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An overview on studies of the nucleon spin puzzle is given as they are performed in polarised
deep-inelastic lepton-nucleon scattering experiments and polarised proton-proton collisions. By
now, good knowledge is obtained on the contribution of quark spins to the nucleon spin, while
the information about the gluon contribution is still scarce. Currently, the focus is on the study
of the orbital angular momentum contribution that is related to the 3-dimensional structure of the
nucleon. It is accessible via generalised parton distributions that can be measured in exclusive
photon and meson production in lepton scattering experiments. Here, an active experimental and
theoretical program is ongoing.
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1. Introduction

The surprising result of EMC [1] that only a small part of the nucleon spin is carried by
quarks resulted in enormous experimental and theoretical activities to perform detailed studies of
the nucleon spin. The subsequent measurements confirmed that only one third of the spin of the
nucleon is made up by quark spins. It soon became clear that one has to solve the so-called spin
puzzle, namely that there can be contributions not only from quark spins but also gluon spins and
orbital angular momenta [2]
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The main tool to study the contribution of quark spins to the nucleon spin is deep inelastic scattering
(DIS) of longitudinally polarised charged leptons off longitudinally polarised nucleons. Via scaling
violations of the measured spin structure functions g; (x, 9%) also the contribution of the gluon spin
can be studied provided the Q2 span of the data is large enough. Here, x is the Bjorken variable
and —Q? the squared four-momentum transfer. More insight into the gluon contribution as well as
flavour separation of the quark contributions can be obtained from semi-inclusive measurements of
DIS (SIDIS) and from proton-proton collisions.

Today these measurements are extended to study not only the longitudinal spin structure but
also the 3-dimensional structure of the nucleon by investigating generalised parton distributions
(GPDs) [3, 4, 51.

2. Experiments

First measurements of the spin structure were started about 40 years ago at SLAC (E80) and
CERN (EMC). When the surprising EMC results became available a series of new experiments
were launched at SLAC (first with 30 GeV electrons, later with 50 GeV), at CERN (SMC, COM-
PASS), DESY (HERMES) and JLAB (Hall A,B,C). Later the PHENIX and STAR experiments
at the polarised proton-proton collider RHIC joined the investigation of the spin structure. Today
measurements of GPDs are performed at JLAB and at COMPASS.

3. Longitudinal nucleon spin structure

For the investigation of the longitudinal spin structure of the nucleon several processes are
used, including inclusive and semi-inclusive measurements of DIS and proton-proton collisions,
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Figure 1: Processes used in the investigation of the spin structure of the nucleon [6].
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as illustrated in Fig. 1. In DIS, measurements were performed using polarised protons, neutrons
and deuterons as targets (see Refs. [7, 8] and references therein). The results for spin structure
functions g, which are extracted by measuring longitudinal spin asymmetries, are shown for the
proton and the deuteron in Fig. 2. The data include the new final structure function results from
COMPASS [8]. These data were also used to extract the non-singlet structure function g’l\IS =
g —g .
the axial and vector coupling constants via the fundamental Bjorken sum rule [9]: FTS(QZ) =
Jo &N (x, 0?)dx = %‘E—C )CTS(QZ) , where CS(0?) is the non-singlet coefficient function that can
be calculated in perturbative QCD. Using COMPASS data only, a validation of the Bjorken sum
rule to an accuracy of about 9% was obtained [7].

The first moment of gII\IS at a given value of Q? is connected to the ratio ga /gy of
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Figure 2: World data on the spin dependent structure function gll’ [7] (left) and g‘l1 [8] (right) as a function of
Q? for various values of x. The lines represent the Q> dependence for each value of x, as determined from a
NLO QCD fit to the world data.

The spin structure functions g; are related to quark and gluon helicity distributions. In LO
QCD they are given by

g1(x,0%) = %ZefIAq(x, 0% (3.1
q
with ¢, the quark charge and Aq = ¢ — ¢~ the quark helicity distributions for quarks with their
spin parallel (+) or antiparallel (—) to the nucleon spin. The well-known spin independent PDFs are
given by g = ¢ + ¢~ . Several groups have performed a next-to-leading order (NLO) QCD analysis
of the world data on g; (for a discussion see Ref. [10]). A recent determination of the helicity
distributions by the JAM collaboration [11] is shown in Fig. 3. The contribution of all quarks to
the nucleon spin is about 30% with an uncertainty of 10% — 20% in all the parametrisations. The
u and d distributions agree quite well in the different analyses. The strange contribution, which is
mainly constrained by the assumptions used in the fits, is small and negative with the exception of
the DSSV09 extraction [25], which uses in addition semi-inclusive results (discussed below). The
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Figure 3: Quark and gluon helicity distributions determined by the JAM collaboration compared to other
recent parametrisation (see Ref. [11] and references therein).

gluon distribution is small, but has large uncertainties, so that not even the sign can be determined.
The reason is mainly the relatively small Q? span of the available data (see Fig. 2). When data with
low invariant mass of the final state hadronic system, W, are included in the fits, e.g. the CLAS
data, significant higher twist contributions are found.

