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Phenomenological approach of multiple particle production at high energies:
Energy distribution of produced particles by data of direct observation
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The energy distribution of produced particlesiniltiple particle productions formulated empirically based
on the data of direct observations by accelerator and cosmic-ray experimenté-at@tbeV. The formulated
distribution indicates violation of the Feynman scaling law, which was shown to be valid in the low energy
region of<10%eV. That is, the particle density is suppressed in the forward region and enhanced in the central
region, compared with the distribution of the Feynman scaling law. The consequences of the formulated
distribution, such as multiplicity, inelasticity, etc., are discussed at high energie$@f eV by extrapolation.
The distribution is also compared with those of nuclear interaction models which are used widely in simula-
tions of accelerator and cosmic-ray experiments.
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[. INTRODUCTION In given present circumstances, it may be reasonable to
take a phenomenological approach or to start from experi-
The study of multiple particle productidiMPP) is impor-  mental data while as much as possible trying to avoid as-
tant for particle physics, because it may offer useful infor-sumptions without experimental basis. It is pertinent to dis-
mation to perturbative and nonperturbative quantum chromoeuss MPP models now, because available data exists in a
dynamics, the mechanism of the color confinement anﬁ}\/ide energy region, i.e., accelerator data af41é)\/, data
formation of strings. from mountain emulsion chamber experiments-at0'® eV,
The study is important for high energy cosmic-ray phys-qata from air shower experiments atL0' eV, and data of
ics, too, because MPP is one of the main processes Whior'ﬂghest energy air showers at10' eV.
govern high energy cosmic-ray diffusion in the atmosphere. “Aq yhe first step we examine the data from direct obser-

Experimental data of high energy cosmic-ray phenomenavation by accelerator and cosmic-ray experiments in the en-

much of which are obtained by ground-based experiment, ar g _1nl4 .
analyzed usually by assuming a certain model of MPP. Congrgy region of~10'* eV, and formulate an energy distribu

. . . tion of produced particles based on the Feynman scaling law

sequently many of the conclusions which are obtained by . . oo
analyzing high energy cosmic-ray phenomena are mode-Ith s_ce_lllng violation parameters. . ,
dependent ones, with each different model predicting a dif- validity of the formulated model ng be tested first of all
ferent feature of MPP. in the highest energy regions ef10'® eV, which will be

There are various models, theoretical and phenomenolog@de in the succeeding papers. The advantage in examining
cal, to describe MPP. However these models do not predidh€ highest energy events is that the energy dependence of
the features of MPP consistently with each other, and do ndhe formulated model appears in an easily distinguished way.
succeed in describing the existing experimental data in a satd other words, the difference of respective models is not
isfactory manner. A discrepancy between the model predidarge in the energy region 18-10'° eV. If the formulated
tions and experimental data is discussed in this paper for thenodel fails to describe the highest energy events, we must
data of direct observations at @eV. There are several in- find another formulation based on the data from cosmic-ray
dications that experimental data of cosmic rays are not deexperiments at 16107 eV.
scribed well by the current models in the primary energy Our study is made in the following way. Assuming the
region exceeding-10™ eV [1]. energy distribution of produced particles, which tends to that

To discuss MPP, it is convenient to start from the energyf the Feynman scaling law at low energies, we determine
distribution of produced particles, since some important feamagnitudes of the scaling violation parameters at various
tures of MPP, such as inelasticity and multiplicity, are de-collision energies where the experimental data is available.
rived from it. To discuss the energy distribution, however, weAssuming that the obtained energy dependence of the scaling
have almost noa priori guiding principles except energy violation parameters is valid up to 40eV, we discuss the
conservation. On the other hand a theoretical approach cacensequences of the formulated distribution at higher ener-
not yet describe MPP without ambiguity. Furthermore, theregies. The formulated distribution is compared with the pre-
are many theoretical models to address different features afictions of models which are used widely in simulations in
MPP, as mentioned above. accelerator and cosmic-ray experiments.
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TABLE |. List of the experiments and their respective measurements.

