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Cosmic ray air shower characteristics in the framework
of the parton-based Gribov-Regge modelNEXUS
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The purpose of this paper is twofold: first we want to introduce a new type of hadronic interaction model
~NEXUS!, which has a much more solid theoretical basis than, for example, presently used models such as
QGSJETandVENUS, and ensures therefore a much more reliable extrapolation towards high energies. Secondly,
we want to promote an extensive air shower~EAS! calculation scheme, based on cascade equations rather than
explicit Monte Carlo simulations, which is very accurate in calculations of main EAS characteristics and
extremely fast concerning computing time. We employ theNEXUS model to provide the necessary data on
particle production in hadron-air collisions and present the average EAS characteristics for energies 1014

21017 eV. The experimental data of theCASA-BLANCA group are analyzed in the framework of the new model.
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I. INTRODUCTION

Although cosmic rays have been studied for many
cades, there remain still many open questions, in partic
concerning the high-energy cosmic rays above 1014 eV. One
knows neither their composition nor the sources and ac
eration mechanisms, partly because of the fact that at th
high energies direct measurements are impossible due to
weak flux. But since cosmic ray particles initiate cascade
secondaries in the atmosphere, the so-called extensiv
showers, one may reconstruct cosmic ray primaries by m
suring shower characteristics. This reconstruction requi
however, reliable model predictions for the simulation of e
tensive air shower~EAS! initiated by either protons or nucle
from helium to iron. The problem is that the energy of t
cosmic rays may exceed by far the energy range acces
by modern colliders, where at most equivalent fixed tar
energies of roughly 1015 eV can be reached. The projects
new generation EAS arrays are aimed even to the en
region 1020– 1021 eV, and so the gap between the existi
energy limit of collider data and the demands of cosmic
experiments is considerable. Moreover, the real reliable d
limits are essentially less than mentioned above, becaus
the present time collider experiments do not register parti
going into the extreme forward direction and a number
other drawbacks may be listed. Therefore there exists a
need of ‘‘reasonable’’ models, implementing the corre
physics, in order to be able to make extrapolations towa
extremely high energies.

Concerning models one has to distinguish between E
models and hadronic interaction models. The latter ones s
as VENUS @1#, QGSJET @2,3#, and SIBYLL @4# are modeling
hadron-hadron, hadron-nucleus and nucleus-nucleus c
sions at high energies, being more or less sophisticated
cerning the theoretical input, and relying in any case stron
on data from accelerator experiments. The EAS models s
as CORSIKA @5# are actually simulating the full cascade
secondaries, using one of the above-mentioned hadr
0556-2821/2001/63~5!/054030~11!/$15.00 63 0540
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models for the hadronic interactions and treating the w
known electro-magnetic part of the shower. It turns out t
the model predictions of EAS simulations depend subst
tially on the choice of the hadronic interaction model.
CORSIKA, the average electron number in EAS at prima
energy 1015 eV varies from 1.113105 to 1.623105 ~at sea
level! depending on the hadronic interaction model@6#. So
the right choice of the model and its parameters is extrem
important.

Recently a new hadronic interaction modelNEXUS @7# has
been proposed. It is characterized by a consistent treatm
for calculating cross sections and particle production, con
ering energy conservation strictly in both cases~which is not
the case in all the above-mentioned models!. In addition, one
introduces hard processes in a natural way, avoiding
unphysical dependence on artificial cutoff parameters.
single set of parameters is sufficient to fit many basic spe
in proton-proton and lepton-nucleon scattering, as well a
electron-positron annihilation. Briefly, concerning theoretic
consistency,NEXUS is considerably superior to the present
used approaches, and allows a much safer extrapolatio
very high energies.

This new approach cures some of the main deficiencie
two of the standard procedures currently used: the Grib
Regge theory and the eikonalized parton model, the theo
ical basis of the above-mentioned interaction models. Th
cross section calculations and particle production canno
treated in a consistent way using a common formalism.
particular, energy conservation is taken care of in case
particle production, but not concerning cross section cal
lations. In addition, hard contributions depend crucially
some cutoff and diverge for the cutoff being zero.

