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Abstract 

We apply the newly developed RUING Monte Carlo model to per­

form a systematic study of a broad range of data on p + p(fi) collisions. 

The model combines a simple string phenomenology for low PT processes 

together with PQCD for high PT processes. We emphasize the effects 

due to multiple mini-jet production at collider energies. The energy and 

multiplicity dependence of charged particle rapidity and transverse mo­

mentum spectra, the KNO violation of multiplicity distributions, and the 

two-particle correlation functions are shown to be simultaneously well ac­

counted for with this model. 
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1 Introduction 

Multiple mini-jets with PT "" few GeV in ultra-relativistic heavy ion collisions have 

been estimated[l] to play an important role at Relativistic Heavy Ion Collider (RHIC) 

(yS "" 200 GeV In) and Large Hadron Collider (LHC) (yS "" 6 TeV In) 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 mini-jets and to test proposed signatures and probes of 

ultra-dense matter such as jet quenching[3], we have developed a Monte Carlo model, 

HIJING (Heavy Ion Jet INteraction Generator)[4]. The model includes multiple mini­

jet production, nuclear shadowing of parton distribution functions, and jet interaction 

in an excited nuclear matter. 

Though multiple mini-jets and the associated nuclear effects such as parton shad­

owing 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]-[1l], 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 semi-hard 

processes in pp and pp collisions. However, to the best of our knowledge, PYTHIA[18] 

is the only one that incorporates the perturbative QCD (PQCD) approach to multi­

ple jet processes including initial and final state radiation in minimum biased events 

of hadronic interactions. The Dual Parton Model (DPM)[15]' with cut Pomerons 

playing a similar role equivalent to multiple mini-jets, is based on a non-perturbative 

phenomenology. ISAJET[17] is designed only for the study of large PT jets with an 

independent beam jet fragmentation scheme. Gaisser and Stanev considered multiple 

mini-jet production in Ref. [19] in a more simplified scheme. FRITIOF[16] utilizes the 

PYTHIA model to simulate hard jet production in, addition to, a phenomenological 

ansatz for soft gluon bremsstrahlung. 

The formulation of HIJING[4] was guided by the successful implementation of 
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PQCD in PYTRIA[18] and the need to develop a consistent model of soft processes. 

We calculate all cross sections in the framework of the eikonal formalism as outlined 

in Refs. [9, 14, 19]. In addition, RUING also incorporates a version of the multi-string 

phenomenology of DPM and FRITIOF models for low PT interactions, thus providing 

a link between the dominant non-perturbative fragmentation physics at intermediate 

energies and. the· perturbative physics at collider energies. In order to extend the 

model to pA and AA 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 multi-particle pro.duction in heavy ion collisions.' 

In this paper, we apply RUING 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 distributions, correlations and fluctuations of 

particle production need to be understood in terms of one consistent model. Given the 

suggested importance of multiple mini-jets[5]-[14] in hadronic interactions at collider 

energies, one goal of this paper is to study the intricate correlations among observables 

due to the interplay between the non-perturbative low PT physics and the perturbative 

multiple mini-jet physics. We show how multiple mini-jets emerge and become a 

prominent and integral part of hadronic 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: Sec. 2 gives a brief review of the RUING 

model as discussed in detail in Ref. [4]. Emphasis will be on the aspects of the model 

specific to hadronic interactions. In Sec. 3 and 4, we study the inclusive single particle 

distributions in rapidity and transverse momentum. Both the energy and multiplic­

ity dependence of the multi-particle production are discussed. Charged multiplicity 

distributions of non-single-diffractive events are discussed in Sec. 5. The underlying 

event structure of multiple mini-jet production and the violation of KNO scaling are 

illustrated. In Sec. 6, we consider the flavor composition of particle production. Both 

short and long range two particle correlations in different rapidity bins and their im-
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plications are discussed in Sec. 7. Finally, Sec. 8 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 sc~le Po which we specify 

below. 

