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PREFACE

It has been a great pleasure and an honour to host the 16 International Spin Physics
Symposium (SPIN2004) in Trieste, Italy, during October 10-16, 2004. The Symposium was
organised by the Trieste Section of Istituto Nazionale di Fisica Nucleare (INFN), and was
a hosted activity of the Abdus Salam International Centre for Theoretical Physics (ICTP)
in Miramare, Trieste.

SPIN2004 is the third Symposium of a new series in which the International Conference
on Polarization Phenomena in Nuclear Physics and the International Symposia on High
Energy Spin physics joined together. Thus the scientific programme of this Symposium in-
cludes topics of relevance to spin physics in medium-low energy reactions and polarization
phenomena in nuclear physics, as well as those relevant to high energy spin physics. The
previous two editions of the new series of Symposia were held in Osaka, Japan (October
2000) and at BNL, USA (September 2002). As announced during the Symposium, the next
one will be held in Kyoto, Japan.

Spin is a key element in the present and future development of particle and nuclear
physics. Indeed spin has always played a paramount role in studies of fundamental sym-
metries, static particle properties, and the structure of fundamental interactions. On top of
that, for 15 years Spin Physics has been enjoying a true “Renaissance”, and many enthu-
siastic young people, both theoreticians and experimentalists, have been attracted by the
new ideas and by the new experimental opportunities, and have entered the field. Over 300
spin physics enthusiasts showed up at the beautiful Miramare campus, and participation in
SPIN2004 was highly diversified. Twenty-nine different countries were represented. The
largest single community came from the USA, followed by those from Italy, Russian Fed-
eration, Germany, and Japan. A unique feature of this edition of the Symposium was the
large participation from developing countries, which was possible thanks to support from
the ICTP and to the very special rates the organisers could thus offer to these participants.

The Symposium was structured in plenary sessions in the mornings and in parallel
sessions in the afternoons. The complete scientific programme is given at page xxxiii. As
at SPIN2002, no poster session was set up: although a large number of contributions was
expected an effort was made to accommodate all the talks in short communications in
the parallel sessions, thus giving everybody an opportunity to stand up and present his
or her work. The result was that the afternoon sessions were quite dense, never ending
before 7 pm, particularly so for the session on "QCD Spin Structure of Nucleons”, where
55 talks were given. On the other hand, the excellent plenary talks were almost one hour

XXV



xxvi Preface

long, covered all the topics of the Symposium, and were routinely followed by interesting
discussions. Another important decision of the Local Organizing Committee was privilege
for invited talks by young scientists. Also, in view of the variety of talks covered at the
Symposium, rather than having a single “Concluding Remarks” talk, four rapporteurs were
asked to report the highlights of the corresponding parallel sessions.

In the plenary sessions reports were also given on the specialized Workshops on Spin
Physics, which took place over the past two years and were supported by the International
Spin Committee: “ X Workshop on High Energy Spin Physics (NATO ARW DUBNA-
SPIN-03)” in Dubna, “10% Workshop on Polarized Sources and Targets” in Novosibirsk,
“Advanced Studies Institute on Symmetries and Spin (Praha-Spin-2003 and Praha-Spin-
Praha)” in Prague, “9'" International Workshop on Polarized Solid State Targets and Tech-
niques” in Bad Honnef, and “Workshop on Spin Polarized Electron Sources and Polarime-
ters (PESP-2004)” in Mainz. Following tradition, this last workshop took place the week
before SPIN 2004, and the the PESP-2004 Proceedings can be found in the second part of
this book.

During the Symposium tributes were paid to two distinguished members of the Interna-
tional Spin Committee who passed away since SPIN2002, V.W. Hughes and L.D. Soloviev.
Both Myriam Hughes and Tatiana Solovieva attended the Symposium and could feel the
friendship and the gratitude of many colleagues of Vernon and Lev.

These proceedings collect all 31 talks given in the plenary sessions, and 164 of the 173
talks in the parallel session. We are grateful to the authors for having submitted their written
versions on time.

Here we would like to express our gratitude to the agencies and the institutions whose
support has been essential for the success of the Symposium. In addition to the INFN and
ICTP, we would like to thank the International School for Advanced Studies, the Con-
sortium for the International Development of the University of Trieste, the Trieste Physics
Consortium, the Central European Initiative, the Friuli-Venezia Giulia Region, the Province
of Trieste, the City of Trieste, the International Union of Pure and Applied Physics, and the
International Spin Physics Committee, for their support. We are indebted to the Director
of the ICTP, Prof. K. Sreenivasan, for providing us the facilities and infrastructure, and to
the ICTP support service staff for their invaluable work, and in particular to D. Giombi, F.
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PRESENT UNDERSTANDING OF THE
NUCLEON SPIN STRUCTURE*

A.METZ

Institut fiir Theoretische Physik II, Ruhr-Universitat Bochum, Bochum, Germany

The present understanding of the spin structure of the nucleon is briefly reviewed. The main focus is
on parton helicity distributions, orbital angular momentum of partons as defined through generalized
parton distributions, as well as single spin asymmetries and time-reversal odd correlation functions.

1. Introduction

The history of the non-trivial nucleon spin structure started as long ago as in 1933 with the
discovery of the anomalous magnetic moment of the proton by Frisch and Stern [1]. This
observation led to the important conclusion that the nucleon cannot be point-like.

In the meantime the field has grown tremendously. This short review concentrates on
the QCD spin structure of the nucleon, which is usually quantified in terms of various par-
ton distributions. In this context one is dealing with three kinds of parton distributions: (1)
forward distributions (quark and gluon helicity distribution), (2) generalized parton distri-
butions (GPDs) which contain information on the orbital angular momentum of partons, (3)
transverse momentum dependent distributions (TMDs) which can lead to single spin asym-
metries (SSAs). Related experiments are currently running at CERN, DESY, Jefferson Lab,
and RHIC.

Many issues like the transversity distribution, parton distributions for x -+ 0, 1, various
sum rules, subleading twist etc. cannot be covered. For such topics the reader is referred to
existing review articles (like, e.g., [2]- [5]) and refereces therein, as well as these proceed-
ings.

