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Evidence for charge symmetry violation in parton distributions
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By comparing structure functions measured in neutrino and charged lepton deep inelastic scattering, one can
test the validity of parton charge symmetry. New experiments allow us to make such tests, which set rather
tight upper limits on parton charge symmetry violation~CSV! for intermediate Bjorkenx, but which appear to
show sizable CSV effects at smallx. We show that neither nuclear shadowing nor contributions from strange
and antistrange quark distributions can account for the experimentally observed difference between the two
structure functions. We are therefore forced to consider the possibility of a large CSV effect in the nucleon sea
quark distributions. We discuss the consequences of this effect for other observables, and we propose an
experiment which could detect a large CSV component in the nucleon sea.@S0556-2821~99!03507-9#

PACS number~s!: 13.60.Hb, 11.30.Hv, 12.39.Ki, 13.15.1g
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I. INTRODUCTION

In discussing the strong interaction, it is customary
assume the validity of charge symmetry, which interchan
protons and neutrons~simultaneously interchanging up an
down quarks!. For example, all phenomenological analys
of deep inelastic scattering data in terms of parton distri
tion functions assume charge symmetry from the beginn
Our faith in charge symmetry is justified from our experien
in nuclear physics, where this symmetry is respected t
high degree of precision. Most experimental low-energy te
of charge symmetry find that it is good to at least 1%
reaction amplitudes@1,2#. Until recently such an assumptio
seemed to be justified, as there was no compelling exp
mental evidence against parton charge symmetry. The q
titative evidence which could be extracted from high ene
experiments, although not particularly precise, was con
tent with charge symmetric parton distributions@3#.

Experimental verification of charge symmetry is difficu
partly because the relative charge symmetry violation~CSV!
effects are expected to be small, requiring high precis
experiments to measure CSV effects, and partly beca
CSV often mixes with parton flavor symmetry violatio
~FSV!. Recent experimental measurements by the N
Muon Collaboration~NMC! @4#, demonstrating the violation
of the Gottfried sum rule@5#, have been widely interpreted a
evidence for what is termed SU~2! FSV. The measuremen
of the ratio of Drell-Yan cross sections in proton-deuter
and proton-proton scattering, first by the NA51 Collabo
tion at CERN@6# and more recently by the E866 experime
at Fermilab@7#, also indicates substantial FSV. Howeve
both of these experiments could in principle be explained
sufficiently large CSV effects@8,9#, even in the limit of exact
flavor symmetry. In view of these ambiguities in the inte
pretation of current experimental data, it would be high
0556-2821/99/59~7!/074021~16!/$15.00 59 0740
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desirable to have experiments which separate CSV fr
FSV. A few experiments have been already proposed@10,11#
and could be carried out in the near future.

Recent experiments now allow us for the first time
make precision tests which could put tight upper limits
parton CSV contributions. The NMC measurements of mu
deep inelastic scattering~DIS! on deuterium@12# provide
values for the charged lepton structure functionF2

m(x,Q2).
In a similarQ2 regime the CCFR Collaboration@13# extract
the structure functionsF2

n(x,Q2) from neutrino-induced
charge-changing reactions. As we show in Sec. II,
‘‘charge ratio,’’ which can be constructed from these tw
quantities~plus information about the strange quark distrib
tion! can in principle place strong constraints on parton C
distributions. We will show that, for intermediate value
0.1<x<0.4, the agreement between the two structure fu
tions is impressive, and provides the best upper limit to d
on parton CSV terms. However, the charge ratio show
substantial deviation from unity in the regionx,0.1, which
might suggest surprisingly large charge symmetry violati
In a recent Letter@14# we argued that the data supported th
conclusion. However, several important corrections have
be applied to the data before any conclusions can be reac
These corrections are especially important for the neutr
cross sections.

In Sec. II we discuss the uncertainties involved in t
analysis of the data. Most corrections have already been
counted for in the present experimental analysis. We part
larly focus on two aspects of the neutrino reactions: he
target corrections and effects due to strange and antistra
quark distributions. In Sec. III we demonstrate that neither
these effects are sufficient to account for the apparent
crepancy at smallx. The charge symmetry violating distribu
tions can be obtained from a combination of neutri
charged current structure functions, muon structure functi
©1999 The American Physical Society21-1
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and strange quark distributions extracted from dimuon p
duction in neutrino reactions. We construct such a comb
tion and extract the CSV terms. Assuming the validity of t
experimental data, we find CSV effects on the order of 2
of the sea quark distributions at lowx. In Sec. IV we discuss
the consequences of such large CSV effects on other obs
ables. We examine the role played by CSV in the extract
of the FSV ratiod̄/ū, in the Gottfried sum rule and in th
experimental determination of the Weinberg angle sin2uW .
In Sec. V we suggest an experiment which could measure
substantial CSV suggested by our analysis.

II. COMPARING STRUCTURE FUNCTIONS
FROM NEUTRINO AND CHARGED

LEPTON REACTIONS

Our analysis of parton charge symmetry violation is ba
on the ‘‘charge ratio,’’ which we review here. This depen
on the ratio ofF2 structure functions extracted from charg
lepton reactions with those from neutrino charge-chang
reactions. Because neutrino cross sections are so sma
present the structure functions can only be measured
heavy targets such as iron. Furthermore, in order to ob
useful statistics, the data must be integrated over all ener
for a given x and Q2 bin. As a result, only certain linea
combinations of neutrino and antineutrino structure functio
can be obtained. The process by which we attempt to ext
parton CSV contributions is complicated, and requires in
from several experiments. In this section we review this p
cess in detail.

A. The ‘‘charge ratio’’ and charge symmetry violation

Structure functions measured in neutrino and muon d
inelastic scattering are interpreted in terms of parton dis
bution functions. Since the operation of charge symme
maps up quarks to down quarks, and protons to neutron
the level of parton distributions, charge symmetry impl
the equivalence between up~down! quark distributions in the
proton and down~up! quark distributions in the neutron. I
order to take CSV in the parton distributions into accou
we define the charge symmetry violating distributions as

du~x!5up~x!2dn~x!

dd~x!5dp~x!2un~x!, ~1!

where the superscriptsp andn refer to quark distributions in
the proton and neutron, respectively. The relations for C
in antiquark distributions are analogous. If charge symme
were exact then the quantitiesdu(x) anddd(x) would van-
ish.

In the quark-parton model the structure functions m
sured in neutrino, antineutrino and charged lepton DIS on
isoscalar target,N0 , are given in terms of the parton distr
bution functions and the charge symmetry violating distrib
tions defined above by@3#
07402
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F2
nN0~x,Q2!5x@u~x!1ū~x!1d~x!1d̄~x!12s~x!12c̄~x!

2du~x!2dd̄~x!#

F2
n̄N0~x,Q2!5x@u~x!1ū~x!1d~x!1d̄~x!12s̄~x!12c~x!

2dd~x!2dū~x!#

xF3
nN0~x,Q2!5x@u~x!1d~x!2ū~x!2d̄~x!12s~x!22c̄~x!

2du~x!1dd̄~x!#

xF3
n̄N0~x,Q2!5x@u~x!1d~x!2ū~x!2d̄~x!22s̄~x!12c~x!

2dd~x!1dū~x!#

F2
lN0~x,Q2!5

5

18
xFu~x!1ū~x!1d~x!1d̄~x!

1
2

5
„s~x!1 s̄~x!…1

8

5
„c~x!1 c̄~x!…

2
4

5
„dd~x!1dd̄~x!…2

1

5
„du~x!1dū~x!…G .

~2!

Here, and in the following, quark distributions without s
perscripts denote quark distributions in the proton. From n
on, we will disregard charm quark contributions to the stru
ture functions. Since phenomenological parton distribut
functions assume the validity of charge symmetry, poss
CSV effects are folded into the commonly used phenome
logical parton distribution functions in a highly non-trivia
way. Nevertheless, using the above relations, it is possibl
test the validity of charge symmetry by building appropria
linear combinations or ratios of the measured structure fu
tions. One such possibility is to calculate the ‘‘charge ratio
which relates the neutrino structure function to the struct
function measured in charged lepton deep-inelastic sca
ing:

Rc~x,Q2![
F2

mN0~x,Q2!

5

18
F2

nN0~x,Q2!2x„s~x!1 s̄~x!…/6

'12
s~x!2 s̄~x!

Q̄~x!

1
4du~x!2dū~x!24dd~x!1dd̄~x!

5Q̄~x!
. ~3!

