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Flavor and charge symmetry in the parton distributions of the nucleon

C. J. Benesh* and J. T. Londergan
Nuclear Theory Center, Indiana University, Bloomington, Indiana 47405

~Received 6 March 1998!

Recent calculations of charge symmetry violation~CSV! in the valence quark distributions of the nucleon
have revealed that the dominant symmetry breaking contribution comes from the mass associated with the
spectator quark system. Assuming that the change in the spectator mass can be treated perturbatively, we
derive a model-independent expression for the shift in the parton distributions of the nucleon. This result is
used to derive a relation between the charge- and flavor-asymmetric contributions to the valence quark distri-
butions in the proton, and to calculate the CSV contribution to the nucleon sea. The CSV contribution to the
Gottfried sum rule is also estimated, and found to be small.@S0556-2813~98!02208-0#

PACS number~s!: 12.39.2x, 13.60.Hb
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INTRODUCTION

Recent measurements of the flavor@1–3# and spin @4#
dependence of quark distributions in the nucleon have le
a revival of interest in the soft QCD physics that determin
the shape and normalization of parton distributions@5#, and
has led to a reexamination of some of the fundamental
sumptions embodied in the parametrizations@6# used to de-
scribe data from high energy experiments. In particular,
violation of charge symmetry in the valence quark distrib
tions has been calculated by a number of authors@7–10# in
the context of quark models, and surprisingly large vio
tions, as large as 5–10 %, have been found at largexB j @7#.
Although charge symmetry is assumed in all phenome
logical parton distributions, there is not a great deal of dir
experimental evidence which justifies this assumption. T
strongest upper limit on parton charge symmetry violat
~CSV! can be obtained by comparing theF2 structure func-
tion for charged lepton deep inelastic scattering with theF2
structure function measured in neutrino-induced charged
rent reactions. The CCFR group has recently carried out s
a test using the most recent available data@11#. They com-
pared their neutrino cross sections on iron with theF2 struc-
ture functions extracted from muon-deuterium measurem
of the NMC group@1#. In the region 0.1<x<0.3, these re-
cent experiments can place upper limits of about 6% on p
ton CSV. For largerx the upper limits are substantiall
larger, while forx,0.1 the present data appear to indicat
substantial violation of charge symmetry. A number of e
periments have been suggested which would measure
rectly charge symmetry violation in parton distributions@12#.

In this paper, we combine the approaches of Refs.@7# and
@8# and examine the violation of charge symmetry in t
valence and sea quark distributions of the nucleon in a m
ner independent of the choice of any particular quark mo
In the following section, we present the formalism used
produce parton distributions from quark model wave fun
tions, and examine the variation of those distributions w
small changes in the mass of the system of spectator qu

*Current address: Wesleyan College, 4760 Forsyth Road, Ma
GA 31204.
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In the next section, we use these results to examine
changes in the valence quark distribution due to SU~4! vio-
lation via color magnetism, and charge symmetry violati
via quark masses and electromagnetism. Combining th
results, we obtain a wave-function-independent predict
relating the dominant contribution to the CSV valence dis
bution to the well-known difference between theu and d
valence distributions. In the penultimate section, we estim
the charge-symmetry violating sea quark distributions,
suming that the dominant CSV effect comes from the m
and electromagnetic differences of the participating qua
rather than from the dependence of the quark wave funct
on charge symmetry, as is the case for the valence qu
CSV contributions@7#. Additionally, we make simple esti
mates of the contribution of CSV to the Gottfried sum ru
Finally, we compare our results with those of other auth
and discuss their implications.

QUARK DISTRIBUTIONS FROM QUARK MODELS

For the purposes of this paper, we shall adopt the A
laide method for calculating quark distributions from mod
wave functions@7#. The starting point for the method is th
reduction of quark distributions to the form@13#

q~x!5ME d3k

~2p!3 uC1~k!u2d~Eq2k32Mx!, ~1!

wherex is the Bjorken scaling variable,M is the mass of the
target,C1(k) is the light cone wave function for the struc
quark in momentum space, andEq is the energy of the struck
quark. An analogous expression gives the antiquark distr
tions

q̄~x!5ME d3k

~2p!3uC1
† ~k!u2d~Eq2k32Mx!. ~2!

