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Abstract

Nucleons such as protons and neutrons are composite objects made of quarks, which are bound
together by the strong force via the exchange of gluons. The probability of finding a quark of
flavor g carrying the momentum fraction x of the fast moving parent nucleon is described by
a parton distribution function (PDF) f{(x), the number density. The spin, an intrinsic angular
momentum of elementary particles such as quarks but also of composite objects like nucleons,
couples with magnetic fields, which allows one to align it. Taking into account this additional
parameter, the spin, the scheme of PDFs in leading twist is expanded by the helicity distribution
g1(z) and the transversity distribution h{(x). The first distribution covers the case where the
nucleon and the quark are longitudinally polarized, while a transverse polarization is taken into
account by the latter.

A tool for the investigation of the PDFs is inclusive deep inelastic scattering (DIS) of electro-
magnetic probes off (un)polarized nucleons at fixed-target experiments. This only gives access
to f{(x) and g{(z), while the chiral-odd nature of the transversity distribution prevents a
measurement without detecting the final hadronic states. However, h{(x) can be observed in
semi-inclusive DIS (SIDIS) in combination with another chiral-odd function like the dihadron
fragmentation function H fq in the production of a hadron-pair. The resulting experimental
challenge is the reason why f{(z) and g7 (z) have been investigated for almost four decades,
while 1 (z) is still subject to recent measurements and analyses.

The 160 GeV/c polarized muon beam of CERN’s M2 beamline allows the COMPASS ex-
periment to investigate spin effects using polarized solid-state targets. Since the year 2002
COMPASS has collected unique data sets on transversely polarized targets of lithium deuteride
and ammonia, serving as deuteron and proton targets, respectively. The work of this thesis
started with the analysis of asymmetries of ~*h~ hadron-pairs from the 2010 high statistic
data. The subsequent implementation of particle identification using the data from the RICH
detector allowed discrimination between pure pion and kaon pairs, as well as mixed pairs. The
results obtained motivated for an extension of this identification analysis to the previous deuteron
2003-2004 and proton 2007 data sets using the same methods and requirements as for the 2010
data. Hence, the full set of identified hadron-pair asymmetries from the COMPASS data on the
deuteron and the proton target are presented in this work. The results are compared to model
predictions and results from the HERMES collaboration. Finally an extraction of the transversity
distribution function h;(x) for u and d valence quarks was carried out with these new results.
In its second phase the COMPASS experiment will test a fundamental QCD relation linking
SIDIS and Drell-Yan processes. An advanced type of scintillation fiber detector is crucial to the
success of this measurement. The R&D efforts and the construction of this high rate capable
detector requiring new approaches to the topic, are also described as part of this work.



Zusammenfassung

Nukleonen sind aus Quarks zusammengesetzte Objekte, welche durch die starke Wechsel-
wirkung mittels Gluonenaustausch aneinander gebunden sind. Die Wahrscheinlichkeit, dass
ein Quark der Art ¢ den Impulsanteil  des Nukleons trigt, wird durch die Partonenverteilungs-
funktion f{(x) beschrieben. Der Spin, eine intrinsische Eigenschaft von Elementarteilchen wie
etwa Quarks lédsst sich mittels magnetischer Felder ausrichten. Der Spin tritt jedoch auch bei
zusammengesetzten Objekten wie den Nukleonen auf. Diese Eigenschaft erlaubt es, zwei weitere
Partonenverteilungsfunktionen in fithrender Ordnung einzufiihren, die Helizititsverteilungsfunk-
tion g{ () und die transversale Verteilungsfunktion h{(z), auch Transversity genannt. Erstere
beschreibt den Fall, dass die Spins des Nukleons und des Quarks longitudinal polarisiert sind,
die zweite Funktion den Fall transversaler Polarisation beider.

Eine Methode zur Untersuchung der Partonenverteilungsfunktionen ist die inklusive tiefinelastis-
che Streuung (DIS) von elektromagnetischen Proben an (nicht) polarisierten Nukleonen. Diese
erlaubt jedoch nur einen Zugang zu f{(z) und g{(z), da die transversale Verteilungsfunk-
tion aufgrund ihrer chiral ungeraden Eigenschaft nicht ohne den Nachweis der hadronischen
Endzusténde bei Streuexperimenten mit leptonischen Proben gemessen werden kann. In dieser
sogenannten semi-inklusiven tiefinelastischen Streuung (SIDIS) benétigt 1 () daher eine weit-
ere chiral ungerade Funktion, wie zum Beispiel die zwei Hadronen Fragmentationsfunktion H;?,
um beobachtet werden zu kénnen. Die daraus resultierenden experimentellen Anforderungen
sind ein Grund dafiir, dass f{(z) und g{(z) bereits seit vier Jahrzehnten untersucht werden,
h{(x) jedoch weiterhin Bestandteil aktueller Messungen und Analysen ist.

Das COMPASS Experiment am CERN nutzt einen polarisierten Muonenstrahl mit einem Impuls
von 160 GeV /¢ und ein polarisiertes Target, um diese Spin-Effekte zu untersuchen. Seit dem
Jahr 2002 hat COMPASS mehrere Datensitze an transversal polarisierten Targets bestehend aus
Lithiumdeuterid und Ammoniak, welche effektiv als Deuteronen- und Protonentarget dienen,
aufgenommen. Der erste Schritt dieser Arbeit war die Analyse der mit hoher Statistik gemesse-
nen zwei Hadronen Asymmetrien aller moglichen Kombinationen 2" h~ aus dem Datensatz des
Jahres 2010. In einem néchsten Schritt wurde die Identifikation der Hadronenpaare in Pionen-,
Kaonen- und gemischte Paare mittels der Daten des RICH-Detektors durchgefiihrt. Die daraus
gewonnenen Resultate motivierten dazu, diese Analyse mit identifizierten Hadronen auch auf
die vorhergehenden Datensétze am Deuteronentarget von 2003-2004 und am Protonentarget von
2007 zu erweitern. Dabei wurden einheitliche Methoden und Datenschnitte verwendet. Somit
kann der gesamte Satz an zwei Hadronen Asymmetrien des COMPASS Experiments in dieser
Arbeit konsistent prisentiert werden.

Diese werden mit den Resultaten von Modellrechnungen und den Ergebnissen der HERMES
Kollaboration verglichen. SchlieBlich wurden die Transversity Funktionen der Up- und Down-
Valenzquarks mit Hilfe dieser neuen Ergebnisse extrahiert.

In seiner zweiten Projektphase wird das COMPASS Experiment versuchen, eine fundamentale
QCD Beziehung, welche SIDIS- und Drell-Yan Reaktion verbindet, nachzuweisen. Dabei
ist ein weiterentwickeltes Faserhodoskop unverzichtbar fiir das Gelingen der Messung. Die
F&E-Arbeiten und die Konstruktion dieses hochratenvertriaglichen Detektors erfordern neue
Ansitze, welche auch Teil dieser Dissertation sind und kurz beschrieben werden.
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1. Introduction

The modern investigation of the structure of matter started with the scattering experiments of
Rutherford and collaborators in 1911. The discovery of the atom’s mass and charge being
concentrated in a small nucleus has been a trigger for further investigations, which revealed that
the nucleus is also an object composed by protons and neutrons, the nucleons. Even these are not
elementary particles, having a substructure, as has been discovered in 1957 by Hofstaedter and
collaborators [Hof56] at the Stanford Linear Accelerator Center (SLAC), using elastic scattering
of electrons off nucleons.

The key to the nucleon’s inner dynamics is the detection of the scattered lepton, which under-
goes changes in its energy and direction of motion after having interacted with the nucleon’s
constituents via the exchange of a virtual photon. This method, deep inelastic scattering (DIS),
became a common tool for the investigation of the structure of the nucleon. The very first
DIS experiment, performed at SLAC, revealed the point-like nature of the constituents of the
nucleon [BT69], using a hydrogen target. In parallel, theoretical efforts and progresses had
been made by Gell-Mann [GM64], Zweig [Zwe64]| in 1964 and Feynman [Fey69] in 1969.
Feynman called the constituents partons, being almost massless compared to the nucleon, while
Gell-Mann and Zweig proposed three so-called quarks carrying one-third of the nucleon’s mass
each. Most important is that in both models the particles are described as fermions, which have
a spin of %ﬁ The parton and the quark pictures were unified by Gross and Wilczek [GW73]]
and Politzer [Pol73[] in 1973. They described the quarks as a sub-group of the partons, where
the other sub-group consists of the so-called gluons. The latter are the exchange particles or
gauge bosons for an attractive force between the quarks, the so-called strong force, and were
experimentally confirmed in 1979 [BGGo79]. This basic concept of quantum chromodynamics
(QCD) also describes the decay of the gluons into quark-antiquark pairs, which subsequently
annihilate back into gluons. The quarks generated in such loops are referred to as sea quarks,
while the the three constituent quarks are the so-called valence quarks. Protons and neutrons
were found to consist of two different types of valence quarks, known as flavors, up (u) and
down (d). Thus their electric charge has to be quantized in thirds of e. Four more flavors
have been discovered subsequently. In order to describe the intrinsic dynamics of a nucleon,
the number density f{(z) is defined as the probability of finding a quark of the flavor ¢ with
momentum fraction z of the momentum of the parent nucleon. Another long-known property
of the nucleons, the spin, an intrinsic analog to the orbital angular momentum, then came into
the focus. If the nucleons are composite objects, their total spin must arise from the sum of
the orbital angular momenta and the spins of its constituents. Describing the difference in
probabilities of finding a quark with spin parallel or anti-parallel w.r.t. the one of the nucleons,
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which is longitudinally polarized w.r.t. its momentum, the helicity distribution function g{(z)
was the next object to be studied.

The simple assumption that the spin of valence quarks sums up to the known nucleon spin
of %fz has been proven wrong by the results of the EMC experiment at CERN in 1988. They
found a value of 0.120 + 0.094 + 0.138 [EMC89] for the sum of the spin contributions of
quarks and antiquarks to the total nucleon spin. Known as the spin crisis, this result served
as a trigger for increased experimental and theoretical efforts in the understanding of the com-
position of the nucleon spin. Subsequent experiments, like SMC at CERN, E143 and E155
at Fermilab, and HERMES at HERA found this value to be < 30 % [E15500]. In the scat-
tering of a lepton off a longitudinally polarized target, the nucleon spin can be expressed as
%ﬁ = (%AE +AG+ Ly + Lg)ﬁ, according to Jaffe and Manohar [JM90|,where AY. is the
sum of the spin contributions of quarks and antiquarks. The contribution resulting from the spin
of the gluons is AG, while L, and L, are the orbital angular momenta of the quarks and gluons,
respectively. Some terms occurring in this expression have been measured, like AG, which was
found to be small and compatible with zero within the uncertainties [COMPASS09b]; others,
like the angular momentum terms are still experimentally challenging.

A third function, the so-called transversity distribution h{(z) [RS79]], completes the set of
distribution functions needed for a description of the structure of the nucleon in leading twist.
Here the nucleon is transversely polarized w.r.t. its momentum and the quark polarization is
again parallel or anti-parallel to the one of the nucleon. A simple rotational invariance between
g1(z) and hi(z) is not given, since the relativistic nature of the partons together with their
nonzero masses prohibit this. From the experimental point of view the chiral-odd property
of the transversity distribution makes it difficult to access because an additional chiral-odd
function has to be combined with it. The fragmentation functions (FF), which describe the
hadronization of the struck quark when leaving the parental nucleon, are ideal chiral-odd partners
to h{(z). But the measurement has to be expanded to the detection of at least one hadron in the
outgoing channel, that is what the term semi-inclusive DIS (SIDIS) describes. The Collins FF
H f 71Co193| and the dihadron FF (DiFF) H fq contain information on the process of one or a
pair of hadrons being produced in the fragmentation of a transversely polarized quark.

The polarization state of the quark does not necessarily have to be (anti)parallel to that of the
nucleon, for instance unpolarized quarks in transversely polarized nucleons, described by the
Sivers function [[Siv90a], couple to the unpolarized FF D(f. The underlying effect is an intrinsic
transverse momentum of the quark inside the nucleon, which started to be investigated after
the observation of large asymmetries in the production of pions from proton-proton scatter-
ing [AABT91].

All three cases (Collins, Sivers and hadron-pair) lead to a modulation in the azimuthal distribu-
tion of the hadrons or hadron-pairs produced. The latter, the so-called hadron-pair asymmetry is
a relatively new object in the theoretical and experimental investigations. The extraction of the
transversity distribution is simplified in the hadron-pair case since it appears in the expression of
the asymmetry as a product with the DiFF and not as a convolution with a FF like in the single
hadron case.



Meanwhile, the effects discussed above have been measured by various collaborations such as
BELLE at KEK, HERMES at DESY, and COMPASS at CERN. The latter two are fixed-target
experiments, where leptonic probes (e* or muons) were/are scattered off transversely polarized
proton targets, or in the case of COMPASS off an additional deuteron target. The first observation
of the pion pair asymmetry from a transversely polarized proton target was made by the HERMES
collaboration in 2008 [HERMESO8]. COMPASS followed in 2012 [|[COMPASS12c|] with proton
and deuteron results of ™A~ from the 2007 and 2002-2004 data, respectively. The polarized
DiFF was measured by the BELLE collaboration in e*e™ collisions [BELLE11].

This thesis is organized as follows. In Chapter [2] an introduction to the theoretical framework
is given, where the main focus is on the transversity distribution which enters together with
the DiFFs into the measured hadron-pair asymmetry. In the production of a single hadron
the transversity distribution appears together with the Collins FF, the description of which,
together with that of the Sivers function, allows for a more complete picture of the field. The
COMPASS apparatus is introduced in Chapter [3|as an appropriate tool for the investigation of
these processes, including a short description of its various detector types. In Chapter ] the
complete analysis chain, starting from basic detector stability studies, through the investigation
of the data quality in terms of physical stabilities to the applied selection cuts on the data and the
particle identification, is specified. Furthermore, the methods used to extract the asymmetry are
discussed. The results on the hadron-pair asymmetry of unidentified and identified pairs obtained
from the data taking periods on the transversely polarized proton, but also on the deuteron target,
are presented in Chapter 5] The interpretation of the results is given in Chapter [6] not only in
the case of the hadron-pair, but also briefly for the single hadron asymmetries. In particular,
the measured signal of the Collins asymmetry shows similarities w.r.t. the hadron-pair signal,
which is examined more closely. The comparison to corresponding results from the HERMES
collaboration is supplemented by a comparison with results from model calculations. Finally, a
point-by-point extraction of the transversity distribution of » and d valence quarks is performed
using the complete set of pion pair asymmetries.

The hardware-related part of this thesis is covered by Chapter[7]and Section An advanced
type of scintillating fiber detector will play a crucial role in the investigation of perturbative
QCD predicted effects at the measurement of the polarized Drell-Yan process at COMPASS-II,
which are related to the Sivers function for instance.






2. Theory and experimental overview

The aim of this chapter is a moderately detailed introduction into the underlying theory of
mechanisms of the physical processes analyzed in this work. The argumentation will follow
the works of [AEL95, BDR02,|BR04]] while summarizing and giving links to the experimental
field. The basic concept of studies on the structure of the nucleon, the process of deep inelastic
scattering (DIS), is introduced. It already offers a broad range of possibilities like measuring
density distributions. Still many distribution functions, like the transversity PDF, remain inac-
cessible as long as one does not measure at least some of the produced particles in the scattering
process, like in semi-inclusive deep inelastic scattering (SIDIS). The transversity PDF, often just
called Transversity is related to a nonzero transverse momentum of the quarks, which enters
the full SIDIS cross-section in various terms. A brief overview of all will be given. In this
context the difference between the single hadron and the hadron-pair production process, as
well as the advantages which are offered by the latter are disclosed. Possible experimental
accesses are introduced, were the transversity parton distribution function appears together with
a fragmentation function (FF). Finally an overview of the experimental results is given, with a
brief discussion on the single hadron asymmetry results and a special focus on the hadron-pair
results.

2.1. Deep inelastic scattering

A common tool for the investigation of the nucleon structure is the scattering of a lepton ¢ with
the four-momentum [, and a certain orientation of its spin s, off a nucleon N with a certain
four-momentum P and vector of its spin orientation S. Please note that three-momenta are
quoted in bold math-italic letters, while four-momenta are written in simple math-italic; for
instance k and k, respectively. The process is called “deep inelastic” if the negative squared
momentum transfer )2 is larger than 1 (GeV/c)?. The reaction can be expressed as

(1,8) + N(P,S) = ' (I's') + X, 2.1

where /' is the scattered lepton with its four-momentum [’ and its spin orientation s’. The
undetected final hadronic state is denoted as X. The process is induced through the exchange of
a boson, here the assumption of a pure, one-photon exchange holds true since the center of mass
energy achievable at the COMPASS experiment is at about 18 GeV.
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/1, s)

N(P,S)

Figure 2.1.: Simplified scheme of the DIS process: The incoming lepton £ emits a virtual photon
~*, denoted as ¢’ after the process. The virtual photon is scattered off a nucleon N,

but the final state X remains undetected.

In general the exchange particle, therefore denoted as “virtual”, can be a v, W+ or Z° boson. A
simple scheme of a DIS process is shown in Fig. where ¢ is the four-momentum transfer by
the virtual photon ~*. For a detailed description and discussion of the DIS process at fixed target
experiments, the definition of a set of characteristic quantities is useful. It is convenient to define
them in the laboratory frame, where P is zero (see Tab. [2.I). The Bjorken scaling variable will
be denoted as x in the following. For notations and conventions see Sec. |A.8

Table 2.1.: Kinematic variables for the description of the DIS process

mass of target nucleon

mass of incoming lepton

total energy of incoming and scattered lepton
four-momentum of the target nucleon
four-momentum of the incoming and outgoing lepton
four-momentum of the virtual photon

lepton scattering angle

negative squared four-momentum transfer

energy transfer in the lab. system from the lepton to the nucleon
fractional energy of the virtual photon

Bjorken scaling variable

squared invariant center of mass energy

squared invariant mass of the y*-nucleon system

v

_ P-qlab
Y=pP1 - FE
@ _ @
xb]_ZP‘q_QMV
s=(P+1)2?



2.1. Deep inelastic scattering

2.1.1. Structure functions and the inclusive cross-section

An ansatz by a general tensor structure is a reasonable starting point in order to determine the
DIS cross-section in a theoretical way. Therefore the information on the states of the lepton
before and after a scattering process is represented by the leptonic tensor L,,,,, while the hadronic
tensor W#" contains the information on the process related to the nucleon. Then the general
inclusive cross-section of a DIS process can be written as [BRO3b|]
3
do _ ohy, JWHY 2.2)
dz dy d¢ 202 M

where o = % is the fine structure constant and ¢ is the azimuthal angle between the scattering
plane and the target nucleon spin S. The vectors of the incoming I and the scattered I’ lepton
span the scattering plane, as shown in Fig.[2.2]

Quantum Electro Dynamics (QED) allows for the complete calculation of the leptonic tensor,
as it contains the information on the emission of the virtual photon by the incoming lepton
under conservation equations. Thereby, a summation over all possible spin states s’ of the
outgoing lepton is performed. This spin-dependent anti-symmetric part (A) factorizes from the

spin-independent symmetric part (.S) under u, v interchange [AEL95]
Luw(l,s;0) = LI (V) +LED(1, 8,0). (2.3)

The emitted photon then interacts with the nucleon. However, the complex structure of the
nucleon arising from non-perturbative effects of the strong interaction precludes a full calculation
using QCD. Nevertheless, an ansatz by symmetries and conservation equations allows for a
parametrization by two spin-dependent and two spin-independent structure functions, F; & Fb
and g1 & g2, depending on = and Q2 [Jaf96,Man92]. A further factorization in a symmetric and
an antisymmetric part leads to [AEL93|]

W = WS (P q) + WP, S, q). (2.4)

In general, the contraction of an antisymmetric and a symmetric tensor cancels out, thus the
mixed terms of Eq. [2.2] which arise if Eq. 2.3 and [2.4] are inserted, cancel. Only two terms
remain, one which does not depend on any spin contribution, neither the spin of the lepton nor
the hadron spin, and a term containing both of them [[AEL95|

dSO' _ Oé2h2y {L(S)(
dzdyde 204 LW

Applied to the inclusive DIS process this requires a polarized beam as well as a polarized target

in order to measure the complete set of spin related properties of the nucleon.

From the experimental point of view a decomposition to the level of the target spin being parallel

to the incoming lepton spin d30||, being perpendicular dc | and without a certain polarization

d®c is useful [AEL95)|

d’o 4’z d’g) Ao

- )\ O s QI
drdydg ~ dzdgde P qmaydp ~ MSRACSO T

LW S(Pg) — LG (1, s, 1YW (P,S,q)].  25)

(2.6)



2. Theory and experimental overview

Figure 2.2.: Definition of the azimuthal angle ¢ measured around the direction of incoming
lepton £, and definition of the angle 3 between I and .S [Wol10].

where (3 is the angle between [ and S, shown in Fig. Further Ay = %1 is the helicity of /,
defined as A = ﬁ’ the projection of the spin onto the direction of the momentum [PRSZ06].
Thus the parallel part vanishes for a transversely polarized target due to the cos 5 dependence,
and vice versa. The full expressions of the three parts read [AEL9S]|

d3e 402h? [y 1 Y22
= Ih(,Q) + —(1-y- L1 ) Bz, @ 2.
dl’dyd(b Q2 _2 1($7Q )+ 2xy< Y 4 ) Q(xaQ ):|7 ( 73)
doy _ do”R? | vy’ y
- 1-y— L0 2y Y2 2 2.7b
d3o 40202 [ | y>y? (y 2 2
= l—y—=—-(= 2.7

where v = % is decreasing to zero for Q% — oco.

The unpolarized cross-section (Eq. 2.74)), depending on F; and F5, was the first term to be
studied experimentally due to the earlier availability of unpolarized targets. Furthermore the spin
dependent parts in Egs. and g1 and go suffer from suppression with different powers
of ~. For a longitudinal polarized target g5 is strongly suppressed by 72, hence the cross-section
is mostly sensitive to g;. Further the whole term for a transversely polarized target is suppressed
by a factor v with equal strength of ¢g; and gs.

An experimental verification of the Bjorken limit [Bjo69], meaning the dependencies of
Fi(z,Q?) and Fy(z,Q?) on z and on Q? in the limit of

v,Q? = (2.8)
inx = was performed with the high accuracy data for proton and deuteron targets [PDG12].
Figure ﬂshows the results for F as a function of Q2 for different bins in 2 measured by
different experiments covering a wide range of 2 and Q2.
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Figure 2.3.: The proton structure function F measured in electromagnetic scattering of elec-
trons and positrons off protons (collider experiments H1 and ZEUS for Q? >
2 (GeV/c)?), in the kinematic domain of the HERA data, and for electrons (SLAC)
and muons (BCDMS, E665, NMC) on a fixed target. Statistical and systematic
uncertainties added in quadrature are shown. The data are plotted as a function of
@Q? in bins of fixed 2. Some points have been slightly offset in Q? for clarity. The
H1 and ZEUS combined binning in x is used in this plot; all other data are rebinned
to the = values of the data. For the purpose of plotting, F has been multiplied
by 2%, where i, is the number of the z bin, ranging from i, = 1 (z = 0.85) to

ip =24 (x = 5 x 107°) [PDG12].
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Here the Bjorken scaling variable z is a quantity of the elasticity of the process, hence an
inelastic scattering process is characterized by 0 < x < 1, while z is equal to one in the elastic
case.

An additional relation which could be proven with this data is the Callan-Gross relation [[CG69]

2zF(x) = Fa(x), (2.9)

which needs further knowledge of the nucleons structure to be interpreted, see Sec. [2.2]

The experimental access to the structure functions g; and g is possible by the construction of
spin-spin asymmetries, where the differential cross-sections from different spin orientations are
combined such that [AEL93]]

do.ﬁ:} _ do.ﬁ<:

AH :da—>:> + do—<’ (2.102)
do=T — do—V

= 2.10b

T dot £ do b ( )

The orientation of the lepton spin is indicated by a simple arrow, for instance — in the case of
spin along its direction of motion, and a double arrow represents the nucleons spin, for instance
1} means an upwards orientation perpendicular to the beam direction. Due to the appearance of
g1 and g being in linear combinations only (cf. Egs. this does not allow for a direct
measurement of only one of them. However the strong kinematical suppression by v2 of go W.r.t.
g1 in Eq. [2.7b] gives an approximate access to g;, which then can be used to deduce g, from

Eq.
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2.2. Parton distribution functions

2.2. Parton distribution functions

The parton distribution functions (PDFs) are quantities describing the probability of finding a
parton of a certain flavor ¢ inside the nucleon, which carries a fraction z of the total momentum
of the (fast moving) nucleon. The different polarization states of the nucleon and the parton give
rise to a variety of corresponding PDFs.

2.2.1. The naive parton model

The Callan-Gross relation in Eq. and the constancy of F and F5 over a wide Q? range
(see Fig.[2.3), the so-called scaling behavior, gave rise to a new model of the structure of the
nucleon. There the nucleon is considered to be composed of point-like particles named partons,
having a spin of j:%h. Thus the virtual photon does not scatter off the nucleon as a whole, but
off individual partons, in the case of sufficiently high momentum transfer Q% > 1 (GeV/c)2. A
common frame to describe the reaction is the so-called “infinite momentum” frame, where the
nucleon moves with high momentum while assuming the partons to be massless and neglecting
their motion transverse to the nucleon’s motion. In this case the Bjorken scaling variable x gets a
descriptive meaning, as the momentum fraction of the nucleon carried by the struck quark. This
approximation gives rise to a new way of describing the kinematics inside the nucleon by a parton
distribution function, f{(x), giving the probability of finding a parton ¢ carrying a momentum
fraction of the parenting nucleon in an interval [z, x 4+ dz]. This distribution function, also called
number density, describes the unpolarized state where neither the nucleon nor the parton have a
defined spin orientation. If the nucleons are polarized for instance parallel to a certain direction,
such as in the case of a longitudinally polarized target, the PDF ¢ (z) = ¢*(z) — ¢~ (x) gives
the difference in the probabilities of finding a parton ¢(x) with spin parallel 4 or anti-parallel —
to the spin of the parent nucleon.

2.2.2. The parton model and its distribution functions

In the naive parton model only one type of constituent to the nucleon is assumed, the partons.
Further measurements accompanied by further theoretical efforts reveal the nucleon as a complex
structure containing so-called quarks bound together by a strong force, which is carried by
so-called gluons. Thus a nucleon, like the proton or the neutron, consists of three valence quarks
of the flavors u or d, gluons and sea quarks; quark-antiquark pairs appear from loops created by
gluons. The structure functions F (x), F(x), and g1 (x) can be written as a sum over all quark

11



2. Theory and experimental overview

and antiquark flavors g of f{(z) or g{(z) according to [AEL95]

1

Fi(z) = §Zegff(m), (2.11a)
q

z) = xzegff(;c), (2.11b)

Zqul (2.11c)

where e, is the charge of a parton ¢ in units of the elementary charge e. The structure function
g4(z) has no interpretation in the naive parton model, thus it is expected to be zero [AEL93].
Since the scattering takes place off a single quark inside the nucleon, the DIS scheme (see
Fig.[2.1)) has to be adapted. A so-called “handbag” diagram, shown in Fig[2.4] describes the
process divided into two parts. At first, the incoming lepton ¢ (not shown in Fig. scatters
off a quark ¢ by the exchange of a virtual photon v* with momentum ¢. The quark with the
four-momentum £ is then separated from the nucleon, which carries the total momentum P.
The interaction of the quark with the photon, the called “hard” process, can be calculated
explicitly via QED while the decoupling of the quark from the residual nucleon is not calculable
in perturbative QCD. Instead of a direct determination, the corresponding hadronic tensor W#",
an approach via a quark-quark-correlation matrix ®;;(k, P, S) can be performed [BDRO2].
The correlator is a sum over all possible hadronic final-states X with their four-momenta
Px = (Ex, Px) depending on the momentum of the nucleon P, of the struck quark %, and the
spin of the nucleon S [BDRO2]

3
2.2 5) = 3 | G 205 (Pk=Px) (.S |4,(0)| X) (X |1:(0) | .5).

(2.12)
The 1); ; are the quark fields with the Dirac spinor indices 7 and j, see Fig. and Sec. Mo-
mentum and energy conservation are preserved by the fourfold delta function. The completeness
of all possible outgoing states | X') and the demanded translational invariance of the correlator
itself allow one to write it as a Fourier transformation [BDRO2]

Byy(k, P, S) = / d'e "€ (P, 8 [ ;(0)i(€) | P,S), 2.13)

where the integration runs over all possible states £ of the second quark spinor. Accordingly
the hadronic tensor is given by an integral over traces of ®;; summed over all quark flavors
q [BDRO2]

5((k + q)%) Tr[®(k, P, S)y" (K + ¢)7"].- (2.14)

The slash in e.g. ¢ is the so-called “Feynman slash”, which generates a matrix from the four-
vector according to Eq.[A.T3] As shown in [MROI] the quark-quark correlator also has to fulfill

12



2.2. Parton distribution functions

Figure 2.4.: A handbag diagram depicting an inclusive DIS process [BDG07]. The photon-
quark scattering (top part) is often referred to as the hard part of the process, and
quark-remnant interactions as the soft part. The latter is described by the quark-
quark correlator ® with the Dirac spinor indices ¢ and j.

hermiticity, parity and time reversal invariance. This allows for a decomposition in a basis of
Dirac matrices, see Sec. [BDRO2],

0(r) = 5 (F)P + Mgl + (@) Prs$r). @15)

still in the Bjorken limit where x is equal to the Bjorken scaling variable z, see Eq.[2.8] In the
infinite momentum frame it is convenient to calculate x in the light cone coordinates, where x
is the fraction of the quark light cone momentum k. w.r.t. the nucleon light cone momentum
P, .. For more details on this Sudakov decomposition of vectors into light cone coordinates see
Sec. Furthermore, Ay is the helicity and S ~ A N% + ST the spin of the nucleon. A
probabilistic interpretation of the PDFs f{(z) and g{ () has already been given in the framework
of the parton model, see Sec. In Eq. h{(z) enters as a third distribution function.
It describes again the difference in the probabilities of finding a quark ¢ with its spin parallel
or anti-parallel to the spin of the parent nucleon, but this time the nucleon and the quark are
transversely polarized, see diagonal elements of matrix in Tab. [2.4]for a schematic classification
of the distribution functions as a function of the quark and nucleon spin polarization. While
f1(x) and g{(z) are directly related to the structure functions F; and F5 as in Egs. to
g1 is not related to h{(x) in inclusive DIS. The reason is that it is a chiral-odd object, which
would require a helicity flip of the struck quark. But such a flip is forbidden in leading-twist
inclusive DIS.

If the correlation matrix is known the three individual PDFs can be accessed by taking traces of
products of the quark-quark correlator [BDRO02]:

4
fi(z) = ;/(;Tl;é(w —aPT) Tr[y" @(a)], (2.16a)
4
g1(x) = ;/(;];45(1# —zPY) Tr[y s @(x)], (2.16b)
hi(x) = ;/g:;ﬁ(k* —zPT) Tr[10"t9° @(z)]. (2.16¢)

13
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Here 4+ are Dirac matrices in their light-cone representation, see Sec In general the
index 7 in 20'T7® = 4*4%+° can be 1 or 2, which would lead to two expressions. But due
to the convention of setting the nucleons helicity A to 1 and Sy = (1,0), only one trace
~ 4145 remains. According to standard naming conventions [MT96a], the letters f, g, and h
indicate the polarizations of the quark inside the nucleon as being unpolarized, longitudinally
and transversely polarized. An alternative nomenclature is given by gf [ = g} := Aq and
h{ :=dq :== Apq [ABDT09al.

2.2.3. The first moments of the PDFs

The first moments of the parton distribution functions are obtained by integrating them over
the whole x range. These integrals are identified as the fundamental vector-, axial-, and
tensor-charges denoted with gy, g4, and gr which can be calculated in lattice QCD models,
see [Gup97| for a general introduction on lattice QCD. This allows for a comparison of the
measured transversity distributions and the results from model calculations [CBTOS].

The three PDFs f1, g1, and h; behave different under charge conjugation ¢ — ¢, namely like
vector, axial and tensor objects, respectively [BDRO2]|

flx) = = fl(-=), (2.17a)
gi(z) = gi(—2), (2.17b)
hi(z) = —hi(—x), (2.17¢)

which is important in order to describe the complete nucleon by including also the antiquarks.
Their contributions are taken into account by a continuation of the quark distributions into
the negative x region of the sea. These properties of f; and g; being chiral-even while h; is
chiral-odd are the consequence of the applied Dirac structures in Egs.

Taking into account Eq. [2.174| the first moments of the PDFs can be written as [BDR02]|

Z/ do fi(x Z/ fl(@) = fi(x)) = gv, (2.18a)
Z/ d g (= Z/ gi(z) + g{(2)) = ga, (2.18b)
Z/ da hi(z Z/ (rf(z) - hi(2)) = gr, (2.18¢)

where anticommutation relations for the quark field have been used. In the vector charge and
the tensor charge the distributions of the sea quarks cancel out since gy and g7 are related to
the difference of quark and anti-quark contributions, which give zero for the pairs of the sea.
Therefore gy is fully determined by the number density f{(x) of valence quarks [JJ91]. The
tensor charge gr is a measure for the absolute number of transversely polarized valence quarks
inside of a transversity polarized nucleon.

14



2.2. Parton distribution functions

Figure 2.5.: The handbag diagrams of the three possible helicity amplitudes from left to right

.A++7++, A+_7+_ and .A_|__7_+ (BDRO2]].

Quark-nucleon helicity amplitudes

An alternative approach to the hadronic tensor which was introduced in Eq. 2.4]can be performed
via the imaginary part of the forward virtual Compton scattering amplitude 7},,, [BDRO2|| through
1

WH = —ImTH" . (2.19)
2T
The scattering amplitudes are of the general form A\ sy, in which A and A’ are the helicities
of the incoming and outgoing nucleon. Correspondingly, A and )\’ are the quark helicities before
and after the scattering process. The parity invariance is expressed by [BDRO2]]

Ay = Ap—xv —a-x, (2.20)

where the helicity conservation via A + XA = A’ + )" and the time-reversal invariance Axx a7y =
Aprx, Ay are constraints to the possible 16 scattering amplitudes. Three amplitudes fulfill these

two equations [BDRO2], they are
Apt s Ap s A 4 (2.21)

In Fig. [2:5]the corresponding handbag diagrams of these three amplitudes are shown. By the
application of the optical theorem it can be demonstrated that the transversity PDF is related to
the amplitude A _ _ which represents the demanded helicity flip of both (see Sec. @), the
nucleon and the quark. The number density and the helicity PDFs are related to the sum and the
difference of the A, ; 1 and A, _ ;_ amplitudes, respectively

fl(a) octm (A 4 +Asm o), (2.22a)
91 (@) ocIm(Asp 4 — Ag— 1), (2.22b)
hi(z) ocIm( Ay _1). (2.22¢)

In the helicity basis A, _ _ is off-diagonal and has no probabilistic interpretation. The other
two PDFs are diagonal, keeping their interpretation. Transforming A, _ _ in a transversity
basis which is defined by the two vectors [BDRO2]

(I+) +2]-)) and H>:i(\+>—zy—>), (2.23)

1) = -

Sl
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provides a remedy analogous to g{(z). In this new basis the transversity PDF h{(z) is connected
to a diagonal amplitude and gets a probabilistic interpretation [BDRO02]

P (@) oc T (Apg 14 = Apy 1) (2.24)

But the transversity PDF remains not measurable in inclusive DIS since it is a chiral-odd
function, see Sec. An access to h{(z) requires another chiral-odd partner which can be
found in semi-inclusive DIS by a chiral-odd fragmentation function. These functions describe
the fragmentation of a struck quark into one or two hadrons and will be disused in Sec.

Mutual relative limits between PDFs

While the quarks and nucleons have a helicity of :l:% at leading-twist, the gluon helicity can only
have values of +1. Thus a flip of a gluons helicity would lead to a total change of +2 units,
which cannot be compensated by the nucleon and forbids the existence of a gluon transversity
hY(x). However, the helicity PDF g; () can contain contributions from the gluons. The number
density f{(z) can also be written in the transversity basis, having the same value as in the
longitudinal basis [BDRO2]

f@) = fl@) + f2)” = @)+ f@)h (2.25)

From this constraint bounds on the other two PDFs can be derived [BDRO2]|

91 ()| < fi(x), (2.26)
W (z)| < fi(z). (2.27)

An inequality involving all three leading-twist PDFs, called the Soffer bound [Sof95]] is given by
fi(@) + gi(w) = 2/hi(2)] (2.28)

All three inequalities (Eq. and[2.28)) do not only hold true at leading-twist, since they are
preserved by QCD evolution.
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2.3. Semi-inclusive deep inelastic scattering

In semi-inclusive DIS, in contrast to inclusive DIS (see Sec. @, at least one of the produced
final-state hadrons is detected in addition to the scattered lepton. Thus the reaction equation [2.]
is extended to

U1, 8)+ N(P,S) = '(I',8') + h(Py, Sp) + X, (2.29)

where P}, is the four-momentum of the outgoing hadron and S}, its spin-vector, usually being
unobserved. An important measure is the fractional energy carried by the observed final state

hadron, which is defined as

o= Do Fhiab B (2.30)
P-p v

where v is the momentum transfer of the virtual photon and E} the energy of the hadron

measured in the laboratory system.

Another possible source of hadrons, besides of the hadronization of the struck quark, is the

fragmentation of target remnants. These can be separated by a minimum cut on z.

The fragmentation of the struck quark with a momentum p = k + ¢ into the final-state hadron

with four-momentum P, and spin .S}, can be described by an extended fragmentation correlator

A. The handbag diagram of inclusive DIS (cf. Fig. extended with A is shown in Fig
The fragmentation correlator is given by [BDRO2]

BP .
Aij(p, Pn, Sn) = Z/ o) 322 d*¢ e (0| ¥i(€) | Py Shy X) (P, Shy X | 95(0) | 0),
(2.31)

Figure 2.6.: A handbag diagram illustrating a semi-inclusive DIS reaction, where ® is the
quark-quark correlator known from inclusive DIS and A is the fragmentation
correlator [BDG™T07]]. At subleading twist additional gluonic loops contribute to the
total cross section; the corresponding diagrams can be found in [BDG™07]).

17
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summing over all final-states X and integrating over their possible momenta P x. The hadronic
tensor in SIDIS is extended with the A correlator by [BDRO2]

d*k d*P
w 2 (4) - n v
W Eq eq/ @n) (%)45 (k+q— P) Tr[®(k, P, S)v*A(p, P, Sp)v"], (2.32)

summing over all quark and anti-quark distributions and integrating over all possible quark %
and hadron P momenta. Like the quark-quark correlator the fragmentation correlation can also
be decomposed in a basis of Dirac matrices, see Sec.[A.8] The results are the fragmentation
functions, of which two survive the integration over all possible spin states S, of the produced
hadrons. These are [BDRO2]|

d4 P

Dy (2) :i/ (27:))45<p - ;) Tr [’y*A}, (2.33a)
d? P

Hi(2) :Z / (27£45<p_ - Zh) Tr[wl_%A] (2.33b)

The case of an unpolarized quark fragmenting into an unpolarized hadron is described by
the unpolarized fragmentation function D (z), while Hi-(z) describes the fragmentation of a
transversely polarized quark into an unpolarized hadron. This function, often referred to as the
Collins fragmentation [[Col93|, is a chiral-odd object. Thus appearing in a SIDIS process, like
the one shown in Fig. and Eq. together with the transversity distribution function A
they generate a measurable chiral-even process.

2.3.1. Quarks with transverse momentum

The intrinsic transverse momentum of the struck quark inside the nucleon k is neglected in the
infinite-momentum frame. If it is taken into account in previous equations, these still hold true if
they are integrated over k7, yielding [BDRO2]

fi(z) = / Pk f{ (2, k7), (2.34a)

gi(z) = / &’k gi(z, k7), (2.34b)
2

h(z) = / A2k (h‘fT(x,kQT) - %h%(:ﬁ, k;%)) - / Ak hi(2,k2).  (2.34c)

With the presence of quarks transverse momenta kg the quark-quark correlator ¢(z, k7 ) has
to be re-parametrized. Thus, at leading-twist five additional transverse momentum dependent
parton distribution functions (TMDs) have to be taken into account,

o gdn, hi7, h%r and h; (2.35)
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2.3. Semi-inclusive deep inelastic scattering

where the indices 7" and L denote the transverse or longitudinal spin of the parent nucleon. They
can be extracted from the correlator by tracing it with a proper Dirac matrix, like it was done in

Eq. This leads to [BDG 07|

ij
epkriSt,

1
5 Tr[o7 "] = fi (e k) — T i (o k), (2.36a)

1 krS

5 Trl67 ] = Awgl(e, k) — =5 gl (o, k), (2.36b)

1 : , kb
3 Tr [gf) w”f] = Sphi(z, k2) + )\NMThﬁ‘(:B, k2.)

BT L ST L0
M2 1T \% ™ M

Rt (z, k3. (2.36¢)

While the PDFSE] f1, g1 and hq have already been introduced, a brief description of the additional
five TMDs arising from the kp-dependence is given in Tab.

