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Structure and spin of the nucleon
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Abstract.
Parton distribution functions, describing longitudinal momentum, helicity andtransver-
sity distributions of quarks and gluons, have been recently generalized toaccount also
for transverse degrees of freedom. Two new sets of more generaldistributions, Trans-
verse Momentum Distributions and Generalized Parton Distributions, were introduced to
describe transverse momentum and space distributions of partons.
Great progress has been made since then in measurements of different Single Spin Asym-
metries (SSAs) in semi-inclusive and hard exclusive processes providing access to TMDs
and GPDs, respectively. Facilities world-wide involved in studies of the 3D structure of
nucleon include HERMES, COMPASS, BELLE, BaBar, Halls A, B, and C atJLab, and
PHENIX and STAR at RHIC (BNL). TMD studies in the Drell-Yan process are also
becoming an important part of the program of hadron scattering experiments. Studies
of TMDs are also among the main driving forces of the JLab 12-GeV upgrade project,
several of the forward upgrade proposals of STAR and PHENIX at RHIC, and future fa-
cilities, such as the Electron Ion Collider (EIC), FAIR in Germany, and NICA in Russia.
In this contribution we present an overview of the latest developments in studies of parton
distributions and discuss newly released results, ongoing activities, as well as some future
measurements.

1 Introduction

Since the late 60s many theoretical and experimental groupsdedicated their time to study the quark-
gluon structure of nucleons and nuclei in terms of collinear( “integrated”) parton distributions (PDFs)
of hadrons. One of the most surprising results is the unexpectedly small fraction of the proton’s spin
that is due to the contribution from quarks and antiquarks directing attention toward orbital motion
of partons. Transverse space distributions of partons, encoded in Generalized Parton Distributions
(GPDs), and transverse momentum dependent distributions,encoded in Transverse Momentum Dis-
tributions (TMDs), have been widely recognized as key objectives of the JLab 12-GeV upgrade [1]
and the polarized pp program at RHIC [2] as well as a driving force behind the construction of the
EIC [3]. The information on QCD-dynamics inside hadrons, asencoded in GPDs and TMDs, is much
richer than what one can learn from collinear PDFs. These 3D PDFs provide the information on the
orbital structure, which is not accessible through regularPDFs and are expected to play a crucial role
in explaining the spin structure of the nucleon. TMD and GPD distributions (see Table 1) describe
partons with certain polarizations in nucleons in independence of the polarization state.
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Table 1. Leading twist TMD distribution functions (left) and GPDs (right). The U,L,Tcorrespond to
unpolarized, longitudinally polarized, and transversely polarized nucleons (rows) and quarks (columns)

One of the most prominent applications is the Ji’s sum rule [4], providing access to the elusive
orbital angular momentum. The integral is weighted byx and calculated at vanishing momentum
transfert.

J = lim
t→0

∑

q=u,d,s

1
2

∫ 1

−1
dx x
{
Hq(x, ξ, t,Q2) + Eq(x, ξ, t,Q2)

}

Recently there was a great progress in the proper definition of quark and gluon contributions to
the proton spin. The gauge invariant interpretation of∆g as the gluon spin contribution has been
identified. It has been shown, however, that to access the canonical orbital angular momentum one
has to extract experimentally either the Wigner distributions or particular twist-3 distributions [5, 6].
The difference between different decompositions can be interpreted as the change in thequark orbital
angular momentum due to final state interactions as the quarkleaves the target in a DIS experiment [7].

