
CONF-9105238--1

DE91 016278

A DYNAMICAL PICTURE OF HADRON-HADRON COLLISIONS
WITH THE STRING-PARTON MODEL

D. J. Dean, A. S. Umar, J.-S. Wu,
and M. R. Strayer

to be published in

Proceedings of Conference on Computational Quantum Physics
Nashville, Tennessee

May 22-25,1991



A Dynamical Picture of Hadron-Hadron Collisions
With the String-Parton Model

D. J. Dean0-6, A. S. Umar\ J.-S. Wun,
and M. R. Strayer"

Center for Computationally Intensive Physics,
Physics Division, Oak Ridge National laboratory, Oak Ridge, TN 37831

"Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831
bVanderbilt University, Department of Physics & Astronomy, Nashville, TN 37235

ABSTRACT

We introduce a dynamical model for the description of hadron-hadron collisions
at relativistic energies. The model is based on classical Nambu-Goto strings.
The string motion is performed in unrestricted four-dimensional space-time. The
string endpoints are interpreted as partons which carry energy and momentum.
We study e+e~, e — p, and p — p collisions at various center of mass energies.
The three basic features of our model are as follows. An ensemble of strings
with different endpoint dynamics is used to approximately reproduce the valence
quark structure functions. We introduce an adiabatic hadronization mechanism
for string breakup via qq pair production. The interaction between strings is
formulated in terms of a quark-quark scattering amplitude and exchange. This
model will be used to describe relativistic heavy-ion collisions in future work.

I. INTRODUCTION

It has been suggested that collisions of heavy-ions at relativistic energies may
achieve high enough temperatures and energy densities to induce a phase transi-
tion from an ordinary hadronic matter to a new and novel form of matter called
the quark-gluon plasma [1]. This form of matter may have been formed during the
first few moments of the Universe and it is of significant importance for cosmolog-
ical studies. It is believed that the conditions for the formation of the plasma may
be attainable with heavy projectile beams at CERN and the AGS, and at the Rela-
tivistic Heavy-Ion Collider (RHIC) facility, under construction at the Brookhaven
National Laboratory. Detection of the plasma formation also poses difficult ex-
perimental and theoretical questions. At the moment there is no clear hadronic
signal suggesting the formation of the plasma. The difficulty is mostly due to
the confining nature of the strong interaction, which only allows hadronic final
states, and thus a detailed understanding of all of the hadronic decay processes is
necessary before the identification of the plasma can be achieved.

In this paper we introduce a real-time dynamical model for studying the in-
clusive properties of hadronic collisions. The model is based on the Nambu-Goto
string description of hadrons supplemented by extensions tc incorporate the ba-
sic features of the parton model, together with a hadronization mechanism. The
string action, being proportional to the invariant area swept by the string, results
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in a linear confining potential in a way similar to the area dependence of the Wil-
son loop parameter of lattice QCD. In the string picture the quarks are attached
at the ends of a string at all times and the confinement is an integral part of the
model. The Nambu-Goto strings produce linearly rising Regge trajectories for the
hadronic spectrum and reproduce the masses of hadronic resonances [2].

The real-time dynamics of boosted strings must be supplemented by a
hadronization mechanism and an interaction mechanism. For the hadronization
mechanism we use the pair-creation followed by a string breakup method which is
similar to flux-tube breaking of the strong-coupled QCD calculations [3]. Our pro-
cedure is consistent with the inside-outside cascade picture observed in relativistic
collisions.

The primary focus of our approach to the string-string interactions are the
string endpoints which are interpreted as dynamical quarks. The quarks on each
string act as distinguishable particles [4] and scatter with a phenomenological
amplitude. This interaction is followed by the exchange of the two quarks in anal-
ogy with quark-exchange mechanisms mentioned elsewhere [5,6]. The dynamics
of boosted relativistic strings lead to a distribution of particles with a rapidity
plateau, and with the intial quarks producing leading particle effects [7]. The
result is a dynamical model with relatively few free parameters which could be
applied to the study of relativistic heavy-ion collisions. The parameters of the
model are fixed by comparing to e+e~, e - p, and p — p collisions. We also note
that the real-time string-parton model is considerably different from other string
based statistical models [8-12].

