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The production of parton cascades, i.e., the hard parton scatterings with their subsequent decay, is in-

troduced in the Monte Carlo quark-gluon string model. The influence of the semihard gluon collisions
on observable characteristics of proton-antiproton interactions at energies reached at the CERN Super
Proton Synchrotron and Fermilab Tevatron is examined within the eikonal approach allowing us to
combine the soft and semihard gluon collisions.

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

I. INTRODUCTION

Up to now, high-energy hadronic physics has been di-
vided into high- and low-p, parts. We lack a unified
quantitative description of high- and low-tranverse-
momentum phenomena in hadronic collisions. High p„
or hard parton scattering, is able to account for many
different aspects of hadronic collisions at existing collider
energies [1],and their role increases with increasing ener-

gy. Scattering with large momentum transfer can be de-
scribed by perturbative quantum chromodynamics
(QCD) in terms of colored partons. The commonly used
Monte Carlo algorithms for this purpose [2,3] are com-
binations of Q -dependent structure functions, where Q
characterizes the "hardness" of the parton-parton
scattering, and lowest-order hard-parton-scattering ma-
trix elements with initial- and final-state coherent parton
shower evolution.

At available energies, low-p, phenomena by far consti-
tute the most important contribution to the total hadron
collision cross section, and multiple production of had-
rons is mainly associated with them. But an effective
low-transverse-momentum theory has not been derived
from QCD. However, many results point to the fact that
open relativistic one-dimensional strings play an essential
role [4]. At present, the popular phenomenological
description of multiple-particle production in hadron and
nuclear collisions is based on the assumption that hadron
production is the result of the creation and decay of open
strings with different quarks at their ends. There are
numerous versions of the two QCD-motivated ap-
proaches: the Fritiof model [5,6] and the dual parton
model (DPM) [7—15], which use different mechanisms for
string excitation. Practically all of them are formulated
as Monte Carlo event generators, allowing one to per-
form a careful analysis of the measurable quantities by in-
troducing all necessary experimental cuts.

In earlier papers [16], a Monte Carlo version of the
DPM for low-p, hadron-hadron collisions was developed,
called the quark-gluon string model (QGSM). The name
is borrowed from Kaidalov et al. [9,11], and we have
used the same statistical weights, hadron structure func-
tions, and leading quark fragmentation functions (ob-
tained from the Regge approach) to choose subprocesses
of string production, to compute the mass and momen-
tum of strings and to simulate string decays.

This model was extended to describe hadron-nucleus
and nucleus-nucleus collisions [17]. The QGSM [16] pre-
dicts correctly many of the high-energy features for
proton-antiproton collisions at collider energies, such as
the long-range correlations, the Koba-Nielsen-Olesen
(KNO) scaling violation for charged multiplicity, and the
rise of the rapidity plateau as a function of initial energy.
These features are determined by multicolor exchanges
which are not accompanied by momentum transfer.
They are so-called soft parton collisions, leading to the
production of pairs of strings.

Recently, there have been attempts to extend the high-
and low-p, models to describe the entire p, range. In the
case of the DPM approach, the basic role in this exten-
sion is played by the perturbative, but not very hard-
the so-called semihard [18,19]—parton collisions, which
can be responsible for a rise of the hadronic cross section
at high energies. The authors of [20—22] formulated the
eikonal model to explain a rise of the total and inelastic
cross sections by a combination of the soft and semihard
gluon scatterings. A Monte Carlo version of the DPM,
which includes both soft and semihard parton collisions,
but disregarding gluon radiation, was developed by Hahn
and Ranft [23].

