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Abstract 

Adulti Module Model is required for tlie realistic aiid detailed description of an ultra- 
relativistic heavy ion reaction. We are working in tlie framework of such a model: 
initial stages are described by Effective String Rope Model with expanding filial 
streaks; liydrodyiiamical approach is used for the iiiteriiiediate stages. This paper 
is mainly devoted to Third Module - the one dealing with Freeze Out (FO). Two 
possibilities are discussed in details: A) freeze out at  the coiistaiit time hypersurface, 
where tlie statistical production model is used to describe post FO particle species; 
aiid B) siiiiultaneous hadroiiizatioii aiid freeze out from supercooled QGP. For tlie 
last case the ALCOR-like algorithiii for calculation of the post FO particle species is 
presented, due to tlie fact that these do iiot have time to reach chemical equilibrium. 

1 Multi Module Model 
The realistic aiid detailed description of aii ultra-relativistic heavy ion reaction requires 
a Multi Module Model, where the different stages of the reaction are each described with 
a, suitable theoretical approach. It is important that these Modules are coupled to each 
other correctly: on the interface, which is a three diiiieiisional hypersurface in space- 
time with iiornial dop, all conservation laws should be satisfied, and entropy should not 
decrease. These matching conditions were worked out aiid studied for the iiiahching at 
FO hypersurfaces in details in Refs. [l, 21. 

In the energetic collisioiis of la,rge heavy ions, one-fluid dynamics is a valid and good 
description for tlie intermediate stages of the reaction. Here, interactions are strong aiid 
frequent, so that other models, (e.g. transport niodels, string models, etc., that assuiiie 
binary collisions, with free propagation of coiistituents between collisions) have limited 
validity. On the other hand, tlie initial and filial, Freeze Out (FO), stages of the reaction 
are outside the doiiiaiii of applicability of the fluid dynamicall model. For the highest 
eiiergies achieved iiowadays at RHIC, liydrodyiiainical calculations give a rather good 
description of the observed radial and elliptic flows [3, 4, 5, GI. 



Similar ideas form the base of Refs. [7, 6, 81 where authors combined two modules 
- hydro and UrQMD - replacing the hadronic phase of hydrodynamics with lia,dronic 
transport model to  describe properly chemical and thermal FO. 

The initial stages for RBIC energies are the most problematic. Noli of the theoreticad 
models currently on the physics market can unambiguously describe the initial stages 
(see [9] for a discussion). In our modeling we use Effective String Rope Model (ESRM) to 
describe initial stages of the collision. The output of ESRM is used as an initial coiidition 
for further hydrodynaiiiical evolution. In Refs. [la, 13, 111 we assunied that the final 
result of the collision of two initial streaks, after the stopping of the string’s expansion 
aad a,fter its decay, is one streak of the length AZ, with homogeneous energy density 
distribution, e f ,  moving like one object with rapidity yf (ef and yf can be easily found 
from coiiservation laws). The typical values of the string tension, g, are of the order of 
10 GeV/ f na, and these may be treated as several parallel strings. We assumed that such 
a final state is due to string-striiig interactions and string decays, which we are not going 
to describe in our siiiiple model. One of the simplest ways to quantitatively take into 
account string decays is presented in Ref. [14]. Such an initial state leads to the creation 
of the “third flow coniponeiit” [17] in addition to the usual transverse flow component in 
the reaction plane. 

In Refs. [9, 101 we describe scenario with expanding final streaks, which seems to be 
more realistic. It is based on the solution for the one-dimensional expansion of the finite 
streak into the vacuuin, which can be found [9] geiieraliziiig the description in [15]. Such 
an iiiitiad state with expanding streaks help to solve the puzzle with tlie exact energy- 
nioineiitum conservation after hadroiiization (see [9] for a discussion). It also let us avoid 
the problem which may cause the development of numerical artifacts, namely a step-like 
iii the beam direction initial energy density distribution (output of ESRM) [17]: it has 
a, jump from ef = const inside the matter, to 0 in the outside vacuum (of course, where 
there is a,lso a jump of e as a, function of x, y, but it is much smoother and this is not the 
direction of the initial expansion). In order to avoid (or at least to suppress) this effect, it 
was proposed in Ref. [IG] to smooth over initial energy density distribution, for exainple 
by a Gaussian shape. Our simple analytic solution smooths out this jump in a natural 
way. for the one-dimensional expansion of the finite streak into tlie vacuum. 

