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Systematic study of particle production in p +p (p }collisions via the HIJING model
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We apply the newly developed HIJING Monte Carlo model to perform a systematic study of a broad
range of data on p+p(p) collisions. The model combines a simple string phenomenology for low-pT
processes together with perturbative QCD for high-pr processes. We emphasize the effects due to
multiple-minijet production at collider energies. The energy and multiplicity dependence of charged
particle rapidity and transverse momentum spectra, the Koba-Nielsen-01esen violation of multiplicity
distributions, and the two-particle correlation functions are shown to be simultaneously well accounted
for with this model.

PACS number(s): 13.87.Ce, 12.40.Aa, 13.85.Hd

I. INTRODUCTION

Multiple minijets with pT -few GeV in ultrarelativistic
heavy-ion collisions have been estimated [1] to play an
important role at BNL Relativistic Heavy Ion Collider
(RHIC) ( &s —200 GeV/nucleon) and CERN Large
Hadron Collider (LHC) (&s —6 TeV/nucleon) energies.
While not resolvable as distinct jets, they are expected to
lead to a wide variety of correlations among observables
that compete with some of the suggested signatures of a
quark-gluon plasma (QGP) [2], which may be formed
during such collisions. To study the background due to
rninijets and to test proposed signatures and probes of ul-
tradense matter such as jet quenching [3], we have
developed a Monte Carlo model HIJING (heavy ion jet in-
teraction generator) [4]. The model includes multiple
minijet production, nuclear shadowing of parton distribu-
tion functions, and jet interaction in an excited nuclear
matter.

Though multiple minijets and the associated nuclear
effects such as parton shadowing and jet quenching have
only been recently addressed [4], the need to include jet
production in hadron induced interactions and particle
production is well known. It had been suggested by
many authors that jet production could be responsible for
various phenomena in high energy hadronic interactions
such as the increase of the total pp and pp cross sections
with energy [5—11], the correlation between averaged
transverse momentum and charged multiplicity [6,8, 12],
and the violation of Koba-Nielsen-Olesen (KNO) scaling
of charged multiplicity distributions [8,13,14]. Several
Monte Carlo models [15—19] have also been developed
to take into account semihard processes in pp and pp col-
lisions. However, to the best of our knowledge, PYTHIA

[18] is the only one that incorporates the perturbative
QCD (PQCD) approach to multiple-jet processes includ-
ing initial and final state radiation in minimum-biased
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events of hadronic interactions. The dual parton model
(DPM) [15], with cut Pomerons playing a similar role
equiva1ent to multiple rninijets, is based on nonperturba-
tive phenomenology. ISAJET [17] is designed only for the
study of large-pT jets with an independent beam-jet frag-
mentation scheme. Gaisser and Stanev considered rnulti-

ple minijet production in Ref. [19] in a more simplified
scheme. FRITIOF [16] utilizes the PYTHIA model to simu-
late hard jet production in addition to a phenomenologi-
cal ansatz for soft gluon bremsstrahlung.

The formulation of HIJING [4] was guided by the suc-
cessful implementation of PQCD in PYTHIA [18] and the
need to develop a consistent model of soft processes. We
calculate all cross sections in the framework of the eikon-
al formalism as outlined in Refs. [9,14,19]. In addition,
HIJING also incorporates a version of the multistring phe-
nomenology of DPM and FRITIOF models for low-p„ in-
teractions, thus providing a link between the dominant
nonperturbative fragmentation physics at intermediate
energies and the perturbative physics at collider energies.
In order to extend the model to pA and 33 reactions as
well, some of the nuclear effects of initial and final state
interactions have also been taken into account. In Refs.
[4,20], we studied in detail the nuclear dependence of
multiparticle production in heavy ion collisions.

In this paper, we apply HIJING to study systematically
particle production in pp and pp collisions and to check
the consistency of the model with experimental data over
a wide energy range. It is necessary to look at the whole

spectrum of data on pp and pp collisions at one time in
order to develop a better understanding of the underlying

dynamics of particle production. Not only the global
features of the reaction but also the detailed inclusive dis-
tributions, correlations, and Auctuations of particle pro-
duction need to be understood in terms of one consistent
model. Given the suggested importance of multiple rnini-

jets [5—14] in hadronic interactions at collider energies,
one goal of this paper is to study the intricate correla-
tions among observables due to the interplay between the
nonperturbative low-p T physics and the perturbative
multiple minijet physics. We show how multiple minijets
emerge and become a prominent and integral part of ha-
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dronic interactions. In addition, this study is needed to
develop increased confidence in the extrapolation of the
model to pA and AA collisions where it is essential to
disentangle nuclear effects such as nuclear shadowing of
gluon distribution function and jet quenching [20].

