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Abstract

An investigation of the color evaporation model is presented. The color evaporation model
describes the production of J/y mesons. The numerical FMNR program is used to calculate the
next to leading order J /y production cross sections as predicted by the color evaporation model.
Cross sections are calculated as functions of p&, W, and z  In addition the p2 distribution
was investigated in four different z regions. The color evaporation model predictions with and
without a phenomenological correction factor introduced by Halzen et al. are investigated. Both
are compared with a color singlet model Monte-Carlo generator and with data collected at the
HERA collider.

It is found that the data for the p%, Wy, and z distributions are in a good agreement with the color
evaporation model predictions with the correction factor. The shapes of the double differential
p2 distributions for the data however are not described by the corrected distributions of the
color evaporation model. For the double differential distributions the predictions without the
correction factor are in very good agreement with the data.

Kurzzusammenfassung

In dieser Analyse wurde das Color-Evaporation Modell untersucht. Das Color-Evaporation
Modell beschreibt die J/y-Meson Produktion. Das numerische FMNR Programm wurde be-
nutzt um die J/y Wirkungsquerschnitte des Color-Evaporation Modells in ndchst fiihrender
Ordnung zu berechnen. Die Wirkungsquerschnitte wurden als Funktion von p%, Wy, und z
berechnet. Ausserdem wurde die p3 Verteilung in vier unterschiedlichen z Bereichen unter-
sucht. Das Color-Evaporation Modell wurde mit und ohne einem phdnomenologischen Korrek-
turfaktor, der von Halzen et al. eingefiihrt wurde, untersucht. Beides wurde mit den Prognosen
eines Monte-Carlo Generators des Color-Singlet Modells und mit HERA Daten verglichen.

Es wurde festgestellt, dass die Daten von den Verteilungen des korrigierten Color-Evaporation
Modells beschrieben werden. Die Form der doppelt differenziellen p2 Verteilungen der Daten
kann nicht mit den Verteilungen des Color-Evaporation Modells mit Korrekturfaktor bes-
chrieben werden. Sie wird jedoch von den unkorrigierten Color-Evaporation Modell Verteilun-
gen sehr gut beschrieben.
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| ntroduction

Starting in 1992 electron-proton collisions are investigated at DESY (Deutsches Elektronen
Synchrotron) in Hamburg. This unique accelerator is operating at a center of mass energy of
/S =300GeV. This is approximately one order of magnitude higher than any fixed target
experiment, making a wide region of physics accessible, such as measurements of the proton
structure function, measurements of the parton distribution of photons, tests of perturbative
QCD and the quest for new particles.

The goal of high energy particle physics is the understanding of the fundamental interactions
between the elementary constituents of matter. The standard model provides a satisfactory
framework for particle physics. Over the past 20 years only very few statistically irrelevant
deviations from the standard model were observed.

The beginning of heavy quark physics is marked by the discovery of the J/y meson in 1974.
The J/y meson is a bound cc pair. Three years later the Y meson consisting of a bound bb pair
was observed. Surprisingly the description of the high production rates for J/y mesons at the
TEVATRON is a major challenge for the standard model. The production rates predicted by
the color singlet model are more than one order of magnitude below TEVATRON data. New
parameters, the color octet matrix elements, were introduced which are expected to be univer-
sal. The matrix elements for the color octet model were extracted from the TEVATRON data.
Therefore the color octet model can describe the high production rates at the TEVATRON cor-
rectly. The color octet model however does not give a satisfactory description of the HERA
data.

In the present analysis a third model to describe J/y meson production is investigated, the color
evaporation model. In the color evaporation model the color of the produced cC pair is assumed
to be *bleached out’ (evaporate) by multiple soft gluon interactions. This implies a statistical
treatment of color. The cross section for J /y production in the color evaporation model is cal-
culated by integrating the cT cross section over a mass interval of [2m¢, 2mp]. In order to obtain
the statistical rate for the production of the color singlet state of the J/y meson, a factor of %
is applied to the cross section. In addition a factor p;,, is multiplied to the cross section. This
factor represents the fraction of color singlet cT pairs that evolve into a J/y meson.

In this thesis the cross sections for J/y production in the color evaporation model are calculated
using the FMNR program. It is a program to calculate open cT pair production in next to leading
order. J/y production in the color singlet model and the color evaporation model are compared
for photoproduction events in ep collisions. In addition the cross sections are compared to the
data taken at HERA from 1995 to 1997. The data selection is described in detail in [KruQQ0].

