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Charge symmetry breaking in the valence quark distributions of the nucleon
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Using a quark model, we study the effect of charge symmetry breaking on the valence quark distributions of
the nucleon. The effect due to quark mass differences and the Coulomb interaction of the electrically charged
quarks is calculated and, in contrast to recent claims, found to be small. In addition, we investigate the effect
of charge symmetry breaking in the confining interaction, and in the perturbative evolution equations used to
relate the quark model distributions to experiment. We find that both these effects are small, and that the strong
charge symmetry breaking effect included in the scalar confining interactions may be distinguishable from that
generated by quark mass differende®0556-28187)03101-4

PACS numbeps): 24.85+p, 11.30.Hv, 12.39.Pn, 14.20.Dh

[. INTRODUCTION butions due to the breaking of charge symmetry by quark
The studv of ch i d its breaking is al asses, and by Coulomb effects is calculated for both the
€ sludy of charge symmetry and Its breaking IS a mosEinoriw and majority quark distributions in the nucleon. The

as Ol,d as nuclear physics itself. From the earliest days O&tfect of the difference between the neutron and proton mass
isospin[1], to modern attempts to understand small effects iNg 555 discussed and, after concluding that it contains no
the nucleon-nucleon interacti¢8], the study of this symme- v sics, discarded. The fourth section is devoted to a discus-
try has provided a rare window into the nonperturbative dy-sion of the possibility of charge symmetry breaking in the
namics of low energy hadronic phenomena. The interactiongonfining interaction itself, and the possibility that such ef-
responsible for charge symmetry breaki@sB) are largely  fects may be distinguishable from ordinary quark mass ef-
understood and relatively weak, so that the study of CSBects on the valence distributions, while in the fifth we cal-
provides a sensitive filter with which to test the hadronicculate the charge symmetry breaking effect due to the
wave functions of nuclei and nucleons. In the case of QCDperturbative evolution of the valence distributions that is re-
where the interactions that bind quarks into hadrons are onlyjuired if the quark model is to make contact with high en-
understood schematically and the theoretical landscape gy data. The final section compares our results to those of
cluttered with different phenomenological models, suchrefs.[5] and[6], and discusses the prospects for measuring

probes may prove especially valuable. CSB in the valence distributions directly.
In this paper, we study the effect of the breaking of charge

symr_netry on the _valen_ce_ quark distributions of the nugleon. Il. VALENCE QUARK DISTRIBUTIONS
Our interest in this topic is generated by _the observation of |\ THE LOS ALAMOS MODEL POTENTIAL (LAMP )
unexpected effects in both the 483 and spin-dependei4]
guark distributions of the nucleon, and by the possibility that Quark models were originally constructed to provide a
large CSB effects in the valence distributions of the nucleordescription of low energy hadronic data using only effective
may play a non-negligible role in the extraction of gl  interactions between valence quarks. In order to make sen-
from v—N data[5]. Recent calculations have claimed that sible calculations of valence quark distributions, the stark
charge symmetry breaking may be greatly enhanced by kisimplicity of quark models must be reconciled with the
nematic effects associated with diquarks in the nucleon wavtcher vision afforded by data from higher energies, where
function[6], and that the resulting CSB may be large enoughucleons are composed not only of valence quarks, but also
to be observed directly. Our calculations provide an impor-of sea quarks and gluons. Remarkably, these two very dif-
tant check on the model dependence of these results, as wéglrent pictures may be accomodated by QCD via the renor-
as investigating several sources of CSB not considered imalization group[7]. Quark models may be interpreted as
Ref.[6]. representations of QCD at an intermediate renormalization
The paper is structured as follows. In Sec. Il, the methodscale,,uéM, large enough so that the quark substructure of
we use to extract quark distributions from quark models ishe nucleon is revealed, but small enough that the sea quarks
reviewed, with particular emphasis on those details of theand glue are almost entirely absorbed by a redefinition of the
calculation that will be affected by charge symmetry break-valence quarks. Parton distributions at this intermediate scale
ing. In the next section, the shift in the valence quark distri-may be calculated in terms of the quark model, and then
evolved to higher energies using perturbative Q[&pand
compared to data.

