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Proton distributions at midrapidity have been measured for 158A-GeV/c Pb + Pb
collisions in the focusing spectrometer experiment NA44 at CERN. A high degree of
nuclear stopping is found in the truly hea,vylon collisions. Systematic results of single
particle transverse momentum distributions of pions, kaons, and protons, of 200A-GeV /c
S+S and 158A-GeV/c Pb+Pb central collisions will be addressed within the context of
thermalization. By comparmg these data with thermal and transport models, freeze-out
parameters such as the temp e parameter T}, a,nd mean collective flow Veloc1ty (8)
are extracted. Prehrn;nary T of the partlcle ratlos of K=/K* and p/p are discussed
in the context of cascade models of

1. INTRODUCTION

The physics motivation of ultr: -—:ISt]C heavy-ion collisions is to prepare nuclear
matter with hlgh baryon and energy ‘densities, and we hope to reach the new form of
‘ sma. By studylng the decay of the system, we will gain
under these extreme conditions and shed light on the

knowledge of s ong interac
puzzle of quark conﬁnement

Heavy-ion collisions, from beginning to end, can be roughly divided into to three phases:
(i) Incoming nucleons interact with each other and lose energy to produce secondary
particles and induce the transverse motion which is almost zero at the beginning. A
fireball with hlgh energy and particle densities is created; (ii) Due to the large number of
rescatterings, the system. approaches thermal (or even chemical) equilibrium and collective
expansion starts to develop. Within the framework of a thermal model, it is possible




to describe an ensemble of such collisions with a small set of parameters: temperature
T, collective velocity 3, and chemical potentials (g, ps); (iii) After awhile, when the
system becomes dilute, interactions among particles become less frequent and eventually
cease. At this moment, particles become free-streaming, Strictly speaking, there are no
precise boundaries between the three stages: initial, thermodynamic, and freeze-out. The
collision process evolves continuously. The fireball created in the collision contains a finite
number of particles, and its lifetime and spatial extent are also limited. Furthermore, due
to the finite interaction cross section among hadrons, statistically the freeze-out occurs
from the outside toward the inside of the fireball:: To some extent, one may imagine that
free-streaming hadrons are evaporated from the fireball surface.

All experimental observables emerge at freeze-out. ‘It is our task to understand the
collision dynamics at earlier stages by analyzing the Anal particle distributions. In this
paper, after a brief description of the NA44 experiment, we will first discuss the proton
rapidity distributions of the 158A-GeV /c Pb+Pb central collisions. Physics of nuclear
stopping in these truly heavy-ion collisions will be addressed. Then, the transverse mo-
mentum distributions of pions, kaons, and protons from P+p, 5+8, and Pb+Pb collisions
are discussed. From this study, we will be able to define a common freeze-out temperature
parameter T,. ‘

2. CERN EXPERIMEN:

Add

The NA44 spectrometer is designed to measure one- 'é;nd two-particle distributions of
charged hadrons near the center of mass rapi_.di:ty (Ymia = 3) over a transverse momentum
range of 0< pr <1.6 GeV/c. Threshold Cherenkov counters and time-of-flight (TOF)
scintillator hodoscopes are used for particle identification and momentum reconstruction.
The TOF resolution is about 100 ps and miomentum spread is about ép/p =~ 0.5%. The
interaction trigger is provided by two scintillator paddles placed downstream of the target.
For AA collisions, t 1 cross section is approx1mately Ttrig/ Ogeom = 10%, while for

pA collisions a minin . trigger was used ‘More details of the spectrometer can be
found elsewhere. [I 2]. '

3. RESULTS ND DIS

3.1. Prot__on v

a much initial kinetic energy is deposited into the system during
the colh-: ons [3]. The higher the nuclear stopping, the more initial energy is converted
into excitation of the syst,e n. For p+p collisions at a beam energy of Ejeam ~ 200 GeV,
the proton rapidity dlstrlbn.t;on shows two distinct peaks near beam and target rapidity,
i.e., baryon stopping and productlon at midrapidity is small. Experimentally it has been
fouﬁd [4] that nuclear stopping in symmetric S+S collision is higher than that of a p+p
collision. For. the p-nucleus collisions [5] significant nuclear stopping was already inferred

from the analys," of. the ﬁnal proton rapidity distributions of 100 GeV/c p+Pb collisions

