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Chapter 1

Introduction

1.1 Towards the inner structure of matter

Since the beginning of atomic physics, scattering exparimbave proven to be a powerful
tool to probe the inner structure of matter. Among the beanges is the discovery of the
atomic nucleus, achieved in 1909 by Rutherford, Geiger ancsdiém by scattering particles

off a gold foil [Gei09, Rutl1]. The increased performancethefparticle accelerators over the
past decades enabled to dramatically increase the enetlgy pfojectiles and thus their spatial
resolution power. As a result the nucleon and its substrestwere eventually been resolved
adopting a similar approach, though with an enormouslytgresperimental complexity.

By the end of the 60’s, the first inclusive Deep Inelastic Seaty +p — ¢'+X) experiments

at SLAC showed that thstructure function®f the nucleons were to a large extent independent
on the squared momentum transfgt. This scaling behaviorf the structure functions was
eventually interpreted by Bjgrken and Feynman as the evaehthe existence of point-like
sub-nucleonic particles, callg@rtons[Bjo69a, Bjo69b, Fey69]. These objects were later iden-
tified with the quarks spin1/2 particles with fractional electric charge and a new degrfee o
freedom calledlavour, whose existence had been earlier predicted by Gell-MadiZarig on
the basis of the symmetry properties of the mesons and baryaitiplets [Gel64, Zwe64].
TheQuark Parton Modeldeveloped in the late 60’s, has proven to be particulatgsssful in
the prediction of a number of “macroscopic” observablesheftiadrons such as the mass, the
charge and the spin. According to this model, the proton idextd three quarks, each carrying
approximately a third of the proton mass. Two quarks havetlanp and chargelr%e and one
has flavoudownand charge—%a thus resulting in a total chargee (i.e. the same of the elec-
tron but with opposite sign). Furthermore, in a proton wpimsalong a certain direction, two
of the quarks have spin in the same direction and one in thesigpdirection, thus resulting in

a total spin equal ta/2.

Though this model represented a major step toward the uadeiag of the inner structure of
the nucleon, it was soon found to be not enough appropriata tmmprehensive interpreta-
tion of the experimental data. Indeed, experimental reslibwed that only roughl§0% of

the nucleon’s momentum is carried by quarks [Per72]. Theimgsmomentum could only be
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explained a few years later within the framework of the quamthromodynamics (QCD), the
gauge theory of strong interactions (see Appendix A). Adty to this theory, which requires
the existence of theolor as an additional degree of freedom of the quarks, the missorgen-
tum of the nucleon is carried by tlgtuons the gauge bosons of the strong interaction. These
particles do not show up in the electro-weak scatteringgseses as they carry no electro-weak
charge. The first evidence for the existence of gluons waslikervation of three-jet events at
the electron-positron collider PETRA at DESY in 1979 [Bar79].

Among the most surprising consequences of QCboisfinementwhich causes a quark sub-
jected to a high momentum transfer during a scattering g9d® fragment into a colorless
bunch of hadrons (jet) along its way to escape the nucleamceShe momentum, the charge,
the flavour and the spin orientation of the struck quark cambeectly accessed through the
analysis of the composition of the hadron jet, the expertalanvestigation of the hadronic
final state in deep inelastic scattering experiments allmaseper insight into the sub-nuclear
processes than inclusive measurements alone.

1.2 The internal spin distribution of the nucleon

With the evidence that the proton and the neutron are notezieary particles, physicists were
challenged with the task of explaining the nucleon’s spinemms of its constituents. This
created a new frontier in hadron physics phenomenologymwikistill very active and has had
a crucial impact in our understanding of the internal strceebf the nucleon.

The internal dynamic spin structure of the nucleon can bbgutdy scattering polarized beams
off polarized targets. As it is non-trivial to produce pa&d nuclear targets and high energy
polarized beams, the spin distribution of quarks insidertheleon remained experimentally
inaccessible for many years.

The first measurements of polarized electron-proton soagtevere performed at SLAC by
the E80 and E130 collaborations in the mid '70s [Alg76, Bau8Bhough affected by large
experimental uncertainties, the spin-dependent streid¢turctions of the proton were founf to
be in reasonable agreement with the theoretical pred&tiédnbreak-through occurred in the
late '80s, when the EMC collaboration repeated these measnts at CERN with higher
precision and in a wider kinematic range using a polarizedmbeam with an energy 10 times
higher than at SLAC. The reported results for the spin-depetatructure function of the proton
were found to be in strong disagreement with the predictadrtse Ellis-Jaffe sum rule [Ell74,
Ash88]. When used in combination wif{/(3) symmetry arguments to calculate the fraction
of the nucleon’s spin carried by tlgp, downandseaquarks, this result implies that the majority
of the spin of the nucleon is not carried by the quarks, a majoprise that came soon to be
known as the ’spin crisis’. This unexpected result, whichseal a lot of excitement in the high
energy physics community, was especially surprising siheextraction of the static magnetic
moments of the nucleons, based on similar symmetry arguenmeas in perfect agreement
with the quark model predictions. The EMC results were sautiglly confirmed for both the
proton and the neutron by the SMC experiment at CERN and the Edg&iment at SLAC
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in the following years. The SMC experiment also providedthapimportant result: the first
determination of the separate contributions of the valamckthe sea quarks to the nucleon spin
in Semi-Inclusive Deep Inelastic Scattering measuremgxds98]. In such measurements,
the scattered lepton is required to be detected in coincelarnth at least one of the hadrons
produced in the fragmentation of the struck quaek+-(p — e + h + X).

The immediate consequence of all these results was tha thught to be additional sources
of spin within the nucleon besides the quarks. The most abtandidates are the spin of the
gluons(AG) and the orbital angular momentum of quatkg) and gluong L¢):

11
sN:§:§AZ+AG+LZ+Lf (1.1)

where;:
AY = (Au, + Ad, + Ags) (1.2)

is the contribution carried by the valence and sea quarlsspirecision measurements from the
HERMES and the COMPASS experiments have recently establibaethis contribution is of
the order of 30%.

A variety of experiments have been realized, since the patitin of the EMC results, to in-
vestigate the nucleon’s spin structure with unprecedemtecision. The main goal of the these
experiments was to provide high precision measurementh tifeavarious spin contributions
listed in eqn. (1.1). Furthermore, thanks to the differeqgegimental setups (beam energies,
targets, detectors, etc), these experiments covered eamptary kinematic regions, thus pro-
viding all together a wide coverage inand Q? (see Figure 1.1). An overview of past and
present experiments with polarized beam and target is teghor Table 1.1.
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Figure 1.1: Kinematic domains inand@? probed by fixed-target and collider experiments [Yao06].
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Exp. | Y | Beam[GeV]| Target | f [ (Pr) | (Pp) | @range| xrange | Ref. |
SLAC
E80 75| 10-13¢~ | H-butanol| 0.11| 40% | 51% | 1.4-2.7 | 0.20-0.33| [Alg76]
77 | 10-16e~ | H-butanol| 0.13 | 50% | 85% | 1.0-4.1| 0.1-0.5 | [Alg78]
E130 79| 16-23¢~ | H-butanol| 0.15| 58% | 81% | 3.5-10 | 0.18-0.7 | [Bau83]
E142 92 | 19-25¢- SHe 0.35| 33% | 36% | 1.3-6.5| 0.03-0.6 | [Ant96]
E143 93| 10-29¢~ SNH; |0.17| 67% | 87% | 0.3-10 | 0.02-0.85| [Abe98]
95 BND3 | 0.24| 24% [Abe98]
E154 95 48.3¢~ 3He 0.55| 38% | 82% | 1.2-15 | 0.014-0.7 | [Abe97]
E155 |97 | 48.3e" 5'NH; | 0.15| 80% | 81% | 1.0-40 | 0.014-0.9| [AntOQ]
SLiD 0.36 | 22% [Ant99]
E155x | 99| 29-32¢~ SNH; |0.13| 70% | 83% | 0.7-20 | 0.02-0.8 | [Ant02]
SLiD 0.18 | 22% [Ant02]
CERN
EMC 85 | 100-200u* | NH; | 0.17| 78% | 79% | 1.0-60 | 0.01-0.7 | [Ash89]
SMC 92 100t D-butanol| 0.19| 35% | 82% | 1.0-30 | 0.006-0.6 | [Ade93]
93 190t H-butanol| 0.12 | 86% | 80% | 1.0-60 | 0.003-0.7 | [Ada94]
94 D-butanol| 0.20 | 51% | 81% [Ada95]
96 S NH; | 0.16| 89% | 77% | 0.2-100| 0.0008-0.7| [Ade97]
COMPASS | 02 160u™ SLiD 0.50 | 50% | 76% | 1.0-100| 0.004-0.7 | [Age05]
06 160u™ SNH; | 0.20| 85% - - [Bra06]
DESY
HERMES | 95 27.5¢* 3He || | 1.00| 46% | 55% | 1.0-15 | 0.023-0.6| [Ack97]
96 H || 80% | 53% | 0.8-20 | 0.021-0.85| [Air98]
98 | 27.5¢t/~ D | 84% 1.0-15 | 0.023-0.4| [Air03]
02 H L 71% | - [Els06]
JLAB
CLAS | 98 2.5e" 5N D3 - | 14% | 72% | 0.3-1.3 | 0.05-0.8 | [Yun03]
2.6-4.3¢ 15N H; 51% | 70% | 0.1-1.6 | 0.05-0.8 | [Fat03]
E94-010 | 98 | 0.9-5.1e" 3He 35% | 70% | 0.1-0.9 - [Ama02]
E99-117 | 00 5.8¢~ 3He 40% | 80% | 2.7-4.8| 0.33-0.6 | [Zhe04]
E01-006 | 02 BN H; 80% | 68% | 0.8-1.8 - [Mck02]
15N D; 20% [Ron03]
BNL
STAR | 02| 100P-P | P-PColl | 1.00| 16% | 16% - - [Ada04]
PHENIX | 02 27% | 27% [AdIO4]
04 45% | 45% [AdI06]

Table 1.1: A selection of past and present experiments with both polargged bnd target is presented
together with some of their main featuré$’;) ((Pg)) is the Target (Beam) average polarization gnd
is the target dilution factor.
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1.3 Transversity and Sivers distribution functions at HERMES

After averaging over the quark transverse momengyimthree parton distribution functions
are needed at leading twisior a complete description of the momentum and spin distribu
tions of the quarks within the nucleon. Two of them have be@tely measured in various
experiments: the well known momentum (or spin-independdistribution functiong(z, Q?),
which reflects the probability to find quarks within the nweiecarrying a fraction: of the
nucleon momentum at photon virtuali€y?, and the helicity distributiom\g(z, Q?), which re-
flects, in the helicity basis, the difference in probalgktito find quarks in a longitudinally
polarized nucleon with their spin aligned and anti alignethie spin of the nucleon [LamO0].
In a basis of transverse spin eigenstates, the third disiwib functiondq(z, Q?), known as
transversity[Ral79, Art90, Jaf92], reflects the difference in probailastto find, in a trans-
versely polarized nucleon, quarks with their spin aligned anti-aligned to the spin of the
nucleon. This quantity has no probabilistic interpretatio the helicity basis, where it is re-
lated to a forward scattering amplitude involving helidiiyp of both the quark and the target
nucleon (V=¢——N<¢~). Since strong and electromagnetic interactions consariality,
transversity has so far remained unmeasured in incluss@egses due to its chiral-odd nature.
At the HERMES experiment, the so call@bllins momentsin which the transversity is con-
voluted with the chiral-odd Collins fragmentation functiare accessible through azimuthal
single-spin asymmetries (SSA) in semi-inclusive deepaistat scattering (DIS) on a trans-
versely polarized proton target. The Collins function digss the correlation between the
transverse spin of the struck quark and the transverse ntameh,, of the produced hadron
[Col93]. The transverse polarization of the struck quark iceleed influence the transverse
(with respect to the virtual photon direction) componentref hadron momentum, leading to
a left-right asymmetry in the momentum distribution of thequced hadrons in the direction
transverse to the nucleon spi@dllins mechanisinfAnt99].

In the last few years, a rapidly increasing attention is ¢palevoted, from both the theoret-
ical and the experimental point of view, to the non-collinphenomena in the nucleon. It
was indeed realized that many important new aspects of ttleom structure can be accessed
through the so-called Transverse Momentum Dependent (Td)ibution functions. These
distribution functions arise when the quark transverse erdomp is not integrated over.
Among them the Sivers function is particularly interestsigce its existence requires a non-
zero orbital angular momenta of the quarks and has beendlittkéhe spatial distribution of
partons inside the nucleon [Bro02, Bur02]. The Sivers fumctiescribes the correlation be-
tween the transverse polarization of the target nucleonth@dransverse momentupy of
guarks Givers mechanisniSivo0]. The Sivers function appears together with thel webwn
spin-independent fragmentation functi@iers momen}sn the cross section for a transversely
polarized nucleon and produces a different left-right asyatny.

From 2002 to 2005 the HERMES experiment has operated with eoggd target polarized
transversely to the direction of the HERA lepton beam. Tha datlected during this period

A leading-twist or twist-two term is a leading-order term ith &Q expansion.
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allowed the study of transverse target Single Spin Asymigge(68SA). In particular, the extrac-
tion of the Collins and Sivers moments from the full HERMES $&rse data set is presented
in this thesis. A preliminary extraction of the Sivers fuoatin combination with the momen-
tum distribution function $ivers polarizatiohis also presented.

1.4 Outlook of the thesis

The theoretical framework for the inclusive and semi-iscla deep inelastic scattering is pro-
vided in Chapters 2 and 3, respectively. While a phenomenmabgnd historical perspective
is adopted in Chapter 2 for the description of the inclusivacpsses, a detailed treatment of
the formalism concerning the physics of the transversee#gsgof freedom of the nucleon is
presented in Chapter 3. In Chapter 4 the main components ofHRMES experimental appa-
ratus are presented. The extraction of the Collins and Siaersents is discussed in Chapter 5
after a brief overview of the main steps of the data analysiselection of systematic studies
is also reported at the end of the chapter. Chapter 6 is coatplé¢voted to the estimate of
the acceptance and smearing effects on the extracted dahmoments. A crucial role in the
studies presented is played by a newly developed Monte Carlergtor which simulates az-
imuthal asymmetries arising from intrinsic quark momemtanovel approach for the estimate
of the acceptance effects is presented at the end of theezth@pk extracted Collins and Sivers
moments, corrected for the acceptance effects, are sho@hapter 7. The discussion and the
interpretation of the results, together with a preliminargraction of the Sivers polarization,
are also treated in Chapter 7. Final conclusions and a bnmefrery are reported in Chapter 8.




Chapter 2

The Deep Inelastic Scattering

2.1 The non-perturbative regime of QCD and the structure of hadrons

The nucleon, as all baryons and mesons, is a system of confuzells and gluons. Therefore
only non-perturbative methods can describe its propertieghe non-perturbative (or long-
distance) regime of QCD (see Appendix A), predictions of thggmal observables related
to the structure of the hadrons cannot be formulated frorhgiiaciples but only within the
framework of effective theories or phenomenological medBha88]. Non-perturbative meth-
ods have proved to be notoriously difficult in quantum fieleldty and often provide only par-
tial descriptions of the structure of the hadrons. For imstathe Chiral Quark Soliton Model
[Chr96, Dia98, Wak01, Efr05], which is one of the most sopbéged models for the nucleon,
lacks any gluonic degree of freedom, thus making only ptextis for the quark content of
the nucleon. On the other hand, in the popular MIT bag modebf@h, Cho74b] quarks are
treated as massless particles inside a bag of finite dimeasid the confinement results from
the balance of the pressure on the bag walls from the outgde(m pressure) and the pressure
resulting from the kinetic energy of the quarks inside thg.ba

More realistic non-perturbative predictions on the lovesgy features of the hadron world are
provided by the lattice-QCD, which allows for exact QCD salns in a discretized space-time
lattice. However, despite the noteworthy successes amthigvselected subjects and the in-
creasing performances of the computers available, 1aQEC® is still heavily limited by the
available computational power.

Experimental results are thus required to constrain maalsto provide reliable information
about the hadron inner structure. Among the most promisinggsses to be explored exper-
imentally are thee"e~ andpp annihilation and the lepton-hadron scattering. In paldicuhe
study of deeply inelastic electron-nucleon scatteringfigreat historical importance because
it led to the first clear evidence for scattering from indiwad point-like constituents confined
within the nucleon.
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2.2 The elastic electron-nucleon scattering

The elastic scattering of electrons (or muéhsff protons is the simplest process one can think
of in order to extract information on the properties of thetpn. In this case, indeed, the target
protons stay intact and there is no creation of new particles

l4+p—1+p (l=-ep). (2.2)

Due to the low energies involved, this reaction is domindigdhe single-photon exchange
mechanisms, as depicted in Figure 2.1.

Figure 2.1: Feynman diagram of elastic electron-proton scattering.

Herek and P are the four-momenta of the incoming electron and protospeetively, and:’
and P’ those of the scattered particles. The four-momenjwhthe exchanged virtual photon
is given by the difference between the initial and final state-momenta:

g=k—kK =P -P. (2.2)

Averaging over all possible spin states and using the stdngeynman rules for QED, the
squared amplitude of this process can be written in theviatig compact form:

2

(%
(| A]*) = g LA (2.3)

wherea = % is the electromagnetic coupling ang, andk,, are the leptonic and the hadronic
tensors describing the interaction at the leptonic anddradwertices, respectively. In particu-
lar the leptonic tensor can be expressed in the form

L = 2(K"K"” + K'K" + g" (m? — k°KL)) (2.4)

1The same arguments apply to electrons and muons since they have identita-weak interactions.
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whereg"” is the metric tensor anth the mass of the lepton. It describes the emission of a
virtual photon by a lepton and is calculable in Quantum Eé&btnamics.

Unlike the lepton tensor, the hadronic tenggy,, which describes the absorption of the virtual
photon by the proton, cannot be perturbatively derived ffiost principles. However a simple
parametrization is possible in terms of the so-cadistic proton form factorg(; and Ks:

v
R k(s S R (e (). e
where) is the mass of the proton.
Since the proton stays intact during the process, its daestis can only contribute coherently
to the scattering. As a consequence the two proton formr&actmtain very limited information
about the substructure of the proton itself. These fornofactvhich only depend ogf, can be
redefined in terms of the electri¢: ;) and magneti¢G,,) proton form factors. The former is
associated with the charge distribution and the latter tighmagnetic moment distribution of
the proton. The elastic electron-proton scattering cresi@ can thus be written in the form:

do 40’ E?%cos®(0/2) Gt +7G3,

— = 27G4tan?(0/2 2.6
0 Pt @EMsR @\ 1rr | orcutar@2) ). (26
known as the Rosenbluth formula [Ros50], wheiis the scattering angle and= —q?/4M?>.
As in classical Rutherford scattering, a typi¢al* dependence is observed.

The measurement of the cross section and the subsequettexirofG z through the Rosen-
bluth formula allowed to extract the root-mean-square g@haadius-; of the proton [Mur74]:

dGp(q?)

ry = /d%r?p(r) = —(sd—q2 = (0.81 £ 0.04 x 10713 cm)? . (2.7)

7*=0

The same radius of abo018 fm was also obtained for the magnetic moment distribution.

2.3 The kinematics of the Deep Inelastic Scattering

While the elastic lepton-nucleon scattering led to the firsasurements of the size of the pro-
ton, deep inelastic lepton-nucleon scattering experigeate proven to be particularly suitable
to probe the partonic structure of the nucleon, allowingrtteasurement of a variety of parton
distributions and related observables.

The deep-inelastic lepton-nucleon scattering (DIS) isa@ss in which a leptohscatters off

a nucleonN via the exchange of a virtual boson. In contrast to the edspton-nucleon
scattering, where the nucleon recoils but stays intact,|B ocesses the momentum transfer
involved is so large that the nucleon breaks up and forms eohafinal stateX:
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I+ N =1+ X. (2.8)

In lowest order perturbation theory this interaction isalid®ed as the exchange of a neutral
boson ¢ or Z°) between the lepton and the charged constituents insideuttieon.

Since the HERMES center of mass energy is well below the masseaifeutral weak boson
(Vs = 7GeV < my = 91 GeV), theZ° exchange is completely negligible at HERMES and
only the single photon exchange mechanism, which is the mmimechanism at HERMES
energies, will be considered in the following.

Figure 2.2 shows a sketch of the DIS process in the one-plextcimnge approximation. The
incoming lepton interacts with the target proton via thehexgye of a virtual photon with
squared four-momentung® = —(k — £’)%. In contrast to real photons, the exchanged pho-
ton, due to its virtuality, can be either longitudinally catsversely polarized. The quantities
and Py, appearing in Figure 2.2, represent the target proton ambatronic finalX state four-
momenta, respectively, whileandk’ are the four-momenta of the incoming and the scattered
lepton, respectively. In fixed target experiments, like HER3/the laboratory frame coincides
with the target (proton) rest frame so that= (M, 6), with M the proton mass. In this frame,
the incoming lepton scatters at an angjle

k!

Figure 2.2: Feynman diagram of deep inelastic scattering on a proton.

The kinematics of the process can be characterized by tloevfoly Lorentz invariant quantities:

- The negative squared four momentum of the virtual photon

Q*=—¢* = (k— k) L AEF'sin(0/2) , (2.9)

10
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whereFE and E’ are the energies of the incident and scattered lepton, ctagls.
The quantity? is positive and represents a measure of the spatial scaleahae re-
solved by a virtual photon with wavelength= 1/|q|.

The energy carried by the virtual photon (i.e. the energggferred in the reaction)

P-qiw
- =FE-—-F 2.10
- (210)

14

The squared invariant mass of the target-nucleon — vigthaton system, which corre-
sponds to the invariant mass of the system of hadrons prddodke final state:

W2=(P+q)*2L M+ 2My — @ (2.11)
The Bjgrken variable
2 2
—q~  lab Q
= L <z<1 2.12
T=5pg iy  0sTsL (2.12)

which can be understood as a measure of the inelasticityecgaattering process. Com-
bining the last two equations one obtains the relatich= M?+2Mv(1—x). Therefore,
the limit z = 1 corresponds to elastic scattering regime, With = M2, whilez < 1
corresponds to the inelastic regime, in whié# > 112,

The fractional energy-transfer from the lepton to the aanl

pP.

S

a

Y
et
SIS

(2.13)

<
Il

The deep-inelastic scattering regime is usually define@by> 1 GeVV2 andW? > 4 GeV2.
These conditions ensure a high enough resolution to prebatérnal structure of the nucleon.
Furthermore, thé?? requirement excludes the elastic scattering region as agelhelastic
scattering in resonance regions Witif = Mz, wherelM is the mass of the resonance. Being,
in this regime, the energies of the incident and scattenetbhs much larger than the lepton
mass, the latter has been neglected in the definition of alkitematical variables introduced
above.

In theinclusivemeasurements only the outgoing lepton is detected and thesponding cross
section can be expressed in terms of two independent vasiabit is usually convenient to
express the cross section in termg bf, 0) or alternatively(z, Q?).

In semi-inclusivaneasurements one or more hadrons produced in theXirséhte are detected
in coincidence with the outgoing lepton. If only one hadrsmlétected, the kinematics of this
hadron is completely defined by three independent variables

11
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- The fractional (relative to the virtual photon) energy

p= DD B (2.14)
P-q v

whereP, = (Ej, py) is four-momentum of the hadron

- The transverse (relative to the direction of the virtuabfeim) momentum

PhJ_ = (215)

- The azimuthal angle,, relative to the scattering plane.

The spin-averaged semi-inclusive DIS cross section thpsrat#s on five independent variables:
two inclusive variables (eg: and@?) and three semi-inclusive ones (P, and¢y,).

The kinematical variables introduced in this section ararmsarized in Table 2.1.

k= (Ek); K =(F, E’); 4—momenta of incoming and outgoing lepton
pl (M, 0) 4—momenta of the target nucleon

0, ¢ polar and azimuthal scattering angles
q=(v,q) 4—momenta of the virtual photon

Q%= -2 L UEFE'sin2(0/2) negative square¢—momentum transfer

V= PT'[" “p_ g energy transfer from the incoming lepton

to the target nucleon

Q% b & Bjorken variable

fractional energy of the virtual photon

Lk — E
W2 = (P+ ¢ M2 + 2Mv — @ | squared invariant mass of the hadronic final state
Py, = (B, ﬁh) 4—momentum of a final state hadron

7 =52 @b By fractional energy of the final state hadron

b, = ‘ﬁ"lT_]X‘ﬂ transverse momentum of the hadron

o azimuthal angle of the hadron w.r.t. scattering plane

Table 2.1:Definition of the most important kinematic variables usedéep-inelastic scattering.

12
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2.4 The DIS cross section

The inclusive DIS differential cross section can be writtethe form

d*o 1 F
dE’dQ oM E |A’2 (2.16)
where
|A]? = Q4LWWW (2.17)

is the squared amplitude for electron-hadron scatterkwessed in terms of the leptonik,(,)
and the hadronid{’#") tensors. As depicted in Figure 2.3, the former describegtieraction
at the leptonic vertex and the latter at the hadronic vertex.

) a =
Leptonic
m I m < S Hadronic >.
P
- ~

Figure 2.3: The optical theorem (see Appendix C) relates the squardiatepA|? of the DIS process
(left) with the imaginary part of forward scattering amplitude (right). The lagtéere explicitly divided
into the leptonic tensor (upper part) and the hadronic tensor (lower part).

After summation over all possible spin statésof the final state lepton, the leptonic tensor
can be split into a symmetricS§ and an antisymmetricA) (under interchange of the Lorentz
indicesy andv), part:

Lk, s; k) ZLW (k,s;K,8') = L (ks k') +iL) (K, s ). (2.18)

v

The symmetric part

S)(k; k') = 2(K"K” + kK" + g™ (m? — k°K.)) (2.19)

;w

is spin-independent while the antisymmetric part

L (k, 51 k') = 2memass (K — K°), (2.20)

depends on the spin of the incoming lepton. Here,, .z is the totally-antisymmetric Levi-
Civita tensor (withegi03 = +1) andm is the lepton mass.

Also the hadronic tensor can be decomposed into a symmeidi@@a antisymmetric part, the
former being spin-independent and the latter dependeritetatget nucleon spifi:

13
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Wow(q; P, S) = W) (q; P) +iW %) (g; P, S). (2.21)

24

The symmetric part can be parameterized in terms of two ispiependent inelastic form fac-
tors, W, andWW,, while the antisymmetric part in terms of two spin-deperndares,G; and
GQ:

1 Qudv
5o Ve (45 P) = (—g,w + q—) Wi(P - q,¢°) (2.22)
+# (PM - %qlt> (PV - %%) WQ(P g, q2)1
1
577 Vi (@ P.S) = euapd” {MS CL(P - 4.0°) (2.23)

+35[(P-q)S° — (S - q)PP)Go(P - q,¢) }.

The inelastic form factor$l’;, W,, G; and G, are Lorentz-invariant scalars and are usually
substituted by four dimensionless quantities dependetii@two DIS variables andQ?:

Fi(x, Q2) = MW,(P - q, q2) (2.24)
Fy(2,Q%) = vWo(P - q,q%) (2.25)
a(r, Q%) = (Pl'/‘-’)zGl(P 4.4 (2.26)
g2(x, Q%) = v(P - q)Ga(P - q, ¢%). (2.27)

Being spin-independent;; and F;, are usually referred to ampolarized structure functions
On the other hang; andg,, which dependent on spin, are knownpearized structure func-
tions Owing to the pQCD regime, all these structure functions oabe predicted from first
principles and can thus only be determined experimentally.

The symmetric and antisymmetric parts of the hadronic teceso be rewritten in terms of these
four structure functions according to:

dudv
W;E?P(Q? P) = 2( — G T ;—2>F1<I,Q2)+

P—‘C] (Pu - ?qu> (Pu - ?qu) Fy(z, Q%) (2.28)
2Mg* S-q
A)( - —
WG P.5) =m0l @) + (5= SLP) e )| (229




2.4. THE DIS CROSS SECTION

Since the electromagnetic interaction conserves panty,terms with the same symmetry can
contribute to the cross section. Therefore substitutimge(R.18) and (2.21) into the expression
of the differential cross section one obtains:

d’o B o> FE
dE'dQ  2MQ* E

[L(S)WMV(S) o LLﬁ)WMV(A)]. (230)

N

2.4.1 The spin-independent cross section

Averaging over all spins in the initial state of the scattgnprocess and summing over the spins
in the final state, only the spin-independent symmetricspairthe leptonic and hadronic tensors
contribute to the cross section. Expliciting the symmepacet of the leptonic and hadronic
tensors, one can express the unpolarized cross sectioms ¢ the spin-independent structure
functions| and F:

d2o_unpol 042 E’

— Z LG (S) —
dE'dS) 2MQ* E 1

d20' 2 9 9 1 )
(dE—/dQ)MOﬁ. [Mﬂ(x,Q Jtan®(6/2) + ;F2(x,Q ), (2.31)
where
d20' 40&2E/2 )
(dE’dQ)Mott_ g1 s (0/2) (2.32)

is the Mott cross section, which describes the elasticestagf of a relativistic spin-1/2 particle
off a spinless point-like particle. As a result, the secagmnt of egn. (2.31), which contains
the unpolarized structure functions, represents the tiemiadue to the composite nature of the
nucleon, of the observed DIS cross section from the Mottsestion. A selection of world
data for the structure functioR, as a function of)? for differentz is reported in Figure 2.4.
The spin-independent DIS cross section (2.31) can be atteety represented in terms of the
inclusive variables andQ?:

d*o 4o’
drdQ? ~ 2Q* [P Fi(2, Q%) + (1 — y) Fa(z, Q%)] (2.33)
or with respect ta: andy:
d*c  4ma? ) ) 22 )

wheres = (P + k)? denotes the squared center-of-mass energyyaad2Mz)/Q.

15
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Figure 2.4: World data oy (z, Q%) from H1, ZEUS, NMC, B65 and the BCDMS collaborations.
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2.4.2 The spin-dependent cross section

If both the incident lepton beam and the target protons argitodinally polarized, the anti-
symmetric (spin-dependent) parts of the leptonic and hadtensors contributes to the cross
section. Since in this case both the spin-independent ansgigim-dependent parts of the cross
section are non-vanishing, the only way to isolate the sigipendent component consists in
measuring the difference of the cross sections obtainddtwih opposite target spin states. In
the difference the unpolarized components cancel and daealihe bare spin-dependent cross
section:

Bos  dBoT  4a?

dxdy B dedy — sxy

{ (2 —y— 72y ) 91(z, Q%) — Yyga(z, Q%) | (2.35)

where— indicates the spin orientation of the incoming lepton aad=- the two different spin
states of the target nucleon.

Sincey? ~ 1/Q* andgo(z, Q%) is small by itself, the cross section is dominated by the first
term, containing the structure functignz, Q?). In particular, if the target spin is collinear with
the direction of the virtual photon the contributiong@fz, Q) vanishes completely. However,
since it is not possible to polarize the target nucleons reisipect to the virtual photon direction,
the non-vanishing contribution of thg(z, Q?) structure function, which arises from the fact
that the virtual photon direction has a transverse compongh respect to the target spin, is
usually taken into account through a parametrization ofatbdd data.

Figure 2.5 reports the, (z) world results for protons, neutrons and deuterons as aiumct
of the Bjarken variable:. Since it is not possible to build neutron targets, ther) results
on neutrons have been obtained using a polariZéd target, which basically behaves like a
polarized neutron target since the spins of the two protomsjposite and result in a vanishing
contribution, or alternatively from the difference of tlesults from the deuteron and the proton.
If the target polarization is transverse to the incomingdapdirection, the expression of the
polarized cross section becomes:

oY dBo—m 40> N2y
dadyddly — dedyddly ~ mﬂm 1912, Q) + 200, Q%) |cosdls,  (2.36)
S S

where ¢l is the azimuthal angle of the target spin vecfowith respect to the lepton beam
direction. Due to the/ pre-factor, also the term containigg(z, Q?) is partially suppressed.

A precise measurement gf(x, Q?) was recently obtained by the E155 Collaboration by scat-
tering longitudinally polarized electrons off transvéygeolarizedNH; and®LiD targets [Ant02].

2.5 The Bjgrken scaling

The early deep-inelastic scattering experiments perfdan&LAC showed that the unpolarized
structure functiorf; andF, are approximately)?-independent in the large momentum transfer

17
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Figure 2.5: World results for the spin-dependent structure fungti¢n) of the proton, deuteron and
neutron (fron? H e target) measured in deep-inelastic scattering of polarized electrons/pegitem06].

region:

FLQ(SC, Q2) ~ FLQ(SC) (Q2 > Mz) . (237)

This phenomenon, predicted by the Quark Parton Model (ctti@e2.6), became known as
Bjarken scalingor scale invariancéecause, in the so-called Bjgrken limit

Q? — o0
ljigm =<{ v—o0oo (2.38)
’ x fizved

the structure functions are left unchanged by a scale wamsition, i.e. by a transformation in
which Q? andv are multiplied by an arbitrary scale factorso thatr remains unchanged.

A (Q%-independence of the structure functions would imply thatélectromagnetic probe (in-
coming lepton) “sees” the same proton structure no matter lig the spatial resolution is.
This behavior is in clear contrast with the strofg-dependence of the elastic form factors,
which implies a inner structure of the profoiThe observed scaling behavior could be success-
fully accounted for by considering scattering from poikelconstituents within the proton,
rather then from the proton as a whole. This was historidhiéyfirst dynamical evidence of

2If the proton were a point-like particle, the elastic form factors would alsodiependent of)?.
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the quarks, whose existence had been previously infertetysm the basis of static quantities,
like the masses and quantum numbers of the hadrons.

With the increased accuracy of the next generation DIS é@xgaits and the broadening of the
kinematic regions explored, a noticealjyé-dependence of the structure functions appeared (cf.
Figure 2.4). This violation of the Bjgrken scaling, interggeas the evidence of the dynamical
structure of the proton (quarks can radiate gluons, gluanssplit intogg pairs and gluons can
couple with other gluons) represented one of the earlieshphs of QCD (see Section 2.7).

2.6 The Quark Parton Model

The Quark Parton Model (QPM), developed by Bjgrken and Feynmide late 1960’s [Bjo69a,
Bjo69b, Fey69], provided an intuitive explanation for thesetwved Bgrken scaling. In this
model, deep-inelastic lepton-nucleon scattering at higlugh energies is interpreted as the in-
coherent elastic scattering of the lepton off the free pliket spin-1,/2 charged constituents of
the nucleon. These constituents, calpedtons were later recognized to be the quarks, whose
existence had been proposed a few years earlier by Gell-MadrZzweig on the basis of the
symmetry properties of the mesons and baryons multiplessi; Zwe64].

The QPM is conveniently formulated in a reference frame &Egare 2.6) where the nu-
cleon moves with very high momentumnfjnite-momentum framar Breit framé, such that the
transverse momentum components and the rest mass of thi#twems and the nucleon itself
can be neglected In this special frame the scattering can be viewed as therpfisn of a
virtual photon by one of the collinearly moving partons desthe nucleon. The struck parton,
which carries a fractiop, = £ P of the total momentum of the nucleon, recoils with its orajin
momentum reversed, as shown in the right-hand panel of &2

Electron o
M %% N

, -
roton U \ U Proton
Parton (1-x)P

Figure 2.6: Feynman diagram of the DIS process in the laboratory frafteahel in the Breit frame
(right).

Electron

-xP  Parton

After the absorption of the virtual photon, the mass-stediition for the struck parton yields:

(EP+q) =P 4+26P-q—-Q*=0, (2.39)

3Since the structure functions are Lorentz invariant, their description inriie fBame is valid in any other frame as well.
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whereq = (v, ¢) is the four-momentum of the virtual photon a@d = —¢>. Being a Lorentz
invariant quantity, egn. (2.39) also holds in the labonafeame, whereP = (M, 0):

EM? +26Mv — Q? =0, (2.40)

In the scaling limitQ? > M?, the term&2M? becomes negligible and egn. (2.40) yields
¢ ~ Q?/(2Mv), which is the definition of the Bjarkem variable (cf. Section 2.3). In the
QPM the Bjgrken: variable can thus be interpreted as the fractional momenfuhe nucleon
carried by the struck quark, and the DIS process consistgimtoherent sum of elastic scat-
tering off the partons carrying a momentum fractioof the nucleon momentum. The model,
however, requires that the interaction between the indaligartons is weak on short distances.
This circumstance is satisfied if the scattering occurs dficgntly short time scales, i.e. much
shorter that the typical time scales of the interactionsvbeh partons. In this approximation,
known as thdmpulse ApproximatioflA), the partons can be regarded as a gas of quasi-free
particles.

In the QPM the nucleon is described in terms of the partonibligion functions (p.d.f.)
q¢(z), which represent the probability density to find in the nool@ quark of flavouyf and
fractional momentume. The quantityg,(z)dz thus represents the number of quarks with
flavour f and fractional momentum in the range = + dz|. Using the notationaf’ (x) and

qj?(a:) for the probability densities to find a quark of flavofirwith momentum fractionz
and spin parallel or antiparallel, respectively, to thelaon spin, one can define the spin-
independent and spin-dependent parton distribution fonsas:

ar(x) = g5 (x) + g5 () (2.41)

Aqp(z) = g5 (x) — g5 (z), (2.42)
whereg(x) represents the distribution of the partons summed oveminedegrees of freedom
and Aq(z), given by the difference of the distributions of the partarith different helicity
states, represents the helicity distribution within thelaan.

