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pT fluctuations in high-energy p-p and A-A collisions
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The event-by-eventpT fluctuations in proton-proton and central Pb-Pb collisions, which have been experi-
mentally studied by means of the so-calledF measure, are analyzed. The contribution due to the correlation
that couples the averagepT to the event multiplicity is computed. The correlation appears to be far too weak
to explain the preliminary experimental value ofF(pT) in p-p interactions. The significance of the result is
discussed.
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I. INTRODUCTION

The transverse momentum fluctuations in proton-pro
and central Pb-Pb collisions at 158 GeV per nucleon h
been recently measured@1# on event-by-event basis. T
eliminate trivial ‘‘geometrical’’ fluctuations due to an impa
parameter variation the so-calledF measure@2# has been
used.F is constructed in such a way that it is exactly t
same for nucleon-nucleon (N-N) and nucleus-nucleus (A-A)
collisions if the A-A collision is a simple superposition o
N-N interactions. Consequently,F is independent of the
centrality ofA-A collision in such a case. On the other han
F equals zero when the interparticle correlations are enti
absent. A critical analysis of theF measure can be found i
@3,4#. For the central Pb-Pb collisions, value ofF(pT) mea-
sured in the laboratory rapidity window~4.0, 5.5! equals
4.661.5 MeV @1#. Preliminary result for proton-proton in
teractions in the same acceptance is 561 MeV @1#. Al-
though the two values are close to each other the me
nisms behind them seem to be very different. It has b
shown@1# that the correlations, which are of a short range
the momentum space as those due to the Bose-Einstein
tistics, are responsible for the positive value ofF(pT) in the
central Pb-Pb collisions. When the short range correlati
are excludedF(pT) is reduced to 0.661 MeV @1#. Our cal-
culations have indeed demonstrated@5,6# that the effect of
Bose statistics of pions modified by the hadron resonan
fully explains the observedF(pT) in the central Pb-Pb col
lisions. On the other hand, the short range correlations h
been experimentally shown@1# to provide a negligible con-
tribution to thepT fluctuations in thep-p interactions. Thus,
the data suggest that the dynamical long range correlat
are reduced in the central Pb-Pb collisions~when compared
to p-p) with the short range due to the Bose statistics be
amplified. The former feature is a natural consequence of
system evolution towards the thermodynamic equilibriu
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The amplification of the quantum statistics effect resu
from an increased particle population in the final state ph
space. Since various dynamical correlations contribute
F(pT) a question emerges, what is the dynamical correlat
in the nucleon-nucleon interactions that appear to be was
out in the central nucleus-nucleus collisions. The aim of t
paper is to discuss the question.

The average transverse momentum^pT&, which is mea-
sured at a given multiplicityN, is known to depend onN in
proton-proton collisions@7#. The correlation is negative fo
the collision energies below, say,As550 GeV and positive
for the higher energies. At a beam energy of 205 GeV (As
519.7 GeV), which is very close to that of the NA49 me
surement@1#, ^pT& significantly decreases withN @8#. The
data are shown in Fig. 1, where we have merged the res
for positive and negative particles. As already discussed
Ref. @2#, the correlation that coupleŝpT& to N leads to

FIG. 1. Average transverse momentum as a function of char
particle multiplicity in nondiffractivep-p collisions at 205 GeV.
The data are taken from Ref.@8#. The line corresponds tôN&
56.56, T5167 MeV andDT51.25 MeV, see the text for the
parameter’s meaning.
©2001 The American Physical Society06-1
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F(pT).0. Here, we computeF(pT) as a function of the
correlation strength. Analytical and numerical results are p
sented. The effect of the finite acceptance is studied
comparison with the experimental data is performed.

II. ANALYTICAL CALCULATION

Let us first introduce theF measure. One defines a singl

particle variablez5
def

x2 x̄ with the overline denoting averag
ing over a single particle inclusive distribution. Here, w
identify x with the particle transverse momentum. The ev
variableZ, which is a multiparticle analog ofz, is defined as

Z5
def

( i 51
N (xi2 x̄), where the summation runs over particl

from a given event. By construction,^Z&50 where ^¯&
represents averaging over events. Finally, theF measure is
defined in the following way:

F5
defA^Z2&

^N&
2Az̄2 .

