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Constraining a simple hadronization model of relativistic heavy-ion collisions
using hadronic observables
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A complicating factor in using hadrons as early probes for relativistic heavy-ion collisions is that they can
undergo strong final-state rescattering with each other. This potentially causes hadronic observables to reflect
the condition of the system at a late stage rather than at an early one. The present work uses a rescattering
calculation with resonances to unfold these effects and thus uses measured observables to constrain a simple
initial-state hadronization model for RPb collisions at CERN energies. A model parameter set is found
which qualitatively agrees with measured single and two-particle observables foPiPkrollisions.
[S0556-28188)05102-4
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I. INTRODUCTION sion since they should contain information about the bulk
properties of the initial state, i.e., the temperature and energy
Relativistic heavy-ion collisions provide a means of cre-density achieved in the collision. The difficulty in using the
ating matter in a hot and dense state which might shed lightadrons to extract this information is that the rescattering
on the behavior of matter under these extreme conditionrocess masks the initial space-time and momentum-energy
such as the possibility of producing a phase transition tdnformation by random scattering and thus there is no simple
quark mattef1]. It is generally agreed that the most extremeconnection between the freeze-out information obtained in
conditions exist in the “initial state” of the heavy-ion colli- €XPeriments and the initial state. _
sion, roughly defined as occurring just after the projectile " this article, the method employed to approach this
and target nuclei “pass through each other.” Eventually theproblem is to use a rescattering calculation to disentangle the
interaction region hadronizes into a large number of mesoniEScattering effects from_ the hadronization process. The strat-
and baryons(with nonhadronic particles such as photons,egy will be to fca_k_e a simple "?Ode' for ha_\dronlzanon and
electrons, and muons also being producamt! then expands propagate the initial hadrons via rescattering to freeze-out,
0 its finr;ll state. During the expansion stage the hadronadjustlng the parameters of this model to see if a parameter

| ith h oth lled * et can be found where the freeze-out observables from the
strongly scatter with each other, a process called “rescatteizy o ation agree with those measured in experiments.

ing.” The final state of the collision can be thought of as thethin the context of the model, this parameter set thus de-
state for which rescattering ceases among all remaiffing  g¢ripes the state of the collision before rescattering, putting
nal) hadrons. It is often convenient to define the “freeze- s g step closer in time to the initial state. The advantage of
out” point of a final hadron as the position, time, energy, andysing a “simple” hadronization model is that the number of
momentum the particle had when it stopped re-parameters to be adjusted is minimized, increasing the
scattering. Thus, one can define more precisely the final statshances that the extracted parameter set is unique. The dis-
of the collision as the collection of the freeze-out points ofadvantage is that some physics of the hadronization will be
all of the final hadrons in an eight-dimensional phase spackft out, so the physical interpretation of these parameters
(four dimensions for space-time and four dimensions formay be complicated. Descriptions of both the hadronization
momentum-energy The term “freeze out” will be used to model and the rescattering calculation used are presented be-
represent the final state of the collision defined in this waylow. Results of applying this approach for CERN-energy
In principle, the properties of the collision at freeze out arePb+Pb central collisions are then shown.
directly accessible to us by measurement. In practice, one A previous paper also used a rescattering model to make
directly measures the freeze-out momenta and energies of tipeedictions for CERN P Pb collisions[5]. The main dif-
particles using, for example, magnetic spectromdtfysnd ferences between the present calculations and those pre-
indirectly measures the freeze-out space-time from thaented in Ref[5] are summarized below.
freeze-out momenta and energies using the method of two- (1) The present calculations include resonances; F&éf.
boson interferometryi.e., Hanbury-Brown-Twis¢HBT) in-  did not. The advantage of including resonances is to make
terferometry [2,3]. the calculations more realistic, since it is well known that
However, the main motivation to study relativistic heavy- resonances are present in CERN SRPSuper Proton
ion collisions is to obtain information about the initial, ex- Synchrotroprenergy collisions. Although the presence of
treme state of the collision. Some directly measurable nonresonances is expected to have a small effect on the radius
hadronic probes such as direct photons, and electron arghrameters extracted from two-particle interferometry, it can
muon pairs have been predicted to be sensitive to certaihave a significant effect on the intercept parameter and on
features of the initial state and are being investigféditis  the slopes ofn; distributions[6].
equally important to study the final hadrons from the colli-  (2) Unlike the situation at the time of Rg¢6], preliminary
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CERN Pb+Pb data are now either newly available or of jected uniform sphere of radius equal to the projectile radius
higher quality than before for particle multiplicities, R (R=roA"3 wherery=1.12 fm andA is the atomic mass
m-distribution slope parameters, rapidity distributions, andnumber of the projectile Thus, a collision geometry with
two-particle interferometry resulfg—11]. This improves the ~zero impact parameter is assumed. The longitudinal particle
input information for the calculations, and allows compari-hadronization positionz,,) and time {,,J are determined

sons between the results of the calculations and data. by the inside-outside cascade mofE2]:
(3) The present space-time model for particle hadroniza- i _
tion uses the inside-outside cascade métaC) [12] for the Znad™ ThadSINN(Y);  thad™ ThadOSHY), 4

hadronization time and longitudinal position, and a projected
sphere for the hadronization transverse position, similar t
that used by Herrmann and Bertsch fot-Bb calculations
[13]. Referencg5] used a simple “pillbox” geometry for
the hadronization space-time. The advantage of the 10C a;?—x ! ! . .
proach is that it is Lorentz covariant. Some calculations have The hadrons included in the calculation a,re pions, kaons,
also been made with the pillbox geometry in the presenEnd nucleong, K, andN), and thep, o, #, 7', ¢, A, and

work to compare with the 10C and with Ré6] (see below * resonances. .Fo'r simpljcity, the calculation is isosPin av-
eragede.g., no distinction is made betweenrd and am ™).

