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Abstract

The nucleon spin structure on quark level can be described at leading twist by three
quark distribution functions, when the contribution of the transverse momentum of the
quarks is ignored. The unpolarized distributon function f(x) describes the probability
of finding a quark with a momentum fraction x of the nucleon momentum. The helicity
distributon function g(x) gives the difference in probability of finding quarks with
momentum fraction = with spins parallel and antiparallel to the nucleon spin inside a
longitudinally polarized nucleon. The last one, the so-called transversity distributon
function h(x), describes the difference in probability of finding quarks with momentum
fraction = with spins parallel and antiparallel to the nucleon spin inside a transversely
polarized nucleon. The distribution functions f(x) and g(x) have been investigated for
almost four decades, while i(z) is still mostly unknown. Due to its chiral-odd nature,
it cannot be accessed in inclusive deep-inelastic scattering (DIS), but it can be measured
in semi inclusive deep inelastic scattering (SIDIS) of leptons off a transversely polarized
nucleon target, where it leads in combination with the so-called Collins fragmentation
function Hi to an azimuthal asymmetry in the distribution of the hadrons produced.

If additionally the transverse momentum of the quarks is taken into account, eight
distribution functions are needed at leading order to describe the structure of the
nucleon. For a transversely polarized nucleon target the Sivers effect is of special
interest, as it describes the fragmentation of an unpolarized quark inside a transversely
polarized target nucleon, which can be measured as an asymmetry in the azimuthal
distribution of the hadrons produced.

Parameterizing the SIDIS cross section up to twist-three leads to 18 structure functions of
which eight depend on a transversely polarized target. Four of the eight are connected
to leading order distribution functions, the aforementioned transversity and Sivers
functions, the worm-gear 2 function and the pretzelosity function. The other four are of
subleading order.

The investigation of the structure of the nucleon spin is one of the main goals of the
COMPASS experiment at CERN. For the measurement of transverse spin effects a
160 GeV /c polarized u* beam is scattered off a polarized nucleon target. In the years
2002-2004 a deuterium (°LiD) target was used, while in 2007 and 2010 the measurement
was done on a proton (NH3) target.

In this thesis the methods of analysis and the results for the eight transverse spin
dependend distribution functions from the 2010 data-taking period will be shown
for unidentified hadrons as well as for identified pions and kaons. Furthermore the
Collins and Sivers asymmetries for the production of K" are presented. The work
is concluded by a comparison of the measured asymmetries with the results of the
HERMES experiment at DESY and existing model predictions. A short interpretation
of the results for the Collins and Sivers asymmetries is also given.



Zusammenfassung

Um die Spinstruktur des Nukleons auf Quark-Level zu beschreiben, sind, wenn man
den transversalen Impuls der Quarks aufSer Acht ldsst, drei Partonenverteilungsfunk-
tionen notig. Die unpolarisierte Verteilungsfunktion f(z) beschreibt die Wahrschein-
lichkeit, dass ein Quark den Impulsanteil x des Nukleons tragt. Die Helizitdtsverteilungs-
funktion g(z) gibt den Unterschied in der Wahrscheinlichkeit an, innerhalb eines longi-
tudinal polarisierten Nukleons ein Quark mit Impulsanteil z und Spin parallel oder
antiparallel zum Spin des Nukleons zu finden. Die dritte Verteilungsfunktion h(x), auch
Transversity genannt, beschreibt hingegen den Unterschied der Wahrscheinlichkeit in-
nerhalb eines transversal polarisierten Nukleons ein Quark mit Impulsanteil x und Spin
parallel oder antiparallel zum Spin des Nukleons zu finden. Wahrend die Verteilungs-
funktionen f(x) und g(x) bereits seit mehr als vier Jahrzehnten experimentell erforscht
werden, ist die Transversity noch nahezu unbekannt. Da die Transversity chiral unger-
ade ist, kann sie nicht in inklusiver tiefinelastischer Streuung (DIS) nachgewiesen
werden. In semi-inklusiver tiefinelastischer Streuung (SIDIS) von Leptonen an transver-
sal polarisierten Targets fithrt die Transversity Verteilungsfunktion in Kombination mit
einer anderen chiral ungeraden Funktion, wie z.B. der Collins Fragmentations Funktion
Hi, zu einer messbaren Asymmetrie in der Verteilung der erzeugten Hadronen. Wenn
zusdtzlich der transversale Impuls der Quarks berticksichtigt wird, sind in fithrender
Ordnung acht Verteilungsfunktionen notig. Fiir ein transversal polarisiertes Target
ist neben dem Collins Effekt auch der Sivers Effekt von besonderem Interesse. Er
beschreibt die Fragmentation von unpolarisierten Quarks innerhalb eines transversal
polarisierten Nukleons. Dies ist in einer Asymmetrie in der azimutalen Verteilung der
entstandenen Hadronen nachweisbar.

Der SIDIS Wirkungsquerschnitt besteht bei Parameterisierung bis “twist-three” aus
18 Strukturfunktionen, von denen acht ein transversal polarisiertes Target benttigen.
Vier von diesen acht Funktionen sind wiederum mit Verteilungfunktionen fiihrender
Ordnung verkniipft. Neben der bereits erwdhnten Transversity und Sivers Funktion
sind das die Worm-Gear 2 und die Pretzelosity Funktion. Die {ibrigen vier sind von
nachfolgender Ordnung.

Eines der Hauptziele des COMPASS Experiments am CERN ist die Erforschung der
Struktur des Nukleonspins. Fiir die Messung von transversalen Spineffekten wird ein
polarisierter u+ Strahl mit 160 GeV/c Impuls an einem polarisierten Target gestreut.
Hierfiir wurde in den Jahren 2002 bis 2004 ein Deuteriumtarget (°LiD) genutzt und in
den Jahren 2007 und 2010 ein Protonentarget (NHjs).

In dieser Arbeit sollen die Analysemethoden und die Ergebnisse der acht Verteilungs-
funktionen, welche vom transversalen Spin abhédngen, auf Basis der 2010 genommenen
Daten, gezeigt werden. Die Resultate liegen sowohl fiir unidentifizierte Hadronen als
auch identifizierte Pionen und Kaonen vor. Auflerdem werden die Collins und Sivers
Asymmetrien fiir die Erzeugung von K gezeigt. Im Anschluss werden die erhaltenen
Ergebnisse mit den Messungen des HERMES Experiments am DESY und den aktuellen
Modellvorhersagen verglichen. Abschliefiend erfolgt eine kurze Interpretation der
gewonnenen Resultate der Collins und Sivers Asymmetrien.
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1 Introduction

In 1911, during his research on the structure of the atom, Rutherford discovered in
scattering experiments that almost all the atom’s mass is concentrated in a small area
within the nucleus. Later it was found that the nucleus itself is built up from protons
and neutrons, together known as the nucleons. In 1956 the group around Hofstaedter
scattered high energy electrons off nucleons and discovered that they are not point-like
objects, but have spatial extent and a substructure.

Deep inelastic scattering (DIS) is used to dig deeper into this substructure. In DIS
high energy leptons are scattered off nucleon targets, interacting with the target by the
exchange of a virtual photon with four momentum ¢. The very first DIS experiment was
performed at SLAC [1] by scattering an electron beam off a hydrogen target. The main
outcome of this experiment was that the scattering takes place on point-like constituents
of the nucleon. The existence of such constituents was proposed in 1969 by Feynman [2]
in his parton model. Gell-Mann [3] and Zweig [4] had already in 1964 brought up the
idea that the nucleon is formed by three particles which they called ‘quarks’. Contrary
to the model of Gell-Mann and Zweig, where each of the three quarks carries one-third
of the mass of the nucleon, Feynman’s partons were assumed almost massless compared
to the nucleon. Common to both theories is that the proposed constituents have spin
1/2h. A few years later, in 1973, Gross and Wilczek [5] and Politzer [6] described the
interaction of the quarks in terms of “gluons’, which couple to the colour charge of the
quarks and other gluons inside the nucleon. The gluons are also able to generate quark-
antiquark pairs, which annihilate back to gluons. These quark-antiquark pairs are
called "sea-quarks’ while the three constituent quarks are referred to as 'valence quarks’.
In many subsequent DIS experiments with unpolarized beams and targets the quark
momentum distribution function f{(z), which describes the probability of finding a
quark with momentum fraction z of the momentum of the nucleon, could be measured
with high precision. One of the remaining open questions was how the spin of the quark
contributes to the spin of the nucleon. It was assumed that the spin of valence quarks
sums up to the known nucleon spin of 1/24. The Yale-SLAC experiment E-80 [7] was
the first to investigate the quark contribution to the spin of the nucleon by measuring
the helicity distribution function g{; on a longitudinally polarized target. The helicity
distribution function describes the difference in probability between finding quarks
with spins parallel and anti-parallel to the spin of a nucleon which is longitudinally
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polarized with respect to its momentum. The results of this first experiment seemed
to confirm the theory that the spin of the nucleon has its origin in the spin of the
valence quarks. However, in 1988 the EMC experiment at CERN discovered that the
contribution of the quark spin to the nucleon spin is only 0.123 + 0.013 £ 0.019 [8}9]].
This result, which was corrected to less than 30% by following experiments (SMC at
CERN, E143 and E155 at Fermilab, HERMES at HERA) [10], had a striking impact on
theoretical understanding of the composition of the nucleon spin, and became known
as the spin crisis. A lot of effort was put into theoretical and experimental research to
figure out the details of the nucleon spin structure. In the scattering of a lepton off a
longitudinally polarized target, the nucleon spin is given by

1 1

3= §AZ+AG+Lq+Lg, (1.1)
where AY = )" Aqg; + Ag, © € {u,d, s}, is the spin contribution of the quarks and
antiquarks, AG the spin of the gluons and L, and L, the orbital angular momentum of
the quarks and gluons, respectively. While in recent measurements by the COMPASS
collaboration AG was found to be small and compatible with zero [11], the measure-
ment of the orbital angular momentum is still a challenge to access experimentally.
To fully describe the structure of the nucleon at leading twist while integrating over
intrinsic quark momenta, a third distribution function h;(x) [12], the so-called transver-
sity distribution, is needed. It describes the probability difference of finding a quark
with spin parallel or anti-parallel to the spin of the nucleon, which is itself transversely
polarized with respect to its momentum. At the first look the transversity distribution
seems to be just a space-rotated form of the helicity distribution function, but this is
only true for non-relativistic partons. When taking the relativistic nature of the partons
into account, the rotation invariance is destroyed. What makes transversity so difficult
to access via experiments, in contrast to the number density and helicity, is that it cannot
be measured in inclusive DIS due to its chiral-odd nature. So to observe transversity, it
has to be combined with another chiral-odd function. One way proposed by Collins
[13] is to measure the azimuthal distribution of hadrons produced in semi-inclusive DIS
(SIDIS) on a transversely polarized target. In this reaction the transversity distribution
function would couple to the Collins fragmentation function Hi-, which describes the
fragmentation of a transversely polarized quark into a hadron. Two experiments started
to investigate this Collins effect in SIDIS reactions: HERMES at DESY, where a 27.6 GeV
electron beam is scattered off a transversely polarized proton target; and COMPASS
at CERN, where a 160 GeV muon beam and polarized deuterium and proton (NH3)
targets are used. Together with the information obtained for the Collins fragmentation
function from the BELLE e*e™ annihilation experiment at KEK, it is possible to extract
the transversity function from these SIDIS experiments taken together.
If in addition also the intrinsic transverse momentum of the quarks k7 is taken into
account, eight distribution functions are needed to describe the structure of the nucleon
at leading order, of which four can be measured on a transversely polarized nucleon tar-
get. Beside the already mentioned transversity, the Sivers distribution function f}-(z)



[14] is of great importance. It describes the correlation of the transverse momentum
kr of an unpolarized quark in a transversely polarized nucleon with the spin vector
of the nucleon. In SIDIS measurements the Sivers function couples to the unpolarized
fragmentation function D}, and leads to a modulation in the azimuthal distribution of
the hadrons produced.

In this thesis the results from COMPASS measurements on a transversely polarized
proton target in the year 2010 will be presented. In chapter 2| the theoretical framework
is briefly introduced. The COMPASS spectrometer with its detectors and readout is
described in chapter 3l In chapter 4| the data quality tests and the selection of the SIDIS
events is presented. The final asymmetries extracted from the 2010 data for unidentified
charged hadrons, identified charged pions and kaons as well as for neutral kaons are
given in chapter 5 together with the studies done to evaluate the systematic error. In
chapter|6|a short interpretation of the results is made. Furthermore the asymmetries
are compared to those optined in the 2007 measurement at COMPASS, the results of
the HERMES collaboration and predictions from theoretical models. The results of the
extraction of the transversity and Sivers function is also given. Finally a conclusion and
outlook is given in chapter[7]






2 Polarized deep-inelastic scattering

In this chapter a short introduction into the theory of measuring spin effects in lepton-
nucleon scattering off a transversely polarized target will be given. The argumentation
will follow the works of [15] and [16]. In the first part the technique of deep-inelastic
scattering (DIS) is motivated as a tool to measure the momentum distribution and the
helicity distribution function. Along with that, the transversity distribution function is
introduced, which cannot be accessed in inclusive DIS, but in semi-inclusive DIS (SIDIS).
The total cross-section of the SIDIS reaction is given and the consequences of a non-
zero transverse momentum of the quarks is discussed. In the next part experimental
techniques to access the transverse spin-dependent asymmetries showing up in the
SIDIS cross-section are presented, putting emphasis on the Collins and Sivers effect.
In the end an overview of the experimental results obtained for these asymmetries is
shown.

2.1 Deep-Inelastic Scattering

The deep-inelastic scattering of a polarized lepton ¢ with four-momentum ! and spin-
vector 5 off a polarized nucleon N with four-momentum P and spin-vector Sisa
common tool to investigate the nucleon structure and can be described by the equation

01,5+ N(P,S) — 0'(I,d) + X 2.1)

where ¢’ is the scattered lepton and X the hadronic final-state. A schematic view of the
DIS process in one-photon exchange is shown in fig.[2.1} This assumption is allowed for
the COMPASS experiment, because the center of mass energy is in the region of 18 GeV.

In inclusive DIS only the scattered lepton is detected and the hadronic final-state is not
observed, whereas in exclusive DIS both the scattered lepton as well as the full end
product is detected. If only a part of the final-state is detected in addition to the scat-
tered lepton, the process is called semi-inclusive DIS. In Tab.[2.T|the kinematic variables
of DIS at a fixed target experiment are listed. The negative squared momentum transfer
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Q? gives the spatial resolution of the reaction. At COMPASS @)? ranges up to around
100 (GeV/c)?.

[
.--'('f
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Figure 2.1: Schematic view of deep-inelastic lepton-nucleon scattering.

Table 2.1: Kinematic variables used in DIS

m Mass of the incoming lepton

M Mass of the nucleon

1= (B, 4-momentum of the incoming lepton
= (E,T) 4-momentum of the scattered lepton

P = (M,0) 4-momentum of the nucleon

0 lepton scattering angle in lab. system
g=1-10 4-momentum transfer

Q? = —¢* = AEF' sin®
V= % lab E—-F Energy transfer in the lab. system from the lepton
to the nucleon

IS

negative squared momentum transfer

Tp; = % b 2]%1 Bjorken scaling variable !
Y= % ‘ab % Fractional energy transfer by the photon in the lab. system

W2 = (P+q)? squared invariant mass of the hadronic final-state

! for simplification z;; will be denoted as z in the following



2.1 Deep-Inelastic Scattering

2.1.1 The DIS cross-section

The differential DIS cross-section for finding the scattered lepton in a solid angle df2
and within the energy range (E’, E' +dE’) is given by the product of the leptonic tensor
L,,, and the hadronic tensor W*¥

d*o o FE

— =L, W 2.2
dQdE  2M¢* E p W 22)

with a = % the fine structure constant.The leptonic tensor holds the information
on the emission of the virtual photon by the incoming lepton. It can be calculated
precisely in QED. Summing over all spin states of the outgoing lepton, the leptonic
tensor can be written as the sum of a spin independent symmetric and a spin-dependent
antisymmetric part under , v interchange:

Luw(,5 1) = LE,1) +iL) (1, 5). (2.3)

The hadronic tensor describes the interaction of the virtual photon with the nucleon.
Due to the complex structure of the nucleon it cannot be calculated in QCD but can be
parametrized by two spin independent structure functions W1 (P - ¢, Q) and W(P -
q, @?) and two spin-dependent structure functions G1(P - ¢, Q%) and Ga(P - ¢, Q?). Like
in the case of the leptonic tensor it is possible to split up the hadronic tensor in two
parts

Wy (@ P, S) = W (q; P) +iW D (q; P, S). (24)
With Eq.[2.3/and [2.4] the DIS cross-section can be written as

d*c o FE 5 w
o1 = T T LEWS) _ [ypma) (2.5)

with a spin-dependent asymmetric part and a spin independent symmetric part. Av-
eraging over the spins of the incoming lepton and the nucleon leads to the well know
unpolarized cross-section, which can be expressed by the spin independent structure
functions:

d2 gunp o? E/2

0 M 0
_ .2V 2V
W0dE ~ 2 sin 2W1+ - Cos 2W2 . (2.6)

In the case that both the incoming lepton as well as the nucleon are longitudinally
polarized w.r.t. the momentum of the lepton, denoted with — for the lepton and « and
= for the nucleon, the cross-section asymmetry is given by

d2o—< B d2o—= B @E’
dQdE’ dQdE' Q* FE

[(E + E'cosf) MGy — Q°Gs] . 2.7)
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If the target nucleon is transversely polarized, indicated with 1 and |}, the cross-section
asymmetry can be written as
o=t o™V 4’ F

W0dE ~ dedp Q¢ g n0 MO T 2EG. 29

The structure functions Wi, Ws, G1 and G can be expressed by the dimensionless
structure functions

Fi(z,Q%) = MWy(P-q,Q), (2.9)
Fy(z,Q%) = vWa(P-q,Q%), (2.10)
g(z,Q%) = M*Gi(P-q,Q%, (2.11)
g2(z, Q%) MV*Go(P - q,Q%), (2.12)

which scale approximately in the Bjorken limit

Q2
v,Q> 500 and z=-——

=i (2.13)

which means that at fixed « they depend only weakly on Q? . The structure functions
Fi and F, were measured in many experiments covering wide ranges of x and Q2.
Figure shows the results for F; as a function of ? for fixed values of z, confirming

the weak 2 dependence [17]. F; and F) are connected by the Callan-Gross relation
[18]:

2eF(x) = Fy(x) (2.14)

To access the structure functions g; and g, experimentally, spin-spin asymmetries are
measured. For a longitudinally polarized target the asymmetry A is given by

do™= —do™~<

A do—= + do—= (2.15)
and for a transversely polarized target the asymmetry A is
do=T — do—¥
A = —— 2.16
= do—" + do—¥ (2.16)

where do is short for %. As can be seen by inserting equations and in l2:7]
and [2.8} respectively, A and A, measure only the combination of g; and go. However,

in the longitudinal case g is kinetically suppressed and so A gives direct access to the
polarized structure function g;. With the knowledge of g, it is possible to extract g
from measurements of A .
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Figure 2.2: The proton structure function FY as function of Q? for fixed values of z. F¥
was multiplied by 2'= with i, as the number of z bin in the range i, = 1(z = 0.85) to
iz = 28(x = 0.000063) [17].
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2.2 Parton Distribution Functions

2.2.1 The Parton Model

The scaling behaviour of F; and F5 led to the Quark Parton Model (QPM), where the
nucleon consists of point-like spin % particles named partons. Usually the process
is considered in the infinite momentum frame, where the nucleon moves with high
momentum along a direction and the partons are massless and move parallel to the path
of the nucleon, while neglecting the transverse momentum of the individual partons.
If the momentum transfer Q? of the virtual photon is high enough, the partons can
be resolved and the reaction can be understood as a scattering of the virtual photon
off the partons. Under this assumptions, the Bjorken scaling variable stands for the
momentum fraction of the nucleon carried by the struck quark. The probability of
finding a parton ¢(z) carrying a certain momentum fraction in the interval [z, z + dx]

in unpolarized scattering is then given by the parton distribution function (PDF) f{(z).
For the scattering off a longitudinally polarized target, the PDF ¢{(z) = q(m)3 — q(x)f’
describes the difference in probability of finding a parton ¢(z) with spin parallel q(x)j

or anti parallel q(:p)f’. The structure functions F1, F» and g; can be expressed by the
two PDFs in the following way:

Fil) = 53 i), 17)
q

F(z) = xZegff(w), (2.18)
q

gi(x) = %Zeggf(x), (2.19)
q

summing over all quark and antiquark flavours and e is the squared charge of the
parton g. In the naive parton model, the structure function g has no interpretation and
is expected to be zero [15]].

