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1. Introduction

One of the most interesting ongoing experimental and theoretical studies
involves the origin of the nucleon spin. Simple models which could rather
successfully describe the hadronic spin of nuclei as the sum of spin contribu-
tions from its constituents, failed for composite objects like protons [1]. As
viewed from Quantum Chromodynamics (QCD), the proton spin ought to
be generated dynamically with contributions due to sea quarks and gluons
including their orbital angular momenta.

The aim of this talk is to summarize most recent results in polarized
electron—nucleon high-energy scattering. This includes new results on the
spin structure functions g; and go as well as new global analyses of g;
performed in perturbative QCD (pQCD) in Next-to-Leading Order (NLO).
These analyses allows one to access mainly the contribution of the spin of the
valence quarks (Auy, Ady) to the spin of the nucleon while the contribution
of the gluons and of the sea quarks could so far be constrained somewhat.

* Plenary presentation at the X International Workshop on Deep Inelastic Scattering
(D1S2002) Cracow, Poland, 30 April-4 May, 2002.
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First insight into the polarized sea is due to a complete determination
of flavor separated quark polarizations, Ag/q with ¢ = u, d, @,d, s + 5,
in leading order pQCD using semi-inclusive double-spin asymmetries for
charged pions and kaons in addition to the well-known inclusive double-
spin asymmetries. Promising direction for future work regarding the still
unkown orbital angular momentum of quarks, are opened by measurements
of single-spin asymmetries in hard exclusive electroproduction of pions and
real photons. Single-spin asymmetries in semi-inclusive electroproduction of
pions give first indications of a non-zero transverse quark distribution dgq.

A brief reminder of the peculiarities of polarized Deep-Inelastic Scattering
(DIS) as well as perspectives of the ongoing and upcoming experiments are
completing the talk. More detailed discussion and subjects which could not
be covered here, may be found in the contributions to the spin session of
this workshop.

2. Double-spin asymmetries and spin structure functions

Inclusive deep-inelastic scattering is one of the best-known examples of
a factorizable process which thus allows one to explore the non-trivial in-
ternal structure of the proton. Over the past 30 years valuable information
has been obtained on the parton momemtum distributions and their helicity
dependence. Convenient functions were initially introduced in the Quark-
Parton-Model (QPM), for scattering on a spin-1/2 target by

q(z) =q"(z)+q (z), Aglz)=q"(2) —q (). (1)

The notations ¢7(=) refer to parallel (anti-parallel) orientation of the quark
and nucleon spins. The parton distributions determine the spin-averaged
structure function Fy and the spin-dependent structure function g; to be

F) =5 Y A, o) =53 GAga). &)

q q

Here, the sums extend over all quark and anti-quark distributions weighted
by the electrical charge e, squared. The second leading twist spin structure
function, go, is expected to be zero in the naive QPM but as well measurable
in DIS.

Traditionally, one of the basic quantities measured in polarized DIS, i.e.
using logitudinally polarized charged lepton beams and polarized targets,
are cross section asymmetries, A and A
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which are closely related to the virtual photon asymmetries, A; and As.

Here, o= (02) denotes the cross section for the lepton and nucleon spins
aligned parallel (anti-parallel), while ¥~ (677 is the cross section for nu-
cleons transversely polarized w.r.t. the beam spin orientation. The asymme-
tries Ay and A, are kinematically reduced by the amount of the virtual pho-
ton polarization, denoted in Eqs. (3), (4) with D and d, where 0 < D ~y <
1 (y is the inelasticity variable). The dilution arising from the experimental
conditions is contained in the factor 1/(PgPrf). It accounts mainly for the
values of beam and target polarizations, which are about 0.5 to 0.9 with sys-
tematic uncertainties at the level of 2% to 5% for modern spin experiments,
see Table I. The factor f denotes the fraction of polarizable target material.
For typical solid state target materials, as used at SLAC and CERN, f is
small and varies from about 0.13 for butanol to 0.5 for lithium deuteride.
It is about 0.55 for a 3He gas target (SLAC-E154). The Hermes experiment
at DESY has an internal target with almost pure gases (f =~ 1).

In spin asymmetry measurements spin-independent detector effects can-
cel, contrary to contributions from polarized and unpolarized radiative cor-
rections. Egs. (3) and (4) thus hold only for the one-photon exchange cross
section. QED radiative corrections may introduce a further, kinematically
dependent dilution. In particular, for large y (0.5 <y < 1), the contribution
from elastic radiative tails might get significant with ratios for the observed
lepton—nucleon cross section to the one-photon cross section up to 2 to 3.
Due to the kinematic correlation of those high y values with low Bjorken-x
values, x < 0.01, the access of this interesting kinematic range with a con-
ventional forward spectrometer is very challenging, see e.g. results from
SMC [7,15] and recent data from Hermes [16].

