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ABSTRACT

The objective of this thesis is to study the spin and flavour structure of the nucleon. To

this end, we dedicate most of the work to the interpretation and understanding of a few

seminal experiments in the area. In the flavour sector, we study possible charge symmetry

breaking effects in a recent experiment that claims to have measured the ratio dln in the

proton and find that their result correponds only to a limit where isospin between the proton

and neutron is exact. We then study what possible effects antisymmetry between the quarks

inside the proton may have in the flavour distribution of the sea quarks. In the spin sector,

we reinforce the idea that the current experiments are unable to determine the total quark

helicit¡'in the proton. We then make a careful study of how to extract the quark helicity

from present experiments once the amount of polarized glue is given. In particular, we find

that the charm quark cannot be disregarded in such an analysis. Finally, we study the

z dependence of the polarized and unpolarized quark distributions in leading and next-to-

leading order QCD evolution.
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Chapter 1

Introduction

Modern science in general, and physics in particular, has been built upon (and profited from)

reductionism. The urge to explain the whole in terms of its components has, over the years,

pushed our knowledge to its limit and provided a unified view of nature. The classification

of reiated phenomena in terms of an underlying structure has simplified and empowered

our description of the natural world. It has been so, for instance, with the discovery of

the structure of DNA in biology. Physics itself has led this race, not without ruptures, and

it is, perhaps, the foremost example of the ideology of reductionism. However, the use of

fundamental constituents may provide a solid base for a given discipline but it is unlikely

to solve all the problems related to it. In this sense, the DNA structure in biology is unlike

to say much about the dynamics of populations as the knowledge of the fundamental laws

of classical dynamics in physics are not enough to foresee the weather. For these reasons,

the search for basic laws, breaking matter to its ultimate constituent parts, in order to

describe the whole, have been often criticized. In any case, it is important bear in mind the

observation that knowledge of the basic structure does not necessarily imply that problems

1



2 CHAPTER 1. INTRODUCTION

problems in a less fundamental level will be readily solved.

Quarks and gluons are a mark in the reductionist philosophy. Before them, physicists had

broken matter into atoms, just to break it again when the electron was discovered. Then

it was found that the atom could be split into electrons and nuclei. The nuclei, in turn,

could then be resolved in terms of protons and neutrons. It was, by the time. a natural

consequence of the idea that everything that possesses some structure, and by structure we

mean that the electrical charge of the object in question has a spatial distribution, could be

broken up. Not so for the proton and the neutron as the many experiments made. then and

now, indicate that, irrespective of the energy one gives to them , it is not possible to break

them into fundamental constituents relative to that same energy. The quarks and gluons,

which are believed to be the fundamental constituents of protons, neutrons and many other

particles, could not (and still cannot) be made free. Hence the mark in the reductionist

thinking; for the first time in the history of modern physics, matter with a given structure

could not be resolved into more fundamental parts. Moreover, just as in many other examples

in science, our acknowledgement of the existence of quarks and gluons and a norv regarded

fundamental theory for them .I,2,,3,4], does not mean that we can fully derive some very

basic properties of the proton from them. The quark picture has given enormous insights

in our understanding of the natural world and, by now, they are incorporated in a general

scheme for the basic laws of physics called Standard Model. But where did the idea of quarks

and gluons come from? How do we know that the proton and neutron have this particular

structure that cannot itself be isolated? The answer to these questions goes back to the 60's.

The vast number of particles related to nuclear phenomena, discovered in the postwar

years, led many to try to organize them in terms of symmetries. Many schemes wete pro-

posed, ranging from the Sakata model, where in its SU(2) version, the proton and neutron

were beiieved to be the fundamental particles, to the SU(3) scheme of Gell-Nlann [5] and



o
t-)

Zweig [6] where all the particles experiencing nuclear forces were classified according to spe-

cial combinations of 3 fictitious particles named quarks. Untii the first experiment done at

SLAC in 1969 [7], when the proton was probed by electrons in its deep structure, the quarks

were no more than a useful but still fictitious way to classify particles. The experimental

results of SLAC allowed a interpretation, due to Feynman [8,9], Bjorken and Paschos [10],

where the scattering was actually taking place between the electron and point like objects

inside the proton. These point like objects ïrr'ere named partons and their interpretation in

terms of quarks was a natural extension. Among problems remaining in this relation, was

that there was only 3 quarks in the Gell-Mann Zweig model but the number of partons, in

principle, couid be infinity. Moreover, there appeared to be neutral partons. This problem

was solved through the discovery of Quantum Chromo Dynamics (QCD) [I,2,3,4], the field

theory for quarks and gluons.

Originally, the introduction of the concept of quarks generated successful insights, but

it also presented some limitations that came out to be a bonus to the whole scheme. Re-

markably, there was one particle in the scheme of quark classification that defied the Pauli

Principle. This particle was the A++ and the quark model scheme predicted for it a com-

position uuu, where u is the up quark, with all the spins pointing to the same di¡ection. In

order to circumvent this problem (the quarks \ryere believed to be fermions), a ne\¡r' internal

quantum number was introduced (in addition to spin and flavour u, d and s) called colour

[11]. The symmetry group was the same as that of Gell-Mann and Zweig but the symmetry

lvas now based in colour rather then quark flavour.

With these ingredients, QCD was built in analogy with Quantum Electro-Dynamics

(QED) with the colour number being carried by compensating gauge fields, generatecl through

the imposition of local gauge invariance to the quark fields, called the gluon field. The glu-

ons are responsible for the interactions among coloured charged quarks as the photons are
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responsible for the interactions between electrically charged particles. The novelty of QCD is

that the gluons, as opposed to photons, can interact rvith themselves. Moreover, QCD has,

as will be seen in chapter 2, the property of asymptotic freedom [12, 13, 14] which means

that the quarks behave as free particles when seen from very short distances. On the other

hand, the equations that give asymptotic freedom also say that the interaction between the

quarks becomes stronger as the distance between them grows, although we do not know how

strong it becomes because after a certain point, the equations can not be trusted anymore.

In any case, the strength of the interactions between quarks grows lvith the distance betlveen

them. Quarks, no matter how hard the interaction betlveen the electron (or muon or any

other lepton) and proton is, have never been isolated. This property is called confinement

and it is believed to exist although up to now no one has proven it. In this sense, the study

of the proton structure is the last in a long reductionist tradition. If confinement, as it is

believed now, is a rigid reality, then we cannot go further in breaking matter. Thus, the

proton system is unique. To comprehend its structure, when we cannot separate it, is a

formidable task. It is the objective of this thesis to add to the world wide discussion on how

the proton properties are shared among its constituents. In particular, we are interestecl in

horv the flavour of the sea quarks is decomposed and how the proton spin is shared among

its parts.

In chapter 2 we review the basic tools necessary to study the proton structure in terms of

its constituents. We describe the experiments performed at SLAC, Deep Inelastic Scattering

(DIS), and the parton interpretation of their results. The notion of the structure function

is introduced. We then develop the concept of the Operator Product Expansion (OPB)

[15, 16, 17] which enables us to separate in a elegant way the measured proton cross sections

into a region where asymptotic freedom is valid (perturbative QCD) and a region where it is

not (non-perturbative QCD). The renormalization group equations, which are used to study
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how the structure functions vary with the scale in the perturbative regime, and its powerful

consequences are then studied.

As a first application of the parton model language, we analyse in chapter 3 the present

situation regarding the flavour of the nucleon sea. Basically, two main experirnents, the

New Muon Collaboration (NMC) [18] and the NA51 [19] experiments, have provided vital

information to this area. We point out that although they together lead to the conclusion that

d > u, the size of this asymmetry can not be determined by them alone because of possible

charge symmetry breaking effects. The mechanisms that can lead to such asymmetry, viz.

gluon decay into a qQ pair and pion emmision, and their relations to the Pauli Exclusion

Principle, are addressed. Pertinent conclusions related to antisymmetrization effects betlveen

sea and valence quarks are then drawn.

An other huge problem has challenged physicists in the last few years since the European

Muon Collaboration (EMC) 120] released measurements of the proton spin structure function

in a region previously unexplored. Their conclusion was astonishing: the quarks carry little

or no spin. In chapter 4 we briefly review the problem and the experimental situation in

the area. We then analyse in section 4.2 lhe proton spin decomposition in the light of

gauge invariance and renormalization scheme dependence. We also discuss why the EMC

experiment and others do not measure the spin content of the proton carried by quarks but

only its singlet axial chargel2I,22l. Both quantities are reiated only if special assumptions

related to choice of gauge and renormalization scheme are made. We exemplify this discussion

with an explicit calculation of the spin structure function using a scheme where the spin

carried by quarks can be related to the singlet axial charge if giuons are included. Mass

effects are incorporated in the calculation and we show why it wouid be wrong to exclude

charm from the present calculations. To give a focus to the discussion on mass effects, we

calculated their impact on the amount of polarized gluon needed to fit the experimental
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data and its ø dependence. To complete the discussion on this subject, we also show how

a simple change of renormalization scheme can led to different interpretations of the singlet

axial charge, keeping intact the spin structure function.

Chapter 5 is dedicated to study different factors that can influence the r dependence of

the quark distributions and of the structure functions. We pay particular attention to the

spin structure function. In the case, we study the effect of next-to-leading order (NLO) QCD

evolution and the effect of a meson cloud on the quark distributions of the proton. We also

make some observations regarding the ambiguity in the definition of parton distributions

when we depart from leading order calculations as well as in the calculation of the moments

of the structure functions.

Finally, we use chapter 6 to make a summary of lvhat rvas achieved, as well as possible

directions for future work in the subject.



Chapter 2

DIS, OPE and the Parton Model

2.L Deep Inelastic Scattering

We will be interested in the following process

Y,9

¿

Figure 2.1: lnclusive scattering of a lepton of momentum È on a nucleon of momentum p.

The measured scattered lepton has momentum å' and the unobserved had¡on final state has

momentumpx. The interaction is through one photon exchange-

The differential cross section in the LAB f¡ame for the lepton be scattered into a solid

kt, 5'

T

r,1

7
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angle d0 and have a final energy in the range dE' is [23]

d2o a2 E' -- _ f ,wp,,dQdE' q4 E"u' (2.1)

(2.2)

(2.5)

with

L r, : Ðn(*, s)1 ru(k', s')ø(k', s')1,u(k, s)
sl

the leptonic tensor,

w¡",: *+< p,Sljt"e)lx >< xí,e)lp,s > (2tr)a6a(p;ç - p - q) (2.3)

the hadronic tensor, a - e2l4r, jrthe electromagneticcurrent and s and S the spin vectors.

As we are in the lab frame, the explicit form of the four vectors is:

P - (M,,d), k: (8,Ë), lr' : (E' , Ë'), q: lc - lc' . (2.4)

The spin vectors s is subject to the following constraints 123): s.k:0 and s.s: -1. From

these two expressions, following Bjorken [23], we get:

^o_d.k - 1s-:T:J'þ, i"r :5:
lr - (3' p)'

Now, if we notice that (,ô .F)' : ("0)'/lrf ,, we deduce:

3.F: +0; so : *Élsl , (2.6)

where the "+" indicates that the spin of the lepton is parallei to its momentum (right handed

lepton) and the "-" indicates that the spin of the lepton is anti-parallel to its momentum

(left handed lepton). In this thesis we will not explore lepton transverse polarizations and
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hence the cases of longitudinal polarization quoted above will suffice fot our discussions. We

can relate the longitudinal polarization vector directly to the lepton momentum by noting

that s0 - s-.fllsf . Comparing wiih Eq. (2.6), we have:

q

*- - Ê
o _ -L--t

where rn is the lepton mass. By construction, it is possible to lvrite:

^tr - )- k' - FT 
^uo-*PÌ P Y

In the relativistic limit (or for m * 0), mf E --+ 0 + þ: 1 and then

(2.7)

(2.8)

(2.e)

for relativistic particles.

The ieptonic tensor is rewritten as:

Lt", :Ðo,(k,s)(1),BuB(c',s')uo(k',t')h,)ouua(k,s). (2.10)

"'
With the help of the projectors y", uB(k',s')uo(k',r') : (É'*m)8" and u6(k, s)ø,(k,t): (l
k + m)a.,1(1+ xÐl2lro, we Bet:

1L*, : fr{G+ rn)(1 + xÐtr(þ' t ^)t,}2

: z(lctlc', + lr,k', + {sr\ r2ie*ool;p8o

= LlÌ) X ¡uu("), (2.11)

where we used: Q2 :2m2 -2k.le' - -2k.þ',msu: !.leþ and e0123: 1. The symmetricpart

of the leptonic tensor, L!j), *u, derived from the spin averaged projectors thus corresponding

kþ

TN
+sp



10 CHAPTER 2. DIS, OPE A¡\TD THE PARTO¡\I NIODEL

to unpolarized leptons. Conversely, the antisymmetric patt, Llf), corresponcls to polarizecl

particies with the u+" ("-") sign denoting the case that the spin is parallel (antiparallel) to

the direction of motion.

Like the leptonic tensor, the hadronic tensor can also be decomposed into symmetric and

antisymmetric parts:

w¡,, : wli) + wl:,1. e.r2)

As the contraction of a symmetric tensor with an antisymmetric one is zero, the symmetric

part of the hadronic tensor corresponds to the spin averaged case, which is the case we study

first. To this end, the hadronic tensor will be parametrized in terms of structure functions

(which just express our ignorance on the photon nucleon vertex). As in our specific case

of inelastic scattering there are two independent scalar variables that we choose to be the

momentumtransfer Q' : -q2 = -(k- k') and theenergy transfer y: p.qf il|, the structure

functions will depend on these variables. Moreover, to preserve Lorentz invariance, lvl)
must be build upon the available four vectors, e.g, P, q and gp,. Its general form is then:

wl":,) : A(Qt,r)s,, - ryQpl, *Wrpp, * q,pr). "Jþprh. (2.13)

In principle, we could also have a term of the form €¡"uaBP"qþE 1. But the antisymmetric

tensor e is an axial quantity in the sense that it behaves in the same way as 75 under parity

transformations. As the electromagnetic interaction conserves parity, this extra term is not

included. For neutrino nucleon scattering, mediated through the electroweak interaction,

such a term should be present. A further constraint is imposed by the conservation of the
lThis term is of course antisymmetric and we mention it here in the sense thai it would enter in the

general definition of the spin averaged tensor.
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electromagnetic current: ðrj' : 0 : 8p < j' >. It implies that qrWþ" - lVp'Q, : 0. Notice

that in (2.13), terms that would violate current conservation, like the ones containing q¡,q,,

were also disregarded from the start. Current conservation implies in two equations for the

functions A...D. The structure functions B and C are eliminated in favour of A and D and

if we call Wt - -.4 and Wz - D, we have the standard form for the spin averaged hadronic

tensor:

lV2(Q2 , u)
(2.1,4)

x42

A similar analysis can be made for the antisymmetric part of Wr,. Its general form is

w[7) : ier,.ol{(Q',,)q"Sþ + B(Q',r)q'PP +C(Q',u)P"SPl. (2.15)

Because of the antisymmetric property of €¡tvap ãÍrd current conservation, it follows that

C :0. Moreover, the coefficient B has to be an axial. The convention usually used in the

literature is A: MGt* (P.q)GzltuI and B: -(,9 .q)GzllVI. We then have:

wl:) : 
l-n* 

- T)tv,(e',,1 + 
f(a -';',) (r" - #r")l

w!'l SeGr(Q",u) + ((P .ùSP - (s. ùPP)
G"(Q', r)

M
(2.16)

We are now ready to compute the cross section, Eq.

symmetric parts of L* ar'd lVu, is:

(2.1). The contraction of the

Lf,)wu'Gt : 4E E' (2s;n'f, wrçq' , ,) r ,ortf, wr(e' , ,)), (2.rT)

where the relativistic limit, E - lË1, was used.

To perform the contraction of the antisymmetric parts, we wiil need help of the geomet-

rical configuration of Fig. (?). The nucleon at rest will be allowed to have an arbitrary

qopva9ze
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polarization in the sense that its spin is along an arbit¡ary direction 5. The angle between

this arbitrary direction ,9 and the incident lepton with momentum Ë witl be a. The lepton

scattering angle is d and the angle between the scattered lepton and the vector S It O.

Finally, the angle between the planes Ë,Ë' and ã, .t it d. V/" then easily see that:

k'

.\0..\..\
-----l.,..]

.J
->z

Figure 2.2: Geomeirical configuration of the lepton nucleon scattring

Ll!w"<") : -2MQ2l(Ecosa t E'cosA)Gr(Q',u) +2(-EE'cosa i EE'cos|rG'(t'')1.
(2.18)

Using the trigonometric property cosO : sin|sinacosó + cosïcosa we write the final ex-

pression for the cross section:

# : ffit'' {'"0"'f,w'(Q''') 
+ 'o"f,wz¡q'z''¡}

+ er){+ { cosaf(E * E' cos|) IVI Gr(Q' , u) - Q2 Gz(Q' , ,)l' 'Q'L; r

+sinlsinocosþE lMGr(Q', r) + 28G2(Q',òl].. (2.19)

From this equation we can calculate the cross section for the scattering of a longitudinally

polarized lepton f¡om a nucleon polarized in any direction.
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Later in this chapter we will be dealing with the parton model. It will also be seen

ihat it is convenient to express the hadronic tensor in terms of the forward virtual Compton

scattering (i.e. forward scattering of virtual photons on nucleons). In such a case, lry'e

can reexpress the structure functions in terms of virtual photon nucleon cross sections. In

fact, the reason why there are four independent structure functions is because there is four

independent ways for the the helicities of the virtual photon and of the nucleon to combine

124.25]. Of course, the virtual photon cross section is not uniquely defined. But following

general convention 124,9,26,271, we take the virtual cross section to have the same form as

that for a real photon on an unpolarized target [9,28]:

(2.20)

where À is the photon polarization and K is the flux of virtual photons. The flux is also

a matter of convention. Here, the Hand convention 129], I{ : Ll - Q'lzM, will be used

where ,I( is interpreted as the energy that produces a hadron with the same mass as the

hadron created by a real photon of energy z. The virtual photons are massive particles with

spin 1. If the photon is moving along the z direction, the polarization vectors are [26, 30]

er(:|1) : +(0, I,+i,,0)lt/, for transverse polarization and e,,(0) : Uur+@,0,0,u)11/@
for longitudinal polarization. For a polarized target. the spin (of photon f nucleon) pro-

jection along the photon momentum can be l12 or 3/2. There is also a third combination

coming from the interference between the longitudinal (.9) and the transverse (7) photon.

For the unpolarized scattering one has the separate contributions from the transverse and

longitudinal photons. From Eq. (2.20) one has 124,371:

os(^f p --, x) - \ft {s)e,(À)wp' ,
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oT

We then can use the virtual polarized cross sections to define virtual asymmetries

07/2

oz/z

OTS

og

: ,, ++evruGl - erGr),

- o, - 
nË" 

(MuG1- erGr),

: #rr*cl +,G,),

: Tr, : f,{o,,, * os/z),

: 4r2a *, ( tj ,'l
K -\ a, )-or'

Q' (E + E'rosl)MQ - Q'G,

(2.2r)

= D(At * TAr), (2.23)

¡ _ or/z- ozlz _ MuGt - Q'G,tLt- 2or wL )

n _ oTS lr-MGt * uGzo,:ã-t/Q'-T' Q.22)

One of the advantages of using these asymmetries is that the kinematical factors can be

factored in a clean way in the measured longitudinal asymmetry A:

A_
do+ do+

do-dtr - dad-d
doê L d.oJ

dad.E' t da¿E'
2E 2sin2l@ + cos2lW2E,

1- E' IE
LteR 1

os WrQ'+r'

D

(t *,ft + u2 le2)tar'*)",

R 1or Wr Q2
(2.24)
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The notation for the arrows in (2.23) is as follows: "--+" means that the spin of the lepton is

in the same direction of its momentum (the "1" sign in the cross section (2.19)) while for
K1') 

,, e.: 0 and for tt€tt 
) d, : ir.

It is also possible to define an asymmetry for the case where the spin of the nucleon is

perpendicular to the momentum of the incident particle. It means that in Eq. (2.19), a is

" 12 (11) or 3r f 2 (.1/) and the asymmetry is:

AT
8',

-28
sin?(ùIGy + 2EGz)

2sin2$W1i cos2 lVz
ó : d(Az - ÇA1)cosþ,, (2.25)

,,

with

q^
LC

1+r' 2e
(2.26)d:D \- a(1 + e)

In principle, the transvetse asymmetry depends on the azimuthal angle, d. This problem can

be fixed by measuring only the upward scattered particles so that ó : 0. Another possibility,

as used in the recent measurement of Ar by the SNIC group 132], is to define an asymmetry

averaged in cos$.

We now have two equations relating the unknown G1 and Gz. The two asymmetries can

be measured and hence one can fix the virtual asymmetries A1 and Az. From (2.22) and,

(2.24), the following expressions for the polarized structure functions can be written:

Gt: Wzu (h -r tAz),MQZ(L + R)

w2
Gz

Q'Q + R)
Az

''l
Ar (2.27)

whe¡e "'l : \/æ lz, is, generally, a small number. Moreover, it has been known [33] for a long

time that IArl < vG, with t/E aheady a small number itself [34]. This fact has been used



16 CHAPTER 2. DIS, OPE A¡{D THE PARTON MODEL

[20] to disregard the contribution from A2 it (2.27) and determine Gr. We n'ill return to

this point later in this chapter and extensively study throughout this thesis the experimental

determination of Gr and its theoretical interpretations and consequences. Finally, we point

out that if Az is zero (no interference between longitudinal and transverse photons), then

Gz: -MG1lu.
From the equations just displayed we see that to determine polarized structure functions

we need to know the unpolarized ones. As this is already an extremely important subject by

itself, we briefly outline how to extract the unpolarized structure functiorrslV2 and.R from

experiments. If we look at the unpolarized part of the differential cross section (2.19), we

see that choosing different scattering angles d we can select the different structure functions

W2 and -tR (according to -R given in Eq. (2.24)). As we want both structure functions

at the same u and Q2, incident beams of different energies have to be used (for instance,

cosï : (E' - Eu - Q' 12) l@' - Er) if the lepton mass is disregarded). This procedure has

been extensively used by experimentalists and by now the unpolarized structure functions

for the nucleon are fairly well determined [35].

We now proceed to show that the data on these inclusive structure functions can be

qualitatively, and to a large extent also quantitatively, understood in terms of the parton

model.

2.2 The Parton Model

The first measurements of inclusive cross sections \¡¡ere performed at the SLAC in Stanford in

the end of the 1960's and the results were published in 1969 [7]. The experiment measured the

inclusive electron-proton cross sections for various values of the final state mass, p1u : W2 :
M2 +2Mv * Q2 and momentum transfer Q'. W" look again to the inclusive unpolarized
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cross section, now in terms of the Mott cross section

#h: (#) *w,(q',,r ('+,ffi'""'l), ezs)

with (doldA)* - a2cos2(012)laE2sina(î12). Their results show that when the mass of

the final state gets away from the elastic scattering (W2 : IVIZ) rcgion, Wz(Q2 , u)(L +

Zffiton2$) b""omes almost Q2 independent, in contrast with the strong Q2 dependence

of the elastic electron-proton scattering. On the other hand, Bjorken [f0] naa proposed a

short time before this experiment, based on current algebra, that for very large u and Q2

brt ulQ2 fixed, the structure functionslVl,2(Q2,2) should behave as a function of a single

variable:

X[WL(Q2 ,1 + fi(x)
uúV2(Q2,u) + F2(x) (2.2e)

where r : 82 f zNIy is the Bjorken c and the above property of the structure functions is

known as scaling. The SLAC-NIIT group [7] extract ed uWz(Q2 , u) frollr' the cross section

Eq. (2.28) for the two extreme cases of .R = 0 and fr = oo. What they concluded was that

for .R : 0, there is indeed the scaling for the structure function as predicted by Bjorken

but that the same does not occur for .R : oo. Why is it that -R - 0 is so special? If we

look back to the definition of A, Eq. (2.24), we see that Æ : 0 means d" : [. In other

words, the photon is coupling to a particle with spin ll2. The general argument 124,271to

see this is to consider the photon being collinear to the incident particie (both the photon

and the incident particle are in the same line but in opposite directions). If helicity is to be

conserved, then the photon has to have angular momentum tl in its direction of motion.
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Hence the cross section for a scalar photon should be zero. This result can also be derived

if we consider that the photon is making elastic scattering with point charged particles with

spin 1/2 - the partons as introduced by Feynman [8, 9]. Thus it seems that the scaling as

observed at SLAC finds an explanation if one consider that the nucleon is composed of a set

of point like particles that interact elastically with the incident leptons.

The elastic cross sections for two spin-1/2, point-like charged particles is given by equation

(2.1) just if we notice that the hadronic tensor is replaced by 2:

W,, (prp', + P,P'u * Çf\6(Q' - 2p' q)
1

(2.30)
rft;

where p is the parton four momentum and the delta function reflects the fact that we are now

dealing with elastic scattering and we have only one variable in the problem, in contrast with

the two variables of the inclusive scattering. In this parton picture. the Bjorken prediction

that the structure functions depend of only one variable comes out quite naturally. Th.e cross

section is then:

# =ffin'' {"r#"*'f,+"?,o,'ur}ur, - 9-,¡ (2 31)

where the scattered parton is allowed to have just a fraction e¿ of the electron charge e. The

total cross section is then assumed to be the sum of the individual i partonic cross sections

d2oi ldndÛ'. Co*prring Eq. (2.31) with Eq. (2.19) and using m¿ : tlI, it is seem that the

contribution of each parton to the structure function is:

2In writing Eq. (2.1) we shift a factor 2rn;, where m; is the ma.ss of the i parton, in the denominator of

the hadronic tensor as this is the convention we are using, ¿É seen from Eq. (2.1)
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lV2(u,Q2)

W;

W;

19

(2.32)

As said before, the total contribution is given by the sum over all i partons. It is also

necessary to integrate over all r and the integral must be weighted by some probabilities

/,(z) for the i parton to be found with a certain fraction r of the nucleon mass (and hence

momentum):

D
i

T
i

lo'ar'¡,ç*')"?6(r- h) :T "?|t'øl:!F'@)'

lo'a*'¡nç,)"?h6(, - h): p "?+#: frr,p)(2 3s)

From the above relation one gets the so called Callan-Gross [37] relation:

w1(u,Q2)

Fr(x) :2rFt(n) (2.34)

This implies À = 4M212 f Q2, which goes to zero in the Bjorken limit.

The whole reasoning exposed in developing the idea that the approximate scaling observed

in deep inelastic experiments can be explained in terms of elastic scattering off point like

particles or partons, is due to Feynman [8, 9] and developed by Bjorken and Paschos [10].

More detailed derivations of the model can be found in the original Bjorken article [10], in

Feynman's book [9] or in the many text books on the subject 124,26,271.

In principle, the same kind of reasoning could be applied to the spin dependent part and

one could derive parton model expressions for Gr and G2 through elastic scattering between
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two point like, polarized particles. In this case, the antisymmetric part of the hadronic tensor

would be replaced by a partonic tensor:

w[X) - ie *osso qB 6(Q' - zp.q).

If we compare this expression with the antisymmetric tensor, Eq

see that:

(2.35)

(2.16), we immediately

(2.36)

G\(,,Q')

G'"(',Q')

-2 n2
:"iE(r-w¡

2fu12 u" \* 2,lI u 
)

rl

This means that in the simple parton model there is, in fact, only one polarized structure

function. This result comes from the fact that the parton is treated as a free particie, as

can be seen from Eq. (2.35). As emphasized in some works [38,39], the partons must be

interacting or virtual in order to render a nonzero value to Gz. Later, lvhen we study the

problem through the operator product expansion (OPB) technique, we wiil see that G2, in

principle, is not zero.

BJorken also predicted scaling for the poiarized structure functions and, according to

Eqs. (2.22,2.34,2.36), we write:

MzuG1(r,e\ - gr(*)= |l eln¡¿@)

Mu2G2(u,Q') - tz(r), (2.37)

where A/¿ is the probability to find the i parton with its spin along the nucleon spin and,

as discussed, there is no such interpretation for g2(x) in the simple parton model.
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2.2.I The Covariant Parton Model

The derivation in the last section of some properties of the parton model may look a little

crude to some readers. There are other ways to get the same results but whatever means one

uses, always the implicit impulse approximation assumed by us has to be valid. In general,

this means that:

- The parton is essentially free during the interaction what implies that the time of interaction

between the external current and the target is much smaller than the lifetime of any possibie

virtual state, and

- the energy transfered is large enough so that the parton binding energy, if any, is neglected.

Hence the parton behaves as a free particle.

The assumption of scaling as proposed by Bjorken requires that the energy transfer

tends to infinity. Thus, the second requirement is naturally satisfied. To show that the first

requirement is true one usually turns to the infinite momentumframe 18,9,24,26, 36], where

can be shown that the requirement is met provided that the energy transfer is large enough.

However, it is not necessary to work in the infinite momentum frame. As emphasized by

Jaffe [40], the physics is independent of frame and a formulation of the parton model in the

nucleon rest frame is more natural and simple. Indeed, Jaffe presented a very formal and

nice formulation of the model in that frame that we will follow more closely in chapter 4

when we give some details of calculations of parton distributions as developed by Signal and

Thomas 141,421.

We then would like to look for a more general calculation of parton distributions. To

this end, we present some simple calculations in a covariant frame according to the works of

Landshoff and Polkinghorne [a3] and Jackson et al. [44]. The parton elastic scattering that

we discussed before is given basically by the handbag diagram:
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?+g

? ?

r I

Figure 2.3: The handbag diagram.

A general function f (P,p) is int¡oduced to express the strong interactions in the parton-

nucleon vertex. It is a Lorentz scalar and in principle [{31 it depends onJ.y on the scalar P.p.

The unpol añzed part of the hadronic tensor is then given by:

w,,,(P,q) : Ð I o'o,f:e.p;)wiu,(p;,q)t((p? - ^?)6((p, 
+ q)' - ^?), (2.38)

?,4

where m; is ihe parton mass and w'ru(p;,q) the parton-photon interaction term and it is

given, as seen before, by:

q

.i'(P,q)
TIL;

,)

r t , t Q''t
LP;4P;" t P;uP;p r lpu j)-

I
(2.3e )

We then notice that / dap¡ = I dp;+dp;-ûptt = r I dzdp!dp?t|2, due to the fact that in

light coordinates, pi+ : øP¡.," and the scalar product in light coordinates, p? = 2p;+p;- - p?t

was used. If we notice that t ¿p? 6(p? - ^?) 
: 1 and lhat æi = p;.ql P.q as the momentum

fraction of the i quark, then:

fcr, P)
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wr"(P,q)

where the parton distribution q(x), defined as the integral over the parton transverse mo-

mentum of the vertex functions /, is:

e;@):" loriÍî(p.p)+f,_@.p)). (2.41)

It is then straightforward to get the structure functions in terms of the defined parton

distributions. One may do it as we did it before, contractinglV¡,,lvith the leptonic tensor

and comparing with the cross section (2.I9). Eq. (2.3a) then follows.

For the antisymmetric part the procedure is similar and for details we refer the reader

to the original work of Jackson, Ross and Roberts [aa]. The important feature is that in a

covariant calculation of the parton model, if we denote g2(x) of this calculation by gï-(r),
one gets:

1f

4

i
4

+* I **:'lpo,pL * p¿,p!¡"+ s,,+lui.r.po) + f'-(P'p¡))fid{* -.o)

+.#r¡ppt;, t 
pi,p'|;¡" + sr,Çløo(*), (2.40)

gi*@): l,' ltrrD - g,,(x) (2.42)

It is then easy to get the Wandura-Wilczek [45] set of sum rules

fo' 
d,**-' (Tn,ø) + gi-@)) : o, (2.48)

which vr'ere, originally, derived in the context of the OPE.

The just mentioned result disagrees with the naive expectation for g2(r) (:0) of last

section. In the context of the operator product expansion, there is an extra contribution
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to 92 from the quark mass term [a6]. In this case, 92 is given by g, : gT' * gz, where y',

is an extra contribution from the mass of the quark and quark-gluon interactions. In this

context, it seems that in the naive approach of last section, 92 is somehow contaminated by

this extra contribution. In general tetms, these conflicting results Tor 92 go to the heart of

the parton model formulation - the impulse approximation. Jaffe and Ji [38] argued that the

problem with 92 is directly related to the lack of off-shell partons in the naive parton model

and Anselmino et al. [47] make a very simple extension of the present presentation where,

when deriving Eq. (2.35), they allow p'' be on mass shell (free parton) but p2 is the mass

of some bound state. They argue that for longitudinal polarization the fact that the two

masses are not the same is not relevant but for ttansverse polarization, the one that matters

for 92, this mass difference has an effect. Moreover, gauge invariance is broken. It seems

to us that this arises from the fact the partonic interpretation of 92 is not defi.ned and any

attempt to construct such a thing will lead to contradiction.

2.2.2 Partons as Quarks and Sum Rules

It seems a natural step to identify the partons with the quarks introduced by Gell-Mann

[5] and Zweig [6] in 196a. In this case, the probability to find the i parton is interpreted

as the probability to find a quark of a given flavour with a certain fraction of the nucleon

momentum or helicity. From Eqs. (2.33) and (2.37) one then would have the following

relations for the proton:

Fi@) : "l[øø+ z(r)) + ]f 
at,i + 7(,')) + ]t,{') + s(Ø)) + ...]

: |l[0"øl+ óø(z)) + ]faa{,1 + 6ã(r))+ }{4,{,) + ós(z)) + ']gl(r) (2.44)
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where the notation used is quite obvious: q(r) is the quark distribution and Ç(r) is the

antiquark distribution. We can go further and break the distributions into distributions

where the spin is aligned or antialigned with the proton: q(æ): q1(r) + qI(") and áq(r) :

q|(*) - qI(r).The parton model structure functions for the neutron can be determined by

isospin symmetry: up(x) - d:(x), d?(r): u"(r),ú(") -T(x),7(*) -ú"(r) and the same

for the polarized distributions.

The quark model is based on the assumption that nucleons are made of 3 quarks, mesons

of 2 quarks, etc. In this sense, one usually defines the concept of valence (v) and sea (s)

quarks with q(r) : q,(r) * q"(r) and :

dx(ue(r)-ue(x))-2,

dx(ü(x) -7ç"¡¡: r, (2.45)

which ensure that the proton is made of one d and two u quarks. It was also assumed that

in the nucleon Ç"(u ) = 4(r). This assumption is general and in particular it implies that the

nucleon has no net strangeness:

l"

t,

1

l"'

t;

drul

dxd!

T(

(')
1

I"
1

dals(r) -s(r)l - s (2.46)

Various others sum rules can be constructed for the structure functions. Here, we mention

the most important ones:

o The Bjorken sum rule

This sum rule was derived in 1966 by Bjorken [48] using the algebra of currents. The

parton model reproduces the results of Bjorken, showing the flexibility and povver of the

model:
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frl-1
Jo 

dx(s!(x) - gi(")) : 
u6u i 6n - 6d - 6d) : 6n". Q.47)

The interesting aspect of this equation is that go is the neutron axial coupling constant while

91 reflects the strong forces inside the nucleon. Thus, this sum rule relates weak and strong

interactions and its verification is considered to be fundamental to the understanding of our

view of nature (see, for instance, Feynman's book [9]). Its study has been subject to very

intense experimental [49, 50, 51 ,52,53,54] as well as theoretical [55, 56, 57, 58, 59, 60, 61]

activity. We will return later to the study of tliis important subject.

o The Gottfried sum rule

This sum rule was derived by Gottfried [62] in 1967 using Gell-Nlann's current algebra.

It is an another major success of the parton model to obtain the same result:

(2.48)

where it was assumed that charge symmetry between proton and neutron holds and, most

important. that the light sea in the nucleon is symmetric, e.g, u,(r): d"(r). In the next

chapter we will study this assumption in some detail and see that there is experimental

evidence [18, i9] against a symmetric sea. Thus, \¡/e are already getting a bonus from the

partonic interpretation of inclusive reactions: ìt allows us to decompose the nucieon structure

in great detail.

c The Ellis-Jaffe sum, rule

In principle, as seen in Eq. (2.44), to know the value of 91 one would need to know

the value of the individual contributions from the various quark fl.avours present in the

nucleon. Or in reverse, the measurement of 91 alone would not allow us to know exactly the

spin decomposition in terms of the individual quarks. Also, polarized scattering involving

(") - Pi@)):!,Firr d:r

J";
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deuterons or 3He (to extract the neutron structure function and then to eliminate an extra

variable) is a delicate experiment made available only recently. Ellis and Jaffe [63] proposed,

back in L974, a sum rule for polarized protons and neutrons separately. The main assumption

made was that the sea quarks in the proton or neutron are not polarized. This means that:

¡7 1515
Jo 

drser(x): u@u"(r) - Ad,(r)) + *(Au,(r) + ù,d,(r)): frt" * ùOn', Q.49)

with a similar expression for the neutron. The charge Aqs can be extracted from experiments

on hyperon B-decay and then a quark model prediction for 91 can be made. Again in reverse,

the structure function can be measured and, together with the well established value for go,

the value for the total spin of the quarks in the direction of the proton spin can be determined.

