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ABSTRACT

We discuss several consequences of the meson cloud in the nucleon and search for its phe-
nomenological evidences in various phenomena in both soft and hard processes.

The cut-off parameters of the form factors for meson-baryon vertices are determined from high-
energy particle production data. We find an universal cut-off parameter for processes involving
octet baryons.

Relativistic calculations of the effects of the pion cloud on the electromagnetic properties of the
nucleon are presented. Light-cone formalism is used to construct the physical nucleon wave function
that contains two components: a bare nucleon and a pion associated by recoil baryon with the
nucleon or delta quantum numbers. Both sectors are coupled by a relativistic light-cone interaction
Hamiltonian. A perturbative treatment is used to solve for the physical nucleon state. The elastic
electromagnetic nucleon form factors Gp^n(Q2) and GPj^{Q2) are computed in terms of matrix
elements of current operator and the nucleon wave function. The Q2-dependence of contributions to
the nucleon form factor from the various sectors of the model space is calculated and compared. The
nature of the observed deviations from form factor scaling and dipole parameterization is discussed.

We present a complete set of formulae for longitudinal momentum distribution functions (split-
ting functions) of mesons in the nucleon. It can be applied in the framework of convolution formal-
ism to the deep-inelastic structure functions (quark distributions) of the nucleon viewed as a system
composed of virtual 'mesons' and 'baryons'. Pseudoscalar and vector mesons as well as octet and
decuplet baryons are included. In contrast to many approaches in the literature the present ap-
proach ensures charge and momentum conservation by the construction. We present not only spin
averaged splitting functions but also helicity dependent ones, which can be used to study the spin
content of the nucleon. This combined with the information about meson-baryon vertices allows
us to calculate the flavour and spin content of the nucleon. The value of the Gottfried Sum Rule
obtained from our model (So = 0.224J nicely agrees with that obtained by the NMC. In addition, we
calculate the x-dependence of the d — u asymmetry and get an impressive agreement with a recent
fit of Martin-Stirling-Roberts. The calculated axial coupling constants for semileptonic decays of
the octet baryons agree with the experimental data already with SU(G) wave function for the bare
nucleon. As a consequence the Bjorken Sum Rule is nicely reproduced. Although we get improve-
ments for the Ellis-Jaffe Sum Rules for the proton and neutron in comparison to the naive quark
model, the meson cloud model is not sufficient to reproduce the experimental data.

We assume that the quark distributions in bare baryons are related by appropriate flavour sym-
metries to quark distributions in the bare proton. The latter are fitted to the muon and charged-
current (anti)neutrino deep-inelastic scattering including parameter free meson cloud corrections.
We take into account kinematical target mass corrections which become important at large x and
lowQ2.

We examine to which degree the effect of the inclusion of target mass corrections in the descrip-
tion at low-Q2 DIS and meson cloud effects may, after QCD evolution, modify DIS cross section
at large x and Q2. This is of interest in the context of recently reported excess of events observed



by HI and ZEUS collaborations at HERA. We predict enhanced production of events at large x in
comparison to standard sets of quark distributions with rather mild Q2-dependence. Our analysis
leaves some room for more exotic effects beyond parton approach and/or Standard Model. Our
large-x effects can be verified in the future when the HERA luminosity will be increased.

The semi-inclusive cross section for producing slow protons in charged current deep inelastic
(anti-)neutrino scattering on protons and neutrons is calculated as a function of the Bjorken x and
the proton momentum. The standard hadronization models based upon the colour neutralization
mechanism appear to underestimate the rate of slow proton production on hydrogen. The presence
of the virtual mesons (pions) in the nucleon leads to an additional mechanism for proton production,
referred to as spectator process. It is found that at low proton momenta both mechanisms compete,
whereas the spectator mechanism dominates at very small momenta, while the colour neutralization
mechanism dominates at momenta larger than 1-2 GeV/c. The results of the calculations are
compared with the CERN bubble chamber (BEBC) data. The spectator model predicts a sharp
increase of the semi-inclusive cross section at small x due to the sea quarks in virtual mesons.

We propose a further possibility to test the concept of the pion cloud at HERA through the
analysis of the structure of deep inelastic scattering events induced by pion-exchange. Momentum
and energy distributions of outgoing nucleons as well as rapidity and multiplicity distributions
are investigated using Monte Carlo simulations. Most observables cannot distinguish this process
from ordinary DIS, but in the energy distribution of final neutrons we find a significantly different
prediction from the pion cloud model than from the standard hadronization models. Forward neutron
calorimeters will be essential to test the concept of pions in the nucleon.

The contributions of subleading fi, u), ai and p reggeons to the diffractive structure function
F2 (xp,j3,Q2) are estimated. In addition we include the pion exchange discussed in the previous
section. The reggeon and pion contributions lead to a violation of the factorization of the diffractive
structure function. The diffractive structure function is separated into the contributions with leading
proton A(p)F2

D and neutron A^Ff. We predict pronounced increase of the ratio A^F^/A^F^
as a function of xp in the interval 10~2 < xp < 10"1. The effect is due to the exchange of the
isovector a<2 and p reggeons at smaller xp and the pion exchange at xp > 10~2.

We discuss the present status of the u — d asymmetry in the nucleon and analyze the quantities
which are best suited to verify the asymmetry. We find that the Drell- Yan asymmetry is the quantity
insensitive to the valence quark distributions and very sensitive to the flavour asymmetry of the sea.
We compare the prediction of the meson cloud model with different experimental data including the
Fermilab E772 data and recent data of the NA51 Collaboration at CERN and make predictions for
the planned Drell- Yan experiments.

We investigate, possible consequences of the meson cloud in the nucleon for the production of
the W and Z bosons in hadron-hadron collisions. We get a good description of the total W and Z
production cross sections measured in the proton-antiproton collisions by the UA1 and UA2 collab-
oration at CERN and the CDF collaboration at FNAL as well as the lepton asymmetry obtained
recently by the CDF collaboration. Our model predicts an enhancement of the cross section for the
W boson production in proton-proton collisions in comparison to proton-antiproton collisions. The
charge lepton asymmetry measured recently by the CDF collaboration can be described only if meson
cloud effects are included explicitly. We critically study a possibility to test the d — u asymmetry in
the nucleon by the analysis of various asymmetries possible to measure in principle at RHIC.



We discuss some selected effects which may potentially be responsible for an enhancement of
the large-Er inclusive jet production with respect to the modern NLO analyses observed recently by
the CDF collaboration at Fermilab. We find that in addition to the modification of large-x gluon
distribution also target mass corrections in lepton DIS and effect of the pion cloud in the nucleon
may be essential for a proper understanding of the experimental jet data. The meson cloud produces
a sizable enhancement of the large-Er inclusive jet cross section. This enhancement is caused by a
substantial enhancement over standard parameterizations of the nucleon sea quark distributions at
intermediate and large values of Bjorken-x parameter and/or a special structure of valence quark
distributions due to the meson cloud.

As an alternative approach we discuss the dressing of constituent quarks with a pseudoscalar
meson cloud within the effective chiral quark model. SU{3)f symmetry breaking effects are included
explicitly. Our results are compared with those of the traditional meson cloud approach in which
pions are coupled to the nucleon. The pionic dressing of the constituent quarks explains the experi-
mentally observed violation of the Gottfried Sum Rule and leads to an enhanced nonperturbative sea
ofqq pairs in the constituent quark and consequently in the nucleon. We find 2.5 times more pions
and 10-15 times more kaons in the nucleon than in the traditional picture. Thed-u asymmetry
obtained here is concentrated at somewhat smaller x and the u/d ratio is somewhat different than
in the traditional meson cloud model of the nucleon.

PACS: 13.30.Ce, 13.60.Hb, 13.40.Em, 13.40.Gp, 13.60.Rj, 13.75.Cs, 13.87.Ce, 13.38.Be, 13.38.Dg,
13.85.Ni, 14.20.Dh, 14.70.Fm, 14.70.Hp, 25.30.Bf, 25.30.Fj, 25.30.Hm, 25.30.Mr, 25.30.Pt, 11.30.Hv,
11.30.Rd, ll.55.Hx, ll.55.Jy, 12.39.Ki, 12.40.Nn, 12.40.Vv
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Chapter 1

Introduction

1.1 General introduction

Understanding of the structure of investigated objects is always the essential aim of all physics
studies. Past 30 years of hadron investigations grounded a view that quarks and gluons are the
basic elements of their structure. The experimental background allowed to formulate theory which
describes the strong interaction of the basic objects - quantum chromodynamics (QCD) [1]. It is
now commonly accepted that quantum chromodynamics is the underlying theory of strong interac-
tions [2]. Practical solutions of QCD are however possible only in a so-called perturbative region.
The perturbative methods cannot be applied directly to the description of the ground state of a
hadron. Here complicated nonperturbative effects are responsible for phenomena like confinement
or spontaneous breaking of chiral symmetry. The most promising technique for the description of
low-energy hadron properties is a numerical simulation of the functional integral on the lattice.
Even present computational possibilities allow to calculate only some static properties of hadrons
(masses, meson decay constants, electromagnetic radii, magnetic moments) in a so-called quenched
approximation. In order to accelerate particularly time-consuming Monte Carlo simulations some
calculations performed recently on the most powerful computers were obtained based on an ex-
trapolation of the results with artificially increased masses of light quarks. Having in view these,
essentially technical, difficulties we are still forced to construct phenomenological models and verify
them through a comparison with experimental data.

1.2 Deep inelastic scattering as a probe of the nucleon structure

It is taken for granted that the nucleon consists of quarks and gluons and the underlying theory
describing their interaction is QCD. However, solving the QCD equations for the many-body system
at large distances is at the present time still beyond our practical abilities. Deep-inelastic scattering
(DIS) of leptons is known to be a very good tool to study the structure of the proton. Here in the
Bjorken limit one directly tests the quark distributions in the nucleon.

Since its initial investigation at SLAC in the late 60's, deep inelastic lepton scattering has
provided a wonderful tool to explore the nucleon structure and to test many features of the Standard
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Model. In parallel with the data taking the crucial theoretical tools needed to understand deep
inelastic scattering, namely the operator product expansion and the renormalization group were
developed [2]. With the help of these techniques one can often eliminate the need to understand
the detailed structure of a target hadron in order to make a rigorous test of QCD. Famous examples
include the Adler, Gross Llewellyn Smith and Bjorken sum rules [3]. Besides of this spectacular
fundamental results based on QCD, deep inelastic scattering data provide a wealth of information on
the nonperturbative structure of hadrons. In deep inelastic lepton scattering one directly probes the
quark structure of the target, the nucleon being the most popular target. In particular, experiments
with (anti)neutrinos make possible a separation of valence and sea quark distribution functions as
well as the strange and the nonstrange components in the nucleon [4]. In 80's the CDHS data
[5, 4] showed a great excess of u and d over s quark distributions. More recently, the CCFR
Collaboration at Fermilab [6] has provided a new information on the strange quark content of the
nucleon. Lepton-pair production by n+ and ir~ on nuclear targets allowed a direct measurement
of the ratio of sea to valence quark distributions in the nucleon [6].

Although the perturbative regime seems to be well under control and the QCD evolution equa-
tions turned out to be very successful in relating the quark distributions at different momentum
scales, the nonperturbative effects are poorly known. Recent experiments on deep-inelastic scat-
tering of leptons from nucleons [7, 8] have shown the incompleteness of our understanding of the
proton structure.

The violation of the Gottfried Sum Rule observed by NMC [7]

SG = f [FUx) - F?(x)] — = 0.24 ± 0.016 (1.1)
Jo x

indicates that the nucleon sea is not flavour symmetric. Recent fits of quark distributions to the
world data for deep-inelastic and Drell-Yan processes confirm the asymmetry [9, 10], Also the new
results of the CERN dedicated NA51 experiment [11] on the dilepton production in proton-proton
and proton-deuteron scattering give evidence for the asymmetry. More detailed information can
be expected from the experiments planned at Fermilab [12, 13]. Perturbative effects [14] cannot
explain the observed asymmetry. The dressing of the nucleon with virtual mesons provides a natural
explanation for the excess of d over u quarks in the proton [15, 16, 17, 18] and explains the result
of the NA51 experiment [19].

Another intriguing result, involving the spin structure of the proton, was found by the EMC
collaboration. Their measured value of the Ellis-Jaffe Sum Rule [8] caused great excitement. After
a smooth Regge extrapolation of the data they have found

SEJ = / Site) dx = 0.126 ±0M0(stat) ±0.0l5(syst). (1.2)
Jo

This value is more then two standard deviations away from the original Ellis-Jaffe prediction {SP
EJ —

0.19) [20] based on the assumption of vanishing polarized strange sea. Newer experiments of the
SMC [21] and SLAC [22] collaborations give a somewhat larger value for SEJ. The polarized
deep inelastic scattering experiments at CERN have shown that, when supplemented with some
information from semileptonic decays, only a small fraction of the proton spin is carried by valence
quarks.
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1.3 Meson degrees of freedom in nuclear and nucleon physics

The crucial role of meson degrees of freedom in traditional nuclear physics is well established
[23] and there is no competitive explanation of many low and middle energy physics phenomena.
In particular, the meson theory of nuclear forces has a long history. The principal idea underlaying
the concept of meson exchange between nucleons goes back to Yukawa's hypothesis, stated in
1935, that the nuclear force is mediated by massive-particle exchange [24]. Although the detailed
understanding of the problem has undergone some modifications, the basic concept has remained
valid until now [25]. Furthermore there is strong phenomenological evidence for the presence
of mesons in nuclei. The meson-exchange current contributions are crucial in several reactions
involving light nuclei, to mention here only the radiative capture of protons by thermal neutrons
[26], the electrodisintegration of the deuteron [27, 28] and the magnetic form factor of three-nucleon
systems (3He and 3H) [23] (for original article see [29, 30]). In heavy nuclei the evidence is less
pronounced.

It was recognized already in the 1950's that the virtual-pion cloud in the nucleon plays a crucial
role in the explanation of the nucleon's long-range structure. It was commonly believed that the
process n -+ ir~p is responsible for the negative tail of the neutron's charge distribution. The role
of the pion cloud of the nucleon in deep inelastic scattering was realized at the beginning of the
1970's [31, 32]. In particular Sullivan has shown that the pionic contribution in DIS scales in the
Bjorken limit. Those works where, however, almost completely forgotten for more than a decade.

Realizing that virtual pion exchange plays a crucial role in nuclear binding, Llewellyn Smith
[33] and Ericson and Thomas [34] explored the consequences of the excess pions on the nucleus
deep inelastic structure functions. This led naturally to a renewed interest in the role of the pion
cloud in the free nucleon (see for instance [35]). At the beginning of the 1980's The Cloudy Bag
Model has been formulated [36].

1.4 Basis for this report

In this report we give a short review of the recent results concerning the role of the pion
(meson) cloud in the nucleon in explanation of various both soft and hard scattering processes. The
main physical motivation for the model of nucleon structure with pseudoscalar meson constituents
rests on the phenomenon of the spontaneous breaking of the approximate chiral symmetry of
QCD [37, 38, 39, 40], with the latter revealed by the existence of the octet of pseudoscalar mesons
of low mass, which represent the associated Goldstone bosons. Along this line, Manohar and
Georgi [38] have advocated the two-scale picture of the nucleon structure with quarks and gluons
as the effective degrees of freedom at large momentum Q, beyond the scale of the chiral symmetry
breaking A.CSB ~ 1 GeV, but with the constituent quarks and chiral mesons as the relevant degrees
of freedom at small momentum Q.

Our report is based on selected original articles published by the author in collaboration with
other physicists:

I A. Szczurek and J. Speth,
"Role of meson degrees of freedom in deep-inelastic lepton-nucleon scattering",
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Nucl. Phys. A555 (1993) 249.

II A. Szczurek and H. Holtmann,
" Meson cloud in the nucleon and search for u-d asymmetry",
Acta. Phys. Polon. B24 (1993) 1833.

III A. Szczurek, J. Speth and G.T. Garvey,
"Meson cloud in the nucleon and d-u asymmetry from the Drell-Yan processes",
Nucl. Phys. A570 (1994) 765.

IV B.C. Pearce, J. Speth and A. Szczurek,
"Importance of the meson cloud to hadron structure",
Phys. Rep. 242 (1994) 193.

V N.N. Nikolaev, A. Szczurek, J. Speth and V.R. Zoller,
"Pions in the light-cone nucleon and electromagnetic form factors",
Z. Phys. A349 (1994) 59.

VI H. Holtmann, G. Levman, N.N. Nikolaev, A. Szczurek and J. Speth,
"How to measure the pion structure function at HERA",
Phys. Lett. B338 (1994) 363.

VII A. Szczurek, H. Holtmann and J. Speth,
"Two-body components in the nucleon wave function and its consequences in various phe-
nomena" ,
Few-Body Systems, Suppl. 8 (1995) 259.

IX A. Szczurek,
" Present status of virtual mesons in the nucleon",
n N Newsletter, 10 (1995) 25.

X A. Szczurek, G.D. Bosveld and A.E.L. Dieperink,
"Slow proton production in semi-inclusive deep inelastic scattering and the pion cloud in the
nucleon",
Nucl. Phys. A595 (1995) 307.

XI H. Holtmann, A. Szczurek and J. Speth,
" Flavour and spin of the proton and the meson cloud",
Nucl. Phys. A569 (1996) 631.

XII H. Holtmann, N.N. Nikolaev, J. Speth and A. Szczurek,
"Pion content of the nucleon as seen in the NA51 Drell-Yan experiment",
Z. Phys. A353 (1996) 411.

XIII A. Szczurek, M. Ericson, H. Holtmann and J. Speth,
"Testing the meson cloud in the nucleon in Drell-Yan processes",
Nucl. Phys. A596 (1996) 397.

XIV H. Holtmann, N.N. Nikolaev, A. Szczurek, J. Speth and B.G. Zakharov,
"On the determination of double diffraction dissociation cross section at HERA",
Z. Phys. C69 (1996) 303.
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" On the flavour structure of the constituent quark",
Jour. Phys. G22 (1996) 1741.
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Chapter 2

Fock decomposition of the nucleon
wave function

2.1 Light-cone wave function of the nucleon in the pion cloud
model

Our discussion below is based on the assumption that "physical" nucleons are made of "bare"
nucleons and pions interacting in a charge symmetric, pseudoscalar manner.1 More precisely the
latter component contains a virtual pion and an associated recoil baryon with the nucleon and
A quantum numbers. We assume that the pionic effects are amenable to perturbative treatment
and construct a light-cone wave function of the nucleon in this pion cloud model in the following
manner.

The physical nucleon with four momentum P* = {P~,P+, P±) = {P~,P), P2 = P+P~ -P*i =
m2

N and helicity A, dressed by a pion cloud must be an eigenstate of the light-cone Hamiltonian

i.e.

HLC I P,A;N) = P± * m " | P, A;N). (2.2)

Here, HQ(B, TT) stands for the kinetic Hamiltonian of the recoil baryon B and n. Next, Hi(N, n, B)
is the nucleon-pion-nucleon (or delta) interaction of the form

(N',n\H,\N) =
(A, 7r\H,\N) = 16TT3<53(PA +pn - PN)G{N,KA)uv{pA)(-i)(p"A -

The light-cone Dirac (u) and Rarita-Schwinger (uv) spinors are briefly described in Appendix A.

If we quantize our relativistic dynamics on the null plane [41], then a physical nucleon can be
described by a projection onto a basis of bare baryon and pion Fock states at equal x+

| N) = | N)+ | N*)*NirN+ | A*)tf JVKA + • • • • (2-4)

The model will be generalized in the next sections to include also other pseudoscalar mesons as well as vector
mesons, but for clarity these effects are omitted in this section.
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The coefficients * in this expansion have the following form in terms of light-cone variables

£ ) = 16TT3P+<53(P -

The light-cone wave functions (LCWFs) $ in Eq. (2.5) depend only on the light-cone relative
momentum variables y* and ku> as well as on helicity Aj and other internal variables whose indices
have been suppressed. The variables t/j are defined as fractions of the plus component (P + =
P° + P3) of the nucleon momentum carried by the i-th parton, so that pf = yiP+ ( £ t/i = 1), and
the variables ku are related to the parton's transverse momenta by fc_u = p±i — j/iPx ( S ̂ li = 0).
We denote a vector (p+, p i ) as p, now interpreted as a light-cone vector. It should be noted that, in
the light-cone formalism as in old fashioned perturbation theory, the constituents are on the mass
shell (m2 = p+p~ — Px)i but the light cone "energy", p~ = p° — p3, is not conserved in a transition
from the physical nucleon to its constituents. The mass-shell condition for individual constituents
implies that p~ = (m2 + p2

L)/yP+, with no square root in its determination.'.

The particular form of Eq. (2.5) follows from the fact that the null plane has a high level of
symmetry, namely seven out of ten generators of the Poincare group leave it invariant, and therefore
the LCWF has a simple kinematical structure. Furthermore, six of the generators form a subgroup,
the so-called stability group of the quantization surface, which can be shown to act transitively on
a set of quantum states which belong to a given mass-shell hyperbolid P2 = M2 for an arbitrary
mass M. As a consequence, the LCWF $ has the following useful features:

1. $ is independent of the nucleon momentum. Thus Eq. (2.5) formulates the complete separa-
tion of the overall center-of mass motion.

2. <3> is invariant under all kinematical Poincare transformations. Hence it is determined if it is
known at rest.

3. <£ has the usual meaning of a probability amplitude. Therefore it provides a self-consistent
language to make statements about nucleon structure in the pion cloud model which are
manifestly independent of the nucleon momentum.

In the calculation presented here we use the perturbative treatment of the pionic effects. So
we truncate the Fock space expansion of Eq. (2.4) by particle number and saturate the sum by
the dominant bare nucleon and one-pion components. In the light-cone field theory none of the
boost operators contains interactions, therefore the truncation itself does not violate Lorentz boost
invariance.

The corresponding truncated quantum state of the physical nucleon (N) can be represented in
the light-cone quantization as

p,N) + ^ — 3 $N«B(y,fci) I yP+,yP± + *L;B«)\ (2.6)

Here for brevity the symbols N, B and n include the particle helicity and isospin. The variable y
is defined as the fraction of P+ momentum carried by the recoil baryon. The constant Z insures
correct normalization of the nucleon wave function:

(P,N\ P',N') = 16TT3P+83(P'N-PN)6NN,. (2.7)
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The normalization condition gives

£/^0t ^ * ) (2.8)

To evaluate Z, i.e. the probability that the physical nucleon is a bare core state, one has to deter-
mine the light-cone wave function $N*B{y,kji). For this purpose, to lowest order N7rB coupling,
Eqs. (2.1) - (2.3) yield

G(N,nN)

(2.9)

where

is the invariant mass squared of the BIT system, i.e. M%K = (pB + pw)2 = P + ( P B + p*) - P j .
It should be noted here that in the light-cone formalism, as in any Hamiltonian version of a field
theory, partons are on the mass-shell, but the light-cone energy P~ is not conserved in a transition
from the physical nucleon to its constituents [42]. The explicit form of the spin part of the wave
functions in Eq. (2.9) is listed in Appendix A.

To reduce the number of independent coupling constants in Eq. (2.9), we use the isospin sym-
metry [43] to obtain

gNnN = G(p,7T°p) = /

9N*A = G(P,TT-A++) = -v/fG(p,7r°A+) =

= -y/lG(n,n°A°) = G(n,7r+A-)
(2.11)

A full renormalization procedure (wave function renormalization, vertex renormalization and
mass renornialization) within the pion cloud model is rather complicated end will not be discussed
here. In the following we use in Eq. (2.9) the physical baryon and pion masses. Also, we replace
in Eq. (2.9) the bare coupling constant by the physical coupling constants taken from low-energy
nucleon-nucleon or nucleon-hyperon scattering [44, 45, 46]

N) = (£N«A£ = 12.3GeV-1. (2.12)
47T 4?T

Taking now the spin part of the wave function in Eq. (2.9) one can compute the integrals in
Eq. (2.8). Instead of using the simple sharp-cutoff procedure of Ref. [31], we use vertex form factors,
parameterized by the exponential form

exp U ^ K r - M2
B7r(y,kx))\ , (2.13)
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with MgT being the invariant mass of the intermediate meson-baryon system in Eq. (2.10). The
form of the form factor given by Eq. (2.13) guarantees momentum and charge conservation [17,
47, 48] by construction. The free cut-off parameters AB* have been determined by fitting to the
high-energy n, A + + or A production data obtained from high-energy pp collisions (for details
see [48]). We have found Ayvw = 1.08 ± 0.05 GeV for the Nir Fock states and a somewhat smaller
AATT = 0.98 ± 0.05 GeV for the An- Fock states. The resulting form factor for the Nir component
roughly corresponds to a conventional monopole form factor with A = 0.8 GeV.

To illustrate the importance of the various Fock states in Eq. (2.4) we calculate the number of
pions in the Nn and A7r components, respectively

(2.14)

3gj,wN fl dy f- 2 1TNAM2) |2 1 a 2 p .

Using these two quantities we can calculate the probabilities

J = 0 . 7 0 , PnN = ZnirN = .224 P , A = Zn T A = 0.08. (2.15)

As was to be expected the Nn Fock state is the most important one.

2.2 Vertex form factors

The most general structure of the hadronic tensor must include the dependence on off-shell
effects [49]. Because a realistic calculation of such off-shell effects is not possible at present, we
shall neglect such effects. Because of the extended nature of the hadrons involved one has to intro-
duce phenomenological vertex form factors, which parameterize complicated unknown microscopic
effects. The form factors are included in the calculation by replacing the vertex function V(y, k\)
by ^ '( j / i^i) = G{y,k\)V(y,k\). Now relation (4.44), which can be shown to hold exactly in the
case of point-like particles (in either covariant and TOPT calculations), imposes a severe restriction
to these form factors:

l y,kl). (2.16)
The form factors often used in meson exchange models and convolution models are functions of
t, only, the four-momentum squared of the meson. It is to be expected that form factors which
depend only on the kinematical variables of only one of the two particles of the two-body system,
like the often used dipole form factor

( A2 _TT)2 \ 2

\2_t
M) ' (217)

will not satisfy Eq.(4.44). It can be shown [50] that these form factors do not conserve basic
quantities like charge and momentum simultaneously. One simple method to obtain form factors
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Figure 2.1: One-Boson-Exchange diagrams for n and A production.

with the right symmetry is to multiply a i-dependent form factor by a u-dependent one with the
same functional form with THM replaced by ms

Gsym(t,u) = G(t}mM)G(u,mB). (2.18)

In terms of the IMF variables y and k\, t and u, the four momentum squared of the intermediate
baryon, is given by

u = —-
tf

(2.19)

(2.20)

The importance of using such symmetric form factors was noticed only recently [17]. Another
possible approach, to fix the cut-off parameters to assure number sum rules (global charge con-
servation) (see [50, 51]) is in our opinion somewhat arbitrary, and does not guarantee momentum
conservation.

In numerical calculations we use vertex form factors in the exponential form

where M"gM(y, k\) is the invariant mass squared of the baryon-meson BM Fock state

y
| l - y

(2.21)

(2.22)

A form factor of this type, first introduced in Ref.[17], fulfills the necessary symmetry conditions
(see e.g. Eq. (4.44)). Parameterization of the vertex form factors in terms of the invariant mass
of the two-body system is very natural in the light-cone approach. Furthermore, the light-cone
approach is the best suited for applications to deep inelastic scattering.

In order to fix the cut-off parameters A of the form factors we use high-energy baryon production
data. The neutron production data in the pp —> nX scattering seems to be best tailored for
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extracting the cut-off parameter for the Nir and Np Fock states. Because we shall limit ourselves
to data for relatively low exchanged four-momenta, it is reasonable to assume that the neutron
is produced by a simple one-boson-exchange mechanism (OBE) (see Fig.2.1). In this model the
differential cross section can be described as a product of the probability for the proton being in a
nn+ or np+ Fock state and the total cross section of n+(p+)p scattering. In general, the invariant
cross section for pp —• BX production in the OBE model is

E JPp- = ndy^ =^^BM(yM\ -a« (s(l-y)). (2.23)

Here y is the longitudinal momentum fraction of the baryon with respect to the momentum of the
incoming proton; k± the corresponding transverse momentum. Specialized to neutron production
with 7r+-exchange this formula reads:

d3a(pp-4nX) &«+ (l-y)*m2
N + kl |GW(y,fcj)l

d*p le^rtM^^y.fciJP y(l-y) l " ]

For p+-exchange the formula is much longer and will be not presented here. The necessary ingre-
dients can be found in Appendix B.

These formulae are strictly valid only in the IMF-limit, but for a sufficiently high energy they
are a good approximation. In the following we neglect the slow energy dependence of the total
nN cross section and use a value of a j , t

p = 23.8 ± O.lmb [52]. In addition, due to the lack of
experimental data we also assume a^^ = <J*ot

p-

In Fig.2.2 we show a fit by the OBE model to the experimental data (the A;̂  = 0 data are taken
from Ref. [53] with y/s = 53 GeV; the other data are taken from Ref. [54] with PLAB=24 GeV/c).
In this calculation we take g^o/ln = 13.6±0.1 [44] and 9^/^ = 0.84, fpp/fl/gpppo = 6.1 [46]. As
a criterion for the fit we have assumed that the calculated result must not exceed the experimental
data. For low k\ 7r-exchange is the dominant contribution, the ̂ -exchange plays a rather marginal
role. For higher k\ p-exchange becomes the dominant mechanism. Thus the cut-off parameter for
the NNTT and NNp vertices can be fixed almost unambiguously. The fit to the experimental data
yields ANNlf = \NNp = 1.10 ± 0.05 GeV.

We obtain a good description of the experimental data at intermediate y = 0.4-0.9. Outside
this region the fit fails. This is to be expected, because for low y one could expect additional
contributions from e.g. multi-meson exchange processes. For our purpose (later we shall concentrate
on moments of x-distributions rather than the distributions themselves) the assumption of a OBE
mechanism is sufficient, as the maximum cross section lies at intermediate y, where the mesons can
be treated as not reggeized. The correct fc^-dependence obtained from the fit is a further argument
in favour of the simple OBE model. Despite the success of the fit one should bear in mind that we
obtain only an upper bound of the p-exchange contribution.

In order to extract information about the NKA vertex, one can examine high-energy A produc-
tion in the pp -> AX reaction in the same way as neutron production. Also here we assume that
the dominant mechanism is a OBE mechanism, K or if-exchange. The differential cross section
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Figure 2.2: Differential cross section for pp —• nX (a) andpp -» AX production [53, 54](b). Shown
are the OBE contributions: pseudoscalar mesons (dashed), vector mesons (dotted) and their sum
(solid).
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for iC-exchange is given by

^(Polpp -» AX) _ 9JKK+ (ymN - m A ) 2 + fcj \GN/,K(y,kl)\2

<Pp 16*3 [m%Ml(ykl))> y(ly) ( ' *>

For if "-exchange we refer to Eq. (2.23) and Appendix B.

We have taken g^KK+l^ = 14.7, which is related by 517(6) symmetry to the g2^ given before.
The coupling constant obtained from experiment is 15.4 ±1.5 [45] which supports the assumption
of SU(6) symmetry. Also for the coupling constants involving vector mesons we assume SU(6)
symmetry (for details see [46]). The total cross section of^ p is 19.9 ± 0.1mb [52]. For a£ t

 p we
assume the same value. The fit of the cut-off parameters AJVAJC and A-NAK- is shown in Fig.2.2.
The general features of the fit are similar to those found for neutron production. Also, the cut-off
parameters A/VAK" = A^AK* = 1-05 ± 0.05 GeV obtained from the fit are quite similar to those
found for IT- and ^-exchange. Thus, it is possible to assume a kind of universality and use a cut-off
parameter A = 1.08 GeV for all vertices involving octet baryons and pseudoscalar or vector mesons.
This is rather attractive, that the same cut-off parameters can be used for pseudoscalar and vector
mesons.

In the literature, instead of the symmetric form factor given by Eq.(2.21), a dipole form factor
Eq. (2.17) is often used. As discussed above, the use of such form factors leads to a violation
of basic symmetries. In Fig.2.3 we show, for example, the differential cross section for neutron
production calculated using the dipole form factor (A = 1.2 GeV [16]). As seen from the figure,
one gets a satisfactory description for small k\. One cannot, however, describe the data at large
k\. Comparison of Fig.2.2 and Fig.2.3 clearly indicates a preference for the symmetric form factor
(Eq. (2.21)).

The violation of the Gottfried Sum Rule is an interplay between the nN and irA components
and crucially depends on vertex form factors, i.e. its functional form and cut-off parameter. For
instance, taking the dipole form and assuming the same cut-off for both components leads to strong
cancellations. As a consequence only about half of the experimentally observed violation can be
explained [16, 55, 18]. In order to shed light on the NnA vertex we follow [56] and examine A + +

production in pp and pp collisions. The differential cross section for one-pion-exchange (Fig.2.4) is
given by:

Ed3o(hp -> A++X)

- y)
[{ymN + mA)2 + kl]2[{ymN - mA)2

{ ' '

The differential cross section for p-exchange can be calculated analogously (see Eq. (2.23) and
Appendix B).

As coupling constants we take /pA++7r-/47r = 12.3 GeV~2 and tfA++p-/4ir = 34.7 GeV~2 [46].
The available A++-production spectra [57] are biased by an ambiguity in extraction of background
contributions. Thus, in Fig.2.5 two scales are shown (different background assumptions). The
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Figure 2.3: The same as in Fig.2.2 (a) for the traditional dipole form factor with A = 1.2 GeV.
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Figure 2.4: One-Boson-Exchange diagram for A + + production.

0.2

0.5 0.6 0.7 0.8 0.9

Figure 2.5: Differential cross section for pp —> A++X production. The experimental spectra shown
are from Ref. [57]. The dashed line corresponds to n-exchange, the dotted line to p-exchange and
the solid line to the sum of both contributions. The two different scales correspond to different
background subtractions. The calculated results are shown with respect to the right scale.
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Figure 2.6: The y-integrated pp —> A + + and pp -
(dashed), p-exchange (dotted) and their sum (solid).

A + + cross sections [57, 58]: ^-exchange

experimental data shown in Fig.2.5 have been taken at three different energies y/s = 100, 200 and
360 GeV. We do not distinguish the data taken at different energies, as no energy dependence is
visible. This fact is in agreement with the simple assumption of an OBE mechanism and supports
the IMF-approach. As far as the absolute normalization is concerned some extra experimental
information is needed. We use more precise y-integrated-spectra dependent only on k^ [57, 58] for
this purpose. The result of the fit shown in Fig.2.5 and Fig.2.6 yields A^ATT = ^-NAp = 0.98 ± 0.05
GeV. In contrast to the n and A production an unambiguous distinction between the % and p
exchange contributions is not possible. For simplicity, we have assumed the same cut-off parameters
for both, in analogy to the octet baryon production.

We assume that the cut-off parameters for the whole decuplet to be the same as those obtained
from the pp -> A++X production process. This universality within an Sf/(3) multiplet greatly
reduces the number of, in principle unknown, parameters.

To reduce the number of parameters further, we employ SU(6) symmetry as mentioned above
to relate coupling constants. Thus only the coupling of the OJ to the nucleon remains to be fixed.
It has to be treated differently, because the w is an almost ideal mixture of an octet and a singlet
[46]

1 (2.27)

The ^-couplings were found to be: 3 ^ / 4 ^ = 8.1 and fppw/gppw = 0 [46].

It is interesting to ask the question of how sensitive is our model to the functional form of the
form factor. In the following we restrict ourselves to form factors which have the correct symmetry.

35



K (GeV)

fpifi/p
&fp*°/p
fp/fi/p
A/p po / p

exponential
1.08
1.08

0.204
0.017
0.062

-0.038

monopole
1.9
1.4

0.210
0.015
0.075

-0.042

dipole
2.2
2.0

0.219
0.014
0.060

-0.034

Table 2.1: Cut-off parameters for the different functional forms of form factors obtained by fitting
to the neutron production data and the corresponding first moments of splitting functions.

The simplest are the symmetric monopole (n = 1) or dipole (n = 2) form factors:

/ A 2 -
<?„(*,«) = (2.28)

In principle, one might expect that they produce results different from the exponential form (Eq.
(2.21)) for the first moments of the splitting functions, because they cut off the integrands much
more softly. Surprisingly, this is not the case. In Table 2.1 we show values of cut-off parameters
of the exponential, monopole and dipole form factors fitted to the neutron production data and
the corresponding moments of the splitting functions. Almost the same first moments are obtained
with the different functional forms. Our results are almost insensitive to the form of the form
factors used; it is rather the symmetry (Eq. (4.44)) which allows one to describe the data in a
broad range of y and k\.
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Chapter 3

Electromagnetic properties in a
light-cone framework

3.1 Introduction

In a set of experiments at SLAC in the mid 1950's on elastic scattering of high-energy electrons
from proton and deuterium targets [59], it was shown that the nucleon cannot be represented by
a point-like structure. It was also recognized that these experiments not only detect extended
nucleon structure but directly measure the distribution of electric charge and magnetic moment
in the proton and neutron. In more technical words, the unknown details of the photon-nucleon
vertex can be expressed in terms of two electromagnetic form factors GE{Q2) *nd G\f(Q2), which
parameterize the electric charge and magnetic moment distributions, respectively, within nucleon.
The form factors are functions of four-momentum transfer squared Q2 only, and can be extracted
from measurements of the elastic electron-nucleon cross section. Early experiments quickly revealed
that the Q2 dependence of the form factors were reasonably well approximated by a dipole fit and
the form-factor scaling relation

( 3

G%(Q2) * 0, (3.2)

where GD(Q2) = 1/(1 +Q2/0.71)2; Q2 is in GeV2, and the magnetic moments are \ip ~ 2.79 \iN and
Hn — —1.91 HN- There are two different components in the empirical relation given in Eq. (3.1).
Firstly, there is the strong similarity in the Q2 dependence of G^, GP

M, and G1^ that is known as
form-factor scaling. A customary argument for scaling is the similarity between the spatial depen-
dence of charge and magnetic moment distributions, as, for example, expected from a symmetric
quark model. Secondly, there is the phenomenological parameterization by the dipole formula
GD(Q2), traditionally made plausible by the assumption that the proton has a simple exponential
spatial charge distribution.

However convincing those arguments may appear, a closer look at the behavior of the proton
electromagnetic form factors in the region of 0 < Q2 < 30 GeV2, and of the neutron electromagnetic
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form factors in the range 0 < Q2 < 10 GeV2, reveals systematic deviations both from dipole
parameterization and scaling [60, 61, 62].

We explore possible sources of the deviation from the scaling and dipole parameterization in
a model of nucleons dressed by pseudoscalar mesons. We investigate the dominant effects of the
pion, the lightest of all mesons. Our discussion is based on the assumption that "physical" nucleons
are made of "bare" nucleons and pious interacting in a charge symmetric, pseudoscalar manner. A
Fock-state decomposition of the nucleon is used, which is given by |iV)p^ya =|iV)fcarc+ |7riV)+ |7rA).
Once one-pion corrections to the nucleon electromagnetic form factors are taken into account the
emerging object, bare nucleon, is expected to have a simpler microscopic structure. To the extent
that the bare nucleon is predominantly made of quarks, scaling is expected to hold for the bare
form factor. In addition, we assume that its low Q2 behavior is described within the framework
of the vector meson dominance (VMD) approach which depicts the photon-nucleon interaction
in terms of an intermediary coupling of the photon to vector meson resonance states. On the
other hand, at high Q2, the photon is considered to interact directly with the valence quarks,
and perturbative quantum chromodynamics (pQCD) is believed to give the correct asymptotic Q2

dependence of the bare form factor. A variant of the semi-phenomenological formula proposed by
Gari and Krumpelmann [63] is used to interpolate between the meson dynamics at low Q2 and
quark-gluon dynamics at large Q2. As a result a suggestive description of the above mentioned
deviations from the dipole fit and scaling of the physical nucleon form factors is obtained. The
moderate Q2 region («l-5 GeV2) is identified as the region where the transition from photon-meson
coupling to photon-quark coupling takes place.