The outline of this paper is as follows. Section II gives
a brief review of the HIJING model as discussed in detail
in Ref. [4]. Emphasis will be on the aspects of the model
specific to hadronic interactions. In Secs. III and IV, we
study the inclusive single particle distributions in rapidity
and transverse momentum. Both the energy and multi-
plicity dependence of the rnultiparticle production are
discussed. Charged multiplicity distributions of non-
single-diffractive events are discussed in Sec. V. The un-
derlying event structure of multiple rninijet production
and the violation of KNO scaling are illustrated. In Sec.
VI, we consider the Qavor composition of particle pro-
duction. Both short and long range two particle correla-
tions in different rapidity bins and their implications are
discussed in Sec. VII. Finally, Sec. VIII concludes with a
summary and some general remarks.

Throughout this paper, we refer to the number of jets
as the number of parton-parton scatterings with pT
transfer larger than a minimum scale p0 which we specify
below.

II. THE HIJING MODEL

Since the HUING model has been discussed in detail in
Ref. [4], we give here only a brief review of the aspects
relevant to hadronic interactions. HIJING includes the
following features.

(1) Multiple minijet production with initial and final
state radiation is included along the lines of the PYTHIA
model [18]with cross sections calculated with the eikonal
formalism. For triggered high-pT processes, the associat-
ed enhancement of semihard and soft background is cal-
culated self-consistently.

(2) Soft beam jets are modeled by quark-diquark strings
with gluon kinks along the lines of the FRITIOF model
and the DPM model [15,16]. In addition, multiple low-

pT exchanges among the end point constituents are in-

cluded.
(3) Exact diffuse nuclear geometry is used to calculate

the impact parameter dependence of the number of in-
elastic processes [21].

(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 A dependence of moderate- and high-pT ob-
servables on an assumed energy loss of partons traversing
the produced dense matter.

The rate of multiple rninijet production in HIJING is
constrained by the cross sections in nucleon-nucleon col-
lisions. Within an eikonal formalism [5—11], the cross
sections can be expressed as

a„=7rf db [1—e r' ']
0

o,„=~f db'[1 —e '&""],
0

o„,=2' db 1 —e
0

(2)

(3)

in the limit that the real part of the scattering amplitude
can be neglected and thus that the eikonal function y(b, s)
at an impact parameter b is real. As in Ref. [14], the
eikonal function is modeled as

X(b s)=X,—(b,s)+y, (b, s)

(4)

with

2
Po

y (g)= (IJ, g)~E (p g), g=b/b (s),
48

(5)

s/4 1 dojet
, dpT d» dy2 —-

P() 2 dpTdy& dy2
(6)

where y&,y2 are the rapidities of the two final partons.
The differential dijet cross section der„„canbe written as
[23]

d~jet

dpT dy) dy2
=E gx, fg(x„pT)x2ft (x2,pr)

a, b

Xdo' (s, t, u )/dt,

with the summation running over all partons species,
where x, and x2 are the light-cone momentum fractions
carried by the initial partons. The variables are related

3'2 3'2
by x, =xr(e '+e ')/2, xz=xz. (e '+e ')/2, xT
=2pT/&s. The PQCD cross sections do, b depend on
the subprocess variables s=x&x2s, t = —pr[1+exp(y,—y&)], and u = —pr[1+exp(y& —y2)]. In HIJING, the
structure functions f, (x, Q ) are taken to be Duke-
Owens [24] parametrized structure function set 1. This
parametrization for f, (x, g ), is adequate through the
CERN Collider energies. For higher energies the
Eichten-Hinchliffe-Lane-Quigg (EHLQ) [23] or
Harriman-Martin-Stirling-Roberts (HMSR) [25] parame-
trization can be used. A factor K=2 is included to
correct the lowest order PQCD rates for next-to-leading
order effects.

Though the cross sections for more than two parton
production can be estimated perturbatively [26], we take
a probabilistic approach [9,14,13] to multiple indepen-
dent minijet production. In our framework, the cross
sections for no and j ~ 1 number of jet production with
p7- &p0 are

where @0=3.9 and nba(s) =o„ft—(s)/2 providing a mea-
sure of the geometrical size of the nucleon. This form of
eikonal function ensures that geometrical scaling [22] is
recovered when oj„&&0.„«atlow energies. Here esp«,
which we regard as a parameter, is the nonperturbative
inclusive cross section for soft processes. O.

jet is the total
inclusive cross section for hard or semihard parton
scatterings above a pr cutoff po in the PQCD parton
model:
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, [2y„(b,s)]J „(„)
o~ =77 db

o jI
Their sum gives rise to the total inelastic cross section o.;„
as in Eq. (2).

Choosing po-—2 GeV/c and assuming a constant value
of o.„f,=57 mb at high energies, the calculated total,
elastic, and inelastic cross sections in pp or pp collisions
agree well with experiments [27—32] from CERN Inter-
secting Storage Ring (ISR) to cosmic-ray energies as
shown in Fig. 1. %e note that the total inclusive jet cross
section, shown as a dashed line in the figure, increases
much faster than the total cross section as a function of
&s, implying that the average number of minijets,
cr,„/o;„,also increases at high energies. As we will show
later in this paper, this energy dependence is a major
cause of many phenomena in particle production at col-
lider energies. The geometrical scaling, e.g., a constant
0.,~/0.„,ratio, which we have achieved at low energies, is
also broken by the onset of O.„„withincreasing energy
[14].

