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Chapter 2

The Signals of the QGP

The early universe must have passed through a regime of extreme temper-
ature and density. During the expansion of the universe it cooled down.
Hadronic matter was formed and with the further expansion and cooling of
the system stars and galaxies were formed. The end of the life-cycle of a star
can be a neutron star. In the inner core of a neutron star, a very high nuclear
density at low temperature is reached. The quark-gluon plasma (QGP) is
formed at either extreme densities or temperatures or both, �gure 1.1. Such
conditions are ful�lled by the early universe and they may also exist in the
inner core of a neutron star.

On earth the only method to create and study very hot and dense nu-
clear matter is by nucleus-nucleus collisions, section 2.1. The nuclear matter
in the collision zone is highly compressed and heated up. In this "partic-
ipant region" of colliding nuclei where baryons interact frequently a QGP
can be formed, which will, during the space-time evolution, go through sev-
eral stages. These stages are in chronological order the creation of the QGP
starting with pre-equilibrium processes and its formation by thermalization,
the QGP, the mixed phase, the hadron gas and �nally free hadrons. Each
stage has speci�c characteristics concerning expected particle productions
and lifetime. These signatures of the evolving system are of particular inter-
est for the experimental physicist as they are the only measurable quantities
to �gure out what happened during the collision. The above-mentioned
stages and their signatures will be described in the following sections with
speci�c emphasis on the measurement of the space-time evolution in section
2.8.
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2.1 Ultra-relativistic Heavy-Ion Collisions

Heavy-ions, like O, Si, S, Au and Pb, are presently accelerated to ultra-
relativistic energies at facilities, such as the AGS (Alternating Gradient
Synchrotron) at Brookhaven National Laboratory, New York, and the SPS
(Super Proton Synchrotron) at CERN, Geneva, with maximum energies of
tens and hundreds of GeV per nucleon, respectively.

In the experiments the heavy-ion collides with a nucleus, within the thin
layer of, for example 0.1 mm Au or 1 mm S, target material. The amount
of nuclear stopping, de�ned as the percentage of kinetic energy loss of the
projectile nucleons in the nucleus-nucleus collision, is of crucial importance
for the increase of energy density and particle density. Initial energy den-
sities of 2.4 GeV/fm3 are expected at the SPS energies [14]. This is to be
compared to an energy density of 0.15 GeV/fm3 for normal nuclear matter,
and to 0.5 GeV/fm3 inside a nucleon. In �gure 2.1 the collision between
target and projectile is shown schematically. The nucleons from both the
target and the projectile nuclei taking part in the primary collisions are
called "participants" whereas the non-interacting nucleons are called "spec-
tators". In order to study and compare the phenomena of the collision the

spectator

spectator

participant

projectile

target

b

Figure 2.1: Schematic picture of an ultra-relativistic collision. The situ-

ation before the collision is shown on the left; the created region of nuclear

matter at high energy density after the collision is shown on the right.

observables are presented in terms of Lorentz-invariant and additive vari-
ables. A commonly used variable for the velocity in the beam (longitudinal-
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or z-) direction, is rapidity

Y =
1

2
� log E + Pz

E � Pz
(2.1)

where E is the total energy of the particle and Pz the momentum along the
beam axis. A longitudinal Lorentz transformation corresponds to a shift
in rapidity. Rapidity di�erences �Y between particles and the shape of
rapidity distributions are preserved. The target rapidity is Y = 0, whereas
for 200 A�GeV the beam rapidity is Y � 6. The center of the rapidity
di�erence between target and projectile is referred to as "mid-rapidity", Y �
3. Here, particles are emitted at an angle of 90� with respect to the nucleon-
nucleon CMS system. A further useful variable is the transverse momentum
PT , perpendicular to the beam direction and thus Lorentz-invariant under

longitudinal transformations. Also the transverse mass mT =
q
P 2
T +m2,

where m is the rest mass of the particle, is used.

Two extreme points of view can be taken for the amount of stopping
of the participants in the collision zone, �gure 2.2. These points of view
are expressed in hydrodynamical models where energy, momentum, entropy
and baryon number are conserved in the solution of relativistic hydrody-
namic equations. The interacting nuclei are seen as uids of nuclear matter
which are extremely compressed via propagation of shock waves. Because
of the dominant longitudinal expansion, due to the initial projectile direc-
tion, and slow transverse communication vsound � 0:3 � c, the equations are
usually reduced to the one-dimensional case, assuming a constant transverse
expansion.

Fermi-Landau Model:

This model assumes complete stopping of projectile and nuclear matter in
the collision. In this case the participating nucleons of both target and pro-
jectile come to rest in the region of mid-rapidity. This scenario is called the
Fermi-Landau model [15] and leads to particle production and a large energy
density around mid-rapidity. The energy EFL left for particle production is

EFL = ECMS �Erest =

mN �
q
A2
p +A2

t + 2 � p �Ap �At �mN � (Ap + At) (2.2)

where mN is the rest mass of the nucleon, p = 1=
q
1� �2p where �p =

vp=c is the velocity of the projectile, and Ap and At are the number of
participating nucleons of projectile and target, respectively. The energy
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Figure 2.2: Particle production for two extreme scenarios. The Fermi-

Landau model shows complete stopping, upper �gure, the Bjorken-McLerran

model shows partial transparency, lower �gure.

density is calculated as

� =
p �EFL

V
(2.3)

where p is the fraction of stopping and V is the volume of the region of
nuclear matter at high energy density. Lack of knowledge about the amount
of stopping and the space-time evolution of the system causes large uncer-
tainties in the estimates of the created energy density.