The essence of the Adelaide approach lies in the ki
matic assumption that the three-quark system can be div
into the struck quark plus a diquark spectator system,
that the distribution of masses of the spectator system is
ficiently sharply peaked that the diquark can be thought o
an on-shell system with a definite mass. This complet
n,
1218 © 1998 The American Physical Society
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PRC 58 1219FLAVOR AND CHARGE SYMMETRY IN THE PARTON . . .
specifies the kinematics of the problem and allows the qu
energy appearing in the delta functions of Eqs.~1! and~2! to
be replaced by the difference between the target mass an
on-shell diquark energy. Since the direct calculation of th
distributions is not our interest here, we will not reduce t
expression further, but simply note that the expression
the quark distribution can be reduced to a single integral o
the momentum space wave function of the struck quark@7#,
and is guaranteed to have the correct support as a functio
xB j regardless of the properties of the wave functions use
evaluate the integral.

SYMMETRY BREAKING

With the exception of Ref.@8#, the approach to study th
violation of parton distribution symmetries has been to c
culate entire distributions in the framework of a given qua
model and then to compare the results from small variati
in the model parameters. In Refs.@7# and @14#, the depen-
dence of the valence quark distribution on the model w
function and diquark mass parameter has been studied in
context of examining charge and flavor symmetry in the
lence sector. The dependence of the valence distribution
the details of the quark wave function was found to be sm
in comparison to the effects generated by changes in
diquark mass parameter. Similar conclusions were reache
Ref. @9#, where charge-symmetry-breaking effects were st
ied using a different approach to connect quark model w
functions to valence distributions. Based on these results
shall assume that the dominant contribution to the break
of parton distribution symmetries is generated not by
changes in struck quark wave functions, but by the chan
in the kinematic constraints brought about by shifts in
masses of the spectator quark systems and the nucleon i
This allows a quark-model-independent prediction for
change in parton distributions when the symmetry is brok
To see this, begin with Eq.~1! for the valence quark distri
bution, and make a small variation in the mass of the sp
tator diquark,Md→Md

01dMd , where Md
0 is the diquark

mass in the symmetric limit, anddMd is the shift in the
diquark mass due to symmetry breaking. Expanding Eq.~1!
to first order indM , we obtain

dq~x!52ME d3kuC1~k!u2

3
dMdMd

0

Ed
0

d8„M ~12x!1k32Ed
0~k!…, ~3!

where quantities with the superscript 0 are taken in the s
metric limit, andEd(k) is the diquark energy. Changing th
derivative of the delta function to a derivative inx, using
kinematics to solve forEd

0 , and neglecting the transvers
momentum of the diquark, one finally obtains

dq~x!'dMd

d

dxF 2Md
0~12x!

M2~12x!21~Md
0!2

q0~x!G . ~4!

As we shall demonstrate in the following, this expression
two important advantages over explicit model realizatio
First, as in Ref.@8#, dq(x) is determined in terms ofq0(x),
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and so the change in the distribution can be extracted f
measured distributions rather than models. Second, the
of the change is controlled by the diquark mass shift, wh
allows us to relate different symmetry-breaking effects
one another.

SYMMETRY BREAKING IN THE VALENCE SECTOR

In models where confinement is implemented via inter
tions which are independent of both spin and flavor,
wave functions of the up and down valence quarks are id
tical, leading via Eq.~1! to the prediction

dv~x!

uv~x!
5

1

2
, ~5!

whereuv(x) and dv(x) are, respectively, the up and dow
valence quark distributions, and the factor of 2 merely e
presses the relative normalization of the distributions. Th
relations, which relate distributions with different flavo
within the same hadron, are somewhat inappropriat
termed flavor symmetries@15#. Such symmetries are a con
sequence of dynamical assumptions about the nature of
finement in QCD. In this instance, the quark model SU~4!
spin-isospin symmetry gets broken by the color hyperfi
interaction, leading to the well-known dominance ofuv over
dv at largex.

