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Combining perturbative-QCD inspired models for multiple jet production with low pr multistring

phenomenology, we develop a Monte Carlo event generator HUING to study jet and multiparticle pro-
duction in high energy pp, pA, and A A collisions. The model includes multiple minijet production, nu-

clear shadowing of parton distribution functions, and a schematic mechanism of jet interactions in dense

matter. Glauber geometry for multiple collisions is used to calculate pA and A A collisions. The phe-

nomenological parameters are adjusted to reproduce essential features of pp multiparticle production
data for a wide energy range (&s = 5—2000 GeV). Illustrative tests of the model on p+ A and light-ion

B+A data at &s =20 GeV/nucleon and predictions for Au+Au at energies of the BNL Relativistic
Heavy Ion Collider (&s =200 GeV/nucleon) are given.

I. INTRODUCTION

One of the goals of experiments on nuclear collisions at
ultrarelativistic energies &s ~200 GeV/nucleon is to
study ultradense matter in the laboratory and to search
for evidence of the predicted QCD phase transition to a
quark-gluon plasma (QGP) [1]. However, in order to
recognize new physics in the collision of heavy nuclei due
to the formation of a QGP, methods need to be developed
to subtract the background due to unrelated nonequilibri-
um processes. That background arises mainly from the
convolution of multiple inelastic nucleon-nucleon pro-
cesses in nuclear collisions. For example, QGP formation
is not expected in pp or light-ion induced reactions be-
cause the energy densities achieved and the reaction
times and volumes are too small. Nevertheless, such re-
actions already lead to a wide variety of intricate and in-
teresting correlations among the observables due to the
interplay between nonperturbative low pT physics, multi-
ple minijet production, and the rare high pT QCD pro-
cesses.

Monte Carlo event generators are useful to perform
such complex convolutions and to produce output that
can be compared directly with a wide variety of experi-
mental observables, e.g. , limited acceptance calorimeters,
charged particle correlations, etc. In addition, complete
event generators are useful for planning and design of fu-
ture experiments. Of course, many aspects of multiparti-
cle production even in pp collisions remain uncertain at
this time. Comparison of results produced by different
event generators or by varying the model parameters are
therefore needed to provide a measure of the extrapola-
tion uncertainties to A + 3 collisions. Finally, there is a
need to develop event generators for 2 + A collisions to
serve as theoretical laboratories to test proposed signa-
tures and probes of ultradense matter such as jet quench-
ing [2].

In this paper we present a new Monte Carlo model,
HIJINO (heavy-ion jet interaction generator), to address a
wide range of phenomenological problems involving nu-

clear collisions. The main features included in HIJING are
as follows.

(1) Soft beam jets are modeled by diquark-quark strings
with gluon kinks along the lines of the Lund FRITIOF and
dual parton model (DPM) [3,4]. In addition, multiple
low pT exchanges among the end point constituents are
included to model initial state interactions.

(2) Multiple minijet production with initial and final
state radiation is included along the lines of the PYTHIA
model [5]. In our treatment, an eikonal formalism is used
to calculate the number of minijets per inelastic pp col-
lision. For triggered high pT processes, the associated
enhancement of semihard and soft background is calcu-
lated self-consistently.

(3) Exact diffuse nuclear geometry is used to calculate
the impact parameter dependence of the number of in-
elastic processes [6].

(4) An impact-parameter-dependent parton structure
function is introduced to study the sensitivity of observ-
ables to nuclear shadowing, especially of the gluon struc-
ture functions.

(5) A model for jet quenching is included to enable the
study of the dependence of moderate and high pT observ-
ables on an assumed energy loss dF/dx of partons
traversing the produced dense matter.

The formulation of HIJING was guided by the Lund
FRITIOF [3] and dual parton model [4] phenomenology
for soft B + A reactions at intermediate energies &s + 20
GeV/nucleon and the successful implementation of
perturbative-QCD (PQCD) processes in the PYTHIA mod-
el [5] for hadronic interactions. We note that many other
models for AA collisions have been developed (e.g. ,
ATTILA [6], VENUS [7], HIJET [8], RQMD [9], and MCMC

[10)). However, HIJINO is presently the only one incor-
porating the PQCD approach [5] of PYTHIA to multiple
jet processes and the nuclear effects such as parton sha-
dowing and jet quenching. This is especially emphasized
in HIJINCx because semihard processes are expected to
play a crucial role at the BNL Relativistic Heavy Ion
Collider (RHIC) ( &s —200 GeV/nucleon) and the
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CERN Large Hadron Collider (LHC) (&s -6
TeV/nucleon) energies [11—14]. By incorporating the
successful multistring phenomenology for low pT interac-
tions at intermediate energies, HIJING also provides a link
between the dominant nonperturbative fragmentation
physics at intermediate CERN Super Proton Synchrot-
ron (SPS) energies and the perturbative QCD physics at
the highest collider energies presently forseen. What HIJ-
ING does not incorporate is the mechanism for final state
interactions among the low p T produced particles.
Therefore the approach to local equilibration cannot be
addressed. HIJING is designed mainly to explore the
range of possible initial conditions that may occur in nu-
clear collisions at collider energies. On the other hand,
we have also included a schematic model of final state in-
teractions of high pT partons in terms of an e6'ective en-
ergy loss parameter, dE/dx, to study the magnitude of
jet quenching that may occur in such collisions.

Multiple minijets have been estimated [11,13] to pro-
duce up to 50% (80%) of the transverse energy per unit
rapidity in the collisions of heavy nuclei at RHIC (LHC)
energies. Minijets involve calculable PQCD processes
with transverse momentum scales pT~2 GeV/c. While
not resolvable as distinct jets, they are expected to lead to
a wide variety of correlations among observables such as
transverse momentum, strangeness, and fluctuation
enhancements with increasing A that compete with ex-
pected signatures of a QGP. Therefore, it is especially
important to calculate these background processes as reli-
ably as possible. In addition, it has been shown that mul-
tiple minijet production is important in pp interactions to
account for the increase of total cross section [15] with
energy, the increase of average transverse momentum
with charged multiplicity [17], and the violation of
Koba-Nielsen-Olesen (KNO) scaling of the charged mul-
tiplicity distributions [5,16].

The interactions of high pT jets in the transient dense
medium produced in high energy nuclear collisions is of
interest as a diagnostic tool [2]. High pT partons are pro-
duced on a very short time scale compared to the low pT
partons in the same collision. Such jets provide an
effective "external" probe of the matter since the initial
rate and spectrum of hard processes is reliably calculable
via PQCD [18]. Furthermore, fragmentation models
[19,20] now have the capability to reproduce many of the
essential aspects of the hadronization of such jets. What
jets probe in nuclear collisions is the stopping po~er,
dE/dx, of dense matter for high energy quarks and
gluons. That stopping power is in turn controlled by pD,
where pz ' is the color screening (Debye) scale in that
medium. Estimates for dE/dx in a QGP indicate that
dE/dx could be considerably different in a QGP than in
ordinary hadronic or nuclear matter [2]. In particular a
rapid variation of pD near the phase transition point
could lead to a variation of jet quenching phenomenon
that may serve as one of the signatures of the QGP tran-
sition. However, because of the large background expect-
ed due to minijets [11—14], the detection of a high pT jets
is also more difficult than in pp collisions. Only a full
Monte Carlo study incorporating that large background

can evaluate the feasibility and sensitivity of this observ-
able.

