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Abstract

The temperature at freeze-out is given and the existence of transverse flow
is indicated by transverse mass distribution of positive and negative 7, K and
p and p around central rapidity region from NA44 experiment at Pb+Pb
collisions of CERN SPS. The baryon and strangeness chemical potential are
given by the ratio K~ /K™ and p/p, and some thermodynamical variables are
calculated at freeze-out. The energy density and baryon density at formation
time is estimated and a result suggests that there is a possibility of QGP
phase in Pb+Pb collisions at CERN SPS.
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1 Introduction

1.1 Quark-Gluon Plasma

The prediction of QCD is saying that quark-gluon plasma (QGP) exists under high
temperature and high pressure. This state is expected in the early universe, at
the inside of neutron star and in the high energy nucleus-nucleus collisions. Fig. 1
shows the phase diagram for Hadron gas and QGP. We can experiment only the
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Fig.1. Phase diagram for Hadron gas and QGP

third with accelerator on the earth. Some experiments have been executing to find
the signal of QGP at CERN'? (European Laboratory for Particle Physics) and
BNL? (Brookhaven National Laboratory) since 1980’s.

The following phenomena are expected as the signal of QGP.

e J/i suppression

e strangeness enhancement

direct photons from collisions and excess of lepton pairs
o large size and long life source of particle

e temperature and hadrochemistry.

!The acronym CERN comes from the earlier French title: ”Conseil Européen pour la Recherche
Nucléaire”

Zhttp://www.cern.ch/

Shttp://www.bnl.gov/bnl.html
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The experiment related with QGP search has been studying and a current ex-
periment at CERN and BNL is called second generation. In the first generation, it
is expected to be easy to find QGP. However, it had been understood that the signal
of QGP is not clear. Then, at the second generation, experiments which is focused
a few phenomena have been doing.

The scenario of phase transition in heavy ion collisions is expected as the follow-
ing. At time 7~ 1 fm, a local thermal equilibrium state makes up and QGP may
is cleated around central region of system. The system expands hydrodynamically
and the temperature of system is decreasing with increasing the volume. The phase
transition from QGP phase to hadron gas is broken out at critical time. The hadron
plays a high temperature and high pressure gas (fire-ball) At time 7 =7y, the colli-
sions and interaction in hadron gas are stopped and the particle come out (its state
is called freeze-out).

In this paper, we watched the temperature and chemical potential at freeze-out
and analysed lead on lead data of CERN NA44 experiment.

1.2 The NA44 experiment

The NA44* is 44th experiment at Norse Area of CERN and using a focusing spec-
trometer for one and two particles. The purpose of NA44 experiment are study of
space-time expansion and temperature at heavy ion collision with particle identifi-
cation.

NA44 acceptance
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Fig. 2. Acceptance of NA44 experiment for 7, K, p and d.
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The feature are:

1. good momentum resolution ( AP/P ~ 0.2 %)

2. good Time of Flight (TOF) resolution (~ 100ps)

3. small acceptance around central rapidity region (see Fig.2)

4. and then possibility of particle identification of 7, K, p and d

NA44 focusing spectrometer is upgraded to provide improved tracking and parti-
cle identification for lead beam from 1994. New detector are pad and strip chambers
for tracking and aerogel cherenkov and multi-particle threshold imaging cherenkov.
The description of set-up until sulfur beam is seen other papers [1, 2, 3].

Fig.3 shows NA44 spectrometer from 1994. The beam direction is left hand
to right hand. Our spectrometer has 2 angle setting, 44mrad and 131mrad. This
spectrometer consists of some magnets and detectors.

The cherenkov beam counter (CX counter) and the beam veto counter are used
for definition of beam. CX counter defines start timing and has 35ps TOF resolution

[4].
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3. NA44 set-up for lead beam (1994)
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TO counter and silicon multiplicity counter are used for definition of central
collision. TO counter consists of scintillator and two PMT. Silicon detector which
consists of 512 pads is covered backward rapidity region.

The dipole magnets (D1 and D2) bend secondary particles and lead them to
detectors at lower stream. This magnet is used for selection of momentum.

