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The rapidity distributions of particles produced in nucleus—nucleus
(Au-Au) collisions at the Alternating Gradient Synchrotron (AGS) energy
(11-15A GeV) have been analyzed by the thermalized cylinder model and
the three-fireball model. It is shown that the two models are successful at
the AGS energy. The normalized rapidity distributions of produced parti-
cles (exclusion of protons) described by the two models do not depend on
the forward energy and multiplicity. The rapidity shifts in the two mod-
els do not depend on the impact parameter. The proton and deuteron
normalized rapidity distributions contributed by the participants in Au-Au
collisions do not depend on the forward energy and multiplicity, but the fi-
nal state proton and deuteron rapidity distributions depend on the forward
energy and multiplicity due to the contributions of spectators.

PACS numbers: 25.75.—q, 24.10.Pa

1. Introduction

One of the aims of studying high energy nucleus—nucleus collisions is to
investigate the mechanism of nuclear reactions. The knowledge of particle
production leads to important constraints on the reactions and is of great
importance in order to assess. A lot of models [1] have been introduced for
high energy nuclear collisions. Among them, the thermal fireball model [2]
was used much earlier in comparably low-energy nuclear reactions. Basing
on the fireball model, we have developed a thermalized cylinder model [3]
and described the rapidity (or pseudorapidity) distributions of relativistic
singly charged particles in nucleus—nucleus collisions over an energy range
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from a few A GeV to 1004 TeV [3,4]. It is shown that the thermalized
cylinder model is successful in the description of rapidity distributions. On
the other hand, basing on the three-fireball model for hadron-hadron col-
lisions [5,6], we have developed a three-fireball model for nucleus-nucleus
collisions [7] and described the particle production in nucleus—nucleus col-
lisions at high energy. The three-fireball model is also successful in the
description of rapidity distributions.

Many models [1] have been introduced to describe the rapidity distribu-
tion of produced particles in high-energy nucleus—nucleus collisions. How-
ever, the different models give very different calculated results for proton
rapidity distribution. The rapidity distribution of protons produced in
nucleus—nucleus collisions is very different from that of other produced par-
ticles. The calculated results for proton rapidity distribution by different
models are not corresponding to each other. It is necessary to study the
proton rapidity distribution in nucleus—nucleus collisions by the thermalized
cylinder model and the three-fireball model. The study should be based on
the successful description of other produced particle rapidity distribution.

The aim of the present work is to perform a systematic analysis of pions,
kaons, protons and deuterons production in nucleus—nucleus collisions at
the AGS energy within the thermalized cylinder model and the three-fireball
model. The rapidity distributions of the above particles produced in different
event groups are calculated and compared with the recent experimental data
of the E802 Collaboration [8].

2. The model
2.1. Thermalized Cylinder Model (TCM)

Let us consider the simplest pictures of the one-dimensional string
model [9] and the fireball model [2]. In a high-energy nucleon-nucleon colli-
sion, a string is formed consisting of two endpoints acting as energy reservoirs
and the interior with constant energy per length. Because of the asymmetry
of the mechanism, the string will break into many substrings along the direc-
tion of the incident beam. The distribution length of substrings will define
the width of the pseudorapidity distribution. According to the fireball model,
the incident nucleon penetrates through the target nucleon, then a firestreak
is formed along the direction of the incident beam. The length of the fire-
streak will define the width of pseudorapidity distribution. In high-energy
nucleus—nucleus collisions, many strings or firestreaks are formed along the
incident direction. Finally, a thermalized cylinder is formed because these
strings or firestreaks stack and exchange their momentums in the transverse
direction.
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In a given reference frame, we assume that the thermalized cylinder
formed in nucleus—nucleus collisions is in the rapidity range [¢min, Ymax]- The
emission points with the same rapidity, ¥, in the thermalized cylinder form
a cross section (emission source) in the rapidity space. For the thermalized
cylinder, the initial extension of the nuclei is not important because of the
Lorentz-contraction.

Under the assumption that the particles are emitted isotropically in the
rest frame of the emission source, we know that the pseudorapidity (n) dis-
tribution of the particles produced in the emission source with rapidity y,
in the concerned reference frame is

1

f(n,yz) = m-

(1)
If Y2 = Ymin O Ymax, Eq. (1) will describe the n distributions of leading
target or projectile participant nucleons.