This symmetry breaking has been modeled by Close
Thomas@14#, who considered the spin-flavor correlations
the SU~4! nucleon wave function and the mass splitting
spin-1 and spin-0 diquark pairs brought about by the co
hyperfine interaction. In this picture, the valence distributi
depends not on the flavor of the struck quark, but rather
the spin of the spectator diquark system. Explicitly,

uv~x!5
3

2
qv

S50~x!1
1

2
qv

S51~x!, dv~x!5qv
S51~x!, ~6!

where the superscript refers to the spin of the diquark sp
tator. In the SU~4!-symmetric limit,qv

S50(x)5qv
S51(x) and

Eq. ~5! is recovered. Color hyperfine effects are included
a Hamiltonian of the form

Hhf5v(
i . j

(
a51, . . . ,8

s i•s jl i
ala j , ~7!

with 1
2 s i the spin of quarki , l i

a the corresponding colo
generator, andv575 MeV is normalized by theN-D split-
ting. The diquark masses are shifted according to

dhfMd
S5152

1

3
, dhfMd

S505
2

3
v, ~8!

so that, from Eq.~4!,

dhf qv
S51~x!52

1

3
dhf qv

S50~x! ~9!

and

dhf qv
S51~x!5

2dv~x!2uv~x!

6
. ~10!
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Interestingly, this pattern of symmetry breaking predicts t
the valence distributions measured in leptoproduction fr
neutron targets are precisely the SU~4!-symmetric distribu-
tions.

Now we turn our attention to the case of charge symme
violation, which relates distributions of opposite isospin
targets of opposite isospin. In the charge symmetric limit

uv
p~x!5dv

n~x!, dv
p~x!5uv

n~x!, ~11!

where, for example,uv
p(x) denotes the distribution ofu

quarks in the proton,dv
n(x) is the distribution ofd quarks in

the neutron, and we have analogous definitions for the
nority quark distributions.

At the quark level, charge symmetry is violated by qua
mass and electromagnetic effects and is generally expect
the level of 1%. Since both of these effects are isovec
there is no CSV contribution to the mass of the isosca
diquark, and we may write, for the minority quark distrib
tions,

dv
p~x!5qv

S51~x!1
1

2
dCSVqv

S51~x!,

uv
n~x!5qv

S51~x!2
1

2
dCSVqv

S51~x!, ~12!

wheredCSVqv
S51(x) is the change in the quark distributio

generated by the shift in theI 3561 diquark masses via Eq
~4!. Since the only difference between the CSV case and
flavor/SU~4!-symmetry-violating distribution is the value o
dMd , the two distributions are the same up to a normali
tion, so that

dCSVqv
S51~x!5

dCSVMd

dhfMd
dhf qv

S51~x!

5
dCSVMd

dhfMd
S 2dv~x!2uv~x!

6 D . ~13!

From the bag model, a robust estimate of the isovec
diquark mass splitting is 24 MeV @16#, yielding
dCSVMd /dhfMd'0.08. Using the CTEQ4 LQ distribution
@6# to parametrize the valence distributions, the char
symmetry-violating contribution to the minority quark va
lence distribution due to the shift in the diquark mass
shown in Fig. 1. We plot the quantityxddv(x)5x@dv

p(x)
2uv

n(x)#, where the CSV terms are calculated fro
Eq. ~13!. Also shown are result of bag model calculatio
using two different approaches to extract the quark distri
tions from model wave functions@10#. The reasonable agree
ment between the analytic result of Eq.~13! and the two
different model calculations of CSV gives us confidence t
the model calculations give rather robust predictions of
lence quark charge symmetry violation.

To complete the calculation of the CSV distributions w
must include the effect of the proton-neutron mass diff
ence. This proceeds in essentially the same manner out
in the last section, with the slight subtlety that the variati
with respect to the target mass should be taken keeping
productMx fixed, as the mass is implicit in the definition o
t
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x ~see Ref.@9# for an explanation of this point!. The resulting
addition to the CSV distribution yields

ddv~x![dv
p~x!2uv

n~x!50.013@uv~x!22dv~x!#

2
dM

M

d dv~x!

dx
,

duv~x![uv
p~x!2dv

n~x!52
dM

M

duv~x!

dx
, ~14!

where dM521.3 MeV is the proton-neutron mass diffe
ence. The resulting CSV distributions~multiplied by x) are
shown in Fig. 2 for the CTEQ4 LQ distributions, along wi
the CSV contribution to the minority quark distributio
@xddv(x)# from Fig. 1 ~the dash-dotted curve in Fig. 2!.