The super-conducting quadruple magnets (Q1 and Q2) focus secondary particles.
By the changing focusing direction, we can change acceptance at the same angle and
momentum region.

Pad chamber, two strip chambers and two hodoscopes (H2 and H3) are used for
tracking and then these detectors is called as tracking detectors.

The particle species are identified by aerogel cherenkov counter, threshold gas
cherenkov counters (C1 and C2), multi-particle threshold imaging cherenkov (TIC)
and Uranium-Cu-scintillator calorimeter (UCAL).

1.3 A purely thermal source and chemical equilibrium

Assuming thermal and chemical equilibrium system [5] with temperature 7', the
invariant momentum spectrum is

N &N gV e (E=p)/T

I = =
dp3>  dymgdmpde  (27)3 ‘ ’

(1)

where ¢ is the spin-isospin degeneracy factor for the particle species, my is transverse

mass: mgp = y/m? 4 pr? and p is the chemical potential:
(= Bup + sps (2)

as originating from its baryon and strangeness quantum number B and s. The light
(u and d) quark chemical potential is assumed to be same: p, = pg = %,uB. Also
h=c=kp=1.

Under my>>my and narrow region of rapidity,

d*N

— 1 —(mp—p)/T
dy g dmrds V€ ' (3)

The parameters of this distribution are the temperature T" and the chemical potential
;. Eq.3 means that we can know the temperature from the myg distribution of
experiment to fit it e=™7/T. dN/dy is given by integrating Eq.3 over mr and ¢.
The ratio of dn/dy between hadron and anti-hadron leads the chemical potential,
directly. The ratio of p to p and K~ to Kt are described as the following.

Ric-picr = ¢ (Guoan/ 7 1)

Ry = e 2/T (5)

We can calculate pp and ps from these equations.
In the nuclear, the strange-particle is very few, thus the strangeness from nuclear
collisions almost comes from pair creation and total number of strangeness is zero.
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In high density of particle, the energy to create ¢¢g must be the order of y, by Pauli
principle but this limit is not valid for ss. Then, in p, > m,, the creation of ss is
more easy than ¢g. The increase of strangeness occurs in QGP and also Hadronic-gas
(HG). In HG, there is high density nucleon. The nucleon exchange s quark with K~
and changes to strangeness and hence the requirement of strangeness conservation
normally leads to a considerable value of u7% # 0. On the other hand, since in the
de-confined QGP state both s and 5 quark are free, one always has u%“" = 0.

The experiment measuring hadron sees some physical values after freeze-out,
then it is not clear to get signal of QGP directly. However, some suggestion is given
to us.
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2 Analysis

2.1 Centrality

Centrality characterises the collisions and related impact parameter which is the
distance between centres of beam and target nucleus. NA44 experiment uses a
ratio, total number of secondary charged particles in central collisions to minimum
bias collisions as centrality.

TO counter is down-stream of target and counts charged particle. Minimum bias
collisions event is measured without requiring TO pulse height in trigger. Central
collisions event measured with requiring high pulse height in trigger and/or off-line
analysis.
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Fig.4. Centrality measured with T0 counter

In Fig.4, the area described dashed line is TO ADC distribution and no hatched
area shows central event with requiring high pulse height of T0 in trigger. Two
figures are normalised to overlap both spectrum shoulder. Centrality is calculated
as ratio, hatched area to area described dashed line. In case of this figure, centrality
is about 10%. We can get higher central event with higher T0 pulse hight.

The centrality of event used in analysis of this paper is 8%.

2.2 Particle identification

The pulse height of threshold cherenkov counters (C1, C2) and a mass square cal-
culated by TOF and momentum are used for particle identification (PID).

The pressure of radiation gas of Cl and C2 are variable to set the threshold,
respectively. We can select particle by on-line trigger and/or at off-line analysis
from information of C1 and C2.
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The track of particle is re-constructed from the information of hit on tracking
detectors and give momentum. TOF for each track is calculated as the difference of
TDC between the start counter (CX) and hodoscope, which has 60 (H2) or 50 (H3)
slats and can define TOF slat by slat, respectively. This TOF is described as the
following.

