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A concept of partition temperature is introduced in high-energy collisions. It is a natural
mathematical consequence of the Darwin-Fowler method, and neither requires nor implies thermal
equilibrium. A collision at a given incoming energy is described as an incoherent superposition of
collisions with different partition temperatures. Angular distributions are then presented for
Js = 540 GeV collisions.

PACS numbers: 13.85.Hd, 12.40.Ee

Description of model and concept of partition
temperature. —Chou and Yang' studied the distribution
of events in the 540-GeV pp collider having forward-
backward change multiplicities n~ and nz. It was
pointed out that the distribution with respect to
n = nz + n& is approximately Koba-Nielsen-Olesen
(KNO) and that with respect to Z = nF —nz is binomi-
al. This separation of the KNO aspect and the stochas-
tic aspect of multiparticle production processes gives
conceptually a lucid and attractive picture of such col-
lisions.

Assuming this separation to remain valid as n

it was emphasized by Chou and Yang that the distribu-
tion in the two-dimensional (nz/n ) —(n /ne) plane
would become more and more concentrated in a nar-
row region. For 540-GeV pp collisions this region is in
the form of an "ellipse" as shown in Fig. 1(a). When
n becomes large, it becomes thinner and eventually
collapses into a line segment [Fig. 1(b)]. This line
segment is a collection of points, at each of which
nz = nz and both nI; and nz fluctuate only to the ex-
tent of nt; (i.e. , like a stochastic distribution).

Accepting this picture for very high energies, we see
that for fixed nF, the distribution of ntt is stochastic
How then is the energy partitioned in the backward
hemisphere? This is the question that we want to con-
centrate on in the present paper.

We shall assume that the energy partition for each
hemisphere for a fixed z = (nt;+ ntt)/n is also stochas-
tic but subject to a number of conditions: (a) energy
conservation, (b) leading particles effect (there may be
more than one leading particle on each side), (c)
d3p/E probability for each particle, and (d)
transverse-momentum (p ~ ) cutoff factor g (p ~ ) . In
other words, the probability distribution for nonlead-
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FIG. 1. Schematic diagram showing forward-backward
multiplicity distribution at very high energies. (a) The con-
tour lines represent constant values of P (nF, ne )
= Q(n/n ) [2/(7m )' ]exp( —Z /4n) = 0.25, 0.50, and 0.75
[see Eq. (12) of Ref. 1] at Js = 540 GeV where n = 29.1.
(b) The same contour lines degenerate to straight lines for
extremely large n. For each collision, n~ = nF. The whole
phenomenon of particle production is then an incoherent su-
perposition of such collisions.

ing particles on each side will be taken as

5 ( +F-; —E h ) Q,. (d, /E; ) (,)

where Eo ———,
'

s, Eo(1 —h) = total energy of all leading
particles, and i = 1, 1, 2, . . . ranges over all the parti-
cles (positive, negative, and neutral) on one side
minus the leading particles. h is a parameter that
describes the fraction of Eo that fragments into parti-
cles in the central region. We surmise that (1) is very
similar to part of the Monte Carlo program of Alpgard
et al. at least in spirit.

Now the mathematical problem (1) is well known in
statistical mechanics as describing a microcanonical en-
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(2)

(4)

where K is a normalization constant, p,„=Eoh, and

semble .By the well-known Darwin-Fowler method the single-particle distribution of such an ensemble is given by
the canonical ensemble:

Probability = (d'p/E) g (p, ) «p( —E/T, )

where T~ wi11 be called the partition temperature.
540-GeV collisions A.—s Fig. 1(a) shows, at the 540-GeV pp collider, the distribution is still an ellipse. We shall

nevertheless test the validity of (2) at 540 GeV by evaluating the single-particle angular distribution from it. We
write for the pseudorapidity q,

q = cosh '(I/sin8), (3)

dn/ d 7i = 2m sin 0 (dn/d 0 ) = IC 27r sin 8Jf p2 ( dp/E) g (p sinH ) exp ( —E/ T~ ),

g(p sin0) = exp( —np sine).

We take o. to be equal to

n=2[(p ) ] =5.25 (GeV/c)-'.

(5)

Only pions are included in this calculation. See remark
(h) below. The angular distribution is evaluated from
(4) and compared with the results reported by Rush-
brooke. It is found that the curve for each multiplicity
n is well fitted by (4) for one value of T~. Figure 2

and Table I summarize these calculations. We em-
phasize that there are no adjustable parameters in this
computation, the cutoff n in (6) having been taken
from experiments concerning p~ distributions. The
parameter h and normalization constant K are both
determined from the curves themse1ves. If one takes
a Gaussian p~ distribution instead of (5), the fit to the
angular distribution is also good.

We conclude that the angular distribution (4) that
results from (2) is in excellent agreement with experi-
ment. It seems that (2) would give a complete
description of the single-particle momentum distribu-
tion for nonleading particles. It is, ho~ever, important
to experimentally test the two dimensional -distribution of
(2) directly by, for example, measuring the single particle-
momentum distribution at fixed angles

Remarks. —(a) The partition temperature T~ is a
parameter that controls the energy partition on one side
of the collision. %o thermal equilibrium is implied. This
is a very different concept from the temperature idea
for high-energy collisions used in previous theories. 8

For a colhsion with a large impact parameter (Fig.
3), the two shaded regions do not have much chance
of exchanging longitudinal momenta. Therefore,
these two areas tend to maintain their respective origi-
nal velocities in the center-of-mass system. One thus
expects the average energy per particle that results
from these to be large. That is, T~ should be large.
On the other hand, for small impact parameters b, the
two shaded regions of Fig. 3 are expected to exchange
a lot of longitudinal momenta, resulting in smaller
average energy per particle emitted and therefore
smaller T~. This qualitative expectation is borne out
by Table I.