In HIJING, once the cross sections and the number of
minijets are determined as described above, PYTHIA sub-
routines [18] are used to generate the kinetic variables of
the scattered partons, including the initial and final state
radiation associated with each hard scattering. The
remaining energy of the colliding system after the minijet
production is then used for the soft process. The soft
process has a collective longitudinal-momentum ex-

I I I I t Ill l ( t I I I II I I

t5o — c) IS+,

change between the valence quarks, leading to two excit-
ed strings stretching between quarks and diquarks. The
soft processes also involve an extra low p& (po
transverse-momentum transfer to the constituent quarks
and diquarks at the string end points. Following
FRITIOF, HIJING also includes soft gluon bremsstrahlung
to soft processes. However, unlike FRITIOF which ex-
tends the soft radiation to high p&, HUING restricts the
radiation to p~&po. This limitation is natural for in-
duced gluon bremsstrahlung due to soft exchanges [33].
The produced gluons from minijet production are
represented as kinks, as in the Lund model [34], on the
two excited strings with their specified large or intermedi-
ate pz along with those low-p~ gluons from the induced
soft radiations. If a valence quark is involved in a hard
scattering, the string end point of this quark will carry
the transverse-momentum transfer of that hard process.
Finally, the excited strings with their associated gluon
kinks are fragmented into hadrons according to Lund
JETSET7.2 [34] fragmentation scheme.

III. RAFIDITY DISTRIBUTIONS

In the following sections we study particle production
in~p and pp collisions in a wide energy range, from
&s =5 GeV up to Fermilab Tevatron energy &s =1800
GeV and discuss in detail the parameters of the model
needed to achieve the overall agreement with the experi-
mental data. All the calculation results we show here are
obtained with one consistent set of (default) parameters.
Much of the data we consider here have already been
studied separately by different authors [15,16,18,19].
However, our intention in this paper is to consider all the
data simultaneously in terms of one consistent model.
Our goal is to form a global picture of multiparticle pro-
duction and to test the role of multiple minijet produc-
tion in much greater detail than possible before.

The rapidity and pseudorapidity of a particle are
defined as

100—

1 E+p
ln

2 E —
pL

1 p +pI.
q = —1n-

2 p —pl

(10)
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FIG. 1. The total, inelastic, and elastic cross sections of pp
and pp collisions as calculated by HIJING Isolid lines). The data
are from Refs. [27—32]. The dashed line is the total inclusive jet
cross section with p~ ~ po = 2 GeV/c.

respectively, with pL as the momentum component in the
beam direction. Shown in Fig. 2 are the calculated in-

clusive rapidity distributions, p(y) =(1/a )do /dy, of pro-
duced particles in pp collisions at E~,b =24 and 200 GeV.
The corresponding data are from Refs. [35,36]. From
Fig. 1 we can see that jet production is negligible at ener-

gies &s &20 GeV. The dominant processes are soft in-

teractions which are modeled by two string excitations in

HIJING. Since the longitudina1 momenta of the valence
quarks and diquarks at string end points are proportional
to the incident momentum, the rapidity lengths of the ex-

cited strings increase with beam energy leading to a wider

rapidity distribution of produced particles. The increase
of centra1 rapidity density in Fig. 2 is mainly due to the
overlapping of two strings with finite rapidity lengths at
low energies. As we will see later, the central rapidity
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FIG. 2. Rapidity distributions of n.+ in pp collisions at
E&,b =24 GeV and negative particles at E~,b =200 GeV. The
histograms are HIJING results and data points are from Refs.
[35,36).

density of produced particles from the two excited strings
in soft processes saturates and remains constant as the
colliding energy increases.

In HIJING, we have assumed a probability

P(x)-1/x, (12)

for fractional light-cone momentum exchange in single-
diffractive excitations. By single-diffractive excitation we
mean that only one of the colliding nucleons becomes an
excited string. These events occur with a parametrized
cross section as empirically determined in Ref. [37]. The
assumption of Eq. (12) is guided by the distribution pro-
posed in FRITIOF [16] and it reproduces well the dM/M
distribution observed in single-diffractive events [37]. In
FRITIOF, the same distribution is used for non-single-
diffractive excitations. This scheme is consistent with
data at low energies. However, at higher collider ener-
gies we find that it gives too wide a rapidity distribution
for produced particles. We therefore have chosen instead
a probability distribution

pseudorapidity regions at both ends covering 2 &
~ g ~

& 5.6

Fermilab (CDF) data. In Fig. 4 we plot HIJING calcula-
tion (solid lines) and experimental data [38] on the pseu-
dorapidity distributions of charged particles for inelastic
events where only minimum-biased trigger is required.
Comparing to the NSD distributions (dashed lines), in-
elastic events have a reduction of about —,

' units in the
central density. To obtain the good agreement between
data and calculation, the single- and non-single-
diffractive string excitations had to be treated differently
as noted above.

