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Abstract

HERMES is a Deep Inelastic Scattering experiment located at the DESY facility in Ham-
burg, Germany, and uses longitudinally polarized 27.5 GeV electrons or positrons from
the HERA storage ring to scatter off fixed, polarized nucleon targets. From the rate of
detected scattered beam leptons it is possible to measure the structure function g; which
enters the cross section as an unknown, given the lack of knowledge of the internal struc-
ture of the nucleons. This function is in turn dependent on the distribution of spin inside
the nucleons. This field of research was triggered by the discovery, in the late 1980’s by
the EMC experiment, that the total spin 1/2 of nucleons did not come entirely from the
contribution of quarks, as expected.

The deuteron structure function g has been measured with unprecedented precision
in this thesis from 10 million DIS events collected by the HERMES experiment during
the years 1998 and 2000. The data cover the kinematic range 0.0041< z <0.81 and 0.21<
Q? <7.3 GeV?, and have been divided into 49 £ and Q? bins, where z is the fraction of
nucleon’s momentum carried by the struck quark and @? is the negative four-momentum
transfer to the nucleon. The extraction of g¢ from data requires a deep knowledge of the
detector performance for the dis-entanglement of effects possibly due to malfunctions.
Statistical tests were performed on the data to study possible unwanted dependencies.

QCD fits at next-to-leading order have been performed to world data on the structure
functions g Tl Q). They have in turn been used to extract the polarized distributions
Aghe(z, Q%), AX(z, Q%) and AG(z, Q?). A method has been developed to propagate the
statistical and systematic uncertainties on g?™ to the extracted distributions. The inte-

grals of these distributions over the measured range of the variable z have been obtained
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for four Q? reference values and also from the HERMES data alone.
The results in this thesis clearly demonstrate that in the measured z range gluons are
positively polarized, which may explain the spin deficit in the nucleon known as the spin

puzzle.
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Chapter 1

Introduction

The structure of nucleons can be studied with experiments analogous to Rutherford’s,
where in this case particles scatter off target nucleons rather than the nucleus. From
the distribution of scattered particles it is possible to gain information on the nucleon’s
constituents.

At very low beam energies, the constituent model describes the static properties of
nucleons like their masses, spins and magnetic moments in terms of quarks constituents.
The nucleons are seen as irreducible representations of the SU(3) symmetry group.

In Deep Inelastic Scattering (DIS) ([1]) a lepton beam scatters off target nucleons with
the exchange of a virtual probe, such as a photon. If the virtual photon four-momentum
Q? is large enough, the photon interacts directly with a quark carrying a fraction z of
the nucleon’s momentum. The nucleon breaks up, and the fragments recombine into
hadrons, which are then detected. Since the lepton is a point-like particle, the distribution
of scattered particles directly depends only on the nucleon’s internal structure.

At very high Q? nucleons appear to be made of free or quasi-free quarks, because the
strong coupling constant decreases asymptotically: quarks interact with the exchange of
gluons, the carriers of the strong interaction. The nucleon is thus seen as an extremely
active environment, where quark-antiquark pairs (the sea) are continuously created and
destroyed.

When target and /or beam are not polarized, then the distribution of momentum car-
ried by quarks and gluons can be studied by DIS, and very precise data is available, with
high statistics, of which Ref. [2] and Ref. [3] are only a few examples. For photon ex-
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change, the differential cross section depends on two unpolarized structure functions F(x)
and F5(z), which in zero-th order QCD can be written as ([4])

= Z e; z gi(x) Fi(z) = ——Fz =3 Z e gi(z (1.1)

where ¢; denotes the distribution of quark i with charge e;, and the sum runs over quarks
and antiquarks.

When both target and beam are polarized, the distribution of spin inside the nucleon
can be studied. The differential cross section acquires a dependence on polarized structure

functions. The analogue of F;(z) in the polarized case is
= eAgi(z), (1.2)

where Ag;(z) = ¢; (z) — ¢; (z) is the difference between parton distributions with po-
larization parallel to the nucleon’s spin and the corresponding distributions with anti-
parallel polarization.

Ideally quark and antiquark distributions inside the proton are not expected to de-
pend on Q?, but in practice they do. This can be explained when one considers that the
processes that the virtual photon accesses change with the four-momentum transferred.
At low Q? the photon is not sensitive to gluon-initiated processes, and can not distin-
guish the sea quarks. When Q? increases the photon can probe the most inner structure
of nucleons, and becomes sensitive to the sea. As a result, when one considers QCD
effects like photon-gluon fusion (v*g9 — qq) and gluon radiation (yv*q — gq), the structure
functions acquire a dependence on Q2.

The total spin of a nucleon is 1/2, which must come from contributions from the total
angular momentum L of quarks and gluons, and from the spin carried by gluons (AG)
and quarks (AX):

%=L+%A2+AG. (1.3)

Naively one would expect that the static model results apply at higher energies too, and
that the spin is carried by quarks for the most part.
Experiments to study the nucleon’s spin are more difficult to realize than unpolar-

ized ones, because of the necessity of both polarized target and beam. The pioneer EMC
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experiment ([5]) in the 1980’s used polarized high energy muons incident on polarized
targets to determine the polarized structure function g¥. From the integral of g¥ over the
whole range of the variable z (between 0 and 1), using some assumptions on SU(3), it
is possible to extract AX. The astonishing result was that the quarks inside the nucleon
contributed very little (AX ~ 4%) to the spin of the nucleon. Even though the interpreta-
tion of the EMC results is now different, the result remains that the angular momentum
and gluon contribution to the spin may be relevant.

The EMC results generated the so called spin puzzle and gave way to many polar-
ized DIS experiments, mainly concentrated at the CERN and SLAC laboratories. The
most important CERN experiment was SMC, an upgrade of the EMC detector. In this
experiment, 100-190 GeV muons scattered off butanol, deuterated butanol, and ammo-
nia targets. One remarkable feature of the experiment was the simultaneous use of two
polarized targets with opposite polarization. This greatly reduced systematic uncertain-
ties related to luminosity and detector performance. Also, the high beam energy led to
high Q? ~ 10 GeV?, and very low z =~ 0.003, important to determine the behavior of g,
at low z for the calculation of the integral of g;. On the other hand, the SMC detector
had the disadvantage of having small dilution factors: the dilution factor is the ratio of
polarizable nucleons divided by the total number of nucleons in the target. In the SMC
experiment this factor varied from 0.13 to 0.23. The target polarization was ~ 86% for
protons and ~25-50% for deuterons.

The SLAC experiments (E142, E143, E154, E155) all used the same polarized electron
beam, but they differed in the targets (E142 and E154 used 3He, E143 and E155 used
NHs, ND3 and LiD), and small changes in the spectrometers. Also these experiments
had to face the problem of the small dilution factors. In the spectrometers used for E142
and E143 the electrons were detected at scattering angles of 4.5° and 7.0°. Electrons were
identified by Cerenkov detectors and lead-glass calorimeters, and scintillator hodoscopes
provided tracking. E154 and E155 used different scattering angles: 2.75%, 5.5° and a new
spectrometer at 10°. One obvious problem of these experiments was the low geometrical
acceptance.

The HERMES experiment ([6]) studies the spin structure of the nucleon through DIS

of longitudinally polarized electrons (or positrons) on longitudinally polarized nucleons.
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One of the strengths of HERMES is the purity of the target: the dilution factor is 1 for
hydrogen and deuterium. The polarized gas (H, D, 3He) enters into a windowless stor-
age cell located directly inside the beam pipe. Gas escapes out of the ends of the cell
and is pumped away by the high speed differential pumping system. The target po-
larization can be as high as 92% while beam polarization can reach 55%. HERMES is a
forward spectrometer divided in two symmetric top-bottom halves. Drift chambers just
downstream of the target window and before and after the magnet measure the scatter-
ing angle and momentum of charged particles. The acceptance of the detector covers a
large kinematic range for the scattered positron. The HERMES particle identification sys-
tem (RICH, TRD, Preshower, Calorimeter) is able to identify the scattered electron and
hadrons produced in coincidence.

There are many ways to access the distribution of spin among the nucleon’s con-
stituents. In inclusive scattering only the scattered lepton is detected, and in this way
there is sensitivity on the structure function g, (z, @?). Even though g, depends on a spe-
cific combination of polarized distributions, it is possible to separate quark and gluon
distributions using their different Q? dependence. This is theoretically a very clean way
to obtain the polarized distributions. Unfortunately the relatively small amount of data
available requires the use of assumptions, such as SU(3) symmetry and hypotheses on
the shape of the distributions at an input scale Q3.

In semi-inclusive scattering ([7], [8], [9]), one or more hadrons are detected in coinci-
dence with the lepton, and the charge of the hadron, together with its valence quark
composition, provide sensitivity to the flavor of the struck quark. Many assumptions
are needed in order to extract the polarized quark distributions, including models on the
fragmentation of nucleons. Also, experiments need to identify efficiently as many types
of hadrons as possible, to be able to separate the flavors. Since this was not possible with
all flavors, assumptions often had to be introduced on the sea polarizations Ag;. For
example Ag;(x)/gs(z) or Ags(z) were assumed to be a constant for all flavors. Recently,
though, given the excellent hadron separation capabilities of the HERMES experiment,
these additional assumptions could be dropped, thus allowing the extraction of the po-
larization distributions of u, d, %, d and s quarks ([10]) in the range 0.023 < z < 0.6 and
1<Q?<15GeV2.
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This thesis deals with the measurement of the deuteron polarized structure function
g from data collected by the HERMES experiment in the spring of 1998 and in 2000, for
a total of almost 10 millions inclusive DIS events.

The first chapter is an overview of the HERMES experiment. The detector is treated
in detail, with special emphasis to the particle identification system, which is able to dis-
criminate between hadrons and leptons, and among hadrons. For the g, analysis only a
good separation is needed between hadrons and leptons. Studies performed on the trig-
ger efficiency conclude the chapter. These studies were necessary to the g, measurements
in the low momentum region. The efficiencies were found to have reached the plateau
after the rise in the region of interest from lower momenta, but a new effect was found:
one detector showed efficiencies as low as 90% and had to be corrected. The inefficien-
cies do not affect the extraction of g,, which is obtained from ratios of cross sections, but
can affect measurements of total cross-sections. For this reason correction functions were
obtained.

The second chapter presents an introduction to deep inelastic scattering, and the mea-
surement of g, in the kinematic region accessible by the HERMES detector 0.0041 < z <
0.81 and 0.21 < Q? < 7.3 GeV?. Data were divided into 27 z bins, and up to 3 Q? bins,
where allowed by enough statistics. Many statistical tests were performed to study the
stability of the results, and possible dependences, like on the trigger efficiencies or on
the beam helicity. The data have been corrected for charge symmetric backgrounds and
hadron contaminations. For the final extraction information was needed from unpolar-
ized data, like a parameterization on the structure function F;. The final results on g¢
represent the most precise measurement so far.

The third chapter introduces QCD effects: the Operator Product Expansion (OPE),
which was developed explicitly to study DIS and describe structure functions in terms of
matrix elements of quark and gluon operators, which become more and more important
at small Q2, where non-perturbative effects play a role. The evolution in Q2 of parton
distributions described by the Altarelli-Parisi equations is also introduced, in leading
and next-to-leading-order. The effect on the structure functions is discussed.

Chapter 4 shows how the new measurements of g can be used together with world

data on g’l””’d to extract fits to the polarized quark and gluon distributions as a function
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of z, exploiting the Q? range of measurements. A method is developed to propagate the
statistical and systematic uncertainties from g?"™* data into the polarized distributions.

Integrals of g?"™* over the measured range of z are obtained for four Q? values.
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Chapter 2

The HERMES experiment

2.1 HERMES

HERMES is a fixed-target experiment located at the east straight section of the HERA
electron (positron)-proton storage ring at the DESY laboratory in Hamburg. HERMES
was designed to optimize the measurement of quantities related to the nucleon’s spin.
For this it needs high beam current, high values of target and beam polarization, high
target density, and a large detector acceptance.

One of the strengths of HERMES is the purity of its target: the dilution factor (i.e. the
ratio of polarizable nucleons divided by the total number of nucleons in the target) is 1

for hydrogen and deuterium.
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Figure 2.1: Schematic side view of the HERMES spectrometer
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Figure 2.2: HERMES angular acceptance. The dotted lines indicate the acceptance in the
polar angle 8, while the dashed circles refer to the acceptance in the azimuthal angle ¢.
The plot represents a scaled version of the actual acceptance.

HERMES [6] is a conventional forward spectrometer with a dipole magnet providing
an integrated field of 1.3 Tm. The spectrometer is divided into two symmetric top-bottom
halves by the HERA beam lines, which are shielded by a horizontal iron plate.

Fig. 2.1 shows a schematic of the detector setup. The particle acceptance in the scat-
tering angle @ is limited at small angles to 0.04 rad by the iron plate, while the maximum
angles in the horizontal and vertical directions are 0.17 and 0.14 rad, respectively (see
Fig. 2.2). Asis shown in Fig. 2.1, each half of the detector has a series of drift-chamber
planes for tracking. An angular resolution of 66 < 0.6 mrad and a momentum resolu-
tion of ép/p ~ 1% are achieved. The trigger is formed by a combination of signals from
three hodoscopes and a lead-glass electromagnetic calorimeter. Particle identification
is achieved by a probability analysis of the signals from the transition radiation detector,
the preshower hodoscope and the calorimeter. In the results presented here the efficiency
for electron identification was on average 98%, while the hadron contamination was es-
timated to be less than 0.5%. The luminosity was measured by two small NaBi(WOy),
electromagnetic calorimeters [12] detecting the Meller (Bhabha) scattering of the beam
electrons (positrons) off the target electrons.

Each component of the HERMES experiment will be discussed in this chapter, includ-
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2.2. THE HERA BEAM
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Figure 2.3: The HERA ring.

ing particle identification and trigger efficiencies.

2.2 The HERA beam

HERMES makes use only of the polarized positron or electron beam from the HERA
storage ring. Since HERA is unable to provide polarized protons, HERMES uses a polar-
ized fixed target. The electron beam is naturally highly transversely polarized due to a
small asymmetry in the emission of synchrotron radiation: since the probability of spin
flip to the direction parallel to the magnetic field is slightly higher than the spin-flip into
the anti-parallel direction, in time there is a net polarization build up of the beam in the
direction parallel to the magnetic field. This is the Solokov-Ternov effect[13]. The time

dependence of the beam polarization is described by the equation:
Pp(t) = Pmag(1 —e7/7), 2.1)

where P,,,; is the asymptotic polarization, and 7 the rise time constant. In a real machine
de-polarizing effects such as orbital effects in the synchrotron radiation as well as mag-
netic and alignment imperfections prevent the polarization from reaching its maximum

and have the net effect of lowering both the maximum polarization and the rise time
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2.2. THE HERA BEAM

from the theoretical values. These theoretical values

THEORY 8 THEORY THEORY mgc2p3 .
Pz =:A" 92.38% T = prH P 37min (2.2

may be compared to the experimentally determined values of ~ 55% and ~ 22 minutes.
Here m, and e are the electron mass and charge, c is the speed of light, 7 is the Planck
constant, p is the bending radius, and v = E/m,, E being the electron energy.

Two polarimeters measure the polarization of the beam: the transverse polarimeter
located in the western section of HERA, and the longitudinal polarimeter located in the

HERMES region (see Fig. 2.3). The average beam polarization for 2000 was < Pg >=0.53.

221 Longitudinal polarimeter

Spin rotators are positioned upstream and downstream of the HERMES area and serve
to rotate the beam polarization from transverse to longitudinal (as needed for HERMES
physics) and then back again. A measurement of longitudinal polarization was neces-
sary for HERMES, so in 1997 the longitudinal polarimeter ([14]) became operational. A
schematic view of the HERA east section with the longitudinal polarimeter is shown in
Fig. 2.4. A laser beam of circularly polarized light with an energy of 2.33 eV is guided by
remotely controlled mirrors in a vacuum pipe for 72 m until it reaches the electron beam.
It then scatters off the electron beam 52 m downstream of the HERMES interaction point.
Because of the high boost of the electron beam, the resulting back-scattered Compton
photons are very focused and are contained within a small region centered around the
direction of the electron beam. The bending magnet BH90 bends the electron beam away

from the Compton scattering, so that the Compton back-scattered light and the beam

i 39m |I 13m I 38m | 16m |

HERMES experiment
Fmmmm———-

!
" s i Compton photons calorimeter
- S

T T BH90 HERA electron beam

laser - electron

HERMES target interaction point

Figure 2.4: Overview of the longitudinal polarimeter.
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2.2. THE HERA BEAM

slightly separate. A small calorimeter located 16 m downstream of BHI0 measures the
energy deposited by the Compton photons. The differential cross section for Compton
scattering of circularly polarized light off of polarized electrons is related to the known
unpolarized differential cross section do/dEy and to the photon and beam polarizations
P, and P, by the relation

do do

where A, is an asymmetry, known exactly. The total energy deposited into the calorime-
ter per electron bunch is measured, thus providing the beam polarization measurement.
If the measured cross sections are the same for photon helicity A = %1 then the beam
is not polarized. The photon polarization is on the order of 0.999 and it is checked by
means of a polarization analyzer before and after the collision with the beam.

The polarization measurement is made once every minute, and it has an absolute
statistical accuracy of 0.01. Systematic uncertainties on the measurement are estimated
to be of the order of 2%, and come from sources of false asymmetry that can contribute to
give a wrong asymmetry measurement, the measurement of the laser light polarization,

and electron beam instability.

2.2.2 Transverse polarimeter

The transverse polarimeter operates on similar principles to the longitudinal one. It uses
an Argon-ion laser which produces photons with an energy of 2.41 eV. As with the longi-
tudinal polarimeter, the beam of light is brought to interact with the electron beam by use
of a series of mirrors. The backscattered Compton light is collimated both horizontally
and vertically and is measured by a calorimeter about 65 m away. The TPOL calorimeter
is separated into two pieces, one above and the other below the beam pipe.

The process used to recover the value of the beam polarization involves the fact that
the cross section for circularly polarized light on transversely polarized leptons has a
spin dependent azimuthal distribution: the asymmetry constructed from the shift in ver-
tical direction of the two light polarization states is proportional to the electron beam

polarization.

1
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2.3. THE LUMINOSITY MONITOR
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Figure 2.5: Schematic picture of the luminosity monitor, with the hit distribution (the
black boxes have a size proportional to the number of hits). The shaded area corresponds
to the beam acceptance.

2.3 The luminosity monitor

Since the luminosity cannot be measured by placing a detector inside the beam-pipe, an
indirect measurement is obtained from the scattering rate of beam electrons (positrons)

off the atomic target electrons, in the elastic Moller (Bhabha) reaction
e e se P e (2.4)

and on the annihilation
et +e” =2y (2.5)

in the case of a positron beam. The kinematics of the scattering are precisely defined:
the scattered particles each carrying half the beam energy exit the beam-pipe at 7.2 m
from the scattering point, where two identical calorimeters are placed in order to detect
the two particles in coincidence. Each calorimeter, 2.2x2.2x20 cm? in size, consists of 12
crystals of NaBi(WOQ4),, as shown in Fig. 2.5, each coupled to a photo-multiplier. The
luminosity is then obtained from the ratio of the measured rate over the cross section
for the process, which is precisely known. As radiation at beam injection and dump
can damage the calorimeters, they are usually moved 20 cm away horizontally from the

beam-pipe at those times.

12
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24 The target

One of the strengths of the HERMES experiment is its target ([6]), because of its purity
and its position internal to the beam-pipe, so that the electron beam does not encounter
any unpolarized material before colliding with the target atoms. A schematic of the target
is shown in Fig. 2.6.

An atomic beam source (ABS) is used to create the target atoms, at a rate of approx-
imately 6.4x10'6 atoms/sec. The atoms are then injected from the top into the target
cell. The whole system is surrounded by a solenoidal magnet providing a homogeneous
field of up to 1.5 Tm parallel or anti-parallel to the HERA beam direction. The target
cell is 40 cm long and 75 pm thick, with an elliptical cross section, and is made of pure
aluminum. The gas is then pumped away by a differential pumping system at each end
of the storage cell, giving the target density a characteristic triangular density profile. A
cooling system, which brings the temperature down to 30 K decreases the velocity of the
atoms, allowing them to spend more time in the cell, and increasing the target density to
approximately 10'* atoms/cm?.

The polarization is quickly measured by a Breit-Rabi polarimeter (BRP) and the polar-
ization is reversed about every minute to reduce systematic effects. A small fraction of
deuterium atoms is extracted from the target cell through a tube mounted on the target
cell, where through radio frequency transitions and sextuple magnets it is possible to
isolate the nuclear spin. Mass spectroscopy allows the measurement of the occupancy
number of the selected state, and the atomic polarization. The target gas analyzer (TGA)
measures the fraction of dissociated target atoms in the cell. Since the target atoms re-
combine into molecules in the cell, corrections have to be made to the polarization value
measured by the BRP. The polarization of the gas inside the cell, Pr, can be extracted
from the values measured by the TGA and BRP:

Pr = ogPprp[(1 — or)B + o), (2.6)

where «y is the initial fraction of atoms leaving the ABS, «, is the fraction of atoms that
do not recombine to molecules in the target cell, and 3 (assumed to be 0.5) is the nuclear
polarization of the recombined molecules relative to the nuclear polarization of the atoms

Pgrp.
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Figure 2.6: Scheme of the HERMES target.

The values of oy =0.934, o, =0.957, Pgrp =0.81 characterize the 1998 data set. In
2000 the target conditions were extremely stable, and P = 0.851 and P~ = 0.840 are the
averaged constant values of target polarization in the two polarization states. They have
been used in the g, analysis presented in this thesis, with a relative error of 8% and 4%
for 1998 and 2000.

2.5 The tracking system

The Tracking System consists of a set of drift chambers DVC, two front chambers FC1/2,
three magnet chambers MC1/3 and two back chambers BC1/2 per detector half. It serves
many purposes. First, it has to provide a measurement of the position of the scattering
vertex in the target. Second, through the bending of the track in the magnetic field, it
gives the track’s momentum. Third, it has to associate tracks to hits in the particle iden-
tification detectors. The overall tracking efficiency is larger than 95%, with a momentum
resolution of 0.7 to 1.25% in the total kinematical range, and an angular resolution 6
lower than 0.6 mrad. Many tracking chambers have wires oriented along three planes, of
which one is the vertical direction (X plane) to provide the z coordinate, while the other
two are tilted +30° and -30° (U and V planes). There are no chambers with wires in the

horizontal direction since they would sag, given the length of the chambers.
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2.5. THE TRACKING SYSTEM

2.5.1 The front chambers

The DVC'’s were proposed in 1995 to improve the tracking in front of the magnet. They
became operative in 1997. Both the FC and DVC are a set of 6 planes of alternating anode
and cathode wires, separated by cathode planes. The DVC and FC are 1.1 m and 1.6 m

away from the target, and their resolutions are of the order of 220 um.

2.5.2 The back chambers

The BC'’s form the tracking system behind the magnet. They are arranged in four sets,
two above and two below the beam-pipe, two directly behind the magnet and two down-
stream, after the RICH. Each chamber consists of six wire planes alternated with cathode
foils. The wires in the first and last pair of planes are tilted by 30°. They measure the
track direction after the magnetic field, thus providing a measurement of momentum.

Their resolutions are approximately 210 pum for BC1/2 and 250 pm for BC3/4.

2.5.3 The magnet

The HERMES magnet provides an integrated magnetic field of 1.5 Tm, with the magnetic
field in the vertical direction, so that the particles are deflected in the horizontal direction.
The magnet size sets the limits on the geometrical acceptance to the spectrometer: +
170 mrad in the horizontal direction and £+ 140 mrad in the vertical direction, while the
shielding plate gives the lower limit to the vertical acceptance, setting it to = 40 mrad.
The tracks are reconstructed independently in the front and back tracking system and
then they are matched to the center of the magnet by a fitting procedure. Three sets
of Magnet Chambers are located in the gap of the magnet, as shown in Fig. 2.1. Each
chamber is made of 3 planes in the XUV orientations. They were designed to help match
the front and back tracks, but they turned out to be very useful also in the detection of
low energy particles that are then deflected away by the magnetic field, and are then not

detected by the back chambers. Their resolution is on the order of 1 mm.
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2.6. THE PARTICLE IDENTIFICATION SYSTEM
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Figure 2.7: Left: the RICH detector. Right: angle of Cerenkov emission as a function of
momentum for pions, kaons and protons, in aerogel and gas. At low momentum the
plot shows that the aerogel gives a good discrimination among particles, while the gas is
good at high momentum, where the aerogel curves tend to overlap.

2.6 The particle identification system

The HERMES spectrometer includes four particle identification detectors: a Cerenkov
detector, replaced by a Ring Imaging Cerenkov detector (RICH) in 1998, a Transition
Radiation Detector (ITRD), a preshower (H2) and an electromagnetic calorimeter (CALO).

2.6.1 The RICH

The threshold gas Cerenkov detector present at HERMES from 1995 to 1997 was replaced
in 1998 with a dual radiator Ring Imaging Cerenkov Detector (RICH), see Fig. 2.7.

The RICH is the first particle identification detector a particle meets. It is located be-
tween the drift chambers BC1/2 and BC3/4. It allows the identification of pions, kaons
and protons over a large momentum range, with a low contamination and a high effi-
ciency.

Most of the hadrons present at HERMES have a momentum between 2 and 15 GeV.
The scattered particles encounter a first radiator consisting of an array of 17x5 silica aero-
gel tiles, followed by a 4000 1 volume of C4Fy¢ radiator gas. Depending on the g of the
particle, it will emit Cerenkov radiation in the aerogel, in the gas, or in both*. The light is

then reflected by a mirror, and the Cerenkov ring is detected by an array of 1934 photo-

* A particle emits Cerenkov radiation in a medium if the ratio of its velocity over the speed of light in the
medium is greater than 1.
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2.6. THE PARTICLE IDENTIFICATION SYSTEM

multipliers per detector half. As shown in Fig. 2.7 the two radiators have a different
momentum window in which they give a good separation between pions, kaons and
protons: momenta lower than approximately 10 GeV are below threshold for Cerenkov
radiation with a gas radiator, while in this range the aerogel has its greatest discrimi-
nating power. At higher momenta the curves for aerogel saturate and it is not possible
anymore to distinguish among hadrons based on aerogel information, and the gas is used
instead. In the analysis for the determination of the structure function g, no information
is used from the RICH, as only a good discrimination is needed between hadrons and

leptons. It is not important to identify the kind of hadron.

2.6.2 The transition radiation detector

The Transition Radiation Detector (TRD) (see Fig. 2.8) is a particle identification detector
used for the separation of electrons from hadrons. When a relativistic particle passes
through the interface between two dielectric media with dielectric constants €; and e,
it emits radiation in the forward direction at an angle ¢ proportional to 1/, where
is the Lorentz factor E/m, and E and m being the energy and mass of the particle. The
transition radiation (TR) for ultra-relativistic particles is in the X-ray region (several keV),
useful for particle physics applications. In the passage from vacuum to a medium with

electron density n., the probability of emission of a transition radiation photon in the
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Figure 2.8: Schematic picture of the six TRD modules. Electrons and pions induce dif-
ferent signals in the detector since electrons emit TR photons, detected on top of the
ionization dE/dz.
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2.6. THE PARTICLE IDENTIFICATION SYSTEM

ultra-relativistic regime is given by
Wrg = —— 1" (2.7)
m

where « is the fine structure constant and m, the electron mass. The linear dependence of
Wrg on v enables a separation of highly relativistic particles (8 ~ 1) in a way that would
require a much longer Cerenkov detector for the same separation power. For example
a 5 GeV electron has a v = 10000 while for a pion v = 35, so that the probability that
the electron emits a TR photon will be 300 times larger than for the pion. Fig. 2.9 shows
how the measurement of the TR improves the separation of electrons from pions. The
dependence of Wrrg on the square of o = 1/137 implies that in order to achieve a con-
siderable probability for the emission of a TR photon, many radiator layers are needed,
and the dependence on n, implies the use of a material with high electron density. The
radiator also needs to be highly transparent to X rays, in order to avoid self-absorption.
A polypropylene fiber radiator satisfies all requirements, while the last problem is also
solved by building a sandwich structure of radiators and X-ray detectors, as shown in
Fig. 2.8. The radiator is a loosely packed array of polypropylene fibers with a diameter
of 17-20 um, arranged in roughly 300 2-dimensional layers, with a total thickness of 6.35
cm.

The detector consists of 12 modules, 6 above and 6 below the beam pipe. The outer

Counts
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Figure 2.9: Response of a single TRD module. The energy dE/dx deposited in the TRD
due to ionization is not able to provide a clear separation between pions and electrons.
When the tfransition radiation is included, the electron peak moves to higher energies
and the separation improves.
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2.6. THE PARTICLE IDENTIFICATION SYSTEM

dimensions of the two halves are 401 x 112 x 61 cm3. Each module is made of a radiator
and a wire chamber, separated by a flush-gap where CO; circulates in order to avoid
the diffusion of oxygen and nitrogen into the chambers, thus protecting them from the
ambient atmosphere. The gas in the wire chambers needs to have high atomic number,
in order to achieve best X-ray absorption, thus the use of a mix of 90% Xenon and 10%
methane, the latter acting as a quencher to avoid the creation of electron avalanches in
the chamber.

The TRD detector reaches a hadron rejection factor (defined as the ratio of the total num-
ber of hadrons to the number of hadrons misidentified as leptons, for a given energy cut)
of 100 for 90% lepton efficiency (the number of leptons above the cut over the total num-
ber of leptons). The discrimination can be improved by a factor three with a probability

analysis ([15]), whose concepts will be outlined in section 2.6.5.

2.6.3 The preshower detector

The preshower detector H2 sits in the back region (see Fig. 2.1) and it has the two func-
tions of being both in the trigger and part of the particle identification system. The scintil-
lators are identical to the hodoscope H1; both consist of 42 vertical 9.3 cm wide scintillator
paddles overlapping each other by 1.5 mm to avoid acceptance gaps. H2 incorporates 1.1
cm of lead directly in front of the scintillators. Hadrons are minimum ionizing so they
produce a very low signal in the detector, while leptons produce electromagnetic show-
ers, triggered by the high Z of the lead, thus giving rise to a much higher signal. Hadrons
depositabout 2 MeV in the detector, while the electron energy distribution varies roughly

like In E. Fig. 2.11 includes a histogram with the response of the preshower.