In this paper, we discuss in detail the assumptions and
formulation of the HIJING model and present some nu-
merical results for pp, p A, and A A collisions.
The FOR.TRAN source code is available for distribution.
The outline of this paper is as follows: Section II concen-
trates on those aspects of the model specific to hadron-
hadron interactions while Sec. III introduces our ap-
proach to multiple inelastic interactions in pA and AA
collisions. In Sec. II A, we review the eikonal formalism
for hadron interaction cross sections as discussed in Ref.
[16]. We show how the probability of multiple minijet
production in pp collisions depends not only on the cuto6'
scale po but also on the impact-parameter-dependent par-
tonic overlap function. A new feature of the formalism
developed in Sec. II 8 is to show how those probabilities
change when high pT jets are triggered. In Sec. II C we
discuss our implementation of the nonperturbative multi-
string phenomenology for beam jets emphasizing similari-
ties and differences with the Lund and DPM models. In
Sec. IID, we discuss our model of initial state interac-
tions to account for the higher (pr ) of produced parti-
cles in pp vs e+e and the so-called seagull efI'ect. The
implementation of minijets and hard jets with initial and
final state radiations included in HIJING is discussed in
Sec. II E. In Sec. III A, the nuclear geometry and binary
collision approximation for pA and A A are discussed. In
Sec. III 8 we introduce a model of the impact-
parameter-dependent nuclear shadowing of parton struc-
ture functions. In Sec. IIIC, the mechanism used to
quench jets in terms of gluon splitting is discussed. Nu-
merical results for p + A and 0+ A reactions at
E»b=200 GeV/nucleon are compared to data in Sec.
IIID. Finally, we present predictions for Au+Au at
RHIC energies. Section IV concludes with a summary
and discussion of future applications of HIJING.

A. Cross sections for multiple jet production

The cross section of hard parton scatterings in PQCD
can be written as [22]

do)et

dpT dyi dy2
+ X xtfa(xl pT)x2fb(x2&pT)

a, b,

Xdo' (s, t, u )/dt,
where the summation runs over all parton species, y& and
y2 are the rapidities of the scattered partons, and x

&
and

x2 are the light-cone momentum fractions carried by
the initial partons. These variables are related
by x( =xT(e '+e ')/2, x2=xT(e '+e ')/2, xz.
=2pT/&s. The PQCD cross sections, do, b, depend on
the subprocess variables .s =x,x2s, t = —pT[1

II. NUCLEON-NUCLEON COLLISIONS

HIJING is based on a particular model of high energy pp
inelastic collisions. In this section, the detailed assump-
tions and parameters together with the pp and pp data
used to constrain that model are discussed.
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+exp(yz —y, )], and u = —pT[1+exp(y, —yz)]. In HIJ-

tNG the structure functions, f, (x, Q ), are taken to be the
Duke-Owens [21] structure function set 1, as implement-
ed in PYTHIA [5]. This parametrization for f, (x, g ) is
adequate through RHIC energies. For higher energies
the Eichten-Hinchlife-Lane-Quigg (EHLQ) parametriza-
tion [22] can be used. A factor, It =2, is included to
correct the lowest order PQCD rates for next to leading
order effects.

The integrated inclusive jet cross section with pT )po
is defined by

where TN(b) is partonic overlap function between the
two nucleons at impact parameter b, and o,«TN(b) is the
corresponding average number of minijets.

On the other hand the probability of no minijet pro-
duction depends on a nonperturbative inclusive cross sec-
tion, o.„f„for soft processes defined via

(b) —
[ 1

soft N
]

jet N (8)

The total inelastic cross section of the nucleon-nucleon
collisions is then

s/4 d0)et
~jet

Po dPT dg l d+2
(2) fr;„=f d b g gl(b)

j=0

—ln(2/xT —e ') &y2 &ln(2/xT —e '),
~y, ~

&ln(1/xT+Ql/xT —1) .
(3)

Though the cross sections for three or four partons
production can be estimated perturbatively [23], we take
a probabilistic approach [16,24] to multiple minijet pro-
duction. To calculate the probability of multiple minijets
at a scale po-2 GeV/c, our main dynamical assumption
is that they are independent. This holds as long as their
average number is not too large. Given an interaction
transverse area, -m/po, for processes with pT-po, in-
dependence requires that the total interaction area is less
than mR&, where R& =0.85 fm is the nucleon radius, i.e.,

2
jet (Po N ) ~in=~max (4)

For po )2 GeV/c, and cr;„=40 mb, the right-hand side is
o. „=3 b, and thus the independent approximation
should hold up to the highest energies foreseen. For nu-
clear collisions the total number of jets is given by

AA
jet AA(b)~jet t (5)

where T„~(b) is the nuclear overlap function [11]at an
impact parameter b. For b =0, T„„=3 /fry„, and
multiple minijets may be independent as long as

Note that a jet in our terminology refers to a pair of high
pT partons from a hard scattering. The average number
of jets with PT ~PO in Pjo collisions is thus jVf~ =(T;«/o;„.
The integration region above is restricted to a region
such that x, & 1, x 2 & 1, and x, x2 )4p T /s. This leads for
a fixed pT to the restriction

d b[1—e
' -'+ j ' N' '] (9)

In the eikonal formalism, the elastic, inelastic, and to-
tal cross sections are related by

o =m db(1 —e ' ')
el

db 2( 1 e
—2X(b, s)

)in

(T =277 db 2( 1 e
—&(bs)),tot

(10)

(12)

'fr, ft(s)TN—(b, s)+ t o j„(s)TN(—b, s) . (13)

As in Ref. [16], we assume that the energy-dependent
partonic overlap function can be approximated by the
Fourier transform of a dipole form factor as

xo(g)
TN(b, s) =

~soft ~

with

2
Po

Xo(k) 4 (pot) +3(pot) 0 b /bo(~)
48

(14)

(15)

where ((to=3.9 and frbo(s) —=o„ft(s)/2 providing a mea-
sure of the geometrical size of the nucleon. With this as-
sumption, the eikonal function can be written as

in the limit that the real part of the scattering amplitude
can be neglected and thus that the eikonal function X(b,s)
is real. Comparing Eq. (11) with Eq. (9) one can relate
X(b, s) to

X(b,s) =X,(b, s)+Xb (b,s),

cr,„&(poR„)frR„/A =2o,„/A ~ (6) x(b, ~) —=x(k s) =xo(k) [ I+~,.t(~)/~..ft(~)1 . (16)
For A = 197 the right-hand side is 180 mb, and thus in-
dependence should apply up to LHC energies (see Fig. 1

below). On the other hand, nuclear shadowing of the ini-
tial structure functions cannot be neglected when the lon-
gitudinal wavelength 1/pL of the parton exceeds the
Lorentz contracted nuclear diameter, 2R~/y. We will
return to this point in Sec. III B.

