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Proton rapidity distribution in nucleus-nucleus collisions at high energy
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The proton rapidity distributions in nucleus-nucleus collisions at the Alternating Gradient Synchrotron (AGS) and the Super Proton Syn-
chrotron (SPS) energies are analyzed by the revised thermalized cylinder model. The calculated results are compared and found to be in
agreement with the experimental data of Si-Al and Si-Pb collisions at14.6 AGeV/c, Pb-Pb collisions at158 AGeV/c, and S-S collisions
at200 AGeV/c.
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La rapidez de distribución de protones en colisiones nucleo-nucleo en las energı́as de sincrotron de gradiente alternante (AGS) y sincrotron
de super proton (SPS) es analizada usando el modelo del cilı́ndro termalizado. Los resultados calculados al ser comparados con los resultados
experimentales estan en concordancia con las colisiones de Si-Al y Si-Pb a14.6 AGeV/c, Pb-Pb a158 AGeV/c y S-S a200 AGeV/c.

Descriptores:Rapidez de distribución de protones; colisiones nucleo-nucleo; alta energı́a.

PACS: 25.75.-q; 25.75.Dw; 24.10.Pa

1. Introduction

Multiparticle production is an important experimental phe-
nomenon in high-energy collisions. A lot of models [1] have
been introduced for description of the particle production.
Based on the one-dimensional string model [2] and the fire-
ball model [3], we have developed a thermalized cylinder
model [4–7] and analyzed the rapidity (or pseudorapidity)
distribution of produced particles in high-energy nucleus-
nucleus collisions. Considering the contributions of therma-
lized cylinder and leading particles, the model can give a des-
cription of proton rapidity distribution. We notice that the
model describes produced particle rapidity distribution and
proton rapidity distribution with different considerations. For
the produced particle rapidity distribution, only the contri-
bution of thermalized cylinder is considered. For the proton
rapidity distribution, both the contributions of thermalized
cylinder and leading particles are considered.

In order to describe the produced particle rapidity dis-
tribution and the proton rapidity distribution with an uni-
tive consideration, we revise the thermalized cylinder model
in this paper. The thermalized cylinder model is introduced
shortly, then the revised thermalized cylinder model is given.
The calculated results of the revised thermalized cylinder
model are compared with experimental data at the Alternat-
ing Gradient Synchrotron (AGS) and the Super Proton Syn-
chrotron (SPS) energies. Finally, we give our conclusion.

Let us consider the simplest pictures of the one-
dimensional string mode [2] and the fireball model [3]. In
a high energy nucleon-nucleon collision, 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 direction of the incident beam. The dis-
tribution 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 inciednt
beam. The length of the firestreak 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.

According to the thermalized cylinder model, in a given
reference frame, we assume that the thermalized cylinder
formed in high-energy collisions is in the rapidity ran-
ge [ymin,ymax]. The emission points with the same rapidi-
ty, yx, in the thermalized cylinder form a cross section (emis-
sion source) in the rapidity space. For the thermalized cylin-
der, the initial extensions of the target and projectile are not
important because of Lorentz-contraction.

Under the assumption that the particles are emitted
isotropically in the rest frame of the emission source, we
know that the pseudorapidity (η) distribution of the particles
produced in the emission source with rapidityyx in the con-
cerned reference frame is [4]

f(η, yx) =
1

2 cosh2(η − yx)
. (1)

If yx = ymin or ymax, Eq. (1) will describe theη distribution
of leading target or projectile particles.

In final state, theη distribution of produced particles (ex-
clusion of the leading particles) is contributed by the whole
thermalized cylinder. We have the normalizedη distribution
of produced particles [4]

f(η) =
1

ymax − ymin

∫ ymax

ymin

f(η, yx) dyx. (2)
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Considering the contribution of leading particles, we have
the normalizedη distribution of protons

fp(η) =
1−KT −KP

ymax − ymin

∫ ymax

ymin

f(η, yx) dyx

+KTf(η, ymin) + KPf(η, ymax), (3)

whereKT andKP are the contributions of leading target and
projectile particles, and proportional to the target and projec-
tile participant proton numbers, respectively.

