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Transverse and forward energy distributions in ultrarelativistic heavy-ion collisions
by an absorption model

K. C. Chung, C. S. Wang,* A. J. Santiago, and G. Pech
Departamento de Fı´sica Nuclear e Altas Energias, Instituto de Fı´sica, Universidade do Estado do Rio de Janeiro,

Rio de Janeiro-RJ, 20559-900, Brazil
~Received 30 July 1997!

An absorption model based on the eikonal approximation of the nuclear optical model is proposed for the
transverse and the forward energy distributions in ultrarelativistic heavy-ion collisions. It is shown that the
measured distributions can be expressed by their geometric distribution convoluted by a Gaussian distribution
with centroid and width determined by the collision geometry and the average properties ofN-N collisions.
This result provides a physical argument for the formula used in the data fitting of the transverse energy
distribution in the literature. The forward energy distribution formula is shown to be applicable for the data
fitting. @S0556-2813~98!05902-0#

PACS number~s!: 25.75.2q
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I. INTRODUCTION

Ultrarelativistic heavy-ion collisions have become the
cus of intense research because of the possibility of prod
ing a deconfined quark-gluon plasma as well as of resto
chiral symmetry during such collisions@1#. The global ob-
servables, i.e., the transverse energy, the forward energy
multiplicity, the rapidity, and the transverse momentum d
tributions of the created particles—mainly pions and ot
hadrons in addition to photons and leptons—are unders
as the observables related mainly to the collision geom
and kinematics, and thus are important for understanding
collision mechanism itself.

Actually, the transverse energy, the forward energy, a
the multiplicity distributions have been used to control t
centrality of collisions in high energy nucleus collision e
periments. Especially, in the recent measured anomalousJ/c
suppression in Pb1Pb collisions at 158A GeV/c @2# which
has attracted much attention@3#, the transverse energy ha
been used as centrality cuts since each transverse en
range is shown to correspond to an average impact pa
eter.

However, the correlation between the collision centra
and the global observables, for example, the transverse
ergy distribution, is model dependent. Even some spec
models for the global observables exist already@4–16#; in
addition to several microscopic model calculations such
by FRITIOF, RQMD, VENUS or HIJING, a phenomenologica
model of global observables, which is reliable in theoreti
formulation and easy in numerical application, is still need
in interpreting the centrality dependence of the measu
data@17,18#.

As the global observables are related mainly to the co
sion geometry and kinematics which are not sensitive to
microscopic degrees of freedom of the colliding system,
relativistic nuclear optical model is an appropriate sche
for formulating such a kind of phenomenological model.

*Permanent address: Department of Technical Physics, Pe
University, Beijing 100871, China.
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the optical model, the interaction between the projectile a
the target is expressed by a potential with an imaginary p
and this potential describes the collision geometry in an
tuitive and very simple way@19#. On the other hand, it is
well known that the nuclear optical model in high ener
nuclear collision processes is just the limit of the Glaub
multiple collision theory @20–22# for a large number of
nucleons; thus it can be interpreted on the basis of the m
tiple collision picture.

The purpose of this paper is to develop a phenomenol
cal model, based on the eikonal approximation of the re
tivistic nuclear optical model, for the transverse and the f
ward energy distributions in ultrarelativistic heavy-io
collisions, and to use it to discuss the physics as well as
geometry involved in the collisions. Section II outlines th
eikonal approximation approach of the nuclear optical mo
for high energy collisions, Sec. III treats the transverse
ergy distribution, Sec. IV formulates the forward energy d
tribution, Sec. V gives some numerical examples in apply
these formulas, and Sec. VI is a short discussion and s
mary.

II. EIKONAL APPROXIMATION APPROACH
OF THE NUCLEAR OPTICAL MODEL

Following the nuclear optical model@19#, a phenomeno-
logical potential involving a real part and an imaginary p
can be assumed for the collision between projectile particlp
and targetA, p1A,

V~r !5V0~r !2 iW~r !. ~1!

