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Abstract. Observation of EAS with the combination of emul-
sion chamber and EAS array is undergone at Mt.Chacaltaya.
We report on the size spectrum of EAS observed in about
5 years and discuss the energy spectrum and composition in
this spectrum range. The corresponding energy range is be-
(ween 10V and 10'%eV and includes the knee region. To
discuss these characteristics .detailed EAS simulations were
fulfilled with the condition of arrangement of the array .trig-
ger and deteclor response. Specially.by the method of the dif-
ferent trigger efficiency between initiated low and high mass
composition.the result of proton spectrum obtained at near
10MeV s also reported.

1 Intreduction

Explaining the knee region of the energy spectrum of the
cosmic ray { CR ) would shed light on CR origin and ac-
celeration mechanism. But the possibility that the change
of hadronic interaction at this energy range exists will puts
some limits this speculation. For ground based array.the ex-
perimental observables which are measured in order to exact
information about the energy spectrum are charged compo-
nents of showers with density , muon, hadron detectors or
" erenkov detectors. Many experiments using the combined
array of these detectors have been fulfilled to get the infor-
mation of primary energy spectrum. However, the method
to estimate the energy spectrum mainly depends on the as-
sumed mass composition and simulated EAS developments

S
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through the atmosphere. Two fold assumption is hard to re-
solve clearly. Among these methods, it is simple method
to estimate EAS size from the observation of low energy
charged particles. Moreover, by choosing the observation al-
titude to be most effective to the development of EAS for
the corresponding energy range of CR,one of the unsolved
problem can be reduced. In our case,Chacaltaya altitude 15
fit to observe the maximum development of shower in the
energy region ~ 10'% eV and fluctuation of shower develop-
ment is minimized. However, with only one station, we ¢an
not conclude the CR mass composition and spectrum in knee
region. It is clear to combine results observed at different
altitude which fits to observe some range of primary energy
each other. Also, it is necessary observed values are compa-
rable to each other directory. To this aim .in this report we
show the size spectrum observed at Mt, Chacaltaya altitude
as an example.

2 Experiment and Analysis

The combined experiment of a air shower array and an emul-
sion chamber at Mt. Chacaltaya ( Bolivia, 5200m as.1., 540
glem? of atmospheric depth) was started from 1979. The ar-
ray consists 45 scintillation detectors for measuring of charged
particles (9 detectors of 1m?, 36 detectors of 0.25mm?%yand 13
fast-timing detectors(FT)for measuring the direction (5 de-
tectors of 1m?, 8 detectors of 0.25m2) from 1991 as shown
Fig.1. The array cover an area of radius 50m, a lot of de-
tectors are concentrated to near the emulsion chamber room.
All detectors are using with Scm thickness of plastic scintil-
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Fig. 1. The arrangement of our air shower array.

lator except 5 FT detectors with 10¢m thickness. The record-
ing system of the air shower is triggered above ~ 107 size
[ Kawasumi { 1996)].

3 Results and Discussion
3.1 Size Spectrum

As explained in the experimental setups,using 45 scintilla-
tion counters and 13 FT detectors. incident angle and elec-
tron size of EAS were determined. The experiment for this
analysis was carried out from 1992 to 1995. Total number of
showers recorded is ~ 3.3 x 107 in the effective observation
time ~ 7 % 107 seconds. The method to estimate the inci-
dent angle for each shower is ,using the all combination of 3
FT detectors to determine an incident angle , the most prob-
able incident angle is obtained with the method of cluster
analysis on these available combination ot data. Compared
with the EAS simulated FT data,the estimation errors of an-
gle are lower than 3 degrees above the size range 10" . In the
small shower size region, this method shows superiority to
the usual least square method. For several scintiliation coun-
ters show the Huctuation of the response { less than 20 % ) n
the observation period, corrections were applied with the sta-
tistical method for these detectors. Our array is not effective
to observing lager size region. However, to arrange detec-
tors compactly near the center of array and to limit analyzed
showers whose shower axis hit within 6m radius from the
center, showers to determine the size spectrum become more
accurate in the smaller size region ~ 107 . Observed shower
size spectrum is shown in Fig. 2 with other size spectra ob-
served at Jower altitudes [ Aglieta (1999)] [Castellina (2001 )
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Fig. 2. Obscrved shower size spectrum is shown with closed cir-
cle. The shower size spectra of EAS-TOP( 810 g/em? and KAS-
CADE(sea level) are shown in figure.

3.2 Energy Spectrum

The primary energy spectrum can be extracted from the mea-
sured electron size spectrum with informations of the mass
composition and the relation between electron size and pri-
mary energy. In factthe evaluated electron size spectrum
is the convolution of the energy spectrum and a function
describing the probability of a given primary to produce a
shower with a certain size. With using EAS simulation,this
relation between the electron size and the primary energy can
be given. However, above probability function between size
and energy depends not only on the EAS simulation code that
describes EAS development in the atmosphere, but also on
the response function characteristic to EAS array including
detector response and the procedure to estimate the electron
size from observed shower data.

The mass composition to investigate this knee region is
not yet fixed even 10 use as the initial condition. So,avoiding
the additive assumption,we have not used the assumption on
mass composition. Moreover, primary mass is assumed to
be proton only or to be iron only Lo the energy spectrum es-
timated for two extreme cases,. Followings are procedures
to get the probability function we used. Simulation code
is CORSIKA code with QGS Jet model. For each primary
mass.about 107 events was simulated with energy above 2 x
104 GeV for proton primary and 5 x 10* GeV for iron pri-
mary. Simulated shower components were sampled to the
real Chacaltaya EAS array and simulated the detector re-
sponse for each detector ( plastic scintillator with 0.25 m?
area and 5 cm thickness ) Those simulated EAS data were
re-analyzed to get the size with the same procedure on the
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Fig. 3. Relation between Simulated primary energy and estimated
shower size for proton . Trigger bias is included in this figure.

same condition as explained section 3.1. .

For proton primary case.an example of the simulated size
and energy relation is figured in Fig.3. The distribution pro-
file of primary energy which results in a fixed size has a
peak at the median, however the width of distribution is wide
enough for a small size shower to contribute to the higher tail
of energy spectrum. In the lower energy region is diffused by
the trigger condition on the observability.

We tabulated probability function between size and en-
ergy,and converted observed electron size spectrum to an en-
ergy spectrum for each mass assumnptions ( proton only and
iron only ).

The converted energy spectrum is shown in Fig.4. In the
energy range above Log( E(GeV) )=6.6 for proton primary
and iron primary shown with open circles and squares in this
figure, the probability function to transform from size to en-
ergy was used with the extrapolated relation from the lower
size and corresponding energy region shown with closed cir-
cles and squares. Because simulated number of showers is
not enough to cover this energy range,but the energy distri-
bution for fixed size has more sharp shape like a delta func-
tion. And as mentioned before, we used the tabulated proba-
bility distribution function, energy spectra for each composi-
tion show a little fluctuation on energy as seen. However, for
iron component,the gross feature bumped in the energy range
from 5.0 to 5.7 is the effect of the trigger condition,because in
simulated shower initiated from iron primary shows the most
effective trigger biases below the 5.7 region. and cannot be
observed with such frequency. The effect of the trigger con-
dition ( at 90 % level ) extends to the energy range below 5.3
for proton primary and 5.7 for iron primary. These effects
are shown as different markings { open circles and squares}
in the figure.
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Fig. 4. Converted energy specirum for proton and iron primary as-
sumptions. circle is proton and square is iron primary. proton* and
iron* in the figure mean the effect from the trigger bias for lower
energy region, using the extrapolation tor the high cnergy region.

4 Conclusion

Our energy spectrum is re-display with overlapping other ex-
perimental results in Fig. 5 [Aglieta (1999)],| Amenomori
(2000)), [Castellina (2001)] .

Below 5.7 in log energy scale,our energy spectrum only
shows the case of lighter elements like proton dominated .
In the energy region from 5.7 to 6.1, frequency difference
between pure proton and iron is much small and has only
0.2 decade in this scale that corresponds to the difterence
{ < 30 % ) in differennal energy scale. Because in this
energy region showers reach near the shower maximum at
Mt. Chacaltaya altitude ( 540 g/cm? ) .and the difference
of shower development between these two primary masses
is minimized. Above 6.1 in log energy scale. the frequency
difference between proton primary and iron primary increase
with energy and the imaginary turning point ( knee ) spreads
from near 6.1 t0 6.5 depending on the assumed mass com-
position. Comparing with other observed results. our data
have relatively higher frequency than other experimental val-
ues. Especially in the energy region between 5.7 to 6.1 our
data have relatively good reliance , but the difference 1s clear
on the frequency. On this point,we can not exclude the pos-
sibility that produced some systematic difference with other
experiments at this time.

Acknowledgements. 1 would like to thank staffs of Instituto de In-
vestigaciones Physicas 1o keep the Loboratry at Mt. Chacaltaya.
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Fig. 5. Comparison between our energy spectra and other experi-
ments .
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Abstract. Detailed description is made on a halo event
which is obtained by the hybrid detector of an emulsion
chamber and an air shower array at Mt. Chacaltaya
{5,200 m, Bolivia). Awvailable dala for the cvent are on
the halo (Epa, - 750 TeV) and on the high energy
particles of electron/photon and hadronic components
by the emulsion chamber, on low energy hadrons by the
hadron calorimeter, and on characteristics of the accomn-
panied air shower (N, - 7.0 x 107, &  0.39) by the
air shower array. Structure and origin of the event is
discussed based on the observed data of varicus compn-
itents.

1 Introduction

We have been observing high energy cosmic-ray events

air showers {AS) - - by a hybrid apparatus of emulsion
chamber (EC), air shower array and hadron calorimeter
{HC) at Mt. Chacaltaya (5,200 m, Bolivia)|Kawasumi
ot al., (96); Aguirre et al., (00}].

We will report a high energy event which is remark-
able by a large family with a halo (~ 1.5 cm of diameter)
on X-ray films of EC. A halo is made of a large num-
her of electrons, distributed continuously, which means
high concentration of energy. The analysis of the halo
which bears the information of air shower core helps us
to understand the detailed structure of AS.

Correspondence to: Norio Kawasumi
{n-kawa@edu.yamanashi.ac.jp}

Faculty of Science and Technology, Kinki Universily, Higashi-Osaka, 577-8502, Japan

2 Description of the event

We will describe the event in relation to the respective
delectors.

2.1  Air shower (AS) array

AS array consists of 39 plastic scintillator detectors which
are distributed over a circular area of ~ 50 m radius. It
can measure the arrival time and arrival direction of AS,
together with the lateral distribution of charged particle
density from which the age s and the total size N, arc es-
timated by fitting the lateral distribution to NK( func-
tion[Kamata and Nishimura, {58): Greisen, (58)]. We
obtained s - 0.59 and N. - 7.03 x 107 for the present
event. Hence the primary energy of AS is ~ 1.5 x 1077
eV approximately.

2.2 Hadron calorimeter (HC)

HC, located i the center of the AS array and placed
beneath EC, consists of 32 plastic scintillators (0.25 m?
each}. It measures the arriving time of the event and the
lateral distribution of charged particles which arrive at
HC. These charged particles are mainly electrons which
are produced by the hadrons incident upon EC, because
electrons and photons, incident upon EC, are absorbed
in EC of 15 ecm Pb thick, equivalent to 30 c.u. or to
0.81 collision mean free path of nucleon. Therefore we
can eslimate the energy distribution of hadrons in AS
from the lateral distribution of charged particle density



by HC[Aguirre et al., (00)].
That is, the lateral distribution is approximated as

mfr) = S35

(ro=1m, A=467x10° o - 2.89)

from which we can estimate the di fferential energy dis-
tribution of hadrons, incident upon EC, as

dN,
iy, = (_") =354 x10° (/1 TeV)
di E=1Tev

and the power index ¢ —4 = —1.1 in the energy region
EF=01~1TeV. (See Fig. 5.)

2.3 Emulsion chamber (EC)

32 EC’s of 15 cm Pb thick and 0.25 m? each, placed
on HC, have 14 sensitive layers of X-ray films which are
inserted at every 1 cm of Pb plate.

The event on the X-ray film consists of several tens
of showers, distributed over the area of ~ 10 em radius,
and of a halo of diameter ~ 1.5 em in the center of the
event.

The event hit the upper-left corner of the EC unit
No.3 with inclination ~ 10°. Therefore a part of par-
ticles fell outside EC, and the halo in the center of the
event leaves EC at large depth (after 12 cm Pb).

In this sense shower detection is biased by the follow-
ing two reasons.

1. The halo masks the showers.

2. The event hit the upper-left corner of EC unit.

which are called ’the item 1’ and ’the item 2’ hereafter.
The item 1 is discussed in the subsection 3.1, and the
item 2 is corrected by sampling the showers only in the
third quadrant (i.e. ¢ = 270° ~ 360°) of the xy coordi-
nates whose origin is located at the center of the halo,
and by multiplying the number by 4.

3 Halo and showers by the emulsion chamber
3.1 Halo

The opacity of the halo on X-ray film is measured by a
microphotometer (with the slit of 200 x 200 pm?) over
the square area of 1 em x 1 cm at 500 gm interval. The
opacity D, called darkness’, is converied to electron
density p. using the p. — D relation, obtained before-
hand. In this way we obtain the lateral distribution of
electron density p(r, t) at every depth ¢ in EC.
(1) Transition curve of the total electron number

Fig. 1 shows the transition curve of the total electron
number in the halo, which is obtained by the integration

Yth
Ne(t) = / p(r, t)27rdr
a

10 " - r r

: < Exp.
weeeeee BTV 45
—— 10TeV«75
----- 20TeV#36

10° }
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10t

5 10 15 20 25 30
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Fig. 1. Transition curve of the total electron number. The
total electron number is obtained by integrating the lateral
distribution of the electron density, which is obtained from
the local darkness in the halo, at every sensitive layers in
EC. The curves are those which are produced by N, ~-rays
with energy < E >, tabulated in Table 1, incident upon EC.

where 74 is the distance at which the darkness is the
threshold darkness Dy, — 0.1.

We assume that the halo is produced by a bundle of
high energy v-rays in the air shower.! Then, according
to the cascade theory[Nishimura, {67)], the maximum
depth ty., of the transition curve of the halo is given

by

< E>

p = Xl (s)tmaa: = bmas

In

where ¢ = 7.4 MeV is the critical energy of Pb and
< E > is the average energy of ~-rays, incident upon
EC. Since tpq: = 14 cu., we have < E >= 8.9 TeV.
Three curves in Fig. 1 are the transition curves of total

Table 1. Fnergy and number of ~-rays, incident upon EC,
1o produce the halo.

< E > (TeV) N,y Erato {TeV)
5 145 725
10 75 750
20 - 36 720

1Strictly speaking, photons and electrons. We will refer
to them as y-rays, following the EC terminology.
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Fig. 2. The contour map (1 div. = 500 pum) of the darkness
D in the halo at the depth 14 c.u., where the total number of
electrons attains the maximum development approximately.
The steps of the contours are I =0 ~ 1.0, 1.0~ 20, ...

electron number for the cases in Table 1. Fig. | shows
that the case of < E >= 10 TeV describes the data best
among the three, giving the total observed energy 750
TeV in the halo.

We try to estimate the energy spectrum of ~y-rays,
ircident upon EC, from < E »>= 10 TeV and N,, = 75
the transition curve of which gives the best-fit to the
experimental data. Assuming the energy spectrum as

ENU/E
Y —_ dl — |, i
O'Y(EM) (Eth) ( )
we have
< FE >»>= 7 Fin and N, = No .
v—1

where Ny is the number of y-rays at £ = FEy,. That is,
if we assume the exponent v, we can obtain the energy
spectrum which is tabulated in Table 2.