This has been done 120, 52,64] and the measured 91 was found to be much smaller than

predicted by Eq. (2.49). This result is known as the proton spin problem and it will be

extensively studied throughout this thesis.

o The Gross and Llewellyn Smith sum rule

Up to now we dealt only with electromagnetic structure functions. Of course, we could

also have treated the case where the incident lepton and the target interact via weak interac-

tions. In this case, as discussed after Eq. (2.13), we would have an extra structure function,

called lå. Its derivation follows exactly the same route as presented before but now the ex-

changed particle is a charged I4r (charged current) or a neutral Z (neutral current). Details

are provided, for instance, in the references [26, 65]. For charged currents, it is found that:

*r;'çr¡ : xV(x)t øA(r) (2.50)

where I/(ø) stands for the valence quark distribution and A(r) : [a(r)-r(ø)]+ [c(ø)- r(r)],
if up to two quark generations are included. With this in mind, it is found that [66]:
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[' a*çrtr'çr) + r;n¡ :6 (2.5r)
Jo

where the sum rules (2.45) were used. The above equation is known as the Gross and

Llewellyn Smith [66] sum rule and its verification is a test of the assumption that the proton

(or neutron) is built of 3 valence quarks. It has been tested [67, 68, 69, 70,77,72] and within

QCD corrections, that we will be introduced soon, it appears to be verified [72].

o lVlornentum sum rule

If we multiply each quark distribution by r, the fraction of momentum that each flavour:

carries, we finish with the total momentum carried by quarks. If there are only quarks in

the nucleon, then this sum necessarily should add to one:

[1

Jo 
drxlu(x) +z(æ¡ +d(x)+d(r) +s(r) +s(r) *...1 : t. (2.52)

It is easy to test this assumption if we ¡emember the definition of the F2 structure function,

Eq. Q.aa). If we consider up to threefl.avours, this leads us to [24]:

¡L , -. 911 +ó) ¡7

Jo 
dx*(u(x) +a(x) + d(r) +ã(x¡ * s(r) + s(ø)) : ffi J" a*çr;çr) + Fi@\, (2.b3)

where 6: ß drxls(r)Æ(r)ll ft dræfu(x)+z("; +d(r)+d(r)1, is thefraction of momentum

carried by strange quarks compared to nonstrange quarks. It happens that the measured

.F2 structure function does not saturate Eq. (2.53) to one unless ó is unreasonably large 19].

Something is then missing. All the partons that are charged were already included in the

derivation of. F2 meaning that the missing constituints are neutral and they are identified

with giuons.

Many of the sum rules just mentioned will receive corrections when we depart from the

simple quark model and take into account the fact that the partons/quarks are not free but
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interacting. However, the main point is that the parton/quark model picture is intuitively

simpie and provides a good approximation to the observed quantities. The corrections to

be added by QCD are fine but important tuning that both corroborate the model and help

establish QCD as the theory of nucleon structure.

2.3 The Operator Product Expansion

We saw at the beginning of this chapter that the hadronic tensor is given by

W¡", *Ð.rT. ,,sU,(0)lx >< -\ U,(0)lP, s > (2r)a6a(pv - P - q)

t \- [ dn""i(r*-p-ù.L < p,sle-¿P'= jr(r)"nP'"lx >< xU,e)lp,s >
2r frJ
t Ion""nn"lt<p,sl¿,("),j,(0)]lp,s>, (2.54): ñJ""' 2?-'

because I dazeiø'" < Pljrq)j"@)lP >: Ðx < PUr(0)lX >< XU,(0)lP > (2n)a6a(q- P -t

px) : 0 (p* - P - g, because the final state would have a smaller mass than the initial

state).

The interesting aspect of representing the hadronic tensor through the commutator of

currents is that we can easily see which region dominates the physics of deep inelastic scat-

tering. First, by causality, we have that UuQ),,j,(0)] = 0 for z2 < 0. On the other hand,

the Riemann-Lebesgue lemma [73] says that if a function /(q) ir an ordinary function, ab-

solutely integrable, and g(r) is its Fourier transform, then g(z) --+ 0 as lzl -+ co. This

means that the main contribution in W¡"u comes from the region where q.z is finite. To see

whe¡e exactly this contribution is, consider the lepton nucleon scattering in the target rest

frame where the photon momentum transfer is q - (u,0,0,-G +@). In this case, if we

29
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take the Bjorken limit, the light cone coordinates are q+ : fi(øo + q3) - -MxlJî and

q- - hko - q3) - t/2u. We then have that q.z : q+z- * q-z+ is ûnite if and only if

z- - llx and, z* - Ilu. As z2 :22*z- - z"l0 by causality, z2t - 0 in the Bjorken limit

as z*z- itself goes to zero in that limit. Hence, z2 - 0. In this sense' Ww and deep inelastic

scattering is said to be light-cone dominated.

The problem with light-cone dominance is that the commutator of currents is not well

defined in that region 14,74] as can be seen from the following. If the commutator of currents

is explicitly evaluated with, sa1, jp: ,þ(x)'yrrþ(ø), we have:

Ur(r),J,(0)l x S(z) (2.55)

where S(z): (iþ +m)L(z). For z2 - 0, it is found that [28, 23, +,74,75]

t1
A(z) : æ?=* less singular terms. (2'56)

Thus the commutator is in fact divergent on the light cone. In general, the product of any

two fields at the same space time point (called a composite operator) is divergent [4]. The

general procedure to deal with these singularities is due to Wilson [i5] and it is what is

meant by the Operator Product Expansion (OPE).

To systematically study the product of currents in DIS we will employ the forward scat-

tering virtual Compton amplitude 7r,:

ITr,:i dazeiq'' < PlTj*(z)j"(o)llP > (2.57)

whereasimplifiednotation,<Pl...lP>: åD"a P,Sl...lP,S>,rvasintroduced. Thereis

no real reason to work with this virtual amplitude and we do it just to follow the majority of
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authors. Also, due to some properties of. T* it is often convenient to perform integrations.

The main properties of. T¡", are [40, 76]:

r It has the crossing symmetry property Tr,(q',u) =T,u(q',-r).
¡ It is an analytic function, Tru(q",r^) =Ti,kz,z). As a matter of fact. it is analytic

only in the points where the states described by ? are physical [+O]. fnis means that the

region w:2MulQ'>-L (and'u.' ( I as seen from crossing symmetry) are not analytic.

The relation between Wru and T* is given by:

(2.58)

There is also a very usefui integral relating T* and lVu,- By the Cauchy theorem. the

integral over a ciosed path of an analytic function is zero. In ihe case of T* we noticed before

ihat this function has poles at w -- *1 and branch cuts for 'w ) L and ¿¿ < -1. If we then

integrate Tu, ovet the path show in figure 2.4, four integrals have to be done:il fiT*d, :

Iî", #r*dus * I-J.,, fiTu,dw + ï:id"- fiTu,dw * IJ,o"-^ fiTu"dw. For nz even. using

crossing symmetry, rve see that the real part of Tu, from the up and down planes cancels

and the imaginary part sums up. We then get:

ls

Figure 2.4: Path of integration in the complex z plane

lvu, = |lrr"{no* ie) - Tu,(qo- tu)l : LAbrTu,
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(2.5e)* |"fir,,a, :1 l,* 4ou"r,,ctw : z 
lo' 

d**^-zw¡,,.

Another useful integral is:

* I.d,wwn-^ 
:6n,^-r (2.60)

The OPE, as first developed by Wilson [15], employed the expansion for short distances

only. The idea behind this is that the product of any two operators can be expanded in a

series of rvell defined local operators, O, multiplied by some singular c-numberc, C, known

as the Wilson coefficients, organized in order of singularity (the first term in the expansion

is the most singular and so on):

TU r(r')j,("r)) -, I C ¿ço¡O ¿1'¡, (2.61)

ãs 21, Z2 + z. This expansion was proven by Zimmermann lI7, 771 in the context of

perturbation theory. In the specific case of DIS, we need an expansion for the light cone and

not for short distances. The generalization to the light cone expansion can be found in the

works of Brandt and Preparata [16] as well as Zimmermann [77]:

TU r(") j"(0)] 
- | i"-rg"("' - ie)z\, zP2 ...t,^Otì?rr...r, (0), as z2 + 0 (2.62)

oo

n=O

and where we promoted a small change of notation in comparison with (2.6f ) for reasons

of convenience. The index i labels the various different operators that can have the same

quantum numbers as the product of currents for each n in the expansion. The contrast

with the short distance expansion is that the light cone expansion involves a sum that goes

to infinit¡r [16]. The various operators with the same quantum numbers as the product of
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curïents can be organized in what is called the " twist" of an operator. To see that, consider

the mass dimension of the Wilson coefficients. If dr is the mass dimension of the cr:rrent j, do

the mass dimension of the operator O and n the mass dimension of the product zt'r zp2 ...2þn ,

then the mass dimension of the coefÊcients C has to be:

lC"l:2d,¡ tn- do:2dj -r, (2.63)

where r : d,o - r¿ is defined as the twist of a given operator O. The smaller the tlvist of

an operator, the more singular the coefficient is. It is easy to see that the smallest possible

tlvist for a composite operator is 2. One of the simplest gauge invariant operator for O that

we can think of is$1rtþ, that has twist 2 (according to (2.62), Tt:1 and d,p:312). we

can add derivatives to this simplest operator and still preserve its twist. The general twist

2 operator involving fermions would then be [12]:

O\rrr.,r^: i^-rStþ''lrrDr"...Dr^ú, (2.64)

where Dris the covariant derivative and S is a permutation over the Lorentz indices and the

factors i were introduced for convenience when deriving Feynman rules for vertices involving

the composite operators. In QCD, tþ arc the quark fields and we see from the last expression

that there is no distinction over quark flavors. Such operators are called singiets. In contrast,

rtre can also have twist 2 operators that are not invariant under flavor transformations. These

are called nonsinglet [12]:

o,Ë,.u. - i^-r sÚlp,Dt""...pr.lú, (2.65)

where the Àj are the Gell-Mann matrices. Similarly, u ,*l-r, 2 gluon operator can be con-

structed:
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1ol.
2

sGp"Gi, (2.66)

ol,...r^: Çt"r,.oDr"...Du.-rGT^. e.6T)

We now work with the specific example of the product of two electromagnetic currents.

The most general form for this product, in coordinate space, is given by [78]:

Tljr(z)j,(0)l : -(sr,â - 0,0u)O¡ *
(gr¡000, * go,7rTs - gp^gp,â - gr,ô00)Olo

-ierrp7^R!, - i(ôrer"¡oð" - 7re,sooðo - ae*x)R|, (2.68)

Similariy to the unpolarized operators O, polarized operators -B were introduced. As before,

we have the twist 2 tower of operators [78, 79, 31]:

Rl;ir...r^-, : i"-'Srþ'lr^lrDur...Dr.-rrþ,

p7,i,nñi'i\'.--r^-, : i -t SÚ'Yr^lrD,,"'D,n-rf;l',

^'n- 1

Rlr:fr...r,-, _ îtrr,,uG"o Dr,...Dr,-rGî^_,.

For .82, the leading operators are twist 3 [78, 79, 31]:

(2.6e)

and its generalization [12]:

p2,n,F
t 

" l"r"t...l"n-,

R',tiiT.,.-'

R'r:i;'...r--,

i"-2 mtþ'ys.l ,D {r, . . . D ,n-r1 ¡r^-r¡1Þ ,

*r, - W-r-¡ * (I¡ * (Jn-t-i),

in-7 - .

n L@ - I)rþtflrD{r, D r^-rjrþ - Ð Ú^f u.,l r, D {, D *,, ... D r, _, D r, *, ... D r. _r¡rl)7,,

n-7

l=l

(2.70)
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where

35

(2.7r)

(2.73)

V¡

U¡

: i" grþlsD rr...G rr¡...D r.-r'l rn-rrþ

= i"-" gÚluD rr'--G rr,.'.D r.-r^l r^-,rþ,

and {} denotes symmetrization over the Lorcntz indexes'

We flrst restrict ourselves to the unpolarized sector, involving the O operators. The

operator product expansion applied to them yields:

O7(2,0) : l';"-rCi't Q' - ie)O';!...*^zt,...Zt"n
fl,x

Oz(2,0) : Di"-lCi''G' -ie)O¿;1...r^zt"t...zt"n. Q.72)
hrl

When inserting Bqs. (2.68) and (2.72) in the expression for T* and then perform the Fourier

transform, it will be extremely convenient to express the z, in terms of derivatives. We then

make the following replacement:

zt"r...zt"n - ei)

The unpolarized part of T* is then written as

0qu' oq'^
(-2i)^qr, ,r"(#)"aa

r,, : Io^rF{r ri,n(", -ir) <ploI!...,.|p > (-2)^ept...Qpn(*r)"

+ (...)^,ci''(22 - ie) < plo'i3,,...,^lp > (-2)'q,,...1pn (#)"\ "no'". 
(2.74)

The matrix elements of the O operators have, necessarily, to be a function of the momenta

P. Their general form is [76]:
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< Plo,i! _.lP > : A,;tPu,...Prn

< Plol:0r,...r^lP > = AiÅ1*rPrr...Pu^P¡Po. (2.75)

Of course, both matrix elements also contain a sum of terms of the kind P2grrr"Pur...Pr^

and others with two or more metric tensors. But in the Bjorken limit these terms vanish in

comparison with the the dominant term shown in expressions (2.75). T* is then written as:

t
f,rL

I(P.QPrq" I P.qqrP, - q'PrP, - gr,(P.q)2)(-2P.q) Ai:+2 da zCi" þ2 - ie)eio'"

t

7,,

+

{{o-n, 
- q'g,,)(-Zp.q)^Ai;L (#) | a^,c;'n(," - ie)eio "

n

{-",,-" 
(,1\*+, A|L (#)" I on,r7,n (,, - ie)eiø'"

+ d,,,.n+'gY' 
^li, (#)" I

fl¡x

dazCi"Q2 - ie)eit'" (2.76)

where

e
8pQ,

----; t 9p,q'

(P,Q, + P,n,)h- ffir,P, - ep,

@\+ldn,"-*-è*)*#,

Itu

We now notice that in the case of free fields, the coefficients C are well known 176, 741:

d,,

c{'""ç22 - ie¡

Crrr".ç22 _ ie¡

(2.77)

OC

Io( ¿4 r"'ie'z log(q' * íe). (2.78)
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Based on this, we define the following Fourier transform for the general Wilson coefficients

ci*''n (q') I dnrc!'i(12 - ie\eiq'"J ' \ '

I aazci't(r' - ie¡ei''".
n

ci'n (q') (2.7e)

So:

T*, :21{eu,w" Aïtcï"(q'¡ + ,l*,."*'Al,il*rcl:}r(ø')} , (2.80)
flr1

where n is even by crossing symmetry'

On the other hand, the hadronic tensor is rewritten with the help of Eqs. (2.14), (2.29)

and (2.77) as:

W¡", pv lF,-2rll+la,,r,1

-er
(2.81)

where the longitudinal structure function, F¿, was defined. Also notice that we took out

the factor ZIVI frorrr the denominator of the hadronic tensor, thus changing our convention

in order to agree with the definition of. T¡",.

It is now easy to find an expression for the integrals of the structure functions F in terms

of the Wilson coeficients if we use Eqs. (2.59) and (2.60)3:

!",,F, + Ld,r,Fr,
rr

sWith a slight modification in the power rn
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d,xx"-2 Fy(r,Q') Ð t:;tc:;t(e'), 0 2 4l" n

lot 
dr*"-"Fr(*,Q') Ðt';'cî'(Q\. n: o,z,4, (2.s2)

For the antisymmetric part of the expansion of the product of currents, Eq. (2.68), a

similar treatment can be performed. The operators -R1 and R2 are expanded in the same

\¡/ay as the unpolarized operators, Eq. (2.72), and are proportional to the Wilson coefficients

which in this case we denote by E.Following the same steps as before, one gets [78,79]:

l"

!"'

dxr"g{x,Q2) D A';'El'(Q'), n :0,2,4,...

drx" g2(x, Q2) \ #rtoï' Eî' (Q\ - A:;' EI' (Q\), 2n 4

(2.83)

In particular. if no twist 3 were present, Ei,z - 0 and one would recover Eq. (2.43),

the Wandura-Wilzeck set of sum rules [45]. If we call, as we did before, the twist 2 piece

of 92 of. 9I- , we rvould get the Burkhardt-Cottingham (BC) sum rule ts0] ("6 gz(x)dx - Q)

for the twist 2 piece: ß gï-(")dx : 0. As the full 92 is gî' * 9,, where!, is the twist

three contribution, we would have that ft dxgr(x): 0 itself - a conclusion only supportecl

by completely inconclusive experiments on the transverse asymmetry [32,81], where the

integral of ¡r@) is compatible with zero and also with the integral of. gi* itself. This matter

is the object of much discussion in the literature [46, 38, 39, 47]. There is no clear agreement

about the validity of the BC sum rule in the OPE because, while the moment of. 92 in Eq.

(2.83) is not defined for n :0, in the partonic language of Altarelli ancl Parisi [82], where

the z dependence of the structure functions are calculated, it seems that the BC sum rule
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is valici at ieast up to two loops in perturbative QCD [39,83]. If the two approaches are to

be equivalent, then the BC sum rule should also be valid in the OPE approach. This is one

of the examples of the advantages and disadvantages of the OPE approach compared with

other approaches to perturbative QCD, like the parton model of Altarelli-Parisi which we

will see in some detail in the chapters ahead.

Recently, Roberts and Ross [84] proposed a solution to the disagreement between the

naive parton model, the covariant parton model and the OPE results for 92. As we saw

before, in the naive parton model one calculates the partonic tensor and, by comparison

to the general form of the hadronic tensor, one gets 9z(r) : g. lVlor'eover, in this case the

partons have to have a mass as we cannot use the relativistic approximation sp : pP lm

because in this case the coefficient of 92in the hadronic tensor would vanish. On the other

hand, an anal¡rsis [8a] of the twist 3 piece of the OPE in a valence approximation (no gluons)

shows that the remaining twist 3 piece (due to the mass of the partons) and the twist 2

piece exactly cancel - thus rendering the naive quark model result. This is a rich topic

and we will explore it somewhat more when we go deeper in the study of the longitudinal

structure finction, gr. On the other hand, when calculating 92 in a covariant parton model,

the relativistic approximation for the partons can be used resulting in the vanishing of all

twist 3 contributions. Hence, only the twist 2 survives and the well known Wandura-Wilzeck

145] results follow.

2.4 The Renormalization Group

In the last section it was implicitly assumed that all quantities involved are already the

renormalized ones. In this case, some useful information can be obtained about, for instance,

the \Milson coeffi.cients if one employs the analysis of the ¡enormalization group [85, 86, 87,
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Ssl.

In general terms, quantum field theories, like QCD, are constructed upon two main pillars:

gauge invariance and renormalizability. The point is that any renormalization introduces an

e\tra, artificial, mass scale in the theory. This can be seen from the following, The need for

renormalization comes from the fact that when caiculating quantities of physical interest,

the integrals over momentum space diverge. There are many ways to regularize (isolate

the divergent piece) like the Pauli-Villars [89] or minimal subtraction [90] methods and

subsequently subtract this divergent piece using, for instance, on-shell or minimal subtraction

renormalization schemes. But, invariably, all different rvays of regularization induce a mass

scale dependence that reflects where exactly the subtraction of the divergence will be done.

In this sense, the renormalized quantities depend in principle on the renormalization point

1.1. The same, by construction, does not happen with the unrenormalized quantities. In

addition, as the introduced renormalization point is arbitrary, no observable is allowed to

depend on it.

The mentioned divergences appear lvhen we use perturbation theory. This means that if

we go to higher orders in perturbation theor¡ more integlals and hence more subtractions

will have to be done. Renormalization is achieved if we can make a redefinition of a finite

number of quantities like the fields, currents, coupling constants, Gleen functions etc and

this redefinition is enough to make the integrals finite up to any order. One way to do it is
to make use of renormalization constants Z:

J: Zl/'Jo, ,þ: Zl/"rþo, g: Zilgo, etc (2.84)

where 0 labels the un¡enormalized quantities, "I is a current, tþ is a fermion field and g

a coupling constant. It is worth noticing that the renormalization constants are infinite
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numbers! They are dropped in the end when the subtraction is made but still we have an

intermediate stage of the calculation where we are summing and subtracting infinities.

The Wilson coefficients introduced before are a function of the mass scale introduced by

renormalization as are the set of operators O. We can take advantage of this fact and study

the dependence of these quantities on the scale. This is a fortunate situation because as a

result, it means that if we know these renormalized quantities at some scale, then we can

predict their behaviour at any other scale (provided perturbation theory is valid in the region

in question). To this end, ryve remember that the unrenormalized quantities are independent

of p. We also remember that, according to the operator product expansion, the product of

currents has always a form like follows [65]:

< lJ Jl >: Ð c^ < lo"l >, (2.85)

where C,, refers to any Wilson coefficient (not only the unpolarized ones of last section)

but we are restricting here to the case where there is no mixing of the operators O" under

renormalization. As seen before, we classified the operators, as nonsinglet and singlet. For

the singlet case we had two kinds of operators - the quark singlet (2.64) and the gluon

(2.67). As they have the same quantum numbers, there is no way to distinguish them

when renormalizing [91]. Thus, they are not multiplicativelyrenormalizable and mix under

renormalization. The nonsinglet operator is unique and hence does not mix with any other.

We then have:

hr.l/o/ol >ol

+
f,rr;";' <lrrl>l : o

*& * PØ)& - 2t,t, - 2t¡1 < lrrlt- o, (2.86)
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where

I1þ

1;

I }lnZz: tþ ar, '

| ïlnZs
2' ð¡t

are defined as the anomalous dimensions of the fermion and of the current. respectively, and

(2.87)

(2.88)
n/\ ðgp\g):l.r6r'

is defined as the beta function.

lVe follow the same procedure for the operator O"

d, -tr-'rn,ot-', i
orlo.lo"'ol >ol : frtz;'z: < lo"l >l : o

' a ^' '0+ tu*+0b)*-2tt,+1:l<lo"l ):0, (2.s9)

where we introduced the renormalization constant of the nonsinglet operator O, gn,o -
Z:O", andl! : pW is its anomalous dimension. If we now use Eqs. (2.S5) and (2.8g) in

Eq. (2.86), and notice that < lo"l >+ 0, we have for each n that:

,& * o(ù& - úlc"(e', t' , s') = o, (2.e0)

where we used the fact that for conserved currents (tike the BIVI current of our case), Zz = I
and thus its anomalous dimension is zero [91]. We poìnt out that some calculations in two

loops and higher involving axial currents, generate an extra contribution to the current giving

rise to what is known as the axial anomaly [92].In this case, as shown by l{odaira [g3], the
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anomalous dimension is not zero. We will come back to this important issue later when

studying in detail the spin content of the nucleon.

Eq. (2.90) has a very simple solution if we notice the following. Let t : lln(Q2l p,2) and

g0r') : î(t - 0) : 9, such that:

d -,., ¡o@2) dg

dtî(t) 
: P(î) *': Ju,*,, M

If we change g to /(t) in Eq. (2.90) we then get:

(2. e1)

c,(Q', tr2 , e2) = c,(r,!')"*pl- l"' dt'ú(g(t' , ù)f
Ls(e2) , ,l!Ø,)f: c^(r, g,)"*p 
l- Ju;,,:, 

oí iØ) (2.e2)

The study of the solutions of the renormalization group equations in QCD by Gross and

Wilczek [12] and Georgi and Politzer [13, 14] opened up the possibility of extensive use of

perturbation theorv in that theory. This can be seen in the foilowing rva-u-. In a minimal

subtraction scheme. we have [90] g ---+ gp'and gs + goþ'o, where the couplings now are

nondimensional and e is the dimension shift. With the help of Eqs. (2.8+) and (2.88), we

thenget þ:-eg-p
lead to:

tffl.The authors of refs. [12. 13, 14] calculated Z, and their results

:':* ;* #.llï'l; i**,1 ;::'ì, el, pr.v di: ïl
foliowing equation for the running coupling constant g-:

(2.e4)
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This expression is usually rewritten as

a"(82\: =r,n!=,,= (2.g5)-! / 
Bsln(Q2l l\2)'

where a, - 92f 4n and l\2 - ¡.Pexpl-ØTlþoa"(p')l is a free parameter in QCD, known as

the scale parameter. From this solution, QCD is said to be asymptotically free because the

coupling goes to zero as Q' - oo. This is a very important result and it is due to properties

of the beta function. One can verify that asymptotic freedom holds as long as Bs ) 0. which

can be achieved as long as /ú7 ( 16 and even in the absence of quarks. In the other hand,

any theory that has 0o < 0 does not have asymptotic freedom, as is the case for quantum

electrodynamics [94]. A nice treatment of the subject can be found in Muta's book [a].

W'e now turn to the case of singlet operators. In this case, we have to \,vorry about mixing

in the renormalization of the operators involved [65, 91]. If we denote the two set of singlet

operators (quark singlet and gluon) by a column matrix, then the renormalization constant

isa2x2matrix[6õ]:

t 1

Z"
Oi'o, i, j : g, gluon. (2.e6)

ab

To get an equation for the singlet Wilson coefficients we follow the same steps as for the

nonsinglet case just noticing that we are now dealing with matrices and that ( jlJJlj >:
D",¡Ci,,Oi,-r. We then get:

oT

w& * oøftlcl(e' l t',s2) : \ Écl,@' l t',,s') (2.e7)

Similar to the nonsinglet case, the solution of (2.97) is:
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ci(q'I t',s') :Dci1,ø\ {r"*el- I"' 
dt'l(g(t' ,r))] }" , (2.e8)

j

where the ? product is T exp I dtP(t) - 1 + [ dtF(t) + I dt I dt' F(t)F(¿') + ... because , in

general, [,F(r), F(t')] + 0.

It is worthwhile to stress that the'Wilson coefficients are fully calculable in perturbation

theory 176, 12,13, 14, 79,,95,65] and are, of course, dependent on the particular structure

function studied but independent of target while the constants 4.,,, defined in (2.75)' depend

on the specific target. Moreover, as the operators are renormalized they will depend on the

renormalization scale p,2. As a consequence' An: A"(p').

With the solutions for the Wilson coefficients as given by the renormalization group

we complete our study of basic tools of deep inelastic scatteling. We started from the cross

section fbr scattering between a lepton and a nucleon in terms of unknown structure functions

and ended up with some integrals of these structure functions, Eqs. (2.S2) and (2.83), in

terms of, again, some unknown constants Ar,. It may seem that we did not achieve much

as we started and ended with unknown quantities. The difference is that we saw various

ways to constrain such quantities through, for instance. the parton model. Take the case

of the Ellis and Jaffe sum rule [63], Eq. (2.49), where the integral of 91 is proportional

to the helicity carried by quarks. The solutions of the renormalization group equations,

Eqr. (2.92) and (2.98), tell us ihat if we know this helicity partition at some scale, we

know it at any other scale. This is real progress. The same is true for any other structure

function. For example, we learned that specific measurements can tell us about the valence

quark structure of the nucleon or about the sea flavour - another real gain. Of course,

we would like to calculate the constants l',, in QCD. This looks, at present, impossible as

the had¡on wave functions are not known. The maximum that can be done is model such
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wave functions and hence calculate the An. Again, the integrals for the structure functions

are vital because if experiments are performed at some scale, these wave functions can be

constrained at the scale p,2, in a procedure that could be more effective iI ¡f were not, itself,

a (quasi) free parameter. 'We can conclude this chapter with the idea in mind that deep

inelastic experiments in conjunction with the parton/quark model interpretation of such

experiments plus the OPE and renormalization group analysis, allow us to track down the

nucleon structure in great detail. This subject is the main interest of the present work.



Chapter 3

The Quark Sea in the Nucleon

3.1- Introduction

In this chapter we shall be concerned with the flavour structure of the unpolarized nucleon

sea. We will center our discussion on the sea because the valence structure is relatively well

established. For example, the Gross-Lleweliyn Smith sum rule [66] seems to be well verified

[72] and confirms the quark model assumption that the nucleon has three valence quarks,

On the other hand, things do not look so settled when antiquarks, particularly antiquarks

of different flavours, come into play. We will develop here a discussion involving u and d

antiquarks. Specifically we will investigate the theoretical and experimental evidence for

ufd"

Inspired by early, inconclusive data on the F2 electromagnetic structure function of the

proton and neutron, Field and Feynman [96] were the first to conjecture that ù < d in the

nucleon. They invoked the Pauli principle by arguing that the presence of more valence

u quarks than d quarks suppresses the creation of uú pairs in the sea. Later, Ito et al.

47
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[97] measured continuum dimuon production and determined the sea quark distribution in

the context of the Dreil-Yan description of dilepton production. From an analysis of the

logarithmic derivative of the measured cross section, they inferred that the Drell-Yan model,

assuming symmetric sea, underestimated the measured slope. This fact rvas interpreted

as indication of broken symmetry in the sea, with ú <ã. Somewhat later, Thomas [98],

following Sullivan's suggestion [99] that the pion cloud can contribute to the nucleon structure

function, realized that pion dressing of the nucleon naturally predicts an excess of. d over u.

This is so because, for instance, the proton has a greater probability to emit a zr* than a zr0

or a r-. In fact, this observation was used [100] to interpret the Ito et al. results on dilepton

production. Further theoretical evidence for asymmetry in the sea was found in the work

of Signal and Thomas [42] on the calculation of quark distributions. The matrix elements

of the quark distribution involve intermediate states where the photon scatters on a valence

quark and aiso intermediate states where the photon oscillates into a qQ pair and a quark or

antiquark is inserted in the nucleon. Again, following the idea of Field and Feynman, it is

easier to insert a d than a u quark into the proton.

Even with all this evidence, the nucleon continued to be seen as having a symmetric sea.

There is a simple explanation for this. The whole set of data available could be described

by parametrizations of parton distributions where it was assumed that u(r) : d(ø), with

the price of a slightly odd behaviour of the valence quark distribution when n --+ 0 [101].

Only with the advent of a precise measurement of the Gottfried sum rule [62] by the New

Muon Collaboration (NMC) [18] in 1991 was it that the possibility z(r) I d(r) began to be

extensively studied. Basically, two mechanisms were raised to explain the NNIC result. In

one of them, it was argued that the Regge behaviour of the parton distributions starts at a

lower r than assumed by the NMC 1101, 102, 103]. The other possibilit¡' involves the violaiion

of flavour symmetry in the nucleon sea [104, 105, 106, 107, 108, 109, 110, 111, 112]. To a
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great extent, the physical mechanism behind the breaking of the symmetry was attributed to

the pion dressing of the nucleon. Based on the Sullivan approach for the pionic contribution

in DIS, corrections to the integrated value of F2 were calculated [104, 105, 107, 110, 111]

as weli the ø dependence of these corrections [106, 107, 11i]. Some successful calculations

on the sea asymmetry were also made in terms of chiral field theory [109, 113]. However,

the most recent update of the mesonic corrections [114] seems to reinforce the idea that

mesons alone are not able to give the entire sea quark distribution of the nucleon. In this

work it is suggested that, even for small Q2, fitting the flavour breaking of the sea (and

this would mean using meson-nucleon vertices different from the ones that have traditionally

been used in low energy physics) impiies that the singlet sector of the quark distributions

is poorly described for ¿ < 0.3. The obvious conclusion to be drawn is that gluons are

important not only for high but also for small Q2. The problem is that it has been known

since the work of Ross and Sachrajda [115] that perturbative QCD is unable to generate a

sea that signiflcantly distinguishes between d and d. This means that there should be some

nonperturbative glue in the nucleon in order to enhance the singlet distributions at small r.

This discussion exemplifies very well how powerful deep inelastic experiments can be to give

hints on the structure of the nucleon at lorv energy.

In view of the importance that pions and gluons may have in the understanding of the

flavour structure of the nucleon, we will study them in more detail in this chapter. In

particular, we will study the effects of the Pauli exclusion principle on the pair creation

inside a nucleon composed of three valence quarks. We start in section 2.2 discussing the

two main experiments that suggest that the nucleon sea is asymmetric. Vy'e also point out

that in one of the experiments, the NA51 Drell-Yan experiment, the claim that the ratio

a(x) I d(x) is measured is correct oniy in the sense that the value quoted corresponds to the

limit where isospin symmetry between the proton and neutron is exact lor all ø. We then go
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to discuss the interplay between the Pauli principle and antisymmetrization effects when a

qÇ pair is created inside the proton through gluon emission. In view of the results obtained,

in section 2.4 we extend our discussion to the case where the pair is created through pion

emrssl0n

3.2 Two Experiments

The difference between the proton and the neutron electromagnetic structure functions,

weighted by Ilx and integrated over Bjorken r gives:

s" : 
lo' 

{r'.(') - Fi@D+: } * 
2u 

l"' eæø) +î ç*¡ - 4ú'(x) -T çx¡¡ax. (3.1)

The assumptions of exact SU(2) flavour symmetry in the sea, u : d, and charge symmetry

betrveentheprotonandtheneutron,ú -î,î -ú",reducestheRHSof Eq. (3.1) to1/3.

This result is known, as seen before in Eq. (2.48)., as the Gottfried sum rule [62]. To test

its validity is to check whether or not the sea is symmetric. To some extent, this test couid

also say something about the isospin symmetry between the proton and the neutron [116].

In order to test the Gottfried sum rule, the NNIC [18] performed deep inelastic muon

scattering on hydrogen and deuterium and measured the deuteron/proton cross-section ratio.

To extract the proton and neutron structure functions, they used the simple relation FT@) -
Fi @) : 2F! (x)(r - Fi @) I Fi @\ I 6 + Fi þ) I F{(r)), wft h ti þ) I ri (r) = 2Fd (r) I ri þ) -
1. A paramet¡ization [18, 117] for F!(r) based on NMC, SLAC and BCDMS data was used.

The NùIC reported the following value for the Gottfried sum rule:
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Sc(0.004 < r < 0.8) : 0.221+.0.008(súaú)t0.019(sysú),

Sc : 0.235 + 0.026, (3.2)

where the contribution for ø ) 0.8 was estimated using a smooth extrapolation of Fi lFi
and for the region ø < 0.004 they assumed a Regge-like behavior (axb with ¿ :0.2 + 0.03

and ó : 0.59 + 0.06). It is worth noticing that in the extraction of FilFT,, target mass

corrections and nuclear effects were not included,nor where higher twist corrections included

in the sum rule as a whole.

The experimental result from the NIVIC, interpreted together with up - T , T : ú",,

yields:

[' a*yoçr¡ -ã,(*)) : -0.1475+ 0.039. (s.3)
JO

In this scenario, the flavour symmetry is broken. Conversely, one can set the sea flavour to

be symmetric [116] and put all the discrepancy from the experimentally measured sum rule

into isospin breaking between the neutron and the proton, resulting in:

[' arçqç*) -{(.)): -0.0885 + 0.0234 (3.4)
JO

A third possible way out is to set both the sea fl.avour and the isospin between the neutron

and the proton to be exact symmetries and modify the small r behaviour of F2(z) such

that the integral of @{@) - ei@))lr saturates the naive expectation Il3. This proposai

of large contributions from the unmeasured region r ( 0.004 was made by Martin, Roberts

and Stirling [102].

We thus have a few possibilities for the interpretation of the deviation of the measured

^9c from its theoretical expectation. The NMC experiment is unable to discriminate among
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the mechanisms responsible for the small value of Sc but from general knowledge of charge

symmetry breaking we know that this effect should be of order of 7%. If this is true, we

are left with the anomalous behaviour of. F2 at small r and the bleaking of sea flavour

symmetry. To discriminate between these two possibilities, Ellis and Stirling [103] proposed

an experiment based on dilepton production in the Drell-Yan process. Basicall¡r, they argued

that the p - n cross section asymmetry defined as

Apv(*) : {*þ,), , "lirf).. (3 b)*t - 6nn(x) I on"(x)'

can tell whether the sea is symmetric or not, depending on wheter the asymmetry is positive

or negative. This would be possible because opN(r) xL¿fu|@)øiy(.r) +ú(r)q{(r)) and

then A¡y can be expressed as:

Apy(x): r

(3.6)

with

u"(x)l,(r)

)"(")

d"(r)'
u\r)
ã(*)'

(3.7)

For completeness, we included sea-sea corrections in Eq. (3.6). It is then clear that if

), : 1, the asymmetry is always positive once À, ìs larger than unity. On the other hand the

asymmetry can change sign for 
^, 

+ L. In particular if l, : 2, the asymmetry is negative for

^, 
< 0.72 - where, for simplicit¡ the last term (the sea-sea term) was negÌected. However,

the important feature of the p-n cross section asymmetryis that, given a value for À,, the
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measured asymmetry determines whether or not there is any sort of isospin breaking. Ellis

and Stirling concentrated on the breaking of the sea symmetry but, as it wiil be clear in

expression (3.10), it could also indicate a broken isospin between the neutron and the proton

at a given r.

The experiment proposed by Ellis and Stirling was carried out by the NA51 collaboration

[19] which measured the Drell-Yan asymmetry Apy. They quoted the follorving result:

Aov(r - 0.18) - -0.09 t 0.02(súø¿) + (0.025)

from which they derived

(3.s)

ì"(r : 0.18) : 0.51 + 0.04(sfaf) t 0.05(s9sú), (3.9)

where sea-sea corrections were included but nuclear effects were left out. In this interpreta-

tion, the experiment indicates that there is a strongly asymmetric sea at r :0.18. We are

now going to show that in fact, the À" quoted in Eq. (3.9) is only a limit set within the frame-

work of Eq. (3.6) which was based on the assumption æ(*) :T @) and ãe(r) : u"(¿). We

could as well have set the sea to be flavour symmetric and derived the follorving expression

for the Drell-Yan asymmetry:

Aov(") : {t1,1"1'; - 1) - (1 + 4À,(r))6(x)lqþ) + sd(x)l a,67

-106(r) ld"@j I

{ts.l,1'; +7 + (aÀ"þ) +r)6(n)lq@) - 36(x)ld,(r)+

r06(n)ld,(x) +zoq(n)l¿,@)\. (3.10)

Here, we used ø(r):ú(t):T(ù -5'(r), ãç*¡:l@):ún -6(r¡, u,(r) - ue,(r):
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di@) - 6(r) and d,(r) : d',(r) : u|(x) + 6(r). The function á(r) does not need to be

the same lor u, and for d, but we use the same function to simplify the expressions as we

illustrate the main idea. Also notice that different signs are used for the corrections in di

and u| as this seems to be suggested by theoretical evidence [118]. We have also considered

the case where both signs coincide and the conclusions presented here are insensitive to such

a choice. Of course, ft ax6@) : 0 to preserve the number of valence quarks. Using the

experimental result for Aey(x), we can estimate the amount of charge symmetry breaking.

For that purpose, we will work with the MRS parametrization Sf for'Ç(r) , u,,(r) and d"(r).

