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ABSTRACT

A comparison is made of cosmic-ray induced C-jet events with
accelerator results, mainly from the CERM ISR and the CERN SPS pp
Collider. The distributions of energy, emission angle and transverse
momentum of /-rays are discussed. Importance of the study on such
events with high multiplicity, large p T, jet structure and associa-
tion of new particles is emphasized.

INTRODUCTION

The Brasil-Japan Collaboration has been studying the multi-
particle production phenomena in the energy region 10**13 - 10**17
eV by means of emulsion chambers. Since 1969, a series of two-storey
chambers of large-sice have been exposed on Mt. Chacaltaya, Bolivia,
5220 m above sea-level, and aimed at detecting high-energy atmosphe-
ric interactions in upper chambers (A-jets) and relatively lower
energy local interactions in lower chambers (C-jets).

It was 1971 when an extremely exotic event,"Centauro", was rec-
orded in the 15th chamber, and both the upper and the lower chambers
were fully utilized to analyze the event? The sane chamber also det-
ected several C-jet events of higher quality with high multiplicity
and large p. which had been observed only in A-jet events. Then it
was realizes that two-storied chambers were really powerful for stu-
dying the multi-particle production phenomena in the concerned ener-
gy region.

Until now, a few hundred C-jet events have been accumulated and
four kinds of exotic phenomena (Centauro family) have been observed .
in our experiment. Topics on the latter have been reported elsewhere.
Wè report here some results of C-jet events in comparison with
accelerator results.

At almost the same period of the 15th chamber, a new accelerator
ISR started its operation at CERN, and it has been used to study
various aspects of the phenomena up to Jf * 63 GeV. Recently much
bigger accelerator SPS h«s started its operation as pp collider at
VT - 540 GeV. This energy is nearly equivalent to that of C-jet even-
ts with visible energy greater than 20 TeV. it is important to compa-
re the C-jet events with accelerator results, mainly from the CERN
ISR and the CBRN SPS pp Collider, at the present moment.

EMULSION CHAMBERS AND C-JET EVENTS

The cosmic-ray events we are comparing with accelerator results
ware detected in two-storied emulsion chambers exposed on Mt. Chaca-
ltaya by the Brasil-Japan Collaboration. Fig. 1 shows the outline of
the 17th chamber, as an example. It consists of an upper chamber, a
lover chamber, a target layer and a spacing gap. Both chambers cons-
ist of Alternate sandwiches of lead plates and photo-sensitive
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materials (industrial X-ray films and a nuclear emulsion plate).
The upper chamber works as a detector of atmospheric electrons

and 7-rays and also as their
absorber for the lover chamber.
The lower chamber works as a
detector of nuclear interactions
occurring in the target layer of
petroleum-pitch, which are called
carbon-jets or C-jets. /-rays
produced in a C-jet are converted
into electron showers via electro
-magnetic cascade processes and
recorded as dark spots on X-ray
films and electron tracks in the
corresponding nuclear emulsion
plates. As the gap between the
target layer and the lower cham-
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Fig.I The outline of the 17th
emulsion chamber.

her is large enough, /-rays
emitted are separated sufficiently
from each other. The energy of each
/-ray is determined with an accuracy of & 10 Z by track counting.

The detection-thresholds in scanning /-rays in C-jet events
axe 0.1 - 0.2 TeV in energy and -10**(-3) rad. in emission angle.
The energy region we study here is Z & / 2 20 TeV (corresponding to
.500 GeV in /s as shown later), where £Ef is the sum of energies of
deserved /-rays in each event. The 80 events used here were chosen
from the most energetic group seen in C-jet events, in which the /-
rays observed are altaost all in the forward half of the forward
hemisphere.

The emulsion chamber experiments are described in greater det-
ail in ref.1.

ISR EVENTS AND MONTE CARLO SIMULATION

We use the minimum-bias events in pp collisions at /s - 53 GeV
measured with the Split Field Magnet Facility at CERN ISR by the
British-French-Scandinavian Collaboration to make a comparison with
the C-jet events and to find their acceptance efficiency together
with a Monte Carlo simulation.