*This work has been supported by the Sofia Kovalevskaya Programme of the Alexander von Humboldt Foundation
and by the Deutsche Forschungsgemeinschaft.
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2. Parton helicity distributions
2.1. Quark helicity distribution

Up to now our knowledge about the quark helicity distribution Ag has mostly come from
inclusive lepton scattering off the nucleon. By measuring double spin asymmetries (po-
larized lepton beam and polarized target) one can extract the structure function g (x, Q2)
which is given by

1 | 1
Pl — _AT + —A —
& 9AZ 2 q3+36Aqs, 1)

with the flavour combinations

AY. = (Au+ Ai) + (Ad + Ad) + (As+ A3),
Agy = (Au+ Air) — (Ad + Ad), )
Ags = (Au+ Aid) + (Ad + Ad) — 2(As + AS) .

In the past many QCD analyses, using (slightly) different assumptions and different
schemes, of polarised DIS data were performed. Information on the first moment of Ag
and Agg from beta decay of the neutron and hyperons usually serves as an important in-
dependent constraint. The results of such QCD analyses can be summarized roughly as
follows: while AY. and Agqs are fairly well known, Agg is not known with the same accu-
racy. In particular, this means that there still exists a considerable uncertainty about the
distribution of strange quarks. Most importantly, however, inclusive DIS measurements do
not permit the determination of Ag and Ag separately.

At this point additional information can be obtained from semi-inclusive DIS, where
one extracts the double spin asymmetry

n . La%g89() D5(2)
Y, e2q(x)Di(z)

Detecting one hadron 4 in the final state not only addresses the distribution of specific
quark flavours (e.g., by looking at kaons one can learn something about the strange-quark
distribution), but also makes it possible to separate the quark and antiquark distributions,
since the fragmentation functions D;’, Dg put different weights on Ag and Ag. The results
for such an analysis from the HERMES Collaboration [6] are shown in Fig.1, where, in
particular, it turned out that the data are consistent with a vanishing sea quark distribution
for all three flavours. It has been claimed, however, that the extraction method used in [6]
has some model dependence [7]. Recently, there has been considerable activity aimed at an
entirely model-independent analysis of semi-inclusive DIS data [8,9].

Measuring a parity-violating SSA in pp — WX can provide complementary informa-
tion on the helicity distribution of the light flavours [10, 11], where for W production one
has

3)

W _ Au(xy)d(x2) — Ad(xi)u(x2)
L7 T u)d () + d(x)ulx)

C))
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Fig. 1. Quark helicity distributions at (Q?) =
2.5GeV? from HERMES {[6] (left panel), and longi-
tudinal double spin asymmetry for 3p — a°X from
PHENIX [18] (right panel).
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Since x1 and x; are fixed by external kinematics one can disentangle the contributions of
the different flavours. If, e.g., x; is large, then both Ad and d are small and one can extract
the ratio Au/u. On the other hand the ratio Ad/d can be obtained if x; is large. Analogously,
production of W~ allows one to measure Ad/d and Ad/i. This method is rather clean and
is planned to be exploited at RICH. Eventually, polarized neutrino DIS could be used to get
additional information on As and As.

2.2. Gluon helicity distribution

In order to get information on the gluon helicity distribution Ag of the nucleon, one studies
lepton nucleon scattering as well as pp-collisions, where different final states are consid-
ered in both cases.

In the DIS measurements one tries to isolate the partonic subprocess of photon-gluon
fusion (PGF), yg — ¢g. From the experimental point of view, inclusive DIS represents
the simplest reaction containing PGF. However, since it only enters through evolution, this
process merely provides a rather indirect measurement of Ag. Because of the limited range
in x and Q?, the currently available data put no strong constraint on Ag, even though a
positive Ag is prefered in the analyses. This is in contrast to the situation of the unpolarized
gluon distribution, where a lot of information is coming from unpolarized inclusive DIS
which has been explored in a wide kinematical region.

A more direct measurement of the PGF process is possible by detecting high-pr jets
or hadron pairs in the final state (see, e.g., [2]- [5] and referenes therein). In this context
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a special role is played by the production of a pair of charmed mesons created through
g —* c¢, because background processes like the QCD-Compton reaction yg — gq are au-
tomatically suppressed without making specific kinematical cuts. To measure Ag via charm
production is a central aim of the COMPASS Collaboration [12].

The only published numbers for Ag from such reactions come from the production of
high-pr hadron pairs. The measurements of the HERMES [13] and SMC [14] Collabora-
tions, performed at different average values of x, yielded

Ag/gi(x)=0.|7 = 0.41 £ 0.18(stat) £+ 0.03 (syst) (from [13}), &
Ag/8ly=07 = —0.20 £ 0.28(stat)+ 0.10(syst) (from [14]). (6)

Unfortunately, these data still suffer from large statistical errors. While the SMC result was
obtained in the DIS regime (Q? > 1 GeV?), HERMES used photoproduction, which led to
speculations about background contributions from resolved photons.

The second class of processes providing information on Ag are longitudinal double
spin asymmetries in proton-proton collisions. To be specific, the following reactions are
considered: prompt photon production (pp — yX), production of heavy flavours (3p —
c€X, bbX), jet production (3P — jetX), as well as inclusive production of hadrons (Bp —
hX). The processes have already been computed up to NLO in QCD. A detailed discussion
of the advantages and drawbacks of the different reactions can be found in [4, 11, 15-17]
and references therein. At RICH there are extensive ongoing activities in order to study the
various channels for different kinematics.

The first published data are from the PHENIX Collaboration for inclusive production
of neutral pions [18]. The asymmetry is shown in Fig.1 as function of the transverse mo-
mentum of the pion, and compared to a NLO calculation [15]. Measuring A}, with good
statistics at higher values of p, , where the sensitivity of the asymmetry to the gluon helic-
ity is larger as compared to the low p | region, can already provide an important constraint
on Ag.