Here, we defined Q̄(x)[(q5u,d,s„q(x)1q̄(x)…23„s(x)
1 s̄(x)…/5, and we have expanded Eq.~3! to lowest order in
small quantities. From Eq.~3! we see that any deviation o
the charge ratio from unity, at any value ofx, would be due
either to CSV effects or to different strange and antistran
1-2
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EVIDENCE FOR CHARGE SYMMETRY VIOLATION IN . . . PHYSICAL REVIEW D 59 074021
quark distributions. Analogous relations could be obtain
using structure functions from antineutrinos, or from a line
combination of neutrino and antineutrino structure functio
For example, we can derive

Rc~x,Q2![
F2

mN0~x,Q2!

5

18
F 2

nN0~x,Q2!2x„s~x!1 s̄~x!…/6

'11
3„du~x!1dū~x!2dd~x!2dd̄~x!…

10Q̄~x!
. ~4!

In Eq. ~4! F 2
nN0(x,Q2)5„F2

nN0(x,Q2)1F2
n̄N0(x,Q2)…/2 is the

average of the structure functions from neutrino and
tineutrino reactions; deviations from one in the ratioRc(x)
depend only on parton CSV contributions, and have no c
tribution from strange or antistrange quark distributions.

The recent measurement of the structure functionF2
n by

the CCFR Collaboration@13# makes it possible to carry out
precise comparison betweenF2

n(x,Q2) andF2
m(x,Q2) for the

first time. The CCFR Collaboration compared the neutr
structure functionF2

n(x,Q2) extracted from their data on a
iron target@13# with F2

m(x,Q2) measured for the deuteron b
the NMC Collaboration@12#. In the region of intermediate
values of Bjorkenx (0.1<x<0.4), they found very good
agreement between the two structure functions. In thisx re-
gion, this allows us to set upper limits of a few percent
parton CSV contributions. On the other hand, in the sm
x-region (x,0.1), the CCFR group found that the two stru
ture functions differ by as much as 10–15 %. This can
seen in Fig. 1 where the ‘‘charge ratio’’ has been obtained
integrating over the region of overlap inQ2 of the two ex-
periments. The open and solid circles in Fig. 1 represent
different ways of calculating nuclear shadowing correctio
as we will discuss later.

FIG. 1. The ‘‘charge ratio’’Rc of Eq. ~3! vs x calculated using
CCFR@13# data for neutrino and NMC@12# data for muon structure
functions. Open triangles: no heavy target corrections; open circ
n data corrected for heavy target effects using corrections f
charged lepton scattering; solid circles:n shadowing corrections
calculated in the ‘‘two phase’’ model. Both statistical and syste
atic errors are shown.
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B. Extracting structure functions from neutrino cross sections

In order to perform tests of parton distributions throug
say, the charge ratio of Eq.~3!, we need the structure func
tions from neutrino charge-changing reactions on a free p
ton and neutron. These are written in terms of parton dis
butions in Eq.~2!. Because of the extremely small cro
sections for neutrino-induced reactions, we are able to ob
statistically meaningful cross sections only from heavier t
gets such as iron. We then have to make the following c
rections in order to extract the neutrino structure functions
‘‘free’’ nucleons, averaged over proton and neutro

F j
n,n̄N0(x,Q2), ( j 52,3): ~i! the nuclear structure function

F j
n,n̄Fe(x,Q2) must be extracted from the cross sections;~ii !

the nuclear structure functions need to be corrected for
excess of neutrons in iron~isoscalar effects!; ~iii ! kinematic
corrections must be applied to account for heavy qu
thresholds, particularly charm quark threshold effects@Eq.
~3! is valid only well above all heavy quark thresholds#; ~iv!
heavy target corrections must be applied, to convert struc
functions for nuclei to those for free protons and neutro
~v! the neutrino and muon cross sections must be prop
normalized. In order to test charge symmetry, all these c
rections have to be taken into account. The data have alre
been corrected for normalization, isoscalar and charm thre
old effects by the CCFR Collaboration in their analyses@13#.
There is a thorough discussion of these points in the thesi
Seligman@15#. Here we will review how the nuclear struc
ture functions are extracted from the cross sections,
heavy target corrections for neutrino reactions, and the
of both strange quarks and CSV effects in neutrino struct
functions.

The cross sections for neutrino and antineutrino scatte
on a nuclear target containingA nucleons can be written as

dsn,n̄A

dx dQ2
5

GF
2

2pxF1

2
„F2

n,n̄A~x,Q2!6xF3
n,n̄A~x,Q2!…

1
j2

2
„F2

n,n̄A~x,Q2!7xF3
n,n̄A~x,Q2!…G . ~5!

In Eq. ~5! the upper~lower! sign is associated with the neu
trino ~antineutrino! cross section. We have assumed the
lidity of the Callan-Gross relation and neglected terms
orderMxy/2E, and we introduced the variablej5(12y). It
would be straightforward to remove these assumptions. W
a large enough count rate, thex and y dependence of the
cross sections could be separately measured. By plotting
measured differential cross sections for fixedx andQ2 as a
function of j2, the structure functionsF2 and F3 can be
determined from the slopes and intercepts of the resul
straight lines. The crucial question is, of course, whether
statistics of the experiment are sufficient for the struct
functions to be extracted in this way.

To illustrate this problem we calculated the statistical
rors in each energy bin. For this calculation, we used
experimental determined fluxes, the total and differen
neutrino and antineutrino cross sections to obtain the
pected number of events in a givenx, Q2 and energy bin. We

s:
m

-
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C. BOROS, J. T. LONDERGAN, AND A. W. THOMAS PHYSICAL REVIEW D59 074021
estimated the statistical errors usingDs5s/AN. In Fig. 2

sn,n̄(x,Q2,j2)/(GF
2/2px) is plotted as a function ofj2. The

solid lines are the results using the CTEQ parton distribut
functions and assuming the validity of the Callan-Gross
lation. The dotted lines are the results obtained without us
the Callan-Gross relation. Here, we used the parametriza
of Whitlow @16# for the ratio of the longitudinal and trans
verse photo-absorption cross sections. The current stati
do not allow one to extract the individual structure function
The error bars represent the expected statistical errors
order of magnitude more events would be necessary to
crease the statistical errors sufficiently that one could c
sider extracting the structure functions directly, and syste
atic errors would further complicate this analysis.

Since the number of events is so small that individ
structure functions cannot be extracted from the data,
cross sections in a givenx andQ2 bin are integrated over al
energies. After this integration is performed, Eq.~5! can be
written as two linear equations, one for neutrino and
other for antineutrino events:

Nn~x,Q2!5A2
nF2

nFe~x,Q2!1A3
nxF3

nFe~x,Q2!

Nn̄~x,Q2!5A2
n̄F2

n̄Fe~x,Q2!2A3
n̄xF3

n̄Fe~x,Q2!.
~6!

In Eq. ~6! Nn (Nn̄) is the number of neutrino~antineutrino!
events in a givenx and Q2-bin integrated over the inciden

neutrino and antineutrino energies.Ai
n andAi

n̄ ( i 52,3) rep-
resent the coefficients,Ai(y), of the structure functions mul
tiplied by the neutrino and antineutrino fluxes,Fn(E) and
Fn̄(E), respectively, and integrated over all energies

FIG. 2. The differential cross sections for neutrino~solid circles!
and antineutrino~open circles! deep inelastic scattering as a fun
tion of the variablej2[(12y)2 for x50.03 andQ254 GeV2.
The solid and dotted lines are the results with and without
Callan-Gross relation, respectively. The statistical errors are
mated using the experimental fluxes of neutrinos and antineutri
07402
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n5E dE Ai~y!Fn~E!

Ai
n̄5E dE Ai~y!Fn̄~E!. ~7!

Here, the Ai ’s are given by A2(y)5GF
2/(2px)(12y

1y2/2) andA3(y)5GF
2/(2px)(y2y2/2).

The individual structure functions for neutrino and a
tineutrino reactions are extracted by taking linear combi
tions of the relations in Eq.~6! and making corrections usin
phenomenological parton distribution functions. For e
ample, from Eq.~2! we see that for an isoscalar targe

F2
nN0(x,Q2)5F2

n̄N0(x,Q2) if charge symmetry is valid and

s(x)5 s̄(x). Thus we can form linear combinations of th
terms in Eq.~6! such that these terms cancel and we are
only with the F3 structure functions. Similarly, assumin
charge symmetry we have

F3
nN0~x,Q2!2F3

n̄N0~x,Q2!52@s~x!2 s̄~x!#.

We can then take a linear combination of the terms in Eq.~6!
which gives this function. If the strange quark distribution
taken from a phenomenological model, we can extract a
ear combination of theF2 structure functions for neutrino
and antineutrinos on a nuclear target.

We will discuss how the structure functions are extract
and particularly the role of CSV and strange quark distrib
tions in this process. However, at this stage we review h
heavy target corrections are calculated, in order to extract
structure functions for free nucleons from those measured
a heavy nuclear target.

