





























































































































































































































CHAPTER 4. THE HERMES EXPERIMENT AT HERA

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

76



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
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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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CHAPTER 4. THE HERMES EXPERIMENT AT HERA

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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CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

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. THE EVENT SELECTION

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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CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

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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5.3. THE EVENT SELECTION

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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CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

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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5.3. THE EVENT SELECTION

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. THE EVENT SELECTION

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.

99



CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

F 2 par. ML fit (A, +Ag,) g n
F A 3par. ML ﬁt (AcontAsivtAsinores)
E O 3par. ML fit (AC0”+ASN+ASm(3m@))
0.05 [~ [ -

2 3in (@)

-001 } Il } Il Il Il Il Il Il ‘ Il Il }\ Il Il Il Il Il Il Il ‘
002 [ F F

AT A

-0.04 |- =
-0.06 #ﬁ F

-0.08 [ - -
01 H¢> =
012 bl e e B ]

2 [3in(@+eg)
:
e
T |
=3
3%
=

0 0.2 0.2 0.4 06 0 05 1
X z P, [GeV]
= [ ) [
E o1z - m 2 par. ML fit (A, *Ag,) * T
é{’ o1 b A 3 par. ML f!t (AC0”+ASN+ASm(2Ws))
S £ O 3par. ML fit (AcytAgy, A ape)
£ o008 [ F | -
7] r r r ﬂ%
o 006 [ - - | |
e ¥ B phH
004 -, "# # C #’ C ’#)
ooz |- - ¥ W
N S R Eoereenen R T SO -

2 Bin(¢-99)
[ [
== |
[ [

&

==
[ [
—"-—

‘ [ ‘ Il Il Il ‘ Il Il Il ‘ Il Il [ Il Il Il Il ‘ Il Il Il Il ‘
0 0.2 0.2 0.4 0.6 0 0.5 1
X z P, [GeV]

Figure 5.10: Unweighted Collins (upper half) and Sivers (lower half) naméor 7 (upper panels)
andn~ (lower panels) extracted with the basic 2-parameters PDF (full squaspared with those
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Figure 5.11: Unweighted Collins (upper half) and Sivers (lower half) mdsnfar 7+ (upper panels)
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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
deuterium target. The target polarization was assigned randomly betiveid 1. The extraction was
performed with the standard 6-parameters ML fit (eqn. (5.26)).
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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
the standard 6-parameters ML fit (egn. (5.26)). The yellow bandssept the systematic errors includ-
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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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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].

117



CHAPTER 5. THE EXTRACTION OF THE AZIMUTHAL MOMENTS

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)
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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 _

129



CHAPTER 6. MONTE CARLO STUDIES

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.
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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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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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| # 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.

» — 7 14
LE 200 E + - = L + -
e A nTl ATD c . mTT ATT
j co o : - 12 — :
z 150 4 =0
M ) L
o A A : > L
125 | AA s [
: s Esn
100 = Foe
r-: m g L .
75 : =6
C : [ | . : [} A
50 [ . mmgy £ A
r < .
Feo : : n 4 : m " :
25 = [a} r g B
Fo : : : B A A !! A
07\\\\‘\\\\‘\\\\‘!\\\‘1\\\ 2\\:\\‘\\\\‘i\\\‘\\\\‘}\\\
25 10 22 32 42 44 48 25 10 22 32 4244 48
Number of parameters Number of parameters

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:
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- 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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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.

163



CHAPTER 7. RESULTS AND INTERPRETATION

:,I':_-'r_": 0'1;1-[““ - 6 par. I\/IL+ - 7.9% scale || uncertainty |-
& L B B L B
Soos - A : L
GNP ILIE VY ey eea, ety
R e P e ————
<5 L i i . .
SN S S S e
I v . ¢+¢, - **q. S TR T
=S T T N N |
© N N N T B
N_Oliw I J_'_'_'_‘_g'—'—
O
S S S B
&z - Tew +1'++ ++H' +-+i'+ Y
_O.lfwwwi\\ﬂ\\\\\\\\f\\ e o B B
02 Kt N n n N
=4 L L[ L L .
SN I
E 0“+;!_+'___’1'*! _____ ‘_*__;'F__+__"+'*_+_+__‘**j ____
l_'0.27‘ 1 \4?_'#7\\\4?_'\_:\\ 7'_\‘_\ 7\\\\;\\\\\7\\\\;\\\\\
2 K - - - -
§0-25Jl - ~ ~ -
S C . C C + » Pl E
= |« . — - - i
5 o- 1'____+_-:_+ _____ - AL BN *!'_____4't+___+__
N - - - L -
_0.257\\\i\\7\\\i\\\\\ I ] e B W
0 0.2 0.5 10 10.1 0.5 0.9 5 10
X z P, [GeV] Y Q? [GeV?]

