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Symmetry breaking and quark-hadron duality in structure functions
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We identify conditions under which a summation over nucleon resonances can yield, via quark-hadron
duality, parton model results for electromagnetic and neutrino structure functions at.l8vgée a summation
over the lowest even and odd parity multiplets is sufficient to achieve duality in the symmetric quark model,
a suppression of transitions to specific final states is required for more realistic cases incorporéfing SU
breaking. We outline several scenarios consistent with duality, discuss their implications for th&%igh
behavior of transition form factors, and illustrate how they can expose the patterns in the flavor-spin depen-
dence of interquark forces.
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[. INTRODUCTION dependent structure functions, in particular, the workings of
duality are more intricate, as the difference of cross sections
The relation between resonances and deep inelastic strugo longer needs to be positive. An example is the contribu-
ture functions has been the subject of considerable intere§on of the A resonance to thg; structure function of the
recently. This has been partly prompted by recent highProton, which is large and negative at I&@¥¢, but may be-
precision data from Jefferson Ldb] on the unpolarized,  come positive at highe®?. _
structure function of the proton in the resonance region, Early work within the SW6) symmetric quark model
which showed a striking similarity, when averaged over resol’—9 showed how thze ratios of various deep inelastic struc-
nances, to the structure function measured at much highdyre functions ak=Q%2M»~1/3, both spin dependent and
energies in the deep inelastic region. This phenomenon Wd%dependent, could be dual to a sum ob€r resonances in
first observed some time ago by Bloom and Gilmiahwho 1€ SU(?’DZSQ. ang 70 rre]pre.sen(tjatlo_ﬁlsa W'tg the emer-
found that when integrated over the mass of the inclusive?jenced0 precision data, showing detailed and interesting
hadronic final stateyV, the scaling structure function at high ependence as— 1, various questions arise.
Q?, F3*"9 smoothly averages that measured in the regiori) ~ How do changes in ratios as- 1 relate to the pattern

dominated by low-lying resonances;*®, E)f I\;* resonances identified in the quark model
7-91?
. (i)  Are certain familiedspin-flavor correlationsof reso-
f dWFSXp(WZ:Qz):f dWREMWAQY). (1) nances required to die out at larg¥ in order to
maintain duality? If so, can electroproduction of spe-
The integrand on the left-hand side of Ed) represents the cific examples of such resonances test this?
structure function in the resonance region at IQ#% while (i) Can such a program reveal the flavor-spin dependence
that on the right-hand side corresponds to the scaling func- of short distance forces in the QCD bound state?

tion, measured in the deep inelastic region at h@gfh The

latter is described by leading twist, perturbative QCD, as an | € am of this paper is to make a first orientation to-
incoherent sum over quark flavoise? ; the former involves wards answering such questions. Quark models basgd on

o b SU(6) spin-flavor symmetry provide benchmark descriptions
coherent excitation of resonances.

Global duality | id 1o hold after i . " of baryon spectra, as well as transitions to excX&dstates.
obal duality Is said to hold after integration over To allow the origins of duality to remain manifest throughout

in Eq. (1). This equality can be related to the suppression of, giscussion, we shall restrict ourselves to the framework
higher twist contributions to moments of the structure func-of the quark model, but consider the effects of(6lbreak-
tion [3], in which the total moment becomes dominated byijng explicitly. Such models serve as convenient laboratories
the leading twist £Q? independent component at some for examining the generality of the quark-hadron duality
lower value ofQ?. Information on all coherent interaction phenomenon in more realistic scenarios than in earlier dis-
dynamics is subsequently lost. A more local form of dualitycussions. The duality between the simplest(®Uguark-

is also observedl], in which the equality in Eq(1) holds  parton model result§10] for ratios of structure functions
for restricted regions ofV integration—specifically, for the with sums over thes6™ and 70° coherentN* excitations
three prominent resonance regiondét1.8 GeV. The du- was described in Ref§7,8,11. An essential feature of those
ality between the resonance and scaling structure functions enalyses was that $6) was exact and that exotics in the
also being investigated in other structure functions, such aschannel were suppressed. In a global sense such results are
the longitudinal structure functiofd], and spin-dependent self-consistent: the absencetafthannel exotics equates with
structure functions of the proton and neutfér6]. For spin-  an absence of y—qqaq couplings, and hence, in effect, to
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critical questions which now need to be addressed.

(i) Can duality survive locally irx, and what do the ob-
served variations i require ofN* excitations if du-
ality is to survive?

(i)  What familieg[spin-flavor correlations, or S6) mul-
tiplets] are suppressed as—1, or equivalentlyQ?

— o0, for duality to hold?

(i) Does the excitation of low-lying prominemt* reso-
nances, belonging to such families, exhibit such be-
havior?

If the x—1 systematics foN* families are not matched
by specificN— N* transition form factors as a function of
Q?, then duality fails. If, however, they do match, then this
can expose the patterns in the flavor-spin dependence of in-
terquark forces.

In this paper we explore the question of whether quark-
hadron duality exists in structure functions for the more re-
alistic scenario in which S(#) is explicitly broken. We focus
on both electromagnetic and neutrino scattering. While most
of the phenomenological information comes from electron
scattering, neutrino-induced reactions provide an important
consistency check on the derived duality relations, and pre-
dictions for neutrino structure function ratios can be tested
once high-intensity neutrino beams become availlbi.
After reviewing the symmetric S@8) quark model results for
structure functions in Sec. Il, we identify in Sec. Ill the nec-
\ essary patterns oN—N* suppression in order to obtain

structure functions which are compatible with data and ex-
(b) pectations from harq scattering at I_angand higheer. In

the process we derive duality relations for various structure
function ratios, in which the breaking of $8) symmetry is