Having a reliable hadronic interaction model, one m
now proceed to do air shower calculations. It may app
that an ideal solution from the user’s point of view is to u
direct Monte Carlo technique, where the cascade is tra
from the initial energy to the threshold one and the thresh
energy corresponds to the minimum energy registered by
array in question. But such an approach takes unreason
©2001 The American Physical Society30-1
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G. BOSSARDet al. PHYSICAL REVIEW D 63 054030
too much computer time and sometimes gives no possib
to analyze experimental data in the appropriate way. Alre
at 1014 eV to 331016 eV, the experimental statistics from th
KASCADE experiment@8# is ten times bigger than the corre
sponding number of simulated events. It should be m
tioned that at higher energies~above 1017 eV! it is hardly
possible to use direct Monte Carlo calculations. Of cour
some modifications, such as the thinning method@9#, are
possible and average values may be computed.

In this paper, we follow an alternative approach, whe
one treats the air shower development in terms of casc
equations. Here, the cascade evolution is characterize
differential energy spectra of hadrons, which one obtains
solving a system of integro-differential equations. Cruc
input for these equations is the inclusive spectra of hadr
produced in hadron-air collisions. These spectra are obta
by performingNEXUS simulations and finally parametrizin
the results. Having solved the cascade equations, we fin
analyze the results of theCASA-BLANCA group as a first ap-
plication of our approach.

II. THE NEXUS MODEL

The most sophisticated approach to high-energy hadr
interactions is the so-called Gribov-Regge theory@10,11#.
This is an effective field theory, which allows multiple inte
actions to happen ‘‘in parallel,’’ with phenomenological o
jects called ‘‘Pomerons’’ representing elementary inter
tions @12#. Using the general rules of field theory, one m
express cross sections in terms of a couple of parame
characterizing the Pomeron. Interference terms are cru
they assure the unitarity of the theory.

A big disadvantage is the fact that cross sections and
ticle production are not calculated consistently: the fact t
energy needs to be shared between many Pomerons in
of multiple scattering is well taken into account when co
sidering particle production~in particular in Monte Carlo
applications!, but not for cross sections@13#. This means that
the approach is not self-consistent, since different aspec
the interactions—which are strongly related to each othe
are treated independently. This provides an artificial fr
dom, which makes any extrapolation to very high energ
impossible.

Another problem is the fact that at high energies, one a
needs a consistent approach to include both soft and
processes. The latter ones are usually treated in the fra
work of the parton model, which only allows us to calcula
inclusive cross sections.

We recently presented a completely new appro
@14,15,7# for hadronic interactions and the initial stage
nuclear collisions, which is able to solve several of the ab
mentioned problems. The interaction process is describe
multiple scattering diagrams of the type, shown at Fig. 1
the case of hadron-nucleus collision. The elementary sca
ing contributions, shown as the thick lines in the above d
gram, are the sum of the usual soft Pomeron and the
called semi-hard Pomeron, where the latter one may
obtained from perturbative QCD calculations~parton lad-
ders!. We provide a rigorous treatment of the multiple sc
05403
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tering aspect, such that questions of energy conservation
clearly determined by the rules of field theory, both for cro
section and particle production calculations. In both cas
energy is properly shared between the different interacti
happening in parallel, see Fig. 1 for hadron-nucleus co
sions. This is the most important and new aspect of our
proach, which we consider a first necessary step to cons
a consistent model for high-energy nuclear scattering.
some extent, our approach provides a link between
Gribov-Regge approach and the parton model, we ca
‘‘parton-based Gribov-Regge theory.’’

