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Recent Status in the Search for the Quark-Gluon Plasma 

Cheuk-Yin Wong 

Oak Ridge National Laboratory, Oak Ridge, TN 37831 

Abstract 
We review recent experimental results in the search for the quark-gluon 
plasma. Because the magnitudes of many signals for the plasma are directly 
proportional to the reaction cross sections, we examine the corrections to the 
commonly used lowest-order cross sections. We find that the corrections are 
often significant and should be properly taken into account. We also suggest 
the use of dileptons and photons with large transverse momenta as a means 
to study the boundary of the quark-gluon plasma. 

I Introduction 

The search for the quark-gluon plasma proceeds through two main 
ways [1,2]. In the first method, one uses the reaction products of 
the constituents in the quark-gluon plasma in order to reveal the 
dynamical states of the plasma. Dilepton production [3], photon 
production [4], and strangeness production [5] in the plasma are some 
of the reactions one uses in the search for the quark-gluon plasma. In 
the second method, one takes the advantage of some of the special 
properties of the quark-gluon plasma to reveal its presence. For 
example, one can study the medium effect of the plasma on heavy-
quark systems leading to the suppression of J/ijj [6], the effect of the 
mixed phase on the masses and widths of mesons [7], the strangeness 
content of the plasma [5], and the dynamics of the mixed phase on 
the lifetime and the sizes of the evolving system [8]. I shall review 
some of the latest results in the search for the quark-gluon plasma. 

Some of the signals for the quark-gluon plasma depend on the 
reaction cross sections of q, q and gluons, which are often estimated by 
using the lowest-order Feynman diagrams. It is of interest to discuss 
the corrections to the lowest-order results, which can be significantly 
large [9]. The signals for the detection of the plasma depend also on 
the momentum distributions of the constituents, which are affected by 
the presence of the boundary of the plasma. We suggest experimental 
investigations to probe the detailed features of the constituent trans
verse momentum distributions to reveal the presence of the boundary 
and the possible existence of the quark-gluon plasma [10]. 
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II. Recent Experimental Results 

Dileptons produced by the reactions of the constituents of a quark-
gluon plasma are not likely to suffer further collisions before reaching 
the detectors. Therefore, they carry information on the momentum 
distributions of the constituents of the quark-gluon plasma [3]. The 
presence of the quark-gluon plasma also leads to the screening of 
the interaction between the constituents c and c of a J/ip particle, 
and gives rise to Jjif) suppression [6]. Dilepton production has been 
utilized to probe the possible existence of the quark-gluon plasma. 

M (GeV/c*) 

Fig. 1 Dinmon invariant mass distribution in the p+W collision at 200A 
GeV from the NA38 Collaboration [11]. The dashed curve is the Drell-Yan 
contribution, the dash-dot curve the open charm contribution, and the solid 
curve is the total distribution, including J/tp and ip'. 

Experimental investigations to study dilepton and J/ip production 
with high-energy heavy-ion beams have been carried out by the NA38 
and the HELIOS/3 Collaborations at CERN [11-13]. The spectra 
of fi+n~ pairs for p + W and S+U at 200,4 GeV from the NA38 
Collaboration are displayed in Figs. 1 and 2. The J/ip resonance shows 
up as a peak of /U +/x - pair at M M + M - ~ 3.1 GeV. The NA38 data [11] 
indicate that in p + W collisions, the continuum dilepton distribution 
can be accounted for by the Drell-Yan process and the open charm 
production. However, data from NA38 and HELIOS/3 Collaborations 
indicate that in S+U collisions, there are excess dileptons at about 2 
GeV if one adopts a 'linear' interpolation from NN collisions to S+U 
collisions. The excess dilepton has the same spectral shape as those 
from open charm production, but in excess by a factor of about 2 [11]. 