FIG. 1. (a) Leading twist structure function, with photons cou- parametrized in terms ofdependent mixing angles. Fixing
pling to the same quark(b) higher twist contributions involving  the mixing angles by the unpolarized neutron to proton struc-
coupling to different quarks in the nucleon. ture function ratio data then allows us to make explicit pre-

dictions for thex dependence of polarization asymmetries for
the presence only of incoherent diagrams where the photontee proton and neutron, under various symmetry breaking
couple to the same quarkg— yq [see Fig. 13)]. scenarios. Experimental signatures for the corresponiling

Although thes-channel sum was shown to be dual for —N* suppressions are discussed in Sec. IV, and conclusions
ratios of incoherent quantitigg—9], this alone did not ex- and ideas for future developments summarized in Sec. V.
plain why (or if) any individual sum over states scaled. Re-
cently, the transition from resonances to scaling has been
explored in microscopic models at the quark level. The phe-
nomenological quark model duality of Ref§—9] was re- The SU6) spin-flavor symmetric quark model serves as a
cently shown[12] to arise in a simple model of spinless useful basis in which one may visualize both the principles
constituents. A model in which the hadron consisted of aunderpinning the phenomenon of quark-hadron duality and
pointlike scalar “quark” bound to an infinitely massive core at the same time provide a reasonably close contact with
by a harmonic oscillator potential was udd@] to explicity ~ phenomenology. Following earlier work in Refs.
demonstrate how a sum over infinitely narrow resonanceg7-9,11,16, it was shown by Close and Isg{it2] that the
can lead to a structure function which scales in @fe— structure function ratios of the symmetric quark model can
limit. These ideas have been further developgd] to give  be obtained by summing over appropriate sets of baryon
an increasingly solid model underpinning of this phenom-resonances. Higher twist effects, which give rise to violations
enological duality. of duality through nondiagonal quark transitions, such as in

Since the original quark model predictions were made irthe “cat’s ears” diagram in Fig. (b), can be shown to cancel
the 1970s, the quantity and quality of structure function datan a small energy range appropriate for summing over neigh-
have improved dramatically. We now know, for instance, thatboring odd and even parity states. In the(6lUjuark model
in some regions ok SU(6) symmetry is badly broken, with this corresponds to summing over states in 56¢& (L=0)
the strongest deviations from the naive (BUexpectations and 70° (L=1) multiplets, with each representation
being prevalent at large values »f The new data will set weighted equally. The spin-averaged transvétsestructure
challenges for theories of quark-hadron duality. There ardunction, for instance, in this framework is given by the sum

II. DUALITY AND THE QUARK MODEL
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TABLE |. Relative strengths of electromagnetit—N* transitions in the S(6) quark model. The
coefficients\ andp denote the relative strengths of the symmetric and antisymmetric contributions of the
SU(6) ground state wave function. The 8) limit corresponds to\ = p.

SU(6) representation  28[56" ] 410/56"] 28[707] 4g[707] 210070 ] Total
Fp 9p? 8\ 9p? 0 A2 18p2+9\?
F! (3p+\)2/4 8\? (3p—\)%/4 4)\? A2 (9p%+ 27\ /2
gb 9p? —4\? 9p? 0 A2 18p2—3\2
gt (Bp+N)24  —4N?  (Bp—N)4  —2\? A2 (9p?—9N\?)/2

of squares of form factors;_.r(q?), describing the transi- and neutron. For _generality,_ we separate the contributions
tions from the nucleon to excited stat@s from the symmetric and antisymmetric components of the

ground state nucleon wave function, with strengthandp,
- - respectively. The S(®) limit corresponds to\=p. The co-
2 2\12
Fi(v,q )“; [Fn—r(0%)[*6(Er—En—»), (2) efficients in Table | assume equal weights for & and
70" multiplets[7]. Similarly, neutrino-induced transitions to
where Ey and Ex are the energies of the ground state andexcited states can be evaluaf@jl and the relative strengths
excited state, respectively. In terms of photoabsorption crosgre displayed in Table Il for the proton and neutron. Because
sections(or W boson absorption cross sections for neutrinoof charge conservation, only transitions to decufigispin-
scattering, the F, structure function is proportional to the ) States from the proton are allowe@ote that the overall
SUM Typ+ g, With o3z the cross section for total normalizations of the electromagnetic and neutrino matrix
boson-nucleon helicity 1/23/2). The spin-dependeng, ~ €lements in Tables | and Il are arbitrary. = B
structure function, on the other hand, corresponds to the dif- Summing over the full set of states in tbé" and 70
ferenceo,— aap. multiplets leads to definite predictions for neutron and proton
Resonance excitation and deep inelastic scattering in gerdiructure function ratios,
eral involve both electric and magnetic multipoles. Excita-

tion in a given partial wave &?=0 involves a complicated RWP—_* 3)
mix of these. However, a@? grows one expects the mag- FY

netic multipole to dominate over the electric, even @y

~0.5 GeV in specific modelg7,11]. Furthermore, recent FiP

phenomenological analyses of electromagnetic excitations of RY=—, (4)
negative parity resonances suggest that for the prominent F1

D (5 resonance the ratio of helicity-1/2 to helicity-3/2 ampli- . :

tudes is consistent with zero beyor@?~2 Ge\? [17], and polarization asymmetries,

which corresponds to magnetic dominance. This dominance QT

of magnetic, or spin flip, interactions at largg? for N* A?:E’ 5)
excitation matches the dominance of such spin flip in deep 1

inelastic scattering. For instance, the polarization asymmetry N

A,=g,/F, is positive at largeQ?, whereash,<0 if electric AN 91 ©6)
interactions were prominefd8]. Thus in the present analy- 1 FIN’

sis we assume that the interaction with the quark is domi-
nated by the magnetic coupling. In this approximationfhe  for N=p or n. In particular, for\=p one finds the classic
andF, structure functions are simply related by the Callan-Su(6) quark-parton model resulfd9]:
Gross relationfF,=2xF,, independent of the specific mod-
els we use for the structure functions themselves. np_2 b2 N

The relative photoproduction strengths of the transitions R 3 A1_§' A1=0 [SU6)], @)
from the ground state to tie6" and70™ are summarized in

Table | for theF; and g, structure functions of the proton for electromagnetic scattering, and

TABLE Il. As in Table I, but for neutrino-inducetl — N* transitions.