2.6.4 The electromagnetic calorimeter

The calorimeter is part of both the trigger and the particle identification system. It con-
sists of two identical 42x10 arrays of 9x9x50 cm3 blocks of radiation resistant F101 lead-
glass located above and below the beam-pipe (see Fig. 2.10), each connected to a photo-
multiplier. As with the luminosity monitor, each half is moved away from the beam-pipe
50 cm vertically at beam injection and dump to avoid radiation damage. Leptons tend to

lose all their energy by creating electromagnetic showers which start in the preshower,
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Figure 2.10: Preshower H2 and calorimeter. Particles first encounter 1.1 cm of lead, which
favors the creation of electromagnetic showers, giving rise to a high signal in H2 and the
calorimeter if the particle was a lepton, thus providing a discrimination with hadrons.

and are almost fully contained within the preshower and the calorimeter, since the to-
tal length of the calorimeter blocks is 18 radiation lengths. Hadrons instead tend to lose
their energy by hadron interactions, processes that have a much higher characteristic
length, so that a hadronic shower will not be entirely contained in the calorimeter. This
proves to be a means of hadron-lepton separation. For hadrons the sum of the energies
deposited in the preshower and in the calorimeter divided by the momentum measured
by the tracking system will be much less than 1, while for leptons this ratio will be very
close to 1. Fig. 2.11 includes a histogram with the E/p calorimeter response and the cuts
used to separate leptons from hadrons. It also shows a tail with events having E/p > 1.
Such events could come from high energy leptons that lose energy by radiating a pho-
ton before entering the magnet and the measurement of their momentum; if the emitted
photon is detected in the same calorimeter cluster, this would give a measured energy

greater than the momentum.

2.6.5 PID

From the response of the particle identification detectors it is possible to generate a quan-
tity PID (Particle IDentification), that is related to the probability of a particle to be a
hadron or a lepton. From the deflection of the particle in the magnet it is possible to cal-
culate its momentum p. In each PID detector the particle will leave some energy E. The

issue is then to find the probability P(I(h)|Ep), given E and p, that the particle is a lepton
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1996-1997 1998-2000
Leptons Hadrons Leptons Hadrons
CALO | 092< E/p<1.10 | 0.01< E/p < 0.80 | 0.92< E/p <1.05 | 0.01< E/p < 0.50
PRE E > 0.025 GeV E <0.004 GeV E >0.03 GeV E <0.003 GeV
TRD E >26 keV 0.1< E(keV)<14 E > 26keV 0.1 < E(keV)<13

Table 2.1: Hard cuts used to identify leptons and hadrons.

! or a hadron h.
Bayes theorem relates such a probability to the observable probabilities P(I(h)|p) that
a particle with momentum p is a lepton (hadron), and P(E|i(h)p) that a lepton (hadron)

with momentum p deposits an energy E in the detector:

P(i(h)|p) P(E|l(R)p)
(llp)P(E|lp) + P(h|p)P(E|hp) -

The probability distributions P(E|lp) and P(E|hp), called parent distributions, can be mea-

P((h)|Bp) = (2.8)

sured in a test beam facility by measuring the response of the detectors to a beam of pure
leptons or hadrons. Another way, commonly used in HERMES, is to place “hard” cuts
on the response of the other detectors, to be sure that the response of the detector un-
der consideration is generated by a certain type of particle. This way has the advantage
of taking into account possible aging effects of the detectors. The cuts have to be hard
enough to define a clean sample but also they need to have enough statistics, so the cut
values vary for each data production, being tighter only for the productions with more
data like 1998, 1999 and 2000, and less tight for 1996 and 1997, as is shown in Table 2.1.
Fig. 2.11 shows the response of these detectors and the cuts identifying leptons and
hadrons in 1996-1997. The plots are obtained using data from 1996. A track is included if
it has a good data quality, it is Trigger 21 (the DIS trigger in HERMES, see next section),
and its vertex originates from the target region. From the parent distributions one can
create the quantity PID. The flux ratio (ratio of hadrons over leptons) and the PID for

each detector D are defined as:

_ ¢n _ P(hlp) _ Pp(E|lp)
=6~ Plp) PIDp =10g10 b (Finp)’

where Pp are the conditional probabilities for a detector D.

o (2.9)

When one considers the response of more detectors then one gets a better discrimina-

tion between hadrons and leptons, so we can define as PID the combined PID for more
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Figure 2.11: The responses of the Particle Identification Detectors. Superposed are the
cuts identifying hadrons (dashed lines) and leptons (solid lines). The plots refer to the
1996 data. Since the Cerenkov detector was upgraded to a RICH, it is not included in the
PID anymore. The plots are from Ref. [16].

than one detector:

Pp(E|lp)
PID' ID 2.10
ID" = logyq H B (E[hp) ; PIDp . (2.10)

The most common PID combinations used in HERMES are

PID2 = PIDcaro + PIDpgrg

PID3 = PIDcaro+ PIDpgrg + PIDcgR
6
PID5 = PIDrgp= Y PIDrgp,, (2.11)
i=1
where the last sum runs over the 6 TRD modules per detector half.
After the 1997 production, the Cerenkov was upgraded to a RICH detector, and the
information coming from it no longer enters into the PID, as now it is mainly used for
hadron identification. So for the data used in this thesis PID2=PID3.

The quantity PIEp)
p

PID = lOg]_O W

(2.12)
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Figure 2.12: The distribution of PID values when fluxes are taken into account (dotted
line) compared to the one without fluxes (solid line) (from Ref. [17]). Depending on the
cut value, the inclusion of fluxes is more or less important.

is clearly positive if the probability of being a lepton is higher than that of being a hadron,
and vice-versa for a hadron. In terms of flux ratio ¢ and PID, and using Eq. (2.8) it can
be re-written as:

P(Elip) ~P(lp)

ID =1 .
PID =logw Bging) " Plhip)

= PID' —logig ¢ - (2.13)

In many HERMES analyses the flux ratios are often neglected, and this is clearly wrong,
especially if one places a cut very close to zero, as is shown in Fig. 2.12.

The fluxes of hadrons and leptons depend both on the momentum p and on the polar
angle 0, since the cross section depends on these quantities. They are not as straightfor-
ward to calculate as the PID since they require the particle identification as an input, so
they are calculated using an iterative procedure giving an initial guess for the fluxes, and

continuing until convergence, as is explained in section 3.2.2.

2.7 Trigger

In HERMES a number of triggers are used to extract information useful not only to
physics but also for diagnostics on the functioning of the detector.
As a first level screening, many types of triggers are used to record data likely pro-

duced by different physical processes. Trigger 21 is the trigger defining a potential deep
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inelastic scattering event.
The trigger requirements that a track has to satisfy involve signals in the top or bottom
HO, H1, H2 scintillators and the calorimeter.

The trigger requirements are briefly summarized.

¢ The requirement of a signal in the HO and H1 detectors prevents showers origi-
nating from photons and resulting in high signals in H2 and the calorimeter from

being accepted as DIS events.

¢ The signal in the preshower is required to be above the minimum ionizing level, in

order to avoid background from hadronic showers.

e The calorimeter must have an energy deposition above 1.4 GeV. Since hadrons are
less likely to shower in the calorimeter, the combination of a signal in the preshower
H2 and the calorimeter has a high probability of coming from an electromagnetic
shower rather than a hadronic one. The threshold of the calorimeter was set to 3.5
GeV until 1996, equivalent to an event selection withcutony = (F — E')/E < 0.87,

where F is the beam energy and E' is the energy of the scattered track.
234 8y

From 1996 the threshold was lowered to 1.4 GeV, so that the cut on y was extended
toy < 0.91.

e The signal has to satisfy time ordering conditions: it is compared to the HERA
clock, which is synchronized to the beam bunch signal, and it is accepted only if it

is within some time window corresponding to the passage of the electron beam.

2.7.1 Trigger Efficiencies

Trigger efficiencies (TE’s) had never been taken into account in any HERMES analysis
before the studies shown in this thesis. It was always believed that the main source of
inefficiency was from the tracking system, and that the trigger was highly efficient. It
will be shown that this is not true, as the efficiency of Trigger 21 was as low as 90% from
1998 to 2000. Here only studies regarding 1998 and 2000 will be shown. Results on 1999
and high density unpolarised data are in Ref.[18].
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Figure 2.13: The detectors involved in the trigger study.

The detector that contributed the most to the inefficiency was HO (see Fig. 2.13).
Unfortunately this was due to many possible causes, not all well understood. One pos-
sible reason was a small misalignment found in the bottom HO. During the summer
1999 shutdown this problem was discovered and fixed, but the low efficiencies and the
top-bottom difference in trigger efficiencies remained, disappearing only after various
voltage increases, showing that the most probable cause for the inefficiencies was a volt-
age problem. In the 2000 production the HO efficiency was again low, but this time the
top efficiency was worse than the bottom one. The source of low efficiency is probably

radiation damage, as it will be explained below.

2.7.2 Definitions

The efficiencies of HO, H1, H2, CALO must be determined in order to get the Trigger 21
efficiency. The main reason for this study was to find the upper y-cut to be used for the
low-z and low-Q? g, analysis. After these studies it was found that the HO efficiency
was very low compared to previous years, so it was important to find the cause of this
behavior. Trigger 18, 19, 20, 28 and 21 are defined as:

Tr18 = (HLxH2%(CALO > 1.4GeV))iop + Opot
Trl9 = (HO+ H2* (CALO > 1.4 GeV))iop + Opot
Tr20 = (HOx H1x (CALO > 1.4 GeV))iop + Opot
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Tr28 = (HOxHl+ H2x BC)top * Obot
T2l = (HOH1+H2x(CALO > 1.4 GeV))op + Opot - (2.14)

The efficiency of each trigger detector and Trigger 21 are

e(HO) = __le\*;f;?l (2.15)

e(H1) = Motz (2.16)
Ny

e(H2) = N—Jz\‘;j‘;ﬂ 2.17)

e(CALO) = va—s"‘?l (2.18)
28

e(Tr21) = e(HO) *xe(H1) xe(H2) xe(CALO) , (2.19)

where N;g91 is the number of events common to Trigger ¢ and 21, while N; is the number
of events that fired Trigger i. Clearly Njg 21 < N;, so that their ratio is always less than
or equal to one. A track satisfying all geometric and PID cuts and firing Trigger ¢ should
also fire Trigger 21, which contains a signal from the same detectors except one, so the
efficiency of this one detector is determined by the number of times that the detector did
not give a signal when it should have done so.

In this study an event was selected if the track with highest momentum in the event
is of the same charge as the beam, if it satisfies the geometric cuts that ensure that all
the track was contained within the acceptance of the HERMES detector and originated
in the target and a PID5>4 cut. Such a high PID cut, together with information from
the RICH, were necessary to make sure that the particle selected was an electron, since
no information could be used from the preshower and calorimeter, as they enter in the

study, and using information from them could bias the result. The cut applied to the

RICH was
g1RICH.rprobl
logy (glRICHrprobS >0, (220

to take into account that the electron could be a misidentified pion. The quantity in Eq.

(2.20) is the logarithm of the ratio of probabilities for the RICH signal to come from an
electron over the probability for the particle to be a pion. Only if Prob(e)>Prob(r) the

logarithm is greater than zero.
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2.7.3 Calorimeter efficiency

No specific trigger can be used to directly derive the calorimeter efficiency. Instead, Trig-

ger 28 can be used, since it is the closest to a Trigger 21 without CALO:
Tr28 = (HO « H1 * H2 x BC)top * (bot - (2.21)

The BC’s are known to be very efficient, so that they can be neglected in Eq. (2.21). The
presence of a logical AND instead of a logical OR in Eq. (2.21) requires that events with at
least 2 tracks have to be selected, of which one has to be in the top and one in the bottom
half of the detector. This fact is the cause for the (statistical) error bars being large for the

calorimeter efficiencies.

2.7.4 Error calculation

The error on the trigger efficiencies is the error on quantities of the form:

_ N4
The error formula used in this report is ([19])
(Ng+1)(Ng —Na+1)
_ 2.23
o \/ (N5 + 22(Np +3) 22)

The origin of this formula is not straightforward. It takes into account the fact that there
are bins in which N4 and Np are very small numbers, so that the usual error formulas
may not be valid, since they usually apply in the limit of large numbers. In the limit of
large numbers it takes the usual form of the binomial error:

(1-¢)e

The errors will be plotted as asymmetric since the efficiency cannot be larger than 1.
2.7.5 Trigger efficiencies for 1998 data set

Plots of the efficiencies of the HO, H1, H2 and calorimeter detectors are shown in Fig.

2.14, as a function of 8, and 6. These are the angles that the projection of the track on the
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z,y plane makes with the z and y axis:

tanf; = tanfcosy

tanf, = tanfsing. (2.25)

The last two variables were chosen instead of the cartesian position variables = and y
because they reflect the acceptance of the HERMES detector, simplifying the comparison
among plots of different detectors. They also do not require the knowledge of the exact
position of the detectors on the z axis. The figures show the upper and lower detectors,
and the beam line is to be imagined to be in the center, in the zero position of the (6, 6,)
axis. The plots are done taking into account only events with one track, as the efficiency
for the detection of more than 1 track is higher and depends on the efficiencies for 1 track
in a non trivial way. For diagnosis purposes 1-track events were singled out and the
efficiencies studied. The efficiencies of the H1, H2, Calo and the top HO detector were all
very close to 1, while the HO bottom detector has a lower efficiency of the order or 90%,
almost independent of the position. At high angles there are not enough statistics, so that
the low values of the efficiencies in green actually have large errors.

The trigger efficiencies have to be taken into account in any measurement of absolute
cross sections. The cross section o depends on the ratio between the measured number

of events N and the efficiency:
N

= S_L 3
where L is the luminosity. Given the efficiency ¢, this is equivalent to considering the

g

(2.26)

corrected number of events common to Trigger 18 and 21:

NCOl‘I‘ — N II?KEZalS (2 27)
18421 € ( HO) .

in the cross section expression, together with ¢ = 1. By correcting Nigg21 in each bin of
momentum, track multiplicity, time, etc., the efficiency in each of these bins should be 1,
since:

Nceorr

ccort(zg0) = I8 (228)

This correction has been done in two different ways for the years 1998 and 2000.
In the 1998 production ¢(H0) was very low only in the bottom detector, probably

because of an incorrect voltage setting. The bad voltage gave a strong dependence of
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0.08

-0.08

Figure 2.14: Color-coded plots of the efficiency of Trigger 18 (HO,top left), Trigger 19 (H1,
top right), Trigger 20 (H2, bottom left) for 1-track events and Trigger 28 (Calorimeter,
bottom right) for 2-track events, as a function of 6, and 6,. The efficiency for the HO
detector is low for the bottom detector, while all the other detectors show very high
efficiencies.

the efficiencies on the particle’s momentum, as is shown in the top plots of Fig. 2.15.
The bottom plots in Fig. 2.15 show instead plots of the efficiency versus time (beam
fill number) for one track events (left) and any number of tracks (right). Even though

the efficiencies are not constant in time, it is not possible to separate them into different
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Figure 2.15: Trigger 18 efficiency (HO detector) for 1 track events (left) and total (any
number of tracks) efficiency (right), for the 1998 data set, as a function of momentum in
the top plots, and of beam fill number in the bottom plots. The total efficiency is higher
than the efficiency for 1 track events since events with multiple tracks have a higher
probability of being detected, thus increasing the efficiency.

periods, mostly because there is not enough statistics. Since the only strong dependencies
are the ones on momentum and on the number of tracks, the efficiencies for 1,2 and 3 or
more tracks were considered, and then fitted to a polynomial function of the momentum.
The functions are shown in Table 2.2.

The effect of the correction on the efficiencies is shown in Fig. 2.16, where the cor-

rected total efficiencies are plotted as a function of momentum and time. The figure

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.7. TRIGGER

# of tracks Correction function
1 0.97 — 0.035p + 0.0059p> — 0.40 x 10~3p® + 0.11 x 10~*p* — 0.115 x 10~ °p®
2 0.966 + 0.00324p — 0.266 x 10~3p?

3 or more 1.0003 — 0.0042p + 0.64 x 10~3p% — 0.28 x 10~4p?

Table 2.2: Correction functions for Trigger 18 efficiency as a function of the particle’s
momentum, where p is in GeV. The correction is valid for the bottom HO detector, in the
1998 data set.

shows that the corrections are valid within ~ 2%.

2.7.6 Trigger efficiencies for 2000 data set

Fig. 2.17 shows the efficiencies for the HO, H1, H2 and Calorimeter detectors, as a func-
tion of 8, and 6, for the year 2000.

The efficiencies of the four detectors show a similar circular shape that can be easily
explained as radiation damage, since the beam-pipe is in the origin of the 6,0, axis. The
plots are made considering only 1-track events. The above mentioned figures also show
that only the HO detector has a very low efficiency, ranging from 94% in the top-center

to less than 99% everywhere else. The other detectors show some damage and have

s : : :
E ) S et e
% 0.98 ¢ ¢ +
—
o6 [ 4
™ oal ALL TRACKS | T ooak ALL TRACKS
4 [
092 092f
0.9 F 09}
0.88 [ 0.88 |
0.86 | 0.86
084l = top * bottom 084l = top * bottom
0.82 b 1 I I L 1 I 0.82 L N I ] 1
200 220 240 260 280 300 0 5 10 15 20 25
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Figure 2.16: Final corrected Trigger 18 efficiencies as a function of time (left) and momen-
tum (right), for 1998 data. The plots are done for the total efficiencies, i.e. for any number
of tracks. Only the bottom efficiencies have been corrected.
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Figure 2.17: Color-coded plots of the efficiency of Trigger 18 (HO,top left), Trigger 19
(H1, top right) Trigger 20 (H2, bottom left) for 1-track event and Trigger 28 (Calorimeter,
bottom right) for 2-track events, as a function of ¢, and 8,, for 2000 data. They show
radiation damage, clear from the circular shape of the efficiencies.

efficiencies above 99% everywhere such that further studies are not considered necessary.
Some small values are shown at the borders of the detectors, but they are due to small
statistics: in those regions the efficiencies have very large error bars (not shown on the

plots). In the following we will then concentrate only on the HO detector, since it was the
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major source of bad efficiency in Trigger 21.

The time dependence of the HO efficiency is shown in Fig. 2.18 for 1-track events in
the left plot and for any number of tracks in the right plot. As explained before the total
efficiency is larger than the efficiency for 1 track only, since the probability of detection
increases with the number of tracks. Fig. 2.18 shows that throughout the 2000 data set
the efficiency in the bottom detector was higher than the one in the top detector, and two
periods can be isolated, separated by fill 97. At that time there was a high voltage change
in the HO detector, that was able to bring the efficiencies up from about 94% to 97% in
the top and from 97.5% to 98.5% in the bottom. Also a momentum dependence is visible
in the bottom plots of Fig. 2.18, where the efficiencies in the first and last period, and
for each period in top and bottom are plotted. The voltage change was not enough to re-
move the momentum dependence of the efficiency, especially since Fig. 2.17 shows some
serious radiation damage. A new HO detector was built and installed as a consequence
of these studies. To get a proper efficiency estimation one then needs to separate the effi-
ciency into bins of all these quantities. Even for the year 2000 and its large statistics this
is not feasible. An alternate method was used: for each of the two periods (before and
after fill 97), the efficiencies were calculated in bins of 1, 2, and 3-or-more track events
and in 6, 6, bins. In a second step, each event was re-weighted by the efficiencies as
shown in Eq. (2.27), so that the only dependence left was on momentum, shown in Fig.
2.19. The efficiency in terms of track’s momentum seems to be independent of the ge-
ometry, since the major effect of the correction was to push the data points up, so that
they average 1, but the functional shape is almost unchanged. In a third step, the events
were re-weighted by the momentum efficiency, for 1,2 and 3-or-more tracks, for each of
the two periods. Fig. 2.20 shows the time dependence of the fully corrected efficiencies.
The correction is good to within £1%. Due to the complexity of the correction, it is not

reported here, but it is available for use on a DESY account in the form of a subroutine.

2.7.7 Conclusion

The trigger efficiencies have been studied for the two data productions 1998 and 2000,
that will be used in the analysis of g¢.

In both years the main source of inefficiency was the HO detector. In 1998 the reason
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Figure 2.18: Trigger 18 efficiency (HO detector) versus beam fill number for 1 track events
(top-left) and total efficiency (top-right). The bottom plots show the momentum depen-
dency for the two periods separated by fill 97.

for the inefficiency was likely an incorrect voltage setting, while in 2000 it was radiation

damage. The HO detector was replaced by a new one after 2000.

Corrections were obtained that should be applied to any cross section measurement

to take into account the trigger efficiencies.

The effect on the g? extraction will be considered in chapter 3.
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Figure 2.19: After being corrected for the geometric 8, 8, dependence, the efficiency still
shows a momentum dependence that has to be corrected in a second step, for the first
period (left plot) and the second (right plot).
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Figure 2.20: Time dependence of trigger 18 after the application of full correction. The
correction brings the efficiencies to 1 within 1% for both top and bottom.
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Chapter 3

The structure function g‘f

3.1 Definition of structure functions

The cross section for the deep inelastic scattering (DIS) process can be written as the tensor
product of a leptonic tensor L, (describing the leptonic vertex in the Feynman diagram)
with a hadronic tensor W), (describing the hadronic vertex), as shown in Fig. 3.1. In
the following, the initial and final leptonic four-momentum will be indicated by k and ¥/,
the initial nucleon’s four-momentum by P, the virtual photon’s four-momentum squared
will be indicated by ¢?, with Q% = —g?2. Since the leptons are point-like particles, L, can

be expressed precisely in QED ([1]):

Ly = Tr{(L+ )k + ml)")’u(lé’ +m)v] - (3.1)

Figure 3.1: Schematic picture of Deep Inelastic Scattering for one photon exchange.
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

In the last expression m; indicates the leptonic mass, and s the leptonic polarization.
The notation ¢ stands for y,z#, v, (u=1,...,4) being the Dirac matrices. The matrix s is
given by vs5 = 71727374 Ly, consists of a part independent of the lepton polarization s?

(symmetric, labeled with S) and a part that depends on it, (anti-symmetric, labeled with

A):
Ly =L + L&, (3.2)
where
L) = 2(kuk, + koK), — gu(k - K —mi))
LY = —2imeuwap (k—K)*s, (3.3)

where €,,q5 is the completely anti-symmetric four dimensional tensor. From the last
equation it appears that all polarization effects are suppressed at high energy by a factor
m; (which is small). This is true in the case of transverse polarization, while in the case
of longitudinal polarization one has m;s® — k%, and thus there is no suppression. This
shows why it is important fo have a longitudinal polarization in order to measure effects
coming from the polarization.

Because of the lack of knowledge of the nucleon’s internal structure, the hadronic ten-
sor, instead, has to be parameterized through the introduction of (at least) four™ structure

functions, two of which appear when the nucleon is unpolarized, and two more when it

is polarized ([20]):
Wi = Wi + Wi, (34
where:
s) _ quqv P.q P.q \ Fy(z,Q?
Wls,y) = (—gp,l/ + 'Z—2> Fl(-Ty Q2) +2 (Pﬂ - ?—qﬂ) <P’/ — q2 qu) oM (35)
and
2M o S-q
W;Sf) = "P__qauuaﬂq I:Sﬁgl(m’Qz) + (S'B - }TqPﬂ) gz(xa Q2)] ) (3.6)

where M is the nucleon’s mass, and S its polarization.
The structure functions depend on two independent variables, taken as z and Q?. The

dependence on Q? can be understood by considering that the structure that the photon

*This is true under the assumption that Q* << M3, so that weak interactions may be neglected. For
higher energies three more polarized structure functions g,, g,, g, appear in the expression for Wy,
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

probes inside the nucleon depends on its energy. The other variable, the Bjorken variable
z is defined as z = Q?/2P-q, and is a measure of the inelasticity of the process. For elastic

scattering the invariant mass W of the y*p system must be equal to M, so
W2=(P+q)?=M*-Q*>+2P-q=M? > z=1 elasticscattering. 3.7)

For inelastic scattering instead it must be W > M, which implies 0 < z < 1. The quan-
tity z is identified with the fraction of nucleon’s momentum carried by the parton that

interacts with the virtual photon.

3.1.1 QPM interpretation of the structure functions

It is very convenient to have a technique that allows one to extract the structure functions
from the hadronic tensor. This can be easily done by defining four projectors P/ that,
when applied to W,,,,, give the four structure functions.

The projectors for the unpolarized case are ([21]):

11

=l tpe] o R R, 68

where a = M? + (P - q)/2z.

In the same way, we can define, for the polarized case ([21]):

1 P . q)?
PY =z { [(q - S) (——‘Q—] o +2(P- q)st} Pt — g =P¥W,, (3.9)

b - M2(q-S)
e — (P_'q)z_[(q . 8)8x + AP — g, = PI"W, (3.10)
4 sz(q R S) n 2 4 wy s

with b = —4M [ﬁ”ﬁ‘,@ +2P )z — (- 5)2].

In the simplest version of the Quark Parton Model (QPM) the nucleon is considered
to be made of collinear, free constituents, each carrying a fraction z' of the nucleon four-
momentum. Lepton-nucleon DIS is then described as the incoherent sum of all lepton-
constituent quark interactions and the hadronic tensor W, is given in terms of the ele-

mentary quark tensor wy,:

1 1 dz’
W’w = Z 63 2P -q \/0 7(5($, - m)nq(m', 83 S)'w/,w(m’, q; 3) s (311)
4,5
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

where the sum runs over quarks and antiquarks, nq(z’, s; S) is the number density of
quarks ¢ with charge e;,, momentum fraction 2’ and spin s, inside the nucleon with spin
S and momentum P. The hadronic tensor w,,, is the same as the leptonic tensor L,
in Eq. (3.3) (since quarks are also charged, spin 1/2 particles), with the replacements
k¥ — zP#, k' — zP* + ¢#, and a sum over the final spin s is performed. With these

substitutions one gets the symmetric and anti-symmetric quark tensors:

'wﬁ,, = 2[2:1:2PMP,, + zPuqy + 29y Py — (P - q)guv]

wﬁy = 2imqsumﬂs"‘qﬂ , (3.12)

and the quark mass, for consistency, must be taken as m, = M, before and after the in-
teraction with the virtual photon. We can now introduce the unpolarized quark number

density ¢(z) and the polarized one Ag(z, S) as

a(z) = ) nyle,s9)
Ag(z) = an(m,s;S)—an(x,—s;S). (3.13)

By applying the projection operators P/* to W, one obtains the well known Naive Par-

ton Model predictions for the structure functions
File) = 33 ealo)
q
Folw) = 23 elq(o)
q
g (x) = % Z egAq(a:, S)
g.(z) = 0. q (3.14)

3.1.2 Asymmetries

In the cross section ¢ =~ L, WH# the cross terms L,(;?,) wH(4) and Lfﬁ)W“” (8) give no

contribution. The cross section will then be of the form:

L,u,VW“V — LE;?L)W”V(S) + LI(;;)WNV(A) . (315)
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

Figure 3.2: Kinematic plane.

The last equation shows why it is natural to create differences in cross sections with
nucleons of opposite polarizations in order to extract the polarized structure functions g,
and g,: in this way, the contribution of the unpolarized structure functions cancels out.

The most general cross section difference relevant for polarized deep inelastic fixed
target (N scattering is ([20]):

2

5 _ + 802 2 2
[a(aa)ma;a(g al = % [cosa [ 1- % - _yZ’ ) g,(z, Q%) — 'y%gz(ﬂ?, QQ)] +
22
— sinacosgyi/1l—y— %— [ggl(w, Q?) +g2(w,Q2)}} .(3.16)

This formula contains only information from the anti-symmetric part of the tensor
W, The angle «, as shown in Fig. 3.2, is the angle between the lepton beam momentum
vector k and the nucleon-target polarization vector S; ¢ is the angle between the k-S
plane and the k-E' lepton scattering plane, v = 2Mz/\/Q? and y = (P - q)/(P - k) is
the fraction of energy transferred in the reaction. The quantities z, y and @Q? are related
to each other by the expression Q% = szy, where s is the centre of mass energy in the
lepton-nucleon reaction. Effects associated with g, are suppressed by a factor 2M/+/Q?
with respect to the leading terms.

More convenient than the difference of cross sections are asymmetries (with an asym-

metric integration over ¢) like:

o(e) —a(a+m)

Ale) = ola) +o(la+m)’ (3.17)
as for example the longitudinal asymmetry
5_ .3
4=, (318)
o + o
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

obtained for o = 0 from the cross sections when the polarization of target (<, =) and
beam (—) are parallel (33) or anti-parallel (5), or the transverse asymmetry A, obtained
for o = m/2. Asymmetries are convenient since, as already discussed in the last chapter
on the trigger efficiencies, many detector effects simply cancel in the cross section ratio.

The physically interesting quantities are the virtual photon nucleon asymmetries:

Ay O1/2 — 03/2
01/2 + 03/2

Ay, = _ 2011 ’ (3.19)
o172 t 03/2

where 01/, and o3/, are the virtual photo-absorption cross sections when the projection
of the total angular momentum of the photon-nucleon system along the incident lepton
direction is 1/2 and 3/2. The term o, arises from the interference between transverse
and longitudinal scattering amplitudes. A; and Ay can be related via the optical theorem
to A and A, or, equivalently, to the structure functions, by means of the following

relations:

Ay = D(A1+n4s)

A, = d(A2—-C4y), (3.20)
with

Al — gl - ’ngg

Fy

Ay = 7(8_1;&2 _ (3.21)
1

The kinematic factors D, d, n, ¢ are defined as:

D = yly —2)
2 +2(1-y)1+R)
_ 271 -y
no= 5= ”
d = D 2e
1+4¢
(1 +e)
¢ = T (3.22)
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

with R being the ratio of longitudinal to transverse virtual photon-quark cross sections,
and ¢ being the degree of transverse polarization of the virtual photon:
1-—
e=—Y (3.23)
1-y+%
From the measured asymmetry A one can get the structure function g, by means of

the relation:

& _ L (A _
e 42) (3:24)

3.1.3 Evaluation of g, on nuclear targets

Let us consider DIS on nuclear targets. The assumption of incoherent scattering from
the constituent nucleons will be used, which consists in neglecting nuclear effects such
as shadowing and Fermi motion ([22]), an approximation only valid at high Q. In this
hypothesis the unpolarized scattering cross section on the nuclear target is equivalent to
the sum of cross sections on the neutron and on the proton.

In the following the assumption of 100% beam polarization will be used for simplicity.

The differential cross section asymmetry on a nuclear target A is defined as:

< =
5 3
A_doy —doy

A = (3.25)
I daf’ +doy

Under the hypothesis of incoherent scattering on a nucleus with Z protons and N neu-
4= =

trons, the differential cross sections doX(—’) are related to the unpolarized ones on the

proton and the neutron by the relation:

doy ™ = Zdoy(1 + P,AD) + Ndon(1 & P, AT) (3.26)

where Aﬁ’" are the nucleon longitudinal asymmetries, and P, , are the longitudinal po-
larizations of the nucleons. The last expression recovers the formula for unpolarized

scattering for P, = P, = 0. It follows that the longitudinal asymmetry originating from
the nucleus A is:

A ZdapPpAﬁ + NdanPnAﬁ
I Zdoy, + Ndoy

= Pl + fuPo AT (327)
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3.1. DEFINITION OF STRUCTURE FUNCTIONS

with
£, = Zdoy Ndoy,
P~ Zdop,+ Ndoy,’ Zdop 4+ Ndoy,

being the fractions of events originating from protons and neutrons respectively.

f n = (3.28)

In the case of a deuterium target, i.e. with N = Z =1, f, and f, can be written as:

B F

=1 = — 3.29

where we have introduced F{ as the deuterium structure function F; per nucleon. The
appearance of F; in Eq. (3.29) is due to the fact that (3.28) contains unpolarized cross
sections.