Given the independent jet approximation, the probabil-
ity for multiple minijet production is given by [16,24]

m' oo 2. —2y, (bs). —
2y& (bs)

db I1—e ' '
je

0
(17)

This form ensures that geometrical scaling [25,26] is
recovered at low energies when 0.&„«o.„ft. Integrating
Eqs. (7) and (8) over the impact parameter and dividing
by o.;„, the normalized probabilities for no and j 1 num-
ber of jet productions with pT &po in an inelastic event
are given by

(b)
t jet N ] trjetTN(b) .)[(r T(b) ]~.

j —1
&jI (7)

rr 2 [2X/l(b ~)] —
2)f/, (b, s)

G = db' e
ain

(18)
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FIG. 1. The total pp and pp cross sections as a function of

&s. The solid line is from HIJING calculation and data are from
Refs. [26—31]. The dashed line is the inclusive jet cross section
with po =2 GeV/c.

or pp collisions are shown as a function of &s (solid line)
together with experimental data [26—31]. The dashed
line corresponds to the total inclusive jet cross section.
In Fig. 2 the probability distributions of multiple jet pro-
duction G. are shown for two different energies. The dis-
tribution becomes broader at higher energies showing the
increasing importance of multiple minijet production.

Once the number of jets is determined, PYTHIA subrou-
tines [5] are used to generate the kinetic variables of the
scattered partons. In Fig. 3 we show that the calculated
inclusive jet cross section as a function of the transverse
momentum pT agrees well with the UA1 data [32]. We
note that the calculated histograms reflect only the distri-
butions of the scattered partons and no attempt was
made in this comparison to simulate the calorimetric
definition of jets in UA1 (see Sec. II E for more quantita-
tive comparison with high pT hadron spectra).

We regard the minijet scale pp as a model-dependent
phenomenological parameter separating the PQCD dy-
namics at high pT from the nonperturbative low pT re-
gime. The value pp=2 GeV/c was chosen by fitting the
high energy total cross sections assuming that the cross
section for soft processes is independent of energy [16].
We regard o., «as a measure of the geometrical size of
the hadron to account for geometrical scaling at low en-
ergies [25,26]. It is important for the overall consistency
of the model that pp turns out to be sufficiently large
[11,15] that PQCD can be reasonably applied for pT ~pc.

Choosing pp ——2 GeV/c and assuming a constant value
of o.„«=57 mb at high energies, the calculated cross sec-
tions and the multiplicity distribution in pp collisions
agree well with experiments [16]. This is then the model
we use to simulate multiple jets production at the level of
nucleon-nucleon collisions in HIJINCJ Monte Carlo pro-
gram. In Fig. 1, the calculated total cross sections of pp
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FIG. 2. HUING calculation of the probability distribution 6,-

for j number of minijets at &s =200 (dashed histogram) and
900 GeV (solid histogram).

FIG. 3. The inclusive jet cross section at q=0 as a function
of pT at two di8'erent collider energies. The UA1 data are from
Ref. [32]. The histograms are for the simulated partons in
HIJING from hard scatterings before final state radiation.
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B. Triggering on jet production

Because the differential cross section of jet production
changes several orders in magnitude from small to large
pT, there is often a need to trigger on a jet with a
specified pT cut in order to increase the efficiency of
simulations. This trigger can, however, change the prob-
ability of multiple minijet production and thus the whole
event structure [5]. In particular, such rare processes will
tend to occur most often when the impact parameter is
small so as to increase the partonic overlap. However, at
small impact parameters production of multiple jets is
also enhanced. In order to understand this dynamical
triggering effect, we look more closely at the probability
distribution in Eq. (7).

The jet cross section in the interval ApT at pT is

[~tr; et(PT ) TN (b) ]' b~,„—(p, ) TN(b)
(20)

Of course this can only hold for pT far from the kinemati-
cal limit. By convoluting all the distributions gj. (b,pT)
with PT ~po, we recover Eq. (7).

Now we can divide jets into two groups, one having
pT) pT" and another one having p0 &pT &pT" . Accord-
ing to this grouping, Eq. (7) can be rewritten as

d trjet
~PT .

dPT

According to the assumption of independent jet produc-
tion, the probability distribution ofj such jets is

t [IT, t(po) tr, t(pT" )]Tiv(b)] '
gj(b)= g

j0=0j =0 1

Jg—[rr„ t(p&)
—tr t(pr'g)]TN(b) [trjet(pT ) &(b)] —rr (pr'. g)TN(b)

i / J Jo+JlJt'

If we want to trigger on events which have at least one jet with pT above pT", we have to sum over j, beginning at
j,=1. Therefore, the probability for the triggered events is

[o„„(po) Tbr(b) ]g'"g(b) = "
. I— ~,.t(Po ) —~,.«PT"")

~,.t(Po)
jet po N8 (22)

Obviously g'"g(b) reduces to gj(b) when PT"g=po. Sum-
ming over j ~1 leads to expected total probability for
having at least one jet with pT )pT"g:

(p'" )T (b)trig(b) I &
jet pT N "

(23)

Since g'"g(b) differs from g (b), the triggering of a par-
ticular jet therefore changes the production rates of the
other jets in the same event. This triggering efFect is
especially significant when we consider large pT" . Be-
cause oj„(PT" ) ((oj„(Po), we can aPProximate the cross
section of the triggered events by

trtrig f d2b [ I e jet T N
] tr (p trig)

—0. (p g)T (b)
(24)

By expanding Eq. (22) in the power of o,„(PT"g) we have
the conditional probability

G trig d 2b trig( b )
1

J trig J

We implement Eq. (22) in HUING by simulating two
Poisson-like multiple jets distributions with inclusive
cross sections oj„(Po)—oj„(PT" ) and oj„(PT" ), resPec-
tively. We demand that the second one must have at
least one jet and convolute the two together. To demon-
strate this triggering effect we plot in Fig. 4 the ratio be-

I I I

I

I I I I

I

I I I I

I

I I I I

I

I I

HI JING
o&«(p0=8 GeV/e)=36. 6 mb

r&, (p~)10 GeV/c)=0. 27 mb

——cr&«(pT~&4 GeV/c)=7. 0 mb

2 jt. "t I 0 TN ~ . —o. (po)T~(b)

trajet(PO) J '
p I

0
I I I I I I I I I I I I I I I I

2 4 6 8 10
Oin

jG
~,.t(Po)

(25)

It is clear from the above equation that it becomes more
probable to produce multiple jets due to the triggering on
a high pT jet and the increase from ordinary distribution
is proportional to the number of jets, j.

j (number of jets)
FICJ. 4. HIJINcr calculation of the ratio GJ" /GJ between the

probability distribution of j number of minijets with and
without triggering at &s =900 GeV. The untriggered jets have
a pT cutoff of po =2 CxeV/c while the triggered jet has pT" ~ 4
(dashed histogram) and 10 CxeV/c (solid histogram).
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tween the probability distributions of multiple jets pro-
duction with and without triggering at V's =900 GeV for
two different pz'g. Here all the distributions are normal-
ized to 1 for j ~1. We see that there is continuous in-
crease of the enhancement of multiple jets production in
the triggered distributions. Especially for p~'g & 10
GeV/c (solid line), the enhancement is almost linear to
the number of jet productions j. This enhancement of
multiple jet production in high p& processes can lead to a
number of interesting consequences for the event struc-
ture in pp and pp which will be discussed in a separate
publication.