SU(6) representation  28[56" ] 410[56"] 28[707] 4g[707] 210707 ] Total
FiP 0 24\? 0 0 3?2 27\?
Fin (9p+\)%/4 8n? (9p—\)%/4 4\? A2 (81p%+27\?)/2
giP 0 —12\? 0 0 3?2 —O\?
gi" (9p+N)214  —4N%  (9p—N)24  —2)\? A2 (81p%2—9\?)/2
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TABLE lII. Structure function ratios from quark-hadron duality in & and in various S(6) breaking
scenarios, as described in the text. Note that the “N&” and “No 2#10” scenarios are not consistent with
quark-hadron duality.

Model SI(9) No 410 No 210, 410 No S, No o3, No o,
R"P 2/3 10/19 1/2 6/19 3/7 1/4
Ap 5/9 1 1 1 1 1
A7 0 2/5 1/3 1 1 1
R” 1/2 3/46 0 1/14 1/5 0
AP -1/3 1 1 -1/3
A" 2/3 20/23 13/15 1 1 1

1 . observed to be much softer than thdor x=0.5[19-27,
R'=5, Af=-3, Al'=z [SU6)], (8 leading toF}/F§<2/3 at largex. Also, on the basis of helic-

ity conservatio23,24], one expects that the proton and neu-
for neutrino scattering, which correspondutes 2d and Au tron polarization asymmetries, for both electromagnetic and
— —4Ad. The quark level results are easily deduced by conneutrino scatteringA),A{"—1 asx—1, in dramatic con-
sidering the wave function of a proton in the &Y limit, trast to the SB) expectations, especially for the neutron,
polarized in the+z direction[19]: whereA7=0 andA]"=—1/3.
In this section we examine the conditions under which
1 1 1 combinations of resonances can reproduce, via quark-hadron
lph)= 7|UT(ud)0)+ \/——|UT(Ud)1>— §|Ui(Ud)1> duality, the behavior of structure functions in the largee-
2 18 gion where SW6) breaking effects are most prominent. At
1 2 the quark level, explicit S{6) breaking mechanisms produce
- §|dT(uu)l)—?|di(uu)1), (9)  different weightings of components of the initial state wave
function, Eq.(9), which in turn induces different depen-

where the subscript 0 or 1 denotes the total spin of the tWOdences for the spin and flavor distributions. On the other

- . o *
quark component. The neutron wave function is obtaine(Pand.’ at the hadronic level %6) b_reakmg n _theN—>N o
from Eq.(9) by interchangingi—d. In this limit, apart from matrix elements leads to suppression of transitions to specific

charge and flavor quantum numbers, thandd quarks in resonances in the final state, while starting from a symmetric

the proton are identical. and. in particular. have the same SU(6) initial state wave function. Thus if we admit breaking
P ' » In p ' .~ of the SUB) symmetry, then for duality to be manifest the

and leading order parton distributions are given in the Ap_?)attern of symmetry breaking in the initial state has to match

pendix. The various structure function ratios in the (§U that in the final sta_te. .
) . . , Note that for a fixedV=Mpg of a given resonancR, the
quark model are listed in the first column of Table III.

One should point out that these results arise in an idegc>onance peak moves to largewith increasingQ”, since

world of SU6) symmetry where the members of5&* or at the reioname peak one ha%XREQZ/(Mé_MZJFQ.Z)'
70" are each degenerate, with comm@A dependent form At low Q“, the prominent resonances are spread outand

factors. Reality is not like that. In the quark model the usuaf® nNecessary conditiqn for duality involves inte%rating over a
assignments of the excited states have the nucleon an@nge ofx corresponding =2 GeV. At largeQ” for fixed

P.4(1232) A isobar belonging to the quark spin-28 and x one has larg&V and hence a dense population of overlap-

quark spini 410 representations 6", respectively, while pIng coherent resonance states. In such a circumstance _dual—
ity can become locally satisfied. In turn this kinematics

for the odd parity states thé8 representation contains the ; .
states Sy,(1535) and D,4(1520), the “8 contains the means that if a given resonancexat 1/3 appears at rela-

. 2 . .
Sy4(1650), D 15(1700), andD(1675), while the isospis- tively low Q“, thex~1 behavior of the resonance contribu-
statesSy,(1620) andDss(1700) belong to thé10 represen- tion to the structure function will kZJe determined by tNe
tation. One purpose of this paper will be to investigate the_>R transition form factor at Iarg@ L .
systematics of such SB) breaking which split energy lev- we sh_a_ll look therefore for_dlfferer(D . dependence_s n
els, give differentQ? dependence to form factors, distort the the transition form factors to different spin-flavor multiplets,

u andd flavors and spin distributions, and affect tke>1 and study their im'p'lications fac—1 in the sum. Thgn we
behaviors via duality ’ shall look at specific examples of resonances having these

particular correlations and identify experimental tests of the

hypothesis.
IIl. DUALITY AND SU (6) BREAKING

While the SU6) predictions for the structure functions A. Suppression ofA states

hold approximately ak~1/3, significant deviations are ob- The most immediate breaking of the &)Y duality could
served at largex. Empirically, thed quark distribution is be achieved by varying the overall strengths of the coeffi-
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cients for the56" and70™ multiplets as a whole. However, SU(6)
since the cancellations of tié— N* transitions for the case 2 , /

of g7 occur within each multiplet, a nonzero valueAsf can

only be achieved if S(6) is broken within each mul-
tiplet rather thanbetweenthe multiplets. Some intuition is
needed therefore on sensible breaking patterns within the
supermultiplets.

