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Linear extrapolation of ultrarelativistic nucleon-nucleon scattering to nucleus-nucleus collisions
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We use a Glauber-like approach to describe very energetic nucleus-nucleus collisions as a sequence of
binary nucleon-nucleon collisions. No free parameters are needed: All the information comes from simple
parametrizations of nucleon-nucleon collision data. Produced mesons are assumed not to interact with each
other or with the original baryons. Comparisons are made to published experimental measurements of baryon
rapidity and transverse momentum distributions, negative hadron rapidity and transverse momentum distribu-
tions, average multiplicities of pions, kaons, hyperons, and antihyperons, and zero degree energy distributions
for sulfur-sulfur collisions at 200 Ge¢/per nucleon and for lead-lead collisions at 158 GeYér nucleon.

Good agreement is found except that the number of strange particles produced, especially antihyperons, is too
small compared with experiment. We call this model LEXUS: It is a base-line linear extrapolation of ultrarela-
tivistic nucleon-nucleon scattering to heavy ion collisions.
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PACS numbdis): 25.75~q, 24.10.Cn, 24.10.Jv

I. INTRODUCTION it a simple matter to compute or measure all the hadronic
cross sections needed to keep track of this cascade. Many
such models already existRC [3], RQMD [4], VENUS [5],
FRITIOF [6], PYTHIA [7], andQGsM[8] being among the most
frequently applied to experimental data.

The program to study the properties of quark-gluon
plasma at high energy density is in high gé¢at with the
construction of the Relativistic Heavy lon ColliddRHIC) at
Brookhaven National Laborato§8NL) well underway and

: < applied to the now disassembled Bevalac at LBNL
WI||'b'e completed arouqd the year 2005; it will a'1IIow for the (Lawrence Berkeley National LaboratoryNucleons from
collision of counterrotating beams of Iea_\d nuclei at about_l.EéaCh nucleus follow straight line trajectories, making binary
TeV per nucleon, but will not be dedicated to heavy ioncojjisions with nucleons from the other nucleus. These colli-
physics as RHIC will be. Since 1986 experiments have beegjons are as in free space. Inelastic collisions produce me-
performed at CERN's SPS accelerator with beams of oxygegons; the mesons are not allowed to collide with each other
and sulfur at 200 Ge\ per nucleon and, lately, lead at 158 or with any nucleons. The number of binary collisions suf-
GeV/c per nucleon, striking fixed targets. In the same timefered by any given nucleon depends on the nucleon cross
interval similar beams have been available at BNL's AGSsection and on the geometry of the nuclei. The details will be
accelerator at the lower energies of 10-14.6 GeV pegiven in later sections. It is important to know that this linear
nucleon. It is almost universally accepted that the propeextrapolation model which we refer to as LEXUS, for linear
treatment of collisions at RHIC and LHC must involve the extrapolation of ultrarelativistic scattering, has no free pa-
qguark and gluon degrees of freedom. At the AGS hadronicameters.
degrees of freedom probably suffiggit sed2]). The jury is We will apply LEXUS to published data on+SS and
still out concerning collisions at the SPS. Pb+Pb collisions at the SPSAt this time the quantity of
It is oftentimes heard at conferences and workshops the®b+Pb data available to us is not as complete as thé& S
there is a need for a base-line calculation of what one wouldlata) We do not attempt to apply LEXUS to AGS energies.
expect at the above heavy ion accelerators if there were nbhose energies are probably too low to accept the assump-
new physics, that is, dinear extrapolation of nucleon- tion of straightline trajectories as being anywhere near real-
nucleon collisions to nucleus-nucleus collisions. Construcistic.
tion of such a working model is the goal of this paper. Ac- It is important to keep in mind that all LEXUS predictions
tually it is not so obvious how to make such a linearin this paper are absolutely normalized. We have not at-
extrapolation. Nucleon collisions produce mesons, and thesempted to tune the results in any sense.
mesons can collide with other nucleons and mesons, produc- A conclusion of our paper is that a linear extrapolation of
ing an interesting cascade of hadrons. We do not considetucleon collisions is consistent with+S and PB-Pb colli-
such a cascade as being a linear extrapolation. The collectivgons at the SPS in the sense that it gives a good representa-
excitations of such a system are not necessarily trivial; nor igsion of the baryon rapidity and transverse momentum distri-
butions, the negative hadron rapidity and transverse
momentum distributions, the average number of pions, and
*Electronic address: jeon@nucthl.spa.umn.edu zero degree energy distributions. However, it predicts only
Electronic address: kapusta@physics.spa.umn.edu about 80% of the observed number of charged kaons, 50% of
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the number of observed neutral kaons and lambdas, and 10% A basic input is the kerneK which must be taken from
of the number of observed antilambdas, all in reference t@xperiments on nucleon-nucleon collisions. To that end con-
central S-S collisions. This may suggest where new physicssider a nucleon-nucleon collision in the laboratory frame of

lies. reference so that the initial single-particle distributions are
In Sec. Il we formulate the model and solve for the basic o

building blocks, the two-particle baryon rapidity distribu- Wio(Yp)=8(Yp—Yo),

tions. In Sec. Illl we compute the final, observable baryon T

rapidity distribution. In Sec. IV we compute the baryon Woi(yr) = (Y1), 4

transverse momentum distribution. In Sec. V we compute the _ L o )
average multiplicities of various produced hadrons. In SecVhereyo is the beam rapidity. Substitution into the evolution
VI we compute the negative hadron rapidity distribution. In €duation gives
Sec. VIl we compute the transverse momentum distribution

- = + +y7).
of negative hadrons. In Sec. VIIl we compute the zero degree Wa(ye yr) =K(yo+ 0=yptyr) ®