Our calculation is an extension of work in Refs. [64, 65] to a full calculation of the Dirac
Ff = (Gg + T G & ) / ( 1 + T) and Pauli F2" = (G& - Gg)/(1 + r) form factors; r = Q2/4m2

N.
This is performed within the light-cone formalism: it allows one to perform a relatively simple
calculation of matrix elements in which composite baryons and pions recoil with large momentum.
The discussion of mesonic corrections to the electromagnetic properties of nucleons dates back to
the fifties [66, 67, 68, 69, 70]. The most comprehensive analysis of the role of the pion cloud for
electromagnetic processes comes from the cloudy bag model [36, 71]. However, virtually all previous
calculations have been done in the no-recoil (static) approximation, so that they are relevant only
in the domain of very small Q2.

The plan of this chapter is as follows. In Sec. 3.2, the G# and G1^ form factors of the nucleon
are expressed in terms of the EM form factors for the bare nucleons, deltas, and IT. Once the NITN

and NnA vertex parameters are chosen the pionic corrections to the nucleon static properties can
be calculated quite accurately. The relevant discussion of the nucleon charge, magnetic moments
and EM radii is presented in Sec. 3.3 A-D. Next, some simple symmetry arguments [72] are applied
to the bare delta and N —> A transition form factors that allow the form factor of the physical
nucleon to be expressed in terms of the form factors of the bare nucleon and pion only. Finally,
in order to calculate the Q2 dependence of EM form factors of the physical nucleons (Gg ,M) some
assumptions about EM form factors of the bare nucleons (QE/M)

 a r e m ade. For this purpose, in
Sec. 3.3 E, we replace the dipole parameterization used in Ref. [65] by a two-scale interpolation
formula that gives the monopole form of meson physics at low Q2 and exhibits the characteristic
pQCD fall-off in the high Q2 region. This assumption allows us to address the important problem
of the transition between meson dynamics at low Q2 and quark-gluon dynamics at large Q2 and
consequently obtain some insight about the nature of the pronounced form factor deviations from

40



the dipole parameterization.

3.2 Electromagnetic form factors of the nucleon in the pion cloud
model

We present here the standard light-cone calculation [73, 74] of the scattering of a spin-1/2
particle by an external electromagnetic field. If the calculation is performed up to first order in this
electromagnetic field its outcome is known to be determined by the one-particle matrix elements of
the electromagnetic (EM) current J^iO). The current conservation and Poincare covariance for the
current imply that such matrix element can be expressed in terms of only two Lorentz invariant
form factors

(P',A\ N | 7"(0) | P,A, N) = «(P',A')[7"*f (Q2) + ^ ( ^ F ^ Q 2 ) ] ^ , A), (3-3)

between two nucleon states given by Eq. (2.6). Thus, the EM structure of the spin-1/2 target is
described by the Dirac F\ and Pauli F2 form factors, respectively. In the instant form of relativistic
dynamics, both the matrix elements of time and spatial components of the current play a role in
determining the invariant form factors. In the light-cone formalism, however, the Dirac and Pauli
form factors can be obtained using a single component J+(0) = J°(0) + J3(0) in an appropriate
reference frame. It turns out that for spacelike momentum transfer, it is always possible to find a
Breit frame in which the virtual photon has purely transverse three-momentum [31] q = (0, q±_),
q2 — —q\ = — Q2. This choice of reference frame guarantees suppression of the vacuum pair
production processes [31, 75]. In this frame of reference the three-momenta of the initial and final
proton can be written as

fx/2). (3-4)

The Dirac and Pauli form factors can be obtained as follows

and

F2(Q2) = _ ^ p . ( p , t | I_^A | ptiy (3.6)

Now we want to consider the ingredients which enter the pion cloud model calculation of the
current matrix elements. For this purpose we write the plus component of a matrix element of
local EM current between two single particle states as

P,A) = VA.A{q), (3.7)
r •

where A's stand for the particle isospin and spin for brevity. The Fock state decomposition given
by Eq. (2.6) implies the inclusion of the contribution shown diagrammatically in Fig.3.1. In order
to calculate the contributions of the different Fock states to the nucleon EM form factors one has to
use the light-cone amplitudes $NnB{y, £±) from Eq. (2.9) and specify the matrix elements for the

41



(O
N $ N

N \ / N

> Cd)

N \ I N

Figure 3.1: The diagrams contributing to the electric and magnetic form factors of the nucleon.

electromagnetic currents for the NN, AA, AN and nn transitions. Explicit form of the light-cone
amplitudes is shown for completeness in Appendix A and all relevant matrix elements of the EM
current are listed in Appendix B.

As indicated in Fig.3.1, the EM current in our model calculation is a sum of one-body currents
J+(0) = 53-^(0) = ^B(O) + «^(0)> which involves individual hadrons within the nucleon one
at a time. Such currents, which by construction transform covariantly under the noninteracting
Poincare group representation, transform correctly under the kinematic Lorentz transformation of
the interacting representation. In any reference frame with q+ = 0, the one-body matrix elements
of J + (0) are related to each other by a kinematic Lorentz transformation. These features give the
light-cone formalism an unique advantage in that the one-body current operators still transform
correctly under the relevant subgroup of the interacting representation. An extensive discussion of
this point can be found in a review by Keister and Polyzou [41].

To illustrate these properties of our light-cone calculation we consider the relevant matrix
elements in the one-pion (1 — IT) sector

f

(P' N | p'xp'2 B'n') (p7
lPl B'n' | J+(0) | fifi Bit) (pm BIT \ P N) . (3.8)

The spin indices have been suppressed since they do not affect our calculation, as will.be discussed
below.

The impulse approximation can be written as follows

(Py2 BW | J+ (0) I pxfi Bn) =

IGTT3 (p+<53(p7i - Pi)(pl * I ̂ +(0) | P27r) + p+*304 " AWx B' | J+(0) | pi B)).

The integrals over each of the p\ in Eq. (3.8) contain a delta function and can be easily performed.
Using the matrix element from Eq. (3.9) and the initial and final light-cone state vectors in Eq. (2.6)
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we obtain

(3-10)

In general, the matrix elements (jH + q\ -^-^ | p}) appearing inside the integral depend on the

internal momentum of the pion-baryon state. However, as discussed in Ref. [41], the kinematic
nature of a light-cone boost allows us to transform the matrix element to a frame with pi = 0, with
the result (for q+ = 0)

V(q) = (p + q\ ^ | p) = (m qx \ ^ | m 0x>. (3.11)

Note that the spins remain invariant under the light-cone boosts. This feature allows us to suppress
the helicity indices in our calculation.

The current matrix element factors out of the internal momentum integration. If we integrate
out the struck particle momenta the Breit-frame matrix element in the pion-baryon sector is

{P'N\ 1^-\PN)1-* . (3.12)

The complete matrix element can be obtained using both sectors of our model in Eq. (2.6)

VB,B{q)

BIT

(313)

Here VB< B are the vertex functions of the N*yN, A7A, A*yN transitions included in our model
(see Appendix B). Because the light front amplitudes are defined in the frame in which the nucleon
has P+ = 77iAT, P± = 0, the arguments of the light front amplitudes are shifted according to the
standard Drell-Yan prescription [73] PL,i(f) = P i ± (1 - y)qj./2 and P ^ / ) = P1 ± y9x/2.

Note that our final result in Eq. (3.13) implies a factorization of the bare hadron vertices off
the internal momentum integrations. As noted in Ref. [41] this result marks a major difference
in comparison to corresponding calculation in the instant formalism. In the instant formalism
calculation the one-body matrix element does not factor out of the internal momentum integrals,
and are related to each other by Lorentz transformations which are interaction dependent. This
in turn means that a transformed matrix element will acquire multi-body components. So the

43



truncation of the Fock space expansion and the use of one-body currents is not consistent with
Poincare invariance in the instant formalism.

Putting all the ingredients together, we are now able to calculate the corrections from all Fock
components in the nucleon wave function expansion to the nucleon Dirac and Pauli form factors as
follows:

) + (^(Q2) + 2^+(Q2)) I«N(Q2)

(Q2)) I»"(Q2)

'

Here TB and QBB are the form factors of the bare baryons included in our model (see Eqs. (3.3),
(10.17) and (10.23)). In distinction to Refs. [64, 36], where point-like pions have been considered,
we do include the form factor of the virtual pions ^(Q2). In the next section we shall discuss its
role for the electromagnetic form factors of nucleons. The integrals I{Q2) related to loop corrections
are the body form factors. They can be expressed in terms of the light front amplitudes <& for the
reference isospin configuration defined in Eq. (2.11) and the corresponding vertex function listed
in Appendix B:

T*N - - fX

~ 2 Jo dy J S ?
= \ J! dyl^t

A

^/^^^^^^)^)*'**^^^^),- (3.16)

A) A

Here A (A') runs over all polarizations of B (B1). The $]^g(y, fcj ) are the light-cone wave
functions of a nucleon with helicity +1/2 in a Fock state comprising a baryonic core B with helicity
A, longitudinal momentum fraction y and transverse momentum k±, and a pion.
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The formula for the contributions to F2 is fully analogous. To obtain explicit expressions for
F? one has to replace in Eqs. (3.14) and (3.15) the spin non-flip body form factors I(Q2) with the
spin-flip body form factors J(Q2) given by

(3.17)

'1,2 = V
-qRmN

Now we use the following symmetry relations [72]

(3.18)

where ej is the particle's electric charge and ^ ( 0 ) =

= gNA(Q2),

= 1.

If we use the above relations, the Sachs form factors of the physical nucleon, denned in
Eq. (10.11), are given by

-2)

(•W2
+ +

U J?*(Q2))

(TA(Q2) (IA*(Q2) + U JA

)(i?"(Q2) + tiJ2w(Q2)))

(Q2) + ttJ
A«(Q2)))

(3.19)
where i — E,M and t& = —TN and t\f = 1. Now the dressed nucleon form factors are expressed
in terms of the bare form factors J^iQ2), FFoiQ2), FAo(Q2) and GMA(Q2)-

We start our discussion of Eq. (3.19) with the static properties of the nucleon which are related
to the lowest moments of the electric and magnetic form factors. They require minimal assumptions
about a priori unknown bare nucleon form factors.
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3.3 The nucleon electromagnetic properties in the pion cloud model

3.3.1 The nucleon electric charge

We begin with the nucleon electric charge that should stay unchanged by the pion dressing.
Assuming that the nucleon core form factors are normalized ^^(0) = ê v we obtain from Eq. (3.19)
that

4) ''
(3.20)

In deriving this relation we observe that

1^(0) = IA*(Q) = INA(0) = 0 . (3.21)

If we now use Eq. (2.15) and the following relations

rN(0) = /^(O) = I n*N, rA(0) = IA*{0) = I nwA, (3.22)
o 2

then, we get the expected result
/ vP{{\\ \ / i \

(3.23)

3.3.2 The nucleon magnetic moments

Let us start with the definition of the magnetic moment of the physical nucleon

M" = G£(0), (3.24)

and use the definition of anomalous moments of the bare (6) nucleon and recoil baryons

« J V = ^ T ( O ) 4 = ^ 2 A ( 0 ) - (3-25)

Now, with the help of Eq. (3.20), we obtain from Eq. (3.19)

2 ) ( ^ ( 0 ) + 4 J?*(0)) + ( 2A (0 + Kb
n J?'{0)) (3.26)

The electromagnetic properties of the bare nucleons are the input to our calculation. We begin
with the extraction of the magnetic moments of the bare (6) proton and neutron by fitting them
to the experimental nucleon magnetic moments. In the following we will assume that the magnetic
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Fock state
core
nN
TTA

NK

An
N-+ A
total

ep

0.701
0.150

-0.025
0.075
0.100

—
1

en
0.000

-0.150
0.025
0.150

-0.025
—

0

Kp

1.153
0.312
0.047

- 0.024
0.069
0.237
1.794

«n
-1.068
-0.312
-0.047
-0.233
-0.017
-0.237
-1.914

Table 3.1: Individual contributions to the electrical charge and the anomalous magnetic moments
of the proton and the neutron. The magnetic moments are given in nuclear magnetons fit?. The
first particle in the Fock-state description is the particle the photon couples to.

moments of the bare delta and N —> A transition are related to the moment of the bare proton by
the SU{6) symmetry relations [76]

We find from this procedure

2>/2\

, and /i* = nb
n = -1.53/iyv-

(3.27)

(3.28)

In Table 3.1 we list the contributions to the proton and neutron magnetic moments of the
various Fock components. Surprisingly, a much larger fraction of the magnetic moment is due to
the higher Fock components than was to be expected from the corresponding probabilities, and
this is especially true for the neutron. In addition the reader should note the large size of the
N -» A transition contribution. The size obtained here is very similar to that obtained in CBM
in Ref. [36]. The ratio rb = Hn/Hp = —0.58 is smaller than is to be expected from the naive quark
model (r — -2 /3 ) . The value obtained from our model for rb coincides, however, with that obtained
from the light-front constituent quark models [77, 78]. It is interesting to note that in the light
front constituent quark models the ratio is fairly independent of the parameters: the constituent
quark mass mq and the size parameter (3.

3.3.3 The nucleon electric radius

The charge radius of the dressed nucleon is defined as

(3.29)

where for brevity (G)'(O) stands for ^ | Q 2 = O - We use a similar definition for the radius of the bare

nucleon (TZ2)1^ = ( -6^g) ' (0) and introduce the body-electric charge radius for the component i
as

(3.30)
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Based now on Eq. (3.19) one finds:

((R2)PE\ .

[ (R2)E J "
2 \*N\
body IE )

(3.31)

The definition of the Sachs form factors in Eq. (10.11) gives

2 m2,
(3.32)

If we use the symmetry relation given in Eq. (3.27) together with

(3.33)

then the only unknown quantities on the RHS of Eq. (3.31) are radii (it2)E and (R,2)E of the bare
nucleon. Note that following Ref. [65], we use here the conventional form

(3.34)
(1 + Q2 (U2)*/6)'

where (R?Y = 0.431 fm2 [79]. It shows that electric radii of the proton and neutron depend on
the bare magnetic moments, which have been already obtained above, and electric radii of the bare
nucleons. In order to fit the experimentally measured radii [80, 81] (R2)P

E = 0.743 ±0.022 fm2 and
(R2)n

E = -0.113 ± 0.004 fm2 the bare electric radii have to be

(11% = 0.662 ± 0.027 and (Tll)E = -0.051 ± 0.009 fm2. (3.35)

We find a 50% contribution to the neutron electric radius due to the pionic cloud, with the dominant
source in the TTN component. This implies that the use of a non point-like form factor for the
pion is very important. For instance, disregarding the pion form factor one would get (R?)P

E =
0.739 ±0.027 fm2 and [K2)E = -0.141 ±0.009 fm2, with the pion having virtually no effect.

3.3.4 The nucleon magnetic radius

Let us turn now to magnetic radii of the nucleons. Conventionally the magnetic radius of the
dressed nucleon is defined as

2 & &)'(0), (3.36)
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Fock state
core
*N
irA
NIT

ATT

N-+A
total

0.465
0.172

-0.024
0.049
0.073
0.009
0.743

(r2)n
E

-0.036
-0.172

0.024
0.098

-0.018
-0.009
-0.113

/r2\P
V IM
0.427
0.181
0.009
0.012
0.042
0.067
0.736

/~2\n
V IM
0.347
0.264
0.013
0.032
0.016
0.097
0.767

Table 3.2: Individual contributions to the electromagnetic radii. The radii are given in fm2. The
first particle in the Fock-state description is the particle the photon couples to.

where as before (G)'(0) stands for ^&|Q2=O- We use a similar definition for the bare radius

Kb
N) (R?)M = (—6<7ĵ )'(O) and introduce the body-magnetic radius for a component t as

(-6/(0)). (3.37)

Based now on Eq. (3.19) one finds

(3.38)

The definition of the Sachs form factors in Eq. (10.11) gives

)? =(-6F2
N)'(0) = {eN

(3.39)

We have used here the symmetry relation from Eqs. (3.27) and (3.33). To eliminate we
assume

(3.40)
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We now have all the ingredients needed to determine the bare magnetic radii. Fitting the
experimentally measured magnetic radii [80] (R?)P

M = 0.736±0.022 fm2, <fl2)^ = 0.767±0.077 fm2

and using the bare electric radii found above, yields

(R.2)P
M= 0.643 ±0.030 fin2, and {V?)n

M = 0.621 ±0.141 fm2. (3.41)

Summarizing we find that the bare proton electric, proton magnetic and neutron magnetic radii
are about 10% smaller than their physical counterparts. This is consistent with the result obtained
in Ref. [65]. It is interesting to note that all the bare radii except the neutron electric radius are
equal within experimental errors. This universality resembles the situation for the physical radii.

3.3.5 T h e Q 2 -dependence of GE and GM

The observed deviations from the dipole parameterization and scaling in the Q2-dependence of
GE and GM is the main topic of this section. We start our discussion with a brief overview of the
experimental evidence for the deviations. Details can be found in Refs. [60, 61] and Refs. [62, 82],
respectively, for the proton and neutron. In general, the dipole fit describes available data not
better than to the 30% level or so. Whereas results for the proton electric form factor are essentially
consistent with the dipole fit, the more accurate data for the proton magnetic form factor show a
rich pattern of deviations from the dipole behavior. The global data set of Ref. [60] suggests that
GP

M first slightly falls then slowly rises in a few GeV2 region forming there a pronounced bump.
This behavior is followed by a dramatic 30% fall-off in the region of 2 < Q2 < 30 GeV2. A similar
pattern is seen in the large Q2 region for the neutron magnetic case.

The same data sets can be used to test the ansatz of form factor scaling. In general, this
assumption agrees with experimental values much better than the dipole parameterization. We
first consider the quantity Gp

B/Gp
M/np. According to Eq. (3.1), this ratio is expected to be one.

Data of Refs. [60, 61] indicate that the ratio is systematically lower than one, down to about 10% in
the range of Q2 = 1 - 3 GeV2. Next, data for the ratio of the Pauli and Dirac form factor Q2 {F$/Fp)
show a rapid linear rise at low Q2 (below 1 GeV2), and much slower increase at larger Q2. This
time the experimental results are consistent with the prediction of form factor scaling as stated in
Eq. (3.1). The Q2 dependence which follows from the scaling (i.e., Q2/(l + T /xp)) goes through the
data points. The last quantity we want to consider is the ratio of the elastic neutron to proton cross
sections. At small angles, the ratio is given by crn/ap = {(GE)2+ T (Glf)2)/((GP

E)2+T (GP
M)2). The

assumptions in Eqs. (3.1) and (3.2) yield values r JU2 /(1+T n2) which are higher than measurements
in Ref. [82].

After reviewing the experimental situation we want to analyze the observed departures from the
dipole and scaling. This will require some minimal assumptions about EM form factors of the bare
nucleons {QEjM)- F i r s t ' t h e universality of the bare radii (112)P

E « (H2)P
M « C&2)M ~ ( ^ ) L

seems to indicate that scaling is the expected property of the low Q2 behavior of bare form factors.
In addition, an approximate experimental scaling at large Q2 for the physical form factors together
with expected dominance of bare contributions in this region suggests the following scaling relations
for the bare form factors

QliQ2) = QP
M(Q2) IA = GM(Q2) l& = K(Q2)- (3.42)
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Figure 3.2: (a) Gp
M/npGD, (b) GP

B/GD. Data are from: ( [85]-open circles, [60]-full circles, [86]-
open squares). The various model curves are described in the text.

We note parenthetically that if one uses a simple power-law parameterization of the type

(3.43)

then the cut-off parameter A can be determined from the constraint (R?)b
uniV = 6n/A2.

To model the bare neutron form factor we take into account two constraints at Q2 = 0: 5^(0) =
0 and (—6£g)'(0) = (~R-2)E. In addition we assume for GE(Q2) t n e same asymptotic behavior at
large Q2 as for the remaining three bare form factors in Eq. (3.42). A simple form that incorporates
all imposed constraints is

Q2 K(Q2). (3.44)

The parameter An can be found by adjusting to the experimental data for G^{Q2) in the broad
range of Q2.

The AA and iVA-transition form factors are rather poorly known, so for simplicity reason we
shall employ the parameterizations based on symmetry considerations [83, 84]

and (3.45)

Because of the relatively small size of the ATT Fock component, it can be expected that the final
results depend rather weakly on details of the assumption made here.
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There are several approaches available that can be a source of physical insight for the bare
nucleon form factor K(Q2). Vector meson dominance (VMD) models [87, 88], for example, describe
the photon-nucleon interaction via the intermediary coupling with vector mesons. The nucleon form
factors can then be written as a sum over meson propagators times the meson-nucleon form factor:

= E ^ , (346)

where 1/(Q2 + m ^ J is a propagator associated with a meson of mass mvi , Ci is the photon-meson
coupling strength, and Ki is the meson-nucleon form factor. Different models incorporate different
numbers of vector mesons in the calculations, and some include a bare photon coupling in addition.
In particular, if one neglects the Q2-dependence in the meson-nucleon form factor, an assumption
valid for small Q2, and includes only one meson, then a monopole approximation (with n=l in
Eq. (3.43)) is obtained. In Fig.3.2 we compare the experimental data for GP

M and GV
E with the

pion-cloud model calculation with n=l for the bare nucleon form factor (the curves labeled with
"m"). The model shows good behavior (by construction) for small Q2, and a rise above the data
as Q2 increases beyond 0.1 GeV2. Only slightly better description can be achieved by replacing the
monopole parameterization of the bare form factor by a dipole one (see, the curves labeled with
"d" in Fig. 3.2). A comment on the large momentum transfer data points for the electric form
factor of the proton in Figs.3.2 and 3.3 is due. Note that the assumption about the form factor
scaling Gp

M(Q2)/fip = GP
E{Q2) has been used to extract values of GP

M(Q2) from the cross section
measurement of the E-136 experiment [86]. We adopt this assumption to generate pseudo-data
points for GP

E(Q2) at large Q2 (see, open squares in Figs.3.2 (b) and 3.3 (b)).

Another tool commonly used in the analysis of exclusive reactions are dimensional counting rules
(DCR) [89]. They state that exclusive processes such as elastic electron-proton scattering have a
simple dimensional scaling at large enough Q2. In this limit, only the valence quark states are
important, and the Q2 dependence is determined by counting the number of quark-gluon vertices.
The elastic Dirac form factor Fi, for example, should scale asymptotically as (Q2)~^k~l\ where k is
the number of valence quarks participating in the interaction. For e-p elastic scattering, k — 3, and
thus the leading contribution should behave as ~ Q~4. For the helicity-nonconserving Pauli form
factor F2, dimensional scaling predicts an additional suppression by a factor of m2/Q2 relative to
Fi, where m is a mass-dimension factor. If dimensional scaling laws are correct, the ratio Q2F2/F\
is expected to approach a constant at sufficiently large Q2.

Now, the asymptotic DCR may provide a clue for the failure of the dipole parameterization of
bare form factors in Eq. (3.42). A more promising approach seems to be replacing the single-power
law formula in Eq. (3.43) by a two-scale interpolation formula that gives the monopole form of
meson physics at the low Q2 and exhibits the characteristic DCR fall-off in the high Q2 region. To
model the transition between the meson dynamics and the asymptotic behavior of DCR, we use a
two-scale interpolation formula

This is a simple algebraic way of making a transition from monopole to dipole behavior. Indeed,
if one assumes that A2, » A2 then for Q2 <C A2, one recovers the monopole behavior of the bare
form factor whereas for Q2 » A2 the bare form factors follow the asymptotic DCR predictions
K ~ A2A2./Q4, or equivalents F{ ~ 1/Q4 and F2

P ~ 1/Q6.
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To analyze experimental data with this interpolation formula we notice that the constraint
(H2)univ = 6 (Af2 + AJ2) leaves us with only one free parameter in Eq. (3.47). To determine Ai,
we use the data for Gp

M/nP/GD from Refe. [60, 86]. The best fit gives Ax = 0.670 GeV which
implies that A2 = 1.28 GeV. In Fig.3.2, we again compare the data for GP

M and G\ with the
pion-cloud model calculation based on the interpolation formula of Eq. (3.47). The model curves
are labeled with m —y d. The model which integrates the meson dynamics with dimensional scaling
laws is in reasonably good agreement with data up to a few GeV2 region but fails to describe the
large momentum transfer region, above 5 GeV2.

To understand the origin of the disagreement in the large momentum transfer region of the
model in Eq. (3.47) we recall the modification of dimensional counting laws that originates from
perturbative chromodynamics (pQCD). As described in Ref. [90], the pQCD prediction states that
at large Q2, the Dirac and Pauli form factors are expected to have a Q2 dependence determined
by the quark counting rules modified by a logarithmic fall-off of the strong coupling constant as,
i.e., F\ ~ <*2(Q2)/Q4 and Fi ~ oi%(Q2)/Q6- Due to the Q2 dependence of the strong coupling
constant as(Q

2) oc l/log(Q2/A2jCD), the rate of decrease of Fi and F2 should depend in part on
the magnitude of the scale parameter AQCD- TO model the asymptotic behavior of pQCD, we first
follow the suggestion of Parisi, Petronzio, and others [91, 92, 93] and introduce a cut-off in the
usual one-loop formula for as in the form

The parameter Aasy can be considered as a measure of the onset of the asymptotic behavior of
the nucleon form factor predicted by pQCD in Ref. [90]. In Ref. [92], Aasy = 2mg where mg is
interpreted as a dynamical gluon mass, with a value typically of about 0.5 GeV. For Q2 » A2

SV

the formula in Eq. (3.48) coincides with the one-loop version, but at very low momentum transfer,
this formula "freezes" the coupling constant to some finite value. Thus, to impose the constraints
from pQCD, we replace Eq. (3.47) by

with

An expressions similar to (3.50) has been used in earlier attempts to link aspects of low-energy
meson dynamics with the constraints from pQCD as, for example, in Ref. [63]. With the same
substitution Q2 -»• Q2 but now in Eqs. (3.44) and (3.34) we include the pQCD effects for the bare
neutron electric form factor and the charged pion form factor.

Before we start using Eqs. (3.49) and (3.48), a remark about the physical meaning of Aasy and
AQCD is in order. As shown in Ref. [94] for form factor calculations in pQCD, the argument of
the running coupling constant should be taken as the square of the momentum transfer of the
exchange gluon in order to make the perturbative theory meaningful. If one follows the Brodsky-
Lepage-Mackenzie scale-fixing method one obtains the result that the effective argument of the
coupling constant should be a fraction (typically Qeff/Q ~ 0.1) of the true momentum transfer
occurring in the interaction. Moreover, the actual value of Qeff/Q depends on the estimate of the
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gluon's momentum transfer between quarks involved in the interaction. To eliminate or at least
ease the ambiguities of the estimation we simply fit the values of AOSJ/ and \QCD to the high Q2

data for GP
M from Ref. [60, 86] and the Saclay data [95] for G% from the reaction 2H(e,e'). We

take the Saclay data from the analysis based on the Paris nucleon-nucleon potential. We find that
equally successful fits can be obtained for different pairs of (AQCD> Aa3V). Since the experimental
data do not allow for a precise determination of AQCD aQd Aa4V, we pick up the best fit values of
AQCD = 0.600 GeV and Aasy = 3.78GeV. The same fit yields

Ai = 0.660 GeV and A2 = 1.42 GeV and An = 0.470 GeV. (3.51)

Note that the obtained value for Ai is smaller than the expectation from the vector dominance
model where one would assume that Ai « mp. Note however that the work of Ref. [96] that uses
a dispersion relation technique to link the meson and quark dynamics as seen-in the nucleon form
factor find the same value of the meson dynamics scale. Furuichi and Watanabe argue in Ref. [96]
that the lower value of Ai incorporates the effects of the uncorrelated two pion states. Recent work
of Shakin and collaborators [97] provides further evidence that the scale of the monopole form
factor of the bare core is significantly smaller than the scale parameter used in the VDM.

Shown in Fig.3.3 are the EM form factors of the proton normalized to the dipole fit. In the
figure, the individual core contribution, together with the addition of the 7riV and nA components
are displayed. Clearly seen in this figure are three regions: the low Q2 region, below 1 GeV2, where
the scattering off the pion component brings a significant contribution to the electromagnetic form
factors. The dipole-like behavior seen in this region is the result of a convolution of the monopole
form of the bare form factor and an additional suppression from the itN and 7r A body form factors.
Next, there is the intermediate region, between 1 GeV2 and 5 GeV2, where the transition to quark-
gluon dynamics seems to take place. Clearly shown is the onset of the core dominance with the
Q2 dependence expected from the quark counting rules. Finally there is a third region, above 5
GeV2, where a strong Q2 fall-off compared to the dipole fit is observed. This is due to the running
coupling constant that is taken into account in our model calculation by the substitution Q2 —> Q2.

The neutron magnetic form factor shown in Fig.3.3(c) has been recently actively studied at
low Q2 with high duty cycle machines at MIT-Bates [101], NIKHEF [100], Bonn [99] and Mainz
[106]. At present the most precise data point comes from NIKHEF [100]. Using a simultane-
ous measurement of D(e,e'n) and D(e,e'p) in the quasi-elastic domain the NIKHEF experiment
finds G\jlnn/GD = 0.957 ± 0.016 at the average momentum transfer q = 1.69/m"1. The re-
sults from MIT-Bates [101] and Bonn [99], although with slightly larger error bars, suggest rather
G^/fin/Go > 1- Obviously the question requires further experimental verification. Also a problem
of the final state interactions and meson exchange currents require a somewhat better understand-
ing.

Note also in Fig.3.3(d) that the pionic corrections are responsible for a large part of the neutron
electric form factor in the broad range of Q2.

In order to examine possible deviations from the scaling relations of Eq. (3.1) in Fig.3.4 we show
ratios of different form factors. To the extent that the charge and magnetic moment distributions
have the same Q2 dependence, form factor scaling is expected to hold: GP

E(Q2) — GP
M(Q2)/[iv

and Gp
M(Q2)/np = Gn

M{Q2)/nn. Our predictions in Fig.3.4 (a) and (b) indicates about a 10%
deviation from scaling in the range 1-12 GeV2. The question as to what Q2 is high enough for
pQCD to be applicable is controversial in the literature [107]. Nevertheless, data from elastic
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Figure 3.3: The nucleon electromagnetic form factors in the broad range of Q2. (a) GP
M/HPGD-

Data are as in Fig. 3.2. (b) GP
E/GD. Data are as in Fig. 3.2. (c) Gn

M/nnGD. Data are from:( [98]-
full circles, [99]-crosses, [100]-open triangle, [101]-open diamonds, [102]-open circles, [82]-open
triangles, [103]-open squares), (d) G1^. Data are from:( [95]-open circles, [104]-full squares, [105]-
full triangle, [98]-full circles, [103]-open squares).
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Figure 3.4: (a) Gp
E/Gp

M/np, (b) (G^/Mp)/(G^/ /x n ) , (c) <%/<%, (d) Q2FP/FP. The results of the
present calculation are given by the solid line. For comparison we show the result of the hybrid
model of Gari and Krumpelmann [63] (short dashed).
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e-p scattering [60] indicate that scaling in the ratio of the Pauli to Dirac form factor occurs for
Q2 ~ 2GeV2. The neutron data [82] exhibit similar behavior. Our predictions show a flattening
of cr"j/<T̂  and Q2Ff/Ff that is similar to the data. On the other hand, the model of Gari and
Krumpelmann is inconsistent with the data as shown in Fig.3.4.
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Chapter 4

Inclusive deep inelastic scattering

4.1 Introduction

In view of the importance of the meson cloud for the Gottfried Sum Rule violation, one might
expect that it also plays an important role for the nucleon spin. Indeed, simple estimates within
the one pion exchange model seem to indicate that the meson cloud effects could contribute to
the so-called spin crisis. Moreover, due to the close connection of the Ellis-Jaffe Sum Rule with
semileptonic decays of octet baryons (see section 4.7) we also have to evaluate the consequences of
the meson cloud for semileptonic decays of octet baryons. Modifications of the axial-vector coupling
constants due to the meson cloud can be quite important [108, 109, 110] since the corresponding
axial-currents are not protected against renormalization due to the mesonic cloud.

The analysis of the EMC experiment under the assumption of SU(3) symmetry (!) indicates
that there may be a relation between the spin and strangeness content of the nucleon. The value for
the polarized strange quark content of the nucleon obtained from such an analysis is As = —0.19
(newer SMC[21] and SLAC[22] experiments indicate a somewhat smaller amount), which suggests
a revision of the simple view of the nucleon. In meson cloud models the strangeness content of the
nucleon is generated by virtual fluctuations into strange mesons (K or K*) and strange baryons
(A, £ or £*). We stress the fact that the 'experimental' result obtained for the polarized strange
quark content has been obtained under the assumption of 5(7(3) symmetry, which is approximately
realized in semileptonic decays [111]. On the other hand, 5£/(3) symmetry is violated as far as
the masses of hadrons are concerned and it is also violated in the sea quark distributions of the
proton, which we discuss in this review. In models which include 5(7(3) symmetry breaking effects
the conclusion about the polarized strangeness content can be modified. On the other hand, the
approximate validity of 5t/(3) symmetry for the semileptonic decays of baryons has to be an
important check for any baryonic model.

The discussion above shows that in order to understand the structure of the nucleon (the same
is true for other baryons) one has to treat consistently the flavour and spin content. Because of
the surprising success of the simple Cabibbo model, the semileptonic decays have to be treated
simultaneously.

The pion, being the lightest meson was the first included in the deep-inelastic scattering [32, 112].
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It was suggested in Ref.[113] to include also other mesons which had proven to be important in
the low-energy nucleon-nucleon and nucleon-hyperon scattering. Their effects in deep inelastic
scattering are discussed in more detail in Ref.[16].

It has been suggested recently to study the virtual pion component in the nucleon in deep
inelastic scattering experiments at HERA [114]. The semi-inclusive reaction ep —• e'nX is presently
being studied by the ZEUS collaboration, which has installed a test forward neutron calorimeter to
complement its leading proton spectrometer [115]. It is also worth mentioning that a recent lattice
QCD calculations gave evidence for the importance of pion loop effects for nucleon properties [116].
The renewed interest in the virtual pions (mesons) in the nucleon, especially in connection to deep
inelastic scattering, requires a better understanding of the methods used up to now in the literature
on that subject.

In the meson cloud model the nucleon is viewed as a quark core, termed a bare nucleon,
surrounded by the mesonic cloud. The convolution model seems to be the best tool to understand
the structure of such a composed object. The internal consistency of the convolution model has
been recently a subject of discussion [50, 17]. A special emphasis has been put on satisfying
sum rules [50, 17, 16]. When standard ^-dependent form factors [50] are used, both number and
momentum sum rules cannot be satisfied automatically. While number sum rules can be satisfied
by independent adjustment of cut-off parameters of the vertex form factors for the diagrams with
off-shell mesons and baryons, momentum conservation is violated to a degree dependent on the
functional form of the form factor (see also [51]). It has been pointed out recently that special care
is required, as far as form factors are concerned, in order to conserve both sum rules in a natural
way [17].

We present a useful complete set of formulae for the helicity dependent splitting functions of
the nucleon (octet baryon) into pseudoscalar/vector meson — octet/decuplet baryon states, i.e. we
include all particles which turned out to be crucial in modern meson exchange models for nucleon-
nucleon and nucleon-hyperon scattering at low energies [25, 46]. In addition to unpolarized deep-
inelastic scattering we are also interested in possible effects of the meson cloud for the polarized
deep-inelastic scattering. The proton helicity flow to the pionic cloud has been calculated recently
in the relativistic light-cone perturbation theory including NnN and NTTA vertices [117]. The
analysis of unpolarized deep-inelastic scattering suggests that also vector mesons (p, u) may play
an important role [16, 47], provided rather hard form factors are used. The importance of vector
mesons (S = 1) for deep inelastic scattering of polarized particles can be even greater. Therefore we
extend the formalism of Ref.[117] to vector mesons. We derive useful formulae for both unpolarized
and polarized deep-inelastic scattering.

In distinction to [17] we include also the effects of the vector meson Fock components. Then we
first discuss various effects of the meson-baryon Fock components on the flavour structure of the
nucleon and calculate the Gottfried Sum Rule. Next we present the results of calculations for the
axial-vector coupling constants gA for all possible semileptonic decays of the octet baryons. Finally,
we calculate the Ellis-Jaffe Sum Rule for the proton and neutron as well as the Bjorken Sum Rule.

60



4.2 Deep inelastic charged lepton - nucleon scattering

There are a number of fine reviews on inclusive lepton scattering at high energy and momentum
transfer (deep inelastic regime) [118, 119, 120, 2, 121, 122, 111]. Our intention here is simply
to explain the usual notation and summarize the essential ideas without any attempt at formal
derivation.

4.2.1 Basic formulation

The cross section of unpolarized lepton (electron, muon) scattering of a hadronic target (proton,
neutron) is calculated by assuming the one-photon exchange process

da = , „. v, «=zYT (2TT)4 6A(k + p-k'-

iMiep-te'X)?-,

Above k, k' are four-momenta of incoming and outgoing lepton, p is four momentum of incoming
proton and M and m are the hadron and lepton masses. The invariant amplitude for the ep -> e'X
is

M(ep -> e'X) = uftf,AVfoufoA) {k%)2 < ̂ |e^(0)|p,a > . (4.2)

Here A and A' are initial and final electron helicities and a is the hadron spin. Introducing auxiliary
lepton tensor

X,X'

= 2 {ktik'v + k'nv - k • k'g^) ,

and hadron tensor

X o
1 ^

the cross section becomes:
2M a2 d3k'

do = T^W & L WiW
 ~ET ' ( 4 5 )

where a is the fine structure constant, s = (p+k)2, E' is the scattered lepton energy, and Q2 = —q2-
Using parity conservation, time-reversal invariance, symmetry under the exchange of Lorentz indices
fi and i/, and current conservation, we can express the hadron tensor in terms of two structure
functions W\ and M^:

( 1f) *{ !fr) ( '£) (4.6,
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The differential cross section can be conveniently expressed in terms of two dimensionless variables,
the so-called Bjorken scaling variables: x and y, defined as:

2p • k IMv '

in the following way

dxdy

The structure functions W\ and W2 are, in general, functions of any two independent kinematic
variables, e.g. (Q2,v), (Q2,x), (x,W2).

4.2.2 Parton model

Bjorken, in 1969, proposed that, in the deep inelastic limit, namely large v and Q2 but Q2/v
finite, the structure functions W\ and vWi would only depend on x and not on Q2 or v separately.
It is useful to introduce the structure functions F\ and F2 defined as

Fx(x,Q2) = MWx{Q2,v),
F2(x,Q2) = uW2{Q\u). (4.9)

Bjorken's hypothesis would mean that F\ = F\(x) and F2 = ^(rr). In terms of Fy and F2 the
differential cross section is

The second line of (4.10) is written in a form which is both covariant and useful for the quark
model interpretation.

It, can be shown that the structure functions for scattering a lepton off a point-like quark of
charge e, and spin ^ are

FiM=ehS(x -£) , ^ , = ̂ - - 9 1 ) . (4.1!)

If f/t(x) is the probability density function for a quark/antiquark of type i, then

F2(x,Q2) =53 £ dxqt(x)e2xS (x - ^ \ ='£e?xqi(x) . (4.12)

That, is the structure F2(x,Q2) corresponds to the total momentum fraction carried by the quarks
and antiquarks weighted by the squares of the quark charges. Eq.(4.12) clearly shows independence
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of the structure function Fi of Q2. The quark-parton model leads to the following simple relation
between structure functions

F2(x,Q2)=2xFl(x,Q2), (4.13)

known as the Callan-Gross relation, originally derived using current algebra [123]. The relation
stems from the spin ^ nature of the quarks.

4.2.3 QCD improved parton model and scaling violations

Up to now we have considered only quarks. In an interaction theory, the lepton-quark scattering
amplitude will involve radiative corrections. Such radiative processes lead to corrections which vary
logarithmically with Q2. Formally this can be described using the operator product expansion and
the renormalization group equation (see for instance [2]).

