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Simultaneous observation of families and accompanied air showers at Mt. Chacaltaya.
ll. 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. Chacaltay&5200 m, Bolivig, in order to study the hadron interaction and the primary cosmic rays in the
energy region exceeding V. 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 #t 0. The average mass number of the primary
cosmic rays, estimated from the distribution of the number of hadrod# /=2.8=0.5 at 18° eV.

PACS numbse(s): 13.85.Tp, 13.85.Hd, 96.40.De, 96.40.Pq

[. INTRODUCTION change of the nuclear interaction characteristics and/or exis-
tence of exotic phenomen2-5|. It is important also under
An experimental setup of an air shower array, hadrorthe astrophysics viewpoint, because the primary cosmic-ray
calorimeter, and emulsion chamber is being carried out aspectrum has a bend, called the knee;-a0'° eV [6,7].
Mt. Chacaltaya(5200 m, Bolivia. The emulsion chamber In our previous article, we reported the details of the ex-
detects high-energy particles in the air shower and these apgerimental procedure and discussed mainly the relation be-
called the “family.” In this way the experiment simulta- tween the families and the accompanied air shoW2ks
neously supplies data of the electron component in the air Our conclusions are the following.
shower together with those of high-energy particles in the air (1) The family does not have a strong correlation with the
shower. accompanied air shower. That is, if one fixes the total ob-
Emulsion chamber experiments and air shower experiserved energy of the family &E,,, the energy spectrum of
ments, which have been carried out independently so fary rays in the family is similar to one another irrespective of
accumulate a large amount of data, respectively. Hence it ithe size of the accompanied air showér. Hence we dis-
interesting and important to bridge the data by both expericussed that the families afE, =10~ 10? TeV are produced
ments and a large scale new experimental setup is not needadar above the emulsion chamber mainly by a small number
for it. (one or twg of high-energy hadronic interactions in the air
The present experiment enables us to study the structushower.
of the air showers, the nuclear interactions and the primary (2) The relation ofE, vs N, in the experiment is not
cosmic rays in the energy region of'#9107 eV. A detailed ~ compatible with that by the simulation where “normal”
knowledge of air shower development is important in par-composition and the UAS5 algorithm are assumed for the pri-
ticular at present because there are experiments, running Btary cosmic rays and for nuclear interactio(See Appen-
as a project, which intend to discriminate air showersyof dix A for the assumptions in the simulatiorThat is, the
origin from those of proton origin by their inner structfidd. ~ €xperimental data indicate that energy subdivision through
On the other hand, the energy region of*®%a0” eV is  the propagation of cosmic rays in the atmosphere is more
important both for particle physics and for astrophysics, toof@pid than the one assumed in the simulation. This strong
It is so in particle physics because this region is not coveregubdivision of energy cannot be attained by the hypothesis of
by the existing accelerators and because there are several
reports, experimental and theoretical, which point out the
The high-energy electrons and photons are cajladys collec-

tively in emulsion chamber experiments, because they cannot be
*Deceased. discriminated.
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the heavy-dominant primary cosmic-ray composition, cur- A Y
rently proposed, because most of the families are produced =
by protons among the primary cosmic rays. An alternative
hypothesis for the strong energy subdivision is to assume AS-EC room
that the nuclear interaction changes its characteristics in .
high-energy region.
(3) All the air showers are accompanied by families of . .
SE.,=10 TeV in the air shower size region b,>10’. Je
In the present paper we discuss the data from the hadron o/ o o8
calorimeter which is located beneath the emulsion chamber
of 15 cm Pb thick(See Fig. 3. The plastic scintillator of the . g ©
hadron calorimeter detects the charged particles which
traverse the detector. Because a high-energy electoa
photon, incident upon the emulsion chamber, can hardly
produce electrons which arrive at the hadron calorimeter, o Ndet(im2)
these charged particles are produced by the hadrons, incident | o FT de't_(o'zsmhz)
upon the chamber, through a nuclear cascade process in Pb 10m
of the emulsion chamber. In this way the hadron calorimeter
supplies the data of the hadron component in the air shower. = m
The hadro_n Componenf[ in the air _Shower be_ars more di- FIG. 1. Configuration of the air shower detectors. 35 scintilla-
rect |nf0.rmat|0n. on the_prlmgry cosmic-ray particle and thetion detectors are distributed over an area 50 m radius from the
nuclear interaction, which initiates the air shower, than any.qpier of the array. A room in the center of the array, indicated as
other components, such as the electron component, the mMug{y “As-EC room” is for the emulsion chamber and the hadron
component, etc. It is because the hadron component is sityz|orimeter.
ated genetically in the upper stream of the nuclear cascade
process in the atmosphere. In this sense the study of tI“Ee0

hadroni tis | tant and int ting for th b mponent in the air shower through local nuclear interac-
hadronic component IS important and interesting for th€ SUbg, s ¢ supplies us with a clue to link the families, which
jects mentioned above.

Th A ists of fi i In sec. i have no information on the arriving time, with the air show-
€ present paper consists of Tive Seclions. In Sec. Il Weg That js, the family is connected to hadron component

describe the experimental apparatus briefly and the eXper{hrough their geometrical position and the hadron component
mental data from the hadron calorimeter. In Sec. Il we show

the characteristics of the hadron component in the air shower
from the hadron calorimeter data. We discuss in Sec. IV the Ay
primary cosmic rays and the nuclear interactions which ini-
tiate the air shower, on the basis of the observed hadror
component. That is, we estimate the average mass numbe | .
(log A) of the primary cosmic rays and discuss the character-
istics of the nuclear interaction, in the energy region 0f°10
eV. Section V is devoted to a summary and discussion.

°
[m]

Xy

Brazil-Japan M
Chamber room

o Ndet.(0.25m"2)

II. EXPERIMENTAL PROCEDURE

A. Experimental apparatus

x Y

The experimental apparatus consists of the air shower ar-
ray, the emulsion chamber and the hadron calorimetdted
the “burst detector” previously (see Fig. 1 [2]. The air
shower array consists of 35 plastic scintillators, which are
distributed over a circular area of 50 m radius. The emulsion
chamber and the hadron calorimeter are stored in the AS-EC
room. The emulsion chamber consists of 32 units of area 5C
cm X 50 cm, each of which is 15 cm Pb thick and contains
14 sensitive layers of x-ray film@nd sometimes of nuclear
emulsion plates for the purpose of shower energy calibra-
tion). (See Figs. 2 and B.

