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1. Introduction and context

Understanding Nature using the technique of particle sgay is a vast endeavor. As the
title of this contribution indicates, we will focus on saaihg off the nucleon. This is still a large
subject. Consequently, in addition smgle nucleon, we will mostly restrict this presentation to
single particle detection (i.e. inclusive scattering) fronsiagle type of beam (electron scattering),
with single spin directions for the beam and target (i.e doubly polarizeattering) and we will
mostly report on results fromsingle laboratory (Jefferson Lab).

Doubly polarized electron scattering off the nucleon is&@dul tool to understand strong in-
teractions: The polarization provides the most stringentstraints on the theory, while the leptonic
probe is the cleanest way to access the structure of thearudi¢aving a single nucleon target re-
moves the difficulties arising from collective effects, s the EMC effects [1]. Since the nucleon
structure is ruled by strong interactions, an understandirits structure translates to understand-
ing of strong interactions. The gauge theory of strong adtons is Quantum Chromodynamics
(QCD). Compared to other interactions, it stands out bexé#us generally non-perturbative, ex-
cept for high energy>$ GeV) reactions. Consequently, the first natural step toveardunder-
standing of strong interactions is to check that QCD is valitere we can analytically solve it,
while effective theories (e.g. Chiral Perturbation Thgaoy numerical methods (Lattice QCD)
need to be developed and tested to cover the lower energynrediere QCD is non-perturbative.
For final completion of our understanding, one then needsitoect the fundamental and effective
theories, just like the empirical rules of chemistry haverbéundamentally justified by quantum
(atomic) physics, or geometrical optics by electromagmeti Part of the first step -the validity of
perturbative QCD (pQCD) even when spin degrees of freedanegplicit- has been achieved by
a first generation of experiments that ran in the 1980’s-K980facilities such as SLAC, CERN
or DESY. Here, we will discuss the experimental program #edson Lab to achieve the other
part of the first step -testing effective theories and nuoaénnethods-, and the second step: the
connection between pQCD and the effective descriptions.

2. Jefferson Lab, the experimental halls and their polarize targets

Jefferson Lab is an accelerator facility delivering a highalkity continuous electron beam
with energy up to 6 GeV. Beam polarization reaches 85% andhbaarent can be up to 200
UA. Experiments are carried out in three experimental halsils A, B and C. Hall A [2] and
C contain high resolution spectrometers for high preciggperiments with limited phase space
coverage. Hall B contains a large acceptance spectronigtéor[ exclusive experiments and/or
exploratory measurements over a wide kinematic range. Balths home of polarized targets.
Hall A is home of a®He gaseous target polarized by optical pumping. Polarft¢gl acts as an
effective polarized neutron target because the dominacieaustate is the S state, for which the
Pauli principle forces the two proton spins to be anti-alignHence, the single neutron contributes
dominantly (about 90% ) to the target polarization. The Hallarget, together with the JLab
continuous beam, achieves the largest polarized luminasithe world (1§% s~cm~2). This,
with its low dilution from unpolarized materials (typicgllabout 30% of the events comes from
polarized neutron) and its excellent polarization (60-F@dows for high precision experiments.
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The target polarization can be oriented in any directiopluding the vertical one. In this talk, we
focus on neutron results although data®efe structure are available as well. This topic is covered
by K. Slifer’s contribution to this conference. Hall B andIHa employ solid targets polarized by
DNP (Dynamical Nuclear Polarization). The materials mdstroused are ammoniZNHz and
15ND3. Hence the proton, deuteron and neutron structures ariedtirdhalls B and C. The targets
allow to reach good luminosities (30s 1cm=2 for Hall B and 18° s~1cm~2 for Hall C). The
somewhat lower luminosity in Hall B is compensated by thgdaacceptance of the CLAS detector.
Solid ammonia targets have relatively high dilution frompalarized materials (e.g. typically,
about 15% of the events comes from polarized proton) butréagh polarizations (90% for N
and 40% for NI3). The Hall B target [4] is polarized along the beam directiaile the Hall C
target polarization can be along the beam direction or Wense (in the horizontal plane) to it. Hall
B also is also home of the FROST [5] polarized target, but wienit discuss it since it cannot
accommodate electron beams. The former LEGS polarized kjettgs] will also be available soon
in Hall B. It is presently being redesigned in order to accardate electron beams in addition to its
original usage with photon beams. If this target does stéaadren beams, an important possibility
of a transversely polarized target (with low dilution frompolarized materials) experiments in
Hall B will be opened.

