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Flavor asymmetry of the nucleon sea

F. M. Steffens* and A. W. Thomas
Department of Physics and Mathematical Physics, and Special Research Centre for the Subatomic Structure of Matter, Unive

Adelaide, Adelaide, S.A. 5005, Australia
~Received 12 August 1996!

We reexamine the effects of antisymmetry on the antiquarks in the nucleon sea arising from gluon exchange
and pion exchange between confined quarks. While the effect is primarily to suppress down relative to up
antiquarks, this is numerically insignificant for the pion terms.@S0556-2813~97!04802-4#

PACS number~s!: 24.85.1p, 11.30.Hv, 12.39.Ba, 13.60.Hb
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I. INTRODUCTION

Since the precise measurement of the Gottfried sum
@1# by the New Muon Collaboration~NMC! @2# in 1991, the
possibility that ū(x)Þd̄(x) in the proton has been exten
sively studied. The reason for this attention is that, in
quark-parton model, the Gottfried sum rule is expressed
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@ ū~x!2d̄~x!#,

~1!

where charge symmetry between the proton and the neu
was used. If SU~2! flavor symmetryū5d̄ is also assumed
SG is reduced to 1/3.

In order to test the Gottfried sum rule experimentally, t
NMC @2# performed deep inelastic muon scattering on h
drogen and deuterium and measured the deuteron/pr
cross-section ratio. To extract the proton and neutron st
ture functions, they used the simple relationF2

p(x)2F2
n(x)

F2
p(x) 2 F2

n(x) 5 2F2
d(x)@1 2 F2

n(x)/F2
p(x)#/@11F2

n(x)/
F2
p(x)], with F2

n(x)/F2
p(x)52F2

d(x)/F2
p(x)21. A parametri-

zation @2,3# for F2
p(x) based on NMC, SLAC, and BCDMS

data was used. The NMC reported the following value
the Gottfried sum rule:

SG~0.004<x<0.8!50.22160.008~stat!60.019~syst!,

SG50.23560.026, ~2!

where the contribution forx.0.8 was estimated using
smooth extrapolation ofF2

n/F2
p and for the regionx,0.004 a

Regge-like behavior (axb with a50.260.03 and
b50.5960.06) was assumed. It is worth noticing that in t
extraction ofF2

n/F2
p , target mass corrections and nuclear

fects were not included; nor were higher twist correctio
included in the sum rule as a whole. However, a deta
examination of binding, shadowing, and meson excha
~antishadowing! corrections@4# does not greatly change the
conclusions.

The experimental result from the NMC yields
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dx@ ū~x!2d̄~x!#520.14760.039. ~3!

Theoretically, there has been some indication forūÞd̄ since
the work of Field and Feynman@5#, where the Pauli principle
was invoked to justify thatuū pair creation is suppresse
relative to dd̄. Later, Ito et al. @6# measured continuum
dimuon production and determined the sea quark distribu
in the context of the Drell-Yan description of dilepton pr
duction. From an analysis of the logarithmic derivative of t
measured cross section, they inferred that the Drell-Y
model, assuming a symmetric sea, underestimated the m
sured slope. This fact was interpreted as an indication
broken symmetry in the sea, withū,d̄. Somewhat later,
Thomas@7#, following Sullivan’s suggestion@8# that the pion
cloud can contribute to the nucleon structure function, re
ized that pion dressing of the nucleon naturally predicts
excess ofd̄ over ū. This is because, for instance, the prot
has a greater probability to emit ap1 than ap0 or ap2. In
fact, this observation was used@9# to interpret the results o
Ito et al.on dilepton production. Since then, the idea of pio
producing an asymmetric sea has been widely explored@10#
as a possible interpretation of the NMC results. Further th
retical evidence for asymmetry in the sea was found in
calculation of quark distributions of Signal and Thomas@11#.
The matrix elements of the quark distribution involve inte
mediate states where the photon scatters on a valence q
and also intermediate states where the photon oscillates
a qq̄ pair and a quark or antiquark is inserted in the nucle
Again, following the idea of Field and Feynman, it is eas
to insert ad than au quark into the proton.