The increase of central rapidity density with energy is
shown in Fig. 5. Both the calculation (solid line) and data
[38,40,41] are for inelastic events. The central density for
non-single-diffractive events is always above the inelastic
ones. The difference decreases within the HIJING model
at higher collider energies when the jet cross section is
dominant and the probability for single-diffractive string
excitations is small. The dashed line in the figure is the
calculated central density for those inelastic events
without minijet production. Comparing those two
curves, we can see that within HIJING a large fraction of
produced particles in the central rapidity region come
from minijets. The events without minijets, which have
only two excited strings from soft interaction, have a con-
stant central rapidity density for the produced particles.

Recalling a previous discussion [14] on the po depen-
dence of the soft cross section cr„«,we note that our

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

NSD p+p(p+p) ~ h+

CDF ~s = 1800 GeV

UA5 ~s =900 GeV

UA5 ~s =540 GeV

P(x)-(1—x) /&x (13)

in non-single-diffractive excitations as used in the DPM
[15]. With the above assumption, the pseudorapidity dis-
tributions of charged particles are in good agreement
with the energy dependence of the collider data [38,39] as
shown in Fig. 3. HIJING (histograms) reproduces both the
overall widening of the distribution and the increase of
central density with the colliding energy. Note that the
dip at g =0 is purely kinematical. Both the calculation
and data shown in Fig. 3 are for non-single-diffractive
(NSD) events selected according to the corresponding ex-
perimental triggers. Here, the NSD triggers require at
least one charged particle simultaneously in each of the

0
o

FIG. 3. Pseudorapidity distributions of charged particles in
non-single-diffractive pp at &s =53 GeV, pp collisions at
&s =200, 540, 900, and 1 800 GeV. The data are from Refs.
[38,39] and histograms are from HIJING calculations.
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FIG. 4. HIJINci calculation (solid lines) and UA5 results [38]
of the pseudorapidity distributions of charged particles in in-
elastic pp collisions at &s =200 and 900 GeV. The dashed lines
are HIJING results for NSD events.

choice of p0=2 GeV is crucial in order to simplify the
soft phenomenology. In principle, there is no clear
boundary between soft and hard processes. In HIJING, pp
is only a phenomenological scale which divides interac-
tions into nonperturbative soft processes and PQCD hard
or semihard processes. There is clearly a correlation be-
tween p0 and the required phenomenology of soft pro-

cesses if we treat hard processes explicitly within PQCD.
We find that only with p0 =2 GeV can we have a simple
framework in which both 0.„«and the central rapidity
density from soft string phenomenology are constant.
Otherwise, a more complex scheme for soft processes
such as multiple sea-sea strings in the DPM is needed to
reproduce the energy dependence of the collider data.
Our choice- of p0=2 GeV is therefore essential to mini-
mize the uncertainties due to nonperturbative physics
and to maximize the domain of applicability of PQCD.

The correlation between the central density and mini-
jets is very clear when we plot the average number of
minijet production (dotted line) (n,„)=o,„/cr;„asa
function of &s in the same figure. To elucidate this
point, we show in Fig. 6 the semi-inclusive pseudorapidi-
ty distributions (solid lines) at two collider energies for
events with no jet production, one jet production, and
two or more jet production, respectively. We see that the
central density is proportional to the number of jet pro-
duction. For a fixed number of jets, the density is more
or less independent of energy, though the width of the
distribution increases with ~s. Therefore, the increase
of central rapidity density is totally due to the increase of
the number of minijet production at high energies. HIJ-

ING thus has a unique prediction about the nonlinear in-
crease of the central density as a function of In(s), since
the average number of minijets is also a nonlinear func-
tion of ln(s) as shown in Fig. 5.

Associated with jet production, the initial and final
state radiation are also taken into account in HIJING
through the PYTHIA subroutines. In the study of large pT
jets, they are found to be responsible for the so-called
pedestal effect [18,42]. In minimum-biased events, they
should also have important effect on particle production.
Shown as dashed lines in Fig. 6 are the calculated pseu-

HIJING: non —single diffractive p+p
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FIG. 5. Central pseudorapidity density at q=0 of charged
particles in inelastic pp and pp collisions as a function of & s.
The solid line is HIJING calculation and the data are from Refs.
[38,40,41]. The dashed line is for events without jet production
in HIJING simulations. The dotted line is the calculated average
number of jet production ( n;„)=o;„/o,„.

FIG. 6. HIJING calculation of the semi-inclusive pseudorapi-
dity distributions of charged particles in NSD pP collisions at (a)
&s =200 and (b) 900 GeV for events with j =0, j= 1, and j ~ 2

number of jet production. The dashed lines are for j =1 but
without initial and final state radiation.
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dorapidity distributions for one jet production events but
without initial and final state radiation in HUING. Corn-
paring to the solid lines with j= 1, we can see that there
is about 25%%uo reduction of the central rapidity density if
ini tial and final state radiation are neglected. This result
is consistent with an earlier simple analysis [14] where it
was found that the average multiplicity from each jet
production in pp and pp collisions is usually larger than
that in e +e annihilations. This contribution to particle
production from initial and final state radiation is very
important when one estimates the total Ez production in
ultrarelativistic heavy ion collisions where the number of
minijets is enormous. We will discuss this in detail in a
separate paper where we study jet production in heavy
ion collisions.

