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Possible evidence for fluctuations in the hadronic temperature
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We describe ways in which one can test the idea that the temperature parameter relevant for the
description of the thermal-like emission spectra observed in hadronic collisions is related to the very large
transverse relative acceleration that occurs between projectile and target in the course of these collisions
through kT = a/2m. As a consequence, the typical temperature should increase with a decrease in the
typical impact parameter, and also significant fluctuations should occur in the temperature, on an event-by-
event basis. We perform the first analysis of data to look for such fluctuations, and we find an indication
that they are present in antiproton annihilation reactions.

The idea has been presented' that the large
transverse relative acceleration a between pro-
jectile and target, which occurs in the course of a
high-energy hadronic collision, is connected with
the thermal emission" of particles at a temper-
ature given by AT=a/2v. A temperature kT-100
MeV corresponds to an acceleration a-3&&10"
km/sec'. Such enormous accelerations occur only
in the course of particle collisions because a sec-
ond is an extremely long time on the characteris-
tic time scale for strong interactions, ™10"sec.
As a direct consequence' of this hypothesis, an
average temperature is related to an average im-
pact parameter between projectile and target ac-
cording to (kT) 0-1/(5). This implies that in the
hypothetical collision of two particles with a much
smaller size than that of the usual projectiles and
targets (i.e., nucleons, pions, kaons), for example,
bound states of a heavy quark and antiquark with
size of order of 1/m„an order-of-magnitude in-
crease in the typical temperature would occur.
This increase would be roughly on the ratio of the
heavy-quark effective mass to that of the ordinary
light quarks. ' Another implication, which is more
readily tested by experiment, is that significant

fluctuatioes in the temperature parameter must
occur, event by event. Until now, ' analyses to
look for such fluctuations have not been per-
formed, although they can readily be performed
with much existing data on multiparticle produc-
tion. In this paper we discuss some possible
procedures for studying the event-by-event fluc-
tuations in the temperature parameter, and we
carry out such a study for the first time by apply-
ing one procedure to an analysis of 7650 events
involving antinucleon-nucleon annihilation into
pions. We find an indication that the dispersion of
the temperature parameter, event by event, is
significantly different from zero.

It is now established that inclusive single-parti-
cle transverse-momentum distributions nehr
center-of-mass rapidity y*-0, in particular for
pion production in pion-proton" and proton-pro-
ton collisions, ' are quantitatively well described
by the form7'8

~ exp [-P(Pr'+ m')"'],
d p~

where m is the mass of the particle and P defines
the temperature parameter in this thermal-emis-
sion form kT =P '. The most straightforward way
in which to look for event-by-event fluctuations in
this parameter is as follows. Take a given class
of events defined' by having n charged" pions mea-
sured in the central region (y*-0), where n is
sufficiently large so that. a transverse-momentum
distribution can be formed for each event. Fitting
each distribution to the form in Eq. (1), one ob-
tains a temperature parameter for each event. The
dispersion divided by the average for this param-
eter is then given by

(2)

where the averages are performed over all events.
Of course, added to this is a statistical Quctu-
ation, which can be isolated because it must go
down as 1/vn If essen.tially a single temperature
is relevant for all events, then a-1. If the tem-
perature fluctuates significantly, for examPle,
with impact parameter, the quantity in Eg. (2) can
be as large as the similar quantity for the impact
parameter if the production of a given class n re-
ceives significant contributions from many impact
parameters. " The dispersion (divided by the aver-
age) of the impact parameter can be obtained from
the standard impact-parameter resolution of the
inelastic cross section"; for example, for pp col-
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lisions it is about 0.5, which is about the same as
the dispersion divided by the average for the
charged-prong multiplicity distribution. " This
procedure for studying event-by-event fluctuations
requires a large sample of very-high-multiplicity
events (with say n»10). The study of such events
in this manner may become possible at the highest-
energy accelerators, in conjunction with the re-
fined detectors in operation. "

We have considered a second procedure for ex-
amining the question of Quctuations, one which can
readily be applied to much existing bubble-chamber
data. ' ' Consider again a given class of events
defined by having the transverse momentum mea-
sured for n charged pions (with y*-0). Compute

(
(c 1)'»

(x) &„vn (3)

where

the variable x = ( pr) for each event. Plot the
number of events N(x, } in some interval (x, —4}
&x&(x, +b, ) versus x, . Is this a broad curve?
Once again, the answer to this question may be
reached by calculating the quantity (8/(x)) from
averaging over all events, where D is the dis-
persion D =((x') —(x)'}'~'. If there is a single
temperature for all events, then one expects, with
neglect of all kinematic constraints on these cen-
tral pions, ' simply

f d'pr p r' exp [- p(pr' +m „')' '] f d' pr e xp[- p„(p r' + m, ')"']
&fd'pr pr exp[-p. (pr'+m. ')"']]'