In events when many DD pairs may be simultaneously produced 
in a nucleus-nucleus collision at high energies, combinations of open 
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Fig. 2 Dimuon invariant mass distribution in S+U collision at 200A GeV 
from the NA38 Collaboration [111. Note the excess dilepton yield at ~2 
GeV. 

charm pairs from different nucleon-nucleon collisions give a correction 
to the simple linear interpolation. Experimental dilepton yields in
clude the possibility that a detected n+~ii~ pair comes from a D and 
a D which can originate from one NN collision or from two different 
NN collisions. In an event withjrc £).D-producing nucleon-nucleon 
collisions, the number of D and D pairs is n2. As a result, for the 
collision of nuclei A and B a t an impact parameter 6, the probability 
for the production of a DD pair is 

AB 
tAB V ^ „ 2 / •r i" t-' \ r/n/L\ _J\nVinri mn.\ „NN-\AB-
DD = E "2 (if) F(«]"[! - IWoSff]-

n = l ^ ' 

-n (2.1) 

where T(b) is the thickness function, and <j%£ is the nucleon-nucleon 
cross section for the production of a DD pair. When we carry out the 
summation, by following the steps of page 256 of Ref. [2], we obtain 

P £ J = ABT(b)a%% + AB(AB - l ) { T ( 6 ) < £ } 2 . (2.2) 
By an integration over the impact parameter b, we obtain 

AB _ A D^iVA 
'DD DD I + (AB - l)f<r»£ (2.3) 

where T = J db[T(b)]2 . When we use a sharp-cut-off thickness func
tion we have 

AB _ A n^NN 
°DD - AB(JDD l + 

*(AB-l)„N 

8TTR2 

aDD (2.4) 
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where R = r 0 ( ^ 1 / 3 + £ 1 / 3 ) . If we assume that each of these DD 
pairs lead approximately to the same / / + / i ~ distribution as in a single 
nucleon-nucleon collision, then the above equation leads to 

<*ADT)) _ , , %AB-l) N N 

ABaX-(DD) ~ + SrriJ^ " " » • (Z-b) 

The second term on the righthand side is the correction to the linear 
interpolation. One can follow the same arguments to find the correc
tion to the linear interpolation for dilepton production through the 
Drell-Yan process. We can show similarly that 

<r*£,_(Drell-Yan) 9(AB-1) MAT 

If the excess dileptons come from the initial state production, then 
from Eq. (2.5), an assumed effective cross section a^^ for 
nucleus-nucleus collision of about 450 //b leads to the ratio 
ap™ _(DD)/ABaftT (DD) of 1.05, while the corresponding ratio 
as? -.(DD)/ABaN?JDD) for S+U is 1.97. It appears that, phe-

AT AT 

nomenologically, a large effective c r ^ can explain the excess dilepton 
production in S-t-U collisions. However, at 200 GeV, theoretical es
timates give (jpj? = 8 ± 1 /xb [11], and at 800 GeV, experimental 
data give a%g = 38 ± 7(stat.) ± 14(sys.) fib [14]. Thus, the origin of 
the anomalously large effective cr^^ cross section in nucleus-nucleus 
collisions is not known and the hypothesis needs to be further tested 
by more experiments. 

It has been alternatively suggested that the excess production of 
dimuons arises in from reactions which occur in a slowly-evolving 
system in the 'mixed phase' of hadrons and quark-gkuon plasma [16]. 
How the slow evolution of the mixed phase can come from a dynamical 
description remains to be demonstrated quantitatively. The long life 
time in the mixed phase should also show up in pion interferometry 
measurements. 

Analysis of the dilepton data is further complicated by the fact that 
there is a large fraction of muons of the same sign [15] in the collision 
of S+W at 200A GeV which indicates that there are large numbers of 
muons from other processes such as ir and K decays. The accidental 
coincidence of a fi+ from an open charm particle with a fx~ from -K 
and K decays may also contribute to the dilepton yield. A careful 
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background elimination will reveal whether the dilepton excess at ~2 
GeV is a genuine dynamical effect. Furthermore, we expect more 
final-state interactions of J/tp with hadrons in an S+U collision than 
in a p+W collision. The additional final-state interactions which lead 
to a greater J/ip suppression will contribute to additional dilepton 
production in another invariant mass region. It is clear that much 
more work needs to be done to clarify the situation on the excess 
dilepton production in nucleus-nucleus collisions. 
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Fig. 3 The product of the branching ratio B and o-fP,, divided by AB, 
as a function of the effective J/ij) path length LA + LB, (see Ref. [2]). The 
data are from Ref. [12,22-24], 

