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Percolation approach to quark-gluon plasma in high-energypp collisions
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~Received 26 January 2003; published 23 June 2003!

We apply continuum percolation to proton-proton collisions and look for the possible threshold to phase
transition from confined nuclear matter to quark-gluon plasma. Making the assumption thatJ/c suppression is
a good signal to the transition, we discuss this phenomenon forpp collisions, in the framework of a dual model
with strings.
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In recent years, high-energy heavy ion collision expe
ments have been trying to collect information on the poss
existence of the plasma of quarks and gluon~QGP!. One of
the strategies has been to look for differences in part
production between high density central heavy ion collisio
and low density ion collisions, nucleon-nucleus collision
and nucleon-nucleon collisions. At the CENR/SPS (As
'19 GeV), and now at Brookhaven/RHIC (As
'130–200 GeV), several important general results h
been obtained.

The charged particle density was found to increases w
energy and the number of participating nucleons. The a
age transverse momentum also increases with energy
particle density,̂ pT& increases as well with the mass of th
produced particle. Strangeness increases with energy
particle density@1#. All these results, naturally excluding th
dependence on the number of participants, are qualitati
similar to results obtained in nucleon-nucleon and nucle
nucleus collisions@2#. None of them, separately, can then
taken as clear evidence for the formation of the QGP.

On the other hand, the anomalous suppression of the
J/c over Drell-Yan production@3#, at a large associate
transverse energyET , has been widely accepted as a go
signal for QGP formation@4#. In fact, no such effect was
seen in lower density nucleus-nucleus, nucleon-nucleus
nucleon-nucleon collisions.

In this paper, we shall argue that if theJ/c suppression
has its origin in the creation of an extended color conduct
region, as in percolation, the same kind of suppress

should occur even in nucleon-nucleon (pp or pp̄) collisions
at high enough energy.

We shall work here in the framework of multicollisio
models, namely, the dual parton model~DPM! @5#, but try to
be as general as possible. The basic ideas are the follow
~1! nucleus-nucleus collisions can be built, in a nontriv
manner, from nucleon-nucleon collisions;~2! nucleon-
nucleon collisions occur with formation of intermedia
strings, 2 valence strings and 2k sea strings intermediat
strings,k>0 being a function of energy; and~3! sea strings
may fuse and percolate@6#, a process destroying naive add
tivity of elementary collisions.

*Also at Escola Secunda´ria da Ramada, Portugal.
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The key parameter in transverse plane string percola
is the dimensionless transverse densityh, with

h5
r s

2

R2
Ns , ~1!

wherer is the transverse radius of the string~we shall take
r 50.2 fm), R the radius of the interaction area, andNs the
number of strings. Percolation occurs, in theR→`, Ns
→` limit, for h>hc'1.15.

As fusion and percolation of strings also occur
nucleon-nucleon collisions it is clear that theJ/c over Drell-
Yan ~DY! ratio will be strongly affected ash approacheshc .
In the pp(pp̄) case~1! becomes

h5S r s

Rp
D 2

2k, ~2!

where Rp is the effective proton radius. As the observ
increase of particle densities with energy is mostly due to
increase in the number of formed strings,k is also an increas-
ing function of energy. Thush may reachhc and become
larger thanhc . This implies anomalousJ/c suppression.

Following previous work@6,7#, we treat fusion and per
colation of strings as a two dimensional continuum perco
tion problem @8#. We performed computer simulation b
throwingN disks~of radius 0.2 fm! into a uniform region~of
radius of order of the radius of the proton, 1 fm! and count-
ing the fraction of eventsf (h) with percolation. In theR
→`, N→` limit f (h) becomes a step function with a sha
change ath5hc . As r /R is not so small, finite size effect
are important, affecting mostly the slope~a! of the function
at hc , but the value ofhc itself. The computer simulation
results were fitted by the function

f ~h!5~11e2(h2hc)/a!21 ~3!

and the following values were found for the parametersa
50.166660.0067 andhc51.358460.0116~see Fig. 1!

Assuming now, as in Ref.@7#, that theJ/c production is
prevented in a plasma of color charges@4# and that such a
situation corresponds to percolation and creation of a la
conducting area@6# we obtain for theJ/c over Drell-Yan
ratio,

R~h!5K@12 f ~h!#5K@e(h2hc)/a11#21, ~4!
©2003 The American Physical Society03-1
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whereK'55 @9# is the value of the ratio at moderate energ
The problem now is simply the problem of relatingh to

As, Eq. ~2!. In other words, we need to obtain a reasona
estimate for the energy dependence ofk. This is what we
shall attempt now.

If in nucleus-nucleus collisionŝn& is the average numbe
of nucleon-nucleon collisions and 2k is the number of strings
per nucleon-nucleon collision, the average number of stri
Ns is given by

Ns5^n&2k. ~5!

In nucleon-nucleon collisionŝn&51 andNs52k. From
Eqs. ~1! and ~5! the condition for the percolation transition
in the case ofr /R!1, is

h5hc5S r

RD 2

^n&2k'1.15. ~6!