3. Generalized parton distributions and orbital angular momentum

Knowing the helicity distributions is not sufficient to understand how the spin of the nu-
cleon is decomposed. One also needs information on the orbital angular momentum of the
partons. In 1996 it was shown [19] that generalized parton distributions (see, e.g., [20,21])
can provide the pertinent information. GPDs appear in the description of hard exclusive
processes like deep-virtual Compton scattering off the nucleon and meson production,
where in both cases data have already been published. Neglecting the scale dependence,
GPDs are functions of three variables, x, &, r. While £ and ¢, describing the longitudinal
and total momentum transfer to the nucleon, are fixed by the external kinematics of an
experiment, x is integrated over, which complicates the extraction of the x-dependence of
GPDs.

GPDs contain a vast amount of physics, and show several interesting properties which
put strong constraints on models. They are related to forward parton distributions and nu-
cleon form factors, obey the so-called polynomiality condition [22], and satisfy positivity
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bounds [23]. Moreover, they contain information on the shear forces experienced by par-
tons in the nucleon [24]. In particular, they can provide a 3-dimensional picture of the
nucleon [25].

Concerning the nucleon spin structure, it is important that the total angular momentum
(for longitudinal polarization) of quarks is related to the GPDs according to [19]

1 rl
J;:E/—ldxx[Hq(x,éat:0)+Eq(X,§at=0)]’ M

where H,(x,0,0) = g(x), while the GPD E, has no relation to a normal forward distribution.
For J¢ an analogous formula holds. Knowing both the total angular momentum and the
helicity of partons allows one to address the orbital angular momentum by means of the
decomposition
1

%:;1;4-]; :; B/o dx(Ag(x) + Ag(x)) +Lg] +Ag+LE. ®)
(Note that also for a transversely polarized nucleon a decomposition like in (8) has
been proposed [26].) Recently, Lattice QCD as well as models and phenomenlogical
parametrizations of GPDs were used to estimate the orbital angular momentum of the
quarks. Lattice data, e.g., result in a small contribution to the angular momentum if one
sums over the quarks, but the uncertainties of these calculations are still large.

4. Single spin asymmetries

Single spin asymmetries are currently under intense investigation from both the experimen-
tal and theoretical point of view. For the process p'p — 7X, e.g., Fermi-Lab [27] observed
large transverse SSAs (up to 40%) at the cm-energy /s = 20GeV, and recent results from
the STAR Collaboration [28] have shown that the effect survives at /s = 200GeV (see
Fig.2). Also for pion production in semi-inclusive DIS, non-vanishing transverse SSAs
have been observed [29] (see Fig.2).

In general, SSAs are generated by so-called time-reversal odd (T-odd) correlation
functions (parton distributions and fragmentation functions). They vanish in leading twist
collinear factorization. To get non-zero effects one has to resort to (collinear) twist-3 cor-
relators [30] or to transverse momentum dependent functions [31]. There exist four T-odd
leading twist TMD correlation functions, where the Sivers function f ILT {32], describing the
azimuthal asymmetry of quarks in a transversely polarized target, is the most prominent T-
odd parton distribution. In the case of fragmentation, the Collins function [33] (transition
of a transversely polarized quark into an unpolarized hadron) has attracted a lot of interest,
since in semi-inclusive DIS it gets coupled to the transversity distribution of the nucleon.

For Ay in pp-collisions both TMD twist-2 and collinear twist-3 correlators were used to
describe the data as can be seen in Fig. 2. For the twist-2 analysis, very recently the invoked
kinematics has been revisited carefully. As a result it turns out that the Collins mechanism
actually cannot explain the data [34], while the Sivers mechanism could well do so [35]. In
contrast to Ay, in semi-inclusive DIS at low transverse momentum of the detected hadron,
one can unambiguously select the Sivers mechanism shown in Fig. 2.
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Fig. 2. Transverse single spin asymmetries: Ay in
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For quite some time it was believed that T-odd TMD distributions like the Sivers func-
tion should vanish because of T-invariance of the strong interaction [33], whereas T-odd
fragmentation functions may well exist because of final state interactions [33]. However, in
2002 a simple spectator model calculation provided a non-zero SSA in DIS [36]. A reanaly-
sis then revealed that in fact the Sivers function can be non-zero, but only if the Wilson-line
ensuring color gauge invariance is taken into account in the operator definition [37]. The
presence of the Wilson line, which can be process-dependent, in turn endangers the uni-
versality of TMD correlation functions [37,38]. This problem also affects the soft factor
appearing in factorization formulae for transverse momentum dependent processes. The
schematical structure of the factorization formula for semi-inclusive DIS is [39, 40]

Opis < pdf X frag X 8pgy X soft. 9

For unintegrated Drell-Yan and ete™ — h1h2X, if the two hadrons are almost back-to-
back one is dealing with corresponding formulae. While time-reversal can be used to relate
parton distributions in DIS which contain future-pointing Wilson lines to distributions in
Drell-Yan with past-pointing lines, this is not possible for fragmentation functions. Nev-
ertheless, by considering the analytic properties of the fragmentation correlator, it can be
shown that fragmentation functions are universal [40,41]. This result, in particular, justifies
the relation of the Collins function in e*e™-annihilation and semi-inclusive DIS. Also for
the soft factor universality between the three mentioned processes can be established [40].
Only T-odd parton distributions are non-universal in the sense that they have a reversed
sign in DIS as compared to Drell-Yan, i.e.,

1] gL
flTIDY flT‘

This relation should be checked experimentally.

There are many more interesting developments in the field of SSAs. For instance, a rela-
tion between the sign of the Sivers function and the anomalous magnetic moment of a given
quark flavour was given [42]. Moreover, a sum rule relating the Sivers effect for quarks and

. (10)
DIs
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gluons was derived [43]. It was also proposed to measure the gluon Sivers function through
jet correlations in pT p-collisions [44], and charm production (pT p — DX) [45].

5. Conclusions

We have briefly reviewed the status of the QCD spin structure of the nucleon. Currently, an
enormous amount of activities is dealing with this vast and very interesting field.

Historically, the first subject which was studied intensely is the physics of parton he-
licity distributions, and today we already have a considerable knowledge about the quark
helicity distribution. Uncertainties still exist in the strange quark sector and in the sepa-
ration of valence and sea quark distributions, but many current activities are aimed at an
improvement of this situation. In contrast to Ag, the gluon helicity distribution is still only
weakly constrained. Nevertheless, a lot of new information, which is supposed to come
in the near future from COMPASS and the various measurements at RHIC, will certainly
increase our knowlegde about Ag.