Our goal is to build a Multi Module Model for ultra-relativistic heaxy ion collisions 
that is valid for RHIC and LHC energies, and maybe for the most energetic SPS collisions. 
In the present work we would like to concentrate on the Third Module of our Model - the 
one dealing with hadronizatioii and Freeze out. 

Let us discuss the entropy evolution during liadronizatioii iii more details. Obviously, 
the number of degrees of freedom and correspondingly the entropy density is reduced 
during hadroiiizatioii process. So, how can we avoid decreasing of the entropy? Two 
scenarios could be discussed. The first one is the gra,dual hadronization scenario i.e., 
the hadroiiization is so slow that during this process the volume of the system becomes 
considerably lasger to compensate for the reduction of entropy density. If this would be so, 
our long living, graduadly expanding QGP should be observed in HBT experiments, e.g., 
as a peak in the Rout/Rszde ratio [20, 211. The preliminary data from STAR and PHENIX 
do not support this scenario [18]. The second possibility is the fast ha,dronization from 
supercooled QGP [19]. This hypothesis can be checked only in hydrodynamical models, 
which use tlie EoS as direct input. The simple EoS, allowing the supercooled QGP, will 
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be discussed in section 6. 

2 Third Module 
In this section we shall describe the Third Module. The idea is to separate the.1iadroiiiza- 
tioii and freeze out processes into separate Module, which will, at the end, give the spectra 
of the all possible ha,dronic species. Since the core of this Module is the statistical mod- 
eling we sliadl review briefly the necessary points from relativistic quantum statistics in 
next subsect ion. 

2.1 Basics of Quantum Statistics 

Tlie starting point of the statistical physics is a density operator, p ,  which contains all 
the physical information about tlie system of paxticles. The average of the observable 
A in this statistical ensemble is calculated as (A)  = tr(bA), where A is a Hermitian 
operator corresponding to the observable. In thermodynamical equilibrium, the average 
occupations of different quantum states do not change in time, so = 0. The density 
operator sakisfies the equation of motion of the form id@/dt = -[b, I?], where H is the 
Hamiltonian of the system. Thus, tlie thermodynamical, stationary density operator 
commute with Hamiltonian, [b,H] = 0, and therefore it is diagonal in the basis formed 
by Hamiltonian eigenstates. 

The closed system with fixed energy, E ,  volume, V ,  and number of particles of all 
the types i ,  Ni, is a inicrocanonical ensemble. System in contact with the heat bath 
corresponds to canonical ensemble (CE) - the ensemble average of energy ( E )  = tr(b&), 
V and N, are conserved. Further, if we also let the particle number Ni fluctuate such tlia,t 
tlie average t r ( b ~ i )  is conserved, we obtain a grand canonical ensemble (GCE). 

The canonical approach leads to  the density operator of the form b = e-DB/Z, where 
,PJ is the inverse of temperature ,PJ = 1/T, and Z is the canonical partition function, 

Here i labels the different quantum states in the system and Ei is the corresponding 
eigenvalue of our Hamiltonian. In the last step the trace is expressed in the basis of 
Hamiltonian eigenstates. Once knowing the correct partition function, one is able to 
calculate the thermodynamical quantities describing tlie system. For example, the average 
energy is ( E )  = T 2 d  In Z/dT.  

For the GCE we have 
/ Z G ,  

-P(H-paNi)  6~ = e 

and 

i N, 

where X i  = ePpa is the fugacity of the particle species i and ZN, is the Canonical partition 
function of species i .  Chemical potentials, p i ,  ta,ke care of particle number conservation 
in an average sense. Tlie average number of particles of the type i can be found from the 
partition function: 

d In Z G  
(Nz) = Xz-----. 

dXi (3) 
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The summation over discrete quantum states in the pastition function can be changed 
to siinple phase space integration over coiitiiiuum. Tlie one particle canonical pa,rtitioii 
fuiictioii of pa,rticle i iii the LR frame is then given by 

where gi is the spin degeneracy factor, and p: = d p 2  + nx:, where mi is the mass of the 
particle i. In tlie geiieral case when the flow velocity is not zero, the above expressions 
ca,ii be generalized in the following way: 

Using tlie previous result and taking care of the correct occupatioii of quantum states, 
the grand canonical partition function can be written in the form 

where qi is the stakistics factor: qi = 1 for fermions and qi = -1 for bosons. 
Now we can write the mean particle number as 