However, isospin is taken into account where necessary such
as in determining particle multiplicities and in properly
A description of the rescattering model calculationalWeighting resonance productide.g., w7 — p is unweighted

method is given below. The method used is similar to thasince all particles aré=1, but 77— w is weighted by3;
used in previous calculatior$,14]. Rescattering is simu- sincel =0 for the w). Resonances are present at hadroniza-
lated with a semiclassical Monte Carlo calculation whichtion and also can be produced as a result of rescattering.
assumes strong binary collisions between hadrons. Thiitial resonance multiplicity fractions are taken from
Monte Carlo calculation is carried out in three stag@y: Herrmann and Bertschl3], who extract results from the
initialization and hadronization(2) rescattering and freeze HELIOS experiment[15]. The initial resonance fractions
out, and(3) calculation of hadronic observables. Relativistic used in the present calculations ayémw=0.05, p/7=0.1,
kinematics is used throughout. All calculations are made t@/w=3, ¢/(p+w)=0.12, '/ np=K*/w=1, and, for sim-
simulate CERN-energy PbPb collisions in order to com- plicity, A/N=0.
pare with CERN experiments. The second stage in the calculation is rescattering which
The hadronization model employs simple parametrizafinishes with the freeze out and decay of all particles. Start-
tions to describe the initial momenta and space-time of théng from the initial stage t(=0 fm/c), the positions of all
hadrons. The initial momenta are assumed to follow an exparticles are allowed to evolve in time in small time steps
ponential transverse momentum distribution for all particles(6t=0.1 fm/c) to their initial momenta. At each time step
each particle is checked to s&® if it decays, andb) if it is
(1/m7)dN/dmy=C exp(—my/B), (1)  sufficiently close to another particle to scatter with it, the
total elastic scattering cross section determining this “close-

where my=/(p7+m?) is the transverse masgy is the  ness” criterion depending on the particle types and their en-
transverse momenturm is the particle mas<; is a normal-  ergies, i.e.,
ization constant, anB is the slope parameter, and a Gauss-

herey is the particle rapidity andy,,qis the hadronization
proper time. Thus, apart from particle multiplicities, the had-
ronization model has four free parameters to extract from
perimentay init, Tinits Binity aNd Thag-

Il. CALCULATIONAL METHOD

ian rapidity distribution for mesons, d=(olm), 5)
dN/dy=D exq—(y—y0)2/(20y2)], (2)  whered is the separation between the two particles arid

the total elastic cross section. A particular particle is only
wherey=0.5 I{(E+p,)/(E—p,)] is the rapidity E is the par-  allowed to scatter once with another particle in the calcula-
ticle energy,p, is the longitudinal momentunD is a nor-  tion (e.g., particle No. 23 can only scatter once with particle
malization constanty, is the central rapidity valu¢‘midra-  No. 608 but both particles could then go off and scatter with
pidity” ), and o, is the rapidity width, and a “flat” rapidity  other particles, ety. Elastic scatterings between any pair of
distribution for baryon$7]. The initial slope parameter used hadrons in the calculation are allowed. Isospin-averaged
in Eq. (1), Biyi¢, is parametrized for each particle type as  elastic totalo(ij) and differentialdo(ij)/dQ cross sections
) (wherei andj symbolize particle typewere obtained for
Binit= Tinit + MPBinit ) 7, mK, wN, and KK from Prakashet al. [16]. Plots of

_ _ o(ij) versusy's from Ref.[16] were parametrized in terms
whereT,;,; and B;,; are free parameters andis the particle fs ) (i DP(ii
mass. This parametrization has been shown to describe tr?e s-wave andp-wave parameterB=(ij) andD¥(ij) as

mass dependence of slope parameters for freeze-out distribu- o(ij)=D%(ij)+DP(ij)R(s) (6)
tions of pions, kaons, and protof8]. Its validity in the

present context of hadronization slope parameters is to bgnd used to determingo(ij)/dQ with

determined by comparison with datsee below. The initial

space-time of the hadrons is parametrized as having cylindri- do(ij)/dQ=g[D%(ij)+3DP(ij )R(s)cogd],

cal symmetry with respect to the beam axis. The transverse

particle density dependence is assumed to be that of a pra¢here



868 T. J. HUMANIC 57

TABLE I. D5(ij) andDP(ij) parameters extracted from plots KK— ¢p—KK.
from Ref.[16] using Eq.(6).
- K N KK As already mentioned earlier, the production channets
- —w,n,7",¢ and KK— ¢ must be weighted by to take
D® (fm9) 0.8 1.0 2.0 1.0 into account isospin effects. Other possible particle produc-
DP (fm?) 1.9 10° 1.75% 10° 3.05¢ 10 0 tion channels such &dN—NA—NN#7 andKN—A —aN

were not included in the present calculations for simplicity.
It is felt that these omissions are at least partially justified by
R(s)=[s—(m,— m,-)z]/[(s— m,2)2+m, 2T, 2] the fact that ther, K, _andN multiplicities resultin_g from th_e
rescattering calculation are forced to agree with experiment
and wherss is the usual Mandelstam variable for particles and thus these channels cannot effect the final particle mul-

andj’ m, is the resonance mass, the resonance widthj tiplicities. However, Ieaving out these channels could have
the scattering angle in thie-j c.m. frame, andy is a con-  more subtle effects, for example, on the shapes oKtfad

stant. Table | gives the values BF andDP extracted from N transverse momentum distributions. Clearly, this is neither
Ref.[16] using Eq.(6). Note thatD3(KK) was assumed to @ perfect nor complete implementation of resonances. It is
be equal toDS(K ) and DP(KK) was assumed to be zero. Meant to take into account the gross features of resonances in
For KN and NN scatterings, parametrizations for the total the spirit of the present simple rescattering model.

