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1. Introduction

Azimuthal modulations of differential cross sections aagnametries in semi-inclusive deep-
inelastic scattering (SIDIS) and hard exclusive electvdpction of mesons and real photons pro-
vide informations about transverse-momentum-dependatmpdistributions (TMDs) and Gener-
alised Parton Distributions (GPDs). The relevant azimudhgles are the anglegand ¢ around
the direction of the exchanged virtual photon between thtolescattering plane and the hadron
production plane and the target spin direction, respdygtiviehe amplitudes of these modulations
are usually presented a&¥', where the first subscript refers to the beam charge (C) doehen
polarisation (U: unpolarised, L: longitudinally polarijeand the second subscript to the polari-
sation of the target (U, L, T: transversely polarised) ard. Benotes Fourier harmonics of linear
combinations ofp and@. The HERMES experiment at HERA [1] has performed such measur
ments using longitudinally polarised electron and positteams with both helicities, unpolarised
and longitudinally polarised hydrogen (H) and deuteriun) {@gets, a transversely polarised H
target and various unpolarised nuclear targets, and hasngeed the amplitudes of the corre-
sponding azimuthal modulations. In this contribution s@ekected results are presented.

2. TMDs

The structure of the nucleon can be parameterised in termiglof leading-twist quark distri-
bution functions (DFs) when including the transverse manomrarof quarks in the description [2, 3].
They embody the correlations between the spin of the nuctlerspin of the quarks and their lon-
gitudinal and transverse momentum. Only three of them gariitegration over the transverse
momenta. These are the unpolarised longitudinal-momeidiigtribution f, the helicity distribu-
tion gi and thetransversitydistribution h. The other five DFs are ttiversDF f, that describes
the distribution of unpolarised quarks in a transverseliafged nucleon and can be related to
orbital angular momenta of quarks, tBeer-MuldersDF h{ (transversely polarised quarks in an
unpolarised nucleon), thigotzinian-MuldersDF hyj; (transversely polarised quarks in a longitu-
dinally polarised nucleon), theretzelosityDF hi; (sideways transversely polarised quarks in a
transversely polarised nucleon) and therm-gearDF g7 (longitudinally polarised quarks in a
transversely polarised nucleon). (The dependence of théseon the Bjorken variablg, the
negative squared four-momentum of the virtual pha@nand the quark transverse momenta has
been omitted for brevity). Only;fand g can be measured in inclusive DIS, all others can only
be accessed in semi-inclusive measurements where in@dttitithe scattered lepton also a lead-
ing hadron is detected. THaiversandBoer-MuldersDFs are naive-time-reversal odd, i.e., they
are forbidden by time-reversal invariance T and their exiseé requires initial-state or final-state
interactions. The DFsjhhi, hi;, and K5 are chiral-odd and can only be measured in conjunction
with another chiral-odd quantity. In SIDIS this is the pidad Collins fragmentation function (FF)
Hiq(z), wherez is the fraction of the virtual-photon energy carried by tiheduced hadron.

Each of these distributions causes distinctive signaturtiee hadron’s azimuthal angular dis-
tribution. For example, the amplitudes of the gr{ @) [Ssin(¢+ )] modulation of the transverse-
target single-spin asymmetry for an unpolarised beam arahaversely polarised target are pro-
portional to a convolution of th&iversDF fi; and the unpolarised FFQ [the transversityDF
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Figure 1: HERMES results for th&iversmoments (left panel) and theollins moments (right panel) for
pions and charged kaons obtained with a transversely pethhydrogen target.

h; and theCollins FF th]. The measured moments for pions and charged kaons [4] avensh
Fig. 1 as a function ox, zand the hadron momentum component transverse to the viadbn
direction, B, ;. The results for ther” and K™ Siversasymmetries (left panel) are significantly
positive, providing the first evidence for a T-odd DF appagiin electroproduction. Consequently
one has to conclude that the orbital angular momenta of guaknon-zero. At present it is, how-
ever, not yet possible to quantitatively relate the magilaitof this asymmetry to the fraction of
nucleon spin which can be attributed to orbital angular mumef quarks. The measured Collins
asymmetries (right panel) far", m andK™ are different from zero providing evidence for the
existence of both hand th. The largerr~ moment indicates that the unfavor€allins FF has
similar magnitude as the favored one, but opposite signoth tases the amplitudes fiér appear
to be larger than those far".

