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1. Introduction

Nucleon structure is fundamental in sub-atomic physicd, feas been under intensive inves-
tigation in the last and the beginning of this century. Faragle, the experimental studies on the
electro-magnetic form factors in 30s and on deep inelastittexing in 70s have revealed nontrivial
internal structure of nucleon, and the latter in particédand partons (quark and gluon) inside nu-
cleon. These studies are still at frontier in basic scieesearch at present. Both RHIC at BNL and
CEBAF at JLab, HERMES at DESY, COMPASS at CERN, together wiitter experimental facil-
ities around the world, are running important programs Ier tesearch on the nucleon structure.
Most prominently the proton spin structure has been thesfeéuhe theoretical and experimental
hadronic physics in recent years.

The proton is a spin /2 particle. The proton spin story began at 60s when quark hveake
proposed. In the naive quark model, the nucleon is made et thuarks, and the proton spin came
from the quark spin. Because the quark model was so suctesglda that the proton spin is
entirely coming from the quark spin had been rooted in pepphénd for almost three decades,
until the EMC experiments in late 80s. This experiment fothat the quark spin contribution to
the proton spin is very small, consistent with zero [1]. Tikithe so-called “spin crisis”. Of course,
QCD, the strong interaction theory used to describe hadropegpty and their interactions, is a
far more fruitful theory than the naive Quark Model. In thedaage of QCD, the nucleon does
not just consist of quarks, but also of gluons, all of whickharbital motion inside the nucleon,
and all of which will contribute to the proton spin. So, thémakte goal of the spin physics is to
understand the contributions that go into fulfilling therspum rule for the proton [2],

% = SA5() + A9(1) + La(1) + Lo(1). (.1

whereAZ andAg are the total quark and gluon helicity contributions to thetgn spin, respectively,
1 _ 1
ax(u)=y [ axidatxw) +a0 )], dg) = | ddgxn) (1.2)
q

Lq(p) andLg(u) are quark and gluon orbital angular momentum (OAM), respelgt The scale
U indicates the momentum scale at which these quantities easumed.

There have been tremendous experimental efforts to pin dbisnproton spin puzzle, in-
cluding the lepton-nucleon experiments, HERMES at DESYMBASS at CERN, and JLab ex-
periments; the proton-proton collider at RHIC at BNL. Besidhese experiments, a number of
future facilities dedicated for spin physics are also ortthiézon, including the polarized electron-
proton colliders (EIC, eRHIC, or ELIC), the polarized fixeatget pp scattering at JPARC, and
the polarizedpp scattering at GSI-FAIR. All these experiments have theique coverage on the
studies of quark spin, gluon spin, and orbital angular mdmehquarks and gluons, and they are
complementary to each other as well.

In this talk, I will try to summarize recent developments mofon spin physics. Of course,
it is hard to include all the exciting progress made in theé faw years. | would like to focus
on the three major areas: longitudinal spin physics; gdéimechparton distributions (GPDs); the
transverse spin physics.
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2. Longitudinal Spin Physics

The quark and gluon helicity distributions can be studiednfithe longitudinal spin program,
where a longitudinally polarized lepton beam (or protonrbeacatters on a longitudinally polar-
ized nucleon. The experiments measure the double spin asisnfy |, which can be used to
extract the polarized quark and gluon densities. The pmdrguark distributions have been well
determined from the polarized deep inelastic scatterin@)BExperiments, and it was found that
the total quark spin contribution to the proton spin is al®0#%o, see for example [3, 4]. However,
there are still two important issues about the quark hgldistribution remained to be settled: one
is the quark polarization at large-one is the sea quark polarization.