Bjorken-McLerran Model:

The other scenario is the Bjorken-McLerran model [16]. The collision of the
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two nuclei can be described by two thin disks at position z = 0. The nucleons
in the overlap zone of the colliding nuclei may have several nucleon-nucleon
collisions. Each nucleon-nucleon collision is accompanied by a large loss in
energy of the collision. Several experiments, e.g. WA80 [17], have observed
large stopping of 2 to 4 units in rapidity. However at very high energies,
above 100 A�GeV, the nucleons can still have enough momentum to proceed
forward and move away from the collision zone. This e�ect is known as
transparency. The energy lost by the nucleons is deposited around z = 0.
The matter created in this collision zone has a very high energy density and
small net baryon content. Until now it is unknown whether the particles
which carry the deposited energy will be quarks, gluons or hadrons. The
formation time �0 at which these particles are formed and equilibrated due
to rescattering is an unknown quantity and was estimated by Bjorken at
�0 = 1=�QCD � 1 fm/c as this process concerns strong interactions.

The initial energy density of a matter element is de�ned in the frame
in which the matter element is at rest, Y = 0. The two nuclei meet at z
= 0, where in the center-of-mass frame the matter is at rest. The region
of creation of particles is assumed to be homogeneous in rapidity for a lon-
gitudinal length �z around z = 0. Observations at the CERN SPS of the
charged particle multiplicity, dNch=dY = constant at mid-rapidity Y = 3,
validate this assumption. Most of the emitted N particles will be pions,
so that N � 3

2 � Ncharge. The energy EBM contained in the cylinder of
interacting matter can be estimated according to

EBM =
dE

dY
jY=0 ��Y =

3

2
� dNcharge

dY
� < ET >P ��Y (2.4)

where the measured average energy per particle < ET >P� 500 MeV [5]
and �Y = �z=(c � �0). For a central S+Au collision the estimated energy

density, using for the sulphur radius RS = 1:15 �A
1
3

S , yields

� =
3 � dNcharge

dY
� < ET >P

2 � � �
�
1:15 �A

1
3
S

�2
� c � �0

(2.5)

The variables used to study the degree of stopping are the total measured
transverse energy ET , section 3.4, and the forward energy EF , section 3.3.
For central 200 A�GeV S+Au collisions an EF � 1 TeV was measured [17].
Here, 84 % of the total beam energy was converted into particle production
around mid-rapidity. In the Fermi-Landau model [15] the calculated energy
densities for beam energies of 10 GeV to 200 GeV per nucleon are in the
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region 0:85 < � < 8:1 GeV/fm3. The large uncertainty in these calculations
is due to a lack of knowledge about the size of the reaction volume.

2.2 Evolution from Quark Matter to Hadronic Mat-

ter

Under the assumption that thermal equilibrium is attained within the for-
mation time �0, the time dependence of the temperature can be estimated
in a hydrodynamical model. A graph of this evolution is shown in �gure 2.3.
After a certain initial equilibration time �i � �0 the quark-gluon plasma is
in thermal equilibrium at an initial temperature Ti. The basic idea is that
the expansion is very likely to be adiabatic, which means no dissipation
will occur during the expansion. Therefore isentropic expansion of the uid
is presumed up to the critical temperature Tc. We assume the expansion
to be still adiabatic, i.e. no dissipation will occur due to the transition.
Then the temperature in the mixed phase remains constant in an isother-
mic expansion, and the latent heat is absorbed in the conversion of the
degrees of freedom of the quarks and gluons into hadrons with their respec-
tive degrees of freedom. At the time �h the hadronization is completed and
the hadron gas starts to cool down under isentropic expansion up to the
time �f where the density of the system is low enough for the hadrons to
escape. The hadrons freeze out which means they have no more interac-
tions. As mentioned earlier, the variables of interest are the energy density
�(�; Y ), the pressure p(�; Y ), the temperature T (�; Y ) and the entropy den-
sity s(�; Y ), where the proper time � =

p
t2 � z2 is Lorentz invariant. The

energy-momentum tensor is given by

T�� = (�+ p) � u� � u� � g�� � p (2.6)

where u� is the four velocity and g�� is the metric tensor. Under the condi-
tion of conservation of energy and momentum, neglecting viscosity and heat
conduction, the equation of motion is governed by the equation for perfect
uid dynamics

�T��

�x�
= 0 (2.7)

Assuming longitudinal expansion only, independent of rapidity, the time
dependence of the energy density is [8]

d�

d�
=
�(�+ p)

�
(2.8)
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Figure 2.3: Temperature versus time evolution of the QGP under the as-

sumption of isentropic and isothermic hydrodynamic expansion.

The equation of state of the plasma can be described by p = c2s � � if p and
� are up to a factor the same function of the temperature T and the quark
chemical potential �. Here cs = vs=c with vs the velocity of sound in the
plasma [10]. For an ideal relativistic uid consisting of massless quarks and
gluons one �nds c2s =

1
3 . Imposing the initial boundary condition �(�i) at

time �i we obtain

�(�) = �(�i) �
�
�i

�

�c2s+1
(2.9)

From now on an ideal relativistic uid is assumed. Conservation of the total
entropy S for a certain region in rapidity yields

dS

dY
= s(�) � dxT � � = const: (2.10)

with entropy density s(�) and the transverse size dxT of the expanding
cylinder given by the area � � R2

A of the projectile nucleus A. Using the
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equation of state for an ideal gas s � T 3 also T 3 � � = const:. From this
relation the time dependence of the temperature can be derived

T (�) = T (�i) �
�
�i

�

�1
3

(2.11)

This equation allows to express the critical time �c in terms of initial tem-
perature and the critical temperature

�c = �i �
�
Ti

Tc

�3
(2.12)