An alternative approach to the Q2 analysis of structure functions is to use the Altarelli-Parisi
equations [124]. This approach is based on the leading order parton cross sections for the processes
q->q + g, g -+ q + q and g -+ g + g.

fldy fsr ( rflw i i \
Jx y j

(4.14)

where i and j run over quarks and antiquarks of all flavours. Since emission of a gluon cannot
change the quark flavour Pqiqj = &ijPqq. The independence of the colour and flavour spaces requires
PGqj — PG<I and PqiG = PqG. One can write the Altarelli-Parisi equation for the quark singlet

qs(x, Q2) = £ ( f f i ( s , Q2) + qi(x, Q2)) (4.15)
i

and gluon distributions in the compact form

_ <*s(Q2) f1 dz ( Pqq{z) 2NfPqG(z) \ ( 9
5 ( f ,Q 2 ) \

JX Z \ PGq(z) PGG(Z) ) \ G(f,Q2) ) ' { }( f ( (
\ G(x,Q2) ) 2TT JX Z \ PGq(z) PGG(Z) ) \ G(f,Q2) )

Conservation of momentum for a parent quark and gluon gives

Jo dzz [Pqq(z) + PGq(z)} = 0 ,

f dzz [2NfPqG(z) + PGG(Z)} = 0. (4.17)
Jo

The momentum conservation imposes also the following symmetry relations for z < 1

Pqq(z) = PGq(l - z), PqG(z) = PqG(l - z), PGG(z) = PGG(l - z) . (4.18)

By charge conjugation
P*M = PM, Pgi(z) = PgqW • (4-19)
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Taking into account the symmetry relations the number of independent splitting functions reduces
to:

Pqq(z) =

PGq(z) = C2(F)

P q G { z ) = T 2 ( F ) [ z 2 + ( l - z ) 2 } ,

P G G ( z ) = 2 C 2 ( A ) [ — ^ — + ! — ± + z ( l - Z ) ] + ± ( 3 0 6 ( 1 - z ) , (4.20)
(l-z)+ z I

where
A> = jC2(A) - -NfT2(F) = 11 - -JV) . (4.21)

The standard definition of regularization procedure has been used above. The colour factors
C2{F) = | , T2{F) — \ and C2(A) = 3 (see for instance [3]). In leading order approximation

The parameter A is to be determined by the analysis of experimental data. The pQCD is applicable
only for Q2 3> A2 for which as is small. The number Nj of participating flavours depends on Q2.

To solve the integro-differential equations one needs to specify initial conditions at Q2,, chosen
such that perturbation theory applies for Q2 > QQ. The initial parton distributions are determined
typically near Q$ ~ 2-5 GeV2. With the first-order form (4.22) for as(Q

2), the analysis of deep
inelastic lepton scattering data gives A w 0.2 GeV.

QCD has the important property of being asymptotically free. If Q2 —> oo then the effective
coupling constant as(Q

2) —> 0 and quark become asymptotically free and one recover the quark
parton model in this limit. However, at finite Q2, there are Q2-dependent corrections.

4.3 Gottfried sum rule

4.3.1 Theoretical background

The Gottfried Sum Rule[125] (GSR) addresses the value of the integral over x of the difference
of the F-2.{x) structure function of the proton (p) and neutron (n). It is written1 as

J\F%(X)-F2(X)} ~ = j^[u;(x)-ui(x)\ + l-[d;(x)-di(x)] (4.23)

+ 2 j l [up(x) - un(x)} - ± \dp(x) - dn(x)} } dx ,

where iip(x) = up{x) — up(x), etc. EJaryon number conservation reduces the expression further to

1! {I I P 5 ] } d x • (4-24)
'The structure functions F2(r) and the quark distribution functions q(x) are, of course, functions of Q2. However,

the Q2 dependence is suppressed here to keep the expressions from being too cumbersome.
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As seen from Eq.(4.24) the valence quarks do not influence the Gottfried Sum Rule violation
although they are of crucial importance for the GSR integrand. Assuming further charge symmetry
for the nucleon sea, i.e., up(x) = dn(x), etc. and making the customary assumption that up(x) =
dp{x), one finds the classical value of 1/3.

In the most general case not only the so-called SU(2)Q [126] charge-symmetry is violated
but also the isospin symmetry between proton and neutron SU(2)j. In this case the antiquark
distributions in proton and neutron can be expressed as:

up(x) = q{x) - -AQ(x) - -A,(x) ,

dp(x) = q(x) + -AQ(:E) - -A/(x) ,

un(x) = q{x) + - A Q ( I ) + -A/(x) ,

dn(x) = q(x)-^AQ(x) + ̂ Al(x). (4.25)

The signs in front of AQ(X) and A/ (x) have been chosen to assure positivity of AQ and A/ in the
case the asymmetries give the effect required by the NMC result. With the parameterization (4.25)
the Gottfried Sum Rule (4.24) can be written as

SG = I ~ §A« - y A / • (426)

The factor 10/9 shows the sensitivity to the 517(2)/ symmetry violation.

It has been argued in Ref.[127] that both the effects of asymmetric SU(2) sea and the proton-
neutron isospin symmetry breaking will be very difficult to disentangle as they may, in general,
lead to very much the same behaviour both in deep inelastic scattering and Drell-Yan processes.
A careful analysis[126] based on the <r-term and scale Ward identity suggests rather AQ 3> A/.
Therefore in the further analysis we will neglect the effect of the SU]{2) symmetry violation.

Since the standard Altarelli-Parisi [124] evolution equations generate equal number of Tm and
dd pairs, i.e. the leading order corrections to the Gottfried Sum Rule cancel, one does not expect
strong scale dependence of the GSR. The two-loop evolution gives a rather negligible effect [14].
The Pauli exclusion principle leads to some interference phenomena which produces only a small
asymmetry [14].

The answer likely lies with more complicated nonperturbative physics. The presence of the pion
cloud in the nucleon gives a natural explanation of the excess of d over u. It has been extensively
analyzed in a series of papers [128, 129, 130, 55, 113, 17, 16] with the result for the GSR being
dependent on the details of the model, especially on vertex form factors. Restricting the form
factors by fitting to the cross sections for high-energy production of neutrons and A + + yields the
GSR [17, 13, 48] in rough agreement with that obtained by NMC [7, 131].

In the first phenomenological analyses the antiquark distributions were typically defined as

u(x) = q(x) - ^A(x) and d(x) = q(x) + ̂ A(x) . (4.27)

Different assumptions on A(:r) lead to different predictions for the Drell-Yan production rate.
For instance, the initial parameterization [132] used A(x) = A(l — x)k, which placed the d — u
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difference at large x (x > 0.05), led to very large values for dp(x)/up(x) for x > 0.1. These large
ratios have been ruled out by a recent reanalysis of earlier Drell-Yan data [133]. More recent[10]
parameterizations have a form A(x) = A^a^l—£) l ' s ( l+7s) , which places the bulk of the difference
at smaller x.

It is expected that future QCD lattice gauge calculations will be able to generate the quark
structure of the nucleon and evaluate the dp(x) and up(x) distributions. At present one has to rely
on phenomenological models consistent with our knowledge in other branches of hadronic physics.
The meson cloud model [134, 48] seems to satisfy this criterion. Furthermore it is worth mentioning
in this context that importance of pion loop effects for nucleon properties has been demonstrated
in a recent lattice QCD calculation [116].

4.3.2 Perturbative QCD corrections

In this section we discuss briefly the corrections to the Gottfried Sum Rule due to the per-
turbative QCD effects. The Gottfried integrand is given in the parton model by (F% — F£)/x =
^[(u + u) - (d + d)] which is q + q type, in distinction to the Gross-Llewellyn Smith integrand which
is q - q type.

The leading order (LO) anomalous dimension 7Q~ ' vanishes. There is however a finite
contribution from next-to-leading (NLO) processes where the q —> q splitting becomes possible.
The corresponding anomalous dimension 7"" ' has been calculated in [135]. Including the
NLO correction the Gottfried Sum Rule becomes [14, 136]

Sc(Q2) = \[l + g ( ^ 2 2 ^ 7 f ) ( 1 3 + 8C(3) ~

where C(3) = 1.2020569..., CF = (N2 - 1)/2NC, CA = Nc and JVC = 3.

In general the Q2 evolution of the Gottfried sum can be written as

+(...)] (4.29)
7T

The next-next-to-leading (NNLO) as correction has been estimated only recently [137]. Including
NLO (4.28) and NNLO corrections from Ref.[137] the expansion coefficients in (4.29) are: C\ =
0.036(0.038) and C2 = 0.72(0.55) for 3(4) flavours. At Q2 = 4 GeV2 the NLO correction is merely
0.3 % and NNLO correction 0.4 % and obviously cannot explain the large violation found by NMC.

The neutron F£{x, Q2) can be obtained from various proton and deuteron measurements. One
can try to verify the QCD predicted Q2-evolution using the presently available data. First trials
[138] based on NMC92, NMC95 and HI lead to the following values of parameters: So = 0.242±0.21,
C\ = —6.00 ±0.74 and C2 = 40.4 ± 11.1. This results indicates rather strong Q2 dependence which
cannot be accounted by the perturbative QCD. However, the analysis with the ZEUS F\ shows
rather different values: So = 0.383, C\ = —12.9 and C2 = 76.2. This suggests that the presently
available data are not sufficient to examine the Q2-dependence of the Gottfried Sum Rule. Future
HERA measurement of F2

D at small x should be helpful in precise determination of Sc{Q2)-
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4.3.3 Lattice QCD and flavour asymmetry

Because the perturbative QCD is not able to explain the large violation of the Gottfried Sum
Rule, the relevant physics must be connected to some complicated nonperturbative phenomena.
The most reliable way to treat the nonperturbative effects is to use lattice QCD. Here the antiquark
contributions come from either the connected or disconnected diagrams (see Fig.l in ref.[139]). In
the lattice language the antiquarks corresponding to disconnected insertions are called the "sea"
antiquarks and the antiquarks corresponding to connected insertions the "cloud" antiquarks.

Since the first moment of the structure function i*2, which we are interested in, is not expressible
in terms of the forward matrix element of the twist-2 operator, one is not able to calculate the sum
SG directly. Even though there is no direct estimate of the Gottfried sum in the lattice QCD right
now, there is an indication of the large light-antiquark flavour asymmetry. It was shown [139] that
the difference comes from connected insertions involving quarks propagating backward in time by
studying the isovector and isoscalar charge ratio. In the lattice calculation the flavour asymmetry
comes from the cloud antiquarks. In phenomenological calculations these are usually modeled by
the Pauli blocking and/or meson cloud effects.

4.3.4 Short history of the experimental value of the Gottfried Sum Rule

The minimum x is restricted by the lepton-beam energy zTOjn = Q2/2TTINE and the requirement
that Q2 should not be too small in order to be deep inelastic scattering. Because the small x region
could have a significant contribution to the sum rule, it was not possible to test it until recently.

The first test of the sum rule was undertaken at SLAC in the 1970's. With the beam energy
of 4.5 - 20 GeV, which results in xmin of about 0.02. In the 1975 analysis [140] the data with 0.02
< x < 0.28 were combined with previous data with x < 0.82.

According to the SLAC data

/G(0.02,0.82) = 0.200 ± 0.040 . (4.30)

Because the small x data were associated with small Q2, where perturbative QCD may not be valid
and/or due to possible large contribution from very small x region, it was not conclusive enough
at that time to state that the sum rule was violated.

Next experimental data came from EMC measurements at CERN by deep inelastic muon scat-
tering on the hydrogen and deuterium [141]. With the muon-beam energy of 280 GeV in the
kinematical range of 0.03< x < 0.65 Q2 varied in the interval: 7 < Q2 < 170 GeV2, i.e. much
larger than in the older SLAC experiment. According to the EMC data

7G(0.03,0.65) = 0.18 ± 0.0\{stat.) ± 0.07{syst.) . (4.31)

Extrapolating into the unmeasured regions by using a power-like parameterization for Ff — F"

JG(0,1) = 0.24 ± 0.02{stat.) ± O.l3(syst.) (4.32)

This value has been slightly modified in 1987 [142].
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The Gottfried integral has been obtained by another CERN group, BCDMS [143]

/G(0.06,0.8) = 0.197 ± 0.006(stai.) ± 0.036(st/st.) (4.33)

at Q2 = 20 GeV2. Due to uncertainty in the low-x extrapolation BCDMS collaboration did not
quote the integral in the (0,1) interval.

Although the early data suggested violation of the Gottfried Sum Rule, it was not conclusive
because of the large errors and a possible large contribution from the small-x region. In the new
New Muon Collaboration (NMC) experiment, the kinematical range was extended to the small-x
region. The kinematical range of 0.004 < x < 0.8 corresponds to 0.4 < Q2 < 190 GeV2.

The NMC experiment [7] of the relevant structure functions, over the interval 0.004 < x < 0.8

JG(0.004,0.8) = 0.227 ± 0.007(stat.) ± 0.0U{syst.) (4.34)

at Q2 = 4 GeV2. The contribution from the large-x region was estimated by extrapolation and is
rather small /G(0.8,1.0) = 0.002 ±0.001.

The final extrapolation to 0 < x < 1,

L [F2
p(x) - F?(n)] —=0.24 ±0.016, (4.35)

o x

at Q2 = 5 GeV2.

The integrand of the Gottfried Sum Rule has been obtained from the ratio R = F"jF^ and the
deuteron F$ structure function

F2
p(x) - F2"(x) = 2F2

d(x)[^ | | j . (4.36)

In the first NMC evaluation of GSR the deuteron structure function was taken from a global fit to
the results of earlier experiments. In the meantime NMC has published values of F\ and F^ of its
own accurate measurements at low x [144]. The old value of GSR [7] has been updated [131] to

I l dx
[F$(x) - F${n)} — = 0.235 ± 0.026 . (4.37)

o ^

The total error here is larger than in (4.35) due to a more extensive examination of the systematic
uncertainties. The quoted error bar does not include the effects of shadowing and antishadowing.

The violation of the Gottfried Sum Rule exclusively via breaking the SU(2)Q symmetry requires
AQ — 0.14 ± 0.03. On the other hand violation of GSR exclusively via breaking the SU(2)j
symmetry requires A/ = 0.08 ± 0.02.

4.4 The meson convolution model

Here we generalize the pion cloud model from section 2.1 to include also other pseudoscalar
mesons as well as vector mesons. We expand the nucleon wave function in terms of a few principle
Fock components. In this model the nucleon can be viewed as a bare nucleon (core), surrounded by
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Figure 4.1: Deep inelastic scattering on a virtual meson (a) or baryon (b).

a mesonic cloud. The wave function of the nucleon with helicity +1/2 can be schematically written
as

/ ) ; MA'(1 - y, -kL))] , (4.38)
BM XX' J J

where s/Z^g^ly,k\) is the probability amplitude that a physical nucleon with helicity +1/2 is
in a state consisting of a virtual baryon B with longitudinal momentum fraction y, transverse
momentum k±, and helicity A, and a virtual meson M with momentum fraction 1 — y, transverse
momentum — fcj_> and helicity A'. Note, that the helicities A and A' need not to add up to +1/2,
since an additional relative angular momentum between the particles is possible. In Eq.(4.38) Z is
the standard wave function renormalization constant, which can be interpreted as the probability
of the bare nucleon [31].

It can be expected, that the structure of the core is rather simple. Presumably, it can be
described as a three quark system in the static limit. Of course, in the deep inelastic regime
at higher Q2 additional sea of perturbative nature is created unavoidably by the standard QCD
evolution.

The main idea of the convolution approach is that there are no interactions among the particles
in a multi-particle Fock state during the interaction with the hard photon in deep inelastic scattering
(for a detailed discussion see [50]). This enables one to relate the contribution of a Fock state BM
to the nucleon structure function F2, to the structure functions of either the struck meson M or
the struck baryon B (see Fig.4.1 a,b)

(4.39)

= £ dy fBM/N(y)F2
B Q j ) . (4.40)

The convolution formulae can be written in an equivalent way in terms of quark distributions:

QN,bare{x) + / /MB/N^UM ( ~ ) — + / fBM/N{y)QB ( ~ ) — • (4.41)
Jx \y/ y Jx \y/ y i
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The main ingredients in the formulae above are the splitting functions /MB/N(J/) a nd /BM/JV(!/),
which are related to the probability amplitudes tpBM

IBM/N(V) = fdkl £ > & ( ! / , f c l ) | 2 , (4.42)

- y , * I ) l 2 - (4-43)
A A'

Because the description of the nucleon as a sum of MB Fock states is independent of the reaction
mechanism, the relation

JMB/N{V) = IBM/NH ~ y) (4.44)
must hold. It simply expresses the fact, that if a meson M carries a longitudinal momentum
fraction y of the nucleon momentum, the remaining part of the nucleon is a baryon with the
remaining longitudinal momentum fraction 1 — y. Moreover this relation automatically ensures
global charge conservation

(/MB/N) = UBM/N) (4.45)
and momentum conservation

+ (X/BM/N) = (IBM/N), (4.46)

where (/) and (xf) are the first and second moments of the splitting functions.

In this notation, the wave function renormalization constant is given as

(4.47)

Both the Ellis-Jaffe Sum Rule and the axial-vector coupling constants for semileptonic decays
can be expressed with the help of matrix elements of the axial-currents A" = (77̂ 75 (\a/2)q (see
section 4.6), where Aa are the Gell-Mann matrices. The expansion (4.38) implies (see Fig.4.6)

{N\A^\N)dressed = z((NlA°\N)bare +
B

+ £ A / ( M I M 2 ) B / N ( M 1 | A ; | M 2 ) ) , (4.48)
MIM2B

where
r l roo

A / dv d*i<Mfo,*iW&Af(y,*±). (4-49)

rl roo
2 A ' / ^ dkl^il-y^D^il-y,^). (4.50)

A' J0 J0

The essential ingredients in our model are the amplitudes 0fl^f(y, k\). To calculate these
quantities we employ the time-ordered perturbation theory (TOPT) [145, 146, 31] which has the
advantage that the intermediate Fock states can be written down explicitly:

* * . * = t - s> =
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(compare [31]). This formula gives the amplitude of finding a nucleon with momentum p and helicity
+1/2 in a Fock state where the baryon B has the momentum k, helicity A and the meson M the
momentum q = p — k and helicity A'. The factors NN {NB) are the usual fermion wave function
normalization factors NN = ^TUN/EN, NB = \frnB~[EB\ NM is a bosonic normalization factor
NM = \/y/2E~M. The important feature of TOPT is, in contrast to the covariant perturbation
theory, that the intermediate particles are on their mass-shell. Therefore, the vertex function V in
Eq.(5.5) can be calculated by using on-mass shell spinors. V depends on a particular model, i.e.
on the form of the lagrangian used. In general V can be written as

V (p, k,q)= aN{p)av
a^Xfi(Q)^y(k), (4.52)

where summing and averaging over all possible spin-states is implicitly assumed, a, /? and 7 are
bi-spinor and/or vector indices dependent on the representation used for particles of a given type, x
and V1 are the wave functions (field operators) of the intermediate meson and baryon, respectively.

It has been shown [31] for the nN case, that in the infinite momentum frame (IMF) contributions
of Fock states with anti-particles vanish and only contributions with forward moving particles
survive. This statement is also true for other Fock states we are dealing with^ In the IMF-limit
the momenta of the particles involved can be parameterized in terms of y and fcj_:

fc = yp + fcx, £ L - P = 0, q = (l-y)p-k±- (4.53)

In the limit p = \p\ -> 00 only states with y 6 [0,1] do not vanish [31], and the amplitudes <f>BM
can be expressed as

with MBM being the invariant mass squared of the BM Fock state

MiMb,*i) = 2i±M, + !!l<±^. ,4.55)
{/ if

VIMF is the vertex-function in the IMF. In the formula above an extra factor (^p)"1/2 has been
taken out. It would cancel when going to probability densities by an appropriate factor of the
jacobian of the transformation (4.53).

If the vertex function used does not contain a derivative of the meson field, we could have
equally well used covariant perturbation theory instead of TOPT. But if the vertex function used
contains a derivative of the meson field this is no longer true. To illustrate this point let us consider
the example of the pseudovector NirN vertex, given by

C^ = uiB'fd^u, (4.56)

where for simplicity the coupling constant and isospin structure have been suppressed. The standard
covariant technique [17, 50] leads to the following splitting function of the meson

{mB + mN)2[(mN{l - y) - mB)2

[ml -
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The result for the baryon is:

(m2
Nm2

B(l - y)2 + k\{mB + mN)2 - 2mNmB{ym2
M + k\)

H, -
Here the two results are not related by Eq.(4.44), which leads to violation of the charge- and
momentum conservation. The reason' for this puzzle is, that by using a derivative coupling, an
additional off-shell dependence is introduced into the vertex function, which cannot be suppressed
in the IMF-limit. A way out is to use TOPT. Here, however, the problem arises how to choose the
meson energy in the vertex. In principle, there are two possible prescriptions:

A) One uses in the vertex the meson four-momentum q^: UNj^'fn(—i)qllUB, i.e. the meson energy
in the vertex is EM . With this form of the vertex one reproduces the baryon splitting function
given by Eq.(4.58). The meson splitting function is related to this result by Eq.(4.44).

B) Instead of q1* one uses the difference of the baryon four-momenta p^ — k^:
k)>1uB(k), i.e. the meson energy in the vertex is EN — EB. With this prescription one gets
the splitting function given by Eq.(4.57). Also here the resulting splitting functions for the
baryon and meson fulfill Eq.(4.44).

Thus TOPT, in contrast to a covariant calculation, is consistent with the convolution approach.
The remaining point to clarify is which of the two prescription one should use. We will always
use prescription B, because in this prescription the splitting functions for the pseudovector case
are identical to those of the pseudoscalar case, if the coupling constants are identified properly.
Moreover, in this prescription the structure of the vertex is due to the baryonic current only [147].

4.5 Meson cloud effects on the flavour structure of the nucleon

The renewed interest [128, 55, 18, 129, 113, 16] in the meson cloud of the nucleon comes from
the fact that it provides a natural explanation of the d-u asymmetry and, as a consequence, the
violation of the Gottfried Sum Rule. As discussed in section 4.3 the Gottfried Sum Rule can be
expressed as

f] dr 1 f - 1 9
Sa = / [F.!(x) - F2"(x)] — = - / [u(x) + n(x) - d(x) - d(x)} dx = ± + -AQ_d, (4.59)

where q (q) are the light quark (antiquark) distributions in the proton and -Afi_j = JQ[U(X) —
d(x)] dx. In obtaining Eq.(4.59) isospin symmetry within the nucleon doublet has been assumed2.
In accordance with the simple structure of the bare nucleon, it is natural to expect that the only
sea in the bare nucleon is of perturbative origin. Such a sea, being SU{2) symmetric, does not

''The violation of the isospin symmetry of proton and neutron could in principle be another important effect [127].
Up to now no quantitative estimate of this effect exists.
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model
tree
oct,ps
ps
all

Z
1.

0.755
0.697
0.580

Au-d
0.

-0.155
-0.119
-0.163

SG
0.333
0.230
0.254
0.224

Table 4.1: The Gottfried Sum Rule and the u-d asymmetry in different models. Model (oct,ps)
includes all Fock states with octet baryons and pseudoscalar mesons, (ps) all Fock states with octet
and decuplet baryons and pseudoscalar mesons and (all) all discussed Fock states. The experimental
value of the Gottfried Sum Rule is 0.24 ± 0.016 [7].

contribute to Aa_(j. In our model the asymmetry is caused by the valence quarks in the virtual
mesons. Only IT and p mesons contribute to the asymmetry [16], which can be expressed in terms
of the first moments of the corresponding splitting functions

u-d = Z[ - (f*+n/p) ~ (fp+n/p) (fp~A++/p) ~ (fp+ A°/ (4.60)

Contributions of a perturbative nature as well as any symmetric sea in mesons and/or baryons
would not change this result, because 5c is sensitive only to the difference u — d (Eq. 4.59). In
Table 4.1 we show various contributions to the u—d asymmetry and to the Gottfried Sum Rule. The
inclusion of the nN Fock component leads to a reduction of SG from 1/3 to 0.230. In comparison to
earlier works where an universal cut-off parameter of the dipole form factor has been assumed for
simplicity [18, 16], the procedure proposed in section 2.2 leads to important modifications. We find
a much smaller probability of the TTA (6.2 % in comparison to 16.1 % in Ref.[16]) Fock component
and a substantially larger probability of the pN component (10.9 % in comparison to only 1.6 %
in Ref.[16]). Summarizing, including all components in the nucleon wave function expansion (4.84)
leads to a good agreement with the NMC result [7] of the Gottfried Sum Rule SG = 0.24 ± 0.016
(see Table 4.1). It should be noted here, that the 'true' experimental value of SG might be even
somewhat smaller than the NMC result due to shadowing effects in the deuteron [17, 148].

In calculating the u(x) — d(x) asymmetry we have neglected the interference diagrams like
7r° — T] or p — to. While the contributions of such diagrams to the number and momentum sum rule
cancel, their contribution to u(x), d(x) as well as to the u(x) — d(x) asymmetry is not protected
by any conserved current and is in principle possible. A reliable calculation of the x-dependence
of the interference contributions to the u — d difference is rather difficult (see [149]) and requires
microscopic models for the mesons involved. In contrast to the x-dependence the bulk effect of u — d
can be easily estimated assuming that the discussed mesons are members of the SU(Z) multiplets.
The contribution of the interference diagrams of two mesons to the u—d difference can be calculated
in a full analogy to the diagonal terms:

-d) - f dy (4.61)

where the matrix element (M2\u — d\M\) can be calculated using the SU(6) wave functions of the
mesons involved. We find (u — d) = 0.0050 and —0.0011 for TT° — 77 and p - UJ, respectively. These
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contributions have to be compared to —0.12 (n) and —0.073 (p) obtained from the diagonal mesonic
terms. There are different reasons for the smallness of these contributions. While the TT° — r] is small
due to a small coupling constant gifNv, the p — u contribution is small due to the vanishing tensor
coupling constant JNNUI- Thus the peculiarities of the nucleon-meson-nucleon couplings allows one
to safely neglect the interference terms.

As has been emphasized in Ref.[113], an attractive feature of the meson cloud is that a large
fraction of the nucleon sea can be attributed to the virtual mesons (see also Ref.[112]). Let us
consider this issue in more detail in the case of the present model. For this purpose the global
CCFR experimental data [6]

_ 2 ( J S ) _ n 44+0.09+0.07

2 ( x s ) _ nn«;7+0010+0007
Vs ~ (xu) + (xd)

= (xu) + (xd)

-°-°57-o.oo8-o.oo2. (4-

(xu) + (xd) + (xs)

obtained at an average value of Q2=16.85 (GeV/c)2 are useful. In the formulae above (xq) denote
second moments of the quark distributions q(x). Obtaining the quantities given by Eq.(4.62) in our
model is not straightforward. First of all, the experimental data has been measured at relatively
large Q2. Therefore, the model has to be extended by the inclusion of extra sea of a perturbative
nature. Secondly, the quantities in Eq.(4.62) are sensitive to the valence quark distributions which
cannot be calculated fully consistently [16]. In spite of these difficulties it seems instructive to
make an estimate of those quantities. It is consistent within our approximation scheme to assume
a simple structure of bare baryons and take into account fully dressed mesons.

Calculation of the CCFR quantities implies knowledge of the x-dependencies of the quark
distributions. For the mesons we take quark distribution functions known from the analysis of the
Drell-Yan processes in the pion-nucleus collisions [150, 151]. For the bare baryons the situation
is somewhat more complicated, and some approximations are unavoidable. For the purpose of
comparison with the global quantities like those given by Eq.(4.62) it is sufficient to approximate
valence (mark distributions by those of the physical baryons. A similar approximation for the sea
(marks is, however, not realistic as within our model a large fraction of the nucleon's sea is included
explicitly via the pionic (mesonic) cloud. As discussed in Ref.[13], this effect can be approximately
included by reducing the total nucleon's sea, known from DIS, by a factor Rsea-

Our model, as discussed later, predicts both asymmetry between u and d quark distributions
and a suppression of the strange sea in comparison to the non-strange sea. On the other hand,
perturbative QCD predicts u - d symmetry and allows for relative suppression of the strange
component. It is an empirical fact that at Q2 = 4 GeV2 the strange sea is suppressed by a factor
2. It is interesting how much of this effect is of perturbative/nonperturbative nature. One could
use the CCFR parameter K (see Eq.(4.62)) to fix the strangeness suppression factor Rstr for the
sea (mark distributions in mesons, baryons and the bare nucleon (not dressed with mesons),

s*ea{x,Q2) = ssea(x,Q2) = Rstr usea{x,Q2) = Rstr dsea{x, Q2) . (4.63)

We adjust the two unknown parameters Rsea and Rstr to the CCFR quark distributions q(x) =
u{x) + d(x) + s(x) [152] and to the CCFR parameter K [153]. In principle both q{x) and n depend
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CCFR data

Figure 4.2: The result of the fit of the Rsea factor to the CCFR experimental data for q{x).

explicitly on Rsea, Rstr- In practice the situation is simpler because q{x) depends mainly on Rsea

and is almost independent of Rstr while n depends mainly on Rstr and is almost independent of Rsea.
This allows us to extract the two parameters. If we take the S'Q MSR [9] sea parameterization for
the bare nucleon (we assume that the valence quark distributions in baryons are related via SC/(3)
symmetry), we find Rsea = 0.4 and Rstr = 0.75. The corresponding q(x) is compared with the
"experimental" sea quark distribution of the CCFR collaboration [152] in Fig.4.2 and the resulting
parameter K = 0.40. The other CCFR parameters are then: T]s = 0.069, RQ = 0.201, slightly above
their experimental counterparts. The small overestimation can be easily understood because these
two quantities are sensitive to the valence quark distributions which cannot be calculated fully
consistently [16]. We expect the values of RQ and r)3 to be biased by the approximations made up
to 15%.

While Rsea depends to some extend on the parameterization of the sea quark distributions used,
Rstr is fairly stable. Therefore the result of the fit suggests that the empirical suppression of the
perturbative strange sea component at Q2 values of a few GeV2 is about 0.75 in comparison to the
total strange sea suppression of 0.5. The difference is due to nonperturbative effects of the meson
cloud.

Not only global quantities like the Gottfried Sum Rule or the CCFR parameters are of interest.
Also the x-dependence of various quantities is helpful in testing models. It is known that sufficiently
far above the strangeness production threshold the QCD evolution equations [124] lead to the
production of a perturbative SU(3) symmetric sea. In this context it is useful to study differences
of quark distributions instead of the distributions themselves, especially those describing the x-
dependence of the SU(2) and SU(3) symmetry violation of the sea quarks [16, 13].

The x(d(x) — u(x)) is the quantity which describes the ^-dependence of the 5(7(2) symmetry
breaking of the nucleon sea. This quantity cannot be easily obtained from the integrand of SQ which,
in addition to d—u, involves the x-dependence of valence quark distributions (see (Eq.4.59)), making
the extraction of the interesting quantity rather difficult. The analysis of dilepton production in
pp and pd collisions seems to be much better in this respect [12, 13].
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Figure 4.3: (a) The x(d — u) asymmetry as a function of the Bjorken variable x calculated within
our model with three different pion structure functions: NAS LO [150] (dotted), NLO [151] (solid)
and of the GRV model [154] (dashed).
(b) The same for recent experimental parameterizations with explicit inclusion of the flavour asym-
metry: MSR(D'O) [9] (dotted), MSR(D'_) [9] (dash-dotted) and the newest parameterization of the
same group MSR(A) [10] (dashed). The full line (MCM) is again a prediction of our model.
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0.15

Figure 4.4: The difference x(^(u + d) — s) as function of x. The points with error bars have been
extracted by Kumano using results from the E615 collaboration [55]. The dashed line is the MCM
result obtained with valence quarks only. Inclusion of the sea-quarks in mesons and baryons (as
described in the text) gives the solid line.

x(d — u) is of special importance since it can be used to verify our model as it does not require
further parameters. Having fixed the cut-off parameters of the vertex form factors from hadronic
reactions it can be obtained parameter free. If one assumes that the sea of the bare nucleon is
SU(2) symmetric, then only pions (mesons) contribute to x(d — u). If, in addition, one assumes
that the pion sea is also SU(2) symmetric (there are no reasons for an asymmetry), then the whole
effect comes from the valence quarks in the pion which are relatively well known from the Drell-
Yan processes. In Fig.4.3a we show the predictions of our model for three different pion structure
functions: the leading order (LO) parameterization of the NA3 collaboration [150] (dotted line),
the next-to-leading order (NLO) parameterization of Ref.[151] (solid line) and structure function
of the pion calculated in a model of the radiatively generated sea [154] (dashed line). As seen from
the figure the results for different parameterizations are rather similar. In Fig. 4.3b we compare our
result (solid line) with parameterizations of the quark distributions which have been fitted to the
world data on DIS and Drell-Yan processes. It is worth noting that our result is almost identical
for x < 0.2 with a recent NLO parameterization MSR(A) of the MSR group [10] which includes
both the new HERA data [155, 156] and the experimental result of the Drell-Yan NA51 experiment
[11]. The Drell-Yan experiment planned at Fermilab [12] will be a severe test of our model and
should shed new light on the origin of the Gottfried Sum Rule violation.

Let us consider now the x-dependence of x(\{u + d) — s) which has been extracted by Kumano
[55] from the experimental data of the E615 Collaboration [157]. In Fig.4.4 we show the prediction
of our model. In analogy to the x(d — u) difference we show separately the effect of the valence
quarks in mesons (dashed line). It explains already a significant fraction of the total strange quark
suppression. The dotted line shows in addition the effect when the extra perturbative contributions,
as described in this section, are included. The slight overestimation of this experimental data may
suggest even smaller suppression of the perturbative component with respect to that obtained based
on the CCFR data.
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The net strangeness of the nucleon is zero, which requires: J s(x)dx = / s(x)dx. It has been
customarily assumed that s(x) = s(x). There is no basic principle that forces one to this assumption
other than the fact that it appears as a consequence of a perturbative approach. In this context
nonperturbative effects can be of crucial importance. Recently [158], a possible charge x-asymmetry
of the strange sea has been studied in the chiral Gross-Neveu model. Although a large asymmetry
has been found, no absolute normalization of the effect was possible. A similar analysis has been
performed somewhat earlier by Signal and Thomas [159]. In their approach the result strongly
depends on the bag radius. At present, experimental proposals to investigate this effect are under
discussion [160]. The presence of (strange meson)-(strange baryon) Fock components in the nucleon
wave function suggests the asymmetry in a natural way, as s quarks are constituents of 'light' mesons
(K,K*) and s quarks are constituents of 'heavy' baryons (A, £,E*). Let us estimate the effect in
our model. In distinction to Ref.[158], we can estimate the absolute magnitude of the effect as our
free parameters have been determined (see the preceding section) by fitting to the experimental
data on pp —> AX production at high energy. The contributions from the valence strange quarks
in baryons and valence anti-strange quarks in mesons are shown in Fig.4.5a for two different sets of
quark distributions: (a) LO quark distributions in the pion [150] and in the nucleon [161] (dashed
line) and (b) NLO quark distributions in the pion [151] and in the nucleon [9] (solid line).

Making the plausible assumption that the effects discussed in this section are the only source
of the s — s asymmetry, the s — s difference can be obtained without additional free parameters.
Naively one could expect s > s in the large-x region and a < s in the small x region (see also
[158]). We get a rather opposite effect to the naive expectation as seen in Fig.4.5b, where we show
predictions of our model using the same structure functions as in Fig.4.5a. These contributions are
rather small in comparison to similar contributions to u and d quark distributions (see for instance
Ref.[13]). As seen from the figure, in comparison to the d — u difference, s — s depends not only on
the parton distributions in mesons but also on the parton distributions in baryons. This difference
can be expressed in terms of the convolution integrals

-s{x) = Z\
~B~J* V V

(4.64)
M

 Jx y y

Eq. (4.64) shows that the shape of the s — s difference depends both on the splitting functions / and
valence quark distributions both in B {s^al) and M (s££j). Therefore, the final result depends on
two competing effects: (a) fsM/Niv) peaks at y > 0.5 (for the AK case, for instance, it is, however,
close to y = 1/2); (b) the valence quarks in mesons are concentrated at larger x in comparison to
the valence quarks in baryons (2 vs. 3 valence quarks, respectively). It is the second effect which
wins in our case. Because the s — s difference depends on these two competing effects it is somewhat
less reliably determined in comparison to the d — u difference.

The total (anti)strange quark distributions obtained by applying the procedure described above
are shown in Fig.4.5c. In addition we present a decomposition into contributions from the meson's
sea and that from the bare nucleon and bare baryons.

Can the strange quark density be obtained in a reliable way more directly from experimental
data? It was proposed that the opposite sign dimuon production in the charge current (anti)neutrino
DIS can be used as an unique probe of charm particle production and the strange sea content of the
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Figure 4.5: The contributions of s^ and s^a[ to the nucleon s(x) and s(x) quark distributions,
respectively, for LO parameterizations [150],[161] (dashed) and NLO parameterizations[151], [9]
(solid).
(b) s(x) — s(x) for two sets of structure functions: it [150] + N [161] (dashed) and n [151] + N
MSR S'Q [9] (solid).
(c) The contributions from s^a, sfea and s^ea (bare nucleon) to the strange sea of the nucleon.
Details are described in the text. The structure functions taken from Refs.[9],[151]. For comparison
we show the "experimental" result of the CCFR collaboration (dashed line).
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nucleon [153]. The mass of the charm quark introduces a threshold suppression into the dimuon
production rate which has been overcome in Ref.[153] by applying a simple slow-rescaling model
[162]. For comparison in Fig.4.5c we show also the result obtained by the CCFR collaboration in
the E744 and E770 experiments at Fermilab [153] (dashed line).

By parameterizing the sea quark distributions by the simple xqsea(x) — A(l — x)a form, the
CCFR collaboration has found a quantitative indication that the strange sea in the nucleon is
softer than the non-strange sea with a = 9.45 vs. 6.95 [153] for the non-strange distributions.
This observation is consistent with the prediction of our model. In the large-x (>0.25) region
the non-strange sea is completely dominated by the mesonic (mainly pionic) effects which exhaust
practically the total strength obtained from the analysis of DIS data. In contrast in the strange
sector the mesonic effects are strongly suppressed by the meson/baryon mass effects. Thus the
model predicts less strength in the large-i region in comparison to the non-strange sea quark
distributions.

Although we get a rather reasonable agreement with the CCFR dimuon data we do not consider
it as an ultimate test of our model. First of all, as already discussed, the mesonic effects are not
the only source of the strange quarks at Q2 of a few GeV2. Secondly, we want to stress that the
interpretation of the CCFR charm production data should be taken with some grain of salt. It has
been demonstrated recently [163] that a clear interpretation of the CCFR result in terms of the
strange quark distributions is questionable at least in the case of the (W* - gluon) fusion component
of the strange sea and the experimentally measured cross sections may include also contributions
of different origin. Furthermore, it is not fully clear whether the slow-rescaling procedure includes
the mass effects in a correct way. Our effect of the s — s asymmetry is very small. Recently, this
asymmetry has been studied by the CCFR collaboration. They have found a very little effect [164],
almost consistent with zero, in agreement with our predictions.

4.6 The spin of the proton

In terms of quark distributions the Ellis-Jaffe Sum Rule can be written as

(4.65)Ad +

with Aq(x) being the polarized quark distributions

Aq = / V ( s ) - <lHx) + qHx) - qH*)} dx, (4.66)
Jo

where q^{x) [q^{x)\ is the quark distribution with flavour q having spin (helicity) parallel (anti
parallel) to the nucleon spin.