(calorimetey energy distribution. Conclusions are drawn in gyperiments do not measure the correlated two-nucleon dis-
Sec. IX. tribution over all phase space; they only measure the single-

particle distribution:
Il. FORMULATION AND SOLUTION OF THE MODEL

dN
To formulate the model it is convenient to consider a —(y):Wfl(y)JrWIl(y). (6)
.. dy
collision between two rows of nucleons. A nucleus-nucleus
coII!s!on will be constructed from an engqmble of row-row Here the projectile contribution is
collisions. Refer to the nucleons comprising these rows as
projectile and target nucleons. L%, (yp ,y1) represent the o
two-particle rapidity distribution for themth projectile Wii(yp) = f dyrWai(yp,yT) (7)
nucleon and thenth target nucleon immediately after their
collision. The single-particle projectile distribution and similarly for the target contribution.
WFE (yp) is obtained by integrating the two-particle distribu- It has long been known that, to good approximation, the
tion over the unobserved target rapidity. The inader then  distribution of outgoing nucleons in a high-energy nucleon-
refers to themth projectile nucleon after colliding witim nucleon collision is flat in longitudinal momentum or a hy-
target nucleons: perbolic cosine (symmetric about the c.m.in rapidity
[11,12. This knowledge does not uniquely determine the
two-particle kernelK but, with the additional, sensible, re-
quirements that the projectile distribution be forward peaked
o . . . _ ~ and that the simplest mathematical representation be used
Similarly, W, (yr) is the single-particle target distribution consistent with the data, leads to the parametrization
obtained by integrating over the unobserved projectile rapid-
ity. The indexmn then refers to theth target nucleon after L costyp—yr) cosiyp—yr)
colliding wi iacti inale-particle K(YptY1—=Yp Y1) =N e —————

g with m projectile nucleons. These single-particle PTIYT sin(yh—y4) sinhyb—y4)

S . . Y~ YT Y~ Y1

distributions are normalized to unity:

Wan(yP):f dytWmn(Ye,yT1)- (1)

+(1=N)3(Yp—Yp)d(Yr—Yr). (8

P _ T _
f dyPWmn(yP)—f dyrWn(yr) =1. (2 It is convenient for later use to define
As a result of the indistinguishability of nucleons, the outgo- __costa B
ing nucleon with the larger rapidity is called a projectile and Q(a,b,c)=x sintb +(1=M)é(c). ©

the other is called a target. o _ o _
The two-particle distributiotW,,, is obtained by the col- Then the distribution of outgoing projectile nucleons is
lision between thenth projectile nucleon, which has suffered

n—1 previous collisions, with theth target nucleon, which — \yP ) — “y)=x C.OSW (1= M) SV V).
has sufferedn— 1 previous collisions: 1u(y)=Q(Y:Yo.Yo~Y) sinhy, ( )o(yoy)
(10
Wmn(yp,yT)=f dypdyrWE (YR Wi_1n(Yh) This is the same distributiofiL3] as used in the evolution
model proposed by HwEL4] to describe proton stopping in
XK(yp+yr—ypt+yr). (3) high-energy proton-nucleus scattering and solved and ap-

plied to data by Csernai and one of the authidS]. The
Here we assume that the process is Markovian with kernelistribution is normalized to unity. The parameteris the
K. This is not a necessary assumption and could be relaxetraction of nucleon-nucleon scatterings that result in a hard
Doing so would result in a correlated cascade. However, itollision and 1\ is the fraction that are diffractive or elas-
would require experimental information on the correlationtic. A recent compilation of data gp+ p— p+ X in the mo-
between the two outgoing baryons which is generally nomentum range 12—-400 Ged/leads ton=0.6 [16]. These
available. data and the fit are shown in Fig. 1. Unless otherwise stated
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FIG. 1. Proton rapidity distribution irp+p—p+X in the

center-of-mass frame. From the topj,=12, 24, 69, and 400
GeV/c. The solid symbols indicate experimentally measured data
points and the open symbols are the reflected ones. The solid lines
are dN/dy= A coshg)/sinh{yy/2) with corresponding maximum ra- Yy
pidity yo. The data were assembled in REt6].

FIG. 2. Graphs ofV;,(y) for n={1,4,7,10,13.

this is the numerical value used in the rest of the paper.
Physical observables turn out to be rather insensitive to smatbr arbitrarymn, and so we solved the equations numerically
(%0.1) variations in\. There is a small rollover in the data for m andn up to and including 14. The solutions have the
near the projectile and target rapidities which is not repreform
sented by the parametrization. This has to do with precisely
how one separates hard inelastic and diffractive collisions.
Our results are only as good as the input parametrizations; in W,FT’m(y) =mn(y)+(1—x)“5(y0—y), (14
the future it might be worthwhile to treat these components
on a finer level. o
There is an obvious and useful symmetry between thevhere W is a continuous function albeit with logarithmic

single-particle projectile and target distributions: singularities ayy=0 andy=y,. These very soft singularities
o . are a consequence of the explicit functi@nchosen above.
Winn(Y) =Wy n(Yo—Y). (1) When comparing with experiment it should be remembered

o _ to smooth these by the experimental resolution of the detec-
These distributions are not independent. In the present fotors. See also Fig. 1 and the previous discussion. We have

mulation of the model only single-particle observables may.,,ctructed numerical tables W. These may be obtained

be reliably computed. Hence we only need to compute they, the web site of one of the authdis7]. Some represen-
Wr':m(y). For this we need an evolution equation. It is ob- iaiive examples are plotted in Fig. 2.

tained by integrating Eq(3) over the target rapidity and
using Eq.(8) for the kernel:

Ill. BARYON RAPIDITY DISTRIBUTION

Wr?’m(Y):f dypdyrWin-1(Yp) Wi 1(Yo— Y1) In this section we will apply the most obvious output of
the model, the baryon rapidity distribution, to the available
XQY=Y1.Yp—Y1.Y—Yp). (120  experimental data on nucleus-nucleus collisions. But first we

must describe how to make a nucleus-nucleus collision out
It only remains to solve this Boltzmann-like equation. This of row-on-row collisions. This is standard material for any
can be accomplished by starting with the initial distribution, Glauber-like model, and so we shall go over it without too
Eq. (4), and then iterating over ath andn. much discussion.
A closed form expression can be given for the first Consider a collision between a projectile nucleus and a
nucleon in the row undergoing an arbitrary number of colli-target nucleus with an impact parametetWe can think of

sions[15]: this approximately as a sum of independent collisions be-
tween rows of nucleons as illustrated in Fig. 3. Two rows

P cosly " (n )\k(l—)\)”‘k[ sinhy| %71 will collide when the transverse positiaa of the projectile
Win(y)= sinhyo kzl k| (k=11 | n sinhy row relative to the projectile nucleus’ center of mass and the

transverse positios; of the target row relative to the target
+(1-N)"8(yo—Y). (13 nucleus’ center of mass are relatedy-b+s.. The aver-
age numbers of nucleons in each row, with cross sectional
Unfortunately we were not able to find a closed expressiorarea equal to the nucleon-nucleon cross section, are
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For the nuclear density distribution in lead we use a
Woods-Saxon function

500000 —— S500D o

P = T exd(r—by/a]’

(18

with parameterg.=0.546 fm andy=6.62 fm. Normalization
to A= 208 fixesp,=0.1604 fm 3. For sulfur we use a three-
parameter Gaussigig]
p0(1+Wr2/b2)
r = L
FIG. 3. A schematic view of a row-on-row collision. p(r) 1+ exp[(rz— b?)/a?]

(19

with parameterasv=0.160,a=2.191 fm, andb=2.54 fm.
yp(sp)zaNNf dzpp(sp,2), Normalization toA= 32 fixespy=0.226 fni 3.
To compare with experimental measurements we must
know the trigger conditions; that is, we must know with what
vi(st) =onn f dzp+(sr,2), (15)  probability any particular impact parameter is accepted by
the detector. Such a trigger can best be accommodated by an

. . . - event generator, for then the output of the theory can be sent
wherep Is the baryon density ardis the longitudinal coor- through the experimental filter. Since our model is not an

dinate. Leﬂi%(SP) and?y(sr) denote the probability of hav-  gyen; generator, at least in its present form, we can only

ing m and n nucleons in the projectile and target rows, re-attempt to simulate the trigger as best we can. The procedure

spectively, at the given impact parameter. We defer theve shall use is to make a sharp impact parameter cutoff. The

actual choice of these probabilities. total nucleus-nucleus cross section may be computed follow-
There will be fluctuations in the number of nucleons ining Karol [19]:

each row. Similarly, there will be fluctuations in the number

of collisions suffered by any given nucleon in a row. Takin ot _ 2

these into account, res{llts %%he contribution of the projectiglle TApAT™ J d"bil—exd ~ (b)) 20

nucleons to the final baryon rapidity distribution as follows: ) ) ) )
Heref is the geometrical overlap function of the two nuclei:

dNp L = dZSP T P dZSp
Gy P= 2 2 3 Woy) | St Ps). f(0)= [ S vespivtsn. @y

16

(10 If only those nucleus-nucleus collisions are accepted with an
There is an analogous expression for the target contributionmpact parameter less than or equabtg,, then the corre-
The total rapidity distribution at the fixed impact parametersponding cross section is
is the sum of the projectile and target contributions.

Now the choice of thé®’s must be made. One candidate _ P

is a Poisson distribution. Its disadvantage is twofold: It over- Tapar(Dow) = f d°b{1—exf —1(b) 1} (bey—b).
estimates the magnitude of the fluctuatidtiey are unlim- (22
ited in a Poisson but are limited in reality by the number of

available nucleonsand it would require knowledge of the Clearly
Wr'?m for arbitrarily large values ofm andn, which is com- o = 1im oa a(boy). (23
putationally infeasible. A natural alternative is a binomial, ApAT by P cu

but with what maximum value? It is physically unreasonable

to allow all nucleons in a nucleus to fluctuate into one row.The impact parameter cutoff can be adjusted to reproduce a
The maximum average value of the nucleons in a given rovgiven centrality cut. For example, if only the 6% “most cen-
is about 10 in a large nucleus. We have chosen the maximuitial” collisions are accepted, them,, is adjusted such that

valueN ., to be 14. Varying this number by 1 or 2 does not JAPAT(me)=O.OGU}§’;AT.

change any distribution by more than a percent. Explicitly Now we compare with experiment. Figure 4 shows the
we have chosen proton rapidity distribution measured by NA330] for the
2% most central collisions of -8S at a beam energy of 200
P _ Nmax GeV/c per nucleon. The solid symbols are the actual mea-
Prntse)= m surements and the open symbols are those obtained by re-
o flection about midrapidity. Except possibly for the nuclear
X O (Npax— M). (179  fragmentation regions, that is, withih1 unit of rapidity of
beam and target, the data are represented very well by
Here O is the step function. For the nucleon-nucleon crosd.EXUS.
section we use a constant value of £fwhich is appropriate The first measurements of the proton rapidity distribution
for beam energies ranging from tens to hundreds of GeV. in Pb+Pb collisions at 158 Ge\/ per nucleon have just

vP<sp>H L velse)

N max

Nmax—m

Nmax



472 SANGYONG JEON AND JOSEPH KAPUSTA 56

8 ' ' ' ' ' 50 . . . . .
7-
40t
6-
5 b
// 30}
Ny gl T N,
dy i dy
3t Y 20}
2.
10}
1-
0 'l 'l 1 1 L 0 'l 1 1 'l 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6

