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Pseudorapidity distribution of shower particles in heavy ion induced interactions
in nuclear emulsion at high energy
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The pseudorapidity distribution of shower particles produced in nuclear emulsions in heavy ion induced
interactions have been studied at high energies. The thermalized cylinder picture is successful in the descrip-
tion of the pseudorapidity distribution of shower particles in the accelerator energy regions available at present.
The calculated results are in agreement with the experimental data of 3.7A,14.6A, 60A, and 200A GeV
O-AgBr, 14.6A GeV Si-AgBr, 200A GeV S-AgBr, and 10.6A GeV Au-Em ~emulsion! interactions.
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The study of heavy ion interactions at high energies is
important field of modern particle and nuclear physics.
the one hand, the quark-gluon plasma~quark matter! pre-
dicted by various theories has been searched for in high
ergy heavy ion interactions. On the other hand, some p
erties obtained from nuclear reactions have been expla
by the current knowledge of physics.

Under present experimental conditions, high ene
heavy ion interactions are achieved via fixed target exp
ments. Hopes for improved experimental conditions are
on relativistic heavy ion colliders to be completed in the n
future. Presently, however, by serving as a fixed target
detector, nuclear emulsions can capture an interaction e
in its entirety and with a high resolution of particle tracks

In nuclear emulsion experiments@1–5# the emission
angles,u, of shower particles~relativistic singly charged par
ticles! can be measured with great precision, and usu
they are presented in terms of the pseudorapidity varia
h52 ln tan(u/2). The resulting distribution can often be d
scribed by a single Gaussian distribution@6–10#. Recently,
however, the pseudorapidity distribution of shower partic
produced in interactions of gold ions in nuclear emulsions
10.6A GeV was found not to be described by a sing
Gaussian distribution. A long tail in the highh region con-
tributed by projectile spectator protons has to be conside
@7,11#. Especially for peripheral collisions, a two-peak stru
ture is observed@11#. The EMU01 Collaboration used tw
Gaussian distributions, one for charged mesons and one
projectile spectator protons, to describe the pseudorap
distribution of shower particles produced in 10.6A GeV
Au-Em ~emulsion! interactions.

In this paper, we shall study the pseudorapidity distrib
tion of shower particles within the thermalized cylinder p
ture. A simple formula can give a good description of t
pseudorapidity distribution in both cases of one and t
Gaussians.
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Let us consider the simplest pictures of the on
dimensional string model@12# and the fireball model@13#. In
a high energy nucleon-nucleon collision, a string is form
consisting of two endpoints acting as energy reservoirs
the interior with constant energy per length. Because of
asymmetry of the mechanism, the string will break in
many substrings along the direction of the incident bea
The distribution length of substrings will define the width
the pseudorapidity distribution. According to the fireba
model, the incident nucleon penetrates through the ta
nucleon, then a firestreak is formed along the direction of
incident beam. The length of the firestreak will define t
width of pseudorapidity distribution. In high energy nucleu
nucleus collisions, many strings or firestreaks are form
along the incident direction. Finally, a thermalized cylind
@14# is formed because of these strings or firestreaks mix
the transverse direction.

In the laboratory reference frame, we assume that
thermalized cylinder formed in nucleus-nucleus collisions
in the rapidity range@ymin ,ymax#. The emission points with
the same rapidity,yx , in the thermalized cylinder form a
cross section~emission plane! in the rapidity space. For the
thermalized cylinder, the initial extension of the nuclei is n
important because of Lorentz contraction.

Under the assumption that the particles are emitted iso
pically in the rest frame of the emission plane, we know th
the pseudorapidity distribution of the particles produced
the emission plane with rapidityyx in the laboratory refer-
ence frame is

f ~h,yx!5
1

2 cosh2~h2yx!
. ~1!

The pseudorapidity distribution measured in final state
contributed by the whole thermalized cylinder and the p
jectile and target spectators. We can consider both the i
gral of Eq.~1! and the contributions of the leading projecti
and target protons in participants and spectators and ob
the pseudorapidity density distribution

u;
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FIG. 1. Pseudorapidity distributions of shower particles for central interactions of16O with AgBr at 3.7A ~a!, 14.6A ~b!, 60A ~c!, and
200A ~d! GeV. The histograms are experimental data of Ref.@10#. The dotted and solid curves are results of the Gaussian distribution
thermalized cylinder picture, respectively.
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In
r~h!5
^N&2aNPP2NPS

ymax2ymin
E

ymin

ymax
f ~h,yx!dyx

1aNPPf ~h,ymax!1NPSf ~h,yPS!, ~2!

where ^N& denotes the mean number of shower particl
NPP and NPS denote the proton numbers of projectile pa
ticipant and spectator, respectively,a is the probability of
projectile participant proton appearing as a leading parti
andyPS is the mean rapidity of projectile spectator proton
The contributions of leading target participant and specta
are not included in Eq.~2! due to the nonrelativity of leading
target protons in fixed target emulsion experiments in
accelerator energy region at present. While, the contribut
of nonleading projectile and target participant protons
included in^N& in the first term of Eq.~2!.

