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The spin structure functions g; for the proton and the deuteron have been measured over a wide
kinematic range in x and Q2 using 1.6 and 5.7 GeV longitudinally polarized electrons incident upon
polarized NH3 and NDs targets at Jefferson Lab. Scattered electrons were detected in the CEBAF Large
Acceptance Spectrometer, for 0.05 < Q2 < 5 GeV? and W < 3 GeV. The first moments of g; for the
proton and deuteron are presented — both have a negative slope at low Q?2, as predicted by the extended

Gerasimov-Drell-Hearn sum rule. The first extraction of the generalized forward spin polarizability of

PACS: the proton y(f is also reported. This quantity shows strong Q2 dependence at low Q2. Our analysis of
13.60.Hb the Q2 evolution of the first moment of g; shows agreement in leading order with Heavy Baryon Chiral
13.88.+e Perturbation Theory. However, a significant discrepancy is observed between the yop data and Chiral
14.20.Dh Perturbation calculations for yop , even at the lowest Q2.

© 2009 Elsevier B.V. All rights reserved.
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Fundamental to our understanding of nuclear matter is a com-
plete picture of the spin structure of the nucleon. The spin of the
nucleon arises from the spin and orbital angular momenta of both
the quarks and gluons. One way to access the quark spins in lepton
scattering is through measurements of the spin structure functions
g1 and g [1], which are not well known at low momentum trans-
fer to the target nucleon (Q2 < 2 GeV2). At larger momentum
transfer, g1(x, Q2) = %Ee?Aqi(X) (in the parton picture), where
Agqi/q; is the net helicity of quarks of flavor i in the direction of
the (longitudinally polarized) nucleon spin, g; is the probability of
finding a quark of flavor i with momentum fraction x, and e; is

the quark charge. (The Bjorken scaling variable x = % in the lab
frame, M is the nucleon mass and v is the energy transferred from
the electron to the target nucleon.) At sufficiently small Q2, g; and
its moments can be more economically described by hadronic de-
grees of freedom and effective low-energy approximations to QCD,

like Chiral Perturbation Theory (x PT).

* Corresponding author.
E-mail address: gdodge@odu.edu (G.E. Dodge).
1 Deceased.

There is particular interest in the first moment of g1, I7(Q2) =
0" g1(x, Q%) dx, which is related to the fraction of the nucleon
spin carried by quark spins. The upper limit of the integral, xo,
corresponds to pion production threshold. This limit excludes elas-
tic scattering, which otherwise dominates the low Q2 behavior
of the integral. I'7 is constrained as Q20 by the Gerasimov-

Drell-Hearn (GDH) sum rule [2,3] to be _%sz where k is the
anomalous magnetic moment of the nucleon. At high Q2, I'} has
been measured in deep inelastic scattering (DIS) experiments at
SLAC [4,5], CERN [6-8] and DESY [9]. Ji and Osborne [10] have
shown that the GDH sum rule can be generalized to all Q2 via

2\ _ Q_2 _ 2\ _ pel(n2
1(e%) = 5-51v=0.0% - (@) 0

where S;(v, Q2) is the spin-dependent virtual photon Compton
amplitude and Ff‘ is the contribution to the integral from elas-
tic scattering. At high Q2, Sy can be calculated using the opera-
tor product expansion (OPE). By comparing the OPE twist series
with 77, one can extract higher twist parameters [11-15], which
are sensitive to quark-gluon and quark-quark correlations in the
nucleon at moderate Q2. Lattice QCD calculations may eventually
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be available in the moderate Q2 region below the range of ap-
plicability of the OPE. At low Q2, S; can be calculated in xPT,
a model-independent effective field theory [16], but it is not clear
how high in Q2 these calculations can be applied [17,18]. Thus
I'y presents a calculable observable that spans the entire energy
range from fundamental degrees of freedom (quarks and gluons)
to effective ones (hadrons).

Higher moments of g; are interesting as well. In our kinematic
domain, these moments emphasize the resonance region over DIS
kinematics because of extra factors of x in the integrand. The fun-
damental generalized forward spin polarizability of the nucleon is
given by [19]

2

yo(Q2 /XZ{gl x.Q2) 43”2 2e(x.0?)d @)
0

where the kinematic factor C(Q2) = 16aM?/Q° and « is the fine
structure constant. At high Q2 one would expect g, to dimin-
ish significantly and g; to vary logarithmically with Q2, thus g
weighted by Q® should be largely independent of Q2 [1,19,20].
A measurement of )p on the neutron indicates no evidence for
such “scaling” below Q2 =1 GeV?, and furthermore the data
barely agree with xPT calculations at low Q2 [21]. No measure-
ment of ) on the proton has been reported so far.