It is well known that semileptonio decays of octet baryons can be well described in the Cabibbo
model, where one assumes that the axial currents responsible for the semileptonic decays belong
to an SU{'i) octet. The diagonal matrix elements of these axial currents in this model give the
well-known connection to the Ellis-Jaffe Sum Rule. They can be expressed as

(p, s\A^\p, s) = 2mNSll • Aqa (4.67)
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with Sp being the spin-vector (s-s = —1, p-s = 0), J4° is an axial current defined by A^ = ^
with Ta = A°/2 being SU(3) generators (\a are the Gell-Mann matrices), and T° being the identity
matrix and

2Ag3 = Au - Ad = F + D
2v

/3Ag8 = Au + Ad - 2As = 3F - D . (4.68)
= Au + Ad + As.

The axial coupling constants F and D can be fixed by fitting to semileptonic decay data.

The non-singlet quantities A(ft and Agg are multiplied by a known QCD correction factors
(1 — as/n) [165, 166] (the correction factor for the singlet quantity Ago is different) which for the
sake of simplicity we shall suppress throughout this chapter.

Taking the EMC result (Eq.1.2) at face value and assuming SU($) symmetry(!), in combination
with experimental results for the neutron beta decay and the semileptonic decay data for the octet
baryons [167], led to an unexpected result

Ago = 0.120 ± 0.09A(stat) ± 0.138(sys*), (4.69)

which was consistent with zero. This can be interpreted such that only a small fraction of the
proton spin is carried by quarks.

Newer experimental data taken at CERN [21] and SLAC [22] are to some degree controversial.
The experimental data for the polarized muon scattering on a deuterium target [21] agrees with
the earlier EMC data, with the Ellis-Jaffe integral smaller than the prediction of the Ellis-Jaffe
Sum Rule, the fraction of the nucleon spin carried by quarks very small and appreciable negative
polarization of the strange quarks. On the other hand, the result obtained in polarized electron
scattering from the 3He target [22] in the SLAC E142 experiment agrees with the prediction of
the Ellis-Jaffe Sum Rule, finding that a relatively large fraction of the nucleon spin is carried by
quarks and giving a As consistent with zero. The experimental results will be summarized later
when comparing with results obtained from our model.

In the naive SU(Q) quark model (NQM) F = 2/3 and D = 1, and as a consequence 2Aq3 = 5/3,
^ = Aqo = 1. The 'experimental' result (Eq. 4.69) is in marked disagreement with the NQM.

The NQM neglects the fact that the proton constituents are highly relativistic [168] and interacting
[169] objects. Furthermore, not only quarks contribute to the axial-vector singlet but also gluons.
Unlike the flavour octet currents, the singlet current A0 has an anomalous divergence (for a review
see e.g. Ref.[170])

K ^ (4.70)

where Nf is the number of active flavours and Q is the gluonic field. The triangle axial anomaly
gives rise to an independent gluonic contribution to the flavour singlet axial current [171, 172, 173,
174, 175, 176, 177, 178, 179]. As proposed by Efremov-Teryaev [180] and Altarelli-Ross [171] the
parton model (PM) values Au, Ad and As should be modified

Aq(x, Q2) -> Aq(x, Q2)\PM ~ 8(x, Q2) , (4.71)

where [181]

S(x, Q2) - g fx C*<>£,Q2)Ag(y,Q2) dy , (4.72)
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is a correction induced by the axial anomaly. CA9(z) is the probability to find a quark of longitudinal
momentum fraction z in a gluon and appropriate polarization. The total gluonic contribution to
Ag is

£ ? ^ . (4.73)

Ag in the last formula is the fraction of the proton spin carried by gluons. As a consequence
should be replaced by E P M - 3(J. The coefficients CA9 have been calculated [180, 171, 172, 182].
On the other hand, Ag cannot be calculated and most of the authors tried to adjust Ag to describe
experimental data (see for instance [183]). There has been also much discussion over the uniqueness
of the separation into AqpM and 5 (see for instance [182]). It has been argued [173, 184] that the
anomaly induces also a non-perturbative gluonic contribution to Aq(x, Q2)|f>Af. Although it is very
important in understanding the Ellis-Jaffe Sum Rule violation, up to now no definite treatment of
the axial anomaly has been worked out. We shall come back to the problem of the anomaly when
discussing the mesonic effects.

4.7 Semileptonic decays

According to our present understanding, the weak semileptonic decays of the octet baryons
can be classified into two groups: either a rf-quark is transformed into a u-quark, or an s-quark
is transformed into a u-quark. The matrix elements of the current operators 'responsible' for
the semileptonic decays of the baryons belonging to the octet can be parameterized in terms of
<72-dependent form factors

=. CuBl[ h(q2)^ +i Hf] a^X +JAp_q (4.74)
mi + 7712 mi + 7712

The factor C here is the Cabibbo factor (sinOc or cos#c)- At low momentum transfer only two
terms, /1 (vector) and g\ (axial vector), are important. It is customary to extract from experiments
the ratio (JA/QV = 9i(0)//i(0).

The semileptonic decays can be well described assuming the so-called SU{Z) (Cabibbo) model[lll].
Within this model the operators for the d -> u and s —> u transitions can be expressed in terms of
SU{'3) group generators

(4.75)

u AA+tb = 7 / l 7
5 (T4 + iTb) , (4.76)

which are related to the familiar Gell-Mann matrices Tk = Afc/2.

Mesonic corrections lead to the renormalization of the axial-vector coupling constants. The
vector coupling constants are protected against renormalization by vector current conservation.
Mesonic corrections to the axial-vector coupling constants have been taken into account by calculat-
ing the loop corrections to the tree level approximation according to Eq.(4.48). The corresponding
diagrams are shown in Fig.4.6. Preliminary results with the inclusion of intermediate pseudoscalar
mesons and associated octet and decuplet baryons have been already presented elsewhere [185].
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Figure 4.6: CoTTecftorw to an oiia/ current in the MCM.

To perform numerical calculations within our model requires the knowledge of the axial coupling
constants for the bare octet and decuplet baryons, vector mesons and transitions octet <-> decuplet.
The transitions within the baryonic octet are traditionally parameterized by the so-called anti-
symmetric F and symmetric D coupling constants. The axial coupling constant for the transition
within the decuplet (H) can be fixed by the relation 2(A++ |A^|A++) = H • 2mASM. In analogy we
define the coupling constant for the interference diagram octet <—> decuplet (/) as 2(p|A^|A°) =
2{A°|j4^|p) = / • 2y/mNTn&sft. The matrix elements of axial-vector currents between pseudoscalar
mesons vanish. They are, however, finite for vector mesons. Here the structure is analogous to
that of the baryonic octet. We denote the corresponding constants as FV and DV. Due to parity-
conservation the axial coupling constant FV vanishes. A special role is played here by the iv meson
which consists of an octet and a singlet part [46]. For simplicity we neglect couplings to the singlet
part, although they are in principle present. The vector meson «-> pseudoscalar meson interference
terms have an octet structure analogous to the other cases, with coupling constants called FI and
DI.

In the 5(7(6) model, i.e. in the model in which all particles are described by their 5(7(6) wave
functions [118], the axial coupling constants can easily be calculated

F = -, D = l, H = l, / = 4 ^ r , FV = 0, DV = l, FI = 1, DI = 0. (4.77)
o o

In Table 4.2 we present a list of all measured semileptonic decays of the octet baryons. The
experimental QAI9V ratios are taken from Refe.[167, 186]. In addition, we present the 5C/(3) values
for 3,4's expressed in terms of the symmetric and asymmetric coupling constants and gv's- Vector
current conservation allows one to extract the experimental <M'S, which are presented in the last
column. In Table 4.3 we present the result of our calculations for all possible semileptonic decays.
In the column named 'Af C, 5(7(6)' we show the gVs calculated within our model with the 5(7(6)
axial-vector coupling constants (Eq. 4.77) for the bare hadrons. In the column labeled 'MC, 5f/(3)'
similar results are shown with F and D fitted to the measured values of the axial-vector coupling
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decay
n —t p

E~ -> A
A ->-p

E~ -> A

E~ - > n

5A SU(3)
F + D
2D/\/6

-(SF + D) / -^
(3F + D)/y/Q

D-F

9v SU(3)
1
0

- N / 3 7 2
y/3j2

- 1

34/gy exp
1.2573 ±0.0028

0.718 ±0.015
0.25 ± 0.05

-0.34 ± 0.05

9A exp
1.273 ± 0.0028

0.60 ± 0.03
-0.857 ± 0.018

0.31 ±0.06
0.34 ± 0.05

Table 4.2: List of all measured semileptonic decays of baryons and the corresponding coupling
constants in the SU(3) model. The data were taken from [167] and [186] (for E~ —> A).

constants. For comparison, we show the results for the pure (no mesonic corrections) SU(G) model
and pure SU(3) model (F and D fitted to the experimental data from Table 4.2). The x2 values
presented in the last row for each model give an idea of the fit quality. It is well known that the
naive SU(6) model gives a very poor description of the experimental semileptonic decay data. On
the other hand, when fitting the F and D parameters an extremely good description of the existing
data can be achieved. It is commonly believed that any correction to the SU(3) model may only
destroy the nice agreement. Inclusion of mesonic corrections with SU{6) axial coupling constants
improves the description of the data dramatically (x2/N — 4369 —> X2/N = 8.5). An additional
variation of the F and D parameters improves the fit further. We cannot allow for variation of
the remaining parameters (if, / , DV, FI), because a completely unrestricted fit could result in
unphysical values of parameters since the number of experimental data points is limited to only 5.

In order to demonstrate the effect of different Fock components we present in Table 4.4 the axial-
vector coupling constants g^ calculated with the inclusion of intermediate pseudoscalar mesons
and octet baryons (oct,ps), with the additional inclusion of decuplet baryons (ps) and with the
additional inclusion of vector mesons (all). In the case of the SU(Q) axial coupling constants (Eq.
(4.77)) the inclusion of pseudoscalar mesons-octet baryons Fock components improves the quality
of the fit to the experimental g^'s in comparison to NQM (see the x2 values in the last row of
the table) tremendously. The additional inclusion of intermediate decuplet baryons deteriorates
the fit, increasing the x2 value. In this context it is worth mentioning that the contribution of the
octet-decuplet interference terms to the axial-vector coupling constant for neutron beta-decay g^v

obtained in our calculation is much smaller than in the Cloudy Bag Model[187]. Adding vector
mesons again improves the fit to the experimental axial-vector coupling constants.

Summarizing, taking into account both pseudoscalar and vector meson corrections does not
lead to any significant deviations from the experimental data for semileptonic decays. The quality
of the fit is comparable to that of the original Cabibbo model. Therefore, the experimental data
for semileptonic decays does not contradict the meson cloud model of the nucleon, which one might
naively expect. We do not predict any essential difference between the S£/(3) Cabibbo model and
our model for any so far unmeasured transitions.

The meson radiative corrections were recently calculated in the framework of baryon chiral
perturbation theory including pseudoscalar mesons with both intermediate baryon octet [108] and
decuplet [109] components. In order to simplify the calculation the baryon fields were treated there
as heavy static fermions. Although the details of the calculation in Refs.[108, 109] differ from ours,
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decay
n-*p

E+->A
£-->£"
E"->A
E+->E°
H-->5°

A-+p
E°->p
E~-m
~°->£+
~-->A

H--^E°
Xl/N

SU(6)
1.67
0.82
0.94
0.82

-0.94
0.33

-1.22
0.24
0.33
1.67
0.41
1.18
4369

SU(3)
1.257
0.67
0.62
0.67

-0.62
0.38

-0.87
0.27
0.38
1.26
0.20
0.89
2.0

MC,SU(G)
1.241
0.66
0.77
0.65

-0.77
0.27

-0.96
0.19
0.27
1.37
0.35
0.97
8.5

MC, SU{3)
1.257
0.74
0.64
0.75

-0.64
0.49

-0.89
0.31
0.49
1.39
0.16
0.98
6.5

9A exp
1.2573 ±0.0028

0.60 ± 0.03

-0.857 ± 0.018

0.34 ± 0.05

0.31 ± 0.06

Table 4.3: A list of all possible semileptonic decays of baryons within the nucleon octet. The axial
couplings QA has been calculated at the tree-level in the 517(6) model (F = 2/3 and D = 1) and
in the SU(3) model with F and D (F = 0.44, D = 0.82J fitted. Also shown are the results with
explicit inclusion of the mesonic corrections with SU(6) and SU(3) axial-vector constants for the
bare baryons. In the SU(Z) case we find F = 0.53 and D = 1.15.

decay
n —>• p

E~ -> A
A —> p

5 " -> A
E " - > n

X
2/N

SU(6) SU(Z)
oct,ps
1.247
0.70

-0.98
0.37
0.27
14.7

ps
1.454
0.77

-1.08
0.38
0.32
1026

all
1.241
0.65

-0.96
0.35
0.27
8.5

oct,ps
1.257
0.80

-0.89
0.17
0.50
13.2

ps
1.257
0.71

-0.87
0.40
0.40
3.5

all
1.257
0.75

-0.89
0.16
0.49
6.5

Table 4.4: The axial-vector coupling constants for the measured semileptonic decays in different
models: octet baryons with pseudoscalar mesons (oct,ps), octet and decuplet baryons with pseu-
doscalar mesons (ps) and with vector mesons in addition (all). The axial coupling constants for
the 5C/(3) case are: F = 0.53, D = 1.15 for (oct,ps) and F = 0.48, D = 0.91 for ps and F = 0.53,
D = 1.15 for all.

85



similar conclusions have been drawn. In comparison to Refs.[108, 109], where the experimental
error bars where increased in calculating their x2 values, our agreement with the data is much
better. If we increase the error bars as in Refe.[108, 109] we would get x*/N of the order of 0.1 -
0.4, compared to ~ 2 in Refs.[108, 109].

4.8 Meson cloud effects on the spin structure of the nucleon

In section 4.4 we discussed how the matrix elements of axial currents of the dressed nucleon
are related to the corresponding matrix elements of the constituents (intermediate baryons and
mesons) in the convolution approach. Eq.(4.68) allows one to relate axial current matrix elements
to quark polarizations. Then the Ellis-Jaffe Sum Rule can be expressed in terms of axial-vector
matrix elements Ago, A</3 and Aq$ (see Eq.(4.68))

(4.78)
ov<J

In the same way the Bjorken Sum Rule becomes

(4.79)/Jo

which can be expressed in terms of the axial-vector coupling constant for neutron beta decay

SB = \gTP = 0.210. (4.80)

Practical calculation of axial-vector matrix elements (see Eq.(4.48)) requires additional as-
sumptions about the axial properties of the bare particles. We will assume Ago = 2%/3Ags for all
non-strange bare particles, which is an extension of the original Ellis-Jaffe Ansatz As = 0 [20]. In
analogy to the previous section we will consider two models: the SU(6) model, with axial coupling
constants given by Eq.(4.77) and the S77(3) model with F and D fitted to the semileptonic data.

In Table 4.5 we present our results for the Ellis-Jaffe Sum Rule for the proton SEJ, the Ellis-
Jaffe Sum Rule for the neutron 5 ] J J , the Bjorken Sum Rule Sg and Ago in both models with
different Fock states included: (a) tree level, (b) octet baryons and pseudoscalar mesons (oct,ps),
(c) octet and decuplet baryons and pseudoscalar mesons (ps) and (d) the same with an additional
inclusion of vector mesons (all).

In the case of the SU(f>) model inclusion of the (oct,ps) Fock states brings the bare SU(6) value
of 5/18 = 0.278 for the proton Ellis- Jaffe Sum Rule almost halfway down to the experimental result
[8]. Inclusion of the intermediate decuplet baryons enhances SEJ a little bit, and conversely the
addition of vector mesons decreases SEJ slightly. Even with the inclusion of all Fock states we are
not able to describe the experimental EMC result for SP

EJ.

It would be, however, too naive to expect that our model alone can account for all spin problems;
other effects, like the famous axial anomaly (see section 4.6), should be present as well. Currently it
is, however, very difficult to give a quantitative estimate of the axial anomaly effect. On the purely
phenomenological side one could try to map the x dependence of the axial anomaly contribution
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SU(6) tree
oct,ps

ps
all

SU{3) tree
oct,ps

ps
all

EMC [8]
[Q2 = 10.7GeF2]

£142 [22]
[Q2 = 2GeV2]

SMC [21]
[Q2 = 5GeV2}

all [21]
[Q2 = bGeV2}

0.278
0.212
0.233

0.220*)
0.173
0.154
0.169

0.179*)

0.126
±0.01 ± 0.015

0.136
±0.011 ±0.011

0.142
±0.008 ±0.011

0.
0.004

-0.010
0.011

-0.037
-0.056
-0.041
-0.031

—

-0.022
±0.011

—

-0.069
±0.025

SB

0.278
0.208
0.243

0.209**)
0.210
0.210
0.210

0.210**)

—

0.146
±0.021 (+EMC)

—

0.204
±0.029

Ago
1.

0.779
0.804
0.846
0.489
0.356
0.461
0.541

0.120
±0.094 ±0.138

0.57
±0.11
0.22

±0.10 ±0.10
0.27

±0.08 ± 0.10

As
0.

0.004
0.002
0.017

0.
0.003
0.001
0.018

-0.19
±0.032 ± 0.046

-0.01
±0.06
-0.12

±0.04 ± 0.04
-0.10

±0.03 ± 0.04

Table 4.5: The Ellis-Jaffe Sum Rule for proton and neutron, the Bjorken Sum Rule and the axial
flavour singlet constant obtained with inclusion of different Fock states (see text). In the lowest
panel we have collected recent experimental data of EMC, E142 and SMC collaborations. The
theoretical values of SEJ and SB are not corrected for pQCD (!).
*> For Q2 = 5 GeV2, SP

EJ corrected for pQCD effects according to [188] is 0.21 (SU{6)) and 0.17
(SU&)).
**) The pQCD corrections up to az

s give correspondingly SB = 0.19 in both SU(6) and SU(3) model.
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to g\ by ascribing all the deficiencies of the existing models with respect to the experimental data
to the axial anomaly. Then one can write

<rf = &{x)\model + Affi(x) , <tf = g?(x)\modei + A9l(x) , (4.81)

where Agi(x) is the contribution of the axial anomaly. In Ref.[189] the unknown contribution was
ascribed to the deficiency of the MIT bag model. Such an estimate of the axial anomaly must rely
on the model calculation of g\{x)\mo<iei and ^"(a l̂modeJ- In this section we have concentrated on
the role of mesonic corrections, therefore considered only very simple models of the bare nucleons
(baryons). It has been shown in [190] that by combining the mesonic effects described here together
with one version of the Adelaide group bag model [191] an impressive agreement with the EMC
[192] and the SLAC [193] data can be obtained at x > 0.1. The meson cloud scenario leaves
therefore much less phenomenological room for the axial anomaly contribution, at least at x > 0.1.
There is still some room left at x < 0.1, i.e. precisely in the region where the gluonic contribution
is expected to play an important role [181].

The Bjorken Sum Rule is independent of the anomaly. Here we get a good agreement with the
classical value Eq.(4.80) (without QCD corrections) when including only intermediate octet baryons
with pseudoscalar mesons as well as in the full model. In this context the similarity to the Gottfried
Sum Rule is worth noting. In order to compare SB with the experimental results of the SLAC and
SMC experiments (see lower panel of Table 4.5), higher order perturbative corrections have to be
included [194]. Perturbative QCD corrections to the Bjorken Sum Rule have been calculated up to
O((as/7r)3) [195]

SB = T;9A
<xs(Q*)> - 3.5833 (4.82)

In the case of the SLAC experiment also higher twist effects probably play an important role [194].
Once higher-order perturbative corrections are taken into account we get a good agreement with
the result of the SMC analysis which include all available proton and deuteron data [21].

The classical SU(Q) model is attractive due to its simplicity. In practice, in order to describe
different data it is necessary to break this symmetry and allow F and D to be fitted to the
semileptonic decay data. We also follow this line here. Then we get SP

EJ closer to the experimental
EMC result with the 'best' result when only intermediate octet baryons and pseudoscalar mesons
are included. In this case S^j becomes negative, which seems to be the case experimentally [196].
Of course the Bjorken Sum Rule is fulfilled here in all cases, which is due to the relation between
Sn and neutron beta decay constant g^v (Eq. 4.80).

Also the calculated Ellis-Jaffe Sum Rule has to be corrected for perturbative QCD effects. It
has been shown [188] that the singlet (Vs) and the non-singlet (FNS) contributions to the integral
of the Ellis-Jaffe Sum Rule get different corrections

NS NS
r

as

For example for Q2 = 2 GeV2 Sp%j calculated within our model (see Table 4.5) is reduced:
0.220 -> 0.201 (SU{6),all) and 0.179 -> 0.163 {SU{3),all). Here we have taken as(2 GeV2) =
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0.371 [197]. Although substantial, the pQCD corrections does not allow to bring our results down
to the experimental Sgj.

In all models considered, the singlet axial matrix element Aqo and As are far from the one
obtained from the EMC analysis(!) [8]. We have stressed the word analysis, as the EMC result
is biased by the assumption of the 517(3) symmetry. Since our model violates 5f/(3) symmetry,
Aqo does not need to coincide with the value extracted by the EMC. In our model Ago is reduced
mainly due to the TTN Fock state admixture, which causes a partial depolarization of the spin as
discussed in Refs.[117]. The depolarization is caused by a cancellation of the spin-preserving and
spin-flipping contributions to the -nN Fock state.

Please note that our model predicts As > 0 in contrast to the negative value found from
the EMC analysis. In the constituent quark models the nucleon does not contain any internal
strangeness and as a consequence <7jvAty = 0 because <f> is known to be an almost pure ss state.
This is also the case of the so-called SU(6) related coupling constants [46] which we have used
here. However, 4> could couple to the nucleon through KK very much the same as the p meson
couples to the nucleon via TVK [198]. Due to its structure the <f> meson could be a good candidate
to understand the problem of the "missing" polarized strangeness. To estimate a maximal possible
effect of (j> we have taken <7w;v0 from the vector meson dominance model [199]. Then we get extra
As « 0.005 > 0, which is rather small and of opposite sign to the "experimental" As.

4.9 Bjorken-x dependent quark distributions and the meson cloud

In this section we briefly sketch the meson cloud model (MCM) of the nucleon[200] and confront
its predictions with some selected deep inelastic data. In this model the nucleon is viewed as a
quark core, termed a bare nucleon, 'surrounded' by the mesonic cloud. The nucleon wave function
can be schematically written as a superposition of a few principle Fock components (only TVN and
7rA components are shown explicitly)

\p)phys = v Z [ \p)core

/
i" "* \{ A"i o " /2"i + " \

dy d k i d>NTr\y, k \ ) I \ / — mir \ y , k ± ) + \l— \ n n : y , fci))
+

+ . . . ] , (4.84)

with Z being the wave function renormalization constant which can be calculated by imposing the
normalization condition (p\p) = 1. The <f>(y, fcj_)'s are the light cone wave functions of the 7riV, nA,
etc. Fock states, y is the longitudinal momentum fraction of the -n (meson) and k\_ its transverse
momentum.

It can be expected that the structure of the bare nucleon (core) is rather simple. Presumably, it
can be described as a three quark system in the static limit. Of course, in deep inelastic scattering
regime at higher Q2 an additional sea of perturbative nature is created unavoidably by the standard
QCD evolution equations.
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To calculate the x-dependence of the quark distributions and structure functions we have applied
the convolution approach described in section 4.4. The parton distributions "measured" in pion-
nucleus Drell-Yan processes [151] are used for the mesons. The deep-inelastic structure functions of
the bare baryons, F ^ ^ ^ Q 2 ) , F2^core(x,Q2) are in principle unknown. In practical calculations
it is usually assumed F2f

core(x,Q2) — F^phys(x,Q2) [201], which is not fully consistent. Recently
[202], we have extracted F^^g by fitting the quark distributions in the bare nucleon, together
with (parameter-free) mesonic corrections, to the experimental data on deep-inelastic scattering.
In comparison to Ref.[202] a somewhat more flexible form of the sea quark distributions in the
bare nucleon (baryon) is used here. In the following we shall deal both with small and large x at
relatively small Q2, where the target mass corrections may play important role. In this region the
Bjorken-x cannot be interpreted as a longitudinal momentum fraction of the nucleon carried by a
parton. In general the target mass corrections is a complicated [162, 2] and not fully explored area.
In the present paper we include the most important kinematical effect and replace the measured
Bjorken-x by the target mass variable £ often called the Nachtmann variable

(-£; with r - l + M£!. ,4.85)

By construction, the variable £ -> x in the Bjorken limit Q2 -> oo. This idea was often used
in the past by experimental groups to "correct" structure functions in the large-x region. It was
demonstrated in Ref.[203] that this kinematical correction gives a dramatic improvement in the
description of the large-x DIS data. In order to fix the parameters of the bare nucleon we have
used the following sets of DIS data:

(a) F2
d(z,Q2)[131],

(b) Ff(z,Q2)-F2"(z,Q2)[131],

(c) F2"(:r,Q2)/F2
p(z,Q2)[131],

(d)

In comparison to Ref.[202] we have replaced in the fit the sea quark distributions from Ref.[152]
by the deep inelastic structure function of the deuteron. We have found that it is impossible to
fit simultaneously both, especially at small-x, which seems to suggest incompatibility of these two
experimental data sets. While the previous is obtained as a difference of F%N {x) and F£N (x) [152],
the latter is known fairly precisely.

The following simple parameterization has been used for the quark distributions in the bare
proton at the initial scale Ql = 4 (GeV/c)2.

xuVtCOre(x) = Aux
au{\ -xf"(l + yux) , (4.86)

xdv,core{x) = Adx
ad{l-x)0d{l + ldx), (4.87)

xScore{x) = As{\-xy>s{\ + lsx), (4.88)

a*core(*) = AgX
a'(l-x)P<> . (4.89)

Note, that we have used SU(2) symmetric sea quark distribution for the bare baryons and suppressed
the strange sea distributions by a factor 2 as known from the (anti)neutrino induced DIS [6]

(4.9U)
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Figure 4.7: The deep-inelastic scattering data. The solid line corresponds to the fit which explic-
itly includes the meson cloud corrections. For comparison we show result without meson cloud
corrections (dashed line), (a) F${x), (b) F|(x) - F${x), (c) F?{x)/F${x), (d) F%N{x).

The leading order analysis of selected DIS data does not allow to constrain very well the gluon
distribution in the nucleon. For this purpose one can try to fit the gluon distribution by the analysis
of large pr direct photon production data. Although the prompt photon data provide a direct
measurement of the gluon distribution, the available data have still large point-to-point and overall
normalization errors. On the theoretical side there is a strong dependence on both factorization and
renormalization scale assumed. We have checked that quite different gluon distributions cannot be
excluded by a comparison to the data. In the following for simplicity we shall keep ag = 0 and
(ig = 5.3. The exponent (3g = 5.3 has been taken the same as in Ref.[205] where it was fitted to
a large body of experimental data. The normalization of the gluon distribution is obtained here
as usual through the momentum sum rule. As will be discussed later, the observables discussed in
this review are practically insensitive to a detailed shape of the gluon distribution.

A typical fit to the data is shown in Fig.4.7. The solid line corresponds to the fit, hereafter called
"Model 1" for brevity, which explicitly includes the meson cloud corrections. For comparison by the
dashed line we show also a result without meson cloud correction called " Model 2". The parameters
of parameterization (4.89) corresponding to the fit shown in Fig.l are collected in Table 4.6. For
comparison we present also parameters of the fit where the target mass corrections (TMC) have
been omitted. For completeness in Fig.4.8 we show the result for xq(x) together with experimental
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Fit
1 meson cloud, no TMC
2 no meson cloud, no TMC
3 meson cloud, with TMC
4 no meson cloud, with TMC

0.404
0.383
0.237
0.266

flu
2.54
2.62
2.99
3.35

7«
9.43
3.94
32.9
13.5

" d

0.111
0.363
0.053
0.516

Pd
4.35
5.91
4.27
5.52

Id
66.2
26.0
173
9.39

As

0.201
0.255
0.217
0.277

12.2
5.45
15.6
8.56

7S
0.334
0.001
0.625
0.034

Table 4.6: The parameters of the bare nucleon quark distributions (4-89) found from the fit to the
DIS data.

o.i

o.oi

xq(x)=x(u+d+s)

3 GeV*
5 GeV*
Model 1
Model 2

0.01 0.1

Figure 4.8: xq(x) calculated in our Model 1 (solid line) and Model 2 (dashed line) compared with
the results extracted from deep-inelastic (anti)neutrino scattering off nucleons [152].

data from Ref.[152], which was used in Ref.[202] to constrain the fit parameters.

Up to now it was proven only how to include consistently the meson cloud corrections together
with leading-order (LO) QCD effects. It should become clear that a consistent next-to-leading
order (NLO) analysis goes beyond the scope of the present study. Needless to say that such an
analysis will be rather difficult and cumbersome.

The existence of the meson cloud in the nucleon leads to a special flavour and valence/sea struc-
ture of parton distributions [200]. Therefore it seems interesting to compare the quark distributions
obtained here with recent NLO global fits to broad range of hard scattering data [205, 206, 207].
It is not obvious a priori that the special structure can be accomodated in simple power-like pa-
rameterizations used in the literature. We wish to emphasize that there are some quantities which
are independent of quark distributions in the bare nucleon (4.89) and are true (parameter-free)
predictions of the meson cloud model. Some of them have been discussed in Ref.[202]. In par-
ticular, the meson cloud effects allow to explain the x-dependence of the difference d — u fitted
in [205, 206, 207]. The obtained agreement between our predictions and the result of the global
fits [205] can be viewed as an explanation of pure fits as well as an indirect confirmation of the
nonperturbative picture of the nucleon. Although the pion cloud contributes to both valence and
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sea quark distributions, in general the valence quark distributions obtained in the present approach
are rather similar to those obtained from pure fits.

In contrast to fits our model provides an interesting predictions in many branches of "soft" and
"hard" physics. For example our model predicts an unique energy dependence of outgoing neutrons
produced in hard collisions at HERA, which has been verified recently by the ZEUS collaboration
[208], while standard hadronization models are not able to explain the observed energy dependence.
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4.10 Enhanced production of events at large x and Q2 at HERA

4.10.1 Introduction

Recently both HI [209] and ZEUS [210] collaborations at HERA have presented their results for
the neutral current (positron-jet) and charged current (single-jet) cross sections accumulated during
the years 1994 to 1996. A sizeable enhancement over predictions of improved parton approach based
on Standard Model at large x and Q2 region has been reported by both groups. This is in the
region of phase space which is particularly well suited for searches of possible deviations from
the Standard Model. At present the large x and Q2 statistics based on the integrated sample of
20.1 pb~! (ZEUS) and 14.19 pb"1 (HI) is not sufficient to draw more definite conclusion about
the discovery of a new particle or the quark substructure. Because no model can give reliable
predictions for the properties of the new particle and many new scenarios are possible a priori, one
must rather wait for a better statistics and/or try to find limits on parameters of the candidate
theories.

In the present section we analyze whether effects of the meson cloud and of the inclusion of
kinematical target mass corrections in the description of low-Q2 deep-inelastic scattering may, after
QCD evolution of parton distributions, influence the large x and Q2 region and in the consequence
disturb in the future a reliable extraction of the signal of New Physics. The inclusion of meson cloud
effects and target mass corrections at low Q2 leads to an enhancement of the quark distributions
at large x [211]. The enhancement survives after QCD evolution from low Q2 to Q2 appropriate
for the HERA large x and Q2 region. This effect turned out recently to be very helpful [212] also
in understanding the enhancement of the large- Er di-jet production in proton-ant iproton collisions
observed by the CDF collaboration [213], which may be an interesting alternative for the enhanced
gluon distribution scenario proposed in Ref.[214]. Can the same effects be responsible for the excess
of events at large Q2 and large x observed recently at HERA [209, 210]?

4.10.2 Neutral and charged current deep inelastic scattering

In the kinematical range in which the deep inelastic scattering process may be described within
the parton picture the cross section can be written as a linear combination of parton densities

<7

Here, the factorization scale is chosen to be the virtuality Q2.

Neglecting the longitudinal structure function the unpolarized differential cross section for neu-
tral current (NC) /* + nucleon scattering is given as

i^Q2)} (4.92)

and for charged current (CC) l^ -f nucleon scattering as

±(x,Q2)} , (4.93)
dxdQ2 xQ4 l
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where
Y±(y) = l ± ( l - y ) 2 . (4.94)

The explicit y-dependence contained in Y±(y) functions is due to the helicity dependence of elec-
troweak interactions (see for instance [215]).

The introduced auxiliary calligraphic structure functions

K2
z(Q

2)(vf + a2)H2(x,Q2),

Q2), (4.95)

?(Q2) (4.96)

are defined in terms of quark distributions

F2{x,Q2) =

G2(x,Q2) =

H2(x,Q2) =

G3(x,Q2) =

H3(x,Q2) = x^2«,a,[g(a:)Q
2)-g(x,Q2)] (4.97)

for neutral

W+(x,Q2) =

W2~(x,Q2) =

xW+(x,Q2) =

xW2(x,Q2) = 2xY,[ui(x,Q2)-di(x,Q2)). . (4.98)

and charged current DIS. The short hand notation has been used above u, = (u,c,t), di = (d,s,b).
The Standard Model vector and axial vector weak coupling constants can be expressed in terms
of weak isospin, electromagnetic charges and weak mixing angle: vq = T3q - 2eqsin2(0w), aq — T3q

for quarks and ve = T3e — 2eesin2(8w), ae = T3e for positron or electron. The kinematical factors

^ T* a n d Kw{Q2) = 4 ^ , ) Q 2 ^ c o n t a i n t h e r a t i o of heayy b o s o n

to photon propagators. In the region of large x and Q2 studied in Refs.[209, 210] the parity-violating
Ts term in Eq.(4.92) substantially reduces the e+p and enhances the e~p NC cross section.
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Figure 4.9: The Q2-integrated (Q2 > 10* GeV2 cross section as a function of M normalized ar-
bitrarily to the calculation with quark distributions from [161]. Different lines correspond to quark
distributions from [161] (short-dashed), [207] (long-dashed), [211] (solid).

4.10.3 Results and perspectives

In this section we compare the results obtained with the set of quark distributions which take
into account the target mass corrections and meson cloud effects at low Q2 [211] with those obtained
with typical standard quark distributions. Having checked that all sets of parton distributions
available in the literature lead to very similar results (see also a detailed discussion in [209, 210]),
in the following we shall show only results obtained with parton densities as given by simple
parameterizations [161, 207].

In Fig.4.9 we present the cross section for the neutral current e+p deep inelastic scattering
obtained with the help of quark distributions from [207] (dashed) and [211] (solid), normalized
arbitrarily to the cross section calculated with quark distributions from [161]. In comparison to
the standard sets of quark distributions [161, 207] the quark distributions found in [211] produce
a sizeable enhancement but only at invariant lepton-parton mass (M = y/sx) M > 200 GeV
which corresponds to rather large Bjorken x > 0.6. In this calculation the cross sections have
been integrated in the range of Q2 > 104 GeV2. The Zeus collaboration have reported that the
enhancement is situated rather at large Q2. In Fig.4.10 we present therefore the cross section as a
function of Q2 integrated over x > xmin = 0.5, 0.6, 0.7 normalized as before to the calculation with
quark distributions from [161]. As seen from the figure the target mass corrections and meson cloud
effects lead to an enhancement of the cross section especially at larger xmm. However, the increase
is only slightly larger at larger Q2, not fully compatible with what is observed experimentally by
HI [209] and ZEUS [210] collaborations.

The calculated number of events within kinematical cuts corresponding to the HI selection
of events are shown for different sets of quark distributions [211, 207, 161] in Table 4.7. In this
calculation the integrated luminosity has been taken to be C = 14.19 pb"1 [209]. The column
marked by "tmc" corresponds to the set of quark distributions which include only target mass
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Figure 4.10: The same as in Fig.4-9 but as a function ofQ2. The cross section has been integrated
in the range x > xmin (xmin — 0.5, 0.6, 0.7).

reaction
e+p, NC
e+p, CC
e"p, NC
e-p, CC

GRV95
2.65
0.54
7.21
10.01

Owens
2.64
0.59
7.29
10.02

tmc
2.63
0.59
7.23
9.97

tmc+mc
2.84
0.67
7.34
10.23

experiment
7
-
-
-

Table 4.7: The number of event in e±p collisions for M > 180 and y > 0.4, which corresponds to
the kinematical cuts of the HI analysis [209]
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QLJGeV2)
5000
10000
15000
20000
25000
30000
35000

NZEUS

191
33
12
5
3
2
2

172.8
28.33
17.00
7.08
—

2.83
—

Npre

196.5
32.18
8.66
2.76
1.01
0.37
0.145

NMCM

192.37
34.03
9.97
3.59
1.44
0.61
0.26

Table 4.8: The expected number of events in NC DIS e+p collisions for different cuts on Q2 compared
to the ZEUS and HI data [209, 210]. Npre is a theoretical prediction of the ZEUS collaboration.
The numbers of events calculated here NMCM do include 81% efficiency of the ZEUS apparatus.
N*Hl is a number of events obtained by the HI collaboration recalculated to the luminosity of the
ZEUS sample.

corrections and the column marked by "tmc,mc" both the target mass corrections and the meson
cloud effects. Surprisingly similar results have been obtained with rather different sets of parton
distributions (compare columns marked by GRV95, 0wens91, "tmc"). This demonstrates that
the region of interest is rather insensitive to the details of quark distributions provided the latter
give a good description of large body of hard scattering data at smaller Q2. The inclusion of the
meson cloud effects (column "tmc+mc") results in only mild ~ 10% enhancement of the number of
events. All the quark distributions predict below 3 events versus 7 events observed experimentally.
Is this more than a statistical fluctuation? Table 4.8 compares our predictions with the ZEUS data
NZEUS [210] (£ = 20.1 pb~x) for different lower bounds Q^,jn on Q2. The numbers calculated in
the last column do include 81% efficiency of data selecting [210]. In column NfjX we have placed for
comparison the HI data recalculated from HI to ZEUS integrated luminosity. At large Q2 the effects
of meson cloud and target mass corrections (NMCM) cause a sizeable enhancement in comparison
to a standard set of parton distributions (iVpre) taken from Ref.[210] (see also Fig.4.11). Thus the
inclusion of the meson cloud effects and target mass corrections leaves less room for more exotic
effects beyond the Standard Model. A more close inspection of Table 4.8 and Fig.4.11 exhibits,
however, a small but systematical excess at Q^,in ~ 3-104 GeV2 and can hardly be explained as a
statistical fluctuation.

It has been emphasized in Ref.[209] that all the excess events are placed in a tight region around
M « 200 GeV. The average mass obtained from 7 selected events (Table 6 in [209]) practically

^Hl7) £) {^does not depend on the method used: M^Hl'7) =
(

= 199.00 GeV, M£1'7) = 201.71 GeV,
203.57 GeV. This could suggest a new resonance effect in the parton-lepton s-channel. We wish to
emphasize that such an interpretation of the observation will require a bit of caution. First of all

= 241.65DAsimilar average calculated from 4 selected ZEUS events (Table 2 in [210|) is: M
GeV, Me " ' = 229.20 GeV. Secondly, specific kinematical cuts applied in the off-line analysis
lead to a creation of such a resonance-like structure. In Fig.4.10 we show the cross section for the
e"p NC deep inelastic scattering integrated over Q2 > Q2

min for Q2
min = 2104 GeV2 (panel a) and

Q'min — 3104 GeV2 (panel b). The effect of the kinematical cut leads to a resonance-like structure
situated at Q2 ~ 180 - 200 GeV. No significant effect due to the choice of parton distributions is
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Figure 4.11: The Q2 -dependence of the cross section. The result obtained with the quark distribu-
tions which take into account both the meson cloud effects explicitly and target mass corrections at
low Q2 (solid line) is compared against the ZEUS and HI experimental data. The dashed curve
represents the original result obtained by the ZEUS collaboration.

observed.