In final state, the 5 distribution of singly charged produced particles
(exclusion of protons) is contributed by the whole thermalized cylinder. We
have the normalized 7 distribution of produced particles

ymax

1
- - @ 2)dYz
Frem(n) = —— / Fn,y2)dy @)

Ymin

The n distribution of protons is contributed by the whole thermalized cylin-
der and the leading protons. We have the n density distribution of protons

Ymax

1-K Ntp+ NV
Frem(n) = ( ZCM)(_ yTP_ pp) /f(naym)dyx+KTCM [NTPf(naymin)
max min
Ymin
o+ Nob £ (0, Ymas) |+ N1 (1, yrs)+ Nes £ (1, yes) (3)

where Npp, Npp, Nyg, and Npg denote the numbers of protons produced in
Target Participant (TP), Projectile Participant (PP), Target Spectator (TS),
and Projectile Spectator (PS), respectively. Krpcy is the probability of
participant proton appearing as a leading particle. ytg and ypg are the
mean rapidities of target and projectile spectators, respectively. In the above
discussion, we have used the picture of spectator-participant model [10].
The rapidity y can be obtained by the above formulas due to y = n at high
energy [11].
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Let yo denote the midrapidity of produced particles. We have

Ymin = YcC — Ay 3 (4)
Ymax = Yo + Ay s (5)
y1s = Yo — Dy = YTarget (6)
and
yps = yc + Dy = YProjectile » (7)

where Ay and Dy are the rapidity shifts in the TCM, yrarget and yprojectile
are the rapidities of target and projectile, respectively. Generally speaking,
yco should be the rapidity of the center-of-mass system of collisions, the
peak position of particle rapidity distribution, or the mean value of particle
rapidities.

There are two parameters, Ay and Krcw, in the TCM discussed above.
For pions and kaons rapidity we need only one parameter, Ay. The values of
Ntp, Npp, Ntg, and Npg can be obtained by nuclear geometry in concerned
nucleus—nucleus collisions.

In the above discussion, the normalization conditions for Egs. (2) and

(3) are
/fTCM dﬁ—/iﬂd (8)

and

1 dN
/ From(n)dn =

——dn = Nyp+ Nys+ Npp+ Nps < Z1+Zp, (9)
Ngy dn

respectively, where N and Ngy are the numbers of particles and events, and
Z7 and Zp are the atomic numbers of the target and projectile nuclei, re-
spectively. If we consider the production of nucleon cluster in the spectator,
the left side of Eq. (9) should be less than Zt + Zp due to the decreasing
of NTS and Nps.

In the thermalized cylinder formed in high energy nuclear collisions, the
excitation degrees of different emission sources may be different. It is ex-
pected that the emission sources at and around the midrapidity have a high
excitation. The emission sources at and around the rapidity %min O Ymax
have a low excitation. As the first approximation, we divide the thermalized
cylinder into three parts along the long direction. The middle part is in the
rapidity range from yo — %Ay to yo + %Ay and stays in a high excitation
state. The other two parts are in the rapidity range from ymin to yo — —Ay
and y¢o + %Ay t0 Ymax, respectively, and stay in a low excitation state. Be-
cause of the relativity, the other two parts have the same excitation degree.



Dependence of Particle Rapidity Distribution on ... 3019

The three parts have the same contribution to the number of final state
particles. In the rest frame of the emission source, we assume that the three
components of particle momentum obey Gaussian distribution and have the
same standard deviation. Then the transverse momentum P; obeys Rayleigh
distribution. The transverse mass m; can be obtained by m = \/Pt2 + m%,
where my is the rest mass of concerned particle.