In tlie Boltznia,nn limit we just put tlie statistics factors to qi = 0: 

In the relakivistic, inulti component gas, where the conservation of number of distinct 
particles is not the main interest, we associate the chemical potentials to conserved quan- 
turn numbers. If we assuiiie that basyon number B and electric charge Q are conserved 011 
the average in a relativistic hadroii gas, but the strangeness is being treated canonically, 
the Boltzniaiiii partition function for one species is 

where Bi and Qi are the quantum numbers of individual pasticle species. Then the lion- 
strange particle numbers, (7), are 

Tlie strange particle niultiplicities are given by more coinplicated expressions, as a con- 
sequence of the exact strangeness conservatioii [29, 301. 

The average iiet quantum number, say baryon number, is a sum over paxticle numbers 
weighted by tlie chosen quantum iiuiiiber , for example 
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We can also derive the following equations for the energy density 

-leP$u,, + -' , + 

and for the pressure, through the thermodyna,mic potential 0, 

3 Statistical models for ultra-relativistic heavy ion collisions 
Statistical models were applied for high energy collisions [22, 23, 241 froin the beginning of 
this field. In the last decade a significant development of these models and the extension of 
the area of their applicability took place. The main reason for this is a surprising success 
of the statistical approach in reproducing new experimental data on hadron multiplicities 
in nuclear (A+A) [25] and elementary (es+e-, p+p, p+p) collisions [26, 271. One of 
the important results of the analysis of hadron yield systematics at high energies (SPS 
and higher) done within the statistical models is the approxiniate independence of the 
temperature parameter T = 160+ 190 MeV from the system size and collision energy [28]. 
This result can be attri'buted to the statistical character of the hadronization process. 

Calculations within statistical models are straightforward when the mean number of 
particles of interest is large and consequently it is enough to fulfill the conservation laws 
in the average sense, i.e. GCE description can be used. For GCE the mean particle 
multiplicities are just proportional to the volume V of the system. Thus, the particle 
densities and the ratios of the multiplicities of two different particle species, which are 
usually used for the comparison with the data, are volume independent. 

This simple volume dependence is however not valid any more for a small system in 
which the mean particle multiplicity is low, like in p p  collisions. In this case the inaterial 
conservation laws should be imposed on each microscopic state of the system, i.e. CE 
description should be used. This condition introduces a significant correlation between 
particles which carry conserved charges (see for example Ref. [30]). 

In P6 + P6 collisions at the SPS collider and Au + Au reactions a,t RHIC we produce 
large and hot systems, where the corrections are negligible and GCE description is sat- 
isfactory for most of the produced particles. Nevertheless the temperature achieved in 
these collisions is still relatively low for the strange quarks (nzz M 300 MeV). Therefore 
the CE description is preferable for the strange particles (we are not going to describe 
particles with charm or more heavy quarks). Such an approach - GCE for baryon and 
electric charges and CE for strangeness - will be used for the Chemical FO description in 
our Third Module. 
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4 Chemical Freeze Out 
Chemical FO fixes the abundaiices of different hadroiiic species. The statistical production 
iiiodels can be applied for the chemical FO in two different ways: 
A) If we are working with data - to fix the two independent paraineters - T and pB - froin 
the experiineiitally measured particle ratios (ratios are used in order to cancel the volume 
dependence, since volume is unknown). 
B) If we are doing the simulation of the collision and our expanding matter reaches the 
point where it has to undergo chemical FO - theii we have to fix the temperature, T ,  
and baryon potential, LAB, from the conservation laws, and based on these calculate the 
past icle multiplicities. 
Obviously, the point B) is for the great interest for us. 

In order to simplify tlie calculations we assume that FO (chemical and siinultaiieously 
tliermad) happens at the coiistant time hypersurface in the Lab frame (notice in this case 
the reference fra,me of the front, RFF, will be the same as Lab frame), i.e. hypersurface 
with iiornial vector dd‘ = (1,0,0,0).  Such a FO surface does not give any constraiiis on 
the post FO distributioiis [l, 21, so, we caii assume thein to be the equilibrated Jiittner 
distributions. Since the normal vector do+, is not parallel to the flow velocity of the pre 
FO matter, u p ,  this will, in general case, cause tlie change of the flow velocity during the 
FO process. For the coiistaiit time surface FO calculatioiis caii be done for all the cells 
sepaxately (Le. our algorithm allows parallelization), so for every cell we can choose the 
franie with z axes such that uIL = y(l,O,O,v). Because of tlie cylindric symmetry of tlie 
initial state (the exact proof is straightforward), the post FO velocity will also be in the 
form ~ $ 0  = YFO( 1 , O ,  0, U F O ) .  