Even with all this evidence, until the NMC experimen
the nucleon continued to be seen as having a symmetric
There is a simple explanation for this. The whole set of d
available could be described by parametrizations of par
distributions where it was assumed thatū(x)5d̄(x), with the
price of a slightly odd behavior of the valence quark dist
bution whenx→0 @12#. Along this line of thought, it was
also proposed that the NMC result could still be reproduc
with flavor and charge symmetry but with a modified beha
ior for F2(x) at small x, in such way that the integra
@F2

p(x)2F2
n(x)#/x saturates the naive expectation 1/3@13#.
900 © 1997 The American Physical Society
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55 901FLAVOR ASYMMETRY OF THE NUCLEON SEA
However, the NA51 Collaboration@14# recently carried out
an experiment proposed by Ellis and Stirling@15# to distin-
guish between a symmetry-breaking effect and an odd s
x behavior of the parton distributions. The NA51 results
dicate a strong flavor symmetry breaking atx50.18, thus
reinforcing the idea that the sea is indeed flavor asymme
In a recent reanalysis@16# of the NA51 result, this conclu-
sion was reinforced, although the exact size of the fla
asymmetry is dependent on the extent of the charge sym
try breaking between the proton and the neutron. Fina
calculations based on meson cloud models@17# are also able
to produce an asymmetry compatible with what is measu
by the NA51 collaboration.

We then see that the Pauli principle and pion dressing
the nucleon are two powerful tools to understand flavor sy
metry breaking. If a bare proton is seen as having three
lence quarks, two up and one down, then all the antiqua
have their origin in gluonic and/or pionic effects. For i
stance, pair creation through gluon emission of one of
valence quarks will produce an intermediate state of f
quarks and one antiquark. The flavor of the antiquark is c
tainly restricted by the valence structure of the proton via
Pauli principle. However, one should also account for
antisymmetrization between the various quarks. In this c
the valence structure will also interfere in the number
antiquarks created. In order to understand the interplay
these effects, we study in some detail the relation betw
the Pauli principle and quark antisymmetrization in pair c
ation inside a nucleon.

In the pionic case the same reasoning applies. Of cou
the pion is complicated by the fact that it is a pseud
Goldstone boson. Thus its internal structure will be qu
complicated, and the probability to find just aq-q̄ pair with
the quark in a 1s state would be expected to low. As an
symmetrization with the valence quarks in the nucleon w
only effect quarks in the 1s state~of the nucleon bag! we
expect that antisymmetry should have a rather small ef
on pion loops. Nevertheless, it is important to quantify t
prejudice and that is the main purpose of the present ca
lation.

II. PAULI PRINCIPLE IN THE PROTON SEA

The most natural idea to account for the observed disc
ancy between theory and experiment is to invoke the P
principle. Field and Feynman@5# were the first ones to us
this idea: If the proton is composed of two valenceu quarks
and one valenced quark, then the creation of a quark
antiquark pair through gluon emission will tend to give mo
dd̄ pairs thanuū pairs. This is easy to understand becau
there are five empty states for thed quark and four for the
u quark. Although this idea is attractive and essentially c
rect, there is one other effect to consider. We will see that
also have to consider graphs containing interference betw
the sea quarks generated in the gluon emission and th
maining quarks in the nucleon. This effect will, in fact, hid
the excess ofd̄ over ū due to the Pauli principle.

To illustrate our discussion, we begin by reviewing t
pair creation through gluon exchange, following the calcu
tions of Donoghue and Golowich@18#. The assumption mad
is that the bare proton is composed of two valenceu quarks,
all
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one valenced quark. Its color, flavor, and spin wave functio
is given by

up&05
1

A18
eabg@b†~u,↑,a!b†~d,↓,b!

2b†~u,↓,a!b†~d,↑,b!#b†~u,↑,g!u0&. ~4!

The sea quarks are generated through a quark gluon inte
tion given by

HI~x!5gc̄~x!gm
la

2
c~x!Am

a ~x!, ~5!

whereg is the coupling constant,Aa are the gluon fields, and
c the quark field. We are not going to worry about the for
of the spatial part of these operators but will concentrate o
on the color, spin, and flavor parts of the proton dressed w
a quark-antiquark pair:

up&5up&01
1

E02H0
HI

1

E02H0
HI up&01•••, ~6!

with H0 the free Hamiltonian.~Note that we have omitted
the term corresponding to a single gluon with the three
lence quarks.!