2.2. Three-Fireball Model (TFM)

According to the TFM [5,6] in high energy hadron—hadron collisions, we
have developed a three-fireball model 7] to describe the particle production
in high energy nucleus—nucleus collisions. In a high energy hadron-hadron
collision, the incident hadron collides with the target. Then a projectile fire-
ball, a central fireball and a target fireball are formed [5,6]. In high energy
nucleus—nucleus collisions, many projectile nucleons collide with many tar-
get nucleons. For each nucleon—nucleon collision, three fireballs are formed.
There are many projectile fireballs, central fireballs and target fireballs in
high energy nucleus—nucleus collisions. In rapidity space, the projectile fire-
balls are in high rapidity region, the central fireballs are in middle rapidity
region, and the target fireballs are in low rapidity region. We regard the
projectile fireballs formed in nucleus—nucleus collisions as a big projectile
fireball, and name it the projectile fireball P*. Similarly, we regard the cen-
tral fireballs and the target fireballs formed in nucleus—nucleus collisions as
a big central fireball and a big target fireball, and name them the central
fireball C* and the target fireball T™*, respectively.

Each fireball (P*, C*, or T%) is assumed to be isotropic emission in the
fireball rest frame. Let y; denote the rapidity of fireball i* (i* = P*, C*,
or T*) in the concerned reference frame. Replacing y, by y; in Eq. (1), the
distribution of the particles produced in the fireball ¢* in the concerned
reference frame can be given.

In final state, the 7 distribution of singly charged produced particles
(exclusion of protons) is contributed by the three fireballs with the same
probability. We have the normalized 7 distribution of produced particles

fremn) = 5[ F,50) + f(n.yr) + Fn.ym)] - (10)

The n distribution of protons is contributed by the three fireballs and the
leading protons. We have the n density distribution of protons

Frem(n) = (1 = Krem)(Nte + Nep) f (0, yc) + Ktem [NTPf(U,yT)

+ Nppf(n,yp)| + Ntsf(n,yrs) + Nesf(n,yps), (11)
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where Ktpy is the probability of target or projectile participant proton
appearing in the fireball T* or P*. The rapidity y can be obtained by Eqs.
(10) and (11) due to y =~ n at high energy [11].

The parameter yo in the TFM is in fact the same as that in the TCM.
The relationships between yr, yp and yc are

YT = Yo — 0y, (12)

and
yp = yc + oy, (13)

where Jy is the rapidity shift in the TFM. The relationships between yrg,
yps and y¢o are the same as those in the TCM.

There are two parameters, éy and Ktgy, in the TFM discussed above.
For pions and kaons rapidity we need only one parameter, §y. The values
of yo, Ntp, Npp, N1s, and Npg are the same as those in the TCM. The
normalization conditions for Egs. (10) and (11) are the same as those for
Egs. (2) and (3), respectively.

It is expected that the fireball C* stays in a high excitation state, and the
fireballs T* and P* stay in a low excitation state. Because of the relativity,
the fireballs T* and P* have the same excitation degree. In the rest frame
of the emission source, we assume that the three components of particle mo-
mentum obey Gaussian distribution and have the same standard deviation.
In the descriptions of transverse momentum and transverse mass, the TFM
has the same idea as those in the TCM. But the emission sources in the
TFM and TCM have different rapidities.

3. Comparison with experimental data

Figure 1 presents the rapidity distributions of positive pions (71) pro-
duced in Au-Au collisions at 11.6A GeV (i.e. the AGS energy). The dif-
ferent symbols are the experimental data for the different centrality cuts
[8]. The centrality is determined by the value of Ezcar, i.e. the energy
deposited into the zero-degree calorimeter in the experimental layout of the
E802 (E866) Collaboration [8]. Corresponding to the centrality cuts from
0-3% to 43-76%, the Ezcar range in GeV are 0-240, 240-390, 390-570,
570-780, 780-1020, 1020-1290, 1290-1590, and 1590-3000, respectively [8].
In order to see a clear outline, the dN/dy data presented in Fig. 1 for the
different centrality cuts are scaled by adding different constants. The dashed
and dotted curves in the figure are our calculated results by the TCM and
TFM, respectively. In the calculation, we take a unique Ay = 0.80 in the
TCM and dy = 0.60 in the TFM to fit the experimental data for the different
centrality cuts. The method of x? testing is used in the selection of Ay and
dy. The calculated results are scaled to the experimental data.
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Fig.1. Rapidity distributions of 77 in 11.64 GeV Au-Au collisions for different
centrality cuts. The different symbols are the experimental data for the different
centrality cuts [8]. The left side points about mid-rapidity (yo = 1.6) are the
measured data, and the right side points are the data reflected about mid-rapidity.
The dashed and dotted curves are our calculated results by the TCM and TFM,
respectively. For the centrality cuts from 0-3% to 43-76%, the values of x? /Degrees
Of Freedom (DOF) in the TCM fits are 0.57, 0.42, 0.62, 0.55, 0.29, 0.28, 0.61, and
0.75, respectively. The corresponding values in the TFM fits are 0.46, 0.38, 0.41,
0.52, 0.21, 0.25, 0.63, and 0.48, respectively.