Turning first to the56", empirical evidence suggests that
at highQ? the N— A transition form factor is anomalously
suppressed relative to the elastic nucleon form factors
[25,26. This phenomenon has been attributed to spin-
dependent forces between quarks, such as from single gluon
exchangg 27], which split the nucleon and masses and
necessarily break S8). Removing the*10/56" ] from the
s-channel sum causeR"P to fall (to 10/19=0.53), as re-
quired phenomenologically, and bo#f and A7 to increase
(to 1 and 2/5, respectivelycompared with the S(8) values mixing angle O
(see column 2 of Table IjI

Investigation of the coefficients in Tables | and Il, how-  FIG. 2. Electromagnetic structure function ratios for different
ever, shows that a suppression of thealone is not consis- combinations ofo, and o3, cross sectionsd= 6, solid), quark
tent with quark-hadron duality. In particular, it gives rise to aspins S,, and Sy, (6= 6;,, dasheg and the symmetric X” and
Au/u ratio, extracted from the electromagnetic structureantisymmetric p” components of the ground state wave function
functions[see Eq.(A6) in the Appendi¥, which is greater (6= 6,,, dot-dashed The SU6) corresponds t@= /4.
than unity, thereby violating a partonic interpretation of the
structure functions. Similarly, suppression of all decupletrations has equal strength fgg and F;, which automati-

Structure Function Ratio

contributions, namely thd10in the56" and 210in the70~  cally gives unity for the polarizzation asymmetriés. This
(column 3 of Table II), still gives a value for the extracted Simply follows from the(high Q<) approximation that only
Au/u which exceeds unity. magnetic couplings to quarks contribute, so that o8ly

The reason for the failure of duality here is that eliminat- =3/2 configurations allow nonzeras, cross sectiongwe
ing A states in thes-channel sum spoils the cancellation of shall return to this latgr
exotic exchanges in the channel, yy— NN. Nonexotic 1 More generally, one can observe that duality is satisfied

: — . by summing over the individuagb=1/2 andS=3/2 contri-
and35 SU(6) representations corresponddgq, thus in thet butions separatehB,,— 28[56' ]+ 2870 1+28[70 ], and

channel these appear ay—qq; when such a diagram is g, —41056"]+4g[70]. If the relative contributions of the
viewed in thes channel one sees that in effect it can Maps,,, and Sy, channels are weighted by é6s and sirfé,
onto handbag or leading twist topologies, enabling a partonigespectively, then the ratio of unpolarized neutron to proton
interpretation, as shown in Fig(a. Exotic exchanges, such gt cture functions can be written as

as405 requireqqqq in thet channel, and map onto higher

twist contributions, such as in Fig(). These are incompat- np_ 6(1+sir’65) 10

ible with single parton probability interpretations in prin- - 19-11sirf6,’

ciple, with the specifidu/u>1 result illustrating this.

Moreover, the results for thAu/u and Ad/d ratios ex- and the polarization asymmetries become

tracted from the electromagnetic observables, nameiju

=23/21 andAd/d= —1/3, do not agree with those obtained 0 19— 23sirf

from the neutrino polarization asymmetriA{N (column 3 A1:19_115ir?9 ' (11)
S

of Table Ill). In addition, for both of these scenarios the ratio

d/u extracted fromR"P does not match that obtained from 1—2sirfé,

R”. These are all consequences of the presenceloinnel A2=m- (12

S

exotics in such scenarios, and further underscore the incon-

sistency of duality with suppression af states alone. The dependence on the mixing angle of these ratios is

o _ illustrated in Fig. 2(dashed curves The SU6) symmetric
B. Spin 7 suppression limit, Eq. (7), is reproduced whemds=7/4, as indicated in
If the characteristioQ? dependence foA excitation is  Fig. 2. As §s— 0, corresponding t&,,, dominance, the neu-
indeed due to spin dependence, then it may be that this ist§on to proton ratio decreases, and both the polarization
phenomenon realized by &= 3/2 quark couplings, namely asymmetries approach their maximal values,
410/56"] and “g[70"]. An immediate observation in this 6
scenario from Tables | and Il is that each of the contributions np_ > P_ n_ _
corresponding tdthe surviving quark spinS=1/2 configu- RP=1gr A1=1 A=l [6:=0] (13
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Su(6) 0.8
2 . /
<—2/3
o
®
[
c
o <—3/7
g
E <—6/19
o 14
5 i
13}
2
7))
0 I I I I
0 0.2 0.4 0.6 0.8 1

X

mixing angle 0

FIG. 4. RatioR"P of unpolarized neutron to proton structure
functions from duality, according to different scenarios of(§U
breaking: helicity oy, dominance (solid); spin S;, dominance

h h limi 2 th larizati (dashedt ¢, dominance(dot-dashell Various theoretical predic-
In the other extreme limit ad;— /2, the polarization asym- tions for thex—1 limit are indicated on the ordinate. The data are

metries approach-1, while R"—3/2. Neither of these sce- om siAC [20,21], analyzed under different assumptidsee text

narios are supported phenomenologically, as we shall discuggout the size of the nuclear EMC effects in the deutéas.
below, and the physical region appears to correspond to 0

=< 0s=97/32. _ ) that the SUW6) breaking scenario witB;/, suppression can be
~ In analogy with Eqs(10—(12), the ratio of the unpolar-  tested by simultaneously fitting the/p ratios and the polar-
ized proton and neutron structure functions for neutrino scaty, ation asymmetries. In general, data on unpolarized struc-
tering Is ture functions are more abundant, especially at higtihan
14 7sirPo on §pin—dependent structure functions, so .it is more practical
v_ o (14) to fit the x dependence ob4(x) to the existing data on un-
14— 10sirf 0 polarizedn/p ratios, which can then be used to predict the
polarization asymmetries.
Unfortunately, data offr; neutrino structure functions at

FIG. 3. As in Fig. 2, but for neutrino scattering ratios.

and the neutrino polarization asymmetries:

. x=0.4-0.5 are essentially nonexistent, and there have been
1—5sirfé, ) .