During the mixed phase the degrees of freedom of the QGP have to convert
to those of the hadron gas under the condition of constant temperature.
As the entropy density is s = dS=dV = (� + p)=T , the time dependence of
energy density and pressure yields the ratio of the entropy densities

s(�)

s(�c)
=
�(�) + p(�)

Tc
� Tc

�(�c) + p(�c)
=

�
�c

�

�4
3

(2.13)

The fraction of nuclear matter in the quark-gluon plasma phase is de�ned
by a function f(�). Using the above equation and the knowledge about the
degrees of freedom in the QGP and hadron gas phase

s(�) � Ndof (QGP ) � f(�) +Ndof(hadron) � (1� f(�)) (2.14)

the time dependence of the fraction of matter in the quark-gluon plasma
phase yields

f(�) =
1

r� 1
� (r �

�
�c

�

� 4
3

� 1) (2.15)

where r =
Ndof (QGP )

Ndof (hadron)
with Ndof the degrees of freedom in the respective

phases. Under the most likely assumption of a QGP dominated by light
up and down quarks and gluons and a hadron phase with �, �, �, and !

mesons, we �nd r = 37
4:6 . The relation between the critical time and the time

of completed hadronization becomes �h = r3=4 � �c.
Analogous to the isentropic expansion of the QGP the expansion of the

hadron gas can be treated with a freeze-out temperature Tf . Using Ti = 200
MeV, �i = 1 fm/c, Tc = 160 MeV and Tf = 100 MeV [18] an estimate for the
time scale of the expansion can be given. These numbers lead to �c = 2 fm/c,
�h = 10 fm/c and �f = 39 fm/c. In case of a higher freeze-out temperature
Tf = 140 MeV [19] we obtain �f = 15 fm/c.
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Alternatively, if the hot hadron gas would exist at an initial time �i = 1
fm/c with an initial temperature Ti = 200 MeV we obtain for a freeze-out
temperature Tf = 100 MeV a freeze-out time �f = 8 fm/c. For Tf = 140
MeV we obtain �f = 3 fm/c.

Thus considerable di�erences are expected for the freeze-out time depen-
dent on the initial conditions.

2.3 Pre-Equilibrium and Thermalization

The multiple scattering of the participants will lead to the production of
more interacting constituents. Thus there will be an entropy increase and
local memory loss. The basic question now is whether the produced system
lived long enough to be both in thermal and chemical equilibrium. The
former means, that the momenta of the particles are distributed according
to a Boltzmann distribution with a certain temperature T, the latter, that
the abundance of the di�erent constituent species are given by their relative
thermodynamic weight; see section 2.7.

A good test of the pre-equilibrium stage is the measurement of heavy-
mass dileptons (M = 5-10 GeV). According to the Heisenberg uncertainty
relation their lifetime is short �� = 1

M
= 0:02�0:04 fm/c, so that these par-

ticles will probe the pre-equilibrium stage. The interactions of the dilepton
pair are based electromagnetic of nature only and will thus not be reduced by
the subsequent development of the created system. An enhanced production
of dileptons may be caused by hard q�q scattering.

Another good probe which will also be discussed later as a signature
of the QGP is strangeness enhancement; section 2.5. From ratios of mea-
sured strange particle yields for p+p and p+A collisions, an enhancement
of strangeness and anti-strangeness for nuclear collisions is observed. This
indicates an increasing amount of rescattering for the participants and sec-
ondaries, which is a prerequisite for thermalization.

Statements on thermal equilibrium need some caution. The reason is
that the transverse momentum distributions already follow Boltzmann like

behaviour � e(�mT =T ), where mT =
q
P 2
T +m2, in p+p collisions. This fact

prohibits the straightforward interpretation of an exponential PT spectrum
in nuclear collisions as evidence for thermalization in dense hot matter.
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2.4 Direct Photons

The only way to get direct signatures from the QGP is to measure weakly
(electromagnetically) interacting probes which have already decoupled from
the hot phase of matter. Direct photons and lepton pairs (virtual photons)
are such observables [20]. They should emerge as thermal radiation from the
heated matter without being altered by �nal-state processes. In heavy-ion
collisions there are various sources for photon production. Hard parton scat-
tering produces high-energy direct photons from hadron-hadron collisions at
large momentum transfer . The following elementary processes are involved:

1. QCD annihilation: q�q ! g

2. QCD Compton scattering: qg ! q

The above processes are well understood and can be evaluated by pertur-
bative QCD. One can calculate the invariant inclusive cross-section for hard
photons (hard parton scattering) according to

E
d3�
d3P

(A+B !  +X) =
R
dxa
xa
� dxbxb � F (a; A; xa) � F (b; B; xb) �E

d3~�
d3P

(2.16)

where xa = Pa=PA and xb = Pb=PB are the Feynman momentum fractions
of partons a and b, F the structure functions of the scattering hadrons,
E the photon energy and d3~�

d3P
the cross-section for the above-mentioned

elementary processes.

In case the structure functions are known, the photon spectra can be
determined. However, the structure functions cannot be calculated the-
oretically but they are parameterized instead according to deep-inelastic
scattering results.

In case of a QGP the elementary processes for thermal photon production
are basically the same as those previously mentioned. But no longer can
one use the structure functions as was done in the hard-scattering regime.
Instead, we have a gas consisting of quarks and gluons. These partons
are assumed to be in both thermal and chemical equilibrium. The QCD
structure functions have therefore to be replaced by thermal distributions
with the chemical potential � = 0, assuming zero baryon number around
mid-rapidity.