C. Soft interactions

From Fig. 1 we see that the dominant mechanism of
multiparticle production for Vs 100 GeV is soft in-
teractions. In HIJING we adopt a variant of the multiple
string phenomenology developed in Refs. [3—7] as a mod-
el for such interactions. The picture behind that phe-
nomenology is that multiple soft gluon exchanges be-
tween the constituent quarks or diquarks in hadrons can
lead to longitudinal string-like excitations of those had-
rons. Those interactions must naturally involve small pz
kicks to the constituent quarks as well as induced soft
gluon radiation that can be modeled by introducing kinks
in the strings. The strings are assumed to decay indepen-
dently via quark-antiquark creation using, in our case,
the Lund JETSET7.2 [33] fragmentation routine to describe
the hadronization.

The string excitation is achieved by a collective
momentum transfer P =(P+,P, pz. ) between the had-
rons. Given initial light-cone momenta

mi+P1= P1 r + r0Z. r P2=
P1

m2
rP2 r Z. r0

P2
(26)

with (p,++mz/pz )(p2 +m, /p, + ):—s, the final momen-
ta of the strings are assumed to be

2m1
p1 p1 P r + +P r~T

P1

GeV, and therefore the kinematically allowed region of
x is restricted to

s ~s;„=(Mr,„„+Mr,„,2) (31)

are allowed to form excited strings. Equation (31) also
determines the maximum p~ that the strings can obtain
from the soft interactions. In events with both hard and
soft processes, two strings are still assumed to form but
with a kinetic boundary reduced by the hard scatterings.

In the FRITIOF model [3], the probability for light-cone
momentum exchange is assumed to be P(x+)=1/x+.
This form is motivated by the idea that string formation
results from elastic scattering of wee partons in the col-
liding hadrons. Indeed this assumption reproduces well
the dM/M distribution observed in single diffractive
events [34]. Therefore for single diffractive events which
occur with the cross section determined empirically in
Ref. [34] we take

1P(x+ ) = (x++c /s)'
(32)

where c =0. 1 GeV.
In the FRITIOF scheme, this same excitation law is as-

sumed to hold for non-single-diffractive events and in
subsequent string-string interactions in pA and AA as
well. For 3/s ~100 GeV, this assumption is consistent
with data. However, at higher collider energies we find
that this simple scheme overpredicts the width of the ra-
pidity distribution for produced particles. We therefore
chose instead an excitation probability more along the
lines of the DPM model [4]

(1.0—x+ )'
P(x+)=

( 2+ 2/ )1/4

for nucleons and

x (1—x+ ) Mz.«„& /s, x+ (1 —x ) Mz.«,z /s, (30)

where M~,„,1 =M,„,+pz. , M~,„,2 =M,„,+pz. . Only col-
lisions with

P2
m2 +P+,p2 —P, —

p&
P2

1P(x+ )=
(x +c /'s)'/ [(1—x ) +c /'s]'

The remarkable feature of soft interactions is that low
transverse momentum exchange processes with p~ ~ 1

GeV/c can result in large effective light-cone momentum
exchanges [3], giving rise to two excited hadrons or
strings with large invariant mass. Defining

2m2
P =x+ 3/s-

P2

2m,P =x &s- + r

P1

respectively. In HIJINa, we require that the excited
string mass must exceed a minimum value M,„,=1.5

the excited masses of the two strings will be

M, =x (1—x+ )s —p7. , M2 =x+(1—x )s —pz,
(29)

for mesons. These distributions are motivated by Regge
phenomenology and the idea that the leading strings in-
volve color exchange between constituent valence quarks.

With the above ansatz, the rapidity distributions are in
good agreement with the collider data (see Fig. 11 below).
However, the fluctuations in multiplicity then turn out to
be too small. This problem is solved in DPM by intro-
ducing multiple (sea qq) strings. But, enhanced ffuctua-
tions can also be modeled by introducing induced gluon
bremsstrahlung radiation in the form of kinks in the
strings as proposed in the FRITIOF scheme. Because the
latter model is easier to implement numerically, we use
the FRITIOF radiation scheme to enhance the multiplicity
fIuctuations. Thus after determining the masses using
Eqs. (33) and (34), we utilize the subroutine AR3JET and
ARORIE of FRITIOF1. 7 [3] to determine the rapidity and
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pT of the kinks. However, since HUING treats explicitly
the minijet physics via PQCD, we limit the transverse
momentum of kinks due to soft processes to below the
minijet scale p0=2 GeV/c. This limitation on soft radia-
tion is a characteristic feature of induced gluon brems-
strahlung due to soft exchanges [35]. Thus, unlike FRI-
TIOF which extends the soft radiation phenomenology to
high pT, HIJING restricts that phenomenology to pT &po
and uses PQCD in the pT )p0 region.

We emphasize that the low p T algorithm used in
HIJING is a phenomenological model needed to incorpo-
rate nonperturbative aspects of beam jet physics. Many
variants of soft dynamics can be envisioned, but none can
be rigorously defended from fundamental QCD. One of
the attractive aspects of going to the highest possible col-
lider energies is that the theoretical uncertainties due to
soft dynamics is reduced as more and more of the dynam-
ics becomes dominated by calculable semihard and hard
QCD processes.

In Fig. 5, we show that our low pT algorithm repro-
duces the energy dependence of multiparticle production
at moderate energies [36,37]. In Fig. 6, we show that the
calculated multiplicity fluctuations are also in reasonable
agreement with data at ISR energies [38]. In particular,

I I I I

)

I I I I

(

I I

~ ISR

)I~

10—1

10 2

10-4
0

HIJING ~s=53 GeV
——-HIJING ~s=27 GeV

I I I I I I I I I I I I I

1 2

n/(n)

- f41]
kk

I

I

1
I

I

I I

3

FIG. 6. The KNO plot of the charged multiplicity distribu-
tions in pp collisions. The ISR data are from Ref. [38]. The his-

tograms are from HIJING calculation at &s =53 (solid) and 27
GeV (dashed).
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In Fig. 7, we compare the data on proton rapidity dis-
tribution at E&,b =24 GeV to HIJING. The distribution is
less well reproduced than the data on meson production
in Fig. 5. This could stem from using the default diquark
fragmentation scheme of JETSET7.2. A better agreement
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with the baryon distribution data can be achieved by in-
troducing additional diffractive mechanisms involving sea
quark-antiquark chains as in DPM models [4,7]. In the
present version of HI JING, those mechanisms are not im-
plemented.

D. Low p T transfer

In addition to the low p T &p o gluon kinks, HUING in-
cludes an extra low p T &p 0 transfer to the constituent
quarks and diquarks at the string end points in soft in-
teractions. This effect is important at low energies
EI b 20 GeV to account for the high pz- tails of the pion
and proton distributions. We parametrize this transverse
momentum kick probability by the following form:

f~;.~(p'T )"~(p'o pT) [(pT—+c')(pT+p'o )]

where as in Eq. (32) c =O. 1 GeV/c. This form was
chosen to ensure that f„;,k(pT) extrapolates smoothly to
the regime of hard scatterings while varying more slowly
for p T «p o. Since diquarks are composites, we assume
that the p T transfer to a diquark is further suppressed by
a dipole form factor with a scale of 1 GeV/c.