We cannot discuss all the consequences of the new
proach in this paper, but a remarkable finding is the fact t
including energy conservation properly will require com
pletely different values for the fundamental parameters of
approach, in order to fit the experimental proton-proton cr
sections. This has significant consequences for many obs
ables related to particle production in proton-proton and a
proton-air and nucleus-air scattering. As an example,
show at Fig. 2 for the case of proton-proton interaction
probabilities for the processes with exactlym elementary
scattering contributions (m cut Pomerons! as calculated in
our approach~the relevant formulas and model paramete
may be found in Ref.@7#! in comparison with the same quan
tity calculated in the usual way@16# ~neglecting energy-
momentum sharing effects! for the same parameter choic
The great difference between the two results illustrates
importance of the discussed mechanism.

III. SYSTEM OF HADRONIC CASCADE EQUATIONS

EAS are produced as a result of the hadronic casc
development in the atmosphere. We characterize hadr
cascades by the differential spectrahn(E,X) of hadrons of
type n with energyE at an atmospheric depthX, the latter
one being the integral over the atmospheric densityr along a
straight line trajectory~not necessary radial! from some point
P to infinity,

FIG. 1. The diagram representing a proton-nucleus collision
more precisely a proton interacting with~for simplicity! two target
nucleons, taking into account energy conservation. Here, the en
of the incoming proton is shared between all the constituents, wh
provide the energy for interacting with two target nucleons.
0-2
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FIG. 2. Distribution of the
numberm of Pomerons in proton-
proton scattering for different im-
pact parameters. We show the r
sults of a full simulation~solid
lines! as well as the Poissonian
distribution obtained by ignoring
energy conservation ~dashed
lines!.
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`

r~x!dx, ~1!

measured usually in g/cm2. The decrease of the average ha
ron numbers due to collisions with air nuclei is given as

dhn

dX
52

hn

ln
, ~2!

where the mean inelastic free pathln ~in units of mass/area!
can be expressed via the average hadron-air cross se
s inel

(n) and the average mass of air moleculesmair :

ln5
mair

s inel
(n)

. ~3!

The second process to be considered is particle decay.
decay rate in the particle c.m. system isdhn /dt52hn /t0,
with t0 being the particle lifetime. For a relativistic partic
we find

dhn

dX
52

Bn

EX
hn , ~4!

with the decay constant in energy units

Bn5
mn

act0
, ~5!

wheremn is the hadron mass andc the velocity of light. The
ratio a5r/X depends only weakly onX and is for the fol-
lowing taken to be constant, which implies constantBn . If
we take the simple exponential barometric formula for
densityr, we get

a5
r0 g cosu

P0
, ~6!
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wherer0 and P0 are density and pressure at~for example!
sea level,g the gravitational acceleration of the earth, andu
the zenith angle of the shower trajectory. In this paper,
only consider the caseu50.

Based on the above discussion, a system of integ
differential equations for the differential energy spectrahn of
hadrons may be presented as

]hn~E,X!

]X
52hn~E,X!F 1

ln~E!
1

Bn

EXG
1(

m
E

E

Emax
hm~E8,X!

3FWmn~E8,E!

lm~E8!
1

BmDmn~E8,E!

E8X
GdE8. ~7!

The quantitiesWmn(E8,E) andDmn(E8,E) are the inclusive
spectra of secondaries of typen and energyE which are
produced in interactions~W! or decays~D! of primaries of
type m and energyE8. The energyEmax is the maximum
energy considered. If the type of primary hadron isno , its
energyE0 and the cascade originates atXo , then one should
add

hn~E,X5Xo!5dnno
d~E2E0! ~8!

as the boundary condition. The more detailed considera
of the problem may be found elsewhere~see Ref.@17#!.