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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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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Prg = 0 ‘{‘X\
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© b= /2 " - 6-0

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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standard 6-parameters ML fit. The amplitudes are corrected for thetancegeffects. The yellow bands
represent the systematic errors.
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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.
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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

196



Bibliography

[Abe98] K. Abeet al. (E143 Collaboration), "Measurements of the proton and deutspin
structure functions gand @”, Phys. RevD58, 112003 (1998).

[Abe97] K. Abe et al. (E154 Collaboration), "Precision Determination of the NentSpin
Structure Function’yy”, Phys. Rev. Let#9, 26 (1997).

[Ack97] K. Ackerstaffet al. (HERMES Collaboration), "Measurement of the Neutron Spin
Structure Functiog? with a PolarizedHe Target”, Phys. LetB404, 383 (1997).

[Ack98] K. Ackerstaffet al. (HERMES), "The HERMES Spectrometer”, Nucl. Inst. & Meth.
A 417,230 (1998).

[Ada94] D. Adamset al. (SMC Collaboration), "Measurement of the spin-dependentsire
function g (x) of the proton”, Phys. LetB329, 399 (1994).

[Ada95] D. Adamset al. (SMC Collaboration), "A new measurement of the spin-depanhde
structure function gx) of the deuteron”, Phys. LetB357, 248 (1995).

[Ada04] J. Adamset al. (STAR Collaboration), "Cross Sections and Transverse SiSgie
Asymmetries in Forward Neutral-Pion Production from Pro@pllisions at\/(s) = 200
GeV”, Phys. Rev. Let®2 Num 17, 171801 (2004).

[Ade93] B. Adevaet al. (SMC Collaboration), "Measurement of the spin-dependentsire
function g (x) of the deuteron”, Phys. LetB302 533 (1993).

[Ade97] B. Adeveet al.(SMC Collaboration), "The spin-dependent structure fuorcg1(x) of
the proton from polarized deep-inelastic muon scatteriRgiys. LettB412 414 (1997).

[Ade98] B. Adevaet al. (SMC Collaboration), "Polarized Quark distributions in the-
cleon from semi-inclusive spin asymmetries”, Phys. LB#20, 180 (1998), arXiv:hep-
ex/9711008.

[AdIO4] S.S. Adleret al. (PHENIX Collaboration), "Double Helicity Asymmetry in Inasive
Midrapidity 7° Production for Polarized p+p Collisions @f(s) = 200 GeV ", Phys. Rev.
Lett.93 Num 20, 202002 (2004).

197



BIBLIOGRAPHY

[AdIO6] S.S. Adleret al. (PHENIX Collaboration), "Improved measurement of doubl&dity
asymmetry in inclulsive midrapidity® production for polarized p+p collisions @tr(s) =
200 GeV”, Phys. RevD73, 091102 (2006).

[Age05] E.S. Agee\et al. (COMPASS Collaboration), "Measurement of the spin structire
the deuteron in the DIS region”, Phys. L3612 154 (2005).

[Age07] E.S. Ageewt al. (COMPASS Collaboration), "A new measurement of the Collins
and Sivers asymmetries on a transversely polarized deutarget”, Nucl. PhysB765 31
(2007).

[Air98] A. Airpetian et al. (HERMES Collaboration), "Measurement of the proton spincstru
ture functiong! with a pure hydrogen target”, Phys. LeB442 484 (1998).

[Air03] A. Airpetian et al. (HERMES Collaboration), "Measurement of single-spin azimailit
asymmetries in semi-inclusive electroproduction of piansl kaons on a longitudinally
polarised deuterium target”, Phys. L3662, 182 (2003).

[Air05] A. Airapetian et al. (HERMES Collaboration), “Single-Spin Asymmetries in Semi-
Inclusive Deep-Inelastic Scattering on a Transverselafagd Hydrogen Target”, Phys.
Rev. Lett.94, 012002 (2005) Eprint numbers: arXiv:hep-ex/0408013 ak&W¥-04-141.

[AirO5b] A. Airapetianet al. (HERMES Collaboration), “Quark Helicity Distributions ingh
Nucleon for Up, Down, and Strange Quarks from Semi-Inckiddeep-Inelastic Scatter-
ing”, Phys.RevD71, 012003 (2005), arXiv:hep-ex/0407032, DESY-04-107.