Power-counting rules for the largeparton distributions were derived many years ago based
on perturbative QCD combined with&wave quark model of hadrons. The basic argument is
that when the valence quark carries nearly all of the lowlgital momentum of the hadron, the
relevant QCD configurations in the hadronic wave functiocoee far off-shell and can be treated
in pQCD. The leading diagrams associated with the leadimg Btate of the proton wave function
predict that the positive helicity (quark spin aligned wiitle proton spin) quark distributiogi™ (x)
scales agl—x)2, whereas the negative helicity (quark spin anti-aligneithtie proton spin) quark
distributiong~ (x) is suppressed bl — x)? relative to the positive helicity one, scaling @s- x)°
at largex [5]. The direct consequence of these power laws for the gdetkibutions is that the
ratio of polarized quark distributioAq(x) = g™ (x) — g (x) over the unpolarized quark distribution
q(x) =q*(x)+q (x) approaches 1in the limit— 1; i.e., at largex, ™ dominates oveq—. When
this prediction is compared to the experimental data, ihisresting to observe that, for the up
quark the ratio increases witth and seems to approach 1 at lasgeHowever, the ratio for the
down quark is still far below 1, and remains negative for aenighge ofk < 0.6 [6]. In our recent
study [7], we have reexamined the langeruark helicity distributions in this perturbative QCD
framework, and found that for the negative helicity digitibn q—, there exist large logarithmic
enhancements from thk,| = 1 Fock states. Because of that, thredistribution will be dominated
by the contributions fron., = 1 Fock state of the proton, and scale(as- x)°log?(1 — x). With
this large logarithmic modification, we can explain the depancy between the power-counting
rule and experimental data [7]. It will be interested to see lthis compares with the future data
from RHIC and JLab, and helps us to learn more about the QCRrdigs associated with the
large-x quark polarization.

From the inclusive measurements in the DIS experiment,difiult to get the information
on the quark “sea” contribution to the proton spin. In recggdrs, there has been great interest
to study the quark “sea” polarization from the so-called isewlusive DIS (SIDIS) experiments,
where a final state hadron (for example, a Pion or Kaon) ictile The experimental results from
the HERMES collaboration have revealed nontrivial seactire in nucleon [8]. For example, the
unpolarized strange quark distribution is normally paremeed agu(X) +d_(x)) /2. However, the
HERMES results found that the strange quark distributiaquige different from this parameteriza-
tion: suppression at moderate large-x while enhanced aeratelsmall-x. The polarized strange
quark distribution is also different from most model asstions, being positive at therange of
0.05-0.2. Future SIDIS experiments at JLab &vidneasurement at RHIC shall be able to solve
this issue. The theorists should also look back their modalyais for the strange polarization in
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nucleons.

Recently, the gluon spin contribution has attracted mutgmaon. The polarized DIS exper-
iments can also provide the constraints on the gluon heldigtributions. However, the gluon
contributes to the polarized DIS cross section at the NL@lJeand we can only get the gluon in-
formation from the scaling violation of the polarized stwwe function. Because of the limitation
of the current available experimental data, the deternainatf gluon helicity distribution from the
DIS experiments suffers from very large uncertainties.

In the hadronic reactions at RHIC, on the other hand, gluoesret the leading order, and
the double spin asymmetry for the hard scattering processedirectly probe the polarized gluon
distribution. There have been very exciting experimergautts from both PHENIX and STAR
collaborations on the gluon helicity distribution studegsRHIC [9, 10]. PHENIX experiments
especially studied the double spin asymmetry for the imadusadron (i°) production, whereas the
STAR experiments focused on the inclusive jet productidhépolarized proton-proton scattering.
From their analysis, both experiments found that gluonnoéon tends to be small [9, 10]. The
direct photon production at RHIC is also important in theufetto pin down the sign of the gluon’s
polarization, because it depends linearly on the gluonrjzaigon.