(b) The parameter h is related to the "inelasticity"
used in cosmic-ray physics. Its defintion has always
involved great uncertainties conceptuaHy, because for
small 0 (large q) a single emitted particle can contri-
bute a very large energy and it is not clear whether one
should consider such particles as leading or not. With
the concept of T~, which is numerically determined
from the bulk of the lower q data, the parameter h can
be more accurately determined from (2) by integra-
tion.

(c) The angular distribution in Fig. 2 exhibits a

high-q cutoff and a va11ey at q = 0. These characteris-
tics can be understood as follows. If we put the emit-
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FIG. 2. dn/d7l vs g at Ws = 540 GeV. Curves are calcu-
lated from Eqs. (4)—(6). Data points are taken from Ref. 4.
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TABLE I. Parameters for inelastic collisions. n, b, which labels different multiplicity ranges is different from the true multi-
plicity by a factor of approximately 1.25 due to experimental corrections (see Ref. 5). The average values of the impact param-
eter are rough estimates based on Fig. 1 of Ref. 6.

&obs

Partition
temp.

Tp

(GeV)

Av. energy per
particle in

central region
(GeV)

Energy fraction
in central
region, h

KNO variable
z = n„i/n

Av. impact
parameter

b (r)
(approx. )

Norm.
constant

K (GeV) & cal

«71
51-70
41-50
31-40
21-30
11-20
~10

4.38
6.25
6.80
8.84

13.8
23.8

183

1.64
2.06
2.17
2.57
3.35
4.36
6.63

0.451
0.419
0.332
0.316
0.308
0.257
0.197

3.42
2.52
1.89
1.52
1.14
0.73
0.37

( 0.05
0.1

0.3
0.5
0.8
1.2
1.7

82.9
54.0
39.5
29.3
19.5
11.2
4.76

99.4
73.3
55.0
44.2
33.0
21.2
10.7
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FIG. 3. Schematic diagram for high-energy inelastic col-
lisions. The incoming hadrons are represented as extended
balls of quark-gluon matter, Lorentz-contracted. Their
unobstructed parts sail through to form leading particles.
The central region are emitted from the overlap (shaded) re-
gion.

ted particle's mass (m in our computation) to zero,
then the angular distribution becomes

dn/dq = 2m. K (o. + T~
' cosh')

This exhibits clearly the high-q cutoff which originates
from the exp( —E/T~) factor in (2). The valley at
q = 0 is a consequence of the fact that the integrand in
(4) decreases with increasing 0. Furthermore (7) also
shows that if m =0, the dn/dq versus q curve is
monotonically decreasing with increasing q, exhibiting
no va1ley at q = 0. That is, the valley is absent if
m = 0. It follows that the valley would deepen if one
takes into account the production of higher-mass parti-
cles such as the kaon.

(d) Because the distribution in Fig. 1(a) is not yet a
thin ellipse at 540 G-eV, both T~ and h should not be
expected to assume single values at a fixed z =n/n
But in Fig. 2 and Table I we ignore this fluctuation of
T~ and h.

(e) The Bloch-Nordsieck factor 1/E in d3p/E is
essential. If one deletes this factor from the integrand
in (4), the angular distribution is drastically changed
and would not resemble the experimental curves at all.

(f) In the model described above, illustrated in Fig.

3, for very high energies there is a parameter hF for
each collision which represents the fraction of the in-
coming forward hadron energy that fragments into
central region particles. There is also a similar hz
which is = hF. Notice the strong correlation between
h& and h+. There does not seem to exist experimental
information about this correlation. What has been
studied is a quantity xP'd for the leading forward pro-
ton defined by Basile et al. ' It is related to hF by

xF + hp ( 1p (8)
because there may be other leading particles beyond
the leading proton. Only when there are no other
leading particles, would the unequal sign in (8) be re-
placed by an equal sign.

(g) We have shown above that expression (2) gives
a good description of the single-particle spectrum.
While this expression was derived from (1), it does
not follow necessarily that (1) gives a good description
of the exclusive spectrum. In particular (1) implies
that the two-particle correlation for + —particles is
the same as that for + + particles, a conclusion that
may or may not be correct at Js ~ 540 GeV. It seems
to us that this is an important question to be studied exper-
imentally. Such study would resolve the question of
whether a cluster model" or the model described by
(1) above gives a better description of the two-particle
inclusive spectrum. (Both give a good description of
forward-backward asymmetry. ')

While (1) may or may not be modified because of
correlation studies, we emphasize that the concept of
partition temperature Tp will remain after any such modifi
cations: The concept of T~ originates in (i) the 5 func-
tion in (1) representing energy conservation, and (ii)
the Darwin-Fowler method of steepest descent. Both
clearly will survive any modifications of (1), and
exp( —E/T~) will always be one of' the factors of' the
single particle distributio-n for the nonleading particles.
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(h) It is known that the K/m ratio increases with
increasing energy. For any accurate fit with experi-
ments, the kaons will have to be included.

(i) We have made extrapolations of the angular dis-
tribution to higher energies. The results will be pub-
lished elsewhere. Also discussed there will be the rela-
tion between the ideas in the present paper and those
in earlier works on cosmic rays and high-energy phy-
sjcs.
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