elastic cross sections were obtained from the Review of Par- Once it is determined that the particle pair is close enough

ticle Propertie§17] and take the form to scatter from Eq(5), the scattering is then carried out using
relativistic kinematics to determine the scattered momenta of
a(ij)=a+bp"+c(n(p))?+d In(p), (7)  the two particles. A “scattering time” of 0.2 fna/ is im-

posed on the interaction such that neither particle is allowed

wherep is the momentuniin GeV/c) of one of the particles to scatter again with another particle during this time period.
in the frame where the other particle is at rest, and, n, Each particle is followed in time until its last scatterifigg.,
¢, andd are parameters given in Table Il f&fN and NN. freeze outor, if it is a resonance, until it decays after freeze
Note that in the case &N, =12 mb forp<1 GeV/c, and  out at which point its space-time position and momentum are
for NN, 0=300 mb forp<0.2 GeVk, ando— /2 in Eq.  recorded. For the PbPb collisions considered in the present
(7) for 0.2<p<2 GeV/c in order to agree wittNN scatter- calculation, particles undergo about fifteen scatterings on av-
ing data. As an expedient, the total elastic cross section fograge before freeze out.
any case where a resonance scatters with another particle is Calculations are carried out assuming initial parameter
taken to be the same as that K, i.e., c=10 mb. values and particle multiplicities for each type of particle. In

Resonance production is defined to always occur in dhe last stage of the calculation, the freeze-out and decay
scattering event between two particles when two additionaimomenta and space-times are used to produce single-particle
conditions are satisfieda) the scattering channel is correct and two-particle observables such as pion, kaon, and nucleon
to produce a given resonance ginithe Js of the scattering multiplicities, transverse momentum and rapidity distribu-
lies betweenm,—I', and m,+I', for that resonance. Al- tions, and two-boson correlation functions. The values of the
lowed resonance production channels and their decay chaipitial parameters of the calculation are constrained to give

nels are as follows: observables which agree with available measured hadronic
observables. For the RiPb calculations studied in the
TT—P— T, present work, measured observables were obtained from the
NA44 [8,9] and NA49[7,10,1] experiments, both of which
TT— W— T, studied PH-Pb collisions for incident kinetic energies of
E|.,=158 GeV/nucleon.
TT— N— T, For the two-particle correlation calculations, the two-
boson correlation function is formed and a Gaussian model
TT—n —TTT, for the boson source distribution is fitted to it to extract the
final radius parameters. In the present calculation boson sta-
Ta— ¢p—KK, tistics are introduced using a method of pair-wise symmetri-
zation of bosons in a plane-wave approximat[d8]. The
7N—A— 7N, final step in the calculation is extracting radius parameters by
fitting a parametrization to the Monte Carlo produced two-
TK—K* - 7K, boson correlation functio®(Q), whereQ is the four-vector
difference between the momenta of the two bosons, Qe.,
elastic cross sections. assuming a Gaussian space-time distribution of freeze-out

points, p(r,t) in terms of the transverse-plane variables
It sige @aNd Tt out, the longitudinal variable along the beam

KN— KN 6.2 40 —18 0.23 ~1.85 directionz, and timet:

a (mb) b (mb) n c(mb) d (mb)

NN—NN 11.9 26.9 -1.21 0.169 —1.85 9 9 9 9
p(r,t)=F exp(—rt sige 12R1 side — 1 out 12R1 out
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TABLE Ill. Initial particle multiplicities used in the rescattering TABLE IV. Hadronization model parameters used in the rescat-

calculation. tering calculation which are favored by experimental data.

™ K N p o Ui 7 K* ¢ Thad (fM/C) Tinic (MeV) Binit Ty init

1010 65 534 184 61 46 46 61 29 1 270 0.0 1.2
— Z212Ryong’ — t2127%), (8)  distributions, and pion interferometry results and experimen-

tal data. The sensitivity of the hadronic observables to these
where Rt gge is a transverse sideward radius parameterparameters is discussed later. Unless otherwise noted, the
Rt out Is @ transverse outward radius paramefeg,,q is @  rescattering model results shown below were obtained with
longitudinal radius parametetis a lifetime parameter, and the parameter set in Table IV. With these initial parameters
F is a normalization constari?]. From this distribution defined, it is possible to calculate the total energy of the
function the following parametrization &(Q) can be ob-  system by summing over the energies of all hadrons and thus

tained[19]: calculate the equivalent lab bombarding energy for a Pb pro-
_ ) ) jectile in the model. The result of this calculation gives an
C(Qr sides QT outs Quong) = G[1+\ exp(— Qr sige Rr sie equivalent beam energy of 185 GeV/nucleon, which is 17%

_ 2R, 2 2R, 2 higher than the CERN Pb-beam energy of 158 GeV/nucleon.
QT out "™\T out Qlong long )]a . . . 4

This small difference in beam energy is not expected to ef-

9 fectthe comparison between calculation and experiment sig-

nificantly. In order to see how well the present rescattering

Ygrr]ne:;(d?ing?iokﬁegng:lc:gri]suz:)nlgrt%ailrifaggﬁ é?:;;i;sznadn%alculation conserves energy, the total energy of the system
9 P ' is calculated at each time step during the full time range of

A is the usual empirical parameter added to help in the fittinQhe rescattering calculation. The variation in the total c.m.

