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Evidence for Valencelike Quark-Hadron Duality
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A newly obtained data sample of inclusive electron-nucleon scattering from both hydrogen and deu-
terium targets is analyzed. These JLab data span the nucleon resonance region up to four-momentum
transfers of 5 �GeV�c�2. The data are found to follow an average scaling curve. The inclusion of low-
momentum transfer data yields a scaling curve resembling deep inelastic neutrino-nucleus scattering data,
suggesting a sensitivity to valencelike structure only.

PACS numbers: 13.60.Hb, 12.38.Qk
Nearly 30 years ago Bloom and Gilman observed that
the electroproduction of resonances resembles the scaling
behavior of the deep inelastic structure function, if ex-
pressed in terms of a scaling variable connecting the two
different kinematic regions, and if averaged over a large
range of invariant mass W [1]. It was suggested that this
relationship between resonance electroproduction and the
deep inelastic scattering hinted at a common origin for
both phenomena, called local duality. A quantitative quan-
tum chromodynamics (QCD) analysis of this empirical ob-
servation was given by De Rujula, Georgi, and Politzer
[2]. They showed that the resonances oscillate around
an average scaling curve. Although electroproduction of
resonances is a strongly non-perturbative phenomenenon,
the resonance strengths average to a global scaling curve,
resembling the deep inelastic scaling curve, as the higher-
twist effects are not large, if averaged over a large kine-
matic region.

Higher-twist effects can be viewed as processes where
the struck quark communicates with one or more of the
spectator quarks by gluon exchange. In the deep inelastic
F2 data, higher-twist terms have been found to be small for
Bjorken x , 0.40 [3], and insignificant for x � 0.01, even
at Q2 � 1 �GeV�c�2, where Q is the four-momentum
transfer [4,5]. On the other hand, gauge invariance re-
quires F2 to vanish linearly with Q2 at Q2 � 0 �GeV�c�2

[6], suggesting nonperturbative effects govern this region.
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In this Letter we assume higher-twist effects, if averaged
over the full resonance region, to be small, even at rela-
tively low-momentum transfers, and thus local duality to
remain valid. A quantitative verification of this assump-
tion will be presented elsewhere [7].

A sample of high-precision data in the nucleon reso-
nance region, in combination with substantial progress
made over the last 20 years in determining the scaling
behavior of deep inelastic structure functions with elec-
tron, muon, and neutrino probes, enables us to revisit local
duality in detail. We investigate the connection between
resonance electroproduction and deep inelastic scattering
to lower four-momentum transfers than previously investi-
gated, and consider possible implications.

We accumulated data in the nucleon resonance region,
1 , W2 , 4 GeV2, for both hydrogen and deuterium tar-
gets [8]. Measurements in the elastic region were included
in the data to verify our absolute normalizations to bet-
ter than 2%. The data were obtained in Hall C at Jef-
ferson Lab (JLab), using electron beam energies between
2.4 and 4 GeV. Incident beam currents between 20 and
100 mA were used on 4 and 15 cm long targets. Scattered
electrons were detected in both the high momentum spec-
trometer and the short orbit spectrometer [8], each utilized
in a single arm mode to measure the inclusive cross sec-
tions. At all beam energy-scattering angle combinations,
the central momentum of the spectrometers was varied to
© 2000 The American Physical Society
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cover the full resonance region. The Q2 range covered by
our data set is between 0.3 and 5 �GeV�c�2. The overall
systematic uncertainty in the measured cross sections due
to target density, beam charge, beam energy, spectrometer
acceptance, radiative corrections, and detection efficiency
is 3.5% and larger than the statistical uncertainties [8–10].

We extracted the structure function F2 from the
measured differential cross sections s �

d3s

dVdE0 like
F2 � s 3 �1 1 R���1 1 eR� [11]. Here e is the virtual-
photon polarization and R the ratio of longitudinal to
transverse cross sections. We used a value of R � 0.2, but
the results are consistent within 2% if a parametrization
of this quantity based on deep inelastic scattering data at
moderate Q2 is utilized [12]. However, we note that this
quantity is presently known only at the 6100% level in
the nucleon resonance region above Q2 � 1 �GeV�c�2.

