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We present the first definitive evidence for dynamic higher twists via a measurement of the spin
structure moments of the proton and neutron (deuteron) in the resonance region at a four momentum
transfer of 1.279 GeV2.

PACS numbers: 11.55.Hx,25.30.Bf,29.25.Pj,29.27.Hj

I. INTRODUCTION

Experimental data on nucleon spin structure at inter-
mediate momentum transfer provides valuable new in-
formation on the transition from asymptotic freedom to
confinement. In the last twenty-five years, the experi-
mental and theoretical study of the spin structure of the
nucleon has provided many intriguing results [1]. Dur-
ing this time, much insight has been gained by exploring
moments of the spin structure functions and their corre-
sponding sum rules [2–4] This investigation began with
tests of QCD in its perturbative regime via spin sum
rules like the Bjorken sum rule [5], and has been crucial
in understanding how the spin of the composite nucleon
arises from the intrinsic degrees of freedom of the theory.
Recently, a dedicated effort has attempted to understand
QCD in the non-perturbative regime where higher twist
effects complicate the simple PQCD interpretation. The
lower momentum-transfer results offer insight into the
coherent region where the collective behavior of the nu-
cleon constituents give rise to the static properties of the
nucleon, in contrast to the scaling regime, where quark-

gluon correlations are suppressed.

The spin structure moments have proven to be pow-
erful tools to test QCD sum rules and its effective theo-
ries. However, most tests have focused on the longitudi-
nal structure function g1. The gp

2 structure function has
been historically neglected due to the technical difficul-
ties of producing a transversely polarized target, and due
to the lack of a simple interpretation of g2 in the classic
parton model. Currently, the lowest momentum transfer
that has been investigated [6] for the proton is Q2 = 5
GeV2. The absence of transverse proton data is partic-
ularly unsatisfying given the intriguing results found in
the transverse neutron data: The SLAC E155 collabo-
ration [6] found a three sigma violation of the proton
Burkhardt-Cottingham sum rule at Q2 = 5 GeV2, while
the E94010 collaboration [7–10] found that the neutron
BC sum rule held within the experimental uncertainty
below Q2 = 1 GeV2.
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A. Nachtmann vs C-N

The Cornwall-Norton moments are defined as:

Γn
i (Q2) =

∫

dxxngi(x, Q2) (1)

where gi can be g1 or g2. The Nachtmann moments are
defined as:

Mn(Q2) = (2)

Nachtmann moments are used here to take into ac-
count the target mass corrections that become important
at the kinematics of our experiment.

Wilson coefficients contain the logarithmic QCD cor-
rections, ξ = 2x/(1 +

√

1 + (2Mx)2/Q2) is the Nacht-
mann scaling variable, and g = 4παs(Q

2).

B. Experiment

In this letter, we describe an investigation of the spin
structure of the proton and deuteron in the resonance re-
gion at a momentum transfer of 1.279 GeV2. Experiment
E01-006 was conducted in Hall C of the Thomas Jeffer-
son National Accelerator Facility by the Resonance Spin
Structure (RSS) collaboration. We measured the paral-
lel and perpedicular proton asymmetries in the scattering
of 100 nA polarized 5.755 GeV electrons. Scattered elec-
trons were detected at a scattering angle of 13.15◦ using
the Hall C High Momentum Spectrometer. Full details
of the experiment can be found in Refs. [11] and [12].

II. RESULTS FOR FIRST MOMENTS OF g1

The first moment, Γ̄p
1(Q

2) is defined as:

Γ̄p
1(Q

2) =

∫ 1−ǫ

0

g1(x, Q2)dx (3)

where the overbar signifies exclusion the elastic contri-
bution at x = 1. The RSS resonance region data covers
the range 1090 < W < 1910, (0.3161 < x < 0.823).
For the resonance region, we assume a 6.82% relative
systematic following the conclusion of Ref. [13] to find
Γr

1es = 0.0349 + −0.0008(stat) + −0.0024(syst).