The virtual photon asymmetries, A; and A, can be written in terms of
the spin-dependent structure functions, g; and g9

_ 4M2a?
_n Q2 2 aq _ 2Mz (91 + g2)
o= SO Mt
F F V@2 R

where F} = Fy(1+ 4%22$2 )/(22(14+R)) can be determined from measurements

of R, which depends on the ratio of longitudinal to transverse virtual-photon
absorption cross sections R = o, /or, and of the well-known unpolarized
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TABLE I
Main parameters of modern high-energy spin physics experiments.
Lab Experiment Year Beam Py Target Pr f
SLAC E142 [2] 92 1926 GeVe 039  *He 035 0.35
E143 [3] 93 1029 GeVe 085 NHs  0.70 0.15
NDs 0.25 0.24
E154 [4] 95 48 GeVe~ 083  PHe 038 0.55
E155 [5] 97 48 GeV e~ 0.81 NH3; 0.80 0.15
LiD 0.22 0.36
E155X [6] 99 29/32 GeVe~ 083 NHs;  0.70 0.16
LiD 0.22 0.36
CERN SMC [7] 92 100 GeV pt  0.81 D-butanol 0.40 0.19
93 190 GeV p+  0.80 H-butanol 0.86 0.12
94/95 0.80 D-butanol 0.50 0.20
96 0.80 NH; 0.89 0.16
DESY  HERMES [8-10] 95 28 GeV et 055  PHe 046 1.0
96/97 0.55 H 0.88 1.0
98 28 GeV e~ 0.55 D 0.85 1.0
99/00 28 GeV et 0.55 D 0.85 1.0
DESY  HERMES [11] >02 28 GeV et 055 H 085 1.0

CERN COMPASS [12,13] >02 160 GeV pt  0.80 NH3; 0.90 0.16
LiD 0.50 0.50
BNL RHIC [14] >01 200 GeVp 0.70 200 GeVp 0.70 1.0

structure function Fh. Here, Q? is the four-momentum transfer squared
and M is the mass of the nucleon. From Eq. (5) one can deduce that
using a longitudinally polarized target predominantly determines g;, while
DIS experiments using a transversely polarized target are sensitive to g1 +
g2. The uncertainties of the R and F5 measurements enter directly the
systematic accuracy of the present g; measurements, where in particular
the poor knowledge of R at z < 0.01 and Q? < 1GeV? becomes relevant.

The proton structure function g can be directly extracted from a longi-
tudinally polarized hydrogen target, while, the neutron structure function g7
obtained either from a longitudinally polarized ?H or a *He target requires
additional nuclear corrections to be applied. The polarization of the 3He
nucleus is mainly due to the neutron. Effects of the nuclear wave function
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of the polarized *He nucleus have yet to be corrected for by using ¢7 data
to evaluate the proton contributions, i.e., g7 (7, Q?) = 1/pn(gi’He — 2ppq"),
where p, = (0.86+0.02) and p, = (—0.028 +-0.004) [17,18|. Additional cor-
rections due to the neutron binding energy and Fermi motion were shown to
be small [19]. For the polarized deuteron, which is assumed to be a loosely
bound p—n system, the D-state component in the deuteron wave function
(wp = 0.05 £ 0.01 [20]) slightly reduces the deuteron spin structure func-
tion. Subtracting the large contribution due to the polarized proton one ob-
tains g7 (z, Q%) = 29%(x,Q?)/((1 — 1.5wp)) — g} (x, Q?). A possible further
contribution may arise from the still unknown tensor-polarized structure
function b¢, a new leading twist function that occurs in case of scattering
electrons off a spin-1 target [21]. In the QPM, b; measures the depen-
dence of the quark momentum distributions on the helicity of the target,
i.e. by = %(2q$ - q% - qi) Here ¢ (qi”) is the probability to find a quark
with momentum fraction z and spin up (down) in a hadron or nucleus with
helicity m. In all g¢ analysis so far b = 0 is assumed, but first data to
constrain b¢ are expected from Hermes [22].

3. New inclusive data

The virtual photon asymmetries are bound by |A2| < /R(1 + A1)/2 [23]
and |A;| < 1. Testing those model-independent positivity conditions is im-
portant for deeper understanding the relation between the nuleon spin and
the spin of its constituents, in particular, in the limit z — 1. For example,
using an exact SU(6) symmetry ansatz, AY = 5/9 and A7 = 0 is expected,
but SU(6)-symmetry breaking effects imply A7 — 1, see e.g. [25] for a dis-
cussion of various models. It is worthwhile to note that a precise knowledge
of A; and A can be used to derive a lower bound for R based on the
above relation, in general case for each flavor separately. Here, recently two
breakthroughs were achieved. A first precision measurement of Ay of the
proton and the deuteron was performed by SLAC-E155X [6], showing that
for z < 0.8 the absolute value of Ay is much smaller than the \/R(1 + A1)/2
limit. Another interesting new result has been obtained at Jefferson Lab.
Using the longitudinally polarized 5.7 GeV electron beam (Pg ~ 0.81) of CE-
BAF and a longitudinally polarized *He gas target (Pr ~ 0.4), A7 could be
measured at z = 0.61 and Q? = 4.9 GeV? and was determined to be positive
for the first time, see Fig. 1, thus confirming SU(6) symmetry breaking in na-
ture. An extension of this high-statistics measurement to the range of about
0.1 < z < 0.8 is planned based on an upgrade of CEBAF to 12 GeV [25].