P (15) no experiments at all to measure spin-dependent structure

1+7sirt 6 functions in neutrino scattering. The most precise data on the

electromagnetic neutron to proton ratR'® come from

App:7_85i”29s (16) SLAC experiment$20,21]. The absence of free neutron tar-
1 = 7-5sirfé, gets has meant that neutron structure information has had to

_ be inferred from inclusive deuteron and proton structure
The dependence on the anglgfor the neutrino observables functions. Because of uncertainties in the treatment of
is shown in Fig. 3(dashed curvgsThe trends of the ratios

are similar to those of the electromagnetic ratios in Fig. 2 1
(with the neutron and proton revergedOnce again the
SU(6) symmetric limit, Eq.(8), is reproduced wherp

= /4. The phenomenologically favored scenario in which 0.8 1

S/ contributions are suppressed in the lixit> 1 gives rise

to 06 [ l—50
o
<

R”=%1, AP=1 A"=1 [6,=0]. (17) 041

From the relations between the structure functions and par- 02

ton distributions in the Appendix one can verify that the

results ford/u extracted fromR"P are consistent with those %0 02 04 06  os 1

from R” [Egs.(A5) and(A12)], and those foAq/q extracted X

from AY consistent with those from\}N [Eqs. (A6)—(A7)

and Eqs(A13)—-(A14)]. FIG. 5. As in Fig. 4, but for the proton polarization asymmetry

The dependence of the structure function ratios in EQsAP. The data are a compilatioffor x=0.2) from experiments at
(10—-(12) and EQgs.(14)—(16) on one parametef; means SLAC [32], from the SMC[33], and HERMES Collaboratior{84].
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Au/u

0.4

0.2

0 0.2 0.4 0.6 0.8 1
X X

FIG. 6. As in Fig. 5, but for the neutron polarization asymmetry /G- 8. Vﬁzati_o of polarized to unpolarizedquark distributions,
AL, Au/u (=Al"), in various SW6) breaking scenarios.

) _ HERMES[34]. The predicted dependence of botA} and
nuclear corrections in the deuteron at larnge however, A in the Sy, suppression scenario is relatively strong; the

which is more sensitive to .the high momentum component%u(@ symmetric results which describe the dataxat1/3
of the deuteron wave function, the results beyand0.6 are rapidly give way to the broken SB) predictions asc— 1.

somewhat model dependdi22], as indicated in Fig. 4. The " \wiihin the current experimental errors, tBg,, suppression

difference between the two sets of points is representative %odel is consistent with the dependence of both tHe"™
the theoretical uncertainty in the extraction. In particular, theratio and the polarization asymmetries

lower set of points corresponds to an analysis which ac- Using the neutrino ratioR”, A%, and A", the indi-

counts for Fgrml motlon in the Qeute.rtﬁES], Wh'.le t'he UP-  vidual quark flavor and spin distribution ratios can be deter-
per set of points includes Fermi motion and binding effects

[22] (see also Ref29]). A fit to the weighted average of the mined (or equivalently, extracted from the electromagnetic

extrema of the two sets of data points, constrained to a ratios as discussed in the Appendifhe unpolarized/u

nn__ R ratio in the S;;, dominance scenario is shown in Fig. 7
proachR p_.6/19 asx—1, is 'F‘d'ca‘ed by. the dashed curve (dashed, and the spin-flavor ratioAu/u andAd/d are illus-
[a polynomial of degree two is used to fit tRedependence trated in Eigs. 8 and 9. respectivel
of 64(x) in Eq. (10)]. The fit is clearly compatible with the gs- TSP Y-
current data onR"P, but could be further constrained by
more accurate data at largeSeveral proposals for obtaining
the neutron to proton ratio at largewith reduced nuclear The above discussion has demonstrated how duality be-
uncertainties are discussed in Réf30,31]. tween the parton model and a sum over low-lying resonances

Using the mixing angléd (x) fitted to R"P, the resulting can arise on the basis of classifying transitions to excited
polarization asymmetries for the proton and neutron areétates according to the total spin of the quarks, with either
shown in Figs. 5 and 6, respectively, compared with a comequal weighting ofS,, and S;, components in the case of
pilation of largex data from SLAC[32], SMC [33], and  SU(6) symmetry, or suppression of the latter at largeic-
cording to duality, structure functions at largeare deter-
mined by the behavior of transition form factors at high;

C. Helicity 3/2 suppression

0.6
1 : : : .

0.5 <—1/2 7

04 06 | 12
2 o3t = 31/
o 7 P2

S 02¢t
0.2 r <— 15 <
01
< 114 02
0 1 0
0.6 .
X 0 0.2 0.4 0.6 0.8 1
X
FIG. 7. Unpolarizedl/u (=R") ratio in various S§6) breaking
scenarios, as described in the text. FIG. 9. As in Fig. 8, but for the\d/d (=A}P) ratio.
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TABLE 1V. Relative strengths of electromagnefic—N* transitions corresponding t@;,, dominance.
These values can be obtained from Table | by adding~thendg, contributions.