It is reasonable to incorporate in the system nucleons~and
antinucleons!, charged pions (Bp5114 GeV!, charged kaons
(BK5852 GeV!, and neutral kaons (BK

L
o5205 GeV!. As

BK
S
o51.193105 GeV, there is no sense to account for neut

kaonsKo
S at energies!BK

S
o. But these particles should b

included if their energy exceeds 0.01BK
S
o. The values of de-

cay constants are given at the height 11 km.
0-3
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G. BOSSARDet al. PHYSICAL REVIEW D 63 054030
The computational technique to solve the system~7! is
based on the same principle as the traditional approa
@18,19#, but some improvements are introduced, which
able one to avoid too small steps when integrating over
depth@20#. One discretizes the energy as

Ei5Emin•ci ~9!

with Emin.1 GeV andc such that the number of points pe
order of magnitude is 10– 20. Replacing the integral in
right-hand side of Eq.~7! by the corresponding sum, on
may write

]hni~X!

]X
52hni~X!F 1

lni
1

Bn

EiX
G

1(
m

(
i

j max

hm j~X!FWmn
ji

lm j
1

BmDmn
ji

EjX
G , ~10!

with hni(X)5hn(Ei ,X), lni5ln(Ei), and

Wmn
ji 5E

Emin( i )

Emax( i ) E

Ei
Wmn~Ej ,E!dE, ~11!

Dmn
ji 5E

Emin( i )

Emax( i ) E

Ei
Dmn~Ej ,E!dE ~12!

with Emin( i )5Ei /Ac and Emax( i )5Ei3Ac @if i 5 j then
Emax( i )5Ej ]. The factorE/Ei has been added in the integr
to ensure exact energy conservation. The spectraWmn(Ej ,E)
and Dmn(Ej ,E) must be provided in order to calculate th
above integrals. The standard recipe for calculat
Dmn(Ej ,E) may be found elsewhere~see Ref.@17# or @5#!
and implies no difficulties. The calculation ofWmn(Ej ,E)
must be based onNEXUS simulations, as discussed below
detail. Since theEj dependence is very smooth, there is
point to calculate the spectra for all energiesEj . One rather
chooses some reference energiesEj 8 to calculate the spectr
based onNEXUS simulations, and then interpolates to obta
the spectra for the other energies. This method has prove
be superior concerning the computational time when co
pared with the direct spectra calculations over all energ
For the calculations in this paper we choose two refere
points per order of magnitude, starting from 1011 eV, Ej 8
51011 eV, 1011.5 eV, 1012 eV, etc., up to 1017 eV, which is at
present the maximum energy attainable in theNEXUS model.
As theNEXUS model is not valid at energies below 1011 eV,
the data obtained with other codes must be borrowed. In
work we employ results obtained in Refs.@21,22# which are
close to predictions of theGHEISHA code@23# used inCOR-

SIKA.
The solution of the homogeneous equation

]hni~X!

]X
52hni~X!S 1

lni
1

Bn

EiX
D ~13!

has the form
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hni~Xo1DX!5hni~Xo!expH 2DX

lni
J S Xo

Xo1DXD Bn /Ei

,

if for simplicity we neglect the weak dependence ofBn on X.
The solution of the full equation~10! may be written as

hni~Xo1DX!5hni~Xo!expH 2
DX

lni
J S Xo

Xo1DXD Bn /Ei

1(
m

(
i

j max E
Xo

Xo1DX

hm j~X8!FWmn
ji

lm j
1

BmDmn
ji

EjX8
G

3expH 2
Xo1DX2X8

lni
J

3S X8

Xo1DXD Bn /Ei

dX8 ~14!

which may be verified directly. The above formula allows
calculatehni at depthXo1DX, provided thathni(X) at X
5Xo is known and allhm j(X) are also known forXo<X
<Xo1DX and j . i . So, starting fromhni(Xo) one may se-
quentially find hni(Xo1DX) and so on. Test calculation
show that forEi.Bn/3 it is quite sufficient to use Simpson’
formula. Here, one needs the values forhm j(Xo1DX/2),
which are obtained via interpolation. Whereas for pions t
works without problem, for kaons the requirementEi
.BK6/3 becomes more restrictive and, what is especia
essential, errors for one component manifest themselve
other components. In order to retain accuracy without res
ing to excessively smallDX, the integration overX8 in Eq.
~14! is approximated as

E
Xo

Xo1DX

f ~X8!S X8

Xo1DXD Bp /Ei

dX8

5A1f ~Xo!1A2f ~Xo1DX/2!1A3f ~Xo1DX!