Recent data on the spin structure functions zgi(z, Q?) and zgs(z, Q?)
for the proton, deuteron and neutron are presented at their measured (Q?)
values in Fig. 2 including the new precise neutron data on g from the JLAB
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Fig.1. Recent data on the virtual photon asymmetry A} of the neutron including
the new precise data from the JLAB experiment E99-117 [24] in the valence—quark
region. The dashed curve is a phenomenological fit of SLAC-E155 [5].

experiment £99-117 [24]. Also shown are the final high-precision data on
ng’d from E155, and new preliminary gl’d data from Hermes in the kinematic
range 0.002 < z < 0.85 and 0.1 GeV? < Q? < 20 GeV?, where the data at
small Bjorken-z < 0.01 belong to low photon virtualities of Q? < 1.2 GeV?2.
These Hermes data confirm the SMC small-z and Q% > 1GeV? data for
Allj’d. Even lower z values down to z = 6 x 107° but at extremely low
Q? = 0.01 GeV? were reached by SMC with a dedicated low-z trigger [15].

As seen in Fig. 2 the spin structure functions g7 and g9 are still best
known for the proton, despite the recent improvements for the deuteron, and
partly, for the neutron. Actually, the precision on gg’d could be improved by
a factor of three by the dedicated E155X run as compared to previous gs data
from SMC [26] and from SLAC collaborations [2,27-29]. At large x ~ 0.4 the
values of g; are positive but gs is negative, and different from zero for both
the proton and the deuteron. For g9, with so far limited accuracy, this is in
contrast to the parton model expectation of go = 0. There exists no simple
partonic picture for go # 0 which can be understood in terms of incoherent
scattering of massless, collinear partons. It turns out that go arises from
higher-twist processes which can be described in terms of coherent parton
scattering. The spin structure function go is thus an interesting example
for a higher-twist observable representing quark—gluon correlations in the
nucleon.

In fact, omitting quark mass terms, go can be described by a twist-
two contribution, the so-called g3""V Wandzura—Wilczek-term [30] calcula-
ble from g1, and a pure twist-3 term denoted here with go reflecting the
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Fig.2. Compilation of recent data on the spin structure functions zg, (z, Q%) (left
panel) and zgs(z,Q?) [6] (right panel) including new data from DESY (Hermes
preliminary), JLAB (E99-117 preliminary) and SLAC (E155X). All data are given
at their quoted mean Q2 values. The values for zg, are compared with the g3'WV
term (solid line), see text, and several bag model calculations [6].

interaction-dependent part, i.e. g2(z, Q%) = g3 " + go(z, Q?) with

1

gng(maQQ) = _gl(‘lL‘aQ2)+/

x

2

Yy

The recent data from the g, experiment E155X (right panel of Fig. 2) are in
good agreement with the Wandzura-Wilczek approximation, g3' % o —g1,
which supports the observation discussed above. Consequently, any possible
twist-3 term may be small. This is supported by new estimates [6] of the
twist-3 matrix element do, obtained at an average Q? of 5 GeV? with im-
proved precision for the proton and the neutron, combining all SLAC g9
data, db = 0.0032 &+ 0.0017 and dj = 0.0079 £ 0.0048, respectively. Here,
the g3V"V-term was calculated using empirical fits [5] to g; data. Over the
measured z range, the SLAC data are not in agreement with the Burkhardt—
Cottingham sum rule [31], which is, however, difficult to test since it re-
quires to measure the go behavior for £ — 0. The corresponding value for
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the Efremov-Leader—Teryaev integral [32] is found to be —0.011 + 0.008, in
agreement with the prediction that the valence quark contribution to the
second moment of g; + 2g2 must be zero.

While the z dependence of the spin asymmetries and structure functions
has been precisely measured and found to be strong, only little is known
about their @2 dependence. So far no evidence for a Q? dependence of
g1/F1, note g1 /F; ~ Ay, of the proton and neutron for Q> > 1GeV? data
could be detected beyond the statistical accuracy [5]. The Q? dependence of
Ay of the proton and deuteron follows approximately the behavior expected
from the g3'WV-term, although the statistical significance is still low [6].

Currently, at Jefferson Lab measurements of inclusive spin structure
functions in the transition region from DIS to the low Q2 regime,
Q? < 1GeV?, and to the nucleon resonance region W < 2GeV are be-
ing performed with beam energies of 0.8-5.7 GeV. Using polarized electrons
(Pg ~ T70-80%) scattered off polarized targets, g1 and gy are measured in
a range 0.02 < Q? < 2.5GeV?, i.e. complementary to the high-energy spin
experiments. The preliminary results for the asymmetry A; + nAs show
significant Q? dependencies for a 3He gas target [25] as well as for proton
(NHj3) and deuteron (NDj) solid state targets [33]. This behavior reflects the
rapidly changing helicity structure of some resonances with the scale probed.
Accurate measurements will allow stringent tests of the Q? dependence of
nucleon structure models, first moments of spin structure functions and sum
rules [34] and may shed new light on the important question at which dis-
tance scale pQCD corrections will break down and physics of confinement
may dominate.