The string picture which we invoke to justify the mod
would imply thatymin'ytarget1Dy and ymax'yprojectile2Dy,
whereytarget, yprojectile, andDy denote the target rapidity, th
projectile rapidity and the average rapidity shift suffered in
collision, respectively. For the purpose of convenience,
shall obtainymin andymax by fitting experimental data in this
paper.

The parametera in Eq. ~2! is introduced to describe th
probability of projectile participant proton appearing as
leading particle. Then, 12a denotes the probability of pro
jectile participant proton appearing as a nonleading part
in the same thermalized cylinder as pions. The nonlead
protons and the pions distribute in the cylinder fromymin to
ymax and are subjected to the same flow velocity. The NA
Collaboration has measured the rapidity distribution of p
tons in central 32S-S collisions at 200A GeV by ‘‘12’’
method@15#. It is shown that the protons distribute in a wid
rapidity range fromymin to ymax. At the same time, two
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peaks are observed atymin and ymax. We can say that the
projectile participant protons have a probabilitya appearing
as leading protons atymax and a probability 12a appearing
as nonleading protons in the range fromymin to ymax. The
target participant protons have also a probabilitya appearing
as leading protons atymin and a probability 12a appearing
as nonleading protons in the range fromymin to ymax. As a
raw estimate, we takea50.5 in the analyses of emulsio
data in this paper.

In the case of relative large projectile comparing w
target, we need all three terms in Eq.~2! to describe the
pseudorapidity distribution of shower particles. In the case
relative small projectile comparing with target, we need on
the first and the second terms to describe the pseudorap
distribution due toNPS being zero or small value. In very
peripheral collisions of relative small projectile and relati
large target, maybe we need all three terms in Eq.~2! to
describe the pseudorapidity distribution.

The EMU01 Collaboration has measured systematic
the pseudorapidity distributions of shower particles produ
in interactions of16O, 28Si, and 32S with AgBr at high ener-
gies @10#, where AgBr are two of main components
nuclear emulsion. Figure 1 presents the pseudorapidity
tributions of shower particles produced in central interactio
of 16O with AgBr at 3.7A ~a!, 14.6A ~b!, 60A ~c!, and 200A
~d! GeV. The histograms are experimental results of
EMU01 Collaboration@10#. For the purpose of comparison
the results of one Gaussian distribution@10# are given in the
figure by dotted curves. The solid curves in Fig. 1 are res
of Eq. ~2! with only the first and the second terms. We obta
the values ofymin andymax by fitting the experimental data
and obtain the values of^N& by normalization condition. In
central collisions,NPP is the proton number of projectile in
the case of relative small projectile comparing with target.
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the fit by Eq.~2!, nonempty bins of the experimental data
the pseudorapidity region22,h,8 were used. The value
of all parameters in thermalized cylinder picture are given
Table I. Both the Gaussian distribution and thermalized c
inder picture give a good description of the experimen
data.

Figures 2~a! and 2~b! present the pseudorapidity distribu
tions of shower particles produced in central interactions
28Si with AgBr at 14.6A GeV and 32S with AgBr at 200A
GeV, respectively. The histograms are experimental res
of the EMU01 Collaboration@10#. The dotted and solid
curves are results of one Gaussian distribution@10# and Eq.
~2! with only the first two terms, respectively. Except^N&
andNPP , other parameter values for Figs. 2~a! and 2~b! are
the same as those for Figs. 1~b! and 1~d!, respectively. In
central collisions,NPP is the proton number of projectile in
the case of relative small projectile comparing with targ
The parameter values used in Fig. 2 and the values
x2/DOF are given in Table I. We notice that both the Gau
ian distribution and thermalized cylinder picture give a go
description of the experimental data.

Figure 3 presents the pseudorapidity distributions
shower particles produced in interactions of gold ions
nuclear emulsion at 10.6A GeV for four kinds of centralities:
very peripheral~a!, peripheral~b!, semicentral~c!, and very
central ~d!. The circles are experimental results of t
EMU01 Collaboration@11#. The dotted and solid curves ar
results of two Gaussian distributions@11# and Eq.~2!, re-
spectively. In the calculation of thermalized cylinder pictu

TABLE I. Values of various parameters used in Eq.~2!.