G \F/I/G A_ft.hProtor; rell_[;)ld|tfyzc(i)/|st[||_k;)1utlonl_;0|r_ afs coII|S|ct>n at 20? FIG. 6. Proton rapidity distribution for a RtPPb collision at 158
eV/c with a centrality of 2%. The solid line represents our calcu- ~ .\ ,/.\ itk 506 centrality.

lation. Solid diamonds are data from NA35. Open diamonds and the

dashed line are the reflection of the left half have not distinguished between outgoing protons and neu-

trons but have only counted baryons. For collisions of charge
symmetric nuclei at high energy it is reasonable to expect
at nearly 1/2 of the outgoing baryons will be protons due to
e preference to convert more neutrons into protons than
vice versa. This simply follows from phase space and en-
tropy. Accepting that, the LEXUS predictions are in very
good agreement with the data.
So far NA49 has not published its measurements of the
50 ' ' y ' ' baryon rapidity distribution in PbPb collisions. The predic-
— — tion of LEXUS is shown in Fig. 6 for a centrality cut of 5%.
The baryon rapidity density for PbPb is higher than that for
S+S by an order of magnitude.

recently been published by NA421]. They are shown in
Fig. 5 and represent the 6.4% most central collisions. Th
systematic plus statistical uncertainties together are ver
large, and there are only two measured points. To compal
with the proton distributions in PbPb we should point out
an uncertainty in our current application of LEXUS. We

40}
IV. BARYON TRANSVERSE MOMENTUM DISTRIBUTION

30t Even though LEXUS assumes straight-line trajectories, it

N is still possible to get an enhancement of the baryon trans-

—Jy—” verse momentum compared to nucleon-nucleon collisions.

Every time a collision occurs the baryons can get a trans-
201 1 verse kick. As long as they continue to travel with high ve-
locity this will not negate the assumption of straightline tra-
jectories. The path of the baryon may be thought of as a
random walk in transverse momentum-space. The average
transverse momentum-squared of a baryon is related to the
average numbek of collisions it has suffered according to

0 ' : . . : (PH=k(PHnn. (24)

where(p2)yy is the average in a nucleon-nucleon collision.
FIG. 5. Proton rapidity distribution for a PEPb collision at 158 | NiS quantity is approximately beam energy independent for

GeV/c with a centrality of 6.4%. The solid line is our result. The th% beam energies of Zlnterest to [22,23. We will use

data points from NA44 are marked by solid diamonds. The oper{pT>NN:_0-282 (GeVe)“. o

diamonds and the dashed lines are the reflection of the left half. We will assume that the rapidity and transverse momen-

Error bars on the NA44 data represent statistical errors; the limitingum distributions factorize in the elementary nucleon-
short bars represent systematic errors. nucleon collisions, which is close to fact except near the
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edges of phase space. The transverse momentum distributiol 100 —
is well represented by the thermal form
an NimeK(my/Ty) (25
——=Nm m ,
pTd Pr T T ! 10 |
wherem;= \/m2N+ pT2 is the proton transverse mass aN@g i\
normalizes the distribution to one. Takingp2) >
=0.282 (GeVt)? converts intoT;=113 MeV. After suf- 3
fering k collisions the baryon transverse momentum distribu- :: !
tion becomes broader as reflected in a higher temperatur€%|%
T, [24] which is determined by ~l&
* 0.1
Nkfo dprpimeKy(mr /T =K(PF)nn- (26)
The transverse momentum distribution of projectile baryons
can now be computed by averaging over the number of col- 0.01 — ey
lisions. Fory;tyo, pT;ﬁO it is 0 02 04 06 08 10 12 14 16 1.8 2.0
B pr (GeV/c)
d2NP Ap  m A (y n o
2 2 E Winn 2 ( ) FIG. 7. Proton transverse momentum distribution for -aSS
ppoTd = mm1 a1 - (1-M)NE collision at 200 GeV¢ with a centrality of 2%. The solid line
) represents our calculation. Data are from NA35. Rapidity range is
db 0.2<y<3.0.
X(l_)\)n_kamTKl(mT/Tk)J Y
UAPAT(bcut)

freely disperse: They no longer participate in the nuclear
%sp T P collision. The incident nucleons may very well change their
X0 (bey—b) f U_NNPn(ST )Pt Se)- 270 character as they cascade: Protons may convert to neutrons
and vice versa, or they may be excited into varidydN*, or
The reason for the sum ovkrat fixedn is that the probabil- hyperon states. In this section we will compute the average
ity of any given scattering to be considered hard jsvhich  multiplicities of charged hadrons™; kaonsK™, K™, and
is binomially distributed. Thek=0 term just results in KZ; and hyperons\ andA. We could compute the full mul-
pr=0. There is an analogous expression for target nucleonsiplicity distributions, but in this paper we are content to get
Now we compare with experiment. The transverse mothe average multiplicities.
mentum distribution in the 2% most centrakS collisions
at 200 GeVt per nucleon has been measured by NA3H). 100
The data span the rapidity range €.2<3.0 and are shown
in Fig. 7. The shape and the absolute normalization are in
very good agreement with the results of LEXUS.
The transverse mass distribution for protons from the

6.4% most central PbPb collisions at 158 Ge\ per 0 10y
nucleon have been measured by NA#4]. The measure- S
ments were performed gt=2.10 and aty=2.65. They are E
shown in comparison with LEXUS in Fig. 8. The higher =
rapidity data are again in very good agreement with LEXUS; _+|® 1
the lower rapidity data are in less good agreement. The most= g
likely explanation is that we have assumed that elastically or g
diffractively scattered nucleons acquire zero transverse mo- |§

mentum. Allowing for it would increase the distribution at
small pt nearer the projectile and target rapidities. This is a
topic for future investigation.