The energy spectra of y-rays for the cases in Table 2
are shown in Fig. 4, together with experimental data
of 4-rays found outside the halo. We consider that the
latter spectrum is biased due to the masking by the
halo but is not biased seriously in the low energy region.
Consequently we have a conclusion in Fig. 4 that the
case of ¥ = 1.75 in Table 2 is the best among the three.

Table 2. Energy spectrum of y-rays to produce the halo

Y Ech (TEV) Nn
2.0 5.0 75
1.75 4.3 75
1.5 33 75

10°

Eisctron density (/om®)

10 " : - i
-4 - 2 3 2 4 s

Diztance from tha center A (mm)

Fig. 3. Lateral distribution of electron density along the line
to connect the cores A and B. Circles are the experimental
data and the squares are after subtraction of the curve (a)
which is the best-fit to the data points of the core A.

{2) Lateral distribution of the halo

The contour map of the darkness D in the halo (Fig. 2}
shows that the halo contains two high energy cores, A
and B (with A > B). Fig. 3 shows the lateral distribu-
tion of the electron density along the line to connect A
and B, at the depth of 14 c.u. where the total number
of electron attains the maximum development approxi-
mately. The curves (a) and (b) in Fig. 3 are the best-fit
to the data points, assuming that the distribution is
symmetric around the core center. The maximum val-
ues of the distribution for A and B are used to estimate
the energies of the cores A and B, which are tabulated
in Table 3.

It is worthy mentioning that the assumed lateral dis-
tributions appear to be wider than that of the electron
density in the cascade theory. But quantitative discus-
sion is not easy because the observed region is quite
limited, compared with 1 Moliere unit 1.62 cm.

3.2 Individual showers

Several tens of 4 and hadron-origin showers are dis-
tributed over an area of r ~ 10 cm. Routine process
of EC measurement gives shower energies and shower
starting points At for respective showers. Showers with
At > 6 c.u. are defined as those of hadron-origin and
the rest those of y-origin. By this definition 15 % of

Table 3. The estimated energies of the cores in the halo

Electron density at the

Core core center (/em?) Energy (TeV)
A 7.3 % 107 640
B 1.3 x 107 110

Total 750
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Fig. 4. Energy spectrum of +y-rays which are found outside
the halo {corrected for the item 2). The lines are those which
are assumed to produce the halo. (See Table 2.)

the hadron-origin showers are mixed up among y-origin
showers.

Fig. 4 shows the energy spectrum of 4-rays which are
found outside the halo (i.e. r > 0.8 cm). The number
of ~y-rays is corrected for the item 2, but the spectrum
is still biased due to the item 1. The solid line is the
estimated one from the halo characteristics.

Fig. 5 shows the differential energy spectrum of the
nadron-origin showers, which are found outside the halo
by EC (the line (1)), together with that which is esti-
mated from the data by HC (the line (5)). Consistency
of both spectra may indicate that the event represents
the average character of AS development without seri-
ous fluctuation.

4 Summary

We analyzed a high energy event with a halo.

(1) The accompanying air shower has the age s = 0.59

and the size N, = 7.03 x 107.

{2) The halo is produced by y-rays with the total energy

750 TeV, which has the energy spectrum of eq.(1) with

v = 1.75 and Ny = 75. The energy spectrum is consis-

tent with that of y-rays which are observed outside the

halo.

(3) The two energy spectra of the hadron component in

AS, by EC and by HC, are consistent with each other.
Following points will be discussed elsewhere.

10%

104

10°

102

dN/dE (/TeV)

10'

10°
107 10° 10' 10?
Energy (TeV)

Fig. 5. Differential energy spectrum of hadrons; the line (4)
by EC (corrected for the item 1) and the line (5) by HC.

The line (1) is the integral energy spectrum of hadron-
induced showers by EXC, and the line (2) is the differential.
Then corrections are made for the collision probability of
hadrons (the line (3)) and for the conversion of observed
energy to hadron energy k. (the line (4)). That is, E, =
ky En with < ky >==1/8,

(1) Lateral distributions of v-rays and hadrons.

(1) How the events is observed at the sea level 7

(2) Can a conventional model of hadron interactions pro-
duce the event 7
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Abstract. Forbush decreases have been detected by unshielded
and shielded air shower detectors at Mt.Chacaltaya in June

» July and November of 2000. The deficits of cosmic ray
counting rates were recorded ones of 3% — 6% in each event.
While a time structure of deficit in June gives a simple fea-
ture, one in July has rather complicated structure in the stage
of decrease and also in a period of recovering of counting
rate, Characteristics of Forbush decreases are introduced and
discussed on it together with the information of neutron mon-
itor located at Mt.Chacaltaya.

1 Introduction

Solar flares accompanied with CME(Coronal Mass Ejection)
have been reported in June, July and November of 2000 as
listed below,

A:11h25mUT of June 06(51701.47569MJD) X2.0/3B
B:14h18mUT of June 23(51718.59583MID) M3.0/1F
C:21h05mUT of July 10(51735.87847MID) M5.7/2B
D:187mUT of July 11(51736.78264MID) M1.1/IN
E:10h18mUT of July 12(51737.42916MJD) X1.9/2B
F:10h03mUT of July 14(51739.41875MID) X5.7/3B
G:06M5mUT of July 19(51744.28125MJID) M6.4/3N
H:11h17mUT of July 22(51747.47014MJD) M3.7/2N
1:02043mUT of July 25(51750.11319MJD) M8.0/2B
J:05h34mUT of Nov. 23(51871.23194MID) C5.4/1F
K:21h00mUT of Nov. 25(51873.87500MJD) X1.0/2N
Forbush decrease has been considered as a deficit of galac-
tic cosmic ray intensity due to the CME cloud which is pro-
duced by a reconnection of solar magnetic field associated
with a big solar flare. A deficit of intensity is due to the
passage of condensed and irregular magnetized shock with
a velocity of ~1000kms~! and the magnetic shield effect
after the passage. The time structure of deficit, in general,

Correspondence to: N.Inoue (Email:ninoue @post.saitama-
w.ac.jp)

shows a quick decrease of cosmic ray intensity in an order
of hours when CME arrives. Then, an intensity becomes in-
crease slowly with a recovering time of 1 or 2 weeks. This
profile is not commonly formalized as a simple shape and
sometimes shows complicated feature(ie. Wibberenz,1997).
It has to be affected by a size, a velocity and a strength of
irregular magnetic field of CME and associated shock wave.
A report suggested a pre-cursory decrease which happened
preceded the Forbush decrease(Morishita, 1997). This is also
one of unsolved phenomena.

2 Experimental

Air Shower array and Emulsion Chamber experiment at
Mt.Chacaltaya (AS-EC Experiment at 5200m a.s.1) has been
carricd out from 1979 to study the chemical composition of
primary cosmic ray and high energy particle interaction in an
energy region of 1014 V-1017eV(Kawasumi, 1996).

Air shower array consists of 40 and 4 unshielded scintil-
lation detectors (N-detectors) with an area of 0.25m? and
of 1.0m?, respectively, to determine a lateral distribution of
charged particles in an air shower as shown in fig. 1(upper). 8
and 5 fast timing scintillation detectors(FT-detectors) with an
area of 0.25m? and of 1.0m? are located in a central region
of air shower array to determine an arrival direction of air
shower. In addition, 8m? hadron detector which consists of
32 shielded scintillation detectors(B-detectors) with an area
of 0.25m? is used for the detection of high energy hadronic
component in air shower core as shown in fig.1(lower). Each
B-detector is covered with 15cm thickness lead plate(30c.u.)
and it can detect muon component with a threshold energy of
0.34GeV for vertical incident one. Signals of background
secondary particle produced by primary galactic cosmic rays
from N and B detector are monitored independently and con-
tinnously. An integrated number of cosmic ray particles is
recorded in every 10 seconds interval

Signal of N-detector is considered to be caused by a pas-
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Fig. 1. Air shower array at Mt.Chacaltaya. N and FT detectors are
shown by small squares and closed circles, respectively(in top fig-
ures). 8rre? hadron detector is located in a center of air shower array
and positions of B-detectors are drawn by open squares together
with some N-detectors in a bottom figure.

sage of secondary electromagnetic particles(electrons and
gamma-rays) and muons component produced by primary
galactic proton. At higher altitude, electromagnetic compo-
nent is not enough absorbed in the atmosphere, and a con-
tribution to output signal of electromagnetic particles still
appears as 45% of the numbers of signals from a simula-
tion. Furthermore, signal of B-detector is mainly produced
by muon component with an energy greater than 0.34GeV,
A mode energy of primary cosmic ray which gives a signal
at the ground is roughly estimated as ~60GeV and ~70GeV
for recorded particles by N and B-detectors from a response
function taking into account of an effect of geomagnetic field
at this geometrical location(a longitude, a latitude and a height
of the site) and the detector characteristics. 12NM64(super
neutron montitor) has been also operated in air shower ar-
ray for monitoring the solar neutron and it has observed the
neutron intensity in every 1 minute with an information of at-
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Fig. 2. Forbush decreases in June, July and November of 2000 are
shown, Three upper figures show cosmic ray counting rates (a som
of all N-detectors) as a function of MID. Three lower ones show
cosmic ray counting rate (a sum of all B-detectors). Its connting
rate is defined as a deviation in % from the average. Times of solar
flares are shown by the arrows in each figure.

mospheric pressure at the site. Time variations of cosmic ray
counting rate lisied below, have not made any corrections on
effects of an atmospheric pressure, a temperature and a daily
medulation of galactic cosmic rays.

3 Results and Discussion

In fig.2, events of Forbush decreases in June, July and Novem-
ber of 2000 are shown. Three left figures show cosmic ray
countingrate (a sum of all N-detectors) as a function of MJD.
A counting rate is defined as a deviation in % from the av-
erage counting rate. Three right figures show ones from a
sum of all B-detectors. Times of solar flares listed before
are indicated by arrows in cach figure. The maximum deficit
of cosmic ray intensity observed by N-detectors is 3.8% and
5.5% for events in June and July, respectively. A time struc-
ture of deficit observed in June has rather simple form, but
one in July seems to have a characteristic feature with two
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steps structure in a stage of decrease and a longer recover-
ing time of 15 — 20days after a time of the minimum deficit,
Deficits in data observed by B-detectors also show somewhat
larger values of 6% and 6.5% for events in June and July. An-
other feature in the deficit is a smaller amplitude of periodic
vartation of cosmic ray counting rate around a period of For-
bush decrease. An amplitude of periadic variation suddenly
decreased and became to nearly a half of usual one . Then,
it became to the usual amplitude when Forbush decrease fin-
ished. This profile can be also seen in a time variation of
N-detectors with smaller changes.

Fig.3 shows detail time variations of counting rate in 10
days around solar flares of June and J uly. Top figures are cos-
mic ray counting rate from N-detectors in a period of June 5
—June 15 and July 10 - July 20. Results of Forbush decreases
from 12NM64 are given in the second column, A counting
rate of neutrons in every 1 minute is shown in a vertical axis.
Results of Forbush decrease detected by NORIKURA Muon
Telescope are also shown in the bottom figures(private com-
munication). Times of solar flares in this periods are shown
by arrows with a magnitude of solar flare in optical measure-
ment in these figures. Profiles of time structures observed by
three different equipments and at different location of Japan
and Bolivia are likely to be consistent with each other. There
is a complex structure in Forbush decrease of July. This is
a reason of the contributions of seven solar flares with CME
occurred in a short period of July. This time structure which
seems to be affected by a physical structure of magnetic field
in a shock created by high velocity shock fronts, CMEs and
also by magnetic barrier caused by outgoing CMEs. A time
structure in a stage of intensity recovering dose not show a
simple one and has presented a longer effect. This fact sug-
gests that a structure of magnetic field in outgoing shocks
was not static and has strong irregularity exceed to one of
typical structure.

There can be seen that neutron counting rate observed by
1ZNM64 has a periodic variation of ~12 hours, This fea-
ture can be explained by a 12-hours variation of atmospheric
pressure caused by a tide-generating force by the sun. At-
mospheric pressure variations recorded at Mt.Chacaltaya are
shown in the third column of the figures. A half day atmo-
spheric pressure variation has been observed with an ampli-
tude of £0.6{hPa] at Mt.Chacaltaya. Accordin £ to a simula-
tion, this variation promises to give a contribution of +0.45%
ina total amplitude of variation. An amplitude of a half day
variation in experimental neutron counting rate in the figures
is almost consistent with this expectation. Periodic varia-
tions in profiles observed by N and B-detectors can be also
seen and show a lager amplitude in comparison with one of
neutrons, This is considered as a result of overlapped contri-
bution of 12 hours atmospheric pressure variation, a temper-
ature effect to the detector and a daily modulation of galactic
cosmic rays. Itis easy to suppose that an effect of tempera-
ture variation has to be dominant because a temperature con-
trol to air shower detectors has not performed for air shower
detectors. However, if the fact that a decrease of amplitude
of periodic variation in a period of Forbush decrease men-

tioned before is significant, an explanation for a decrease of
amplitude has to be seek in a global physical effect belong to
a flow of galactic cosmic rays outside of atmosphere. Defi-
nite answer to this question is still open, but it is required to
make a continuous examination,

Qur air shower array has been observed air showers and
the numbers of air showers has been analyzed in such period
of Forbush decreases. The numbers of showers with zenith
angles less than 44° and Ne greater than 10%, which corre-
sponds to an primary energy of 30TeV at Mt Chacaltaya, are
shown in a top(June) and a bottom(July) of fig.4. No sig-
nificant deficit of the number of air showers in such period
could be seen. This shows an intensity of magnetic field and
structure around the earth dose not give an effect for galactic
cosmic rays with such energies even in a time of solar flare.

We have not made a detail discussion on the Forbush de-
crease in November because of lacks of N{and B) detcctors
data in some days during a period of Forbush decrease. How-
ever a time structure of deficit seems to be almost same with
one recorded in June. Another event in March 2001 has been
already recorded in our data and more statistics will be ex-
pected in a couple of year. Detail experimental analysis will
be done after making corrections for effects of atmospheric
pressure and temperature on the counting rate of N(and B)
detectors, and then characteristics of deficit has to be exam-
ined for existed and next coming Forbush decrease. Any sim-
ulation of a time structure of deficit will be also requested
with assumptions of temporal structure of CME shock wave
to expiain the experimental characteristics.
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Fig. 3. Counting rate variations in 10 days around solar flares of Fig. 4. The numbers of showers with Ne greater than 10“ and zenith

June and July. Top figures are cosmic ray counting rate of N- angle less than 44°. Results of June and July are shown in a top and
detectors in a period of June 5 - June 15 and July 10 - July 20. For- a bottom figure, respectively.

bush decrease detected by 12NM64 in June and July are also given

in the second column of the figures. Atmospheric pressure varja-

tions in the same periods are shown in the third column. Results

of Forbush decreases observed at NORIKURA Muon Telescope are

shown in the bottom figures.
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Abstract. An azimuthal angle distribution of events mea-
sured by Brazil-Japan Chacaltaya Emulsion Chamber Exper-
iment (B-J Collaboration) shows that the secondaries pro-
duced by cosmic ray interaction particle are isotropic. Al-
gorithms based on these observations were analytically cal-
culated and their application to near 372 interaction events
will be presented. Oue of these algorithms is equivalent Lo
Duller-Walker plot High-Energy Meson Production. Duller
and Watker (1954) and therefore it is possible to anlyse the
events as having structure of jet emission, through tests of
their sphericity’. Frem the distribution of this ad-hoc de-
fined sphericity it is possible to infer about the jet structure.
Another apropriate combination of the calculated moments
is used to get insights of superposition of interactions and/or
production of more than one jet simultaneocusly.