The spin-independent and spin-dependent structure amsctlescribed in Section 2.4 can now
be interpreted within the QPM as the charge-weighted sumstbe quark flavourg (including
anti-quarks) of the corresponding parton distribution functions:

Fi(a) =5 3 char(a). (2.43)
!
g1(x) = %Z e?chf(x) , (2.44)
f
g2(x) =0, (2.45)

“Because of the large mass@b and¢ quarks, in practice only the three lightest quarks flavayisands are considered.
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wheree; is the fractional charge carried by the quarks. Since thestre functiory, is related
to the transverse degrees of freedom of the quarks withimtleéeon, it has no interpretation
and vanishes in the QPM, where all the partons are assumeoM® ¢ollinearly to the nucleon.
The spin-independent structure functibnis related toF; by the ratio of the photo-absorption
cross sections of longitudinally_j and transverselyl() polarized virtual photons:

5 or(z, Q%) (1 +~})Fy(z) — 22F ()
= = ) 2.4
R(iL‘,Q ) O'T(.T,Q2) 2$F1(l’) ( 6)
In the Bjarken limit the kinematic factoy = (2Mx)/Q becomes negligible (cf. egn. (2.38)).
In addition, the photo-absorption cross sectignfor longitudinally polarized photons with
helicity O vanishes due to helicity conservation at theualtphoton—parton scattering vertex.

ThusR(z,Q?) — 0 and eqn. (2.46) yields:

Fy(z) = 22 Fy(x) (2.47)

known as the Callan-Gross relation [Cal69]. Since this refatinly holds for spint/2 point-
like partons, its experimental fulfillment representedgheof for the spint /2 nature of quarks.

Expliciting the various quark flavours and using the notatig(z) = u(z), ¢u(z) = d(z), etc,
the structure functio; can be written separately for the proton and the neutron as

1 4 1 - 1

—Fy = | (U] +us + ) + S (d) + ds + ds) + (55 +5) (2.48)
x 9 9 9

| kP 1 — 1 ~

;FQ = {5(% + ug + ) + §(dv +ds+d) + 5(35 + ss)} : (2.49)

where the sub-indexasands denote thevalence quarksind thesea quarkgcf. Section 2.7)
distributions, respectively. In addition, since the prond the neutron are partners of an
isospin doublet{ = 1/2), their quark distributions are subject to the followin¢ptens:

up(x) = dy(x) = uy(x)  di(z) = uj(z) = dy() (2.50)

Using relations (2.50) we can rewrite eqns. (2.48) and (2ritthe compact form:

1 1 4
~FP=-[4 d — 251
T 2 g[uv+ v]+3S ( )
1 1 4
—F=— 4 - 2.52
.’EQ 9[uv+ dv]+3sa ( 5)

where we have used the assumption:

uy(z) = () = dy(2) = dy() = s,(x) = 5.(x) = S(x) (2.53)




CHAPTER 2. THE DEEP INELASTIC SCATTERING

Further constraints on the quark structure functions tdésuh the fact that the quantum num-
bers of the proton (neutron) should correspond to thoseefitid (udd) combination of va-
lence quarks: baryon number 1, strangeness 0, charge 1ti@yefore, by summing over all
contributing partons, the following sum rules have to bélfet:

/0 dofu(z) — T(z)] = /0 dauy(z) =2 (1) (2.54)
/O dald(z) — d(z)] = /0 dody(2) =1 (2) (2.55)
/o dr[s(z) —5(x)] =0. (2.56)

2.7 The QCD-improved Quark Parton Model

As anticipated in Section 2.5, the scaling of the unpolarsteucture functions, predicted by the
quark parton model, is only approximately valid. As clearisible in Figure 2.4, the structure
function I, significantly increases at smalland slowly decreases at largas a function of)?.
This behavior cannot be explained in the framework of the QPNaddition neutrino-nucleon
DIS results showed that only about half of the nucleon mouorans carried by quarks:

/0 FYN (z)dx = /0 z [u(z) + u(z) + d(z) + d(z) + s(z) + 5(z)] dz ~ 0.5. (2.57)

Both these observations can be explained without havingaoddn the successful QPM, pro-
vided interactions among the partons, which were not adeduior in the early version of the
model, are introduced. Such interactions, which are wedtdkeed in the framework of QCD
(see Appendix A), give rise to high order corrections to tHeMQ At NLO in the strong cou-
pling (O(as)), photon-gluon-fusion (PGF) and QCD Compton scattering,alegiin Figure
2.7, contribute to the DIS cross section. All these highdeocorrections are taken into account
in the so-called QCD-improved Quark Parton Model. Accordmthis extended version of the
QPM, quarks in the nucleons are dressed with a cloud of glaadsvirtual quark-antiquark
pairs, the so-called sea-quarks introduced in Section 2.6.

The question about the missing momentum (cf. egn. (2.5T)ivially solved ones the gluons,
which cannot be directly probed by the incoming lepton sthey do not carry electric charge,
are take into account, providing the remainiito of the total momentum of the nucleon.

The interactions among the partons together with@Redependence of the strong (running)
coupling constantys can in addition explain the violation of the Bjarken scalingserved

in the structure functions: A photon with a larger four-maren probes the nucleon with a
higher resolution. At higher resolution the nucleon appéaibe composed by a larger number
of resolved quarks and gluons, all sharing the total nuckeomentum. As a consequence the
probability of finding partons with large decreases with increasin@® while, accordingly,
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Figure 2.7: Feynman diagrams for the leading order DIS process (dhamdo NLO processes Photon-
Gluon-Fusion (b) and QCD Compton scattering (c).

the probability of probing partons with low substantially increases, explaining the results in
Figure 2.4. A sketch of th@?-dependence of the nucleon structure is reported in Fig&e 2
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Figure 2.8: Increasin@?, the spatial resolution improves and a larger number of partons is resolved

The Q?-dependence (ap?-evolution) of the parton (quarks and gluons) distributionctions
is described by the Dokshitzer-Gribov-Lipatov-Altardfarisi (DGLAP) equations ([Dok77],
[Gri72], [Lip75], [Alt77])

dq(r, Q%) _ / o [, Q%) Py (=

T dmO? :?) +9(¢', Q%) - Py (f)] (2.58)

-
e~ [ Flwer () Tarrm()] s

Once the parton distribution functions are known at somkesgg the DGLAP equations allow
to calculate them at any other sc&)é where perturbation theory holds.
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Chapter 3

The transverse degrees of freedom of the
nucleon

3.1 The quark-quark correlation matrix

According to the Quark Parton Model, one can describe the @t8ess as the incoherent
sum of elastic scattering on quasi-free constituents (guand antiquarks) of the nucleon (cf.
Section 2.6). In this perspective, if we consider a DIS pssda which an initial state nucleon
with momentumP and spinS is probed by a virtual photon carrying four momentygpheading
to a (not observed) final hadronic statewith momentumPx and energyy, it is possible to
rewrite the hadronic tensd¥’,, using a quantum field approach [BDROZ2]:

=243 e | w ) wo®

x[a(k)y"o(p; P, )] [u(k)v"o(p; P, S)]
x(2m)*0Y (P —q— Px)(2n)*6*(p+q— k) . (3.1)

Herep ande, are the four-momentum and the fractional electric charghesoft quark struck
by the virtual photony(u) is the spinor of the scattered quasi-free quark, carryingfieomen-
tumk = p + ¢, andv,, are the Dirac matrices. The matrix elements

¢i(p; P, S) = (X[¢i(0)| P, S) (3.2)
of the quark fields); between the nucleof®, S) and its remnanitX ), describe the emission of
the soft quark from the nucleon. The Dirac delta functionsue® momentum conservation. In
this formalism the struck quark and the nucleon remnant apag two intermediate physical
states of a forward scattering and the hadronic tensor ceepbesented by the handbag diagram
reported in Figure 3.1. Eqgn. (3.1) can be rewritten in theevsynthetic form

((p+ ) Te[@y, (B + d)w] (3.3)

,uu
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Figure 3.1: Handbag diagram for inclusive DIS.

where we have introduced tiggiark-quark correlation matrixor quark-quark correlator)
d3Px 4o
®;(p, P, S) = Z G, 2P —p = Px)(P S O (XI(0)|P,S) - (34)

Herei andj are Dirac indices and summation over quark color is implicit
Using translational invariance, the completeness reiafig, | X) (X | = 1 and the identity

(2m)*0* (P —p— Px) = /d4§ei(P_p_PX)’€ ) (3.5)

it is possible to rewrite the correlation matrix as a bilodalinear operator acting on the initial
nucleon statéP, S), integrated over all possible separatigraf the second quark spinor:

®;(p, P, 5) = /d4§6ip'§<P,Sllﬁj(o)wi(iﬂﬂ S). (3.6)

The correlation matrix can be decomposed in a basis of Dicices:

I'= {1,7M77“’757 Z.’757i0-l“/’75} ) (37)

wheres"” = i/2[y*,~"], each selecting a different aspect of the nucleon innectstrei[BDR02]:

1
O(p, P, S) = 5 {S1+ V" + Ay +iPsys + 07,0 v} . (3.8)

HereS, V,, A,, Ps and7,, are scalar, vector, axial-vector, pseudo-scalar and tgesame-
ters, respectively, all depending on combinations of theneratap, P and the nucleon spif.
Imposing hermiticity, parity invariance and time-revéisgariance of the correlation matrik,
these quantities are given by:
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3.1. THE QUARK-QUARK CORRELATION MATRIX

1

§=3Tr(1®) = G, (3.9)
1
V= STr(y"®) = CoP" + Cip” (3.10)
1

A" = STr(y"y5®) = CuS" + Csp - SPY + Cop - Sp (3.11)

1
Ps = 5 Tr(%:®) =0, (3.12)

1

T = S Tr(0"95®) = CrPIS) + CapltS”) + Cop - SPIp! (3.13)

where the coefficient§; = C;(p*, p - P) are real functions.

The quantities above can be ordered according to powetg Bf, where the leading order
termis(1/P*)~! = PT and the next-to-leading term {§/P*)° = 1 (see Appendix B for
the light-cone formalism). The different powers corregptmthe twist expansion according to
[Jaf96], where the leading term is twist-two.

If we neglect, for the moment, the transverse momentum ofjtiaeks in the nucleon, only the
vector, axial-vector and tensor terms survive at leadirgioin P and the five eqns. (3.9)-
(3.13) reduce to the following three equations.

V= % / d'ge (P, S| (0)y" V(&) P, S) = A P", (3.14)
A = % / d'ee™ (P, S| (01 151 (€)|P. S) = Ay AsP" (3.15)
T = 21 / d'ec™ (P, S[D(0)0" 50 (€)|P. S) = A, PIST (3.16)

where)\y denotes the nucleon helicity and

1
A= SpT Tr(y1T®) (3.17)
AnAg = o+ Tr(’y+'y5(1>) ) (3.18)
i 1 + A
SpAs = ﬁTr(’y Y P) - (3.19)

In the derivation of egns. (3.14)—(3.16) the approximatatien S* ~ AyP*/M + S4 was
tacitely used.
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Integrating the amplituded; over p with the constraintc = 1’;—1, three leading-twist parton
distribution functions are obtained:

q($):/<§34Al(p2,p-P)5 (:,;—’I;—i) , (3.20)
Ag(x) =/%A2(p27p-P)6 <x—]]i—++> : (3.21)
Sq(z) = / %Ag(ﬁ, p-P)s (m - ]’;—i) . (3.22)

These parton distribution functions provide, togethegm@glete description of the momentum
and spin distributions of the quarks within the nucleon adiag-twist level. The first two
were already introduced in Section 2.6: the spin-indepen@e momentum) distribution(z)

and the helicity distributiom\¢(z). These quantities have been measured with high accuracy
by a number of experiments in the past decades. In partittdeaHERMES experiment has
played a crucial role in the extraction of the helicity distition, providing the most precise
measurement available to date [Air05b, Air07]. The third.p.(d¢(x)), calledtrasversity has

so far remained unmeasured due to its chiral-odd naturen@desection). A first extraction

of d¢(x), based on a global fit of the data from HERMES, COMPASS and BELIaE, very
recently been reported by [Ans07]. Integrating egns. (3-23.22) over: yields:

g= / l9(z) — 4(z)]dz = gy | (3.23)
Mg = [ 180(o) + Aa(@)dr = g (3.24)
0q = /0 [0q(z) — dq(x)| dx = gr , (3.25)

i.e. the first moments of the three leading-twist partonritistion functions correspond to the
vector, axial and tensor charge of the nucleon, respegtilielparticular, containing the differ-
ence between quark and antiquark momentum distributibesyector charge of the nucleon is
simply the valence number (2 farquarks and 1 fot/ quarks for the proton and viceversa for
the neutron).

In terms of the three leading-twist parton distributiondtions the quark-quark correlator reads:

B(p, P.S) = - {a()P + A Da(e)l + da(a)Prsr) (326)
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3.2. INTERPRETATION OF THE THREE LEADING-TWIST PARTON DISTRUTION
FUNCTIONS

3.2 Interpretation of the three leading-twist parton distribution fu nctions

In the basis of helicity eigenstatéls-), |—)) (helicity basi3 it is possible to define 16 different
quark-nucleon forward amplitude$, , 4, whereAX (AA’) represent quark (nucleon) helicity
states. However, imposing helicity conservation and pantd time-reversal invariance, only
three independent amplitudes survive:

Attt Ay e, Ayt (3.27)
The first two are diagonal in the helicity basis, while thedhs off diagonal, i.e. requires the
helicity flip of the quark § = —)')
The optical theorem (see Appendix C) allows to relate thesesi@ quark-nucleon amplitudes
to the three leading-twist parton distribution functiorsided in Section 3.1:

—

g(x)=q7(2)+q (2) = q"(2) +q (@) ~Im(Arp oy + A1), (3.28)
Ag(x)=q~ (x) —¢7(z) = ¢"(2) — ¢ (2) ~ Im(Aus 1 — A 1), (3.29)
dq(x) ~ Im(Ay- —4) . (3.30)

The first two are related to the two quark helicity consenangplitudes and can therefore be
diagonalized in the helicity basis. As a consequence theg Agrecise probabilistic interpre-
tation in this basisy(z) reflects the probability to find quarks, within an unpoladizeicleon,
carrying a fractionr of its total longitudinal momentum irrespectively to thersprientation,
andAq(z) reflects the difference in probabilities to find, in a longinally polarized nucleon,
guarks with their spin aligned or anti-aligned to the spithaf nucleon.

Unlike ¢(x) and Aq(z), dq(z), being related to a quark helicity-odd amplitude, cannotibe
agonalized in the helicity basis and therefore has no piibsiadinterpretation in this basis.
In particular, since helicity and chirality coincide in tivdinite momentum frame, since all
masses can be neglected, transversity ¢hieal-odd function. Therefore, since electromag-
netic and strong interactions conserve chirality, trarg@tyeis not measurable in inclusive DIS
processes. This can be understood since helicity is a c@teuantity for nearly massless
particles and therefore a helicity flip is suppressed by #ofaaf %, as displayed in Figure
3.2 (c¢). In addition no direct relation betweéi(x) and the polarized structure functigs(x)
exists, which can be accessed in inclusive DIS on a translygoslarized target.

However, in a basis of transverse spin eigenstates, wheefimed as linear combinations of
the helicity eigenstates

=g+, =g —i-) (331)

dq(z) acquires a probabilistic interpretation and becomes a euadnsity reflecting the differ-
ence in probabilities to find, in a transversely polarizedl@on, quarks with their spin aligned
or anti-alligned to the spin of the nucleon:

5q(z) = ¢"(z) — ¢"(2) = ¢'(2) — ¢* (x) ~ Im(Ayp 11 — Apppy) - (3.32)
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CHAPTER 3. THE TRANSVERSE DEGREES OF FREEDOM OF THE NUCLEON

Figure 3.2: Handbag diagrams of the three independent configurafigoark and nucleon helicities in
inclusive DIS. The configurations (a) and (b) are proportionaltg andAq(z), respectively. The con-
figuration (c), which includes helicity flips of quark and nucleon, is prtpoal todg(x) and forbidden
by helicity conservation.

Since the basis of transverse spin eigenstates can beatnaesf into the helicity basis through a
simple rotation, only in relativistic regimes, where Laizhoost and rotation do not commute,
differences between¢(z) anddg(x) are expected. In addition, unlike the helicity distributio
transversity does not exist for gluons in the nucleon sinegomtheticabg(x) would be related
to an helicity flip gluon-nucleon amplitude, which implies enpossible helicity flip of 2 for
a spin-half target. As a consequence, the transversity is@valence object. This of course
heavily differentiates th€)? evolution of the transversity and helicity distributiornSo, even

if at some scal@)? transversity and helicity distribution would coincideistis not necessarily
the case at a differeiq)? scale, as shown in Figure 3.3.

The three leading-twist parton distribution functions,iethare equally important for a com-
plete description of the momentum and spin distributionhef nucleon at leading-twist level,
are related by three important bounds. From the definitibrgx, Aq(z) anddg(x), the rela-
tion ¢(z) = ¢ (z) + ¢ (z) = ¢'(z) + ¢* () follows which immediately leads to the first two
bounds:

[Aq()] < q(z),  og(x)] < q(z) . (3.33)

The third, more subtle, bound, which simultaneously ineslthe three leading-twist parton
distribution functions, is known as the Soffer inequal®of95]:

q(z) + Aq(x) > 2[0q(x)] . (3.34)

A graphical representation of this inequality is reported-igure 3.4. Its derivation is more
complicated as it involves three quantities that are nogatal in the same basis. Similar
inequalities hold for the antiquark distributions.
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Figure 3.3: Chiral Quark Soliton Model calculation&f;(x) anddq(x) for upanddownquarks. While
the two distributions are very similar at the scale of the mo@gl £ 0.25 GeV?), they differ substan-
tially, especially in the low: region, after a perturbative evolution 1 = 25 GeV?) [BDR02, Wak99].
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Figure 3.4: The Soffer bound on the leading-twist parton distributiontfomns (source [BDR02]).
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3.3 Transverse Momentum Dependent parton distribution functions

Intrinsic transverse momentupiz can originate from partonic confinement and from basic QCD
evolution [ArrO4]. So far it has been neglected becausesitiall compared to the longitudinal
component. However, as it influences the final momenta of tbdyzed hadrons, it becomes
important in the description of the Semi-Inclusive DIS (seetion 3.7). More in general, it
cannot be ignored in perturbative QCD hard processes andftmao perturbative physics
since it becomes crucial for the explanation of many singla effects recently observed in
several ongoing experiments.

Taking into account the transverse component, which isragspd by one power @+ with
respect to the longitudinal one, the quark four-momentusse

pt = axP* 4 pl. (3.35)

where P* is, as usual, the nucleon total longitudinal momentum. Heurhore, additional am-
plitudes now appear in the axial-vector and tensor comparfahe quark-quark correlator:

1 -~
AM = )\NAQP# + MAI pr - STP‘u s (336)

v v )\N rt v 1 - v
T = APV + SEAPYYE 4 < Agpr - SpPY (3.37)

where we have defined the new real functioh$p?, p - P) and introduced powers of/ so
that all coefficients have the same dimension. As a consegué&nwe do not integrate over
the transverse momentum, we obtain sixpr--dependent distribution functions. Four of them,
calledq(x, p%), Aq(z, p%), hir(z, p%) andhiy(z, p2.), reduce to the three leading-twist parton
distribution functionsy(z), Aq(z) anddg(z) after integration ovepr:

q(z) = /dzﬁm(x,p%), (3.38)
Bafe) = [ Eprnae ). (3:39)
2
sato) = [ e { ity + Sonittont) | = [ @toaast).  @a0)

The other two, calledr(z, p2) andhi; (z, p%), are completely new and are related, together
with hi7.(z, p%), to the terms of the correlation matrix containing thefunctions.

If the target nucleon is unpolarized, the only measurab#mtity isq(z, p3), which represents
the number density of quarks with longitudinal momentunttican = and squared transverse
momentunp?. If the target nucleon is longitudinally polarized thersdsne probability to find
the quarks polarized along the same direction as the nuclegfx, p2.), or along a different
direction,h{; (z, p%). If, on the other hand, the target nucleon is transversebrized, there is
some probability to find the quarks polarized along the saneetibn as the nucleoidg(z, p%),
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along a different direction,;-(x, p%), or longitudinally polarizedgi;(x, p%). This variety of
situations is allowed by the presence of a hon-vanishingkgansverse momentupy-. After
the integration ovepr, only the cases of quark polarization parallel (or antippelato that of
the nucleonAg(x) anddg(z), survive.

Relaxing the time-reversal invariance condition (see 8ac3.4), which was retained in the
derivation of the parton distribution functions in Sect®d, two additional terms in the vector
and tensor components ofarise:

1
A,u =+ MA&EMVPUPVPTPSJ_U y (341)

1
T =t A P (3.42)

which give rise to twe-dependent T-odd distribution functions. The first of theh, known
as theSivers functioris related to the number density of unpolarized quarks imastrersely
polarized nucleon. The second}, known as theBoer-Mulders functionmeasures the quark
transverse polarization in an unpolarized hadron.

The Sivers functiorf ;- was first proposed by Sivers [Siv90] to explain single-sjgiynrametries
observed in pion production in proton-proton scatteringe hterest on this function has greatly
grown over the past years after a theoretical work [Bro02, BLinds demonstrated that a non-
zero Sivers function requires a non-vanishing orbital dergmmomentum of the quarks within
the nucleon, which is one of the still missing pieces of thel@on spin puzzle (cf. egn. (1.1)).
Thepr-dependent parton distribution functions introduced ia section are reported in Figure
3.5 together with a schematic illustration of their proliabc interpretations. Nucleon and
guarks are represented by yellow (big) and red (small)estalespectively. The arrows indicate
the spin orientation relative to a virtual photon enterirgni the left, and U, L and T stand for
Unpolarized, Longitudinal polarized and Transverselyapakd quarks and nucleons.

For future applications it is convenient to define the foilogymoments of the generic parton
distribution functiond?(z, p2.):

a0y = [ @pra ) = [ e o) (3.43)
ﬁ%—‘ n
1) = [ Praniety = [ @ (S5) e, @

wheren is an integer.
Positivity bounds similar to those reported in eqn. (3.33dHor the two T-odd parton distri-
bution functionsf;- andhi. Using the formalism of egns. (3.43) and (3.44) yields [B4c00

oD (@, p2)] < V2 (2, p2) (3.45)

D (2, p2)| < ¢V (2, p2) . (3.46)
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quark
U L T

Ul a(@® b ®-®
L GO MO G

I HONOEZICE Sqé_é
JONO ééﬁég

Figure 3.5: Leading-twist transverse momentum dependent quark ditritfunctions.
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3.4 Nadve time-reversal quantities

In order to justify the existence of the T-odd (i.e. timeemsal violating) Siversf) and Boer-
Mulders (1) functions introduced in the previous section, a shortadigion is here necessary.

Invariance under a time-reversal operation which tramsoinitial states into final states, im-
plies the following constraint on the quark-quark corrielatmatrix ® [BDRO02]:

q)*(pv P7 S) - 750(1)(]57 Pa §)0T75 ; (347)

whereC' = iv*4° and the tilde four-vectors are defined@s= (p°, —p). Normally, T-odd
terms in® would change the sign of the I.h.s. of egn. (3.47) and wowddetfore be forbidden.
However, it has been proved [Bro02] that the insertion of aggdink operator’ in ® (see
Appendix D), which is required for the gauge invariancedtself, allows for the existence of
T-odd parton distribution functions. In the simplest carsdeed, the gauge link acts through
a soft gluon exchange, which causes final state interachietvgeen the struck quark and the
nucleon remnant (see Figure 3.6). As a consequence, siadeatisformation of interacting
final states into initial states is not as simple as for ndaracting final states, time-reversal
invariance cannot be implemented by simply imposing theditmm (3.47). Therefore, in the
presence of final state interactions, the violation of cbowli(3.47) does not mean that time-
reversal is violated. This circumstance is often referceas ndve T-odd.

While standard time-reversal changes the nucleon $fatg) into | — P,—S), ndve time-
reversal, due to the final state interactions, only chanlgesnitial state| P, S) into | P, —5S).
Therefore a violated fige time-reversal can also be interpreted as a violatiorntiofie-reversal
without interchange of initial and final states. & T-odd distribution functions are thus not
fully T-odd functions and can, therefore, be non-zero. fif,tloe other hand, one neglects the
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3.5. SUBLEADING-TWIST DISTRIBUTION FUNCTIONS

gauge link, né&ve T-odd functions like the Sivers function would transfipunder standard time-
reversal, into their negative, and, thus, would vanishhéfollowing the adjective “riae” will
be omitted and rige T-odd quantities will simply be referred to as T-odd.

current
quark jet

final state
interaction

spectator>

system

proton 11-2001
8624A06

Figure 3.6: Final state interaction in semi-inclusive deep inelastic scattedagcés[Bro02]).

3.5 Subleading-twist Distribution Functions

Taking into account also terms of order(@f/ P*)°, six new ¢wist-threg distribution functions
enter thepy-integrated quark-quark correlation matrix [Mul96]: ter&even functions;?(z),
h%(x) andgf(z), and three T-odd functions?(z), e (x) and f{(x), whereL andT indicate a
Longitudinally and a Transversely polarized nucleon, eesipely (see Table 3.1).

Since various kinematical and dynamical effects like tharijunasses, the intrinsic transverse
motion and the gluon interactions enter the definition oséh&unctions, their probabilistic
interpretation in terms of partonic distributions is notial. However, it can be shown [Mul96]
that twist-three distribution functions can be decompastathree parts: a quark mass term, a
term which is related to a leading-twist parton distribotfanction and a genuine interaction-
dependent twist-three term, which arises from non-handtagrams like the one shown in
Figure 3.7. The latter (interaction-dependent) term, Whiay differ for different processes,
requires the contribution of the quark-quark-gluon catieh function.

Among the twist-three distribution functiong; () is particularly interesting since it is related
to the polarized structure functign(x):

91(x) + ga( Z ergh(z (3.48)

Furthermore, the decomposition gff(x) contains, together with other terms, the transversity
distribution, although suppressed by thg/M ratio:
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Figure 3.7: Higher-twist contribution to DIS involving quark-quark-gluanrelation.

| Quark Distribution Functions |
Twist U L T

2 q(z) | Aq(z) | dq(z)

3 (T-even)| e(x) | hr(x) | gr(z)

3(T-odd) | h(z) | er(z) | fr(z)

Table 3.1: Leading-twist and twist-three quark transverse momentum indepedistribution functions.
U, L andT stand for Unpolarized, Longitudinal polarized and Transversely zeldmucleon.

m 1 -
gh(x) = 5 Foa(x) + ~g1"(2) + Gh(x) (3.49)
where the interaction dependent term is indicated by a.tilEgn. (3.49) shows that only an
indirect relation betweep,(z) anddg(z) exists, which means that it is not possible to extract
one of the two from the measurement of the other.

3.6 The polarized Drell-Yan

As anticipated in Section 3.2, helicity conservation pregdransversity to be measured in in-
clusive DIS processes. However transversity can in priadig@ measured in processes that
involve another chiral-odd object. Such processes wikedlhave an overall chiral-even cross
section and ensure helicity conservation.

As an example, transversity can be measured in transvepstdyized Drell-Yan processes in
proton-proton scattering. Here the transversity distidsuof the quarks from one of the two
colliding protons can be measured in combination with tHahe anti-quarks from the other
proton. Polarized Drell-Yan in proton-proton scatteriagpart of the RHIC Spin Program.

The PAX experiment [PAX05], proposed for the High Energyinaton Storage Ring (HESR)
facility at FAIR (GSI) aims to measure transversity in paad proton-antiproton scattering.
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Since the gluons, which split up into sea quark-antiquaikspao not exhibit a transversity
distribution in the nucleon, the valence-quark transwgdistributions are expected to be much
larger than the sea-quarks ones. As a consequence largsrsaction asymmetries (analyzing
powers) are predicted in the proton-antiproton scattettiag in the proton-proton scattering.
In the former case, indeed, the product of two valence-qdestkibutions,dq in the proton and
0q in the antiproton, which are equal due to charge conjugayommetry, enters the cross sec-
tion, while in the latter case only the product of a valenoesy times a sea-quark transversity
distribution enters the cross section.

3.7 The Semi-Inclusive Deep Inelastic Scattering

The Semi-Inclusive DIS (SIDIS) measurements, in which onmore final state hadrons are
detected together with the scattered lepton, representernative way to access transversity.
Here, indeed, transversity enters the cross section in catdn with a chiral-oddragmen-
tation function(see Section 3.7.3). By identifying the produced hadrons, israble to gain
valuable information about the parent quarks. This alldatsinstance, to measure the flavour
decomposition of the parton distribution functions [Ail)5 Thanks to their highly efficient
discrimination power between leptons and hadrons and amifiegent hadron types, the HER-
MES and the COMPASS experiments are particularly suitedufoh sneasurements.

The formalism described so far for the inclusive DIS can [mlgaxtended to include also
Semi-Inclusive measurements. For the one-hadron caseasne h

[({) + N(P) = (') + h(P) + X (Px) , (3.50)

wherel, N, h and X denote the lepton, the nucleon target, the produced hadrdnha un-
detected hadronic final state, respectively, and the diesith parentheses denote their four-
momenta (see Figure 3.8).

Figure 3.8: Feynman diagram for Semi-Inclusive Deep Inelastic Scattering

This extension requires, as a new ingredient, a descrijgtidhe transition from the partonic
(i.e. quarks and gluons) to the hadronic degrees of freedoms
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The process in which the final hadrons emerge from the dedgstiescattering is callefilag-
mentation(or hadronization and cannot be treated using perturbative QCD since thegstron
coupling constanty, becomes too large at low energy, which is exactly where feagation
occurs.

However, a variety of phenomenological models has beenlajeee for the description of
the fragmentation process. A very successful model is thRDWtring-fragmentation model
[And83, And97]. In this model, the color field connecting thigial quarks is assumed to pro-
duce a potential which increases linearly with the distdmesveen the quarks (color string).
After one of the quarks is struck by the virtual photon and esaway, the energy stored in
the string rises linearly with the increasing separatios.sAon as this energy exceeds the rest
mass of a quark-antiquark pair, the string breaks up and legithe creation of such a pair. The
partners of this pair are then connected to the initial gaidénktwo new strings. The process
(breaking of the string and formation of new quark-antigupairs) continues until a quark-
antiquark pair is formed which is close to the mass shell oddron. The LUND model is
widely implemented in the Monte Carlo codes used by the higinggnphysics community.

3.7.1 Factorization theorem and fragmentation functions

An essential concept for the description of semi-inclu€lé& is the so-calledactorization
theorem which states that the scattering process of the virtuatgrghoff a nucleon can be
divided into three parts: the hard scattering of the phofboree of the nucleon’s constituents,
the selection of these constituents according to theiridigton within the nucleon and the
hadronization of the struck parton into the final state haslrorhe cross section for a lepto-
production of a hadroh can thus be factorized as:

d3oh

drdQ2dz - Z do(2,Q%) ® oz, Q%) ® F'(2,Q%) (3.51)

a,b=q,q,9

whered, (z, Q%) is a parton distribution function, describing the disttibn of the initial state
partonsa in the nucleong,, is the hard-scattering cross section (calculable fromupleation
theory) for the process — I'b and F*(z, Q?) is afragmentation functioigFF), i.e. a function
that describes the transition (fragmentation) from thd &tete partor into a hadrorh carrying

a fractional energy.

More in general, QCD factorization has been establishedhi@et classes of semi-inclusive
processes: di-hadron productiondhe™ annihilation, semi-inclusive DIS, and Drell-Yan (cf.
Section 3.6). It still remains to be proven whether factign also holds for more complicated
processes in hadronic scattering.

If we consider only the three lightest quark flavoursd, s), the FFs can be divided into three
categories: favoriteflav), unfavorite (in fav) and stranges), depending on the flavour of the
fragmenting quark and on the quark content of the producdtbnaaccording to:

1Since this argument is of general valenEerepresents here a generic fragmentation function.
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Frao(2,Q%) = FT (2,Q%) = FT (2,Q*) = FT'(2,Q*) = FJ (2,Q"), (3.52)
Funfan(2,Q%) = FI (2,Q%) = FI' (2,Q%) = FF (2,Q%) = FJ ' (2,.Q%), (3.53)
Fy(2,Q*) = FT (2,Q*) = FF (2,Q%) = FF' (2,Q*) = FT (2,Q%). (3.54)

Similar expressions hold for the charged kaons. The fragatien functions are not calculable
from first principles and have been historically derivednirfits of data frome* e~ experiments
[Kre00]. Parameterizations for the fragmentation fundidor charged hadrons have been re-
cently obtained for the first time in a global NLO QCD analydigte~ annihilations data and
of single-inclusive hadron production from proton-protailisions (RHIC) and deep inelastic
lepton-hadron scattering (HERMES) [FloQ7].

3.7.2 The hadronic tensor

Since the leptonic vertex of the Feynman diagram which dessthe SIDIS process is identical
to that for the DIS process (cf. Figures 2.2 and 3.8), theol@pttensor is unchanged:

Ly = 200407 + 070" 4 g" (m? — £70))) + 2imeaps™ (07 — £7). (3.55)
In contrast, the hadronic tensor has now to include the feagation of the struck quark. If we

limit ourselves to the leading and first subleading (twiset) terms, the hadronic tensor takes
the form [BacO7]:

2MWH = 2z Z 62 / &Pprd®Krd(pr + qr — Kr) Tr{q)q(x?PT)’YMAq(zv Kr)y”

qq

1 N N
Q2 {v%v@?mw,pﬂvm%z, Kr) + 97" Al (2, Kr)y"ud (@, pr) + ’l] } |
(3.56)
wheren, = [0,1,07] andn_ = [1,0,07] are light-like vectorspr is the quark transverse

momentum and<; denotes the transverse component of the final state hadnorenmom with
respect to the direction of the fragmenting quabkand A are the correlation functions for the
quark distribution (lower blob of Figure 3.9 a) and for theadufragmentation (upper blob of
Figure 3.9 a), respectively, while the tilde functishandA are their analogs with an additional
gluon leg (see Figure 3.9 b and c) and are usually referresqaak-gluon-quark distribution
correlation functionandquark-gluon-quark fragmentation correlation function

A complete parametrization of the correlation functioh§:, pr), A(z, K1), ®(z,pr) and
A(z:KT) up to twist-three level and their decomposition in the basishe Dirac matrices
(egn. (3.7)) is reported in [BacQ7]. In particular, the deposition of the correlation matrix
A(z, Kr) yields eight leading-twist fragmentation functions degem onz and onK?2. After
summation over the spin of the produced had$gnonly two fragmentation functions remain at
leading twist: the spin-independent fragmentation fuoref?(z, K2) and the so-calle@ollins
function H;"%(z, K2) [Col93].
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(b) (c)

Figure 3.9: Extended handbag diagrams for semi-inclusive DIS.

3.7.3 TheD!(z, K2) and H;“(z, K2) fragmentation functions

Similarly to the leading-twist parton distribution funatis, the leading-twist fragmentation
functions DY(z, K2) and H;-“(z, K2) have a probabilistic interpretation: the first one repre-
sents the probability density that a struck quark of flavpfiragments into a hadroh with
energy fractiorr and transverse momentuffy- with respect to the direction of the fragmenting
quark. The second, known as t8ellins function represents the correlation between the trans-
verse spin of the fragmenting quark and the transverse mimmeof the produced hadron. It
can thus be viewed as a quark spin analyzer. From a proliadydant of view, it expresses the
difference of probability densities for quarks with oppgedransverse spin states to fragment
into a hadror with transverse momentuii; with respect to the direction of the fragmenting
quark. A positive Collins function then corresponds to a @rerfice of the hadron to move to
the left for fragmenting quark moving into the page and quspin pointing upwards. Like
the Sivers function it vanishes when integrated over thensit transverse momentum. The
probabilistic interpretation of these two fragmentatiandtions is represented in Figure 3.10.

D @ H@®-@

Figure 3.10: The leading-twist transverse momentum dependent fragioerftanctions. The struck
quark (produced hadron) is represented as a small red (big yellasg.cir

While DY does not change sign under chirality and time-reversakipgrs, the Collins function
qu is a chiral-odd and T-odd quantity. In contrast to the T-oddqgn distribution functions
described in Section 3.4, T-odd fragmentation functioresrast constrained by time-reversal
invariance because of the unknown hadronic final skateccompanying the detected hadron
h. In particular it has been shown [Bac01, Bac02a] that the exgdhaf a soft gluon between
the initial quark and the fragmentation correlator is natessary since final-state interactions,
which occur solely in the upper soft part of the extended bagdliagram shown in Figure 3.9,
are sufficient for the existence of T-odd FFs.
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As for the parton distribution functions, also for the fragmation functions it is convenient to
introduce of the moments (the relatiéfy: = —zk,, wherek, denotes the intrinsic transverse
momentum of the fragmenting quark, is used below):

. |k

FA2(2) = 22 / PhpFY2 (2, 22k2) = 22 / koT%F(z,zzk%), (3.57)
S o EQ n

FO(2) = 22 / PhirF(z, 22k2) = 2 / dsz(MZ) F(z, 22k2) (3.58)

wheren is an integer and” represents the generic (spin-independent or Collins) veaes
momentum dependent fragmentation function. In particukee positivity constraint leads to
the following inequality between the moments of the two fnagtation functions [Bac02b]:

|H (2, 22k2)) < DIV (2, 2%K2) . (3.59)

3.7.4 The SIDIS cross section

The cross section of the one-hadron semi-inclusive eleatieleon scattering is six-fold dif-
ferential :

6 do o’y
g = =
dedydzdpdpsdP?,  82Q*

2MWHL,, . (3.60)

Here ¢ is the azimuthal angle, around the virtual photon directiogtween the transverse
component of the target spin vectsf and the scattering plane, ands the azimuthal angle
between the scattering plane and the hadron-productiore p&s depicted in Figure 3.11. As
will be discussed in Section 3.7.5, these two angles playaarrole in the interpretation of
the cross section asymmetries.

Figure 3.11: Definition of the azimuthal anglésand ¢s between the scattering plane (white), the
hadron-production plane (grey) and the transverse component oéitheon spin vecto | (or §T).
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Assuming single photon exchange, the lepton-hadron cemtioa can be expressed in a model
independent way through a set of structure functions, winicjeneral depend an, )2, ~ and
P2, according to [BacO07]:

dSo a? y?