The vector coupling between quarks and gluons allo
for vertices where the quark that emits the gluon eith
changes its spin or not. Another feature of the pair creat
process is that, since a particle has opposite intrinsic parit
an antiparticle, at least one quark~or the antiquark! or the
two quarks and the antiquark have to be in a state of
parity in order to conserve the parity of the proton. The p
ton wave function is then written as

up&5up&01Csucs&1Cvucv&, ~7!

with ucv& the wave function for the case where the quark t
emits the gluon can change its spin anducs& the wave func-
tion for the case that the quark emitting the gluon does
change its spin. The factorsCs andCv depend on the par
ticular form for the spatial wave functions, according to E
~6!. We then have

^pup&511uCsu2^csucs&1uCvu2^cvucv&1Cs*Cv^csucv&

1Cv*Cs^cvucs&. ~8!

The wave function involved in the vector coupling is calc
lated from Eqs.~5! and ~6!:

ucv&5~21! ñ21/2b†~s,n,r!sn ñ
l lr r̃

a d†~ s̄,2ñ,r̃ !b†~v,m,d!

3smm̃
l ld d̃

a
b~ ṽ,m̃,d̃ !up&0

5
~21! ñ21/2

A18
sn ñ
l smm̃

l lr r̃
a ld d̃

a
$eabg~d ṽud d̃ aA

†

2d ṽdd d̃ bB
†1d ṽud d̃ gC

†!u0&%, ~9!

wheres l are the Pauli spin matrices,la are the Gell-Mann
color matrices, and the spin and flavor indices are summ
We also have



e sea
or-color

902 55F. M. STEFFENS AND A. W. THOMAS
TABLE I. Amplitudes of probabilities to find a quark in the sea for the various possible states of th
quark and the valence quark that emits the gluon. These probabilities are based only on the spin-flav
wave function.

State ^csucs& ^cvucv& ^csucv&

v5s5g 0 460811792dsu21024dsd 0
v5g, sÞg 0 4608 0
vÞg, s5g 11521 640dsu1320dsd 345611280dsu2320dsd 2320dsu2640dsd

v5sÞg 11521 128dsu164dsd 34562384dsu2192dsd 384dsu1192dsd

vÞs, vÞg, sÞg 1152 3456 0
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A†5b†~s,n,r!d†~ s̄,2ñ,r̃ !@b†~v,m,d!b†~d,↓,b!dm̃↑

2b†~v,m,d!b†~d,↑,b!dm̃↓#b
†~u,↑,g!,

B†5b†~s,n,r!d†~ s̄,2ñ,r̃ !@b†~v,m,d!b†~u,↑,a!dm̃↓

2b†~v,m,d!b†~u,↓,a!dm̃↑#b
†~u,↑,g!,

C†5b†~s,n,r!d†~ s̄,2ñ,r̃ !b†~v,m,d!

3dm̃↑@b
†~u,↑,a!b†~d,↓,b!2b†~u,↓,a!b†~d,↑,b!#.

~10!

For the scalar coupling the wave function is the same exc
that the Pauli spin matrices are omitted andn5ñ, m5m̃.

The calculation of the wave function overlap is very lo
and tedious. The results are displayed in Table I, wherv
refers to the state of the valence quark after the gluon em
sion,s corresponds to the state where the quark in the se
created, andg refers to the ground state. Notice that there
no interference between the second and third lines of
table because of angular momentum conservation. These
culations agree with the results of Donoghue and Golow
@18#.

The most striking result to be read from Table I is that t
probability to find the sea with auū pair is bigger than the
sea composed of add̄ pair. This conclusion is the opposite o
the experimental result collected by the NMC@2# where the
measured Gottfried sum rule is smaller than 1/3, a result
implies d̄.ū. How can we then understand that the intrins
sea in the proton generated by gluons favorsuū pairs over
dd̄ pairs? In principle, this result also contradicts the int
tive picture introduced by Field and Feynman@5#, based on
the Pauli principle. For each flavor there are six empty sta
~two from spin and three from color!. As the bare proton ha
two u quarks and oned quark, there are four available stat
for insertion ofu quarks and five available states for inse
tion of d quarks. Although this reasoning is correct, one a
cannot forget that antisymmetrization between quarks is
additional complication. The same excess ofu valence
quarks that preventsuū pair creation in comparison with
dd̄ pair creation also produces extra contributions becaus
antisymmetrization between theu quarks that does not exis
for thed quarks.

To understand this effect in more detail, we consider
case where the quark that emits the gluon does not chang
spin but goes to an excited state and the sea is created i
ground state or in aP state, according to parity conservatio
This case was chosen because it is the simplest, as ca
pt
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seen from Table I. In Fig. 1 we show the graphs contain
uū pairs and in Fig. 2 the graphs containingdd̄ pairs.