[Air05c] A. Airapetianet al. (HERMES Collaboration), “The HERMES polarized hydrogen
and deuterium gas target in the HERA electron storage ring&l.Nnstr. Meth.A540, 68
(2005)

[Air07] A. Airapetianet al.(HERMES Collaboration), “Precise determination of the spiacs
ture functiong1 of the proton, deuteron and neutron”, Phys. Rey5, 012007 (2007).
Eprint numbers: arXiv:hep-ex/0609039 and DESY-06-142

[AkoO2] N. Akopovet al., “The HERMES Dual-Radiator Ring Imaging Cerenkov Detector”,
Nucl. Instrum. MethA479, 511 (2002)

[Alg76] M.J. Alguardet al. (E80 Collaboration), "Deep Inelastic Scattering of PoladiElec-
trons by Polarized Protons”, Phys. Rev. L&8f.Num.19, 1261 (1976).

[Alg78] M.J. Alguardet al. (E80 Collaboration), Phys. Rev. Le#tl Num.2, 71 (1978).

[Alt77] G. Altarelliand G. Parisi, “Asymptotic Freedom iraRon Language” Nucl. PhyB126
298 (1977).

[Ama02] M. Amarian et al. (E94-101 Collaboration), "€ Evolution of the Generalized
Gerasimov-Drell-Hearn Integral for the Neutron usingHe Target ”, Phys. Rev. Le&9
Num 24, 242301 (1997).

198



BIBLIOGRAPHY

[And83] B. Andersoret al,, “Parton Fragmentation and String Dynamics”, Phys. RgpB1,
(1983).

[And97] B. Anderson, “The Lund model”, Camb. Monogr. Part. ®hyiucl. Phys. Cosmoll
1, (1997).

[AndO1] A. Andreevet al., “Multiwire Proportional Chambers in the HERMES Experiment”
Nucl. Instru. Meth A465 482 (2001).

[Ans95] M. Anselmino, A. Efremov and E. Leader, “The theondgenomenology of polar-
ized deep inelastic scattering”, Phys. R@#l, 1-124 (1995).

[Ans95] M. Anselmino, A. Efremov and E. Leader, “The theondgpenomenology of polar-
ized deep inelastic scattering”, Phys. R&f1, 1-124 (1995).

[Ans99] M. Anselmino, M. Boglione and F. Murgia, "Phenomesgy of single spin asymme-
tries in pfp— 7 X 7, Phys. Rev.D60, 054027 (1999).

[Ans05] M. Anselminoet al., "Extracting the Sivers function from polarized SIDIS datad
making predictions”, Phys. Re272, 094007 (2005), arXiv:hep-ph/0507181v2

[AnsO5b] M. Anselmincet al, "The role of Cahn and Sivers effects in Deep Inelastic Scatte
ing”, Phys. RevD71, 074006 (2005), arXiv:hep-ph/0501196v2

[Ans07] M. Anselminoet al, "Transversity and Collins functions from SIDIS and e+e-
data”,arXiv:hep-ph/0701006 (2007), Revised version teeapm Phys. Rev D.

[Ant96] P.L. Anthonyet al.(E142 Collaboration), "Deep inelastic scattering of padead elec-
trons by polarizedHe and the study of the neutron spin structure”, Phys. R&4, 6620
(1996).

[Ant00] P.L. Anthonyet al.(E155 Collaboration), "Measurements of the Q2-dependehiteo
proton and neutron spin structure functiofsagd ¢”, Phys. Lett.B493 19 (2000).

[Ant02] P.L. Anthonyet al. (E155x Collaboration),”Precision measurement of the pratod
deuteron spin structure functiopsand asymmetried,”, Phys. Lett.B553 18 (2003).

[Ant99] P.L. Anthonyet al.(E155 Collaboration), "Measurement of the deuteron spurcstire
function g(x) for 1 (GeV/cfiQ?i40 (GeV/c}”, Phys. Lett.B463 339 (1999).

[Aok97] S. Aoki, M. Doui, T. Hatsuada and Y. Kuramashi, “Tengharge of the nucleon in
lattice QCD”, Phys. RewD56, 433 (1997)

[Arr04] E.R. Arriola and W. Broniowski, "Solution of the Kwig@eski ecolution equations for
unintegrated parton distributions using the Mellin tramsf’, Phys. RevD70, 034012
(2004), arXiv:hep-ph/0404008.

[Art90] X. Artru and M. Mekhfi, "Transversely polarized part densities, their evolution and
their measurement”, Z. Phys.45, 669 (1990).

199



BIBLIOGRAPHY

[Art93] X. Artru,"Proposal for measuring transversity tlibutions in deep inelastic elec-
tron scattering and a model for E-704 asymmetries”, Prepéoethe 5th International
Workshop on High-energy Spin Physics, Protvino,Russia SER421993, arXiv:hep-
ph/9310323.