Group Site Collision Energy Maximum Presented Observed Observed
Vs (GeV) rapidity guantity particles region
Brazil-Japan Collab[.6] Mt. Chacaltaya h-c? 500 Ymax=12.2 dN/dy, y-rays y,=7.8
53 Y a=4.0 dN/d* charged
UA5 Collab.[7] CERN pp 200 Yra=5.3 dN/dn* charged | n*|<4.5
546 Vi ax=6.3 dN/d7* charged
900 Vi ax=6.8 dN/d7* charged
UA7 Collab.[8] CERN p 630 Yimax=6.4 dN/dy* w0 y*=5.0~6.6
Harr et al. [9] CERN pp 630 Yiax= 6.4 dN/dn* charged n*=15~55

8Hadron(nucleon, piojrcarbon collisions.
PThe value is the averaged one, i@/s)=500 GeV.

Il. ENERGY DISTRIBUTION OF PRODUCED PARTICLES The distribution is called “the scaling function” hereafter,

In this section we discuss the energy distribution of pro_and matches the experimental data well as can be seen in Fig.

duced particles ilN—N (nucleon-nucleon inelastic colli- .As the relationx* = E/E,=x is valid at high energy, Eq
sions under the assumption that the final state of multipltil) has an expression 0 B
particle production consists of a surviving particle, which has '
the same particle nature as the incident particle, and the pro- (1—x)¢
duced particles. The view is valid empirically if one assumes o(X)dx=D
that the energy of the surviving particleﬁhis distributed be-

tween 0 andg, in the laboratory systern.Note that the .

surviving particle is not always the leading particle or the:ﬂéginlgi?ﬁr@ tory system, and the average value of the total
highest energy particle. Plausibility of the assumption was
discussed in detail in Reff2]. This approach does not require

1
specifying kinds of produced particles at all. (K)y= ;j X@g(X)dx=0.5 3)
0

dx (2)

A. Scaling function where the factor 3/2 should be modified slightly when all the

Feynman assumed that the energy distribution of proproduced particles are not pions. The energy dependence of
duced particles in multiple particle production, expressed byhe charged particle multiplicity is given by
the variablex*EZpﬁ/\/g (pf} : the longitudinal component
of the momentum vectop* of the produced partic)& is 1 Eo| 25
independent of the incident energfs at high energie$3]. m(Eo)= fm e Po(X)dx=D —)
This assumption appeared to be valid up to the energy of T
J/s=63 GeV, the maximum available energy at that tiile  which matches the experimental data fairly well in the low
One of the empirical formulas to express the energy distrienergy regior(see Fig. 6.
bution of chargedproduced patrticles ig5]

In

4

™

1 do (1—x*)d B. dN/dy* and dN/d#* from dN/dx*
p—D =@o(X*)= D—r 1) At still higher energies, there are several data sets of di-
rect observation by cosmic-ray and accelerator experiments,
where which are tabulated chronologically in Table I. Note that the

experimental data are presented in various quantities, such as
rapidity density, pseudo-rapidity density, etc., owing to the
—3 —167, d=40. experimental conditions of the respective groups.
To compare the data in Table | with the scaling function,
one has to transformN/dx* into dN/d»*, dN/dy*, etc. In
e _ o o doing so, one has to take into account that the average value
Strictly speaking, the energy of the surviving particle is assumegyf the transverse momentutp;) depends on the rapidity,

to be distributed betweenE;=max(0,2K)—~1)E; and E; o  the value becomes smaller in the forward redibé.
=min(2(K),1)E, in the laboratory system, depending on the aver-

age value of the inelasticigK). That is, the energy is distributed
between 0 and 1 whe{K)=0.5.

The quantities with and without an asterisk) (are those in the 3The energy distribution of produced partickeg(x)dx is the av-
center of mass system and in the laboratory system, respectively.eraged one with respect to the inelasticity distribution.

D
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Following the analysis which was made by one of theands—. The parametera (=1) anda’ (=1) express
present author§ll], we assume that distribution of the enhancement of the scaling function in the central region and
charged produced particles is expressed in the followingsuppression in the forward region, respectielhe mean-
way: ing of the term 2/+/s is discussed below.