In order to advance our theoretical understanding of the nu-
cleon spin, it is essential to have data on the spin structure func-
tions at low Q2 and in the resonance region, as well as at DIS
kinematics. Data in the resonance region are necessary to calcu-
late moments, especially at low and moderate Q2. Until recently,
data in the resonance region were quite scarce [22], but new mea-
surements of spin structure functions in the resonance region have
now been reported on proton [23,24], deuteron [25] and 3He tar-
gets [26,27] from Jefferson Lab. Testing x PT at low Q2 has increas-
ingly been a focus of new spin structure experiments [28-30].

The EG1 experiment of the CLAS Collaboration has collected
new data using longitudinally polarized 1.6 and 5.7 GeV elec-
trons on proton (NH3) and deuteron (NDs3) targets [31]. These
data cover a wide kinematic range that includes invariant mass
W2 = M2+ 2Mv — Q2 from elastic scattering (quasielastic for the
deuteron) up to 9 GeV? [32,33]. First results for the generalized
forward spin polarizability of the proton and new results for the
first moments of gf and g‘f at low and intermediate Q2 in the
range 0.05 < Q2 < 3 GeV? are reported in this Letter.

In the EG1 experiment, the beam was produced from a strained
GaAs wafer and had an average polarization of 70% as measured
by Moller polarimetry [34]. The polarization of the electrons was
flipped at 30 Hz pseudo-randomly. The beam was rastered over
the face of the target cell to avoid heating and depolarization. The
current varied from 0.3 nA to 10 nA depending on the beam con-
ditions and target.

The product of the beam and target polarizations PpP; was
determined from the data through comparison with the known
elastic scattering asymmetry and ranged from 0.50 to 0.60 for the
NH;3 target and from 0.12 to 0.23 for the NDs3 target. Data were
also taken with 12C, He and frozen >N to determine the dilution
from unpolarized materials [35].

Scattered electrons were detected in the CEBAF Large Accep-
tance Spectrometer (CLAS) in Hall B [34], covering a range in polar
angle from 8° to 45° in the efficient region of the detector. Data
acquisition was triggered by a coincidence between the Cerenkov
detector and the calorimeter in any one of the six sectors. Only
electrons detected in a region of the Cerenkov detector with an
efficiency greater than 80% were used in the analysis. Additional
details about the experiment can be found in Refs. [25,32].

We measured the raw inclusive double spin asymmetry with
longitudinally polarized beam and target in each Q2 and W bin.
This raw asymmetry was then corrected for the difference in ac-
cumulated charge in the two beam polarization states, ete™ pair
production and pion contamination. Polarization and dilution fac-
tors were divided out and radiative corrections applied. The result-
ing asymmetry, Ay, is proportional to a linear combination of the
two virtual photon asymmetries A1 and A, [25]. Using a param-
eterization of the world data to model A [25], the unpolarized
structure function Fy [36,37], and the ratio of transverse to longi-
tudinal structure functions R [36], A1 and g were extracted using:

1
A1(x, Q%) = oA — A2, (3)

F
gi(x. Q%) = 1+]y2(A1 +yA2). (4)

where the depolarization factor D depends on R, 1 is a kinematical

factor and y? = %—22 The generalized forward spin polarizability for
the proton was calculated from the data for Ay and the F; param-
eterization using y0(Q?) = C [;° A1F1x? dx, which is equivalent to
Eq. (2).

The total systematic error on g1 varies greatly depending on the
kinematic bin; for the proton it is roughly 10% and for the deuteron
it is typically 15% for the 1.6 GeV data and 20% for the high energy
data. The systematic error is dominated by model uncertainties on
A,, F1 and R, which are estimated by using different parameteri-
zations of the world data. For the deuteron data the uncertainty in
Py P; also contributes substantially to the systematic error.

The values of gf and g‘f were extracted for Q2 from 0.05 to
5 GeV? and for x greater than 0.1; all results are available from the
CLAS database [38]. At low Q2, the A(1232) resonance is quite
prominent, with a negative asymmetry as expected for this transi-
tion. It decreases steadily in strength as Q2 increases. In the mass
region above the A(1232) resonance, g increases from nearly zero
to large positive values as Q2 increases. In the A(1232) region and
at low Q2, g7 472 is consistent with g1, as expected for a transi-
tion to an lsospm 3 state. However, at high Q2, g 1 is significantly

larger than gf 472, mdlcatmg a negative contribution from the neu-
tron.