([6]-[10))-




In November 1994, 158A-GeV/c (v/s = 17.5A-GeV) lead beams were delivered from
the CERN Super Proton Synchrotron (SPS). The data presented here were taken during
the 94 run period. Figure 1 shows the proton rapidity distribution where filled circles
are measured data and open circles are the same data points mirrored around y,,;y = 2.9.
The error bars are statistical only. The systematic errors on the proton rapidity density
are dominated by errors in centrality selection, the pion veto correction, and total number
of beam particles. These contribute about 25%, 15%, and 10% systematic uncertainties
to dN/dy, respectively. Assuming there are no correlations among the errors and adding
them in quadrature, the overall systematic uncertainties in the final rapidity distribution
dN/dy are 26.8% and 32.7% for 4 and 8 GeV /¢ settings, respectively. These errors are
shown as brackets in the figure. Unlike in proton-proton-and light ion collisions, we
observe a large proton rapidity density around midrapidity, indicating that the incoming
projectile and target protons undergo a large rapidity shift.

T T T T "T"‘ T
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Figure 1.  Proton rapidity
distributions from central Pb +
Pb collisions. The open circles
e mirrored points about
‘= 2.9. Statistical errors
are'shown as bars and the over-

all systematic errors are shown

as brackets. The RQMD calcu-
_lation is shown as a solid line.
- The FRITIOF model predic-

tion is shown as a dot-dashed
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solid line. Protons fr primarily from A’s, have been included in the calculation.
Without these decayed proto imum RQMD dN/dy would be about 38. A
realistic centrality cut, measured” o counter, was used in the model calculation.
Spectator proton at target and projectile rapidity, and constitute about 16% of
the total proton sistent with:the impact parameter cut used in the calculation.

In contrast to the RQMD sults, the FRITIOF model [12] predicts a d1p at midrapidity
in net proton production from ntral Pb+Pb collisions. The dot-dashed line in Fig. 1
shows four distinct peaks in the distribution. In addition to the spectator peaks, the
struck protons are visible as peaks about one unit away from the spectators. This is
a lQWv"st_:oﬁﬁing..or transparency result for heavy-ion collisions. The model predicts such
a small rapidit it in heavy-ion collisions because it assumes that the scattered (or
undressed [13]) nucleons suffer no additional collisions and eventually materialize outside




the collision zone.

The analysis of p+Pb—p collisions [9] shows that a large amount of energy can be
dissipated. One consequence of this is that outgoing protons can undergo rather large
rapidity shifts compared to those in p+p collisions. Any phenomenological model that
provides a sufficient rapidity-shift mechanism will fit the experimental p+A and A+A
data well [14-16]. However, these models do not answer detailed questions about how a
fast nucleon or parton loses energy inside the nuclear medium or what role gluons play in
such high energy collisions. ;

Given the rather large systematic uncertamtles in the dN/dy measurements a definitive
conclusion on the amount of stopping cannot be reached. By combining this measurement
with slope parameters of pions, kaons, and protons, and the Coulomb effect (see discus-
sions below), free of such systematic errors, the result is consistent with the scenario of
high nuclear stopping in these Pb+Pb collisions.

3.2. Coulomb Effect in Pion Dlstrlbutwns :

positive charge in the system
can introduce additional distortions of the particle final distributions. The Coulomb
interaction between the emitted particles and the charged. system influences the final
particle spectra. Though it represents a background to the. stucly of other phenomena at
low pr, it is important to understand this before discu sing new physics from heavy-ion
collisions. In addition, observation of the Co ] _ractlon may provide information
on the collision dynamics, such a;s’fv:gollective,:::éxpansionf In this section, we investigate
the Coulomb interaction through the ratio of negative to positive pions produced in high
energy heavy-ion collisions at the CERN.SPS.

In truly heavy-ion collisions, Pb+Pb, the large arnount;' of ;

Figure 2. Experimen-
tal ratios N(x~)/N(x*) from
(a) 158A-GeV/c Pb+Pb, (b)
200A-GeV/c S+Pb, and (c)
200A-GeV/c S+4S collisions.
The data are arbitrarily nor-
malized to unity at high mr.
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Identified char s were used to construct the ratio 7~/ as a function of trans-




verse kinetic energy (mg — mass).! The result is shown in Fig. 2 where (a) shows the
ratio 7~ /xt from 158A-GeV/c Pb+Pb central collisions {17]. A pronounced enhance-
ment in the 77 /7 ratio at low transverse kinetic energy is evident. For comparison, the
ratios 7~ /7 from 200A-GeV/c S+Pb [18] and S+8 collisions are shown in Fig. 2(b) and
(c), respectively. These data were taken with the same spectrometer and similar analysis
methods were used. The centralities of the data discussed here are 1042%, 14+2%, and
15+1.5% of total cross section for S+S, S+Pb and Pb+Pb collisions, respectively. Unlike
the case for Pb+Pb collisions, the ratios from the lighter collision systems are found to
be almost flat. A similar result was reported [19] from lower energy collisions.