Table 2.4 shows a schematic illustrating of the properties of the eight (TMD) PDFs in terms of
the polarization of the quark and of the parent nucleon.

Not only the transversity distribution is inaccessible in inclusive DIS, so is the Boer-Mulders,
the Worm-gear L, and the Pretzelosity function. They require a chiral-odd function as a partner
and thus are only measurable in SIDIS. The Sivers function, however shows a T-odd nature
which means that it changes sign under “naive time reversal”, which is normal time reversal but
without interchanging the initial- and final-state [BMO98§]. A final-state interaction being part of
the Sivers process makes it also only measurable in SIDIS, see Sec.[6.2.2] In Table[2.2]the eight
leading twist PDFs are ordered by their chirality and their properties under time reversal.

Like the quark-quark correlator, also the fragmentation correlator A needs to extended in terms
of the transverse momentum w.r.t. the collinear case. Therefore the fragmentation functions Dy
and Hi- are reparametrized to a dependence on z and the transverse momentum of the quark

h
pL = ‘%T after the reaction, yielding [BDG107]

1 “n
A(Z7pT) = 5 Dl(Z,pi)Vi_ + ZHIL('%pi)pg]\ZL ) (237)

where 94~ are the Feynman slashed Sudakov vectors, see Sec.

"From here on the exponent g will be omitted, keeping in mind that these are PDFs and not structure functions.

Table 2.2.: Chirality and time reversal properties of leading-twist PDFs [BDRO02].

T-even chiral-even | f1, g1, 1T
chiral-odd | k1, hij, hiy

T-odd chiral-even fllT
chiral-odd | hi
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and experimental overview

1
fir

Table 2.3.: The five leading-twist transverse momentum dependent PDFs

distribution of unpolarized quarks inside a transversely polarized nucleon;
so-called “Sivers” function [Siv90b]|

air

distribution of longitudinally polarized quarks inside a transversely po-
larized nucleon; so-called “Worm-gear T” function

i
hlL

distribution of transversely polarized quarks inside a longitudinally po-
larized nucleon; so-called “Worm-gear L.’ function

L
h’lT

distribution of quarks with a transverse polarization along their intrinsic
transverse momentum in a transversely polarized nucleon; so-called
“Pretzelosity” [AESYOS]

Table 2.4.:

20

distribution of quarks with a transverse polarization normal to the plane
defined by the quark’s intrinsic transverse momentum and the nucleon
momentum in the unpolarized nucleon; so-called “Boer-Mulders” func-
tion

A matrix illustrating the polarization of quark (columns) and parent nucleon (rows)
of the eight PDFs in terms of no defined polarization U, longitudinal polarization
L, and transverse polarization T'. The incident virtual photon direction is always
pointing into the plane. Graphic arts in courtesy of B. Parsamyan.

=)

g

) quark

2 U L T

U | number density f; hi- Boer-Mulders

L Helicity ¢1 Worm -gear L
‘9| ®"®

T fi Sivers g1 Worm-gear T | h; Transversity

th Pretzelosity

O nucleon with transverse or longitudinal spin

-O> @ quark with transverse or longitudinal spin

quark with transverse momentum



2.3. Semi-inclusive deep inelastic scattering

2.3.2. The SIDIS cross-section in single hadron production

The parametrization of the quark-quark correlator ¢ and the fragmentation correlator A, as in
the previous section can be enhanced down to twist-three level [BDG™07], which is sufficient at
the present state of experimental possibilities. The full SIDIS cross section can be expressed as
a function of eighteen structure functions

Po o?h2 o2 2
2 2 1+
dedydz,dé, dP;,  zyQ? 2(1 —¢) 2x

Four + € Fuur + v/2€(1 + €) cos ¢y, Fg}?qﬁh

+ ecos 20y, F; 20n 4 Aer/26(1 — €)sin ¢y, inlr}%

+ SL[ 2e(1+ €2) sin ¢y, Fin " + esin 2¢, F(SJiEQ¢h:|
+ASL[VI = Frp+/26(1 =€) cos gy Fi ™|

+ St [sin(¢h - ¢S)( F[S]i;%h—%) Te F(S]i;ffh_%))

+ esin(¢p, + ¢s) F(S]i;w(%Jr(bs) + esin(3¢, — Pg) F(S]i;(?"bh_%)
+V/2¢(1 + €) sin pg Fym?s

+1/26(1 + €) sin(2¢, — ¢s) F(s]i;(whﬂz»s)]

+ AeST [@cos(¢h — ¢3) FE‘;?(%—%)

+V/2e(1 = €) cos pg Fi9s

+/2¢(1 = €) cos(2¢n — bs) Fg‘;f(2¢h¢s)]] . (2.38)

Here S7, and St denote the longitudinal and transverse orientations of the target polarization,
respectively. The beam polarization is indicated by A.. The quantity e is the ratio between the
longitudinal and transverse photon flux [BDGT07]

S et Bk '
1—y+ 32+ 1722’

(2.39)

oMz Q—o0 . . .
where v = ~ 0 and therefore will be neglected in the following. All angles are defined

in the so-called gamma-nucleon system where the z-axis is assigned to the direction of the
virtual photon and the zz-plane is the lepton scattering plane, as illustrated in Fig.[2.7]
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2. Theory and experimental overview

Figure 2.7.: Single hadron production in a SIDIS process: The lepton scattering plane and the
hadron plane (in blue) defining the azimuthal angles of the spin of the nucleon and
of the produced hadrons ¢g and ¢, respectively [BDDMO4]].

The angles ¢g and ¢y, arise in certain azimuthal modulations, for instance sin(¢p — ¢s), which
are created by a certain structure function indicated in their superscripts. Up to three subscripts
are attached to the structure functions F' of which the first one indicates the polarization of the
beam, the second one the polarization of the target, and the optional third one the polarization of
the virtual photon. All structure functions depend on the kinematic variables x, Q?, and z (see
Sec. , the additional dependence on pf} is related to the transverse momentum of the quark
inside the nucleon.

Compared to the inclusive DIS case, like in Eqgs. to the FFs are necessary in
order to describe the hadronization of the struck quark. All structure functions in Eq. [2.384]
can be factorized into TMD PDFs and FFs via convolutions of the type C. The transverse
momentum of the quarks is taken into account by integrating over k:2T and p |, the transverse
momentum of the quark before and after the reaction, with a delta function for the conservation
of momentum [BDGT07]]

Clw PDF FF| =
Py,
x Z eg / dp? dkZ6®? (pL —kpr — 7’T)w(pL7 kr)PDF(z,p? ) FF(z, k%), (2.40a)
q
where w(p | , kr) is a weight function of the transverse momenta.
The simplest case is the unpolarized structure function given by Fyyyr = C[f1 D1], where f;

is the number density PDF, D; the unpolarized FF, and w = 1 accordingly. The complete
parametrization of all 18 structure functions of Eq. can be found in [BDG"07].
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2.3. Semi-inclusive deep inelastic scattering

In this work, the parametrization up to twist-two level of PDFs and FFs is adequate, of which
four of the eight TMD structure functions of Eq. can be expressed as [BDG 07|

o . pr
Forg ) =c¢| - =] f%TDll , (241a)
_ -
Fipon=os) — ¢ AZZTngDll : (2.41b)
in(gn-+és) _ hokr, .o
Fop®m® =c| - A h1H1]7 (2.41¢)
L7 Pl
with h = | P;I' |
The structure functions F[Sj;(?ihfd)s ) and cm%sl(thf% ) are convolutions of the unpolarized FF
with the Sivers function flLT or the Worm-gear T function g;7, respectively. The so-called
“Sivers effect” (see Sec.[2.3.3) is the azimuthal asymmetry which is related to Fls}l;(gihf(bs ). On
the other hand the so-called “Collins” effect (see Sec.[2.3.3) arises from the F[S]i;(?”(bs ) structure

function, which is a convolution of the transversity distribution function h; and the Collins
FFH{". The other TMD structure functions Fg;(wh*% ) contain terms of higher twist and have
no simple interpretation in the parton model. All modulations in Eq. [2.41a] are orthogonal in
terms of the angles, accordingly, each term can then be extracted independently from the same
data by integrating over all other terms.

2.3.3. Single hadron asymmetries

Equation [2.42a] shows how a quantity can be defined to measure for instance the Collins and
Sivers asymmetries. All contributions which depend on the unpolarized process vanish [BDRO2]]
by

dSoT — dbot
~ dbgT + dbot
= |ST|Dnn(y)Araw,Collins Sin(¢h + ¢S) + |ST|Araw,Sivers Sin(¢h - QSS) (242&)
The measured amplitude A,,,, of these asymmetries, are multiplied by the inverse of the so-

called depolarization factor D, which describes the fraction of the spin of the lepton which is
transfered to the virtual photon. In the Collins case it is given by [BDGT07]]

in 1-
Dinertos) gy — Y (2.43)
l—y+%

The depolarization factors of the other modulations can be found in Tab.[A.2]
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2. Theory and experimental overview

Furthermore the underlying physical asymmetry is attenuated by the fraction of polarizable
material inside the target f and the target polarization itself Pr. Thus the physical asymmetry A
is calculated from the measured raw asymmetry A,q,, by

1
A= o Araw -
fPTDi\f]\(fd)h—’_(bS)

(2.44)

The Collins asymmetry

The Collins asymmetry is an azimuthal modulation which arises in SIDIS by a convolution of
the transversity PDF h; and the Collins FF H 1l The latter describes the fragmentation of a
transversely polarized quark into an unpolarized nucleon [Col93|] and the transversity TMD
PDF which describes the difference in probabilities of finding quarks with spin parallel, or
anti-parallel to the spin of the transversely polarized nucleon. The convolution of h; and H f
has to be normalized to the convolution of the corresponding unpolarized functions [BDRO2]]

1
Asin(¢h+¢5) Zq eghl (1’7 k%) ® Hl q(zvp%“)
UT X

, (2.45)
> €2f1(z, k7) @ Di(z, p%)

Acon =

where the sum runs over all quark flavors q. The convolution integral from Eq. of any
given PDF and FF is denoted as PDF ® FF.

A detailed interpretation and discussion on the underlying mechanisms, as well as a link to the
hadron-pair asymmetry will be given in Sec. [6.3.5]

The Sivers asymmetry

The so-called “Sivers effect” has a fundamentally different origin than the Collins effect, on
which a brief introduction will be given in Sec. Here, the Sivers PDF flLT and the
unpolarized fragmentation function D; are convoluted under the same normalization as in

Eq. as [BDRO2]]

> eafir(@ k1) ® Di(2,p7)
> €3 fi(w k) ® Di(2,pj)

Agiy = ASBOn=05) (2.46)

The convolution is again performed via the convolution integral from Eq.[2.40a] In the Sivers
case the depolarization factor D?\lfr}\(,%_% ) (y) is 1, since the polarization of the virtual photon is

not of impact here.
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2.3. Semi-inclusive deep inelastic scattering

The other TMD asymmetries

Additional six asymmetry modulations in SIDIS on transversely polarized nucleons are included
in the cross-section in Eq. Two of them are twist-two, related to the Pretzelosity TMD
and the Worm-gear T TMD, hi- and gi7, while the remaining four are twist-three, see also
Tab.

The Pretzelosity PDF th describes the quark transverse polarization along the quark intrinsic
transverse momentum in a transversely polarized nucleon. A common approximation of the
Pretzelosity PDF is given by a linear combination of the helicity PDF and the transversity
PDF hiy(z, k%) = g1(x, k%) — hi(x, k%); often referred to as one of the Wandzura-Wilczek
approximations [MT96b]. It enters into the SIDIS cross-section by a convolution with the
Collins FF [BDR02,BDG " 07]]

il
Asin(3¢h—q§s) o Zq eZh%T(w, kQT) ® Hy q(ZaP2T)

(2.47)
ur qugfl(xak%’)(ng(zap%)

From this, an azimuthal modulation with the angular dependence on sin(3¢, — ¢g) is generated.
Another interesting contribution is modulated by a cos(¢p, — ¢g) term, which is related to the
Worm-gear T PDF, see Tab. [2.4] It describes the distribution of longitudinally polarized quarks
in a transversely polarized nucleon. The convolution is of the type [BDR02,BDG™07]]

Acos(th—(;bs) x Zq eing(x, k%) ® Dtll(zvp%)

LT . (2.48)
Yq €3 f1(x,kT) ® Di(2,p7)
It gives rise to a double spin asymmetry ACLO;(%WS ), meaning that the polarization of the target

nucleon and the polarization of the incoming lepton have to be taken into account.

The depolarization factors, D,,,, together with all the necessary factors like the polarizations for
all eight azimuthal asymmetries can be found in Tab.|[A.T|and Tab.[A.2]

One of the twist-three structure functions, the Boer-Mulders PDF hf plays an important role in
the future program of COMPASS. In the Drell-Yan measurement, see Sec. its properties will
be investigated; together with the Sivers function. In SIDIS processes hf does not appear directly,
but in a linear combinations with other PDFs in the Wandzura-Wilczek approximations [MT96b|
BDG™07]]. In the case of a SIDIS process on a transversely polarized target it enters into two

asymmetries Aii,an’S and Aii,nT(%h_(ﬁS ),
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2. Theory and experimental overview

2.3.4. The hadron-pair asymmetry

It has already been denoted that besides single hadron production the production of more than
one hadron from one vertex, namely the production of a hadron-pair or often referred as a
dihadron in literatureE], is of strong interest. The analysis of this channel is the topic of this thesis
and the so far presented theoretical framework serves as the basis which now is evolved to the
required full picture.

The Collins asymmetry arising from a convolution of the Collins FF and the transversity TMD
PDF, see Sec. allows for an experimental access to hy, if H f is known (see Sec. .
The hadron-pair asymmetry also depends on h but the chiral-odd partner in the convolution is
different. Here it is the so-called DiFF, which describes the fragmentation of a polarized quark
into a pair of unpolarized hadrons, h; and ho. Accordingly the process can be written as

((1,8)+ N(P,S) = 0/ (I',s") + h1(Pny, Sh,) + ha(Pry, Sh,) + X, (2.49)

where P, is the four-momentum of the outgoing hadron ¢ € 1,2 and S}, its spin—vectmﬂ In
Figure [2.8]the dihadron process is depicted. The fractional energy carried by one of the observed
final state hadrons is then defined as [BR03al]

P-P b E;
Zi: = —

2.50
T (2.50)
where F; is the energy of hadron ¢. Its momentum transverse w.r.t. the direction of the incoming
lepton £ is denoted as pp ;. In order to ensure that the two hadrons are produced in the current
fragmentation region, and not by a fragmentation of target remnants, a minimum cut on z will

be applied, see Sec.

The dihadron fragmentation functions (DiFF)

Analogous to the single hadron case, where the dihadron fragmentation function (DiFF) DY
and H ll 7 describe the fragmentation of an unpolarized or a transversely polarized quark into
one unpolarized hadron, the DiFFs are defined in order to describe the fragmentation into
a hadron-pair. If this pair is produced via fragmentation of a unpolarized quark with flavor
q the corresponding DiFF is denoted as qu, now depending on the kinematic variables of
both hadrons. If the struck quark is transversely polarized, the so called spin-dependent DiFF
H contains the information of the fragmentation. Both DiFFs can again be extracted from a
dedicated fragmentation correlator [BR0O6]. A handbag diagram, similar to the one describing
the SIDIS process in single hadron production [2.6] is shown in Fig. [2.9]

%In this work both terms are used synonymously, like in most of the literature.
3For a better readability the subscript h; will often be indicated as 4, keeping in mind that it is the subscript denoting
the hadron with index i.
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2.3. Semi-inclusive deep inelastic scattering

Figure 2.8.:

Figure 2.9.:

Simplified scheme of the dihadron production process [COMPASS12c|: The in-
coming lepton and scattered lepton with their three-momenta I and I’ define the
scattering plane (in gray) and q is the three-momentum of the virtual photon. The
angle ¢g is the azimuthal angle of the spin S of the fragmenting quark. The corre-
sponding &; values are used for the normalization of the difference vector R, like
R = (z9p, — 21p3) /(21 + 22) := &py — {&1po- Hence, ¢ is the azimuthal angle
of Rand R, is its component perpendicular to g. See Sec. [2.3.4]for a discussion
on the difference of the definition of R as used here w.r.t. Eq. @

-

P P

A handbag diagram illustrating a dihadron semi-inclusive DIS reaction, where ¢ is
the quark-quark correlator known from the single hadron production in SIDIS and
A is the dihadron fragmentation correlator [BR04]]. At subleading twist additional
gluonic loops contribute to the total cross section; the corresponding diagrams can
be found in [BRO4].
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2. Theory and experimental overview

The masses of the two hadrons are M; and M, (with P? = M. g) being much smaller than the
hard scale QQ? of the process. Besides the total four-momentum of the pair [BR03al

P,=P + P (2.51)

also their relative momentum [[BRO3al]
1
R = 5(P1 ) (2.52)

will be of importance. Accordingly,the sum of their individual fractional energies is defined

as [BRO3al

zl+zQ:];DZl+ifziih = 2. (2.53)
The measurable modulation is a function of two angles. One of them is again the azimuthal
angle of the spin orientation of the target nucleon ¢g. The second angle is the azimuthal angle
of the hadron-pairs relative momentum R around the direction of the incoming lepton ¢, while
the transverse momenta of the individual hadrons will be integrated over. The explicit form of

¢r and ¢g is [COMPASS12c|]

_ (xR (gx1)(gxR)

R = (g x1)- R| arccos< lg x 1||g x R > (2.54a)
_ (gxl)-§ (@gx1)-(gxS)

% =g x1)-5] < a % Ulq < | > (2.540)

The FF can again be extracted from the fragmentation correlator, therefore it is convenient to
switch to light-cone coordinates. Here a four-vector is written as [a*, at,a®, ay] in terms of
light-cone components a* = (a®+a3)/ V2 (see Sec. and its transverse spatial components
a7 and a?p. If this is applied, the relevant momenta can be rewritten as [BR03a, BR0O4, BR0O6),
BCRI13]

e
PH = opt P+, 0, 0] , (2.55a)
: 2 2
+ z
=5 PﬁT,thpT,p%], (2.55b)
[P 2(k? + K2
po=| o 2B ERT) e | (2.550)
z 2P,
- .
Pl = Ph‘,h_,O,()], (2.55d)
hapy
"\R|P R|M,
RV = |]\‘/[hh cos ¥, —‘ P’)h_ " cos 9, R}, RY. (2.55¢)
"\R|P R|M,
= u cos ), —Hi_h cos 0, |R|sinf cos ¢r, |R|sinfsin ¢r |, (2.55f)
M,, Py
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2.3. Semi-inclusive deep inelastic scattering

Figure 2.10.: The hadron-pair in the center of mass frame. The angle 6 is the polar angle of the

pair w.r.t. the direction of P}’; = [ﬂ_lev, ﬂ_lev, 0, 0] in the target rest
frame.

with [BCR13]

(M7 — 03)°
M? ’
Ry = Rsind (2.56b)

1
|R| = 2\/M,§ —2(M3? + M3) + (2.56a)

in the center of mass frame (cm), see Fig. [2.10]

In the basis of the hadronic and leptonic tensor, analogous to the inclusive DIS case in Eq.[2.5]
the differential cross section for hadron-pair production on SIDIS can be written as a seven fold
derivative [BRO3a]

2

d7o a2h2yeq
= ————* L, 2M WH 2.57
dcostM,fng)Rdzdxdy dog zq: 3222 2.57)

where the hadronic tensor for a quark flavor ¢ at tree level is given by [BRO3al]
MW" = 3221[“ (@, $)7" A (2, cos 0, M7, (bR)’YVH : (2.58)

The shorthand notation Z integrates over the transverse momenta of the quark and the final
hadrons, to ensure the conservation of transverse momenta [[BR03al|

I(f] = / dpy dkr 6(M> /] - (2.59)

z—kr

The trace of the tensor in Eq. [2.58| contains the full information of the dihadron process. The
non-perturbative processes describing the distributions of quark inside the spin—% target nucleon
are included in the quark-quark correlator ®,(z, S) and the fragmentation correlator A, contains
information on the production of a hadron-pair in the residual jet.
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2. Theory and experimental overview

The correlators are given by [BRO4]

Py(z,S) = / dppdp™ @4(p; P, S) : (2.60a)
pr=aP+
R|
Al 0. M2 6) — 2 dkp dkT AY(k: P ‘ . 2.60b
(Z7COS ) h7¢R) 16Mh T ( 5 th) kfiph_zfl ( )

Furthermore the fragmentation correlator in terms of hadronic matrix elements of non-local
quark operators is [BR04, BMPO3]]

4
A (k5 Ph, R) = Z/ (;1754 e® (0 9(€)i | Po, By X) (P, R X | 9;(0)[0),  (2.61)
X

where v is the quark field operator. The fragmentation correlator as written above is not a
color gauge invariant object, since the quark fields v are evaluated at two light-front separated
space-time points 0 and &, respectively. In order to restore color gauge invariance, gauge link
operators have to be included [BR04,(BMPO3]]

AY(k; Py, R

et (0|U, o v(©)

R: X> (2.622)

<Ph, R X ‘ zpj (0) U(ov_o@ ‘o> .

The operators U/ are gauge link operators [BR0O4], the so-called “Wilson lines”

U,e) = (—zg/ dwA(w ) (2.63)

where A is the gluon field with coupling constant g, and P indicates a path ordered exponential.
It symbolically denotes all possible soft gluon lines to A and resumes their contributions.
After an integration over all transverse momenta k7, where the Wilson lines I/ can be reduced
to unity using a light-cone gauge, only two fragmentation functions survive [BBJR0O, BRO3a,
BROO6]:

Dz, cos ¥, M?) = 47 Tr [Aq(z, cos 6, M7, gbR)'y_] , (2.64)

iip |
GT;WTT]qu(z, cos B, M?) = 4n Tr [AY(z, cos, M?, PR V5] (2.65)

The first one is the so-called unpolarized DiFF and the latter is the polarized DiFF, since egl

serves as a projector of the polarization statesﬂ when applied on the correlator. From these
equations two bounds can be derived [BRO3a]

| R |

D9(z,cos0, M?) > 0, D9(z,cos 0, M) > A, T H (2, cos 0, MP). (2.66)

4 ij — POHY

0123 _
€p =1

N4pn—g With €
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2.3. Semi-inclusive deep inelastic scattering

For the full derivation of the leptonic tensor and the quark-quark correlator, see [BR03a, BRO4].
The full differential leading-twist cross-section from Egq. can be rewritten in terms of the
obtained FF [[BRO3a]

d7o B 202h?
dzdydz d¢rdesdcos§dM?  4rQ%y

5 ¢4 | A 1) D" e cosb. M)
q

C(y)

+ AeSL gl (x)D(z, cos 0, MY)

|ST||R |

a, S(Or+ 65 (@)H (=, cos M) |

2.67)

+ B(y)

where A(y) = (1 —y+ %), B(y) = (1 —y), and C(y) = y(2 — y). For an experimental

investigation one might consider a transversely polarized target (|S7| > 0) and an arbitrary or
unpolarized beam. From the data obtained from such a measurement a single spin asymmetry
(SSA) can be built [BRO3al:

B(y) >y thfdcosH‘RﬂHq’q(z,cosﬂ, M?)
Aly) Y, e2ff [dcosODy(z,cos0, M?)

By, 2,2, MP) = |81 (268

which gives access to the transversity TMD PDF h; at leading twist by measuring the standard
variables x, y, z, and the angle ¢ and ¢g.

In a well-defined framework a partial wave expansion of the dihadron fragmentation functions
can be performed; this procedure will be described in the course of the interpretation of the
results in Sec. [6.3.3] By evolving the formalism to sub-leading twist of the TMD PDFs, as
performed in [BRO4], a set of additional modulations, single and double spin, appear. Two of
them are currently under investigation at the CLASS Hall-B experiment [CLASS13|BRO4|

7 a2h2 | T| M q <aq 2
dloyp = -——81 ) e2V(y)singr——~—ahl (2)H;"(2,cos0, M}}),  (2.6%)

2mQy " 2 Q M,
2p2 Ryp| M
Aoy = 2(1@2 Ae ZeQW )singpr | |M el (x)Hy (2, cos 0, M}). (2.69b)

The PDFs hf (z) and e?(z) are of subleading nature of transversely polarized quarks inside
longitudinally or unpolarized nucleons, respectively.
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2. Theory and experimental overview

Lorentz invariant definition of the hadron-pair difference vector

The angle ¢, as defined in Eq. is not invariant against boosts in the direction of the
virtual photon. Since P; and P, will behave differently under such a boost, this might lead to an
azimuthal rotation of R like it has been defined in Eq.[2.52] Therefore an alternative definition
R— 29 P — 21 Py (2.70)
z1 + 22
was proposed by Artru [Art02]. The transverse component R is also Lorentz invariant against
boosts along the virtual photon direction in leading order. Later this definition is also used
in the interpretation of the hadron-pair asymmetry in the framework of the recursive string
fragmentation model [ArtI0], see Sec.[6.3.5] In this work the Lorentz invariant form is used to
evaluate the azimuthal angle ¢r. A study on the influence of the different definitions of R on
¢r was performed by Massmann [Mas08|] and was found to be small.
The HERMES collaboratiorE] uses an alternative definition [HERMESOS]|

P,—-P
RY .= % (2.71a)
R} .=R" - (R".P),) Py, (2.71b)
where Pj, = ‘IIZZ‘ and P;, = P+ + P, . Thus RI} is the component of P; perpendicular to

Py, and gbg | the azimuthal angle of RI; about the v* direction.

L —plane

scattering plane

Figure 2.11.: Illustration of the difference between Ry and Rglw = Ry and thus the resulting
difference of ¢ and ¢ [BRO4]. The L plane is perpendicular to the scattering
plane (in blue).

5The superscript H indicates the form of the variables used by the HERMES collaboration.
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2.3. Semi-inclusive deep inelastic scattering

In Eq. the expressions of ¢ p (COMPASS) and qb% | are opposed, and an illustration of the
difference between both is shown in Fig. [2.11] Correspondingly HERMES uses [HERMESOS§]]

(gx1)-(gxR)
| arccos( = g < R| > , (2.72a)

(g x1)-(q x RY)
Rl = (gl R ( q < g x RY| > (2.720)

(gxl)-R
PR =g x1) R
(q><l)

as definitions for the azimuthal angles.
The difference between ¢r and (;S% | is in the order of Q2 [Mas08,BR04] and will therefore be

neglected when comparing the results of the two experiments in Secs. [2.4.2]and [6.3.2]
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2. Theory and experimental overview

2.4. Experimental overview

The first measurement of transverse spin effects in SIDIS was performed by the HERMES
experiment at DESY, Hamburg, in the years 2002-2004, where a 27.6 GeV /¢ electron or positron
beam was scattered off a transversely polarized gaseous hydrogen target. In parallel, the
COMPASS experiment at CERN, Geneva, equipped with a solid state transversely polarized
deuterium target collected data with a 160 GeV /c muon beam. The COMPASS measurement
program continued in the year 2006 using a longitudinally polarized ammonia target installed
in 2005, being effectively a proton target. The years 2007 and 2010 were dedicated to the
investigation of transverse spin effects. At Jefferson Laboratory, Newport News, the Hall-A
experiment E06-010 has measured transverse spin effects with a 6 GeV /¢ electron beam on a
polarized 3He target, serving as a neutron target.

2.4.1. The single hadron asymmetries

Even though the single hadron azimuthal asymmetries are not the main topic of this work, they
are part of the SIDIS cross-section and some of them contain information of the transversity TMD
PDF h; or are part of the measuring program of the second phase of the COMPASS experiment,
see Chap. such as the Sivers function. Recently, studies suggest a possible similarity between
Hi- and H7, see Sec. For completeness the results from the measurements of the other
six TMD asymmetries on single hadron production (see Sec. are also described briefly.
Only recent results are shown in this section as such being important in the following chapters,
while references to previous results will be given when they appear to be useful. The single
hadron asymmetries are plotted as functions of x, z and the transverse momentum of the hadrons
produce pp; (HERMES nomenclature) or p% (COMPASS nomenclature) in units of GeV/c.
Note that the HERMES collaboration uses natural units, where the equality & := ¢ := 1 is
defined.

Sivers asymmetry

The Sivers asymmetry for charged pions and kaons measured by the HERMES collaboration
on a gaseous proton target is shown in Fig. [2.12] [HERMES09]. The asymmetry of positively
charged pions is different from zero for all three dependencies with a positive sign. It is almost
constant in bins of = at around 5 %, while a clear increase with higher z and pj, | can be observed.
In contrast the asymmetry of negatively charged pions is consistent with zero. A similar trend
with almost twice the amplitude as for the 7™ is visible for the asymmetry of positively charged
kaons, while the asymmetry of K~ is again compatible with zero.
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Figure 2.12.: Results of the Sivers single hadron asymmetry of charged pions 7+ (1% and kaons
21 row) and K+ (3" and 4™ row) measured by the HERMES collaboration on a
transversely polarized proton target [HERMES09].

The extracted asymmetries of identified hadrons from the data on a deuteron target collected in
the years 2003-2004 from the COMPASS collaboration are shown in Fig. 2.13] [COMPASS09al].
The asymmetry amplitudes are compatible with zero within the statistical uncertainties in all
three dependencies for all hadrons. The results are interpreted as a close-to-complete cancellation
of the u and d quark contributions from the transversity PDFs on the deuteron as an isoscalar
target.

Figure. [2.14] shows the COMPASS results from a polarized proton target extracted from the data
collected in 2010 [COMPASS14d]. The asymmetry of negatively charged pions is compatible
with zero, while the positively charged pions is clearly different from zero but smaller than the
corresponding results from HERMES. A possible ) dependence of the Sivers asymmetry was
investigated recently, since COMPASS covers a larger Q? range than HERMES, see Sec. m
The corresponding results of unidentified charged hadrons h* from 2007 and 2010 data can be
found in [COMPASS10b] and [COMPASS12b|, respectively.

35



2. Theory and experimental overview

g Pyt gﬁ’ l} Tt &, & *(} P Feenty L3 A #

0_§§%*§2i}&+}%_§§§§;§% ..... B }}_?l%%&@%%gi

-0.2

L 1 1 1 1 1 1

1 1
107 10" 02 04 06 08 05 poos
x 2 Pl (GeVre)

Figure 2.13.: Results of the Sivers single hadron asymmetry of charged pions 7+ (1% row) and
kaons K+ (2" row) measured by the COMPASS collaboration on a transversely
polarized deuteron target from the 2003-2004 data [COMPASS09a].
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Figure 2.14.: Results of the Sivers single hadron asymmetry of charged pions 7= (1% row) and
kaons K+ (2" row) measured by the COMPASS collaboration on a transversely
polarized proton target from the 2010 data [[COMPASS14d].
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Collins asymmetry

Figure 2.15]shows the Collins asymmetry for charged pions and kaons measured by the HER-
MES collaboration on a proton target [HERMES10]. The charged pions show a clear signal
characterized by an increasing amplitude with higher values of x. The signs of the amplitudes
are positive for 7 and negative for 7~ with a maximum at 0.03 and —0.07, respectively. The
asymmetry of K" has a similar shape like the one of 7 but with almost twice its amplitude.
On the contrary the asymmetry of K~ is compatible with zero in all dependencies. From these
results for the first time the conclusion could be made that both the transversity PDF and the
Collins fragmentation function are different from zero.

The Collins angle as used by the COMPASS experiment contains an additional phase of —7
w.r.t. the definition used by HERMES, which causes a sign change of the extracted asymmetries.
Figure 2.16] shows the obtained asymmetries for charged pions and kaons on a transversely
polarized deuteron target; previous results can be found in [COMPASSO05,(COMPASSO07b]. The
asymmetries amplitudes of all types of identified hadrons are small and compatible with zero
within the uncertainties.
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Figure 2.15.: Results of the Collins single hadron asymmetry of charged pions 7% (1% and 2"
row) and kaons K+ (3" and 4" row) measured by the HERMES collaboration on
a transversely polarized proton target [HERMES10].
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Figure 2.16.: Results of the Collins single hadron asymmetry of charged pions 7+ (1% row) and
kaons K+ (2" row) measured by the COMPASS collaboration on a transversely
polarized deuteron target from the 2003-2004 data [COMPASS09a].

The Collins asymmetries of charged pions and kaons from the data on a proton target collected
in 2010 are shown in Fig. The corresponding results of all charged hadrons A% from the
data taken in the years 2007 and 2010 can be found in [COMPASS10b] and [COMPASS12a],
respectively. Confirming the different sign for differently charged pions, also the amplitude of
the signal is compatible with the one from HERMES. The Collins amplitude for charged kaons
is small and compatible with zero within the uncertainties.

With the results shown above one can draw the conclusion that transversity distribution and
the Collins fragmentation function are both nonzero, but since both experiments just measure a
convolution of both, it is not possible to extract one of these two functions separately. Therefore
complementary results of only e.g. the Collins FF are needed.

Collider experiments, like the BELLE experiment at KEK, Japan, can provide this information
on the production of hadron-pairs from electron-positron annihilation. Figure [A.T] shows the
results of two different analyses of the same data set, where the Collins FF was found to be
clearly nonzero with an increase of the amplitude as a function of 27 and 29 of the hadrons
produced [BELLEOS]]. Results from the extracted transversity TMD PDF will be shown and
discussed in Sec.

The Jefferson Lab, Newport News, Hall-A experiment measured the Collins and Sivers asymme-
tries on a polarized He target [A11]]. The obtained amplitudes are small and compatible with
zero within the uncertainties for both modulations.
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Figure 2.17.: Results of the Collins single hadron asymmetry of charged pions 7& (1% row) and
kaons K+ (2" row) measured by the COMPASS collaboration on a transversely
polarized proton target from the 2010 data [[COMPASS14d].

Further TMD asymmetries

Besides the Sivers and the Collins asymmetry, six additional single hadron azimuthal asymme-
tries arise in the SIDIS cross-section at next-to-leading order (see Sec.[2.3.3). Both experiments,
HERMES and COMPASS, extracted them from their data sets on proton target and deuteron
targets. The overall agreement between the results which were obtained is good. From the
HERMES collaboration the asymmetries of identified hadrons are available [HERMES11]], while
for COMPASS the results are given for unidentified charged hadrons, which are mostly pions.
Four out of the six asymmetries are small and compatible with zero within the uncertainties in
the results of both experiments, these are [BDR02,BDG07]]

1. AS%95: related to the Worm-gear function gi;,

2. ASSP799): related to the Worm-gear function gis,

3. A?}I}(%h_d’s ): related to the Pretzelosity hi; and Sivers fi5 function,

4, A?]inT(?’d)hﬂbS ). related to the Pretzelosity function 7.
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2. Theory and experimental overview

The extracted asymmetries are shown in Figs. and[A.3] from the COMPASS results from
the 2002-2004 deuteron data and the combined 2007/2010 proton data.

However, the twist-two modulation ACLO;(%_%), which is related to the Worm-gear TMD PDF
glLT shows a clear nonzero trend for positively charged hadrons at large x, as well as in the
HERMES results [HERMESTI]]. A twist-three modulation was also found to be sizeable. The
ASUH#S asymmetry, which is related to the transversity and the Sivers functions, is nonzero
with an increasing trend in the x dependence for negatively charged hadrons [HERMEST11|

COMPASS 14e].

2.4.2. The hadron-pair asymmetry

The first data on the asymmetry of dihadrons from SIDIS on a transversely polarized target was
published by the HERMES collaboration in the year 2008 [HERMESOS]]. In Figure these
results of 77~ pairs are shown as a function of the invariant mass of the pair M;,,,, = and 2.
The mean value of the asymmetry is clearly nonzero with a positive sign. The coarse binning,
which is applied due to available statistics, does not allow one to conclude any trend, but rather
that the signal seems to be sizeable in the high M, range.

Also in this case, the first results of the COMPASS collaboration were extracted from the data
set collected on the deuteron target. The published results of all charged hadron-pairs h*h ™~ are
shown in Fig. (upper panel) [COMPASS12c]. The corresponding results of identified pairs
are just available from a preliminary analysis, while a final re-analysis for publication is part of
this thesis. In Figure (lower panel) the results of the four possible pair combinations 7+~
(2™ row), KT K~ (3" row), 7t K~ (4*" row) and KT~ (5" row) are shown.
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Figure 2.18.: Results of the hadron-pair azimuthal asymmetry of 777~ pairs measured by the
HERMES experiment (top panel) [HERMESOS] as a function of M, z, and z.
The bottom panels show the average values of the variables that were integrated
over.
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Figure 2.19.: Results of the hadron-pair azimuthal asymmetry measured by the COMPASS
experiment on a deuteron target: all hadron-pairs A™h~ (1% row; 2002-2004
data) [COMPASS12c], identified hadron-pairs 77~ (2nd row), KT K~ (37 row),
7T K~ (4" row) and K7~ (5" row), all 2003-2004 data from [Vos08,Mas08].
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2. Theory and experimental overview

All hadron-pair asymmetries on the deuteron target, unidentified and identified pairs are small
and compatible with zero within the uncertainties. As in the single hadron case, this is interpreted
as a an indication of equal magnitudes but different signs of the transversity PDFs of « and d
quarks.

As COMPASS continued its transverse program with a proton target, the hadron-pair asymmetry
could be extracted from the data collected in the year 2007, see Fig. [2.20] [COMPASS12c||. The
nonzero trend measured by HERMES could be confirmed by these results. Thanks to the larger
statistics in a broader kinematic range, for the first time a clear trend of increasing amplitudes
with increasing x values was found. Moreover an indication of nonzero asymmetry amplitudes
in the M;,,, dependence between 500 MeV /c? and 1 GeV /c? is visible.

As described in Sec. [2.3.4] the hadron-pair asymmetry arises from a product of the transversity
TMD PDF h; and the DiFF H;'. This allows an alternative approach, besides of the Collins
asymmetry, to the extraction of h;.

COMPASS already provides two key ingredients, the hadron-pair asymmetry on a deuteron
and a proton target. While missing information for an extraction of the u and the d quark
transversity, the DiFF has to be measured separately. As in the single hadron case the BELLE
experiment did provide this data extracted from the production of two hadron-pairs in e*e™
collisions [BELLETI]]. The obtained results are shown in Fig.[A.4] where the top panel shows
the asymmetry arising from H;' in bins of z of the second hadron as a function of z of the
first hadron, and in the lower panel the corresponding results as functions of the masses of the
hadrons produced.

A brief review of further possibilities to access the transversity and Sivers PDF is given in

Sec.
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Figure 2.20.: Results of the hadron-pair azimuthal asymmetry measured by the COMPASS
experiment extracted from the 2007 proton target data unidentified pairs At h~
[COMPASS12c].
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The COMPASS (COmmon Muon and Proton Apparatus for Structure and Spectroscopy)
experiment is a fixed target experiment at the external M2 beamline at the Super-Proton-
Synchrotron (SPS) at CERN (Conseil Européen pour la Recherche Nucléaire) in Geneva,
Switzerland. The beam line, which was also used by the former experiments EMC (European
Muon Collaboration), NMC (New Muon Collaboration), and SMC (Spin Muon Collaboration),
offers the unique possibility to switch between leptonic and hadronic probes. Therefore, the
COMPASS experiment is designed for two purposes, the investigation of the nucleon spin by
using a high energy muon beam and hadron spectroscopy by using hadron beams. The target
region can be flexibly equipped with the corresponding target setups, namely a polarized frozen
spin target or different nuclear targets, such as lead, copper and carbon. Downstream of the
target a spectrometer structure, divided in two stages, follows. Each stage is equipped with a
dipole magnet, SM1 and SM2, with a field strength of 1.0 Tm and 4.4 Tm, respectively. The
first section, called the “Large Angle Spectrometer” (LAS) covers particles with small momenta
and large polar angles. The second stage with its stronger bending field, covering a phase space
with high momenta and small scattering angles, is called the “Small Angle Spectrometer” (SAS).
Downstream of each particular spectrometer magnet a variety of detectors for charged particle
tracking is situated including muon-walls; furthermore a hadronic and an electro-magnetic
calorimeter is available in each stage. In addition the LAS has a Ring Imaging Cherenkov
Detector (RICH) at its disposal, which allows a precise particle identification [COMPASS07a].
The COMPASS experiment started its data taking in the year 2002 dedicated to the investigation
of the nucleon spin with a longitudinally or transversely polarized deuterium (°LiD) target off
which a muon beam with a momentum of 160 GeV /¢ was scattered. A shutdown of the SPS
followed in the year 2005, and the advantage was taken to upgrade the target by installing a new
solenoid magnet with increased geometric acceptance and replacing the two-cell target with a
three-cell target. In addition the RICH detector particle identification accurateness was improved
by replacing the multi-wire proportional chambers in the central region with multi-anode pho-
tomultiplier including a new readout. Starting in the year 2006 the nucleon spin program was
proceeded using a longitudinally polarized proton target and the running in the year 2007 was
equally shared between this and the transversal polarization state. The long term measurements
on the hadron spectroscopy took place in the years 2008 and 2009 to study the pion polarizability
via Primakoff scattering and diffractive meson production. The measurement on the transversely
polarized proton target was resumed in 2010 to increase the statistical precision, likewise for the
longitudinal case in the year 2011. Finally the running period in 2012 had the aim to set the path
towards the COMPASS-II program starting in late 2014, by performing a pilot run for the 2015
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Drell-Yan measurement, see Chap. One full year of data taking on deep virtual Compton
scattering (DVCS) to investigate generalized parton distributions (GPDs) will follow, as well as
another year dedicated to the study of chiral perturbation theory, via the measurement of pion
and kaon polarizabilities and Primakoff Compton scattering [MM10]].