V. AVERAGE MULTIPLICITIES

OF PRODUCED HADRONS o 0.2 0.4 0.6 0.8 1.0
mr —m (GeV/c?)

0.01 L L )

The production of secondary hadrons, such as pions and
kaons, or the conversion of the incident nucleons to hyper- F|G. 8. Proton transverse momentum distribution for a-Pb
ons, carries additional information about the collision dy-coliision at 158 GeVé with a centrality of 6.4%. Solid diamonds
namics, in particular the entropy. In LEXUS we assume thakre NA44 data and the solid curve is our result. The upper curve is
mesons are created in the collisions of the cascading baryorisr y=2.65. The lower curve is foy=2.10 scaled by a factor of
as in free space. Once created, the mesons are assumeditto.
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Let (X(s))nn represent the average number of mesons of TABLE I. Table of the parameters for the fits in Eq83) and

type X produced in a nucleon-nucleon collision at center-of-(34).

mass energy/s. The average number of such mesons pro- —

duced in a collision between thath projectile nucleon and K™ K™ Ks A A
the nth target nucleon is a 0208 00190  0.0426  0.0891  0.00203
b 6.92 2.62 4.28 4.03 5.67
(X = J dypdyrWin-1(Yp) Wi 1a(yr) c 224 220 0794 116 214
X(X(Yp= Y1), (28) [26] and shown to be rather well-defined functions of the
where s=2mycoshi(yo—y;)/2]. The total number pro- Fermi variable. The parametrizations we shall adopt are
duced in a given row-row collision is obtained by summing aF2
over all nucleon-nucleon collisions: (K" )yn= $
- o b+ (FNNK+ - C)
Ap At m n 3
=2 2 PrtsPrise) 2, 2 o) Py
m=1 n= m=1n=1 (KON m— — o2
(29 b+ (Funk-—©)
3
Finally we need to sum over all rows and over all allowed aFNNKo
impact parameters: (KYn= W (33
(X(b<bgyw)= f b O (be,—b) The parametera,b,c are displayed_in Table I.
PAT( cut The experimental data on and A production was also
d2s analyzed by Gadzicki and Rdwrich. We have constructed
X f —P<X(sp,sT)>. (30)  the following parametrizations for use in LEXUS:
ONN
. , . aFfna
This can be written as a trace over the product of two matri- (A)nn= DT (Fo— 02"
ces. +(Fnna—¢)
Let us first consider the production of negatively charged
hadrons. Gadzicki has showr{25] that the average multi- (Dne aFyu 34
plicity of charged hadrons in isospin averaged nucleon- "N b+ (Fya=0)2
nucleon collisions for laboratory momenta ranging from 2 to
400 GeVk is fit to within about 6% by the simple param- These parametesb,c are also listed in Table |.
etrization In all cases above theyyx are defined as
(h")NN=0.78F ynq(S), (3D (Vs—My)¥*
FNNX:Tv (35

whereF . is the Fermi variable modified for the pion pro-
duction threshold, where the threshold energies avg;=My+ M, + M+ for
» X=A, K", andK%; My=2My+M++My- for K~; and
Frna(S) = (Vs—2my—m,) (39 Mx=2My+2M, for A. We have taken into account the
NNm st/8 ’ uncertainties in the production cross sections in the elemen-
tary nucleon-nucleon collisions as illustrated in Fig. 9 for the
and wherey/s is given in GeV. There are two caveats to A hyperon. In addition to making a best fit to the data, upper
using this parametrization in LEXUS. The first is that for and lower envelopes are constructed which roughly pass
light nuclei such as oxygen or sulfur the isospin averaging ighrough the upper and lower error bars, respectivéljie
alright, but for heavier nuclei such as gold or lead it is not.parameters for these envelopes are not tabulated) here.
However, after one or two collisions protons are more likely —Calculated results for 8S collisions are shown in Table
to transform into neutrons than vice versa because of phagkand compared with measurements of NA27,28 for 2%
space or entropy. Then isospin averaging becomes a betteentrality. The LEXUS results are given for 0%, 2%, and 4%
approximation. The second is that occasionally a nucleon camost central collisions based on impact parameter. These
convert into a hyperon. There is essentially no experimentalepresent the variation in computed abundances with small
information on the charged hadron multiplicity in a hyperon-variations in impact parameter away frdm=0. The experi-
nucleon collision, for good reason. Therefore, for lack of anymental data are based on a definition of centrality as those
other information, we shall continue to use @aizki's pa-  collisions with the highest value of transverse energy. This
rametrization. does not exactly correspond to a sharp range of impact pa-
There is somewhat less experimental information on theameter because of fluctuations. A better comparison would
multiplicity of kaons produced in nucleon-nucleon collisions. involve impact parameter smearing. That is outside the scope
These data have been compiled by @Gaeki and Rawrich  of this paper.
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0.16 T T T T T T T T T d<h7>NN <h7>NN 2 2
= exg —(y— 120 ,
dy \/EU'L(yreD F[ (y yc.m) L(yrel)]
0.14f (36
ool with a width given by the Landau model,
2 (s
20y y=o S0 [ VS
0.1 } O'L(yrel)_ 3 1_081 In 2mN) ’ (37)

Ny 0.08} wherey,o=yp—Yr is the relative rapidity of projectile and

target andy. ,= 3(yp+Y7) is the rapidity of the center of
mass.cy is the speed of sound of the produced matter. Not
surprisinglycﬁw 1/3 provides a good fit to nucleon-nucleon
data[29]. We have used a very slightly smaller value of 0.32
corresponding to a free gas of massive pions at a temperature
of 140-160 MeV. The distinction between 1/3 and 0.32 is
irrelevant for the purposes of this paper.

It is straightforward to compute the distribution
) d(h™)/dy in nucleus-nucleus collisions. All we need to do is

Fywa (\/m) ' ' replace the quantityX)yy with expression(36) in Egs.
(28)—(30).