C. Heavy target corrections in neutrino reactions

As is well known, the structure functions measured
heavy targets are not equal to those observed for light tar
such as the deuteron. At smallx values, nuclear shadowin
effects play a major role; at largex, nuclear Fermi motion
effects dominate, and at intermediatex ‘‘EMC’’ effects play
a significant role@17#. Such effects have been systematica
measured in charged lepton reactions.

In analyzing neutrino scattering data, it is generally a
sumed that heavy target corrections will be the same as th
observed in charged lepton reactions.A priori, there is no
reason to assume that neutrino and charged lepton h
target corrections should be identical. Heavy target corr
tions for neutrinos are generally applied by multiplying t
experimental structure functions at a givenx value by the
quantityR[F2

lA(x,Q2)/F2
lD(x,Q2), the ratio between theF2

structure function measured on heavy targets and that of
deuteron for charged lepton deep inelastic scattering, at
samex value. However, as is well known, shadowing corre
tions are very muchQ2 dependent for smallerQ2 values
~where a considerable part of the available data was tak!,
and theQ2 andx-dependence of the data are strongly cor
lated because of the fixed target nature of these experime

e
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EVIDENCE FOR CHARGE SYMMETRY VIOLATION IN . . . PHYSICAL REVIEW D 59 074021
We re-examined heavy target corrections to deep-inela
neutrino scattering, focusing on the differences between n
trino and charged lepton scattering and on effects due to
Q2-dependence of shadowing for moderately largeQ2. This
work will be published elsewhere@18#; here we briefly re-
view the results of that work. We used a two phase mo
which has been successfully applied to the description
shadowing in charged lepton DIS@19,20#. In this approach,
vector meson dominance is used to describe the lowQ2 vir-
tual photon orW interactions, and Pomeron exchange is us
for the approximate scaling region. In generalizing this a
proach to weak currents, the essential differences in shad
ing between neutrino and charged lepton deep inelastic s
tering are: ~i! the axial-vector current is only partiall
conserved, in contrast to the vector current; and~ii ! the weak
current couples not only to vector but also to axial vec
mesons@21–24#.

Partial conservation of the axial vector current~PCAC!
requires that the divergence of the axial current does
vanish but is proportional to the pion field forQ250. This is
Adler’s theorem@25#, which relates the neutrino cross se
tion to the pion cross section on the same target forQ250.
Thus, for lowQ2('mp

2 ) shadowing in neutrino scattering
determined by the absorption of pions on the target.
largerQ2-values the contributions of vector and axial vec
mesons become important. The coupling of the weak cur
to the vector and axial vector mesons and that of the elec
magnetic current to vector mesons are related to each o
by the ‘‘Weinberg sum rule’’f r1

2
5 f a1

2 52 f r0
2 . Since the cou-

pling of the vector~axial vector! mesons to the weak curren
is twice as large as the coupling to the electro-magnetic
rent, but the structure function is larger by a factor of;18/5
in the neutrino case, we expect that shadowing due to ve
meson dominance~VMD ! in neutrino reactions is roughly
half of that in charged lepton scattering.

For larger Q2 values, shadowing due to Pomeron e
change between the projectile and two or more constitu
nucleons dominates. Since the Pomeron-exchange mo
the interaction between partons in different nucleons and
scattering of theW takes place on only one parton, this pr
cess is of leading twist order in contrast to the VMD a
pion contributions. The coupling is given by the coupling
the photon orW to the quarks in the exchanged Pomeron
changes in the same way as the structure function doe
switching from neutrino to charged lepton scattering. Th
for largeQ2 values (.10 GeV2), shadowing in both case
should have approximately the same magnitude. In the in
mediate Q2-region (1,Q2,10 GeV2), where VMD is
relatively important, we expect to see differences betw
shadowing in neutrino and charged lepton scattering. We
call that this is precisely the region where the discrepa
between CCFR and NMC is significant. There are a
nuclear effects in the deuteron. However, because of the
density of the deuteron, these are~relatively speaking! very
small and have a negligible effect on the charge ratio.

We calculated the shadowing corrections to the CC
neutrino data using the two-phase model of Refs.@19,20#.
With this corrected CCFR data, we calculated the cha
07402
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ratio Rc of Eq. ~3! between CCFR and NMC data. The resu
is shown in Fig. 1. The open triangles show the charge r
when no shadowing corrections are used. The open cir
show the charge ratio when heavy target shadowing cor
tions from charged lepton reactions are applied to the n
trino data, and the solid circles show the result when
neutrino shadowing corrections from our two-phase mo
are applied. At smallx, using the ‘‘correct’’ neutrino shad-
owing corrections reduces the deviation of the charge r
from unity. Nevertheless, the charge ratio is still not comp
ible with one at smallx. The uncertainty in the calculate
shadowing corrections can be estimated. The model
scribes shadowing in charged lepton DIS for a wide range
x andQ2 values and for different nuclei very well. Changin
parameters of the model, i.e. the vector meson-photon c
pling constants, by 10% over/underestimates shadowing
about 10%. Since shadowing corrections are at most 15%
the structure function the uncertainty in the corrected cha
ratio is about 1.5 percent.

In summary, properly accounting for shadowing corre
tions in the neutrino structure function decreases, but d
not resolve, the low-x discrepancy between the CCFR an
the NMC data.

D. Strange quark and CSV contributions
to structure functions

In Eq. ~6! we showed that, after integrating neutrin
charged-current cross sections over all energies, we ob
two equations in four unknowns, the structure functionsF2
and F3 for neutrino and antineutrino reactions. If the ne
trino and antineutrino structure functions were equ

F2
nFe(x,Q2)5F2

n̄Fe(x,Q2), with an analogous relation fo
xF3

nFe(x,Q2), then Eq.~6! would provide two linear equa
tions in two unknowns. As we discussed previously, seve
corrections need to be applied before we can extract
structure functions on a ‘‘free’’ isoscalar targetN0 , and
compare the structure functions to the parton distributio
given in Eq.~2!. First, since iron is not an isoscalar target w
need to make corrections for the excess neutrons. Next
need to estimate the contributions from strange quark dis
butions and charge symmetry violating parton distributio
Finally, we need to make heavy target corrections as
viewed in the preceding section.

We begin by splitting the neutrino and antineutrino stru
ture functions on iron into isoscalar and non-isoscalar pa
For a target withZ protons andN5A2Z neutrons we define
the quantityb[(N2Z)/A:

Fi
n,n̄Fe5

1

2
@Fi

n,n̄p1Fi
n,n̄n#2

b

2
@Fi

n,n̄p2Fi
n,n̄n#. ~8!

The first term on the right of Eq.~8! corresponds to the
neutrino and antineutrino structure functions on an isosc
target, N0 . The second terms include corrections arisi
from the non-isoscalarity of the target. In the absence
CSV, these corrections are basically given by the differe
between up and down valence quark distributions and h
1-5
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been taken into account in the extraction of the struct
functions. However, the non-isoscalarity of the target le
also to CSV corrections.

We define the sum and difference of the neutrino a
antineutrino structure functions on a targetA as

F i
A[

1

2
@Fi

nA1Fi
n̄A#,

DF i
A[

1

2
@Fi

nA2Fi
n̄A#; ~9!

the structure functionsFi
n,n̄Fe can then be written as

Fi
n,n̄Fe5F i

N06DF i
N02

b

2
$@F i

p2F i
n#6@DF i

p2DF i
n#%.

~10!

Here, ‘‘1 ’’ and ‘‘ 2 ’’ refer to the neutrino and antineutrin
structure functions, respectively. The last three terms of
right hand side of Eq.~10! contain corrections coming from
excess neutrons, strange quarks, CSV ands(x)Þ s̄(x). Cor-
recting the data for excess neutrons and for strange q
contributions corresponds to subtracting the number
events due to the corresponding corrections from the
hand side of Eqs.~6!:

Nn2(
i 52

3

Ai
n~dF i

n!n,s5A2
n@F 2

N01~dF 2
n!CSV

ss̄ #

1A3
nx@F 3

N01d~F 3
n!CSV

ss̄ #

Nn̄2(
i 52

3

~21! iAi
n̄~dF i

n̄ !n,s5A2
n̄@F 2

N01~dF 2
n̄ !CSV

ss̄ #

2A3
n̄x@F 3

N01~dF 3
n̄ !CSV

ss̄ #.

~11!