In chapter 1 a short overview of the HERA collider and the H1 detector with its major com-
ponents is given. ep kinematics and the kinematics of J/y meson production are described
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2 Introduction

in the first part of chapter 2. In the second part the production processes of J/y mesons are
introduced. In the third part the three major models to describe J/y production are presen-
ted. The Monte-Carlo generators EPJPSI and RAPGAP and the FMNR program used in this
analysis are described in chapter3. In chapter 4 the implementation of the color evaporation
model is explained and comparisons with Monte-Carlo generators are made. In addition the
color evaporation model predictions are compared with the data.



Chapter 1

The Experiment H1

HERA (Hadron-Elektron-Ring-Anlage) is a unique storage ring system at DESY (Deutsches
Elektron Synchrotron) in Hamburg, Germany. It was built in 1990 after six years of construc-
tion. This project allows to accelerate, store and collide protons and electrons® in two counter
rotating beams at a center of mass energy of 300GeV. The first ep collisions at HERA were
observed in 1991 and since 1992 the two multi-purpose detectors H1 and ZEUS are taking data.
In this chapter a short overview of the collider and the H1 experiment is given.

1.1 TheHERA Coallider

The world’s first electron-proton collider HERA was built with two independent storage rings
of 6.4km circumference. The electrons and protons are passing several preaccelerators before
entering the HERA storage ring (see fig. 1.1).

The electrons are stored at an energy of 27.5GeV and the protons are stored at 820 GeV
resulting in a center of mass energy of /s~ 300GeV.? When colliding head-on the two beams
have nearly zero crossing angle at the two interaction points in the north and the south, at the
H1 and ZEUS detector, respectively. In 1995 the HERMES detector was added. It used only the
polarized electron beam to investigate the spin nature of nucleons in a fixed gas-target. Since
1998 HERA-B is using the proton beam to look for CP-violation in the system of B-mesons.
The electrons and protons are stored in up to 220 bunches, resulting in a time distance between
two bunchcrossings of 96 ns or a frequency of 10.4 MHz. The average beam lifetime is typically
10 hours, which is dominated by the electron lifetime (=~ 10h) not by the proton lifetime (~
24h). For the study of background conditions some bunches have no collision partner (pilot
bunches). Background originates from interactions of the beams with rest gas molecules in the
beampipe, with the beampipe itself, or from synchrotron radiation or cosmics.

LAt HERA it is possible to use either electrons or positrons for the electron beam. From 1994 to 1997 positrons
were used instead of electrons to increase the lifespan of the beam. Furthermore the word electrons stands for
positrons as well.

2HERA is operating with a 920 GeV proton beam since 1998. Since the data used in this analysis were taken
before 1998 the beam energy will be taken to be 820 GeV.
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Figure 1.1: The storage ring HERA (right) and its preaccelerators (left) at DESY.

1.2 TheH1 Detector

The H1 detector was built according to the same principles of most modern collider experi-
ments. Due to the different beam energies of HERA the ep system is strongly boosted along
the proton direction. The asymmetric layout of the H1 detector takes this into account. In the
direction of the proton beam there is a more massive instrumentation. A detailed description of
the H1 detector can be found in [H1]. The H1 detector is a multi purpose detector demanding
high resolutions for a large number of variables. For example excellent electron identification
and measurement is required in order to study deep inelastic scattering and physics precise mo-
mentum measurements and good muon identification are necessary for heavy flavor physics.
This hardware setup has to be combined with an efficient software to guarantee efficient and
accurate data taking. A schematic overview of the H1 detector is given in figure 1.2. The beam
pipe| 1|2 is surrounded by the tracking system, consisting of the central tracker , the forward
tracker | 3 |and the central silicon tracker (not indicated in the figure). The electromagnetic
and the hadronic |5 | liquid argon calorimeter are embedded in the cryostat which cools
a superconducting coil. The tracking system and the calorimeter are surrounded by a super-
conducting solenoid @ producing a magnetic field parallel to the beam pipe of 1.6 T. The
instrumented iron and the muon toroid magnet form the outer layers of the detector.
The origin of the coordinate system for H1 physics is the interaction point of the two beams, as
marked with a small cross in the beampipe in figure 1.2. The z-axis is along the proton beam,
the x-axis points to the center of the HERA ring and the y-axis is according to a right-handed
coordinate system. The coordinate system is conventionally described in spheric coordinates
with the angles 6 and ¢. 6 is the angle between the z axis and the particle track, ¢ describes
direction of the track.