Also generalized parton distributions can provide important information in order to re-
solve the spin puzzle of the nucleon, because the orbital angular momentum of partons is
related to these objects. Using Lattice QCD as well as phenomenological approaches, peo-
ple have exploited this connection to determine the orbital angular momentum of quarks.
At present, the situation is not yet conclusive, but should definitely improve in the future.
In particular, many new preliminay data for hard exclusive reactions on the nucleon from
COMPASS, HERMES, and Jefferson Lab exist. These data will also help to clarify the role
played by orbital angular momentum in the spin sum rule of the nucleon.

The discovery that time-reversal odd parton distributions in general are non-zero gave a
strong boost to the interesting subject of single spin asymmetries over the past three years.
Since then a lot of progress has been made on both the theoretical but also the experimental
side. In this context it has been a crucial discovery that the presence of the Wilson line in
transverse momentum dependent correlation functions is mandatory. Because this field in
some sense is still rather young, more fundamental results are to be expected. The large
amount of already existing, preliminary, and forthcoming data from lepton-nucleon and
proton-proton collisions will further improve our understanding of the origin of single spin
asymmetries.
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DISCUSSION

E. Leader:

Question: You said that COMPASS will have an excellent determination of AG(x) by de-
tecting pairs of D-mesons. I wish that were true! In reality statistics will limit them to
detecting only one D, so the interpretation will be a little less unambiguous. But still it is
an excellent way to try to study AG(x).

Answer: I agree!
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N. Saito: .
Comment 1: A;; for hadron production is proportional to [ég&(x)] when g — g scatter-

ing dominates, but it is proportional to Agg(x) -A’l7 (x) in prompt ¥ production where gluon
Compton process dominates.

Comment 2: PHENIX measurement of Az (pp — n°X) is not the only constraints
from hadro-production. Fermilab E704 measured A7z (pp — #°X), Arr(pp — 7n°X) and
A1 (pp — multi-photon pair X) to provide some constraints on Af (x).

Answer to the second comment: I agree.

S. B. Nurushev:

Question: There are two types of experiments for measuring AG: a) polarized I p scattering,
and b) rh (pp or pp) scattering. 1 thought that the second one is preferable and suitable for
extracting AG. What do you personally think about this subject?

Answer: In my opinion it is not clear why pp-collisions should be better. Typically ev-
erything depends on the quality of the data, the chosen kinematics and in particular the
observed final state.

A. Deshpande:

Comment 1: About S. B. Nurushev question “Is determination of AG better in pp or Ip
experiments?”: one should not view this as one better of the other: they are independent
mesurements with identical fundamental underlying physics. They are complementary.

2. About A. Metz comment “No gluon (polarized) constraints have come from DIS”: it
is often mentioned that DIS cannot constraint AG. This is wrong! The best value of un-
polarized gluon distribution does come from QCD evolution of S.F.s at NLO. The only
reason that has not happened yet for polarized DIS is that there is no data in the wide x, Q2
range for that method to be effective. Future may change this. It should not be ignored that
PRD358, 112002, 112003 papers by SMC and SLAC E143 have addressed this issue rigor-
ously.

Answer (o the second comment: my statement about a badly constrained gluon-distribution
from inclusive DIS through evolution is of course to be understood in view of the currently
available data. [ didn’t want to say something beyond that.
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I review the present state of knowledge concerning transversity distributions and related observables.
In particular, I discuss the phenomenology of transverse asymmetries in ep’, pp', pTpt and p'p’
scattering, and the perspectives for ongoing and future research.

1. General properties of transversity

The transverse polarization, or transversity, distribution of quarks 4;(x) — also called
Arq(x) - has been the subject of intense theoretical work in the last decade (for reviews,
see Refs. 1 and 2), and the corresponding observables are now actively being investigated
in many experiments.

Let us start by recalling the partonic definition of k;(x). Given a transversely polarized
hadron, if we denote by g1(g;) the number density of quarks with polarization parallel
(antiparallel) to that of the hadron, the transversity distribution is the difference h;(x) =
g+(x) — q,(x). In field-theoretical terms, /; (x) is given by (P and § are the momentum and
the spin of the hadron, respectively)

AE™ pree
m@ = [ % (ST T WEP) s o, M
4 Er=¢,

and is a leading-twist quantity, like the number density f;(x) (also called g(x)) and the
helicity distribution g, (x) (more often, and less ambiguously called Ag(x)). A Wilson line
W (0,&) should be inserted between the quark fields in (1), in order to ensure gauge invari-
ance. In the light-cone gauge, W reduces to unity and can be omitted (this is no more true
for kr-dependent distributions, see below). The tensor charge 8q is defined by

(P, S| (0)ic* 15 y(0)|P,S) = 28¢qSHPY, @)

and corresponds to the first moment of hy — hy: 8g = [dx (k] — mh.
An important peculiarity of h; is that it has no gluonic counterpart (in spin-1/2
hadrons). Therefore, it does not mix with gluons, and behaves as a non-singlet distribution.

12
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At low x, it turns out to rise slower than.g, by QCD evolution [3]. An angular momentum
sum rule for transversity,

=3 2_/dxh7(x)+az (Lr)?, 3)

a=q,q9 =q,4:8

has been recently proved in the framework of the quark-parton model [4]. Since transversity
decreases with increasing 2, the orbital angular momentum (L) must increase (assuming
an initial zero value). Of course, it would be very interesting to study this sum rule in
perturbative QCD.

The transversity distributions have been computed in a variety of models (for a review,
see Ref. 1). Generally, one finds A = g, at the model scale, i.e. for 0? <0.5 GeV? (the
difference between the two quantities comes from the lower components of the quark wave-
functions). Tensor charges have been also evaluated in lattice QCD and by QCD sum rules.
A summary of all estimates is: u ~ 0.7 — 1.0, 8d ~ —(0.1 — 0.4) at Q% = 10 GeV?.