P n 2 bl :;.3()

where wp=0.058 ([23]) is the D-state wave probability.
By inserting Eq. (3.30) and (3.29) into Eq. (3.27) one gets:

4fFt =2 (1 _ g ) (APE? 1 ARFY) (331)
and consequently:
1 3
8 =3 (1- 500 (D) (332)

3.14 Extraction of g¢ from the measured asymmetry

The HERMES experiment is able to make measurements of the asymmetry AII For the
final extraction of the structure function g¢ information is needed on F¢ and A¢ (see Eq.
(3.24)). Fits to available data are necessary to evaluate these functions at the values of

and Q? of the measured asymmetry.

F; parameterization. The unpolarized structure function F; can be written in terms of
the unpolarized structure function F» and R, the ratio of longitudinal to transverse polar-
ized virtual photon cross sections on an unpolarized target, by means of the Callan-Gross

relation ([1]): Fa(z, Q?)
2T
2:1;[1 - R(x Q2)]

Fi(z,Q%) = (3.33)

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.1. DEFINITION OF STRUCTURE FUNCTIONS

Commonly used parameterizations for F4 are the 8 ([24]) and 15 ([25]) parameter fits from
NMC.

R parameterization. The R parameterization from Whitlow ([26] and [27]) is the aver-

age of R,, Ry and R.:
0.46714
= 0.06723 ?
Ra = 0.067236(2,Q) + o ormi/a
05747  0.3534
— 2 -
Ry = 0.06350(z, Q%) + =5~ ~ Gig o3
B 005052 0(eG) 4 0.50885 - (3.34)
((Q% — Q%,,)? + 4.44396)
with 2 2
) Q 0.125
©= @ [1 T2 o1 (%39

Q2. = 5(1—=z)5, and A = 0.2 GeV. This fit holds for all Q? ranges of DIS experiments, but
should not be used for Q2 < 0.3 GeV?2. So for Q? values lower than 0.3 GeV? the value of
R is kept fixed at its value for Q? = 0.3 GeV2.

The structure function g,. The structure function g, is null at zero-th order QCD, so
it does not have a direct QPM interpretation, since it cannot be written as a sum over
quark or gluon polarizations. It can be measured through the scattering of a transversely
polarized beam off longitudinally polarized targets, and it is in fact linked to the trans-
versely polarized quark distributions inside the nucleon. From Eq. (3.16) it follows that
A, (obtained for a = 7/2) depends on the combination of structure functions g, + g,
where g, is not negligible, so that g, cannot be easily isolated. Since y = (E' — E)/E,
where F is the beam energy and E’ the final lepton energy, this also shows that at fixed
z and Q?, g, can be isolated by varying the beam energy.

g, can be written as:

6, Q) = 877 (2,Q) + &,z Q)
1 2
B (0,Q) = g Q)+ [ 5%@

1
80 @) = - [ 5 (Fhe,@) + (0 00) L. (3.36)
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Figure 3.3: New results on zg, (left) and the asymmetry A (right) from E155 ([28]) in
solid circles, for the proton and the deuteron, compared to pure Wandzura-Wilczek con-
tribution (solid line) and data from SMC ([29] in open circles, E143 ([30]) in open dia-
monds and older data from E155 ([31]) in open squares. Data on zg, is compared to fits
from Stratmann ([32]) (dash-dot), Song ([33]) (dotted), Weigel and Gamberg ([34]) (short
dashes), and Wakamatsu ([35]) (long dashes).

The Wandzura-Wilczek term glV' W is pure twist-2 (see section 4.1) and only depends on
g,, s0 it can be obtained from a measurement of g, alone, while g, depends on the twist-2
term coming from the transverse quark polarization hr, and on the twist-3 term coming
from quark-gluon interactions, ¢. The Ay term is small for up and down quarks, being
dependent on the ratio m /M, thus the term ¢, even though being twist-3, is not negligible
compared to it.

Fig. 3.3 shows the results of a recent measurement of g, by the E155 ([28]) experiment
in the range 0.02 < z < 0.8 and @Q? < 30 GeV?, for proton and deuteron.

A common assumption used in the extraction of g, from the measured asymmetry
is to consider that both quantities » and A, are small in the large energy limit: A, is
bounded by the relation |A;| < V'R (shown in the blue dashed lines in the plots), and R

is a small quantity. So it is quite accurate to write:

By neglecting the g, term in A; (justified by measurements until recently), one obtains
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3.2. THE MEASURED ASYMMETRY

from Eq. (3.21):

Ay (z, Q2
(@) = LR 0.0), 38)

which expresses g, in terms of the measured asymmetry 4, the measured unpolarized
structure function F;(z), and the known coefficient D. This is the approach taken by
many experiments in the past.

Because of the improved precision, it is now possible to include an A, contribution in
the extraction of g, from Eq. (3.24). After substituting the expression in Eq. (3.21) for A
into Eq. (3.24), one gets an expression in terms of g, /Fi, A3 and g,. Fig. 3.3 shows that

the data seem to be consistent with the inclusion of only the Wandzura-Wilczek term into

8o:
ww o _ (g1+82 / g:1(y)
A B F1 Fl
g1(y) Fa(y
= d 3.39
i B w R (3:39)
such that

d
gl = 1 F_ A v-n 8l B dy
' 1+922¢(1+R) D 1+92 J, Fi(y) 242(1 + R(y)) °’

where the obvious z and @? dependencies have been omitted. The Wandzura-Wilczek

(3.40)

term can be calculated by using a parameterization for g?/F¢ from world data, and the

fits for F and R discussed earlier.

3.2 The measured asymmetry

The measurement of the deuterium structure function g¢ will be presented in the rest of
this chapter. As explained in the previous sections, the extraction of g? is the result of
the measurement of an asymmetry. It will be shown how the asymmetry is obtained in
terms of measured quantities for data taken in 1998 and 2000. Tests of the stability of the
results will follow, to conclude with the final results.

The unpolarized cross section o is related to the scattered lepton count rate IV, to the
detector acceptance a(t, z, Q?), the total detection efficiency (tracking + trigger) e(t, z, Q?)

and the luminosity L(t) by the relation:

N(z, Q%) = oo / dt a(t,z, Q%) e(t, 2, Q%) L(t) (3.41)
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3.2. THE MEASURED ASYMMETRY

where ¢ is time. When one considers instead a polarized cross section, the unpolarized
cross section may be expressed as gg = (03 + af*) /2. The polarization will introduce an
additional term in the cross section which depends on the polarization of the beam Pg

and the target Pr:

N @,Q%) = o / dt a(t,, Q%) (t, &, Q%) L™ (¢) [L + Pp(t) Pr(t) Ay (z, Q%))

N3 (,Q%) = o / dt alt,, Q%) e(t, =, Q%) L™ (t) [L — Pp(t) Pr(t) Ay (z, Q)] .
(3.42)

In section 3.1 it was shown that to obtain the asymmetry A both target and beam need
to be polarized. Trivially the asymmetry is zero in the case that the cross section does not
depend on the polarization.

The asymmetry can be isolated to get:

B N3 [dtae L™ - N [dtae L™
N> fdtae L™ PgPr+ N> [dtae L™ PgPr’

Ay (3.43)

where the dependencies on z,Q? and ¢ have been dropped for simplicity. Under the
assumption that the efficiencies and the acceptance do not depend on time, they can be

taken outside the integral, so that they cancel out. Finally one gets:

(0

N* L3 -N
NI LN

L
L

)

'GJ(U

A , (3.44)

where £~ and £ are the integrated luminosities, while LZ;’ and Ef’ are the integrated

luminosities weighted by the product of target and beam polarization:
> = / dt L3 (1) Lo = / dt L7 (2)

L} = / dt L™ (t) Pg(t)Pr(t) L) = / dt L7 (t) Ps(t)Pr(t) .  (3.45)

The asymmetry is obtained from the measured number of DIS events when the deuterium-

lepton relative spin is parallel (3) or anti-parallel (5):

J

Ncﬁs(xa Qz) L — N(E;S(x’ QZ) £

N3 (@Q%) LJ + N3 (2,Q2) £

Al(z, Q%) =

(3.46)

Biﬂ
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3.2. THE MEASURED ASYMMETRY

In the last equation the superscript d was introduced on the asymmetry to indicate that
we are referring to deuterium.

The measured number of DIS events is likely to contain some contamination either
from non-DIS leptons or from hadrons with the same charge as the beam (negative in
1998 and positive in 2000). The non-DIS leptons mostly come from charge symmetric
processes (cs), such as the decay of photo-produced 7’s into 2’s of which one or both
convert into eTe™ pairs, or from high energy bremsstrahlung photons that create ee™
pairs. Since they come from secondary processes, they are likely to have a lower momen-
tum, and thus be concentrated at high y. This kind of background is treated by supposing
that in each kinematic bin the amount of positive and negative leptons coming from such
processes is the same, so that the total number of DIS is obtained by subtracting the num-

ber of leptons with opposite charge from the number of DIS candidates:

S NSy 3 (NS NS S
Aﬁ _ (Niand Ngs) £ (Ncand ch) L (3.47)
= = = = .
(N2 4~ NR) L7+ (N2 —NG) L)

The contamination coming from hadrons will be discussed in another section, as the
method to handle this contamination is not so straightforward. A systematic error for
the hadronic background is estimated.

The statistical error on the measured asymmetry comes from the error propagation

on the measured numbers of events:

2 2
s 4] \ys ( 04 ) IS B T Y 041 \ 3
= 5 cand T g [Ves + 3 cand T 3 fres
8N(:_é;n d 8NC_S’ 3N(;;n d ONG¢

L3L,) +L3C)

[(Nc;nd = Neg) L + (N:and

ST
_Nég)ﬁ—il

<= = = = = = = =
X\/(Nc—::md —Neg)*(Ngpg T Nes)+ (N2 gt Nes)(N g — NG2)?.

(3.48)

3.2.1 Eventselection

The data are organized in slow control and fast control. Slow control quantities do not need

to be evaluated on an event-by event basis, since by their nature they vary slowly. These
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3.2. THE MEASURED ASYMMETRY

quantities are then measured every ten seconds (every burst). Examples of slow-control
quantities are target and beam polarization and luminosities. Fast control are instead
quantities that need to be measured for every track, such as the momentum, the energy
released in the calorimeter, the angles, and so on. The data is then stored in a run file
containing approximately 7 minutes worth of data.

An analysis code was built to generate the event selection. It first accesses the data
file and reads the slow control tables, reading in the luminosities and the polarizations.
Later it accesses the tables related to the events in that burst. For each burst it looks
for the track with highest momentum in each event, which is the one with the highest
probability of being the scattered lepton. Such a track has to have a higher probability of
being a lepton (PID cut, see next section) than a hadron. Geometrical cuts are applied,
ensuring that the entire track is contained in the angular acceptance of the detector and
that the reconstructed scattering vertex z, along the z axis of Fig. 2.1 and the transverse

vertex t, in the direction transverse to the z axis are contained within the target cell:

6, > 0.04rad (3:49)
ty, <0.75cm (3.50)
—18cm < 2z, <18m. (3.51)

A last geometric requirement is that the track be completely inside the fiducial volume
of the calorimeter. Finally, kinematic cuts ensure that the track is consistent with being a

DIS event. These requirements are summarized in Table 3.1.

‘Quantity Description Cut
r=- 2;12 pialy i (gz_ ) Momentum fraction carried | 0.0021 < z < 0.85
by the struck parton
y= ﬁ—Z = E ;_/,El Energy fraction transferred 01<y<091
to the v*

Q? = —(k — ¥')? = AEE' sin® (g Four-momentum transfer Q? > 0.1 GeV?

W? =M. +2M(E-E") - Q* Invariant mass of W2 > 3.24 GeV?
the 7*p system

Table 3.1: Definition of kinematic variables and the cuts used to define the DIS region.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2. THE MEASURED ASYMMETRY

T

R
0.1 ,
000t N \¥

Figure 3.4: Kinematic £ — y plane. The 49 bins are identified by numbers on the plot.
Each DIS event has its unique position on this plane, which is limited by kinematic cuts
(W? > 3.24 GeVZ, Q% > 0.1 GeV? and 0.1 < y < 0.81) and by geometrical constraints
(0.04 < 8 < 0.22 rad).

As shown in a previous section, deep inelastic scattering has two independent quanti-
ties, that may be taken as x and Q2. A common choice is also z and y, and a 2-dimensional
plot of y versus z is shown in Fig. 3.4. Fig. 3.5 shows instead the kinematic z, @? plane,
and the average @? values in each bin, ranging from 0.2 to 7.5 GeV?2.

All events satisfying the selected cuts will lie in an area within 0.0021 < z < 0.85 and
0.1 < y < 0.91. The angular acceptance in § = 0.22 rad cuts the plane at the top, while
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3.2. THE MEASURED ASYMMETRY

Figure 3.5: The z — Q? plane. The thick black dots represent the average Q? values in
each bin.

9 = 0.04 rad cuts it at the bottom left. The cut W? > 3.24 GeV? closes the kinematic
region on the bottom right. Fig. 3.4 also shows that some kinematic cuts are redundant.
The only necessary ones are the cut on the y variable, and the one on W2.

The cut of y = 0.91 excludes the low momentum region (p < 2.5 GeV). The trigger
efficiencies have a dependence on momentum, and they reach a plateau only at momenta
of the order of 2.5 GeV ([18]). The low y cut is used to exclude a region where the mo-
mentum resolution is poor ([6]). The cut on W2 is used to exclude the region of nucleon
resonances.

Due to a dependence of the measured asymmetry on y, where possible, more bins in
y were introduced. A total of 49 bins were used in this analysis. In the plots presented in
this chapter lower, medium and higher y bins will be indicated respectively with y-bin=1,
y-bin=2 and y-bin=3. Because many tests have been made on the behavior of Aﬁ in each
bin, each bin number is clearly indicated in Fig. 3.4. The angles § = 0.04 rad, § = 0.07
rad, # = 0.1 rad and 6 = 0.22 rad roughly delimit the different y bins.
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3.2. THE MEASURED ASYMMETRY

3.2.2 PID scheme

The track must be efficiently identified as a lepton. Information from the preshower and
the calorimeter enter into PID3, while the TRD identification is contained in PID5. These
quantities have already been introduced in section 2.6.5 and provide the means for the
hadron-lepton separation. As was already pointed out, flux terms must be used. They
are often neglected in analyses, which implies an incorrect assumption of equal fluxes
of hadrons and leptons in the detector over the entire kinematic range. The requirement

used to identify a lepton is then:
PID = PID3 + PID5 — log;g ¢ > PID¢yt - (3.52)

Fig. 3.6 schematically shows the PID distributions for hadrons and leptons. A PID cut
cannot be placed at too high a PID value since in this way too many leptons would be
excluded thus lowering the lepton efficiency, defined as the number of identified leptons
over the total number of leptons (horizontal shaded area in the figure). On the other
hand a low cut would increase the hadron contamination (vertically shaded area), which
is the number of hadrons above the cut over the total number of hadrons. Fig. 3.7 shows
the hadron contaminations and lepton efficiencies for the PID cut of 1, chosen as a good

compromise between the two.

The flux factors. The flux factors are calculated with an iterative procedure ([40]). It has
been shown in Eq. (2.13) that

PID = PID' —log;g¢ =0 (3.53)
PID cut
hadrons leptons
\
AN
AN
iy \
ok > PID

Figure 3.6: Scheme of the PID distributions for leptons and hadrons. The PID cut must
be a compromise between high PID lepton efficiency and low hadron contamination.
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Figure 3.7: Left: efficiency of the PID cut equal to 1. Right: hadron contamination for the
same PID cut. For each z value, the lepton efficiencies are higher for the higher momenta
(lower y) bins and the hadron contamination is lower ([40]).

is the point where the probability of being a lepton is equal to the one of being a hadron.
The fluxes of hadrons and leptons are proportional to the number of particles of each
type, which in turn can be obtained from the PID distributions n(PID):

o0
be X Mo = / n(PID')d(PID’)
PID_ ¢

PID_ ¢
o xmp = / n(PID")d(PID") . (3.54)
~00
Since the flux itself is written in terms of the PID, one obtains an equation that can be
solved iteratively. Eqgs. (3.54) show that the flux terms depend also on the PID cut, so
that they can only be used in conjunction with the PID cut used to obtain them. Also,
they are specific to the trigger requirement used since the relative flux of hadrons and
leptons depend on the physical process involved. As with the DIS cross section, the
fluxes depend on two kinematic quantities, usually taken to be the momentum p and the
polar angle 8 of the track, so they have been calculated in 27 bins of momentum and 7 bins
of 6. After the calculation they have been smoothed out to avoid fluctuations, which may
be significant in the region of high momentum and angle, because of the low quantity of

data. The log;, ¢ term can assume values in general between -2 and +2, showing that the
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assumption of log,o ¢ = 0 is absolutely wrong, since it neglects a range of four orders of

magnitude in the flux ratio.

3.3 Data

From the 1998 and 2000 data production 4413 and 22944 runs were selected with a good
data quality. Good data quality requirements include the absence of high voltage trips, a
well defined polarization, a measurement of beam polarization updated at most 5 min-
utes prior to the burst and no dead blocks in the calorimeter.

A study quantified the loss of luminosity due to performance deficiencies of the de-
tector in 1998 and 2000, a necessity to identify the major reasons why data was rejected,
and thus indicate needed improvements for future productions (see Table 3.2).

By requiring that the target gas be polarized deuterium, 26094 runs were selected for
2000. Only a small fraction of the total data available from 1998 (runs between 5398 to
10548) was analyzed, a total of 4611 deuterium runs. Runs prior to 5398 had bad data
quality, which prevented them from being used for any analysis.

The luminosity for each burst is calculated as the product of the luminosity rate times
the burst’s time length. As will be explained in the next section, there is more than one
quantity representing the luminosity, available in HERMES . The raw LumiRate is the
measurement of luminosity made by the luminosity detector, and its value smoothed in
time is the LumiFit. In any analysis the LumiFit has to be used. Some problems arise
from bursts that have been rejected because of an ill-defined luminosity measurement.
This problem is present for both luminosity quantities, being extreme in the LumiRate,
where spikes are present. The LumiFit shows instead very often negative unphysical
values when the measurement was meaningless. For such bursts the luminosity value
from the previous burst was used.

The final results on the total luminosity loss are listed in Table 3.2. The results are
separated for top and bottom detectors. The total and incremental values are shown for
both years.

The first four entries are related to target data quality. When the target was flip-

ping between polarization states and so had an ill-defined state, only 0.63% of the total
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2000 1998
TOTAL % INCR. % TOTAL % INCR. %
EXPLANATION TOP | BOT.|| TOP | BOT. || TOP | BOT.{| TOP| BOT.
flipping 0.63 | 063 |} 0.63 | 0.63 || 0.69 | 0.69 || 0.69 | 0.69
Pr unreasonable 225 | 2.25 225 | 225 1.08 { 1.08 | 1.08 | 1.08
ag bad or unavailable 212 | 212 || 233 | 233 || 1.07 | 1.07 || 1.08 | 1.08
bad target data quality 3.83 | 3.83 || 440 | 440 || 1.69 | 1.69 || 1.73 | 1.73
Pg <30% or Pg >80% 1.77 | 1.77 || 6.05 | 6.05 | 033 | 0.33 || 1.98 | 1.98
Pp meas>5 min ago 162 { 1.62 it 716 | 716 |} 3.01 | 3.01 || 478 | 4.78
I <5mAorlg >50mA || 0.02 | 002 || 7.16 | 716 | 0.01 | 0.01 || 4.78 | 4.78
L <5Hzor £ >60Hz 190 [ 190 || 874 | 874 | 0.01 | 0.01 || 4.78 | 4.78
bad CALO 222 | 4.24 || 10.40 | 12.33 || 0.35 | 0.46 || 5.09 | 5.20
bad PRE or LUMI 1.52 | 1.52 || 11.65 | 13.56 || 0.35 | 0.36 || 5.09 | 5.20
bad TRD 032 | 0.10 || 11.87 | 13.62 || 0.56 | 0.64 || 5.62 | 5.83
HV trip 0.17 | 0.11 || 11.95 | 13.68 || 0.60 | 0.79 || 6.12 | 6.52
bad RICH 093 | 0.84 || 12.77 | 1441 || 0.62 | 0.61 || 6.67 | 7.06
logbook info 0.48 | 0.48 || 12.88 | 14.53 |} 0.00 | 0.00 || 6.67 | 7.06
deadtime 0.19 | 0.19 || 1298 | 14.63 || 0.60 | 0.60 || 7.05 | 7.44
burstlength 0.10 | 0.10 || 12.98 | 1463 || 0.01 | 0.01 || 7.05 | 7.45
first burst of run 3.62 | 3.62 || 1601 | 1763 || 1.86 | 1.86 || 8.42 | 8.81
udst bad 0.58 | 0.58 || 16.30 | 1792 || 0.63 | 0.63 || 8.85 | 9.23

Table 3.2: Luminosity loss in the years 1998 and 2000. A direct comparison between the
two years is not possible from the data in this table, since only part of the data is used
from the 1998 data production.

luminosity was lost. This means that with the high flipping rate, which is roughly 1
minute, only a small amount of data was lost. Unrealistic values of measured Pr or o,
(see Eq. (2.6)) are in the second and third row. The target group also studies the target
performance and provides its own data quality information. The bad target data quality
amounts to a total of ~4% in 2000 and ~2% in 1998.

The second set of four entries in the table is related to beam information. Beam po-
larization values below 30% are discarded because they are too low, while values above
80% are unrealistically high. If the beam polarimeters did not update the polarization
measurement, the values are not reliable and discarded. Unrealistic values of current
and luminosity are also discarded, thus bringing the total of luminosity lost because of
bad beam quality to 3%.

Bad detector performance is in the third set of entries, which include bad calorime-

ter blocks (mostly in the first period of 2000), a non-functioning luminosity monitor,

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3. DATA

preshower and RICH, high voltage trips in tracking detectors or the TRD, for a total
of about 6% in 2000 and 2% in 1998. The functionality of these detectors is necessary for
the DIS analysis. The RICH is not essential in the g, analysis, but since the luminosity
lost for bad RICH performance is less than 1%, it was deemed preferable to take data
with overall detector conditions as good as possible.

Other information coming from the shift crew during data taking is included under
logbook info, and allows 0.5% to be discarded in 2000. Unphysical values of the trigger
dead-time and burst length are also discarded.

Bursts for which the burst number is not continuous, which is usually at the begin-
ning of each run and fill, are also rejected, for data acquisition problems that have to
do with the synchronization. They are taken into account in the last two entries of the
table. Finally, 16% (top detector) and 18% (bottom detector) of the total delivered lumi-
nosity were rejected in the 2000 data production because of bad data quality, while for
the second half of 1998 data production this is true for about 9% of the total luminosity.

The total number of events selected for 1998 and 2000 are plotted in Fig. 3.8, while
the actual numbers are in Table E.1 for 1998 and F.2 for 2000.
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Figure 3.8: Number of DIS events compared to number of charge symmetric events for
1998 (left) and 2000 (right).
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3.4. MOLLER AND BHABHA ASYMMETRIES

3.4 Mpoller and Bhabha asymmetries

A residual electron polarization in the target gas can contribute to a polarization depen-
dence in the luminosity measurement. For this reason the raw luminosity rate is usually
fitted on a fill-by-fill basis, so that the effect for the two spin states cancels out in the fit-
ting procedure. The fitted values are provided by the luminosity experts. Until the 1999
production the fit was done to the luminosity rate itself, providing the LumiFit values.

Afterwards, since the current I is related to the luminosity L, the electron charge e

and the target density p by the relation

==L (3.55)
p

a fit was made to the ratio of luminosity to current, since the target density is a stable
quantity throughout a fill. A new fitted value for the luminosity was introduced, denoted
as LumiFitBstGai. This quantity has the advantage of being also gain-corrected.

The luminosity asymmetry, called Megller or Bhabha depending on the beam charge,

can be calculated as a function of time using the current as a normalization factor

L3515 - 315
A = _ . (3.56)
Moller = /515 1 315

Such an asymmetry was calculated for LumiRate and LumiFitBstGai as a function
of time. The results are shown in Fig. 3.9 for top (left) and bottom (right) detectors,
for 1998 and 2000 data. It appears clear from the plots that the asymmetry calculated
with LumiRate is not compatible with zero, and has values of order 0.001253-0.0002 for
2000 and -0.001240.0003 for 1998. The signs are opposite because the beam charge was
opposite in the two years (positrons in 2000 and electrons in 1998).

It is worth noting that the asymmetries for top and bottom detectors are different not
because they have different measured luminosities but because some data may have been
rejected in top or bottom, because of bad data quality, giving different total luminosity
values. In conclusion the fitted luminosity has been used in 1998 and 2000 for the extrac-
tion of the DIS asymmetry, and it was verified to have a negligible contamination from
Moller and Bhabha rates.
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Figure 3.9: Mgller Asymmetry for top (left) and bottom (right) detectors, calculated with
the different luminosity quantities available at HERMES. The top four plots are obtained
from 1998 data, while the bottom four plots are from 2000 data. A straight line fit is made
to each set of data points, with the results given by P1.

3.5 Alignment correction

The top and bottom detectors are slightly misaligned with respect to the target cell, a
problem studied for the 1997 data production in Ref.[36], where also an alignment cor-

rection was obtained. This is most visible in histograms of z,, which should be symmetric
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Figure 3.10: Top plots: comparison of z, distributions without (left) and with (right) the
application of the alignment correction. Bottom plots: z, distributions of total, DIS and
charge symmetric events, for top (left) and bottom (right) events. The vertical lines show
the usual cuts at 2, = £18 cm.

around z, = 0, for both top and bottom detectors. The top-left plot of Fig. 3.10 shows a
top-bottom comparison of z, distributions of DIS events, for 1998 data. The two distri-
butions are not symmetric around 2, = 0 as they should be, and their peak positions are

shifted by about 2 cm. This problem results in wrong measurements of the scattering an-
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Figure 3.11: Ratio of charge symmetric events over DIS candidates for 1998 data (left) and
2000 (right) data. In 1998 data the number of cs in the top detector has a steep rise that
has been explained with a spring finger left hanging inside the detector acceptance.

gles and z,, so must be corrected. The 1997 correction factor has been applied to the data
and the effect is shown on the top-right plot of the same figure. The correction highly
improves the data/Monte Carlo comparison ([37]), and all plots shown in this thesis for
the 1998 data have the correction applied.

The z, distribution for top DIS events even after being corrected, still shows an excess
of events in the positive z, region, coming from a peak located at about 32 cm.

In 1998 a spring finger, 3-4 mm long and 0.5 mm thick, used to connect the beam pipe
to the target cell, was forgotten inside the target region, hanging from the top of the cell.
Beam scattering off of this object thus created this peak. The target spring finger (TSF)
was removed only in May 1999, and it was thus present throughout the 1998 production,
but did not affect later productions. As a comparison, Fig. 3.11 shows the ratio of charge
symmetric (cs) to DIS events for 1998 (left) and 2000 (right), where it shows that the 2000
distribution is back to the levels of 1997. The TSF contribution is highest in the low z
region.

The bottom plots of Fig. 3.10 show the distribution of total (DIS+cs), DIS and cs events

for top and bottom detectors. Common to both detector halves is a peak located at -25
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cm, coming from scattering off the HERA collimator C2, while the top detector alone is
affected by the large background coming from the TSE. The usual c¢s subtraction reduces
the size of the background but does not eliminate it completely, meaning that there is an
actual excess of events with the same charge as the beam originating from C2 and from
the TSF, which, being unpolarized material, has no spin dependence. The collimator peak
has hardly any tail in the accepted region of z, between -18 and +18 cm, while the tail
from the TSF is instead considerable in size, and the major source of background. This

will be discussed further in section 3.11.3.

3.6 Asymmetries for 1998 and 2000

The asymmetry Aﬁ has been measured in the 49 kinematic bins, and the results are shown
in Fig. 3.12, where for clarity the data have been separated into the 3 y bins.

As explained before, the detector is divided into two symmetric halves, which can
effectively be treated as two different detectors. This fact proves helpful to check the
agreement of the two results and thus keep systematic effects under control.

The statistics of 2000 is overwhelming, and will have the highest weight on the final

results. The asymmetries agree very well in the whole kinematic range, but nevertheless
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Figure 3.12: The measured asymmetries for 1998 data (left) and 2000 (right).
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many studies have been performed on its stability, that will be shown in the next sections.
The final result for g¢ will involve the weighted average of top and bottom asymme-

tries, which, in each kinematic bin, reads:

J Af(TOP)w(TOP) + A}(BOT)w(BOT)
A = w(TOP) + w(BOT)

1
b = w(TOP) + w(BOT) ’ (3:57)

where w stands for the weight 1/52.

3.7 2000 Beam helicity flips

In the 2000 running period the beam helicity was switched between +1 and -1 for a total
of 7 periods. The resulting asymmetries for these periods have to be checked for con-
sistency throughout the seven periods. Table 3.3 gives a summary of the beam helicity
information through 2000. Statistical tests (which will be described later) were made, and
they didn’t show any unexpected behavior. Here it will only be shown that the asymme-
try for the positive helicity, spanning four periods, agrees with the one resulting from
the three periods with negative helicity. Fig. 3.13 (left) shows the agreement for top and

bottom detectors.

First run | Last run | Helicity | # of runs | # of fills

1 6109 +1 5075 57
6110 9404 -1 2430 31
9405 13204 +1 3112 39
13205 18168 -1 3669 33
18169 22579 +1 3467 33
22580 26713 -1 3123 37
26714 30354 +1 2068 33

Table 3.3: Summary of 2000 beam helicity conditions.