For a high-energy particle, if its mass can be neglected
comparing with its energy, then the pseudorapidity approxi-
mates rapidity (y). The rapidity distribution can be obtained
by the above formulas due toy ≈ η at high energy [8]. Equa-
tion (1) describes the pseudorapidity (rapidity) distribution
of particles produced in the emission source with rapidityyx,
Eq. (2) gives a description of produced particle pseudorapi-
dity (rapidity) distribution, while Eq. (3) gives a description
of proton pseudorapidity (rapidity) distribution.

Let yC denote the midrapidity of produced particles. We
have

ymin = yC −Dy, (4)

and

ymax = yC + Dy, (5)

whereDy is the rapidity shift in the model. Generally speak-
ing,yC 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.

We now revise the thermalized cylinder model. We di-
vide the thermalized cylinder formed in high-energy nucleus-
nucleus collisions into two parts: target part and projectile
part. In the rapidity space, the target part is in the rapidity
range[yTmin, yTmax], and the midrapidity isyTC . While the
projectile part is in the rapidity range[yPmin, yPmax], and the
midrapidity isyPC. The rapidity of the center-of-mass system
of collisions isyC as that in the thermalized cylinder model.
The η distribution of the particles produced in the emission
source with rapidityyx in the concerned reference frame is
the same as Eq. (1).

In final state, theη distribution of produced particles or
protons is contributed by the target part and the projectile
part. According to Eq. (2), we have the normalizedη distri-
bution

F (η) =
K

yTmax − yTmin

∫ yTmax

yTmin

f(η, yx) dyx

+
1−K

yPmax − yPmin

∫ yPmax

yPmin

f(η, yx) dyx, (6)

whereK and1 −K are the contributions of target and pro-
jectile parts, respectively. For produced particleη distribu-
tion,K = 1/2. For protonη distribution at a given centrality,
K = NT/(NT + NP), whereNT andNP are the target and
projectile participant proton numbers, respectively.

FIGURE 1. Proton rapidity distributions in14.6 AGeV/c
Si+Al → p+X collisions for two different charged particle multi-
plicity regions. Upper figure forNC = 60–80 and lower figure for
NC = 80–100. (◦) are the experimental data quoted from Ref. 9
and (—–) are our calculated results.

Equation (6) is in fact the sum of the contributions of the two
cylinders. The target cylinder has a contributionK, while the
projectile cylinder has a contribution1−K.

The relationships amongyC, yTC , yPC , yTmin, yTmax, yPmin,
andyPmax are

yC − yTC = yPC − yC ≡ ∆y, (7)

and

yTmax − yTC = yTC − yTmin

= yPmax − yPC = yPC − yPmin ≡ δy, (8)

where∆y andδy are two rapidity shifts in the revised ther-
malized cylinder model. Considering Eqs. (7) and (8), Eq. (6)
can be rewritten as

F (η) =
K

2δy

∫ yC−∆y+δy

yC−∆y−δy

f(η, yx) dyx

+
1−K

2δy

∫ yC+∆y+δy

yC+∆y−δy

f(η, yx) dyx. (9)

For produced particleη (or y) distribution, the therma-
lized cylinder model is the case of∆y = δy in the revised
thermalized cylinder model. In such case,K = 1/2,
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FIGURE 2. Proton rapidity distributions in14.6 AGeV/c Si+Pb→ p+X collisions for four different charged particle multiplicity regions.
From left to right and up to downNC = 100–120, NC = 120–140, NC = 140–160, andNC = 160–180. (◦) are the experimental data
quoted from Ref. 9 and (—–) are our calculated results.

∆y + δy = Dy, yTC = yC − Dy/2, yPC = yC + Dy/2,
yTmin = ymin, yTmax = yPmin = yC , andyPmax = ymax. Then,
there is no gap between the two cylinders. The two cylinders
become one. Equations (6) and (9) become Eq. (2). The re-
vised thermalized cylinder model can replace the thermalized
cylinder model. Let∆y = δy = Dy/2, then theη (or y) dis-
tribution described by the thermalized cylinder model can be
described by the revised thermalized cylinder model.