The energy-nioinentuiii conservation for soiiie particular cell gives us the following 
couple of equations : 

T’””da, = T:Lda, -+ (14) 

(15) Too = T$$ + ( e  + P ) y 2  - P = ( e F O  + P F o )  ygo - P F O  , 

where index FO denotes the post FO quantities. Here the e = 

The baryon nuinber and electric charge conservation laws can be written like: 
e ( T F 0 ,  A:o, XI.’o, Q U F O )  and P = P(TFo, Ago, Azo, U F O )  are given by the eqs. (12, 13). 

The strangeness is conserved exactly (CE), therefore ns = ngo = 0. 

( N B )  = ngo . VceLL = nByVcelL/yFO = B ~ ( N ~ ( T F o ,  Ago, Azo,  U F O ) ) ,  

( N Q )  = n F O  Q velL = ~ ~ Q y V C e L 1 / ~ F O  = x Q i ( N i ( T ~ 0 ,  A&), A $ o , u F O ) ) ,  

(20) 

(21) 

i 

i 

where (Ni)  are given by eq. (10) (for the strange particles it should be modified [29, 301). 
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Tli~is, we end up with tlie set of tlie four equations - (15, 16, 20, 21),- solution of 
which will finally give us the post FO temperature, TFO, post FO flow velocity, U F O ,  and 
fugacities, Ago and Aso, (or chemical potentials pbo = 111 XbOT~o). 

Fixing these four parameters we completely deteriniiie the post FO spectra for ad1 the 
hadronic species. To verify tlie consistency of our description we ca,n check tlie entropy 
condition. On the post FO side the entropy of tlie gas is given by the well known expres- 
sion: S = k(ln Z+P(E))  for all the species. On tlie pre FO side tlie entropy of the liadronic 
phase, usually described by the EoS f = f ( n , T )  (Helmholtz free energy is the corre- 
sponding thermodynamical potentiad for the baryon density, n, and temperature, T ,  as 
ai1 independent variables), can be obtained in the other way S = s . Vce" = - (g) . Vce". 

Of course, not all of tlie frozen out particles will reach detectors, since some of the 
paxticles has quite a, short life time. The Third Module will take care of this also - knowing 
the life time and relahive decay widths it is easy to calculate the perturbation of tlie final 
spectra, caused by post FO decays. 

5 Perspectives for supercooled QGP 
As it has been mention already several times, we would like to investigate tlie consequences 
of tlie lia,dronization from the supercooled QGP. This possibility was first suggested iii Ref. 
[37] based on recognizing tlie fact that hadronization of QGP is connected to entropy den- 
sity decrease. To avoid the total entropy decrease one either needs a gradual hadroiiizatioii 
with hadroiiizatioii time as long as 50- 100 f nz [40, 411 or rapid lmdronization from super- 
cooled QGP [19]. The experimental data seems not to support long ha,droiiiza,tion time 
scenario (HBT results from R.HIC [18] (preliminary) do not show the pea,k in Rout/Rside 
ra,tio [20, 21]), thus, to solve tlie entropy problem sudden hadronization coinciding with 
both FO processes (chemicaJ and thermal) might be a good assumption. Such a process 
would be very fast, therefore this gives as a good justification for the constant time FO 
hypersurface. In order to investigation of tlie hadronizatioii and FO from the supercooled 
QGP we also have to plug in proper EoS into our hydro Module. 

6 

In order to simulate tlie possibility of the supercooled QGP tlie followiiig simple EoS has 
been proposed in the Ref. [31, 321 (and first time applied for heavy ion collisions in [33]) 
for tlie ca8e of baq~onfree QGP ( p  = 0): 

Equation of State - supercooled QGP 

Pq(T) = AqgT4 - bT, eq(T) = 3AqgT4 (22) 
37 2 (Aqg = En- for N, = 3 and N j  = 2). It is easy to clieck that e and P are indeed coiiiiected 

by the thermodynamical equation 

dP 
e = T - - P .  

