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Abstract The overlapping cylinder model(OCM) is used in this letter to describe the rapidity (or pseudorapidity) distributions of
charged particles produced in nucleus-nucleus collisions at high energies. For the fixed target experiments at the present accelerator

energies, the same relative strengths of longitudinal flows are observed and two completely overlapping cylinders can give a description

of the experimental data. A stronger longitudinal flow is observed and two partly overlapping cylinders are needed at higher energies

(above 44 TeV) . The (pseudo) rapidity distributions calculated by the overlapping cylinder model are in agreement with the available

experimental data.
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The study of heavy ion interactions at high energy is an
important field of particle and nuclear physics. On the one
hand, the quark-gluon plasma(quark matter) predicted by var-
ious theories has been studied in high energy heavy ion inter-
actions. On the other hand, some properties obtained of nucle-
ar reactions have been explained by the knowledge of current
physics.

The rapidity (or pseudorapidity) distribution of charged
particles can be obtained in experiments. It is convenient for
us to study the production process of particles by the (pseu-
do)rapidity distribution. Based on the one-dimensional string
model') and the fireball model'®!, we have developed a ther-
malized cylinder model® ! and described the (pseudo) rapid-
ity distributions of relativistic singly charged particles in nu-
cleus-nucleus collisions at high energies. Recently, the ther-
malized cylinder model has been developed to the overlapping
cylinder model'® .

As a continuous work, in this letter, we use the overlap-
ping cylinder model'® which takes into account the transverse
flow, longitudinal flow and the temperature of emission source

to describe the (pseudo) rapidity distributions of charged par-
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ticles produced in nucleus-nucleus collisions in an energy
range from 14 GeV to 1004 TeV. As far as we know,no pre-
vious successful attempt has been made fit the data of heavy
ion interactions in such a wide energy range with one model.
This is the subject of this letter.

In high-energy nucleus-nucleus collisions, it is expected
that the projectile and the target make a cylinderical cut
through each other along the direction of the incident projec-
tile and form participants. The rest of the two nuclei remain
relatively undisturbed forming spectators. The participant tar-
get lies in the rapidity range[ yr_ mi] ,and its midrapidity
is yygc either in the center-of-mass or in laboratory reference
frame . Similarly, the participant projectile lies in the rapidity
range [ypm . ypm] ,and its midrapidity is ypc . The rapidity of
the center-of-mass system of collisions is y(in the center-of-
mass reference frame, y, = 0) . The emission points with the
same rapidity, y, ,in the cylinder cut region form a cross sec-
tion (emission source) in the rapidity space.

The particle emission from each source is assumed to be
isotropic in the source rest frame. Let z denote the direction of

the incident projectile. The three components (p, , .) of par-
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ticle momentum in the source rest frame are assumed to have

Gaussian distributions with the same width o,. Then, the

transverse momentum ( py = \/m) has a Rayleigh dis-
tribution.

A Monte Carlo method is used in our calculation. The
particles are randomly produced in the target and projectile
cylinders. et R;, R,, and R; denote the even random vari-
ables distributed in [0,1],in the source rest frame, the trans-

verse and longitudinal momenta can be given by

PT=0'p A/ -2In Rl (1)

and

p. =0, v/ —2In Rycos(2xRs3) (2)
respectively . It is known that the parameter g, in Egs. (1)
and (2) is related to the temperature T of the emission
source. Let m be the mass of produced particle, we have
o, =/ .