FIG. 9. Data and fits foA hyperon production irp+p colli- Th,e rapidity distribution oh ™ has been measured in-S
sions. The middle line is the weighted fit for the whole data; theCOlliSions by NA35[20]. The results for the 2% most central
upper and the lower lines represent maximum and the minimunfollisions are shown in Fig. 10. The prediction of LEXUS is
envelopes. Experimental data are taken from [Res]. also shown and presents a very good representation of the

data. Predictions for the 5% most central collisions of

The average number of negatively charged hadrons prd2b+Pb at 158 GeW per nucleon are shown in Fig. 11. No
dicted by LEXUS is in very good agreement with the mea-data have yet been published.
surements. The average number of positive or negative kaons
obtained from LEXUS is about 80% of that observed. This is vII. NEGATIVE HADRON TRANSVERSE MOMENTUM
a two-standard-deviation effect when account is made of the DISTRIBUTION
uncertainty in the production rate in nucleon-nucleon colli- ) ]
sions. The number of short-lived neutral kaons is a factor of Mesons are produced when nucleons collide, and since
2 too small, as is the number of lambdas. The number o€ colliding nucleons are undergoing a random walk in
antilambdas is nearly an order of magnitude too small com{ransverse momentum, the mesons will acquire extra trans-
pared to experiment. This almost certainly indicates a failure/€rS€ momentum too. This is taken into account in the fol-

of the model, most likely as a result of the neglect of mul-loWing way. _
tiple scattering of produced mesons. Suppose that the center-of-mass frame takes discrete steps

Table Il is a prediction of LEXUS for the 5% most cen- V in transverse velocity when baryons undergo hard scatter-

tral collisions of Pb-Pb at 158 GeW per nucleon. No data ing. The magnitude is fixed but its direction in the transverse
have yet been published for these abundances. plane is random. Then one can show that the average trans-

verse momentum squared of pions produced in a collision
between two nucleons which have together undergqe-
vious scatterings is

0.06

0.04}

0.02f

VI. RAPIDITY DISTRIBUTION OF SECONDARIES

It is important to know where the produced particles
emerge in rapidity space. Several types of detectors are able )
to measure the negative charged hadron rapidity distribution v
d(h™)/dy. k ’ P (PD)i=(PD)at7—52Bi(v?)

In nucleon-nucleon collisions the charged particle rapidity
distribution is approximately Gaussian, where

. (38

3
§<p12'>ﬂ'+m§r

TABLE II. The average particle multiplicities in-8S collisions. The NA35 data should be compared
against the 2% most central collisions in LEXUS.

h~ K* K~ K2 A A
NA35 98+3 12.550.4 6.9-0.4 10.5-1.7 9.4-1.0 2.2:0.4
LEXUS 0% 106 9.7 725 5.7 %% 527032 41793 0.29 7918
LEXUS 2% 102 9.4 "33 5.5 98 5.0 752 3.9 %3 0.28 318

LEXUS 4% 97.8 9.0 *14 5.3 *08 4.8 *92 38794 027104
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TABLE lll. Predictions for 158 GeW Pb+Pb collisions as-

. . 250 L L} T Ll T
suming 0 and 5% centrality.
h- K K- K2 A A
LEXUS 0% 886 68 *13 37 *S, 3505 33 %3, 16 29 2ot

LEXUS5% 781 60 "13 3275 3173° 2973, 14738

i—1

Bi(v?)= go

k
1+ 30° dN_
1——) - (39

100
Here(p%},, is the average squared transverse momentum of
pions in elementary nucleon-nucleon collisions. Identifying

50

2 4mNU
<pT>NN:E2_’ (40

we obtainy =0.272.
The average value of the pion transverse momentum in

elementary nucleon-nucleon collisions varies surprisingly g 11, LEXUS prediction for the rapidity distribution of nega-

little for beam momenta ranging from 11.6 GeVio 195 tjvely charged hadrons in 158 Gey/Phb+Pb collisions with a cen-
GeVic [22]. We shall use(p?),=0.155 (GeVt)2. For trality of 5%.

pions, too, a good representation of the transverse momen-
tum distribution in nucleon-nucleon collisions is the thermal

form (25) with the nucleon mass replaced by the pion MAaSSthe full distribution of pions in rapidity and transverse mo-

This results in a pion temperature in nucleon-nucleon coIIi—mentum is then computed analodously to the procedure in
sions of 133 MeV. p gously p

After i previous scatterings of nucleons the pion distribu-S€¢ V-
tion becomes broader with a temperatlifedetermined by

- d2N__ Ap At . . m n
Mf dprpimyK (M /T)=(p?);. (41) — = D PASDPAS) > 2
0 prdprdy 25 52, m=1 n=1

x)\f dypdyrWh o 1(YP) W] 10 (y7)

x<w*<yre.>>NNexq—(y—yc.mﬂ/z(rf(yre')]

V27 (Yre)
X Nnsme oMKy (M /Thym-2). (42
dN_ - , ,
&y A similar analysis can be done for kaons. In this case we use

[22] <p$>K=O.290 (GeVt)2. We assume that the sum of
the K™ and 7=~ multiplicities equals thén™ multiplicity.

In Fig. 12 we show thén™ transverse momentum distri-
bution for the 2% most central4SS collisions for the rapid-
ity interval 0.8<y<2.0. The data is from NA3R20]. In Fig.