Figure 2 presents the rapidity distributions of positive kaons (K*) pro-
duced in Au—Au collisions at 11.6A4 GeV. The meanings of symbols and
curves in Fig. 2 are the same as those in Fig. 1. In order to see a clear out-
line, the dN/dy data presented in Fig. 2 for the different centrality cuts are
scaled by adding different constants. In the calculation, we take the same
Ay (=0.80) and dy (=0.60) as those for Fig. 1 for the different centrality
cuts. The calculated results are scaled to the experimental data.

From Figs. 1 and 2 one can see that the TCM and TFM give a good
description of 77 and K™ rapidity distributions in Au-Au collisions at the
AGS energy. In the calculation for normalized 7" and K™ rapidity distribu-
tions, we need only one parameter Ay in the TCM, and one parameter Jy in
the TFM. The values of Ay and dy do not depend on the impact parameter
(centrality).



3022 Fu-Hu Liv

s I I I I I I
~
Z 18 e0-3%+7 +/,;i’ij_\+ 11.6A GeV |
0 3-7%, +6 + ) + Au+Au
m7-12%, +5 ra RN K" |
Y6 Gioi77 44 ,+ it %
A 17-24%, +3 +*+ ¢¢ ¢¢ +*§
14 |- A 24-32%, +2 / ¢¢ ¢1¢ \ |

* 32-43%, +1

4 43-76%, +0 ,;’J*qf?é *—*’ ' *** Qﬁij

Fig. 2. As for Fig. 1, but showing the results for K*. For the centrality cuts from
0-3% to 43-76%, the values of x?/DOF in the TCM fits are 0.78, 0.64, 0.72, 0.44,
0.48, 0.33, 0.38, and 0.35, respectively. The corresponding values in the TFM fits
are 0.61, 0.73, 0.49, 0.56, 0.39, 0.35, 0.68, and 0.40, respectively.

In order to test the TCM and TFM in detail, the 7 rapidity distribu-
tions in Au—Au collisions at 11.6A4 GeV for different event groups selected
by the deposited energy (FEzcar, the forward energy) in the zero-degree
calorimeter and the total measured multiplicity (Mxma) in the new multi-
plicity array [8] are given in Fig. 3. The different symbols (letters) are the
experimental data for the different groups of Fzcar, and Mxua [8]. In terms
of (Ezcar range, Myya range), the corresponding borders for the double-
event selection using Ezcar (in GeV) and My for the event groups from
(a) to (i) are (0—240, >375), (0-240, 345-375), (0-240, <345), (240-390,
>340), (240-390, 305-340), (240-390, <305), (390-570, >295), (390-570,
265-295), and (390-570, <265), respectively. In order to see a clear outline,
the dN/dy data presented in Fig. 3 for the event groups from (a) to (i) are
scaled by adding different constants. The dashed and dotted curves in the
figure are our calculated results by the TCM and TFM, respectively. In the
calculation, we take the same Ay (=0.80) and dy (=0.60) as those for Figs. 1
and 2 for the different event groups. The calculated results are scaled to the
experimental data.
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Fig.3. Rapidity distributions of 77 in 11.64 GeV Au-Au collisions for different
event groups selected by forward energy and multiplicity. The different symbols
are the experimental data for the different groups of Ezcar, and Myma [8]- The
left side points about mid-rapidity are the measured data, and the right side points
are the data reflected about mid-rapidity. The dashed and dotted curves are our
calculated results by the TCM and TFM, respectively. For the event groups from
(a) to (i), the values of x?/DOF in the TCM fits are 0.24, 0.53, 0.84, 0.61, 0.37,
0.75, 0.36, 0.63, and 1.15, respectively. The corresponding values in the TFM fits
are 0.37, 0.39, 0.62, 0.54, 0.37, 0.53, 0.26, 0.42, and 0.96, respectively.