4 K, ,(p„m)K„,(p„m)
Z, '(p„m „)

We have assumed that the measured single-pion
distribution within any class n will turn out to be
approximately described by a fit to the thermal
form

(4)

where P„' is the effective temperature parameter
for that class. " On the other hand, if there are
significant Quctuations in the temperature, event
by event, then Eq. (3) is changed to"

(
( )

(x) &„n
where a„=((T')/(T)')„. The quantity (a„—1) "
can thus be extracted from the data and is a mea-
sure of the temperature fluctuations (in the class
n). This may be compared with a similar quantity
for the impact parameter or, more directly, with
the dispersion divided by the average for the
charged-prong multiplicity distribution. " The
physical implication of Eq. (5) is clear: Events
with very large n have little fluctuation in the
average ( pr) unless the temperature fluctuates
significantly event by event.

We have applied a form of the above procedure
to an analysis of the temperature fluctuations in
several channels of pn annihilations to pions at
5.55 GeV/c. We obtain values for (a —1)'I' of
0.25-0.33. These can be compared with the dis-
persion divided by the average for the charged-
prong multiplicity distribution for pp annihilations
at 6.9 GeV, which has been estimated" to be 0.30
+0.05. We thus have an indication of significant

The temperature parameters" and y' are tsbu-
lated in Table I. The quality of the fits is general-

TABLE I. The reactions, number of events, effective
temperatures, and X per degree of freedom for pn an-
nihilations at 5.55 Ge7/c. kT is defined by dso/dsp*
o- exp(-[(P*} + m, ] /k T}.

Reactions
Number of

events k T (MeV) X2/DF

pn-"2 "'
Pn —~'2~-xo,
Xo» 2~o

pn -2r'3F
Pn —2x'3~-~o

Pn —a~'3~-X o,
Xo& 2~o

pn 3m+4m

Pn —3~'4~-~o

Pn -3~ /4~-xo,
Xo& 2~o

pn -~'X,
X= pions

392
1089

228
1348
4403

67
173
245

7645

291+ 22
156+ 6

235+ 15
174+ 2
1314 2

151+15
129+ 8
102 + 2

144+ 3

1.47
1.20

1.16
3.37
1.95

1.68
0.72 '

1.66

1.62

I

event-by-event fluctuations in the temperature. In
Table I, we list the reactions in which the charged-
pion momenta have been measured, "with the num-
ber of events. In these relatively low-energy an-
nihilation reactions, leading particle effects are
small and we have therefore fit the full center-of-
mass momentum distribution for a single charged
pion within each reactiori (class m) to the form
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ly good. With averages taken over all events with-
in a given class m, we calculate from the data the
quantity (D/(x&)„on the left side of Eq. (5), where
the variable x is now the mean magnitude of the
center-of-mass momentum for the measured (i.e.,
charged) pions in each event. These points are
shown as black circles in Fig. 1. Also shown, as
open circles, is

[i.e. , the quantity from Eq. (3)], as calculated
from the measured overall single-charged-pion
momentum distribution within each class m.
Clearly, for a class in which all the pions are
charged and hence measured, with neglect of the
pion mass the mean momentum is simply propor-
tional to the total energy and the dispersion D 0.
For a class in which one or more neutrals are not
measured, the approximate generalization of the
right side of Eq. (5) which takes account of energy
conservation only (and neglects the pion mass) in
a class m with n~ charged pions and n, =(ng —I,)
neutrals is

Here c„is determined by the fit P„ in Eq. (6),
similarly to Eq. (3),

m=(lI an )

FIG. 1. The variable x is the mean magnitude of the
center-of-mass momentum for the charged pions in each
event and D is the dispersion of this quantity, where the
averages are taken over aQ events in a given reaction
class. The interpolated curves labeled by n~ are the
Monte Carlo results described in the text when n~ charged
pions are measured with no=(m —n~ ) neutrals undetected.
The dashed curve is the Monte Carlo result for (c
—1)~~2+m. The black circles are the experimental
points and are labeled by n~. This label also applies to
the open circles (experimental) and open squares (de-
scribed in the text) appearing at the same value of m.

and a is the Quctuation parameter to be extracted
from the experimental data. The generalization in

Eq. (I) is best for large m and no. For most of
the range of temperature parameters tabulated in
Table I, (c„—1)"'-0.5 (Fig 1.); so for a„-1,

(D/(x) )„„(n,/n, )'~'(0.5/vn, )