SU(6) representation  28[56" ] 410/56"] 28[707] 4g[707] 2100707 ] Total

FP=gP 9 2 9 0 1 21
Fi—g" 4 2 1 1 1 9

hence one may expect that at large eno@fhthese would Egs.(7) and (8) are once again recovered. In the phenom-
be constrained by perturbative QCD. In particular, at f@gh  enologically favored region of € 8,< /4 the predictions
perturbative arguments suggest that the interaction of théor A} and for A" are very similar to those derived on the
photon (or W boson should be predominantly with quarks basis of quark spin, which reflects the fact that the ratios
with the same helicity as the nuclef2B,24. Since the pho- Au/u are predicted to be similar in both cases. Bothdhg
ton (W bosorn scattering from a massless quark conservesand S;;, suppression scenarios give rise to the same predic-
helicity, the o, cross section would be expected to be sup-ions for A7 in the 6— 0 limit, although the approach to the
pressed relative to they, [19]. The question then arises maximum values is faster in the casesof, suppression. For
whether duality can exist between parton distributions athe unpolarized ratiosg, suppression gives rise to larger
large x and resonance transitions classified according t@gjues ofR"P andR” than for Sy, suppression. This is also
quarkhelicity rather than spin. evident from the modified transition strengths for andg;

In general, if the relative strengths of tha,, and oz,  displayed in Tables IV and V for the case @f), dominance

contributions to the cross section are weighted bf@pand  at largex. Summing up the coefficients for the neutron and
sirf6,, respectively, then from Table | the ratio of the neu- proton, one has in the limit—1:

tron to protonF, structure functions can be written as

np 3 p n
3 R 27, AT=1, Aj=1[6,=0], (24

np—________
R 7—5sirf gy’ (18)

while the proton and neutron polarization asymmetries be]for the electromagnetic ratios, and

come

1
. R'=—, AP=1 A"=1 = 2
A 7—-9 sirfé, 1 50 ML A [6,=0], (25)
=755, = | |
for neutrino scattering.
Al=1-2 sirf6, . (20) Fitting thex dependence of the mixing anglg(x) to the
R"P data with the above&— 1 constraint(Fig. 4), the result-
Similarly for neutrino scattering, one has ing predictions forA)'" are shown in Figs. 5 and 6, respec-
. tively. Compared with thes,;,, dominance scenario, the;,,
y_ 1+sir gy, 21) dominance model predicts a faster approach to the
5—4 sirfé, asymptotic limits. The values for the ratios in E¢24) and

_ _ (25) correspond exactly to those calculated at the quark level
for the unpolarized structure functions, and on the basis of perturbative QCD counting rul&8,24.
There, the deep inelastic scatteringxat1 requires the ex-

vp_ 1-3sirfo, change in the initial state of two hard gluons, which prefer-
1 = 11siro. (22 . . i .
1+sinro, entially enhances those configurations in the nucleon wave
_ function in which the spectator quarks have zero helicity.
. 92—6 Sirt o, The structure function at largeis then determined by com-

(23 ponents of the nucleon wave function in which the helicity of

the interacting quark matches that of the nucleon. For an
for neutrino-induced polarization asymmetries. The depeninitial state SW6) wave function, Eq(9), suppression of the
dence of these ratios on the mixing angleis illustrated in  helicity antialigned configurations leads to the unpolarized
Figs. 2 and 3solid curve$. For 6,= /4 the SU6) results in  ratio d/u=1/5, and the polarization ratidg/q=1 for all

A =5 1St

TABLE V. Relative strengths ofN—N* transitions in neutrino scattering corresponding ¢,
dominance.

SU(6) representation  28[56" ] 410/56"] 28[707] 4g[707] 2100707 ] Total

Fip: g;p 0 6 0 0 3 9
an:gzn 25 2 16 1 1 45
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quark flavors. Using the relations in the Appendix betweenions to 28 states will be allowed. Summing over all channels
the structure functions and the leading order quark distributeads to an unpolarized neutron to proton ratio in terms of the
tions, one can verify the equivalence of the parton- andnixing angleé,, given by
hadron-level results via quark-hadron duality.

The resulting quark-level ratios are shown in Fig. 7 for np 1+ 2sirfé,,
the d/u ratio, and in Figs. 8 and 9 for th&u/u and Ad/d R " 4—2sirte,,’ (27)
ratios, respectively. While the behavior of thei/u ratio is
similar in both theS,;;, and o4, dominance models, the pre- with polarization asymmetries given by
dictedAd/d ratio has a more rapid approach to unity for the

latter case. AP— 6—7 sirfé,, 28
17 6-3sirfo,’
D. Symmetric wave function suppression 2
In SU(3)xSU(2) the relevant multiplets are the sgin- AQZHM_ (29)
28 and 210, and spini “8 and *10. In SU(6) the 210 and *8 1+2sirf6,

multiplets are in the70™ representation, and th&.0 unam-
biguously in the56" representation. However, tH@ occur

in both the56" and70™. In general, for the’8 states one can
write the nucleon wave function in terms of symmetric and 1
antisymmetric components, Rnp:Z, AP=1, Al=1[6,=0]. (30)

The dependence ofy, is shown in Fig. 2. In the limit op
dominance ak— 1, one recovers the ratios

[N)=costy|i,) +sinby| i), (26)

Fitting 6,, to the x dependence oR"P in Fig. 4 with the
where = ¢® x is a product of the flavorg) and spin ) above cqnstraint&jot-dash_e)j the resultingk depeqdeqce of
wave functions, and. and p denote the symmetric and an- the polarization asymmetrie$] andAf are shown in Figs. 5
tisymmetric combinations, respectivelt9]. In the Sue)  and 6(dot-dashefl The approach to the asymptotic values
limit one has an equal admixture of bgthand\ type con- for the poIanzapon asymmetpes is less rapid than for the
tributions, 6,,= /4, and the symmetric wave function of Eq. 912 OF Si2 dommancg scenarios.