Diagrams~a!, ~c!, and ~d! for uū are the analogs of dia
grams~a!, ~c!, and ~d! for d̄. Their values are, respectively
the same because the created sea does not mix with th
lence quarks and, for this reason, it is not possible to dis
guish the sea flavor. Thus, in the case where the sea cont
with itself, the values of these graphs are the same for
flavor. Of course, the heavier the quark, the smaller its c
tribution through these diagrams, but this is an effect rela
solely to mass and not to spin statistics. The computed va
is ^csucs&5384 for ~a!, ^csucs&5128 for ~c!, and
^csucs&564 for ~d!. Diagram~b! for ū is the analog of dia-
gram~b! for d̄ and they only exist whenuū anddd̄ pairs are
created. Their values are^csucs&543160/3 for~b! of Fig. 1
and^csucs&563160/3 for~b! of Fig. 2. Generally speaking
the set of diagrams just mentioned are the only ones wh
are comparable. From them, one easily sees the Pauli p
ciple in action and from it an excess ofd̄ over ū as expected.
However, we also have to include graphs~e! and~f! of Fig. 1
for ū. They appear because there is an excess ofu valence
overd valence quarks. If graphs~e! and ~f! are included, as
they should be, then the results change because these g
give positive contributions:^csucs&5320 for ~e! and
^csucs&523160/3 for ~f!. With these graphs included th
probability to find aū antiquark in the proton is larger tha
the probability to find ad̄ in the same proton.

One could doubt this interpretation of the relation b
tween the Pauli principle and antisymmetrization effects
one were to count only those graphs where ad quark emits a
gluon. In this case, where ad quark emits a gluon, we would
have six empty states for ad quark and only four empty
states for theu quark ~if the sea is created in the groun
state!. On the other hand, from Fig. 1 we see that graphs~b!,
~c!, and ~d! @also graph~f! if we include the one coming
exclusively from the excess ofu valence quarks# give a
larger contribution than the corresponding graphs~c! and~d!
of Fig. 2. As graphs~b!, ~c!, and ~d!, in principle, are not
related to the excess ofu valence quarks, there is an appare
contradiction with the simple counting of states and t
whole argument of the role of the interference graphs p
sented by us before. In reality, this contradiction is only a
parent.

To better understand what is happening, consider a pro
made of only oneu and oned quark. We consider again th
case where the quark that emits the gluon goes to an exc
state. In this case, if ad quark emits a gluon, we would hav
in principle six empty states for the insertion of ad quark
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FIG. 1. Graphs containinguū pairs in the case where the valence quark emitting the virtual gluon goes to an excited stat~i.e.,
s5g,vÞg).
s

o
n

he
s,
n
d
he
ro-
uli
and five for the insertion of au quark. The possible graph
would be the analog of~b! and~c! from Fig. 1 for auū in the
sea and the analog of graph~c! from Fig. 2 for add̄ in the
sea. Again, we would have moreuū pairs thandd̄ pairs and
now it is clear why that happens: This is because there is
free valenceu quark that can be exchanged with the sea a
there is no such free valenced quark to be exchanged~in the
ne
d

case of add̄ sea!. The opposite situation happens when t
u quark emits the gluon such that the sum of all diagram
gluon emission fromu and d valence quarks, renders a
equal probability for auū anddd̄ pair creation, as expecte
in a proton containing only one quark of each flavor. T
lesson is that we cannot treat the gluon emission in the p
ton from different flavors separately, and expect the Pa
e
FIG. 2. Graphs containingdd̄ pairs, in the case where the valence quark emitting the virtual gluon goes to an excited stat~i.e.,
s5g,vÞg).
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904 55F. M. STEFFENS AND A. W. THOMAS
principle to work free of any other effects.
For the combined result, the probability to find aū is

larger than the probability to find ad̄. One then can say tha
interference terms overcome the naive expectation of
Pauli principle. This result is extremely important becaus
also says that if we have to antisymmetrize the sea qu
with valence quarks in the case where the sea quarks
generated through pions, then the whole set of conclus
about the importance of the pions to the Gottfried sum r
might need to be revised. In Sec. III we investigate whet
this is in fact the case.

