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Higher twists in the pion structure function
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We calculate the QCD moments of the pion structure function using Drell-Yan data on the quark distribu-
tions in the pion and a phenomenological model for the resonance region. The extracted higher twist correc-
tions are found to be larger than those for the nucleon, contributing around 50% of the lowest moment at
Q251 GeV2.
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Understanding the structure of the pion represents a
damental challenge in QCD. As the lightestqq̄ bound state,
the pion presents itself as somewhat of a dichotomy: on
one hand, its anomalously small mass suggests that it sh
be identified with the pseudo-Goldstone mode of dynam
breaking of chiral symmetry in QCD, essential for describi
the long-range structure and interactions of hadrons; on
other, high energy scattering experiments reveal a rich s
structure which can be efficiently described in terms of c
rent quarks and gluons.

The duality between quark and hadron degrees of freed
reveals itself in the most spectacular fashion through the p
nomenon of Bloom-Gilman duality in inclusive dee
inelastic scattering. Here the inclusiveF2 structure function
measured at a low hadron final state massW, in the region
dominated by low-lying resonances, has been found in
case of the proton@1,2# to follow a global scaling curve
which describes highW data, to which the resonance stru
ture function averages. Furthermore, the equivalence of
averaged resonance and scaling structure functions for
prominent resonance region separately suggests that
resonance-scaling duality also exists to some extent loca

Within QCD, the appearance of Bloom-Gilman duality f
the moments of structure functions can be related through
operator product expansion to the size of high twist corr
tions to the scaling structure function@3#. The apparent early
onset of duality for the proton structure function indicates
dominance of single-quark~leading twist! scattering even a
low momentum transfers. It is nota priori clear, however,
whether this is due to an overall suppression of cohe
effects in inclusive scattering, or because of fortuitous c
cellations of possibly large corrections. Indeed, there
some indications from models of QCD that the workings
duality may be rather different in the neutron than in t
proton @4,5#, or for spin-independent and spin-depende
structure functions. Given that Bloom-Gilman duality is em
pirically established only for baryons~specifically, the pro-
ton!, while the application of theoretical models is genera
more straightforward in the meson sector, a natural ques
to consider is whether, and to what extent, duality manife
itself phenomenologically for the simplestqq̄ system in
QCD—the pion.

In this paper we report the first analysis of the role
resonances in the QCD moments of the pion structure fu
tion, and obtain a first estimate of the size of higher tw
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corrections to the scaling contribution. Similar analyses
the nucleon have been made in Refs.@6–8#. According to the
operator product expansion in QCD, at largeQ2 the mo-
ments of the pionF2

p structure function,

Mn~Q2!5E
0

1

dxxn22 F2
p~x,Q2!, ~1!

can be expanded as a power series in 1/Q2, with coefficients
given by matrix elements of local operators of a given tw
t,

Mn~Q2!5 (
t52

`

At22
n

„as~Q2!…S 1

Q2D t22

. ~2!

Here the leading twistt52 term A 0
n corresponds to free

quark scattering, and is responsible for the scaling of
structure functions@modulo perturbativeas(Q

2) correc-
tions#. The higher twist termsA t.2

n represent matrix ele-
ments of operators involving both quark and gluon field
and are suppressed by powers of 1/Q2. The higher twist
contributions reflect the strength of nonperturbative QCD
fects, such as multi-parton correlations, associated with c
finement.

Note that the definition ofMn(Q2) includes the elastic
contribution atW5mp , corresponding tox5Q2/(W22mp

2

1Q2)51, which is given by the square of the elastic pio
form factor,Fp(Q2),

F2
p(el)~x51,Q2!52mpn~Fp~Q2!!2d~W22mp

2 !. ~3!

Although negligible at highQ2, the elastic contribution has
been found to be important numerically at intermediateQ2

for moments of the nucleon structure function@6–10#. In Eq.
~1! we use the Cornwall-Norton moments rather than
Nachtmann moments, which are expressed in terms of
Nachtmann scaling variable,j52x/(11A114x2mp

2 /Q2),
and include effects of the target mass. Because of the s
value ofmp , the difference between the variablesx and j,
and therefore between thex andj moments, is negligible for
the pion.

The pioneering analysis of De Rujulaet al. @3# ~see also
Ref. @6#! showed that the size of the higher twist matr
elements directly governs the onset of quark-hadron dua
©2003 The American Physical Society02-1
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Namely, there is a region ofn andQ2 in which the moments
of the structure function are dominated by low mass re
nances, where the higher twist contributions are neither o
whelming nor negligible. For example, even though there
large contributions from the resonance region (W&2 GeV)
to the n52 moment of the protonF2 structure function
(;70% atQ251 GeV2), the higher twist effects are only o
the order 10–20 % at the sameQ2 @6#. The question we
address here is whether there is an analogous region fo
pion, where the resonance contributions are important,
higher twist effects are small enough for duality to be a
proximately valid.