2
~
drdydzdpdpsd Pt ny2QU__€)( 4‘2x) { U+ €LUULL

+/26(1 + €) cosp FE5? + € cos(20) Fid®® + Aev/2€(1 — €) sing F5n
+Sr, [\/26(1 + €) sing Fi7° + esin(20) Fiyy 2¢)}

+S1 e [\/1 T Fup 4 1/26(1 — €) coso Fg‘fﬂ

+|ST||:SIH(¢ Cbs)( lsjl;éé ¢S)+ Fsm(¢ ¢s)>

+esin(¢ + dg) Fom ¢+¢S) + € sin(3¢ — dg) Fimr 3¢ ¢s)

+1/2¢(1 + €) singg Fin?s 4+ /2e(1 + €) sin(2¢ — ¢g) Fimm 2¢ ¢S)]

+1S7|Ae | VI = € cos(p — ds) F777%) + \/2¢(1 =€) cosgs Fi*

+1/26(1 = €) cos(2¢ — ¢g) Fio?*™ ¢S)]}. (3.61)

The first and second subscript in the structure functionsebulicate the polarizatidnwith
respect to the photon direction, of beam and target, reispggtwhereas the third subscript
in Fyur, Fuur, Ffj[r}(? ¢s) and FSIn (9=¢s) specifies the polarization of the virtual photon. In
addition, \. denotes the helicity state of the lepton beam and

1_y 'Yy
€= (3.62)
l-y+% +”’

is the ratio of the longitudinal and the transverse photoxeu

By comparing egn. (3.61) with the expression of the crossaeathich results from eqgn. (3.60)
after substituting the full expressions of the leptonic &adronic tensors, one can eventually
extract the various structure functions.

If we introduce the unit vectoP),, = Py, /| P, | and the notation

2U=Unpolarized; L=Longitudinally polarized, T=Transversely polarized
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CWdF)=x) e2IWdF], (3.63)
where 74

I .
IWdF) = / Pprd®ky 62 (pT — ky — %)W(pT, kr) dy(z, p%) Fy(z, 22k2)  (3.64)

is a convolution integral over the quark transverse momgntand kr, defined for any com-
bination of a parton distribution functiod(z, pr) and a fragmentation functiof'(z, z2k2.)
multiplied by a weight/), one obtains for instance

FUU,T = C[q Dl] ) (3.65)

whereq and D; are the spin-independent distribution and fragmentatioiction, respectively;

s 2M Py - ky M, - P - pr M, | -
F = - Hif+ gDt ) - P (el 4 gl gy 66
T C{ M, (mh DAV ) o\ Pt (3.66)

and
. Q(phj_ : ET)(phJ_ ﬁT) - ET ‘ﬁT
MM,

which include, the Boer-Mulders functior", (see Section 3.3), and the Collins functifit,
and contribute to the spin-independent part of the crogsosec

Fi920 = c{ thf} , (3.67)

) P i
Frotes) = ¢ [ - Py Hﬁ} , (3.68)
h
and
sin(p—g¢g) Phj_ “Dr ..
Fyrr =C| - Vi fir Duf (3.69)

which contain the product of the transversity times the @slfunction and the product of the
Sivers function times the spin-independent fragmentdtiantion, respectively, and are the two
of main interest for the analysis presented in this thesis;

FeinGe—ss) _ o 2Py, - pr)(Pr - ET) + P2 (Pl - ET) —A(Pyy - r)* (P - ET) Wi
ur 2M2Mh 17441 3
(3.70)
snss _ 2M My o = pr-kr My (1 = -
Fings _ o C{xfTDl—méqH—2MMh {(therh%)HerE(ffTDL—ngGLﬂ } ,

3The full list of structure functions, including those depending on the lodiitl polarization of the beam and/or the target,
is reported in [Bac07].
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(3.71)
and
sin(2—gs) _ 2M 2(Py1 - pr)? — p2 n My, | 5
For™ =5 C{ 20> eI Dy =y )=
2Py, - )Pyl - kr) — pr - ko M, . -
(P pT)(QJ}\IZMhT) bt T|:<th+17]1%—>]{%_MZ(flJi“DL_ngGJ—>} ;
(3.72)

which, although suppressed, also contribute to the trassv&in dependent part of the cross
section (cf. Section 5.5.1).

Part of the distribution functions that appear in the exgicess above have already been in-
troduced in the previous sections and are reported in TableThe remaining functionscf,
xf+, xfr, zhy, ht andx f+) can be expressed in terms of combinations of quantitieadir
defined (cf. Table 3.5) plus higher order objects [Bac07]. fllde functions originate from the
decomposition of the distribution and fragmentation gugltlon-quark correlators in the basis
of the Dirac matrices.

For our purposes it is convenient to split the differentralss section according to the polariza-
tion state of beam and target:

d60 = dGO'UU + dGO'LU + d6O'UL + dGULL + dGUUT + dGO'LT 5 (373)

where each of the terms has the following general structure:

202
d6UBeamTarget = S{L'_y2 X K(y) 0y A(¢, Qbs) & Z 62 I[W -d - F] . (374)

qq

Here K (y) is a kinematic factor proportional to one of the followingaaptities [BacO7]:

2 2.2
(T o' 1
A(y):(1—y+5— I )—H,YQ, (3.75)
2.2
1
B(y) = (1—y— %) ek (3.76)
1 y
Cly) = ——y(1-2) , 3.77
22 —y) Y22
D(y) = — Ly~ (3.78)

and.A(¢, ¢s) is an azimuthal modulation consisting of thewe or thecosine of a proper com-
bination of the azimuthal anglesand¢g, defined in Figure 3.11.

Among all these terms, we are mainly interested in the falhgwwo, corresponding to the
structure functions (3.68) and (3.69):
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202 o i kr - P
S|S7IB(y) sin(¢+ ¢s) Y 2T | ==

ST —
Y qaq

dGO'UT = —

6q(x,p%>qu<z,z2k%)] . (379)

in which the convolution integral of the product of the tremisity distribution and the Collins
fragmentation function is modulated ki (¢ + ¢5), and

20/

sxy?

dGO'UT = —

Sl A(y) sin(6 — ¢s) 3 €27

qq

M 1T

Pr Lt “(x,p%D‘f(z,sz%)] . (3.80)

in which the convolution integral of the product of the Ssdrstribution function and the spin-
independent fragmentation function is modulatedily¢ — ¢s).

3.7.5 The Collins and Sivers azimuthal moments

In order to extract the distribution and fragmentation tiots of interest it is convenient to
measure the so-callexzimuthal moments

_ f d¢5d2phj_ Sin(n¢ + m¢5)d60beam target

<Sin(n¢ + m¢5>>;}leam target — f d¢Sd2PhJ_d6O'UU ) (381)

h — f d¢5d2PhL COS(TLQS + m¢$)d60beam target
<COS(TZ¢ + m¢3)>beam target — f d¢Sd2PhJ_d6UUU )

(3.82)

wheren andm are positive or negative integers.

To separate the individual terms of the spin-dependentgddlte cross section, cross section
differences of opposite spin states are formed. In padrcifl we limit ourselves to thé/T
case, we can select thg. term through the difference

1
doyr = 5 (dGO'UT — d6an) , (3.83)

where? (]) indicates the spin orientation parallel (antiparalleljiie direction specified by the
anglegs. Since, by definition, the spin averaged cross sectiondyible spin-independent part
of the cross section:

dﬁUUU = (d6O'UT + d6O'Ul) s (384)

DN | —

the azimuthal moments assume the structure of cross sedyonmetries. In particular if one
considers only the target (or the beam) polarization, agnftihe UT case, these asymmetries
are usually referred to as Single Spin Asymmetries (SSAgrédfore, for instance, eqgn. (3.81)
for the UT case can be written in the form:
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f dosd® Py, sin(ng + m¢5)(d6aUT dﬁcrUl)

3.85
f d¢sd2PhL(d60UT + dBUUl) ( )

(sin(ng + mes))jr =

From the experimental point of view, the main advantage isfapproach is that many system-
atic uncertainties that would affect the absolute cross@ecancel in the measurement of the
asymmetry.

The so-called Collinsi{ = 1, m = 1) and Sivers#{ = 1, m = —1) moments, which are
derived from the cross sections (3.79) and (3.80), respdygtican be written in the form:

S BY) et [ BT | B dg(w, ph) H 2, 2203

(in(6+6)0tr = —1571= 3 LAWYy a0 DI (589
. h = xLyQA(y qaq qfd2P 1 [pT Do flT (z, pT)D?(%ZQk%)]
(sin(¢ — ¢s))rr = =157 . (3.87)

207 AY) X gp 50() DY (2)

The experimental observation of non-zero Collins and Siwesments is often referred to as
the Collins and the Sivers effect, respectively.

The Collins moments (3.86) give access to the product of thestrersity distribution and
Collins fragmentation function, whereas the Sivers mom@:@7() gives access to the product
of the Sivers function and the spin-independent fragmemtdtinction. Unfortunately these
products are embedded in the convolution mtegral (3.64)chvcannot be factorized because
of the weight9V = Fz: PM (for Collins) andW = Zr-thi P’u (for Sivers). To solve these integrals
one has to make an assumptlon on the transverse momenturrddepe of the distribution and
fragmentation functions involved.

The simplest assumption one can think of is that there is timgic transverse momentum of
the quarks inside the target. For instance, if we considetrdmsversity and the Collins func-
tion, and use the relatioR; = —zET between the transverse momentum of the hadron with
respect to the quark direction and the transverse momenttime quark itself, we get

0(x,p7) =~ 8q(x)d(p7) Hip(z, K7) ~ Hizp(2)3(K7) . (3.88)

A more realistic assumption is the so-call@dussian ansatBac02b], according to which the
transverse momengga and K+ follow a Gaussian distribution:

oq(x — T Hi (2 —7;;%
oq(z, py) =~ #&))6 @ Hip(z, K}) ~ ﬂ%%((z)))e Rren (3.89)

d2prp2q(z,p? A2 Ry K2.Dy (2, K2
where (p2(z)) = % and (K2(x)) =1 TDl()l( .

Under this assumption the distribution and the fragmemétinctions factorize and the integral
can be calculated analytically. One then obtains:
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sin h ‘gT’ ILyZB(y) qu qéq( x)H, s (2)
Y Y07 ST [ R
sin(¢ — h = — x| #A(y)zqq qflTl/2 (z)Di(2)
OO =T SR A Eya@nt)

In order to avoid any assumption on the transverse momenistnibdtions one can construct
the so-called?, | -weighted asymmetries, in which the convolution integsaleighted with the
magnitude of the hadron transverse momentgm divided byz. This approach yields to the
following expressions for thé, | -weighted Collins and Sivers moments:

< "L sin(¢ + ¢ )>h [ dpsd® By L sin(¢ + ¢g) dSour
z M, ° ur fdeSdQPhL dboyy

LBy) Y, e2dq(x)H;y V(2)

= | Sy |22 3.92
A s, A DIC) (392
Phi . B fd¢sd2PhLP“ sin(¢ — ¢g) doyr
<2M sin(¢ ¢S)>UT [ dosd?P,. dSoyy
L A Df
YN (Y) D q e2 fin V! (x) Di(2) (3.93)

27 AW) X g eqa(x) Di(2)

The factorx—;A(y) in eqgn. (3.93) may not cancel because numerator and denmmara inte-
grated separately over certairandy ranges in a measurement.

For the extraction of the Sivers function from the measumichathal moments, it is conve-
nient to define th@urities

2 (x) DI "(2)
S 2 (D)D) (2)

Pz, 2) = (3.94)

)

constructed from known spin-independent distribution fragmentation functions.
Using the definition of the purities, the, , -weighted Sivers moments can be rewritten as:

b " zy y flTl)q
<Lj\} sin(¢ — ¢s)> = _|ST’ AW th %; (3.95)

ur
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where the ratiqffT(l)q(x)/q(x) between the Sivers and the spin-independent distributino-f
tion is calledSivers polarizationA similar expression can be written for the unweighted &ive
moments once the Gaussian ansatz has been applied:

l(1/2)q< )

57| y;ZPg(x,z)—lT . (3.96)

. hoo— Al
(sin(¢ — és))or = V11 (K2 (202 #A(y

q(z)

Results from a large number of high precision unpolarized &lferiments are available for
the spin-independent distribution functions. The secamgtadient of the purities, the spin-
independent fragmentation functions, are usually obteat¢HERMES from parameterizations
based on the LUND string fragmentation model tuned in suchyatereproduce the HERMES
multiplicities [Lie04].

For the extraction of the trasversity distribution funativom the measured Collins moments,
a similar approach can be adopted, in principle. In this chaseever, a new type of purities
has to be defined which includes the Collins fragmentatioctfan. This has represented an
intrinsic limit for years since no measurements were alél&or the Collins FF. However a
preliminary extraction of the Collins FF has been very relgeuittained ine*e annihilations
at the Belle experiment [Sei06].
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Chapter 4

The HERMES experiment at HERA

In order to study the inner spin structure of the nucleon iagzed deep inelastic scattering, the
HERMES experiment exploited three major ingredients: a-ggargy highly polarized lepton
beam, a highly polarized nucleon target and a spectrometierangood particle identification
power, a reasonable tracking resolution and a relativetelgeometrical acceptance. In this
chapter the various components used in the HERMES experiheing the 2002-2005 period,
in which a transversely polarized hydrogen target was eyaplpare described in details.

4.1 The Hadron Electron Ring Accelerator (HERA)

HERMES is one of the four experiments at the HERA lepton-pretahder at DESY, in Ham-
burg. HERA was built between May 1984 and November 1990 andfsafirst electron-proton
collision atthe end of 1991. Until its final shut-down, in &#007, it was the only lepton-proton
collider existing in the world.

HERA basically consists of two concentric rings accommadiatea tunnel with a circumfer-
ence of 6.3 km. One of the rings provide@@a5 GeV lepton (electron or positron) beam and
the other @20 GeV proton beam. The two beams were brought into collisiotwim distinct
interaction points in correspondence of the North and thétSexperimental Halls, where the
two collider experiments H1 and the ZEUS are located. Inresttthe HERMES experiment,
which is located in the East Hall, has an internal gas tamgétraade use of the lepton beam
only. The fourth experiment, HERA-B, which operated in the Wéall during the limited pe-
riod 1999-2003, was also a fixed target experiment and usegrtton beam only.

Before entering the HERA rings, the particles pass throughrgotex chain of pre-accelerators,
as depicted in Figure 4.1. The proton beam is produced Ly isfection of H~ beams pro-
duced by LINAC Ill into DESY IlI, followed by the injection to PETRA, which is the HERA's
main pre-accelerator. Lepton beams are produced and eateeldy Linac II, and then accu-
mulated in the Positron Intensity Accumulator PIA beforéngeinjected into DESY Il. The
lepton beams are then injected into DORIS or PETRA with an gnefgy GeV, and finally
injected at12 GeV into the HERA storage ring, where they are eventually eangp to the
nominal beam energy af7.5 GeV.
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Halle Nord (H1)
Hall North (H1)

Halle Ost (HERMES) |
Hall East (HERMES)

Halle West
Hall West

Elektronen / Positronen
Electrons / Positrons

Protonen
Protons

<anv Photonenstrahlung
Photon Radiation

Halle Siid (ZEUS)
Hall South (ZEUS)

Figure 4.1: Sketch of the HERA accelerator facility at DESY showing the tE®H rings, the location
of the four experiments (HERMES, ZEUS, H1 and HERA-B) and the chigimesaccelerators.

The HERA lepton beam consists of up220 bunches with a length &7 ps separated by6 ns
and a lifetime in the range 12-16 hotirsA typical plot reporting the current of the beams (in
mA) as a function of time (in hours) is shown in Figure 4.2.

During the 2001-2002 shut-down, HERA was upgraded with ammowgd focusing at the col-
lider interaction points and a more efficient transfer lieéween the different pre-accelerators.
The facility, as it was after 2002, is often referred to as HHRA

4.1.1 The Lepton Beam Polarization

Itis well known that an external magnetic field, pointing toegitain directiony, causes the spin
of a particle passing through to be oriented either parafla@nti-parallel to the field itself. In a
storage ring, such as HERA, the rotating particles will tharsetheir spin oriented orthogonally
to the orbit plane. At the beginning the beam results unprgdrsince, for statistical reasons,
there will be approximately the same amount of particleksfitin up and spin down. However

1The proton beam lifetime is much longer.
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Figure 4.2: Current of the beams (in mA) as a function of time (in hours) f@eticonsecutive fills.
For each fill, the upper curve represents the proton beam currenyveio the middle represents the
lepton beam current and the lower curve shows the electron beam lifetiovégBeach fill the lepton
beam current decreases exponentially and the beam is dumped whemrdrg bhas reached 13 mA.
The sudden drop of the lepton beam lifetime from about 15 hours to albdomtr@ in the very last part
of the fill is due to the injection of high density gas in the HERMES target celll{thignsity Runs).

the synchrotron radiation, emitted by the rotating pagticis known to cause a spin flip whose
probability’? depends on the actual spin orientation of the patrticle, i.e.

P(up — down) # P(down — up) . 4.2)

As a consequence, after a certain number of revolutionsyuh&ber of particles with spin up
are different from the number of particles with spin down #r&lbeam acquires a net transverse
polarization:

N(up) — N(down)

P= N (up) + N(down)

£0. (4.2)

This mechanism is known as ti8okolov-TernoyST) effect[Sol64]. The beam polarization
built up from an initially unpolarized beam in a circular rhame with a perfectly flat orbit is
described by the empirical formula:

(4.3)

1—¢e 7sT

Pgr(t) = -

S‘oo
o

/N
N——

where

2.2 3
8 micp

= — 4.4
TST 53 €2hn (4.4)

is the Sokolov-Ternov rise-time constant. Heres the Lorentz factorp is the bending radius
of the orbit,m. ande are the electron mass and chargeés the speed of lighti is the Planck
constant andv is the lepton (electron or positron) energy.
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Depolarizing effects, which can be caused either by beammbateractions or imperfections

and misalignment of the magnets, compete with the ST effethave to be taken into account
in the evaluation of the polarization. The strength of thaeseolarization effects, which cause a
reduction of the polarization degree of the beam, can benpeterized in terms of a single-time

depolarizing time constant,,, such that the effective polarization can be written as:

. 8 Tdep
5\/3 Tdep + TsT

Py (4.5)

As a result, the maximum achievable polarization becomesdlermand the rise time shorter.
Efforts taken at HERA in the mid '90s to optimize the lepton fnearbit allowed to achieve
polarization values in the rang®% — 60% (see Figure 4.3).

Comparison of rise time curves
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Figure 4.3: Polarization build-up through the Sokolov-Ternov effect. Withrise time of abou2
minutes polarizations betwe&n% and60% are typically reached.

Though the lepton beam is naturally polarized in the trarsevdirection, most of the interesting
physical observables at HERMES require a longitudinallyapgnéd beam. Théongitudinal
polarization can be achieved by rotating the spin of the bparicles from the transverse
direction to a direction parallel to the beam orbit. This and by means of the so-called
spin rotators. These devices consist of six interleave@ztwtal and vertical dipole magnets
generating a pattern of vertical and horizontal orbit déibes. After passing through a spin
rotator, the trajectory of an electron (or positron) beart mat be affected, but the orbit kicks
will cause a series of rotations of the spin vector such thaffinally turned byd0° (see Figure
4.4). Two sets of spin rotators have been installed befadeafter the experimental North, East
and West Hall§ as depicted in Figure 4.5. The reason for using pairs ofrgpators is that the
polarization needs to be turned back to the transversetidingo order to take advantage of the
Sokolov-Ternov effect

2The spin rotators close to H1 and ZEUS were only installed after the uptpatERA 1.
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Figure 4.4: A schematic diagram showing the operation principle of one sfator. A sequence of
vertical and horizontal magnetic fields move the beam orbit (top) and rotatpdtiicle polarization
direction (bottom). The sequence is chosen such that the vertical poditibe orbit is unchanged by
the rotator, but the spin receives a net rotation to the longitudinal direction.

4.1.2 The Transverse and Longitudinal Polarimeters

The uncertainty in the beam polarization degree conss$itateimportant part of the systematic
uncertainty for precision measurements of polarized csestion, asymmetries etc. Therefore
itis essential to provide precise and frequent measurenoéiite beam polarization. At HERA,
two polarimeters are in operation. Both polarimeters makeofig cross section asymmetry in
the Compton back scattering of circularly polarized photwifipolarized electrons/positrons.
The Transverse Polarimeter (TPOL) was installed in the HERSX ball in 1992 and measures
the transverse polarization [Bar93]. Circularly polarizeght, with its helicity being switched
with a frequency 083.8 Hz, is sent from a continuous Argon ion laser against thelepeam at

a shallow angle. The backscattered photons are detectedwuingsten-scintillator sandwich
calorimeter consisting of two identical halves separatedgthe beam plane. If the beam
polarization is in they direction (i.e. perpendicular to the orbit plane), the Campdcattered
photons are distributed asymmetrically along ghdirection. The asymmetry is proportional to
the beam polarization along thedirection [Bec00]. By measuring the asymmetry in the energy
deposition of backscattered photons between the top arabth@m halves of the calorimeter,
the mean average vertical positigy) of the energy deposition can be inferred. The transverse
polarizationP, of the beam can be derived from the difference of the mearesajy measured
with right (R) and left (L) circularly polarized light.

The Longitudinal Polarimeter (LPOL), installed in 1995969in the East Right straight sec-
tion of the HERA lepton ring, measures the longitudinal paktion behind the HERMES
interaction point. The setup is similar to that of the TPQlLcansists of a pulsed laser gen-
erating polarized light with alternating helicity at eachige. The light crosses the bed®
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Figure 4.5: Schematic representation of HERA with the four experiments anthtee pairs of spin
rotators. The longitudinal and transverse polarimeters are also shown.

m downstream of the HERMES target at an angle of abautad. Several thousand photons
are backscattered when the laser pulse crosses a eleosirdp bunch. Their energy sum is
measured by a radiation hard calorimeter consisting of my arf four20 cm long NaBi(WO0)
crystals. For a longitudinal lepton polarization the Conmptooss section is independent of the
azimuthal scattering angle, but switching the laser hgliwill modify the energy spectrum.
The asymmetry, generated by the different laser helicétest of the energy weighted sums of
backscattered photorgsalong they direction, determines the longitudinal polarizatién of
the beam. A detailed description of the setup of the LPOL @fobnd in [Bec02].

4.2 The HERMES target

Among the primary goals of the HERMES experiment were the oreasent ofDouble Spin
Asymmetrie$DSA), which require both the beam and the target to be padriand ofSingle
Spin Asymmetrie€SSA), which require either a polarized beam or a polariaegkt. The use
of a gas target was found to be the optimal solution for HERMiBS8es due to its relatively
low density, it ensures a reasonable life time of the beamadulition a gas target is highly
polarizable and has virtually no dilution from unpolarizedterial. This, together with the fact
that polarity of the gas can easily be flipped, constitutesappnadvantage with respect to the
use of liquid or solid state targets.

Due to its purity, its high polarization degree and its gosiinternal to the beam pipe (so that
the lepton beam does not encounter any unpolarized maberiate colliding with the target
atoms), the HERMES target [Ack98, Air05] is unique and repnés one of the strengths of the
experiment.
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The target system consists of three main components (allrshroFigure 4.6):

- an Atomic Beam Source (ABS), which produces polarized hyeinaay deuterium atoms
- a storage cell around the central axis of the lepton beagn lin

- two diagnostic devices: a Breit-Rabi Polarimeter (BRP), tosueathe atomic polariza-
tion, and a Target Gas Analyzer (TGA), to measure the atoractibn of the gas.

In 1995 HERMES started data taking with a longitudinal paledi®He target followed by
longitudinally polarized hydrogen in 1996 and 1997 and Itrdinally polarized deuterium
from 1998 to 2000. During the shutdown in 2001 the longitatltarget magnet was replaced
by a transverse target magnet, and from 2002 to 2005 a tnaedy@olarized hydrogen target
was used. At the end of 2005 the ABS, the BRP and the TGA were rehtovallow the
installation of a Recoil Detector around the target cell. cBithen, only unpolarized H and
D targets were used till the final shutdown, in July 2007. Aeschtic view of the HERMES
polarized target region is shown in Figure 4.7.
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sexp. magn. syst. Py
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Figure 4.6: Representation of the Atomic Beam Source (ABS), Breit-Rahritheter (BRP) and Target
Gas Analyzer (TGA) with the storage cell in the center.

4.2.1 The Atomic Beam Source

The ABS [Nas03] is a device which makes use of the Stern-Ged#iect [Ger21] to generate
atomic polarization of hydrogen or deuterium. First, thdeunalar H, or D;) gas is dissociated

by means of a radio frequency dissociator (until 2000) or eromave dissociator (from 2000
on). The hydrogen (deuterium) atoms flow through a cooledleozith a temperature afo0

K. A thin layer of frozen water on the nozzle surface helpsrgvpnt recombination [Bau03a].
The atomic gas, with all hyperfine states = |m,, m;) (see Figure 4.8) equally populated,
then enters a beam forming system followed by a system otigeld magnets with a radial
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Figure 4.7: Side view of the HERMES polarized target region before thallation of the Recoil De-
tector.

field dependence for the hyperfine states selection. Dueet&tdrn-Gerlach effect, hydrogen

atoms in the two spin statd$) = | + 1, +1) and|2) = | + 1, —1), which have the same
electron spirjm) but opposite nuclear spim), are focused by the sextupole magnets, while
the other two state) = | — 1, —31) and|4) = | — 1,+1) are defocused and thus pumped

out by the pump system. In order to obtain nuclear polanpatiransitions between hyperfine
states|1) — |3) and|2) — |4) are induced respectively by two independent RF-transitians
strong (SFT) and a weak (WFT) field transitions (see Figurg 4r6this way it is possible to
populate the two states with the same nuclear spin orientaBimilar arguments hold for the
six hyperfine states of the deuterium atoms.

n3
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Figure 4.8: Hyperfine splitting of hydrogen (left) and deuterium (rightirateenergy levels as a function
of the magnetic holding field3 relative to the critical fieldB.. The energy is given relative to the
hyperfine splitting af3 = 0.
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Since switching on one transition and off the other only nexgua very short time, it is possible
to invert the nuclear polarization every 68 sThe switching of the target polarization is fast
enough to reduce the possibility of systematic time-depahdrrors in the measurements of
the asymmetries and is slow enough to avoid synchronizatioblems in the data acquisition.

4.2.2 The Storage Cell

After the selection of the hyperfine states, the gas is feal anstorage cell [Bau03b], which
allows to increase the areal target density by about tworsrafemagnitude compared to a free
jet target. The areal target density obtained at HERMES ikebtder ofl0** atoms/cmg.

The storage cell is an open ended elliptical tudfedm long,29 mm wide and.8 mm high)
made of thin {5 pm) ultra pure aluminum. It is embedded iMa& mm thick stainless steel
target chamber inside the ultra high vacuum of the HERA leptam pipe. In order to reduce
the amount of synchrotron light entering the target chamabersequentially the spectrometer,
a number of beam collimators were placed in front of the HERNHEGet (see Figure 4.7).
The feed tube, through which the polarized gas atoms aretagento the cell with fluxes of
up to6.5 - 10'6 atoms/s, is installed perpendicular to the beam axis atehtec of the cell (as
depicted in Figure 4.7). As a result, the target density Hasagular shape with the maximum
in correspondence of the position of the injection tube. ddigon to the injection tube a
smaller sampling tube exists which extracts abgdtof the gas for analysis in the TGA and
BRP. This sampling tube is installed opposite to the injectidre at an angle of20°. This
angle avoids a direct injection into the sampling tube, thllmwving to analyze the gas only
after the thermalization with the cell wall has occurredfromt of the storage cell and behind
its extension so-called wake-field suppressors providadugl electrical transition between the
storage cell and the beam pipe. Without the wake-field siggpre the bunched lepton beam in
HERA would cause strong radio frequency fields to be emittékeatliscontinuity of the beam
pipe impedance. These wake-field would not only heat up tigetaell but also destabilize the
beam orbit. The wake-field suppressor also prevent therorauction between the cell and
the beam pipe, which is operated at room temperature. A safefmew of the target cell is
shown in Figure 4.9.

During the 2002—-2005 period, the temperature of the cellkeas$ at 100K in order to reduce
the thermal velocities of the gas atoms inside. In additiia temperature ensures low re-
combination and depolarization effects. In order to redieggolarization and recombination of
atoms due to wall collisions the cell is coated with a radmathard hydrophobic silicon based
polymer called Dryfilm. After a number of wall collisions tléoms diffuse along the cell axis
towards both ends. During the diffusion process the atowssdhe lepton beam many times,
significantly enhancing the probability of beam-targetismns. The ultra high vacuum of the
HERA lepton beam line is preserved thanks to a powerful puggystem.

3For the transversely polarized target the spin flip interval was increasias.
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Figure 4.9: Sketch of the HERMES target cell and its support structure.

4.2.3 The Target Gas Analyzer TGA

In order to measure the atomic and molecular content of taexf@acted from the center of the
storage cell, a special device, called Target Gas Analy#@A] [Bau03b], was installed. The
main component of the TGA is @° off-axis Quadrupole Mass Spectrometer (QMS) with a
beam ionizer and a Channel Electron Multiplier (CEM) for sengln detection. As a first step
particles (both atoms and molecules) are ionized by a 70 e&tren beam. The ions are then
pulled by an electric field toward the QMS, where they are nfifissed, and finally detected
by the CEM. In front of the QMS a chopper with a frequency of 55g¢riodically stops the
sample beam to allow the subtraction of the signal of thedtedigas in the chopper chamber.
In order to avoid interference with the BRP measurement, thé iBGilted by 7° with respect

to the sampling tube (see right-hand side of Figure 4.6).

The degree of dissociatian-; 4 of the sample beam is extracted roughly once per minute from
the measurements of the flow rates for atomg &nd moleculesd,,,):

Pa

arga = ——— (4.6)

P+ Gm

The degree of dissociation in the storage cell is then obthliry applying a sampling correction
factor C,,. Dissociation degrees up to 92% for hydrogen and 95% foredieumh have been
achieved. Together with calibration measurements, whiehparformed during the breaks
between fills, two quantities can be calculated: the degfadissociation in the absence of
recombination within the celly,, and the fraction of atoms surviving recombination in the
cell, «.. Both quantities are necessary for the determination of #mesity-averaged nuclear
polarizationPr in the cell.
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4.2.4 The Breit-Rabi Polarimeter

The gas extracted by the sampling tube also allows the merasumt of the polarization degree
of the target. This measurement is performed by a Breit-Rala@rifeeter (BRP) [Bau02].
The BRP consists of a pair of radio frequency transitions -@gt(SFT) and a medium field
transition (MFT) - which can be tuned for different hyperfstate transitions (see right-hand
side of Figure 4.6). A sextupole magnet system focuses atathsm, = +§ towards the
detector unit and defocuses atoms with = —%. As in the TGA, a QMS together with a
chopper for background subtraction is used for the deteclibe atomic polarizatio®, can be
deduced from the measurement of the relative populatiotiseofiyperfine states of hydrogen
or deuterium atoms. This quantity, however, representptharization at the center of the
storage cell. The polarization averaged along the églkp, is obtained by applying a sampling
correctionscp, provided by a Monte Carlo simulations of the ballistic flowtbé target gas
atoms in the storage cell [Air05c]:

PBRP:CP'Pa . (47)

Combining the BRP and the TGA measurements, the averaged parigeization P as seen
by the electron beam can be calculated as:

PT = Oéo[Oér + (1 — Oér)ﬁ] . PBRP . (48)

Here (5 is the ratio of the nuclear polarization of molecules praauby recombination and
the nuclear polarization of the atoms. A direct measureroétite remnant polarization con-
tained in the recombined molecules is not possible at HERMEB®&BRP is capable only of
atomic polarization measurements. In dedicated measutsrathigher storage cell tempera-
ture of 260 K, with enhanced recombination, the rangesotould be restricted to the interval
[0.45,0.83]. The uncertainty o is part of the systematic uncertainty of the target polaiora
value.

4.2.5 The Target Magnet

The target magnet surrounding the storage cell provideddangofield which defines the po-
larization axis. While a holding field parallel to the leptogain has no effect on the beam and
a marginal effect on the scattered particle trajectoriesaftransverse holding field different
effects have to be taken into account. The deflection of tleenbeequires compensation by
correction coils and limits the strength of the magnetidfdlie to the amount of synchrotron
radiation generated by the beam. Since not only the beamidttee scattered particles are
deflected, the reconstructed vertex position and scagtamgles must be corrected for the de-
flection. At HERMES two alternative offline Transverse Mag@etrection (TMC) methods
have been developed (see Section 4.3.2).

In addition to the influence on the particle trajectorieqalarizations effects occur due to the
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bunched structure of the HERA lepton beam. The time perigif dfns between two adjacent
lepton bunches corresponds to a bunch frequendy dfi MHz. The induced magnetic high
frequency field around the lepton beam contains a large nuofdearmonics because of the
short bunch length 080 ps. The energy splitting between the hyperfine states ofaiget
atoms depends on the strength of the magnetic holding fiedchdrmonic of the beam induced
field matches a transition frequency, transitions will adosetween the hyperfine states result-
ing in a change in the relative populations. As a result thetarget polarization decreases.
Therefore, both the longitudinal and the transverse hglfiglds have been set in such a way
to avoid these resonances, with a good homogeneity oveuliHerigth of the storage cell. The
setup for the transverse magnet, installed in 2002, wasowveprin 2003 with the addition of a
correction coil which further reduced the inhomogeneitiethe holding field in the transverse
directionsz andy to the level ofl0~* [Wan04].

4.2.6 The average target polarization

From 1997 to 2003, the target polarization values providethb target group were averaged
over each of the data taking periods. These periods werealpiof the order of one year,
between main shut-downs of HERA for maintenancelowever, after the first three months
of 2004 the performances of the polarized target becamebiesand a similar behavior was
registered throughout the 2005. As a consequence, the parigeization needed to be averaged
over much shorter periods. Since the ABS was removed at thefe2@D5, the data collected
during the last two years, 2006 and 2007, were unpolarizéee average target polarization
values obtained with transversely polarized hydrogen f20®2 to 2005 are reported in Table
4.1. The estimated systematic uncertainty on the targetigation is of the order di%.

| Period \ polarization |
Apr 2002 - Mar 2003 0.783 £ 0.041
Sep 2003 - Dec 2003 0.795 + 0.033
Jan 2004 - Mar 2004 0.777 £ 0.039

Apr 2004 - Aug 2004| 0.648 +0.090 ... 0.775 £+ 0.044
Nov 2004 - Nov 2005 0.579 +0.112 ... 0.761 4 0.050

Table 4.1: Target polarization values for the different data taking penwth transversely polarized
hydrogen. Due to the unstable conditions of the target, only the smallest arnigtiest polarization
values are reported for the last two periods. The statistical uncertaintieeegligible compared to the
listed systematic uncertainties.

“During the commissioning of the target in 1996 the TGA was not availablmist of the time and the measurement of
the target polarization suffered from a large systematic uncertainty.
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4.2.7 The Unpolarized Gas Feed System (UGFS)

Besides the injection of polarized hydrogen and deuterivomat whose density was intrinsi-
cally limited by the performances of the ABS, the storagewab also periodically filled with
unpolarized gas by means of the so-callétpolarized Gas Feed SystgidGFS). After the
removal of the ABS, at the end of 2005, the UGFS was the onlycdaysed to feed the storage
cell. The UGFS allowed not only the injection of unpolarizedirogen and deuterium, but also
of heavier gasses like krypton, xenon, neon and nitrogemweder, during the last two years
(2006 and 2007) only unpolarized hydrogen and deuteriune wesed.

The densities of the unpolarized gases provided by the UGHS8 adjustable acting on a dosing
valve and only limited by the requirement to provide lessithanaximum contribution;;**

to the reduction of the lepton beam life time. The beam lifeeticontributionr;; is given by
the ratio(ro7¢) /(10 — 7¢), Whererq (7o) is the beam lifetime with (without) gas in the target
cell. The normal density runs (or Low Density Runs) usuallyyited a 45-hour beam life time
contribution. Exceptions were represented by the so caded of fill' runs, executed during
the very last part of the HERA fills, when the lepton beam cuneas below~ 13 mA. During
these runs a high density unpolarized gas was injectedhatstorage cell providing a beam life
time contribution of only 2 hours. The target density wasitbely limited by the detector rates,
and densities up to two orders of magnitude larger than tithtthhe ABS could be achieved.
The possibility to change the gas density and to inject theaso into the target chamber
allowed various calibration measurements.

4.3 The HERMES Spectrometer

The HERMES experiment uses an open forward magnetic spesteofior the detection of the
scattered lepton and a large fraction of the hadronic firaest The spectrometer is capable
of particle detection in a broad kinematic interval with aagangular and momentum resolu-
tion. It allows to detect particles with scattering anglesweent170 mrad in the horizontal
direction and betweeti0 and 140 mrad in the vertical direction [Dur95] and consists of two
identical halves placed above and below the HERA beam pipe. spectrometer consists of
four main components:

e a spectrometer magnet
e a tracking system
e a particle identification (PID) system.

e atriggering system

The spectrometer magnet, which allows the determinatiath@imomentum of charged par-
ticles, is a standard dipole magnet with a relatively highjudar acceptance. The tracking
system basically consists of three sets of tracking chasnilaced in front, inside and behind
the spectrometer magnet, respectively. The particle iiieation system consists of four main
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components: a RICH, a transition radiation detector (TRD) galpower detector and an Elec-
tromagnetic Calorimeter, and allows a very good separatiwden leptons and hadrons and
a good identification of the various hadron types (pionsnkaand protons). Finally, the trig-
gering system, which allows to separate useful physicste\iemm background contributions,
consists of a combination of three hodoscopes built out witifating material in combina-
tion with PMTs. The location of the various detectors is showFigure 4.10 and a detailed
description of the detector components can be found in [8Ek9
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Figure 4.10: A two dimensional, vertical cut of the HERMES spectrometettil U997 a threshold
Cerenkov detector was in place of the Ring Imagitigrenkov (RICH), the silicon detector was not
installed until2001

For the description of the HERMES spectrometer it is necgswaintroduce the so-called
HERMES coordinate system. The origin of this reference syssdocated at the center of the
target cell. The axes are defined such thatttigection is along the incident lepton momentum,
pointing upstreamy points towards the center of the HERA ring angoints upward.