In Refs. [24,25] one can find attempts to formulate a
parton cascade model, where partons are allowed to
propagate, decay, and rescatter, for the investigation of
ultrarelativistic heavy-ion collisions.
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We wish to include these effects into the QGSM in or-
der to describe heavy-ion collisions at energies reached at
the BNL Relativistic Heavy Ion Collider (RHIC} and
CERN Large Hadron Collider (LHC), and proton reac-
tions at energies reached at the Fermilab Tevatron. In-
cluding hard parton cascades in the QGSM has the ad-
vantage that we can utilize the well-worked-out hadroni-
zation procedure in this model. This hadronization is via
string or cluster formation and decay. Our present model
formulation of hard parton scatterings should be regard-
ed as a first step on the way to inserting parton cascades
in an explicit manner into the QGSM devoted to ultrare-
lativistic hadron and nucleus collisions.

In the first part of this paper, we introduce hard parton
scattering and parton decay in the Monte Carlo QGSM
[16]. This is accomplished in a well-known way [2,3],
which is adapted to take into account the propagation of
partons, before their decay or hadronization.

In the second part, we wish to examine the efficiency of
the model and the influence of semihard gluon collisions
on observable characteristics of proton-antiproton in-
teractions at energies reached at the CERN Super Proton
Synchrotron (SPS) [26] and Tevatron [27,28]. In particu-
lar, we focus on the strong correlation between the mean
transverse momentum of the produced particles and their
multiplicity observed in hadron collision experiments
[26—29]. We also analyze the strangeness enhancement
and antibaryon production observed in pp at &s =1800
GeV [28]. These observables were suggested [30,31] as
signals of a phase transition to a quark-gluon plasma
(QGP).

II. PARTON CASCADES

In our model virtual partons defined by their invariant
mass squared M are at first created in hard collisions.
They may decay into other partons and initiate parton
cascades. At this stage we do not consider possible re-
scatterings of partons from different cascades.

If M is positive (negative}, we speak about timelike
(spacelike) virtual partons. The final partons emerging
from the hard scattering are timelike since they evolve
from a virtuality M )0, and their secondaries are al-
lowed to decay down to a cutoff value M, .

For partons originating from the initial projectile and
target nucleons, a hard scattering at momentum scale Q
should be preceded by a parton decay that changes the
initial small spacelike virtuality of the incident parton
(M = —M, ) down to a virtuality close to the momentum
scale of the hard scattering in an absolute value
M = —Q.

In our present model, however, this spacelike branch-
ing is not treated explicitly. Instead, we use Q—
dependent structure functions which include the effects of
partons of negative virtuality.

We have also neglected coherence effects during the
timelike parton evolution (see Ref. [32]), which leads to
angular ordering of radiated gluons for two subsequent
decays. This can be justified in our case, because we limit
the calculations to semihard gluon rescatterings with rel-
atively small virtualities of outgoing partons. Our outgo-

ing partons radiate as a rule only one gluon. In the case
of truly hard parton scattering, we would have to take
into account the coherence of gluon radiation, since we
use a low mass-squared cutoff M, to stop the parton de-

cay.
Partons with virtuality degraded to M, form hadrons

via cluster formation with another parton (see below).

A. Creation of virtual partons in hard scatterings

We will consider 2~n parton processes. We adopt the
parton shower (cascade) approach [2,3], in which the
2~n parton process is subdivided into a hard-scattering
2~2 subprocess and final-state (timelike) parton cas-
cades.

Our sampling of hard parton-parton interactions is
based on the two-jet inclusive cross section [33], which
may be written as a sum of terms, each representing a
given contribution to the cross section due to a particular
combination of incoming partons ij (ij =g, q) with mo-
menta p, and p2 and outgoing virtual partons k, l with
momenta p3 and p4:

f;(x, , Q )f, (x2, Q )
dy3dy4dp, s j'(,(

1 d+ij ~kl 1
X xxz dt 1+5,,

where &,, „& Idt are the differential cross sections of sub-

processes of quarks and/or gluons, computed as in Ref.
[34] for massless quarks, 5;~ is the Kronecker delta, and

f;,(x, ~, Q ) are the structure functions evaluated at
momentum scale Q . They give the probability for
finding partons i,j carrying fractions x, 2 of the initial en-

ergy and longitudinal momentum of the incoming had-
rons. The choice of structure functions and other param-
eters is discussed in Sec. IV A.