dT 

This EoS can be justified aJs coming from tlie lion-perturbative QCD effects: lattice calcu- 
1a)tioiis (see for example [39]) show that close to critical temperature for hadronic matter 
- QGP pliaae transition energy density has a sharp increase and soon saturates with ai1 
equilibrium Stefan-Boltzmann value eb(T) = 3AqgT4, while pressure, P, increases much 
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Figure 1: Generalized EoS, eq. (22), - full + dashed line; hadronic EoS, eq. (24), - dot- 
dashed line. By supercooling one can penetrate into metastable states (branch 1-2) out of 
phase equilibrium and approach the spinodal point at T = z,. Then, further cooling will 
result in a phase transition since interval 2-3 is thermodynamically forbidden (g < 0) 
even for a, single phase. 

slowly and reaches Stefan-Boltzmann limit only at very high T .  Such a, pressure "sup- 
pression" is presented by eqs. (22). Coinparing these expressions with the Bag model 
EoS one can see that for the pressure the Bag constant, B ,  is replaced by temperature 
dependent term bT, while for energy density Bag constant disappeared (due to relation 
(23)). 

The hadronic EoS in the same limit (pg = 0) will be defined by the pion term: 

Ph(T) = A,T4, e,,(T) = 3A,T4, (24) 

where A, = g. Then, if the phase transition temperature T, assumed to be known, 
parameter b can be fixed from the Gibbs condition P,,(T,) = P,(T,). 

The pressure, P,  as a function of T is shown in the Fig. 1. By supercooling one can 
penetrate into metastable states (branch 1-2) out of phase equilibrium and approach the 
spinodal point at T = T,, ((E) = 0). Then the further cooling will result in a 

pliase transition since interval 2-3 is thermodynamically forbidden (g < 0)l even for a, 
single phase. 

'It is easy to  see from the Gibbs-Duheiii relation one can easily see that ($$ ) f i  = s > 0, since the 

T=Tm 

entropy density is always positive 
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Figure 2: QGP EoS with temperature dependent terin in pressure, eq. (2G), is shown for 
different value of p - full + dashed line. The spinodad is shown by dot-dashed line. 

Our idea is to use tlie teinperature dependent terin, bT, instea,d of Bag constant in 
P ( T )  equation and put B = 0 in e(T) equation for the more general QGP EoS: 

n2 7NcN.f 4 NcNj 2 2 P4 e ( T , p )  = -(N: - 1 + -)T + -(T p + T) ,  
15 4 2n (25) 

1 
3 

P ( T , p )  = - e ( T , p )  - bT. cw 
Here 1-L is a quark chemical potential, pLg = 3p. In our calculations we used N j  = 2, 
Nc = 3. 

Such a EoS keeps its feature of existence the spinodal point T,, for finite baryon 
clieinical potential, since all the otlier terms are either constant or have higher power 
depeiideiice on T - see Fig. 2. Iii our hydro iiiodule we let our QGP supercool and 
expand uiitil some cells reach tlie teinperature T = T,. This will cause simultaneous 
phase transition in overall QGP volume. The peculiarities of such a fast liadroiiization 
process will be discussed in more details in next section. 

7 Simultaneous Freeze Out and hadronization 

If oiie wants to describe tlie fast hadronization from supercooled QGP coinciding with 
FO (chemical and tlierinal at the same time) one should keep in mind that the statistical 
productioii model (see section 2) can not be applied in this case. Such a hadronization 
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would produce not the primary particle multiplicities, which then will chemically ther- 
malize, but directly the experimentally measured spectra (except the particles decaying 
on the way to the detector). Since the hadronized particles were at the same time frozen 
out, they did not have time to get equilibrated, neither chemically nor thermally. Nev- 
ertheless, the details of our fast hadronization process are such, that the final hadron 
momentum spectra carry a lot of similarities to the pre hadronization quark distribution, 
which is equilibrated. Conservation laws on the FO surface have to be modified, since, 
because of very fast hadronization process (everything is happening on the hadronization 
hypersurface), we will conserve not only the usual quantum numbers - B ,  S, ... - but, in 
fact, the number of quarks and antiquarks of all flavors, since they don’t have time for 
annihilation. Siiiiilax ideas lie behind the Transchemistry Model [35, 361. This model is a 
dynaniical extension of the Algebraic Coalescence Rehadronization (ALCOR) model [34], 
where originally the iniportance of fast hadroiiization from supercooled QGP [37, 191 was 
not realized, although it is a, natural justification for the applicability of ALCOR. The 
ALCOR model will be described in more detain in App. 1. 