The hadron calorimeter consists of 32 units of plastic k|G, 2. Top view of the emulsion chamber. It coverén®x3
scintillator (50 cmx 50 cmXx 5 cm each, which are located  (m) of area. Each unit of the chamber is 5080 cm of area, and
beneath the emulsion chambéBee Fig. 3. The hadron 15 cm Pb thickequivalent to 30 c.i. The sensitive layers of x-ray
calorimeter detects a bundle of charged particles, which ariims (and nuclear emulsion platesre inserted at every 1 cm thick-
produced in the emulsion chamber material by the hadromess of Pb plates after 2 cm Pb from the top.
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«——— 50c¢m ———> TABLE I. The ratio of the event$2408 events in totalwhere
32, =20, and=10 units among 32 of the hadron calorimeter have

T - LoadPlate(i em) signalsn, =10 particles/0.25 R
Pb E )én%)lls?cl)r: Plate
15cm ; Number of units with signal Percentage
32 units 71%
| { = 20 units 87%
P 7] suppont = 10 units 95%

Scintillator

Hadron-

) of a single muon in the scintillator. The number of charged
calorimeter

particles per area of 50 cix 50 cm,n,, is called “particle
density” hereafter. Consequently the hadron calorimeter of
32 units supplies us with the two-dimensional distribution of
the particle density. Each unit of the detector is sensitive to
the particle density ofi,=10-1C¢ (particles/0.25 rf).
The data produced by the air shower array and by the
FIG. 3. Structure(the side view of the emulsion chamber and Nadron calorimeter are recorded when at least one unit of the
the hadron calorimeter. One unit has the dimension of 58t hadron calorimeter has the particle density,>10°
cm. The emulsion chamber unit is 15 cm Pb thick and contains 14particles/0.25 r‘ﬁ). In this sense the mode of the run is
sensitive layers of x-ray filmgand nuclear emulsion platesThe  called “hadron-calorimeter triggering.”
hadron calorimeter consists of a plastic scintillator 5 cm thick and a  Among the recorded events those in which at least one
photomultiplier, which are in a box of sheet zinc. unit of the hadron calorimeter has the particle density
=10* (particles/0.25 rf) are selected for the present analy-
is related to the air shower through their arriving tinfi8ee  sis. The number of selected events is 2408 for 4.6 years
Ref. [2] for details) running (May 1979—November 1985 during which the
emulsion chamber is active simultaneously. Figure 4 illus-
B. Experimental data trates two size spectra of the air showers of the present data

Output from each unit of the hadron calorimeter is reIateoS(.Et an_d of aIIdtheT:;\]lr ?_howershgenerﬁted by the 3” showgr
to the energy deposited in the scintillator, and it is converted''99€ring mode. The figure shows that present data set is

to a chargedparticle number using the average energy losdiased by the hadron-calorimeter triggering in the air shower
size region oN,<5x 1C°. The average of the age parameter

of the air shower in the data set {s)=0.70, which is
younger compared witfis)=0.96 in those of the air-shower
triggering mode.

It is interesting to see how widely the hadrons are distrib-

10°

= uted in the air shower. Table | shows the fraction of events

» 10 (2408 events in totain which 32,=20 and= 10 units of the

"o hadron calorimeter have signals>{0 particles/0.25 1)

b among 32 units in total.

Em" Since the density level for data selection is set high, al-

- most all units of the hadron calorimeter have signals in the

z selected events. In other words, in the events which have the
AN central particle density]'®=10" (particles/0.25 1), the

energy flow of hadrons is larger than 10 GeV/0.25anthe
distance =severalmeters from the center of the air shover.

-y
(=]
&

C. Lateral distribution of particle density by the hadron
calorimeter

10°
10° 108 10° 10° o o
Ne 1. Determination of the lateral distribution
The lateral distribution of the particle density is deter-

FIG. 4. Size spectra of the air showers, which are observed b¥nined by the algorithm in Appendix B from the two-

two different triggering modes; the hadron-calorimeter triggering
(the open circlesand the air shower triggeringhe solid ling. One
can see that the data by the hadron-calorimeter triggering mode are

biased in the size region t,<5x 10°, compared with all the air 2Roughly speaking, the particle density mf=10 corresponds to
showers one. the hadron energy of 10 GeV on averaggee Appendix B.
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FIG. 5. The air shower sizd, and the parameték of the lateral
distribution of the particle densitySee Eq(1) in the text] A has FIG. 6. The air shower siz&l, and the parametes of the
a strong correlation with the air shower size. lateral distribution of the particle density.

dimensional map of the particle density data. Essentially,

- W8e attributed to the fact that the distribution must be so sharp
look for the least-squares fitting to the curve,

as to fulfill the event selection condition ofi,=>10"

[ e (particles/0.25 rf). We cannot find any distinct difference of
_) (ro=1 m) (1)  particle density distribution between the events with and
0 without the family® It shows, together with the strong cor-
relation of A with N, that the hadrons, detected by the had-

moving the center of the distribution by a certain algorithm.ron calorimeter, bear the characteristics of the air shower
Thus the parametes and « of the particle density dis- | ather than those of the family.

tribution of Eq. (1) are determined for each event, together
with the center of the distribution. The average distance be- o _ _
tween the center of the particle density, thus determined, and 2. Average lateral distribution of particle density
that of the air shower is 090.7 (m), which shows that both ) o
agree well, taking the error of the air shower center into Figure 7 shows the lateral distributions of the average
account. The average distance between the center of the p&irticle density for several intervals of the age paraniier
ticle density and that of the family is 0.35.10(m). Figures  the size region oN.=5x10°~10". The average particle
5 and 6 present the parametérsaind « in relation to the air ~ density is obtained by calculating the particle densities at
shower size\,, respectively, for the events which satisfy the several distances, using the parameter values arfid « for
following criteria. The criteria are for a better determinationeach event[The raw data of the particle density lie in the
of the parameters. regionr =0.5-5 (m).] Among events wittN,=5x 1%, the

(1) The center of the particle density is located inside the83 events which satisfy the above criteria(df—(4) are used
area which consists of the top surface of the hadron calorimin the figure, in order to discuss the distribution on the most

(r) A
niry=—
ro

eter plus the margi50 cm wide outside it. reliable data.
(2) The air shower has an age parameter, determined by One sees in Fig. 7 that the younger air showers have a

the lateral distribution of electron density, &8<1.4. steeper lateral distribution of hadrons and a larger number of
(3) The air shower has an inclination 6&50°. hadrons. These tendencies are consistent with our view of
(4) The linear correlation coefficierd, which expresses the air shower qualitatively.

the degree of the least-squares fitting of the curve(Eqto Table Il shows the parameters of the particle density dis-

the data, has a value ef 1.0<q= —0.6. (See Appendix B.  tribution which give the best fitting to the data points.

In these two figures one should recall that the data is
biased in the region dil,<5x 10°. In the nonbiased region
of Ne>5><_106' the parameters: increases almost linearly  stpe particle density, due to the air shower, masks that due to the
with the air shower siz& while « looks to increase very family. That is, a hadron with 10 TeV, typical energy of hadrons in
slowly. It is a reasonable tendency because, as the primagye family, produces Hcharged particles in the hadron calorimeter
energy or the air shower size becomes higher, the air ShOW@See Appendix E which is comparable with those in the air
becomes larger and younger at the Mt. Chacaltaya level. Anghower. Therefore, if the size of the detector is smaller, e.g., not 50
correspondingly, the lateral distribution becomes steepekmx50 cm but 25 cnx25 cm, the difference of the particle density
The large value ofr in the lower size region dfl,<10° can  could be seen between the events with and without the family.
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0 ! 5 10 ; ; =cX0.4 GeVkx1.6km=0.64 TeVm tentatively.
@ o - b (:’5’ . Integrating the distribution with respect tpwe have the
R 5eb<=Ne<le7 IR 5 osess energy spectrum
® AN 080
= S h : K/E ( E ) 7 1dE
% 5 F(E dE:dEf F(E,r)2mrdr=No| — —. @3
3 _§ 10° _ ................................. | ( ) K/E2 ( ) 0 EC EC ( )
B *TE’ i 5 When a single pion of the enerdy, enters the emulsion
& LRI S N . chamber of 15 cm Pb thick, the particle number, detected by
: f the hadron calorimeter, is given ligee Appendix E
10’0 ‘o 0 10 L i Eo B
10" 10 10' 10! 107" 10’ 10' 10! = — = =
o tance 1w Dietance 1w Nhe(Eo) E, (E.=0.56 GeV, B=1.0, (4