The real partV0(r ) describes the elastic scattering, and t
imaginary partW(r ) describes the absorption of the incom
ing wave by the target. The absorption of the incoming wa
means a decrease of the outgoing wave. This is equivale
the inelastic process, including the actual absorption of
projectile and the creation of new particles, beside the ine
tic scattering of the projectile.

For high energy processes, the Dirac equation should
used for the wave functionC of the projectile of massm,
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i\
]C

]t
5@2 i\ca•¹1bmc21V~r !#C, ~2!

wherea andb are the Dirac 434 matrices. The correspond
ing continuity equation is

¹• j1
]r

]t
5

2

\
ImV~r !r, ~3!

wherer5C†C and j5cC†aC are the probability density
and the probability current density, respectively. Since
right-hand side of the continuity equation is the source of
current, the imaginary part of the potential is proportional
the strength of absorption—or equivalently the strength
the inelastic process.

For the stationary state with energyE, C5e2 iEt/\c(r ),
the incoming wave with momentump05\k0 along thez
axis is

c in~r !5eik0zu~p0!, ~4!

whereu(p0) is the Dirac spinor. In the eikonal approxima
tion, the wave function corresponding to the above incom
wave is

ceikonal~r !5eik0z1 ig~r !u~p0!, ~5!

where the eikonal phase shiftg(r ) is

g~r !'2
E

\2c2k0
E

2`

z

V~r !dz. ~6!

The conditions under which this eikonal approach holds
E@uV(r )u andmc2, k0@u¹g(r )u, andp03¹g(r )'0.

In this eikonal approximation, the outgoing wave forr
→` can be shown as

Cout~r !5
eikr

r
f ~u,f!uout~p,p0!, ~7!

where

uout~p,p0!5
1

2E
~E1bmc21ca–p!u~p0! ~8!

and

f ~u,f!52
1

4p

2E

\2c2E d3reiq–r1 ig~r !V~r !

5
k0

2p i E d2beiq–b@eix~b!21#. ~9!

In the above equation,\q5\(k02k) is the momentum
transfer withk05k, u is the angle betweenk andk0, and

x~b!5g~b,z→`!52
E

\2c2k0
E

2`

`

V~b,z!dz, ~10!

whereb is the plane vector perpendicular to (k01k). In high
energy processes, whereu is very small,b is approximately
e
e

f

g

e

the impact parameter. It should be noted that Eq.~9! is ex-
actly the same as that obtained by the relativistic Feynm
diagram technique@23,24#.

Following the standard procedure for deriving the optic
theorem in the nonrelativistic potential scattering theo
@19#, the generalized optical theorem can be derived from
continuity equation based on the relativistic outgoing wa
function ~7!, giving as a results5ss1sa, wheres is the
total cross section,ss the total elastic scattering cross se
tion, andsa the total absorption cross section, respective

s5
4p

k0
Imf ~u50!52ReE d2b@12eix~b!#, ~11!

ss5E dVu f ~u,f!u2uout
† ~p,p0!uout~p,p0!

5E d2bueix~b!21u2, ~12!

sa52
E

\2c2k0
E d3r 2 ImV~r !e22Img~r !

5E d2b@12e22Imx~b!#. ~13!

The above formulas give the relationships between the m
surable quantitiess, ss, andsa and the dynamical quantitie
V0(r ) and W(r ) through the eikonal phase shift at infinit
x(b). As we are concerned with the inelastic process on
the relevant dynamical quantity in the present work is
imaginary part of the potentialW(r ). It is interesting to note
that the right-hand side of the above formulas is exactly
same as that of the corresponding nonrelativistic ones;
only difference is given by the factor in front of the integr
in Eq. ~10!.