The semi-inclusive pseudorapidity distributions p„(I))
= ( 1/o „)dtr

„

/d q for different multiplicity bins at
&s =200 and 900 GeV are shown in Fig. 7. The agree-
ment between our calculation (histograms) and the data
[38) is satisfactory. As we will see later, large multiplicity
events are dominated by minijet production. The corre-
sponding central rapidity densities are higher and the dis-
tributions are narrower than the low multiplicity events,
since most of the minijets are populated in the central ra-
pidity region. Shown in Fig. 8 is the scaled central rapi-
dity density p„(0)/p(0) as a function of the scaled multi-

plicity n/(n ). We can see that there is an approximate
scaling property in both the data and our model calcula-
tion, although the 10% energy variations in the model
appear greater than in the data for large n /( n ) —3.

IV. TRANSVERSE-MOMENTUM DISTRIBUTIONS

C)

0
0. . . , I. . . , I. . . , I. . . , I. . . , I. . . ,

0.0 Os5 1.0 1.5 2.0 2.5

n/&n&
3,0

are involved. In Fig. 9, we plot the p T spectra of pro-
duced particles in pp collisions at E„b=24 and 200 GeV.
We see that both our calculation (histograms) and the ex-
perimental data [35,43] show an exponential pz distribu-
tion characteristic of the fragmentation processes. In

FIG. 8. Scaled central pseudorapidity density p„(0)/p(0) as a
function of n /(n ) in NSD pp collisions at v's =200 and 900
GeV. The lines are from HI JING calculation and the data are
UA5 results [38].
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As we have shown, jet production is negligible at low
energies and only soft interactions with small p T transfer
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FIG. 7. HIJING results lhistograms) and UA5 data [38] on the
semi-inclusive pseudorapidity distributions for dift'erent multi-
plicity bins in NSD pp collisions at (a) &s =200 and (b) 900
GeV.

p (Gev/c)

FIG. 9. pT distributions of ~ in pp collisions at E~,b =24
GeV and negative particles at El,b

=200 GeV. The histograms
are HIJING results and the data are from Refs. [35,43].
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HIJING we adopted a soft gluon radiation scheme as used
in FRITIOF. However, we restrict the radiation to
pz. &po. The resultant pT spectrum of produced particles
still has an exponential form but the slope increases
slightly with energy as can be seen from Fig. 9. In addi-
tion to the low-pT gluon radiation, HIJING also included
an extra low pT &po transfer to the constituent quarks
and diquarks at the string end points in soft interactions.
We par arnetrize the probability for this transverse
momentum kick by the form

fk Ck(p'T) "~(po pT)[(p—T+c')(pr+po)l ', (14)

where c =0. 1 GeV/c. This form was chosen to ensure
that fk;,„(pT) extrapolates smoothly to the regime of
hard scattering while varying more slowly for pT «po.
With the default settings of Lund Monte Carlo program
JETSET7.2, this extra small pT kick is necessary to fit the
experimental data on pT distributions at low energies
E„b-20GeV. At these low energies, the effect of soft
gluon radiation is very small. Without that small pT
transfer, the transverse momentum from pair production
in string fragmentation is not enough to account for the
higher tail of the data at large pT [4]. For E„b~200
GeV, Eq. (14) leads to much smaller effects.

At collider energies, jet production becomes more and
more important. Since a large pT is always involved in jet
production, the produced particles associated with jets
must also carry large transverse momenta. Thus, the
transverse momentum spectra of produced particles at
large and intermediate pT should unequivocally manifest
the presence of jet production. Shown in Fig. 10 are the
invariant inclusive cross sections as a function of pT from
HIJING calculation (histograms) as compared to the data
[44—46] at collider energies from ISR up to Tevatron.
Instead of being nearly an exponential function of pT at
low energies as shown in Fig. 9, the pT distribution exhib-
its a clear power-law tail characteristic of PQCD. We
have to keep in mind that soft physics is still dominant at
low pT. Only in addition to this background, PQCD jets
develop a power-law tail at large pT and contribute to the
low-pT particles as well. Here, the pT cutoff scale po
plays an important role in connecting our scheme for soft
interactions with the hard or semihard PQCD processes.
The successful reproduction of both the magnitude of the
low-pT spectrum and the energy dependence of moderate
high-pT tails is an important test for the overall con-
sistency of our approach of combining the soft string
phenomenology with hard QCD dynamics.