If one uses the thermal distribution functions f(p) for the partons the
thermal rate R is given by [20]
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E
d3R

d3P
= N

2�(2��)4 �
R f(P1)�d3 ~P1

2�E1
R f(P2)�d3 ~P2

2�E2 �
R (1�f(P3))�d3 ~P3

2�E3 � �4(P1 + P2 � P3 � P) � jMij2 (2.17)

The amplitudes jMij2 are calculated from the Feynman graphs for the above-
mentioned Compton and annihilation processes. The degeneracy factor N
takes the number of degrees of freedom of the scattering particles into ac-
count, for example colour and spin. The term ((1� f(P3)) describes e�ects
of quantum statistics in the �nal state (+ for bosons and � for fermions).

However, the evaluation of the integration of the above equation is com-
plicated by infrared divergences for small momentum transfer. This problem
was in a �rst attempt bypassed by introducing an infrared cuto� at the cur-
rent light-quark mass mq � 5 MeV [21]. In order to eliminate this divergence
correctly, many-body e�ects must be taken into account. Recently, the re-
summation method for �nite-temperature perturbation theory was applied
to real-photon production [22]. An analytic result for the thermal photon
rate at temperature T can be obtained for the sum of annihilation and
Compton contributions

E
d3R

d3P
= C � (

X
nf

e2q)
� � �s
2 � �2 � T

2 � e�E=T � (�1 + ln
�2 �E

�s � T
) (2.18)

with C = 1, �1 = 0 and �2 = 0:23. Various approximations [23, 24, 25]
have been used which lead to similar analytic dependences on E and T but
di�er in the constants �1 and �2 and the absolute normalization C.

If nuclear collisions lead to the formation of hot hadronic matter, then
photon production from the electromagnetic coupling of the interacting me-
sons, dominantly ��, needs to be taken into account. Annihilation and
compton processes were considered among which �� ! � dominates at
small photon energies and �� ! �, with higher available energy due to
the �-mass at higher energies [22]. With thermal momentum-distribution
functions at temperature T the hadronic collisions give rise to similar photon
rates as expected from parton interactions at the same temperature. Thus
a photon signal is expected even if the plasma phase has not been reached.
However, since the hadronic-matter phase is expected to dominate at lower
temperature than that of the quark-gluon plasma, the spectral shape of the
photon signal needs to be analysed and one should separate the di�erent
contributions.

Therefore, in principle measuring the emission rate of photons from par-
ton interactions may provide information on the temperature of the system
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created in the heavy-ion collision. But until now we have neglected still
a major part, namely photons from decays of neutral mesons abundantly
produced in both the mixed and hadronic phase:

�0 !  (98:8%)
� !  (38:8%) �0�0�0 (31:9%) �+���0 (23:6%)
� ! �0�0 (100%)
! ! �+���0 (88:8%) �0 (8:5%)

(2.19)

The decay of the lightest mesons (�0 and �) dominates the photon pro-
duction. These sources of photons tend to obscure the signal of interest, the
direct thermal photons originating from the QGP.

The total number of produced photons emerges from the space-time
integration over de production rates for the di�erent phases [26]

E
d3�

d3P
=

Z �f

�i

d� � dy � � � � �R2
A �E

d3R(T (�))

d3P
(2.20)

where RA is the radius of the projectile nucleus for the case of a central
collision. Attempts to calculate the expected number of photons for di�erent
scenarios with and without a QGP have been made [18]. However, to draw
unambiguous conclusions more knowledge on the space-time evolution is
urgently needed.

The summed production yield of all photon processes discussed earlier
has been calculated by integration of the space-time evolution for di�erent
initial temperatures (230 < Ti < 330 MeV). The direct =�0 ratio varies
as a function of the transverse momentum. It peaks slightly above PT =
1 GeV/c here, a considerable yield of =�0 � 10 � 20 % from thermal
processes of quarks and gluons can be expected. Only via a very good �0

and � reconstruction [27], see section 3.8, can the direct photons still be
separated with a detection limit of =�0 � 0:05.

Selections can be made on reaction events with a high ratio of measured
photons, see section 3.9, to hadrons, see section 3.6. The photon spectra
for such events can then be analysed in more detail according to the above-
described method. In case of a low temperature (T � 200 MeV) hadron
gas no excessive photon production is expected. The ratio is then expected
to be

N

Ncharge
=
N(decay)

Ncharge
� 1 (2.21)
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since decay photons dominantly originate from �0 !  and N�0 = 1
2 �

(N�+ + N��) =
1
2
�Ncharge, exploiting the isospin symmetry in non-exotic

hadronic matter.
In case of either a QGP or a hot hadronic gas an additional number of

photons N(thermal) are produced by Compton and annihilation processes
so that this ratio should change to

N

Ncharge
=
N(decay) +N(thermal)

Ncharge
> 1 (2.22)

The analysis for the =�0 ratio has been done in the WA80/93 collab-
oration for central O+Au reactions [17] yielding an upper limit for direct
photons of =�0 < 0:15 and for S+Au [27, 28] with an uncertainty of 6-8%
and 8-15% for PT bins below and above 2 GeV/c, respectively. A recent
status report and a letter-draft on the re-analysis of the S+Au data [29, 30]
predict even a further decrease of the above-quoted upper limit for direct
photon production. The NA45-CERES collaboration [31, 32] measured an
insigni�cant excess of =�0 = 0:08�0:11. Due to the still large uncertainties
as compared to the weak photon signal, in the results from the data analysis
and the theoretical models, conclusive quantitative comparisons can not yet
be made.