TOF =TOF, 1+ ATOF (6)

eak

This has a offset come from detector system and has a width of resolution. On the
other hands, a primary particle is around this peak position and then 3 is described
as the following,

1 e ((TOF)eup— TOF pgeey) + ATOF)
ﬂ B Lpath
mQTim + p2 ATOF
- Vo 46 (7)
P Lpath

where ¢ is speed of light in vacuum, L., is path length from target to slat of ho-
doscope, m,,.;,, 1s rest mass of primary particle and p is absolute value of momentum
of each track. From 1/ and p, mass square m,, is described.

2 _ 1_52 2
Mey = 52 p (8)

Fig.5 shows scatter plot of pulse height of C1 and C2, and mass square distribu-
tion at 4GeV setting.
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Fig.5. Particle identification at 4GeV setting, unit of plot of C1 vs C2 is
channel of ADC
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The pedestal of C1 and C2 is not subtracted in this figure. Electron and pion
fire photon at Cl and electron also fire at C2. In Fig.5, no hatched area of mass
square distribution is required C2 pedestal to reject electron. Hatched area in left
hand is required of C1 pulse height and one in right hand is not done. Pion, kaon
and proton are selected like as figure.

TOF resolution at 8GeV setting is worse than at 4GeV setting. In this setting,
the pressure of Cl and C2 are changed to high, then kaon fires at C1 and pion fires
at C2. Since there is difference of mass between pion and kaon, the pulse hight of

800 - -
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\ \ \ \
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0 2.5 0 , 25 , 0 2.5
Mass” [GeV7]

Fig. 6. Particle identification at 8GeV setting, unit of plot of C1 vs C2 is
channel of ADC

C1 for kaon is lower than pion. The scatter plot of C1 and C2 in Fig.6 shows that
difference with 4GeV setting. Three Mass square distribution is given by selecting
reason in scatter plot. No hatched area is without cut of C1 and C2. Hatched area
is candidate of pion, kaon and proton/deuteron. We can see contamination of kaon
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and proton for pion candidate, proton for kaon and kaon for proton. Pion, kaon,
proton and deuteron is selected from mass square shown by line in Fig.6.

In both setting, some tracks is rejected to get high purity. The number of
rejected track is estimated by fit a function of mass square to count number of
particle. The ratio, number of estimated track over selected track will be multiplied
when calculating cross-section. This ratio is called cherenkov veto factor.

2.3 Acceptance correction

Since spectrometer affects a distribution of physical values measured, this acceptance
have to be corrected to get an original distribution. To correct acceptance effect,
Monte Carlo simulation is used. In the simulation, the event of collisions generate
to follow an momentum spectrum assumed as the following.

e (<20 e - (ﬂ)z ©)
dymypdmrdé P\ 4 )P 2C

A is an inverse slope parameter of exponential function of my distribution. B is
peak of Gaussian distribution as function of rapidity and C is width.

A acceptance correction factor for my distribution is given as the following step.
The generated particles throw into NA44 acceptance and make hit on each detectors
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in simulation. The track is reconstructed by a routine which is same one used for
reconstructing experimental data. 1/mg dn/dmy distribution for input of simulation
and output are given (Fig.7-(a),(b)). The acceptance correction factor is given
(a) divided by (b) in Fig7. The effect of acceptance is correct by multiplying the
acceptance correction factor to experimental 1/my dn/dmy distribution (Fig.7-(e)).

Since the acceptance of NA44 experiment is narrow (see Fig.2), rapidity part of
Eq.9 have to be refer dN/dy distribution from other experiment. In this analysis,
the result of other experiment at CERN SPS is used.

2.4 Normalization

A normalization is need to get an absolute cross section per one collision. The
normalization factor, [, is given as the following,

1 Npre

Nbeam Oint Otrig Nacc

Fnor —

I, (10)

where Np.q,, 1s number of beam particles during data taking, o;,; is geometrical
interaction probability, then N4y, 04 means minimum bias collision, oy, 1s trigger
centrality (see sub-section 2.1), therefore Nyeam Otrig Oint is number of minimum bias
collision, N, is number of presented trigger, N,.. is number of accepted trigger, so
Npre/Nyee corrects dead time by DAQ and F., is cherenkov veto factor explained in
sub-section 2.2 and estimated for each particle species.