This paper is organized as follows. Section II gives a brief outline of the
string-parton model. In section III we discuss the decay mechanism. Section V
indicates how the quark distribution functions are introduced into the model, and
in section VI we discuss interactions in the parton model. A conclusion follows in
section VII.

n. THE STRING-PARTON MODEL

In this section we outline the basic properties and equations for relativistic,
open classical strings. Classical strings serve as a phenomenological tool to study
the physics of extended confined objects [13]. The derivation of the string equa-
tions of motion is considerably involved. Here, we will only give an outline of
the basic equations and concentrate on the physical picture of the string motion.
More detailed derivation of the equations can be found in Refs. [14,15]. We work
in natural units where fi = c = 1.

The action of the relativistic strings is constructed in analogy with the action
of a free particle. While the free particle action is proportional to the length of
its world line, the string action is proportional to the invariant area swept by the
string. The string is defined to be a finite curve in space which sweeps out a
hypersurface in four-dimensional space-time. The two-dimensional surface can be
parameterized in terms of the general coordinates r and a as x'l(T,a). For a two-
dimensional surface embedded in four-dimensional space-time the area element is
[14]

l(dxdxA (dxdxA(dxdxA\
dA = | [l7 17) " [l717) [1717) ) dsdT



which is used to define the string action as

S^-nfdA (2)

where « is the string 'ension and is equal to approximately 0.9 GeV/fm. The
time over which the action is to be considered is defined by an initial time r, and a
final time rf. The string ends are defined to be s — 0 and 3 = 5, and K$ represents
the accumulative energy of the string from its zero endpoint to any other point
along the string. Thus, the total energy of the string is KS. The initial and final
configuration of the string will be those seen by a definite observer at a given
instant of time in his Lorentz frame. This action is invariant under general string
coordinate transformations and satisfies energy-momentum conservation.

General equations of motion and the boundary conditions are obtained by
small variations of the surface that joins the initial and final configurations of
the string. Due to the arbitrariness of the parameterization of the surface swept
by the string we can choose additional coordinate conditions (Virasoro gauge
conditions) which simplify the equations of motion. We work with the orthonormal
parameterization

which implies that the velocity of a point along the string is always perpendicular
to the string. We also note that the motion perpendicular to the string is time-like
whereas motion along the string is space-like. With this choice, the equations of
motion reduce to the wave equation

with the additional coordinate conditions

and Eq.(3). In the following we choose the coordinates such that [14] X°(T,S) =
T - ct and x = af(r, j ) . Therefore, at the endpoints of the string, Eq.(5) gives

which means that the endpoints move at the speed of light. We also obtain tlie
spatial endpoint boundary conditions

8a ~ 8s
_

which tell us that there is no energy-momentum transfer out from the string
endpoints.

The solution of Eq.(4) subject to the above coordinate conditions and the first
of the conditions in Eq.(7) give



\ y " ( r + 3 ) + y " ( r -a)) , (8)

where we have defined j/"(<) = x''(t, 0), which is the trajectory of a single endpoint.
This indicates that the entire string can be constructed from the knowledge of the
trajectory of a single endpoint. The application of the second boundary condition
in Eq.(7) results in the endpoint periodicity equation

2P»

where P" is the total four-momentum of the string and is given by

dx"ft
>" = K /

Jo
ds

dr

(9)

(10)

Eq.(9) is a periodicity condition for the equations of motion. Thus, if at time
T = 0 the trajectory values of y(a) are known from a = —E/K to a = J3/«, and
the momentum P is also known, then one can compute y for all times. This
general procedure is illustrated in Fig, 1. Here, the curve labeled y(r) describes
the trajectory of one of the endpoints. To construct the entire string at time,
say r = 0, we draw the vectors from y*(0) to an arbitrary distance ±a along
the trajectory. The location of the string point x(0,a) is then given by Eq.(8).
Similarly, the vector from y(—a) to y(a) is proportional to the momentum of this
string point via the generalized version cf Eq.(9). At this point we also note
that linear segments of the endpoint trajectory will lead to multiply "hit" points.
These points will have a larger energy-momentum content.