Samples of the extracted F2 data in the nucleon reso-
nance region are shown in Fig. 1a for the hydrogen target
and in Fig. 1b for the deuterium target, as functions of
the Nachtmann scaling variable j. These figures also in-
clude some low Q2 data from SLAC [13,14]. In terms of
the Nachtmann variable j � 2x��1 1

p
1 1 4M2x2�Q2 �

[15], where M is the nucleon mass, a pattern of scaling vi-
olations has been formulated within a QCD framework [2].
The variable j takes target-mass corrections into account,
necessary as the quarks cannot be treated as massless par-
tons for low to moderate momentum transfers. Note that,
for low x or large Q2, the scaling variable j is almost iden-
tical to the Bjorken scaling variable x.

FIG. 1 (color). Extracted F2 data in the nucleon resonance re-
gion for hydrogen (a) and deuterium (b) targets, as functions
of the Nachtmann scaling variable j. For clarity, only a selec-
tion of the data is shown here. The solid curves indicate the
result of the NMC fit to deep inelastic data for a fixed Q2 �
10 �GeV�c�2 [16].
It is clear from Fig. 1 that the data oscillate around a
global curve. This reiterates the well-known local duality
picture; the data at various values of Q2 and W2 average
to a smooth curve if expressed in terms of j. The solid
curve shown is a global fit to the world’s deep inelastic data
by the New Muon Collaboration (NMC) [16] for a fixed
Q2 � 10 �GeV�c�2 (NMC10, solid). Previous analyses of
local duality have concentrated on a comparison of deep
inelastic constrained curves with nucleon resonance data
for Q2 $ 1 �GeV�c�2, corresponding to a lower cutoff of
j � 0.3. However, as one can see from Fig. 1, the reso-
nance data still seem to oscillate around a global curve,
even in the region j # 0.3. This suggests that also in this
region the effect of the higher-twist terms is reduced if av-
eraged over the full resonance region—consistent with the
earlier QCD analysis of the j . 0.3 region [2]. Note that,
for sake of visual clarity, we did not include all spectra.

From now on we will concentrate on the region of
j # 0.3 0.3. We initially construct a scaling curve rep-
resenting the average of the resonance data in the region
M2 # W2 , 4 GeV2, for Q2 , 5 �GeV�c�2. The aver-
age curve for the hydrogen data is shown as a shaded band
in Fig. 2, where the width of the band takes the systematic
uncertainties of the procedure into account. Note that the

FIG. 2 (color). The shaded band indicates the F2 scaling curve
obtained by averaging over all the proton resonance data (see
text). The width indicates the uncertainty in the averaging pro-
cedure. The solid (dashed) curve indicates the result of the
NMC fit to deep inelastic data for a fixed Q2 � 10 �GeV�c�2

�2 �GeV�c�2�. The dot-dashed curve at Q2 � 0.40 �GeV�c�2

shows F2 obtained from the input valencelike quark distribu-
tions (i.e., valence and sea quarks) of Ref. [17]. Similarly, the
dot-dashed curves at Q2 � 1.40 and 3.00 �GeV�c�2 are evolved
to Q2 values close to those of our F2 scaling curve. The dotted
curve shows F2 obtained from the input valence-quark distribu-
tions from Ref. [17] only.
1183



VOLUME 85, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 7 AUGUST 2000
scaling curve at some j value will represent the average
of proton resonance data for an extended (W2, Q2) region,
but that the average Q2 will globally increase with j. The
curves shown represent the global fit to the world’s deep in-
elastic data [16] for a fixed Q2 � 10 �GeV�c�2 (NMC10,
solid), and for a fixed Q2 � 2 �GeV�c�2 (NMC2,
dashed). Whereas the difference between the NMC fit
for fixed Q2 � 10 �GeV�c�2 and Q2 � 2 �GeV�c�2 is
small, and expected from logarithmic scaling violations,
the difference between these NMC fits and our data [with
Q2 � 0.3 �GeV�c�2] derived from the duality-averaged
scaling curve is dramatic at low j.