This chapter briefly summarizes the content of [COMPASSO07a]], where the COMPASS apparatus
has been introduced to the public, with an update to the 2010 data taking period. In addition
more details on the scintillating-fiber hodoscopes are given, as modifications and upgrades of
this detector types at the COMPASS experiment are also part of this thesis, see Sec. [7.2]

3.1. The polarized beam

The SPS beam time is partitioned in so-called super-cycles of 33 s to 39 s (for example 21.6s in
2004) length during the 2010 running period of which the time is shared between the connected
experiments and the LHC, see Figs.[A.5|and[A.6] The bunched beam of the SPS dedicated to the
COMPASS experiment is extracted to form a flat top with almost constant rate by specialized
septum magnets. This extraction time is called a spill, containing in average 2.4 x 10'3 (1.2 x 103
in 2004) protons and had a total length of 13s with a flat top of 9.6 s in 2010 (4.8 s in 2004).
This primary proton beam with a momentum of 400 GeV /c is guided onto a production target
(T6) consisting of beryllium of 500 mm thickness. The majority of the secondary particles being
produced there, pions with a small admixture of kaons (=~ 3.6 %) and others, are selected by
an array of six acceptance quadrupoles and a set of three dipoles with a momentum band of
up to £10 % around a nominal momentum up to 225 GeV /c. During the passage of the 600 m
long decay line, consisting of a series of focusing and defocussing (FODdTb quadrupoles, the
particles of the secondary beam decay preferably into muons and muon neutrinos [PDG12]

= ut +u, (BR 99.98 %),
KT = ut 4y, (BR 63.55%).

The parity violation in this weak decay causes a natural polarization of the produced muons
along their trajectory. The value of the longitudinally polarization depends strongly on the ratio
between the muon and pion momenta, and is about 80 % at a muon momentum of 160 GeV /c,
which is used for the measurements of the transverse spin asymmetries. Absorbers made of
beryllium are used to stop the remaining hadron components, before the second 250 m long
FODO transport line guides the muons to the surface level. A setup of three dipole magnets
(B6), bending the beam back onto the horizontal plane at 100 m upstream of the target, is used
together with six scintillator hodoscopes for the determination of the momentum of the muons,
see Fig.[3.1] Three of these hodoscopes (BM01, BM05 and BM02) are grouped before the
dipole magnets in front of two quadrupole magnets (Q29 and Q30) and the other three (BMO03,
BMO06 and BM04) after Q31 and Q32. The ordering of the BMS planes is of historical reasons,

I'The term FODO describes the setting of a beam line, where after a e.g. horizontally focusing quadrupole “F” and a
drift distance “O” follows a horizontally defocussing quadrupole “D” and again a drift distance.
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Figure 3.1.: Schematic view of the beam momentum station: BM01-BMO6 indicate the BMS
planes, Q29-Q32 are quadrupole magnets and B6 is an array of three bending
magnets [COMPASSO07al.

since BM01-BMO04, which consist of horizontal scintillator strips, were already used in previous
experiments [Muon81]]. This existing setup was upgraded with two scintillating fiber hodoscopes,
one between each pair, respectively, in oder to provide additional redundancy for the high beam
intensity used by COMPASS. Both, the dimensions of the scintillator strips and of the fibers are
chosen to stay below a particle flux per element (varying size) or fiber channel (2 mm diameter)
of 3 x 109571 or 1 x 107 s~ !, respectively. A time resolution of ~ 0.3 ns is achieved with a
PMT readout. The momentum of each beam track can be calculated to a precision of < 1 % with
a reconstruction efficiency of ~ 93 %. Finally the beam is focused and steered on the target. The
steering becomes necessary due to the dipole field of the target in transverse running. During
the 2010 running period an average flux of 3.7 x 107 /s, corresponding to 4 x 10% 11 /spill was
achieved.

3.2. The polarized target

Besides the polarization of the incoming muon beam, which comes naturally via parity violation
in pion decay, the possibility of having the target material polarized is a key ingredient of
the COMPASS experimental setup for the investigation of spin asymmetries. The full SIDIS
cross-section (Sec. contains terms with longitudinal and transverse polarization states of
the target nucleus, thus the two frozen-spin targets used during the COMPASS measurements
have the possibility to operate in both states. For the measurements on the deuteron target in
the running periods of 2002 until 2004 a two-cell target, which incorporated several elements
previously used by the SMC experiment [SMC99] was used, while, as already shortly mentioned,
a complete new target system with three cells has been installed and operated from 2006 on. This
new proton target has three main advantages, the angular acceptance increased to 180 mrad,
while it was £69 mrad for the deuteron target. Furthermore the three-cell configuration allows
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| 1000 mm |

14 |5 5

Figure 3.2.: Schematic view of the COMPASS polarized three-cell target [COMPASS07a]: 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 (beam enters from the left).

for a more advanced cancellation of acceptance effects. The total length of the target cells was
kept constant at 120 cm, but instead of two 60 cm long target cells separated by 10 cm, a middle
cell with 60 cm length surrounded by two outer cells, 30 cm length each, all separated by 5cm
were installed, see Fig. The volume of target material increased by 78 % since the diameter
went up from 3 cm to 4 cm. The requirement of an isoscalar target material for the first three
years of running, lead to the choice of deuterated Lithium-6 which allows for a high level of
deuteron polarization of about 47 %. The fraction of polarizable material f, called dilution factor
is &~ 38 % for this target including the helium content in the target material volume. However,
the proton target consisting of ammonia (NH3), due to its azote constituent has a lower dilution
factor of &~ 15 %. On the other hand higher polarization values up to ~ 90 % are reached.

Strong magnetic fields are necessary to build-up and to maintain the polarization of the target
material by the method of Dynamic Nucleon Polarization (DNP) [Abr83]]. Here the electron
polarization is transfered to the nuclear spins through a microwave field, which requires param-
agnetic centers created by e.g. irradiation, inside the material [MeiO1]]. In the longitudinal case a
superconducting solenoid magnet creates a holding field of 2.5 T while microwave radiation at
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material specific frequencies induces the polarization in the two cells. A dipole holding field
of 0.42 T generated by a superconducting toroidal magnet is applied in the transverse mode.
Besides of the strong magnetic fields the second key ingredient for a high value and a long
decay time of the polarization is very low temperature. The *He-*He dilution refrigerator cools
the target material down to ~ 60 mK via a chain of a *He liquid/gas phase separator, a ‘He
evaporator and a *He evaporator, see Fig.

In order to minimize the influence on the measured asymmetries of acceptance effects related
to the origin coordinate of the primary vertex inside the target, the target polarization reversal
is performed every five to seven days in the transversal mode by changing the microwave
frequencies. The dipole field itself cannot be rotated since it bends the beam particles in contrary
to the solenoid field, which is anticipated by a small offset in the incoming trajectory. Thus
between every reversal the polarization has to be destroyed and rebuilt again.

3.3. Tracking detectors

The tracking system of the COMPASS beam telescope (upstream of the target) and spectrometer
(downstream of the target) involves a large variety of detector types based on different principles
to detect charged particles adapted to the specific requirements to the time and spatial resolution
and the active area to be covered. A schematic overview on the COMPASS setup during the
2010 running is shown in Fig.[3.3]

The tracking stations, distributed over the entire length of the apparatus, are constructed to
resolve possible ambiguities selecting coincidental hits of particles through several detector
planes transverse to the beam direction. This principle is illustrated in Fig. To do this, at
least three independent detector planes with different orientations are necessary, in most cases
four or more planes are installed to have additional redundancy. The naming convention is the
following: X and Y planes are segmented to measure the horizontal and vertical coordinate,
additional layers called U and V' are rotated clockwise and anticlockwise w.r.t. the X plane
orientation. The choice of the detector type is mainly related to the expected flux of particles in
the region to be covered, thus the tracking detectors can be categorized in three different radial
distances to the beam axis:

Very small angle trackers (VSAT): The highest particle rates are found in the center of the
muon beam to a radial distance of ~ 3 cm with up to about 2 x 10° particles per second
and mm?. The track reconstruction of the incoming beam muons and the outgoing muons
is important for the reconstruction of the primary vertex, in particular for the related
kinematic quantities, see Sec. d.3.2] Detectors made of scintillating fibers and silicon
microstrip detectors fulfill the requirements listed above. A more detailed description of
the different detector types is subsequently given.
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Figure 3.3.: Schematic top view on the COMPASS spectrometer in the 2010 running configu-

ration [COMPASSO7a](modified): The Z axis points in the beam direction, the X
axis is the horizontal (ruling from right-hand to the left-hand side of the beam axis)
and the Y axis the vertical (rising from the ground) axis in the laboratory frame.

Small angle trackers (SAT): With particle fluxes of about one order of magnitude lower

then in the VSAT region, the so-called “small angle trackers” (SAT) cover a radial distance
of 3—40 cm around the beam axis. Their purpose is to detect particles with small scattering
angles, thus their central region of 5 cm in diameter is deactivated or attenuated in its gain
due to the high rates being caused by beam particles which have not interacted with the
target material or have been scattered under very small angles. Gas filled micropattern
detectors are deployed for this task, such as MicroMegas (Micromesh Gaseous Structure)
and GEM detectors (Gas Electron Multipliers) which combine the requirements of a high
rate capability and a good spatial resolution (< 100 um) with the advantages of being
able to cover fairly large active areas while having a low material budget.

Large angle trackers (LAT): Low particle fluxes in combination with a large area to be
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instrumented characterize the “large angle trackers” situated more then 40 cm away from
the beam center. Gaseous detectors are again the type of choice, this time with a slightly
reduced resolution in time and space, but with active areas in the order of square meters.
This is the domain of Drift Chambers (DC), straw tube chambers (STRAW) and Multi
Wire Proportional Chambers (MWPC). These detector types are commonly used in
particle physics experiments since decades. Thus their technology is very well known,
which inter alia allows for a reliable and cost efficient instrumentation of large areas w.r.t.
to the types mentioned above.



3.3. Tracking detectors

3.3.1. Scintillating-fiber hodoscopes

The scintillating-fiber hodoscopes (SciFi) have the highest time resolution of all detectors of
the COMPASS experiment with typical RMS values of a single plane between 400 ps in the
central region and 300 ps in the low occupancy regions. Since they are constructed as stacks of
overlapping fiber layers with a certain diameter, the spatial resolution is fully determined by the
geometry, namely the pitch between the fibers and their diameter. A schematic view of the profile
of a SciFi hodoscope is shown in Fig. including the resulting signal distributions for different
incident angles of particle crossing. In total ten SciFi stations have been operating in the 2010
running period. As a part of the beam telescope three stations were placed upstream of the target
(FIO1, FI15 and FIO2). Together with two more stations right downstream of the target they are
indispensable to provide informations in order to link the incoming muon with the track of the
scattered muon. Furthermore FIO1 and FI02 are also readout via scalers for the determination of
the beam flux, which is important in the measurement of absolute cross-sections. In addition this
time information of FIO1 and FI02 is also used to link tracks reconstructed in the BMS in order
to assign the correct momentum to the beam muons. To have additional redundancy for this task
and to have the option to reduce the material budget in the region upstream of the target a recently
developed station with reduced thickness, so-called “FI15”, was installed for the 2010 running
and from there on fully integrated in the data acquisition and track reconstruction, see Sec.[3.3.1]
A similar arrangement of SciFi stations is situated around the second spectrometer magnet (SM2),
including FIOS, FI55 and FI06 upstream, and FI07 and FIO8 downstream of it. Their purpose is
to enable the reconstruction of scattered muon tracks in the beam region. Only FIO8 has been
placed outside of the beam to detect scattered muons with small scattering angles, which are
leaving the spot of the remaining beam at this far downstream position. The size of the active
area of the fiber layers, between 3.9 x 3.9 mm? and 12.3 x 12.3 cm?, depends on the purpose and
position inside the apparatus. An overview of their specifications can be found in Tab. The
same applies for the used diameters of the fibers, which is 0.5, 0.74 or 1 mm, leading to a spatial
resolution between 130, 170 and 210 pm increasing in beam direction. The light produced inside
the scintillating material, which is of the type SCSF-78MJ fabricated by Kuraray Co. Ltd., is
transmitted through clear fibers and then detected by 16-channel multi-anode PMTs (MaPMT)
of the type H6568 by HAMAMATSU [BEE " 02}[Nae02, Teu03,/H 04, Ado09,/Sch09].
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muon

signal height

detector channel

Figure 3.4.: Cross-section of a stacked hodoscope made of scintillating fibers (pointing out of the
plane of projection) (top panel) and the channel-by-channel signal distributions for
different incident positions and angles of an ionizing particle crossing the detector

plane (bottom panel) [TeuO3]

Beam Monitor/FI15

Most of the SciFi stations (except of FI55) used in the experiment since the beginning have
a thickness in units of radiation lengths X for electrons (for a definition of X see )
of about 2%. A new station, called FI15 with a reduced thickness has been intended as a
replacement of one of the stations of the beam telescope in particular for the use during hadron
beams, where the full setup of the existing stations exceeds the limit of tolerable material
inside the beam. Its additional two planes contribute to a more precise determination of the
incoming track parameters. This holds also true for the measurements with the muon beam,
where the FI15 is situated between FIO1 and FI02. The task of development and construction
was performed by the groups of Bonn and Erlangen described to a large part in [BralO], with
the benefit of the experience from construction of station already in use [BEE*02]). However,
several modifications were applied in order to fulfill the new requirements, while maintaining
basic characteristics such as the time resolution and efficiency.
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Among them are the abdication of clear light guides, by attaching the scintillating fibers directly
onto the entrance window of the MaPMT, in order to reduce light losses during the transmission
and the passage through the welding point. Since the readout of the fibers is single sided the
other one is mirrored with a MYLAR® foil resulting in a gain of 6.4 % more photons [BralO].
Furthermore an advanced type of the MaPMT H6568 by HAMAMATSU called H6568-100 is
used. They show an increased quantum efficiency of about 50 to 80 % w.r.t. the standard type
H6568, achieved by an improvement of the photo cathode bi-alkali material.

The size of the new detector was chosen to be 4.5 x 4.5 cm? to cover a slightly larger area than
FI01 and FI02, with two projections X and Y. Each plane consists of 64 channels, from two
layers of fibers of 1 mm diameter. Tests have shown that this dimension is less sensitive to
bending concerning its light guide properties than smaller diameters e.g. 0.75 mm. Because the
fibers have to be bent on a short distance to fit to the MaPMTs four-by-four channel pattern. The
relative efficiency of FI15, determined by a track reconstruction using FI01 and FI02 gives good
values of > 97 %.

3.3.2. Silicon microstrip detectors

To complement for a more precise measurement of the incoming tracks, since the SciFi detectors
already have a very good time resolution but a limited spatial resolution (Sec. [3.3.1)), Silicon
Microstrip detectors are used. They provide a spatial resolution of 10 m and a time resolution
of about 2.5 ns with an active area of 5 x 7cm?. The silicon wafer itself was developed for
another experiment [AMM™00]. Its radiation hardness made it an excellent candidate for the
high particle flux of the COMPASS environment, so they were developed further and assembled
to complete detector stations [ADME™03]. Each waver provides two-dimensional position
information of the hits by a double sided readout via perpendicular readout strips on the front and
in the back side. For the sake of redundancy and to be able to solve ambiguities (see Sec.[A.7)
each station consists of two sub-stations, at almost the position along the beam axis, where
one is covering the X and Y projections and the second is rotated around this axis by 5° for
additional U and V' projections.

3.3.3. Micromegas detectors

The near-beam region of the SAT still sees a flux of scattered particles up to 450 kHz/cm? in
a fairly large radius around the beam. For this purpose so-called Micromegas detectors were
enhanced to fulfill these requirements [TT01, K03, M™02]. The three MM stations consisting
of four grouped planes (X, Y, U and V) cover an active area of 40 x 40 cm? with a dead zone
of 5 cm diameter to repel the actual beam. Filled with a gas mixture of Ne/CoHg/CFg in a ratios
of 80/10/10 the gaseous volume is separated by a metallic micromesh to create two sub-volumes,
a conversion gap and an amplification gap.
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Figure 3.5.: Scheme of the principle of a Micromegas detector [COMPASS07a]

The ionization takes place in the conversion region where the produced electrons drift towards
the mesh, after passing it a fifty time stronger electric field leads to the creation of avalanches
resulting in a large number of electron-ion pairs, see Fig. [3.5] The positively charged ions cannot
drift back to the cathode, however they are captured by the mesh. The collection of the electrons
is effected by means of parallel microstrips with a pitch of 360 pm (420 pm in the outer region).
This structure has two main advantages, one is the fast evacuation of ions and the second is the
reduced transverse diffusion of the electrons, both together result in a high rate capability, which
then reflects in a high average efficiency of ~ 97 %, a spatial resolution of 90 um [BT05] and a
time resolution of 9.3 ns, whereas the thickness in radial lengths is just 0.3 % per plane.

3.3.4. GEM detectors

The second type of gaseous detectors in the SAT region are the GEM detectors, where again
a gas filled volume is used to generate electron/ion pairs via ionization. In this case the
multiplication of the electrons is taking place inside of micro-holes (70 um diameter, ~ 10*
holes per cm?) in a 50 um thin polyimide foil. A copper cladding on both sides of the foils
shapes the applied electric field in a way that it is strong enough to create avalanches inside
the holes volume (several 100 V across the foil) to extract them from the holes and to guide
them to the next amplification stage [[Sau97|. Three of these GEM foils, within a transfer gap of
2 mm between each of them, are placed inside the gaseous volume filled with a 7 to 3 ratio of
Ar and CO, [ACDT02, KWP™04]. A schematic cross-section of a triple GEM detector and the
configuration of the electric field inside and around the holes is shown in Fig. [3.6] (left panel).
The readout is performed two-dimensionally by means of two sets of = 800 strips with a pitch of
400 pm arranged in two layers perpendicular to each other, separated by a thin insulation layer
(see Fig. right panel). Thus two detectors, each 31 x 31 cm? of this type, mounted inclined
by 45° form one station with four projections. The material budget is in the same order as in the
case of the Micromegas, at 0.4 % to 0.7 % of the radiation length. The efficiency calculated for
all GEM detectors is ~ 97.2 %. The spatial resolution (70 um with the complete GEM setup) is
slightly better while the time resolution (12 ns) is slightly worse than for the Micromegas.
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Figure 3.7.: Geometry of a DC (Drift chamber) detector with the sensitive wires (blue) and the
potential wires (green), coated foils separate the gaseous volumes [[COMPASSO07al]

3.3.5. Drift chambers

Increasing the active detector area by an order of magnitude compared to the small area detectors,
with 180 x 127 cm? the DC are particularly designed to cover the whole acceptance of SM1. A
DC station consists of eight layers, with a total material budget of 0.32 % radiation length, where
each inclination, X, Y, U (20°), and V (—20°) is covered by two layers. These layers, each
has a gas gap of 8 mm, are filled with a mixture of Ar/CoHg/CF, (45/45/10) and are separated
by a 25 um thick MYLAR® foil coated with ~ 10 um graphite. The electrons produced by
ionization are collected by the sense-wires which alternate in an interval of 3.5 mm with the
potential wires, see Fig. Thus the drift cells dimensions of 8 x 7mm? are optimized for
a balance of the incident particle flux and the drift time of the electrons. With this setup an
averaged spatial resolution of &~ 270 um after the track fitting for each wire layer is achieved,
with a mean layer efficiency of > 95 %. The maximum hit rate per wire is achieved upstream of
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SM1 at 800 kHz, caused by the low energy background which is bend away by the magnet. The
actual beam spot is deactivated by a dead zone of 30 cm diameter.

The drift chamber technique used for the DC detectors (see sec. is applied on an even
larger scale, called the large area DC [B™76]. Some quantities were increased to adapt to a
large active area of 500 x 250 cm?, such as the anode wire pitch to 4 cm and the anode-cathode
gap up to 1 cm. The diameters of the anode and cathode wires are the same as for the standard
DC detectors, while the used gas mixture of Ar/CF,/CO4 with the ratio of 85/10/5 is different.
The resulting increase in the spatial resolution, which was measured to be 0.5 mm, fulfills the
requirements of the SAS. Again the employment of different inclinations is implemented.

3.3.6. Straw tube detectors

Straw tubes are a widely used detector type when large areas have to be instrumented, see
also [BDD™06] for a review. The tubes used at COMPASS are made of two layers of thin
KAPTON® films glued onto each other, where the inner one is coated with carbon (40 pm
thick) and the outer one with aluminum (12 pum thick). The anode wires consist of gold-plated
tungsten and are of a diameter of 30 wm. The dead zone, in order to let the beam pass is realized
by a hole of the size 20 x 10 cm? by dividing the central straws into a lower and an upper part. A
mixture of Ar/CO2/CFy in the ratio 74/6/20 serves as the gas filling. Depending on the particles
scattering angle, which is between 15 and 200 mrad, the straw tubes have an outer diameter of
6.14 mm or 9.65 mm. Each straw station consists of three detector with two horizontal, two
vertical and two inclined planes (10°) to resolve ambiguities, where the last two have an active
area of 4567 x 3160 mm? and the horizontal one 3570 x 4117 mm?. Thus the number of readout
channels or single tubes per plane is 892 or 704, respectively. The probability that a charged
particle is detected in one of the two planes with the same orientation is higher than 99 %. The
spatial resolution is of the same order as of the Drift chambers.

3.3.7. Multi wire proportional chambers

MWPCs provide another possibility to instrument large areas, such as the COMPASS SAS.
The main difference w.r.t. the STRAW or DC detectors is that multiple layers of wires are
embedded into a single gas volume, while the gas mixture is the same as for the STRAWSs. Three
different layouts of MWPC are used, common to all is the wire diameter of 20 pum, the wire
pitch of 2 mm and the gap of 8 mm between the anode and the cathode. What distinguish them
is the the active area (178 x 120 cm? or 178 x 90 cm?), the number of wire layers per chamber
(2, 3 or 4) and therefore the number of different inclined layers. Further details can be found
in [COMPASSO7a]. The residual distribution of the track, evaluated with all detectors but the
MWPC and then searching for the corresponding hits in the MWPCs has a RMS of 1.6 mm with
an efficiency larger than 98 %.
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3.4. Particle identification

Even for inclusive DIS a clear identification of the scattered muon is of great importance.
Whether the muons are already detected by the COMPASS tracking detectors (Sec.[3.3) or not,
the muon wall system (Sec. combined with hadron absorbers gives a clear proof of a
charged particle being a muon or not. Both spectrometer parts of COMPASS, the LAS and the
SAS possess such a medium resolution tracking detector (MW 1 and MW?2) each with a hadron
absorber in front of it. In SIDIS reactions the produced hadrons, or at least some of them, have to
be detected and their momenta have to be measured. Moreover a precise identification is aspired.
Therefore the first spectrometer stage is equipped with a RICH detector, see section[3.4.1] The
energy of the primarily or secondarily produced electrons, photons and hadrons is measured in
electro-magnetic (ECAL1 and ECAL2) and hadronic (HCAL1 and HCAL?2) calorimeters (see
Sec.[3.4.2]and Sec.[3.4.2)), available in each spectrometer stage.

3.4.1. Ring-imaging Cherenkov detector (RICH)

P.A. Cherenkov discovered and gave an interpretation of the observation that when certain liquids
are irradiated by gamma rays a weak visible light is produced inside of them [[Cer34]]. This now
called Cherenkov effect occurs when a particle travels through a medium with a velocity larger
than the velocity of light in that medium. The observed emission of photons is not arbitrary, but
occurs in a cone symmetric way. The opening angle ¢ of the cone, the Cherenkov angle, is then
given by .

cosfc = G’ (3.2)
where n is the refractive index of the medium and 5 = v/c. From the measured Cherenkov
angle ¢, in a gaseous environment with known 7, and the momentum of a particle determined
inside the spectrometer, the particle type can be identified by calculating its invariant mass.
The basics of Ring-imaging Cherenkov detector (RICH) are described in [[YS94]. The COM-
PASS RICH detector, more precisely RICH-1 since it is located in the LAS, is designed to cover
the whole angular acceptance [ABBT05], i.e. 4250 mrad in the horizontal and 4180 mrad
in the vertical plane. Its gas radiator vessel has a length of 3 m, determined by balancing the
quest of a sufficient number of produced Cherenkov photons and minimized material budget in
the spectrometer acceptance. The total volume of 80 m? is filled with C4F g as a radiator gas,
which has an n — 1 of & 1.53 x 1072 depending on the particles momentum. The refractive
index is adapted to the energy range of the COMPASS experiment and allows a separation of
pions, kaons and protons starting from their momentum thresholds at 2.5 GeV /¢, 9 GeV /¢ and
17 GeV /¢, respectively. The upper momentum threshold is given by 50 GeV/c. The detection
of the produced Cherenkov photons is accomplished by a two spherical mirror surfaces, which
reflect and focus the photons on an array of detectors outside the LAS acceptance.
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Figure 3.8.: The RICH at COMPASS: principle (left panel) and artistic view (right panel) [COM:
PASSO7a]

The mirror substrate is a borosilicate glass of 7 mm thickness, corresponding to &~ 5.5 % of
radiation length coated with a refractive layer of aluminum (80 nm) with a reflectance in the
range of 83 — 87%. Until the 2004 running the readout was entirely done by Multi Wire
Proportional Chambers with CsI photo-cathodes. An upgrade was performed in 2005 in order to
reduce the uncorrelated background signals, where the central region (see also Sec.[d.3.5) was
replaced by 576 Multi-Anode Photomultipliers with a time resolution better than 1 ns. Details
on this can be found in [AAAT08al]. Figure shows the principle (left panel) and artistic
view (right panel) of the COMPASS RICH-1 detector. Figure [3.9]shows typical event pattern of
hadron-generated Cherenkov rings, which is taken as the input for a likelihood fitting procedure
for pattern recognition to provide certain likelihood values from which the particle type can then
be determined. For further details on the pattern recognition see [AAAT08b] and for the particle
type determination from likelihood values for the used running periods see Sec.[#.3.7]

RICH Wall

The RICH wall is a large size tracking detector positioned between the RICH and the first
electro-magnetic calorimeter, which is used for the reconstruction of the trajectory of particles
which have crossed the RICH. Not only the assignment of tracks to their Cherenkov cone is
improved, but it also serves as a pre-shower for the upstream ECALI. The layout is a commonly
used sandwich buildup of eight alternating layers made of stacks of steel and lead plates with
Mini Drift Tubes (MDT, see Sec.[3.4.3) inbetween.

56



3.4. Particle identification

Channeli
Time (ns)

0 4 812162024283236404448525660646872768084889296
Channel#

Figure 3.9.: Hadron-generated Cherenkov rings detected in 2006, seen in the on-line single event

display

3.4.2. Calorimeters

Although the data collected by the electro-magnetic and hadronic calorimeters are not used in
this analysis a short overview of the devices will be given since consideration and first checks are
currently done for the analysis of asymmetries from hadron-pairs which contain neutral pions.
In each stage the corresponding HCAL is positioned directly after the corresponding ECAL,
which are then followed by the muon filters with their hadron absorbers.

Electro-magnetic Calorimeters

What all detectors which were discussed up to now have in common is the ambition to minimize
the material budget brought by them into the acceptance of the spectrometer. The picture changes
if one wants to detect photons, i.e. from the decay of neutral pions, or to identify electrons.
The aim is to have enough radiation length of material so that incoming high energy photons or
electrons initiate electro-magnetic showers, which then produce Cherenkov light inside a high n
medium. An array of 2973 lead glass blocks of 38 x 28 x 450 mm? is chosen for this purpose e.g.
in ECAL2, previously used in the GAMS-4000 spectrometer [LAPPS81,[LAPP86al[LAPPS6D].
The produced light is guided inside the glass block to a PMT, see Fig.[A-8] Since the amount of
light is proportional to the energy deposited (linearity is better than 1 %), e.g. the two  coming
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from a 7¥ decay can be identified. The energy resolution o(E)/E and the spatial resolution

o(x) were found to be 5.5 %/ 1/ o © 1.5 % and 6 mm// & & 0.5 mm, respectively. ECALI
was added in the year 2005 to the COMPASS spectrometer, its layout is more advanced but the
principle remains the same, details can be found in [Kur(Q7].

Hadronic Calorimeters

With the hadronic calorimeters the amount of material is further increased to almost fully absorb
hadrons and electrons in the energy range e.g. in the case of HCALT1 of 10 to 100 GeV. Again
an array of calorimeter modules is used, not with a continuous material, but with a sandwich
structure of alternating iron and scintillator plates. In this way the HCALI, consisting of 480
calorimeter modules of 146 x 142 x 1010 mm? reaches a thickness of 4.8 nuclear interaction
lengths. The 220 modules of HCAL2 have dimensions of 200 x 200 x 1080 mm? resulting in a
nuclear interaction length of five for pions and seven for protons. Showers of secondary particles
are created in the high Z material, here iron, when a hadron passes it, which then produce a light
signal in the scintillators. A scheme of these modules showing how the light is read out by fibers
from the scintillator plates is shown in Fig.[A.9] The iron plates have a thickness of 20 mm for
HCALI1 and 25 mm for HCAL2, while the scintillator plates are 5 mm in both cases [GKK06].
The normalized energy resolution o (E)/E for e.g. pions can be parameterized for HCALI as

(59.4 £2.9)%/+/ & ® (7.6 £ 0.4) % and for HCAL2 as (66/4/ = @ 5) %.

3.4.3. Muon walls

A precise muon identification is important for the clear distinction of the scattered muons coming
from the primary vertices from other muons or particles. This is a crucial task not only in the
already realized SIDIS measurements but also for future investigations on the Drell-Yan process,
see Sec. Since COMPASS is a two-stage spectrometer, a detector system is installed in each
stage, LAS and SAS, called muon wall 1 (MW1) and 2 (MW?2) respectively. Both stations consist
of a hadron absorber with a set of tracking station upstream and downstream of the absorbers.
Both stations rely on gaseous wire detectors in different appearances, while the absorber of
MW, called Muon Filter 1 is a 60 cm thick iron wall and Muon Filter 2 is made of 2.4 m thick
concrete. In the dimensioning of the active area, the corresponding acceptance was taken into
account, so MW1 has an active area of ~ 4800 x 4100 mm? and MW2 of ~ 4500 x 2000 mm?.
MWI1 uses modified plastic streamer tubes with fully metallic cathodes working in proportional
mode [I783,Bus88]. The gas mixture used is Ar/Cos in a ratio of 7/3. The gold plated tungsten
wires with a diameter of 50 um are tensed in the center of cells of a comb extrusion made of
aluminum.
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Figure 3.10.: Cross-section of a MDT module (top panel) and schematic cross-sectional view of
MW1 (bottom panel), all dimensions in mm [[COMPASS07al

Each of these MDT (Mini Drift Tube) modules has eight of these cells, a cross-section is shown
in Fig. [3.10] (top panel). The wire pitch is chosen to be 10 mm. Together with the setup of in
total eight planes (four at each side of the iron wall) of MDTs in two projections (X and Y') this
corresponds to a spatial resolution of 10/,/172 mm. A schematic cross-section of the whole MW 1
system is shown in Fig. (bottom panel). The overall efficiency was measured to be ~ 91 %,
more details are given in [AT07b, AT07al.

The tracking detectors of MW2 are drift tubes, which were originally designed for the D&
experiment [BEG™89]. Upstream and downstream of the Muon Filter 2 six layers of drift tubes
are mounted with a horizontal, a vertical and an inclined orientation. Two layers with the same
incline make up one double layer, stacked in a similar way such as the scintillating fibers in the
SciFi stations, see Fig.[3.4] The diameter of the stainless steel tubes is 30 mm. This implicates
a wire pitch in a double layer of 16.75 mm, the total spatial resolution of MW2 was measured
to be in the range of 0.5 to 0.9 mm. The gas mixture is chosen to be Ar/CH4 in a 3 to 1 ratio.
Finally the overall efficiency was measured to be ~ 96 %.
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3.5. The trigger system

The trigger system of COMPASS is designed with respect to the kinematic characteristics of
its physics program. The aim is to provide a readout signal to the front-end electronics of
the detectors combining a very fast decision time with a low dead time. Again the high rate
environment is the challenging issue here.

In order to fulfill these requirements various sets of scintillator hodoscopes are placed inside the
spectrometer depending on different ) ranges. Fig. shows the location of these hodoscopes
of the triggers called “inner” (IT), “middle” (MT), “ladder” (LT), and “outer” (OT) and the veto
stations upstream of the target. For more details see [BBHT05]. The coverage of the trigger
sub-systems in a two-dimensional plane of 3 and Q? is shown in Fig. A minimum cut
on Q% > 1(GeV/c)? defines the DIS region and thus is the lower limit of the data used in this
analysis (see Sec.[4.3.1). The main trigger elements to cover this region are the MT, OT, and
LT where the muon scattering angle in the non-bending plane is measured and compared with
coincidence matrices to ensure that the muon is coming from the target region. A schematic view
of this logic is shown in Fig. The coverage of the high ) range was based on a calo trigger,
until in 2010 (inbetween P5 and P6) additional hodoscopes named H1 and H2 were installed to
improve efficiency and time resolution. This trigger called LAST (Large Angle Spectrometer
Trigger) extends the Q2 range of all hadron-pairs up to a mean value of 23.0 (GeV/c)? in the
highest z bin in the case of the hadron-pair analysis, compared to 22.6 (GeV/c)? in the 2007
data (see Tab.[A.20]and Tab.[A.T5). H1 is placed directly upstream of the RICH and the second
one downstream of Muon Filter 1. A detailed study of the performance of the LAST trigger in
the running period of 2010 can be found in [BP10|]. A detailed comparison on the performance
of the whole COMPASS trigger system in the running periods of 2007 and 2010 can be found
in [NK12], where also the high efficiencies of ~ 97 % of the hodoscopes are evaluated. The
overall time resolution is in the range of 0.5 to 1 ns depending on the size of the hodoscopes
elements and the required coincidence with the calorimeter signals.

In order to avoid tracks from the halo of the beam causing wrong trigger signals a system
of veto hodoscopes is placed upstream of the target. Each of them has a beam hole of 4 cm
in diameter adapted to the dimensions of the target cells. A hit in already one of the vetos
is enough to reject the track and thus the whole event, shown in Fig. [A.I0] The absolute
purity of the trigger signals ranges from 15 to 35 % depending on additionally requested (anti-
)coincidences with the calorimeter trigger and/or the veto system, which are both not described
here, see [COMPASSO07al] for more details.
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Figure 3.11.: Schematic view of the COMPASS trigger components: IT (H4I & H5I), MT(H4M
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Figure 3.12.: The kinematic coverage in y and Q? for the trigger sub-systems. The two lines,
namely x = 1 & W = Mp and § = 0 show the kinematic limits of elastic

scattering and forward scattering [COMPASSO07al|(modified).
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Figure 3.13.: Schematic view of the COMPASS trigger for quasi-real photoproduction with high
energy loss. A coincidence of a calorimeter threshold signal and hodoscopes signal
is required. Where the hodoscopes signal is derived from a coincidence matrix of
two hodoscopes H4 and H5 separating events with vertex inside the target from
halo muon tracks [COMPASSO07a]].

3.6. Data acquisition (DAQ) and track reconstruction

With the large number of more than ~ 0.25 x 10% detector channels to be readout, the COMPASS
Data Acquisition (DAQ) has to deal with a large amount of data. The triggered good events (see
Sec.[3.5) come at a rate of ~ 10 kHz during the 9.6 s flat top of the beam extraction. The aim of
the developed DAQ system was to avoid losses due to additional DAQ dead times. Therefore
the design scheme is a pipeline, shown in fig. [3.14] starting nearby the physical detectors with
a digitalization of the analog detector outputs by Front-End (FE) boards. The digital signal is
then transfered via fast links to modules called CATCH (COMPASS Accumulated, Transfer
and Control Hadware) and GeSiCA (GEM and Silicon Control and Acquisition) which already
build local sub-events for a certain time window provided by the Trigger Control System (TCS).
One CATCH module can combine the data from up to 16 front-end cards. An optical link
module (S-LINK [vdB97]]) with a maximum bandwidth of 160 MB/s transfers the data to the
Readout Buffers (ROBs) were the data arriving during the spill is stored in buffer cards still on
the level of sub-events. A TCS signal is distributed from the TCS down through all stages to the
FE boards for a precise time synchronization.
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Figure 3.14.: General architecture of the COMPASS DAQ system. The data from the detectors
is digitized in the front end cards. Then the readout modules named CATCH and
GeSiCA combined the data. During the spill it is buffered before complete events
are assembled by the Event builders. The final storage place of the files containing
the collected events is the CERN computer center [COMPASSO07a].

Since a complete super-cycle of the SPS machine takes approximately 40 s the data collected
during the spill of 9.6 s can be processed during the longer off-spill period by the Event Builders
(EB). These machines combine the local sub-events to full events with the complete information
of all detectors. In this way an access to whole events is already possible a few seconds after
it has been recorded. As a storage unit so-called “chunks” are created with a total size of
1 GB containing the events with an average size of 45kB. Gigabit switches provide a fast
connection between the EBs, the ROBs and the CERN Computer Center, where the final chunks
are transfered to, in order to be stored on the tape system CASTOR (CERN Advanced STORage
system). Currently a new Readout module with advanced feature is developed and has been
tested during the 2012 running by the Freiburg group. It is specially designed for high rate
applications, up to several MHz for each of its 128 channels at a time resolution of ~ 93 ps. This
will be important in particular for the measurements which are scheduled for the COMPASS-II
program, see Sec. A detail review of this project can be found in [BBF™13].
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3.7. Event reconstruction

The data written on tape is not ready to be used fully for the extraction of the parameters of
physical processes, such as particle tracks, their charges and vertex positions. A dedicated
software called CORAL (COmpass Reconstruction and AnaLysis) take the hit information from
the various detector planes and tries to fit straight particle trajectories inside these patterns. This
is done in different inclinations specified by the orientations of the different detector planes, at
first in the sections of the spectrometer where no magnetic field from the magnets SM1 and SM2
is present. Then the recognized straight tracks are connected with curved sections by a bridging
mechanism. After this, intersections of the tracks are identified in the three-dimensional space,
which are then marked as vertices. The resulting fully reconstructed events are then stored in
ROOT trees in a format called “mini Data Summary Tapes” (mDST), with a reduction in the
amount of data at a factor of 100. This whole procedure is described in an early COMPASS
note [BGKWO04], however, development is continuously ongoing.

For the final analysis of physical processed a second Software called PHAST (PHysics Analysis
Software and Tools) was developed which makes use of the ROOT analysis software package
provided by CERN [[ROOT13|. It provides several algorithms and tools to the user to have an
easy access to the physical values, such as particle tracks or vertex parameters which are required
for this analysis. In the next chapter the data quality tests and event selection are described
which were mainly performed using PHAST. Also this program is in a continuous improvement
process, for instance the difference of the two analyses of the 2007 and the 2010 data will be
discussed in Sec. 4.8l
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In this work the results on the measurement of spin-dependent asymmetries from five years
of COMPASS data taking on transversely polarized targets are presented. In the years 2002,
2003, and 2004 a deuteron (°LiD) two-cell target has been used, sharing the available beam
time between longitudinal and transverse polarization of the target material. Also in the running
period of the year 2007 such a sharing was performed on the upgraded three-cell NH3 proton
target. Finally the whole running period of 2010 was dedicated to the high statistics transverse
measurement again on the three-cell proton target. In this chapter the applied quality checks, the
event selection and the particle identification using the RICH detector are described, as well as a
study dedicated to possible effects of particle misidentification. The methods used to extract the
hadron-pair asymmetry are described. Furthermore a collection of tests, implemented to study
the azimuthal stability of the data are introduced, which are used to determine the systematic
uncertainties. Finally the results from the independent data taking periods on the proton target
are combined.

The work for this thesis started in the year 2010 with the actual data taking, the studies on
the data quality and the calculation of the unidentified h™h~ asymmetries. These results have
been released in August 2011 and were shown for the first time at the TRANSVERSITY 2011
conference [COMPASS12d|]. As the next step, the particle identification was implemented
in the analysis chain and the corresponding results for 77—, K™K, 77K ~, and K7~
pairs from the 2010 data set were released in August 2012. The first presentation to the public
took place at the SPIN 2012 conference [COMPASS14b]. The aim of having a combined set
of results from the 2007 and 2010 proton target data taking motivated for reanalysis on the
identified pairs of the data collected in 2007]11 In March 2012 these combined proton results
have been released and shown for the first time at the DIS 2013 conference [COMPASS13]].
Being the last missing element for the final step of this thesis, the extraction of the v and d
valence quark transversities, the analysis of the identified pairs from the deuteron target data was
finally released in November QOlﬂ The two reanalyses are crucial for this final goal, because
the methods used for the previous analyses were different w.r.t. the recently used and were
partly outdated. With this thesis the complete set of hadron-pair asymmetries from the transverse
COMPASS data is available, extracted with homogeneous cuts and methods at the best known
level, see Sec. [4.§|for a detailed description.

"Note that the results for unidentified pairs has been published before [COMPASS12¢c] and a preliminary analysis
of identified pairs was performed by Wollny [Wol10].