.Of Eq. (9) to the “ac_tual” correlanon_ functior(A =1 in the energy of the system is found to be aboutl MeV out of
ideal casg The radius parameters in E() are related to 3890 GeV bout- 0.00028%
those in Eq(8) in, for example, the LCMS framédongitu- > o€V or abour-o. -

' ' ' Figure 1 shows a plot of the average number of scatter-

dm_ally comoving system in which th? longitudinal boson ings per time experienced by each particle in an event versus
pair momentum vanishgss follows[20]:

elapsed time. As is true for all such elapsed-time plots shown

Rr sal=Rr qs?: Rt al=Rr ot Br27: below, the time axis refers to times after the hadronization
siee siee o o proper time, i.e.f-mh.g. As expected, the maximum scatter-
Rlon92:7glon92, ing rate of 0.35 scatterings/(frr) occurs for the earliest

times when the particle density is highest and rapidly falls
where 87 is the transverse velocity of the boson pair. Noteoff at later times as the system expands.
that Eq.(9) follows from Eq.(8) under the assumption of a  Figures 2, 3, and 4 show rescattering model plots repre-
geometrically static boson source. In a realistic heavy-iorsentative of the space-time geometry of the pions, kaons, and
collision the source will not be static and may have position-nucleons after freeze-o@@nd resonance decdafpr particles
momentum correlations and other effects that could make that midrapidity (—1<y<1) and apt range of pr<1
source parameters defined above depend on the boson p&ieV/c. For comparison, plots are also shown where re-
momentum[21]. In the present application, E¢P) is fitted  scattering has been turned off in the calculation to gauge
to the correlation function generated by the rescattering calhow large the rescattering effect is. Note that for these fig-
culation as described above to extract the radius parameteuses the vertical axis is always plotted on a log scale and the
Rt sider Rt outs @NdRygng. relative normalizations for the different particles are main-

Ill. RESULTS AND DISCUSSION

0.4 ]
Results of rescattering calculations for central CERN- < : | | | | | | 3
energy Pb-Pb collisions are presented below. Centrality in =~ £ #scatt./(time part.) E
these calculations is determined by both the zero-impact- :g, 0.3
parameter assumption for the initial geometry discussed ':'
above and the preliminary NA49 particle multiplicities used °

o
[N

scatt

which were measured with a central collision trigd&i.
Based on the measured NA49 multiplicities, the fifiab-

spin integratefd 7, K, andN multiplicities taken for the re-
scattering calculations were 1836, 184, and 534, respec-
tively. Using these multiplicities and the resonance fractions

) dn
part
1=
—

(1/N

given earlier, the initial particle multiplicities are uniquely 0, —5 ' 4'0 60

determined and are given in Table Ill. Table IV gives the time (fm/c)

hadronization model parameters, ini, Tini, Binit, and

Thad» Which are favored when comparisons are made be- FIG. 1. Average number of scatterings per time experienced by
tween the rescattering calculation rapidity distributioms,  each particle in an event versus elapsed time.
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FIG. 2. Transverse radius distribution of pions, kaons, and FIG. 4. Freeze-outand decaytime distributions for pions, ka-

nucleons at freeze-oland decay (a) from a full rescattering cal-

ons, and nucleon&) from a full rescattering calculation, ar@)

culation, and(b) with rescattering turned off in the calculation. wjith rescattering turned off.

Relative normalizations are correct.

then a sharp drop-off is seen followed by an exponentially

tained. Figure 2 shows the transverse radius distributiondecreasing dependence for pions and kaons which is due to
With rescattering the distribution is approximately flat up toresonance decays. Figure 3 shows the position distribution

about 6 fm(the radius of Pb is 6.64 firand then exponen-

along the beam directiofz coordinaté. In the rescattering

tia_IIy falls off with increasing radius_ for each pa_rticle_type. case, the particles are spread out over a wide range of
With rescattering turned off, the projected spherical distribuwhereas without rescattering particles are sharply peaked at
tion of the initial state is clearly seen up to the Pb radius ang=0 fm, the tails to highee for pions and kaons occurring

10*
v
=
3
g
E 100
o fo
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due to resonance decay. Figure 4 shows the freezéaodt
decay time distributions for final particles. With rescatter-
ing, the distributions are peaked at different freeze-out times,
the peak for kaons occurring earligst about 10 fmé¢) and

the peak for nucleons occurring latéat about 21 fmé¢), the

pion peak being slightly later than for kaot@bout 12 fm¢).
Without rescattering the only feature to be seen is the expo-
nential decay of the initial resonances producing pions and
kaons. One can thus conclude from these figures that rescat-
tering has a dramatic effect on the space-time of the particles
in the collisions.

Figures 5, 6, and 7 show rescattering model plots repre-
sentative of the momenta of the pions, kaons, and nucleons
after freeze-oufand resonance dedayFigure 5 shows ra-
pidity distributions for pions, kaons, and nucleons in the ini-
tial NN-collision c.m. frame. The pion and kaon distributions
appear Gaussian shaped with=1.48 and 1.37, respec-
tively, when Eq.(2) is fitted to them. These freeze-out widths
are greater than the initial width ef, ,;=1.2 assumed for
the meson hadronization rapidity distributions, and are con-
sistent with the pion and kaon widths measured by NAZ9
The nucleon distribution is essentially unchanged from the
“flat” initial distribution put in before rescatteringalthough
with some structure on the “flat-top’falling off sharply for
ly|>2 as is the case for the measured “proton” rapidity

FIG. 3. Longitudinal coordinate distributions of pions, kaons, distribution (positive hadrons minus negative hadrpfrem

and nucleons. See Fig. 2 caption.