In this parametrization the sea is symmetric and, for r : 0.18, Q' : þ.22 GeV)' : ,"

for s : (29 GeV)2 the square of the center of mass energy of the NA51 experiment, it gives

q(r:0.18) :0.348, u,(r:0.18) :3.13 and d,u(r:0.18) :1.486. We then obtain:

6(* : 0.18) : 0.2088 - 0.0933ó(r : 0.18). (3.11)

In calculating Eq. (3.11) we disregarded the sea-sea correction term (20Ç(x)ld,(r)) and

took only the central value of the measured asymmetry. This is a good approximation as,

using the same procedure when recalculating result (3.9), we get À"(r - 0.18) - 0.53. Eq.

(3.11) tells us that the interpretation of the Drell-Yan asymmetry purely in terms of charge

symmetry violation is very unlikely because of the size of the breaking necessary to fit the

data. Of course, the procedure is not entirely consistent because the Si parametrization was

constructed with the assumption 6(z) : ó(r) : 0. Thus, Eq. (3.11) should be seen as oniy

a guide.

If we take for instance 6(r) : á(c), we have ã(r : 0.18) - 0.19, which means that

the factor giving the breaking is about 55% of the antiquark distribution itself - clearly too

large value. On the other hand, there is no reason at all to interpret the NA51 result solely
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in terms of isospin breaking between the proton and the neutron. In the general case, the

Drell-Yan asymmetry would be:

Aov(*) {(aÀ"(z) - 1)(À"(r) - 1) + (aÀ"(ø) - 1)(1"(r) - 1)

-(aÀ,(r) + t)6(x) ld(") - (1 - 4À" (x))6(x) ld,(x)

-2(a)"(r) + 1) - 2(aÀ"(r) - 1)()"(r) - t)ã,(r)1c|,@)j I

{(a)"(r) + 1)(1"(r) + 1) + (a)"(r) + 1)()"(ø) + 1)

+(aÀ"(ø) + t)6(x) lã(') + (1 - 4),(z))6(r) I d"(x)

*2(aÀ"(r) + 1) + 2$),(r) + 1)(À"(r) + r)ã,(r) ld,(')) (3.12)

To write Eq. (3.12) we made the simpliûcation that, even for broken sea flavour symmetry,

the correction á(ø) from charge symmetry breaking in the sea has the same form for the u

and for the d quarks. Of course, this does not necessarily need to be the case.

Again, to extract any number from Eq. (3.12) we need to knorv the value of the sea

and valence quark distributions at a given r. As we include isospin breaking terms, lve

have the problem that there is no standard quark distribution including these corrections.

Moreover, the term involving 6(r) is potentially important as it is multiplied by a large factor

and divided by a small number (viz. d). This is true whether the integral over u of ó(ø)

(and ó(z)) is zero or not. This means that to extract À"(r) using the measured Drell-Yan

asymmetry is at best ambiguous. To estimate the order of magnitude of ó(ø) and of ó(r),

we will assume that the quark and antiquark distributions are described by the Dto and D'-

parametrizations. For the Df set, the Gottfried sum rule is 0.26 and for the D' this value is

0.24, 'which means that for both sets, ¡16çQax - 0, but this does not mean that ó(u) : g

at r : 0.18. Using the measured asymmetry and disregarding sea-sea cor¡ections, one gets:
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6(r : 0.18) : 0.169 - 0'053ó(r : 0.18), )" - 0.88, D'o

ó(ø - 0.18) = 0.725 - 0'0a5ó(r : 0'18). À" - 0.78, D'- (3.13)

In fig. 3.1 we show the behaviour of 6(z) as a function of ó(r) for the various parametrizations

discussed. A few comments are appropriate. First, we see that á is not strongly dependent on

ó and this dependence becomes weaker as À" decreases. Nloreover, we see that for )" - 0.78,

the charge symmetry breaking is of the order 30% - 40To of. the antiquark distribution.

Although this value is high, it is at a specific value of r and we remember thai l" : 0.78

is a correction of about 50% to the central value of ì" : 0.51 quoted by ihe NA51 group.

We could be less drastic and propose corrections of the order of. 20To,, bringing the measured

central value to À" : 0.6, which is itself a huge correction, providing a sensitive test for any

model trying to describe the flavour of the nucleon sea. As a consequence, if we make a

linear extrapolation of ó(r) with À" as suggested by Fig. 3.1, this correction of 20% would

correspond to a value of 5 a¡ound I0% of the antiquark distribution itself. This could well

be possible and, from this point of view, the À" quoted as being experimentally measured

only sets a lower limit corresponding to á(r) : ó(ø) :0.
We can summarise this section by saying that, in principle, the discrepancy between

theory and experiment found by the NMC [18] could come from flavour symmetry violation

in the nucleon sea and charge symmetry breaking in either the the nucleon sea or valence

distributions. However, because of the enormous value for ,á needed to fii the experiment

with charge symmetry breaking alone, it is more likely that the NMC result implies some

strong flavour symmetry breaking in the nucleon sea with a small ó admixture.

Of course, there are many successful calculations based on pion physics [112, 114, 119]

that give a clear indication of an excess of d over Ø in the nucleon. On the other hand,
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Figure 3.1: ó-(r) as a function of ó(r) for the various parametrizations discussed in the text.

the interpretation of the NMC experiment as a confirmation of broken sea symmetry, does

not rule out the possibility that, at a particuiar ø, charge symmetry breaking between the

neutron and the proton may be at the same level as that of flavour symmetry breaking. Our

analysis indicates that it is possible to have À"(r) larger than the value quoted by the NA51

group at the cost of some cha¡ge symmetry breaking between the proton and the neutron

at a particular ø, even if the integrated value of this correction is zero or nearly zero. It is

clearly an urgent matter to find experimental ways to separate these two contributions. For

now, the important feature to note is that the NA51 result should be seen as a lower limit

for À"(r) and not as an anambiguous determination.
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It remains to determine the physicai mechanism behind the symmetry breaking in the

sea. Throughout this chapter we mentioned many times the possible role of mesons. Al-

though this is an extremely important subject, we are not going to make a detailed study of

it here, as there are extensive investigation on this subject already in the literature [114, 112].

Rather, we will focus on the role of the Pauli principle and its interplay with antisymmetriza-

tion effects. This is a subject usually overlooked in the literature and we will dedicate the

remainder of this chapter to it.

3.3 The Pauli Principle in the Proton Sea

The most natural idea to account for the observed discrepancy between theory and experi-

ment is to invoke the Pauli principle. Field and Feynman [96] were the first ones to use this

idea: if the proton is composed of two valence u quarks and one valence d quark then the

creation of a quark - antiquark pair through gluon emission will tend to give more dd pains

than uu pairs. This is easy to understand because there are five empty states for the d quark

and four for the z quark. Although this idea is attractive and essentially correct, there is

one other effect to consider. We will see here, that we also have to consider graphs contain-

ing interference between the sea quarks generated in the gluon emission and the remaining

quarks in the nucleon. This effect will, in fact, hide the excess of d over Z due to the Pauli

principle.

To illustrate our discussion, we begin by reviewing the pair creation through a gluon

process following the calculations of Donoghue and Golowich [120]. The assumption made

is that the bare proton is composed of two valence u quarks, one valence d quark and its

colour, fl.avour and spin wave function is given by:
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lp)o : !-r"lt¡btçu,l,, a)bt(d, L Ø -ói(r, J, a)br(d,1, Ðlbt (u,1,r)10). (J.14)

The sea quarks are generated through a quark gluon interaction given by:

Ht(*): grþ(x)^t'!rÞ{r)O,{r), (3.15)

where g is the coupling constant, A are the gluon fields and T/ the quark field. lVe are not

going to worr¡r about the form of the spatial palt of these operators but lve will concentrate

only on the colour, spin and flavour part of the proton dressed with a quark - antiquark pair:

lP) =lP)o -#^H,#HtlPlo+"', (3'16)

with ¡10 the free Hamiltonian and we have omitted the term corresponding to the single

gluon loop.

The vector coupling between quarks and gluons allows for vertices where the quark that

emits the gluon either changes its spin or not. Another feature of the pair creation process

is that since a particle has opposite intrinsic parity to an antiparticle, at least one quark (or

the antiquark) or the two quarks and the antiquark have to be in a state of odd parity in

order to conserve the parity of the proton. The proton wave function is then written as:

lp) : lp)o + C"lrþ') * C,lrþ"), (3.17)

with lrl") the wave function for the case where the quark that emits the gluon can change

its spin and l{") the wave function for the case that the quark emitting the gluon does not

change its spin. The factors C" and C" depend on the particular form for the spatial part of

59
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the wave function, according to Eq. (3.16). We then have:

þlp) : L + lc 
"12 

þþ" l,/'") + lc"l', þþ"lrþ")

+ C:C,(rþ"lrþ") + C;C'1rþ"lrþ"). (3.18)

The wave function involved in the vector coupling is calculated from Eqs. (3.15) and (3.16):

lrþ") (t¡n-t ¡z ut(r, r, p)ot^^l1uat G, -ñ,, þ)

bt (u, m, 6) ol^À1rb(ú, tu,õ) þ)o
/ t \it-l /2

W"t^"1^sirt1,
{e"B' (6,,6õoAt - 66¿65pBt ! 6¡.66rCI)10)}, (3.1e)

where o are the Pauli spin matrices, ) are the Gell-Mann flavour matrices and the spin and

flavour indices are summed. We also have:

¡t:
pt:
gr:

ót ( s, n, ò dI G, - n, fllbt @,, m, 6)bI (d, L þ) 6 

^¡ - bt (r, m, 6)bt (d, L 0) 6 

^ lbt (u, L l)
bt (s, n, ùdt G, -ñ, þ)[bt (u, m, 6)bt (u,1 , o)6^t - bt (r, m, 6)bI (u, !, a)6.¡,¡]bt (". 1, r)
bt(s,n, ùdI@,-ñ, flbI@,m,6)66¡lbt(u,T,ebr@, L p) - ót(r, J, ebt@,1, p)l(3.20)

For the scalar coupling the wave function is the same except that the Pauli spin matrices

are omitted and n : í1, m -- ñt.

The calculation of the wave function overlap is very long and tedious. The results are

displayed in table (3.1), where u refers to the state of the valence quark after the gluon

emission, s corresponds to the state where the quark in the sea is created and g refers to the

ground state. These calculations agree with the results of Donoghue and Golowich [i20].
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State þþ'lrþ") þþ"lrþ") þþ,þþ")

v:s:8
v:g,slg

vlg, s=g

v:slg
vfs, vfg, sfg

0

0

rr52+6406,,+320ó"d

i152+128ó".,+646,d

7152

4608+t7926",-10246,¿

4608

3456 + L2806,"-3206,¿

3456-384ó", -1926,¿

3456

0

0

-3206". - 6406,¿

384ó", + 1926"d

0

Table 3.1: Probabilities to find a quark in the sea for the various possible states of the sea

quark and the valence quark that emits the gluon. These probabilities ale based only on the

spin-fl avour- colour wave function.

The most striking result read from table (3.1) is that the probability to find the sea

with a uu pair is bigger than the sea composed of a dd paft. This conclusion, in principle,

contradicts the experimental result collected by the N NIC [18] where the measured Gottfried

sum rule is smaller than 1/3 - a result that implies d > u. How can we then understand

that the intrinsic sea in the proton generated by gluons favours zz pairs over dd pairs?

In principle, this result also contradicts the intuitive picture, as introduced by Field and

Feynman [96], based on the Pauli principle: for each flavour there are 6 empty states (2

from spin and 3 from colour). As the bare proton has 2 z quarks and one d quark, there are

four available states for insertion of u quarks and 5 available states for insertion of. d quarks.

Aithough this reasoning is correct, one also cannot forget that antisymmetrization between

quarks is an additional complication. The same excess of u valence quarks that prevents uu

pair creation in comparison with dã pair creation, also produces extra contributions because

of antisymmetrization between the u quarks that does not exist for the d quarks.
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To try to understand this effect, we consider the case where bhe quark that emits the

gluon does not change its spin but goes to an excited state and the sea is creaied in ihe

ground state or in a P state, according to parity conservatìon- This case lvas chosen because

it is the simplest, as can be seen from table (3.1). In fig. 3.2 we show the graphs containing

zz pairs and in fig. 3.3 the graphs containing dd pairs.
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Figure 3.2: Graphs containing zt pairs.

The diagrams (a), (c) and (d) for uú, are the analogues of the diagrams (a), (c) and (d)

lot ã,. Their values are respectively the same because the created sea does not mix with the

valence quarks and, for this reason, it is not possible to distinguish the sea flavour. Thus, in

the case where the sea contracts with itself, the value of these graphs a¡e the same for any

flavour. Of course, the heavier the quark the smaller its contribution through these diagrams.

t:
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Figure 3.3: Graphs containing dZ pairs.

But this is an effect related solely to mass and not to spin statistics. The computed vaLue

is (r¡;,lrr,) : 384 for (a), (rþ"lrþ"): 128 for (c) and (ú"1v") - 64 for (d). The diagram (b)

for u is the analogue of diagram (b) for d and. they only exist when uú and dZ pairs are

created. Their values are þþ,þþ") = 4 x 160/3 for (b) of fig. 3.2 and (rþ"lrþ") : 6 x 160/3

for (b) of fig. 3.3. Generally speaking, the set of diagrams just mentioned are the only ones

comparable. From them, one easily see the Pauli principle in action and from it an excess

.-
or d over ?.¿ as expected. I{owever, we aiso have to include graphs (e) and (f) of fig. 3.2 for

u. They appear because there is an excess of u valence over d vaience quarks' If the graphs

(e) and (f) are included., as they should be, lhen the results change because these graphs

give positive contributions: (rþ"|',þ") : 320 for (e) aú (tþ,þþ,) : 2 x 160/3 for (f). \'Vith

these graphs included the probability to find a d antiquark in bhe proton is bigger than the

probability to find uã, in the same proton'

One could doubt this interpretation of the relation between the Pauli principle and an-

tisymmetrization effects by counting only those graphs where a d quark emits a giuon. In

this case, where a d quark emits a gluon, we would have 6 empty states fot a d quark and

only 4 empty states for the z quark (if the sea is created in the ground state). On ihe other
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hand, from fig. 3.2 we see that graphs (b), (.) and (d) (also graph (f) if we include the one

coming exclusively from the excess of z valence quarks) give a larger contribution than the

corresponding graphs (c) and (d) of fig. 3.3. As the graphs (b), (") and (d), in principle,

are not related to the excess of u valence quarks, there is an apparent contradiction with

ihe simple counting of states and the whole argument of the role of the interference graphs

presented by us before. In reality, this contradiction is only apparent. To better understand

what is happening, consider a proton made of only one u and one d quark. In this case. if

a d quark emits a gluon, we would have in principle 6 empty states for the insertion oI a d

quark and 5 for the insertion of a u quark. The possible graphs would be the analogue of (b)

and (c) from fig. 3.2 for a uu in the sea and the analogue of graph (c) from fig. 3.3 for a dd

in the sea. Again, we would have more uu pairs than dd pairs and now it is clear why that

happens: it happens because there is one free valence z quark that can be exchanged with

the sea and there is no such free valence d quark to be exchanged (in the case of a dd sea).

The opposite situation happens when the z quark emits the gluon such that the sum of all

diagrams, gluon emission from u and d valence quarks. renders an equal probability for a

uú and dd pair creation, as expected in a proton containing only one quark of each flavour.

The lesson is that we cannot treat the gluon emission in the proton from different fl.avours

separately, and expect the Pauli principle to work free of any other effects.

For the combined result, the probability to find a u is bigger than the probability to

find a d. One then can say that interference terms somehow shadow the naive expectation

of the Pauli principle. This result is extremely important because it also says that if we

have to antisymmetrize the sea quarks with valence quarks in the case where the sea quarks

are generated through pions, then the whole set of conclusions about the importance of the

pions to the Gottfried sum rule might need to be revised. In the next section we are going

to investigate whether this is the case.
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3.4 Antisymmetrization of the Quarks of the Pion

In this section we are going to study whether or not it is relevant to consider the quark

structure of the pion. As d.iscussed before, if the quark structure of the pion is taken into

account, it wi¡ be necessary to antisymmetrize the five quark state. Similar to the giuon

case, it might happen that the Í antiquark can be favoured over the 7 antiquark- If this

turns out to be true, the asymmetry in favour of 7 (from the processes u + dtr+) over u

(from fl + ur-) may be at risk.

The relevant diagram to study antisymmetrization in the pion cloud is the one shown in

fig. 3.4, involving two loops. However, we wiil be mainly interested in bhe relative importance

of the two loops to the one loop. To this end we also need to compute the diagram (a) of

fig. 3.4, which we d.o as a warm-up exercise. The calculations are going to be done at the

quark level (g - TQ), which means that we need an interaction llamiltonian between quarks

and pions. To fix the calculation in a specific scheme, lve are going to use the interaction

between quarks and pions as given by the cloudy Bag ÙIodel [121, 122]:

Figure 3.4: The one and two loop graph in pion emmision.
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with .R the bag radius and
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ó(i) | é:tr(ãr"'Ê' + dl"-nE')'

-ij{urlR)õ.f
js(ør I R)

(3.21)

x*dt (f ,rn, a)

+

:;):#,)*^^',-,-) +(t
t ii{ur l R)õ' f 

) ,_¡(r ,*, o) * (js(;rlR) / \
x^df (f ,m, a) -22)

ijs(ur lR)

ir(urlR)ô'î

Here.fy'2 : usl(2Bt(, - l)sin2a), ø is the frequency associated with a given principal

quantum number and orbital angular momentum and js and jr are Bessel functions subject

to the condition jo : jt at the bag surfac€, r' _ .R. We wrote the explicit forms for the s

and p waves for a quark inside a cavity because they are going to be used later on.

Three vertices are relevant to our diagrams: Q + TQ, 7t --+ qq and 0 -, Tqq. As in the

gluon case, there are some restrictions due to the conservation of parity, that can be helpful.

As is well known, for fermions a particle has opposite intrinsic parity to the antiparticle.

By convention, a particle has parity *1 and a antiparticle parity -1. Also, the parity of

one particle relative to a set of others particles is given by (-1)', with / the orbital angular

momentum of the particle in question. If Ç has parity -1 then one of the quarks (or the same

antiquark) has to be in a state / : 1, or a p-wave, so that the proton parity is conserved. In

general, the system must always be in a state of odd parity.

We now write down the explicit form for the interaction Hamiltonian for both vertices.

It happens that their form, besides the creation operator for a quark or for a antiquark, is

the same for both processes q -+ Tq and 0 --+ r.qq:
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(3.23 )

(3.25)

For the case ?r - q4 the interaction is just slightly different:

Hi-ørøt -?,
2f (2r t

(3.24)

In expressions (3.23) and (3.2a) the indices ø and ó refers to the spatial wavefunctions of the

quarks or/and antiquarks involved in a specific reaction.

Once we have the interaction Hamiltonian, it is easy to calculate the quantities we are

interested in. As announced, we first calculate the probability to find a pion in the nucleon.

To be specific, we set in Eq. (3.23) (t : (')o - ttb, which means that the quark remains in

the ground state after it emits the pion. In this case we get:

t &xLõ' tr^t#Pü (f ,, m, a)ri 
¡dt i, m, a)a'¡.

-i a t d3k I *- ¡ jr(ka)
1¡@ ç, - g J fzr¡t' -,,kx-o' 

Æl¿ 
kR

bt (u, m, a)r]rb(õ, ñ, ù aylpl o,

where we used (Eo- Ho)(Htlùo) : (Eo - (Eo+rr))(Htlp)o). The probability to find a pion

is then given by:
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')

(3.27)

I

Pn

After some calculation, the expectation value between bare proton states is found to be 57.

In terms of the pion components, this result reads 57 =226,+ * 19á-o + 16ó--. This means

that, as expected. the probability to find a 7 in the nucleon is bigger than to find a u. Using

the identitV rl(f @-1)) = ,,,,Gtgf*¡¡yl!mn, where mnis the physical pion mass and /i,v¡¡

the pion nucleon nucleon coupling constant, expression (3.26) is rewritten as:

rà'/.+
Q?

ëe' --" l"t ; do (Ð

--T

(q ) (s)

Figure 3.5: The two loop $aph in time order.

The next step is the evaluation of the two-loop graph. Its caicuiation its a straightforward

application of Eqs. (3.16), (3.23) and (3.2a). We start with graph (a) of fig. 3.5. The process

is the pion creation and subsequent decay into a gÇ pair:
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nln'l-sd E: HoHl-"n lP) o

ffir1"-o#t'-*dlp)o

I o' r' I o r6fi¡ø;!-,, 
- ^r,. -#," -,* "

xla . Ë'*^ffibt ç".,r, p)rr"udt (s,ñ, p)arr, x

x!^i.i*^t#bt(u,^,6)rjrb(ú,n,t¡o!ln)o. (8.28)

69

1

(2f)2(2n)3

tt f uousaP

(r¡ - 1)(r, - 1)(r" - l)(a'lr - 1)

I u¡IJousuP

(2f)'z(2n)3 (r¡ - 1)(r, - 1)(r" - l)(c.rr - 1)

1ÄR
I o'o' I o"*

(2u¡,2u¡r)t/'ro - ,')f - e" - LrtP -u)" - up - Røt,

The energies of the intermediate states are clearly indicated on the figure. The notation is

the following: øs and øy are, respectively, the quark frequencies before and after the pion

emision or absorption, ø" and øp are, respectively, the frequencies of the s wave quark and

of the p waYe antiquark.

Similarly to case (a), we calculate the contribution from graph (b), where a pion and a

qQ pair is created and the pion is subsequently absorbed by a quark:

xlõ . Ë'xJ#bI (a,n,6)rlrbit,ñ,6)ai, x

xLõ - ir^t#ü (s, m,, p)rt"udt (s, n, fl a! lù o (3.:

The total amplitude for the two loop process is then given by the sum of graphs (a) and (b).

To better deal with this sum, we rewrite the product of operators in Bq. (3.29) as:
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bl (u, n, 6) rl rbQt, ñ, 6) air,bf þ, m, p) r r, 

u d.t ( 3, úâ, p¡ "! ln) o

: ót (s, n, p) /" ud| (3, ñ, p)bt (u, m, 6)rlrb(it . m, Q a:'¡, atl ln) o

16¡,"66^66ob| (u, n, 6)rirrr"udl (3, rit,, p)a'¡,al')le)0.

We then rmu o;,ofil0l - 6ii 6(É' - Ê¡10) and write the sum of the graphs (a) and (b) as:

-Lu, - 
^'l-'u 

u+H T- 
* nlp) 

o + 

^\' 
r" -' # 

^H?- 
"' lpl o

( 3.30)

(3.31)

(2f)2(2n)3

d3lc
(õ .k)"ñ(õ .tc)^n j?(kB) n2

UJttoDsUP

(r¡ - 1)(r, - 1)(r" - 1)(ør - 1)

1
X

I
{
+

X2ur (kR)' uo - aÍ - t )" - u)P

1

ao-aÍ-Rp*
1

bt (s, n, p) rludt ( s, ñ, p)bt (u, m, 6)rlrb(tt, ñ, 6)

6i^66rbt (u,n,6)rlrrludt 6,ñ, p) lp)o
-u)s -aP - Rt¿t

We are now ready to compute the probability Pnnq to find a qÇ in the nucleon. It is given

by the square of the amplitude (3.31):
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.)

7T

Dt rqd /r\
\çz¡7,ç2"¡') )'

)(+)

k4dk j?(ka)
2ur (kR)'

1

u) tttrtP

lct{dlct jl&'R)
2u¡,, (n'n¡z

1

4r
(r¡ - 1)(r" - 1)(r" - 1)(ør - 1) ,)

t

l"* I.* X

+ X
ao-aÍ-fu'-t¡ -(rs-uP-Rl.rlt
oþlb| (ú' ,ñ' ,6')rj,,,ot6,^,b(u',m' ,6')d,(3' ,ñ' , p')r!,,,or¡,n,b(u' ,tn' ,6')

bl (s , n, p)rluot^^dI (3, ñ,, p)bI (u , m , 6)rlrot^^b(ú , m, 6)lp) o
11

+
-u)s - uP - RLrsl, -(ts - uP - Rl¿k,

X

o(pld(r' ,ñ,', p')r|,¡r',,,,o16,^,oi^,n,b(u',n', p')bt(u,n, p)r!"r!uot *"1^at ç1,n, ùlplo].

(3.32 )

The last quantities to be calculated are the expectation values between the bare proton

states. It is a very long but straightforward calculation. lVe calculated only the case where

the quark that emits or absorbs the pion remains in the same orbital state. The results are:

o(plbt (t' ,ñt' ,6')11,,,o16,^,b(u' ,m' ,6')d(3' ,ñ' , p')r!,,,or¡,n,b(u' ,rn' , p')

bt (s, n, p)r!u"t^^dt (3, ñ,, p)bI (u, m, 6) r!rot^^b(õ, m, 6)lp) s :
: 684 - 110óõ" - 181ó3;

o(pld,(s' . rÍ't' , p')r!, 
",r!,u,oi¡,,^,oi^,n,b(u' 

,, n' , p')bI (u , n, p)r!,r!uot^*ol^at çs, ñ, ùlplo

:972 - 546s, - 81á57 (3.33)

The results contained in expressions (3.33) are quite surprising. They say that if the

quark st¡uctu¡e of the pion is important and if the quarks from the pion are allowed to anti-

symmetrize with the quarks from the parent proton, then the probability for the antiquark
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Integral R: 0.6 Jm R--0.8 fm R:Ifm
Ir

I2

Is

Pnns I Pn

1.6848

0.1946

4.92548

0.0217

7.24065

0.1734430

2.65299

0.0124

0.980306

0.157762

r.63279

0.0081

Table 3.2: The two to one loop ratio for various bag radlr

in the pion to be a u is bigger than d. The above result is also independent of particularities

of a given model, in the sense that expressions (3.33) are a direct consequence of the bare

proton wave function, Bq. (3.14). They are also a consequence of assuming a pion quark

interaction.

To better rcalize how important are these second order effects, we will calculate the ratio

of probabilities P*nof Pn. To this end weneed to perform theintegrals over k and f in Eqs'

(3.27) and (3.32). These integrals are dependent on the particular value of the bag radius

and here we will display the results for .R - 0.6, 0.8 and 1 f m. We set ao : uÍ and define

the following integrals:

I"*

r - 
1

I1-2

f,: i-2

I"*
d,æ u" ¡ qn + 2(m2*R2 + *")'/'

m2*R2 + x2 t,slqP+(m2*R2 lxz)t/z
dr sin2 r

(*?R, * rz)t/z us ! sP I (m2"R2 I fi)t/z 12

/ sinzr ^ sinrcosx\

[-;;+cos-r- . )
1 " s?,nîcosr* cos"x

4

I3
/oo dr / sin2r ^ sinrcosx

2l ^2 
-T---

lo (rrtznÙ2*xz)s¡ \ ú r, )
(3.34)

where \Me use r - kR. The numerical vaiue of these integrals are displayed in table (3.2).

With these definitions we rewrite expression (3.32) as:
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us !gP
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(3.35)

'.r8',P

(r"-l)(ue-1)
) + tl (eT2 - 546

1
2

Dt rqd

The ratio P,orlP* is then easily expressed:

r¿m))

Dt rqd

Pn (zBf)'?(2r)'(r" -L)(un - 1) 3

1 tttttP 4r /T\t_t
\a'luP)

t

Ë +
Iz

(684-110ó3"-181ó3;)
57

I3 Q72 - 5465, - 81óõa)

I3 57

(3.36)

The value of this ratio for different sizes of the bag is also displayed in table (3.2) where

we used TTL. : I40 MeV for the pion mass and / : 93 N[eV for the pion decay constant.

There is a strong dependence of the calculated ratio on the bag size but even for the worst

scenario, the case of a small bag, the size of the two-loop contribution is just around 2% of.

the one loop.

It appears to be safe to neglect possible antisymmetrization effects between pion quarks

and the nucleon valence quarks. Of course, when writing the nucleon wave function one

would have to add the contributions from all possible states:

lrf >- z'/'|N >o *l//r >o a t lNnqq >0 +...] (3.37)
q sta es

where the sum of all quark states (1s, 2s, etc...) was particularly emphasized. If the quark

that emits the pion remains in the ground state the only contribution from antisymmetry
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is the one in table (3.2). As we have to sum over all other possible states for this quark, it

turns out that the antisymmetry effects are further diluted. However, we will aiso have some

other contributions even in this case, because if the quark in the pion is in the ground state

it can antisymmetrize with the two spectator valence quarks. Also, if the quark in the pion

is in an excited state, it can combine with a particular excited state of the valence quark

that emitied the pion in the first place, as in the gluon example. We did not make these

calculations because of their level of complexity. Our goal was to examine the behaviour of

the dominant contribution, displayed in table (3.2), and our results indicate that this number

is itself already small. Of course, as the sum over quark states is infinite in Eq. (3'37)' we

can not rule out that eventually the antisymmetry graphs will be very important. We believe

that this is improbable as, for instance, the contributions from graphs with no antisymmetry

would grow possibly in the same proportion, keeping the dilution for any number of quark

states that are summed over. As said before, it would be a long calculation to verify that

due to the level of complexity in the renormalization. In Eq. (3.37) we displayed explicitly

the mass renormalization constanl Z. For instance, the expression for Z in one loop isl:

Z : ll0*s < /úÍ'l¡ú,t >o) - l-s < NrlNr )0. In addition lo Z, in two loops we would

also have to calculate the renormalization constant for the coupling constant in which case

the calculations would be tremendously long [123]. This would, again, miss the point of

the present calculation which was simply to check whether the antisymmetrization effects in

pion emission could be safely disregarded.

lThe expansion of Z has to be truncated at first order if we are in one loop, at second order if u/e are

in two ìoops, etc. It would be a mistake to use the full Z to any order as this would int¡oduce random

corrections in the coupling constant once it appears in the denominator of Z.



Chapter 4

The Nucleon Spin

4.L The Spin Problem

Much of the interest in the quark spin content of the nucleon was revived several years ago

by the EMC experiment [20] where the proton spin structure function \ras measured in a

region of small r previously unexplored. Their measurement, together with small and large

ø extrapolations, says that:

ry: l" gt(,): l"' *T!:i1'Y&ç,Agi'= 0.126 + 0.01 + 0 015, (4.1)

at the average Q2 :10 GeV2.On the other hand, from the parton model expression for gl,

Eq. Q. a), one can write:

111gl(x): 
"-\o"@) 

+ s6^q'(r) + iAx(r), (4.2)

where Aq. : g, : 6u(x) + 6u(x) - 6d(r) - 6d(x),Ags : gl : 6u(x) + 6u(x) + 6d(x) + 6ã(x¡ -
26s(r) -26s(n). The charges go and gf; can be related to the factors .F and D determined

tÐ
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from n and X beta decay ]2al.

go:FlD, gl:3F-D, (43)

where F + D = I.2573 + 0.0023 and FID: 0.575 + 0.016 [125, 126]. Once go and gl are

known, the experiment is able to determine the singlet axial charge ÀI(r) : 6u(x) + 6U(n) +

6d,(r) + 6ã(r) -|- ôs(c) + ás(r). The EMC quoted the following result [20]1:

AX:0.12+0.094+0.138

This quantity was, and still largely is, interpreted as the fraction of the spin carried by the

quarks.

The SU(6) nonrelativistic quark model predicts that AX : 1 because there are only

quarks in this sort of model. Relativistic models, like the bag, predict that AX - 0.65

because the lower component of the Dirac spinor contributes with a negative sign in the

calculation of AX. The rest of the proton spin should be shared among gluons and orbital

angular momentum. However, the small AÐ measured by the ENIC did not seem to fit in

any reasonable picture of the nucleon at the time. (A possible exception was the Skyrme

model that indeed has a vanishing singlet axiai coupling. Currently, it is established that

the axial charge is no longer compatible with zero and there is, as yet, no consensus on

mechanisms to render the Skyrme model wiih a nonzero axial charge 11271.) In any case,

the measurement of a vanishing proton axial charge became known as the "spin problem"

or "spin crisis" 1128,129,,471.

Since then, many other polarized experiments have been performed and now there is

a reasonable amount of data on the proton ,.20,, 52,64] neutron [54, 51, 49] and deuteron

(4.4)

lThis result was obtained using values for F and D different from the ones listed after Eq. (4.3)
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[53, 51, 49] spin structure functions [130]

4.L.L Present Experimental Situation

All information on the first moment of the spin structure functions is summarized in tables

4.1,4.2 and 4.3, where the resuits for the proton, neutron and deuteron are shown together

with their respective axial charges.

Table 4.1: The first moment of the proton spin structure function. The EMC and SMC

extraction of AI was made using O(o") QCD corrections [93] while the E143 used O(al)

QCD corrections [131].

Some comments on these tables are in place. First, the shown value for ff of the BNIC is

different from the one quoted previously, Eq. (4.1), because it was extracted using improved

parametrizations for Fz and rB [130]. Second, the neutron structure function has to be

extracted from the deuteron and proton data through the following relation:

giþ) - 2gl(*) 
- ol(r), (4.b)- (1 - 1.5cu¿) Y7

where u)D :0.05 + 0.01 [51, a9] is the probability to find the deuteron in a D-state. (W"

point out that a recent study [132] on the extraction of the neutron structure function

Experiment fi
^x

Q2 (GeV2)

EMC [20]

sMC [52]

8143 [64]

sMc l52l + EMc [20] + E8o/8130 [136]

0.138+0.01 +0.018

0.136+0.011 +0.011

0.127t0.04+0.01

0.142+0.008+0.011

0.27 + 0.16

0.22+0.1 +0.1

0.27 + 0.1

0.27t0.08+0.1

10.7

10

3

10
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Experiment fi AX Q2 (Gev2)

E142 [54]

E143 [51]

sMC [4e]

-0.022+0.007+0.009

-0.037+0.008+0.011

-0.063 +0.024 + 0.013

0.57 + 0.11 2

3

10

Table 4.2: The first moment of the neutron spin structure function. The E142 extraction of

AX rvas made using O(o") QCD corrections [93].

Experiment fl AX Q2 (GeV2)

E143 [51]

srvrc [4e]

0.042 + 0.003 + 0.004

0.034+0.009+0.006

0.3 + 0.06

0.2 + 0.11

3

10

Table 4.3: The first moment of the deuteron spin structure function.The E143 and SMC

extraction of AX was made using O("3) QCD corrections [131]'

from polarized deuterium which showed that the formuia (a.5) is not good for large r.) The

measurement of g!(r) by the E143 and SMC experiments in conjunction rvith their respective

gi@) then determine the fi(r) shown. The exception goes to the E142 experiment where

gTþ) was measured directly from polarized 3ne 
[f+). Of course, measurements at a different

r are at a different momentum transfer Q'. Io particular, Q2 can vary from * I GeV2 at

small x to - 60 GeV2 at large r. To calculate the integrals over r, it is usually assumed that

the asymmetry, defined in Eq. (2.23) and used in the extraction of g1@) through Eq. (4.1),

it Q'independent. This approximation is used to bring all the data to a common Q2 and

hence determine the value of the integrals Ìisted in the tables. However, the assumption of a
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Q2 independent asymmetry seems to be contradicted by recent studies of the QCD evolution

of the spin structure functions at next-to-leading order [133, 134], at least for small values of

Q2. Recent measurements by the E143 collaboration [135] seem to confirm this conclusion.

That the first moment of the spin structure functions differ from theoretical expectations

can be seen directly from the Ellis-Jaffe sum rule, Bq. (2.49), where the assumption of an

unpolarized sea leads directly to the naive expectation AI - gl, a conclusion clearly not

sustainable from the data. For instance, at 10 GeV2, the Ellis-Jaffe prediction for the proton

spin structure function is [52]:

lor'"t:0.176+0.006, (4.6)

where QC D corrections up to one loop [93] were included 2 and a"(10 GeV2) : 0.23 + 0.02.

To show the degree of disagreement between theory and experiment, we reproduce here

Fig. (9) of [130] where the measured first moments are plotted against the theoretical

predictions for a range of Q2.

Finally, the measurement of the proton and neutron spin structure functions, allow us to

test the Bjorken sum rule, Eq. (2.a7). Table 4.4 shows the experimental results of the various

experiments together with theoreticai expectations where QC D corrections were included.

Both experimental results agree well with the theoretical predictions and a nice conclusion

can be drawn from it. The Bjorken sum rule is pure nonsinglet in the sense that it involves

only g" which in turn reflects the difference in the axial charges carried by the u and d quarks.

The Ellis-Jaffe sum rule involves both singlet and nonsinglet combinations, meaning that if

everything is fine for nonsingiet combinations through the Bjorken sum rule, the problem

2These corrections will be studied in some detail in the next chapter when we study next-to-leading order

corrections to the parton distributions.
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Figure 4.1: Figures from Voss

in the Ellis-Jaffe sum mle is restricted to its singiet part (AI). Besides this. the Bjorken

sum rule connects weak interactions, through go, lo the strong forces hoiding the nucleon

together, through the structure functions. Its verification is a landmark in the study of QCD.

For definiteness) throughout this chapter we will use the result for ff obtained by the

SMC [52] in conjunction with the ENIC [20] and early SLAC data [136], listed in the last

line of table 4.1.

P¡u¡on
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Experiment fifi Theory Q2 (GeV2)

E143 [64] + [51]

sMc [52] + [4e]

0.163+0.01 +0.016

0.199 + 0.038

0.171 + 0.008

0.187 + 0.003

3

10

Table 4.4: Tests of the Bjorken sum rule .The theoretical estimation of the Bjorken sum rule

was made using O("3) QCD corrections [56].

4.L.2 The Small r Region

Of course, experimentally it is not possible to go to r : 1 or r : 0. In the case of SNIC

[52] the limits are 0.003 < x < 0.7. For the new E143 SLAC data [51], the limits are

0.029 < r < 0.8 and their integral of 91(r) agrees within errors with the SNIC results as

seen in table 4.1. Bxtrapolations have to be made to cover the whole r interval. The large

r region is well behaved and perturbation theory predicts that Ar --+ 1 as x --+ I [137]. For

smallr aReggetypebehaviour [138], glxr",0 < o < 0.5 [139], has been assumed- with

the errors in the quoted data reflecting the uncertainty in a. However, the SMC [52] data

shows a tendency to increase for r < 0.02. In their analysis of the data. the SiVIC did not

consider that the measured tendency of the data to rise at small Í was enough to motivate

the use of some other extrapolation of gf in that region. Close and Roberts [1a0] considered

a few other possibilities. They are:

a) -Lnx, derivedusing thefact that the Froissart bound [141] for the total unpolarized

cross section) o 1 Log2s with s the square of the center of mass energy, is saturated. Then

gt x -Lnx follows if one calculates the behaviour of the spin asymmetry for a vector

potential in which case A x Lf sLogs and hence 91 x -Lnx as r -r 0.

b) IlxLn2æ. This is derived as in a) but in this case the potential transforms like an
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axial vector.

c) -(1 IZLnr). This was derived by Bass and Landshotr [1a2] using a model for the

non-perturbative Pomeron exchange simulated through non-perturbative gluons. Their cal-

culation affects only the singlet part of 91.