If the semi-inclusive unpolarised DIS cross section is tegrated ovelR,,, an azimuthal
dependence around the virtual-photon direction existskvhas a&osp and aco2¢p component. At
leading-twist the amplitude of thm22¢p modulation is expected to be proportional to a convolution
of qu and theBoer-MuldersDF h{ which originates from a coupling between quark transverse
momentum and quark transverse spin. Two mechanisms aretegp® contribute to theosp
modulation: i and theCahneffect, a pure kinematic effect, generated by the non-zerinsic
transverse motion of quarks. The preliminansp and aco2¢ moments [5] for unpolarised beam
and unpolarised H target measured for and it~ are shown in Fig. 2 as a function &f y, z
andPR,,. Thecosp amplitudes forrrt and rr— are rather different. Since ti@ahneffect should
be flavour blind, this behaviour indicates a substantiatrdmution from h-, which is expected
to have opposite sign for up- and down-quarks. This is supgdoy theco2¢ amplitudes that
are positive (negative) forr™ (717) over most of the kinematic range. The other leading-twist
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Figure 2: Preliminary HERMES results for theogng) moments for charged pions measured with an
unpolarised beam and an unpolarised hydrogen target.

amplitudes related to the DFs:g h{;, and K5 and also some higher-twist amplitudes have been
found to be very small and in most cases compatible with Z&ro |

3. GPDsand DVCS

GPDs provide a framework for describing the multidimenalgstructure of the nucleon [7].
They encompass parton distribution functions and elastiteon form factors as limiting cases and
moments, respectively, and provide correlated infornmatio transverse spatial and longitudinal
momentum distributions of partons. Furthermore, accesbddotal parton angular momentum
contribution to the nucleon spin may be provided by GPDsubhothe Ji relation [8]. GPDs can
be constrained through measurements of cross sectionssgnareetries in exclusive processes.
In this contribution some HERMES results are presented cepeVirtual Compton Scattering
(DVCYS), i.e., the hard exclusive electroproduction of nglabtons. The asymmetries arise from
the DVCS process, where the photon is radiated by the struakkgand its interference with the
Bethe-Heitler process, where the photon is radiated byriitialior final state lepton. The variety
of experimental setups used by HERMES enabled the extraofimany asymmetry amplitudes.
These are related to Compton Form Factors (CFFs) which ammkdions of the corresponding
GPDs with the hard scattering coefficient functions. Thesgrenetries can be written as Fourier
series in linear combinations of the angieand@,. HERMES has studied the dependence of such
amplitudes orx, Q? andt, the squared four-momentum transfer to the target. Detaiisbe found
in Refs. [9].

Fig. 3 presents an overview of the extracted azimuthal-asgtnry amplitudes integrated over
the entire HERMES kinematic range using the data taken irydlaes 1996-2007 with the H and
D targets. In general the amplitudes for H and D are very amnilhe leading-twist amplitudes
are sizeable while the suppressed higher-twist amplitadesompatible with zero. In the upper
panel various amplitudes for beam-charge asymmetrieshasgrs The amplitudeﬂéos(o‘m and
Af:w which are sensitive tale(.#), the real part of the CFB#, are significantly different from
zero. In the second panel amplitudes for the beam-helisifynanetries are shown. Here especially
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Figure 3: HERMES results for various DVCS amplitudes.

the non-zero amplitudAﬁiS‘ﬁ is of interest since it is sensitive fm(.#’). The transverse target-

spin asymmetries in the middle panel are of special impogtasince they are sensitive to the
GPD E. Here the amplitudAfJ'Q(f{’*"’S)cog” which is proportional to the imaginary part of a linear
combination of the CFFs7 and & is significantly different from zero. The amplitudes of the

longitudinal target-spin asymmetries in the second paoeh below are sensitive tam(.7#) and
the longitudinal double-spin asymmetries in the bottomepémlle(7#’). These results will be an
important input for global fits of GPDs.
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