The p1 distribution is assumed to be

dN (1—a’'x*)?
——=aD g(pr)  (u=\pi+m?),
dx*dpr \/X*2+(2,u/\/g)2 . pr|dpr
(5) g(pr)dpr=prexp — —|—5 (6
Po/ pg
where the parametesanda’ are adjustable. This formula
reproduces the scaling function of E@) usinga=a’'=1  with
|
c (xX*<x3)
%\ ¢ ,
Po= C(X_o) (x*>x¢) (6=02 GeVE, ¢'=0.57, 5=0.08. %)
X*
|
According to thept distribution of Eq(6_), the average vaIu_e dN AN ox*
of pr, (p1)=2py, becomes smaller in the forward region = —
e : dy*dpr dx*dp; Y~
x*>x¢& , which is observed by the experimert0,8]. The y dpr dx7dpr
values ofc’ andxg are determined in Appendix A. r d
There are several points of improvement or modification =aD 1—a’i(ey* _ey*)l a(py), (8)
from the previous work of Ref[11], and they lead to a S
slightly different conclusion about the degree of scaling vio-
lation due to differenfp; dependence of the adopted func- d
. dN Pr * *
tion. These are =aD|1-a'—=(e” —e ")
(1) The distribution is factorized intdN/dx* andg(pt) dn*dpr I s
in this work, while intodN/dy* andg(p+) in the previous e
work. It is evident that present factorization is better, because (e” +e ") 9
x* is independent op buty* is not. X > Zg(pT). ©
(2) The denominator of the distribution is \/(en* —e" 7;*)2+ it
VX* 2+ (2u/4/5)? in this work butx* in the previous work. pr
The present one is better because othensliédy* is di-
vergent aty* =0. (See the comment in Sec. |1 D, tgo. The distributionsdN/dy* and dN/d»* are obtained by
Since the definitions of the Feynman variable ), the  numerical integration with respect to the transverse momen-
rapidity (y*) and the pseudo-rapidity,(*) are tum pr. The parametepy in Eq. (7) is expressed by the
rapidity y* and the pseudo-rapidity* in the following way:
o= 2P c y*<ys) |
S ! Po Ceicl(y*iyé) (y*>y3) (YO_yc_l-5) (10)
. and
1 E*+ p|| M * *
*=_|n——1L * v ey
y 2|nE*—pﬁ or X \/g(e e ), c ("< %) )
pO Ce_c/("?*_né) (n*>n3) (ﬂo_yc_13)'
L ot ipt (11
77"E—Inp il or x*=ﬁ(e’7*—e"7*), -
2" p*—pf Vs
“Increase of the valua also brings an increase in the distribution
in the forward region. In this senseanda’ do not work “inde-
we have pendently.”
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Scaling Violation Parameter @
Rapidity Desity 4N/ dn*

Pseudo-rapidity —Nn*

FIG. 2. Pseudo-rapidity density distributions ¢6=546 GeV
for various values of the scaling violation parametérThe param-
etera is given by Eq.(12) in the text. The kink in the curve at
n* =4.8 is due to the rapidity dependence of the averagealue.

Scaling Violation Parameter ¢’

S
Sp=3.9x10% Ge\?, A= ﬁ =2.0x10° GeV and
a=0.105.

Vs (©Gev) The energy dependence of the paramatisrshown in Fig. 1

FIG. 1. Energy dependence of the scaling violation parameteré,':’gEther with experimental data. Then the pseudorapidity

a (the upper figureanda’ (lower) in Eq. (5) in the text. Plots are d€nSity atp* =0 is given by

obtained by fitting the calculated curves (@seudoyapidity den-

sity distribution to those of the experimental data. The full circles (d_N -D Pt —1.67x0 83><(i) “

are from the experimental data of the UA5 Collaborati@h and dxn* . \/m a=1. ) So)

the open circles are from those of other experimental groups K K (13

[7,12,9. All the experimental data are listed in R¢¥]. The bar

with an arrow, indicated as “C-jets,” is from the cosmic-ray experi- \yhich reproduce$)(0)=0.745°-1°5 found by the UA5 Col-

ment[6]. The hatched area indicates the energy region where thPaboration[?]. It may be worth mentioning that the data of

