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n(Re
eived July 20, 2004)The rapidity distributions of protons produ
ed in Au�Au 
ollisions atthe Alternating Gradient Syn
hrotron (AGS) energies are investigated by atwo-
ylinder model. The di�erent distribution shapes for di�erent 
entral-ity 
uts are mainly determined by di�erent 
ontributions of leading protons.The 
ylinders 
ontribute the same distribution shape for di�erent 
entrality
uts. The 
al
ulated results are 
ompared and found to be in agreementwith the experimental data of the E917 Collaboration.PACS numbers: 25.75.�q, 24.10.PaIn high-energy nu
leus�nu
leus 
ollisions, a lot of parti
les are produ
edin �nal state [1�3℄. This phenomenon is 
alled multiparti
le produ
tion [4�6℄.There are many protons among �nal state parti
les [7�9℄. These protons arefrom proje
tile and target nu
lei [10�12℄. A

ording to the parti
ipant�spe
tator model [13℄, some of the �nal state protons are from parti
ipantand others are from spe
tator.The rapidity (or pseudorapidity) distributions of �nal state protons pro-du
ed in high-energy nu
leus�nu
leus 
ollisions 
an be measured in experi-ment. It is 
onvenient for us to understand the parti
le produ
tion pro
essof intera
ting system by using the rapidity distributions. A lot of models,for example the mi
ros
opi
 model based on parton substru
ture [14, 15℄,multi-phase transport model [16,17℄, relativisti
 quantum mole
ular dynam-i
s model [18, 19℄, and �reball model [20, 21℄ et
., have been introdu
ed todes
ribe the rapidity distributions.(2429)
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ylinder model is introdu
ed to de-s
ribe the rapidity (or pseudorapidity) distributions. Re
ently, the 
ylindermodel is revised to a two-
ylinder model [25�27℄ and an overlapping 
ylin-der model [28℄. The revised 
ylinder model 
ontains the previous 
ylindermodel, and the temperature of emission sour
e is 
onsidered. Be
ause theoverlapping 
ylinder model 
ontains two 
ylinders, it is in fa
t a two-
ylindermodel.Re
ently, the Alternating Gradient Syn
hrotron (AGS) at BrookhavenNational Laboratory (BNL) was run at lower energies. The E917 Collab-oration reported the rapidity distributions of protons produ
ed in Au�Au
ollisions at di�erent 
entralities at 6, 8, and 10.8AGeV [29℄. It is obviousthat the rapidity distribution shapes are di�erent for di�erent 
entrality 
uts.In this work, we shall use the two-
ylinder model to analyze the dependen
eof proton produ
tion on 
entrality in Au�Au 
ollisions at the lower AGSenergies and give an explanation for the rapidity distribution shape of �nalstate protons.Let us 
onsider the pro
ess of high-energy nu
leus�nu
leus 
ollisions. Inthe 
enter-of-mass referen
e frame or in the laboratory referen
e frame, aproje
tile nu
leus and a target nu
leus are expe
ted to make a 
ylindri-
al 
ut through ea
h other along the dire
tion of the in
ident proje
tileand form parti
ipant. The residual parts of the two nu
lei remain rela-tively undisturbed forming spe
tators. In rapidity spa
e, the parti
ipantproje
tile (i.e. proje
tile 
ylinder) lies in the rapidity range [yP min, yP max℄,and the parti
ipant target (i.e. target 
ylinder) lies in the rapidity range[yT min, yT max℄. The rapidity of the 
enter-of-mass system of 
ollisions is ycm(in the 
enter-of-mass referen
e frame ycm = 0). The emission points withthe same rapidity, yx, in the 
ylinder 
ut region form an emission sour
e inthe rapidity spa
e.In the 
on
erned referen
e frame, let ∆y denote the rapidity shift of the
enters of proje
tile and target 
ylinders, Dy denote the rapidity shift ofthe leading proje
tile and target protons, and δy ≡ (yP max − yP min)/2 =
(yT max − yT min)/2. In the rest frame of emission sour
e, we assume thatthe three momentum 
omponents p∗x, p∗y, and p∗z obey Gaussian distributionhaving the same width σ =

√
mT , where m and T are the rest mass of protonand the temperature of emission sour
e, respe
tively. The pseudorapidity