[instead of Eq. (3)], with only the constraint of
approximate energy conservation. These points
are shown as open squares in Fig. 1. To estimate
the effect of the constraints of exact energy and
momentum conservation we have calculated inter-
polated curves for the quantity on the left side of
Eq. (V) from Monte Carlo events generated ac-
cording to Lorentz-invariant phase space. These
curves are shown in Fig. 1 labeled by the number
of measured charged pions. When this number is
the total number of pions in the reaction the dis-
persion approaches zero as expected. " Also, as
expected by the additional constraint of momentum
conservation, the Monte Carlo curves lie below
the open squares. From the Monte Carlo events
we have also calculated the quantity corresponding
to (c —1)' '/v m -0.5/~m, when n, are measured
and n, =(m —n „) are undetected, and the values
are given by the interpolated dashed curve in Fig.
1. From comparison with the open circles we see
that for this quantity, Lorentz-invariant phase
space fairly closely parallels the distributions in
Eq. (6). The effective value of n, has been esti-
mated" for the reactions with no«2. For the six
reactions with no«1, the experimental points 1ie
above the Monte Carlo curves. We are thus led to
calculate a value for the fluctuation parameter a„
for each reaction using the formula

(D/( &)x„' „l=[A„'a +(n /n )'(a„-1)]'~',

where A denotes the expected value when a -1
from the relevant Monte Carlo curve with exact
energy-momentum conservation. The calculated
values of a are given in Table II for each reac-
tion. But for the class with low charged multi-
plicity (n'"2m X'), where there has been the great-
est experimental difficulty'0 in, separating the an-
nihilation events, a signi;ficant event-by-event
fluctuation in the temperature is consistent with
the data. The quantity (a„—1)'I'-0.35-0.33 is
comparable to the dispersion divided by the aver-
age for the charged-prong multiplicity distribution
from annihilation events at a similar energy"
0.3 +0.05, and this latter quantity gives an esti-
mate of the dispersion divided by the average of
the impact parameter. "'" We consider this only
an initial indication that event-by-event Quctu-



1852 SAUL BARSHAY, H. BRAUÃ, J. P. GKRBKR, AND G. NIAURKR 21

TABLE II. The fluctuation parameter (a —1)~, where
a= ((T) /(T) ), for each reaction.

Reactions

pn —~+2m-mp

Pn -~ 2~-XP,
XP& 2vrP

Pn —2m'3~-m P

Pn —2~'3~-X P,
XP ~ 2rP

Pn —3~'4~-~P

Pn —3~'4~-X',
XP& 2~P

0.27+ 0.04
0.14+ 0.06

0.28 + 0.02
0.25 + 0.03

0.33 + 0.06
0.33 ~ 0.07

ations in the temperature parameter occur, be-
cause of the limited charged and neutral multipli-
cities, and the restrictive constraint of energy
conservation, in the annihilation reactions that we
have analyzed. In particular, the data points for"
n, =1 are largely consistent with Eq. (f) with a„=1
(Fig. 1). We have taken all of the measured
charged pions and have not cut on the data; part
of the fluctuation effect could be due to slight lead-
ing particle effects which are not of thermal ori-
gin. Finally, there is also the fact that annihila-
tion is probably a relatively small impact-param-
eter process with relatively little fluctuation in
impact parameter, as reflected in the small dis-
persion divided by average for the charged-prong
-multiplicity distribution, as compared to that for

pp collisions, for example.
We emphasize that, quite apart from the hypoth-

etical connection with impact parameter, possible
nonstatistical fluctuations in the temperature pa-
rameter on an event-by-event basis are worth
searching for. Event-by-event analyses of the
above type looking for fluctuations in the temper-
ature parameter can be carried out on much of the
existing moderate-energy bubble-chamber data. ' '
With current experiments at higher energies, sam-
ples of events" with very high multiplicities will
occur and the direct analysis of individual events
discussed before Eq. (2) may be possible. Clear-
ly, it would be valuable to perform such analyses
on reactions which are less phase spacelike than
antinucleon-nucleon annihilation into pions and to
select event samples of centrally produced pions in
these reactions. Such studies could give new in-
sight into the origin and nature of thermal-emis-
sion spectra in hadronic collisions, in particular,
concerning the possible applicability to particle
collisions of the general connection" between
temperature and thermal-like emission and ac-
celeration. " The possibility of attaining much
higher temperatures in certain types of collisions'
then follows.
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multiplicity given byes/( (p~) +m, ) ~t, as it is ob-
served in four- and one-constraint annihilation chan-
nels with ~=0 and 1, respectively.
The ambiguities in particle identification (t" and p)
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with nonannihilation channels is high.
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ing impact parameter. A good fit of the inclusive
pion transverse-momentum distribution in the central
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