3.8 Effect of trigger efficiencies on the asymmetry

As discussed in section 2.7 the trigger efficiencies in 1998 and 2000 reached values as low

as 90%. Fortunately they have no effect on the measured asymmetry since every effect
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3.8. EFFECT OF TRIGGER EFFICIENCIES ON THE ASYMMETRY

coming from detector efficiencies cancels in the asymmetry ratio, provided that the effi-
ciencies are spin independent, which has been tested. As a confirmation, the correction
has been applied to 2000 data. Each event in each kinematic bin has been weighted by
the trigger efficiency as a function of momentum, the time period, the geometry and the
number of tracks. In this way the total number N of events in each bin has been substi-

tuted by:
N - Z :
p e(time, # of tracks, momentum, 6, 6,) -

(3.58)

The results are shown in Fig. 3.13, where the difference of uncorrected to corrected, over
uncorrected asymmetries is plotted. The error bars take into account the fact that the two
data sets are completely correlated (see App.E). Large values of error bars are due to
very small values of the asymmetries, which enlarge the errors. In conclusion, the trigger

inefficiencies have been verified to have no effect on the results.
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Figure 3.13: Left: comparison between the asymmetries calculated for the two possi-
ble beam helicities (2000 data). A (H+) indicates the asymmetry calculated for positive
beam helicity, while Aj|(H —) is the asymmetry for negative beam helicity. Right: effect of
the trigger efficiencies on the asymmetry obtained from the 2000 data set. The two asym-
metries are in very good agreement, which shows the independence of the asymmetry
on the efficiencies.
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3.9 Dependence on ¢

The asymmetry should not have any dependence on the azimuthal angle ¢ (see Fig. 2.2).
To test it the detector has been ideally sliced into 50 top (0 < ¢ < ) and bottom (7 <
¢ < 2x) bins. In each kinematic bin the asymmetry in each ¢ bin, denoted with ¢, and its
deviation with the final asymmetry (that includes all ¢ bins) have been calculated, where
the deviation is defined as (see App. E)

A(pi < ¢ < i) — A0 < 9 < 2m)

deviation = , (3.59)

2 _ 42
a; o

and o; is the error of the asymmetry in the ith ¢ bin and o is the total error. The deviations
for each kinematic and ¢ bin are shown in the top plots of Fig. 3.14 for 1998 and 2000,
while the bottom plots represent the average deviations over all kinematic bins, for each
¢ bin. The data from 1998 has larger fluctuations but they are mostly due to the smaller

statistics. No effect has been detected.

deviation
deviation

hbhLvsecmwwan

hbbnmeomNnwan

average deviation

&
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'

—
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(7]

average deviation
SRR =NWAR
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of
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° 9 (rad) ® (rad)
Figure 3.14: Top plots: deviations of the asymmetry over all kinematic bins, for each ¢
bin. Bottom plots: average deviations in each ¢ bin. The errors are the standard devia-
tions of the distributions in the top panels. Left plots are for 1998 data while right plots
are for 2000.
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3.10 Statistical tests

As a general consistency check one can apply various statistical tests to the data, to verify
that the results do not depend on variables for which there should be no dependence.

This section deals with these tests.

3.10.1 22 test

The asymmetry is tested against non-statistical dependencies on physical quantities.

A simple test is the 2?2 test ([38]), effectively a x? test, treated in detail in App.D. The
asymmetry is divided into N bins of one variable (which can be referred to as £) it should
not depend on, for example time. The physical quantity of interest (in this case Aﬁ) is
divided into bins of such a variable. The 22 value gives an estimate of the spread of this
quantity in the bins. Given Aﬁ ; (the value of Aﬁ in a definite bin of z and y and bin ¢ in
t), o; (the statistical uncertainty in that bin), and < Aﬁ > (the final value with statistical

uncertainty o), then 22 is defined as:

1 N 1 9
2 § : d _ d

The ideal case should give z = 1. The allowed spread (68% confidence interval) is ({38]):

1

The 22 test can be used to test the validity of the assumptions on the errors. If there is
some unknown systematic error, then the value of z will significantly differ from 1. On
one hand, the 22 test is a way to alert of the presence of systematic effects that should
be corrected for. On the other hand when it is not possible to cure the bias, it’s quite
common practice to normalize the error bars by multiplying them by the quantity z so
that the new z will be equal to 1. This procedure has to be used with care, since it's a way
to hide systematic effects with enlarged error bars.

The 22 test has been used to check that the asymmetry had no large fluctuations in
time, z, position, ¢ and current. The results are shown in Fig. 3.15 and Fig. 3.16. No
dependence has been detected. Each test has been done for top and bottom detectors

separately.
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Figure 3.15: The 22 test applied to the time (top four plots) and current (bottom four
plots) dependence of Aﬁ. The dotted lines represent the 1o level. The left plots refer to
1998 and the right ones to 2000. The 1 o levels for time in 2000 are smaller since there are
more bins in time, given the much increased statistics with respect to 1998.

3.10.2 Mann-Whitney test

This test ([39]) is used to check whether or not there are any trends in the data. It is
applied to two sets of samples. As an hypothesis for the test the two samples have to be
independent, the dependent variable has to be intrinsically continuous, and it has to be
possible to order the elements of the set according to an ordering criterion. The purpose
is to understand if there is a trend in the data, i.e. if one set tends more than the other
towards lower or higher values. The null hypothesis of no trend is the hypothesis for

which the data are uniformly distributed.
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Figure 3.16: The 2? test applied to the 2, (top four plots) and ¢ (bottom four plots) de-
pendence of Aﬁ. The dotted lines represent the 1o level. The left plots refer to 1998 and
the right ones to 2000.

Let us suppose we have two sets of data, the first set A containing N4 elements and
the second set B containing Np elements, so that the total number of elements is N =
Ng+ Np.

The elements of the two sets together are sorted in increasing order, and to each of
them a rank number is assigned. In the case of ties, i.e. if more than one data point has
the same rank, the assigned rank is the average rank they would get in case they were
not ties. The goal is to assess if the distribution of A’s and B’s is random or not, i.e. if
A’s tend to have lower rank or higher rank. Let us now introduce the numbers 79> as

the sum of the ranks of the elements belonging to group A, T as the sum of rank of
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elements in B, T4 as the total sum of ranks, and M 4p as the mean rank. These are:

N(N+1) (Ng+Np)(Na+Np+1) Tap (Na+Np+1)
Tap = = Map = =

2 2 N 2

(3.62)
If the null hypothesis were true the ranks in the two groups would be distributed uni-

formly around the average, so that
zjp =MspNs Tgxp = MspNp . (3.63)

It can be shown ([39]) that the sampling distributions for 79" and T tend to approx-
imate the normal distribution for N4, Ng > 5, with the same variance and standard
deviation, equal to:

_ |[NANp(Ns+ Np+1) Soti(t2 — 1)
or= \/ 12 - (1 T N@I?-o1) ) ’ (3.64)

where ¢; is the number of ties for each rank value. The correction for ties is small and can
be safely neglected if there are few ties and N is large.
Given the mean M and standard deviation o7 of a distribution, one can create a z-

ratio, i.e. a quantity that refers to the unit normal distribution:

(TOPS — M) +0.5

or

Zz =

, (3.65)

where the term +0.5 is a correction for continuity equal to -0.5 when T' > M, and equal to
+0.5 for T' < M . It is easy to prove that z4 = —zp so that only one of the two is needed
for the Mann-Whitney test.

The Mann-Whitney test can be easily applied to the study of the time dependence of
the asymmetry Aﬁ. There are a number of ways to obtain two sets of data, each sensitive
to a different kind of trend.

In a given kinematic bin, the values in time of the top (bottom) detector asymmetry
can be assigned to set A (B): this is a way to check whether the top asymmetry was
consistently above or below the bottom one and vice-versa. Results of this test are shown
in Fig. 3.17 for 1998 and 2000.

Another test can be performed by associating a data point to group A (B) if its dif-

ference with the total Af is positive (negative). The values for Af; — A were ordered in
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Figure 3.17: The Wilcoxon and Mann-Whitney tests applied to the comparison of top and
bottom detectors time dependence of Aﬁ for 1998 data (left) and 2000 data (right plots).
The dotted lines represent the 1o level.

increasing (or decreasing) order of their absolute value, so that a succession of A’s and
B’s was obtained. At this point the procedure outlined in this section was employed. The
results are shown in Fig. 3.18 for 1998 and 2000. This test assesses if the final top or bot-
tom detector asymmetry is the result of averaging values that were consistently above or
below the average in one period. This effect would not be detected by the 22 test, which,
being a x? test, is only sensitive to the deviations of each point from the average.

The Mann-Whitney test can be a powerful tool to see whether data is clustered around
low or high values, but it has also some shortcomings, in the case that the elements of one
group tend to assume both low and high values, while the elements of the other group
tend to the middle values. The Mann-Whitney test would fail to recognize the trend of

the data and would give the false answer of no trend.

3.10.3 Wilcoxon test

The Wilcoxon test ([39]) is another test intended to verify if there are trends in 2 sets of
data. The hypothesis that the two sets have to satisfy are that the scales for the measure-
ments of the data in the two sets A and B have to be the same. The data are supposed to
have an underlying normal distribution. The two paired values from the two sets have

been randomly taken from the source populations. Since each element of each set will
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Figure 3.18: The Mann-Whitney test applied to the time dependence of Aﬁ for top and

bottom detectors for 1998 data (left) and 2000 (right). The dotted lines represent the 1o
level.

be paired to an element of the other set, the two sets need to have the same number of
elements.

The difference between each couple of elements is computed and ordered in increas-
ing absolute values and then ranked as in the case of the Mann Whitney test. Positive
differences will be assigned to the set A and negative differences to set B. Differences
equal to zero have to be treated in a slightly different way: if they are an even number
then half of it will be assigned to each set, while if they are in an odd number then one
will be discarded.

It can be shown that for large N the distribution of ranks tend to approximate a gaus-

sian distribution with standard deviation

o \/N(N +1HEN+1) %Zti(t% -1, (3.66)

24
so that one can create a unit normal distribution in the same way as Eq. (3.65). This test
has been performed for the difference of asymmetries in top and bottom detectors, and
the results are shown in Fig. 3.17 for 1998 data in the left and 2000 data in the right, and
again no trend has been detected. The test can be applied also to top or bottom detectors
separately by assigning the asymmetry in a time bin to the set A or B if its difference
with respect to its average is positive or negative, and then ordering the differences in

increasing absolute values. This has been done and the results are shown in Fig. 3.19.
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Figure 3.19: The Wilcoxon test applied to the time dependence of Aﬁ for top and bottom
detectors for 1998 data (left) and 2000 (right).

3.11 Systematic uncertainties
3.11.1 Study of z, cut dependence of the asymmetry

The z, is the position of the interaction point along the z axis. The target cell is only 40
cm long, and the zero of the z axis is at the center of the target cell. This means that a
reconstructed target vertex cannot be accepted if it has |z,| >20 cm.

A standard cut of 18 cm is generally used, as a compromise to exclude the more
external regions of z, with their high background and keep the scattering vertex well
contained in the target. On the other hand the cut cannot be so tight as to significantly
lower the statistics.

Many studies have been made to test the stability of the asymmetry with respect to the
zy. The z, cut has been varied around its standard value and the asymmetry calculated.
The deviations of the asymmetry from the nominal value as the z, cut is varied from 14

cm to 22 cm, defined as

Aﬁ(zv < |2 - Aﬁ(—18cm < zy < 18cm)

N

have been calculated for each kinematic bin, for top and bottom separately. In the last

deviation =

(3.67)

expression 2} indicates the z, cut and o; the statistical error on the asymmetry for that cut.

The top Fig. 3.20 shows the deviations for 1998 and 2000, while the average deviations
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Figure 3.20: Top plots: deviations of the asymmetry with respect to the standard cut
zy = 18 cm, over all kinematic bins, for top and bottom separately. The left plots are
for 1998 data while the right ones are for 2000. Bottom: deviations averaged over all

kinematic bins.

per cut and their standard deviations are shown in the bottom plots, and they are nicely

consistent with zero everywhere.

Fig. 3.21 shows the results of a 2-like test performed. The deviations of the asymme-
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Figure 3.21: A test similar to the 2? doesn’t show any dependence of the asymmetry on
zy. The left plots are for 1998 data while the right ones are for 2000.
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try with respect to the asymmetry calculated for a z, cut of 18 cm have been computed

in different z, bins:

49
1 1 A . 2
A= = (Aﬁ(z,; <2 < 71 - Al(~18em < 2, < 18cm)) . (3.68)
1

where z¢ are the values of z, used to define the binnings. No large deviation is detected.

3.11.2 Dependence of the asymmetry on the §, cut

As for the z, cut, the 8, cut has also been studied to verify the stability of the asymmetry.
The angle 6, defines the angular acceptance in the vertical direction, and it is sensitive
to misalignments. The 6, cut of 0.04 rad has been varied from 0.038 to 0.044 around the
standard cut of 0.040 rad, and the deviations of the asymmetry in each kinematic bin are
studied. The top Fig. 3.22 shows the deviations of the asymmetry with respect to the
standard asymmetry for each cut, while the bottom plots are the average deviations with

their standard deviations, for each cut. No effect is detected.
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Figure 3.22: Top: deviations of the asymmetry calculated by varying the 6, cut, with
respect to the standard cut. Bottom: average deviations for each cut. The errors are the
standard deviations of the plots in the top panels. The left plots are for 1998 data while
the right ones are for 2000.
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Figure 3.23: Data-Monte Carlo comparison for top detector events ([37]). There is a clear
excess in the data at low-z, explained as coming from the TSF. This is not seen for a
bottom detector-Monte Carlo comparison.

3.11.3 1998 data: Target Spring Finger Problem

A serious problem exists in the 1998 data in the study of low z bins. The z, distribution
of DIS top events shows a peak at around 32 cm coming from the TSF, as was shown in
Fig. 3.10. The bottom distribution seems much more consistent with the values from the
1997 production.

As Fig. 3.10 shows, a common charge-symmetric subtraction doesn’t help to solve
the problem: the peak is still visible. This means that the events building up in that peak
could come from a different process that is not removed by the usual subtraction. These
events could come from DIS scattering off the aluminum of the TSF.

The way the asymmetry is corrected due to this additional rate is by trying to disen-
tangle the true rate from the TSF rate.

From data-MC comparison shown in Fig. 3.23 it is justified to assume that the TSF

only affects the top events. In this case we can write the top and bottom total number of
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Figure 3.24: Left: correction factor C to be applied to the asymmetry to correct it due to
TSF events, as a function of z, and z. The correction is relevant only in low z bins. Right:
the systematic uncertainty on the asymmetry, estimated as the difference between the
corrected asymmetry at 18 cm and 30 cm (where the TSF contribution is a maximum).

events as:
—(TOP TOP -(TOP TOP
Npleas ) = Néis N + Nr(FSF )
-(BOT BOT —(BOT
VgD = NPOD 4 N BOD (3.69)

where we dropped the negative sign on Ny since in 1998 there was an electron beam,
TOP)
Nt

and TSE is the cs-corrected TSF rate. From a high z fit ([37]) not including the 7 low-z
points, it was determined that the ratio of top to bottom DIS events, normalized to the
luminosities, is a stable quantity:
(TOP) , ,TOP
Ndis /£ ~
(BOT) , -BOT ~
Ndis /£

0.96 (3.70)

so that by inserting Eq. (3.70) into Eq. (3.69) we get:
TOP -(TOP —(TOP -(BOT -(BOT
NicE) = Npeas ) = Nig =) +096(Nmeas ) = Ng =) (3.71)

where the luminosities cancel in the ratio. The TSF rate was checked to be independent
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of the spin state so that it acts as a dilution factor on the asymmetry:

TOP _ Aﬁggas TOP
A B 1— N(TOP) / N(TOP) A||meas (3.72)
TSF dis

The systematic error due to the TSF was assessed from the z, cut variation, as shown
in Fig. 3.24, which shows in the left plot the TSF contribution for different z, cuts. As
expected, for cuts that include higher values of z, the correction gets stronger, since the
TSF contributes more. The systematic uncertainty was then defined as the difference
between the asymmetry with a z, cut at 30 cm and at 18 cm, as shown in the right panel
in Fig. 3.24:

AATSE = 430 — a8 (3.73)

The TSF affects also the luminosity, since it affects the count rate, and this contribution
affects all 49 bins.

3.11.4 Hadronic background

In the extraction of the asymmetry one has to take into account that there is a fraction
of hadrons misidentified as DIS leptons. The number of hadrons turns out to be spin-

dependent and to have a non-trivial spin asymmetry:

Ah:I: =

(3.74)

ft

N3L7 +N3L7
The hadron asymmetry has been extracted by requiring PID<-2, which is a tight require-
ment for the hadron identification. The extracted asymmetries are small compared to the
DIS asymmetry everywhere except in the small z region, where the two are comparable.

A correction for the hadronic background must be obtained. Let us introduce h 4
and hcg as the fraction of DIS candidates and charge-symmetric background which comes
from hadrons, and Ecand and ecg as the PID efficiencies in the identification of a particle
as a lepton or a hadron in the case of DIS candidates and cs background.

The true number of DIS events is obtained by subtracting the contribution of misiden-

tified hadrons and charge symmetric particles:

Ncand (1-h Nes

Nais = ~=S(1-h
dis €cand cand) fes ( cs)
= Nglrlxil( — heand) — NE&E"®(1 — hs) , (3.75)
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where N t;‘;% = Neand/€cand @and NEUe — Ng/ €cand are the true candidates and cs,
corrected for efficiencies.

The real asymmetry has then to be disentangled from these contributions. The cs
contribution is taken into account just by subtracting the number of cs events from the

number of DIS candidates. The true asymmetry is:

= = = =
N&;S[,—’ - N&;sﬁ_’

oo el = M
Ngisly + Ngigly
_ GRS 0 —heing) NE*T (1 —Q)] £7 NG (1 ~hging) -NE* (1 -h)] £
Neand (1 =hoang) N7 (1 =hed)] £7 +[NERT (1 ~hging) ~NEF (1 -hed)] £7
_ameas _ glcand f g AN g
- 1- cand + hes ’ (3.76)
where
i‘can 4 = N andhcandﬁ—}'l—N andhcamdﬁ_> _ 3.77)
(ch;ndﬁ + ch;ndﬁ) - (NC_S’L_’ + NCS[:“")
ey — NZhl™ + NGhs ™ 378)

( cand‘c_) +N andﬁ_)) - (NCS)SEE; + NC%ES) |

The effect of the hadronic contamination has been estimated ([40]) from the ratio of
background-corrected to uncorrected values ofA i/ D. The correction is very small, reach-

ing a maximum value of 0.04% around z=0.01, and it is negligible for z >0.12.

3.11.5 Radiative corrections

In the extraction of g¢ from the measured asymmetry, g¢ has to be corrected for radiative
processes. To extract the Born asymmetry from the measured results different sources of

radiative effects must be taken into account.

Elastic and quasi-elastic background. The electron can exchange a photon with the nu-
cleus or the nucleon, without breaking them, and these processes are referred to as elastic
and quasi-elastic. These processes constitute a pure background to the DIS events and

their cross sections simply have to be subtracted from the measured values. By definition
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Figure 3.25: Initial state radiation (left), and final state radiation (right).Even if these
events are DIS, their measured Q? and z are not the true ones, so an unfolding method is
needed to bring back each event into the kinematic bin it belongs to.

the elastic peak is at z = 1, but also low @? means elastic, since for low momentum trans-
fer the nucleon does not break. Since in our experiment low @Q? is also low z, then we
have a high elastic and quasi-elastic contribution at low z, mostly in the first 10 kinematic
bins. A way to get rid of the elastic tails in an almost clean way is to do hadron tagging,
that is to require a hadron in the final state, associated to the event, to make sure that the
event was pure DIS, thus not elastic. Problems arise in this procedure, since very often
hadrons are not detected, due to the small acceptance of the detector: there is a loss up to

15-20% due to hadron tagging.

Radiation A DIS electron can radiate a photon before or after the DIS interaction (see
Fig. 3.25), thus changing the measured kinematic quantities, such as Q2 and z. Because
Q? = 4EE'sin%(0/2), regardless whether the initial E or the final E’ energies are lower
than measured, Q%,0a5 Will always be lower than Q%rue' For z the situation is different:
z = 2EE'sin?(9/2)/(M(E — E')), so that the true value of z will be higher (lower) than
the measured one if the photon is radiated after (before) the DIS interaction. The event is
then placed into the wrong kinematic bin.

The Born asymmetry is usually extracted with a Monte Carlo simulation. A model

model
Born

RAD ([41]) program, which computes the asymmetry corrected for radiative processes

Amodel - Given Ag‘o(}‘iel, Amodel 4ng the measured asymmetry which in this context

asymmetry A obtained from a fit to world data is used as an input to the POL-

1 A €X . . .
we can denote with ACOIPI" the Born asymmetry is extracted with an ansatz, requiring

that the difference between Born and corrected asymmetry is the same for model and
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experiment:

ex ex
ABoI;n = ( gloorcrllel - ‘ngtl)(lzl(':1 EI) + Aco?r . (3.79)

As a consequence of this method the central values of the measured asymmetry are
shifted, while the statistical errors are unchanged. It has been used before in HERMES
publications such as Ref.[42].

A second commonly used ansatz ([43]) is that the ratio is constant:

exp A%‘Odd exp
_ orn
ABorn = gmodel +Acorr (3.80)
COIT

which changes both central values and statistical errors. Usually an error is assessed to
the extraction of the Born asymmetry by comparing the results of two methods. In the
case of deuterium data the asymmetry is very small and consistent with zero in the small
z region, where the corrections are higher, so that the multiplicative ansatz of Eq. (3.80)
cannot be reliably used.

The Born asymmetry was actually obtained with a method already applied by SMC
([44]), by using the relation ([45]):

unpol pol
exp 1{ exp obg Ubg 1
ABorn = 3 | Acorr | A+ unpol | unpol | ’ (3.81)
7DIS 7DIS
where 0.9 < A < 1.2 is a spin dependent term which contains the virtual photon correc-
tions and soft real bremsstrahlung corrections, a}(;;n)p ol are the background (un)polarized

tails and all:l)rllg ol the unpolarized DIS cross-sections. Corrections are large (Aggrn /Ameas

=~ (.3) in the low z region, decreasing rapidly, with a ratio of 0.9 around the 15th bin, and
1.0 around the 30th.

As a consistency check, the asymmetry using the hadron tagging method has also
been calculated from data. The radiative corrections to the latter do not require the
subtraction of elastic contributions so that they only need to be corrected for the DIS
part. The agreement between the Born asymmetries obtained from full data and hadron-
tagged was quite good and gave good confidence in the method. The final systematic
error is obtained from the difference of the additive method of Eq. (3.79) and the SMC-like

method. The error in g¢/F¢ coming from the extraction method is as high as 0.013 in the
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lowest z bin, decreasing rapidly to 0.002 in the 8th bin, from which point it is negligible

compared to the error coming from the target and beam polarizations.

3.11.6 Other sources of systematic uncertainties

In this section the other sources of systematic uncertainties will be discussed. The main
detector uncertainties come from the target and beam polarizations, and from the nor-
malization. The total systematic errors have been obtained from a sum in quadrature of
the individual errors. They are dominated by radiative corrections at low = and by beam

and target polarization in the high z region.

Polarizations. The target group estimated a target polarization error of 4% on 2000 data,
and 8% on 1998 data, as a preliminary upper limit. The beam polarization uncertainty
was estimated to be 3.4% in 1998 and 2% in 2000. The systematic uncertainties coming
from beam and target polarization in 1998 were smoothed out with a simple polynomial
fit to g, /F1 (0target(g,/F1) = —0.03 + 1.01z — 0.49z2, with a x? = 1.015), since the data

points had large fluctuations. This was not necessary for 2000 data.

Normalization. A wrong estimation of the luminosity brings a normalization problem
in the asymmetry, and a way to estimate the error is by calculating the asymmetry with
two different normalization methods. Beam current and fitted luminosity are two in-
dependently measured quantities, and the results using the two quantities in the asym-
metry should agree since the two differ only by a multiplicative factor coming from the
target density, a stable quantity.

Fig. 3.26 shows the difference between the asymmetry calculated with current and fit-
ted luminosity, for top and bottom detectors: a very constant value, 0.0009, was found for
2000, but not for 1998. The difference can be explained with the different fitting procedure
for the two years, and the different beam charge. It is interesting to see that the difference
between the asymmetry calculated for the raw luminosity rate and the one obtained with
the fitted luminosity is of the same order of magnitude as the Meller asymmetry.

The systematic error on g¢/F¢ due to the normalization uncertainty was estimated as

Onorm = (A)|(LumiFitBstGai) — Aj(current))/D(1 + 4%) which, for the case of 2000,
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Figure 3.26: Comparison of different normalization methods for 1998 (left) and 2000
(right), for top and bottom detectors.

is Oporm = 0.0009/D(1 + ~2) (see Eq. (3.24)).

This error is believed to also take into account the TSF contribution to the luminosity
in 1998 data. Since the current is not affected by the TSF, there is no need to consider an-
other systematic contribution coming from the wrong evaluation of luminosity because
of the TSE.

A proper evaluation of normalization and polarization uncertainties is very impor-
tant because these quantities cause g, to be measured only up to a normalization factor.
This issue will be addressed in next chapter, where how to correct for this problem when

making fits to world data will be discussed.

Background. The contribution coming from the hadronic background was obtained
through a fit of the ratio of g?/F¢ as a function of z with and without the hadronic con-
taminations. The fit slightly overestimated the error in order to include all the points.
Details are in Ref.[40].

Parameterization of As. The common assumption that g, = 0 has been ruled out by
the E155 experiment ([31]), as was shown in Fig. 3.3. The uncertainty coming from the
knowledge of A; was estimated through the difference of a fit to A2 data from E155 and
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As(g, = g W), versus z. The E155 results were fitted to Ay = 0.22z/+/Q? in Ref.[40].

The g?/F¢ parameterization used for the calculation of AY" in Eq. (3.39) was ([46]):

%g_ = (€892 _ 1)(0.03240143 _ 50143y (3.82)
Parameterization of F{. Available parameterizations for FZ are the eight ([24]) and the
fifteen ([25]) parameter fits from NMC, which do not include more recent data from NMC
([47]) and E665 ([48]). F¢ can also be obtained from the relation
Fd = % (% + 1) -Fh (3.83)
by using the available parameterizations of F§ /F5 from NMC ([24]) and the ALLM F,
described in Refs. [49] and [50].

The agreement of these three possible parameterizations with the newer data from
NMC and E665 was tested. Special care was taken for the agreement within the HERMES
kinematic range. The P8 fit from NMC had large deviations from the data, so it was
discarded ([51]). The other two fits agreed well with data. The fifteen parameter fit was
used in this thesis for the extraction of g¢. The systematic error was estimated as 2.5%
over the whole kinematic range, except the lowest x point, with 3%. This value comes

from the quadratic combination of the normalization uncertainties of NMC and E665.

Fig. 3.27 shows the various contributions to the total systematic uncertainty coming
from the different sources, separately for 1998 and 2000. Fig. 3.28 shows the final results
for g4 /F{ and zg?. Data from 2000 are clearly dominating the result over the 1998 dataset.
The final combined result of the two years was obtained from the weighted average of
the two. The systematic errors were also weighted with the statistical error to get the

final systematic errors.
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Figure 3.27: Systematic errors on g¢/F¢ for 1998 and 2000, and their source.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.11. SYSTEMATIC UNCERTAINTIES

0.2

04

0.2

0.2

0.4

0.2

0.2f

04

0.2

o 04
y—bin=3 [ y—bin=3 L
} 0.02 |
’ N ¥ I
L 1998 P o[ 1998 }
N T 0.04 [—ered r——
e BT I S e i
othy + 0; H it
E gt pto
] il 0'04 ey | rald
—bin= | —bin=1 N
y—bin=1 * H! ol Y bin |H }H
] H ll i
—L} prat! ;'HH}I L or g tpreatty }‘H|
102 107! X 102 10" X
g 004
y—bin=3 » y—bin=3 )
. 0.02f .y
3 o vat!
L 2000 " oF 2000
: E—— 0.04 S =
— y—bin=2 . 00zl y—bin=2 Y
, ”H Ly
H + ! [ [
A i 1 0'04- 1 ——‘-I—ﬂm
—bin= pit L v—bin=
] y—bin=1 (’. f ool Y bin=1 “}9..'
000” , “.1H '
e sttt 0 PPN R
10 10° < 10” 107 x
g 04
y—bin=3 ol y—bin=3 '
L , 0.02 N t
! r s
- COMBINED ' 0\ COMBINED
. I W ——— 0.04L I Foa——
y—bin=2 ' 0ozl y—bin=2 Y }
q .OHH ot
- ' or PR
" . 0.0 . P evT——
_bin= i L \
y—bin=1 o ozk Y bin=1 o ',
r pid Vi o.
(RN st
o+ e vt (1= .
107 10" < 107 10" <

Figure 3.28: The extracted g¢/F{ (left) and zg? (right) as a function of z for 1998 (top), 2000
(middle) and the combined results of 1998 and 2000 (bottom). The results are shown in
bins of the y variable. The statistics of 2000 data dominate the final results. The errors on
the data points are statistical, while the bands represent the systematic errors.
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Chapter 4

Deep inelastic scattering

4.1 Operator Product Expansion

The Operator Product Expansion (OPE) ([52], [53]) was designed exclusively for the un-
derstanding of deep inelastic lepton-nucleon scattering and to describe the Q? behavior
of the structure functions. It is a powerful tool for deriving sum rules (relations among
the first moments of structure functions) in terms of very general quantum field theoret-
ical considerations without the need for a specific hadronic model. Sum rules obtained
from the OPE thus provide a direct test of QCD.

W, is the Fourier transform of the nucleon matrix element of the commutator of

electromagnetic currents J(z):
Wiu(a, P.S) = 5- [ dloe® (PS|11,(a), 1)) |PS) @)

where |PS) is the nucleon state with momentum P and spin S. The forward Compton
amplitude is:

Tp(g;P,5) = i / dtz €92 (P3| T(J, (z), . (0)) | PS)
(PS|tu |PS) , 4.2)

with
tyy =i / d*z "% T(J,(2), J,(0)) , 4.3)

where T stands for the time ordered product. W, and T}, can be split into two parts of

definite symmetry (S,A4), and it can be shown (from the optical theorem) that W, can be
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related to T),, (see Fig. 4.1):
1
WS4 = ~Im TS (4.4)
Wﬁf) is independent of spin, so we can neglect it for our purposes, since we are interested

in polarization effects.

2
2 >|_1Im
f T 3

Figure 4.1: The optical theorem relates the Deep Inelastic Scattering process (left) to the
Virtual Photon Compton Scattering (right).

Since the forward Compton amplitude is a matrix element of a product of currents
(see Eq. (4.2)), an alternative method for calculating W, is to expand this product as a
series of local (dependent on the position) operators, and this can be achieved by using
the optical theorem which relates W, to Tj,,. This method makes use of asymptotic
freedom: the computation of the operator product coefficients will take place explicitly
at a small distance of order 1/Q, which allows the calculation of these coefficients in a
perturbation theory whose coupling constant is a;5(Q?).

Let us consider the antisymmetric part of the Fourier transform of the operator product
appearing in Eq. (4.2). It is the Fourier transform of the product of two local operators
in two close-by points z and 0. The main goal of the Operator Product Expansion is to
expand ¢, in terms of local operators O;.