As the detrimental conditions are different between the C-jet
and the ISR events, we arrange the latter in the following proce-
dures. 1) we choose charged tracks with good momentum resolution, 2)
supply artificial tracks for ones missed in the experiment so as to
reproduce the multiplicity distribution and several inclusive spec-
tra measured at ISR, 3) transform the corrected ISR events to the C-
jet energy region by boosting them along the rapidity axis, event by
event, according to the known spectrum of cosmic-ray particles, oe
Eo**(-1.8), 4) take all the negative particles to represent fr°'s
and allow them to decay intc two / -rays in a random way, 5) take
into account the effects of successive interactions in the chamber,
and 6) set the selection criteria on each /-ray as ZgZ 100 GeV, (
i0**(-2.6) rad. and tit GeV/10**5.7 2 tanÔ, , and the additional
criteria on eac*i event as »/ £ 4 and £ E / « 20 - 200 TeV, where E
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and Gy , respectively, stand for energy and emission angle of a }{-
ray and Nj and £Sy , respectively, the number of 1 -rays satisfying
the criteria and the sum of Ey's.

As a cross-check of the ISR events which are used as the stan-
dard for comparison with the C-jet events, we also produce simula-
tion events at /I * 500 GeV and apply the same procedure as to the
ISR events.

"'.c ISR events, the simulation events and our procedure are
described in no o detail in ref.3.

THE COMPARISON

Here we compare the C-jet events with the ISR minimum-bias
events under the same experimental conditions. And on the basis of
the ISR and the simulation events, the
C-jet data aro corrected for bies eff-
ects and recentaticc to be compared in
a suitable way virb the other accele-
rator results, cainly from the SPS pp
collider.

The avora'je jf-ray inelasticity
ky ( «z^y/Eo) is obtained to be 0.32
and we can estimate the average energy
of the C-jet event's as .130 TeV in E©
«ad .500 GeV in Js.

Energy distribution Fig-2 shows the
energy distributions of j'-rays in the
C-jet events, the ISR events and the
simulation events in a fractional
form.3 f^(* Ef/£Ef) is approximately
equivalent to x/kf in the forward
region, where x * 2pfl//s. From the
figure we notice that £Ey is divided
more minutely into a larger number of
jT-rays in the C-jet events.

Fig.2 The distributions of
fractional energy of /-rays.

Angular distribution

-s

Fig .3 The distributions of
log tan 6i of /-rays

The scaling violation seen in fig.2 appears
in a simpler way in the angular
distributions shown in fig.3,
where those of log tan 8 of V -
rays are presented for the C-
jet, the ISR 3 and the FNAL 4

events at 205 GeV/c. It is cleax
that the particle density in
the rapidity space in the C-jet
events is remarkably higher
than those of ISR and FNAL.

Ellsworth et al.5 pointed
out in their simulation study
that the boosting procedure of
lower energy data lowers the
average rapidity density , but
we found that this effect is

#••
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negligibly snail for the C-jet events we study here.3

In fig.4, we show the (pseudo-) rapidity distribution of /-rays
in the C-jet events 3 in cms together with those of accelerator
results 5-' including the pp result.5 That9of the charged particle*,
at /s - 540 GeV is also shown in the figure. Here the correction to
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Fig.4 The distribu-
tions of rapidity of
/-rays in cms. That
of charged particles
in pp collisions is
also shown.

40

the C-jet events was made with help of the ISR and the sioulation
events. The average value of the two cases are shown in the figure
only with statistical errors, the error due to uncertainties on the
corrections being estimated tc be -10 % on the average.

We see in the figure that
the particle density increases
as the energy goes higher. The
/-ray density in the C-jet
events is about two times
higher than that in the ISR
energies, which is quite
consistent with the results
of pp collider.

Integrating over the above
distribution, we can obtain the
averageV-ray multiplicity <nr>
in the C-jet events as 32.2 4-
3.8 including the systematic"
error, assuming a forward-
backward symmetry. This can
be compared with the pp
results 8 » 9 at ft - 540 GeVi
<ttch> * 27.4 í 2.0 (for non-
diffraction) and <n«>- 34 ± 2
(!7'<5>

A C-jA» 900
O SW * S*0

43

Fig.5 The average /-ray multi-
plicity vs energy of cm.