Theoretically, it is very important to perform a global ayss$ of the polarized parton distribu-
tions from fitting to the world-wide experimental data. Imgeal, in these global analysis, one has
to make some generic assumptions about the functional forterms of the unpolarized parton
distributions) with a few parameters to fit to data. Recettiigre has been a great effort to include
the RHIC experimental data in the global fit [11] at the nexteading order of perturbative QCD.
It is very challenging to perform a global fit at this order &ese the calculation of the hadronic
processes for RHIC experiments at NLO is very costly in caimgypower and time. In this global
fit, the authors made use of the so-called generalized MeHimsformation technique to reduce
the computing loads, and they were able to perform the glbb&dr the first time by including
hadronic data at the NLO level [11]. Their findings are caesiswith the experimental analy-
sis [9, 10], i.e., the gluon polarization is small, but of csiwith large uncertainties. Their best fit
gives the following quotes for the first moment of the partefidity distributions,

AY =0.243 Ag= —0.084 As=—0.057, Au=0.036, Ad = —0.115. (2.1)

where the uncertainty fakg is about 05 for Ax?/x? = 2% choice for the error bar calculation [11].
The future RHIC experiments shall reduce this uncertainty fgreat deal with more data and
statistics.

3. Generalized Parton Distributions

Generalized Parton Distributions were motivated by stouglyiuclear spin physics. They are
a new type of parton distributions, which contain much mafermation than any individual nu-
clear observables that have been considered so far. Theydem three variablex the parton
momentum fractiont the momentum transfer, arfdthe skewness parameter. The GPDs can be
reduced to the normal parton distributions in the limi€of 0, and their first moments are related
to the nucleon form factors. One very important motivatiostudy GPDs is that they can provide
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information on the quark orbital angular momentum contrdyuto the proton spin [12],

1

Zq+Lq:tli_%%/dxx[Hq(x,E,t)+Eq(x,f,t)] , (3.1)
whereJ, is the total quark contribution to the proton spin. After abting the helicity contribu-
tion 24 from the polarized DIS measurements, the above equatidrpreVide the quark orbital
angular momentum contribution to the proton spin. The GRidske measured in many different
experiments, for example, Deeply Virtual Compton scaitge(DVCS) and hard exclusive meson
production at HERMES, JLab, and COMPASS, and the GPD framewan link together the
results from these measurements, along with the traditlb& and form factor measurements.

Recent experiments on the DVCS from JLab Hall A [13] and HERBVEE DESY [14] have
shown strong sensitivity to the quark orbital angular mormémnucleon. However, these measure-
ments do not reveal the whole structure information of th®&Rnd the analysis has to depend on
the model parameterizations which have the quark orbitglilan momentum as input. Therefore,
these analysis is very much model dependent. This has adsodtewn in the paper by the HER-
MES collaboration, where two different model assumptiamstiie GPDs lead to very different
constraints for the orbital angular momenta from up and dquerks. From the theory side, we
need to construct more sophisticated model for these GPDs.

Lattice QCD can also study these GPDs by calculating theaBeecgeneralized nucleon form
factors. Most recent calculation [15] indicated a numbentsresting features on the quark orbital
angular momentum contributions from the valence quarksst,Rhe total spin contribution from
the down quark is close to zero, which means that the quarkcgpitribution and orbital angular
momentum contribution from the down quark tends to canceleagh other. Second, the total
orbital angular momentum contribution from the up quark dodn quark is close to zero too.
There is a strong cancelation between the orbital angulanenta from up and down quarks. Here
is one of the final results for the total quark contributioriite proton angular momentum [15],

Jutd = 0.21344), Y =0.214(27), J9=-0.00127), (3.2)

for up and down quarks, where the numbers in the bracket®arrtor bars quoted in the calcula-
tion. Of course, we should also improve these calculatigriaduding the so-called dis-connected
diagrams. How this will affect the results is remained to éers

4. Transverse Spin Physics

There have been strong experimental interests on tramsgeis physics around the world,
from the deep inelastic scattering experiments such as HRMES collaboration at DESY, SMC
at CERN, and Hall A and CLAS at JLab, the proton-proton celligxperiment from RHIC at
Brookhaven, and the very relevaete™ annihilation experiment from BELLE at KEK. One of
the major goals in transverse spin physics is to study thekauansversity distribution, the last
unknown leading-twist quark distribution in nucleon. We aow starting to have a first glimpse
about the quark transversity distribution from the experits (see from example [16]).