[Ash88] EMC, J.Ashmaret al., "A measurement of the spin asymmetry and determination of
the structure functiongin deep inelastic muon-proton scattering”, Phys. LBR06, 364
(1988).

[Ash89] J. Ashmaret al. (EMC Collaboration), "An investigation of the spin structusf the
proton in deep inelastic scattering of polarised muons daris@d protons”, Nucl. Phys.
B328 1 (1989).

[Aug07] W. Augusyniac, A. Miller, G. Shnell, S. Yen, P. Zupsky, "TMC - Vertex Recon-
struction in the Presence of the HERMES Transverse Targeh®tdgHERMES Internal
Report 07-008

[Ava96] H. Avakianet al, “Performance ofF'101 Radiation Resistant Lead Glass Shower
Counters”, Nucl. Instrum. MethA378, 155 (1996)

[Ava98] H. Avakianet al,, “Performance of the Electromagnetic Calorimeter of the HEHEM
experiment”, Nucl. Instrum. MetA417, 69 (1998)

[Bac00] A. Bacchetta, M. Boglione, A. Henneman and P.J. Muldd@8sunds on transverse
momentum dependent distribution and fragmentation fonsti, Phys. Rev. Let85, 712
(2000).

[Bac01] A. Bacchetta, R. Kundu, A. Metz and P.J. Mulders, "Thdi@®fragmentation func-
tion: A simple model calculation”, Phys. LeB506, 155 (2001).

[BacO2a] A.Bacchetta, R. Kundu, A. Metz and P.J. Mulders, taate of the Collins fragmen-
tation function in a chiral invariant approach”, Phys. Re@5, 094021 (2002).

[Bac02b] A. Bacchetta, "Probing the transverse spin of quarkdeep inelastic scattering”,
PhD thesis (2002). arXiv:hep-ph/0212025.

[Bac04] A. Bacchettaet al. "On the way to a decomposition of the flavor dependent Sivers
functions: Transverse asymmetries, the decompositiontlEadransverse MC generator
GMC_TRANS”, Hermes Internal Report 04-039 (2004).

[BacO7] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Muldeks. Schlegel, "Semi-
inclusive deep inelastic scattering at small transversememium’, JHEP 0702 (2007) 093,
arXiv:hep-ph/0611265

[BacO7b] A.Bacchettat al., "Collins fragmentation function for pions and kaons in actptor
model’, aiXiv:hep-ph/0707.3372v1 (2007)

200



BIBLIOGRAPHY

[Bar79] D.P. Barbeet al,, "Discovery of Three-Jet Events and a Test of Quantum Chrgmod
namics at PETRA’, Phys. Rev. Le#t3, 830 (1979).

[Bar93] D.P. Barbeet al, "The HERA polarimeter and the first observation of electrpims
polarization at HERA’, Nucl. Instrum. MetA329, 79 (1993).

[BauB83] G. Baunetal.(E130 Collaboration), "New Measurement of Deep-InelasficAsym-
metries”, Phys. Rev. Lete1 Num.13, 1135 (1983).

[Bau02] Ch. Baumgartert al, “An Atomic Beam Polarimeter to Measure the Nuclear Po-
larization in the HERMES Gaseous Polarized Hydrogen andddiewmh Target”, Nucl. In-
strum. Meth A482, 606 (2002).

[BauO3a] Ch. Baumgarteet al., “Measurement of the atomic recombinationin the HERMES
polarized hydrogen and deuterium storage cel target”, Naskrum. Meth.A496, 263
(2003).

[BauO3b] Ch. Baumgarteet al,, “The storage cell of the polarized internal H/D gas tardet o
the HERMES experiment at HERA", Nucl. Instrum. Metkd96, 277 (2003).

[Bru84] R. Brun, F. Bruyant, A.C. McPherson, and P. Zanarini, “®HR”, CERN-
DD/EE/84-1

[Ben01] T. Benisclet al, “The Luminosity Monitor of the HERMES Experiment at DESY”,
Nucl. Instrum. MethA471, 314 (2001).

[BDRO2] V. Barone, A. Drago and P.G. Ratcliffe, "Transverse pektion of quarks in
hadrons”, Phys. Re859 1-168 (2002).

[Bec0O] M. Beckmann, "Extraction of polarised quark disttibas of the nucleon from deep
inelastic scattering at the HERMES experiment”, PhD. Thelsert-Ludwigs-Universitat
Freiburg, DESY-THESIS-2000-029 (2000).