Figure 1. he construction of a string from the trajectory of one of its endpoints.
The details are explained in the text.

Strings may be classified by their endpoint motion. The difference between
various string structures manifests itself in the details of the string motion, and



more importantly in the amount of the total string energy carried by the endpoints.
In section IV we utilize these properties to discuss the quark structure functions
in the string picture.

III. HADRONIZATION MECHANISM

In order for the string picture to address the physics of strongly interacting
high energy particles, it must incorporate the hadronization process leading to
color singlet final state hadrons. The hadronization process is believed to take
place via soft non-perturbative mechanisms which cannot be calculated by per-
turbation theory. Below, we will outline an adiabatic approach for string fragmen-
tation. In addition we will introduce a method for assigning transverse momenta
to the created qq pairs. The formalism will be used to study the hadronization
process in e+e~ collisions.

In our simulation of high-energy collisions, string-string interaction mecha-
nisms lead to excited strings which stretch. These excited strings decay through
string breaking. The decay process is outlined in three steps. First, only those
strings which satisfy a minimal mass criterion may decay. The daughter strings
of a decay must have a mass of at least Mcq for a meson, and Mcqg for a baryon.
Second, at which point an excited string may decay is determined by a probabilis-
tic decay law. The decay law depends on the invariant area that an infinitesimal
piece of string SA, sweeps out during a given time dr. A simple rate equation is
given by

^ U - A i V A ) . (U)

where A is the decay rate. Finally, qq pair production in a flux tube will produce
transverse momentum. In the absence of any fundamental calculations we choose
to parameterize the transverse momentum assignment with a simple exponential
distribution function

f(pT)pT<ipT oc e~QPTpTdpT , (12)

where a is related to the average transverse momentum produced during decay.
This simple decay process, combined with the string dynamics, produces many
cf the gross features observed in high-energy fragmentation as follows: (*) the
string breaking will commonly occur where the string stretches most, leading
to the observed pionization, (it) the pion distribution is somewhat uniform and
produces a rapidity plateau, and [Hi) since the primary quarks are at the ends of a
string and fragmentation begins in the central region the string pieces containing
the primary quarks fragment latest thus producing the leading particle effect.
Further details of the decay mechanism may be found in Ref.[15].

Parameters for decay were chosen as follows. The cutoff masses are chosen
to obtain the experimental multiplicities in high-energy e+e~ collisions. We have
determined the cutoff mass Mc, to be = 0.25 GeV. The cutoff mass Mcqq is set
equal to = 0.25 GeV for the e+e~ calculations, whereas in hadron-hadron colli-
sions it is equal to the proton mass. The decay rate is chosen to be 1.0 fm~2

which is commensurate with decay rates used in the LUND simulation programs.
In principle, parameter A and the cutoff masses can be fine-tuned. This was not



done for this work. Finally, we note that the average experimental transverse
momentum is related to a in Eq.(12) by < pi >= 2/a. We have found that
i> — 3.88 (GeV/c)~] produces the experimental low transverse momentum distri-
butions fairly accurately with < pr >=s 0.350 GeV/c. This difference is due to
the restrictions arising from the cutoff masses. The inclusion of the string-string
interactions will be discussed in section V. First we must consider the initial string
states for the nucleons.