2The results for unidentified pairs from the deuteron data have been published [COMPASS12c] and a preliminary
analysis of identified pairs was performed by Vossen and Massmann [MasO§|].
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A publication on the combined 2007/2010 h*h™~ asymmetries is already available [COM-
PASS14al|, while a paper including the complete set of identified hadron-pair asymmetries from
both targets is in preparation.

4.1. General information on the transverse data taking

Starting from the first year of the data taking in 2002, the measurement of azimuthal asymmetries
played a major role in the COMPASS physics program. Its aim was pursued further in the
following two years. In total five periods of data on the transversely polarized deuteron target
were collected: In 2002 periods P2B/C and P2H, in 2003 period P1G/H and in 2004 period
W33/34 and W35/36. For the sake of simplicity these periods will sometimes be referred
to as “deuteron_P1 — deuteron_P5”. Please note that for the whole 2002 running period no
particle identification is available, since the RICH detector was not yet fully functional. Thus the
2002 data is used for the evaluation of the unidentified hadron-pair asymmetry, but not for the
identified ones. The orientations of the target nucleon spins of all running periods are shown in
the Tab. where the arrows |} and {} indicate the up and down states of each target cell. Only
period 2010_P10 is an exception to this scheme, since in its second sub-period 2010_W39b
the polarization has been reversed again, from i} to {{}{} in order to have a more balanced
statistic between the two configurations; the data has been allocated accordingly.
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4.1. General information on the transverse data taking

Table 4.1.: Target spin configurations for 2002 — 2004, 2007, and 2010 transversity run periods;
the arrows indicate the polarization of the target cells (two cells in 2002 — 2004, three

cells in 2007 and 2010).
period 18t sub-period polarization ond sub-period polarization
deuteron_P1 | 2002_P2B U1 2002_P2C ™
deuteron_P2 | 2002_P2H1 U1 2002_P2H2 ™
deuteron_P3 | 2003_P1G U1 2003_P1H ™
deuteron_P4 | 2004_W33 ™ 2004_W34 U1
deuteron_P5 | 2004_W35 U1 2004_W36 ™
2007_P1 2007_W25 Uy 2007_W26 M
2007_P2 2007_W27 I 2007_W28 ™
2007_P3 2007_W30 ™ 2007_W3l1 Iy
2007_P4 2007_W39 N 2007_W40 Iy
2007_P5 2007_W41 I 2007_W42a M
2007_P6 2007_W42b I 2007_W44 ™
2010_P1 2010_W23a I 2010_W23b ™
2010_P2 2010_W24a RIS 2010_W24b Iy
2010_P3 2010_W26a I 2010_W26b ™
2010_P4 2010_W27a N 2010_W27b Iy
2010_P5 2010_W29a ™ 2010_W29b Uy
2010_P6 2010_W3la I 2010_W31b M
2010_P7 2010_W33a IS0 2010_W33b Iy
2010_P8 2010_W35a I 2010_W35b M
2010_P9 2010_W37a M 2010_W37b Iy
2010_P10 2010_W39a I 2010_W39b ™ & YNl
2010_P11 2010_W42a Uy 2010_W42b M
2010_P12 2010_W44a N 2010_W44a Iy
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4.2. General data quality

Besides of the on-line monitoring of the data being taken by the COOOL program, various
other tests are applied off-line, which means after the recorded data has been further processed,
described in Sec. For a complex apparatus such as the COMPASS spectrometer, the sources
of possible instabilities are not simple to identify completely during the data taking. However,
this is in particular mandatory since the measured effects are small. A main focus is on the
stability of the data inside of each (sub-)period, but also on a spill-to-spill basis and on a global
basis over whole running periods.

For the 2010 data taking period a detector-profile analysis tool, analyzing the hit distributions of
all tracking detectors was introduced for the first time [Bral(O]. After the event reconstruction
done by CORAL additional studies on the data stability were performed. These are the bad spill
analysis, the K stability and the stability of kinematic variables.

4.2.1. Detector profile analysis of 2010 data

The first step of the off-line analysis is performed on the raw data, meaning the bare hit
distributions from the tracking detectors of the whole beam telescope and spectrometer. This
was applied for the first time on the 2010 data set and helped to ensure the outstanding stability
of this data, see Sec.[4.6.3] Most of the common detector problems, such as noise and partly or
totally dead detector layers, already show up in these histograms filled with the hit distribution
normalized to the beam intensity. The normalization factor is taken from the scaler data of the
FIO1 detector and is in particular crucial to check for inefficiencies. If a sufficient number of hits
in a run is present, ~ 20 spills were found to be adequate, the distributions are also monitored
concerning their mean values and sigma.

This detector profile analysis program searches automatically for deviations on a run-by-run
basis and also in the statistical measures, mean and sigma (called RMS in the plots) values,
shown in Fig. @.1] An output list is generated, which is then discussed by detector and data
production experts. Taking into account the available redundancies and the statistical balance
between sub-periods a final list is generated containing the detectors which will not be used in
the production process. A detailed description of the program can be found in [BralOf]. The
Fig. shows an example from period 2010_P3 where a drift chamber (DC) detector and a
MWPC (PA) detector suffer from dead channels visible as white areas. Both were excluded
from the data production for the whole period. The full list of rejected detectors of the 2010
running can be found in Tab. [A.4]
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Figure 4.1.: Two examples of detectors, DC04X1 (top) PAO3U1 (bottom) with partly dead
channels, found with the off-line detector-profile analysis. The plots on the right
side show the distributions of the mean value of the detector profiles (upper left) of
the RMS value (upper right) and the number of entries, non-normalized (lower left)
and normalized (lower right) as a function of runs. ||

4.2.2. Bad spill analysis

The so-called “bad spill” analysis is the first step in the line of quality studies applied on the
produced data, which means event reconstructed data at the PHAST level, see Sec.[3.7] It is
performed with a minimum of constraints, consisting of the basic requirement for DIS events
that Q? is greater then 1 (GeV/c)?. The aim is to monitor the stability on a spill-by-spill basis of
certain basic measures, which are certain vertex variables such as the number of beam particles
per vertex, the number of outgoing tracks per vertex and the number of primary vertices per
event. In addition the inclusive and exclusive trigger rates and the number of clusters in the

hadronic calorimeters are monitored.
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Figure 4.2.: The average number of primary vertices per event for period 2010_P8 as an example
of the bad spill analysis [[Ado13[]. Spills which fulfill the good spill criteria are
indicated in blue, spills which do not fulfill this are indicated in red. The blue
vertical line indicates the changeover in the target spin orientations

The identification of bad spills is based on a statistical method by the comparison of the variables
listed above of one spill to the spills in an interval of 600 spills before and after. Then a minimum
number of neighboring spills, of which a measure is inside a certain limit of multiple of units of
standard deviations, is required. Otherwise the spill is rejected from the analysis [Wol10,/Ado13].
Spills were marked as bad if less than 200 out of the 1200 neighboring spills exceed a 5 ¢ limit
for the vertex variables and the inclusive trigger rates, or if less then 600 neighbors are within a
6 o for the others. Furthermore the beam constancy is also a criterion for exclusion, for instance
if the number of muons is under a threshold of 1.5 x 108 per spill, compared to the nominal
number of 2.5 x 108, Such a case indicates problems in the SPS beam extraction, which could
cause large asymmetries in the beam parameters. Runs are removed from the analysis if the
fraction of bad spill exceeds 80 %.

For the sake of simplicity here just the results from the 2010 data are reported, the corresponding
results for the other running periods can be found in [Mas08,[Soz07|]. The largest deviations
were found in the number of clusters in the hadronic calorimeter, but since its data is not used in
the analysis of azimuthal asymmetries, this was not taken into account. The rejection of spills by
the remaining variables lead to a loss of ~ 4 % of events. An example of the distribution of the
average number of primary vertices per event of 2010_P8 is shown in Fig.[4.2] rejected spills
are marked in red.

4.2.3. Stability of neutral kaon mass

The decay of a neutral kaon into two charged pions Kg — w7~ is not only used as a source of
pions for the RICH efficiency determination (see Ref.[4.3.6), but also to test the data quality on a
run-by-run basis. The selection criteria applied on the Q? > 1 (GeV /c)? sample is the invariant
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mass of the two-pion system. Its difference to the literature value of the K° mass [PDG12] is
calculated for each event and the resulting distribution of each run is fitted with a Gaussian. On
this basis three distributions are monitored as a function of the run number for each period, they
are the mean value of the Gaussian, its width (corresponding to the mass resolution) and the
number of reconstructed K per primary vertex. Figure shows as an example these three
distributions for P8 of the 2010 running. In the case of the 2010 data, the distributions of the
Gaussian mean value and its width were found to be compatible with the literature value within
the uncertainties and therefore no run was rejected due to this test. However, the distribution
of reconstructed K per primary vertex shows more distinct deviations from the mean value of
the whole period. Hence £3¢ limits were applied, and runs which exceed this were rejected
from the analysis. From this test less then 1 % of the total events of the recorded 2010 data were
rejected.

4.2.4. Kinematic stability

The last step of the selection for a good data quality is the study of the stability of kinematic
variables. It is already related to the physics case, since runs and spills have already been rejected
according to the bad spill list and the K stability list and the monitored variables are essential
for the evaluation of the azimuthal asymmetries. Moreover the final kinematic cuts, which will
be described later in Sec.[d.3] are also applied, such that this test refers to the almost final data
sample. On a run-by-run basis the distributions of the mean values of z, y, Q2, E',Ey pl, o,
¢, the polar angles of the scattered muon, and the hadron produced are extracted. For each
period the ratio of the different distributions from its two sub-periods is calculated, not only for
the sum of all triggers but also for each trigger individually (see Sec.[3.5). This reveals runs with
unstable trigger conditions, even if the sum over all runs might be stable. To check the stability
between the sub-periods, which is crucial due to the intended cancellation of systematic effects,
each run of one sub-period is compared to the whole other sub-period.

The choice to reject a run is performed on a convergence procedure, therefore the ratios of
individual runs are fitted with a constant function. The y? probability P of this fit is determined
for each variable P, as well as for the sum of the variables Pg,,,. A run is kept in the sample if
P,>10"°fora single variable and P, > 10~ for the sum of the variables, otherwise it is
rejected. With the obtained sub-sample the procedure is repeated until the distribution are flat
and no more major failures are present.

With this method an instability of the calorimeter trigger was found in P5 of the 2010 running
(an exemplary distribution is shown in Fig. [A.TT)), with the result that pure calorimeter trigger
events do not enter the analysis for the whole period, the same holds true in the 2007 running
data for P2, P4 and P5. Concerning the 2010 data the number of hadrons rejected by this test
refers to ~ 5 %, for the other running periods the rejection rate is in the same order.

Details of the corresponding studies on the deuteron data can be found in [HK06,B™06].
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Figure 4.3.: Distribution of the K stability test of period 2010_P8 as a function of the run
number [Ado13]: The difference of reconstructed 7+ 7~ mass and K° mass from
literature [PDG12] (top panel) in MeV /c?, mass resolution in MeV /c? (center
panel) and the number of reconstructed K per primary vertex (bottom panel). The
red dashed lines indicate statistical 30 borders. The black line is the result of a fit
with a constant functional form.
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4.3. Event selection

From the collectivity of the saved data, deep inelastic scattering (DIS) events are selected to
extract the transverse target spin asymmetries. Basic requirement is the presence of at least
a primary vertex with an incoming and an outgoing muon track. In the following section the
different cuts are described to select the physics data, including the specific cuts of the particle
identification using the RICH (see Sec. .3.4). The different types of targets and the different
years of data taking cause fairly different cuts, which will be discussed in detail. Furthermore
the all hadron results from the deuteron and proton data, which were already published [COM+
PASS12c] show some differences w.r.t. the analysis of the identified asymmetries. All events
which fulfill the cuts will be referred to as the standard sample.

4.3.1. General DIS events cuts

The DIS regime is characterized by a squared four momentum transfer Q2 of the virtual photon
to be greater then 1 (GeV/c)? (Sec. , the corresponding cut is chosen accordingly. The
relative energy transfer y is also restricted in order to discard elastic scattering events by the
requirement of y being greater than 0.1, further this ensures the rejection of events where halo or
background muons are falsely identified as scattered muons. While an upper limit of y < 0.9
removes events which would suffer from the necessity of applying radiative corrections. The
invariant mass of the final hadronic state W is strongly correlated to the relative energy transfer
Yy, see Fig (center right panel). With a cut at W > 5GeV/c? not only the rejection of elastic
scattering events is further improved, but also events from the resonance region are excluded.
The geometric acceptance of the COMPASS target and spectrometer (see Secs. [3.2] and [3.3)
together with the beam energy allow one the access to DIS events down to a limit of z = 0.003,
while the upper limit is 0.7. The described cuts where applied on non-identified ™+ h ™~ pairs and
identified hadron-pairs from all, deuteron and proton data.

The distributions of the individual kinematic variables QQ, y , W, and x before and after their
specific cuts as well as the correlations of W with y and Q) with x for pion pairs from the
combined 2007/2010 data sample are shown in Fig. The distributions for the other pair
combinations KT K, 77 K, and K7~ are shown in Figs. to as well as for the
deuteron data. For details on the logarithmic binning see Sec.[A.8
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Figure 4.4.: Kinematic distribution of DIS events with 77~ pairs in the outgoing channel
before (white) and after the specific cuts (yellow) from the combined 2007/2010
proton data. From left to right in the 1% row: Q2 and y distributions; 2" row:
W distribution and y vs. W distribution; 3™ row: 2 distribution and Q2 vs. z
distribution.
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4.3.2. Primary vertex and muon selection
Primary vertex

The data collected at COMPASS is stored in the basis of events (see Sec. [3.7), where each
event might contain also more than one primary vertex; such as decays of secondary particles of
e.g. K° meson (see Sec. . The most promising candidate for the so-called best primary
vertex (BPV), is determined by the largest number of outgoing particles, which also indicates the
highest available energy most probably provided directly by a beam particle. If two vertices in
an event have the same number of outgoing particles, the one with the smallest reduced x? of its
coordinates is chosen as the BPV. For a SIDIS measurement the detection of the outgoing muon
and at least one outgoing hadron is required, further the analysis of hadron-pair asymmetries
puts this number up to two. Thus just vertices with an incoming and at least three outgoing
particles (scattered muon & two charged hadrons) enter this analysis.

Once a BPV is defined, its coordinates are checked to be inside the target material. The two-
and three-cell target configurations of the deuteron and the proton measurements are described
in Sec.[3.2] The exact positions of the two or three target cells are determined for each period by
a detailed study of the distribution of vertices coming from the target material and its support
structure. This is necessary because the target is not centered w.r.t. the COMPASS coordinate
system, but was shifted e.g. in the year 2010 2.5 cm downstream with an offset in X of —0.2cm
and in Y of 0.02 cm. The target cells of the three-cell proton target have a diameter of 4.0 cm, a
stricter cut on the radius around the target center of 1.9 cm is chosen to ensure that the vertex is
inside the target material and not in the target holder material.

In addition the track projection of the incoming muon is required to cross all target cells within
the radial cut to ensure equal flux in all target cells.

The distribution of the BPV coordinates of pion pairs from the deuteron, the 2007 and the 2010
proton data along the beam axis is shown in Fig.[4.5] the corresponding distribution for all other
pairs are shown in Fig.[A.T9]
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Figure 4.5.: Distribution coordinates of the primary vertices along the beam axis from deuteron
data (left panel), 2007 data (center panel) and 2010 data (right panel) before (white)
and after the cuts (yellow) for pion pairs.
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Incoming muon

The momentum distribution of the incoming beam muon p has a Gaussian shape, centered
around 160 GeV/c with a sigma of 5 GeV/c. To exclude the tails of this distribution the
momentum range of 140 GeV/c < p < 180 GeV/c is considered for this analysis. If the
momentum of a beam muon is not reconstructed from the BMS data (sec. the event is also
rejected. The quality of the muon track is considered by the x? values of the track fit inside the
beam telescope, just tracks with a reduced x? < 10 are accepted.

Scattered muon

Like in the case of the beam muon the track of the scattered muon g’ has to fulfill the requirement
of a reduced x? to be smaller than 10. For a clear identification of the 1 in the spectrometer
more requirements are demanded. It has to be charged positively, has to pass more then 30 units
of radiation lengths n.X / Xy while is does not pass the region of the hole in the absorbers and
its track has to have at least one hit before SM 1 and one hit behind Muon Wall 1. If there are
more than one i/ coming out of the BPV the whole event is rejected. For the deuteron and the
2007 data, the tracks passing through the yoke of SM2 have been rejected due to issues with the
bridging of the tracks.

4.3.3. Hadron and hadron-pair selection
Hadron selection

All outgoing particles of the BPV (see Sec.[d.3.2), with the exception of the scattered muon,
are considered as hadron candidates. Muons being misidentified as hadrons can be rejected
when they pass Muon Wall 1, which means that their track have hits after Zyw; ~ 3300 cm.
Furthermore a first hit upstream of the position of SM1 (Zsy; &~ 350 cm) is required. To avoid
tracks that are only reconstructed in the fringe field of SM1, a hadron track has to have a hit
inbetween the positions of SM1 and MW 1. As in the muon case a reduced y? smaller then 10
of the tracks fit is required, as well as a passed radiation lengths n.X /X smaller than 10. In
addition two cuts on the kinematics of the hadrons are applied. The first one is on the Feynman
scaling variable xp = 2py,/+/s and the second on the fraction of the virtual photons energy z;
carried by hadron . Both xr and z; have to be in the range of 0.1 — 1.0. Note that in contrast to
the single hadron analysis no cut on the transverse momentum of the hadron p% is applied.
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4.3. Event selection

Hadron-pair selection

After the hadrons are selected by the cuts described above, the remaining number of good
hadrons is checked to be at least two hadrons of opposite charge per BPV. These two are then
merged together as a hadron-pair or dihadron. If there are more then two outgoing hadrons all
possible combinations of oppositely charged pairs are taken into account to the analysis, e.g.
two positively and one negatively charged hadron form two pairs, which share the negatively
charged one.

For these pairs the total z value is calculated by summing z; and 2> (see Figs. [A.22] [A.23),
which obviously must be smaller then 1.0. The z distribution of pion pairs from the running
periods of deuteron, 2007, and 2010 is shown in Fig.[4.6] the corresponding distribution for all
other pairs are shown in Fig.[A.21]

In order to have a well defined angle between the two hadrons, a cut on their difference vector is
applied such that R > 0.07 GeV /¢, which is kind of a minimal distance of the two hadrons
in momentum space to ensure that clearly two hadrons are measured. For a definition and
discussion on Ry of see Sec.[2.3.4]

Finally exclusively produced p mesons are rejected by a cut on the missing energy of the hadron-
pair. The corresponding exclusivity peak is clearly visible around zero in the E,,,;,s distribution
shown in Figs. the cut was tuned to be F,,;ss > 3GeV [Woll0|]. Likewise the z
distributions (see Fig[4.6) show the removed exclusivity peak around a values of 1.0.

4.3.4. Particle identification

According to the kinematic domain of the COMPASS experiment the hadrons produced in SIDIS
are mostly charged pions. From the final all hadron sample = 67 % are identified as pions, while
the charged kaons account for a fraction of &~ 10 %. The remaining particles are either protons,
electrons or have not been clearly identified. Concerning the hadron-pairs ~ 60 % of the total
h*h™ pairs are pion pairs, ~ 2 % kaon pairs and ~ 8 % mixed pairs. The missing fraction refers
to cases where at least one of the two hadrons has not been clearly identified. This motivates the
assignment of the pion mass for the extraction of the asymmetries of h*h™ pairs, which result
in a miscalculation of z in the case the hadron is a charged kaon. Thus and for the reason of a
full flavor separation, an identification of the hadrons is necessary. The RICH detector described
in Sec. gives an unique opportunity to have a clear separation between pions and kaons for
momenta above the pion threshold, see Sec.
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Figure 4.6.: Distribution of the variable 2 = 2z; 4 22 from deuteron data (left panel), 2007 data
(center panel) and 2010 data (right panel) before (white) and after the cut on F,,,;s
(yellow) for pion pairs.
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Figure 4.7.: Missing energy distribution of pion pairs from deuteron data (left panel), 2007 data
(center panel) and 2010 data (right panel) before (white) and after the cut on E,,,;4
(yellow) for pion pairs.

4.3.5. RICH stability check

As for all tracking detectors the RICH data is also checked to ensure a stable behavior during
the running periods. The procedure of this study is shown on the example from the 2010 proton
data and it was performed on the single and the hadron-pair sample. In the case of the single
hadron sample the RICH has been geometrically divided into four disks of the polar angle 6},
of the hadron w.r.t. the nominal beam axis, while in the hadron-pair case the division is not
useful since the single hadrons of the pairs are distributed all over the RICH active area. The
values of the 6}, angle might have an influence since the RICH is equipped with different types
of photo detectors (see Sec.[3.4.1), MaPMTs in the inner region and MWPC in the outer region.
These four intervals extend in the ranges 0 mrad < 85, < 30 mrad, 30 mrad < 6, < 110 mrad,
110 mrad < 6, < 200mrad, and 200 mrad < 6;, < 400 mrad. The first two ranges are read
out by MaPMTs, the third one is equipped partly by MaPMTs & MWPC and the latter one is
instrumented with MWPC detectors only. In the study based on hadron-pairs for each run the
ratio of identified w7, K K, and K7 pairs to the total number of hadron-pairs is evaluated and
then fitted with a Gaussian distribution. In addition the ratios of pion pairs to the other identified
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4.3. Event selection

pairs are determined. Note that in this study no distinction between different charges has to be
applied, thus K7~ and 7" K~ are merged as “K 7 pairs. On the resulting distributions of the
mean values from the Gaussian fits as a function of the runs, shown in Fig. a =40 limit is
applied and all runs outside of it are rejected. Among those are significant deviations for which
a reason can be identified according to the logbook, such as run 86375 “methane leak™, runs
87818 - 87828 “RICH photo detectors off”” and runs 88165 & 88169 “RICH cooling failure”.
The final lists of so-called “bad RICH” runs from the single and the hadron-pair sample are
largely consistent and therefore have been combined to a single list of in total 82 runs which
were removed from the standard sample. This corresponds to ~ 2 % of the total statistics.

An analog study on the 2007 proton running period data can be found in [Pes10] and for the
deuteron data in [Soz07]].

4.3.6. RICH efficiency and purity

To evaluate the efficiency of the RICH detector to identify a charged hadron correctly, decays
with fixed types of produced hadrons are studied. Since a clear separation of pions and kaons
is mandatory for this analysis, the decays of K° mesons into pairs of charged pions and the
decays of ®(1020) meson into pairs of charged kaons are ideal processes to study. This allows
for an individual calculation of the identification efficiencies of charged pions and kaons. The
identification efficiency is defined as the ratio of particles being correctly identified to the total
number of particles obtained from the K or ®(1020) decays.

Two more dependencies of the efficiencies are taken into account when final efficiencies are
determined. First the polar angle of the hadron track w.r.t. the beam axis, since the RICH
detector is equipped with different types of photo detectors (see Sec.[4.3.5)), second the hadron
momentum due to the momentum dependent Cherenkov angle (see Sec. [3.4.1). The Cherenkov
threshold of the kaons at 9 GeV implies that the impurities of the pions can only be evaluated
starting from this value.

The condition of the RICH running, gas mixture and pressure were identical for the data taking
periods of 2007 and 2010, therefrom studies have shown that the efficiencies as a function of
the hadron angle, momentum and charge are identical [Pes10]. The results of the deuteron
running periods of 2003 and 2004 are slightly lower, but compatible with the proton running
periods [Soz07].

The method used to evaluate the purity corrections to the asymmetries from the identification
efficiencies in the case of a single hadron analysis is described in [SSMO6]], while the procedure
for the hadron-pair analysis is more complicated and will be discussed in detail in Sec. The
high purity values of the kaon sample (= 90 %) and the pion sample (= 99 %) also allow one
for an evaluation of the hadron-pair purities, see Sec. 4.7]
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Figure 4.8.: Fraction of identified pion pairs (top left), kaon pairs (top right) and mixed pairs
(middle) to all hadron-pairs as a function of runs. The ratio of mixed pairs (bottom
left) and kaon pairs (bottom right) to pion pairs. Vertical lines indicate periods,
horizontal red lines show the 4 o borders.
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4.3. Event selection

4.3.7. Cuts for pion and kaon identification

The assignment of the particle type to a hadron track is based on a comparison of likelihood
values £, which are calculated by the CORAL package RICHONE for different mass hypothesis
corresponding to pion, kaon, electron, proton and background. The ratio of the highest to the
second highest likelihood value is required to be larger than a dedicated threshold, which is
tuned by balancing two competing aspects. The contamination of the sample by misidentified
particles is being minimized, while RICH efficiency is kept as high as possible. The resulting
demanded ratios are shown in Tab. [4.2]for the proton target and the deuteron target runnings.

The general cut on the ratio of pion or kaon likelihood values L,;,,,—r /k to the second highest
likelihood value L9;,4maz 1S in common to all data sets, see Tab. first two lines. Then there
are some specific differences between the deuteron and the proton target runnings. For the
deuteron data it is explicitly requested that the ratio of the pion/kaon likelihood to the background
likelihood is greater then 1.03 or 1.04. There is no such demand for the 2007 and 2010 runnings,
but there the electron likelihood value is just taken into account if L. is 1.8 times larger then L.
A lower threshold of the particle momentum was already discussed above, while also a general
upper threshold has to be applied to guarantee a good separation between pions and kaons.
For all running periods a general cut of p,,q, < 50GeV /c is applied, corresponding to a 1.5 o
separation between K and 7. Note that for the deuteron data additional cuts on the lower hadron
momentum had to be applied to ensure a sufficient number of Cherenkov photons, corresponding
to a mean number of four emitted photons. For the pions the physical limit of the Cherenkov

threshold thrcperenkoy = My /K /A /n}%ICH — 1, where ngrycy is the refraction index of the RICH,

is enlarged by a bias of 0.5 GeV and for kaons by 1.0 GeV. The value of this lower thresholds is
about 3.1 GeV /¢ for pions and 10.1 GeV /¢ for kaons. This was not necessary in the case of the
2007 and 2010 data, due to a better RICH performance after its upgrade, see Sec.[3.4.1]

Table 4.2.: Cuts on the likelihood ratio values of the RICH particle identification for proton
(2007/2010) and deuteron target (2003-2004) runnings

proton target  deuteron target
2007/2010 2003-2004
% > 1.020 > 1.002
E;ﬂzﬂ > 1.080 > 1.003
[:mCL(L‘:ﬂ'
Ebackground - > 1030
eIl - > 1.040
background
£ma:v:7r
Lmga=r > 0.560 -
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4. Data analysis

4.4. Final statistics of deuteron and proton data

After the application of all cuts and the removal of bad runs and spills, the final all hadron-pair
deuteron data sample consists of 6.5 x 105 hadron-pairs. The two proton data samples from 2007
and 2010 include 10.9 x 10° and 34.6 x 105 hadron-pairs, respectively. Showing an increase in
statistics by a factor of ~ 3 using the 2010 data.

In order to get the number of identified pairs the RICH identification cuts (as described in
Sec. and the RICH bad run and spill list was applied.

The final statistics of all hadron and identified pairs for each period of the deuteron 2002-04
sample is shown in Tab.[d.3] The corresponding numbers from the two proton sample from
2007 and 2010 are shown in the Tabs. .4 and 4.5] Note the partially different set of cuts
which were used for the results of A™h~ from deuteron and 2007 data, as described in Secs.
and [[COMPASS12c]]. Furthermore the 2002 data was completely rejected for the particle
identification due to problems of the RICH radiator transparency [Pes10]. The compatible
ratios between pion pairs and the other pairs from the two proton target measurements, are an
indication of the stability of the RICH detector.

Table 4.3.: Final statistics of the deuteron 2002-04 hadron-pair sample: all hadron and identified
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pairs.
period week h*th~ ata” | KK~ | oK~ | K'n~
2002_P2B/C deuteron_P1 514,633 - - - -
2002_P2H1/H2 deuteron_P2 344,791 - - - -
2003_P1G/H deuteron_P3 | 1,900,946 | 1,295,004 | 31,843 | 84,345 | 101,043
2004_W33/34  deuteron_P4 | 1,632,825 | 1,156,900 | 28,052 | 75,386 | 87,036
2004_W35/36  deuteron_P5 | 2,115,180 | 1,517,645 | 36,887 | 100,191 | 115,561
total 6,508,375 | 3,969,549 | 96,782 | 259,922 | 303,640
ratio to 77— 2.4% 6.6 % 7.6%



4.4. Final statistics of deuteron and proton data

Table 4.4.: Final statistics of the 2007 hadron-pair sample: all hadron and identified pairs.

period week hth~ 7t | KTK— | oK~ | Ktn~
W25/26 2007_P1 1,735,127 | 1,049,135 37,515 63,961 87,726
W27/28 2007_P2 | 1,719,663 997,968 | 28,502 | 50,090 | 69,872
W30/31 2007_P3 2,718,408 | 1,927,891 53,024 | 96,461 | 133,719
W39/40 2007_P4 1,946,021 | 1,409,017 39,854 | 70,507 | 98,610
W41/42a 2007_P5 1,849,622 | 1,338,269 39,015 69,057 | 96,799
W42b/44 2007_P6 944,239 685,087 19,443 34,302 | 48,379
total 10,913,080 | 7,407,367 | 217,353 | 384,378 | 535,105
ratio to 77— 29% 52% 72%

Table 4.5.: Final statistics of the 2010 hadron-pair sample: all hadron and identified pairs.

period week hth~ atr” | KTK™ Tt K~ K*r~
W23 2010_P1 1,688,231 1,005,122 | 29,126 53,486 73,286
W24 2010_P2 1,570,083 952,157 | 28,398 51,151 71,454
W26 2010_P3 1,691,234 1,007,122 | 29,843 54,489 75,770
W27 2010_P4 1,804,717 | 1,076,136 | 31,721 57,273 80,394
W29 2010_P5 2,044,274 1,185,280 | 33,186 61,281 84,659
W3l 2010_P6 2,982,732 | 1,803,243 | 53,534 97,346 135,494
W33 2010_P7 3,075,647 1,837,905 | 54,297 99,930 138,127
W35 2010_P8 3,704,061 2,224,774 | 65,306 120,226 166,919
W37 2010_P9 3,568,240 | 2,046,273 | 59,638 109,761 152,711
W39 2010_P10 | 5,312,771 | 3,204,887 | 93,629 171,668 238,508
W42 2010_P11 3,563,477 2,144,441 62,011 113,494 160,039
W44 2010_P12 | 3,558,312 | 2,112,515 | 61,140 112,853 156,779
total 34,563,779 | 20,599,855 | 601,829 | 1,102,958 | 1,534,140
ratio to w 29% 53% 7.4%
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4.5. Extraction of the asymmetries

Different methods are available to extract the asymmetry from the collected data, among them the
one-dimensional “quadrupole ratio method” (QR) and the two-dimensional “unbinned likelihood
method” (UL) are the most common and trusted methods.

4.5.1. Quadrupole ratio method

The different polarizations of the two-cell deuterium target as well as the three-cell proton target
open the possibility to take data on two different target spin orientations at the same time. For a
further minimization of systematic effects due to acceptance effect, both used targets are split
up into four parts for each period of the same polarization state, numbered from 1 to 4. In the
case of the deuteron target each target cell is split into two parts, these are numbered in the way
that 1 and 2 are of opposite polarization, as well as 3 and 4, see Fig.[4.9] For the proton target
it is sufficient to split the middle cell into two parts to have pairs of cells with opposite spin
orientations as shown in Fig.[#.9]

The position of the primary vertex of each event is assigned to one of these new defined cells,
so NV; is the number of events with the BPV inside a target cell i € [1, 2, 3, 4]. To indicate the
results from the second sub-period with opposite target polarization the N; are marked with a’.
For the extraction of the asymmetry the quantity FQR(qﬁ) is defined:

FOR(g) — Ni(¢) Ny(¢) N3(¢) Na(¢) @.1)

Ni(¢) Na(¢) Ns(¢) Ni()’

where ¢ is the angle of the specific modulation. For the hadron-pair asymmetry the NN; is given
by

N;i(¢) = N2(1 % esin prs)(1 + a; sin ¢rs). (4.2)

The unpolarized cross-section and the luminosity determine the constant value of N?. The
spin-dependent physical modulation with an amplitude € depending on the target spin orientation
=+ is the origin of the term (1 & esin ¢rg). Assuming the factorization of acceptance effects the
term (1 4 a; sin ¢rg) takes them into account.

Inserting Eq.[4.2]in Eq. 4.1 gives
FQR(ng) ~C- (1 + ((a1 —a}) — (ay — ab) — (a3 — a%) + (ag — a}y) + 86) sin QSRS), 4.3)

NY(¢) N2’ (¢) Ny*(9) NP (¢)
N{°(¢) NJ(¢) N3 (9) N;°(¢)
cells. The definition of a relative acceptance change between the sub-periods

where C =

= 1 due to the assumption of an equal beam flux in all

e =a; —a, (4.4)
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Figure 4.9.: Configuration of the target cells of the two-cell deuteron target (top panel) and the
three-cell proton target (bottom panel) [Wol10].

simplifies Eq.H.3]to

FOR(g) % C- (14 (e1— €2 — e + eq + 8¢) sin dps ). (4.5)
To fit the F'QF(¢) quantity a functional form
f(¢) = po(1+ p1singrs) (4.6)
is used. Then the measured asymmetry €, = & is related to the real asymmetry € by

(61 — €9 — €3 + 64)
g .
From the definition leading to Eq.[4.4]a bias can only be introduced by possible changes of the
cell acceptances between two sub-periods and not due to different geometrical acceptances of the
cells. Furthermore the assumption is made that this change of acceptance between sub-periods is
the same in each target cell, i.e. e; = ey = e3 = e4. This assumption, the so-called “reasonable
assumption” is tested in a dedicated study (see Sec.[4.6.1) and may be used in the estimation of
the systematic uncertainty.
Performing a fit in a binned distribution a possible bias due to the finite bin size has to be
considered. In this case the ¢ rs range is divided into 16 bins of equal width A. The number of
events in each bin then is a constant multiplied by the mean value of the expected distribution.
Accordingly the mean value in one bin is

€= €n +

“4.7)

1 [PrstA
(sindrs) = < f(ors)do. (4.8)

®RsS
Inserting the fit function from Eq.[4.6| one obtains
€m, 2 A

. = N sin 5 4.9)

as the ratio between the measured ¢, and the real ¢ asymmetry. In this case with 16 bins the
correction is at the level of 0.6 %, which is smaller then the statistical uncertainty and is therefore
neglected in the following.
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4.5.2. Unbinned maximum likelihood method

Possible problems to a binned one-dimensional fit method are the statistical fluctuations in
the ratio of small numbers. This is one of the reasons why the two-dimensional fit method
(fit in a plane of ¢ and ¢g) suffers from larger corrections thus it is not discussed here. To
overcome this, the unbinned maximum likelihood method [COMPASS10a, MPS™09] has been
developed. As a starting point a probability density function p; for each target cell ¢ is defined,
which depends on the angles ¢ and ¢g. Thus p;(¢g, ¢s) is proportional to the product of the
acceptance of the cell ¢ and the cross-section of the physics modulation. The cross-section used
for the unbinned fit in the case of the hadron-pair asymmetry is

0+ (ORr, ps) x 1+ eysin(pr + ¢ps — ), (4.10)

which is the only modulation for a unpolarized beanﬂ and a transversely polarized target and
remaining after the kr integration, as described in Sec. In the case of the single hadron
asymmetries all eight modulations of the transverse spin dependent asymmetries are taken into
account by fitting them simultaneously.

The likelihood function is built as the product of the probability densities p; ;. corresponding to
each hadron-pair & from each target cell 7 [MPS ™09

F

4 NF /N o=
EzH[(eNpr+<¢’§,¢%>) 1 (N Hp‘(as’g,qb@) ] @.11)
i=0 k=0 k=0

where IV Z.i is the number of hadron-pairs coming from a vertex inside of target cell ¢ with positive
or negative polarization and N = § SE L NY + N A difference in statistics is taken into

account by a normalization with the exponent Nﬂf to avoid a possible bias.
A simple normalization of the probability densityl function to 1 introduces a small bias as shown

by Monte Carlo simulations in [MPS™09]]. Therefore a normalization to the expected number of
hadrons [MPS™09]

27 2T
N = /O /0 pE(or, ¢5)dordes (4.12)

is performed. The asymmetry values are then extracted by minimization of the interest func-
tion — In £ using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) [Bro70,Fle69,Gol70,Sha70]
algorithm from the GNU scientific library [Foul] or MINUIT contained in the ROOT analysis
framework provided by CERN [ROOT13]]. Both minimizers have been used in the independent
analyses by the institutes of Trieste (MINUIT) and Erlangen (BFGS), the results of this com-
parison are shown in Sec. 4.6.5|together with the cross-checks of the results obtained with the
one-dimension fit method giving almost equal results.

3The beam polarization is not present in this modulation, see Sec. m
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4.5.3. From raw to final asymmetries

The so-called “raw” asymmetries are the asymmetries obtained by fitting the pure ¢ ps (QR) or
(¢R,0s) distributions (UL), without taking into account the target polarization Pr, the dilution
factor f and the spin transfer coefficient Dy . These are used in the cross-check procedure and
might also be of interest for theoreticians to compare the data with model calculations on their
level. For both estimators, the QR (Sec.[d.5.1)) and the UL (Sec.[#.5.2), it is possible to obtain
the final asymmetries by dividing the raw asymmetry values in each bin with the mean values
(Pr), (f) and (Dy ) calculated in the same bin.

For the UL estimator also the possibility to weight the hadron-pairs with their individual dilution
factor and spin transfer coefficient before the fit was implemented. Since the target polarization
1s assumed to be constant in defined time intervals and since it could cause a bias to the fit, it is
taken into account after the fit.

Both fit methods, weighted and unweighted, give almost the same results, as shown in Fig. {.10|
for the deuteron h™h~ pair results. In order to maintain continuity the unweighted fit has
been chosen to obtain the final results. This procedure has also the advantage that one can go
one step backward in the analysis, i.e. from the final to the raw asymmetry by dividing the
amplitude value (and its error) in each bin by the mean values of f, D,,,, and Pr the mean target
polarization. For simplicity the final asymmetries are called asymmetries from now on.

COMPASS deuteron data

@ 0.1+ = =

c

B { }
Fo 1o s.e b |1 [T I S U I
c = O 9---& (] § { — [} - §§§
5 i PR P

@ deuteron hh published
-0.1- e deuteron hh unweighted fit
Ll R | ‘ | | ! !

MM (Gevic?)

Figure 4.10.: Hadron-pair asymmetries of deuteron data h*™h~ pairs obtained with an un-
weighted UL fit (black dots) and with an f and Dy weighted UL fit (red dots).
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4.6. Systematic studies

The search for systematic uncertainties in the available data was performed by applying different
tests on the final data sample. Different possible effects which can affect the measurement were
taken into account.

The “R-test” gives an indication of the change in the azimuthal acceptance between the two
sub-periods and its distribution is expected to be flat. The “T-test” extends this idea by testing for
possible sine modulations in the acceptances of two sub-periods. In the “reasonable assumption
test” (RA) also the expected physical modulation is taken into account in the search for azimuthal
instabilities in the data.

One of the most powerful tests is to check for non-physical “false” asymmetries by a dedicated
combination of target cells.

Furthermore the compatibility of the asymmetries between the different periods is monitored, as
well as the stability of the results in terms of a virtual segmentation of the spectrometer.
Finally the determined uncertainties are combined to an overall systematic uncertainty.
Although the particle identification via the RICH-detector is precise, a study of the influence of
misidentification on the asymmetries was performed.

4.6.1. Azimuthal stability

The azimuthal stability of the asymmetries is tested using three methods, namely the R-test,
T-test and the RA-test.

R-test

The R-test is a measurement of the change of the azimuthal acceptance between the two sub-
periods. Therefore the ratio

_ Ni(@)+Ni(d) Na(6) + Ns(0)
Ni(¢) + Ni(¢) Ny(¢) + Ni(¢)
is constructed, which is expected to be flat within single data taking periods, if no change in the
azimuthal acceptance occurs. As a check of the fulfillment of the flat hypothesis the x? values of
a fit with a constant to R(¢rs) are compared to a x? normal distribution. The Figure shows
this comparisons of all identified pair combinations from deuteron, 2007 and 2010 proton data.
The distributions of the obtained x? values are well compatible with the normal distributions. In
addition, Tab. contains the probabilities of these x? values for each data taking period in
order to check for periods with significant deviations w.r.t. the others.
For all deuteron and proton data the R-test gives reasonable y? values and corresponding
probabilities and is therefore not considered in the overall systematic uncertainty.

R(¢) (4.13)
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4.6. Systematic studies

T-test

The aim for the T-test is to construct a value for which the expected modulation vanishes. If
one neglects higher order terms, i.e. O(sin? ¢) and assumes that the acceptance cancels, the
expression

N1 (@) Na(¢)N3(¢) Na(¢)
T(¢) = 4.14
)= NN 0N}(6)N5(9) @1
fulfills this. Inserting equation 4.2 then gives
T(¢) = To- (1 + (e1 + €2 + €3 + e4) sin Pprs), (4.15)

where the e; = (a; — a}) as in Eq. are a measure of the change in acceptance between

the sub-periods. Thus Ty = Nﬁ(%%%ﬁ(}(g%gﬁ) To test the ideal case, where T'(¢) is
constant in ¢, it is fitted with a sine modulation fr(¢) = const- (1 + Ap sin ¢). The measured
asymmetry A,, is unbiased if e; = eg = e3 = ey, see Eq. A non-stable acceptance leads to
sizeable x? values for the assumption of T'(¢)) being compatible with zero.