In the case of J/tp production, it is observed that the J/if> yield 
is more suppressed as the impact parameter decreases, ana as the 
nuclear size increases, and I{J' is more suppressed compared to Jji\) [11-
13]. The initial finding of a J ftp suppression, relative to the continuum 
background, provided much initial excitement. However, the observed 
J/ip suppression can be explained in terms of an absorption of J/ip 
as it (or its predecessor) traverses through the hadron matter in the 
collision region [17-21]. Because of this absorption, the logarithm of 
the yield of J/'tj) particles as a function of the nuclear path length 
should exhibit a linear dependence. Such a behavior is indeed found 
experimentally for nucleus-nucleus collisions, as shown in Fig. 3 where 
the solid curve is obtained with a J/^-nucleon absorption cross section 
of 5.2 mb [2]. 
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With regard to the production of if;', which has a greater mean 
radius than J/ip, we expect a greater absorption of ip' as compared to 
J/ip, as ip' (or its predecessor) traverses through the hadron matter. 
On the other hand, recent data from the E772 Collaboration reported 
by Peng in this Symposium [25] shows that ift' is suppressed equally 
as ip in pA collisions. The resolution of the different characteristics in 
pA and AA collisions requires further experimental investigations. 

Just as leptons, photons produced by the reactions of the con
stituents of the quark-gluon plasma are not likely to suffer further 
collisions before reaching the detectors. Therefore, they carry in
formation on the momentum distributions of the constituents of the 
quark-gluon plasma [4,2]. Photons are also produced by the interac
tion of hadrons. Furthermore, in high-energy heavy-ion collisions, a 
large number of neutral mesons, such as ir° and 77, are produced by soft 
QCD processes. The produced TC° and 77 decay into two photons with 
a branching ratio of 98.8% and 38.9% respectively. As a consequence, 
7r° and rj particles are copious sources of photons and they lead to 
photons with a large spread in energy because of the broad rapidity 
distribution of the produced hadrons. 

The number of photons arising from hadron decays is greater than 
the number of photons arising from other photon sources of interest 
by 1 to 2 orders of magnitude. It is an experimental challenge to 
separate out the photon yields into a part arising from the decays 
of produced hadrons, and the other part arising from the interaction 
between various constituents of the colliding matter or of the created 
matter. 

Experiments to measure the photon yields in high-energy heavy-
ion collisions have been carried out at CERN by the WA80/WA93 
Collaboration [26]-[28] and by the NA45(CERES) Collaboration [29]. 
The WA80 Collaboration employs the 'direct' method in which 3,800 
lead-glass calorimeter modules covering the pseudorapidity 
range 2.1 < 77 < 2.9 are used to detect photons in nucleus-nucleus 
collisions. Preliminary results from the WA80 Collaboration for S+Au 
collisions at 200A GeV indicate that, while there does not appear to be 
any excess of photons above the meson-decay background in periph
eral events, an excess of photons above the meson decay background 
is observed in central collisions for px < 2 GeV, with an experimental 
error of 5.8-7.9% [28], as shown in Fig. 4. The transverse momentum 
distribution of the single photons is characterized by a temperature of 
180-200 MeV, to be compared with the TT° temperature of about 210 
MeV [27]. The results are preliminary and an independent re-analysis 
will be carried out as a check. 

The NA45(CERES) Collaboration [29] measures photon yields by 
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Fig. 4 The preliminary photon distribution in S+U at 200A GeV from the WA80 
Collaboration. 

the 'conversion' method. In this method, the target is used as a 
converter so that a produced photon is converted into an electron and 
a positron whose momenta are subsequently measured by a Cerenkov 
ring imaging electron spectrometer. Preliminary results for central 
collision of S on Au at 200A GeV show that, within the experimental 
systematic error of 11%, there is no evidence for an excess of photons 
above the meson decay background [29]. Further work on the data 
analysis is in progress in order to narrow down the experimental 
uncertainties. 