In Fig.[2.3| the so-called handbag diagram of a DIS scattering process is shown. Here
first a quark with momentum £ is taken from the nucleon with momentum P and in a
second step the incoming lepton is scattered off that quark. While the latter step, which
is called the “hard” process, can be calculated in QED, the first one, called “soft” process,
cannot be accessed by perturbative QCD. To write down the corresponding hadronic
tensor, it is convenient to introduce the quark-quark correlation matrix ¢;;(k, P, S) [16],
which is a function of the momenta of the quark and the nucleon and the spin vector S

10



2.2 Parton Distribution Functions

v () y (a)

N (P) | N (P)
Figure 2.3: Handbag diagram for an inclusive DIS process. Figure from [19].

of the nucleon:

3P _
6l P.5) =3 / Gz (20302 — k= Px) (PS|5,0) 1X) (X]6:(0) PS).

(2.20)

summing over all hadronic final-states X with four-momentum Px = (Ex, Px). ¥ ;
is the quark field with the Dirac spinor indices ¢, j. Applying translational invariance
and the completeness of the | X) states the correlation matrix can be written as

b1k, P, S) = / di€ €€ (PS| 0 (0)4(€) |PS) (2.21)

integrating over all possible separations £ of the second quark spinor. The hadronic
tensor is now given by

5 5((k + )P Tr(o(k, P.SH (H + ¢, (2.22)

where ¢ is the momentum of the virtual photon and the sum runs over all quark flavours
a. The Feynman-slash is defined as A = y*A4,,, where A is a covariant vector and  are
the Dirac matrices. In the basis of Dirac matrices

I'= {1’ ’7#7 7#757 ’L"75, Z.O-HV’75} (223)

11



2 Polarized deep-inelastic scattering

the correlation matrix can be written at leading twist [20] as

6() = S(H@P + Angl(@hsP + (@) Prssr), (2.2

where Ay is the helicity, S =~ Ay ﬁ + St the spin of the nucleon. z = k—i is the fraction of

the quark light coneE] momentum k_ with respect to the nucleon light cone momentum
P, . In the Bjorken limit z is identical to the Bjorken scaling variable z;;. In Eq.
f{(z) and g{(z) are the PDFs introduced in the beginning of this section, while h{(x) is
the so-called transversity distribution function. This PDF describes the difference in
probability of finding a quark ¢(z) with spin parallel or anti parallel to the spin of the
nucleon in a transversely polarized nucleon and will be described in the following. The
individual PDFs can be obtained from ¢(z) by [21]:

fil@) = §Te(or),
gi(z) = %Tr(m*f),
hi(z) = %Tr(ma”ﬂ. (2.25)

2.2.2 The transversity PDF

The hadronic tensor is connected via the optical theorem to the imaginary part of the
Compton forward scattering amplitude T#" by [16]

WHY = iImT‘“’. (2.26)
2
In the helicity basis 16 scattering amplitudes of the form A, A’y are possible, where
A, A and A, \ denote the helicity of the nucleon and the quark, respectively. Requiring
helicity (A + A = A’ + X) and parity conservation (Axx o’y = A_ary —ax) only three
amplitudes remain:

Afgps Aoy A 4 (2.27)

Figure 2.4/ shows the handbag diagrams corresponding to the three amplitudes. Using
the optical theorem, the amplitudes A, + and A, _ | _ can be related to the unpolar-
ized and helicity PDFs while the amplitude A, _ _ is connected to the transversity
distribution function:

(@) o S(App s + A4 o), (2.28)
gi(x) o< S(Apt 44— Aro4o), (2.29)
h({(l’) X C\}(A+777+)_ (230)

for the Sudakov decomposition of vectors into light cone coordinates see [16] or [20]
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2.2 Parton Distribution Functions

Figure 2.4: Handbag diagrams for the three possible helicity amplitudes. Figure from
[19].

While the first two amplitudes in [2.27)are diagonal in the helicity basis, the third one
is off-diagonal and thus the quark spin needs to flip. Furthermore A, _ _ has no
probabilistic interpretation in the helicity basis. When writing this amplitude in a
transversity basis defined by

1 , 1 ,
\T>=\ﬁ(|+>+l\—>) |l>=%(\+>—ll—>)7 (2.31)

the transversity distribution is related to diagonal amplitudes and has a probabilistic
interpretation:

hi(x) oo S(Appgr = Appgy). (2.32)

The fact that the quark spin has to flip makes the transversity function a chiral-odd
object, which cannot be accessed in inclusive DIS. To have a measurable chiral-even
process, another chiral-odd object, like the Collins fragmentation function (FF) in a
semi-inclusive DIS reaction, is needed. Another consequence of the helicity flip is that
there is no gluon transversity h{(z) due to helicity conservation: Gluons have a helicity
of +1 which would require a helicity change of the nucleon of +2, which is impossible.
From the definition f{(z) = f(z)™ + f(x)~ = f(x)! + f(z)! the following bounds on
g1(z) and h{(x) can be given:

lgi(x)] < fl(), (2.33)
h{(z) < fi(x). (2.34)

In addition Soffer derived an inequality involving all three distribution functions which
is commonly known as the Soffer bound [22]:

f(@) +gi(x) = 20ni(x)]. (2.35)
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2 Polarized deep-inelastic scattering

2.3 Semi-inclusive deep-inelastic scattering

In semi-inclusive DIS at least one of the produced final-state hadrons is detected besides
the outgoing lepton:

I(k,5)+ N(P,S) — UI'(K,s") + h(Pp, Sp) + X, (2.36)

where P, is the 4-momentum of the outgoing hadron. The transverse momentum of the
hadron is denoted as p% and the fractional energy z carried by the hadron is defined as
_ PPy Ep

= . 2.37
z Pa ” (2.37)

To distinguish experimentally between the hadrons coming from the struck quark
and those coming from the fragmentation of the target remnants, a minimum cut is
applied on z (see Sec.4.3.3). The SIDIS reaction can be illustrated by the handbag
diagram shown in Fig.2.5, where the already introduced quark-quark correlator ¢
describes the structure of the nucleon and the fragmentation correlator A describes the
fragmentation of the struck quark with momentum p = £ + ¢ into the final-state hadron
with four-momentum P}, and spin S,

Figure 2.5: Handbag diagram for the SIDIS reaction. ¢ is the quark-quark correlator
like in DIS, A is the fragmentation correlator. Figure from [19].
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2.3 Semi-inclusive deep-inelastic scattering

The fragmentation matrix is defined by [16]

3P - _
Au(p, Ph7 SH Z/ 27_(_ 322 d4§ elpf <0‘ ’(/}Z(é.) ‘th Sh7X> <Ph7 Sth’ w](o) ‘0> )

(2.38)

summing over all final-states X and integrating over their possible momenta Px. The
hadronic tensor in SIDIS can then be written accordingly to the DIS case in Eq. in
terms of the correlators qu and A:

-3

summing over all quarks and antiquarks a. The fragmentation correlator can also be
decomposed on a Dirac base I as it was done for the quark-quark correlator. After
integrating over all possible spin states S}, of the hadron produced, two fragmentation
function survive, which can be expressed by

/ dp54<k+q—pm[as(k,P,s>v~A<p,Ph,sh>v”L (2.39)

z 4 -

Di(z) = 4/(;”)’ Tr [y~ A 6(p ZZ ), (2.40)
z 4 -

Hf‘(z) = 4/(371_) Tr [’y 'y ~ A] d(p~ ]Zi ). (2.41)

D (z) is the well known unpolarized fragmentation function, which describes the frag-
mentation of an unpolarized quark into an unpolarized hadron. The other one, H f(z),
is the so-called Collins fragmentation function [13]. It describes the fragmentation of a
transversely polarized quark into an unpolarized hadron. The Collins FF is chiral-odd
and together with the transversity distribution function they generate a measurable
chiral-even process.

2.3.1 Transverse momentum of the quarks

Up to now the intrinsic transverse momentum k7 of the quarks was neglected. If, how-
ever, the transverse momentum is taken into account, the quark-quark correlation ma-
trix ¢(x, k) can be parametrized at leading twist by eight transverse momentum depen-
dent (TMD) distribution functions. Performing the traces like in Eq.[2.25|leads to [23]:

1 €2 kriSr;
k1S
ST (07 77) = Angl(. k) + = gl (@, k), (243)

. ki
fTr(qu” 5) = sgth(x,k%)HNlhgj(x,k%)

kil — Lk2.g7 et kr;
- T N (k) — T b (@, k), (2.44)
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2 Polarized deep-inelastic scattering

where the indices T"and L of the PDFs denote the transverse or longitudinal spin of the
parent nucleon. By integrating over the transverse momentum, the eight TMD PDFs
can be related to the distribution functions in Eq.

1= / dk f1(x, k), (2.45)

91 = / dkr g (x, k%), (2.46)

k2
hi = / d*kr <h‘fT(x,k%>—M§h‘{%<x,k%>> = / Pkr hi(z, k7). (247)

Besides the already introduced PDF{I f1, g1 and hy, the interpretation of the TMD PDFs
is as follows:

* fir, the Sivers function,gives the distribution of unpolarized quarks in a trans-
versely polarized nucleon [14],

* gi17, the Worm-gear 2 function, gives the distribution of longitudinally polarized
quarks in a transversely polarized nucleon,

* hi, the Boer-Mulders function, gives the distribution of quarks that are trans-
versely polarized along the normal to the plane defined by an intrinsic transverse
quark momentum and the direction of the nucleon momentum inside an unpolar-
ized nucleon,

* hi;, the Worm-gear 1 function, gives the distribution of transversely polarized
quarks in a longitudinally polarized nucleon,

* hip, the Pretzelosity function, gives the distribution of quarks, which are trans-
versely polarized along their intrinsic transverse momentum, in a transversely
polarized nucleon [24].

The Boer-Mulders and Sivers PDFs are T-odd [25], which means they change sign under
“naive time reversal”, which is normal time reversal but without interchanging the
initial and final-state. This and the dependence on k7 makes them inaccessible in DIS
but measurable in SIDIS.

Like in the collinear case, the fragmentation correlation matrix A(z,p, ), with p; =
the transverse momentum of the quark after the reaction, is parametrized by two
fragmentation functions:

5=

1 . VR

where D1 (z,p?) is the unpolarized FF and Hi (2, p%) the Collins FE.

“the exponent ¢ is omitted from here on, keeping in mind that these are PDFs and not structure functions
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2.3 Semi-inclusive deep-inelastic scattering

2.3.2 The SIDIS cross-section

The quark-quark correlator ¢ and the fragmentation correlator A have been parametrized
up to twist-three level [23] and the full SIDIS cross-section can be written as a function
of 18 structure functions:

do Q2 g2 ,2
drdydgsdzdépdPt’  wyQ*2(1—¢) <1 * 2:1:> {
Fyur + eFuu, + v/2e(1+ &) cos(¢n) Fyp

+ € cos(2¢n) Fy; COS(2¢h) + PBeam\/WSln(m) Sin(¢h)

P [V in(on) FE + in(2en) 0]

+ PL Ppeam [MFLL +1/2¢(1 — €) cos(¢y, Fi 7 ¢")}

+1Py| [sin(on — o) (RS9 + 5F5;§gr¢s>)

+ esin(¢n + ¢s) F Sm(d)ﬁ%) + e sin(3¢y, — ¢S)Flsji;(3¢r¢s)

2¢(1 +¢) sin(¢s) Iy o ¢S) 2e(1 + €) sin(2¢y, — ¢S)F(S]i;(2¢h*¢5)]

+ |PT’ PBeam [\/ﬁcos(qﬁh _ ¢S> COS(¢h ¢s)
+ v/2e(1 =€) cos(ops) FT, COS(¢s)
+/2e(1 = &) cos(2¢p, — dg) Froson=o )] } ’ (2.49)

where P, and Pr denote the longitudinal and transverse target polarization, respec-
tively, and Ppgeqrm, is the polarization of the beam. ¢ is the ratio of the longitudinal and
the transverse photon flux given by

1—y— 3172342

= , (2.50)
1—y+ 9% + 172y

2Mx

with v = . The azimuthal angle of the spin of the nucleon ¢g and the azimuthal
angle of the produced hadron with respect to the scattering plane are defined in the
so-called “gamma-nucleon-system” (GNS). Here the z-axis is assigned to the direc-
tion of the virtual photon and the zz plane is the lepton scattering plane (see Fig.[2.6).
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2 Polarized deep-inelastic scattering

Figure 2.6: Illustration of the gamma-nucleon-system

The first and the second subscripts of the structure functions F' denote the polarization
of the beam and the target, respectively. The third subscript indicates the polarization
of the virtual photon. The superscripts gives the azimuthal modulation created by the
structure function. The structure functions depend on the kinematic variables z, Q2,2
and P}. From the 18 structure functions showing up in the SIDIS cross-section, eight
depend on a transversely polarized target. The structure functions can be factorized
into TMD parton distribution functions and fragmentation functions by a convolution
of the form

CluwPDFFF| =232 [ dhrdp 5% (ke — p. — ph/2) w(p., kr)PDF(e. K )FE(:,pr),
q

(2.51)

A h

where w(p | , kr) is an arbitrary function of the transverse momenta, h = ;ﬁ‘ and the
T

sum runs over all quark flavours ¢. The unpolarized structure function is then given by

Fyur = Cl[fiDi] (2.52)

with the unpolarized PDF f; and the unpolarized FF D;.
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2.3 Semi-inclusive deep-inelastic scattering

Four of the eight TMD structure functions of Eq. can be parametrized by twist-two
PDFs and FF

in [ B '
Fppontos) = ¢ |- J\/}ZL thf] ; (2.53)
il bk
Fgpir?) = ¢ —MTf%TDll : (2.54)
peinGon—ss) _ o 2(h - kr)(kr-p,) +ka(h-py) —4(h-kr)?(h ‘pj_)hL el
ur - 2M2Mh 1T+t1
, ) (2.55)
_ bk
cmi)rs(¢h "= ¢ MTngD1] : (2.56)

Equation [2.53| contains the convolution of the TMD transversity distribution function
and the Collins FF and is related to the Collins effect. Fyyr r gives rise to the Sivers
effect, as it is the convolution of the Sivers function and the unpolarized FF. Equations
and are the convolutions of the pretzelosity and the worm-gear PDF with the
Collins or unpolarized FF, respectively. The other TMD structure functions in Eq.[2.49]
contain terms of higher twist and have no simple interpretation in the parton model.
Since all eight TMD structure functions, which depend on a transversely polarized
target, contain different azimuthal modulations with orthogonal angles, they can be
extracted simultaneously.

2.3.3 The Collins effect

The Collins FF describes the fragmentation of a transversely polarized quark into an
unpolarized nucleon [13]. This process causes an asymmetric left-right distribution of
the outgoing hadrons. Figure [2.7|illustrates this process in a model of Artru [26], in
which the fragmentation can be understood in the Lund string fragmentation model.
The virtual photon hits the valence quark, which the creates a flux tube when moving
away from the remnant. When the flux tube breaks down, a quark-antiquark pair is
created with vacuum quantum numbers J”¢ = 0+, which means an orbital angular
momentum L, = 1 and spin S, = —1. The fragmenting quark and the generated
antiquark form a scalar hadron (here a pion), which has now a preferred direction of
momentum, depending on the spin direction of the fragmenting quark. An upwards
polarized quark leads to a counter-clockwise rotation, while a downwards polarized
quarks results in a clockwise movement of the hadron produced [27]. If now the
transversity PDF, which describes the difference in probability of finding a quark

SFor the expressions of all structure functions up to subleading twist see [23]
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2 Polarized deep-inelastic scattering

$e
L

Sy

Figure 2.7: Collins fragmentation process in the string fragmentation model [27].

with spin parallel or anti parallel to the spin of the transversely polarized nucleon, is
different from zero, a left-right asymmetry will be visible in the distribution of the
hadrons produced. This is the so-called “Collins effect”.

Experimentally such asymmetries are accessed by building the differences of the cross-
sections on oppositely polarized target nucleons normalized to their sum:

dol — do!
4 = LT del (2.57)

When only the unpolarized structure function Eq. and the structure function con-
taining the Collins effect Eq. are taken into account, the measured (raw) asymmetry
Acoil,raw 0f the Collins modulation can be written as:

ACOll,raw = fPTDi\i[I}\(f(ﬁh—i_d)S)AColly (258)

where Ac,y; is the Collins asymmetry and Dy (¢n, ¢s) is the so-called depolarization
factor, which describes the fraction of the spin of the lepton which is transferred to the
virtual photon. In the Collins case it is given by

R (2.59)
l-y+%

The depolarization factor f gives the fraction of polarizeable material inside the target.
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2.3 Semi-inclusive deep-inelastic scattering

The Collins asymmetries is given by
€2 hi(w,k3) ® Hi*(z, p%
Z 2. filz,k3) ® Dl(z,p})

summing over all quark flavours ¢. The notation PDF ® FF is a commonly used short
representation of the convolution integral given in Eq.

PDF ® FF = C[w PDF FF], (2.61)

_ Asin(¢p+9s)
= agpionres

Acou : (2.60)

with the corresponding function of w(p |, kr).

2.3.4 The Sivers effect

The Sivers effect is caused by the orbital angular momentum of unpolarized quarks
inside a transversely polarized nucleon. A simple model of the Sivers effect is given by
Burkardt [28]: If a nucleon is polarized transversely in the direction of b, then ¢, (x,b )
gives the probability of finding an unpolarized g quark inside this nucleon, where b
is the impact parameter. Due to their angular momentum, the quarks on one side of
the nucleon, defined by the rotation axis, move towards the virtual photon while on
the other side they move along with it. This leads to difference in the momentum
fraction observed by the photon, causing a shift of the quark distribution in the b,b,
plane at fixed values of x. Figure 2.8 shows the momentum distribution of u and d
quarks inside an unpolarized proton and a proton transversely polarized in direction
of b, at fixed values of x. Since v and d quarks have an orbital angular momentum of
opposite sign, their distributions are shifted in opposite directions. The asymmetry
in the production of the final-state hadrons is then caused by final-state interaction
between the fragmenting quark and the nucleon remnants. While leaving the proton,
the strong interaction attracts the quark towards the center of the nucleon. Due to the
nature of the strong force, the strength of this attraction increases with the distance
between the quark and the rest of the nucleon. In a proton with an asymmetric quark
distribution, the quarks from the denser side are bent less than the ones from the other
side. In analogy to optics this effect is called “chromodynamic lensing” [29].

The distribution of unpolarized quarks in a transversely polarized nucleon is described
by the Sivers function flLT [14]. Like in the Collins case, the amplitude of the Sivers
modulation Ag is obtained by integrating Eq.[2.49 over all angles except the Sivers angle

Osiv = On — Ps:
AS,raw = fPTD%]}{/_(ﬁS)Asw = fPTASiv (262)
with D](\?]}(fq&s ) = 1. The Sivers asymmetry is given by

_ 2_ka,2®th h2
Agiy = ASBOn=0s) o 2% Jir(@ kr) ( pT). (2.63)

>, €2 fiz, k3) @ Di(z,ph’)
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u(z,b)) ux(z,by) d(z,by) dx(z,b))

0.2] 0.2 0.2] 0.2]
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Figure 2.8: Quark distributions for v and d quarks inside an unpolarized proton
(u(z,by), d(z,b]))and a proton polarized transversely along b, (us(x, b)), dz(x, b))
at fixed values of x [28].
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2.3 Semi-inclusive deep-inelastic scattering

2.3.5 The other TMD asymmetries

In the past the Collins and the Sivers modulations were of higher interest than the other
six transverse spin-dependent modulations showing up in the SIDIS cross-section. But,
as already mentioned, the angles of the eight modulation are orthogonal and thus they
can be extracted in parallel from a given transverse spin SIDIS data set.