It is interesting to test whether the effect observed in the ratio 7~ /7™ might be caused
by hadronic interactions. We used the cascade mode]l RQMD. (v1.08) [11] to calculate the
charged pion distributions in central Pb+Pb collisions. RQMD is a microscopic transport
model, and includes the physics of string-string and hadron-hadron interactions including
resonance effects. However, the Coulomb interaction is-not considered. The result of the
calculated ratio 7~ /x T is shown in Fig. 3 as a dashed line. A realistic centrality selection
and spectrometer acceptance were used in the model calculatlon Long-lived hyperons
(A and ¥, for example) were included in the calculation. The slight excess of the =
above 7t in this calculation is mainly due to A decays, where about 25% of the pions
from decays survive the reconstruction. It can be seen from the figure that the calculated
ratio has an enhancement as pr — 0., The peak is about 1.1, much smaller than the data.
Without the long-lived hyperon dec ys, RQI ) predlcts a ﬁat distribution.

2
Q NA44Data
K o gQg (V(IZ'OSI) b : Figure 3. Data (filled
15 =} — RQMD + Coulom 2e0 circles) compared with results

from the RQMD (v1.08) pre-
dictions (dashed line) where
the hyperon decay probabili-
ties and the spectrometer ac-
ceptance are included in the
model calculation and the re-
sult (solid line) of RQMD +
Coulomb calculations.

Ratio N(m )/N(1t")

The solid line in Fig. 3 is the prediction of the RQMD plus Coulomb calculation [20]. As
an afterburner, the longitudinal co-moving charge of Z.;; = 40 was used in the calculation.
Althopigh the solid curve does not fit to the measured points exactly, the agreement
betweé_xid:a‘t@.: and the calculation is remarkable. A similar result was also obtained from
a hydrodynamic model calculation [21]. Note that the calculation is very sensitive to the

'mr = (p% + mass?)1/2



value of the net charge and Z.;;= 40 per unit rapidity:is consistent with observed proton
dN/dy at the midrapidity region. In addition, the calculated ratios of K~/K* and 7/p
are flat with respect to the transverse momentum, which is again consistent with our
observation. »

We conclude that the observed enhancement at pr near zero in the = ~ /=% ratio is mostly
caused by the Coulomb interaction rather than hadronic mtera,ct;ons? Both the NA44
recent measurement and RQMD show a large number of protons around midrapidity
indicating a large amount of positive charge in the central region. This supports the
assertion that the effect observed in the = /z T ratio is indeed due to Coulomb interactions
plus some contributions from hyperon decay. The fact that a large amount of positive

charge around the midrapidity region is due to the high nuclear stopping discussed in the
last section.

3.3. Transverse Momentum Disﬁribu»i;ions

In high energy collisions, it is well known that at high pr limit, a transverse kinetic
energy distribution can be represented by a simple exponential function: exp(—mz/T).3
Here T is the slope parameter. The magnitude of the slope parameter provides information
on temperature (random motion in local rest frame) and collective transverse flow, and
any deviation from the exponentlal dlstrlbutlon may s1gna1 new physics such as the low
pr enhancement, medium effect . '
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Figure 4. NA44 pre-
liminary transverse momen-
tum distributions for pions,
kaons, and protons.

In the following, 1 discussion the pion, kaon, and proton transverse kinetic energy
distributions from p+p E'S, and Pb+Pb collisions. These distributions were all ex-
tracted around rmdrapldlty; ‘The beam energy of the proton beam is 450 GeV, yyn = 3.44;
for the Sulphur beam it is QOQA GeV with yyn = 3.03; and for the lead beam 158A-GeV

»2H0wever, ‘one should bear in mmd that the RQMD model is a classmal hadromc transport model.

proof of thermaiiz:atxon e :‘



with yyy = 2.91.