4. Global QCD analyses and gluon polarization AG
In NLO pQCD, the spin structure function g; is given by

o 1l 3 L
e ):§{ACNS® [+(_)1Aq3+ZAq8 +ACS®AE+2NfACG®AG}’

where ACy g are the spin-dependent Wilson coefficients and ® denotes the
convolution in z space. The usual notations for three flavours (Ny = 3) are:

AY = (Au+ Ag) + (Ad + Ad) + (As + Ag),
Ags = (Au+ Az) — (Ad+ Ad) = 6(g} — g7'),

Ags = (Au+ Aa) + (Ad + Ad) — 2(As + A3),
AG  inNLOonly; ACE =0inTO.

The good description of the g; data with Q? > 1 GeV? is illustrated for the
proton case in Fig. 3 (left panel). The observed pattern of scaling violations



Status and Perspectives of Spin Physics 2821

05 - 0.15

a [ i 3
Ix=o,ooes o simplefit 0s | xBu,(x) = NLO *E x8d(x) = NLO

— NLOQCDfit 0.05 —

3.5

95(x,Q%+c(x)

_I” B HERMES 03fF — 68
%x=0.0141 * smc
%« -

L eme 02
s -
x=0.0245
3 01
= x=0.0346

25

i §?0'0775

f . 1 x=0.122 17
15[ E 15
%, ,M x=0,173 125
[ FoogetE R s 1
}i,,,lé.&,;!’,__._i__ﬂ_,,, 075
x=0.346 05
S i
05 |- L x=0,490 025
Y E143 -- 0
A E155 x=0.755 025
0 L L L 5 05
1 10 10 10° - - - - -
2 2
Q” (GeV?) X X

Fig. 3. Left: @* dependence of g¥(z,Q?) for @® > 1GeV? data. The g7 values are
calculated using recent data on g7 /F} and F} determined by F} [35] and R [36]. To
evaluate the ? behavior, the data has been shifted to common z values using F7
and g7/ F} parameterizations. Also shown are an empirical fit according to [5] and
a NLO pQCD fit [39]. Right: Polarized parton distribution functions zAdy, zAu,,
zAG and £Ag from updated NLO pQCD (MS) fits at Q* = 4 GeV? using SU(3);
assumptions. Labels are according to the results from [39] (BB), [41] (GRSV), [42]
(AAC), and [43] (LSS). The shaded bands [39] represent the propagated statistical
errors only.

of ¢! resembles the known pattern of scaling violation in the unpolarized
structure function FY. Apparently, inclusive data allow linear combina-
tions of polarized PDFs (Ag + Ag) and the gluon polarization AG, as an
O(ag) correction, to be accessed by solving the DGLAP evolution equations.
The mixing of the evolution of the quark singlet contribution AY and AG
yields to renormalization and factorization scheme dependent results in NLO
pQCD. Frequently used schemes are the MS, Adler-Bardeen (AB) or JET
schemes, see e.g. [37|. In the AB and JET schemes, AY is conserved and
defined to be a scale-independent quantity, which is related to the MS re-
sult by AX(Q?)yg = AX\BuET) — Nyrag(Q?)/(2m)AG(Q?). The polarized
gluon distribution is the same in all schemes, AG(Q?)z5 = AG(QQ)AB(JET).
Observed differences of AG values obtained might still point to systematic
differences in the applied formalism, which include the treatment of quark
masses and flavours, the value of the strong coupling constant ag and the
use of non-DIS data for further constraints, for example.
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Several groups have been performing spin-dependent NLO pQCD fits.
The SMC collaboration was the first to carefully treat statistical, system-
atic and theoretical uncertainties [38] in polarized DIS. A novel attempt to
propagate the statistical errors through the evolution procedure was done
in [39] and is presented in Fig. 3 (right panel) together with other recent
NLO fit results [37,41,42]. Predominantly due to the inclusive proton data
the positive up-valence quark polarization are now determined with good
precision. Present neutron and deuteron data constrain well the negative
down-valence quark polarization, but further improvements are expected in-
cluding the new Hermes g{ data in these global fits. The polarized sea is
determined to be negative while AG is suggested to be positive. However,
both distributions have large uncertainties as illustrated with the bands in
Fig. 3 (right panel).

Spin-dependent pQCD analyses begin to become sensitive to the value
of ag as well. A recent determination of s yields ag(M?) = 0.114 +
0.005(stat) 70009 (scales) [39] which is consistent with the value of the current
world average as(M2) = 0.118 & 0.002 [40].