According to the data shown by Close and Roberts, the -Lnr and -(1 *2Lnr) forms

tend to fit the data, though point at smallest r is missed, while the very singular behaviour

Lf rLn2r tends to fit the data over the whole small r region. On the other hand, the

extrapolation used by the SIVIC appears to be somewhat below the trend of the data. Some

comments on these results seem appropriate. First, in their analysis Close and Roberts

extrapolated the individual data of each ø to a comm oL Q2 : l0 GeV 2, using the assumption

of a Q2 - independent asymmetry. As we commented before, this does not seen to be the

case. In fact, if one considers the Q2 dependence of the asymmetry calculated in Ref. [133],

one may conclude that the data used by Close and Roberts is overestimated - at least for

the last two c points. Second, the rise of. g! at small ø should be reflected also in the singlet

part of the deuteron spin structure function. However, recent deuteron data shows no signal

of a rapid raise of gl 149]. Thus a very singular 91 can be ruled out but the question of its

precise behaviour at small ø is still open.

4.L.3 Modelling the Data

The discrepancy between the Ellis-Jaffe sum rule and the measured ff and AX launched

a huge amount of research aimed at understanding why the axial charge is much smaller

than predicted 1128, L29,143, a7]. As we commented before, nonrelativistic quark models

predicted that AX - 1. This value is reduced to something near 0.65 if relativistic wave

functions are used because:
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(4.7)

and. the lower component of ú(g), acts as a p wave, diluting part of the spin into orbital

angular momentum. IVIeson dressing tends to reduce the spin carried b¡t quarks somewhat

more [144, 1471. Here, because of mass effects, the dominant contribution will come from

pions. As they are (pseudo-)scalars, they will take some spin from the quarks in the form of

orbital angular momentum. In fact, specific calculations in the Cloudy Bag Nlodet [144, 145]

give f{ close to what is expected from the Ellis-Jaffe sum rule. For instance, a particular

version of the cBM gives [145] fT:0.16t and fi : -0.048 rot go:1.254. These numbers

are corroborated by a recent calculation of meson dressed quark distributions where similar

results are found [146]. Other calculations involving Chiral Bag Models [147, 109, 113, 148]

also concluded that mesons are important in nucleon spin structure. However, we do not

know of any consistent model calculation that can explain both the first moment of the spin

structure functions and their r dependence. As a matter of fact, not many publications worry

about this fact. From the few works where the first moment and the r dependence were

calculated [149, 150, 151, 152, 146], it can be concluded that bag moclels with meson dressing

and one gluon exchange, can provided a fair picture of the nucleon structure functions as

seen by experiments [153, 146]. The study of the æ dependence, suggests that the region of

small r (< 0.1) is responsible for the low value of f{. Details of these calculations will be

provided in the next chapter.

Maybe the most important point derived from the EX4C and related experiments involving

the spin structure functions is the one related to the axial anomaly [92]. In the next sections

we will study it in some detail but now it suffices to say that it is probably because of the

axial anomaly that the models of the nucleon discussed before are close to the Bllis-Jaffe

83
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sum rule but not to the experimental results. Nloreover, as will be clear from the discussion

of the next section, the problem with such models is that the matrix elements of their axial

currents are related to spin while the measured AX is not the spin fraction carried by quarks

'¿r., 1291.

The axial anomaly as the source of the spin problem was originally advocated by Altarelli

and Ross [154], Carlitz, Collins and Mueller [155] and Efremov, Soffer and Teryaev [156].

These authors have argued that the axial charges of each quark flavour should be replaced

by'

Lq - L,q - #on, (4.8)

where Ag is the amount of spin carried by gluons in the nucleon and the new Aq would be

the "intrinsic" spin carried by quarks. As AX = Dn Aq, this means that the integral of 91(r)

over r wouid be:

l,' si@)- åot -
14"
92tr

N¡Ls, (4.e)

where only the singlet contribution rvr¿as written. However, according to the OPB, there is

no gauge invariant, twist-2, gluon operator contributing to ff [93]. From the OPE point

of view, eq. (4.9) would be meaningless [128], because there is no gauge invariant giuon

operator contributing to the fi.rst moment of g{x). Following some major lvorks on the

subject [154, 155, 156, 157, 128, 158, L59,2L, 160, 129, 143] we will explain why the view

of g{r) according to Eq. (4.9), can actually make sense. Meanwhile, we point out that

the anomalous gluon contribution, Eq. (4.9), was derived in the context of the Improved

Parton Model (IPM) [82, 161] approach to QCD. In such a model, the Wilson coefficients

are calculated with the help of the factorization [161 , 162] of the DIS cross sections, which
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is separated into a hard and a soft part according to the size of the transverse momentum

(squared) of the quarks, relative to some arbitrary factorization scale ¡r2. The part of the

cross section with high transverse momentum (kT > p') it said to be hard and it is associated

with a particular Wilson coefficient, while the part with low transverse momentum (kT < p")

is said to be soft. The latter plays the role of the matrix elements of the quark and gluon

operators between hadron states, as seen in the OPE. The soft palt contain all the low

momentum scale of the theory and, as such, is subject to infrared divergences (because

gluons and some quark fl.avours are massless). In this way, the soft part is dependent on the

infrared regularization of the cross section, a point that will be bettel explained later when

we give some calculational details of the photon-gluon closs section.

Whithin the IPM, the nucleon spin structure function is given by the calculation of the

fuÌl photon-nucleon cross section. For the case of polarized scattering this is just 9r(ø) and

if we denote the hard parts of the cross section by C'", then:

gl@, Q')

+

I,' #tr' @ I v, Q' I t \ 
^qN' 

(a, t \ * I "' + 
t f @ I u, Q' I t \ Lq' (v, t')

I l"' yt,@ lv,Q' I p\ng(a, p')', (4'10)

where Aqt" : i,g" + ¡ägå, while the singlet charge is Aqs : åAt. These combinations

contain all the infrared (and hence nonperturbative) information about the nucleon, while

the hard coefficients , C , are well determined perturbatively.

Hence, the anomaly interpretation of the ENIC results says that the measured ff is small

because of a cancellation from polarized gluons. In this sense, models that do not have

the axial anomaly should not to be expected to reproduce the measured results. On the

other hand one can modify existing models so that they obey decompositions like (a.8). For

instance, if one iirtroduces instanton interactions in the MIT model [163], a modification of
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the quark axial current of the form of Eq. (a.8) can be obtained. This is possible because

the instanton breakes chiral symmetry and is in fact the suggested [16a] mechanism for the

solution of the UÁl) problem. The same conclusion has been drawn [165] from models like

the Nambu-Jona-Lasinio model [166] when point-like, quark-quark interactions, arising from

instantons (as proposed by rt Hooft [164]) are built in'

Initially, the amount of polarized glue need to fit the data through the modified expression

(4.9) was very large [167, 168] but recent calculations have brought these values to more

acceptable standards [169, 170, 133]. Nevertheless, while the axial anomaly is a strong

candidate to solve the spin problem there is, as yet. no consensus that it helps as much as it

should in the z region of the present experiments [169].

Finally we note that there are a few parametrizations of the quark distributions that are

able to fit the measured data without resorting to an anomalous contribution. For instance,

in Ref. [137] a parametrization was constructed where there is a significant, polarized strange

quark contribution to the singlet charge but no gluon term, although its contribution to the

spin sum rule is not negligible. In an other approach, a modified SU(6) proton wave function

is used [171]. The authors of this work conclude that the measured asymmetries can be

fitted without the use of polarized strange quarks or an anomalous gluon term. We notice

that both approaches may be misleading because they identify the measured axial charge

with spin.

4.2 The Spin Sum Rule

We start this section studying the decomposition of the proton spin in its parts. As the

proton is composed of quarks and gluons, the obvious spin decomposition is:
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|lr + ag * Ln + Ln :1r, (4.11)
A

where AX is to be identified with the total spin carried by the quatks, Ag with the total

spin carried by gluons and Lo arld. tr, with the orbital angular momentum of quarks and

gluons. Notice that the above formula does not say anything about the sign of the quark or

gluon contribution. Moreover, in contrast to the momentum sum rule, seen in Sect. 1.2.2,

inclusive measurements of gr alone does not say anything about the amount of polarized

glue, which means that Ag is not constrained by gt measurements3. This can be easil-v* seen

fromthefactthattheintegralof gisrelatedonlytoAXand,if wedonotknow LnandLs,

Eq. (a.11) does not tell us anything about Ag.

It is very instructive to see the origins of Eq. (4.11). As usual, it can be derived from

the angular momentum tensor and here we follow the derivation of Jaffe and Manohar [128]

and Ji et aI. l172l. If the MÀuu is the QCD angular momentum tensor, then the conserved

charges that are the generators of the Lorentz transformations arc 1128,I72]:

ITpv _ d3 x IuIop' . (+.12)

(4.13)

because Jr2lP,tl2 >: Il2l ts an be readily

calculated in classical QCD La - $(fiP7, -
g^tþAp - m) - F'14, the cla m is [172]:

If the the nucleon is in a state lP,L12 ) moving in the z direction, then

3As a matter of fact, interpretations of 91 that include gluonic contributions through the axial anomaly,

can be used to constrain the total gluon. This will be seen later in this chapter.
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MÀt',:iú^l^(rr0"-x,0p)ú+Tú^/^l^tr,^t,lú-F^p(xp0,-x,ôt')Ae-F^uA"+F^,¡u, (4.14)

from which immediately follows that

|lr+ Lg*Lq+Ls:r, (4.15)

where

A' < P,Il2l I dt*ÚttttvþlP,L12 >

Ls

< P,7lzlP,rlz >
< P,rl2l I d3x(EtA2 - E2At)lP,rlz >

< P,rl2lP,t12 >
< P,rl2lI dsxi$f (xrð2 - x2}t)glp,rl2 >

< P,rl2lP,r12 >
< P,,Il2l I dsrEi(x2ôt - xrð2)AolP,Il2 >

(4.16)
< P,rlzlP,r12 >

AI is obviously invariant under gauge transformations but a direct computation shows that

Lg, Ln and Ln are not - though their sum is4. That Lo can be identified with the orbital

angular momentum of quarks follorvs immediately from its form, (ø- x ü). The same can

be said for the gluon orbital angular momentum.[r. The identification of Ag with the spin

carried by gluons is less obvious. One needs to go to an axial gauge, like the light-cone gauge

in light-cone coordinates, in which case it can be shown 1159, 174] that A9 is indeecl the
4In a recent work [173], it is argued that it is possible to decompose the spin sum rule in two general gauge

invariant parts. They are the total quark and gluon angular momentum: /c = A! * Lq and Jc = Lg * Ls.

Ilowevet, the decomposition of the spin sum rule into four gaûge invariant parts is still troublesome, and

our discussion is completely unaltered. In any case, it would be extremely interesting to investigates the

consequences from the approach of Ref. [173].

Ls

Lq
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gluon spin content of lhe proton. It is worth noting that it is in the axial gauges that the

parton distributions, including the polarized gluon distribution. are actually defined [1i5].

Finally, a direct inspection of AI in Eq. (4.16) shows that it is the expectation value of the

Pauli spin matrix a3, the natural definition of spin. Moreover, as seen in the introductory

discussion of deep inelastic scattering, the spin four vector has to be perpendicuiar to the

momentum four vector. From the Dirac equation in momentum space' (l - *)"(p, s) : 0,

one has:

û(p,s)þ^ttu(p, s) - -*u(p,s)lsu(p,s) + p, 'W@,s)^l'^tsu(p,s)] : 0 (4.17)

in the chiral limit. But the important feature in Eq. (4.IT) is that it says that the classical,

unrenormalized. axial current, has the basic property of the spin vector, PrsP = 0; it is often

denoted by u ¡p15u = 2ms+. Bq. (4.17) is also an expression of the conservation of the

classical axial current: 0r$(x)1t"^/s1þ (r) : 0.

4.2.L The Anomalous Gluon Contribution

ûq

Figure 4.2: The iriangle $aph
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When one goes to quantum field theory, the interpretation of the axial current in terms of

spin, which we have just described, is not possibie anymore because of the axial anomaly

1g2,22]. The axial anomaly arises in the calculation of the triangle graph of Fig. 4.2, involving

the axial vector and two bosons. It was first derived in the context of QED [92] but it appears

in QCD as well 122, 
g3l. The triangle graph essentially forces the axial current to be extended

by an extra term in order to ensure gauge invariance [92]. This happens because the tliangle

graph is superficially lineraly divergent and the Ward identity compatible with the classical

axial current ceases to the respected when the triangle graph is present. The extra term in

the current ensures that a correct lVard identity is used. In this case the divergence of the

unrenormalized current. in the chiral limit, should be modified to 192,,22]1:

0rú(r)t'trrþ(r) - f,nrrc,,d,', (4.18)

which defines a new classical axial current. With this equation, the correct renormalized

divergence equation of the axial current can then be obtained. As the axial current is a

composite operator, it has a renormalization constant itselfs: Jl^ : Z¡J{. Hence,

orË^ : fflrrc*dr,l^, (4.19)

where fffTrG*du"fR = ffTrG*Gp, * (Zt - I)Aþü. As emphasized by Bardeen [22],

this renormalized, physical (gauge invariant) axial current, has nothing to do with the chi-

ral transformations in the sense that the axial charge of the renormalized current is not

conserved and thus cannot be the generator of chiral transformations. Bardeen also defines

another axial current, "(s, that is conserved and whose conserved charge generates the chiral

sThis renormalization constant would be one if the unreuormalized current rvas not modified, that is, if

it was conserved.
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transformations

Ë'@) : ft(r) - ffx,ç*¡, (4.20)

where I{, - e¡",oBTrA'(G"B -2llllø¡ and ÔrI{P = TrG*d". Of course, the current

Ët (*) is not gauge invariant as it misses exactly the term added to preserve gauge invariance

when calculating the triangle graphs.

That the gauge invariant, renormalized, axial current does not have a spin interpretation

should, be clear by now but we give a very simple demonstration that this is indeed the case.

We first notice that p, .1"þ,s)1,%u(p,r)]s:0 from Eq. (a.li) because the renormalizeil,

but gauge dependent axial current, J{s., has the same divergence equation of its classical

counterpart. Hence:

p, .lú(p, t)'t'%u(p,r)1" I 0. (4.21)

because, in general, pp 1 pll{*lp >+ 0. We are then forced to conclude that the gauge

invariant axial current is not related to spin. The same conclusions can easily be draw from

the analysis of the algebra obeyed by the renormalized "spin" operators. Bass and Thomas

[143] showed that these "spin" operators, constructed from the renormalized gauge invariant

axial current, do not obey the required spin algebra.

How do these considerations on the interpretation of AX affect the spin structure function

gr(x)? From Eq. (a.10) we see that the integral of. g1(x,Q'),lot, is given by:

ri - |lr çt - *@+ ...) + lonfu1 lo' 'n@,Q'lt'\d', 
(4'22)

where the nonsinglet part was not explicitly written, the perturbative result up to order

a" for Cos [93] was shown and the integral over Í of Cn was left undone. In the operator
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product expansion for 91, there is no gluon operator contribution to ff [93], which means

that ff Cn(r,Q2l¡Ê)dx - 0. In this case, measurements of 91 would determine AX. As

we saw before in our discussion on the operator product expansion, only gauge invariant

operators enter in the computation of the matrix elements, Eq. (2.75). Hence, from our

discussion, it follows that the AX of the operator product expansion is not the spin fraction

carried. by quarks. We will call this quantity of AXoPE. On the other hand, Eq. (4.22)

together with Eq. (4.20) says that in schemes where ÀI is the spin carried by quarks,

ß Cn@,Q'z1 ¡t2)dr l o.

We can understand better why the renormalized operators do not have a spin interpleta-

tion if we notice that it is a property of renormaiized operators having anomalous dimension

different from zero that they will not aiways have the same symmetry properties as their

classical counterparts. This is a well known fact of quantum field theory, where regular-

ization can spoil some of the classical symmetries. The process of renormalization should

restore such symmetries but in anomalous theories this is not what happens. Of course,

the anomalous dimension beyond leading order is dependent on the renormalization scheme

used, which means that one can always find a scheme where the anomalous dimension of the

axial current is zero. In such a scheme, one would have again the identification of the axial

current with spin. However, such schemes break gauge invariance, as seen in Eq. (4-20).

In view of this discussion, it is disturbing that many articles, including all the articles

communicating experimental results, continually refer to the "measured quark spin content

of the proton". Such a quantity has never been measured. What was measured was the spin

asymmetry that is related to the gr(r) structure function which, in turn, is unambiguously

related to LEop. through Eq. (2.83). In this sense, there ,,¡ras never a problem wiih the spin

of the proton. There was (is) a problem of using the language of the parton model, which is

built upon conserved currents, to interpret a structure function, gt(r), built upon currents
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that are not conserved because of the anomaly.

It is still possible to interpret 91 in terms of the parton model [154, 155, 156] if the

non-conserved, gauge invariant, axial current is separated into two gauge dependent parts,

Eq. (4.20). This separation has been widely discussed and debated [154, 155, 156, 128,

1b8, lT6, 177, 15g,178, 129, 143] exactly because of the lack of gauge invariance of such

a separation Alihough, at first sight, the use of a current that is conserved but gauge

dependent is a high price to pay, Iffe notice again that the decomposition of the spin into

its parts in Eq. (2.3) is nof garge invariant itself [172]. Nloreover, the parton model is

formulated in a specific gauge, the axial gauge, in which case the gluon distribution is given

by the forward matrix element of the gluon operator in Eq. (4.20) [i59, 174]. Hence one

can, in principle, express ff in terms of the quark and gluon spin. This is a vely fragile

interpretation, valid only in the axial gauge but, again, it is this gauge that is used to

define parton distributions as well. If we change gauge we no longer have a clear quark

and gluon helicity decomposition but neither do we have the parton rnodel. Finally we note

that up to large gauge transformations, like the ones that change the topological number,

the forward matrix elements of the conserved axial current and gluon operator are gauge

invariant [128, 178]. Thus, as long as \rye remain in perturbation theory, the separation of ff

is reliable and each term is separately gauge invariant - although their separate contributions

are dependent on the renormalization scheme used [178, 31]. As a conclusion, it seems that if

one wants to talk about spin carried by quarks, then one should use a renormalization scheme

that allows such a thing, like the cut off scheme, and also a gauge where such interpretations

through the parton model are allowed.

After renormalization, the matrix elements of the angular momentum tensor between

6See the footnote of page 88 for extended comments
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physical hadron states keep the same form as the classical one. Moreover. as the angular

momentum tensor is an observable and conserved, it is invariant under the renormalization

group equations in the sense that its anomalous dimension is zero and hence it has no Z to

renormalize it. It also has to be independent of the renormalization point. The same is not

true for all of the quantities appearing in its decomposition. And as QC D does not have a

natural mass scale, renormalization cannot be made on-shell - hence they will depend on an

arbitrary renormalization scale p2:

1

, LÐo'" (t') + Lg(p') * Lnjr\ * LnQf) : (4.23)

We would like to express the above sum rule directly in terms of the of the spin content

of quarks, AI. We then use [154, 155, 156]:

LÐo'"(p'¡ : ax(p2) - ffN,ng7r'). (4.24)

Eq. (a.2a), when used in the spin sum rule, will force the appearance of some other contribu-

tion to cancel the anomalous gluon. In other words, as AÐoPE is related to a nonconserved

quantity, there should be a term Á @.23) that compensates this fact. This term is the quark

orbital angular momentum lI72l. To see how this works, consider the splitting of a gluon

with helicity +t into a massless quark antiquark pair, as shown in Fig. (4.3).

The gluon has chirality 0, which means that if chirality is to be conserved. the quark has

to have its helicity opposite to the antiquark as in the massless limit chirality and helicity

are the same. If the helicities are opposite, the spins of the quark and of the antiquark sum

to zero, meaning that they have to have a relative orbital angular momentum -F1 in order to

conserve the total angular momentum. However, in the case of the currents used to construct

LÐo'",, chirality is not conserved, as discussed before. Hence, the quark ancl antiquark are

1

t



4.3. Gf rN A cuT-oFF SCHEME 95

Figure 4.3: Gluon decaY to a qÇ Pair

no longer restricted to have opposite helicities. Eq. (a.2a) says that the chi¡al breaking term,

the anomalous gluon, tends to force the appearance of negabive helicities (-L 12) for the quark

and for the antiquark. Thus, to conserve the total angular momentum, the reiative orbital

angular momentum of the quark antiquark pair has to be *2. In this way, the reshufiing of

Eq. (4.23) using Eq. (4.24) implies a oew value for the quark orbital angular momentum.

The important feature is that in this picture, the total angular momentum is not sensitive

to the anomalous giuon term.

We now proceed to make an explicit calculation of 91 in a scheme that allows its separation

into a quark and giuon contribution.

4.3 gL in a Cut-off Scheme

The main assumption behind perturbative QCD is the factorization theorem [162]. It ba-

sically says that the cross sections are a product of two parts and that each part depends

only on physics characteristic to one momentum scale. For instance, the formulas for the

moments of the structure functions, Eqs. (2.S2) and (2.83), are derived using täctorization.

qr

L
¡
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The OpE expresses the factorization automaticaliy when separating the singuiar part of the

product of currents , Eq. (2.72). The singular part is calculated in perturbation theory and

it is what is meant by the hard part of the cross section. Its characteristic momentum scale

i" er. The finite part is expressed in terms of the constants ,4,,, has IP as its momentum

scale and it reflects the large distance and nonperturbative nucleon wave function - as is

clear from Eq. (2.75).

The OpE formulation is not the only recipe for perturb ative QC D. One could go directly

to the calculation of the relevant cross sections and separate them into soft and hard parts.

Take the glþ) spin structure function. In this case, the cross section involved is the one of

a virtual photon on a proton. Applied to it, the factorization theorem says that:

sï@,Q\ - Lol'o(x,,Q'lp') Ø Lln/p@,p,2) + A'ol"s(r,Q'lp\ Ø Lf n/r(r, P2), (4'25)

where Lo/'a and. L,ol's are the virtual photon-quark and virtual photon-gluon polarized

hard cross sections and A/n1n¡¡, is the polarized quark (gtuon) spin distribution inside the

nucleon. That this is the case can be intuitively seen from the analysis of the hadronic tensor'

We know that it describes the virtual photon-nucleon cross section in the lepton-nucleon cross

section, Eq. (2.1), and the factorization theorem applied to it says It0Z]:

w"' -+ I,'!r,øu¡" (4'26)

where the sum is over all partons (quarks and giuons) and 11 is the hard part of the cross

section. The structure functions are obtained by projectingWP'onto a particuiar structure

function. Then, for instance, EQ. e.25) follows'

The factorization theorem can also be used to define the parton distributions. We know

from our studies of the simple parton model that F1(r) : å Do "l(ø(r)+4(t)). 
Also, the hard
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scattering cross section between the photon and the quark is just a delta function, efi6(t -
r)12,in the parton model approximation as can be seen from Eq. (2.32). Then, foilowing

Jaffe [a0], the commutator of currents in the hadronic tensor, Eq. (2.5a), can be calculated

in the Bjorken limit and in leading order in the strong coupling constant. Projecting the

hadronic tensor to extract .Fr and comparing lvith the parton model expression, F1(x) :

(q(') + ?(r)) Ø of"q(r): å Dn "?Q@) 
+ 4(')), one gets [40]:

q(*)+e@): # I¿"-"-icÙIz-/'/2 
<PlÚG-)t*'i(o) -6qh*rþ(r-)lP > (4.27)

In the next chapter, when we study the r dependence of the parton distributions, we will see

these objects in some detail. The important aspect now is that we can use the factorization

hypothesis to calculate the momentum dependence of the structure functions. Once we know

the coefficients / (in Eq. (4.26)), we just have to use perturbative QCD to calculate the hard

cross section to any order. The calculation of these perturbative cross sections can also be

done through the Wilson coefficients of the OPE. Both schemes are equivalent in the sense

that the moments of the hard cross sections are just proportional to the Wilson coefficients:

I"
1

dær"-to¡(x) x C". n : 1,3,5,... (4.28)

Conversely, the inverse transform of the Wilson coeffi.cients are the hard cross sections. Also

the anomalous dimensions have their interpretation in this parton model language. Their

inverse transforms are know as splitting functions that measure the variation with scale of

the probabilities to find a quark inside a quark, a quark and a gluon inside a quark, a quark-

antiquark pair inside a gluon,, etc. This formulation of perturbative QCD is known as the

Improved Parton Model (IPM) [179, 82, 161].
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There are a few subtle points in the relation between the OPE and the IPM. For example,

the OpE involves strictly gauge invariant operators. This means that in the calculation of

the Wilson coefÊcients, renormalization schemes that respect gauge invariance are used. In

dealing with the IPM, one should also use such renormalization schemes in order to preserve

gauge invariance. However, as we stated before, factorization has to be used in order to

separate the cross sections into soft and hard parts. This separation is dependent on the

renormalization scheme used when one goes to two loops and beyond in perturbative QCD

- a well known fact [65]. In general, the cross sections will also have infrared singularities

because the particles involved, quarks and gluons, are massless (at least for the u and d

quarks). Depending on how these infrared singularities are treated, the parton distributions

defined in one scheme or another, will be different. For instance, parton distributions are

quite often defined in terms of a cut-off in the quark transverse momentum. This means that

such distributions will have problems with gauge invariance. In this way, if one calculates

these distributions in this cut-off scheme and use it to separate the hard part of the cross

section, then one will get results different from the OPE. But this difference, as we already

discussed at length, is obvious because these distributions are calculated in different schemes.

They should not agree at all. Of course, 91 as a physical object, is invariant under the choice

of scheme.

To demonstrate this point clearly, we will calculate the gluon hard coefficient in a cut-off

scheme and then compare with a scheme that respects gauge invariance. lVe also will show

that 91(r) is scheme invariant. Finally, we wiil take the calculation of the gluon contribution

very seriously and study the effects that the quark masses may have on the first moment

and shape of 91(ø).
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4.3.L Theoretical Construction

The hard gluon cross section is extracted from the full photon-gluon fusion cross section,

L,o1"s and is calculated through the box graphs which start at ordet 4". The other con-

tribution from which it must be separated is the quark distribution inside the gluon [180].

Mathematically, the factorization for the photon-gluon fussion cross section is expressed as:

Lo1"s (x,Q\ : L'o/'s (x,Q'I t') Ø Lf ntnþ, p\ + L'ol'q (x,Q" I tt') Ø Lf qrs. (4.29)

The full as well as the hard photon-gluon cross section are of order 4", which means that

Lf s/s should be just a delta function, as a zero order approximation in the parton model.

On the other hand A/07, is the cluark distribution inside the giuon, it has to be of order zero.

Thus, the zero order approximation for Lo/'ø has to be used. With these considerations,

Eq. (a.29) is rewritten as:

L,o1's (æ, Q\ = L'o/' s (x,8' I tt,) I Lqs (x , ¡t2),

where Lqn : Lfq/s.

The full photon-gluon cross section has been calculated to be [181, 182]

(4.30)

, (4.31)

Lor,n (*, er)

1+ JT:+3 1-
1- 1- ç hr-Fl'- -@-

+("-'.#) 
]
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with P2 : -p2 the gluon virtuality, mo the quark mass ancl W2 : qÉ?=Y" the invariant

mass squared of the photon-gluon system. For very large momentum transfer, 8' >> *|, P' ,

the full cross section reduces to:

L,o1's (r, Q2) #*,1,'. - ¡ þa¡fi6a + tnr -,* - t
2m? - P2x(2r - 1)l

-(1 -,)ffi) (4.32)

It remains to calculat e Lqs . This is given by computing the triangle diagram or, equivalently,

the integral over the transverse momentum of the square of the norm of the light-cone qÇ

wave finction of the gluon [155, 180, 183]. As Aqe is a soft contribution, the integral over

the transverse momentum has to have a utt off, ¡.r,2:

Lqn (*, p') 9:¡tr,
2¡r J

, *3 * (2x - L)ki
r 

lrn, + P,{I - r) + k'zLy
dk

I1

+

#*'{ (2* n

(1 -r)
Zml+P2x(I-2r) p2

*3 + P2a(L - r) !,2 + Pzxç1 - ,) + *?
(4.33)

Equation (4.33) is a generalization of previous results [155, 180] including the dependence

on the factorization scale for any values of the quark masses and gluon virtuality. Its first

moment is zero for ¡.r,2 11 *?,P2. If p2 >> mf,,P2 the first moment of. L,qs(r,¡r2) is 0 for

P2 >> mf,,whi\e it is ffll¡ for ml >> P2. Using Eqs. (4.30), (4.32) and (a.33) we can

calculate the hard gluon coefficient:
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A,o/"s(x,e',t\: #*,{rr,-r, 1,"(æ) *r"(?) -t]
z-.2 + Pzx(I - 2r) \+o-ùffiÌ. ({34)

Notice that the first moment of Eq. (4.34) does nob depend on the ratio mllP2 in the region

lt' >> mf,, P2 - it is a legitimate hard contribution. Equation (a.34) is also a generalization

of previous results and from its limit, lr' >> mf,,P', it may be argued [15a] that the gluons

contribute to the first moment of 91(*,Q\ because ¡] to/"n(n,Q')d* : -#N¡.
On the other hand, if one calculates the quark distribution inside a gluon through the

triangle graph, which we call Lqlorø, using a regularization scheme that respects the axial

anomaly but breakes chiral invariance, it is found that 7:

Lqn(r) - Lqlopøþ) (2x - 1.)ln

2¡f (L - x)
p,2+P2x(l-x)+ml+ (4.35)

where the renormalization scale in the regularization of L,q!6pB (using M3¡ has been taken

to coincide with the factorization scale.

Equipped with Eq. (4.35) we can understand exactly why the hard gluon coefrcient

in the IPM (with the parton distribution defined with the help of a cut-off in the quark

transverse momentum) has a first moment different from zero. The reason is that in the

process of factorization the axial anomaly was shifted from the quark distribution inside the

gluon to the hard coefficient. Equation (4.35) reflects the fact that the regularization of

TThe triangle graph regularized with a cut off on the transverse momentum results in Eq. (a.38)
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LqnopB respects the axial anomaly while the regularization of. Lqs does not. We also see

that in the limit ml >> ¡r2,, the discrepancy betrveen the two calculations disappears (at

least for the first moment - the x dependence depends on the regularization method). A

similar phenomenon is found in unpoiarized deep inelastic scattering where an analysis by

Bass [184] has shown that the trace anomaly induces the same sort of shift when a cut off

over the transverse squared momenta of the quarks is used to separate the soft and hard

regions.

4.3.2 Scheme Independence of gt

The spin structure function is a physical observable (it is just a cross section). As such, it

has to be independent of the scheme used to define the Wilson coefficients (or the hard part

of the c¡oss sections) and the parton distributions. This can be show explicitly:

et(r):axm ØClt-s +Lgæ ØCyt: ax ØCq+a,sØcn, (4.36)

where for convenience of notation Cn: Lo]¿'o ancl all quantities without labels refer to a

scheme where the axial current is conserved. From Eqs. (4.33), (4.34) and (a.35) we get:

c{t(*) : cn@) + }u,çt - *), (4.sT)

in the limit of infinite momentum transfer. On the other hand, if one pays attention to Eq.

(4.20), LEM9 and AX are related by [22]:

I"
1

nzæ @)a* : lo' 
Ll(r)d,r * d.s

')- (p, sll{¡lp, 
"),

(4.38)

where the I refers to light cone coordinates. The matrix elements of. I(¡ are given by [159]:



4.3. Gf rN A CUT-OFF SCHEME 103

(4.40)

(p,sl1(.,.1p,r) : - lot 
nnç*¡a*, (4.39)

for each flavor, where Ag(") is the polarized gluon distribution of Eq. (4.36). Eq. (4.38) can

be generalized for all higher moments [129] and the general decomposition for AX would be:

a,ræ(r) -Ax(z) -y,VJ(t-r) I Lg(*)
1f

We can use these definitions in the expression for 91 and obtain

: (rrm(r) +A¡r¡(r-r) aAs(,)) Øco@)+ae(r) Øef@l -fr+fr -,))
: AxMs(r) Ø cn@) r ag ø c{s(r), (4.4r)

gt(x)

to order 4". We can relate the polarized gluon distribution and the Wilson coeffcients in

the two schemes. As it is well known, the anomalous dimensions and Wilson coeffi.cients are

dependent on the renormalization scheme when one goes beyond leading order in perturbative

QCD. As the parton distributions are determined once the perturbative objects are given,

as discussed in the beginning of section 3.3, they will be scheme dependent as well. In this

sense, we write

Lg(*) = Lsw-(*) + ós(r¡, cr(*) - cys@) * 6co@). (4.42)

where 6g(r) and 6Cr(x) are some functions relating the two schemes. Their particular form

is of no interest right now but the existence of such functions. With these definitions, Eq.

(4.4I) is rewritten as:
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arm(ø) Ø cy @) + Lsw (x) ø c;vs1 ";

- LÐæ (x) ø óc,1u¡ - 6g(r) ø cf {r). (4.43)

gi(x)

Comparison with Eq. (a.36) results in a consistency relation

Arù/s(ø) Ø 6co@) : -6s(x) ø cf;s ("). (4.44)

This equality must hold if 91 is to be an observable. The first moment of Eq. (4.44)

certainly respects the equality as ff axC{s(x):0 and ftdx6Cn@) :0 because the quark

singlet and nonsinglet Wilson coefficients are the same, at least to order o" [93]. Then, if

C,vs(r) : Cff!(x) *óC¡¿s(ø), it follows that óC¡¡s(r) : 6Co@). As the change of scheme

of the Wilson coeffcient is dictated by the change of scheme of the anomalous dimension,

and the first moment of the nonsinglet anomalous dimension in next-to-leading order is zero

due to current conservation, if follows that [] dn6C¡¡s(t) : 0. Hence. ¡] atACrþ) = 0 as

well. More of the relation between the Wilson coefficient and the anomalous dimensions

beyond leading order will be seen in the next chapter. Eq. (a.aa) could be used in a reversed

argument: the scheme invariance of 91 implies that the first moment of the quark Wilson

coefficient is independent of scheme.

4.3.3 Quark Masses, Factorization Point and the First Moment

of the Hard Gluon Coefficient

It is interesting to study the dependence orL p2 of the first moment of Àø/'e. In an early

study of this subjects, Mankiewicz and Schäfer [185] determined the first moment of the box

8We thank S. Bass for pointing out to us this work
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graph as a function of the minimum transverse momentum carried by the quarks. Their

results for Q2 --+ oo agree qualitatively with ours, as will soon be seen. But it was also found

in Ref. f185] that for momentum transfers of the order of 10 to I00 GeV2,, the contribution

from iight quarkse (*o : l0 MeV) is deeply affected by the choice of the minimum value

for the transverse quark momentum. In the method used here, such an ambiguity does not

exist for the light quarks and its anomalous contribution for Qz : 10 or 100 Gev2 is well

defined and independent of ,br. We use this result to argue that the hard gluon coefficient

calculated here is more stable from the point of view of infrared singularities.

Even with the known variations of the anomalous contribution with the factorization

scale, it has been widely assumed in the literature [47] that for light quarks (u, d and s) the

first moment of ol's is -a,f2n and for heavy quarks (like c or ó) it is zero (because, for

ml >> p', Lol'n reduces to Cf).But it also happens that the gluonic contribution to

9ír,qz¡ is of the form Aal'n (r,Q" I p') ø Ag(r, ¡;2). This means that the scale p'2 at which

the gluon distribution is calculated (or parametrized) is the same scale p,2 that has to be

used in the calculation of ihe hard gluon coefñcient, and that it does not make sense to talk

about the magnitude of the hard gluon coefficient without specifying the factorization scale.

Thus, the heavy quark contribution is negligible only when the polarized gluon contribution

is calcuiated at a very low scale compared with the quark mass.

In Fig. 4.4 we show the first moment of Lo/"g as a function of the factorization scale

for the z and d quarks (*? - 25 x 10-6 GeV2), for the s quark (*? - 0.04 GeV2) and for

the c quart (*? - 914 GeV2). We see that, as is well known [155,I77,180, 182, 47l,,the c

quark does not contribute when m!>> þ2, as one can also verify directly from Eq. (4.34).

eWe assume for the quark masses their current values. We do not take into account variation of the masses

with the factorization point but note that our conclusions are not significantly altered by small changes in

the quark mass.
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However, for reasonable values of. p,2 there is a contribution large enough to be taken into

account. Thus, the significance of the charm contribution to 91(2, Q2) depends on where

the polarized gluon distribution is calculated. For instance. calculations have been made in

the literature using input polarized gluon dist¡ibutions at a scale of typically 4 GeVz - The

authors of these calculations usually disregard the charm contribution. We note in passing

that in the region of ¡.t2 where polarized charm can be disregarded, the polarized strange

quarks yield only half of the contribution given by u and d quarks. As we see from Fig. 4-4'

the c quark gives arounð,64% of the contribution of the light quarks for ¡r2 - 4GeV2 and

so it should not be disregarded if the gluon distribution is calculated at this scale. We aiso

see from Fig. 4.4 that the z and d quarks give the same contribution, independent of the

factorization scale. We further notice that, for practical purposes, the hard gluon coeffi.cient

is independent of the exact value of the gluon virtuality P2'

The discussion of the preceding paragraph was based on the not so realistic assumption

that the momentum transfer Q2 is infinitely bigger than any other scales in the theory. It

implies, for instance, that when integrating the hard cross section we allow r to go from

zero to one. But from simple kinematic arguments we knorv that r has a maximum value

of r*o, : Q'l(Q' + P2 + 4ml) and so ïmds -+ 1 only when Q' >> mf,, P2- For the finite

Q' of the current experimeîts, t^o, never reaches 1 and so the integral in r has a cut off.