The distributions of the x? values in comparison to a normal x? distribution for all data sets and
possible pair combinations are shown in Fig. The agreement between the data and the
expected distribution is good and the number of bins with larger x? of > 10 is very small. The
corresponding probability values for each data taking period are shown in Tab. Please note
that this test does not reveal all possible changes in acceptance; for instance two sizable e; from
different cells could cancel in the overall sum. Nevertheless, the T-test covers the most probable
acceptance problems which might occur.

For a final decision on the stability the T-test results will be combined with the results from the
RA-test in Sec.[4.6.11

RA-test

The basic idea of the reasonable assumption (RA-test) was already motivated in Sec.
where the acceptance variation of single cells between the sub-periods was discussed. Therefore
Ni(¢)
N{(9)

the azimuthal distribution of the two sub-periods for each cell ¢ is separately fitted with

fra(¢) = const- (1 + ¢;sin ¢).
The four amplitudes ¢; obtained from the fits can be combined to the expected value of the
physical modulation as

€1 —¢e2—¢€3+¢€s

= 4.16
€ 3 , (4.16)
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4. Data analysis

and to the sum of the single amplitudes £ = €1 + €3 + €3 + £4. The expected value of the
measured asymmetry of each cell i € [1,2, 3, 4] can be written as

€1 ~ 2-5—1—1:: ag,
62%*2‘6"‘122 a9,
53%—2-54—1:: Qas,
E
€4 R 2-5—1—1 =: Q4. 4.17)

As for the previous test a x? value is built as a measure of the deviation from the ideal case.
Here a sum running over the squared differences of the four measured amplitudes ¢; and the
mean expected values «; (Eq.[4.17) divided by the uncertainty of each amplitude is calculated

4
E; — Oy 2
X2a :Z( — ) . (4.18)

=1

The results of this test, the x? values of the RA-test of deuteron, 2007 and 2010 proton data are
shown in Fig. compared to normal x? distributions. The overall agreement of the data with
the expected distributions is good. The corresponding x? probabilities for each period are shown
in Tab. |A.6| again for all data sets and all pair combinations. Most of the x? probabilities are
high or very high. For two periods (2010_4 and 2010_10) the values for the pion pairs are lower
then 10 %, but for other pairs they are in the nominal range. For a final decision the RA-test
results will be combined with the results from the T-test in the next section.

Combination of T-test and RA-test

The results from the two latter tests, namely the T-test (Sec. and the RA-test (Sec. are
combined in order to have a final result to quantify the azimuthal stability of the measurements
as an unique x2. The final Xgr +ra 18 the sum of the x? values from the RA-test and the T-test.
Note that in previous internal COMPASS presentations and release notes the x? values of the
T-test have been weighted by a factor of % w.r.t. the RA x? values in the combined results. The
results presented in this work, based on an equal weighting, show that this more strict criterion
also gives reasonable X'Qr +ra distributions.

The distributions of values in comparison with the expected normal distributions are given in
Fig. Some single bins, mostly of pairs which include kaons give x? values larger than
~ 15. The corresponding x? probabilities for each period and pair type from all data sets can be
found in Tab.

Since no systematic effect is observed and the overall distributions show a good agreement with
the x? normal distributions no period is rejected and no systematic uncertainty is considered due
to this combined test results.
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Figure 4.11.: Distributions of X2 values of the R-test on the deuteron (left column), 2007 (center
column) and 2010 (right column) proton data in comparison to a x? normal
distribution (blue line): 77~ pairs (1% row), KT K~ pairs (2" row), 7T K~

pairs (3 row), K7~ pairs (4™ row).
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Figure 4.12.: Distributions of x? values of the T-test on the deuteron (left column), 2007 (center
column) and 2010 (right column) proton data in comparison to a x? normal
distribution (blue line): 77~ pairs (1% row), KT K~ pairs (2" row), 7t K~
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Figure 4.13.: Distributions of x? values of the RA-test on the deuteron (left column), 2007
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Figure 4.14.: Distributions of y? values of the combined T-test and RA-test on the deuteron (left
column), 2007 (center column), and 2010 (right column) proton data in comparison
to a 2 normal distribution (blue line): 7+ 7~ pairs (1% row), KT K~ pairs (2nd
row), 7 K~ pairs (3 row), K7~ pairs (4™ row).

94



4.6. Systematic studies

4.6.2. False asymmetries

A possible change of the acceptance between two sub-periods can be extracted from a dedicated
combination of the target cells, since in the ideal case the measured asymmetries cancel out if
target cells with the same spin orientation are combined. The so-called “false asymmetries” are
evaluated for two cell combinations of the targets, according to

_ Mi(¢)Ni(¢)

el = Mooy

| Na ()N (9)
o) = N vty o

The asymmetries calculated for these configurations are shown in Figs.[A.23] [A.26] and[A.27]
for deuteron, 2007 and 2010 proton data, respectively. In the case of the two-cell deuteron target
the configurations are FApstream and FAgounsiream- The FAcy and FA;,; distributions are
fitted in bins of x for each period with fpa(¢) = C- (1 + Apycat/int sin @). In the ideal case of
a constant acceptance the amplitude of the sine modulation is zero. The amplitudes obtained
from the fit are added and subtracted with a normalization to the statistical uncertainty in order
to generate an upper limit:

— |AFAezt + AFA'Lnt| FA — |AFAezt — AFAznt’

s _
[ 2 2 [ 2 2
Oent + Oint Ocxt + Oint

Since one standard deviation is expected, a value of 0.68 is subtracted in quadrature from both
FA L and the arithmetic mean « is calculated for each period and bin

FA,

(4.20)

VJFAZ —0.682 +  [FAZ —0.687
o = .
2

4.21)

If FA is already smaller or equal than 0.68, « is set to zero. Before calculating the overall
arithmetic mean over all x bins and periods

>0 G
#bins - #periods’

Osys,FA — (4.22)
the a; are checked to be stable as a function of the periods.

The Tab. 4.6 shows the systematic uncertainties obtained from the false asymmetry test, the
given values are in units of the statistical uncertainty.

The obtained systematic uncertainties for all data sets from this test are smaller than the statistical
uncertainties. The results for the deuteron data have to be considered under the constraint of the
low statistics which causes statistical fluctuations, as well as the 2010 results under the constraint
of the high statistics. The two results for the proton target periods are well compatible among
each other and also among the different pair combinations.
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Table 4.6.: Systematic uncertainty from the false asymmetry test in units of the statistical uncer-
tainty for identified hadron-pairs from the deuteron, 2007, and 2010 proton data.

period | hTh™ afr~ KTK~ atK~ K'tm~
deuteron | 0.38 0.58 0.81 0.72 0.57
2007 0.66 0.65 0.53 0.65 0.47
2010 0.71 0.61 0.53 0.58 0.50

4.6.3. Compatibility among periods

Since the measurements were made over a long period of time, deuteron data has been taken
over three years and proton data the whole years 2007 and 2010, the overall stability between
the single periods is a quantity which has to be monitored. Therefore the asymmetries evaluated
from each single period are checked for systematic deviations. As an example Fig. .15 shows
the hadron-pair asymmetries of pion pairs from deuteron, 2007, and 2010 data from each of the
6 or 12 individual periods as a function of x. The corresponding mean asymmetries in the x
dependence can be found in Fig. The corresponding period-by-period asymmetries of the
K*K~, 77K, and K*7~ pairs can be found in Figs.[A.29|to[A.31]
To quantify the difference between the single periods a pull distribution with the entries
—A;J — <A’2> (4.23)
TAi; ~ %A
is calculated, where A; ; is the asymmetry value of bin 7 in z, z, and My, of period j and (Ay)
is the mean of all periods in bin ¢. The obtained pull distributions for all pair combinations,
shown in Fig. are well centered with a sigma around 1. This result and the observation that
the overall trend is the same for all periods without significant deviations allow one to use all
periods for the final data sample.
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Figure 4.15.: The hadron-pair asymmetries of pion pairs as a function of = from deuteron (1%

row), 2007 (2™ row), and 2010 (3" row) data from each of the 3, 6 or 12 individual
periods, respectively.
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Figure 4.16.: The pull distributions as in Eq. between the asymmetries from each individual
period and the mean asymmetry from the deuteron (1% column), 2007 (2"¢ column),
and 2010 data (3™ column) of h*h ™ pairs (1% row), 77~ pairs (2™ row), Kt K~
pairs (3™ row), 77 K~ pairs (4™ row), and K+ 7~ pairs (5™ row).
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4.6.4. Comparison of estimators

The two estimators used in this work, the one-dimensional quadrupole method 1D-QR (Sec.[4.5.1))
and the unbinned maximum likelihood method UL (Sec. give results for the asymmetries
which are in good agreement. Nevertheless there are fundamental differences between both, of
which the dimension of the fit is just one topic. It is common sense that the UL method is the
most advanced method e.g. dealing with small event numbers, on the other hand the 1D-QR
method is based on a well controlled one-dimensional fit.
Therefore a comparison of the results obtained with the different methods is also an useful
indicator of the stability of the extraction method in general. An example of a direct comparison
of the extracted asymmetry from both estimators is given in Fig. The comparison is
performed by a pull of the form

AL atp

Oi,j

) (4.24)

where o; ; is the statistical uncertainty of bin ¢ of period j, which does not depend on the used
method. Fig. 4.18|shows the pull distributions for the different pairs from 2010 data. All of
them are well centered while the sigma increases fairly for pairs with smaller sample sizes e.g.
oxr = 0.15 and o = 0.28. This effect is expected since the one-dimensional method is
prone to low statistic bins in ¢ rg. Besides of that, no systematic influence can be observed. This
is also the case for the deuteron and 2007 proton data, see Figs.[A.32]to[A.36] Therefrom and
due to the fact that the unbinned likelihood estimator is the best one known at the moment, all
final results are obtained using the UL.

COMPASS 2010 proton data
Q_E 0.1- - e 2010UL B
% ® 20101D
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¢ e ¢ 4t TR ﬂ_
0.1+ - -
vl | Lo L | L | | | |
102 100 05 1 05 1 15 2
X z Mt (GeV/c?)

Figure 4.17.: The 77~ hadron-pair asymmetries from 2010 data obtained with the 1D-QR (red
dots) and the UL estimator (black dots). The agreement is nearly perfect.
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Figure 4.18.: Pulls between the hadron-pair asymmetries from 2010 data obtained with the
1D-QR and the UL estimator 777~ pairs (1% column), K™ K~ pairs (2™ column),
7t K~ pairs (3" column), and K7~ pairs (4" column).

4.6.5. Cross-check of results

All COMPASS results need to be cross-checked independently before it is allowed to show
them to the public. The results presented in this work are cross-checked between the groups of
Trieste, Turino and Erlangen. In a first step the number of hadron-pairs which survived the cuts
described in Sec. .3 are compared, which agree perfectly. The raw and the final asymmetries
are then compared by building a pull distribution according to

analysisl analysis2
AiJ Ai,j

: (4.25)

%( z;zalysisl + O_;z;zalysisZ)
The Figure [4.19] shows the obtained distributions from the analyses of deuteron, 2007, and 2010
data. The agreement of the cross-check analysis of 2010 data is perfect and the agreement in
the cases of deuteron and 2007 data is still very good. However the direct comparison of the
calculated asymmetries shows (see Figs.[A.37] [A.38] and[A.39) that the larger deviations in the
pulls are caused by very small deviations of the asymmetries due to the lower sample size of the
deuteron and the 2007 proton data. Furthermore the deuteron and 2007 cross-checks was only
performed on the level of the 1D-QR method, which is more sensitive to small statistics.

The agreement for all years and pair combinations is almost perfect and no systematic error is
taken into account from this test.
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Figure 4.19.: Cross-check pulls between of the hadron-pair asymmetries from deuteron (1% row),
2007 (2" row), and from 2010 data (3" row): 77~ pairs (1% column), KT K~
pairs (2" column), 7+ K~ pairs (3 column), and K7~ pairs (4™ column).

4.6.6. Systematic effects from the spectrometer acceptance

Possible acceptance effects of the target were already discussed in the Sec. d.6.1] A way to
study the acceptance of the spectrometer itself can be performed by splitting it virtually into
segments. Therefore a segmentation into two parts, one time into top and bottom and second into
right and left seen in beam direction is performed. The single events are assigned to the parts
by the azimuthal polar angle of the scattered muon in the laboratory frame ¢’. As described,
the COMPASS spectrometer is almost symmetrical w.r.t. the horizontal axis, but not w.r.t. the
vertical axis, due to the deflection of positively charged particles by the magnets SM1 and SM2
towards the Jura side. Hence at first order one would expect more compatible asymmetries
from the top-bottom split then from the left-right split. The limited sample sizes of the deuteron
and 2007 proton data just allow for a reasonable evaluation of the 77~ asymmetry (Fig.
top, middle) while for the 2010 data this exercise was possible for all identified pairs (Fig. 4.20|
(bottom) and Fig.[A.40). To quantify the compatibility between the horizontal and vertical splits
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4. Data analysis

the statistical normalized differences of the obtained bin-by-bin asymmetries is calculated by

}Atop - Abottom‘ ‘Aleft - Aright‘

Atop—bottom = 2 2 ’ Aleft—right = 2 2 (4-26)
\/ Ttop + Tbottom \/ Olefi + Uright
After subtracting the value of one standard deviation in quadrature from them
_ 2 2
o= \/Atop—bottom/left—right —0.68 (4.27)

for each z bin and each period separately, the systematic uncertainty is calculated as the
arithmetic mean over all periods and bins

> i G
#bins - #periods

O sys,tblr — (4.28)
in units of the statistical uncertainty. The resulting values are shown in Tab. d.7] Almost all
uncertainties are smaller then one unit of the corresponding statistical uncertainties and mostly
higher in the left-right case than in the top-bottom case, as expected.

As shown in Sec. 4.4] the statistics available on the deuteron and the 2007 proton target are
small w.r.t. the 2010 data. In this study, the resulting statistical fluctuations lead to uncertainties
which are around one unit of the statistical uncertainties for h™h~ pairs and half the statistical
uncertainties for pion pairs. The deuteron and proton 2007 sample size of pairs which include
kaons after the virtual splitting of the spectrometer into segments is not sufficient any more.
Thus these are omitted in this study.

From these considerations, no systematic error from this test is taken into account in the case of
the deuteron and the 2007 data. For the high statistic sample of 2010 the values in some bins
differ by more than one standard deviation and therefore the highest of the two uncertainties is
included into the overall uncertainty, see next section.

Table 4.7.: Systematic uncertainties from the spectrometer acceptance test in units of the statisti-
cal uncertainty for hadron-pairs from the deuteron, 2007, and 2010 proton data.

year/target segmentation | hTh™ wtr~ KTK~ atK~ K'tn~
deuteron top/bottom 0.82 0.54 - - -
deuteron left/right 1.09 0.53 - - -
2007 top/bottom 0.87 0.85 - - -
2007 left/right 0.93 0.97 - - -
2010 top/bottom 0.73 0.76 0.54 0.75 0.46
2010 left/right 0.81 0.77 0.48 0.51 0.52
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Figure 4.20.: The pion-pair asymmetry evaluated for a split of the spectrometer into top, bottom,
left and right from deuteron (top), 2007 data (middle) and 2010 data (bottom).
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4. Data analysis

4.6.7. Overall systematic uncertainty

The calculation of the overall systematic uncertainty from the single uncertainties described
above is slightly different for each data sample and could also vary from all hadron-pairs to
identified hadron-pairs, depending on the decisions which have been made by the responsible
board of the collaboration. In common to all data samples, some tests did not show significant
deviations from the expected values, these are: all azimuthal stability tests (R-test, T-test, RA-
test), compatibility among periods, cross-check of independent analyses. Further all identified
data samples have in common, that no uncertainty from the estimators is taken into account,
since the used UL method is the most advanced method known.

In the case of the deuteron and 2007 proton data identified pairs it was decided to use as the only
contribution to the overall systematical uncertainty the contribution by the false asymmetry test,
as shown in the Tabs.[4.8] since the reliability of the spectrometer segmentation test suffers from
the low statistics, see Sec.[4.6.6

In the case of the 2010 identified pairs, the largest value out of three, namely the false asymmetry
test and the two spectrometer acceptance tests, is used.

An additional scale uncertainty of 5.4 % for deuteron and 3 % for proton data has to be considered
due to the uncertainty in the measurement of the target polarization.

Table 4.8.: The overall systematic uncertainty in units of the statistical uncertainty for unidenti-
fied and identified hadron-pairs from the deuteron 2003(2)-2004, the proton 2007,

and 2010 data.
target year(s) ‘ hth= ntna~ KTK- 7K~ K'tn~
deuteron  2003(2)-2004 | 0.4 0.6 0.8 0.7 0.6
proton 2007 0.7 0.7 0.5 0.7 0.5
proton 2010 0.8 0.8 0.5 0.8 0.5

104



4.7. Purity correction

4.7. Purity correction

The identification of the produced hadrons is performed via a ring-imaging Cherenkov detector
(RICH), which is described in Sec. [3.4.1] The identification probabilities are close to 1 and
thus the separation of pions, kaons and protons is very high, but a correction to the measured
asymmetries due to a possible misidentification might be appropriate and needs to be studied.
The method to obtain the probabilistic values of identifying for instance a pion as a kaon Pr_,
is based on the identification of known particles coming from certain decays [SSMO06,|Pes10,
Joo13b]. A source of pure KT K~ pairs is the decay of a ¢(1020) meson, and the decay of a
K meson gives pure 77~ pairs [PDG12]. In a first step these decays are selected from the
data with dedicated cuts which do not involve information coming from the RICH detector. The
second step is to pin down the selected particles in the RICH data and evaluate the probability to
be correctly identified. Some assumptions have to be made, such as that the contribution from
other particles e.g. protons is negligible.

In the case of single hadron asymmetries the purity correction is simpler and can be written as

Am,7r = Pﬂ'—>7rAt,7r + PKA)ﬂ'At,K7 Am,K = PK%KAt,K + P?THKAt,TCJ (429)

where A, /- are the measured asymmetries and A; /. the true asymmetries. Writing these
equations in a matrix way, they can be solved via an inversion of it.
Concerning the hadron-pair case the corresponding equation(s) get more complicated, due
to the twofold intrinsic pair probabilities. The purity for e.g. the kaon sample is defined as
Py g = €~k ]J\y , where €,_,, is the efficiencies/mis-identification probabilities for the
RICH identification. The terms Ny, or Ny, . are the number of true or measured hadrons of
type x.
Thus a pion pair can be mis-identified as a pure kaon pair but also as a 7+ K~ or a K 7~ pair
and the purity is P = Jxr | jke in the single had

purity is Priz— ptr- = €rmrbror iy, ike in the single hadron case one can
write the purity correction as an equation of the form A = P- Ay, where the vectors A,

contain the four hadron-pair asymmetry values for a certain x, z or M;;,, bin. The full equation
reads:

Am,7r7r P7r7r—>7r7r PﬂK%ﬂ'Tr PKﬂ")ﬂ'T{' PKK~>7T7r At,7r7r
Am,wK _ P7r7r—>7rK P7rK—>7rK PKW—H’I’K PKK—HrK At,7rK
_ . 4.30)
Am,Kﬂ P7r7r—>K7r Pﬂ'K—)Kﬂ' PKﬂ'—)Kﬂ' PKK—)Kﬂ' At,Kﬂ'
Am KK Porokk Prkoskx Prkrskx Prk—kKK Ay kK

It is solved via matrix inversion: A; = P~!- A,,. And the corresponding error propagation
gives cov(4;) = P~ cov(A,,) - (P~1)T. The entries of the purity matrix are

Nt L, Nt , K Nt Kr Nt KK
67r7r67r7r]\]/'\r/vn . Erm€Km ]}[V €K7r67r71']>7vm . EKT€EKT 1]\\f7m -
t K t, K t, KK
Err€rK N o — Exr€KK N, EKnerK N, " EKmCKK N,
P = m,mK (4 31)
- Nt,rrrr N , K N K7r N KK .
€7TK€7T7TN K ErKE€KT Nm,Kﬂ EKKE€rn N . o EKKEKT Nm,KW
€ € Nt T € € Nt,TrK € € N t,Km € € Nt KK
TK 7TKN KK TK KKNm,KK KK ﬂKNm,KK KK KKNm,KK
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4. Data analysis

The global efficiency for pions is ~# 0.97 and ~ 0.94 for kaons. There are two probabilities in
each term since the probability for a pair is the product of the probabilities for the single hadrons
of the pair. So each term of the purity matrix is given by the probability for a pair [ m to be
identified as x y, times the percentage of true pairs of type [ m in the measured sample = y. Note
that the purity of hadron-pairs does not factorize into a product of the single purities since the
number of the pairs z y is not the product of the number of single hadrons, e.g. for kaon pairs
Nk # Nk N K-

The purity corrected asymmetries A; in comparison to the measured asymmetries A,,, are shown
in Fig. .21] for 2007 proton and in Fig. {.22] for 2010 proton data, where the pulls between
both are shown on the right side. No purity correction is applied on the deuteron data, since
the absence of a signal is interpreted as a close-to-complete cancellation of the u and d quark
transversities and thus a correction by a signal which is zero is not meaningful. Due to the
~ 3.5 times larger rest mass of the kaons w.r.t. the pions the correction of the asymmetries as a
function of the M;,,, is not possible for the first 6 bins.

The difference between the measured A,,, and the purity corrected/true asymmetry A is almost
zero (see pulls) and therefore negligible for pion pairs of both proton data sets. The true
asymmetries of the other pairs show a very small influence of the purity correction of the order
of a few percent of the statistical uncertainties without systematic effects. It is much smaller than
the uncertainties given by the systematic checks, thus are well covered by the overall systematic

uncertainty, see Sec.
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Figure 4.21.: Purity corrected true hadron-pair asymmetries A; (red dots) in comparison to the measured
asymmetries A,, (black dots) of 2007 proton data ans the corresponding pull between
both: 747~ pairs (1% row), K+ K~ pairs (2" row), 77 K~ pairs (3" row), Kt7~ pairs
(4" row) .
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Figure 4.22.: Purity corrected true hadron-pair asymmetries A; (red dots) in comparison to the measured
asymmetries A,, (black dots) of 2010 proton data ans the corresponding pull between
both: 7+ 7~ pairs (1% row), K K~ pairs (2™ row), 77 K~ pairs (3" row), K7~ pairs
(4" row) .
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4.8. Improvements to previous analyses of deuteron and
2007 proton data

The hadron-pair asymmetries of unidentified pairs ~*h~ from the deuteron and 2007 proton
data were already published in [COMPASS12c]||. So far only a unreleased analysis of identified
hadron-pairs from these data samples by Wollny in [Wol10] has been performed. The main
goal of the evaluation of azimuthal spin asymmetries of hadron-pairs is the extraction of the
transversity distributions. Therefore a reliable and homogeneous analysis of all identified pairs
from all data sets of the COMPASS experiment is necessary. Thus a reanalysis of the deuteron
and 2007 proton data was performed, in which the data selection and methods as well as the
binning is unified. The analysis of the 2010 proton data was taken as a reference, but also
differences due to the data processing by CORAL were considered and retained. The unification
compromises five main topics. Among these are two for formal reasons, since they do not
change the overall statistics significantly. First the COMPASS spectrometer has an acceptance
in z of 0.003 to 0.7 which is now used for all samples, while in [COMPASS12c|] the upper
limit of z was set to 1. Second the cut on the momentum of the incoming beam muons is
specified to 140 GeV /c < p,, < 180GeV /¢, while 0GeV /c < p,, < 200GeV /c was used in
the publication. Moreover, due to the applicability of model calculations by Bacchetta and
Radici (see Sec. [6.3.3) the range of the invariant mass of the pair was optionally limited to
Mipy < 1.5GeV/ . In general, this cut is not used for the final results here, but a sample with
this cut is provided in addition to the full range sample.

In the analysis of [COMPASS12c|] dedicated cuts where performed based on the data of the
hadronic calorimeters, in order to reject a so-called “low energy band” which was thought to be
the result of muons misidentified as hadrons. It was shown that these particles which deposit
only a small fraction of their energy in the calorimeter are muons, but not elastically scattered
beam muons [Soz11]]. In fact these muons are produced in the decay of pions coming from
SIDIS processes. The deviation on the track direction of muons produced in the pion decay and
the track direction of the pions was found to be small and thus the angle information carried by
the muons is still usable for this analysis. Thus no calorimeter cuts have been applied in this
work, see also Sec.[6.3.3]

The fifth difference w.r.t. the published h*h™~ results is related to the unbinned likelihood fit
method, where the kinematic values of each pair were weighted with the fraction of polarizable
material inside the target f and the depolarization factOIEI D,,,, before the fit is performed. In
this analysis a raw asymmetry without any weighting is calculated and afterwards it is corrected
in each kinematic bin with the mean f, D,,,, and target polarization Pr in order to get the final
asymmetry. The UL fit of the single hadron analysis is also performed on the pure angular
distributions without any preceding weighting, thus a compatibility between the single hadron
results, such as Collins and Sivers, with the hadron-pair results is given. This procedure has also
the advantage that one can go one step backward in the analysis, i.e. from the final to the raw
asymmetry by dividing the amplitude value (and its error) in each bin by the mean values of f,
Dy, and Pr the mean target polarization.

“The fraction of the spin of the lepton which is transfered to the virtual photon.
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Table 4.9.: Influence of the unitized cuts on the deuteron 2002-2004 data (top table) and on the
2007 proton data (bottom table). The difference is shown for each individual cut w.r.t.
the original number of hadron-pairs. Note that the total difference is not the sum of
the individual differences due to possible overlaps of the cuts.

2002-2004

cut h*h~ published | AT h~ this study | difference | difference (%)
My 5,806,180 5,951,546 +145,366 +2.50
Du 5,806,180 5,799,646 -6,534 -0.11
x 5,806,180 5,806,149 -31

calo 5,806,180 6,351,078 +544,898 +9.38
total 5,806,180 6,508,375 702,195 +12.1
2007

cut h*h~ published | ™A™ this study | difference | difference (%)
Mipy 10,913,078 11,211,281 +298,203 +2.73
Du 10,913,078 10,858,102 -54,976 -0.50
x 10,913,078 10,912,967 -111 -0.001
calo 10,913,078 12,299,588 | +1,386,510 +12.7
total 10,913,078 12,596,359 | +1,683,281 +15.4

A comparison of the influences of these modified cuts is given in Tab. d.9](top table) for the
deuteron data and in Tab. [4.9|(bottom table) for the 2007 proton data, the overall gain in statistics
is 12.1 % and 15.4 % respectively. The abolition of the Mj,,, cuts leads to an increase by around
3 % and the major increase is generated by the abolition of the calorimetry cuts at around 10 %.
The other cuts on p,, and x do not have a significant influence.

More important than the influence on the statistics is the influence on the obtained asymmetries
by the modifications. A detailed comparison of the published results and the asymmetries
calculated with each modified cut individually is shown in Figs. to for both deuteron
and 2007 proton data. Figure #.23]|shows the comparison including all five modifications listed
above, for deuteron (top) and 2007 proton (bottom) data.

The overall difference between the published results and the asymmetries obtained with the
modified cuts and methods is visible but small, it does not change the main characteristics of the
signal such as slopes and dips. As can be seen in Fig. and Fig. [A.43|the stricter cut on the
beam momentum and on x has no influence on the amplitudes obtained. The additional pairs of
the invariant mass region above 1.5 GeV /c? have a weak influence on the amplitudes in the high
x and high z region, see Fig.[A.41] The main contributions to the small overall difference in
Fig. is clearly related to the calorimetry cut, see Fig. while the non-weighted fit leads
to small and non-systematic deviations, see Fig.[A.45]
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Figure 4.23.: The published hadron-pair asymmetries of all pairs ~*h~ from deuteron data (top,
black dots) and from 2007 proton data (bottom, blue dots) in comparison with the
results obtained with the modified cuts and methods (red dots). The corresponding
pull distributions between the data points from the publication [COMPASS12c]
and from this work are shown in the right column.

4.9. Combination of 2007 and 2010 proton data

In the following section the procedure of combining the two independent results of the hadron-
pair asymmetries from the 2007 and the 2010 proton data is described. For this, two different
methods have been studied and the corresponding results are compared. The same methods
were also used to combine the single hadron asymmetries, such as the Collins and the Sivers
asymmetry [BDMS12]. A detailed study was performed in this COMPASS note because of an
absolute scale uncertainty of +0.01 in the Sivers asymmetry of positive hadrons from the 2007
data due to systematic effects, which has to be taken into account properly by the methods.
The first method, “method A” in the following is based on the normalization of the asymmetry
amplitudes to their overall weighted mean, which is a more direct approach compared to the
second method which is based on the standard linear least squares fit, “method B” in the
following.
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Method A

Method A uses standard formulas in order to normalize the two sets of data to the overall mean
value. A possible absolute scale uncertainty « can be taken into account, but is not present in the
hadron-pair case, which means o = 0 in the following. The mean asymmetry of all bins ¢ of a
data set k € [07, 10] referring to 2007, and 2010, respectively, and its variance are calculated by

Z‘ Xi i

s 1

. ki 2 _ - 2

X = i Sl + a2, (4.32)
! UXk,i ! UXk,i

2 2 2 . .
where o Xui = Ostat, Xy + O sys, Xy From this, the overall mean of two data sets is

07

10

3 T 3
_ 0% [ 1
. Xor X10 2 _
Z=——1 oh= 11 (4.33)
2 ) o2 o2
Xo7 X10 Xo7 X10

Then the differences of the overall to the individual mean values are calculated ¢, = Z — X},
in order to built the “normalized asymmetries” on the level of the individual data sets X', =
X; + c. Finally the combined asymmetry amplitude in each bin i is

X074 + X10,i
2 2
UX07,i UXlO,i 2 1
Zi=—q ——1 5 9= "1 T 1 (4.34)
0'2 + 0'2 0'2 + 0'2
X07,i X10,i Xo07,i X10,i

Note that the statistical uncertainties on ¢ have been ignored, since they are very small and
negligible w.r.t. the bin-by-bin uncertainties.
The statistical and the systematical uncertainties can be obtained from a%i by

2 _ 1 2 2 2
Ostat,Z; = 1 1 ’ Osys,Z; — 92, = Ostat,Z;+ (4.35)
0'2 O'2

stat,X077i stat,XlO_’,L'

Method B

Method B was developed to deal with data having multiplicative normalization uncertain-
ties [NNPDF10]. These can be taken into account by a 2 minimization of the corresponding
covariance matrix of the variances of m bins

0,3 1+ a? o? a2
2 2 2 2
« 015+ @ «
Vi = k2 (4.36)
a2 a2 a,% m + a2.
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The asymmetry amplitude values are contained in the vectors X k-
The x? of V}, then is

— >\ T, — —
2= (X, —A) Vi, (X, - A), (4.37)
where A = C U are linear functions of the parameter ¥ which can be written as
U= (CTV,'0) ' TV X, = Dy X (4.38)

and the covariance matrix as
Vg =DyVi'Dy. (4.39)

In the present case two independent measurements, 07 and 10 with the same expectation values
E are given. Then the x? becomes

2= (Xor — E) 'V (Xor — E) + (X10 — E)'Vig (X0 — E). (4.40)
The minimization is performed by demanding the derivatives to be zero, yielding
Vi Xor + Vip! X0 = (V' + Vigh) E. (4.41)
Solving for the expectation values one gets
E = (Vo' + Vi) Vo Kor + (Vo' + Vi) Vg Ko, (4:42)
which can be simplified with By, = (Vy;' + Vio!) "'V, o
E = ByrXo7 + BioX10, Ve = BorXorBay + BioX10BT,. (4.43)

The overall statistical and the systematic uncertainties, the latter is shown in Tab.[4.10] can be
calculated from the single uncertainties as described for method A.

Table 4.10.: Overall systematic uncertainty in units of the statistical uncertainty for the
2007/2010 combined proton data, obtained with method A.

‘ hth= #tn~ KTK- atK~ Ktr~
overall systematic uncertainty ‘ 0.8 0.6 0.5 0.6 0.5
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4. Data analysis

Comparison of results

In Fig. .24 (top panel) the results obtained with methods A and B are compared in the case of
the pion pair asymmetries, for all other pairs see Fig. They are almost identical, only a
pull between both shows difference in the order of 0.02 0. As method B is regarded as the more
correct routine as the more general one, all combined 2007/2010 results are calculated using
it. As an example the individual results and the combined result of the pion pair asymmetry
is shown in Fig. (bottom panel), while all other pairs can be found in the Fig. The
total X2, from this procedure is 0.95 for 77—, 0.49 for KK ~, 0.53 for 7 K ~, and 0.89 for
K7~ The bin-by-bin X72"e 4 can be found in Tab.

COMPASS proton data
. E 0.1~ ~ e combined07/10methodA [
O combined 07/10 method B
O gowo B C 5 SRR Tl w6 ®R T %@
©
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| | | | | | |
10-2 10-1 0.5 1 05 1 15 2
X z MITT (Gev/c?)
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E 0.1 - 0 2007mTC =
ok ® 2010t

O combined 07/10

T %”5 ””””””” ”%%%Eé%% ””” @%%égﬁé :
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Figure 4.24.: The upper panel shows the comparison of the results obtained with method A
(black dots) and method B (open circles) of the combination of the 2007 and 2010
proton pion pair asymmetries. The individual results from 2007 (open circles)
and 2010 (black dots) proton data in comparison with the combined results (open
squares) are presented in the bottom panel.
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5. Resulis

In the following the final results on the hadron-pair asymmetries from the analyses described
in the last section are presented. They are plotted as functions of z, z and M;,,, where x is
the Bjgrken scaling variable, z is the sum of the fractional energies carried by the observed
final state hadrons z = z; + 23 and M;,,,, the invariant mass of the pair. Error bars of the data
points represent the statistical uncertainties only, while the systematic uncertainties, discussed in
Sec. are indicated by the gray bands, which also indicate the binning (see Tab. [A.g).

The results from the 2010 data taking period, the main part of this work, are shown in Sec.[5.2.1]
for all hadron-pairs and in Sec. for identified hadron-pairs. The data samples collected
on the deuteron target in the years 2002 until 2004 and from the 2007 data taking period on
the proton target have been analyzed in addition afterwards, in order to provide a complete set
of results on the dihadron asymmetry of identified hadron-pairs by COMPASS. Even though
a preliminary analysis of the identified deuteron data was available before, see Fig. [2.19] a
complete reanalysis of this data was necessary to ensure common cuts and common binning, as
well as improvements in terms of the particle, track, and vertex identification algorithms. Also
for the 2007 proton data, see Fig.[2.20] the cuts have been unified w.r.t. the analysis of 2010 data
where the particle identification was introduced. The differences between the previous analyses
and this work on the deuteron and 2007 proton data are described in detail in Sec.

The identical framework of the analyses on the two proton target data sets from 2007 and 2010
allows, by methods described in Sec. for a combination of the asymmetries obtained, which
are shown in Sec.

All numerical values of the results presented in this chapter and the corresponding bin-by-bin
mean values of selected quantities are given in Tabs.[A.9to[A.30|and in Figs.[A.48|to[A.49]

5.1. Results from the deuteron data

The COMPASS experiment took data on a polarized deuteron target in the years 2002, 2003,
and 2004, therefrom five periods of data with transverse polarization were collected. The data
from the 2002 running, being two out of these five periods corresponding to 20 % of the total
sample, are not applicable to particle identification since the RICH detector was not yet fully
functioning in this first year of COMPASS running. The unification of cuts and methods (see
Sec.[.8) as in the analysis of the 2010 proton data was also applied on the deuteron data.
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5. Results

5.1.1. All hadron-pair asymmetry from the deuteron data

The hadron-pair azimuthal asymmetry of all pairs A5~ on a deuteron target from the running
periods of 2002, 2003, and 2004 as a function of x, z, and M;,, is shown in Fig. The
amplitudes of the asymmetry are zero in bins of z and Mj,,,, as well as in the region of x < 0.1.
In the three highest = bins it is still compatible with zero within the uncertainties, but may
indicate a certain trend.

COMPASS 2002/2003/2004 deuteron

% 0.1~ = h'h
) 0.05- - -
;E o—--1-- é___Q___?_*__} _______ _-.{.ii_g __________ +.________ jQ.i_ ___+___+ ________
-0.05+ - -
01 } I n
-0.15- = =
O .r -_ I , L I I I
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Figure 5.1.: The hadron-pair azimuthal asymmetry on a deuteron target of all pairs h™h~ from
the 2002-04 data.

5.1.2. Identified hadron-pair asymmetry from the deuteron data

In Sec. 2.4.2]the preliminary results of identified hadron-pair asymmetries from the deuteron
data are shown. With the advanced cuts, methods and an equal binning w.r.t. the proton data
analysis the new results are shown in Fig. The asymmetry of identified pion pairs (1% row)
is zero in all three dependencies, even more clearly than for the h™h™ pairs, except of the p
meson mass (m, = 775.5MeV/c? [PDG12]) region. The pure kaon pair asymmetry (2 row),
with larger statistical uncertainties is small, fluctuating and compatible with zero. An indication
of positive nonzero amplitudes between an invariant mass of 1.15GeV /c? and 1.5GeV/c? is
given. The mixed pairs, 7+ K~ (3™ row), and K+ 7~ (4™ row) are compatible with zero within
the uncertainties in bins of z and M;,,. The dependence in  shows a weak indication of a
positive or negative rise at high = for 7+ K~ and K "7, respectively.
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5.1. Results from the deuteron data

COMPASS _2003/2004 deuteron data
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Figure 5.2.: Results of the hadron-pair azimuthal asymmetries measured by the COMPASS ex-
periment on the deuteron target for identified hadron-pairs 77~ (1% row), KT K~
(2™ row), 7T K~ (3" row), and K7~ (4™ row) with advanced cuts. Please note
the different scale used for pairs which include kaons w.r.t. the scale used for pure
pion pairs.
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5. Results

5.2. Results from the proton target

The available statistics on the transversely polarized proton targets are approximately a factor of
five times larger than on the deuteron target.

5.2.1. All hadron-pair asymmetry from the proton data

In this section the results of unidentified hadron-pairs are shown. This is the first step of the
analysis (since no particle identification is applied here). The pairs are denoted as h*h~ and the
pion mass was assigned to all of them.

2007 data

The hadron-pair azimuthal asymmetry of all hadron-pairs from the data collected during the
2007 running are shown in Fig.[5.3] These results are obtained with the advanced set of cuts
described in Sec. [[COMPASS13|] w.r.t. to the published results of [COMPASS12c|]. Even
though the difference between both analyses is small, the unification of cuts and methods was
applied in foresight of the combination of the 2007 and 2010 data. A direct comparison of the
results can be found in the Sec. .8l

As can be seen in Fig. [5.3] large negative asymmetry amplitudes up to —0.10 are observed in
the so-called “valence region” x > 0.032, while for x < 0.032, the asymmetries are compatible
with zero. The asymmetry is negative in the whole z range, without a clear trend. An indication
of nonzero asymmetry amplitudes in the Mj;,, dependence between 500 MeV /c? and 1 GeV /c?
is visible

2010 data

With the large amount of data collected in the 2010 running the statistical uncertainties could be
reduced significantly. The obtained asymmetries are shown in Fig. [COMPASS14al. The
clear rise of the magnitude of the amplitudes with increasing values of x already seen in the
2007 data results is confirmed, even though the asymmetry reaches 6 % at its maximum. The
structure of the dependence in z changed to a shape with a moderate decrease of the amplitude
down to almost zero for the fifth bin, with a subsequent increase for higher values of z. The
negative dip around the p meson mass in the asymmetry as a function of the invariant mass is
more pronounced in this data set, since the amplitude becomes again compatible with zero in
the seventh bin (0.9 — 1.0 GeV /c?).
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5.2. Results from the proton target

L COMPASS 2007 proton data
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Figure 5.3.: The Hadron-pair azimuthal asymmetry on a proton target of all hadron-pairs h™h~

from the 2007 data [COMPASS 4.

L COMPASS 2010 proton data
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Figure 5.4.: The hadron-pair azimuthal asymmetry on a proton target of all hadron-pairs h™h~

from the 2010 data [COMPASS 4.

119



5. Results

Combined 2007 and 2010 data

The final 2007 hadron-pair data set contains around one third of the statistics w.r.t. the 2010 data
set. Therefore the statistical uncertainties could be reduced by a factor larger than 1.6.

Thus the 2010 data are the dominant part in the combined signal, which is shown in Fig.[5.5] All
significant features, which were described above are still present. The slope in x is smoothed,
with very small error bars also in the high x region. The asymmetry as a function of z is
compatible with a constant function over the whole range. The negative dip at the p meson mass
is very pronounced, the amplitudes decrease almost down to zero at its edges and are negative in
the very low M;y,,, region and between 1 and 1.5 GeV/ .