The differential cross section &,, I,&/dt depends on the
Mandelstam variables s=(pi+pz)2, t=(p, —pi)2, and

u=(p4 —p, ) . We used the algorithm described in Ref.
[3] to obtain the rapidities of outgoing partons, y3 and y4,
and their transverse momenta p, . Since the parton cross
sections diverge for p, ~0, we have introduced a cutoff at

min

To attach timclike parton cascades to the 2~2 process
of hard parton scattering, we give k and l maximum vir-

tuality: If a parton with mass m, scatters on a parton of
mass m2 into parton 3 and 4, the maximum virtualities
M 3 4 for the outgoing partons 3 and 4 are the maximum
invariant masses possible for partons 3 and 4 in the
center-of-mass system (c.m.s.) of initial partons 1 and 2,
given by

M3 4+2M3 4(m, 2
—+s E, 2

—t+2p, z)

+(t++sE, z
—m, z) —sp, z=O, (2)

In (2), E, 2 =p, ~ and p, 2 are the energy and momentum
of parton 1 or 2 in the c.m. s. of partons 1 and 2 corre-
spondingly.
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B. Parton decay ht —1/bE=(E+ ~p~ )/M (12)

a, (MJ )dP=
~ PJ J J (z)dzdMJ .

2m.M.
J

Here

a, ( ')= 4m

pain(Q /A )

(3)

is the QCD effective coupling, Po = 11 ', nf—, —where

nf =3, and PJ. (z) are the Altarelli-Parisi [37] split-J~J1J2
ting probability functions. The splitting function for a
gluon splitting into q and q is

P (z) =
—,
' [z + (1—z ) ] .

Similarly, the other splitting functions are

[1—z(1 —z)]
Pg-gg(z) =6

(1 )

4 1+z
q qg(z) = —,

(5)

(6)

(7)

The probability m. that parton j of invariant mass
squared M decays only into parton j of invariant mass
squared M, and "unresolvable" soft partons is

a, (MJ )
qr(M M )=

a, (M2)
(8)

We simulated parton decay using the Fox-Wolfram al-
gorithm [35,36]. The probability that a parton of type j
and invariant mass squared M decays into partons of
types j1 and j2 carrying fractions z and (1—z), respec-
tively, of the summed energy and momentum of parton j
is given by

Here E and ~p~ are the energy and momentum of the par-
ton. The virtual parton can propagate during its time of
life until its decay or possible rescattering [38,24]. At the
end all partons end up in a cluster or string leading to
hadronization.

C. Parton hadronization

Partons with M. &M, are considered for hadroniza-
tion. Before hadronization, we transform each gluon into
a qq pair with the probability [Eq. (5)] to compute the an-
gular distribution of quarks, although this is strictly valid
only in the perturbative case. The final partons in a cas-
cade, except (i) in the case of a parton cascade initiated
by a quark or (ii) in the case of a parton cascade initiated
by a gluon, can be matched to build colorless strings or
clusters [38—40]. Most strings, if we choose a low mass
cutoff M„will have small masses. We call such strings
"clusters" to stress their isotropic angular decay into two
hadrons in their c.rn. The breakup of strings and clusters
was described in earlier papers on the QGSM [16]. After
the secondaries are determined, their space-time forma-
tion point is calculated according to the constituent for-
mation time definition [41,17].

If we have two or more sources for the parton cas-
cades, as considered below for inelastic hadron collisions,
there may be many scenarios (see Ref. [42]) to connect
the nonmatched color charge. In general, this poses a
difficult problem, but for the purpose of our investigation,
it may be simplified.

III. HIGH-ENERGY
PROTON-ANTIPROTON COLLISIONS

Here we will consider inelastic proton-antiproton col-
lisions, when one or more hard and soft scatterings can
occur. We assume only hard gluon-gluon scatterings of
the gg —+gg or gg~qq type with the two gluons in a
color-singlet state. This simplification allows us to com-
bine in a unique way the nonmatched final quarks into
strings or clusters and decouple hard scatterings from the
rest of the system with the soft string creations. Initially,
we simulate the hard gluon-gluon scatterings. Then the
momentum and energy of the hard scattering is subtract-
ed and we simulate the soft collisions, for which we use
the earlier QGSM version [16].