2 The HIJING model 

Since the HIJING 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 mini-jet 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 associated enhancement 

of semi-hard and soft background is calculated self~consistently. 

2. Soft beam jets are modelled by quark-diquark strings with gluon kinks along 

the lines of the FRITIOF and DPM models[15, 16]. In addition, multiple low 

PT exchanges among the end point constituents are included. 

3. Exact diffuse nuclear geometry is used to calculate the impact parameter de­

pendence of the number of inelastic processes[21]. 

4. An impact parameter dependent parton structure function is introduced to 

study the sensitivity of observables to nuclear shadowing, especially of the gluon 

structure functions. 

5. A model for jet quenching is included to enable the study of the A dependence 

of moderate and high PT observables on an assumed energy loss of partons 

traversing the produced dense matter. 

The rate of multiple mini-jet production in HIJING is constrained by the cross 

sections in nucleon-nucleon collisions. Within an eikonal formalism[5]-[1l], the cross 

sections can be expressed as, 

(1) 
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O"in 7r 100 

db2 [1 _ e-2X(b,s)] 

O"tot - 27r 100 

db2 [1 - e-X(b,S)] 

(2) 

(3) 

in the limit that the real part of the scattering amplitude can be neglected and thus 

that the eikonal function X(b,s) at an impact parameter, b, is real. As in Ref. [14], 

the eikoiuiJ function isrrio'delled as . 

X(b,s) Xs(b,s) + Xh(b,s) 

)
O"jet(S) 

Xo(e) + Xo(~ ( ) , O"sojt S 
(4) 

with 
2 

Xo(e) = ~~(JLO~)3 J(3(JLOe) , ~ = b/bo(s) , (5) 

where JLo = 3.9 and 7rb5(s) = O"sojt(s)/2 providing a measure of the geometrical size 

of the nucleon. This form of eikonal function insures that geometrical scaling[22] 

is recovered when O"jet ~ O"sojt at low energies. Here O"sojt, which we regard as a 

parameter, is the non-perturbative inclusive cross section for soft processes. O"jet is 

the total inclusive cross section for hard or semi-hard parton scatterings above a PT 

cut-off, po, in the PQCD parton model, 

(6) 

where YI, Y2 are the rapidities of the two final partons. The differential di-jet cross 

section, dO"jeh can be written as[23], 

(7) 

with the summation running over all partons species, where Xl and X2 are the light­

cone momentum fractions carried by the initial partons. The variables are related by 

Xl = XT( eY1 +eY2 )/2, X2 = XT( e-Y1 +e-Y2 )/2, XT = 2PT / vs. The PQCD cross sections, 

dO"ab, depend on the subprocess variables oS = XIX2S, i = -pHI + exp(Y2 - yt}), and 

u = -pHI +exp(YI -Y2)).Jn HIJING, the structure functions, !a(x, Q2), are taken to 

be the Duke-Owens[24] parametrized structure function set 1. This parametrization 

for !a(x, Q2) is adequate through the CERN Collider energies. For higher energies the 
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EHLQ[23] or HMSR[25] parametrization can be used. A factor, J( :::::: 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 independent 

mini-jet production. In our framework, the cross sections for no and j 2:: 1 number 

of jet productions with PT > po are, . ... .'. 

(To - 7r 1000 

db2 [1 - e-2x.(b,s)]e-2Xh(b,s) , 

(Tj = 7r [00 db2 [2Xh(.~' s)]i e-2Xh(b,s) . 

Jo J. 

Their sum gives rise to the total inelastic cross sections, (Tin, as in Eq. 2. 

(8) 

(9) 

Choosing Po ~ 2 GeV Ic and assuming a constant value of (Tsoft = 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 ISR to cosmic ray energies as shown in 

Fig. 1. We note that the total inclusive jet cross section, shown as dashed line in the 

figure, increases much faster than the total cross section as a function of VS, implying 

that the average number of mini-jets, (Tjet!(Tin, 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 collider energies. The geometrical scaling, e.g., 

a constant (Tel/(Ttot ratio, which we have achieved at low energies, is also broken by 

the onset of (Tjet with increasing energy[14]. 