Let us then consider the product of two local operators ([54])
Oq(2)05(0) - (4.5)

In the limit z — 0 they are evaluated practically in the same point. In this limit the

operator product can be written as an expansion of local operators:

lim O (2)0,(0) = ij ¢k () Ok (0) (4.6)
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where the dependence on z is now in the coefficient functions c¢(z). The two sides in
Eq. (4.6) are equivalent as long as one does not probe this relation at distance scales
smaller than z. Because of asymptotic freedom, the coupling constant «; is small at short
distances; thus the coefficient functions can be computed as a perturbative expansion,
since all non-perturbative effects occur at scales much larger than z, and do not affect
the computation of the coefficient functions. The same reasoning is valid when one takes
the Fourier transform to go to momentum space: by taking the limit ¢ — oo, one forces
z — 0, so that the product can be expanded in local operators:

lim [ d'z %0, ( E ck(g) Ok (0 4.7)

g—ro0

This expansion is valid for all matrix elements, provided that ¢ is much larger than the
characteristic momentum of any external state. In Eq. (4.3) the operators are currents,
containing quark operators; at small distances the contribution of gluons will have to
be considered, so that a general expansion will contain both quark and gluon operators,
with arbitrary dimension d and spin n. Only the coefficient functions will be dependent
on g and the operators will not depend on it. The fact that the operators Oy (0) are of spin
n means that they will have n free indices y;...un, so that the expansion (4.7) will look
like:

Z k(@) (Ogp)itHn . (4.8)

The indices in the operators will come from the components of P alone, in the case of a
vector operator, while there will be a helicity vector component, in the case of an axial op-
erator. In the case under study, of T},,, there are 2 free indices x and v, so the indices in the
coefficient functions (components of ¢) and those in the operator O have to be contracted
in such a way to leave 2 free indices 1+ and v. This leaves the following possibilities for
the dependencies on P*, ¢#, and S* in the case of vector (left column) and axial (right

column) operators:

(qqu qm.-.qun)(P‘“l...P”") , (ququ qm---‘Iun)(Sm Ph2, pHn)
(9u G - Qun_1) (P P’“...P""‘l) , (qu qul"'thn—1)(Pu Sﬂlpﬂz___Pun—l) ,
(G --Gun—2)(PuPy pH phn=2) (Qus - Qun—2)(PuPy Sk pha | phn=2)
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L4 Guw D DD

d|3/2 2 1 2
nil/2 1 1 0
t 1 1 0 2

Table 4.1: Twist ¢ of some operators, given their dimension d and spin n.

For each case, in the left brackets there is the dependence of the coefficient functions on
g*, while in the right brackets there is the dependence on P* and S* (the dependency on
S# is present only in the axial operators).

One has then to evaluate Eq. (4.3) between two hadron states (see Eq. (4.2)). The
expression in Eq. (4.3) has dimension 2, each hadron state has dimension -1, so that T},
has dimension 0. T}, is the product of the coefficient functions times the matrix elements

of the operators O:
Ty ~c, <O> — dim[T,,] = dimf¢] + dim[< O >]=0. (4.9)

The dimension of < O > mustbe d — 2 (=dim[O]-2dim[| PS)]). Since in the DIS limit both

P.gand S q are of order Q?, on dimensional grounds the Q% behavior of < @ > must be
<O >~ M2 (4.10)

so that the dimension of the coefficient functions must be Q?>~¢. The overall behavior of

T, has to be, then:

Q n+2—d
T;u/ ~ QZ—d QnMd—2—n — (M)

~ Q¥ (4.11)
where we introduced the twist t as the difference between the dimension and the spin of
an operator:

t = d — n = dimension - spin . (4.12)

Table 4.1 shows the twist of four common operators (quark field 9, gluon field G, co-
variant derivative D, and D,D*"), given their spin and dimension.

The most important operators in the operator product expansion are those with lower

twist, since those with higher twist will have a negligible contribution at high Q2. Twist-

2 operators contribute a finite amount in the DIS limit, twist-3 operators are suppressed
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by M/Q, etc. Any gauge invariant operator must contain at least two quark fields, or
two gluon field tensors, together with any number of covariant derivatives, so the lowest

possible twist is 2.

4.1.1 The expansion

It is important to note that the Operator Product Expansion approach can be used only
because of the fully inclusive nature of DIS under consideration: W,,, reduces to Eq. (4.1)

as it is a sum over all possible final states X
W o »_ (PS|J,|X)(X|J, |PS). (4.13)
X

The most general form of the expansion of the antisymmetic part of the Fourier transform

of the operator product appearing in Eq. (4.2) is, in terms of twist 2 and 3 operators ([55]):

tuy =i / d*ze T (J,(2), J,(0)) = (4.14)
= — i _2_ n 25 {8 A En(QQ a )OUNI--Nn—1+
= . 02 Quy - 9pn—2 % Ao Qun_1 L1 yas) O
n=1,9, ]

n—1 ACHL eofir—
+ (euprod® ~ euprotut’ — Ceune) ——E5:(Q% 05) 07" }

where i identifies the possible operators: ¢ = 1,..,8,%, G, and E; 4, Ey; are the coefficient
functions, also called Wilson coefficients.

The operators with 7 = 1, .., 8 transform as SU(3) flavor octet (see App.A), while those
with i = ¢ (quark operators) and i = G (gluon operators) are flavor singlets. The oper-
ators of twist 2 and 3 are shown in Table 4.2. We will come back to the fact that gluon

operators enter in the lower twist expansion.

4.1.2 Determination of the coefficient functions

The generic term in Eq. (4.3) can be written as the sum of quark Og and gluon Og

operators:

JJ ~ CQOQ +¢q0q , (4.15)

so that the matrix element on a quark state |Q) is:

(QIITIQ) ~ c@(Ql0g|Q) + cc (R Oc 1Q) - (4.16)
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twist | i operator

2 |1.8] offttt =@t {%5701)“1..1)“"—1 (%) 1/}}5 n>1
2 ,(p Og’l:fpl..lin—l — (’i)n_l {"Z’YS'YUD#I--Dﬂn_I’lﬁ}S n 2 1

2 | G | ofgtt = (@) T {0 Gy, DM DI Gl | m2 2

3 1.8 o@j;“l"“"—? = (§)"! {Q/SVWADUDM..D“""" (%) ‘p}g n>2
3 ’l/) 092“1"“"_2 — (,[:)n—l {1/_)’757>‘D0D“1--D“"_21/)}S, n 2 2

3 | G | ot = (i {e0f1Gp, DM DI GY , m22

Table 4.2: Lower twist operators. A; are the SU(3) matrices defined in App.A. S stands
for symmetry over all indices, while S’ means symmetry over Ao, and over y;..4n—2.

The electromagnetic current is a quark operator, so that the left hand side is of order
a?. The matrix element (Q| Og |Q) is also of order of, while the term (Q| O¢ |Q) must
be of order o} since there are at least two gluons in Og. Thus one can determine cg to
leading order by taking the matrix element of both sides of the OPE, and by neglecting

the contribution of gluon operators because it is suppressed by one power of .

Scattering off a free quark ([54]). In the following we will suppose that there is only
one quark flavor. The quark matrix element of the left hand side of the OPE in Eq. (4.15)
is:

-+ 4)
(q+p)?

where e; is the quark charge, p is the quark initial momentum, ¢ is the photon four-

MW =4 e?c Tp s ¥ up,s + crossed diagram (4 <> v,q = —q) , 4.17)

momentum, u, , is the Dirac spinor for the quark field, and 4, s = u;f,,s'yo, u;f,,s being the
hermitian conjugate of uy,;. The first term in Eq. (4.17) refers to the first diagram in Fig.

4.2, while the crossed diagram is the one on the right. Since the second diagram can be
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p+q

.pls p,S

Figure 4.2: The lowest order diagrams contributing to the matrix element M*¥.

derived from the first one by replacing p +» v and ¢ —+ —gq, we will just concentrate on

the first diagram. The expansion of the denominator gives (for on-shell massless quarks):

20 -
(p+q)2=2p-q+q2=q2(1+ I;Qq)=q2(1—w), (4.18)

and w = —2(p- q)/q?. The numerator contains the product of 3 gamma-matrices, that can
be simplified by using the identity:

PR = ¢ + g = g+ e s (4.19)
Also:

Pups =0, TpsValps=2Dx, UpsTAY Ups=2hpy, (4.20)
where h is the quark helicity. So, by combining the various terms, and using the identity
(valid for w < 1!) (1 —w)™! =Y w", we get for the first diagram in Fig. 4.2:

9 )
MY = -3 € ;w”[(p +@' + (0 +9)'q" — g g +ihetPgepi] . (420)
Let us now just concentrate on the spin dependent part of Eq. (4.21), and let us add to it
the cross diagram term of Eq. (4.17):

o
MW = —— efc Z wihe" X qopy + crossed diagram (¢ © v,q¢ & —q,w = —w)

n=0

2 oo
= —-q—2 e% Z ihe!” X gopaw™ (1 + (-1)™)
n=0

q
00 n
= Z 2(j> g"...q"m ihe" g, DPAPus--Pun e? . 4.22)
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4.1. OPERATOR PRODUCT EXPANSION

As previously stated, the coefficient functions depend only on ¢, while the matrix el-
ements depend only on p. By equating the first term of Eq. (4.14) and Eq. (4.22) we

determine the expression for the coefficient functions E7 ;:

Z §EL; =% . (4.23)

Scattering off a nucleon ([54]). To compute T"” we need the hadronic matrix element of
the OPE. These matrix elements are unfortunately unknown, so we need to parameterize
them in terms of a known tensor structure times an unknown normalization coefficient
ay,. Let us take the example of a spin 1/2 target. The matrix element of an axial vector on

the target will be of the form:
(PS| Of ™ | PS) = an[S* PH2...P*|g = a,8#' P#2.. P~ + higher twist terms* (4.24)

where S indicates permutation over all indices. One then finds, following the same rea-

soning as in the free quark matrix case (see Eq. (4.22)):

e Qnghz  ghn
T = Y 2Y & B} it g ——5=—a}, Sy Py Pa,
n=1,35 i (=¢*)"
w .
= ). 2 G ERicM g Sy, af W™
n=1,3,5 %
= e g, S Pg—lq (4.25)
with
m .
gi= > 2) 6B (4.26)
n=1,3,5 1

where we used the definition w = —2(P - ¢)/¢*. The quantity &, is the Compton scatter-

ing analog of g, for DIS!, and the OPE has allowed us to compute it as a power series in

“In reality the relation would be [S¥* P¥2.. . P¥"]|g = S¥1P#2 Pn 4 R¥1En. The tensor R has no
symmetric part and has spin n — 1, rather n. Thus its contribution is of higher twist, even though it came
from the matrix element of a twist 2 operator.

T, has an expansion similar to W, :

Qv \ & P. P F
T = (—g’“' P )Fl * (P“ - q"’qq“> (P" q2qq”) P-2q *
igl o of ig2 (o1 R B _ q. B
+ ’*“P.qE“van S +——_(P.q)2€p,uo¢{3q (P qS” —8-qP ) . 4.27)
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4.1. OPERATOR PRODUCT EXPANSION

w about w = 0 in QCD. The nth term in the expansion is due to an operator of twist 2 and

spin n. It is important to note that this expression was derived using the assumption that

lw} < 1; however, the physical region is just the opposite:

P-qg 1

— ==>1. 4.28
o =2 (4.28)

From the optical theorem it follows that the relation between g; and g, is:

w=2

g, (w+ie) — §(w —ie) = 4mi g, (w) - (4.29)

The coefficient functions can be extracted with an integration on the w plane, as shown

Figure 4.3: The w plane.

in Fig. 4.3, with a contour of integration A with |w| < 1:

. 1 1 - 1
27‘(‘2/ Z 22(5 E“a w” dw:TmAglmdw’ (430)

n=1,3,5 %

from which it follows that:
22 0; EV i————l & —1 d 4.31
- [t W) Gy, 978 Agl wh 1 w . ( . )

The contour A can be modified to a contour B that includes the physical region, by ex-
panding that radius to infinity. Under the hypothesis that there is no contribution from

the region at infinity we get the momentum sum rule for the odd momenta of g,:
; 1 |
2 8B = 5 [ 8o
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1 [ N -1 RN
= 2_7'(2- _oogl(w+28)m W — oogl(w—’l/&')m W

OON . 1 OO~ ) 1
+ /1 gl(w—l-zs)zd—n—ﬁdw—/l gl(w—zs)wn+1dw]
_ L/_14 g () d+/°°4 & (W) ——d
= o) gy (W) g o . m 18 (w) gy dw
n+1 oo : 1
= 2(1—(—1) )/1 4wzg1(w);—mdw
1
= 4 / 2" g (z)dz modd (4.32)
0
where we used the fact that w = 1/z and:

g (—w) = —g;(w) (4.33)

coming from its definition. The integral appearing in the last line of Eq. (4.32) is called the
n-th moment of g,. The momentum sum rules relate a quantity defined at high energy
(such as g;) to a low energy quantity, the zero momentum transfer matrix element of a
local operator. In the same way, one can derive sum rules for the even moments of the
unpolarized structure function F;. For the other moments there are no sum rules, even
if there have been many attempts to define some. The only questionable assumption
in the derivation of the sum rules is that the contour at infinity (which means z = 0)
gives no contribution. This contribution can be experimentally checked to be zero, and a
confirmation of this hypothesis would come from the measurement of g, at small z. The
sum rules become more convergent at higher moments, so any problem of convergence

is in the lower moments.

4,2 Sum Rules

4.2.1 First moments

As previously discussed, the Operator Product Expansion gives results for the moments
of the structure functions in terms of hadronic matrix elements of certain operators mul-
tiplied by perturbatively calculable coefficient functions. We are mainly focusing on g;.

The general expression for the moments of g, is given by Eq. (4.32):

1
1 ,
/ dz 2" 'g,(2,Q%) = = § :6ia§lE?i(Q2,as) n=135,.. (4.34)
0 24 :
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The presence of ET; implies that only operators of spin n contribute to the n-th moment,
which implies that in the case n = 1 only operators of spin 1 contribute. These operators,
from Table 4.2 are the octet of quark SU(3)r axial-vector currents Jg , (7=1,...,8) and the

flavor singlet axial current JE?M:

, _ X\ )
By = s (7’)1& j=1,..,8 (4.35)
T = Prurs¥ s (4.36)

where the \; matrices are defined in App.A. The terms @} (which in the following we
will refer to as a;) are the matrix elements of the currents taken between nucleon states
of definite momentum and spin direction®.

The forward matrix elements can only be proportional to the covariant spin vector
S, (h) (corresponding to the definite helicity ), so that the conventional definition of a;
(see Eq. (4.24)) is:

(PS|JL,|PS) = Ma;S,

(PS|J5,|PS) = 2MaoS,, (4.37)
M being the nucleon’s mass. The relative factor 2 in Eq. (4.37) reflects the fact that the
SU(3) currents are defined using the generators of the group, i.e. A;/2 in Eq. (4.35).

It is also possible to show([21]) that the matrix elements of the flavor axial currents on

the nucleon are related to the polarized quark distributions:

1
(PS| % 7uv595 | PS) = 2MS, /0 dz [Ags + AGy] (4.38)

so that the coefficients appearing in the first moment of g, are actually sums of polarized

distributions, and, in particular:

1
g = / do](Du(z) + Au(z)) — (Ad(z) + Ad(z))]
0

1
as = % /0 daf(Au(z) + Aa(z)) + (Ad(z) + Ad(x)) - 2(As(z) + As(x))]

ag = AX = /01 dz[(Au(z) + Ad(z)) + (Ad(z) + Ad(z)) + (As(z) + As(x))] .
(4.39)

135, is sometimes defined as in (4.35) with Ao/2 = (1/v/6)1, where I is the unit matrix.
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The natural interpretation of ao is that it represents the total spin of the nucleon carried
by the quarks, but it will be shown why this assumption cannot hold.

The first moment of g, (also known as I';) can be expressed in terms of a3, ag and a

as:
= /1 dz gf (z) = L [ag + La,g + éao . (4.40)
0 12 V3 3
Last relation implies that the coefficients J; are:
1 1 2
J3==,06=—=, 00=0y=0¢g= -, 441
3=5 B8=g5 0==d=g (4.41)

and the others can be considered as equal to zero.

4.2.2 Information from 3-decay

In hyperon $-decays the hadronic transitions can be described by matrix elements of the
form (B;| j% |Bx) where j¥ is the charged hadronic current that couples to the W boson
in the electroweak lagrangian, and B; are the standard SU(3) labelling for the hyperons
([56]). Generally they are of the form of a Kobayashi-Maskawa matrix element multiplied
by a combination of the vector J, and axial currents J¢ .

Under the general assumptions that the vector and axial currents transform as an
octet under SU(3)y and are conserved and that the momentum transfer and the mass
differences in the hadronic transitions are negligible, then all the hyperon § decays are

described in terms of two constants F' and D defined by the matrix elements:
(Bj; PS| J, |By; PS) = 2MpS,u(—ifijuF + dijeD) 4,5,k =1,...,8 (4.42)

where f;; and d;;;, are the usual SU(3)r group constants, and they are in App.A.
These matrix elements are the same entering the first moment of g,, so that they can
be used as constraints in the extraction of ag.

By using the standard SU(3) assignments for the baryon octet, one finds, from Eq.

(4.42):
az = F+D
1
= —(3F-D). 443
as \/?—’( ) (4.43)
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Decay | Information

n-—p F+D

A—=p F+ 1D
X" —on F-D
Bt A | —\/2D
ET A —- 3D
ET %0 F+D

Table 4.3: Combinations of constants F' and D that enter into some hyperon g decays.
They can be used as constraints on the integrals of quark distributions.

As previously discussed, I'; is a linear combination of ag, a3 and ag. The knowledge of
a3 and ag can then be used to get information on I';. Table 4.3 shows the combinations of

F and D that are obtained in some hyperon j decays.

4.2.3 The Spin Crisis

As we have shown, one can get information about the quantities a3 and ag from the study
of hyperon -decays. By adding this information to the measurement of g; and of its first

moment, it is then possible to measure ay:

3 1
apg = Z {12]:‘11’ —as — '\—/_gag} =AY. (444)

There are inherent problems in this determination. Measuring the first moment of g,
requires the measurement of g, over the entire z range, from 0 to 1. The region z — 1 is
quite harmless, as g; — 0 in this limit, but the region z — 0 brings a great uncertainty in
the result, since the error bars are very large and it is very difficult to make measurements
in that region. This means that one can only rely on an extrapolation to the unmeasured
region, and any result will then depend on the form of extrapolation used. The first
experiment to measure I') was EMC ([5],[57]), which got the quite astonishing result (see
Fig. 4.4):

I? = —.126 +£0.010 £ 0.015 (EMC). (4.45)

By using the values in Ref.[58] from hyperon g decay:

3F — D =0.579 £0.025 , F+ D =1.2573 &£ 0.0028 , (4.46)
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it was obtained:

ag ~ 0.046 (4.47)

which was interpreted as the quark spin content of the nucleon AX, being very small and
consistent with zero.

Of course to get this result they also had to use some information from unpolarized
data experiments, as R from SLAC, and F, from NMC, for which there are now more
precise measurements. But in any case, it was a striking result, since one would naively
expect ag ~ 1, i.e. that the spin of the nucleon is carried mostly by the quarks, and the
result they obtained was surprisingly small. Apart from the experimental accuracy, there
are a few issues that should be taken into consideration when trying to understand the

EMC results: the extrapolation to z — 0 and higher twist effects.

4.2.4 Extrapolationtoz — 0

As already stated, any result on I'Y will be very dependent on the assumptions of the
behavior at small z of g;, since it appears to rise to infinity as = approaches zero (it is
to be noted that Fig. 4.4 shows zg}(z)). An extrapolation is necessary to obtain the be-

havior in the unmeasured regions. The problem is that the literature is full of theoretical

T |
0.08
012
0.08
0.08 -
rad
3 004 =
£ 4
=)
T pp04 0.02

Figure 4.4: The extrapolation to low z done by EMC ([5]). Black points indicate the
measured values of zg;, while the open points are the values of the integral of g, from
z=1 to the point.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2, SUM RULES

predictions, that can be very different from each other and yield very different results.
Many experimental analyses ([59],[60]) assumed a nearly constant behavior and ex-
trapolated to the unmeasured region from z ~ 10~2 to z=0.

A usual assumption is that of Regge behavior ([61],[62]):
g, (z,Q3) — 2% — 055, S0 (4.48)

where oy, is the intercept of the degenerate a;(1260), f1(1285), f1(1420) trajectory. The
scale Q3 where the Regge behavior is supposed to start is left completely unrestricted by
Regge arguments.

It has been shown ([63]) that a logarithmic rise at small z could be induced by a
pomeron coupling via vector v,:

1
g, (z) = In o (4.49)

In Ref. [64] a two-gluon pomeron model is analyzed, leading to a slightly more neg-
ative behavior:

g,(x) > 14+2nz. (4.50)

By applying negative parity pomeron cuts([65],[66],[67]), another divergent behavior
is obtained:

g,(z,Q3) — %m%. (4.51)

Different assumptions in the low z region can lead to very different results, and that
is why more data are needed at lower z.

Also, for many fixed target experiments (including HERMES ) the low z region also
coincides with the low @2, which makes the interpretation of the results more difficult,
because the contributions of higher twist effects are not negligible anymore, and have
to be included in the analysis. The problem of higher twist was not present in the EMC
data, because of the average Q? of 17.2 GeV?, but it is certainly not negligible for Q% < 1
GeV? region, which includes the low z HERMES region.

4.2.5 The axial anomaly

Even if the extrapolation method may have brought some difference in the results ob-

tained by EMC, thereby changing the total amount of spin carried by the quarks, another
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more profound effect was discovered later, casting a new light on the interpretation of
the moments of g, .

It was shown that it is natural to assume that a is the quark content of the nucleon.
As it turns out, the axial current Jgu (of which ag is the matrix element on the nucleon
state) is not conserved, and as such it has an intrinsic dependence on Q2.

Returning to the first moment of g,, it does not receive any direct gluonic contribu-
tion, since there is no gluonic operator of twist 2 and spin n = 1 (see Table 4.2). The gluon
nevertheless gives a contribution to the integral, through the axial anomaly ([68],[69]) .

Let us consider the axial current

I = Ppyuvsis (4.52)

for quarks of definite flavor f. From the Dirac equation of motion, its covariant derivative
is:
D*J{, = 2imgyysiby (4.53)

where m, is the quark mass. In the chiral limit m, — 0 this current seems conserved.

This cannot be the case, since this fact would lead to a symmetry between left and right-

handed quarks, and so to a degeneracy in terms of the parity of the hadron spectrum:

there would be for example, two protons, two neutrons... with two different parities.

There is in fact an anomalous contribution to the covariant derivative, coming from the
triangle diagram in Fig. 4.5:

prif, = “n[g,6m] 7™ 454

J, Su = E r [ uv ] T ﬁ y ( . )

where the function T'(m2/k?) comes from the calculation of the triangle diagram, & being

the gluon virtuality. The anomaly T is a quite complicated function, with the properties:

m2 m?
T k_2q -0 for ?22 —00. (4.55)

The anomaly introduces an interaction between quarks and gluons in the nucleon through

the triangle diagram. As a consequence the matrix element of the axial current Jg, will
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IRE

Figure 4.5: The anomalous contribution.

get contributions not only from the quarks but also from the gluons. Because the func-
tion T only contributes for massless quarks, the contribution that ag receives from the

additional term is:

1
agl“""s = —nf;v—; /0 dzAG(z, Q%)
a
= —nyg —2—73;AG(Q2) , (4.56)
and the gluons contribute to the first moment of g, with the additional term:
l _ Nrog 2
" = —?%AG(Q ) (4.57)

where n is the number of active massless flavors.
Although the result in Eq. (4.57) was derived perturbatively, it is believed to be exact

in QCD. The Naive Parton Model result for ag = AX is then incorrect, and it is, instead:
ap = AT — nj—2AG . (4.58)
2

The last result is of fundamental importance, since it implies that the measurement of a
small value for ag does not necessarily mean that AY, the nucleon’s spin contribution
from the quark helicities, is small. Even if the gluon distribution is multiplied by o, it
is not negligible in the high @? limit, since it will be shown in Eq. (4.73) that it is a finite
quantity over the whole @2 range.

Also, the result implies that the difference between Jg, and the gluonic current K*
that brings the axial anomaly is a conserved current. Its matrix element on a nucleon

state is then a conserved quantity, which is:

(PS|JL, — K*|PS) = 2M (Az - nf;‘—;AG + nf%%AG) —2M A, (4.59)
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which is the quark contribution to the spin of the nucleon.

4.2.6 Bjorken Sum Rule

The Bjorken sum rule gives predictions on the difference of the first moments of the
structure functions g, on the proton and the neutron.
Let us recall Eq. (4.40) for the first moments. The perturbative expansion for F ; is
([70)):
1 1 (873 g\ 2 ag\3
Bly=Ely=Eys = 1-22_358 (—) —20.22(—-) .
’ ’ s s s
2
Blo=Fs = 1-0333% -110(2) +.... (4.60)
’ T 7r
where the non-singlet and singlet Wilson coefficients Eyg and Es (that are equal to 1 to
lowest order in a;) were introduced. In the next section the reason for this nomenclature
will become clear.

The first moment of the neutron structure function g} can be obtained by isospin

symmetry, by exchanging u < din I':

1 1 1 4
1111) = /0 dz gxll(x) = E [(a3 + %0@) ENs(QZ) + gaoEs(QZ)]
't = 1 dz gl (z) = L [(-—a + La ) Ens(@%) + éa E (Q2)J (4.61)
1 = ] g1 =1z 3 V3 8 NS 3 0Ls . .

The terms ay and ag come from matrix elements of the operators Jsou and Jgu, and are
invariant under isotopic spin rotations (see App.A). The current Jg’u, instead, changes
sign when going from a proton to a neutron matrix element (that is interchanging u with
d quarks). The Bjorken sum rule ([71]) follows:

1
as
/0 dz (gzll(xa Q2) - grll(m7 QQ)) = EENS(QQ) 92) . (462)

This sum rule, derived using only current algebra and isospin symmetry (Au? = Ad?),
has very little model dependence, and is fundamental to QCD.

Another sum rule is the Ellis-Jaffe ([72]) sum rule, which involves the integral of g¥
and g7 separately, and is derived under SU(3) assumptions and the hypothesis that the
strange quark and sea polarizations are vanishing: As = A5 = Ag = 0. In Fig. 4.6 the

current situation is shown. It is a plot of the neutron first moment I'? versus the first
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moment of the proton I'f. The predictions of the Bjorken and Ellis-Jaffe sum rules are
shown in the diagonal band from lower left to upper right in the figure. The data and the
Bjorken sum rule overlap within one sigma, while the Ellis-Jaffe sum rule predictions are
roughly two sigma away from data, showing that the hypothesis of SU(3) and a vanishing

sea polarization can be significantly violated.

n
r Proton

Ellis-Jaffe Sum Rule

Neutron

- El54

Deuteron

o2 - Bjorken Sum Rule

E143

Figure 4.6: World data on the first moment of the neutron versus the first moment of the
proton.

4.3 Q? evolution of parton distributions

Because g, depends on Agy, the idea of inverting it to obtain insight into the polarized
distributions is very tempting. This can be done by considering the fact that QCD correc-
tions bring a * dependence into the structure functions, not existing in the Naive Parton
Model. Such a dependence is the result of the interaction among quarks and gluons, and
by studying it, it is possible to extract not only the quark’s contribution to the spin of the
nucleon, but also the gluon’s . In the remaining part of this chapter the framework for the

derivation of the polarized distributions will be presented. This will prove useful when
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in the next chapter the distributions will be obtained using world data on g;, including

the precise new HERMES deuterium data.

4.3.1 Leading order corrections

The parton distributions and the structure functions are independent of @? in the Naive

Parton Model where only the ggy* vertex of Fig. 4.7 enters into the theory.

Figure 4.7: Zero order diagram in as:y*q — g.

Beyond the Oth order in o, the dynamical contribution given by the gluons has to be
considered, and the parton distributions acquire a dependence on @? §. As shown in Fig.
4.8, the processes that bring this dependence are photon-gluon fusion (y*g — qg) and gluon
radiation (v*q — gq).

Figure 4.8: LO diagrams in a,:y*g — ¢g and y*q — gq.

The Q? dependence of the parton distributions is described by the LO Q%-evolution

(or renormalization group ) equations ([73]):

d o (Q?
'd‘t‘AQNS(w,QQ) = —————séf)P,(\?;®AqNs

d ([ AZ(z,Q?) a;(Q?) [ P 2n;PY AY
ad ) = g ¢ )@ (4.63)
dt \ AG(z,Q?) o Py P AG

where n; is the number of active flavors, and

47
ﬂ() ln %

SIn the following all processes that involve one gluon vertex will be referred to as leading order (LO)
processes, while next-to-leading order (NLO) will refer to those involving two gluon vertices.

a8(Q2) ~

(4.64)
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g(x, Q%
g(y, Q%)

g(x, Q%)
q,.Q")

Figure 4.9: Splitting functions.

with By = 11 — 2ns/3, and A ~ 0.2 GeV is the energy scale above which the perturbative
approach can be used to describe QCD effects (see App.B).

The splitting functions Pyy(z/y) can be interpreted as the probability for a parton
(quark or gluon) a of momentum y to radiate a parton b of momentum z, so that the
initial parton’s momentum is reduced by a fraction z/y (see Fig. 4.9). These functions
can be expanded in «;, so that only their LO expansion Pé,?) enters into the LO evolu-
tion equations. Splitting functions at LO can be found in Ref.[20]. The convolution ® is
defined as: gy (o

Dp(2)atmad. (465

The non-singlet (NS) quark distributions are those particular combinations of quark

w®@mQ%=/

x

distributions where the gluons and the quark sea cancel, and for this reason the evolution

equations will not depend on the gluons:

Agns = Au— A, Ad— Ad, (Au+ Au) - (Ad+ Ad),

(Au+ AG) + (Ad + Ad) — 2(As + A3), etc. (4.66)

The singlet quark distribution ¥ is instead just

AS: = (Au+ A) + (Ad + Ad) + (As + A3), (4.67)

which can be interpreted as the spin content of the nucleon coming from the quarks. It

has to be noted that AX refers to the sum of all quark and antiquark flavors, and therefore
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there is a factor 2n; in front of Pq(g) in Eq. (4.63). By comparing Eqgs.(4.66) and (4.67) with
(4.39) we see that a3 and ag are non singlet and ay is a singlet quark distribution.

The inclusion of these diagrams changes also the form of the quark (Agg) and gluon
(AG) distributions:

o Q?
Aq(e, Q) = Ago(a) + ¢ (Aqo ® PO+ AG ® P;f}) . t=In <Q—%) (4.68)
where Agp and AG) denote the unphysical (and unrenormalized) bare parton distribu-
tions, while Q is a reference scale at which the distributions are known (from experiment

or from theory).

O(a) corrections to g;. The leading order discussed so far originated from calculating
the logarithmic O(a;) contributions of the processes v*q — gg and v*g — ¢q (Fig. 4.8) to
the zero-th order bare term v*q — g of Fig. 4.7 of g;:

1 a
8, Q") = 35> ¢ {Aqo(w) + oot [Aqo ® PO + AGy ® Pq(g?] }
0

= % > eiAg(z, Q%) . (4.69)

9

As before, t = In(Q?/Q32). The LO approximation just results in the redefinition of the
quark distributions, without changing the form of g;: in leading order the gluon distri-
bution does not contribute directly to the structure function g, (z, @), but only indirectly

via the evolution equations.

LO @Q? behavior of distributions. App.C shows that the formalism of the evolution
equations applies also to the moments of the parton distributions, in what is called the
Mellin space ([74]).