The first moments of gf and g‘]j are shown in Figs. 1 and 2,
respectively. The parameterization of world data [38] is used to in-
clude the unmeasured contribution to the integral down to x =
0.001. The systematic uncertainty (shown by the grey bands) in-
cludes the model uncertainty from the extrapolation to the un-
measured region. Only the Q2 bins in which the measured part
(summed absolute value of the integrand) constitutes at least 50%
of the total integral are shown. For the proton, the parameteriza-
tion is also used at high x (in the range 1.09 < W < 1.14 (1.15)
GeV for the 1.6 (5.7) GeV data). For the deuteron, the integration
is carried out up to the nucleon pion production threshold at high
x, excluding the quasi-elastic and electro-disintegration contribu-
tions. Our low Q2 coverage allows us to observe, for the first time,
the slope changing sign at low Q?2, consistent with the expectation
of a negative slope given by the GDH sum rule at very low Q2. In
general the data are well described by the phenomenological mod-
els of Burkert and loffe [39,40] and Soffer and Teryaev [41].

The low Q2 I data are shown in more detail in the right-
hand panels of Figs. 1 and 2. It is possible to make a quantitative
comparison between our results for Flp and F]d at low Q2 and
the next-to-leading order xPT calculation by Ji et al. [18] who

2
find 17 (Q%) = — g4 Q2 +3.89Q% + - and 7(Q2) = — 4k, Q2+
3.15Q% + - ... Treating the deuteron as the incoherent sum of a
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Fig. 1. I‘f as a function of Q2. The data reported here (EG1b) are shown as the solid
circles, along with the earlier EG1 data (EG1a) [23], SLAC [22] and Hermes data
[9], shown for comparison. The filled circles represent the present data, including
an extrapolation over the unmeasured part of the x spectrum using a model of
world data. Phenomenological models of Burkert and loffe [39,40] and Soffer and
Teryaev [41] are represented by solid and dashed lines, respectively. The grey band
represents the systematic error. In the right plot, the scales are expanded and xPT
calculations from Bernard [17] and Ji [18] are included.
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Fig. 2. rld/z as a function of Q2. The symbols and curves are the same as for Fig. 1.

proton and a neutron, and correcting for the D-state as discussed
in Ref. [42],

ri(Q%) = 31 - Lsep) [ (Q%) + 1{(2?)}. 5)
where wp = 0.056 is the weight of the D-wave in the deuteron,
one finds that I'%(Q?2) = —0.451Q2 +3.26Q*. In the range of Q2
from 0 to 0.3 GeV2, we fit 7 and I'! to a function of the form
aQ2+b0Q*+cQ®+dQ8, where a is fixed at —0.456 (proton) and
—0.451 (deuteron) by the GDH sum rule. Note that the GDH sum
rule on the deuteron here excludes the two-body breakup part,
which otherwise nearly cancels the inelastic contribution [43]. The
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Fig. 3. Generalized forward spin polarizability yop as a function of Q2 for the full
integral (closed circles), the measured portion of the integral (open circles) and
Q2 =0 [44] (triangle). The systematic error on the measured (grey) and unmea-
sured (dark) contributions are indicated by bands. xPT calculations [17,45] are
shown along with MAID 2003 [46]. The data shown on the right are weighted by
QG/(16;1M2). Our parameterization of world data is also shown at moderate to
high Q~.

fit results for the proton, b = 4.31 + 0.31(stat) & 1.36(syst), and for
the deuteron, b = 3.19 +0.44(stat) +=0.68(syst), are both consistent
with the Q4 term predicted by Ji et al. [18]. The fit (labelled “Poly
Fit”) is shown in the right-hand panels of Figs. 1 and 2 along with
Ji's prediction. Clearly the Q°® term becomes important even below
Q2 = 0.1 GeV? and this term needs to be included in the xPT
calculations in order to extend the range of their validity beyond
roughly Q2 =0.06 GeV2. The xPT 4th order (one-loop), relativistic
calculation by Bernard et al. [17] is also shown in Figs. 1 and 2. Not
shown is the result from Bernard et al. that includes an estimate
of the A(1232) and vector meson degrees of freedom, which are
important at low Q2. That result has large uncertainties and is
consistent with our data.