Summarizing, even parton distributions which include the meson cloud effects and target mass
corrections are not able to produce sufficient enhancement of the cross section in the region of large
Q2 and x in comparison to that observed in [209, 210]. Because the two-dimensional distributions
(x, Q2) are strongly decreasing functions of both Q2 and x, on the experimental side the excess
of events could be understood provided the experimental methods used lead to a systematical
overestimation of extracted Q2 and/or x in the interesting region. Beyond the Standard Model,
the excess at high Q2 and/or high M could be for instance due to the creation of leptoquarks
[216] or squarks [217] (see also [218]) in the quark-lepton s-channel or possible substructure of
quark/lepton due to the contact interaction. In the lepto-quark scenario rather different effects are
expected in the e+p and e~p reactions [216] in contrast to the quark/lepton substructure scenario.
Therefore before any speculation about New Physics can be made, it seems particularly interesting

and helpful to study in addition to ^%^c(:r,Q2) also J ^ T {x,Q2) cross sections. Having
results of both reactions would be much more restrictive on the choice of the Standard Model
extension. The measurement with sufficient statistics appears to be feasible experimentally as in
the region of interest the cross sections for both neutral current and charged current e~p deep
inelastic scattering are substantially larger than for the e+p scattering, especially for the charged
current (CC) case. In order to demonstrate this enhancement in Fig.4 we show the ratios of cross
sections integrated over x > xmin defined as:

ixmtn)
dQ2

"•CC^Q \xmin) —
do,

(4.99)
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Figure 4.12: Distribution in invariant quark-lepton mass (M) for different cuts on Q2:
j Q 2 d*J 2 dQ2. The solid line corresponds to the calculation with the quark distributions found
inRef.[21l], the long-dashed line to the GRV95 quark distributions [207] and the short-dashed line
to those from Ref.[161].

100:.

Figure 4.13: R%c(Q
2;xmin) and R%c{Q2;Xmin) defined in Eq.(4-99) calculated with quark distri-

butions from Ref.[211] for different xmin: 0.1 (solid), 0.3 (long-dashed), 0.5 (short-dashed).
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The ratios shown in Fig.4.13 have been calculated with quark distributions from Ref.[211] which
include both target mass corrections and meson cloud effects. The enhancement only weakly
depends on the lower integration limit xmin.
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Chapter 5

Semi-inclusive deep inelastic
scattering

5.1 Slow proton production in semi-inclusive (anti)neutrino deep
inelastic scattering

5.1.1 Introduction

Inclusive deep inelastic lepton scattering off nucleons is a well established tool for investigating
the parton distributions [219]. Hadrons, which are not measured in inclusive experiments, are
produced mainly in the colour neutralization process; the string models being the state of art. It
is expected that the measurement of final state hadrons will lead to a better understanding of the
mechanism of hadron production as it contains information about hadronization process.

In semi-inclusive deep inelastic scattering (SIDIS) one observes one or more hadrons in coin-
cidence with the scattered lepton. In the simplest approximation the semi-inclusive cross section
is assumed to factorize into an inclusive cross section (proportional to the deep-inelastic structure
functions) and a fragmentation function [220, 221].

In the past the study of semi-inclusive deep-inelastic lepton scattering has been restricted mainly
to the detection of high energy hadrons, which originate from the fragmentation of the leading
(struck) quark. The production of slow protons in coincidence with muons has been studied in the
(anti)neutrino induced charged current reactions at CERN [222, 223]. In a more recent analysis of
the CERN experiment WA21 [223] the fraction of slow (p < 0.6 GeV/c) protons was determined.

Theoretically the rate of slow proton production strongly depends on the behaviour of the
fragmentation function at the kinematical border, i.e. the light cone momentum fraction z = p~~ jm
close to 1. In Ref.[224] the rate from Ref.[223] was reproduced with a constant fragmentation
function, assuming that only protons (no other baryons) are produced. On the other hand counting
rules [225] suggest for the diquark fragmentation function rather a linear, £>29(z) = A{\ — z), than
a constant dependence on z. Furthermore, other baryons (neutrons, isobars, etc.) can be produced
which leads to a suppression of the relative proton yield.
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beam
quark-diquark model
M±

V

V
Lund string model

V

V

P-+P

0.5473
0.9259
0.5000

0.60
0.78
0.52

p -> n

0.4527
0.0741
0.5000

0.47
0.29
0.54

n -t p

0.2160
0.5000
0.0741

0.43
0.56
0.31

n —> n

0.7840
0.5000
0.9259

0.64
0.52
0.76

Table 5.1: Fraction of protons (fp = NP/(NP + Nn)) and neutrons (fn = Nn/(Np + Nn)) produced
in the e + p, v + p and V + p reactions. The fractions have been calculated according to the quark-
diquark model [226] and the Lund string model [227] for the beam energy 50 Ge V. The total number
of protons and neutrons per event in the Lund string model exceeds unity which is caused by the
explicit production of baryon-antibaryon pairs.

In order to illustrate this point we show in Table 5.1 the relative yield of protons and neutrons
including both direct and sequential (intermediate A) production obtained from a more realistic,
yet simple, quark-diquark model [226]. For comparison we give the number of protons/neutrons
per event obtained from the Lund string model [227]. Both arguments discussed above suggest that
the agreement with experimental rate in Ref.[224] has to be reconsidered. It will be discussed later
that a more realistic calculation leads to a deficit of slow protons compared to the experimental
rate [223].

The presence of the meson cloud may lead to an additional mechanism for the slow proton
production in deep inelastic lepton scattering [228, 229, 230, 231]. For instance, in the (anti)neutrino
induced reaction the virtual boson W smashes the virtual pion (meson) into debris and the nucleon
(baryon) is produced as a spectator of the reaction (see Fig.5.1). The presence of the TTA Fock
component in the nucleon leads to the production of a spectator A which decays into a pion and
nucleon.

Up to now no fully consistent treatment of both the standard fragmentation mechanism and
the meson exchange mechanism exists. We note that it is inconsistent to add the cross sections for
the two processes. In this chapter we discuss in a simple hybrid model how the two mechanisms
can be taken into account in a consistent manner which ensures baryon number conservation. It is
also not fully consistent to replace the four-quark fragmentation by the meson exchange mechanism
due to the following two reasons. First of all, as discussed in Ref.[16], the virtual pions (mesons)
give rise both to the sea and valence quark distributions. Secondly [13, 19] the sea generated by
mesons constitute only a fraction of the total sea.

It is the aim of this section to quantitatively predict the contribution of the meson exchange
mechanism to the slow proton production rate in (anti-)neutrino charged current deep inelastic
scattering from nucleons. In addition the momentum distribution of protons is calculated and
compared with existing experimental data [222]. Finally the x-dependence of the coincidence cross
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Figure 5.1: The spectator mechanism for the production of slow protons in the (anti)neutrino
induced reactions on the nucleon.

section for the experimental momentum bins is calculated and compared with experimental data
from Ref.[223].

5.1.2 Deep inelastic (anti-)neutrino scattering

Inclusive scattering

In leading order electroweak theory the inclusive, differential, charged current (cc) cross section
for the neutrino/antineutrino scattering (h(£, f!)X) can be expressed in terms of the structure
functions F\, F2, F3

- V ~ ± (1 - \

Here OQ = Gjrs/2n, with GF = TT/(\/2 sin2 OwMy^) the Fermi coupling constant, M\v the W-
boson mass and y = (Ef — Et>)/Et. Assuming the Callan-Gross relation, 2xF\ = F2 and the
standard parton model for the proton with u,d quarks only Fj (x) = 2x(d(x) + u(x)), Fj (x) =
2x(u(x) + d{x)), F3

(+)(rr) = 2{d{x) -u{x)), F^~\x) = 2{u{x) -d(x)) the y integrated cross section
in the scaling limit can be expressed in terms of valence and sea-quark distributions

(5.2)

with

2xdv(x) + 2x(ds(x) + ^us(x)

^xuv(x) + 2x(ds(x) + ^us(x) (5.3)
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Semi-inclusive scattering: fragmentation approach

In this section we will focus on semi-inclusive charged current (anti-)neutrino reactions, in which
a slow proton is measured in coincidence with the muon. The cross section for the production of a
baryon B (nucleon, delta) can be written as

dxdzap^

Sf Hx)D%'{z,£)]. (5.4)
i x f

Here the subscript / refers to the flavour, ^debris(^>PT) *S 'he target debris —> proton fragmentation
function, with z = p~/m^, z = z/(l — x), and pr is the transverse momentum of the emitted
proton (baryon). Usually a factorized form of the fragmentation function is assumed

Dlbris&Pr) = D(~*)*(PT)- (5-5)

Then, neglecting a small production of the BB pairs, the baryon number conservation requires
for each flavour the following sum rules (assuming only one baryon is produced in the target
fragmentation region)

(z)dz = l, (5.6)

separately for diquark, D2q{z), and four-quark, D^q{z), fragmentation functions.

In more advanced string models [232, 233, 234, 235, 236] the semi-inclusive cross sections can
be calculated with the help of Monte Carlo methods [237, 238, 239, 227].

Pionic contribution to the semi-inclusive cross section

In the simplest models the nucleon is treated as a system of three quarks. The pion-nucleon
interaction leads naturally to an admixture of a ixN Fock component in the physical nucleon. In
the simplest approximation, the Fock state decomposition of the hybrid proton (neutron) reads

\p) = cos9\(pQ))+ sine [sin<f>(̂ /2/3\K+n) - y/l/3\n°p)}

0 ) ] , (5.7)

\n) = cos0|(no)) + sin£Hsin</> (\/l/3|7ron) — \/2/3|7r p)\

. \1
(5.8)
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where only irN and TTA Fock states are taken into account.

The two mixing angles are related to the number of pions (nT = nnN + nfA) in the pionic cloud

sin2 <p =

The Fock expansion in Eqs. (5.7, 5.8) leads to the processes which can be classified as specta-
tor mechanism (see Fig.5.1), core fragmentation, and intermediate nucleon (and intermediate A)
fragmentation with the pion produced as a spectator, respectively.

Schematically the total cross section can be expressed as

otot(N(e,i'N')) = asp(N -> AT') + £ V p ( i V -+ A -> N')

Z[ah(N -^N') + Y, oh(N -> A -> AT')]
A

ah(AT' -» N') + £ fN»°h(N" -> A -> AT')]

A ^ A ' ^ AT)] . (5.9)

A A,A'

In the formula above aap and <7h are cross sections for the spectator and colour neutralization
mechanisms, respectively. The factors Z = cos20, PWN,PTTA ^e probabilities of the core, and TTAT
and nA Fock components. The /# ' and /A factors are the relative weights of the nucleons (deltas)
in the meson cloud model as dictated by the isospin symmetry. A fully consistent calculation would
require to include the momentum distribution of virtual baryons in the nucleon, which goes beyond
the scope of the present analysis. In the actual calculation we have taken into account only the first
two lines in Eq.(5.9). We note that the nucleon can be produced in the direct way (M = IT, B — N)
or as a two step process: direct production of isobar A (M = TT, B = A) and subsequent decay of
the resonance (A —> N + IT).

In calculating oh (see Eq.(5.9)) one should bear in mind that part of the sea quark distributions
in bare nucleons (deltas) is already taken into account by the pionic component. Therefore in
Eq.(5.4) the sea structure functions Sf(x) should be replaced by the difference between the exper-
imental ones and the ones computed in the pion spectator approach. In practice we find that at
Q2 = 4 (GeV/c)2 this is equivalent with a reduction of the four quark fragmentation by a factor
0.5-0.7 [13, 19].

The probability density to find a meson with light-cone momentum fraction y = (1 — z) and
four-momentum of the virtual meson squared, t (or alternatively transverse momentum) referred
to as splitting function, quantifies the presence of virtual mesons in the nucleon. The splitting
function f{y,t) for the first process is

and for the TTA Fock state
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where M+ = m^ + TUN and M- = TTIA — rn^ . The FMB{V,t) are vertex form factors, which
account for the extended nature of hadrons involved. The form factors used in meson exchange
models are usually taken to be a function oft only. As discussed in Refs.[17, 134] such form factors
are a source of momentum sum rule violation.

The (meson) pion emitted by the nucleon can interact with a virtual W-boson. The cross
section for the semi-inclusive spectator N(l,t'B)X process depicted in Fig.5.1 can be written as

£o«v{N{t,l'B)X) 1 doMjxni-z))
= - W U " z,t) d{x/{l_z)) , (5-12)

where t(pr, z) = —p?n/z—(m2
B — zrnjs/)(l—z)/z. The one-pion exchange contribution to the inclusive

cross section is recovered by integrating over unmeasured quantities

where otir is the cross section for the inclusive deep inelastic scattering of the lepton t from the
virtual pion. In practical calculations the on-mass-shell in cross section given by Eq.(5.2) can be
used.

In practice one has measured protons in momentum bins [pmin>Pmax] rather than as a function
of {z,pr) separately. For the direct nucleon production the experimental limits on the proton
momentum directly correspond to limits for t

*
C =C = 2[™2N-™NJp2

min + m%}. (5.14)

For the proton production through the intermediate delta resonance one has to integrate over all
possible t and include an extra probability function V(t,pmin,pmax)- The V(t,pmin,pmax) is the
probability that the intermediate isobar A produced with momentum

(5.15)

decays into a pion and nucleon N' in the given momentum range. The latter can easily be calculated
assuming a sharp A resonance and its isotropic decay. In practice it is convenient to express
V{t, PmiruPmax) as a difference

N> < p m a x ) - V(t,pN> < pmin) (5.16)

with

V[t,pN. <pmax) - -Z 1 —— —n-2 » (5-17)
2 Po(EA/mA - 1) ' J
Z 1
2 Po(EA/mA -

where po, EQ are momentum and energy of the nucleon in the delta rest frame.
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The cross section for producing a nucleon N' associated with the lepton £' at given value of the
Bjorken x can be expressed as

f~x dz fr
min

- * • t ]

rl-x ft{0,z)
/ dz dtf«A/N(l - z,t)V{t,pmin,pmax) Fi*{x/{1 - z))P(A -* irN')\, (5.18)

JO J-oo J

where the Clebsch-Gordan coefficients C% = |<ltj, ^ ' l ^ } ! 2 , and
C\ = Kltf, |*^| ̂ t^)\2 account for the isospin structure of the N -> nN and N -> TTA vertices,
respectively. The first term in Eq.(5.18) describes the direct nucleon production whereas the second
term corresponds to the two-step mechanism. The sum involves all charge combinations of the pion
and A which lead to the final nucleon N'. The probability of the A resonance decay into the channel
of interest (N') can be calculated assuming isospin symmetry

^'\^tf)\2. (5.19)

5.1.3 Results and discussion

Let us first discuss the probability for production of slow protons as obtained from the hadroniza-
tion models. (With slow protons we mean hereafter unless specified otherwise, protons with
momenta in the interval (0.15 - 0.60 GeV/c), corresponding to the experimental bins defined in
Ref.[223]). In Table 5.2 we list the probabilities calculated in (a) the quark-diquark model from
Ref. [226], (b) the quark-diquark model corrected for the presence of the pionic cloud (to be discussed
later) and (c) in the Lund string model [227]. In the first two cases the results are rather sensitive
to the form of the fragmentation function D(z). In this calculation the transverse momentum
distribution function <J>(pjO in Eq.(5.5) is parameterized by a Gaussian form

1 ' " *) (5.20)

with a2 = 0.3 (GeV/c)2. We find that the use of a constant fragmentation function (as in Ref.[224])
yields a result almost consistent with the experimental one [223]. The rate obtained with quadratic
D(z) = 1/2 * z(l - z) and especially with the 'triangular' D(z) = 2(1 - z) (counting rule motivated
for the diquark hadronization) hadronization functions is lower than the experimental rate. The
quark-diquark model [226] gives only isospin factors for the valence quark (diquark) hadronization.

To show the sensitivity to details of the sea (4-quark) fragmentation two extreme limits have
been used in which protons being produced either with zero probability (only diquark hadroniza-
tion) or with unit probability (neglecting production of other baryons), respectively. As is seen
from the results the contribution of the sea hadronization is rather important for the production of
slow protons. The total rate obtained in both extreme limits is, however, below the experimental
rate [223]. The Lund string model predicts an even lower rate.

This supports the conjecture that another mechanism plays a role and therefore we now turn
to a discussion of the role of pion exchange mechanism as sketched in the previous section.
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final state baryons
simple quark-diquark
model

improved quark-diquark
model

Lund string model
E = 20 GeV
E = 50 GeV
E = 80 GeV
spectator model
vriV
TTA

valence
sea

sum
Exp [223]

D(z)

constant
quadratic
triangular

constant
quadratic
triangular

p + n* -> p

3.47-5.88
2.15-3.89
0.89-1.64

3.43-5.54
2.13-3.65
0.88-1.54

2.97
4.37
4.60

0.97
0.29

0.88
0.38

1.25

p + v - » p

6.70-9.75
4.22-6.42
1.76-2.70

5.72-8.04
3.59-5.26
1.50-2.21

0.89
1.43
1.42

1.23
0.52

1.33
0.42

1.75
10

p + v ->p

2.74-6.57
1.69-4.45
0.70-1.89

2.75-6.13
1.70-4.14
0.70-1.75

1.44
1.95
1.75

1.55
0.27

1.28
0.53

1.81
8

Table 5.2: Fraction (in percent) of events with low (0.15 < p < 0.60 GeV/c) momentum protons
for neutral current charged lepton DIS and charged current neutrino and antineutrino reactions.
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Figure 5.2: P(x, Ap) for 0.15 < p < 0.60 GeV/c calculated within the spectator model (solid line).
The contribution of the direct proton production is shown by the dashed line and the contribution
from the valence quarks in the pion by the dotted line.

In the light cone approach it is natural to use vertex form factors which are functions of the
invariant mass squared of the two-body system [240, 134]. In all calculations discussed below
exponential vertex form factors discussed in section 2.2 have been used. The formfactor given by
Eq.(2.13) can be equivalently expressed in terms of y and t, but cannot be reduced to a function
of t only. The cut-off parameters used in the present calculation (A^N = 1-10 GeV and A^A =
0.98 GeV) have been determined from the analysis of the particle spectra for high-energy neutron
(p(p, n)X) and A(p(p, A++)X) production [48] (see also section 2.2). Finally the deep-inelastic
structure functions of pions are taken from Ref.[150] and those for the nucleon from Ref.[161].

A quantity of interest [226] is the probability for finding a slow proton in a momentum bin Ap
as a function of x

*^Mg (5.21)
The quantity calculated in the spectator model is shown in Fig.5.2 where in addition we show the
direct component by the dashed line (the contribution of the intermediate A is a complement to
the total P(x) given by the solid line) and the contribution from the valence quarks in the pion
by the dotted line (the sea contribution is again a complement to the solid line). As seen from the
figure the direct component dominates the cross section in the whole range of x. The contribution
of the sea in the pion plays an important role only at small Bjorken x. Experimentally this region
can only be accessible at high beam energies.

In order to obtain an absolutely normalized "experimental" quantity the following procedure
has been applied. In Ref.[223] the ratios of normalized x-distributions with and without secondary
protons in the momentum range Ap

da

R{x, Ap) = §(s,Ap)/a(Ap)
(5.22)
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Figure 5.3: P(x, Ap) for p{v,p)X and p(lP,p)X reactions, for low (0.15 < p < 0.35 GeV/c) and
high (0.35 < p < 0.60 GeV/c) momentum bins. The "experimental" data has been obtained by the
procedure described in the text. The result from the spectator model is shown by the solid and from
the Lund string model by the dashed line. In addition the two limits discussed in the text are shown
by the dotted lines.
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have been given, where (1 — Ap) refers to the complement of the momentum interval Ap. Taken
the absolute normalization i?tot = <7(Ap)/otot from Table 5.1 of Ref.[223] at face value one can
extract the absolutely normalized quantity (5.21) as

The results of the procedure are presented in Fig.5.3 for low (0.15 -0.35 GeV/c) and high (0.35
-0.60 GeV/c) momentum bins. The results of the spectator model (solid line) and of the Lund
string model [227] (dashed line) are shown in Fig.5.3. As can be seen from the figure the string
breaking mechanism underestimates the experimental data. To get more insight into this result
it is instructive to consider simpler quark-diquark model [226] for the flavour dependent diquark
branching ratio into nucleons and deltas. In this calculation we have taken the QCD motivated
fragmentation functions [241]

D2q(z) = Czll2{l - z), Diq{z) = const. (5.24)

Since no realistic model for the four-quark branching ratio exists, one can only consider lower
(diquark fragmentation) and upper (maximal proton production in four-quark hadronization) es-
timates, as for the relative yields in Table 5.2. The results are shown in Fig.5.3 as dotted lines.
The difference between the lower and the upper limit clearly demonstrates a significant sensitivity
to the four-quark hadronization. The presence of the virtual pions leads to a reduction of the per-
turbative sea by about a factor 2 [19], which would result in the same reduction of the four-quark
contribution to P(x). Even the upper limit underestimates the experimental data. This suggests a
presence of an extra competing mechanism.

For the proton production on the neutron the situation is somewhat more complicated (see
Fig.5.4). Here the result for the Lund string model falls only slightly below the experimental data
[226] extracted from the (u, /i~) reaction on the deuteron (Fig.5.4a,b). The spectator mechanism
predicts a very similar result, also almost consistent with the experimental data. For the (F,/z+)
reaction (Fig.5.4c,d) the situation is similar, except that here the corresponding cross sections are
significantly smaller. Similarly as for the proton production on the proton we present the lower
(diquark fragmentation) and the upper (maximal proton production in four-quark hadronization)
limits of the model discussed in section 5.1.2. Again a large difference between the two limits can
be observed. The proton production on the neutron, however, differs from that on the proton. It is
reasonable to expect here rather the lower limit to be more realistic. The experimental data seems
to support this expectation.

In order to better understand the range of proton momenta where the spectator mechanism
plays an important role, it is instructive to calculate the momentum distribution of protons pro-
duced in the neutrino (anti-neutrino) induced reactions. The proton momentum distributions were
determined in the early BEBC experiments at CERN [222]. In order to avoid the resonance con-
tributions and minimize the effect of the proton's sea, the events have been selected with the
constraints W > 3 GeV and x > 0.1.

The cuts are rather important especially for the low-momentum part of the spectrum. In the
experiment [222] the wide band (anti-)neutrino beam has been used. In principle, the effect of
the beam spread should be taken into account. It has been checked, however, that the results of
the Lund string model [227] are not very sensitive to the beam energy. The results of the Monte
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Figure 5.4: P(x,Ap) for n(u,p)X and n{u,p)X for low (0.15 <p< 0.35 GeV/c) and high (0.35
< p < 0.60 GeV/c) momentum bins. The experimental data are taken from Ref.[226]. The result
from the spectator model is shown by the solid and from the Lund string model by the dashed line.
In addition the two limits discussed in the text are shown by the dotted lines.
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Figure 5.5: Momentum distribution of protons from the Lund string model for different
(anti)neutrino beam energies ^beam = 20 GeV - dashed line, ^beam = 50 GeV - solid line and
#beam = 80 GeV - dotted line). The experimental [222] cuts: W > 3 GeV and x > 0.1 have been
taken into account. The proton identification efficiency of the experiment is not included here.

Carlo simulation for three different beam energies (20, 50, 80 GeV) are shown in Fig.5.5. The total
number of protons per event in the momentum range (0.15 < p < 0.60 GeV/c) and corresponding
to the experimental cuts [222], calculated in the Lund string model and the spectator model is
given in Table 5.3. Also shown are the experimental results extracted from Ref.[222]. Similarly as
for the experiment from Ref.[223] the string mechanism produces too little low energy protons. In
this case the spectator mechanism gives almost total missing strength (see Table 5.3).

The momentum distribution N(p) of a spectator proton N(p) = P' /gmcl can be expressed
from eq.(5.18) by integrating over x and dividing by Sp

dajp) 1 /• , o-jx, Sp)
dp op J ax

(5.25)

In order to get insight into the total proton momentum distribution, it is instructive to consider
the simpler quark-diquark model [226] for the flavour dependent diquark branching ratio into nu-
cleons and deltas. The momentum distribution calculated with the QCD motivated fragmentation
functions (Eq.(5.24)) is shown in Fig.5.6. It was assumed here for simplicity that the four-quark
hadronization leads in all cases to proton production. This will lead to an overestimation of this
contribution. The diquark and four-quark hadronization contributions are shown separately by the
dashed and dotted line, respectively. As clearly seen from the figure, the four-quark hadroniza-
tion populates the slow proton region, whereas the diquark hadronization is responsible for the
production of rather fast protons.

The momentum distribution N(p) of protons produced in the spectator mechanism calculated
according to Eq.(5.25) is shown in Fig.5.7. The solid line includes both protons originating from
the n°p Fock component (direct component) and those originating from the decay of spectator
deltas. The direct component is shown separately by the dashed line. In the neutrino induced
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contribution
spectator mech.
nN
7rA
sum
Lund string model
E = 20 GeV
E = 50 GeV
E = 80 GeV
Exp.[222]

p + v -* p

1.23
0.52
1.75

0.98
1.27
1.17
4.74

p + V^p

1.55
0.27
1.81

1.39
1.79
1.58
5.20

Table 5.3: Fraction (in percent) of events with protons in the momentum interval 0.15 < p < 0.60
GeV/c for the neutrino and antineutrino induced reactions. The results from the Lund string model
has been obtained with extra limitations: x > 0.1 and W> 3 GeV for three different beam energies.

0.4

o.o i i 2 :T
P (GeV/e)

Figure 5.6: Momentum distribution of protons N(p) from the quark-diquark model [226]. The
diquark fragmentation contribution is shown by the dashed line and the 4-Quar^ fragmentation
contribution by the dotted one. The details concerning the fragmentation function used are described
in the text.
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Figure 5.7: Momentum distributions of protons N(p) produced in the spectator mechanism in the
neutrino (a) and antineutrino (b) induced deep inelastic scattering (solid line). The direct nN
contribution is shown separately by the dashed line, whereas the contribution from the valence
quarks in the pion is shown by the dotted line.

reaction the sequential mechanism is as important as the direct production of protons, whereas in
antineutrino induced reaction its relative contribution is much smaller. This effect is a consequence
of the dependence of underlying coupling constants on the charge of pions and of the difference
of F^'w(x) and F^i7r(x) structure functions. In order to better understand the underlying reaction
mechanism we present also in Fig.5.7 separately the contribution from the valence quarks in the
pion (dotted line). The corresponding contribution from the sea is a complement to the total
momentum distribution.

In the experiment of ref.[222] not all protons with momenta p > 0.6 GeV/c were identified.
In order to make comparison of the model results in the whole momentum range the inclusion of
the proton identification efficiency is necessary. In the present analysis the proton identification
efficiency has been parameterized as

(5.26)

with po = 0.86 GeV/c, a = 0.1 GeV/c and n = 0.25. The result of the spectator mechanism
and the result of the quark-diquark model have been multiplied by the efficiency function e(p)
and are shown in Fig.5.8 by the dashed and dotted line, respectively. One clearly sees that the
colour neutralization mechanism (dotted line) is dominant for the proton production in a broad
momentum range. The spectator mechanism (dashed line) plays, however, important role at very
low momenta. Since in our model the pionic cloud constitutes about half of the nucleon sea [19]
for Q2 of a few GeV2, for consistency the four-quark hadronization contribution (dotted line in
Fig.5.6) must be reduced by a factor of about 0.5. Therefore the sum

N(p) = e(p) [N2q(p) + 0.5JV49(p) + Nv(p)} (5-27)

consistently includes the two mechanisms. The sum (solid line in Fig.5.8) almost coincides with
the original quark-diquark model and describes the experimental data [222] in a reasonable way.
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Figure 5.8: Momentum distributions of protons N(p) corrected for the identification efficiency from
the quark-diquark model (dotted line) and from the spectator model (dashed line) compared with the
CERN experimental data [222]. The solid line includes both mechanisms in the way described in
the text.

Figure 5.9: The spectator mechanism for the production of slow pions in the (anti)neutrino induced
reactions on the nucleon.
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reaction

v + p
F + p
M± + n
v + n
P + n

Lund string model

0.29
0.23
0.36
0.36
0.28
0.42

7TU

0.36
0.36
0.37
0.36
0.36
0.36

0.35
0.41
0.27
0.28
0.35
0.22

spectator mechanism

0.25
0.01
0.29
0.63
0.29
0.71

7TU

0.38
0.24
0.40
0.28
0.41
0.25

0.37
0.75
0.31
0.09
0.31
0.04

Table 5.4: Fractions of different pions calculated in the Lund string model [227] for the beam energy
50 Ge V and in the spectator mechanism.

Slow pions could be created by a mechanism analogous to that considered in this section for the
slow proton production, as a spectator of the reaction (see Fig.5.9). The momentum distribution of
pions can be calculated in a fully analogous way to that of the slow protons. In this case all kinemat-
ical variables associated with the meson M (pion) have to be replaced by corresponding variables
for the recoil baryon B (nucleon or delta). The momentum distributions of pions (n+, ir°, n~) pro-
duced in the (i/, /z~) and (F,/i+) reactions calculated in this way are shown in Fig.5.10, separately
for NTT (solid line) and ATT (dashed line) mechanisms. For comparison the momentum distribution
of pions generated by the Monte Carlo method [227] according to the Lund string model is shown
by the solid line with the centered points. As seen from the figure the spectator pions constitute
only a small fraction of all pions, therefore their identification seems to be rather difficult.

The relative fraction of different pions differs between the Lund string model [227] and the
spectator model (see Table 5.4). This is especially visible for the neutrino induced reaction on
the proton and antineutrino induced reaction on the neutron. The spectator mechanism predicts
a huge asymmetry between TT+ and vr~ production. The reason here is very simple. Both ?r~ in
the v + p and n+ in the v + n reactions cannot be produced in the scattering of the virtual boson
W± off the nucleon of the nN Fock states. On the other hand their production via scattering of
W± from the virtual delta of the TTA Fock state is highly suppressed as here the corresponding
structure functions vanish in the valence quark approximation. The huge difference between the
predictions of the Lund string model and the spectator mechanism could in principle be tested if
one limits the analysis only to the pions produced in the backward directions. This part of the
phase space is expected to be dominated via the spectator mechanism. A possible confirmation of
the asymmetry in the production of the positively and negatively charged pions would be a strong
test of the spectator mechanism and the concept of virtual pions in the nucleon.
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Figure 5.10: Momentum distribution of pions produced in the p(i/,n)X and p(v, n)X deep-inelastic
processes. The predictions of the spectator model are shown as the solid (TCN) and the dashed (ITA)
lines. The result of the Monte Carlo simulation according to the Lund string model [227] are shown
by the solid line with the centered points.
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5.2 Properties of HERA events from DIS on pions in the proton

5.2.1 Semi-inclusive processes at HERA

In deep inelastic scattering (DIS) the incident lepton is scattered on a coloured quark. Normally
this results in a colour field between the struck quark and the proton remnant, such that hadrons
are produced in the whole rapidity region in between. In electron-proton collisions at HERA, this
leads to particles being produced also close to the proton beam direction. The recent discovery by
the ZEUS [242] and HI [243] collaborations at HERA of large rapidity gap events has attracted
much interest. This new class of DIS events have a large region of forward rapidity (i.e. close to the
proton beam) where no particles or energy depositions are observed. The most forward hadronic
activity being observed is then actually in the central part of the detectors. These large rapidity
gap events cannot be described by standard models for DIS and hadronization [244, 232, 245].
Therefore the observation of a surprisingly large fraction (~ 10%) of events with a large rapidity
gap strongly suggests the presence of a final proton close to the beam momentum. These events
have, therefore, been primarily interpreted in terms of pomeron exchange, although alternative
models have recently been proposed [246].

In this interpretation, the lepton interacts with a colorless object having the quantum numbers
of the vacuum, i.e. the pomeron. The experimental signature is then a quasi-elastically scattered
proton well separated in rapidity from the other produced particles. The leading proton escapes
undetected by the main detector, but may be observed in leading proton spectrometers that are
coming into operation in both ZEUS and HI.

The presence of virtual pions in the nucleon leads to an additional mechanism for nucleon
production in DIS. In fixed target experiments, as (anti)neutrino deep inelastic scattering [247]
for instance, it leads to the production of slow protons. The pion-exchange model describes the
proton production on a neutron target [248] (extracted from deuteron data [249] obtained in bub-
ble chamber experiments at CERN). With HERA kinematics the pion cloud induced mechanism
leads to the production of rather fast forward protons and neutrons. The mechanism is shown
schematically in Fig.5.11. The virtual photon 'smashes' the virtual colorless pion into debris and
the nucleon (proton or neutron) or an isobar is produced as a spectator of the reaction. In this
respect there is full analogy to the reaction on the pomeron. Therefore, the pion cloud induced
mechanism could also lead to rapidity gap events. Here, we investigate this processes and present
quantitative results, not previously available in the literature.

To understand these processes, not only protons but also neutrons in the forward directions are
interesting [250, 114]. Recently the ZEUS collaboration has installed a forward neutron calorimeter
(FNCAL) [115] which will provide additional experimental information. In analogy to the hadronic
reaction pp —> nX, the pion-exchange is expected to be the dominant mechanism of the fast neutron
production also at HERA [250, 114]. Thus, HERA open new possibilities to test the concept of
pion exchange and the pionic structure in the nucleon.

In the present section we study several quantities which could be analyzed in HERA experi-
ments; in particular using the main calorimeter, the leading proton spectrometer [251] (LPS) and
the forward neutron calorimeter [115] in ZEUS. The main aim of the study is to find the best signal
to identify the discussed mechanism of scattering on a pion in the proton.
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Figure 5.11: Fast forward nucleon production at HERA: (a) direct production through pion-
exchange, (b) indirect production via a A resonance in pion-exchange, (c) pomeron-exchange.

5.2.2 Pion-exchange mechanism of fast nucleon production

In the meson cloud model [48] the nucleon is viewed as a quark core (called a bare nucleon)
accompanied by the mesonic cloud. Restricting to the most important nN component, the Fock
state decomposition of the light-cone proton is

\p) = %/z[|(3g)) •••], (5.28)

with Z being the wave function renormalization constant which can be calculated by imposing
the normalization condition (p\p) = 1. <f>(z,pr) is the light cone wave function of the nN Fock
state, where z is the longitudinal momentum fraction of the bare nucleon and pr its transverse
momentum.

The presence of virtual pions in the nucleon leads to an additional mechanism for nucleon pro-
duction referred to as 'direct spectator' (Fig.5.11a) and 'sequential spectator' (Fig.5.11b) processes.
The pion in the nucleon interacts with a virtual 7 producing a system X. For comparison we show
the pomeron-exchange mechanism in Fig.5.11c. The cross section for the semi-inclusive spectator
process ep —> e' NX can be written as

<*Vp(ep -> e'NX) _ 1
dxdQ2dzdp\ z ' ;

do**{x/(l - z))
(5.29)

The presence of the nA Fock component in the proton leads to the production of a spectator A
which decays into a pion and a nucleon. The one-pion exchange contribution to the inclusive cross
section can be obtained by integrating over unmeasured quantities

daeP{x,Q2)
dxdQ2 i:

l-x rt(Q,z)
dz I dt - z,t)

do™{x/{l-z),Q2)
d(x/(l-z))dQ2 : (5.30)

where ae7t is the cross section for the inclusive deep inelastic scattering of the electron from the
virtual pion. In practical calculations the on-mass-shell en cross section can be used.
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In all calculations discussed below the vertex form factors have been assumed in the exponential
form as introduced in section 2.2. By using the kinematical relation [32]

rf^ (5.31)

the form factor given by Eq.(2.13) can be equivalently expressed in terms of x^ and t in the simple
form:

FMB{x«,t) = exp [ - , ? ! "* I • (5-32)

In hadronic reactions quite often the Regge approach was used rather than the light-cone
approach. In order to obtain the flux factor in the Regge approach it is sufficient to replace in
Eq.(5.10) xn by i / <M')t where the pion's Regge trajectory <**(£) = <*'„.(£—m|). The reggeization is
important for small xn and/or large t. This is a kinematical region where the flux factor, especially
with the vertex form factor Eq. (2.13), is rather small. Furthermore in the Regge approach, in
contrast to the light-cone approach, it is not clear whether it would be fully consistent in the
lepton DIS to use the on-shell pion structure function. However, since the difference is important
only in very limited region of the phase space, in practice both approaches lead to almost identical
flux factors.

5.2.3 A Monte Carlo analysis of events

The formalism presented above has been implemented in the Monte Carlo program POMPYT
version 2.3 [252]. This program, which was originally for diffractive interactions via pomeron
exchange, simulates the interaction dynamics resulting in the complete final state of particles. The
basic hard scattering and perturbative QCD parton emission processes are treated based on the
program PYTHIA [253] and the subsequent hadronization is according to the Lund string model
[232] in its Monte Carlo implementation JETSET [253] which also handles particle decays.

The main difference in comparison to the pomeron case is the replacement of the pomeron
flux factor by the pion flux factors given by Eqs. (5.10,5.11) and the pomeron structure function
by the pion structure function. The pion case is better constrained than the pomeron case, due
to the better known pion structure function where those for the on-shell pion can be used. The
pion parton densities from the parameterization GRV-P HO (MS) [154] is therefore used. It is
important to mention in this context that the absolute normalization of the cross section for the
production of the spectator nucleon via pion-exchange mechanism depends on the absolute value of
the pion structure function. At the small-a; relevant at HERA, the structure function is completely
dominated by the pion sea contribution which is not very well known. Experimentally the pion
structure function can be determined from the Drell-Yan processes only for x > 0.1 [150, 151]. If the
pion-exchange mechanism is the dominant mechanism of fast neutron production, the coincidence
measurement of scattered electrons and forward neutrons may allow the determination of the pion
deep inelastic structure function [114]. When considering the event structure, however, the precise
value of F% is not required.

When the deep inelastic scattering is on a valence quark (antiquark) the pion remnant is simply
the remaining antiquark (quark). A colour triplet string is then stretched between them and
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Figure 5.12: Energy spectra in the HERA lab frame for nucleons (p,p,n,n) from (a,b) conventional
DIS on a proton (obtained with LEPTOJ and (c) DIS on an exchanged n+ (obtained with POMPYT/

hadronization described with the Lund string model [232]. In case it is a sea quark (antiquark)
that was struck, the pion remnant contains the associated sea antiquark (quark) in addition to
the valence quark and antiquark. A string is then stretched between the struck quark (antiquark)
and a valence antiquark (quark), whereas the remaining valence quark (antiquark) forms a meson
together with the spectator sea antiquark (quark).

For the results presented below we have made simulations corresponding to the HERA con-
ditions, i.e. 26.7 GeV electrons on 820 GeV protons. The results for the above pion exchange
mechanism are compared with normal DIS on the proton, which is simulated with LEPTO 6.3 [244]
using the MRS(D-') parton distributions [9]. In all cases, events are simulated according to the
cross section formulae and are constrained to be in the kinematical region x > 10~5, Q2 > 4 GeV2.

InFig.5.12 we show the resulting energy spectra of nucleons (p,p,n,n) in the lab frame of HERA.
This is of direct interest for measurements in the leading proton spectrometer [251] and forward
neutron calorimeter [115]. Neutrons from the pion exchange mechanism have large energies giving a
spectrum with a broad peak around E ss 0.7£?6eam, i.e. around 500 GeV, whereas the corresponding
spectrum from DIS on the proton decreases monotonically with increasing neutron energy. In the
region of interest, say 400-700 GeV, the two processes have a similar absolute magnitude. An
observable effect from DIS on a pion should be therefore possible.

While the energy distribution of primary A's is very similar to that of the direct neutron
production [48], after the A —> nit decay the energy distribution of the secondary nucleons becomes
peaked at smaller energies of about 400 GeV [254]. The two-step mechanism is, however, much
less important for the production of neutrons. First of all the probability of the nA Fock states in
the light-cone nucleon wave function is much smaller than the probability of the irN component:
PirA ~ 0.3PT,N [48]. Secondly, the isospin Clebsch-Gordan coefficients favour the decay of the A
into the proton over the decay into the neutron channel with the proton/neutron branching ratio
g : §• The analogous branching ratio for the direct component is | : | . All this imply that both the
1-step and 2-step mechanisms produce comparable amounts of protons. In contrast, the two-step
mechanism produces about 10 times less neutrons than the 1-step mechanism. This means that in a
first approximation the two-step process may be neglected for the spectrum of neutrons. Therefore
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Figure 5.13: Distribution in transverse momentum of neutrons from DIS on the proton (dashed
histogram from LEPTO,) and from DIS on a n+ with a neutron as a spectator (solid histogram from
POMPYTJ.

we concentrate on the comparison of DIS on ir+, having a neutron as spectator, with standard DIS
on the proton.