In Eq. ~11!, we have calculated corrections to the structu
functions from excess neutrons and strange quarks, and
used these to produce the effective number of events on

left hand side of Eq.~11!. (dFi)n,s and (dFi)CSV
ss̄ refer to

corrections arising from excess neutrons, strange quark
tributions, because of charge symmetry violation ands(x)
Þ s̄(x), respectively. The CCFR Collaboration assumed
validity of charge symmetry, and they also tooks(x)5 s̄(x)
based on the results of a next to leading order@NLO# analy-
sis of dimuon production in neutrino-induced reactions@26#.
We have left the correction terms coming from CSV a
s(x)Þ s̄(x) on the right hand side of Eq.~6! as these have
been absorbed into the extracted structure functions. Un
the assumption of charge symmetry ands(x)5 s̄(x), Eq.
~11! simplifies to
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Nn2(
i 52

3

Ai
n~dF i

n!n,s5A2
nF 2

CCFR,A1A3
nxF 3

CCFR,A

Nn̄2(
i 52

3

~21! iAi
n̄~dF i

n̄ !n,s5A2
n̄F 2

CCFR,A2A3
n̄xF 3

CCFR,A .

~12!

These equations provide a system of two linear equations
the two nuclear structure functionsF 2

CCFR,A andF 3
CCFR,A .

From these structure functions we can calculate the struc
functions for a ‘‘free’’ nucleon target using the heavy targ
correction factors described in the previous section. The
sulting structure functionsF i

CCFR still contain charge sym-
metry violating contributions and terms proportional
s(x)2 s̄(x), as can be seen from Eq.~2!. To relate the mea-
sured structure functions,Fi

CCFR to the various parton distri-
butions, we take the sum and difference of the measu
number densities in Eqs.~11! and ~12! and compare the co
efficients ofAi(y) ~powers ofy). In this way, we see that the
measured structure functions,Fi

CCFR, can effectively be
identified with a flux weighted average of the neutrino a

antineutrino structure functions,Fi
nN0 andFi

n̄N0 , and correc-
tion terms arising from CSV effects:

Fi
CCFR5F i

N01~2a21!DF i
N02

b

2
@F i

p2F i
n#CSV

2
~2a21!b

2
@DF i

p2DF i
n#CSV. ~13!

Here, we defined the relative neutrino flux,a, as a

[Fn/(Fn1Fn̄). The experimental value ofa depends on
the incident neutrino and antineutrino energies and is a
different for the E744 and E770 experiments. Because of
kinematical constrainty,1, relative fluxes at energie
>150 GeV are relevant for smallx. Here,a'0.83 @13# so
that F2

CCFR(x,Q2) can be approximately regarded as a ne
trino structure function.

The different contributions toF2
CCFR can be expressed in

terms of the quark distribution functions:

1

2
@F 2

p2F 2
n#CSV

52@F 2
N0#CSV5

x

2
@du~x!1dū~x!1dd~x!1dd̄~x!#

1

2
@DF 2

p2DF 2
n#CSV

52
x

2
@dd~x!2dd̄~x!2du~x!1dū~x!#

DF 2
N052

1

2
@DF 2

p2DF 2
n#CSV1x@s~x!2 s̄~x!#. ~14!
1-6
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EVIDENCE FOR CHARGE SYMMETRY VIOLATION IN . . . PHYSICAL REVIEW D 59 074021
The second expression in Eq.~14! is obtained by subtracting
the F2 structure function for neutrinos on protons from th
for antineutrinos on protons; from this is subtracted the c
responding term for neutrons. It depends only on cha
symmetry violation in thevalencequark distributions. The
last expression in Eq.~14! is obtained by taking the differ
ence between neutrino and antineutrinoF2 structure func-
tions on an isoscalar system. It also depends on vale
quark CSV, and has an additional contribution from the d
ference between strange and antistrange parton distribut
The first term in Eq.~14! is obtained by averaging theF2
structure functions over neutrino and antineutrino reactio
and taking the difference of theF2 structure functions mea
sured on proton and neutron targets. This quantity is f
from strange quark effects, and is also sensitive to CSV
the sea-quark distributions.

III. EVIDENCE FOR LARGE CHARGE SYMMETRY
VIOLATION IN PARTON SEA QUARK DISTRIBUTIONS

The most likely explanation for the discrepancy in t
small-x region of the charge ratio involves either differenc
between the strange and antistrange quark distributions@27–
30#, or charge symmetry violation. First, we will examine th
role played by the strange and antistrange quark distr
tions. Assuming that charge symmetry is exact, the stra
and antistrange quark distributions are given by a linear c
bination of the structure functions measured in neutrino
in muon DIS, as can be seen from Eqs.~2!, ~13! and ~14!:

5

6
F2

CCFR~x,Q2!23F2
NMC~x,Q2!

5
1

2
x@s~x!1 s̄~x!#1

5

6
~2a21!x@s~x!2 s̄~x!#. ~15!

Here, it understood that the neutrino structure functi
F2

CCFR is already corrected for heavy target effects. Und

the assumption thats(x)5 s̄(x), this relation could be used
to extract the strange quark distribution. However, as is w
known, the strange quark distribution obtained in this way
inconsistent with the distribution extracted from independ
experiments.

A. Direct measurement of sea quark distributions

The strange quark distribution can be determined dire
from opposite sign dimuon production in deep inelastic n
trino and antineutrino scattering. To leading order in
charge-changing reaction, the incoming neutrino~an-
tineutrino! emits a muon and a virtualW boson, which scat-
ters on ans or d ( s̄ or d̄) quark, producing a charm~anti-
charm! quark which fragments into a charmed hadron. T
semi-leptonic decay of the charmed hadron produces an
posite sign muon. The CCFR Collaboration performed a
@31# and NLO analysis@26# of their dimuon data using the
neutrino ~antineutrino! events to extract the strange~anti-
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strange! quark distributions. Their result differs substantial
from the strange quark distribution extracted from Eq.~15!,
as mentioned above.

In the dimuon data one extracts the strange and a
strange quark distributions from the neutrino and a
tineutrino data separately. The analysis performed by
CCFR Collaboration suggests that, while there is a differe
between the strange and antistrange distributions in
analysis@31# they are equal within experimental errors
NLO @26#. However, since the number of antineutrino eve
is much smaller than that of the neutrino events, the error
this analysis are inevitably large.

Since the dimuon experiments are carried out on an i
target, shadowing corrections could modify the extrac
strange quark distribution, and might account for some of
discrepancies between the two different determinations
the strange quark distributions. The CCFR Collaborat
normalized the dimuon cross section to the ‘‘single muo
cross section and argued that the heavy target correc
should cancel in the ratio. However, the charm produc
part of the structure functionF2

cp(x,Q2) could be shadowed
differently from the non-charm producing partF2

ncp(x,Q2),
unless charm threshold effects cancel in the shadowing ra
This could be the case, because vector mesons with hi
masses are involved in the charm producing part, and
cause charm production threshold effects have to be ta
into account in the Pomeron component as well.

We calculated the shadowing ratio, R
[F2

nA(x,Q2)/F2
nD(x,Q2), between the structure function

on a heavy target and on a deuteron target for both the ch
and non-charm producing part of the structure function. W
took charm production threshold effects into account in
Pomeron component through the slow rescaling mechan
by replacing xP by the rescaled variablejP5xP(1
1mc

2/Q2). Here,xP[x/yP is the fraction of the Pomeron’s
momentum carried by the struck quark,yP is the fraction of
the momentum of the nucleon carried by Pomeron andmc is
the mass of the charm quark. In the VMD compone
of F2

cp(x,Q2) we included the vector meson
D* 1(2010), Ds*

1(2110) and the axial vector partne
DAs* 1(2535) ofDs*

1 @32#, which describe the lightest cohe

ent states of thecd̄ and cs̄ fluctuations of theW1 boson.
They have the same coupling toW1 asr1 anda1

1 but have

much heavier masses.~Thecd̄ fluctuations are suppressed b
sin2 Qc .) The total shadowing in the two phase model is t
sum of the contributions from the Pomeron and vector me
components. While the vector meson component is of hig
twist and decreases with increasingQ2 the Pomeron compo
nent dominates at highQ2. In the transition region, adding
the two components can lead to double counting. This pr
lem could in principle be avoided by keeping only the lea
ing twist piece of the Pomeron structure function. Here,
adapt the alternative solution of Kwiecinski and Badel
@19# and exclude from the Pomeron exchange compon
those final statesX which have masses comparable to t
relevant vector meson masses. Since the mass of the cha
vector mesons (;2.5 GeV), we applied a cut atMX

2

>6.3 GeV2 in the diffractively produced invariant mass o
1-7
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C. BOROS, J. T. LONDERGAN, AND A. W. THOMAS PHYSICAL REVIEW D59 074021
the Pomeron component. Because of thelight quark compo-
nent of the D-mesons, we expect that the D-meson-nuc
total cross sections are comparable to the correspon
cross sections of lighter mesons with the same light qu
content. We usesD* N'srN and sD

s* N'sfN . The calcu-

lated ratios,R5F2
A(x,Q2)/F2

D(x,Q2), are shown in Fig. 3
for Q255 GeV2. Here,F2

A5F2
D1dF2

V1dF2
P anddF2

V and
dF2

P , the shadowing corrections to the structure functio
due to vector mesons and Pomeron exchange, respecti
are calculated in the two phase model. Since the pion c
ponent is negligible forQ255 GeV2, we did not include it.