Figure 4 is similar to Fig. 3, but it shows the K rapidity distribution in
Au—Au collisions at 11.6A4 GeV. In order to see a clear outline, the dN/dy
data presented in Fig. 4 for the different event groups are scaled by adding
different constants. In the calculation, we take the same Ay and dy as those
for Figs. 1-3 for the different event groups. The calculated results are scaled
to the experimental data.

From Figs. 3 and 4 one can see that the TCM and TFM essentially repro-
duce the 7™ and K rapidity distributions in 11.64 GeV Au-Au collisions
for different event groups. The only parameter Ay in the TCM and dy in
the TFM do not depend on the selection of events.

The correlation between (m) — mg and y for 7% produced in Au-Au
collisions at 11.6 A GeV is shown in Fig. 5. The centrality cuts corresponding
to the different experimental data (points) [8] are noted in the figure. In
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Fig.4. As for Fig. 3, but showing the results for K. For the event groups from
(a) to (i), the values of x?/DOF in the TCM fits are 1.14, 0.32, 0.65, 0.62, 0.43,
0.81, 1.34, 1.46, and 0.29, respectively. The corresponding values in the TFM fits
are 1.34, 0.31, 0.76, 0.72, 0.37, 0.93, 1.33, 1.42, and 0.36, respectively.

order to see a clear outline, the (my) — mo data presented in Fig. 5 for
the different centrality cuts are scaled by adding different constants. The
dashed and dotted curves in the figure are our calculated results by the TCM
and TFM, respectively. In the calculation, we take the same Ay and Jy as
those in Figs. 1-4. For the middle part with high excitation in the TCM
and the fireball C* in the TFM, we take (m) = 0.60 GeV/c?. For the two
parts with low excitation in the TCM and the fireballs T* and P*, we take
(m¢) = 0.18 GeV/c?. The standard deviations of momentum distribution
corresponding to the two values of mean transverse mass are 0.46 and 0.08
GeV/c?, respectively. The method of x? testing is used in the selection of
free parameters. The calculated curves are scaled to the data yield.

The correlation between (m) — mg and y for K produced in Au-Au
collisions at 11.6 A GeV is shown in Fig. 6. The centrality cuts corresponding
to the different experimental data (points) [8] are noted in the figure. In
order to see a clear outline, the (m¢) — mg data presented in Fig. 6 for the
different centrality cuts are scaled by adding different constants. The dashed
and dotted curves in the figures are our calculated results by the TCM and
TFM, respectively. In the calculation, we take the same Ay and dy as those
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Fig.5. Correlation between (m¢) —mg and y for 7 in 11.6 A GeV Au—Au collisions
for different centrality cuts. The different symbols are the experimental data for
the different centrality cuts [8]. The left side points about mid-rapidity are the
measured data, and the right side points are the data reflected about mid-rapidity.
The dashed and dotted curves are our calculated results by the TCM and TFM,
respectively. For the centrality cuts from 0-3% to 43-76%, the values of x?/DOF in
the TCM fits are 0.61, 1.10, 0.54, 0.24, 0.66, 0.93, 0.90, and 0.72, respectively. The
corresponding values in the TFM fits are 0.37, 0.89, 0.78, 0.79, 0.66, 1.22, 1.45,
and 1.02, respectively.

in Figs. 1-5. For the middle part with high excitation in the TCM and
the fireball C* in the TFM, we take (m) = 1.60 GeV/c?. For the two
parts with low excitation in the TCM and the fireballs T* and P*, we take
(my) = 0.54 GeV/c?. The standard deviations of momentum distribution
corresponding to the two values of mean transverse mass are 1.19 and 0.16
GeV/c?, respectively. The method of x? testing is used in the selection of
free parameters. The calculated curves are scaled to the data yield.