The calculated transverse momentum (pr) distributions are shown in Fig.5.13. As can be seen,
the distribution of the spectator neutrons falls faster with increasing p\ than that from standard
DIS. It can be expected that the distribution of neutrons produced in the two-step process in
Fig.5.11b is less steep than those produced in the direct process in Fig.5.11a. The higher overall
level of DIS on the proton can be reduced by a cut in neutron energy, as is obvious from Fig.5.13.
Still, the difference in shape of the p^-spectra in Fig.5.13 is presumably too small to be exploited
experimentally. A safe conclusion does, however, require further analysis including, e.g., finite
angular acceptance of FNCAL.

To study other characteristics of events arising through DIS on a virtual pion and compare with
standard DIS on the proton, we consider spectra of different quantities normalized as

/(«) =
1 dN (5.33)

Nevent ««

where K can be any kinematical variable and Nevent is the number of events. This give emphasis
to shapes irrespectively of normalization and statistics (of data and Monte Carlo samples).

A quantity with especially nice transformation properties under longitudinal boosts is rapidity
defined as

(5.34)

where E is the energy and pz the longitudinal momentum along the proton beam axis. For massless
particles this quantity is identical to the pseudo-rapidity defined by

= -lntan{9/2) (5.35)
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Figure 5.14: Rapidity distributions of (a) all stable particles, charged pions andj's and (b) protons
and neutrons from DIS on the proton as obtained from LEPTO.

where 0 is the angle of a particle with respect to the proton beam, i.e. n > 0 is the proton
hemisphere in the HERA lab frame.

In Fig.5.14 and 5.15 we show the pseudo-rapidity distributions of different particle species
produced in DIS on the proton and DIS on a TT+, respectively. In Fig.5.15a spectator neutrons are
not included, but shown separately in Fig.5.15b. For example, the size of the beam pipe hole in
FCAL (6 = 1.5°), assures that in almost 100% of the spectator nucleons (proton/neutron) leaves
the main ZEUS detector without any energy loss. As seen by comparing Fig.5.14a and Fig.5.15a
the pseudo-rapidity spectra of n± and 7 are rather similar in the two cases. The pseudo-rapidity
spectrum of spectator neutrons (Fig.5.15b) has a maximum at only a slightly higher value compared
to the peak of neutrons from non-diffractive DIS on the proton (Fig.5.14b). These predicted neutron
distributions should be considered in the context of the pseudo-rapidity coverage of the forward
neutron calorimeter. In general, the neutron acceptance is a complicated function of both polar
and azimuthal angle. The ZEUS FNCAL geometry limits pseudo-rapidity coverage approximately
to 7 < T) < 10. The Lund hadronization model predicts a small amount of nucleon-antinucleon
pairs produced in DIS on the pion (Fig.5.15cd).

The pseudo-rapidity variable is of particular interest in the context of large rapidity gap events.
These have been denned by rjmax giving, in each event, the maximum pseudo-rapidity where an
energy deposition is observed. Based on our Monte Carlo simulated events using LEPTO and
POMPYT we extract this 77mai-variable and show its distribution in Fig.5.16 for conventional non-
diffractive DIS on the proton, DIS on an exchanged n+ and diffractive DIS on a pomeron. Since
our aim here is to demonstrate the genuine physics effects of the models, we have not included any
experimental acceptance effects or rapidity gap requirements in this study. Doing this will severely
distort the distributions at large r]max and, therefore, one cannot make direct comparisons with the
available measured distributions. Thus, from this model study we find a shift of about one unit
towards smaller 7]max in case of DIS on the pion as compared to normal DIS. For T7mai ~ 6, these
two processes contribute about equally to the rate.

126



0.2

' 1 ' ' ' ' 1 ' ' ' ' 1 '

• — spectator
neutrons

".i . . . . . . . . . i i

i • •

b) -

-5 0 5 10 -5 0 5 10

50.04 -

0.02 -

0.04

- 0.02

— neutrons
antineutrons

, • . ! , ,

- 5 0 5 10 - 5 0 5 10
V
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Figure 5.16: Distribution of •q-ma.x (see text) in non-diffractive DIS on the proton (solid), in DIS on
the virtual K+ (dashed) and in DIS on the pomeron (dotted); pure physics of the models without
experimental acceptance effects.

For the spectrum of r)max for DIS on the pomeron, we have taken a set of parameters which is
usually called 'hard pomeron' in the literature. The pomeron is assumed to contain equal amounts
of the light quarks, i.e. u = u = d = d, each with a density distribution

zq{z) = - - z) , (5.36)

with the normalization chosen such that the parton distributions fulfill the momentum sum rule.
The pomeron flux factor here is taken as the ratio of the single diffractive cross section and the
pomeron-proton total cross section [255]

da/dxpdt
2.3

(5.37)

where the simple parameterization is obtained by fitting the numerator to single diffractive cross
section and the denominator is taken as a{Pp ->• X) = 2.3 mb obtained from a Regge analysis
[256] of elastic and single diffractive scattering. The resulting r}mCiX distribution from DIS on the
pomeron is considerably different from the other two cases.

From Fig.5.16 one may conclude that the pion-exchange induced DIS leads to events with
intermediate size rapidity gaps rather than to those with large gaps. Nonetheless it is important
to verify experimentally the effect of the pion exchange by, e.g., correlating r]max with fast forward
neutrons measured in FNCAL (for technical details see [257]).

The flux factor given by Eq. (5.10) with a cut-off parameter of the vertex form factor extracted
from the high-energy neutron production data [48] predicts that the pion carries, on average, a
fraction 0.3 of the proton beam momentum [134]. This implies that as a first approximation the
pion-induced DIS processes can be viewed as an electron scattering on the pion with effective energy
Eefj « 0.3 -Ebeam- Because of the smaller energy of the pion one could expect smaller multiplicity of
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electron-pion DIS events in comparison to those for the electron-proton DIS. In Fig.5.17 we compare
the model predictions (without experimental acceptance effects) of the multiplicity spectra for DIS
on the proton with those on n+.

The multiplicities in DIS events on the pion is noticeably smaller than in DIS events on the
proton; the average multiplicity is about 20 and 30, respectively. The dominant contribution to the
multiplicity spectra comes from charged pions (11.6 on the proton vs. 7.5 on the ir+) and 7's (14.1
on the proton vs. 8.0 on TT+). The even-odd fluctuations of the multiplicity spectra of photons
is not statistical, but caused mainly by the decay TT0 —> 77. Thus, as expected the multiplicity
of standard DIS events is typically larger than in pion-induced DIS events. However, due to the
large fluctuations in multiplicity and the overlap between the distributions for the two cases, as
well as the distortions that limited experimental acceptance will create, it is not clear whether this
difference can be used as a discriminator. This needs further considerations.
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5.3 Reggeon contributions in exclusive diffractive DIS processes

5.3.1 Diffractive processes at HERA

The diffractive processes in deep inelastic scattering observed recently at the ep collider HERA
at DESY by the HI and ZEUS collaborations [155,156], were interpreted in terms of the exchange of
the leading Regge trajectory corresponding to the "soft" pomeron [258, 259, 260, 261] (for alterna-
tive explanations see [262, 263]). In this approach, first proposed by Ingelman and Schlein[255], the
diffractive interaction is treated as a two-step process: an emission of the pomeron from a proton
and subsequent hard scattering of a virtual photon on partons in the pomeron. The idea that the
pomeron has partonic structure was experimentally supported by the hadron collider experiments
[264].

5.3.2 Consequences of Regge theory in DIS

In ep scattering this idea is expressed through the factorization of the diffractive structure
function

= fF(xP,t)Ff(J3,Q2) , (5.38)(x,Q
axjpdt

where fF(xp, t) is the pomeron flux in the proton and Ff(P, Q2) its DIS structure function. The
kinematical variables are defined as follows

and q = pe - p'e, where pe,p'e,P
 a n d p' are the momenta of the initial and final electron, initial and

recoiled proton, respectively.

The pomeron structure function F^lfl, Q2) is related to the parton distributions in the pomeron
in a full analogy to the nucleon case. Because the pomeron carries the vacuum quantum numbers,
the number of independent distributions is smaller than for the proton. Recently the partonic
structure was estimated [258, 259, 260], and independently fitted to the diffractive HERA data
[155, 156]. Contrary to the nucleon case a large gluon component of the pomeron was found at
ft -> 1, [265, 266, 267].

New preliminary data shown by the HI collaboration at the Eilat [268] and Warsaw [269]
conferences seem to indicate breaking of the factorization (5.38). In order to describe this effect it
was recently proposed [268, 269, 270, 271] to include the contributions of subleading reggeons. In
this generalized approach the diffractive structure function can be written as:

(x,Q2,x,p,t) = r(xF,t)Ff(l3,Q2) + }2fK(x,p,t)F2
H(p,Qz) , (5.40)

ft

where fR and F2
R are reggeon flux and structure function respectively. x

1 To be precise the term " diffractive processes" applies only to processes described by the pomeron exchange. For
simplicity we shall use the same terminology for the non-pomeron reggeon exchanges including processes with the
forward neutron in the final states which correspond to / = 1 exchange.
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In this analysis we have taken the pomeron flux factor of the form given in [259, 272]

Ut), (5.41)

where ap(t) = 1.08 + (0.25 GeV~2) t is the "soft" pomeron trajectory, and Bp(t) describes the
pomeron-proton coupling. The normalization constant is set N = 2/TT, following the discussion in
[272]. In analogy to the pomeron the subleading reggeon flux factors are parameterized as

^ ( ) B\(t) \m(t)\2 , (5.42)

where aR(t) = ocR(0) + aR t is the reggeon trajectory. Here Bji(t) describes the coupling of

the reggeon to the proton, and is assumed to have the form BR(t) = BR(0) exp I ̂ r ) with

A#=0.65 GeV, as known from the reggeon phenomenology in hadronic reactions [273]. The function
nR(t) is a signature factor [274]; \nR{t)\2 = 4 cos2(naR{t)/2) and \r)R(t)\2 = 4 sin2{naR(t)/2) for
even and odd signature reggeons respectively.

The analysis done in [270] for the isoscalar reggeons (/2,w) shows that this contribution to the
diffractive structure function becomes important for xp > 0.01. In the present section we extend
this analysis by including the isovector subleading reggeons (02, p). Although the isovector reggeons
contribution to the total diffractive structure function is rather small, it becomes important for the
"diffractive" processes with leading neutron in the final state. In addition, we add to our analysis
one-pion exchange contribution which is expected to be important at large xp.

The contributions of the mentioned above four reggeons to the diffractive structure function
are estimated from the known energy dependence of the total pp, pp, pn and pn cross sections (see
for instance [275]). In order to find these contributions we decompose total cross sections as:

aa2{s) + ap{s) , (5.43)

crO2(s) -op{s) , (5.44)
CTa2(s) - <JP(s) , (5.45)

tot(s) = <rp(s) + 0f2(s) - <ru(s) - oa2(s) + op(s) . (5.46)

Inverting this set of equations we find

\ ) + < # ( ' ) ] , (5-47)

-o%(s)], (5.48)

-aR
n(s)}, (5.49)

\ % % + °%(s)}- (5-50)

Inspired by the success of a recent parameterization of the total hadronic cross sections by
Donnachie and Landshoff [276] we take universal form of the energy dependence:

f \ -0.4525

°R(S)=<TR(S0) ( - ) (5.51)
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Figure 5.18: The integrated over t flux factors offa, u, a^ and p reggeons as a function ofxp. For
comparison we present the pomeron (dotted) and pion (solid) flux factors.

for each reggeon.

Now the reggeon intercept a/j(0) and the normalization BR(0) can be obtained from the fol-
lowing relation

/O.YR° 1BR(0) = aR(s)=aR(s0) (-) ' . (5.52)

Assuming the same intercept for each reggeon, we find: aR(0) = 0.5475, BJ2(0) = 75.49 mb,
= 20.06 mb, B%2(0) = 1.75 mb and B2(0) = 1.09 mb. One clearly sees the following ordering

which implies dominance of isoscalar reggeons over isovector ones. One should remember, however,
that the contributions of the latter will be enhanced by the appropriate isospin Clebsch-Gordan
factor of 3, when going to deep-inelastic ep scattering and including both forward proton and
neutron in the final state.

5.3.3 Results and discussion

In Fig.5.18 we show the /2, a;, aS and p° reggeon flux factors as a function of xp integrated over
2 2

t up to the kinematical limit tmax{xp) = ~ 7 - j f • *n general the flux factors reflect the ordering of
the normalization constants (5.53). A small difference in shapes at large values of xp is caused by
the fact that the signature factors are different for the positive and negative signature reggeons. At
small xp the flux factors are approximately proportional to xR

e!l. A more complicated structure
at larger xp > 0.1 (not shown in Fig.5.18) comes from the integration limits tmax(xp). One should
remember, however, that the Regge (high-energy) approximation applies exclusively to small xp
values, definitively smaller than 0.1. The extension of the Regge parameterization to larger xjp,
as done for instance in [277], seems questionable and would lead to unphysically large isoscalar
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reggeon contributions to the nucleon deep inelastic structure function. For comparison we also
present in Fig.5.18 the pomeron (solid line) and pion (dashed line) flux factors.

The pion flux factor f(xn,t) from Eq.(5.10 has been used. Here for simplicity we shall use the
same exponential vertex form factor as for the reggeon-nucleon coupling in formula (5.42). The
cut-off parameter A^= 0.65 GeV gives the same probability of the nN' component as that found
in [278]. As seen from the figure the pionic contribution becomes important only at xp > 0.05.
Already a brief comparison of the reggeon and pomeron flux factors suggests increasing role of
reggeons with increasing xp. We shall consider this problem in more detail below.

The calculation of the diffractive structure function (5.40) requires knowledge of parton distri-
butions in the pomeron and reggeons in addition to the flux factors. The quark distributions in
the pomeron cannot be at present derived from first principles, but can be estimated using Regge
phenomenology, based on results from hadronic diffractive reactions [259, 260]. They can also be
constrained by the recent diffractive HERA data.

The structure function of the reggeon is in principle also unknown. It can be, however, estimated
in the small /3 region using the method based on the triple Regge limit of the diffractive scattering
[259, 270]. The method leads to the same dependence of the reggeon structure function on (3 (for
small P) as for the pomeron one,

F2
R((3) = ARp-om. (5.54)

The coefficients Ap for the pomeron and AR for the reggeon are related to the 1PPP and RRJP
couplings, respectively. Let us introduce a phenomenological parameter Cen/, defined in terms of
the reggeon An and pomeron Ap coefficients

Cen/i = ~ j — > (5.55)
Ap

which we vary in the interval 1 < Cenh < 10, as suggested by the triple Regge analysis of the
diffractive processes in hadronic reactions [270]. We extrapolate the parameterization of F2

R to the
region of moderate and large values of P by multiplying the r.h.s. of formula (5.54) by (1 — /?).

In contrast to the pomeron and reggeon cases the structure function of the pion at large /3 is
fairly well known. On the contrary the region of small (3 cannot be constrained by the available
experimental data. In our calculations we shall take the pion structure function as parameterized
in [154], which in the region of (3 > 0.1 properly describes the pion-nucleus Drell-Yan data.

Having fixed all ingredients we shall calculate the contributions of different reggeons to diffrac-
tive structure function F2 (x,Q2,xp), where t was integrated out. Our main aim is to demon-
strate the possible effect of factorization breaking due to the subleading Regge trajectories.

In Fig.5.19 we show xpF2 as a function of xp at Q2 = 4 GeV2, for two extreme values of
0 = (0.01,0.7) and two values of Cenh = (2,10), calculated with quark distribution functions in a
pomeron from [259]. We expect that a future HERA data will allow to fix the presently unknown
parameter Cenh- The evident rise of the F2 structure function at xp > 0.02 is an effect of the
subleading reggeons and pions; the reggeons contribution being considerably bigger for Cen/, = 10
and almost identical to the pion contribution for Cenh = 2 (compare dashed and dash-dotted lines).
It should be noted that the rise of the structure function is not far from the region where the Regge
parameterization is not expected to be valid, therefore some caution is required in the analysis of
the experimental data.
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Figure 5.19: F 2
D ( 3 ) ( X J P , / 3 , Q 2 ) as a function of xF at Q2 = 4 GeV2 for (3 = (0.01, 0.7) and Cenh
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the dashed line and the pion contribution by the dash-dotted line.
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The model presented above allows to separate the diffractive structure function into two distinct
contributions

* f ^( /W.Q 2) = A(*)if(3>(/W,Q2) + A W ^ O J , * , , ^ ) , (5.56)

where the upper indices p and n denote the leading proton or neutron observed in the final state,
respectively. To calculate the functions A^F2 and A ^ i ^ * ' we make use of the isospin
symmetry for the flux factors of the corresponding reggeons:

fp+ ( i P ) = 2 fpo (xF) and /„+ (XP) = 2 fao (xF) . (5.57)

The recent discovery of large rapidity gap events is based on the inclusive analysis of rapidity
spectra of particles which entered the main calorimeter. It is expected that these events are
associated with the production of a fast baryon, the proton being probably the dominant case. Up
to now these fast particles could not be observed at HERA. The installation of the leading proton
spectrometer and forward neutron calorimeter opens up a possibility to analyze the diffractive
events more exclusively. In particular these experimental efforts will allow to answer the question
what fraction of diffractive deep inelastic events is associated with the emission of fast forward
proton/neutron.

In Figs.5.20 and 5.21 we show the model ratios defined as

R»

RD(3) _

for two values of Cenh = 2 and 10.

In the present model calculation the proton fraction Rp , see Fig.5.20, is very close to unity
at small xp and deviates down to 0.8 for xp = 0.1. At small xp the pomeron contribution (dotted
line) dominates. The reggeon contribution (dashed line) becomes important only at xp > 0.01.
The reggeon contribution is mainly due to isoscalar ji and w exchanges. The contribution of
isovector a-i and p exchanges is practically negligible. The same is true for the pion contribution.

The neutron fraction Rn is shown in Fig.5.21. The forward neutron production is of course
entirely dominated by the isovector exchange which in the Regge pole model is described by the
exchanges of p and a<i reggeons and eventually also by the pion exchange. At low xp, where the
diffractive structure function is dominated by the pomeron exchange the neutron fraction Rn
is negligible. In the region between 10~2 < xp < 10"1 the ratio increases dramatically. The rise
of the neutron fraction Rn' ' is caused initially (xp < 10~2) by the isovector reggeons 02 and p,
and at xp > 10~2 the pion exchange becomes the dominant mechanism. Although at xp ~ 0.1
the charged pion exchange dominates, the (02, p) reggeon exchanges take over at very small xp <
10~3. This is exactly the region of xp where unexplained by the existing Monte Carlo programs,
enhanced strength has been observed [115].

Up to now we have totaly neglected the contribution of diffractively produced -nN and nnN
states. The latter one becomes important only for larger values of xp [254]. For small xp relevant
here only the TTN contribution is of interest.
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Let us try to estimate the contribution of the diffractively produced TTN state in the forward
region (with respect to the proton beam). In hadronic reactions the TTN component is known to be
produced dominantly by the Deck mechanism (see for instance [279]). The Deck mechanism can
be generalized to the case of lepton DIS. In analogy to the hadronic diffractive production there
are three lowest order diagrams leading to the irN final state (see fig.5.1 in [279]). In hadronic
reactions for small masses of the pion-nucleon system there is almost exact cancellation of the "s-"
and "u-" channel diagrams [279].2 Both "s-" and "u-" channel diagrams are expected to have
much smaller slope in t distribution. Therefore at small t, relevant for the FNC measurements, the
contribution of "u-" and "s-" channel diagrams is expected to be rather small. The same argument
applies to the diffractive production of proton resonances. The decay of pro tonic resonances into
neutron (proton) channel causes both broadening of the ^-distribution and an effective shift towards
larger xp values [254], making their identification by the present ZEUS and HI detectors rather
inefficient.

In the first approximation the contribution of the "t-" channel diagram is given by the pion flux
factor and the diffractive part of the pion structure function. In analogy to the nucleon case the
latter is probably much smaller than the pion structure function. Therefore the contribution of the
Deck mechanism for the inclusive proton/neutron spectrum is rather small. The situation is less
clear if one imposes the large rapidity gap condition. While the Sullivan process does not lead to
the large rapidity gap events [280], it may be not true for the Deck mechanism. Because of identical
flux factors for the Sullivan and Deck mechanisms one expects very similar xp distributions.

An interesting and unique feature of the Deck mechanism is that it contributes to large rapidity
gap events even at XL — 1 — xp much smaller than unity. The preliminary ZEUS data [281] seem
to confirm our approximation. An approximately constant in XL, ratio of

large rapidity gap events with leading neutron/proton
total number of events with leading neutron/proton

has been observed [281], consistent with our simple estimate. A detailed comparison with the
experimental spectra will require the inclusion of all experimental cuts and efficiencies and goes
beyond of the scope of the present paper.

2Here "s-", "u-" and "t-" channel diagrams correspond to the diagrams with single particle exchanges in the "s-",
"u-" and "t-"channels of the "process" JPp —• nN.
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Chapter 6

Drell-Yan processes and d — u
asymmetry

6.1 Introduction

The idea to study the u — d asymmetry by the analysis of the Drell-Yan processes is not com-
pletely new. The u — d asymmetry was considered a decade ago by Ito et al.[282] as a possible
explanation for the slope of the rapidity distribution of dilepton production in the proton-Pt col-
lision at Fermilab. An alternative interpretation stimulated by the discovery of the EMC effect
invoked the enhancement of the nuclear sea in Pt with respect to a collection of free nucleons [34].
In general both effects can coexist.

In the advent of high precision data on the dilepton production in the proton-proton and proton-
deuteron scattering [12], it is interesting to review the present status of our knowledge on the u — d
asymmetry based on the data for dilepton production in Drell-Yan processes. We will discuss the
quantities which should most unambiguously confirm the asymmetry and allow for verification of
different theoretical concepts. We also confront the prediction of the meson cloud model with the
existing data.
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6.2 Drell-Yan processes

The Drell-Yan process[283] involves the electromagnetic annihilation of a quark (antiquark)
from the incident hadron A with an antiquark (quark) in the target hadron B. The resultant
virtual photon materializes as a dilepton pair (C+t~) with muons being the pair most readily
detected in experiments.

Ellis and Stirling have shown that the measurement of Drell-Yan cross sections in the proton-
proton and proton-deuteron collisions provides information on the dp(x)/up(x) ratio [132].

The cross section for the DY process can be written as

where s is the square of the center-of-mass energy and x\ and x-i are the longitudinal momentum
fractions carried by the quarks of flavour / . The qA(x\) (q^(xi)) and qB{x2) (QB{X2)) are the (anti-
)quark distribution functions of the beam and target, respectively. The factor K(xi,X2) accounts
for the higher-order QCD corrections that enter the process. Its value over the kinematic range
where experiments are carried out is typically 1.5. The values of X\ and X2 are extracted from
experiment via

M2 = sx],X2 « 2Pe+Pt-(l - cos9l+l-), (6.2)

where M is the mass of the dilepton pair, Pf+ and Pg- are the laboratory momenta of the leptons,
and Ot+i- is the angle between their momenta vectors. The total longitudinal momentum of the
lepton pair (Pf+ + Pt-)i fixes x\ — X2 via

2 " V + P ' - ' ' - - 1 . (6.3)

In order to avoid spurious contributions to the DY yield from vector meson decays, all measurements
are made for M > 4 GeV, and the region 9 < M < 11 GeV is excluded to avoid the T resonances.

The absolute value of the Drell-Yan cross section is biased by the uncertainty in extrapolating
from time-like to space-like values of Q2 when relating the Drell-Yan with deep-inelastic scattering
which involves the factor K (see Eq.(6.1)). In order to avoid the uncertainty it is desirable to
consider ratios [34, 132, 13] rather than the absolute cross sections. Whether the /f-factors for the
pp and pn collisions are identical can be checked by calculating higher-order QCD corrections. In
Fig.6.1 we show the if-factors calculated according to the formalism developed in Ref.[151] for two
different leading order quark distributions [161, 9]. Although the /("-factor depends on the input
quark distribution as well as on xi and X2 its value is practically identical for proton-proton and
proton-neutron collisions. The approximate equality Kpp = Kpn allows us to neglect the higher
order corrections and limit ourselves to the much simpler leading order analysis.

6.3 Results versus experimental data

The quark distributions found from the procedure described in the former section can be fur-
ther tested by comparison with the Drell-Yan E772 data [133] for the differential cross section
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Figure 6.1: The K-factors for the dilepton production in pp (solid line) and pn (dashed line)
collisions for two different leading order quark distributions taken from [161] and [9].

M3d2a/dxpdM for the dilepton production in the p + d collision. By fitting the /C-factors the re-
sult of the calculation can be compared with the experimental data. In order to check the sensitivity
to the u — d asymmetry we have also performed the calculation with symmetrized sea:

u(x) + d(x)
us(x) = u3(x) = d3{x) = d,{x) = (6.4)

In Fig.6.2 we show the result of the fit for our original model (solid line, y2/N — 1.15) and the
results obtained with the symmetrized (Eq. (6.4)) sea distribution (dashed line, x2/N = 1.42).
Although there is some sensitivity to the d — u asymmetry, it can be easily compensated by a
slightly different normalization factor. For comparison we also show the result obtained with the
MSR{S'O) quark distributions (dash-dotted line, ^/N = 1.84).

The present experimental data for the Drell-Yan processes in the elementary nucleon-nucleon
collisions suffer from rather low statistics. Therefore at present one is forced to compare a theoretical
calculation with the proton-nucleus experimental data. In the first approximation the cross section
for the production of the dilepton pairs in the proton-nucleus scattering can be expressed in terms
of the elementary pp and pn processes as

(T"A =
DY
pnJPA ~

It has been shown [284, 13] that the ratio of the cross section for the scattering of protons from
the nucleus with N — Z ^ 0 to that from an isoscalar target such as deuterium is sensitive to the
dp(x) -v,p(x) difference. These ratios have been measured by the E772 Collaboration at FNAL[284]
for carbon, calcium, iron and tungsten targets. Neglecting nuclear effects, elementary algebra leads
to the following result for the ratio

2aDY(p + A) _ 2Z N-Z
~ ~A ^RDY = (6.6)

AaDY(p + d) A A

where Z, N, A are number of protons, neutrons and the atomic number, respectively. In the large
x2 (target) limit the ratio takes a very simple form [133]:

N-Z A(x)
RDY(X) = 1 +

A u(x) + d(x)'
(6.7)
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Figure 6.2: The cross section M3d2a/dxpdM for the production of the dilepton pairs in the proton-
deuteron collisions. Shown is the fit of the K-factors for various quark distributions to the experi-
mental data [133].

showing that the Drell-Yan processes with non-isoscalar targets are relevant for the issue of the
asymmetry.

The experimental ratios are consistent with symmetric quark distributions [133, 284] (see
Fig.6.3), which renders those data useless for establishing the asymmetry. Moreover, using asym-
metric quarks distribution functions (solid and dashed lines) has a rather small effect on the ratio.
The ratio obtained with the recent MSR(A) quark distributions [10] almost coincides with the
result of our model. As seen from the figure these ratios do not provide a test sensitive enough.

An alternative idea to study the asymmetry was proposed more than a decade ago by Ito et
al.[282]. They have suggested to analyze the logarithmic derivative of the rapidity distribution

I In
dy dMdy

, with r = x\x2 , (6.8)
y=0

where y — ln(xi/x2)/2 is the rapidity. This quantity also possesses the desired property of being
independent of the /iT-factor. In terms of the quark distributions the slope can be expressed as

x
S{X)~ X{x,x) \dxx

X2--X'

where
4

X{xx,x2) = -

+ 9

+

Z
[-u(

[d{

N—
d(

Z
[ -

[-u(x2)] + d(xi)[jd(x2)

N
— d(x2)}}

(6.9)

(6.10)

g {s{x\)s{x2) +s(xi)s{x2)} .

We illustrate the effect of the u—d asymmetry on the slope of the rapidity distribution in Fig.6.4.
Here the solid lines are calculated using the asymmetric quark distribution of the recent MSR(A)
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Figure 6.3: The Drell-Yan ratio defined by Eq.(6.6) for iron and tungsten. The solid line is the
result of our model, the dashed line the MSR(A) parameterization and the dash-dotted line the
MSR(S'O) parameterization.
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Figure 6.4: The effect of the u — d asymmetry on the slope of the rapidity distribution. The two
solid lines were calculated with the asymmetric quark distribution of the recent MRS(A) quark
parameterization [10] and that obtained from our model (MCM) [134, 4$i 285]. The dashed lines
were obtained using the symmetrization procedure (see Eq. (6.4))- The arrows show the effect of
the symmetrization in both cases.
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Figure 6.5: The slope of the rapidity distribution. The solid line is the result of our model [285].
The dotted line is the result obtained with the Owens parameterization [161], the dashed line was
obtained with the MRS(A) parameterization [10] with d — u asymmetry and the dash-dotted line
was obtained using the MRS(o0) (symmetric) distribution.

quark parameterization [10] and those obtained from our meson model [48, 134, 285]. The dashed
lines are obtained by using symmetrized quark distributions given by Eq.(6.4). The arrows show
the effect of the symmetrization which decreases the slope. In this and all following calculations
we have included corrections due to the Q2 scale changing (Q2 = SX1X2) by employing leading log
Altarelli-Parisi QCD evolution. It has turned out that the resulting effects of the evolution are
rather small.

The rapidity slope (see Eq. (6.8)) is a quantity which is sensitive not only to the u — d asym-
metry but also to valence quark distributions. In Fig.6.5 we display the slope of the rapidity
distribution calculated with different quark distributions. The solid line is the result of our me-
son model [285]. The dotted line is the result obtained with the Owens parameterization [161] of
the quark distributions, the dashed line was obtained with the recent MRS(A) parameterization
[10] with u — d asymmetry and the dash-dotted line was obtained with MRS(5Q) [9] (symmetric)
distribution. Fig.6.5 clearly demonstrates that the asymmetry is not the only ingredient and a
reasonable description of the experimental data [282] can be obtained with both flavour symmetric
and asymmetric distributions.

In obtaining both Eq.(6.6) and Eq.(6.9) we have neglected completely all nuclear effects like
Fermi-motion, nuclear binding, excess pions or shadowing. Although they are predominantly flavour
symmetric, it is obvious that they can modify the conclusions drawn based on the nuclear data. An
information on nuclear effects can result only from the comparison of the slopes for a nuclear target
and for a deuteron one. It seems essential in the future to analyze more elementary processes, i.e.
dilepton production in the proton-proton and proton-deuteron collisions. In the following we shall
concentrate on those reactions as most reliable source of the information on the flavour asymmetry
of the sea quarks.
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Figure 6.6: A two-dimensional map of the Drell-Yan asymmetry as a function of X\ and x2. Shown
are results obtained with the Owens parameterization [161] (left-upper corner), symmetric MSR(S'O)
(right-upper corner), new MRS(A) with the u — d asymmetry built in (left-lower corner) and
prediction of the meson cloud model [134, 4$, 285] (right-lower corner). Note the change of the
sign in the lower panels.

A quantity which can be extracted almost directly from the experiment is

(6.11)

which we will call Drell-Yan asymmetry. In formula (6.11) aw and apn are the cross sections for
the dilepton production in the proton-proton and proton-neutron scattering. Neglecting very small
strange-antistrange contributions in the Drell-Yan formula the Drell-Yan asymmetry (6.11) can be
expressed in terms of q and A introduced in Eq.(4.27)

ci)] — [4w(xi) - d(xi)]A(x2)_ [u(x2) - d(x2)}[3q(Xl) -
DY{ U 2) [u(x)+d(x)}[5q(x)

(6.12)

In the case of flavour symmetric sea (A = 0) it is natural to expect that ADY > 0 since u > d.
The sign of ADY can be, however, reversed by increasing the flavour asymmetry of the proton sea
(A > 0).

Two-dimensional maps of the Drell-Yan asymmetry as a function of x\ and x2 are shown in the
form of the contour plots in Fig.6.6. The different maps were obtained with the Owens parame-
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Figure 6.7: The Drell-Yan asymmetry along the x\ = x-i diagonal. The meaning of the lines here
is the same as in Fig.6.4- The experimental data point is taken from the recent result of the NA51
Collaboration at CERN [11].

terization [161] (left-upper corner), symmetric MRS(S^) [9] (right-upper corner), the new MRS(A)
[10] with the u — d asymmetry built in (left-lower corner) and the prediction of the meson cloud
model [48, 134, 285] (right-lower corner). The result obtained with the Owens (symmetric) param-
eterization and symmetric MRS(SQ) parameterization are quite similar. This clearly demonstrates
that the asymmetry ADY is the desired quantity - insensitive to the valence quark distributions.
It is also worth noting here that ADY is positive in the whole range of (x\,X2). How the u — d
asymmetry influences ADY is shown in two lower panels. It is very promising that ADY obtained
with the asymmetric quark distributions (lower panels) differs considerably (please note the change
of sign in the lower panels) from the result obtained with symmetric distribution (upper panels) and
this should make an unambiguous verification of the flavour asymmetry of the sea quarks possible.
It is not random in our opinion that the result obtained within the meson cloud model is very
similar to that obtained from the parameterization fitted to different experimental data. We stress
in this context that ADY calculated in the meson cloud model is fairly insensitive to the quark
distributions in the bare nucleons (baryons). It is primarily sensitive to the u - d asymmetry which
is fully determined by the quark distributions in pions (mesons), taken here from the pion-nucleus
Drell-Yan processes. We have assumed that the quark distributions in other mesons are related to
those for the pion via SU(3)f symmetry.

Following the suggestion of Ellis and Stirling, the NA51 Collaboration at CERN has measured
recently the ADY asymmetry along the X\ = x-i diagonal [11]. Due to low statistics only ADY at low
x = x\ = x-i was obtained. In Fig.6.7 we show their experimental result (one experimental point)
together with the results obtained with different quark distributions. The meaning of the lines here
is the same as in Fig.6.4. The result denoted as MCM, obtained within the meson cloud model
[134, 48, 285] essentially without free parameters, nicely agrees with the experimental data point.
In order to better understand the result and the relation to the u — d asymmetry let us express the
cross sections in Eq.(6.11) in terms of the quark distributions. Assuming proton-neutron isospin
symmetry and taking x\ = z2 = x as for the NA51 experiment one gets in terms of the quark
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Figure 6.8: The u(x)/d(x) ratio as obtained from the meson cloud model (solid line) [285] and
the MSR{A) parameterization (dashed line) compared with the experimental result of the NA51
collaboration [11].

distributions in the proton

ADY =
5(u - d)(u -d) + 3(utt - dd)

5(u + d)(u + d) + 3(uu - dd) + 4(ss + Ace)
(6.13)

Let us consider first the case u = d. For a crude estimation one may neglect sea-sea terms (important
at small x only) and assume uvai{x) = 2dval(x), which leads to ADY = 1/H > 0. The same crude
estimate in the case of asymmetric sea in conjuction with decomposition Eq.(4.27) yields

AQY =
-19A + 6g

(6.14)

This demonstrates a strong sensitivity both on d — u asymmetry and on the absolute normalization
of the sea. The lack of dependence on the valence quark distributions in the approximate Eq.(6.14)
suggests a weak dependence in the exact formula Eq.(6.13). The negative value obtained by NA51
experiment ADY = -0.09 ± 0.02 ± 0.025 automatically implies d > u at least for the measured
x — 0.18 (provided that the proton-neutron isospin symmetry violation is small(!)). The data
point of the NA51 group is up to now the most direct evidence for the flavour asymmetry of the
sea quarks, which is explicitly shown in Fig.6.8 where ADY has been translated into the ratio of
u(x)/d(x). The x dependence of the asymmetry is awaiting further experiments. It is expected that
the new experiment planned at Fermilab [12] will be very useful in this respect and will provide
the x dependence of the u — d asymmetry up to x = 0.4 and will shed new light on the microscopic
structure of the nucleon. The meson-cloud model gives definite predictions for the asymmetry
awaiting future experimental verification.
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Chapter 7

Production of the W and Z bosons

7.1 Introduction

It is the aim of this chapter to study possible consequences of the meson cloud for the W and
Z weak gauge boson production in the nucleon-(anti)nucleon collisions. We confront the prediction
of the meson cloud model (see section 4.9 with the existing CERN and FNAL experimental data
on the production of W and Z bosons in the p + p collisions. It was suggested recently [286] that
the analysis of the W production in the proton-proton and proton-deuteron reactions could give a
valuable information on the asymmetry of the nucleon sea. We analyze this problem in detail and
make predictions based on the quark distributions calculated in the framework of our model, where
the d — u asymmetry results from the effects of the meson cloud.

In last years a significant progress has been achieved in calculating next-to-leading order QCD
corrections for the production of gauge bosons [287]. The NLO calculations turned out to be
extremely important in understanding the difference between the magnitude of the cross section
predicted by LO calculation and the experimental data. Our primary aim in this chapter is to
demonstrate a simple relation between the nonperturbative effect of the meson cloud and the
production of the W/Z bosons in the nucleon-(anti)nucleon collisions. It is known that to a good
approximation the effect of the NLO corrections can be accounted for by introducing so-called K-
factors to leading order results. While sufficient for the total cross section it may become insufficient
for differential distributions. In the following we shall try to select quantities which are expected
to be insensitive to the NLO corrections. The accuracy of the LO approximation will be discussed
in the next sections.
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7.2 Production of W and Z bosons in hadronic collisions

In the leading order (LO) approximation in the framework of improved parton model [288] the
total B(=W^±, Z°) boson cross section is the convolution of elementary cross section a(qq' —• B)
with the quark densities

\q{xi,M2
B)$(x2,M

2
B)d{qtf -+B)+qt{xi,MB)q{x2,M2

B)cr{$q^ B)\ . (7.1)

In analogy to the Drell-Yan processes the so-called K-factor in Eq.(7.1) includes first order QCD
corrections due to a difference between space-like (DIS) and time-like (Drell-Yan, here) Q2. Its
value can be easily calculated (see for instance [288]).

(7.2)

In the leading order approximation the strong coupling constant

3 3 -

(7-3)

where ny is the number of active flavours. The elementary cross sections can be easily calculated
within Standard Model

a ( M - w ) = 2

The Vg9' matrix represents the familiar Cabbibo-Kobayashi-Maskawa (CKM) matrix which is rather
well known at present [167]. The vector and axial-vector quark-Z° coupling constants can be
expressed by a weak isospin and charge of the quark gy = ^T' — Qqxw, g\ = —\T^ and xw =
sin2Qw {xw = 0.2325 [167]). The sum in Eq.(7.1) is limited by the charge conservation eq + eq = ±1
for W± and eq + eq> = 0 for Z°.

Let vis consider now a rapidity distribution of the gauge boson produced in the hi +/12 collisions.
The double integration over xi, X2 in Eq.(7.1) can be reduced by making variable transformation
dx\dx2 -> dsdys and the following sharp ("5-like") £?-resonance approximation:

(s — MBY + (I BMB)* I B

Then the rapidity distribution of W^ boson produced in the hi + /12 collision is

(7.5)

^{hxh2^WX)
dyw

^ Y 2 [ ^ ' 2 ' i 2 \ (7.6)
9,9'
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In analogy the rapidity distribution for Z° boson is

~{hxh2 -> Z°X) =
dyz
K *0£ xlx2Y/[(99v)2 + (9Q

A)2}[q(xuM2
z)q(x2,Ml) + q(xl,M

2
z)q(x2,M

2
z)] , (7.7)

In the Eq.(7.6) and (7.7) the quark distributions must be evaluated at xXj2 = ~%e±ysi where ys
is a rapidity of the produced W or Z boson.