3. Sum rules and the spin structure of the nucleon

The information on the longitudinal spin structure of theleon is contained in they (x, Q%)
andgx(x,Q?) spin structure functions. The kinematic variaké is the squared four-momentum
transfered from the beam to the target. It fixes the space-s¢icale at which the nucleon is probed.
The other kinematics variable, = Q?/(2Mv), is the Bjorken scaling variablev(is the energy
transfer from the beam to the target, adis the nucleon mass). The variabias interpreted
in the parton model as the fraction of nucleon momentum eary the struck quark. Another
kinematics variable that we will use in this talk\i¢ the invariant mass of the recoiling system:
W2 =M?4+2Mv — Q% = M2+ Q%(1/x—1).

Although spin structure functions are the basic obsengtaenucleon longitudinal spin stud-
ies, we will focus on their integrals formed ovweand weighted by powers af Considering these
moments is advantageous because of the resulting simpbifisa More importantly, such integrals
are at the core of the dispersion relation formalism. Disjoerrelations relate the integral over the
imaginary part of a quantity to its real part. Expressingithaginary part as a function of the real
part using the optical theorem yieldeamrules. When additional hypotheses are used, such as a low
energy theorem, or the validity of Operator Product Expam$OPE), the sum rules then relate the
integral to a static property of the target, e.g. its anomglmagnetic moment, an electromagnetic
polarizability, or its axial charge. If the static propeisywell known (e.g. the anomalous moment
or the axial charge), the verification of the sum rule progidecheck of the theory and hypotheses
used in the sum rule derivation. When the static propertyotsknown because for instance it is
difficult to measure directly (e.g. the generalized elettagnetic polarizabilities), sum rules can
be used to access them. In that case, the theoretical frafkewwed to derive the sum rule has to
be assumed to be valid. Details on integrals of spin stradwmctions and sum rules are given e.g.
in the review [7].
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Several spin sum rules exists. We will focus on the Bjorkem sule [8], the Gerasimov-
Drell-Hearn (GDH) sum rule [9] and spin polarizability sundas. In this paper, we will consider
the n-th Cornwall-Norton momentsfo1 dxgl (x,Q?)x", with N standing for proton or neutron. We
write the first moments &8} (Q?) = f4 dxg) (x, Q).

4. The generalized Bjorken and GDH sum rules

The Bjorken sum rule [8] relates the integral over the istwepart of the first spin structure
function,fo1 dx(gf —07), to the nucleon axial chargg. The original sum rule stands at infini@
but has been generalized to finifg with the OPE (i.e. pQCD). This relation has been essential
for understanding the nucleon spin structure and estaijshia its Q?-dependence, that QCD
describes the strong force even when spin degrees of freadmaxplicit. The Bjorken integral has
been measured in polarized deep inelastic lepton scajtéits) at SLAC, CERN and DESY [10]-
[15] and at moderate and lo@®? at Jefferson Lab (JLab) [16]-[28]. A recent review of thesgad
can be found in [29]. The OPE vyields the following expresdmrthe sum rule:

1
rP(@) = [ ax (e Q) - dix @) = @)
as aé as < Hy (@)
1- o 358? - 20.21F + ] +i;'Qzﬁ
where as(Q?) is the strong coupling constant. The bracket term (knownhasléading twist
term) is mildly dependent o®? due to soft gluon radiations. The summation term contaims no
perturbative power corrections (higher twists). Thesecarark and gluon correlations describing
the nucleon structure away from the laiQé (small distances) limit.
The generalized Bjorken sum rule has been derived for srisintes. For large distances, at
Q? =0, one finds the GDH sum rule [9]. For a spin 1/2 target, it reads

/°°dv01/2(V)—03/2(V) _ 2rPak?
Vo 1%

ga

6

- (4.2)

wherevy is the pion photoproduction thresholdy , andas,, are the helicity dependent photopro-
duction cross sections when the sum of the photon and taggjeities is 1/2 and 3/2, respectively.
K is the anomalous magnetic moment of the targetMnitis mass.a is the fine structure constant.
The GDH sum rule can also be written for target of any spin.(e.gleuteron target). Replacing
the photoproduction cross sections by the electroprodinaines generalizes the left hand side of
Eq. 4.2 to anyQ?, that is, it generalizes the sum. Such generalization dépen the choice of
convention for the virtual photon flux, see e.g. ref. [7]. Xadd J. Osborne [30] showed that the
sumruleitself (i.e. the whole Eq. 4.2) can be generalized as:

g8 1
7 a=s0) 4.3)

whereS; (v, Q?) is the spin-dependent Compton amplitude and the=11 — ¢ integration upper
limit excludes the elastic contribution. This generali@atof the GDH sum rule makes the con-
nection between the Bjorken and GDH generalized sums eviden