1 Introduction

A seties of detectors cailed emulsion chambers (for instance
in Fire-Balls in Pion Multipte Production. B-J Collaboration
(1983)) have been exposed to Cosmic Rays incident on the
Observatory of Mount Chacaltaya (5220 m above sea level
and 20 km far from La Paz City, Bolivia) by B-J Collabo-
ration, since 1962. The geographic coordinates of this Ob-
servatory are: 16920’ 45" South and 68°07 31" West, which
corresponds to geomagnetic coordinates 4°50' 40" South and
0950'20" East, respectively. These exposures observe secon-
daries of hadronic interactions as black spots in X-ray films
and clusters of electron tracks in emulsion plates, both photo-
sensitive material composing the detector. Lead plates are in-
serted between the envelopes containing photosensitive ma-
terial, working either as a eletromagnetic particles converter
or as a target for hadronic interaction particles. Then, the
sensitive material of the detector always registers groups of
electromagnetic tracks.

Correspondence to: E.H.Shibuya(shibuya@iﬁ.unicamp.br)

2 Description of experiment and method

A typical emulsion chamber is constituted by an upper cham-
ber over blocks of compacted plastic sheets or asphalt pitch,
both located on a iron frame platform and below those, an
Jower detector spaced by an air gap. The analysis was done
in a sample of 372 events, where 87 events are observed only
in the lower detetor, then these events are called C-jets. Other
285 events, called A-jets, were observed since the upper de-
tector. Included in these A-jets sample there are 5 unusual
events, Centauro events, analysed in two other contributions
for the conference.

Beyond a traditional analysis done in some occasions, here
we suggest a method based on an azimuthal isotropic decay
of secondaries observed in figure 1. The superposed exper-
imental distributions for A-jets and C-jets were compared
with a uniform distribution and resulted in reduced x? val-
ues between 1.1 and 1.8.

Azimutal angle distribution ¢ |

2 — - AJots =180

------ C-Jots x3=1.11
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Fig, 1. Azimuthal angle distribution

Based on this observed isotropic azimuthal angle distribu-
tion, the secondary particies distribution compesed by energy
E* and solid angle (%, expressed in a center of mass system,

dN = g(E*, Q")dE*d") M



transtorms in a generai expression for the moments below,
where E; and § are the energy and zenital angle of i** parti.
cle, n is the order of moment, I and M are the Lorentz factor
and Invariant Mass of the group of particles, respectively,

1 o
SE;(T8;)" ~ MT / (1—a%)¥ @)

e ————dr
g 20+ o)
All the moments are functions of '8 and so, functions of r/F,
where 7 is related to Lorentz factor and H(interaction height)
through I' = 7/H Therefore, the algorithms are useable
even for events without height determined.

Taking the 0%, 1%¢, 27d 4p4 grd 4 proper combination of
them, each one normalized, it were constructed algorithms
called R and mDW. The first one, R, is defined as a ratio as
follows:

_ [ZE|IZE,(Tg)2)
= EsEwap ®

where both, the numerator and denominator, are functions of
I'8 and of squared Invariant Mass as could be seen in the ap-
pendix. So, the events that fits this analytical curve are events
coming from one jet produced at one single interaction point,
Examples of application of algorithm R are presented in fig-
ures 2 and 3 for C-jet and A-jet, respectively, This algo-
rithm was firstly used in Indication of 5-meson production in
gamma-ray famities. Shibuya (1983) to present production
of mesons heavier than 7% mesons.
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Fig, 2. Example of algorithm R for C-jet

The second algorithm was calied mDW due to its similarity
to the Duller-Walker plot (High-Energy Meson Production.
Duller and Walker ( 1954)), used to show the sphericity of a
Jet. Tt differs from that in the fact that it uses also the energy
of each member of a jet and does not necessary to know the
total multiplicity, a priori. The events that fits this curve are
interpretable as spherical because the slope is 2, same kind of

10
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10
r {mm)

Fig. 3. Example of algorithm R for A-jet

reasoning for the isotropic characteristic coming from DW-
plot. It it defined as,

-1 -+ 35 Te. (T6;)?
mDW = ﬁ[ZE, + WZE.(I‘G,) +IE;(T8)* +
4 3
51»-EE‘.(IWBP.)] 4)

In figure 4 this algorithm was applied for various A-jets, C-
Jets and also for Centauro events with the height determined
through kinematics of #° — ~ 4y and triangulation method.
In fact, with the general expression above, it is also possible
to calculate moments of order higher than 374, 1y princi-
ple, addition of these greater order moments to the algorithm
mDW could smooth this curve, The difficult comes from the
normalization factor of these moments, for instance the 4%»
moment has alog(1 + I'262) factor that does not converge at
' — oo,

3 Results and discossions

As 87 analysed events comes from a localized target of Car-
bon we have the vertex of the interaction point with the pre-
cision of the geometric distance of the gap, i.e. around 14%
because the height is H=(170 + 23)cm. This is not the case
of A-jets. Then, for the events with difficult height determi-
nation, mainly A-jets, we used the algoritms in function of
r/f.

Defining "sphericity” as the slope of best fited mDW al-
gorithm we got the histogram of this quantity in figure 5.
Expected value of 2 for a isotropic decay of secondaries is
not observed. Mean value of ad-hoc defined “sphericity’ is
between 1.3 and 1.6, as got from the histogram, that means
most of events are jet-like with A-jets more isotropical in
zenital angle distribution. Improvement for these spheric-
ity’values could be done, fitting the analytical curve in the
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Fig. 4. Algorithm mdW for some events with measured interaction point

experimental data.

Also an application to 9,360 simulated events using COR-
SIKA/QGSIET procedure (Part of the results gotten, under
this procedure and a simulation of emulsion chamber done
by M.Tamada, were used in the reference, Tamada & Ohsawa
(2000)) was done and used in a paper submitted to this con-
ference (Search of centauro like events. C.R.A Aygustoet al.
(2001)). The procedure is based on the CORSIKAS.20 code
(Knapp et al. (1997)) where it is incoporated the QGSJET
madel (Kalmykov et al. (1994)).
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Appendix A

Below, we list 6 moments obtained from a general expression
in the text. For the purpose of this paper we used the first
4 moments, because the 5" moment does not converge, in
spite of the 6% has a limit for T8 — oo.

1

LE(16;)° ~ MT[1 ~ (1—_;1,—29535] (A1)
SE(09;) =~ Mr[mt;n . 2(59 — rl;?;;)zl (A2)
LE;(['9;)? ~ MI‘[%]"’ (A3)
BE(06)’ ~ M ERT - TSR s
ZE;(T6;)* ~ MT[2log(1+T%6%)2 - %](AS)
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Abstract. Since 1971, Brazil-Japan Chacaltaya Emulsion
Chamber Experiment is observing unusual events interpreted
as Multiple Hadron Production without #° events. As previ-
ously reported, these events are characterized by high hadron
content and no 7% production at the interaction. Two of the
five Centauro events have their interaction point determined
through microscope measurements in the films of the emul-
sion chamber exposed at Mount Chacaltaya (5,220 m of al-
titude). In spite of the fact that exists other Centauro candi-
dates, in this paper we present analysis on the beforchand
mentioned 5 events because all have showers observed at
both upper and lower chamber exposed at Chacaltaya and the
total showers cnergy in the range (200-300)Te V. The compar-
1son was done with 285 cvents through acceptance analysis
of similar to the 5 selected Centauro events, using their phys-
ical quantities like: total energy (XE,popers). multiplicity
(Nghowers). cNission angle related quantity (rapowers) and so
on. Tt results that only 3 other events are comparable with
Centauro events but neither of them has high hadron con-
tent. Sideways we compared with 9,360 compulcr simulated
events and the result is only 1 compatible, in terms of the
same used observables, with the 5 Centauro events.

1 Introduction

Brazil-Japan Collaboration on Emulsion Chamber Experi-
ment (B-J Collaboration) observed unusual events with high
percentage of hadrons in comparison with y’s. They are nick-
named Centauro events due to different aspects between vp-
per and lower parts of the detector. Normal events have more
showers in upper but this is not the case of the event Centaoro
1 found in 1971. Other events with high content of hadrons
were observed so far but neither of them has this remarkable
characteristics. However others events have characteristics
that justifics the classification as exotic events, In Table Tt
is written their characteristics and some of the cvents have
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other stricking features as presented below.

Centauro | SE, + SE." | ny +ny | Height | Remarks
number (TeV) (m)
I 5.0+ 221.5 1449 50* Thost
reliable
II 244 +179.0 5+ 32 it block
corner
IIr 101.3 + 1685 | 26437 230 two
blocks
v 139.3 + 147.7 | 68 4+ 39 500 without
central
core
Vv 79.4 + 2706 | 25 +40** | 500* | 'Leading
particle’

Table 1. Main characterists of 5 Centauro events. The marks (¥)
indicates events with height determined directly, whereas the mark
(**) corresponds to the highest energy hadron

2 Experimental description

A serics of detectors named Emulsion Chambers have been
cxposed to Cosmic Radiation incident at mountain altitudes
by B-J Collaboration, since 1962. This paper concemns to the
observation of the secondaries produced by Hadronic Inter-
actions induced by Cosmic Ray Particles incident on Mi.Cha-
caltaya (5220m above sea level and 20 km far from La Paz
City, Bolivia). This Cosmic Rays Obscrvatory (geomagnetic
coordinates 4°50'40" South and 0°50'20" East) was inau-
gurated in scientific activities in the year 1947 with the -
events and since then are showing some remarkable scientific
informations, maybe due to its privileged location in a direc-
tion of the center of Galaxy. Since 1969 the Emulsion Cham-
bers scttled there have arca size comparable to the summed
arca of previous 13 previous deleclors. Also an improve-
ment of the experiments was the inclusion of a fixed target
of asphalt piich, nowadays blocks of compacted and amal-
gamated plastic sheets. Between the target and the floor of
the room there is an air gap of 170 cm thick, Over the tar-
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get and also over the floor are settled envelopes with photo-
sensitive material inside them, constitwing a kind of carpet. w4y——=r— 4.
Inserted between the envelopes, therc are lead plates work- ]

ing as a converter of electromagnetic particles in the elec- o

tron/positron showers. The lead plates that are the converter 2 —Adlets
would act also as a target materiat for hadronic particles. So, g C-Jets

the photosensitive material (X-ray films and Nuclear Emul- 71 | —ccooo. Simulated

sion plates) registers showers of clectron/positron converted
from ~’s coming mainly from #° decay. Other hadrons (z %, 103
p. 8, etc.) could interact with the ammosphere molecules, car- ]
bon and lead. then obviously named A-jel, C-jets and Pb-jet. ]
respectively. So, the spots seen in the films are always from
7¥'s showers, these produced mainly by #’s. By obvious
reasons the upper and lower parts of the detector are called .
Upper and Lower Chamber. The event named Centauro I is 10°4
unusual because it mimics an event coming from the bolton ]
and leaving to the atmosphere above the detector. That is not
the case, because the measurements of shower spots resulls
n an increasing distance between pairs of them as we go
downstrcam inside the detector. So, the simplest and naive
interpretation is to assume a Multipte Production of Hadrons B
without 7°’s, as this behaviour is not usual for v’s. Since this 10 R S L S

. . . 0.0 0.2 04 0.6 0.8 1.0
event observation, other events with high content of hadrons
were found. In spite of their similitude with the first one O
in this aspect, they present more showers in Upper than in
Lower Chamber, as usually. An exception is the event named Fig. 1. Kolmogorov Smimov parameter of pairs of events
Centauro VIII which has recocgnizable showers only in the
Lower Chamber. Besides the absence of signal in the upper
part of the detector, this cvent has total encrgy very differcnt
from the selected Centauro candidates and by these reasons
it was not included in the present analysis. Another remark-
able Centauro event presenting stricking features is Centauro
V{C1680861037). This event has a peculiar characteristic of
a very high energy shower (around 20% of total energy of
showers) and 2 successive interactions in the Lower Cham-
ber, without abservable signal in the Upper Chamber, More-
over this Centauro candidate has a direct estimation of height
(500 195 m), through mcasurement on a distance of one pair
T)f sho.vstrcrs in both, Uppqr and L()‘WCI Chamber.s. Detailed similar, but they differ from simulated ones. Due w this and
analysis of Centauro V will be presented in (Improved anal- . . ) o
ysis of one centauro candidate event. C.R.A Augusto et al. to l.he diffcrence bc.twc‘_an experimental ‘and umf(?rm. dls.l m
(2001)). bution, our cong[usnon is that the cx;_)crlmen_lal distribution
already is showing various types of interactions. Unfortu-
natelly, this analysis could not inform how much and which
usual events are similar to the 5 Centauro ones,
Following the acceptance criteria we used other physical quan-
tities (total encrgy, multiplicity, mean zenital angle, mean
transverse momentum, azimutal angle, sphericity’) and ad
hoc statistical quantities ("dgm’ and 'relm’). The quantity
‘relm’ is defined as a relationship between quantity of show-
crs emitied forward, compared with the total multiplicity. We
adopted for ’relm’ > 0.5. The quantity "dgm’ is defined as,

F—

[T o
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look for Centauro similar cvents was the total energy, us-
mg the Kolmogorov-Smirnov statistical analysis (Numeri-
cal Recipes in Fortran. W.H.Press et al.  (1992Y). The re-
sults are scen in figure 1, with separate plots for experimen-
tal events (87 C-Jets and 288 A-jets, including 5 Centauro
events) and 9.360 simulated A-jets events (M. Tamada used
CORSIKA/QGSIET and a simulation of the detector.Part of
the results gotten, was used in the reference M.Tamada &
A.Ohsawa (2000)) under CORSIKAS.20 code (Knapp et al.
(1997)), employing QGSJET model (Kalmykov et al. (1994)).
It is clear that both experimental events distributions looks

3 Acceptance analysis

Measurements of e* in both X-ray films and/or Nuclear Emul-
sion plates, yields energy and multiplicity of showers, di-
rectly. Then, to look for Centauro similar events, we first did
unsuceessful search for usual events with same parameters of
Centauro oncs.

From the informations on encrgy and multiplicity we csti-

mate the cnergy weigthed center. So, all the following phys- N y
ical quantities (azimuthal and zenital angles, transverse mo- E (R; — R(F, 7))
mentum, eic.) depends on the energy. Even the multiplic- dgm = =1 N : (1)

ity, that is one obscrvable quantity, depends on the energy,
through threshold energy effect. So, the next procedure to where N is the multiplicity and R is defined in the reference
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Fig. 2. Plots of "surviving’ events

(Algorithms based on isotropic azimuthal angle distribution
of interaction secondaries. C.R.A Augusto et al. (2001)).
There it is shown that the algorithm R is a function of Lorentz
factor and zenital angle. When it is not possible to know the
height of the interaction we could use a quantity proporcional
to the zenital angle. In particular the algorithm R is conve-
nient due to the opposite effects of height in both, Lorentz
factor and zenital angle.

In this reference also there is the definition of "sphericity’. As
this quantity is obtained from an algorithm named mDW, the
same favourable condition, mentioned above, is used to their
estimation, These criteria are used to establish the acceptable
range of the quantities of 5 Centauro events. Throwing out
the usual events that are out of the ranges, we constructed a
‘redundancy’ figures, condensated in the figure 2. To each
slice corresponds a number of criteria (see legend). The size
of a slice is proportional to the number of families rejected
by the correspondent number of criteria. The idea is to show
that the major part of "non-surviving’ events are rejected by
two or more criteria.

In the figure 3 it is presented an analysis about the indepen-
dency of the results with the particular choice of 5 events.
It is observed that in the sub-sample of 1.5 x 10® combina-
tion of any 5 events, the probability of getting 3 'survivors’
is small (~ 3%).