Present pQCD analyses use information from neutron and hyperon
p-decays to constrain the first moments of the non-singlet distributions,
as = Agqs = F+D = 1.267£0.0035 and ag = Agg = 3F —D = 0.585+0.025.
Assuming SU(3); flavour symmetry the first moment of g; is given by

1
3

Ja

Gv

M) = Cs(@)an @) + Oxs(@) 75

er-n).

where | ga/gy| is the axial coupling constant and ag(Q?) is the axial charge.
An update of the E154 [44] NLO pQCD fit in the M S scheme was performed
by the E155 collaboration [5] using published data. It confirms the quark
singlet contribution AX to be small, AX = 0.23 + 0.04(stat)£0.06(syst)
at Q?> = 5 GeV?, well below the prediction of 0.58 [45]. The value for
I'P—I'7 =0.176£0.003+0.007 is found to be in agreement with the Bjorken
sum rule prediction of 0.182 4 0.005. For the first moment of the gluon dis-
tribution a value of AG = 1.6 +0.8(stat)+1.1(syst) is obtained. Apparently,
the uncertainty on AG from scaling violations is still too large to signifi-
cantly constrain the gluon contribution to the nucleon spin. The value of ag
depends on the assumption of SU(3); flavour symmetry among hyperons,
which is known to be inexact. Indications of a breakdown of SU(3) flavor
symmetry, as observed in the hyperon 8 decay, and its impact on the polar-
ized PDFs were discussed recently [46]. While the influence on the singlet
and non-strange quark polarizations was found to be small, the strange sea
quark and gluon polarizations change significantly when SU(3); symmetry
breaking effects are considered [46]: e.g. As+ As varies from —0.02 to —0.15
and AG from 0.13 to 0.84. The observed strong dependence of the gluon and
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strange quark polarizations on the SU(3); symmetry assumptions calls for
more direct probes for a determination of those quantities. A first attempt
to determine AG/G in LO pQCD from the photon—gluon fusion process
was presented by Hermes [47]. Using PYTHIA [48], the gluon polarization
has been found to be positive, (AG/G) = 0.41 £ 0.18 (stat)£0.03 (syst),
at (p2) = 2.1GeV? and (z¢) = 0.17. A similar AG/G analysis is be-
ing performed by Hermes based on the high statistics deuteron data of the
run periods 1998-2000 [49] and is being expected from COMPASS [50].
The interpretation of such data is still limited to LO pQCD, since NLO
simulation programs are not available yet.

5. Flavor separation of polarized quark distributions

Information on the flavor separated polarized valence and sea quark con-
tributions can possibly be obtained via semi-inclusive scattering, where one
or more hadrons h in coincidence with the scattered charged lepton are de-
tected. According to the favored fragmentation process, the charge of the
hadron and its quark composition provide sensitivity to the flavor of the
struck quark as is transparent within the QPM. Assuming the hard scatter-
ing and the fragmentation process to factorize, the double-spin asymmetries
for hadrons, A’f, can be separated into z and z dependent terms,

42, 2 Ag(r, @) DIz Q?)

h .
A, @) ~ T (@, Q7) = .®
1 423, ¢} q(2. Q%) DY(z,Q?)

Zmin

The fragmentation function Dg(z, Q?) is the probability that the hadron h
with energy FE}, originates from the struck quark flavor ¢, a process which
is assumed to be spin-independent. The hadron momentum fraction in the
lab frame is given by z = E} /v, where v is the energy of the virtual photon.

Measurements of semi-inclusive hadron asymmetries had been performed
by EMC [1], SMC [51] and Hermes [52], but were restricted to a three-flavor
separation so far. Here, most recent results from Hermes [53] on a five-flavor
separation of the quark polarizations Au/u, Ad/d, Ai/d, Ad/d, (As + A5)/
(s + §) will be discussed.

New Hermes results on A} are shown in Fig. 4. They are based on the
full high statistics set of deuterium data of the years 1998-2000, employing
for a momentum range of 2 to 15 GeV the pion and kaon identification
capability of a dual-radiator Ring Imaging Cerenkov detector. To maximize
the sensitivity to the struck current quark, typically kinematic cuts of W?2 >
10 GeV?, z > 0.2 and 2 > 0.1 are imposed on the data in order to suppress
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Fig.4. Semi-inclusive asymmetries for positively and negatively charged hadrons
(top left), pions (top right) and kaons (bottom) from Hermes [53] (preliminary) with
systematic uncertainties (bands). Previous data from SMC [51] are also shown.

effects from target fragmentation, while the use of zmax = 0.8 suppresses
possible contributions from the exclusive production of p® mesons [54].
According to Eq. (8), the semi-inclusive asymmetries are sensitive to
the quark polarizations weighted with unpolarized fragmentation functions.
Following the Hermes analysis [52], a flavor tagging probability may be deter-
mined by simulation using the LUND string fragmentation model [55], tuned
to hadron multiplicities as measured at Hermes. This allows in LO pQCD
the polarized quark distributions to be extracted, see Fig. 5 (left panel), us-
ing the measured inclusive and semi-inclusive asymmetries from the proton
and deuterium targets. The present asymmetry set is still most sensitive
to the light valence quark polarizations (Auy, Ady) because of u(d)-quark
dominance: the production of h* is dominated by scattering off u(d) quarks
from a proton(neutron) target. However, for example, the spin asymmetry
of K7, a true sea object, will have higher sensitivity to the polarization of
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Fig.5. Left: New Hermes results on polarized quark distributions zAgq(z) from
inclusive and semi-inclusive asymmetries on proton and deuteron targets [53]. Data
are evolved to a common Q2 = 2.5GeV? and compared with results from global
LO pQCD fits from [41] (dashed) and [39] (dotted). Right: Flavor symmetry of
the light polarized sea, Au(z) — Ad(x), at Q® = 2.5GeV2. The data are compared
with two recent models. Hermes systematic uncertainties are presented as bands.