3The numbers correspond to the numbers in fig. 1.2
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Figure 1.2: A schematic overview of the H1 detector.



Chapter 2

Kinematics and Models of J/y Production

In this chapter the HERA kinematics are introduced and the production processes of J/y
mesons are described.
Subsequently the three main models to describe inelastic J /y photoproduction are presented.

2.1 HERA Kinematics

In this section HERA kinematics for J/y production are discussed. At first the general ep
kinematics are introduced, followed by a more detailed view on J/y production kinematics.

211 epKinematicsat H1

At the HERA collider electrons and protons are accelerated to beam energies of Ec = 27.5GeV
and Ep = 820GeV respectively. Conveniently Lorentz invariant quantities are used for the
description of the kinematics. The squared center of mass energy s of the collision is given by:

s= (k+ p)® = 4EcEp ~ (300GeV)?, (2.1)

where kand p are the four momenta of the incoming electron and proton respectively. Here and
in the following the masses are neglected for the approximation.

The basic process for deep inelastic scattering in ep collisions is illustrated in figure 2.1. Elec-
tron proton scattering is in lowest order described by the exchange of a single gauge boson.
In neutral current (NC) events a photon or a Z%-boson is exchanged, in charged current (CC)
events a W=-boson. Due to the heavy mass of the weak bosons W and Z°, my ~ 80GeV,
mw ~ 91GeV, electron proton scattering via the W or Z° boson exchange is suppressed for
Q% < mg,.

Events can be classified by the virtuality of the photon Q?,
Q= =—(k-K) (2:2)

with g and k' being the four momenta of the photon and the outgoing electron respectively (see
figure 2.1). At HERA events are separated into two kinematical regions:

6



2.1. HERA Kinematics 7

e (k) .')92 e’ (k)

bx

Figure 2.1: A generic diagram for ep scattering. X designates any hadronic final state, the variables are
described in the text.

e Photoproduction: Q2 ~ 0. In this Q? range the electron is scattered under very small
angles and cannot be detected in the central detector region. It may be detected by a
special small angle electron detector.

o Deep indastic scattering: Q> > m% mp being the proton rest mass. Under this condition
the scattered electron is detected in the central detector.

For Photoproduction the photon-proton center of mass energy Wy, and the Lorentz invariant s
are related as:

WA = (p+gQ?=~y:s, (2.3)

where the inelasticity y is the Lorentz invariant scaling variable defined as:

/
y= E'pm Ee—Ee (2.4)
P Ee

Here E/ is the energy of the scattered electron. In the proton rest frame y is the fractional energy
loss of the scattered electron. For equations 2.3 and 2.4 the approximations are again neglecting
the masses.

At the high HERA energies a parton, a constituent of the proton, i.e. a quark or a gluon, interacts
directly or via another quark with the photon. The Bjorken scaling variable x is defined as:

2
—q

X=——. 2.5

29-p (2.5)

It is the fraction of the proton momentum carried by the parton for the pointlike component in

the quark parton model. For deep inelastic scattering in the leading order quark parton model it
can be identified as the four-momentum of the struck quark in the proton.
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Neglecting the masses of the electron and proton we find x, y and Q? related by the simple
equation:

Q* ~ xys. (2.6)

For photoproduction the radiation of a photon and the interaction with the proton can be treated
independently (Weiszédcker Williams approximation [WW]). This allows to factorize the ep
Cross section:

dzcep(ya QZ)
dydQ?

with f, e describing the photonflux and oy, being the photon-proton cross section. In the
Weiszacker Williams approximation f,e is calculated in [FMNR2] to be:

= f’Y/e(yv QZ)GYp(yv Qz)v (27)

em (14 (1—y)? Q%x.  Clem 1 1
fy/ez(;n-( (y y))-log(Q?an 2n2nﬁy(Q?nax—Q$nm>- (2.8)

2
me is the electron rest mass, Q2. = % is the minimal Q? exchanged and Q2 is the max-

imum Q?. Q2. = 1GeV in this analysis in order to limit the analysis to photoproduction.