The absolute cross section per event is,

1 d>n _ 5 1 An  dn
Nevent dy my dmy do " or Ay myp dmy

(11)

where the factor 1/27 is given by assuming uniformity of collisions for ¢ direction,
An /Ay dn/mrdmy is corrected acceptance effect for experimental data.

After absolute cross section is given, dN/dy can be calculated. The distribution
described by Eq.11 is fit a function of K¢ (K¢ = mr — mass),

1 d>n B
Nevent dy mr me d¢ B

f(Kr) (12)

and dN/dy is given by integrating as the following,

dN

o /dKT mrf(Kr) (13)

When f(K7)is Aexp(—Kr/B), Eq.13 is described as

CCZZ—N = 27AB(m + B), (14)
Y

where A and B are fitting parameter and m is rest mass of the particle of the myp
distribution.



3 RESULTS AND DISCUSSIONS 13

3 Results and Discussions

3.1 Transverse mass spectrum from Pb+Pb

After normalization, we get the my distribution. Fig.8 shows cross section as func-
tion of Kp(= mg —mass) for each particle around central rapidity region y = 3 ~ 4.
The horizontal axis is shifted by subscripting mass of each particle from my to adjust
start point of the distribution for all particle). The top figure shows the production
cross section as function of Kt for positive charged pion and kaon and proton. The
bottom shows the distribution for negative charged pion and kaon and anti-proton.
Since there are enhancement around low K7 and excess around high K, it is no
good for the pion distributions to fit single exponential as function of K7 over all
range (from 0 to 1.5 GeV).

For the enhancement around low K, one of candidate of this effect is decay of
resonance. For the resonance effect, please see the reference [3]. We fit the pion
distributions by single exponential function from 0.3 GeV to 1.0 GeV to compare
the inverse slope with kaon and proton. On the other hand, for the distributions
of kaon and proton/anti-proton, fitting by single exponential function of K7 looks
good.

Some points to note about K distribution are the following. The inverse slope
is same in errors region between 7t /77, KT /K~ and p/p, respectively. On the
other hand, it is different between pion, kaon and proton. This means inverse slope
depends on rest mass of particle. The dependence of mass for inverse slope parameter
is summarized in Fig.9. The p+p from ISR and NA44 S+5S data is put on Fig.9 to
compare with Pb+Pb data to see the difference of colliding system.

As stated in sub-section 1.3, the inverse slope parameter shows a temperature
of source on assuming thermal equilibrium and Eq.3 explains that the inverse slope
parameter has independence of mass. However, there is the discrepancy between
purely thermal equilibrium model and the results of experiment about the temper-
ature. We can see that the value of inverse slope is increasing with lager mass of
particle and this effect is stronger with larger system of collisions. The increasing of
inverse slope parameter suggests that there is a hydrodynamical flow in the thermal
equilibrium source.

In the first order approximation, there is a relation between measured inverse
slope T,,,, freeze-out temperature 7 and rest mass M [12]. It is

1
T =Ty + 5 92M, (15)

where g is a hydrodynamical surface flow velocity. To fit this formula for S+5
and Pb+Pb data in the By fitting Eq.15 to the data point in Fig.9 with systematic
errors, the freeze-out temperature is given 150 to 170 MeV around central rapidity
region in the nuclear collisions at the CERN SPS energy. And the experimental
results suggest the stronger flow effect with increasing colliding system.

Let’s think a limit of the freeze-out temperature. If the temperature of system is
higher than pion mass, a part of energy may use for pion creation and temperature is
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decrease until stopping pion creation. Since freeze-out is a state which the reaction
and particle creation in the system is stopped, the freeze-out temperature may be
less than 140 MeV. However, the result of fitting by Eq.15 is higher than pion mass.