Figure ymin ymax yPS ^N& a a NPP NPS x2/DOF

1~a! 1.05 1.45 26.5 0.5 8.0 0.207
1~b! 1.05 2.40 61.5 0.5 8.0 0.494
1~c! 1.05 3.55 101.2 0.5 8.0 0.441
1~d! 1.05 4.80 175.9 0.5 8.0 0.347
2~a! 1.05 2.40 89.2 0.5 14.0 0.673
2~b! 1.05 4.80 339.4 0.5 16.0 0.795
3~a! 1.25 2.95 4.6 10.1 0.5 1.6 6.2 0.041
3~b! 1.25 2.95 4.6 28.4 0.5 8.0 15.5 0.086
3~c! 1.25 2.95 4.6 114.8 0.5 50.0 25.0 0.280
3~d! 1.25 2.95 4.6 334.7 0.5 70.0 9.0 0.751

aFrom the normalization condition.
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we obtainymin , ymax, yPS, NPP, andNPS by fitting the experi-
mental data. The values of^N& in Eq. ~2! are obtained by
normalization condition. In the fit, the nonempty bins of t
experimental data in the pseudorapidity region22,h,8
were used. The parameter values used in Fig. 3 and the
ues ofx2/DOF are given in Table I. In the case of relativ
large projectile comparing with target, both the tw
Gaussian distribution and thermalized cylinder picture giv
good description of the experimental data.

From Figs. 1 and 2, in the case of relative small projec
and a given collision centrality and target, one can see
the values ofymin do not depend on the incident energy a
projectile. The values ofymax increase with increasing inci
dent energy and do not depend on the projectile. From Fig
in the case of a given incident energy and interacting syst
one can see that the values ofymin andymax do not depend on
collision centrality. There is a decrease in the contribution
projectile participant protons when passing from central
peripheral interactions.

In Table I, we have chosen the sameymin for the first six
cases due to the same target~AgBr! for these cases. At the
same time, we have chosen the sameymin and the sameymax
for the last four cases due to the same target~Em! and the
same incident energy and projectile (10.6A GeV Au! for
these cases. We have chosen differentymax for the first four
cases due to the different incident energies. We would like
say that these parameter values are good choices acco
to the values ofx2/DOF. Maybe, these parameter values a
not the best choice. In fact, we can also get a good resu
we changeymin and ymax by 60.05. We have not found
obvious difference inymin ~or ymax) for different centralities.
The value ofa is not sensitive to the pseudorapidity distr
bution of shower particles. The contribution of the seco
term in Eq.~2! is much smaller than that of the first one.

We have studied the pseudorapidity distribution
shower particles in 11.6A GeV/c Au-Ag interactions by the
thermalized cylinder picture@16#. For the peripheral ex-
ample, ymin51.3, ymax53.0. For the central example
ymin51.2,ymax52.9. We notice that the values ofymin for the
two examples approximate equal and the values ofymax for
the two examples approximate equal, too. We have also s
ied the pseudorapidity distribution of shower particles
158A GeV/c Pb-Pb interactions by the thermalized cylind
picture @17#. For high multiplicity ~central and semicentral!
events, ymin50.8, ymax55.0. For the highest multiplicity
and

FIG. 2. Pseudorapidity distributions of shower particles for central interactions of28Si with AgBr at 14.6A GeV ~a! and 32S with AgBr

at 200A GeV ~b!. The histograms are experimental data of Ref.@10#. The dotted and solid curves are results of the Gaussian distribution
thermalized cylinder picture, respectively.
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FIG. 3. Pseudorapidity distributions of shower particles in interactions of gold ions in nuclear emulsion at 10.6A GeV for four kinds of
centralities: very peripheral~a!, peripheral~b!, semicentral~c!, and very central~d!. The circles are experimental data of Ref.@11#. The dotted
and solid curves are results of the two-Gaussian distribution and thermalized cylinder picture, respectively.
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~very central! event, ymin50.9, ymax54.9. We see nearly
equalymin and nearly equalymax for the two examples.

In conclusion, the thermalized cylinder picture is succe
ful in the description of the pseudorapidity distribution
shower particles in the accelerator energy region at pres
A simple formula can give a good description of the pse
dorapidity distribution in both cases of one and two Gau
ians. In the case of relative small projectile and a given c
lision centrality and target, the endpointymin of the
thermalized cylinder does not depend on the incident ene
and projectile, but the endpointymax of the thermalized cyl-
inder increases with the incident energy and does not dep
on the projectile. In the case of a given incident energy
interacting system, the endpointsymin and ymax of the ther-
malized cylinder do not depend on collision centrality, b
there is a decrease in the contribution of projectile particip
protons when passing from central to peripheral interactio
.
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Our calculated results are in agreement with the experime
data in the present accelerator energy region. We shal
interested to test the thermalized cylinder picture by
pseudorapidity distribution of shower particles~relativistic
singly charged particles! produced in heavy ion interaction
at the Relativistic Heavy Ion Collider~RHIC! and the Large
Hadron Collider~LHC! in the near future.
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