Because the transverse and longitudinal flows affect
the emission of particles, the final state transverse and lon-
gitudinal momenta measured in the source rest frame can
be written as

Pr = kypr, (3)
and
P; =kp,, (4)
where k,, and k, denote the transverse and longitudinal
flow strengths, respectively. Generally speaking, £, , > 1
means an expansion flow, k,, , <1 means a contraction
flow, while k,, , = 1 means that there is no flow. The
physics condition gives k,, , > 0.
The emission angle 6 of produced particle in the

source rest frame is given by

P; k
g =arctan—z=arctan—xﬂ=
P; kp.

kv -InR;
v/ = InRycos(2nR5) ’

where k = k,,/k, is a free parameter which can be ob-

(5)

arctan

tained by fitting experimental data. In the study of emis-
sion angle,we do not need to know k,, and k,. Instead,
the ratio k is an important parameter in our calculation. k&
> 1 means a relative strong transverse flow, k < 1 means a
relative strong longitudinal flow, while £ = 1 means an
isotropic emission. In the case of k£ = 1, the strengths of

the transverse and longitudinal flows are the same( zero or

non-zero) . Considering the expression of & ,we have k,, =
k in the case of k,=1.

According to the definition, the pseudorapidity vari-
able 7™ measured in the source rest frame can be given by
G

2
—In tan iarctan i m

2 v = InRycos(2Rs) )

One can see that the parameter ¢, does not appear in the

*

7" = —In tan

(6)

expression of 7 . The rapidity variable ¥ * in the source

rest frame in terms of the pseudorapidity variable 7 can

be expressed as!”!

. 11 «/P;Zcoshzq* + m?+ Pjsinh 7"
y =7
2 «/P;Zcoshzn* +m?— Prsinh p*

In the laboratory reference frame or the center-of-

(7)

mass reference frame, the rapidity variable y is obtained
by

Y=y + e (8)
The pseudorapidity variable 7 can be obtained by [ 7]
:i]n «/szcTy—mz + mysinh y
T2 oty — m? - mysinh v

where mp =/ P72+ m? is the transverse mass and it is

invariant in the source reference frame, the laboratory ref-

9)

erence frame, and the center-of-mass reference frame.
The relationships among Yp_ 2 YPCsYP_ »¥Co VT, >
Yr¢ »and yr_are
yec = ¥c=Yyc— yre=A4y, (10)
and
Ye T YPc=DYPcT Yp =

(1)
where Ay and dy are the rapidity shifts. Generally speak-

Yr_ —Yrc=Yrc— miESy,

ing, y¢ should be the rapidity of the center-of-mass system
of collisions, the peak position of particle rapidity distribu-
tion, or the mean value of particle rapidities.

Fig.1(a) presents the rapidity distributions in the
center-of-mass system for ©~ and n* produced in Au-Au
collisions at 14 GeV(SIS energy) . The circles and squares
are the experimental data of the FOPI Collaboration'®! .
The experimental data are compared with the Monte Carlo
results (points and curves with 5 x 10° and 5 x 10° parti-
cles respectively) calculated using the model code. The

points and curves in Fig.1(a) represent the rapidity cal-
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culation of OCM, which are in good agreement with the
FOPI experimental data. The FOPI data are minimum bi-
ased but do not include pions with transverse momentum
smaller than 0.1 GeV/c. As stated in Ref.[8], this cut
has considerable influence on the extracted rapidity distri-

bution . In the calculation, the fitied values of y¢,Ay,dy,

E,T, and Xz/ degrees of freedom( dof) are given in Table
1. One can see that two completely overlapping cylinders
and a relatively strong longitudinal flow (% < 1) are
equally good for the =~
1A GeV Au-Au collisions and can describe the rapidity
distribution at SIS energy.
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Fig.1.

Rapidity (or pseudorapidity) distributions of charged-particles produced in fixed-target nucleus-nucleus collisions.

The circles and squares are the experimental data quoted in Refs.[8—18];The points and curves are our corresponding calculations of OCM.

In Fig. 1(a), the experimental data do not include pions with transverse momentum smaller than 0.1 GeV/ 8l ;
In Fig. 1(d) , the stars are reflected around midrapidity.