An example of the colorless string or cluster creation
algorithm in the case of a pp collision with two hard
gluon-gluon scatterings and their connection with the
soft process is presented in Fig. 1.

To obtain the number of soft quark and semihard par-
ton (in this case gluon) collisions in each hadron
nondiffractive inelastic scattering, we used the eikonal ap-
proach [21,22]. In the eikonal formalism [20—22], the in-
elastic hadron-hadron cross section o;„(s) is expressed as

d, =2yJ(z, )/Po,
1 —z

7'i(z )= J PJ 11(z)dz .
z

(10)

The values of z are obtained from the splitting func-
tions P/ J, (z). Further details of the decay algorithmJ JlJ2
can be found in [35,36].

In the described probabilistic approach, the successive
decay processes correspond to decreasing values of the
square of the parton mass squared M. . The time of life,
At, of a virtual parton j is determined by the parton
mass squared M- as

cr;„(s)=nfdb [1.—exp( —2u)], (13)

via the eikonal u (s, b), which is a function of the square
of the c.m.s. energy s and the impact parameter of callid-
ing hadrons, b.

Here z, is determined from the equation
z, (1—z, )M =M, . Thus, in a "resolvable" decay, the
splitting variable z at the outgoing parton should fall in
the range z, )z ) 1 —z, . This probability (8) is used to
decide if there will or will not be a "resolvable" decay of
the jth parton. In case of an "unresolved" decay or a de-
cay without radiation, we have M =M„and the process
of evolution is stopped. If there is a "resolved" decay, we
choose the mass squared M- according to

f(M, M, )= '

y, (z, )~ (M, M ). (11).J Jl 2 2 M2 J ~ J J Jl 2

J&, 2
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The values z, ft(h d)(s) and A,, ft(h d)(s) are determined by
Pomeron trajectory parameters uP and ccP(0) and
Pomeron-nucleon vertex parameters Rp and y~ as2

'a (0)—1P

FIG. 1. Creation of strings in two semihard and one soft sub-
processes for pp interactions. Solid lines correspond to quarks
and antiquarks, dashed lines correspond to gluons, and wavy
solid lines mean colorless strings or clusters.

and

~soft(hard)( } P ++P2

Sp
(21)

Following Ref. [21], we consider the eikonal u(s, b)
with three driving terms: the soft Pomeron, the semihard
Pomeron, and the triple Pomeron terms:

u (s, b}=u„«(s,b)+uh„d(s, b)+ut„;„„(s,b) . (14)

o;„(s)= cr ND(s) + cr sD(s), (15)

where o ND(s) is the nondiffractive inelastic cross section
and osD is the single-diffractive one. The nondiffractive
inelastic proton-antiproton scattering can be divided into
soft and semihard components.

Substituting (14) into (13), we can split up the
nondiffractive inelastic cross section into soft and hard
components:

The triple Pomeron term is included in the eikonal ex-
pression, because it is responsible for the single-
diffraction process ( cr sD ). We will not calculate
diffraction in this paper, but to compute the soft-collision
probability, we need this term.

In this eikonal model, the elastic-hadron-scattering
amplitude can be represented as a sum of diagrams with
the soft, semihard, and triple Pomeron exchanges. Some
cuts of these diagrams lead to inelastic hadron interac-
tions, one of which is shown in Fig. 1, with the soft gluon
scattering and two hard gluon scatterings subprocesses
correspondingly.

Compared with Ref. [22], we neglect the loop Pomeron
term in the eikonal u (s, b), some cuts of which lead to a
double-diffractive processes.

Then the inelastic cross section o;„(s) of hadron
scattering can be presented by the expression

where sp is a scale parameter.
To find the number i of parton collisions of type T

( T = soft and semihard), we used the probability

[2ur(s, b)]'
P; T(s, b)= .