Of course, strictly speaking the distinction between
resonance region and the deep inelastic continuum is so
what arbitrary, as can be illustrated in the largeNc limit of
QCD. There the final state in deep inelastic scattering~DIS!
from the pion is populated by infinitely narrow resonanc
even in the Bjorken limit, while the structure function calc
lated at the parton level produces a smooth, scaling func
@4,11#. Phenomenologically the spectrum of the excit
states of the pion is expected to be rather smooth sufficie
above ther mass, forW*1 GeV. Contributions from the
excitation of heavier mesons are not expected to be ea
discernible from the DIS continuum—thea1 meson, for in-
stance, appears at a massW;1.3 GeV, and has a rathe
broad width (;350–500 MeV).

The pion structure function has been measured in thepN
Drell-Yan process@12–14# over a large range ofx, 0.2&x
&1, and forQ2 typically *20 GeV2. It has also been stud
ied at the DESYep collider HERA in semi-inclusive DIS a
very low x and highW @15#. No data exist onF2

p at low W,
however, in the region where mesonic resonances wo
dominate the cross section. The spectrum could in princ
be reconstructed by observing lowt neutrons at lowW pro-
duced in the semi-inclusive charge-exchange reaction,ep
→enX, wheret is the momentum transfer squared betwe
the proton and neutron. In the absence of such data, to ob
a quantitative estimate of the importance of the resona
region, we model the pion spectrum at lowW in terms of the
elastic andr pole contributions, on top of the DIS continuu
which is evaluated by evolving the leading twist structu
function to lowerQ2. The latter can be reconstructed fro
parametrizations@16–18# of leading twist quark distributions
in the pion obtained from global analyses of the pion Dre
Yan data. In this work we use the lowQ2 fit from Ref. @16#,
which gives the leading twist parton distributions in the pi
for Q2.0.25 GeV2, although our conclusions do not chan
with the use of other parametrizations@17,18#. For the elastic
contribution we use a parametrization of the world’s d
@19# which interpolates smoothly between the perturbat
QCD and photoproduction limits@20#.

The r contribution is described by thep→r transition
form factor,Fpr(Q2), and is expected to fall as 1/Q4 at large
Q2 @compared with 1/Q2 for Fp(Q2)]. Since there is no
empirical information onFpr(Q2), we consider severa
models in the literature, based on a relativistic Beth
Salpeter vertex function@21#, a covariant Dyson-Schwinge
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approach@22#, and light-cone QCD sum rules@23#. These
represent a range of;100% in the magnitude ofFpr(Q2)
over the region ofQ2 covered in this analysis. The calcula
tion of Ref. @23# gives a somewhat smaller result than
Refs.@21,22#, which give a similar magnitude forFpr . The
difference between these can be viewed as an estimate o
uncertainty in this contribution.

In Fig. 1 we plot the contributions to the moments of t
pion structure function from the ‘‘resonance region
Mn

res(Q2), as a ratio to the total moment, forn52, . . .,10.
The resonance region here is defined byW,Wres[1 GeV,
corresponding to restricting the integral in Eq.~1! to the
range xres5Q2/(Wres

2 2mp
2 1Q2) to the elastic point atx

51. For then52 moment the lowW region contributes as
much as 50% atQ252 GeV2, decreasing to&1% for Q2

*10 GeV2. Higher moments, which are more sensitive
the largex region, subsequently receive larger contributio
from low W. The n510 moment, for example, is virtually
saturated by the resonance region atQ252 GeV2, and still
has some 40% of its strength coming fromW,1 GeV even
at Q2510 GeV2.

FIG. 1. Contributions to moments of the pion structure functi
from the resonance region,W,Wres51 GeV, relative to the total.