In HIJING, once the cross sections and the number of mini-jets are determined as 

described above, PYTHIA subroutines[18] are used to generate the kinetic variables 

of the scattered partons, including the initial and final state radiations associated 

with each hard scattering. The remaining energy of the colliding system after the 

mini-jet production is then used for the soft process. The soft process has a collective 

longitudinal momentum exchange between the valence quarks, leading to two excited 

strings stretching between quarks and di-quarks. The soft processes also involve an 

extra low PT < Po transverse momentum transfer to the constituent quarks and di­

quarks at the string end points. Following FRITIOF, HIJING also includes soft gluon 

bremsstrahlung to soft processes; However, unlike FRITIOF which extends the soft 

radiation to high PT, HIJING restricts the radiation to PT < Po. This limitation is 
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natural for induced gluon bremsstrahlung due to soft exchanges[33]. The produced 

gluons from mini-jet production are represented as kinks, as in the Lund model [34] , on 

the two excited strings with their specified large or intermediate PT along with those 

low PT 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. 

3 Rapidity Distributions 

In the following sections we study particle production in PP and pp collisions in a wide 

energy range, from 0 ~ 5 Ge V up to Tevatron energy 0 = 1800 Ge V and discuss 

in detail the parameters of the model needed to achieve the overall agreement with 

the experimental 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 for the first time in 

terms of one consistent model. Our goal is to form a global picture of multi-particle 

production and to test the role of multiple mini-jet production in much greater detail 

than possible before. 

The rapidity and pseudo-rapidity of a particle are defined as 

(10) 

(11) 

respectively, with PL as the momentum component in the beam direction. Shown 

in Fig. 2 are the calculated inclusive rapidity distributions, p(y) = (l/u)du/dy, of 

produced particles in PP collisions at Elab = 24 and 200 GeV. The corresponding 

data are from Refs. [35, 36]. From Fig. 1 we can see that jet production is negligible 

at energies 0 < 20 GeV. The dominant processes are soft interactions which are 

modelled by two string excitations in HIJING. Since the longitudinal momenta of the 

valence quarks and di-quarks at string end points are proportional to the incident 
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momentum, the rapidity lengths of the excited strings increase with beam energy 

leading to a wider rapidity distribution of produced particles. The increase of central 

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 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 

proposed 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 energies we find that it gives too wide a rapidity distribution for 

produced particles. We therefore have chosen instead a probability distribution, 

P(x) '" (1 - x)~ /VX , (13) 

in non-single diffractive excitations as used in DPM model[15]. With the above as­

sumption, the pseudo-rapidity distributions 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 '" = 0 is purely kine­

matical. Both the calculation and data shown in Fig. 3 are for non-single diffractive 

(NSD) events which are selected according to the corresponding experimental trig­

gers. Here, the NSD triggers require at least one charged particle simultaneously in 

each of the pseudo-rapidity regions at both ends covering 2 < 1",1 < 5.6 for UA5 data, 

and 3.2 < 1",1 < 5.9 for CDF data. In Fig. 4 we plot HIJINGcalculation (solid lines) 

and experimental data[38] on the pseudo-rapidity distributions of charged particles 
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for inelastic events where only minimum biased trigger is required. Comparing to the 

NSD distributions (dashed lines), inelastic events have a reduction of about 1/3 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 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 mini-jet production. Comparing those two curves, we can see that within 

HIJING a large fraction of produced particles in central rapidity region come from 

mini-jets. The events without mini-jets, which have only two excited strings from 

soft interaction, have a constant central rapidity density for the produced particles. 