Quantities of great importance are the first moments (n = 1) of the polarized quark
distributions, since they are used to derive sum rules that can be experimentally tested.

The first moments of the splitting functions ([20]) are:

PO = PO = 0

0)1
PE" =0
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0)1
Py
o _ U b
Poo = 5 3 5 - (4.70)
By using Eq. (C.3) in App.C we see that the non-singlet sector has no Q% dependence,
since P](\? L)g" = 0. In the singlet sector, instead, we have:
d (A% ) _ (@) [0 0 [ A(@)) @
dt \ AG(@?) o 2 & AGQ3) /| - '

These equations imply trivially that also AY. is @2 independent:

d

EAE(Q% =0+0(a?), (4.72)

while they bring the interesting result (obtained by relating a; to 5y through Eq. (4.64)):

% [05(Q*)AG(Q)] =0+ O(a2) . 4.73)

Therefore the product ;s (Q%) AG behaves more like an object of order o, although strictly
speaking it refers to a combination that enters only in NLO, and any combination could
be in principle potentially large, irrespective of the value of Q2. From a theoretical point
of view it’s important to stress that the combination a;(Q*)AG becomes Q? dependent
at NLO, however for practical purposes the Q% dependence is too small to be able to

distinguish AY. and a,(Q?)AG just by examining their @2 dependence.

4.3.2 Next to Leading Order corrections

In NLO, i.e. beyond the leading logarithmic order, more terms have to be included in
the expression for g;, in part coming from the contribution of the splitting functions
pY

iy !
coefficient functions) that are usually introduced in the framework of the OPE. These

and in part from the In Q?-independent terms and from the Wilson coefficients (the

quantities have the unpleasant feature that they depend on the regularization scheme
adopted.

The NLO evolution equations are a generalization of the LO ones. The reason is that
the splitting functions Pi(jl) have to allow transitions between quarks and antiquarks and

among the different quark flavors, as illustrated in Fig. 4.117.
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Figure 4.11: Diagrams relevant for the calculation of Pi(jl)

The NLO evolution equations are ([75], [76]):

d
—Agns+(z,Q%) = PnsiAgns

dt
_‘_i_ AX(z,Q?) _ Pyg 2nfFyq ® ( AE@?Q%) ) (4.74)
dt \ AG(z,Q?) Pgy  Pac AG(z,Q3) )’
where
4 B1 Inln Q 38ny
0s(QY) ~ —~ Bl AR f1=102—- —L =9 for n; =3, (4.75)
@) @ﬂn%z[ B s ' 3 d
and ) oux 2
as(Q°) 5o as(Q%) 1
Pijns+ = —ié;r“—Pz(J}vs + <—8”2'7;_ Pz'(j}VS:I: : (4.76)

In NLO, in contrast to LO, there are two independent NS evolution equations because
of the additional transitions between different, non diagonal flavors (u — d, u — s,...)

and ¢gq mixings (u — ). Thus we have in NS+ the combinations Ag — Ag and in NS—

IThe splitting functions P(?) and P(" are often referred to as 1-loop and 2-loop splitting functions. This
comes from borrowing Wilson’s and the OPE language, as can be seen in Fig. 4.10, where it appears clear
how the Compton formalism helps in the calculation of these functions.
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4.3. Q% EVOLUTION OF PARTON DISTRIBUTIONS

the combinations Aq + Ag:
Agnsy = Au— A, Ad— Ad

Agns— = (Au+ AG) — (Ad + Ad), (Au+ Ag) + (Ad + Ad) — 2(As + A3) .

NLO corrections to g,. At NLO the splitting functions P have to be included in the
equations for the evolution of the regularized quark distributions. The same applies for
the coefficient functions coming from the OPE, in the expression for g;. These quantities
depend on the regularization scheme adopted. Common choices are the dimensional reg-
ularization and the 't Hooft-Veltman prescription ([77]) for v5. In D = 4 — 2¢ dimensions

(¢ being a small parameter) one obtains ([78]):

gl(xan) =
2 2
%Zeg [Aqo(ac) + giég—) (ln (%) — é +9E — ln47r> X
0
(Aqo ® (PO +Cp) + AGo ® (PQ + OG))] , 4.77)

where g is the Euler-Mascheroni constant (yg ~ 0.57721566...) and the coefficient func-
tions Cy and Cg are defined at the end of App.C. In order to get rid of the singularities

one redefines the quark distributions:

Ag(z,Q%) = Ago(z)
2 2
+ 2D (0 (L) - Lt -tutn) (A e P + Ao 0 PY) |

27 ®
(4.78)

and a similar expression holds for the redefined gluon distribution. The NLO contribu-

tion to g, is then:

gl(x,QQ):%Z [A + (Q)c ® Ag(z, Q?) + 2 (Q)ZCG®AG(x QQ)]. (4.79)

2.9

As we see, the splitting functions P(") do not enter directly in the expression of g, at
NLO, but they are implicit in the expression for AG and Ag since they evolve according

to the NLO evolution equations.
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4.3. Q? EVOLUTION OF PARTON DISTRIBUTIONS

In Fig. 4.12 is shown world data on the polarized structure function g}. In this plot
the Q2 dependence appears quite cleur, especialy at low z. This can be understood by
considering that the Q? dependence is an effect of gluons, and gluon emission from a

quark reduces their initial momentum resulting in a lower z.

s o+ X=0.008(x2048)
107 -
F ‘J[ _____ x=0.015 ( x 1024)
S _%_ oo x=0.025 (x512)
z',A-“ - ¥ .. x=0.035(x256)
0 P Ll
E -a®T® f )l(_ ome X=0.05(x128)
F f'bo--e-_-"—-—x %
PO PR P SR x=0.08 ( x 64)
oe s 1
Y
10 _‘¢ v _‘__T_ e ¥, x=0125(x32)
FRPNSEECEY ST oy s
F -G____dﬁ_p__.o____.___.f__--*- x=0,175 (X 16)
o -
S R S
1 =
E RbLALE Sh ST ETTITTTEL T T
B e x=0.5(x2)
0t R ST TP
* E155
.~ o E143
10-2_ #‘#___ " x SMC
E DR T #_ x=075(xn| 2 HERMES
N L 1 L Pt | *EMC
1 10 10°
2 2
Q" [(GeV/e)T

Figure 4.12: World data on g} from the experiments E155 ([79]), E143 ([80]), SMC ([44]),
HERMES ([43]) and EMC ([57]).

Scheme Convention. In any realistic analysis beyond LO, the Wilson coefficients C, ¢
and splitting functions are not uniquely determined so that it is a matter of convention
how much of the NLO corrections to attribute to C; and how much to Pi(l). This is usu-
ally referred to as renormalization/factorization scheme convention ([20]). The important con-
cept is that, to a given perturbative order in o, any physically directly measurable quantity
(such as g,) must be independent of the convention chosen (scheme independence), and that
the convention dependent terms appear only beyond this order, and are perturbatively
small. App.C shows how Wilson coefficients and splitting functions can be simultane-
ously redefined and thus leave the measurable quantity g, unchanged.

So, although the parton distributions have no scheme dependence in LO, they do
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4.3. Q? EVOLUTION OF PARTON DISTRIBUTIONS

depend on the renormalization scheme in NLO and beyond. In the unpolarized case
the most commonly used is the modified minimal subtraction M'S. Schemes and parton
densities differ from each other by terms of order a;(Q?), going to zero as Q? increases.
In the polarized case there are two significant differences.
First, the singlet densities AY(z, Q?) in two different schemes will differ by terms of
the order
(@1 AG(z, Q7) (4.80)

which appears to be of order ;. But we saw that the first moment AG(Q?) grows as
1/a5(Q?), so that the difference of AY in two different schemes could be potentially large.

Second, there are ambiguities in handling the renormalization of operators involving
75 in n dimensions, so that the specification M S does not define a unique scheme. There
is actually a whole family of M S schemes, and strictly speaking each should carry a label
indicating how 75 is treated. The scheme conventionally known as MS ([75], [81]) has
the feature that the nonsinglet densities are conserved, i.e. they are independent of Q?,
corresponding to the conservation of the axial current. The first moment of AY instead, is
not conserved, so that it is difficult to know how to compare the DIS experimental results
on AY, with results from constituent quark models, at low Q2. To avoid these problems

the AB scheme ([82], [83]) was introduced. It involves a modification of the M S scheme:

2 1
8%, @an = A% @+ 22 [ UAGw, s

AG(xa Q2)AB = AG(.’L‘, QQ)M_S 3 (481)

or, in the Mellin momentum space:

as(Q2)
27

AS(Q) ap = AS(@)grs +np L AG(QP) s - (4.82)

In the AB scheme AY is independent of Q? at all orders. The singlet part of the first

moment of g, then depends on AY and AG only in the combination

2y _ N _ o as(@) 2
a0(Q%) = AX(Q%)375 = AT(Q) s — ny— —AG(QY) (4.83)

and the unexpected small value found by the EMC experiment can be nicely explained

by a cancellation between AX and the contribution of gluons. For this explanation to be
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correct it is important to have both a positive sign and a large value for the first moment

of the polarized gluon distribution at small Q% ~ 1 — 10GeV2.
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Chapter 5

Extraction of polarized parton
distributions

5.1 Introduction

In 1998 the SMC collaboration performed a next-to-leading order analysis ([84]) of the
spin structure function g, including data from CERN, SLAC, DESY and the SMC final
set of data of g, at low z. The SMC collaboration used two analysis codes, one of which
was calculating the distribution functions in Mellin space and the other was instead using
finite differences to solve the Q? evolution differential equations.

This chapter shows results for a similar analysis carried out with the finite differences
program used by the SMC collaboration. Some improvements have been made to the
original SMC analysis code, from minor changes such as updates of constants and the
correction of a missing term in the o, routine, to major changes that allow to calculate in
an automatic way the statistical error bands to the obtained fits to distribution functions
and structure functions.

The structure of the code has been described at length in Refs. [85] and [86].

5.2 Experimental Data

Table 5.1 shows the experiments that performed measurements on polarized structure
functions. Also shown are the z and Q? region they access. The fourth column is the nor-
malization uncertainty quoted by each experiment, which gives the uncertainty related

to luminosity as well as target and beam polarization measurements. For each target type
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5.2. EXPERIMENTAL DATA

Experiment| z range Q% (GeV?) | Norm.(%) | type | #p #d #n
E142[59] | 0.035-0.466 | 1.10-5.50 3.0 g - - 8
mi | - | - | -
A ; ; 28
E143[93] | 0.031-0.749 | 1.27-952 37 g %8 38 :
g /B | 8 82 -
4 | - - -
E154 | 0.017-0564 | 1.20-15.0 3.0 8, - S RV
5,8 I IR
Ay - - 11[95]
E155 0.015-0.750 | 1.22-34.73 7.6 8 - 24196] -
g /F1 | 24[79] | 24[96] | -
A - - -
HERMES | 0.028-0.660 | 1.13-7.46 3.0 8, 39[43] 39 9[42]
g, /F | 39[43] | 39 ]
Ay - - 9
SMC [44] | 0.005-0.480 | 1.30-58.0 4.0 g, 12 12 -
afm| - | - | -
A4 | 10 65 ;
EMC [57] | 0.015-0.466 | 35-29.5 96 g 10 n n
sl - | - |-
A | 10 ) -
81 89 103 34
Total g, /F1 145 145 -
Ay 20 65 48

Table 5.1: World data on g;, g,/F1, A;1. For each experiment the z and @Q? ranges are
reported, together with the normalization uncertainty, the type of quantity measured,
and the number of data points for each given target. The HERMES deuterium data points
are only 39 because the 1 GeV? Q? cut removed the first 10 low z points. Square brackets
indicate the published article. The table only includes data obtained directly on the given
target (if for example, g7 was obtained from gf and g¢ then it is not included in this table).
Also, data published exclusively at a lower z and Q?, like in Ref. [97], are not included
in the table, since none of those points is included in the fits.

the quantity reported in the paper is shown (g,, g;/F; or A;), together with a reference
to the publication and the number of data points.

The quantity most closely related to the measured asymmetry was considered in the
evolution. This means that if an experiment quoted values for g, /F; and g,, g,/F; was
preferred to the values on g;. The reason is that each experiment could have different
assumptions on R or F; or Ay, so where possible an attempt was made to use the same
assumptions on the unpolarized quantities R and F;, and on A;. In this way a total of

473 data points was obtained.
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5.3. DESCRIPTION OF THE CODE

It is generally believed that higher twist effects are certainly non negligible anymore
below Q? = 1 GeV?, so a cut is placed and data are not accepted below 1 GeV2. In
unpolarized analyses, where the amount of data is much larger, cuts are usually placed
at around 4 GeV?, but polarized experiments have much lower Q? values, so such a cut

would decrease the number of data points significantly.

5.3 Description of the code

The main theory ideas treated in ch.4 will be briefly summarized, and the main features
of the code explained.

The structure function g, has a dependence on z and Q?, the latter acquired by dia-
grams involving gluons. It can be expressed as a convolution of the distributions with
coefficient functions C(z, @?) ([78]):

n 2 1 2 tdy z 2 2
20 @) = 3<> [ Lo (Z0s50h) 2z,
R & N RPNy 2 n 2
= % (1 - ng) (g’f(m,Q2) + g’f(az,QQ)) ,(g’aS(Q )) Adis(v, @ )]
8@ = 3(1-3vp) (1@ Q") +8i(@.2") (51)

where wp = 0.058 is the D-state wave probability for the deuteron.
The distributions AT, and Agk/s are defined as:

AY = (Au+ Ad)+ (Ad+ Ad) + (As+ A3)
Ady = % (2(Au + AG) — (Ad + Ad) — (As + A3))
1

Adyg = 5 (2(Ad + Ad) — (Au+ Ag) — (As + A3)) . (5.2)

The difference between gf and g is in the non-singlet distributions, which differ only for
the exchange of u + d.

Given measurements of g’l”"’d at different Q? values, the distributions AG, AY and
Aghs can be singled out by making use of their different Q2 evolution:

2 03,0=2 [ [ (2, 050) 30,0420 B0 (£, as(0) ACw,1)

L AG(, = 2 / 1 ‘Z_y [paz (g,ag(t)) A%(y,t) + Pag (g,as(t)> AG(y,t)]
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d as (td x
G 0=52 [ Lpen(L as)) M. 63)

The non-singlet distributions evolve independently from AG since the gluon contribu-
tions cancel in the differences of Eq. (5.2).

The polarized splitting functions at NLO have been calculated in Refs. [75] and [76]
in the M S scheme that is going to be used.

5.3.1 Initial parameterization

The distributions are parameterized at an initial Q*> = Q3. They have to be general
enough to describe the data, and they have to contain a low number of parameters, so
that the available data may well constrain the parameters. A common choice ([84], [87])

consists in a parameterization borrowed from the unpolarized fits ([88]) of the kind:

1
Af(z,Q3) = Nylay, Br,vpynpspr) 8% (L —2)Pr (1 + 5z + prz?) np,  (54)

where Af denotes AY, Aqfv 5, Agyg or AG. The parameter oy describes the low z be-
havior of the distribution, while 3; describes the high z behavior. The coefficients vy and
p;y instead describe the intermediate z region.

The coefficients Ny are chosen to satisfy the relation:

1
1
Nf(aanfa’Yfa"lf,Pf)/O dz % (1 — 2)% (1 + y5z + ppz?) =1, (5.5)

so that 7; is the first moment of the distribution at the starting scale:

n= [ do57@Gh). 5.6)

This implies that Ny is the expression:

aj+1 )r(af+1)1“(ﬂf+1) P(af+%)r(ﬂf+1). (5.7)

N;'= (1 +
f Var+Br+2) Tlas+pr+2) 71 T (af + Bs + 3)
5.3.2 Minimization

These parameterizations are then numerically evolved to the measured Q? of the data

using the evolution equations. The free parameters are evaluated by minimizing the x?,
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defined as a sum over the N data points:

2
859 (s, 1) - g2 (s, )|

N
2= [ 5.8
* ; [Udata (z,)] ? e

and the errors 04,5 are only statistical. The minimization is performed by the MINUIT

program, described in Ref.[89].

5.4 Evaluation of best parameters

The distributions described in Eq. (5.4) have as many as 16 parameters, but some of them
can be fixed by symmetry considerations.

The normalizations of the non-singlet distributions can be fixed imposing SU(3) sym-
metry. The proton and neutron NS distributions are related to the combinations of parton

distributions a3 and ag by the relation (independent of Q?):

3 3
Aqﬁ}g = :l:Za,g + %as s (5.9)
where ([90],[91]):
a3 = 24 = F+D=12601++0.0025
av
1 1
ag = —(3F — D)= —(0.579 £0.025 5.10
which gives
g = 1.090 £ 0.007 , s = —0.8003 = 0.007 . (5.11)

It was shown in Ref. [92] that SU(3) also constrains the high-z coefficient in the gluon
parameterization to be equal to 4, so it was set to this value.

The analysis code has been run first by varying the mid-z coefficients v and p, but no
sensitivity was found for them for all the distributions except the singlet. So vz, 7i/s were
set to zero, and the same for the p coefficients, in agreement with the SMC publication.
In this way the total number of free parameters is reduced to 10.

Table 5.2 shows the resulting best parameters from the QCD fit. With respect to the
values published in the paper by the SMC collaboration in Ref.[84], the errors are in many
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cases one order of magnitude smaller. The gluon appears also much better constrained:
the gluon coefficients of table 5.2 can be compared to the ones in Ref.[84] which are ag =

0.3372%5 and ng = 0.2575:25.

-0.5173 + 0.0030
2.643 £ 0.040
0.248 + 0.020

-10.664 £ 0.072
-0.517 £ 0.022

295 £ 0.27
1.090
0.

0.935 + 0.138
3.48 £0.36
-0.8003
0.

1.337 £ 0.957
4.0
0.140 £ 0.136
0.

[ x*/NDF=539.95/463=1.17 ||

AY

Adys

Adyg

AG

RIS WRR I WORARIWRRI®e

Table 5.2: Best fit parameter values and their statistical uncertainty at the input scale
Q? = 1 GeV?. The parameters with no error have been set to the values shown. The p
coefficients, being all zero, are not shown in this table. The singlet distribution is very
well constrained by data, while the gluon one has large uncertainties.

5.5 Statistical Error Bands

After the best fit has been found, each distribution is known in terms of parameters enter-
ing into the parameterization at the initial Q?, and their errors, giving the 68% probability
that a parameter is within the range given by the error. It is a common procedure ([87],
[99]) to perform fits to structure functions and quote only the best values and the errors of
the parameters, without showing how these affect the error on the distributions. This sec-
tion will be devoted to the calculation of the statistical error bands, and it will be shown
how they can be obtained in a straightforward way for both distributions and structure

functions, at any Q? value.
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The expression for the error of a distribution f is given by:
(05)*(z, Q") Z e @) (w Q)cov(pi,p;) , (5.12)

where p; and p; are the parameters on which f depends. The analytic form of the distri-
butions is only known at the initial Q? = @2, in the form of Eq. (5.4), so that only at Q7 it
is possible to calculate analytically the errors on the distributions. To calculate ;i‘%, (z,Q?),
an expression for the Q? evolution of the derivatives of each distribution with respect to
each one of the parameters entering in the initial parameterizations has to be found. In
the following it will be assumed that the covariance matrix has no dependence on Q2.

In a simplified notation, where all the A symbols indicating the polarizations have
been dropped, and the splitting functions have been denoted with P;, i = 1,..,5, the

evolution equations take the form:

d
NS = P, ®qns
d
-y = PBYX+PA®G
dt
dtG = PRY+PQG, (5.13)

At any @Q? value the non-singlet distributions only depend on their own initial parame-
ters and do not depend on the ones entering the initial parameterization of X, G, or the
other NS distribution, since they are completely decoupled from them in the evolution
equations (5.13). Singlet and gluon distributions instead depend on each other because
of their evolution, so that to find the evolution of their derivatives will be a more compli-

cated matter. For this reason the NS case will be considered first.

Non-singlet case. If p; is one of the parameters ans, Bns, nNs, VNS, PNs, then by ap-

plying the first derivative with respect to p; to the first equation in (5.13), one gets:

d d
T NS = 2P @avs, (5.14)
and, by exchanging the order of derivative:
d (d d
pr (d_quS) =h® (%;QNS) ; (6.15)
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so that the derivatives of the NS distributions evolve according to the same equations as
the distributions. When performing the Q? evolution, the initial values will be given by

%q ~s(z, Q3), whose analytical form will be shown later.

Gluon and singlet case. Let us now consider the evolution of the derivatives of G and
¥ with respect to one of the parameters entering the initial distribution of %, say ¥;. By

interchanging the order of the derivatives, one gets:

448 p 045 dG

dtds; 27 dy; d%;

d dG s G

———— - o — 01
& a5 oo a5, (5.16)

which shows that d¥/dE; evolves together with dG/d¥;, and they cannot be separated
in the evolution.

To numerically evaluate these distributions one has to provide the initial values. The
initial parameterization of d¥/dX; is known, since the parameters have been calculated.
The distribution dG/d%; is zero at the initial Q?, since ¥; only enters in the parameteri-
zation of X. To properly evaluate the evolution of a derivative of X (or G) one then has
to evolve it with the other distribution set to zero at the starting Q2.

Once the derivatives of each distribution with respect to the parameters it depends on

are evaluated at the Q? value of interest, the errors o on the distributions are calculated

as:
(0X)% = ,Z [j;;\j ;ZE cov(Z;, B;) + 522 ;é) cov(Z;, Gy) + jG :g cov(GZ,G])]
(aG)2 — %: [%%cov(zi,ﬁj) + g‘%EC%COV(Ei,Gj) dg jg] cov(G;, G )}
(0ds)* =2 [djﬁs Cﬁvfcov(pz,p,) : (517)
gy

The expressions for the derivatives of the distributions are quite lengthy but simplify
considerably in the case of p = 0. The complete forms will nevertheless be reported.

Given an initial parameterization with the form of Eq. (5.4), the derivatives with respect
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to each parameter are:

%Ji = anw“(l——a:)ﬁ(l—l—'yw—l—p\/_ (lnx— )

%‘i = Nynz® (l—x)ﬂ (1+ vz + pVz) (ln(l—x Nfd];gl)

% = Nyz®(1—z)f (1492 +pvz) =

ddA—’yf = Ninz®(1-z)? (x——Nfd];Zl)

%} = Nynz®*(1-z)f <\/_—Nfd];];f)_1) , (5.18)

where the subscripts f in the parameters ¢, 3, v and p have been dropped for simplicity,
and:
dN;'  Da+ 1T (a+p+3)
o~ D(a+8+2)
X[YB+1D) +(a+p+2)(a+B+2+y(a+1))(¥(a+1) —Y(a+B+2))]+

+%p(a+,8+2)21"(a+g)f‘(a+,3+2)<¢(a+g)—¢(a+,3+-g-))

NN Tt 1T (a+8+5)

"4 = D@+B+2

X [~y(a+ 1)+ (a+B+2)(a+B+2+v(a+1)W(B+1) —pla+L+2)]+
1 ) 3 5
+5p(a+ﬂ+2)I‘(a+~2—)I‘(a+ﬁ+2)(1/1(ﬂ+1)—¢<a+,3+§>)
de‘
Iy

dN;1 1 3
f
Ny P D(a+ﬁ+2) ( 2>I‘(a+ﬂ+2)

bl'-*

(a+ DNa+ 1T (a+ﬁ+ -Z—)

D=(a+ﬁ+2+’y(0¢+1))1"(a+1)[‘(a+ﬁ+g) +

+pla+p+2)T <a+g> HNa+8+2), (5.19)

with ¥(z) = % InT'(z). These quantities constitute the initial parameterizations in the
calculation of the statistical error bands.
Results for the four combinations of polarized parton distributions are shown in Fig.

5.1, for different Q? values of 1, 4, 25 and 60 GeV2. Each polarized distributions f must
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xAq

xAG

Figure 5.1: Central values and statistical error bands for zAq%s(z, @2), zA(z, Q%) and
tAG(z,Q?), for the Q? values 1, 4, 25 and 60 GeV2. The plots are superposed with the
MRST2001 ([100], straight lines) and CTEQ6 ([101], dotted line), fits to unpolarized world
data, which constitutes an upper limit to be satisfied by the polarized distributions. The
two unpolarized parameterizations cannot be distinguished for the quark plots.

obey the positivity limit
IAfI< f, (5.20)

where f is the unpolarized distribution. In Fig. 5.1 the obtained polarized distributions
are compared to the latest unpolarized MRST ([100]) and CTEQ ([101]) parameteriza-
tions, and it appears clear that these limits are well respected. These two unpolarized
parameterizations are in agreement in the small z region shown in the plots, for all dis-
tributions except for the gluon, where they differ slightly.

The quark distributions appear to be very well determined by data, but the gluon
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distribution has still large uncertainties. Even within the large uncertainties, it is possible
to see that the gluon distribution has a clear positive sign, becoming more definite at
increasing Q? values.

The Q? behaviour of the distributions can be understood with the following reason-
ing. At small Q? the resolving power of the virtual photon is low, so it is not able to
discriminate between a parton with momentum z and the system of a parton with lower
momentum y plus an emitted gluon: the virtual photon will assign a momentum z to
the system. At higher Q? the resolving power increases, and the virtual photon is able to
discriminate among different kinds of partons. The distribution of partons at small z in-
creases, since more partons carry smaller momentum fraction, and decrease at high z for
the same reason. This is also the reason why unpolarized structure functions decrease
at high z for increasing Q?, and increase at small z. In the case of polarized structure
functions, which describe spin, this reasoning still holds, and it is confirmed by data: the
extracted quark polarized distributions have indeed a decreasing behaviour at high z
with increasing Q2. The gluon contribution instead increases with Q? since at higher Q2
the photon is able to discriminate gluon-initiated processes.

Once the distributions are known, it is possible to evaluate g7, g‘f, g7, using Eq. (6.1).

The statistical error can be obtained in a similar way as for the distributions:

9g, 0g
o?(g,) = 2 8p11' %%OV(pi,pj) (5.21)
where now the sum is over all possible parameters p; and p;, including cross terms of
gluon with NS, and singlet with NS. The results are shown in Figs.5.2, 5.3 and 5.4 for the

four reference Q2 values.

5.6 Systematic errors

Fig. 5.1 shows the statistical error bars alone, obtained by propagating the statistical

’nad

errors on the measured g7 values to the distributions. The measured values on the
structure functions also have systematic errors, which should be propagated too. The
procedure used to obtain the systematic bands consists in shifting the data points for

each experimental data set by +ogyst while leaving the data from the other experiments
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Figure 5.2: Central values and statistical error bands for zg} for Q? values of 1, 4, 25 and
60 GeV2. The bands are superposed with the data in each energy range.

at their central values, and looking at how the polarized distributions change. Since 12
data sets have been used, this means that 24 x? minima have to be obtained. In this way
the extreme values for the change in the distributions are obtained: the real central value
will be within the systematic band thus obtained.

Some less precise experiments, like EMC, have very large systematic errors. Special
attention has to be paid when shifting their central values, since this could be interpreted
by the fitting routine as a high Q? dependence. For this reason the shifted data were

weighted by the sum in quadrature of statistical and systematic errors, in the fitting pro-
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Figure 5.3: Central values and statistical error bands for zg? for Q2 values of 1, 4, 25 and
60 GeV2. The bands are superposed with the data in each energy range.

cedure, to give them a lower weight.

Fig. 5.5 shows the bands within which the polarized distributions are contained when

shifting the g, central values. Whenever the fits exceeded the unpolarized limit (shown

in the figure) the bands were cut to respect such a limit. This could not be done for the
points at 1 GeV?2, where no MRST2001 or CTEQ6 fits to unpolarized distributions are

available.

Fig. 5.6 shows the final results for the fits to the polarized distributions Aghe(z, Q?),
AY(z,Q?) and AG(z, Q?) for the reference values of 1, 4, 25 and 60 GeV?, in the range
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Figure 5.4: Central values and statistical error bands for zg} for Q? values of 1, 4, 25 and
60 GeV2. The bands are superposed with the data in each energy range.

0.0007 < z < 0.93, including statistical and systematic errors. The smaller error bands are
the statistical errors, while the larger bands are the total errors oygt(z, Q?), calculated as

the sum in quadrature of the statistical and systematic errors:

orot(E, Q%) = \/agtat(x, Q2) + 02y54(7, Q) - (5.22)

Singlet and non-singlet distributions are very well constrained by data, but large uncer-
tainties still remain in the gluon sector. The gluon distribution is consistent with zero at

the starting scale of 1 GeV?, gaining a definite positive sign at increasing Q2.
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Figure 5.5: Central values and systematic error bands for @Q? values of 1, 4, 25 and 60
GeV2. The bands are superposed with MRST20011 (full lines) and CTEQ6 (dotted lines)
fits to unpolarized world data, which constitutes a limit to be satisfied by the polarized
distributions. A cut was applied to distributions that are exceeding the unpolarized limit.

5.7 Integrals

As discussed in ch.4, interesting quantities are the integrals of polarized parton distribu-
tions over the variable z. The polarized structure functions and distributions have thus
been integrated over the range 0.0007 < z < 0.93. The results are in Table 5.3, where
statistical and systematic errors are shown. The error for each integral was obtained as
the area between the best fit and the best fit plus or minus the errors. The error obtained
from the statistical band is symmetric, while this is not the case for the areas of Fig. 5.5,

so asymmetric systematic errors are obtained.
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Figure 5.6: Final results for the fits of :nAqu s TAGR g, tAY and zAG for Q? reference
values of 1, 4, 25 and 60 GeV2. The fits are superposed with the statistical errors given by
the internal band and the sum in quadrature of statistical and systematic errors given by
the external band.

