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Figure 1. Definition of the azimuthal angley, between the scattering plane (dark grey) and the hadron
production plane (light grey).

1. Introduction

In lepton-nucleon Deep-Inelastic Scattering (DIS) thecttire of the nucleon is probed by
the interaction of a high energy lepton with a target nucletmthe exchange of one virtual boson.
If at least one of the produced hadrons is detected in cancigl with the scattered lepton, the
reaction is called Semi-Inclusive Deep-Inelastic Scatte(SIDIS):

I(k) + N(P) — I'(K") + h(Pn) + X(Px), (1.1)

wherel (I) is the incident (scattered) leptoN, is the target nucleor is a detected hadroiX is
the target remnant and the quantities in parentheses acetfesponding four-momenta.

If the cross section is unintegrated over the hadron momewgtmponent transverse to the
virtual photon directior?,, (fig. 1), an azimuthal dependence in the outgoing hadrorctitire
appears [1]:

do 2 2

= T HA B 1.2

dxdydzdP?, dg, e (1t Z){AY) Fuut +By) FuuL + (1.2)
C(y) cosgFS™ + B(y) cos 2R Y, (1.3)

where ¢, is the azimuthal angle of the hadron plane around the vighaton direction (fig. 1).
HereQ? andy are respectively the negative squared four-momentum anétdhtional energy of
the virtual photonx is the Bjorken scaling variable arrds the fractional energy of the produced
hadron. The subscriptdU stand for Unpolarized beam and target(L) indicates the Transverse
(Longitudinal) polarization of the virtual photow, is the electromagnetic coupling constant-
2Mx/Q with M the target mas@(y) ~ (1—y+1/2y?), B(y) ~ (1—y) andC(y) ~ (2—y)/I—y.

Among the possible ones, two mechanisms are expected tingwetant contributions to the
azimuthal dependence of the unpolarized cross sectioreihdldron transverse momentum range
accessed at HERMES. The first one is called @abn effect [2], a pure kinematic effect where
the azimuthal modulations are generated by the non-zenasit transverse motion of quarks. In
the second mechanism, tBeer-Mulders effect [3], cos@, and cos g, modulations originate from
the coupling of the quark intrinsic transverse momentum iatrthsic transverse spin, a sort of
spin-orbit effect.
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1.1 TheHERMES experiment

The results presented here are extracted from data callacl#ERMES in the 2000-2007 data
taking periods. The fixed-target HERMES experiment ran forgrthan 10 years until 2007 at the
lepton-proton storage ring of HERA at DESY that could opewith either electrons or positrons.

The HERMES spectrometer [4] was a forward-angle instrunaensisting of two symmetric
halves above and below the horizontal plane defined by thieridgeam pipe. It was characterized
by very high efficiency (around 98 99%) in lepton-hadron separation, provided by a transition
radiation detector, a preshower scintillation counter anelectromagnetic calorimeter. In addi-
tion, a dual-radiator Ring-Imaging CHerenkov (RICH) détegrovided hadron identification for
momenta above 2 GeV/c.

2. Multidimensional extraction and unfolding procedure

To access flavor dependent information about the azimutlénrtent structure functions
RS0 andRS°# defined in Eq. (1.3), thécosng,)-moments £ M’ﬁ%d‘”‘ with n= 1, 2) were
measured for hadrons identified by the RICH as pions.

The extraction of these cosine moments from data is chatignigecause they couple to a
number ofexperimental sources of azimuthal modulationse.g. detector geometrical acceptance
and higher-order QED effectsediative effects). Moreover, in the typical case, the event sample
is binned only in one variable (1-dimensional analysis)y amiegrated over the full range of all
the other ones, but the mentioned structure functions améhtrumental spurious contributions
depend on all the kinematic variablesy, zandR,, simultaneously. In order to account for cor-
relations between the physical modulations and these@mudontributions, a multi-dimensional
analysis is needed where the event sample is binned sirealialy in all the relevant variablés

The unfolding procedure [6] described below is used to cbttee extracted cosine moments
for radiative and detector smearing. A detailed Monte Caitoulation of the experimental ap-
paratus is used to define tBmearing matrix i, j), which provides the probability that an event
generated in th8orn bin j, is observed in a differemheasured bin i, due to experimental distor-
tions. The unfolding algorithm relates the unknoorn yield distributionng( j) to themeasured
yield distributionn(i) via the Smearing matrix:

ZS +nbg( ) (2.1)

wheren, is the total number of bins anahy(i) contains the events smeared into the measured
sample from outside the acceptance (evaluated from a Maate €imulation).
Assuming a non-singulei(i, j), Eq.(2.1) directly provides thBorn yields:

ZF 1.1) [n() — neg(i)]. (22)

Since the unfolding mixes different bins contents, the ld#d Born yields are statistically
correlated, and the extraction of cosine moments from thesmires a generalized least-squares

1For a more detailed discussion about mono- and multi-difoeasanalysis see [5].
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Figure 2: cosg, (upper panel) and cog (lower panel) moments for positive (open squares) and ivegat
(closed circles) pions extracted with a hydrogen targetjgoted versus the kinematic variabley, z and

Phi.

fit which takes into account the non-diagonal covariancerimatA linear regression can then
be performed to linearize the problem and extract donedg,), (cos2g,)) moment pair for each
kinematic bin, which represents fully differential resultThe moment dependence on a single
variable can be obtained integrating the fully differentesults (weighted by the cross section)
over the other kinematic variables.

3. Results

The cross section unintegrated over pion transverse momegives access to new exciting
aspects of the nucleon structure, which are currently uimdense theoretical investigations. Be-
cause they are experimentally challenging, very few measents have been performed to date
([7,8,9,10,11, 12, 13)).

The azimuthal moments extracted with a hydrogen targettarers in figure 2 for positive
(open squares) and negative (closed circles) pions, penidn the relevant kinematic variables.
The (cosg,) moments (upper panel) are found to be sizable and negativgofitive pions, the
signal increases witR,; and with the pion energy fraction The results for negatively charged
pions exhibit similar features as the positively chargezhgj but the signal size is significantly
lower. The cos#, moments (lower panel) are found to be slightly negative fositve pions,
while negative pions show positive cag,2Znodulations.

The cosine modulations extracted with a deuterium targetv similar features as the hydro-
gen ones, as shown in figure 3.

For the first time in SIDIS experiments, cosine azimuthal atations have been extracted for
identified pions, giving access to flavor dependent infoionat Although there exist still no theo-
retical model that can fully describes the gasnd cos &, modulations measured at HERMES, the
different results for positive and negative pions, and inipalar the opposite sign measured in the
(cos 2g,) moments, can be considered an evidence of a non-zero BddeMeffect [14, 15, 16].
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Figure 3: cosg, (upper panel) and cogk (lower panel) moments for positive (open squares) and ivegat
(closed circles) pions extracted with a deuterium targefjgeted versus the kinematic variabley, zand

Phi.
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