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Extremely High Multiplicities in High-Energy Nucleus-Nucleus Collisions
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Two unusually-high-multiplicity interactions of high-energy heavy nuclei are observed
in a balloon-borne emulsion chamber: A Si+ AgBr event (4 TeV/nucleon) and a Ca+ C
event (100 TeV/nucleon), with 1015 and 760 charged particles, respectively. The multi-
plicities and rapidity distributions favor the multichain model but not the wounded-nucle-
on superposition model. The high average P r (550-700 MeV/c) and the rapidity fluctua-
tions of the events are not readily understood in terms of any superposition models.

PACS numbers: 13.85.Tp, 25.70.Np, 94.40.Rc

Since Landau's hydrodynamical ideas' of multi-
ple meson production by colliding nuclei, there
have been few frameworks that treat dense had-
ronic particles as a collective, mutually inter-
acting system, but independent collision models
have been developed. " Recently, new theoret-
ical developments on dense hadronic matter have
been made from such viewpoints as the bag mod-
el' and quantum chromodynamics (QCD), ' which
predict that nuclear matter at some sufficiently
high energy density undergoes a phase transi-
tion into unconfined quark-gluon plasma. Further-
more, the realization of high energy density in
nucleus-nucleus interactions is predicted from
considerations of multiple scattering in the frag-
mentation region' and the space-time evolution
of created mesons in the central region. ' So far,
however, there have been too few experimental
studies to evaluate any of these models.

The Japanese-American cooperative emulsion
experiment (JACEE) is investigating the high-
energy interactions of cosmic-ray nuclei with
balloon-borne emulsion chambers. ' Three flights
at an atmospheric depth of 3.5-5 g/cm' and a'

total exposure of about 100 m' sr h have yielded
about 100 events at energies exceeding 1 TeV/
nucleon. Among the forty analyzed interactions
with primary charge Z ~ 6, two events have been
found with charged multiplicities far exceeding

those of any other directly observed interaction,
and these events provide an experimental test
of some of the features predicted by existing
collision models.

The emulsion chambers employed in JACEE
are fine-grain, multilayered track detectors
that serve simultaneously as both targets and
coordinate/ionization recorders. More than 100
plastic-based emulsion plates (50-200-pm-
thick nuclear emulsion on both sides of an 800-
tom acrylic plate) are interleaved in the target
with inert acrylic plates (2 mm thick) and CR-39
track detectors (1.6 mm thick), as well as in
the calorimeter with x-ray films and lead ab-
sorber (1-2.5 mm thick). The emulsions provide
submicrometer accuracy for coordinates of
charged tracks and 22' energy resolution for
photons having energies in the range 50-1000
GeV. ' The primary energy is estimated by the
mean Castagnoli method, ' i.e., use of the angu-
lar distribution of secondary particles to esti-
mate the Lorentz factor (y, ) of the center-of-
mass system (CMS). The total electromagnetic
cascade energy (QE~) observable in the calo-
rimeter is also used to estimate the primary
energy via the partial inelasticity (k z). 'o For a
given event, these two independent methods gen-

~ erally agree within a factor of 2.
The highest-multiplicity event observed is of
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the form

Si(4 TeV/nucleon) +AgBr
—5Nh+(1010+ 30)N, I, + & 170 photons, (1)

where Nh and N, h stand for heavily ionizing
tracks and singly charged relativistic tracks,
respectively. The pseudorapidity (Il = -lntan8/2)
distribution of N, h in the CMS is shown in Fig. 1
for y, =45. The energy of individual photons is
not measurable in this Si event, since the inter-
action vertex is located in a nuclear emulsion
inside the calorimeter and the cascades have
overlapping cores. However, the three-dimen-
sional development of overlapping cascades with-
in the laboratory angle of 4.7 mrad (Il &1.5) was
consistent with a, Monte Carlo simulation (Fig. 2)
assuming charge symmetry and 550+100 MeV/c"for the average transverse momentum of &'

mesons ((Pr,o)). From the centroid of the
pseudorapidities the y, is estimated to be 45+ 5,
which gives 4.1+0.7 TeV/nucleon primary en-

The second-highest-multiplicity event is simul-
taneously the most energetic nucleus ever direct-
ly observed:

Ca(100 TeV/nucleon) +C(or 0)
- He +(760+30)N~I, + &300 photons. (2)

From the rapidity distribution of N, h shown in
Fig. 3 we obtain y, =225+50, which is equivalent
to the primary energy E, = 100",', TeV/nucleon. "
The transverse momentum (Pr) was individually
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FIG. 1. The CMS pseudorapidity distribution of
charged particles in the Si+AgBr event. Solid curve,
multichain-model calculation; dashed curve, wounded-
nucleon-model calculation; both for (Pr ) = 0.4 GeV/c.
The arrow indicates the unobserved region.
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measured for photons with energy exceeding 50
GeV and the CMS rapidity between 0.11 and 2.18.
Some photons from secondary vertices down-
stream contaminate the data in the very-small-
P~ region, but this background has been elim-
inated statistically by requiring the measured
photon transverse momentum (Pr «) to be larger
than 200 Me V/c. After these corrections, the
photon/charged-particle ratio is estimated to
be 0.95 + 0.24. A maximum-likelihood analysis
assuming an exponential P~ distribution gives
(Pr~) =315~25+35 MeV/c for the observed
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FIQ. 3. The CMS pseudorapidity distribution of
charged particles in the Ca+ C event. Curves are the
same as in Fig. 1 except for the energy.