2.1.2 J/y Kinematics

In 1974 two groups discovered the J/y meson simultaneously. Aubert et al. [Aub] observed
an enhancement in the et e~ invariant mass spectrum in Brookhaven, giving evidence of a new
particle. They named it J. Augustin et al. [Aug] measured the et e~ annihilation cross section
at the SPEAR machine in Stanford (SLAC), calling the new particle .

The J/y meson is interpreted as a bound state of cc quarks with the quantum numbers J7¢ =
17~ and mass my, = 3.097 GeV. It is the lightest charmed vector meson in the Charmonium
family. This is one reason for a special property of the J/y meson, the extremely small decay
width 'y, = 87 - 5keV. In addition it has only few options to decay via the strong force. The
possible decays are forbidden by the OZI rule 1, leaving the contributions of electromagnetic
decays substantial. Lepton universality implies almost identical branching ratios for the decay
into ete” and ptp~, BR(J/y — ete™) = (6.0240.19)% and BR(J/y — ptu~) = (6.01 &
0.19)%.

The transverse momentum pt of the J/y meson is an experimentally important variable to
describe J/y production. Although the incoming electron and proton do not have a transverse
momentum, the interacting partons may have transverse momenta (see figure 2.2) passing them
to the produced J/y meson. pr is defined as:

pr = /R + %, (2.9)

with px and py being the x and y component of the J/y momentum. The fraction of en-

1The OZI rule states that diagrams containing disconnected quark lines are suppressed relative to those with
connected ones.
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Figure 2.2: J/y-production via boson gluon fusion in the color singlet model.

ergy transferred from the photon to the J/y meson in the proton rest frame is the elasticity
z This Lorentz invariant variable is used to discriminate different production mechanisms and
is defined as:

g PP By
- g-p Ey’

(2.10)

where p; , denotes the four momenta of the J /.

2.2 J/y Production Mechanisms

2.2.1 Pointlike J/y -Production (Boson-Gluon Fusion)

Boson-gluon fusion is the leading order process for quark antiquark pair production illustrated
in figure 2.3. The gluon from the proton and the virtual photon from the electron interact via a
virtual quark line. This process is sometimes referred to as pointlike (or direct) production. At
HERA energies light (u,d,s) and heavy (c,b) quark-antiquark pairs can be produced. The gener-
ation of b quarks is suppressed due to the higher energies needed because of the large b quark
mass by approximately two orders of magnitude compared to the formation of ¢ quarks. At
HERA photon gluon fusion is the dominant process for J/y production in the kinematic range
of 0.3 < z< 0.9. As already mentioned boson gluon fusion is the leading order contribution to
the pointlike component. In next to leading order calculations, processes where the gluon ra-
diates a second gluon which interacts with the photon are included in the pointlike component
(see figure 2.4 a). Some other NLO contributions are a second radiated gluon or photon quark
interaction with a radiated gluon.

In general the produced quark-antiquark pair is not in a bound state. The transition to a bound
state such as the J/y meson for c-quarks is described in different models, the color singlet
model, the color octet model and the color evaporation model (see sections 2.3.1, 2.3.2 and
2.3.3).



10 Chapter 2. Kinematics and Models of J /s Production
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Figure 2.3: Diagram for the production of a quark antiquark pair via boson-gluon fusion.
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Figure 2.4: O(aeme:2) processes contributing to a) pointlike and b) hadronic charmonium photoproduc-
tion. f is the momentum fraction transfered from the incoming parton (gluon, quark) to the interacting
gluon (parton).
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2.2.2 Hadronic J/y-Production

In addition to the processes where the photon of the electron interacts directly with the parton
of the proton there are hadronic (resolved) contributions. A quasi-real photon (Q2 — 0GeV?)
can behave like a hadron and interact via its partonic contents with the proton. The photon can
evolve into quark pairs. In that case one of the two quarks or a radiated gluon participates in
the interaction. Therefore the hadronic contributions to J/y production are derived from the
following interactions:

e quark gluon
e gluon gluon

e quark quark

The generic diagrams for J/y meson production in hadronic photon processes are shown in
figure 2.4 b. A parton from the proton and a parton from the photon interact in next to leading
order in o via a virtual quark line or direct. The distributions of the hadronic contents of
the photon can be described by parton density functions (PDF). The dominant process is the
interaction of two gluons. Hadronic photon events have a second hadronic system besides the
proton remnant, the photon remnant.