[Bec02] M. Beckmanret al,, "The longitudinal polarimeter at HERA’, Nucl. Instrum. Met
A479, 334 (2002).

[Ber98] S. Bernreutheet al, “The HERMES Back Drift Chambers”, Nucl. Instrum. Meth.,
A416, 45 (1998).

[Bha88] R.K. Bhaduri, “Models of the Nucleon”, Addison WesI&gading, MA, (1988).

[Bjo69a] J.D. Bjarken, “Asymptptic sum rules at infinite momem”, Phys. Rev179, 1547
(1969).

[Bjo69b] J.D. Bjgrken and E.A. Paschos, “Inelastic electpooton andy-proton scattering and
the structure of the nucleon”, Phys. R&85 1975 (1969).

[Boe00] D. Boer and P.J. Mulders, “Color gauge invariance inRhell-Yan process”, Nucl.
Phys.B569, 505 (2000).

201



BIBLIOGRAPHY

[BraO1] J.T. Bracket al,, “The HERMES Forward Tracking Chambers: Construction, Opera-
tion, and Aging Effects”Nucl. Instrum. Meti#®469, 47 (2001).

[Bra06] F. Bradamante, "The COMPASS Experiment at CERN: presedtfature”, Nucl.
Phys.B154(Proc. Suppl.), 86 (2006).

[Bro02] S.J. Brodsky, D.S. Hwang and I. Schmidt, "Final-stateractions and single-spin
asymmetries in semi-inclusive deep inelastic scatteriRgys. LettB530, 99 (2002).

[Bur02] M. Burkardt, “Impact parameter dependent partonrithgtions and transverse single
spin asymmetries”, Phys. Rdv66, 114005 (2002)

[Cal69] C.G. Callan and D.J. Gross, “High-energy electropatidn and the constitution of
the electric curent”, Phys. Rev. Le®3, 156 (1969).

[Cer93] CERN Programming Techniques Group, ADAMO-Entity-Relaship Programming
System, (1993), User Guide, Version 3.3

[Cho74a] A. Chodot al, "New extended model of hadrons”, Phys. RB@ Num.12, 3471
(1974).

[Cho74b] A. Chodot al., "Baryon structure in the bag theory”, Phys. RBALO Num.8, 2599
(1974).

[Chr96] C.V. Christovet al., "Baryons as non-topological chiral solitons”, Prog. Paktcl.
Phys.37, (1996). arXiv:hep-ph/9604441

[Col93] J.C. Collins, “Fragmentation of transversely poladzjuarks probed in transverse mo-
mentum distributions”, Nucl. Phy8396, 161 (1993).

[Col02] J.C. Collins, “Leading-twist single-transverse spgymmetries: Drell-Yan and deep-
inelastic scattering”, Phys. Le®536, 43 (2002). arXiv:hep-ph/0204004

[Col06] J.C. Collinset al, “Sivers effect in semi-inclusive deeply inelastic scattg”, Phys.
Rev.D73, 014021 (2006). arXiv:hep-ph/0509076

[Dia98] D. Diakonov, "Chiral Quark-Soliton Model”, World $mitific in School proceedings
Report-no: NORDITA-98/14 (1998). arXiv:hep-ph/9802298

[Die05] M. Diehl and S.Sapeta, "On the analysis of leptonttecag on longitudinally or
trasversely polarized protons”, Eur.Phys.J. C41, 515-2388%), aiXiv:hep-ph/0503023v1

[Die05b] M. Diehl A. Bacchetta, “Question: semi-inclusiaspin symmetry”, Mailing list:
draft 61@hermes.le.desy.de, January 27, 2005

[Dief05] M. Diefenthaler, “Transversity measurements &RMES”, Conference proceeding
of DIS 2005, Madison, Wisconsin (USA), April 27 - May 1 (200&)Xiv:hep-ex/05507013

202



BIBLIOGRAPHY

[Dok77] Y.L. Dokshitzer, “Calculation of the Structure Fuioms for Deep Inelastic Scattering
andete™ Annihilation by Perturbation Theory in Quantum Chromodyiwst Sov. Phys
JETP46, 641 (1977)

[Dur95] M. Duren, “The HERMES experiment: from the design he first results”, Habili-
tation Thesis, Friedrich-Alexander-Universitaet ErlangNurnberg (1995) HERMES 95-
002.

[Dur98] M. Duren, “Quark Spin Flavour Decomposition - CrosseCks and First Moments”,
HERMES Internal Report (1998) HERMES 98-018.

[EfrO5] A.V. Efremov, K. Goeke and P.Schweitzer, “Transigr distribution in spin asymme-
tries in semi-inclusive DIS and in the Drell-Yann procesaZech. J. PhyS5, A189 (2005).