The Transchemistry model describes the phase transition from quark phase to hadron 
phase in the following way - the elementary processes contain the quarks from the ”semi- 
deconfined” quask matter as incoming particles and the the hadrons as outgoing particles. 
The basic assumption is the presence of the ”semi-deconfined” quark matter. This means 
that gluons already disappeared from the system (they decayed or were absorbed), the 
main degrees of freedom are quarks and antiquarks in the decoiifined phase, they are 
dressed and ready for hadroniza,tion. If we make a linearized approximation of the differ- 
ential equations describing the dynamics of such a phase transition - assuming short time 
durations only - then we come to the ALCOR model. The ALCOR model provides us a 
very simple and efficient algorithm of calculating particle multiplicities, by redistributing 
ad1 the quarks and a,ntiquarks present in the ” semi-deconfined” quark matter between 
color singlet final hadrons (see App. 1). However, for more complete description of the 
filial state we have to know the full nioinentum distributions of the out-coming hadrons. 
The simplifications one can make will be discussed in more detail in next section. 

7.1 Post FO momentum distributions 

In the Transchemistry model we h a x  a microscopical dynamical prescription for the pro- 
cess of quark coalescence into hadrons. Furthermore we assumed a given momentum 
distribution for the constituent quarks. Thus the momentum distribution of the pro- 
duced hadrons can be calculated. However, this is a somewhat tedious procedure. On the 
other hand one can notice that the capture cross section (eq. (35)) has its maximum at 
zero relative quark momentum. Therefore one inaty assume, that the hadrons, just after 
their production will have a momentum distribution similar to that of the quarks - the 
Boltzinann distribution can be assumed, or, following [35], Fermi and Bose distributions 
for the hadrons may be used. Although, there is no thermal equilibrium after sudden 
FO, the post FO hadronic species may still have a similar temperature para,meter, TFO. 
This is due to the fact that coalescence, if the energy-momentum conservation is fulfilled, 
maintains the equipastition theorem. Nevertheless, the post FO temperature parameter, 
TFO, will differ from pre FO temperature, T ,  because the perturbative vacuum energy, 
B V&l, and interacting energy will also modify the post FO kinetic energies. Thus, TFO 
has to be determined from the conservation laws. Furthermore, we deal with chemically 

’ 
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not equilibrated system, where all hadrons will have their own chemical potential, cor- 
responding to the partial density of this species, arising froin sudden 1ia.dronization [37] 
and determined, e.g., by the ALCOR model through liardoii multiplicities (see App. 1). 

Let us now review the proposed algorithm. We assume, that, due to the short charac- 
teristic time of the process, we may describe hadroiiizatioii independently for every cell, 
i.e. parallelize our adgorithrn. Again, we should satisfy the conservation la,ws. Energy 
and inoineiituin conservation gives eqs. (15, 16), discussed in tlie previous chapter. Fur- 
thermore, baxyon number and electric charge conservations axe included in tlie ALCOR 
model. As it was mentioned above, for the cheinical potentials, or fugacities, for every 
paxticular particle species we can write equation (IO) 

where all the (N,) are given by the ALCOR inodel as a function the free parameters of 
the model - Ntot,pail., gs, g~ (see App. 1). 

From these equations we can obtain the U F O ,  T = TFO and the product XB:FoX$:,o 
for every hadronic species (this product only is necessaxy to completely determine particle 
spectra - see section 2.1). Then the free parameters of ALCOR niodel - Ntot,pazr, gs, QB, 
have to be determined from tlie comparison of our particle spectra with data. 
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ALCOR model 
starting point of the ALCOR model [34] is a seini-deconfined state in which only 

those quarks and antiquarks a,re present in local thermal equilibriuin which form the final 
ha,drons. We also assume that only quarks and antiquarks are present, so their number 
already accounts for those gluons which were fragmented easlier . This assumption is 
easily accepta,ble for the heavy quarks for which any meeting with their antiparticle is 
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iiiiproba,ble due to their sma,ll specific density. For the light quarks, as it was mentioned 
above, we can argue thak this is due to fast hadronization from supercooled QGP. 