The unmeasured contribution to the integral from the
region 0 < x < 0.316 is provided by a Regge inspired
fit to SLAC E143 and E155 data: gp

1 = axb(1 − x)3(1 +
c/Q2) where a = 0.392 ± 0.254b = 0.0676 ± 0.084,and,
c = 0.0636± 0.681 Integration and propagation of the fit
errors results in: ΓDIS

1 = 0.068 ± 0.0069

III. RESULTS FOR FIRST MOMENTS OF g2

The unsubtracted dispersion relations for spin-
dependent virtual-virtual Compton scattering (VVCS)
amplitudes S2 leads to a “super-convergence” relation
that is valid for any value of Q2,

Γp
2(Q

2) =

∫ 1

0

g2(x, Q2)dx = 0 (4)

which is the Burkhardt-Cottingham (BC) sum rule [14].
To estimate the unmeasured contribution to Γ2 as x →
0 we assume that the Wandzura-Wilczek [15] relation
holds:

gWW
2 (x, Q2) = −g1(x, Q2) +

∫ 1

x

g1(y, Q2)

y
dy (5)

and that
∫ x0

0

g2(x, Q2)dx ≃

∫ x0

0

gWW
2 (x, Q2)dx (6)

= x0

∫ 1

x0

g1(x, Q2)

x
dx (7)

where Eq. 7 follows from integration by parts.
We estimate a 15% uncertainty to the DIS contribu-

tion by evaluating equation 7 with various models for
g1. ΓDIS

2 = 0.0265± 0.0038 The SLAC E155x collabora-
tion [6] previously reported a neutron BC result at high
Q2, which is consistent with zero but with a rather large
error bar. On the other hand, the SLAC proton result
deviates from the BC sum rule prediction by 3 standard
deviations [6]. Fig. ?? displays Γ2 =

∫

g2(x, Q2)dx. The
total integral exhibits a striking cancellation of the in-
elastic (resonance+DIS) and elastic contributions, lead-
ing to satisfaction of the Burkhardt-Cottingham sum rule
within uncertainties.

The sum rule of Gerasimov, Drell and Hearn ( GDH )
provides a link from the helicity-dependent cross sections
measured in real photon scattering to the anomolous
magnetic moment of a hadronic target. This sum rule
for real photon scattering has provided a foundation for
a powerful approach to interpreting the experimental re-
sults of electron scattering experiments. There are sev-
eral possible generalizations of the GDH sum to finite
Q2, but we focus on the following formulation:

I(Q2) =
8π2α

M

∫

∞

ν0

g1 − γ2g2

K

dν

ν
(8)

where γ2 = Q2/ν2, and ν0 represents the inelastic thresh-
old. There are three standard conventions used for the
virtual photon flux K :

KA = ν (9)

KB =
√

ν2 + Q2 (10)

KC = ν −
Q2

2M
(11)



3

0 1 2 3 4 5 6

Q
2
 (GeV

2
)

-0.005

0

0.005

0.01

0.015

 pQCD 
 Elastic
 MAID
 Chiral Sol. Wakamatsu
 Chiral Sol. WGR
 QCDSF
 E155x
 RSS (0.29<x<0.84)
0<x<0.29 estimate

SANE (projected)

FIG. 1: dp
2
(Q2 = 1.279).

For completeness, we provide the RSS result in all three
conventions.

IV. THIRD MOMENTS: d2

Third moments d2

A. Twist-3 matrix elements

The twist-3 matrix elements, representing qgq correla-
tions, are related by the OPE to the Nachtmann moments
of the spin structure functions [16]

Mn
2 (Q2) ≡

1

2
dnEn

2 (Q2, g) = (12)

∫ 1

0

dx

x2
ξn+1

[x

ξ
g1 +

{ n

n − 1

x2

ξ2
−

n

n + 1

M2x2

Q2

}

g2

]

where n = 3, 5, 7, .. and where dn are twist-3 matrix ele-
ments, En

2 are the corresponding Wilson coefficients.
The above equation can be rewritten in terms of the

conventional label for the twist-3 matrix elements, which
for n=3 is d2 = d3E

3
2 , and the corresponding moment is

then

d2(Q
2) =

∫ 1

0

dxξ2
(

2
ξ

x
g1 + 3(1 −

ξ2

2

M2

Q2
)g2

)

, (13)

which for M = 0 or Q2 ≫ M reduces to the more familiar
C–N form.

We have calculated d2 for the proton, deuteron, singlet,
non-singlet and neutron structure functions, by adding
to the contribution of our measured resonances region,
which extends from xmin ∼ 0.3 up to the inelastic pro-
duction threshold, that of the low x < xmin region. Our

inelastic data has no contamination from elastic events
due to our very good final state mass resolution, so the
elastic contribution, which depends only on Q2 depen-
dent elastic form factors, can be trivially computed and
added at any time, and it is not reported here.