In the nuclear optical model, two terms are assumed p
nomenologically forW(r ) @25#. The first term is proportiona
to the target nucleus densityrA(r ) and is used to describe th
volume effect of the collision. The second term is propo
tional to both the radial derivative of the nuclear density a
the range of the force between the colliding particles, an
used to describe the surface effect of the collision. In h
energy processes, it is believed that the surface effect of
collision can be neglected in a rough approximation, in
present stage of our study, and we can assume

W~r !5wrA~r !, ~14!

where w is a model parameter representing the interact
strength between the colliding particles. By this assumpti
we have

2Imx~b!5
2E

\2c2k0
E

2`

`

W~b,z!dz5s0DA~b!, ~15!

where

s05
2Ew

\2c2k0

~16!
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57 849TRANSVERSE AND FORWARD ENERGY DISTRIBUTIONS . . .
and

DA~b!5E
2`

`

rA~b,z!dz ~17!

is the thickness distribution function of the target.
Using this result, the total absorption cross section is

sa5E d2b@12e2s0DA~b!#5E d2b@12SpA~b!#, ~18!

where

SpA~b!5e2s0DA~b! ~19!

is the transmission coefficient of targetA against the projec-
tile p. The quantitys0DA(b)52 lnSpA(b) can be inter-
preted as the opaqueness of the target against the projec
the impact parameterb @26#. For very large opaquenes
s0DA(b)@1 for 0<b<bmax where bmax is the maximum
impact parameter beyond which the target thickness is z
i.e. DA(b>bmax)50, the total absorption cross sectio
equals the geometric cross section,sa5pbmax

2 , and the tar-
get looks like a black disk. In this consideration, the sim
sharp radius model of nuclei has been used. On the o
hand, for very small opaqueness,s0DA(b)!1, the total ab-
sorption cross section equalss0 timesA,

A5E d3rrA~r !, ~20!

and the target looks transparent. Generally, the total abs
tion cross section is larger thans0A but less than the geo
metric cross section,s0A<sa<pbmax

2 ; i.e., the target looks
like a gray disk. As the transmission coefficientSpA(b)
5exp@2s0DA(b)# shows an exponential decrease of the c
rent along the path in the target with thickness distribut
DA(b), s0 can be interpreted as the effective cross section
the projectile when it passes through the target. It should
emphasized here thats0 is the free particle-particle inelasti
cross section only in the transparent case when we havsa

5s0A. Generally,s0 depends on the nuclear density a
should be regarded as an adjustable parameter determin
the measured data.

The total absorption cross section~18! can be rewritten as

sa5 (
n51

`
1

n! E d2be2s0DA~b!@s0DA~b!#n. ~21!

It can be seen that the above formula resembles that obta
by applying the Glauber theory to high energy nuclear m
tiple collision processes. Since the optical model is the li
of the Glauber multiple collision theory for a large numb
of nucleons, the above formula allows us to understand
absorption process in this case as a Glauber multiple c
sion wheren is the number of elemental collisions. The d
ference is that in the Glauber theory the nucleon is con
ered as the elemental constituent of the target, while in
optical model a droplet of some finely granulated scatter
medium, which is composed of an infinite number of p
ticles with infinitesimal size, is assumed for the target@26#.
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III. TRANSVERSE ENERGY DISTRIBUTION

In order to work out the formulas for the transverse a
the forward energy distributions, further consideration a
assumptions are required. As the parameters0 can be under-
stood as the effective collision cross section between the
jectile and the target particle, it can be written as an integ
over the transverse energy distribution of this collision,

s05E d«T

ds0

d«T
. ~22!

Substituting this expression into the Eq.~21!, we have

sa5E d2be2s0DA~b! (
n51

`
1

n! )
i 51

n F E d«Ti

ds0

d«Ti
DA~b!G ,

~23!

and thus the total transverse energy distribution is

ds

dET
5E d2be2s0DA~b! (

n51

`
1

n! )
i 51

n

3F E d«Ti

ds0

d«Ti
DA~b!G d~ET2«T12•••2«Tn!.

~24!

Using

d~ET2«T12 . . . 2«Tn!5
1

2pE dt ei ~ET2«T12•••2«Tn!t,

~25!

it gives

ds

dET
5E d2b

1

2pE dteiETtFexpS DA~b!

3E d«T

ds0

d«T
~e2 i«T t21! D21G . ~26!