FIG. 7. Lateral distribution of the particle density, obtained by which is valid for E,>E.. Consequently, when the pions,
the hadron calorimeter, for the air showers of the s@eN.=5 incident upon the emulsion chamber, are distributed as

X 10P~ 10" and(b) No=10"~5x% 10" and of several intervals of the F(E,r)dE of Eq. (2), the particle density distribution, de-
age parameter. The density is the averaged (@ the text for the  {gcted by the hadron calorimeter, is

averaging processThe 72 events in the figure satisfy the criteria,

mentioned in the text. E,
n(r)=f Nh(E) F(E,r)dE. (5)
max(Eq ,E;)
I1l. HADRONIC COMPONENT IN EXTENSIVE
AIR SHOWERS It leads to(see Appendix E
In the present section we estimate the energy spectrum of No Ec\2[ K \A-7r+2
hadrons in the air shower from the lateral distribution of the n(r)= 7(B—v+2) ?) (E ' (6)
particle density which is detected by the hadron calorimeter. Y ¢

We assume that all the hadrons in the air shower are charggghich is consistent with the empirical distributionr ~.

pions. The energy spectrure~*~ 1dE, assumed in Eq(2), corre-
sponds to the lateral distribution r1/**2, and therefore

—yt2+8 il T
A. Lateral distribution of the particle density by the hadrons Lr in Eq. (6) means the energy flow distribution of

: : hadrons.

n the air shower . S .

' ! W Comparing the above distribution with E@.), we have
Based on the electromagnetic cascade th¢8fywe as-

sume that the number of hadrons with the energy betviieen a=p—y+2, (7)
and E+dE in the areardrd¢ at the distance from the
center is given approximately by B &( K |e7? ®
a1 ~ 7ma\roE,
No/ E\ 7 1dE 1
F(E,r)dE= ?(E_c) E. (K\2 [K\2 O(K—Er) It is worth noting thalN, depends neither o; nor onE, in
(E) _(E_z) Eq. (8). It is because the particle density at the distance

) approximately proportional to the energy flow density at

K/r
f El-7TAdE,
E

where 6(x) is the step function. The energies of hadr&ns N

are distributed betweeR; andE, (E;<E,). E. is a con-

stant with the dimension of energy, akdis a constant to Which depends mainly on the upper limit of the hadron en-
specify the lateral distributionSee Appendix C for the de- ergy (K/r), but weakly on the lower limiti;), owing to the
tails of the above distributioplt may be worthy to mention fact of 1—y+ g>0.

that we use the above formula to describe the hadron distri- The particle density is observed in the distancerof
bution in the region of our observation, i.e., 0.5sm  =0.5-5 m by our experiment. Hence the corresponding en-
=<5 m. That is, we are not assuming that the hadrons have a

fixed value of the spectral index over a whole range of

their energies. _ - “A smaller value ok may be more reasonable. According to the
The constanK, which specifies the lateral spread of had- gimylation(Appendix A), the product of the energy and the lateral

rons in the air shower afEr)=(3/2)K, depends approxi- spread of hadrons has an averagémf)=0.15(TeV m). The ana-
mately on the average value of the transverse momentum @jijc calculation gives\(E%r?)=1.0 (TeV m) [9]. The value is de-

the produced particles in multiple particle productiqnr)  pendent on the characteristics of nuclear interaction to some extent.
and 1 collision mean free path of the air at Mt. ChacaltayaHowever, it does not change essential points of the discussion made
Aeon- That is, the value oK is estimated a&=c(pt)\coi  below.
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TABLE Il. The parameters of the particle density distribution for the average air shower.

Air shower size Age parameter No. of Averagesof Lateral dist. of particles density
Ne s events (s) A a
5% 10f~10° 0.4~0.6 11
0.6~0.8 36 0.72 2.9% 10 1.75
0.8~1.0 13 0.85 1.7x10¢ 1.30
10'~5x 10 0.6~0.8 15 0.71 6.7610* 1.92
0.8~1.0 8 0.86 4.3x 104 1.61
Total 83

ergies of hadrons range=0.1-1 TeV approximately. Be-

(TeV), ny, is presented in Table Il for the air showers of

cause in this energy region the exponent of the energy spedle=5X10°~10" and 1~5x 10’

trum is y=1.0 according to the simulation, the lateral
distribution of the particle density has the exponent 8
—y+2=2.0, which can be seen in Fig. 6.

B. The energy spectrum of hadrons in the air shower

Figure 9 shows the differential energy spectrum of had-
rons in the air shower, given in the Table Ill, for the air
showers ofN,=5%x10°~10’, together with those by the
simulations. These simulations employ different models for
multiple particle production; the UA5 algorithm modified for
hadron-nucleus collision#®ppendix A), VENUS [10], QGSJET

Figure 8 shows the averaged lateral distribution of the11] (QCD inspired modejs andHppm [12] (semiempirical

particle density for the air showers bf,=5x 10°~ 10" and
10’~5x 10'. The averaging process is the same as in Fig.
The values ofA, «, andNg, obtained by assuming=0.64
TeVm andE.=0.56 GeV, are shown in Table Il

As mentioned above, the energy spectrum of hadrons, es- ‘- . : s .
gy =p igPredicted by the simulations, agree with one another both in

timated from the lateral distribution of the particle density,
valid in the region ofE=0.1~1 TeV. In other words, we

cannot know the energy spectrum outside the above ener
interval from the experimental data. Hence we use the dif-

ferential number of hadrons &=1 TeV for the purpose of
the various comparisons, made below. It is given by

mode). Atmospheric diffusion of cosmic rays is described

7by the code in Ref.14] for the first one, and bgoRSIKAS5.20

[15] for the rest.
One can see the following in the figure.
(1) The energy spectrum of hadrons in the air shower,

the number and in the power index. Detailed inspection tells
that the one using the UA5 code has a steeper power index
an the others and is rather consistent with the experimental

(2) The energy spectrum of hadrons by the experiment is
not consistent with those by the simulations in the number,

dN while it is consistent in the power index. The number of
nhz(ﬁ) (particles/TeV hadrons by the experiment is smaller than those by the simu-
1 Tev lations. It is worth mentioning that, if one assumes a smaller
1TeV\ 711 value ofK than the present on@®.64 TeV nj, the discrep-
= NO( E = ancy becomes largefSee Eqs(8) and (9).] The same ten-
¢ ¢ dency towards smaller hadron number is observed by the
1 K \2¢ E, \# 1 KASCADE experiment, tod16].
= TmA(E 1 TeV) (1 TeV) 1Tev" 9) This is consistent with what we found in the case of high-

energyy rays in the family[2]. Therefore, both numbers of
the electromagnetic and hadronic components in the air

Because otr=2.0, the value oK, to be assumed, affects shower, which are obtained by the experiment, are less than
weakly the estimated number of hadrons in the energy regiothose expected by the simulations. The implication of this
of our concern. The differential number of hadron€Eatl  discrepancy is discussed in Sec. VB.

TABLE lll. The energy spectrum of hadrons in the air shower.