FIG. 1. Diquark mass contribution to charge-symmet
violating quark distributions for minority valence quarks. Curv
show x@dv

p(x)2uv
n(x)# defined from Eqs.~12! and ~13!. Curves

were calculated using the CTEQ4 LQ distribution atQ2

50.49 GeV2. Also shown are model calculations from Refs.@7#
and @9#.

FIG. 2. Charge-symmetry-violating quark distributions for m
jority (du) and minority (dd) valence quarks. Solid curves includ
effects of bothn2p mass difference and diquark mass contributio
dot-dashed curve shows minority quark CSV neglecting then2p
mass difference. Curves were calculated using the CTEQ LQ
tribution atQ250.49 GeV2.
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PRC 58 1221FLAVOR AND CHARGE SYMMETRY IN THE PARTON . . .
As a consequence of the singularities in the CTEQ par
etrizations, the nucleon mass correction diverges noninte
bly at x50; cf. Eq. ~4!. This reflects the inadequacy of th
diquark spectator approximation in this region, which
dominated by states having one or more pairs of sea qua
At larger x, where the calculation is more reliable, th
nucleon mass correction partially cancels out the change
to the diquark mass shift, a result which can be expected
the basis of Eq.~3!. In accordance with the results of Ref
@7–9#, the magnitudes of the CSV contribution to the mino
ity and majority quark distributions are roughly comparab
so that the smaller minority quark distribution is more se
sitive to CSV than the majority distribution.

CHARGE SYMMETRY VIOLATION
IN THE NUCLEON SEA

There has been much interest in the question of fla
symmetry violation in the nucleon sea, following the prec
measurement of the Gottfried sum rule@17# by the NMC
group @1#. The Gottfried sum rule is obtained by integratin
the F2 structure functions for lepton-induced deep inelas
scattering~DIS! on protons and neutrons,

SG5E
0

1dx

x
@F2

mp~x!2F2
mn~x!#5

1

3
1

8

9
~Pū/p2Pū/n!

1
2

9
~Pd̄/p2Pd̄/n!, ~15!

where we define the sea quark probabilities as

Pū/p[E
0

1

ūp~x!dx.

In deriving Eq.~15! we have used the normalization of th
valence quark distributions; if we assume parton charge s
metry, we obtain the ‘‘standard’’ form for the Gottfried su
rule,

SG5
1

3
2

2

3
~Pd̄/p2Pū/p!.

By measurements over the range 0.004<x<0.8 for muon
DIS on proton and deuteron targets, and extrapolation o
the unmeasured region, the NMC group obtainedSG
50.23560.026. If one assumes charge symmetry, this re
implies an asymmetry in the probabilities for finding up a
down sea quarks in the proton,

Pd̄/p2Pū/p50.14760.039.

However, as was pointed out by Ma@18#, we could alterna-
tively assume flavor symmetry but not charge symmetry
the sea quark distributions, in which case the NMC res
would imply

Pū/p2Pū/n520.08860.023.

Experimental upper limits on sea quark charge symme
cannot at present rule out parton CSV contributions. So
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possible that the Gottfried sum rule result arises either fr
CSV effects or from a combination of flavor symmetry a
charge symmetry violation.

In this section we will estimate the magnitude of char
symmetry violation for sea quarks and the contribution t
might make to the Gottfried sum rule. The effect of flav
symmetry or charge symmetry violation on the sea qu
distributions is complicated by the fact that there are no s
rules constraining the normalization of the sea quark dis
butions. Indeed, in the standard parametrizations@6# at high
momentum scales the total number of sea quarks is infinit
fact that has been used to suggest that fractionally small C
in the sea may lead to sizable contributions to the Gottfr
sum rule @18#. Since this contribution, regardless of i
source, is independent of the momentum scale at which
measured@19#, it is amenable to modeling at a relatively lo
scale, say,Q250.5 GeV2, where it has been argued that th
number of sea quarks in the nucleon is finite@20#.