the quark sea. In particular, the sensitivity of the various semi-inclusive
asymmetries to the sea polarizations at 0.02 < z < 0.2 depending on the
target, hadron type and charge can be estimated as

Ay(ht) from p, n: A@and Ad ~5...10%

Ai(h™) from p(n): Au (Ad) ~ 10...30%
Ay (K™T) from p, n: As < 10%
e A(K™) from p, n: As < 10%.

The numbers illustrate the impact of the new Hermes deuterium data which
allow for the first time the polarized sea quark distributions to be extracted.
Fig. 5 (left panel) represents as well as Fig. 3 (right panel) the first moments
at fixed Q? which determine the flavor separated quark contributions to the
proton spin: a positive (parallel to the proton spin) up quark and a negative
(anti-parallel to the proton spin) down quark polarization are found. The
light polarized sea quark distribtutions are consistent with zero, while the
result for the strange quarks favors slightly positive values at small = < 0.1.
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Within the present level of experimental uncertainties, the results are still
in agreement with spin-dependent global LO pQCD fits where the flavor
undifferentiated polarized sea is found to be small but negative.

As is seen in the right panel of Fig. 5, no significant breaking of the
flavor symmetry of the polarized ligh sea could be observed. This is in
contrast to expectations arising from models which can explain, in agreement
with the Gottfried sum rule data, the flavor asymmetry of the unpolarized
light anti-quark distributions in the proton, d(z) — @(z) > 0. A violation
of the flavor symmetry has been expected to be stronger in the polarized
case than in the unpolarized case, with the prediction that in the proton
At > 0> A5 > Ad and A — Ad > d — 4 > 0 [57]. Predictions are coming
e.g. from the chiral quark soliton model [56], statistical models for polarized
and unpolarized structure functions and PDFs [57,58|, pQCD analyses with
flavor-asymmetric light sea densities implementing Pauli-blocking by the
valence quark [41], or an effect of the pion cloud of the nucleon [59]. To go
beyond the Hermes result requires more sensitive tests for Au(z) and Ad(z).
Promising are here measurements of the various helicity asymmetries for W+
production in polarized pp collisions at high energies, which will be measured
with experiments at RHIC-BNL, see e.g. [60] and [57,58].

6. Exclusive spin physics

In hard exclusive processes as leptoproduction of either a real photon
(DVCS) or a meson, new hadronic parton distributions appear which contain
information on the origin of nucleon spin that DIS can not provide and
which may allow to probe the longitudinal and transverse structure of the
nucleon in a correlated manner [61]. Based on impressive theoretical efforts
in the last decade, a QCD description of such reactions could be achieved,
separating the soft physics inherent to this process from the hard one by
extending the framework of DIS to the off-forward region of the virtual
Compton process, for a recent review see e.g. [62]. The non-perturbative
functions are the so-called generalized parton distribution functions. GPDs
(usually denoted with H, E, H, F/) represent probability amplitudes to knock
out a parton from a nucleon and to put it back with different longitudinal
momentum fractions parametrized by ¢ (skewness parameter) and z. GPDs
depend also on the Mandelstam invariant ¢, the squared momentum transfer
to the nucleon. These complex functions of multiple variables unify known
concepts of hadronic physics, e.g. by linking ordinary parton distribution
functions and nucleon form factors.

In the context of spin physics, the attractive fact is that the total angular
momentum J,; and Jg carried by a quark flavor and by a gluon, respectively,
are given by the second moment of the sum of their unpolarized GPDs
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(H?, E9) in the limit ¢ = 0 [63]. The total angular momenta of partons are
still unkown and related by angular momentum conservation to the spin of
the nucleon projected along an axis. The latter could be written also as
a sum of contributions from quark (AX) and gluon (AG) spin and orbital
angular momentum of quarks (L,) and of gluons (L) [63,64]

t=J+Jy =AY+ Li+ AG+ L. (9)

To understand the composition of the nucleon spin finally, each contribution
has to be identified. The usefulness of such angular momentum sum rule
in the sense of a gauge invariant definition and measurability of each of the
terms are yet under discussion [65], especially with respect to the gluon.

The DVCS channel is viewed to be a particular clean hadronic reaction
that gives access to the GPDs [66]. In the case of hard leptoproduction of
mesons, however, the theoretical description involves with the meson dis-
tribution amplitudes another unknown non-perturbative input, which may
complicate the identification of the GPDs. So far, the experimental data
and GPD models focus on the proton but GPDs for the deuteron were also
introduced recently.

