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1. Introduction

The HERMESexperiment at BSy in Hamburg (Germany) collected data from 1995 until 2007
using the 276 GeV HeRA lepton beam. In the experiment, longitudinally polarizéettrons or
positrons were scattered off stationary gaseous hydradguterium, helium, or heavier targets,
with hydrogen longitudinally or transversely polarizedumpolarized, deuterium and helium lon-
gitudinally polarized or unpolarized, and the heavierdtsginpolarized. The scattered lepton and
particles produced in the collision were detected by a fodvepectrometer. Here, lepton-hadron
separation was performed by a transition-radiation deteatpreshower, and a calorimeter, with an
identification efficiency exceeding 98% and a misidentifamatontamination below 1%. Hadron
identification was performed by a ring-imaging Cherenkoted®r, allowing the discrimination
of pions, kaons, and protons. In the last two years of datie@at@n, a recoil detector was in-
stalled around the target cell, filled with unpolarized fogén or deuterium, in order to detect
low-momentum particles, outside the acceptance of thedahspectrometer. This detector con-
sisted of a silicon-strip detector, a scintillating-fibradker, and a photon detector.

Data collected on unpolarized targets were used to extradtiplicities in semi-inclusive
deep-inelastic scattering (DIS). These multiplicitiesypde information on the fragmentation of
guarks into final-state hadrons. The measurement of piorkao multiplicities from data taken
with a hydrogen and deuterium target is presented in segtiofhe extracted kaon multiplicities
were also used to re-evaluate the strange-quark distinutihis is discussed in the same section.

Extending the analysis to the non-collinear distributidrhadrons, i.e., also taking into con-
sideration their azimuthal distribution, provides accesthe Boer-Mulders distribution and the
Collins fragmentation function. The former describes tistrithution of transversely polarized
quarks in an unpolarized nucleon, and correlates the teassynomentum of the quarks with their
spin, while the latter describes the fragmentation of astrarsely polarized quark into an unpolar-
ized hadron. Results sensitive to these two quantitiesrasepted in section 3.

Semi-inclusive DIS off a transversely polarized targebwaf, among others, to access the
Sivers and Worm-gear distributions. The Sivers distridnutdescribes the distribution of unpo-
larized quarks in a transversely polarized nucleon, catirej quark transverse momentum and
guark transverse spin, while the Worm-gear distributioscdbes the distribution of longitudinally
polarized quarks in a transversely polarized nucleonntpknto consideration quark transverse
momentum. Measurements accessing these distributiorisaressed in section 4.

Turning to exclusive reactions, deeply virtual Comptorttecang (DVCS) provides the clean-
est access to generalized parton distributions (GPDs)Foheer transforms in impact-parameter
space of these probability amplitudes describe the digtab of quarks as a function of their longi-
tudinal momentum and transverse position. ARES various azimuthal asymmetries have been
extracted with data collected using a (longitudinally piaked) positron and electron beam on hy-
drogen and deuterium targets in various polarization st@ee, e.g., Refs. [1-6]), allowing access
to different GPDs. Without the usage of the recoil detedler selected data sample contains a 12%
contribution from associated production, where, e.g. pifa¢on is excited to & resonance. With
the active detection of protons (and pions) using the retsiictor, this contribution of associated
production is reduced to a negligible level. In addition teeoil detector allows the measurement
of associated DVCS. Results on the latter two measuremenglistussed in section 5.
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Figure 1: Charge-separated pion (left panel) and kaon (right panelfipticities as a function oR,;, andz
for protons (filled circles) and deuterons (open squardajisfical uncertainties are represented by the error
bars; systematic uncertainties are represented by thetsmals.

2. Charge-separated pion and kaon multiplicities and re-ealuation of the
strange-quark distribution

Hadron multiplicities, i.e., hadron numbers per DIS evergre measured in three-dimensional
bins in (Q%,z P, ) and in(xg,z R, ) for charge-separated pions and kaons, using an unpolarized
hydrogen and deuterium target [7]. Her€? represents the squared four-momentum of the virtual
photon that mediates the lepton-nucleon interactidenotes, in the target-rest frame, the frac-
tional hadron energy with respect to the virtual-photonrgynel,; the magnitude of the hadron
momentum-component transverse to the virtual-photorethtementum in the plane spanned by
the three-momenta of the virtual photon and hadron (hagroduction plane), andg the x-
Bjorken variable. The experimentally extracted multipies are corrected for QED radiative
effects, limited geometric and kinematic acceptance ofsgectrometer, losses due to decay in
flight and secondary strong interactions, and finite deteetsolution using an unfolding proce-
dure, based on a LEPTO and JETSET Monte-Carlo simulatiamilagito the procedure described
in Ref. [8]. Obtained results are presented with and withtbatsubtraction of the contribution
originating from exclusive vector-meson production. Ti@mnd kaon “Born” multiplicities, cor-
rected for exclusive vector-meson production, are preskint figure 1 for protons (filled circles)
and deuterons (open squares), as a functids, ofor various intervals irz.