,
exp[ —2uT(s, b)] . (22)

IV. COMPARISON WITH EXPERIMENTAL DATA

A. Choice of parameters

' ~ )--)1 I

Ij.
5 I{ I

~ )
I
I

) ~

I

soft
hard

In Eqs. (19)—(21} we have taken the soft and hard
Pomeron parameters from Refs. [21,22], which were ob-
tained from a global fit to the total, elastic, single-
diffractive, and minijet cross sections as functions of ener-

gy. For the chosen soft and hard Pomeron parameters,
we show in Fig. 2 the mean numbers of soft and semihard
collisions inside a nucleon at &s = 1.8 TeV as a function
of the impact parameter. The pure hard Pomeron cross
section which was used to compute the parameters of
hard Pomerons was evaluated in Ref. [21] in perturbative
QCD at pr '"=2.5 GeV/c. We used this value for sam-

pling gluon-gluon hard scatterings. We have chosen set 1

for F(x,g )=f(x, g )/x from Ref. [33], with A=0. 2
GeV and a momentum scale g =p, .

In case of several semihard collisions, we should use
the joint probability distribution to find gluons with

+ND +soft+ ~hard ~

o„«(s)=m f db [1—exp( —2u„«)]

(16)

0

4
J I I

Xexp( —2uh„d)exp( —2u„, ), ), (17)

frh„d(s) =~f db'[1 —exp( —2u „„d) ] .
0

(18)

The [1—exp( —2uh„d }] term is the probability of hard
scattering at the impact parameter b, whether or not it is
accompanied by soft production and diffraction. In the
proton-antiproton case, the eikonals can be expressed via
the soft and hard Pomeron parameters, as was done in
Refs. [21,22]:

0.00 0.25

I

0.50 0.75 1.00
b [tm]

1.25

u soft(hard) (s b) zsoft(hard) (~)exp[ b'/4ksoft( hard )(&
—
) ]

(19)

FIG. 2. Mean number of soft (solid histogram) and semihard
(dashed histogram) collisions as a function of the impact param-
eter in inelastic pp interactions at &s = 1800 GeV.
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different x. Here we only use the ordinary structure func-
tion, but take into account the energy and longitudinal
momentum spent in previous semihard scattering, by the
procedure devised in Ref. [19]. We evaluated the struc-
ture function for the nth scattered gluon from protons or
antiprotons not at x„,but at

xn
xn—

1 —g,".:,' x,
(23)

&&fy (x()fs(x2) fy (x,„),
(24)

where fo is a normalization constant. This determines
the fraction x; of the initial hadron energy and longitudi-
nal momentum that is carried away by the parton i parti-
cipating in the string formation. The distribution func-
tion of the valence quark, f~ (x, ), diquark, fv (x2„),and

1 2

sea quarks, fs(x2), in the nucleon are

1
fv, (x, )=

~x, '

P)fs(x2) =x2',
P2fv (x2„)=x2'„.

(25)

The 5 function in Eq. (24) takes into account that the
constituents carry away the whole nucleon momentum.
The exponent P, is —0.5 for nonstrange sea quarks and 0
for strange sea quarks. The exponent P2 is 1.5 for a uu
diquark and 2.5 for a ud diquark inside a proton.

For the transverse momentum distribution of quarks in
hadrons, strict theoretical predictions do not yet exist.
The primordial transverse momentum of a quark in this
case was generated according to

b)fi(pt ) = exp( —
bop,') . (26)

By using this distribution function, transverse momenta
of all quarks, except for diquarks in the nucleon, were
generated independent of each other. The diquark trans-
verse momentum was equal in magnitude, but of opposite
direction. The parameter b

&
was chosen as b

&

=3
(GeV/c)

The secondary hadrons after a string decay were gen-

Cascade parton decay was stopped by the cutoff for a
virtual parton mass squared M, = 1 GeV .