The WA80 data of photon production has been analyzed by two 
different groups with completely different conclusions. Shuryak and 
Xiong [16] claimed that with the conventional expansion scenario 
using the rapidity density dN/dy to estimate the energy density and 
the time needed to reach the freezeout density, the absolute yields 
are significantly smaller than the experimental ones. They propose 
that the system stays in the mixed state for a long time, leading to 
the production of a large numbers of photons and dileptons. Srivas-
tava and Sinha [30] studied the same problem and concluded that 
photon spectrum can be described well by a thermalized quark-gluon 
plasma which is formed initially, expands, cools in the mixed phase, 

7 



hadronizes and undergoes a freeze out. Much more work remains to 
be done to resolve the different theoretical descriptions. 

We turn now to the question of strangeness production as a probe 
of the quark-gluon plasma [5]. Strangeness is enhanced in hadron 
matter in chemical equilibrium, and is also enhanced to a greater 
degree in quark-gluon plasma in chemical equilibrium. Experiments 
to study strangeness production in high-energy heavy-ion collisions 
have been carried out by many groups: E802 [31-33], and E810 [34] 
at BNL, and NA34 [35], NA35 [36,37], NA38 [38] and WA85 [39] at 
CERN. We shall discuss some oi the most notable results from these 
investigations. 
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Fig. 5 The ratios (a) K+fir~ and (b) K~/TT~ as a function of rapidity 
in the laboratory system for various projectile and target combinations at 
14.6A GeV. The data are from the E802 Collaboration [31-33]. 

As the mass numbers of the colliding nuclei increase, the number 
of produced pions and kaons increase. However, the number of K+ 

increases more rapidly than the number of ir+ while the number of 
K~ increases only very slightly faster than the number of ir~. Figs. 
5a and 5b show the K+/TT+ and K~ /TT~ ratios for p-f-Be, p+Au and 
Si+Au collisions at 14.6A GeV from the E802 Collaboration. The 
data indicate that the K+/ir+ ratio for p + 9 B e is about 0.08 over 
a large range of rapidity. The K+/TT+ ratio is much enhanced for 
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p+Au and for Si+Au. The enhancement is greater in the lower 
rapidity region as compared to the higher rapidity region. For the 
same target nucleus, the enhancement increases as the mass of the 
projectile increases. 

Fig. 5b shows the K~/ir~ ratio for various projectile and target 
combinations as a function of rapidity. The K~ /ir~ ratio is not much 
enhanced for p-Au. collisions, and is only slightly increased for Si+Au 
collisions. Because the yield of TT~ is only slightly different from the 
yield of 7r +, the data in Fig. 5b show that the yield of K+ is quite 
different from the yield of K~ in nucleus-nucleus collisions. It is also 
observed that the K+/TT+ ratio increase as a function of transverse 
energy, indicating that the greater the degree of overlap of the two 
nuclei, the greater is the ratio K+/ir+ [31-33]. 

The results of the above figures may at first be interpreted as 
the possible production of the quark-gluon plasma with an enhanced 
content of strange quarks and antiquarks. In a quark-gluon plasma 
with a net baryon content, the plasma is rich in u and d quarks, 
and depleted in u and d, with the density of s and s intermediate 
in between. In this environment of a dense baryon-rich quark-gluon 
plasma, which may occur in collisions in the stopping energy regime, 
it is likely for the s quark to find a u quark or a d quark to form 
a K+ meson or a K° meson. It is however difficult for the ? quark 
to find a u or a d quark to form a K~ or a K meson. Hence, the 
number of K+ is much enhanced compared to numbers of K~. There 
are however alternative explanations in terms of hadron scenarios [40-
44] or double strings [45]. We can expect some difference in the K+ 

and K~ yields from hadron interactions in the baryon-rich region, 
without the assumption of a baryon-rich quark-gluon plasma. Kaons 
and A particles can be produced by nucleon-nucleon and pion-nucleon 
collisions via the reactions 

pn —*• AK+n, nn —» AK°n, 
7T+n -> AK+, 7r°n -> AK°, (2.7) 
ir°p^AK+, and 7 r - p - ^ A # ° . 