Pretzelosity

The pretzelosity PDF hi;, describes the quark transverse polarization along the quark
intrinsic transverse momentum in a transversely polarized nucleon. In most mod-
els pretzelosity is interpreted as the difference of the helicity and transversity PDFs:
hir(z, k%) = g1(z, k%) — hi(z, k2). In the convolution with the Collins FF it gives rise
to an azimuthal modulation of the produced hadrons depending on sin(3¢;, — ¢g). The
measureable asymmetry is given by

A = DR A, 26
with
s S, €2 hip(a, k) @ H%h(z,p§2> (265)
g€z filz, k%) @ Di(z,ph")
and
prin@on—ss) _ _21-y) (2.66)

ok I+ (-

Worm-gear 2

The worm-gear 2 PDF g;7 describes the distribution of longitudinally polarized quarks

in a transversely polarized nucleon and together with the unpolarized FF it gives rise

cos(pr—os)

to the double spin asymmetry A, . The measureable raw amplitude is given by

AR 05) = PrPpeamn Dya’" ") Ay on=0s) (2.67)

with the worm-gear 2 asymmetry

2
o € (e, k3) © DYz, pip”)

cos(pn—os)
ALT 2. 2 h R2y
quq fl(kaT)®D1(vaT )

(2.68)
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2 Polarized deep-inelastic scattering

The corresponding depolarization factor is

peosion—os) __Y(2—y)

NN 1+ (1—y? (2.69)

The subleading order asymmetries

Neglecting the contributions of twist-three distribution and (interaction-dependent)
fragmentation functions, the four subleading order asymmetries are given by

MC [—zgirDI] +---
A« SR (2.70)
“ Q  claDf]
[2(h-kr)?—Kk2
Acos(2¢h—¢s) x %C _%$91TDH + - (2 71)
4 Y -
(p K
sin(¢g) M€ QPJ\J/f]MTh xthth} +C [—$91Tle] + e
Ayr ™ o< A , 2.72)
[fl Dl]
[o(h h _ 7. 2 1.2
ASin(26n—05) M€ = “)gz\}’ﬁf DLbT thTHfh} +C {%x;}wD? +
uT X =

Q C[f D}] ’
(2.73)

The measureable amplitudes of these single and double spin asymmetries are of the
form

ARes) = FPpDRS) Al es) (2.74)
AGROS) = fPpPpeam Dy ALY (2.75)

with the depolarization factors

cos cos — 2ym

peostos) _ poseen—ss) _ V1Y 2.76
" (20— 22-y)VI—y

piinos) _ pein@an-os) _ 2.77
NN NN 1+ (1 _ y)2 ( )
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2.4 Experimental Overview

The HERMES Collaboration at DESY, Hamburg, measured for the first time transverse
spin effects in the years 20022005 in the scattering of 27.6 GeV electrons and positrons
off a transversely polarized gaseous hydrogen target. The COMPASS experiment at
CERN, Geneva, started their transverse target program also in 2002 continuing it until
2004. At COMPASS a 160 GeV muon beam is used and for this period a deuterium
target was installed. The target was exchanged in 2005 to an ammonia (effectively
proton) target, which was opperated in transverse spin mode in the years 2007 and "10.
The Jefferson Lab-HallA experiment E06-010 has measured single spin asymmetries
with a 6GeV electron beam on a polarized *He (effectively neutron) target. In the
following the results of the different experiments are presented. The results of the 2010
run at COMPASS are the main topic of this thesis and will be shown and discussed in

Chap.[5|and [}
2.4.1 Collins asymmetry

The Collins asymmetry measured by the HERMES collaboration on a proton target
for identified pions and kaons is shown in Fig.[2.9)[30]. As can be seen from the plot,
the signal for the Collins asymmetry for pions increases with higher values of x. The
amplitude for 7 is positive and for 7~ negative. In the case of the kaons the asymmetry
of K is larger than the corresponding asymmetry of 7+, while for K~ the Collins
asymmetry is compatible with zero within the error bars. These results provided the
first evidence that both the transversity PDF and the Collins FF are different from zero.
At the same time the COMPASS collaboration measured transverse spin asymmetries
on a deuteron target [31, 32, 33]. Here it has to be mentioned that at COMPASS the
Collins angle is defined as ¢con = ¢n + ¢s — 7, while at HERMES it is ¢con = ¢n + ¢s.
This causes a sign change of the extracted asymmetries. The results for identified pions
and kaons are shown in the upper plot of Fig.2.10] In contrary to the asymmetries
measured at HERMES on a proton target, the COMPASS results for a deuteron target
are small and compatible with zero for charged pions and kaons as well as for neutral
kaons. Together with the non-zero results from the HERMES measurements this indi-
cates that the transversity of the v and the d quark are of the same size and of opposite
sign. The extracted Collins asymmetries for unidentified hadrons (mostly pions) from
the 2007 run on a proton target at COMPASS are shown in the lower plot of Fig.[2.10]
[34]. They are comparable in size with the HERMES results for charged pions and
also of opposite sign for positive and negative hadrons, which confirmes a non-zero
transversity distribution and Collins function. The fact that despite their different aver-
age O both experiments measured almost the same strength of the Collins amplitude
is interpreted as a small Q? dependency of the involved functions. The goal of the 2010
measurement at COMPASS was to increase the available statistic. The results will be
presented in Chap.[5]
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Figure 2.9: Results of the Collins asymmetry measured at HERMES on a proton target
.
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Figure 2.10: Results of the Collins asymmetry measured at COMPASS on a deuteron
(top, from 2003-2004) and proton (bottom, from 2007) target [33} 34].
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The results of the JLab-HallA experiment E06-010 at a 3He target for charged pions are
given in Fig. [35]. The extracted Collins asymmetry is small and compatible with
Zero on average.
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Figure 2.11: The extracted Collins asymmtries at JLab HallA [35]].

As already described, the Collins asymmetry gives only the convolution of the transver-
sity PDF and the Collins FF. In order to extract the transversity from the presented
measurements, the knowledge of the Collins function is needed. The BELLE experiment
at KEK, Japan, extracted the Collins FF from the inclusive production of hadron pairs in
the annihilation of ete™ beams [36]. The results of two different analyses of the same
data are shown in Fig.[2.12} Both results are in agreement and prove a non-zero Collins
FE.
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Figure 2.12: The azimuthal asymmetry of the inclusive di-hadron production in e*e™
annihilation, extracted with two different analyses of the same data by the Belle
collaboration [36].

2.4.2 Sivers asymmetry

The Sivers asymmetry extracted by the HERMES collaboration [37] is shown in Fig.2.13|
The asymmetry of positively charged pions is different from zero and is almost constant
around 5% in bins of x and has a rising trend in bins of z and p%. In contrary the
asymmetries of 7 and 7~ are consistant with zero. The measured Sivers modulation
for K is also positive and larger in size compared to the positive pions, while the
signal for K~ is compatible with zero.

At COMPASS the Sivers asymmetry was first measured on the deuterium target [31,
32, 33]. The results for identified hadrons from the 2003 and 2004 runs are shown
in the upper part of Fig.2.14 All asymmetries are compatible with zero, which was
interpreted as a cancellation of the u and d quark contributions in an isoscalar target.
The Sivers asymmetry measured by the COMPASS collaboration during the 2007 run
on a transversely polarized proton target for unidentified hadrons is shown in the lower
part of Fig.2.14] The signal for positive hadrons is different from zero but smaller than
the one measured at HERMES. An explanaton for the difference might be that the Sivers
asymmetry has a Q? dependence.

The results of the JLab-HallA measurement using a helium target, shown in Fig.[2.15]
are small and compatible with zero.
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Figure 2.13: Results of the Sivers asymmetry measured at HERMES on a proton target
[37].
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Figure 2.14: Results of the Sivers asymmetry measured at COMPASS on a deuteron
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Figure 2.15: The extracted Sivers asymmtries at JLab HallA [35].

2.4.3 Other six transverse spin-dependent asymmetries

The results of the ACL(;(%_%) asymmetry, which contains the convolution of the worm-
gear 2 PDF and the unpolarized FF, measured at HERMES on the proton target [38] 39]
and at COMPASS on the deuteron and proton (2007) target [40, 41], are shown in
Fig.2.16f At HERMES 7", 7~ and K have a signal different from zero, with the
strongest signal for negative pions. At COMPASS the asymmetries both for deuterium
and proton target are compatible with zero.

The asymmetry measured for the ASUmT(g"bh_% ) modulation, which is connected to the
pretzelosity PDF, is shown in Fig.[2.17from the HERMES and COMPASS experiments.

As can be seen from the plots, the results are compatible with zero in all cases.
The results of the subleading order asymmetries A?ﬁg%h_(bs ) A(:L();(2¢h_¢s ) Af}l}(%) and

7

A%%(95) are shown in Fig.|2.18L |2.19L |2.20| and |2.21 respectively. Except the AS’UiI}((bS )
asymmetry, where the HERMES experiment measures a negative signal for negative
pions and kaons, the asymmetries are small and compatible with zero within the

errorbars.

32



2.4 Experimental Overview

w3 027+ - HERMES[PRELIMINARY
- [ r 8.0% scale [uncertainty
o 01 | -
i : RN b4
L ;_!._*_J-*--+—-+--;-4'--+.+-:.__+___+
\8/'0-1"6‘”” ‘l‘i‘ T T ;‘Hl PR
N AL N LR
PARTITINSERSIR i/ VA
01F - | K1
RS PRI T P P T I
0.1FT - - |
E++++5.+ o '+ + TR T
R
01F a
B vl I S I | I I
=£<_'| 02:_K+ _ + L l
2 by Lt |
1 * [ |
SN FELIYS AL LT,
7] I
—
8 02 e e ;
N LK n L
02; + ]|- - l l ++ |
0;--*--Li-----;+~-T--I-4- -1- l---|-|-1-1----
SRR ! 1T
'02_““77'_'_"_‘7_““Hl‘_u‘lu‘l
10'1 04 0.6 0.5 1
X z P, [GeV]
> ogf. " Positive hadrons COMPASS preliminary Deuteron 2002-4 data
o < —— negative hadrons o L
’é’{z oif “ 3 3
0: d 1 1 | r}* T M [ h RIRERD { }I {l
: i;*ﬂ e # {t 1 ﬁ**“{}} +{ 1t }
_0.1:_ - -
- —
0?2 04 0.6 0.8 OTS 1IL 14I5
X z P.r (GeV/c)
i 02;_ :g:g;;@hﬁgégg; [ COMPASS preliminary | Proton 2007 data
7,
85 0.15_ Il
of
-0.15—
-0.25—

02 04 06 08 05 1 15
X z P.r (GeV/c)

Figure 2.16: Results of the AS%(”"~?5) asymmetry measured at HERMES proton target
(top) [39], COMPASS deuteron (middle, from 2003-2004) and proton (bottom, from
2007) target 417].
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Figure 2.19: Results of the A% >~ %5) asymmetry measured at HERMES proton target
(top) [39], COMPASS deuteron (middle, from 2003-2004) and proton (bottom, from
2007) target [40), 41].
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2.5 Other possiblities to access transversity and the Sivers
function

In order to measure transversity, another chiral-odd function has to be present in the re-
action. Beside the discussed Collins FF, it is also possible to have the convolution of two
transversity PDFs. This is one of the goals at the Relativistic Heavy Ion Collider (RHIC)
[42] at Brookhaven National Laboratories, where two colliding transversely polarized
proton beams produce a lepton pair in the Drell-Yan (DY) reaction p'p! — I+1~ X. The
corresponding double spin asymmetry A7 is expected to be small in the reaction of
two protons, since it is a convolution of quark and antiquark transversity PDFs. An
additional approach is the use of transversely polarized proton and antiproton beams
like it is planed at the PAX experiment [43] at the High Energy Storage Ring (HESR) at
GSI. The big challenge in this experiment is the preparation of a anti-proton beam with
sufficient polarization.

In SIDIS experiments transversity can also be measured in A and A production on a
transversely polarized target, where the transversity PDF couples to the A fragmenta-
tion function. When the struck quark fragments into a A hyperon it transfers a certain
part of its polarization. In the self analyzing weak decay A — pm the angular dis-
tribution of the protons is connected to the polarization of the A and therefore also
to the transverse polarization of the initial quark. The A and A polarizations were
measured at COMPASS on the deuterium and proton target [44} 45] and in both cases
the polarizations were small and compatible with zero.

Another way to access transversity in SIDIS is the measurement of two hadron produc-

tion Ip! — h*h~ X, where it couples to the interference fragmentation function. Here

the asymmetry A?}I}(dms ) is measured, with ¢rs = ¢r + ¢ — . ¢g is the azimuthal

angle of the spin of the initial quark and ¢y is the azimuthal angle of the two hadron
plane with respect to the lepton scattering plane. The asymmetry was extracted by the
HERMES collaboration from the data of the proton target [46] and by the COMPASS
collaboration from data on both deuteron [47] and proton target [48,49]. The results
on the deuterium at COMPASS were found to be small and compatible with zero,
while the asymmetries on the proton target were different from zero, indicating again a
non-vanishing transversity PDF.

The measurement of the Sivers function in single transversely polarized Drell-Yan
dilepton production is one of the main goals of the upcoming COMPASS-II [50],
RHIC [42] and PAX [43] experiments. At COMPASS a 7~ beam will be used to produce
a muon pair off a transversely polarized proton target in the reaction 7~ p! — piX.
First tests were made in the years 2007-09 to show the feasibility of such a measurement.
At the RHIC experiment the goal is to measure the dileption production in colliding
an unpolarized proton beam with a transversely polarized proton beam: pp! — 1~ X.
An additional approach is made by the PAX collaboration, where it is planed to inves-
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tigate the D meson production in polarized proton antiproton collisions, pp! — DX
and pp! — DX. Due to its T-odd nature, the sign of the Sivers function measured
in final-state interaction, like SIDIS, is expected to be of opposite sign compared to
processed with initial state interactions, like in Drell-Yan:

— fir(x, k3)

fir(z, k7) (2.78)

SIDIS DY’
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3 The COMPASS Experiment

The COMPASS (COmmon Muon and Proton Apparatus for Structure and Spec-
troscopy) experiment is a fixed target experiment at the external M2 beamline at the
Super-Proton-Synchrotron (SPS) at CERNEI in Geneva, Switzerland. The main physics
topics of the experiment are the investigation of the nucleon spin by using a high
energy muon beam and hadron spectroscopy with hadron beams. The COMPASS
spectrometer is equipped with two dipole magnets (SM1 and SM2) with an integrated
field strengths of 1.0 Tm for SM1 and 4.4 Tm for SM2, dividing it into two main stages.
The first one which is built around SM1 is called Large Angle Spectrometer (LAS). It
is designed to detect particles with small momenta and large polar angles. This stage
also contains the Ring Imaging Cherenkov (RICH) detector for particle identification.
The second stage is called Small Angle Spectrometer (SAS) and is situated around SM2.
Each stage is equipped with both an electro-magnetic and a hadron calorimeter as well
as a muon-wall, also for particle identification. For the particle tracking a variety of
detectors is used [51].

In the first data taking period in 20022004 a 160 GeV/c muon beam was scattered
off a °LiD (deuterium) target, which was longitudinally or transversely polarized. In
the year 2005 was a SPS shutdown and the time was used to upgrade the target by
installing a new solenoid magnet to increase the geometric acceptance and by replacing
the previous two-cell target with a three-cell target. In parallel the RICH detector was
equipped with new photomultipliers in the central region and new frontend readout
electronics for the outer part to improve the particle identification. In 2006 data taking
with a muon beam was continued using a longitudinally polarized NHj (proton) target
and continued in 2007, where the running time was equally shared between longitudi-
nal and transverse spin physics. Then the years 2008 and 2009 were dedicated to the
hadron program. In 2010 the whole beamtime was used to take data on a transversely
polarized NHj target, followed by one year with a longitudinally polarized target in
2011.

!Conseil Européen pour la Recherche Nucléaire
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3 The COMPASS Experiment

3.1 The polarized beam

Depending on the actual COMPASS physics program the CERN SPS beam line M2
can provide either a high intensity ™ beam with an energy up to 190GeV/c or a
high intensity hadron beam (p and 7*). The muon beam is generated by guiding
the 400 GeV /¢ SPS proton beam onto a 500 mm long Beryllium production target (T6).
In 2010 (the year covered in this thesis) one SPS super-cycle was between 33 and 39
seconds, depending on the usage of the beam by other experiments like CNGS and
LHC. Within this super-cycle the extraction time, called spill, on T6 for COMPASS
was 13 seconds with a 9.6 second flat top. The proton flux during this time on the
production target was around 2.4 - 1013 protons. The secondary beam coming from
the production target consists mainly of pions with a small amount of kaons (~ 3.6%).
Along a 600 m channel with focusing and defocusing (FODO) quadrupole magnets,
most of the pions and kaons decay in positive muons and muon neutrinos:

™ = ut +,, K" — ut +u,.

Due to the parity violating weak decay the produced muons are naturally longitudinally
polarized with a value of about 80% in the laboratory system. At the end of the decay
line the hadron component is stopped by hadron absorbers made of Beryllium and the
muon beam is deflected upwards to the surface level and momentum selected by an
array of magnetic dipoles and collimators. Reaching the level of the experiment about
100 m upstream of the target, the beam is bent to the horizontal by three dipole magnets
(B6). On both sides of these magnets the detector planes of the Beam Momentum
Station (BMS) are placed to determine the momentum of the individual incoming
muons. Figure[.T| shows a schematic drawing of the BMS and the magnets. The
station consists of four hodoscopes (BM01-BM04) made of scintillating stripes, two
downstream and two upstream of the bending magnets B6, and two scintillating
tibre planes (BM05 and BMO06), each between the respective hodoscope stations. The
scintillators are readout by photomultiplier tubes which achieve a time resolution in
the order of 0.3ns. Then the beam is focused and steered on the target where it has a
flux of 3.7 - 1071/, corresponding to about 4 - 108y per spill.

3.2 The polarized target

For measuring longitudinal and transverse spin asymmetries the COMPASS experiment
used a polarized two-cell °LiD target in the years 2002-2004. The dilution factor was
around f = 0.38 and a polarization of the material of Pr ~ 0.5 could be reached.
After the aforementioned upgrade in 2005 the target now consists of three cells filled
with solid state Ammonia (NH3), which is effectively a proton target. Since only the
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Figure 3.1: Schematic view of the Beam Momentum Station. BM01-BMO06 indicate the
BMS planes, Q29-Q32 are quadrupole magnets and B6 is an array of three bending
magnets.[51].

Hydrogen of the NH3 molecule can be polarized, the dilution factor of f ~ 0.15 is
smaller than for the °LiD, but the achievable polarization is about 95%. Of special
importance is that the angular acceptance of the target solenoid was increased from
75 mrad to 180 mrad.

In Fig.[3.2] a schematic view of the target is shown. The diameter of the new NH3
target cells is 4 cm. The two outer cells have a length of 30 cm, whereas the inner cell
is 60 cm long with a 5cm gap between them. The polarization of the outer cells is
the opposite of the inner cell. The polarization is built up using the technique of the
Dynamic Nucleon Polarization [52]. To reach the high polarization needed for the
measurement, a strong longitudinal magnetic field of 2.5T along the beam direction is
generated by a superconducting solenoid and the target material is kept cooled down
to a temperature of ~ 60 mK using a *He-*He dilution refrigerator. By reversing the
polarization periodically the systematic error originating from different acceptances of
the three cells can be minimized. For running the target in transverse mode, a dipole
tield of 0.5T is applied after the polarization is built up, which leads to a bending
of the direction of the charged particles passing the target. The reversal of the target
polarisation cannot be done by rotating the dipole field, because then the particle tracks
would get bend in the other direction and differences in the spectrometer acceptance
would increase systematic uncertainties. Therefore, the polarization in transverse
mode has to be destroyed and rebuilt again. Reaching a polarization of 90% takes
approximately three days and therefore the reversal is only done every five to seven
days.
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14

Figure 3.2: Schematic view of the COMPASS polarized target: 1-3: upstream, central
and downstream target cell, 4: microwave cavity, 5: target holder, 6-9: *He-'He
refrigerator, 10: solenoid coil, 11&12: compensation coil, 13: dipole coil, 14: muon
beam entrance (from the left-hand side).
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3.3 Tracking detectors

The COMPASS tracking system consists of a large variety of tracking detectors dis-
tributed along the spectrometer. They can be split up in three main classes, depending
on the covered angular range. Figure 3.3gives an detailed overview of the spectrometer.