Ne No. of events A a y No ny, (pcls/TeV)
5x 100~ 10 74 2.68x 10° 1.7 1.3 1.1& 108 6.9x 10
10'~5x 10’ 35 5.71x 10* 1.8 1.2 1.3x10° 1.7X 10%
(a) 8.5x10° 8411X-02 6.%10* 2.5 0.5 1.6<10* 3.8X 107
(b) 3.0x 10’ 8222X-01 1.0 10° 1.9 1.1 1.x10° 3.2x 10
(c) 5.7x 10 0920X-90 4. 10° 2.3 0.7 3.5 1C° 1.8x10°
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107 ‘ ! produces a bundle of rays via decays of produced®’s,
' 0.4¢=8¢1.0 and this bundle ofy rays as a whole produces a cascade
S 5e62=Ne<1e7 shower in the .chambt_ar, which is detected by the emulsion
T (0 . .o TeT<=Ne<Bel | chamber. It is interesting to compare both energy spectra of
£ ‘ : hadrons, detected by the hadron calorimeter and by the emul-
2 sion chamber.
B : ; If the hadrons, which have the energy spectrum of(Bq.
T 00 b\ S R — . enter the emulsion chamber, the differential intensity of
o : 1 hadron-induced showers, which are observed by the emul-
2 sion chamber, is given by
© : ;
e 0 """""""" """""""" E EOb 7-y71dE0b
: : Y —
p(k >No( EC) > (10
100 i i where p is the probability for hadrons to make a nuclear
107 10° 10’ 10 collision in the emulsion chamber akds the factor to con-
Distance r(m) vert the observed energy of a hadron-induced shower to the

hadron energy, i.eE,,=kE; . (See Appendix F.Hence we

can estimate the energy spectrum of hadrons, incident upon

the emulsion chamber, from that which is observed by the
mulsion chamber.

" Figure 10 shows the differential energy spectra of hadrons
in the air shower, which are observed by the emulsion cham-
ber and by the hadron calorimeter, for three events. The se-
lected events are those which have the number of identified

The emulsion chamber, which is located on the hadrorhadron-induced showers exceeding 7, in order to reduce the
calorimeter, detects the hadrons in the air shower, too. Thattatistical fluctuation. The characteristics of the events are
is, high-energy hadrons, incident upon the chamber, makshown in Tables Il and IV.
nuclear collisions with Pb in the chamber. Each collision It appears in Fig. 10 that there is no strong correlation
between both spectra, which we found forays in the fam-
ily. That is, (1) We showed in the previous paper that the
rays in the family are not correlated strongly with the size of
the air showef2]. (2) We show in the present paper that the
hadrons in the family are not correlated strongly with had-
rons which are estimated from the hadron calorim&t@ene
should recall that the latter is correlated strongly with the
size of the air shower in Fig. b.

FIG. 8. Lateral distribution of particle density for the air show-
ers of Ng=5%X10°~10" and 1~5x10". The air showers are
grouped by their age parameters in respective size regions. T
density is the averaged one, obtained in the same way as in Fig.

C. Energy spectra of hadrons by the hadron calorimeter
and by the emulsion chamber

10° p

10¢

—_
(=]
W

IV. PRIMARY COSMIC-RAY COMPOSITION IN 10 1®eVv

dN/dE (/TeV)

e
(=4
Y

We try to estimate the composition of the primary cosmic
rays from the differential number of hadronsEt1 TeV,
Np

-
S

According to Ref[17], the number of hadron@vith the
energy exceedinde), which are produced by the primary
proton of energyE,, is given by

10°

0.1

1
Energy (TeV)
Eo

1 (do 7
FIG. 9. Differential energy spectrum of hadrons in the air Ng‘p)(>E):2_7TiJ F(E) Hot),
shower(the solid ling which is estimated from the lateral distribu-
tion of the particle density distribution. The size range of the airwheret is the atmospheric depth of the observation |&vel.
showers isN,=5x10°~10". The predictions by various simula- The function in the integrand(a,t) is dependent on the
tions are presented together. These simulations assume UA5 Cofgodels of nuclear collisions, but is almost independent of the
(Appendix A), vENus [10], QGSIET[11], and HoPm [12] for the  gnergy. The parameteris o-=0.8 for hadrons at the level of

nuclear collisions. The assumptions for the primary cosmic rays ar1$/It Chacaltaya5200 nj in the energy region of our concern
the same as those in Appendix A for all the cases. The sampling of

the primary energy is made f@,>5x 10'® eV, and the air show-

ers with Ng=5x10°~10" are collected. The number of hadrons

produced by the experiment is not compatible with the ones pro- °The integration is a complex one, due to the inverse Mellin trans-
duced by the simulations. formation.
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FIG. 10. Differential energy spectrum of hadrons in the air shquer solid bold lines denoted &) and(5)], obtained by the emulsion
chamber and by the hadron calorimeter, respectively. The numbers, attached to the lines, illustrate how to obtain the differential energy
spectrum hadrons from the energy spectrum of observed hadron-induced showers in integisgéoppendix F Line (1): N(>E,,,) (the
energy spectrum of observed hadron-induced showers in integra), fone (2): dN/dE,,, (the differential energy spectrum of observed
hadron-induced showersline (3): p(dN/dE,;,) (corrected for the collision probability line (4): dN/dE [corrected for the difference
betweerE,,, (the observed energgndE (the hadron energy. (a), (b), and(c) of the individual events, listed in Tables IV and V, show that
both spectra are not correlated strongly with each other.

[17]. The validity of the valuer=0.8 can be examined by a o dNP o
L . . . . (p) E0 () h EO 1
simulation, too. For example, thBoRSIKA simulation (with NP (>E)O<; £ O nP=— aE “\El B
QGSJET shows that the number of hadrofvgith E>1 TeV)
is 17.5 and 100 in the air showers which are produced by the A[E/A\ 7
primary proton withE,=10"° and 16 eV, respectively18]. NP (>E)o ( 0 )
That is, 10=108=6.3~100/17.5. o\ E
If one assumes the superposition m8def the primary ;
cosmic rays of atomic nucleus, we have the number of had?
rons (A) o
nN=— dny o« 1"(EO) 1
N (>E)=A - dU(EO/A>Uf( t N -
h 2mi) o\ E o wheren,, is the differential number of hadrons at the energy
E(=1 TeV).
for the primary cosmic ray of the enerdy and mass num- Hence, we have
ber A. Therefore, we have "
h
TABLE IV. The events in Fig. 10. log_5y = (1~ 0)logA,
h

Observed energy s \ynichh means that we can estimatdogA) from n,

Event Air shower size Age parameter (Tev) distribution’ That is,
Ne s vy rays Hadrons
A
@ 8.5 1(P 0.34 3617 8.6x10 (logn{) —(logn{”) = (1- o)(log A).
(b) 3.0x 10’ 0.74 14107 1.7x10° : ® ,
© 5 7% 107 0.79 15¢1%  8.0x10 If one can determinélogn) only by the experiment, we

can estimatélogA) from the observed distribution of had-
2The sum of the shower energies, observed by the emulsion chanens(logn{). One can see that this method of estimation is
ber. independent of the characteristics of nuclear interactions,

"The difference of the hadron number betweeng#irduced and
5The superposition model assumes that the primary cosmic ray of-induced air shower i&!~?=56%2= 2.2 (for irons) by the above
the atomic nucleugmass numbe®) with the energyE, is de-  consideration. According to the simulatipm9], if one takes into
scribed by a bundle oA nucleons with the energ¥q,/A. The account the hadrons in the central region of the air showerri.e.,
model is valid to describe the cosmic-ray phenomena when the<0.5 m, the difference becomes more distinct. It is because the
observation level is deep in the atmosphere. parametelr is smaller in the central region of the air shower.
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FIG. 11. Distribution ofn;, (the differential number of hadrons Bt=1 TeV). (a) The experimental data of 62 evenii)—(e) Those by
the simulations where UA5 codegNus, QGSJET andHDPM are assumed for the nuclear interactions. The number of events is normalized to
the experimental data. The hatched events are proton-induced ones.

which are included in the functiof(o,t) in the equations. in the energy spectrum of hadrons in Fig. 9.

