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Simultaneous observation of families and accompanied air showers at Mt. Chacaltaya.
II. Study of the hadronic component in air showers
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An experimental setup of an air shower array, hadron calorimeter, and emulsion chamber is being carried out
at Mt. Chacaltaya~5200 m, Bolivia!, in order to study the hadron interaction and the primary cosmic rays in the
energy region exceeding 1015 eV. The number of hadrons in the air shower, detected by the hadron calorimeter,
is discussed mainly in this paper. A comparison with the simulation shows that the number of hadrons in the
air shower is not compatible with that of the simulation, indicating that the Feynman scaling law is violated
more strongly than the one assumed in the simulation at 1016 eV. The average mass number of the primary
cosmic rays, estimated from the distribution of the number of hadrons, is^ ln A&52.860.5 at 1016 eV.

PACS number~s!: 13.85.Tp, 13.85.Hd, 96.40.De, 96.40.Pq
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I. INTRODUCTION

An experimental setup of an air shower array, had
calorimeter, and emulsion chamber is being carried ou
Mt. Chacaltaya~5200 m, Bolivia!. The emulsion chambe
detects high-energy particles in the air shower and these
called the ‘‘family.’’ In this way the experiment simulta
neously supplies data of the electron component in the
shower together with those of high-energy particles in the
shower.

Emulsion chamber experiments and air shower exp
ments, which have been carried out independently so
accumulate a large amount of data, respectively. Hence
interesting and important to bridge the data by both exp
ments and a large scale new experimental setup is not ne
for it.

The present experiment enables us to study the struc
of the air showers, the nuclear interactions and the prim
cosmic rays in the energy region of 1015–1017 eV. A detailed
knowledge of air shower development is important in p
ticular at present because there are experiments, runnin
as a project, which intend to discriminate air showers og
origin from those of proton origin by their inner structure@1#.
On the other hand, the energy region of 1015–1017 eV is
important both for particle physics and for astrophysics, t
It is so in particle physics because this region is not cove
by the existing accelerators and because there are se
reports, experimental and theoretical, which point out
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change of the nuclear interaction characteristics and/or e
tence of exotic phenomena@2–5#. It is important also under
the astrophysics viewpoint, because the primary cosmic
spectrum has a bend, called the knee, at;1015 eV @6,7#.

In our previous article, we reported the details of the e
perimental procedure and discussed mainly the relation
tween the families and the accompanied air showers@2#.

Our conclusions are the following.
~1! The family does not have a strong correlation with t

accompanied air shower. That is, if one fixes the total
served energy of the family at(Eg , the energy spectrum o
g rays1 in the family is similar to one another irrespective
the size of the accompanied air showerNe . Hence we dis-
cussed that the families of(Eg510;102 TeV are produced
near above the emulsion chamber mainly by a small num
~one or two! of high-energy hadronic interactions in the a
shower.

~2! The relation of(Eg vs Ne in the experiment is not
compatible with that by the simulation where ‘‘normal
composition and the UA5 algorithm are assumed for the
mary cosmic rays and for nuclear interactions.~See Appen-
dix A for the assumptions in the simulation.! That is, the
experimental data indicate that energy subdivision throu
the propagation of cosmic rays in the atmosphere is m
rapid than the one assumed in the simulation. This str
subdivision of energy cannot be attained by the hypothesi

1The high-energy electrons and photons are calledg rays collec-
tively in emulsion chamber experiments, because they canno
discriminated.
©2000 The American Physical Society03-1
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C. AGUIRREet al. PHYSICAL REVIEW D 62 032003
the heavy-dominant primary cosmic-ray composition, c
rently proposed, because most of the families are produ
by protons among the primary cosmic rays. An alternat
hypothesis for the strong energy subdivision is to assu
that the nuclear interaction changes its characteristics
high-energy region.

~3! All the air showers are accompanied by families
(Eob>10 TeV in the air shower size region ofNe.107.

In the present paper we discuss the data from the ha
calorimeter which is located beneath the emulsion cham
of 15 cm Pb thick.~See Fig. 3.! The plastic scintillator of the
hadron calorimeter detects the charged particles wh
traverse the detector. Because a high-energy electron~or a
photon!, incident upon the emulsion chamber, can har
produce electrons which arrive at the hadron calorime
these charged particles are produced by the hadrons, inc
upon the chamber, through a nuclear cascade process
of the emulsion chamber. In this way the hadron calorime
supplies the data of the hadron component in the air sho

The hadron component in the air shower bears more
rect information on the primary cosmic-ray particle and t
nuclear interaction, which initiates the air shower, than a
other components, such as the electron component, the m
component, etc. It is because the hadron component is
ated genetically in the upper stream of the nuclear casc
process in the atmosphere. In this sense the study of
hadronic component is important and interesting for the s
jects mentioned above.

The present paper consists of five sections. In Sec. II
describe the experimental apparatus briefly and the exp
mental data from the hadron calorimeter. In Sec. III we sh
the characteristics of the hadron component in the air sho
from the hadron calorimeter data. We discuss in Sec. IV
primary cosmic rays and the nuclear interactions which
tiate the air shower, on the basis of the observed had
component. That is, we estimate the average mass num
^ logA& of the primary cosmic rays and discuss the charac
istics of the nuclear interaction, in the energy region of 116

eV. Section V is devoted to a summary and discussion.

II. EXPERIMENTAL PROCEDURE

A. Experimental apparatus

The experimental apparatus consists of the air showe
ray, the emulsion chamber and the hadron calorimeter~called
the ‘‘burst detector’’ previously! ~see Fig. 1! @2#. The air
shower array consists of 35 plastic scintillators, which
distributed over a circular area of 50 m radius. The emuls
chamber and the hadron calorimeter are stored in the AS
room. The emulsion chamber consists of 32 units of area
cm 3 50 cm, each of which is 15 cm Pb thick and conta
14 sensitive layers of x-ray films~and sometimes of nuclea
emulsion plates for the purpose of shower energy calib
tion!. ~See Figs. 2 and 3.!

The hadron calorimeter consists of 32 units of plas
scintillator~50 cm3 50 cm3 5 cm each!, which are located
beneath the emulsion chamber.~See Fig. 3.! The hadron
calorimeter detects a bundle of charged particles, which
produced in the emulsion chamber material by the had
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component in the air shower through local nuclear inter
tions. It supplies us with a clue to link the families, whic
have no information on the arriving time, with the air show
ers. That is, the family is connected to hadron compon
through their geometrical position and the hadron compon

FIG. 1. Configuration of the air shower detectors. 35 scintil
tion detectors are distributed over an area 50 m radius from
center of the array. A room in the center of the array, indicated
the ‘‘AS-EC room’’ is for the emulsion chamber and the hadr
calorimeter.

FIG. 2. Top view of the emulsion chamber. It covers 3~m!33
~m! of area. Each unit of the chamber is 50 cm350 cm of area, and
15 cm Pb thick~equivalent to 30 c.u.!. The sensitive layers of x-ray
films ~and nuclear emulsion plates! are inserted at every 1 cm thick
ness of Pb plates after 2 cm Pb from the top.
3-2
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SIMULTANEOUS OBSERVATION OF . . . . II. . . . PHYSICAL REVIEW D 62 032003
is related to the air shower through their arriving time.~See
Ref. @2# for details.!