3.3.1 Very Small Angle Trackers (VSAT)

The tracking stations in the beam axis measure the tracks of the incoming and scattered
muon and the particles deflected under very small polar angles. They must withstand
the high particle flux of the beam and provide a good time and spatial resolution
for a precise reconstruction of the primary vertex coordinates inside the target. At
COMPASS ten scintillating fibre (SciFi) stationf] and three silicon detectors are used for
this purpose.

The silicon microstrip stations have an active area of 5x7 cm? with a spatial resolution of
10 um and a time resolution of about 2.5ns. They have a double-sided readout, where
the strips on the backside are perpendicular to the ones on the front side, so only one
silicon wafer is needed for a two-dimensional positioning. To increase the tracking
performance in a station two wafers, one rotated 5° around the beam axis, are mounted
close to each other.

During the 2010 and "11 run three SciFi stations were placed in front of the target, while
two were placed just behind the target and five inside the spectrometer. Each station
consists of at least two planes measuring the X and Y coordinate of the particle track.
Stations 3, 4 and 6 have an additional rotated U or V plane. To gain a detectable amount
of photons, the scintillating fibres are stacked in overlapping layers (see Fig.[3.4) and
the fibres of one column form one detector channel.

The number of layers ranges from two up to seven and the diameter of the fibres used is
0.5, 0.75 or 1 mm, depending on the station. The active area is between 3.9 x 3.9 cm? and
12.3 x 12.3cm?. The generated scintillation light is guided with clear fibres to MaPMTs
(16-channel Hamamatsu H6568) [55]. With a spatial resolution achieved by the SciFis
between 130 and 210 ym, depending on the fibre diameter used, and a time resolution
better than 400 ps, the scintillating fibre stations allow the tracking of particles near
the beam axis by correlating the time information. The silicon stations complemet this
tracking by an optimal spatial resolution.

2five of the ten SciFi stations were built by the groups of Bonn and Erlangen[53)} [54]
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Figure 3.3: COMPASS spectrometer in 2010 setup.
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muon

signa height

detector channel

Figure 3.4: Cross section of a typical SciFi plane (top) and signal distribution for different
muon incident positions and angles (bottom). One fibre row (e.g. blue) gives one
detector channel (from [55]).

The Beam Counter (SF1.5)

To improve the determination of the exact number of incoming muons and therefore
the luminosity together with a good spatial resolution, a beam counter made from
scintillating fibres was developed and built by the groups from Bonn and Erlangen
[54]. Since this detector should be also usable with the hadron beam, the material in the
beam had to be minimized and so the existing fibre stations with a thickness around
2% of the radiation length could not be used. Therefore each of the two planes of the
new SF1.5 consists only of two layers of scintillating fibres forming 64 channels with an
active area of 4.2 x 4.2 cm?. This leads to a total thickness for both planes together of
only 5mm which is only 0.98% of the muon radiation length, but also to a decreased
number of photons with respect to the existing fibre stations. To keep the light yield
high, no clear light guides are used and the scintillating fibres are read out directly
after about 15 cm. Furthermore new Hamamatsu H6568-100 MaPMTs with improved
cathode material are used [56]. The so-called super and ultra bialkali cathodes provide a
quantum efficiency of about 50%-80% higher than for the normal H6568 MaPMTs. The
station was installed between SF1 and SF2 and tested during a two weeks test run with
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3 The COMPASS Experiment

muon beam in 2009. For the 2010 and 11 runs the SF1.5 was placed upstream of the
silicon stations and was fully integrated in the data acquisition and track reconstruction.

3.3.2 Small Angle Trackers (SAT)

The tracking of particles scattered with slightly larger angles is done with MicroMegas
(Micromesh Gaseous Structure) detectors and GEMs (Gas Electron Multipliers). They
cover a radial distance of 2.5-40 cm around the beam axis. Both detectors have a central
dead zone of 5 cm in diameter. In the MicroMegas the conversion zone is separated
from the 100 pm wide amplification region by a metallic micro-mesh. This allows
the produced avalanche to reach the read-out strips in about 100 ns. The MicroMegas
achieve a time resolution of 9 ns with a spatial resolution of 90 m. In the GEM detectors
the volume is separated by three 50 ym thin polyamide foils with copper cladding on
both sides. These foils contain a large number of drifting holes over which a potential
difference of several 100V is applied. Electrons drifting through the holes generate
avalanches which are then guided to the next foil or readout anode. The time resolution
of the GEMs is 12 ns and the space resolution is 70 ym.

3.3.3 Large Angle Trackers (LAT)

The detectors of the LAT cover the region from a radial distance of 15 cm around the
beam axis up to the total geometrical acceptance of the experiment. Due to the reduced
particle flux in this outermost regions drift chambers (DC), straw tube chambers and
multiwire proportional counters (MWPC) are used. Four DCs are installed around
SM1 and have an active area of 180 x 127 cm? for DC1-DC3 and 248 x 208 cm? for DCA4.
The central dead zone has a diameter of 30 cm. The spatial resolution is better than
190 pm. Another six drift chambers are installed in the SAS to detect particles deflected
at large angles. The covered area is 500 x 250 cm? with a large central dead zone of
50 — 100 cm in diameter. The spatial resolution of this drift chambers is 500 pm. In
both parts of the spectrometer straw drift tube detectors can be found. They cover an
area of 280 x 323cm? and provide a spatial resolution down to 190 um. In the SAS
particle tracking is also done with eleven MWPC stations which have an active area of
178 x 120 cm? and reach a spatial resolution of 1600 ym.
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3.4 Particle identification

The COMPASS experiment uses several detector types to identify the particles generated
in the target reactions. A Ring Imaging Cherenkov (RICH) counter in the LAS is used
to determine the velocity of the particles and to separate them into pions, kaons and
protons, covering a momentum range from the Cherenkov threshold up to 50 GeV/c.
Each stage of the spectrometer is also equipped with an electromagnetic calorimeter
(ECAL), a hadron calorimeter (HCAL) and a muon wall (MW) to measure the energy
of the photons, electrons and hadrons and to identify the muons.

3.4.1 RICH

The working principle of a RICH detector is based on the Cherenkov effect: If a particle
travels through a medium with a velocity larger than the velocity of light in that
medium, it emits photons in a cone symmetric to its track. The opening angle 6¢ of the
cone, the Cherenkov angle, is then given by

1
Ben’
with § = v/c and n the refractive index of the medium. With the momentum measure-
ment from the spectrometer and the 6¢ information from the RICH, the particle type
can be identified by calculating its mass.
In the COMPASS RICH the Cherenkov light is reflected and focused by two spherical
mirror surfaces to the photodetection areas outside the LAS spectrometer acceptance
(see Fig.[3.5). Until 2004 the readout was entirely done via Multi Wire Proportional
Chambers (MWPC) with CsI photocathodes. During the upgrade in 2005, the MWPCs
from the central region were replaced by 576 Multi-Anode Photomultipliers (MaPMT)
with a time resolution better than 1 ns to reduce the uncorrelated background signals.
The radiator gas used at COMPASS is C4F;( with a refractive index of n = 1.00153.
This allows the separation of pions, kaons and protons from their momentum threshold
(2.5GeV/c for pions, 9 GeV/c for kaons and 17 GeV /¢ for protons) up to 50 GeV/c.

cosbo =

3.4.2 RICH Wall

The RICH Wall, a large size tracking detector, is installed between the RICH and the
first electromagnetic calorimeter. It consists of eight alternating layers of Mini Drift
Tubes (MDT) and converter layers made of stacks of steel and lead plates. The RICH
Wall is used to improve the reconstruction of particle trajectories in the RICH and as a
preshower for the following ECALL.
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Figure 3.5: The RICH at COMPASS: principle (left) and artistic view (right).

3.4.3 Electromagnetic and Hadronic Calorimeters

At the end of each spectrometer stage and in front of the muon walls an electromagnetic
(ECAL) and a hadron calorimeter (HCAL) are placed. ECAL1 and ECAL2 consist of
blocks of lead glass which are read out on one side by photomultipliers. They are used
to detect photons, i. e. from the decay of neutral pions, and to identify electrons. An
incoming high energy photon or electron initiates an electromagnetic shower which
produces Cherenkov light inside the lead glass. The detected light intensity is then pro-
portional to the deposited energy. HCAL1 and HCAL?2 are constructed of calorimeter
modules consisting of alternating layers of iron and scintillating material. A passing
hadron generates a shower of secondary particles in the iron layers, which produce a
light signal in the scintillators. The sum of the light signal is then proportional to the
energy deposited by the hadron in the calorimeter.

3.4.4 Muon Walls

For identification of the muons, especially the scattered muon, a Muon Wall system is in-
stalled at the end of each stage. The walls consist of a hadron absorber (Muon Filter, MF)
to filter out the hadronic particles and a set of tracking detectors before and behind the
absorber. The absorber of Muon Wall 1 in the LAS is made of iron with a hole near the
beam

50



3.5 The trigger system

axis to allow particles with small angles to enter the SAS, whereas the Muon Wall
2 absorber is made of concrete. Due to their low interaction probability, only muons
can pass through the absorber and together with the tracking detectors their paths can
be reconstructed.

3.5 The trigger system

The task of the trigger system is to select physical event candidates in a high rate
environment with very fast decision and low dead time and provide a read-out signal
to the frontend electronics of the detectors.

In the beginning of the 2010 run the trigger system consisted of four scintillating ho-
doscope stations covering different kinematic regions (“inner” (IT), “middle” (MT),
“ladder” (LT) and “outer” (OT)), two scintillator veto stations upstream of the target and
the hadronic calorimeters. The positions of these trigger components is shown in Fig.[3.6
To cover the different kinematic regions of the physics program, different trigger con-
cepts are applied. For triggering events from the high Q? region (Q* > 1(GeV/c)?), the
muon scattering angle in the non-bending plane is measured with the “ladder” and
“outer "hodoscopes and compared with coincidence matrices to ensure that the muon is
coming from the target region. Additionally the veto system is used to identify muons
coming from the beam halo. In 2010, starting with period W31, a fifth hodoscope trigger
station was integrated into the system. The so-called Large Angle Spectrometer Trigger
(LAST) consists of two hodoscopes installed in the LAS, one directly in front of the
RICH, the second one behind Muon Filter 1. The LAST extends the existing muon
trigger acceptance towards large Q.

At lower Q? the target pointing technique cannot be used due to the very small scat-
tering angles of the muon. Here the deflection of the muon track in the spectrometer
magnets, which is correlated with its energy loss, is measured by the “inner” and
“middle” hodoscopes. Together with the information from the calorimeters, a trigger
signal is generated if the energy loss is above a certain threshold.

51



3 The COMPASS Experiment

H4L H5L

/ //HSM
. I _-%*.*../Ha
_ -
] — T eam

HaM
130 Hearz io | /
N\ /

u—Filter u— Filter

Beam

Figure 3.6: Position of the trigger components: LAST (H1, H2), IT (H41, H5I), MT (H4M,
H5M), LT (H4L, H5L), OT (H30, H40), Vetos and the hadron calorimeters.

3.6 Data Acquisition (DAQ) and reconstruction

At COMPASS the Data Acquisition (DAQ) system has to handle the information of
more than 250000 detector channels with a typical event size of 45 kB at a trigger rate
of about 10kHz. Therefore a pipelined and nearly dead-time free readout scheme was
developed. A schematic view is shown in Fig.[3.7} The signals coming from the detector
readout are digitalized by the Front-End (FE) boards and then transferred to readout
modules called CATCH (COMPASS Accumulate, Transfer and Control Hardware) and
GeSiCA (GEM and Silicon Control and Acquisition). The CATCHs use the trigger
signals generated by the Trigger Control System (TCS) to build local subevents and
also provide the TCS timing signal to the connected FE-boards. From the CATCHs the
signals are transferred to readout buffer PCs (ROB) via optical fibres (S-Link), where
the data are stored on spill-buffer PCI cards. With this buffering the data rate to the
connected event builder PCs (EB) can be reduced by a factor of three making use of the
SPS accelerator duty cycle: during the 9.6 s of beam the buffers are filled and during the
rest of the ~ 39 s long full cycle the data can be processed further. The subevents are
sent to the EBs via three Gigabit Ethernet switches, where they are combined together to
full events containing all the information. The events are written to multiple 1 GB large
files (chunks) labelled by the run number and their consecutive chunk number. These
files are transferred to the CERN central data recording system to be finally stored on
tape at the CERN Advanced STORage system (CASTOR).
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Figure 3.7: Schematic view of the COMPASS DAQ system. The data of the detector
frontends are readout by CATCH and GeSiCA modules, buffered and sent to the
event builders. The files containing the final events are transferred afterwards to the

CERN computer centre.
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3.7 Event reconstruction

Before starting the analysing, the raw data on the tapes need to be processed further to
extract the event information like particle tracks, charges, vertices, etc. For this event
reconstruction the modular CORAL (COmpass Reconstruction and AnaLysis) software,
written in C++, is used. In a two-step process the information of the detector channels
are first extracted from the raw data and then grouped together. The results of this
data production are then stored in ROOT trees in a format called mini Data Summary
Tapes (mDST). From the raw data to the mDSTs the amount of data is reduced by a
factor of more than 100. This allows the use of the mDSTs on local computer farms
to be analysed for physics questions. For this puropse the software PHAST (PHysics
Analysis Software and Tools) was developed which makes use of the ROOT software.
PHAST provides several tools and algorithms to calculate the needed physical values
from the reconstructed events and stores them again in ROOT trees. In the next chapter
the data quality tests and event selection are described which were mainly performed
using PHAST.
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The whole running period of 2010 at COMPASS was dedicated to measure spin asym-
metries on a transversely polarized proton (NHj) target. This chapter describes the
applied quality checks, the event selection and the particle identification using the
RICH.

4.1 Transverse data on a proton target from 2010

The data taking during the running period 2010 was split into 12 periods consisting
of two subperiods (three for period eleven) with opposite spin configuration of the
target cells, named by the number of the calendar week W23, W24, W26, W27, W29,
W31, W33, W35, W37, W39, W42 and W44. In some cases, periods are also referred to
with P1-P12 instead of using the number of the weeks. To balance the statistics of the
two target configurations within period 10 (W39), a third small subperiod was added
with the spin configuration equal to the first subperiod. A subperiod corresponds to
three to six days of measurement. Between each subperiod the target spin orientation
is reversed via microwave to avoid systematic effects from the different acceptances
of the three target cells. The spin configuration of the individual periods is shown in
table Over all twelve periods a total number of 36.6 - 10° events were collected and
written on tape which corresponds to 1815.3 TByte of data. Then the collected data was
processed with the CORAL software as described in Sec. The mDSTs were then
analyzed using PHAST to extract the transverse spin asymmetries.
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Period 1stsubperiod 2nd subperiod

w23 Il &l
W24 N I
W26 Il Al
w27 A I
W29 Gl I
W31 Il a0
W33 3l I
W35 Iy A
W37 3l I
W39 Il M+ Il
W42 Il N
W44 gl Il

Table 4.1: Target spin configurations for 2010 transversity run periods; arrows indicate
polarization of upstream, central and downstream cell.

4.2 Data Quality

Before analyzing the data and extracting the asymmetries the quality of the used data
has to be checked. This starts even before the final processing of the collected data with
CORAL by monitoring all detector planes on a run per run basis to identify possible
instabilities in the performance of the detectors. Therefore, the number of hits of each
channel, normalized to the muon flux calculated by PHAST, are written to histograms.
If one detector plane shows too many dead or malfunctioning channels in one run or
if a channel is exceeding the criteria for the condition “good” for several runs, these
planes or channels are excluded from the processing in CORAL (c.f. [54]). In addition
only runs with more than 20 spills are taken into account, where 200 spills per run is
the standard number.

After the processing with CORAL more tests on the data stability are done, namely:

¢ Bad spill analysis,
KO stability,

¢ Kinematic stability.
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Bad spill analysis

In a first step data stability is evaluated at spill level by monitoring the following
different variables:

¢ Vertex variables:

— #beam particles per vertex,
— #tracks per primary vertex,
— #primary vertices per event,

* inclusive trigger rates,
¢ exclusive trigger rates,

e #cluster in the hadronic calorimeters.

Since in the physics analysis Q? > 1(GeV/c) is required for having a DIS event, this cut
was also applied in the bad spill test. To identify a spill as good or bad, each spill is
compared to spills in an interval of 600 spills before and after. If a spill has less than 200
neighbours within a box of 5 RMS in the distribution of the macro variables and the
exclusive trigger rates or less than 600 neighbours within a box of 6 RMS for inclusive
trigger rates and hadronic calorimeter clusters, it is flagged as bad and excluded from
the analysis [57]. A spill is also identified as bad, if it has less than 1.5 - 108 muons,
compared to a normal number of 2.5 - 108 muons. If a single run has more than 80% bad
spills, it was also removed from the analysis. The average number of events rejected
due to the bad spill lists was around 4%. While investigating the neighbour profiles, it
turned out that the hadronic calorimeters showed a rather unstable behaviour during
the run and therefore were not taken into account for this test. Figure[d.1shows the
distribution of the number of primary vertices per event in period W35 as a function of
the spillnumber as an example for this analysis.

K° stability

The K stability test evaluates the data quality on a run-per-run basis, already applying
the bad-spill lists. Therefore a KY reconstruction is done from the decay K2 — 7 + 7~
where the V| vertex has to be at least 20 cm downstream of the last target cell. The
difference of the invariant mass of the two pion system to the literature value of K [17]
is then calculated and fitted with a Gaussian. The resulting mean of the distribution,
its width (mass resolution) and the number of reconstructed K® per primary vertex are
filled to histograms as a function of the run number for each period. If the number per
primary vertex in a single run deviates more than 30 from the mean, this run is rejected.
The total amount of discarded runs for the 2010 date is around 3% which corresponds
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Figure 4.1: The average number of primary vertices per event for period W35 as an
example for the bad spill analysis. Bad spills are marked in red.

to less than 1% of the events. Figure4.2]shows the three distributions for period W35.
The distribution of the whole period as well as the individual subperiods are fitted with
a constant to quantify the stability within the period.

Kinematic stability

The third method used to quantify the data quality is to evaluate the stability of different
kinematic variables used for the physics analysis. After filtering the runs with the bad
spill lists and applying the cuts described later in Sec.[4.3] the distributions of the
following kinematics variables are extracted:

* 13;: the Bjorken scaling variable,

e y: the fractional energy transfer,

* (Q?: the momentum transfer of the virtual photon,

¢ Ejg: the energy of the accepted hadrons,

* E,/: the energy of the scattered muon,

. P}L: the transverse momentum of the accepted hadrons,

* ¢,y the azimuthal angle of the scattered muon in the laboratory system,

* ¢, the polar angle of the scattered muon in the laboratory system,

* ¢y the azimuthal angle of the accepted hadrons in the laboratory system,

* 0p,: the polar angle of the accepted hadrons in the laboratory system.
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Figure 4.2: Distributions from the K stability test for period W35 as a function of the
run number. Top: difference of reconstructed 7+~ mass and K literature mass.
Middle: mass resolution. Bottom: number of reconstructed K° per primary vertex,
red dashed lines indicate the 30 borders.
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In a first step the ratios of the different distributions from the two subperiods is calcu-
lated for all triggers as well as investigated trigger by trigger. Furthermore each run
of a subperiod is compared to the whole other subperiod to check the stability across
the subperiods. If there are blocks of unstable runs or triggers, they are removed from
the analysis and the kinematic distributions are extracted again until no major faults
are visible. The ratios of individual runs are then fitted with a constant function. The
X ?-probability P of the fit is calculated both for each variable P, as well as for sum of
the variables Ps,,,. A run is rejected if P, < 107° for a single variable or Py, < 10~4
for the sum of variables. By analyzing the stability trigger by trigger, an instability of
the calorimeter trigger was found in period W29 and therefore events only triggered
by the CALO trigger are rejected. The number of hadrons after the good spill selection
rejected by the kinematic stability test is around 5%.

4.3 Event Selection

For the extraction of spin effects from transverse target spin asymmetries deep-inelastic
scattering (DIS) events are selected. These events must contain at least one primary
vertex where at least one outgoing hadron is produced. The following sections describe
the different cuts applied to select the physics data and to identify the produced hadron
using the RICH. The data sample gained after these cuts will be referred to as the
standard sample.