FIG. 2. Lowest (n52) moment of the pion structure function
The leading twist~solid! and elastic~dashed! contributions are
shown, and the shaded region represents the total moment u
different models for thep→r transition.
2-2
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The large size of the resonance contributions sugg
that, at a given scaleQ2, higher twist effects play a more
important role in the moments of the pion structure funct
than in the case of the nucleon. The lowest (n52) moment
of F2

p is displayed in Fig. 2, including the leading twist an
elastic contributions toM2(Q2). The leading twist compo-
nent,

Mn
LT~Q2!5(

q
eq

2 E
0

1

dxxn21qp~x,Q2!, ~4!

is expressed@at leading order inas(Q
2)] in terms of the

twist-2 quark distributions in the pion,qp(x,Q2). The lead-
ing twist contribution is dominant atQ2.5 GeV2, while the
deviation of the total moment from the leading twist at low
Q2 indicates the increasingly important role played by high
twists there. In particular, while negligible beyondQ2

'4 GeV2, the elastic contribution is as large as the lead
twist already atQ2'1 GeV2. The contribution from thep
→r transition is more uncertain, and the band in Fig. 2 r
resents the total moment calculated using different mod
@21–23# of Fpr(Q2). However, while the current uncertaint
in this contribution is conservatively taken to be;100%,
doubling this would lead to a modest increase of the ban
Fig. 2. Uncertainty arising from poor knowledge of the lea
ing twist distributions at smallx @16–18# is not expected to
be large.

The higher twist part of the moments can be defined
the difference between the total momentMn(Q2) and the
leading twist contribution in Eq.~4!, which includes a term
arising from target mass corrections,

Mn
HT~Q2!5Mn~Q2!2Mn

LT~Q2!2Mn
TM~Q2!. ~5!

Although nonperturbative effects can in principle mix high
twist with higher order effects inas , rendering the formal
separation of the two ambiguous@24# ~the perturbative ex-
pansion itself may not even be convergent!, by restricting
ourselves to the region ofQ2 in which the 1/Q2 term is
significantly larger than the next order correction inas , the
ambiguity in defining the higher twist terms can be neglec
@6#. Because the target mass correction,Mn

TM(Q2), which is
formally of leading twist, is proportional tomp

2 /Q2, its con-
tribution will only be felt whenQ2;mp

2 , which is far from
the region where the twist expansion is expected to be va
The higher twist contribution to then52 moment is plotted
in Fig. 3 as a ratio to the total moment, as a function ofQ2.
The band represents an estimate of the uncertainty in thp
→r transition form factor, as in Fig. 2. The higher twi
contribution is as large as the leading twist atQ2

51 GeV2, is around 1/3 atQ252 GeV2, and vanishes rap
idly for Q2*5 GeV2.

The higher twist contribution atQ2;1 GeV2 appears
larger than that found in similar analyses of the protonF2 @6#
andg1 @8# structure functions. This can be qualitatively u
derstood in terms of the intrinsic transverse momentum
quarks in the hadron,̂kT

2&, which typically sets the scale o
the higher twist effects@3,6,25,26#. By analyzing thex→1
dependence of the measuredm1m2 pairs produced inpN
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collisions, and the angular distribution at largex, the E615
Collaboration @14# indeed finds the value^kT

2&50.8
60.3 GeV2 within the higher twist model of Ref.@25#,
which is larger than the typical quark transverse moment
in the nucleon@O(500 MeV)#. The implication is that dual-
ity would therefore be expected to set in at largerQ2 for the
pion than for the nucleon.

In summary, we have evaluated moments of the p
structure function, and studied in particular the role of t
resonance region. Making the reasonable assumption tha
low W resonant spectrum is dominated by the elastic andp
→r transitions, we have presented a first quantitative e
mate of the size of higher twist contributions. For the lowe
moment of F2

p we find that the resonance region (W
&1 GeV) contributes ;50% of the strength atQ2

'2 GeV2, dropping to below 10% forQ2*5 GeV2. The
elastic component, while insignificant forQ2*3 GeV2, is as
large as the leading twist contribution atQ2'1 GeV2. The
higher twist corrections to then52 moment amount to
;50% at Q251 GeV2, ;30% at Q252 GeV2, and be-
come negligible beyondQ2'6 GeV2.

Uncertainties in these estimates are mainly due to
poor knowledge of the inclusive pion spectrum at lowW,
which limits the extent to which duality in the pion can b
tested quantitatively. Only the elastic form factor has be
accurately measured toQ2'2 GeV2, although at largerQ2

it is poorly constrained. The inclusive pion spectrum can
extracted from data from the semi-inclusive charge-excha
reaction,ep→enX, at low t, for instance with CLAS at Jef-
ferson Lab. This could also allow one to determine the in
vidual exclusive channels at lowW. In addition, a Rosen-
bluth separation would allow the transverse and longitudi
structure functions of the pion to be extracted.

This work was supported by the U.S. Department of E
ergy contract DE-AC05-84ER40150, under which the Sou
eastern Universities Research Association~SURA! operates
the Thomas Jefferson National Accelerator Facility~Jeffer-
son Lab.!.

FIG. 3. Higher twist contribution to then52 moment of the
pion structure function as a ratio to the total moment. The ba
indicates the uncertainty due to the model dependence of thp
→r transition form factor.
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