rule of exp&/\) in the atmosphere,
herex is the height of observationrx& 520 g/cn? at Mt.

From Fig. 8 we can see that althoughair collisions are
treated simply in the MJSD model, the absorptive cross se
tion for p-pair interaction experimental data can be repro
duced by MC samples at UHE region very well. W
Up to now, we have presented all the details of the MJSQ<

del. and h ted that thi del q anbala, Chinpand\ is the attenuation length. The attenu-
model, ?n_ we have reported that this model can reproduce g, , length can be inferred from the zenith angle distribu-
lot of e"e~ and proton-antiproton accelerator experimental

It I the ab . tion f . tion of families, and it is (98 8) g/cn?, obtained with our
results, as well as the absorptive cross section forptadr MC families the energies of which are greater than 20 TeV.

interaction at UHE. In the following section we will apply
. . ; t can be compared to the length of (1082) g/cnf, ob-
the MJSD model to illustrate several published experlmentaiained with exr?erimental data zgt the s(ame f)angwily energy re-

data observed in a large scale Mountain Emulsion Chamber. " !
(MEC) cosmic ray experiment. dlon in Ref.[55], and the length of (11810) g/cnt, ob

IX. CALCULATIONS FOR THE MEC COSMIC 0°
RAY EXPERIMENT

sec sr)
T T 11|

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.ey, family” 10
and “hadron family.” The former is composed of only
rays (abbreviation of electromagnetic componegrasd the “io
latter is composed of botly rays and hadrons. 10 il

The intensity ofy families is known to depend sensitively 2 3

. ) o . 10 10
on UHE nuclear interaction features and composition of pri- TE(TeV)
mary cosmic rays. In Sec. |, we have described the basic
frame of the Monte Carlo generator for the simulation of £ 9. y family intensity at Mt. Kanbala altitudgTibet of
cosmic ray propagation in atmosphere. In our simulation, thhina, 5500 m above sea level, atmospheric depth 520 /cm
UHE primary cosmic ray spectrusee Table)lis a smooth  solid circles are data from RefL1] and open circles are data from
extrapolation from the direct observational data in the abouRef.[55]. The line is given by the MJSD model in which the errors
10* eV energy region in Ref2]. It should be noticed that of primary UHE cosmic ray spectra have been included.
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FIG. 11. (@) The differential distribution of lateral spread
(ER) for hadron families(b) The differential distribution of lateral
spread(R) for hadron families, where the symbd® stand for the
distribution of data from Ref55] and lines are distributions of MC
samples produced by the MJSD model.
tained in experimer|tL1] with families the energies of which
are higher than 100 TeV. X. REMARKS

The multiplicity distributi_on of parti_cles near the center_of SD and NSD processes have been included into the mini-
the family relates to th@-air nuclear interaction features in jet model in the MJSD Monte Carlo generator. SD and NSD
the fragmentation region. The comparison of our MCcross sections are consistent with all of the experimental data
samples and experimental data, in which the family energiegnd do not contradict with the theory up to the limit in the
are greater than 20 TeV, is shown in Fig. 10. It can be seeWHE region. The major phenomenological features of
from the figure that the MC result is in agreement with theaccelerator-based experimental results are reproduced well
data very well. by the MJSD model. We have applied the MJSD model to

It is well known that lateral spreads of families relate simulate the cosmic ray propagation in the atmosphere, and
sensitively to the transverse momentum of secondary paMC results accord with the family phenomena observed in
ticles in the hadronic interactions and to the electrons emitthe MEC cosmic ray experiment.
ting angles in the electromagnetic cascade, so that the lateral The present model is most suited to very high energies
spread of secondaries in MEC data can provide us somehere semihard parton-parton interactions are dqminant. In
information on the hadronic interaction model. The differen-the UHE region, there are many unknown factors in the cos-
tial distributions of average lateral spred@&R) and(R) for ~ Mic ray experiment, so that we obtain some mfo_rmatlon on
hadron families, the energies of which are greater than 2f}adronic interaction features usually by comparing the ex-
TeV, are shown in Figs. 1& and 11b), where theE is the pt.arlmen'gal phenomenato_the MC samples. The M‘.]SD quel
observed energy of a particle and tRas the distance from W'”. provide a usefull tool in the res_earch of cosmic rays n

: . : which SD plays an important role in the process of cosmic
the particle to the center of familyER) being the average ray propagation in the atmosphere
value of EXR. 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 Il that
our MC samples and experimental data can reach agreement The authors would like to express their appreciation to Dr.
well. This means that the hadronic interaction parameters arg. N. Wang, Dr. Z. Cao, Professor L. K. Ding, Dr. J. R. Ren,
reasonable in our MJSD model. Further results applying th®r. S. L. Lu, and Dr. W. Q. Zhao for helpful discussions and
MJSD model to investigate the MEC data in detail will be to Peter Prymmer, David Smith, L. X. Cheng, and L. Ma for

FIG. 10. Multiplicity distribution of particles near the center of
families (R<1 cm). Solid circles are data from Rdf5], and the
line is calculated by the MJSD model.
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