SUM RULE CONTRIBUTIONS

The CSV contributions to the sea separate, somewha
tificially, into two classes: strong CSV effects which chan
the number of sea quarks in the nucleon~and potentially
contribute to the Gottfried sum rule! and weak CSV effects
which change the shape of the sea distributions without
tering their normalization. We shall begin by considering t
first of these classes, since the extent to which the Gottf
sum rule violation is a reflection of CSV rather than flav
symmetry violation may provide an important constraint
the second class of CSV contributions. The simplest per
bative estimate of the size of the CSV contribution is o
tained by modeling the nucleon as a valence state couple
a small number of states with an additional quark-antiqu
pair,

uN&5ZS uNval&1(
a

Aa/NuNvalqaq̄a& D , ~16!

with Z a normalization,Aa the amplitude for finding the
‘‘extra’’ quark-antiquark pair of flavora5u,d,s, andNval a
three-quark state with the same third component of isospi
the original three-quark state. Assuming flavor symme
the amplitude for creating an extra quark pair of flavora is
given, in perturbation theory, by

Aa/N'
l

~M5Qa2Mnuc!
, ~17!

where M5Q is the mass of the four-quark, antiquark sta
and l is a typical hadronic mass scale determined by
strong coupling constant and the details of the wave fu
tion. If charge symmetry is also good, this amplitude is
dependent of the flavor of the quark-antiquark pair, so t
the probability for creating a quark-antiquark pair of flavora
is

Pa/N'
l2

~M5Qa2Mnuc!
2

, ~18!
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1222 PRC 58C. J. BENESH AND J. T. LONDERGAN
which, apart from Pauli effects which violate the flavor sym
metry we have assumed, is essentially the result of Do
ghue and Golowich@21#.

To incorporate charge symmetry violation into this p
ture requires only an estimate of the mass shift due to qu
mass and electromagnetic effects. We parametrize this
ference via a term that counts the number of up and do
quark masses in the composite system, and through the
clusion of an electromagnetic contribution to the ene
which we assume is proportional to the sum of the pairw
products of the charges of the constituents. The quark m
difference and electromagnetic energy are then fit to
mass shifts of the diquark and nucleon, and the results
extrapolated to systems with more quarks. This proced
clearly neglects a great deal of the physics of these syste
but should be sufficient to provide an estimate of the ene
scales involved. The resulting mass shifts between cha
conjugate systems can then be written

dMCSB5~Nu2Nd!~mu2md!2dSeEM , ~19!

whereNf is the number of quarks plus antiquarks of flavof
in the system in question,dS is the change in the sum of th
products of charges under charge conjugation, andeEM is the
average electromagnetic energy of each quark pair. The m
shifts that result from this procedure are shown in Table

Expanding to first order in the symmetry-violating term
yields relations between the number of sea quarks of ch
conjugate flavors in the proton and neutron:

Pū/p5Pd̄/nS 12
2~mu2md!2 1

3 eEM

mq
D

Pd̄/p5Pū/nS 11
2~mu2md!2 1

3 eEM

mq
D

Ps̄/p5Ps̄/n , ~20!

where mq5360 MeV is the constituent quark mass in t
symmetric limit. Remarkably, since the energy required
make a pair of a particular flavor is the same for both
proton and neutron in this parametrization, there is no c

TABLE I. Charge-asymmetric contributions to the mass of m
tiquark composite systems.mu2md522.7 MeV and eEM

54.2 MeV are determined by fitting the neutron-proton and isov
tor diquark mass splittings.

Quark content dMCSB

uu 2(mu2md)1
1
3 eEM524 MeV

ud 0
uud (mu2md)1

1
3 eEM521.3 MeV

uuud 2(mu2md)1eEM521.2 MeV
uudd 0
uuds (mu2md)522.7 MeV

uuds̄ (mu2md)1
2
3 eEM50.1 MeV

uuudū 3(mu2md)528.1 MeV

uuddd̄ 2(mu2md)1
2
3 eEM55.5 MeV

uudss̄ (mu2md)1
1
3 eEM521.3 MeV
-
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tribution to the Gottfried sum rule in the flavor-symmetr
limit. In a more sophisticated treatment of quark mass a
electromagnetic effects we expect that the CSV contribut
will be nonzero, but since a contribution to the Gottfried su
rule needs to be odd under the combined operation of fla
and charge symmetry, which requires additional char
symmetry and flavor-violating effects, the CSV contributio
to the Gottfried sum rule will be suppressed below the na
ral scales for CSV effects arising from quark mass diff
ences and electromagnetic terms@proportional to (mu
2md)/mq anda, respectively#.