B. Experimental data

Output from each unit of the hadron calorimeter is rela
to the energy deposited in the scintillator, and it is conver
to a chargedparticle number using the average energy lo

FIG. 3. Structure~the side view! of the emulsion chamber an
the hadron calorimeter. One unit has the dimension of 50 cm350
cm. The emulsion chamber unit is 15 cm Pb thick and contains
sensitive layers of x-ray films~and nuclear emulsion plates!. The
hadron calorimeter consists of a plastic scintillator 5 cm thick an
photomultiplier, which are in a box of sheet zinc.

FIG. 4. Size spectra of the air showers, which are observed
two different triggering modes; the hadron-calorimeter trigger
~the open circles! and the air shower triggering~the solid line!. One
can see that the data by the hadron-calorimeter triggering mod
biased in the size region ofNe,53106, compared with all the air
showers one.
03200
d
d
s

of a single muon in the scintillator. The number of charg
particles per area of 50 cm3 50 cm,nb , is called ‘‘particle
density’’ hereafter. Consequently the hadron calorimeter
32 units supplies us with the two-dimensional distribution
the particle density. Each unit of the detector is sensitive
the particle density ofnb510–105 ~particles/0.25 m2).

The data produced by the air shower array and by
hadron calorimeter are recorded when at least one unit of
hadron calorimeter has the particle densitynb>103

~particles/0.25 m2). In this sense the mode of the run
called ‘‘hadron-calorimeter triggering.’’

Among the recorded events those in which at least
unit of the hadron calorimeter has the particle densitynb

>104 ~particles/0.25 m2) are selected for the present anal
sis. The number of selected events is 2408 for 4.6 ye
running ~May 1979–November 1985!, during which the
emulsion chamber is active simultaneously. Figure 4 illu
trates two size spectra of the air showers of the present
set and of all the air showers generated by the air sho
triggering mode. The figure shows that present data se
biased by the hadron-calorimeter triggering in the air show
size region ofNe,53106. The average of the age paramet
of the air shower in the data set iŝs&50.70, which is
younger compared witĥs&50.96 in those of the air-showe
triggering mode.

It is interesting to see how widely the hadrons are distr
uted in the air shower. Table I shows the fraction of eve
~2408 events in total! in which 32,>20 and>10 units of the
hadron calorimeter have signals (.10 particles/0.25 m2)
among 32 units in total.

Since the density level for data selection is set high,
most all units of the hadron calorimeter have signals in
selected events. In other words, in the events which have
central particle densitynb

max>104 ~particles/0.25 m2), the
energy flow of hadrons is larger than 10 GeV/0.25 m2 at the
distancer 5severalmeters from the center of the air showe2

C. Lateral distribution of particle density by the hadron
calorimeter

1. Determination of the lateral distribution

The lateral distribution of the particle density is dete
mined by the algorithm in Appendix B from the two

2Roughly speaking, the particle density ofnb510 corresponds to
the hadron energy of 10 GeV on average.~See Appendix E.!

4

a

y

re

TABLE I. The ratio of the events~2408 events in total! where
32, >20, and>10 units among 32 of the hadron calorimeter ha
signalsnb>10 particles/0.25 m2.

Number of units with signal Percentage

32 units 71%
> 20 units 87%
> 10 units 95%
3-3
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C. AGUIRREet al. PHYSICAL REVIEW D 62 032003
dimensional map of the particle density data. Essentially,
look for the least-squares fitting to the curve,

n~r !5
A

r 0
2 S r

r 0
D 2a

~r 051 m! ~1!

moving the center of the distribution by a certain algorith
Thus the parametersA anda of the particle density dis-

tribution of Eq. ~1! are determined for each event, togeth
with the center of the distribution. The average distance
tween the center of the particle density, thus determined,
that of the air shower is 0.960.7 ~m!, which shows that both
agree well, taking the error of the air shower center in
account. The average distance between the center of the
ticle density and that of the family is 0.1560.10~m!. Figures
5 and 6 present the parametersA anda in relation to the air
shower sizeNe , respectively, for the events which satisfy th
following criteria. The criteria are for a better determinati
of the parameters.

~1! The center of the particle density is located inside
area which consists of the top surface of the hadron calo
eter plus the margin~50 cm wide! outside it.

~2! The air shower has an age parameter, determined
the lateral distribution of electron density, 0.2<s,1.4.

~3! The air shower has an inclination ofu,50°.
~4! The linear correlation coefficientq, which expresses

the degree of the least-squares fitting of the curve Eq.~1! to
the data, has a value of21.0<q<20.6. ~See Appendix B.!

In these two figures one should recall that the data
biased in the region ofNe,53106. In the nonbiased region
of Ne.53106, the parametersA increases almost linearl
with the air shower sizeNe while a looks to increase very
slowly. It is a reasonable tendency because, as the prim
energy or the air shower size becomes higher, the air sho
becomes larger and younger at the Mt. Chacaltaya level.
correspondingly, the lateral distribution becomes stee
The large value ofa in the lower size region ofNe,106 can

FIG. 5. The air shower sizeNe and the parameterA of the lateral
distribution of the particle density.@See Eq.~1! in the text.# A has
a strong correlation with the air shower size.
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be attributed to the fact that the distribution must be so sh
as to fulfill the event selection condition ofnb>104

~particles/0.25 m2). We cannot find any distinct difference o
particle density distribution between the events with a
without the family.3 It shows, together with the strong co
relation ofA with Ne , that the hadrons, detected by the ha
ron calorimeter, bear the characteristics of the air sho
rather than those of the family.

2. Average lateral distribution of particle density

Figure 7 shows the lateral distributions of the avera
particle density for several intervals of the age parameters in
the size region ofNe553106;107. The average particle
density is obtained by calculating the particle densities
several distances, using the parameter values ofA anda for
each event.@The raw data of the particle density lie in th
region r 50.5–5 ~m!.# Among events withNe>53106, the
83 events which satisfy the above criteria of~1!–~4! are used
in the figure, in order to discuss the distribution on the m
reliable data.

One sees in Fig. 7 that the younger air showers hav
steeper lateral distribution of hadrons and a larger numbe
hadrons. These tendencies are consistent with our view
the air shower qualitatively.

Table II shows the parameters of the particle density d
tribution which give the best fitting to the data points.

3The particle density, due to the air shower, masks that due to
family. That is, a hadron with 10 TeV, typical energy of hadrons
the family, produces 104 charged particles in the hadron calorimet
~See Appendix E!, which is comparable with those in the a
shower. Therefore, if the size of the detector is smaller, e.g., no
cm350 cm but 25 cm325 cm, the difference of the particle densi
could be seen between the events with and without the family.

FIG. 6. The air shower sizeNe and the parametera of the
lateral distribution of the particle density.
3-4
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III. HADRONIC COMPONENT IN EXTENSIVE
AIR SHOWERS

In the present section we estimate the energy spectrum
hadrons in the air shower from the lateral distribution of t
particle density which is detected by the hadron calorime
We assume that all the hadrons in the air shower are cha
pions.