This point is important because the nuclear interaction mod- (2) The ny, distribution by the experiment is wider than
els, assumed in the simulations, do not reproduce the expetihat by the simulation, probably due to the experimental er-
mental data of hadron numbers. rors.

Figure 11a) shows the distribution afi,, for 62 air show- (3) In Figs. 11b)—11(e) the proton-induced events occupy
ers which have the size di,=5%x10°~10" with the age the left-hand side of the distribution and are distributed over
parameter o6=0.2~1.0. The former condition assures that eight bins in the histogram.
the selected air showers are not biased by the hadron- Using point(3) above, we assume that tig” distribu-
calorimeter triggering, and the latter condition makes the aition of the experimental data has a peak at the fourth bin
shower size approximately proportional to the energy of thdrom the left-hand side of the distribution. Then we have
primary particle irrespective of the characteristics of the pri-(log ngp)>:1_44 for the experimental data. Because the aver-
mary particle. The air shower size ®f,=5x10° corre-  age value of the, distribution is 1.68 0.04, we have
sponds to the primary energy &,=10'® eV on average.

Figures 11b)—11(e) show the distributions of, by several
simulations mentioned in Fig. 9. (1-0)(logA)=1.68-1.44=0.24.

In these figures we can see the following.

(1) The absolute value af, is different between those by
the experiment and by the simulations, which is pointed oufrhen, assumingo=0.8, we have(logA)=1.20+0.22 or
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T than that by the simulation. It is important to point out that
JACEE ; :
RuNJo8 ; ! 5 data of bothy rays and hadrons are independent, because
Shibata i i 3 they are detected by different detectors.

Therefore, the conclusions, made in the previous paper
[2], are supported again by the data of hadrons in the air
shower. That is(1) The main assumptions in the simulations
are on theéhadron-air collisions and on the chemical compo-

) : : : sition of the primary cosmic ray@ppendix A). The experi-

T 5} : mental data indicate that at least either of the assumptions

: ] : should be revised in the direction to make the energy subdi-
T R T e {, .............. 1 vision more rapid(2) Heavy-dominant hypothesis of the pri-
| i 1 mary cosmic rays, proposed currently, is not effective to re-
move the discrepancy3) Hence we reach the conclusion
io‘ 108 108 10 that the nuclear interaction has different characteristics from
Energy(GeV) those assumed in the simulations in the energy region 6f 10
eV. That is, the multiple particle production in @V is of

FIG. 12. Average mass number of the primary cosmic rayshigher multiplicity, of softer energy spectrum of the pro-
{InA), which is estimated by the number of hadrons in the airy,ceq particles, of larger inelasticity, etc., compared with
shower. The data by other experiments, compiled byk#kecADE . - .

those assumed in the simulation.

group[20], are shown together. F and T, locatedEgt= 10" GeV, . . . .
are those assumed in simulations. They are typical models of The characteristics of the nuclear interaction to describe

heavy-dominanf21] and proton-dominantsee Appendix A com- the present data will be discussed elsewhere.
position, respectively.
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B. Average mass number of the primary cosmic-ray

o 146
(In Ay=2.8+0.5. One can see that the criteria of event selec- composition in 10° eV

tion, (1)—(4) in Sec. Il C, do not affect strongly the estimated  The average mass number of the primary cosmic rays is
value. estimated by the number of hadrons in the air shower. The

The value is shown in Fig. 12, together with the data byyalue is
other experiment$20]. The average mass number of the
primary cosmic rays looks to increase gradually with energy, (InA)=2.8+0.5
but is not compatible with the one by heavy-dominant mod-
els proposed currentl21]. Astrophysical significance of the
present data will be discussed elsewhere. at the primary energy-10'° eV. The method of estimation is

The present method of estimation has several advantagegee from the characteristics of the nuclear interactions, the

(1) The method is simple and well defined, dependingpossible change of which is pointed out in the concerned
only on the quantities observed by the experiment. energy region.

(2) The method does not depend on the absolute value of The value appears consistent with those by direct obser-
the hadron numben,,, but only on the shape of the distri- vation in the low-energy region of ibeV, indicating a
bution ofn;, on log scale. One should notice that the absoluteyradual increase with the energy. However, it does not ap-
value of the hadron number depends crucially on the charagear compatible with that by the heavy-dominant model, cur-
teristics of the nuclear interaction, the possible change ofently proposed.
which is pointed out in the present energy region.

(3) The method givesgln A), irrespective of the statistical
error of n,. The error ofn, is related to the error of the C. Structure of air showers

estimated value. An air shower consists of several components; electro-

magnetic (electrons and photohshadronic, muonic, etc.

V. SUMMARY AND DISCUSSION Among those the electromagnetic and hadronic components
' . ] of low and high energy are detected by our experimental
A. Nuclear interactions at 10° ev setup, which is shown in Table V. We describe the structure

Figure 9 shows that the average number of hadror at of the air shower,_ based on the data which are obtained by
=1 TeV is n,=6.9x10 in the size region 51F<N, the present experiment.
<10’. On the other hand, the simulations givg=(1.8
~3.3)X10. It shows that the number of hadrons in the air
shower is lower than that by the simulation in the energy The total number of charged particles in the air shower is
region of 13° eV. This tendency is consistent with the rela- called the size of the air shower, which is a good measure to
tionship between the families and the accompanied air showestimate the incident energy of the cosmic ray to initiate the
ers, which is discussed in the previous pddr That is, the  air shower(See, for example, Reff2].) It consists mainly of
number ofy rays in the family by the experiment is smaller the electrons with the energi&=0 [22].

1. Size of the air shower

032003-10



SIMULTANEOUS OBSERVATION GF ... . lI.... PHYSICAL REVIEW D 62 032003

TABLE V. The electromagnetic and hadronic component, ob- TABLE VI. Composition of the primary cosmic rays.
served by our experimental setup.
Eo Proton  Alpha  CNO Heavy Iron
Component Electromagnetic Hadronic (eV) (%) (%) (%) (%) (%) (In A)
(1) Emulsion chamber(1) Emulsion chamber 10'° 42 17 14 14 13 1.57
High energy (2) showersy rays (2) showers/hadrons 10'6 42 13 14 15 16 1.67
(3) E=1 TeV (3) E=5 TeV
(1) Air shower array (1) Hadron calorimeter shower is appreciably different in the region 0£50 cm
Low energy (2) charged/charged (2) charged/hadrons from the air shower center, between the air showers origi-
(3) E=0 (3) 0.1 (TeV)<E<1 (Tev) hated by protons and irons.