Integrals of g¥ %% (2. Q2) have been calculated in different z ranges to compare them
with published values, and such a comparison is reported in table 5.4, where only statis-
tical errors are shown, in both published values and from this analysis. The fact that the
errors obtained from the fit are in many cases larger than previously published ones does
not lead to the conclusion that the fit does not represent an improvement with respect to
the past. Results reported from other papers were obtained directly from integrating g,
data on the measured z range from each experiment. The data points within each exper-
iment are at different Q2, and an ansatz has to be used in order to evolve the points to a

common Q? value in order to be able to perform the integration. It is usually assumed
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0.93 0.93
@GV | [ doAdhs(o Q) [ o Agis(, @)
0.0007 0.0007
1.021 + 0.048 10072 -0.802 + 0.044 13033
4 1.003 = 0.043 +0-068 -0.800 + 0.036 0955
25 0.987 = 0.040 *9:060 -0.799 £ 0.031 3537
60 0982 < 0,089 +0.057 0.798 + 0.030 0%
[ was@e) / iz AG(z, Q)
0.0007 0.0007
0.309 + 0.088 +0:049 0.140 + 0.157 +0282
4 0.310 = 0.073 +0058 0.327 + 0.199 F3-387
25 0.318 + 0.069 £3:97¢ 0.533 + 0.248 10312
60 0.324 + 0.070 +0.984 0.613 + 0.265 70558
0.93 0.93 9 0.93 9
| arglea) | [ drgle@) | [ degie@)
0.0007 0.0007 0007
0.125 % 0.009 0.040 + 0.008 -0.046 £ 0.009
4 0.131 % 0.009 0.042 + 0.008 -0.048 + 0.008
25 0.135 % 0.009 0.043 £ 0.008 -0.049 + 0.008
60 0.136 + 0.009 0.043 + 0.008 -0.049 + 0.008

Table 5.3: Top: integrals of polarized parton distributions Agh ¢, Aglg, AT and AG over
the measured range 0.0007 < x < 0.93. First quoted errors are statistical while second are
systematic. Bottom: integrals of gf**" over the same z range. Errors are statistical only.

that the ratio g, (z, Q%) /F1 (z, @?) does not depend on Q?, as world data suggest. By using
a parameterization for F; obtained from world data, the values for g, at a different Q? can
be obtained, making it possible to perform the integration. Results obtained in this way
are more precise than those obtained from a QCD fit, since the purpose of the fit is also to
accomodate data from different targets and experiments in a model valid over a wide Q?
and z range, and to extract additional information such as the parton distributions. It is
then understandable that precision may be lost in the process. It is then impressive that
in many cases the precision of the integrals from the fit is comparable if not better than

the results obtained from g, data alone.
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zRange | Exp. [Q?]| |Integral | Ref.
Proton

0003<z<08 SMC 5 | 0.130 £ 0.003 | [84]
T.A. 4 | 0.129 + 0.008

E143 3 | 0.121 £ 0.003 | [93]

003<2<0.8 E143 5 | 0.117 = 0.003 | [93]
T.A. 4 | 0.115 £ 0.007

0.021< £ € 0.85 | HERMES | 2.5 | 0.122 £+ 0.003 | [43]
T.A. 4 | 0.119 £+ 0.007

Deuteron

0003<z<08 SMC 5 | 0.036 +£0.004 | [84]
T.A. 4 | 0.044 £0.007

E143 3 | 0.046 +0.003 | [93]

003<z2<08 E143 5 | 0.043 £0.003 | [93]
T.A. 4 | 0.048 £ 0.006

Neutron

0003<z<08 SMC 5 | -0.054 £ 0.007 | [84]
T.A. 4 | -0.041 +0.008

E143 3 | -0.023 £ 0.008 | [93]

0.03<2<08 E143 5 |-0.025 £ 0.007 | [93]
T.A. 4 1 -0.019 £ 0.006

0.023< £ <0.6 | HERMES | 2.5 | -0.034 & 0.013 | [42]
T.A. 4 | -0.024 + 0.006

0.03< £ <0.6 E142 2 | -0.028 + 0.006 | [59]
T.A. 1 | -0.021 £ 0.006
T.A. 4 | -0.024 + 0.006

Table 5.4: Comparison of integrals [ dz g*"(z,Q?) from other experiments and from
this analysis (T.A.). The first column indicates the z range of integration, the second the
experimental collaboration author of the analysis, the third is the Q? at which the integral
is calculated. The fourth column gives the integral with its statistical error alone, and the
fifth gives the reference to the article where the result is published. The results from this
analysis are in good agreement with older results, having, in some cases, also smaller
statistical errors.

Integrals from new HERMES g¢ data. The results obtained in ch.3 can be used to ob-
tain experimental values for the integral of g¢ over the measured z range, in a more pre-
cise way than from the fits. Under the hypothesis that g¢(z, @Q?) /Fi(x, Q?) is independent

of 2, the value of gé(z, Q? ef) at a reference Q? value Q?ef is given by:

d 2
81 (%, Qtneas) wd 2
= — (7, Q) (5.23)
F{(e,Qheas) =~ ™
130

- Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.7. INTEGRALS

where the fifteen parameter fit for F‘f was used, introduced in ch.3. For a given z bin, up
to three @2 bins exist. The g? values have first been obtained in the 49 bins at the same
Qf'ef and then a weighted average has been performed over the different Q? bins that

belong to the same z bin. The integral T has been calculated as

0.85 49
I= / dz g1 (:II Qref) Z (-’L‘i+1 - xz) glli(< x >q, Qief) ’ (524)
0.0021 P
and the statistical error as:
49
o} = Z (@ir1 — 2:)° 0?(81(< & >i, @), (5.25)

where < z >; is the average z in the i-th bin, with z values contained between z; and
Lit1.

Given the systematic error of g?/F{ in an « bin, the systematic error at Qf‘ef has been
obtained in the same way as the value of g¢, i.e. according to Eq. (5.23). The values
belonging to the same z bin have been averaged using a weighted average with weights
given by the inverse squared of the statistical errors in each Q2 bin. To obtain the sys-
tematic error on the integral, the values of g have been shifted by the systematic error in
each z bin and 7 recalculated.

The values obtained for the integral of g¢ over the measured z range are in table 5.5
and they are in very good agreement with the values of table 5.4 (the SMC results have
a similar = range). The statistical errors, as previously discussed, are smaller than the
ones obtained from the fits. The systematic errors are of the same order of magnitude as

previous publications.

Q% (GeV?) | [yoom dz 83(e, Q2,)
1 0.0400 £ 0.0018 £ 0.0052
4 0.0400 =+ 0.0023 £ 0.0040
5 0.0398 £ 0.0024 + 0.0036

Table 5.5: Integrals of g¢ over the measured z range for different Ql%ef values, calculated

from the new HERMES data alone. The first error is statistical and the second is system-
atic.
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5.8 Conclusions

Fits to world data on the structure function g, for the extraction of polarized parton dis-
tributions describe the data well, and are able to provide good insight into the polarized
distributions. The gluon polarization shows a definite positive sign explaining, at least
in part, the spin puzzle.

The problem still remains that the fitting procedure is only valid in the kinematic z,
Q? range of data, so that the fits cannot be trusted at lower z or higher Q? than exist-
ing data. This makes it difficult to give predictions on the behavior of the integrals of
structure functions or polarized distributions over the whole z range between 0 and 1.
However, even if one decides to trust the fits, and calculates the integrals from the fitted
distributions over the whole range of z, the fact has to be taken into account that the
errors on the distributions, and especially on the gluons, blow up at low z (note that the
plots shown in this chapter are z times the distributions). This brings a large uncertainty
in the estimation of the integral. More data is needed at lower z to be able to constrain the
gluons before an integral of AG can provide an indication as to whether or not the spin
puzzle has been solved. One could also try to get an estimate of the possible behavior
of the structure functions at lower z by using theoretical predictions as those discussed
in section 4.2.4; however as this thesis is mainly focused on the impact of data on the
precision of the extraction of the polarised parton distributions, this would go beyond its
scope.

There are nevertheless still some ways the fits could be improved with existing data,

and are discussed here briefly.

Quality of data. The deuterium HERMES data used from the 1998 and 2000 production
is missing the smearing corrections, coming from the finite resolution of the spectrome-
ter. They have to be determined by a Monte Carlo simulation, and they are expected to

contribute a 2-3% of g‘f, but mostly at low z.

Normalizations. Each data set from each experiment has an intrinsic normalization un-
certainty, coming from the uncertainties on target and beam polarizations, and on the

luminosity measurement. This means that each data set should be properly normalized.
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This can only be done in a comparison with other data sets, and usually by the inclusion

of an additional term into the x? definition [102]:

X = Xhua+ 3 (5.26)

expts
where AN is the normalization uncertainty quoted by the experiment, and N; is a set of
additional parameters to be inserted in the x? definition at the beginning of the study.
The minimization will provide a best value for the normalizations, that are then fixed for

the fit.

Higher twist effects. Data at Q2 < 4 GeV? are usually rejected in unpolarized analyses,
because higher twist (non-perturbative) effects start having an important role. This is
not yet possible to do in the polarized case because it would mean the loss of a large
amount of data that is necessary to constrain the distributions at small z, since the small
@Q? region corresponds for fixed target experiments also to the small z region. In the
absence of a clear theoretical calculation, alternatively these effects can be parameterized
by the introduction of a Q? dependence in addition to the lower twist (LT) structure
function of the form

gl (z, Q%) =g (z,Q%) x [1 + %] (5.27)
where g7 (z, Q%) describes the higher twist form of the structure function and f(z) is
parameterized as a polynomial in  whose coefficients have to be determined from data.
Recent studies ([102]) have shown that the application of these corrections affects the fits
only at small z but still it is consistent with a simple NLO calculation, within the precision

of the error bars.
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Conclusions

The most precise measurement yet made of the deuteron structure function g? has been
performed with almost 10 million DIS events collected by the HERMES experiment. Data
covered the scattered lepton kinematic range 0.0041 < z < 0.81 and 0.21 < Q% < 7.3
GeV2.

The results were used in combination with world data on g}, g? and g7, some of which
collected by HERMES in previous years, to extract the polarized parton distributions
Age(z, Q%), AX(z, Q%) and AG(z, Q?). The method used the fact that each distribution
has a different Q2 dependence. Data collected at different ) values can be used to extract
these distributions. Both statistical and systematic errors on the measured g, values were
propagated into the polarized distributions. A full treatment of statistical errors was
developed, allowing the calculation of statistical error bands at any Q? value, and not only
at the initial @3, where the analytical parameterization is known. The quark distributions
are very well determined, and the resulting gluon distribution has a definite positive sign
and increases with Q2.

Integrals for the distributions and the structure functions were obtained from the fits
in the range 0.0007 < z < 0.93 and are in agreement with previous calculations ([84]).
The integral of g¢ has also been calculated over the measured = range, using HERMES
data alone, obtaining a great improvement with respect to previously published results.

Although the measurement shown in this thesis is extremely precise, it does not cover
the whole z range of g,, and data are still needed especially at lower values of z and

higher @, where non-perturbative contributions can be safely neglected.
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The model in which the total spin of the nucleon is carried only by quarks is no longer
valid, as the pioneering EMC experiment showed. Nowadays the small EMC result is in-
terpreted as the difference of quark and gluon spin, meaning that the quarks could still
carry a significant portion of the nucleon’s polarization, but at the same time also the glu-
ons do. The results in this thesis are a clear indication that gluon polarization is positive,
at least in the z, Q? range of measured data, supporting such an interpretation. As the
total contribution of each distribution to the nucleon’s spin involves an integral over z,
which cannot be performed given the limited z range, these results are only indicative
that the spin crisis no longer exists and that the real problem is now to get more data to
cover a larger kinematic range and measure the gluon distribution more precisely.

Future measurements of longitudinally polarized parton distributions will be done
mostly at RHIC, HERA, and CERN.

RHIC (at the Brookhaven National Laboratory) has a spin program that consists in
producing polarized beams of protons, with the main goal of measuring AG through
7 — P scattering. The main channel will be direct photon production. At tree level the
direct photon can be produced by Compton scattering gg — ¢y and by quark-antiquark
annihilation ¢g§ — -yg, and, since the antiquark distribution inside the proton is small, the
process is dominated by Compton scattering. In this way the gluon distribution inside
the proton can be directly probed, by identifying photons with high transverse momen-
tum. RHIC measurements are expected to provide one of the cleanest, and at lower z,
measurements of AG of any existing experiments (see Fig. 6.1).

Proton-proton collisions at RHIC will also be used to produce W bosons ([11]), orig-
inating from the interaction of ud or @d quarks in the proton which subsequently decay
into charged leptons and can provide information on the ratios Au/u and Ad/d from W+
and on Au/@ and Ad/d from W~ ([104]).

The gluon distribution can be easily measured in processes where the gluon enters
directly, like photon-gluon fusion (y*g — ¢g). In this process the ¢g pair creates two
hadron jets, or at lower energies, single hadron pairs, with opposite large transverse
momentum. Up to now, a single data point was obtained by the HERMES experiment
([105]) with a similar analysis, using high transverse momentum hadron pairs, indicating

a positive gluon polarization AG/G = 0.41 £ 0.18 £ 0.03 at an average < z >= 0.17 (see
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Fig.6.1).

The COMPASS experiment was built at CERN with the goal of measuring the gluon
polarization. Polarized muon beams are produced by pion decays, and their high energy
(=~ 200 GeV) makes it possible to reach low z regions (z < 0.01). COMPASS is explor-
ing the possibility to measure the gluon polarization through open charm events. The
contribution coming from the charm quark to the structure function g, ([106]) can be ex-
pressed as a convolution of a known function and the gluon distribution. Given the z
dependence of g,, this can be de-convoluted to extract AG. The large acceptance of the
detector and its full particle identification will allow a large sample of charmed particles
to be collected.

Fig. 6.1 shows projections for the statistical accuracy of the COMPASS and RHIC
results, compared to the projected accuracy of the HERMES result, and the z range for
each experiment. According to expectations, the results from COMPASS and RHIC will
be able to discriminate among different models for the gluon polarizations.

New and exciting results will come from these experiments, that will probably shed
more light on the mystery of the nucleon spin. The future of spin physics is starting

now.....so fasten your seat belts and enjoy the ride!

1

(] |

a [ ® HERMES pairs of high p; hadrons 1996-2000 projected
< 0.8 |- A COMPASS pairs of high p, hadrons 2.0 fb™ at 200 GeV

[ © STAR at RHIC direct photon + jet 320 pb™! at VS = 200 GeV
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Figure 6.1: Projection for statistical accuracies of HERMES, COMPASS and RHIC spin
physics experiments, superposed to three different QCD leading-order models for AG at
Q? =10 GeV?2. The plot is based on projections shown in Ref. [107].
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Appendix A
SU(3)

SU(3) is the set of unitary 3x3 U matrices with detU=1. The fundamental representation
of the SU(3) group is given by the matrices

U = exAiws (A.1)

where w; are eight real parameters, and A; are called Gell-Mann matrices. They are the
generators of this group, and there are 32-1=8 linearly dependent traceless hermitian 3x3

matrices ([1]):

o; 0 iy
Ai=( Oz 0>W1th’b=1,2,3; A4=(

= o O
o oo
o O =
~—_—
>

&

[l
N

with the Pauli spin matrices

e (01) i (05 ) ime(55). o

The Gell-Mann matrices satisfy the relations:

i A5l = 2ifipAg
4
{Ai, Aj} = §6¢j + 2dijkAk (A4)

where f;;;, are fully antisymmetric under the interchange of any pair of indices, and dijk

are fully symmetric. Also:
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i g k| dige [l g k[ fir |
11 8] 1/v/3 |1 2 3] 1

1 4 6| 1/2 1 4 7| 1/2
15 7| 1/2 1 5 6| -1/2
2 2 8| 1/V3 |2 4 6| 1/2
2 4 7| -1/2 |2 5 7| 1/2
2 5 6| 1/2 |3 4 5| 1/2
3 3 8| 1/V3 ||3 6 7]|-1/2
3 4 4| 1/2 4 5 8|+3/2
3 55| 1/2 6 7 8|+3/2
3 6 6| -1/2

37 7| -1/2

4 4 8| -1/2V3

5 5 8| -1/2v/3

6 6 8| -1/2v3

7 7 8|-1/2V3

8 8 8| —1/V3

The fundamental representation of SU(3) is a triplet. The three color charges of a quark
and the u, d, s quarks (neglecting the different masses of these quarks) form the funda-

mental representation of a SU(3) symmetry group.
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Appendix B

Renormalization Group and the
Running of the Coupling Constant

One of the observable manifestations of vacuum fluctuations in QED is the potential
screening of the electron charge. In order to measure its charge, the electron must be
placed in an electromagnetic field, and then the reaction with the field must be stud-
ied. But on the way to the charge, a quantum probe can undergo virtual dissociation
into an e*e™ pair, which forms an effective dipole, leading to a screening effect.This pro-
cess gives a contribution to the cross section proportional to agas, depending on the
4-momentum of the photon. Therefore the inclusion of vacuum effects transforms a con-
stant (the charge) into a function, referred to as the effective charge.

In general, in any renormalizable theory, the quantum corrections cause the constant
numerical value of the coupling constant to become a function of Q?, i.e. the theory
predicts only the Q2 behaviour of the coupling constant, but not the actual value at any
given Q2. Experimentally the curve on which «(Q?) lies is selected with the condition
a(p?) = o, as shown in Fig.B.1. In QED we have ags(0) = 1/137. The physical curve
can be represented as a function of two dimensionless arguments Q?/u? and o, ie. it
can be written as a(Q?/u?, ). However the pair y, a, can correspond to any physical

point. Renormalization invariance means that any two parameterizations must lead to the

2 2
& (%,al) —a (%,ag) , (®.1)

same result:
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2

Ly Mo Q

Figure B.1: The running coupling constant.

2 2
a <:%,a1) = a9 a <%,a2> =0 . (B.2)
1 2

By combining these two expressions we get the functional equation:

and obviously

a(x,q) = & (%,d(t, a)) . (B.3)

The renormalization group is the group of all transformations from one possible parame-

terization to the other. They form a continuous, one parameter group:
r__ T _
ToT =g a— a(ta). (B.4)

The renormalization group method is a systematic method of improving the results of
ordinary perturbation theory. The point is that exact solutions of the quantum field
equations must satisfy the condition of renormalization invariance. In practice we deal
with pieces of Taylor series expansions in the coupling constant. The properties of these
approximate solutions can differ significantly from those of the exact solutions because
renormalization invariance is violated in perturbation theory. These differences can be-
come important when the solution has a singularity, as occurs, for example, in the ultravi-
olet limit. The renormalization group method allows one to obtain from the approximate
result a renormalization invariant expression which coincides with the original expres-
sion at lowest order in a. The group differential equations serve as a technical tool for
realizing this program. By differentiating Eq. (B.3) one gets

2209 _ pa(a,a)) (B.5)
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It is easy to show that any function 8(«) exactly satisfies Eq. (B.3). The g function can be
expressed as
_ Oa(z,q)

Bla) = 25

The renormalization group method amounts to obtaining the § function from a given

(B.6)

=1

approximate solution using Eq. (B.6). Then the solution to Eq. (B.5) gives an improved
approximate solution, which, on the one hand, corresponds to the original solution to
lowest order, and, on the other hand, is renormalization invariant. In QCD, the one-loop

approximation for a; is:

4m 2
as(Q2) ~ ) :80 =11- 2 (B7)

Boln % 3

and the 2-loop approximation is:
4rc fiInln % 38
as(Q*) ~ —— [1 - % A B =102 =n;. (B.8)
s(Q ) ﬁoln% |: :8(2] ln%—; 1 3 !
The renormalized coupling constant is:
7] (#2)

o, (Q%) = . (B.9)

Q=17 o) (33 — 2n) In %

As @? increases, it becomes infinitely small for short-distance interactions, and the theory
is asymptotically free. From Eq. (B.9) we see that at sufficiently low Q? the effective

coupling will become large. The scale at which this happens is usually denoted with A2,

where:
127
A2 — /1'26_ (33-2n)as (k?) , (B].O)
so that:
2
0,(Q?) = 127 (B.11)

(33-2n7)In%y
For Q% >> A? the effective coupling is small and a perturbative approach in terms of
quarks and gluons interacting weakly makes sense. For @Q* ~ A? we cannot use such a
picture any longer since quarks and gluons will arrange themselves into strongly bound
clusters, namely hadrons. The value of A is not predicted by theory and it has to be
experimentally determined: we can expect it to be of the order of a typical hadronic mass.

It is experimentally measured to be A ~ 0.2 GeV. Thus for example, for experiments with
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Q? ~ (30 GeV)? it follows that a5 ~ 0.2 and perturbative theory can be used. In the
large Q? limit the quark masses can be neglected and they contribute no mass scale to

QCD. Nevertheless there is a mass scale A inherent to the theory, which enters through

renormalization.

147

“ Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix C
The Mellin Transform

C1 LO case

The n-th moment of a function is defined as the Mellin transform ([74]) of f:

1
1a(Q?) = / f(2,Q%) 2"V do . (C1)
0

The moment of a convolution of two functions f and g has the interesting property of
being the product of the moments of the two functions:
1 1 14 T
[asetrg= [Caart [ () 40) = pugn. €2
0 0 z Y Y
This makes it very convenient to work in the Mellin n-moment space, where the evolu-

tion equations can be solved analytically at a given order in o;. In fact one has:

d as(Qz)

O)n n
EAQ%S(QQ) = 5 P I(Vg‘ aNs
i( AT™(Q?) ) _ o (Q?) [ PQ" 2an(2~)" ( A¥" )
dt \ AG™(Q?) o Pg?" pggn AG"
O 2y . AY?
= —éf ) o ( AGH ) (C3)

where Pi(;))n are the nth-moments of the splitting functions P, ;]) and depend only on the
number of flavours ny and on n. They can be found in Ref.[20].
These momentum space evolution equations are usually called LO renormalization

group equations, since they were originally derived from the operator product expansion
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for the unpolarized structure functions. The moments Pi(;))n

are called anomalous dimen-
sions (there is actually a factor between the two) and they determine the logarithmic de-
pendence on Q? for the parton distributions and so for g;. The solution to Eq. (C.3) is
very straightforward:

2 p(0)n

Aghs(Q®) = L7B™NS Aghg
ASR(QY) \ - z2pon [ ASM(QD)
(AG"(Q2)> = L (AG”(Q%))’ €4

where L = a,(Q?)/as(Q2). One then just has to diagonalize the matrix P(?) and find the
two eigenvalues A+. This can be achieved with the help of the two projection matrices

Py that project the two eigenvalues Ay

R p(O)n _ )\ni
Py = AT — A" (C5)
_l_ —
A= [P(O)n + PO 1\~ B + 0, PO P(o>n] , C6)

where T is the identity matrix. The projection matrices have the usual properties P? =
Py, PP =P P, =0,and P, + P_ = I. The matrix P(®" can then be decomposed
into:

POn —\np, 4+ AP, (C.7)
and the matrix expression in Eq. (C.4) becomes:

_2 pO)n _23n A ~23n 4
L 5%E — ﬂo>‘+P+-|—L NP (C.8)

The solutions to the evolution equations for the n-moments are:

A

ASMQY) = LT3 [0y AS(QR) + B AG™(Q2)]
+ LT3N (1 an) ASM(Q2) — B, AG™(Q2)]
AGYQY = LM [(1—an)AG"(Q2) %Aznm]
L AN [anAGn(Qg)-ﬁ"-ﬁl[;—“ﬁaz"(Qﬁ)] , (C9)

where

Pi" =21
AT — AT
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_ anP(O)n
Bn = *—AE—A" .

(C.10)

Once the distributions are fixed at a particular scale Q3 (by experiment or theoretical
assumptions) their evolution is determined by the QCD dynamics of the anomalous di-
mensions at leading order in ;. After obtaining the n-moments one has to invert them
to obtain the parton distributions. This can be achieved by a numerical integration, by

using the formula:
flz, Q%) = %/ dz Im [ei‘/’e“(c+zei¢) fr=cteet? (Q2)] (C.11)
0

C.2 NLO case

In momentum space the evolution equations are simply given by:

d s n 2 n
thQNS:I:(Q2) [%P(O) + (—ég‘)‘) PI(Vlg':tjl s+ (Q3)

i(AmQ?) ):[asm (Péf})" 2ny P(")")

AG™(Q?) o\ pOn P(o?n

as(Q?%) 2 Pq(;)" 2ny P(l)n
+ (7 pln P(l?n

o (229)

) AG™ (@)
_ 25(Q%) Ao as(@*)\" 5(1)n AZ™(Q3)
_ [T PO (_%_) por| @ (AG” ol ) . (C12)

The solutions to these equations are a generalization of Eq. (C.4):
2a (QQ) - Ots(QQ) (1 n B 50
y . 0 ) ( )"
{1- 32 n e (e - ri) |
—2 pO)n 9
x L 07N Aqpres(Qp)
( AX™(Q?) ) _ {L_Bzapm)n N as(Q2)UL_Z%p(0)n as(QO) __P(O)nU} y

AG™(Q?) 2 2
AT™(QF)
~ ( AGHQ)) )

Aqhs(Q%)

(C.13)
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where, as before, L = a,(Q?)/as(Q3). Also,

. 9 e P_RP, PRE.
U = ——(P,RP, +P_RP )+
By B ) A —xn —1g T an ) _1g,
B o= plm_ %fa«»n (C.14)

and Py are the matrices that project the two eigenvalues )4, already defined in Eq. (C.5).
The explicit form of the solution in Eq. (C.13) can be found ([20]) by using the property
given in Eq. (C.8).
The solutions for the nth moment of the quark distributions can be inverted to get
Ag, or they can be used to get the n-th moments of g;:
g (Q?) = %Z €2 [(1 + -;—%OJ;) Ag™ + %2CZAG"(Q2)] . (C.15)

By comparing Eq. (4.32) and Eq. (C.15) it appears clear that the Wilson coefficient func-

tions C?* are the first order approximation in o, of the coefficients E} introduced in sec-

tion 4.1:
o :
n Qg n 1
Eg=0+ o Cé. (C.16)

In any NLO (and beyond) treatment Wilson coefficients and splitting functions are not
uniquely defined, but the measurable quantity g, has to be independent of the scheme
convention. The requirements of convention independence can be easily derived, using
eqs(C.13) and (C.15). Let us suppose that we choose a different factorization scheme in
the NS sector:

C]T(}S — CK}S = C]n\'rs + A?VS . (C.17)
Up to order O(ca?) also the splitting functions Pz(vl 5)1 need to be redefined:
P — PO = PYY + %vas . (C.18)

Similarly, in the singlet sector, a change in the factorization scheme brings a change in the
matrix PO
o 5 M= Cr gAY
pin 5 prm = pn P jn (A po)], (C.19)
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where the upper row in the ' matrix corresponds to the quark C, = C,, and gluon
Ce = Cy¢ Wilson coefficients, while the second row is introduced to keep the treatment
as symmetric as possible, and it does not bring any contribution. It is worth noting that
the transformations of the splitting functions in Eq. (C.19) are not fixed by the change in
the first row of the coefficient functions alone, since the lower row in A remains undeter-
mined. From all these results, it is clear that a consistent (factorization scheme indepen-
dent) analysis of g, requires the knowledge of all splitting functions PM and coefficient

functions Cy . Such an analysis has been performed in very few schemes.
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Appendix D

v2 distribution and 22 test

D.1 2 distribution

Let us consider a quantity z taken from a gaussian distribution with true mean equal to

zero and variance o2 = 1. The probability of measuring a value of z between a and b is
(38]): ,
1 2
Pla<z<b)=-—7=[ e/ dz. D.1
(a<z<b) W /a e z (D.1)
Given N measurements of z, let us define the x? as the sum of the squares of the mea-

sured values:

P=a2 i+ ok, (D.2)

The probability distribution of ¥ is:

P(x*) = PEi+ai+..+ak <x’)=

1 N/2 2.2 2
= (—) / e @I+ teX) 24y dz
vam o2 4+ad+. 2 <x?

1 \ N2 o
= (__271-) /r2<x2 e dVy

1 X’ —-uf2, N/2—-1

where dVy is the element of volume of a N-dimensional sphere:

NalN/2N-1

Vv = Faragg) ¢

(D4)
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with 2 = 2 + 22 + ... + 2%, and u = r?. The probability density f(x?) is the derivative
of the probability distribution P(x?):

f(XQ) — me—x2/2(x2)]\7/2—1 . (D.S)

The expectation value of x2 is*:

1 o _
B(x*) = &) /o e X POAN TN = N (D.6)
2

2nN/2r

where we used the fact that T'(z) = [;° e %% 'dt.

The variance of the distribution is

» = E((x)?) — (E(x®)*= N(N +2) - N> =2N. (D.7)

2
Ix
In the general case of a distribution with measured mean z and variance o2 the x? is

defined as:
—12

N
=y @2 ;2“:) . (D.8)

i=1
In this case it’s important to notice that the expectation value of x? will not be N but
N — 1, since the meaning of N in eqs.(D.6) and (D.7) is that of total degrees of freedom,
and in Eq. (D.8) the total degrees of freedom are NV — 1, because of the condition on the

average: »_ z;/N = Z.

Fig. D.1 shows the probability density f(x?) for different values of N, compared to
the gaussian distribution with same variance and mean value. The two distributions tend

to overlap for large N.

D.2 22 test

Let us consider the general case of measuring z; with different accuracies o;. Let us also

suppose that the errors are randomly distributed around zero, i.e.:

z;=x+¢ with E(g) =0, E()=o0?. (D.9)
*The expectation value E(x) of a quantity z can be obtained from its probability density f as E(z) =
Jzf(z)dz
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Figure D.1: x? distributions (dashed) and gaussian distributions (solid) having same vari-
ance 2N and mean value N. As N increases the two distributions tend to overlap.

The weighted average 7 is givenby z = }_, %/, ;1;’ which gives a best estimate for
the errors ¢; given by:

Ei=x;—T. (D.10)

We expect, in absence of any bias on the measurement, that these quantities are normally
distributed around zero with variance o2, so that &;/o; are expected to follow a gaussian

distribution with mean equal to zero, and unit variance. In this case, the sum

AT
22 = 1 > <;i) (D.11)
i=1 7 °

follows a x? distribution with expectation value equal to 1 and variance equal to 2(N — 1).
Using normal propagation of errors, we get, for the expectation value of z and its 68%
confidence limit, the values:

p=ld (D.12)
2N — 1)
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Appendix E

Statistical errors

E.1 Independent variables

Given M independent measurements E; of the same quantity E with different standard

deviations o;, the best estimate for F is given by the weighted mean:

Z -2

o Mo
E=2L : => =, (E.1)
2

gy
i=1

'ME
Q=

i=1
where o is the standard deviation in the weighted mean. For example, if two quantities
Ej + 04 and Ep * op are calculated from different data sets, namely A and B, with
AN B = @, then they are independent, and the best estimate of F, over the whole data
set A+B is given by the weighted mean.

The error of any function f(E 4, Eg) has the form:

9 2 5 2
of = \/Za—EJ;ZUA) + <£03) . (E.2)

E.2 Correlated variables

When the statistics involved in calculating E4 and Ep are not independent, the error for

a function f(E4, Ep) has the expression:

0 ) 2 9f 8
af:\/(af{ ) (abf )+ 3£A£COV(EA,EB% (E.3)
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where the last term takes care of the correlations between E4 and Ep.

Given a large number N of measurements E4,, the standard deviation o4 is empiri-

cally defined as:
N
1
2 _ 2
A=y ;(E&. Ea), (E4)
while the covariance between E4 and Ep is given by:
N
1
cov(Ba, Ep) = 17— > (Ea; — Ea)(Es, - Eg), (E.5)
=1

where E4 and Ep are the averages of E4, and Ep,*. When E4 and Ep are independent,
over a large number N of measurements they will fluctuate around their average in an
uncorrelated way, so that the covariance is zero and one recovers the usual formula for
the propagation of errors in a function of independent variables. From Eq. (E.4) it follows
that

cov(Ea, Ea) =05, (E.6)

while the linearity properties of the covariance follow from Eq. (E.5):
cov(aE4 + bEp,E.;) = a cov(E4, E;) + bcov(Eg, E,) (E.7)

that will prove to be useful later (here ¢ and b are constants).
It is worth noting that the covariance is a property only of E4 and Eg, and not of the

specific form of the function f.