There is no substantial difference in shadowing betw
the charm producing (cp) and non-charm producing (ncp)
parts. ~The difference is about 2% in the smallx region.!
Note that the shadowing correction inF2

cp(x,Q2) decreases
faster with increasingx, because the larger masses of t
charmed vector mesons,mV , enter in the coherence cond
tion t5(1/Mx)„11(mV

2/Q2)…21 (t is the lifetime of the
quark antiquark fluctuation, andM is the nucleon mass!,
compared with the smaller masses of ther and a1 . Our
results justify the assumption that shadowing corrections
proximately cancel in the ratio of dimuon and single mu
cross sections.

B. Estimate of parton CSV contribution

It would appear that a likely explanation for the deviati
of the charge ratio of Eq.~3! from one is due to difference
between the strange and antistrange quark densities. To
this hypothesis, we combined the data in dimuon product
averaged over both neutrino and antineutrino events, with
difference between the structure functions in neutrino a
charged lepton scattering@Eq. ~15!#. Note, that in Eq.~15!
F2

CCFR is already corrected for heavy target effects. Thus,

FIG. 3. Shadowing corrections in the~a! charm and~b! non-
charm producing parts of the neutrino structure function, as a fu
tion of x, for a fixedQ255 GeV2. The dashed~dash-dotted! lines
stand for VMD ~Pomeron! contributions. The solid lines represe
the total shadowing.
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test the effects ofs(x)Þ s̄(x) in addition to shadowing. In
combining the neutrino and antineutrino events, one m
sures a flux-weighted average of the strange and antistra
quark distributions. If we definea85Nn /(Nn1Nn̄), where
Nn55030,Nn̄51060 (a8'0.83) are the number of neutrin
and antineutrino events of the dimuon production experim
@26#, we have for the measured distributionxs(x)mm

xsmm~x!5
1

2
x@s~x!1 s̄~x!#1

1

2
~2a821!x@s~x!2 s̄~x!#.

~16!

Now, this equation together with Eq.~15! forms a pair of
linear equations which can be solved for1

2 x@s(x)1 s̄(x)# and
1
2 x@s(x)2 s̄(x)#. In this way we can also test the compatib
ity of the two experiments. In addition we have the sum ru
that the nucleon contains no net strangeness,

E
0

1

@s~x!2 s̄~x!#dx50. ~17!

In the following expressions, we have not enforced the s
rule requirement on the antistrange quark distributions.

Compatibility of the two experiments requires that phy
cally acceptable solutions for12 x@s(x)1 s̄(x)# and 1

2 x@s(x)
2 s̄(x)#, satisfying both Eq.~15! and Eq.~16!, can be found.
Using the experimental valuesa5a8'0.83, we can
write x@s(x)2 s̄(x)#5D(x)/d, where D(x)5 5

6 F2
CCFR(x)

23F2
NMC(x)2smm(x), and d5(2a21)/3'0.22. Conse-

quently even rather small values forD(x) can lead to large
differences betweens and s̄. Note that the value of the rela
tive neutrino flux,a, depends on the incident neutrino e
ergy. Whilea'0.83 for smallx, a is somewhat smaller for
higherx-values. However, smallera would lead to an even
smallerd and would require even larger differences betwe
s and s̄.

In Fig. 4 we show the results obtained forxs(x) ~open
circles! and xs̄(x) ~solid circles! by solving the resulting
linear equations, Eqs.~15! and ~16! using the valuesa5a8
50.83. The results are completely unphysical, since the
tistrange quark distribution is negative, which is not possi
since the distribution is related to a probability. In Fig. 5 w
show the corresponding results for the linear combinati
1
2 x@s(x)1 s̄(x)# ~solid circles! and 1

2 x@s(x)2 s̄(x)# ~open
circles!. The unphysical nature of the solution is demo
strated by the fact that12 x@s(x)2 s̄(x)# is larger than
1
2 x@s(x)1 s̄(x)#. We also solved the equations using the v
uesa50.83 anda851 which corresponds to using a su
sample of the di-muon data containing only neutrino even
In this case, even thesum of the strange and antistrang
distributions is negative. This is shown in Fig. 6.

Thus, our analysis strongly suggests that the remain
discrepancy betweenF2

CCFR(x,Q2) andF2
NMC(x,Q2) cannot

be completely attributed to differences between the stra
and antistrange quark distributions. In other words, assum
parton charge symmetry the two experiments are incom

c-
1-8
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EVIDENCE FOR CHARGE SYMMETRY VIOLATION IN . . . PHYSICAL REVIEW D 59 074021
ible with each other, even if the antistrange quark distrib
tion is allowed to be different from the strange distributio
~Note, that absolutelyno restrictions were placed on the a
tistrange quark distribution, aside from the condition th
since it represents a probability density, it must be n
negative.! We stress that our conclusion is quite differe
from that of Brodsky and Ma@33#, who suggested that al
lowing s(x)Þ s̄(x) could account for the difference betwee
the two determinations of the strange quark distributi
However, they treated the CCFR structure functions as
average between the neutrino and the antineutrino struc

FIG. 4. The strange quark distributionxs(x) ~open circles! and

antistrange distributionxs̄(x) ~solid circles! extracted from the
CCFR and NMC structure functions. The difference between
CCFR neutrino and NMC muon structure functions5

6 F2
CCFR

23F2
NMC @see Eq.~15!# is shown as solid triangles. The strang

quark distribution extracted by CCFR in a LO analysis@31# is
shown as solid stars, while that from a NLO analysis@26# is repre-
sented by the solid line, with a band indicating61s uncertainty in
the distribution.~Inner error band: statistical. Outer error band: s
tistical and systematic added in quadrature.!

FIG. 5. 1
2 x@s(x)1 s̄(x)# ~solid circles! and 1

2 x@s(x)2 s̄(x)#
~open circles! as extracted from the CCFR and NMC structure fun
tions and from the dimuon production data. See Fig. 4 for the d
nition of the other quantities. The strange quark distribution
tracted by the CCFR Collaboration is shown as a solid line wit
band indicating61s uncertainty.
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function which corresponds to settinga50.5.
At this point there are two possibilities to explain the low

x discrepancy observed between the CCFR neutrino and
NMC muon structure functions. Either one of the experime
tal structure functions~or the strange quark distributions! is
incorrect at lowx, or parton charge symmetry is violated
this region, since we have shown that neither neutrino sh
owing corrections nor an inequality between strange and
tistrange quark distributions can explain this experimen
anomaly. If we include the possibility of parton CSV, the
we can combine the dimuon data for the strange quark
tribution, Eq. ~16!, with the relation between neutrino an
muon structure functions, Eq.~15!, to obtain the relation

5

6
F2

CCFR~x,Q2!23F2
NMC~x,Q2!2xsmm~x!

5
~2a21!x

3
@s~x!2 s̄~x!#1

~325b!x

12
@dd~x!1dd̄~x!#

2
~315b!x

12
@du~x!1dū~x!#

2
5~11b!~2a21!x

12
@duv~x!2ddv~x!#. ~18!

In Eq. ~18! we have used the experimental valuea5a8, and
we have defined the valence quark CSV termsdqv(x)
[dq(x)2dq̄(x). We have neglected the effects of possib
CSV on the extraction ofs(x) from the dimuon data, or on
the identification of the structure functions from the neutri
data. This will be discussed below. Since the discrepa
between CCFR and NMC data lies primarily in the ve
smallx-region, where the valence quark distribution is mu
smaller than the sea quark, the charge symmetry viola
should be predominantly in the sea quark distributions. If
setdqv(x)'0 in this region, Eq.~18! can be written as

e

-

-
-
-
a

FIG. 6. 1
2 x@s(x)1 s̄(x)# ~solid circles! and 1

2 x@s(x)2 s̄(x)#
~open circles! as extracted from the CCFR and NMC structure fun
tions and from the dimuon production data usinga851.
1-9
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5

6
F2

CCFR~x,Q2!23F2
NMC~x,Q2!2xsmm~x!

'
~2a21!x

3
@s~x!2 s̄~x!#1

x

2
@dd̄~x!2dū~x!#

2
5bx

6
@dd̄~x!1dū~x!#. ~19!