η∗ is de�ned by
η∗ ≡ − ln tan

θ∗
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on
erned parti
le. The rapidity y∗ 
an be given by [30℄
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 . (2)In the 
enter-of-mass referen
e frame or in the laboratory referen
e frame,the rapidity y 
an be obtained simply by
y = y∗ + yx . (3)For the proje
tile and target 
ylinders, the values of yx are in the ranges[∆y − δy,∆y + δy℄ and [−∆y − δy,−∆y + δy℄, respe
tively. For the leadingproje
tile and target protons, the values of yx are equal to Dy and −Dy,respe
tively. For symmetri
al 
ollisions su
h as Au�Au 
ollisions, the 
on-tributions of leading proje
tile and target protons are equal to ea
h other,and the 
ontributions of the two 
ylinders are equal to ea
h other, too. Let

k denote the 
ontribution of leading proje
tile or target protons, then the
ontribution of proje
tile or target 
ylinder is (1 − 2k)/2.A Monte Carlo method is used to 
al
ulate the rapidity distribution.The �rst step, a

ording to the di�erent 
ontributions of leading protons and
ylinders, and the distribution range of yx, the emission sour
e with rapidity
yx is given. The se
ond step, a

ording to the Gaussian p∗z and Rayleigh
p∗T distributions, the value of η∗ is de�ned. The third step, a

ording toEqs. (2) and (3), the value of y is obtained. Repeating 
al
ulation 
an givea lot of �nal state protons with di�erent y. Then the rapidity distribution
an be given by a statisti
al method.Figure 1 presents the rapidity (y − ycm) distributions, dN/dy, in the
enter-of-mass referen
e frame for protons produ
ed in Au�Au 
ollisions at6AGeV, where y is the rapidity in the laboratory referen
e frame. The
entrality 
uts are shown in the �gure. The full 
ir
les are the experimentaldata of the E917 Collaboration [29℄ and the open 
ir
les are re�e
ted around
y = ycm [29℄. The experimental data are 
ompared with the Monte Carloresults with 106 protons generated for ea
h 
entrality 
ut, respe
tively, usingour model 
ode. The 
urves in Fig. 1 represent the rapidity distributionsfrom the two-
ylinder model, whi
h are in good agreement with the E917experimental data. In the 
al
ulation, the parameter values obtained by�tting the experimental data are T = 150 MeV, ∆y = δy = 0.560, and
Dy = 1.120. For the 
entrality 
uts from 0�5% to 39�81%, the 
ontributionsof leading proje
tile or target protons are taken as k = 0.03, 0.08, 0.12, 0.18,and 0.23 with χ2/degrees of freedom (dof) of 0.065, 0.026, 0.025, 0.045, and1.188, respe
tively.
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Fig. 1. Rapidity distribution of protons produ
ed in Au�Au 
ollisions at 6AGeV.The full 
ir
les are the experimental data measured by the E917 Collaboration [29℄and the open 
ir
les are re�e
ted around y = ycm [29℄. The 
urves are our 
al
ulatedresults.Figure 2 is similar to Fig. 1, but the in
ident energy is 8AGeV. Themeanings of symbols and 
urves are the same as those in Fig. 1. In the
al
ulation, the parameter values obtained by �tting the experimental dataare T = 160 MeV, ∆y = δy = 0.575, and Dy = 1.150. For the 
entrality
uts from 0�5% to 39�81%, the 
ontributions of leading proje
tile or targetprotons are taken as k = 0.05, 0.09, 0.12, 0.17, and 0.24 with χ2/dof of0.062, 0.054, 0.032, 0.044, and 0.259, respe
tively.Figure 3 is similar to Fig. 1, too, but the in
ident energy is 10.8AGeV.The meanings of symbols and 
urves are the same as those in Fig. 1. In the
al
ulation, the parameter values obtained by �tting the experimental dataare T = 170 MeV, ∆y = δy = 0.595, and Dy = 1.340. For the 
entrality
uts from 0�5% to 39�81%, the 
ontributions of leading proje
tile or targetprotons are taken as k = 0.06, 0.08, 0.12, 0.19, and 0.28 with χ2/dof of0.158, 0.118, 0.174, 0.130, and 0.386, respe
tively.From the above �gures one 
an see that the values of parameters T , ∆y,
δy, and Dy in
rease with in
reasing the in
ident energy; and do not dependon the 
entrality 
ut for a given in
ident energy. The 
ontribution of lead-ing protons in
reases with de
reasing the 
entrality. Di�erent distributionshapes of proton rapidity are e�e
ted by the di�erent 
ontributions of lead-ing protons. From ∆y = δy we know that there is no overlap or gap between
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Fig. 2. Rapidity distribution of protons produ
ed in Au�Au 
ollisions at 8AGeV.The full 
ir
les are the experimental data measured by the E917 Collaboration [29℄and the open 
ir
les are re�e
ted around y = ycm [29℄. The 
urves are our 
al
ulatedresults.