Feynman scaling lawa=1.0 anda’=1.0) is verified by the ex- 0), the pseudo-rapidity density ap* =0, is a reliable

periments. The lines are the assumed energy dependences in moﬁ antity in a collider-type accelerator experiment. Figure 2

1 and model 2. shows the pseudo-rapidity distributions =546 GeV for
various values of the scaling violation paramedér

wherec’ =1/1.76=0.57. Derivations of Eqs(10) and (11) The calculated distributions are compared with the experi-

can be found in Appendix A. The distribution of rays, mental data, listed in Table I, with an aim at finding the value

which is to be used for analyzing Chacaltaya emulsion chamef the scaling violation parameter . In fitting the curves to

ber data, is discussed in Appendix B. the experimental data we put a heavier weight on the data
points in the forward region than those in the plateau of the
distribution because the density in the plateau is almost fixed

C. Scaling violation parameters by the parametea. For example, in Fig. 3 the best-fit curve
is consistent with the data points in the forward region in the
Using Egs.(8) and (9), we can calculate thépseudo}  case of /s=53 GeV. The data are those of all inelastic

rapidity density distribution at the incident energfs for  events but not only NSMnonsingle-diffractive events, be-

various values of the parameteasanda’, which are to be

compared with those of the experimental data. We assume

the energy dependence of parameters SDefinitions of all inelastic events and NSD events are

Oinei=0nspT0sp  and onsp=Onpt Tpp

a a
a= i) :<E) (s=2MEy+2M 2-2M Eo) (12 where ND, SD, and DD stand for “nondiffractive,” “single-
So A diffractive” and “double-diffractive” events. According to the UA5
Collaboration data, the density of the former is 10% smaller than
that of the latter in the pseudo-rapidity ranges §*<3.5 and is
with almost equal to that of the latter i* =3.5 at\/s=546 GeV[7].
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FIG. 3. Pseudo-rapidity density distributions by UA5 Collabo-  FIG. 4. Pseudo-rapidity density distributions ¢&=546 GeV.
ration experimentplots), those of model Zsolid lineg, and those Plots are by the simulation mode{§/A5 code, VENUS, QGSJET
of model O(chain line$. The data are those of all inelastic events atsiByLL, HDPM, andDPMJET). The data by the simulations are based
the energies of/s=53 GeV @), 200 GeV (\), 546 GeV (©), on the NSD(nonsingle-diffractive events, while those by model 0,
and 900 GeV Q). The solid lines are by model 2 with the param- model 1, and model 2solid lineg are for all inelastic events. See
eter valuesa’ of the best fitting at respective energies. the footnotet) for the difference between NSD and all inelastic
events. The chain line is that of model 2 which is corrected for NSD

. . . . . events following the comment in the footnat(
cause the former is more suitable for discussing cosmic-ray

diffusion. The energy dependgncg of the scaling ViOIatiorHicted by UA5 codd 14],° VENUS [15], QGSIET[16], SIBYLL
parameters anda’ are shown in Fig. 1, where we observe [17], HDPM [18], andDPMIET [19] with those of the present
that the parametea’ has a stronger dependence than theygdels. The simulation modelENUS, QGSJIET and DPMJIET
parametem. are based on Gribov-Regge theory of soft hadronic colli-
From the energy dependence of the parameteasda’  sjons, while UA5 codesiByLL andHDPM are fully or partly
in Fig. 1, we assume two cases of phenomenological. Note that the pseudo-rapidity density by
simulations is for NSD(nonsingle-diffractiveé events while
that of the calculation is for all inelastic events.
o Table IIl presents the dispersions of the pseudo-rapidity
E) (a'=0.105 and 0.210 (14) distribut.ion between modgl 2 gnd rgspective simulation mod-
A els in Fig. 4. The dispersion is defined as