Since b'0.06 is quite small, CSV arising from the non
isoscalar nature of the iron target can be neglected, so in
following we neglect the last term of Eq.~19!.

Using the experimental data we find that the left hand s
of Eq. ~19! is positive. Consequently, the smallest value
charge symmetry violation will be obtained if we sets̄(x)
50 @34#. In Fig. 7 we show the magnitude of charge sy
metry violation needed to satisfy the experimental values
Eq. ~19!. The open circles are obtained if we sets̄(x)50,
and the solid circles result from settings̄(x)5s(x). If we use
only the neutrino induced di-muon events~i.e. we seta8

51), the coefficient ofx@s(x)2 s̄(x)#, (5a23a821)/3, is
still positive but smaller in magnitude. Consequently, t
influence of the uncertainty ins̄(x) on the extracted CSV is
smaller. This is shown as open triangles in Fig. 7.

In obtaining these results, both the structure functions
the strange quark distribution have been integrated over
overlapping kinematic regions,F2

CCFR has been corrected fo
shadowing effects using the two phase model and we u
the CTEQ4L parametrization forsmm @35#. In Fig. 8 we show
the sensitivity of extracted CSV to the parametrization u
for smm. The uncertainty due to different parametrizatio
has been partly taken into account since the calculated e

FIG. 7. Charge symmetry violating distributionsx„dd̄(x)

2dū(x)…/2 extracted from the CCFR and NMC structure functi
data and the CCFR dimuon production data under the assum

that s(x)5 s̄(x) ~solid circles! and s̄(x)'0 ~open circles! for a8

50.83, ands(x)5 s̄(x) ~solid circles! and s̄(x)'0 ~open triangles!
for a851. ~For the latter only statistical errors are shown.! xs(x) at
Q254 GeV2 obtained by the CCFR Collaboration in a NLO anal
sis @26# is shown for comparison~solid curve, with 1s error band!.
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already include the uncertainty of the dimuon measurem
and most of the parametrizations lie within the experimen
errors of the dimuon data@except for LO-CCFRs(x)#. We
note that the magnitude of the observed charge symm
violation in the sea quark distributions is independent
whether we use a pure neutrino or antineutrino struct
function or a linear combination of neutrino and antineutri
structure functions. This is quite different from strange a
antistrange quark effects which are sensitive to the rela
weighting of neutrino and antineutrino events in the d
sample. Thus, effects due to CSV are independent of
precise value of the relative neutrino flux,a.

The CSV effect required to account for the NMC-CCF
discrepancy is extraordinarily large. It is roughly the sam
size as the strange quark distribution at smallx ~compare the
open circles in Fig. 7 with the solid line in Fig. 7!. The
charge symmetry violation necessary to provide agreem
with the experimental data is about 25% of the light s
quark distributions forx,0.1. The level of CSV required is
two to three orders of magnitude larger than the theoret
estimates of charge symmetry violation@36–39#. Note that,
if s̄(x),s(x) in this region, as suggested in Ref.@33#, we
would need an even larger CSV to account for the CCF
NMC discrepancy.

Theoretical calculations suggest thatdd̄(x)'2dū(x)
@36,37#. Since those calculations predict a much sma
CSV this conclusion is not very compelling. However, sin
charge symmetry violation seems to be surprisingly large
is reasonable to assume that these distributions have opp
signs and reinforce each other. We note that with this s
CSV effects also require large flavor symmetry violatio
One might ask whether such large CSV effects would
seen in other experiments. For example, CSV in the nucl
sea could contribute to the observed violation of the Go
fried sum rule @8,37,36# and could explain the Fermilab
Drell-Yan experiment@8#. This will be discussed in Sec. IV

on

FIG. 8. Uncertainty in the extracted parton CSV termx„dd̄(x)

2dū(x)…/2 due to the parametrization used for the dimuon data
charge symmetry violation. Open circles: LO CCFR distributio
solid circles: CTEQ4L parton distribution@35#; solid rectangles:
CTEQ4D parton distribution; solid triangles: NLO CCFR distrib
tion. Here, except for the most ‘‘critical’’ point, only statistica
errors are shown.
1-10
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Clearly, CSV effects of this magnitude need further e
perimental verification. The NuTeV-experiment at Fermil
@40# is able to operate either with pure neutrino or pure
tineutrino beams. The extracted structure functions can
used to build different linear combinations, proportional
various combinations of thedq̄’s ands-s̄. This will be useful
to separate CSV froms-s̄ effects.

At small x, our results can be summarized by

dd̄~x!2dū~x!'
1

2
„s~x!1 s̄~x!…'

1

2
S ū~x!1d̄~x!

2
D

dd̄~x!1dū~x!'0. ~20!

From Eq. ~2! we note that such a CSV effect would ha
little or no effect on theF2 structure functions of isoscala
targets, for either neutrinos or antineutrinos. The major ef
for isoscalar targets would be a significant positive contri
tion to F3

nN0(x,Q2) at smallx, and an equally large negativ

contribution toF3
n̄N0(x,Q2).

However, if CSV effects of this magnitude are rea
present at smallx, then we should include charge symmet
violating amplitudes in parton phenomenology from the o
set, and re-analyze the extraction of all parton distributio
Given the experimental valuesk52S/(U1D)'0.5, where
S, U and D are the probabilities for strange, up and dow
quarks averaged overx, and the size of CSV effects sug
gested by the preceding analysis, we would predict tha
small x, d̄n(x)'1.25ūp(x) and ūn(x)'0.75d̄p(x).

IV. EFFECTS OF PARTON CSV
ON OTHER OBSERVABLES

If there is substantial CSV, it should also effect oth
observables. In the following we review the effects whi
such large CSV terms might have on three quantities; fi
the recent search for parton ‘‘flavor symmetry violation
@FSV# by the Fermilab Drell-Yan experiment E866; secon
the extraction of the strange quark distribution; and thi
experimental determination of the Weinberg angle sin2(uW).

A. Flavor symmetry violation in the proton sea

The results of the recent Fermilab Drell-Yan experime
@7# and the comparison of the proton and neutron struc
functions measured by the NMC Collaboration@4# indicate
substantial flavor symmetry violation. However, both expe
mental observations could be attributed to charge symm
violation, as pointed out by Ma@8# ~see also@9#!. Further-
more, both CSV and FSV could be present, as suggeste
our analysis of the CCFR-NMC discrepancy. Therefore, i
important to examine the effects of CSV on the interpretat
of the Fermilab and NMC experiments.

First, we discuss the Drell-Yan experiment which me
sures the ratio of the dimuon cross sections from prot
deuteron and proton-proton scattering. Since CSV is sign
cant in the small x region, it is a reasonable firs
approximation to keep only the contributions to the Dre
07402
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Yan cross sections which come from the annihilation
quarks of the projectile and antiquarks of the target@41#. In
this approximation, the ratioR[spD/(2spp) is given by

spD

2spp
'

F11
d̄2

ū2

2
dd̄2

ū2
G1

R1

4 F11
d̄2

ū2

2
dū2

ū2
G

2S 11
R1

4

d̄2

ū2
D . ~21!

Here, we introduced the notationqj[q(xj ) for the quark
distributions (x1 is the projectilex value andx2 refers to the
target!, andR1[d1 /u1 .

For largexF , which corresponds to largex1 , the quantity
R1 is small; if we ignore it, we have the approximate res

R5
spD

2spp
'

1

2H 11
~ d̄22dd̄2!

ū2
J . ~22!

If charge symmetry is valid andd̄25ū2 , then we would have
R51. The experimental values giveR.1 at smallx2 ; from
Eq. ~22!, this could be satisfied if eitherd̄2.ū2 or dd̄2 was
large and negative. However, the value ofdd̄(x) extracted
from the existing neutrino and muon experiments, as d
cussed in the preceding section, was large and positiv
smallx. The enhancement is on the order of 25% in the sm
x region where CSV could be important.

In Fig. 9 the solid circles show the ratiod̄(x)/ū(x) ex-
tracted from the Drell-Yan experiment if we assume the
lidity of charge symmetry. The open circles in Fig. 9 sho
the result ford̄(x)/ū(x) if we include the CSV term which
was extracted from the CCFR-NMC data~this is shown in
Fig. 7!. Inclusion of parton charge symmetry violation su

FIG. 9. Solid circles: the ratiod̄(x)/ū(x) vs x, extracted from
the Drell-Yan data of FNAL experiment E866@7# assuming the
validity of charge symmetry. If CS is violated this ratio correspon

to „d̄(x)2dd̄(x)…/ū(x). The result obtained by correcting for CS

is shown as open circles. The ratiod̄(x)/ū(x) extracted from the
difference of proton and deuteron structure functions measured
the NMC group@4# is shown as solid and open triangles, witho
and with CSV, respectively.
1-11
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gested by the CCFR-NMC discrepancy plays an import
role in the extraction of the FSV ratiod̄/ū, in the regionx
,0.1. The flavor symmetry violation in the sea has to
substantially larger to overcome the CSV term which goe
the opposite direction. In particular, the ratiod̄(x)/ū(x) does
not approach 1 for smallx values.