This p T kick to the quarks or diquarks during the soft
interactions provides an increase in transverse momen-
tum of produced hadrons. With the above choice for the
soft transverse momentum distribution the p T spectra of
produced particles at low energies [36] are well repro-
duced by the model (solid histogram) as shown in Fig. 8.

1004 I I I I I I I I I I I I I I I I I I I I I I I I

O Blob el et al Elab 24'

Note that HIJING uses the default settings of Lund Monte
Carlo program JETSET7.2. At these low energies, soft
gluon radiation has a negligible effect. Without that ex-
tra soft pz kick (dashed histogram), the transverse
momentum from pair production in string fragmentation
is not enough to account for the higher tail of the data at
large pz-.

In Fig. 9, the averaged transverse momentum (pz. ) is
shown as a function of rapidity y &,b for negative charged
particles. Both HUINa and experimental data [37] show a
scaling behavior in the fragmentation region and a slight
increase of (pz ) with energy in the central region. An
alternate way to plot the same data is shown in Fig. 10.
There (pT ) is plotted as a function of Feynman variable

xf 2+pT+m sinh(yi, b
—y, )/1/s. Because x

varies with &s for fixed pT and y„„,the scaling of (pz.
in y „b naturally leads to the energy dependence of the
so-called seagull effect, which is mainly of kinematic ori-
gin.

E. Structure of multiple production

In inelastic pp interactions, at least two excited strings
are produced. The color Bow along the string is from one
end point to the other. Complications arise when one
considers the color configuration of events with multiple
hard interactions. Even though the color How can be
given by a consistent scheme [39] to a certain approxima-
tion in an event with one hard scattering, the color ar-
rangement in multiple jets events can be very complex.
This problem cannot be answered rigorously in PQCD as
it deals with the long range correlations imposed on the
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(dashed) soft p & kick.

FICr. 9. (pz ) as a function of y„b for negative particles in pp
collisions at E&,b = 102 and 400 GeV. The data are from Ref.
[37] and lines are from HIJINci calculation.
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multiparton final state by confinement. For many in-
clusive observables, however, the final results fortunately
do not appear to be sensitive to such effects [5]. For ex-
ample in multigluon events, the end point partons
(quarks or diquarks) can be connected in many different
ways to the gluons. However, we have checked that the
inclusive particle distributions are insensitive to that or-
dering. In HuINa all gluons are ordered simply accord-
ing to their rapidities. This effectively minimizes the in-
variant mass of the string [5]. We also utilize that insen-
sitivity to simplify the numerical treatment of hard pro-
cesses involving one or more quarks or antiquarks. For
rare events which have a hard process involving quarks
or antiquarks we restrict the subsequent ones to gluon-
gluon scatterings. For numerical simplicity, the Aavor of
the final scattered quark or antiquark is, however, re-
placed by one of the valence quarks to fix the color flow.
This prescription leads to a small error for flavor correla-
tions but retains the correct rate and kinematics of those
PQCD processes. We have checked in particular that the
moderate high p, K /m. ratio is not sensitive to this
simplification because gluon jets dominate in such observ-
able s.

Once the interaction cross sections and the number of
jets produced at given impact parameter are determined
as in Sec. II A, we use the PYTHIA Monte Carlo program
to determine their kinetic variables, including the initial
and final state radiations associated with each hard
scattering. The accompanying soft interactions are treat-
ed as discussed above but with the energies of the scat-
tered partons subtracted from the total. The final had-

ronization stage is treated by the JETSET7.2 model.
In Fig. 1 1, we show the calculated and experimental re-

sults [40] on pseudorapidity distributions of charged par-
ticles in non-single-diffractive events of pp at ~s =53
GeV and pp collisions at ~s =200 CxeV. HIJING (solid
histograms) reproduces both the overall widening of the
distribution and the increase of central density with the
colliding energy. As a comparison, we also show the
same calculated distributions when jet production is
switched off (dashed lines). We note that minijet produc-
tion is virtually negligible at energies of the CERN Inter-
section Storage Rings (ISR). At CERN Collider energy,
however, minijets production becomes an important
source of particle production in the central region.
Without jets, the central density dn, z /dg (g =0) is essen-
tially independent of energy. The rise of the central den-
sity with energy due to jet production leads to a nonlinear
increase of the total multiplicity as a function of in(s)
[16].

The most convincing demonstration of the importance
of jet production is seen in the pz- distribution of pro-
duced particles. Shown in Fig. 12 are the invariant in-
clusive cross sections as a function of p T at the same two
energies from HIJING (histograms) compared to the same
collider data [41,42]. Instead of being nearly an exponen-
tial function of pT at low energies as shown in Fig. 8, the
p T distribution exhibits a power-law tail characteristic of
PQCD. The successful reproduction of the magnitude
and the energy dependence of the moderate high pT tails
is an important test for the overall consistency of this ap-
proach of combining soft string phenomenology with
hard QCD dynamics.

The importance of multiple minijet production is also
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FIG. 11. Pseudorapidity distributions for charged particles
in non-single-diffractive pp at &s =53 GeV and pP collisions at
~s =200 CseV. The data are from Ref. [40] and the histograms
are from HI JING calculation with (solid) and without (dashed
lines) jet production.
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rejected in the multiplicity distributions and the underly-
ing event structure. Plotted in Fig. 13 is the charged
multiplicity distribution at &s =200 GeV. The histo-
grams are from HuING calculation and the data points
are from Ref. [43]. Also shown in the figure are the con-
tributions to the multiplicity distribution from events
with no jet production (dot-dashed histogram), one jet
production (dashed histogram), and two or more jet pro-
duction (dotted histogram). We can see that the low mul-
tiplicity events are dominated by those of no jet produc-
tion while high multiplicity events are dominated by
those of at least one jet production. The contributions
from events of multiple jet production are small but not
negligible at this energy. In our calculation at higher en-
ergies [44], we find that multiple jet production has dom-
inant contributions to the high multiplicity events.

III. JKT PRODUCTION IN
ULTRARKLATIVISTIC NUCLEAR COLLISIONS

—sp i & t i I »»
0 2 4 6 8 10

p (GeV/c)

FIG. 12. Inclusive cross sections for charged hadrons as a
function of pT in pp at &s =53 GeV and pp collisions at
&s =200 CreV. The data are from Refs. [41,42] and histograms
are from HIJING calculation.
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FIG. 13. Charged multiplicity distribution in pp collisions at
&s =200 GeV. The data are from Ref. [43]. The solid histo-
gram is from HIJING calculation with contributions from events
with j =0 (dot-dashed histogram), j = 1 {dashed histogram), and

j ~ 2 (dotted histogram) number of jet productions.