(9) is recovered. Similarly, for neutrino scattering, one has
The SU6) symmetry can be broken if the mixing angle )
6,,# 7l4. In particular, if the mass difference between the _ 2 Sirf Oy
nucleon andA is attributed to spin-dependent forces, the 3-2sirrg,,’
energy associated with the symmetric part of the wave func-
tion will be larger than that of the antisymmetric component.and
A suppression of the symmetrigs, ) configuration at large
will then give rise to a suppressedquark distribution rela- AlP— 1 (32)
tive to u, d/u—0, which in turn leads to the extreme limits ! 3’
for the R"P andR?” ratio allowed by the quark-parton model,
R"P—1/4 andR"—0 [35]. It also leads to the proton and o 9—10sirf6,,
neutron polarization asymmetries becoming unityxas 1 1 ZWWFGW’
[18]. At the parton level, this pattern of suppression can be
realized, for instance, with a spin-dependent hyperfine interfor neutrino-induced polarization asymmetries. Note that the
action between quarké, . gj , which modifies the spin-0 and neutrino-proton polarization asymmetry remains negative, as
spin-1 components of the nucleon wave function and leads tt SU(6), and is independent of the mixing angle. The de-
a softening of thed quark distribution relative to the at ~ pendence or9,, of the ratios is illustrated in Figs. 2 and 3
large x (see Ref[35] for details. (dot-dashed curvgswhere in the limit6,—0 (x—1) one
This scenario is also consistent with the absence of exofhas
ics in thet channel. This can be demonstrated by examining
the pattern of suppressions in the structure function calcu-
lated, via quark-hadron duality, from the sum over reso-
nances in the final state. In this case, the symmetric compo-
nents of the states in th&6" and 70° multiplets are The ratios of the associated quark densities are given in Figs.
suppressed relative to the antisymmetric, and the modified—9 for d/u, Au/u, and Ad/d, respectively. Because the
relative transition strengths are given in Table | with-0.  neutron asymmetr@;" is negative, the predicted/d ratio
In particular, since transitions to tieymmetri¢ S=3/2 or  has qualitatively different behavior in thesuppression sce-
decuplet states’8, #10, and 210) can only proceed through nario than in the other two S6) broken models. It would
the symmetric A” component of the ground state wave clearly be of considerable interest to test the behavior of
function, the ‘p” components will only excite the nucleon to Ad/d experimentally, for instance in semi-inclusive deep in-
28 states. If thex wave function is suppressed, only transi- elastic scattering by tagging pions.

(31

(33

1
R'=0, AP=-—_

3 A'=1 [6,=0]. (34
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IV. IMPLICATIONS FOR LOW-LYING RESONANCES where f(6) is a function of the mixing angle and of the

. 4 .
If the suppression of specific spin-flavor correlations, asrelatlve strengths of thé8 and 8 photocouplings. However,

2 2 . . . .
required to fit thex— 1 behavior of structure functions, is a at largeQ" only the 8 1S predlcted.to survivéthus in effect
. . the Moorhouse selection ru[&6] will hold for neutrons too
property of spin-dependent interquark forces, then the

2 . -
should affect specific resonances that share these propertié%henQ —), in which case
In this section we identify some examples and propose mea- . a . a
surements that can test the veracity of the various scenarios oy’ n—=5 — coo= o(y’P=Si) _
discussed in Sec. IIl. o(y*n—3SP) - o(y* p—S) a2
(39

A. Suppression of410 states ] o )
As this behavior is predicted to be common forand n

. . 2
~ If the suppression of thf)33(1232) A isobar at largeQ targets, it should therefore hold true for the deuteron. The
is characteristic of10 and “8 states, then a careful study of D,(1690) is a pure*8 state and so provides a clean test of

electroproduction of theL=2 56" states P(1930),  he fastQ? suppression in electroproduction from neutron
P35(1920), F35(1905), andF;/(1950) may revea;,, sup- targets.

pression as the appropriate physical mechanism responsible
for symmetry breaking in structure functions at largdran-
sitions to each of these states, in the absence of configuration
mixing, should die relatively faster wit@? than for the?8 The suppression of helicity-contributions allows transi-
and 210 resonances. This should be particularly so for thetions to theA to survive, as well as excitations to tH@&
F3/1950), where mixing should be minimal, although onestates from the neutrofthose from the proton vanish be-
must ensure to have gone past the high angular momentunause of the Moorhouse selection r[86]). At Q2=0, theA
threshold that may cause the form factors for high spin statesxcitation is pureM 1, which equates witlorz»= 304/, and
to remain large in the smaf)? region. leads to the polarization asymmethy'= —1/2. At largeQ?

A possible way to normalize the production, and cancekhe survival of thed, in the o3, channel, corresponds to the
out such threshold enhancements, will be to compare thE2 excitation becoming comparable to thEl.

C. Suppression ofoz,

relative strengths of thes&10 and their partner’8[56"] Electroproduction of thes;;, D;3, and D5 resonances
states. Thus measurement of t®8 dependence of ratios from neutrons will change from\'i‘=—1/2 to A?:L This
such as should remain true for thB 5, but can be obscured by mix-

ing with 28 for the S;; and D,3. Configuration mixing be-
tween the28 and “8 states(with mixing angle~30°) does
allow a relatively strong transition to th®;,(1650). Data
from CLAS at Jefferson Lalpl7] suggest that, within the
single quark transition mode[37], the strength of the

F35(1905/F 15(1680); P33(1920/P 151720

would be crucial in testing this scenario.

B. Suppression of*8 states S1;(1650) transition is about half of that to ti8,(1535).

In general, mixing is expected between the and 28  The mixing angle between thé8 and “8 states withJ”
states with the sam#¥. For example, the physic&,(1550) =35 is much smaller £6°), so that transitions to the
and S,;(1650) states are superpositions @ and “8 com-  D13(1700) will be weakly excited from the proton.
ponents: The strengths for the othél8 states are known only @2

=0, so that data on these transition form factorsQst
S34(1535 = cos6|?8) + sin 6]8), (85  ~1-2GeV would be valuable in establishing the extent of

any suppression.
$8,(1650 = sin #|%8) — cos6|“8), (36)
D. Suppression ofy, wave function
and similarly for theD 15(1520) andD ,5(1700) states. From