We shall denote the number of produced u, d,  s quark pairs -just before the ha,droniza,- 
tion - by Nu,p(l.iT, N , . J ~ ~ ~ ~  and Ns,pair, respectively. Tlie strangeness productioii factor, gs 
is defined as 

gS = Ns,pair/(Nu,pair + Nd,pair) . (27) 
Tlie mesonic coalescence factors, Cn4(qi, 3 )  of the ALCOR model are introduced in 

the following way - the production of mesons A4 is given by 

NA4 (qi ,  43) = D(")CM (qi 7 q j )  ' bqz Nqi bj Niji , (28) 

where D(A4) is tlie spin degeneracy of the final hadron. The baryonic (antibaryonic) 
coalescence factors can be defined and calculated as a simple sequential process, when 
baryons containing three constituent quarks will be produced from diquarks and quarks. 
Tlie coalescence factors are the following: 

1 
3 

CB(a,b,c) = g B - { C M ( a , b ) C M ( [ a +  b],c)+ 

+ C M ( %  C)CM([a + 4, b)  + C M ( k  c)Cn..l([b + 4 ,  a)> . (29) 

Here indexes a,  b,  c means the 4% quarks for baryon production or si, antiquarks for an- 
tibasyon production. In order to ensure tlzak all the quarks are included in final hadrons 
the normalization factors b,, (v = qi ,ql)  were introduced. These b,, are associated with 
every quark or antiquask flavour when counting quarks and antiquarks in hadrons. The 
factor QB is tlie baryon suppression factor. Its physical meaning can be connected to 
the sequential creation of the baryons. We assume that tlie production of a baryon froin 
three quarks or an antibaryon from three antiquarks is a two-step process leading tlirough 
an interniedia,te diquark formation in the corresponding color triplet or anti-triplet state 
which forms tlie filial baryon later on together with a third quark or antiquark. These 
diquaxks must, however, be very unstable, short-lived clusters, so they may decay before 
forming the baryon. We take into account this mechanism of baryon production by in- 
troducing the phenomenologica,l baryon suppression parameter, 9s. We will assume that 
g B  is flavour blind. gB as well as gs will be determined froin the experimental dahs. 

Now one can determine the numbers of the baryons and antibaryons: 

Since we have introduced tlie numbers of different mesons, baryons and antibaryons 
produced froin the quark matter, one has to put up the final set of equations, which 
will ensure tlie conservation of the numbers of different flavours (for each quark and each 
antiquark flavor) : 
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This set of equations determines uniquely the iiormalization factors, b,. The number 
of independent equations in eqs. (32, 33) is equa,l to the nuinber of independent bqz and 
b, factors. Note, that these 2Nj quantities are not adjustable parameters of the model, 
but they axe deteriiiiiied by the flavour coiiservatioii. 

The mesonic coalescence factors of the ALCOR iiiodel can be calcula,ted in the follow- 
ing way 

where the is the cross section for the reaction qi +;. t AI, V is the reaction volunie, 
v is the relative velocity of the reacting partners and T is the characteristic time of the 
reaction. For more details see [34, 351. 

The most uncertain ingredient of the ALCOR hadronization model is the hadroniza- 
tioii cross section. The authors estimate it based on an analogy with the p+A --+ d+(A-1) 
nucleax rearrangement (pick-up) reaction leading to deuteron foriimtion [38]. Assuming 
a Coulomb-like potential in the final (QQ) state a fusing cross section can be derived from 
this analogy: " 

a'a 
= 1 ~ ~ 4 f i ~ 3  

(1 + ( ka )2 )2  
(35) 

Here n21, is the rest mass of the meson, while a, = l/(maba) is the Bohr radius of the 
bound qij state in a V ( r )  = -a/r  Coulomb potential with nzab being the reduced mass 
of pasticles 'a' and 71'. The factor p f nz occurring in eq. (35) accouiits for the medium 
iiiflueiicing the hadron formation and was taken to be equal to the Debye screening length 
in quark-gluon plasma at the given temperature 7'. Filially k occurring in eq. (35) is the 
iiiagnitude of the relakive inoineiituin vector of particles 'a' and 'b' measured in their 
center of nmss system k = &/2,/5. 

Based on the above theoretical considerations the redistribution of different flavor 
quarks a,nd antiquarks into all hadrons can be calculated in the ALCOR iiiodel us- 
ing practically oiily three parameters: A) the total number of quark-antiquark pairs, 
Ntot,pazr = Nu,pazr + Nd,pa2T + Ns,pazr, which can be determined from the measured totall 
charged multiplicity, B) the paranieter gu controlling the baryon formation (eq. (29)) and 
C) the strangeness production factor gs (eq. (27)). 
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