The differential cross section for the production of charged leptons from the decay of W± in
the h\h2 -> W±X —>• V^iy^X = fix can be easily calculated in the leading order approximation

^-{h,h2 -> W±X -> l±X) = f
d 3

^-(qq1 -> W± -> l±l') + <?{xltM$r)q{x2,Mk) ^-tfq -4 W

In the equation above the lepton rapidity yi is conventionally defined in the direction of h\. The
cross section for the elementary qq1 -+ W^ —> l^l' process is

(1 W± lH'\
coshyi

where yi = yi — ̂ " ( f 1 ) and s = sx\x2.

The differential cross section for the production of charged leptons from the decay of Z° in the
/11/12 -* Z°X -> l+l'X = 1+X is

do n
——\n\n2 —* Z X —±

\q(x\,Mz) q(x2,Mz) ——{qq —> Z —> I l~) + q(x\,

The cross section for the elementary qq —> Z° —t l+l~ is

da

As in the inclusive case the double integration over x\ and x2 can be reduced to a single
integration over weak gauge boson rapidity in the "5-like" resonance approximation (7.5)

(in . , « -
{hhW±X 1±X) K Y I dywxxx2

) ̂ r{q<j -+ W± -> ^(u) +
dyi

^-tfq -> W± -> ^^(P))] , (7.12)
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Figure 7.1: The dependence of the total cross section times the electron decay branching ratio for
the production of W (W+ + W~) in the proton-antiproton collisions on the value of AQCD = 150
(dotted), 200 (solid) and 250 (dashed) MeVfor Model 1 and Model 2.

where ymin = ymax =

In practical calculations we shall use Mw = 80.22 GeV, Fw - 2.08 GeV and Mz = 91.173
GeV, Tz = 2.487 GeV [167]. For a very recent review of experimental status see [289].

7.3 Proton-antiproton collisions

The calculation of the cross sections for the gauge boson production (Eqn.(7.6) and (7.7) or the
cross section for the lepton from the gauge boson decay (Eqn.(7.8) and (7.10) ) requires knowledge of
parton distributions at Q2 = M^iM];). For this purpose the parton distributions found in section
4.9 have been evolved by the Gribov-Lipatov-Altarelli-Parisi (GLAP) evolution equations [124]. In
order to visualize uncertainty of running strong coupling constant in such an evolution, in Fig.7.1
we have compared total cross sections for the W boson production obtained with three different
values of A ^ D (4 active flavours) of 150 MeV (dotted), 200 MeV (solid), 250 MeV (dashed). In
order to make a link to experimentally measured quantities the cross sections have been multiplied
with appropriate branching ratio B^W^ —> e±u(v)). In the heavy top-quark approximation
BR(W± —> e±u{u)) « g. As seen from the figure, there is a 5-10% theoretical ambiguity on the
level of the cross section at large s1/2. The ambiguity practically cancels below s1/2 = 1.2 TeV.
Since in the present chapter we shall be interested mainly in relative effects (ratios, asymmetries),
where the ambiguity due to the QCD evolution cancels almost completely, hereafter we shall limit

to A (4)
QCD = 200 MeV.

In order to test the sensitivity of our results to the gluon distribution we have varied the ag and
fig parameters in Eq.(4.89) in the broad range. Only cross section at high energy (s1/2 > 1 TeV)
shows some sensitivity to the gluon distribution. For instance at the Fermilab Tevatron energy,
varying the ag in the range 0 to 0.3 changes the total cross section by less than 2%. Similarly
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Figure 7.2: Total cross section times the electron decay branching ratio for the production of W
(W+ -\-W~j and Z bosons in the proton-antiproton collisions, compared with the experimental cross
sections from the UA2 [290] and CDF [291] collaborations. The solid line is a prediction of the
model which explicitly includes the meson cloud corrections (Model 1), the dashed line represents a
simple parameterization with SU(2) symmetric nucleon sea (Model 2).

varying /3g by ±1 modifies the total cross section by less than ± 2%. These variations are smaller
than uncertainties due to the choice of AQCD discussed above.

In Fig.7.2 we compare energy dependence of the total cross section for the W and Z° production
in the proton-antiproton collisions obtained with "Model 1" (solid line, with meson cloud, u — d
asymmetric sea) and "Model 2" (dashed line, without meson cloud, u — d symmetric sea) with
experimental data obtained by the UA2 [290] and CDF [291] collaborations. In the heavy top-
quark approximation BR(Z° -> e+e~) « oi iTnl^lfll^a • As s e e n ^rom t n e figure t n e total cross

' ~ ' 21-40xw + ± f s
section is not a good observable to distinguish between different models. In Table 7.1 in addition
we compare the numerical values of the cross sections obtained in our model with those measured
at CERN and Fermilab. A reasonable agreement of the total cross sections obtained within our
model with those measured by UAl [292], UA2 [293, 290] and CDF[294, 291] collaborations can be
seen.

Naively one would expect that the total cross section for the production of gauge W bosons
should be smaller in the proton-proton collisions than in the proton-antiproton collisions, because
in the latter case the antiproton is an efficient donor of antiquarks. This was used in the past as
a strong argument for the construction of proton-antiproton colliders such as those at CERN and
Fermilab. Since at that time it was strongly believed that the nucleon sea is symmetric with respect
to the light flavours, no d ^ u scenario has been considered. At present there are fairly convincing
arguments [11, 202] for the d — u asymmetry. Can the d — u asymmetry induced by the meson
cloud in the nucleon modify this simple expectation? In Fig.7.3a we compare the proton-proton
and proton-antiproton cross sections for the "asymmetric" (panel a) and "symmetric" (panel b)
sea. The corresponding cross sections are denoted as: OtotiPP -* W+) = o-tot(pp -> W~) (solid),
atot{pp ->• W+) (dashed) and atot{pp ~> W~) (dotted). As expected, without meson cloud, with
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boson

W+ + W~

z
w+ + w~
z

model 1
750.6
71.7

2548.0
234.1

model 2
751.4
68.2

2558.0
233.1

Owens
795.2
74.5

2298.0
218.6

GRV95(LO)
736.0
70.0

2534.0
236.6

experiment
682 ± 12 ± 40 [290]

65.6 ± 4.0 ± 3.8 [290]
2200 ± 200 [291]

214 ± 23 [291]

Table 7.1: The total cross sections times branching ratio o~tot(pp -* W^X) • BR(W± —» e±u(V)),
ototiPP ->• Z°X) • BR(Z° -» e+e~) (in nb) for the production of W and Z bosons at CERN (upper
block) and Fermilab (lower block).
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Figure 7.3: A comparison of the total cross sections for the production of W-boson in the proton-
proton (solid) and proton-antiproton (dashed) collisions. In panel (a) we show the results for the
asymmetric sea induced by the meson cloud and in panel (b) the results for the symmetric sea quark
parameterization.
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Figure 7.4: The enhancement factors E™+ (dashed line), E™- (dotted line) and E^ (solid line).

symmetric sea quark distributions, the cross section for the production of W+ is smaller in the
proton-proton case than in the proton-antiproton case. In contrast, much larger cross sections are
obtained if the meson cloud effects are included (see panel a). As seen from the figure, in the
broad range of energy crtot(pp —>• W+) > ototipP -> W+) = (JtotipP -> W~). In Fig.7.4 we show an
enhancement factor of the cross sections due to the meson cloud effects defined as:

, asymmetric)
<7tot(PP , symmetric)

W±, asymmetric)
, symmetric)

(7.13)

+ (dashed line), E™- (dotted line) and EJ$+ = E™_ (solid line) are shown in Fig.7.4. A
huge enhancement of the cross section due to the meson cloud effects close to the threshold can be
observed in the proton-proton collision case. In principle this effect could be studied in the future
at the heavy-ion collider RHIC. There is practically no such enhancement in the proton-antiproton
collision case, except very close to the threshold, where the corresponding cross section is negligibly
small.

A very interesting quantity is the asymmetry of charged leptons from W± -
defined as

W+X-*l+X)-g-{pp-+W-X ^TX)
+ W-X-¥l~X)

', is) decays

(7.14)

The quantity has been measured recently by the CDF collaboration at the Fermilab pp Tevatron
collider [295, 296]. The experimental results [296] (open circles) together with results of different
calculations specified below, are shown in Fig.7.5. New preliminary CDF data [297] are shown in
Fig.7.5 by the solid triangles. The experimental data have been folded across yi = 0 by the CDF
collaboration [296] based on the CP invariance. In the calculation experimental cut [296] pl

T min =
25 GeV has been applied which, as will be discussed later, is of crucial importance. In panel (a)
we show asymmetries obtained in our Model 1 (solid line) and Model 2 (dashed line). As clearly
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Figure 7.5: Predictions for the asymmetry A£pe of the rapidity distributions of the charged leptons
from the W± -» l^v decays in the proton-antiproton collisions. The results of Model 1 (solid) and
Model 2 (dashed) are shown in panel (a). For comparison in panel (b) we show lepton asymmetries
calculated with the GRV95(LO) [207] (solid) and Owens [161] (dashed) parameterizations of quark
distributions. The published CDF experimental data [296] are shown by the open circles and the
new preliminary CDF data [297] by the full triangles.

seen from the figure the presence of the meson cloud considerably improves the agreement with the
experimental asymmetry. A similar quality agreement with the CDF asymmetry has been achieved
recently in Ref.[298] where the quark distributions from a recent "radiative" parameterization of
quark distributions by Gliick-Reya-Vogt (GRV) [207] have been used. While in Ref. [207] the d - u
asymmetry was introduced purely phenomenologically, in the present review the d — u asymmetry
is ascribed to the effects caused by the meson cloud in the nucleon. For comparison in panel (b)
we show the asymmetry obtained with the recent GRV parameterization of quark distributions
[207] (solid line) and somewhat older parameterization of Owens [161] (dashed line). The curves
in panel (b) remind very much those in panel (a). While in the Owens parameterization the sea
was assumed to be SU(3)-symmetric (us = ua = ds = d3 = sa = ss), the assumption was relaxed in
the GRV parameterization where both SU(3) and SU(2) symmetry violation effects in the nucleon
sea were included in a pseudo-fit to DIS experimental data[207]. The similarity of panel (a) and
panel (b) strongly suggest that the d-u asymmetry is fairly important to understand the leptonic
asymmetry Ae

pp
e (ye).

In order to better understand the lepton asymmetry shown in Fig.7.5, in Fig.7.6 we present the
gauge boson asymmetry (dotted line) defined as

{yw) = (7.15)

Almost full asymmetry |J4J^+ V V | = 1 is reached at large \yw\ « 3. For completeness we show also

the lepton asymmetry Af£e without any experimental cuts (dashed line) and with the experimental

cuts (solid line). A huge dilution in comparison to the W-boson asymmetry A^+w~ can be
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Figure 7.6: The boson asymmetry A^+w (yw) (dotted line), the lepton asymmetry A^e (ye)
without experimental cuts (dashed line) and with experimental cuts (solid line). The results obtained
in Model 1 (panel a) are compared with those in Model 2 (panel b).

observed. As seen by a comparison of the dashed (no cuts) and solid (with cuts) lines, experimental
effects increase the asymmetry considerably, improving agreement with the CDF experimental data
[296]. It has been checked that uncertainties of parameters in the gluon distribution cancel almost
completely for boson and lepton asymmetries of rapidity distributions discussed above. The same
stay true for all asymmetries which are discussed below.

Let us come back now to the problem of accuracy of the leading order approximation. In Fig.7.7a
we present a ratio of NLO/LO cross sections as a function of boson W+ (solid line) and W~ (dashed
line) rapidities. The NLO corrections lead to a rapidity dependent enhancement K{yw) over the
leading order result. At yw « 0, where most of the cross section is concentrated, the enhancement
is approximately the same as given by the approximate K-factors from the previous section. At
larger \yw\ the approximation of constant K-factors is not sufficient. However, because the K{yw)
functions are to a good approximation the same for W+ and W~ (compare solid and dashed line
in Fig.7.7a) the predicted LO and NLO asymmetries are within 4% the same (see Fig.7.7b). This
advantageous situation allows to study the interesting nonperturbative effects of the meson cloud
in much simpler QCD leading order approximation where the parton distributions have in addition
much simpler interpretation (in the NLO analysis parton distributions must be redefined to absorb
mass and infrared singularities). The conclusion found here stays true for all other asymmetries
studied in the rest of this chapter.

Having shown that our parton distributions lead to a good description of DIS data at relatively
low Q2 (see section 4.9) and describe the gauge bosons production data in the proton-antiproton
collisions fairly well, we shall try to make some interesting predictions for the W/Z production
in nucleon-nucleon collisions, which could be measured in principle at the future collider RHIC
originally designed to study the quark-gluon plasma in heavy ion - heavy ion collisions. The option
to study the proton - proton collisions has been analyzed only recently.
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Figure 7.7: (a) The ratio of the NLO/LO cross sections as a function of yw+ (solid) and yw-
(dashed) cross section, (b) The ratio of the NLO/LO gauge boson asymmetries A ^ w as a
function of yw •
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7.4 Production of W and Z bosons at RHIC and the d — u sym-
metry

In the following we shall fix the energy s1/2 to 500 GeV which could be roughly adequate for
the proton-proton collisions at RHIC. In Fig.7.8 we present A^+ v v (panel a) and in analogy to the
proton-antiproton case A^e (panel b). Let us demonstrate that i4^+vv is a quantity sensitive
to the u — d asymmetry. For this purpose let us write

l(x, Q2) = S(x, Q2) + ^ ^ . (7.16)

Then taking yw ~ 0 (#i ~ £2) and neglecting small (Cabbibo suppressed) contributions from the
strange quarks, the asymmetry A^ w can be written as

( }

where we have introduced Rv{x) = ^fcC^M f°r brevity. Eq.(7.17) clearly demonstrates the
sensitivity to the it — d asymmetry which in our model is due to the meson cloud effects. The
sensitivity to the u — d difference can be better visualized in the ratio

W+X)
( 7 1 8 )

With the same approximations as above

w+w- , . u(x,Mw) d(x,

The first ratio is known fairly well from the CDF data (see for instance [205]). Therefore the
measurement of B^p

 w (x = —¥-) in p+p collision should give an accurate determination of the

ratio y^M? I- For a typical RHIC energy s 1 / 2 = 500 GeV, x as 0.16. This is a region of sizeable u—d

asymmetry. Analogous ratio has been determined recently at Q2 RS 20 GeV2 from the measurement
of Drell-Yan asymmetry in proton-proton and proton-deuteron collisions by the NA51 experiment
at CERN [11]. There, however, the ^ p j is biased by the explicit assumption about proton-neutron

isospin symmetry [202]. In contrast, R^ w (x) is free of such an assumption. It is not fully
clear at present how good the proton-neutron isospin symmetry actually is on the level of parton
distributions. Therefore any independent verification, free of explicit assumption of proton-neutron
isospin symmetry, would be very useful.

In analogy to the Drell-Yan asymmetries used in Refs.[ll, 202] and asymmetries defined by
Eq.(7.15) and Eq.(7.14) we shall consider now some new asymmetries Apppn and A1 for the
proton-proton and proton-neutron scattering defined as

# - £-ipn -» BX)
d(T . R y > .
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Figure 7.8: Ap
v
p
+W (panel a) and corresponding Aj£e (panel b). The asymmetries obtained in

Model 1 (solid line) and Model 2 (dashed line) are compared with the results obtained with the
GRV95(LO) parameterization [207] (solid line with dots) and the Owens parameterization [161]
(dashed line with dots).

and

PP,pn
-> BX -> IX) - %-(pn ->• BX -»• IX)

IX) + IX) ( 7 - 2 1 )

In the definitions above B represents W+, W~ or Z° bosons and I can be any charged lepton. In
Fig. 7.9 we present A™ppn (panel a) and corresponding ^pPiPTl (panel b). For the sake of completeness
in Fig.7.10 we present Apppn (panel a) and corresponding A^pn (panel b).

An interesting observations can be made by a careful inspection of Fig.7.8-7.10. In general, the
calculated lepton asymmetries are rather different from corresponding gauge boson asymmetries.
In all the cases considered the results can be classified into two distinct groups:
(a) results obtained with quark distributions possessing d — u asymmetry (our Model 1, where the
meson cloud effects are explicitly included and GRV95(LO) parameterization [207]),
(b) results obtained with SU(2) symmetric quark distributions (our Model 2 and Owens parame-
terization [161]).
The measuring of such quantities in the future would be therefore of great help in studying the
asymmetry of the sea quark distributions in the nucleon, which seems mandatory in a better un-
derstanding of the nucleon structure. Whether such an analysis will be possible in the future at the
heavy-ion collider RHIC requires new studies of several experimental aspects. We find a possible
option to extend in a further future the investigation of the (heavy ion) - (heavy ion) collisions to
more elementary proton-proton and proton-deuteron collision a very interesting possibility.
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Figure 7.9: A^pn (panel a) and corresponding A^ppn (panel b). The result for the W+ (e+)
and W~ (e~) are shown together in the upper and lower parts of the diagrams, respectively. The
asymmetries obtained in Model 1 (solid line) and Model 2 (dashed line) are compared with the
results obtained with the GRV95(LO) parameterization [207] (solid line with dots) and the Owens
parameterization [161] (dashed line with dots).
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Figure 7.10: Apppn (panel a) and corresponding A*Lppn (panel b). The asymmetries obtained in
Model 1 (solid line) and Model 2 (dashed line) are compared with the results obtained with the
GRV95(LO) parameterization [207] (solid line with dots) and the Owens parameterization [161]
(dashed line with dots).
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Chapter 8

Inclusive jet production

8.1 Introduction

Recently [213] the CDF collaboration has reported a new evaluation of the measurement of
the differential cross section for inclusive central jet production at the Fermilab pp Tevatron at
y/s = 1.8 TeV. The results have been presented for jet transverse energies, ET, in the range 15
to 440 GeV. It has been noticed long ago [299] that at the high ET values such measurements
probe the substructure of the (anti)proton in a previously unexplored kinematical region Q2 ~ 105

GeV2, equivalent to distance scales of ~ 10~2 fm, which is only a small fraction of the nucleon
size. Thus, such measurements have a possibility to address the problem of the quark substructure
provided the parton distributions in the nucleon are known sufficiently precise. Intriguingly, the
CDF experimental result shows an evidence of possible deviations above that obtained from next-
to-leading order (NLO) calculation based on the current phenomenological knowledge of parton
distributions obtained from global analyses [10, 300] of a wide range of hard processes. Before
addressing the vital question of the quark substructure and related intriguing New Physics one
needs to answer a few basic questions. While the analysis of the higher-order than next-to-leading
order QCD corrections seems to be at present beyond practical possibilities one can try to adjust
parton distributions including the new jet measurements whilst retaining a satisfactory description
of possibly large body of hard scattering processes.

Recently two groups [301, 214] have analyzed a possibility to modify the large-x gluon distri-
bution in the nucleon in order to describe the inclusive jet production data. Rather contradictory
results have been obtained. While Glover, Martin, Roberts and Stirling [301] have found impossi-
ble to achieve a simultaneous description of both the CDF jet distribution for ET > 200 GeV and
the deep inelastic structure function data for x > 0.3, the CTEQ group has found [214] enough
room for such modifications. Here we touch upon a problem of sufficient flexibility of the shapes
of parton distributions. On the other hand, too large flexibility of parametric forms may allow for
unwanted unphysical results. At present it is not clear what is the ultimate answer and whether
the modifications made recently by the CTEQ group will find a physical confirmation. In addition
it is not clear how much the conclusions are biased by functional parametric forms of the input
parton distributions used. In our opinion one is clearly coming closer to the point of necessity to
extend the QCD fits by modeling the nonperturbative part of the nucleon structure. The main
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technical problem one may meet here is that there is no one, commonly accepted model of the
nucleon structure.

8.2 General remarks

In the last few years a large progress has been made on theoretical side and the next-to-leading
order (NLO) jet production calculation for hadronic collisions became a state of art [302]. For the
sake of transparency in the present intentionally simplified analysis in order to make some points
more explicit we shall use rather leading order (LO) formalism [303]. However, most of the results
discussed in this communication will be independent of NLO corrections. In the LO approximation
the cross section for dijet production in h\ + /12 collision reads

where /,-, fj are parton (gluon,quark) distributions in hadron hi and /12 respectively and M(ij —> kl)
are invariant amplitudes for the i 4- j —> k +1 partonic subprocesses. In the following we shall use
LO quark distributions found in Ref.[211] (see also section 4.9) which explicitly include the meson
cloud corrections. We shall come back to related details in the course of this chapter.

Since any conclusion concerning quark substructure can be drawn from a failure of a theoretical
QCD calculation, it is instructive to understand the role various subprocesses play as a function of
ET before one can start to speculate and/or modify parton distributions. In Fig.8.1a we present
fractions of various (gluon—gluon, quark—gluon and quark—quark) subprocesses which contribute
to the dijet production. At low ET < 40 GeV the gluon — gluon component dominates. The
quark — gluon component becomes important at somewhat larger ET- At still larger ET, the
quark — quark component takes over the dominant role. At the largest values of ET ~ 400 GeV
accessible at the Fermilab Tevatron the quark — gluon component constitutes about 20 % of the
cross section.

Another important problem is to understand which region of Bjorken-x values plays important
role for a given ET- For this purpose we shall define an auxiliary function

a(xl < X

which is a better estimate than often used x ~ - ^ . As can be seen from Fig.8.1b the region of
Vs

sensitivity to the Bjorken-x strongly depends on ET- The larger ET the larger Bjorken-x becomes
important. In general the region of sensitivity to Bjorken-x obtained from (8.2) is shifted towards
larger x than it may be expected from the simple estimation x ~ - ^ . At ET ~ 400 GeV relevant
for the recent CDF result [213] the cross section is sensitive to x € (0.4, 0.8). The large-x region
is connected through the QCD evolution to even slightly larger-a; region at low Q2. This is really
a large-x region where both gluon and sea quark distributions are poorly known. In addition in
this range of Bjorken-x in low-Q2 DIS (SLAC, NMC, CCFR) the target mass corrections become
extremely important [304, 211]. On the other hand in both MSR [10] and CTEQ [300] QCD
analyses of the \ow-Q2 DIS the effect of the target mass corrections were not included. In Fig.8.1b
we show results for two sets of quark distributions. One set includes meson cloud effects (solid line)
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Figure 8.1: (a) Fraction of different components to the inclusive dijet production as a function of
ET- The solid curve includes effects of the meson cloud whereas the dashed curve represents a
calculation where the meson cloud effects have been suppressed, (b) The P(xmax) function for three
different ET = 100, 300 and 500 GeV which reflects the sensitivity to the range of Bjorken x. The
solid curve includes effects of the meson cloud whereas the dashed curve represents a calculation
where meson cloud effects have been suppressed.
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Figure 8.2: The ratio of "me" (meson cloud included) to "0" (no meson cloud effects) sea and
valence quark distributions at Q2 = 4 GeV2 (dashed line) and Q2 = 10000 GeV2 (solid line).

and the second one is our fit without the meson cloud effects (dashed line). Both of them include,
however, the target mass corrections (see section 4.9). Due to the normalization in Eq.(8.2) the
effect of target mass corrections cannot be seen explicitly. However, when combined with analyses
in [304, 211] Fig.8.1b strongly suggests that the effect of the target mass corrections will require
much more attention in any future combined analysis of both low-Q2 lepton DIS and high-I^r jet
cross sections.

In the following we shall concentrate on the dominant quark — quark component (see Fig.8.1)
and on a special role of the meson cloud. In Fig.8.2 we compare the quark distributions obtained
from the fit to DIS data by displaying the following ratios

(8.3)

Rsea(x,Q2) = (*, Q2)

at Q2 = 4 GeV2 (dashed line) and Q2 = 10000 GeV2 (solid line) relevant for the inclusive jet
production at large-ET- In the formulae above "me" denotes the set of parton distributions with
meson cloud corrections and "0" their counterparts without meson cloud effects. While the explicit
inclusion of the mesonic corrections leads to a small modification of the valence quarks only, the
modification of the sea at x > 0.2 is substantial. This is the region of the Bjorken-x where the
magnitude of the sea quark distributions is small and rather poorly known. As shown in Ref.[211]
and section 4.9 such an enhancement is allowed both by the muon and (anti)neutrino DIS data.
Can this large-x effect cause a visible effect on the ET distribution of the inclusive jet cross section
at ET ~ 300 - 400 GeV? In the meson cloud model a considerable part of the nucleon sea comes
from the valence quarks in a pion , p meson etc. This is the mechanism which generates large-a; sea
in the nucleon. At x of about 0.5 the p meson, as carrying large amount of the proton light-cone
momentum, is the dominant mechanism.
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Figure 8.3: jgp-C^r) calculated with parton distributions which include meson cloud effects compared
to the recent CDF data [213]. The solid line corresponds to the set of parton distributions with glue
adopted from [161] and the dashed line with glue from [305].

The leading order analysis of selected DIS data does not allow to constrain very well the gluon
distribution in the nucleon. For this purpose one can try to fit the gluon distribution by the anal-
ysis of large pr direct photon production data. Although the prompt photon data provide a direct
measurement of the gluon distribution, the available data have still large point-to-point and overall
normalization errors. On the theoretical side there is a strong dependence on both factorization
and renormalization scale assumed. Thus theoretical uncertainties unrelated to parton distribu-
tions make rather difficult the unambiguous extraction of the gluon distribution. We have checked
that quite different gluon distributions cannot be excluded by the comparison to the existing ex-
perimental data. Better fixed target data are anticipated from the analysis of the E706 experiment.
In this intentionally simplified analysis instead of fitting the gluon distribution to prompt photon
data we shall rather adopt gluon distributions as found in different QCD analyses [161, 305]. 1 The
glue distribution taken from other fits [161, 305] was slightly (of the order of 1 %) renormalized
to ensure the momentum sum rule. We have checked that the gluon distributions from [161, 305]
give sufficiently good description of the proton-proton WA70 [306] and proton-antiprbton UA1,UA2
[307] prompt-photon data. It is not our intention to describe all the details of the jet production
cross sections. Instead we wish to emphasize rather relative effects due to the meson cloud leaving
a fine tuning for a future more refined analysis.

1 In the latter case the gluon distribution has been adjusted to describe scaling violation of low-x DIS HERA data.
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8.3 CDF and DO data

Our calculation with meson cloud effects included are compared to experimental CDF data
2j- / (PoKdErdri) dq integrated over central pseudorapidity region 0.1 < \q\ < 0.7 in Fig.8.3 based
on a data sample of 19.5 pb"1 collected in 1992-1993 for two sets of parton distributions with gluon
distribution adopted from [161] (solid) and [305] (dashed). For comparison we shall also present the
result [308] obtained recently by the DO collaboration [309] in the pseudorapidity range |T/| < 0.5
based on the data sample of 91 pb - 1 . In order to account for the experimental normalization
uncertainty, a possible mismatch between theoretical and experimental definition of jets or/and
higher order corrections, not included here, we allow for a free parameter Keff to be adjusted
to the CDF experimental data. We find Ke/f « 1.1 for renormalization (JIR) and factorization
(HF) scales fixed for /ifl = fip — Er/2 which is in full agreement with the value found recently
by a comparison of LO and NLO calculations [301] for the same choice of the factorization and
renormalization scales. To a very good approximation a change of HR and HF causes only a
modification of Keff. For instance for fiR = nF = E^/2 we find Kejj « 1.3 in agreement with
the K-factor found in Ref.[310]. Having in view a simplicity of our analysis we obtain a rather
good agreement with the measured cross section over 9 orders of magnitude! In order to facilitate
a detailed comparison of our numerical results with experimental data we display also in Fig.8.4
the ratio "experiment/theory". The agreement found in the simple analysis here is comparable or
better than that found in [213] with NLO parton distributions. A small disagreement for small Er
may be easily repaired by a small modification of the gluon distribution at x ~ 0.05 - 0.1 which
enters here rather quadratically (see Fig.8.1a). In the case of the DO collaboration data (two lower
panels) we have presented also their estimated band of systematical uncertainties. Having in view
these rather large systematical uncertainties, the agreement of our calculation with the data is
fairly good. In our opinion the success of our calculation is based upon inclusion of target mass
corrections and/or meson cloud effect.

In order to demonstrate the importance of the latter effect we show in Fig.8.5 the following
ratio:

dcrmc ip \

^ (8-4)

with the notation consistent with that in (8.4). The solid line corresponds to the gluon distribution
from Ref.[161] while the dashed line to the gluon distribution from Ref.[305]. The figure clearly
demonstrates an additional enhancement of the cross sections at Er > 300 GeV due to the genuine
meson cloud effect. This result appears to be independent of NLO corrections which are expected
to cancel in the ratio (8.4). At Er ~ 400 GeV the enhancement is caused by a still sizeable (10 %)
valence-sea component, while at still larger Er, where only valence-valence component survives, the
enhancement can be understood as an effect of nontrivial structure of valence and sea distributions
due to the meson cloud [16]. We predict even slightly larger enhancement of the cross section at
large ET due to the meson cloud for the proton-proton collisions which can be verified in the future
at the LHC collider at CERN.
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Chapter 9

Flavour structure of constituent
quarks

9.1 Introduction

The deviation of the Gottfried Sum Rule (GSR) from its classical value [125] observed by the
New Muon Collaboration (NMC) at CERN [7, 131] {SG = 0.235 ± 0.026) has created a lot of
interest in the possible sources of its violation. It is commonly believed that this violation is a
consequence of an internal asymmetry of the d(x) and u(x) quark distributions in the nucleon.

Parallel to the traditional approach Eichten-HinchlifFe-Quigg [311] have pointed out that the
effective chiral quark theory formulated by Manohar and Georgi [38] may provide an alternative
explanation. In chiral quark theory, the relevant degrees of freedom are constituent quarks, gluons,
and Goldstone bosons. The chiral quark model employing both gluon and pion exchange between
constituent quarks together with corresponding exchange currents, has been fairly successful in
simultaneously explaining the positive parity mass spectrum and the low-energy electromagnetic
properties of the nucleon [312]. It has also been successfully applied to the two-baryon sector [313].
Recently, it has been argued [314] that Goldstone boson exchange alone can explain the baryon
spectrum without introducing gluon degrees of freedom. The latter are the main ingredients of
the Isgur-Karl model [315]. The important question of the relevant degrees of freedom and the
related question whether the pions couple effectively to the nucleon or to the constituent quarks
is presently actively discussed [311, 314]. The resolution of the latter problem requires a thorough
understanding of the effective forces between the constituent quarks[108]. At present, it seems
premature to decide which picture of the nucleon is closer to reality and which are the correct
degrees of freedom. Instead it is necessary to study the consequences of these different scenarios in
a broad range of physical processes.

In this part of the review, we study the flavour structure of the constituent quark and the
nucleon. While the problem of the flavour structure of the nucleon, and the d — u asymmetry
has been recently discussed in some detail within the conventional mesonic cloud picture [200],
no detailed analysis exists in the chiral quark model (xQM). In Ref.[311] the xQM w a s used as a
motivation to introduce SU(2) asymmetric parameterizations for the x dependence of the d and
u distributions. Here we calculate the d — u asymmetry directly from the xQM. In particular, we
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Figure 9.1: The dressing of the constituent quarks with pions.

discuss the effect of 5C/(3)/ symmetry breaking which was not considered in Ref.[311]. This may
be especially important in understanding the strangeness content of the nucleon and the closely
related nucleon spin problem [8]. We also study the implications of the GSR violation on the A — N
mass splitting.

9.2 Formulation of the problem

The interaction Lagrangian of the effective chiral quark theory [38] is in leading order of an
expansion in FI//

^ (9.1)

where II is the Goldstone boson field, / « 93 MeV the pion decay constant, and ̂  the constituent
quark field. The effective chiral Lagrangian of Eq.(9.1) describes the coupling of Goldstone bosons to
massive (TUQ « m^/3) constituent quarks. Both the mass of the constituent quark and its coupling
to Goldstone bosons are consequences of the spontaneously broken chiral symmetry of QCD. The
light-front Fock decomposition of the constituent quark wave functions (see also Fig.9.1) reads

\U) = Zx^\u)

\D) = Z^2\d) + ]Han/D\dir°) + ]f^aw/D\u7v-)+aK/D\sK0) + ..., (9.2)

where capital (small) letters denote constituent quarks dressed (undressed) by Goldstone bosons
and Z is a wave function renormalization.

For simplicity, we list all formulae for pions although kaons are included in the actual calculation.
In analogy to the nucleonic Sullivan process [200, 32] in deep-inelastic scattering (DIS), we consider
the pion-quark splitting function /g->wg'(x,r, k^J (flux factor summed over quark spin polarizations).
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The splitting function determines the probability for finding a Goldstone boson of mass mn carrying
the light-cone momentum fraction xw of the parent constituent quark Q

{**M ~ 167r2 X w ( i - ^ ) I G W ^ ' ^ ) I (I - Xn)(m2
Q - M2

QI)
2 '

where k±_ is the perpendicular momentum of the recoiling quark if.

The constituent quark-pion coupling constant can be obtained from the quark version of the
Goldberger-Treiman relation

2 _ 9A (mQ + mg.)2

9QQ'«° ~ -p. 4 ' (9-4)

with gA being the axial-vector constant of the constituent quark. In practical calculations we
investigate two cases: gA = 1 as suggested by an i/Nc expansion [316] (model A); and gA = 0.75
as suggested by the nonrelativistic quark model [38] (model B). We also take mj = mq = mq> —
miv/3 = 313 MeV for the light up and down quarks and ms = mqi = ms — m̂ v + m/ = 567
MeV for the strange quarks. As in ref. [311] we do not explicitly calculate the contribution of the
meson cloud to the mass and coupling constant of the constituent quark but consider all masses
and coupling constants as renormalized quantities.

The Gqq>Tr(xv, k\) is a vertex function, which accounts for the extended structure of both the
pion (and other Goldstone bosons) and the constituent quark

^,ki) = exp I - *

with Mlq,{xTt,k\) = (ml + k^J/x-^ + (rriq, + fc^)/(l - £ * ) , being the invariant mass squared of
the n + Q' system. A form factor of this type fulfills the number and momentum sum rules by
construction [200].

Isospin symmetry leads to the following simple relations for the integrated (over A:̂ ) pion and
kaon splitting functions

r) = /d-yTr-u^Jr) = 2 /„

fu^K+s(xK) = fd^K°s(xK)- (9.6)

The integral of the splitting function

PM/Q = =YL I fq->Mq'(x\i)dxM , (9.7)

is the probability of finding a Goldstone boson M in the constituent quark Q and «M/Q 1S

corresponding amplitude appearing in Eq.(9.2).

9.3 Results

The regularization parameter A in (9.5) is not known a priori. Assuming that the GSR violation

s°=I+\ I! ("(a:) ~d{x)) dx=l~ tp^ (98)

179



x

J

pon

/

/

/

/

/ /
/

\\

' \

toon

\ \
\

•

i
<Ut «J M U

Figure 9.2: (a) Total splitting function (flux factor) of the constituent quark into the pion and
kaon as a function of the light-cone momentum fraction XM carried by the Goldstone boson in the
constituent quark; model A (solid lines) and model B (dashed lines). The corresponding vertex
function parameters of the light-cone wave function \MQ'), A=2.287 GeV (A) and 5.5 GeV (B)
have been obtained by fitting to the experimental value of SG [131]. (b) The xu(x) (solid), xd(x)
(dashed) and x(s(x) + s(x))/2 (dotted) DIS-quark distributions in the constituent U quark at the
initial low-momentum scale.

is entirely due to the dressing of the constituent quark by pions one obtains A by fitting Pn/Q to
the NMC value for SG [131]. In Fig.9.2a we present the total splitting function of the constituent
quark / M / Q C ^ M ) = J2q> fq->Mq'(%M) into the pion M = n and kaon M = K for model A (solid
line) and model B (dashed line). The average momentum fraction carried by the meson in the
\MQ') Fock state is (xn) = 0.597 (A), 0.594 (B) and (xK) = 0.606 (A), 0.589 (B) for the pion and
kaon, respectively.

By construction the number of pions, PV/Q = 0.22 (0.22), remains the same, but the number
of kaons PK/Q — 0.051 (0.084) is different for models A(B). Thus, the number of pions and kaons
in the nucleon is respectively Pn/N = 0.66 and PK/N = 0.15-0.25. These numbers are considerably
larger than those found in traditional nucleonic meson cloud models [317].

Within the present framework some extra contributions are also expected from meson exchange
currents between constituent quarks [312]. This implies that the virtual pions contribute to the
magnetic moments and radii of the nucleon. However, a significant cancellation of the so-called
seagull and pionic contributions has been found [312].

We get considerable damping of the kaon splitting function with respect to the pion splitting
function. The strong suppression of the kaonic loops with respect to pionic loops is caused by the
large mass difference between kaons and pions and between strange and non-strange constituent
quarks. Due to the inclusion of these 5C/(3)/ symmetry breaking effects we find a considerably
smaller number of strange quarks in the nucleon than EHQ [311] ( 0.15-0.25 here vs. 0.63 in EHQ ).
However, our result for the number of strange quarks is still a factor of 10-15(!) larger in comparison
to the traditional meson cloud model [200].
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These results have direct consequences for the spin problem. Assuming a naive SU(6) spin-
flavour constituent quark wave function of the nucleon we get an upper limit for the strange quark
contribution to the nucleon polarization

\AsN\ = |AsQ| < P3/Q = PK/Q = 0.051(A),0.084(B) (9.9)

and a lower limit for the spin polarization carried by quarks

1 > S > 1 - 2(Pjr/Q + PK/Q) = 0.46(A), 0.39(£) . (9.10)

As a direct consequence of the pion cloud dressing, the constituent U and D quarks in the
proton (UUD) and neutron (DDU) contain not only up and down quarks, respectively, but also
some admixture of (anti)quarks of different flavours. Formally, the DIS-quark distributions in the
constituent U or D quarks at the initial scale of the QCD evolution can be written as

uv(x) = uP(x) + «<?(*) + ug^x) , dD(x) = dg>(x) + 4\x) + d%\x) , (9.11)

dv{x) = 4\x) + d$\x) , uD(x) = «g>(x) + uiHx) , (9.12)

where the contributions denoted with (0) correspond to the bare (undressed of pions) constituent
quarks, those denoted with (i) to the intermediate quarks associated with pions and finally those
denoted with (n) originate from the pion. The distribution of the bare (undressed of pions) quarks
in the constituent quarks is

u$\x) = dg>(x) = (1 -Y,PM/Q) S(X - 1). (9.13)
M

The contribution of the Q' (intermediate) quarks is fully determined by the pion splitting function

4\x) = 4\x) = i/,/Q(l - x) , u«(x) = 4\x) = \h,Q{l - x) . (9.14)

We assume hereafter that at the confinement scale, antiquarks originate exclusively from the vir-
tual Goldstone bosons. In analogy to the classical Sullivan process [32], the antiquark distributions
can be calculated as

uu{x) = ul{x) = dD(x) = 4\x) = l-h{x) ,

uD(x)=uJ,(x)=dv(x)=dJ7)(x) = | / , ( x ) , • (9.15)

where In(x) = /J dyy-1flr/Q{y)q-n{x/y).