COMPASS 2007/2010 proton data
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Figure 5.5.: The hadron-pair azimuthal asymmetry on a proton target of all hadron-pairs h™h~
from the combined 2007 and 2010 data [COMPASS14al.
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5.2. Results from the proton target

5.2.2. Identified hadron-pair asymmetries from the proton data

The identification of the hadrons was performed with the method described in Sec.£.3.4] A
possible influence of the misidentification of hadrons was checked and found to be negligible,

see Sec. 4.7

2007 data

The asymmetries of the four possible combinations of pairs from the 2007 proton target data
are shown in Fig.[5.6] A trend of large amplitudes at high x values is clearly visible for the
pion pairs, as well as clear negative mean values in their z and M;,,,, dependencies. The kaon
pairs also show negative mean values in all three dependencies, without clear trends being
compatible with zero. The asymmetries of both mixed pairs are compatible with zero within
their uncertainties, with slightly negative mean value for 7 K~ pairs.

2010 data

The 2010 data sample offers three times more statistics than the 2007 data sample, accordingly
the picture gets more precise also for the pairs which contain kaons. Except for the pion pairs
asymmetry amplitudes with their clear increase at large x (see Fig. the signal of all other
pairs is compatible with zero within the uncertainties in the = dependence. In the case of
the K7~ pairs (4™ row) an indication of a negative mean value is given. The fluctuating
amplitudes without a clear trend for the pion pair asymmetry as a function of z allow one to
compare it with a constant function. The negative dip around the p meson mass has a more
distinct tendency than in the 2007 results. Being still compatible with zero, the other pairs show
some interesting structures in their dependencies on z and M;,,,, for instance the triangular
shape including a double sign change in the z dependence of 7™ K~ or the negative dip in the
My, dependence of K7~ around ~ 1GeV/c?.
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5. Results
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Figure 5.6.: The Hadron-pair azimuthal asymmetries on a proton target of identified pairs from

the 2007 data [COMPASS13]: 77~ pairs (1% row), K+t K~ pairs (2" row),

7t K~ pairs (3" row), and K7~ pairs (4™ row).

122



5.2. Results from the proton target

- COMPASS 2010 proton data
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Figure 5.7.: The hadron-pair azimuthal asymmetries on a proton target of identified pairs from

the 2010 data [COMPASS14b]: 77~ pairs (1% row), KTK~ pairs (2" row),

7t K~ pairs (3" row), and K7~ pairs (4" row).
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5. Results

Combined 2007 and 2010 data

The results of the combination of the asymmetry amplitudes obtained from the 2007 and the
2010 proton data sets using the method described in[4.9]are shown in Fig.[5.8] The distribution
of the amplitudes is smoothed by the increase of statistics, without loosing its characteristics.
A detailed interpretation of the results obtained will be given in the next chapter as well as a
comparison of the obtained results to each other (deuteron vs. proton), to other experimental
results, and to model predictions. Furthermore an extraction of the transversity distributions of u
and d quarks was carried out using these results.
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Figure 5.8.: The hadron-pair azimuthal asymmetries on a proton target of identified pairs from

the combined 2007 and 2010 data [COMPASS13|]: 77~ pairs (1% row), K™K~
pairs (2" row), 7+ K~ pairs (3" row), and K7~ pairs (4™ row).
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6. Interpretation of the results and
extraction of the transversity PDF

This Chapter gives descriptions, comparisons and interpretations on the results on the transverse
spin dependent hadron-pair asymmetries, or often referred as a dihadron asymmetrieﬂ which
were presented in Chap. [5] For this purpose general assumptions on some quantities of the
underlying theoretical framework from Chap. 2] are introduced. This is done with regard to the
single hadron asymmetries in order to give a complete picture, reveal possible commonalities,
and in anticipation of future measurements at COMPASS-II, see Chap. A comparison of
the obtained results is possible to other experimental data from the HERMES collaboration
and to the available model predictions. The main focus, however, is on the extraction of the
transversity distribution functions of « and d valence quarks using the COMPASS deuteron
and proton hadron-pair data, representing the main finding of this thesis. Finally, promising
interpretation approaches to the observed asymmetries of identified hadron-pairs are presented.

6.1. General assumptions on the parton distribution and
fragmentation functions

The distribution functions and fragmentation functions have been introduced as flavor dependent
quantities in Secs.[2.2.1}[2.3.1] and[2.3.4] However, a set of reasonable assumptions on both types
of functions is well-founded and facilitate the interpretation of the results. The first assumption
is a Gaussian distribution of the parton transverse momenta (if it is nonzero); this ansatz is also
used in common model calculations, cf. [ABD™09b, BR06|. The second assumption concerns
the x range, where in the following only the valence quark region 0.1 < = < 0.3 is considered
since the results show nonzero asymmetry amplitudes in this x range. Assuming this the sea
quark contributions to the distribution functions can be neglected for the number density fi, the
Sivers PDF fi5., and the Transversity PDF h; [ABD'07]

(Wa (D o (s o 5
oy = ey = hey = hey =0
hY = h{ == hi = h§ = 0. (6.1)

'In this work both terms are used synonymously, like in most of the literature.
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6. Interpretation of the results and extraction of the transversity PDF

The fragmentation process is also flavor dependent meaning that the quark’s flavor determines
the so-called “favored” and “unfavored” fragmentation. For instance the fragmentation of a u
quark into a positively charged pion is favored (fav) since the original quark is also a valence
quark of this meson; vice versa the fragmentation into a negatively charged pion is unfavored
(unf). From this perception the following qualities on the FF can be derived for the single pion
hadron production process [ABDT07]]

fav,7r e 71'+ . T
Dl T Dl,u - 1,d>
Dl.]l’lf,ﬂ' L DW+ _ T 6.2
1 = Dig = P (6.2)
Lfav,m | 1ot L~
H; = Hy, = H; ,
lunf,r | Lot 1=
M = R = HYT 6.3)

Similar equations can be written also for the production of charged kaons [ABDT07]

Diav,K — D{’(L

putK ij _ Df(; _ sz;’ (6.4)
K H1L,{LK+7

HAEE Hif* = H = v (6.5)

In the case of the fragmentation of a quark into a 7 7~ pair the isospin symmetry of the doublet
of w and d quarks and the charge conjugation motivate for the following assumptions [BCR13|]

Di* = D",

Dy = Dy,

Di* = Df*,

H" = —H{" = —H{ = H{,

H = H = 0. (6.6)

The application of the charge conjugation and the isospin asymmetry corresponds to an inter-
change of the charges of the hadrons produced and thus also to the exchange of a u quark with a
d quark in the fragmentation. Since the vector Ry in Eq.[2.563 points from the negatively to the
positively charged hadron H;' changes its sign due to its linear dependence on Ry [BCR13]],
see Eq. The unpolarized DiFF Dy is not affected by the sign changes, since it does not
depend directly on Rr.

Note that the sea quark distributions are neglected in the set of DiFFs and H;' is equal in
magnitude for wu, @, d and d.
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6.2. Interpretation of the asymmetries from single hadron production

6.2. Interpretation of the asymmetries from single hadron
production

Starting with a brief interpretation of the single hadron asymmetries is useful, since they reveal a
basic understanding of the topic. In addition an interconnection of the Collins asymmetry to the
hadron-pair asymmetry might be given and both quantities give access to the Transversity PDF.
In the following, considerations on the Collins and Sivers asymmetries are made that concern the
involved PDFs, FFs, and the flavor dependent contributions of them to the measured asymmetries.
Regarding the interpretation of the hadron-pair asymmetries which follows in Sec. these
are not necessarily required. However, these considerations continue the discussion on the
single hadron asymmetries started in Sec.[2.3.3] which will again be of importance for the future
program of COMPASS, see Sec. The derivations below follow Joosten [Joo13b|, which has
been briefly summarized.

Collins and Sivers asymmetries of charged pions

Using the set of general assumptions from Sec. [6.1] (Eq. [6.1] [6.2] and [6.4)) the equations of
the Collins asymmetry (Eq. [2.45) and the Sivers asymmetry (Eq. [2.46) can be expanded in
dependence on the target nucleon for instance the proton and the produced meson (here 7T+)EI

474 prlfav,m 11.d rrlunf,w
ghiH; + gh{H;

AP (6.7)
Coll %f%Diav,n + %fllelmf,ﬂ
With the rough approximations [Joo13b|]
fit = 2ff,
D . punf (6.8)

suggested by measurements of the spin-independent quantities, for instance see MSTW 2008
leading-order parametrization in Fig. [MSTWO09]. Neglecting the contribution from the d
quark due to its suppression factor of one fourth, one obtains for Eq.

1 fav,m 1 fav,m
u ) u )
p,TF+ ~ 4h1 Hl — hl Hl

Coll 4,954 D{av,ﬂ' ~ fu Df‘“”” . (6.9)

The corresponding result for the production of negatively charged pions on a proton target is

e 4h7lej_unf,7r hqulJ_uanr
Coll ~ 1.6

725]2%1)?“” ~ 1. 7f}‘D§a"’”‘ (6.10)

Note that this derivation on the single hadron asymmetries are just presented for the proton target for the sake of
simplicity.
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6. Interpretation of the results and extraction of the transversity PDF

The results of the Collins asymmetries of charged pions from the 2010 proton data, as presented
in Fig. (top panel), show in magnitude slightly larger amplitudes for 7~ than the asymme-
tries of 7+ with opposite signs in all three dependencies.

Thus the unfavored Collins FF H IL "L has to be nonzero with an opposite sign w.r.t. the favored

one H f YT and together with Eq.|6.10|both should be approximate equal in magnitude [Joo13b|
HlLunf,Tr ~ _HlLfaVJr. (6.1 1)

This evolves Eq. to

w rrLfav,m
4h{ H; N 4 ot

Apvﬂ'_ _ ~ R
2.25 f1 D" 2.5 Coll -

Coll (6.12)

The same assumptions can also be applied on the Sivers asymmetry (Eq.[2.46) on a proton target,
leading to the following approximations

1 1.d 1
Afi" +0.5f2° fip
45 f v

1, 1d
Apvﬂ'i ~ 2f1Tu + flT
Siv ~ u :
2571

ﬂ.+
AGy
(6.13)

The u quark dominance in the first equation by a factor of 8 w.r.t. the d quark motivates for
the neglect of the ffg,ld term, while the suppression in the second equation is negligible. The
measured Sivers asymmetries of charged pions and kaons, which are presented in Fig. [2.14](top
panel), show clear nonzero amplitudes for 7. This observation requires ffalu to be nonzero.
Together with the amplitudes of the 7~ signal (Fig. being compatible with zero within the
uncertainties, this implies that the numerator of Eq. cancels out through [MSTWO09,Joo13b]

fit o~ =05 i (6.14)
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6.2. Interpretation of the asymmetries from single hadron production

Collins and Sivers asymmetries of charged kaons

The 2010 data set with its high statistics offers for the first time the possibility to draw some
qualitative conclusions on the PDFs and FFs involved in the production of charged kaons. The
corresponding results to Eq.[6.9} [6.10]and [6.13] for the single kaon in the Collins and Sivers case
neglecting the sea quark contribution are [Joo13b]

u pyLfav, K d rr-Llunf, K
ARSHFE 4 hd

APET o
Coll 1250 DK ,
Lunf,K
Ap AR (6.15)
Coll ~ uwpfav, K ’
2.25 {4 DF
1 Ld 1,
APET o Afir" +05f17° fir
Siv L5f; v
1u 1.d
_ 4f )
APET o fir +fir (6.16)

Svoo T 45

Where Agif T s already approximated under the assumptions of flLT’“ # 0 and flLT’“ ~
-0.5 fllT’d. The Collins asymmetry of negatively charged kaons was found to be small and
compatible with zero, see Fig. (bottom panel) while for positively charged kaons the
asymmetries are sizeable and compatible in magnitude with the 7" results. Translated into the
naive framework, this brings the conclusion that [Joo13b]

~

Hll,fav,K [{1L,1°av,7r7 (6.17)
under the assumption that the unpolarized DiFFs are approximately equal. The measured am-
plitudes of the Sivers asymmetry of charged kaons, presented in Fig. [2.14] (bottom panel), are
compatible with zero for K~ and sizeable with a positive sign for K. The naive formalism
suggests by Eq. and the same sign and approximately the same strength for both
positively charged mesons, while the measurement indicates = 1.5 times larger amplitudes for
K™ than for 7+. An additional contribution could arise from the 5 quark contribution which
has been neglected here. For the negatively charged kaons the results of the measurement and
the conclusions from the naive model are again not congruent, since the fﬁiu should have a
contribution two times larger (cf. Eq.[6.15)) and the measured asymmetry is compatible with
zero. Here the sea contribution from the s quark might have the opposite effect by compensating
the valence quark contribution. This gives a strong hint that the s and 5 contributions are nonzero.
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6. Interpretation of the results and extraction of the transversity PDF

6.2.1. Analyses of the Transversity and the Sivers PDF from single
hadron asymmetries

The results of the Sivers and Collins single hadron asymmetries by the HERMES and the
COMPASS collaborations were shown in Secs. and[2.4.1] To allow for a direct comparison
an additional cut at x > 0.032 on the COMPASS data is introduced and the resulting asymmetries
are shown in Figs. [6.1] (Sivers) and [6.2] (Collins).
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Figure 6.1.: Results of the Sivers single hadron asymmetry of 7 (top panels) and K+ (bottom
panels) on proton targets measured by the HERMES collaboration [HERMESO9]]
(circles) and by the COMPASS collaboration from the 2010 data (dots) [COM+
PASS14d].
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6.2. Interpretation of the asymmetries from single hadron production

_ COMPASS 2010 proton data
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Figure 6.2.: Results of the Collins single hadron asymmetry of 7 (top panels) and K* (bottom
panels) on proton targets measured by the HERMES collaboration [HERMES10]
(circles) and by the COMPASS collaboration from the 2010 data (dots) [COM+
PASS14d].

The Collins results for pions are compatible within the uncertainties for both charges and in all
dependencies, while some differences in the amplitudes of the Sivers asymmetry, slightly larger
asymmetries of 71 are visible. As a reason for these systematically larger Sivers asymmetry
amplitudes measured by the HERMES collaboration a possible Q? dependence of them is re-
cently under discussion, since the two experiments cover different ranges in the negative squared
four-momentum transfer of the virtual photon. The mean Q? in bins of 2 at HERMES ranges
from 1.3 to 6.2 (GeV/c)?, while in the COMPASS case the range is 1.27 to 20.5 (GeV/c)?,
resulting in a total (Q?) of ~ 2.4 (GeV/c)? for the HERMES measurement and = 3.8 (GeV /c)?
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6. Interpretation of the results and extraction of the transversity PDF
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Figure 6.3.: Sivers asymmetries from HERMES (red dots) and COMPASS (blue triangles)
for positively charged pions as a function of z. The solid red line is a fit from
Anselmino et al. [ABD™ 11] and the blue dashed line is the result of evolving it to
the COMPASS Q? scale by Aybat et al. [APR12] using TMD evolution [APR12].

in the COMPASS case. Aybat et al. [APR12]] modeled this so called “@? evolution” and used it
together with with a TMD evolution scheme [ACQR12] to evolve the fit of the Sivers asymmetry
for 7t of HERMES [ABD™ 11] to the ((Q?) value of the COMPASS data. The result is shown in
Fig.[6.3] where the standard HERMES and COMPASS results are the red dots and blue triangles,
respectively. The red line is the fit result [ABD 11] which is then evolved to the mean Q? of
COMPASS indicated by the dashed blue line. The agreement of the evolved fit from HERMES
data with the COMPASS results is visible. The Collins and the dihadron asymmetries from
HERMES and COMPASS do not show such a significantly deviant behavior, see Figs.[6.2] [6.5]
which indicates a negligible Q? dependence of the transversity PDF.

A recent theoretical work by Echevarria et al. [EIKV 14] studies the QCD evolution of the Sivers
TMD in SIDIS as well as in the Drell-Yan process, which will play an important role in the
future program of the COMPASS experiment, see Sec.

With the presented data sets from both experiments it is possible to extract the underlying Sivers
PDF and the transversity PDF. The essentially needed information on the unpolarized DiFFs,
see Eq. and Eq. is obtained from the e*e~ BELLE collider data [BELLE11]]. This
work was done for the first time by the group of Anselmino ez al. [ABD 07|, updates including
more data followed [ABD™09b, ABD™ 13]]. The fit is based on a Gaussian parametrization of
the shape of the unpolarized parton distribution and the FFs. Using this result, in a next step
the corresponding distribution functions can be extracted. The most recent extraction of i and
h‘li by Anselmino et al. is presented later in this Chapter (see Sec. in comparison to the
corresponding results obtained from the hadron-pair asymmetry.

132



6.2. Interpretation of the asymmetries from single hadron production

The results for the transversity distribution functions clearly show that they are of opposite sign
for u and d quarks and that h¥ is larger in magnitude than h¢. The Soffer bound is not violated
by the data. A point-by-point extraction of transversity PDFs of valence u and d quarks from
the hadron-pair asymmetries is carried out later in this work, whose result will be compared to
results from the single hadron channel. Also the extracted Sivers distributions for v and d quarks
are of opposite sign, but here flle is larger in its maximum than f#‘.

6.2.2. Advanced interpretation of the single hadron asymmetries

A well established interpretation of the Collins effect, the so-called “string fragmentation”, can
also be used in order to describe the hadron-pair asymmetry thus this approach will be discussed
in the hadron-pair section of this chapter, Sec.[6.3.5]

The Sivers asymmetry, however, can be interpreted as the association of two effects. When
the struck quark is leaving the nucleon remnants a final-state interaction carried by gluons
between them is taking place, which attracts the fragmenting quark towards the geometrical
center of the nucleon with increasing distance until the hadronization process is initiated by the
breakdown of the flux tube. This effect, called “chromodynamic lensing” (see Fig.[A.50) alone
cannot explain a left-right azimuthal asymmetry of the hadrons since a symmetric distribution
of quarks inside the nucleon would cause a symmetric distribution of the hadrons deflected
by the final-state interaction. By polarizing the nucleon an asymmetric distribution of quarks
can be generated so that a quark leaving the nucleon from the more dense side is bent less
than the ones from the other side, since the density of interaction partners is also reduced.
Results for probability distributions of finding unpolarized quarks as functions of the impact
parameter b, for certain x values inside of an unpolarized and a transversely polarized proton
calculated by Burkardt [Bur02] are shown in Fig.[A.5T] The distributions get asymmetric due
to the polarization with an opposite trend for u and d quarks caused by their orbital angular
momentum which is of opposite sign. This asymmetric probability distribution together with
the final-state interaction generates a left-right asymmetry with a modulation as a function of
the Sivers angle sin ¢g;, = sin(¢, — ¢g). The center of gravity of the spacial distribution of u
and d quarks is not centered any more, but located on opposite sides w.r.t. their common center
in the unpolarized case. This charge separation also caused an opposite behavior in the Sivers
asymmetry of positively and negatively charged hadrons, since the hadronization of u quarks in
positively charged pions is favored w.r.t. the hadronization in negatively charged pions, and vice
versa for d quarks.

Further information could be provided by a multi-dimensional analysis of the Sivers asymmetry
evaluated for different kinematic regions, namely in two y ranges (0.1 < y < 0.2 and y > 0.2),
three z regions (z < 0.2, 0.2 < z < 0.35, and 0.35 < z < 1) partly in the full x range or in the
valence region x > 0.032, the plots and an interpretation can be found in |[COMPASS12b]. For
an interpretation of the six other single hadron asymmetries see also [COMPASS12b].
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6. Interpretation of the results and extraction of the transversity PDF

6.3. Interpretation of the asymmetry from hadron-pair
production

Figure[6.4]shows the comparison of the final results on the hadron-pair asymmetries of identified
hadron-pairs from the 2003-2004 deuteron data to the combined 2007/2010 proton data.
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Figure 6.4.: The hadron-pair azimuthal asymmetries of identified pairs from the combined
2007/2010 proton data (black dots) and from the 2003-2004 deuteron data (circles):
atn™ pairs (1% row), KT K~ pairs (2™ row), 7+ K~ pairs (3" row), and K7~
pairs (4™ row) as a function of z, z, and M.
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6.3. Interpretation of the asymmetry from hadron-pair production

The following interpretation will focus on the identified pairs, since these are more suited for
dedicated studies and interpretations than all A h ™~ pair results (Figs. , for instance the
comparison with the corresponding 77~ results from the HERMES collaboration (Sec. .
Also the available models focus on the description of the amplitudes being observed in the pion
pair asymmetries (Sec.[6.3.3). Furthermore, approaches to the other pair combinations are briefly
introduced. The extraction of the valence quark Transversity PDFs from 7+ 7~ pair data will be
the final outcome of this thesis (Sec.[6.3.4), supplemented by a review on selected interpretation
approaches on the Transversity phenomena (Sec. [6.3.5).

6.3.1. Description of the observations

The asymmetry of pion pairs from the proton target shows clear nonzero amplitudes up to —0.07
in the region of x > 0.03 with an increasing trend. The results from the deuteron data are
compatible with zero within the uncertainties in the whole x range. No clear dependence on z is
present in both data sets, while the proton data has negative amplitudes in the whole range. The
dependence on the invariant mass of the pair is congruent for both data sets in the p mass region
(around 770 MeV /c?) with amplitudes of =~ —0.025. In the proton case the amplitude decreases
to zero before it increases again in the region of M;,,, > 1GeV/ .

The asymmetry of pure kaon pairs is compatible with zero within the uncertainties for both
data sets in the dependencies on x and z, with a reduced significance of the deuteron data being
affected by the low statistics. However, the asymmetry amplitudes of the proton data have
tentatively negative signs for all three variables, while the amplitudes from the deuteron data
show tentatively positive signs. The M;,, dependence, however, shows an opposite sign for
proton and deuteron target results with an indication of a mirror symmetric shape of the signal
between 1 and ~ 1.5GeV/c2. In the case of 7+ K~ pairs the proton results are tentatively
negative but still compatible with zero within the uncertainties, and the available statistics on the
deuteron are too small to allow for conclusions. No significant dependence on x and z of the
proton data is present for the K T~ pairs in the indication of a negative mean value, while the
deuteron results are compatible with zero within the uncertainties. Most interesting is again the
M, dependence, due to negative dips for both target types just below ~ 1 GeV /c?; where the
dip of the proton data covers a broader range.

Tables of the numerical values of the asymmetry amplitudes of all pairs from both target data
sets can be found in Tabs. to[A.30]
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6. Interpretation of the results and extraction of the transversity PDF

6.3.2. Comparison with other experimental results

The HERMES collaboration was first to publish asymmetries of pion pairs on a proton target in
the year 2008 [HERMESO8]], the COMPASS collaboration followed in the year 2010 with its first
data on the proton target [COMPASS10b](not shown here). To adapt to the smaller kinematic
range of HERMES (0.023 < z < 0.4) an additional cut on the COMPASS sample at z > 0.032
has been applied. Since COMPASS takes the depolarization factor D,,, (see Eq. into
account in the shown figures and HERMES published their results without D,,,, (see Eq. @]},
it was added here to ensure comparability using numerical values of y from [LuO8|]. Moreover
the HERMES asymmetry amplitudes are multiplied by —1 to compensate for the additional
phase of 7 in the sine modulation used by COMPASS, see Sec.[2.3.4] Further differences are
present in the cut on W at larger 3.16 GeV/ ¢? and no minimum cuts on z, £, Eniss, and Ry
are applied in the HERMES analysis. Also the My, range is smaller, running from 0.3 to 2.5,
due to smaller beam momentum (27.6 GeV/c). A minor difference in the definition of the vector
R is present, which is neglected here, see for details Sec.[2.3.4

The comparison of the HERMES results with the final proton results from this work is presented
in Fig.[6.5] The two experimental results are in very good agreement within the uncertainties.
The trend of increasing magnitude of asymmetry amplitudes with rising x is evident in both
analyses, as well as the comparability with a negative constant in the z dependence.

COMPASS 2007/2010 proton data

o 04F -

c ® x>0.032

[7] X <0.032
o 2 0.05- L O HERMESTT |
= 53

0.1+ - -

|
102 10 05 1 05 1 15 2
2
X z M . (GeV/c))

Figure 6.5.: The comparison of the 777~ pair azimuthal asymmetry measured by the HER-
MES collaboration [HERMESOS]|] (blue open squares) with the results from the
COMPASS collaboration extracted from the combined 2007/2010 proton target data
(black dots). A cut on x > 0.032 has been applied on the COMPASS results to
ensure comparability of the results, the data with x < 0.032 (gray dots) is not taken
into account for the z and M, dependence. Note that the third HERMES data
point in the M;,,, dependence has almost the same amplitude value as the data point
from COMPASS.
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6.3. Interpretation of the asymmetry from hadron-pair production

The M;y,, binning of the HERMES data is more coarse than the one of COMPASS, thus the
dip around the p mass is not that pronounced, but the amplitudes at its edges are in very
good agreement. The additional x cut on the COMPASS data has an amplifying effect on the
asymmetry amplitudes of the z and M,,, dependencies, which increase by approximately a
factor of 1.5.

The numerical values obtained from the analysis of this sub-sample can be found in Tab.

6.3.3. Comparison with model predictions

The significant dip structure around the p mass in the M;,, dependence of the 77~ pair
asymmetries (see Fig. [6.4) motivates for a more detailed consideration of how the observed
structures in this dependence can be explained. This is the starting point of two model calcula-
tions performed by the Pavia group (Bacchetta ef al.) and the group around Ma from Beijing.
The first one will be described in detail, while in the case of the Beijing model only main aspects
will be highlighted since it is partly based in the Pavia model.

The Pavia model

A model to explain the observed hadron-pair asymmetries for pion pairs in the HERMES data
has been proposed by Bacchetta and Radici [BRO6]. In this work they assume the invariant mass
M, of the hadron-pair system to be small, namely smaller then 1.5 GeV/c?, as it is the case if
both produced hadrons are pions. Thus, an ansatz can be made in which these pions are produced
in relative s or p wave channels. The FFs were extracted from a correlator function [BR03a]

R
AY(z,cos0, M2, . br) = 12\4.‘ /dsz dk*AY(k; Py R)| (6.18)
inv k—=_h_
with [BRO4,BMPO3]
A(k; Py, R)ij = (6.19)
d
Z/ < e (o] U ut(©)| Pu B X) (P B X | B8O, [0).

The angle 6 is the angle between the direction of P; in center-of-mass system of the pairs and
the direction of P,. see Fig.[2.10]
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6. Interpretation of the results and extraction of the transversity PDF

In the cm frame the emission of the two hadrons occurs back-to-back. In this framework the
pair’s difference vector can be written ag’| [BRO3al]

M+ |R|?2— /M3 +|R]?-2R 0
RN — VM? + R — \/2\f+| | |R| cos (6.20)
M? 2 — /M 242
VM + [R] \/2\2/;_ R + 2 R| COSG, |R| sin 6 cos ¢, | R| sin 0 sin qu] ,
2R~
¢ =5 = <\/M2 + |R|? — \/M2 + |R|? — 2| R| cos 9) (6.21)
h ’L?’L'U

with its absolute value

|R| =

VM2, —2(M7 -+ ME) + (MF — M3)2. (6.22)
2M'Ln'y inv

After the integration of A%(k; P, R);; in Eq. over k7, where the Wilson lines U (c.f.
Eq.[2.63)) can be reduced to unity using the light-cone gauge, only two dihadron fragmentation
functions survive [BBJR00,[BR03a, BRO6]

D%(z,cos 0, M?

muv

) = dn T [Aq(z cos0, M2, dr)y ] (6.232)

IR
ET 1 H{(z,cos6, M,

- 2 )= dn Ty [Aq(z cos 0, M2, pp)ic 75} (6.23b)

Their linear dependence on cos 6 in the cm frame allows for an expansion in the basis of Legendre
polynomials P, in cos 6. Thus the DiFFs can be written as [BROG]

2
.7\52 Dy (z,cos0,M2,)) ZD (2, M2,) Pr(cosb), (6.24a)
2R pa (2,cos0, M2,) ZH z, M2,) Pn(cos) (6.24b)
Minv 1 mv 1,n znv n ’
with [BRO6]]
1
2
DY, (2, M) :/ d cos Py, (cos ) A}R| Di(z,¢(cos ), M2,), (6.25a)
-1 inv
1
2
HY, (=, Mfm) :/ d cos @ Py (cos 0) ]\yﬂ H{ (2,¢(cos?), MZQM) (6.25b)
-1 mnv

Due to the reasonable assumption of pure s and p wave interference, where L € [0, 1], it is
sufficient to perform the expansion in terms of the Legendre polynomials P, up to the first

3The simplification which occurs due to the equal masses is not executed here in order to keep the equations as
general as possible.
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6.3. Interpretation of the asymmetry from hadron-pair production

three terms n € [0, 1, 2] to be able to describe all three polarization states. Accordingly the
unpolarized and the polarized DiFF reads [BR03a]]
Di(z,cos 8, M?

~
znv) ~

1
Dy yu(z, MZ,) + Dy (2, M?2,,) cos 6 + DYy (z, Mfm)z(?) cos? 0 — 1), (6.262)
H{(z,cos6,M2,) ~

Hyp(z, M2,) + H{ (2, M?2,,) cos ¥, (6.26b)

where the subscripts U, L and 7" denote the polarization state as unpolarized, longitudinally, and
transversely polarized, respectively. The first letter represents the beam polarization state and
the second letter the target polarization state.

The DiFF Df v has no dependence on 6 and therefore can only contain contributions from s
and p waves, but not from the interference between them. The Df 1,7, term receives contributions
from separated p waves. The interference between s and p waves is described by DfU 7 and
H EUT’ while pure p interference gives rise to H ff T

In the case of a transversely polarized target, only the functions H foT and H ff 1 become
relevant and the cross-section reads [BR03al]

d’o N2 ah? ( )]ST||R|
deosfdMZ,, dppdzdrdy dog <= 127Q2%y D M

muv

sin(gf)R + ¢s + ﬂ') (6.27a)

hi(z)sin 6 [Hff{]T(z, M?

muv

) + qu,qLT(Z’ M2

muv

)COSB],

where hj(x) is the transversity PDF, which can be matched by two chiral-odd and T-odd FF.
From the experimental point of view, the measurement by COMPASS is only sensitive to H;';,-
for pure pion and kaon pairs. The reason is, that the H;', . term depends on cos ¢ which is
symmetric around zero for these pairs (Fig.[A.20) and thus is strongly suppressed closed to zero.
Hence, the LT term can only contribute in the case of non equal masses of the two hadrons of a
pair with their asymmetric cos 6 distributions, see Fig. The less advanced interpretation
approaches w.r.t. the pion pairs, see also Sec. [6.3.5] make this study a task for future analysis
and model calculations, see Sec.[7.1]

The differential cross sections of Eq. can be written in terms of the partial wave expanded
FFs in leading-twist [BRO6]

22 92 2 2.2
ahfegl —y+ % 4+ £

dTopy = i f4(2)D (2, M2,) (6.28a)
2 2 1 LUU\® “inv/»
-~ ™ L4~
252021 _ o — ¥27°
. a“hfe; 1 —y e |R| 4 2
dopr = — q WyQQq T2 sin(¢r + ¢g + m)hi(x) Mo Hl,((]]T(zv M),
(6.28b)
where v = % and M is the mass of the target. Additional sub-leading contributions are

described in [BRO4]], further corrections at the level of «vg can be found in [[dFV04].
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6. Interpretation of the results and extraction of the transversity PDF

The full asymmetry amplitude then reads [BRO6]

1—y—y?~%/4
): 152(1y+”yy2) ™ |R’ Zq egh%(x)HiqUT(z’anv)
Loyt /240292 /4 4 My -, €2 f{(x) DY (2, M7,,)°

zy?(1++2)
(6.292)

A?Jir}(¢R+¢3_ﬁ) (z,y,z, M2

muv

The relevant channels contributing to this process are evaluated with the PYTHIA event genera-
tor [SEFT01] which is known to give good results for unpolarized processes. These are [BRO6]

1. ¢ — 77~ X;: fragmentation into an incoherent 77~ pair contributing to the back-
ground (70.77 %);

2. ¢ — p Xo — mtn~ Xy: fragmentation into a p resonance, which decays into a pion pair
creating a peak around M, ~ 770 MeV/ c? (14.81 %);

3. ¢ — w X3 — m7m X3: fragmentation into an w resonance decaying into a pion pair
causing a small peak around M;,,, ~ 782MeV (0.31 %);

4. q - w Xj — 7tn~ X, with X; = 7% X}: fragmentation into an w resonance
decaying into 7t7 7% (70 stays unobserved), responsible for a broad peak around
My = 500MeV (8.65 %);

5.q = n X - 777~ X5 with X5 = X X[: fragmentation into an 7(547) or 7'(958)
which decays into 777~ X (X stays unobserved), creating a peak around M;,, ~
350 MeV (2.05 %);

6. ¢ - K° X¢ — ntn~ Xg: fragmentation into a K° resonance decaying into w7,
which causes a narrow peak at M;,, ~ 498 MeV (3.41 %).

Bacchetta et al. chose a spectator model as the framework for the description of the fragmentation
process. This means that the sum over all possible intermediate states X is replaced by an
effective on-shell state, called the spectator. The quantum numbers of the spectator are the same
as of the initial quark and its mass is one of the parameters of the model.

In the channels 2. and 3. the decays of vector mesons are assumed. Since a vector meson has
a J¥ of 1~ the pions must be produced in a relative p wave. Also a fraction of the pion pairs
originating from channel 4. are produced in a relative p wave, since each charged pion can
be in a relative p wave with respect to the other one or to the 7. Only channel 1. is a pure s
wave channel. This restriction to s and p waves and their interference terms limits the invariant
mass to an upper limit of 1.5 GeV/c?. The data sample was tuned with a corresponding cut,
not showing any significant effects w.r.t. the full invariant mass range sample. The numerical
values obtained from the analysis of this sub-sample can be found in Tab. Bacchetta et
al. [BRO6] model the correlation function AY(k, Py, R) in terms of s and p wave contributions
to the vertex, taking into account the equality of the fragmentation correlators for v and d quarks
as motivated by the isospin symmetry, cf. Eq.[6.6]
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6.3. Interpretation of the asymmetry from hadron-pair production

COMPASS 2007/2010 proton data
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Figure 6.6.: The proton pion pair asymmetries (top panel) and the deuteron pion pair asymmetries
(bottom panel) in comparison with the model predictions from Bacchetta and
Radici [BRO6] (blue line) and from Ma et al. the SU(6) quark-diquark model (red
line) and the pQCD based model (black dashed line) [SHBMOS]].

This ansatz for the fragmentation correlators is then inserted into Eq.[6.18] The free parameters
of this model are then fixed by a fit of the ansatz to the output of the PYTHIA event genera-
tor [SEFT01], adapted to the kinematics of the HERMES or the COMPASS experiment. The
obtained results are shown in Fig.[6.6|(top panel) in comparison with the combined proton results
for pion pairs.

The model curve reproduces the distribution in = in shape and strength, only the highest x bin
shows an approximately 1o smaller magnitude of the amplitude than the model curve. The
linear functional form with a small slope towards high z extracted from the model is highly
compatible with the data points within their uncertainties. The full M;,,, range can be divided
in three sub-ranges, below the p mass, around it, and above the p mass. In the first sub-range
the model predicts a dip caused by channels 4., 5., and 6. corresponding to the decays of an
w resonance, the 7(547), the 7/ (958) and the K. But the data does not indicate a clear signal
generated by these decays. Around the p mass of 770 MeV /c? the model matches perfectly the
data both in shape and strength. Above 1 MeV /c? the measured amplitude is nonzero, while the
model curve rapidly approaches zero due to the restriction on s and p waves.
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6. Interpretation of the results and extraction of the transversity PDF

Bacchetta er al. have also applied their model to the quark composition of the deuteron target.
The obtained results are shown in Fig. [6.6] (bottom panel) in comparison with the measured
asymmetry amplitudes of the pion pairs. The model curves are mostly compatible with zero,
apart from the very high x region where a sizeable asymmetry amplitude is predicted. This
trend is also present in the data, however, subject to a large uncertainty. In general the model
prediction is fully compatible with the results of this analysis.

The Beijing model

The second model calculation to be discussed on the asymmetries of pion pairs has been
developed by Ma and collaborators [SHBMOS]|. In this publication two different approaches to
the transversity functions are discussed, namely a SU(6) quark-diquark model [Fey72,Ma96]
and the pQCD based counting rule analysis [FJ75,BBS95,GRSVO01,HKS04]. For the SU(6)
quark-diquark model the authors used a set of unpolarized valence quark distributions as input,
which were connected by theoretical relations [Ma96, MSS98|| to the valence quark transversity
distributions [SHBMOS]|

() =(f1 () — 3 Fie (@) W) — ¢ Fi (@)W (a), (6.302)

W (@) = — S Fi ()W (), (6.30b)

where W (z) and Wy () are the Melosh-Wigner rotation factors [MSS98,MS98./SS97] for a
spectator scalar and vector diquarks, which have their origin in the relativistic effect of quark
transverse motions [Ma93|].

On the other hand the pQCD based counting rule approach uses transversity distributions from a
pQCD [MSYO01,MSSYOI] theoretical calculations which have been adjusted with the usage of
the CTEQS6L [PSH™02] parametrization of unpolarized parton distribution functions. CTEQ6L
results are also used in the SU(6) model. Both models by Ma et al. use the parametrization of
the FFs Di' and H;' proposed by Bacchetta e al. [BROG] as well as the partial wave expansion
from Bacchetta et al. [BRO3al], see previous section. The final results of the model calculations
of Ma et al. are shown in Fig.[6.6|for the proton target (top panel) and for the deuteron target
(bottom panel). Both results, of the SU(6) and the pQCD parametrization tend to overestimate
the strength of the measured pion pair asymmetry in all three dependencies of the proton data.
The deviation between the model curves and the proton data results is more extensive than for the
Bacchetta et al. model. But in the case of the deuteron target the agreement with the measured
asymmetry amplitudes is of similar quality as for the Pavia model. Moreover the negative dip
in the p mass region is also present in the model, see Fig. [6.6| (bottom panel), which is not that
pronounced in the Pavia model [BRO6]. By the introduction of a cut on the = valence region at
> 0.032 (see Fig.[A.52) being equivalent to a selection of a x range with significant asymmetry
amplitudes a data sample with improved agreement to the Ma et al. results can be generated.
From the available range of data a distinction between the two models of Ma and collaborators
is not possible.
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6.3. Interpretation of the asymmetry from hadron-pair production

6.3.4. Extraction of the Transversity PDF from hadron-pair data

The extraction of the transversity distributions of u and d valence quarks via the pion pair
asymmetry is one of the final goals of this work. The complete set of dihadron asymmetries
obtained from the data taken on the transversely polarized deuteron and proton targets at the
COMPASS experiment gives the unique possibility to extract zh{(z) of the u,, and d, valence
quarks separately, without the necessity to evolve results between different kinematic domains.
The procedure executed in the following is based on the method by Bacchetta er al. [BCR13]|
and their previous works [BCR11, CBR12].

Framework

The starting point is the final asymmetries of pion pairs as a function of x, as shown in the upper
panel of Fig.[6.4] As described in Sec.[2.3.4] the measured hadron-pair asymmetries depend on
the transversity PDF h{, the polarized DiFF H f’ ¢y » the number density f{ and the unpolarized
FF qu. Thus these measured asymmetries presented in this work together with additional
knowledge on the polarized DiFFs, the number densities, and the unpolarized FFs of v and d
valence quarks inside the deuteron and the proton give access to the transversity PDFs. Even
only one of the two target types would allow for an extraction of a linear combination of h{"

and h’f“ for certain x values depending also on 2, namely for the

1
proton target xhy ,(x; Q%) = zht™ (v; Q?) — thf” (z;Q%),
deuteron target xhy q(z; Q%) = xh'” (z; Q%) + xhd (x; Q?). (6.31)
The valence quark transversity function of a quark ¢ is defined as
R = hi —hi, (6.32)

to exclude sea quark contributions generated in the gluon decay by their cancellation.

For the first time this exercise was performed by Bacchetta, Courtoy and Radici [BCR11]] with
the HERMES results on the proton target. An extraction which included the COMPASS data on
the deuteron and the proton target [COMPASS12c] followed in [CBR12].

The linear combinations in Eq. follow from Eq. [2.68]if the reasonable assumptions for
the unpolarized FFs and the DiFFs in Egs. [6.6] are inserted and the sum over all quark flavors
depending on the target nucleon. The dependence of the asymmetry on x factorizes from the
dependence on the doublet of (z; M;,,,) in the way that only the involved PDFs depend on z.
Thus an integration of the two DiFFs can be used to reduce the dependence down to one on x
for a certain quantity (cf. xhy p, and xhy 4 Eq. at fixed values of Q.
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6. Interpretation of the results and extraction of the transversity PDF

The integration over the considered ranges in z and M;,,,, is performed according to [BCR13]|

ng(Q%) = ﬂ dz dMiny DYz, Miy: Q2), (6.33)
|Rr|
nl(Q? ﬂd AMipe HEY (2, Ming; Q). (6.34)

The DiFF H ffgp was obtained from the e*e™ collider data by the BELLE collaboration [BELLE11],
while the spin-independent DiFF D7 has been parametrized by a reproduction of the dihadron
yield of the PYTHIA event generator [SEFT01] in the BELLE Monte-Carlo. Details on the
extraction of Hy g, from the BELLE data can be found in [BCRTI]]. Table [A.54]shows the
numerical values where nZ(QQ) is sufficient due to the approximations made in Eqgs. . These
also hold true for the integrated DiFFs:

Ny = Ny,

ng = ng,

nsg = nNs,

nl = —nI—L = —nzl = ng,

nl = —nl = 0. (6.35)

Using this expressions, the hadron-pair asymmetry in Eq. [6.33|can be written as

mons . La el @nh(@) 636)
vr Ygeali(@)ng(Q?)
Executing the sums explicitly leads to
3(nend + ninl) + & (nin] + nfn + ninl + Hinl)
1"u 1 11 + 1 1"s 1
Afons o 2 - - (6.37)

3(Fimu + fina) + 3 (fina+ fing+ fins + fins)
for a proton. Taking into account the approximations in Eqs. [6.35|this further simplifies to

sin ¢rs (h1111, B %h(liv)mt

T G o O e 5O e

In order to calculate an analog expression for the deuteron target, the isospin symmetry of the
strong force, such that the d quark in the neutron can be regarded as being equivalent to the u
quark in the proton, can be used. Thus the neutron PDFs h%n and fﬁn are related to the proton
PDFs by an interchange of the quark flavor of v and d quarks. The contribution of the s quark as
a pure sea quark is assumed to be the same for proton and neutron. The fragmentation functions
are not affected by this interchange [BCR13].