Wide kinematic coverage of large acceptance detectors allows studies of exclusive (GPDs) and
semi-inclusive (TMDs) processes providing complementaryinformation on the transverse structure
of nucleon. One of the cleanest processes to access GPDs is Deeply Virtual Compton Scattering
(DVCS), in which one quark of the nucleon absorbs a virtual photon producing a real photon with
the nucleon left intact. DVCS is most suitable for studying GPDs at moderate energies and in the
valence quark regime. At low beam energies, the cross section for DVCS is small and masked by
the more copious production of photons from the Bethe-Heitler (BH) process. However, DVCS ob-
servables are only sensitive to chiral-even GPDs describing unpolarized and longitudinally polarized
quarks. Hard exclusive production of light mesons allows tofilter different GPDs by different final
state hadrons [8, 9]. In addition they provide a unique possibility to access “transversity” or chiral-
odd GPDs through measurements of different azimuthal moments of the cross section. In the handbag
approach developed recently by Liuti and Goldstein [10] andKroll and Goloskokov [11, 12] the he-
licity amplitudes depend on hard partonic subprocess and the GPD and the beam spin asymmetries
of exclusive pions combined with other spin and azimuthal asymmetries, which can provide a unique
possibility to access the elusive transversity GPDs.

2 Collinear parton distributions

Due to the dominance of gluon induced hard scattering processes at RHIC, longitudinally polarized
proton-proton collisions studied by PHENIX and STAR are currently the best source of information on
the gluon polarization,∆g. Measurements of the double helicity asymmetry,ALL, of neutral pions and
jets, at PHENIX and STAR respectively, indicate a sizable positive∆g (see Figure 1) in the accessible
range ofx (0.05< x < 0.2). The uncertainties for∆g(x), however, remain significant in the presently
unmeasured smallx region, preventing a reliable determination of the full integral.
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Most of the measurements of the polarized light sea-quark distribution have been performed in
polarized semi-inclusive DIS by the SMC, HERMES, and COMPASS collaborations by identifying
hadrons in the final state. The analysis of SIDIS data relies on quantitative understanding of the
fragmentation of quarks and antiquarks into observable final-state hadrons and the uncertainties in the
polarized antiquark PDFs separated by flavor so far remain relatively large.

Significant parity-violating single-spin asymmetries (AL) in longitudinally polarizedpp collisions
have been observed recently at RHIC. The coupling of theWs to the weak charge provides direct
access to quark flavor allowing studies of the spin-flavor structure of sea quarks inside the proton.
The STAR preliminary results onAW±

L taken during 2012 shown in Figure 1 (right) have been already
included in the pQCD-fit and improved significantly the determination of the polarization of the light
sea quarks (DSSV++).
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Figure 1. Preliminary 2009 data compared to the DSSV++ fit (left) and AL for W± as measured by STAR in
2012 (right).

3 Spin-azimuthal asymmetries

In recent years, measurements of azimuthal moments of polarized hadronic cross sections in hard
processes have emerged as a powerful tool to probe nucleon structure. Several experimental groups
are currently trying to pin down various effects related to the nucleon structure through studies of
spin-azimuthal asymmetries in semi-inclusive deep-inelastic scattering (HERMES at DESY [13–
16], COMPASS at CERN [17], Jefferson Lab [18–20]) polarized proton-proton collisions (PHENIX,
STAR and BRAHMS at RHIC) [21, 22], and electron-positron annihilation (Belle at KEK and BaBar
at SLAC) [23]. Azimuthal distributions of final state particles in semi-inclusive deep inelastic scatter-
ing, in particular, are sensitive to the orbital motion of quarks and play an important role in the study
of transverse momentum distributions (TMDs) of quarks in the nucleon.

Significant azimuthal moments in leptoproduction (Acosφ
UU ), which have been measured in SIDIS

already by EMC collaboration [24], were reproduced by latest measurements at CERN, HERMES
and JLab [19, 20, 25, 26]. The amplitudes of these azimuthal modulations depend on the kinematic
variables relevant for the SIDIS process, namely the Bjorken scaling variablex, the 4-momentum of
the virtual photon squaredQ2, the energy fraction of the hadronz, and the transverse momentum of
the hadronPT .