13 we show the distribution for the intervak/<3. The
agreement is acceptable with no surprises. The slight under-
0 L . ' : - estimate at very smalp; could be a result of too crude an
approximation to the transverse momentum distribution in
nucleon-nucleon collisions. It could also be a result of mul-

FIG. 10. Rapidity distribution oh~ in 200 GeVk S+S colli-  tiple scattering among the produced pidB§]. We do not
sions with a centrality of 2%. The solid line represents our resultattempt to compute the distribution fpr>1.5 GeVk since
Solid diamonds are data from NA35. Open diamonds and théhe parametrization chosen is not representative of pigh
dashed line are the reflection of the left half. pion data in nucleon-nucleon collisions.
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FIG. 12. Negative hadron transverse momentum distribution for FIG. 13. The same as Fig. 12 but with rapidity range
a St+S collision at 200 GeW with a centrality of 2%. The solid 2.0<y<3.0.
line represents our result and the solid diamonds are NA35 data.

Rapidity range is 0.8y<2.0. ] ) ]
of encounteringn target nucleons without suffering any hard

scattering. All possibilities are summed over as are all rows.
With the probability distribution17) we get
VIIl. ZERO DEGREE ENERGY DISTRIBUTION

Many experiments have what is known as a zero degree P B d?sp N
calorimeter(ZDC) which measures the energy carried by for- Neped D)= | — N vp(Sp)[ 1= Avr(Sr)/ N “ma
ward going particles in a collision. It is in some sense a )
measure of impact parameter since any projectile nucleons d“sp

it rerod ~ (sp)exd —\wr(sp)]. (44)

which participate in the collision get scattered away from the
forward direction; to first approximation only spectator
nucleons go into the ZDC. There is a monotonic relationshipl his has the interpretation of the average number of projec-
between the average number of spectator nucleons and thiie nucleons in a row times the probability of not making a
impact parameter. The ZDC is oftentimes used as a centralityard collision with any of the target nucleons, integrated
trigger whereby acceptance of only small energy depositio@ver all rows. Whern\—0 or whenb— the average num-
roughly corresponds to central collisions. ber of spectator projectile nucleons approachgs as it

The physics of the ZDC is much more complicated thanshould.
the basic idea presented above. The ZDC has a very specific There will be fluctuations in the number of spectator
response to a given hadrop,(n, =°, K™, etc) with a given  nucleons even at fixed impact parameter. The dispersion can
laboratory momentum. This response must be accounted fd¢ computed in the same way as the average number:
to get an accurate comparison between a model calculation
and the data. In this paper we shall make a zero order esti- 2 :f Sp T
mate of the ZDC energy distribution for heavy ion collisions, Dspef D) ONN % P—(sp)mP (s)(2=A)7
and then make a first order correction. n

In a heavy ion collision a certain number of projectile X[1=(1=M)"]
nucleons will not scatter but will continue along the beam d%sp
direction without deflection. Knowing this number we can —J vp(Sp){[ 1= N vr(Sp)/ N g Nmax
compute the energy deposited in the ZDEee caveat INN
abqve._At a given impact pargmeter the average number of —[1=N(2=N) v1(Sr)/ N pa] Nmad
projectile spectator nucleons is

d?sp
~f0 vp(sp){exd —Nvr(sr)]
NN

Nepedb) = f 2 °Y Plse)mPl(sp(1-N)" (43) —exgd =M (2= N)vr(sp ). (45)
mn
WhenA —0 or whenb— oo the dispersion goes to zero, con-

Herem is the number Of projectile nucleons in the row with sjstent with every single one of the projectile nucleons enter-
probability d|str|but|on7? andPT(l \)" is the probability  ing the ZDC.
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FIG. 15. The zero degree energy distribution for 158 GeV/

FIG. 14. The zero degree energy distribution for 200 GeV/ - grex .
S+ collisions. The solid line represents LEXUS with an openingPP+Pb collisions. The solid line represents LEXUS with an open-
angle of 0.15°. The dashed line represents LEXUS with only thdng angle of 0.3°. The dashed line represents LEXUS with only the

spectator nucleons. Data are from NAZ].

spectator nucleons. Data are from NAZEP).

In actual experiments there is a finite opening arfgléor

We will use the central limit theorem to approximate the particle acceptance in the ZDC. This is generally a fraction
conditional probability distribution of the energy carried by of a degree, in the laboratory frame of course. Some of the
projectile spectators into the ZDC at fixed impact parametehard scattered nucleons, both projectile and target, may

by a Gaussian:

emerge with a laboratory angle smaller than this. This effect
will tend to increase the energy flow into the ZDC at a fixed
impact parameter. The additional energy entering the ZDC is

1
—(E b)=——expg—[E
dEZDC( ZDC| ) \/ED(b)Ebeam F{ [ ZDC dsz
_<E(b)>]2/2D2(b)E§ean} (46) E0<0<00(b):f dydpl'(mTCOSW mN)dp dy(b,pT,y)
—tari! i
Here we have made the identification(E(b)) X 0 (6p—tan *(pr/mysinhy)). (48)

eter:

(47)

f dzb—P(E |b)
dEZDC ZDC .

Now we compare with experiment. Data from NA35 for
S+S[31] are shown in Fig. 14 as well as the cross section

Ebean{\lspe((b) and similarly for the dispersion. To get the
ZDC energy distribution we integrate over the impact paramHeredzNP/d prdy is the same as expressit2¥) but without

the averaging over impact parameter. Then in @§) we

identify <E(b)>:Ebea,,{\lspe((b)+E0<ﬁ<00(b). In addition,
the dispersion in the energy entering the ZDC increases and

can be estimated by

for forward-going nucleons in LEXU$dashed curve The
central plateau is just about right, as it should be, reflecting
the basic geometry of the nuclei. The data go beyond th¢ere

kinematical limit of 6.4 TeV in a single S collision as a

result of inefficiencies in the detector. LEXUS predicts too

much cross section for forward-going energies of 1-2 TeV.
Data from NA49 for PB-Pb collisions[32] are shown in