Because the transverse energy«T created in each particle
particle collision is small, even the total transverse energyET
is large, we have, approximately,

e2 i«Tt'12 i«Tt2 1
2 «T

2 t 2, ~27!

and obtain forETÞ0 finally

ds

dET
'E dET

g d2b

dET
g

1

A2pD~b!
e2@ET2ET

g
~b!#2/2D2~b!.

~28!

In the above formula,

ET
g5ET

g~b!5E d«T «T

ds0

d«T
DA~b!5 «̄ Ts0DA~b!

~29!
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TABLE I. The model parameterss0 ~in mb!, «̄ T ~in GeV!, and« T
2 ~in GeV2) fitted to the measured data, and the calculated geome

energyET
g andEF

g at head-on and dive-in points, in GeV. The data of 158A GeV 208Pb1Pb are taken from the NA49 Collaboration@32#; the
data of the other systems are taken from the NA35 Collaboration@29#. The results under ‘‘Other,’’ taken from Refs.@32# and@29#, are from
the NA49 Collaboration for 158A GeV 208Pb1Pb andFRITIOF for other systems.

ET
g(0) EF

g(0) ET
g(bDI) EF

g(bDI)
System s0 «̄ T « F

2 Data Present Other Present Data Present Other Pres

60A GeV 16O1Au 33.83 0.531 0.704 54.8 54.1 54.5 2.6 42.8 40.4 44.3 45.4
Ag 38.44 0.566 0.611 51.2 50.5 50.2 8.3 42.4 41.0 42.5 50.7
Cu 28.70 0.888 0.870 46.8 45.4 44.9 58.8 41.7 39.9 40.5 108

158A GeV 208Pb1Pb 13.76 1.295 1.781 527.1 520 6450.3 527.1 520 6450
200A GeV 16O1Au 18.57 1.594 2.190 88.6 89.1 88.5 105.2 66.7 66.6 68.4 388.
200A GeV 32S1Au 14.20 2.066 3.031 170 171.3 160 512.3 145 142.0 136 992.

Ag 14.37 2.232 4.274 145 140.9 140 986.2 131 126.6 127 1326
Cu 16.48 2.183 3.264 121 117.5 117 1394.4 121 112.8 117 1538
S 18.06 2.194 4.441 87 81.5 82.5 2356.1 81.5 2356.
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is the geometric transverse energy created in thep1A colli-
sion at the impact parameterb, andD(b) is the width of the
Gaussian distribution of the measured transverse energET

around the valueET
g(b),

D2~b!5E d«T «T
2 ds0

d«T
DA~b!5«T

2 s0 DA~b!, ~30!

where «̄ T and«T
2 are the first and the second moments of

transverse energy«T over its distributionds0 /d«T , respec-
tively,

«̄T5
1

s0
E d«T «T

ds0

d«T
, «T

25
1

s0
E d«T «T

2 ds0

d«T
.

~31!

Formula~28! says that the total transverse energy dis
butionds/dET of the collisionp1A can be expressed by it
geometric distributiond2b/dET

g convoluted by a Gaussia
distribution with centroidET

g and widthD(b). In this case,
the geometric distribution is a result of the collision kinem
ics and dynamics, while the Gaussian distribution is mai
due to the statistical behavior of the quantum many-bo
collisions involved.

For the high energy nucleus-nucleus collisionB1A, the
following assumptions can be invoked as the bases of
model: ~1! The projectileB and the targetA are built up by
the same type of particles,~2! each projectile particle is sca
tered by the target in the way described above, and~3! the
total collision B1A is the uncoherent summation of the
projectile particle collisions with the target. In this way, th
transmission coefficientSpA(b) is changed toSBA(b),

SBA~b!5e2s0DBA~b!, ~32!

and thus the formula~28! can be extended to theB1A col-
lision by changingDA(b) to the thickness distribution func
tion DBA(b) of the collisionB1A,

DBA~b!5E d2sDB~s!DA~b1s!, ~33!
e

-

-
y
y

ur

where DB(s) is the thickness distribution function of th
nucleusB with densityrB(r ) normalized toB,

DB~s!5E rB~s,z!dz, B5E d3rrB~r !. ~34!