( 7 ' > -
The <n*>of the C-jet events^at Vs-500 GeV is plotted in fig.5

where the value corrected for nuclear target effect (32.2/1.3 -24.8)
is also shown assuming again a forward-backward symmetry. The preli-
minary result10 of C-jet events with TE*- 10-20 TeV (corresponding
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to -300 GeV in /s ) is also shown (25±4) together with the pp
result 9 and the low energy accelerator results compiled in ref.3.
The two fits^'^to <ny> in the l^w energy region and one fit*

2 to<n>.
are also shown. c

As for the average V-ray multi-
plicity, the deviation from the log s
dependence has not been observed up to
Jã • 45 GeV, but the results of C-jet
events clearly show more rapid_growth
which is consistent with the pp
collider results.

TRANSVERSE MOMENTUM DISTRIBUTION
Fig.6 shows the transverse momen-

tum distributions 3 of tf-rays in the
C-jet and the ISR events. In the low
p_ region, the two sets of data behave
similarly except for the absolute
value, but a larger tail is observed
in the region pT;& 500 MeV/c in the
C«jet events. Even for the tf-rays
observed in the region covered by the
C-jet events, the average p T increases
about 20 Z between /s
.500 GeV.

53 GeV and

VM CHh.

Fig.6 The transverse momen-
tum distributions of tf-rays.

Fig.7 shows the p_ distributions of
charged particlec in the central regionin
/s " 540 GeV and the ISR energies. Here
also we see a remarkable tail in the pp
collider data. -

Fig.8 shows the p_ flow of /-rays per
unit rapidity in the mirror (or projectile)
system. Systematic error 10 Z is included.
Also shown in the figure are the results
on /-rays at the CERN ISR 7 and that of pp
collider,14 For the former, p_-flow was
calculated from the reported values of
<PTt> «"d /-ray density, and, for the
latter, the total transverse energy repor-
ted in cms was simply divided by 3 and
shifted to the projectile system. The p -
flow of /-rays in the C-jet events behaves
similarly to the ISR results in the very
forward region, but it deviates from them
and approaches -1 GeV/c, the level of pp
collisions.

If we take 4 as the /-ray density (fig.4) and 1 GeV/c as the
p_-flov at y-0, we obtain 250 MeV/c as the average p_ of /-rays
wfiich gives the average p_ of 7r°fs as -500 MeV/c. Together with the
multiplicity increase, the increase of p_-flow and <p_> means that
the phenomena at Js -500 GeV are quite different from those at
-50 otiV in general features.

Fig.7 The transverse
momentum distributions
in Collider and ISR.
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URGE MULTIPLICITY AND HIGH P-
As shown above, the particle

spectra observed in the C-jet events
are quite consistent with those of
pp collisions recently reported at
the CERN SPS.

One of the most iroportent points
that tne Brasil-Japan Collaboration
have insisted in the C-jet study is

as the
This

positive correlation has not been
reported up to the ISR energy. For
example, Kafka et al 1^ observed the
negative correlation at 205 GeV/c,i.e.
a decrease of < p_> as the multi-

that the average p_ grows
multiplicity increases.*

Fig.8 The
tributions
system.

p_-flow di«-
in the mirror

Fig.9-A,B,C The tf-ray
density vs <P»f>»

A: C-jet events
B: FNAL events *
C: ISR events 3
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_>
plicity increases ; Oh et al ^
reported the same behavior at 300 GeV/c.

Fig. 9 shows the correlation
diagrams between the Jf-ray density
and the average p_^. The former is
defined by n, - ( N } - 1 ) / ( 7 2 - 7tt )
where 7 2 an(* 7 m denote the
rapidity of f-rays emitted in the 2nd
most forward direction and at the
largest angle in each event, respecti-
vely. The y-ray emitted in the roost for-
ward angular region .is omitted in order to eliminate its large fluc
tuation effect. In fig.9A, the results from the C-jet events arc
plotted. We easily see the positive correlation between <ty>and <P
and we notice that-50 % of C-jet events are distributed around
nr* 2 -U and that the regaining around n^« 6-8 behave quite diffe-
rently, ihe former ;s called as Mirim-type and the latter as Açu-

10
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Fig.10 The mean E_ per
particle vs observed multi-
plicity in pp collider.

type by the Brasil-Japan Collaboration.1

In the plots of the FNAL4 and the ISR
events'* shown in figs.9B and 9C, they
are roughly distributed in the region
similar to that of the Mirim-type C-jet
events.