NA44 Pb+Pb 160 A GeV (y = 3 ~ 4)
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Fig.8. K7 (= mg — mass) distribution for positive and negative particle.
Top shows positive particles and bottom shows negative particles. The val-
ues close to slope is inverse slope parameter on fitting the distribution by
A exp (—Kr/B). For pion, fitting range is 0.3 to 1.0 [GeV]. For the other
particle, fitting is done for all point on figure.
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Fig.9. Summary of inverse slope parameters. Solid character show negative
charged particle. Open character shows positive charged particle. Solid star
and open square come from Fig.8. Open circle comes from S. Shiota’s master
thesis [6]. Open triangle comes from S. Esumi’s doctoral thesis [3].

3.2 Comparison with hydrodynamical model calculation

In this sub-section, we compare with hydrodynamical model in detail. There are
some papers [5, 7, 8] which tested thermodynamic model and hydrodynamical model.
These show a hydrodynamical model describes well the 1/mq dN/dmy distributions
for different particle by only two parameters, the freeze-out temperature 7y and the
surface velocity of flow 3, [5, 8].

We describe the transverse velocity distribution f,(r) by 3, and parameterized
in the region 0 <r < R.

r n
r = Ms\ 0 ) 16
5.(r) = 5, (5) (16)
where R is a radius of the thermal source at freeze-out. With n we can vary the

form of the profile but the form of the profile is not important for the analysis. We
have used n = 1 in the subsequent calculations.



3 RESULTS AND DISCUSSIONS

16

T, [MeV]

150

100

0.5
Pb+Pb

Fig.10. The contour plot of y? map for fitting of hydro-dynamical model
calculation for 1/my dN/dmt spectra. The horizontal dot line is on 7y = 140
MeV which is Hagedorn limit of freeze-out temperature. The solid contour
lines designate the area of xy2/NDF = x2. /NDF+ 1,2, 4,8, 16, 32 and 64.
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Fig.11. Fitting hydro-dynamical calculation to transverse mass spectrum
for NA44 Pb+Pb and S+S data. The spectra of =, K,p/p in left side come
from Fig.8. The spectra of m, K, p/p in right side are preliminary data. For
deuteron in both figure came from H. Shiota’s master thesis [6].
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Assuming that the longitudinal and transverse motion of the thermal source
are decoupled, flow effects can be incorporated into transverse mass spectra as the

following.
dN R prsinh p mr cosh p
—_— d Ll ——— | Ky | —— 1
demTO(/o rrmy 0( T ) &1( T , (17)

where p is the boost angle and p = tanh™ 3,.

We calculated Eq.17 for pion, kaon, proton and deuteron in the region from 7Ty =
80 MeV to 180 MeV with every 5 MeV and 3, = 0.05 to 0.95 with every 0.05. The
calculated spectrum is fit for experimental data for each particle and we got a y* map
for fitting as Fig.10. For comparison between colliding systems, Fig.10 has two maps
which are result of fitting for Pb+Pb and S+S from NA44 experiment. The result
of fitting shows Ty = 100~160 MeV and 3,=0.4~1.0 for Pb+Pb and T} = 120~160
MeV and 3,=0.3~0.6 for S+5. We estimate the freeze-out temperature is 140+ MeV
from the previous results and this results. At 7y = 140 MeV, 3, = 0.50 ~ 0.70 for
Pb+Pb and s = 0.35 ~ 0.45 for S+S. This suggests that there is stronger transverse
flow with larger colliding system at same freeze-out temperature.

It looks good to fit the transverse mass spectrum for some particles by hydrody-
namical model calculation in Fig.11.

3.3 Chemical potential

To calculate chemical potential, we have to get the particle production ratio,
K~ /Kt and p/p. At first, we calculated dN/dy of each particle from normalized
production cross section which is shown in Fig.8. As said in sub-section 3.1, single
exponential function of my can not describe the pion spectrum for Pbh+Pb data. To
fit the pion spectrum, Aexp(—Kp/B) 4+ Cexp(—Kr/D) is used as fitting function
for instant calculation of d/N/dy. The value of dN/dy for each particle is shown in
Fig.12.