We can invert the extracted ratio to obtain the differen

@(d̄2dd̄)2ū#

~ d̄2dd̄!2ū5
~ d̄2dd̄!/ū21

~ d̄2dd̄!/ū11
@~ d̄2dd̄!1ū#. ~23!

As a rough approximation, we could neglectdd̄ in the sum
on the right hand side of Eq.~23! and keep it in the differ-
ence betweend̄ and ū on the left hand side. Forū1d̄ one
could use a parametrization. This is exactly the way thad̄

2ū has been extracted from the Drell-Yan data, so tha
fact the extracted quantity corresponds to (d̄2dd̄)2ū if
CSV is present.

The difference,d̄2ū, can also be extracted from the di
ference between the proton and neutron structure funct
measured by the NMC Collaboration@4# using muon deep
inelastic scattering. In this case we have

1

2
„uv~x!2dv~x!…2

3

2x
„F2

p~x!2F2
n~x!…

5„d̄~x!2ū~x!…2
2

3
„dd~x!1dd̄~x!…

2
1

6
„du~x!1dū~x!…. ~24!

We can make the approximationsdq(x)'dq̄(x) and
dd̄(x)'2dū(x) ~the latter may not be a good approxim
tion since we have FSV!, and obtain

1

2
„uv~x!2dv~x!…2

3

2x
„F2

p~x!2F2
n
…~x!

'@„d̄~x!2dd̄~x!…2ū~x!#. ~25!

Comparing this with Eq.~23! we see that, in a first approxi
mation, the quantities extracted from the two experiments
the same even if both CSV and FSV are present. Howeve
CSV is present, the termdd̄ has to be subtracted from th
measured quantity to obtain the differenced̄2ū.

We inverted Eq.~25! by dividing both sides byd̄2dd̄

1ū[ū(r 211), approximatingd̄2dd̄1ū on the left hand
side of Eq.~25! by a parametrization ofd̄1ū and solving for
r 25d̄(x2)/ū(x2). The structure functions and the parton d
tribution are integrated for each data point over the sameQ2

regions as in the analysis of the charge ratio. The resu
shown in Fig. 9 as solid triangles. If we subtract the con
bution of CSV from the ratior 2 we obtain the result shown
as open triangles in Fig. 9. We see that charge symm
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violation, as suggested by the CCFR-NMC discrepancy, c
siderably enhances the FSV ratiod̄/ū in the regionx,0.1.

It is interesting to investigate the influence of CSV on t
Gottfried sum rule. If both CSV and FSV are present t
Gottfried sum rule can be expressed as

SG5
1

3
2

2

3E0

1

dx@ d̄~x!2ū~x!#1
2

9E0

1

dx@4dd̄~x!1dū~x!#.

~26!

Now, if dd̄(x)'2dū(x) we have

SG5
1

3
2

2

3E0

1

dx$@ d̄~x!2dd̄~x!#2ū~x!%, ~27!

so that, although the CSV suggested by the CCFR exp
ment does influence the magnitude of the extracted FSV
does not change the experimental value of the Gottfried s
rule since the extracted quantities appear in exactly the s
form in the Gottfried sum rule as in the Drell-Yan and NM
experiments.

B. Extraction of strange quark distributions

The differential cross section for the production
opposite-sign dimuons, for neutrino and antineutrino de
inelastic scattering from an isoscalar target, are proportio
to the quark distributions, the CKM-matrix elements, t
fragmentation functionD(z) of the struck quark and the
weighted average of the semi-leptonic branching ratios of
charmed hadronsBc

ds~nN0→m2m1X!

dj dy dz
;$@u~j!1d~j!2du~j!#uVcdu2

12s~j!uVcsu2%D~z!Bc~c→m1X!.

~28!

For antineutrino scattering the quark distributions should
replaced by the corresponding antiquark distributions. In t
equation, j is the rescaling variable defined byj5x(1
1mc

2/Q2), with mc the mass of the produced charm qua
The CCFR Collaboration used this expression together w
the parametrization of the quark distributions extracted fr
their structure function data to determine the strange qu
distributions. The strange quark component of the quark
was allowed to have a different magnitude and shape fr
the non-strange component. These two degrees of free
were parametrized by two free parametersk anda, respec-
tively. Further, they treatedBc and the mass of the charm
quark,mc , as free parameters and performed ax2 minimi-
zation to find the four free parameters by fitting to distrib
tions of the measured number densities. We note first, t
provideddū52dd̄ @see Eqs.~2! and~20!#, charge symmetry
violation does not effect the extraction of the non-stran
parton distributions from the structure function data for sm
x-values. For an isoscalar target, these distributions can
determined quite accurately, even if charge symmetry is b
ken in the manner given by Eq.~20!. However, in extracting
the strange quark distribution, charge symmetry violat
plays an important role. The distribution extracted by t
CCFR Collaboration isnot the strange quark distribution, bu
1-12
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EVIDENCE FOR CHARGE SYMMETRY VIOLATION IN . . . PHYSICAL REVIEW D 59 074021
a linear combination of the true strange quark distribut
and the term in Eq.~28! coming from CSV. Hence, the dis
tribution measured in the experiment,sCCFR(x), is related to
the ‘‘true’’ strange quark distributions(x) by

s~x!5sCCFR~x!1
1

2

uVcdu2

uVcsu2
dū~x!. ~29!

Since uVcdu2/uVcsu2'0.05, the error one makes is rough
two percent, ifdū is of the same order of magnitude ass(x),
as the experimental data suggest.dū(x) is negative and
hence the true strange quark distribution should be sma
than that determined by CCFR neglecting charge symm
violation. Note that we have neglected all other contributio
of CSV to the extraction of any other parton distribution
and we neglect higher order corrections, which could be
able @42,43#.

C. Determination of sin2
„uW…

It might appear that the precision measurement
sin2(uW) from neutrino deep-inelastic scattering, carried o
by the CCFR Collaboration@44#, rules out the possibility of
large CSV in the parton sea distributions. Sather@38# has
previously pointed out that the measurement of sin2(uW) is
sensitive to possible CSV effects in parton distributions.

If charge symmetry is valid the ratio of the differences
neutrino and antineutrino neutral-current and charged-cur
cross sections is given by the Paschos-Wolfenstein rela
@45#

R2[
sNC

nN02sNC
n̄N0

sCC
nN02sCC

n̄N0
5

1

2
2sin2~uW!. ~30!

The CCFR Collaboration used this relation to extra
sin2(uW) and obtained the value sin2(uW)50.2255
60.0018(stat)60.0010(syst) @44# which is in very good
agreement with the standard model prediction of 0.22
60.0004 based on measured Z, W and top masses@32#. The
precision of this result puts strong constraints on CSV
parton distributions. However, since the measurement
sin2(uW) based on the Paschos-Wolfenstein relation is o
sensitive to CSV invalencequark distributions, the substan
tial charge symmetry violation in sea-quark distributio
found in this analysis does not contradict the precision m
surement of sin2(uW).

This can be seen as follows. The difference between
neutrino and antineutrino charged-current cross section

proportional to the difference betweenF2
n andF2

n̄ and to the

sum ofxF3
n andxF3

n̄ . We see that these linear combinatio
of the structure functions are only sensitive todq(x)
2dq̄(x), i.e., CSV invalencequark distributions@see Eq.
~2!#.

The neutral-current neutrino cross sections on an
scalar target, omitting second generation quark contributio
is given by
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dsNC
nN0

dx dQ2
5

GF
2

2px
$au@u~x!1d~x!2dd~x!#x

1ad@u~x!1d~x!2du~x!#x

1bu@ ū~x!1d̄~x!2dd̄~x!#x

1bd@ ū~x!1d̄~x!2dū~x!#x%. ~31!

Here, we definedaf5 l f
21r f

2(12y)2 and bf5 l f
2(12y)2

1r f
2 with f 5u,d and the couplings of the quark

to the neutral-currents are l u51/222/3 sin2(uW),
r u522/3 sin2(uW) and l d521/211/3 sin2(uW),r d
51/3 sin2(uW), respectively. The antineutrino cross secti
can be obtained by interchanging quarks with antiquarks
Eq. ~31!. We immediately see that the difference betwe
neutrino and antineutrino neutral-current cross section
only sensitive to CSV in valence quark distributions. Th
the large CSV effects in the nucleon sea quark distributio
suggested by the CCFR-NMC discrepancy, do not influe
the measurement of sin2(uW) based on the Paschos
Wolfenstein relation.