4.3.1 The spectrometer Magnet

During data taking the spectrometer magnet is operated eflecting power of[ Bdl = 1.3
Tm. The magnetic dipole field is oriented in the vertical direct deflecting charged particles
horizontally. A11 cm thick iron plate (septum plate), located in the symmetan@ between
the two spectrometer halves, shields both the lepton angrtiten beam from the magnetic
field®>. The remaining effects are compensated by a correction Eald clamps in front and
behind the magnet reduce fringe fields in the adjacent deteciThe aperture of the magnet
limits the geometrical acceptance of the spectrometerit¢0 mrad in the vertical ang-170

®The proton beam pipe passes in between the spectrometer halves abeedita2 cm from the lepton beam.
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mrad in the horizontal direction. The lower limit on the vweat acceptance ot40 mrad is
given by the septum plate.

4.3.2 The Tracking system

The main purpose of the tracking system is the 3-dimensi@@nstruction of the tracks of
the charged patrticles and the determination of the pastitiementa through the definition of
the angle of deflection due to the magnetic field.

All HERMES tracking devices can be divided into two categedepending on their spatial ac-
ceptance: main tracking is provided by the drift chambeleniified as the Drift Vertex Cham-
bers (DVCs), Front Chambers (FCs) and Back Chambers (BCs), degerlitmeir position,
while extended tracking is achieved by wire chambers, éxtatside the dipole, called Magnet
Chambers (MCs) and a silicon tracker referred to as Lambda Whégl Except for the sil-
icon detector, which is located right next to the targetfraltking devices are wire chambers,
each consisting of several planes.

The Drift Chambers

The core of the HERMES tracking system is represented by et E¥thambers (FC) [BraO1],
located at about.6 m from the target center, just in front of the magnet, and thekBzhambers
(BC) [Ber98], that are combined into two groups in front and hdhthe RICH detector. They
are conventional horizontal drift chambers. Each of theadaoles consists of six layers of drift
cells, each made of a plane of alternating anode and cathwds between a pair of cathode
foils. The cathode foils and wires are at high voltage whike @anode wires are at ground. The
cells are organized in three pairs, a vertical pair (X-pJaaad two staggered planed (U and V
planes), which are at an angle ©80° with respect to the vertical plane to help resolve left-
right ambiguities. They are filled with a mixture 8% Ar, 5% CO, and5% CF,. The choice

of this particular mixture results from three requirememisn-flammability, fast electron drift
velocities, small aging effects (assured by ¢¢, component).

When charged patrticles traverse the chambers, they iorezgathmolecules encountered along
their paths. While accelerated toward the anode wires relexstripped from the gas molecules
ionize other gas molecules. This process results in an radadaof positive ions which are
attracted to the cathode wires. Due to the high mobility efékectrons, their drift time across
the cell can be used to determine where in the cell a partadephassed.

The two modules of the FC have drift cells™omm width and8 mm depth. The resolution per
plane is225 pm, while the single plane efficiency ranges fré to 99%, depending on the
position in the cell. The BCs have a drift cell sizeldfx 16 mm. The resolutions ar&’5 pm

for BC1/2 and300 um for BC3/4. For leptons (electron or positrons), the BC plane efficiency
was found to be well abov#® %, while it is somewhat smaller for hadrons (abéut:) because
of their reduced ionization density.

Readout cards, responsible for amplification, pulse shagidgdiscrimination, are mounted on
the drift chambers. The signals are transported to Fast-B@sTn the Electronic Trailer (ET),
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which is located 30 m away. A draw of a BC module is shown in Fegtil 1 together with a
schematic view of the field lines.

: o=
-ITLJl o l | ll l — s FRC-IFL IF IR
L = LTI
| ; e L 1=
y gl |
|W:i LR !I H .i"." SURRFET
® I ” 3 e ) o] | |
— ol | i
i e ol ”
5 s
| s F “P
il '_
| E¥
L °|

Figure 4.11: Left: The thin anode wires, the thick cathode wires and thedmtplanes are visible
together with the field lines. Right: a schematic drawing of a BC module.

A set of Drift Vertex Chambers (DVC) was installéd m downstream of the target between the
1996 and1997 data taking periods. The DVCs were installed later sincerrddncy in the front
region was desired. Furthermore the loss of a single FC mlaokl have had a large impact
on HERMES tracking. These chambers consist of six planes mfectional drift chambers
with a design similar to that of the FCs, albeit smaller, arelgame gas mixture as the FCs.
The acceptance is somewhat larger though, extending alyticom +35 to +270 mrad and
horizontally to+220 mrad. The planes have a wire spacinggahm and a resolution dt20
pm per plane.

The Magnet Chambers

The three Magnet Chambers (MC) [And01] are located in the gaipeomagnet. Initially they
were intended to help resolve multiple tracks in case of ligbk occupancies. This turned
out not to be necessary because of the low background. t8&l}, are helpful in determining
the momentum of low energy particles (for instance frardecays) that do not reach the back
part of the detector due to the large deflection in the magmeet Figure 4.12). These tracks are
calledshort tracksor magnet tracks

The MCs are multi-wire proportional chambers (MWPC) able torafgein a strong magnetic
field and to deal with high multiplicities. Each chamber Ha®gé planes with a cell width &f
mm, providing a resolution 6f00 xm. The positioning of the MCs is shown in Figure 4.13.
The MCs gas mixture is the same as for the drift chambers, leumilking ratios have been
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Figure 4.12: A 'short’ and a 'long’ track in the HERMES spectrometer (tegwvy. Although removed
long time ago, the Vertex Chambers (VC) still appear in the picture.

Figure 4.13: The positioning of the six MCs inside the spectrometer magnet.
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optimized: 65% Ar, 30% CO, and5% CF,. A digital single bit-per-wire readout was chosen
to accommodate the readout electronics for a large numbeharinels §504) within a very
restricted space volume.

The Lambda Weel

After the 2000 shutdown, an additional tracking device Lilumbda Weel [Ste00], was installed.
The main goal of this detector was to increase the acceptandenger living particles such
asA, A., K, that decay outside the target region, allowing the recanstn of the secondary
vertex. As theA-decay length£/c) is about7.9 cm, the position of the Lambda Weel was
chosen to be betweetd and50 cm downstream of the target cell. Furthermore, since pions
from A-decay have small momenta, the detector needed to be plagidd the beam vacuum.
The Lambda-Wheel consists of two sets of disk-shaped silileiactors. Each set is divided
into 12 modules, each consisting of two trapezoidal douldleds300.:m thick silicon strip
sensors. The disk has an external diamet8Bdfcm and a inner diameter 6fcm leaving space
for the beam pipe and wake field suppressors. As the Wheelasgleose to the accelerator,
special care needed to be taken to screen the detector feoRRliled generated by the beam.

The Tracking algorithms

The combined information of many tracking detectors is eeddr an unambiguous track re-
construction. At HERMES, a tree-search algorithm is apdhedast and efficient track finding.
The principle of this method is to look at the whole hit pattef the detectors in several iter-
ative steps, doubling the resolution at each step. For angesolution, the algorithm checks
if the hit pattern contains a subpattern consistent withllmvad track, by comparing with all
sets of allowed patterns stored in a database. If this isdke,dhe procedure is repeated at
increased resolution, otherwise the pattern is rejectést HERMES reconstruction program
(HRC) needs aboutl iterations to find a track. This is done independently forhilig in the
front and back part of the detector, resulting in a set oftfeord back partial tracks. In a next
step, all combinations of front and back partial tracks astetd to match spatially in the x - y
plane within a defined tolerance. Matching combinationsrefiged to form a full track. The
track momentum is determined by comparing the position efttack in front and its slope in
front and behind the magnet with numbers in a look-up tablds Took-up table contains the
momentum of a given track as a function of the relevant trackimeters. The overall momen-
tum resolution in the track reconstruction was estimateoetdp/p = 2.6%. In many of the
data productions the information of the DVCs was not useded&tt a slightly different method
was developed to reconstruct tracks using only the FC and BC Tihe matching of the front
and back partial tracks is first done with a larger tolerafddeesn, by fixing the matching point
to the position of the higher quality back track extrapadaite the middle of the magnet, the
front track parameters are recalculated. This method isadc#drce bridging, i.e. the front track
is forced to match the back track in the center of the magnet.

In 1998 the thresholdCerenkov detector in between B2 and BG3/4 was replaced by the
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RICH. The RICH material has a considerably larger radiationtretigan that of th& erenkov.
As a consequence, the momentum resolution of the data taitemhe RICH decreased by up
to a factor of2 with respect to data taken with tki&renkov counter.

When analyzing the data collected during the 2002-2005 ngnperiod, in which a trans-
versely polarized target has been used, the vertex an@sngtangle reconstruction have to be
corrected for the deflection operated by the target trassu@iagnet (see Section 4.2.5). To do
this, the transverse magnet field has been carefully mapp2ad3. The measured field map
has been used for the 2003-2005 data productions while é02@2 production a theoretical
field map was calculated with the help of the magnetostatignam MAFIA [Wei97]. A survey
of the magnet field along theaxis and at certain positions along thlirection served as input
for this calculation.

Two different methods for the target magnet correction (TN@) available, both using the
track position information from the DVC and the FCs [Aug07].

In method 1the correction on the particle track is applied based oneefee tracks from a data
base. In a detailed tracking calculation a grid of trajaewcovering the HERMES acceptance
is computed in small steps of momentutryertex and vertical and horizontal angles. From this
set the trajectory closest to a measured particle trackiésteel, based on the tracking infor-
mation from the DVC and FCs. The remaining deviations fromréference track in the data
base are used in a linear interpolation to yield the cordecteertex and vertical scattering angle
of the measured track. The true horizontal angle can thenr@ated from the position of FC2.

Method 2 is based on a ray tracing procedure. Using the reasonahimptien that a trajectory
which is in the beginning close to a reference trajectory aldo be close to the reference
trajectory at the end, a Taylor expansion for the final posiin terms of the initial position
can be performed. The coefficients provide a quick way tdeelze initial position of a track
to its final position with the help of a transfer function. Fbe determination of these transfer
coefficients several reference particles had to be tradkexigh the magnet field using the
MIT-Raytrace program [Kow87]. In order to correct therertex position and the scattering
angles the right transfer function, which depends on thegleumomentum and the-position
from which the particle is assumed to originate, has to badateratively until convergence is
achieved.

4.3.3 The Particle Identification (PID) Devices

The HERMES PID system consists of four different particlentifecation detectors: an electro-
magnetic calorimeter, a preshower detector, a transitidration detector (TRD) and a thresh-
old Cerenkov detector, that was replaced by a dual radiator Riragiimg Cerenkov detector
(RICH) in 1998. A probabilistic algorithm which uses the respes of these detectors pro-
vides a very cleanx 98%) separation of the scattered leptons from the hadrons. atele
identification is achieved in two steps: first leptons andrbasl are separated with the TRD,
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the preshower detector and the calorimeter, then pionsiskand protons are identified by the
response of the RICH. Although the main task of the RICH detesttira identification of the
various hadron types, it helps to identify leptons as wellpidal PID detector responses are
plotted in Figure 4.14.
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Figure 4.14: The responses of the different PID detectors for hadind leptons. In order to plot the
responses for a given detector, the particles were identified with cutearghonses of the remaining
PID detectors (source [ElIs06]).

The Electromagnetic Calorimeter

The HERMES calorimeter [Ava98] was designed to perform aoteda-pion separation of at
least 10 at first level trigger, and 100 in the offline analysis. It consists d@R0 radiation hard
F101 lead glass blocks [Ava96] per each detector half and is éatat the downstream end of
the spectrometer. The main properties @b Flead glass are listed in Table 4.2. The frontal
area of each block i® x 9 cm?. The length iS50 cm and corresponds ti@® radiation length%
Each block is viewed from the rear by a PhotoMultiplier TuB&{T). The gain of the PMTs is
monitored continuously by a dye laser sending light pulkesugh glass fibers to every PMT

®The radiation length¥, indicates the length after which an electron still hds ~ 37% of its initial energy. It can be
approximated byX, ~ 180 - (A/Z?).
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as well as to a reference photo diode. A comparison of the Alyiiats to that of the reference
diode measures the relative gain of the PMTs.

| F101 Lead Glass |

Chemical composition: PB3O4 (51.23 %)

Si0y  (41.53 %)
KO (7.00 %)
Ce (0.20 %)

Radiation Length: 2.78 cm

Critical Energy E.): 17.97 MeV

Refraction index: 1.65

Molire Radius: 3.28 cm

Table 4.2: Chemical composition and calorimetric propertiesiofiEead Glass. The addition 6f2%
of Cerium significantly improves the radiation hardness of the material.

An electron with an energy larger than the critical enefgy at which radiative processes
start to dominate the energy loss in the material, will Idseenergy primarily via emission
of Bremsstralhung photons. If these photons have a suffigiaigh energy they convert into
electron-positron pairs, which, in turn, emit Bremsstrallpphotons. The process evolves un-
til the energy of the electrons and positrons falls belowdhgcal energyFE., generating a
so-called electromagnetic shower. The energy of electmodspositrons in the shower is suf-
ficiently high to createCerenkov light in the lead glass blocks of the calorimetere Block
size was chosen in order to contais of an electromagnetic shower inside a matrix3of 3
blocks. The amount of'erenkov photons, detected by the PMTs, then provides a meafu
the shower and, to a good approximation, of the energy of tineepy electron (positron). The
spatial resolution of the impact pointiés~ 0.7 cm. The energy resolution of the calorimeter
can be parameterized as [Ava98]:

E) 51+1.1 10.0 + 2.0
o(E) _ +(20%05) + ———.

E VE(GeV)
The energy response was measured to be linear withirin the range from 1 to 30 GeV
[Ava96]. For particle identification the rati&'/p of the deposited energy to the momentum
of the particle is considered. In contrast to leptons (pos# or electrons) which produce
electromagnetic showers depositing almost all their gndrgdrons only deposit a fraction of
their energy due to ionization losses and nuclear interastiThe top-left panel of Figure 4.14
shows the probability distributions for hadrons and lepttmdeposit a fractio /p of their
energy in the calorimeter. The leptons have a distinct p¢ak/a ~ 1, while the hadron
distribution is much wider and mostly to lower values. Iftieps with high momentum radiate
bremsstrahlung photons in the detector material in frombgide the magnet, the photons will
travel along the lepton path and may hit the same calorinskister as the original lepton. Thus
the detected energy in the calorimeter can be larger thalepben momentum determined by

(4.9)
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the magnet after the photon emission (this explain the leigat £ /p > 1).

The hadron rejection factbof the HERMES calorimeter was measured to be between 10 and
100 depending on the electron (positron) energy and theigadter threshold. The rejection
factor increases to values between 50 and 160 in the offainadysis.

The calorimeter is also used for detection and energy datation of photons. This is, for
instance, of crucial importance for the identification ofitral pions. In addition the calorimeter

is part of the first level trigger.

The Preshower Detector

Electron-hadron separating power of an electromagnetariceeter can be substantially im-
proved if the calorimeter is preceded by a material with gdamean free path length for
hadron&. By doing so, indeed, charge exchange reactions sughas- 7’n are suppressed.
For this reason a 2.X, thick preshower detector, consisting of a wall@fvertically oriented
plastic scintillator paddles behind am mm thick lead plate, was installed right in front of the
calorimeter. A schematic drawing of the preshower-caletensetup is shown in Figure 4.15.
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Figure 4.15: Three dimensional view of the preshower detector and ttteosteagnetic calorimeter.

The paddles have an area®$ x 91 cm? and overlap by — 3 mm for maximum efficiency.
Each paddle is read out individually by a PMT. Leptons maiidte electromagnetic showers
in the lead plate and deposit energy with a meaf(of 40 MeV in the scintillators whereas
hadrons only produce a minimum ionizing signakd¥ieV. The probability distribution for the
preshower signal is also shown in Figure 4.14.

"The hadron rejection factor is defined as the ratio of the total numbedodhs to the number of hadrons misidentified as
leptons, for a given energy cut.
The mean free path length for hadrons can be approximatadas8s - A*/3 and is measured ifg/cm?].
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The Transition Radiation Detector (TRD)

In order to achieve a sufficiently large electron-hadrorasaqon, the installation of a detector
with a pion rejection factor of about 100 was required. Beeafghe limited available space,
a transition radiation detector (TRD) was chosen to this psep

When a relativistic particle passes through the interfa¢tedren two dielectric media with dif-
ferent dielectric constants it emits radiation in a narr@mnewith an opening angkeinversely
proportional to the Lorentz factor = 1/4/1 — (2. This phenomenon is a consequence of the
requirement of continuity of the Coulomb field at the boundaetween the two media.

The transition radiation (TR) for ultra-relativistic padts is in the X-ray region (several keV).
In the passage from vacuum to a medium with electron densijtthe probability of emission

of a transition radiation photon in the ultra-relativistegime is given by:

_ ST Tl (4.10)

whereq is the fine structure constant and. is the electron mass. The linear dependence of
Wrr on -y enables a separation of highly relativisti¢ ¢~ 1) particles in a way that would
require a much longererenkov detector for the same separation power.

At HERMES energies only electrons (positrons) emit suchsitenm radiation in the X-ray
region. For instance & GeV electron has g = 10000 while for a piony = 35, so that
the probability that the electron emits a TR photon will398 times larger than for the pion.
The detection of an X-ray in coincidence with a charged plartihus allows to discriminate
between electrons (positrons) and hadrons. Figure 4. Msshow the measurements of the TR
improves the separation of electrons from pions.
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Figure 4.16: Response of a single TRD module. The enéfgyix deposited in the TRD due to ioniza-
tion is not able to provide a clear separation between pions and electrdren e transition radiation
is included, the electron peak moves to higher energies and the sepaigtifioantly improves.

The dependence d¥ ;- on the square oft = 1/137 implies that in order to achieve a con-
siderable probability for the emission of a TR photon, madjiator layers are needed, and the
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dependence on, implies the use of a material with high electron density. Téadiator also

needs to be highly transparent to X rays, in order to avoifiadedorption. A polypropylene

fiber radiator satisfies all requirements, while the lasbfgm is solved by building a sandwich

structure of radiators and X-rays detectors.

The HERMES TRD consists of a sequence of 6 modules per deteadfpatranged as shown

in Figure 4.17. Figure 4.17 also shows the different imp&the detector on an electron track
anode wires

and a pion track.
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Figure 4.17: Schematic overview of the 6 modules of the HERMES TRD. Eaclulmaonsists of a
radiator and a multi-wire proportional chamber.
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Each of these modules consists of a radiator material andl@wine proportional chamber
(MWPC), separated by a flush-gap whéré, circulates in order to avoid the diffusion of

oxygen and nitrogen into the chambers. The structure ofglesimodule is shown in Figure
4.18.
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Figure 4.18: Top view of a single TRD module.

The radiator is a loosely packed array of polypropylene §itveith a diameter o7 — 20 um,
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arranged in roughlg00 two-dimensional layers, with a total thickness6o$5 cm. The gas in
the wire chambers needs to have high atomic number, in cvdahtieve best X-ray absorption,
thus a mixture 0B0% Xenon and10% Methane, the latter acting as a quencher to avoid the
creation of electron avalanches in the chamber, is used.MMWW®C consists of 256 vertical
wires . Signals from the wires are amplified and transmitbelgast-Bus ADCSs.

In order to obtain a good hadron rejection factor, data fresesal modules need to be com-
bined. A functional combination based on the 'truncatedmhe®ethod was adopted. Accord-
ing to this method the largest signal from the six modulegjsated while the average of the
other five is considered. The improvement obtained with tieshod, which yields a pion re-
jection factor above 100, is illustrated in Figure4.19. Bingsa probability based approach,
this factor is further increases.
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Figure 4.19: Left: the response of a single TRD module. Right: the truncageah of all 6 modules
significantly improves the lepton-hadron separation.

The Cerenkov Detector and the RICH

If a particle passes through a material with a velocity latgan the phase velocity of light in
the material, it emit€’erenkov radiation on a cone with a characteristic openimgedh given
by:

1
fn’
wheren is the refractive index of the material apgd= v/c is the ratio of the velocity of the

particle and the speed of light in vacuumOn the other hand, particles with< Gi,csn = %
or, equivalently, with momentum

cos 0. =

(4.11)

myo

n?—1
do not emitCerenkov light. The fact that in a given material differenttizdes have different
threshold momenta provides a way to discriminate betweam tfThis is the working principle
of the Cerenkov detectors.

Until the end of1997 a thresholdCerenkov counter was used to provide lepton identification
below the threshold momentum for pions. Each of the coumecgp and bottom consisted of a

P < Pipresh = Binyinmo = (4.12)
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glass radiator, a system 2@ spherical mirrors and0 matching photomultiplier tubes mounted
on the outside of the aluminum enclosure containing thearsrand the gas. The radiator gas
was a mixture of70% N, and30% C,F;,, resulting in aP,,,.., of 20.9 MeV for e*, 3.8 GeV
for pions andl3.9 GeV for kaons. For tracks classified as hadrons by the otli2dBtectors,
the Cerenkov detector could be used to identify pions in a monmmemange from3.9 to 13.9
GeV.

During the shutdown break in the Spring 1§98, the Cerenkov counter was replaced by a
dual radiator Ring Imaging'erenkov detector [Ako02] in order to improve the discrintioa
between pions, kaons and protons. The RICH uses the same ssippoture as th€erenkov
counter. Two radiators with rather significantly differeatractive indices are used, enabling
the identification of the different hadron types over a motaemnrange froml to 15 GeV. The
first radiator is a wall 01 0.5 x 10.5 cm? aerogel tiles with an entire thicknessof cm, installed
right behind the entrance window [Miy03]. The tiles are k&tin 5 layers with5 horizontal
rows andl7 vertical columns. Aerogel is a silica gel foam, i.e. conitagnair, with refractive
index 1.0304. The second radiator is a heavy gasF,, with a refractive index ofi.0014,
filling the volume of the detector. Dry nitrogen is constgiritlshed through the aerogel layer
to prevent degradation by th&,F,,. Cerenkov photons are reflected from a spherical mirror
array onto a photon detector in the focal plane above theaghator. The mirror array consists
of eight spherical mirror segment with a radius of curvatof€.20 m and a reflectivity of
85%. The photon detector is an arrayloB4 PMTs with a diameter of8.6 mm, arranged in a
hexagonal closed packed matrix. Conventional PMTs seagtivhe visible light region were
chosen to detecterenkov light. Each of the PMTs is surrounded by an alumihfastic foil
funnel to maximize light collection. A sketch of the top RICHe@&tor is shown in Figure 4.20.

_ fMT matrix soft stgel plate
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Figure 4.20: Schematic drawing of the upper half of the HERMES RICH tiatec

The expectederenkov angles for pions, kaons and protons, due to the gasBeough the
two radiators, are plotted as a function of the momentum guie 4.21. The two radiators
have a different momentum window in which they give a goodsaion between pions, kaons
and protons: momenta lower than approximatélyGeV are below the threshold f@terenkov
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radiation with a gas radiator, while in this range the aertges its greatest discriminating
power. At higher momenta the curves for aerogel saturateitasdhot possible anymore to
distinguish among hadrons based on aerogel informatiahtrengas is used instead.

O [rad]
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Figure 4.21:Cerenkov angle versus momentum for aerogel (top curves)Caid, (bottom curves)
radiators. Pions, kaons and protons are clearly separated by comthiaisiginal from both radiators.

The detected 'rings’ are not circular, but rather disto#ghses, as the photon detector is not
exactly in the mirror’'s phocal surface. The aerogel ringsrather difficult to detect, since only
a few photons are produced in the aerogel layer. A typicaitewéh a kaon in the upper and an
electron and a pion in the lower detector half is depictediguie 4.22: A 14.6 GeV electron
leaves an aerogel and a gas ring while a 1.5 Ge\and a 5.5 Ge\lK* only leave an aerogel
ring. The particle associated with the 1.5 GeV track is ¢tjearmpion since a 1.5 GeV kaon is
below theCerenkov threshold. Moreover a pion of 5.5 GeV would have afit@mal gas ring,
while the radius in case of a proton would be much smaller. figwre is an indication of the
particle identification power of the RICH detector.
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Figure 4.22: A typical RICH event with a 14.6 GeV electron in the lower had#lding two rings, a 15
GeV 7~ in the lower half and a 5.5 GeX " in the upper half.
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In HERMES two reconstruction methods are used: Indirect Ragimg (IRT) and Direct Ray
Tracing (DRT). The RICH PID Scheduler (RPS) combines the bestifes of both tracing
methods by defining which method should be used. More infaomabout the RICH PID
reconstruction can be found in [HomO3].

Although the reconstruction is not always simple, the RICHd&lr is certainly a powerful PID
instrument. Furthermore, though the RICH was optimized teigeoa good hadron separation,
it is also used, together with the other PID detectors, fersiparation of leptons and hadrons.

4.3.4 The trigger system

The trigger system selects events interesting for physialyais from background events. The
HERMES trigger working principle is rather straightforwand a combination of signals of
certain detectors are above a predefined threshold, aitdetesponses are read out.

The first level trigger decision is made within abad nsec after the event occurred, using
proper combinations of signals from the wire chambers, glercneter and three hodoscopes:
HO, H1 andH2. H1 andH2 are located in the back part of the spectrometer (see Figlfy 4
and consist of 42 paddles 93 x 91 x 1 cm? scintillating material, a 25 cm long light-guide and
a PMT at the outer end of each paddle. In partictdarcoincides with the preshower detector
described above. During 1995 only the backward region wad tm triggering, leading to a
large background originating from the HERA proton beam. 186.the third hodoscopéei()
was installed in the front region to improve trigger efficteas. HO has a different structure than
the other two hodoscopes. It consists of a 3.2 mm thick glasintillator plate read out by a
couple of PMTs.

Various first-level triggers are used at HERMES for DIS eveplt®otoproduction events and
for calibration and monitoring of the detectors. The maigger selects candidates for the
scattered lepton in DIS by requiring coincident signalshie three hodoscopes in one detector
half and a minimum energy deposited in two adjacent caldemmlumns in the same half, all
in coincidence with the HERA beam bunch signal. The threskakfgy of the calorimeter is
setto 1.4 GeV for data taking with polarized target and 3.9 @& the unpolarized target. Only
around 13% of the DIS trigger events have at least one idedtépton and approximately 5%
of the recorded events are identified as DIS events in theefdinalysis.

Not all the generated triggers can be accepted by the HERMESA2guisition system (DAQ).
Indeed, during the time needed for readout, no new eventbeaacorded, resulting in a dead
time of the data acquisition. The dead time is defined as ti@ohtrigger requests which had
to be rejected and the total number of readout requestsn@standard running the HERMES
DAQ is capable of reading out the detector information atgatp to500 Hz with dead time
below10%.

4.3.5 Luminosity Measurement

In order to do absolute measurements of cross sections avel dble to compare data set of
different years it is crucial that the luminosity is detened precisely. In general this is done
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4.3. THE HERMES SPECTROMETER

either by counting the number of DIS events in a data set ordiygua luminosity monitor
which makes use of a well known physics process. In case dfpodeam, the HERMES lu-
minosity monitor is particularly sensitive to Bhabha saatig(ete~ — e™e™) and annihilation
processes:( e~ — ~) between beam positrons and the shell electrons of thet @ig®ms. For
electron beam the measurable process is Moller scattering (— e~ e~). All these reactions
have small scattering angles and leave both particles vatméar amount of energy.

The luminosity monitor consists of two small calorimetdogated on both sides of the beam
pipe in the horizontal plane, abou2 m downstream of the target. The calorimeters consist of
3 x 4 arrays of radiation resistantaBi(WO, ), crystals. Each crystal is 20 cm long and has a
cross section df.2 x 2.2 cm?. At the back side a PMT is coupled to each crystal for the read o
of the signal. A schematic drawing of the luminosity monimd its readout scheme is shown
in Figure 4.23.

signal and HV connectors

LRE

= et photomultipliers I T T T P T S P T
NBW crystals / Z oy

!
glass fibers

Figure 4.23: Left: Schematic drawing of the luminosity monitor and its readdense. Right: Front
view showing the reconstructed impact points.

Since the luminosity monitor is positioned outside of thensiard HERMES acceptance, it
requires its own dedicated trigger in order to select thereléprocess. Triggering occurs
when signals in both luminosity detector halves exceed &9 threshold. The very well
known cross section of the scattering and annihilation ggses is integrated and folded with
the detector acceptance and efficiency. From this and tineideince rate the luminosity can be
determined with an accuracy &L/L ~ 6%. For asymmetry measurements only the relative
luminosity of data with two different spin configurationg&evant. In this case the uncertainty
is much smallerAR/R ~ 0.9 — 1.5%. In [Ben01] a detailed description of the luminosity
monitor and the contribution of systematic uncertaintethe luminosity measurement is given.

4.3.6 The Data Acquisition and processing

Different time scales are used in the HERMES data acquiss#tystem. The shortest time in-
terval is theevent containing all reconstructed tracks which are observednadn trigger is
generated. All events recorded within approximatélgec are grouped intolaurst Bursts are
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then combined into eun with a size of about50 MB. Dependent on the luminosity, a run lasts
around10 min. The longest time scale, the fill, is determined by &he 12 h storage time of
the HERA lepton beam.

Apart from event-based information, also monitoring anlibeation data like information from
the luminosity monitor, the polarimeters, the target, detetemperatures, pressure gauges,
voltage settings, etc. needs to be read out from the varieteztbrs. This so-calleslow con-
trol data is read out once every 10 sec, independently on the triggers from the spectrometer.
After the acceptance of a certain trigger, all detector@asps are read out by the Data Ac-
quisition (DAQ) chain according to their 'equipment numbérhe DAQ system digitizes the
analog and timing information for an accepted trigger inAlEC and TDC modules located in
Fastbus crates. The data from the FastBus crates are burydbedit builder modules and sent
over fast opticals links cluster, where they are stored agisg disks and on data tapes.

All raw data is buffered in Experimental Physics Input OutfieP10) format on hard disks in
the Linux cluster and backed up regularly on data tapes.rAlfie end of each HERA fill all
collected data is transferred to a taping robot at DESY misénusing a Fast Distributed Data
Interface (FDDI).

Information contained in the detector signals like the biifons, energy depositions, etc., are
determined with the HERMES decoder (HDC) using mapping, gégmaed calibration of the
individual detectors. All required information is storedan ADAMO [Cer93] database. In a
next step the HERMES reconstruction (HRC) program finds tratkise spectrometer. Using
a timing signal that is written to the event data and slow @dmlata streams, both data streams
can be synchronized. All synchronized data which is usefuphysics analyses, is stored in
data summary tables, the so-callddST files.

For Monte Carlo data a very similar production chain is apgplienstead of the DAQ and
HDC, a generator of DIS events, GMC, based on LEPTO [ler97] &TGET [Sjo95] is used.
The simulation of the detector responses and its materiagéitormed by HMC, containing
a GEANT3 [Bru84] implementation of all detector componeni$ie Monte Carlo data are
reconstructed and compressed with HRC and tb&T-writer, just like real data, although
some tables for the generated values are added. Furthds@atagiven in Section 6.1. The
two chains, for real data and Monte Carlo data, are display€&igure 4.24.

 HDC |+ HRC | 4 #DST

Analyzer

- HMC — HRC — p¢DST

Figure 4.24: The HERMES data production chains for detector data @gparad for Monte Carlo data
(bottom row).
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Chapter 5

The extraction of the Azimuthal Moments

The Collins and Sivers azimuthal moments, discussed in Ch8ptieave been extracted in
the analysis of the HERMES data collected during the 2002&200ning period, in which a
transversely polarized hydrogen target was used. To thizoge several checks were applied
in order to ensure a high quality of the data before seledtiolgisive and Semi-Inclusive Deep-
Inelastic Scattering events. The yields of the selectedteweere used to construct a single-spin
asymmetry (SSA) dependent on the two azimuthal angbesd¢, as reported in Section 3.7.5.
The Collins and Sivers sine modulations were then extracteal two-dimensional fit using
two different fit methods: a standard least square fit and &maed maximum likelihood fit.
In addition, several tests on the extraction method weréopaed to estimate the impact of
different sources of systematic errors on the final results.

5.1 The HERMES data productions

The starting point of all the analyses performed at HERMES®wasented by the so-called
uDST files, in which the data, after being precessed throughctfain described in Section
4.3.6, is stored. TheDST files are labeled by the last two digits of the correspogdgiear of
data taking, a letter to indicate the production, and a cyphmethe first production of:DST
files for a new data taking period-production), detector calibrations based on the dataeof th
preceding period are used. Tagroduction allows detailed detector calibrations whiehve
as input for a re-production of theDST files p-production). In the subsequettproduction,
additional corrections which rely on proper calibratiome taken into account. The cypher,
which completes the production name, is increased for éurfdst re-productions which do not
require the track reconstruction. Such re-productionsuatelly carried out when improved
slow control information such as beam or target polarireti@ues becomes available.

The analysis presented here is based on the HERMES full eesesdata set, achieved during
the 2002-2005 data taking period, in which a transverselgrized hydrogen target was used.
The data productions used in the present analysigiare; 03¢0, 04c0 and05¢0.
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5.2 Data quality

Since, depending on the argument/type of the analysis,|hibtesinformation from the entire
experimental set-up is needed, {BST files also contain events collected when one or more
detectors were not working properly. The first step of eadlyais consists in the selection of
those events for which all needed parts of the experimeatals were properly operating. All
information about the performance of the detectors, whectared at théurstlevel, is com-
bined, by the data-quality group, into the so-calkeaist lists These lists contain bit patterns
of 32 bits for each burst for both detector halves. Each bitesponds to a certain detector (or
part of the experiment) and is set to “1” if the detector wasrating properly and to “0” in
the opposite case. For the present analysis all bits wetereefto be set to “1”, with the only
exception of the first bit, which requires a beam polarizaibove20%. This requirement is
left out since the present analysis deals with single spimagetries in which only the target
(and not the beam) needs to be polarized. In general, all PAvA sequired to work properly.
However, one single PMT, out of all those connected to thertakter blocks, is allowed to
be dead in the year 2002, when several failures occurred ass@guence of ageing. This was
shown not to influence the SSAs of charged hadrons in SIDIS(Ba

The most important data quality requirements are:

- good performance of the PID detectors and the tracking-tiate

good target performances

reasonable beam current and luminosity

reasonable luminosity raté Hz < L <50 Hz)

DAQ dead time smaller thas) %.

Details about the data quality checks can be found in [Weaf8Jon the HERMES data quality
web page [HDQDb].

5.3 The event selection

Once the 'good’ bursts of a certain data production are s&degccording to the data quality
criteria, several requirements have to be imposed at that ésneel. Indeed, a number of cuts
and constraints have to be applied on the recorded tracksl@n to correctly identify Inclusive
and Semi-Inclusive Deep Inelastic Scattering events. Meate that pass all requirements
constitute the data set that is used in the physical analysihis section the various selection
criteria are discussed in the same order as they are applted analysis chain.
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5.3.1 The geometrical cuts

As a first step, several geometrical cuts are applied in dodsuppress the background and to
exclude those tracks that might be affected by edge effédtsecspectrometer. For instance,
the longitudinal vertex coordinatg,,..., at which the scattering occurs is restricted to the lon-
gitudinal dimension of the target cell. Furthermore theksahave to be fully contained within
the effective volume of the spectrometer, the so-cdiiédcial volume Differently from the
charged particles, the photons identification is exclugitbased on the calorimeter signal. In
order to avoid transverse shower leakages, which wouldtresa partial loss of the original
photon energy, photons are required to hit a smaller secfidthe effective calorimeter front
area. All geometric cuts are listed in Table 5.1.

| \ charged particles | photons |
vertex position —18 cm < zyerter < 18 cm
calorimeter position |Zcato] < 175 cm |Zcato] < 125 cm
30 em < Yealo <108 cm | 33 cm < Yegio < 105 cm

front field clamp position |Zffe| <31 em
rear field clamp position [Yr el < 54 cm
rear clamp position |zre| < 100 cm
[Yre] < 54 cm
septum plate position lysp| > 7 cm

Table 5.1: The geometrical cuts applied to the detected charged particlph@ods.