Note addedThe energy spectra in Fig. 9, which are ob-

(1) The detector2) the detected particles/the particles concerned. tained from simulations assuming the interaction models of
(3) The energy region of the particles concerned. QGSJET VENUS, andHDPM, show a slight bend in the low-
energy region. We found that it is due to the fact that the
thinning level in the simulations is set too high. If we set the
level lower, the spectra are approximated by straight lines in

A family consists of high-energy particles, electromag-the energy regiorE=0.1-10 TeV. It is not necessary to
netic and hadronic, in the air shower. At the level of Mt. revise the conclusion, extracted by Fig. 9, of a discrepancy
Chacaltaya, most of the air showers wikh<1(® are not between the experimental and the simulational data in any
accompanied by a family oEE,,>10 TeV, while those way.
with N.>10" are always accompanied by a family. The air
showers with 18<N.,<10" are accompanied by the family ACKNOWLEDGMENTS
with a certain probability. Therefore, the families in this size
region have a wide fluctuation. That is a reason why the The authors wish to express their gratitude for the finan-
family has no strong correlation with the accompanied aircial support by the Japan Society for the Promotion of Sci-
showers in our experiment. ence, which made it possible to realize this international col-

Usually we make an approximation that an air shower igaboration. This experiment was also supported partly by the
originated by a single nuclear collision of the primary cosmicInternational Scientific Research Program and Scientific Re-
ray and develops by subsequent nuclear and electromagne@igéarch Funds of the Ministry of Education, Science, and Cul-
cascade processes. Then, are the particles observed in thee in Japan, and by the Institute for the Cosmic Ray Re-
family the direct product of the same collision? If so, theysearch, University of Tokyo. The authors are indebted to the
would have a reasonable correlation with the characteristicBolivian staff of the Cosmic Ray Laboratory at Mt. Chacal-
of the air shower. But we found a slight correlation betweertaya. The x-ray films and nuclear emulsions were developed
the families and air showers. Hence we reach the conclusio@t facilities of the Institute for Cosmic Ray Research, Uni-
that the family is produced by a hadréor small number of  Vversity of Tokyo.
hadrong deep in the atmosphere. And the total observed en-

ergy isa strong constraint for the family. It is the reason Why APPENDIX A: ASSUMPTIONS IN THE SIMULATION
the families with the fixed value of the total observed energy

2. Family in the air shower

have a similar energy spectrum of the constitugnays. The We describe briefly the assumptions in the simulation
number ofy rays in the family, observed by the experiment, [2,23]. _ _ _
is smaller than that by the simulations. (1) Primary cosmic raysThe energy spectrum of the pri-

mary cosmic rays is proportional to
3. Hadrons in the air shower

—y-1
Hadrons of high and low energy are detected by the emul- E, " "dE,,

sion chamber and by the hadron calorimeter, respectively. ) ) 5 )

(See Table \J. The low-energy hadrons have reasonable corWhere the index isy=1.8 at Eo=10" eV and increases

relation with the size of the air shower, while the high- gradually to 2.0 with the enerd,. _ _

energy ones do not. The number of hadrons in the air The composition of the primary cosmic rays is the so-

shower, observed by the experiment, is lower than that byalled “normal” one, shown in Table VI.

the simulations. (2) Nuclear interactionsThe collision mean free path of
Roughly speaking, the hadrons with enefgyre distrib- hadrons in the air is

uted uniformly in the circular area of<K/E (K=0.5

TeV m) from the center of the air shower. Hence, the had- Nair="76007,0%°  (g/cm?),

rons which are detected by the emulsion chan{éth the

energy=5 TeV) and by the hadron calorimetéwith =0.1  where inelastic cross section of hadrange, is

TeV) are distributed ir <10 cm andr <5 m, respectively.

According to the simulation, the number of hadrons in the air Tinel=0o[ 1+0.027%+0.01€%0(e)] (mb)
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located on the crossing point of the least-squares fitting

i : : through procedurél), is covered by a net of 6.25 cix 6.25

R S R SO — 2&3{? B cm mesh. We look for the least-squares fitting assuming each
. & I crossing point of the mesh to be the center of the distribu-

oz o HOPHIET tion.

P RN : : (4) The same process is repeated for a regular square

of 6.25 cmx6.25 cm which is covered by a net of 3.125

cmx3.125 cm mesh.

(5) The crossing point of the least-squares fitting through
procedurg4) is defined as the center of the particle distribu-
tion.

We define the linear-correlation coefficients

nZ XiYi_E xiE Yi

— VENUS

dN/dn

0 74 5 8 10

FIG. 13. The pseudorapidity distribution of produced particles at
\/§= 630 GeV, which are predicted by several models. q=

VS oS S wnS -3 v S v

with e=In(E/200 GeV). 6(x) is the step function. The con-

stant o is 32.2 and 20.3mb) for the N—N and 7—N ) ) )

collisions (N is the nucleonzr is the pion, respectively. where §;,y;) (i=1,...,n) are the data points. The linear
The collisions of the hadron in the air nucleus follows thecorrelation coefficient hag= =1 andq=0 for the complete

geometrical model. That is, the number of collisions in thecorrelation and for no correlation, respectively. In our cgse

nucleus depends on the thickness of the nuclear matter ati® between—1 and 0.

given impact parameter. We examine the reliability of the method using the artifi-

In each collision of the hadron in the nucleus, the multiplecially generated air showers. The distribution of the distance
particle production is described by the UA5 algoritiiga], between the true and determined centers has the average 22.8
which is a phenomenological simulation code to describdCm) and the dispersion 16.@m) [19].
what the UA5 Collaboration observed from their experiment

at CERN SP$p collider. The pseudorapidity density of the APPENDIX C: LATERAL DISTRIBUTION OF HADRONS
produced particles afs= 630 GeV, predicted by UA5 code, IN THE AIR SHOWER

is shown in Fig. 13 together with those hiENUS [10], According to the cascade theory of Approximatior &j,

QﬁSJET Lll],hHTXS[lzc]i, andd.SYB”‘r'; [13’1?' Tdhe ﬁgure which describes the cascade process without taking the ion-
shows that the UAS code predicts the smallest density amongiqn |oss into account and consequently is valid for elec-
the models and is consistent with them, both in the forwar rons and photons of high energy, the number of electrons

region and in the cgntrgl reg_ion. The UAS code predicts th(?/\/ith energy betweelt and E+dE in the infinitesimal area
energy spectrum will mildly violate the Feynman scaling IaWdS=rdrd¢ at a distance from the center is described by
in the forward region, resulting in a slightly decreasing in-

elasticity ofK=0.42 atys=546 GeV. 1 E\S
(3) Atmospheric diffusiornThe diffusion of cosmic rays in m(Eg,E,r)= —— f f dsdp{—())

the atmosphere is by the code in Rgf4]. m(2mi)? E

E2r2

K2

APPENDIX B: ALGORITHM TO DETERMINE THE i

-p-1 2
X (—) F(p+1)M(s,p.t),
CENTER OF THE PARTICLE DENSITY DISTRIBUTION E K

We assume that the particle density distribution is ex
pressed by~ ¢ empirically. We look for the center of the
particle density distribution in the following algorithm. compared with E2r/K2)~ P! andT'(p+1). it is approxi-

(1) The center of each un{60 cmx50 cm of the hadron mate?d as S ) (p+1), PP
calorimeter is defined as the coordinates of the particle den-