Recalling previous discussion[14] on Po dependence of soft cross section usa!t, we 

note that our choice of po = 2 Ge V is crucial in order to simplify the soft phenomenol­

ogy. In principle, there is no clear boundary between soft and hard processes. In 

HIJING, Po is only a phenomenological scale which divides interactions into non­

perturbative soft processes and PQCD hard or semi-hard processes. There is clearly 

a correlation between Po and the required phenomenology of soft processes if we treat 

hard processes explicitly within PQCD. We find that only with Po = 2 GeV can we 

have a simple framework in which both Usa!t 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 model is needed to reproduce 

the energy dependence of the collider data. Our choice of Po = 2 Ge V is therefore es­

sential to minimize the uncertainties due to non-perturbative physics and to maximize 

the domain of applicability of PQCD. 

The correlation between central density and mini-jets is very clear when we plot 

the average number of mini-jet production (dotted line) (njet) = Ujet!Uin as a function 

of ..jS in the same figure .. To elucidate this point; we show in Fig. 6 the semi-inclusive 

pseudo-rapidity distributions (solid lines) at two collider energies for events with no 

jet production, one jet production and two or more jet productions, respectively. We 
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see that the central density is proportional to the number of jet productions. For 

fixed number of jets, the density is more or less independent of energy, though the 

width of the distribution increases with y's. Therefore, the increase of central rapidity 

density is totally due to the increase of the number of mini-jet productions at high 

energies. HIJING thus has a unique prediction about the nonlinear increase of central 

density as a function of In( s), since the average number of mini-jets is also a nonlinear 

function of In( 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 min­

imum biased events, they should also have important effect on particle production. 

Shown as dashed lines in Fig. 6, are the calculated pseudo-rapidity distributions for 

one jet production events but without initial and final state radiations in HIJING. 

Comparing to the solid lines with j = 1, we can see that there is about 25% reduc­

tion of the central rapidity density if initial 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 radiations is very important when one estimates the total ET 

production in ultra-relativistic heavy ion collisions where the number of mini-jets 

are enormous. We will discuss this in detail in a separate paper where we study jet 

production in heavy ion collisions. 

The semi-inclusive pseudo-rapidity distributions, Pn(TJ) = (l/un)dun/dTJ, for dif­

ferent multiplicity bins at y's = 200 and 900 GeV are shown in Fig. 7. The agreement 

between our calculation (histograms) and the data[38] is satisfactory. As we will see 

later, large multiplicity events are dominated by mini-jet production. The corre­

sponding central rapidity densities are higher and the distributions are narrower than 

the low multiplicity events, since most of the mini-jets are populated in the central 

rapidity region. Shown in Fig. 8 is the scaled central rapidity density Pn(O)/ p(O) as 

a function of the scaled multiplicity n/(n). We can see that there is an approximate 

scaling property in both the data and our model calculation, although the 10% energy 

variations in the model appear greater than in the data for large n/ (n) '" 3. 
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4 Transverse Momentum Distributions 

As we have shown, jet production is negligible at low energies and only soft interac­

tions with small PT transfer are involved. In Fig. 9, we plot the PT spectra of produced 

particles in PP collisions at E/ab = 24 and 200 GeV. We see that both our calculation 

(histograms) and the experimental data[35, 43] show an exponentialpT distribution 

characteristic of the fragmentation processes. In HIJING we adopted a soft gluon 

radiation scheme as used in FRITIOF. However, we restrict the radiation to PT < Po. 

The resultant PT spectrum of produced particles still has an exponential form but 

the slope increases slightly with energy as can be see from Fig. 9. In addition to the 

low PT gluon radiations, HIJING also included an extra low PT < po transfer to the 

constituent quarks and di-quarks at the string end points in soft interactions. We 

parametrize the probability for this transverse momentum kick by the following form, 

(14) 

where c = 0.1 GeV Ic. This form was chosen to ensure that !kick(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/ab '" 20 GeV . 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/ab ~ 200 GeV, Eq. 14 leads to much smaller effects. 