5.3.2 The Particle Identification
Lepton-Hadron discrimination

Combining the responses of the four PID detectors a very gepdration between leptons
(electrons and positrons) and hadrons is achievable at HElRMEm the response of the par-
ticle identification detectors it is possible to generatéalihood function, PID, that is related
to the probability of a particle to be a hadron or a lepton. &ntipular, given the energy
deposited in the detector and the momenjuof the particle, the issue is to find the probability
P(I(h)|Ep) that the particle is a leptdror a hadrorh. Bayes theorem relates such a probability
to the observable probabilitig3({(h)|p) that a particle with momentumis a lepton (hadron),
andP(FE|l(h)p) that a lepton (hadron) with a momentyndeposits an energy in the detector:

P(I(h)[p)P(E|l(h)p)
(llp)P(E|lp) + P(h|p)P(E|hp)

UM Ep) = (5.1)

The probability distributions”(E|lp) and P(FE|hp), calledparent distributions can be esti-
mated in a test beam facility by measuring the response adebectors to a beam of leptons
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or hadrons. A different approach, which is commonly usedEBRMIES, consists in measuring
the response of a given PID detector for a certain type ofg@mvhich is selected by the other
PID detectors. This method has the advantage of taking irtouat possible ageing effects
of the detectors. The cuts have to be hard enough to definean stmple but, at the same
time, have to ensure a reasonable statistics. As a consegjtiencut ranges vary for each data
production, being tighter for the productions with high&tistics and less tight for those with
a lower statistics. From the ratio between the probatslitté/| £p) and P(h|Ep), defined in
egn. (5.1), one can define the quantity:

PID’ = PID — log,, ¢ , (5.2)
where
_ P(E|lp)
PID = Ing—P(E|hp) (5.3)
and
On P(h\p)
= ) 54
°= o = Py &4

The hadron and lepton fluxes, and¢, are calculated with an iterative procedure. In general
the combinedID for more then one detectd’ is given by:

Po(E|lp)
PID = lo 101‘[ PD E||h7; S PID, . (5.5)
D

The most common PID combinations used in HERMES are:

PID; = PIDcaro + PIDpre + PIDcER (5.6)

6
PID; = PIDtp = Y _ PIDtnp, | (5.7)

=1
where tALO’, ' PRE, ' CER and 'TRD’ stand for the electromagnetic calorimeter, the preshower
detector, theCerenkov detector and the transition radiation detect@peaetively. The sum
in egn. (5.7) runs over thé TRD modules per detector half. 998 the Cerenkov detector
was replaced by the RICH, and the product of the conditionddgduiities for gas and aerogel
radiators is usedPID; and PID; values are assigned to each detected particle and a cut is
applied on the quantity:

PID' = PID; + PID; — log,, ¢ = logm% : (5.8)
h

which represents the logarithm of the probability ratiotthagiven particle is a lepton or a
hadron. By definition, the quantifyID’ is positive if the probability of being a lepton is higher
than that of being a hadron, and negative in the opposite dadse provides a simple way to
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separate leptons from hadrons (see Figure 5.1). In the sisalported in this thesis, leptons
and hadrons are identified with the following PID cuts:

PID;3 + PID5s — logyq¢ > 2.0 (leptons) (5.9)
PID; 4+ PIDs — logq¢ < 0.0  (hadrons) . (5.10)
5103;
Hadrons Leptons
10 E
. | R R || (I |

-15 -10 -5 0 5 10
PID,+PID, - l0g,,¢

Figure 5.1: Typical distribution dPID3 + PID5. The applied PID cuts are also represented.

Charged Hadrons identification

When passing through the two RICH radiators, charged partexei$ a certain pattern of
Cerenkov photons (see, for instance, Figure 4.22), allowiageparation of the various charged
hadron types (pions, kaons and protons). The photon patt#ioh is focused on the PMT ma-
trix by the spherical mirror array, is associated with akriacthe spectrometer using an inverse
ray tracing algorithm [Jun00]. Combining all measuféerenkov angles in a range around the
theoretical expected angle, averdgerenkov angles are computed for the two radiators, aero-
gel (@) and gas {), for each of the three hadron hypothediss= 7, K, p. Two likelihoods,L

and £, can be calculated and combined to the total likelih@gd = £¢ - £7. The hadron
type hypothesis with the largest total likelihood is asemjto the track. The correctness of the
identification is assured by requiring the condition

tot

Qp = logloyi}ﬁ >0, (5.11)
2

whereh; and h, are the most and the second most likely hadron type, respsctilf the
identification algorithm could not find a most probable hadrygpe, the quality parametey, is
set to zero.

The efficiency and the contamination degree of the hadromtiftmation are estimated using
a Monte Carlo simulation of the RICH detector. The analysis efMonte Carlo data allows
the determination of the conditional probabiliB(;4|h..) that a given hadron of the true
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type h.... is identified as particle of typg,,. The conditional probability is equivalent to the
efficiency of the identification if.;,... = h;q. However, for the interpretation @?(h;4| b ) @S

a contamination in case @f,.,. # h;q, the relative hadron fluxes must be taken into account.
These conditional probabilities, which depend on the tracknentum and the topology of the
photon pattern on the PMT matrix, are combined into a makiorh03]

P<7Tz’d|7rtrue) P(Trid|Ktrue) P(Trid|ptrue)
P = P(Kid|7rtrue) P(Kid‘Ktrue) P<Kid’ptrue) . (512)
P(pidlﬂ-true> P(pid|Ktrue> P(pid|ptrue)

The P-matrix elements are extracted in 1 GeV momentum bins. Euribre, since the more
tracks are detected in one detector half (top or bottomhidpeer is the probability for patterns
to overlap, théP-matrix elements are extracted separately for one, two and than two tracks
in a given detector half. The results are plotted in Figuge 5.
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Figure 5.2: TheP-matrix elements as a function of the particle momentum. The plot shows the con-
ditional probabilities that a given hadron of true typg.. is identified as a pion, kaon, or proton,
respectively. The different symbols represent the different numiberarged particle tracks per detector
half.

The RICH pion identification has a large efficiency and the podibg to misidentify a kaon or
a proton as a pion is small over almost the entire momentugerafor kaons the momentum
threshold of the gas radiator is visible as a discontinuigraund 10 GeV.
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TheP-matrix relates the flux of identified hadrofis= (%, Ni¢, Ni?), to the true flux of ‘true’

hadrons N = (N!ve, Njrue, N're), through the linear relatiol = P - N. In order to obtain
the true flux from the measured flux of identified hadrons Rhmatrix has to be inverted:

N=pP'.]. (5.13)

In the analysis of semi-inclusive events, a weightlependent on the identified hadron type is
assigned to each particle track according to the invBrseatrix. For instance, a track identified
ash;q is weighted by(P~1),,... n., in the true pion count rate and B ), »,, in the true
kaon count rate. The sum of these weights over all tracks \éhtified hadron typé€h;,);
yields the number of true hadrons

N};Tue = Z(P_l)htru67(hid)i - Z wh‘vl (5'14)

%

used in the analysis.

Neutral pions ldentification

Due to their short mean lifg§.4 + 0.6) x 107" s — cr = 25.1 nm)], the identification of the
neutral pions is obtained through the detection of pairsoofetated photons, which represent
the dominant decay mode, with a branching ratio of almost.9% described in Section
4.3.3, at HERMES the energies and positions of photons areureshby the electromagnetic
calorimeter. The calculation of the photon 4-momentum enthchieved by connecting the
photon position on the calorimeter front to the z-coordenait the electon/positron scattering
vertex with a straight line. The next step for the identificabf the neutral pions consists in the
computation of the invariant madg. . For this purpose pairs of photons with energy above 1
GeV are considered. For events with more than two photors Iéas than nine), all possible
combinations are taken into account. Events with more thae photons are considered as
background and rejected in order to limit the combinatdyadkground.

Figure 5.3 shows the invariant mass distribution of all phqgtair combinations after applying
the geometrical cuts (see Table 5.1) and the kinematic sets $ection 5.3.3). In order to
estimate the mean value and the width of the experimerftahass distribution as well as
the background/signal ratio, the invariant mass distidouspectrum has been fitted with a
normalized Gaussian plus a modified second order polynoifiie fit results are listed in Table
5.2. The obtained” mass is reasonably close to the value quoted by the Partatie Group
(134.29 + 0.06 MeV) [Yao06]. The5o deviation is mainly caused by the energy calibration of
the calorimeter and the fact that the position reconstuaatf the photons is solely based on the
calorimeter signals. In the data production used in thidyarg the energy calibration of the
calorimeter yielded a constant correction factor for theasueed photon energies. An energy
calibration dependent on the signal in the preshower dateghich will improve the resolution
of the calorimeter and, consequently, the reconstructioinear’ mass, is currently under study
and not yet implemented in this analysis. The width of thekpge#lects the limited resolution
of the calorimeter.
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Figure 5.3: Invariant mass distribution of the photon pairs that have gp#issegeometric and the kine-
matic cuts. The solid line is a fit of the spectrum obtained using a Gaussianmlodified second order
polynomial. The latter, which parameterizes the combinatorial backgrouathdashown (dotted line).
In order to facilitate the combinatorial background subtraction, the spedsrdivided into three distinct
regions: the signal region (between 0.10 and 0.17 GeV) and the two sidse.ba

| Fit parameters

Mo (mean value) = 134.29 + 0.06 MeV
o (width) = 11.26 & 0.06 MeV
Niackground /Nsignal = 0.373 £ 0.008
R = Nﬁga@kground/ N‘Sa%kground =1.215

Table 5.2: Invariant mass fit parameters. The last raw reports the raiedre the background events
within the signal region (SR) and those in the side bands (SB).

As shown in Figure 5.3, the invariant mass spectrum has bigeled into three mass regions:
a signal region between 0.100 and 0.170 GeV (corresponding to approxiynate. + 30),
and the twaside bandsfrom 0.065 to 0.100 and from 0.170 to 0.205, respectivehe ignal
region includes all the photon pairs which are decay pradotheutral pions plus part of the
combinatorial background, while the side bands only ineludcorrelated photons, which only
contribute to the background. The widths of the two side baaré chosen in such a way that
their sum equals the width of the signal regiord{0 GeV). The ratioR between the number of
background events within the signal region and those initleelsands (see Table 5.2), extracted
from the fit, is used to subtract the combinatorial backgdowithin the signal region (see
Section 5.4.2).
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5.3.3 The kinematic cuts

The inclusive DIS events are needed in the present analysis they provide a measure of
the luminosity and can thus be used for the luminosity nomzatbn, as explained below.
Therefore, after the identification of the scattered leg@ectron or positron) and the pro-
duced hadrons, several cuts are applied on the kinematidables in order to select inclusive
and semi-inclusive deep inelastic scattering events.

A four-momentum transfer of more tharGeV? is required to select the deep inelastic scatter-
ing regime, where perturbative QCD holds. The resonancemdgi < 2 GeV) is excluded by
a cut on the squared invariant mass of the final hadronic: stidte> 4 GeV? for the inclusive
andW? > 10 GeV? for the semi-inclusive DIS events. The upper cut on the gnfeagtiony

is meant to suppress higher order QED effects. The veryjloegion, which is affected by a
poor resolution, is excluded by the qut> 0.1. However, due to the restrictions ¥ and11/2,
the lowest possible value of the fractional energy transfeemi-inclusive events ig ~ 0.18.
The range in the Bjarken scaling variablés determined by the cuts @p? and’/? and by the
HERMES acceptance.

] \ Inclusive DIS \ Semi-Inclusive DIS ‘
four momentum transfer Q? > 1 GeV? Q? > 1GeV?
squared inv. mass of hadronic final statel’’? > 4 GeV? W2 > 10 GeV?
fractional energy transfer 0.1 <y<0.95 y < 0.95
Bjarken scaling variable 0.023 <z <04 0.23<z<04
virtual photon - hadron angle 0+, > 0.02 rad
hadron momentum 2 GeV < P, < 15 GeV
energy fraction (extended range) 02<2<0.7 (02<2<1.2)

Table 5.3: The kinematic cuts for the selection of inclusive and semi incli8Bevents.

For those events in which more than one lepton (electron sitrpo) track remains after the
geometry and kinematic cuts, the one with the highest maunerg identified as the DIS lepton.
For the selection of the SIDIS hadrons, further cuts areiep@n selected hadronic variables
for those hadrons that are detected in coincidence withdiwatified DIS lepton. In particular,
events with an anglé, ., between the virtual photon* and the hadroi smaller that 0.02 rad
are discarded in order to limit the uncertainty in the deteation of the azimuthal angles
andg¢g, defined in Figure 3.11. This constraint ép,, reflects in a constraint on the final state
hadron transverse momentul), , e.g., for 2 GeV hadrons, transverse momenta below 0.05
GeV are excluded. In addition, for a reliable hadron iderdiion with the RICH detector, the
absolute momenta of the hadrons are restricted to a rangede® GeV and 15 GeV. The upper
limit of the energy fraction: < 0.7 rejects scattering events in a region which is dominated by
exclusively produced vector mesons (cf. Section 5.7). Nbetess, in order to investigate the

z dependence of the azimuthal moments in the higégion, the range in has been extended
up to 1.2. On the other hand, the lower limit of 0.2 enhancesfitiaction of hadrons which
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carry the information of the struck quark. A list of the kinatic cuts for inclusive and semi-
inclusive DIS is reported in Table 5.3. The distributionselected inclusive and semi-inclusive
variables, subjected to the cuts discussed above, areglotFigure 5.4.
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Figure 5.4: Selected DIS kinematic variables.

5.3.4 The charge symmetric background

A big fraction of the interactions that take place in the étrggion do not result in deep inelastic
scattering processes. In addition, due to the limited gé&amacceptance of the HERMES
spectrometer, not all the DIS events result in a detectetfesed lepton. Nevertheless, high
energy leptons, produced in different processes such asa@iepositron pair productions or
Dalitz-like meson decays, might pass all the DIS cuts. Thes®ns can thus be misidentified
as the scattered leptons, resulting in a wrong DIS and Sibifcrate. Since, however, these
leptons are produced in pairsh@rge symmetric backgroujca same amount of leptons with
the charge opposite to that of the beam patrticles is produideske leptons were then used as a
control sample to quantify the amount of charge symmetrakgeound and to correct for it.
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5.3.5 The DIS and SIDIS yields

After correcting for the charge symmetric background,la@lDIS and SIDIS events which have
passed both the geometric and the kinematic cuts contributes final DIS and SIDIS yields
to be used for the extraction of the azimuthal asymmetrigs. tdtal DIS count rates and those
relative to the two target transverse spin states are meghartTable 5.4 for all the data produc-
tions used in the present analysis (cf. Section 5.1). Taldlealso reports the corresponding
values of the average target transverse polarizgtion The SIDIS yields, calculated for each
hadron typeh as the sum over the RICH event weighig; (cf. eqn. (5.14)), are reported in
Table 5.5.

| Data Production | Nj,s | Nps | NRgs | (Py) |
02c0 373386 | 380104 | 753490 | 0.783+ 0.041
03c0 204562 | 206183 | 410745 | 0.795+ 0.033
04c0 1136645| 1139633| 2276278| 0.738+ 0.030
05c0 2489996| 2485988| 4975984 | 0.706+ 0.054
Total 4204589| 4211908| 8416497| 0.726+ 0.053

Table 5.4: The Inclusive DIS event yields.

Data Productions: 02¢0 + 03¢0 + 04¢0 + 05¢0

NI N, [N NS NN N N N N
348433| 348508 248375| 250126| 74341| 74039 67171] 67539 26905| 27360
NTot NTot NIt Nt Nt
696941 498500 148380 134710 54265
NI, = 1532796

all hadrons

Table 5.5: The Inclusive SIDIS event yields for the full HERMES tramse data set. These values are
evaluated according to egn. (5.14).

5.4 The extraction of the azimuthal asymmetry moments

The extraction of the Collins and Sivers azimuthal amplitu@@é. Section 3.7.5) has been car-
ried out using two different approaches. The first one ctsmsisa binned two-dimensional least
square fit of the cross section asymmetries. The second arsgstoin a 'partially unbinned’
Maximum Likelihood fit of the semi-inclusive events by meahs proper Probability Density
Function (PDF). The two methods are discussed separately.

5.4.1 The least square fit approach

In this approach, each of the kinematic variabteg, %, z, P, is binned, together with the
azimuthal angles and¢s (defined in Figure 3.11), according to the scheme reportdalite
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5.6. Only the first four: bins are of interest for the extraction of the azimuthal motseThe
kinematic region covered by the last twobins is also investigated although it lies beyond
the SIDIS range((2 < z < 0.7) and contains a large contamination from pions and kaons
generated in the decay of exclusively produced vector neegdn Section 5.7). As shown in
Figure 5.5, the limited acceptance of the HERMES spectrancaigses a strong coupling of
and@?, resulting in an increase 6§* with x.

| variable | # of bins | bin borders |

x 5 [0.023,0.05] ]0.05,0.09] ]0.09,0.15] ]0.15,0.22] ]0.22,0.4]
y 5 [0.1,0.31] ]0.31,0.415] ]0.415,0.54] ]0.54,0.69] ]0.69, 0.95]
Q2 5 [1.0,1.59] ]1.59,2.51] ]2.51,3.97] ]3.97,6.1] 16.3, 15.0]
2 4(+2) |[0.2,0.3] 10.3,0.4] ]0.4,0.55] ]0.55,0.7] (]0.7,0.85] ]0.85,1.2])
Py 5 [0.05,0.25] ]0.25,0.40] ]0.40,0.55] ]0.55,0.8] ]0.8, 2.0]
¢" (p%) | 12.®) | [0, F] - 155 2n) ([0, §] - )OF, 2a])
T (e5) | 1228 |[0, F] 155 20 ([0, 7] -], 2a])

Table 5.6: Binning in the kinematic variablesy, Q?, z, P, . For the azimuthal angles and¢g an
equidistantl2 x 12 (8 x 8) binning is chosen for pions (kaons).

For the pions asymmetries each kinematic bin is split ito< 12 equidistant bins in the az-
imuthal angles) and¢s. Due to their lower statistics,&x 8 binning is chosen for the kaons.
The population of the — ¢5 plane is represented in Figure 5.6. The absence of eventadiro
¢s = /2 and ¢s = 37/2 is a consequence of the gap between the top and bottom hdlves o
the spectrometer.

In each azimuthal bing(¢s) and for each hadron type the asymmetryA?.(¢, ¢s) of the
cross section between the two opposite target transveirsstspes is derived as:

O-T - O-i . 1 le,norm((ﬁ? (bS) - N}inorm((b? ¢S)
1t b AP N i (6, 05) + Ni o (6, 65)
This is done for each kinematic variable, while integrativgr the other kinematic quantities.
Here N s the luminosity-normalized SIDIS event yield for hadrgpe 7 and spin state
up (down), and(P;) represents the total average target transverse polarizdts value(P,) ~
73%, was obtained by weighting the partial target polarizatiatues measured for each data
production with the corresponding integrated luminosi{ief. Table 5.4).

The luminosity normalization is performed by dividing thi®E event yield in each azimuthal

bin by the total DIS yieldi\fg(}; obtained with the same target spin state :

Alr(9, ¢s) o (5.15)

Ni(6.85)  Npi(¢:0s)
Niz,norm((b’ ¢S) o Ni&,norm(¢7 QSS) — NE)[S NLLDIS (5 16)
Lo (6, 05) + N (6,05)  Nildds) | Ni(ods)
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Figure 5.5: The kinematic plane covereg? andx are strongly correlated due to the acceptance of the
spectrometer. Most of the statistics is concentrated in theddow-Q? region.

10

Figure 5.6: Theb - ¢ plane. The absence of events aroufid= 7/2 and ¢s = 37/2 is a consequence
of the gap between the top and bottom half of the spectrometer.
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Plugging eqgn. (5.16) into eqn. (5.17) and rearranging thregethe latter can be rewritten in the
form:

Al (6,65) = = N’&’ s )N%IS — N’W’ (bS)Nl}IS . (5.17)
(Pt) Ny(6,6s)Np s + Ny(6,65)Np

The 144 (64) azimuthal asymmetries associated to each kimeoin are fitted by a two-
dimensional function whose parameters are the amplituf8&'*™*%) of the different sine
modulationg(m, n = integer number). The basic form of the fit function includes the Collins
and Sivers azimuthal modulations plus a constant term C,hwisiexpected to vanish for a
correct luminosity normalization of the asymmetries:

Al (6, d5) = AnOTO)gin (¢ + ¢g) + A sin(¢ — pg) + C' . (5.18)

The parameters are extracted in a Least Square (LS) fit whadtesnuse of the MIGRAD
routine of the MINUIT program [Jam75] for thg* minimization. The extracted amplitudes
An(#%£95) are related to the Collins and Sivers asymmetry mome@it$e + ¢s))%,., defined
in Section 3.7.5, by

f dgﬁSdQPhJ_ sin(<b + (ﬁs)(dﬁO'UT — dGO'Ul) '

Asin(éEos) o + ho =2
UT (sin(¢ + ¢5))pr f dqbsdQPhL(dGUUT + dboy))

(5.19)

As discussed in Section 3.7.5, tRg, -weighted Collins and Sivers asymmetries

< Dt sin(¢ + ¢s)>

h h

P
ST and <ﬁsin(¢ - ¢5)>

ur ur

are also of great interest as they can be interpreted in tefrdistribution and fragmentation
functions without the requirement of any assumption on tlerk)transverse momentum dis-
tribution. For their extraction an asymmetry is formed inieththe events in the numerator are
weighted byP, | /z:

1 Nps 2 whi(Pai/2)i = Nbis > wni(Pa/2)i
() Na(6,65)Nprs + Ny (¢, 65)N)
whereN/! are given in Table 5.5 and, as usuaj,; are the RICH event weights (cf. egn. (5.14)).

The Py, -weighted asymmetry amplitudes are extracted in a two-dgiomal fit based on the
function:

AP (6, 65) = , (5.20)

h
A (6.09) =20 Tisin(o + 6s)) -sin(o+ )+
=M UT
h

2M<ii]\;sm<¢ - ¢s>>UT sin(é — )+ C . (5.21)
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5.4.2 The Maximum Likelihood fit approach

For a set ofV independently measured quantitigsfollowing a Probability Density Function
(PDF) f(x;0), whered = (04, ...,0,,) is a set ofn parameters whose values have to be deter-
mined, the method of Maximum Likelihood (ML) takes the esitorsd to be those values of
that maximize thdikelihood function

N

L) =] f(x::0), (5.22)

i=1
which represents the joint PDF for the data. Since hd#ndlog(L£) are maximized for the
same parameter valu@sit is usually preferable to work wittvg(£). The maximum likelihood
estimators can then be found by solving likelihood equation

dlog(L)
00;

=0, i=1,.,m. (5.23)

For the extraction of the Collins and Sivers amplitudes tieviong basic PDF was used:

F(o, 05, P Ayt ® 9y = 14 B | AR sin (¢ + ds) + Apnt® sin(e — ¢s)|, (5.24)

where P, is the target transverse polarization corresponding tb eaent. The product of the
acceptance functioe(¢, ¢s) times the unpolarized cross sectian;, which should appear as a
global factor in the r.h.s of eqn. (5.24), is dropped sinc®és not depend on the fit parameters
and thus can not affect the fit results. The RICH event weightsare taken into account,
resulting in the following quantity to be maximized

N
log(L) = > wp; log[f(, ¢s, P Ay =9))] . (5.25)
=1

As anticipated in Section 5.3.2, concerning the identificadf the neutral pions, the ratiB
between the number of background events within the sigig@gdmeand those in the side bands
(see Figure 5.3 and Table 5.2) is used to subtract the cotobimiabackground in the signal
region. This is done by associating a weight ; = +1 to all the events in the signal region
andw,o; = —R to those in the side bands.

5.4.3 Comparing the two methods

Although the least square fit method is suitable for the pidnsas found to be unsuitable for
the kaons, due to their limited statistics in certain azimubins. The least squares, indeed, are
not good maximum likelihood estimators in case of nhon-gansstatistics. Since, in addition,

Yn practice, the azimuthal momentg!’("#="?s)

through the MIGRAD routine of MINUIT.

are extracted in the minimization of the quantitlog (L), operated
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binning in¢$ andgg results in a loss of information and hence in larger staserrors for the
parameter estimates, the method of (unbinned) maximunidad was adopted for both pions
and kaons.

The unweighted Collins and Sivers amplitudes for pions ardgedd kaons, extracted from the
full HERMES transverse-target data set, are reported asaidmnof z, z, P, , y and@Q? in
Figures 5.7 and 5.8, respectively. Here the results oldainith the two fit methods discussed
above (least square and maximum likelihood), are compafsdexpected, the two sets of
results, obtained with the two different fit methods are catitgte. Significant differences are
observed only in correspondence of the kinematic bins withdtatistics (highe, high z, high
P,., low y and highQ?). For these bins, the ML method is superior and provides thstm
reliable parameter estimates. In particular while the Mid@es not converge in the highest-
bins for charged kaons (no maximum is found for the likeldhdonction), the LS fit provides
spurious solutions for these bins.

5.5 Systematic studies

In order to test the stability of the results and to estimasystematic error which accounts
for all the possible sources of biases, the Collins and Seeglitudes were extracted under
different conditions. The systematic studies reportechanriext sections of this chapter are
based on the full HERMES data set with a transversely polatarget (data productiori®c0,
03¢0, 04c0 and05¢0), while other studies, which are reported in the next clrapeé/ on Monte
Carlo simulations. A list of the systematic studies perfatnsereported below:

Contribution of other azimuthal moments (Section 5.5.1)

Compatibility of different data-taking periods (Sectio® 2)

Hadron identification with the RICH (Section 5.5.3)

Effects of beam polarization (Section 5.5.4)

The Transverse Magnet Correction methods (Section 5.5.5)

Fake asymmetries (Section 5.5.6)
- QED radiative effects (Section 5.5.7)

- Detector acceptance and smearing effects (Chapter 6)

5.5.1 The contributions of other azimuthal moments

In the previous sections, very simple fit functions, inchglsolely the Collins and the Sivers
azimuthal modulations, were considered for both the fit imes{LS and ML) discussed. These
modulations account for only two terms (3.68 and 3.69) of $fiBIS cross section (3.61).

However, other terms of the cross section might contribwtech are associated to different
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Figure 5.7: Collins moments for pions and charged kaons as a function9fP, |, y and@Q?. The
results obtained with the LS fit (open dots) and the ML fit (full dots) are cGregh
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Figure 5.8: Sivers moments for pions and charged kaons as a function,d?, | , y and@?. The results
obtained with the LS fit (open dots) and the ML fit (full dots) are compared.
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azimuthal modulations. The inclusion of such modulationthe fit function might then lead to

slightly different amplitudes for the extracted Collins éigers moments.

In order to test the impact of selected additional azimuthadulations on the extracted Collins
and Sivers amplitudes, the latter were extracted in sier#fit fits, each including a different
additional azimuthal modulation (or combination of azimaltmodulations). The azimuthal

modulations considered are summarized in Table 5.7. Ahet arise from terms of the cross
section which do not depend on the beam polarization, andratged according to the target
polarization state.

] Modulation \ Beam pol.\ Target pol. \ Twist \ Amplitude \ Figure ‘

sin(¢g) U T 2 free 5.9
sin(2¢ — ¢g) U T 3 free 5.9
sin(3¢ — ¢s) u T 2 free 5.10
sin(2¢ + ¢g) u T 2 free 5.10
sin(2¢) U L 2 free 5.11
sin(¢) U L 3 free 5.11
cos(2¢) u u 2 fixed 5.11
cos(¢) U U 3 fixed 5.11

Table 5.7: Azimuthal modulations included in the fit functions for the extractidimeoCollins and Sivers
amplitudes. The fifth column specifies whether the corresponding amplitieteskept fixed or left free
in the fit. The last column indicates the Figure showing the correspondingarop plots.

Similarly to the Collins and Sivers modulations, #ie(¢s), sin(2¢ — ¢g), sin(3¢ — ¢g) az-
imuthal modulations arise from the polarized part of thessrsection dependent on the trans-
verse polarization of the target. As a consequence, thegxrected to contribute to the fit
result for the Collins and Sivers amplitudes. These moduiathave already been introduced
in Section 3.7.4 and are included in the expression of thdStboss section (3.61), which
is referred to the direction of the virtual photon. Sincewhweer, experimentally one can only
measure the cross section with respect to the lepton bea&etidim, a new term has to be taken
into account, which originates from the fact that leptonrbesnd virtual photon are not per-
fectly collinear. This term, which is related to tkn(2¢));;, amplitude for unpolarized beam
and longitudinally polarized nucleons, is modulatedshy2¢ + ¢s) [Die05].

In order to test the presence of further residual effectddtiee non collinearity of lepton beam
and virtual photon, thein(2¢) andsin(¢) modulations (cf. eqn. (3.61)) are also regarded. The
last two modulationscos(2¢) and cos(¢), arise from the spin-independent part of the cross
section (3.61). The latter four modulations are expectquawide a negligible contribution to
the fit results of the Collins and Sivers amplitudes.

In Figure 5.9 the Collins and Sivers amplitudes extractedMiLdit based on the 2-parameters
PDF (eqn. (5.24)) are compared with those extracted usiogdifferent 3-parameters PDFs,
including thesin(¢s) and thesin(2¢ — ¢5) modulations, respectively. This comparison shows
that while the inclusion of thein(2¢ — ¢s) modulation does not cause significant changes in
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the extracted Collins and Sivers amplitudes, that ofsthéps) modulation produces sizeable
shifts, especially visible in the Collins amplitudes for agge pions.

A similar comparison is shown in Figure 5.10. Here the Coléind Sivers amplitudes extracted
with the 2-parameters PDF are compared with those extradied) two other 3-parameters
PDFs, including thein(3¢ — ¢¢) and thesin(2¢ + ¢s) modulations, respectively. Only small
shifts are observed when the latter is included in the PDHgvessentially no effects are ob-
served when the former is included.

The last comparison, shown in Figure 5.11, involves thedstethCollins and Sivers amplitudes
(extracted with the 2-parameters PDF) and those extraciiddan2-parameters PDF, includ-
ing also thecos(¢) andcos(2¢) modulations, and with a 4-parameters PDF, including also th
sin(¢) andsin(2¢) modulations. While, similarly to the other cases discusseE/@, the am-
plitudes for these two sine modulations are extracted ititlas free parameters, those for the
cos(¢) andcos(2¢) modulations are kept fixed to the values of t&? and A;%*”) moments
extracted in [Gio08]. In both cases no significant effectshim extracted Collins and Sivers
amplitudes are observed.

Despite only thesin(¢s) modulation produces sizeable effects on the extractedSaéind
Sivers amplitudes, the four additional modulations depenhdn the transverse target polariza-
tion (see first four rows in Table 5.7) were included, for céetgness, in the PDF:

F(8, bg, Py Asninotmos)y
14 B | A 25)sin(¢ 4 dg) + Amnt® Ssin(¢ — ¢g) + Aa®sin(¢g)+

ASBCO709)Gin (20— g )+ AP0 )sin (3 — g )+ AT P ) sin (2+¢5) | . (5.26)

In the following, this PDF will be referred to as the 'standi&parameters PDF’. The tiny con-
tributions due to the remaining four azimuthal modulationsincluded in egn. (5.26)¢s(¢),
cos(2¢), sin(¢) andsin(2¢)) will be regarded as sources of systematic errors (seedBer.8).
Table 5.8 reports the values of the unweighted Collins andrSimoments extracted at the av-
erage kinematics through the 'standard 6-parameters PDF’ fi

|

h [ @ [ & [@)] @ [ (@) [ 2sin(é+¢s)ur | 2sin(¢ — ¢s))ur |
7+ 10094 [ 0.361 | 0.407 | 0.542 | 2400 | 0.014+0.003 | 0.044 £ 0.003

7 0.090 | 0.352 | 0.406 | 0.548 | 2.328 | —0.023 £ 0.003 0.006 £ 0.003
70 | 0.087 | 0.394 | 0.458 | 0.589 | 2.440 | —0.017 & 0.009 0.032 £ 0.009
KT {0.097 | 0.384 | 0.435 | 0.538 | 2.472 0.005 £ 0.009 0.093 £ 0.008
K= 1 0.09 | 0.347 | 0.422 | 0.552 | 2.349 0.026 £ 0.014 0.006 £ 0.013

Table 5.8: Kinematic mean values and overall unweighted Collins and Siverenis extracted with
the standard 6-parameters PDF fit in the semi-inclusive rarige: z < 0.7. The average?, | andQ?
are expressed iieV andGeV?, respectively. Only the statistical uncertainties are reported.
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Figure 5.9: Unweighted Collins (upper half) and Sivers (lower half) momfemts™ (upper panels)
andn~ (lower panels) extracted with the basic 2-parameters PDF (full squaspared with those
extracted with two different 3-parameters PDFs includingsing¢2¢ — ¢g) (open triangles) and the
sin(¢g) modulation (open circles), respectively.
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Figure 5.11: Unweighted Collins (upper half) and Sivers (lower half) mdsnfar 7+ (upper panels)

andn~ (lower panels) extracted with the basic 2-parameters PDF (full squaespared with those
extracted with a 2-parameters PDF including ¢he(¢) andcos(2¢) modulations (open triangles) and
with a 4-parameters PDF including thi@(¢) andsin(2¢) modulations (open circles).
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5.5.2 Compatibility of the different Data Taking periods

The Collins and Sivers moments extracted in the present sisaye based on the full trans-
verse target data set, collected over a period of four y@&@2-2005). During this long period,
changes in the experimental apparatus, e.g. in the effieiginc in the alignment of the detec-
tors, might have occurred, resulting in a possible influencthe extracted azimuthal moments.
The different data productions contain completely differ@mounts of data. For instance, the
statistics collected during the 2005 more than doublesadbiéécted during the previous three
years all together (cf. Table 5.4). In addition, during tl#®2 data taking, a different lepton
beam chargee(") was used than in the previous three year3.(It is therefore natural to com-
pare the results extracted during the 2002, 2003 and 20Q@4 faaductiong)2c0, 03¢0 and
04c0, respectively) with those extracted during the 2005 (datayction05c0)>2.

In order to identify the presence of systematic discregenbetween the azimuthal moments
extracted from two different data productiofs and D,, the so-calledleviationswere calcu-
lated according to the general formula:

A(Sj;((bi%)(Dl) _ A?;(¢i¢s)(D2)
\/o(Dr) + (D)

whereo(D;) denote the statistical uncertainties. Figures 5.12-5ibdvghe deviations as a
function ofz between the Collins and Sivers moments extracted fromih@data production
and those extracted from tiec0, 03¢0 and04c0 data productions, respectively.

, (5.27)
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Figure 5.12: Deviations for the Collins (upper panels) and the Sivergflpanels) moments extracted
from the02c0 and05¢0 data productions.

2The compatibility among the 2002-2004 data productions was alreadieshéc[EIs06].
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Figure 5.13: Deviations for the Collins (upper panels) and the Sivergflpanels) moments extracted
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In all of the three cases explored above, the deviationsufietaround zero without showing
any systematic shift. In addition, the amplitudes of sucbtélations are smaller thant 1| in
most of the casésAs a result, the four data sets considered are compatikiénvihe statistical
uncertainty and can be merged together without introduamgsystematic bias.

5.5.3 Systematic uncertainties on the hadron identificatio with the RICH

As discussed in Section 5.3.2, the charged hadrons idenigiicis performed through an un-
folding procedure (RICH unfolding) which consists in the agtron of the fluxes of 'true’
hadrons from those of the ’identified’ hadrons. The extoacfeqgn. (5.13)) is based on the use of
the inverseP-matrix (5.12), whose elements represent the conditiomddabilitiesP (h;q| hirue )
that a given hadron of the true typeg... is identified as particle of typk;,. It the analysis pre-
sented in this thesis, a weiglt ;, dependent on the identified hadron type is assigned to each
particle track according to the invergematrix (cf. eqn. (5.14)).

To estimate the systematic uncertainty in the true hadrambeus, the Collins and Sivers ampli-
tudes were extracted using three different invépsmatrices [HomO04]. One is based on a full
Monte Carlo simulation of the RICH detector and is considerddi@standard choice. Another
one is derived using identified hadron (e, p° and¢ mesons) decays from the HERMES
datd. The last is obtained by fitting a set of RICH operating pararsetgenerated by the lep-
ton tracks.

Figures 5.15 and 5.16 show the Collins and Sivers amplitudiesifarged pions and koans,
respectively, extracted using the three differBamatrices. While basically no differences are
observed for the pions, differences are visible for the kadimese differences will be accounted
for as sources of systematic errors (see Section 5.5.8).

5.5.4 Effects of beam polarization

While in 2002 the polarization of the HERA lepton beam was vewy, la beam polarization of
the order of30 — 40% was measured in the following years (2003-2005) for bothpibstive

(A = +1) and negativeX = +1) helicity states. The existence of a net beam polarizatieesg
rise to additional cross section terms which result in aoidé azimuthal modulations. For in-
stance, at leading twist, a contribution of thes(¢ — ¢5) modulation is expected from the com-
bination of a longitudinally polarized beam and a transsigrpolarized target (cf. eqgn. (3.61)).
The asymmetry amplitude&CLO;(¢’¢S) of the two helicity states have opposite signs, thus lead-
ing to a non zero amplitude if the polarizations of the tworhespin states differ.

In order to study the influence of the beam polarization oretieacted Collins and Sivers mo-
ments, the 2003-2005 data sample was splitted into two ei#gnt data sets, according to the
beam helicity state. The deviations

3By construction, a deviation ¢f+ 1| corresponds to a discrepancy of 1 standard deviation.

“This procedure, however, only relies on a limited topology of decaytsven

5These parameters include the number of PMT hits and the average fimdieth the aerogel and the gas rings foe= 1
particles.
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Aiiflgp(¢i¢5)()\ =41) — A?Jir}(qﬁtcbs)()\ = —1)
\/02(/\ =+1)+o2(A=-1)

were calculated for each kinematic bin. As an example, thiatens for the Collins and Sivers

moments are reported in Figure 5.17 as a functiom.o8imilarly to the comparison between
the different data taking periods (cf. Section 5.5.2), teeiaions fluctuate around zero without
showing any systematic shift. This result is compatibléaitvanishing net beam polarization.
As a consequence, no effort was done to balance the helictheawo data samples and no
systematic error on the Collins and Sivers moments was as$ign

, (5.28)
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Figure 5.17: Deviations for the Collins (upper panels) and Sivers (Ipaerels) moments extracted for
the two beam helicity states.

5.5.5 The Transverse Magnet Correction methods

As discussed in Section 4.2.5, the target magnet surrogrldestorage cell provides a holding
field which defines the polarization axis. While a holding fiptallel to the lepton beam has
no effect on the beam and a marginal effect on the scattemidlpdrajectories, for a trans-
verse holding field different effects have to be taken intoaat. Since not only the beam but
also the scattered particles are deflected, the recoredrpetrtial particle tracks in front of the
spectrometer magnet do not yield the correct vertex positand scattering angles when they
are extrapolated into the target cell by a straight line.

As discussed in Section 4.3.2, at HERMES two alternativeneffliransverse Magnet Correc-
tion (TMC) methods were developed [Aug07]. These methodest faferred to as TMC1 and
TMC2, are not both available for all the data productions. antipular, concerning the data
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productions used in the present analysis, only the TMC2 ndethavailable for 02c0 and only
the TMC1 is available for 03¢0, while both methods are avéslédy 04c0 and 05cO.