Figure 4 shows the transverse kinetic energy distributions of charged pions, kaons, and
protons from Pb+Pb central collisions. The dashed lines are the exponential fits to the
distributions and the fitted slope parameters are indicated in the figure.*

First of all, the exponential functions fit to the data well except for pions in the low
pr region, where one expects the resonances decays. The slope parameters increase as
particle mass increases and this is independent of the sign of the particles.. To make
this point clear, we summarize the slope parameters of pions, kaons, and protons from
three collision systems: p+p [23] (1/s = 23 GeV), S+S (/s ~ 19.4A-GeV), and Pb+Pb
(v/s ~ 17.3A-GeV) in Fig. 5. &

0.35 | “

s ® PbsPb | |
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025 | 2, _
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Figure 5. Slope parameter T as a functlon of partlcle mass. The p+p
results are taken from Ref. [23]. k. 7
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A distinct difference between results of the elementary p+p collision and heavy-ion
collisions can be seen in the slope ‘While the slope parameters of p+p collisions
(triangles) remain fl " ticle mass, these parameters from heavy
ion collisions increase mass increases. Furthermore, for a given mass, the heavier
the colliding system, the hi he slope parameter. It is also interesting to observe that
all curves converge to a pomt-a 145 £ 15MeV, as indicated by the shaded bars
in Fig. 5. In hydrodynamlcs, ma r ws, i.e., all particles flow at a same collective
velocity. Classic. llective kinet energy WIH then depend on the particle mass:
particles with hig as Wlll;ha,ve higher energy. The slope parameter is a measure of
the particle energy induced ‘the transverse motion. Roughly speaking, the transverse
motion contains both thermal (random) and collective modes. The intrinsic freeze-out
temperature is determined by the thermal motion. For the p+p collisions, one does not
expect any rescattering, and the slope parameter reflects the true freeze-out temperature.
This 18 .Sprorted by the data sirit:e the slope parameters of pions, kaons, and protons are

4To avoid the dxstortlon caused by hlgh mass resonances in the pion spectra, the fit started from mp —
mass >0.2 GeV. -




very similar, around 145 MeV for the p+p collisions. For heavy-ion collisions, rescattering
becomes more important and collective motion gradually develops. The slope in the T vs
mass plot indeed demonstrats such characteristic hydrodynamic behavior. Furthermore,
due to multipole scatterings, is it necessary to consider the higher nuclear stopping and
stronger hydro flow together for the heavy-system Pb+Pb colhslons

A few remarks should be made regarding Fig. 5: :

e One may empirically guess a relationship between the slope parameter and particle:
T = Ty, + mass(8)?,

where T, and () are the freeze-out temperature parameter and averaged collective
flow velocity, respectively. This hydro behavior has also been used for analysis at few
A-GeV/c heavy-ion collisions [24]. In reference [25], Csrgé and Lorstad discussed
a similar relationship within a framework-of a hydrodynamic model.® There, (3)
is interpreted as the mean expansion velocity (3) = Rg/to, where Rg and to are
geometrical radius and mean freeze-out time, respectivéfy.

e Using the transport code RQMD, ;fahe; transverse collective velocity profile can also
be evaluated. For the Pb+4+P  central co e found that the velocity profiles
of pion, kaon, and protons are very mmﬂax 1ndlcatmg the onset of hydrodynamics in
the cascade model. The maximum velocity is found to be about 0.6¢ and the average
velocity is 0.43¢. This result plus the hadron freeze-out temperature extracted from
the RQMD calculation [26] of 140 MeV are in good agreement with the above purely
hydro approach.®

di, and Satz [27] proposed a mechanism of ‘random walk
o explam the slope parameters extracted from heavy -ion

Recently, Le

Hydrodynamical models
heavy-ion collisions from energ

and GSI

successful in describing the space-time evolution of
: ew hundred MeV per nucleon at the LBL Bevelac
itivistic energies of a few tens and hundreds of GeV per nucleon
at the BI tRN SPSi [28])-[37]. The experimentally measured transverse
momentum distributions -[37] are well reproduced by hydrodynamical calculations in

which the thermal pararnete S, such as the freeze-out temperature and transverse velocity
can be identified.

|.__i

i

_5A certam 'cype of equation of state and conditions were used to reach this relationship. For more details
see Ref: {25 ' -

:e—out temperature of 140 MeV is true for both 200A-GeV S+S and 160A-GeV Pb+Pb
collisions, in remarkable reement with our result of Fig. 5.
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Details of the hydrodynamical model that we are going to use here can be found in Ref.
[35]. With a velocity profile 3 = B,(r/R)* (a = 1) and Ty, = 140 MeV, we calculated
the transverse kinetic energy distributions of pions, kaons, and protons for both S+S and
Pb+Pb central collisions. The results are compared w measurements in Fig. 6 where
the experimental data are shown a: ‘and’ the model calculations are shown by the
open triangles. It is clear that the overall fitting is good except for pions at the low pr
region where the resonance decays bec&ﬁ;g important. When the resonance decays are
included, a better fitting for pion spectra can.be achieved [36]. The maximum (averaged)
collective velocities are found to be 0.41c (0:27¢) and 0.6¢ (0.4c) for S+S and Pb+Pb
collisions, respectively. Typically the error on these values is 10%.