More g results are available in specific kinematic regions. The COMPASS collaboration
determined asymmetries and spin structure functions for the proton and the deuteron at small values
of x down to 5- 1073 [13, 14]. Due to the fixed target kinematics this implies also small Q. While
the deuteron asymmetries are compatible with zero, significant spin effects for the proton were
observed for the first time at such low values of x. Due to the huge increase of statistics compared
to the previous results [12], these data can be used to constrain models of g; at low values of x and
0.

At high x very precise results from JLAB are available; e.g. in HALL A E08-27 a high preci-
sion measurement using polarised protons was performed in the resonance region [15]. The main
emphasis of the JLAB measurements lies currently on the study of the transition from perturbative
QCD to the resonance region to improve the estimates of sum rules, e.g. the generalised GHD sum
rule at very low Q. Here, a detailed comparison with predictions from chiral perturbation theory
can be done. Figure 4 (right) shows preliminary results from CLAS for the first moment of gﬁ’, e,
(top) and from HALL A E97110 for I'] (bottom) [16, 17].

As shown in Fig. 3 the gluon polarisation cannot easily be obtained using inclusive measure-
ments only, as they are dominated by scattering on quarks. To enrich the gluon contribution the
photon gluon fusion process (PGF) (see Fig. 5 (left)) can be used in DIS. Here, the PGF process is
signalled either by open charm production or by a pair of large transverse momentum hadron (or
jets). Figure 5 (right) shows a summary of the existing measurements. The recent COMPASS mea-
surement [18] is the most precise result indicating a small, but positive gluon polarisation around
x=0.1.

In polarised proton-proton collisions there are three main contributions to the transverse-
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Figure 4: Left: x-dependence of the longitudinal double-spin asymmetries AI]’ and A‘f. The bottom panel
shows the average Q2 of the COMPASS proton data [13, 14]. Right: Results for Fﬁ’ from CLAS [16] (top)
and I'} from Hall A E97110 [17] (bottom).
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Figure 5: Left: Photon gluon fusion in DIS. Right: World data on direct measurements of the gluon polari-
sation [18].

momentum dependence of the longitudinal double-spin asymmetry, i.e. quark-quark, quark-gluon
and gluon-gluon scattering. The latter two contribute mainly at small and medium transverse mo-
mentum pr, yielding access to the gluon polarisation. The quark-gluon process is also sensitive
to the sign of the gluon polarisation. In Fig. 6 (left) recent results from PHENIX [19] (top) and
STAR [20] (bottom) are presented for the pt dependence of the longitudinal asymmetry for 7° and
jet production, respectively. The measurements show good agreement with NLO QCD predictions
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using recent polarised PDFs pointing to a small but significant gluon polarisation in the range of
x > 0.05, quite consistent with the LO COMPASS result.
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Figure 6: Left: Transverse momentum dependence of the longitudinal asymmetry Apy for 7° production
from PHENIX [19] (top) and jet production from STAR [20] (bottom). The measurements are compared to
predictions using recent polarised PDFs. Right: Dependence of W production asymmetries from PHENIX
and STAR on the pseudorapidity 7 in comparison to recent NLO calculation [21].

In proton-proton collisions also weak interaction processes contribute to the measured asym-
metries, e.g. W¥ production at high energies at RHIC. Here, the measurements are sensitive to
anti-quark distributions in the proton. Figure 6 (right) shows recent results on W production from
PHENIX and STAR including the new precise STAR result from the 2013 data [21]. The present
results point to a sizeable positive contribution from Ai.

The contribution of different quark flavours is studied in SIDIS measurements by COM-
PASS [23] and HERMES [24]. The sensitivity to quarks and antiquarks occurs through the dif-
ference between favoured and unfavoured fragmentation functions (FF) for hadron asymmetries,
which are given in LO by

n XgeqAq(x) [ D(z)dz
' Xgeqq(x) [ Dli(z)dz

Here, z is the ratio of hadron and virtual photon energies and D’q’ denotes the FF that describes the

3.2)

fragmentation of a quark of flavour ¢ into a hadron of type #. While pion FFs are well-known,
there are considerable uncertainties for kaon FFs. Thus, u and d quark helicity distribution can be
reasonably well constrained by the SIDIS measurements. For strange quarks the resulting helicity
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distribution is usually small and positive (DSSV09 in Fig. 3) in contrast to the one obtained from
QCD analyses of inclusive data, but this result changes considerably when another set of kaon FFs
is used (see[22]). Therefore, better FFs for kaons are necessary in order to improve the extraction
of the strange quark polarisation.