For instance if one calculates the first moment of. o/'s for the c quark (*? : 914 GeV2) at

lt' : Q' - 4 GeV2, using Eq. (a.3a), one finds that its value changes from -0.64, when ¿ is

ariificially allowed to reach 1, to - 0.015 when the physical cut off in æ is applied. What

happens is that expression (4.34) itself was obtained under the assumption of an infinitely

large Q2. To be more consistent when dealing with finite Q2, one should derive the hard

cross section from the full cross section without any approximation.

In the general case u/e then write:
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Figure 4.4: Hard gluon coefficient as given by Eq. (4.34), calculated with the assumption

of infinite momentum transfer as a function of the factorization scale. For realistic scales

0t'> I GeV2), the charm contribution is seen to be important.

C{t : Lo."s - Lqlorø, (4.45)

Lo/"s - [o1te - Lqn, (4.46)

with Aøl"s given by Eq. (4.31) and Aqs and L,qs6ps given by Eqs. (4.33) and (4.35). We

stress that these equations are the complete result at order a". In Figs. 4.5 and 4.6 we show

the first moment of. L,o/"s,, defined in Eq. (4.46), as a function of the factorization scale

¡t2 for Q' : L0 GeV2 and Q2 : 3 GeV2, respectively. These values were chosen because

'-.-

ì
:\ .\

\\\

ffi'o:O GeV', ?': ony volue
ffi'o:9/+ GeVt, P': any volue
ffito:0.04 GeV', ?': 0.1 GeV'
ffito:0.04 GeV', P':0 GeV'

Qt ))lJ', rr1'o, ?'
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they are the average Q2 of the EMC 120, 521 and SLAC [64] experiments. The resulting

d.ependence is very interesting. It shows that in the region of interest (p' > I GeV2) there

is no appreciable dependence on the gluon virtuality or on p2 (uI least for Q' : I0 GeV2)

but the mass dependence is strong. Remarkably, the contribution from the s quark is never

the same as the contribution from the u and d quarks, contrary to what is usually claimed.

The s contribution is - 0.9 o"(Q2) f2tr for the EIVIC data and - 0.75 a"(Q2)l2r for the

E143-SLAC data. We also find a nonnegligible contribution coming from the c quarks.

For the EMC data, the c quark contributes - 0.2 a"(Q2)l2r and for the E143-SLAC data

- 0.1 a"(Q2)12r. Figure 4.5 is unaltered 10 if we go from *? = 0 to m!: 1 x l\-aGeV2'

If we then compare our Fig. 4.5 with Fig. 2 of Ref. [185] we see clearly that the present

approach does not have a convergence problem io Qt and yields a perfectly unambiguous

contribution from the light quarks. Finally, we show in Fig. 4.7 the Q2 dependence of the

polarized charm contribution calculated with þ2 : 3 GeV2 ' This contribution, obviously,

tends to the value calculated in Fig. 4.4 (- -0'57 a"(Q2)l2r)-

4.3.4 Relevance in Analysing the Eraction of Nucleon Spin Car-

ried by Gluons

In terms of the polarized quark and gluon distributions,, ge1(x,Q2) for 4 flavors is written as:

glþ, Q') i,oo"@,Q\ +#on,,', Q\ - *^q,,þ,Q')
+$lr1', Q\ + ftl'.Y 

n ç*,Q', t')8 as(¿, ¡,'), (4.47)

roln reality, there is a - lYo correction for ¡t2 - 0.0I GeVz. This result is in complete accord with the

fact that the anomalous contribution for the u and d quarks goes to zero ¿Ni p2 goes to zero.
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Figure 4.5: Hard gluon coefficient as given by Eqs. (4.31), (4.33) and (4.46). The momentum

transfer is fixed at I0 GeV2. It is seen that the strange quark contribution never equals that

from the up and down quarks and the charm quark contribution is sizable f.or p,2 > 7 GeVz.

where Aq3 and Aq6 are defined after Eq. (4.2), Aqtu : Az f Ad + As - 3Ac and AX :
Au * Ld + As * Ac. For 3 flavors the coefficient of the singlet part changes from 5/36 to

1/9 and Aq15 does not exist. To order o,(Q') [93], the first moment of (4.47) is:
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The coefficients of a"(Q2) have the following meaning. The 2 indicates that the u and d

quarks give the same contribution #, as discussed before. The s1 and c1 factors give the

amount of strange and charm quark contributions, according to Eq. (a.a6) and Figs. 4.74'

4.16.

To extract the value of L,g(Q2) we will closely follow Refs. [136, 126]. For the sake of

comparison, we begin with only 3 flavors and with the common assumption that the u, d

and s quarks give the same anomalous contribution.

Under the assumption thai the polarized sea originates exclusively from the anomalous

giuon contribution we have, for 3 flavors, the following identities:

rs: irr+rxt-fl
1

/a*1o : ,ffr.-r) l(1 -fl+4(r-#,] , Ø.4s)

where the the quark spin fractions lvere expressed in terms of the F and D couplings and

corrections from the two loop expansion of the beta function and anomalous dimension were

incorporated. In ,\'LO, a" is given as the soiution of the following transcendental equation:

Q' 4r
+

4r
f¿t*

0tIn
L2 1od" p3

with B6 : 11 - 2Nr 13 and 0t : L02- 3S¡ú//3. We use Â : A(e) :248 MeV, determined by

fixing ¡(a) - 200 IIeV [187]. A remark is necessary here. The calculation of the hard gluon

coefficient was performed through a cut off on the transverse momenta of the partons in order

to regularize the integrals. This procedure is the definition of the parton model. On the

other hand, a, (or ,\) is determined within a given sheme because À is a scheme dependent

object. In general,TS scheme is used [125]. The problem is not as bad as it looks because

(4.50)
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a different scheme will result in a simple redefinition of the parameter A, maintaining a"

unaltered.

Using the experimental values of -F and D as given in [126], we determine 13 and -Is * -fo

at Q2 : l0 GeV2 (with a"(Q' : I0 GeV2) - 0'209):

Is

Ie* Io

: 0.0977 + 0.001

: 0.0779 + 0.002

We now use Eq. (4.48) to determine A9(Q2). On the left hand side, we use the experimental

result from the SMC[52], displayed in the last line of table 4.1. On the right hand side we

use the results (4.bi), s1 : 1, cr : 0 and remember that for 3 flavors the singlet coeffi.cient

is 1/9 and -fis - 0. The result is:

Lg(Q' :70GeV2) : 3.0+ + 1'4' (4.52)

For 4 flavors the analysis is similar. One just has to redefine the integralof geL@,Q2):

(4.51)

(4.53)

I3

Iei Io- Iß 3F

. d..(r+r)(r-;)1

L2
5

36
D)('-#)

We then proceed as before and calculate Ag using the result for the gluon coefficient

as displayed in Fig.4.5. We see that for p' : Q2 : l0 GeV2, st - 0.9, c1 : 0.21 and

d"(Q2 : I0 GeV2) :0.2142, resulting in:
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Iz : 0.0976+0.001

Ie* Io- Is : 0.0786+0.002

Lg(Q' : L0 GeV2) : 2-32 +.7.06 (4.54)

In passing we notice that if the usual assumption of infinite momentum transfer were used,

then according to the results of Fig.4.4, at I0 GeV' ", 
: \, cr - 0.81 and hence Ag : 1.89.

4.3.5 The ø dependence

The exact r dependence of the anomalous contribution is a matter of convention because the

freedom in the factolization scheme while calculating Lol"n. Other choices of regularization

rvould result in diferent functions of r. But, as shown by Glück et al. [168], the exact form

of the z dependence seems not to be very important. Once we do not know the folm of the

polarized gluon distribution, the best we can do is constrain it by some general considerations.

For instance, there is the positivity condition:

l\s(*,Q\l < g@,Q), (4.55)

rvhere g(*,Q') is the unpolarized gluon distribution. A very simpleform that satisfies the

above condition is:

Lg("): r"g(x), (4.56)

rvhere a is determined through the normalization of Ag. For Ag of Eq. (4.54), a : 0.49.

The advantage of using this form to study the u dependence is its simplicitSr. The problem
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with Eq. (4.56) is that it does not have the correct behavior as r -> 0. As proposed by

Brodsky et al. [137],

Lg(*)
î(i)'- '' (4'5i)

as r -) 0. From the many ways to satisfy both conditions (4.55) and (4.57), we choose:

Lg(*, t : I Gev2) : axg(r,¡ þ2 :9 Gev2)(L - t)t, (4.58)

where a : 6.92 for Ag -- 2.32. \Ve made this choice guided only by the desire of simplicity

and to produce a polarized gluon distribution that resembles an already existing one [186].

For the unpolarized gluon distribution, we use the one given by the NMC [188], determined

from inelastic J ltþ production:

xg(x):Irr+ lxl - r)'. (4.5e)

This parametrization is valid for pt2 : I GeVz and should not be trusted for ø < 0.01.

Again, this choice is based on simplicity and we note that a further parametrization by the

NMC [189] group agrees with Eq. (4.59) for r à 0.01. The parameter n is n : 5.1 + 0.9.

Given these choices, we show in Fig. 4.8 the forms (4.56) and (a.58) for the polarized gÌuon

distributions plus the forms of Brodsky et al. [137] and Gehrmann and Stirling (GS) [186],

calculated at 4 GeVz. Our parametrization (4.58) is slightly higher than that of GS because

of the normalization factor. If we use the same normalization as theirsll, both curves would

be essentially the same. Evolution from 4 to g GeV2 for the GS distribution also has small

effects. The parametrization of Brodsky et al. [137] is much smaller than the others because

rlWe note that in [186], the coupling constant is calculated in leading order rather than in NLO. This

would lead to an inc¡ease of the total polarization carried by the gluons.
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in their approach the polarized gluons are not responsible for the small experimental value

of table (4.1).

Using the constructed gluon distributions, we can estimate where in r the anomalous

contribution is located. In Fig. 4.9 we show the anomalous contribution, $Aøl" @, Q' , t')Ø

Lg(r, p,2), for Ag(r) - axg(x)(l - r)t. We see that its contribution inside the experimental

region is important. To better evaluate its importance, we calculated the amount of the total

gluon that lies inside the region 0.01 < r 11. For 4 fl.avors. the contribution from ø > 0.01

corresponds to about 66To of. the total anomalous contribution. In the case of 3 flavors, this

percentage is - 69%. For Ag(r) : x"g(x) this conclusion is not dramatically altered.

4.4 Final Remarks

It should be clear from our discussion that the quark spin content of the nuclen has never

been measured. This conclusion follows from the fact that the measured axial current is not

the source of the chiral transformations - a very well knolvn fact in the context of anomalies in

quantum field theory ,:22]1. Nevertheless, it is possible to interpret the measured axial current

in terms of quark spin if an anomalous gluon contribution is introduced in a particular gauge

[154, 155, 156, 159, 174]. We discussed here the existence of this gluonic contribution to the

proton spin when the IPM hard gluon coefficient is defined through Eq. (4.46) with Aqe

defined as the quark distribution inside the gluon with transverse squared momentum less

than the factorization scale. As a consequence, this anomalous gluonic contribution in the

IPM is free of infrared ambiguities. We showed that using the common assumption of an

infinitely big momentum transfer, there is a c quark contribution to the spin in addition to

the z, d and s quark contributions. The contribution from the massive quarks is dependent

on the factorization scale at which the polarized gluon distribution is calculated. The c quark
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contribution is small only in the region p' < | GeV2, in which case the s quark contribution

is also strongly affected.

We also calculated what would be the possible anomalous corrections when the momen-

tum transfer is in the region of the present experiments. To perform such a calculation we

have to keep all terms in *llQ' and P2lQ2 in the full photon-gluon cross section when

calculating the hard gluon coefficient. This means that we are including higher trvist effects

and, although we use the complete result at order ar(Q'), possible corrections coming from

higher order terms in a"(Q2) could be important and so our calculation is incomplete. Even

so, \ru'e think that our results are more consistent than simpiy using the approximate expres-

sion (4.34) for the hard gluon coefficient in the case of massive quarks and relatively low Q2.

The corrections due to finite Q2 are not small and we think they should be taken into account

when calculating the amount of spin carried by gluons. When studying the ¿ dependence of

the anomalous contribution, we conclude that both 3 and 4 flavors give approximately the

same contribution inside the experimental region. But the amount of polarized glue needed

to fit the data is much smaller when charm is included. Moreover, we showed that from the

conceptual point of view, it would be wrong not to include a fourth flavor.
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Figure 4.6: Hard gluon coeficient as given by Eqs. (4.31), (4.33) and (a.46). The momentum

transfer is fixed aI,3 GeV2. It is seen that the strange quark gives approximately 75% of. the

contribution of the up and down quarks in the realistic region of p' > | GeVz. In the same

region, the charm quark gives a 10% contribution.
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Figure 4.7: Hard gluon coefficient for the charm quark, calculated with Eqs. (4.31), (4.33)

and (a.46). The factorization scale is fixed at 3 GeV2 and the Q2 dependence is studied.
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Figure 4.8: Comparison of various polarized gluon distributions considered in the text.
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Figure 4.9: Comparison of the r-dependence of the non-strange, strange and charm quark

distributions to 91(ø). The anomalous contribution is given by *"1"n (r,Q2, tf) Ø Lg(r, tt')

and it is used the form Lg(*, tf = I GeV2) - ang(x)(l - t)t for the polarized gluon.
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Chapter 5

The r Dependence of Quark

Distributions

5.1 Introduction

The ultimate test of our understanding of the nucleon structure is to explain, when data is

available, the z dependence of the relevant structure functions. In the unpolarized sector,

there is an impressive amount of data from deep inelastic lepton-nucleon scattering with

z ranging from 10-a to 0.9 and momentum transfer squared from 0.1 to 5000 GeV2 llg0,
191, 192, 193]. Based on these data, parametrizations of the parton distributions and the

structure functions abound in the literature [194, 195, 196, 197]. Nlore recently, motivated

by some early EMC data [20] on the polarized proton structure function, a considerable

effort has also been made by experimentalist to map the proton, neutron and deuteron spin

structure functions over a wide range of r and 8' 120, 53, 52,32, 49, 54, 64,135, 51]. Also in

this case, there are a few parametrizations available in the literature [133, 198]. However, the

t27
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available polarized experimental data does not constrain the parametrizations as much as it

does in the unpolarized case. Presently, most of the parametrizations for the polarized parton

distributions that fit the measured structure functions differ among themselves. In particular,

the polarized sea and the polarized glue are poorly constrained. Even the parametrizations

for polarized valence quarks, whose distributions have been recentl¡' measured [199], have a

higher degree of uncertainty. The situation should be improved in the near future when better

data for the valence distributions will be available and also the polarized gluon distribution in

the proton will be measured [200, 201]. On the other hand, although highly convenient and

necessary, parametrizations of the data do not add very much to the picture of the nucleon.

A better approach would be to find a solid calculational scheme rvhich could provide the

parton distributions.

When we reviewed the main points of the Renormalization Gloup Equations (RGE)

relevant to our purposes, we saw that the parton distributions are related, by definition, to the

matrix elements between proton (or neutron or any other hadron) states of some operators.

For instance, in the case of spin, the operator would be the axial current. However, to

calculate these matrix elements, one would need to know the proton ivave function in QCD.

In the absence of a QCD calculated wave function, the solution is to use a model to extract

this quantity. This wave function, in its turn, is supposed to be valid only in a determined

scale - the renormalization scale p, in the spirit of the RGE. Convolution with the Wilson

coefficients, as shown in Eqs. (2.82) and (2.83), is then used to calculate the structure

functions at any scale (of course, this scale has to be above ¡.¿). In this chapter we will see in

some detail how to perform evolution up to Next-to-Leading Order (NLO) in perturbative

QCD.

Although there are a variety of possibilities for calculating the quark distributions at the

starting scale, like non-relativistic 1202, 2031and relativistic [204] quark models or vertex
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functions [205], here we shall work with the MIT bag. This choice is based on its success in

low energy physics, its simplicity and the insights it has already f ielded in connecting low

and high energy data [149, 150, 153, 151, 206]. The free parameters of the model are fixed

by fitting the calculated total valence distribution of the proton to some parametrization of

the data. Predictions can then be made for the various, polarized and unpolarized, structure

functions - not only their integrated values but also theirs r dependence. We stress once

again that any model candidate to explain, among others, the NNIC result for the Gottfried

sum rule, the NA51 experiment and the small value for the singlet axial constant should also

explain the r dependence of the associated structure functions.

This chapter will be organized as follows. We first revielv some main properties of the

calculations of quark distributions as developed in Adelaide [41, 42. 150]. In particular, we

study the importance of correct support for the quark distributions. We will also make some

general considerations on the behaviour of some classes of candidate nucleon wave functions

as Í ---+ 1. We then proceed to study parton distributions in general lvhere lve derive some

simple relations for the quark and giuon evolution equations in NLO perturbative QCD. The

effects of NLO evolution in the parameters of the model are considered and some updated bag

model calculations are presented. Results for the spin distributions are shown. Finally, we

study the impact of a meson cloud in the proton and in the neutron spin structure functions.

5.2 A Model for the Quark Distributions

In the OPE, the matrix elements of the operators between hadron states appearing in the

expansion are proportional to some general coefficients (viz. Bq. (2.i5)):

Anp p, ...p pn : I plrþ Q)l rri D p"...i D p,rþ (0)lp > . (5 1)
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Following Jaffe [175], one can define parton distributions associated to the coefficient A' if

one goes to the light cone coordinates and use the light cone gauge (A+ -- 0)' In this case,

one can set ¡lr : *, ..., þn : l. Dp=+in the light cone gauge is reduced to ô1, and:

A^(p+) :< plø(0)^r+(ið+)("-')'i (o)lp >

The twist-2 parton distribution is then defined as [175]:

(5 2)

(b.ÐJ

H(r) :'* I dz-e-i'p+"- < plT-rþ(z-)^t+úQ)lp >", (5 3)

where only connected diagrams contribute and ? denotes temporal order. It then follows

that:

An: [** o**'-tn@). (5.4)
J-*

Thus, the matrix elements of the twist-2 operators appearing in the OPE can be related to

the parton distributions. We now show that the function I1(r) has indeed the properties of

parton distributions (roughly, they should vanish outside the energy-momentum conservation

domain, 0 < r ( 1, and all intermediate states have to be on-mass-shell).

As shown by Jaffe [175], the temporal order in Eq. (5.3) is illusory and one has:

P+l
2tr IH(") dz-e-i'p+"- < plúQ-)t+rþ(o)lp >"

I a"-"-*o+z- l plrþQ)úQ-)t+lp >"_P+
2r

Using 1+: (ro + ÐlØ and $¡ - P+ú: (1 + tox)ú12, one finds that þ(z-)r*,á(0) :
,þlQ-),r/+. Then, the first equality of Eq. (5.5) becomes:
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H(x) : p+ I d(pi - p+(1 - ')) l< "lú+(0)lp 
>l',

t25

(5.6)
n

where we introduced a complete set of intermediate states, n, of momentum p", and we used

,þIQ) - "iû+"-tþ(0)e-;0*"-. 
Also, a factor tÆ rn the numerator was incorporated in the

definition o[ p+. Similarly, the second equality of Eq. (5.5) leads to:

H(x): -p* D d(pï -p+(1 *')) l< "l,rl(0)lp >l' . (Ð. /,)
n

Eqs. (5.6) and (5.7) have the simple interpretation of quark and antiquark distributions, re-

spectively[175]. Thiscanbeseenasfollorvs. I1(r) of Eq. (5.6) givesrisetofourindependent

contributions. The one rrye want to retain in the parton model is the one denoted by (a) in

Fig. 5.1, where one quark is annihilated in the target, taking a momentumfraction xp¡ from

it and leaving a intermediate state of momentum (1 - x)p+. The quark is then recreated in

the target to form a final state of momentum pa. Clearly, r 1 1 in order to keep the interme-

diate state with positive momentum. It is easy to see that the other contributions to -H(z)

restrict æ to negative values. Hence, the graph (a) of Fig. 5.1 is the only one contributing in

the region 0 ( ø ( 1. We will call it 1/"(¿). By its turn, the three remaining contributions

from Eq. (5.6) are related to the analogous contribution of. H"(x) of Fig. 5.1 coming from

Eq. (5.7). In this case, there are again four contributions but the argument is reversed: as a

quark is inserted in the target with momentum fraction xp¡ it forms an intermediate state

with momentum (7 + r)pl and is subsequently removed from the intermediate state to form

the final state of momentum p..,.-. Clearly, this is the only contribution with -1 I x 10. The

sum of each of the two described cont¡ibutions from Eqs. (5.6) and (5.7) is then the total

contribution coming from the sum of all graphs of either H(r) of Eq. (5.6) or (5.7). Hence,

fI(r) does not have support for ø from -co to *oo but for -l ( ¿ ( f1. It is possible
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Figure 5.1: Graphical representabion of the four contributions from Eq. (5.6)'

to make a further simplification if one notices that H"(r) from Eq' (5'7) has support only

for 0 ( x 1l if r -, -c. ùIoreover, it is clear now the inierpretation of this contribution

as being associated with antiquarks as it would correspond to a quark being inserted in the

target with a negative fraction of momentum or a antiquark being removed from the target

with a positive fraction of momentum. Denoting this contributioo * E"(t) = -H,(-x),
the equation for f/ is then written as:

¡*oo ¡r 
(5.g)

J_.* 
,t ld, = Jo@"þ) * H"(x))dr.

Jaffe [207] and others [208, 209, 210, 211, 212' 2131 were among the first bo use model

wave functions to calculate ff(ø) as given by Eq. 5.3. However, these calculaiions have a

serious problem because they use MIT bag model wave functions which are known to break

¡P?rÞ'+

?
'+=

a?,

?f
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transiational invariance. As a result, energy-momentum conservation is not guaranteed and

the calculated quark distributions do not vanish beyond the physical limit æ :1. This prob-

lem was solved in a series of papers by Signal and Thomas [41, 42], where they started with

Eq. (5.6) before making any approximation and thus ensuring energy-momentum through

the use of the delta function.

To minimize the problem of broken translational invariance of the NIIT bag model wave

functions, Signal and Thomas used the Peierls-Yoccoz projection [214] to obtain approximate

momentum eigenstates:

(iñ,.,it!fl: h lañ.",u'nf('-, - É)',þ(tr- Ê.)...,Þ@,- ñ), (5.e)

where the normalization condition on the momentum eigenstates , I fl,p- 2- (2r)36(i - p-),

determines ó(Ð:

I ó,(Ð l': I ,*r lldie dírþt (y' - i),b(y) (5.10)

We follow the previous works l+1, 42,,150, 215] and rvork in the target rest frame, where

according to the convention used here p+ : M (the proton mass) and 1: 0, as the quark

distribution defined by (5.8) is frame independent. We will work in the coordinate represen-

tation and for the field operators / of Eq. (5.6). Denoting the quark distribution by q(r),

we have:

q(æ) :M f 6(M(r-x)-rìll diLdi2dùd,y1dy-2dys(i^li1i2û)(iã2ùl¿+(0) li*izís)(irirv"F)l'
(5.11)

where two sets of states were included. Hence
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q(,) :,v/ f 6Qr0 - x) - Ðll ¿ildi2(F^li,iù6,adfl¡l' . (5.r2\
l'

The Peierls-Yoccoz projection, Bq. (5.9), then allow us to write down the modulus squared

appearing in the expression for q(ø):

ll ar,ar,@,ti,iù(;,;,0-10')l' =m#1,þ*@^)1,, (5 13)

where ,þ* i" the Fourier transform of ,þ+, rtr*@) : I d,i¿ii.ùrþ@). Insertion of Eq. (5.13)

into the definition of the quark distribution, Eg. (5.12), yields:

q(x) : {^, I ooffi6@(r -') - pÐ l'þ*@ò l'' (5'14)

In equation (5.1a) we changed the the sum to an integration over the momentum of the

intermediate diquark states, which carries a normalization factor of (2tr)3. The integration

over fn can be made, for exampie, over the magnitude of p-,, and the transverse momentum

p] variables. Carrying out the integration, we find:

q(x) : & lrirr-"o-M?t/2M(1-r)l i^ I d'l F^ I l,þ*@òl'. (b.15)lór(F")l'
ld.(o) 2

A similar equation can be derived for the antiquark distribution. Also, a expression that

makes the spin and flavour indexes explicit can be derived. Its form was calcuiatecl in Ref.

[150] and we quote it here:

qil@) = hf . ttlp¡,fu, Iirîrr_ù2_M1j/2rvt(,_,) | p^ I d,l i,l t,þl(iòrór(i")l'
ld'(o)l'

(5.16)
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where lp > i, the spin-fl.avour wave function, / is a given flavour and rn refers to the spin

projections. There are a few important points implicit in Eqs. (5.15) and (5.16). One

of the points is that besides the Peierls-Yoccoz projection, no other approximation was

made to derive them. The only requirement is that the states are eigenfunctions of the

momentum operator. The expressions are thus independent of the model and should be

valid for any given wave function. A second point is that they were written having in mind

only intermediate states with n = 2, as is clear from the weighting function ó2 in Eq. (5.14).

Of course, other intermediate states are allowed and the total quark distribution involves

a sum over all possible n. In particular, the n :2 contribution means that tþ annihilates

one quark in the target. In addition to this, þ can also create an antiquark in the target,

forming a intermediate state with 3 quarks and one antiquark [150]. This can be visualized

as a photon decaying into a q4 pair. The antiquark then is inserted into the nucleon and

forms the intermediate state. Eventually, it is annihilated and the photon-nucieon system

reappears. For the antiquark distribution, the same analysis applies. However, in this case, if

one considers that there are no antiquarks in the nucleon, the antiquark distribution receives

only one contribution. Again the photon goes to a qÇ pair but now it is the quark that

interacts with the nucleon in the intermediate state.

Some final remarks on the projection procedure are necessary. First, the projection is a

nonrelativistic approximation with a wave function normalization that is momentum depen-

dent. Second, if one calculates the number of valence quarks, the result will be dependent

on the mass of the intermediate state [42, 150]. Hence, if the masses of the intermediate

states are not consistently calculated within the model, problems with the number of quarks

are expected to be found, as indeed they are [42, 150]. Third, the Peierls-Yoccoz projection

for the intermediate states breaks down for large x lazl meaning that we may have problems

in that region. Finally, there is the ambiguity related to which projection is the best to be
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used [216] as others methods, like the Peierls-Thouless ,.2171, are available

5.2.L A Simple Model

To illustrate the discussion on the calculation of quark distributions, we will employ a very

simple form for the quark wave functions inside the nucleon:

--2 It P2
€' t"'

'þ(i) 
: 

,Ra"F, (5'17)

with r : lil and ,R the nucleon radius. The form (5.17) is typical of models based in

nonrelativistic harmonic oscillators. If rve write:

then

Thus it is easily seen that

Ilót(iòl' : d{eii'i" I¡(y),

Iíi) : 
"-tYz 

/+R2 .

(5.18)

(5.1e)

(5.20)

(5.21)

Combining all the ¡esults in the expression for g(z), Eq. (5.15), we get

lór@òl' - (1\t/' .-ti^t2*2¡z
lT.olt - \t/ c

Similarl¡ the result for the squared modulus of f (p-,) is:

lrþ(F")12 : 8R3 13/ 2 e-li-12 R2 
.

q(x): itl-it*l'-o-ff1'r(r - x) (5.22)
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with B:2lMR.
This distribution is roughly Gaussian type with a peak at r, - I - lvI"lNI, bub it dies

away rapidly as ø + 1. Expression (5.22) is valid only at the momentum scale at which

the model is applicable and the evolution to energies rvhere it can be compared with data is

done by means of QCD evolution.

It is interesting to explore the behaviour of the quark distributions rvhen r + I in order

to select the appropriate wave function. It is well known since the rvork of Brodsky and

Ferrar [218] and subsequent extensions [219] that for large r, the quark distribution in the

nucleon behaves as:

q(r) - (I - r)'"-t, (5.23)

where n is the number of spectators. So, as a basic property, every model for the nucieon

should at least reproduce the above behaviour. In particular) rvave fïnctions that do not fall

off with inverse powers of momentum cannot satisfy equ. (5.23).

IVlodels based on nonrelativistic oscillators, rvill have a wave function of the form (5.17)

and in this case we can see from the quark distribution, Eq. (5.22), that:

q(r) x +="-{#, Ø.24)n+t
as u --+ 1. Thus, the quark distribution has the wrong behaviour in the large r region for

any number of spectator quarks. On the other hand, lve could have used bag model wave

functions. Their behaviour with momentum is

(5.25 )

and
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i,(Ð : ló"(Ðl'o lpf"-'. (5.26)

In this case, the quark distribution behaves as

q(r) x 
"r(1 - ,)t-' * cz(r - r)'-n (5'27)

when r --+ | and c1 and c2 are some constants. Hence, the bag model has the correct

behaviour as r -r 1 for r¿ - 2 (which is the dominant contribution) because the (1 - ")'
term dominates over (1 - ,)u . For any other number of spectators, the model has a wrong

behaviour in the large r region.

5.2.2 Importance of the Correct Support

There are in the recent literature some calculations of quark distributions in nonrelativistic

quark models [202] or bag models [151] that do not ensure energy-momentum conservation

and hence have quarks in a region physically forbidden. In particular, in Ref' [fSt], it is

argued. that to circumvent eventual problems with normalization, one should allow fot some

breaking of the energy-momentum relations.

In this section, we make a simple comparison of our quark distributions for models based

in harmonic osciilators with an other approach in the literature that do not vanish beyond

the physical limits 0 ( r ( 1. We then are able to show how important it is to insist in the

correct support for the quark distributions.

Some time ago it was proposed to calculate quark distributions in constituent quark

models through the use of the matrix density formalism 12021. Given a rvvave function for the

three quark system representing the hadron, one can calculate the momentum distribution

"(Ð,
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(5.2s)

(5.30)

(5.31)

e-3p2 f2a2 (5.2e)

where o : 1.35/rn-2 is the harmonic oscillator constant fixed by the r.m.s. radius of the

proton. Expression (5.29) is normalizedto two for later convenience. The extension of this

calculation for the Isgur-Karl model is straightforward and is shown explicitly in Ref. 12021.

In this formalism. the quark distribution is given by:

n(Ð: *'" I ararip¡',r-¡"íí'("-'i),
\z1t )" r

with p(r-, t]¡ th" density matrix. The result for the harmonic oscillator case is

rq(r, t) : "*, |iîoalËrlnnçlË¡¡,

where ã i. th" momentum of the struck quark and É- is given by:

le^
mllM'

;)

rþ
AI
2

Therefore the u quark distribution is written as

(5.32)

Note that this does not vanish beyond x = I.

In calculating the quark distributions we used the input parameters given in Ref. i202]

so that the two methods could be directiy compared. The mass scale was chosen so that

the second moment of the nucleon structure function, F{, agreed with the EMC data. This

furnished p' : 244.67 MeV for the scale parameter with the QCD scale parameter A : 200

MeV. We still have to choose the mass of the intermediate state. Agreement with Ref. [202]

xuu(x, t): (I)"'' ffiI;,*r'^
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Figure5.2:Quarkdistributionforu,quarksforbothp:244.6T.VeVandafterevolution

untii e2 = 15 GeV2, with ù[^-2M13 and.B - 0.86/rn. The notation is as follows: dotted

and dotted.-dashed lines correspondent to equ. (24), before and after evolution respectively.

Our results. corresponding to equ. (16), are the dashed and continuous lines- The EMC

data is from [220].

requires that ùI*:2M13. Just for the sake of comparison. we also rvill work with a mass

of ihe intermediate staie given by lú*=3M14, which corresponds in quark model terms to

the case when the virial theorem is applicable and the bag boundary carries the same energy

as each of the quarks confined in the bag. We use .tt : 0.86/rn which corresponds to the

experimental r.m.s. proton radius.

In Fig. 5.2 we show the quark distribution,r'uu) corresponding to expressions (5.22) and

(5.32) both for the mass scale p and after evolution to Q': 15 GeV2. There is clearly a vely

significant difference between the two methods of calculation. Most notabiy, the distribution

calculated. using Eq. (5.22) vanishes rapidly beyond ¿ = 0.6 (before evolution). it also has

the correct support in the range 0 ( r ( 1. In contrast the plot of the quark distribution

(5.32) is sizeable in the large ø region and also shows an unphysical contribution in bhe region

x ) L. The EìvtC data [220] is also shown and one can clearly see the disagreement between

¡O
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and d.otted-dashed lines for the method of Ref. 12021 before and after evolution respectivel¡r.

Our prefered results are the dashed and continuous lines. The EÙtC data is from [220]'

it and the theoretically calculated distributions-

Figure 5.3 shows the quark distributionrot Mn -:]luIl+. As expected the curves ale

moved to the left because the peak of the distribution depends on the mass of the intermediate

state, as stated before. In Fig. 5.4 we show the total vaience quark distributions. For ø ( 0.1

the two methods give similar answers, showing a reasonable agreement with data, while for

0.1 < r ( 0.3 our results are slightly favoured. However t'or r ) 0.3 there is a significant

discrepancy between the daba and the theoretical calcuiations - ¿¡s one would expect from

our earlier discussions of the behaviour ôs c + 1.

Finally in Fig. 5.5 we show the ratio of the up valence quark distribution calculated rviih

incorrect support to that calculated with our prefered method. Of course the ratio is infinite

at x :1, but is important to emphasize how large the differences are just beyond ¿ = 0.5.

These differences would be even more important if one were to investigate nuclear structure

functions in the region beyond t:I, which is forbidden for afree nucleon.
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Once we have a reliable scheme to calculate quark distributions, through Eqs. (5.15)

and (5.16), ttre can proceed to calculate the various polarized and unpolarized structure

functions. In general, as already discussed, we only know how these structure functions

and quark distributions evolve with the scale, Eqs. (2.52) and (2.83), but the initial scale

where the constants ,4,, (and hence the quark distributions) are valicl is not know a priori.

In general, this scale is chosen to fit a given quantity. In the simple case studied here, the

mass scale was chosen so that the second moment of the calculated Fz, n: 2 in Eq. (2.82),

agreed with the data. This produced p2 - 0.06GeV2,which is a extremelylow scale. Such

¡.12 produces a very large coupling constant, as can be seen from Eq. (2.95), throwing doubt

on the whole procedure of QCD evoiution.

In this case, \rye included oniy a" corrections to the quark distributions and given the

problems with the size of these corrections, we are led to include higher order corrections in

the evolution in order to make the application of the RGE analysis more reliable. This is

what is done in the next section.

5.3 lr[ext-to-Leadittg Order QCD Corrections

The moments of the structure functions are given by (Eqs. (5.15) and (5.16))

M"(Q') : t C!^(Q' I tt', g)Aij") (5.33)

The sum runs over all spin-n, twist-2 operators and Mn - ft dnr"-tF(r), with .F(ø) a given

structure function.

As we saw before, Eq. (5.33) is a direct result of the operator product expansion applied

to the forward scattering of the photon from the hadronic state through the e.m. current, Jr.
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appendix A. Finally, we point out that the anomalous dimensions and the beta function are

universal in the sense that they are not attached to a particular structure function but the

same is not true for the Wilson coefficients.

We start by considering the leading order (LO) case (up to order 92). From Eqs' (5.34)'

(5.35) and (5.36) we get:

C^(Q', t 
2, 

92) : C*(r,g\"*Pl- l::; " +41
c*(r,or(ffi:)t<o\"tzgo, (5.38)

where a" --92 f 4r. Hence:

M^(e,): T Aï(p,) (ffi)''(o)¡/28o. (5.3e)

Here the sum runs only over the nonsinglet operators as we are deaiing only lvith this case.

Note that in LO, C^(L,g) : L and the moments of the quark distributions An are just the

moments of the structure functions ilIn as IUI"(Q') : A"(Q'). It is this equality that allows

one io write down the simple expressions for the structure functions in the parton model in

terms of a sum of parton distributions. In next-to-leading order (NLO ), such simple relations

no longer exist because in this case, C,(7,g):I+ F^g2lt6rz andtfuts NI^(Q'z) + A"(Q'z).

Moreover, as wiil become clear, parton distributions in higher orders are scheme dependent

objects. This conclusion is natural in the sense that partons in QCD (quarks and gluons)

are not observable.

The singlet case is more complicated and, as vr'e are going to study the NLO evolution,

we treat the singlet case oniy there. keeping in mind that the LO expression will be just a

special case.
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In NLO, the nonsinglet moments are slightly more complicated. In this case,

(r)'

C*(Q',þ',9'):Cn(I-" | ¡ara\ ro'4o)"+''/\"#l tr.*ol
' 
9- )erP 

L- lur*, os 
-ílrs' - or# l

If. B1a"(Q2)l@"go) and B1(a"(p') - ",(Q'))l(4rBs) 
are small numbers, then after some

algebra:

c*(e,, t,,sr) : cn(r,o, (ffi¡tro)" 
lzeo 

(, - ttär{t1 (
1@)"w^l

))
(5.1

20o 13,

and the moments of the structure functions, M,(Q2), arc

In writing this equation, we have also defined the evolution of the NLO quark distributions

A^(Q,):(,*%Ð(#_u,#))(ffi¡l(o)"lz0oA,0,,).(5.43)

Of course, this definition is arbitrary. One could as well define the whole right hand side of

Eq. (5.42) as the quark distribution so that the LO relation between the moments of the

structure functions and of quark distributions is still valid (t'løI"(Q'): A"(Q'D. However,

as the lVilson coefficients are different for different structure functions, one would have to

define distinct quark distributions for each structure function. This would mean that one

looses the very basic property of the distributions, that is their universality. To circumvent

1)

ùr,(e,) : (r + n # - 4Ø# (# - ^#)) (ffi ¡tQ)" 

/ze' 
A*0,,)

: 6+r^ff)A^(Q\' Ø.42)
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this, one could. define the quark distribution for a certain structure function and use the

same distribution for all other structure functions. In general, F2 is chosen to be valid as

Fr(*) : Do elø(x) to all orders in perturbation theory and these distributions are often

called DIS parton distributions [227]. On the other hand, to calculate any other structule

function, one rvould. have to use a expression like the one after the second equality of (5'42)'

resulting in an asymmetric treatment of the different structure functions.