~15!

and coefficientsA1 , A2 , A3 are found from the condition
that Eq. ~15! is exact for a second order polynomial. Th
accuracy of;1% may be achieved withDX.5 g/cm2.

Other EAS characteristics~e.g., electron and muon num
bers! are computed in a traditional way as correspond
functionals from functionshn(E,X). Usually one assume
that neutral pions decay immediately at the generation p
and do not contribute to the development of the hadro
cascade. This assumption is quite adequate at energies b
the corresponding decay constant which for neutral pion
about 331019 eV. Moreover, as primary particles are nucl
ons there is an additional factor of;10 in our favor. So the
number of neutral pions produced at depthX may be ob-
tained as

]h
p0
prod~Ei ,X!

]X
5(

m
(
j 5 i

j max

hm j~X!F 1

lm j
Wmp0

j i
1

Bm

EjX
Dmp0

j i G ,
~16!
0-4
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where we substituten by p0 in the second term of the right
hand side of Eq.~10!. The electron numberNe at depthT is
given as

Ne~T!5(
i 51

i max E
0

T ]h
p0
prod~Ei ,X!

]X
NG~y,t !

2

11s
dX0 , ~17!

wherey5 ln(Ei /b) is the logarithmic energy in units of th
critical energy of electrons in air (b5813106 eV! and t
5(T2X0)/T0 is the depth difference in radiation units (T0
537.1 g/cm2). The factor 2/(11s) accounts for energy shar
ing between two photons, withs being the shower age pa
rameters53t/(t12y). The functionNG is referred to as
Greisen’s formula@24#

NG5
0.31

Ay
expH tF12

3

2
ln~s!G J , ~18!

which predicts the electron number at depthT in the shower,
produced by a primary photon with energyEi at depthX0.

As a rule, experimental EAS arrays can detect muons w
energies above a certain thresholdEthr m . The number of
such muons may be obtained as follows:

Nm~Em.Ethr m ,T!5(
m

(
i :Ei.Ethr m

(
j > i

E
0

T

hm j~X!
Bm

EjX

3Dmm
j i W~Ei ,X,Ethr m ,T!dX, ~19!

where Dmm
j i defines the number of muons with energyEi

resulting from the decay of hadronm with energy Ej ,
W(Ei ,X,Ethr m ,T) is the probability that a muon produced
depthX with energyEi will survive betweenX andT and its
final energy atT will be greater thanEthr m .

For the most important channels of muon product
(p6→m61nm andK6→m61nm are responsible for abou
95% of all muons! values ofDmm

j i are governed by the simpl
two body decay kinematics. If we consider the atmospher
be isotermic then the functionW(Ei ,X,Ethr m ,T) may be
written explicitly:

W~Ei ,X,Ethr m ,T!

5uS Ei2Ethr m2~T2X!
dE

dXD

3H X

T

Ei2~T2X!
dE

dX

Ei

J Bm /[Ei1X(dE/dX)]

,

~20!

whereu is the step function anddE/dX is the ionization loss
rate.

IV. CALCULATIONS OF CROSS SECTIONS AND
INCLUSIVE SPECTRA

In this section, we provide the hadron-air cross secti
s inel

(n) and we discuss how to obtain the matricesWmn
ji , repre-
05403
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senting inclusive particle spectra, based onNEXUS calcula-
tions. We first have to performNEXUS simulations in order to
obtain the inelastic hadron-air cross sectionss inel

(n) for the
different hadrons of interest. The corresponding values
be found in Table I. We show results for nucleons (N), pions
(p), and kaons~K! for different energies in the range 102 to
108 GeV.

We now turn to the determination of the matricesWmn
ji .