Another phenomenon associated with jet production in
hadronic interactions is the correlation between average
transverse momentum (pT) and the total multiplicity
[6,8,12]. As we shall show below, large multiplicity
events are usually dominated by jet production. The
average pT in these events is then larger than that of low
multiplicity events. The competition between events with
and without jets leads to the increase of (pT) with
charged multiplicity n, h. We show in Fig. 11 the calcu-
lated correlation (histograms) between (pT) and n,„as
compared to the data [45] at &s =200 and 900 GeV.
HUING reproduces the overall increase of (pT ) with n, h
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FIG. 10. Invariant inclusive cross sections of charged parti-

cles in pp at &s =53 GeV, pP collisions at &s =200, 540, 900,
and 1800 GeV. The histograms are HIJING results and the data
are from Refs. [44—46]. Both the calculation and experimental
data are obtained in the region of IgI &2.5 for v's =200, 540,
and 900 GeV, and

I g I
& 1.0 for v's = 5 and 1800 GeV.

and 1/s. However, the precise shape is different from the
data. This might be due to the particular string arrange-
ment in HIJING, as the shape is quite sensitive to how the
gluons are connected- in the construction of string sys-
tems [18]. This may be one of the aspects of the model
which may need further improvement in the future.

We also show in Fig. 12 the correlation between (pz. )
and n,

„

for pions, kaons, and p (from bottom to top) re-

spectively at &s =1800 GeV. The solid histograms are
direct HIJING calculations of (pT ). The dashed lines are
obtained by the same procedure used in the experiment
[47] in which the pT distributions are fitted with parame-
trizations [power law a /(pr+b)" for pions and exponen-
tials c exp( —apT) for kaons and antiprotons] and the
fitted parameters are used to calculate (pT ) in the range
0 &p~ & 1.5 GeV/c. It is obvious that (pr ) for kaons
and antiprotons are larger and the increases with n,„are
faster than pions. This effect is mainly due to the finite
mass of diquarks and strange quarks in the fragmenta-
tions of gluon jets which are dominant sources of rninijet
production at collider energies. The agreement of the
calculated dependence of (pT ) vs n, „provides another
strong piece of evidence supporting the role of multiple
minijets. It shows that unconventional mechanisms such
as in a hydrodynamic model [48], which attributes the
different behavior of (pT ) vs n, h for different particles to
the collective flow, are not needed to understand the
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So far we have been discussing the inclusive distribu-
tions of produced particles. We have demonstrated the
important role of multiple minijet production in these
distributions. We have also seen the correlations between
the inclusive distributions and the total charged multipli-
city of the events. The study of multiplicity distributions
is therefore illustrative to understand the underlying
event structure in terms ofjet production.

In Figs. 13 and 14, we show the total charged multipli-
city distributions from HIJING and the corresponding
data [49—51] at &s =53, 200, 546, and 900 GeV. There
is a systematic widening of the distributions with collid-
ing energies. Also shown in the figures are the contribu-
tions to the multiplicity distribution from events with no
jet production (dot-dashed histogra)ns), one jet produc-
tion (dashed histograms), and two or more jet production
(dotted histograms). We note that at &s =53 GeV, jet
production is barely visible. However at higher energies,
events with one or more than one jet production are
becoming increasingly important and are finally dom-
inant among those events with large multiplicity. All the
low multiplicity events are dominated by those of no jet

present data. Rather, PQCD in the minijet regime seems
to be adequate. The much better reproduction of the
shape of the measured pT vs n, h in Fig. 12, where experi-
mental biases are taken into account as compared to Fig.
11, suggests that the discrepancy in Fig. 11 may also be
due to an inexact treatment of the experimental cuts in
HIJING calculation for those data.
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FIG. 13. Charged multiplicity distributions in NSD pp at
&s =53 GeV and pp collisions at &s =200 QeV. The data are
from Refs. [49,50]. The solid hlstograms are from HIJING calcu-
lation with contributions from events with j =0 (dot-dashed his-

tograms), j=1 (dashed histograms), and j &2 (dotted histo-
grams) number of jet production.



852 XIN-NIAN WANG AND MII| LOS GYULASSY 45

production. Therefore, we can see that it is the increas-
ing number of jet production that causes the multiplicity
distributions to become wider and then the violation of
KNO scaling [14]. As we have shown earlier, the popula-
tion of jet production in different multiplicity events is
also responsible for the decrease of the rapidity distribu-
tion width (see Fig. 7) and the increase of (pz-) (see Figs.
11 and 12) with n,

„

The multiplicity distributions for charged particles in
different pseudorapidity intervals are shown in Fig. 1S.
The agreement between the HIJING calculation and the
data [50] is again very good. One should remember that
the seemingly narrower distribution for the smaller q in-

terval is an artifact of small average multiplicity. If
shown in a KNO plot, the fluctuation in n I( n ) increases
with narrower rapidity bins.

VI. KAON AND BARYON PRODUCTION

While HIJING uses PYTHIA subroutines to generate the
kinetic variables of scattered partons in each hard
scattering, some simplifications have been made in order
to generalize jet production to the cases of p A and A A

collisions. One assumption we made is about the color
flow in hard processes. Even though a consistent scheme
can be derived [52] to a certain approximation in events
with one hard scattering, the color arrangement in multi-

ple jet production events can be very complex. However,
it was found that the final inclusive distributions are for-

tunately not sensitive to the actual parton ordering [18].
In HIJING, we simply assign one of the two scattered par-
tons and the associated ones from radiation to a given
participant nucleon. After all hard scatterings are per-
formed, the produced partons are connected to the
valence quark and diquark of their assigned nucleon to
form a color singlet string system which is then fragment-
ed into hadrons. For rare processes which produce a qq
pair in the final state, the quark and antiquark mill form a
single string system. To be consistent with our treatment
of soft excitations and to conserve flavor, we also as-
sumed that each nucleon can only have one hard scatter-
ing which involves quarks or antiquarks (except qq
scatterings). After this scattering, the subsequent ones
are restricted to gluon-gluon scatterings. The flavor of
the final scattered quarks or antiquarks are replaced by
one of the valence quarks to fix the color flow. This
prescription leads to a small error for flavor correlation
but retains the correct rate and kinematics of those
PQCD processes.