(dN) (dN) I
dn*/_  ldy*
7 sim 7 model 7% = n*

a'=

n

with S=,
i=1

=N )

o=
which are called model 1 and model 2 hereafter. The param-
etersa anda’ in model 1 have the same energy dependence,
and those in model 2 are the best fit to the experimental datavheren is the number of data points. In calculating the dis-
Note that the data from Haat al. and from the C-jets of the persions the rapidity density distribution of model 2 is cor-
Chacaltaya experiment deviate from the line of model 2rected for NSD events, following comments in the footnote
Model 0 witha=a’ = 1.0, which stands for the case of Feyn- (°), which is also shown in Fig. 4. In the table we present
man scaling law, is included for referen¢Eable I). three values of different rapidity range;* =0~3.0, 7*

To show how the experimental data are described by the=3.5~6.0, and »* =6.5~8.0. Note thaty*=5.0 corre-
formula of Eq.(9) with appropriate values of the parameters sponds toc* =0.1 at\/'s=546 GeV. That is, the three ranges
aanda’, Fig. 3 presents the pseudo-rapidity density distri-correspond roughly to the central, middle, and forward re-
butions of all inelastic eventéut not only of nonsingle- 9ions, respectively, among which the middle region is the
diffractive events recorded by the UA5 Collaboration to- MOSt important for cosmic-ray diffusion in the atmosphere.
gether with those of the formulated models. One can see in 1h€ following observations can be made from the table
the figure that the reproduction is satisfactory by model 22"d Fig. 4. , o .
and that model Gthe Feynman scaling lawcannot repro- (1) In the central region the distributions are similar ex-
duce the data both in the central and forward regions. Not§€Pt that ofHDPM. , ,
that the distribution of model 0 is slightly energy dependent, . (2) In the_ middle FEQIOMGSIET VENUS, DPMJET predict
as can be seen in E¢p). higher density appreciably than that of model 2.

It is also interesting to see how the formulated distribution
is reproduced by the models which are used recently in simu-
lations of atmospheric cosmic-ray diffusion. In Fig. 4 we SUA5 Collaboration made a simulation code which describes the
compare the pseudo-rapidity density distributih8], pre-  data observed by the collaboration.
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TABLE Il. Scaling violation parameters, assumed in the models.

Model Scaling-violation parametefs Average Remarks
a a inelasticity
a= E—O) a= E—O)
A A
Model 0 a=0 a’'=0 (K)=0.5 the Feynman scaling law
Model 1 a=0.105 a'=0.105 (Ky=0.5
Model 2 «=0.105 a’'=0.210  (K)=0.5(E,/A) %1% the best fit to the experimental data

A =2.0x 10? GeV.

(3) In the forward region all the model predictions are (7) The rapidity density of the&GsieTmodel, which is
almost consistent. used frequently at present in simulations of cosmic-ray phe-

(4) UA5 code predicts the most consistent distributionnomena, is almost between those of model 1 and model 2.
with that of model 2. Figure 4 also suggests,

(5) The difference of the rapidity densities, predicted by
respective simulation models, is not negligibly small.

(6) The experimental data of Haet al. is almost consis-
tent with those byQGsJET(see also the lower figure in Fig. Using an approximate relatiorf =E/E,=x valid at high

D. x distribution, multiplicity and inelasticity, predicted
by the models

1. energies, we obtaidN/dx from dN/dx* of Eq. (5):
|
dN [ (1—a’'x) d+1
_:j D=——, d=40|. (15)
dx 3

aD ——————q(pr)dpr
X RS
Vs

Figure 5 shows the-distributions, predicted by model 2, That is, the parameter’ appears in the form of la’. It is no
for various primary energieg,. As can be seen in the fig- surprise that the energy dependence of model 2 agrees better
ures, the Feynman scaling law is violated strongly both in thevith the experimental data than that of model 1.
central region and in the forward region in model 2. There Figure 6 shows also the energy dependence of the average

are almost no particles witk=0.01 atE,=10? eV. total inelasticity in the laboratory system, defined by
Figure 6 shows the energy dependence of charged multi-
plicity, predicted by the formulated models, after integration 3 dN
of Eq. (15). That is, <K>E§ Xadx
dN i’ oc aD(1—a’'x)¢ ,
m(Eo)zf—dx=f1a dxf dpr————9(p7). 3w x| do. ap (1-a'x)¢
dx 0 0 ‘/X2+(2,U,/\/§)2 = Xax pra