The first step amounts to performing a number ofNEXUS

simulations to calculate the energy spectrum of produ
~secondary! hadrons of typeh,

E
dNhinh

dE
~Ein ,E!, ~21!

in a hadron plus nitrogen reactionhinN→hX for different
incident hadronshin , each one at different energiesEin . For
the incident energies, we use

Ein
j 51021 j /2 GeV, j 50,1, . . . ,12, ~22!

and for the incident hadron types, we take nucleons, char
pions, charged kaons, and neutral kaonsKL

0 , for the second-
ary ones in addition neutral pions andKS

0 ~spectra ofKS
0 are

assumed to be identical toKL
0). All other hadrons are as

sumed to decay immediately.
NEXUS is based on the Monte Carlo technique, implyin

automatically statistical fluctuations, which are in particu
large, when the production of secondaries with energies
proaching the primary one is examined. The influence of
limited statistics obtained viaNEXUS Monte Carlo simula-
tions may be eliminated to some extent if an appropri
smoothing procedure is applied. Such a procedure prov
the opportunity to exploit the corresponding ‘‘smoothed
spectrum at a fixed primary energy as a continuous func
of the energyE of secondaries, instead of considering d
crete values only. Moreover, it enables one to impose cer
restrictions on the shape of inclusive spectra. For exam
we assume theE dependence ofW for x5E/Ein→1 to be
proportional tox21(12x)a, wherea is taken from theoreti-
cal considerations or just as a fit parameter. We use
Levenberg-Marquardt~LM ! method @25# to fit the Monte
Carlo spectra by analytic continuous functions inE,

E
dNhmhn

dE
~Ein

j ,E!→Wmn~Ein
j ,E! ~23!

TABLE I. Hadron-air cross sections.

E ~GeV! s inel
(N) ~mb! s inel

(p) ~mb! s inel
(K) ~mb!

102 280.0 208.0 185.5
103 291.7 229.2 201.0
104 321.7 256.8 229.0
105 356.7 297.1 266.6
106 404.7 346.8 314.8
107 463.1 400.7 365.0
108 530.4 454.4 418.1
0-5
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FIG. 3. Inclusive spectra~points! from NEXUS simulations and the corresponding smoothed spectraWmn(Ein
j ,E) ~lines! for incident

charged pions and different secondarieshn , for incident energyEin51011 eV, as a function of the secondary energyE ~left! and x
5E/Ein ~right!.
th
ne
y

rl

s
e
two
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ow
for the different incident hadronshm and secondarieshn for
the above-mentioned valuesEin

j for the incident energy. This
method finds the minimumx2 and its algorithm consists in
the combination of the inverse-Hessian method and
steepest descent method. It is one of the standard non-li
least-square approaches and its detailed description ma
found elsewhere@26#. The statistics of 105 events for each of
the reference energiesEin

j is sufficient to calculate
Wmn(Ein

j ,E) within ;(0.1– 0.2)% accuracy.
As an example, we show in Figs. 3 and 4 the Monte Ca

results for incident charged pions with energies of 1011 and
05403
e
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1017 eV, together with the corresponding fit function
Wmn(Ein

j ,E). Similarly excellent fits are obtained for all th
other spectra. For purposes of more efficient computing,
sets of Monte Carlo spectra are used, which exploit differ
E scales: a linear one for large energies of secondaries~right
figures! and a logarithmic scale for small ones~left figures!.

Using analytic expressions for the spectra, we can n
proceed to calculate integrated spectra:

Wmn
i ~Ein

j !5E
Ei /Ac

Ei•Ac E

Ei
Wmn~Ein

j ,E!dE ~24!
0-6
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FIG. 4. Same as Fig. 3, but for incident energyEin51017 eV.
,
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with Ei5Eminc
i for 1< i< i max. For the actual calculation

we usec5100.1 andi max581. We obtain the integrated spe
tra for arbitrary incident energiesEin via an interpolation
formulaW̃mn

i (Ein), and we can thus calculate these quantit
in particular for all the energiesEj :

Wmn
ji 5W̃mn

i ~Ej !. ~25!