For the positive and negative pion, the values of dN/dy of both is same. This is
sufficient condition for the assumption that the chemical potential of u and d quark
is same.

The ratio K~ /K* and p/p is summarized in the Fig.13 to compare with other
colliding system[17]. The both ratio is decreasing with increasing colliding system.
This suggests the potential is increasing if freeze-out temperature is same for p+S5,
S+5S and Pb+Pb.

Fig.14 shows scatter plot of the baryon chemical potential g and the strangeness
chemical potential p;. pp is calculated Eq.5. p; is calculated Eq.4 and pg. To check
consistency of values, the point calculated from A/A and p/p are put for p4S and
S+5S. The two values of strangeness chemical potential from p+S has not so good
agreement. This may mean that the assumption of chemical equilibrium is not
satisfied in p+5 collisions. For 545 data, It has good agreement.

S+5S and Pb+Pb data looks p1; ~ 0, then we assumed p; = 0 for S+S and Pb+Pb
data and the values of pp is shown in Fig.15. The average of up is 147 + 17 MeV
for S4S and 184 4+ 24 MeV for Pb+Pb. The chemical potential and temperature

is given, then we can get some thermodynamical variables at the freeze-out. To
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get some variable, we need to treat the system as thermal equilibrium only after
the initially hot and dense fireball has expanded and reached the freeze-out density.
Therefore, the system described by a grand canonical ensemble of non-interacting
fermions and bosons (free gas of hadron) in equilibrium at freeze-out temperature

1.

NA44 Pb+Pb 160 A GeV (y=3~4)
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Fig.12. The result of fitting and dN/dy of each particle.
Aexp(—K1/B) + Cexp(—K7/D) is used as fitting function. For kaon and
proton/anti-proton, A exp(—Kr/B) is used. The way of calculation of dN /dy
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is indicated in sub-section 2.4.

For pion,
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Fig.13. Comparison the ratio of K~ /K™ and p/p with other experiment.
p+S data and S+S data come from reffernce [17]
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Fig. 14. Scatter plot of baryon and strengeness chemical potential. p+S data
and S4S data come from reffernce [17] for p/p and [18] for A/A and
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Fig.15. up calculated from each particle with assuming p; = 0 (open char-
acter). Star is from S+S data. Triangle is Pb+Pb data. Solid character is
average of up for S+S and Pb+Pb, respectively.

We get the chemical potential and temperature, therefore, the thermodynamical
potential is given and we can calculate some thermodynamical variables.
Baryon density p; describe as the following.

P / p*dp
" 2n2 ) exp(E; — (Bip + sips)[Ty) + 17

(18)

where ¢; is the spin-isospin degeneracy of particle 7, £; is its total energy in the
local restframe, B; and s are the baryon and strangeness quantum number and ppg
and fs is baryon and strangeness chemical potentials (also, h = ¢ = kg = 1). Eq.18
is integrated over infinite space and then have to be multiplied [10] by a correction
factor which we evaluate for a spherical volume with radius E. We also apply the
excluded volume correction [7, 11, 16] to take into account the volume occupied by
individual baryon with radii of 0.8 fm.

Fig.16 show phase diagrams for some thermodynamical variables. The top-left
histograms shows the scatter plot of the temperature and baryon chemical potential.
Solid triangle and star are Si+Au and Si4+Pb data at AGS [9, 8]. The values of
temperature, chemical potential and surface flow velocity are summarized in Table.1
A yellow belt on histograms is phase diagram come from reference [13]. Both data,
AGS and CERN say the state of the freeze-out close to the phase boundary. The top-
right histogram shows the scatter plot of the temperature and baryon density. The
value of the baryon density from S4+S and Pb+Pb collisions at CERN SPS are close
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Ty(MeV) | pp(MeV) | ps(MeV) | B,
S+S | 140£10 | 147£17 |0 0.4040.05
Pb+Pb | 140£10 | 184£24 |0 0.6040.10
SitAu | 12728 | 485£70 | 68(+20,-16) | —
Si+Pb | 130£10 | 540 121.5£13.5 | 0.54+0.04

Table 1. Summary of temperature, baryon and strangeness chemical poten-
tial and surface flow velocity.

to each other and smaller than the values from AGS data. The point to note is the
baryon density at freeze-out is smaller than the nuclear matter density. This suggests
the volume of system is larger than initial state (normal nuclear matter) or many
nucleons are used making lighter particle than nucleon. The bottom histogram is the
scatter plot of baryon density and energy density. Solid characters show the value at
freeze-out. Open characters and dot line connecting between same characters shows
minimum and maximum estimated point at formation time when hadron is cleated
after collisions.