By interpreting the NA50 anomalousJ/c suppression a
As'19 GeV as the result of percolation, one can try to
timate the number of formed strings in nucleon-nucleon c
lisions. The basic information is that anomalous suppress
is absent in S-U central collisions, but it is present in Pb-
central collisions@3#. This means,hS-U,1.15 andhPb-Pb
.1.15.

At relatively low energy, it is known, from NA49 and
WA98, SPS experiments, that the number of nucle
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FIG. 1. Percolation probability as a function of the transve
dimensionless densityh for pp collisions geometry. The curv
shows the fit with Eq.~3!. We obtaina50.166660.0067 andhc

51.358460.0116.
06490
.

e

s

-
l-
n

b

-

-nucleon collisions in central nucleus-nucleus collisions
roughly ~see, for instance, Ref.@11#!,

^n&.1.5
Np

2
, ~7!

where Np is the number of participants in a centralAB,A
<B, collision,

Np.A2/3~A1/31B1/3!. ~8!

On the other hand,

R.A1/3 fm. ~9!

By using Eqs.~7!–~9! in Eq. ~6! we obtain, from S-U,

k~As.19!&1.7, ~10!

and, from Pb-Pb,

k~As.19!*1.6. ~11!

As we are not so confident of these estimates we shall
clude an error of the order of 15% and study the ratioJ/c
over DY in the range

1.4&k~As.19!&1.9. ~12!

If we look now at the charged particle densities
pp(pp̄) collisions, in the spirit of DPM, we have that pa
ticles are emitted from two kinds of strings: valence strin
(V), always 2 from valence quark interactions and shor
sea strings (S), from sea parton interactions, in a numb
growing with energy, 2k. The central charged particle den
sity is written as~see, for instance, Refs.@10,11#!,

dN

dy U
pp

52
dN

dy U
V

12k
dN

dyU
S

. ~13!

On the right-hand side of Eq.~13! we have both contri-
butions, fromV andS strings.

We assume thatdN/dyuV and dN/dyuS are constant
~‘‘Feynman scaling’’! and that the observed rise of the pl
teau is determined by the increase in the number of strin
i.e., by increase ofk. In the low energy limit,k→1, we thus
have Feynman scaling with, from data@11,12#,

dN

dy U
pp

→
k→0

2
dN

dyU
V

.1.4360.05. ~14!

In order to determine the energy dependence ofk we do
the following. Solve Eq.~13! for k,

e
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k5

dN

dy U
pp

22
dN

dy U
V

2
dN

dy U
S

~15!

with dN/dyuV fixed by Eq.~14! and using fordN/dyupp a
parametrization to thepp(pp̄) data@11#,

dN

dy U
pp

50.95710.0458 lnAs10.0494 ln2As. ~16!

The fit to dN/dyupp high-energy data forAs>20 GeV is
shown in Fig. 2. For each of the two limiting values
k(As'19), combined with the limiting values ofdN/dyuV
14, we adjust the constantdN/dyuS to obtain agreement with
Eq. ~12!. The energy dependence ofk is then fully deter-
mined by Eq.~15!.

In Fig. 3 we present theAs dependence ofJ/c over DY
ratio, Eqs.~4! and ~2!, for the two limiting values ofk. In
conclusion, we expect a fast drop ofJ/c over DY ratio in
pp(pp̄) collisions in the energy range 200&As
&2000 GeV/nucleon. These are energies of RIHC, Te
tron, and LHC.

Our work can be criticized from several different points
view.

~1! The J/c over DY ratio is also affected by interna
absorption and, as the number of strings increases with
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FIG. 2. Pseudorapidity density as a function of c.m. energy. T
solid line represents parametrization used to fit the data.
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ergy, absorption makes the ratio continuously decrease
energy. This effect was not included, but it should be le
dramatic then percolation.

~2! As charm production probability increases with ener
the J/c over DY ratio should have a tendency to increa
with energy. This correction was also not included. O
should, perhaps, in future consider the ratioJ/c over cc̄
production as the reference quantity.

~3! As in pp(pp̄) collisions the interaction radius in
creases with energy andh;1/R2, the percolation transition
taking into account this effect, will tend to occur at high
values of energy.

~4! The model is a purely soft model and hard effec
related to the increase of^pT& and changes in multiplicities
were not included. These effects can be accounted for w
fusion of strings, but were not considered here. They
being studied now.

~5! Nonuniform distributions in impact parameter~such as
Gaussian distributions! give rise to an increase ofhc ~see last
paper in Ref.@6#!, and consequently the percolation tran
tion will tend to be displaced to higher energy.

~6! One may question the validity of continuum percol
tion arguments when the ratior /R is so large,r /R.1/5.
Technically there is no problem, but we are not sure of
validity of the treatment.

While finishing this paper we became aware of the wo
of Alexopouloset al. @13# dealing with evidence for decon
finement at Tevatron (As51.8 TeV).

We would like to thank Roberto Ugoccioni for help a
several stages in this work.

e
FIG. 3. The ratio ofJ/c to Drell-Yan events as a function o

c.m. energy inpp collisions.
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