NA49 [7]. Figure 6 showsn; distributions for midrapidity
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FIG. 7. Time evolution of the slope parameters in the rescatter-
ing calculation for a full calculatiorisolid lineg and for a “pion
gas” calculation(dashed ling Experimental freeze-out slope pa-
rameters from NA44pointg are plotted for comparison at 70 fm/

events

(N

Figure 7 shows the time evolution of the slope parameters in
the rescattering calculation along with a comparison with the
measured NA44 values plotted near freeze-out at 7@ fm/
(note that systematic errors are included in the NA44 error
. ..“‘t, “¢‘.“‘ barg. As seen, the slope parameters evolve from the com-
¢ % % mon initial value of 270 MeV into the different values of
slope parameters at freeze out such BatBx<By. For
early times 5 fm/c) the slope parameters for all three par-
. . ticle types rapidly decrease with tinff@nalogous to the adia-
batic expansion experienced by opening a compressed-gas
. bottle and having ice forming on the va)vafter which the
0 eess® L L : L I Page pions and kaons continue to decrease until about 30 fm/
-4 -2 0 2 4 when their slope parameters remain essentially constant in
y time (analogous to the isothermal expansion stage of a freely
expanding gas This is consistent with the rapid initial de-
crease of rescattering followed by a slow decrease as already
seen in Fig. 1. After the initial rapid decrease By the
nucleon slope parameter increases in time until it also be-
comes essentially constant after about 20dmhaving a

e o value almost the same as but slightly higher than the initial
trary normalizationsalong with fits of Eq(1). The extracted slope parameter of the system. This subsequent increase in

slope_ parametergB in Eq. (1)] of 161, 2(.)4’ and 307 MeV the nucleon slope parameter can be explained by the large
for pions, kaons, and nucleons, respectively, are close to the

: Scattering cross sections ferN and, of lesser importance,
recently published PbPb slope parameters from NA48]. KN and simple kinematics. Since the nucleon is more mas-

sive than either the pion or kaon, whenever such a scattering
T 7 T T 5 takes place there is a net momentum transfer to the nucleon

(c) nucleon

100 | R

FIG. 5. Freeze-out rapidity distributions f@) pions,(b) kaons,
and(c) nucleons from the rescattering calculation. Fits to @yfor
pions and kaons are also shown.

(—1<y<1) pions, kaons, and nucleons at freeze<{@ubi-

? - n “1<y<1 3 (the lighter particle recoils in a frame initially at rest with the

S 3 nucleon, reflected in the increase of the nucleon slope pa-
o rameter and decrease in the pi@n kaon slope parameter.

s This sort of argument also explains why the kaon slope pa-
e rameter at freeze-out is larger than the pion slope parameter,
kY since inwK scattering there is a net momentum transfer to
= the more massive kaon. For comparison, also plotted in Fig.
’E\.- 7 is a rescattering calculation for a “pion gas” where only

= F p, o, 7, and ' are present and; is set to 190 MeV in
~0.0001 E order for the pion slope parameter to agree with NA44 at

400 freeze out. Two interesting features are noticed in the “pion
m-m/ (MeV) gas” case:(1) the initial slope parameter must be set much
lower in the “pion gas” case than in the case where all
FIG. 6. m; distributions at freeze-out from the rescattering cal- particles are present, showing the significant influence that
culation for pions, kaons, and nucleons at midrapidity. Normalizadncluding the nucleongand to lesser extent, kagnisas on
tions are arbitrary. Fits to Eq1) are also shown. the initial transverse momenta in the calculation, édhe
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- FIG. 9. ky dependences of piosolid symbol$ and kaon(open
2 symbols (a) radius and(b) A parameters extracted at midrapidity
g (—1<y<1) from the present rescattering calculation.
Q
. 1 fit with Eq. (9) has also been superimposed onto the Monte
- 3 Carlo points, the extracted pion source parameters being dis-
0.6 Co , » | ] played in the figure. The pion acceptance used for the calcu-
) 50 200 lation of this correlation function was-1<y<1 and py

Q oo’ Qrout °r Q ong (Mew c) <400 MeVi/c, leading to an averager (kr=|pr,+pr,|/2)

of about 140 MeVE. The main difference between these
FIG. 8. Projections of the three-dimensional two-pion correla-source parameters and ones extracted from rescattering cal-
tion functionC(Qr siges Q1 out» Qiong) ONtO theQ+ gige, Qr our» @Nd  culations without resonancéS] is seen in thex parameter:
Qiong axes where cuts on the other two axes@f 10 MeV/c,  without resonances~1 and with resonances<1, in this
Qx<10 MeV/c have been made. A fit with Eq9) has also been case about 0.6. As has been pointed out previoi&lythis
superimposed onto the Monte Carlo points. reduction in\ is mainly due to the presence of long-lived

“pion gas” slope parameter becomes essentially constant iféSenancese.g., » and »'). Figure 9 shows thér depen-

time immediately after a very sharp initial decrease, i.e., after
3 fm/c. The main mechanism causing the initial sharp trans

verse momentum drop in the “pion gas” as well as in the P ' ' ' .
full calculation with all particles is the transfer of transverse ’g 8 A ‘* : ﬁ
momentum into the longitudinal component via rescattering ~ +— —_ — _— Ts
(note that the width of the rapidity distribution for pions in 4 _m_ _._ Cm . " R
the “pion gas” case isr,=1.45, almost exactly the same as g s t e TTTTTTT LRl S 4R
for the pion rapidity distribution in Fig.)5 This explanation & "
is consistent with the observations made above that th & 4T ¢ v ]
freeze-out rapidity widths in Fig. 5 for pions and kaons in- $
crease whereas the nucleon rapidity distribution is essentiall g C . . i . s i A
unchanged compared with the initial distributions, since the [ @ £ 1
pion and kaon slope parameters decrease and the nucle 0 NA‘49 oC p'i“ ;;ill e e 0
slope parameter remains almost the same at freeze-out. (Prel.) (old) (= gas) (no RS)