———0(P7)-
(16) 2Jo 0 \/X2+(2M/\/§)2 T

It is one of the merits of the present formulation that e (17

distribution is not divergent ak=0 owing to the term |t shows that the inelasticity decreases considerably in model
2ul\/s. Recall that the lower limit of integratiom,,/Eq iS 2 at high energies while it is constafite., 0.5) in model 0
introduced by hand in Eq4) to calculate the multiplicity.  ang in model £ It is worth noting that{K)=0.5 holds when

One can see in the figure that the difference in the multiplictpe relationa= o’ holds irrespective of the values afand
ity is small between model 1 and model 2 because we havg,

m(Eo)za

S
In——1Ina’

K 8t may look strange that the average inelasticiky) is 0.5 for
model 1, which has a higher rapidity density thaasJeT since
QasJeTfound (K)=0.6. The effect is due to the difference in sam-

"The code does not necessarily predict the pseudo-rapidity densiggling of events, i.e., all inelastic events in the former and NSD

correctly in the forward region, because the observed pseudcevents in the latter. In other words the average inelasticity by
rapidity region by UA5 Collaboration is limited tg* <4.5. QGSJETIs ~0.5 for all inelastic events.
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TABLE lll. Dispersion of the pseudo-rapidity density distributions between model 2 and the simulation

codes.

Pseudo-rapidity range UAS5 code  sIBYLL HDPM QGSJET VENUS DPMJET

7*=0.0~3.0 (x*=0~0.015)

S 0.145 0.158 1.017 0.120 0.614 0.488

o 0.144 0.150 0.381 0.131 0.296 0.264

7*=3.5~6.0 (x* =0.024-0.3)

S 0.198 0.563 0.563 1.054 2.974 2.974

o 0.182 0.306 0.306 0.419 0.704 0.704

7* =6.5~8.0 (x*=0.49)

S 0.058 0.033 0.033 0.006 0.033 0.033

o 0.120 0.091 0.091 0.039 0.091 0.091
ll. SUMMARY The formula shows clearly violation of the Feynman scal-

o ing law both in the central region and in the forward region.
We have formulated the energy distribution of IorOducedHence we assume, following three models, that we need to

particles.in multiple partic}e production, based on the.direCtextrapolate the energy distribution into a higher energy re-
observation data of cosmic-ray and accelerator expenmentai on (Table IV)

; 4
The energy region covers ¥0-10 eV. Average inelasticity i§K)=0.5 in model 0 and in model

1, but decreases with the incident energy in model 2. Most of
the nuclear interaction models, which are employed in the
simulations to follow the diffusion of cosmic rays in the
atmosphere, lie between model 1 and model 2. The differ-
ence of the rapidity density distributions, predicted by re-
spective models, is not negligibly small. This difference be-
comes probably larger at 10" eV where the models are
used to analyze high energy cosmic-ray data.

It was pointed out that the average inelasticity, which de-
creases with energy like that in model 2, is not compatible

x dN/dx

10°F T z T T T T T T T

Bl sfenas i o o v s ... Multiplicity .

__________________________________

x dN/dx

10° 10° 10 10 10* 10%

E, (eV)

FIG. 6. Energy dependence of charged multiplicity and that of
total inelasticity, predicted by the models. Experimental data of av-
erage charged multiplicityfull circles) is from bubble chambers,
CERN Intersecting Storage RingtSR) and CERN Super Proton

FIG. 5. x distribution of model 2x(dN/dx), for various pri-  Synchrotron (§pS), compiled in Ref[7]. The multiplicity is not
mary energie€,. The chain line in the upper figure is the scaling different so much between model 1 and model 2. Model 2 describes
function of Eq.(2) in the text. Full circles are experimental data of the experimental data better than model 1, because model 2 has the
p+p— 7"+ X at+/s=20 GeV[20], where the scaling law is valid. best-fit parameters to describe the rapidity density distribution. In-
Model 2 shows the strong violation of Feynman scaling law both inelasticity is decreasing in model 2, while it is constar®.5) for
the forward region and in the central region at high energies. Thenodel 0 and model 1. The shadowed area indicates the region
lower figure shows that the distribution in the forward region where the Feynman scaling law, i.éK)=0.5, is verified by the
shrinks distinctly, in particular, at highest energies. experiments within the experimental errors.

x=E/E,
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TABLE IV. Formulated models in the present paper.