IV. STRUCTURE FUNCTIONS

In building the phenomenology of dynamical string-parton model description
of relativistic heavy-ion collisions, it is desirable to start from a description which
entails many of the features observed for more elementary high-energy processes.
One of the most important properties of hadrons is their substructure observed
mainly via deep-inelastic charged lepton-hadron collisions [16, 17]. The quark
distribution functions obtained from deep-inelastic e — p collisions [18] can be
parameterized for convenience. Here, we use the Eichten, Hinchliffe, Lane, and
Quigg, (EHLQ) parameterization [19]

xu (x)-\ 78 i o s ' ' ' "S™

xdv(x) = 0.67B0-1 (l - a*1-51)"1'5 , (13)

where u,. and d, are the valence quark distribution functions, and x is the Bjorken
scaling variable. The uv distribution integrates to 2 and dv distribution to 1 giving

uv{z) + dv{x)}dx = \ , (14)

and thus yielding a flavor averaged proton distribution function

qP(x) = ^[uv(x) + dv(x)} . (15)

It can be shown in the infinite momentum frame that the scaling variable x is
the fraction of the momentum of the nucleon carried by the struck patton. This
relation is true only in this frame, however, it is approximately valid in other
frames, if the partons are assumed to be massless. Corrections arising from the
finite partcn mass are usually neglected as well as the small differences between
neutron and proton distribution functions [20].

In the relativistic string picture the string endpoints are interpreted as mass-
less quarks moving at the speed of light. For the description of baryons one end
represents a single quark whereas the other end a diquark. Each quark carries a
baryon number of 1/3 thus giving B = 1 for baryons. The description of mesons
involves a quark at one end, and a antiquark at the other. In addition, as we
have discussed in a previous section, the endpoints contain a varying amount of
the total string energy. Thus, for relativistic strings, it is natural to define a
fractional momentum variable associated with the string endpoints. Assuming
collinear motion along the z-direction, which will be the boost axis, we define
the string longitudinal momentum fraction in terms of the ratio of the light-cone
variables,
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whore A- is the endpoint four-momentum and P is the total string four-momentum.
The variable &„ is Lorentz invariant for boosts in the longitudinal direction.

In order to construct a distribution function we consider the probability for
finding a string endpoint with a momentum fraction x,. As we have seen in
a previous section the string endpoints move in time and change their energy-
momentum content. Furthermore, Eq.(16) also indicates a dependence on the
orientation of the endpoint trajectory with respect to the boost axis. Thus, the
probability depends on two independent variables, time t and the orientation angle
9, and can be described by the function Vi{xa]t,9)y where the index i identifies
strings with different endpoint dynamics. 6 is defined as the angle between the
normal to the plane in which the endpoint trajectory lies and the boost axis in the
rest frame of the string. Averaging this distribution over one time period and over
all possible orientations defines the distribution function for a particular string:

*•(*.) = ̂  f & f «»&OT\(».;M) • (17)
2.1 Jo Jo

The functions qi(xa) approach frame independence for large 7, in accordance with
the parton model. Actually 7 > 5 yeilds nearly frame independent distribution
functions. Since strings with different endpoint dynamics correspond to different
values for (x,)mnT , an ensemble of such strings can be used to reproduce the proton
structure function qp(x) of Eq.(15). We denote this ensemble by

where q,p is the calculated valence quark distribution function for the proton p,
and C, denotes the weight of the type i string in our ensemble. We choose for
our ensemble endpoint dynamics of the yo-yo (i = 1), isosceles triangles with
sides whose lengths are in the ratio 0.4 : 0.4 : 0.2 (i = 2) and 0.45 : 0.45 : 0.1
(t = 3), and equalateral triangles (t = 4). Since the range of x3 values for strings
executing different endpoint motion do not fully overlap, the coefficients C, can be
determined by first requiring the equivalence of qP(xs) and q,p(xs) at various values
of x,. The details are given in Rev.[15]. The coefficients are C\ — 0.091, C% =
0.44, C3 = 0.226, Ci = 0.243. The corresponding agreement between qp(xt)
and q.,p{xa) is is very reasonable. This ensemble will be used when performing
string-parton model calculations of collisions involving protons.