At collider energies, jet production becomes more and more important. Since 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 HIJIN G calculation (histograms) as compared to the 

data[44, 45, 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 

exhibits a clear power-law tail characteristic of PQCD. We have to keep in mind that 
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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. Rere, the PT cut-off scale Po plays an important role in connecting our scheme 

for soft interactions with the hard or semi-hard PQCD processes. The successful 

reproduction of both the magnitude of low PT spectrum and the energy dependence 

of moderate· high PT tails is an important test for the overall consistency of our 

approach of combing 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 jets and without leads to the increase 

of (PT) with charged multiplicity nch. We show in Fig. 11 the calculated correlation 

(histograms) between (PT) and nch as compared to the data[45] at vIS = 200 and 

900 GeV. RIJING reproduces the overall increase of (PT) with nch and vIS. The 

precise shape is however different from the data. This might be due to the particular 
, 

string arrangement in RIJING, as the shape is quite sensitive to how the gluons are 

connected in the construction of string systems[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 (PT) and nch for pions, kaons, 

and ji (from bottom to top) respectively at ,Vs = 1800 GeV. The solid histograms 

are direct RIJING calculation of (PT). The dashed lines are obtained by the same 

procedure used in the experiment [47] in which the PT distributions are fitted with 

parametrizations (power law a / (PT + b) -n for pions and .exponentials c exp( -apT) for 

kaons and anti-protons) and the fitted parameters are used to calculate (PT) in the 

range 0 < PT < 1.5 GeV. It is obvious that (PT) for kaons and anti-protons are larger 

and the increases with nch are faster than pions. This effect is mainly due to the 

finite mass of di-quarks and strange quarks in the fragmentation of gluon jets which 

are dominant sources of mini-jet production at collider energies. The agreement of 

the calculated dependence of (PT) vs nch provides another strong piece of evidence 

supporting the role of multiple mini-jets. It shows that unconventional mechanisms 

such as in a hydrodynamic model[48], which attributes the different behavior of (PT) 

versus nch for different particles to the collective flow, are not needed to understand 
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the present data. Rather, PQCD in the mini-jet regime seems to be adequate. The 

much better reproduction of the shape of the measured PT vs nch in Fig. 12, where 

experimental 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 RIJING calculation for those data. 

5 Multiplicity Distributions 

So far we have been discussing the inclusive distributions of produced particles. We 

have demonstrated the important role of multiple mini-jet production in these distri­

butions. We have also seen the correlations between the inclusive distributions and 

the total charged multiplicity of the events. The study of multiplicity distributions 

is therefore illustrative to understand the underlying event structure in terms of jet 

production. 

In Figs. 13 and 14, we show the total charged multiplicity distributions from 

RIJING and the corresponding data[49, 50, 51] at ..;s = 53, 200, 546, and 900 GeV. 

There is a systematic widening of the distributions with colliding energies. Also shown 

in the figures are the contributions to the multiplicity distribution from events with 

no jet production (dot-dashed histograms), one jet production (dashed histograms) 

and two or more jet productions (dotted histograms). We note that at ..;s = 53 

Ge V, jet production is barely visible. However at higher energies, events with one or 

more than one jet productions are becoming increasingly important and are finally 

dominant among those events with large multiplicity. All the low multiplicity events 

are dominated by those of no jet production. Therefore, we can see that it is the 

increasing number of jet productions that causes the multiplicity distributions to 

become wider and then the violation of KNO scaling[14]. As we have shown earlier, 

the population of jet production in different multiplicity events is also responsible for 

the decrease of the rapidity distribution width (see Fig. 7) and the increase of (PT) 

(see Figs. 11 and 12) with nch. 

The multiplicity distributions for charged particles in different pseudo-rapidity 

intervals are shown in Fig. 15. The agreement between HIJING calculation and 

the data[50] is again very good. One should remember that the seemingly narrower 

distribution for smaller TJ interval is an artifact of small average multiplicity. If shown 
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in KNO plot, the fluctuation in n/ (n) increases with narrower rapidity bins. 