Examining the operator structure in (1) one sees that k| (x) is chirally-odd. Now, fully
inclusive DIS proceeds via the so-called handbag diagram, which cannot flip the chirality
of quarks. Thus, transversity distributions are not observable in inclusive DIS. In order to
measure A, the chirality must be flipped twice, so one needs either two hadrons in the
initial state (hadron-hadron collisions), or one hadron in the initial state and one - at least -
in the final state (semi-inclusive deep inelastic scattering, SIDIS).

2. kr-dependent distributions related to transversity

If we ignore (or integrate over) the transverse momenta of quarks, fj(x), g;(x) and A (x)
completely describe the internal dynamics of hadrons. Taking the transverse motion of
quarks into account, the number of distribution functions increases. At leading twist there
are eight kr-dependent distributions [5, 6], three of which, upon integration over K2, yield
fi(x), g1{x) and h;(x). The remaining five distributions are new and disappear when the
hadronic tensor is integrated over k7. They are related to various correlations between kr,
St and S, (the quark spin). The spin asymmetry of transversely polarized quarks inside a
transversely polarized proton is given by

Pt kr) = P2 (xkr) = (St-Sqr) b (x,K7)

1 1
— 372 | (&7 -Sqr) (k7 -S7) + S KE (ST 8y7) | hir(v.K7), @

and contains not only the unintegrated transversity distribution /; (x,k), but also another
distribution function, called i (x,k%). Both 4 and A contribute to single-spin asymme-
tries in SIDIS (via Collins effect), but with different angular distributions, sin(¢, + ¢5) and
sin(3 @, — ¢s) respectively (see below). Consider now unpolarized quarks inside a trans-
versely polarized proton. They may have an azimuthal asymmetry of the form

(kT X i’) .

S
P yypt (G k) = Py (v, —kr) = i L fif (e k3, )]
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where fl'"T is the Sivers distribution function [7). Specularly, transversely polarized quarks
inside an unpolarized proton admit a possible spin asymmetry of the form

(kT X f’) 'SqT h

'-@qT/p(xakT) - '-@ql/p(x7kT) = M

T(x.k2), (6)

where hlL is the so-called Boer—Mulders distribution function [8). The two distributions
fllT and hf— are associated with the T-odd correlations (13 x kr)-Sr and (13 x kr)-S,r. To
see the implications of time-reversal invariance, let us write the operator definition of the
Sivers function:

fir (x.KF) ~ /dé‘/dgwixﬁé‘—ikr.g,
x (P, Sr|W(E)y* W (0,)w(0)|P,Sr) )

If we naively set the Wilson link W to 11, the matrix element in (7) changes sign under
time reversal T'; hence the Sivers function must be zero [9]. On the other hand, a direct cal-
culation [10] in a quark-spectator model shows that fi5 is non-vanishing: gluon exchange
between the struck quark and the target remnant generates a non-zero Sivers asymmetry
(the presence of a quark transverse momentum smaller than Q ensures that this asymmetry
is proportional to M/kr, rather than to M/Q, and therefore is a leading-twist observable).
The puzzle is solved by carefully considering the Wilson line in (7) [11]. For the case at
hand (SIDIS), W(0, &) includes a link at =~ which does not reduce to 11 in the light-cone
gauge [12]. Time reversal changes a future-pointing Wilson line into a past-pointing Wil-
son line, and therefore invariance under 7, rather than constraining fi; to zero, gives a
relation between processes that probe Wilson lines pointing in opposite time directions.
In particular, since in SIDIS the Sivers asymmetry arises from the interaction between the
spectator and the outgoing quark, whereas in Drell-Yan processes it is due to the interaction
between the spectator and an incoming quark, one gets fi5(x,k%)sipis = — fiy (x, k3 )py-
This is an example of the “time-reversal modified universality” of distribution functions
in SIDIS, Drell-Yan production and e*e™ annihilation studied by Collins and Metz [13].
More complicated Wilson link structures in various hard processes have been investigated
by Bomhof, Mulders and Pijlman [[4]. The issue is not completely settled and more the-
oretical work seems to be needed in order to fully clarify the universality properties of
kr-dependent distributions. Finally, it is known [15] that at twist 3, effective T-odd dis-
tributions emerge from gluonic poles. The precise connection between kr-dependent and
twist-3 distributions is another problem that deserves further study.

3. Probing transversity
3.1. Semi-inclusive deep inelastic scattering

Let us start with the single-spin process e pT — ¢ £X, for which some data are already
available. In order to have a non-vanishing asymmetry, one must consider the transverse
motion of quarks. The non-collinear factorization theorem has been recently proven by Ji,
Ma and Yuan [16] for P,y < Q. A single-spin transverse asymmetry is due either to: i) a
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spin asymmetry of transversely polarized quarks fragmenting into the unpolarized hadron,
the so-called Collins effect involving

(kr x Par) - Sqr
—ZMh—qul(Z»PiT), ®)
a T-odd function not forbidden by time reversal invariance (due to final-state interactions);
or to ii) an azimuthal asymmetry of unpolarized quarks inside the transversely polarized

proton, the so-called Sivers effect, involving fi}.. The differential cross section for e p* —
o u s
enXis

Ayt (@ Prr) — A1 (2 Pir) =

KT 'f’hT
do ~ A(y) # [—Mh—

hy HIJ-:| sin(¢y + ¢s)

kr-P
M,

+C() # [Akr, k7, Bur) hitr Hi | sin(39,— 6s), )

+B(y) .S [ i f#TD.} sin(¢n — 9s)

where ¥ [ . ] is a convolution integral over kr and xr. As one can see, there is a variety of
angular distributions which combine in different ways the two physical angles ¢, and ¢s.
In particular, the Collins effect is associated with sin(@, + @), and also with sin(3¢,, — ¢s)
if the transverse motion of quarks inside the target is not neglected, whereas the Sivers
effect is associated with a sin(¢y, — ¢s) distribution. One can disentangle these angular
distributions by taking the azimuthal moments of the asymmetries. For instance, the Collins
moment is