Besides the quark transversity distribution, the trarsvespin physics also opened a new
window to explore the partonic structure of nucleon, thealted transverse momentum dependent
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(TMD) parton distributions [17]. TMD parton distributios an extension to the usual Feynman
parton distributions. These distributions allow us to gttlte three-dimension picture of partons
inside the nucleon, and they are also closely related to ¢éinerglized parton distributions [18]
and the parton orbital angular momenta. Especially, thglesitransverse spin asymmetry (SSA)
phenomena in high energy hadronic processes have attnaeey theoretical and experimental
investigations. The SSA is defined as the asymmetry when bite dvadrons’ transverse spin is
flipped, Ay ~ (do(S,) —da(—S,))/(do(S,)+da(—S))). It has been a theoretical challenge in
the understanding of these phenomena. This is becauseattiedepartonic contribution to the
SSA vanish in the leading order, whereas the experimentadrghtion show that these SSAs are
in tens of percentage in the forward scattering of the po¢arinucleon.

Recent theoretical developments have made great progréesexploration of the underlying
physics for the single spin phenomena. It is impossible t@rcall these exciting physics in this
short talk. Rather, I would like to focus on one importantjeal i.e., the nontrivial QCD dynamics
associated with transverse spin physics: the QCD factaizaand the universality of the parton
distributions and fragmentation functions.

Among those TMD parton distributions and fragmentatiorcfioms, two functions have been
mostly discussed: the Sivers quark distribution and thdiriddragmentation function. The Sivers
quark distribution represents a distribution of unpokdizjuarks in a transversely polarized nu-
cleon, through a correlation between the quark’s transverementum and the nucleon polar-
ization vector. The Collins function represents a corielabetween the transverse spin of the
fragmenting quark and the transverse momentum of the haetative to the “jet axis” in the
fragmentation process. Although they both belong to theadled “naive-time-reversal-odd” func-
tions, they do have different universality properties. Hor quark Sivers function, because of
the initial/final state interaction difference, they diftey signs for the SIDIS and Drell-Yan pro-
cesses [19, 20, 21, 22]. On the other hand, there have beerakstudies showing that the Collins
function is universal between different processes, piignar the SIDIS ande™e~ annihilation
[23, 24, 25], and recently ipp collisions [26]. In the following, | will take the example dfie
Collins contribution to the azimuthal asymmetric disttibn of hadrons inside a high energy jet in
the transversely polarizegp collision to demonstrate this universality property,

P(Pa;SL) + p(Re) — jet(Py) +X — H(R) + X, (4.1)

where a transversely polarized proton with momenRiscatters on another proton with momen-
tum PBs, and produces a jet with momentuf. The three momenta d&?,, Ps and Py form the
so-called reaction plane. Inside the produced jet, thedmsdare distributed around the jet axis,
where we define transverse momentmrelative to the jet axis. The correlation betwd#in and
the polarization vecto®, introduces the Collins contribution to the single spin asyatry in this
process.

We need to generate a phase from the scattering amplitudes/¢éoa non-vanishing SSA. If
the phase comes from the vertex associated with the fragmyespiark and the final state hadron,
or from the dressed quark propagator, it is easy to argueniversality of the Collins function
between this process and the SIBES# process, because they are the same. The main issue of
the universality discussion concerns the extra gluon exgaontribution between the spectator
of the fragmentation process and hard partonic part. InZige have shown all these interactions
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() (d)

Figure1: Gluon exchange diagrams contributions to the Collins asgimnin pp collisions. The short bars
indicate the pole contributions to the phase needed for asaaishing SSA. The additional two cuts in (d)
cancel out each other.