Figures 8—12 show rescattering model results where th calculation (or data) type

methods described in the previous section have been applieu

to extract two-boson interferometry source parameters. Fig- F|G. 10. Comparison between preliminary NA49 experimental
ure 8 shows projections of the three-dimensional two-piorpion interferometry results for PbPb for the same averagg and
correlation  function C(Qr sjgesQt out:Qiong ONtO  the y range as used in Fig. B0,11 and various rescattering model
QT sider QT out» aNdQjong axes where cuts on the other two calculations. The dashed lines are projections of the experimental
axes ofQ;<10 MeV/c, Q<10 MeV/c have been made. A data points to allow an easier comparison with the calculations.
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12 T , T interferometry results are from charged hadron pairs since
= _ N -0.1<y<0.4 : §TS partif:les are not identified ilj t_hi_s da_ta set. Since pions largely
E r 0 dominate the hadron multiplicity, it should be a good ap-
T‘,_,’ 8 - AN . : it proximation to consider these “pion pairs.” The NA49 re-
] - N sults shown in the present paper are averagedlovei and
g L S 1\\\ ::\ 4 3 h™h™. The dashed lines are simply projections of the experi-
S . LR S a ] mental data points to allow an easier comparison with the
j 4r s 7 calculations. The five rescattering model calculations for
2 1 which results are shown in Fig. 10 are the followird)

T o * o e _e>]  |0C—thisis the full calculation from the present work, re-
ob 1 | . 10 sults of which are shown in Fig. 82) pill—this is a rescat-
0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 >04 tering calculation with resonances from the present work,

kr-range (Gev/c) where instead of using the IO&rojected sphere initial

_ . space-time model, a uniformly distributed pillbox of
FIG. 11. Comparisons between calculations and NA49 measuréy s 1 fm thickness of the type used in the previous wigk
ments of theky dependence of the pion source parameters. Theg used,(3) pill (old)—pillbox rescattering calculation with-
trends of the NA49 measurements are indicated by the dashed Ilnegu,[ resonances and carried out with estimated particle mul-
which have similar identifications as in Fig. 10. tiplicities from the previous work5], (4) 10C ( gag—

. rescattering calculation from the present work where anly
dences of pion and kaon source parameters extracted £y, 7, andy' are present as described above in relation to

midrapidity (—1<y<1) from the present rescattering cal- i 7, and(5) I0C (no RS—calculation from the present
culation for central PlPb collisions. Looking at the radius \york where rescattering is turned off but resonances are still
parameters first, there is a general trend for these paramet%%sent as described above in relation to Figs. 2, 3, and 4.
Fo decrease With'increasing averdgewhich is rather strpng Comparing the NA49 results with calculatiof®, (2), and
in the case of pions and weaker for kaons. Comparing thes) | three calculations show qualitative agreement with
pion and kaon radius parameters at loyy the most striking  experiment, although fof3) the A parameter is understand-
difference seen between themRg,q is significantly larger  aply too high since no resonances are present. For the “pion
than Ry gge and Ry o for pions but for kaons all radius gas” calculation(4), the radius parameters are seen to be
parameters are about equal. This feature is also seen in prgynificantly lower than experiment and calculatig)
liminary boson interferometry data from NA48]. Thekr  where kaons and nucleoiand their associated resonances
dependences of the pion and kaoparameters is seen to be are included, showing that these additional particles are nec-
weak in Fig. 9, but appear to go in opposite directions foressary in order to explain the data. Finally, comparing calcu-
pions (decreasing\ for increasingkr) and kaongincreasing  |ation (5), the no-rescattering case, with experiment demon-
\ for increasinng). This could perhaps be due to the differ- strates as was a|ready seen in F|gs 2, 3, and 4 that
ent resonances that contribute to pion productipnw, 7,  rescattering has a qualitatively large effect on the space-time
7', A) and kaon productioli¢). Figure 10 presents a quan- of the hadrons emitted in PtPb collisions and thus the
titative comparison between preliminary NA49 experimentalcombination of the initial radius of the Pb and resonance
pion interferometry results for PEPb[10,11] for the same  decay is far from sufficient to explain the large experimental
averagekr andy range as used in Fig. 8 and various rescatradius parameters. Figures 11 and 12 show direct compari-
tering model calculations. Note that the preliminary NA49 sons between calculations and NA49 measuremdiitd 1]

of the k; andy dependences of the pion source parameters.

The trends of the NA49 measurements are indicated by the

e R dashed lines. The pion source parameters from the present
12 . , T T s R rescattering calculations are seen to qualitatively follow the
e C 100<k <200 MeV/c A R trends in the preliminary NA49 pion interferometry measure-
£ C A o ments.
;,_f sl a N | - All of the results shown above for full IOC calculations,
k) o — " — L. i.e., with all particles included, with rescattering, and includ-
g e e TTe— ] ing resonancege.g., the rescattering calculation carried out
g A b R R Tt b e ] for Fig. 8), have used the initial hadronization model param-
o 4|k - eters shown in Table IV. Although calculations based on this
é ; parameter set have been seen above to qualitatively agree
s T o . R . . _): 1 A with expgnmental re_sults! this do_es not |mpl_y that the param-
0 T T JTT 1o eter set in Tab_le IV is unique. Since the_ult|mate_ goal of the
-0.1-0.4 0.4-0.9 0.9-1.4 1.4-1.9 1.9-2.4 present study is to have extracted some information about the
y-range state of the collision around the time of hadronization, or in

terms of the present simple calculation obtain a unique pa-
FIG. 12. Comparisons between calculations and NA49 measurdameter set for the hadronization model, it is important to
ments of they dependence of the pion source parameters. Th&tudy how sensitive the hadronic observables are to these
trends of the NA49 measurements are indicated by the dashed linggarameters. In the study presented below, it is foundTgat
which have similar identifications as in Fig. 10. and B,y depend on the parametef,q, althoughay iy is
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FIG. 14. Time evolution of the total particle density in-PBb
collisions for the three different values &fq.