The first unambiguously measured single-spin phenomena in hard scattering, which triggered im-
portant theoretical developments, were transverse asymmetries measured inpp collisions and siz-
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able longitudinal target (Asinφ
UL ) and beam (Asinφ

LU ) spin asymmetries observed at HERMES and JLab
[13, 14, 16, 18, 27, 28] in SIDIS. Significant left-right asymmetries observed in the inclusive measure-
ment of pions produced in the collision of transversely polarized (anti)protons with an unpolarized
hydrogen target measured by the E-704 collaboration at center-of-mass energies of about 20 GeV,
were confirmed at center-of-mass energies up to 200 GeV by theSTAR and BRAHMS collaboration
at RHIC [21, 22].
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Figure 2. First measurements of SSAs in SIDIS with longitudinally polarized target [13] (left) and beam [18]
(right).

Two fundamental QCD mechanisms giving rise to single-spin asymmetries were identified. First
the Collins mechanism [29, 30], where the asymmetry is generated in the fragmentation of trans-
versely polarized quarks, and second the Sivers mechanism [31–33], that arises due to final state
interactions at the distribution function level. The first interpretation of observed significant SSA with
longitudinally polarized target,AUL, at HERMES[13] (see Fig. 2) was based on the convolution of the
higher twist distribution functionhL, related to the production of transversely polarized quarks due
to quark-gluon interactions and the leading-twist Collinsfragmentation function [34, 35],H⊥1 , de-
scribing the fragmentation of transversely polarized quarks to unpolarized hadrons (pions). The beam
SSA, first measured by CLAS collaboration [18] (see Fig. 2, right panel) have also been interpreted in
terms of the Collins mechanism [36–39] and used for a first determination of the twist-3 distribution
functione(x) [37]. The magnitude of the extractede(x) is also consistent with predictions using the
chiral quark soliton model [40–42]. Collinear higher-twist distribution functione(x) later on has been
interpreted in terms of average transverse forces acting ona transversely polarized quark at the instant
after absorbing the virtual photon [43].

The analysis [37, 44–46] of sub-leading single-spin asymmetries observed at HERMES [16] and
later on at JLab [18] led to the introduction of a complete setof twist-3 distribution functions [33, 47].
Observation of the SSA in pion SIDIS has opened a new avenue tostudy the spin-orbit correlations
and quark-gluon interactions, triggering studies of SSAs worldwide.

The first experimental evidence of a non-zero Collins function was obtained in SIDIS by the
HERMES [16] and COMPASS collaborations [48] (see Fig. 3), where the convolution of the Collins
function and the parton transversity distribution function h1 was measured. Measurements performed
at very different beam energies are consistent and indicate a significant asymmetry in the valence
region with opposite signs for positive and negative pions.Recent measurements of multiplicities and
double spin asymmetries as a function of the final transversemomentum of pions in SIDIS at JLab
[19, 49] suggest that transverse momentum distributions may depend on the polarization of quarks and
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possibly also on their flavor. Kinematic dependencies of single- and double-spin asymmetries have
been measured in a wide range inx andPT with CLAS using a longitudinally polarized proton target.
Measurements of thePT -dependence of the double-spin asymmetry, performed for the first time,
indicate the possibility of different average transverse momenta for quarks aligned or anti-aligned
with the nucleon spin [49], consistent with latest lattice calculations of ratios of transverse momentum
distributions of quarks anti-aligned (q−) and aligned (q+) with proton spin [50] (see Fig. 4).

Figure 3. Dedicated measurements of Collins (left) and Sivers (right) asymmetrieswith transversely polarized
targets by the HERMES and COMPASS collaborations as a function of relevant kinematic variables.
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Figure 4. Transverse momentum dependence of ratio of densities ofu quarks anti-aligned (q−) and aligned (q+)
with the proton spin [50] (left panel). The solid curve and the statistical error band in blue have been obtained
from the Gaussian, with gray band at the bottom showing the uncertainty dueto the renormalization [50]. The
dashed curve and the band were obtained using alternative Gaussian parametrizations. Two different ways to
use Gaussians for the parametrization of lattice data, when positively defined q+ = f1 + g1 andq− = f1 − g1

were parametrized, as opposed tof1 andg1 in the first case, measure possible model dependence. The right
panel shows CLAS measurement of thePT -dependence of the double spin asymmetry for pion SIDIS on a
longitudinally polarized proton [49].