S d¢n dos sin(¢n + ¢s) [do(8n, §s) — do (. @5 + 7))
S dondos[do(gn, ¢s) +do(¢n, ¢s + )] )
Recently, the HERMES Collaboration [17] reported the first measurement of the Collins
moment (sin(¢y, + ¢s)) and of the Sivers moment (sin(@, — ¢s)). in the region 0.02 < x <
0.4,0.2 <7< 0.7, at (Q?) = 2.4 GeV?. The Collins asymmetry AF is found to be positive,
whereas A% is negative. This is consistent with the fact that 2% > 0 and h{ < 0. However,
AL is negative and its absolute value |[A% | is larger than |A¥+ |, whereas one expects from
models |[h¢| < |h¥|. Recalling that A% and A% involve the following combinations of
distribution and fragmentation functions (‘fav’ = favoured, ‘unf” = unfavoured)

(sin(¢y + ¢5)) = (10

AR L AR {EE, AY R HE™ +aniHP (1)

one sees that the £~ data seem to require large unfavoured Collins functions, with H ll““f ~
—H{™_ Tt would be very useful to get some independent information on H;- from other
processes: in this respect, the forthcoming extraction of H ll from e e~ annihilation data in
the Belle experiment at KEK will be extremely important [18]. There are also preliminary
HERMES results on the 7° asymmetry, showing a largely negatich"o, similarto A% . This
is quite a controversial finding, as it conflicts with expectations based on isospin invariance.
The Collins asymmetry has also been measured by the COMPASS Collaboration with a
deuteron target [ 19]. In the x < 0.1 region, it is found to be compatible with zero for both 7+
and 7, as expected quite generally at small x. Concerning Sivers asymmetries, HERMES
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find Ar > 0: this is the first evidence of a non-vanishing Sivers function fliT, although —
due to the smallness of A¥+ and the present uncertainties — more precise data are needed to
draw a definite conclusion.

Another access to transversity in the context of SIDIS is offered by the double-spin
process e p' — ¢’ ATX (transversely polarized A production), which probes the fragmen-
tation analog of hy, i.e. H(z) = A}t /qt (z) — At Ja* (z). Unfortunately, it is hard to predict
the A polarization, because H|, is unknown (see, however, some attempts in Ref. 20). An
analysis of data on transversely polarized A production is currently being performed by the
COMPASS Collaboration [21].

A third promising process to detect transversity is two-pion production in ep! scatter-
ing. In this case, after integrating the cross sections over P,r, one finds that the single-spin
asymmetry depends on an interference fragmentation function /i (z,M,f), arising from the
interference between different partial waves of the two-pion system [22]. The extraction of
this function is under way [23].

3.2, Pion hadroproduction

Collins and Sivers effects also manifest themselves in pion hadroproduction with a trans-
versely polarized target. A non-vanishing asymmetry is generated either by quark trans-
verse momenta or by higher-twist effects. The non-collinear factorization formula is, in
this case, only conjectured. Assuming its validity, the Collins asymmetry reads
2
do" —dot ~ Y (ki (xa, k7) + (K /MP) iz (x0, k7)) ® fi(x5, k")

abc

®ATT6'(aTb — CTd) ® HIJ'(Z, K'72-) ,
whereas the Sivers asymmetry is
do’ —dot ~ £ (xa, k2) ® fi(xp,Ky2) ® d6(ab — cd) ® Dy (z,k2). (12)

An extensive and detailed treatment of single-spin asymmetries in the framework of non-
collinear factorization has been presented in Refs. 24 and 25. The main finding is that
the Collins asymmetry alone is unable to reproduce the E704 [26] and STAR [27] data:
the Collins effect turns out to be suppressed due to kinematic phases occurring in non-
collinear partonic subprocesses (this does not imply anything about the magnitude of H IL).
On the contrary, the Sivers mechanism is not affected by a similar suppression. A major
shortcoming of pion hadroproduction is that it depends on one physical angle only, so that
all asymmetry mechanisms are entangled. A possible way to avoid this problem is to study
a less inclusive process, such as pion + jet production, as advocated by Teryaev (private
communication).

In a recent paper, Bourrely and Soffer [28] argued that, since collinear pQCD correctly
reproduces the large-/s STAR unpolarized cross sections but fails to describe the small-+/s
E704 data, the single-spin asymmetries measured by these two experiments are actually dif-
ferent phenomena, and in particular the E704 asymmetry “cannot be attributed to pQCD”.
Two comments are in order: first of all, higher-twist effects might be important, since (P,7)
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is not so large (typically, around 1-2 GeV). Second, as shown by D’ Alesio and Murgia [25],
quark transverse momenta considerably improve the agreement of the pQCD calculations
with the small-/s unpolarized cross sections.

3.3. Drell-Yan processes

Drell-Yan production in p'p' collisions is the cleanest process that probes transversity.
The double-spin asymmetry ARY, in fact, contains only combinations of the transversity
distributions. At leading order, for instance, one has

A2 (pp) ~ T, €2 (x1, M?)h{(x2, M?) +[1 ¢ 2]
" Toe2fi (e, M) fi (2, M?) +[1 & 2]

It turns out, however, that at the energies of RHIC (where this process will be studied [29])
this asymmetry is rather small [30,31] (about 1 — 2 %; similar values are found for trans-
verse double-spin asymmetries in prompt photon production [32]). The reason is twofold:
1) A2 (pp) contains antiquark transversity distributions, which are small; 2) RHIC kine-
matics (/5 = 200 GeV, M < 10 GeV, xyx; = M? /s <3x 10~ 3) probes the low-x region,
where A rises slowly. The problem could be circumvented by considering ' p' scattering
at more moderate energies. In this case a much larger asymmetry is expected [30, 33, 34],
since AZY.(pp) contains products of valence distributions at medium x. The PAX Collabora-
tion has proposed to study p' p'-initiated Drell-Yan production at the High-Energy Storage
Ring of GSI, in the kinematic region 30GeV? < s < 45GeV?, M > 2GeV, x1x; 2,0.1 [35].
Leading-order predictions for the pp asymmetry in this regime are shown in Fig. 1 (left).
APY(pp) is as large as 0.3 at M = 4 GeV, but counting rates are small and this makes the
measurement arduous. Things become easier if one looks at the J/y peak, where the pro-
duction rate is larger by two orders of magnitude. Assuming the dominance of g4 fusion

(as suggested by a comparison of pp and pp cross sections at the CERN SPS), the J/y
J/ W(

(13)

production double transverse asymmetry A7 (pp) has the same structure as Eq. (13), with
the electric charges replaced by the g — J / v couplings. These cancel out in the ratio, and
hence A Y (Pp), which is dominated by the u sector, becomes

j/w(_) hb[‘(xla %/.,,)hu(x% 3'/.,,)

. 14
flu( j/.,,)fl (x2, J/.,,) (9

This asymmetry is also of the order of 0.3 (Fig. 1, right) and, by measuring it, one can
directly extract the u transversity distribution.