The total ep cross section is composed of the sum of pointlike and hadronic contributions:

Gep = Oep| pointlike] + cep[hadronic|. (2.11)

The separation of these two contributions must be handled with care since some terms of the
hadronic processes may already be included in the pointlike terms (photon PDF), see section
2.3.3 and [NDE]. Some diagrams for hard subprocesses especially in next to leading order may
have their origin in both pointlike and hadronic production processes and thus can lead to double
counting.

2.3 Modesfor J/y Production

The three main models describing J /y production have one basic assumption in common. They
are all based on the factorization of the production process. At first the cC pair is produced in a
process calculable in perturbative QCD and depending on the production process, i.e. ep or pp
etc. Thereafter the cC pair develops into the bound state, the J/y meson, via a process that is
in general not calculable in perturbative QCD and independent of the production process. The
factorization is considered legitimate because of the two different time scales of the processes,
the ct pair is produced on a short time scale of order 1/mc and the bound state formation is a
long distance process with time scale of 1/Aqcp. Aqcp is the QCD scale.
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2.3.1 TheColor Singlet Model

The Color Singlet Model (CSM) developed by E. L. Berger and D. Jones in 1980 was the
first model to provide quantitative predictions for Charmonium production (see figure 2.6 and
[BeJ,BaR]). It is applicable to a variety of processes like hadron collisions, photoproduction
and et e~ collisions.

The cross section for J/y production can be factorized into the short distance cross section of
the ct pair production calculable in pQCD and the long distance matrix element to describe the
non-perturbative formation of the bound state. This is the factorization argument introduced
above. The production of a J/y in the color singlet model is illustrated in figure 2.5 a). A
virtual photon and a gluon fuse via a virtual quark line. A hard gluon has to be emitted in the
hard subprocess to be able to produce a ct pair with the quantum numbers described below. The
differential cross section can thus be written as:

do(A+B — J/y+ X) = dogort(A+B — ct(1,2S) + X) - |Ry 1, (0)[%. (2.12)

A and B are two incoming partons such as yand p, Ggort(A+B — ct(1,2S) + X) is the short
distance cross section to produce a cc in the state (1,%S;) where the 1 denotes a color singlet
state. The 3S; is the 2St1L; state describing the angular momentum state of the cc pair with
S, L and J being the quantum numbers of the total spin, the orbital angular momentum and the
total angular momentum. R;,,(0) is the J/y wave function at the origin since the cC is in the
(1,3S)) state. Itis related to the electromagnetic width T'ee of the charmonium:

4a?
9mg
with m¢ denoting the charm quark mass and o the fine structure constant. This is a leading order
approximation.

The original formula to describe J/y production in the color singlet model was developed by
E. L. Berger and D. Jones in [BeJ]. The cross section was calculated to be:

IrJ/y —e'e ) =T~ IRy (0)[%, (2.13)

E
dx

Here x = % where S is the photon-gluon squared center of mass energy and § = Wyzp. For
photoproduction x can be approximated by:

1( i +m‘2]/“’> (2.15)

X:y_s Z(1-2) z

(ep—eJ/y+X)= Bmﬁ/WG(x)l(x). (2.14)

The constant B is given by:

_ 8102l ee
3o mJ/W '

(2.16)

G(x) is the gluon density, it can be simple as suggested by counting rules and momentum
constraints in [Far] as used in [BeJ]
3(1—x)°
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or as applied in the recent parton density function MRS(A')
B 2.24(x792)((1—x)852)
= x .

The remaining variable | is the leading order matrix element of the color singlet model. It is
defined as:

G(X) (2.18)

2 s—mj,, 2 , 2(s+mj, ) Aln(s/m3, )
() = (s+m2, )2 | sm? + S+ m? NS/ Miyy) g+ Lm?, (s—m2, ) s(s—m2, )2
Iy Iy Iy Iy Iy (Jz/wg)

A1

2.3.2 NRQCD or theColor Octet M odel

The Color Octet Model (COM) is an extension of the color singlet model in the sense that it
also allows cct pairs produced in color octet states to develop into J/y mesons by emitting soft
gluons.

The COM is a factorization approach in non-relativistic quantumchromodynamics, thus often
referred to as NRQCD. This approach was first developed by Bodwin, Braaten and Lepage for
the prediction of P-wave Charmonium states [BBL]. Itis in fact not a model but a theory [BBL1,
BrC] because in the limit of high quark masses it reproduces full QCD [Rot]. The color octet
model results in the color singlet model when dropping all color octet contributions.