The direct information on the Collins function has been firstobtained frome+e− annihilation
experiments via the study of the semi-inclusive processese+e− → qq̄ → ππX at Belle [23] and
later on confirmed by the BaBar experiment at SLAC [51]. Collins asymmetry can be extracted
using the thrust reference frame (Fig. 5). Assuming the thrust axis defines theqq̄ direction and by
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selecting pions in opposite hemispheres with respect to thethrust axis, the asymmetry as a function
of azimuthal anglesφ1 andφ2 of produced hadrons gives access to ratios of polarized and unpolarized
fragmentation functions.

Figure 5. Kinematics of hadron production ine+e− collisions (left) and corresponding measurements of asym-
metry related to the analyzing power of Collins fragmentation from BaBar and Bell experiments, andz1 andz2

are corresponding pion fractional energies.

Figure 6. Expected statistical error of the Sivers asymmetry versusxF assuming two years of data taking (280
days) at COMPASS (left) and Fermilab (right) for a dimuon mass range of 4.2 < M < 8.5 GeV. The bands
shows the theoretical predictions of the asymmetry from Anselmino et al. [52] with shaded areas showing the√

20-sigma error band [53].

4 Future measurements of DY and SIDIS

One of the most remarkable features of the Sivers distribution function, responsible for the significant
SSA with transversely polarized targets in SIDIS (see Fig. 3), where it appears in convolution with the
unpolarized fragmentation functionD1, is the sign change from SIDIS to DY. An experimental proof
of the sign-reversal property of the Sivers function is a crucial test of QCD in the non-perturbative
regime.

Several experiments are currently planning to measure polarized Drell-Yan either with a polar-
ized beam or a polarized target including COMPASS at CERN [54], Fermilab E1207 [53], Panda at
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FAIR [55], NICA at JINR [56], and RHIC. The main goal of COMPASS is to measure the interaction
between valence quarks and valence antiquarks focusing on the pion-proton (deuteron) collisions, col-
lecting a sufficient amount of data in the so-called safe dimuon invariant mass region from 4 to 9 GeV,
where the theoretical formalism using TMDs is very well elaborated and the interpretation of the data
is straightforward. The Fermilab E-906/SeaQuest spectrometer accommodates a large coverage in
parton momentum fractionx, covering the valence quark region (0.35–0.85), and the seaquark region
(0.1–0.45) for the beam and target polarizations, respectively (see Fig. 6).

Several proposals have been already approved by the JLab PACto study GPDs and TMDs at
JLab12 and were awarded the highest physics rating. The fullprogram involves measurements us-
ing the CLAS12 and SOLID large acceptance detectors combined with precision measurements us-
ing Hall-C and Hall-A spectrometers. Precision measurements using the upgraded CLAS detector
(CLAS12) with polarized NH3 and ND3 targets will allow access to thekT -distributions ofu andd
quarks aligned and anti-aligned with the spin of the nucleon. Integrated over transverse momentum,
the data will also be used to extract thekT -integrated standard PDFs. A wider range inQ2 provided
by the CLAS12 detector at JLab would also allow studies of theQ2-evolution, important for under-
standing and controlling possible higher-twist contributions. By using QCD evolved TMDs one can
explain the observed discrepancies between HERMES [57] andCOMPASS [58, 59] data, and predic-
tions have been made for the non-trivial behavior of the Sivers asymmetry as a function ofQ2 [60].
Measuring theQ2-dependence of the Sivers function is one of the main goals ofthe upgraded CLAS12
experiment using a transversely polarized HD target [1].

A combined analysis of JLab12 data sets from unpolarized, longitudinally polarized, and trans-
versely polarized targets will allow to extract all relevant TMDs and GPDs that describe the 3D struc-
ture of the nucleon in the valence region.
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