4 Conclusions and discussions

Figure 4 presents results of C-jets and Centauro events of B-
I Collaboration compared with acelerator data (Transverse
momentum spectra for charged particles at the Cern Proton-
Antiproton Collider.UA1 Collaboration (1992)) and (Multi-
plicity Dependence of the Transverse-Momentum Spectrum
for Centrally Produced Hadrons in Antiproton-Proton Col-
lisions at /s = 1.8 TeV. T.Alexopoulos et al. (1988)). It
is necessary to say that the C-jets data is for +'s and so,
its Pz value must be multiplied by 2, approximately. This

3 N, 1546220
3 (n) 36
7 e RMS 21 ]
g0 ® 14 ]
E N(n.<3) 43910

g

R T | TN R T T
Fig. 3. 'Confidence’ analysis

figure shows that Centauro cvents secondary particles, sup-
posing as 7’s, fits with C-jets events. However, from fig-
ure 2 we did not found any C-jet compatible with Centauro
events. Then, only the Centauro secondaries, properly iden-
tified as hadrons, must be corrected by a factor of inclastic-
ity, because in C-jets there are not predominancy of hadrons.
Here, we used its mean value, k, = 0.3 and the Centauro
events occupaies a region of (0.8 - 1.8) GeV/c and (10 - 17)
for mean transverse momentum and rapidity density, respec-
tively. Even using I?:qr = 0.4, the mean transverse momentum
region decreases to (0.6 - 1.4), somehow greater than aceler-
ator data.
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Abstract. In a series of experiments of emuision chambers
exposed at Mt, Chacaltaya a remarkable event with high con-
tent of hadrons was obscrved. Moreover, this event has a
hadron that interacts twice at deeper layers of the detector
and that has energy between (16-20)% of the total energy of
main interaction, the former figure for all particles and the
last only for hadrons. Due to these facts it was interpreted as
a surviving hadronic particle and its transverse momentum
results between (460/k., and 680/k,)MeV/c. The last is ob-
tained considering the center of only 40 particles identified as
hadrons while the first one is obtained with all 60 particles,
wrrespectively of their identification as v or hadron. Other re-
sults, mainly concerned with a y-hadron identification will
be presented, showing the reasons 1o classify this event as a
Centauro type.

1 Introduction

The so-called Centauro events were first observed by Brazil-
Japan Collaboration on Emulsion Chamber Experiment (B-]
Collgboration), exposed during the period 1969-1970. Fol-
towing this exposure a chamber denominated chamber no. 16
was exposed in the period 1971-1972 and there was observed
a second good example of Centauro candidate. This cham-
ber is very thick in a lower part of the detector, till 30 r.l. and
containg 2 X-ray films cach 2 r.l., besides 10 Nuclear Emul-
sion plates. The upper part has 12 rl., 2 X-ray films also
inserted cach 2 rl. and 3 Nuclear Emulsion plates. Therefore
the chamber is a good detector for hadrons recognition. The
misfortunc is that some Emulsion plates were dammaged by
fading and the measurements was postponed for a couple of
years. Conceming to the event observed in the upper cham-
ber block S086, continuing o lower chamber block 1037, the
quality of 64 X-ray films and 13 Emulsion plaies are quite
good, with few exceptions. This event measurement was
postponed 1o around 1979, by the reasons above mentioned
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and also due to the fact that the upper block is at Campinas
and the lower block was at Rio’s lab.

As was presented in many occasions, the Centauro events are
naively interpreted as multiple production of hadrons with-
out 70°s. The interpretation was caused by the first Centauro
analysis, due to the high content of hadrons compared with
7’s, those produced mainly through #° decay. After Cen-
tauro 1 we looked for hadron rich events and so, Centauro
events recognition is strongly dependent of hadron-y’s dis-
crimination,

Then, careful and detailed re-measurements were done, by
different scanners and improved devices. In paralel, improve-
ments in the encrgy determination, analysis methods. etc.
was carried oul and reported at various confercnces.

The main purpose of this paper is to present the last results
on the Centauro V (C1650861037), aiming to increase confi-
dence on hadron identification. Together with the analysis to
be reported in ((Search of Centauro like events. C.R.A.Au-
gusto ¢t al., 2001)) we complete the reasoning to justify the
conclusions, therc presented, mainly on the mean transverse
momenta and rapidity density (< Pr > - N, ,/AY) cor-
relation, that shows a different figures for Centauro cvents
compared with usual cosmic ray and acelerators events.

2  Hadron identification

It is a very difficult task in Emulsion Chamber experiments to
identify a single ionizing track. hecause it traverses only the
thickness (50 gm) of sensitive matcrial. Moreover, many ion-
izing tracks, as background, are detected by Emulsion plates,
difficuling single track recognition. The way 10 identify ion-
izing tracks is to look for groups of tracks (at Ieast 100 paralel
tracks in an arca of 502um?) constituing showers of eletro-
magnctic particles. Then, a straightforward identification of
hadrons is possible using some criteria for that purpose.

The most reliable one is through the behaviour of showers
insidc thc chamber, i.c., usual v induced showers have not
two or more maxima in the transition curve. Another confi-



dent criterion is on probability argurments for showers start-
ing deep in the detector, as the probability is ~ exp(—t),
with (, measured in r.l., means the depth where the shower
starts to be observed. We used t = 9 £, in the analysis of the
event C1650861037.

As this chamber have many Emulsion plates, the visual recog-
nition of groups of showers separated at least by a distance of
20 pm s an additional criterion for hadron identification. So,
the combination of these criteria with a best fitting, through
computer software especially written for types of blocks used
by B-J Collaboration, yields this improved analysis of the
event described in the paper. For instance, shower #27 is ob-
served in upper chamber and penetrates through lower cham-
ber and clearly its fitting for only one transition curve is
unreasonable. Besides, the observation of Emulsion plates
shows 5 showers in the upper part and 3 in the lower. Sepa-
rale transition curve arc shown in Figures 1 and 2. To have
the total transition of this shower. it is necessary to shift the
herizontal axis of lower block plot by 0.59 ¢.1., shift that cor-
responds to the sum of air gap and asphalt pitch layers.
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Fig. 1. Transition curve in upper block 086
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Shower #62 is interpreted as a surviving particie. At the same
ume it carries 20% of the total energy of identified hadrons

and so, it is also a leading particle. It is surviving because
it has not observable signal in the upper part of the chamber
and it presents two maximum only in lower chamber, as a
Figure 3 shows.
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Fig. 3. Shower #67, interpreted as surviving and leading particle

3 Discussions

Zenital angle corrected map is presented in Figure 4 and con-
denscd results are in the following Figure 5.

It is nceessary (0 say that the we adopted a rather severe pro-
cedure, i.e. we classified as hadrons only if the shower obeys
at least onc criterion. This situation was relaxed for 3 show-
ers classified in a H6 class, but in the other hand another 3
showers classified as G2 class, that is as %'s, seems hadronic
originated ones. In fact doing a starting point integral dis-
tribution the best fit shows that also all 20 v could be inter-
preted as hadronic origin particles and that decaied during its
propagation in the atrnosphere.
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Centauro V (C1650861037)

Classification of ¥s

Upper Chamber Lower Chamber Total
G1 G2
17 3 0 20
(1: fitted one curve in X-ray films
#:1,2,3,5,6,7,9, 12, 15, 24, 30, 32, 46, 47, 49, 52 and 53
G2: two cores observed in Emulsion plate
#:4,16 and 17
Classification of hidrons
Upper Lower Total
H1 H2 H3 H4 H5 Hé6 H7 HS
7 4 3 2 9 3 9% 4 41*

HI.: it starts in upper, penetrates through lower and has multi-cores (at least 2 at
upper and/or lower). #20 and #27 was used for height determination in both,
X-ray films and Emulsion plate.

#: 8(1 up. and 2 lo.), 10(2 up. and 2 lo.), 11(2 up. and 1 lo.), 20(4 up. and 2 lo.),
27(5 up. and 3 lo.)+28(fits more than one curve), 37(2 up. and 1 lo.) and
40(4 up. and 2 lo.)

H2: no. of cores =2 3 (= A-jets).

#: 21(4 cores), 25(4 cores and fits with more than one curve)+26, 39(3 cores)
and 30(3 cores and fits with more than one curve)
H3: no. of cores = 2 ( = A-jets) and fits with more than one curve.
#: 19, 22 and 33

H4: it appears at ~9 c.u. and fits with more than one curve
#:18(1 core at 12 c.u.) and 34(2 cores at 12 c.u.)

HS: fits with more than one curve
#: 13, 29, 35, 41, 38+42, 43+44, 45, 48 and 51

H6: it seems that fits with more than one curve
#: 23, 31 and 36

HT: no single transition curve, shows multi-cores (= C-jets) and penetrates till 22
c.u. #62* was identified as ‘surviving particle’ because it is absent in upper
chamber, penetrates from 6 c.u. till 30 c.u. in lower chamber where shows at
least two curves and contents ~18% of total observed energy
#: 54, 53, 56, 57, 38, 59, 60, 62* and 64

H8: no single transition curve, observed only after ~6 c.u. till ~24 c.u. (= Pb-jets)

#: 61, 63(till 22 c.u.), 65(after 4 c.u.) and 66(after 4 c.u.)

Fig. 5, Table of all showers measured in the event
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Abstract. The penetrating characteristics of the cascade show-
ers observed by emulsion chambers at high mountains are
studied by comparing with those in the simutated events ob-
tained by the full Monte Carlo calculations through the at-
mosphere and the detector. A study is made for the Chacal-
taya two-storey chambers and also to the Pamir joint carbon
chambers applying just the same procedure both in the ex-
periments and simulations. Although each chamber has a
different structure, we find, in both chambers, an excess of
the number of penetrating showers over the expectations. It
amounts to ~ 26% of the penetrating showers in the Chacal-
taya chambers and ~ 43% in the Pamir joint chambers.

1 Introduction

The Chacaltaya and Pamir emulsion chamber experiments
have shown that there exist unusual phenomena which are
not yet observed in the present accelerator experiments from
the detailed analysis of high energy cosmic-ray families (a
bundle of electromagnetic particles and hadrons produced in
the nuclear and electromagnetic cascade process in the atmo-
sphere) (Baradzei et al., 1992). Those are called "Centauro-
species’, multiple hadron production without association of
n¥-mesons. It is also discussed that the nature of secondary
parlicles is possibly different from that of ordinary hadrons
in those unusual phenomena based on the frequent obser-
vation of strong penetrating showers which became rejuve-
nated after passing through the target layer. In the paper
{Funayama and Tamada,1984; Tamada,2001) we discussed
about unusual behaviour of cascade development of the high
energy showers in high-energy cosmic-ray families observed
by Chacaltaya two-storey chambers no.18 and no.19. We
studied in detail how the shape of the transition curve on the
spot darkness of the observed showers, which penetrate from
the upper chamber down to the lower chamber, deviate from
that of (e, v)-induced showers and of hadron-induced ones,
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and how often we can observe such penetrating showers,
comparing experimental data with simulated cascade show-
ers induced by {e, v)-particles and by local hadron-interaction
in the chamber assuming proper energy spectrum and zenith
angle distribution. 1In the experiment, we can study such
penetrating nature using the showers observed in the events
which have at least two penetrating showers, because an ex-
act upper-lower correspondence is necessary to do the anal-
ysis and is possible only for those events. It is, however, not
easy to estimate how the above selection of the events distort
the average characteristics of the families and of penetrating
showers. Here we perform full Monte-Carlo calculation of
the atmospheric families throughout the atmosphere and the
detector, and apply just the same procedure both to the ex-
perimental and simulational data in order to make possible a
direct comparison between the two.

2 The structure of the two-storey chambers

Fig.1 shows the basic structure of the Chacaltaya two-storey
chambers no.18 and no.19 and of Pamir joint chamber P3’.
The Chacaltaya chamber no.19 (no.18) consists of the up-
per chamber of 6 (7) cmPb, the target layer of 23 cm carbon
(petroleum pitch), wooden support of 5cm thick, the air gap
of 158 cm height and the lower chamber of 8.4 (9.6) cmPb.
Four (five) sensitive layers (N-type X-ray film and nuclear
emulsion plate) are inserted in the upper chamber and eight
(nine) sensitive layers in the lower chamber. The Pamir joint
carbon chamber P3° consists of the upper chamber of 6écm
Pb, the target layer of 60 ¢cm carbon and the lower chamber
of 5 ¢cmPb. The sensitive layers (N-type X-ray films) are in-
serted under 4 and 6 cmPb in the upper chamber and under
3 and 5 ¢cmPb in the lower chamber. The shower, a bundle
of electrons, induced by {e, ~)-particles or hadron interaction
in the chamber, produce a small dark spot on the developed
X-ray films at several successive layers. These shower spots
are visible by the naked-eyes. The darkness detection thresh-
old of the shower spot, measured by a 200 x 200um? slit, is
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Fig. 1. [llustration of Chacaltaya two-storey chambers (left) and of Pamir joint chamber P3’ (right).

around 1) = (.1 for the N-type films.

3 Simulations of the atmospheric families

We use CORSIKA/QGSIET simulation code (Heck et al.,
1998) for generating atmospheric families. 20,000 primaries
of Ey > 10 eV for the Chacaltaya chambers and 40,000
primaries for the Pamir chambers are sampled from the en-
ergy spectrum of "normal chemical composition’. Nuclear
and electromagnetic cascade in the atmosphere are followed
until the energy of all the produced particles fall below | TeV
or they arrive at the observation level. Zenith angle of the pri-
mary particles is selected at random in the interval between
0° and 45°.

4 Detector simulation

For (e, ~)-particles and hadrons in the event, arriving upon
the chamber, with total energy larger than 100 TeV, we cal-
culate further nuclear and electromagnetic cascade develop-
ment inside the chamber taking into account exactly the struc-
ture of each chamber.,

4.1 Hadron-induced showers

We use QGSJET (Kalmykov et al.,1994) model for hadron-
nucleus interactions, which is based on the Gribov-Regge
theory of multiple Pomeron exchanges. In the nuclear cas-
cade all hadrons, produced in the collisions during passage
through the chamber, are followed until their energy falls
below 80 GeV or they leave the chamber. The interaction
mean free path of hadron-nucleus interactions is assumed to
decrease with increasing interaction energy, .8, Ap_ps =
15.9cm, Ap_pp = 175 cm, Ag_pp = 180 cm, Ay_ =
56.1em, Ap_ o = 71.3cmand Ag_~ = 785 cmat F =
10Mev. !

‘For the Pamir chambers we take Ap,_ = 7T1.9em, An_c =
91.3 cm and Ak = 100.5 cm at £ = 10"%eV assuming the
density of carbon layer is 1.0.

Since the shower-spot formation is mainly determined by
high energy y—rays, we further calculate the three-dimensional
electromagnetic cascade development in the chamber for ~y-
rays of E, > 1 GeV, which are mainly decay products of
7%°s produced in the collisions, using the Monte-Carlo code
formulated by Okamoto and Shibata (1987), in which the
LPM effect is also taken into account. Electrons and pho-
tons are followed until their energies fall below | MeV. Sim-
ulating electromagnetic cascade initiated by all the ~-rays of
E. > 1TeV, we obtain the lateral distribution of the electron
number density under every lead plate for the whole depth of
the chamber. The electron number density, p,, is converted
to the local spot darkness, d, of X-ray film, by using the char-
acteristic relation for the N-type X-ray film, 2 and finally we
obtain the transition curve of the spot darkness £, measured
by a 200 x 200um? slit, vs. depth 7' throughout the chamber.
The experimental error of the measurement of spot darkness
1) is also taken into account by adding noise AD} in each
spot darkness where A D is sampled from Gaussian distribu-
tion withop = 0.1.D.