To avoid production of clusters with too low mass,
which cannot decay into hadrons, we used the on-shell
quark masses M„=Md =0.3 GeV and M, =0.5 GeV for
u, d, and s quarks correspondingly.

To calculate the kinematical parameters of strings pro-
duced in soft collisions, we used the phenornenological
structure functions taken from Ref. [9]. For incoming
nucleons consisting of valence quarks, valence diquarks,
and sea quarks, we used the joint structure function

2nf (x] x2 ~ ~ ~ x2 )=f05 1 g x

crated randomly. The Aavor branching ratios
u:d:s:c = 1:1:0.27:0 and the quark-diquark formation ra-
tios ( q, q ):(qq, qq ) = 1:0.09.

At string breakup the qq pair has zero transverse
momentum, but nevertheless, the mornenta of the
separate quark p, and the corresponding antiquark —p,
were assumed to be distributed according to

3b2

~(1+b )
fz(p~)= (27)

f„(z)-(1—z) ' (28)

At z —+1 this function coincides with the fragmentation
function D"(z) of q quarks (antiquarks) or qq diquarks
(anti-diquarks) into a hadron h. As shown in Ref. [11],
the exponent a~ (p, ) depends on the flavor of the constitu-
ent, on the type of a hadron it is transformed into, and on
the transverse momentum of the hadron. The values
a"(p, ) were taken in each case from Ref. [11].

If the mass of a string, Mz, were less than
Mp =Mg +AM„, where AM„=0.35 GeV/c and Mz is
the mass of the resonance with the same quark composi-
tion as the string, only one break of such a string (cluster)
was generated. Its kinematics was determined by the
cluster mass and isotropy of the emission of two hadrons.

B. Pseudorapidity distributions

In Fig. 3 we compare the rapidity distributions of ex-
perimental data from UA5 [43] at the Intersection
Storage Rings CERN (SR) and UA5 [43] at the CERN
SPS collider and the Collider Detector at Fermilab (CDF)
[44] at the Tevatron with model calculations. We simu-
lated 20000 inelastic collisions at each energy and repro-
duced the data. However, as was demonstrated in earlier
papers [16], it is also possible to explain the rise of the
charged multiplicity plateau with increasing collision en-
ergy without semihard collisions.

C. Average transverse momentum

In Fig. 4 the mean transverse momentum is plotted as
a function of the negative-charge particle multiplicity in
the central rapidity region ~y~ &2.5 of pp collisions at
Vs =540 GeV [26] and in ~y~

~ 3.25 at &s =1800 GeV
[27,28]. The mean transverse momentum was calculated
in the QGSM with the experimental definition

ch i=]
(29)

separately for each event and then averaged over all

with b2 =0.7 (GeV/c) . The transverse momentum of a
hadron consists of the transverse momenta of its quarks.

The choice of b, and b2 is essential for the lower level
of the mean transverse momentum of produced hadrons
as a function of charged multiplicity (see below).

The longitudinal momentum and energy of the pro-
duced hadron were determined through the variable
z =(E+p

t~
)g /( E +p

~~
)~ . The quantity z was generated

by using a distribution of the form
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FIG. 3. Pseudorapidity distributions dN/dg of charged par-
ticles as a function of energy. Histograms are predictions of the
QGSM. Experimental UA5 points at &s =53, 200, and 900
GeV are taken from Ref. [43], and CDF points at &s =1800
GeV are taken from Ref. [44], (solid, dot-dashed, and dotted
lines, respectively).

0.7

events. Here N, h is the number of charged particles in
the given rapidity interval. We simulated 300000 events
at each energy. The dependence of the mean transverse
momentum on the charged multiplicity in the absence of
semihard gluon scatterings in pp collisions at &s =31
GeV (cf. Refs. [21,22]) is shown in Fig. 4 by the dot-
dashed line. The mean p, is determined by the parame-
ters of the intrinsic transverse momentum of partons and
string fragmentation. In this case the mean transverse
momentum of negative particles decreases with increas-

ing charged-particle multiplicity. Such behavior of the
mean p, as a function of charged multiplicity is consistent
with experimental data (see, for example, Ref. [29]) at
this energy.