One could have calculated the integrated spectra directly
all the energiesEj , but due to the weak energy dependen
of the spectra it is much more efficient to proceed as d
cussed above.
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V. SOLVING THE CASCADE EQUATIONS

Having all the ingredients, we are now able to solve t
cascade equations as discussed above to obtain the diff
tial hadron spectrahn(Ei ,X). The method adopted gives th
possibility to calculate average characteristics of EAS wit
;1% accuracy. Based on the inclusive spectra, we may
culate numbers of different hadronsNhi

as well as number of

electronsNe and muonsNm for a number of observation
levelsX in the atmosphere. In Fig. 5, we show the depend
cies of the number of electronsNe , muons Nm (Em.1
GeV!, and all hadronsNh (Eh.50 GeV! on the depthX for
different incident energies. One observes the expected
crease of the particle numbers with energy and as well
0-7
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FIG. 5. Number of electronsNe , muonsNm (Em.1 GeV!, and all hadronsNh (Eh.50 GeV! as a function of the atmospheric depthX
for different incident energiesEin ~in eV, from top to bottom!: 1016, 1015.5, 1015, 1014.5.
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shift of the shower maximum towards largerX with increas-
ing energy. In Fig. 6, we show the corresponding charac
istics for individual hadrons. The pions are by far most dom
nant, followed by nucleons, then charged kaons andKL

0 ,
whereasKS

0 are the least frequent due to the short lifetime.
Fig. 7, we show the total hadronic energy as a function of
atmospheric depthX for different incident energies. Obvi
ously the hadronic energy is highest for the highest incid
energy. With increasing atmospheric depth, the hadronic
ergy drops exponentially, due to its conversion into the
ergy of electro-magnetic cascade~and to some extent into
muon and neutrino energy!.

VI. SOME RESULTS OF CALCULATIONS

It is certainly the main purpose of this paper to introdu
a new, sophisticated hadronic interaction model, particula
suited for high-energy hadronic interactions, and, at the s
time, to explain the use of cascade equations rather
explicit simulations for the air shower calculation. So we
not want to present extensive applications of this approa
but rather discuss one instructive example.

The CASA-BLANCA group@27# published recently very in-
teresting results concerning the composition of cosmic r
in the energy range 1014– 1017 eV. From the results shown in
the previous section, we can easily calculate the sho
maximumXmax as a function of the incident energyEin . We
calculate as well the shower maximum for incident nuc
~with mass numberA) assuming that it is given by the resu
for nucleon at a reduced energyEin /A. As it had been shown
~see, for example, Refs.@28,3#! this simple superposition
prescription works well for average characteristics
nucleus-induced EAS. In Fig. 8 we show the shower ma
mum Xmax for incident nucleons~upper curve! and iron
05403
r-
-

e

t
n-
-

ly
e

an

h,

s

er

i

f
i-

~lower curve! as a function of the incident energyEin to-
gether with the data. Comparing our calculations with t
data we find an excellent agreement with the results of an
sis carried out in Ref.@27# on the basis ofQGSJETandVENUS

models, i.e., we confirm the change to a heavier prim
composition at energies above the knee of the primary c
mic ray spectrum, which has been earlier reported by
group of Moscow State University@29,30#, as well as the
novel feature discovered by theCASA-BLANCA group—
‘‘lightening’’ of the composition at energies just before th
knee. Similar observations have been also reported by
KASCADE Collaboration@31,32#.

The above statement can be made more quantitative
studying the so-called mean nuclear mass^A&, which is de-
fined to be the nuclear mass which would fit best the exp
mental data. In Fig. 9, we plot the mean logarithmic ma
ln^A& as a function of the incident energyEin together with
QGSJETandVENUS results obtained in Ref.@27#. As already
mentioned above, the mass number has clearly a minimu
around 1015.5 eV, for higher energies the mass is increasi
again. TheNEXUS results are quite similar to theQGSJET

ones, whereasVENUS has a tendency towards higher mass
One should keep in mind, however, thatVENUS is strictly
speaking already outside its energy range of validity, wh
makes its prediction somewhat uncertain.