From Figs. 5 and 6 one can see that the TCM and TFM give a good
description of the correlation between (m) — mg and y for 7+ produced in
different centralities Au—Au collisions at the AGS energy. The TCM and
TFM essentially reproduce the correlation between (my) —mg and y for K+
produced in the same collisions.
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Fig.6. As for Fig. 5, but showing the results for K*. For the centrality cuts from
0-3% to 43-76%, the values of x?/DOF in the TCM fits are 1.34, 1.24, 0.33, 1.06,
0.45, 1.04, 0.72, and 1.05, respectively. The corresponding values in the TFM fits
are 1.18, 1.26, 0.33, 0.89, 0.45, 1.15, 0.60, and 1.20, respectively.

The rapidity distributions of protons (p) produced in different centrali-
ties Au—Au collisions at 11.6A4 GeV [8] are given in Fig. 7. The meanings
of symbols and curves in Fig. 7 are the same as those in Figs. 1 and 2.
In order to see a clear outline, the dN/dy data given in Fig. 7 for the dif-
ferent centralities (from small impact parameter to great one) are scaled by
adding different constants. In the calculation, we take Ay = 0.70, dy = 0.63,
Krevm = 0.75, and Ktpyv = 0.95 for the different centrality cuts. In the cal-
culation by using Eqs. (3) and (11), the third parameter is one of Ntp, Npp,
Ntg, and Npg. Generally speaking, we can calculate the third parameter by
nuclear colliding geometry at a fixed impact parameter. For the purpose of
convenience, we treat the third parameter N7p as a free parameter. Then,
for Au—Au collisions, Npp = Npp, Npg = Npg < Z1 — Npp. From small
impact parameter to great one, the values of Nrp are taken as 77, 65, 52, 42,
35, 30, 20, and 6, respectively. Because the calculated curves are scaled to
the data yield, the values of Ntp and Ntg have only the relative meaning.
In the calculation, the method of x? testing is used in the selection of free
parameters.
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Fig.7. As for Fig. 1, but showing the results for p. For the centrality cuts from
0-3% to 43-76%, the values of x?/DOF in the TCM fits are 0.72, 0.70, 0.28, 0.81,
0.32, 0.30, 0.98, and 1.24, respectively. The corresponding values in the TFM fits
are 0.78, 0.72, 0.40, 0.61, 0.44, 0.50, 0.91, and 1.45, respectively.

Figure 8 gives the rapidity distributions of protons in 11.64 GeV Au-Au
collisions for different event groups selected by Ezcar, and Mxma [8]. The
meanings of symbols and curves in Fig. 8 are the same as those in Figs. 3
and 4. In order to see a clear outline, the dN/dy data given in Fig. 8 for
the different event groups are scaled by adding different constants. In the
calculation, we take the same Ay, 0y, Ktcm, and Kty as those for Fig. 7.
For the event groups from (a) to (i), the values of Npp are taken as 79, 70,
55, 63, 58, 58, 58, 48, and 45, respectively. Because the calculated curves are
scaled to the data yield, the values of Ntp and Ntg have only the relative
meaning. In the calculation, the method of x? testing is used in the selection
of free parameters.

Figures 7 and 8 show that the TCM and TFM give a good description
of proton rapidity distributions in Au—Au collisions at the AGS energy. The
values of Ay, dy, Ktcm, and Ktpm do not depend on the centrality cuts
determined by the forward energy and event groups selected by the forward
energy and multiplicity. Because the spectators stay in an excitation state,
some of protons produced in the spectators may have a greater (or smaller)
(pseudo)rapidity than the projectile (or target). We have assumed that the



3028 Fu-Hu Liv

2160 F T \ \ T g
2 150 (o). +80 11.6A GeV
— @ (o), + g ) o
h 1agf ©®70 ﬁ““ “‘\ Au-+Au
| =) 60 O i % o
130 - D), +50 Yy 0 ova, e
A (e), +40
120 -, (f), +30
110 * (g), +20
# (h), +10
100 -

& (i), +0

10 " s

Fig.8. As for Fig. 3, but showing the results for p. For the event groups from (a)
to (i), the values of x?/DOF in the TCM fits are 0.36, 0.83, 0.37, 0.37, 0.49, 0.88,
0.86, 0.42, and 0.66, respectively. The corresponding values in the TFM fits are
0.55, 0.99, 0.40, 0.35, 0.56, 1.02, 0.70, 0.65, and 0.71, respectively.

spectator protons are emitted isotropically in the rest frame of the emission
source. The mean (pseudo)rapidity of spectator protons is the rapidity of
projectile (or target).