Fig. 3 shows the result for the generalized forward spin polariz-
ability of the proton y(f(QZ). Since yp is weighted by an additional
factor of X2 compared to I, the integral is mostly saturated by the
A(1232) resonance and uncertainties due to the low-x extrapola-
tion are greatly reduced. The MAID 2003 [46] model follows the
trend of the data but lies systematically below them. The MAID
model is consistent with our data for A; in the A resonance
region, but MAID includes only single-pion production channels,
which leads to an underestimation of the unpolarized structure
function F; entering the definition of yp.

Unlike I7, yo is not constrained at Q2 =0 and is therefore a
more stringent test of Chiral Perturbation calculations. The leading
order heavy baryon xPT calculation by Kao et al. [45], shown by
the dotted line in Fig. 3, includes the A resonance contribution.
Their 4th order calculation (dashed line) is of opposite sign and
shows no sign of convergence; neither calculation reproduces the
trend or magnitude of the data. The relativistic x PT calculation of
Bernard et al. converges better at 4th order [17]. That calculation,
including the resonance contribution, is represented by the grey
band in Fig. 3, and is also in serious disagreement with the data.
The A(1232) and vector meson contribution is negative (around
—2x10~* fm*) and is consistent with the calculation by Kao et al.
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at Q2 =0, suggesting that the discrepancy at low Q2 is mainly
due to the non-resonance terms [47].

In the right-hand panel of Fig. 3, yop is weighted by a factor
of Q%/(16a:M?). In the limit of very large Q?2, this expression
converges to the third moment of gq, az, which is expected to
scale approximately in the framework of OPE. Our data seem to
be leveling off above Q2 = 1.5 GeV?, but do not go high enough
in Q2 to confirm scaling behavior. We also show an evaluation of
fé“’ A1F1x?dx (shaded band) based on our model for F; and a fit
to the world data for A; (mostly from SLAC, SMC, and HERMES
in addition to our own data). The width of the shaded band in-
dicates the combined one-sigma uncertainty of the models of Fq
and A;. Our model confirms the leveling-off around Q2 = 2 GeV?
and shows a logarithmic fall-off at higher Q2.

In summary, g1(x, Q2) for the proton and the deuteron have
been measured over a vastly expanded kinematic range at low and
intermediate momentum transfer, which includes the entire res-
onance region and part of the DIS regime. These measurements
enable us to evaluate moments of g1 over a wider range in Q2, de-
creasing extrapolation uncertainties. The first extraction of y(f has
been reported along with a new precise mapping of F]p and Fld
down to lower Q2 than previously available. At moderately high
Q?Z our data for st(f seem to level off, in agreement with mod-
els and QCD expectations, and we see the expected trend toward
DIS results in I7. It will be interesting to extend these measure-
ments to higher Q% once the upgraded beam energy is available
at Jefferson Lab. At low Q2, the first moments of gf and g‘li ex-
hibit a change in the sign of the slope, to match the negative
slope constraint from the generalized GDH sum rule, and are con-
sistent with xPT calculations for momentum transfer values up
to about 0.06 GeV2. It is important to note, however, that these
X PT calculations also assume the validity of the GDH sum rule;
a more sensitive test of xPT calculations is y(Q?2). We observe
that xPT calculations fail to describe our results for yop, even for
Q2 as low as 0.05 GeV2. The xPT calculations are increasingly be-
ing used to extract results from lattice QCD and it is critical to
understand their range of applicability [16]. Data for the isoscalar
quantity yop — ¥¢ have also been published by our collaboration
and may give additional guidance to future theoretical work in
this area [48]. We also look forward to results from new experi-
ments at Jefferson Lab, in which spin structure functions down to
Q2 =0.01 GeV? will provide a more stringent test of xPT [28-30].

Acknowledgements

We would like to acknowledge the outstanding efforts of the
staff of the Accelerator and the Physics Divisions at Jefferson Lab
that made this experiment possible. This work was supported in
part by the US Department of Energy and National Science Foun-
dation, the Italian Istituto Nazionale di Fisica Nucleare, the French

Centre National de la Recherche Scientifique, the French Commis-
sariat a 'Energie Atomique and the Korean Science and Engineer-
ing Foundation. Jefferson Science Associates operates the Thomas
Jefferson National Accelerator Facility for the United States Depart-
ment of Energy under contract DE-AC05-84ER-40150. We would
also like to thank M. Vanderhaeghen for helpful discussions.