It is worth noting that the observed qualitative behav
for the primary composition may be obtained in the fram
work of the diffusion model for cosmic ray propagation
one assumes a large magnetic halo for the galaxy with a
symmetric magnetic field@33#. As it has been shown in@34#
such a configuration of the galactic magnetic field agr
with the measurements and allows to explain naturally
observed ‘‘sharpness’’ of the knee in the primary ener
spectrum.
0-8
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FIG. 6. Numbers of different hadronsNhi
(Ehi

.50 GeV! as a function of the atmospheric depthX for different incident energiesEin .
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VII. SUMMARY AND OUTLOOK

We introduced a new type of hadronic interaction mo
~NEXUS!, which has a much more solid theoretical ba
when compared, for example, to presently used models s
as QGSJETand VENUS, and so provides much more reliab
predictions at super-high energies where there are no col
data yet. A particular feature of the model is a consist

FIG. 7. Total hadronic energyE as a function of the atmospheri
depthX for different incident energies~in eV, from top to bottom!:
1016, 1015.5, 1015, 1014.5.
05403
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treatment for calculating cross sections and particle prod
tion considering energy conservation strictly in both cases
addition, one introduces hard processes avoiding any unn
ral dependence on artificial cutoff parameters. Using a sin
set of parameters,NEXUS is able to fit many basic spectra i
proton-proton and lepton-nucleon scattering, as well as
electron-positron annihilation. So it is worth to point o
once more that concerning theoretical consistency,NEXUS is
considerably superior to the models in current use, and
lows a much safer extrapolation to super-high energ
which are very important in cosmic ray studies.

We explained in detail an air shower calculation schem
based on cascade equations, which is quite accurate in
culating main characteristics of air showers, being extrem
fast concerning computing time. We perform the calculat
using theNEXUS model to provide the necessary tables co
cerning particle production in hadron-air collisions.

As an application, we calculated the shower maximum
a function of the incident energy for incident protons a
iron, to compare with corresponding data. Based on th
data, we calculated as well the so-called mean nuclear m
We are thus able to confirm that the average mass as a f
tion of the incident energy shows a minimum around 1015.5

eV.
Problems where it is possible to ignore fluctuations

not too numerous. So an unavoidable question arises ho
0-9
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retain calculation efficiency at a reasonable level and at
same time to account for fluctuations. But the answer to
really crucial question is well known and proves to be rat
simple. One needs to employ a combination of the Mo
Carlo technique and numerical solutions of hadronic casc
equations in the atmosphere. The explicit simulation sho
be carried out from the primary~initial! energyEin to some
thresholdEthr5kE0, wherek;102221023. Numerous cal-
culations showed~see, for example, Ref.@3#! that there is no
sense in going below this threshold as it does not increase
accuracy of EAS fluctuation determination. So contributio
from hadrons with energies belowEthr may be accounted fo
in average. Numerical solutions of hadronic cascade eq
tions can produce corresponding tables with sufficient ac
racy and in a very short time.

Here we do not consider calculations of lateral distrib

FIG. 8. The shower maximumXmax for incident nucleons~upper
curve! and iron~lower curve! as a function of the incident energ
Ein together with the data@27#.
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tions of shower particles as this problem will be discussed
our next paper. But we would like to point out that there is
rather important class of problems connected with giant E
arrays aimed at primary energies>1020 eV ~see Ref.@35#!.
For these arrays it is sufficient to calculate lateral distrib
tions only at large distances~above 100 m! from the shower
axis. Such a situation makes it possible to treat the prob
as a combination of the one-dimensional approach for h
rons with energy >1011 eV and the rigorous three
dimensional technique for the low-energy region only.
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FIG. 9. The mean logarithmic mass ln^A& as a function of the
incident energyEin . We compare ourNEXUS results with theQGSJET

andVENUS ones obtained in Ref.@27#.
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