The formula~28! extended to the collisionB1A will be
referred to hereafter as the extended equation~28!. It pro-
vides a physical argument for the earlier analysis@27# which
suggested that, for the heaviest targets, the plateau of
transverse energy distribution ends in a bump which is
lowed by a rapidly falling tail of Gaussian shape. Furthe
more, the present result shows that this tail is basically
statistical behavior of quantum many-body collisions. It
interesting to note that this formula is the same as that u
in Ref. @28# and similar to that used in Refs.@17# and@18# for
data fitting.

IV. FORWARD ENERGY DISTRIBUTION

Because of the attenuation of the transmission coeffic
SpA(b), the geometric forward energy of the collisionp1A
at the impact parameterb can be written as

EF
g5EF

g~b!5Ene2s0DA~b!, ~35!

where the projectilep is considered as a point particle, an
En is its kinetic energy. For the nucleus-nucleus collisionB
1A, by the uncoherence assumption, the expression of
geometric forward energy can be written as

EF
g5EF

g~b!5E d2sDB~s!Ene2s0DA~b1s!. ~36!

A correlation between the transverse energyET and the
forward energyEF is observed experimentally@29#. Assum-
ing a one-to-one correspondenceET;EF , the following re-
lation between the forward and the transverse energy di
butions can be written:

ds

dEF
5

dET

dEF

ds

dET
. ~37!
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FIG. 1. The transverse energy distributionsds/dET for ~a! 32S1Au, Ag, Cu, and S at 200A GeV, ~b! 16O1Au at 200A GeV, ~c!
16O1Au, Ag, and Cu at 60A GeV, and~d! 208Pb1Pb at 158A GeV. The measured data are taken from the NA49 Collaboration@31,32# for
Pb1Pb ~the solid diamonds! and NA35 Collaboration@29# for others~the solid dots stand for Au, the open squares for Ag, the circles
Cu, and the triangles for S targets!. The solid curves are calculated by the extended equation~28!. In ~b! and~d!, the dashed curves are th
corresponding geometric distributions, and the dotted curves are the convoluted Gaussian distributions centered at the end of the
distribution ET

g(0) with the corresponding widths, i.e.,D(0)511.06 GeV for~b! and D(0)526.93 GeV for~d!, as well as with the
appropriate normalization. The fitted parameters are given in Table I.
-

:
on
n-

o-
m
ian
Substituting the extended equation~28! into the above equa
tion, and making the approximation (ET2ET

g)'(EF

2EF
g)/h, whereh5(dEF /dET)g and g stands forET5ET

g

as well asEF5EF
g , the following formula can be obtained

ds

dEF
'E dEF

g d2b

dEF
g

1

A2pDF~b!
e2@EF2EF

g
~b!#2/2DF

2
~b!,

~38!

where
DF~b!5hD~b!. ~39!

Similar to the extended equation~28!, the formula~38!
says that the total forward energy distributionds/dEF of the
collision B1A can be expressed by its geometric distributi
d2b/dEF

g convoluted by a Gaussian distribution with ce
troid EF

g and widthDF(b). The information of the collision
kinematics and dynamics is also involved mainly in the ge
metric distribution, while the statistical behavior of quantu
many-body collision processes is involved in the Gauss
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FIG. 2. The forward energy distributionsds/dEF for ~a! 32S1Au, Ag, Cu, and S at 200A GeV, ~b! 16O1Au at 200A GeV, ~c! 16O1Au,
Ag, and Cu at 60A GeV, and~d! 208Pb1Pb at 158A GeV. The measured data are taken from the NA49 Collaboration@31,32# for Pb1Pb~the
solid diamonds! and NA35 Collaboration@29# for others~the solid dots stand for Au, the open squares for Ag, the circles for Cu, and
triangles for S targets!. The solid curves are calculated by Eq.~ 38!. The vertical short dashed lines correspond to the beam energies Bn .
In ~b! and ~d!, the long dashed curves are the corresponding geometric distributions, and the dotted curves are the convoluted
distributions centered at the end of the geometric distributionEF