In order to test the compatibility of the two methods, the {Dslbnd Sivers moments were ex-
tracted from the merged 04c0 and 05c0 data samples, analyttetthe two different correction
methods. The comparison is shown in Figures 5.18 and 5.1&héunweighted Collins and
Sivers moments, respectively. No systematic shifts arerobd between the two set of results.
As a consequence no systematic error on the Collins and Sihargents was assigned due to
the choice of the transverse magnet correction method.

5.5.6 Fake asymmetries

In order to study the impact of other instrumental effectsh@nextracted azimuthal moments,
fake asymmetry amplitudes were investigated. To this mepthe data collected during the
2004 period with unpolarized deuterium target, correspantb roughly one third of the statis-
tics of the 2002-2005 transverse data set, was analyzedasymemetry amplitudes were then
extracted by assigning the target spin polarization radgamthe interval[—1; 1] and using the
standard 6-parameters PDF maximum likelihood fit (cf. e§r2§)).

The results are shown in Figures 5.20 and 5.21. As expectgatatistical fluctuations around
zero are found for both thén(¢ + ¢5) andsin(¢ — ¢5) modulations. The overall amplitudes,
obtained integrating over all kinematic variables, wenenit to be consistent with zero within
the statistical uncertainty for both modulations. Therefoo systematic error originating from
fake asymmetries was assigned to the Collins and Sivers memen

5.5.7 Radiative effects

Real photons can be emitted in the scattering process eittirelincoming lepton (initial state)
or by the scattered lepton (final state). Since these phatmg a certain fraction of the lepton
momentum, QED radiative effects influence the event kingsatn particular, not only the
and(? variables are affected, but also the azimuthal anglasd¢g, since the virtual photon
momentum defines theaxis of the coordinate system in which these angles areledd (cf.
Figure 3.11). As a consequence, in order to restore theat@vent kinematics, the momentum
of the lepton either before and after the scattering has twhected by the momentum of the
real photon.

The PHYTIA Monte Carlo generator (cf. Section 6.2) allowstrs, for each event, the four-
momentuny,., of the radiated photon. One can then correct the four-mamewof the virtual
photon using the relationj.,.. = k — k' — ¢.ea1, Wherek andk’ are the four-momenta of the
incoming and scattered lepton, respectively.

This approach was adopted in [EIS06] to estimate the inflr@fiche radiative effects on the
extracted Collins and Sivers amplitudes for charged andaeguibns. Correction factors of the
order of a few percent( 5%) were extracted for each kinematic bin [Els06].

Based on these results, a more conservative approach wasubedpresent analysis, which
consisted in accounting for a glohb&l systematic uncertainty due to the radiative effects.
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Figure 5.20: Fake Collins asymmetries extracted from the data collected invdff04n unpolarized
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Figure 5.21: Fake Sivers asymmetries extracted from the data collecte@4nvdth an unpolarized
deuterium target. The target polarization was assigned randomly betivesid -L. The extraction was
performed with the standard 6-parameters ML fit (eqn. (5.26)).
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5.5.8 Systematic uncertainties: a partial estimation

In the previous sections, three sources of systematic tamcges were identified for the ex-
tracted Collins and Sivers moments:

- Contributions from the azimuthal modulationss(¢) andcos(2¢) (from the unpolarized
cross section) angln(¢) andsin(2¢) (from the cross section terms arising from the lon-
gitudinally polarized target) (cf. Section 5.5.1)

- Contributions from the use of three different invefaamatrices for the hadron identifica-
tion with the RICH (cf. Section 5.5.3)

- Contribution from QED radiative effects

The three contributions above were summed in quadraturettargoverall systematic uncer-
tainty in each kinematic bin. Figures 5.22 and 5.23 show thiinSoand Sivers moments

together with the error bands representing the systemagtertainties included so far. These
systematic uncertainties are however only partial. Antaathl (dominant) contribution, aris-

ing form the acceptance studies reported in Chapter 6, has takien into account to get the
total systematic uncertainty (cf. Section 6.9).

Besides the contributions listed above, another sourcestésyatic error has to be taken into
account which arises from the uncertainty in the measureonfehe target polarization.

The average transverse target polarization for the datagaderiods considered in the present
analysis was estimated to be (cf. Table 5.4):

(P,) = 0.726 + 0.053 . (5.29)

Since(P,) enters as a global factor in the expression of the targetsgyimmetry (cf. eqn. (5.15)),
its error generates an overall scale uncertainty on theaebl asymmetries. The scale uncer-
tainty was evaluated as:

Amin - Ami Amax - Ami
Spoy = MAX | d‘; | all 7.9% (5.30)
Amid Amid
where:
A A A
Ami = 75\ Amin = 5\ . Amax = TN 531
1T (P) (P,) + error (P;) — error (5-31)

and A is the bare cross section asymmetry (eqn. (5.16)). Acting glsbal scale uncertainty,
i.e. with no kinematic dependence, this contribution wasmduded in the computation of the
systematic errors discussed above.
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Figure 5.22: Unweighted Collins amplitudes extracted from the full HERMESterse data set with
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Figure 5.23: Unweighted Sivers amplitudes extracted from the full HERM& B verse data set with the
standard 6-parameters ML fit (egn. (5.26)). The yellow bands reptéise systematic errors including
the contributions of theos(¢), cos(2¢), sin(¢) andsin(2¢) azimuthal modulations and those due to the
choice of the invers@-matrix for the hadron identification with the RICH.
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CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

5.6 Isospin relation for the extracted azimuthal moments

An important consistency check for the extracted Collins 8ivérs amplitudes consists in the
fulfilment of a symmetry relation which reflects the isospymsnetry of the pions triplet.
Besides the factorization of the semi-inclusive cross sacthe derivation of this relation re-
quires that isospin and charge conjugation symmetry hottienfragmentation process. One
thus only needs to consider the two independ@nredandunfavorediragmentation functions
(cf. egns. (3.52-3.53)) and the following isospin relati@ween the fragmentation functions:

1 .
FFT™ = §(FFHr+ + FFI™™) (5.32)

In addition, the reasonable assumption that contributitome the sea quarks are negligible at
the HERMES kinematics is required. This assumption is supddsy the HERMES results
on the longitudinal polarizations for the sea quarks; (s and As/s) [AirO5b]. Under these
assumptions, the,, , -weighted Collins and Sivers moments (3.92-3.93) for thedlpion types
can be written in the form:

ot L1(1)
P 451,6 + 5d 6d + 45u nfav
ZMﬂ--O- UT (4U =+ d)Dl,fav (d + 4U)Dl,unfav
P ™ a6u + 0d)H- Y+ (8d + 46u)H;- Y
ZMW* ur (4u + d)Dl,unfav (d + 4U)D1,fav
0 - — 1(1) 1(1)
P 4du + 6d + 6d + 46u) (Hy oy + Hy oo
< o sin(g + ¢s>> ~ Ko ; DO i) 5 55
ZMWO UT (4U +d+d+ 4U>(D1,fav + Dl,unfav)
PhJ_ . . ™ . (4f1LT(1)u ‘|‘ f#l)J)Dl,fav ( L(l)d + 4flT )Dl unfav
ThLsin(g— gg) ) = Ks - . (5.36)
UT (4U + d)Dl,fav (d + 4U)D1 unfav

P T 4 L(D)u 1(1)d Dy untan 1(1)d 4 L()a Di
<£Sin(¢—¢s)> = oI Prasin 2 M D (.7

ur i (4u + J)Dl,unfav + (d + 4a>D1,fav
0 1 @
i sin(¢ (b ) = (4fL(1 + f#l)(i—i_ flLT(l)d + 4f#1) )(Dl,fav + Dl,unfav)
=M i UT (4u +d + d + 44) (D1 fav + D1,unfav) 7

(5.38)

where - and g are kinematic factors common to all the Collins and Sivers ents) re-
spectively. Combining eqgns. (5.33-5.35), the followisgspin RelationIR) results for the
P; -weighted Collins moments [MakO03]:
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T

+ -
' P . s P . g
T RPni/zMy-sin(tés) — <—ZZ\ZL sin(¢ + ¢S)> +C <Z]\Zl sin(¢ + ¢S)> -

Tt UT UT

70

(14 C)<§\ZL sin(¢ + ¢s)> =0. (5.39)

w0 UT

The coefficientC' arises from the spin-independent distribution and fragatem functions
appearing in egns. (5.33)—(5.35) and can be expressed aothpact form

4
c-ntr (5.40)
447rn
where
d =+ 41_1, Dl unfav
= _ d = d . 541
" u+ 3d a " D fay ( )

A similar IR exists for the Sivers moments, which can be d&tigombining eqgns. (5.36)—(5.38):

ot T

+C <PM sin(¢ — ¢S)> -

, P
TRPhL/zMsin(¢=os) = [ ZhL & in e
SIH(Qb ¢S) M oT

zM

ur

70

Pni .
(1+ C)<ﬁ sin(¢ — ¢S)>UT =0. (5.42)
The validity of the IR is unaffected by a convolution intelgraer the transverse quark and pion
momenta. As a consequence, it also holds for the unweight#ih€and Sivers moments:

TR™#%05) = (sin(¢+ 6)) o+ C (sin(6 £ b)) frr — (14 C) (sin(¢ £ 65))fr = 0. (5.43)

More in general, it has been shown [Die05b] that the isospmnsetry relation is valid for
any single-spin or double-spin asymmetry in semi-incleddS at twist-two and twist-three
and in leading and next-to-leading orderinwhen the coefficient’ (5.40) is replaced by the
unpolarized cross section ratio for semi-inclusive negadind positive pion production:

C =0l /ofy - (5.44)

In the present analysis the coefficiéhtvas extracted using the mean values of the multiplicities
M for positive and negative pions measured on a proton tatg¢ERMES:

C~ (M)™ /(M)™ =0.723 £ 0.005 . (5.45)

5These multiplicities are corrected for the smearing and radiative effedtathe contribution from exclusively produced
vector mesons [Hil05].
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For the calculation of the Isospin Relation, the averagedit@odnd Sivers moments extracted
with the 2-parameters ML fit (cf. eqgn. (5.24)) were used,diied:

TRS@+es) — 0.0045 + 0.0064 , (5.46)

TR¥™(9=9s) — 0.0016 + 0.0066 , (5.47)

where only statistical uncertainties were taken into antofis shown in Figure 5.24, the IR is
fulfilled within the statistical uncertainty for both the ok and Sivers moments.

: Unweighted amplitudes 2002-2005 data

= ® Collins . 2 par. ML fit
£ A Sivers !

? —:—I—

—i

R R A R B R
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Isospin Relation

Figure 5.24: Isospin Relation for unweighted Collins and Sivers momentgatéegover the full kine-
matic range.

The Isospin Relation can also be evaluated in the individiradrkatic bins. The kinematic
dependence of the IR for both the unweighted Collins and Sisements is shown in Fig-
ure 5.25. Reflecting the values obtained with the overall muasmehe values of the Isospin
Relation are compatible with zero for both the unweightedi@®thnd Sivers moments.
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Figure 5.25: Isospin Relation for unweighted Collins and Sivers momenttuast#on ofz, z and P, | .
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The IR was also studied for the, , -weighted moments (cf. egns. (5.39) and (5.42)). The
results for the Collins and Sivers moments integrated owerfull kinematic range are listed
below and shown in Figure 5.26):

TRPwi/2Mu sin(é+6s) — (). 0915 4 0.0494 (5.48)

[RPn/2M sin(0=65) — 0,0018 + 0.0073 . (5.49)

A fair fulfillment is obersved for the Sivers moments while evition of less thafo is ob-
served for the Collins moments. The results in the differemematic bins are shown in Fig-
ure 5.27.
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Figure 5.26: Isospin Relation for thg, | -weighted Collins and Sivers moments integrated over the full
kinematic range.
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5.7 The contributions from exclusively produced vector mesons

In deep inelastic scattering, the incoming lepton intexagth a quark of the nucleon through a
virtual photon exchange. The virtual photon, however, dao #uctuate into a quark-antiquark
pair. This pair can live long enough to develop into a hadratate which then interacts with
the nucleon. This interaction between the hadronic commooiethe photon and the nucleon
can only be described phenomenologically in terms of moideleadron-hadron interactions.
One such model is the well known Vector Meson Dominance (ViiDYel [Sak69], which de-
scribes successfully the experimental data over a widegggmange. In this model, the hadronic
component of the photon is interpreted in terms of fluctuntioto the vector mesons, w and

¢, carrying the same quantum numbers as the photon. Thergogtpeocess then factorizes
into the coupling of the virtual photon to the vector mesod #me interaction of the vector
meson with the nucleon. This model is implemented in the PMTMonte Carlo generator
(cf. Section 6.2).

The pion and the kaon samples of semi inclusive deep inelaséttering events detected at
HERMES contain decay particles of exclusively produced areniesons. For the interpre-
tation of the measured azimuthal moments in terms of quastillitions and fragmentation
functions, these events might be considered as backgraamdlutions. These contributions,
however, cannot be excluded entirely from the analysisesidae to the limited acceptance of
the spectrometer, not all the decay particles producecesetlevents are observed.

Regarding the decay particles of exclusive vector mesons@gybound contributions to the
semi inclusive DIS sample, one can, in principle, correetrtteasured asymmetry amplitudes
Aneas Using the relation:

A o NtotA NV]MA - 1 fVM
corr — xr “lmeas T Tr7; “AVM—-h — 7 5  4lmeas — T 5
1= fvm

Avyon - 5.50
Nsig Nsig 1_fVM VMR ( )

Here fy 1, is the vector meson fraction, defined as the ratio betweemuth#er of hadrons from
vector meson decay$y ,, and the total number of hadrong,;, and /N, denotes the difference
betweenV,.,; and Ny ,,. Two different sources contribute to the amplitudle,,_., of the decay
particles: any Collins or Sivers like asymmetry amplitutle,; in the vector mesons production
partially transferred to the hadron, and a spurious asymyrrethe detected hadrons, introduced
by the decay angular distributions. In general, the asymnaebplitudes of the decay particles
can be expressed as:

Avii—n =T - Avar + Adecay (5.51)

whereT’ denotes a transfer coefficient which describes how mucheofdlotor meson asymme-
try amplitude is transferred to its decay particles. Forraemtion of the measured asymmetries
one thus needs four quantities: the vector meson fragtjgn, the transfer coefficiert’, the
asymmetry amplitudel, ,, of the exclusively produced vector mesons, and the asymraetr
plitude Aq4ecay acquired in the decay process. An intense work has been doftesi06] to
extract these four quantities.
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The total (i.e. including the contributions fropd, w and ¢) fractions of pions and charged
kaons produced in vector meson decays simulatated by thélPYMonte Carlo tuned to the
HERMES kinematics, are shown, as a function:pf andP,, | , in Figure 5.28.
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Figure 5.28: Fraction of pions (upper panel) and charged kaonsr(jmavel) produced in vector meson
decays simulated by PYTHIA.

An increase of the vector meson fractions with decreasimgyobserved for all hadron types.
The fractions, which are dominated by excluspfedecays, also increase with increasing
reaching values of abodt% for = > 0.7. This is the reason why the higheregion was lim-
ited by the cu0.2 < z < 0.7 (cf. Section 5.3.3). Except for the higheregion, the fractions
stay belowl0% for charged pions, and beloW; for neutral pions and charged kaons.

The decay particles from exclusive vector mesons are eggécinfluence the extracted Collins
and Sivers amplitudes. With the help of Monte Carlo simutajahe transfer coefficients
for charged pions coming from exclusiy® decays, and for neutral pions coming from exclu-
sive w decays, were determined in [EIs06]. In addition, Collins &nkrs like asymmetries
were extracted from the HERMES data for both exclugivenesons and their decay pions.
In both cases the obtained amplitudes were found to betstalig consistent with zero. Fur-
thermore, significantly positive amplitudes were extrdd®m azimuthal asymmetry in the
yield difference of positive and negative pions, which hagontribution from exclusive vector
mesons [EIs06]. All these studies led to the conclusion d¢ima& can safely assume that ex-
clusively produced vector mesons do not significantly affee extracted Collins and Sivers
amplitudes. This assumption is also supported by the fulitit of the Isospin Relation, shown
in Section 5.6.
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Chapter 6

Monte Carlo studies

Due to the complexity of the experimental apparatus and efpltiysics processes involved,
Monte Carlo simulations represent nowadays an indispeasabl in nuclear and high energy
physics. Based on models and parameterizations, they alleiwnulate, on a statistical basis,
many aspects that can not be calculated in an analytical nwayreat are necessary for a com-
plete understanding of the physical problems under study.the analysis presented in this
thesis, Monte Carlo simulations were used to estimate thadigf the limited resolution and
geometrical acceptance of the HERMES detector on the mehasyenmetry amplitudes.

6.1 The HERMES Monte Carlo Implementation

The HERMES Monte Carlo consists in a chain of programs that peeated in the order de-
scribed in Figure 4.24. The chain starts with a physics gaaerbuilt within a general frame-
work called GMC (Generator Monte Carlo). Several event geoes are available which are
suitable to simulate different aspects of the HERMES phy&xslusive processes, deeply vir-
tual Compton scattering, transversity, etc). Usually, teeegated events come with a weight
W].M ¢ which is needed to reproduce the cross section correctly.efiective number of events
Ny is then given byN,,c = Zj\’gi" WM, whereN,., is the number of generated events.
For a reasonable comparison with experimental data, fuetfects have to be simulated which
are inevitably introduced by the measuring process. Firatlpdue to the limited acceptance
of the spectrometer, only a fraction of the produced pagittaverse the active area of the de-
tector. These particles interact with the detector mdtba#ore their kinematic properties are
measured. As a result, the original energies and anglesdfdbks are affected. In addition,
one has also to take into account the intrinsic inefficienoiethe detector, like the limited de-
tector resolution, misidentification of the different peld types, etc.

All these effects are simulated by a program called HERMESteI@arlo (HMC), which con-
tains a model of the HERMES apparatus based on GEABTu84]. For each particle, the
transition through the detector is simulated taking intcoamt the interaction with the materi-
als it traverses. The HMC produces a response function wiatry similar to that for the real
data, except that it contains additional Monte Carlo infdfarasuch as the particle type and
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the originally generated particle kinematics.

Alternatively, one can use the much faster HERMES Smearimg@¢or (HSG) [Hil05], which,
being based on a parametrization of all smearing and acuapeffects of the detector, does
not require the time consuming full track reconstructiorotigh the detector materials. HSG
makes use of the momentum resolution and of the resolutitimecdcattering angles, andd,
obtained from a fully tracked Monte Carlo production, to sntea kinematics of the generated
tracks on a statistical basis. It also applies some acceptauts based on lookup tables for the
bending into the magnet field. The HMC and HSG outputs are i@ttty into the HERMES
Reconstruction program (HRC), which determines the partidenenta from the bending in
the magnet by matching the back and the front part of eachk.tri&¢s important to note that
this is exactly the same program used for the reconstructidhe real data. Since the event
reconstruction is identical for both experiment and sirhaig all possible biases introduced at
this stage are automatically accounted for. Once the trafckmation is available, a DST file
very similar to that produced by the experimental data eiog chain is written.

6.2 The PYTHIA Monte Carlo generator

PYTHIA [Sjo03] is a general purpose Monte Carlo generatotigh energy physics. It con-
tains a model of soft (non perturbative) as well as pertirbakeeply inelastic scattering process
and spans the whole region from real and quasi-real phatotion (very lowQ?) to high Q?
DIS. PYTHIA also includes a model for the semi-inclusivesg@ection. In particular, for the
hadron fragmentation it makes use of the LUND string-fragtagon model [And83, And97]
(cf. Section 3.7). The events generated by PYTHIA are psemdy the HERMES Monte
Carlo (HMC) for the track reconstruction. The PYTHIA defaudttengs, mostly determined
from e*e~ data, do not describe the HERMES data sufficiently well. Tioeesthe parameters
involved in the description of the cross sections impleradnh PYTHIA were tuned to the
HERMES kinematics to reproduce the measured multiplic{ti#=04]. Figure 6.1 shows the
distributions of selected DIS and SIDIS kinematic variaglibtained from real events and from
events generated by PYTHIA. The comparison reveals a vesg ggreement.

In the present analysis, the PYTHIA generator was used tergéna sample of events accord-
ing to the Born (spin-independent) cross section. As desdnib Section 6.5.1, the latter was
used to project idr the Collins and Sivers moments extracted within the HERME$atence.

6.3 The GMC_TRANS Monte Carlo generator

Since HERMES is not dr detector, and thus can not cover the il ¢5 plane (see Fig-
ure 5.6), acceptance effects might affect the extractiaghe&zimuthal (e.g. Collins and Sivers)
moments. Moreover, in order to solve the convolution iriégim eqgns. (3.86) and (3.87), one
needs in principle to integrate over the whole range of trars® momentum. However this is
experimentally not possible. A new Monte Carlo generatdieddGMC_TRANS, was devel-
oped in order to simulate azimuthal distributions due tdnsic transverse quark momenta and
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Figure 6.1: Comparison between the distributions of selected DIS and &ibé®atic variables ob-
tained from real events and from events generated by PYTHIA.
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to study such kind of effects.

To accomplish the demand of a fast Monte Carlo, the track sgoaction is performed through
the HERMES Smearing Generator (HSG). The model parameteestureed in such a way that
the extracted asymmetry amplitudes are comparable to thdsscted from experimental data.

6.3.1 The models

In GMC_TRANS, different models for the andz dependencies of the transversity, Sivers and
Collins functions are available [Mak03]. In these models, first moments (i.e. integrals over
the intrinsic transverse momenta) of the distribution agmentation functions are constructed
proportional to the spin independent distribution of fragration functions;(z), Ag(zx), or

D (z) (cf. Table 6.1). The latter, in turn, are based on leadingiopdrameterizations based on
fits to world data. It is worth noting that neither the unp@ead cosine moments (cf. egs. (3.66)
and (3.67)) nor the QED radiative effects (see Section babeZimplemented in GMO RANS.

For the Monte Carlo studies reported in this section, twaeddht versions (later referred to as
GMCT1 and GMCT2) of the GMCTRANS generator were used. These two versions have
different ranges for the relevant kinematic variables aifférént models for the Sivers func-
tion. In particular, while the anti-quarks Sivers functisrset equal to zero in one of the two
versions, a non-vanishing Sivers function for the antirgsas implemented in the other. Fur-
thermore, depending on the version used, the mean V&g, which is always assumed to
be independent of the quark flavours, is chosen to be depeademnlependent of. Table 6.1
summarizes the main settings of the two versions used. Ttanedrization of the spin in-
dependent fragmentation functions, taken from [KreOdfjlfisospin and charge conjugation
symmetry, leaving three independent fragmentation fonsti favoredfav), unfavored (nfay)
and strangeq) (cf. Section 3.7.1). In addition, unfavored and stranggiinentation functions
are equal in the parametrization. The first moments of thar@dilinction are constructed pro-
portional to the spin-independent fragmentation functiotih a coefficient for the unfavored
fragmentation function twice as large as for the favoured and with opposite sign (cf. Ta-
ble 6.1). The current versions of GMTRANS allow to have only pions as final state hadrons.
In the studies presented in the following sections, onlyctirged pions will be regarded.

6.3.2 The skewed Gaussian ansatz

In GMC_TRANS thep?. (KZ%) dependence in the quark distribution (fragmentationgfioms is
factorized and a Gaussian distribution for the transverm®enta is assumed (Gaussian ansatz).
Under these assumptions the unpolarized distribution eaghfentation functions can be ex-
pressed as:

Q(CU,P%) = Q(x)me (pZ () (61)
Dy(z,K7) = Dl(z)me_“%z” , (6.2)




6.3. THE GMCTRANS MONTE CARLO GENERATOR

GMC _TRANS settings

Version GMCT1

|

Version GMCT2

Distribution Functions (s., =

du(x) = 0.7 Au(z)

0d(x) = 0.7 - Ad(x)
0gsea(w) = 0.7 - Agsea(w)

fT“( ) =03 u(z)
) 0.9 - d(x)
e ()

“(z) = 0.0

—0.6 - u(z)
d(x) = 1.05 - d(x)
#}sea () = 0.3 - gseal)

Fragmentation Functions

1(1
J{L}QL( ) = 0.65- Dy fau(2)
1(1)

Hl,unfav( ): —1.30- D, unfav( )

Hl,unf(w(’z) =

L
=0 B
J~(1) —1.30 - DLunfa'U(z)

Transverse momentum mean values

2(pp) + (KF)
K2) = 0.18 GeV?

(P}%J_(z»
((r7) = ¢

(P (2)) = 22(p7) + (K7(2))
(K2) z-dependent

kinematic ranges

Q? > 1GeV?
0.023 < zp; < 0.4
y < 0.85
W2 > 10 GeV?
z>0.2

Q? > 0.9 GeV?
0.02 < zp; < 0.5
y < 0.99
W2 > 4 GeV?
z > 0.18

Table 6.1: The main settings of the two versions of the GIWRANS generator.
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whereq(z) and D;(z) are the well known transverse momentum integrated spiegieddent
distribution and fragmentation functions and:

) | @prpra(z, p}) ) J @Ky K7Dy (2 K?)
pr(x)) = , Ki(z)) = 6.3
(¥ (@) e (K} () D) (6.3)
Similar expressions hold for thie'2-moments of the Sivers and the Collins function:
2
1(1/2) _pr| 0 _prl L 1 ok
fir 7, p7) = o it (@ ) = BYYi 1#(@@6 #r ) (6.4)
g 2
1(1/2) 272\ — |kT’ 1 272\ kr| 1 1 — k5
Hl (Z,Z kT) 2MhH ( kT) - 2_MLH1 (Z)W22<k2>e *1 ) (65)

where the usual relatiofi”T = —zET was used.
However, when the egs. (6.1)—(6.5) are inserted into thaiyibsconstraints [Bac00, Bac04]

1
P @, ph) < 54(@,pr) (6.6)
1
H Y92, 20) < SDi(=,2°K3) 6.7)
one obtains:
P k
Wil gy <) Blac) <o) ©.8)

which, due to the explicit dependence |ph| and|kT| of the left-hand sides, cannot ensure the
fulfilment of the positivity bounds without applying unpsigal cut-offs in|pr| and|ET|.

This problem can be solved by using a modified version of é€4) @nd (6.5), which allows
for smaller widths of the quark transverse momentum distidins €kewed gaussian ansatz
[Bac04]:

2

1 R du—
Lg Lg (1=Cs)(p2.(2)) 6.9
z,p T e T .
1T( T) 1T( )77'(1_05)@?%(13» ( )
1 - k% 2
Hi(z,2%k7) = Hi (2) e (-t (6.10)

72 (1= C) (k)

whereC,. andC are twoskewednesgarameters defined in the rangge< C..,C; < 1. In the
limit C' — 1 the transverse momentum distributions reduce to a Dirda fi@hction, while in
the limit C' — 0 one recovers the linear, i.e. unbound, (kr) dependence. With this new
parametrization the positivity limits read:

2 2

|Pr| e W@ (6.11)

—_
—_

b~
N

e (1-Ca)h@) < —

7 @) o T 1= ) 21 @)
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— k2 k‘2
Hi(2) bzl ! e e < Lpy— L wh (6.12)
VYoM, w221 — CL) (k3 2 m22(k2)
whence
|pT| —ae >% q(x) kr| T k2T Dy (2)
@ < M d e < M, . (6.13
1—c° T S A ey O

These inequalities can easily be fulfilled for a reasonahl@ce of the skewedness parame-
tersC, andC.. In particular, it has been shown [Bac04] that small skewsslimrameters
(C. = C, = 0.25) are sufficient to bound the functions. Very large valuesheke skewedness
parameters would limit the range of the intrinsic momentwepahdent functions to quite un-
physical values.

With the skewed Gaussian ansatz for the(kr) dependence of the Sivers (Collins) function,
one can solve analytically the convolution integral inemin the Sivers (Collins) term of the
cross section (cf. egs. (3.79) and (3.80)), yielding resyelg [Bac04]:

| sttt ) Dute, ) P | -

Lag,y . Y |]3hl| ) (1_08)<pi2r> Cexn| — Pi?J_/ZZ

(@) D) s Ty 1 (1= O GEIP p{ <k%>+<1—cs><p%>] - (614
T o e ) | =

—8q(z) - Hi (z) -

P (-Cok) I P2, )22
Mymz8 [(p3) + (1 — Co) (k2)]2 p[ ARGy <k%>]. (6.15)

6.3.3 The implemented asymmetries

The main advantage of using the Gaussian ansatz is thabwsatb calculate the asymmetry
amplitudes analytically for all the generated events. €hedues, which we calmplemented
asymmetriescan then be compared with tegtracted asymmetriggbtained applying the stan-
dard fit procedure described in Section 5.4 to the MC evemesteel by the analysis program
(see Sections 6.4.3 and 6.4.4).

The unweighted and, | -weightedimplemented asymmetriage calculated according to

1 VE (-0 apBO) Y, s H V()

My 2 /I —C)k2) + 2y =AW X, e2q(x)Di(z)
(6.16)

<sm(qb—|—¢ )>h1mplem _
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2(sin(¢ — ¢ )>h7implem — _iﬁ (1-Cy){p7) _ %34214(3/) Zq 62 #1/2)7‘1(3;)1711(2)
ot M2 A= + ) AW Y, e2q@)Di(z)
(6.17)
[Pucl rimlen (1 C(k) w2 BY) By eda(e)Hy M (2)
2< o s1n(¢+¢s)>UT =" AW Y, Sl (6.18)

P . hamplen (| _ 02y AW X, e fid (@) Di(2)
oS miomen) - e 619

and stored for each event In order to compare them with the correspondaxfracted asym-
metriesin a given kinematic bin, thenplemented asymmetribave to be averaged over all the
events (V,,) in that bin:

>, 2sin( = 6s)) iy

2(sin(¢ + ¢S)>’g;;?mlem — ~

(6.20)

Similar expressions hold for th&,  -weighted asymmetries. Theplemented asymmetries
are integrated oveP, , and therefore can not be compared to¢leacted asymmetries the
individual P,, bins. To this purpose the&,  -dependent cross section ratios have to be used
instead.

6.3.4 The comparison Data-GMCTRANS

In order to test the reliability of the GMTRANS Monte Carlo in reproducing the experimen-
tal results, the asymmetry amplitudes extracted from theQGIVRANS events generated within
the HERMES acceptance were compared with those extractextifr® experimental data. The
comparison plots are shown in Figure 6.2. Here the Collinstaadsivers moments extracted
from the experimental data are reported together with tkeatacted from the two versions of
GMC_TRANS. For this comparison the same number (2) of fit pararadtas been used for
the three cases. Although the Collins amplitudes extracted IGMCT1 (open triangles) and
GMCT2 (open circles) are substantially different (thoseanted from GMCT2 are systemat-
ically lower than the others), they are both reasonably aiible with the experimental ones
(full squares) for both positive and negative pions. In casti none of the two GMO RANS
versions reproduces the experimental Sivers amplitudgsaitive pions. Both the simulated
Sivers amplitudes are indeed systematically smaller tharexperimental ones. This is espe-
cially true for those extracted from GMCTL1, where a zero Sifanction for the sea quarks is
implemented. All the Sivers amplitudes for the negativenpiare compatible with zero.
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Figure 6.2: Unweighted Collins (upper half) and Sivers (lower half) mdefem 7=+ (upper panels) and
n~ (lower panels) extracted from the full HERMES transverse data dés¢fuares), and from the two
GMC_TRANS versions GMCT1 (open triangles) and GMCT2 (open circlesg a&lerage kinematics of
the bins has been slightly shifted to accommodate the three sets of results.
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6.4 Study of acceptance and smearing effects: a qualitative approach

The studies presented in the following sections were perdadrin order to estimate the impact
of the acceptance and smearing effects on the extractech€altid Sivers moments. To this
purpose, different categories of Collins and Sivers asymesetvere extracted and compared
for both the unweighted and th¥, , -weighted cases. These categories originate from the com-
binations of three different Monte Carlo event samples arddifferent extraction methods:

MC event samples:

- generated event&SMC_TRANS events generated4m with the original (i.e. unsmeared)
kinematics;

- generated events in acceptand8MC_TRANS events generated within the HERMES
acceptance with the original (i.e. unsmeared) kinematics;

- reconstructed event<GMC_TRANS events generated within the HERMES acceptance
with smeared (HSG) kinematics.

Extraction methods:

- implemented asymmetrieasymmetries implemented in GMTRANS, calculated and
stored for each event (see Section 6.3.3);

- extracted asymmetriesasymmetries extracted from the GMIRANS events with the
'standard fit method’ (see Section 6.4.1);

The comparison between the asymmetries obtained femonstructedand generated events
allows to study the impact of the instrumental (detectoeptance and smearing) effects, while
that betweemmplementedndextracted asymmetriedlows to test the extraction method.

6.4.1 Fit methods comparison

The comparison studies mentioned above were repeated tlorth® GMCTRANS versions
(GMCT1 and GMCT2) described in Section 6.3.1 and making usetf the fit methods (LS
and ML) described in Section 5.4. In particular, since ohly €ollins and the Sivers effects are
implemented in the GMO RANS generator, there is no need to include in the fit the folr a
ditional sine moments appearing in egn. (5.26). As a resiNttwo parameters, corresponding
to the Collins and the Sivers amplitudes, are used in the Mlwfiile an additional constant
term is included in the LS fit. Since no implementation exstthe moment for thé;, -
weighted asymmetries in the maximum likelihood fit, theseehanly been extracted with the
least square fit. The unweighted Collins and Sivers asymnaatiylitudes extracted with the
two different fit methods from the GMCT@eneratedreconstructel events are compared in
Figure 6.3 (6.4). The two sets of results are in a very goodeagent. A similar agreement is
observed using GMCT1.
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Figure 6.3: Unweighted Collins (upper half) and Sivers (lower half) mdefem 7=+ (upper panels) and
7~ (lower panels) extracted from the GMCT2nerated eventwsith ML fit (open squares) and LS fit
(full triangles).
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In the studies reported in the next sections, the ML fit wiNays be used for the extraction of
the unweighted asymmetries and the LS fit for the extractidheoP;, |, -weighted asymmetries.

6.4.2 The smearing effects

The contribution due to the smearing effects can be evaluateomparing the asymmetry am-
plitudes obtained from theeconstructed eventsith those obtained from thgenerated events
in acceptanceAny difference between the two sets of results can only tséated to the ac-
tion of the detector smearing on the event kinematics. ksicttmparison, the GMCT2 version
of GMC_TRANS was used. The results for the Collins and Sivers momeatsteown in Fig-
ures 6.5 and 6.6 (upper plots), respectively, together thigicorresponding differences (lower
plots). Except for the highestbins, whose events are not accounted for while projectirig o
the other variables (cf. Section 5.3.3), the differencesaatively small in the whole kinematic
range. These differences are considered as a source ahsygtencertainty and are accounted
for in the evaluation of the global systematic error (sediSe®.9).

6.4.3 Acceptance effects: the unweighted asymmetries

As discussed in Section 6.4, the differences betwgsreratedandreconstructed eventsig-
inate from both the acceptance and the smearing effectsurd=1§7 reports the comparison
between the unweighted Collins and Sivers moments extrdoted the GMCT1generated
andreconstructed event3 he plots show a relatively good agreement in most of therkitic
bins, thus leading to the conclusion that acceptance andramgeeffects are relatively small
(< 10%). Significant differences are only observed as a functioR;of for both7* and=~.
This result fully agrees with that of an equivalent studyoréed in [EIS06], where the same
version of GMCTRANS was used. These figures also show the correspomuipigmented
asymmetries The differences betwedamplementedand extracted asymmetriesre relatively
small for bothgeneratedandreconstructed eventg he latter result ensures that the extraction
method has been implemented correctly and does not inteaglug significant bias.

A similar comparison study was performed for the first timengshe GMCT2 version of
GMC_TRANS. As discussed in Section 6.3.1, this version is expkictée more reliable since
it not only uses a non-zero Sivers function for the sea guatksalso includes the z-dependence
of (K%). The comparison plots for GMCT2 are shown in Figure 6.8. Caiftre the previous
comparison (based on GMCT1), this comparison shows unexgigdarge differences between
the asymmetries extracted frayenerated eventnd those extracted froraconstructed events
These differences are particularly pronounced for the @®linoments forr™, for which they
are estimated to be, in the average, of the ordédf. Significant differences are also observed
betweenmplemente@&ndextractedasymmetries for theeconstructed events
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6.4.4 Acceptance effects: the,, | -weighted asymmetries

A similar study was done for the,, , -weighted asymmetry amplitudes. Timeplementednd
the extracted asymmetriesbtained fromgeneratedandreconstructed eventse compared for
both the GMCTRANS versions in Figures 6.9 and 6.10, respectively. Asaalyefound in
[ElsO6] with GMCT1, large differences are observed for theli@®@imoments. Even larger dif-
ferences are observed when GMCT?2 is used. In both cases (GMGITGMCT?2) the absolute
values of the Collins and Sivers amplitudes extracted fraamgbonstructed eventge system-
atically lower than those extracted from thenerated evenia most of the kinematic bins.

Big differences are also observed betweenekieactedand theimplemented asymmetrigs
reconstructed event#\n exception is represented, in both cases, byPthebins, where a rel-
atively better agreement is observed. The contrast bettiearelatively good reproduction of
the amplitudes in the individudl, , bins and the large deviations observed as a function of the
other kinematic variables suggests that an insufficieegirttion ovelP;, causes the problem.
Indeed, in the former case, the integration of thg -dependent cross section is restricted to
the rather small range within each bin. However, it is ditfica interpret the results since the
deconvolution of distribution and fragmentation funcgds not achieved with an incomplete
integration over,, .

The studies discussed above show that an estimation of teptnce and smearing effects
on the extracted asymmetry amplitudes based on this meshgicbngly model dependent. The
comparisons above were only meant to estimate qualitatived impact of acceptance and
smearing effects on the extracted asymmetry amplitudesifféreht and more sophisticated
approach, aimed to extract a quantitative estimate of taffeets, was subsequently adopted,
as discussed in Section 6.5.