FIG. 2. Cascade development of the Si+ AgBr event.
The number N includes charged hadrons as well as
electrons; r.l. means radiation length. The curves
are from Monte Carlo simulations assuming the ob-
served rapidity distribution (solid curve) and the
multichain model (dotted curve), to which the assumed
average Pz„ is indicated.
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photons shown in Fig. 4. Thus, (P&,0& is ob-
tained to be 799 + 50 Me V/c, which is about 70~/p

higher than those obtained by proton events at
the CERN intersecting storage ring energies"
and, in the 10-100-TeV region, observed by
JACEE. ' Recent antiproton-proton (Pp) data at
150 TeV by the UA-1 group have confirmed that
the inclusive average P~, in nucleon interactions
does not exceed 420 MeV/c. " Most of the other
nucleus-nucleus events in the JACEE experiment
have (P~„o) around 400 MeV/c. ' No experimen-
tal biases responsible for a high average P~
have been found.

The observed multiplicities and pseudorapidity
distributions have been compared with superposi-
tion models of nucleon interactions, without con-
sideration of any subsequent phase transition.
The wounded-nucleon model (WNM) of Bialas,
Bleszynski, and Czyz' uses a linear superposi-
tion of meson production from wounded nucleons.
The multichain model {MCM) of Kinoshita, Mi-

naka, and Sumiyoshi' incorporates cumulative
superposition of each elementary collision in the

interacting nuclei. These model calculations re-
quire the rapidity density function for nucleon col-
lisions, which we have determined by an empiri-
cal formula using 1.8-TGV proton-proton data"
and 150-TeV Pp data. " The results are shown in

Table I (multiplicities) and in Figs. ], and 3

{pseudorapidity distributions). The observed
multiplicities differ by more than four standard

deviations from the values calculated by the
WNM. The MCM, on the other hand, exhibits
reasonably good agreement with the observed
multiplicities and rapidity distributions, except
in the fragmentation region. " However, if we
assume (Pz, )= 600 MeV/c, the MCM predictions
are reduced to 80/o of the values shown in Table
I and Figs. 1 and 3.

The local abundances in the fragmentation re-
gion of both the Si and Ca events may not be
negligible if one considers the possibility of
fragmentation fireballs, as predicted by Anishet-
ty, Koeler, and McLerran for quark matter
formation among the fragment nucleons. ' The
combination of fragmentation fireballs and the
reduced MCM with (P~„) =600 MeV/c can, in
fact, improve the fit to the observed rapidity dis-
tributions.

Finally, we estimate the energy densities of the
events in the central region by

e ~ ((Pr, )'+m, ')'~'~2 (dn/dq)/~R„'f, (3)

where m„and R~ represent the pion mass and

the radius of the colliding volume. At the ex-
pansion time of t=(1 fm)/c, Eq. (3) gives 4.0
+ 1.0 GeV/fm' and 4.5 + 1.1 GeV/fm' for the Si
and Ca events, respectively. Even if we use 0.4
GeV for the energy factor in Eq. {3), the energy
densities are 2.85 and 2.5 GeV/fm', respectively,
which obviously exceed the predicted critical
value of 0.6-1.5 GeV/fm' for quark-gluon decon-
finement. ' '

In summary, the two high-multiplicity events
favor the multichain model, but not the wounded-
nucleon model. Neither model explains such fea-
tures associated with the observed events as high
average transverse momentum and the particle
abundances in the fragmentation region. As the
energy densities of the events far exceed the
critical density, these features may be related
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TABLE I. Calculated multiplicities by ~NM and
MCM models. The symbols N and D denote the aver-
age and the dispersion of the charged multiplicity at
the impact parameter smaller than 2 fm.

Energy
Event type (TeV/nuc leon)

WNM MCM
N D K D
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FIG. 4. Differential transverse momentum distri-
bution of photons in the Ca+C event.

Si+Ag

Ca+ C

2

5
100
200

482 56 759 100
589 68 1020 110
399 70 779 166
449 77 923 194
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to the postulated quark matter formation. Fur-
ther study is needed to clarify whether there is
a real relationship between them.
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