*Present address: Nuclear Theory Center, Indiana University, The first step in this procedure is to calculate the quark

Bloomington, IN 47408. distributions at the quark model scale. For unpolarized scat-
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tering, the relevant matrix elements are given[8y V(r)=pBk(r—ro) (4)

1 ot e T with parameter&=0.9 GeV andr,=0.57 fm chosen to re-
) = —eld ¢ (ENVT 0
gi(X) 47Tf d¢"e (NIi(€) 7" i(O)IN) e produce the average nucleon-delta mass, and a Dirac
gamma matrix. We further assume that the funce(r) is

_ 1 e P B a constanf13], and unless otherwise noted, quarks are taken
G0=- 5= | dE e NBO Y U(EINe, o be massless

D
whereq® = — Mx/\2 (with x=Xgj the Bjorken scaling vari-

able, ¢;(;) are field operators for quarks of flaviary* is
a Dirac gamma matrix, and the subscript LC indicates a ligh

IIl. CHARGE SYMMETRY BREAKING

As we have already noted, the sources of charge symme-
fry breaking are light quark mass differences and the electro-
i, .z magnetic interaction. CSB effects may be manifested either
cone condition org, namely thag™ =¢, =0. directly, as a result of explicit mass or interaction terms in

For a given model, valence quark d|s§r|put|0ns can bepq quark model Hamiltonian, or indirectly as a result of
obtained via a number of different prescriptions that haveyiying hetween the symmetry violating terms and the strong
arisen in the literaturg9—11]. The approach we adopt €on- jnteraction. In this section, we calculate the direct terms, de-
sists of a straightforward evaluation of the matrix elementseing discussion of the numerically smaller mixed interac-
of Eq. (1) in a Peierls-Yoccoz projected momentum eigen-,ns for later.
state, assuming that the time dependence of the field operator p; {he partonic level, charge symmetry predicts that the
is dominated.by the lowest eig_envalue of the Dirac equatiorEj quark distribution in the proton is equal to thiequark
used to obtain the wave functions of the struck quark. Theyisyiption in the neutron, with a corresponding prediction
details of this procedure are described in R8Y, where the ¢, he 4 distribution. A measure of the extent to which the

valence quark distributions are shown to be given by symmetry is broken is given by the ratios
. MxN; o
XG0 =—; : (“ dei(k)<ti20(k)+ti21(k) RmajB(X)ZZ[UWX)—dU(x)]
! ST TUR00 + i T,

k_
+2Tti0(k)til(k)

+[kﬂk+]], 2 . 2[dP(x)—ul(x
R ) L9000~ U
[dY(X)+uy(x)], ©)
where
whereu(d)5™(x) denotes the upown) valence quark dis-
Gi(k):f rdrsinkr A (r)Ao(rEB(T), tribution in the protofneutron.
A. CSB in quark wave functions

V:j r2drA;(r)Ag(r)Ag(r)EB(r), The simplest mechanism for altering the shape of the va-
lence distributions of the nucleon in E@) is to change the
model wave functions for the struck and spectator quarks.

t,o(k)= f r2drjo(kruy(r), Since these wave functions are generated by solving a Dirac
equation in the mean confining field of the other quarks,
direct CSB effects may be included without additional as-
sumption by including appropriate terms in the Dirac Hamil-
tonian.
We have recalculated the valence quark wave functions
assuming quark masseg,= 4 MeV andmy= 8 MeV [14].
Aa(r):J d32¢5a(z—r)¢0a(r), &) In Figs. 1 and 2, the CSB ratios produced by these wave
functions are indicated by the dashed curves. For minority
with ¢,(r) the ground state valence quark wave functionguarks, the ratio starts small and rises#®.5% at largex,

for a quark of flavora, with upper and lower compo- while the majority quark ratio rises more slowly, but is still

nents u,(r) and io-rvy (r)/ir, ki=w;=MXx, with o; positive. The fact that these ratios are of the same sign and

the ground state struck quark energy eigenvaluecomparable in magnitude may be understood, since, when

EB(r)=(EB,Rcu=Tr|EB,Rcy=0) is the overlap function the struck quark is a majority quark, the two spectators are in

for two “empty bags” separated by a distancewhich ac- a charge symmetric state. The only change is due to the

counts for the dynamics of the confining degrees of freedomchange in the valence quark wave function. When a minority

Finally, the subscriptsl ands2 denote the flavor of the two quark is struck, the change in the wave function of the struck

spectator valence quarks that make up the nucleon. quark is compensated for by the change in the wave func-