13(a), which shows ther,,;=1 fm/c case, is identical to Fig.

7. As discussed above, this case is particularly interesting
sinceBi,=0 and thusB,,;=T;,;=270 MeV for all particles

so that the differences in the freeze-out slope parameters for
different particle types is completely due to rescattering ef-

300

200 K

!
T .
A

100
() = =101fm/c
had

NA44
O ] 1 1 1 1 | |
0 20 40
time (fm/c)

FIG. 13. Time evolution for PPb collisions of pion, kaon,
and nucleon slope parametésge Eq(1)] calculated for midrapid-
ity particles for three different values of,,4 [see Eq.(4)]: (a)
1fml/c, (b) 5fm/c, and(c) 10 fm/c. For comparison, pion, kaon,
and proton slope parameters from experiment NA44 are also shown
(error bars are statisticabystematig.

fairly insensitive torp,q. Thus it is possible to set, iy to
its value in Table IV and concentrate on the parametgls
Tinit, and Bigit -

Figures 13—16 show results of the study of the sensitivity
of the hadronic observables @f,q4, Tinit, and Binii. Figure
13 shows the time evolution of midrapidity slope parameters,
as in Fig. 7, for pions, kaons, and nucleons for three different
hadronization proper timdslefined in Eq(4)], i.e., Thai=1,
5, and 10 fm¢. As in Fig. 7, the calculated asymptotic val-
ues are compared with pion, kaon, and proton slope param-
eters measured by the NA44 experiméits [9]. As seen,
reasonably good agreement can be obtained with experiment
for eachry,,qas long as the initial slope parameters are cho-
sen appropriately, i.eT;y; and Bi,i: in Eq. (3) are chosen
appropriately. It should be noted that a slightly better match
between the calculated and experimental slope parameters
could be obtained by varying the initial slope parameters
individually for each particle type in the calculation. How-

ever, using Eq(3) is considered to be a better method since FIG. 15. Dependence d&) Ty, (b) Binic, and(c) pinz On the
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Binit for all particle types is conveniently parametrized in hadronization proper timey,,q. Calculations were made fof},q

terms of only two parameters, i.€T;,; and Bi,;. Figure

=1, 5, and 10 fm¢ (dotg. The dashed lines are to guide the eye.
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T T T T T T ] <y<1) pion pairs from the present rescattering model. The
A ] transverse momentum cut for pionspgg<400 MeV/c, the

same as used for the calculation of Fig. 8. As seen, there is a
relatively strong dependence of the radius parameters on
C o Thag,» Particularly forRy,ng. Therefore, comparison of these
b P . . calculated pion radius parameters with experimental pion in-
LYo er T o T . - terferometry results should allow,,4 and thus the initial
4 b 1 state of the collision at hadronization to be constrained. Fig-
1 ure 16 also shows a comparison of the calculated radius pa-
. 3 * >3 A rameters for pion pairs with preliminary NA49 experimental
ot ! I ! . L L 19 results for P-Pb for the same averada andy range as

T4 (Ffm/c) 8 u_sed in the_ present calculatioﬁH),_l]] as already shov_vn i_n

had Fig. 10. As in Fig. 10, the dashed lines are simply projections
of the experimental data points to allow for easy compari-
sons with the present calculations carried out for the different
values ofr,,4. The data clearly favor the,,;~1 fm/c case
over the others, and thus favor the initial parameter set of

Table IV.

fects. In Fig. 18), m,,¢=5 fm/c and hadronization is more
spread out in time and alormg It is expected that the initial IV. PHYSICAL INTERPRETATION OF THE “SIMPLE
particle density will be lower and thus less rescattering HADRONIZATION MODEL"
should take place. In order to compensate for the reduced
rescattering so that the freeze-out slope parameters agrt(ee)
with NA44, it is necessary to make,,;>>0 and thus reduce 1
Tinit- In Fig. 13c), mha=10 fm/c and so the initial particle
density is expected to be correspondingly lower reducin
even further the amount of rescattering and requiring even
higher value ofB;,; and lower value ofl;,; in order to agree
with experiment. Figure 14, which shows the time evolution
of the particle density for mid-rapidity particlgs for the

T
> H o0

radius parameters (fm)

FIG. 16. Dependence of HBT-extracted two-boson source pa,
rameters onry,q for pion pairs. Comparison is made with prelimi-
nary NA49 pion interferometry results as in Fig. 10.