A. Discussion of the role of antisymmetry

Before discussing pions it is of interest to relate the fin
ings which we have just reported to a similar issue in latt
QCD. Figures 2~a!, 2~c!, and 2~d! are a very simple exampl
of the class of diagrams known in lattice QCD as disco
nected insertions~DI’s! @19#. While the DI’s in lattice calcu-
lations include an infinite number of gluon exchanges,
simple example which we have just presented illustrates
important principal. The intermediate 4q states in Figs. 2~a!,
2~c!, and 2~d! are unphysical in the sense that their wa
function is not totally antisymmetric. Only when the e
change process, shown in Fig. 2~b!, is included do we have a
physically meaningful result. Within lattice terminology th
latter are connected insertions~CI’s!. Thus we find that nei-
ther the CI’s, nor the DI’s are physically meaningful alon
This must be taken into account when one is trying to int
pret the physical mechanisms behind lattice results for fla
breaking in the nucleon sea, thes commutator, and so on.

III. ANTISYMMETRIZATION OF THE QUARKS
OF THE PION

We now wish to investigate the effect of antisymmetriz
tion on the internal structure of the pion. As already noted
the Introduction, the pion~as a pseudo-Goldstone boson! is
expected to have a complicated internal structure. The ef
of antisymmetrization on this internal structure can only
fect components of the wave function where a quark is in
1s state of the nucleon bag. We consider the case where
pion couples to just oneq-q̄ pair with the extra quark in the
1s state. In order to estimate the amplitude for this fiv
quark configuration we use the cloudy bag model in wh
the pion-quark coupling is dictated by chiral symmetry. M
tivated by the findings in the gluon case, we wish to che
whether theū antiquark is favored over thed̄ antiquark. If
this turns out to be true, the asymmetry in favor ofd̄ ~from
the processu→dp1) over ū ~from d→up2) may be at risk.

The relevant diagram to study antisymmetrization in re
tion to the pion cloud is the one shown in Fig. 3~b!, involv-
ing two loops. However, we will be mainly interested in th
relative importance of the two-loop process in comparis
with that involving only one loop. To this end we also ne
to compute diagram~a! of Fig. 3, which we do as a warm-u
exercise. The calculations are going to be done at the q
level (q→pq), which means that we need an interacti
Hamiltonian between quarks and pions. To fix the calcu
tion in a specific scheme, we shall use the interaction
tween quarks and pions as given by the cloudy bag mo
e
it
ks
re
ns
e
r

-
e

-

e
n

.
-
r

-
n

ct
-
e
he

-
h
-
k

-

n

rk

-
e-
el

@20–22#, where the interaction is totally specified by chira
symmetry:

HI5
i

2 f E d3xc̄~x!g5t
ic~x!f id~r2R!, ~11!

with R the bag radius and

fW ~xW !5
1

~2p!2/3
E dkW

~2vk!
1/2~aW kWe

ikW•xW1aW kW
†
e2 ikW•xW !,

cs~xW !5
N

~4p!1/2( H S i j 0~vr /R!

2 j 1~vr /R!sW • r̂ D xmb~ f ,m,a!

1S 2 i j 1~vr /R!sW • r̂

j 0~vr /R! D xmd
†~ f ,m,a!J ,

c p~xW !5
N

~4p!1/2( H S i j 1~vr /R!sW • r̂

j 0~vr /R! D xmb~ f ,m,a!

1S i j 0~vr /R!

j 1~vr /R!sW • r̂ D xmd
†~ f ,m,a!J . ~12!

HereN25v3/@2R3(v21)sin2v#, v is the frequency associ-
ated with a given principal quantum number and orbital a
gular momentum, andj 0 and j 1 are Bessel functions subject
to the conditionj 05 j 1 at the bag surface,r5R. We wrote
the explicit forms for thes andp waves for a quark inside a
cavity because they are going to be used later on.

Three vertices are relevant to our diagram
q→pq, p→qq̄, and 0→pqq̄. As in the gluon case, there
are some restrictions due to the conservation of parity th
can be helpful. As is well known, for fermions a particle ha
opposite intrinsic parity to the antiparticle. By convention,
particle has parity11 and an antiparticle parity21. Also,
the parity of one particle relative to a set of others particles
given by (21)l , with l the orbital angular momentum of the
particle in question. Ifq̄ has parity21, then one of the
quarks~or the same antiquark! has to be in a statel51, or a
p wave, so that the proton parity is conserved. In general, t
system must always be in a state of even 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 an antiqua
is the same for both processesq→pq and 0→pqq̄:

FIG. 3. The one- and two-loop graphs involved in pion emis
sion.