4.3.1 General DIS event cuts

To select only the events from the deep-inelastic scattering region, a cut on Q* >
1(GeV/c)? is applied. Also events with a relative energy transfer y below 0.1 or higher
than 0.9 are discarded. The cut on y < 0.1 corresponds to events from the elastic
scattering regime. Furthermore also events where halo or background muons are
falsely identified as scattered muons are excluded by this cut. The higher cut removes
events where radiative corrections have to be taken into account. With a cut on the
invariant mass of the final hadronic state W > 5GeV events from the resonance region
are discarded and the rejection of events from elastic scattering is improved. Finally
events with z;; lower than 0.003 or larger than 0.7 are excluded.

The distributions of the individual kinematic variables @Q?, xp;, W and y before and
after their specific cuts as well as the correlations of W with y and Q? with z;; for
unidentified charged hadrons are shown in Fig.[4.3|
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Figure 4.3: Kinematic distribution of DIS events before (white) and after the specific
cuts (yellow). From left to right in the upper row: Q? distribution and ;,; distribution;
middle row: y distribution and Q? vs. xp; distribution; lower row: W distribution

and y vs. W distribution.
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4.3.2 Primary Vertex and Muon selection
Primary Vertex

Since in CORAL one event can have more than one primary vertex (PV), the PHAST
function “iBestPrimaryVertex()” is used here. There the primary vertex with the most
outgoing particles is defined as best primary vertex (BPV). In the case that two or more
PV have the same number of outgoing particles, the one with smallest reduced X? is
chosen as the BPV. Since for SIDIS reactions at least one outgoing hadron is needed,
the number of outgoing particles from the PV is set be at least twd'| (scattered muon &
charged hadrons).

Then the coordinates of the BPV are checked to be within the target material. The target
consists of a 60 cm long inner cell and two 30 cm long outer cells up- and downstream
of the center one, each which 4 cm diameter (c. f. Sec. Due to mechanical variations
the target is not centered with respect to the COMPASS coordinate system, but is
shifted 2.5 cm downstream and has an offset in = of —0.2 cm and 0.02 cm in y. To avoid
reactions from the target holder material, all events outside a radius of 1.9 cm around
the target center are rejected. Furthermore only events, where the track projection of the
incoming muon to the outer ends of the target lies within this radial cut are accepted to
ensure equal muon flux in the three target cells. The distribution of the BPV coordinates
along the z-axis is shown in Fig.[4.4]
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Figure 4.4: Distribution of the z-coordinate of the primary vertex before (white) and
after the cuts (yellow).

10One for K° analysis
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4.3 Event Selection

Beam Muon

The incoming beam track of the primary vertex is associated with the beam muon. The
momentum of this muon has to be in the range 140 GeV < P, < 180GeV. If the muon
has no momentum measurement in the BMS it is discarded. During the production of
the data with CORAL, a summed probability X20f the track fitting is calculated and
an event is accepted, if the track connected to the incoming muon has a reduced Y 2of
red < 10.

Scattered Muon

From the outgoing particles the scattered muon p’ is selected by the PHAST function
“iMuPrim”. To be accepted, the scattered muon has to fulfill the following requirements:

* positive charge,
¢ the amount of passed material has to be larger than 30 radiation lengths,

®a X27~ed < 10 of the track fitting like for the incoming muons,

* being the only outgoing muon in the primary vertex,

¢ the track does not pass the hole of the absorber,

¢ the first hit of the track has to be before SM1 and the last hit behind Muon Wall 1.

4.3.3 Hadron selection

All particles coming from the best primary vertex, except the scattered muon, are
considered as hadrons. For the extraction of the asymmetries for unidentified hadrons,
all hadrons are assigned with the pion mass, since the majority of the hadrons are
pions. This results in a miscalculation of z in the case the hadron is a charged kaon.
The restrictions to the hits associated to the track of the hadron are Z;,..; < 350 cm and
350cm < Zj,5¢ < 3300 cm to reject tracks only reconstructed in the fringe field of SM1

and non-identified muons passing Muon Wall 1 (Zp 1 = 3300 cm). Also the X2T6d
of the track has to be smaller than 10 and the passed radiation length n.X/X, < 10.
To avoid impurities in the calculation of the fraction of the photon energy transferred
to the hadron z created by secondary interactions, only hadrons with 0.2 < z < 1 are
accepted. The cut on the transverse momentum of the hadron is set to p’% > 0.1GeV/c
to ensure a good resolution of the hadron azimuthal angle. The distributions of the
variables z and p}% before and after the cuts are shown in Fig.
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Figure 4.5: Kinematic distribution of z (left) and p? (right) before (white) and after
(yellow) the specific cuts.

4.3.4 K° selection

For the K analysis only K2 (K° = 50% K3, 50% K?) are taken into account, from
which only those decaying into 777~ can be detected clearly by the COMPASS experi-
ment. The branching ratio for the decay K2 — n*7~ is 68.41%. The K is identified by
reconstructing V' vertices which have no incoming track and two outgoing tracks. The
same cuts as for the charged hadrons coming from the primary vertex are applied on
the outgoing tracks of the V? vertices:

¢ Xzed <10,

Zfirst < 350cm,
350 < Zjgst < 3300cm,
radiation length n.X/ X, < 10,

which have to be fulfilled for both outgoing particles.

In addition a cut of § < 0.01rad is applied on the angle 6 between the reconstructed
momentum of the K and the vector connecting the primary and the secondary vertex
to ensure that the secondary vertex is connected to the primary vertex by a K°.

To have a good distinction between the primary and secondary vertex a cut on the
distance between both is applied. A distance of about 10 cm provides the best signal
statistics with a good signal-to-background ratio [58].

On the left of Fig.[4.6) the Armenteros plot of the hadron pair is shown. In this plot
the transverse momentum Pr of one hadron is plotted as a function of the difference
of the longitudinal momenta over their sum £22=2L2 The K° band is clearly visible

— Pri+Pro —
as well as the A and A bands. To reduce the contribution of the A/A the region of
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4.3 Event Selection

80 MeV/c < Pffo < 110MeV/c is excluded. The background due to ete™ pairs is
reduced by requiring PX ’ > 40 MeV/c.

As a last cut to identify the KV, the invariant mass of the pion pair has to be within a
margin of £20 MeV/c? of the literature K° mass. The right side of Fig. shows the
K° mass distribution.

Like in the case of the charged hadrons the fractional photon energy transferred to the
K has to be in the region of 0.2 < z < 1 and for the transverse momentum with respect
to the direction of the virtual photon p%& * > 0.1 GeV/cis required.
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Figure 4.6: Left: Armenteros-Podolansky plot of the hadron pair. Right: Difference of
the invariant mass of the hadron pair and the literature value of the K° mass. The
mass range used for the analysis is marked in yellow.

4.3.5 Particle Identification

The hadrons produced in SIDIS at COMPASS are mostly pions with a small amount
of kaons. The RICH detector gives the opportunity to extract the asymmetries also for
identified particles.

RICH stability check

Before using the information given by the RICH for physics questions, a stable be-
haviour of the detector has to be ensured. As described in Sec.3.4.1 the RICH is
equipped with two different types of photon detectors, MaPMTs in the inner region
and MWPC in the outer region. Therefore the fraction of identified pions and kaons of
the total number of hadrons in each run is evaluated for four different angle intervals,
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where O qdron, < 30mrad and 30 mrad < 0g44ron, < 110mrad correspond to the region
equipped with MaPMTs, 110mrad < Opadron < 200mrad corresponds to the area
where both MaPMTs and MWPCs are installed and 200 < mradfy.g4ron, < 400 mrad
contains only MWPC detectors. Each distribution is fitted with a Gaussian and a run is
then rejected if it deviates more than 40 from the mean of the distribution. Figure[d.7]
shows the fraction of pions as a function of the run number for the different sub-areas
of the RICH. Vertical lines indicate the period borders and horizontal red lines show
the 40 limits. The reasons for the obvious deviations could be identified in the logbook:
methane leak (run 86375), RICH PID off (87818-87828) and RICH cooling failure (88165
& 88169). This test is done for the standard one-hadron selection as well as for the
different cuts in y and z. The resulting bad-run lists from the one and two hadron RICH
stability check were combined. In total 82 runs are excluded due to the RICH stability
check.
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Figure 4.7: Fraction of identified pions versus run for four different azimuthal angles of
the hadron. Vertical lines indicate periods, horizontal red lines show the 4o borders.

66
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RICH efficiency and purity of the identified hadron sample

The efficiency of the RICH can be determined by evaluating the decays of K 0 and @102
mesons into charged pion and kaon pairs, respectively. The identification efficiency is
the fraction of particles of the sample that are correctly identified, and is determined
separately for positive and negative particles. The efficiencies are also evaluated in bins
of the polar angle of the hadron at the RICH and the hadron momentum, the so called
“RICH tables”. Since the conditions of the RICH have not changed between 2007 and
2010 the results are the same [41].

In the next step the purities of the identified hadron samples are evaluated from the
RICH tables based on the 2007 analysis like described in [59]. Figure 4.8[shows the
purities for charged kaons for the twelve periods of 2010 in comparison with the purities
extracted for 2007. The purity of the kaon sample is above 90% while the purity of the
pion sample is around 99%. It has to be noted here that the impurites of the pions can
only be evaluated for momenta above the Cherenkov threshold of the kaons (9 GeV).

Cuts for pion and kaon identification

In the event reconstruction with CORAL the information from the RICH detector is
evaluated using the RICHONE package to calculate the likelihoods £ for five mass
hypotheses corresponding to pion, kaon, electron, proton and background. In the data
selection process with PHAST the ratio of the highest to the second highest likelihood
is built. The cut on this ratio was optimized to minimize the contamination of the
identified sample with misidentified particles while keeping the RICH efficiency as
high as possible [41]. The resulting cuts are:

for pions:
ﬁmaa::W
> 1.02
Eanmax
and for kaons: c
mar=K - 1.08.
£2ndmaa:

In addition the electron hypothesis is only taken into account if £, > 1.8 - L. To
maintain a good separation between pions and kaons, a cut on the particle momentum
of Prmaz < 50GeV/cis applied. With these cuts applied, about 80% of the hadrons could
be identified as pions or kaons. The kinematic distributions of the identified hadron
sample can be found in App.[A.T]
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Figure 4.8: The K (left) and K~ (right) purities as a function of z, py and z. The
different set of data points refer to the twelve 2010 periods, the red crosses to the 2007
data.
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4.4 Final statistics for 2010

4.4 Final statistics for 2010

The final statistics for unidentified hadrons as well as for identified pions and kaons in
each period of the 2010 run after all the cuts described above is shown in Table[4.2}

Period h+ h- mt T K+t K~ KY

W23 2136691 1679407 1377287 1188783 241354 147299 50024
W24 1979647 1557477 1294106 1118235 231405 140297 45678
W26 2130277 1670608 1370573 1180684 245273 148175 49573
W27 2286436 1797603 1467134 1268161 262749 159315 52511
W29 2585986 2032503 1628860 1406038 277571 168984 61406
W31 3735826 2941095 2435975 2106727 432157 261446 86323
W33 3854446 3036791 2483505 2148413 441210 268138 89521
W35 4638926 3658834 3004353 2603693 530835 321342 107161
W37 4482269 3527837 2778354 2399315 486448 294206 102903
W39 6693948 5273258 4353605 3767278 762456 459963 152698
W42 4500106 3537204 2917097 2521682 508474 303250 101842
W44 4482964 3524887 2873339 2484131 499021 300269 102894

Sum 43507522 34237504 27984188 24193140 4918953 2972684 1002534

Table 4.2: Final statistics for 2010 for positive and negative hadrons, identified charged
pions and kaons and neutral kaons.
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5 2010 transverse single hadron
asymmetries

5.1 Extraction of the asymmetries

The asymmetries are extracted as a function of z, z and pf}, each time integrating over
the other variables. The binning intervals, optimized to have similar statistics in each
bin, are shown in Tab.[5.1]for charged hadrons and in Tab.[5.2] for the extraction of the
KY asymmetries. The raw asymmetries were extracted using two different methods.

Bin x z ph(GeV/c)
1 0.003-0.008 0.20-0.25 0.1-0.2
2 0.008-0.013 0.25-0.30 0.2-0.3
3 0.013-0.020 0.30-0.35 0.3-04
4 0.020-0.032 0.35-0.40 0.4-0.5
5 0.032-0.050 0.40-0.50 0.5-0.6
6 0.050-0.080 0.50-0.65 0.6-0.75
7 0.080-0.130 0.65-0.80 0.75-0.9
8 0.130-0.210 0.80-1.00 09-1.3
9 0.210-0.700 / 1.3 -1000

Table 5.1: Binning in x, z and p/ for charged hadron asymmetries.

The first one is the so called 1 dimensional quadrupole ratio (IDQR) where the angle of
the modulation is divided into 16 bins and second the unbinned maximum likelihood
method (UBL) where no binning in the angle is done. With IDQR only one asymme-
try is fitted at the time, whereas the UBL calculates all eight asymmetries showing
up in the TMD cross section of a transversely polarized target simultaneously. The
asymmetries shown in this thesis are extracted using the UBL method. The compati-
bility of the two methods is used as an estimator of the systematical error (see Sec.[5.2.4).
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Bin x z ph(GeV/e)
1 0.003-0.013 0.20-0.25 0.1-0.35
2 0.013-0.032 0.25-0.325 0.35-0.55
3 0.032-0.080 0.325-0.425 0.55-0.75
4 0.080-0.130 0.425-0.55  0.75-1.0
5 0.130-0.7 0.55-0.7 1.0 -1000
6 0.7-1.0

Table 5.2: Binning in z, z and p% for K° asymmetries.

5.1.1 The quadrupole ratio method

For the extraction of the asymmetries the inner cell of the three cell target is split in the
middle, leading to four cells of equal size, numbered from 1 to 4 starting with the most
upstream one as shown in Fig.[5.1} The number of events N; coming from a target cell
i € [1,2,3,4] for a specific modulation sin(®) is given by:

Ni(®) ~ N(1 + esin(®))(1 + a; sin(P)). (5.1)
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Figure 5.1: Definition of numbers of the target cells in the subperiods.
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The constant N contains the unpolarized cross-section and the number of muons
entering the target. The term (1+esin(®)) gives the physical spin depended modulation
with amplitude € while the sign + depends on the target spin orientation. The term
(14 a;sin(®)) describes the acceptance in ®, assuming that the angle of the investigated
physics modulation has the biggest influence and all others can be neglected. Taking
the different polarization of the target cell of the two subperiods, the ratio

Ni(®) - Ny(®) - N3(®) - Na(®)

QR _
PO = @) N, (@) Na(@) - N (@)

(5.2)

can be built, where N;(®) denotes the subperiod with polarization 1] |1 and N/(®) the
subperiod with |17]. Inserting Eq.[5.1}in[5.2]and neglecting terms of second order gives

FOR ~ O . (1+[(a1 —a}) — (ag — ab) — (as — ag) + (aq — a}) + 8¢ sin(P)), (5.3)

. NO.N[O.N/O.NY . .
with C' = G2y ~ 1 due to equal beam flux in all four cells. Defining e; = a; — a}
1 4V2 V3 tivy

leads to
FOR ~ C. (14 [e1 — ez — €3+ e4 + 8¢]sin(D)). (5.4)

Applying a fit with f(®) = c- (1 + 84,, sin(®)) the measured asymmetry
A, :6+(€1 —62—€3+e4)/8, (5.5)

contains the sum of the real asymmetry e and the change by the acceptances e;. The real
asymmetry can only be extracted unbiased under the assumption that the change of
acceptances between the subperiods in each target cell is the same, i.e. e; = e3 = e3 &
e4. This is called the “Reasonable Assumption” (RA) and it is tested to estimate the
systematic error.

When using a binned fit one has to consider the possible biasing effect of the finite bin
size since the fit is performed on the center of each bin. The number of events measured
in each bin is proportional to the mean value of the expected distribution within the
bin width A:

P+A
gen=x [ f@ae. 6

Using the fit function f(®) = ¢ (1 + 8A4,,sin(®P)) the ratio between the measured
asymmetry A,, and the real asymmetry e is then given by

A, 2 . A
? = Z S1n 5 (57)

With the 16-fold binning used in 1DQR the correction due to the finite bin size is of the
order of 0.6% and thus can be neglected.
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5.1.2 The unbinned likelihood method

The unbinned likelihood method was developed to handle samples where fluctuations
due to small statistics could cause a bias in the asymmetries when extracting them
with binned methods. In this method each hadron coming from a cell i € {1,2,3,4}
with angles (¢, ¢s) is associated with a probability density function p;(¢p, ¢5). This
function is proportional to the product of the acceptance of the cell i and the cross
section o of the physical modulation. Here o corresponds to the SIDIS cross section
described in Sec.2.3.2]

o+ (¢n, bs) o 1+ Uy cos ¢y + Us cos(264) £ fplt (e1 sin(pp, + o5 — m)+ (5.8)
+eo8in(3¢, — ¢g) tessin(op — dg) + €4 cos(dp, — dps)+
+e58in(¢ps) + €6 cos(2¢n — ¢s) +e7 cos(ds)+
+essin(26n — ¢s)) 5

where U; and Us are the amplitudes of the unpolarized asymmetries and ¢;, i € {1, 8},
are the amplitudes of the transverse spin dependent asymmetries. The expression for
the likelihood using an extended maximum likelihood method is then given by

4 N NA} Ny Ny
L= 11) (GN; H0p+(¢75n7¢21)) (eNz Hop(¢?,¢2”)) : (5.9)

performing a normalization with Nﬂf to avoid a bias from different statistics in cell

in the two subperiods, where N:* is the number of hadrons coming from cell i with
positive or negative polarization. Furthermore the probability density function is
normalized to the expected number of hadrons N;

27 2m
Niiz/o /0 Py (6, bs)ddndes, (5.10)

because Monte Carlo simulations showed that a normalisation of Eq.[5.10]to 1 introduces
a small bias [60].

To extract the values of interest the function — In £ is built and minimized using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm from the GNU scientific library
(GSL) or MINUIT provided by CERN. Both minimizers were used to cross check the
extracted asymmetries between the institutes of Trieste (MINUIT) and Erlangen (BFGS).
Figure|5.2|shows a pull, defined as the difference of the two analyses divided by the
error of one of them, between the two methods for both Collins and Sivers asymmetries
for unidentified hadrons, indicating a good agreement between the two minimizers.
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Figure 5.2: The pull comparing the Collins and Sivers asymmetries extracted with the
UBL in Trieste and Erlangen.

5.1.3 Purity correction

Since the purity of the identified pion and kaon sample is not 100%, the measured
asymmetries A, » and A,, x need to be corrected [61]. For this the assumption is made
that the contribution of other particles than pion and kaons (e.g. protons) is negligible.
The measured asymmetries can then be written as

Am,ﬂ' = Pﬂ'JrAﬂ + Pﬂ',KAK (511)

and
Ap k = Pk kA + Pr rAr, (5.12)

where A, and Ak are the true pion and kaon asymmetries and P , and Pk g are the
probabilities of identifying a particle correctly, while Py i and Py , give the probabil-
ities for a misidentification. Solving above equations for the true asymmetries leads
to

1
A, = Pr kAmn— (1= Py2) Ay 513
PMJFPK,K_l[KK = ) Am.K] (5.13)

and )
Ag = [PTrJrAm,K - (1- PK,K) Am,w] . (5.14)

P7r,7r+PK,K_1
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Figure 5.3: Collins (top) and Sivers (bottom) asymmetries for positive (left) and negative
pions (right) with (blue) and without (red) purity correction applied.

For a full error propagation both the errors of the measured asymmetries as well as the
errors of the purities have to be taken into account. Since the errors of the latter one
are small compared to the asymmetry errors, they can be ignored and the error is then
given by:

Pk k 2 1—-P, . 2
B 7 : 5.15
" \/<PMr + Prk = 1%“) i (PM FPeg -1 (5.15)
and
Pr x 2 1— Prk 2
B 7 + : . 5.16
o= (et ronn) + (T ena) . G0

As can be seen in Fig.[5.3] where the Collins and Sivers asymmetries for identified
pions and kaons are shown with and without purity correction, the influence of the
impurities on the measured pions asymmetries is negligible. The correction to the kaon
asymmetries, which are shown in Fig.[5.4} are much smaller than the systematical error
and can be included in it without enlarging it significantly.
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Figure 5.4: Collins (top) and Sivers (bottom) asymmetries for positive (left) and negative

kaons (right) with (blue) and without (red) purity correction applied.