For higher energy, where the semihard collisions play a
role, it is well known that the behavior of the mean p, is
qualitatively diFerent [19], as also seen in data from the
SPS collider [26]. There is now an initial rise followed by
a plateau with increasing multiplicity. By including sem-
ihard scattering, our model predictions approximately
agree with the experimental data, as seen from Fig. 4.

The Tevatron experiment [27] extended these measure-
ments to higher multiplicities and observed a second rise
in mean p, as well, although the experimental points have
large error bars. As follows from Quid-thermodynamical
models [30], in which the transverse momentum is related
to flow and temperature [45] and the multiplicity of pro-
duced particles to entropy, the signature of a phase tran-
sition is a discontinuity in the plot of entropy versus tem-
perature or average transverse momentum versus multi-
plicity.

As seen from Fig. 4, the inclusion of the semihard col-
lisions is not able to account for a second rise of the mean
transverse momentum for charged particles at high mul-
tiplicity. At charged multiplicity 1V,h &90, the model
somewhat underestimates the experimental values of the
mean p, from the Tevatron. As can be seen in Fig. 5, this
is connected with an underestimation in the model of the
mean transverse momentum for heavier particles, such as
antiprotons.

At &s = 1800 GeV, the measured [27,28] values of the
average transverse momentum (p, ) are presented in Fig.
5 as a function of charged multiplicity N, h for p, m. , and
K production separately. As seen in Figs. 5(b) and 5(c),
the model reproduced the pion and approximately the
kaon data [28]. In sharp contrast there is a sizable

1.0

0.6 ~ ~ a ~

0.5
g ~

U

0)
0.5

O
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0 ~
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FIG. 4. Average transverse momentum for negative particles
produced in the central region of rapidity. Histograms are pre-
dictions of the QGSM for the proton-proton collision at
&s =31 GeV, ~y~ (2.0 (dot-dashed line) and the proton-
antiproton collision at &s =540 GeV, ~y~ (2.5 (dashed line)
and at &s =1800 GeV, ~y~ ( [ =3.25 (solid line), as a function of
charged multiplicity. Experimental points at 540 GeV taken
from Ref. [26] and at 1800 GeV from Ref. [27].
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respectively, for particles with p, ~1.5 GeV/c. Experimental
points are taken from Ref. [28]. Histograms are predictions of
the QGSM.
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discrepancy between model predictions and the experi-

mental antiproton data, as demonstrated in Fig. 5(a). In
our model the rise of the mean hadron transverse
momentum with increasing multiplicity is determined by
semihard collisions. But antiproton production in sem-

ihard collisions is strongly suppressed by the small
masses of the final strings and clusters. Our conclusions
are identical to the results obtained in Ref. [46], with the
dual-parton-model event generator. However, these re-
sults should be contrasted to the results obtained in Ref.
[47]. They obtain a good fit also to the antiproton data.

D. Strangeness production

The measured [28] ratios K/n and p/n. , calculated
from production cross sections and averaged over the
central rapidity region in the Tevatron experiments, are
shown in Fig. 6 as a function of charged multiplicity N, h.
The ratio IC/m appears to increase with multiplicity,
reaching a value K/m =0.14.

The lower level of the model's E/m ratio is mainly
determined by the strangeness suppression parameter at
the breakup of strings [the dashed histogram in Fig. 6(a)].
Higher multiplicity in an event is connected to a larger
number of strings in soft rescatterings and to a larger
number of parton showers in semihard gluon-gluon re-
scatterings. An eventual rise in the E/m ratio in the
model as a function of charged multiplicity N, h is deter-
mined by the strangeness content of strings produced in
soft collisions and the probability of finding strange sea
quark pairs in the nucleon. The latter is a free phenome-
nological parameter of our model. The importance of
this parameter is seen in Fig. 6(a), where for the solid his-
togram there is no suppression of strange sea quark pairs
inside the proton, as compared with nonstrange sea quark
pairs. For the dashed histogram, the strange sea quark
pairs were completely suppressed.