All calculations described in this paper are carried outtions of the two spectators, which alter the momentum pro-
using the Los Alamos Model Potentigdl AMP) [12], in  jection factorG;(k) in Eq. (1), and are of opposite sign and
which valence quarks are confined by a linear potential ofoughly twice as large as the effect produced by the struck
the form quark wave function.

tal<k>=f 2drjp(kn)vo(r),
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In addition, we have calculated the effect of the Coulombthe Coulomb correction is much smaller than 1%. Magnetic
interaction between the charged quarks using a mean fielcbrrections have not been calculated explicitly, but since
approximation for the electric potential between a quark ofthey are similar in structure to the color magnetic corrections
chargeqg and the other valence quarks, given by responsible for breaking S¥) symmetry in the quark distri-

£ , butions[9], yet are suppressed relative to those corrections
Veo ()= aq(Q _q)f & @'(r")(r’) © by both the smaliness of the electromagnetic coupling con-
Coul N [r=r'| stant and by color S(3) factors, their effect should also be
very small.

where Qy is the charge of the nucleon being studied. The

CSB contribution generated by the Coulomb effect on the . . .

quark wave functions is shown by the dot-dashed curves in B. CSB in the Dirac eigenvalue

Figs. 1 and 2. Again, the CSB effect produced by perturbing Along with the wave functions, solution of Dirac equation
the wave functions is significantly smaller for the minority provides an energy eigenvalue which determines the time
quark distributions. In this instance, the change in the wavelependence of the lowest mode of the confined quark field.
function due to the Coulomb force is, to first orderanthe  This energy is just that required to break the bonds which tie
same for either minority quark. Even for the majority quarks,the struck quark to the spectators, and as such is sensitive to
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FIG. 3. Comparison of charge symmetry
breaking produced by quark mass differences
with that induced by mixing of the electromag-
netic and confining interactions.
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the nature of the interactions that bind the quarks togethefunction is extracted from the raw data, it not clear what
Since the dependence of the quark distribution functions omvould be learned by comparing the probability of finding
this eigenvalue has the same functional form regardless afuarks in the proton at one momentum to that in the neutron
whether the changes in the eigenvalue are produced by quask a slightly different momenturm.Hence, we assert that
mass effects or Coulomb interactions, we have simply takethere is no CSB effect in the parton distributions due to the
the changes in the eigenvalues produced by the Hamiltoniameutron-proton mass differen¢#5].

changes already described and added them together. For the

proton the quark eigenvalues were shifted from the value for IV. CSB IN THE CONFINING INTERACTION

massless quark$361.8 Me\} to w,=364.2 MeV and . . ) ) o
wg=365.0 MeV. The corresponding values for the neutron 1he existence of CSB interactions induced by mixing the
are w,=363.0 MeV andwy=365.6 MeV. The CSB ratios electromagnetic gnd strong couplings was first pointed out in
obtained using these eigenvalues, and massless quark wagg'- [16], where it was argued that the quark-gluon vertex
functions, are shown by the solid lines in Figs. 1 and 2. AtPicks up a charge asymmetric contribution from photon
large x, these shifts produce CSB effects on the order ofoops[16]. Since the (_:onflnlng potential must, at some level,
2-3%, which, may be understood from Ed) as the frac- be cgmposeq of.mulfuple gluon exchgngéi], the gxuste_nce
tional shift in the quark eigenvalue enhanced by the slope off this coupling implies that the confining potential will not
the unperturbed quark distributiofThis is the closest analog P€ charge symmetric. Unfortunately, since the confining po-

to the diquark mass shift of Ref6], and correspondingly tential is a Lorentz scalar, the CSB contribution to the energy
produces the largest effext. ’ of light quark hadrons is indistinguishable from the effect of

quark mass differences.

In this section, we examine the possibility of distinguish-
ing CSB in the confining potential from quark mass effects

The results of changing the nucleon mass parameter ajpy looking at the relative contribution of each to CSB in the
pearing in Eq.(1) to reflect the difference in mass of the valence quark distribution. Since there is, at present, no
proton and neutron is shown by the dotted curves in Figs. Ineans to calculate the confining potential, nor its correction
and 2. Like the quark eigenvalue, the effect of changing thejue to charge symmetry violation, we proceed to model the
nucleon mass parameter is enhanced, at lagge by the  effect by altering the string tension parameter used in the
slope of the unperturbed quark distribution function. LAMP model potential. Furthermore, since the relative nor-