We have used the next-to-leading order calculations of
Glück, Reya, and Vogt (GRV) [17] to investigate this in
more detail. We use the GRV calculations since these
are the only ones enabling us to evolve F2 down to the
low momentum transfers of our measurements. In the
GRV model, the shape of the gluon and quark-antiquark
sea seen by experiment is dynamically generated through
gluon bremsstrahlung. The GRV input distribution has
been fixed by assuming only valence and valencelike (the
input sea quark and gluon distributions also approach zero
as x ! 0) quark distributions at a finite Q2 value, con-
strained with appropriate Q2 evolutions to deep inelastic
F2 data. We display in Fig. 2 the results of the calculations
(GRV, dot-dashed), for Q2 values close to the average Q2

of our scaling curve. To compare with the very lowest j

region of our data, we also show the input distribution it-
self at Q2 � 0.40 �GeV�c�2. Note that we here compare
data and GRV calculations in a region not advocated by the
authors, as “in the very low Q2 region below 1 �GeV�c�2

nonperturbative higher-twist contributions are expected to
become relevant" [18]. However, our assumption is that
the higher-twist effects are reduced, if averaged over the
full resonance region. The dotted curve in Fig. 2 denotes
the GRV input distribution [at Q2 � 0.40 �GeV�c�2] re-
flecting only the valence quark distributions (i.e., no sea
quark contributions at all). One can verify that this in-
put distribution is, at the lowest Q2 (i.e., lowest j), even
closer to the actual nucleon-resonance averaged data than
the similar input distribution including valencelike effects
(dot-dashed curve). The similarity of the various calcu-
lations, starting with the mentioned input distributions of
Ref. [17], and the average scaling curve given by the nu-
cleon resonance data, suggests that the duality-averaged
scaling curve is dominated by valence-quark or valence-
like quark contributions.

To verify this, we show in Fig. 3 a comparison of the
averaged scaling curve from the deuterium resonance data
(shaded band) with a selection of the world’s data for
the xF3 structure function. The xF3 structure function
can be accessed by deep inelastic neutrino-iron scattering
[19,20], and is associated with the parity-violating term in
the hadronic current. Thus, xF3 measures in the quark-
parton model the difference between quark and antiquark
distributions, and is to first order insensitive to sea quark
distributions. To enable a direct comparison, we have
1184
FIG. 3 (color). A comparison of the duality-averaged F2 scal-
ing curve determined from the nucleon resonance region data
from a deuterium target to the CDHSW data (Ref. [19]) on xF3
from deep inelastic neutrino-nucleus scattering data.

multiplied our average scaling curve by a factor of 18�5 to
account for the quark charges, and have applied a straight-
forward nuclear correction to the xF3 data to obtain
neutrino-deuterium data [21]. Although the agreement
between the averaged F2 scaling curve of the deuterium
resonance region and the deep inelastic neutrino xF3 data
is not perfect, the similarity is striking. The observation
of Bloom and Gilman that there may be a common origin
between the electroproduction of resonances and deep
inelastic scattering seems to be true for even the lowest
values of Q2 if one assumes sensitivity to a valencelike
quark distribution only. Since, at the lowest values of
Q2, one mainly excites the nucleon resonances, and
hardly produces inelastic background (corresponding to
the nonresonant meson production contributions), it is
arguable that just the valencelike quarks are seen exciting
the various nucleon resonances.