Figure 1 presents the proton rapidity distributions
in 14.6 AGeV/c (AGS energy) Si-Al collisions for two dif-
ferentNC (multiplicity of charged particles) regions. The cir-
cles are the experimental data quoted from Ref. 9. The curves
are our calculated results by the revised thermalized cylinder
model. In the calculation,K ≈ 13/27 ≈ 0.481. The values
of yC , ∆y, andδy for the upper panel are1.7, 0.9, and0.2,
and for the lower panel are1.7, 0.8, and0.2, respectively. The
free parameter values are obtained by fitting the experimen-
tal data. The values ofχ2/degrees of freedom (dof) for the
upper and lower panels are1.21 and1.25, respectively. One
can see that, in the available experimental rapidity region, the
calculated results are in agreement with the experimental data
except a few data.

Figure 2 presents the proton rapidity distributions
in 14.6 AGeV/c (AGS energy) Si-Pb collisions for four

different NC regions. The circles are the experimental data
quoted from Ref. 9. The curves are our calculated results by
the revised thermalized cylinder model. The centralities cor-
responding to differentNC regions fromNC = 100− 120
to NC = 160 − 180 are 16.2%, 8.6%, 2.8%, and 0.5%,
respectively [9]. In the calculation, from the centrali-
ties 16.2% to 0.5%, K = 0.675, 0.694, 0.707, and 0.712,
yC = 1.3, 1.0, 0.9, and0.9, ∆y = 0.6, 0.5, 0.2, and0.2, and
δy = 0.2, 0.2, 0.2, and0.2, respectively. The values ofK
are obtained by nuclear geometry [10]. Other parameter
values are obtained by fitting the experimental data. The
values ofχ2/dof for the centralities from16.2% to 0.5%
are1.09, 1.13, 0.99, and0.72, respectively. One can see that,
in the available experimental rapidity region, the calculated
results are in agreement with the experimental data except a
few data.

The (net) proton (p−p̄) rapidity distribution in central Pb-
Pb collisions at158 AGeV/c (SPS energy) is shown in Fig. 3.
The black circles are the experimental data measured by the
NA49 Collaboration [11], and the white circles are the data
reflected about the midrapidity. The curve is our calculated
result by Eq. (9) withK = 0.5, yC = 2.9, ∆y = 1.3, and
δy = 0.8. The values of∆y andδy are obtained by fitting the
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FIGURE 3. Proton rapidity distribution in central Pb+Pb→ p+X
collisions at158 AGeV/c. (•) are the experimental data measured
by the NA49 collaboration [11], (◦) are the data reflected about the
midrapidity, and (—–) is our calculated result.

experimental data. The value ofχ2/dof is 0.68. The Fig. 3
shows that the calculated results are in agreement with the
experimental data.

The proton CM (center-of-mass) rapidity distribution in
central S-S collisions at200 AGeV/c (SPS energy) is shown
in Fig. 4. The circles are the experimental data measured by
the NA35 Collaboration [12]. The curve is our calculated re-
sult by Eq. (9) withK = 0.5, yC = 0.0, ∆y = 1.8, and
δy = 1.4. The values of∆y andδy are obtained by fitting the
experimental data. The value ofχ2/dof is 0.63. The Fig. 4
shows that the calculated results are in agreement with the
experimental data.

From the above Figs. (3) and (4) one can see that
Eq. (9) can give a description of proton rapidity distribution
in nucleus-nucleus collisions at high energy. We know that
the thermalized cylinder model is the case of∆y = δy in the
revised thermalized cylinder model for the description of pro-
duced particle rapidity distribution. We can say that Eq. (9)
gives descriptions of both proton and produced particle ra-
pidity distributions.

The revised version of the thermalized cylinder model is
apparently able to describe both the target and projectile

FIGURE 4. Proton CM rapidity distribution in central S+S→ p+X
collisions at200 AGeV/c. (◦) are the experimental data measured
by the NA35 collaboration [12] and (—–) is our calculated result.

contributions. This renders that both the target and projectile
protons are produced in similar fireballs. The target and pro-
jectile cylinders are in fact two fireballs extending along the
incident beam direction.

To conclude, the revised thermalized cylinder model is
successful in the descriptions of rapidity distributions of pro-
tons and produced particles in high-energy nucleus-nucleus
collisions. Equation (9) describes well the rapidity distribu-
tions not only for protons but also for produced particles.
The rapidity distributions described by the thermalized cylin-
der model can be also described by the revised thermalized
cylinder model.
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