The correlation̂ pT& vs N is introduced to our model cal
culations through the multiplicity dependent temperature
slope parameter ofpT distribution. Specifically, the single
particle transverse momentum distribution in the events
multiplicity N is chosen in the form suggested by the therm
model, i.e.,

P(N)~pT!;pT expF2
Am21pT

2

TN
G , ~1!

where m is the particle mass whileTN is the multiplicity
dependent temperature defined as

TN5T1DT~^N&2N!

with DT controlling the correlation strength. ForN5^N&
one getsTN5T. The inclusive transverse momentum dist
bution, which determinesz25pT

22(pT)2 , reads

Pincl~pT!5
1

^N&(N PNNP(N)~pT! ,

wherePN is the multiplicity distribution.
The N-particle transverse momentum distribution in t

events of multiplicityN is assumed to be theN product of
P(N)(pT). Therefore, all interparticle correlations differe
than^pT& vs N are entirely neglected. Then, one easily fin

^Z2&5(
N

PNE
0

`

dpT
1
¯E

0

`

dpT
N~pT

11•••1pT
N2NpT!2

3P(N)~pT
1! ¯P(N)~pT

N!.

Assuming that the particles are massless and the cor
tion is weak, i.e.,T@DT(^N2&2^N&2)1/2 the calculation of
F can be performed analytically. The results read
05490
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^Z2&

^N&
52T224

TDT

^N&
~^N2&2^N&2!12

DT2

^N&3~2^N4&^N&2

24^N3&^N2&^N&1^N3&^N&222^N2&^N&312^N2&3

1^N&5!,

z252T224
TDT

^N&
~^N2&2^N&2!12

DT2

^N&2~3^N3&^N&22^N2&

3^N&21^N&422^N2&2!,

F~pT!5A2
DT2

T^N&3~^N4&^N&222^N3&^N2&^N&2^N3&^N&2

1^N2&31^N2&2^N&!, ~2!

where terms of the third and higher powers ofDT have been
neglected. One observes that the lowest nonvanishing co
bution toF is of the second order inDT. The above formu-
las are much simplified for the Poisson multiplicity distrib
tion. Then, one finds

^Z2&

^N&
52T224TDT12DT2~2^N&215^N&11!,

z252T224TDT12DT2~3^N&11!,

F~pT!5A2
DT2

T
~^N&21^N&!.

The multiplicity distribution of charged particles pro
duced in high energy proton-proton collisions is, of cour
not Poissonian. First of all, the number of charged particle
always even due to the charge conservation. The multipli
distribution of positive~or negative! particles is also not
Poissonian—the dispersion does not grow asA^N& but it
follows the so-called Wro´blewski formula@10#, i.e., the dis-
persion is the linear function of^N&. However, for the aver-
age multiplicities as low as those discussed here the Poi
distribution provides a reasonable approximation. Therefo
the multiplicity distribution, which is further used in our ca
culation, is Poissonian for negative pions with the number
positive pions being exactly equal to that of negative char
Thus, the charge conservation is satisfied in every event.
such a multiplicity distributionF(pT), which is given by
approximate Eq.~2!, reads

F~pT!52A2
DT2

T
~^N&213^N&!. ~3!

III. NUMERICAL SIMULATION

The results from the preceding section are instructive
the adopted approximations are very rough. So, let us pre
more realistic Monte Carlo calculations that can be co
fronted with the experimental data@1#. The proton-proton
collisions are simulated event by event in the following wa
For every event we first generate the multiplicity of negat
particles from the Poisson distribution and then add the eq
6-2
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number of positive particles. The average multiplicity
negative particles has been taken as^N2&53.28 that is the
experimentally observed negative multiplicity in nondiffra
tive proton-proton interactions at 205 GeV@9#. This is the
collision energy corresponding to the data from Fig. 1. F
ther, we attribute the transverse momentum from the dis
bution ~1! to each particle assuming that all particles a
pions. The numerical values of the temperature and corr
tion strength have been found fitting the data@8# shown in
Fig. 1. We have gotT516761.5 MeV and DT51.25
60.25 for charged particle multiplicitŷN&52^N2&56.56.

Due to the particle registration inefficiency and finite d
tector coverage of the final state phase space, only a frac
of particles produced in high-energy collisions is usually o
served in the experimental studies. As an input to our mo
calculations we have taken the^pT&2N correlation observed
in the full phase space. The rapidity, which determines
acceptance domain, is not considered at all. Therefore, t
is no difference whether a particle is lost due to the limit
acceptance or due to the tracking inefficiency. Our Mo
Carlo simulation takes into account the two effects in suc
way that each generated particle—positive or nega
pion—is registered with the probabilityp and rejected with
(12p). Below, we further discuss the procedure in the co
text of NA49 data@1#. The results of our simulation ar
collected in Fig. 2, whereF(pT) as a function ofDT for
several values ofp is shown. We have checked that our sim
lation fully reproduces the results from@2#, where only nega-
tive particles in the full acceptance have been studied.