As an example, we show in Fig.9.2b the xu(x) (solid), xd{x) (dashed) and x(s(x) + s(x))/2
(dotted) DIS-quark distributions in the constituent U quark at the initial QCD scale. By an ap-
propriate isospin rotation corresponding distributions are obtained inside the constituent D quark.
We find a large asymmetry between d and u quark distributions and a rather large (anti)strange
quark component. This will have important consequences for the nucleon sea. In this calculation
we have taken the quark distributions in the pion as parameterized for different values of Q2 in
Ref.[154], where they have been adjusted to describe the pion-nucleus Drell-Yan data.
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The quark distributions in the nucleon g/,iv(^) can be obtained from those of the constituent
quarks as

«/.*(*) = T \uN(y)qf,u(x/y) + DN{y)qf,D{*/v)] ~ • (9-16)
Jx L J y

The consistency of our approach requires that the distributions of the constituent quarks UN(V)
and D^(y) inside the nucleon are Q2 independent in contrast to ut/(z, Q2), UD{X,Q2), du(x,Q2),
do{x:Q

2), etc. which are subjected to the QCD evolution.
The distributions of the constituent quarks in the nucleon (UN(y) and Dpf(y)) can in principle

be calculated from any constituent quark model, the light-front constituent quark model being the
most suitable for DIS applications. Since in the present exploratory calculation we are primarily
interested in the antiquark (sea quark) distributions we shall assume for simplicity: £/jv(y) =
2Qyv(y), Div(y) = QAT(J/) and ignore the flavour asymmetry of valence quark distributions. Early
attempts to generate both gluon and sea quark distributions purely dynamically, i.e. via QCD
evolution equations, have failed since the x-dependence of the gluon and sea-quark distributions
turned out to be much too steep in the small-i region in disagreement with recent experimental
data. It has recently been shown by Gliick-Reya-Vogt (GRV) [207] that the only solution to the
problem is to introduce initial "valence-like" gluon and sea distributions. The phenomenological
GRV analysis [207] indicates that at the confinement scale gluons carry about 1/4 of the nucleon
momentum.

In practical calculations we parameterize the distributions of constituent quarks in the nucleon
as QN{y) — Ca0ya{l — y)P. The parameters a and (3 can be obtained from the requirements
fo QN(y)dy = 1 (number sum rule) and 3/o

xyQw(y)dj/ = 3/4 (momentum sum rule) and by
imposing the counting rules at y —> 1. This yields a = 1/3 and /3 = 3. The number and momentum
sum rules put stringent constraints on the quark distributions in any model. Following Ref.[207]
we assume a valence-like gluon distribution which for simplicity is taken to be identical to the
valence quark distribution in the nucleon g(x, QQ) = QN(X). Fairly similar gluon distributions can
be obtained by dressing quarks with gluons in the nonperturbative regime with massive {me

g^)
effective gluons and frozen running as. Rather heavy effective gluons vnej^ > 0.4 GeV and small
as < 0.5 are required in order to limit the momentum carried by quarks to approximately 1/4 as
required by the phenomenology [207].

In Fig.9.3a we compare the xQM prediction for the antiquark distributions xu(x) and xd(x) in
the proton to the phenomenological GRV antiquark distributions at low momentum transfers [207].
The xQM antiquark distributions peak approximately at the same Bjorken-x but are considerably
smaller.

In comparison to the traditional formulation of the meson cloud model [200] the strange sea
quark distributions predicted by the xQM (shown in Fig.9.3b) are enhanced. Similar to the tra-
ditional nucleonic meson cloud approach [200] we get s(x) ^ s(x). In contrast to the nucleonic
meson cloud picture, the quark meson cloud approach leads to some difference between s(x) and
s(x) distributions which could be detected in the (anti)neutrino DIS experiments. The momentum
carried by the sea quarks Y.f Jo x[qfa{x) + qfa{x))dx = 2 £ / / o xqf{x)dx = 0.08-0.09. This
large number remains, however, nearly unchanged by the QCD evolution and is somewhat smaller
than the result of the CCFR collaboration [6] at Q2 = 16.85 GeV2.

Up to now we have obtained the quark distributions at the initial low-momentum scale QQ. The
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Figure 9.3: Antiquark momentum distributions in the nucleon for the xQM model A. (a) xu(x) and
xd{x) antiquark distributions in the proton (solid lines). For comparison we show the phenomeno-
logical antiquark distribution used in Ref.[207] (dashed lines, GRV95). Note that the d distributions
are always above the it distributions, (b) xs(x) (solid) and xs(x) (dashed).

quark distributions at a larger momentum scale can be obtained by the Altarelli-Parisi equations
[124]. In Fig.4a we compare the antiquark distributions at Q2 = 4 GeV2, obtained from the ones of
Fig.9.3 by QCD evolution [124], to the recent Martin-Roberts-Stirling (MRS A) parameterization of
the world data on DIS and Drell-Yan processes [10]. The leading order (LO) anti-quark distributions
obtained in the xQM are significantly smaller than the quark distributions obtained from the next-
to-leading order (NLO) analysis of Martin, Roberts and Stirling [10]. Considerable part of this effect
is due to the known difference between LO and NLO antiquark distributions (for an illustration
see [164]). A big fraction of the missing strength is presumably due to the neglect of the quark
meson exchange currents [312]. This deserves further study in the future. The effect of the meson
exchange currents cancels in the difference x(d — u) which is shown in panel (b). In comparison to
the MRS(A) parameterization and the traditional meson cloud approach [200], the xQM result for
this difference is concentrated at smaller Bjorken-x. In panel (c) we present (anti)strange quark
distributions obtained from our model at Q2 = 4 GeV2.

While at present the extraction of the ^-dependence of various sea quark components is a matter
of some controversy, the total sea quark distribution xq(x) = x(u(x) +d(x) + s(x)) can be obtained
from the (anti) neutrino DIS [152]. In Fig.9.4d we confront the x-dependence obtained from the
chiral quark model with the experimental data of the CCFR collaboration at Q2 = 3 and 5 GeV2.
The antiquark distribution xq(x) obtained in the xQM underestimates the experimental data by
about 20-30%, leaving room for some other unknown contributions. We expect the meson exchange
current contribution to be the dominant missing contribution.

It is instructive to study different ratios of the quark distributions rather than the quark dis-
tributions themselves. In Fig.9.4e we present the ratio R(x) = u(x)/d(x) and in Fig.9.4f the ratio
Rs(x) = -(l+di) • The latter is usually assumed to be a constant in all available parameteriza-

tions of the data (including MRS(A)). The simple model discussed here predicts an interesting
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Figure 9.4: Antiquark momentum distributions in the nucleon at Q2 ~ 4 GeV1 (solid lines) as
calculated from the ones of Fig.9.3 by QCD evolution. The results at the initial scale Qi — 0.25
GeV2, are shown by the dashed lines. Here, A.QCD = 200MeV and the number of active quark
flavours is rif = 3. For comparison we show the recent MRS (A) parameterization [10] (dashed-
dotted line) (a) xu(x) and xd(x), (b) x(d(x) — u(x)), (c) xs(x) (solid) and xs(x) (dashed), (d)
x(u(x) + d(x) + s(x)) compared with the experimental data of the CCFR collaboration [152], (e)
R(x) = j$El (f) RS(X) = f\f\v > d(x)' XJ' s v ' u(
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Bjorken-x dependence of Rs{x) which could be the subject of a dedicated experimental study. In
Figs. 9.4(e-f) we show also the corresponding ratios at the initial confinement scale Qjj. The ratio
R{x,Ql) = u{x,Ql)/d(x,Ql) (dashed line) is independent of Bjorken-z and equals to £ . Since
the QCD evolution (solid line) even enhances this ratio, our result for R(x, Q2) « 0.74 is too large
compared to the recent NA51 CERN experiment [11] R = u/d = 0.51 ± 0M{stat) ± 0.05(syst) at
x = 0.18. Note that our prediction for the x-dependence of this ratio is quite different from the
MRS(A) parameterization. A measurement of R(x) [12] would shed further light on the problem,
which picture (traditional meson cloud vs. chiral quark model) is more appropriate. In general, this
ratio can be obtained from (anti)neutrino induced DIS on the nucleon and/or from the Drell-Yan
process.

Finally, we study the consequences of the xQM for the N-A mass splitting 6NA = THA - TUN-
Both, the spin-dependent gluon and pion exchange potentials between constituent quarks contribute
to SNA = SNA+6^A. The size of the pion contribution 6?A is mainly determined by the (unknown)
structure of the QQV vertex and is therefore model-dependent [312, 314]. Fixing the cut-off
parameter A of the QQ'n vertex by the experimental value for the Gottfried sum rule, SG, also

fixes 6?A. We calculate d?A for both models A and B using GQQ^{t) = ( A ^ ) [312] and
determine A from the experimental value of So- We obtain for model A: A = 1.26 GeV which
corresponds to 6%A = 222 MeV. Likewise we obtain for model B: A = 3.31 GeV and <5^A = 140
MeV. Evidently, 6%A depends strongly on the pion-quark coupling constant gnQQ' for which quite
different values have been used in the recent literature [311, 312, 318]. However, even in the extreme
case of a very strong gvQQ' (model A) we obtain only about 3/4 of the experimental SNA. We have
checked that this conclusion does not depend on the functional form of the QQ'ir vertex.
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The meson cloud model, as in any phenomenological model, requires a specification of some
external parameters which cannot be calculated at the present time from a more microscopic theory.
Analysis of the model over the past few years has shown that the results are rather sensitive to
these parameters. At the present stage, it seems to be impossible to derive these parameters from
the underlying QCD. We have tried to set limits on these parameters by applying the model to
high-energy baryon production data. The application of the model to these reactions is consistent
with its application to the nucleon structure. In practical calculations one has to make an ansatz
for the vertex form factors. It was argued [17] that one should use form factors which guarantee
certain symmetries of the longitudinal momentum distribution functions of virtual mesons and
baryons. In the present work we followed this approach. In contrast to form factors often used
in traditional nuclear physics calculations, the 'symmetric form factors' give a good description of
the experimental data. We find an universal cut-off parameter for all Fock states involving octet
baryons. This leads to important differences in comparison to other calculations, where universality
has been assumed for the ^-dependent form factors.

In chapter 3 we have calculated pionic corrections to the nucleon electromagnetic form factors
in the light-cone approach. The properties of the bare nucleon (nucleonic core) cannot be derived
from our model and must be fitted. We fit bare nucleon magnetic moments and electromagnetic
radii to reproduce all static electromagnetic properties of both proton and neutron. The ratio of
the magnetic moments of the bare neutron and proton found from the analysis, —0.57 is very close
to the predictions of the light-cone models and deviates from the SU(6) value, —2/3. We find
one universal radius associated with bare nucleon form factors GP

E, GP
M and Gfy. Our analysis

supports the finding in Ref. [65] that the bare nucleon electromagnetic radius is only about 10 %
smaller than the proton electromagnetic radius. Of course, the actual, often called hadronic, size is
presumably smaller than the size seen by the electromagnetic probe, where part of the effect comes
from virtual fluctuation of the photon into vector mesons. About half of the neutron charge radius
comes from the genuine pion cloud effect. We find the inclusion of the spatial extension of the pion
to be crucial for a correct extraction of the bare nucleons radii.

To calculate the Q2 dependence of EM form factors of the physical nucleons we parameterize
GE{Q2) and GM{Q2) of the nucleonic core by a two-scale interpolating formula which models the
transition between the meson and quark-gluon degrees of freedom. The parameter Aasy is fitted to
the high momentum transfer form factor data. The obtained value of Aasy = 3.78 GeV points to the
region of Q2 ~a few GeV2 as the transition region. We get excellent agreement with experimental
data for electromagnetic form factors in the entire range of momentum transfer.

In the light of recent experiments on the deep-inelastic lepton scattering by nucleons, the un-
derstanding of the nucleon structure has become a hot topic in particle and nuclear physics. The
recent observation of Gottfried Sum Rule breaking strongly suggests a flavour asymmetry of light
sea quarks in the nucleon. The asymmetry occurs in a natural way within the meson cloud model.

After we had fixed the parameters of the vertex form factors in the hadronic sector, we have
looked at the consequences in unpolarized and polarized deep-inelastic scattering and for the
semileptonic decays. We find a few interesting results. The value of the Gottfried Sum Rule
obtained from our model (SQ = 0.224) is in good agreement with the experimental result obtained
by NMC (SG = 0.24 ± 0.016). The meson cloud model predicts a u — d asymmetry concentrated at
rather small x in impressive agreement with a recent global fit to the world data on the Drell-Yan
and DIS [9].

189



Since in our model the probability of the strange meson—strange baryon Fock components
is substantially reduced in comparison to the non-strange counterparts, we obtain a significant
reduction of the strange sea quark distributions. We find s(x) ^ s(x) in contrast to the customary
assumption s(x) = s(x). The effect found is small and differs from naive expectations.

The mesonic corrections lead to renormalization of axial-vector current matrix elements. Large
one-loop corrections, which explicitly violate SU($) symmetry, are in surprisingly good agreement
with semileptonic data even with SU(6) axial coupling constants for bare particles.

We find that a significant fraction (20%) of the nucleon spin is carried by the angular momentum
of the mesonic cloud. Although the meson cloud model does not reproduce completely the EMC
result for the Ellis-Jaffe Sum Rule, the contribution of the meson cloud cannot be neglected in
the total balance of the proton spin, especially in the context of the success of the meson cloud in
the explanation of the Gottfried Sum Rule violation and u(x) — d(x) asymmetry. The presence of
higher Fock components seems, however, not sufficient to resolve the spin crisis. Here, probably
other effects, to mention only the axial anomaly, play an important role.

In section 5.1 of chapter 5 the production of slow protons produced in (anti)neutrino induced
reactions on proton and neutron has been studied. We have analyzed the total rate, the Bjorken-a;
dependence of the slow proton production as well as the momentum distribution of emitted protons.

The analysis of the total rate of slow proton production in the neutrino and anti-neutrino
charged current reactions shows that "realistic" hadronization models underestimate the cross sec-
tion measured by the bubble chamber Collaboration at CERN [223]. Although the pion exchange
mechanism leads to a rather small contribution to the total proton production, it plays an im-
portant role in the production of slow protons and helps us to understand the deficit of the slow
proton production as predicted by standard hadronization models based on colour neutralization
mechanism.

Comparison of the total rate as extracted here from earlier CERN measurement [222], where
more severe restrictions on the Bjorken-a; and invariant mass of the produced hadrons have been
imposed than in ref.[223], suggests that the 'missing' mechanism is related to the region of small x
and low invariant mass of the produced hadrons.

The accuracy of the present data does not allow for a unique decomposition into fragmentation
and spectator contributions. While both mechanisms underestimate the slow proton production on
hydrogen for the scattering on the neutron (as deduced from the deuteron) the result is consistent
with the data.

Further tests of the concept of the meson cloud should come from more exclusive deep inelastic
experiments. In that respect the recent results of deep inelastic electron-proton scattering at HERA,
(ref.[319]), open such a possibility.

In section 5.2 of chapter 5 we have investigated several quantities in order to find useful ob-
sei vables which would help to verify the pion cloud concept using deep inelastic electron-proton
scattering at HERA. We have therefore analyzed the structure of deep inelastic events induced by
the pion-exchange mechanism. In particular, we have studied distributions of final nucleons as well
as rapidity and multiplicity spectra.

Most of the event characteristics do not provide a direct possibility to distinguish the events
from DIS on a pion from the ordinary events with DIS on a proton. A clear difference is, however,
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found in the energy spectrum of outgoing neutrons. We find that the pion cloud model predicts an
energy distribution of neutrons which substantially differs from the standard hadronization models.
While the pion-exchange mechanism leads to an energy spectrum which peaks at an energy of about
0.7Ej,eam, i.e. at about 500 GeV, the spectrum of neutrons produced in the standard hadronization
process following DIS on the proton decreases monotonically with increasing neutron energy. This
should facilitate to discriminate between the two processes, in particular since they have cross
sections of similar magnitude in this energy region. Therefore, the experiments with forward
neutron calorimeters should shed new light on the nucleon structure in terms of a pion content.

We have shown that the pion cloud induced mechanism practically does not contribute to the
large rapidity gap events observed recently by the ZEUS and HI collaborations [242, 243] and
cannot be a severely competing mechanism for the pomeron exchange. The multiplicity of the pion
cloud induced events is about 60-70% of that for standard hadronization on the proton, but given
the large fluctuations it is not clear to what extent this difference can be exploited.

Our results on the pion exchange mechanism are more general than the detailed formulation of
the pion cloud model. Since essentially the same pion flux factor is obtained in Regge phenomenol-
ogy, our results may also be taken as a representation of Regge-based expectations.

In our study we have omitted experimental effects due to finite apertures, clustering effects
in the main detector, finite energy thresholds, detector efficiencies, etc., which may distort the
observed spectra. Many of them are quite important in order to understand and interpret the
observed spectra and we plan a future study [320] of such effects.

In section 5.3 of chapter 5 we have explored a potential of the future exclusive diffractive deep
inelastic scattering which may shed new light on the physics of reggeons known up to now from
hadronic reactions. In particular, we find that the exchange of isovector reggeons as well as pions
leads to the increasing ratio of diffractive structure functions with leading neutron and proton
A(n)Fo(3)^A(p)i^>(3) ^ a f u n c t i o n o f Xp i n t h e interval 10"2 < xP < 10"1. Up to now it was not
possible to distinguish the two contributions in (5.56). This will be, however, possible in near future
by using the leading proton spectrometer [251] and the forward neutron calorimeter [115], installed
recently by the ZEUS and HI collaborations. We expect that the novel effect predicted here can
be easily verified experimentally in the future experiments with the leading proton spectrometer
and the forward neutron calorimeter.

In chapter 6 we have discussed possibilities to identify the u — d asymmetry through the ob-
servation of the dilepton pairs in the hadronic collisions. The analysis of the present n+fj,~ pair
creation data in proton-nucleus scattering is not conclusive. The rapidity slope, very sensitive to
the flavour asymmetry, depends also on the valence quark distributions. The ratio of the cross sec-
tion in proton-nucleus to that in proton-deuteron collision is compatible with symmetric sea quark
distributions. However, the case of asymmetry concentrated at rather small x is not excluded.
The meson cloud model gives results compatible with the E772 Fermilab experimental data [13].
Elementary nucleon-nucleon Drell-Yan processes seem to be much better suited to study the d — u
asymmetry.

The presence of virtual mesons in the nucleon, especially pions, can explain the new result of the
NA51 group at CERN for the Drell-Yan asymmetry. The Drell-Yan asymmetry is a quantity fairly
insensitive to the valence quark distribution and very sensitive to the flavour asymmetry of the
sea. The Drell-Yan asymmetries obtained with different valence quark distributions and symmetric

191



sea are similar and positive. The meson cloud model predicts negative ADY, which is consistent
with the only existing experimental data point [11]. Furthermore it gives definite prediction for the
x dependence of the flavour asymmetry, awaiting experimental verification. The new experiment
planned at Fermilab [12] will open such a possibility.

The violation of the Gottfried Sum Rule observed by NMC [7, 131] together with negative
Drell-Yan asymmetry measured recently [11] by the NA51 group at CERN give a support to the
conclusion that the SU(2) symmetry of the nucleon sea is violated. As discussed recently by Forte
[126] there are two possible kinds of symmetry violations, called SU{2)Q and SU(2)[. The first one
is simply connected with the asymmetry of light sea antiquaries u — d in the proton. The second
is related to the violation of the proton-neutron isospin symmetry. There are no a priori reasons,
except of customs of practitioners in deep-inelastic scattering, for either symmetry to be more
fundamental. Both GSR violation and negative Drell-Yan asymmetry can in principle be explained
by either SU(2)Q (d > u) or/and SU(2)i (more abundant neutron than proton sea) symmetry
violation. Some theoretical arguments [126] suggest, however, that the violation of the SU(2)Q

symmetry seems to be more probable. While at present models explaining the it — d asymmetry
have been constructed, no reliable models explaining the proton-neutron isospin symmetry violation
exist. The proton-neutron symmetry violation can be expected on the basis of the bag models as
due to the mass difference of the tt and d quarks as well as the corresponding di-quark states. At
present a reasonable results can only be obtained for the valence quarks [321], which, however,
has no influence on the GSR violation and rather little effect for the Drell-Yan asymmetry at the
experimentally measured x « 0.2.

The old concept of the meson cloud in the nucleon gives a natural explanation of the u — d
asymmetry. The essential parameters of the model - coupling constants - are well known from
the low-energy physics. If the remaining parameters of the model (cut-off parameters of the vertex
form factors) are fixed from the high-energy neutron and A + + production [48] then both the GSR
violation and the Drell-Yan asymmetry can be well described. The same model gives also a good
description of the neutron electric form factor [322]. In our model the virtual mesons influence the
static properties of the nucleon (axial vector coupling constant [48], electromagnetic radii [322],
etc.).

Our model has to be contrasted to the solution of Ball and Forte [323, 324] where mesons
are produced radiatively via modified Altarelli-Parisi equations. Therefore their approach predicts
strong dependence of the Gottfried Sum Rule on the scale, in the range of intermediate Q2. In our
approach the Gottfried Sum Rule is constant, at least in the leading logarithm approximation. It
would be very important to test these two scenarios experimentally. A preliminary evaluation of
the NMC data seems to support rather our model [325].

In chapter 7 we have investigated possible effects of the meson cloud in the nucleon on the
production of weak gauge bosons in proton-antiproton, proton-proton and proton-deuteron colli-
sions. The calculation of the cross sections for the weak gauge boson production requires parton
distributions at Q2 — M^{M^). For this purpose the parton distributions at low Q2 (see section
4.9) have been evolved by the Gribov-Lipatov-Altarelli-Parisi evolution equations.

A reasonable agreement of the total cross sections calculated with so-obtained parton distri-
butions with those measured at CERN by the UA1 [292], UA2 [293, 290] collaborations and at
Fermilab by the CDF [294, 291] collaboration has been obtained. If the meson cloud effects are
included in the broad range of energy <Jtot{pp —• W+) > (JtotipP —• W+) •= atot{pp -> W~), in con-
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trast to naive expectations. In contrast to parton distributions with SU(2) symmetric sea we find
a good description of the charged lepton asymmetry measured recently by the CDF collaboration
[296] which may be treated as an indirect evidence of the meson cloud in the nucleon.

Having shown in section 4.9 that our parton distributions lead to a good description of DIS
data at low Q2 and describe well the gauge bosons production data in proton-antiproton collisions,
we have analyzed some asymmetries of the cross sections for the production of W/Z bosons in the
proton-proton and proton-deuteron collisions. We find that such observables can be very useful to
shed new light on the problem of the d — u asymmetry in the nucleon. These quantities could in
principle be studied in the future at the heavy ion collider RHIC. Whether such an analysis will
be possible in practice will require, however, new studies of several experimental aspects.

In chapter 8 we have studied the inclusive jet production in proton-antiproton collisions. In
our opinion, before any speculation about the substructure of the quark from the analysis of the
inclusive jet Er distributions can be made, one must study carefully:

• a possible mismatch between the theoretical and experimental jet definition,

• a consistency of the modification of the large-x gluon distribution [214],

• consistent inclusion of the target mass corrections in lepton DIS at large Bjorken-x ,

• the role of the meson cloud effects in various high and low energy phenomena.

The usefulness of the pion cloud concept found here is still another example of its important role
played in various phenomena, e.g. the Gottfried Sum Rule violation, SU(3) symmetry violation
of the nucleon sea, the negative Drell-Yan asymmetry and charged lepton asymmetry from the
decay of the W-bosons produced in proton-antiproton collisions at Fermilab [278, 326, 211]. The
target mass corrections and/or pion cloud effects were found very important for understanding the
enhancement of the large-.Er CDF data over the result of the recent NLO parton distributions
[10, 300]. This calls for a more refined NLO analysis including both effects. Needless to say, that
a consistent analysis of this type will be rather difficult and cumbersome.

Summarizing, in our view the meson cloud model has many attractive features and can account
for the description of many experimental data. Here, we have discussed only some aspects. It
should be mentioned that this picture of the nucleon provides, in addition, a good description of
nucleon electric polarizabilities [327] and that it has a close connection to very successful models
of low-energy hadron-hadron scattering [25, 46].

According to the Naive Quark Model the proton consists with just two up and one down quarks.
However, the experimentally determined value of the TT — N sigma term which is significantly larger
than the value expected based on the assumption that < p|ss|p >= 0 as well as the measurement
of deep inelastic polarized ftp scattering suggest large strange component in the nucleon. Both
the results for the strange matrix elements are not directly experimental and are to large extent
biased by the associated theoretical analyses. Because the <f> meson is commonly believed to be an
almost pure ss state it is an interesting idea to test the strange content of the nucleon by studying
the reaction where the <p meson is produced in the final state. If the nucleon contained no strange
quarks the production of <p would be suppressed by the OZI rule. Therefore an enhanced production
of the <p meson should indicate the presence of the strange component in the nucleon. The process
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which potentially seems to be the best suited to study the problem of internal strangeness in the
nucleon is the close to threshold production of <f> in the reaction

p + p-+p + p + <f>. (9.17)

This process will be soon studied by the COSY11 experiment in Jiilich [328]. The gppj, coupling
constant is an input for any realistic model calculation of the cross section for the reaction (9.17). In
the meson cloud model the </> meson may couple to the kaon cloud. Because in our model the kaon
cloud is considerably damped with respect to the pion cloud we expect rather weak pp<j> coupling.
A detailed calculation of the coupling constant and the total cross sections for the reaction (9.17)
and the comparison with future experimental results should help in testing our meson cloud model.
A work in this direction is in progress [329].

From all what has been reviewed here it becomes obvious that the meson cloud model repre-
sents an important link between classical nuclear physics and high-energy particle physics. It is
particularly well suited for applications to more exclusive reactions with the production of leading
baryons in the final state. The dominant many-body (quark-gluon) effects are included here in a
phenomenological way based on the broad experience from extensive investigations of the dynamics
of interactive mesonic and baryonic systems. The derivation of phenomenological ingredients of the
model based on quark-gluon degrees of freedom is at present not fully possible and may be very
difficult. Some work in this direction has been already initiated within lattice QCD or interacting
constituent quark approach. The latter being another phenomenological approach making use of
alternative effective degrees of freedom - constituent quarks and mesons.

Finally in chapter 9 we have studied the flavour structure of the nucleon in the alternative ap-
proach - the effective chiral quark model [38] in which the Goldstone bosons couple directly to the
constituent quarks. With a Goldstone boson - constituent quark light-cone wave function adjusted
to reproduce the experimental Gottfried Sum Rule [131], we have calculated the resulting antiquark
distributions inside the constituent quark and inside the nucleon. We find 2-3 times more pions
and 10-15 times more kaons in the nucleon than in the traditional meson cloud model in which the
Goldstone bosons couple effectively to the nucleon [200]. In general, the corresponding sea is con-
centrated at rather small Bjorken-x. The predicted u(x)/d(x) ratio is larger than the one obtained
by the NA51 experiment at CERN [11]. It may be expected that the gluon-exchange interaction
between constituent quarks, which leads to the different x-dependence of up and down valence
quarks, may to some extent modify the u(x)/d(x) ratio obtained here. Additional measurements of
the x dependence of this ratio are required to distinguish between different models. In comparison
to the nucleonic meson cloud model, the x(d — u) difference is concentrated at smaller Bjorken-x,
rather inconsistent with the recent MRS phenomenological analysis [10] (see also a discussion in
Ref.[330]). The discrepancy with the Drell-Yan data and the phenomenological MRS analysis may,
in our opinion, be due to the many-body effects neglected in independent dressing of (interacting)
constituent quarks. These effects are rather difficult to include on the microscopic level. In the
traditional (nucleonic) formulation of the meson cloud they are treated in the strong binding limit
(see a discussion in Ref.[108]). The xQM leads to enhanced strange sea distributions and a measur-
able difference between s(x) and s(x) distributions. Finally, the experimental Gottfried Sum Rule
violation provides stringent limits on the pionic contribution to the nucleon-delta mass splitting.

The analysis of the flavour aspects of the xQM is only a beginning of more detailed analyses
of various aspects of the nucleon (baryon) structure which should be done in the future. It has
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been claimed recently that many problems of baryon spectroscopy can be solved in a model with
Goldstone boson exchange between constituent quarks [314]. The authors of Refs.[314, 331] argue
that the exchange of Goldstone bosons between constituent quarks should totally replace the long-
standing point of view that effective gluon exchange is the dominant ingredient of the baryon
spectroscopy [315]. It is, however, known that even at extremely low momentum scales Q2 ~ 0.2-
0.3 GeV2 a large fraction of momentum (~ 1/4) resides in gluons [207]. Therefore in our opinion it
is at present a bit premature to draw too strong conclusions about the nucleon structure and the
problem must be analyzed from different sides. In the near future we plan a consistent analysis
of the flavour, spin and electromagnetic aspects [332] of the nucleon structure in the xQM. The
chiral quark model approach unavoidably leads to the presence of meson exchange currents in the
nucleon. However, in most known to us practical applications the corresponding contributions have
been neglected. While the contribution of MEC has been estimated for elastic electromagnetic form
factors [312], there is no similar estimate for deep inelastic scattering. In chapter 9 we have shown
that if the parameters of the model for constituent quark - pion vertex form factors are adjusted
to describe the experimental Gottfried Sum Rule violation almost all sea in the nucleon originates
from the pion dressing of the constituent quarks. In general the sea in the nucleon is not a simple
sum of the contributions from constituent quarks. The meson exchange currents will lead to an
additional contribution which breaks the simple additivity. It is in our opinion an open question
whether there is enough room for such a contribution. A prototype calculation for a two-quark
toy model [333, 334] shows that the effect is fairly large. It is of particular interest to estimate
the meson exchange contribution for the nucleon deep inelastic structure function where it can be
tested against large body of the experimental data.

It is not clear at present whether the effective xQM can be make consistent with the wealth of
information concerning both soft and hard processes. This will require more quantitative calcula-
tions of observables relevant for processes and phenomena discussed here in the more traditional
nuclear physics approach.

On the experimental side the d — u asymmetry postulated to explain the Gottfried Sum Rule
violation is now confirmed by the NA51 CERN experiment. It is also suggested by the preliminary
HERMES [335] and E866 [336] data. Future experimental facilities should be able to pin down the
d — u distributions. For example W-production measurements at RHIC should be very useful in this
respect. Testing the Gottfried sum rule violation down to very small x will require to accelerate
deuterons at HERA. Recent semi-inclusive spin asymmetries for positively and negatively charged
hadrons [337] are consistent with Au = Ad = 0, which in turn is consistent with the dominant
pionic contribution to the nucleon sea. Recent preliminary results of the ZEUS collaboration for the
forward neutron and proton spectra [281] seem to confirm the pion exchange mechanism discussed
in this review. However, a detailed comparison of the model predictions with experimental results
will require the inclusion of experimental efficiencies and limitations.
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Chapter 10

10.1 Appendix A: Light-cone wave functions

In this appendix we explicitly list the spinor part of the light-cone wave functions ^NTTBO/) k±)
introduced in Eq. (2.9). In calculations in this work we use the Weyl (or chiral) representation of
the 7 matrices

0
7 5 ~

2 z_
7

0

(10.1)

and the light-cone spinors and polarization vectors introduced in Ref. [338]. The explicit form of
the nucleon spinors in the Weyl representation is

PR

m
0

, u(p, i) =

( 0
m

-PL

\ P+

(10.2)

The spinors are normalized to uu = 2m^. The polarization vectors take the following form

= (0,2ex(±) • § ,

'R = py ^ip2 and e_L(±) = -^=(l,±t).
2

lib /
(10.3)

The light-cone Rarita-Schwinger spinors [339, 340] can be expressed in terms of the nucleon
spinors (A2) and the polarization vectors (A3) as follows:

(10.4)
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A-> A'

T->T

t-4

i

u"x,(k)(-i)(k - P),,ux{P)
i {ymN + mA)kL

y/2 y-\/y
i (yTfiN •+• tn&) (ytfiff — TTI^) 4- kj_(yTnpf -\- 1TTI&)

\ /6 m&yi/y
* [(j/m^r-(-mA)(y»TiAf — 2ITIA) + A;^]^^

Table 10.1: NirN and NnA spin wave functions

In Table 10.1 we list the spinor part of the light-cone NnN wave functions
ux{k)ij5U^(P) in Eq. (2.9). The wave function is written in the nucleon rest frame. The wave
function for helicity down can be obtained with the use of the light-cone parity operator as discussed
in Ref. [341] *;(y,fc±, A) = ( - l ) 1 / 2 ^ * t (y^x , -A) , where k± = (k\-k2). Also in Table 10.1 we
give the spinor part of the light-cone NnA wave functions \Pf (y, &j_, A) = uu

x, (k)(—i)(k — P)v u^(P)
in Eq. (2.9). The wave function for helicity down can be obtained by the use of the light-cone

parity operator as discussed in Ref. [341] V^y, k^, A) = (-1)3/2~A *-f(y, fcj_, -A).

10.2 Appendix B: Hadron-photon coupling

10.2.1 The pion-photon vertex

The electromagnetic matrix element for the pion has the following simple structure

Thus the vertex function for the plus component is given by

V*(q) = & | ^ - | P) = V* F«(Q2) .

In the Breit frame V* = 2.

(10.5)

(10.6)

10.2.2 The nucleon-photon vertex

In the light cone approach it is enough to consider only the so-called good currents [31, 342]

<P',A' | J+(0) | P,A) =u(P',\')[1
+F1

N(Q2)+T+F2
N(Q2)]u(P,\), (10.7)

where

7
+ = 7 ° + 7 3 , T+=T° + T3 withT£ = ; ^ - , 7 ' " V (10.8)
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A-> A'

t->t

N u(P',\') +u(P,X)
y/P+ 7 y/P+

2

0

0
g«

Table 10.2: VX
N and V^ vertex functions

The first component of the current (10.7) conserves the nucleon helicity whereas the second com-
ponent is responsible for the spin (helicity) flip. The Dirac and Pauli form factors can be obtained
as follows

and

We shall also consider the traditional Sachs or multipole form factors

(10.9)

(10.10)

which are related

(10.11)

with TN = Q2/4m2
N.

Thus the vertex function for the plus component can be written in the following form

A> = * A FxN(Q2)= <i*,V

The explicit form of the two sets of matrix elements Vt^,^, calculated in the Breit frame, is given
in Table 10.2. The remaining matrix elements can be obtained with the help of the relation

VvA = (-l)A'-A(V)lA,_A (10.13)

which follows from time reversal and reflection with respect to a plane perpendicular to the z-
axis [343]. It follows from Lorentz invariance that VA'A is independent of y and £j_.

10.2.3 The delta-photon vertex

Because of the spin-3/2 of the A particle the AA matrix elements of the EM current are
somewhat more complicated. The most general form of the matrix element can be written [344] as

(P',X' | J"(0) | P,A> = ( - )« a (P ' ,A ' )O a ^^(P,A) , (10.14)

where ua(p, A) is a Rarita-Schwinger spinor with momentum P and helicity A. The tensor
must fulfill the standard requirements of invariance under time reversal, parity and gauge transfor-
mation. The most general form consistent with these requirements is

(10.15)
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withp" = P^ + P"1.

As shown in Ref. [344] ait2 and ci,2 can be expressed as a linear combination of the multipole
form factors Gf. (charge), G^ (magnetic-dipole), Gf2 (electric-quadrupole) and G^3 (magnetic-
octupole). Here and in the following discussion we assume that in analogy to the bare nucleon, the
bare A is a simple object, presumably a 3-quark system. Guided by quark model considerations [83]
we set G%2 = ^M3 = 0 which leads to the following simple relations [344]

with rA = Q2/4m2
A.

In terms of these form factors, the tensor Oa^ can be written as

fa) (Gf1
+TA^) + T£ G^fa) {G^Gp, (10.17)

(1 T TA) (1 + TA)

where

By analogy with the nucleon case we define

FA _ GE
F

Thus we obtain
Oart> = { 7 " ^ +T^F2

JV}GQ/3fa). (10.20)

The structure of the AA current matrix element is completely analogous to the structure of the
NN current matrix element, except for the additional indices of the Rarita-Schwinger spinor.

Thus the vertex function for the plus component can be written in the following form

Vfo($ = (P', X' I ̂  I P, A) = V^'x FfiQ2) + Vh'x F2
A(Q2)- (10.21)

Explicit form of two sets of matrix elements Vf\>\, calculated in the Breit frame, is given in
Table 10.3. The remaining matrix elements can be obtained with the help of the relation in
Eq. (10.13).

10.2.4 The nucleon-photon-delta vertex

Let us turn now to the N7 —• A transition current. Here the most general form of the EM-
current can be written as [345, 346, 347]

<P', A', A I J"(0) \P,X,N)=i ( i , tN, 1,0 I I tA) ua(P', A') OQti u(P, A). (10.22)
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A-+ A'

t->t

+2

- 2 i « TAi
v/3mA 1 + TA

+1q R q R 1

v/3 m A 1 + TA

0

+2 qL 1
•v/3 mA 1 + TA

-2(n ^ 1

- 4 9
f l 1

v/3 mA 1 + T A
+1 qRqR 1

2\/3 m^ 1 + TA

v A_-u^AO{ T A + G Q , ( g i }uMP !_A)

0

+1 qR 1

v/3 mA 1 + TA
- 1 qRqR 1

2\/3 m2^ 1 + TA

+1 9
Rg V 1

4 m\ 1 + TA

- 1 qL 1

y/3 mA 1+TA
+8 1

3 T^ 1 + TA

- 1 q R q R 1
y/2 m\ 1 + TA

Table 10.3: VA and V^ vertex functions

The isospin coupling is defined by the Clebsch-Gordan coefficient in the first factor on the right-
hand side. We follow Jones and Scadron to define the vertex Nj —> A in terms of a covariant
multipole decomposition analogous to the Sachs choice in Eq. (10.11) for the nucleon form factor

Oaii = (10.23)

In Eq. (10.23) GJ^A, G^A , and GQA are called respectively the magnetic-dipole, electric-quadrupole
and Coulomb-quadrupole form factors for the vertex Ny —> A. Again guided by a simple quark
model [348] we assume GgA = GQA = 0. This seems to be a reasonable assumption for the
transition between bare TV and bare A. The simplification leads to

where

with

and p., —

—3
a =

and qfl = P'll-

+

The vertex function for J+(0) can be written in the following form

= <P',A\A P,X,N) =

(10.24)

(10.25)

(10.26)

(10.27)
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A-)-A'

t-*

(0 "£. ( ^ A O ^ + u^A)

mA + m^)gL

Table 10.4: VNA vertex function

The resulting matrix elements are given in Table 10.4. The remaining matrix elements can be
obtained from the relation

VA'A = (-l)V+A(Vr_A,_A, (10.28)

which follows from parity invariance.

10.3 Appendix C: Lagrangians

Here we present the interaction lagrangians we employ in our calculations. They are usually
used in meson exchange models [25]. <f> denotes a spin-1/2 field (N), ip a spin-3/2 field (A) of
Rarita-Schwinger form; n denotes a pseudoscalar field and 6 a vector field (p,uj)'-

£2 = /
c3 = g-
U = / p

The anti-symmetric tensor a^ here is defined as

h.c. ,
(10.29)
(10.30)
(10.31)

hc-

10.4 Appendix D: Vertex functions

Here we collect our results for the helicity dependent vertex functions V/^fF(y, k\). y here
denotes the longitudinal momentum fraction of the baryon in the nucleon; kj_ = (k± cos ip, k± sin< )̂
the transverse momentum of the baryon with respect to the nucleon momentum. The contributions
are listed according to particle helicities (1/2 -+ A, A'), with A and A' being the baryon and meson
helicities, respectively.
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a.) Transitions for d (Nn, Nrj, EK, AK)

1 0'
-\— 0 - '

2 2

b.) Transitions for £ 2 (ATT, E*A")

2>/2

1
22 2%/6 ymBy/ymNmB

1 Q / e - ' v fcj.[(ymjy + m B ) 2 - 3mB(ymN + mB) + fcj]

2 2V^ /

o / e " 2 ^ fcl
2 2%/2 y\ZymNmB

c.) Transitions for £ 3 (TVp, ATw, SA"*, A#*

i
H— +1

2
,+»¥>.+1 7 = / V 2 e

2 v ^ (1 - y)y/ymNmB y/ymNmB

- y)2 - ym2
M

Q

2 2 (1 -y)mM\/ymNmB
f (ymN - mB)(y2m2

N - yfmfy + 771^+ m2
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1 - 1 ^ ^ 1
2 V2 (1 - y)\fymNmB

_ 1 x
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0
2 2
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d.) Transitions for £4 (Ap, S*

I 3 ,1
2

+ 2
3
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1
2

1
2

1
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1
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1
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