4.2 (e, y)-induced showers

We also calculate electromagnetic cascade development in
the chamber initiated by ~y-rays and electrons in the events ar-
riving upon the chamber, using the above mentioned Monte-
Carlo code of electromagnetic cascade.

We thus obtain spot darkness throughout the chamber for
all the member showers {(e,v}- and hadron-origin} in the
family. The visible (detectable) energy of each shower is re-

*The sensitivity of X-ray films depends on the conditions of the
exposure and development. Then it differs a little chamber by cham-
ber. The calibration is carried out by track-counting method using
accompanied nuclear emulsion plate. (In the Pamir joint chamber,
we have several blocks, for the calibration, with sensitive layers
composed of both X-ray films and nuclear emulsion plates.) Apply-
ing the calibration procedure in each chamber, it is found that the
films have just a standard sensitivity in the chamber ne.19, but they
have 30 % more sensitivity in the chamber no.18 and 40 % less in
the Pamir chamber P3’.



Table 1. Number of high energy showers in the atmospheric families of 100 < Ey¢ < 1,000 TeV with more than two penetrating showers
observed in the Chacaltaya chambers no.18, no.19 and Pamir chamber P3',

chamber no.18 chamber no.19 Pamir P3
experiment simulation experiment simulation experiment simulation
no. of events 10 12 49
(a) showers observed 38.4 % 1.2 ABAL LS 2383 £ 6.5
only in the upper cham- 22 348,y 50 440 e,y 232 207.0 ¢,
ber (non-penetrating), ( 3.6 h ) ( 44 h ) ( 31.3 4
E(y) > 10TeV
(b} showers observed
only in the lower cham- 8 8.7£05 7 73206 28 60.0 + 3.2
ber, E{~v) = 10TeV
21009 283+£1.1 538+ 3.1

(c) penetrating showers’ 26 ( 11.9e,4 ) 41 ( 208 e, ) 96 ( 414 e, )

9.1h 7.5 h 124k
{d) excess of penetrat- 5459 12.74 6.5 ‘
ing showers over ex- 77183 422+ 10.3

pectation

Numerical values in the simulated events arc normalized to the number of experimental events. Numerical values in the parenthesis are those

of {e,¥)-induced and hadron-induced showers.

1) number of showers with Nyppe, (D > 0.2) > 2 and Nigyer (D > 0.2) > 1 chosen irrespective of its energy.

estimated by applying fitting procedure. That is, from a set of
standard transition curves of D*%us. T, calculated for show-
ers of electron-positron pair origin taking into account the ex-
act chamber structure, the best fit is selected by choosing the
energy value, E, and the first pair-creation depth, A1, by a
computer algorithm employing the gradient descent method
for a search of the chi-square minimum.

5 Selection of the events

For the Chacaltaya chambers we selects events for the anal-
ysis which satisfy the following conditions;

1} the total visible energy, E;,;, is in the interval between
100 TeV and 1,000 TeV where minimum shower energy is
taken to be 2 TeV and

2) the event has at least two penetrating showers in which the
spot darkness at the bottomn two layers in the upper chamber
is larger than DD > 0.2 and that at two successive layers in
the lower chamber is larger than 1 > (.1,

For the Pamir joint chamber we put the selection condition
as;

) Ey is in the interval between 100 TeV and 1,000 TeV
where minimum showers energy is tuken to be 4 TeV and

2) the event has at least two penetrating showers in which the
spot darkness of three layers among four sensitive layers at
the experimental position is larger than D > 0.1.

The second condition ts necessary to confirm the exact
upper-lower correspondence. We observe 26 and 18 events
with 100 < E,,; < 1,000 TeV in one half of the Chacaltaya
chamber no.18 and of no.19 respectively. 10 (~ 40%) among
26 events and 12 (~ 65 %) among 18 events satisfy the sec-
ond selection criterion. In the Pamir joint chamber P3', we
observe 91 events with 100 < Ey,, < 1,000 TeV, 49 (~ 55

%) events among them satisty the second criterion, We apply
just the same selection criteria also to the simulated events.

6 Penetrating cascade showers

In the events selected by the above two criteria some of the
showers observed in the upper chamber can be followed down
into the lower chamber. The observed high-energy showers
are then classified into the following three categories.

(a) showers with visible energy E(y) > 10 TeV observed
only in the upper chamber (non-penetrating showers) defined
as those which have no shower-spots of I > 0.2 in the lower
chamber,

(b) those observed only in the lower chamber (C jets, Pb-
jets-lower) defined as showers which have no shower spots
of D > (0.1 in the upper chamber and

(¢) penetrating showers, irrespective of its energy, re-defined
as a shower in which the spot darkness, D, is larger than 0.2
at least in two layers in the upper chamber, Ny, (D >
0.2) > 2, and at least in one layer in the lower chamber,
Niguwer{ D > 0.2) > 1. A typical example of the transition
curve of the penetrating shower is shown in Fig.2.

We summarise in Table 1 the number of showers of the
three categories in the above selected events,

In order to demonstrate how the selection criterion (2) dis-
tort the average characteristics of the atmospheric families,
we show in Table 2 the number of showers of the above three
categories ((a), (b) and (¢)) for the simulated events which
satisfy the condition (1), t.e., events with 100 < F,, <
1,000 TeV, and those for the events which satisfy both cri-
teria (1) and (2) respectively. As is seen in the table, the
second criterion works in favour of more penetrating show-
ers, 1.6 ~ 1.8 times more than the average of all the events.



Table 2. Number of high energy showers per event in the simulated events.

chamber no.18 chamber no.19 Pamir P3’
selecion (l)and(2) (8] (1) and (2) (1) (1) and (2) (1
criteria (290 events) (61} events) (269 evenls) (470 events) (277 events) (528 events)
3.84+0.12 3.05 4+ 0.07 4.03+0.12 3.42£0.09 4.86+0.13 3.56 £ 0.08
(a2} 3.487 e, ~ 27Te, 3.66 e,y 312e,v 4.22 ¢, 31le,~y
( 0.36 h ) ( 0.28 h 0.37h ( 0.30 h ) 0.64 R 0.454 k
(b) 0.87 -+ 005 0.76 £ 0.04 0.61 £ 0.05 0.60 & 0.04 1.22 £0.07 1.14 £ 0.05
2.10 £ 0.09 1.2% £ 0.05 2.36 £ 0.09 1.49 + 0.06 1.10 £ 0.06 0.72 £ 0.04
(c) 1.18 e,v 0.64e,v 1.73 e, 1.08e,v 0.84 ¢, 0.53e,v
( 0.92 A ) ( 0.57 h ) ( 0.63 R ) ( 0.41 h ) ( 025h ) ( 0.19 k )
* 195198154458 caltaya two-storey chambers and by the Pamir joint cham-
3 o bers. In order to make possible a direct comparison with
ol L D I : - , ;
. experiment we carried out full Monte Carlo calculations of
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Fig. 2. An example of the transition curve on spol darkness of the
penetrating showers observed in Chacaltaya chamber no.19. Dotted
curve is an expected shower transition ¢urve,

It is remarkable that the number of hadron-induced penetrat-
ing showers is almost same to that of showers in lower with
E{v) = 10 TeV in the Chacaltaya events. In Table 1 we show
the number of showers of the three categories expected in the
simulated events for the comparison with experimental data.
Here the numerical values are normalized to the experimen-
tally observed number of events in each chamber. We can see
no considerable differences between simulations and exper-
iments in the number of non-penetrating showers and show-
ers in lower, except for the showers in lower in the Pamir
chamber P3’ where the simulational data gives ~ 2 times
more than experimental value. For the penetrating showers,
we can see around one half of the experimental penetrating
showers can be explained by the (e, y}-induced showers in all
the three chambers. The other half of the penetrating showers
then is expected to be hadron-induced ones, but it is seen that
the number of those expected in the simulated events is much
smaller than the observation, though the statistics is small in
the Chacaltaya chambers. The raw (d) in the table gives the
excess of the number of the penetrating showers over the ex-
pectation. It amounts to ~ 26% of the penetrating showers
in the Chacaltaya chambers and ~ 43% in the Pamir joint
chamber P3’.

7 Discussions

We have studied in detail the penetrating probability of show-
ers in high energy atmospheric families observed by the Cha-

the atmospheric families throughout the atmosphere and the
detector taking into account the exact structure of the cham-
ber. The comparison shows that there exists a considerable
excess of penetrating showers in the experiments over the
expectation, accounting for ~ 26 % of all the penetrating
showers in the Chacaltaya chambers and ~ 43 % in the Pamir
Jjoint chamber P3". One of the possible explanations for the
observed excess in the experiments is to assume the occur-
rence of extremely collimated pair of a v-ray and a hadron.
That is, if the mutual distance between a ~-ray and a hadron
is extremely small, e.g., less than ~ | mm, and the ~-ray-
induced shower is observed in the upper chamber and the
hadron-induced shower is observed in the lower chamber,
we would possibly misidentify those two as a penetrating
shower. If a +y-ray makes electromagnetic interactions in
the atmosphere, we can observe collimated several (e, ~y)-
particles and a hadron as a "mini-cluster’ which are often
found in the exotic events (Baradzei et al.,1992). Possible
existence of hadron-bundles in which the mutual distance of
the constituent hadrons is extremely small is also discussed
in the analysis of transition curve of high-energy hadronic
showers observed in the Pamir thick lead chamber (Tamada
and Kopenkin, 1997; Tamada and Ohsawa,2000).
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Abstract. In present paper we analyzc experimental
data from collaboration work of MSU and Waseda Uni-
versity with 60 cm lead chambers of recent 57m? year
exposure at Pamirs. With new method of determina-
tion of energy and identification of origin of showers we
study features of garnma hadron families, single hadrons
and gamma showers. (ur data are in agreement with
previous results obtained by MSU group. General char-
acteristics of cosmic ray hadron interactions at high en-
ergies are discussed.

1  Introduction

Experiments with emulsion chambers have been car-
ried out for more than 30 yvears at Mt. Chacaltaya
(5200 m, Brazil-Japan Collaboration), Pamir (4300 m,
Pamir Collaboration), Mt. Fuji (3750 m, Fuji Collab-
oration}, Mt. Kanbala {5500 m, China-Japan Collabo-
ration). The main objective of these experiments is to
study fragmentation region of hadron interactions and
primary composition at encrgies 10’% — 1017 eV, This is
overtapping region with current collider experiments.

Nuclear electromagnetic cascade originated by pri-
mary cosmic ray particle in the atmosphere is detected
in the chamber in the forim of bundle of gamma rays and
hadrons called a family. The study of famnily character-
istics is a main subject in experiments with emnulsion
chambers at mountain altitudes.

Our experimental data is a complete set of data ob-
tained through investigation of total available exper-
imental area of X-ray films of total exposure 5T =
57m>year collected with Ph chambers during 1988-1991
at Pamir. X-ray films were analyzed under joint research
program between Waseda University and Moscow State
University in 1990th. The statistics on single showers
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Kopenkin

and families in present experiment is enough for a study
on hadron interactions in exactly the overlapping region
with the present collider experiments.

On the basis of the detailed study of our experimental
set of events we elaborate way of analysis that can de-
scribe clearly the physics behind the observed families.

2 Experimental setup

Pamir X-ray chamber has an area 10m? and consists of
20 units, each of 0.5m? size. The chamber is homoge-
neous in structure and uniform in detection efficiency of
hadrons. Each unit of the 60 ¢cm Pb chamber is a stack
of 538 (59) X-ray emulsion films and 1 cm lead plates.
The chamber thickness is ~ 3.5 nuclear mean free path.
It allows detailed study of shower transition curve. The
energy E of showers is estimated by measuring optical
densities D at depths t and comparing with a calculation
D(E, t) based on the cascade theory.

3 Experimental statistics

We use in present analysis data from Pamir thick lead
chambers P68 |, Pb69 , Pb72 | PhT73 of total exposure
57 m? year. The details are given in Table. 1.

Table 1. Experimental statistics on analyzed chambers

Item Ph68 TIb69 Pbh72 Pb73
Area (m”) 8.5 7.5 10. 10.
Exposure (year) 1 1 2 2
Lavers 58 o8 59 59

Chamber (em Ph) 60 G0 60 60




4 Comparison with previous MSU data

We have made comparison of our experimental data
{Waseda-MSU hereafter) using traditional method and
the same selection criteria for identification of gamma
rays and hadrons' and the same energy determination
method as in previous Pamir and MSU experiments
{Pamir collaboration , 1983; Rakobolskaya et al., 2000).
Showers observed in X-ray chamber are classified into
single that are not accompanied by any shower with en-
ergy above detection threshold E,;, and family show-
ers - bundle of parallel showers with the same zenith
angle arrival direction. For family showers the energy-
weighted center is determined. and energy of all y-rays
and hadrons within a circle of B < R, radins is cal-
culated. The numerical data and comparison of famnily
statistics are given in Table 2.

Table 2. Experimental statistics on families

Family Experiment Flux

(m’year)

chamber type

100 < TE, < 500 TeV Pamir (84) (m*year)
Eu =4 TeV (0.4£0.1)
N, = 10 Ph 40 cm
At =6 cuu.
Ryaz = 150 mm Waseda-MSU (57) (0.4 +0.1)

Ph 60 cm
YE, > 100TeV (m year)
Eyn =63 TeV MSU (160) (rd4 £0.1)
N, =4
At =6 cu. Pb 40,60,110 cm
Rier = 150 mm

Waseda-MSU (57) (0.5+0.1)

Pb 60 cm

In Fig. 1 we present differential energy spectra of
gamma rays and hadrons in fainilies 100 TeV < LE, <
400 TeV with E;p = 4 TeV from Waseda-MSU experi-
ment and MSU experiment (Rakobolskaya et al, 2000).
As we can see there is good agreement between two
experiments. Experimental characteristics on hadrons
are presented in Table. 3. The observed hadron flux in
present experiment is in agreement with the one previ-
ously reported by MSU group. Investigation of zenith
angle distribution gives an attenuation mean free path
of hadrons in the air for Pamir altitude as 105+ 6g/cm?

This result is consistent with vartous studies made
so far. The absorption of single and family hadrons in
Pb using position of the hadron shower curve maximum

'Showers with At <6 c.u. are considered to he gamma
rays, all other are hadrons. At expresses the shift of depth
of the shower maximum from the expected position of pure
electromagnetic cascade.
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Fig. 1. Differential energy spectra of gamma rays and hadron
in a family 100 TeV < ZE, < 400 TeV with Ey = 4
TeV. Marks are: open circles (gamma rays) and squares
(hadrons) in Waseda-MSU experiment, solid circies and
squares - gamma rays and hadrons from MSU experiment.

At at depths 22 — 78 c.u. is in good agreement with
extensive study made with 110 cm Pb chamber.

Table 3. Experimental statistics on hadrons

Item MSU  Waseda-MSU
Exposure m2year 30.5 57
Hadron flux x107'° (1.8+0.2) (1.8 +0.2)
em? sec str

Eth. = 6.3 TeV

(single and family)

Attenuation in air {g/cm”) (105 £7) {165 £ 6)
{single and family)

B, =6.3 TeV

Absorptien in Ph (g/cm?)

(single and family) (212 £ 19 (219 +13)

Etﬁ =6.3 TeV)
22 < At < 78 cu.