QZ
GDH = 5 x Bjorken, (4.4)
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Figure 1: (Color online) Experimental data from SLAC, CERN, DESY amnéi at low and intermediate
Q% onTY (left), 1] (center) and " (right).

where the elastic contribution to the Bjorken sum, Eq. 4 1nithis case excluded. The connection
between the GDH and Bjorken sum rules makes theories alatabompute the moment at any
Q2. The Bjorken sum rule, evolved witQ? according to pQCD provides the theoretical prediction
at largeQ?: Calculation of the spin dependent Compton amplitGges, Q%) with Lattice QCD
(intermediateQ?) or at lowQ? with Chiral Perturbation Theory(pT, the effective theory of strong
force at large distances) yields the theoretical predistiat intermediate and lo®@2. Thus, we
are provided with a convenient observable to understandthewvgtrong force transitions from its
description in term of fundamental degrees of freedom (kgiand gluons; small distances) to its
description in term of effective degrees of freedom (hadrderge distances).

5. Experimental measurements of the first moments

Results from experimental measurements from SLAC [12], NER!], DESY [15] and JLab [16]-
[28] of the first moment$ 1 are shown in Figure 1. There is an thorough mapping of the mdtsne
at intermediateQ? and enough data points at lo@? to start testingyPT. In this context, the
Bjorken sum is especially important because the (p-n) aatitm largely cancels th& resonance
contribution which should make thePT calculations significantly more reliable [31]. The com-
parison between the data at I&¢ and xPT calculations can be seen on Fig. 1. The calculations
are done to next-to-leading order, suing either an explicbvariant formalism [32] or the Heavy
Baryon approximation [33]. ThgPT calculations do not compute the slopelafat Q>=0, but
takes it from the GDH sum rule prediction since it provides tterivative ofl’; at Q°=0 (see
Eq. 4.4). ConsequentlyPT calculates the deviation from the slope and this is what toeilg
test. A meaningful comparison is then provided by fitting ltheestQ? data points using the form
N = %Z‘ZQZJraQ"'erQG... and compare the obtained valueadb the values calculated frogPT.
Such comparison has been carried out for the proton, deuf2} and the Bjorken sum [25] (nu-
merical values are given on Fig. 4). These fits point out theaitance of including &° term
for Q> < 0.1 Ge\?. The xPT calculations agree well with the measurements on the iddali
nucleons up taQ? ~ 0.08 Ge\? for the Ji. et al calculations. They agree with the measurement
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of the Bjorken sum over a larg€)? span: up toQ? ~ 0.3 Ge\ for the Ji. et al calculations, in
accordance with the discussion in [31]. Phenomenologicaleats [34],[35] are in good agreement
with the data over the whol@? range.

6. Spin polarizability sum rules

Higher moments of;; andg, are connected by sum rules to electromagnetic polaritigisili
Those characterize the coherent response of the nucledmotorpabsorption. They are defined
using low-energy theorems in the form of a series expansidindg photon energy. The first term of
the series comes from the spatial distribution of chargecamant (form factors) while the second
term results from the deformation of these distributionduiced by the photon (polarizabilities).
Hence, polarizabilities are as important as form factormiderstanding coherent nucleon structure.
Generalized spin polarizabilities describe the responsevitdual photons. Using a low energy
theorem, the generalized forward spin polarizabilgys defined as:

Defgrr (v, Q%) — g7°(v. Q)] = <§,|2>ITT<Q2>V+vo<Q2>v3+0<v5>, (6.1)

wheregr is the spin-flip doubly-virtual Compton scattering ampiiéy andt is the coefficient
of theO(v) term of the Compton amplitude which can be used to genertlz&DH sum rule to
non-zeroQ?. We havelt1(Q? = 0) = k /4. In practicey, can be obtained from a sum rule which
has a derivation akin to that of the GDH sum rule:

W) = (o) [ DI, (6.2

Y, v3

where Zrrt = 01/, — 03/, We can express the sum rule in terms of the spin structuigins as:

2
@) = 258 [k (- B 4e). 63

Similar relations define the generalized longitudinaheerse polarizability, 1 :