2.5 Strangeness Enhancement

Strange quarks s and �s are thermally produced in equal abundance. Due to
the initial conditions in the heavy-ion collision, non strange quarks will be
more abundantly available than non strange anti-quarks. For the �s quarks
this opens the possibility to form the mesonsK+ = u�s, K0 = d�s and � = s�s,
while for the s quarks the cross-section to form hyperons, like for example
the � = uds, is larger. Of course, the creation of the � is due to the multiple
particle interaction less likely than the K+ and K0 creation. The creation of
K� (s�u) and �K0 (s �d) and �� (�u �d�s) will be, due to the lack of anti-quarks, less
likely than the K+ and K0 production. Thus an enhancement of K+ and
K0 yields may be expected. The ratio of K+=K� yields for example should
be larger than 1. A strong rapidity dependence, as the energy density is
maximal at mid-rapidity, of these ratios (K+=�+,K�=��, K+=K�) should
reveal the thermal origin of strange quarks.

Strangeness enhancement can also be described within a hadron gas
model by the rescattering process �+�� ! K �K, and lowered e�ective kaon
masses [33] at high density. Both on the experimental and theoretical side
still much work has to be done to clarify the situation.
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Strange matter [34] is another signature of the QGP. The �s-quarks will be
removed easily according to the above-described fusion processes in contrast
to the s-quark. This might lead to an s-quark enriched lump of nuclear
matter after hadronization. Recalling that the quark charges are Qs = �1

3
,

Qu = +2
3 and Qd = �1

3 , these lumps of heavy nuclear matter are expected
to have large A and almost zero Z. Interesting cosmological questions arise
concerning the stability of these lumps and their possible contribution to
the dark matter in the universe.

2.6 J=	 Suppression

As already mentioned, after the QGP formation the system will expand and
cool down by emitting baryons and mesons. It is expected that in the early
pre-thermal stages of the collision, heavier quark-avour mesons c�c and b�b
can be created via dominantly gluon fusion and q�q fusion [14, 35, 36]. The
ground state for the c�c meson is at MJ=	 = 3:1 GeV with excitations to

	
0

= 3:7 GeV and �c = 3:5 GeV. Whereas the b�b meson ground state is
M� = 9:6 GeV, with excitation to �

0

= 10:0 GeV and �b = 9:9 GeV. A
fraction of these heavy meson resonances decays, for example 12 % of the
J=	 and 5 % of the � mesons, in dileptons. In the absence of a medium
the binding potential for heavy mesons is given by

V (r) = � � r � �

r
(2.23)

where � denotes the string tension and r the separation between quark and
antiquark; the term (�=r) describes the Coulomb part of the potential as
well as transverse string vibrations [14]. In the QGP medium the presence
of other colour charges will lead to a screening of the colour force between
the heavy charmonium- and bottomium-quarks. The long-range Coulomb-
like part of the potential V(r) for the heavy mesons will be modi�ed to the
short-range Yukawa potential whereas the string-tension part approaches a
constant value

V (r; rD) = � � r
 
1� e�r=rD
r=rD

!
� � � e�r=rD

r
(2.24)

When the Debye radius rD, introduced by Debye to describe charge screen-
ing in solid-state physics, gets smaller than the e�ective radius r between
the quark-antiquark pair, the meson will break up. In table 2.1 an overview
of the masses, M, and the binding radii, r, for the respective heavy mesons
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and the necessary energy densities to dissolve them, �d, is presented [14].
In a study of the invariant-mass spectrum of lepton pairs the comparison

Table 2.1: Masses, binding radii and dissolving energy densities for the

respective heavy mesons.

State: J=	 	0 �c � �0 �b

M (GeV) 3.1 3.7 3.5 9.6 10.0 9.9

r (fm) 0.22 0.44 0.35 0.12 0.25 0.20

�d (GeV/fm
3) 1.9 1.0 1.0 47.1 1.6 1.0

of p+p collisions, where one does not expect the formation of a QGP, with
A+A collisions where one does expect a QGP, should reveal a di�erence in
the production rate of J=	 mesons. The explanation is that due to colour
screening the J=	 mesons will "melt" in the hot dense medium due to a
decon�nement of the charmed quark pairs c�c. One has, however, to be
aware of background processes like the q�q-fusion mechanism in hard colli-
sions. This so-called "Drell-Yan" process produces a continuum below the
J=	 invariant-mass peak in the dilepton mass spectrum. In case such a
mechanism is identical for the non-QGP and QGP scenario one can safely
normalize to it. This assumption relies on the q�q momentum distribution to
be identical in both cases.

According to the Feynman rules the cross-section for the Drell-Yan pro-
cess follows � � M�4. The signal-to-background ratio should improve for
the heaviest mesons and better probes are therefore � and �

0

.

The observed J=	 suppression [37] can also be explained by collective
nuclear e�ects [35, 38]. There is the initial state suppression e�ect due to
gluon shadowing, which is already present in p+A collisions. The gluon
structure functions di�er for larger A. The gluon shadowing in the A+A
collisions is corrected for by applying measured correction terms in p+A
collisions.

Furthermore one has to be aware that:

� J=	 mesons are formed in the very early phase of the collision.

� J=	 mesons will not be in thermal equilibrium with other mesons (for

T = 200 MeV we obtain e�
MJ=	

T � 10�7). An extra production of c�c
pairs in the QGP can thus be excluded.
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� The formation time for the process c�c ! J=	 is smaller than 1 fm/c
so these mesons are already present when hot matter appears.

During the hadronization phase charmed quarks may formD and �D mesons.
Another absorption e�ect may play a crucial role. The J=	 meson can get
struck by constituent quarks and break up to form D and �D. The survival
probabilities for the J=	 in the medium can be calculated from the mean free

path S � e�
L
� , L is the dimension of the system, � = 1

n0��J=	 the mean free

path where �J=	 is the interaction cross-section and n0 the particle density
of the constituents. Integration over the time t0 of thermalization up to
freeze-out time tf for the mainly longitudinally expanding system yields

S = e
�n0�to

R tf
t0

dt��J=	(t)=t ' e�n0�t0��J=	�ln(tf=t0) (2.25)

Such calculations can for superdense hadronic matter reproduce the mea-
sured absorption. Again we see that knowledge on the space-time evolution
of the expanding system is absolutely necessary. For a conclusive spectral
analysis one needs J=	, 	

0

, �c, �, �
0

, �b production rates and measure-
ments of the Drell-Yan continuum for p+p, p+A and A+B collisions to-
gether with measurements of the space-time evolution for the respective
collisions.