To check the flavor composition of produced particles
in HIJING given the above simplifications, we show in Fig.
16 the calculated pseudorapidity distributions for kaons
(lines) at two collider energies, &s =200 and 900 GeV.
The data are from UA5 experiments [53]. The agreement
between our calculation and the data in the central rapi-
dity region is satisfactory. The discrepancy at large
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FIG. 15. Multiplicity distributions for charged particles in
different rapidity intervals in NSD pp collisions at &s =200 and
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HI1ING calculation.
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values of
I g~ might be due to the experimental acceptance

or the diquark fragmentation scheme we use. Figure 17
shows the p T spectra of pions, kaons, and antiprotons in
the central region of pp collisions at &s =1800 GeV.
For kaons and antiprotons, the distributions are flatter at
large p T than pions and tend to saturate faster at small

pT. This leads to a larger (pr) for kaons and antipro-
tons as shown in Fig. 12 as well as an increase of the K/rr
or p jm ratio with pT. Note that simple parametrizations
of the high-pT data extrapolated down to small pr lead to
the large systematic erat'ects as seen in Fig. 12 between the
direct calculation and experimental points.

The K/Ir ratio in the central rapidity region as a func-

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

pT (GeV/~)

FIG. 18. Ratio of invariant cross sections of kaons to that of
pions as a function ofpr in the central region I Il ~

& 2.5 of pp col-
lisions at &s = 540 GeV. The data are from Ref. [54] and histo-

gram is HIJING calculation.

tion of pr is shown in Fig. 18 with UA5 data [54] at
&s =540 GeV. We see that the model reproduces the
data well. We have checked that the K/m. ratio at
moderate p T is not sensitive to the colliding energy. The
invariant cross section of baryons to that of pions in the
central rapidity region is shown in Fig. 19. The data are
from UA2 experiments [55]. There is no experimental
data available on leading valence baryon distributions at
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( —0.36 & q & 1.0) in pP collisions at &s = 1.8 TeV as calculated

by HIJING model isolid lines). The data are from Ref. [47].

FIG. 19. Ratio of invariant cross sections of protons and an-

tiprotons to that of pions as a function of p T in the central re-

gion IrJI &2.5 of pp collisions at &s =540 GeV. The data are
from Ref. [55] and histogram is HIJING calculation.
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collider energies. As we have checked at low energies in
Ref. [4], HIJING does not reproduce well the leading
baryon rapidity distributions. This could stem from the
diquark fragmentation scheme in JETSET7.2. A better
agreement with the leading baryon distribution data can
be achieved by introducing another fragmentation func-
tion and an additional diffractive mechanism involving
sea quark-antiquark strings as in the DPM [15]. In the
present version of HIJiNG, these mechanisms are not im-
plemented.

VII. TWO-PARTICLE CORRELATIONS

(a) C(o.n) (h) C (0.8)

t2 UA5 Ms=900 GeV

o UA5 Ms=200 GeV

no jets
~s=900 GeV
no jets
~s=200 GeV

~ ~ ~ ~ ~ ~ ~ 1 ~ ~ ~ ~ ~ I ~ I 1 I f ~ I I I I ~ ~ ~ ~ I ~ I I ~ I ~ I I ~ I I I ~ I I ~ ~ ~ I
I I I I

C( 91 )2}~P(91 92} P( /I )P( )2) (15)

where p(rJ„F12)is the two-particle density which is pro-
portional to the probability of joint particle production at
q, and qz. Similarly one can define the semi-inclusive
two-particle correlation function C„(rJI,g2) for events
with fixed multiplicity n. An intrinsic correlation func-
tion can be expressed in terms of C„(2)„g2)as

In the above sections we have studied single inclusive
particle distributions. However, investigations of correla-
tions among final state particles are also important in or-
der to reveal further properties of the underlying produc-
tion mechanism. Especially in the wake of increasing in-
terest in the intermittent fluctuation of multiparticle pro-
duction [56], multiple particle correlations have been
proven [57] to play important roles in understanding the
observed intermittency in high energy hadronic interac-
tions. It has been shown [58] that particles from jet frag-
mentation in hadronic interactions have intermittent be-
haviors in small rapidity bins. A detailed study of this as-
pect is beyond the scope of this paper. Instead, we con-
centrate in this section on two-particle correlations in
different rapidity bins and how they are influenced by jet
production.