Oefour (v.Q%) —of?*(v. Q)] = (%)QILT(Q% +Qar(Q*)v?+0(v), (6.4)
o 1 k(v,Q%) oir(v,Q%)
ar(Q) = (5) [ T v 6.5
2
&1(Q?) = 16“'\" / O (g1 + G2). (6.6)

wheregy 1 is the longitudinal-transverse interference amplituge,is the coefficient of thé®(v)
term of the Compton amplitude, armt is the longitudinal-transverse interference partial sfos
section. Details on the derivations of Egs. 6.1-6.6 can bedadn [7]. Higher moments are ad-
vantageous because, thanks to their extrareighting, they are essentially free of the uncertainty
associated with the low-extrapolation of the data: Reachirg- 0 would require an infinite beam
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Figure 2: Experimental data at lo®? on generalized spin polarizabilities. Results on neutdbal Hall A
experiment E94010 [20]) are shown on the left (tgfy:bottom: §";). Results on the proton (JLab CLAS ex-

periment EG1b [22])/3’ are shown in the central plot. The isospin decompositiog ¢£94010+EG1b [25])
is shown on the right (topgy ", bottomy™".

energy and hence, no data exist below a given value &fqs. 6.3 and 6.6 are examples of usage
of sum rules to measure observables that are otherwise hatess.

In the case of the transverse-longitudinal polarizabifity, the A contribution is suppressed
at low Q? because the Mrtransition is mostly transverse, which makes the contidioudf theA to
the longitudinal-transverse (LT) interference term vemyadl. Thus, similarly to the Bjorken sum
(but with a different reason for th& suppression)d t should also provide a robust observable
to compute within the¢PT framework. Furthermore, there is the possibility that thpmession
of the A in isovector(p — n) quantities such as the Bjorken sum holds only to the firstrofde
contribution y*N — N7t but not for the second ordek contribution y*N — Ar. In contrast the
general argument explaining tihesuppression fod r should hold at all orders. If s& 1 would
provide an even more robust observable than the Bjorken swuarhpute inyPT. Finally, as for
the Bjorken sum, the isovector part wf, yc’,’ — ¥, should offer similar advantages (at least for the
y*N — Nt contribution) for checking the calculation techniquesy®fT .

The low Q? data on forward spin polarizabilities, from Hall A E94010da@LAS EG1b, are
shown on Fig. 2. There is no agreement between the data aéihealculations (except possibly
for the lowestQ? point of y that agrees with the explicitly covariant calculation ofrBardet al).
Such disagreement is surprising because the lo@éspoints should be well into the validity
domains ofyPT. Itis even more surprising fqrg*” because of th& suppression for this quantity,
anda fortiori for the discrepancy witl"; for which we are sure that th& suppression is valid
at all orders . This reveals that tihealone is not the only cause of the lack of agreement between
data and theory, and including thecontributiony*N — Arrin the calculations may not be the only
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Figure 3: Results ord] from JLab experiments E94010, E99-117 and SLAC experim@BbE. The plain
line indicates the MAID model expectation and the dashealifirfor theyPT calculations.

challenge facingyPT calculations. In contrast, the MAID model [36] is in good egment with
the data, with the notable exception of &= 0.1 Ge\2 point for y. Compared to first moments,
a better agreement with higher moments is expected for MAhDesit mostly includes one pion
production reactions and these higheactions dominantly contribute to the higher moments.

7. Higher momentd;

Another higher moment of interestds. It can be expressed as the third moment of the twist-3
part ofgy:

1
d, = 3/0 dx X% (g2(x, Q%) — ™ (x, Q%)) (7.1)

whereg‘é"W is the pure twist-2 part o, first isolated by Wandzura and Wilczek [37]. It is a
function of the leading twist expression @i

1
AW (x,Q?) = —tT (%, Q) + / dy (at" (. Q)/Y) . (7.2)

Hence, at larged?, d, can be cleanly interpreted as a twist-3 quantity (althoisgle [38]). Its
expression in term af; andgp is:

1
dg:/o dx X% (2g1(x, Q?) + 3g2(x, Q%)) (7.3)

At intermediateQ? other higher twists contribute, while this pQCD interptita in term of parton
breaks down at lovQ?. We can recombine the data or the calculationggand d 1 discussed in
the previous section to formb. Hence, there is no new information here regarding the datiaeo
calculations and this recombination only recasts them inamtity that we can cleanly interpret as
a twist-3 element at larg€?. At present, only neutron data from Hall A are available toria,
because its measurement requires a transverse targe@ ffigplays the results o from JLab
experiment E94010 [19], and combined JLab E99-117 [39]/SIEAL55x [13] experiments [39].
The dashed line indicates one of th®T prediction (the two calculations [32],[33] yield very
similar results). There is no agreement between data angRfiecalculations. In contrast, there
is again a good agreement with the MAID model expectatiodi¢ited by the plain line).
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Figure 4: (Color online) Summary the comparison betwgdT calculations and data. The green indicates
a good match within the region in which we expect the chiratypbation series to be reliable, the yellow
an agreement over a shor@f range, and the red a mismatch.