The consequences fd* s in this scenario are quite ex-
protons one then expects q q

tensive. Namely, transitions t10, “8, and 210 states are all
N suppressed, and only transitions®®are allowed. While the
o(y*p—Si) —colo (37)  transitions for the proton t88 are unchanged compared with
o(y*p—S) ' the SUG6) case, for neutron the elastic transition is reduced
by ~50%, and the transition to th€0~ enhanced by
which will be true for allQ?, as the*8 component is not ~50%.
excited. From neutron targets, however, both components are Another prediction ofA wave function suppression is

excited at lowQ?, whereas thé8 is suppressed at larg@?. identical production rates in both 56" and70~ channels,
Hence at smalQ? one has for electron and neutrino scattering. For the latter, essentially
no empirical information exists, however, neutrino structure
o(y* n—S) functions in the resonance region may be accessible in the
5 (o), (380  future at a high-intensity neutrino beam facil[ti5]. In par-
o(y*n—S;) ticular, since neutrinos can excite protonsly to decuplet
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states, this may provide a valuable test of sheuppression other transitiong9]. Although electric couplings will play a
mechanism, and of the isospin dependence ofNheN* role at low Q?, for the behavior of structure functions at
transitions. largex one expects magnetic couplings to dominate the tran-
sition form factors at higlQ?.
V. CONCLUSION In future we shall extend this work to the longitudinal
structure function, which will necessitate inclusion of elec-
In this analysis we have performed a first detailed study ofric couplings. Questions about the role of higher excitations,
the conditions under which 38) symmetry breaking in the sych as in theN=2, L=2 band, will also be important to
quark model can yield consistent results for structure funcg|ycidate in more refined analyses. There are a number of
tion ratios in the context of quark-hadron duality. Severalgiates with masyv<1.8 GeV which belong to higher mul-
self-consistent S(6) breaking scenarios have been identi- tiplets, such as th&,5(1680), which is believed to play an
fied, involving the suppression of transitions to states in thgmportant role in the third resonance region. In addition, it
lowest even and odd parity r?ultlplets with quark spinyij| pe interesting to ascertain the role played by the
S=3/2, to states with helicity;, and to states which p, . (1440) Roper resonance in duality, which may shed some
couple only through symmetric components of the wavgight on the long-standing question about its internal

function, s, . ' . structure[41].
The implications of the various symmetry breaking sce-

narios on thex dependence of structure function ratios have

been quantified, which can be tested in future experimental ACKNOWLEDGMENTS
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[38,39 give the first hint of a rise above zero at-0.6.

High-precision data oA} or A7 at largex would help con- APPENDIX: PARTON MODEL AND DUALITY

strain also the unpolarized/p ratio, and allow a simulta- ' RELATIONS

neous test of the duality relations.

Measurement of the neutrino structure function ratios, on Here we summarize the quark-parton model relations be-
the other hand, is more challenging due to the low rates dween electromagnetic and neutrino structure functions and
largex, and the need for large voluntiypically iron) targets, leading order parton distributions. The spin-averaged and
which is particularly problematic for the spin-dependent ob-spin-dependenf; andg; structure functions are expressed
servables. The prospect of high-intensity neutrino beams an terms of a sum and difference of helicity cross sections,
Fermilab to measure structure functions in the resonance re-
gion [15] offers a valuable complement to the study of dual- Fi~010t 03p, (AL)
ity and resonance transitions. A parallel avenue towards de-
termining the spin-flavor asymmetries such &s/u and
Ad/d, which is particularly sensitive to different $6)
breaking assumptions, could be provided through a program
of semi-inclusive scattering tagging fast pions in the curren
fragmentation region.

A quantitative description of transition form factors in the
quark model at modera®? must involve both longitudinal
and transverse response, electric, and magnetic couplings,
well as hyperfine interactions which explicitly break &Y 1
symmetry. On the other hand, most of these complications do _- 2
not affect the main elements of duality, and can obfuscate the F1(0) 2 zq: e, (A3)
basic principles which drive the quark-hadron transition. For
reasons of clarity, in the present analysis we have considered 1
only magnetic transitions, which are expected to dominate at g1 (x)== >, eéAq(x), (A4)
high Q2. This assumption leads, for instance, to the electro- 2%
magnetic neutron to proton ratiR"P=4/9 for the case of
elastic scattering, which is equal to the squared ratio of thevhereq=q'+q' andAg=q'—q'. Inverting these, one can
neutron to proton magnetic moments in @8W[2,40]. Elec-  similarly extract leading order quark distributions from the
tric transitions would give a rati®"P=0. Electric couplings measured structure functions. For instance, dihe quark
will also modify the coefficients in Tables | and Il for the distribution ratio can be determined from

91~ 010~ 03p2, (A2)

here o532 is the cross section corresponding to total
oson-nucleon helicity 1/23/2).

In the parton model the structure functions for charged
lepton scattering can be expresgatileading orderin terms
gfsquark distribution functions,
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d 4R"P-1 y
—— (A5) Fi0=2 g5a(x), (A10)
U 4—R" q
where R"P=F]/F}, while the spin-dependent flavor ratios vyon 2
for the u and d quarks are obtained from the polarization gl(x)—% GgAaa(), (ALD)
asymmetries and tha/u ratio in Eq.(A5) [39], -
Au 4 q 1 q where for protonsg§=1 for g=d,u, ... and 0 forq
—= —Ag’(4+ —) — —AQ( 1+4—]|, (AB) =u,d, ..., andvice versa for neutrons. At largetherefore
u 15 uj 15 u F1P, g;P directly probe thel quark distributions, whild}"
Ad 1 u 4 u g;" probe theu quark. In terms of the neutrino structure
—=——Al 1+4- |+ —=A]| 4+ -], (A7)  functions, the unpolarized rati®”=F}P/Fi" is therefore
d 15 d 15 d .
given by
where d
4Au+Ad R™=u (A12)
A= (A8)
4u+d ) L N Ny pN
while the polarization asymmetrigs; " =g; /F;" become
Au+4Ad
Al=— A9 Ad
Y u+4d (A9) A= (A13)
Note that ifAP=AT=AY, thenAu/u=Ad/d=AY, indepen-
dent of the value ofl/u. Apn:ﬂ (A14)
For neutrino scattering one has oous
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