The J/y production in the color octet model is sketched in figure 2.5 b). A photon and a
gluon interact via a virtual quark line yielding a cC pair. Soft gluons are radiated after the hard
subprocess for color conservation to enable the formation of the J/y meson. The cross section
for the color octet model is described by:

do(A+B — J/¥ +X) = ¥ ca(A+ B —s ccln] + X) (0|07 ¥ |0). (2.20)

Here A and B again denote two incoming partons. n labels an on-shell cT pair in a definite color,
spin and angular momentum. The c, denotes the short distance cross section for a reaction
involving two partons A and B in the initial state and two c-quarks in the final state with the
quantum numbers of the state n. ¢, is completely calculable in perturbation theory. The long
distance part described by the matrix elements <O|Of,/ \P|O> involves the hadronization of the cT
pair in the state n into the J/y plus additional soft gluons. The long distance matrix elements
are not calculable but assumed to be universal and may be extracted from any experiment ([Kra,
Fle]). The infinite sum over the states n may be expressed by a double Taylor-expansion in the
relative velocity between the two quarks V and the strong coupling constant o.s. In the first order
approximation the cc system is produced in the color singlet state, the color octet contributions
are suppressed. Therefore the color singlet model turns out to be the first order approximation
of the color octet model in the Taylor expansion ordered in Vand os.

2.3.3 TheColor Evaporation Model

The Color Evaporation Model (CEM), based on the ’local hadron parton duality approach’,
was first developed in 1977 by F. Halzen, S. Matsuda [Hal] and H. Fritzsch [Fr1]. Due to its



14 Chapter 2. Kinematics and Models of J /s Production

J/\P(pJ/\}l) J/\P(pJN—’)

ol

g
S
((s@(36 0@5“

Figure 2.5: Graph for the production of a J/y-meson via photon-gluon-fusion: a) in the Color Singlet

Model by emitting a hard perturbative gluon, b) in the Color Octet Model by forming a cC pair in the
color octet state and emitting a soft (nonperturbative) gluon or a photon.

weak predictive power and the poor description of the z-distribution (see figure 2.6) the model
received little interest and was neglected.
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Figure 2.6: do/dzworld data 1992 for inelastic J/y production [EMC1]. The dash-dotted curve is the
prediction of the color singlet model [BeJ]. The dashed curve from [DuQ] is a calculation in leading
order of the color evaporation model. The z dependence of do?/dzdp? at p3 = 1GeV? is plotted. Both
curves are arbitrarily normalized.

Recently a group around J. F. Amundson, O. J. P. Eboli, E. M. Gregores and F. Halzen improved
the theory [Ha2-8] by including next to leading order processes into their calculations.
The CEM predicts a cross section for the J/y production from the cross section of the produced
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CC pair. It assumes that color can be "bleached” (evaporate) by multiple soft gluon interactions,
implying a statistical treatment of color.

The calculation of the total charmonium cross section necessitates the factorization of the
two processes, production of the cC pair and the formation of the J/y. The idea is that all
charmonium states and DD pairs are produced in the same way and are described by the same
distributions, with different normalizations. The cross section for all charmonium and open
charm states is given by the two expressions:

1 [2mo do
Gcharmonium = §/ch dmee dm:: (2.21)
and
8 [2mo do °° do
Gopen = = [ dMe—2 4 / dMe 222
open = g /ch Meg e Jamg Meg dMee ( )
8 Uoc (2.23)

T 9)am dme’
where o is the parton parton cross section to produce heavy quarks as calculated in standard
textbooks (summing up all the possible initial color states and averaging over the final ones,
with the color matrices ensuring the appropriate color conservation in the vertices and in the
propagators), me is the invariant mass of the ct pair and m¢ and mp are the masses of the ¢
quark and D meson respectively. The factor % = 1—%8 represents the statistical probability that

the 3 x 3 charm pair is asymptotically in a singlet state, the same is valid for the factor g and
the color octet states.

The factor of % for the statistical counting of the formation of color singlet states is explained
by W. Buchmiiller and A. Hebecker [Bul], who proposed a description of the formation of
rapidity gaps. They suggested that the origin of a rapidity gap corresponds to the 3 x 3(= 1+
8) intermediate quark-antiquark state being in a color singlet 