Figure 9 is similar to Fig. 7, but it shows the rapidity distribution of
deuterons (d) produced in 11.64 GeV Au—Au collisions [8]. In order to see
a clear outline, the dN/dy data given in Fig. 9 for the different centrality
cuts are scaled by adding different constants. In the calculation, we take the
same Ay, §y, Krcwm, and Krpy as those for Figs. 7 and 8. For the events
from small impact parameter to great one, the values of Npp are taken as
79, 50, 40, 10, 10, 5, 0, and 0, respectively. We would like to emphasize again
that the values of Ntp and Ntg have only the relative meaning because the
calculated curves are scaled to the data yield.

One can see from Fig. 9 that the TCM and TFM essentially reproduce
the deuteron rapidity distributions in 11.6A4 GeV Au—Au collisions for the
centrality cuts from 0-3% to 32-43%. Both the TCM and TFM fail to repro-
duce the data for the centrality cut of 43-76%. In the peripheral nucleus—
nucleus collisions, the spectators have a great contribution to the deuteron
rapidity distribution. Both the models have used a too wide rapidity distri-
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Fig.9. As for Fig. 1, but showing the results for d. For the centrality cuts from
0-3% to 43-76%, the values of x?/DOF in the TCM fits are 0.68, 0.70, 0.39, 1.46,
0.99, 1.33, 1.59, and 16.88, respectively. The corresponding values in the TFM fits
are 0.62, 0.66, 0.55, 1.22, 0.89, 1.03, 1.66, and 16.98, respectively.

bution for spectator deuterons. Eq. (1) is the result of an isotropic emission.
It approximates to a Gaussian distribution with the standard deviation of
0.91 [12]. We can use a narrower Gaussian to describe the rapidity dis-
tribution for spectator deuterons. Using the revised TCM and TFM, we
have recalculated the deuteron rapidity distributions in 11.64 GeV Au—-Au
collisions for different centrality cuts.

Figure 10 presents the deuteron rapidity distribution calculated by the
revised TCM and TFM. The experimental data [8] are the same as those
in Fig. 9. In the calculation, we have not changed the values of Ay, dy,
Krcwm, and Krpy. For the rapidity distribution of spectator deuterons, we
use a Gaussian distribution with the standard deviation of 0.40. The values
of Ntp have been changed from Fig. 9. From small impact parameter to
great one, the values of Npp are taken as 79, 65, 55, 40, 34, 25, 18, and 10,
respectively. The values of Ntp and Ntg have only the relative meaning
because the calculated curves are scaled to the data yield.

From Fig. 10 one can see that the revised TCM and TFM give a good
description of deuteron rapidity distributions in 11.6 A GeV Au—Au collisions
for different centrality cuts. Comparing Figs. 9 and 10, one may say that the
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Fig. 10. As for Fig. 9, but showing a comparison between the experimental data [8]
and the calculated results by the revised TCM and TFM. For the centrality cuts
from 0-3% to 43-76%, the values of x?/DOF in the TCM fits are 0.69, 0.44, 0.35,
0.45, 0.39, 0.60, 0.87, and 0.82, respectively. The corresponding values in the TFM
fits are 0.56, 0.45, 0.32, 0.94, 0.28, 0.78, 1.05, and 0.88, respectively.

revised TCM and TFM seem better than the original models in the given
experimental rapidity region. We have recalculated the proton rapidity dis-
tributions (Figs. 7 and 8) by the revised models and obtained acceptable
results in the given experimental rapidity region. Because the experimental
data do not cover the target and projectile spectator fragmentation regions,
it is hard to say that what standard deviation of Gaussian distribution for
spectator proton and deuteron rapidity is the best. An isotropic emission
gives a Gaussian 7 (= y at high energy [11]) distribution with standard devi-
ation of 0.91 [12]. A width narrower than 0.91 means a transverse flow, while
a width wider than 0.91 means a longitudinal flow. The spectator deuteron
rapidity distribution in Au—Au collisions at the AGS energy means the ex-
istence of a transverse flow. According to Egs. (3) and (11), if we consider
only the contributions of participants in Au—Au collisions, the normalized
proton and deuteron rapidity distributions do not depend on the centrality
(impact parameter), forward energy, and multiplicity. Exclusion of the spec-
tator’s contribution, the distribution shapes of Eqgs. (3) and (11) are only
determined by Ay and §y, respectively.
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From the above comparison and discussion we know that the parameter
Ay in the TCM and 4y in the TFM do not depend on the centrality (impact
parameter), forward energy, and multiplicity. In the words of string model [9]
or fireball model [2], the length of string or firestreak formed in Au-Au
collisions at the AGS energy does not depend on the centrality (impact
parameter), forward energy, and multiplicity.