It is well known that F" and 7(t) are scheme dependent objects 122L,224,225, 93]. Hence,

the DIS scheme would correspond to the one where the quark Wilson coefficient for F2 is zero.

But in general, ffi schemes are used in renormalizing QCD meaning that one should find

a transformation that takes the calculated quantities from one scheme to the other. In our

opinion, nothing is gained with such a redefinition and the use of Eq. (5.43) for all structure

functions is simpler, more direct and symmetric. Also, at first glance it would seem that Eq.

(b.42) is scheme dependent as F" and 7(r) enter with different coefficients. However, this

ìs not the whole story because the moments of the quark distributions, A,(¡lz), are scheme

depend.ent themselves. In fact, if the derivative in lnQz of Eq. (5.42) is taken, then [228]:

+# : -tl""t?"'"' *'0o(#)' 
[" 

* #]l ùI(Q')' (5 44)

where the index n \ryas omitted for notational convenience. Eq. (5.aa) is scheme independent

because M is aphysical quantity and thus F +# mustbe independent of scheme. Thus,

Eq. (5.a2) is a correct expression for the calculation of the moments of structure functions

in NLO.

Many authors like to express Eq. (5.42) in the form [229]:

.r(o)n /2Bo

M*(Q\: luI"(p').

(5.4õ)
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We are now going to argue that Eq. (5.45) is not suitable for practical calculations' First,

when we deal with models, we always calculate quark distributions meaning that one should

transform the initial quark distributions into an initial structure function through the relation

M^(pr):(1 + F^a,(¡"r,2))A^(t\. Thisdoesnotlookasastrongconstraintiotheuseof Eq'

(5.45) but one should rcalizethat this equation is formally derived using a cut in a" because

M,(t\ has already built in itself afactor in a". This can be seen if one attempts to derive

Eq. (5.a2) from Eq. (5.45). In this case, a term proportional to a"(¡r)(a "(Q') - a"(p2)) will

appear that is implicit in Eq. (5.45) but has to be disregarded to obtain Eq- (5.a2). This

is not a question of scheme used. as both Eqs. (5.42) and (5.45) obey Eq. (5.44) and are

scheme invariant. The problem is that to write dorvn Eq. (5.a5) one implicitly assumes that

it is formally valid only to order o". This point has been overlooked in the literature and as

a conclusion, we point out that for practical purposes Eq. (5.a2) should be used to calculate

the moments of structure functions. Of course, the calculation of the parton distributions,

through Bq. (5.a3), is insensitive to this discussion.

In LO QCD, the moments of singlet combinations rvill have the form:

M^(Q') - Ðt^o (Q'), (5.46)

where E^o (Qr) are the moments of the singlet quark distributions. Following the preceding

discussion, in NLO the quark distributions have to be multiplied by their respective Wilson

coefrcients in order to obtain the structure functions. Moreover, a gluon distribution has to

be includ.ed in the expression for the structure function because in two loops it contributes

to the calculation of the Wilson coefficients via the box graphs . If. E"(Qz) and G*(Qz) ate

the distributions in NLO, then:
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(5.48)

(5.50)

(5.47)

where FÍn and, Ffs arc the quark and gluon Wilson coefficients and the index q in fu[fl denotes

the fact that there is no symmetry under the replacement q <+ g because the gluon has no

flavour. But to make discussions easier, we introduce the analogue of Bq. (5.47)' following

Ref. 1228], just for computational convenience, noticing that the contributions from this

extra expression are naturally dropped in the end. Its form is:

Mi@'): (1 + Få')E*(Q') + g# F:n G 
^(Q2)

Mie\: (1 + #rf)G,(Q\*#o:nÐ^(Q')
Introducing the notation:

d: 
lä I 

u:llr', l,',),rir:l[,^t.,:li,i', l',i',), (54e)

where i,o, : i{t) l2go - Bri{o) l2Bfi and the index n was again omitted for convenience. The

equation for the vector of the structure functions is then rvritten as:

tû@\: (1 + ""Íl) ,wro',

where:

í@,):(,* %@r")(ffi¡tto\/2,oi0,,). (b.51)

There is a diagonalization technique due to Gross and Wilzeck [230] for the terms containing

a power of i(o)'
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i@) lzpo i@ _ 7¡I /o"(8') \
\""0t') )

'y-/29o 
i@ _ yIo"(Q')

a,(p2)

t+ /zþoo"(Q')
o"(tr") ^l- - ^l+ 'l- - ^l+

(5.52)

(5.54)

where:

,* : f,rrlzr 
+ {3) + + rÍ3))' - +0[2\4?) - rÍ3)zi?))] (5.53)

Using expressions (5.a9) and (5.52) in Eq. (5.51), one derives. after some algebra, the

quark singlet and gluon distributions in NLO:

Ð(Q\ :

G(e\ : (,. t%Ð ffi u,#)) 
""",0,,

.WT@ffi u,H)Ð,o(e\, (5b5)

The LO distributions were defined so that the singlet distributions in NLO agree with an

early definition, Eq. (5.a3), for the evolution of the nonsinglet distributions. They are given

by,

Ð'o (e\ : (#+Eon - #;c(r')) (

(HÐ,n.#3'\) ( ""(Q')\
\;Ø/

o'(Qt)
o"(p')

t- /zþo

t+ /2þo

(5.56)
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and

145

(b.b /)

G"o (Q') (4",) - t* G0,\ + . 
^t[2). rrp,)) (""Q')!t-/zeo

\ ?- - 7+ ^t- - ^t+ / \"Jtt') )

- (#G0*) . ;+rrr,')) (#Ë) 
t+ /2e.

The expressions (5.54) and (5.55) for the quark and gluon distributions in NLO are not

the ones commonly used in the literature (see, for instance, Refs. [231] or [134] for the

standard forms). However, we think that the forms derived here are simpler to handle and

they are, of course, equivalent to the standard formsl.

Finally, rve notice that in two loops, the running coupling constant is determined by

solving the transcendental equation [229] introduced in Eq. (4.50) and reproduced here:

, e, 1612 0, . lt6n2 + 4l . (5.b8)
'nN: posr- pB'"\øæ*d)

The QCD scale parameter, Â, defi.ned after Eq. (2.95), is determined by comparing the

theoretical calculations with the experimental data. As in our calculations of Ag of last

chapter, we will use Ä, : 200 MeV.

5.3.1 Quark Distributions Beyond Leading Order

To calculate the quark distribution at the initial scale, we are going to use the MIT bag model

wave functions, Eq. (3.22), in the expression for q(r), Eq. (5.16). The full calculation, for

the case with two quarks in the intermediate state, was presented before by Schreiber, Signal

and Thomas [150].

1I thank S. Braendl for checking the equivalence of the two forms numerically
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Once we have a model to calculate the quark distributions, and hence the matrix elements

An, we can proceed to evaluate the moments of the structure functions. Before doing so,

a few remarks need to be made. The first deals with the spin of the intermediate states.

In the case of a two-quark spectator system, the sum of the spins may be zero (a scalar

diquark with a lower mass tVI,), or one (a vector diquark with a higher mass lVI,). The mass

difference between these states is found to be around 200MeV in most quark models, and

this is crucial to understanding the spin and flavour dependence of the distributions [232].

Taking this into account. one can calculate the contributions to the cluark distribution due

to the scalar and vector diquark systems, by using the Stl(6) wave function for lp) in Eq.

(5.16).

Another point of concern are the four quark (or 3 quarks plus one antiquark) contribu-

tions. As we commented before, q(r) has, besides the case where one quark is annihilated in

the target, a contribution where an antiquark is inserted in the target. Similarly, Ç(ø) has

contributions from a quark being inserted and an antiquark being annihilated in the target.

As in the present model, there is no antiquark in the initial scale (a basic assumption of the

simple MIT bag), only the quark insertion contributes tc Ç(r). Hence, there are two extra

terms to consider along with the case of a two-quark spectator system. It is also well known

that the two-quark system has problems with the normalization of the number of quarks.

But as we discussed before when the modei was presented, the normalization depends on the

bag radius and the masses of the intermediate states [42, 150]. A coherent and consistent

calculation of the model, where the masses of the intermediate states are self-consistently

determined, should saturate the normalization condition, as one can indeed find values for

the masses that do so. Instead, we will play with the two extra contributions involving

more than two quarks in the intermediate states, to fulfill the condition on the number of

quarks. There is no real problem with that because we are including all possible terms in



5.s. NEXT-TO-LEADTNG ORDER QCD CORRECTTONS 147

the calculation of the total quark distribution and instead of fixing the masses of the inter-

mediate states through the normalization condition, we will keep than free and play with

the normalization of the two extra contributions. We will choose for the four quark terms a

form like (1 - r)t and fix its normalization so that the sum of this term plus the calculated

two-quark piece gives the total number of valence quarks. IVloreover. (1 - *)' resembles the

actual form of the two extra contributions [150]. To the suspicious mind, we emphasize that

all that was done lvas to choose a convenient set of free parameters in the model. We finally

point out that there is an alternative study [151] of distributions in the bag model that adds

contributions outside the limits allowed by energy-momentum conservation to saturate the

normalization condition. As we discussed earlier in this chapter. this procedure can give a

misleading interpretation of the calculated parton distributions while in the approach taken

here, the only consequence is to finish up with different values for the free parameters of the

model.

The free parameters of the model are its radius, the masses of the intermediate states

and the initial scale at which the model is supposed to be valid. They are determined by

evolving the total unpolarized valence distribution, in LO and NLO, and comparing it with

some parametrization of the data at a higher scale. In this case, the parametrization for the

data used is the À,IRS [233] and the scale is Q' : L0 GeV2. In reality, the masses of the

intermediate states are not completely free because if one uses the virial theorem in the bag,

where the bag itself carries the same energy as each of the three quarks confined in it, one

roughly expects IVI"=750 MeV - 150 MeV and Mu - 750 ilIeV *ó0 MeV. But this is, of

course, only an approximation and we have some freedom around these values.

Using the set of parameters determined in this way, we can then calculate the predictions

of the model for other quantities. When this work was developed [215], only the nonsinglet

anomalous dimension for polarized scattering lvere known in NLO. As we were primarily
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interested on the effects of two-loop evolution in the polarized distributions, we did noi

make a extensive study of NLO in all the unpolarized structure functions but only in the

total valence distributions. Thus, we will restrict ourselves here to only the nonsinglet part

of the distributions. However, since then the complete matrix of the anomalous dimension

in NLO has been calculated [226]. At the present we are performing a complete study of

polarized. and unpolarized structure functions for the bag model in NLO [234].

In LO it is found that for -R - 0'8 f m, h[" : 0'55 GeV ' il[" - 0'7it GeV and p'2 -

0.0626 GeV2, the unpolarized valence distribution of the proton in the bag model fits the

MRS parametrization of the data. The result is displayed in Fig. 5.6 together with the bag

model distribution at scale p,2. The agreement is excellent, with no significant discrepancy.

However, at such a low scale the coupling constant is a(Q2 : p2) :2'66. This is a rather

large value (as found in ref. [150]), and raises doubts about the whole procedure.

In NLO the parameters used to fit the unpolarized valence distribution have the following

values: -R - 0.8 fm, IVI":0.7 GeV, M, - 0.9 GeV and p,2: 0.115 GeV2. We notice that

the radius for LO and NLO is the same but not the masses, being slightly bigger in the

latter case. This is because in NLO one need not evolve as far, the scale ¡12 is iarger and

so the masses of the intermediate states need to be larger (the parton distributions peak at

a larger u for smaller intermediate state masses). In Fig. 5.7 the NLO results are shown

and again \Ã/e see a very good agreement between the calculated valence distribution and

the MRS parametrization of the data. What is remarkable now is the fact that the strong

coupling constant drops to 0.77 at p2 - 0.115 in NLO. Although this value is still large, it

is much smaller than the LO case, making the evolution more reliable. Both LO and NLO

moments are evolve d to Q2 = lo Gev2 '

Once we have determined the parameters of the model, l¡¡e are in the position to calcuÌate

other quantities. In Fig. 5.8 we plot the polarized z valence distribution for the bag model
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in LO and NLO against some very recent experimentai data [199]. There is no real difference

between the LO and NLO curves (besides, of course, the parameters the parameters that

generates each of them), hence we put both under the same line. Due to the large errors

in the data it is impossible to conclude anything for the region r ( 0'1. But for r ) 0.1

the theoretical curves certainly have the correct behaviour. Moreover, the polarized valence

distributions are pure nonsinglet and we might expect that the bag model would give, in

this case, a d.escription of the data as good as in the unpoiarized case. This is because,

as we discussed at length in the last chapter, the polarized distributions have a problem of

interpretation in the parton/quark model language only for the singlet sector. The same

considerations can be drawn from Fig. 5.9, where the polarized d valence distributions in

LO and NLO are shown together with the data at Q2 : I0 GeV2 '

It is clear from the close agreement of the various quark distributions calculated in LO

and NLO that the excellent results obtained in earlier studies [149, 150, 153] based on the

bag model were reliable. That the cli-quark masses required (700 and 900 MeV) were so close

to the values expected in the model (600 and 800 MeV) is very reassuring. Furthermore,

the strong coupling constant in NLO is small enough that one can be quite confident in the

convergence of the calculation.

Of course we do not expect that the bag model alone contains all the physics we need

because we know that mesons should play a role as well. For instance, we know lL22) that

chiral symmetry in the bag is restored through a meson cloud. Moreover, the meson cloud

is already known to give important corrections to some sum rules [144, 105, 107, 112,,LL4].

Thus, it is imperative to perform a global analysis of the effects of the meson cloud in the

polarized and unpolatized quark distributions.
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5.4 Mesonic Corrections to the Shape of Quark Dis-

tributions

As important as it is to correct the integrated quark distributions, the study of the effect

of the meson cloud on the z dependence of the quark distributions themselves is at least as

important [153, 107, 106]. In this section we calculate the.r dependence of the polarized

and unpolarized quark distributions in the proton in a bag model dressed by mesons. We

perform the calculations in NLO QCD for the nonsinglet part of the structure functions

and in leading order for the singlet part for the same reasons explained in the last section.

Moreover, we present for the first time[1a6] ihe r dependence of the combined effect of

the N - A interference term [153] and one gluon exchange 1232). The interference term is

important because, as noticed before [149, 150], in the Ellis-Jaffe sum ruie it canceis part of

the reduction coming from pions. As lve shall see, the interference terms have a determinant

role in the shape of the polarized quark distribution of the neutron.

We introduce mesons in the modei through the Suilivan process [99], simply noting that

there are unresolved questions about the model, particularly the validity of the impulse

approximation [40]. The modern study of the mesonic contribution via convolution started

with Thomas [98] and was later extended to the study of structure functions by the Adelaide

group [105, 106, 112]. A problem remaining in these calculations is the freedom for the value

of the cut-off in the form factor. To avoid this problem, we shall follow the approach of the

Jülich group [235], where the cut-off is fixed through the use of high energy pp data.

The basic hypothesis in this sort of model is that the physical nucleon wave function (in

¡he infinite momentum frame) can be written as a superposition of a few Fock states:
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lrú)ers" - zr/zll"),""" + t /'
I Brø tu

dx d2 kyþ B ¡a(x, k llB (x, k L), IUI Q - r, - k t)) (5.5e)I
The wave function renormalization factor

-1
Z_ 1+

measures the probability that the physical nucleon contains a bare nucleon. The Fock states

used in our calculation involve the low mass particies which are important to describe nucleon

properties, namely the nucleon SU(3) octet (N, A, X) and decuplet (4, X.) and the first

pseudoscalar and vector meson octet (zr, I{, p, u, I{*). We have included the hyperon-kaon

contributions for completeness, but their actual size is very small (- 2%) '236,112]1

The Fock state expansion Eq.(5.59) has consequences for the structure function of the

nucleon. Due to the presence of baryon-meson Fock states, the virtual photon can scatter

either on the nucleon core or on the meson-baryon system. Formallg the quark distribution

q@) of the nucleon is given by:

Ð1,
dr d'ktlóatø(r,kt)l'I (5.60)

(5.61)

(5.62)

q(r): z qil,"@)+ Ð (u*t o@)+ áBq(u))
BM

The contributions from the virtual meson and baryon can be written as the convolution

of the meson (baryon) structure function with its longitudinal momentum distribution in the

nucleon:

6*q(,): l,' fup@)qM (Ð+ and 6"q(*) - l,' f"*(rn (î)+,
where f ¡r¡B and fB¡a arc given by:
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Ifnra(*): d'ktlónu(L - x, -kt)l',, and le,ø(*) : d' krló"u(r, kr)l' . (5.63)

In order to conserve cirarge and momentum, we have the following relation:

f nnr(I - y) = f ¡rrB(a). (5.64)

The functions f B¡a(y) and f un@) can be calculated using time ordered perturbation theory

in the infinite momentumframe [112,235, 110]. The analytic forms for fB¡r¡(y) and fun(y),

can be found in Refs. [112, 235].

In practical calculations 'ffe need more information, namely the various coupling constants

and the vertex form factors Gnv. The coupling constants can be extracted from scattering

experiments and are rather well known '2371. For the vertex form factor \¡r'e use an exponential

parametrization:

Gnm : exq
2L""*,

(*'* - M'"*r(y,k'r))
1

(5.65)

with

Mr*"(y ., kr) = 
*'" ! kï * *'y * ,1i. (5.66)L' y l-y

The cut-off parameters /\Bu can be estimated, using one boson exchange models, from n, Â,

and À++ production in high energy pp scattering (for detaiis see Ref. ([235])). They were

found to be AN, = A¡¡p : L.08 GeV and Aa, : Àap : 0.98 GeV. The procedure used to

obtain the cut-off parameters may be questioned because the assumption of single meson

exchange being responsible for the process is fairly simple. However, it certainly gives an

upper bound for the values of the various À's.
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At this point we are stiil left without the input distributions in equations (5.61) and

(b.62). For the quark distribution in the pion we use a recent parameterization by Sutton et

al. [23S]. By using Stl(3) symmetr¡ the quark distributions of all the mesons can then be

obtained. For the bare quark distribution of the baryons we use the bag model caiculation,

discussed in the last section.

As before, we also use the MRS parametrization [233] of the unpolarized structure func-

tions to fix the parameters of the model; e.g., the radius of the bag, the average masses M"

Mu of the intermediate state and the low scale, þ2, at which the model is supposed to be

valid. In Fig. 5.10 rve show the total valence distributíon computed in NLO in the ÙIS

scheme for the bag dressed with mesons. Very good agreement with the MRS parametriza-

tion is found rot ¡'r'2:0'165 Gev2, 'B - 0'8 fm, x[":0'65 Gev and fuI' - 0'85 Gev'

Notice that this set of parameters, rvith the exception of the initial scale p,2 is practically

identical to the ones found in the last section, when only the bare bag was studied. The

results for LO, showed in 5.11, have a set of parameters even more identical with the case of

last section, with only the initial scale being higher when mesons are present. In this case,

the coupling constant o,(t\ decreases from - 2.66 for the fitting for the bare bag to - 1.52

for the case where mesons are incorporated. For comparison, we also show in both figures

5.10 an{ 5.11 the bare bag calculated with the same set of parameters use to fit the bag

dressed with mesons. It is also worth to call attention that there is a bonus from the use of

a NLO fit, as it provides a decrease of a" at ¡22 from - I.52 in a LO fit to - 0.6 in NLO.

This is also a decrease in comparison with the value d" - 0'7T found in a NLO fit without

mesons, as obtained in the last section [206].

After we have fixed all parameters in the unpolarized deep inelastic scattering sector, we

can explore the consequences for the polarized sector. The calculation of efects due to the

presence of higher BfuI Fock states for the gr(ø) structu¡e function is similar to those for
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q(r) given in (5.61). The contribution from the scattering on the recoil baryon is

(5.67)

where dn(ù is the polarized, longitudinal momentum distribution. It can be calculated

using the same techniques as for the unpolarized case (for details see [235]). The mesonic

contribution vanishes because of the pseudoscalar character of the pion. The main difference

from the unpolarized structure function is the presence of the 1V-A interference term [153],

which can also be written as a convolution [235]:

Pnq@):Ð I,' drr(r)"f (î)+,

6i^t L,q(r) - l,' d,¿^r(y)LqN" (;) #
The necessary polarized splitting functions dB¡4 and d¿,,¿ are:

d,w^(ù: # Io* 
or , lG x"(a , k",l' *'¡v(7 - a)' - k"tr y2Q - v) l*'* - NIk,fu,k")l''

tfu [*¿t
96r¿ Jo

,lG*(Y,
a4(7 - v)m2¿,

lfu** ¡ * t)2 + k"llfu'*k - *'o)' * ïym¡¡m 
"k', - k1l

l*'* - M'o"@,kI)l'

t'

(5.68)

(5.6e)

(5. 70)

da"(y)

X

-L

and

d¿"r(a)
lo*

X

9Nt"9NN',
16tf6¡r2

dk, G*(y,k2t)G¡¡"(y,k\)
L aT - aþr1a

--r(1 - y)(y*N + *a,)' (y*¡,¡ - rna)

[*'* - MZ*(y,t')]l*|u - M'*"(y,k")l
(2*'o + Qy - 2)m¡¡m6 - ym2¡¡)k2t - k!

+
l*'* - IVIZ*@, k|)ll*'* - luIfi,¡"(y, k!)l

(5.71)
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Combining all these contributiotrs, gr for the nucleon is given by:

glhu" : z +I(a"g?+6g1"') (5.72)
BlvI

We now apply Eqs. (5.67) - (5.72) to calculat" gt(*). In the meson sector only the

pseudoscalars are included. The vector mesons are omitted because we are not aware of any

model to extract their polarized quark distribution functions. Once again we need a model

for the bare quark distributions in the nucleon and, as before, we use the MIT bag model.

For the polarized case we need to specify the spin-flavor part of the wave function. We shall

use the usual 5¿l(6) wave function in which case, for the interference terms, we have:

(pr ,nÎlztÎu1¡4+,1, Ao,1) : (pI ,r11¿lI¿! lA*,1, Lrr) : + (5.73)

(pÎ ,il1uil¿Jl^*,1, Ao,1) : (pl,nlldtrdll^+,1. A0,1) : -e. þ.74)r ,â l_ 3 
.

We notice that in the matrix elements (5.73) and (5.7a) only mixed symmetric terms con-

tribute and, as a consequence, the intermediate state always forms a spin vector.

The flrst moment of the polarized structure function for the proton, gl(*), is expressed

in NLO as:

¡L

lo'st'.,e')d*:(#*#) ('-9) -i('-#) , (57b)

with g, and gs nonsinglet distributions and AX a singlet distribution, as seen before, Eq.

(4.2). However, the full singlet anomalous dimensions (for any moment) for polarized scat-

tering in NLO was not known at the time of this work [t+6] and, because of that, it was not

possible to calculate the ø dependence of AX in NLO. Faced with this problem, we decided

to take the following two approaches to the evolution of 91:
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o In the first approach, case (a), we evolvedgo and gts as nonsinglet in NLO and A! as

a singlet in LO so that go did not pick up the (1- ""á?')) correction and the whole structure

function was overestimated.

¡ In the second approach, case (b), we treated go, ga and AX as nonsinglet combinations

and evolved them in NLO. In this case, AX pickecl up a correction of the form 11- et191¡ t,t"tt

that the corrections due to the NLO evolution were over estimated and the structure function

were underestimated. The actual curve must be somewhere between the two approaches.

In Fig. 5.12 we show the ENIC and earlier SLAC data for rgl.(r) together with the bare

bag, the bag plus mesons but without the lV-A mixing terms and the bag plus mesons plus

mixing terms. We stress that the parameters for the bare bag differ significantly from those

used in earlier calculations [150]. The meson cloud lowers the bag model prediction over the

entire range of r, in accordance with earlier estimates for the Ellis-Jaffe sum rule in the bag

[144]. This is because some of the spin of the nucleon is carried as angular momentumby

the mesons. The actual value of the calculated Ellis-Jaffe sum rule at 10 GeV2drops from

0.209 in the bare bag to - 0.173 in the bag plus mesons for case (a) and to - 0.169 for case

(b). The actual value of the sum rule in the bag model plus mesons, calculated using Eq.

(5.75) as it stands, is - 0.171, supporting our claim that the full NLO prediction for the r
dependence of gry(x) in the present model is somewhere between the results for case (a) and

(b) of Fig. 5.12. The inclusion of vector mesons is expected to reduce the value of the sum

rule somewhat more. We further show in Fig. (5.13) the predictions of this modelfor g!(x)

for the LO evolution. The results are of high quality, comparable with the NLO case.

The r dependence for the model, compared with the SLAC E143 data [64] for gl(r), is

shown in Fig. 5.14, and is quite impressive. This data was taken at an average 3 GeV2 and

has smaller error bars than earlier experiments. Comparison with this set is also a good

test of our model once we have to move to a different Q2. The resulting agreement between
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theoretical and. experimental values for 91(c) is inspiring and provides some confidence in

the model. At this value of 82 the calculated value for the Ellis-Jaffe sum rule is - 0.171

for case(a) and - 0.166 for case (b). We also show in Fig. (5.15) the results for the LO

evolution.

These results shed light on how the spin in the physical proton is shared, suggesting

strongly that mesons are responsible for part of the dilution of the spin. In general, we can

say that the agreement between the data and the theoretical calculation is very impressive

and that further corrections might well bring the entire curve rvithin experimental errors.

For instance, we show in Fig. 5.16 the bag model prediction of Fig. 5.12 against some

experimental data and the anomalous gluon contribution for the case of 3 and 4 flavors

from section 4.3.b. We notice that the integral over r of the valence contribution calculated

here (- 0.169) is in complete agreement with the estimates caiculated previously in the last

chapter. The two curves below the origin, are the anomalous contributions that should be

ad.ded to the solid curve for N¡ =3 or 4. As we fixed the normalization of the total polarized

glue for either 3 or 4 flavors, there is no noticeable difference betlveen the trvo cases. We see

that the anomalous contribution is potentially important to correct the c dependence of the

polarized valence distribution inside the proton. Of course the procedure is not completely

consistent because the model caiculation and the anomalous gluon were made in different

schemes, although the situation is not as bad as it looks if one follows the discussion after Eq.

(4.50) of last chapter. A proper procedure would be to calculate the quark distribution, the

anomalous dimensions and the Wilson coefficients in the same scheme. The transformation

that takes these quantities from the ffi where they were calculated 12261 to a scheme where

the gluon does contribute (like the one of last chapter) is underway and the complete results

for a consistent bag model calculation will be presented elsewhere.

We would also like to call attention to the role of the l/-A mixing term. As said before,
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it tends to increase the Ellis-Jaffe sum rule. In fact, if the mixing terms were absent, the

new value of the sum rule at Q2 - L0 GeV2 would be - 0.159 for case (a) and - 0.155 for

case (b). For the Q2 compatible with the SLAC E143 data, these values would be reduced

to - 0.15g for case (a) and to - 0.152 for case(b). Figures 5.12 and 5.14 tell us that the

rise of gi@) due to the mixing terms is confined to the region r ( 0.3. This is because for

the mixing term, the mass of the intermediate state is always IVI,., ar.d then the contribution

is isolated, at smaller r when compared wiih the other contributions (similar to the down

quark distribution in the bag [150]).

The most interesting effect associated with the mixing terms can be observed in Fig. 5.17'

where gT@) is shown. Although in gl(r) the effect of the mixing terms in the z distribution is

not too dramatic because one is adding a small number to a large number, in gi(r) the effect

is relatively large because one is subtracting from numbers near to zero. In fact, for gT@)

the mixing terms are essential to give to the theoretical curve the shape of the experimental

data as measured by the SLAC EI42 l54l experiment. The first moment of the calculated

polarized distribution of the neutron turns out to be - 0.004 for case (a) and - -0.003 for

case (b). In Fig. (5.18), the results for gi@) in LO are shown and in this case, again because

the numbers involved are so small, it is possible to see some small advantage in the use of

NLO evolution over LO. It is also worth noticing that there is a consistency between the

calculation of gy@) and 91,(r) - the same calculation that fits the unpolarized data also

makes a good prediction for both 9ry@) and 91"(r).
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Figure 5.10: Total valence distribution in the bag and in the bag dressed with mesons

compared with the MRS [233] parametrization of the data in the MS scheme. The quark

distributions are evoived in NLO QCD.
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Figure 5.11: Total valence distribution in the bag and in the bag dressed with mesons

compared with the MRS [233] parametrization of the data. The quark distributions are

evolved in LO QCD.
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Figure 5.13: Polarized quark distribution of the proton as measured by the EMC collab-

oration [20] against LO theoretical predictions for a bare bag, a bag with mesons without

mixing terms and a bag with mesons and mixing terms.
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without mixing terms and a bag with mesons and mixing terms.
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Figure 5.15: Polarized quark distribution of the proton as measured by the SLAC-E143

experiment [64] against LO theoretical predictions for a bare bag, a bag with mesons without

mixing terms and a bag with mesons and mixing terms.
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the polarized valence distribution is calculated in NLO. The anomalous contribution is to be

subiracted from the theoretical curve.

+
1

f
f

o
o

ro o

+ rnes NS
OVO TScont. from

cont. from
Boo m
Andmo
Anomo
EMC
SMC

odel
lou s
lo us



170 CHAPTER 5. THE X DEPENDENCE OF QUARI( DISTRIBUTIO¡\TS

0.04

o.o2

0.00

-o.o2

-0.04
0.01 0.10 1 .00

X

Figure 5.17: Polarized quark distribution of the neutron as measured by the SLAC-8742

experiment [54j against NLO theoretical predictions for a bare bag, a bag with mesons

without mixing terms and a bag with mesons and mixing terms.
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Chapter 6

Sumrnary and Outlook

We have studied a ferv different aspects of the nucleon structure, but our main concern \Mas

to study how the quarks are distributed inside the proton. In particular, we paid attention

to the flavour of the sea. the spin content carried by quarks and gluons and how these,

polarized and unpol arizeð. quarks, are classified according to the momentum fraction of the

proton that they carry.

In the flavour structure of the sea chapter, we analyzed two of the main experiments

in the area, the NMC and NA51 experiments. It has been generally assumed that the

NMC result implies in an asymmetry in the sea (Z > u). This conclusion comes from

two main observations: the Pauli principle allows more antiquarks of the type d than of

the type ã be created [96] and pion emission leds naturally to an excess of z'* over any

other pion thus providing more Z than U [98]. However, at the moment there is not a

complete explanation for the NMC result because pions alone, and even with Pauli blocking

effects included [106], are not able to provide results that match the value of the measured

Gottfried sum rule, its ø dependence and what is known from other sources about the sea

173
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quarks and giuon distributions [lt+]. A consistent picture for the sea is then still an open

question and should be attacked. In any case, the second experiment, the N451, 'lvas carried

out to clearer a possible theoretical possibility [103] which says that in the region that the

NMC made its measurement, the sea is symmetric (d: u) and that the deficiency in the

value of the Gotfried sum rule has its origins in a very small. unmeasured, r region. The

NA51 collaboration measured a p - n Drell-Yan asymmetry and from it concluded that the

sea is strongly asymmetric, in favour of 7, at r - 0.18. In our study on the subject, we

concluded. that, as a matter of fact, if one includes charge symmetry breaking effects, there

are important corrections to the value of the ntio dft. In practice, we estimated that this

ratio could be corrected by as much as 20To if charge symmetry breaking of order of I0%

were present at a particular u, even if the integrated value (in r) of this breaking is zero.

However, our results are not entirely consistent because to derive our results' we had to use

quark parametrizations that do not included charge symmetry breaking- Thus, it would

be extremally interesting, although difficult, to construct parametrizations that include the

above mentioned breaking. On the other hand, our analyses indicate that it is a urgent

matter to find a theoretical (and experimentally feasible) way to separate charge symmetry

breaking between the proton and the neutron from isospin breaking in the proton sea [239].

Until this question is solved, it looks impossible to be sure of any conclusions regarding the

flavour of the sea.

We mentioned before that the Pauli principle and pion effects are the candidate mecha-

nisms to explain the NMC and NA51 experiments. Horvever, our study of chapter 3 showed

that one should be cautious about them, mainly if one tries to use the Pauli principle in

the qÇ pair production in the sea. Naively, as suggested by Field and Feynman, it would be

easy for the gluon decay into a dd pair than into a uu in the proton. We concluded that

this is indeed the case if graphs containing interference between sea and valence quarks are
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excluded. As they should be included, it seems that the Pauli principle naive expectation is

not supported. when dealing with gluons. We proceeded and studied this antisymmetrization

effects in the case of pion emission. Fortunately, it appears that the terms where they con-

tribute can be safely neglected., although a more general and systematic study of this effect

is called for.

The discussion on the proton spin has been hot and full of controversies aiong the last

few years. There are a few myths about it that has been perpetuated in the literature. One

of the myths, is that the spin carried by quarks \ryas measured and it was (is) small- We

tryed over chapter 4, based on somefew earlierworks l2I,l29] and our own developments,

to establish once more that the spin fraction carried by quarks is still not experimentally

known. What is knorvn, and by now rather well, is the value of the singlet axiai charge

of the proton. To extract from it the fraction of spin carried by quarks, we also should

kn.¡lv the amount of polarized gluon inside the proton. What brings us to a second myth,

or quasi-myth, which says that the gluon polarization enter in a equation with the same

multiplicative factor for the three light quarks and that it does not contribute for charm

of other heavier quarks. We showed that this approach can be misleading and one should

be careful to not excluded charm corrections in the present energy scales. This conclusion

can be reached if ihe Wilson coefñcient for the gluon is calculated in a scheme where chiral

symmetry is not broken and the quark mass terms are fully kept. We then showed that in the

usual infinite momentum transfer assumption, the gluon term fails to give to the three light

quarks the same contribution, and the charm quark (as well as the å quark, although not

shown explicitly in our discussion) gives a very significant contribution for many reasonable

renormalization scales used. If the inflnite momentum transfer assumption is dropped, as it

should be, and we perform the calculations suitable to the scales of the present experiments,

we still have a reasonable charm contribution as well as a strange quark contribution different



176 CHAPTER 6. SUNIIIIARY A¡\ID OUTLOOI(

from both the u and d quarks. Then, we estimated the amount of polarized gluon necessary

to fit the measured singlet axial charge to naive expectations for the spin fraction carried

by quarks. We saw that a proper treatment of the gluon term can change Ag by 50% |

This is extremely important because Ag will be soon measured [200, 201], and if a proper

calculation for the gluon term is not used, one could get a wrong value for the spin fraction

of the proton carried by quarks. Thus, the future measurement of ag is one of the most

important facts in hadron physics in the next ferv years. Even its sign is not know and much

of the evidence, as presented by us in this thesis, suggests that it is positive. However', in

a recent calculation Jafe [2a1] concluded that Ag in various nucieon models is negative.

Moreover, he conclud.es that the sign of the polarized gluon is direcily related to the ¡\r - A

splitting: a negative Ag results from the fact that the À is heavier than the nucleon. If

Ag were positive, the A rvould be lighter than the nucleon. His conclusions are supposed to

be valid at the scale of the model. If QCD evolution or (in his calculations) the omission

of gluon sel{ interactions do not change the sign of Ag, one would be forced to accept a

negative Ag, in which case the we would have a huge problem with the proton spin. On

the other hand, even the connection between the sign of Àg ancl the baryon spin splitting

usecl by Jaffe, has been challenged by another recent calculation. In a study of lattice QCD'

K. F. Lit:, l2a2l calculated some had¡on properties in a valence approximation, where one

gluon exchange is not switched off. He found that the nucleon and the A were degenerate, in

cont¡adiction with the many nucleon model calculations where one gluon exchange is used

to justify the baryon spin splitting. Thus, this is a completely open subject which may still

present many useful insights both in the perturbative structure of proton as well as in the

models for it.

Late in chapter 4, we showed that a large fraction of the gluonic corrections are inside

of the r range currently being measured. However, to perform this calculation, we had to
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keep higher order twist effects as terms of the form mllQ2 could be important. On the

other hand we kept the fuli result only to order a". Terms of higher order in a" could be

important and we do not know of any obvious way to estimate them at the present. But

supposing that the coupling constant is small enough, the corrections omited are likely to

be small. In any case, this stucly showns how important mass effects can be in the energy

region of the present experiments. A complete study of mass effects, where the proton and

quark masses are includ.ed., in the polarized structure functions is necessary and is one more

possible extension of this work.

To add to the discussion of whether or not the gluons contribute to the first moment of

the spin structure function, gr, w€ completed chapter 4 lvith a section where it was shown

that this cliscussion is, ultimately, a discussion on the choice of a renormalization scheme.

One just should be careful to not identify terms with the same apparent form with the same

physical significance. In this sense, the defined quark distribution in the renormalization

scheme that can be identified with spin is different from a defined quark distribution in a

renormalization scheme that breaks chiral symmetry and thus cannot be identified with spin

in accord with the discussion of last paragraph and the whole chapter 4.

Finally, the study of the r dependence of the quark distributions and structure functions

rendered precious results. First, it reconfirmed a simple model like the MIT bag as a good

guide to the study of quark distributions. Of course, the model has its limitations as al-

ready reasoned in chapter 5. Maybe the two main points against it, are the large coupling

constant necessary to fit the data and its known bad predictions for the unpolarized gluon

distributions. The fi¡st of them, we attacked in this thesis where it was shown that the

inclusion of NLO corrections alone are enough to bring the coupling constant to more ac-

ceptable standards. This is a very important result when we remind the reader that previous

calculations used o"(p') - 2.66 and here we brought this value down Io a"(¡.t2) - 0.77. As
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a immediate result. it can be said that the evolution procedure now is more trustworthy.