First experimental results on lepton beam helicity dependent asymme-
tries associated with DVCS were obtained from Hermes [68] and confirmed
by the CLAS collaboration [69], see Fig. 6 (left panel). This single-spin asym-
metry is sensitive to the interference term formed from the imaginary part
of the DVCS amplitudes, which can be expressed in terms of GPDs, and the
background Bethe—Heitler amplitude. In a LO leading twist description, this
leads to a sin ¢ dependence in the related asymmetry, A(¢) = asign(e) sin ¢.
Here, sign(e) represents the sign of the beam charge and ¢ is the angle
between the v and e scattering planes. The integrated beam-spin asym-
metry obtained from positron scattering off a hydrogen target at Hermes
is @ = —0.23 £ 0.04(stat) £ 0.03(syst), while electron scattering at CLAS
yields @ = 0.202 £ 0.021(stat) £ 0.009(syst). Both results are in fair agree-
ment with a simple sin ¢ dependence, and a change in the sign is seen with
the beam charge used. More precise data are expected to become available
from both experiments allowing the significance of higher sin ¢ moments to
be tested which are sensitive to quark—gluon correlations as described by
twist-three GPDs.

In the right panel of Fig. 6, first results from Hermes [70] on a beam-
charge asymmetry associated with DVCS are presented. This measurement
combines data from electron and positron scattering off unpolarized targets.
The single-spin asymmetry is sensitive to the interference term related with
the real part of the DVCS amplitudes, and is expected to follow a cos ¢
dependence. A corresponding fit to the data reveals a positive amplitude of
0.11 £ 0.04(stat) £ 0.03(syst).



2828 U. STOSSLEIN

0.4 0 0.6
< e'p - e*yX (M<1.7GeV)
03F 04 ® HERMES PRELIMINARY
o > a — P1+P2cos ®
o2k

F¥ 02
01f 71" _
: . ‘

: o 04 | P1 = -0.05 + 0.03 (stat)
03f Fiy P2= 0.110.04 (stat)
04 Eoo e e ey -0.6 L L L L L L L
0 50 100 150 200 250 300 350 -3 -2 -1 0 1 2 3
¢, deg ® (rad)

Fig.6. Left: Beam-spin asymmetry associated with DVCS as a function of ¢ from
the CLAS [69] experiment [69]. The curves are from model caluclations. The
shaded area (right) represents the uncertainties of the best phenomenological ¢
dependent fit functions. Right: Beam-charge asymmetry associated with DVCS as
a function of ¢ from Hermes [70]. The data correspond to a missing mass region
between —1.5 GeV and +1.7 GeV. The solid line is a cos ¢ fit to the data.

Since only a quadratic combination of GPDs appears in the unpolarized
DVCS cross section [71], the use of polarization might help to access ad-
ditional observables which have different sensitivities to the various GPDs.
For example, it has been predicted [72| that for the exclusive production
of 7™ mesons from a transversely polarized target by longitudinally virtual
photons, the interference between the pseudoscalar (E) and pseudovector
(ﬁI with H — Agq in forward limit at ¢ = 0) amplitudes leads to a large
asymmetry in the distribution of ¢, the azimuth of the pion around the
lepton scattering plane.

Recently Hermes presented first data on single-spin azimuthal asymme-
tries measured in the reaction ep — e'nX using longitudinally polarized
protons |73, 74|, see Fig. 7. Comparing the left and right panels of Fig. 7
it is clearly seen, that for 7 production at high z (> 0.9) the sin ¢ moment
of the asymmetry is observed [73] to become suddenly negative, in agree-
ment with a different (but related) analysis of exclusive 7t data [74]. A fit
to the exclusive data, A(¢p) = A%rﬁd) sin ¢, delivers the sin ¢ moment of the

target-spin related asymmetry to be A%?fﬁ = —0.18 £ 0.05(stat)+0.02(syst)
integrated over the kinematic range. However, for a complete quantitative
modelling of the observed asymmetry the upcoming Hermes and COMPASS
data on transversely polarized targets are required.
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Fig. 7. Hermes results on azimuthal sin ¢ moments of the single-spin asymmetries
measured for the production of charged and neutral pions, as a function of the
pion momentum fraction z [73] (left) and for the exclusive 7 production [74]
(right). Exclusive 7t was selected by requiring the missing mass Mx of the reaction
etp — et’'rt X corresponded to the nucleon mass, Mx < 1.05GeV. The curve is
a fit to the data by A(¢) = A32? sin¢. The subscripts U and L indicate the use
of an unpolarized beam and a longitudinally polarized target, respectively.

Regarding new experiments one of the most interesting questions is to de-
termine the still unknown third type of twist-two quark distribution function
dq, called transversity, introduced in [75]. In order to probe the transverse
spin polarization of the nucleon, a helicity (identical to chirality at leading
twist) flip of the struck quark must have occured. In hard processes this is
only possible with non-zero quark masses, thus suppressing this function in
inclusive DIS. However, in semi-inclusive processes it is possible to combine
two chiral odd parts, one describing the quark content of the target (d¢g) and
another one describing the quark fragmentation into hadrons. Considerable
effort has gone into understanding, modelling and into possible measures of
dq, for a review see [76].