4. Conclusions and perspectives

Transversity is currently a very hot topic in high-energy spin physics. From the theoretical
point of view, a lot of work has been done and A& is by now rather well known. On the ex-
perimental side, the era of data has at last arrived: single-spin processes are under study and
the first results are already a matter of phenomenological analysis. Double-spin processes
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Fig. 1. Transverse double spin asymmetry in 5'p' Drell-Yan production at M = 4 GeV (left) and for J/y
production (right), as a function of xF = x| —x;. Solid (dashed) lines correspond to s = 45(30) GeV2.

are experimentally more difficult but theoretically cleaner, and their investigation is cer-
tainly worth the effort. While we look forward to more - and more precise - data, the main
goal of theory is to achieve a solid picture of single-spin transverse asymmetries (shedding
further light on k7 and higher-twist effects), in view of future global studies of transversity
measurements.
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DISCUSSION

R. Bertini:

Comment: you forgot to mention the ASSIA Lol at GSI, that looks for transversity.
Question: what can be said about the relationship between fi} and h;-?

Answer: The ASSIA proposal is about pp' scattering, whereas I focused on double-spin
Drell-Yan processes. Concerning flJ-T and hll, they are independent functions. So, any rela-
tion between them that one may find in a model calculation depends on the assumptions of
the model (see, e.g., L. Gamberg’s talk).

S. B. Nurushev:

Question: I was surprised to hear about the polarized quark distribution inside an unpolar-
ized proton. May be I missed some essential element in your explanation. No spin-orbit
interaction (I assume external) can lead to polarized quarks. Please explain me this subject.
Answer: the distribution of transversely polarized quarks inside an unpolarized proton (the
so-called Boer - Mulders function h{) arises from a correlation between the quark trans-
verse momentumn ic'r and the quark transverse spin §qr.

O. Teryaev:

Comment: I would like to support the relevance of higher twists for the difference between
E704 and RHIC pointed out by Bourrely and Soffer. Indeed for E704 larger partonic x are
relevant, where higher twists are known to rise. They are related by positivity to particu-
lar QCD twist-3 mechanisms (gluonic pole), which are definitively important at E704 but
may be rising too strongly for RHIC. Bourrely and Soffer conclusion may be therefore
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rephrased as that unpolarized cross-section indicate the relevance of different QCD mech-
anisms at E704 and RHIC.

A. Efremov:

. . 0 - .
Comment: First, let me notice that the observed A7 ~ A} contradicts the x and z factor-
ization, which gives

rt F

a9 AT % AT

T = ot 4 on” o™ + o7 ’

or
+
0 - O-” + _
T T _ v 4 ¥4
AT —A7 = P (A7 —-A7 ),

since the r.h.s. is definitely different from zero. So, the x and z factorization should be
carefully checked. Second, I would like to draw the attention to the sin2¢, asymmetry for
longitudinal target polarization which is only due to Collins fragmentation function and
transversity, and was experimentally measured by the CLAS Collaboration.

Answer: [ agree with you that the preliminary data on the £° asymmetry raise some doubts,
and that the assumption of x and z factorization should be checked. As for the sin2¢; asym-
metry, I did not mention it since it involves not /| (which was the subject of my talk) but
another transverse polarization distribution called h7; .

F. Rathmann:

Comment: The speaker mentioned that j polarization in the HESR of GSI could reach 5%.
The achievable polarization is strongly energy dependent and with a dedicated j polarizer
ring, polarizations of about 0.2 - 0.4 are reachable (see my talk at this Symposium).
Answer: [ mentioned the p polarization value of 5% used in the PAX Letter of Intent to
estimate the expected uncertainties on double-spin asymmetries. Higher antiproton polar-
izations are obviously welcome.

E. Leader:

Comment: You have mentioned some problems or difficulties in some of the HERMES re-
sults, especially involving n¥s. I just want to draw attention to a recent paper of Kotzinian
which raises some doubts about the reliability of the method of analysis used by HERMES.
Answer: Yes, I did not have time to discuss all of the problems raised by the data.

A.D. Krisch:

Question: 1 am very pleased that you indicated that transversity is one of the hot topics
in spin physics. When this Symposium series started in 1974, transversity was also a hot
topic because all polarized beams and targets were transversely polarized. Moreover the
1978 double-spin experiments at the ZGS on high pr elastic scattering found that the spin-
parallel cross-section was four times larger than the spin-antiparallel cross-section. This
completely disagreed with QCD as it existed at that time. Then in the 1980’s similar elastic
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single-spin experiments found large one-spin asymmetries which grew larger as pr in-
creased, again in total disagreement with the modified QCD which existed in 1985 and
then 1990. Has any progress been made in understanding theoretically, these large, clear,
and unexpected effects in the last three decades?

Answer: When we speak today about “transversity”, we refer to transverse polarization
effects in hard processes, probing the perturbative dynamics of quarks and gluons. In this
sense, “transversity” is a relatively new subject, developed in the 90’s. As you recalled, in
the 70°s-80’s there were a wealth of transverse spin measurements in exclusive processes,
such as elastic scattering. As far as I know, this phenomenology is not fully understood yet
from a theoretical point of view (in particular, it is not clear to what extent one can apply
perturbative QCD to exclusive reactions). I would like to add that some mechanisms pro-
posed in the past to explain transverse spin phenomena in soft physics reappeared recently
in the context of modern “transversity” {see, e.g., P. Cea, G. Nardulli and P. Chiappetta,
Phys. Lett. B209, 333 (1988)].
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Spin physics had its beginnings in the famous experiments of Stern and Gerlach, which eventually
resulted in the postulation of spin by Goudsmit and Uhlenbeck. The Stern-Gerlach experiment told
us that the g-value of the electron was 2, but we now know that because of radiative corrections, the
g-value of the leptons is slightly greater than 2, the lowest-order contribution being o/ x, where o is
the fine-structure constant. Measurements of the magnetic dipole moments of the electron and muon
have played a major role in our understanding of QED and of the standard model. In this talk I discuss
the progress on measurements and theory of the magnetic dipole moment of the muon.