(6.38)
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6.3. Interpretation of the asymmetry from hadron-pair production

The full conversion reads
W= T = =

fin = fn=f fia=fi (6.39)
Therefore the hadron-pair asymmetry on a pure neutron target would be
(h{r — Lpt)nl,
(f+ )+ 1 (4 ) na + 1 (fF + f)ns

Because a pure neutron target is not feasible, a deuteron target has been used by COMPASS,
for which the equivalent of Eq. is the sum of the proton and the neutron contributions.
Therefore, the hadron-pair asymmetry on a deuteron target can be written as [BCR11]]

sin ¢RS
UTmn

(6.40)

gingns (1 4 1)
UTd X T rw . ra o rd_ pd 1 20f5 1 5\
3(f1 +f1 +f1 +f1)(nu+4nd)+3(f1 +f1)ns

Here the isoscalar nature of the two nucleons is reflected by the equal weight of the v and d
quark terms, while in the case of the proton target the d quark contribution is suppressed by a
factor of %.

With the asymmetry as the measured quantity the Eqgs. [6.38] [6.41] can be solved for the linear
combinations of h% and h¢, as given in Eqs. @ leading to [BCR11]

(6.41)

Asm d)Rs (:L‘ QQ)

@) =)
x lnu@?)xf”*“(x;cz?) + @) Q%) + nu(@)a S+S(x;Q2)]
(6.42)
for the proton target and [BCRTT]
AT (#Q0) 4
(e Q%) = = =0
!( P Q) + ) ) (na(@) + L) 4 ) g QQ)]
(6.43)
for the deuteron target, with f{*7 := f{+ f{ and C(y) = 54 cf. Bq. .68 The equations have

been multiplied by x by the authors of [BCR11] for a convenient study, since the dependence
of the measured asymmetry comes only from the involved PDFs. The unpolarized PDFs are
taken from the MSTWOSLO set [MSTWO09]], see Fig. in combination with the DSSV
parameterization [dFSSV09].
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6. Interpretation of the results and extraction of the transversity PDF
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Figure 6.7.: The COMPASS (2002-2004 deuteron and 2007 proton data; red full squares) and
HERMES results (purple triangles) for xhy 4 (left panel), and xh , (right panel)
as in Eq.[6.44] from Bacchetta et al. [BCR13]. The best-fit result using the flexible
scenario form as described in Sec.[6.3.4]is indicated by the blue line, while the error
band is the sum of all straight lines connecting the statistical uncertainties of the fit
at each data point.

With the results from both target types, proton and deuteron, it is possible to solve the Eq. [6.31]
and for zh" and zh{":

1
ahi = ¢ (ahya+ dohy, ), (6.44)
4
dy
zhi = (g;hl,d — thp). (6.45)

This has been performed for the first time by Bacchetta and collaborators in [CBR12], later also
by Elia [Eli12]]. A recently published calculation by Bacchetta et al. [BCR13]] including the
published COMPASS results [COMPASS12c|] of h™h™ pairs from proton and deuteron targets
is shown in Fig.[6.7]

The authors used all hadron 2 h ™ results, because no identified hadron-pair results had been
published by COMPASS at that time. This approximation is well founded, because ~ 60 %
of the h™h™ pairs are pure pion pairs (see Tab. and the asymmetry values are mostly

determined by the 77~ signal (see Figs. [5.55.8|and Tabs. |A.25| |A.26).
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6.3. Interpretation of the asymmetry from hadron-pair production

Transversity extraction with the new and full data sets

The COMPASS results shown in Fig. are obtained from the h™h ™ pair asymmetries of [COM-
PASS12c] only. The new results presented in this work allow for a more precise evaluation
of the quantities discussed above due to the high statistics and the particle identification. The
unitized analysis methods for all data sets, proton and deuteron, contribute to a reduction of the
systematic uncertainties. A simplified ansatz to do this has been chosen in consultation with A.
Bacchetta. _

Table 1 of [BCR13] quoting the published (x), (Q?) and A?}rr}d)RS values from [COMPASS12¢]
is shown in Fig. Using this table the bin-by-bin ratios

eh™ +zhd  zhi — Lahd 6.46)
Avrd” Avry”

are calculated. These ratios are conversion factors containing the information on the unpolarized
process, for instance the denominator in Eq as well as of the polarized DiFFs H f sp I
the given x and Q? range. The kinematic mean values are almost the same values as the final
proton and deuteron data sample of this work, see Tabs. and Small differences in
the (Q?) values at large x are the results of the implementation of the LAS trigger in 2010, see
Sec. These can be neglected in this simple approach w.r.t. the statistical and systematical
uncertainties of the data.

In a next step these conversion factors can be used to scale the new asymmetry amplitudes
obtained in this work to get again hy , and hy 4. The results obtained with the new pion pair
asymmetries of the COMPASS deuteron and proton data are shown in Fig.[6.8] left and right
panel. The distributions of 1 ;4 are very similar in magnitude to the original asymmetry
amplitudes, since the conversion factors are almost constant over a wide x range. They can be
found in Tabs.[A.3T]and [A.32]

The final u and d valence quark transversity distributions are obtained by solving the system
of equations, the two linear combinations as in Eq. Figure shows the results for zh}"
and th”. A nonzero trend at large x values is evident in both distributions, the four highest x
bins being at least 1 o away from zero. From the present data, sign changes in the distribution of
:rhCll” , for instance at very large x, can not be excluded due to the limited statistics. Furthermore
the d and u quark transversity PDFs are of opposite signs and the strength of their signals is
compatible within the uncertainties. The numerical values are given in Tab.[A.33]
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Figure 6.8.: Results of zhy 4 (left panel) and xzhy , (right panel) obtained from the 7+ 7~ asym-
metries of the COMPASS deuteron 2003-2004 and combined proton 2007/2010

data from Fig.
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Figure 6.9.: Results of mhcll“ (left panel) and zh{" (right panel) obtained from the 7+ 7~ asym-
metries of the COMPASS deuteron 2003-2004 and combined proton 2007/2010
data from Fig. [6.4]
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6.3. Interpretation of the asymmetry from hadron-pair production

Comparison with results from single hadron production

As described in Sec. [6.3.5] the Collins asymmetry in the single hadron production process also
gives access to the transversity PDFs. In the global fit from Anselmino and collaborators the
available data from the HERMES and the COMPASS collaborations on the Collins asymmetry
and the e™e™ collider data from the BELLE collaboration are used for a fit of the transversity
PDFs. In Fig. [6.10] the results of this work are compared to the two results from the recent global
fit of Anselmino et al. [ABD" 13| denoted as A5 and Ay, including two different asymmetry
sets by BELLE [BELLEOS], see Fig.[A.T The difference between the two curves is inter
alia triggered by the very last point of the HERMES 7 Collins asymmetry, whose amplitude
decreases in the their 2010 [HERMES10] analysis w.r.t. the one from 2007 [HERMESO7]].
The agreement of the d valence quark transversity with the results from the global fit is good
enough accounting for the overall systematic uncertainty. All points are within two standard
deviations of the curves, still indicating some larger amplitudes at high . The obtained u,, quark
transversity PDF agrees very well with the fits, in trend and magnitude. A possible explanation
is the similarity of the hadron-pair asymmetries and the Collins asymmetry of charged pions,
which will be discussed in detail in Sec6.3.5] A global fit to the transversity PDFs from the
hadron-pair data was carried out by Bacchetta et al. [BCR13|], see next section.
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06 __ A, and 06 __ A and
— A, from — A, from
0.4 Anselmino et al. Phys.Rev. D87 (2013) 094019 0.4 Anselmino et al. Phys.Rev. D87 (2013) 094019
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Figure 6.10.: Results of :vhf“ (left panel) and zh" (right panel) in comparison to the correspond-
ing results extracted from the single hadron Collins asymmetries from Anselmino
etal. [ABD™13] (2013) with the A2 asymmetry (red curve) and the Ay asymmetry
(blue curve), both from BELLE [BELLEOS]| see Fig. [A;l'}
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6. Interpretation of the results and extraction of the transversity PDF

Global fit to the valence quark Transversity PDFs

Bacchetta and collaborators have used the published HERMES and COMPASS (deuteron and
2007 proton h™h~ data only) to extract the valence quark transversity PDFs [BCR13], see
previous section. Their next step is to perform a global fit to the valence quark transversity
distributions using the functional form [BCR13]

zhl" = tanh (ﬁ(Aq + By + C’qx2 + qu3)> <:c SBY(z, Q%) + z SBY(x, Q2)> , (6.47)

where SBY is the Soffer bound of a quark ¢ (cf. Eq.[2.28). The behavior of the fit result in the
very low z region, where no experimental data is available, is fixed by the /x factor which is a
reasonable assumption of the authors. The choice of the parametrization of the arguments of the
hyperbolic tangent allows for three scenarios with different levels of freedom

* arigid scenario of 4 free parameters, with C,, = Cy = D,, = Cy = 0,
* aflexible scenario of 6 free parameters, with D,, = C; = 0 and
* an extra-flexible scenario with all 8 parameters fitted.

From the rigid to the extra-flexible scenario the number of possible nodes increases from one up
to three.

The different (Q?) values in each data bin are taken into account by the implementation of
the HOPPET code [SRO9|| in the minimizer of the fitting procedure. For more details on the
framework see [BCR13]. The result of a standard X2 minimized fit was already shown in
Fig. while in Fig. the output of a replica fit method is presented. Therefore N = 100
replicas of the data points were created by applying a Gaussian noise on them with a variance
equal to the uncertainties of the points. Each replica set is then fitted separately with an error
minimization. Afterwards the most divergent, too low or too high, 32 % replicas for each data
point are rejected and the remaining 68 % form the uncertainty band (green shaded area) in
Fig.[6.11] Since the event samples presented and used in this work to extract the pion pair
asymmetries are sub-samples of the sample used by Bacchetta et al. or vice versa, the results are
not independent from each other. Thus the good agreement of the new valence quark transversity
PDF extraction and the fit result to the published asymmetries is not surprising.

The flexible and extra-flexible scenarios create larger uncertainties than the rigid scenario, since
these can adapt further to the data points due to the increased number of free parameters. This
should not be equated with a physically more correct solution. The positive asymmetry ampli-
tude in the highest x bin of :L'hcll“ for example brings the fit to an additional sign change despite
of its large uncertainty.

By including the new results of this work in the fit it will be possible to decrease the uncer-
tainties slightly, but a larger data sample on a deuteron target is indispensable for a significant
improvement.
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Figure 6.11.: Results of xh‘f” (left column) and xh{" (right column) from this work (see
Sec. [6.3.4) in comparison to the corresponding fit results from Bacchetta et
al. [BCR13]]. The green shaded area includes 68 % of all fitting replicas (100
replicas of the data, where each point is shifted by a Gaussian noise with the same
variance as the measurement.) obtained in the Monte Carlo approach. From top to
bottom, results of the rigid, flexible, and extra-flexible scenarios (see Eq. are
shown.
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6.3.5. Interpretation approaches
The similarity of Collins and hadron-pair asymmetries

When comparing the results of the single hadron Collins asymmetry in e.g. Fig.[6.1]to the hadron-
pair asymmetry e.g. in Fig.[5.4]a compatible strength of the signals and of the distributions is
noticeable. In Fig. a direct comparison of these asymmetries of single hadron and dihadrons
as a function of x from the 2007/2010 combined proton data is shown. It is observed that
the Collins asymmetry of positively and negatively charged hadrons is essentially identical in
magnitude with opposite signs [COMPASS12all. Moreover, a striking similarity in magnitudes
between the hadron-pair and the Collins asymmetry is obvious. The study of this effect is also
discussed in a recent COMPASS publication of the h™h™ pair asymmetries from the combined
2007/2010 proton data of this work in [COMPASS14al. In the following a brief summary of the
investigation and conclusion carried out in this publication is given.

As described in Sec.|6.2|[ABD™09b] the first observation on the Collins asymmetry is interpreted
as an indication for the transversity distributions of u and d quarks having almost equal magnitude
and opposite signs for favored and unfavored Collins fragmentation functions. The latter
observation of hadron-pair asymmetry amplitude values being slightly larger in magnitude, but
very close to the values of the Collins asymmetry amplitudes for ™, is an object of recent and
ongoing discussions. The event samples on which these asymmetries have been evaluated are
not completely independent, since events with more than one hadron being produced also enter
the single hadron sample.

N

N 0.1 2007 & 2010 proton data
= ® ith
O Collins h* %
O Collinsh~

0.05

-0.1_IIIIIIII 1 1 IIIIII| 1 1 IIIIII|
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X

Figure 6.12.: Comparison of the asymmetry vs. x obtained in the analysis of hadron-pair
production to the corresponding Collins asymmetry for the combined 2007/2010
proton data [COMPASS14a].
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Figure 6.13.: The Collins (red and blue crosses) and hadron-pair asymmetry (black dots) ex-
tracted from a common hadron-pair sample as a function of x and z; with two
different cuts on z; > 0.1 (left panel) and z; > 0.2 (right panel) compared to the
published results from the standard sample [COMPASS12al] (red and blue dots).

In order to be able to investigate the similarity without a possible bias induced by different
cuts, both asymmetries have been evaluated on a common hadron sample. Thus, the cut on the
fractional energy of the single hadrons z; was unitized to z; > 0.2 or z; > 0.1. Furthermore
the cut on the transverse momentum of the hadrons pp at 0.1 GeV/c used in the single hadron
analysis was adopted. Finally two oppositely charged hadrons from the primary vertex were
required to create a common sample for the single and the hadron-pair analysis. The results are
presented in Fig. [6.13|showing that the similarity persists, giving a strong indication of equal
analyzing powers in both channels.

A first approach in order to understand this observation can be performed by an investigation
on the angles involved. As a reminder, the Collins asymmetry is the amplitude of the sine
modulation of the Collins angle ¢+ = ¢p+ + ¢s — 7, where ¢+ are the azimuthal angles
of positive and negative hadrons in the v*-nucleon system. The almost equal magnitudes with
opposite signs for different charges suggest that in the fragmentation of the struck quark the
azimuthal angles of positive and negative hadrons created in the event differ by ~ 7 and thus
the hadrons produced have antiparallel transverse momenta. This oppositeness between ¢y,+
and ¢;,- can be a consequence of the conservation of a local transverse momentum in the
fragmentation process, see next section. This can also be reproduced by the Monte Carlo
spin-independent DIS event generator LEPTO [EIR97|]. If this holds true, the asymmetry
amplitudes of an angle ¢, defined as the arithmetic mean of the azimuthal angles of the two
hadrons of a hadron-pair should give almost equal results compared to the standard dihadron
angle ¢rg, see Eq. Accordingly the angle ¢9j, is defined as the azimuthal angle of the
vector [COMPASS 12al]

RN =prp+ —Prp-s (6.48)

where pp j,+ are the unit vectors of the transverse momenta of the hadronﬂ

“In the calculation a correct 27 periodicity of the angles has to be ensured
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Figure 6.14.: Difference between the two dihadron angles ¢ rg and ¢ 5 [COMPASS14al.

Figure shows the difference between the standard dihadron angle ¢ rg and the new angle
@2y, confirming their similarity in magnitude.

The target spin is taken into account by subtracting ¢g/ from ¢y, the resulting angle @2, 5
can be regarded as a mean of the Collins angle of the positive and negative hadrons from the
hadron-pair. Correspondingly, the asymmetry amplitudes obtained from these angles are well
compatible, see Fig. Here the cut on p7 and the demand for z; > 0.1 have been considered.
These results are hinting at a common physical origin for the Collins mechanism and the DiFF.
A possible explanation could be given by the Py Lund model [AGIS83] and by the recursive
string fragmentation model [[Art02l|Art10] introduced in the next section.

;} 0.1— 2010 proton data h*h~
~ o A UIP(¢RS) sin ©
0.051- o A U7?P(¢2h) sin ©
]
peee P

_O.I_IIIIIIII 1 1 IIIIIII 1 1 IIIIIII

102 10! 1
X

Figure 6.15.: Comparison between the hadron-pair asymmetry (black points) and the Collins-
like asymmetry for the hadron-pair (open blue points) as a function of = for the
2010 data [COMPASS14al.
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6.3. Interpretation of the asymmetry from hadron-pair production

The string fragmentation model

The framework of a (recursive) string fragmentation model can be used for an interpretation of
the Collins asymmetry occurring in single hadron production in SIDIS as well as of the hadron-
pair asymmetry. Already the semi-classical Lund Py string fragmentation model [AGIS83] can
generate a Collins-like effect, while Artru [Art02,|Art10] has expanded this model to multiple
numbers of hadrons produced. The interpretation of the Collins effect, which was postponed
from Sec. to this section, is the starting point.

A valence quark receiving a momentum transfer ¢ from the virtual photon starts to move away
from the diquark remnant of the nucleon. Both are color charged and thus connected by a flux
tube. If the momentum transfer is high enough, the tearing of the flux tube creates an quark-
antiquark pair ¢og_; with the quantum numbers of the vacuum JX¢ = 0+*. Consequently, its
orbital angular momentum L, is 1 and its spin S, is —1 w.r.t. the quantization axis, which is
given by the transverse spin direction in this case. The struck quark and the generated antiquark
G—1 form a meson e.g. a pion. Then a preferred direction of motion of the pion is given due to
the conservation of angular momentum. Thus it depends on the direction of the spin of the struck
quark. Hence, in the case of an upwards polarized quark a counter-clockwise rotation is induced
while a downwards polarized quarks causes a clockwise movement of the hadron produced,
see Fig. Therefore a nonzero transversity PDF will lead to a left-right asymmetry in the
distribution of the hadrons produced, which is the so-called “Collins effect”.

? Sny
Ly

Figure 6.16.: Schematic description of the Collins mechanism in the framework of the string
fragmentation model [RvdS04]. In the top-left part the flux tube still exists after
the quark (red) has been struck by the virtual photon ~+*, while in the top-right the
breaking of the tube has created a quark-antiquark pair with angular momentum L,
and spin S,. Finally a meson, for instance a pion, is created in the hadronization
process which preferably moves in a direction depending on the direction of the
spin of the struck quark.
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hy hyq h, h, h,

0,09 lq;.q; .q:,-.

a l'\\ \‘CIN ' /‘qo

v, Z0, Wt

Figure 6.17.: Decay of an electroweak boson ~y, Z° or W+ into a quark-antiquark pair ¢, which
then hadronizes into N mesons hq, ..., hy, see Eq. [Art10].

Artru suggests that the effect of the interference fragmentation of a quark into a hadron-pair,
which is described by the DiFF H;!, might be a so-called “two-particle relative Collins ef-
fect” [Art10]]. This effect is extendable up to arbitrary numbers of hadrons produced

qQ+q-1— hi+ho+ ...+ hy. (6.49)

In general, Artru assumes that in the decay of an electroweak boson such as the v a quark-
antiquark pair gog_1 is produced, connected by a gluon string, see Fig.[6.17} Then the recursive
process can be divided into the sub-process [[Art02]]

qo(ko) = hi(py) + q1(k1),
q1(k1) = ha(ps) + q2(k2),

gn-1(kn-1) = hn(pN) + an(EN). (6.50)

where k; and p; are the three-momenta of a quark ¢; and a hadron h;, respectively. The recursive
fragmentation process is illustrated in Fig. From this scheme it is clear that ¢, is equal to
G—1 which is a quark propagating backward in time.

If the available energy provided by the virtual photon is high enough, additional quark-antiquark
pairs can be produced along the fragmenting string. The total energy, momentum and torsional
moment, is conserved in this process. Expanded to a multi-hadron production, the scheme
could be modified as shown in Fig. The quark-antiquark pairs ¢;@;41 have the transverse
momenta —k; 7 and +k; 1 7, respectively. The neighboring quarks g; and g; are not part of the
same hadron in the final state, but they carry a torsional moment of L;. The sum of the torsional
moment of L; gives the initial torsional momenta. The transverse hadron-pair momenta are
generated by the orbital motions of the single quarks which form a pair. The quark g3 remains in
the target remnant.
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6.3. Interpretation of the asymmetry from hadron-pair production

—Kyp +k2T _le

Figure 6.18.: Decay of a string into pseudoscalar mesons h1,ho and hs [Art10].

This could be an explanation of the almost equal magnitudes with opposite signs of ¢+ for
different charges as in the Collins asymmetry amplitudes extracted from single hadrons taken
from the hadron-pair sample as in Fig.[6.13]

The scheme of a decaying string under the conservation of certain quantities does not only explain
the creation of a pion pair or multiple numbers of pions, but also holds true for the production of
kaon pairs and mixed pion-kaon pairs. Indications of nonzero hadron-pair asymmetry amplitudes
of such pairs are given in the results discussed in Sec.[6.3.1} Possible combinations of involved
quark flavors in the hadronization process into 77—, KTK~, 77K ~, and K7~ are

d=usu=d—ntn", (6.51)
s=ucu=s— K"K, (6.52)
d=ustu=s—>n17" K, s=ucu=d—n K~ (6.53)
s=ustu=d—- K71, d=u<cu=5—>n1"K". (6.54)

where the < symbolizes a down-breaking part of the flux tube and = a persisting part. An
additional illustration corresponding to the scheme of Fig.[6.18]in shown in Fig. [6.19)and [6.20]

ﬁJHﬁL,

Figure 6.19.: The production scheme of 7 K ~ pairs in the string fragmentation model [Eli12]).
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6. Interpretation of the results and extraction of the transversity PDF

L iﬂ

Figure 6.20.: The production scheme of K ™7~ pairs in the string fragmentation model [Eli12].

Quark hadronization via the NJL-jet model

Very recently Matevosyan and collaborators [MKT14|| described the production of a single
hadron or a hadron-pair in the hadronization of the struck quark by a NJL-jet model based
on the Field and Feynman quark-jet picture [FE78]]. A functional scheme of this process is
shown in Fig. [6.21] They assume that the quark has a certain probability to flip its spin after
the emission of a hadron, which is indicated by the double-lined arrows in the Figure. The
fragmenting quark runs through a decay chain cascade, where the hadron emission probabilities
are calculated in the NJL model at each vertex under momentum conservation. In the single
pion emission the authors observe an elementary “Collins”-like effect for spin flip probabilities
higher then 0.5 appearing as a sine modulation of the azimuthal angle of charged pions. In
Sec.[6.3.5]the correlation between the azimuthal angles of the two oppositely charged pions of a
hadron-pair was described experimentally. Matevosyan et al. also found this correlation in the
results produced by their model. The origin of this effect is that in the emission of the first pion
the remnant quark gets an opposite signed recoil transverse momentum, as depicted in Fig. [6.21]
When the second pion is produced, a fraction of this transverse momentum is transfered to it.
This leads to a difference of 7 in the azimuthal angle of the two hadrons, which is in accordance
to the Lund 3P, string fragmentation model [|[AGIS83].

/4
N v hy
7 hy _
A v ="
& -
q Q, Q"
Q

%§§hz

>

Figure 6.21.: Functional scheme of the production of three hadrons via the NIJL-jet
model [MKT14]. The double-lined arrows (orange) indicate the spin of the frag-
menting quark producing hadrons in a quark decay cascade.
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6.3. Interpretation of the asymmetry from hadron-pair production

Resonant production of hadron-pairs

Further sources of hadron-pairs are resonance decays. The mass signatures of some mesons
decays are clearly visible in the M;y,,, spectra, see Fig[6.22] In the distribution of pion pairs, some
of the resonant decays described in Sec. [6.3.3]are clearly visible in both deuteron and proton
data. Such as the K channel around ~ 500 MeV/c? , the p channel around ~ 770 MeV /c?
and the fo/fo channel around ~ 980 MeV /c? and ~ 1270 MeV /c?, respectively. Other decays
with more than two hadrons in the outgoing channel are supposed to generate broader peaks
such that decays of w, 17 and 1’ contribute less to the overall pion pair invariant mass spectra,
see Sec.[6.3.3] The My, distribution of pure kaon pairs shows a very pronounced signal, right
above their production threshold, originating from the ¢(1020) resonance. The ¢ meson can
also contribute to the pion pair spectra via ¢(1020) — pm — 77~ 7", The high statistics of
the proton data sets indicates further broad peaks around =~ 1300 MeV/c? and ~ 1500 MeV /c?
which might be caused by the f5(1270) and the f5(1525). The invariant mass distributions
of 77K~ and K7~ also show in each case one dominant channel caused by the decays of
K*(892). Further possible candidates for peaks in the M;,, spectra of the mixed pairs are
K*(1430) and K (2045).

When comparing the invariant mass spectra to the final pion pair asymmetry of the proton
target data sets in Fig. a correlation with the p° mass and with the f» mass peak is visible.
Artru [Art10]] also gives an interpretation of the appearance of a Collins-like asymmetry for
decay pions of a p meson associated with the polarization of the p meson. A transversity signal
of the K™K~ from the ¢(1020) resonance however, is not observed, while an indication of
a broad peak in the asymmetry amplitudes from incoherent K+ K~ pairs is given. The only
significant transversity signal in the case of the mixed pairs is observed for K ™7~ pairs in
the mass region of the K*(892). A meaningful interpretation of the deuteron target results is
difficult, only the p peak for pion pairs is significant.
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Figure 6.22.: The final M;,, distributions from the 2003-2004 deuteron data (left column) and
from the combined 2007/2010 proton data (right column) of: 77~ pairs (1% row)
, Kt K~ pairs (2" row), and the mixed pairs 77K~ and K*7~ (3" row) (for
resonance masses see text).
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7.1. Further prospects on the hadron-pair asymmetry

The results on the hadron-pair or dihadron asymmetries of identified pion pairs on transversely
polarized deuteron and proton targets presented in Chap. [5|are an important milestone, since they
allowed for an extraction of the valence transversity PDFs of u and d quarks (Sec. [6.3.4). Model
calculations from the Pavia and the Beijing groups, see Sec. try to setup up a framework to
describe the observations made by the HERMES and the COMPASS collaborations (Sec. [6.3.2).
The data presented in this work will allow for an improvement of the assumptions made in
these models, hence, the contributing channels and their relative strength could be adjusted
using the invariant mass distributions from Sec.[6.3.5] A multidimensional extraction of the
pion pair asymmetry in bins of (M, x) adapted to the masses of the resonances could deliver
additional important information. Furthermore, analog models for the pure kaon and the mixed
pair asymmetries should be developed. Although the available sample sizes are limited, the
results of these dihadrons should allow for an improved flavor separation of the Transversity
PDF. This is a basic requirement for a deeper understanding of the role of the strangeness and
sea quarks in general.

The tensor charge gr as introduced in Eq. is the integrated transversity PDF. Bacchetta
and collaborators [BCR13|] made a first attempt to calculate it from the parameters obtained by
the fit to the data. In the available x range, g7 of u and d quarks was found to be ~ 0.3 and
~ —0.26, respectively. These values strongly depend on the functional form of the fit and the
minimization procedure being used. This procedure should be redone including the latest results
presented in this work.

In Sec. [6.3.4]it was briefly described how Bacchetta er al. [BCR13] obtained the information on
the unpolarized DiFF Dy’ and that this procedure is based on Monte-Carlo (MC) simulations,
since there is no experimental data available yet. The so-called “dihadron multiplicities”, the
probabilities of producing a pair of hadrons from the initial quark ¢ in the fragmentation process,
allow access to Dy, see Eq. Using the parametrizations of f; from e.g. the MSTW 2008
set [MSTWO09] shown in Fig. it is possible to extract the unpolarized DiFF and use this
as an input for the transversity extraction instead of the MC generated values. In Sec.[A.7|the
analysis and results on the multiplicities from the 2004 (deuteron) and the 2010 (proton) data
sets are described. Their extraction was also part of this work, but the results are not used in the
extraction of the transversity function yet.
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Also other pair combinations with mesons such as the ¥ are part of the future dihadron analysis
program. At the COMPASS experiment the uncharged pions are detected via their decay
products (high energetic photons) in the electro-magnetic calorimeters. A production of the raw
data of 2010 including a dedicated energy calibration of the ECALSs is ongoing. From there, the
asymmetries of 77 7Y, 707, and 7%7° pairs will be extracted if adequate statistics is available.
Underlying models to explain the basic Collins and dihadron effect — such as the Lund model
and the recursive string fragmentation model — are confirmed in their conclusions and extended
by new approaches such as the NJL-jet model (Sec. [6.3.5)). Theoretical and experimental efforts
will be required in order to develop a framework which can explain the results being observed
for all four pair combinations. Predictions made by the models should be tested, for instance,
the NJL-jet model predicts sizeable asymmetries also for pairs including 70 [MKT14].

7.2. The Drell-Yan measurement at COMPASS-II

Semi-inclusive deep inelastic scattering is not the only process where the PDFs described in
Sec.[2.3.2]occur. There are more options, among them the so-called “Drell-Yan” (DY) process
can be interpreted as space- and time-reversed version of a SIDIS reaction. The measurement of
Drell-Yan processes using a polarized target is also part of the COMPASS-II proposal [MM10]].
For this an upgrade of the apparatus is necessary, of which an important part is a vertex detector
inside the necessary absorber. The development and construction of the scintillating fiber based
vertex detector was also performed in the framework of this thesis and is described in detail in
Sec.[7.2.3] The setup of a SciFi beam telescope for this measurement is introduced in Sec.[A.6.1]

7.2.1. The Drell-Yan process

In the Drell-Yan process a dilepton is produced from the collision of two spin-% hadrons which
might be polarized, as

Hy(Pa,Sa) + Hy(Py, Sp) = v () + X — £~ (1) +£7(I') + X, (7.1)

where P, /;, are the four-momenta of the beam/target hadron and S, /;, the vector of their spin
polarizations while the four-momenta of the lepton, the antilepton and of the virtual photon are [,
I"and q = [ + I, respectively. Additional variables are constructed for the description of the
process, such as

2

the momentum fraction carried by a parton from H, y, | 24/ = % ,
2
the total center-of-mass energy squared s = (Pa + Pb) ,
the Feynman variable Tp = Tgq — Th,
the invariant mass of the dilepton squared M 525, = Q? = —¢* = sz,1.
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Figure 7.1.: Scheme of the Drell-Yan process where a quark-antiquark pair from two hadrons
annihilates into a pair of oppositely charged leptons [MM10].
y
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Figure 7.2.: Definition of the azimuthal angle ¢g of the target spin polarization St in the target
rest frame (top) and of the azimuthal and polar angles ® and 6 of the momenta of
the leptons in the Collins-Soper frame (bottom) [MM10].

A scheme of the Drell-Yan process is shown in Fig. illustrating the case where just the target
nucleon has a defined polarization. The following introduction into the theoretical framework of
the Drell-Yan process is based on the work by Arnold, Metz, and Schlegel [AMS09].

In the following, two coordinate systems are used to describe the Drell-Yan cross-section, the
target rest frame (TRF) and the Collins-Soper frame (CSF). The unit vectors of the first one are
defined by the momentum of the beam hadron Z, the transverse component g7 of the virtual
photon %, and finally §§ = 2 x &. The latter system is the rest frame of the virtual photon, which
is obtained by a boost along Z and £. As shown in Fig. (top panel) the azimuthal angle
¢g of the target spin polarization St is defined in the TRF. The azimuthal angle of the lepton

163



7. Future prospects

momentum & is defined as the angle between the hadron scattering plane and the lepton plane in
the CSF. While their polar angle 6 is the angle between the intersecting line of these two planes
and the momentum of the negative lepton, also in the CSF, see Fig. (bottom panel).

In Sec.[2.3.2)it has been shown, that the azimuthal modulations in the single hadron production
in polarized SIDIS arise from a convolution of PDFs and FFs. The same formalism holds true
for the Drell-Yan process, where the convolutions are defined in the intrinsic momentum space
this time as convolutions of two PDFs [AMS09]

1
3

C[w(ka,Ta kb,T)flﬁ} = /d2 ax A2ky 1 6 )( — ko — ko r)w(ka,r, K1) X

[fi’(wa, D)1 (@ k) + S (w0 K ) S (k)| (72)

where k7 is the intrinsic transverse momentum of a quark ¢ inside the hadron.

The Drell-Yan cross-section for an unpolarized beam and a polarized target contains ten modula-
tions depending on ¢ and/or ¢g [[AMSO09]], cf. the SIDIS cross-section in Eq. The parts
containing the Sivers and the Boer-Mulders PDFs on a transversely polarized target in the QCD
parton model in leading order (LO) read [AMS09]

dbo ~ a?
d%qdQ
W g2 (P B2 - MM

D?:E(2¢+¢S)A;in(2¢+¢s) Sln(?gb + ¢S) + D::E(2¢_¢S)A§£n(2¢_¢5) 5111(2(;5 _ QbS)), (73)

60|81 (D30 A7 sim g+

where 6 is the spin-independent part of the cross section.

In leading-order of the QCD parton model applied on the DY process with a transversely
polarized target hadron only four terms survive the integration. Among them are the sin ¢g,
which gives access to the Sivers function of the target nucleon and the sin(2¢ + ¢5) modulations,
related to the Boer-Mulders functions of the incoming hadron [AMSO09]]

Clg-kur fifi]

A0S = — (74)
r My C| fafa
sin26+s) _ —C [(2(@ ko) [2(q- ko) (4 For) — a1 kyr] — ki (d- kwT)) hﬁhﬂ
T AMM? Cfafa)
(7.5)
— ~ . J‘7
Ain(20—05) _ ¢ [q Ko Iy hl} ’ (7.6)

2M, C|fafa]

where § = % and PDFs of antiquarks are indicated by a bar. Thus the sin ¢ modulation in the
COMPASS case arises by a convolution of the pion number density f; and the nucleon Sivers
function fi%., see Tab. Accordingly the sin(2¢ + ¢g) and the sin(2¢ — ¢g) modulations
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7.2. The Drell-Yan measurement at COMPASS-11

have their origin in convolutions of the Boer-Mulders hf with the Pretzelosity PDF th and the
Boer-Mulders hf with the Transversity PDF h;.

As described in Sec. and [2.3.3|the Sivers and Boer-Mulders PDFs are both T-odd objects.
Their non-local quark-quark correlators in the operator definition have gauge-link operators
which include Wilson lines, see also Eq.[2.63] The Drell-Yan process can be interpreted as a
space- and time-reversed version of the SIDIS process, therefore the future-pointing (on the
light-cone) Wilson lines are replaced by past-pointing Wilson lines [[Col02]]. This accounts for
a sign change of the Sivers and the Boer-Mulders asymmetry in Drell-Yan w.r.t. the SIDIS
case [[Col02]]

1 L L 1
- dh ‘ —_h ‘ . 7.7
flT’DY flT’su)Is anc My Ysiprs 7.7

7.2.2. Measuring Drell-Yan at COMPASS-II

The Sivers asymmetry in polarized SIDIS has been measured to be clearly nonzero by the
HERMES and the COMPASS collaboration, see Sec.[2.4.1} With the Drell-Yan measurement
of the COMPASS-II program, COMPASS will be the first experiment to be able to verify the
sign-reversal property of the Sivers and the Boer-Mulders functions, which is an important
relation for the understanding of the transverse momentum dependent phenomena. The expected
statistical uncertainties on the Sivers asymmetry for the COMPASS Drell- Yan measurement are
shown in Fig. for two years of data taking together with model predictions from Anselmino
et al. [AT08]. With the proposed setup it will be possible to give a clear statement on the signs.
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Figure 7.3.: Expected statistical uncertainties on the Sivers asymmetry in the Drell-Yan process
for the COMPASS measurement of two years of data taking in an intermediate
dimuon mass region 2GeV/c? < M,,, < 2.5GeV/c? (left panel) and a high
mass region 4GeV/c?> < M, un < 9GeV/ c? (right panel, the smaller error bar
represents the expected systematic uncertainty). Model predictions from Anselmino
et al. [AT08] are indicated by the blue line and its gray uncertainty band [MM10].
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Since the Drell-Yan cross section is relatively small with a few nanobarns (nb) in the actual
case the achievable luminosity plays an important role in order to collect the required statistics.
One key ingredient is the hadron beam intensity, which is planned to reach Ipeam = 6 X
107 Z— [MM10]. The full expression of the luminosity reads

PNHs 'y N a

L= IbeamLeff Aeff

(7.8)
where the effective target length L. cannot exceed ~ 90 cm to avoid multiple beam interactions
along the target and fit into the target cryostat. The target magnet and cooling system, see Sec.[3.2]
used already in 2007 and 2010 will be used for the Drell-Yan measurement. Again the target
material will be solid-state ammonia (pNp; = 0.85 g/cm?®), for which a packing factor F’ =05
has to be considered. With the effective mass number of ammonia being A = 11.71 g/mol,
the expected Luminosity is 1.186 x 1032 cm™2s~! = 118.6nbs~!. Using a tuned PYTHIA
Monte Carlo event generator the Drell-Yan cross-section has been calculated as a function of the
momentum of the beam hadrons and the mass of the dimuons in two ranges, an intermediate
2GeV/c? < My, < 2.5GeV/c? and in a high mass 4GeV/c* < M,,, < 9GeV/c? region.
Taking into account the ratio of protons and neutrons of the ammonia, one obtains the overall
cross-section of the process, shown in Tab.

With the knowledge on the cross-section and on the Luminosity it is possible to calculate the
expected number of DY events, for instance per day [MMI10]

R = ﬁdf}t I\K_‘IL;”KDYdspillnspillEtota (7.9)
where K py = 2 1is a scaling factmﬂ, dspin = 9.6 s the duration of the SPS spill (see Sec. and
Ngpill = 1800 the maximum number of spills per day. The efficiencies of the event reconstruction,
the trigger, the SPS accelerator, the spectrometer are taken into account by the total efficiency
FEo, which is estimated to reach ~ 0.146 [Quil3]].

Table 7.1.: The PYTHIA Drell-Yan 7~ NHj cross sections in nanobarn for an ammonia tar-
get in the p*p~ channel for two invariant mass ranges, and for different beam
momenta [MM10].

7~ momentum (GeV/c) af}f ;H*; H(nb)
2GeV/c? < M, <2.5GeV/c? 4GeV/c? < M, <9GeV/c?
106 5.147 0.702
160 5.922 1.109
190 6.231 1.291
213 6.428 1.419

'K py is the scaling factor between the experimentally measured Drell-Yan cross-section and LO calculations from
theory in e.g. the PYTHIA MC generator [SEF 01| adapted on the experiment’s kinematics.
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Table 7.2.: Number of Drell-Yan events per day (R), depending on the dimuon mass range
considered, and for different beam momenta [MM10].

©~ momentum (GeV/c) R (d—iy)
2GeV/c? < M, <2.5GeV/c? 4GeV/c? < M, <9GeV/c?
106 4013 440
160 4617 695
190 4858 809
213 5012 889

Due to a cut on the transverse momenta of the muons produced at M, < 2GeV/ ¢, a fraction
of &~ 9% of the events will be rejected [|Quil3], leading to an effective Fyy of 0.133. Table
gives the number of good Drell-Yan events per day corresponding to the cross-section given in
Tab. A typical year of COMPASS data taking has about 140 days. Assuming two years for
the Drell-Yan program 0.23 x 10% DY events in the high-mass region and 1.4 x 10% events in
the intermediate mass-region will be collected. This allows for a sufficient statistical precision
of the measurement, as shown in Fig.

Note that unlike in the proposed schedule for the COMPASS-II program [MM]10], the time
provided for the Drell-Yan measurement will not be two years, but a pilot run of nine weeks in
the end of 2014 followed by a full year of data taking in 2015. An option to catch up the second
year in 2018 may be given. Thus the arguments of the statistics being required weights even
stronger, scaling the results down to one single year.

The option of increasing the beam intensity to Jpeam = 1 x 108 % was checked for feasibility
and is the current state of planning [Quil3]]. The beam intensity and its momentum are not
independent of each other as they are properties of the beam line. The best compromise in
balancing was found at a beam momentum of 190 GeV/c. Thus the luminosity increases
according to Eq.[7.8|from 1.18 x 1032 cm™2s7! to 1.97 x 1032 em~2s~!, which is a factor of
about 1.67. Also the number of number of spills per day could be increased up to ~ 2450 since
indications are given that the CNGS experiment will not run in 2014/2015, thus the length of a
super-cycle decreases to 33.6 s [Quil3]], see also Sec.[3.1] Taking into account the mentioned
innovations in Eq. [7.9 one expects ~ 1550 Drell-Yan events per day in the high mass region.
Hence, in one year of data taking 0.22 x 105 are expected [Quil3], which is about the same
number as calculated in the original proposal [MM10].