References

[1] J.-P. Chen, et al., Mod. Phys. Lett. A 20 (2005) 2745.
[2] S.B. Gerasimov, Sov. J. Nucl. Phys. 2 (1966) 430.
[3] S. Drell, A. Hearn, Phys. Rev. Lett. 16 (1966) 908.
[4] K. Abe, et al., Phys. Rev. D 58 (1998) 112003.
[5] P.L. Anthony, et al., Phys. Lett. B 493 (2000) 19.
[6] B. Adeva, et al., Phys. Lett. B 412 (1997) 414.
[7] D. Adams, et al., Phys. Lett. B 396 (1997) 338.
[8] V. Alexakhin, et al., Phys. Lett. B 647 (2007) 8.
[9] A. Airapetian, et al., Phys. Rev. D 75 (2007) 012007.
[10] X. Ji, J. Osborne, J. Phys. G 27 (2001) 127.
[11] A. Deur, et al., Phys. Rev. Lett. 93 (2004) 212001.
[12] ZE. Meziani, et al., Phys. Lett. B 613 (2005) 148.
[13] M. Osipenko, et al., Phys. Lett. B 609 (2005) 259.
[14] S. Simula, et al., Phys. Rev. D 65 (2002) 034017.
[15] M. Osipenko, et al., Phys. Rev. D 71 (2005) 054007.
[16] V. Bernard, Prog. Part. Nucl. Phys. 60 (2008) 82.
[17] V. Bernard, et al., Phys. Rev. D 67 (2003) 076008.
[18] X. Ji, et al., Phys. Lett. B 472 (2000) 1.
[19] D. Drechsel, et al., Phys. Rep. 378 (2003) 99.
[20] D. Drechsel, L. Tiator, Annu. Rev. Nucl. Part. Sci. 54 (2004) 69, nucl-th/0406059.
[21] M. Amarian, et al., Phys. Rev. Lett. 93 (2004) 152301.
[22] K. Abe, et al., Phys. Rev. Lett. 78 (1997) 815.
[23] R. Fatemi, et al., Phys. Rev. Lett. 91 (2003) 222002.
[24] F. Wesselmann, et al., Phys. Rev. Lett. 98 (2007) 132003.
[25] J. Yun, et al., Phys. Rev. C 67 (2003) 055204.
[26] M. Amarian, et al., Phys. Rev. Lett. 89 (2002) 242301.
[27] M. Amarian, et al., Phys. Rev. Lett. 92 (2004) 022301.
[28] M. Ripani M. Battaglieri, A. Deur, R. De Vita, Jefferson Lab experiment E-03-
006, 2003.
[29] A. Deur, G. Dodge, K. Slifer, Jefferson Lab experiment E-06-017, 2006.
[30] J.-P. Chen, A. Deur, F. Garibaldi, Jefferson Lab experiment E-97-110, 1997.
[31] C.D. Keith, et al,, Nucl. Instrum. Methods A 501 (2003) 327.
[32] K. Dharmawardane, et al.,, Phys. Lett. B 641 (2006) 11.
[33] P. Bosted, et al., Phys. Rev. C 75 (2007) 035203.
[34] B.A. Mecking, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 503 (2003) 513.
[35] P. Bosted, et al., Phys. Rev. C 78 (2008) 015202.
[36] E. Christy, P. Bosted, arXiv: 0712.3731 [hep-ph].
[37] E. Christy, P. Bosted, Phys. Rev. C 77 (2008) 065206.
[38] http://clasweb.jlab.org/physicsdb/.
[39] V.D. Burkert, B.L. loffe, Phys. Lett. B 296 (1992) 223.
[40] V.D. Burkert, B.L. loffe, ]. Exp. Theor. Phys. 78 (1994) 619.
[41] J. Soffer, O. Teryaev, Phys. Rev. D 70 (2004) 116004.
[42] C. Ciofi degli Atti, L.P. Kaptari, S. Scopetta, A.Y. Umnikov, Phys. Lett. B 376 (1996)
309.
[43] H. Arenhdvel, et al., Phys. Rev. Lett. 93 (2004) 202301.
[44] H. Dutz, et al., Phys. Rev. Lett. 91 (2003) 192001.
[45] C. Kao, et al., Phys. Rev. D 67 (2003) 016001.
[46] D. Drechsel, S. Kamalov, L. Tiator, Nucl. Phys. A 645 (1999) 145.
[47] M. Vanderhaeghen private communication.
[48] A. Deur, et al., Phys. Rev. D 78 (2008) 032001.


http://clasweb.jlab.org/physicsdb/

	Moments of the spin structure functions g1p and g1d for 0.05 < Q2 < 3.0 GeV2
	Acknowledgements
	References