There are important differences to be noted between the helicity and the
transversity distributions which give further insight into the non-perturba-
tive QCD regime of hadronic physics. For example, as mentioned before,
quark and gluon helicities mix under Q? evolution, but there is no analogue
of gluon transversity in the nucleon. Furthermore, the difference between Aq
and dq reflects the relativistic character of quark motion in the nucleon. Only
in the case of non-relativistic movements of quarks in the nucleon Aqg and d¢
become identical, 4.e. invariant under a series of boosts and rotations which
convert the longitudinally polarized nucleon into a transversely polarized
one. The first moments of the transversity distributions for quarks and
anti-quarks are related to the flavor dependent contribution to the nucleon
tensor charge 0. This is expected to be a more non-singlet like quantity in
contrast to the axial charge, but more difficult to predict [77].
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The recent observation by the Hermes collaboration [78,79] of non-zero
single-spin azimuthal asymmetries for neutral and positively charged pions
off a proton target generated much interest, since it can be interpreted as ev-
idence for a non-zero chirality-flipping fragmentation function that couples
to the quark transversity distributions. The observation is further confirmed
by new results on single-spin asymmetries of pions and kaons from a deu-
terium target, see these proceedings. However, the Hermes data were taken
with longitudinally polarized targets which complicates the interpretation
of the asymmetries due to possible additional twist-three contributions [80].

Transversity is an important part of ongoing and forthcoming exper-
iments [88] and has been discussed also within this workshop series [81].
At BNL-RHIC interesting processes involving transversity in pp collisions
are Drell-Yan lepton pair production with two protons transversely po-
larized or alternatively, chiral-odd two-pion interference fragmentation in
large pt pion pair production using one proton transversely polarized. The
study of transversity distributions and chiral-odd fragmentation functions,
at least for the up-quark with good precision, is a primary goal of the Her-
mes Run II [11,80] using a transversely polarized hydrogen target. The
COMPASS [50] experiment at CERN has a transversity programme similiar
to that of Hermes covering a different kinematic region. Currently, data are
being taken by both experiments.

The primary goal of the COMPASS muon programme is the measure-
ment of the gluon polarization AG/G with ~ 0.1 accuracy via open charm
production and hadron pair production at large pt for 0.04 z¢ < 0.3 about.
At RHIC, prompt photon production will be employed to measure the
helicity-dependent gluon density AG, at 0.02<zg <0.3 [82]. A compilation
of simulated statistical accuracies for AG/G may be found e.g. in [83]. It is
important that various channels for extracting AG in eN- and pp-scattering
are employed to minimize the (so far strong) model-dependencies.

7. Conclusion

Spin physics remains an exciting, rapidly developing field of research and
contributes remarkably to the QCD picture of the structure of the nucleon.
Recent precise spin structure function data from DESY and SLAC, together
with previous data, improve the knowledge about the contribution of valence
quarks to the nucleon spin within the framework of NLO pQCD and allow
the fundamental Bjorken sum rule to be tested. New semi-inclusive double-
spin asymmetry data from Hermes deliver additional sensitivity required for
a complete flavor separation of polarized parton distributions, so far in LO
pQCD. Within the present accuracy of the data, no significant breaking
of the flavor symmetry of the polarized ligh sea could be observed. The



Status and Perspectives of Spin Physics 2831

contribution of gluons to the nucleon spin is not yet well known. It is
suggested to be positive from LO/NLO pQCD fits based on inclusive DIS
data and from a LO pQCD interpretation of Hermes high pt hadron pair
production data.

A recent interesting development in QCD spin physics was triggered
by the Hermes measurement of single-spin azimuthal asymmetries in semi-
inclusive pion electroproduction off a longitudinally polarized target. This
observation suggests a non-zero chiral-odd fragmentation function which al-
lows the so far unknown quark transversity distribution in semi-inclusive
scattering off transversely polarized targets to be accessed. For the first
time, a window may be opened to access angular momenta of partons using
the framework of generalized parton distribution functions based on new
data on spin-dependent, hard exclusive processes, released by the Hermes
and CLAS collaborations. Further experimental studies of the connection of
semi-inclusive with exclusive reactions, and of high energy with low energy
spin physics are being performed at JLAB and at DESY.

More precise data are expected to soon become available on the gluon
spin, on flavor separated quark and anti-quark helicities and on transversity
properties from the high luminosity experiments at CERN, DESY, JLAB
and RHIC-Spin, and also from an upcoming SLAC experiment [84|. The
perspectives also of future polarized lepton—nucleon fixed-target [83,85] and
collider [86] experiments are being discussed intensively. The goal remains
to develop a complete, firm theoretically picture of the momentum and spin
structure of nucleons and hadrons.

I would like to thank the organizers, in particular Jan Kwieciniski, for
hosting such a fruitful workshop.
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