As seen in Fig. 2,F(pT) grows quadratically withDT in
agreement with the approximate Eq.~3!. The increase of
F(pT) with p also follows from Eq.~3!. Indeed, when a
particle is detected with the probabilityp the temperature
dispersion effectively decreases and the multiplicity^N&
should be replaced byp^N& in Eq. ~3!. Consequently,F(pT)
grows quadratically with the observed particle multiplici
and the correlation, which is easily observable in the f
phase space, is hardly seen in an acceptance as small as
This behavior is very different than that found in Refs.@5,6#

FIG. 2. F(pT) as a function of the correlation strengthDT for
several values of the acceptance probabilityp.
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whereF(pT) due to the Bose-Einstein correlations has be
computed. Then,F(pT) is independent of the particle mu
tiplicity.

The NA49 measurement ofF(pT) in proton-proton col-
lisions has been performed in the transverse momentum
pion rapidity intervals~0.005, 1.5! GeV and~4.0, 5.5!, re-
spectively @1#. Only about 20% of all produced particle
have been observed. Our simulation givesF(pT)50.41
60.07 MeV for the values ofDT51.25 MeV andp50.2
that are adequate for the NA49 measurement. Thus, the
oretical result significantly underestimates the prelimina
experimental one that is, as already noted,F(pT)55
61 MeV @1#.

One wonders whether the discrepancy is not caused
our highly simplified procedure of taking into account th
effect of finite acceptance. We first note that the rapid
coverage of the NA49 measurement that is~4.0, 5.5! in the
laboratory translates~1.1, 2.6! in the center-of-mass frame
Therefore, the observed pions are not far from the very c
tral rapidity region. Since most of pions originate from th
domain the average characteristics of all pions and that of
central ones are expected to be similar to each other. Ind
the data from@8# show that̂ pT& for all pions and those from
the central region are essentially the same. Therefore,
correlation strength parameterDT51.25 MeV, which corre-
sponds to thêpT&2N correlation averaged over full phas
space, seems to be applicable not only to all pions but to
central ones as well. One further notes that^pT& shown in@8#
changes with the rapidity similarly for differentN. Conse-
quently, the correlation̂pT& vs N only weakly varies withy
and it is hard to expect that the correlation strength obser
in the NA49 acceptance domain is significantly larger th
that averaged over the whole phase space. The data@8# sug-
gests rather the opposite effect. Therefore, we conclude
our simplified procedure cannot distort the results dram
cally and that the correlation̂pT& vs N does not explain the
NA49 p-p preliminary data.

As already mentioned,F is constructed is such a way tha
it is exactly the same for nucleon-nucleon and nucle
nucleus collisions if the latter is a simple superposition
former ones. Therefore,F(pT) shown in Fig. 2 holds for
nucleus-nucleus when all secondary interactions are
glected. Since our model neglects the Bose-Einstein corr
tions it can be compared with the NA49 data for the cen
Pb-Pb collisions when the short range correlations are
cluded. In such a case, our resultF(pT)50.4160.07 MeV
for DT51.25 MeV andp50.2 appears to be compatibl
with the experimental valueF(pT)50.661 MeV @1#. The
smallness ofF(pT) reported by NA49 collaboration is the
not surprising at all. As follows from Fig. 2 it is caused b
the limited acceptance. However, it is premature to draw
conclusion aboutpT correlations in Pb-Pb collisions until th
origin of F(pT) p-p interactions is not explained.

IV. CONCLUDING REMARKS

We have studied how a correlation, which couples
averagepT to the event multiplicity, influences the transver
momentum fluctuations observed by means of theF mea-
6-3
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sure. An approximate analytical formula has been deri
and then a numerical simulation has been performed.
effect of the finite detector acceptance has been taken
account. The procedure is highly simplified but it seems
be adequate for the NA49 data. It has been shown that
effect of the correlation̂pT& vs N is very weak if the par-
ticles from the small acceptance region are studied. Co
quently, the correlation is far too weak to explain the prelim
nary experimental value ofF(pT) in proton-proton
collisions @1#. If the preliminary data is confirmed by th
final analysis one should look for other sources of dynam
pT fluctuations. The effect of the conservation laws presu
ably plays no role in the acceptance as small as 20%.
decays of hadron resonances that strongly correlate the
menta of decay products might be important. However,
hadron resonances are present in proton-proton and nuc
nucleus collisions as well. Consequently, the reported red
tion of long range dynamical correlations in the cent
;
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Pb-Pb collisions when compared top-p @1# remains unex-
plained. The situation is much simpler if preliminary data
F(pT) in proton-proton collision@1# overestimates the rea
value. Then,F(pT) from p-p and central Pb-Pb are close
each other. There is also no conflict between our calculati
and the experimental data. However, one cannot conc
that the long range correlations present in the proton-pro
interactions are washed out in the central heavy-ion co
sions. The problem obviously needs further experimental
theoretical studies. In particular, the data on proton-pro
and nucleus-nucleus collisions from an enlarged accepta
are needed.
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