2.7 Mixed Phase, Hadron Gas, Free Hadrons

While the hot and dense matter created in the collision expands the energy
density and temperature will decrease as described in section 2.2. At the
critical temperature the system enters a mixed phase of a QGP and hadron
gas. The abundant degrees of freedom of the quarks and gluons in the QGP
are transferred to the degrees of freedom of the created hadrons at a �xed
temperature. An enhanced rapidity density dN

dY of produced particles at mid-
rapidity with a �xed average transverse momentum < PT > is expected as
the energy density is proportional to dN

dY
and the temperature proportional

to < PT >, section 2.1. In case the critical energy density is exceeded the
QGP regime is entered and the temperature expressed by < PT > will rise.

In the hadron gas phase the temperature will drop further until the
mean free path of the hadrons exceeds the dynamical size of the system.
The hadrons in this case see a transparent medium and will freeze out. In
a simple way the size Rf of the system at the moment of freeze-out can
be calculated by assuming the mean free path to be equal to the e�ective
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radius of the expanding system, � = 1
n�� = Rf , with the particle density

n = dN
dY =(

4��
3 �R3

f), yielding

Rf =

s
3

4 � � �
dN

dY
� � (2.26)

The cross-section � depends on both the temperature and the particle species
[39]. Strange particles, which have a smaller cross-section with respect to
non-strange particles, will freeze out at an earlier stage than non-strange
particles Rstrange

f < R
non�strange
f .

Another model assumes the particles to freeze out at a constant particle
density n = const:. This approach leads to

Rf �
�
dN

dY

�1=3
(2.27)

Radii measured by various experiments seem to favour a constant freeze-out
density [40, 41], see also section 6.3.

Summarizing the previous sections we notice that basically three di�er-
ent types of measurements are needed:

� Particle ratios, which give information on the chemical composition
and equilibrium of the system.

� Momentum distributions of particles, which give information on the
temperature and the amount of collective expansion of the system.

� Space-time evolution of the system, which gives information on the
source dynamics and is a prerequisite for the understanding of the
measurements on the particle ratios and momentum distributions.

The space-time evolution can be examined by studying the relative momen-
tum correlations of identical particles. This analysis is of crucial importance
as we have seen that most signals depend on the space-time evolution. In the
next section an extensive description of the method and recent developments
will be given.

2.8 Intensity Interferometry

A well-known aspect of waves, either mechanical, for example in a rope, or
electromagnetic, for example in a cavity, is that they can interfere with each
other resulting in a characteristic interference pattern. Such a pattern can be
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observed by eye in the Young Interferometer. Here, one photon "interferes
with itself" as the wave packets of the photon �eld may traverse both slits.
The amplitudes for the di�erent paths sum up and, using a coherent light
source, the intensity pattern shows a regular static structure. The regular
structure can only be observed in case of a coherent source as otherwise
the pattern would continuously vary in space and time and the interference
structure would be washed out.

In the measurements of stellar sizes a new type of interferometry based
on the incoherence of the source was used for the �rst time by correlating
the intensities of measured photons [12, 42]. Hanbury Brown and Twiss
called it intensity interferometry or second-order interferometry. The HBT
e�ect was later also applied in nuclear physics [13, 43] to measure the size of
the reaction zone. The step from correlating identical bosons like photons
to pions was made. The big di�erence between the astronomical application
and the application in nuclear physics is that in the former situation one
observes a large static object with a relatively small detector system whereas
in the latter case one observes a small dynamic object with a relatively large
detector system.

In this section the theory and application of intensity interferometry will
be discussed. In the previous sections the importance of knowing the space-
time structure of the interacting system has been explained. A lot of data
has already been taken for several di�erent colliding systems, p+p, p+A,
A+B, and a variety of beam energies. Results from these experiments will be
compared to the new results from S+Au reaction in the WA93 experiment
in chapter 6.

2.8.1 Theory of Intensity Interferometry

The theoretical background of intensity interferometry is reported compre-
hensively in several review articles [8, 44, 45, 46, 47, 48]. In the following the
basic concept of intensity interferometry is described. An extensive deriva-
tion is given in [8].

Contrary to the amplitude interferometry, the intensity interferometry
is based on an incoherent source. This means that the phases �(x) of the
N particle production points at x = (x; t) are fully random with respect to
eachother. For such a chaotic source we obtain

NX
l=1

ei��l(x) = 0 (2.28)

First consider the production and detection of one single particle as shown
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in �gure 2.4. The single-particle wave amplitude can be derived. Suppose

(x,t)

(x’,t’)

Figure 2.4: Detection of a single particle from a production point x = (x; t)
at a detector point x0 = (x0; t0).

the particle is produced at point x = (x; t) and detected at point x0 =
(x0; t0). Travelling over the path length (x� x0) leads in the plane wave
approximation to a phase shift

ei�p�(x�x
0) (2.29)

The amplitude ~A for the detection of the particle from a single production
point with production amplitude A(p;x) is

~A = A(p;x) � ei�p�(x�x0) � ei��(x) (2.30)

Now consider the case of a static source, �gure 2.5, with many possible
production points of the detected particle. Due to the uncertainty in the
exact production point, as the detector has a limited accuracy, the detected
amplitude of the particle at x0 is the sum over all l production points x with
respective production amplitudes Al(p;x) and production phases ei��l(x).
The total detected amplitude wave-function is expressed by

	(x0) =
X
l

Al(p;x) � ei�p�(x�x
0)ei��l(x) (2.31)

Using a density distribution function �(x) for the production points the
above sum for the detected amplitude wave-function can be replaced by an
integral

	(x0) =
Z
dx � �(x) �A(p;x) � ei��(x) � ei�p�(x�x0) (2.32)
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(x’,t’)

(x,t)

Figure 2.5: Static source, each point x = (x; t) may have produced the

particle detected at point x0 = (x0; t0).