As can be seen in figure 1" multiplicities for protons are larger than for deuteronsereas
for m the opposite is true. In addition, the ratio of the and m— multiplicities on proton
(deuteron) ranges from 1.2 (1.1), in the figsbin, to 2.6 (1.8), in the last bin. These obser-
vations can be understood by the dominance of scatteringwtiuark and a subsequent favored
fragmentation of ar-quark into arr over an unfavored fragmentation ofiaguark into arr, to-
gether with the increasatiquark content in deuterons in conjunction with a favodeguark torr—
fragmentation. For kaons an analogous behavior is obsenvéet comparison of the multiplic-
ity ratio of both kaon types and in the comparisorkof multiplicities for protons and deuterons.
However, theK~ multiplicities seem to be insensitive to the target typeedéresults reflect the
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Figure 2: The strange-parton distributios S(xg) (with xg labeled asx) obtained from the measured
HERMES multiplicities for charged kaons, evolved @* = 2.5 Ge\2, assuming the-integrated kaon
fragmentation function to be equal t02¥ 4+ 0.13. The red solid curve is a result of a fit of the form
xg2867e7%/0.033(1 _ xg); the blue dashed curve gives S(xg) from CTEQ6L; the black dashed-dotted
curve gives the sum of the light antiquarks from CTEQG6L; thagenta dotted curve gives; S(xg)
from CTEQG6.5S-0 [11]; the green dashed-dotted curve giwe%xg) from the neural-network PDFs set
NNPDF21 [12]. The band at the bottom represents the sysienratertainties.

fact thatk—, being composed of valence quark types present in the nuolely as sea quarks, can
not be produced through favored fragmentation of nucledenea quarks.

Similar considerations can also explain the observedyess-momentum distributions from
figure 1. The transverse hadron momentum reflects both thesiattransverse momentum of the
struck quark inside the nucleon and the transverse momehaaquires during the fragmentation
process. As can be seen, negative kaons exhibit a broadéplinity distribution than positive
kaons and pions. This can reflect a more complicated hadrimizprocess for negative kaons.
Considering for example the LUND model, which models theiinantation process in terms of
string breaking, unfavored fragmentation is charactdrizgat least one more string break in com-
parison with favored fragmentation, resulting in a broatistribution of the transverse momentum.

Based on the above discussed multiplicities, a new extract leading-order img of the
strange-quark distributio®(xg) = s(xg) + S(xg) was performed. A previous extraction of this
distribution [9] was based on multiplicities for which thieave described unfolding procedure was
only carried out one dimensionally ig. The three-dimensional unfolding procedure resulted in
significant changes for the obtained multiplicities. Thevlyeextracted strange-quark distribution
xg S(Xg) evolved toQ? = 2.5 Ge\? is shown in figure 2. For this extraction, the non-strangarkju
distribution from CTEQG6L was used, and the value forztietegrated kaon fragmentation function
S(xg) — K =K'+ K~ was chosen to be27 [10]. The latter only enters as a normalization factor.
Irrespective of its chosen value, the shape of the strangekdistribution is in contradiction with
the predictions.

3. Azimuthal distributions of charge-separated identifiedhadrons

When considering the non-collinear semi-inclusive DISsrsection, two additional structure
functions appear in comparison with the collinear crossi@@cOne appears at leading twist, with
a cog2¢) modulation, and the other at sub-leading twist, with & @snodulation. The angle
denotes the angle between the lepton-scattering planeghiegplane defined by the three-momenta
of the incoming and scattered lepton, and the hadron-ptmduplane, defined previously. The
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Figure 3: Charge-separated q@y) moments for pions (left panels) and kaons (right panelsjusers
(here labeled ag), y, z, andB,, for protons (filled symbols) and deuterons (open symbolgatisical
uncertainties are represented by the inner error barseel total error bars represent the quadratic sum of
statistical and systematic uncertainties.

cog2¢) term is a convolution of the Boer-Mulders distribution ftina and the Collins fragmen-
tation function. The sub-leading twist structure functmntains this same contribution together
with a term related to the Cahn effect as well as quark-glpasrk correlations.

The co$g) and co$2¢p) moments were extracted from data collected on a hydrogeeumnd
terium target, using a fully differential unfolding proaeé inxg, y, z, andR,, in order to eliminate
moments induced by higher-order QED effects or detect@@eance [8]. Herg represents, in the
target-rest frame, the fractional virtual-photon enerdgthwespect to the beam-lepton energy.

In figure 3 the extracted c@&p) moments projected in bins &g, y, z, andR,, are presented
for it (left top panel) 1 (left bottom panel)K™ (right top panel), an& ~ (right bottom panel) for
data collected on proton (filled symbols) and deuterium ffapanbols). As can be seen, the pion
cos2¢) moments for data collected on hydrogen and on deuteriumaampatible. This hints at
similar Boer-Mulders distributions farquarks andi-quarks. On the other hand, positive moments
for m and small but negative moments fat are observed. This is compatible with a favored
Collins fragmentation function (e.qu,— ") with equal magnitude but opposite sign compared to
the unfavored Collins fragmentation function (ewg-> 11), as obtained from the measurements
related to the transversity distribution. For kaons lamggative amplitudes are observed, with
the K~ amplitude similar to th& ™ amplitude, both significantly larger than the pion amplésid
These differences could, among others, be attributed téiexatit Collins fragmentation function
for kaon production fronu-quarks and to the role of sea quarks.