1. Theory of the Lepton Anomalies

Over the past 83 years, the study of dipole moments of elementary particles has provided
a wealth of information on subatomic physics, and more recently has provided topics of
interest to this conference. The pioneering work of Stern [1] led to the discovery of spin,
and showed that g, ~ 2. This set the stage for the precision measurements by Foley and
Kusch [4], which showed g was not exactly 2, but rather slightly larger, which was ex-
plained by Schwinger [5] and played an important role in the development of QED. Subse-
quently Stern [2] showed that g, ~ 5.5, and Alvarez and Bloch [3] found that the neutron
had a magnetic moment, which eventually helped lead to the quark models of the baryons.
In the 1980s, measuring hyperon magnetic moments to test quark models became an in-
dustry that was well covered in earlier installments of these spin conferences, and in which
I had the pleasure of participating.

A charged particle with spin 5 has a magnetic moment

ﬁF&(%)i‘; a= g§s2_2); u=(1+a)%; (1

where g, is the gyromagnetic ratio, a is the anomaly, and the latter expression is what one
finds in the Particle Data Tables [6].

For point particles, the anomaly arises from radiative corrections. The QED contri-
bution to a (or g) is an expansion in (), a = ¥,-,C, (%)", with one diagram for the

*This work is supported in part by the U.S. National Science Foundation and the U.S. Department of Energy.

22



Results and Future Prospects for Muon (g —2) 23

Schwinger (second-order) contribution (where C; = 0.5), five for the fourth order, 40 for
the sixth order, and 891 for the eighth order. The QED contributions to electron and muon
(g —2) have now been calculated through eighth order, («¢/x)*, and the tenth-order con-
tribution has been estimated [7].

The electron anomaly is measured to a relative precision of about 4 parts in a billion
(ppb) [8], which is better than the precision on the fine-structure constant ¢, and Kinoshita
has used the measured electron anomaly to give the best determination of & [9], The elec-
tron anomaly will be further improved over the next few years [10].

The muon anomaly has been measured to 0.5 parts per million (ppm) [11-13]. The
relative contributions of heavier particles to a scales as (m,/ m”)z, so the muon has an
increased sensitivity to higher mass scale radiative corrections of about 40,000 over the
electron. At a precision of ~ 0.5 ppm, the muon anomaly is sensitive to > 100 GeV scale
physics.

The standard model value of a, has measurable contributions from three types of ra-
diative processes: QED loops containing leptons (e, i1, 7) and photons; [7] hadronic loops
containing hadrons in vacuum polarization loops; [14-18] and weak loops involving the
W and Z weak gauge bosons (the standard model Higgs contribution is negligible) [14],
ay(SM) = a,,(QED) + a, (Had) + a, (Weak). A significant difference between the experi-
mental value and the standard model prediction would signify the presence of new physics.
A few examples of such potential contributions are lepton substructure, anomalous W — y
couplings, and supersymmetry [14].

The CERN experiment {19] observed the contribution of hadronic vacuum polarization
shown in Fig. 1(a) at the eight standard deviation level. Unfortunately, the hadronic contri-
bution cannot be calculated directly from QCD, since the energy scale is very low (m Mcz),
although Blum [20] has performed a proof of principle calculation on the lattice. Fortu-
nately dispersion theory gives a relationship between the vacuum polarization loop and the
cross section for eTe~ — hadrons,

Oiot(€T e~ — hadrons)
Oo(ete” = utu~)

()

om < ds
au(Had; 1) = (542 A | SKORG): R=

and experimental data are used as input. The factor s—2 in the dispersion relation means
that values of R(s) at low energies (the p resonance) dominate the determination of
ay(Had; 1). In principle, this information could be obtained from hadronic 7~ decays such
as T~ — n~n’v;, which can be related to e*e™ annihilation through the CVC hypothe-
sis and isospin conservation [15]. However, inconsistencies between information obtained
from e*e™ annihilation and hadronic tau decays, plus an independent confirmation of the
CMD2 high-precision e e~ cross-section measurements by the KLOE collaboration [21],
have prompted Davier, Hocker, et al., to state that until these inconsistencies can be under-
stood only the et e~ data should be used to determine a p(Had; 1) [17].

The hadronic light-by-light contribution (see Fig. 1(e)) has been the topic of much the-
oretical investigation [18]. Unlike the lowest-order contribution, it can only be calculated
from a model, and this contribution is likely to provide the ultimate limit to the precision
of the standard-model value of ay,.
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Fig. 1. The hadronic contribution to the muon anomaly, where the dominant contribution comes from (a). The
hadronic light-by-light contribution is shown in (¢).

One of the very useful roles the measurements of ay have played in the past is plac-
ing serious restrictions on physics beyond the standard model. With the development of
supersymmetric theories as a favored scheme of physics beyond the standard model, inter-
est in the experimental and theoretical value of ay has grown substantially. Contributions
to a, from SUSY or other new dynamics at the several hundred GeV scale could be at
a measurable level in a broad range of models. Furthermore, there is a complementarity
between the SUSY contributions to the magnetic (MDM) and electric dipole (EDM) mo-
ments, and the transition moment for the lepton-flavor violating (LFV) process i~ — e~
in the field of a nucleus. The MDM and EDM are related to the real and imaginary parts of
the diagonal element of the slepton mixing matrix, and the transition moment is related to
the off-diagonal one. See Klaus Jungmann’s talk from this conference for a discussion of
electric dipole moments.

2. Measurement of the muon anomaly

The methods used in the third CERN experiment and the BNL experiment are very similar,
save the use of direct muon injection [22] i