A. Binary collision approximation

In HurNG, a nucleus-nucleus collision is decomposed
into binary collisions involving in general excited or
wounded nucleons. Wounded nucleons are assumed to be
q

—
qq string-like configurations that decay on a slow

time scale compared to the collision time of the nuclei.
In the FRITIOF scheme wounded nucleon interactions fol-
low the same excitation law as the original hadrons. In
the DPM scheme subsequent collisions essentially differ
from the first since they are assumed to involve sea par-
tons instead of valence ones. In HIJING we adopt a hy-
brid scheme, iterating string-string collisions as in
FRITIOF but utilizing DPM-like distributions as in Eqs.
(33) and (34). Another dift'erence in the way soft interac-
tions are treated in HIJING is that string-string interac-
tions are also allowed to deexcite as well as excite further
the strings within the kinematic limits. In contrast, in
the FRITIOF model multiple interactions are assumed to
lead only to excitations of greater mass strings. Many
variations of the algorithm for multiple soft interaction
are of course possible as emphasized before. The one im-
plemented in HIJING is simply a minimal model which
reproduces essential features of moderate energy pA and
AA data.

The binary collision approximation is of course valid
for rare hard scatterings. In that case, multiple hard pro-
cesses involve independent pairs of partons. Only very
rarely does a given parton suffer two high pT scatterings
in one event. As the energy increases the number of par-
tons that can participate in moderate pT )po processes
increases rapidly and initial state interactions can lead to
nuclear shadowing phenomenon as will be discussed in
the next subsection. However, the basic independent
binary nature of the multiple minijet production rate is
expected to remain a good approximation as long as Eq.
(6) holds.

The number of binary collisions at a given nuclear im-
pact parameter is determined by Glauber geometry. We
employ three-parameter Woods-Saxon nuclear densities
determined by electron scattering data [45] to compute
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that geometry as done in ATTILA [6].
For each binary collision, we use the eikonal formalism

as given in Sec. II A to determine the probability of col-
lision, elastic or inelastic and the number of jets it pro-
duces. After a hard scattering, the energy of the scat-
tered partons is subtracted from the nucleon and only the
remaining energy is used to process the soft string excita-
tion. The excited string system minus the scattered hard
partons suffers further collisions according to the
geometric probabilities.

After all binary collisions are processed, the scattered
gluons from each nucleon are arranged according to their
rapidities and connected to the valence quarks and di-
quarks of that nucleon in the collision. The rare hard
scatterings of q-q pairs with opposite Aavors are treated
as a special case and processed as independent strings.

As we have mentioned before, soft interactions which
will accompany almost every nucleon-nucleon collision
result in a low transverse momentum transfer to the
quarks or diquarks. Multiple inelastic interactions can
also effectively increase the initial pT of partons prior to a
hard scattering event. This is a form of initial state in-
teractions that can have some modest effect on hard pro-
cesses in nuclei. This together with the intrinsic parton

pT already included in PYTHIA leads to an enhanced aco-
planarity of jets in nuclear collisions. We assume that the
distribution of such initial state transverse momentum
kicks is given by the same distribution as in Eq. (35). The
effect of this initial state interaction can be tested in jet
production in p A reactions, as will be discussed in anoth-
er publication.

B. Nuclear shadowing effect

At &s =200 (2000) GeV/nucleon, the minijet inclusive
cross section from Fig. 1 is c7,„-10 (70) mb. For
Au+Au collisions, a central core of area o.;„=40 mb
could have up to -50 binary interactions on the average.
Assuming additivity of the nuclear structure functions,
f,&„(x,g )=Af, &~(x, q ), the average number of mini-
jets produced in that core is then —12 (84). Since the
production area of minijets is -0.3 mb, the fraction of
the transverse area cr;„ involving minijet processes is then
0.1 (0.6) &1. Thus, up to &s =2000 GeV/nucleon, the
multiple minijet processes can be treated approximately
as independent "hot spots. " However, this upper limit is
conservative since nuclear shadowing, as we discuss
below, reduces the number of minijets actually produced.

The number density f,&z(x,po) of initial partons
(mostly gluons) at the scale x -2po/&s is not additive in
the nucleon number as x ~0. At small x, nuclear
modifications of the parton structure functions ire ex-
pected. In particular it is known [46] that the number of
quarks and antiquarks in a nucleus is depleted in the low
region of x. Several mechanisms have been proposed to
explain this so-called nuclear shadowing effect based on
the parton model. One of them [47] attributes the sha-
dowing effect to the destructive interference which dimin-
ishes the Aux and interactions of partons in the interior
and back face of the nucleus. Another [48] ascribes sha-
dowing to gluon recombination at high densities. While

data exist on quark shadowing to constrain and test such
models, nothing is known directly on gluon shadowing
which is most relevant for multiple minijet production.

In HIJING we have included a simple parametrization
of gluon shadowing to test the sensitivity of the final dis-
tributions to this aspect of nuclear dynamics. While
theoretically there may be differences between quark and
gluon shadowing [49], we assume for simplicity that the
shadowing effects for gluons and quarks are the same.
We also neglect the possible QCD evolution of the sha-
dowing effect, because experiments find no prominent Q
dependence of the nuclear effect on quark structure func-
tion. At this stage, the experimental data unfortunately
cannot fully determine the A dependence of the shadow-
ing even for quarks. We will follow the A dependence
proposed in Refs. [48,50] and use the following parame-
trization,
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FIG. 14. The ratio of quark structure functions
R „(x)=F2"(x)/AF2 (x) as a function of x in small and medium
x region for different nuclear mass number A. The data are
from Ref. [46] and curves are the parametrization in Eqs. (36)
and (37).

(37)

where xo=0. 1 and xL =0.7. The term proportional to
a„ in Eq. (36) determines the shadowing for x &xo with
the most important nuclear dependence, while the rest
gives the overall nuclear effect on the structure function
in x )xo with a very slow A dependence. As shown in
Fig. 14, this parametrization reproduces the measured
overall nuclear effect on the quark structure function in



3SI2 XIN-NIAN %'ANG AND MIKLOS GYULASSY

the small and medium x region [46].
Equation (36) represents only the average nuclear

dependence of the structure function. However, in the
binary approximation, we have to calculate the effective
jet cross section at the nucleon-nucleon level at each im-
pact parameter. Physically, it is natural to expect that
the nuclear efFects on the structure functions could de-
pend on the local nuclear thickness at each impact pa-
rameter [13]. Equation (37) is consistent with the as-
sumption that the shadowing parameter a„(r) is propor-
tional to the longitudinal thickness of the nucleus at im-
pact parameter r. We therefore parametrize the impact
parameter dependence of a ~ in Eq. (36) as

a ~ ( r ) =0 1( A. ' —1 )—', +I r —/R ~ (38)

where r is the transverse distance of the interacting nu-
cleon from its nucleus center and R z is the radius of the
nucleus. For a uniform-sphere nucleus with overlap
function T„(r)=(3A /2~R ~ )Q 1 r /—R„, the averaged

R~a~(r) is a~ = Jo "rrdr T„(r)a„(r)/A. Because the
rest of Eq. (36) has a slower A dependence, we only con-
sider the impact parameter dependence of ez.