This effect, however, will not be present if the data is malization of the two effects is unknown, we proceed by
analyzed in the conventional manner because the nuclearbitrarily normalizing the shift in the string tension such that
mass appears not only as an explicit parameter ifBgbut it produces the same first order shift in the quark eigenvalue
is also implicit in the definition ofxg; (in deep inelastic as the corresponding quark mass. The wave functions that
leptoproduction, for exampIaszQZ/ZM nudo in the target  result from this change are then used in En.to produce
rest fram¢. In fact, the combinatioM ,,xg;, wWhich is all  the the charge symmetry breaking ratios shown in Fig. 3.
that appears in Eq2) for xq(x), is completely independent The solid and short-dashed curves indicate the CSB ratios for
of M. This is in accord with what one would expect in a majority and minority quarks produced/ @ 4 MeV quark
light cone formalism, wherd®™" is a kinematical variable, mass difference, while the long-dashed and dot-dashed
and therefore immune to the dynamical effects which violatecurves are the same ratios produced by the change in the
charge symmetry(While it is certainly possible to alter the string tension. Significantly, the CSB produced by the
usual analysis by rescalings; once the neutron structure change in the string tension has the opposite sign to that

C. Proton-neutron mass difference
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produced by quark mass differences, opening the possibilitoth the CSB pieces of the valence quark distributions and
that the two effects may be distinguished from one anothethe symmetric distributions from a low quark model scale,
by precise measurement of CSB in the valence quark distritaken to be 0.5 Ge¥, to 10 Ge\? [8]. For both majority and
butions. minority quarks the evolution has only a small effect on the
CSB ratios, shifting the curves to lowand slightly increas-
V. EVOLUTION ing the magnitude of the ratio.
Also shown in Figs. 4 and 5 is the contribution to the CSB
Having separated out the CSB effects at a low momentuniatio provided by charge symmetry breaking effects gener-
scale, we must now evolve to higd® so that a comparison ated when a quark splits into a quark and a phdfs]. To
with data is possible. Two issues arise: First, does the pefeading order inx, the structure of the QED and QCD con-
turbative evolution erase the CSB effects we have calculatedributions to the evolution differ only by constant factors,
and secondly, how large are the CSB effects in the evolutiomnd the effect of including the photon diagram is to slightly
itself? speed up the rate at which the valence distributions evolve.
In Figs. 4 and 5, we show the results obtained by evolvingSince the coupling of the photon is charge asymmetric, this

Minority Quark Ratio
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FIG. 5. Charge symmetry ratio for minority
(valence quarks in the nucleon at a scale of 10
GeV?. The sum of all contributions is shown by
the solid line, while the other lines are described
in the text.
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means that the distribution evolves slightly faster than the Since the minority quark distribution is suppressed at large
d distribution. As shown in the figures, this effect is larger xg; by SU6) symmetry breaking effec{0], the ratio is less
than the effect of Coulomb repulsion in the quark wave func-sensitive to thefractionally) larger charge symmetry break-

tions, but is nonetheless still quite small. ing in the minority distribution, which is the major difference
between the models. While it is possible to isolate the mi-
VI. COMPARISON AND EXPERIMENTAL PROSPECTS nority distribution by comparingr™ —p and 7~ —D Drell-

Yan cross sectiond 9], the systematic errors associated with

In Ref.[6], the effect of charge symmetry violation on the o .
valence quark distributions was calculated via the introduc:bearn normalizations and the deuteron EMC effect will make

tion of an intermediate state diquark. The resulting two-bod))t_d'ﬁ'cylt tq unambiguously separate the small effects pre-
kinematics produces an additional enhancement of the cSicted in this work. _ _ _
effect produced by small changes in the diquark mass, result- Regardless of the result, the information provided by
ing in a 5—10 % CSB ratio for minority quarks in the rangethese experiments will provide new insights into the soft
0.5<x< 0.7, roughly twice the size of our result. For major- dynamics of quarks in the nucleon, and possibly a means to
ity quarks, the two calculations are comparable. In Rgf.  distinguish experimentally between CSB generated by quark
using a model independent approach, Sather obtains slightijass differences and the mixing of the strong and electro-
smaller ratios for the majority quarks than in this work, andmagnetic interactions.
similar results for the minority quarks. Generally, each of
these calculations predict larger CSB effects in the minority
guark distributions than in the majority distributions. ACKNOWLEDGMENTS
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