4. Fragmentation Functions

Fragmentation functions can be studied in e*e™ collisions and SIDIS measurements (for a
summary see Ref. [26]). While the e* e~ data are mainly sensitive to the sum of quark and anti-
quark FFs, flavour separation can be obtained in SIDIS by measuring multiplicities, which are the
ratio of the cross section for hadron production and the DIS cross section. In LO they are related
to FFs by

dM" ¥, eqq(x,0%)Diy(z,0%)

dz  Y,eq(x.0%)
Thus, COMPASS [27, 28] and HERMES [29] have measured multiplicities of identified hadrons
in multi-dimensional kinematic bins. As an example Fig. 7 shows the precise COMPASS result

4.1

on the z dependence of multiplicities of K™ in bins of x and the relative energy transfer to the
nucleon y. These new data allow for new extractions of pion and kaon fragmentation functions.
A detailed investigation of the experimental results has shown some inconsistencies especially of
the COMPASS and HERMES kaon data. Currently a debate is ongoing whether all this data can
be analysed in the framework of NLO QCD. New data from COMPASS for kaon multiplicities at
very high z, as discussed at DIS17[30], will help to shed new light onto these discrepancies.
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Figure 7: COMPASS results for K™ multiplicities in bins of z, x and y [28].

5. Nucleon structure in 3D

The contributions of quark and gluon spins to the nucleon spin can be investigated in (SI)DIS
measurements and proton-proton collisions with longitudinal polarisation. Angular momenta are
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not accessible in such measurements. Access to total angular momenta carried by the nucleon con-
stituents can be addressed by exploiting Ji’s sum rule [5]. In this sum rule the angular momenta
are related to moments of generalised parton distribution functions (GPD). A GPD can be con-
sidered as a momentum-dissected form factor providing information on the transverse localisation
of a parton as a function of the fraction it carries of the nucleon longitudinal momentum [3, 4].
Thus one obtains a “3-dimensional picture” of the nucleon, which is often referred to as “nucleon
tomography” [31].

These GPDs are accessible via deeply virtual Compton scattering and deeply virtual meson
production. They depend on the photon virtuality Q?, the total four-momentum transfer squared ¢
between the initial and final nucleon states and two additional variables x and & representing the
average and half the difference between the initial and final longitudinal momentum fraction of
the nucleon carried by the struck parton (see Fig. 8 (left)). In DVCS and DVMP processes x is
an internal variable, while the skewness & is related to the Bjorken variable xz; = Q?/2Mv" in the
Bjorken limit by & = xp;/(2 —x3)).
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Figure 8: Left: Deeply virtual Compton scattering. Right: Beam helicity (A*c) and helicity-independent
(d*o) cross sections at 0% = 1.75 GeV?, xg; = 0.36 and t = —0.30 GeV?. For the curves see Ref. [32]

A competing process is the Bethe-Heitler (BH) process of elastic lepton-nucleon scattering
with a hard Bremsstrahlung photon emitted by the incoming or outgoing lepton. It produces the
same final state as DVCS so that both processes interfere at the level of amplitudes. At high beam
energies, kinematic domains are accessible where either BH or DVCS dominate. At low xg; almost
pure BH events are recorded, which can be used as an excellent reference yield. The collection of
almost pure DVCS events at higher xp; allows for a measurement of the ¢ dependence of the cross
section, which is related to the tomographic image of the nucleon. In the intermediate domain
the DVCS contribution will be enhanced by the BH process through their interference. Also for
experiments at lower beam energies the DVCS process is mainly accessible via interference with
the BH process.

The global extraction of GPDs, as it is e.g. developed in the PARTONS project [33], needs
experimental data on hard exclusive processes in a broad kinematic range. Up to now information
in the high energy regime at low xp; was provided by H1 and ZEUS at DESY and by HERMES

INote that the variable x in sections 1-4 is called xp ;j in section 5.
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and JLAB experiments in the low energy regime at high xp;. As an example Fig. 8 (right) shows
results from JLab Hall A E07-007 [32]. Here, high statistics data were obtained for the spin-
independent cross section as well as for the cross section difference for opposite beam polarisation
at several beam energies. A generalised Rosenbluth separation allowed the separation of the BH-
DVCS interference term. The analysis showed that a leading twist description of the data is not
sufficient and higher twist and/or higher order contribution have to be taken into account.

Recently, the COMPASS collaboration has performed a DVCS measurement on protons using
oppositely polarised u* and p~ beams [34]. At high xp; the 7-dependence of the DVCS cross
section is extracted from the cross section sum after integration the azimuthal photon angle and
subtraction of the (small) BH contribution. The resulting cross section is shown in Fig. 9 (left). It
shows clearly the expected exponential # dependence. The exponential slope B can be related to the
transverse size of the nucleon as a function of xg; via (r(xg;)?) = 2(B(xp,))h*, which is compared
to results from ZEUS and HI at lower values of xp; in Fig. 9 (right).
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Figure 9: Left: DVCS cross section as function of |¢|. Right: Comparison of the extracted radius to previous
measurements from H1 and ZEUS. [34]

With the full COMPASS data sample from 2016/17 it will be possible to investigate the xp;
dependence of B in the transition region from sea to valence quarks to study a possible shrinkage
of the nucleon. The valence region at high xp; was recently investigated by a combined analysis of
JLAB and HERMES data (see Ref. [35] and references therein).

6. Summary and outlook

After nearly 30 years of measurements the nucleon spin puzzle is only partially solved. More
insight e.g. into the gluon contribution will have to wait for the planned electron-ion collider.
Meanwhile, the contribution of orbital angular momentum of quarks is investigated using GPDs.
Currently an active theoretical and experimental program studying GPDs using exclusive photon
or meson production is under the way.
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