6.5 Acceptance studies: a more sophisticated approach

The large deviations observed between the asymmetry amde$itextracted frongenerated
and reconstructedMonte Carlo events, suggest that the effects of the HERMESpsatee
have a substantial impact on our results. In order to avaglgioblem, two alternative ap-
proaches can, in principle, be adopted: A different extoacinethod which is not influenced
by the HERMES acceptance and smearing, or an a-posteriogatan for these effects. The
first approach, which basically consists in a multi-dimenai unfolding of the radiative and
experimental effects, has already been intensively adoptélifferent analyses at HERMES
[Hil05, Mai06, Air07]. This method requires a multi-dimeosal binning of the selected events.
In the present analysis, however, this method would be pitble due to the much lower statis-
tics available for the transversely polarized target dateombination with the relatively high
number of independent variabtesThe second approach, based on an innovative method, was
then adopted, as reported in the following sections.

1The SIDIS cross section depends on six independent variables@tfos 3.7.4)).
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6.5.1 The idea underneath the method

This new method [Mil06] is based on two major steps. In the 8tsp, the full kinematic
dependence of the Collins and Sivers moments a2, ~ and P, is extracted from the real
data through a fit based on a fully differential Probabilitgri3ity Function (PDF):

f(xa Q27za PhL7¢a ¢Sa Pta ac,ags, ) =
1 + Pt : [ACOHins(I7 Q27 Z, PhJ_; aC) : Sin(¢ + ¢S)+
ASivers(xa Q27 2, PhJ_; aS) . Sin(¢ - ¢S> + :| . (621)

Here P, denotes the target transverse polarization Aggins(sivers) (7, Q% 2, Py ; ac(s)) the
Collins (Sivers) asymmetry amplitudes, dependent on the kmematic variables:, Q?, z
and P,,. A setac(s) of parameters constitute the coefficients of a four-dinaredi Taylor
expansion in the four kinematic variables (see an examleeimext section).

The second step then consists in folding these paramdterigavith the known Born (spin-
independent) cross sectiens,., = o7 (z, Q% 2, P,1), according to the following general
relation:

_ f dydzdphl 0—[%77;] (33, Q27 <, PhJ_) : ACollins(Sivers) (.T, Q27 <, PhJ_; aC’(S))

. h,4m
(sin(¢ & és)) 7 () [ dydzd Py o (x,Q%, 2, Pyi)

(6.22)
In practice, the GMCTRANS events generated #rr summed over the two target spin states
are used to reproduce the Born cross section. The foldingers éfffectively performed using
the formulae:

Nye yyyMC 2 .
Zj:l VV] ’ ACollins(Sivers) (fﬁ, Q X2 PhJ_a a'C(S))

(sin(¢ =+ o))y (v) = ~ (6.23)
i Wi
and
Nye MC P 2 .
P h.4m - 1% v A ollins(Sivers) (L y 2y P ; @
<£sin(¢i ¢s)> (x) = 2 W M CNH, iver) (2, 0 i dc(s) (6.24)
zM UT Zjﬁc W].MC

to get, respectively, the unweighted andhe -weighted Collins and Sivers moments projected
in 4. HereWJMc denote the Monte Carlo event-weightsf. Section 6.1). If the method works
correctly, these asymmetry amplitudes should correspmtitbse that one would measure with
an idealdr detector, i.e. a detector with a full coverage of the soliglanSimilar relations can
be used to project the extracted Collins and Sivers ampbtudinin the HERMES acceptance
itself. In this case the spin-independent cross sectiohinvihe acceptance can be obtained
from the GMCTRANS reconstructed evensimmed over the two target spin states.

2In the current versions of GM@RANS all the event-weights are equal to 1.
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It is important to stress that this method represents amgaidvement with respect to the stan-
dard method discussed in the previous sections. In this rakeed, one does not need anymore
to rely on a model (e.g. the GMTRANS model) for the kinematic dependence of the Collins
and Sivers moments. On the contrary, such a dependencedstextfrom the real data through
a Taylor expansion, which does not imply any physical assiomp The limits of the method
are represented by the choice of the truncation of the Tax{pansion (see Section 6.6.2), the
use of a model for the Born cross section (see Section 6.6dljh@nassumption that the kine-
matic dependence of the azimuthal moments outside the tarwepis the same as inside.
Before applying this method to the experimental data, forcwho information outside the
HERMES acceptance is available, a preliminary test was deimg ithe GMCTRANS data.
The use of the Monte Carlo, indeed, allows to test the methochlegking that the asymme-
try amplitudes extracted from threconstructecevents and folded with the unpolarized cross
section indr, corresponds to those extracted directly fromdbaerated event®\ good agree-
ment between the two would, in principle, imply that the neethivorks correctly and can thus
be applied to the real data to make an estimate of the acaeptdiiects.

6.5.2 A first attempt: the 44-parameters fit

In a first attempt, the GMO RANS reconstructed eventsere fitted by a ML fit based on a
44-parameters PDF where the Collins and Sivers kinematierdgncies are parameterized as:

ACollins(Sivers)(maQ27Zaphl;aC(S)) = a +a2-x’—i—a3-@’2+a4-z/+a5-P,’u—i—
ag - v +ar- 2?4+ ag- P2 +ag-a -2+
aw- -2 P, +ay -2 Pl +apn-2® tas-a -2
ay 2?2 +ay -2 P fag-a - PR+
CL17'Z/2'PAJ_—I—CLlS'Z,'Pf,L2J_+CL19'ZE/2'P;L2J_+

ago - 2% - P2 4ag -2’ -2 Pl ‘ag- 2?2 P, (6.25)
where:

o=z (z) Q*=Q*—(Q*) ZY=z—-{(2) P, =P, —(P.).

This PDF, proposed in [Mil06], consists of a Taylor expansid the Collins and Sivers mo-
ments performed around the average val{ies (Q?), (z) and (P, ). Its peculiar functional
form, which includes all first order terms plus a selectiorse€ond, third and fourth order
terms, was originally derived in such a way to reproduce titlekinematic dependence of the
GMC_TRANS implementedCollins and Sivers asymmetry amplitudes.

As an example, the correlation matrix for the Collins set afap@eters for positive pions is
shown in Figure 6.11. Except for a few cases, the correlataonong the 22 parameters are
relatively small. It is worth noting that a very similar patt is observed for the negative pions
and for Sivers case (not shown).
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Figure 6.11: Correlation matrix for the 22 Collins parameters:fo(GMCT2 events).

The fitted asymmetry amplitude&iiins(sivers) (2, @%, 2, Pr1; ac(s)) were then folded with the
Born cross section according to eqn. (6.23). The unweightéith€and Sivers moments, ex-
tracted with the standard method described in Section8 t#both thegeneratecandrecon-
structedGMCT?2 events (cf. Figure 6.8), are compared in Figure 6.1R thibse obtained with
the new method described above (44-parameters fit plusfphdith the Born cross section).
The Collins and Sivers moments projected within the acceptdne. folded with the spin-
independent cross section restricted to the HERMES acasgtaine also shown in the plots.
As expected, these amplitudes (open triangles) approask extracted from theconstructed
eventg(full triangles). Similarly, the asymmetry amplitudesdet with the spin-independent
cross section inlw (open squares) approach those extracted frongdmerated eventgull
squares). This is particularly visible in the Collins monsefur 7+, where the largest differ-
ences between the asymmetry amplitudes extracted gemeratedand reconstructed events
are observed. Similar conclusions can be drawn fortheweighted asymmetries, shown in
Figure 6.13. Itis important to note, however, that the dpaos of the asymmetry amplitudes ex-
tracted with the two different methods are not comparableil&¥he amplitudes extracted with
the standard method are obtained by fitting the events in kiaeimatic bin, those extracted
with the new method are obtained from a fit of the full event glenfthe kinematic dependence
of the azimuthal amplitudes being accounted for throughfuhig differential PDF) and pro-
jected in the various kinematic bins afterwards, when fajdiith the spin-independent cross
section. As a consequence, the errors of the amplitudeactett with the new method in the
various kinematic bins are fully correlated.

145



CHAPTER 6. MONTE CARLO STUDIES

= 008 f ‘
E 007 [ A 2par MLfit (GMCT2in acc.) +
& m 2par ML it (GMCT2in 41 mn
"9'_ 008 E A 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in acc.)
= 005 = O 44par ML fit (GMCT2 in acc.) + fold (GMCT2in 4m)
@ oo - s b
£ ] £ £ |
Mool S0 e % 1
002 = W - ' - A
001 s‘E 2 s + d *ﬁdf ¢ U
TR My Caa B
0 Frmmmmmmmmmmmmm- R EEEEEEE R o R -
|_ 002 : : L L L L L L L L : L L L L L L L L
=g - - T
& O ARttt Ittt
& s r r
= 002 - —aA L [
L Qi L AA L 'S
M . " - me fnﬁ'
r r 0
o~ 004 [ 5 - f#'#lll - 8
C A C C
0.06 |- - -
008 H+ r r
L ‘ L B L L L ‘ L L L ‘ L L B L L L L ‘ L L L L ‘
0 0.2 0.2 0.4 0.6 0 0.5 1
X Z P, [GeV]
= 0.1
IQ A 2par ML fit (GMCT2 in acc.) .
& 00s [ m 2par ML fit (GMCT2in 4m) Tt
é L A 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in acc.)
£ o006 L O 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in 4m) %
i i i
N gos L e 4 r :
C ke " 14#' i = r ;.
i - Am - P
0.02 r % 74@.4 N ﬁ] s J
r r roo.
S indileirinttulet it ST TITTITIT LTI
- - : e
T o0s & 3 3 )
R + - E Tt
9- | |- |-
é‘ 0.03 - n O
g | ++ g :
S 002 |- |,# (T & -
| g Fow g i
S A ME? |
o -t ERRRREE Ao R
0.01 ; ; + + ;
002 - a ++ a
|l ‘ L E | L L ‘ L L L ‘ L L = | L L L ‘ L L L L ‘
0 0.2 0.2 0.4 0.6 0 0.5 1
X Z P, [GeV]

Figure 6.12: Unweighted Collins (upper half) and Sivers (lower half) nmasierr* (upper panels) and
7« (lower panels) extracted from GMCT2 events. The amplitudes folded witpiineindependent cross
section ind (open squares) approach those extracted from the events generstd€lll squares). The
average kinematics of the bins has been slightly shifted to accommodate tisetfoof results.

146



6.5. ACCEPTANCE STUDIES: A MORE SOPHISTICATED APPROACH

0.8
A 3par LSfit (GMCT2in acc.) +
m 3par LS fit (GMCT2 in 4n) mn
A 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in acc.)

O 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in 4m) *l%

0.7
0.6
0.5
0.4
0.3

2 0P, JzM sin((p+cps)@}

0.2
0.1

>3
HH‘HH‘HH‘HH‘
5
g
"o,
-

0.1

o
b

0.1
0.2
03
0.4
05
0.6
0.7
0.8

TN i
St Mot

'y
4

Py
]

2 0P, /zM sin((p+(ps)EfJ‘T

0.4 0.6 0.5 1
X z P, [GeV]

o
o \H‘H\‘H\‘\H‘H\‘\H‘\H‘\Hl\\\‘\ HHlHH‘HH‘HH‘HH‘HH‘HH‘HH‘HH

o T T T[T T[T

—E
R [T T T T

o
N
o

o
[N

o
[
~
a1

B 3par LS fit (GMCT2 in 4m)
A 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in acc.)
O 44par ML fit (GMCT2 in acc.) + fold (GMCT2 in 4m)

A 3par LS fit (GMCT2 in acc.) T[+ %‘

o

b O
N R
a o

2 0P, {zM sin(q}(ps)@}
o | ¢
=

0.075
0.05

0.025

§

2 0P, {zM sin(q}(ps)@}

—_
LA L L L B L LB B O

o
‘\\\l\\\‘\\\‘\\\‘\\\‘\\\‘\\ \l\H\‘\H\‘\H\‘\\H‘HH‘HH‘HH‘HH
]
]
1
1
1
]
]
1
1
1
]
]
1
1
1
1
]
1
1
1
]
]
1
1
1
'
[
1
1
1
1

™
;

R R N R I A R LR AR
=

-0.02 | 1 I R R R I B
. 0.4 0.6 0.5 1
X z P, [GeV]
Figure 6.13:P;, | -weighted Collins (upper half) and Sivers (lower half) momentsifor(upper panels)
and7~ (lower panels) extracted from GMCT2 events. The amplitudes folded witbgdimeindep. cross
section in4w (open squares) approach those extracted from the events geriardtedfull squares).
The average kinematics of the bins has been slightly shifted to accommodabertisets of results.

o
o
[N}
o
N}
o

147



CHAPTER 6. MONTE CARLO STUDIES

The comparison studies discussed above lead to the comthingit the asymmetry amplitudes
extracted from the events reconstructed within the HERME®@tance and folded with the
Born cross section reproduce, to a reasonable extent, thtraeted from Monte Carlo events
in 47. This method, thus, allows to recover most of the acceptafieets that affect the Collins
and Sivers moments extracted inside the HERMES acceptance.

These studies, performed at the Monte Carlo level, were nteat@st the reliability of the
method before applying it to the experimental data (see sextion).

6.5.3 Applying the method to the experimental data

The studies discussed above show that the new method is&ddiu Section 6.5.1 works nicely
at the Monte Carlo level. The method can therefore be safglireapto the experimental data
in order to estimate the real acceptance effects.

As a first attempt, the same 44-parameters PDF (6.25), g@drfor the GMCTRANS data,
was used to fit the real data. Since, however, the asymmetpjitades extracted from the
reconstructecevents generated by GMTRANS do not fully reproduce the experimental ones
(cf. Figure 6.2), the latter might be better described byffaidint functional form. In particular,
the 44-parameters fit does not account for the additionalrsioments (cf. egn. 5.26) that were
found to influence the fit results (especially tin(4s))%,- moment). This point is discussed
in detail in Section 6.6.2.

Figure 6.14 shows the comparison between the Collins andsSiwements extracted with the
standard 2-parameter ML fit (cf. Section 5.4.2) (full sqgquend those obtained with the new
method in the acceptance (open triangles) antrifopen squares). Here the GMCT2 version
of GMC_TRANS was used to calculate the Born cross section for therfgldrocedure.
Differently from the case of GMO RANS, only relatively small differences are observed in
the data between the asymmetry amplitudes in the accepsanic#hose extrapolated ir. A
similar result is observed for tHe, | -weighted asymmetries for positive pions, while relagvel
bigger effects are observed for the negative pions (seed-gd5).

Although very preliminar, this study already suggests thatreal acceptance and smearing
effects are less dramatic than those predicted by the Morte Slenulation.

6.6 Testing the stability of the method

The extrapolation inlw of the experimental Collins and Sivers amplitudes, desdribethe
previous section, was achieved under two very specific tiomdt The fit was based on the 44-
parameter PDF, optimized for the GMTRANS model but not necessarily for the experimental
data, and the folding procedure was performed using the Basssection derived from one
of the two versions of the GMO RANS Monte Carlo.

To test the stability of these results, the method was agpireler different conditions. In par-
ticular, a variety of PDFs were explored, based on diffetemtcations of the Taylor expansion,
and three different models for the Born cross section weregpeoed. For the latter test, which
is discussed first, the 44-parameter fit was used as a firss.gues
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andn~ (lower panels) extracted from the full transverse data set (full egdlaihe amplitudes folded
with the spin-independent cross section in the acceptance (open triaagiteg 47 (open circles) are
also shown.
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6.6.1 Three models for the Born cross section

The folding procedure is dependent on the model for the SBY8 cross section. In order
to test the sensibility of this procedure upon the choicehefrnodel, the Born cross section
was extracted from three different models: the two verswh&MC_TRANS, GMCT1 and
GMCT2, which are based on different models for the Siverstianand on a different depen-
dence of( K2) (cf. Section 6.3), and PYTHIA.

The projected (ir7) Collins and the Sivers moments, obtained using the thréerdift models
mentioned above, are compared in Figure 6.16. The compesisaws that the Collins ampli-
tudes folded with the Born cross section extracted from GMQOTd @MCT2 are compatible
in all kinematic bins, while systematic deviations are otsé for those based on the PYTHIA
generator. These deviations become significant in thenmgdrate to high: region (for both
7T and7~) and in the lowP,, |, region (forr™*). No significant deviations are observed for the
Sivers amplitudes. The differences on the extracted anaa@g obtained with the three different
models for the Born cross section are regarded as a sourcetehsgtic uncertainty and are
accounted for in the evaluation of the global systematiorggee Section 6.9).

6.6.2 The choice of the PDF

So far, the 44-parameter PDF displayed in eqn. (6.25) wad, asea first guess, to fit the se-
lected events. The peculiar functional form of this PDF, ahhincludes all first order terms
plus a selection of second, third and fourth order terms,dtvated by the fact that it allows
to reproduce satisfactorily the full kinematic dependeat¢he Collins and the Sivers am-
plitudes implemented in GMORANS. Since, however, the asymmetry amplitudes extracted
from the GMCTRANS reconstructed eventso not fully reproduce the experimental ones (cf.
Figure 6.2), the latter might be better described by a diffefunctional form based on a dif-
ferent truncation of the Taylor expansion and/or on the lwveiment of additional azimuthal
amplitudes besides the Collins and Sivers ones. In partji@gadiscussed in Section 5.5.1, the
(sin(¢s)) %+ moment was found to significantly contribute to the Collingl &ivers fit results,
while the other three sine momen(sifi(2¢ — ¢s))%r, (sin(3¢ — ¢s)) % and(sin(2¢+ ds)) fr)
were found to barely influence the results.

Since a virtually infinite number of possible combinatiomssts, only the most relevant cases
were considered, as reported in Table 6.2. These casesléntiie basic 2-parameters PDF,
with constant Collins and Sivers terms, the 5-parameters RBDi€Eh, apart for the lack of the
sin(26 + ¢g))%, moment, corresponds to the standard 6-parameters PDP),(PR6s with
Taylor expansions of increasing order (frdr to 37¢), the 'standard’ 44-parameters PDF and
a 48-parameters PDF which also includes#ig($s))?,, moment.

Although limited to the eight scenarios listed above, theioh of the “best” PDF requires
a measure of thgoodnes®of the maximum likelihood fit. Such a measure would be highly
desirable since, similarly to the? in the standard?-fits, it would provide a powerful tool to
discriminate among the various PDFs. Only recently a gétiezary of goodness for unbinned
maximum likelihood fits was developed, as reported in [Raj0&¢cording to this theory, in
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andn~ (lower panels) extracted from the full transverse data set (full egli@nd their projections in
47 obtained with three different models for the Born cross section. Thegeeinematics of the bins
has been slightly shifted to accommodate the three sets of results.
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| # par. | (sin(¢ + ps) (sin(¢ — ps) (sin(os)
2 constant constant 0
5* constant constant constant
10 constant +5¢ order constant +5¢ order 0
22 constant + constant + 0
15t and2™? order 15t and2™? order
32 constant + constant + 0
15t and2™? order + 15t and2™? order +
selection of3"? order selection of3"? order
42 constant + constant + 0
15, 27 and3"? order 15t, 27 and3"? order
44 constant + constant + 0
15t and2™? order + 15t and2™? order +
selection of3"® and4'" order | selection of3"® and4" order
48 constant + constant + constant +
15t and2™? order + 15t and2™? order + 15t and2™? order +
selection of3"? order selection of3"? order selection of3"? order

Table 6.2: The PDFs analyzed. The first column reports the numberarheters. The second, third and
fourth columns report the terms included in the Taylor expansion for efdble three relevant azimuthal
moments. The order refers to the powers of the kinematic variableand P, ; included in the Taylor
expansion? only appears at*! order). The same functional form holds for all the azimuthal moments
involved. * The 5-par. PDF also includes tf#n(2¢ — ¢g)) and the(sin(3¢ — ¢g)) sine moments.

order to measure the goodness of the ML fit for a seVahdependently measured quantities
x;, one should consider tHéelihood ratio

Jony § PG (6.26)

of the theoretically predicted probability density fumctif (x;; 6) to that of the a-priordata
probability density functiorf (x;). Unlike the standard likelihood function, the likelihocatio

is invariant under change of variable. This condition isessary to allow for a measure of the
goodness of the fit [Raj06]. In addiction, since tieta probability densityf(x;) is constant
with respect to the fit parametefsone needs to solve the same set of equations that one gets
when maximizing the standard likelihood function (cf. e(/23)), thus resulting in the same
parameter values at the maximum.

In order to evaluate the likelihood ratifz, one needs to evaluate the functiffx;) at the
observed event configurations, x», ..., . In statistics this problem is generally solved with
the method of the Probability Density Estimators (PDE). uin contest the PDE was calculated
using an approximated version of the approach describeRldajp]. The details of the method
are discussed in Appendix E.
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The Negative Log-Likelihood RatidV LLR = —log.Lr at the maximum of the likelihood
function provides a measure of the goodness of the fit. Ifedul] the functional form of the
theoretically predicted probability density functigix; 6), expressed in terms of the fit param-
etersd, reproduces the a-priotiata probability density functiofi(x;), one would have:

foptimal(xi; 9) ~ f(Xz> = ‘CR ~ 1 = NEER ~ 0 3 (627)

if, on the other hand, the PDF is not adequate to reproduagstiae one would geV/' LLR # 0 .

In particular, the worse the PDF is, the more f& LR would differ from zero.

In order to use this technique efficiently, one needs to coeydar each PDF, the value of
the negative log-likelihood ratio obtained in the fit of theak data, with that obtained in the
fit of a similar amount of events generated by a Monte Carlo kitimn in which the same
PDF is implemented for the event generation. For the chditkeeobest PDF one should then
consider non only the absolute value MILLR pq. (i.€. its distance from 0), but also the
relative distance betweeN LLR paie aNdN LLR . The smaller this distance is, the more
appropriate the PDF is for the description of the data.

To avoid the introduction of biases due to the use of specifidets for the spin-dependent part
of the cross section, the PYTHIA generator was used to genevents (within the HERMES
acceptance) according to the spin-independent cros®sedine azimuthal dependence of the
cross section, due to the target transverse polarizatias,tien implemented a-posteriori. To
this purpose, the azimuthal asymmetries were extracted finhe experimental data for each of
the PDFs tested, and used to create two Monte Carlo data det®pyosite transverse spin
states. For instance, given a generic PDF

f(xa Q27Za PhJ.a ¢7 ¢Sa Ptae) =1 + Pt . A(‘Tszv vahj_;e) . sin(mqb + ’I’qus) ) (628)

in which the asymmetryl is expressed in terms of a set of parametensreviously extracted
in a fit of the experimental data, the spin-up and spin-dowmadized cross sections were built
up from the PYTHIA events according to:

UT('%? Q2> 2 PhJ_> ¢7 ¢Sa Pt; 9) = [1 + ’]Dt| ’ A(l’, Q27 Zs PhJ_; 6)} ’ Sin(m¢ + n¢5) ) (629)

Ul($7Q2727PhLa¢7¢Sapt;0) = |:1 - |Pt| : A(aijQaZvPhL;e)] : Sln(m¢in¢5) . (630)

N — N

Since, by construction;' + 0! =1 = 0 < ¢! < 1, arandom number extraction between
0 and 1, modulated by', allowed to associate to each PYTHIA event the sign of thgetar
polarization according to the real (experimental) spipedalent cross section. In particular the
experimental average vallig,| = 0.73 was used (cf. Section 5.4.1).

Since the Monte Carlo events are generated on a statistig, loei®@ may obtain different max-
ima of the likelihood ratio for different, although staitstlly equivalent, Monte Carlo data sets,
all based on the same model. For this reason, for each of the Ri3ted, 48 such Monte Carlo
data sets were produced, each time resulting in a distoifowf theNﬁﬁRf\}%f = 1,48)
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values. The mean values of such distributiop§,CLR ), were then compared with the

corresponding values of thi€ LLRE2E, obtained with the use of the same PDF.
As an example, the results obtained with the 44-paramei@FsdPe shown in Figure 6.18 for
both positive and negative pions. Here the distributionhef hegative log likelihood ratios

NLLRGc is shown together with the corresponding value from the,dei&LR,,e" (blue

boxes). For the positive (negative) pions case, the digtdb of A/ EﬁRﬁng is centered at

124.4 (184.4) with a RMS of 26 (22) antlLLR 1" equals 47 (124). As a result, the dis-
tance between the mean valll€ LLR}6) and N LLR DL i83.0 x RM S (2.7 x RMS).
These numbers allow to identify the best PDF among thosede#ccording to this method,
indeed, the best PDF is the one which results in the smaligsefor V' LLREPE and in the
smallest relative distance (in RMS) betwe® L LRIPE and (N LLRERE).

The results for all the PDFs tested are reported in Tabler@d3shown in Figure 6.17. As ex-
pected, both the negative log likelihood ratios and thetik@alistances between Data and MC
decrease for PDFs with higher number of parameters. Thisl isefaster for the PDFs with a
smaller number of parametets{ 5 — 10), and becomes slower and slower for the those with
a larger number of parameters)(— ... — 48). These results indicate that the more terms are
included in the Taylor expansion, the more adequate the BDFhe improvement, however,
saturates beyond a certain number of parameters.

Although in the saturation region, an inversion of the trendbserved from 44 to 48 param-
eters for positive pions. This leads to the conclusion thihough the 48-parameters PDF
includes the(sin(¢g)) modulation, a higher number of parameters would be desirabhe
48-parameters PDF is anyway considered the best choice 8iegsin(¢s)) modulation is
highly recommended to be taken into account (cf. Sectiorlh.5his conclusion is anyway
supported by the monotonically decreasing values ofNHBZRE2E with increasing number
of terms involved in the PDF (cf. Figure 6.17). It is importém note, however, that, although
monotonically decreasing, th€ LLR 2 never reaches 0. This is due to the fact that all the
PDFs used are based on a truncation of the Taylor expansidrgra thus only approximations
of the 'true’ data probability density function

As a consistency check for the method, the deviations

P . e — P N
Ai,j _ ar(l)D t aI"(Z)MC’J (Z — 17 # par. ; j — 1’48> (631)

O-Pa‘r(i)Data

were calculated. Here the indéxspans the valueBar(:) of the parameters of the PDF and
the index; the 48 MC data sets. As expected, the mean valiffs= A; = (A, ;) fluctuate
around 0 and the RMSs around 1, indicating that no significaasels are introduced in the
method. As an example, the results relative to the 48-paemBDF are shown in Figure 6.19
for positive pions. For sake of clarity, the 16 parametergdollins and the 16 for Sivers are
shown separately. Similar results are obtained for thetivegpions and for all the other PDFs
tested.
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Positive pions
PDF (# of par.)| NLLRpata | NLLRye) (RMS) | A [n x RMS]

2 156 382 (18) 12.8
5 150 309 (22) 7.1
10 88 196  (26) 4.1
22 62 150  (24) 3.7
32 55 139  (25) 3.4
42 49 127 (25) 3.1
A4 47 124 (26) 3.0
48 44 131 (27) 3.2

Negative pions
PDF (# of par.) NﬁﬁRDam <N££RMC> (RMS) A [n X RMS]

2 198 300 (19) 5.3
5 168 272 (20) 5.1
10 144 223 (23) 35
22 134 202 (22) 3.0
32 130 194  (23) 2.8
42 122 184  (22) 2.8
A4 124 184 (22) 2.7
48 106 170 (24) 2.7

Table 6.3: The values 0¥ LLR pato and(N LLR y1¢) are reported, for all the PDFs tested, for positive
(upper table) and negative (lower table) pions. The last column repertidtance betweeN LLR pata
and(NLLR ), expressed in units of the RMS.
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Figure 6.17: Values aN' LLR pa:, (left panel) and distance betwedALLR pur, and (N LLR yo),
expressed in units of RMS (right panel), as a function of the numberrahpeters involved in the PDF.
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6.7 The PDFs for the five hadron types

The choice of the 48-parameters PDF was possible for thggetigions, thanks to their rela-
tively high statistics. Instead, a smaller number of termthe Taylor expansion was required
for the convergence of the fit for the other three hadron typés K+ and K ) due to their
much smaller statistics (cf. Table 5.5).

As a criterion for the choice of the corresponding PDFs (th€¢s)) modulation was included
and the higher order terms of the Taylor expansion were ediuatil the fit converged. As
a result, a 45-parameterss(parameters x 3 moments) PDF was selected for th&* and a
18-parameterst(parameters x 3 moments) PDF was selected for both tH€ ™ and#°. In
summary, the three PDFs selected are of the form:

fh(xa Q27 Z, PhJ_a (b’ (bS; Pt7 ay, Qg, 063) =
1+ P [A?(x, Q% 2, Py o) - sin(¢ + ¢g)+
Ag(% Q% 2, Py ) - sin(¢ — ¢s)
Ag(m, Q% 2, Pyi;as) - sin(gzﬁg)} , (6.32)
where, for each of the three azimuthal moments (, 2, 3),:

Tt

AT (0 Qe Pus) = ai(1) 4 (@) -2+ 0u(3) - Q4 a(d) - 4
a;(5) - Py, +a;(6) - 2 + a;(7) - 2% + a;(8) - P+
a;(9) -2 2 +a;(10) -2’ - P, +a;(11) - 2"- P, +

(
(
2(9
a;(12) - 2" + a;(13) - 2’ - 2* + a;(14) - 2 - 2+

(

a;(15) -2 - P, | + a;(16) -2’ - P, (6.33)

A (2, Q% 2, Puison) = ai(1) + a;(2) - &' + a;(3) - Q% + ai(4) - 7'+

«(5) - Pl +a;(6) -2 4+ ai(7) - 2%+ a;(8) - P2+
(9) 2" -2 +a;(10) - 2" - Py, +a;(11) - 2" - Py +
(

(

e

e

a;i(12) - 2 4 a;(13) - o’ - 2% 4+ a;(14) - 2™ - 2+
a;(15) -2 P | | (6.34)

AT (@, Q% 2 Prsan) = ay(1) + a4(2) - ' + ai(3) - Q% + ai(4) - '+

a;(5) - Py, + a;(6) - 2", (6.35)
and:

d=r—(r) Q=@ —(Q) F=z—() P =FPu—(Pu)




6.8. CORRECTING FOR THE ACCEPTANCE EFFECTS

6.8 Correcting for the acceptance effects

The PDFs showed in the previous section were used to fit tfeerdbgtive to the five hadron
types analyzed. The extracted Collins and Sivers amplijuelgsessed in terms of the corre-
sponding sets of parameters, where then folded, accordittgetprocedure discussed in Sec-
tion 6.5.1, with the spin-independent cross section pexidy the PYTHIA generator. As a
result, the Collins and Sivers amplitudes projectedsirand inside the acceptance itself were
obtained for the five hadron types.

The difference, in each kinematic bin, between the Collircs&iers moments projected 4
and those projected within the acceptance, was then usexrectfor the acceptance effects.
The final results for the Collins and Sivers moments, preseimtéhapter 7, are in fact ob-
tained by correcting for this difference the amplitudesaoted in each bin with the 'standard
6-parameters PDF’ (5.26). This correction introduces draprlation error which was taken
into account in the estimation of the global systematicregicb Section 6.9).

6.9 The contributions to the systematic error

In Section 5.5.8 a partial estimation of the systematicraaffecting the extracted Collins and
Sivers amplitudes was discussed. Here three addition#lilcotions are taken into account.
The first one accounts for the smearing effects, estimate&eation 6.4.2. The differences
between 'smeared’ and 'unsmeared’ amplitudes were redasl@ systematic error due to the
detector smearing of the event kinematics. In particufagrder to get rid of the fluctuations
observed in the lower halves of Figures 6.5 — 6.6, which argtatfstical nature, the average
values of the differences for each kinematic variable weresdered.

The second one arises from the choice of the Monte Carlo gemdia the extraction of
the spin-independent cross section to be used in the folaliogedure. As discussed in Sec-
tion 6.6.1, the spin-independent cross section was egrttaeith three different MC generators:
the two versions (GMCT1 and GMCT2) of GMTRANS and PYTHIA. For the final results,
the PYTHIA generator was chosen since, unlike GMIRANS, it also generates charged kaons
tracks. Since, however, systematic deviations were obddyetween the moments folded with
the three different Born cross sections (cf. Figure 6.16ystesnatic error was assigned accord-
ingly.

The third contribution accounts for the uncertainty th& ek the correction for the acceptance
effects (cf. Section 6.8). This uncertainty arises fromehers of the original fit parameters.
These errors, which are of statistical nature, are propag#trough the folding procedure, to
get the errors of the projected (@@ and inside the acceptance) Collins and Sivers amplitudes.
These final errors then reflect the precision of the corradbothe acceptance and are thus re-
garded as systematic errors. In particular, this unceptams found to represent the dominant
contribution to the total systematic error.

To summarize, the three sources of systematic errors delatiie acceptance studies reported
in this chapter are:

159



CHAPTER 6. MONTE CARLO STUDIES

- Contribution due to the detector smearing

- Contribution due to the choice of the Monte Carlo generatortiie extraction of the
spin-independent cross section

- Contribution due to the correction for the acceptance effec

As an example, Figures 6.20 — 6.21 show the unweighted (Uu@tees) and the,, , -weighted
(lower halves) Collins and Sivers moments for the chargedsidn each plot the amplitudes
extracted with the standard extraction methaibt corrected for the acceptance effects, are
compared with those extracted with the 48-parameters PD@ns. (6.32-6.33)) and folded
with the PYTHIA spin-independent cross sectiondin and within the HERMES acceptance.
The yellow bands represent the systematic errors obtaidéihgin quadrature the three con-
tributions listed above.

The total systematic errors, to be associated to the CollidsSivers amplitudes corrected for
the acceptance effects (see Chapter 7), was then obtained)aclduadrature all the contribu-
tions, included those reported in Section 5.5.8.

3For consistency, the 3-parameters ML fit for unweighted and 4-petexsiLS fit forP}, | -weighted amplitudes were used.
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Figure 6.20: Unweighted (upper half) aRg | -weighted (lower half) Collins (upper panels) and Sivers
(lower panels) amplitudes for positive pions. The full squares reptéise unweightedt;, | -weighted)
amplitudes extracted with a 3-par. (4-par.) fit (i.e. including alsasthép;) modulation) based on the
standard method outlined in Chapter 5. Open triangles and open squaneserd the amplitudes ex-
tracted with the 48-parameters fit and folded with the spin-independes# seation inlr and within the
acceptance, respectively. The yellow bands represent the systematicaes estimated in Section 6.9.
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Figure 6.21: Unweighted (upper half) aikg | -weighted (lower half) Collins (upper panels) and Sivers
(lower panels) amplitudes for negative pions. The full squares représe unweighteddj, | -weighted)
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Chapter 7

Results and interpretation

As discussed in Chapter 5, the Collins and Sivers moments weraceed simultaneously
through a 6-parameters maximum likelihood fit based on thié @126). The results are shown
in Figures 5.22-5.23. Similarly, the, , -weighted Collins and Sivers amplitudes (not shown)
were extracted with a 7-parameters fit based on the leastesqethod. This fit includes the
same six azimuthal moments used for the ML fit plus a constant.tThe correlations between
the extracted Collins and the Sivers amplitudes vary ovedifferent kinematic bins and are in
the order of—0.5.

In Chapter 6, an innovative method for the estimation of thiect$ due to the limited accep-
tance of the HERMES spectrometer was introduced. This methoded to fold the extracted
Collins and Sivers moments with the spin-independent cresisos to get their projections in
47 and within the acceptance itself. The acceptance effeats then estimated as the differ-
ence between the amplitudes projectediinand those projected within the acceptance (see
Figures 6.20 — 6.21).

The results of the studies presented in Chapters 5 and 6 wenigiioed to get the final results
presented here. As discussed in Section 6.8, the final sdsulihe Collins and Sivers moments
were obtained by correcting for the acceptance effectsii@itudes obtained with the stan-
dard extraction method. These corrected amplitudes thesent the results that one would
obtain with an ideal detector with a full coverage of the@alngle.

7.1 The Collins moments

The unweighted an®; -weighted Collins moments for pions and charged kaons, ciaue
for acceptance, are shown as a functionepf:, P, v andQ? in Figures 7.1 and 7.2, re-
spectively. The yellow bands, obtained by adding in quanleaall the contributions discussed
in Sections 5.5.8 and 6.9, represent the total systematicser The amplitudes are affected
by an overall7.9% scale uncertainty, associated to the measure of the taoigization (cf.
Section 5.5.8).

!As discussed in Section 6.4.1, no implementation exists at the momeng ey thweighted asymmetries in the maximum
likelihood fit.
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Figure 7.1: Unweighted Collins amplitudes extracted from the full HERMESsttenise data set with
the standard 6-parameters ML fit. The amplitudes are corrected for thptance effects. The yellow
bands represent the total systematic errors.
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Figure 7.2:P;, | -weighted Collins amplitudes extracted from the full HERMES transversesgataith
the standard 6-parameters ML fit. The amplitudes are corrected for thptance effects. The yellow
bands represent the total systematic errors.
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The results show a significantly positive amplitude/forand a significantly negative amplitude
for 7—. Because of the quark dominance in DIS, due to the quark charge faejcweight-
ing the contribution of the different quark flavours in th@ss section, both™ and7~ are
likely generated in the fragmentation amquark. Thus, the Collins moments of batfi and
7~ receive a dominant contribution from thequarks of the proton. As a consequence, the
different sign between the Collins amplitudes for and7~ can only arise from the different
fragmentation functions involved. While the fragmentatidan« quark into ar™ is favoured,
since thert contains a valence quark, the fragmentation of anquark into ar~ is unfavored
(cf. egns. (3.52-3.53)). The Collins amplitudes for thus suggests that the unfavored Collins
function is of roughly the same magnitude of the favoured boewith opposite sign:
HL’“_”F(Z, 22k2) = —Hl’“_”#(z, 22k2) . (7.2)

1,unfav 1,fav

Since no gluon transversity can exist in a proton (cf. Sacd@), the transversity distribution
of the sea quarks, which are produced in pairs in the gluatiisg| is expected to be small. The
increase of the Collins amplitudes with increasin@bserved for botr* and=—, can then be
interpreted as the evidence that the transversity is a @lemee object (cf. Section 3.2), and
thus dominates the highregion. Since nd@)? dependence is expected for leading-twist cross
section terms, the observélf dependence of the Collins moments for the charged pions can
only be attributed to the strong correlation betweeandQ? (cf. Figure 5.5).