The most common models to explain the observed
two-particle correlation are clusters models [59], in which
the final state particles are created by the isotropic decay
of clusters. From a general point of view, the fragmenta-
tion of jets can also be regarded as the decay of clusters
with a constant rapidity width of about one as deter-
mined by the experimental study of jet profiles [42]. It is
not hard to imagine that jet production in hadronic in-
teractions should bring enhancement to short range
correlations of two-particle production, since particles
from jet fragmentation tend to cluster together in phase
space. Furthermore, jet production must also introduce
long range correlations as each hard scattering produces
a forward and backward pair of scattered partons.

The two-particle correlation function is defined as
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FIG. 20. Two-particle correlation function (a) C(g&, g) and

(b) its "short-range" component Cz(g&, g) at fixed g& =0 vs g in

pp collisions at vs =200 and 900 GeV. Solid lines are from

HIJING calculation and the data are from Ref. [60]. The dot-

dashed and dashed lines are HIJING results without jet produc-
tion at 1/s =200 and 900 GeV, respectively.

v s =200 and 900 GeV. Also plotted as dashed and dot-
dashed lines are the correlation functions for events
without jet production. We can see that the two-particle
correlation function C(gI, g2) in Fig. 20(a) is dominated

by the contributions from jet production. It increases
with energy faster than the single-particle density p(2)).
By definition, the "short-range" component Cs(r)„2)2}of
the correlation function filters out the mixing of events
with different multiplicities which can cause strong corre-
lations. It thus has smaller values and is less energy
dependent, as shown in Fig. 20(b). The 30%%uo under-
prediction of HIJING at ri=0 at ~s =900 GeV is not un-
derstood at present.

The long range or forward-backward correlation can
be studied by looking at particle production in two rapi-
dity bins with equal size but separated by a rapidity gap

Let us define the number of charged particles with
rapidities between hg/2 and Eral/2+1 as nz and those
between —hq/2 and —(hg/2+1) as nJI. For a symme-
trical system, i.e., (nJI) =(nF) and (nII ) =(nz), the
forward-backward correlation strength is defined as

~n
Cs( /I 92) y C (91 )2)

CT
(16)

(n~nJI &
—&nF &'

b=
&ng) —&nJ;)2

(17)

This correlation function is usually referred to as "short-
range" contribution to C(riIq2) as we will see below that
it is sharply peaked at g, =g2.

We plot our calculated C(riI, g2) and Cs(rJ„g2}(solid
lines) in Fig. 20 together with the UA5 data [60] at

As shown in Fig. 21, HIJING (solid histogram) reproduces
the variation of b with hg and its energy dependence.
However, without jet production, the forward-backward
correlation is too weak as compared to the experimental
data [60].
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VIII. CONCLUSIONS AND REMARKS

In this paper, we have made a systematic study of par-
ticle production in pp and pp collisions in the energy
range of &s =5—2000 GeV, using the HIJING Monte
Carlo model [4] developed for high energy pp, pA, and
A A collisions. We have achieved satisfactory agreement
with experimental data not only on single inclusive distri-
butions, e.g. , rapidity and transverse momentum distribu-
tions, but also on the global features of events (multiplici-
ty fluctuation and the energy dependence of central rapi-
dity density) and two-particle correlations. We have
demonstrated that multiple jet production is increasingly
important in every aspect of particle production at collid-
er energies. Our results indicate that multiple minijets
provide a consistent explanation of the increase of the
central rapidity density, the development of power-law
tail of the transverse-momentum spectra, the widening of
multiplicity distributions, and the enhancement of both
short and long range two-particle correlations with in-

creasing energies. Initial and final state radiation associ-
ated with jet production is also found to have significant
effects in particle production.

As in many other models [18,19] that have attempted
to merge low- and high-pT dynamics, we have introduced
a pT cutoff scale pp, which we regard as a model depen-
dent phenomenological parameter separating the PQCD
dynamics at high pT from the nonperturbative low-pT re-
gime. The value pp=2 GeV/c was chosen by fitting the
high energy pp and pp cross sections assuming an asymp-
totic constant cross section for soft processes [14]. This
also leads to the correct energy dependence of dnldrl
(r1=0) with a constant contribution from soft processes.
This assumption about the energy independence of soft
processes at high energies allows us to model the nonper-
turbative processes with pT &pp with a simple string phe-
nomenology. Otherwise a more complex soft phenome-
nology with more parameters and assumptions would
have to be introduced. It is fortunate and important for
the overall consistency of the model that pp =2 GeV/c is
also sufficiently large for the application of PQCD at
pr ~po [5—14]

While many aspects of multiparticle dynamics used in
HIJING have been discussed separately in previous works
[15,16,18], our goal with HIJING was to combine them to-
gether in a consistent framework with a minimum num-
ber of parameters. We have shown that HIJING provides
a comprehensive explanation of a broad spectrum of data
on pp and pp reactions in a wide energy range. In addi-
tion, our study of particle production in this paper is vital
for our extrapolation to pA and A A collisions [20] since
we have shown that the existing A =1 data at collider
energies is well reproduced.
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