4. Single-spin asymmetries off transversely polarized ptons

Single-spin asymmetries measured from a transverselyipethproton show characteristic
angular modulations. Each of the corresponding azimuthalitudes is related to convolutions of
different distribution and fragmentation functions. Threpditude of the sifi@ — ¢s) modulation,
with ¢s the azimuthal angle of the transverse component of thettame with respect to the
lepton scattering plane and about the virtual-photon toegis interpreted as the convolution of
the Sivers distribution function and the spin-independeaymentation function. The amplitude
of the co$¢ — @) modulation is proportional to the convolution of the Wormag functiong;+
and the spin-independent fragmentation function. Theseazimuthal amplitudes were extracted
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Figure 4: Amplitudes of single-charge beam-helicity asymmetry in@8/shown in projections oft, xa,
andQ?. Statistical uncertainties are shown by error bars. The®aepresent the systematic uncertainties of
the amplitudes extracted from the pure sample. A separate socertainty arising from the measurement
of the beam polarization amounts to 1.96%. Shown are andelgextracted from a) the pure sample (red
circles, shown at their kinematic values); b) the unresbreference sample (blue triangles, shifted to the
right for better visibility); c) the unresolved sample (thestars, shifted to the left for better visibility).

from a transversely polarized hydrogen target as a functios, z, andP,; for charged and neutral
pions, and for charged kaons. The results on the Sivers ateé were published in Ref. [13],
while for the Worm-gear amplitudes preliminary results available.

The Siverst™ amplitude is significantly positive, rising withand withR,, at low values
of R, ., after which it reaches a plateau at higligr values. Assumingi-quark dominance, this
positive amplitude corresponds to a negativguark Sivers distribution function. The~ ampli-
tude is consistent with zero, which can be attributed to elamg contributions from the Sivers
andd-quark distributions, while for the®® amplitude, isospin symmetry is fulfilled. In order to
access the valence-quark Sivers distribution and in asfd@uppress contributions from exclusive
vector-meson production, tha(—m)-Sivers amplitude was also extracted. The observed pesiti
value of this pion-difference amplitude hints either at emaed-quark distribution much larger
than the valence-quark distribution, or more probable, at a large negatalenceu-quark Sivers
distribution. TheK™ Sivers amplitude shows a similar kinematic dependenceeasttamplitude,
but has a larger magnitude. This can hint at a non-trivia oflsea quarks. Thi€~ amplitude is
also observed to be (slightly) positive.

The Worm-gear amplitudes far andK™ show very small values, compatible with zero or
slightly positive. Formm~ positive values are observed, which as for the non-zero-Bhaders
and Sivers amplitudes, signify a non-zero quark orbitalulargmomentum. For® andK ™~ the
amplitudes are compatible with zero.

5. Azimuthal asymmetries in elastic and associated deeplyrtual Compton
scattering

At the HERMES experiment, DVCS is accessed through azimuthal asymraginibere the
azimuthal anglap is the angle between the photon-production plane and lesitatiering plane.
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These asymmetries probe the interference contributioheoDlVCS and Bethe—Heitler processes.
In the latter process, the real photon is not emitted by ttagkgprobed by the virtual photon, but
by the incident or scattered lepton. Before the instaltatibthe recoil detector [14], the scattered
lepton and real photon were detected by the forward speetemwhile the recoiling proton was
reconstructed through the determination of its missingsma®ith active detection of the recoil
proton by the recoil detector, the background contribytihich consists mainly of associated
production (around 12%), could be reduced to a negligiblellef below 02% [15].

In order to separate the effect of the recoil-detector aecee from the removal of back-
ground, a so-called unresolved-reference sample wasrootesl. This sample consists of events
where, based on the reconstructed photon and scatterteatleipematics using the forward spec-
trometer only, the recoiling proton was determined to lithwi the recoil-detector acceptance. This
unresolved-reference sample is estimated to contain 148ssafciated background contribution.
The asymmetries extracted from the data sample using thefdrspectrometer only without con-
sidering the recoiling proton (unresolved), from the uohesd-reference sample, and from the data
sample with active recoiling-proton detection (pure) aiespnted in figure 4, as a function -of,

XB, ansz, with t the square of the difference between the initial and final-foamenta of the tar-
get proton. The leading twist-2 gip) asymmetry from the pure sample increases B%8+0.016
with respect to the asymmetry from the unresolved-refereaanple. This effectively indicates that
the asymmetry from the associated process acts as a dildtltmsame conclusion can be drawn
from the measurement of associated DVCS, where eventatiigg from associated production
for the channelep— ey 7P p andep— ey n, around thel mass, are selected. Preliminary results
for this asymmetry show a leading asymmetry amplitude caiblpawith zero. The sub-leading
twist asymmetries for DVCS and associated DVCS are foune toonpatible with zero.
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