A. Lateral distribution of the particle density by the hadrons
in the air shower

Based on the electromagnetic cascade theory@8#, we as-
sume that the number of hadrons with the energy betweeE
and E1dE in the areardrdf at the distancer from the
center is given approximately by

F~E,r !dE5
N0

p S E

Ec
D 2g21 dE

Ec

1

S K

ED 2

2S K

E2
D 2 u~K2Er !

~2!

whereu(x) is the step function. The energies of hadronsE
are distributed betweenE1 and E2 (E1,E2). Ec is a con-
stant with the dimension of energy, andK is a constant to
specify the lateral distribution.~See Appendix C for the de
tails of the above distribution.! It may be worthy to mention
that we use the above formula to describe the hadron di
bution in the region of our observation, i.e., 0.5 m<r
<5 m. That is, we are not assuming that the hadrons ha
fixed value of the spectral indexg over a whole range o
their energies.

The constantK, which specifies the lateral spread of ha
rons in the air shower aŝEr&5(3/2)K, depends approxi-
mately on the average value of the transverse momentum
the produced particles in multiple particle production^pT&
and 1 collision mean free path of the air at Mt. Chacalta
lcoll . That is, the value ofK is estimated asK5c^pT&lcoll

FIG. 7. Lateral distribution of the particle density, obtained
the hadron calorimeter, for the air showers of the size~a! Ne55
3106;107 and~b! Ne5107;53107 and of several intervals of the
age parameter. The density is the averaged one.~See the text for the
averaging process.! The 72 events in the figure satisfy the criteri
mentioned in the text.
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5c30.4 GeV/c31.6 km50.64 TeV m tentatively.4

Integrating the distribution with respect tor, we have the
energy spectrum

F~E!dE5dEE
K/E2

K/E

F~E,r !2prdr 5N0S E

Ec
D 2g21 dE

Ec
. ~3!

When a single pion of the energyE0 enters the emulsion
chamber of 15 cm Pb thick, the particle number, detected
the hadron calorimeter, is given by~see Appendix E!

Nhc~E0!5S E0

Ec
D b

~Ec50.56 GeV, b51.0!, ~4!

which is valid for E0.Ec . Consequently, when the pions
incident upon the emulsion chamber, are distributed
F(E,r )dE of Eq. ~2!, the particle density distribution, de
tected by the hadron calorimeter, is

n~r !5E
max(E1 ,Ec)

E2
Nhc~E! F~E,r !dE. ~5!

It leads to~see Appendix E!

n~r !5
N0

p~b2g12! S Ec

K D 2S K

Ecr
D b2g12

, ~6!

which is consistent with the empirical distribution}r 2a.
The energy spectrumE2g21dE, assumed in Eq.~2!, corre-
sponds to the lateral distribution 1/r 2g12, and therefore
1/r 2g121b in Eq. ~6! means the energy flow distribution o
hadrons.

Comparing the above distribution with Eq.~1!, we have

a5b2g12, ~7!

A5
N0

pa S K

r 0Ec
D a22

. ~8!

It is worth noting thatN0 depends neither onE1 nor onE2 in
Eq. ~8!. It is because the particle density at the distancer is
approximately proportional to the energy flow density atr,

E
E1

K/r

E12g1bdE,

which depends mainly on the upper limit of the hadron e
ergy (K/r ), but weakly on the lower limit (E1), owing to the
fact of 12g1b.0.

The particle density is observed in the distance ofr
50.5–5 m by our experiment. Hence the corresponding

4A smaller value ofK may be more reasonable. According to th
simulation~Appendix A!, the product of the energy and the later
spread of hadrons has an average of^Er&50.15~TeV m!. The ana-
lytic calculation givesA^E2r 2&51.0 ~TeV m! @9#. The value is de-
pendent on the characteristics of nuclear interaction to some ex
However, it does not change essential points of the discussion m
below.
3-5
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TABLE II. The parameters of the particle density distribution for the average air shower.

Air shower size Age parameter No. of Average ofs Lateral dist. of particles density
Ne s events ^s& A a

53106;107 0.4;0.6 11
0.6;0.8 36 0.72 2.913104 1.75
0.8;1.0 13 0.85 1.713104 1.30

107;53107 0.6;0.8 15 0.71 6.763104 1.92
0.8;1.0 8 0.86 4.313104 1.61
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ergies of hadrons rangeE50.1–1 TeV approximately. Be
cause in this energy region the exponent of the energy s
trum is g.1.0 according to the simulation, the later
distribution of the particle density has the exponenta5b
2g12.2.0, which can be seen in Fig. 6.

B. The energy spectrum of hadrons in the air shower

Figure 8 shows the averaged lateral distribution of
particle density for the air showers ofNe553106;107 and
107;53107. The averaging process is the same as in Fig
The values ofA, a, andN0, obtained by assumingK50.64
TeV m andEc50.56 GeV, are shown in Table III.

As mentioned above, the energy spectrum of hadrons
timated from the lateral distribution of the particle density,
valid in the region ofE50.1;1 TeV. In other words, we
cannot know the energy spectrum outside the above en
interval from the experimental data. Hence we use the
ferential number of hadrons atE51 TeV for the purpose of
the various comparisons, made below. It is given by

nh[S dN

dED
1 TeV

~particles/TeV!

5N0S 1 TeV

Ec
D 2g21 1

Ec

5paAS 1

r 0

K

1 TeVD 22aS Ec

1 TeVD b 1

1 TeV
. ~9!

Because ofa.2.0, the value ofK, to be assumed, affect
weakly the estimated number of hadrons in the energy reg
of our concern. The differential number of hadrons atE51
03200
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e
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~TeV!, nh , is presented in Table III for the air showers
Ne553106;107 and 107;53107.

Figure 9 shows the differential energy spectrum of ha
rons in the air shower, given in the Table III, for the a
showers ofNe553106;107, together with those by the
simulations. These simulations employ different models
multiple particle production; the UA5 algorithm modified fo
hadron-nucleus collisions~Appendix A!, VENUS @10#, QGSJET

@11# ~QCD inspired models!, andHDPM @12# ~semiempirical
model!. Atmospheric diffusion of cosmic rays is describe
by the code in Ref.@14# for the first one, and byCORSIKA5.20

@15# for the rest.
One can see the following in the figure.
~1! The energy spectrum of hadrons in the air show

predicted by the simulations, agree with one another bot
the number and in the power index. Detailed inspection t
us that the one using the UA5 code has a steeper power in
than the others and is rather consistent with the experime
one.

~2! The energy spectrum of hadrons by the experimen
not consistent with those by the simulations in the numb
while it is consistent in the power index. The number
hadrons by the experiment is smaller than those by the si
lations. It is worth mentioning that, if one assumes a sma
value of K than the present one~0.64 TeV m!, the discrep-
ancy becomes larger.@See Eqs.~8! and ~9!.# The same ten-
dency towards smaller hadron number is observed by
KASCADE experiment, too@16#.