To simplify the calculation during the Monte Carlo
simulation, we can decompose R „(x,r) into two parts,

R „(x,r) =R „(x)—a„(r)R~ (x), (39)

where a„(r)R„'(x) is the term proportional to a„(r) in
Eq. (36) with a„(r) given in Eq. (38) and R„(x) is the
rest of R„(x,r) Both R. „(x) and R'„(x) are now in-
dependent of r. The effective jet production cross section
of a binary nucleon-nucleon interaction in 3 +B nuclear
collisions can therefore be decomposed as [13]

eff 0
ajet(rA&rB ) ajet aA( A )ajet

(40)

where o.
jpf p o jet/ 0 jptp and o jet can be calculated through

Eq. (1) by multiplying f, (x „pT )fb(x 2,pT ) in the
integrand with R „(x,)R~ (x z ), R '„(x, )R~ (x z ),
R„(x, )RJ'j(x2), and R„'(x, )R~(x2), respectively.

In central Au+ Au collisions at &s =200
GeV/nucleon, this impact-parameter-dependent parton
shadowing reduces the averaged inclusive jet cross sec-
tion with pT )po by 50%%uo from its value in pp. However,
at this energy we can see from Fig. 14 that minijet pro-
duction is still not in the deep-shadowed region of x. For
sufficiently high energy, most of the minijets come from
x 0.01 region so that the efFective minijet cross section
may be reduced by a factor 3 in central Au+Au col-
lisions. Note that this large reduction of minijet multipli-
city by gluon shadowing may increase the limit on the in-
dependent multijet production up to v's =50
TeV/nucleon for Au+ Au collisions.

with high density will be produced in the central region.
Because this matter extends over a transverse dimension
of -Rz, jets with high pT will traverse the dense matter
for a comparable distance. In Ref. [2] it was suggested
that jet quenching resulting from energy loss in that
matter may provide a useful probe of the properties of
that system. To test this idea more quantitatively we
have included an option in HIJING to model jet quenching
in terms of a simple gluon splitting mechanism.

The energy loss of a high energy quark or gluon in hot
QCD matter has been estimated in Refs. [51—53]. It ap-
pears that radiative energy loss due to induced gluon
bremsstrahlung in soft final state scatterings dominates
the energy loss mechanism. The radiative energy 1oss per
unit length, dE/dx, in the limit of small mean free path
A,, «E/p has been estimated to be [53]

3{x
dE/dx = p X(E/A. ,p, s/4p ),

vr
(41)

where X(x,y)=lnx(lnx —1+1/x)+lny(1 —x/y), E is
the energy of the propagating parton, t/s is the c.m. en-
ergy of the soft interactions, and p is the infrared (Debye)
cutofF scale in the matter. In a QGP, k, —1/(a, T),
s=6ET. We note that unlike elastic scattering energy
loss [51,52], the induced radiative energy loss is perturba-
tively the same for quarks and gluons [53]. For
@=0.2—0.4 GeV, cx, =0.25 and T=0.2 GeV, a parton
with energy of 30 GeV could have an induced radiative
energy loss dE/dx —1 —2 GeV/fm. Of course, Eq. (41)
only serves as an order of magnitude estimate. It illus-
trates, however, that if there is significant variation of
p(T) near the QGP phase transition at T, [54], then there
could be a significant change of jet quenching as a func-
tion of T [53] around T, .

Induced radiative energy loss is modeled in HIJING by
determining first the points of final state interaction of
hard partons in the transverse direction and performing a
collinear gluon splitting at every point. We assume that
interactions only occur with the locally comoving matter
in the transverse direction. Interactions with the nuclear
fragments is negligible because the two nuclear discs pass
each on a very short time scale 2R/y «1 fm. The in-
teraction points are determined by a probability with a
constant mean free path A,„

dl
e (42)

where I is the distance the jet has traveled in the trans-
verse direction after its last interaction.

Since the prehadronization state in HIJING is represent-
ed by connected groups (strings) of valence partons and
gluons (kinks), interactions can be easily simulated by
transferring a part of the parton energy,

b.E ( l ) = l dE /dx,

C. Jet quenching

Another important nuclear efFect on jet production in
heavy-ion collisions is final state interaction. In high en-
ergy heavy-ion collisions, hadronic or partonic matter

from one string configuration to another. Collinear gluon
splitting results in a net jet quenching at the stage of had-
ronization because the original hard parton energy is
shared among several independent strings. This simple
mechanism of course conserves energy and momentum
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and is numerically simple. A dynamical parton cascade
approach (see, e.g., Ref. [55]) involving the space-time de-
velopment of parton showering is beyond the scope of
HIJING.

The main usefulness of our schematic quenching model
is to test the sensitivity of the final particle spectra to an
assumed dE /dx and X, . In particular, one of our
motivating goals is to check if the quenching e6'ects pro-
duced with dE/dx-2 GeV/fm and A,, —1 fm can be
detected given the large multip1e minijet background in
A 3 collisions.

D. Numerical examples

60

50—

40—

30—

20—

' 0+Au(central)

)- ) -- ()
(W

()--
-- ('i

()

nfl O
rh I

()&&~D

I I I I

i

I I I I

i

I I I I

NA35'
& Ebb=60 Gev/nucleon-
o EI b

——200 GeV/nucleon

In this section we apply HIJINCx to several illustrative
problems. Further results emphasizing the novel predic-
tions of this model will be reported elsewhere.

First, to demonstrate that the model works well down
to low energies we compare our results in pA and AA
collisions with data at SPS energies. We show in Fig. 15
the calculated rapidity distributions of negative charged
particles in pp (dot-dashed histogram), pAr (dashed histo-
gram), and pXe (solid histogram) collisions at EI,b =200
GeV. The data are from Ref. [56]. Because jet produc-
tion is neg1igible at this energy, the particle production is
mainly through soft excitations of projectile and target
nucleons. Our low pT algorithm reproduces the increase
of particle production in the central region with the num-
ber of participating target nucleons as well as other mod-
els [3,4] in this energy range. The peak of the rapidity is
shifted back towards the target region and is proportional
to the target atomic number. In the target region, HIJING
underpredicts the particle production due to the neglect
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of final state cascading [10].
Also shown in Figs. 16 and 17 are the calculated rapi-

dity distributions of negative particles in central 0+Au
collisions at E&,b=60 and 200 G-eV/nucleon, and the

lab

FIG. 16. Rapidity distributions for negative particles in cen-
tral 0+Au collisions at EI,b =60 and 200 GeV/nucleon. The
data are from Ref. [57] and histograms are from HIJING calcula-
tion.
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FIG. 15. Rapidity distributions for negative particles in pp
(circle, dot-dashed histogram), pAr (crossed-square, dashed his-
togram), and pXe (square, solid histogram) collisions at
E„b=200 CxeV. The points are data from Ref. [56] and histo-
grams are from HI JING calculation.
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FIG. 17. pT distributions for negative particles in pp and cen-

tral 0+Au collisions at EI,b =200 GeV/nucleon. The data are
from Ref. [57] and histograms are from HIJINo calculation.
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transverse momentum distributions of negative particles
in p +p and central Q+ Au collisions at E„b=200
GeV/nucleon. The overall features of the data [57] are
well accounted for except for the enhancement of the low

pT (0.2 GeV/c region in 0+Au. That enhancement is
currently believed to originate also from final state in-
teraction [58]. The data for the 0+Au collisions are tak-
en with a central trigger. In our simulations we select
central events which can give the corresponding averaged
multiplicity. We include these comparisons here only as
a necessary test of the multiple soft interaction algorithm
in HIJING.