[Efr06] A.V. Efremov, K. Goeke and P.Schweitzer, “Collindesft in semi-inclusive deeply
inelastic scattering and e~ -annihilation”, Phys. ReMD73 094025 (2006).

[ElI74] J. Ellis and R.L. Jaffe, "Sum rule for deep-inelastiectroproduction from polarized
protons”, Phys. Re\D9 1444 (1974); "Erratum: Sum rule for deep-inelastic elgutos
duction from polarized protons”, Phys. RBXLO, 1669 (1974).

[ElI83] R.K. Ellis, W. Furmanski and R. Petronzio, “Unravaeij Higher twist”, Nucl. Phys.
B212 29 (1983).

[EIsO6] U. Elschenbroich, PhD Thesis “Transverse Spin &tme of the Proton Studied in
Semi-Inclusive DIS”, DESY-THESIS-2006-004, (2006).

[Fat03] R. Fatemket al. (CLAS Collaboration), "Measurement of the Proton Spin Sttt
Function g(x,Q?) for Q% from 0.15 to 1.6 GeV¥with CLAS ", Phys. Rev. Let@1, Num 22,
222002 (1997).

[Fey69] R. Feynman, “Very high-energy collisions of hadrprBhys. Rev. Lett.23, 1415
(1969).

[FIoO7] D. de Florian, R. Sassot and M. Stratmann, “Global ljsia of Fragmentation Func-
tions for Protons and Charged Hadrons”, arXiv:hep-ph/0&06¢1 (2007).

[Gei09] H. Geiger and E. Marsden, “On a diffuse reflectionha& & particles”, Pro. Roy. Soc.
A82, 495 (1909).

[Gel64] M. Gell-Mann,”A schematic model of baryons and mesoPhys. Lett8, 214 (1964).
[Ger21] W. Gerlach and O. Stern, Z. Phy8§k110 (1921)

[Gio08] F. Giordano, “The role of transverse momentum and spunpolarized semi-inclusive
deep inelastic scattering”, PhD Thesis, University of &exr(2008)

[Gri72] V.N. Gribov and L.N. Lipatov "¢~ pair annihilation and deep inelastip scattering
in perturbation theory”, Sov. J. Nucl. Phyib, 675 (1972).

203



BIBLIOGRAPHY

[Glu96] M. Gluck, E. Reya, M. Stratmann and W. Vogelsang, “Next-to-legdirder radiative
parton model analysis of polarized deep inelastic leptacleon scattering”, Phys. Rev.
D53, 4775 (1996)

[Has03] D. Hash, “Effect of a dead calo block in the analy$semi-inclusive asymmetries...”,
Mailing list: offline-list@hermes.le.desy.de, Apr. 24 (&)

[HDQa] , HERMES data quality group, “DIS Statistics of Diféart Years”, http://www-
hermes.desy.de/groups/daqlgrp/OFFLIBBR/uDST/general/docu/DISstats.html

[HDQb] , HERMES data quality group, “Offline Data Quality #DST Productions”,
http://www-hermes.desy.de/groups/daglgrp/OFFLINQ/uDST/index.html

[HilO5] , A. Hillenbrand, “Measurement and SimulationofetifFragmentation Process at
HERMES?”, PhD thesis, Friedrich-Alexander-UniversitaelaBgen-Nurnberg, HERMES-
THESIS-2005-035 (2005).

[HomO3] , B. Hommez, “Hadron ldentification with the HERMES RIGHucl. Instrum.
Meth. A502, 294 (2003).

[HomO4] , B. Hommez, H. Jackson, R. Kaiser and Y. Miyachi, “Usin
the RICH detector for Physics Analysis”, December 2004, Hitw-
hermes.desy.de7groups/richgrp/rich/richanalysishriatml

[ler97] G. Ingelman, A. Edin, and J. Rathsman, “LEPTO 6.5 - Arit#oCarlo Generator for
Deep Inelastic Lepton-Nucleon Scattering”, Comput. Physn@an.101, 108 (1997)

[Jaf92] R.L. Jaffe and X. Ji, "Chiral-odd parton distributgoand Drell-Yan processes”, Nucl.
Phys.B375 527 (1992).

[Jaf96] R.L. Jaffe, “Spin, Twist and Hadron Structure in Déaglastic Processes”, arXiv:hep-
ph/9602236 (1996).

[Jam75] F. James and M. Roos, “MINUIT’ A System for Functiornimization and Analysis
of the Parameter Errors and Correlations”, Comput. Phys. Caomib@343 (1975).