This is consistent with what we found in the case of hig
energyg rays in the family@2#. Therefore, both numbers o
the electromagnetic and hadronic components in the
shower, which are obtained by the experiment, are less
those expected by the simulations. The implication of t
discrepancy is discussed in Sec. V B.
TABLE III. The energy spectrum of hadrons in the air shower.

Ne No. of events A a g N0 nh ~pcls/TeV!

53106;107 74 2.683104 1.7 1.3 1.183106 6.9310
107;53107 35 5.713104 1.8 1.2 1.323106 1.73102

~a! 8.53106 8411X-02 6.93104 2.5 0.5 1.63104 3.83102

~b! 3.03107 8222X-01 1.03105 1.9 1.1 1.23106 3.23102

~c! 5.73107 0920X-90 4.03105 2.3 0.7 3.53105 1.83103
3-6
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C. Energy spectra of hadrons by the hadron calorimeter
and by the emulsion chamber

The emulsion chamber, which is located on the had
calorimeter, detects the hadrons in the air shower, too. T
is, high-energy hadrons, incident upon the chamber, m
nuclear collisions with Pb in the chamber. Each collisi

FIG. 8. Lateral distribution of particle density for the air show
ers of Ne553106;107 and 107;53107. The air showers are
grouped by their age parameters in respective size regions.
density is the averaged one, obtained in the same way as in F

FIG. 9. Differential energy spectrum of hadrons in the
shower~the solid line! which is estimated from the lateral distribu
tion of the particle density distribution. The size range of the
showers isNe553106;107. The predictions by various simula
tions are presented together. These simulations assume UA5
~Appendix A!, VENUS @10#, QGSJET @11#, and HDPM @12# for the
nuclear collisions. The assumptions for the primary cosmic rays
the same as those in Appendix A for all the cases. The samplin
the primary energy is made forE0>531015 eV, and the air show-
ers with Ne553106;107 are collected. The number of hadron
produced by the experiment is not compatible with the ones p
duced by the simulations.
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produces a bundle ofg rays via decays of producedp0’s,
and this bundle ofg rays as a whole produces a casca
shower in the chamber, which is detected by the emuls
chamber. It is interesting to compare both energy spectr
hadrons, detected by the hadron calorimeter and by the e
sion chamber.

If the hadrons, which have the energy spectrum of Eq.~3!,
enter the emulsion chamber, the differential intensity
hadron-induced showers, which are observed by the em
sion chamber, is given by

p^kg&N0S Eob

Ec
D 2g21 dEob

Ec
~10!

where p is the probability for hadrons to make a nucle
collision in the emulsion chamber andk is the factor to con-
vert the observed energy of a hadron-induced shower to
hadron energy, i.e.,Eob5kEh . ~See Appendix F.! Hence we
can estimate the energy spectrum of hadrons, incident u
the emulsion chamber, from that which is observed by
emulsion chamber.

Figure 10 shows the differential energy spectra of hadr
in the air shower, which are observed by the emulsion cha
ber and by the hadron calorimeter, for three events. The
lected events are those which have the number of identi
hadron-induced showers exceeding 7, in order to reduce
statistical fluctuation. The characteristics of the events
shown in Tables III and IV.

It appears in Fig. 10 that there is no strong correlat
between both spectra, which we found forg rays in the fam-
ily. That is, ~1! We showed in the previous paper that theg
rays in the family are not correlated strongly with the size
the air shower@2#. ~2! We show in the present paper that th
hadrons in the family are not correlated strongly with ha
rons which are estimated from the hadron calorimeter.~One
should recall that the latter is correlated strongly with t
size of the air shower in Fig. 5.!

IV. PRIMARY COSMIC-RAY COMPOSITION IN 10 16 eV

We try to estimate the composition of the primary cosm
rays from the differential number of hadrons atE51 TeV,
nh .

According to Ref.@17#, the number of hadrons~with the
energy exceedingE!, which are produced by the primar
proton of energyE0, is given by

Nh
(p)~.E!5

1

2p i E ds

s S E0

E D s

f ~s,t !,

where t is the atmospheric depth of the observation leve5

The function in the integrandf (s,t) is dependent on the
models of nuclear collisions, but is almost independent of
energy. The parameters is s.0.8 for hadrons at the level o
Mt. Chacaltaya~5200 m! in the energy region of our concer

5The integration is a complex one, due to the inverse Mellin tra
formation.
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FIG. 10. Differential energy spectrum of hadrons in the air shower@the solid bold lines denoted as~4! and~5!#, obtained by the emulsion
chamber and by the hadron calorimeter, respectively. The numbers, attached to the lines, illustrate how to obtain the differenti
spectrum hadrons from the energy spectrum of observed hadron-induced showers in integral form~see Appendix F!. Line ~1!: N(.Eob) ~the
energy spectrum of observed hadron-induced showers in integral form!, line ~2!: dN/dEob ~the differential energy spectrum of observe
hadron-induced showers!, line ~3!: p(dN/dEob) ~corrected for the collision probability!, line ~4!: dN/dE @corrected for the difference
betweenEob ~the observed energy! andE ~the hadron energy!#. ~a!, ~b!, and~c! of the individual events, listed in Tables IV and V, show th
both spectra are not correlated strongly with each other.
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@17#. The validity of the values50.8 can be examined by
simulation, too. For example, theCORSIKA simulation~with
QGSJET! shows that the number of hadrons~with E.1 TeV!
is 17.5 and 100 in the air showers which are produced by
primary proton withE051015 and 1016 eV, respectively@18#.
That is, 10s5100.856.3.100/17.5.

If one assumes the superposition model6 for the primary
cosmic rays of atomic nucleus, we have the number of h
rons

Nh
(A)~.E!5A

1

2p i E ds

s S E0 /A

E D s

f ~s,t !

for the primary cosmic ray of the energyE0 and mass num-
ber A. Therefore, we have

TABLE IV. The events in Fig. 10.

Event Air shower size Age parameter
Observed energy suma

~TeV!

Ne s g rays Hadrons

~a! 8.53106 0.34 3.63102 8.6310
~b! 3.03107 0.74 1.43102 1.73102

~c! 5.73107 0.79 1.53102 8.0310

aThe sum of the shower energies, observed by the emulsion ch
ber.

6The superposition model assumes that the primary cosmic ra
the atomic nucleus~mass numberA) with the energyE0 is de-
scribed by a bundle ofA nucleons with the energyE0 /A. The
model is valid to describe the cosmic-ray phenomena when
observation level is deep in the atmosphere.
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Nh
(p)~.E!}

1

s S E0

E D s

or nh
(p)[2

dNh
(p)

dE
}S E0

E D s 1

E
,

Nh
(A)~.E!}

A

s S E0 /A

E D s

or

nh
(A)[2

dNh
(A)

dE
}A12sS E0

E D s 1

E
,

wherenh is the differential number of hadrons at the ener
E (51 TeV).

Hence, we have

log
nh

(A)

nh
(p)

5~12s!logA,

which means that we can estimatêlogA& from nh
distribution.7 That is,

^ lognh
(A)&2^ lognh

(p)&5~12s!^ logA&.