6 Kaons and Baryons Production 

While HUING uses PYTHIA subroutines to generate the kinetic variables of scattered 

partons in each hard scattering, some simplifications have ?een ,made in order to 

generalize jet production to the cases of pA and AA 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 multiple jet production events can be very complex. However, it was 

found that the final inclusive distributions are fortunately not sensitive to the actual 

parton ordering[18]. In HUING, we simply assign one of the two scattered partons 

and the associated ones from radiations to a given participant nucleon. After all hard 

scatterings are performed, the produced partons are connected to the valence quark 

and di-quark of their assigned nucleon to form a color singlet string system which is 

then fragmented into hadrons. For rare processes which produce a qq pair in the final 

state, the quark and anti-quark will form a single string system. To be consistent 

with our treatment of soft excitations and to conserve flavor, we also assumed that 

each nucleon can only have one hard scattering which involves quarks or anti-quarks 

(except qq scatterings). After this scattering, the subsequent ones are restricted to 

gluon-gluon scatterings. The flavor of the final scattered quarks or anti-quarks are 

replaced by one of the valence quarks to fix the colqr 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 HUING given the above 

simplification, we show in Fig. 16 the calculated pseudo-rapidity distributions for 

kaons (lines) at two collider energies, Vs = 200 and 900 GeV. The data are from 

UA5 experiments[53]. The agreement between our calculation and the data in central 

rapidity region is satisfactory. The discrepancy at large values of 1771 might be due 

to the experimental acceptance or the di-quark fragmentation scheme we use. Shown 

in Fig. 17, are the PT spectra of pions, kaons, and anti-protons in the central region 

of pp collisions at Vs = 1800 GeV. For kaons and anti-protons, the distributions are 

platter at large PT than pions and tend to saturate faster at small PT. This leads to 
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larger (PT) for kaons and anti-protons as shown in Fig. 12 as well as the increase of 

J{ / 7r or p / 7r ratio with PT. Note that simple parametrizations of the high PT data 

extrapolated down to small PT lead to the large systematic effects as seen in Fig. 12 

between the direct calculation and experimental points. 

The J{ /7r ratio in central rapidity region as a function of PT is shown in Fig. 18 

with UA5 data[54] at..jS = 540 GeV. We see that the . model reproduces the data 

well. We have checked that the J{/7r ratio at moderate PT is not sensitive to the 

colliding energy. The invariant cross section of baryons to that of pions in 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 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 di-quark 

fragmentation scheme in JETSET7.2. A better agreement with the leading baryon 

distribution data can be achieved by introducing another fragmentation function and 

an additional diffractive mechanism involving sea quark-antiquark strings as in DPM 

model[15]. In the present version of HIJING, these mechanisms are not implemented. 

7 Two Particle Correlations 

In the above sections we have studied single inclusive particle distributions. How­

ever, investigations of correlations among final state particles are also important in 

order to reveal further properties of the underlying production mechanism. Espe­

cially in the wake of increasing interests in the intermittent fluctuation of multi­

particle production[56], multiple particle correlations have been proven[57] to play 

important roles in understanding the observed intermittency in high energy hadronic 

interactions. It has been shown[58] that particles from jet fragmentation in hadronic 

interactions have intermittent behaviors in small rapidity bins. A detailed study of 

this aspect is beyond the scope of this paper. Instead, we concentrate in this section 

on two particle correlations in different rapidity bins and how th~y are influenced by 

jet production. 

The most common models to explain the observed two particle correlation are clus­

ters models[59] in which the final state particles are created by the isotropic decay of 

clusters. From a general point of view, the fragmentation of jets can also be. regarded 
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as the decay of clusters with a constant rapidity width about 1 as determined by the 

experimental study of jet profiles[42]. It is not hard to imagine that jet production 

in hadronic interactions 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 pattons. 

The two-particle correlation function is defined as, 

(15) 

where p("1ll "12) is the two-particle density which is proportional to the probability of 

joint particle production at "11 and "12. Similarly one can define the semi-inclusive 

two particle correlation function Cn ("1ll "12) for events with fixed multiplicity n. An 

intrinsic correlation function can be expressed in terms of Cn ("11, "12) as, 

(16) 

This correlation fun.ction is usually referred to as "short-range" contribution to C("1ll "12) 

as we will see below that it is sharply peaked at "11 = "12. 