Another source for CSV in the sea is the possibility o
charge dependence of the quark gluon coupling constant
dressing the quark-gluon vertex with a photon as in Fi
3~a! and 3~b!, the effective quark-gluon coupling foru
quarks is different than that ford quarks@22#, so that the
probability of creating aqq̄ pair becomes dependent on bo
the flavor of the pair created and the flavor of the quark t
emitted the gluon.

At low momentum scales, the effective gluon coupling
a quark of flavorf is given by

as f
eff5as~Q2!@11ef

2V~b!#, ~21!

whereas is the strong coupling constant,b5L2/Q2, ef is
the quark charge, and

V~b!5
a

4pS 212
p2

3
2 ln b2 ln2bD , ~22!

with a the electromagnetic coupling. Rewriting this, we g

as
u5as01das , as

d5as02das , ~23!

where now

das5
as~Q2!

6
V~b! ~24!

is the charge-asymmetric piece of the strong coupling
as05 1

2 (as
u1as

d).
Assuming that the sea quarks at low momentum scales

generated by the valence quarks, we have

Pūp
}~2as

u1as
d!as

u , Pūn
}~as

u12as
d!as

u ,

Pd̄p
}~2as

u1as
d!as

d , Pd̄n
}~as

u12as
d!as

d , ~25!

from which we obtain, to first order in the CSV terms,

Pū/n5Pd̄/p , Pd̄/n5Pū/pS 124
das

as0
D . ~26!

-

-

FIG. 3. Photons dressing the quark-gluon vertex during the p
duction of sea quarks. The probability of producing a sea quark
will depend on the charge of the created quarks~b! and on the quark
that initially produced the gluon~a!.



ym
s

d

s
a

ri-
e

om
r

el

SV
e
th
ul
th
in

f
tly
lity
f t
b
th
b

ed
lin
w
ar
le
u
n

es

en
s

ex

nd
t.
s of
as

hese
the
ms
uent
re

ass
ion
The
on-
ting

rge

ns
ark

ss
ase
lar
n
nsi-
that
un-
e

to
the
or
sh-
mi-

he
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Since the valence quarks provide a source of flavor as
metry, there is a contribution to the Gottfried sum rule. U
ing the CTEQ distributions to calculatePū/p50.365 andL
5200 MeV, we find the CSV contribution to the Gottfrie
sum rule to be 6.331024, which is far too small to explain
the observed deviation. Similarly, there is a small exces
strange quarks in the proton over those in the neutron,
cording to

Ps̄/p2Ps̄/n512
das

as0
Ps̄/p'231024. ~27!

Having eliminated the possibility of a large CSV cont
bution to the Gottfried sum rule, we return briefly to th
possibility that the largest part of the sum rule comes fr
violation of flavor symmetry, and that the violation of flavo
symmetry leads to a CSV contribution to the sum as w
Combining Eq.~20! with a flavor-asymmetric sea yields

dCSVSG5
5

9
S 2~mu2md!2 1

3 eEM

mq
D ~Pd̄/p2Pū/p!'20.0012,

~28!

using the CTEQ parton distributions. Our estimated C
contribution is still far too small to affect significantly th
extraction of the flavor asymmetry. We conclude that
prospects for a large contribution to the Gottfried sum r
from sea quark CSV are extremely slim, at least within
assumptions in our calculation of charge-symmetry-violat
effects.

WEAK CHARGE SYMMETRY VIOLATION IN THE SEA

Since we have been unable to produce a mechanism
generating a CSV distribution whose integral is significan
different from zero, we are led to investigate the possibi
of weak charge symmetry breaking, where the shapes o
sea distributions in the neutron and proton are different,
their normalizations remain the same. By analogy with
CSV effects in the valence distributions, we shall proceed
postulating that the four spectator partons can be assum
belong to a tetraquark, and that the mass of the recoi
tetraquark can be assumed to be approximately constant
a value roughly equal to the sum of the constituent qu
masses. Since there is a greater variety of states availab
the four-spectator-parton system, this assumption is m
less certain than the analogous assumption in the vale
case, but it will allow for an exploration of the magnitud
involved in the problem.