[Jun00] P. Jung, “Pion-Kaon separation with the HERMES RICHectet”, Diploma thesis,
Humboldt Universitaet Berlin (2000), HERMES-01-025

[Kow87] S.B. Kowalski and H.A. Enge, “The ion-optical progmaraytrace”, Nucl. Instrum.
Meth A258, 407 (1987).

[Kre00] S. Kretzer, “Fragmentation functions from flavaoclusive and flavour-tagged e~
annihilations”, Phys. Reid62, 054001 (2000).

[Lai97] H.L. Lai et al, "Improved parton distributions from global analysis oteat deep
inelastic scattering and inclusive jet data”, Phys. RE5, 1280 (1997).

204



BIBLIOGRAPHY

[LamOO0] B. Lampe and E. Reya, "Spin physics and polarized stradunctions”, Phys. Rep.
332 1 (2000).

[LieO4] P. Liebing, “Can the gluon polarization in the nuatdze extracted from HERMES data
on single highpr hadrons?”, PhD thesis, Univsersitaet Hamburg (2004), DEBESIS-
2004-036

[Lip75] L.N. Lipatov, “The parton model and the perturbatitheory”, Sov. J. Nucl. Phy20,
94 (1975).

[Ma02] B.Q. Ma, I. Schmidt and J.-J. Yang, “Azimuthal spin esyetries of pion electropro-
duction”, Phys. RevD65, 034010 (2002).

[Mak03] N. Makins, “GMCTRANS Manual”, Hermes Internal Report, HERMES-03-060
(2003).

[Mak03b] N. Makins, “Back-of-the-Envelope interpretatiof our First Transversity Data”,
Hermes Internal Report, HERMES-03-010 (2003).

[MaiO6] B. Maiheu, “Hadronization in electron-proton seaithg at HERMES”, PhD Thesis,
Universiteit Gent (2006) HERMES-06-061

[Mck02] P. M. Mckee (E01-006 Collaboration),www.jlab.orgbnes/rss/mckee-proc.pdf
(2002).

[MilO6] A. Miller, “Extracting azimuthal Fourier momentsdm sparse data”, talk given at
HERMES Transversity Week, Gent, (2006)

[Miy03] Y. Miyachi, “The HERMES RICH Aerogle Radiator”, Nucl. strum. Meth.A502,
222 (2003).

[Mul96] P.J. Mulders and R.D. Tangerman, “The complete tesel result up to ordet/(Q for
polarized deep-inelastic leptoproduction”, Nucl. PHy461, 197 (1996).

[Mur74] J.J. Murphiet al,, "Proton form factor from 0.15 to 0.79 fm”, Phys. Rev (9, 2125
(2974).

[Nas03] A. Nasset al. “The HERMES polarized atomic beam source”, Nucl. Intrum. iMet
A505, 633 (2003).

[PAX05] PAX Collaboration, “Technical Proposal for Antigom-Proton Scattering Experi-
ments with Polarization” arXiv:hep-ex/0505054 (2005)

[Per72] D.H. Perkins, Proc. of the 16th Int. Conf. on High EyePhysics, Batavia,Vol.4
(1972).

[Pob03] P.V. Pobylitsa, “Transverse-momentum dependantiop distributions in largey,.
QCD”, arXiv:hep-ph/0301236

205



BIBLIOGRAPHY

[Raj06] Rajendran Raja, “A General Theory of Goodness of Fit iekilhood Fits”,
arXiv:physics/0509008 v2 (2006) (preprint submitted tedwier Science).

[Ral79] J.P. Ralston and D.E. Soper, "Production of dimuomsnfthigh-energy polarized
proton-proton collisions”, Nucl. Phy&152, 109 (1979).

[Ron03] O. A. Ron (E01-006 Collaboration),Proceedings of NBBPDubrovnik, Croatia
(2003).

[Ros50] M.N. Rosenbluth, "High Energy Elastic Scattering ¢édfrons on Protons”, Phys.
Rev.79, 615 (1950)

[Rutll] E. Rutherford, “The scattering efand/ particles by matter and the structure of the
atoms”, Phil. Mag21, 669 (1911).

[Sak69] J.J. Sakurai,”Vector meson dominance and higlnggredectron proton inelastic scat-
tering”, Phys. Rev. Leti22, 981 (1969)

[Sei06] R.C. Seidl, “Spin dependent fragmentation functibBelle” (Results presented at the
DIS 2006 conference in Tsukuba, Japan), arXiv:hep-ex/06072006)

[Sivo0] D.W. Sivers, “Single Spin Production Asymmetriesrh the Hard Scattering of Point-
like Constituents”, Phys. Rev B1, 83 (1990).