5.2 Systematic Effects

For the estimation of the systematic error several tests were performed on the data.

These are:

¢ Comparison of the different extraction methods,

¢ Systematics from the spectrometer acceptance,

In the following the various tests will be described in detail.

Azimuthal stability,

False asymmetries,

Compatibility of the twelve data taking periods,

Only for K°: Studies on background asymmetries.
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5.2.1 Azimuthal stability

The azimuthal stability of the asymmetries is tested by three methods, namely the
R-test, the T-test and the test of the reasonable assumption (RA-test).
For the R-test the ratio

_ (Ni(®) + Na(@)) (Na(@) + N3(9))
= (N1(®) + Ni(®))(N3(®) + N3(®)) (5.17)

is built. This is a measurement of the change of the azimuthal acceptance between the
two subperiods. Since it is expected to be flat the distribution is fitted with a constant
and the X? of the fit is checked to be compatible with the flat hypothesis. For the 2010
data the test shows a good stability of the azimuthal acceptance.

The T-test was used for the first time on the 2007 proton data. The basic assumption for
this test is that when building the product of the numbers of hadrons from all cells of a
period, the spin effects vanish at first order if the acceptances cancel out:

T(®) = (®)No(D)N3(®) Na(@) (5.18)

Inserting the definition of N;(®) from Eq. and neglecting terms of O(sin?(®)) gives
T(®)~C- (14 (e1 +e2+e3+eq)sind (5.19)

The T'(®) distribution is fitted with the function f(®) = C - (1 + Apsin®). If the
acceptance of the cells does not change between the weeks, i.e. ¢; = (a; — a}) = 0, T'(®)
is constant in ® and the amplitude A7 = 0. In contrary also if the acceptances of the
cells are not stable and therefore Ay # 0, the extracted asymmetry A,, according to
Eq.p.5

Am =€+ (e1 —ex —e3+e4)/8,

is unbiased as long as e; = ez = e3 = e4. But since the investigated spin effects are
small, data with high A7 values should be excluded.

In Sec.m the so called Reasonable Assumption was made, which means that the
change of acceptances between the periods are of the same size for all four cells, i.e.
€1 " ey X ez =X ey.

In the RA-test the ratio of the azimuthal distributions of the two subperiods is built for
each cell separately and then fitted with f(®) = C - (1 + ¢; sin @), getting the amplitude

% = ¢;. The expected value of the physical modulation is then defined as

e o 51_52:3“4. (5.20)
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5.2 Systematic Effects

With the sum of the amplitudes T" = €1 +-e2+¢c3+¢4 the expected values of the measured
amplitudes are

T
61%2'6—1—1:&1, (5.21)

T
52z—2-8+zza2,

T
63%—2-64-1:043,

T
64%+2'8+Z:a4.

The four measured amplitudes ¢; are used to build the following X% , with 2 degrees

of freedom: A
2
g, — Q4
Xha = ( - ) : (5.22)

=1

where o; is the error of each amplitude ¢;.
The results given by the T-test and the RA-test are combined to give a single X*
probability for each period according to:

T
XT+RA = Xha + () : (5.23)
or

Table 5.3[shows as an example the X7.,  , probabilities calculated without a binning in
the kinematical variables for Collins and Sivers for unidentified hadrons. For the Collins
asymmetry the values are mostly around or higher 50%. The Sivers asymmetry shows
some periods with lower values, but taking into account the other tests, especially the
period compatibility, they can still be used for the analysis. Also for the other extracted
asymmetries no period was excluded.

5.2.2 False asymmetries

If in the calculation of the asymmetries, target cells with the same polarization are
combined, i.e., the asymmetries cancel out, changes in the acceptance will be visible as
false asymmetries (FA). For the FA-test the outer (external) and inner (internal) cells are
combined in a 1D double ratio (1IDDR) according to:

_ Ni(®)N4(®)
FAezt — N{((I))N4(<I>) (524)
and .
P Ay — DA PIN5(®) (5.25)
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Week T+RA (Collins) T+RA (Sivers)

W23 89% 52%
W24 35% 7%
W26 63% 51%
W27 59% 10%
W29 68% 55%
W31 86% 11%
W33 86% 63%
W35 44% 4%
W37 93% 12%
W39 17% 88%
W42 48% 31%
W44 41% 69%

Table 5.3: Probabilities of X% + ra for Collins and Sivers for unidentified Hadrons.

These functions are fitted in bins of « for each period by
fra(®) = C-(1+ AFA'm/m sin ®), where the amplitude is expected to be zero if

7

the acceptance does not change. The amplitudes are added to

FAy = |Ara,, + Arag, |l [\ 02 + 0k (5.26)
and subtracted to
FA* = ||AFAemt - AFAint || / O-gitt + J?’nt’ (527)

both normalized to the statistical error. The value 0.68, one standard deviation, is
subtracted in quadrature from both equations above and the arithmetic mean

\/FA? —0.682 + wFA%r —0.682

is calculated for each period and bin. If [FFA_ | < 0.68 the specific term is put equal to
zero. After checking that a is stable, the systematic error resulting from false asymme-
tries is calculated by the arithmetic mean over all 12 periods and 9 x bins:

_ >
Ouys = S (5.29)

Table 5.4/ shows the systematic error from the false asymmetries for Collins and Sivers
for identified and unidentified hadrons in units of the statistical error and Tab.[5.5 the
ones for the other 6 cross-section asymmetries.
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5.2 Systematic Effects

Asymmetry ht A~ 7t 7 Kt K- K°

Collins 05 05 05 05 05 05 06
Sivers 05 05 05 05 06 05 06

Table 5.4: Systematic error in units of the statistical error due to false asymmetries for
the Collins and Sivers asymmetry in units of o, for identified and unidentified
hadrons.

Asymmetry At h™ 7t 1 Kt K-

AS“‘M ®s) 05 05 04 06 06 05
A W’h s) 05 06 05 05 06 06
A ( ¢s) 06 06 06 05 05 05
A ( %) 07 06 05 05 05 05
A% (
4% (

%) 05 05 05 05 05 05
¢s) 0.7 08 07 07 05 06

Table 5.5: Systematic error in units of the statistical error for the other 6 cross-section
asymmetries due to false asymmetries in units of o, for identified and unidentified
hadrons.

5.2.3 Compatibility of the twelve periods

The final asymmetries are calculated by the weighted mean of the asymmetries of the
single periods. To exclude a possible bias on the result, the periods were checked on
their compatibility. Figures [5.5/and [5.6 show as an example the Collins and Sivers
asymmetries in bins of x for unidentified hadrons with different colors for the twelve
periods. The overall trend is the same for all periods and no deviations are observed.
To get an estimate of the systematic effect, the pull

A — (A
2J<2> (5.30)
TAi; ~ %A

is built, where i is the kinematical bin in z, z and péﬂ and j the number of the period
and (4;) the mean of all periods. Figure[5.7shows the pull distributions for Collins and
Sivers for positive and negative unidentified hadrons. The pulls are well centered with
a RMS around 1, as expected. The conclusion of this test is that no systematical effect is
observed between the periods. Also for all the other extracted asymmetries this test
showed no systematical effect.

81



5 2010 transverse single hadron asymmetries

u pp
0" P2

fas

o P3

(@] P4
< PS5

01_ ................................................................................................................................. . 2(7;
YT
O 4 LB i ﬁ; i} [

o I S S S R~ 0017+ 00
g l & =-0.005  0.009

A =-0.013 £ 0.008|

A =-0.011% 0.007

® X =0.001% 0.007
or— . 1 1 ) 1 . B X'=-0.009 + 0.006
10.2 10.1 : A =-0.012 + 0.006|
A =-0.017 + 0.005|
X & =-0.012 + 0.006]
® A =-0.0220.006

Py

O'L m P2
P3
P4

P5

o | \ .................................................................................. J ................. ¥ ....... "o
b b h o B i f l x
% B S =

A =0.016+ 0.01
A =0.010+ 0.01
A =0.020 + 0.00
A =0.008 + 0.00
0.020 + 0.00
0.010+ 0.00
0.003 + 0.00
0.013+ 0.00
0.019 + 0.00
0.014 + 0.00

o
N
EEERE

pSPSPEPSPpSpE

X

Figure 5.5: Collins asymmetry for positive (top) and negative hadrons (bottom) as a
function of z. The different colors correspond to the 12 data taking periods with
mean value given on the right.

5.2.4 Comparison of the different methods

The asymmetries were extracted with both the 1D quadrupole ratio method as well as
with the unbinned likelihood method. The two methods are compared by building the
pull

A —Aj

o

(5.31)

where A; and A; are the respective asymmetries extracted with the two methods. The
pull distribution for unidentified charged hadrons is shown as an example in Fig.[5.8]for
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Figure 5.6: Sivers asymmetry for positive (top) and negative hadrons (bottom) as a
function of z. The different colors correspond to the 12 data taking periods with
mean value given on the right.

the Collins and Sivers asymmetries, taking together positively and negatively charged
hadrons in all bins of z, z and pr. From this test no systematic influence on any of the
extracted asymmetries was deduced.
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Figure 5.7: Pulls comparing the asymmetries for each period with the mean asymme-
tries, evaluated over the 12 periods. Top: Collins, Bottom: Sivers. Left: h+ ; Right:
h-.
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Figure 5.8: The pull comparing the Collins and Sivers asymmetries extracted with the
UBL and the 1DQR.
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5.2.5 Systematics from the spectrometer acceptance

The systematics from the spectrometer acceptance are checked by splitting the range of
the azimuthal angle of the scattered muon in the laboratory frame ®,,, and therefore
the spectrometer, into two parts, one time into left and right and second into top and
bottom. Figure [5.9|shows the Collins and Sivers asymmetries extracted for the top,
bottom, left and right half of the spectrometer in bins of z for the unidentified hadrons.
The systematic error is evaluated similar to the one from the false asymmetries: the
differences

_ 2 2
Atop—bottom = |Atop - Abottom|/ Otop + Obottom

— 2 2
Aleft—m'ght = |Aleft - Am’ght‘/\/ Oleft + O right?

both normalized to the statistical error, are calculated and the value of one standard
deviation, 0.68, is subtracted in quadrature from each of them

o =+/A2 —0.682 (5.32)

for each period and bins of = separately for top-bottom and left-right. The systematic
error in units of the statistical error is calculated by the arithmetic mean over the 12
periods and the 9 x bins:

>0 G

T
The results of this test are shown in Tab.[5.6]in units of 0. The values are all between
0.5 and 0.6 except for the modulations depending only on ¢g, where in one splitting
of the detector the error is at 0.1. This is caused by the non-flat distribution of the
azimuthal angle of the spin, leading to such small values in the UBL fit. Due to the
small statistics of the neutral kaon sample this test was omitted for the K° data.

and

: (5.33)
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Figure 5.9: Mean asymmetries as a function of z, extracted with the different cuts on
the outgoing muon direction top (black), bottom (red), left (green) and right (blue).
Top row shows Collins for positive hadrons on the left and negative hadrons on the

right. Bottom row shows Sivers.
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Asymmetry Rt h~ at 7o Kt K-
Collins top/bottom 053 0.50 0.52 0.60 058 0.51
left/right 045 0.60 048 049 044 0.62

Sivers top/bottom 045 040 047 041 057 0.54
left/right 057 060 0.62 054 0.50 0.56

yein(3én—0s) top/bottom 05 04 05 05 06 07
ur left/right 05 05 06 05 05 06
A0 (26n—0s) top/bottom 06 05 06 06 05 07
ur left/right 05 06 06 07 05 07
sin(@s) top/bottom 05 05 05 06 04 05
ur left/right 01 01 01 01 01 01
feos(n—bs) top/bottom 05 05 06 05 05 05
LT left/right 05 05 05 05 05 05
4e05(20n—65) top/bottom 0.6 05 05 05 05 06
LT left/right 05 06 05 04 05 06
geos(6s) top/bottom 01 01 01 01 01 01
LT left/right 05 05 05 06 04 06

Table 5.6: Systematic error due to spectrometer acceptance variations in units of o4
for identified and unidentified hadrons.

5.2.6 Sideband asymmetries for K°

A systematic test only applied for the K analysis is the extraction of possible asym-
metries from events with an invariant mass different from the K literature value (see
also Fig.. The absolute distance from the K mass was chosen to be at least 40 MeV
and 200 MeV at most. The sideband asymmetries for the Collins and Sivers asymmetry
in bins of x are shown in Fig.[5.10/and Tab.[5.7|gives the mean value of these asymme-
tries. As can be seen from both the plots and the table, the sideband asymmetries are
consistent with zero and therefore no systematic error is taken into account from this
test.
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Asymmetry mean sideband

Collins -0.014 £ 0.033
Sivers -0.015 + 0.027

Table 5.7: Mean K sideband asymmetry.

KO sideband Collins

p
Coal

o
T

-0.2—
\\\\\\‘ I I | |
102 10? X
KO sideband Svers
o
0.2—

—@—
——

102 101 X

Figure 5.10: K sideband asymmetries for the Collins and Sivers asymmetry.

88



5.2 Systematic Effects

5.2.7 Estimation of the overall systematic error

Table 5.8/ summarizes as an example the different contributions to the systematic error
from the tests described above for the Collins asymmetry. The results for the other
asymmetries can be found in App.[A.2] To get the overall systematic error for the Collins
and Sivers asymmetries, the arithmetic mean of the results from the False Asymmetry
and the Top/Bottom /Left/Right tests is calculated since the tests are not independent
and the estimator from the different methods for extraction of asymmetries is added in
quadrature to this mean value. However, for the release of the other six asymmetries
for unidentified hadrons and all the identified asymmetries it was decided to take only
the highest value of False Asymmetry and Top/Bottom/Left/Right test (indicated with
bold numbers in the tables). Furthermore it was also decided to omit the contribution
of the compatibility of methods to the systematic error since both methods are in good
agreement. The final systematic error is between 0.5 and 0.6 for all the samples. The
overall systematic error for the extraction of the Collins and Sivers asymmetries for
neutral kaons is given in Tab.[5.9} Since the sideband asymmetries were found to be
consistent with zero, only the false asymmetries contribute to the error with 0.6 for both
Collins and Sivers.

Additionally an scale error of 3% has to be considered for all the asymmetries due to
the uncertainty in the measurement of the target polarization.

Collins rt h~ 7t - Kt K-
estimator for extraction of asymmetries 0.15 0.15 - - - -

false asymmetries 045 051 045 045 045 049
spectrometer segments:t/b 0.53 050 0.52 060 0.58 0.51
spectrometer segments:1/r 045 0.60 047 049 044 0.62
overall 052 056 052 0.60 058 0.62

Table 5.8: Overall systematic error in units of the statistical one for the Collins asymme-
tries.

K° Collins  Sivers
false asymmetries 0.6 0.6
sideband asymmetries 0 0
overall 0.6 0.6

Table 5.9: Overall systematic error in units of the statistical one for the Collins and
Sivers asymmetries for neutral kaons.
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5.3 Collins and Sivers asymmetries

5.3.1 From raw to final asymmetries

Using the methods described above only the raw asymmetries are extracted. To get the
final asymmetries, the raw ones have to be corrected for the depolarization factor Dy,
the target polarization Pr and the dilution factor f. The depolarization factor describes
the fraction of the spin of the lepton which is transferred to the virtual photon and
the dilution factor gives the amount of polarizeable material in the target. The Collins
asymmetry is given by

AC’oll
AColl — racw” , (534)
PrDY f
with D%V” = 13((11:3;))2 . For the values of Dy and f the mean values in the individual

bins is taken for correction. As an example, in Fig.[5.11|the mean values of these factors
in the bins of = are shown. The target polarization cannot be measured directly in
transverse mode. Instead it is extrapolated for each run from polarization measurements
when the target is in longitudinal mode during the field rotation. The average target
polarization for the different periods is shown in Tab.[5.10} The Sivers asymmetry is

1 0.2
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Figure 5.11: Mean value of the Collins depolarization factor and the dilution factor in
bins of z for unidentified charged hadrons.

given by
. ASw
ASw _ traw 5.35
Prf (5.35)
because for Sivers D%, = 1.
The asymmetries are extracted separately for each week and are then combined by
calculating the weighted mean.
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Week Upstream Middle Downstream

w08 OB aom
w07 O
we % D ok
wr 0T A s
w0 S s
wao 0T R AT
w0 0N
wis T s soss
w0 SR o
w8 AT
w0 e s
wa 00 0N T

Table 5.10: Target polarization of the three cells in the subperiods. A error of 3% has to
be taken into account from the extraction of the polarization.

5.3.2 Results for Collins and Sivers
Results for unidentified charged hadrons

The final results for the Collins and Sivers asymmetries for unidentified hadrons from
the 2010 run in the bins of z, 2z, and péﬂ are shown in Fig. for the Collins and
in Fig.[5.13| for the Sivers case. The error bars represent only the statistical errors,
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the systematical errors discussed in Sec.[5.2] are indicated by the bands. The Collins
asymmetry in bins of = for both positive and negative hadrons is small and compatible
with zero for values of z < 0.05 whereas in the valence region the signal raises up to
about 5% with opposite sign for positive and negative hadrons. In bins of z and p’ the
asymmetries are also different from zero on average, again of opposite sign.

The Sivers asymmetries for positive hadrons are clearly different from zero in all
bins and show a raising trend in x and » while they are almost constant in p?. The
asymmetries for negative hadrons are small and compatible with zero within the error
bars.
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< 0.05 ¢
=T L2 I i ¢
é ¢ .0 LR *
¢ L] ®
o3 d g —:,%ns‘}* 23'}:%‘";"* """ { """
o ' LI e e
-0.051 ¢ L -
'0-1_...ﬁ Lol P L 1 L | 1 | |
102 10t 05 1 05 1 15 2
X z pn (GeV/Xd)

Figure 5.12: Collins asymmetries for positive (red) and negative (black) unidentified
hadrons from the 2010 run in bins of z, z, and p%.
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Figure 5.13: Sivers asymmetries for positive (red) and negative (black) unidentified
hadrons from the 2010 run in bins of z, z, and p%.
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Results for identified charged pions and kaons

The Collins and Sivers asymmetries for identified charged pions are shown in the
top row of Fig.[5.14] for Collins and in Fig.[5.15| for Sivers. Since about 70% of the
charged hadrons are pions, the asymmetries have almost the same shape and size as
the asymmetries for unidentified hadrons, but with slightly larger error bars.