Fig. 1(b) presents the pseudorapidity distributions
in the laboratory reference frame for relativistic singly
charged particles produced in central Si-AgBr collisions at
3.74 GeV(Dubna energy). The circles are the experi-
mental data quoted from Ref.[9].Fig.1(c) exhibits the
rapidity distributions of K* particles produced in central

Si-Au collisions at 14.6A GeV (AGS energy) in the lab-
oratory reference frame reported by E802 Collabora-
tion' 1) The experimental data shown in Figs.1(b) and
1(c) are compared with 5 x 10° and 5 x 10° particles gen-
erated for each of beams at different energies using the

Monte Carlo calculation shown as points and curves in the
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figures. The pseudorapidity and rapidity distribution of
calculated events/particles are in good agreement with the
experimental data and the shapes of experimental disiribu-
tions are reproduced well in each case. The fitied values

of parameters yc,Ay,0y,k, T, and Xz/dof are tabulat-

ed in Table 1. One can observe again that OCM calcula-
tion can describe the (pseudo) rapidity distributions in
most central nucleus-nucleus collisions at the Dubna and
AGS energies respectively, where it is assumed that no

spectator part is left from the projectile.

Table 1. Parameter values used in the calculation
figure collision energy particle ¥c Ay Sy k T xz/ dof
1(a) Au-Au 1A GeV T 0.00 0.00 0.72 0.71 125 0.422
1(a) Au-Au 1A GeV xt 0.00 0.00 0.72 0.71 125 0.501
1(b) Si-AgBr 3.74 GeV h™ +h* 1.41 0.00 0.75 0.71 130 0.431
1{e) Si-Au 14.6A4 GeV K* 1.30 0.00 0.80 0.71 155 0.211
1(d) Pb-Pb 404 GeV T 0.00 0.00 1.42 0.71 162 0.156
1(d) Pb-Pb 804 GeV L 0.00 0.00 1.62 0.71 178 0.307
1(e) Pb-Pb 1604 GeV h- 2.91 0.00 1.76 0.71 280 0.524
1(e) Pb-Pb 1604 GeV K* 2.91 0.00 1.50 0.71 280 0.411
1(f) S-S 2004 GeV h- 3.05 0.00 1.63 0.71 288 0.669
1(f) S-Ag 2004 GeV h~ 2.60 0.00 1.77 0.71 288 0.505
3(a) Si-Ag/Br 4T GeV h™ +h* -0.20 0.80 1.80 0.71 280 1.733
2(a) Au-Au {5 = 1304 GeV h™ +h* 0.00 1.38 2.10 0.63 350 0.528
2(b) Au-Au Vs =2004 GeV h™ +h* 0.00 1.40 2.29 0.56 383 0.620
3(b) Ca-C 100A TeV h™ +h* -0.20 1.83 2.80 0.53 380 1.804
In order to compare our OCM calculation with the experi-

mental data at SPS energies, we have taken various experimen- y © 654 GeV+

tal rapidity distributions data reported by NA35 and NA49 col- /Q; fju A_ /S:V

laborations respectively for different charged particles produced 5 2

in central nulceus-nucleus collisions. Fig.1(d) exhibits the ra- §

pidity distributions for 7w~ -particles produced in central Pb-Pb s

collisions at 404 and 80A GeV in center-of-mass frame report- 0 L |

ed by NA49 Collaboration'?! and the stars are reflected around s

midrapidity. The rapidity distributions in the laboratory refer- ®

1004 GeV+

ence frame for negatively charged hadrons (h™-) and K* -par- é\_ 31 1004 GeV

ticles produced in central Pb-Pb collisions at 1604 GeV re- §i , L Au-Au

ported by NA49 Collaboration> ™) are also shown in Fig. §

1(e). In Fig.1(f), the rapidity distributions of h™ -particles 1

produced in central S-S and S-Ag collisions at 2004 GeV in o |

lab frame of reference are shown. The circles and squares
shown in Figs.1(d) — 1(f) are the experimental data of the
NA49 and NA35 Collaborations' %! along with the corre-
sponding calculations from OCM model shown as curves in the
figures. In general, one can notice that the model reproduces
the rapidity distribution of different charged-particles quite well
and the best results at SPS energy are obtained. The values of
ye>Dy .0y, k, T, and y*/dof are given in Table 1.