The second problem, the one related to the gluon deficiency in the model, being presently

accessed. where NLO corrections for the singlet evolution of the quark distributions ate being

incorporated in the evolution program [æa]. This is the first time that a complete NLO

evolution study is being done for a model for the nucleon. Although these corrections rvill

probably improve the results for the gluon sector. it should be kept in mind that they are

not likely to improve totally the situation as the LO evolution results in a giuon distribution

around 50% beiorv rvhat is expected experimentally. There should be some gluon at the

initial scale. The same conclusion is reached if one tries to build a parametrization for the

parton distributions rvhich is valid at a low scale [187,231]. This would be an interesting

extension of the mod.el where a gluon term is to be incorporated perturbatively in the bare

quark wave function of the nucleon, similar to the case where the pion was incorporated in

a perturbative fashion to the bare nucleon in chapter 3. The new distributions should be

more realistic but the caiculation of the gluon distribution itself would be troublesome. In

any case, we used the results from the IVIIT bag as they stand now and calculated, besides

the already mentioned NLO corrections for the nonsinglet sector, what would be the effect

of meson dressing of the proton (and neutron) on the quark distributions. The result is

rewarding and, once more, it shows the important role of mesons taking some of the spin

in the form of the orbital angular momentum. The effect on the proton and neutron spin

structure function is very positive, with a very good agreement between data data and model

for r ) 0.1, where it was expected to be valid. We rernind the reader again that these are

pred,ictions of the present calculations. Moreover, the meson dressing when spin is involved

allows for extra terms coming from mixing between nucleon and delta states. These extra

terms are essentiai to give the neutron spin structure functions the correct shape.

Many important subjects were ieft out in our study. Notably, we only mentioned some
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general proposals for the behaviour of the polarized distributions in the region of small

r. More attention should be devoted to this area in the future as it may give important

clues on the nonperturbative structure of the Pomeron and, hence, the proton itself' we

also did not discuss the semi-inclusive experiments which are extremely important to get

information on the polarized valence quarks, sea quarks and gluons, separately' The list

goes on. Nevertheless, we think that this shows how broad this subject is and how exciting

it has proven itself in the last few years. Five years ago, the sea was generally thought

flavour symmetric. Today, we have many ideas to explain why it should not be. The spin

of the proton carried by quarks was thought to be zero and the neutron and deuteron spin

structure functions were only speculations. Today, we are clearer that we do not know the

amount of spin carried by quarks and the speculation norv is about the polarized gluon and

sea distributions as well as the small ø region of the strucfure functions' The large numbers

of experiments being carried now or planned for the near future show the vitality of the

subject [200, 201 ,243, 24+]. As stated in the introduction, the study of hadron structure

is the last one in a long tradition to unveil the structure of matter. Its achievement, the

understanding of how the proton (and hadrons in general) is built, how it shares its properbies

among its constituents, is a reward not only for particle and nuclear physicists. but for the

whole physics communitY.



180 CHAPTER 6. STJNIXI'+RY AÀD OUTLOOK



Appendix A

Anomalous Dimensions and \Milson

coefficients

The coefficients appearing in the expansion of the beta function were calculated in Refs.

lI2, 13, 14, 22Ll and up to two loops they are independent of the scheme. They are common

to both polarized and unpolarized scattering and their form are:

þo
_ LICç - 4TpN¡

(A.1)
3

l, ^ 
* c,) r,N, . (4.2)

For the case of Stl(3)", Cr - l, C^: 3 and Ta: I.We now list the anomalous dimensions

calculated in one and two loops in perturbative QCD.

o,:!ci- 4 (
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,A'.1 Unpolarized Scattering

4.1.1 Leading Order case

The nonsinglet anomalous dimension is [12, 13, 14]:

,ÍíF : zc rl+s,qn) - 3 - --:-l" L-"^,'-, 
- n(n _ 1)j

The matrix elements of the singiet anomalous dimension are [12. 13, 1'+]

t[?)^:-t'^#ffi,

t[o]':-o',#ffi,

43)" : rl?F,

(A.3)

(A.1)

(A.õ)

(A.6)

(A.8)

and

4
t[f;)" : rto 3 n(n-I) (n+1)(n+2)

114 ls
l*¡(")

The function .91(n) can be obtained from the generaÌ function Sr(n),

rn. (4.7)

S;(n):äi,

^.L.2 
Next to Leading Order Case

The nonsinglet anomalous dimension in the MS scheme is [221]:
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*CrC.t
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?Í+y : Q', -'rc,co) {tut,t'i## + ro 
[zs'(') - mïÐ] Êz@) - s'z

+64s1n) *24s2(n)- 3 - tså (;) - 33"1't i',:1 - "r+#\

n
,

{t't"'
+Sz

+

,, [-i.#] -i--
{-#t',"¡ *fs,{") +f+ro

I57na * 263n3 i97n2 * 3n * 9

9n3(n + 1)'

IIn2+5n*-3
9n2(n + 1)'

(A e)

The functions .9f and S are given bY

't(;):?'n(;) .?',(ç) , (A10)

.sin; : tr(--1)'s,U). (4.11)
ll J"

The parameter 4 = (-1)" is 1 or -1. depending on which combination of parton distributions

is going to be evolved. This is so because the moments are defined only for n even or odd,

according to the OPE. Thus, it is necessary to extend the validity of the equations for the

whole interval of n. This is done through analytic continuation in which case the values of

the anomalous dimensions starting from even or odd n coincide. A detailed account on how

to do the analytic continuation of the various S functions can be found in the work of Glück

et al. [231] or in the recent work of Melnitchouk and Weigl [134]. The parameter r¡is -1 for

the combinations u -d and d-A PSll and *1 for the others nonsinglet combinations. For the

singlet combinations, T is always *1. For polarized scattering, it is just the opposite. These

conclusions can be reached from considerations on the properties under crossing symmetry

of the various structure functions involved.

Ce\-¡
2
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The matrix elements of the singlet anomalous dimension in the MS scheme arc l22I)

(A.12)

.(r)"tq9 -8CtTa
^2 ln+2

(-25?(n) * 252(n) - 2S!,(n l2)) -*--"'¿\'"t -,, n(n + t)(n + 2)

+
a^9r(")( 2n *3) ns + 6n8 * ISnr I 25n6 * 36n5 -l- 85na I I28n3 i I04n2 * 64n * 16

(n*I)2(n+2)'
I'

(n-1)n3(n*1)3(n+2)'
n2 +n+2 4Sr(n)

-8CrTn (zsi@)-2.92(n) +5)
n('n * 1)(n + 2) n2

(A.1::

-(r)nt9q -4c" (-25?(n) + 1osl (") - 252(n))
n2 +n+2 -lS1(n)

(n - 1)n(n + 1) (n I I)2

f .,, r drl.- /ô\\ n2 +n+2 o ,^rl7na l4rn2 -22n-72
-lCrC¡ 

L(Si(") 
+ S2(n) - S'r(nlz)) -^9'(")w

10gne *62In8 It400n7 * 1678n6 *695n5 - 1031na -r304n3 -I52n2 *432n+L44
+ 9(" - I)2n3(n * r)3 (n * 2)2

-!c,r*[rr,r,i - ïÈu-- ,fu (4.14)

and
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(A.15)

(A.16)

(A.17)

4t)" : c'¿,Tn
I too - . 32 16 38na * 76n3 r 94n2 -| 56n + 121

L-nt't")+T+ s 1

crrnþ * tu 2n6 !4ns *n4 -70n3 -5n2 -4n-4
(n-1)n3(n*1)3(n*2)

2n5 *5n4*8r¿3* 7n2 -2n-2 64
.c: [Ts,(,) 

+ 6asr(rz)
(n - r)2n2(n -l r)2(n +2)' 3

+325'"(nl2)
n2+n+l - ro^9r(n)SLØlz) + 32s(n) - +s'"(nlz)

(n-l,)n(n+1)(n+2
457ns + 2742n8 * 6040n7 * 6098n6 * 1567n5 - 2344na - 7632n3

(n-l)2n3(n*1)3(n+2)'-ä(

A.2 Polarized Scattering

^.2.L 
Leading Order Case

The nonsinglet anomalous dimension is 1222,223,951

ljfy : +crlzs,(,) -æb - å]

The matrix elements of the singlet anomalous dimension ate 1222,223,95)

^,(o)n - ^,(0)nIqq - INs

t[2)" --ar^ffi, (A.18)
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and

4ou":-+Crffi,

.y[on)^ = n, olrr,{,) - ñïÐ - +] * åt'

tfl^ :'vflP + r6crT."?' 
* 2n3 + 2n2 + 5n * 2,

I n- 1 .-. ^q. n-I ^,Bc rrn lrñn(s,(") - si(") ) + 4dãis' (")

5n5 + 1na - 1on3 - n2 +3n -21-t
I n-I 4 ^, ,

*r6c¡rn Lffif -s,(") + s,(nlz) + sf (n)) - 
'fus'(")n5 +n4 - 4n3 *3n2 -Tn -21-l

(A.1e)

(A.21)

(A.20)

L.2.2 Next to Leading Order Case

The polarized nonsinglet anomalous dimension at two loops is the same as the unpolarized

one 12241. The singlet anomalous dimensions in the ilI s scheme ale [226]:

(1)"
^lqg

(A.22)



A.2. POLARIZED SCATTERING

^n(r)",tgq

and

^n(r)"t 99
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I n-12 ñ, ' 5n'+tzrt¡1-|
32crrn 

L-ØlÐSr(n) 
*;i" * ¡, 1

+ølzffi(,sz(n) + sf (n)) -ftailrÏ's'(n)
, gns + 30n4 + 24n3 - 7n2 - l6n - 4f

' n3(n * 1)3 I

*8c tc rltäå, - s,(n) + s;(n t z)- sï (") ) - \ffiÏs, (')

76ns l27rna *254n3 *41n2 t72n +36'l /À re\- l'

, n6 *3n5 iLSna *n3 _gn2 +2n11
SCFf R

.tr2crrnlj-"")+W]
I

+4c'?Al-s"çr¡r¡ - 4st@)s'r(nlz)+ 8.9(n; - ñh srl?,12)

67na * 134n3 I 67n2 * I41n +72 ^2 S'(n)

48n6 lL44n5 I469na *698n3 l7n2 1258n +1'44 (4.24)
9n3(n * 1)3

A.2.3 The'Wilson Coefficients

The quark Wilson coefficient for gl was originally calculated by Kodaira et aI. 12251 in the

MS scheme and their result corroborated by a recent calculation 1226). It is given by:
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Fqqt fr,
Cp -9

22
I-J-¿
' n*I' n2 | 3.91(n) - +Sz(n) - #S'(r)n

1+-
+z(sl(n) + sr("))) (A.25)

And the Wilson gluon coefficient, according to our discussion of chapter 4, is [158, 226,240]

#:Fån:*lW] (A26)

Notice that it vanishes for n:1 meaning that the gluons do not contribute to 91 in theMS

scheme, as discussed at length in chapter 4.
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Abstract
nce of the

the meson

significant

proton and neutron spin structure functions in the MIT bag model' including

cloud. Impresrive ag'"ernent is found for 'x larger than 0'1' where polarised

role.

els would give a better description of the data than

ottr"r, und ìnere is considerable interest in using DIS

to help choose amongst models [8] '
Although there are a variety of possibilities.to cal-

."i"i" qtfu distributions at the starting scale' like

nã"-r"läri"iuic quark models [9] or vertex functions

ïlói, n;t" *" *tult work with the MIT bag' This

åh"il" is based on its success in low energy physics'
:ir ti*pff"tty and the insights it has- already yielded

in.ont".,i"g low and high energy data. [1]'12]' Of

course we do not expect that the bag model alone con-

âi.t ¡f the physics we need because we know that

..ron, shouid play a role as well' For instance' we

;r"*- lr:l that chiial symmetry in the bag is restored

;;;;;g'f ;;"son cloud' Moreover' the meson cloud is

already known to give important corrections to some

sum rules [14-19]
ï;;;ù*t u, it is to conect the integrated quark

¿l*iriuutionr,the study of the effect of the meson cloud

on the x dependence of the quark distributions them-

,åìu.t i. uil"urt as important l2l-241' In this let-

;;; ;" calculate the x àependence of 
,the 

polarized

un¿ unpof*øed quark disiributions in the proton in a

03'70-26931g5/$09'50 @ 1995 Elsevier Science B'V' All rights reserved

ssDt 03?0-2693 ( 95 ) 00923-x
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bag model dressed by mesons. We perform the calcu_larions in nexr_ro_leading order f¡fiOiqðO. More_over, we present for the first time the .r àependence
of the combined effect of the ¡/_^ interference term
[21] 

.and 
one gluon exchange t221. The-iÀterf.erence

term is important because, as noticed before [ 14], inthe Ellis-Jaffe sum rule it cancels p".; 
"f 

rh; reduction
coming from pions. As we shall see, tfrelntertèrence
terms have a determinant role in the shape of the po_larized quark distribution of ttre n"utron.'

We introduce mesons in the model through the Sul_livan process [25], simply norins rh;; ;;ï are un_resolved quesrions a¡oui itre moãel, f*ìì"ìr*ry úr"validiry of the impulse approximarion iZOi- fn" rno¿_ern study of the mesonic contribution via convolution
started with Thomas [27] and was later extended tothe srudy of strucrure functions by the Aãeìaide group
[16,24,28]. A problem remaining in these cãlculations
is the freedom for the value of tñ" *t_ofi in the formfactor. To^ avoid this problem, we shall f"lñ the ap_
gro^ach. of rhe Jülich group I lg,2gl, where the cut_off
is flxed through rhe use oÌ Àtgt 

"iérev ü'å-ou.
. The basic hyporhesis in this ,o.r 

"of ';J;l 
is thatthe physical nucleon wave function (in the infinite

m^omentum frame) can be written as a superposition
of a few Fock states:

lN)pry.

I

= zl/2floø)'." *D, I o- [ ororóur(x,kL)
tMto J

x lB(x,kù, M(t _ r, _t rl)J. (1)

The wave function renormalization factor

I

t = Lt 
*Ð I o- | o,orló,,r*,kùlrl e)BM"o J

measures the probability that the physical nucleon con_
ralns a bare nucleon. The Fock states used in our cal_culation involve the low mass particles which are im_portant to describe nucleon properties, namely the nu_cleon SU(3) ocrer (N, l, il ìn¿ ¿""rpi"ii¡, ¿.1and the first pseudoscalar and vector meson o*, (ø.,K, p, ro, K*). We have includea tfr" tyf"ron_tuon

contributions for completeness, but their áËtual size isvery small (- 2Vo) [19,20,2g]

t-
q(x) = z 

fø{,,f 
*l * D @" ntxl + aB qf A¡] .

(3)

and baryon
the meson
tudinal mo_

I

ôMq(x) = f r*ul)n (;) ?

6'q(x) = | fu,(Ðr' (Ð l, (4)

*n"r" frl und fnuare given by:

fvnî) = f o'otlónue - *, _-k'.)12,

fpuî)= /otorlóruG,kù12. (s)

In order to conserve charge and momentum, we have
the following relation:

f nu1 - )) = f uaj). (6)

The functions f nu0) and f¡a6e) can be calculated
using time o¡dered perrurb;io; ìi"ory in-tie-innnite
momenrum frame [29,29,31]. The unàlyti" forms fbrlav0) and f yBe) can be found jn n"fr. tls,ZSl.In practical calculations we need more information,
namely the various coupling constants und ii" u"r_
tex form factors GB¡a.The cãupling constants can be
extracted from scattering experiments and are rather
well known [30]. For the vãrtex form factor we use
an exponential parametrization :

fr
cnu =*olfitmz¡n - Mlu¡ 4))] , (7)
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(e)

with

Mzyp(y,k2¡) =
m2, I

v

count for the contributions coming from four quarks

in the intermediate state, but for simplicity we shall

mimic this contribution by a term of the form (l - *)1 ,

properly normalized (further discussion on this sub-

ject can be found in Ref. t 1 1 I ).
We use the MRS parametrization [35] of the unpo-

larized structure functions to fix the parameters of the

model; e.g., the radius of the bag, the average mass

of the spin scalar ( M, ) and spin veclor (M ,) diq-uark

in the intermediate state and the low scale, P2, af

which the model is supposed to be valid' In Fig' 1 we

show the total valence distributioncomputed in NLO 1

in the MS scheme for the bag dressed with mesons'

Very good agreement with the MRS parametrization

is found Tor ¡.c2 - 0.165 GeV2, R = 0.8 fm, M, = 0'65

GeV and Mu = 0.85 GeV. For comparison, we also

show the bare bag calculated with the same set of pa-

rameters. The bonus of the NLO fit is that it provides a

decrease of a, at ¡.,"2 ftom - 1.52 in a LO fit to - 0'6

in NLO. This is also a drop in comparison with the

value a, - 0.17 found in a NLO fit without mesons

[ 12]. For completeness, we note that these va.lues of
the coupling constant were found using r\q6o = 0'2

GeV and three active flavors.

After we have fixed all parameters in the unpolar-

\zed deep inelastic scattering sector, we can explore

the consequences for the polarized sector' The calcu-

lation of effects due to the presence of highet BM
Fock states for the 91 (x) structure function is similar

to those for q(x) given in Eq' (3). The contribution

from the scattering on the recoil baryon is

68 tq{x¡ =l dnul)Lq. (;)+,

The cut-off parameters l\Bv can be estimated, using

one boson exchange models, from n, À and A++ pro-

ducti see

Ref. '08

GeV sed

to ob be-

cause the assumption of single meson exchange being

responsible for the process is fairly simple' However,

it certainly gives an upper bound for the values of the

various Á.'s.
At this point we are still left without the input distri-

butions ln eqs. (3) and (4) ' For the quark distribution

in the pion we use a recent patamefeization by Sutton

et at. lZZl. By using SU(3) symmetry, the quark dis-

tributions of all the mesons can then be obtained' For

f the barYons we use the

Adelaide grouP I l1'33].
method is that it ensures

energy-mom
support of th
cessful in de

given by [ 11]:

ø1,1rÐ = hl\ul+,,)u)
+æ

IM f

lM2(t -a)2 - M?,1 lzM (t -x)

"l!?(!:!,1" ltr),trp,)lz. (8)
l@¡ (u) l-

Here l¡^c) is the spin-flavor part of the wave function

of the initial state (at rest), P¡n makes the projection

onto flavor / and spin projection m, Mnis the mass of

the intermediate state and tf the Fourier transform of

the quark wavefunction.Eq. (S) gives the two quark

con;ibutionto the total quark distribution which dom-

inates at intermediate and large x' We should also ac-

where d¿(y) is the polarized, longitudinal momen-

tum distribution. It can be calculated using the same

theunPol ee

nic contri of
character if-
unPolariz he

presence of the N-A interference term [21], which

can also be written as a convolution [29]:

X lp,ldlp^l

--t 
D*il. fo, the NLo calculation in the bag can be found in

tr2l.
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Fig l' Total valence distribution in.the bag and in the bag dressed with mesons compared with the MRS t35 j parametrization of the datain the MS scheme. The quark distributions are evorved in' next-to-reading-order ecD.

I

6'"Lq1x¡ = f o,,,rrroU^ (;) + (10) {nî 'St'lt '1',^0'1) = lp| 'n|1a11^+'1,^0'1)

gor"t = z +f(a'sf+ôdf,)

( 13)

We notice that in the matrix elements ( 12) and ( 13)
only mixed symmetric terms contribute and, as a con_
sequence, the intermediate state always forms a spin
vector.

The first moment of the polarized structure function
for the proton, {rtÐ, is expressed in NLO as:

I

x

The necessary polarized splitting functions dB¡a and
din¡ c?î be found in the Appendix.

Combining all these contributions, gr for the nu_
cleon is given by:

(11)

We now apply Eqs. (9)-(t l) ro calculate 91 (x). In
the meson sector only the pseudoscalars are included.
The vector mesons are omitted because we are not
aware of any model to extract their polarized quark
distribution functions. Once again we need a model
for the bare quark distributions in the nucleon and, as
before, we use the MIT bag model. For the polarized
case we need to specify the spin-flavor part of the wave
function. We shall use the usual SU(6) wave function
in which case, for the interference terms, we have:

(p|, rI lrzl¡l+,1, A0'1) = þ1,nî ldtlL+,1, 
^0,1),/,

{ n,,,ez)¿*= (#+ #) ('- ^?)0

I - 
o"(0') \3¡)

BM

(14)

with g, and gs nonsinglet distributions and g0 a sin-
glet distribution. However, the full singlet anomalous
dimensions (for any moment) for polarized scatter-
ing in NLO are still not known and, because of that,
it is not possible to calculate the x dependence of ge
in NLO. Faced with this problem, we decided to take
the following two approaches to the evolution of 91 :

- In the first approach, case (a), we evolve go and gg
as nonsinglet in NLO and evolve g0 as a singlet in LO
so that g¡ does not pick up the ( I - ""Q'z\ ) correction
and the whole structure function is overestimated.

.i(

-t

NLO Evol., p'= 0.165 GeV., e, = tO GeV'

a a, = 0604076
'r.R:o 8 fm, lr/. = 0,65 GeV, M, = 0 85 CeV

Bog frlodel + ¡,¡esons
Bog Nilodet

\___lrlRSporom

(12)
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- Il the second approach, case (b), we treat 8d' 88

and gs as nonsinglet combinations and evolve them

in NLO. In this case, ge picks up a correction of the

form ( I - '"9\ ) such that the corrections due to

the NLO evoluiion are overestimated and the structure

function is underestimated' The actual curve must be

somewhere between the two approaches'--ì" 
eig. 2 we show the EMC and earlier SLAC data

tor x{rix) together with the bare bag' the bag plus

-"toit but without the N-A mixing terms and the

Uug ptu, mesons plus mixing terms' Vy'e stress that the

puiu-"t"rt for the bare bag differ significantly from

ihor" or"d in earlier calculations [11]' The meson

cloud lowers the bag model prediction over the entire

r""g" "f x, in accoidance with ea¡lier estimates for

,h"Ïllir-Juff" sum rule in the bag [ 14] ' This is be-

cause some of the spin of the nucleon is carried as an-

;;i;;"-"ttum by the mesons' The actual value of

ihe calculated Ellis-Jaffe sum rule at 10 GeV2 drops

from 0.209 in the bare bag to - 0'173 in the bag plus

mesons for case (a) and to - 0'169 for case (b)'

The actual value of the sum rule in the bag model

fiut *"tont, calculated using Eq' ( 14) as-it stands' is
'- O.tZt, supporting our claim that the full NLO pre-

diction io. ittã x dependence of glrQ) in the present

model is somewhere between the results for case (a)

unJ t¡l of Fig. 2. The inclusion of vector mesons is

"^p"àr"¿ 
to reãuce the value of the sum rule somewhat

more.
The x dependence for the model' compared with

the SLAC F,l43 dara [6] for {r(x)' is shown in Fig'

3, and is quite impressive' These data were taken at

un un".ug" 3 GeVz and have smaller error bars than

earlier eiperiments. Comparison with this set is also a

gãoã t"t,ir our model once we have to move to a dif-

î"nnt Q' The resulting agreement between theoreti-

"ut 
unl"*p"rimental values for gr (x) is inspiring and

ptotia"t åme confidence in the model' At this value

Zf 82 ¡ecalculated value for the Ellis-Jaffe sum rule

is - 0.171 for case (a) and - 0'166 for case (b)'

These results shed light on how the spin in the phys-

ical proton is shared, suggesting strongly^that mesons

are åsponsible for part of the dilution of the spin' In

general, we can say that the agreement between the

ãata and the theoretical calculation is very impressive

and that further corrections might well bring the en-

tire curve within experimental errors' For instance' we
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Fig. 3. Polarized quark distribution of the proton as measured by
the SLAC E143 experiment [6] against theoretical predictions fora bare bag, a bag with mesons without mixing terms and a bagwith rnesons and rnixing terms.

is isolated at smaller -r when compared with the other
contributions (similar to the down quark distribution
in the bag I I tl ).

The most interesting effect associated with the
mixing ferms can be observed in Fig. 4, where gie)
is shown. Alrhough jn fi (x) the efiect of rhe mixing
terms in the x distribution is not too dramatic because
one is adding a small llumber to a large number, ingi'(x) the effect is relatively large bJcause one is
subtracting from numbers near to zero. In fact, f.or
f.i(x) the mixing terms are essential to give to the
theoretical curve the shape of the expeririental data
as measured by the SLAC El42 t5l experimenr. The
first moment of the calculatea pãtarizø distribution
of the neutron turns out to be _ O.OO+ for case (a)
and - -0.003 for case (b). It is also worth noticing
that there is a consistency between the calculation of
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Appendix A

du,(y) =nffiÏ
0

u mzr(l - y)2 - k2t

Im'u _ Mt*,(y, k2r¡12,

dul)=#ioo,^P'\H
0

x l(ymu + mù2 + k2tl

0 r0

0,08

^ 006

x 004

oa2

000

o 10

I )z + 8ym¡¡m6 k"-

(4.1)

X

-Bo
rms+

0
M

NLO
a(
R:r)
Cose 5 GeV, lr./ " = O 85 GeV/

+el l\y'eso NS

-01
604
= 06

65GeV',Q'=2CeV,

ii+r

t

--Bog liy'odel+Mesons
- - Boc [4odel
p' - o.)f:5 ceV' , ç' - .5 cev,
NLO [vol., o,( u, ) - 0.60¿
R-O.B lm
lv1 ,=0 65 GeV, tv,=o 85 G--v
Cose (o)

esons mtxrnq+

+

and

[m2¡u - A,r (y, )12
(A.2)
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Role of strange and charm quarks in the nucleon spin structure function
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we perform an analysis of the relation between the factorization scale and the masses of the quarks

in the calculation of the hard gluon coefficient in polarized deep inelastic scattering' Particular

attention is paia to itre role of Jr.rrg" and charm quarks at frnite momentum transfer' It is found

that for the momentum transfer of the present expe-riments the contribution from the charm quark

is significant.

PACS number(s): 13.60.Hb' 12'38'Bx, 13'88'*e

I. INTRODUCTION

In the usual analysis of the proton spin structure func-

tion, based. upon QCD and the operator product expan-

sion'(OPE), ih" màm"nts of the singlet part of g{t'qz¡
are written as

lot 
nl"'{*,q2)n--rdn

: LÐ^?rz)cl(Q',lp') + Ls-(pz)Cfl(Q',lp'), (1)

transformation, and the result is

sÍ") (", q2) : Ll,(n, p,2) Ø cn (*, Qz I P')
+Lg(t, P'2) Ø Cs (n,8' I t'\, (2)

o5s6-2821/s6/53ßl/rlgl(8)/$06.00 53

to the analysis of the gluon contribution in the light of

the IPM only.
In the Ipiø the situation is more complicated' One

calculates the full, polarized photon-proton cross section

and. uses the factorization theorem to separate the hard

and soft parts:

or" N (*, e,) : ol" n (*, Q' I p') Ø L f n ¡ ¡¡ þ:, p'2)

-lol" n (*,Q' I P\ Ø Lls/N(r' P2)' (3)

necessary to explain the available data' We compare our

1l9l 01996 The American Physical Society
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II. THEOR,ETICAL CONSTRUCTION

The full photon-gluon ctoss section has been calculated
to be [10,11]

quark distribution inside the gluon [Z]. Mathematically
this is expressed as

ot"s(r,er): ol"n(*,er/pr) * Lqs(a,þr2), (4)

l -a*?'w2 t 4¿2P2
-Q2

't - 
4^?

-w2

{o'-',(' '#)1

f'- ^lt-a*ã lt 4æ2P2
v ' w, !'- -4r- t - 

a*3 l;- 4æ, P,- w2 !'- -o.rr- )l
1 h(

1+
X

1-

.('-,.#) 2rnl(t - )-P2æ(2æ-1)(1-
*3Q - )-P2:r(r-t*

Q2

¡t2 + P2æ(t - r) + rnl
m]+ P2æ(t - r)

Q,

+(1 _o,#ffiffi\

2æP2 ¡
Q2t

(5)

with P2 : -p2 the gluon virtuality, mo the quark mass, and.W2 

= 
T!-P !" the invariant mass squared of thephoton-gluon system' For very large mám"ntum transfer , e' >> ml, pz, trrä ruu .rori ,".tio' reduces to

] 
(6)

ot"e(æ,e'/t'):#*,1O.-rl (r" ¡m!-a-r) * (t-*)

:#*, 
{o. -'lr" (

ol"n(*,Qr,t"r)-#*r{o, -r, 
f," (

2*?-P2x(2æ-r
ml+ P2r(7 - æ)

)

It remains to calculate aqe' This is given by computing the triangle diagram or, equivalently, thetransverse momentum of the squar" of th" .ror- oi the l"ight-cone qÇ wave function áf the gluon [2,a soft contribution, the integral over the transverse momentum has to have a cutofi:

Lqn(*,u\:ffx, Io"o*rffi

integral over the
7,72). As Aqs is

(7)
Equation (7) is a generalization of previous results [2, 7] including the dependence on the factorization scale for anyvalues of the quark masses and gluàn virtuarity. tt. nr,t moment'ir r".o'fo, ,; à4,ir."1i");;'^r,ä;'trr" n"rt
n:måî1f.f!::A?:il ror P2 Þ m2o, while it is ffN¡ ror m| >> P2. u,i,,g nq,. tni, rul, and (z) *"".,,, carcurare

I-n
p2 + P2æ(t - r) + rnl -1

zml+P2æ(I-2:r
+(1 - ø)

u2+mf; + P2r(7 - r)

fln
:x

(8)
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that the gluons contribute to

because Iì "1" 
n (",Q2)dn :

- 
äJJ;. other hand, if one calculates the quark distribu-

tiorrlnsid" a gluon through the triangle graph, which we

".f Aq6"r, Jring a regJarization,scheme that respects

;h; t*üi"îomalY, it is found thatl

Aqn(") - Aqå"r(")

-92N,2rr
(2æ - 1)In

¡Ì + Pzt(I - ù +n'L?

p,2

z¡-t2(t-x) I ,n,+ffi)'
where the regularization of

Áf'o"" ¡o, btraction scheme

tniËjfit". the factorization

cn (*,Q' I t') : #*,{,r' - Ul"#

.'(?) -'l .2(1-')) (10)

This result is independent of mass and its frrst moment

is always zero, in t"tãtdt""" with the results of Kodaira

[14] anâ Bodwin and Qiu [5]'

lThe triangle graph regularized with a cutoff on the trans-

'rr"rr" *o*.rttum results in Eq' (7)'

2We thank S. Bass for pointing out to us this work'
3We a"sume for the qot'k *at""t their current values' rWe

do not take into account variation of the masses with the

factorization scale but note that our conclusions are not sig-

,rificrntty altered by small changes in the quark mass'
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FIG. 1. Hard gluon coefficient as given by Eq. (8), calcu-

lated with the assumption of infinite momentum transfer as afunction ofthe factorization scale. For realistic scales (p2 > 1GeV2), the charm contribution is seen to be important.

TI9..2. Hard gluon 
"ouffi"i"Ít as given by Eqs. (5), (Z),and (12). The momentum transfer is fixed .i tO G"Vr. Itis seen_ that the strange quark contribution never equals thatfrom the up and down quarks and the charm quark contribu_

tion is sizable for ¡,t2 ) 1 GeV2.

gives around 64% of the contribution of the light quarksfor ¡t2 - 4 GeV2 and so it should oot ¡" ¿i.r"garded ifthe gluon distribution is calculated at this scale. We also
see from Fig. 1 that the u and, d. quarks give the samecontribution, independent of the f.átotiration scare. wefurtlel notice that, for practical p*por"r, ine hard gluoncgefficynt is independent of theixaìt vaiu" of the lluonvirtuality P2.

The discussion of the preceding paragraph was basedon the not so realistic asrumptio-n tU"ftfr" momentum
transfer e2 is infinitely biggei than any ãìh", ,".1", in
ll: 

,'0:_îr: tt implies, for iÃ"rance, th"t-ih"r, inregraringtne hard cross section we allow z to go from zero to 1.But from simple kinematic arguments i" trro* that ¿ has
2 + Pz + 4rnA) and so

x never.:îfï,TiïSïi
the nrsr momenr or o/" s 

-r.,' 
;iiïi":t-"ä;"tj"ili'

g"Vi) at p} : Q, : i^ GeV2,,rri.,g^Eq. (8), one finds

:lìi: lrj l-.1"" :h?"Fes from _ó.a4,, Jh.o-,'i, arrificiauy
allowed to reach 1, to - 0.015 when the physical cutofi inr is applied. What happens is that 

"*pr"årior, (g) itself
was obtained under the assumption of in infinitàty larg.Q'. To be more consistentwhen deating *ih fi.rit" qr,
one should derive the hard cross sectiÀn from the full
cross section without any approximation.

In the general case Ìue thãn write

00..}
z
ci
õ-O
K

N

1

ì
o

Ç-L^ -t.
CJ

t)

0

.)

-2.O
001 olo lOO 1OOO

I,L'
Ce_o1þs_Aqåpe,

ol"n : ot"e - A{f ,

(1 1)

(12)

\.\

- 

m'o-6 GeV,, p,: onv vofue
---_ m'-o:9/4 CeV,, p,: ony vclue
-...-. m'.:0.04 Cey,, p,: 0.1 GeV,

- - ffi'o:O 04 GeV', p': O GeV,
Q':10 GeV'

l\

- 
m'zo:Q CeV., pr: ony volue

- - - m'.o:9 / 4 GeV', p,: ony volue
-...- m'":0.0+ GeV,, p.- 0.1 GeV,

- - ñ'o:O 04 GeV', p'= O GeV,
Q'>>¡t', m'o, P'

- 

m'o:Q GeV', p,: ony volue
- --- m'-o:g/4 GeV,, p': ony volue
_..._, m'"-0.04 CeV,, p,: 0.1 GeV,

- - - ñ'o:O 04 CeV', p,: O GeV,
Q':3 Gev'

.s

u{ith o'tve given by Eq. (5) ,1d ÂC, and Aq$., given byEqs. (7) and (9). We'stress that these 
"qìätio.r, are the

complete result at order o". In Figs. Z arrä g we show the
first m
rhe rac oli';J'?¿fiîjäågî;tGeV2, 

- values were chosen becausethey are th_e_avetage e2 of the European Muon Collabo_ration (EMC) [1b,16] and SLAC [rZ] expJmenrs. Theresulting dependence is very interesting. it rho*" that in

aln realit¡ there is a - LVo correction for ¡t2 - 0.01 GeV2.
This result is in complete accord with the fact that the anoma_
lous contribution for the z and d quarks goes to zero as p,2
goes to zero.
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FIG. 4' Hard gluon coefficient for the charm quark' cal-

."H;ã with Eqs. (u), (Z), a'<l (12)' The factorization scale

;"ïî;;; cÀt"'"iaìr'" Q2 dependence is studied'

Fig. 1 [- -0.574"(Q')12"]'

IV. RELE\/ANCE IN ANALYZING
THE FRACTION OF NUCLEON SPIN

CARR,IED BY GLUONS

In terms of the polarized quark and ghron distribu-

tions, g{(æ, Q2) for four fl'avors is written as

s1@,e\: LLn"(*,q') + #aq "(*,Q')

-.Ltqru(*,q') + frlr @'Q')
36

+f,uol"n(t,Q''P') ø Lg(*'P')' (13)

ror(e1: Ir(Q\ + Ie(Q2) - Iru(Q')_+ Io(Q")

-Lbry)*"ffi36\

with only three flavors and with the common assumption

;h;; th; u, d,, a.'ð. s quarks give the same anomalous

contribution.--Urr¿", 
the assumption that the polarized sea originates

"";;;;"ly 
from túe anomalous gluon contribution we

have, for thr"e fl^'ttott, the identities

1 h-ge),h:n@+D) f- r/

rs*ro:fi{r"-"1 [(' -+)++(r- #)l' (15)

where the quark spin fractions were expressed in terms of

the F and -b .oltplit'gt and corrections from the two-Ioop

expansion ofthe beta fu on

l"î. in.o.norated' In is

given as the solution of the

. qz 4n þr r_l nn * ql , (16)I'it : pr* - æ'" lpro- - pÊ)'

with B¡ : 11 - 2N113 and B1: 10-2 -^3?Nr/!t.We use

^ 
: 

^(3) 
: 248 Mei, determined by fixing 

^(¿) 
: 200

ftf"V-jzo1. Using the experimental-values,of F and D as

'iven in [19]' we a"l"tåi"" f3 and /' t /o at Q2 : L0

ä;ü; Ñith'.*(Q': 10 Gev2) - o'2oel:

/e :0'0977 + 0'001 
'

/a * 1o :0.0779+ 0'002 ' (17)

We now use Eq. (14) to determine tg(/')'On the left

tt."J tia* w" ts"'thå experimental result [161

tor(er: 10 cev2) : 0.L42 + 0.008 + 0'011' (18)

On the right hand side we use the results (17)' sr.:'1'
and c1 : 0 and remember that for three flavors the singlet

.o"fÊ"i"rrt is 1/9 and /rs : 0' The result is

Ls(Q': 10 GeV2) : 3'04 + 1'4' (19)

Forfourflavorstheanalysisis^similar.onejusthasto
redefine the integral of g!(æ,Qz):

n: j@+r) (r- ?) '

re * 1o - Itu:rttt" - 'l (t - #) ' (20)

Ia :0'0976 + 0'00L 
'

fa * 1o - Its:0'0786 + 0'002 
'

Ls(Q': 10 GeV2) :2.32+ 1'06 ' (21)

In passing we notice that if the usual assumption of infi-

nite momentum transfer were used then according to the

results of Fig' 1, at 10 GeV2 s1 : L' ct = 0'81' and

hence Àg - 1.89.

00

O
õ

tr
N

+
o

E

CJ

tt,

7

4

0

0

60

0

0
10 100 1 000

1.ct Ls(Q')o"(Q')
2r

(14)

The coefÊcients of o"(Q') have the following meamng'

inã z indicatcs that the ¿ and d quarks give the same

contribution '"Í?'), t, dit
factors give theãmount of

tributions, according to Eq'
To extract the value of

Refs. [18, 19]. For the sa
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V. THE æ DEPENDENCE

. The exact ø dependence of the anomalous contribution
is a matter of convention because tfr" t""¿ã_ in the fac_

calculating ø/"e. Other choices
result in diflerent functions of æ.