V. HADRON-HADRON COLLISIONS

For the simulation of relativistic hadron-hadron collisions an interaction mech-
anism between two evolving strings must be introduced. In the large Q2 limit
(where Q denotes the four-momentum transfer), there is considerable evidence
that constituent quarks behave as point-like particles and undergo hard scatter-
ings [16,21,22]. Such hard scatterings are believed to be the main source of high
pr production in hadron-hadron collisions [23]. Similarly, in the low Q2 regime the
hadrons can interact via quark or other exchange mechanisms and still preserve



their color singlet nature. Such mechanisms has been applied lo construct poten-
tial models for the hadrnn-hadron interactions [5]. Experimental studies of jets
in hadroii'hadron and e+e~ collisions also indicate that the hadronization mecha-
nism occurs from color neutral objects (9j suggesting that the color singlet nature
of the strings must be preserved during the interaction. In this section we incorpo-
rate these features into the string model via the introduction of phenomenological
interactions between the string endpoints.

In previous work that involved parton-parton collisions, a classical radius of
interaction was chosen[24]. In the following we present a brief outline of parton-
parton scattering theory which has been used in this work. We consider the scat-
tering of two nucleons for which the interaction takes place between constituent
partons. Factorization[25] may be used to write the nucleon-nucleon cross section
in terms of the parton-parton cross sections. The nucleon-nucleon cross section is
then

jdcr,j , (19)
>j

where

d<r,} = E\(Oa\S\ftfj)\
2d2b. (20)

mi

The expression p,/A(xA)dxA gives the probability of finding a parton of type i in
nucleon .4 with momentum fraction between a:..) and x..\ + dx,.\. The normalization
is given by u>An = 2a;,i2w«, and w,y = 2u>,2u>j. The cross section do\y denotes an
inclusive observable summed over all final states, \f'af'a). In principle we could
evaluate the scattering into definite final states (/„,/(,); however, in our treatment
it is advantageous to use completeness of these states and replace them by a
complete set of free particle states such that

Q0

= £ {fJs\s'\v\p'2)(p\p'2\s\f,fi)d2b

(21)

In order to calculate the cross sections, we must evaluate the scattering matrix,
which is carried out in Ref.[26]. The final expression for the impact parameter
dependent cross section for nucleon-nucleon scattering is given by

£
IA - Pj\

pj;p'l:P'2)\
2d2b> (22)

where F,j(b) describes the impact parameter dependence of the overlaps of the
interaction wavefunctions, and M. describes the point like scattering of the inter-
acting partons. p are intrance channel momenta and p' are exit channel momenta
o" the scattering partons.

8



The invariant matrix element .M may be calculated in terms of the Mandel-
stam variables for the quarks J , / ,W, which are defined as

* -" (P. + P})\ t -- (p, pi)2, u = (p, - p\ )2 . (23)

In the string model, since all interactions at this stage are mediated by the quarks,
we use a phenomenological scattering, which includes the first Born order terms,
for the quark scattering. The invariant matrix element is then given by:

where «,",<*,", are strength parameters for the two scattering channels, and mt,mu

are effective range parameters. At this time a't = a" = 0.7 and mt — mu — 1/rj.,
where rx is an effective range of the interaction between two quarks. In future
work, as we move the model up in collision energy, we will be able to use these
parameters to obtain the correct jet cross sections in proton-proton collisions. In
the present work r± = 0.7 fm which gives a proton-proton cross section of 30 mb.

We have performed simulations for p - p collisions at two different center
of mass energies, y/a = 19.44, and 53 GeV. For these energies strings were
discretized using 1,300 and 1,990 points, respectively. Various distributions were
obtained including the rapidity, and transverse momentum. Rapidity is defined
as