8. Summary of the xPT checks and perspectives

Figure 4 summarizes the comparison betwg®T calculations and data. It is hard to find a
pattern on this summary table: It was expected that the rowslomns labelled "n&" or "no low-
x" should have provided robugtPT calculations, ana fortiori for the intercept between the two
labels @ir, )" andd)™"). Hence, the best agreement was expected for these rowduons
Furthermore, the fact that tiesuppression is sure to be valid at all ordersdor singles out this
quantity as possibly the most robust calculation. Suctepaits not seen. This cannot be due to
the fact that, for first moments, the leading term is given loy sules instead of being computed
by xPT as is done for the higher moments. This is not the reason bedauthe first moments the
comparison is done on the second order term obtained fromatfie data. The table emphasizes
that more work is needed on the theoretical side (red boxeskd as the experimental side (white
boxes) for a better understanding of this problem.

The data discussed so far were taken at JLab for experimeotséd on covering the inter-
mediateQ? range [16, 25]. A new generation of experiments, E97110 ili N§40], and EG4
in Hall B [41], that were especially dedicated to push suclkasneements to lowep? and higher
precision, has provided new data that are being analyzedindgthis conference, preliminary
results on E97110 were presented by V. Sulkosky, while araigpdn EG4 was provided by S.
Phillips. In addition, a new experiment to measﬁfe in Hall A at low Q? has been approved by
the JLab PAC [42], while the frozen spin HD target recentiyvad at JLab from BNL is opening
new possibilities of measurements with CLAS using trarssigrpolarized protons or deuterons.
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Figure 5: The preliminaryrr™ single spin asymmetr from the 3 GeV CLAS EG4 data [43].

9. Doubly polarized pion electroproduction off proton and deuteron in the xPT
domain

The main goal of the CLAS EG4 experiment was to gather dopblgrized inclusive data
at low Q%. However, a large quantity of (mostly single) pion electamjuction events is present.
Reactionse€ p — €mnandep — €m°p are available from the Nitarget ande@ W — € p
and €W — €m'n are available from the NPptarget. Of the three independent asymmetris:
(single beam asymmetryly (single target) asymmetry arfl; (double beam-target asymmetry),
only A; andA¢ is being analyzed sina® can be accessed more efficiently with unpolarized targets.
Data are available from the four EG4 beam energies (3.0,1230and 1.1 GeV) and, by the design
of the experiment, these data belong to the EWdomain wherexPT can be applied for low
enoughW. Fig. 5 displaysA for ep — € n from the 3 GeV data in function ap*, the angle
between the scattering plane and the reaction plane. Eatbatesponds to differer®? andw
range. Since the correction for the dilution from the unpated components of the ammonia target
is not applied yet to the data, the results from phenomemmbgiodels MAID and DMT (Dubna-
Mainz-Taiwan collaboration) [44] are scaled down by a fa€@i@®, the approximately expected
dilution of the data. No acceptance corrections are appl@dn this analysis and those might
modify the features seen on Fig. 5. Nevertheless, the madeélpreliminary data are qualitatively
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similar. The important information from these plots, tha¢gents only a fraction of the analyzed
data, is the quality of the data accuracy, the extensivenkatie range on which data are available,
and the fact that part of the data are taken in the applitwalibmain ofyPT. No xPT calculations
are available yet for such reactions. The wealth and quafijata warrant thorough tests pPT

if such calculations become available.

10. Summary and perspectives

We discussed the Jefferson Lab data on moments of spinwgteutinctions at large distances
and compared them tpPT, the effective theory of strong force that should describat large
distances. The data and calculations do not consistentheadn particular, the better agreement
expected for observables in which theesonance is suppressed is seen only for the Bjorken sum,
but not foryg — ¥ nor for &7 even if for this latest quantity we are sure that thés suppressed
at all orders, while this is not certain for the isovectpr— n) quantities. Apparently, thA cannot
explain single-handedly the discrepancy between data alwdilations. The new generation of
experiments that gathered data at lo@8r E97110 and EG4 might help shed light on this problem.
In addition, data from transversely polarized targets &y to be crucial to solve the puzzle.
These data should be provided by the new E08027 experimemtelat:surec‘il_pT in Hall A at low
Q?, and possibly by electron scattering experiments usingHéiéB frozen spin HD target with
CLAS. The analysis of the large amount of doubly polarizezhplectroproduction data in the low
Q? domain from the EG4 experiment is well advanced. The prelimyi results are being compared
to phenomenological modelgPT predictions are not available so far for these observahlies b
would be very valuable.
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