g(0) with the corresponding widths, i.e.DF(0)571.41 GeV for~b! and
DF(0)51189.41 GeV for~d!, as well as with the appropriate normalization. The fitted parameters are given in Table I.
wn

g
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se
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ers
distribution. In a practical application, such as will be sho
in the next section, the factorh can be approximated as

h5S dEF

dET
D

g

'
dEF

g

dET
g

. ~40!

It is interesting to note that the formula of the forward ener
distribution given in Ref.@10# is essentially the geometri
distribution similar to ourd2b/dEF

g which appears in the
formula ~38!.
y

V. NUMERICAL EXAMPLES

The projectile and target nucleon numbers are chose
B andA, respectively, in the present calculation. In this ca
s0 is a parameter which is related to theN-N collision. The
nuclear densityrB,A(r ) is assumed to be the Fermi distribu
tion, where the central radius and surface diffuseness
calculated with the nuclear radius constantr 051.16 fm and
the Süssmann widthb51.0 fm @30#.

The relevant quantities appeared in the formulas~28! and

~38! are «̄ T , « T
2, s0, DBA(b), andh. In a practical applica-

tion, «̄ T , « T
2, ands0 can be used as adjustable paramet
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FIG. 3. The correlationsET;EF for ~a! 32S1Au, Ag, Cu, and S at 200A GeV, ~b! 16O1Au at 200A GeV, ~c! 16O1Au, Ag, and Cu at
60A GeV, and~d! 208Pb1Pb at 158A GeV. The measured data are taken from the NA35 Collaboration@29# ~the solid dots stand for Au, the
open squares for Ag, the circles for Cu, and the triangles for S targets!. The measured data for Pb1Pb given by the NA49 Collaboration@31#
are not plotted here. The solid curves are calculated by Eqs.~29! and ~36!. The parameters used are fitted to the transverse and forw
energy distributions. The measured error bars, which are about65 to 610 GeV, are not plotted here.
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fitted to the measured distributions, andDBA(b) and h can
be calculated if the nuclear densityrB,A(r ) is known. In the

calculation shown in this section,s0 «̄ T ands0« T
2 are deter-

mined by the measured transverse energy distribution at
and thens0 by the measured forward energy distribution,
a least-squares fitting. In this determination,s0 «̄ T is deter-
mined mainly by the end of the plateau of the transve

energy distribution, ands0« T
2 mainly by the width of the

distribution tail, whiles0 is determined mainly by the initia
of the plateau of the forward energy distribution. The fitt
parameters are given in Table I.

Figure 1 shows the transverse energy distributio
ds/dET for ~a! 32S1Au, Ag, Cu, and S at 200A GeV, ~b!
16O1Au at 200A GeV, ~c! 16O1Au, Ag, and Cu at 60A
GeV, and~d! 208Pb1Pb at 158A GeV. The measured dat
st,

e

s

are taken from the NA49 Collaboration@31,32# for Pb1Pb
~the solid diamonds! and NA35 Collaboration@29# for others
~the solid dots stand for Au, the open squares for Ag,
circles for Cu, and the triangles for S targets!. The solid
curves are calculated by the extended equation~28!. In ~b!
and ~d!, the dashed curves are the corresponding geome
distributions, and the dotted curves are the convolu
Gaussian distributions centered at the end of the geom
distribution ET

g(0) with the corresponding widths, i.e
D(0)511.06 GeV for~b! andD(0)526.93 GeV for~d!, as
well as with the appropriate normalization.