4. Conclusions and discussions

From the above figures one can see that the TCM and TFM are suc-
cessful in the descriptions of 7™ and KT rapidity distributions in Au-Au
collisions at the AGS energy. To describe the normalized rapidity distri-
butions of 77 and K, we need only one parameter, Ay in the TCM, or
0y in the TFM. The values of Ay and dy do not depend on the centrality
cuts (impact parameter) determined by the forward energy and the event
groups selected by the forward energy and multiplicity. The TCM and TFM
can also describe the correlation between (m) —mg and y for 77 and K+
produced in Au-Au collisions at the AGS energy. The (revised) TCM and
TFM are also successful in the descriptions of proton and deuteron rapid-
ity distributions in Au—Au collisions at the AGS energy. The proton and
deuteron normalized rapidity distributions contributed by the participants
do not depend on the forward energy and multiplicity, but the final state
proton and deuteron rapidity distributions depend on the forward energy
and multiplicity due to the contributions of spectators.

We have also calculated the normalized rapidity distributions for pro-
duced particles (exclusion of protons) by the TCM and TFM at the Dubna
energy (a few A GeV) and the Super Proton Synchrotron (SPS) energy
(60-200A GeV) in our previous work [4,7,13]. It is shown that the TCM
and TFM are successful. The values of Ay and dy do not depend on the
centrality cuts and event selections at a given incident energy. But the two
values increase with increasing the incident energy.

The independence of Ay on centrality shows that the thermalized cylin-
der formed in nucleus—nucleus collisions is an uniform superposition of strings
or firestreaks formed in nucleon—nucleon collisions at the same energy per
nucleon. The length of the thermalized cylinder and the width of the rapid-
ity distribution do not depend on the number of participant nucleons [14].
The independence of §y on centrality shows that the three fireballs formed in
nucleus—nucleus collisions is an uniform superposition of the three small fire-
balls formed in nucleon—nucleon collisions at the same energy per nucleon.
The distance between the projectile and target fireballs and the width of the
rapidity distribution do not depend on the number of participant nucleons.
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The values of rapidity shift increase with increasing the incident energy.
This renders that the length of the thermalized cylinder (or the distance
between the projectile and target fireballs) and the width of the rapidity
distribution increase with increasing the incident energy. It is expected that
a plateau will appear in the pions (and kaons) rapidity distribution at very
high energy [15,16]. The thermalized cylinder model can give a description
for the plateau structure in the rapidity distribution if we use a great Ay.
But the three-fireball model fails to give such a distribution. Maybe, we
can introduce a longitudinal flow in the three-fireball model and describe
the plateau structure. It is also expected that a two-peak will appear in the
pions (and kaons) rapidity distribution at very high energy [15,16]. A revised
thermalized cylinder model (two-cylinder model) can give a description for
the two-peak structure. The three-fireball model does not have a revised
version to describe the two-peak structure.

Our previous work [4,7,13] shows that the values of Ay and dy are very
small (= 0.2-0.4) at the Dubna energy. The TCM and TFM can be regarded
approximately as a single fireball model. For proton rapidity distribution at
the SPS energy, the TCM is successful and the TFM is not successful. It is
expected that the TCM will be successful in the description of normalized
rapidity distribution for produced particles at the Relativistic Heavy Ion
Collider (RHIC) energy (1004 GeV + 100A GeV) and the TFM will be
unsuccessful. At the RHIC energy, a longitudinal flow has to be introduced
in the TFM.
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