If one can determinêlognh
(p)& only by the experiment, we

can estimatê logA& from the observed distribution of had
rons^ lognh

(A)&. One can see that this method of estimation
independent of the characteristics of nuclear interactio

7The difference of the hadron number between thep-induced and
A-induced air shower isA12s5560.252.2 ~for irons! by the above
consideration. According to the simulation@19#, if one takes into
account the hadrons in the central region of the air shower, i.er
,0.5 m, the difference becomes more distinct. It is because
parameters is smaller in the central region of the air shower.
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FIG. 11. Distribution ofnh ~the differential number of hadrons atE51 TeV!. ~a! The experimental data of 62 events.~b!–~e! Those by
the simulations where UA5 code,VENUS, QGSJET, andHDPM are assumed for the nuclear interactions. The number of events is normaliz
the experimental data. The hatched events are proton-induced ones.
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which are included in the functionf (s,t) in the equations.
This point is important because the nuclear interaction m
els, assumed in the simulations, do not reproduce the ex
mental data of hadron numbers.

Figure 11~a! shows the distribution ofnh for 62 air show-
ers which have the size ofNe553106;107 with the age
parameter ofs50.2;1.0. The former condition assures th
the selected air showers are not biased by the had
calorimeter triggering, and the latter condition makes the
shower size approximately proportional to the energy of
primary particle irrespective of the characteristics of the p
mary particle. The air shower size ofNe553106 corre-
sponds to the primary energy ofE051016 eV on average.
Figures 11~b!–11~e! show the distributions ofnh by several
simulations mentioned in Fig. 9.

In these figures we can see the following.
~1! The absolute value ofnh is different between those b

the experiment and by the simulations, which is pointed
03200
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in the energy spectrum of hadrons in Fig. 9.
~2! The nh distribution by the experiment is wider tha

that by the simulation, probably due to the experimental
rors.

~3! In Figs. 11~b!–11~e! the proton-induced events occup
the left-hand side of the distribution and are distributed o
eight bins in the histogram.

Using point~3! above, we assume that thenh
(p) distribu-

tion of the experimental data has a peak at the fourth
from the left-hand side of the distribution. Then we ha
^ lognh

(p)&51.44 for the experimental data. Because the av
age value of thenh distribution is 1.6860.04, we have

~12s!^ logA&51.6821.4450.24.

Then, assumings50.8, we have^ logA&51.2060.22 or
3-9
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^ ln A&52.860.5. One can see that the criteria of event sel
tion, ~1!–~4! in Sec. II C, do not affect strongly the estimate
value.

The value is shown in Fig. 12, together with the data
other experiments@20#. The average mass number of th
primary cosmic rays looks to increase gradually with ener
but is not compatible with the one by heavy-dominant mo
els proposed currently@21#. Astrophysical significance of the
present data will be discussed elsewhere.

The present method of estimation has several advanta
~1! The method is simple and well defined, depend

only on the quantities observed by the experiment.
~2! The method does not depend on the absolute valu

the hadron numbernh , but only on the shape of the distr
bution ofnh on log scale. One should notice that the absol
value of the hadron number depends crucially on the cha
teristics of the nuclear interaction, the possible change
which is pointed out in the present energy region.

~3! The method giveŝln A&, irrespective of the statistica
error of nh . The error ofnh is related to the error of the
estimated value.

V. SUMMARY AND DISCUSSION

A. Nuclear interactions at 1016 eV

Figure 9 shows that the average number of hadrons aE
51 TeV is nh56.9310 in the size region 53106,Ne
,107. On the other hand, the simulations givenh5(1.8
;3.3)3102. It shows that the number of hadrons in the
shower is lower than that by the simulation in the ene
region of 1016 eV. This tendency is consistent with the rel
tionship between the families and the accompanied air sh
ers, which is discussed in the previous paper@2#. That is, the
number ofg rays in the family by the experiment is small

FIG. 12. Average mass number of the primary cosmic r
^ ln A&, which is estimated by the number of hadrons in the
shower. The data by other experiments, compiled by theKASCADE

group @20#, are shown together. F and T, located atE05107 GeV,
are those assumed in simulations. They are typical models
heavy-dominant@21# and proton-dominant~see Appendix A! com-
position, respectively.
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than that by the simulation. It is important to point out th
data of bothg rays and hadrons are independent, beca
they are detected by different detectors.

Therefore, the conclusions, made in the previous pa
@2#, are supported again by the data of hadrons in the
shower. That is,~1! The main assumptions in the simulation
are on thehadron-aircollisions and on the chemical compo
sition of the primary cosmic rays~Appendix A!. The experi-
mental data indicate that at least either of the assumpt
should be revised in the direction to make the energy su
vision more rapid.~2! Heavy-dominant hypothesis of the pr
mary cosmic rays, proposed currently, is not effective to
move the discrepancy.~3! Hence we reach the conclusio
that the nuclear interaction has different characteristics fr
those assumed in the simulations in the energy region of 116

eV. That is, the multiple particle production in 1016 eV is of
higher multiplicity, of softer energy spectrum of the pr
duced particles, of larger inelasticity, etc., compared w
those assumed in the simulation.

The characteristics of the nuclear interaction to descr
the present data will be discussed elsewhere.

B. Average mass number of the primary cosmic-ray
composition in 1016 eV

The average mass number of the primary cosmic ray
estimated by the number of hadrons in the air shower. T
value is

^ ln A&52.860.5

at the primary energy;1016 eV. The method of estimation is
free from the characteristics of the nuclear interactions,
possible change of which is pointed out in the concern
energy region.

The value appears consistent with those by direct ob
vation in the low-energy region of 1014 eV, indicating a
gradual increase with the energy. However, it does not
pear compatible with that by the heavy-dominant model, c
rently proposed.

C. Structure of air showers

An air shower consists of several components; elec
magnetic ~electrons and photons!, hadronic, muonic, etc
Among those the electromagnetic and hadronic compon
of low and high energy are detected by our experimen
setup, which is shown in Table V. We describe the struct
of the air shower, based on the data which are obtained
the present experiment.

1. Size of the air shower

The total number of charged particles in the air showe
called the size of the air shower, which is a good measur
estimate the incident energy of the cosmic ray to initiate
air shower.~See, for example, Ref.@2#.! It consists mainly of
the electrons with the energiesE>0 @22#.
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2. Family in the air shower

A family consists of high-energy particles, electroma
netic and hadronic, in the air shower. At the level of M
Chacaltaya, most of the air showers withNe,106 are not
accompanied by a family of(Eob.10 TeV, while those
with Ne.107 are always accompanied by a family. The a
showers with 106,Ne,107 are accompanied by the famil
with a certain probability. Therefore, the families in this si
region have a wide fluctuation. That is a reason why
family has no strong correlation with the accompanied
showers in our experiment.

Usually we make an approximation that an air showe
originated by a single nuclear collision of the primary cosm
ray and develops by subsequent nuclear and electromag
cascade processes. Then, are the particles observed i
family the direct product of the same collision? If so, th
would have a reasonable correlation with the characteris
of the air shower. But we found a slight correlation betwe
the families and air showers. Hence we reach the conclu
that the family is produced by a hadron~or small number of
hadrons! deep in the atmosphere. And the total observed
ergy is a strong constraint for the family. It is the reason w
the families with the fixed value of the total observed ene
have a similar energy spectrum of the constituentg rays. The
number ofg rays in the family, observed by the experime
is smaller than that by the simulations.