Fig.2. Pseudorapidity distributions of charged particles produced in

ntral Au-Au collisions at v's = 1304 GeV(a) and 2004 GeV(b) . The
circles are the experimental data of the PHOBOS Collaboration'™!
and the squares are reflected around 7 =0. The curves are our

corresponding calculations of OCM.



%5

RIS FRER - AHE PR T B () RE i S EE AR 465

Recently, the pseudorapidity distributions of charged
particles produced in central Au-Au collisions at center-of-
mass energy Vs = 1304 and 2004GeV (RHIC energies) have
been reported by the PHOBOS Collaboration!™®! and are shown
in Figs.2(a) and 2(b) by circles. The squares in the figures
are reflected around midrapidity. The same distributions ob-
tained from OCM calculation based on 5 x 10° particles are
shown in the figures(solid curves) and are consistent with the
RHIC data. The fitted values of y,Ay,8y, k, T,and x*/ dof
are given in Table 1.One can observe that two partly overlap-
ping cylinders and a relative strong longitudinal flow( % < 1)
can describe the charged particle pseudorapidity distributions
at the RHIC energies.
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Fig.3. Pseudorapidity distribution of charged particles produced in
a4A TeV central Si-Ag/Br collision (a) and a 1004
TeV central Ca-C collision observed in a cosmic ray experiment. The
histograms are the experimental data of the JACEE Collaboration™! ;
The points and curves are our corresponding calculations of OCM.
Fig.3 shows the pseudorapidity distributions in the cen-
ter-of-mass system for charged particles produced in a 44 TeV
central Si-Ag/Br collision (a) and a 1004 TeV central Ca-C

collision ( b ) observed in a cosmic ray experiment . The

histograms shown in Fig.3 are the experimental data of the
JACEE Collaboration'’ .
Monte Carlo calculated results with N and 5 x 10° particles

The points and curves are our

respectively, where IV denotes the normalization constant. The
values of yc,Ay,8y, k, T, and XZ/dof are given in Table
1.One can see that two partly overlapping cylinders and a rel-
ative strong longitudinal flow (& < 1) give qualitatively a de-
scription of the mean trend (curves) and the fluctuation
(points) of charged particle pseudorapidity distributions in
the two JACEE events.

The RHIC energies (v's = 1304 and 2004 GeV ( Fig.
3))are in between 44 TeV (Fig.2(a)) and 1004 TeV(Fig.
2(b) ) (the energies of two individual JACEE events[u]) . Dif-
fering from other figures, Fig. 3 is for two single events. For
Fig.3, the value of rapidity yo = — 0.20 was taken in our
model calculation while this value should be zero for pseudo-
rapidity distributions investigated in the centre-of-mass sys-
tem. The non-zero y. can be regarded as a systematic devia-
tion.

From Figs.1—3 and Table 1 one can see that two over-
lapping cylinders and a relatively strong longitudinal flow give
a description of the experimental data over an energy range
from 14 GeV to 100A TeV.In a wide energy range, from 14
GeV to 2004 GeV, the relative strengths of the longitudinal
flows are the same and the target and projectile cylinders
overlap completely. From 44 TeV to 1004 TeV, the two
cylinders overlap partly. The temperature of the interacting
system increases with increasing the incident energy. For Pb-
Pb collisions at 1604 GeV, the temperature is greater than
200 MeV. A higher temperature is obtained at the RHIC ener-
gies.

In the model, the free parameter & denotes the flow. & >
1 means a relatively strong transverse flow, k < 1 means a rel-
atively strong longitudinal flow, while & = 1 means the same
strong transverse and longitudinal flows or means that there
are no transverse or longitudinal flows. A Monte Carlo calcula-
tion gives a description of the experimental (pseudo) rapidity
fluctuations. The calculated results of the overlapping cylinder
model with flows are in agreement with the experimental data

over an energy range from 14 GeV to 1004 TeV.
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