The probability of detecting a single particle at x0 is expressed in the single-
particle distribution function P (p) and is given by the absolute square of
the total probability amplitude

P (p) = j	(x0)j2 =
Z
dx � �(x) �A2(p;x) (2.33)

In a similar way the two-particle probability function will be derived below;
see �gure 2.6. Here, the particles are assumed to be identical pions originat-
ing from production points x1 = (x1; t1) and x2 = (x2; t2). Respecting the
symmetrization for bosons (and in a similar way the anti-symmetrization
for fermions) the two-particle amplitude is

	12(x
0
1;x

0
2) =

1p
2
�

( A(p1;x1) � ei��(x1) � ei�p1�(x1�x
0

1
) �A(p2;x2) � ei��(x2) � ei�p2�(x2�x

0

2
) +

A(p2;x1) � ei��(x1) � ei�p2�(x1�x
0

2
) �A(p1;x2) � ei��(x2) � ei�p1�(x2�x

0

1
) )

(2.34)

Again the measurement of two pions from a static chaotic source leads to a
sum over all possible production points. Using the density distributions the
two-particle probability function P (p1;p2) is
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(x ,t )

(x ,t )

(x’ ,t’ )

(x’ ,t’ )

1 1

2 2

1 1

2 2

Figure 2.6: The detected identical pions at x01 = (x01; t01) and x02 = (x02; t02)
with respective momenta p1 and p2 may have come from x1 = (x1; t1) and
x2 = (x2; t2), respectively, or vice versa.R R

dx1 � dx2 � �(x1) � �(x2) � j	12(x
0
1;x

0
2)j2 =R

dx1 � �(x1) �A2(p1;x1) �
R
dx2 � �(x2) �A2(p2;x2) +R

dx1 � �(x1) �A(p1;x1) �A(p2;x1) � ei�(p1�p2)�x1 �R
dx2 � �(x2) �A(p2;x2) �A(p1;x2) � ei�(p2�p1)�x2 (2.35)

Using the derived relation for the single-particle probability the two-particle
probability can be written as

P (p1;p2) = P (p1) � P (p2)+
j
R
dx � �(x) �A(p1;x) �A(p2;x) � ei�(p1�p2)�xj2 (2.36)

An e�ective source density distribution can be de�ned

�eff(x) = �(x) � A(p1;x) �A(p2;x)p
P (p1) �

p
P (p2)

(2.37)

A measurement of the ratio of the two-particle probability to the single-
particle probabilities yields a function depending on the Fourier transform
of the e�ective source density distribution ~�eff(q), expressed in terms of
the function C(p1;p2), where q = p1 � p2 is the relative four-momentum
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di�erence

C(p1;p2) =
P (p1;p2)

P (p1) � P (p2)
=

1 + j
Z
dx � �eff(x) � ei�q�xj2 = 1 + j~�eff(q)j2 (2.38)

In case the production amplitudes do not depend on their respective pro-
duction points the Fourier transform of the source distribution is measured,
as then �eff(x) = �(x). For static-source distributions this is likely to be
the case.

However, in high-energy physics dynamic-source distributions are mea-
sured. Most likely the production amplitudes of the rapidly expanding sys-
tems only have similar momentum distributions in case their production
points are close in both space and time. The integral will thus be non-
vanishing for close production points. This strong phase-space relation leads
on the one hand to the di�cult situation that HBT measurements will only
probe a limited region of the source. This results in an e�ective source size
Reff smaller than the "true" source size R: Reff < R [8]. On the other hand,
this dependence on the momentum distribution can be exploited to study
the dynamic-source size by making selections in momentum space [49, 50].

2.8.2 Parameterization of the Measured Correlation Func-

tions

The correlation function C(p1;p2), as derived in the previous subsection for
identical pions, shows that the density distribution of the particle-emitting
region determines the dependence on the relative four-momentum. Lack
of knowledge of the shape of the source density distribution has led to the
simple assumption of a static gaussian distribution

�(~r; t) =
1

�2 �R3 ��� � e
� r2

R2
� t2

��2 (2.39)

where R and �� are the radius and lifetime of the source, respectively. The
Fourier transform of the gaussian distribution reads

~�(q; q0) = e�
q2 �R2

4
� q20 ���

2

4 (2.40)

so that the correlation function can be written as

C(p1;p2) = 1 + e�
q2 �R2

2
� q20 ��

2

2 (2.41)
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where q = j~p1 � ~p2j and q0 = jE1 � E2j and the relative four-momentum
q = (~q; q0). Such parameterizations can further be expanded in the spatial
dimensions. Note that q0 = ~q � ~� with ~� = (~p1+~p2)=(E1+E2) the velocity of
the pion pair. Suppose the correlation function is studied in the longitudinal
center of mass frame of the pion pair. Two orthogonal directions, one parallel
to the transverse direction of the pion pair, "outward direction", and one
perpendicular to this direction, "sideward direction", can be de�ned; see
�gure 2.7.

qTside

qT qTout

Beam direction

ppp
p

q q

q

T

L

T1
T22

1

Beam
Direction

Figure 2.7: The relative momentum can be split up in components in the

beam direction (qL) and transverse to the beam direction (qT ). The trans-

verse component can further be split in the direction of the average pT of the

pion pair (qTout) and perpendicular to this direction (qTside).