The occurrence of secondary collisions in the baryon-rich environment 
after the primary collisions will lead to an enhanced production of K+, 
A, and K°. Kaons can also be produced by the collision of energetic 
pions via the reactions 

7T+7T- -> K+K~, TT+TT0 - • K+'K°, and TT-TT0 -» K~K° . (2.8) 

On the other hand, K~ mesons and K are readily absorbed. Their 
densities can be depleted by the reactions 
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K'P^ATT0 and iCn -> ATT°, (2.9) 

which release energy. Because these reactions are exothermic reactions 
which occur without an energy threshold, they occur readily. The K~ 
and K particles which are produced in primary collisions or in sec
ondary reactions (2.9) may be absorbed by interacting with nucleons 
to be converted into A hyperons. The result of these reactions is 
to lead to an enhancement of K+, A, and K°, but a depletion of 
K~ and K . Quantitative calculations based on these pictures is 
however not sufficient to describe the experimental K+ enhancement 
and additional ingredients are needed [40-45]. It has been proposed 
that the dominant factor for the enhancement of K+ production 
arises from the lowering of the meson masses as the temperature 
approaches the phase transition temperature [40], from the inclusion 
of A-A interactions [42], or from (higher meson resonance)-nucleon 
interactions [43]. 

III. Reaction Cross Sections in the Quark-Gluon Plasma 

Some of the signals for the plasma depend on reaction cross sec
tions between q, q and gluons in the quark-gluon plasma. These cross 
sections are often evaluated with the lowest-order Feynman diagrams, 
in which the interaction between the particles before and after the 
reactions are not taken into account. However, because of the large 
value of the strong coupling constant, these interactions lead to large 
corrections. 

We have studied the corrections for qq annihialtion or qq produc
tion. We consider first the case of low relative velocities between the 
q and the q. We use a suitable short distance color potential of the 
Coulomb type, 

V(r) = , where aeff = Cfas, (3.1) 

Cf is the appropriate color factor, (4/3 for color singlet and —1/6 for 
color octet), and as is the usual running QCD coupling constant. 

For outgoing (or incoming) states as relevant to a produced (or an 
annihilated) qq pair, the wave function of the quark in the field of the 
antiquark is given by [46] 

^ = Neip-r(l - ^=a • V)uF(-z£ , 1, -i(pr +p-r)). (3.2) 
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Here, u is the spinor for the free quark, F is the confluent hypergeo-
metrical function and N is the normalization constant 

\N\2 = 2 < with £ = <*eff 

V 
(3.3) 

and v is the asymptotic relative velocity between the quark and the 
antiquark 

v = AT" Asml 

2ml 
(3.4) 

The square of the wavefunction taken at contact, which is a gener
alization of the familiar 'Gamow-Sommerfeld factor' [47], gives the 
correction factor for the lowest-order results, 

K = \m\2 = 2TT£ 
> -2TT£ (l + o&r). (3.5) 

where the spins of both quarks have been averaged over [9]. 
In order to obtain a generalized correction factor, that is valid 

not only when q and q have low relative velocities, but also have 
large relative velocities, we use the interpolation technique suggested 
by Schwinger [48]. In the massless quark limit, the next-to-leading 
order QCD corrections at high energies is given by the correction 
factor K^ ~ 1 + 3C/Q:s/47r for qq in the initial state and by K^ ~ 
1 + 7rCfas(l/27c2 + 5/6) for qq in the final state [49.]. The transition 
from the correction factor at low relative velocities to relativistic veloc
ities can be accommodated with the introduction of an interpolative 
function f^^\v), where [9] 

f(i)(v) = OJeff + v[ - 1 + 
V 

and fV\v) = aeS 
V V 47T 2 

(3.6) 