‘WhereK is the scattering constant and the integrals are the
complex ones. IfM(s,p,t) is a slow-varying function op,

sity. 1 Eo|®1 —
(2) A regular square of 100 cm100 cm, whose center is m(Eo.E,1)= w(zwi)f ds(f) EM(S’p't)

located at the center of the unit of the maximum particle 5

density, is covered by a net of 12.5 &fh2.5 cm mesh. And % E o EZr2IK?

each of 81 crossing points of the mesh is assumed to be the K '

center of the particle distribution to look for the least-squares

fitting. The least-squares fitting is defined as the maximunThat is, the lateral distribution is approximated by the Gauss-

value of|q|, the linear correlation coefficient, mentioned be-ian distribution. To make it simpler, we approximate the

low. Gaussian function by the step function. Consequently, we
(3) A regular square of 25 cm25 cm, whose center is have
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F(E,r)dE= No( E)"7"dE ! K-E F(E dE—dEjK/EF E,r)2zrdr=N AR
(E,r) - \E E Tz—Kze( r (E)dE= e, (E,r)2mrdr=Ng E. E
E|] |E

for the energy-lateral distribution of hadrons in the air

shower. The functio(x) is the step function. The energies o
of the hadrons are distributed betwe& and E, (E;, 'he above distribution of hadrons assumes that the hadrons

<E,). E. is a constant with the dimension of the energy,of the energy E are distributed uniformly betweem

andK is a constant to specify the lateral distribution. =K/E; (=0) andr=K/E. Or, at the distance from the
Integrating the distribution with respect tpwe have the center, the energy spectrum of hadrons B! "dE between
energy spectrum E=E, andE=K/r, and 0 inE>K/r 8

APPENDIX D: DERIVATION OF THE PARTICLE DENSITY DISTRIBUTION

From Eq.(5) in the text, we have

Ep
n(r)zf Nho(E) F(E,r)dE

max(Eq,E¢
J‘K/r NO(E)ﬁ‘V‘ldE(E>2 1
e ey T B EclK ( )
g

E
ool E R EIES
a max(El,Ec)? E_c Ec K Ez
K )2n+,8'y+2 ma)(El,Ec)>2n+By+2

i o/ Ec\?(Ee Zn(E Ee
“o 7 ? E_2 2n+B—y+2

We neglect the lateral spread of electrons in the emulsioparticles in the scintillator. It is converted to the particle
chamber in the above calculation, because the unit size of theumber through the average ionization loss in the scintillator.
hadron calorimete(50 cmx50 cm) is much larger than the Hence the particle number is related to the total track
lateral spread of the electron in the chami&Moliére unit  length of the charged particles in the scintillator. However,

in Pb= 1.6 cm). we calculate the number of charged particfesth the en-
BecauseK/E.r>max(E;,E;)/E; and h+pB—y+2>0, ergy E>0) on the top of the hadron calorimeter instead of
we have the total track length, because the calculation becomes sim-
pler and because the scintillat cm thick, equivalent to
K |2 0.073 collision m.f.p. or to 0.10 c.uis thin enough.
No(E K \B-7r+2 2 E The hadron calorimeter is located beneath the emulsion
n(r)= ;(?) (E_Cr) = m chamber of 15 cm Pb thick. Therefore, the charged particles

on the top of the hadron calorimet@r at the bottom of the
emulsion chamberconsist of the electrons and charged
pions which are produced through the nuclear cascade pro-
EC)Z( K )BWZ cess in Pb of the emulsion chamber.

K/ \Eor ’

BecausK/rE,<1, we take only the term=0. That is,

_ No
m(B—y+2)

which is consistent with the empirical distribution ®f ~«.

n(r)=
1. Features of pion-Pb collisions

A pion of the energyE, collides with the Pb nucleus to
cause multiple particle production. We assume that the final
APPENDIX E: PARTICLE NUMBER, state of multiple particle production consists of one surviving

PRODUCED BY A HADRON pion and a number of produced particles. These pions have

We calculate the particle number, detected by the hadron
calorimeter, when a single pion of the energy hits the
emulsion chamber. Strictly speaking, what is obtained by the ®The simulated events reproduce the above spectrum approxi-
hadron calorimeter is the total ionization loss of the chargednately.
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the following features. It is worth noting that most of the the equation correspond to the decrease of pions by collision,
features, mentioned below, are established by the acceleratiire increase by multiple particle production, and the decrease
experiments, because the energies concerned are beldw 1@y ionization loss. The production spectrum of charged pions
ev. ¢(Eq,E,K) in the above equation is given by

(1) The surviving pion is one of the*, 7~ or #°. That
is, theore is a charge exchange process of the charged pion  ¢(Eq,E,K)dE
into 7, whose probability is assumed to be-1/3. _

(2) All the produced particles are assumed to be pions =[(1=0)o(E=(1=K)Eo) + ¢o(Eo,EK)AE,
with equal probabilityc=1/3 for three charge states, for the
sake of simplicity.

(3) The energy spectrum afharged produced pions is
expressed by

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

The equation has the same structure as that of the electro-
magnetic cascade theory under Approximation B. Hence, we

2 (1-x)2 E have an approximate solution of
¢0(E0,E,K)=K§(a+1) dx |a=4.0, x= E—),
x 0 1 EolS1/[€.\9
ich i . FA(E,2)=—— fdsd =l ==
which is one of the empirical formulas of the energy spec- (27i)? E) E\E
trum. Because we have
XT(—q)A(s,q) e*=7,
Eo
f EX ¢(Eq,E,K)dE= 3 KEo, which is valid except for the regiar> 1. The integrations of
0 s and g are complex ones, related to the Mellin transform.
the parameteK is the total inelasticity. The attenuation mean free path of pigns(s) is given by
4) The total inelasticity is distributed as
@ y Bal9)=~1+(1-B)((1-K)) + §(S),

— _ m;—1 my,—1
g(K)dK=[a(1-K)M +4+ BKM *]dK where
with «=0.26, 8=0.55, m;=0.5, m,=1.125, leading to .

(K)=0.6[27]. <(1—K)S>=f (1-K)5g(K)dK,
(5) The inelastic mean free path of the pion-Pb collision is 0
assumed to be the same as that of nucleon-Pb collision, be-
cause the size difference between pion and nucleon is af- 1 1
fected slightly due to the large size of the target. That is, b(s)= fo g(K)dKL X*¢o(Eo,E,K)dx.