Fig.10 shows the multiplicity dep-
endence of nean transverse energy per
particle observed in the pp collider 1;
Where the positive correlation is seen
in the high multiplicity region.

If we assume a production and
decay of fire-balls in a collision,
Açu-type C-jet events with large multiplicity and high p requires
heavier fire-balls. In fig.11, we show the distributions of fire-
ball mass liberated into if-rays for the C-jet,the ISR and the simu-
lation events.^ The algorithm for estimating the fire-ball mass is

based on the relation between
two quantities: the invariant
mass and the sum of p_ of i-xay*
which is described in detail in
ref.1. It is seen that again
-50 % of the C-jet events of
Mirim-type are similar to the
ISR events and that the remain-
ing half behave quite differen-
tly. The fire-ball problem will
be studied in more detail in
ref.21.

Figs.9 and U indicate
that the big difference between

B

ft

0 >

;»» ««ton

• _ *"""*

» < 1 | 4 |

Pi
T i l l . , ii

Fig.11 The distributions of fire-
ball mass liberated into -rays

the ISR and the C-jet events comes from the existence of Açu-type C-
jet events which are characterized by large y-ray density in rapi-
dity space and higher average p_.

Fig.12 shows an example of C-
jet event, CH17-153I,18 with large
multiplicity and high p_ in the
momentum distribution on the p_ -
plane. 40 jf-rays are observed with
ZEf* 42 TeV and <p ,> • 500 MeV/c,
and the event is classified as a
Guaçu-type. Multi-jet structure is
clearly seen, one of which with a
special mark in the figure is
interpretRd as a decay product from
a long-lived unstable heavy particle.

Sawayanagi searched for un-
stable heavy particles in C-jet
svsrts and found such particles only
in Açu- and Guaçu-type events. In

the fire-ball picture, it can be understood that the higher tempera-
ture of heavier fire-balls defrostate ROW degrees of freedom, 1> 18

Fig.12 Momentum vectors of
f-rays in a C-jet event,
CH17-153I, on p_-plane.
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It was reported 20

that, in pp collisions at
<fi <* 540 GeV, K mesons are
produced more frequently
than in the ISR energies
with a remarkably high pT
( -0.7 GeV/c on the ave-
rage), and they aeems to
have crossed snoe thres-
hold for strange particle
production. How this beha-
vior of kaons is connected
with the X-particles in
cosmic-ray interactions
may be an interesting
problem in the near future.

As for the azimuthal
structure» we can pick up
a special azimuthal asym-
metry also in Açu-type C-
jet events22 if we take
the direction of the high-
est energy ft* as z-axis and that of the highest p- /-ray as y-axis,
where p--plane is defined on the x-y plane. Fig.13 shows the rf-ray
flow ana the p- flow in several bins of azimuth angle for C-jet
events, in which a special structure is observed only in Açu-type C-
jet events. The choice of the above reference axis is nearly similar
to that of trigger particle often used in the high p_ study in the
accelerator experiments.

CONCLUSION

We have compared the cosmic-ray induced C-jct events of Chacal-
taya emulsion chamber experiment with the accelerator results, main-
ly from the CERN ISR and the CERN SFS pp Collider.

The general features of multiple meson production phenomena
change remarkably between S* -50 GeV and -500 GeV. In the C-jet
energy region, the rapidity density of /-rays is about two times
higher and the p. distribution shows a stronger tail in the large p-
region than in the ISR energies; the mean V-ray multiplicity grows
more rapidly than log s dependence; when multiplicity increases, the
average p T also increases. All these features in the C-jet events
are quite consistent with the recently reported results of pp
collider experiments.

The big difference between the C-jet and the ISR events comes
from the existence of Açu- and Guaçu-type events which are charac-
terized by large multiplicity, high p., jet structure and associa-
tion of new particles. We would like to expect that these characte-
ristics in C-jet events be well investigated in hadronic interactions
in accelerator experiments.

The author would like to acknowledge the Brasil-Japan Collabo-
ration, in particular, N.M.Aoato for her encouragement. He also
thanks the CNPq, Brasil, for a financial support.
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