Figure 2 shows the forward energy distributionsds/dEF
for ~a! 32S1Au, Ag, Cu, and S at 200A GeV, ~b! 16O1Au at
200A GeV, ~c! 16O1Au, Ag, and Cu at 60A GeV, and~d!
208Pb1Pb at 158A GeV. The measured data are taken fro
the NA49 Collaboration@31,32# for Pb1Pb ~the solid dia-
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FIG. 4. The systematics of the fitted parameters:~a! s0 «̄ T versusA for 32S1A at 200A GeV, ~b! s0 «̄ T versusA for 16O1A at 60A GeV,

~c! s0 versusA for 32S1A at 200A GeV, and~d! the averaged«̄ T versus the nucleon projectile energyEn .
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monds! and NA35 Collaboration@29# for others~the solid
dots stand for Au, the open squares for Ag, the circles
Cu, and the triangles for S targets!. The solid curves are
calculated by Eq.~38!. The vertical short dashed lines corr
spond to the beam energies BEn . In ~b! and ~d!, the long
dashed curves are the corresponding geometric distributi
and the dotted curves are the convoluted Gaussian dist
tions centered at the end of the geometric distributionEF

g(0)
with the corresponding widths, i.e.,DF(0)571.41 GeV for
~b! and DF(0)51189.41 GeV for~d!, as well as with the
appropriate normalization.

The correlationsET;EF are shown in Fig. 3 for~a!
32S1Au, Ag, Cu, and S at 200A GeV, ~b! 16O1Au at 200A
GeV, ~c! 16O1Au, Ag, and Cu at 60A GeV, and ~d!
208Pb1Pb at 158A GeV. The measured data are taken fro
the NA35 Collaboration@29# ~the solid dots stand for Au, the
open squares for Ag, the circles for Cu, and the triangles f
S targets!. The measured data for Pb1Pb given by the NA49
Collaboration@31# are not plotted here. The solid curves a
r

s,
u-

calculated by Eqs.~29! and~36!. The parameters used in th
calculation are the above-mentioned ones fitted to the tra
verse and forward energy distributions. It should be emp
sized that the calculated curves are for the geometric qu
tities ET

g andEF
g but not for the measured onesET andEF .

Especially, there is a lower limit for the geometric forwa
energy which is higher than the lowest measured forw
energy, as can be seen from Fig. 3~a!. However, the agree
ment between the calculation and the measurement is s
factory within the measured error bars, which are about65
to 610 GeV and not plotted here, and thus supports
applicability of approximation~40!.

As the measurement outputs are calorimeter depend
the fitted parameters are expected to be also calorime
dependent constants@17,18#. As a consequence, the fitteds0
cannot be understood as the effective totalN-N cross section
in its exact meaning. However, it is interesting to investig

the systematics of the parameterss0, «̄ T , and« T
2, even in

the present case with only a few points. It can be seen fr
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Table I that the parameters«̄ T and « T
2 increase with the

projectile nucleon energyEn obviously, but are independen
of the target number of nucleonsA for a given projectileB

approximately. The large scattering of« T
2 values in this case

may be understood by the deformation of the target nuc

which has more influence on« T
2 than on«̄T and is not con-

sidered in the present calculation. On the other hand,s0
seems to decrease with the targetA for a given projectileB
approximately. In this regard, it should be kept in mind th
s0 is determined mainly by the initial of the plateau of th
forward energy distribution. In the case of16O1Au, Ag, and
Cu at 60A GeV, this determination is not so reliable due
the lack of measured points in the initial region. Howev
the decreasing ofs0 is obvious from the fitteds0«̄T if «̄T is
assumed to be constant independent of the targetA. Figure 4
plots the systematics of the fitted parameters:~a! s0«̄T versus

FIG. 5. The correlations of the impact parameterb versus~a! the
geometric transverse energyET

g and ~b! the geometric forward en
ergy EF

g of a 158A GeV 208Pb1Pb collision.
i,

t

,

A for 32S1A at 200A GeV, ~b! s0«̄T versusA for 16O1A at
60A GeV, ~c! s0 versusA for 32S1A at 200A GeV, and~d!
the averaged«̄T versus the nucleon projectile energyEn .