Feynman scaling law Remark
central region forward region
Model 0 valid valid Feynman scaling layk)=0.5
Model 1 violated violated (K)=0.5
Model 2 violated violated Best fit to the data

with the altitude variation of the cosmic-ray intensities ob-which leads tox}=0.08 because(In(M/u))=1.0° The
tained by mountain emulsion chamber experimé¢®fg. We  brackets (---) mean the average with respect to the
will examine in a following paper whether or not model 2, pr-distributiong(pt)dps.

the best fit to the experimental direct observation data, de- Similarly we have, for the pseudo-rapidity*,

scribes the highest energy air showers=t0' eV.
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APPENDIX A: p;-DISTRIBUTION D
=y.+In 0)—In(—T).
The parametep, in Eq. (7) in the text is expressed by the K
rapidity y* in the following way: It follows
lc (Y*<¥5) 7=y~ 13
Po= Ik _y* ’
—-yg) (Y >yE
ce Y0 (¥y*>Yo) because we havén(pr/w))=—-0.2.

* * ; P
\r/;g(iaégowceo[]r:\fsonds tag . Thatis, by the definition of the APPENDIX B: dN/dx AND dN/dy OF 7 RAYS
The particle distribution of the Chacaltaya emulsion
« chamber experiment is expressed by the rapidity distribution
MXO) of y rays which are the decay product of a’. Conse-
' guently we have to relate the distributidiN/dx* of charged
pions in the text with that ofy-raysdN, /dx,. The deriva-
The regiony* >y? is the forward region wherépy) be-  tion depends on smallness pf /s and pTy/\/g compared

comes smaller ang.= In(y's/M) (M: nucleon massis the ~ With x*, because the experiment showepr)=0.4

S
Yo = In(%xg ) =y.+1In

rapidity of the incident nucleon. (GeV/_c), (pry)=0.2 (GeVk), anc_i(\/§>=50_0 GeV/[6].
According to the experimental data of the UA7 Collabo- ~ Guided by the distribution of piongN/dx in the text, we
ration 8], assume that the distribution of y rays is described by
dN, h(xy)

1

Xy r— = 9,(P1,)
Yo=Y.—15 andc 176 dx,dpr, 2pT7/\/— 9 P1y

at \/'s=630 GeV approximately. Therefore we have

%Then a small value ok$ =0.08 is not so surprising becaus&

Mxc* =0.24 aty* =y, . (y. is the rapidity of the incident nucleon which
01\ _ _ 22 is considered the rapidity at the most forward regicfhere are
< ( )> (w Pr =) only 1.25 charged particles in the regigi>0.08.
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where theg,(pr,)dpr, is thepT_y distribution which will be dN, xmaDa(1—a’'x)¢
given below. It has an approximate form of dx L —J' dprg(py),
dN,  h(x) !
T X wherex,.=1/a’ and [g(pt)dpr=1. Then we have
Y Y

in the forward region wherg >2pr,/4/s. h(x)=Daa’
We determinen(x) by the fact thaty rays are the decay
product of all7°. Due to the kinematics ofi°— 2y decay,

3

1 10
—+4xIn(a’x)+—=x—6a’'x>+2a’'’x3
al

we have _ %alale
%_Jxmaxz dN o which has valueDa and 0 atx=0 andx=1/a’, respec-
dX7 N « X dx tively.
7 Therefore we have
_fxmax2<1 dN)
“J. Kz Pr
X X X W =h(x)g,(pr,) (X \/_«/(ey e y))
_ Xmaxl dN 7Ty
_J f Praxdpy with
dpr,= e pod
wheredN/dx is thex distribution of charged pions, given in 95(Pry)dpr,="—5"€ Po,dpr,
the text. Since we are concerned with the distribution in the 07
forward region ofx,/>2pT,//\/§, we have where
|
_ C'y (y'y<y0y) —01 GeVk ;L
I e e R (2 N R AR W -
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