To estimate the values at formation time, we assumed that the fire-ball is ideal
fluid and surface flow velocity equals the velocity of expanding fluid and used energy
momentum tensor. At formation time, assuming that the fluid is stopping and the
energy density € and pressure p is uniform in the fluid from formation time ¢, to
freeze-out time t;, the energy density at o, £(¢o) is described as the following.

Vs

elto) = 1 (e(ty) ug + plty) ). (19)
0

where uj = 1/(1—3?), u3 — |[u|* = 1 and V; and V} are the volume at ¢y and ¢;. By

same assuming, baryon density at ¢; can be described.

plt) = %pw) o (20)

For the minimum estimate, we assumed V5 = V5. For the maximum estimate, we
used simple model for the volume. At ¢y, colliding system is like disk with thickness
~ 1 fm and radius = R, where R = 1.2A4'% and A is mass number of atom. Until iy,
we assumed that the system is expanding with light velocity ¢ for the longitudinal
direction and with surface velocity 3 for transverse direction, cylindrically. To this
calculation, we also need to estimate freeze-out time. We used a freeze-out time
which is estimated HBT analysis (two particle interferometer). Some recent analysis
of HBT give us 4 ~ 5 fm as freeze-out time in S+A collisions at CERN SPS[14, 15].
This value is close to the radius of sulfur 1.24'% ~ 3.8 fm. We applied the radius
of Si, S, Pb as freeze-out time of Si4+Pb, S+5 and Pb+4Pb collisions, respectively.

The ratio V;/V, is more sensitive to estimate baryon and energy density than
effect of flow. We can see the maximum baryon density is about 3 times of nuclear
matter for Si+Pb at AGS and same with nuclear matter for Pb+Pb. For energy
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density, the estimated value at formation time in Pb+Pb collisions are overlapped
a energy density at phase transition between QQGP phase and hadron gas phase
(0.86 ~ 2.5 GeV/Im?).

® NA35 S+S A E802/E859 Si+Au

B NA44 Pb+Pb  * E802/E810 Si+Pb
[CB. Mller, QM”95 Proceedings

p— \
2 200 QGP- .
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Fig.16. Phase diagrams for S+S, Pb+Pb. For comparison, data of Si+Au
and Si+Pb at AGS are on each histogram. T, g, pp and ¢ are temperature,
baryon chemical potential, baryon density and energy density.
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4 Summary and conclusion

The production cross section around central rapidity for #*, K* p and p are ob-
served in Pb+Pb collisions at CERN SPS. The temperature at freeze-out at Pb+Pb
collisions is around 140 MeV. From comparison with hydrodynamical model calcula-
tion, the existence of transverse flow is suggested and the surface flow velocity 3, in
Pb+Pb collisions (3; = 0.60 £0.10) is larger than S4S collisions (3 = 0.40 £0.05).
At the CERN SPS energy, the strangeness chemical potential is close to 0. The
baryon chemical potential is given from Pb+Pb collisions (184 424 MeV) and larger
than S+ collisions (147 + 17 MeV). The baryon density, energy density at freeze-
out are given from chemical potential and temperature. We get the baryon density
and energy density by estimating the volume at formation time for S+5 and Pb+Pb
collisions at CERN SPS and Si+Pb at BNL AGS.

The CERN SPS data and BNL AGS data are different about the temperature
and baryon density at freeze-out. On the other hand, the energy density at freeze-
out in heavy ion collisions at SPS and AGS is almost same (60~70 MeV). The
estimated energy density at formation time suggests that there is a possibility of

QGP phase in Pb+4Pb collisions at CERN SPS.
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