We plot our calculated C("11, "12) and CS ("1ll "12) (solid lines) in Fig. 20 together 

. with the UA5 data[60] at Vs = 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("1I, "12) in Fig. 20a is dominated by 

the contributions from jet production. It increases with energy faster than the single­

particle density p( "1). By definition, the "short-range" component C s( "1ll "12) of the 

correlation function filters out the mixing of events with different multiplicities which 

can cause strong correlations. It thus has smaller values and is less energy dependent 

as shown in Fig. 20b. The 30% under-prediction of RUING at "1 = 0 at Vs = 900 

GeV is not understood at present. 

The long range or forward-backward correlation can be studied by looking at 

particle production in two rapidity bins with equal size but separated by a rapidity gap 

l:i"1. Let us define the number of charged particles with rapidities between l:i"1/2 and 

l:i"1/2+1 as nF and those between -l:i"1/2 and -(l:i"1/2+1) as nB. For a symmetrical 
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system, i.e., (nB) = (nF) and (n1) = (n}), the forward-backward correlation strength 

is defined as 
b _ (nF nB) - (nF)2 

- (n}) - (nF)2 . (17) 

As shown in Fig. 21, HIJING (solid histogram) reproduces the variation of b with f:1TJ 

and its energy dependence. However, without jet production, the forward-backward 

correlation is too weak as compared to the experimental data[60]. 

8 Conclusions and Remarks 

In this paper, we have made a systematic study of particle production in pp and pp 

collisions in the energy range of Js = 5-2000 GeV, using the RIJING Monte Carlo 

model[4] developed for high energy pp, pA, and AA collisions. We have achieved 

satisfactory agreement with experimental data not only on single inclusive distribu­

tions, e.g., rapidity and transverse momentum distributions, but also on the global 

features of events (multiplicity fluctuation and the energy dependence of central ra­

pidity density) and two-particle correlations. We have demonstrated that multiple jet 

production is increasingly important in every aspect of particle production at collider 

energies. Our results indicate that multiple mini-jets 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 increasing 

energies. Initial and final state radiation associated with jet production is also found 

to have significant effects in particle production. 

As in many other models[18, 19] which have attempted to merge low and high 

PT dynamics, we have introduced a PT cut-off scale Po, which we regard as a model 

dependent phenomenological parameter separating the PQCD dynamics at high PT 

from the non-perturbative low PT regime. The value Po = 2 Ge V / c was chosen by 

fitting the high energy pp and pp cross sections assuming an asymptotic constant 

cross section for soft processes[14]. This also leads to the correct energy dependence 

of dn/dTJ(TJ = 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 non-perturbative processes with PT < Po with a simple string phenomenology. 

Otherwise a more complex soft phenomenology with more parameters and assump-
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tions would have to be introduced. It is fortunate and important for the overall 

consistency of the model that Po = 2 GeV is also sufficiently large for the application 

of PQCD at PT ~ Po[5]-[14]. 

While many aspects of multi-particle dynamics used in HIJING has been discussed 

separately in previous works[15, 16, 18], our goal with HIJING was to combine them 

_togethef-in-a-consistenLframework with a minimum number 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 addition, our study of particle 

production in this paper is vital for our extrapolation to pA and AA collisions[20] since 

we have shown that the existing A = 1 data at collider energies is well reproduced. 
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Fig. 1 The total, inelastic, and elastic cross sections of pp and pp collisions as 
calculated by HIJING (solid lines). The data are from Refs. [27]-[32]. The dashed 
line is the total inclusive jet cross section with PT 2:: Po = 2 GeV Ic. 
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Fig. 2 Rapidity distributions of 11"+ in pp collisions at E/ab = 24 Ge V and negative 
particles at E/ab = 200 GeV. The histograms are RIJING results and the data points 
are from Refs. [35, 36]. 
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Fig. 3 Pseudo-rapidity distributions of charged particles in non-single diffractive 
pp at vIS = 53 GeV, pp collisions at vIS = 200, 540, 900 ,and 1800 GeV. The data 
are from Refs. [38, 39] and histograms are from HIJING calculations. 
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pp and pp collisions as a function of yIS. The solid line is RIJING calculation and the 
data are from Refs. [38, 40, 41]. The dashed line is for events without jet production 
in RIJING simulations. The dotted line is the calculated average number of jet 