For the contribution of the resonances we used the
Nachtmann moments of Eq.( 13) at constant 〈Q2〉 = 1.28
GeV2 using our fits [11] to our data. For the range

xmin = 0.316 < x < 0.84 we obtain dp Res
2 = 0.00365 ±

0.0006 ± 0.0004 and dd Res
2 = 0.0060 ± 0.0020 ± 0.0004

where the first error is statistical and the second system-
atic.

The extrapolations into the DIS region, dp,d DIS
2 are

based on the behavior of our g2 data near our low x limit,
which for the proton show the twist-3 g2 = g2 − gWW

2

to be nearly constant and consistent with zero within
errors [11], while for the deuteron they show a similar
behavior, different from zero only at the one σ (statis-
tical) level. We have combined the observed behavior
of the proton data together with the expected decreas-
ing contribution of higher twists at small x and the fur-
ther suppresion of the low x region contribution due to
the ξ2 factors in the integral, to assume a zero twist-

3 dp DIS
2 . The error in this assumption is taken to be

equal to our fit’s twist-3 error δg2
p(xmin, 〈Q2〉) = 0.0106

extrapolated as constant down to x = 0. Since the ra-
tio ξ/x ≥ 0.94 for x < xmin, we can use the simpler
C–N moments to integrate the constant fit error and get

δdpDIS
2 = 3

∫ xmin

0
x2δg2

p DISdx = 0.0008 [This equation
implies that 3g2 = 2g1 + 3g2 is defined somewhere in
the paper]. For the deuteron, we integrated g2

d DIS us-
ing a constant and a linear extrapolation assumptions.
The deuteron DIS contribution error was treated in the
same way as the proton. We get δddDIS

2 = 0.0013 (lin-
ear) and δddDIS

2 = 0.0011 (constant). We averaged both
assumptions and added quadratically one-half their dif-
ference to the error from the fit to obtain 〈δddDIS

2 〉 =
0.0012± 0.0012.

The values indicated in Table I represent the ineal-
stic part of d2 including resonances and DIS contribu-
tions. The errors are statistical, systematic and low x
extrapolation errors added in quadrature. The singlet
and non-singlet results are based on negligible s quark
contributions. The singlet dΣ

2 = dp
2 + dn

2 is obtained from
the deuteron result, corrected for the polarization of the
deuteron D state γD ≃ 0.925 [17] .

We observe clear twist-3 at more than 3 sigma (to-
tal) for the proton and more than 2 sigma (total) for
the neutron. As expected from isospin cancellation, the
non-singlet matrix twist-3 matrix element is entirely con-
sistent with zero.

We can use the pQCD evolution [18, 19] of dΣ
2 and

dNS
2 to compare our result dp

2(5GeV2) = 0.0021± 0.0006
with the result of SLAC’s measurements at 〈Q2〉 = 5
GeV2 [6], corrected for target mass effects following [20],
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Proton Deuteron Singlet Non-Singlet Neutron

dp
2

dd
2

dΣ

2
= dd

2
/γD 2dp

2
− dΣ

2
dn
2

= dΣ

2
− dp

2

0.0036 ± 0.0011 0.0060 ± 0.0024 0.0065 ± 0.0026 0.0008 ± 0.0034 0.0029 ± 0028

TABLE I: d2(0 < x < 0.84, Q2 = 1.28GeV2)

dp
2 = 0.0025 ± 0.0015. SLAC’s result does not include

the elastic contribution (0.0003 at 5 GeV2). Similarly
dn
2 (5GeV2) = 0.0053± 0.0052 and SLAC’s inelastic, TM

corrected dn
2 = 0.0074± 0.0045 agree within errors.

We have also calculated the NLO corrections to our
singlet and non-singlet results [21? ]. Applying the re-
sulting Wilson coefficients at our kinematics F 2Σ

3 = 1.436
and F 2NS

3 = 1.26 (notation of [21]) we get dp
2 = 0.0026±

0.0005±0.0006 where the first error represents combined
measured errors and the second one comes from the low
x extrapolation.

V. SUMMARY

In summary, we have measured the spin structure func-
tion moments of the proton, deuteron and neutron in the
resonance region at Q2 = 1.279 GeV2. We find good

agreement with world data for Γ1, satisfaction of the BC
sum rule, and a dramatic improvement in precision for
the proton GDH sum rule compared to previous mea-
surements.
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