0.14

Inclusion of quark-antiquark semihard scatterings into
the strange quark pair final state, in our opinion, cannot
improve the description of the experimental rise of the
K/m ratio, because the probability of such scatterings is
negligibly small as compared with gluon semihard
scatterings at small x.

The model ratio p/~, which is determined only by
the antibaryon suppression parameter at the breakup of
strings and clusters, has a rather different behavior as a
function of N, h than the experimental ratio.

V. STRiNG-STRING
AND PARTON-PARTON INTERACTIONS

a'=2Ev . (30)

In correspondence with the Schwinger tunneling proba-
bility for production of quark and diquark pairs, the
strangeness and antibaryon suppression factors and trans-
verse momentum distribution of the quarks and diquarks
for a rope differs from those for a string by the larger
string tension of a rope. For instance, at the breakup of a
rope, the quarks or diquarks will have a transverse mass
m, generated by the distribution

As shown in Fig. 2, the mean number of the soft col-
lisions in central pp collisions at &s = 1800 GeV with im-

pact parameters less than 0.3 fm approximately equals
3.5. For computational reasons we limited the maximum
number of soft collisions in a single event to 15. In each
soft collision, we produce two strings, which means that
we on the average produce 7 strings inside a nucleon-size
domain in central collisions, and the maximum number
of produced strings reaches 30. Thus the assumption of
independent strings is highly questionable, and string-
string interactions should be included.

One may attempt to introduce string-string interac-
tions by, for example, allowing strings to merge to create
"string ropes" [48,49]. The string tension of a IC-fold

rope, ~', formed by the E parallel strings, each character-
ized by the string tension ~ separately, is

0.12
P(m, )=exp( —mm, /a') . (3l)
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FIG. 6. (a) and (b) Ratios of E/~ and p/m, respectively, as a
function of charged multiplicity N, h. Experimental points are
taken from Ref. [28]. The solid and dashed histograms are pre-
dictions of the QGSM without and with complete suppression
of the strange sea quarks on the ends of strings originated from
the soft collisions.

Thus to form ropes in central collisions appears to be a
mechanism capable of explaining a rise in the mean p, as
a function of charged multiplicity for the antibaryons, in
particular the antiprotons, as was demonstrated in a re-
cent paper [50]. This will also lead to an enhancement of
strangeness production.

Similarly, as seen in Fig. 2 at Tevatron energy, the
mean number of semihard collisions approximately
equals 5, for impact parameters less than 0.3 fm. Thus
we created on the average 10 sources of parton cascades
at Tevatron energy in central hadron collisions. In
correspondence with the string interactions, rescatterings
between partons from different cascades could inAuence
the transverse momentum distribution of produced had-
rons and also the enhancement of strangeness production
with increasing charged-particle multiplicity.

The effects of string-string interactions and parton-
parton scattering will be especially important in nuclear
collisions.
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Further improvement of the QGSM should consider
string-string interactions and the successive rescatterings
of partons from different cascades. However, the con-
sidered separate division of parton cascades, on the one
hand, for the description of semihard collisions and, on
the other hand, the string picture for soft collisions based
on the eikonal model [21,22] is not unique (see Refs.
[19,52]) and contains internal difficulties. As was pointed
out in Ref. [51], it is p, cutoff' dependent, and there is a
danger that it includes "double counting. " Thus, it is not
obvious how to include these further interactions.

of semihard rescatterings of gluons for proton-antiproton
collisions at collider energies. The observable quantities,
such as the mean p, for pions and kaons as a function of
the charged multiplicity in the central rapidity range, are
qualitatively explained by the model.

However, the inclusion of the semihard gluon-gluon
scatterings is not sufficient to explain the rise of the mean
transverse momentum with multiplicity for heavier parti-
cles such as antiprotons, and it does not inhuence the rise
of the ratios K/m and p/~ with increasing charged-
particle multiplicity.
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