production (njet) = Ujet!Uin' 
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Fig. 6 HIJING calculation of the semi-inclusive pseudo-rapidity distributions of 
charged particles in NSD pp collisions at (a) VB = 200 and (b) 900 Ge V for events 
with j = 0, j = 1, and j 2:: 2 number of jet productions. The dashed lines are for 
j = 1 but without initial and final state radiation.-
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Fig. 7 RIJIN G results (histograms) and U A5 data[38] on the semi-inclusive 
pseudo-rapidity distributions for different multiplicity bins in NSD pp collisions at 
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NSD pp collisions at yS = 200 and 900 GeV. The lines are from RIJING calculation 
and the data are UA5 results[38]. 
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Fig. 9 PT distributions of 11"+ in PP collisions at E/ab = 24 Ge V and negative 
particles at E/ab = 200 Ge V. The histograms are HIJIN G results and the data are 
from Refs. [35, 43]. 
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Fig.tO Invariant inclusive cross sections of charged particles in pp at y's = 53 
GeV, pp collisions at y's = 200, 540, 900, and 1800 GeV. The histograms are HIJING 
results and the data are from Refs. [44,45,46]. Both the calculation and experimental 
data are obtained in the region of 1'171 < 2.5 for VB = 200, 540, and 900 GeV, and 
1'171 < 1.0 for y's = 5 and 1800 GeV. 
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Fig.13 Charged multiplicity distributions in NSD pp at Vs = 53 GeV and pp 
collisions at Vs = 200 GeV. The data are from Refs. [49, 50]. The solid histograms 
are from RIJING calculation with contributions from events with j = 0 (dot-dashed 
histograms), j = 1 (dashed histograms), and j ~ 2 (dotted histograms) number of 
jet productions. 
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Fig,14 Same as Fig. 13, but for NSD pp collisions at Vs = 546 and 900 GeV. The 
data are from Refs. [50,·51]. 
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vals in NSD pp collisions at .JS = 200 and 900 GeV. The data are from Ref. [50] and 
lines are from HIJIN G calculation. 
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Fig.16 RIJING calculation (lines) of pseudo-rapidity distributions of kaons in 
pp collisions at (a) Vs = 200 and (b) 900 GeV as compared to VA5 data[53]. 
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Fig.17 PT spectra of pions, kaons, and anti-protons (-0.36 < TJ < 1.0) in PP 

collisions at VB = 1.8 TeV as calculated by HIJING model (solid lines). The data 
are from Ref. [47]. _ 
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Fig.I8 Ratio of invariant cross sections of kaons to that of pions as a function 
of PT in the central region 11]1 < 2.5 of pp collisions at JS = 540 GeV. The data are 
from Ref. [54] and histogram is RIJING calculation .. 
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Fig.19 Ratio of invariant cross sections of protons and anti-protons to that of 
pions as a function of PT in the central region 1771 < 2.5 of pp collisions at ..jS = 540 
GeV. The data are from Ref. [55] and histogram is HIJING calculation. 
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Fig.20 Two-particle correlation function (a) C('f/I,'f/) (b) and its "short-range" 
component C s( 'f/l, 'f/) at fixed 'f/l = 0 versus 'f/ 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 production at vs = 200 
and 900 Ge V, respectively. 
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Fig.21 Forward-backward correlation strength b versus the rapidity gap llT] as 
calculated by RIJING with (solid histograms) and without (dashed histograms) jet 
production. The data are from Ref. [60]. 
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