3. Hadrons in the air shower

Hadrons of high and low energy are detected by the em
sion chamber and by the hadron calorimeter, respectiv
~See Table V.! The low-energy hadrons have reasonable c
relation with the size of the air shower, while the hig
energy ones do not. The number of hadrons in the
shower, observed by the experiment, is lower than that
the simulations.

Roughly speaking, the hadrons with energyE are distrib-
uted uniformly in the circular area ofr ,K/E (K.0.5
TeV m! from the center of the air shower. Hence, the ha
rons which are detected by the emulsion chamber~with the
energy>5 TeV! and by the hadron calorimeter~with >0.1
TeV! are distributed inr ,10 cm andr ,5 m, respectively.
According to the simulation, the number of hadrons in the

TABLE V. The electromagnetic and hadronic component, o
served by our experimental setup.

Component Electromagnetic Hadronic

~1! Emulsion chamber~1! Emulsion chamber
High energy ~2! showers/g rays ~2! showers/hadrons

~3! E>1 TeV ~3! E>5 TeV

~1! Air shower array ~1! Hadron calorimeter
Low energy ~2! charged/charged ~2! charged/hadrons

~3! E>0 ~3! 0.1 ~TeV!<E<1 ~TeV!

~1! The detector~2! the detected particles/the particles concerne
~3! The energy region of the particles concerned.
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shower is appreciably different in the region ofr ,50 cm
from the air shower center, between the air showers or
nated by protons and irons.

Note added.The energy spectra in Fig. 9, which are o
tained from simulations assuming the interaction models
QGSJET, VENUS, and HDPM, show a slight bend in the low
energy region. We found that it is due to the fact that t
thinning level in the simulations is set too high. If we set t
level lower, the spectra are approximated by straight line
the energy regionE50.1–10 TeV. It is not necessary t
revise the conclusion, extracted by Fig. 9, of a discrepa
between the experimental and the simulational data in
way.
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APPENDIX A: ASSUMPTIONS IN THE SIMULATION

We describe briefly the assumptions in the simulat
@2,23#.

~1! Primary cosmic rays.The energy spectrum of the pr
mary cosmic rays is proportional to

E0
2g21dE0 ,

where the index isg.1.8 at E051015 eV and increases
gradually to 2.0 with the energyE0.

The composition of the primary cosmic rays is the s
called ‘‘normal’’ one, shown in Table VI.

~2! Nuclear interactions.The collision mean free path o
hadrons in the air is

lair5760s inel
20.63 ~g/cm2!,

where inelastic cross section of hadronss inel is

s inel5s0@110.0273e10.01e2u~e!# ~mb!

-

.

TABLE VI. Composition of the primary cosmic rays.

E0

~eV!
Proton

~%!
Alpha
~%!

CNO
~%!

Heavy
~%!

Iron
~%! ^ ln A&

1015 42 17 14 14 13 1.57
1016 42 13 14 15 16 1.67
3-11
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with e5 ln(E/200 GeV).u(x) is the step function. The con
stant s0 is 32.2 and 20.3~mb! for the N2N and p2N
collisions (N is the nucleon,p is the pion!, respectively.

The collisions of the hadron in the air nucleus follows t
geometrical model. That is, the number of collisions in t
nucleus depends on the thickness of the nuclear matter
given impact parameter.

In each collision of the hadron in the nucleus, the multip
particle production is described by the UA5 algorithm@24#,
which is a phenomenological simulation code to descr
what the UA5 Collaboration observed from their experime
at CERN SPSp̄p collider. The pseudorapidity density of th
produced particles atAs5630 GeV, predicted by UA5 code
is shown in Fig. 13 together with those byVENUS @10#,
QGSJET @11#, HDPM @12#, and SYBILL @13,15#. The figure
shows that the UA5 code predicts the smallest density am
the models and is consistent with them, both in the forw
region and in the central region. The UA5 code predicts
energy spectrum will mildly violate the Feynman scaling la
in the forward region, resulting in a slightly decreasing
elasticity ofK50.42 atAs5546 GeV.

~3! Atmospheric diffusion.The diffusion of cosmic rays in
the atmosphere is by the code in Ref.@14#.

APPENDIX B: ALGORITHM TO DETERMINE THE
CENTER OF THE PARTICLE DENSITY DISTRIBUTION

We assume that the particle density distribution is
pressed byr 2a empirically. We look for the center of the
particle density distribution in the following algorithm.

~1! The center of each unit~50 cm350 cm! of the hadron
calorimeter is defined as the coordinates of the particle d
sity.

~2! A regular square of 100 cm3100 cm, whose center i
located at the center of the unit of the maximum parti
density, is covered by a net of 12.5 cm312.5 cm mesh. And
each of 81 crossing points of the mesh is assumed to be
center of the particle distribution to look for the least-squa
fitting. The least-squares fitting is defined as the maxim
value ofuqu, the linear correlation coefficient, mentioned b
low.

~3! A regular square of 25 cm325 cm, whose center is

FIG. 13. The pseudorapidity distribution of produced particles
As5630 GeV, which are predicted by several models.
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located on the crossing point of the least-squares fitt
through procedure~1!, is covered by a net of 6.25 cm3 6.25
cm mesh. We look for the least-squares fitting assuming e
crossing point of the mesh to be the center of the distri
tion.

~4! The same process is repeated for a regular square
of 6.25 cm36.25 cm which is covered by a net of 3.12
cm33.125 cm mesh.

~5! The crossing point of the least-squares fitting throu
procedure~4! is defined as the center of the particle distrib
tion.

We define the linear-correlation coefficientq as

q5

n( xiyi2( xi•( yi

An( xi
22( xi•( xiAn( yi

22( yi•( yi

,

where (xi ,yi) ( i 51, . . . ,n) are the data points. The linea
correlation coefficient hasq561 andq50 for the complete
correlation and for no correlation, respectively. In our casq
is between21 and 0.

We examine the reliability of the method using the arti
cially generated air showers. The distribution of the distan
between the true and determined centers has the average
~cm! and the dispersion 16.2~cm! @19#.

APPENDIX C: LATERAL DISTRIBUTION OF HADRONS
IN THE AIR SHOWER

According to the cascade theory of Approximation A@8#,
which describes the cascade process without taking the
ization loss into account and consequently is valid for el
trons and photons of high energy, the number of electr
with energy betweenE andE1dE in the infinitesimal area
dS5rdrdf at a distancer from the center is described by

p~E0 ,E,r !5
1

p~2p i !2 E E dsdpS E0

E D s

3
1

E S E2r 2

K2 D 2p21S E

K D 2

G~p11!M~s,p,t !,

whereK is the scattering constant and the integrals are
complex ones. IfM(s,p,t) is a slow-varying function ofp,
compared with (E2r 2/K2)2p21 and G(p11), it is approxi-
mated as

p~E0 ,E,r !5
1

p~2p i !E dsS E0

E D s 1

E
M~s,p̄,t !

3S E

K D 2

e2E2r 2/K2
.