Fig. 3. Rapidity distribution of protons produ
ed in Au�Au 
ollisions at 10.8AGeV.The full 
ir
les are the experimental data measured by the E917 Collaboration [29℄and the open 
ir
les are re�e
ted around y = ycm [29℄. The 
urves are our 
al
ulatedresults.
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tile and target 
ylinders. The two 
ylinders be
ome a long one. If
∆y > δy, there is a gap between the two 
ylinders. If ∆y < δy, there is anoverlap between the two 
ylinders.In order to see the di�eren
e between 
ontributions of 
ylinders andleading protons. Figure 4 shows separately the 
ontributions of 
ylindersand leading protons. The experimental data (
ir
les) and the parametervalues are the same as those in Fig. 3. For the 
entrality 
uts from 0�5% to39�81%, the 
ontributions of 
ylinders are given in the �gure around 
entralrapidity range by the solid, dotted, dashed, and dotted�dashed 
urves, aswell as small points, respe
tively. Correspondingly, the 
ontributions ofleading protons are given in the �gure around fragmentation regions by thesame style 
urves and points. One 
an see that there are two mixed regionsbetween the two kinds of 
ontributions.

Fig. 4. Comparison between 
ontributions of 
ylinders and leading protons. The
ir
les are the experimental data of the E917 Collaboration [29℄ as those shownin Fig. 3. The 
urves and small points are our 
al
ulated results with the sameparameter values as those used in Fig. 3.In order to see the sensitivity of parameters, we 
hange the parametervalue by plus or minus 10% and give a re
al
ulation. Figure 5 shows the re-sults of our re
al
ulation for 10.8AGeV Au�Au 
ollisions. The experimentaldata (
ir
les) are the same as those in Fig. 3. For the �ve 
entrality 
uts,the results of 0.9T (1.1T ), 0.9∆y(1.1∆y), 0.9δy(1.1δy), 0.9Dy(1.1Dy), and
0.9k(1.1k) are given in the �gure by the solid, dotted, thin-dashed, thi
k-dashed, and dotted�dashed 
urves, respe
tively, where the values of T , ∆y,
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Fig. 5. Sensitivity of the parameter values used in Fig. 3. The 
ir
les are theexperimental data of the E917 Collaboration [29℄ as those shown in Fig. 3. The
urves are our 
al
ulated results.
δy, Dy, and k are the same as those for Fig. 3. From the �gure one 
an seethat the 
al
ulated results are insensitive to T for the �ve 
entrality 
uts, to
∆y for the last 
entrality 
ut, to δy for the last two 
entrality 
uts, to Dyfor the �rst 
entrality 
ut, and to k for the �ve 
entrality 
uts. In short, therapidity distribution shapes in 
entral and semi-
entral 
ollisions are sensi-tive to the rapidity shifts ∆y and δy, while the rapidity distribution shapesin non-
entral 
ollisions are sensitive to the rapidity shift Dy.The values of ∆y and δy de�ne the position relation between the pro-je
tile and target 
ylinders. If ∆y = δy, there is no gap or overlap betweenthe two 
ylinders, the two 
ylinders be
ome a long one and the presentmodel be
omes the previous 
ylinder model [22�24℄. If ∆y > δy, there isa gap between the two 
ylinders, the present model be
omes the previoustwo-
ylinder model [25�27℄. If ∆y < δy, there is an overlap between thetwo 
ylinders, the present model be
omes the previous overlapping 
ylindermodel [28℄.To 
on
lude, we have investigated the dependen
e of proton rapiditydistribution on 
entrality in Au�Au 
ollisions at 6, 8, and 10.8AGeV byusing the two-
ylinder model. The model gives a good des
ription of theexperimental data measured by the E917 Collaboration. The 
ylinder lengthdoes not depend on the 
entrality, while the 
ontribution of leading protonsin
reases with the de
rease of 
entrality. The rapidity distribution shape in
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entral and semi-
entral 
ollisions are sensitive to the rapidity shift ∆y and
δy, while the rapidity distributions in non-
entral 
ollisions are sensitive tothe leading proton rapidity shift Dy.This work was supported by the National Natural S
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