This enables a parameterization

C(p1;p2) = 1 + e�
(qTout �RTout)

2+(qTside�RTside)
2+(qL �RL)

2

2 (2.42)

where the relative momenta are, qTout = (~q�~�)
j~�j in the outward direction,

qTside =
j~q�~�j
j~�j in the sideward direction and qL in the longitudinal direction.

Since the longitudinal velocity of the pion pair �L = 0 in the longitudinal
center-of-mass system and qTside is orthogonal to the transverse velocity �T
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of the pion pair we derive q0 = ~q � ~� = qTout � �T . Therefore, the outward
radius RTout and the sideward radius RTside are related by the lifetime ��
of the emitting source

R2
Tout = R2

Tside + (�T ���)2 (2.43)

The long lifetime of the mixed phase, see section 2.2, may reveal itself in a
large di�erence between RTout and RTside. Another often used parameteri-
zation is a gaussian as a function of the invariant relative four-momentum

qinv =
q
q2 � q20

C(p1;p2) = 1 + e�
(qinv �Rinv)

2

2 (2.44)

The interpretation of the corresponding four-dimensional radius Rinv is not
straightforward. Usually the study of the invariant radius is used for compar-
ison between experiments. The later introduced correlation strength allows
to judge the quality of the data. Care should be taken in the direct com-
parison of the results on the radii derived by di�erent experimental groups,
as the parameterization may di�er for the quoted radii in the factor of 2 in
the denominator of the Gaussian. The above derived parameterizations are
used in this thesis and for example also by the NA35 [51] collaboration.

2.8.3 Corrections to the Correlation Functions

The parameterizations described in subsection 2.8.2 are applicable for an
ideal incoherent static-source distribution. As mentioned in subsection 2.8.1,
the interaction zone in heavy-ion collisions may be rapidly expanding. We
further assume the studied correlated particles to be pions. Thus the radii
R(p1;p2) are a function of the momenta of the pion pairs. Furthermore,
for the case of a fully coherent source it can be proven [8, 48, 52] that
C(p1;p2) � 1 for bosons. The correlation function has no dependence on
the source density distribution. In order to interpolate between these two
extreme cases the chaoticity parameter � is introduced

C(p1;p2) = 1 + � � j~�(q)j2 (2.45)

Here, � represents the partial incoherence of the source. It has been pointed
out in [53] that a correct formulation for partial incoherence should be based
on a parameter c = nchaotic=n. This is the ratio of the number of chaotically
emitted pions, nchaotic, to the total number of emitted pions, n. Such a
formulation results in

C(p1;p2) = 1 + 2 � c � (1� c) � j~�(q)j+ c2 � j~�(q)j2 (2.46)
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The extended equation using the incoherence parameter is not used in this
thesis as it suggests an experimental sensitivity to the incoherence which is
not realistic. Processes like strong �nal-state interactions, Coulomb repul-
sion, resonance decays and experimental background obscure the measured
correlation strength and radii. The residual correlation strength is believed
to be accurately expressed by the parameter �. However, for a given ana-
lytical function used to parameterize the experimental correlation function,
the radii and � are not independently determined [54]. Therefore when com-
paring radii the correlation strength needs to be compared simultaneously.

For pions the strong interaction can be assumed weak enough to be
neglected. However, recently [55] it was stated that the standard calculation
leading to the Gamov factor should be signi�cantly corrected in the region of
small relative momenta due to �nal-state strong interactions. In this thesis,
the standard Gamov factor is used to be compatible with the results from
other experiments. The standard Coulomb-corrected correlation coe�cient
can be obtained [46] as follows

Ccoulomb(p1;p2) = G(p1;p2) �C(p1;p2) (2.47)

where G(p1;p2) is the Gamov factor de�ned as

G(p1;p2) =
2� � �

e2���� � 1
(2.48)

with � = (� � m)=(jp1 � p2j the Sommerfeld factor, � the �ne-structure
constant and m the mass of the particles the correlation of which is studied.
In the presented results in chapter 5 the Coulomb correction is always taken
into account.

2.9 Summary

The concept of using heavy-ion collisions to create hot and dense hadronic
matter was introduced. Two extreme models, that of complete stopping and
that of partial transparency were presented. Independent of these models
the temperature-time evolution of the dense matter can be calculated using
longitudinal hydrodynamic expansion. The lifetime in case of a QGP phase
was shown to be about �ve times larger than for the case of a hot hadron
gas phase. Such a long lifetime should manifest itself in large source sizes
at freeze-out.

Several possible signals from the QGP have been described. These sig-
nals were also discussed for the case of a hot hadron gas. Up to now no
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experiment has been able to verify the existence of the QGP. However, sev-
eral of the proposed signatures, strangeness enhancement and J=	 suppres-
sion, have been observed. These measurements can be both described in the
framework of the QGP and the hot hadron-gas phase.

Better knowledge of the space-time evolution, as all these signals are
space and time dependent, could enable us to draw unambiguous conclu-
sions from such measurements. The intensity interferometry was shown to
provide the means to measure the space-time evolution of the source dis-
tribution function. Due to e�ects like the source dynamics and possible
coherence and background processes, the conclusions drawn from the mea-
sured correlation function on the extracted source radii must be considered
with care, regarding the obtained correlation strength and the conditions,
e.g. experimental acceptance and background, under which the data were
taken.

If such a careful analysis is performed it should in principle be possible to
distinguish between a QGP and a hot hadron gas already from the measured
space-time distribution. In this thesis such an analysis is presented for 200
A�GeV S+Au reaction.