That is, the lateral distribution is approximated by the Gau
ian distribution. To make it simpler, we approximate t
Gaussian function by the step function. Consequently,
have

t
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F~E,r !dE5
N0

p S E

Ec
D 2g21 dE

Ec

1

S K

ED 2

2S K

E2
D 2 u~K2Er !

for the energy-lateral distribution of hadrons in the
shower. The functionu(x) is the step function. The energie
of the hadrons are distributed betweenE1 and E2 (E1
,E2). Ec is a constant with the dimension of the energ
andK is a constant to specify the lateral distribution.

Integrating the distribution with respect tor, we have the
energy spectrum
io
f t

ro

th
e

03200
,

F~E!dE5dEE
K/E2

K/E

F~E,r !2prdr 5N0S E

Ec
D 2g21 dE

Ec
.

The above distribution of hadrons assumes that the had
of the energy E are distributed uniformly betweenr
5K/E2 (.0) andr 5K/E. Or, at the distancer from the
center, the energy spectrum of hadrons is}E12gdE between
E5E1 andE5K/r , and 0 inE.K/r .8
APPENDIX D: DERIVATION OF THE PARTICLE DENSITY DISTRIBUTION

From Eq.~5! in the text, we have

n~r !5E
max(E1 ,Ec)

E2
Nhc~E! F~E,r !dE

5E
max(E1 ,Ec)

K/r N0

p S E

Ec
D b2g21 dE

Ec
S E

K D 2 1

12S E

E2
D 2

5E
max(E1 ,Ec)

K/r N0

p S E

Ec
D b2g21 dE

Ec
S E

K D 2

(
n50

` S E

E2
D 2n

5 (
n50

`
N0

p S Ec

K D 2S Ec

E2
D 2n S K

rEc
D 2n1b2g12

2S max~E1 ,Ec!

Ec
D 2n1b2g12

2n1b2g12
.
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We neglect the lateral spread of electrons in the emuls
chamber in the above calculation, because the unit size o
hadron calorimeter~50 cm350 cm! is much larger than the
lateral spread of the electron in the chamber~1 Moliére unit
in Pb 5 1.6 cm!.

BecauseK/Ecr @max(Ec ,E1)/Ec and 2n1b2g12.0,
we have

n~r !5
N0

p S Ec

K D 2S K

Ecr
D b2g12

(
n50

` S K

rE2
D 2n

2n1b2g12
.

BecauseK/rE2!1, we take only the termn50. That is,

n~r !5
N0

p~b2g12! S Ec

K D 2S K

Ecr
D b2g12

,

which is consistent with the empirical distribution of}r 2a.

APPENDIX E: PARTICLE NUMBER,
PRODUCED BY A HADRON

We calculate the particle number, detected by the had
calorimeter, when a single pion of the energyE0 hits the
emulsion chamber. Strictly speaking, what is obtained by
hadron calorimeter is the total ionization loss of the charg
n
he

n

e
d

particles in the scintillator. It is converted to the partic
number through the average ionization loss in the scintilla

Hence the particle number is related to the total tra
length of the charged particles in the scintillator. Howev
we calculate the number of charged particles~with the en-
ergy E.0) on the top of the hadron calorimeter instead
the total track length, because the calculation becomes
pler and because the scintillator~5 cm thick, equivalent to
0.073 collision m.f.p. or to 0.10 c.u.! is thin enough.

The hadron calorimeter is located beneath the emuls
chamber of 15 cm Pb thick. Therefore, the charged partic
on the top of the hadron calorimeter~or at the bottom of the
emulsion chamber! consist of the electrons and charge
pions which are produced through the nuclear cascade
cess in Pb of the emulsion chamber.

1. Features of pion-Pb collisions

A pion of the energyE0 collides with the Pb nucleus to
cause multiple particle production. We assume that the fi
state of multiple particle production consists of one survivi
pion and a number of produced particles. These pions h

8The simulated events reproduce the above spectrum app
mately.
3-13
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the following features. It is worth noting that most of th
features, mentioned below, are established by the accele
experiments, because the energies concerned are below13

eV.
~1! The surviving pion is one of thep1, p2 or p0. That

is, there is a charge exchange process of the charged
into p0, whose probability is assumed to beb51/3.

~2! All the produced particles are assumed to be pio
with equal probabilityc51/3 for three charge states, for th
sake of simplicity.

~3! The energy spectrum ofchargedproduced pions is
expressed by

w0~E0 ,E,K !5K
2

3
~a11!

~12x!a

x
dx S a54.0, x5

E

E0
D ,

which is one of the empirical formulas of the energy sp
trum. Because we have

E
0

E0
E3w~E0 ,E,K !dE5

2

3
KE0 ,

the parameterK is the total inelasticity.
~4! The total inelasticity is distributed as

g~K !dK5@a~12K !m1211bKm221#dK

with a50.26, b50.55, m150.5, m251.125, leading to
^K&50.6 @27#.

~5! The inelastic mean free path of the pion-Pb collision
assumed to be the same as that of nucleon-Pb collision
cause the size difference between pion and nucleon is
fected slightly due to the large size of the target. That is

l518.5 ~cm Pb!.

2. Number of pions at the deptht in Pb

To calculate the number of pions ofE.0, one has to take
into account the energy losses of the pion through the m
tiple particle production and through the ionization loss. T
pion loses its energŷK&E0 per collision m.f.p. through mul-
tiple particle production, andep5ee(l/X0)50.24 GeV
through the ionization loss~the critical energy in Pbee
57.4 MeV and the cascade unitX050.57 cm!. Hence, when
E0,0.4 ~GeV!, the ionization loss becomes a dominant p
cess of energy loss.

The diffusion of pions in Pb is expressed by

]Fp

]z
52Fp~E,z!

1E
0

1

g~K !dKE
E

`

wp~E8,E,K ! Fp~E8,z!dE8

1ep

]Fp

]z
,

whereFp(E,z)dE is the number of pions with energyE at
the depthz5t/l. The three terms on the right-hand side
03200
tor
0

ion

s
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e-
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l-
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-

f

the equation correspond to the decrease of pions by collis
the increase by multiple particle production, and the decre
by ionization loss. The production spectrum of charged pio
wp(E0 ,E,K) in the above equation is given by

wp~E0 ,E,K !dE

5@~12b!d~E2~12K !E0!1w0~E0 ,E,K !#dE,

where the first and the second term corresponds to the
viving pion and produced pions, respectively.

The equation has the same structure as that of the ele
magnetic cascade theory under Approximation B. Hence,
have an approximate solution of

Fp~E,z!5
1

~2p i !2E dsdqS E0

E D s 1

E S ep

E D q

3G~2q!A~s,q! emp(s)z,

which is valid except for the regionz.1. The integrations of
s and q are complex ones, related to the Mellin transfor
The attenuation mean free path of pionsmp(s) is given by

mp~s!5211~12b!^~12K !s&1f~s!,

where

^~12K !s&5E
0

1

~12K !sg~K !dK,

f~s!5E
0

1

g~K !dKE
0

1

xsw0~E0 ,E,K !dx.

The functionA(s,q) is given by

A~s,q!5
G~s1q11!