where the longitudinal direction is along the jet axis. The value of the quark cutoff
mass was increased to Mcq = 0.36 GeV in order to obtain the correct total multi-
plicity of final particles. The diquark cutoff mass was set equal to the proton mass,
Mrqq - 0.94 GeV. This readjustment is expected since the charged particle multi-
plicities in p — p collisions are approximately 20% lower than the e+e~ collisions at
the same center of mass energy [27]. In Fig. 2 we plot the rapidity distribution for
y/s = 53 GeV. The data shows the experimental positive and negative charged
particle distributions [28] in comparison to our calculations. Similar to the e+e~
case the agreement in the central rapidity region is good whereas the large rapidity
tails are not reproduced due to the large value of the cutoff mass, which inhibits
the production of low-mass large rapidity particles. Fig.3 shows the calculated
transverse momentum distribution at yfs = 19.4 GeV and at y/a = 53 GeV in
comparison with the experimental results [28] at 53 GeV. The results are in good
agreement up to the transverse momentum range considered in these calculations
(pr < 1.1 GeV/c). The scattering model discussed in the previous section would
allow comparisons at much higher values for transverse momentum, however, the
required statistical accuracy for the reproduction of the exponentially decaying
distribution would require 50,000 — 100,000 collisions. These calculations will be
performed in the future.



VI. CONCLUSION

We have presented a mode] based on the relativistic Nambu-Goto string for-
malism for studying inclusive hadronic processes in high-energy collisions. The
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Figure 2. Rapidity distributions of charged particles of positive and negative
particles for pp collisions y/s = 53 GeV. Data are from Ref. [28].

calculations are performed in four-dimensional space-time with no restrictions We
have shown that an ensemble of different string structures can be used to approx-
imately reproduce the experimentally observed valence quark structure functions.
This was achieved by the interpretation of string endpoints as quarks or diquarks.
The interaction mechanism employs a u~ and t— channel parton exchange interac-
tion with phenomenological ranges and strengths. Excited strings decay according
to an adiabatic decay scheme and the decay is interpreted as being due to qq pro-
duction along the string. The produced quarks are assigned transverse momenta
based on a phenomenological distribution. In this form the formalism successfully
reproduces the gross features of the data from relativistic e+e" e - p and p — p
collisions. These include the rapidity distributions, transverse momentum distri-
butions, longitudinal momentum fraction distributions, and total charged particle
multiplicities. Due to the time-dependent nature of the model we also obtain me-
son and baryon formation times and the time development of various particle and
energy densities. In Table I we tabulate the set of parameters used in the model
and the criteria for their choice.

The string phenomenology has been a successful tool for performing simula-
tions of strong interaction physics. Confinement is conceptually incorporated into
the model and other connections with QCD model calculations, as mentioned in
the introduction, make the string formalism an attractive approach for study-

10



ing strongly interacting extended objects. An important caveat to stress at this
point is that the connection of the model to the true nature of the strong interac-
tion dynamics is rather tenuous. This is particularly true for the formulation of
quark-quark interactions and the qq production which are among the unresolved
problems of quantum chromodynamics. Our goal is to develop an effective dynam-
ical formalism which could be used for studying the hadronic interactions taking
place during the collisions of relativistic heavy-ions. The hope is that a better
understanding of the hadronic debris would improve our chances of isolating the
signals coming from the decay of the quark-gluon plasma. As it stands, the model
is readily extendable to the studies of e - A, p - A, and A - A collisions. These
compute intensive calculations are currently underway.
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Figure 3. The calculated transverse momentum distributions are shown for pp
collisions at y/a = 19.4 and y/s = 53 GeV. Data for the two energies in this
momentum range are similar, and only the 53 GeV data are plotted [28].
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TABLE I. Parameters of the Model

Symbol

M,,(e+e~)
•U ,(p - p)

A
fipr), a

r i
o^

Name
String tension
Meson mass cutoff
Meson mass cutoff
Baryon mass cutoff
Decay rate
PT distribution
Interaction range
Effective coupling constant

Method of Determination
Regge slope
Total multiplicity
Total multiplicity
Proton mass
LUND
fit to e+e~ data
p — p cross section
p - p cross section

Value
0.88 GeV/fm
0.25 GeV
0.36 GeV
0.94 GeV
1.0 fm-2

3.88 {GeV/c)~l

0.7 fm
0.71
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