ødependenceseemsot1"I;,.?"tl;1Tîrî,"î."f1'ä"::i:
do not know rhe form of the polariåeJ ài"ã" àirt.lburion,
the best we can do is constrain it by ,oäã g.rr".u,l consid_erations. For instance, there is the positiviiy .ondition

15

10

05

l\s(r,e\l < s(æ,e2), e2)
where.g(ø-, Q_') 1" the unpolarized gluon distribution. Avery simple form that satisfies the ãbove condition is

00
00

010 100

As(*) : tog(æ), FIG. 5. Comparison of various polarized gluon distribu_(23) tions considered in the text.

Evolution from 4 to g GeV2 for the GS distribution also
has small efrects. The parametrization of Brodsky eú ø/.
[22] is much smaller thàn the others U".rì." in their ap_
proach the polarized gluons are not responsible for the
small experimental value of Eq. (1S).

Using the const¡ucted gt"o" aìrt.iUutions, we can es_timate where in z the ãnomalous contrìbution is lo_

?t",dt",t" Ijt. ^6 
we show the anomalous contribution,

:ir";,,"jr,Q',,tt').Ø Ls(*,pr), ror as(r) : aæs(r)(r _
r )" . we see that its contribution inside the experimental

total anomalous contribution. In the case of th¡ee fla_vors, this percentage is - 69%. For A9(ø) : æ-g(x) thisconclusion is not dramatically altered]' '
11 iÌ rl:. interesting to compare the anomalous gluoncontribution directly with the experimental ãata. To this

ag(*)
s(a)

)t, (24)

as ø -+ 0. Fïom the many ways to satisfy both conditions(22) and. (24), we choose

Lg(*,P':9 GeV2) :arg(r,þ2:9 GeV2)(1 -r)",
(25)

whe¡e o : 6.92 for Ag : 2.J2. We made this choiceguided only by the desire of simplicity ."a to produce
a polari resembles ,n'.l."udyexisting ed gluon distributioqwe use(NMC) ,"",.,f""]iø"il'.T,L',11îl

1
.xs\æ) : 

¡Ø + t¡1t - *)n. e6)
This parametrization is valid for ¡t2 - g GeV2 andshould not be trusted for ø < 0.01. Again, thischoice is based on simplicity andì" noie that a furtherparametrization bv the NMC [24] group agrees with Eq.
126) for æ > 0.01. th" puru-"ËñT: 5,1 + o.s.cty"T l!"y choices, *.. ,!roy in Fis. i ür" form. (zS)and (25)_for the polarized gluon aiËtrl¡,rtiorrs plus theforms.of Brodsky eú aI. l22l and_G"hr;;;; and Srirling($f) tts1, calculated at 4 'GeV2. ò;;;;.*"rrizarion
(25) is..slightly higher than that of GS'because of thenormalization factor. If we use the same no¡malization
as theirs,s both curves would be essentially the same.

3

p
E

0 000

-0 015
o 01

-0 005

-0 0

o r0 100

x sr¡l
Gehrmonn ond Stirjing

Brodsky et ot

axe(xx1 _x)'

/'\
'ù

Full contribut¡on

UP + do*n contribution

Stronge contribu(ion

Chorm contribution

. 
5We 

,note 
that in [1S] the coupling constant is calculatedrn leactrng order rather than in NLO. This would lead to anincrease of the total polarization carried by ttr" gluon".

FIG. 6. Comparison of the z dependence of the non_stra harm quark ái"tribr,tio.,, to g1(a).
TheAs( lîîËåï,1; å,"J':î'Ë"#:l?arg olarized gluon.
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cases. We see that the anomalous contribution is po-

tentially important to correct the r depenrlence of the

poiarizåd '*ru,l"n." distribution inside the proton'

VI. DISCUSSION

In summary, there is a gluonic contrib-ution to the pro-

t"; rpi; whel the IPM h;d gluon coefficient is defined

;h;;;h Eq' (12) with aqs defrned as the quark distri-

¡rrtioi inriå" ìh" gluon with transverse squared momen-

tum less than the factorization scale' As a consequence)

it i. u,rro*u.tous gluonic contribution in the IPM is free of

infrared ambiguities. We showed that if we accept the

.ot t*orrly ,trJd urr,,*ption of an infinitely big momen-

tum transfer there t' 
;, "":åT-r::li'::îiffi"t-'t.*: üT
ársrit " 

quarks is dePendent on the

which the polarized gluon distribu-

e c quark contribution is small only

G"V', in which case the s quark

contribution is also strongly affected'

w".t,ocalculatedwhatwouldbethepossibleanoma-
Ious corrections when the momentum transfer is in the

region ofthe present experiments' To perform such a cal-

culation we have t. r.""i "riterms 
in *Zl8' and P-2 f Q2

in the full photon-gluo-n t'o" section when calculating.th";;J 
gùor, "oJffitient' 

This means that we are in-

cluding higher twist
plete result at order
from higher order t
and so our calculation is i
that our results are more

the (8) for the hard gluon coef-

ficie à qoutkt and relativelY low

er. frnite Q2 are not small and

'we ken into account when cal-

culating the amount of spin carried by gluons' When

ti"áti"-g the r depend'ence of the anomalous contribu-

ii.", *"" conclude thtt both three and four flavors give

upfro*i*at"ly the same contribution inside the experi-

tiËnttl ,"giott. But the amount of polarized glue needed

to fit the data is much smalLer when charm is included'

Moreover, we showed that from the conceptual point of

.ri"*, it *ould be wrong not to include a fourth fl'avor'

0.10

005

ô
O

oo0

005
010 100

o 01

FIG. 7. EMC [15] and Spin 
-Muon 

Collaboration (SMC)

¡fO1 att" to, groi"¡ ,t fO GeV2' The theoretical curve for

i-h.'polarized ãtàn"" distribution is calculated in NLO and

i.tå ft.* Ref. [25]' The anomalous contribution should be

subtracted from the theoretical curve'

[1] G. Altarelli and G. G' Ross' Phvs' Lett' B 2L2' 391

(1e88).

tZ] ìf. O.'Carlitz, J. C. Collins, and A' H' Mueller' Phys'

Lett. 821,4,299 (1988)'

¡11 L. V. Ef."*ov, J. Sofier, 'nd O' V' Teryaev' Nucl' Phys'

ACKNO\MLEDGMENTS

We would like to thank to S' Bass' S' J' Brodsky' W'

ivt"tnitlftoot , and G. Piller for helpful discussions' This

;;;;"t suiported by the Australian Research Council

and by CAPES (Brazil)'

B.246, e7 (19e0).

t¿l n. l.'Jtfià toá A' Manohar, Nucl' Phvs' 8337' 509

(1eeo)

[5] G. T.

[6] s. D.

god*in and J. Qiu, Phys' Rev' D 4l' 2755 (1990)'

ãr"", B' L. Iofie' N' N' Nikolaev' and A' W'



I 198
F. M. STEFFENS AND A. W. THOMAS

53

Thomas, J. Moscow phys. Soc. 1, 312 (1991); S. D. Bassand A. W. Thomas, J. phys. C rs, ò¡s 1ísss¡; A. i.Ioffe, Report No. ITp_61, fir9a lrrrrp,rUti"t"a¡.
[7] L. Mankiewicz, phys. Rev. D aà, o? lrssr;.
[8] See M. Anselmino, A. Efremo.,r,' uoj È. r,.ader, phys.
. , l"p. 261, 1 (1995), and references therein.
[9J L. Mankiewicz and A. Schäfer, phys. Lett. B 242, 4Ss(1eeo).

[10] S. ll. Bass, N. N. Nikolaev, and A. W. Thomas, Uni_versity of Adelaide Report No. ADp_133_T_80, 1990 (un_published).
[11] W. Vogelsang, Z. phys. C 5o,225 11991).
t12j 9. P. Lepage and S. J. Brodsky, p;;.. i." D 22, 2t5z(1e80).

[13] S. D. Bass, Phys. Lert. B S42,2BS l199S).
[14J J. Kodaira, Nucl. phys. 8165. tZS irsaoi
[15] EMC Collaborarion,. j. ern*.r, 

"; "i;ñ;"l. phys. BB2E,I (1989); SMC Collaboration, B. Adeva J ol., elys. l,ett.B 3O2, 533 (1993).

[16] SMC Collaboration, D. Adams eú ø1., phys. Lett. B B2O,

3ee (1ee4).

[17] 
91ati9n, 

p. L. Anthony et al., phys.
1993); SLAC E14B Collaboration, K.

[18] ,i,itr1t3?i1,," s, z. phys.c 65, 46r
(1ee5).

[19] F. E. Close and R. G. Roberts, phys. Lett. B 816, 165
(10e3).

[20] M. clück, E. Reya, and A. yogt, Z. phys. C 5g, 53
(1ee2).

[21] M. Glück, E. Reya, and W. Vogelsang, phys. Rev. D 45,
2552 (tSe2).

[22] S. J. Brodsk¡ M. Burkardt, and I. Schmidt, Nucl. phys.
844L, r97 (1995).

[23] NMC Collaboration, D. Allasia et al., phys.Lett. B 25E,
4e3 (1ee1).

[24] NMC Collaboration, M. Arneodo et al., phys. Lett. B3Os,222 (1993).
125] I. M. Steffens, H. Holtmann, and A. W. Thomas, phys.

Lett. B 358, 199 (1995).



ADP-96-03/T208 February 1996

Polarized Deep Inelastic Scattering

F.M. Steffens and A.W. Thomas

Department of Physics and Mathematical Physics
- University of Adelaide

Adelaide, S.A. 5005, Australia

Abstract

We give an overview of present calculations involving the Proton
spin structure function.

1 Introduction
provided im-
e able to tell
qua.rk model

that the nucleon is made of 3 valence quarks to the spin fraction carried by

quarks. Of course, there are still many questions to be answered ¿nd the

answers to some of these have become extremely active ¡esearch topics in the

Iast few yea.rs. The search for a complete picture of hadron st¡ucture is in

this sense the goal being sought.

Much of the interest in the area was revived several years ago by the

ElvfC experiment where the proton spin structure function rvas measured

in a region of small z previously unexplored. From this experiment it was

concluded that the spin of the proton carried by quarks was very small, being

compatible with zero. This became knorvn as the spin problem. Since then'

many other polarized experiments have been performed aod now there are

a reasonable amount of data on the proton' neut¡on and deuterium spin

st¡ucture functions [l]. Many other experiments are also pianned or being

carried right now which will give fu¡ther details on lhe spin structure of the

proton. Nevertheless, a fuII unde¡stauding of the current experimentai results

has not been achieved and, among others, the following questions remain to

be anss'ered:
¡ The combined experiments on the proton spin structure function seem

to indicate that the quark singlet axial charge is about half of what rvas

expected from the quark model. What is the mechanism behind such a

¡eduction that ca¡ explain both the fi¡st moment and the z dependence of
the structure function?

¡ A¡e the gluons important for the first moment of g¡(ø,Q2)? rv\¡hat

is their actual contribution to the spin sum rule? Almost nothing is known
about the polarization of the gluons, even its sign is not knorvn, and its study
is one of the major questions in hadron st¡ucture.

r What is the valence and sea decomposition of the polarized quark distri-
butions? [s the polarized sea, like its unpolarized counterpart, asymmetric?
Present experiments a¡e unable to givea definite answer to these questions

and onÌy recently has data on the valence dist¡ibution become available from
semi-inclusive data [2].

¡ The small ø behaviour of polarized parton distributions is a complete

unknorvn. A recent experiment suggests a rapid rise of gf in that region. If
this ¡ise $'ere steep enough, it could cause the satu¡ation of the fi¡st moment
ofgl at its quark model va.lue. Firm conclusions are not )'et possible because

of the large er¡or bars.
r The role of higher twist terms, mainly in some small ø data where Q2

is small, is still to be evaiuated; not oniy their contribution to the sum rules,

which seems to be small [3], but also possible efects on the ø dependence [4].
There are other topics to be addressed and those quoted above are only

examples rvhich shorv that the¡e is much work to be done. We will briefly
¡eview these and some related topics in an attempt to summarise the present

status of the subject. The uumber of subjects cove¡ed is b¡' no means com-
plete and follows the authors' inte¡ests.

2 The Problem
The proton spin structure function is given b-v:

2



slþ,Q")

where the C denoles the gluon and quark Wilson coefficients for singlet and
tion scale. For 3 flavours, the
ad - Az) -r $(Au + Au +
the singlet charge is Aqs =

The proton spin structure function measured by the EMC, SMC and El43
experiments are at ¿ diferent average Q2. Even so, their results tend to agree
if the rvhole data set is evolved to a commor Q2. To perform the evolution.
it is usually assumed that the measu¡ed asymmetries are Ç2 independent -
an assumptioo on which we will comment later. Meanrçhile, to fix ourseÌves
to a defi¡ite number, we will use the SMC results [5j in conjunction with
earlier EMC aod SLA,C data:

¡l 1l

Jo 
das!(z,Q') = Jo 

a, :0.142+ 0.008 + 0.011, (2)

calculated at an average of. L0 GeVz. The asymmetry ,-11 is u.hat is measured
and the unpolarized structure functions F2 and, R a¡e taken from previous
experiments. Eq. (2) then predicts that AD : 0.27 = 0.00g Í 0.011. On
the other hand, the Ellis-Jafie prediction for the integral of 9f at I0 GeV2 is
[] døg!(t,Q'?) : 0.120 + 0.006. rvhere O(o,) co¡rections we¡e included. We
remind the reade¡ that the Etlis-Jaffe result is based on the assumption that
the sea is not pola"rized and J,5 - 9l is expected to be of order 0.6. This
discrepancy between theory and experiment is what is known as ,,the spin
problem" [6, 7, 8j. In the follorçing we discuss the various approximatiåns
made to get the quoted numbers. as well a.s a few possible solutions to the
problem.

3 The Small r Region
Of course, experimentally it is not possible to go to ¿ = I or ¿ : 0. In
the case of SMC the limits a¡e 0.003 < ¡ < 0.7. For the new El43 SLAC
data [9], the limits are 0.029 < ¡ < 0.8 and their integral of 91 agrees within
errors wi[h the SMC results. Extrapol¿tions have to be made to cover the
whole ¿ interval. The large e region is well behaved and perturbation theory _

predictsthatá1 * I as¿* i [10]- ForsmailzaReggetypebehaviour
[11],9f x r",01a < 0.5 [12]. has been assumed - with rhe errors in the
quoted data expressing the uncertainty in c. However, i,he SMC dat¿ shows
a tendency to inc¡ease for ø < 0.02. in their analysis of the data, the SMC
did not consider that the measured tendeucy of the data to rise at small ø
was enough to motivate the use of some other extrapolation of gf iu that
region. Close and Roberts [13] considered a ferv othe¡ possibilities. They
ate:

a.) -Lnz, derived using the fact that the Froissart bound [14] for the totai
unpolarized cross section, o 1 Logzs with s the square of the center of mass
energ¡ is satu¡ared. Then 91 x -Lnz foilows iíone calcuiates the behaviour
of the spin asymmetry for a vector potentiai in rvhich case A c< Il sLogs anð,
hence 91 x -Lnz as .u + 0.

b) LlxLn2z. This is derived as in a) but in this case the potential trans-
forms like an axial vector.

c) -(1 + 2Znc). This rvas cierived by Bass and Landshoff [I5] using a
model for the non-perturbative Pomeron exchange simulated through non-
perturbative gluons. Their calculation affects onl5r the singlet part oi 91.

According to the data shown by Close and Roberts, the -Lnx and -(1a
2Lnz) f.orms tend to fit the data" though the last point is missed, rvhile the
very singular behaviour LfaLn2t tends to fit the data over the whole small
ø region. On the other hand, the extrapolation used by the SMC appears to
be somewhat below the trend of the data. some comments on these results
seem appropriate. First, in their analysis close and Roberts extrapolated the
individual data of each r to a common Q2 = I0 GeV2. using the assumption
of a Q2 - independent as)¡mmetrv. This seems to be cont¡adicted by recent
studies of the QCD evolution of the spin structure functions at next-to-
leading order [16. 17]. In fact, if one looks to the resulting e2 dependence of
the as1'mmetry as calculated by [16], one mav conclude that the data used
by Close and Roberts may be overestimated - at least for the last two ¿

l"' l'i'o,r,Q'Ip\^sN'(v, r,\ + I.' 
dlcf

l.' lt ¡" ¡ r, o" I p\ dg(v, p'),

@ly,Q'lp\Lqs(y, p')

(r)+

J
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points. The tendency for the asymmetry to be Q2 dependent in the region

of Q2 - I GeV2 has been recently corroborated by the first experimental
test on the Q2 dependence of A1 made by the El43 experiment [f8]. Second,

the rise of gP, at small ¿ should be reflected also in the singlet part of the
deuteron spin structure function. However, recent deute¡on data shows no

signal of a rapid raise of gf [19]. Thus a very singular g¡ can be ruled out
but the question of its precise behaviou¡ at small ø is still open.

4 The Gluon Contribution
It is a fact that the spin sum rule should be satisfied:

I 1_
,=;AÐ *As* Lq+ Ls, (3)

where Ag is the totai gluon spin and Z denotes the z-component of the orbital
angular momentum of the quarks and gluons. Notice that, contrary to unpo-
larized deep inelastic scattering where measu¡ements of F2 alone dete¡mine
the momentum carried by gluons via the momentum sum rule, mea-surements

of 91 alone a¡e not able to determine Agr.
According to Eq. (1), the integral of. g(2,8t), fT, is given by:

ri - |arir -"#+.-.)+ åac(/\ lo' 
cnp,q'¡¡,1a., (4)

rvhere the nonsinglet part was not explicitly written, the perturbative result
up to order a, for Cos [20] was shown and the integral over ¿ of C, was left
undone.

In the operator product expansion for gr, there is no gluon operator
contriburion to lf [20], which means that fr Coþ,Q2 lp2)h = 0. In this
case, measurements of 91 would determine Al and hence the spin carried
by quarks. However, the operator, í^ru'1"ú, giving rise to ÀE in the OPE is

gauge invariant but not conserved even in the chiral limit due to the axial
anomaly [21]:

lAs a matter offact, interpretatiou of g¡ that include gluonic contributions ihrough
the uial anomal¡r, can be rcd to constrain the total gluon spin. This will be dixusæd
son-

a,tR= fir"c,"c\", (5)

where Gn, is the gluon tensor and G¡" is its dual. As a first consequence,

the matrix elements of ,þlû"rlt are not lhe quark helicity of the naive parton

model.
It is a property of renormalized operalors having anomalous dimension

difierent from zero that they will not alrvays have the same symmetry proper-

ties as their classical counterparts. This is a well known fact of quantum field

theorl, where regularization can spoil some of the classical symmetries' The

process of renormalization should restore such symmetries but in anomalous

theories this is not what happens. 0f course, the anomaious dimension be-

yond leading order is dependent on the renormalization scheme used, which

means that ooe c¿¡ always find a scheme where the anomalous dimension is

zero and hence one would have again the identification of the axial current

with spin. However, such schemes break gauge invariance. So, as the oper-

ators appearing in the operator product expansion are, by definition, gauge

invariant, the matrix elements of the axial current a¡e not related to the spin

ca.rried by quarks and the fi¡st moment of the gluon Wilson coeftcient is

zefo.
With respect to the ø-dependence. this would mean that when calcu-

lating the cross sections ¡elated to such quantities, one should use renor-

malization schemes where gauge invariance is preserved, Iike M3, in which

case it also happens that chi¡al symmetry is broken. For the case of the

hard gluon coeñcient, a.n extensive study was done by Bodwin and Qiu [22]
where they indeed found that in schemes where gauge invariance is pre-

served, /o1 Cnþ,Q2lp2)dx = 0. If one uses a scheme involving a cut-off in
tranverse momeûtum, where the parton model is often formulated, one finds

that ff Coþ,Q2 lp2)dz 10, in which ca-se gauge invariance is broken but
the a-xial current is free from the anomaly. It is then possible to construct,
inspired by Eq. (5), a new axial cur¡ent that is consen'ed in the chiral limit
with the price that it is gauge dependent [23].

Although, at first sight, this is a high price to pay, rve notice that the
decomposition of the spin into its parts in Eq. (3) ß not gauge invariant itself

[241. ltoreover. the parton model is formulated in a specific gauge, the axial
gauge. in which case the gluon distribution is given b,v- the forrvard matrix
elements of the gluon operator in Eq. (5). Hence one can, in principle, express
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lf in terms of the quark and gluon spin. This is a very fragile interpretation,
valid only in the axial gauge but, again, it is this gauge that is used to
define parton distributions as well. If we change gauge we no longer have
a clear quark and gluon helicity decomposition but neithe¡ do we have the
parton model. Finally we note that up to large gauge transformations, like
the ones that change the topoiogical number, the forward matrix erements of

In the partou model formulation where the gluons contribute iä t1, th.
sum rule has usually been written as [8]:

ri = (is"+ 
frotXr - î, * |a:1' - ffr * |f,nn, (6)

whe¡e aE is the spin content of the proton and J active flavours are con-
side¡ed. However, a recent study where the quark masses are treated consis-
tently has shown that for the momentum transfe¡ of the present experiments,
Ðq. (6) overestimates the str¿Âge quark contribution [25]. Moreover, it rvas
also shorvn that there is a sizable charm conrribut.ion that should be taken
into account. In practical terms it means that if we blame the discrepancy be-
tween experiment' Eq. (2) and the Ellis-Jaffe sum rule entirely on the gluon
term in Eq. (6), Ag is reduced f¡om 3.04 * 1.4 ro 2.82 +. 1.06 at I0 G;Vz if
the quark masses are treated correctly and charm is included.

scale of the model. If QcD evolution or (in his caiculations) the omission of
gluon self interactions do not change the sign of ag, one would be forced to
accept a negative Ag, in which case
Horvever, even the connection betrve
splitting used by Ja^fe ha.s been chall

a studv of lattice QCD. K. F. Liu [27] calculated some hadron properties in
a valence approximation, where one gluon exchange is not switched off. He
found that the nucleon ¿nd the A rvere degenerate, in contradiction rvith the
many nucleon model calculations rvhere one gluon exchange is used to justify
the barvon spin splitting.

To help resolve these question, there are a few planned experiments in the
near future aimed to meilsure Ag through charm production [28] or gluon
fusion in pp or Drell-Yan processes at RHIC [29]. The measurement of Ag
would be one of the landma¡ks in the study of hadron structure.

5 Results from Lattice QCD
Motivated by the experimeutal results, a few groups [30] have engaged in
the calculation oÍ g", g2 and AÐ in lattice QCD. So far, all rhJìesults have
been obtained ìn quenched QCD but they are separated into connected and
disconnected insertions, with tbe latter being identified with the sea quarks
and the former containing both ralence and cloud2 contributions. In generaÌ,
only gauge invariant operators are used u'hich means that the ,A! calculated
is directly ¡elated to the measured and previously quoted AD but it is not
related to the quark spin content of the proton. We now quote a few results
with some comments. The Kentucky group [32] calculated À! = 0.25i0.12,
9" = l-2 t 0.1 and 9l = 0.6t a 0-13. where both connected and disconnected
contributions are included. Interesting enough, in the connected approxima-
tion, they also found LÐ I g" < 3/5. the value expected from SU(6). However,
if the valence approximation was taken (the cloud quarks in the connected
graphs are disregarded), they indeed got the 3/5 from SU(6), in a remarkable
result.

Other works, like the calculations by Fukugita et al. [3f], also found
similar results. with the exceprion of gn: -\Ð : 0.18 I 0.1, 9o = 0.gg5 t
0.025 aod 9l : 0.509 t 0.12. Remarkably. 9" is around 20% smaller than

2Cloud means tha¡ the connected quark linæ form a connected loop
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case, it seems that the origin of the problems with 9" in the l¿ttice is open,
a disappointing observation in vierv of the fact they tend to get a reasonable
value for AÐ.

the curves for the polarized distributions shown in Ref. [35] are predictions
of the model. In Fig. I we show one of the predictions of the model againsi
the very recen[ data from the SMC [2] for the polarized valence distributions.
We note also that the calculated value of the Ellis-Jaffe sum rule agrees with
usual expectations with its value being - 0.17. In these calculations, the
anomaly is not present. If rve then follow the work of ref. [25] where the
z dependence of the anomalous gluoa contribution w¿s c¿lculated, \.ve see

that it can affect the ø dependence of 9f caJculated in [35] exactly where it
overestimates the data.

We would likê to thank T. Hatsuda for discussions on the lattice cal-
culations of the spin structure functions. This work was supported. by the
Australian Research Council aod by CAPES (Brazil).
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the many parametrizations fo¡ the polarized parton distributions [16], there
are very few predictions based on a genuine model of the nucleon structure.
We will show some results from the Adelaide group [34, 35] noticing that
there a¡e others around. These calculations involved the use of bag model
wave functions as an approximation for the proton wave function. The cor¡e-

parameters were fixed in the unpolarized total valence distribution. Then all

I l0



Iru

Ir2]

[13]

lr4l

[15]

[16]

Ír7l

[18]

llel

[20]

[21]

l22l

[23]

[241

[2s]

[26]

Í271

[281

R. L. Heimann, Nucl. Phys.864 (1973) 429.

J. Ellis and M. Karliner, Phys. Lett. 2l3B (1988) 73.

F. E. Close and R. G. RobertsiPhys. Lett.3368 (1994) 257.

M. Froissart, Phys. Rev.123 (1961) 1053.

S. D. Bass aod P- V. Landshofl Phys. Lett.3368 (1994) 537.

M. Glück et al., Dortmund preprint DO-TH 95/13, hep-ph/9508347;
T. Gehrmann and W. J. Stirling, Durham preprint DTP/95/82. hep-
ph/9s12a06.

T. Weigl and W. Melnitchouk, Munich Tech. Uoi. preprint TUM-T39-
95-9, sept.95, to appear in Nucl. Phys. B; hepph/9601294.

The E143 Collab., Phys. Lett.3648 (1995) 61.

SMC, D. Ada^urs et al., Phys. Lett. 3578 (1995) 248.

J. Kodaira, Nucl. Phys. 8165, 129 (1980).

S. L. Adler, Phys. Rev. 177 (1969) 129; J. S. Bell a¡rd R- J. Jackiw,
Nuovo Cimento 5l A (1969) 47.

G. T. Bodwin and J. Qiu, Phys. Rev. D {l (1990) 2755.

W. Bardeen, Nucl. Phys. B 75 (1974) 246.

X. Ji, J. Tang and P. Hoodbho¡ MIT preprint MIT-CPT-2476, hep
ph/95rffi0a.

F. M. Steffens aud A. W. Thomas, Phys. Rev. Dõ3 (1996) f l9l.

R. L. Jafe, MIT preprint MIT-CTP-2466, hep-ph/9509279.

K-F. Liu and S-J. Dong, in Glacow 94, Proceedings, High energy physics,
vol.2 page 717 and hep-lat/9411067.

Ð. Nappi et al., Letter of intent for the experiment, Cern preprint
CERN/SPSLC 95-27.

[29] R. W. Robinett, Argonne preprint ANL-HEP-CP-95-28, h"p-
ph/9506230.

[30] M. Okawa, KEK preprint KEK-CP-37, July 1995. hep-tat/951004?.

[3U M. Fukugita et a.1., Phys. Lett. 75 (1995) 2092.

[32] S. J. Dong, J-F. Lagaè and K. F. Liu, Phys. Lett 75 (1995) 2096.

[33] T. flatsuda, private communication.

[34] A. W. Schreiber, A. I. Signal and A. W. Thomas, Phys. Rev. D44 (1991)
26õ3.

[35] F. M. Steffens ¿nd A. W. Thomas, Prog. Theor. Ph-vs. Suppl. 120 (1995)
145; Phys. L€tt.3588 (1995) 139

.-1

lt
T2



ADP-96-12/T215 February 1996

On the Interpretation. of the NA51 Experiment

F.M. Steffens and ¡\.1V. Thomas

Department of Physics and Mathematical Physics
University of Adelaide

Adelaide, S.A. 5005, Australia

Abstract

We study the p - n Drell-Yan asymmet¡y, recently measured by
the NASI collaboration, and condude that the value quoted by their
experiment only sets a lowe¡ ümit on the asymmetry of the proton
sea. ln particula!, we notice that charge symmetry breaking betr.een
the protoû ¿nd the neut¡on may produce cor¡ections rvlúch should be
talien into ¿ccount.

assumed [9]- In any case' it is verl¡ imPortant to look for other means to test

whether in fact d > Í.
Some time ago, the NASI group [10] released a measurement of the p - n

cross section asymmetry defined as

Aov(ù=#n#' (1)

This experiment followed a suggestion by Ellis and Stirling [11] where it
was argued that the sign and the size of Aov can tell whether the sea

is symÃetric in flavour ãr not. This would be possible because ocN(x\ x
D¡r?(sí(")?I(z) ¡-fiþ)q!(z)) and then Apv caî be expressed as:

Aovþ) : {(a.\"(ø) - 1)(À,(ø) - I)+ (r"(ø) - t)(+À,(c) - 1)

+2¿(r)(4^,(r) - 1x.\,(¡) - \la"þ)\ I
{(a)"(r) + l)(À,(ø) + 1) * (,\"(¿) + t)(a)"(ø) + 1)

+2ã,(x)(aÀ"þ)+ 1X)"(¡) + Ðld"þl|, (2)

n'ith ),(ø) = u,(x)/d-(x) and l"(r) :ûQ)lAþ). For completeness, we hale
included sea-sea cor¡ections in Eq. (2). It is then clear that for a sea which

is SU(2) flavour symmetric, i.e. À" = 1. the as1'mmetry is ahvays positive

if ,\" is larger than unity. On the other hand che asymmetry can change

sign for 
^" 

+ l. In pa.rticular, if l" = 2 the asymmetry is negative for À, <
0.72 - rvhere, for simplicit¡ the last term (the sea-sea term) was neglected.

However, the important feature of the p - n cross section asymmetry is that,
given a value for 1,, the measured asymmetry determines whether or not

there is aûy sort of isospin breaking. [n this letter we will explore the idea

that the measurement of. Aoy is not enough to precisely determine ), and

thus the degree of asymmetry in the quark sea, as has been claimed [10, lI].
This point will be clear from expression (7), where possible corrections from
charge symmetry breaking between the neutron and the proton at a given ø
a¡e included.

The NASf co[aboration quoted the following result [10]:

Apy(x : 0.18) = -0.09 + 0.02(sf aú ) * 0.025(sysl )

from which they derived

(3)

at interpreting the NMC results has been based on the role the pion cloud
of the nucleon, which as fi¡st noted in 1983, predicts Z > t [il-

Of course, the interpretation of the NMC results in terms of a violation
of tavour symmetry ia the se¿ is no[ unambiguous. One must correct for
shadowing and meson cloud contributions in the deuteron in order to extract
the neutron stn¡cture function. Nevertheless, there seems to be a consensus
that these correcrions enhance che r.iolarion of the GSR a little [s]. It has
also been suggested that the violation may be merely apparent. bàcause the
expected Regge behaviour ¿t small-s may set in less rapidly [han is usuallv
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l,(ø = Q.lg) = 0.51 É 0.04(sfat) * 0.05(sysú), (1)

where sea-sea corrections rvere included but nuclear effects rvere left out. In
this interpretation, the experiment indicates that there is a strongly as1,m-
metric sea at ¡ = 0. 18. We are now going to show that, in fact, the ), quoted
in Eq. (a) is only a limiting value set within the framervork of Eq- (2) which
was based on the assumption of charge symmetry (e.g. æ(r) = /(r) and
d (ø) = Z"(ø)). We could ¿s well have set the sea lo be flavour symmerric
and derived the following expression for the Drell-yan asymmetry:

Aoy(,) = {s1.1"1'¡ - t) - (1 + a\,(z))6(z)lqþ) + J6(x)l d.,(x)

-Lo6(r)td"þ)\ I
{rr.l"1'¡ + z + (+,l"(ø) + r)î(r)lqþ) - J6(t) / d,(x)+

ro6þ)ld"(z) +20-q(r)ld"þ)\ . (5)

Here, we used z(ø) : æ(z) =îþ)-6(z),7(x) =Íþ) : æ -6(r).u"(z) : uP"þ) = d?(') - á(ø) and d"þ) = 4þ) = uÏ(r) + ó(z). The
function ó(ø) does not need to be the same for u, and d" but rve use rhe
same function to simplifl' the expressions ¿s we illustrate the m¿in idea.

center of mass energy of the NASI experiment, it gives Ç(ø : 0.13) - 0.3.1g,
u"(ø : 0.18) = 3.13 and d"(r = g.1g¡ = 1.486. From the experimental result
quoted in Eq. (3) we then obtain:

á(ø : ¡.13¡ : 0.2088 - 0.0e336(ø = O.rs). (6)

IncaiculatingEq. (6)wedisregardedthesea-seacorrecrionterm(20Ç(c)/d"(r))
and took only the central value of the measured asymmetry. This is a good
approximation as, using the same procedure when recalculating result (4).
we get l,(z = 0.18) - 0.53. Eq. (6) tells us that the inrerprerarion of the
Drell-Yan asymmetry purely in terms of charge symmetry violation is ver1.
unlikely because of the size of the brealiing necessary to fit the data. Of
course, the procedure is not entirely consistent because the 5l parametriza-
tiou was constructed with the assumprion A-1"¡ = 61"¡ = 0. Thus, Eq. (6)
should be seen only as a guide.

If we take for instance ó(¿) :6(¿), we have ó-(ø = g.tS) - 0.19, which
mea¡s th¿t the factor giving the breaking is about S'a% of. the antiquark
distribution itself - clearly too large value. On the other hand. the¡e is no
reason at all to interpret the NA51 result solely in terms of isospin breaking
between t,he proton and the neurron. In the general case, the Drell-ya¡
asymmet¡y would be:

Aov(r) : {(4À"(z)- i)()"(c)- l)+(a),(¡)-1)(À,(ø)- l)
-(4À,(r) + r)6(rt l¿þ) - (1 - 4),(,)) 6(r) I d"(r)

-2(a),(ø) + 1) - 2(a.\"(¿) - t)(À"(ø) - Ð¿@)ld"@)I I
{(a),(ø)+ lxì,(u) + 1) + (aÀ,(ø) + 1)(À"(3) + 1)

+(4À,(e) + L)6(ùlAþ) + {1 - at"(z)) 6(z) I d"(t)
+2(a),(ø) + l) + 2(aÀ,(¿) + tX)"(,) + r)¿(Ì)ld"@)\. e)

To write Eq. (7) we made the simplification rhat, even for broken sea flavour
symmetry the correction 6(ø¡ from charge symmetry breaking in the sea
has the same form for the Z and for the 7 quarks. Of course, this does not
necessaril¡'need to be the case.

-A.gain, lo extract anv number from Eq. (7) we need to know the value of
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of magnit,ude of ó(r) and of ã(z¡, we will assume that the quark and anti-
quark distributions are described by the Di and D'_ parametrizations. For
the Dl set, the Gottf¡ied sum rule is 0.26 and for the D1 this value is 0.24,
which means that for both sets, [ì6(r)dr - 0, but this does not mean rhat
ó-(z) : ¡ at ¡ : 0.18. Using the measured asymmetry and disregarding
sea-sea corrections, one gets:

6(ø = 4.16) : 0.169 - 0.053ó(ø = 0.18), ), - 0.88, Då

6(z = 9.13¡ = 0.125 - 0.045ó(ø : 0.18). À, - 0.78, Dl (8)

In fig. I we show the behaviour of ó-(z; as a function of ó(z) for the various
parametrizations discussed. A few comments ¿re in place. First, we see that
ó is not strongly dependent on ó and this dependence becomes weaker as

À" decreases. Moreover, we see that for À" : 0.78, the charge symmetry
breaking is of the order 30% - 4070 of the antiquark disrribution. Atthough
this value is high, it is at a specific value of r and we remembe¡ that l, = 0.?8
is a correction of about -¿IVo to the central value of l, = 0.51 quoted by
the NA51 group. We could be less drastic and propose corrections of rhe
orde¡ of 20%. bringiug the measured central value to l, = 0.6, which is
itself a huge correction. providing a sensitive test for any model trying to
desc¡ibe the flavour of the nucleon sea. As a consequence. if we make a linear
extrapolation of ó(ø) with À, as suggested by Fig. l, this correction of 20%
rvould correspond to a value of 6 around 10% of the antiquark distribution
itself. This could well be possible and, from this point of view, the ,\, quoted
as being experimentallv measured only sets a lower limit corresponding to
6-(ø)=6i,;=e.

\üè can summarise this letter by saying that, in principle, the discrepancy
betrveen theory and experiment found b,v the NlvlC [l] could come from
flavour sJrmmetry violation in the nucleon sea and charge s¡rmmetry breaking
in either the the nucleon sea or valence distributions. Hou'ever, because of
the enormous value for 5 needed to fit the experiment rvith charge symmetry
brealiing alone, it is more likely that the NMC result implies some stron.g
flavour symmetry breaking in the nucleon sea with a small 6 admixture.

Of course. there are many successful calculations based on pion ph¡-sics

[{. 13. 14, l5j that give a clear indication of an excess of 7 over ü in the
nucleon. On the other hand, the interpretation of the Nt{C experiment as

X
l¿o

0.6

0.+

o.2

0.0
0.0 0.2 0.4 0.6 0.8 1 0

Ò(x)

Figure 1: 6(e) as a function of 6(r) for the rarious parametrizations discussed

in the text.

a confirmatioo of broken sea symmetry does not rule out the possibility
that, at a particular ø, charge symmetry brealiing between the neutron and

the protoo may be at the same level as that of flavour symmetry brealiing.
Our analysis indic¿tes that it is possible to have l'(ø) larger tha¡ the value
quoted by the NA51 group at the cost of some charge symmetry breaking
betu'een the proton and the neutron at a particular ø. even if the integrated
value of this correction is zero or nearly zero. It is clearly an urgent matter
lo frnd experimental rvays to separate these trvo contributions. For now. the
important feature to note is ¡hat the NA51 resuit sh'ould be seen as a lorver
limit for l,(ø) and Dot as an absoluie value.

This work was supported by the Austra.lian Research Council and b,v CAPES
(Brazil).
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À. = t,q=9 J48, u.=3.13, d.=1 486
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