The bottom row of Fig.[5.14 and shows the Collins and Sivers asymmetries for
identified charged kaons. For positive kaons the Collins asymmetry in bins of z is
negative on average. In bins of z the asymmetry of K* shows a trend towards negative
values for large z while in bins of p? the Collins asymmetry is small and compatible
with zero. For negative kaons no trend is visible and the asymmetries are compatible
with zero within the error bars. In the Sivers case the asymmetries of Kt show a strong
signal which raises in magnitude up to 8% for x and 10% for z. In bins of p no trend is
visible, but the Sivers asymmetry is different from zero and positive on average. For
negative kaons the asymmetry is small and compatible with zero.
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O<E e negative pions +
0.05( ; + = : = +
¢ ¢ ’ ¢
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-0.05 X + L 1 L J
— —_— 7] |
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3 0 i i i
< e
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¢ } $ } ¢ {
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Figure 5.14: Collins asymmetries for positive (red) and negative (black) charged pions
(top) and kaons (bottom) from the 2010 run in bins of z, z, and pi} (note the different
scale for pions and kaons).
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Figure 5.15: Sivers asymmetries for positive (red) and negative (black) charged pions
(top) and kaons (bottom) from the 2010 run in bins of z, z, and p?p (note the different
scale for pions and kaons) .
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Results for neutral kaons

Figure shows the results for the K° Collins and Sivers asymmetries. In the Collins
case the average asymmetry in bins of = and p/ is zero, while it is positive but still
compatible with zero in z. The Sivers asymmetry for neutral kaons is compatible with
zero in all extracted kinematical bins.
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Figure 5.16: Collins (top) and Sivers (bottom) asymmetries for neutral kaons from the
2010 run in bins of z, z, and p%.
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5.4 The other six asymmetries

5.4.1 From raw to final asymmetries

As in the case of the Collins and Sivers asymmetries the raw asymmetries of the other
6 modulations need to be corrected for Dyy, Pr, f and in the case of the double spin
asymmetries also for the beam polarization Pp.,,. The latter one is a function of the
momentum of the beam muon and lies around 80% for the 2010 run. The following list
gives the expressions used for correction of the asymmetries:

in(304—0s) DT in(3on—ss) _ _2(1 =)
° Asm 3on—os _ .,raw ,With Dsm3 h—bs) _ - ,
ur PrDnBo=05) 1 NN 1+ (1—y)?
(é6n—05) P (on—0s) _ _Y(2—y)
o ACOS(Pn—ds) _ raw , with Deos(on—9¢s) _ ,
o PTPBeamDE:\?]S\ngh_qss)f Y I+ (1 - y)2
in(¢sg)
sin(¢g) A?}I'},rsw . sin(¢g) 2(2 — y) vVi—y
PrDyN~™f Y
sin(2¢,—¢s)
o AS(20n—0s) _ URiraw h piin@en—ss) _ 22 —y)Vi—y
UT = sin2on—ds) o V1 NN T G P
PrDy N f Y
(¢s)
N ACOS(¢S) o ACL(?ZS“,TaSw ith Dcos((Z)g) o 2y\/ -y
Z costge)  WI ONN T = T
PTPBeamDNN f Yy
(2¢n—ds)
N Acos(2¢>h—¢s) o AEOYS“,NMZ ° . thos(2¢h—¢s) . 2y\/ -y
LT - cos(2¢p—¢s) p’ wit NN o m
PTPBeamDNN f Yy

5.4.2 Results for the other six asymmetries

The single spin asymmetries A?}I}(wr(ﬁs ), A?}r}(%r% ) and A?}r}ws ) are shown in Fig.
and as a function of x, z and p/ for unidentified hadrons as well as for iden-

tified pions and kaons. The A?}r}(wh*% ) pretzelosity asymmetry and the A?}I}(wh*d)s )

asymmetry are compatible with zero within the error bars. The A?}HTM’S ) asymmetry

for positive hadrons, pions and kaons is compatible with zero in bins of = and p/ but
shows a trend towards positive values in the highest bins of z for the all hadrons and
pions sample. For negative hadrons and pions the asymmetry in bins of x is compatible
with zero for small values of x and raises up to about —2% in the valence region. For
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negative kaons the trend is similar but the asymmetries are still compatible with zero
within the error bars. In bins of z the asymmetries are also different from zero and
negative on average for all hadrons and pions, whereas they are zero for kaons. In bins

of pl the AS’UiI}(qﬁS ) asymmetry is compatible with zero for all negative particles.
The double spin asymmetries ACL()TS(¢h_¢S), ACLOTS(2¢h_¢S) and ACLOTSWS ) are shown in
Fig.[5.20} 5.21| and [5.22| as a function of z, z and p/ for unidentified hadrons as well

as for identified pions and kaons. In the valence region the worm-gear asymmetry
4e0s(@n—os)
LT

shows a trend towards positive values up to 10% for both positively and
negatively charged hadron and pions, but is compatible with zero for charged kaons. In
bins of z and p/ the asymmetries are also compatible with zero for all charged particles.
The AS5»~?5) and AS%(?S) are also in agreement with zero within the error bars for
all charged particles in the extracted kinematical bins.
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Figure 5.17: A;}I}(?’%_‘és) asymmetry for unidentified hadrons (top), pions (middle) and
kaons (bottom) as a function of z, z and p’.
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kaons (bottom) as a function of z, z and p%.
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Figure 5.19: ASUir;,g(ﬁS ) asymmetry for unidentified hadrons (top), pions (middle) and

kaons (bottom) as a function of z, z and p’.
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Figure 5.20: AEO;(¢h_¢S ) asymmetry for unidentified hadrons (top), pions (middle) and
kaons (bottom) as a function of z, z and p%.
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Figure 5.21: A5~ %9) asymmetry for unidentified hadrons (top), pions (middle) and
kaons (bottom) as a function of z, z and p’.
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Figure 5.22: ACLO;(“bS ) asymmetry for unidentified hadrons (top), pions (middle) and
kaons (bottom) as a function of z, z and p%.
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6 Interpretation of the results

In this chapter the transverse spin dependent asymmetries measured at COMPASS
during the 2010 run on a transversely polarized proton target shown in chapter|5|are
compared to the results obtained from the 2007 run at COMPASS, the asymmetries
observed at the HERMES experiment and to recent theoretical model predictions. The
result of the extraction of the transversity distribution function, using the COMPASS
deuteron and HERMES proton data together with the BELLE e*e™ data are shown,
as well as the Sivers distribution function, using the deuteron data from COMPASS
and the proton data from both COMPASS and HERMES. For the Collins and Sivers
asymmetries also a naive interpretation will be given.

6.1 The Collins asymmetry

6.1.1 Comparison with other measurements

The results extracted from the 2010 COMPASS proton data in Sec.[5.3|show a non-zero
Collins asymmetry for charged pions in the valence region of > 0.05 with opposite
sign for positive and negative pions. The asymmetries in z and p/. show no particular
trend but are different from zero on average. The asymmetries for positively charged
kaons are negative on average and show a raising trend in bins of « and z, while for
negative kaons the asymmetries are small and compatible with zero. Figure[6.1|shows
the data from 2010 in comparison with the Collins asymmetry extracted from the 2007
COMPASS run on a transversely polarized proton target together with the weighted
mean of both [62]. For the comparison of the charged kaons the binning of 2007 was
applied (see App.[A.3.T). The results of the two measurements are in a good agreement
and the combination of both data sets is dominated by the higher statistics of the 2010
run and thus follows its trend.

The HERMES experiment has measured the Collins asymmetry on a proton target
using an electron beam. To compare the results of both experiments, the different

definitions of the Collins angle qbgg{\/[ PASS — —qbg gﬁM ES and the different y-regions
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6.1 The Collins asymmetry

have to be taken into account. Since the HERMES data are not corrected for Dy, they
are rescaled by 1/ Dy with the mean y values in each kinematic bin taken from [63]. To
be in the same z-domain like HERMES a cut on z > 0.032 is applied on the COMPASS
data. In Figure [6.2]the results for the Collins asymmetry from COMPASS 2010 run and
HERMES [30] are shown for charged pions and kaons. Despite the different covered
Q? regions, (Q%) ;1 pryps = 2:4(GeV/c)? and <Q2>COMPASS@>O.032 ~ 5.6(GeV/c)? for
pions, the data points of both experiments are in a good agreement.

6.1.2 Investigation of different kinematic regions

Due to the higher statistics recorded during the 2010 run at COMPASS it was possible
to explore different kinematic regions at lower values of y and z. For the investigation
of the y dependence, an additional sample with 0.05 < y < 0.1 and no cut in W was
analysed. Furthermore the range of the standard sample was split up into two parts
with 0.1 <y < 0.2 and 0.2 < y < 0.9. Since there is almost no data for x < 0.032 at this
low-y sample, only events with = above this value are taken into account. At low-y also
the mean value of Q? decreases by about a factor of three. Due to the requirement for
the momentum to be larger than the Cherenkov threshold, which is around 10 GeV/c
for kaons, the statistics for kaons is drastically reduced at low y. The measured Collins
asymmetries for the three different y-ranges are shown in Fig.[6.3|for pions and kaons.
For positively charged pions and kaons no effect is visible. Negatively charged pions
and kaons show a tendency of decreased asymmetries for the higher y sample. The
asymmetry in bins of = for K~ for the low-y sample is higher than the standard sample,
but still compatible within the error bars.

For the analysis of the different z ranges the standard samples, which is used to select
only events from the current fragmentation region, was divided into two samples with
the ranges 0.2 < z < 0.35 and 0.35 < z < 1. A low-z sample with 0.1 < z < 0.2 was
added while keeping all other cuts untouched. The results for pions and kaons shown
in Fig.[6.4 give no indication for a possible z dependence of the Collins asymmetry,
except for positive kaons, where the asymmetry in bins of z is slightly increased, but
still compatible with the results in the standard z range.
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Figure 6.2: Collins asymmetry for charged pions and kaons comparing COMPASS and
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Figure 6.3: The 2010 Collins asymmetries for 7+ and 7— (top) and K+ and K — (bot-
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two complementary y regions (0.1y <0.2 and y >0.2). For the applied binning see

App-A32.
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6.1 The Collins asymmetry

6.1.3 Naive interpretation of the results

A naive interpretation of the results for the Collins asymmetry is possible by evaluating
the equation

€2 hi(w, k}) @ Hil(z,p}")

Ygeq fll@) - Dig(z)

Acon (6.1)

where ® indicates the convolutions over transverse momenta. As as simplification,
the convolution integral is replaced with the product by making the assumption of
a Gaussian distribution of the parton transverse momenta. Further only the valence
quark region 0.1 < = < 0.3 is considered since the results show non-zero values only
for high values of x. With this constraint, the quark-sea contribution can be neglected:

fio= f=r=r=o0 (6:2)
Y = hi{=hi="hi=0. (6.3)

For the production of charged pions, the favoured and unfavoured fragmentation
functions for the nucleon’s valence quarks are given by:

D{*™ = DT, =D, (6.4)
Dy = Df, =D, (6.5)
Hf—afa’l),ﬂ — HLlu — Hjl;_l’d, (66)
HT = HT a=HT .. 6.7)

Looking at the quark contents of the kaons

Kt =us, K =as, (6.8)
=ds, KO=ds,

it can be seen that for K~ and K° production only unfavoured fragmentation functions
are involved, which leads to:

plavk _ D{ija (6.9)

Dllmf’K = Df, d = Df, = Dfu_’ (6.10)
Hlj_,fav,K _ Hffu, (6.11)
gt = gt = HE = HE (6.12)
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and
D{MMKO — ch(l)v (6.13)
T 619
gk — gk (6.15)
T R @16

It has also to be mentioned that at the present state of the analysis it is not possible to
distinguish between K and K°.

With these assumptions Eq.[6.1]can be written in the case of 7+ production on a proton
target as

d1u L.fav,mr | 14d Lounf,m

Apvﬂ-+ ~
Coll 4 fav,m 1 pd unf,m
§ff‘D1 +§f1‘D1

(6.17)

Using the following approximations obtained from unpolarized measurements

fil@) ~ 2fi() (618)

DI(z) ~ 2D (), (6.19)

and neglecting the contribution of the d-quark in the numerator in scattering on a

proton target, Eq.[6.17)can be written as

J—7 ’

4py . Hfovm

4.25fw . pfevm
hlf . Hlj_,fav,fr

+
p,
AC’oll

N . (6.20)
fit- Di*
Accordingly for 7~ production the following equation is obtained:
. 4.pYy. HL,unfﬂr
Colt — (6.21)

25. ff . D{av,ﬂ— .

From the results of the Collins asymmetry shown in Fig.[6.2]it can be seen that the
asymmetries measured for 7~ are slightly larger in absolute value than the asymmetries
extracted for 7t but with opposite sign . This can only be explained by a non-zero

unfavoured Collins fragmentation function A f b with opposite sign of the favoured

H;-7"™ and the assumption
Hmm o g (6.22)
can be made, which leads to

_4.h111 . Hllvfavﬂr B _i ot
2.5. fu. piovT T 950l

p77r7 ~
Coll ~

(6.23)
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6.1 The Collins asymmetry

which is consistend with the extracted asymmetries.
The term of the Collins asymmetry for charged kaons can be derived the same way
using the approximations given above:

4h1{ . HlJ_,fa'u,K + hcll . HlJ_,unf,K

p, KT
ACou 425 f0 D{“”’K ; (6.24)
- A(hY + hY) - HP K
AB (i + i) A (6.25)

2.25fu . DK

The K~ Collins asymmetry given in Fig. is small and compatible with zero. Since in
the pion case it was deduced that the v and d quark transversity function is different
from zero, H; "™/ must be small. Using this on Eq. leads to

1, K

4. hY - Hi T

4.25 - fu. piewk
4, K

hv . Hi

Jit- i

Ap7K+

Coll (6.26)

(6.27)

Q

The equation is similar to the one of the positively charged pions. The K asymmetries
given in Fig.[6.2]show a trend towards negative values of almost the same strength as
for 7. From the point of view of this naive interpretation this suggests the relation

Hlj_,fav,K ~ HlJﬂwavﬂ" (628)

But here only a direct measurement of the charged kaon Collins FF can clarifiy the
situation since here the contribution of the sea quarks was neglected.

6.1.4 Global fits of the Collins data

Using the available data of azimuthal asymmetries from SIDIS reactions at HERMES,
using a proton target, and at COMPASS, using a deuterium target, together with the
BELLE e*e™ data it is possible to extract the Collins fragmentation function and the
transversity distribution function for u and d quarks at the same time. This work
was done for the first time by the group of Anselmino et al. in Ref. [64] and was later
updated in Ref. [65]], including also the published data set for identified pions from
COMPASS run 2002-04 on the deuterium target [66], the pion data from HERMES run
2002-05 on a proton target [67] and BELLE e*e~ data [36]. The COMPASS data on a
proton target from 2007 and 2010 have unfortunately not yet been taken into account.
The authors use a Gaussian parametrisation of the unpolarized parton distribution
function and fragmentation function. The results from the latest fit of the transversity
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distribution functions k% and h¢ (both multiplied by z) at Q* = 2.4 (GeV/c)? as a
function of = and kr at a fixed value of # = 0.1 are shown in Fig.[6.5 The favoured
and unfavoured Collins fragmentation function is then given in Fig.[6.6] on the left as a
function of z, normalized to two times the unpolarized fragmentation functions. Here a
different expression for the Collins fragmentation function is used:

2pr

Lh h2
my, qu (Z7pT ) (629)

ANDh/qT (Z, pT) =
The blue lines indicate the Soffer bound |hd(x)| = (f{(z) + ¢ (x))/2 for the transversity
distribution functions or the positivity bound for the Collins fragmentation functions.
The dark grey area gives the uncertainty bands for this extraction, while the light grey
area corresponds to the one from the extraction in [64]. As can be seen from the figures,
the transversity distribution functions are of opposite sign and hY is larger than h¢ in
absolute value, while they are both lower than the corresponding Soffer bound. The
results of the global fit also show that the unfavoured Collins fragmentation function
is clearly different from zero and comparable in size with the favoured one, but of
opposite sign. This confirms the results of the naive interpretation made before.
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Figure 6.5: The transversity distribution functions for u and d quarks at Q? =
2.4(GeV/c)?, on the left as a function of = and on the right as a function of kr at
tfixed x = 0.1. The blue line shows the Soffer bound and the grey areas give the
uncertainty bands. uncertainty bands.
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Figure 6.6: The favoured and unfavoured Collins fragmentation functions at Q* =
2.4(GeV/c)?. Left: The Collins fragmentation functions normalized to twice the
corresponding unpolarized fragmentation functions as a function of z. Right: The
Collins fragmentation functions as a function of p, at a fixed value of z = 0.36. The
blue lines indicate the positivity bound and the grey areas give the uncertainty bands.

With both the extracted Collins fragmentation function and the transversity distribution
function it is possible to make predictions for the COMPASS measurements with a
proton target. In Fig.[6.7)the Collins asymmetry for positive (top) and negative (bottom)
pions is shown together with the model predictions from [65]. The agreement of the
COMPASS data and the predictions is very well within the given errors.
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Figure 6.7: Collins asymmetry for positive (top) and negative (bottom) pions together
with the model predictions of Anselmino et al. [65].
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6.2 The Sivers asymmetry

6.2 The Sivers asymmetry

6.2.1 Comparison with other measurements

The Sivers asymmetry for charged pions from the 2010 COMPASS run given in Sec.[5.3]
shows positive asymmetries for positively charged pions and even stronger also for
positive kaons in all extracted kinematic values. In bins of = the asymmetries have a
rising trend while in bins of z and p/ no particular trend is visible. On the contrary,
the asymmetries for negatively charged particles are small and compatible with zero.
The comparison of the results of the 2007 and 2010 COMPASS measurements on a
proton target is given in Fig.[6.§] for both pions and kaons. In case of the charged pions
the asymmetries are higher in 2010 than in 2007 but still compatible within the error
bars. From the plot of the charged kaons it can nicely be seen that due to the increased
statistics in 2010 a clear positive signal is visible for the K Sivers asymmetry in both
the single 2010 data as well as in the combined values shown in blue. The HERMES
collaboration has also measured a non zero Sivers asymmetry for positively charged
pions and kaons, and a vanishing Sivers asymmetry for negatively charged particles.
Figure [6.9|shows the comparison between the COMPASS and HERMES results. For
both 7t and K the asymmetries obtained at HERMES are slightly larger than the
ones from COMPASS while for 7~ and K~ the asymmetries are in agreement and
compatible with zero. A possible explanation could be that the different Q* ranges, in
contrary to the Collins case, play a significant role.

6.2.2 Investigation of different kinematic regions

Like in the Collins case, the Sivers asymmetries were also extracted for the low-y and
low-z sample. Figure shows the results of the analysis for the three different y
ranges.The plots give a hint for an increasing Sivers asymmetry with decreasing values
of y, and therefore also decreasing )? , for positive pions and kaons, but they are still
compatible with the standard results and statistically limited for kaons. The Sivers
asymmetry extracted in the different z ranges is shown in Fig.[6.11} As can be seen from
the plots, the asymmetries of the three z samples decrease only for positive pions in
bins of = for low values of z, while the others asymmetries are compatible with each
other in the different regions.
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Figure 6.8: Sivers asymmetry for charged pions (top) and kaons (bottom) comparing
2007 and 2010 data. Blue circles show the weighted mean of both.
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Figure 6.9: Sivers asymmetry for charged pions and kaons comparing COMPASS and
HERMES results.
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Figure 6.10: The 2010 Sivers asymmetries for 7+ and 7— (top) and K+ and K — (bot-
tom), for the low y (0.05< y <0.1) sample and the standard sample divided in
two complementary y regions (0.1y <0.2 and y >0.2). For the applied binning see

App.[A32
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Figure 6.11: The 2010 Sivers asymmetries for 7+ and 7— (top) and K+ and K — (bot-
tom), for the low z (2 <0.2) sample and the standard sample divided in two com-
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6 Interpretation of the results

6.2.3 Naive interpretation of the results

In the Sivers case the interpretation is based on the equation of the Sivers asymmetry
given by:
2
>y fir(@, k) @ DI (2, pf)
>gcq fi@) - DYy (2)

With the simplifications given in the previous subsection, the resulting expressions for
the production of charged pions on a proton target are

(6.30)

Agipy X

1, L,d L,
ot A i 05 fir | fir
S 4.25 - f}' f

(6.31)

and

o 2SN i
Aglv W- (6.32)
In the first equation the d quark contribution can be neglected due to the u quark
dominance (ratio u : d ~ 8 : 1), which is not possible in the second one, since the u : d
ratio is about 2 : 1 there. The results of the analysis of the Sivers asymmetry show a

non zero 7" asymmetry, which leads in this naive way of interpretation according to

Eq.[6.3T]to
A0, (6.33)

The vanishing Sivers asymmetry for 7~ implies that the numerator of Eq. cancels
and thus

fip ~ —0.5- fip. (6.34)

In the same way it is possible to derive the analogous terms of the Sivers asymmetry
for the production of charged kaons on a proton target:

Lu 1.d 1w
it ALt +05 - f fig (6.35)
Siv 4.25- ft fit
and
N
Ag,f M (6.36)

45 fu

Comparing Eq. and it seems reasonable to suppose that the Sivers asymmetry
for positively charged pions and kaons should be equal in sign and size. However, from
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6.2 The Sivers asymmetry

Fig.[5.15)it can be seen that the asymmetry for K has the same sign as the asymmetry
for 7T, but is larger in size of almost a factor of 1.5. In this case a strong contribution
of the Sivers sea quark function, which was neglected in this simplified interpretation,
could explain the effect by either increasing the K+ asymmetries due to the contribu-
tion of the § quark distribution and/or by decreasing the 7+ asymmetries due to the
contribution of the d quark.