G~s11!
k~s,q!,

wherek(s,q) satisfies the difference equation, correspond
to the diffusion equation, of

@mp~s!2mp~s1q!#k~s,q!5q k~s,q21! @k~s,0!51#.

This difference equation has an analytic solution of

k~s,q!5G~q11!

3
k~s,0!

@h~s,0!#q )
n50

` H h~s,q1n!

h~s,n! S h~s,n!

h~s,n11! D
qJ

with h(s,q)5mp(s)2mp(s1q11) @25#.
The number of pions with the energy exceedingE is given

by

I p~E,t !5
1

~2p i !2E dsdq

s1q S E0

E D sS ep

E D q

3G~2q!A~s,q!emp(s)z.
3-14
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Hence the number of pions with energyE.0 is given, with
the help of the pole atq52s, by

Np~E0 ,z!5
1

2p i E dsS E0

ep
D s

G~s!A~s,2s!emp(s)z.

The integration is evaluated by the saddle-point method,
the result is shown in Fig. 14.

3. Number of electrons

The number ofp0’s of the energyE, which are produced
by pion-Pb collisions at the deptht in the chamber, is given
by

Pp0~E,t !dEdt5E
0

1

g~K !dK

3E
E

`

wp0~E8,E,K !dE
dt

l
Fp~E8,t !dE8,

where

wp0~E0 ,E,K !dE

5Fbd~E2~12K !E0!1
1

2
w0~E0 ,E,K !GdE.

The first and second terms inwp0(E0 ,E,K)dE are due to the
charge exchange of the surviving pion and due to the p
duced pions, respectively.

The production spectrum ofg rays, which are produced
from p0’s throughp0→2g decay, is given by

Pg~E,t !dEdt5E
E

`2dE

E8
Pp0~E8,t !dE8dt.

According to the cascade theory, the number of electr
at deptht with energyE>0, which are produced by a singl
g ray of the energyE0 is given by

FIG. 14. Number of charged pions and electrons at the dept
515 ~cm Pb! in the emulsion chamber, when a pion with the ener
E0 enter the emulsion chamber.
03200
d
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s

P~E0,0,t !5
1

2p i E ds

s S E0

ee
D s

m~s! el1(s)t

3@m~s!5M ~s!AsK1,0~s,2s!#.

Hence, the number of electrons, which are produced
theseg rays and are to be observed at deptht, is

Ne~E0!5E
0

tE
Eth

`

P~E8,0,t2t8!Pg~E8,t8!dE8dt8

5
1

~2p i !3E dsdqds8

~s1q11!s8~s1q2s8!

3S E0

Eth
D sS ep

Eth
D qS Eth

ee
D s8

G~2q!2fp0~s1q!

3A~s,q!m~s8!
emp(s)z2el1(s8)(l/X0)z

mp~s!2l1~s8!~l/X0!
. ~E1!

SettingEth→0, we have, with the help of the pole ats8
5s1q,

Ne~E0 ,t !5
1

~2p i !2E dsdq

~s1q11!~s1q! S E0

ee
D sS ep

ee
D q

3G~2q!2fp0~s1q!A~s,q!m~s1q!

3
emp(s)z2el1(s1q)(l/X0)z

mp~s!2l1~s1q!~l/X0!
.

The integration is evaluated by the saddle point method,
the result is shown in Fig. 13.9

4. Particle number, detected by the hadron calorimeter

As can be seen in Fig. 13, the number of electrons
dominant to the number of pions att515 cm Pb. We ap-
proximate the relation between the number of particles,
tected by the hadron calorimeter, and the energy of the p
incident upon the emulsion chamber, as

Nhc~E0!5S E0

Ec
D b

~Ec50.56 GeV, b51.0!.

The calculation by Monte Carlo method@19#, made on the
same assumptions, shows that

~1! The parameters in Eq.~4! in the text are

Ec50.88 GeV, b51.01.

The difference may be attributed to the approximation in
numerical evaluation.

9When ep /Eth!1 and Eth /ee!1, Eq. ~A1! becomes a simple
formula in Ref.@26#. Both assumptions, however, do not hold s
multaneously becauseep50.24 GeV andee57.4 MeV.
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~2! The dispersion of theNhc distribution is 1.44~on log10
scale! at E05100 GeV, increasing with the energy.

~3! Half of the incident pions arrive at the hadron cal
rimeter without interactions with Pb.

APPENDIX F: ENERGY SPECTRUM OF HADRONS,
OBSERVED BY THE EMULSION CHAMBER

A hadron, incident upon the emulsion chamber, make
nuclear collision—multiple particle production—with th
chamber material~Pb!. The electromagnetic componen
electrons and photons, among the produced particles ini
a cascade shower in the chamber, and a bundle of elect
thus produced, in the cascade shower are detected by
sensitive layers of the emulsion chamber.

Hence we have to take two points into account for
energy spectrum of hadrons, observed by the emuls
chamber. One is that the observed energy of the had
induced shower is not the energy of the incident hadron
the energy of the electromagnetic component produce
multiple particle production. The other is the probability th
the hadron will make nuclear collisions in the emulsi
chamber.

1. Observed energy of the hadron shower

Observed energy of the hadron-induced showerEob is
expressed by

Eob5kEh ~k5yK!,

where Eh is the energy of the incident hadron. Theg-ray
inelasticityk depends on the total inelasticityK and the ‘‘em
energy ratio’’ y, both of which fluctuate widely. The tota
inelasticity of hadron-Pb collisions is assumed to be dist
uted as

g~K !dK5dK@a~12K !m11bKm2#

with a50.26, b50.55, m150.5, and m251.125, which
leads tô K&50.6 @27#. Theemenergy ratio is defined as th
energy ratio of the electromagnetic component to all the p
duced particles. It is distributed around the average valu
1/3, because almost all the produced particles are pi
Therefore, we assume the distribution to be
P
on
ur

a-
ri,
e
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h~y!dy5
1

2c
u~2c2y!dy S c5

1

3D .

Consequently the distribution of theg-ray inelasticity is
given by

h~k!dk5E d~k2yK!g~K !dKh~y!dy.

Let the energy spectrum of hadrons, incident upon
chamber, be expressed by

N0S Eh

Ec
D 2g21 dEh

Ec
.

Then, the energy spectrum of the hadron-induced showe
given by

dEobE d~Eob2kEh!N0S Eh

Ec
D 2g21 dEh

Ec
h~k!dk

5^kg&N0S Eob

Ec
D 2g21 dEob

Ec
,

where

^kg&[E kgh~k!dk5E ~yK!gg~K !dKh~y!dy

5
~2c!g

g11
@aB~g11,m1!1bB~g1m2,1!#.

The inelasticity distribution is by Ref.@27#.

2. Collision probability

The definition of a hadron shower is that the shower st
ing point is deeper than 3 cm Pb in the chamber. The sh
ers which have a starting point deeper than 13 cm Pb
missed due to the insufficient development of the show
Consequently, the collision probabilityp is given by

p5e23.0/l2e213.0/l50.33,

where l518.5 ~cm! is the collision mean free path o
hadron-Pb collisions.
,
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