At collider energies, the new physics associated with
multiple minijet production is expected to lead to new
nuclear dependence of multiparticle production. We il-
lustrate this here with the simplest observables: the rapi-
dity and transverse momentum distributions. Shown in
Fig. 18 are the calculated pseudorapidity distributions of
charged particles by HUING in central (b =0) Au+Au
collisions at &s =200 GeV/nucleon. The solid line is the
default result which includes multiple minijet production,
nuclear shadowing of small x partons, and jet quenching.
Comparing to the case of only soft interactions (dotted
line), jet production contributes almost half of the total
produced particles in the central region.

As can be seen by comparing the curves with and
without nuclear shadowing, nuclear shadowing of par-
tons is expected to have a significant effect on particle
production at this energy. Without shadowing (dot-
dashed line), the particle density in the central region
could double our default result. In this calculation the

number of pairs of minijets produced is reduced from
(N„„)=290 to 150 by the parton shadowing. Of course,
this number depends sensitively on our assumption that
gluon shadowing is the same as quarks and antiquarks.
Similar estimates for the magnitude of the shadowing
efFects was also obtained by Eskola [13]. In that work a
smaller effect of shadowing relative to nonshadowing was
found for dET/dy at this energy because it was assumed
that the soft contribution scales as 3,and thus is sub-
stantially larger than in our multistring model of soft pro-
cesses.

At this point it is important to emphasize again the un-
certainty associated with the extrapolated soft dynamics
from SPS to collider energies. Our extrapolations are
conservative in that we assume that the number of beam
jets in 3 + 3 is simply the number of wounded nucleons,
i.e., 2A. Each wounded nucleon is in turn represented by
a string with mass ~ &s and kinks limited to pr (po. In
DPM-type models [4,7] additional independent sea qq
strings are assumed to arise. The number of such strings
grows as A . However, such low pT sea strings should
be subject to nuclear shadowing just as their moderate
pT )po minijet counterparts. In addition the assumption
of independence of such strings is also questionable be-
cause of the absence of a high pT scale limiting the in-
teraction domain to a small transverse area. Neverthe-
less, such variations in the soft dynamics cannot be ruled
out from first principles and thus must be included in es-
timating the theoretical uncertainty extrapolating to
A + 2 at collider energies.
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FIG. 18. The prediction of pseudorapidity distribution (solid
line) by HIJINa for charged particles in central Au+Au col-
lisions at &s =200 GeV/nucleon. The dot-dashed line is the
prediction without parton shadowing and jet quenching, dashed
line is with parton shadowing but without jet quenching, and
dotted line is without jet production.
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FIG. 19. The prediction ofpT distributions for charged parti-
cles by HIJIN| with (solid histogram) and without (dashed histo-
gram) jet quenching in central Au+Au collisions at &s =200
GeV/nucleon with dE/dx =2 GeV/fm and A,, =1 fm.
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In principle, gluon shadowing can be determined via
direct photons and jet production in p + 2, and thus at
least the minijet contribution could be more reliably
determined. The soft contribution, on the other hand,
may also be rather sensitive to low pz final state interac-
tions. Indeed if a QGP is formed in Au+Au collisions
then a variety of striking phenomena have been predicted
for the low pT observables. Figure 18 is therefore only il-
lustrative of the magnitude of expected phenomena.

It is of interest also to compare the result with (solid)
and without (dashed line) jet quenching. The quenching
mechanism in HIJING is limited to pT & 2 GeV/c partons.
This-leads to a small enhancement of the low pT particles
in Fig. 18. The effect of jet quenching is of course more
pronounced at high pT. We show, in Fig. 19, the pT dis-
tributions of charged particles with dE/dx =2 GeV/fm
and A,, = 1 fm (solid histogram) and without jet quenching
(dashed histogram) in the same central Au+Au collisions
at &s =200 GeV/nucleon. We observe a substantial
suppression of charged particles at large pT due to jet
quenching in the range of pT=4 —8 GeV/c. This effect
should therefore be easily measurable experimentally.
We find that with dE/dx -2 there could be a factor of
three suppression of high pT particles in that range. The
systematic study of the 3 dependence of the pT~10
GeV/c distributions can thus be used to look for varia-
tions in dE/dx as a function of the initial entropy density
~(dN/dy)/R„ in the search for the QGP transition.
This topic will be addressed in more depth in a separate
publication.

IV. SUMMARY AND OUTLOOK

We have, developed a new Monte Carlo model, HIJING,
to estimate initial conditions via multiple jet production
in ultrarelativistic heavy-ion collisions. Our starting
point was a model for multiple jet production in hadronic
interactions in the framework of eikonal formalism and
then generalized to the case of @+3 and 3 +2 col-
lisions. HIJING provides a consistent framework which is
constrained by the available experimental data in low en-
ergy p + A, B + 3, and both low and high energy p +p
(p+p) collisions. It also allows the study of novel nu-
clear effects such as parton shadowing and jet quenching
in B + 3 collisions at collider energies.

Soft interactions leading to beam jets were modeled in
the spirit of the FRITIOF and DPM multistring models
with differences as noted. Both excitation and deexcita-
tion of strings is allowed in wounded nucleon-nucleon in-
teractions in a nucleus-nucleus collision. Because we
treat explicitly hard QCD processes with pT )po =2
GeV/c, initial state soft pT kick and gluon kinks are lim-
ited to be below the po scale. We have shown that our
low p T phenomenology accounts for the transverse

momentum distribution of produced particles with a con-
sistent Lund string fragmentation scheme. A shortcom-
ing of the present model is the poor agreement with the
leading baryon rapidity distributions.

The importance of multiple jet production was
confirmed at collider energies for p+p collisions. Events
with high multiplicity are dominated by multiple minijet
production. In particular, they provide a natural ex-
planation for KNO violation at high energies [16]. The
increase of the central rapidity density with energy and
the development of large pT tail of inclusive cross sec-
tions are also consistently explained with this mechanism.
In high energy heavy-ion collisions, jets are even more
dominating because of the rapid growth of the number of
elementary binary collisions. Almost half of the
thousands of produced particles in Au+Au can be ex-
pected due to minijets at &s =200 GeV, even though jet
production may be reduced by a factor of two due to the
gluon shadowing. Because the particles from hard par-
ton scatterings have a different 3 dependence from that
of soft interactions, the parton shadowing could also
influence strongly the nuclear dependence of the central
rapidity density in 3 + 3 collisions.

We implemented a schematic model for jet quenching
with comovers. We found that energy loss of high pT jets
should be easily observed already at the single inclusive
level, especially in the moderate pT-4 —10 GeV/c range.
In a future application we will study the sensitivity of
back-to-back dihadron distributions to this phenomenon
and whether multiparticle measurements such as
calorimetry can be used to extract more information on
this dynamical effect. Another important application of
HIJING will be the study of jet production in p + A col-
lisions Et,b =800 GeV [59]. In particular, an important
test of HIJINC will be to check whether it can correctly
describe the 2 dependence of the multiparticle back-
ground underneath a high pT jet.
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