:

in

t
an
in

ft

n

are
po-

-

Its
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HI
q f̃→pqf5HI

0→pqf q̄ f̃

5
i

2 f ~2p!3/2S vavb

~va21!~vb21! D E d3k

~2vk!
1/2

3xm
†sW •kWxm̃

j 1~kR!

kR

3b†~ f ,m,a!t
f f̃

i b~ f̃ ,m̃,ã !

d†~ f̃ ,m̃,ã !
akW
†i . ~13!

For the casep→qq̄ the interaction is just slightly different

HI
p→qf q̄ f̃

5
2 i

2 f ~2p!3/2S vavb

~va21!~vb21! D E d3k

~2vk!
1/2

3xm
†sW •kWxm̃

j 1~kR!

kR
b†~ f ,m,a!

3t
f f̃

i
d†~ f̃ ,m̃,ã !akW

i . ~14!

In expressions~13! and~14! the indicesa andb refer to the
spatial wave functions of the quarks and/or antiquarks
volved in a specific reaction.

Once we have the interaction Hamiltonian, it is easy
calculate the quantities in which we are interested. As
nounced, we first calculate the probability to find a pion
the nucleon. To be specific, we setv5va5vb in Eq. ~13!,
which means that the quark remains in the ground state a
it emits the pion. In this case we get

1

E02H0
HI up&05

2 i

2 f ~2p!3/2
v

~v21!
E d3k

~2vk!
1/2

1

2vk

3xm
†sW •kWxm̃

j 1~kR!

kR
b†~v,m,a!

3tv ṽ
i b~ ṽ,m̃,ã !akW

†i up&0 , ~15!
-

o
-

er

where we used (E02H0)(HI up&0)5@E02(E0
1vk)](HI up&0). The probability to find a pion is then give
by

Pp5S 0^puHI

1

E02H0
D S 1

E02H0
HI up&0D

5
p

6 f 2~2p!3
v2

~v21!2
E
0

`k4dk

vk
3

j 1
2~kR!

~kR!2 0^pub†~ ṽ8,m̃8d̃8!

3t ṽ 8v8
i sm̃8m8

j b~v8,m8,d8!b†~v,m,d!

3tv ṽ
i smm̃

j b~ ṽ,m̃,d̃ !up&0 . ~16!

After some calculation, the expectation value between b
proton states is found to be 57. In terms of the pion com
nents, this result reads 57522dp1119dp0116dp2. This
means that, as expected, the probability to find ad̄ in the
nucleon is larger than to find aū. Using the identity
v/ f (v21)5A4p18f pNN /5mp , wheremp is the physical
pion mass andfpNN the pion nucleon nucleon coupling con
stant, expression~16! is rewritten as

Pp5
57

25S f pNN

mp
D 2 3pE0`k

4dk

vk
3 S 3 j 1~kR!

~kR! D 2. ~17!

The next step is the evaluation of the two-loop graph.
calculation is a straightforward application of Eqs.~6!, ~13!,
and ~14!. We start with graph~a! of Fig. 4. The process is
pion creation with subsequent decay into aqq̄ pair:

FIG. 4. The two-loop graph in time order.
is
1

E02H0
HI

p→q q̄ 1

E02H0
HI
q→pqup&0

5
1

~2 f !2~2p!3
A v fv0v

svp

~v f21!~v021!~vs21!~vp21!
E d3k8E d3k

1

~2vk82vk!
1/2

R

v02v f2Rvk

R

v02v f2vs2vp

3xn
†sW •kW8x ñ

j 1~k8R!

k8R
b†~s,n,r!ts s̃

j d†~ s̃,ñ,r!akW8
j

xm
†sW •kWxm̃

j 1~kR!

kR
b†~v,m,d!tv ṽ

i b~ ṽ,m̃,d!akW
†i up&0 . ~18!

The energies of the intermediate states are clearly indicated in the figure. The notation is the following:v0 and v f are,
respectively, the quark frequencies before and after pion emission or absorption, andvs and vp are, respectively, the
frequencies of thes-wave quark and of thep-wave antiquark.

Similarly to case~a!, we calculate the contribution from graph~b!, where a pion and aqq̄ pair are created and the pion
subsequently absorbed by a quark:
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1

E02H0
HI
qp→q 1

E02H0
HI
0→pq q̄up&0

5
1

~2 f !2~2p!3
A v fv0v

svp

~v f21!~v021!~vs21!~vp21!
E d3k8E d3k

1

~2vk82vk!
1/2

R

v02v f2vs2vp

R

2vs2vp2Rvk

3xn
†sW •kW8x ñ

j 1~k8R!

k8R
b†~v,n,d!tv ṽ

i b~ ṽ,ñ,d!akW8
i

xm
†sW •kWxm̃

j 1~kR!

kR
b†~s,m,r!ts s̃

j d†~ s̃,m̃,r!akW
† j up&0 . ~19!