5 Family study

The behaviour of families in the energy region ahove 101}
TeV have heen carefully studied by many authors with
the purpose to get new information on hadron interac-
tions. For example, families with ©F;,; = LE, + EE,(.:’)
in the range 100 — 1000 TeV provide information on
hadron interactions and primary cosmic ray composi-
tion at primary energy Ey ~ 10'° — 10!7 ¢V. Families
are often classified into specific groups by their appear-
ance or by their prominent features , such as content of
gammma or hadron component (”gamma reach of hadron
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Fig. 2. Distribution of leading shower energy fraction in a
family with 100 < TF,,; < 1000 TeV. Marks are: open
circles - Waseda-MSU experimeunt, triangles - Chacaltava ex-
periment, squares - Pamir carbon chamber experunent, solid
line - UA5 simulation (normal primary composition).

reach”), lateral spread ("wide or narrow” ), multiplicity
of showers ("large multiplicity or small multiplicity”),
presence of clusters or halo ("family with halo, double
core” and so on). Each family represents a certain pat-
tern of showers. Once the feature of the family has heen
chosen, the pattern acquires its evaluation.

5.1 Leading shower in a fanily

To compare experimental data on gamma hadron fan-
ilies from different mountain experiments we have to
choose some algorithm that would be alimost free from
experimental biases such as the altitude of the experi-
mental site, details of the chamber structure, parame-
ters of X-ray films and nuclear emulsions used, and the
applyed methods of cnergy estimation and identifica-
tion of showers. Taking into account the sane trigger
conditions for the selection criteria, let us consider the
hehaviour of the highest energy shower in a family, or
leading shower, it can be either gamma or hadron.

In Fig. 2 we show distribution of the leading shower
cnergy fraction Epeqq/TFye i families of 100 < 17, <
1000 TeV and Ey, = 4 TeV from Pamir Pb chambers,
Pamir Carbon chambers, and Chacaltaya experiment
(Semba , 1983; Hasegawa ct al., 1996) in comparison
with the UAJ simulation (UAJ collaboration . 1987) re-
sults. Since we consider the ratio of encrgics Eioq/ Eror,
this method is free from methodical details in each ox-
periment. Fig. 2 shows that data from different exper-
iments are consistent with cach other and with simu-
lation. It means that the average pattern of a family
is similar in terms of showers in Chacaltaya and Pamir
experiment.

Identification of showers as hadron or gamma or def-
inition of an absolute energy scale in either of experi-
ments could bring the very well known differences i ol

Energy of hadrons, TeV

Energy of gamma rays, TeV

Fig. 3. Scatter plots of abserved energy of hadrons EE,(,“'J and
gamma rays L, in Waseda-MSU experiment {open circles)
and the UAS simulation. Marks are: dots - proton, open
squares - He, upward triangles - CNQ), downward triangles -
Mg, closed squares - Fe,

servation of particular type of events with special char-
acteristics. To study hadron characteristics in a family,
it would be better to rely on analysis of data from the
deep chamber with several m.fp thickness that allows
good separation of showers on gamma rays and hadrons.

6 Study of jets

To make arginnents in a quantitative way let us express
the pattern of encrgy flow of a family in terms of jet
clusters, using step by step information on individual
gamma rays and hadrons 2. The scatter plot of ob-
served energy of gamma rays XF, and hadrons E}IN‘) in
families with £,5; > 50 TeV observed in Waseda-MSU
experiment together with the result of the UA3 simu-
lation, assuming normal primary composition, is shown
in Fig. 3.

If the observed family has one collimated energy cen-
ter it may be called a single core family. This core
can he either surviving leading nucleon from proton pri-
mary, high energy air cascade, or cluster of gamma and
hadrons. If the family spread is wide, with many local
energy centers, it may be called a multi-core family and
the heavy primary nucleus would be the best candidate.

By constructing jets we reveal the structure of the
cascade complex and go "back” to main interaction and
to the primary particle, In our analvsis we have ap-
plied the following algorithm for experimental and sim-
ulation events: 1) decascading of gamma showers to
gamma. clusters with parameter Zg.. = 11.0 TeVmm

2For this purpose we applyved our new method of identi-
fication of gamma rays and hadrons (Fujimoto , 2000). This
method takes into account the shape of transition curve and
does not depend on &f = 6 c.u. selection criterion
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Fig. 4. Distribution of the hadron energy fraction J), inside
of leading jet. Marks are: closed circles - experiment; solid
line - proton simulation, dash line - Fe simulation.

(Bayburina et al., 1981); 2) jet-clustering of all show-
ers, clusters, hadrons and gamma rays with parameter
Zjer = 200 TeVmm; 3) normalizing jet energy by set-
ting threshold f,.,, = 0.04 for their fractional energy
[ = E;c/Eyy. Parameters Zg., and Zj.; reflect aver-
age transverse momentum in electromagnetic and strong
interaction processes. In our analysis jet (in experiment
and simulation} does not always represent the parent
atmospheric interaction. It also includes successive in-
teractions in the atmosphere by hadrons from parent
interactions.

Fig. 4 shows distribution of hadron energy fraction
(71, inside of leading jet. This distribution is similar to
the well known correlation between Q3 and number of
hadrons in a family Nj. The peak near @}, ~ 0 shows
leading cluster of gamma showers or old cascade from
a family started at high altitude. One peak is situated
near Jn = 1 and represents leading cluster of hadron na-
ture or surviving nucleon. Families of experiment and
sirnulation agree well and show that jets we have con-
structed are close to the initial stage of a family.

6.1 Leading jet

The main stream of energy flow in the atmospheric nu-
clear electromagnetic cascade is represented by leading
jet. Epergy fraction carried by leading jet shows sig-
nature of pritnary particle origin and surviving nucleon
in interaction. Fig. 5 gives distribution of leading jet
fractional energy f = Ej..d/Eior in experiment (open
circles} and simulation (proton - solid line and heavy -
dash line). Value f > 0.6 corresponds to the families
with clear energy ceunter. The rest of the distribution
shows families with several energy centers. Proton pri-
mary families show substantially large number of fam-
ilies with clear energy center. Families of heavy origin
show absence of collimated energy concentration as we

fam
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Fig. 5. Distribution of the leading jet energy fraction f =
Ejct/Ewy. Marks are: closed circles - experiment; solid line
- proton simulation, dash line - Fe simulation.

can see in Fig. 5. There is clear agreement between ex-
periment and simulation based on primary proton domi-
nant composition (normal composition) in energy region
Ey ~ a few PeV, near the "knee”.

7 Discussion and Conculsions

We show validity of our experimental data using con-
ventional methods and get the same characteristics pre-
viously reported by MSU. With the concept of high-
est energy shower in a family we find no difference in
a family pattern observed by X-ray chambers. In our
consideration of families we studied pattern of energy
flow represented by jets. We can conclude that general
characteristics of cosmic ray families in the range 100-
1000 TeV are compatible with predictions of simulation
model based on accelerator experiment extrapolation to
higher energies.
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Abstract. We report new experimental results obtained
by MSU-Waseda collaboration. Our detector is 60 cm
thick lead X-ray emulsion chamber exposed to cosmic
rays at Pamirs. We show that this experiment can de-
tect cosmic rays in the wide energy range 10 — 1017 eV,
Using experimental data we discuss the primary cosmic
ray composition and the features of hadron interactions
in the region before and after the "knee”.

1 Introduction

At present accelerators reached energy region that is
overlapped with the one studied by cosmic rays exper-
iments using X-ray emulsion chambers. Naturally the
main interest turned to the problems of origin and prop-
agation of highest energy cosmic ray particles. At the
same time there has not been reached consistent under-
standing on the phenomena ohserved by experiments
with X-ray emulsion chambers. There are many results
that could not find explanation within framework of
present models (Lattes ot al., 1980: Baradzei et al., 1992;
Hasegawa et al., 1996) Here we present analysis based
mainly on collaborative work of Moscow State Univer-
sity and Waseda University groups { Waseda-MSU here-
after) on joint study of experimental data obtained by
Pb chambers exposed at Pamir. We have started our
work with the motivation to have clear understanding
on the measurement procedure and detector TeSIONSe.
Based on this we have developed underlying phenormeno-
logical picture of physics that lies behind the gamima
hadron families observed in X-ray chambers. To check
the conclusions and get better view we used sinwlation
calculations, the UAS model!.

Correspondence to: Dr. V.
(vvk@decl.npi.msu.su)

'The UA5 program {Tamada , 1994) is a simulation code
based on phenomenoclogical model of multiple particle pro-

Kopenkin

Before starting the classification of the observed events
as anomalous we have to show how the general average
picture of the physical object of interest looks like. We
show that using simple quantities derived from experi-
ment with mountain based X-ray chambers and a few
assumptions on behaviour of hadron teractions {basi-
cally it is nearly constant inelasticity < K >~ 0.5 in the
energy region of our interest), we arrive to the conclu-
sions that give consistent explanation to many observed
family characteristics and shows the features of particle
interactions in the fragmentation region at energies up
to 1017 eV, Also our analysis reveals the qualitative view
on composition of primary cosmic rays in wide energy
region before and after the "knee”.

2 Instrument description

In this work we use Waseda-MSU data from thick Pb
X-ray chambers exposed at Pamir in 1988-1991. X-ray
films of total exposure ST — 57m”year have been ana-
lyzed in Japan by joint Waseda-MSU team (Kopenkin ct
al.. 1997). Pamir Pb chamber has homogeneous struc-
ture (I'h plates interleaved with RT6M Russian made
X-rav films) that allows to study longitudinal profile of
gammza rays and hadrons at every 1 cm interval. Large
thickness (60 cm Pb) corresponds to ~ 3.5 m.fp. and
uniform hadron detection efficiency is close to 1. In our
experiment we have made complete scanning and mea-
suretmnents of total available area, analyzing all showers
(both, of single and family arrival) with E;, = 4 TeV.
This type of study was not possible in another experi-
ments ?
duction observed by CERN pp collider by UAS5 collaboration
experiment (UASD collaboration, 1987). The energy distribu-
tion of produced partictes shows violation of Feynman scaling
law.

*In Pamir carhon chambers there is no detailed informa-
tion on longitudinal shower profile. In Chacaltaya experi-




3 Average shower transition curve

First we show how our detector works in distinguishing
showers of electromagnetic and hadron nature. Fig. 1
presents the average shower transition curve constructed
over all observed single and family showers with £, = 4
TeV.? The peak at small depths corresponds to the
showers of gamma ray origin and the tail at larger depths
reflects showers of hadron origin®. The value of attenua-
tion of hadrons A,/¢ can be estimated from the exponen-
tial slope of the tail ~ exp(—t/As¢). The experimentally
observed A, obtained {rom the average < I) > tran-
sition curve is 248 + 30g/cm? and 343 + 40g/em? for
single and family showers respectively. Let us assume
that majority of single showers are nucleons and major-
ity of family showers are pions and apply well known
formula that connects collision mean free path A, and
Aare given by gy = Acr/(1— < (1 — K)* >), where
K is inelasticity and « is the power index of the cnergy
spectrum of hadrons incident upon the chamber.

The power spectrum of single hadrons in our experi-
ment is e« = 2.0+ 0.1 and of family hadrons - ~ 1.240.1.
If < K >=0.5, then these values appear to be in agree-
ment 5 with the ones from formula as can be seen in
Table. 1.

4 Hadrons in a family

The type of emulsion chamber used in Waseda-MSU
experiment is particularly suitable for observation of
hadron-gamma families. The comparison with the UAS
simulation results on hadron energy fraction in a fam-
ily 100 TeV < TFE,, < 1000 TeV is shown® in Fig. 2.
The observed energy of the shower E;:’) induced by a
hadron of energy £, depends on the energy fraction of
the electromagnetic component produced in the inter-
action k, = XE. /E, The experimental distribution
has a best fit if we assume < k, >= 0.15. As we can
see, this value is consistent with < K >= (.5, which
results in < ky, >~ 1/G assuming pion multiple pro-
duction mechanisin. We have used these experimental

ment the chamber thickness is ~ 1 m.f.p. Also in previous
set up of experimental study using Pb chambers of different
thickness, the analysis has been performed either on single
showers, or family showers, or both categories together, with-
out their classification into two.

YWe use as E;j, the valuye usually accepted by Pamir Col-
laboration. Cur conclusions are the same if we use. for in-
stance Fyy, = 6.3 TeV or By, = 10 TeV.

ISharp decrease after 100 ¢.u. is due to the linited cham-
ber depth. 1c.u. = 0.56 cm Phb.

*Experimentally measured values on short mean free path
of family hadrons (Arisawa et al., 1994) and on long mean
free path of single and family hadrons together, {Rakobol-
skaya et al., 2000) were obtained with another methodical
procedure using the shift of depth of shower maximum.

9LE. = LE, + TEV.

<D

20 4 60 80 100 120 140
t c.u.

Fig. 1. Average shower transition curve ovel all observed
single (open circles) and family (closed circles) showers with
Ew =4 TeVv.

values as an input in our simulation of families detected
in Ph chamber,

5 Lateral distribution of energy flow

The identification of showers as gamma rays or hadrons
play a significant role in the study of families. There is
an alternative way to describe the family development,
using all showers without their identification as gamma
rays or hadrons. In Fig. 3 we show the lateral distri-
bution of energy flow of showers d{(XE)/2rRdR i
the families from different energy regions: 58 families of
100 < E£Eyo¢ < 1000 TeV from our Waseda-MSU exper-
iment, 10 superfamilies 100 TeV 1000 < £ E,,;, < 7000
TeV of 500 m? year exposure detected in deep Pb chatn-
bers of 40—110 cm thickness (Arisawa et al., 1994) , 4 su-
perfamilies 1000 < £E;,; < 5000 TeV from Chacaltaya
experiment (Hasegawa et al., 1996} , and the highest en-
ergy family Tajikistan (Ohsawa , 1997) (X F,,; > 50000
TeV) detected in deep carbon chamber in Pamir exper-
iment (~ 2.7 A;1). For comparison we show results of
the UAS simulation for proton primary. It is elear that
the same energy density flow can be created either by
primary proton or by primary nuclei of higher energy
{respectively to mass number A).

No significant difference is seen between experimental
data on families from Pamir and Chacaltaya experiment
when we use the same energy intervals and showers are
not classified into gamma or hadrons. It shows that in
terms of energy flow, lateral and longitudinal behaviour
of family development observed by X-ray chambers are
basically the same. Because of the large halo area in the
center, the energy flow density of Tajikistan family is
presented hy individual showers outside the halo region.
We can notice similarity in behaviour of families in terms
of energy flow of showers in a broad energy region from
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Fig. 2. Distribution of hadron energy fraction Q, =
EE (DB, +ZEL) inside a family of 100 < SE,., < 1000
TeV. Marks are: open circles - experiment, sdlid line - sim-
ulation with < k., >= 0.15, dash kne - simulation with
< k, >=0.27.

100 TeV until ~ 50000 TeV in air and in the chamberT,
5.1 Halo phenomenon

We can notice that the halo formation naturally can find
its explanation from this picture. Halo is created when
the energy flow is reached certain threshold. From two
particles of the same energy and different mass number
(for instance proton and iron), the lighter one {proton)
is more efficient for halo creation (high energy density
in the center). High energy nuclei in turn will be more
efficient in creation of multiple halo of small size (due to
many nucleons). As can be seen from Fig. 3 the energy
density of family (R < 10) mm in interval 100 — 1000
TeV is not enough to create sufficient condition for large
halo formation, so halo is rarely observed. Superfamily
region ~ 1000 — 7000 TeV is known for families with
and without halo accompaniment. At very high cner-
gies. Ky > 10000, TeV all families will be accompanied
by hale in its center. These conclusions that follow from
simple picture clarified by simulation, have found their
confirmation in experimental observation {Pamir collab-
oration , 1991).