The basic argument proceeds as in the case of the val
distributions, by calculating the shift in the tetraquark ma
produced by the symmetry-violating interactions and
panding to get

dq̄~x!5q̄p~x!2q̄n~x!

5dMT

d

dxF 2MT
0~12x!

M2~12x!21~MT
0!2

q̄0~x!G , ~29!
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where MT
0 is the charge-symmetric tetraquark mass, a

q̄0(x) is the antiquark distribution in the symmetric limi
For the light quark sea, we have used a tetraquark mas
1440 MeV, roughly 4 times the constituent quark mass. If,
many models assert, pionic effects dominate the sea at t
low scales, this assumption will underestimate the size of
CSV contribution to the light quark sea. For the syste
containing strange quarks, we have assumed a constit
quark mass of 500 MeV. In addition to this correction, the
will be a correction due the change in the nucleon m
introduced by CSV, which is calculated in the same fash
as the analogous contribution for the valence quarks.
values of the CSV-induced mass shifts for strange and n
strange tetraquarks are listed in Table I, and the resul
CSV sea distributions are shown in Fig. 4.

Just as in the case of the valence distributions, the la
contribution to sea quark asymmetries at very smallx is a
consequence of the singular form of the parton distributio
in this region, and indicates the breakdown of the tetraqu
picture have used here. At largerx, the relative size ofdd̄

over dū reflects the fact that the tetraquark spectator hasI 3

50 when ad̄ is struck, so that there is no tetraquark ma
shift to partially cancel the nucleon mass shift, as is the c
whenū is struck. For the strange CSV distributions, a simi
cancellation occurs for the spectator tetraquark when as
quark is struck, but since this cancellation depends se
tively on the parameters chosen in Table I, we conclude
this result may be highly model dependent and therefore
trustworthy. In general, we do not find surprisingly larg
contributions for any of the sea quark distributions.

SUMMARY

In this paper, we have used the Adelaide approach
calculating quark model parton distributions to calculate
effect of CSV on the parton distributions of the proton. F
the valence quarks, we verify in a model-independent fa
ion the anomalously large CSV effects observed in the
nority valence quark distribution by several authors@7–9#,

FIG. 4. Charge-symmetry-violating sea quark distributions. T

solid, dotted, dashed, and dot-dashed curves arexdū5x(ūp

2d̄n), xdd̄5x(d̄p2ūn), xds5x(sp2sn), and xd s̄5x( s̄p

2 s̄n), respectively.
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and we relate these distributions to the difference betw
theu andd valence distributions. Since there are little data
constrain the size of the CSV distributions, proposed test
CSV @12# will provide a sensitive test of the physics co
tained in QCD-inspired models of the nucleon.

Additionally, we have made estimates of the size of C
effects in the nucleon sea. First, we assume a strong viola
of charge symmetry, which would alter the value of su
rules which assume charge symmetry. For the Gottfried s
rule, there are no CSV contributions unless there is a sim
taneous violation of flavor symmetry in either the sea
valence quarks. In either case, we estimate that the C
contributions to the Gottfried sum rule are much smaller th
are suggested by experiment. We have also estimated
weak CSV contribution to the nucleon sea, using meth
similar to the valence quark CSV calculations. Again,
an

s.

d

n

of

on

m
l-
r
V
n
the
s

find that the charge-symmetry-violating distributions are e
tremely small, and highly unlikely to make significant co
tributions to any observable.

Note added in proof.A result similar to ours may be
obtained by first integrating over the delta function in E
~1!, and then neglecting the transverse momentum in thz
component of the quark current. The expression for the C
distribution is identical to Eq.~4!, except that thex derivative
now only acts onq(x). The corresponding change in th
CSV contribution to the minority valence quark distributio
is a 25% reduction from our result. We thank A. W. Thom
for bringing this possibility to our attention.

The authors wish to acknowledge support from NSF R
search Contract No. PHY-9722706, and to D. Murdock
assistance in producing the figures.
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