Fig. 15. Once again the central plateau is correctly repro-
duced, but the shoulder at low energy, indicating the most
central collisions, is shifted too far left by about 4 TeV. This

ZDC is improved over that of NA35 and does not go beyond

the kinematic limit of 32.9 TeV.

d%s m
D?(b)= f 3 Pal)Pa(s) 2 0 (49
NN mn m=1
on fdprdEdzNP< )
mn— y Pr de dy Pr.Yy
ma>< P 2
"
deJ deEde dy(pT Y)
(50

+target contribution,
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whereEy = (mrcosty—my), pF¥*=tandymysinty, and dance of strange particles. Formation of quark-gluon plasma
increases the number of strange quarks in the system due to
its relatively small mass in comparison to the kaon mass
[33]. But it is also possible to increase the number of kaons
d2NP V_V'%n(y) n\ . over that produced in nucleon-nucleon collisions by multiple
ppoTdy(pT’y)_l_(l_R)nkzl (k>)\

n
scattering and attendant pair production of kaf8+. Most
N notably the number of antilambdas is too small in LEXUS in

X (1= )" KA meK (M /Ty comparigon to_ce_ntra_d sulfur-sulfur data by almost an order
of magnitude, indicating that there are proportionately many
+(1=N)"8(y—Yyo) 8(p7). (51)  more antistrange quarks in the heavy ion collision than in

nucleon collisiong35]. This is interesting physics. It has

been discussed several times at Quark Matter conferences
The target contribution is obtained by simply changing[1]. Our calculations confirm it. We anxiously await pub-
y—Yo—VY. lished data on strangeness in central lead-lead collisions.

Now we recompare with experiments. The results of There is a preliminary conference report on a forward-

LEXUS with an opening angle of 0.15° is shown in Fig. 14 backward azimuthal asymmetry in Pb-Pb collisidrgs].
by the solid curve. The result of allowing some of the scat-This asymmetry is similar to that seen at much lower Beva-
tered nucleons to enter the ZDC is obvious; it reduces theac energies. It has been interpreted variously as a collective
cross section at small forward energies. The results fopounce-off, as if the two nuclei were behaving as fluids, and
Pb+Pb with an opening angle of 0.3° are shown in Fig. 1535 the absorption of particles in the cold spectator matter. In
also with a solid curve. The better agreement for Pb than fogjther way of thinking the present linear extrapolation of
S is somewhat mysterious. The opening in the ZDC for both,cleon-nucleon scattering does not take this crosstalk of

experiments was actually a square, not a circle, with an apqys into consideration. It would be challenging to do so
erture of 86usr. It is quite possible that the simple angle g37]_

cutoff we have used does not do justice to the complicate
workings of these calorimeters. It is also quite possible tha&
our use of a baryon distribution which factorizes in rapidityh
and transverse momentum in nucleon-nucleon collisions i
too crude near the edges of phase space, such as for ve
forwardgoing nucleons.

A linear extrapolation like LEXUS is only as good as the
ata input from nucleon-nucleon collisions. In this paper we
ave used reasonably accurate yet simple parametrizations of
basic input data. Nevertheless, improvements can be
ade. For example, our treatment of the elastic and diffrac-
tive components of nucleon-nucleon collisions could be rep-
resented more accurately but at the cost of significant com-
plication to the solution to the model as described in Sec. Il.
A better prediction for the baryon momentum distribution
near the projectile and target rapidities would likely result, as

In this paper we have constructed a means to make would a description of the energy deposited in a zero degree
linear extrapolation of nucleon-nucleon collisions to very-calorimeter. Even then, our ability to make a linear extrapo-
high-energy nucleus-nucleus collisions. We call this extrapotation will be hindered by the lack of experimental measure-
lation procedure LEXUS. There is no reference to quarksments of many-particle correlations, such as between the two
gluons, strings, Pomerons, or QCD. The treatment is simplputgoing baryons in an elementary collision, or the correla-
based on a sequence of binary nucleon-nucleon collisions d®n between the rapidities of outgoing baryons with the
in free space. We know that this treatment cannot be exact agimber of produced mesons. It is unlikely that all the exclu-
all of our accumulated knowledge of QCD and high-energysive cross sections for nucleon-nucleon, nucleon-hyperon,
physics of the last 25 years can attest. But it is important t@nd hyperon-hyperon collisions at all the energies of rel-
do these calculations as a base line against more detailed, betance will ever be known experimentally. This is a particu-
of necessity approximate, treatments based on perturbativar shortcoming if one wants to make a Monte Carlo event
and nonperturbative QCD to discover thermodynamic propgenerator out of LEXUS. In case of improvements to
erties of quark-gluon plasma and hadronic matter. What haveEXUS in the future the model described in this paper will
we learned? be known as version 1.0.

The rapidity and transverse momentum distributions of We have not made any comparison to transverse energy
baryons in central sulfur-sulfur and lead-lead collisions at thedistributions as measured by electromagnetic calorimeters.
SPS seem to be well described by LEXUS. The same can bBdany such measurements have been made, but it is a chal-
said for the multiplicity of negatively charged hadrons andlenging task to normalize them in such a way that we can
their rapidity and transverse momentum distributions. Theknow how much energy each type of hadrop, (, a0,
zero degree energy distribution for lead-lead comes out jud€ ™, etc) actually deposits to within a certain accuracy to
about right; for sulfur-sulfur the agreement is less good. Thisnake a comparison meaningful. This will be the subject of a
may be due to our rather simple treatment of elastic anduture application of LEXUS.
diffractive nucleon-nucleon collisions which are more likely  Also under study is an application of LEXUS to some
to influence the outcome of the collisions between smallewery interesting results on the production dfy, photons,
nuclei. and lepton pairs as discussed in recent Quark Matter confer-

What is not reproduced so well by LEXUS is the abun-encedq1].

IX. CONCLUSION
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