6 Total energy of familv Y E,,,

In order to study family characteristics in difforent en-
ergy intervals we have to use the same scale for fam-
ily energy determination. The total energy of a super-
family with halo can be expressed as ©E;,; = Epun +

7If there were a fraction of exotic type of process that
becomes dominant with increasing energy, then the signal
would have appear in the behaviour of highest energy shower
or family pattern.

/2/3.14/8 dR, TeV/mm 2

ot

Energy Fiux E

Fig. 3. Lateral distribution of energy flow density of show-
ers {Eyn = 4 TeV) in families. Marks are: open circles -
family of 100 < TFE; < 1000 TeV { Waseda-MSU), closed
circles - 1000-7000 TeV (MSU). squares - family Tajikistan.
downward triangles - 1000 < TLE,,; < 5000 TeV {Chacal-
taya). Solid lines - proton simulation ( a) - ZE.: = 200000
TeV, b) - LE = 30000 TeV, ¢} - LE, = 3000 TeV, d) -
EE, = 250 TeV.

E . han.® The energy of halo # usually is cstimated
from the total track length as En., = € * [ Ne(t)dt,
assuming the critical energy in Ph as e = 7.4 MeV

In experiment energy outside of halo region is deter-
mined a8 Fout pato = SE, + SEL, with E,, = 4 TeV.
Ohviously, that halo region contains showers above and
below this threshold Eyj,.

Comparing experimental and simulated lateral distri-
bution of energy flow in the region outside of halo in a
particular family, we can estimate the total energy of
a family including halo region using the same energy
threshold Eys. An upper limit on total cnergy of a fam-
ily with E;p = 4 TeV is set by an experimental estima-
tion of X E,,;, where halo energy Epay, is estimated from
the raster scanning.

To choose between several variants we can use ad-
ditional information on hadrons detected in the region
outside of halo!® From correlation on number of hadrons
in a family ¥, observed in the region 10 < R < 100 mm
{family can be either with or without halo) and the to-

*obviously, ~ordinary” family without halo in energy in-
terval 100 < E;;, < 1000 TeV has Ejqy, = 0.

“The darkness D for every clement in density matrix ob-
tained after scanning of balo area is converted into elec- _
tron density p by the characteristic curve of the X-ray film
(D = Do(l - exp(—ap)), The lateral distribution of elec-
tron density is integrated for every levgl to obtain the totai
number of electrons N, in the halo.

""This is also important from the methodical point of view.
Individual cascades form hadrons will be not masked by dif-
fused dark halo area.



10‘_3 T T T T
k]
T 10
=S
g
1074
=
il
st
- 10" 4
10° 4
T T T T
10° 10’ 10* 10°
E,, Tev

Fig. 4. Correlation of number of hadrons N, in the region
10 € R < 100 mm from the family center , and total family
energy TEy,; with E,;, = 4 TeV in simulation and experi-
ment. Marks are: open circles - Waseda-MS3U, closed cir-
cles - MSU, circle with A - family Andromeda (Yamashita
, 1984), circle with F - family FIANIT (Pamir collabora-
tion , 1984), circle with T - family Tajikistan, dots - proton,
squares - Fe, open triangles - CNO, rhombuses - Mg. Line
a) - ~ A x (EfA)"® for A=1, Line b) the same for A = 56.

tal energy of a family Y E;,; shown in Fig. 4, the most
probable mass number of primary particle, and corre-
spondingly X FE,, can be estimated.

7 Primary composition

In our study of jets we have shown that of the fam-
ilies of 100-1000 TeV observed by emulsion chambers
at mountain altitudes such as the Pamirs are induced
by protons. The atmosphere plays the role of a filter
for heavy component. Qur experimental data (Fig. 4)
in this energy region agree with assumption of normal
chemical composition. These families are originated hy
cosmic rays with average primary energy Ey ~ a few
PeV that is just near the "knee” region.

If the fraction of heavy nuclei increases mm primary
sepctrum, then the relative number of familics origi-
nated by protons decreases. It can be seen that the
relative number of families originated by nuclei (area
between line!! a) and line b)) increases with £F;,; and
at higher energies (in emulsion chambers it corresponds
to superfamilies of (£Ey, ~ 1000 — 7000,) TeV after
the "knee” the primary composition becomes heavier,
enriched with nucleus. We also show in Fig. 4 high-
est energy event Andromeda (SEy, ~ 20000 TeV) de-
tected in Chacaltaya experiment, and two highest cn-
ergy events from Pamir ~ 3000 m? year exposition -
FIANIT (£E;; ~ 30000 TeV) and Tajikistan. The

Ulines reproduce function Ny ~ A x (E/4)"*

energy of primary particle responsible for creation of
these events (estimated by simultion) would be Fg ~
10'7 — 10'8, Tt is important to note that primary cosmic
ray at these energies contain protons.

8 Discussion and Conclusion

Using all available information from our experiment, we
show the consistency of results with an assumption of
< K >= 0.5 in hadron interactions in the energy region
10'* —10'7 eV1!2, We use a simulation calculation (using
the same < K >) as a tool to check our experimental
conclusions. We apply our method to the whole energy
region studied by mountain chamber experiments and
reveal the qualitatiove picture of primary cosmic ray
composition before and after the "knee”.

Table 1. Attenuation mean free path of hadrons with £} > 4
TeV. Ay is assumed to be 190 g/cm? .

Hadron Spectrum Xatt Aarr (< K >=0.5)
category  index o g/em?® g/em?
Single 20+01 248130 253

Family 1.2+01 343140 320
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Abstract. The energy distribution of produced particles
in multiple particle production is formulated empirically
based on the data of direct observations by accelera-
tor and cosmic-tay experiments at 1012 ~ 101* eV. The
formulated distribution indicates violation of the Feyn-
man scaling law, which was shown to be valid in low
energy region of < 1012 eV, That is, the particle den-
sity is suppressed in the forward region and enhanced
in the central region, compared with the distribution of
the Feynman scaling law. Consequences of the formu-
lated distribution, such as multiplicity, inelasticity, etc.,
are discussed at high energies of > 10'® eV by extrap-
olation. The distribution is also compared with those
of nuclear interaction models which are used widely in
stmulations of accelerator and cosmic-ray experiments.

1 Introduction

To discuss multiple particle production (MPP) it is con-
venient to start from the energy distribution of produced
particles, since some important features of MPP, such as
inelasticity and multiplicity, are derived from it. To dis-
cuss the energy distribution, however, we have almost no
a priori guiding principles except energy conservation.
Hence it may be reasonable to take a phenomenological
approach or to start from experimental data while as
much as possible trying to avoid assumptions without
experimental basis.

Our study is made in the following way. Assuming the
energy distribution of produced particles, which tends
to that of the Feynman scaling law at low energies, we
determine magnitudes of the scaling viclation parame-
ters at various collision energies where the experimental
data is available. Assuming that the obtained energy
dependence of the scaling violation parameters is valid
up to 10%° eV, we discuss the consequences of the for-

Correspondence to: chsawa@icrr.u-tokyo.ac.jp

mulated distribution at higher energies. The formulated
distribution is compared with the predictions of models
which are used widely in simulations in accelerator and
cosmic-ray experiments.

2 Energy distribution of produced particles

In this section we discuss the energy distribution of pro-
duced particles in N — N (nucleon—nucleon) inelastic
collisions, under the assumption that the final state of
multiple particle production consists of a surviving par-
ticle, which has the same particle nature as the incident
particle, and the produced particles. The view is valid
empirically if one assumes that the energy of the sur-
viving particle is distributed between 0 and Ep in the
laboratory system. Note that the surviving particle is
not always the leading particle or the highest energy
particle. Plausibility of the assumption was discussed
in detail (Augusto et al., 1999). This approach does
not require specifying kinds of produced particles at all.

2.1 Scaling function

Feynman speculated that the energy distribution of pro-
duced particles in multiple particle production, expressed
by the variable z* = 2p;,/\/s (p], : the longitudinal com-
nonent of the momentum vector p* of the produced par-
ticle),! is independent of the incident energy +/s at high
energies {Feynman, 1969). This assumption appeared
to be valid up to the energy of /s = 63 GeV, the maxi-
mum available energy at that time {Taylor et al., 1976).
One of the empirical formulae to express the energy dis-
tribution of charged produced particles is (Gaisser et

'The quantitics with and without an asterisk (*) are those
in the center of mass system and in the laboratory system,
respectively.



al., 1978}
dN _ 1 do _ {1 —x*)d )
dx* o dz*t T* (1)

(D=(d+1)/3=167, d=4.0)

which is called 'the scaling function’.
2.2 Energy distribution at high energies

At still higher energies, there are several data sets of
direct observation by cosmic-ray and accelerator exper-
iments (Chinellato et al., 1983), (Alner et al., 1986),
(Pare et al., 1990), (Haar et al., 1997). Note that the
experimental data are presented in various quantities,
such as rapidity density, pseudo-rapidity density, etc.,
owing to the experimental conditions of the respective
Eroups.

To compare these data with the scaling function, one
has to transform dN/dz* into dN/dn*, dN/dy*, etc. In
doing so, one has to take into account that the aver-
age value of the transverse momentum < p; > depends
on the rapidity, i.e. the value becomes smaller in the
forward region {Lattes et al., 1971). Hence we assume

dN (1-a'r*)?

= al) ———
dz*dpr .2 9y \ 2
V= (%)
(p=+vpi+mi)

where the parameters a and a’ are adjustable. This
formula reproduces the scaling function of eq.(1) using
a=a" =1 and /s & oc. The parameters a (> 1) and
@' {> 1} express enhancement of the scaling function in
the central region and suppression in the forward region,
respectively.

The p,-distribution is assumed to be

g{pr) (2)

d

g{pr)dpr = pr exp (_&> % (3)

Do/ Po

with

¢ {z* < z8)
frured * c 4
Po c(:r; ) (" > -Ta) (4)

T
(c=02GeV/je, ¢ =057, z;=008)

According to the py-distribution of eq.(3), the aver-
age value of pr, < pr >= 2pp, becomes smaller in the
forward region x* > zj}, which is observed by the exper-
iments (Lattes et al., 1971}, (Pare et al., 1990).

Scaling Violation Parameter g

Maodel-2

O UA?

Q Haar: et al.

Scaling Violation Parameter g’

J 5 (Gev)

Fig. 1. Energy dependence of the scaling viclation param-
eters, a (the upper figure) and a’ (lower) in eq.(2) in the
text. Plots are obtained by fitting the calculated curves of
{pseudo-) rapidity density distribution to those of the exper-
imental data. The full circles are from the experimental data
of the UAS Collaboration (Alner et al., 1986}, and the open
circles are from those of other experimental groups (Alner
et al., 1986}, (Abe et al., 1990), (Haar et al., 1997). The
bar with an arrow, indicated as “C-jets”, is from the cosmic-
ray experiment (Chinellato et al., 1983). The hatched area
indicates the energy region where the Feynman scaling law
(@ ~ 1.0 and a’ ~ 1.0) is verified by the experiments. The
lines are the assumed energy dependences in Model-1 and
Model-2. is verified by the experiments. The lines are the
assumed energy dependences in Model-1 and Model-2.

2.3 Scaling viclation parameters

The above distribution (2) can be transformed into those
of dN/dy* and dN/dn” easily. Hence we can calculate
the (pseudo-)rapidity density distribution at the inci-
dent energy /s for various values of the parameters a
and o', which are to be compared with those of the ex-
perimental data.?

We assume the energy dependence of parameter o as

(=)

(50 = 3.9 x 102 GeV?, A = 2.0 x 10%)

(@ = 0.105) (5)

*The data are those of all inclastic events but not only
NSD (non-single-diffractive) events. That is, 0inet = onsp+

Tsp.



The energy dependence of the parameter a is shown
in Fig. 1 together with experimental data. Then the
pseudo-rapidity density at * = 0 is given by

(&)
dn* n*=0

which reproduces p{0) = 0.745%1% found by the UA5
Collaboration (Alner et al., 1986).

From the energy dependence of the parameters a and
a' in Fig. 1, we assume two cases of

P _ EO o
“‘(A)
which are called Model-1 and Model-2 hereafter. The
parameters ¢ and @' in Model-1 have the same energy
dependence, and those in Model-2 are the best-fit to
the experimental data. Note that the data from Harr et
al. and from the C-jets of the Chacaltaya experiment
deviate from the line of Model-2. Model-0 witha = o' =
1.0, which stands for the case of Feynman scaling law,
is included for reference.

To show how the experimental data are described by
the formula of eq.{2) with appropriate values of the pa-
rameters a and a’, Fig. 2 presents the pseudo-rapidity
density distributions of all inelastic events (but not only
of non-single-diffractive events) recorded by the UAS
Collaboration together with those of the formulated mod-
els. One can see in the figure that the reproduction is
satisfactory by Model-2 and that Model-0 (the Feynman
scaling law) cannot reproduce the data both in the cen-
tral and forward regions. Note that the distribution of
Model-0 is slightly energy-dependent, as can be seen in

eq.(2).

5 T T T T

—D<;>a_167x083x(—) (6)

Sp

(¢' =0.105 and 0.210) (7)

dN 7 dn*

Rapidity Density

Pseudo-rapidity  M*

Fig. 2. Pseudo-rapidity density distributions by UAS Col-
laboration experiment {plots), those of Model-2 (solid lines)
and those of Model-0 (chain lines). The data are those of all
inelastic events at the energies of /s = 53 GeV (»), 200 GeV
(&), 546 GeV (©), and 900 GeV (). The solid lines are by
Model-2 with the parameter values a’ of the best-fitting at
respective energies

3 Discussions
3.1 Multiplicity and inelasticity at high energies

Fig. 3 shows the energy dependence of charged multi-
plicity,

lvaz

1/a’
Eg / dT/ dp'r g(p’n‘“
\ I 2 + _&

predicted by the formulated models. Omne can see in the
figure that difference in the multiplicity is small between
Model-1 and Model-2 because we have

m(FEy) ~a [In ﬁ -~ Ina'} )
T

That is, the parameter o’ appears in the form of Ina’.
It is no surprise that the energy dependence of Model-2
agrees better with the experimental data than that of
Model-1.

10 ¢ T T v T T T t T v T

(Bl SETREE ERR TR ..3...“.7.‘.‘:-.1~.:.., ,,,,,,,,,, 4

10 10" i 10" 10" 1"
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Fig. 3. Energy dependence of charged multiplicity and that
of total inelasticity, predicted by the models. Experimen-
tal data of average charged multiplicity (full circles) is from
bubble chambers, ISR, and SppS, compiled in Ref. {Alner et
al., 1986). The multiplicity is not different so much hetween
Model-1 and Model-2. Model-2 describes the experimental
data better than Model-1, because Model-2 has the best-fit
parameters to describe the rapidity density distribution. In-
elasticity is decreasing in Model-2, while it is constant (=0.5)
for Model-0 and Model-1. The shadowed area indicates the
region where the Feynman scaling law, i.e. < K >= 0.5, is
verified by the experiments within the experimental errors.

Fig.3 shows also the energy dependence of the average
total inelasticity in the laboratory system, defined by

3 1/(2 (
<K>E§f .rdw/ dpr aD

| o ()

It shows that the inelasticity decreases considerably in

Model-2 at high cnergies while it is constant (i.e. 0.5)

(Y
_ae) _zy(PT)



in Model-0 and in Model-1.*> It is worth noting that
< K >= 0.5 holds when the relation & = o' holds,
irrespective of the values of @ and «'.

3.2 Models used in simulations

It is also interesting to see how the formulated distribu-
tion is reproduced by the models which are used recently
in simulations of atmospheric cosmic-ray diffusion. In
Fig. 4 we compare the pseudo-rapidity density distri-
butions (Knapp et al., 1996), predicted by UA5 code
(Alner et al., 1986)*, VENUS (Werner, 1993), QGSJET
(Kalmykov and Ostapchenko, 1993) SIBYLL (Fletcher
et al., 1994), HDPM (Capdevielle et al., 1992) and DP-
MJET (Ranft, 1995), with those of the present models.
Note that the pseudo-rapidity density by simulations is
for NSD (non-single-diffractive) events while that of the
calculation is for all inelastic events.