for a particular partonic channety — qq contribution, including the gluon attachments to the
incident quarks (a,c), and final state balancing quark (d)the internal gluon propagator (b). The
contributing phases of the diagrams in Fig. 2 come from thg ttwough the internal propagators
in the partonic scattering amplitudes. In Fig. 2, we labdhebe cut-poles by short bars in the
diagrams. From the calculations, we will find that all theséep come from a cut through the
exchanged gluon and the fragmenting quark in each diagrathak other contributions either
vanish or cancel out each other. For example, in Fig. 2(d)skav two additional cuts, which
contribute however opposite to each other and cancel oupletety. Therefore, by using the
Ward identity at this particular order, the final results &irthese diagrams will sum up together
into a factorized form, where the cross section is writterth@shard partonic cross section for
q(S.)d — q(s.)q subprocess multiplied by a Collins fragmentation functiofhe exchanged
gluon in Fig. 2 is now attaching to a gauge link from the fragtagon function definition. Similar
calculations can be performed for the other two processB$SSAnde’ e~ annihilation, and the
same Collins function will be observed. This argument can bk extended to two-gluon exchange
diagrams [26].

The key steps in the above derivation are the eikonal apmition and the Ward identity.
The eikonal approximation is valid when we calculate thelileg power contributions in the limit
of Bt < Py. The Ward identity ensure that when we sum up the diagrantsadlipossible gluon
attachments we shall get the eikonal propagator from thgegéink in the definition of the frag-
mentation function. The most important point to apply thertdentity in the above analysis is
that the eikonal propagator does not contribute to the phesded to generate a nonzero SSA.

This observation is very different from the SSAs associatétth the parton distributions,
where the eikonal propagators from the gauge link in theopadistribution definition play very
important role [17, 19, 20, 21, 22]. It is the pole of theseoad propagators that contribute to
the phase needed for a nonzero SSA associated with the tirmeeversal-odd parton distribu-
tions, which also predicts a sign difference for the quaske& function between the SIDIS and
Drell-Yan processes. More complicated results have baamdiffor the SSAs in the hadronic dijet-
correlation [27, 28], where a normal TMD factorization ke@own [29]. The reason is that the
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eikonal propagators from the initial and final state intécens in dijet-correlation process do con-
tribute poles in the cross section [28, 29]. Because of thes\Ward identity is not applicable, and
the standard TMD factorization breaks down, although a fremtifactorization may be valid if we
modify the definition of the TMD parton distributions to takeo account all the initial and final
state interaction effects [27].

As mentioned above, there exists a nontrivial relation betwthe SSAs in SIDIS and Drell-
Yan processes [19, 20],

Sivers SSApy = —Sivers SSAp;s . 4.2)

More importantly, the opposite sign between the above twogsses will still hold when gluon ra-
diation contributions are taken into account, where thgeldransverse momentum Sivers function
is generated from the twist-three quark-gluon correlatiorction [30, 31]. It is of crucial impor-
tance to test this nontrivial QCD predictions by comparing ESAs in these two processes. The
Sivers single spin asymmetry in SIDIS process has beenwiséy the HERMES collaboration,
and the planned Drell-Yan measurement at RHIC and othdityawill test this prediction.

Another interesting probe for the initial/final state iratetion effects is the SSA in heavy quark
and antiquark production in hadronic process. Becausedheyguark and antiquark can be de-
tected by their decay products, their SSAs can be measupadately. The heavy quark and
antiquark produced in short distance partonic processkkexpierience different final state inter-
actions with the nucleon spectator due to their differefbrcoharges, and therefore the SSAs for
heavy quark and antiquark will be different. Detailed cidtons show that the difference could
be as large as a factor of 3 if the quark-antiquark channdtibotion dominates [32].

In summary, the universality of the parton distribution dragmentation functions are very
different in the single transverse spin asymmetry. Theepaties are still under theoretical and
experimental investigations. These important physiagetteer with other exciting features have
shown that the transverse spin physics is playing a very iitapbrole in the strong interaction
physics for hadronic spin physics. We will learn more aboG@DQdynamics and nucleon structure
from these studies.

This work was supported in part by the U.S. Department of @nander grant contract DE-
AC02-05CH11231. We thank RIKEN, Brookhaven National Latory and the U.S. Department
of Energy (contract number DE-AC02-98CH10886) for provglihe facilities essential for the
completion of their work.
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