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 Eq.~19! as

b†~v,n,d!tv ṽ
i b~ ṽ,ñ,d!akW8

i
b†~s,m,r!ts s̃

j d†~ s̃,m̃,r!akW
† j up&05b†~s,n,r!ts s̃

j d†~ s̃,ñ,r!b†~v,m,d!tv ṽ
i b~ ṽ,m̃,d!akW8

i
akW
† j up&0

1d ṽsd ñmddrb
†~v,n,d!tv ṽ

i ts s̃
j d†~ s̃,m̃,r!akW8

i
akW
† j up&0 . ~20!

We then useakW8
i
akW
† j u0&5d i jd(kW82kW )u0& to write the sum of graphs~a! and ~b! as

1

E02H0
HI

p→q q̄ 1

E02H0
HI
q→pqup&01

1

E02H0
HI
qp→q 1

E02H0
HI
0→pq q̄up&0

5
1

~2 f !2~2p!3
A v fv0v

svp

~v f21!~v021!~vs21!~vp21!
E d3k

~sW •kW !n ñ~sW •kW !mm̃

2vk

j 1
2~kR!

~kR!2
R2

v02v f2vs2vp

3H S 1

v02v f2Rvk
1

1

2vs2vp2Rvk
Db†~s,n,r!ts s̃

i d†~ s̃,ñ,r!b†~v,m,d!tv ṽ
i b~ ṽ,m̃,d!

1
1

2vs2vp2Rvk
d ṽsd ñmddrb

†~v,n,d!tv ṽ
i ts s̃

i d†~ s̃,m̃,r!J up&0 . ~21!

We are now ready to compute the probabilityPpq q̄ to find aqq̄ pair in the nucleon. It is given by the square of the amplitu
~21!:

Ppq q̄5S 1

~2 f !2~2p!3D
2 v fv0v

svp

~v f21!~v021!~vs21!~vp21! S 4p

3 D 2E
0

`k4dk

2vk

j 1
2~kR!

~kR!2

3E
0

`k84dk8

2vk8

j 1
2~k8R!

~k8R!2 S R2

v02v f2vs2vpD 2H S 1

v02v f2Rvk
1

1

2vs2vp2Rvk
D

3S 1

v02v f2Rvk8
1

1

2vs2vp2Rvk8
D 0^pub†~ ṽ8,m̃8,d8!t ṽ 8v8

i sm̃8m8
j b~v8,m8,d8!d~ s̃8,ñ8,r8!

3t s̃8s8
i s ñ8n8

j b~v8,m8,d8!b†~s,n,r!ts s̃
k sn ñ

l d†~ s̃,ñ,r!b†~v,m,d!tv ṽ
k smm̃

l b~ ṽ,m̃,d!up&0

1
1

2vs2vp2Rvk

1

2vs2vp2Rvk8
0^pud~ s̃8,m̃8,r8!t s̃8s8

i ts8v8
i sm̃8m8

j sm8n8
j b~v8,n8,r8!

3b†~v,n,r!tvs
k ts s̃

k snm
l smm̃

l d†~ s̃,m̃,r!up&0J . ~22!

The last quantities to be calculated are the expectation values between the bare proton states. It is a very long bu
forward calculation. We calculated only the case where the valence quark that emits or absorbs the pion remains in
orbital state. The results are

0^pub†~ ṽ8,m̃8,d8!t ṽ 8v8
i sm̃8m8

j b~v8,m8,d8!d~ s̃8,ñ8,r8!t s̃8s8
i s ñ8n8

j b~v8,m8,r8!

3b†~s,n,r!ts s̃
k sn ñ

l d†~ s̃,ñ,r!b†~v,m,d!tv ṽ
k smm̃

l b~ ṽ,m̃,d!up&0

56842110d s̃ ū2181d s̃ d̄

30^pud~ s̃8,m̃8,r8!t s̃8s8
i ts8v8

i sm̃8m8
j sm8n8

j b~v8,n8,r8!b†~v,n,r!tvs
k ts s̃

k snm
l smm̃

l d†~ s̃,m̃,r!up&0

5972254d s̃ ū281d s̃ d̄ . ~23!
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The results contained in expression~23! are quite surprising.
They say that, if the quark structure of the pion is importa
and if the quarks from the pion are allowed to antisymm
trize with the quarks from the parent proton, then the pr
ability for the antiquark in the pion to be aū is larger than
d̄. The above result is independent of the particularities
the given model, in the sense that expression~23! is a direct
consequence of the bare proton wave function, Eq.~4!. They
are also a consequence of assuming a pion quark interac