A=18.5 (cm Ph. The functionA(s,q) is given by

2. Number of pions at the deptht in Pb AlSq) = I'(s+q+1)
To calculate the number of pions Bf>0, one has to take ' I(s+1)

into account the energy losses of the pion through the mul- - . . .
tiple particle production and through the ionization loss. TheVherek(s,q) satisfies the difference equation, corresponding

pion loses its energfK )E, per collision m.f.p. through mul- t© the diffusion equation, of

tiple particle production, ande,=e.(\/Xy)=0.24 GeV B B B _

through the ionization lossthe critical energy in Pbe, [na(s)=pa(sta)lkis,a)=akis,q=1) [k(s,0)=1].
This difference equation has an analytic solution of

k(s,q),

=7.4 MeV and the cascade uny=0.57 cn). Hence, when
E,<0.4(GeV), the ionization loss becomes a dominant pro-

cess of energy loss. ‘ (g1
The diffusion of pions in Pb is expressed by (s,q)=I'(q+1)

o0

9F " k(s,0) h(s,g+n) [ h(s,n) q]
T;z_F”(E’Z) [h(s,00]%n=0 [ h(s,n) \h(s,n+1)
1 ” , , , with h(s,q) = u(s) = u.(s+q+1) [25].
+ fo g(K)dKL ¢-(E".E,K)F(E",2)dE The number of pions with the energy exceedihig given
by
JF .
ter g 1 [ dsdqg[Eg\Sf e, )9
| . (E,t)= - f— —| | =
. . . (2mi)?) staqlE E
whereF .(E,z)dE is the number of pions with enerdy at
the depthz=t/\. The three terms on the right-hand side of xXT'(—q)A(s,q)e#=(32,
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" ! | [(Eq,08) = — st Bo)® s @il
t=150m§ (0”)_2_77i ?E_e m(s) e

(=3
W
1

X[m(s)=M(s)VsKy (s, —9)].

—_
=2
o
!

rrrrrrrrrrrrrrrrrrrrr Hence, the number of electrons, which are produced by
‘ ‘ thesey rays and are to be observed at deptls

No. of particles
£

t ]
Ne(EO)=f f TI(E',0t—t")P (E’,t")dE'dt’
0 JE

10° 162 163 10¢
E, (GeV) _ 1 f dsdqgds
(27i)3) (s+q+1)s'(s+q—s')

FIG. 14. Number of charged pions and electrons at the depth

’

=15(cm PB in the emulsion chamber, when a pion with the energy Eo\S €, )9 Eq\®
E, enter the emulsion chamber. (—) (—7 —) I'(—q)2¢ 0o(s+Qq)
Ein/ \Etn €e
Hence the number of pions with energy-0 is given, with ehn(9)Z_ ghi(s")(M/Xg)z
the help of the pole aj= —s, by XA(s,q)m(s") . (ED
M (S) = N1(S") (N Xp)
1 Eo\® _ .
N.(Eg,z)==— | ds| —| T'(s)A(s,—s)e*(92, SettingE;,— 0, we have, with the help of the pole sit
2 €, =s+q
The integration is evaluated by the saddle-point method, and s q
‘ faltlc 1 dsdq Eo\® €,
the result is shown in Fig. 14. Ne(Eg,t)= 1=
(2mi)2) (stq+1)(s+q)| e/ | €
3. Number of electrons XT(—q)2¢,0(s+q)A(s,q)m(s+q)
The number ofr%'s of the energyE, which are produced ela(97_ ghi(s+a)(MXg)z
by pion-Pb collisions at the depthin the chamber, is given X .
by Mw(s)_)\l(s—’_q)()\/xO)
1 The integration is evaluated by the saddle point method, and
P -o(E,t)dEdt= fo g(K)dK the result is shown in Fig. 13.
o dt ' i
Xf o o(E' E.K)dE—F_(E'.1)dE', 4. Particle number, detected by the hadron calorimeter
E A As can be seen in Fig. 13, the number of electrons is

dominant to the number of pions & 15 cm Pb. We ap-

where proximate the relation between the number of particles, de-
tected by the hadron calorimeter, and the energy of the pion,
©,0o(Eq,E,K)dE incident upon the emulsion chamber, as
1 Eo\”?
=|bS(E—(1-K)Eg)+ Ecpo(Eo,E,K) dE. Nhe(Eg)= E (E.=0.56 GeV, =1.0.
C

The first and second terms MO(Eo,E,K)d E are due to the The calculation by Monte Carlo methcﬁdg], made on the

charge exchange of the surviving pion and due to the proSame assumptions, shows that
duced pionS, respective'y_ (1) The pal’ametel’s n E(q4) in the text are

The production spectrum of rays, which are produced

from 7%'s through7®— 2y decay, is given by E.=0.88 GeV, p=101

vodE The difference may be attributed to the approximation in the
Py(E,t)dEdtzf = P_o(E’,t)dE'dt. numerical evaluation.
E !

According to the cascade theory, the number of electronswhen ¢ /E,, <1 and Ey,/e.<1, Eq. (A1) becomes a simple
at deptht with energyE=0, which are produced by a single formula in Ref.[26]. Both assumptions, however, do not hold si-
v ray of the energyg, is given by multaneously because,=0.24 GeV ande,=7.4 MeV.

032003-15



C. AGUIRRE et al. PHYSICAL REVIEW D 62 032003

(2) The dispersion of thdl, distribution is 1.44on log;q 1 1
scalg at E,=100 GeV, increasing with the energy. h(y)dy=5_0(2c—y)dy (C: 5)-
(3) Half of the incident pions arrive at the hadron calo-
rimeter without interactions with Pb. Consequently the distribution of the-ray inelasticity is
given by

APPENDIX F: ENERGY SPECTRUM OF HADRONS,
OBSERVED BY THE EMULSION CHAMBER n(k)def S(k—yK)g(K)dKh(y)dy.

A hadron, incident upon the emulsion chamber, makes a
nuclear collision—multiple particle production—with the  Let the energy spectrum of hadrons, incident upon the
chamber material(Pb). The electromagnetic component, chamber, be expressed by
electrons and photons, among the produced patrticles initiate
a cascade shower in the chamber, and a bundle of electrons, N (E)
thus produced, in the cascade shower are detected by the o E.
sensitive layers of the emulsion chamber. ) i
Hence we have to take two points into account for theT_hen, the energy spectrum of the hadron-induced shower is

energy spectrum of hadrons, observed by the emulsiofVen by

7 ldE,
E.

chamber. One is that the observed energy of the hadron- E.\ -7 1dE
induced shower is not the energy of the incident hadron but dEobJ 5(Eob_kEh)N0(_h> —hn(k)dk
the energy of the electromagnetic component produced in Ec Ec

multiple particle production. The other is the probability that Eop| 7 LdE,,
the hadron will make nuclear collisions in the emulsion =(k7>NO(E—°) EO ,
chamber. ¢ c

where
1. Observed energy of the hadron shower

Observed energy of the hadron-induced showgy is <k7>5f kvn(k)dk:f (yK)?g(K)dKh(y)dy
expressed by

_(20)7
oy+1

Eob=KE, (k=YyK), [aB(y+1m;)+BB(y+m,,1)].

where E,, is the energy of the incident hadron. Theray ) o S

inelasticityk depends on the total inelasticiiyand the ‘em  1he inelasticity distribution is by Ref27].

energy ratio”y, both of which fluctuate widely. The total o N

inelasticity of hadron-Pb collisions is assumed to be distrib- 2. Collision probability

uted as The definition of a hadron shower is that the shower start-

_ m m ing point is deeper than 3 cm Pb in the chamber. The show-

9(K)dK=dK[a(1-K)™+ BK™] ers which have a starting point deeper than 13 cm Pb are

with «=0.26, B=0.55, m;=0.5, andm,=1.125, which missed due to the insufficient development of the shower.

leads to{K)=0.6[27]. Theemenergy ratio is defined as the Consequently, the collision probabilityis given by

energy ratio of the electromagnetic component to all the pro- p=e 30h_g 1380A_( 33

duced particles. It is distributed around the average value of

1/3, because almost all the produced particles are pionsvhere A=18.5 (cm) is the collision mean free path of
Therefore, we assume the distribution to be hadron-Pb collisions.
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