E.2.1 Totally correlated variables
In this case in which the set A is divided into M disjunct samples, the relation
' M
E4 FE;
L=y = (E.8)
g 31 L_—Zl O'iz
holds (see Eq. (E.1)), where the indices ¢ indicate the independent subsets of A. If B is

a subset of A, then for a particular bin corresponding to set B, the relation between E4

and FEp is given by the weighted mean:

o2 o2
EA = TEB + 2A EA—B ’ (E'g)
OB 04A-B

*The averaged value of E is supposed to be a good approximation of the true value, so they are assumed
to be equal, and no distinction is going to be made between the two.
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where the remaining terms containing the values of E; in the other bins ¢ have gone into
A — B. The relation between E4 and Ep is then linear and one can apply egs.(E.6) and
(E.7) to get the covariance cov(E4, Eg):

2 2 2
g g g
cov(Ea, Eg) = a—fcov(EB,EB) + 02‘4 cov(Es_p,Ep) = 0—’240% =04, (E.10)
B A-B B

where the independence of E4_p and Eg was used, giving cov(E4_p, Eg) = 0.

The standard deviation in f is then:

3 af \? af 8f of _

E.2.2 Partially correlated variables

A more difficult case is when the two quantities E4 and Ep under consideration are
calculated using two data sets that have a non zero intersection. In this case the two
quantities are said to be only partially correlated.

To calculate the covariance two sets A’ and B’ are introduced, such that A = A'+ANB
and B = B’ + AN B. It must be:

Es  Ex | Eanp
A A
A A AnB
Eg  Ep  Eanp
E A R W
B B AnB
(E.12)
so that
0' 2 0'2
Ba=22F,+ B - ZAEp . (E.13)
g (o)
0% B B
The covariance cov(E 4, Ep) is
0'124 0'2 0"2
cov(Es,Ep) = —4cov(Ea,EB)+ ~écov(EB,EB) - 54 cov(Ep, Ep)
O'A, O'B O'B,
2 0%
= 04— TCOV(EBl,EB)
O'B,
O'
= o4~ Ao}, (E.14)
O'B,
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where the fact that cov(E 4, Ep) = 0 was used (A’ and B are independent) together
with cov(Eg, Ep') = 0% as follows from Eq. (E.10), since B’ C B. Using the relation

L =21 4+ one gets the covariance in the case of partially correlated variables:
9B Y TAnB
2 .2
TR0
cov(Ea, Eg) = 4-E. (E.15)
g
AnB

This expression recovers both the errors for the case of independent variables and the
one for totally correlated, in the two limits of c4np = 0o and op = o4np. In this case
however the knowledge of E4+04 and Ep+op alone is not enough to calculate the error
in any expression including A and B, since one also needs the error in the intersection
ANB.

Table E.1 contains a compilation of errors for some functions, for the three cases of

independent, completely and partially correlated quantities.
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Independent Completely Correlated Partially Correlated
f 4 f oy f o
%o’
Es—Ep Vo4 + o3 Es—Ep 0% — o3 Es—Ep i +or—245E
9AnB
E4s—Eg 1 Es —ER 1 Es—Ep 1
2 L o2 2 _ 2 0% 02
\eatop log — o5l \/03+a%—2;§—§
ANB
Ea Ey 0’% 0'23 E4 Ex 0'124 0'23 2 o2 Ey Ea 0‘124 G‘% 2 0'310'%
Ep Ep \ Ea?  Ep? Eg Ep\ Ea®  Ep® EsEpg * Ep Eg\ Es?2  Eg? EsEpo’.g

Table E.1: This table shows the errors for some simple functions, useful to check the agreement between two quantities 4
and Ep. The cases of complete independence, complete and partial correlation (that is one of the two, either E4 or Ep, is
calculated over a data set that is included in the other) are considered.




Appendix F

Tables with numerical results
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TOP BOTTOM
bin | ybin [obin || g [ NZ | N [N || NG [ NG | NG | NG |
T 1 1 20619 | 21845 | 20219 | 21362 || 4244 | 13449 | 4281 | 13045
2 {1 2 4317 | 9593 | 4214 | 9626 || 1928 | 7878 | 1890 | 7724
3 |1 3 3540 | 10895 | 3481 | 10480 || 2077 | 9517 | 2132 | 9111
4 |1 4 3209 | 11984 | 3187 | 11715 || 2393 | 11046 | 2251 | 10875
5 |1 5 3091 | 13832 | 3005 | 13493 || 2615 | 12570 | 2486 | 12500
6 |1 6 2922 | 14920 | 2760 | 14457 || 2585 | 13681 | 2539 | 13565
7 |1 7 2630 | 15563 | 2513 | 15335 || 2435 | 14717 | 2374 | 14690
8 |1 8 2083 | 15473 | 2227 | 15311 || 2280 | 14867 | 2224 | 14829
9 |1 9 74 | 9792 |76 | 9a07 |72 | 9550 |88 | 9287
10 |2 9 2023 | 7118 | 1968 | 6866 || 2022 | 6726 | 1968 | 6497
|1 10 40 | 10149 [ 36 | 9923 |62 | 9986 |37 | 9749
12 |2 10 1724 | 7751 | 1701 | 7536 || 1851 | 7296 | 1779 | 7098
13 |1 11 22 {946 |17 |9935 |23 |9706 |19 | 9758
14 |2 1 1278 | 8147 | 1216 | 8204 || 1380 | 7770 | 1364 | 7837
15 |1 12 19 10971 | 16 | 10812 || 15 | 10727 | 9 10442
16 |2 12 971 | 8159 | 934 |s082 | 997 | 7747 | 991 | 7610
17 {1 13 13 | 11610 | 14 | m741 || 8 | 1355 |13 | 11082
18 |2 13 612 | 8060 | 598 | 7735 || 697 | 7513 | 664 | 7443
19 |1 14 7 12606 | 7 12258 || 12 | 11975 | 12 | 11922
20 |2 14 343 | 7187 | 355 | 7320 || 399 | 712 | 371 | 7124
21 |1 15 2 13305 | 2 12063 || 3 | 12491 | 6 12512
2 |2 15 193 | 6793 {182 | 6990 || 212 | 6775 | 219 | 6704
3 |1 16 1 9925 | 2 %06 || 0 |9101 |1 9036
24 |2 16 4 6348 | 5 6332 (|1 |6046 |5 | 6201
25 |3 16 86 | 4034 |83 |4066 || 83 |[3891 |92 | 3884
26 |1 17 0 10024 | 1 10003 || 2 | 9527 |2 | 939
27 |2 17 1 5675 | 3 5879 || 1 | 5707 |5 | 5724
28 |3 17 |4 |37 |32 |39 |48 |37 |36 | 3871
29 |1 18 1 10741 | 1 10928 || 4 | 9820 |1 9881
30 |2 18 1 5219 |1 5205 || 2 | 49%1 |2 | 499
3 |3 18 15 | 3581 |11 3534 || 19 | 3498 |17 | 3674
2 |1 19 2 10731 | 2 10909 | 1 | 9829 |1 | 950
3 |2 19 1 4939 | 2 5229 || 1 | 4834 |3 | 4883
U |3 19 6 3155 | 8 305 || 8 |302 |8 |35
35 |1 20 0 10483 | 1 10801 |1 |9792 [0 | 9619
36 |2 20 2 8332 |2 4351 |lo |36 |2 |4137
37 |3 20 2 2655 | 6 2768 |7 {2609 |2 | 2710
38 |1 21 0 10153 | 0 10166 || 0 | o187 |2 | 9103
39 |2 21 0 B | 1 331 [0 |3037 [0 |3140
40 |3 21 2 2173 |3 2374 |1 | 2200 |1 2342
a |1 2 0 8563 | 1 848 (| 0 | 7744 |1 7540
2 |2 2 0 2670 | 0 2788 || 1 | 2457 |0 | 2564
4 |3 22 2 1816 | 0 2048 || 1 1755 | 1 1880
“ |1 23 0 8045 | 0 8299 |1 | 7473 |1 7703
45 |2 23 0 1391 |1 152 || 0 | 1332 |1 1440
46 |1 24 0 6551 | 0 6828 [0 |5997 |1 6295
w7 |1 25 0 4106 | 0 223 |1 |76 |0 | 384
8 |1 26 0 2080 | 0 2114 || 1 1825 |1 1998
49 1 27 0 680 1 778 0 657 1 649

Table E.1: Events selected from the 98b4 production
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TOP BOTTOM
ebin | ybin [ bin || N | N7 [N [ Mg || NE N3 NG | v

1 T T || 23230 | 78801 | 23594 | 79541 || 23296 | 84283 | 23314 | 84198
2 1 2 || 10088 | 47367 | 10070 | 47859 || 10243 | 50478 | 9941 | 51030
3 1 3 || 11310 | 56497 | 11382 | 56755 || 11387 | 60243 | 11291 | 60690
4 1 4 || 12335 | 66716 | 12327 | 67361 || 12548 | 70069 | 12439 | 70714
5 1 5 || 13361 | 76912 | 13511 | 77147 || 13648 | 80974 | 13615 | 81944
6 1 6 || 13770 | 84854 | 13506 | 86535 || 13793 | 88766 | 13658 | 88879
7 1 7 || 13237 | 91006 | 13322 | 92107 || 13396 | 93955 | 12953 | 95161
8 1 8 || 12149 | 91307 | 12146 | 93457 || 12065 | 95820 | 12219 | 96179
9 1 9 || 474 | 58056 | 461 | 58735 || 425 | 61259 | 413 | 61829
10 |2 9 |} 10859 | 41958 | 11148 | 42439 || 10884 | 42567 | 10899 | 43493
11 1 10 || 255 | 61416 | 266 | 62015 || 239 | 64525 | 285 | 65351
12 |2 10 || 9804 | 45792 | 9970 | 46399 || 9656 | 47015 | 9790 | 47360
13 1 11 || 136 | 60941 | 155 | 61644 || 157 | 64228 | 135 | 65104
4 |2 1 || 7706 | 49595 | 7767 | 50413 || 7630 | 51057 | 7458 | 52798
15 1 12 || 91 66918 | 102 | 68192 || 94 70155 | 108 | 71665
16 2 12 || 5682 | 4959 | 5651 | 50826 || 5624 | 51323 | 5e61 | 52401
17 |1 13 || 57 72984 | 71 74343 || 75 76957 | 72 77825
18 |2 13 || 3751 | 48826 | 3784 | 49942 || 3549 | 50750 | 3647 | 51277
19 1 14 || 49 76179 | 38 77755 || 57 80643 | 59 82647
20 |2 14 || 2206 | 46350 | 2205 | 47325 || 2161 | 47380 | 2141 | 49241
21 1 15 || 22 80783 | 35 82053 || 26 85372 | 42 87324
n |2 15 || 1112 | 43736 | 1131 | 45482 || 1048 | 45862 | 1101 | 47347
23 1 16 || 12 59504 | 10 61061 || 13 64340 | 19 64836
u |2 16 || 29 39688 | 31 41181 || 33 42041 | 32 43092
% |3 16 || 545 | 25801 | 563 | 27029 || 578 | 26056 | 532 | 27702
26 1 17 || 1 61833 | 16 63308 || 10 66481 | 11 67771
27 |2 17 || 21 36717 | 11 38255 || 16 39129 | 17 40218
2% |3 17 || 227 | 24760 | 240 | 26205 || 224 | 25830 | 256 | 27081
29 1 18 || 8 66058 | 7 67282 |l 7 71099 | 7 72723
30 |2 18 || 5 33132 | 4 34551 || 14 35086 | 19 36681
31 3 18 || 94 22388 | 95 23667 || 108 | 23409 | 115 | 24825
) 1 19 {9 65959 | 3 67854 || 5 71846 | 4 73127
33 2 19 || 5 31790 | 6 33768 || 9 34218 | 7 35434
4 |3 19 || 51 20094 | 38 21572 || 49 20915 | 44 22393
35 1 20 || 4 64185 | 6 66216 || 6 70704 | 3 72427
3% |2 20 || 4 27335 | 5 28721 || 6 28899 | 1 30547
37 |3 20 || 19 17116 | 21 18721 || 17 17749 | 30 19397
33 |1 21 i 4 61484 | 7 63267 || 2 68317 | 2 70583
39 2 21 || 3 20453 | 3 2078 || 1 2153 | 1 23169
0 |3 21 || 9 14389 | 11 15986 || 9 15001 | 6 16594
41 1 2 |4 51270 | 5 53097 || 4 57686 | 1 59718
2 |2 2 |3 16940 | 1 18144 || 4 18524 | 4 19267
3 |3 2 |6 12117 | 8 13390 || 8 12707 | 3 14042
44 1 23 {11 49063 | 3 52015 || 2 56001 | 3 58639
5 |2 23 || 1 9276 | 3 10260 || 0 9563 | 3 10956
46 1 24 || 3 39718 | 3 42746 || 3 44475 | 4 47472
7 |1 2% || 3 24015 | 2 26041 || 2 27116 | 1 29102
48 1 2% || 2 12033 | 3 13197 |} 1 13622 | 1 14547
49 1 27 V] 4146 1 4527 1 4131 2 4627

Table F.2: Events selected from the 00b1 production
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1998 2000

bin <z> <y> < @Nw W#\W_H anpnﬁmu\mwv muf\mu Qm»ﬂwAmu\mHv
1 0.0041 | 0.8842 0.2107 -0.03438 0.04486 -0.00538 0.01305
2 0.0070 { 0.8612 0.3033 0.01962 0.03926 0.00417 0.01306
3 0.0085 | 0.8451 0.3720 -0.05434 0.03190 -0.00641 0.01100
4 0.0105 | 0.8264 0.4494 -0.00520 0.02749 -0.00031 0.00964
5 0.0130 ; 0.8036 0.5369 -0.00110 0.02416 -0.00542 0.00866
6 0.0160 | 0.7785 0.6411 -0.00662 0.02238 -0.00314 0.00806
7 0.0190 | 0.7511 0.7508 0.01795 0.02109 0.00346 0.00770
8 0.0234 | 0.7227 0.8684 0.02229 0.02076 0.00370 0.00761
9 0.0278 | 0.6008 0.8619 -0.04130 0.02626 0.00392 0.00988
10 | 0.0278 | 0.8161 1.1708 -0.04768 0.03230 0.00712 0.01168
11 0.0330 | 0.5566 0.9542 -0.01889 0.02724 0.00697 0.01020
12 | 0.0330 | 0.7923 1.3583 -0.02722 0.02912 -0.00787 0.01061
13 | 0.0395 [ 0.5085 1.0403 0.06593 0.02959 0.00994 0.01107
14 | 0.0395 | 0.7595 1.5538 0.04178 0.02616 0.02147 0.00961
15 | 0.0470 | 0.4709 1.1463 -0.01333 0.03034 0.03470 0.01129
16 | 0.0470 | 0.7352 1.7897 -0.00104 0.02523 0.01725 0.00925
17 | 0.0562 | 0.4335 1.2618 0.03447 0.03161 0.01826 0.01164
18 | 0.0562 | 0.7104 2.0678 -0.02604 0.02462 0.00523 0.00901
19 | 0.0670 | 0.3974 1.3790 0.01285 0.03308 0.04894 0.01226
20 | 0.0670 | 0.6808 2.3624 0.04661 0.02485 0.02964 0.00909
21 0.0800 | 0.3629 1.5018 0.01638 0.03490 0.04209 0.01292
22 | 0.0800 | 0.6508 2.6932 0.05217 0.02532 0.05135 0.00921
23 | 0.0954 | 0.2908 1.4368 0.01016 0.05117 0.03974 0.01880
24 0.0954 | 0.4646 2.2956 0.07554 0.03630 0.05487 0.01332
25 | 0.0954 | 0.6817 3.3683 0.03286 0.03042 0.07172 0.01109
26 | 0.1137 | 0.2608 1.5358 0.06751 0.05531 0.07843 0.02028
27 | 0.1137 | 0.4292 2.5275 0.11449 0.04016 0.07424 0.01467
28 | 0.1137 | 0.6423 3.7824 0.10270 0.03099 0.07064 0.01130
29 | 0.1356 | 0.2362 1.6589 0.14979 0.05801 0.07643 0.02120
30 | 0.1356 | 0.4047 2.8422 0.06241 0.04392 0.10224 0.01590
31 [ 01356 | 0.6121 4.2988 0.06120 0.03223 0.08232 0.01188
32 | 0.1620 | 0.2095 1.7578 0.12938 0.06394 0.09091 0.02326
33 | 0.1620 | 0.3737 3.1355 0.18180 0.04662 0.12323 0.01692
34 0.1620 | 0.5800 4.8664 0.15808 0.03442 0.10847 0.01264
35 | 0.1930 | 0.1882 1.8842 0.21856 0.06922 0.14304 0.02526
36 | 0.1930 | 0.3487 3.4910 0.14384 0.05212 0.14278 0.01879
37 | 0.1930 ; 0.5475 5.4813 0.11297 0.03822 0.15276 0.01388
38 | 0.2300 | 0.1730 2.0608 0.11450 0.07400 0.16634 0.02680
39 | 0.2300 | 0.3306 3.9382 0.19025 0.06026 0.16791 0.02189
40  0.2300 | 0.5120 6.0991 0.18789 0.04288 0.18407 0.01555
41 | 02740 | 0.1614 2.2896 0.03998 0.08206 0.19944 0.02968
42 | 0.2740 | 0.3062 4.3438 0.24074 0.06925 0.17399 0.02491
43 0.2740 | 0.4779 6.7795 0.25243 0.04882 0.18294 0.01756
44 | 0.3267 | 0.1849 3.1286 0.32244 0.06713 0.26050 0.02429
45 | 0.3267 | 0.4423 7.4840 0.26307 0.05850 0.24719 0.02094
46 | 0.3890 | 0.2113 4.2593 0.31645 0.06042 0.29640 0.02195
47 | 0.4640 | 0.2003 4.8115 0.22510 0.07637 0.34914 0.02804
48 | 0.5500 | 0.1937 5.5227 0.44695 0.10576 0.34747 0.03870
49 0.6600 0.2143 7.3221 0.34912 0.15105 0.38987 0.05706

Table F.3: The values g, /F; and its statistical error, for each kinematic bin.
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<
5

RC Align. Az R
0.013079 | 0.000500 | 0.000019 | 0.001538
0.010240 | 0.000756 | 0.000032 | 0.001270
0.008581 | 0.000572 | 0.000033 | 0.001056
0.007066 | 0.000474 | 0.000035 | 0.000952
0.005711 | 0.000587 | 0.000035 | 0.001007
0.004447 | 0.001043 | 0.000032 | 0.000978
0.003407 | 0.000333 | 0.000026 | 0.000862
0.002133 | 0.000411 | 0.000016 | 0.000480
0.001566 | 0.001318 | 0.000001 { 0.000519
10 | 0.002086 | 0.000406 | 0.000006 | 0.000285
11 | 0.001672 | 0.001199 | 0.000020 | 0.000395
12 | 0.001426 | 0.000248 | 0.000014 | 0.000212
13 | 0.001973 | 0.000843 | 0.000049 | 0.000289
14 | 0.001289 | 0.000262 | 0.000043 | 0.000154
15 | 0.002238 | 0.000836 | 0.000085 | 0.000651
16 | 0.001469 | 0.000544 | 0.000080 | 0.000335
17 | 0.002337 | 0.002050 | 0.000132 | 0.001055
18 | 0.001731 | 0.000355 | 0.000130 [ 0.000547
19 | 0.002246 | 0.001283 | 0.000191 | 0.001465
20 | 0.001789 | 0.000509 | 0.000192 | 0.000877
21 | 0.002069 | 0.000387 | 0.000265 | 0.001885
22 | 0.001834 | 0.000466 | 0.000269 | 0.001471
23 | 0.002243 | 0.002160 | 0.000354 | 0.002432
24 | 0.002013 | 0.001308 | 0.000344 | 0.002172
25 | 0.002182 | 0.000269 | 0.000363 | 0.002153
26 | 0.002195 | 0.002832 | 0.000452 | 0.002338
27 | 0.001712 | 0.002322 | 0.000435 | 0.002800
28 | 0.001806 | 0.000531 | 0.000450 | 0.002656
29 | 0.002944 | 0.003890 | 0.000555 | 0.002719
30 | 0.002201 | 0.001396 | 0.000526 | 0.003917
31 | 0.001900 | 0.000548 | 0.000532 | 0.003093
32 | 0.004459 | 0.002526 | 0.000659 | 0.003534
33 | 0.003390 | 0.001667 | 0.000604 { 0.004833
34 | 0.002855 | 0.000365 | 0.000598 | 0.003625
35 | 0.006417 | 0.003484 | 0.000735 | 0.004572
36 | 0.004979 | 0.002239 | 0.000648 | 0.005423
37 | 0.004103 | 0.001192 | 0.000631 | 0.004348
38 | 0.008282 | 0.001679 | 0.000793 | 0.005484
39 | 0.006105 | 0.001067 | 0.000659 | 0.005970
40 | 0.005031 | 0.000627 | 0.000624 | 0.005304
41 | 0.010004 | 0.002272 | 0.000790 | 0.006168
42 | 0.007093 | 0.003450 | 0.000613 | 0.006760
43 | 0.005852 | 0.000520 | 0.000552 | 0.006452
44 | 0.010298 | 0.003567 | 0.000634 | 0.007212
45 | 0.006398 | 0.000786 | 0.000399 | 0.007773
46 | 0.010566 | 0.004979 | 0.000369 | 0.008608
47 | 0.009563 | 0.003461 | 0.000052 | 0.010243
48 | 0.006677 | 0.006457 | 0.000421 | 0.012096
49 | 0.003846 | 0.005059 | 0.001255 | 0.015004

OO NN UT s WN =

Table F.4: Systematic errors on g, /Fy, for each kinematic bin, common to 1998 and 2000
data.
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Background | Target Beam | Normalization TSF Total
0.000048 0.002063 | 0.000877 0.004892 0.002037 | 0.014380
0.000068 0.001830 | 0.000778 0.000724 0.000810 | 0.010592
0.000222 0.001710 | 0.000727 0.001506 0.000992 | 0.009046
0.000023 0.001550 | 0.000659 0.000036 0.000051 | 0.007342
0.000005 0.001350 § 0.000574 0.000289 0.000057 | 0.006018
0.000029 0.001111 | 0.000472 0.000072 0.000011 | 0.004825
0.000073 0.000873 | 0.000371 0.000043 0.000020 | 0.003656
0.000084 0.000524 | 0.000223 0.000155 0.000006 | 0.002303
0.000142 0.000178 | 0.000076 0.000144 0.000000 | 0.002130

10 0.000164 0.000178 | 0.000076 0.000090 0.000000 { 0.002161

11 0.000058 0.000230 | 0.000098 0.000290 0.000000 | 0.002130

12 0.000083 0.000230 | 0.000098 0.000186 0.000000 | 0.001498

13 0.000176 0.000737 } 0.000313 0.000794 0.000000 | 0.002448

14 0.000111 0.000737 | 0.000313 0.000531 0.000000 | 0.001640

15 0.000031 0.001317 | 0.000560 0.000393 0.000000 | 0.002888

16 0.000002 0.001317 | 0.000560 0.000325 0.000000 | 0.002174

17 0.000067 0.002024 | 0.000860 0.000707 0.000000 | 0.004016

18 0.000050 0.002024 | 0.000860 0.000198 0.000000 | 0.002884

19 0.000021 0.002844 | 0.001209 0.000635 0.000000 | 0.004339

20 0.000076 0.002844 | 0.001209 0.000607 0.000000 | 0.003767

21 0.000023 0.003820 | 0.001623 0.000712 0.000000 | 0.005078

22 0.000072 0.003820 | 0.001623 0.000655 0.000000 | 0.004845

23 0.000009 0.004958 | 0.002107 0.000830 0.000000 | 0.006742

24 0.000070 0.004958 | 0.002107 0.000925 0.000000 | 0.006363

25 0.000030 0.004958 | 0.002107 0.000540 0.000000 | 0.006239

26 0.000031 0.006287 | 0.002672 0.001266 0.000000 } 0.008172

27 0.000053 0.006287 | 0.002672 0.001204 0.000000 | 0.008030

28 0.000047 0.006287 | 0.002672 0.000969 0.000000 | 0.007643

29 0.000000 0.007844 | 0.003334 0.001868 0.000000 | 0.010374

30 0.000000 0.007844 | 0.003334 0.000909 0.000000 | 0.009791

31 0.000000 0.007844 | 0.003334 0.000730 0.000000 | 0.009323

32 0.000000 0.009670 | 0.004110 0.001853 0.000000 | 0.012370

33 0.000000 0.009670 | 0.004110 0.001704 0.000000 | 0.012300

34 0.000000 0.009670 | 0.004110 0.001353 0.000000 | 0.011576

35 0.000000 0.011744 | 0.004991 0.002517 0.000000 | 0.015618

36 0.000000 0.011744 | 0.004991 0.001493 0.000000 | 0.014990

37 0.000000 0.011744 | 0.004991 0.001077 0.000000 | 0.014197

38 0.000000 0.014122 | 0.006002 0.001915 0.000000 | 0.018473

39 0.000000 0.014122 | 0.006002 0.001810 0.000000 | 0.017698

40 0.000000 0.014122 | 0.006002 0.001581 0.000000 | 0.017093

41 0.000000 0.016811 | 0.007145 0.001446 0.000000 | 0.021901

42 0.000000 0.016811 | 0.007145 0.002177 0.000000 | 0.021135

43 0.000000 0.016811 j 0.007145 0.002032 0.000000 | 0.020353

44 0.000000 0.019832 | 0.008429 0.003119 0.000000 | 0.025402

45 0.000000 0.019832 | 0.008429 0.002123 0.000000 | 0.023895

46 0.000000 0.023124 | 0.009828 0.002912 0.000000 | 0.029162

47 0.000000 0.026684 | 0.011341 0.002261 0.000000 | 0.032467

48 0.000000 0.030226 | 0.012846 0.003803 0.000000 | 0.036412

49 0.000000 0.033914 | 0.014413 0.002954 0.000000 | 0.040419 ||

Table E5: Systematic errors on g, /Fy, for each kinematic bin, for 1998 data.
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bin | Background | Target Beam Normalization Total
1 0.000008 0.000215 | 0.000108 0.000927 0.013213
2 0.000014 0.000167 | 0.000083 0.000947 0.010391
3 0.000026 0.000257 | 0.000128 0.000963 0.008723
4 0.000001 0.000012 | 0.000006 0.000991 0.007214
5 0.000024 0.000217 | 0.000108 0.001027 0.005924
6 0.000014 0.000126 | 0.000063 0.001069 0.004794
7 0.000014 0.000138 | 0.000069 0.001117 0.003706
8 0.000014 0.000148 | 0.000074 0.001170 0.002519
9 0.000013 0.000157 | 0.000078 0.001449 0.002567

10 0.000024 0.000285 | 0.000142 0.001027 0.002399
11 0.000021 0.000279 | 0.000139 0.001589 0.002648
12 0.000024 0.000315 | 0.000157 0.001058 0.001840
13 0.000026 0.000397 | 0.000199 0.001770 0.002832
14 0.000057 0.000859 | 0.000429 0.001104 0.001975
15 0.000080 0.001388 | 0.000694 0.001935 0.003507

16 0.000040 0.000690 | 0.000345 0.001141 0.002114
17 0.000035 0.000730 | 0.000365 0.002123 0.003996
18 0.000010 0.000209 | 0.000105 0.001181 0.002211

19 0.000080 0.001958 | 0.000979 0.002336 0.004374
20 0.000048 0.001186 | 0.000593 0.001231 0.002746
21 0.000058 0.001684 | 0.000842 0.002578 0.004271
22 0.000071 0.002054 | 0.001027 0.001285 0.003570
23 0.000037 0.001590 | 0.000795 0.003285 0.005449
24 0.000051 0.002195 | 0.001097 0.001898 0.004497
25 0.000066 0.002869 | 0.001434 0.001201 0.004619
26 0.000036 0.003137 | 0.001569 0.003667 0.006653
27 0.000034 0.002969 | 0.001485 0.002054 0.005621
28 0.000033 0.002826 | 0.001413 0.001262 0.004730
29 0.000000 0.003057 | 0.001529 0.004024 0.007706
30 0.000000 0.004090 | 0.002045 0.002153 0.006925
31 0.000000 0.003293 | 0.001646 0.001300 0.005385
32 0.000000 0.003636 | 0.001818 0.004495 0.008713
33 0.000000 0.004929 | 0.002465 0.002302 0.008583
34 0.000000 0.004339 | 0.002169 0.001348 0.006865
35 0.000000 0.005722 | 0.002861 0.004915 0.011826
36 0.000000 0.005711 | 0.002856 0.002412 0.010307
37 0.000000 0.006110 | 0.003055 0.001405 0.009285
38 0.000000 0.006654 | 0.003327 0.005197 0.013582
39 0.000000 0.006716 | 0.003358 0.002482 0.011706
40 0.000000 0.007363 | 0.003681 0.001480 0.011143
41 0.000000 0.007977 | 0.003989 0.005363 0.015881
42 0.000000 0.006960 | 0.003480 0.002619 0.013255
43 0.000000 0.007317 | 0.003659 0.001563 0.012076
44 0.000000 0.010420 | 0.005210 0.004433 0.018071
45 0.000000 0.009887 | 0.004944 0.001663 0.015070
46 0.000000 0.011856 | 0.005928 0.003670 0.0199%6
47 0.000000 0.013966 | 0.006983 0.003714 0.021586
48 0.000000 0.013899 | 0.006949 0.003683 0.022086
49 0.000000 0.015595 | 0.007797 0.003173 0.024107

Table F.6: Systematic errors on g, /F;, for each kinematic bin, for 2000 data.
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Appendix G

Ijoined the HERMES collaboration in January 1999. I spent the summer of 1999 in Ham-
burg, where I became acquainted with the detector, the data analysis and the life in a big
collaboration. TRD maintainance and data quality were among my duties in that period,
and whenever I was in Hamburg. In that period I started building a code that could per-
form the g, analysis. I first worked on data from 1997, to obtain results in agreement with
the published g/ paper. I then started analyzing data from 1998. The analysis was done in
conjunction with another PhD student, Christoph Weiskopf. Independent analysis codes
were developed to extract the measured asymmetry. The agreement of the two analy-
ses on the measured asymmetry was the starting point for further studies we both made
separately: I worked on tests on the stability of the asymmetry and he worked mainly on
the PID and systematic errors. Uta Stosslein was the coordinator of the g, group, and she
focused on yet other aspects of the analysis, such as the radiative corrections. In order
to be able to extend the kinematic region to low z I determined the trigger efficiencies
which I have studied for all productions from 1998 to 2000. Results on g4 from 1998 data
were released in Zeuthen in July 2001 by the HERMES collaboration.

In 2001 I started to work on the next-to-leading order QCD fits, on a code used by the
SMC Collaboration in a published paper. HERMES g¢ results based on 2000 data were
released in February 2002. Once the results on g¢ with the high precision of 2000 data
were obtained, new QCD fits could be performed. I developed a method to obtain the

statistical error bands, and in June 2002 obtained the results shown in this thesis.
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