Alternatively, in a parton description, a possible
interpretation for the strong Q2 dependence of F2 at
low j and Q2 could be that, at very low Q2, the large-
wavelength probe is insensitive to coherent quark-
antiquark pairs. This interpretation would be at odds
with our usual parton description of the perturbative
region of deep inelastic scattering, but could transcend the
borderline between a parton description and nonperturba-
tive QCD, which we investigate here. In deep inelastic
scattering data, which for j � 0.1 is typically at
Q2 . 1 �GeV�c�2, the sea is indistinguishably inter-
twined with the F2 response. However, at our low Q2,
nonperturbative effects may readily appear in F2, and
are, in fact, required for Q2 ! 0. The effect is further
illustrated in Fig. 4. Here, the shaded bands indicate the
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FIG. 4 (color). The low-Q2 F2 data for a region in x between
0.05 and 0.25. The shaded bands indicate the behavior of the
deep inelastic data from Ref. [12]. The closed symbols rep-
resent data from the averaged F2 scaling curve of the proton
resonance region. The open symbols represent data extracted
from Ref. [14], with W2 . 4 GeV2. Stars, triangles, squares,
circles, and inverted triangles show data at x � 0.070, 0.100,
0.140, 0.180, and 0.225, respectively. The solid curves are to
guide the eye and represent a F2 � 0.33 Q0.5 behavior. The
dashed curves denote the Q2 evolution of F2 starting with the
valencelike input distributions from Ref. [17].

range of data and uncertainty in existing high-precision
deep inelastic measurements of F2 [12], at selected values
of small x. The solid symbols represent the data extracted
from this work, utilizing the averaged proton F2 scaling
curve. The error bars here reflect the range in the x and Q2

value we use to obtain the scaling curve value at a certain
j. The open symbols are values of F2 we extracted from
Ref. [14]. These data are measured at invariant masses
W2 . 4 GeV2, and at low Q2 values �Q2 , 1 �GeV�c�2�.
We have assigned an uncertainty of 8% to these data,
reflecting both the uncertainty in our extraction procedure
and the normalization uncertainty of these older SLAC
data. The data agree well with the shaded band of the more
recent high-precision SLAC data. For these x values, the
high-W2, low-Q2, SLAC data exhibit a Q2 dependence
of the F2 structure function similar to that observed in our
data. The combined data sample allows the conclusion
that the observed effect is, to first order, independent of
the W2 region.

The solid lines in Fig. 4 are just to guide the eye.
We connected our datum at x � 0.14 and Q2 �
0.3 �GeV�c�2 with the SLAC data at similar x and Q2 .

0.6 �GeV�c�2. For other values of x, the lines have
just been offset with the factor multiplying F2 for vari-
ous x. The slopes of these lines happen to follow an
F2 � 0.33Q0.5 behavior. Of course, it is likely that we
just see an apparent F2 � Q0.5 behavior in the limited Q2
region of our data, transcending the area between scaling
at Q2 . 1 �GeV�c�2 and the F2 � Q2 expectation at
Q2 ! 0, based upon gauge invariance [6]. More data are
needed to map the exact Q2 dependence at low Q2, to
investigate this point in detail. The dashed lines indicate
the Q2 evolution of F2 starting from the valencelike input
distributions of GRV [17,22]. It is clear that the cal-
culations overshoot the low Q2 data, indicating the
presence of a nonperturbative mechanism reducing the
measured F2 structure function. This may be consistent
with a turn-on of sensitivity to sea quarks.

In summary, we have measured inclusive electron-
nucleon scattering cross sections in the resonance re-
gion for both hydrogen and deuterium targets, and have
extracted the structure function F2 from these. The F2
data oscillate around an average scaling curve, down to
the lowest Q2 measured. The average F2 scaling curve
resembles deep inelastic xF3 structure function data. Our
data suggest that the F2 structure function at these low
momentum transfers follows the behavior of valencelike
quarks only. In our kinematics, at intermediate x (�0.1)
and low Q2 [�0.3 �GeV�c�2], the structure function F2
still seems far from following an F2 � Q2 behavior.
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