The “simple hadronization model” represented by Egs.
—(4) and the parameter set of Table IV can be thought of
conservatively as a simple parametrization of initial condi-
ions for the present rescattering calculation that produces
adronic observables which qualitatively agree with experi-
mental results. To what extent this parametrization describes
the prerescattering state of the real system depends on the
degree to which one can believe the rescattering calculation

three different values of, .4, verifies the above expectations itself. If one takes the assumptions in the p_resent rescat;ering
ad: calculation to be mostly valid, or, of equal importance, since

for the dependence of the initial particle densitygg;. The  °° . o X .
particle density is calculated by summing over all particles it is found that the rescattering calculation itself is fairly

the rapidity range—1<v<1 and dividing by the average insensitive to the details of the assumption_s n_1ade, one could
vqumg de%ermiged fror{1 their space-tin?e i)r/1formation. qrheconclude that Eqe1)—(4) and Table IV qualitatively param-
rize the prerescattering stage of CERN centratPb col-

time axis has the same meaning as in Fig. 13. It is seen th L ons

the particle densities are initially quite different for the dif- . . . ! .

ferent values ofr,,4, although by the time of about 10 f/ @_Gwen thls,.the_ next s(;ep IS tIcI) gnd thg connectlor;. bgn/\r/]ezn
h ; h icall h thifis parametrization and a well- efined, more realistic had-
they begin to converge and then asymptotically approach t ronization model in order to extract a physical picture of the

same value. For they,—1 fm/c case,p is seen to be large . .0 e stage. As an example, the realistic hadroni
73 - H . ) -
(p>1fm™>) for times below about 2 fnw. Although this zation model of Herrmann and Berts¢HB) [13] will be

raises the question of how valid the binary-scattering asp . 1o HB model is a thermal model that uses a string-
sumption is in this case for times less than 2dmit is

robablv still aood enouah to extract qualitative informationinspired picture to describe the longitudinal direction of the
P y 9 9 q hadronization. From the HB model, the coupled rapidity and
about the early state. Figure 15 shows plotsT@f, Binit . e o

L2 ; ; my distribution at hadronization is

and pi,; (the initial particle densityversusr,q for calcula-
tions that a_lll agree with thg available measured singles ob- (1/m.|_)d2|\|/dm.|_dy:|(f”( mf,(y—7.mp), (10)
servables, i.e., measured pion, kaon, and proton slope param-
eters, rapidity distributions, and multiplicities. Note that thewhere
guantities in Fig. 15 can be extracted directly from Figs. 13

and 14 at time=0. The initial state of the collision at had- fy(y=n,mr)

ronization is seen to depend strongly ga4. A small value = mycosiy— 7)/{exd mycosiy— 7)/T] =1},
of Thaq results in largeT;,; and pi,; and a small B,

whereas a large value of4results in smallefl,; and piyi (11)
and a largeB;i; - Thus, the hadronic singles observables con- _ 2 2

strain the dependence df,; and Bi,i: ON 7haq but do not Fy(m) =exd = n2(A )7, (12
constrainTyyq itself. p=tanh X(Zpag/thad)» (13)

A possible way to constrain,,q using final-state hadrons
is seen in Fig. 16. This figure shows the calculatgg,de- and whereT is the kinetic temperature of the thermalized
pendence of the pion source parameters determined frosystem,s is called the spatial rapidityd » is the rms disper-
pion interferometry analyses of final-state midrapidity  sion in 7, z,,4andt;.qare the longitudinal position and time
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of a particle at hadronizationt- refers to fermiong+) or  values in the range of about 213 Mdyions to 235 MeV
bosons(—), andK is a constant. In the special case of had-(nucleon$ for particles used in the present calculation, such
ronization of the system at an instantaneous proper tige  that
as is the case for Ed4), it is seen from Eq(13) that %

becomes identical tg and in this case Eqg11) and (12) T=0822jpy~222x11 MeV. (18)
become Note that the error bar in Eq18) is only reflecting the
spread inT due to the influence of the different particle
fy(0myr)=me/{exp(m:/T) =1} (14 masses in the conversion frofi, to T.

Thus, it would be consistent with the HB hadronization
model to conclude that under the assumption of hadroniza-
_ ) 2 tion at an instantaneous proper time, for CERN central
fo(y)=exd —y*2(An)"). (15 Pb+Pb collisions the prehadronization stage of the collision
Note that a useful interpretation afqis that it is the life- ~has a short time duratior,4=1fm/c, and this stage had-
time of a “prehadron” in its own rest frame. Thus, one can fonizes with a finite initial rapidity spread, j,=1.2, and at
imagine the prehadronization stage of the collision as a col@ high kinetic temperaturd~222 MeV. Other hadroniza-
lection of “prehadrons” with lifetimer,,q waiting to “de- 0N models could also be compared with the parametrization
cay” into hadrons, analogous to a collection of chargedof Eds.(1)—(4) and Table IV and could, in principle, give
pions with mean lifetime 26 ns waiting to decay into muons.different physical interpretations. . _
Comparing Eqgs(14) and (15) with Egs.(1)—(3) above, and In summary, a rescattering model including resonances
using the result from Table IV thas;,, vanishes, it can be coupled with a simple initial-state model has been used in an
seen that the parameters ;; andT,,; are related ta\ and attempt to disentangle final-state rescattering to probe the

and

T of the HB model by early state in relativistic PbPb collisions with measured

hadronic observables. Although some general constraints on
oy int=A7n (16)  the initial-state model can be made using single-particle ob-

servables it is necessary, according to the present calcula-

and tions, to couple this information with two-particle hadronic
observables to uniquely determine the initial state.

Tinit~T. 17 auely
A quantitative evaluation of the relationship betwekmnd ACKNOWLEDGMENTS
Tinit can be made in the present case by “fitting” Ed) to It is a pleasure to acknowledge Dave Hardtke, Gerd

Eqg. (14) for various particle types and requiring thgf;, fits ~ Welke, and Nu Xu for useful discussions relating to this
to 270 MeV(as in Table V. Itis found thafT is bounded by  work.
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