V. TEST OF PARTON CSV FROM W PRODUCTION
AT HADRON COLLIDERS

Clearly, it is important that the charge symmetry violatin
distributions,dd̄ anddū, enter with different weights in any
observable. Otherwise effects due to CSV are not mea
able. In this connection we also note that most of the m
sured physical observables are proportional to thesumrather
than thedifferenceof the charge symmetry violating quar
distributions. However,dd̄ and dū are weighted with the
charges of the quarks in electromagnetic interactions, suc
deep inelastic scattering with charged leptons and Drell-Y
processes. In fact, a comparison between charged lepton
neutrino induced structure functions was necessary to de

FIG. 10. The forward-backward asymmetry forW production,
as defined in Eq.~34!. The solid and open triangles are calculat

for As5500 GeV andAs51000 GeV, respectively. Fordd̄, the
values extracted from the comparison of the NMC and CCFR st

ture function are used. The errors are the errors ofdd̄ and do not
include the errors of theW experiment.
1-13
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CSV as we have shown in this paper. We also discussed
implications of CSV on the Drell-Yan process. In the follow
ing, we show thatW-boson production in proton deutero
collisions can also be used to test the CSV found in t
paper, if we define a suitable observable. Such measurem
r
d
ng

07402
he

s
nts

could be carried out at RHIC and LHC. Vigdor@46# origi-
nally suggested that asymmetry inW-boson production could
be used as a test of parton charge symmetry.

The cross sections forpD→W1X and pD→W2X are
given by
of
are not
etry as

ing
ds

dxF
~pD→W1X!;$u~x1!@ ū~x2!1d̄~x2!2dū~x2!#1d̄~x1!@u~x2!1d~x2!2dd~x2!#%cos2 Qc

1$u~x1!s̄~x2!1 s̄~x1!@u~x2!1d~x2!2dd~x2!#%sin2 Qc ~32!

ds

dxF
~pD→W2X!;$d~x1!@ ū~x2!1d̄~x2!2dd̄~x2!#1ū~x1!@u~x2!1d~x2!2du~x2!#%cos2 Qc

1$ū~x1!s~x2!1s~x1!@ ū~x2!1d̄~x2!2dd̄~x2!#%sin2 Qc . ~33!

We note that the Cabibbo favored terms in the sum of theW1 andW2 cross sections are invariant under the interchange
x1 and x2 , if charge symmetry is valid. However, the Cabibbo suppressed part of the sum contains terms which
invariant underx1↔x2 , even if charge symmetry is a good symmetry. Thus, if we define the forward-backward asymm

A~xF!5

S ds

dxF
D W1

~xF!1S ds

dxF
D W2

~xF!2S ds

dxF
D W1

~2xF!2S ds

dxF
D W2

~2xF!

S ds

dxF
D W1

~xF!1S ds

dxF
D W2

~xF!1S ds

dxF
D W1

~2xF!1S ds

dxF
D W2

~2xF!

, ~34!

we see that it will be proportional to charge symmetry violating terms and terms containing strange quarks. Assums(x)
5 s̄(x) the numerator of Eq.~34!, D(ds/dxF)(xF) is given by

DS ds

dxF
D ~xF!5$2@u~x1!dū~x2!1d~x1!dd̄~x2!1ū~x1!du~x2!1d̄~x1!dd~x2!# cos2 Qc

1s~x1!@d~x2!1d̄~x2!2dd~x2!2dd̄~x2!# sin2 Qc%2~x1↔x2!. ~35!
ns.
tri-
-

y,
x-
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e

In the following, we usedū'2dd̄, as suggested by ou
analysis, and note that as the charge symmetry violating
tribution is of the same order of magnitude as the stra
quark distribution, terms proportional to sin2 Qc can be ne-
glected. Further, we make the approximationsdq̄(x2)
'dq(x2) for x2<0.1 anddq̄(x1)'0 for largex1 . We then
obtain

DS ds

dxF
D ~xF!5$@u~x1!1ū~x1!2d~x1!2d̄~x1!#dd̄~x2!

1@du~x1!ū~x2!1dd~x1!d̄~x2!#%cos2 Qc .

~36!

For largexF , the forward-backward asymmetry@due to the
first term in Eq.~36!# is proportional todd̄ times the differ-
is-
e

ence between the up and down valence quark distributio
The second term is sensitive to CSV in valence quark dis
butions. However, ifdd'2du for valence quarks, as sug
gested by theoretical considerations@37#, the second term of
Eq. ~36! is approximately@ d̄(x2)2ū(x2)#dd(x1) and is only
non-zero if we have FSV. Further, ifdd(x1) is positive for
largex1 , as theoretical calculations suggest@37,38# then the
second term will contribute positively to the asymmetr
sinced̄2ū.0, so that it would enhance any asymmetry e
pected on the basis of CSV in the sea quark distributi
suggested by the NMC-CCFR data.

We calculated the expected asymmetryA(xF) for As

5500 GeV andAs51000 GeV using the values ofdd̄ ex-
tracted in Sec. II. The results are shown in Fig. 10. The e
bars represent the errors associated withdd̄ and do not in-
clude the errors of theW experiment. In the calculation, w
retained all terms in Eq.~33!. The result obtained by using
1-14
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the approximation in Eq.~36! differs only by a few percen
from the full calculation. We predict considerable asymm
tries for largexF .

VI. CONCLUSIONS

In conclusion, we have examined in detail the discrepa
at smallx between the CCFR neutrino and NMC muon stru
ture functions. Assuming that both the structure functio
and strange quark distributions have been accurately d
mined in this region, we explored the possible reasons
this discrepancy. First, we re-examined the shadowing
rections to neutrino deep inelastic scattering and conclu
that shadowing cannot account for more than half of
difference between the CCFR and NMC structure functio
Next, we compared two determinations of the strange qu
distributions: the ‘‘direct’’ method, obtained by measurin
opposite sign dimuon production from neutrino and a
tineutrino reactions, and by comparing the CCFR and NM
structure functions. The strange quark distributions extrac
by these two methods are incompatible with each other, e
if we allow the antistrange quark distribution to differ fro
the strange distribution in an unconstrained fashion.

The only way we can make these data compatible is
assuming charge symmetry violation in the sea quark dis
ys

. D

ev
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butions. The CSV amplitudes necessary to obtain agreem
with experiment are extremely large—they are of the sa
order of magnitude as the strange quark distributions,
roughly 25% the size of the nonstrange sea quark distr
tions at smallx. Such CSV contributions are surprising
large: at least two orders of magnitude greater than theo
ical predictions of charge symmetry violation. We discuss
their influence on other observables, such as the FSV r
measured recently in a proton deuteron Drell-Yan exp
ment, on the Gottfried sum rule and on the experimen
determination of the Weinberg angle sin2uW . We showed
that such large CSV effects could be tested by measu
asymmetries inW boson production at hadron colliders su
as RHIC or LHC. Such experiments could detect sea qu
CSV effects, if they were really as large as is suggested
current experiments.

ACKNOWLEDGMENTS

This work was supported in part by the Australian R
search Council. One of the authors~J.T.L.! was supported in
part by the National Science Foundation research cont
PHY-9722706. J.T.L. wishes to thank the Special Resea
Center for the Subatomic Structure of Matter for its hos
tality during the period when this research was carried o
. D

v.

f

@1# G. A. Miller, B. M. K. Nefkens, and I. Slaus, Phys. Rep.194,
1 ~1990!.

@2# E. M. Henley and G. A. Miller, inMesons in Nuclei, edited by
M. Rho and D. H. Wilkinson~North-Holland, Amsterdam,
1979!.

@3# J. T. Londergan and A. W. Thomas, inProgress in Particle
and Nuclear Physics, edited by A. Faessler~Elsevier Science,
Amsterdam, 1998!, Vol. 41, p. 49.

@4# NMC Collaboration, P. Amaudruzet al., Phys. Rev. Lett.66,
2712 ~1991!; Phys. Lett. B295, 159 ~1992!.

@5# K. Gottfried, Phys. Rev. Lett.18, 1174~1967!.
@6# NA51 Collaboration, A. Balditet al., Phys. Lett. B332, 244

~1994!.
@7# E866 Collaboration, E. A. Hawkeret al., Phys. Rev. Lett.80,

3715 ~1998!.
@8# B. Q. Ma, Phys. Lett. B274, 433 ~1992!; B. Q. Ma, A. W.
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