The Collins amplitude forr®, which is consistent with zero, is in agreement with the eige
tions based on the Isospin Relation (cf. Section 5.6), whi€lipts, for ther®, an amplitude
intermediate between thoseof andr .

Due to theu quark dominance, one wouldivaly expect similar Collins amplitudes for pions
and kaons. However, the amplitudes f6r are systematically smaller that those for in the

full kinematic range, even though they are compatible withie statistical uncertainty This
difference might be due to the fact that, like in the case efgpin-independent fragmentation
functions, the Collins function may differ for fragmentatiof au quark into ar* orinto ak™*.

On the other hand, the Collins amplitudes for and K~ are not expected to be similar, not
only because of a different Collins fragmentation functioum; also because thi€ ~ is a purely
sea object, i.e. it contains only sea-quark flavours of tloéopr (i, s).

A phenomenological explanation of the Collins effect basethe string-fragmentation model
(cf. Section 3.7) is presented in [Art93] and illustratedFigure 7.3. Chartd) shows the
absorption of the virtual photon by the struck quark whiakerses the quark polarization com-
ponent in the lepton scattering plane. When the string thanects the struck quark and the
nucleon remnant breaks, chab),(a quark-antiquark pair is produced with vacuum quantum
numbers/? = 0*. Since the positive parity of this state requires aligneédsspf quarks and
antiquarks, an orbital angular momentumiof= 1 has to compensate the spins. This angular
momentum then creates a transverse momentum of the progseedo-scalar meson. As a
result, the outgoing meson is deflected with respect to ttieatiphoton direction, indicated by
an open arrow in chart).

2This can be inferred from Figures 7.1, paying attention to the fact thiffieaaht vertical scale is used for pions and kaons.
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Figure 7.3: Collins effect in the string fragmentation model [Art93] for adxansely polarized nucleon
with its spin orientation in (left panels) and perpendicular (right panel) tdapton scattering plane
(source [Els06]).

Let us now assume a positive transversity distribution fiencfor thew quarks in the proton
(6u > 0). In this hypothesis, the spin of thequarks are predominantly orientated parallel to the
(transverse) spin of the proton. This assumption is in agese with all models for transversity,
e.g. with the chiral quark soliton model [Wak01, Efr05] ame fight-cone quark-spectator-
diquark model [Ma02], and supported by lattice QCD calcalaiof the tensor charge [Aok97]
and by the recent extraction of the transversity reportddms07]. If, as depicted in chart],

the azimuthal angle of the target spin with respect to théestrag plane is zerof(s = 0), the
spin of theu quark is reversed by the absorption of the virtual photone teation of ald
pair from the vacuum then yieldsra~ meson which is deflected upwards with respect to the
plane of the page, i.e. @ = = /2 (chart ¢)). If, on the other hand, the target spin is oriented
perpendicularly to the scattering plane, as in chdrtthen¢s = 7/2 and the virtual photon
does not flip the spin of the quark. The orbital angular momentum then deflects the prextiuc
77 meson towards the left-hand side of the target spin, resyilio = 0 (chart ¢)). For both
target spin orientations one hgia(¢ + ¢g) = sin(7/2) > 0, which is in fair agreement with
the sign of the measured Collins moments for positive pions.

Relation (7.1), which allows to interpret the negative Callamplitudes observed far, is in
fair agreement with the extractions of the Collins functieparted in [Vog05, Efr06, Bac07b].
These extractions are based on the Collins moments measuhecHERMES and COMPASS
experiments, and on model calculations for the trasvedsstyibution functiod. This interpre-
tation is also in agreement with the recent results repantg&ins07]. In this work, the favoured
and unfavored Collins fragmentation functions were exég@ttased on a global analysis of the
world data. In particular, the Collins moments measured aRMES, with a transversely

3In particular [Bac07b] reports the first estimates of the Collins functiokéons.
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polarized hydrogen target, and at COMPASS, with a translkes®arized deuterium target
[Age07], were fitted together with the BELLE data. BELLE mea&slthe combined effects of
two Collins mechanisms, obtained by looking at azimuthatelations between hadrons in op-
posite jets ineTe™ — h1ho X unpolarized processes [Sei06]. As a result, a positiveatings)
favoured (unfavored) Collins function was extracted. Thaeglobal analysis allowed the first
extraction of the transversity distribution forandd quarks [Ans07]. In particular a positive
(negative) transversity distribution far(d) quarks was obtained. The magnitudejofz) was
found to be larger than that 6f/(z), and bothdu(x) andéd(x) were found to be significantly
smaller than the corresponding Soffer bound (cf. egn. §3.34is result represents a milestone
in hadron physics as it constitutes the first glimpse on thertassing piece of the (transverse
momentum independent) nucleon structure at leading-fafisSection 3.1)).

7.2 The Sivers moments

As displayed in egn. (3.87), the Sivers moments can be exgada terms of the convolution
of the Sivers function times the spin-independent fragiet@rt function. The importance of
measuring the Sivers moments is twofold: from one side,gotia spin-independent fragmen-
tation function well know, it allows to extract the Siversfition (see Section 7.3), which is a
leading-twist unmeasured distribution function; from titber side it provides indirect infor-
mation on the quark orbital angular momentum and has bekedito the spatial distribution
of the partons inside the nucleon [Bro02, Bur02].

The unweighted an#t;, | -weighted Sivers moments for pions and charged kaons,atedéor
acceptance, are shown as a functioncpt, P,,, v and Q? in Figures 7.4 and 7.5, respec-
tively. The yellow bands, obtained by adding in quadratdir¢gha contributions discussed in
Sections 5.5.8 and 6.9, represent the total systematicser8milarly to the Collins case, the
amplitudes are affected by an overabh% scale uncertainty, associated to the measure of the
target polarization (cf. Section 5.5.8).

A significantly positive Sivers amplitude is observed fospge pions and kaons. This im-
portant result proves the existence of a non-zero Siversifimand, indirectly, of a non-zero
orbital angular momentum of the quarks in the nucleon.

Similarly to the case of the Collins amplitudes, thguark dominance in DIS would lead to
the ndve expectation of similar Sivers amplitudes for pions aadrs. In contrast, a Sivers
amplitude for the positive kaons which is roughly twice agéaas that for the positive pions is
observed. The difference in the spin-independent fragatient functionsD*~"" and D¥—*"
can not account for such a large discrepancy. Thereforeg $ive valence content of these two
mesons differs only in the anti-quark involved, this obaéion suggests a significant Sivers
function for the proton sea quarks.

An amplitude consistent with zero is observed for the nggation$ and kaons, while, as pre-
dicted by the Isospin Relation (cf. Section 5.6), an interiatedamplitude between thoseof
andr~ is observed for the®.

“4An interpretation of the zero-amplitude for the in discussed in Section 7.3.
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Figure 7.4: Unweighted Sivers amplitudes extracted from the full HERM&®terse data set with the
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represent the systematic errors.
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Figure 7.5:P;, | -weighted Collins amplitudes extracted from the full HERMES transversesgataith
the standard 6-parameters ML fit. The amplitudes are corrected for thptance effects. The yellow
bands represent the systematic errors.
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An intuitive phenomenological interpretation of the redatbetween the orbital angular mo-
mentum of the quarks and the Sivers effect is based on a gésarof the parton distribution

functions in terms of the impact parameﬁ}r = (bg, b,) [Bur02]. In the impact parameter
space, the spin-independent distribution function can fitten as:

q(z) = /dng q(z, ET) ) (7.2)

where the reference point for the impact parameter is giwethb sum over the transverse
positionsr; of all quarks, antiquarks and gluons of the nucleon, weigbtetheir momentum
fractionsz;:

Rp =Y i . (7.3)
4,4,9

The impact parameter spin-independent distribution fonc(z, br) is axial symmetric for
unpolarized or longitudinally (i.e. along thedirection) polarized nucleons. In case of trans-
versely polarized nucleon, the distribution of unpolagizpiarks is distorted in the direction
perpendicular to the spin and the momentum of the nucleons diktortion vanishes when
there is no quark orbital angular momentum parallel to thelean spin. Figure 7.6 shows a
model calculation of the distribution of unpolarizedandd quarks with momentum fraction
x = 0.3 in a transversely polarized nucleon. The nucleon spin pamthe right {-direction)
and the virtual photon points into the plane of the page (ihega-axis).

Figure 7.6: Impact parameter distribution function of unpolarizeghdd quarks in a transversely polar-
ized nucleon forr = 0.3. The virtual photon points into the plane of the page (negatia®is).

The cause of the distortion can be understood, with serssidal arguments, as the result of
the superposition of translational and orbital motion & tfuarks within the nucleon. Indeed,
when viewed in the Breit frame (see Figure 2.6), quarks wibthiitakangular momentum in the

transverse direction (i.e. parallel to the nucleon spinyentowards the virtual photon on one
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side of the nucleon and away from it on the other side. Theeefihe quarks on one side of
the nucleon are probed by the virtual photon at larger moameritactions, while those on the
other side are probed at smaller momentum fractions. As seguence, the spin-independent
distribution function is shifted towards highewalues in one side of the nucleon, and towards
smallerx values in the other side.

Since, in the valence region, the spin-independent digtab function decreases rapidly with
increasing values of, the decrease of the momentum on one side of the nucleonesitty

in a larger number density of quarks at this side and in a sparding smaller number density
in the opposite side. This mechanism thus results in a distoof the distribution function, as
shown in Figure 7.6.

As depicted in Figure 7.7, according to this semi-clasgazlre,u quarks with positive orbital
angular momentum have a higher probability to absorb thenmieg virtual photon in the top
hemisphere of a transversely polarized nucleon (i.e. theilie hemisphere with respect to the
virtual photon direction). After the absorption, attraetifinal state interactions (FSI), arising
from the fact that the struck quark and the nucleon remnamsgtitate a color antisymmetric
state, bend the quark towards the center of the nucleon.

Figure 7.7: Semi-classical view of the scattering off guark with the production of a positive pion.
Attractive final state interactions (FSI) bend the struck quark towardseheer of the nucleon. (Sorce
[Els06]).

The outgoingr™, generated in the fragmentation of the struck quark, isefoee observed
on the right-hand side of the nucleon spin direction, ie= =w. This is consistent with the
observed positive Sivers amplitude for in the HERMES datasin(¢ — ¢g) = sin(r —7/2) =
sin(m/2) > 0.

In case ofr~ production, due to the quark dominance, both andd quarks have to be taken
into account. Thus, the results can not be interpreted sxelly in terms of scattering off &
guark alone, which would result in a negative Sivers mom@at. measured amplitudes, which
are consistent with zero, can then be explained as the m#suttancelation of the contributions
from the two quark flavours in combination with the differematiues of the favoured and the
unfavored spin-independent fragmentation functions.
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7.3 The extraction of the Sivers Polarization

The formalism of thepurities introduced in Section 3.7.5, allows to express expli¢hiky Sivers
moments in terms of the so-call&ivers polarizatior{cf. eqn. (3.96)):

S = S @)

S(x) ) (7.4)
which represents the ratio between the Sivers function éasured) and the well known spin-
independent quark distribution function.

The purities used in the present analysis are based on theptarizations of the spin-independent
distribution functiony(z, @?) implemented in the CTEQ4LQ (low?) data base [Lai97]. Tech-
nically, the LO parameterizations are obtained by fits ofekgression

Fy(r,Q?) = Zx eg q(z, Q) (7.5)

to world data onf,(x, Q?). Owing to eqn. (2.46), the parton distributiop&e, Q%) can be
related to the structure functidi (z, Q?):

1 201
Fi(z,Q%) = %5 Z ez q(x, Q%) . (7.6)

This allows to rewrite egn. (3.96) in the compact form:

l(l/Q)Q<x)
(sin(6 —09))im = ~Cr(2)C: 3 Pyla, 2) o= 77
whereC; = (1 + R(z,Q?))/(1 +~?%). The kinematic factor
1
Cr(z) = , 7.8
A S vy A 7o

which originates from the Gaussian ansatz, introduces aihogrtainty since neither the
dependence nor the quark flavour dependend&df are known. As a consequence this factor
is assumed to be identical for the different hadron typemdJhe approximate relation

(Pri) = (K7) + 2% (p7) (7.9)
which can be found (with a different notation) in [Ans056}; (=) can be rewritten in the form:

Cr(z) = 2/ (p7)/(F7L) - (7.10)

Therefore, sincép%) and (P?,) are of the same order of magnitude, it follows thgt is of
the order ofz. This has to be taken into account in the interpretation efSlvers polarization
extracted from unweighted Sivers moments.

Eqn. (7.7) can be expressed as a matrix equatiomfbadron types and quark flavours:
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Alw) = =€ - P(w;) G(x,) - (7.11)

Here A(z;) contains the Sivers moments extracted for the various hagipes,P(z;) denotes
the so-called purity matrix, an@(z;) contains the Sivers polarizations for the different quark
flavours:

~ pL(/2)ay

) (sin(¢ — ¢s)) (i) . Cr 2t — ()
Alz;) = : ;o Q) = : (7.12)
(sin(¢ — 6s)) 7 (x:) it 2 (o,
Phi(z) ... Ph(x)
P(z;) = ; : . (7.13)

Since the purities are evaluated in binswotthey are integrated over As a consequence the
symbolC/» was used in eqgn. (7.12) to denote the kinematic factor averaged over

The purities used in the present analysis were extractexughr a Monte Carlo generator
called LEPTO. Similarly to PYTHIA, LEPTO generates evemtstir according to the spin-
independent (Born) cross section. LEPTO, however, has th#i@whl advantage that the
flavours of the struck quarks are tagged and stored for easfit.eW his allowed to separate
the generated events according to the struck quark flavaod to the produced hadron type
thus enabling the construction of the purity matrix elemétgk. Figure 7.8 shows the purities
for the six quark flavours, d, s, u, d, 5 and for the five hadron types™, ==, 7°, K™ and K~
as a function ofr.

The Sivers polarization (7.4), multiplied by the kinemdtctorsCy (vector@(xi)) was ob-
tained forn < m by minimizing the figure-of-merit function:

=A+C -PQTMA+C-PQ), (7.14)

wherelI" 4, denotes the covariance matrix of the set of asymmetry masnémthe present ex-
traction of the Sivers polarization the correlations bewthe Sivers moments obtained for the
different hadron types were not accounted for. The covaeamatrix used has therefore vanish-
ing off-diagonal elements and diagonal elements given bystfuared statistical uncertainties
of the Sivers moments.

Since the Sivers moments are measured for only five hadras tygn independent extraction
of the Sivers polarization for the six quark flavoursd, s, @, d, 5 is not possible. Therefore,
a fully symmetric Sivers polarization was initially impastor the sea quarks:

1(1/2)gseca 1(1/2)us 1(1/2)a 1(1/2)ds 1(1/2)d 1(1/2)s 1(1/2)3
flT ! = flT — flT — flT — T7 — flT — 1T ) (715)

Isea Us u d, d s 5
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Figure 7.8: Purities for pions and kaons and the three lightest quarlagigdiarks. The purities of the
s ands quarks are scaled for better visibility.
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Hereu, andd, denote the valence andd quarks and.:, andd, the sea; andd quarks.
Two different combinations of quarks were considered: Rlavour DecompositiorfF' D), in
which the Sivers polarizations are extracted for sets oftcgand antiquarks of the same flavour

" 1(1/2)u . L(1/2)u 1(1/2)u
C flT — CT + f ,
U FD u+u
1(1/2)d 1(1/2)d (1/2)d
6’T1T(/) :éT (/)+f1T/
d | d+d
_ 1(1/2)s _ J_(1/2 (1/2)s _ 1(1/2)gsea
Sir IR T v O i (7.16)
s FD 5+5 Qsea

and theValence DecompositiofV’ D), in which the Sivers polarizations are separated into con-
tributions from valence and from sea quarks:

1(1/2)u 1(1/2)u (1/2)a
ST BN i (v
=Crp 7
u VD u—1u
1(1/2)d 1 2 1 2 1
6’ M ~ flT /2 - f1T /2
T d = U7 ,
VD d—d
~ L(1/2)gsea — 1(1/2)gsea
Crt——r| =0r"t——. (7.17)
QSea VD QSea

The formalism above was derived for the extraction of theeSipolarization from the un-
weighted Sivers moments. The same formalism holds for ttraeion from theP,, | -weighted
Sivers moments. In this case, however, one gets rid of thifideat 5T, which introduces a
big uncertainty due to our poor knowledge of the quark trars¥ momentum distribution. The
components O@(xi) thus represent, in this case, the bare Sivers polarizatiatisno assump-
tions on the quark transverse momentum. In addition] thrment instead of the/2-moment
of the Sivers function is involved (cf. egns. (3.95))

The elements of the two purity matrices to be used for the tuwarkjdecompositions are ob-
tained from linear combinations of the standard purity malements. For th#8avour decom-
positionone obtains:

pro_p, v (7.18)
u
~ d+d
P{P =P, % , (7.19)
PED — _p, . —+ + Py — Pd-8+PJ+PS+P§, (7.20)
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7.3. THE EXTRACTION OF THE SIVERS POLARIZATION

while for thevalence decompositiaane obtains:

pr—p, =2 (7.21)
u
_ d—d
PlP =P ——, (7.22)
Psea:Pu-5+Pﬂ+Pd-a+Pg+PS+P§. (7.23)

The derivation of the combinations above can be found in [BgcO
The minimization of the figure-of-merit function (7.14),rpmed with MINUIT, was affected
by strong correlations between d andsea quarks, especially for the flavour decomposition.
As a consequence, the additional constraint of a null Spelarization for the sea quarks was
adopted:

flLT(l/2)qm

— =0. (7.24)

Gsea

Figure 7.9 shows the Sivers polarizations for the flavour #uedvalence decomposition ex-
tracted from the unweighted Sivers moments corrected ®atiteptance effects. The Sivers
polarization extracted from the, , -weighted Sivers moments is shown in Figure 7.10. At the
present stage, no statistical correlations nor systernatertainties are taken into account in
the extraction. The parametrization of the Sivers functised in [Ans05] to fit the Sivers mo-
ments extracted from the HERMES data collected during th- 2004 period [Dief05] are
also shown for comparison in Figure 7.10 for both the valdbbge line) and the flavour (red
line) decompositions. A similar comparison is not possibtehe Sivers polarizations extracted
from the unweighted moments due to the unknown contribuifdhe 5T factor.
A negative (positive) Sivers polarization is observed fog @ (d) quarks for both the quark
decompositions although, similarly to the case of the ftglatistribution function [Dur98], a
larger sensitivity is obtained for thifavour decompositian
The average magnitude of the Sivers polarization forithaarks is, in absolute value, roughly
twice as big as that for thequarks. Since, however, the spin-independent distribdtioction,
appearing in the denominator of the Sivers polarizatiofris. quarks about twice as large as
for d quarks, the Sivers functions farandd quarks are of similar size:

()~ — i) (7.25)

The result above is in fair agreement with previous extoastibased on earlier HERMES data
and on the Gaussian ansatz (cf. Section 3.7.5) [Vog05, AriGOIB6]. It was also proven, in a
model independent way, to be valid in the larygetimit of QCD [Efr06, Pob03].

According to the semi-classical picture described in ®ac.2, a negative (positive) Sivers
function would result in a net motion of the struck quark te tight (left) with respect to the
virtual photon direction if the nucleon spin is oriented gerdicular to the scattering plane
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Figure 7.9: Sivers polarizations for flavour and valence decomposititvacted from the unweighted
Sivers moments (corrected for the acceptance) under the assumptionlb$ea polarization.
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Figure 7.10: Sivers polarizations for flavour and valence decompositatracted from thePy, | -
weighted Sivers moments (corrected for the acceptance) under the@Esuof a null sea polarization.
Also shown are the theoretical curves obtained form the fit reportedrisQ3|.
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7.3. THE EXTRACTION OF THE SIVERS POLARIZATION

(ps = m/2). This scenario would be compatible with a positive (neggtiorbital angular
momentum for the: (d).

The relation (7.25) allows to interpret the smallness of$hers amplitudes forr— observed
(cf. Figure 7.4). As discussed in [Col06], combining eqn2%j.with the expression of the
Sivers moment (3.91) yields:

in(6 = 6517 (3 Dranson — 5Drsn) (7.26
whereD jq, andD1 ., s, denote the spin-independdatvouredandunfavouredragmentation
functions. AlthoughD; a0 (2) < D1 re0(2) at anyz, due to the weighting by the square of
the quark electric charges, the effects of smallgiavouredand largefavouredfragmentation
functions become comparable and tend to cancel each otherrésult the Sivers moments for
7~ appear consistent with zero.
Results form the COMPASS experiment [Age07], which show arSie#ect from deuterium
target compatible with zero for both positively and negativcharged hadrons, can also be
interpreted in terms of relation (7.25). In the COMPASS ekpent a solid transversely po-
larized®LiD target was used. Neglecting nuclear binding effects amiusbspin symmetry
arguments, one expects for a deuterium target:

0~ B+ A fe e (7.27)
and analogously fad and for the antiquarks. Therefore, the deuterium targegnsisive to the
flavour combination which is suppressed by relation (7.28) this explains the COMPASS
results. The new results from COMPASS, obtained with a trarsgly polarized proton target,
are expected to exhibit non zero Sivers amplitudes. The rigtter (with respect to HERMES)
average? would also help in confirming the leading-twist nature of 8ieers (and Collins)
asymmetries.
In order to check the Sivers polarization for the sea quarksler the assumption (7.15) of
a fully symmetric sea, the constraint (7.24) was relaxed thiedcondition (7.25), which is
supported by the COMPASS results and by predictions baseteotatge/,. limit of QCD
[Efr06, Pob03], was imposed. The results for unweighted Rndweighted Sivers moments
are shown in Figures 7.11 and 7.12, respectively. A sigmiflggositive sea quarks polarization
is observed in both cases. This result is compatible withetigectation of a large Sivers
function for the proton sea quarks, as suggested by thefisgmily larger Sivers moments
extracted forK* than forr™ (cf. Section 7.2).
A particularly interesting feature of the Sivers functiancerns its universality property. This
property ensures that one deals with the same parton distnibin SIDIS and in Drell-Yan
process (DY) (cf. Section 3.6). In the case of the Siverstiandand other T-odd distributions)
the universality property takes a different form. Indeeadtlte basis of time-reversal arguments,
it was predicted [Col02] that;. have opposite sign in SIDIS and DY:

flji’(x7p§’>‘gu)[g = _flji’(zap%)‘l)y : (728)
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Figure 7.11: Sivers polarizations for flavour and valence decompostivacted from the unweighted
Sivers moments (corrected for the acceptance) under the assumptitsisa(rd (7.25).
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7.3. THE EXTRACTION OF THE SIVERS POLARIZATION

The experimental check of relation (7.28) would provide ac@l test of the current under-
standing of the Sivers effect within the QCD framework andyemia general, of the single
spin asymmetries. It would also represent an importantaeshe factorization approach to the
description of the non-collinear processes, i.e. semsitithe quark transverse momentum.

181



CHAPTER 7. RESULTS AND INTERPRETATION

182



Chapter 8

Conclusions

The data collected by the HERMES experiment during the 25 2eriod, with a trans-
versely polarized hydrogen target, was analyzed in thikworextract the so-called Collins
and Sivers moments. The extraction of these moment is ot grgmrtance since they pro-
vide information on barely known distribution and fragnagian functions. In particular, the
Collins moments can be expressed as the convolution of thevieasity distribution function
times the Collins fragmentation function. The transversta leading-twist chiral-odd func-
tion describing the probability to find, in a transverseljlgoized nucleon, quarks with their
spin oriented parallel or antiparallel to the spin of thelaan. It is one of the three fundamen-
tal parton distribution functions and, together with thememtum (spin-independent) and the
helicity distribution functions, provides a complete dgstton of the nucleon structure at lead-
ing twist, if the transverse quark momentum is integrateetr.ovhe Collins function represents
the correlation between the transverse spin of the quarkshentransverse momentum of the
produced hadron. It can thus be viewed as a quark spin amalyjzie correlation produces left
right (azimuthal) asymmetries in the direction of the ourigahadrons, thus providing a clear
experimental observable in semi-inclusive DIS. Transtyeend Collins function, combined
together in the so-called Collins moments, are indeed aitéess HERMES in Single (trans-
verse target) Spin Asymmetries. These two quantities werently extracted for the first time
in a global analysis of the HERMES, COMPASS and BELLE data [AhsO7

If one does not integrate over the transverse quark momermitwariety of new (transverse mo-
mentum dependent) distribution functions arise, which&iona wide spectrum of information
on the nucleon structure. These functions, which have toexperienced a rapidly increasing
interest form both the theoretical and the experimentalranities, represent a new frontier
in hadron physics. Among these functions, the Sivers fongctwhich describes the correla-
tion between the transverse momentum of the quarks andathevi&rse spin of the nucleon, is
of particular importance since its existence requires azen orbital angular momentum of
the quarks. This function appears in the semi-inclusive &t3s section in combination with
the known spin independent fragmentation function, gdimgyahe so-called Sivers moments.
Similarly to the Collins moments, the Sivers moments can loessed at HERMES in Single
(transverse-target) Spin Asymmetries.
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In the present work the HERMES data was analyzed and selectedding to kinematic
and geometric cuts. Particular attention was devoted tpdiniecle identification in order to al-
low for a correct separation between leptons and hadronbetmgeen the various hadron types.
The selected semi-inclusive DIS events were used to extradinweighted’ Collins and Sivers
moments with a 6-parameters maximum likelihood fit. Sinljiahe so-calledP;, , -weighted’
Collins and Sivers moments were extracted in a 7-parametass-square fit. Differently from
the unweighted moments, tli¥g | -weighted moments allow, in principle, to extract the ralav
distribution functions (transversity and Sivers functiam this case) without any assumption
(model) on the quark transverse momentum distribution.s Tapresents a great advantage
with respect to the unweighted moments. However, Monte Gaddies showed that tHe, | -
weighted moments are heavily affected by acceptance sffeitbduced by the detector. For
this reason thé,  -weighted moments could not be used in previous analysesttace the
Sivers function.

In the present work, an innovative technique was adoptedr@ct for the acceptance effects.
As a result the unweighted aidj,, -weighted Collins and Sivers uwr were extracted for the
first time. Significant positive (negative) Collins momentsrevfound forr* (7~), thus indi-
cating that both the transversity and the Collins functieraen-zero. Similarly, significantly
positive Sivers amplitudes were observed for both pospieas and kaons. This result clearly
indicates that the Sivers function is non-zero and, indiyethat also the quark orbital angular
momentum, which is still an unmeasured quantity, is nom-zer particular, the amplitude for
the K™ was found to be twice as large as that for thie thus suggesting a significant Sivers
function for the sea quarks.

The extraction of thé®, | -weighted Sivers moments corrected for acceptance allofeethe
first time, an extraction of the Sivers function free fromwasptions on the quark transverse
momentum distribution. Under the assumption of a null Spaarization for the sea quarks, a
negative (positive) Sivers polarization was found #ofd) quarks. This result is in agreement
with the assumption of a Sivers function of opposite signfandd quarks, which is supported
by the COMPASS null results on the Sivers moments and by gredgcbased on the largs’
limit of QCD [Efr06, Pob03]. When this condition is imposedgé&ther with a symmetric sea
Sivers polarization, a significantly positive sea Sivergppation is found. This result is com-
patible with the expectation of a large Sivers function fog proton sea quarks, as suggested
by the significantly larger Sivers moments extractedAar than forz.
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Appendix A

QCD: general concepts

Quantum Chromo Dynamics (QCD) is the gauge theory of the stimegactions, i.e. those
occurring among objects which carry color charge, sucheastiarks.
The Lagrangian of QCD

A . 1 a v
Locp =) (@) (i) —mp)p(x) — L Fp () FL () (A1)
f
is invariant under thé&'U (3) local transformations
(@) = Upp(z) = 0O Fgp(z)  a=1,..8), (A.2)

wherey(x); are the 4-component Dirac spinors associated with eactk dieéd of flavor f*
and massn, g—‘”‘ are the 8 generators of the transformation, given in terniseo$o-called Gell-
Mann matrices\,, and 0*(z) are the 8 parameters of the transformation, which are fonsti
of the space-time coordinate

SU(3)¢ is a group of3 x 3 unitary matrices with unit determinant. The subscript Greto
the Color charge and 3 reflects the dimensionality of the sgapessible color states exist for
the quarks (redr), blue ¢) and greenq)) and, correspondingly, 3 anti-color states exist for the
antiquarks (anti-redr, anti-blue ¢) and anti-greeng)).

According to the group properties 81/ (3)¢, the3 x 3 combinations of colors and anti-colors
can be combined into two multipletes of states: a color potate by 8 different combinations
of colors and anti-colors, such as:

o 1 1 _
rg, rb, gb, g7, bF, bg, \/;(TF— 99), \/;(TFJrg?— 20b) (A.3)

and a color singlet:

\/g (r7 4+ gg + bb) . (A.4)

Y =w,d,s,cb,t.
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Being the color singlet totally symmetric under exchange abrs, it owes a null net color
charge. As a consequence it cannot be exchanged betweeadplarticles and thus cannot
exist as a physical mediator of the strong interaction. @rctintrary, the states of the octet are
physical and correspond to the 8 gauge boson fidltlsr) of the theory. These fields, called
gluons, act as the mediators of the strong interactions grgoarks.

Similarly to the QED, the covariant derivatives

Ay
D = a,u - ng?A#<.T> ] (AS)

which have been introduced in eqn. (A.1) in order to ensueddbal gauge invariance of the
theory, provide the gauge interactions between quarks amhg through the terng (i Ip)«)

of the Lagrangian. In addition, since gluons carry color(anti-color) they can interact not
only with the quarks but also among themselves, as depintéture A.1. This fact, which
represents a major difference with respect to QED, wherg@tiodons cannot interact among
themselves since they do not carry electric charge, is atdaensequence of the fact that
SU(3)C is a non-abelian group, i.e. such that the product of twosfmations-** @)% and

eit’ (@) depends in general on the order in which these transformsatoe operated. As a
consequence the field strength tensor

Fg(x) = 0,45 (x) = 0,A%(x) + g [T AupAry (o, 8,7 =1,...,8) (A.6)

which appears in the last term of the Lagrangian (A.1), dostan additional term which is
bilinear in the gluon fields. This term is responsible for 8agluon and 4-gluon vertices (see
Figure A.1). The quantitieg®*" andg,, which multiply the bilinear term in egn. (A.6), repre-
sent the structure constants of i€ (3) algebra and the strong coupling constant, respectively.

YTYX

Figure A.1: The four basic gluon interactions. (a) gluon radiation by akgl) splitting of a gluon in
a quark - antiquark pair, (c) splitting of a gluon in two gluons and (d) a gfoan- vertex.

As in QED, the strength of the color interaction is measungd boupling constant which
depends on the momentum transfer (running constant). Maeftcally, it can be shown that
the strong coupling constant is given to a good approximdiio

o 127
) = TN =2 e [/Abep)

where N, is the number of colorsN, = 3 in QCD), f is the number of quark flavors involved
andAgcp is the QCD scale parameter, which represents the only freemgder of the theory.

(A.7)
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The approximate value dfycp ~ 250 MeV has been determined experimentally by measur-
ing the strong coupling constant in a variety of processes.

While the electromagnetic coupling constanis reduced at large distances due to the effect
of the vacuum polarization, which is responsible fos@eeningof the bare electric charge,
the strong coupling constant is reduced at short distarloeeed, the interactions among the
gluons induces aanti-screeningof the color charge or, equivalently, an enhancement of the
color charge at large distances. This effect, which is a@gmsnce of the non-commutativity
of SU(3)¢, is responsible for the so-calledymptotic freedorrin this regime, that corresponds
to high momentum transfer$g(* > A3 p), the coupling constant becomes weak ( 1)

and can be used as a perturbative expansion parameter.sThe domain of the perturbative
QCD (pQCD) in which quarks can be treated essentially as ntemacting particles. Perturba-
tive QCD is considered a relatively well established thetiris highly predictive and reliable

in its range of validity and, similarly to QED, it is based ¢ tFeynman-diagram approach

On the other hand one immediately sees from eqn. (A.7) thiainatomentum transfers the
coupling becomes large and a perturbative approach is mgetgracticable. This is the regime
of confinementwhere the color interaction only allows color-singletietato exists and forces
guarks and gluons to be confined within the colorless boustgsthat we observe in nature:
the mesons and the baryons.

2Although it often requires the inclusion of higher order processes ierdodobtain the desired accuracy.
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Appendix B

Light-cone variables

A four-vector A* with Cartesian contravariant components is represented as

AP = (A% A, A% A%) = (A%, A). (B.1)

In the light-cone frame (cf. Figure B.1), the componentsibfare defined as:

1
AT = — (A + A3). B.2
ﬂ( ) (B.2)
In these componentd” and its norm are written respectively as
AP = (AT A A)). (B.3)
A2 = (A2 — A2 =24TA - A% (B.4)

and the scalar product of two four-vectot$ and B* is

A-B=AB - A-B=A*B-+ A" B*— A, -B,. (B.5)

Figure B.1: The light-cone axes"
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APPENDIX B. LIGHT-CONE VARIABLES

In the Bjarken limit (> — oo, v — oo, x const) the four-momentum vectors of the proton and
the virtual photon can be parameterized in light-cone doatds as:

M? -
o (2 ) o
2
q" = (ZSPJF’ —:)3P+,6) : (B.7)

This parametrization is valid in any collinear frame, iie.any frame of reference in which the
virtual photon direction is antiparallel to thé axis. For all collinear frameB™ is the dominant
variable in al /@ expansion. In the infinite momentum franke is of the order of Q.
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Appendix C

The optical theorem

Theoptical theoremwhich is a very general law of wave scattering theory, esdlhe forward
scattering amplitude to the total cross section of the esatt

S ‘%sz (0. (C.1)

Here f(0) is the forward §-,, = 0) scattering amplitudej is the center-of-mass momentum
andoy,; is the total cross section, including the elastic and thiaste contributions.

In the framework of the deep inelastic scattering, the aptlreorem relates the hadronic tensor
W, to the imaginary part of the forward virtual Compton scattgramplitudeZ (see Figure
C.1):

W ~ Im(TH) (C.2)

where:

T =i / dete' (P, S|T(J*(€)J,(0))|P,S) . (C.3)

HereT'() represents the time-ordered product.

%-=3<> "”m{%i}

Figure C.1: The optical theorem relates the hadronic tefiggr to the imaginary part of the forward
virtual Compton scattering.

The optical theorem allows to express the three leadingtiyiark distribution functiong(z),
Ag(x) anddq(x) in terms of quark-nucleon forward amplitudes.
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Appendix D

The gauge link operator

The quark-quark correlation matrik, defined in Section 3.1, relates a quark and an antiquark
at two different space-time points 0 agd As quark fields are colored objects, two quarks
separated by a distang¢anust have a gauge link, eg. a gluon field connecting them torhec
colorless. Therefore, a path-dependent link operatmiust be inserted between the quark fields
to obtain a gauge invariant quark-quark correlatator [Bo&l83]:

B0,(p. P.5) = ﬁ / dE' P (P, S140;(0) £(0, €)14(€)| P S) (0.1)

The gauge linkZ, also known a¥Vilson ling is a bilocal operator connecting the quark fields
in two different space-time points 0 aicand is given by

L£(0,&) =P exp (—i\/47ras /§ dS“AM(S)> : (D.2)
0

Here P indicates the path-ordering of the integral over the gaugld fi,,. The link operator
corresponds to the summation of all diagrams with a softrgkexchange. Figure D.1 reports,
as an example, the handbag diagram for one-gluon exchange.

b

o
k=

Figure D.1: The one-gluon gauge link. A soft gluon is exchanged betéimequark line and the nucleon
remnant.
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Appendix E

The Probability Density Estimator

The method of the Probability Density Estimator (PDE) wasdukr the calculation of the
a-priori data probability density functiorf(x;), to be implemented in the so-calléielihood

ratio (cf. eqn. (6.26)). Unlike the standard likelihood functidime latter allows for a measure
of the goodness of the fit for unbinned maximum likelihood fits
For the implementation of this method, the same philosoplgpted in [Raj06] was used.
However, in order to substantially reduce the computatioe t a multidimensional binning
was used instead of the original unbinned approach.
As a first step, all the events selected according to the atdridnematic and geometrical cuts
(cf. Section 5.3) were grouped into 28800 multidimensidmiak. The binning adopted is
summarized in Table E.1.

| variable | # of bins | bin borders

|

xr
Q2
z
Ppy
¢
Os

5
2
4
5
12
12

[0.023,0.10] ]0.10,0.17] ]0.17, 0.25]
[1.0,5.5] ]5.5,10]

[0.20,0.33] 10.33,0.45] ]0.45,0.58] ]0.58,0.7]
[0.05,0.44] ]0.44,0.83] 10.83,1.22] ]1.22, 1.61]
[07 %] : ]HTN’ 27l']

[07 %] i ]HTﬂ? 27[-]

]0.25,0.32] 10.32,0

]1.61, 2.0

Table E.1: Binning in the kinematic variablesQ?, z, P, |, ¢ and¢g used for the PDE.

4]

For each of those multidimensional bins= (z,, Q%, 2o, P15, ¢e, 9s,) With a sufficiently
high statistics (e.g. containing more than 100 events)aslyenmetries

v — v}
RZESZ

(E.1)

were calculated from the yieldsm) of the events corresponding to each of the two target spin

states
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NISY

Y;m) = Z Wij (E.2)
j=1

wherew; ; are the event-weights.
As a last step the a-priori Probability Density EstimatdDE) was evaluated as:

f(xi) =1+P- A, (E.3)

where, as usuak, indicates the target polarization. This quantity has tmeesstructure of the
PDF (cf. eqgn. (6.7)) but does not depend on the fit (i.e. th@ai¢ parameters. In contrast,
it depends on an asymmetd; directly extracted from the data, thus representing thaaip
data probability density function
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