(3.7) 

The generalized correction factor, applicable at all relative velocities 
can be written as [9] 

# ( * > / ) = 
2Trf^f\v) 

1 - exp[-2Trf^f)(v)] (! + <&)• (3.8) 
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The correction factors are large when |aieff/i>| is large. As a test 
of the reliability of these correction factors, we apply the correc
tion factor for qq production to study the ratio R = a(e+e~ —• 
hadrons)/cr(e +e~ —> / z + ^ ~ ) . It gives results which agree with the 
experimental data. The good agreement obtained with the correction 
factors lends support to the application of the calculated correction 
factors to other reaction processes. 

VI. Boundary Effects as a Signal for the Quark-Gluon Plasma 

The presence of the boundary leads to a modification of the mo
mentum distribution of the constituents inside the boundary. We 
consider a quark-gluon plasma in a cylinder of radius ro presumed 

QUARK p , DISTRIBUTION, T=0.200 GeV 
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Fig. 6 The quark momentum distribution at pz = 0 as a function of the transverse 
momentum pT for cylinders of different transverse radii. The temperature is taken 
to be 200 MeV and pz = 0. Solid curves are the numerical results for a quark-gluon 
plasma with the boundary, and the dashed curves give the Fermi-Dirac distribution. 

to be formed by a relativistic nucleus-nucleus collision. We study the 
motion of a quark confined in this region, with the transverse potential 
represented by a mean-field scalar potential m(r) which is taken to 
have a sharp boundary [10]. 

The solid curves in Fig. 6 give the quark momentum distribution 
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for a system with a finite transverse radius r 0 = 2, 4, or 6 fm at 
T = 200 MeV. The momentum distribution is quite close to the Fermi-
Dirac distribution over a large range of momentum. However, in the 
high transverse momentum region, there is a high-momentum tail, 
which varies with transverse momentum as a power law and exceeds 
the Fermi-Dirac distribution by orders of magnitude. In the region 
of small transverse momenta, the magnitude of the distribution is 
slightly less than the Fermi-Dirac distribution due to the nonunifor-
mity of single-particle states. As the dilepton and photon distribu
tions are proportional to the quark distribution, features such as an 
enhanced high transverse momentum quark distribution will appear 
in the dilepton and photon transverse momentum distributions. 

V. Conclusions and Discussions 

We reviewed here some of the results in the search for the quark-
gluon plasma. Other results have also been discussed by Zajc in this 
Symposium [50]. From the available data obtained up to now, there 
is no compelling evidence for the quark-gluon plasma in experiments 
performed so far. However, it is possible that the conditions for 
the formation of the quark-gluon plasma might not have been met. 
Greater projectile masses and/or higher collision energies may lead 
to a more favorable environment for the production of the quark-
gluon plasma. In this respect, it will be of great interest to study 
new experimental results using beams of very heavy nuclei in existing 
accelerators and future colliders at Brookhaven and CERN. 

Our investigation of the reaction cross sections for the constituents 
in the plasma shows that reaction cross sections involving qq are sig
nificantly modified by initial-state and final-state interactions. Similar 
corrections are expected to be present for gluon-gluon and gluon-
quark reactions. We hope to study the corrections for gluon-gluon 
and gluon-quark reactions and the effect of screening on the cross 
sections. 

Finally, the signals for the quark-gluon plasma depend on the 
momentum distribution of the constituents. The constituents in a 
quark-gluon plasma is deconfined in a hadron. Quarks are nonetheless 
confined within the boundary of the plasma which has an initial 
transverse radius of a few fermis. Therefore, a necessary and sufficient 
condition for the existence of a quark-gluon plasma in heavy-ion reac
tions is that the quarks in the plasma can travel freely within a spatial 
region of many fermis. The distribution of the transverse momenta 
provides information on the transverse boundary for the motion of 
the quarks. Experimental investigations of the high transverse mo-
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mentum dilepton and photon distributions can be used to search for 
transverse boundary and the possible existence of the quark-gluon 
plasma. 
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