In the case of K~ the contribution of flLT’“ to the Sivers asymmetry is twice as high as
in the case of the 7=, which should lead to a increased Sivers amplitude of K~ with
respect to 77, but the measured Sivers asymmetry of K~ presented in this work is
compatible with zero like the ones of 7~. Again this could be explained by a strong
contribution of a proton sea s quark Sivers function.

Concluding the naive interpretation of the Sivers asymmetry in charged kaon produc-
tion on a proton target it can be said that the s quark contribution cannot be neglected
and a global analysis of the available data is needed. The results of the most recent fits
and extractions are reported in the following.

6.2.4 Global fits of the Sivers data

The first extraction of the Sivers functions considering not only u and d quarks, but all
quarks and antiquarks of the flavours u, d and s was done by the group of Anselmino
et al. [68]. The fit is based on the HERMES 7+, 70 and K+ proton data [37] and the
COMPASS 7#, K* deuteron data [66]. Although the published COMPASS data for the
deuterium target also contained the extracted Sivers asymmetry for K, these were not
taken into account since the corresponding fragmentation functions are not very well
know. Instead the authors estimate the neutral kaon Sivers asymmetry by using the
Sivers functions they obtain from the other data and assume exact SU(2) invariance
to derive the quark fragmentation functions. The resulting Sivers functions are shown
in Fig. on the left side for the first moments of k7 as a function of = given by
AN ql/pT (x) = —fllq?(:z:) and on the right side as a function of k7 at fixed z = 0.1. As
can be seen from the plots, the Sivers distribution functions for u and d quark have
opposite sign, while the u quark distribution is positive and the d quark distribution
negative. With these results the authors of [68] were able to make predictions on the
Sivers asymmetries which are measured on a proton target at COMPASS. The estimates
for charged pions and kaons are given in Fig.[6.13|together with the results presented
in this thesis. In bins of = the agreement of the data and the fit is rather good for
positive particles, but in bins of z and pr the fit overestimates the data clearly. For
negative particles both data and fit agree rather well and also the prediction is nearly
compatible with zero as the data. Comparing the predictions to the results of the
HERMES experiment shown in Fig.[6.9] the fit agrees better with the HERMES data. As
mentioned at the comparison of the both experiments, the different Q2 regions of the
experiments could play an important role for the Sivers function.
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Figure 6.12: Sivers distribution function for u, d and s flavours at Q2 = 2.4(GeV/c)?, on
the left as a function of x and on the right as a function of k7 at x = 0.1. The dashed
blue lines show the positivity limit | f{-| = 2 - f; and the shaded areas show the error

bands [68].
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Figure 6.13: Sivers asymmetry for charged pions (top) and kaons (bottom) together
with the model predictions from the fit of Anselmino et al. [68]].
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6 Interpretation of the results

While in [68] it was assumed that the Q2 evolution of Sivers function is the same as for
the unpolarized distribution function, recent extractions of the Sivers function started
to use a full TMD-evolution. One of them, the group of Aybat et al. [69], used the fit of
the Sivers asymmetry from [70] and evolved it from the average Q? value of HERMES
(Q*) ~ 2.4 (GeV/c)? to the average value of COMPASS (Q?) ~ 3.8 (GeV/c)?, applying
the full TMD evolution described in [71]]. The result is shown as the blue line in Fig.[6.14}
together with the 7 data from HERMES [37], the data for unidentified hadrons from
COMPASS [72,73] and the fit from [70] as a function of z and pr. The fit describes the
data of the COMPASS experiment very good. A similar approach is made by Anselmino
et al. in [74], but instead of evolving the fit from one average Q? value to another, they
take into account the mean Q? of each data point. This makes also a fit in z possible,
where a strong Q? correlation is presentlﬂ The result obtained by their fit is shown
in Fig.[6.15 together with the Sivers asymmetries obtained from the COMPASS 2010
measurement for unidentified hadrons as a function of . Compared to the previous
fit of Anselmino et al., made without taking TMD evolution into account (Fig.[6.13),
the recent one agrees very good with the data. These results show, the Sivers function
is clearly depending on Q2 and TMD evolution has to be taken into account when
describing the effect. This will be also of great importance for upcoming experiments
like RHIC and EIC, since they will measure TMD functions at even higher Q? and
therefore a proper TMD evolution, which will be able to provide good predictions for
these experiments, is needed.

};w 0.15 TMD evolution T;U’ 0.15 TMD evolution
o= HERMES [} o HERMES 3
= . COMPASS = L COMPASS
% 5 0l f £ 5 o1 \
< <
0.05 —
0
I L L L L L I L L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.2 0.4 0.6 0.8 1 1.2
z Phl(GeV)

Figure 6.14: Sivers asymmetries from HERMES (red circles) and COMPASS (blue cir-
cles). The solid red line is the fit from [70], the blue dashed line is the TMD evolved
prediction from Aybat et al. [69].

! At COMPASS the mean Q? in bins of = ranges from about 1.27 GeV/c? to 20.5GeV/c?, at HERMES
from 1.3GeV/c? to 6.2GeV/c?
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Figure 6.15: Sivers asymmetry for unidentified hadrons from COMPASS 2010 run
together with TMD evolution fit by Anselmino et al. [74].

6.3 The other 6 asymmetries
6.3.1 Pretzelosity

The asymmetries extracted from the 2010 data at COMPASS for the sin(3¢, — ¢s)
modulation are small and compatible with zero. The weight of the convolution of the

pretzelosity PDF and the Collins FF is expected to scale according to p%2 so the signal
might be suppressed due to the low transverse momenta measured.

Figure shows the comparison of the pretzelosity asymmetry extracted from the
runs of 2007 and 2010 at COMPASS for unidentified hadrons?l Both measurements
are in good agreement taking into account the rather large error bars of the 2007 data
taking. The comparison of the A;}HT(?’%_‘Z’S ) asymmetry of unidentified hadrons with the
theoretical curves based on light-cone constituent quark models [75] 76] is presented in

Fig.[6.17] As can be seen from the plot, the newer predictions of [76] fit the data better
than the ones of [75]. In Fig. the A?}I}(?’(bh_%) asymmetry obtained by the HERMES
collaboration is shown together with the results from COMPASS for identified pions
and kaons from the 2010 run. Both experiments measure a pretzelosity asymmetry
compatible with zero.

2The other six cross-section asymmetries from the 2007 at COMPASS were analysed for unidentified
hadrons only [41]
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Figure 6.18: Results of the A?]inT(Bcﬁh—qﬁs ) asymmetry measured at HERMES proton target

[39] and 2010 at COMPASS proton target.
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6.3.2 Worm-gear 2

The double spin asymmetry ACLO;(%_% ), which is related to the worm-gear 2 distri-

bution function g;7 in convolution with the unpolarized FF is shown in Fig.
comparing the 2007 and 2010 data for unidentified hadrons. For the data of 2007 no
signal for worm-gear 2 was visible and the asymmetries were compatible with zero, but
had also large error bars due to the low statistics. The 2010 asymmetries show a clear
signal up to 0.1 in bins of z. This indicates a non vanishing worm-gear 2 distribution
function.

In Fig.[6.20] the results from HERMES and the 2010 run at COMPASS are shown together
for comparison for identified pions and kaons. Both experiments show a strong signal
for the ACLO;(%_% ) asymmetry for charged pions and are in good agreement within the
given statistical precision. For charged kaons the results are in agreement with zero. In
Fig.[6.21] the results from the 2010 COMPASS data are compared to the updated model
predictions of [77], which describe the data very well.
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Figure 6.19: ACLO;(%_%) asymmetry for unidentified hadrons comparing 2007 and 2010
data.
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Figure 6.20: Results of the AZO;(¢h_¢S ) asymmetry measured at HERMES proton target
[39] and 2010 at COMPASS proton target.

131



6 Interpretation of the results

COMPASS preliminary Proton 2010

-9)

[ PRD73:114017(2006)

E +
oi5F N 2

cos (<|)h

Ar

0.1F -

0.05F r

-0.05F -

0.15F h

——0—
T
T

0.1F E E

0.05F r

-0.05F -

102 10t 02 04 06 08 05 1 15
X z P (GeVic)

Figure 6.21: AS5\”1~%9)

predictions from [77].

asymmetry for unidentified hadrons together with updated

6.3.3 The subleading twist asymmetries

From the four subleading twist asymmetries only the sin(¢s) modulation shows a non-
zero signal for negative pions, while all others asymmetries are compatible with zero
within the error bars. Since these asymmetries are related to convolutions containing
either twist-three PDFs or FFs these results are hard to interpret.

The comparison between the 2007 and 2010 results from COMPASS for unidentified

hadrons for the A?}I}((ﬁs ) asymmetry is given in Fig. Like for the other asymmetries
shown before, the 2007 results are affected by large error bars. The results from the
HERMES data and the COMPASS data from 2010 for identified hadron for the sin(¢g)
modulation are presented in Fig.[6.23] As for COMPASS, also HERMES observes a nega-
tive trend for negative pions. The asymmetry for negative kaons is at HERMES negative
on average, while it is zero at COMPASS, but overall the results of the experiments are
still compatible with each other within the given errors.
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6.3 The other 6 asymmetries

The asymmetries A?}I}Q%_(ﬁs ), ACLO;(%’F% ) and A%O;((ZSS ) are in agreement with zero for

both years of measurement at COMPASS (see Figs.2.17,2.19/and 2.2T). The HERMES
results for these asymmetries are small and in agreement with zero (see Figs.[2.17}
and [2.2T). The quark-diquark model predictions [78] for the subleading twist single
and double spin asymmetries together with the COMPASS 2010 data for unidentified
hadrons are given in Fig.[6.24]and respectively. As can be seen, in most cases the
predictions are not describing the data very well and new model calculations need to
be done, taking into account the newest HERMES and COMPASS results, to provide an
understanding of these subleading twist asymmetries.

i [ : 2007 h: * COMPASS preliminary COMPASS - proton data,

§<5 . 2010 h y * ]
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Figure 6.22: A?}Ir}((bs ) asymmetry for unidentified hadrons comparing 2007 and 2010
data.
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6 Interpretation of the results
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Figure 6.23: Results of the A?}HTM)S ) asymmetry measured at HERMES (top) and
COMPASS (bottom).
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6.3 The other 6 asymmetries
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in bins of x with the model predictions of [78].
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7 Summary

In 2010 the COMPASS collaboration dedicated an entire running period to the investi-
gation of transverse spin effects on a transversely polarized proton target. The collected
events were checked for possible errors by various tests and after the cleaning of the
data around 77.8 - 10° charged hadrons fullfilling the applied cuts could be found. By
using the RICH detector around 52 - 10° of the hadrons could be identified as charged
pions and 7.9 - 10% as charged kaons. In a separate analysis the data were analysed
for K particles by looking for vertices with no incoming, but two outgoing charged
hadrons. For the extraction of the asymmetries a total of about one million K° could be
found.

The topic of this thesis was the analysis of the transverse spin effects occurring in the
scattering of longitudinally polarized muons off a transversely polarized proton target.
The main goal was the extraction of the Collins and Sivers asymmetry with high preci-
sion. The Collins asymmetry is related to the convolution of the transversity parton
distribution function and the Collins fragmentation function. The results show a clear
non-zero signal for the Collins effect for charged pions in the valence region of z > 0.05,
with opposite sign for negative and positive pions. The asymmetry for positive kaons is
slightly negative on average, while for negative kaons it is compatible with zero. These
results confirm the measurements performed by the HERMES collaboration and are in
a good agreement with model predictions. The compatibility of the results found at
COMPASS and HERMES, which measure at different values of Q? , indicates a weak
@Q? dependence of the Collins effect. A Collins asymmetry is different from zero and
implies also a non-vanishing transversity distribution h;(z) and Collins function Hi-".
The Sivers asymmetries measured at COMPASS are different from zero for positive
pions and kaons, rising up to values of about 5% and 8%, respectively, while they are
compatible with zero for negative particles. The same trend is observed by HERMES,
but with slightly larger values. The first models, based on the HERMES proton and
COMPASS deuteron data, have not been able to reproduce this difference between the
experiments. For the newest extractions of the Sivers function a Q? TMD evolution is
taken into account fitting now also the COMPASS proton data. The resulting models
describe both experimental data sets with very good agreement.

The Collins and Sivers asymmetries for neutral kaons are small and compatible with
zero. Here no other experimental data exists, nor are theoretical predictions available.
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7 Summary

From the other six asymmetries showing up in the TMD cross section for scattering off a
transversely polarized target, two are leading order and four are subleading order. The
leading order pretzelosity function is associated with a modulation in sin(3¢x — ¢g).
The amplitude of the corresponding single spin asymmetry was found to be compati-
ble with zero for positive and negative particles. Similar results are observed by the
HERMES collaboration.

The remaining leading order asymmetry connected to the worm-gear 2 function g, is
clearly different from zero for positive and negative pions, rising up to 10% in bins of x.
For charged kaons the double spin asymmetry is small and compatible with zero.
From the four investigated subleading asymmetries only the sin(¢g) modulation shows
results different from zero. This is similar to HERMES.

Summarizing the results presented within this thesis, it can be said that the increased
statistics available from the 2010 full run on a transversely polarized proton target at
COMPASS provided good evidence of a non-zero Collins and Sivers function. Now it
is up to the theoretical groups to extract the corresponding functions from the available

COMPASS deuteron and proton and HERMES proton data. From the remaining other

six asymmetries worm-gear 2 and A?}r}(‘z’s ) showed asymmetries different from zero.

Here also it is the turn of theorists are in the task to provide models describing the
observed results.

Altogether the COMPASS and HERMES data clearly show that transverse spin effects
are important in determining the spin structure of the nucleon.

In the next years COMPASS-II will in particular investigate the Sivers function in the
Drell-Yan process, where a sign change with respect to the SIDIS reaction is expected.
Furthermore it is planned to measure generalized parton distributions in deep virtual
Compton scattering and hard exclusive meson production.
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A Appendix

A.1 Kinematic plots for identified hadrons
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Figure A.1: Kinematic distributions for unidentified hadrons (white), identified pions
(vellow) and kaons (red). From left to right in the top row: Q? distribution and zy,
distribution; bottom row: y distribution and z distribution.
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Figure A.2: Top row: W distribution (left) and the distribution of the primary vertex
along the z-axis (right) for unidentified hadrons (white), identified pions (yellow)
and kaons (red). Middle and bottom row: Q? -z and z-z distributions for pions (left)

and kaons (right).
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A.1 Kinematic plots for identified hadrons
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Figure A.3: p’ GeV/c-z distribution (top) and y-W distribution (bottom) for identified
pions (left) and kaons (right).
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A.2 Summary of the overall systematic error

Collins ht R~ at - Kt K-~
estimator for extraction of asymmetries 0.15 0.15 - - - -

false asymmetries 045 051 045 045 045 049
spectrometer segments:t/b 053 050 0.52 060 0.58 0.51
spectrometer segments:1/r 045 060 047 049 044 0.62
overall 052 056 052 0.60 058 0.62

Table A.1: Overall systematic error in units of the statistical one for the Collins asym-
metries.

Sivers Rtk at 7 Kt K-
estimator for extraction of asymmetries 0.15 0.15 - - - -

false asymmetries 051 048 052 052 058 0.53
spectrometer segments:t/b 045 040 047 041 057 0.54
spectrometer segments:1/r 057 060 0.62 0.54 0.50 0.56
overall 053 051 062 054 057 056

Table A.2: Overall systematic error in units of the statistical one for the Sivers asymme-
tries.

A?]ir%(?’d)h_%) Rt h~ at 7 Kt K-~

false asymmetries 05 05 04 06 06 05
spectrometer segments:t/b 05 04 05 05 06 0.7
spectrometer segments:l/r 05 05 06 05 05 0.6

overall 05 05 06 06 06 07

sin(3¢p—¢s)

Table A.3: Overall systematic error in units of the statistical one for the A,

asymmetries.
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A.2 Summary of the overall systematic error

A?}g@aﬁh*%) ht b~ ot 7~ Kt K~

false asymmetries 05 06 05 05 06 06
spectrometer segments:t/b 06 0.5 0.6 0.6 05 0.5
spectrometer segments:1/r 05 05 0.6 05 0.7 0.7

overall 06 06 06 06 07 07

Table A.4: Overall systematic error in units of the statistical one for the A?}I;SQQSh_(f)S )
asymmetries.

ASn(os) Wt b at 1 Kt K-
false asymmetries 0.6 06 06 05 05 0.5

spectrometer segments:t/b 05 05 05 06 04 05
spectrometer segments:1/r 0.1 01 01 01 01 0.1

overall 06 06 06 06 05 05

Table A.5: Overall systematic error in units of the statistical one for the A?}r}(% ) asym-
metries.

Azo;((bhfd)S) ht b~ ot a1 Kt K~

false asymmetries 07 06 05 05 05 05
spectrometer segments:t/b 05 05 06 05 05 05
spectrometer segments:l/r 05 05 05 05 05 05

overall 07 06 06 05 05 05

Table A.6: Overall systematic error in units of the statistical one for the ACLO;(%_% )
asymmetries.

AL (29n=05) Kt b~ xt o Kt K-

false asymmetries 05 05 05 05 05 05
spectrometer segments:t/b 0.6 05 05 05 05 0.6
spectrometer segments:l/r 05 0.6 05 04 05 0.6

overall 06 06 05 05 05 05

Table A.7: Overall systematic error in units of the statistical one for the A% ~?s)
asymmetries.
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Table A.8: Overall systematic error in units of the statistical one for the A

metries.
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AE%%WS) ht hm xt o Kt K~
false asymmetries 0.7 08 0.7 0.7 0.5 0.6
spectrometer segments:t/b 0.1 01 0.1 01 01 0.1
spectrometer segments:l/r 05 05 05 06 04 0.6
overall 07 08 07 07 05 06

cos(¢s)
LT

asym-



A.3 Binning for different samples

A.3 Binning for different samples

A.3.1 2007 binning for charged kaons

Bin

X

z

p%(GeV/c)

1
2
3
4
5
6

0.003-0.013
0.013-10.020
0.020 - 0.032
0.032 -0.050
0.050 -0.130
0.130-0.70

0.20-0.30
0.30-0.40
0.40-0.65
0.65-1.00

0.1-0.3
0.3-0.5
0.5-0.75
0.75-0.9
09-1.3
>1.3

Table A.9: Binning in , z and p/ for charged kaon asymmetries of 2007.

A.3.2 Binnings for different y regions

phGeV/c 6 0.1 0.2 0.3 0.4 0.6 0.9 1000
4 0.032 0.0500.080 0.130 0.7
5 0202503040651

x
z

Table A.10: Binning for pion sample with 0.1 <y < 0.2, z > 0.032.

phGeV/c 6 0.1 0203 0.4 0.6 0.9 1000
4 0.032 0.0500.080 0.130 0.7
3 03040651

x
z

Table A.11: Binning for kaon sample with 0.1 < y < 0.2, x > 0.032.

phGeV/c 6 0.10.2 0.3 0.4 0.6 0.9 1000
4 0.032 0.0500.080 0.130 0.7
5 0202503040651

x
z

Table A.12: Binning for samples with 0.2 < y < 0.9, z > 0.032.
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phGeV/ec 6 0.1 0.2 0.3 0.4 0.6 0.9 1000
x 4 0.032 0.0500.080 0.130 0.7
z 5 0202503040651

Table A.13: Binning for pion sample with 0.05 < y < 0.1.

p%GeV/c 3 0.1 0.3 0.6 1000
x 2 0.032 0.080 0.7
z 1 041

Table A.14: Binning for kaon sample with 0.05 < y < 0.1.

A.3.3 Binnings for different > regions

pGeV/c 5 0.1 0.2 0.4 0.6 0.9 1000
x 5 0.003 0.008 0.020 0.050 0.130 0.7
z 1 0102

Table A.15: Binning for sample with 0.1 < z < 0.2.

ph.GeV/c 5 0.1 0.2 04 0.6 0.9 1000
x 5 0.003 0.008 0.020 0.050 0.130 0.7
z 3 02025 03 035

Table A.16: Binning for sample with 0.2 < z < 0.35.

pGeV/c 5 0.1 0.2 0.4 0.6 0.9 1000
x 5 0.003 0.008 0.020 0.050 0.130 0.7
z 5 03504 05 065 08 1

Table A.17: Binning for sample with 0.35 < z < 1.
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