The following observations can be made from Fig. 4.
(1) In the central region the distributions are similar ex-
cept that of HDPM.

(2) In the middle region QGSJET, VENUS, DPMJET
predict higher density appreciably than that of Model-2.
{3) In the forward region all the model predictions are
almost consistent.

(4) UAS5 code predicts the most consistent distribution
with that of Model-2.°

{5) The difference of the rapidity densities, predicted by
respective simulation models, is not negligibly small.
(6) The experimental data at Harr et al. is almost con-
sistent with those by QGSJET. (See also the lower figure
in Fig. 1.)

(7) The rapidity density of the QGSIET model, which
is used frequently at present in simulations of cosmic-
ray phenomena, is almost between those of Model-1 and
Model-2.
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Abstract. The energy distribution of produced parti-
cles in multiple particle production, which is formulated
empirically based on the direct observation data by ac-
celerator and cosmic-ray experiments, shows violation
of the Feynman scaling law with decreasing inelasticity
at high energies. We show that the extrapolation of the
formulated distribution does not describe the highest
energy (~ 10% eV} air showers. We also discuss how
large the ambiguity is in the energy determination of
highest energy air showers, due to limited information
on nuclear interaction characteristics at high energies.

1 Introduction

We formulated empirically the energy distribution of
produced particles in multiple particle production, based
on the data of direct observation by accelerator and
cosmic-ray experiments in the energy region 1012 ~ 1014
eV. (Ohsawa et al., 2000)

The formulated energy distribution shows that the
Feynman scaling law, which is shown to be valid in the
energy region below /s = 63 GeV, is violated appre-
ciably both in the central region and in the forward re-
gion at high energy. That is, the particle production
is enhanced in the central region and suppressed in the
forward region. And the suppression in the forward re-
gion is stronger than the enhancement in the central
region. Consequently the total inelasticity < K > be-
comes smaller than 0.5 appreciably at high energy. It is
also shown that the nuclear interaction models, which
are assumed in the recent calculations to simulate the
cosmic-ray diffusion in the atmosphere, are not compat-
ible with the formulated energy distribution.

In the present paper we discuss whether the formu-
lated energy distribution is compatible or not with the
data of extremely high energy (~ 102 V) air showers.

Correspondence to: ohsawa@icrr.u-tokyo.ac.jp

The energy dependence of nuclear interaction character-
istics appears in most distinct way at these energies.

2 Diffusion of Cosmic rays in the atmosphere.
2.1  Air showers

A high energy primary cosmic-ray proton, incident upon
the top of the atmosphere, makes a nuclear collision with
an atmospheric nucleus, and many particles — one sur-
viving particle and a number of produced particles —
are produced through the collision. The surviving par-
ticle, either a proton or a neutron, repeats inelastic col-
lisions in the atmosphere. The inelastic cross section
of the nucleon-air collision increases with the incident
energy.

The produced particles are assumed to be pions. The
energy distribution of produced pions is substituted by
that of N — N collision, which is formulated by us {Oh-
sawa et al., 2000), because the effect of the air nu-
cleus target appears only in the backward region.! The
charged pions among the produced pions make nuclear
collisions in the atmosphere again. The collision mean
free path of charged pions has the same energy depen-
dence as that of nucleon. We neglect decays of charged
pions into muons.

The multiple particle production, induced by a charged
pion, has essentially the same characteristics as the one
by a nucleon, which is confirmed within the errors of the
experimental data in low energy region. {Gaisser et al.,
1978)

That is, the final state of the collision consists of one
surviving pion and produced pions whose energy distri-
bution is the same as the one of proton collision. The
differences are that the inelastic cross section of pion is

'The diffusion of cosmic rays in the atmosphere is gov-
erned by the high energy particles, produced in the forward
region.



Table 1. Energy dependences of the scaling violation param-

Table 2.7 Cases to be discussed

eters Case o« and ¢ in eq.(2) Cross Remark
Model o a' < K> Remark a o section

Model-0 0 0 0.5 A 0 0 A=0 b =0 and

Model-1  0.105 0.105 0.5 {the scaling law)  (constant) b=10.3

Model-2 0.105 6.210 0.5(Eo/4) °!%°  the best-fit B 0 0 8= 0.056

(the scaling law}  (increasing)
C 0.105 0.105 =0 Model-1

smaller than that of proton, and that the surviving pion (the law violated) (constant)
has a probability to be a neutral pion (called the ‘charge D 0.105 0.210 8=0 Model-2
exchange’ process). {the law violated) (constant)

The neutral pions among the produced pions and those
through the charge exchange process decay into ~-rays
which produce a number of electromagnetic component,
electrons and photens, via electromagnetic cascade pro-
cess.

2.2 Assumptions for elementary processes

Following the above scenario we formulate the elemen-
tary processes.
(1) Inelastic collision mean free path

We formulate the energy dependence of the mean free
paths of N — air and 7 — air collisions in the following
way. (Nam et al., 1983), (Hara et al., 1983), (Dyakonov

et al., 1987)
wE=n(2) aE=n ()

B
(Av =80.0g/cm?, A, =113 g/cm?, 8 = 0.056)

(2) Energy distribution of produced particles

The energy distribution of produced charged particles
in multiple particle production is formulated in our pa-
per. {Ohsawa et al., 2000) In the laboratory system it
is

_(E\® B\ E

(A=20x10°GeV, D = 1.67, d = 4.0)

‘ dE
e

where Fy is the energy of the incident particle. The
parameters o and o' are tabulated in Table 1. The
values of Model-2 are the best-fit to the experimental
data, and Model-0 and Model-1 are for reference.
(3) Inelasticity

According to eq.(2) the average total inelasticity is
given by

o B a—a'
< K >= gf Ep(Ey, EME = 0.5( “)
0

A

That is, the average inelasticity decreases with the inci-
dent energy for Model-2.

We assume that the inelasticity K is distributed uni-
formly between 0 and 2 < K > (< 1.0). The distribu-
tion has the average value of the inelasticity < K .
(4) Charge exchange probability of the surviving pion is
assumed to be & = 0.3.

3 Air shower size

As can be seen in Appendix A, one can calculate the air
shower size NV, if one can sclve the diffusion equations for
nucleon and pion components. It is not simple, however,
to solve them taking all the processes, mentioned above,
into account simultaneously. Therefore we discuss the
effects of respective processes one by one. That is, we
calculate the cases, tabulated in Table 2, and discuss
the ratio between the air shower size of each process
and that of the case A.

Fig. 1 shows the transition curve of the air shower size
of the case A for the primary proton with the energies
Ep = 10*%, 10*?, and 10?® V. (See Appendix A.) One
can see in the figure that the air showers of 1020 eV
are at the maximum development at sea level and that
the relation Fo/N, ~ 2.0 (GeV) holds approximately,
irrespective of the primary energy Ep.

The effect of the charge exchange process is exam-
ined, too, assuming the probability b = 0.3. The effect
is almost constant over the atmospheric depth, amount-
ing 13 %, as can be seen in Fig. 2. The approximately
constant effect over the depth can be explained by the
facts; (1) that the probability b is included in the atten-
uation mean free path of pion component £u.(s) and
in the coefficient of the pion term, in such ways that
the attenuation of the air shower size becomes faster
and that the size becomes larger, respectively, and (2)
that the shower development before the shower maxi-
mum is governed by €0*1(*)2 but not by ef#n {5}z (See
Appendix A.)

Fig. 2 shows the ratio of the air shower size between
the cases B, C and D and the case A, tabulated in Ta-
ble 2, at the primary energy Eg = 10%° eV. One can see
the following in the figure.

(1) Effect of the charge exchange process of the surviv-
ing pion is almost constant over the atmespheric depth,
and amounts 13 %.

(2) Effect of increasing cross section is large at high al-
titude, but is small at sea level. (This tendency can
be seen by the analytic expression of the air shower size
where the increasing cross section is taken into account.)
{3) The effects of scaling violation, in Model-1 and in
Model-2, have similar depth dependence, but the abso-



Air Shower Size
>

Depth z=1/3 { A=800 glem®)

Fig. 1. Transition curve of the air shower size for the primary
proton with the energy Eo = 10'%, 10'% and 10°° eV, for
Case A (Model-0 and constant cross section). The arrows
indicate the depth of the sea level {1,030 g/cm?) for the air
showers with the inclination 8 = 0° and 30°.

lute values of them differ by five times.

(4) Model-2 gives smaller air shower size, and the atten-
uation of the air shower size after the shower maximum
is very slow due to the small value of inelasticity.

(5) At sea level the air shower size is affected in the
greatest manner by the difference of the nuclear inter-
action model, among the examined processes of nuclear
interacxtion characteristics.

4 Summary and discussions

(1) Analytical expression is given for the air shower size,
based on the formulated models of nuclear interactions.
It enables us to discuss how the physical processes — the
charge exchange of the surviving pion, increasing cross
section of hadron — air collistons, and the energy dis-
tribution of produced particles - affect the air shower
size. These processes are the major factors to govern the
diffusion of high energy cosmic rays in the atmosphere.
We obtained the following observations about the size
of the extremely high energy air showers.

(1) Effect of charge exchange process is almost constant
(x1.13) over the whole depth in the atmosphere.

(2) Effect of increasing cross section is large (x 2 ~ 3} at
mountain altitudes, but small (x1.18) at the sea level.
(3) Effect of scaling violation of Model-1 is large (x 2 ~
3) at mountain altitudes, but small {x1.23) at sea level.
(4) Effect of scaling violation of Model-2 s not negligi-
ble at any depth, i.e. x 0.6 ~ (.4 at mountain altitudes
and x(.22 at the sea level.

(ii) The air shower size at sea level, expected by the
present calculation, is tabulated in Table 3 for the in-
cident proton of Eg = 10%° eV. In the table the effects
of the charge exchange process and the increasing cross
section are obtained by Fig. 2. To calculate the expected
air shower size, to which the effects of charge exchange

10 T T T T ‘ T * T
—_ : : sea leyel 0=0" 8=10"
g 3 s (m.fp)
C {Model-1) ;
J L‘.U:
B R e IR T T 4
|3
T |= D (Model-2) :
|2 5
o i I i i i i
4 6 8 10 12 14 15 18
Atmospheric Depth z=1/x ( A =80 glen? )

Fig. 2. Ratio of air shower size, N.(B}/N.(A), N.(C)/N.(A)
and N.(D}/N.(A), along the depth. The cases of A, B, C
and D are tabulated in Table 2. The primary energy of a
proton is 102 eV,

probability and increasing cross section are included, we
multiplied all the factors because the factors are close
to 1.0.

(iii} M. Nagano et al. examined the method of en-
ergy determination of extremely high energy air show-
ers, employed by AGASA experiment, by the simula-
tion code of CORSIKA (Capdevielle et al., 1992)(with
QGSJET model). And they reached the conclusion that
the method works well for the highest energy air show-
ers. (Nagano et al., 1998) The simulation gives N, =
5.5 x 10'° for the proton-induced air showers of Ey =
102? £V.%2 We can see the following points by comparing
the value with those in Table 3.

{1) The value by the simulation is between those of
Model-1 and Model-2. In this sense our calculation and
the simulation are consistent each other, because we saw
in our paper (Ohsawa et al., 2000) that the pseudo-
rapidity density distribution by the QGSJET model is
between those by Model-1 and Model-2.

{2) If we take Model-1, the energy spectrum of highest
energy air showers shifts to the left (lower energy side)
by a factor 1.5.

(3} i we take Model-2, which is the best-fit to the exper-
imental data, the energy spectrum shifts to right (higher
energy side) by a factor 3.7.

One can see that the energy distribution of produced
particles has the largest effect on the size of extremely
high energy air showers among the physical processes,
discussed in this paper. Hence we have to specify the en-
ergy distribution of produced particles in multiple par-
ticle production in more detail, in order to confirm the
extremely high energy cosmic rays exceeding 10%° eV,

(iv) The item (3) in the paragraph (iii) makes the puz-

?We obtained N. = 5.5 x 10° for the proton-induced air
showers of Ey = 10'? eV, from the figure in Ref. (Nagano et
al., 1998), and multiplied it by 10.



Table 3. Air shower size at sea level, expected by the models, for the incident proton of Eq = 10%° eV

Model-(t Model-1 Model-2  KORSIKA
size” 50 x 10" 62x10™ 1.1 x10™
ratio to Model-0 {x1.0) (x1.23) (x0.22)
charge exchange x1.13 *x1.13 x1.13
increasing cross section x1.18 x1.18 x1.18
size (expected)™” 67x10 83x107 15x10™ 55x10™

=

*x

zle of extremely high energy cosmic rays more serious.?
Therefore it may not be irrelevant to say that Model-2
does not describe the highest energy air showers. This
examination is important because it is believed that the
air shower size is a stable parameter to be unchanged by
a slight difference of nuclear interaction characteristics.

Origin of this small size in Model-2 is due to the
fact that Model-2, which is the best-fit to the present
experimental data, predicts small inelasticity at high
energies. For example, the value is as small as 0.2
even at Ey = 10! eV. (Ohsawa et al., 2000) Accord-
ing to our previous analysis of attenuation mean free
paths of hadron and (e,~) components (Ohsawa and
Sawayanagi, 1992), the inelasticity of < K >= 0.5 is
compatible with the experimental data in the energy
region of 101 ~ 1016 eV.

Appendix A Air shower size

Air shower size is defined as the total number of charged
particles in the air shower, among which the electron
component is dominant. Therefore we calculate only

the electron component for the air shower size. It is
given by
NAEg,z) :/ dz'f dETI(E,0,z — 2"} x
0 0
o(s) N 08)+26< (1 - K)* > '
Fy(E, (£,
[8+1 (E,2) +¢ e Fr(E,z")

where F\y (E, z) and F{E, z} are the number of nucleons
and pions with energy E at the depth 2. And II{Ejy, 0, z)
is the number of electrons (E > 0) under Approxima-
tion B.

In the case A we can solve the diffusion equations for
nucleons and pions exactly, on the basis of the physical
processes described in Section 2, and we have

L] Eg s
N (Ey,2) = %fﬁ(;—) L{s)v/sK1,0(s, —5)
[ew(s): — glar{s)z H{s)+2b < (1- K)* >
) | — o (5) i (s) — £ (5)

3The air showers with energy exceeding the GZK cut-off.

without the processes of increasing cross section and the charge exchange.
with the processes of increasing cross section and the charge exchange.

{eﬁw(-‘!)z — efori(s)z ebun(8)z _ olohi(a)z }]
pn{s) — Lori(s) Epn(s) — &oAi(s)

where z is measured in the unit of Ay. (i.e., £ = Ay /g,
£ = An/Xo) The integration is a complex one, origi-
nated from the inverse Mellin transformation. The first
line is related to the cascade functions, and the second
and the third are to the #° proeduction by nucleons and
pions.

The terms py(s), Epin(s) and &A1 (s) are related to
the attenuation of nucleons, pions and electrons, respec-
tively.

pnis)=—-1+<(1-K)* >
in(s) = —L+ (L= B) < (1 - K)° > +(5)
A1{8) = (by the cascade theory)

where ¢(s) is the Mellin transform of the energy distri-
bution of the produced pions (eq.(2)),

! E
W) = [ wdz p(BesB) (o= ),
0 0
and < (1 - K)*® > is given by
! 1
<(1-K) >=[0(1—K) aK = —
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