To better determine how important these second or
effects could be, we will calculate the ratio of probabilitie
Ppq q̄ /Pp . To this end we need to perform the integrals ov
k andk8 in Eqs.~17! and~22!. These integrals are depende
on the particular value of the bag radius and here we
display the results forR50.6, 0.8, and 1 fm. We se
v05v f and define the integrals

I 15
1

2E0
` dx

mp
2R21x2

vs1vp12~mp
2R21x2!1/2

vs1vp1~mp
2R21x2!1/2

3S sin2xx2
1cos2x2

sinxcosx

x D ,

I 25
1

2E0
` dx

~mp
2R21x2!1/2

1

vs1vp1~mp
2R21x2!1/2

3S sin2xx2
1cos2x2

sinxcosx

x D ,

I 35E
0

` dx

~mp
2R21x2!3/2

S sin2xx2
1cos2x2

sinxcosx

x D , ~24!

where we usex5kR. The numerical values of these integra
are displayed in Table II.

With these definitions, we rewrite expression~22! as

Ppq q̄5S 1

~2Rf!2~2p!3D
2 v0

2

~v021!2
vsvp

~vs21!~vp21!

3S 4p

3 D 2S 1

vs1vpD 2$I 12~6842110d s̃ ū2181d s̃ d̄ !

1I 2
2 ~972254d s̃ ū281d s̃ d̄ !%. ~25!

The ratioPpq q̄ /Pp is then easily expressed:

TABLE II. The two- to one-loop ratio for various bag radii.

Integral R50.6 fm R50.8 fm R51 fm

I 1 1.6848 1.24065 0.980306
I 2 0.1946 0.1734430 0.157762
I 3 4.92548 2.65299 1.63279
Ppq q̄ /Pp 0.0217 0.0124 0.0081
t
-
-

f

on.
er
,
r
t
ll

Ppq q̄

Pp
5

1

~2Rf!2~2p!3
vsvp

~vs21!~vp21!

4p

3

3S 1

vs1vpD 2H I 12I 3 ~6842110d s̃ ū2181d s̃ d̄ !

57

1
I 2
2

I 3

~972254d s̃ ū281d s̃ d̄ !

57 J . ~26!

The value of this ratio for different sizes of the bag is al
displayed in Table II, where we usedmp5140 MeV for the
pion mass andf593 MeV for the pion decay constant. The
is a strong dependence of the calculated ratio on the bag
but, even for the worst scenario~the case of a small bag!, the
size of the two-loop contribution is just 2% of the one-loo
term @22#.

IV. FINAL REMARKS

Our primary interest has been to investigate the effec
antisymmetry between the valence quarks in the nucleon
the internal structure of the pion. Within the cloudy ba
model, in which the coupling of the pion to quarks is dictat
by chiral symmetry, we found that it appears to be safe
neglect possible antisymmetrization effects between p
quarks and the nucleon valence quarks. Of course, w
writing the nucleon wave function one would have to add
contributions from all possible states:

uN&5Z1/2@ uN&01uNp&01 (
q states

uNpqq̄&01•••], ~27!

where the sum of all quark states (1s, 2s, etc.! was particu-
larly emphasized. If the quark that emits the pion remains
the ground state, the only contribution from antisymmetry
the one in Table II. As we have to sum over all other po
sible states for this quark, it turns out that the antisymme
effects are further diluted. However, we will also have so
other contributions even in this case, because if the quar
the pion is in the ground state, it can antisymmetrize with
two spectator valence quarks. Also, if the quark in the pion
in an excited state, it can combine with a particular exci
state of the valence quark that emitted the pion in the fi
place, as in the gluon example. We did not make these
culations because of their level of complexity. Our goal w
to examine the behavior of the dominant contribution, d
played in Table II, and our results indicate that this numb
is itself already very small.

Of course, as the sum over quark states in Eq.~27! is
infinite, we cannot rule out the possibility that eventually t
antisymmetry graphs could be important. However, we
lieve that this is improbable, as the contributions from grap
which would be unaffected by antisymmetry would gro
even faster. In summary, the major purpose of the pres
calculation was to check whether the antisymmetrization
fects in pion emission can be safely disregarded—they c
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