The plots ofs0« T
2, considering the large scattering of« T

2

mentioned above, are similar to that ofs0«̄T and not shown
here.

The significant difference of«̄T between 32S1Au and
16O1Au at 200A GeV, as shown in Table I, may be unde
stood in a similar way. We keep this as an open problem
further study. In this consideration, the fitting to more me
sured data, for example, the data of the WA80 Collaborat
@33#, will be helpful.

Figure 5 shows the correlations of the impact parameteb
versus the geometric transverse energyET

g ~a! and geometric
forward energyEF

g ~b! of a 158A GeV 208Pb1Pb collision,
respectively. As the measured transverse and forward en
ET andEF are spread out around the geometric onesET

g and
EF

g , respectively, in a Gaussian distribution with the wid
proportional to the collision thickness functionDBA(b), the
correlation of the impact parameterb versus the measure
transverse energyET and forward energyEF is ambiguous
since it is not a simple single-valued function. Therefore,
use of global observables, at least the transverse and
forward energy, as the centrality cut in the experimen
measurements must be taken carefully, especially in the
tral collision b'0 case.

Besides the head-on collision pointb50, a dive-in point
is defined atbDI5Rtarget2Rprojectile in the literature @29#.
Table I gives the calculated geometric energy at these
points, in comparison with the data of NA35 Collaboratio
@29# and theFRITIOF calculation@29#.

VI. DISCUSSION AND SUMMARY

As a phenomenological approach to the transverse and
forward energy distributions, the present formalism is ge
eral enough, since it is independent of what is assumed
elemental constituent particles. As a matter of fact, instea
nucleons a similar calculation by using the parton pictu
may be performed. A result without essential changes can
expected. The present work shows that global observable
least the transverse and the forward energy distributions,
related to only a few global degrees of freedom of the c
liding system. In other words, only a few global properties
the colliding system, i.e., the collision geometry and kin
matics as well as the average properties of the collision
namics, can be learned from these global observables, w
the details of the collision process are nonrelevant for th
global observables. In this respect, the systematics of

model parameters«̄T and« T
2 will provide some information

about the collision dynamics.
It can be seen from Eq.~33! that the thickness distribution

functionDBA(b) is proportional to the total number of binar
collisions, and so the main ingredient in our formulas~28!
and ~38! is the number of binary collisions, similar to th
models used in some data fittings@28,34#. However, ass0 is
shown to decrease with the targetA, and probably also with
the projectileB, it seems that one of our basic assumptio
~14! should be modified to include also the second term
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the surface effect of the collision. In this way, the express
of DBA(b) will be modified correspondingly. Physically, th
corresponds to substituting the number of binary collisio
with another kind of number, which may be similar to th
number of wounded projectile nucleons@5,35–37#. Further-
more, if «̄T is proved to be correlated to the projectileB, our
other basic assumption, i.e., the uncoherence assump
should be modified also. We will address these points qu
titatively in the next step of our study.

In conclusion, the main results of the present work can
summarized as follows.

~1! The transverse and the forward energy distributio
can be expressed, respectively, by their geometric distr
tion convoluted by a Gaussian distribution with centroid a
width determined by the collision geometry and the aver
properties ofN-N collisions. In other words, the transvers
and the forward energy distributions can be expressed
spectively, essentially by their geometric distribution, exc
the head-on collision tail which is basically a Gaussian d
tribution.

~2! The plateau of the transverse energy distributi
g
F

e

. C
n

s

on,
n-

e

s
u-
d
e

e-
t
-

,

which is essentially the geometric distribution, is propo
tional to the collision thickness functionDBA(b).

~3! The widths of the head-on collision tail of the tran
verse and the forward energy distributions are proportio
to the square root of the collision thickness functionDBA(b).

~4! The measured transverse energyET and forward en-
ergy EF correspond to a variety of impact parametersb,
which spread on a Gaussian distribution with the width p
portional to the square root of the collision thickness fun
tion DBA(b). Therefore, the centrality cut of the collisio
should be considered carefully in connection with a mod
dependent calculation.
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