Figure 7. Freeze-out tem-

perature parameter Ty, and
averaged collective flow veloc-
ity (8) as a function of beam
energy. Around Eg., =10
GeV, both quantities seem to
be saturated.
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As has been discussed, the freeze-out temperature.Tfo and flow velocity {8) can be
separated without any model-dependent analysis (see Fig. 5). It is worth noting that a
plot similar to Fig. 5 can be found at the AGS energies (Epeam ~ 10 — 15A-GeV) [38].
It is especially interesting to see that the characteristic freeze-out temperature 7%, is
also about 150 MeV! On the other hand, at lower energies, Epeom ~ 0.2 — 5A-GeV, one
finds that Ty, increases dramatically as the beam energy increases {24,34,39-41]. Figure 7
shows the bombarding energy dependence of the freeze-out temperature T, and averaged
collective velocity {8).” It is interesting to observe that both T}, and () saturate at
a beam energy about 10 A-GeV. The saturation temperature is about 145 MeV, very
close to the mass of the lightest meson [42,43]. The steep rise of the T, up to about 5
GeV incident energy indicates that at low energy collisions the thermal energy essentially
goes into heat. The saturation at ~10 GeV shows that the generation of mass becomes
important. As proposed in Refs. [42,44], for a pure hadron scenario there may be a
limiting temperature T, ~ 140 MeV in high-energy collisions, although the underline
physics for both the hadronization, transition from: a partonic to a hadronic degree of
freedom, and the transition from interacting hadron to free-streaming hadron gas is not
clear at the moment. By coupling the limiting temperature idea to a hydrodynamic
model calculation, Stocker et al. successfully predicted [45] the energy dependence in the
freeze-out temperature.

The saturation in the transverse collective flow velocity (F ig. 7, top plot} indicates
that as the bombarding energy increases, transverse motion will not increase any further.
Rather, the momentum space in the longltudmal direction becomes larger.

3.4. Particle Ratios

Having fixed the freeze-out temperature parameter T, and the collective flow velocity
(8), we now turn to the issue of particle ratios;’ Assuming chemical equilibrium, the
chemical potentials, _can be extracted _ijom the measured particle ratios. The
NA44 spectromete . ure particles of both signs at the same pr and y window.
It is therefore a unique ad age for studying particle production ratios since many
systematic errors w111 canc g, &
are shown as::
predictions of
and solid lines, resp
estimated to be 15%. T
determinatio
11%.

In the case o , 0, both model predictions deviate from the data by a factor of
3 for the light colhdmg system S+S. For the Pb+Pb collisions, RQMD seems to give better
results However, for kaons, both model always overpredict the ratios. It is clear that
much work has to be done in order to understand the details of the particle production
m heavy-ion collisions.

e systematic errors on the ratios for Pb+Pb collisions are
tributors to the rather large error bars are centrahty

"The error bars are statlstlcal only. Due to several uncertainties involved, the systematic errors could be
as large as 15%. In any _a.se, 'shls will not affect our main conclusions.
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4. SUMMARY

We have reported midrapidity proton rapld1ty densmes from central Pb+Pb collisions
at \/s = 17.5A-GeV. A large number of protons are observed at midrapidity, indicating a
high degree of nuclear stopping in the collision. This is consistent with the strong Coulomb
effect observed recently by the NA44 collaboration {17} and the high energy density result
from NA49 transverse energy measurements [48] .ni-.:.the Pb+Pb collisions. These are
the direct consequences of stopping and copious secondary particle production. In
addition, due to the h}gher nu stopping in heavier system, the averaged transverse
flow veloaty is found to be incr: c'to 0.41c for S+S and Pb+Pb central
collisions, respectlvely The syst , ransverse momentum distributions of
p+p, S+S, and Pb -Ph:collisions strongly suggest a freeze-out temperature of Ty, ~
145415 MeV for co ove a beam energy about 10 A-GeV. The measured particle
ratios of K~ /K* and p/p de from the S+8S to Pb+Pb central collisions, showing
a characteristic of 1 mcreasmg b 1 ch ';ca,l potential. However, the current results of
cascade models : ‘ 08) and VENUS (v4.12) cannot fully reproduce the observed
particle ratios: , :

All of our dlscussmns were: ba,sed on the measured light hadrons at the freeze-out stage.
If thermal and chemical equ1hbma are indeed reached, information on the earlier stage
of the collision is lost. In order..;"to gain insight into the initial condition of heavy-ion
collisions, we need to investigate ¢t the distributions and yields of leptons and photons and
possibly high mass multi- strange resonances as well,
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