[Sjo95] T. Sjostrand, “PYTHIA 5.7 and JETSET 7.4: Physicd ananual”, arXiv:hep-
ph/9508391 (1995)

[Sjo03] T. Sjostrand, L.Lonnblad, S. Mrenna and P.SkandsTtRIA 6.3: Physics and man-
ual”, arXiv:hep-ph/0308153

[Sof95] J. Soffer, “Positivity constraints for spin depend parton distributions”, Phys. Rev
Let. 74, 1292 (1995).

[Sol64] A.A. Sokolov and I.M. Ternov “On POlarization andiBEffects in the Theory of
Synchrotron Radiation”, Sov. Phys. Dokla@®y.1203 (1964).

[Ste00] J.J.M. Steijger, “The HERMES Silicon Project” Nucist. & Meth.A447, 55 (2000).

[Vog05] W. Volgelsang and F. Yuan, “Single-Transverse Spsymmetries: From DIS to
Hafronic Collisions”, Phys. Re\D72 054028 (2995), arXiv:hep-ph/0507266v2.

[Wak99] M. Wakamatsu and T. Kubota, "Chiral symmetry and theleon spin structure func-
tions”, Phys. Rev. D&B0, 034020 (1999)

[Wak01] M. Wakamatsu,”Chiral-odd distribution functiomsthe chiral quark soliton model”,
Phys. LettB509, 59 (2001)

206



BIBLIOGRAPHY

[Wan04] S. Wang, “Improvements of the HERMES Transverseri2ald Hydrogen Target and
Calculations of the Sextupole Magnet”, PhD Thesis, Chinaitiriet of Atomic Energy
(2004) HERMES-04-056

[Wei97] T. Weiland textitet al., “MAFIA Version 4, AIP Conf.riec. 391, 65 (1997), Prepared
for CAP 96: The 1996 Computational Accelerator Physics ConfareWilliamsburg, Vir-
ginia, USA 24-27 Sep 1996

[Wen03] J. Wendland, “Polarized parton distributions nueed at the HERMES experiment”,
PhD Thesis, Simon Fraser University (2003), DESY-THESIS3032

[Yao06] W.-M. Yaoet al. (PDG), Phys. G33, 1 (2006)

[Yun03] J. Yunet al. (CLAS Collaboration), "Measurement of inclusive spin sturetfunc-
tions of the deuteron”, Phys. Rev.8Z, 055204 (2003).

[Zhe04] X. Zhenget al. (E99-117 Collaboration), "Precision measurement of théroawspin
asymmetries and spin-dependent structure functions wetleace quark region”, Phys.Rev.
C70, 065207(2004).

[Zweb4] G. Zweig, “An SU(3) model for strong interaction syratry and its breaking”, CERN
preprintsTH-401, TH-412 (1964).

207



Acknowledgements

Now that my thesis is over, | urge to thank all the people whuslp was indispensable
during the period of my PhD.
First of all, | would like to thank my tutor, Prof. Paola FetrdDalpiaz, for accepting me as
a part of the 'Ferrara group’ and for transmitting me her eigmee and enthusiasm in hadron
physics. Since the very beginning of my PhD, she involvedm@erich and interesting research
program, giving me the opportunity to learn a lot of new cguisend techniques. But, most
importantly, she gave me the opportunity to join an excigxgeriment such as HERMES!
A special thank goes to Marco C., for his constant and diststgd guidance throughout the
whole PhD period. He was always present for suggestionsiandssions and for pushing me,
day after day, towards the extraction of the final resultsn irdebted with him for his extraor-
dinary efforts to make this analysis successful.
Thanks also to Paolo and Michelle, for the interesting amdgihg discussions and for their
support. And thanks to Marco S., for sharing with me his krealgle on superconducting mag-
nets and swagelok stuff!
Thanks Delia, Gunar, Naomi, Andy, Alessandro and Riccamioydur contagious enthusiasm
in physics and for your precious advices, and, of coursakhdlarkus, for sharing with me so
many cross checks and interesting discussions (not justagss!!!).
Thanks Francesca, for our daily coffee breaks and our digmus on physics, future plans,
vacations, new houses and cats! Thanks for sharing with mestless and the excitement
(...maybe a little bit more stress than excitement) of tseraonths.
Finally, thanks to Professors Moskow Amarian and Mauro Ans®, for accepting to be ref-
erees of this thesis.

Tutto il mio affetto va alla mia famiglia, per il costante segno e gli incoraggiamenti che
non mi avete mai fatto mancare e a Carmen, che ho sposato dutaltttorato, per la gioia e
I'amore che ogni giorno sei capace di trasmettermi.