The kinematic domain of the Drell-Yan process is different w.r.t. the one of the previous
SIDIS experiments at COMPASS, most significant are the thresholds of Q% > 15 (GeV/c)? and
x > 0.04. Figure shows the Q?(z) distribution of single hadron h™ events from 2010 data,
used for the extraction of the Sivers asymmetry, while the DY kinematic range is indicated by the
red box. In order to make a clear statement on the expected amplitude of the Sivers asymmetry
in the DY process an extraction of it in the SIDIS case taking into account the new kinematic
regime has been performed. The results are shown in Fig.
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Figure 7.4.: The Q?(x) distribution of charged single hadron events from 2010 data. The
kinematic range of the future COMPASS Drell-Yan experiment is indicated by the
red box in the upper right corner with the thresholds Q2 > 15 (GeV/c)? and = >
0.04. The overlayed distribution is the result of a Monte Carlo simulation [Par13].
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Figure 7.5.: The Sivers asymmetry of charged hadrons from the 2010 data extracted in the
Drell-Yan kinematic range. Note that the binning had to be adapted to the limited

statistics of the sub-sample [Par13].

The amplitudes in the x dependence for positive hadrons are of the same order as of the full
sample, as shown in Fig.[2.14] while the asymmetry amplitudes for negative hadrons are still
compatible with zero within the uncertainties.
For theoretical predictions on the strength of the Sivers asymmetry in the Drell-Yan process
at COMPASS see , where also the influence of the Q? evolution (see Sec. is
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P. Sun and F. Yuan, arXiv:1308.5003v1
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Figure 7.6.: Expected statistical uncertainties on the Sivers asymmetry for the COMPASS Drell-
Yan measurement in the high mass region 4GeV/c? < M, < 9GeV/c? in
comparisons to recent model predictions [SY13]], indicated by the red line and the
limits of an uncertainty band (blue lines) [Quil3].

discussed. According to their calculations an asymmetry of 4 % can be expected at COMPASS.
Recently Sun and Yuan [[SY 13]] published predictions on the strength of the Drell-Yan signal
for different experiments, among them also COMPASS, taking also the TMD evolution (see
Sec. into account. Figure shows the result of this model calculation in comparison
to the expected statistical uncertainties of two years of data taking with parameters in the
proposal [MM10], which is of the same order as calculated for the new setup. The consideration
of the TMD evolution leads to a decrease of the expected signal amplitudes compared to Fig.
Nevertheless, the statistical precision will be sufficiently high in order to proof or disproof the
model predictions.

7.2.3. A new absorber vertex detector for the Drell-Yan measurement

The hadron beam used for the future Drell-Yan measurement and the need to detect the two
muons produced in the process require for certain modifications of the COMPASS spectrometer
setup. While the beam intensity has to be as high as possible, the identification probability of
the muons suffers from the high occupancy of the detectors. This issue can be solved by the
presence of a hadron absorber right after the polarized target to stop the primary beam hadrons
and the hadrons produced in secondary processes. The composition and design of the absorber,
which is shown in Fig. is optimized for high stopping power to the beam, minimal emission
of secondaries and space requirements along the beam direction.
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Figure 7.7.: The hadron absorber for the future Drell-Yan program in cross section [Mag12b]|
(top panel) and as a three-dimensional model (bottom panel) .

The absorber structure consists of a conical piece made of aluminum, which fits into the concave
end cover of the targets cryostat, see Fig.[3.2] The second part is a box-shaped frame which
contains a central beam-plug made of tungsten with a diameter of 9.5 cm surrounded by an
inner alumina and an outer stainless steel cone. To fulfill radiation protection requirements, the
absorber is situated inside of a larger concrete structure, see Fig.[A.56

The disadvantage of this new absorber structure is, that the first tracking stations, namely the
MMOI (see Sec.[3.3.3) has to be placed at a distance of 5.5 m to the target, while is was ~ 0.9 m
for instance during the SIDIS measurements. The same applies in relation to all other detectors El
This has the effect that the resolution of the primary vertex position decreases due to the increased
uncertainties in the back-propagation of the reconstructed particle tracks. Since the Drell-Yan
program measures asymmetry amplitudes of different target polarization states in the target cells,
it is necessary to have a precise assignment of the primary vertex to one of the two target cells.

The target will be moved upstream w.r.t. its previous position to create the needed space for the absorber.
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Figure 7.8.: Results of simulations on the mass resolution AM (top left panel), the resolution
of the reconstructed primary vertex position along the beam axis AV, (top right
panel) and the overall reconstruction efficiency RC (bottom panel) without (black
dot) and without a vertex detector of different possible configurations in the size
of active area (rectangular 15, 17 or 20 cm edge length) and the inclinations of the
diagonal plane (30° or 45°) with 3 planes or just 2 planes (“no 3rd plane”) [Tak13]].

The degradation of the vertex position resolution would lead to a decrease in the length of usable
target volume, in terms of a precise assignment of a vertex to one of the target cells. Each cell
will have a length of 55 cm separated by a gap of 20 cm. When applying a +30 cut on the vertex
Z position, events originating from 11.6 cm of the total target length would be rejected, if each
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vertex is required to be clearly assignable to one target cell and not to the otheﬂ This would
lead to a decrease of usable events by ~ 10 %.

The requirement described above make a detector made of scintillation fibers (see Sec.
the only promising candidate for this so-called “vertex detector” in the region upstream of the
box-shaped part of the absorber, see Fig. The groups of Bonn and Erlangen, which already
have built the existing SciFi detectors, took over the task to develop and built the crucial element
of the COMPASS Drell-Yan setup, which is also a part of this thesis.

Simulations have shown that the resolution of the reconstructed position of the primary vertex
along the beam axis AV,_ with a detector consisting of three planes of an active area of
15 x 15cm?, see Fig. left panel, will improve from ~ 8.5cm to &~ 5cm [Tak13]]. The
additional uncertainty on the vertex coordinates would also propagate in the mass resolution of
the virtual photon A M. With a vertex detector inside the absorber the mass resolution could be
improved from ~ 200 MeV/c? to smaller than 180 MeV/c?, see Fig. [1.8|right panel [Tak13].
The dependence on the inclination angle of the third plane at 30° or 45° is negligible. In the
same simulation also the fraction of muons which cross the active area of the vertex detector
(geometrical acceptance) and will be detected there (detection efficiency) was investigated. For
approximately 21 % of the Drell-Yan events both muons produced will cross a 15 x 15 cm? large
detector and will be detected there [Tak13|]. But also detecting only one of the two muons, which
occurs in = 55 % of the cases, is indispensable for a precise vertex reconstruction [Tak13]. The
reconstruction efficiency (Fig. [7.8|bottom panel) shows an increase of ~ 0.8 %. This behavior
and its dependence on the inclination angle of the third plane is counter-intuitive at first sight, as
well as the larger reconstruction efficiency with 30° inclination and without a third plane. It is a
consequence of the intrinsic behavior of the event reconstruction algorithm, see Sec. which
uses a hit-to-track association in each inclination, so that the reconstruction efficiency increases
with less planes and less overlap [[Tak13].

Thus the luminosity and the number of collected DY events would decrease by the same factor,
resulting in either a less significant statement on the sign and strength of the asymmetries in the
available measuring time or even making it impossible to draw a definite conclusion.

This detector must have an excellent time resolution, in the order of a few hundred ps to be able
to make a time-like separation of the particle tracks crossing the detector with extreme high
rates.

In addition to the primary beam hadrons, also secondary particles produced in the interaction
of beam with material along its direction increase the rate. This could happen upstream, inside
and downstream of the target, including also a back-scattered component from the box-shaped
part of the absorber. Again these are strong arguments in favor of using a scintillating-fiber
hodoscope as a vertex detector inside of the absorber.

3 In this assumption the wrong assignment of a vertex from the gap volume between the two cells to one cells is
allowed.
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7.2. The Drell-Yan measurement at COMPASS-11

Final requirements to the vertex detector

A scintillating fiber detector was set as the appropriate detector for the improvement of the
primary vertex resolution. Before the design process could be started, the requirements to
it had to be defined in a reliable way. Here the expected particle rate is the most important
variable, which has a strong impact on the granularity that means the spacial resolution which
is determined by the fiber diameter. The limiting components here are the photomultipliers,
which had been tested for the existing SciFi station in the COMPASS detector at a rate per
channel of up to 5 MHz [BEET02]. Simulations on the flux of secondary particles, charged and
neutrals (e.g. neutrons and photons) in the plane perpendicular to the beam have been performed.
The computed rates for charged particle, corresponding to 1 mm fiber diameter, are shown in
Fig. They reach a level of up to &~ 10 MHz in the very central beam spot and decrease to
~ 3MHz at a distance of 10 cm, while the rates for 0.75 mm fibers are smaller, accordingly.
Due to the handling of the fibers in production process and the costs of additional read-out
channels for small pitches, the fiber diameter is favored to be 1 mm, with a pitch of 0.71 mm.
The necessary rate stability was proven in a test at the Erlangen Tandem accelerator for a new
type of Hamamatsu multi-anode PMTs R11265-100-M16. An example of PMT signals recorded
directly with an oscilloscope with a rates of ~ 14.7 MHz per channel is shown in Fig.
where the amplitudes of single events reach 70 mV. The analysis of all taken data is shown
in Fig. where the rate stability, by means of signal amplitude as a function of the rate
is plotted for three different types of 16-channel Hamamatsu PMTs. Type 6568 PMT is the
one already in use in the COMPASS SciFi stations, type 6568-100 has an increased quantum
efficiency due to a improved cathode material (used in SciFi station FI15, see Sec. [3.3.1).

Figure 7.9.: Rate of particles, charged in the plane of the vertex detector for two different fiber
diameters 1 mm (red) and 0.75 mm (blue) [Mag12alJoo13a].
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Figure 7.10.: Example from the rate test of the R11265-100-M16 Hamamatsu multi-anode
PMTs at the Erlangen Tandem accelerator. The oscilloscope screen shows events
of protons crossing a scintillating fiber at a rate of > 14 MHz, while the amplitudes
are still in the order of 70 to 80 mV and the signals are well separated.
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Figure 7.11.: Comparison of rate stability, by means of signal amplitude as a function of the
rate, for the type 6568 PMT (blue dots), the type 6568-100 (magenta dots) with
improved quantum efficiency and the new type R11265-100-M16 (green dots) all
from Hamamatsu. The red line indicates the already proven rate stability of type
6568 [BEE™02] and the blue line an estimate of the minimal required amplitude.
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Finally, type R11265-100-M16 is the new candidate to be used in the vertex detector. Even
at rates higher then 14 MHz the amplitudes of type R11265-100-M16 are still in the order of
80 mV showing no significant decrease, while type 6568 and 6568-100 behave equally in their
significant decrease of the amplitudes. At rates above =~ 8 MHz the older types fall below the
conservative estimate of the required minimal amplitude, which is determined by the observed
background noise. Based on these results the PMT type R11265-100-M 16 was selected for the
vertex detector.

In this high rate environment also the dose deposited inside the scintillating fibers could become
an issue. A study for the COMPASS SciFi stations was performed in Erlangen by Teufel et
al. [TeuO3]] where scintillating fibers of the type SCSF-78MJ from Kuraray have been irradiated
in a central range of 8 cm by a “°Sr source with 100kGy. Afterwards, the light transmission
coefficient of the fibers has been tested by generating scintillation light via protons from the
Erlangen tandem accelerator at different points, before, at and after the previously damaged
section. The results is shown in Fig. (left panel), revealing that the scintillating property
has decreased by a factor of 0.34 in the damaged area. In the case of the DY vertex detector
simulations show an accumulated dose of maximum 5 kGy in two years of data taking for fibers
at the very central beam spot (3 cm around the center) and around 2 kGy in the surrounding, see
Fig. (right panel).

The experience made with this type of fiber in the existing SciFi stations with its general proper-
ties such as the long attenuation length (> 4.0m [Kur98])) and its fast decay time (2.8 ns [Kur98|))
made it the ideal candidate for the use in the vertex detector.

The high rate of particles to be detected causes an increase in the probability of coinciding hits
in the detector, meaning that the time difference of two subsequent events is below the time
resolution of the detector for a significant fraction of the events. The decomposition of these
ambiguities (see Fig. requires three detector planes with different inclinations. The choice
of the angles of the three planes had to be made under the ancillary condition of the mechanical
design of the absorber.
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Figure 7.12.: Results of an fiber irradiation test (left panel) [Teu03]] and simulated dose per year
on the vertex detector (right panel) [Magl2al.
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Figure 7.13.: The orientation of the three planes of the vertex detector, beam is traveling into the
plane of projection.

The conical part will be mounted on the frame of the box-shaped part, which also provides a gap
for the vertex detector. To ensure the mechanical stability this gap will have a “V”’-like shape
with £45° angles w.r.t. the vertical (Y') axis, with a rectangular bottom part. The two diagonal
planes will also be inclined by +45°, see Fig.

The overall allowed space for the vertex detector in beam direction is 6.5 cm, limited by the
various factors, such as the target position, the position of the spectrometer along the beam and
the required thickness of the absorber. Taking into account mechanical parts, such as the holders
of the detector planes and the housing, the remaining space offers the possibility of eight SciFi
half-layers per plane plus a doubling in the central region. The purpose of the doubling will
be explained in the following. A simulation of the angular distribution of the muons produced
in the Drell-Yan process has shown that the very central beam does not contain a significant
fraction of reconstructed tracks. Furthermore, the high occupancy of the fibers crossing the
central region will lead to a decrease of the detection efficiency, due to the high rate on the PMT
channels. Different scenarios have been discussed how this central region could be deactivated,
while still collecting the hits around it.

The most practicable way to implement this was found in using shorter scintillating fibers in
the main detector plane, which end below the beam spot region and secondly add a doubling
of fibers onto the main plane where the scintillating region starts above the beam spot. The
hole thus produced will be adapted to a circle by adding a step, which is illustrated in Fig.
This approach has the advantage that, as for the other SciFi station, the fibers have to have only
one welding point to the clear light guides. The manufacturing process is described in detail in
Sec.[7.2.3

The proximity to the polarized target causes the presence of strong magnetic fields induced by
the superconducting solenoid magnet and the dipole field used for transverse measurements. The
usual way applied at all COMPASS SciFi detectors to protect the PMT tube from the magnetic
field is to shield them in a rectangular tube made of steel or soft iron.

176



7.2. The Drell-Yan measurement at COMPASS-11

48 channels * 0.7 mm =3,36 cm T

//’7\\/»2-0 em
I\
N A

~_ [ \
R=15cm

Figure 7.14.: The scheme of the hole (left panel) in one of the detector planes . The
beam spot was adapted as a rectangular with one step, with an inner deactivated
spot of diameter 1.5 cm (red circle) and an outer one of 2.0 cm (blue circle) in
diameter. The red area in the right panel shows the continuous scintillating fibers
and the green and blue area is covered by the shortened scintillating fibers at the
bottom part and the fibers of the doubling in the upper part the circles from the left
scheme are indicated [Joo13a]. Circles in both panels are to scale.
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For instance the readout of FIO03 is situated ~ 1.5 m below the target. Horikawa et al.
have shown that the relative pulse height of the PMT signal is constant over a range from 0 to
4 x 1072 T. The use of clear light guides thermally welded to the scintillating fibers allows to
place the PMT read-out at a certain distance to the active area. Even though the attenuation length
of clear fibers, type “Clear-PSM” from Kuraray has been selected, is fairly long, appropriately
> 10m [Kur98], a length of 2 m of the clear fibers is regarded as sufficient.

Because the magnetic field of the target magnet is well known, its strength can be calculated for
any position in space. Thus it has been shown that none of the components of the solenoidal
field as well as of the dipole field exceeds 2 x 1072 T or 1 x 1072 T, respectively [Joo13a]]. The
distributions of the magnetic field strength are shown on the App. Fig.[A’58] A soft iron shield
will be implemented in the vertex detector housing.
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Manufacturing process of the vertex detector

The manufacturing process of the vertex detector is based on the experience, which was accumu-
late during the fabrication of the existing SciFi stations [BEET02, HT04,Nae02, Teu03].

Final design and specifications of the vertex detector

The design freeze of the vertex detector took place in August 2013, with a presentation at the
technical board of the COMPASS collaboration [Jool3al]]. The vertex detector will consist of
three detector planes X, U, and V/, the latter two are orientated in angles of £45° w.r.t. the X
layer. Each plane consists of eight half-layers of fibers cf. Fig.[3.4] leading to four fibers per
read-out channel. Scintillating fibers of the type SCSF-78MJ from KURARAY with a diameter
of 1 mm will be used, with a pitch of 1 mm/+/2 = 0.71 mm. The two diagonal planes, having a
width of 15.95 cm are orthogonal to each other and the width of the X layer is chosen to cover
their full width at 22.2 cm. The precise widths of the planes were chosen to fit to a multiple of 16
fiber channels, the number of read-out channels per Hamamatsu multi-anode R11265-100-M16
PMT, so each diagonal plane requires 14 and the X plane 20 PMTs, while the doubling leads
to addition three PMTs per plane. In total the vertex detector has 912 channels made of 3648
single fibers, which are read out by 57 PMTs.

Treatment of the fibers

The fibers, scintillating and clear ones, have been ordered in pieces of 2 m thus the light guides
already had the appropriate length. The scintillating fiber had to be cut in six different lengths, of
which three arise from the geometry of the central beam hole (see Fig. and the three others
are duplicates of them with just a small variation of the length of +5 mm to avoid thickening at
the weldings in the final fiber Stackﬂ The exact values of the fiber lengths e.g. for the diagonal
planes are (159.5 mm & 164.5 mm), (69.5 mm & 74.5mm), and (62.5 mm & 67.5 mm).

All front surfaces of the fibers had to be polished to prepare them for the welding process and
to allow tests on the light transmission coefficient of the weldseam. The groups of Bonn and
Erlangen have shown, that a good weldseam between the scintillator and the light guide yields
a transmission coefficient of at least 90 % [Nae02, Teu03]. To prevent the fibers from damage
through the polishing, for instance the cladding could burst off the core due to mechanical
stress, and to ensure a plain front surface being perpendicular fiber, they have bin clamped in
polishing block made of PMMA. This Polymethylmethacrylate is also a component of the fibers
themselves, thus it has the same abrasiveness as the fibers. One of those blocks holds 64 fibers,
which are pressed with their end faces on a water cooled rotating disc of abrasive paper.

*The material of the fibers expands irreversible during the welding process in a range of < 0.1 mm.
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Decreasing grain sizes in four steps from 22 to 6 pm of the SiC material allowed for a fine
polishing, which has been found to be appropriate [Teu03].

The welding set-up consists of a glass tube with in inner diameter of 1.1 mm with a winding of a
tungsten filament in a groove. The filament is heated by a power source. In order to weld a piece
of scintillating fiber to a clear fiber, one inserts them from opposite sides into the glass pipe
meeting at the position of the tungsten filament. By pressing both fibers together under a certain
force and switching on the heating for ~ 18s the link between the two pieces is established.
The duration of the heating and the proper pressure were determined by try-and-error studies in
advance. Likewise the cool down phase is of great importance, the hot weldseam is sensitive to
mechanical stress and thus should be kept inside the pipe for approximately 30s. The set-up
had been improved with a second welding tube, which made the parallel welding of two fibers
possible, and allowed for a sufficient long cool down time before a fiber was carefully removed
from the pipe. Each of the first few hundred fibers has been checked for its light transmission by
coupling blue light from a LED into the welded fiber and measuring the transmitted intensity
at the other sides. The transmission of the clear light guides served as a reference. Later the
sequence was changed to a random test of approx 10 % of the fibers. The reason for this were
the good results before, where it turned out that all fibers which persist the mechanical stress of
the pull out from the glass tube had a transmission rate of > 90 % with a mean value at ~ 95 %.
Furthermore bad weldseams could also be identified by the appearing notches.

The stacking of the fibers to the detector plane is the final step of the fiber treatment. A plate
made of cast aluminum with parallel triangular milled strips adapted to the fiber diameter and the
stacking pattern serves as a stacking matrix [Teu03,Bral0Q]]. The special feature of this detector
is, that the matrix will not be removed from the detector plane, rather the matrix will remain as
an part of the detector housing keeping the module in its designated position. The additional
material budget in the near halo region is not significant compared to the already present material
of the absorbers itself. A hole in the matrix at the beam spot with a diameter of 4 cm ensures that
the production of secondary particles is minimized. The matrix including the first half-layer of
fibers is shown in Fig.[A.59|top, while the front surface of a final plane during a test of the fiber
ordering is shown in Fig.[A.59 bottom. During the stacking of a half-layer the loose fibers are
fixated in the gap between the fibers of the underlying half-layer by bridges, put perpendicular
to the fibers exerting soft pressure onto them.

When a half-layer is completed white, water-based paint applied as a thin film < 0.1 mm is
used to “glue” the fibers to each other. This procedure has been applied for all COMPASS SciFi
detectors. Subsequently the additional doubling layers, described above, are placed on top of the
completed four layer high plane. The mechanical stability of these fibers against movement to
the sides was accomplished by adding non-used fibers as spacers in a triangular shape, as can be
seen in Fig.[A.60] For a final fixation and protection of the detector planes a layer of black paint
and a layer of two-component epoxy resin adhesive is applied on its surface, Fig. shows a
picture of a final detector plane. Already during the stacking process, the channel ordering of
fibers has been indicated by threading them into plastic blocks with 16 holes. This allows for a
convenient assembly of the fibers heads which connect the fiber ends with the entry windows of
the PMTs.
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Figure 7.15.: Picture of one a final diagonal detector plane with doubling and protection layer of
a two-component epoxy resin adhesive.

Detector housing

The housing of the detector has been designed in a CAD program by a technical engineer, K.
Kircher, of the Physikalisches Institut according to the specifications by the Bonn and Erlangen
groups. With a computer model of the complete Drell-Yan COMPASS setup provided by the
Turino group [Pan13]], it was possible to design an accurately fitting housing for the vertex
detector. The lower part has to fit exactly into the gap of the absorber, while the upper part
must ensure mechanical stability and provide space for the readout of the detector channels at a
maximum distance to the target magnet. These requirements lead to a triangular shape, depicted
in Fig. [A%61] (top panel). The detector placed in its final position is shown in the bottom panel of
Fig.[A.61] While the setup of the planes inside of the housing is shown in Fig.[A.62]

Detector readout

The analog output signal of the PMTs has to be discriminated since only the time information is
of interest for the track reconstruction. The discriminator cards used up to now at the COMPASS
SciFi detectors are not available any more. Thus a modern type is intended to be used for the
vertex detector. These so-called “PADIWA” (PAnda DIRC and WASA) discriminators have a
very compact design (5.2 x 9.4 cm), a very low power consumption 1 watt/16 channels w.r.t. to
the old ones and the single channel thresholds are set using FPGA. It is possible to integrate the
discriminators into the housing, which will significantly reduce the cabling efforts.
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8. Summary

With the results of the analysis of the 2007 data on a transversely polarized proton target, the
COMPASS collaboration has been able to verify the first observation of a sizeable Collins
asymmetry with opposite sign for charged hadrons made by the HERMES collaboration. This
single hadron asymmetry is not the only asymmetry related to the transversity PDF h;. From the
measurement, the hadron-pair or dihadron asymmetry, which is also a h;-dependent quantity,
was also found to be clearly nonzero. These results encouraged the COMPASS collaboration to
dedicate a whole year of data taking to the transverse spin effects occurring in the scattering of
muons off a transversely polarized proton target, since the 2007 beam time has been split with
the longitudinal target mode. This long-awaited high-statistics data set was then collected in the
year 2010, reaching more than three times the statistics of the previous set. This allowed for a
significant decrease of the statistical uncertainties. In addition, the systematic uncertainties were
found to be considerably lower due to a variety of efforts during the data taking and subsequent
systematic studies on the stability of the data. The observations made by using the first proton
data set were confirmed. The large statistics and the stable operation of the apparatus motivated
the implementation of particle identification. Hence, the single hadron asymmetries of charged
pions and kaons became available and the hadron-pair analysis could be extended not only on
pure pion pairs 77~ but also on kaon KK~ and mixed pairs, like 7+ K~ and K7 .
Subsequently, the idea of a comprehensive reanalysis including the 2007 and the 2002-2004
data, collected on a deuteron target using unitized methods and requirements on the data, was
implemented. This work achieves one of the final goals, namely having a complete sample of
identified hadron-pair asymmetries on deuteron and proton targets. It is the largest available
sample on this process so far, including for instance 28 million pion pairs on the proton and
almost 4 million on the deuteron target.

The hadron-pair asymmetry amplitudes on the deuteron target of all pair combinations are
compatible with zero within the uncertainties; but their significance is diluted by their relatively
large statistical uncertainties. Only the highest bin in x and the region around the p meson
mass for pion pairs, the invariant mass dependence of the pure kaon pairs and mixed pair’s =
dependence, might give weak indications of nonzero amplitudes. The combined 2007/2010
proton results, however, are clearly nonzero for 747~ pairs in the high z region with a rise up
to —7 %. Also, in their dependence on the invariant mass, significant nonzero amplitudes, for
instance around the p meson mass with an amplitude of ~ —2.5 %, are present. Tentatively
negative amplitudes are also observed in the asymmetries of K™K~ and K7~ pairs in all
three dependences, including indications for significant amplitudes in some Mj,, bins.
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8. Summary

A comparison with the pion pair results from the HERMES collaboration, the first results on the
hadron-pair asymmetry from a transversely polarized proton target ever published, shows a very
good agreement.

Theoretical models, trying to describe the distributions of the asymmetry amplitudes of pion pairs
in Monte-Carlo simulations are in good agreement with the measured results. An adjustment in
terms of the relative strengths between incoherent and resonant pair production might lead to
further improvement.

Other models try to explain the underlying mechanisms of the struck quark leaving the parental
nucleon and its subsequent hadronization. The 3Py Lund model and Artru’s recursive string
fragmentation model are already well-established approaches to this concept. Recently, comple-
mentary techniques like the NJL-jet model based on an idea by Field and Feynman are achieving
promising first results.

What these approaches have in common is that a link between the single hadron Collins and
the dihadron asymmetry is established via the mechanisms proposed. A very recent COMPASS
publication, which includes parts of the results from this thesis, also discusses the observation of
a striking similarity between the shape and strength of the Collins and the dihadron asymmetry
amplitudes. Studies suggesting a strong correlation between the azimuthal angles of the two
hadrons of the pairs might be related to an underlying basic two-particle relative Collins effect.
The dihadron results from both target types offer the unique possibility of extracting the transver-
sity PDFs of u and d valence quarks. This has been performed before, but in this work the first
bin-by-bin extraction using the full 7+ 7~ proton and deuteron results from the unique data sets
is performed. A nonzero trend at large = values is evident in the distributions of zh{" and xhﬁl”.
Furthermore, they are of opposite sign and approximately equal strength within the uncertainties.
The hardware-related part of this thesis describes the R&D and construction of a high-rate
capable vertex detector made of scintillating fibers, which is a crucial part for the Drell-Yan
investigation, one of the physics cases of the second phase of the COMPASS experiment. This
process reveals also transverse spin effects when using a polarized target. A sign change of
certain PDFs w.r.t. the SIDIS process, for instance the Sivers function, is predicted by pertur-
bative QCD calculations. Confirming this relation is one of the main goals of this upcoming
measurement. Furthermore, the beam definition by the beam telescope for the Drell-Yan program
will rely exclusively on scintillating fiber detectors with a modified and extended beam telescope
as described in the hardware-related part of this work.

Summarizing the results presented within this thesis, the initial analysis of the 2010 data and the
resulting observations motivated for a comprehensive reanalysis of the previous data samples on
transversely polarized deuteron and proton targets. From this data the pion pair asymmetry has
been extracted with unique precision and the results on further pair combinations allow access
to the role of strangeness in this topic for the first time. In a second step the v and d quark
transversity PDFs were extracted from pure pion pair data for the first time, showing sizeable
signals for both flavors.

All this clearly shows that transverse spin effects, like these being related to the transversity PDF,
are important in the determination of the spin structure of the nucleon. Finally, a comparison
with a transversity extraction from the world data on the Collins asymmetry demonstrates that
both ways to access h; are of equal power.
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A. Appendix

A.1. Theory and experimental overview

Table A.1.: Convolutions of the type A «x PDF ® FF of the eleven asymmetry modulations.
Among them are eight modulations which include a transverse target polariza-

tion [BDGT07].
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Table A.2.: Depolarization factors D,,, target dilution factors f, target polarizations Pr, and
beam polarizations A for the calculation of the physical asymmetries from the raw
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A.1. Theory and experimental overview
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Figure A.1.: The BELLE collaboration Ay asymmetry amplitudes (top panel) and A2 asymme-
try amplitudes (bottom panel in different z; and ranges of the hadrons produced. The
index O refers to the hadron method, while the index 12 refers to the thrust method
for the event reconstruction. The superscripts U, L, and C refer to 777~ pairs with

unlike-sign (e.g. +—), like-sign (e.g. ++) and charge-conjugates [BELLEOS].
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A.l. Theory and experimental overview

Further possibilities to access transversity and Sivers PDF

As already pointed out, the transversity PDF is a chiral-odd function and can therefore only
be measured in combination with another chiral-odd function. Besides of the Collins FF (see
Sec. and the DiFF (see Sec.[2.3.4), another FF allows access to 71 and the space of possible
functions is not limited to FF, if the experimental conditions are chosen in an appropriate way.

Using a polarized fixed target experiment, such as HERMES or COMPASS, performing SIDIS
measurements at sufficient energies the production of A (uds) and A hyperon is another option.
The related A fragmentation function is chiral-odd and couples to the transversity PDF. The
A hyperons produced in the fragmentation carries a certain fraction of the polarization of the
initial quark. The subsequent weak decay A — p 7 is self-analyzing, meaning that the angular
distribution of the protons is constrained by the polarization of the A, which in turn depends
on the polarization of the struck quark. The polarizations of A and A were measured at the
COMPASS experiment on the deuteron and proton 2007 target [COMPASSO07c,{COMPASS09c|
and found to be small and compatible with zero within the uncertainties. An analysis of this
channel using the large 2010 proton data sample is ongoing.

Not only the investigation of the transversity PDF is part of the physics program of the ex-
periments mentioned above, also the Sivers function is accessible in the reactions described.
Especially the access via the Drell-Yan reaction is one of the main goals of the upcoming
PAX [PAXO035] (FAIR at GSI), RHIC [BSSV00] (BNL) and COMPASS-II [MM10] (CERN)
experiments. All three aim at a proof of a fundamental prediction of the QCD, which is the
sign change of the Sivers function if one goes from a final-state interaction, such as SIDIS, to a
process with initial state interactions, such as in the Drell-Yan process due to its T-odd nature.
The PAX experiment plans to investigate this by the production of D mesons in collisions of
antiprotons with polarized protons and vice versa, while the RHIC experiment will make use
of the collisions of unpolarized protons with polarized protons. The COMPASS collaborations
has already proven their capability to measure Drell-Yan reactions during tests in the years
2007 and 2009. Pairs of muons will be produced in scattering 7~ off a transversely polarized
proton target 7~ p' — p = X. The clear separation of the muons from hadronic background
brings experimental challenges, of which the Bonn and the Erlangen groups will contribute
significantly, as described in Sec.
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A.2. The COMPASS experiment
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Figure A.5.: Schematic view of CERN’s accelerator facilities: The North Area including COM-
PASS is supplied with a primary proton beam from the SPS [CERN14].
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Figure A.6.: An example of the structure of a SPS super-cycle from the running period
2009 [CERNQ9], white lines indicate the bending field of the magnets, yellow
lines the beam current. The first bump, indicated by the red bracket above, belongs
to the COMPASS extraction, with the flat top visible as the long diagonal line and
the four following bumps are extractions for the CNGS experiment.
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A.2. The COMPASS experiment

Figure A.7.: Resolving ambiguities appearing in an array of two detector planes in horizontal and

vertical orientation by a third diagonal plane [TeuO3||. The blue shaded strip indicate
the fired strips, the full red circles at the intercept points of the fired channels are
the real particle penetration points and the open red circles are the fake ambiguities.

Table A.3.: Parameters of SciFi stations in COMPASS. Column 3 specifies the number of fiber

layers per plane, columns 4 and 7 give the size of the square active area and the
number of channels for each plane, respectively. Column 8 lists the thickness of the
respective station in units of radiation lengths (Xj).

No. Proj. # of Size Fiber ¢ Pitch # of ch. Thickness
layers (cm?) (mm) (mm) (Xo)

1,2 X,Y 14 3.92,3.92 0.5 0.41 96, 96 1.64%
15 X,Y 4 4.52,4.52 1.0 0.71 64,64 0.98%
3.4 X,Y,U 14 5.32,5.32,5.32 0.5 0.41 128,128,128 2.46%
5 X, Y 12 8.42,8.42 0.75 0.53 160, 160 2.10%
55 U,v 8 12.3 x 6.3 1.00 0.71 96, 96 1.86%
6 X,Y,U 8 10.0%,10.0%,12.32 1.0 0.71 143,143,176 2.79%
7 X, Y 8 10.0%,10.02 1.0 0.71 143,143 1.86%
8 X,Y 8 12.32,12.32 1.0 0.71 176,176 1.86%
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Figure A.8.: A counter of the ECAL2 calorimeter: 1) TF1-000 lead glass radiator, 2) FEU-84-3
PMT, 3) permalloy magnetic screen, 4) quartz fiber to distribute the light pulse of

the monitoring system, 5) light gu
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Figure A.9.: Structure of the HCAL1 module (left): 1) scintillators, 2) iron plates, 3) light guide,
4) container, 5) PMT, 6) PMT magnetic shielding, 7) Cockcroft-Walton divider, 8)

optical connector for LED contro
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A.3. Data analysis

Table A.4.: Full list of detectors, which were excluded due to the results from the detector profile

analysis of the 2010 proton data.

Period Detector (TB Name) Missing channels Run range concerned Comment
W23 (P1) PAO3U1 0-187 85034-85041; 85094-85164 Exclude for all P1
PA0O4V1 188-379 85030 (62 spills) Exclude for run 85134 (69 spills) to
balance
W24 (P2) DCO01X2 0-63 85414-85445 Exclude for all P2
DC04X1 192-255 85414-85441 Exclude for all P2
HL04X1,Y1,05X1,Y1 All 85414 Exclude run 85414 for production
HO04Y2_m 0 85197-85381 Exclude for all P2
PAO3U1 0-187 85207-85286 Exclude for all P2
PAO5U1 380-571 85295-85300 Exclude for runs
85367,85422,85424,85428 to
balance
Beam Unstable 85384,85385,85387 Exclude these runs for production
W26 (P3) DCO0U1 0-111 85473 Exclude run 85473 for production
(also probs. on other DC, and
GMO5)
DC04U1,V1,X1 85489 Exclude run 85489 for production
DC04X1 192-255 All P3 (Exclude for all P3)
PAO3U1 0-187 85498-85638 Exclude for all P3
PAO5U1 380-571 85580-85638 Exclude for all P3
W27 (P4) GMO1X1 384-511 85831-85850 Exclude for all P4
MAOIY1 1,234 85702 Exclude for run 85822 to balance
MBO1Y lul,dl All 85694-85713 Exclude for all P4
PS01X1 0-187 85712,85713 Exclude for runs 85776,85843 to
balance
PS01X1 572-759 85684-85713 Exclude for all P4
W29 (P5) BMO1P1 47 86323-86446 Exclude for all P5
DCO01V2 48-111 86202-86228 Exclude for runs
86367,68,69,71,72,73 to balance
FI03Y1 All 86390,86391 Exclude for run 86291 to balance
GMO01U1,V1 All 86219,86240-86242 Exclude for runs
86362,86367,86368,86369 to
balance
W31 (P6) DC04Y2 64-127 86681-86703 Exclude for all P6
GMO9X,Y All All P6 (Exclude for all P6)
W33 (P7) GMO08 All 86789 Exclude run 86789 for production
GMO09X All All P7 (Exclude for all P7)
HOO01Y1_j 527 All P7 Exclude for all P7
PS01X1 572-759 86945-87135 Exclude for all P7
W35 (P8) GM04X,Y,U,V All 87521 Exclude for run 87426 to balance
PSO1V1 572-759 87355,87356,87357 Exclude for runs 87551,87552 to
balance
ST02Ulda,ua 0-31 87354-87413 Exclude for all P8
W37 (P9) DC04Y1 128-191 87853-87859 Exclude for runs 87704-87708 to
balance
W39 (P10) DC04Y1 128-191 87979-87980 Exclude for runs 88097-88098 to
balance
DCO01Y2 48-111 >88071 Exclude for all P10
W42 (P11) DC04Y1,Y2 all >88567 Exclude for all P11 (via Traf Det-
NameOff )
W44 (P12) DC04Y1,Y2 all all runs Exclude for all P12 (via Traf Det-
NameOff )
DCO1Y2 48-111 88850,51,52,53,54 Exclude for runs 89093,94,95,96 to
balance
DC04X1 192-255 >89065 Exclude for all P12
HMO05X1_d 0 88811-88897 Exclude for all P12 (not done yet,

HIO4X1 ; HL0O4X1
GP02; GP03

some channels
almost all

88811,88822,88823,88824
89202,89206,89209

have to check with Johannnes)
Exclude these runs for production
Exclude these runs for production
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Figure A.11.: An exemplary distribution of a step in the number of charged clusters per spill of
HCALI from period 2010_P5 [Eli12]. The blue vertical line marks the boundary
of the two sub-periods.
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Figure A.12.: Kinematic distribution of DIS events before and after the specific cuts from
the combined 2007/2010 proton data for 77 K~ (blue shaded, see legend) and
K+~ pairs (red shaded). From left to right in the 1% row: Q? distribution and y
distribution; 2™ row: W distribution and x distribution.
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Figure A.13.: Kinematic distribution of DIS events from the combined 2007/2010 proton data
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DIS events/log bin
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Figure A.14.: Kinematic distribution of DIS events of the KK~ sample before and after the
specific cuts from the combined 2007/2010 proton data for kaon pairs. From left
to right in the 1% row: Q? distribution and ¥ distribution; 2" row: W distribution
and (W) distribution; 3™ row: x distribution and Q? () distribution.
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Figure A.15.: Kinematic distribution of DIS events of the 77~ sample before (white) and
after the specific cuts (yellow) from the deuteron 2003-2004 data for 77~ pairs.
From left to right in the 1% row: Q2 distribution and y distribution; 2" row: W
distribution and y () distribution; 3™ row:  distribution and Q?(z) distribution.
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Figure A.16.: Kinematic distribution of DIS events of the K K~ sample before (white) and
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after the specific cuts (yellow) from the deuteron for kaon pairs. From left to right
in the 1% row: Q? distribution and y distribution; 2" row: W distribution and
y(W) distribution; 3" row: x distribution and Q?(x) distribution.
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Figure A.17.: Kinematic distribution of DIS events before and after the specific cuts from the
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From left to right in the 1% row: Q? distribution and y distribution; 2" row: W
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Figure A.18.: Kinematic distribution of DIS events from the deuteron data for 7™ K~ and K "7~
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2" row: Q?(x) and y(W) distribution of K+7~.
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Figure A.21.: Distribution of the z =
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Table A.5.: The x? probability values of the R-test (right sub-table) and of the T-test (left sub-
table) on the deuteron data without making any bin on the kinematic variables of
deuteron, 2007, and 2010 proton data.

R-test hth= 7ntn~ KTK- 7tK- K'ta~ T-test hth= atn~ KTK- 7ntK- Ktn—
deuteron_1 | 0.60 - — — — deuteron_1 | 0.99 - - — —
deuteron_2 | 0.91 - - - - deuteron_2 | 0.52 - - - -
deuteron_3 | 0.20 0.27 0.75 0.50 0.27 deuteron_3 | 0.21 0.80 091 0.63 0.09
deuteron_4 | 0.72 0.79 0.44 0.80 0.80 deuteron_4 | 0.94 0.60 0.06 0.65 0.36
deuteron_5 | 0.47 0.58 0.93 0.89 0.58 deuteron_5 | 0.17 0.02 0.78 0.49 0.36
2007_1 0.52 0.22 0.89 0.87 0.96 2007_1 0.11 0.07 0.81 0.37 0.15
2007_2 0.95 0.85 0.79 0.53 0.14 2007_2 0.97 0.72 0.18 0.80 0.66
2007_3 0.65 0.34 0.67 0.58 0.30 2007_3 0.21 0.07 0.71 0.47 0.97
2007_4 0.17 0.35 0.64 0.84 0.14 2007_4 0.14 0.04 0.68 0.57 0.47
2007_5 0.60 0.31 0.43 0.37 0.58 2007_5 0.60 0.79 0.93 0.36 0.87
2007_6 0.87 0.82 0.68 0.29 0.76 2007_6 0.38 0.25 0.42 0.59 0.11
2010_1 0.37 0.04 0.49 0.21 0.12 2010_1 0.12 0.21 0.94 0.56 0.27
2010_2 0.49 0.96 0.61 0.74 0.50 2010_2 0.07 0.83 0.84 0.73 0.58
2010_3 0.43 0.44 0.29 0.73 0.29 2010_3 0.74 0.63 0.89 0.92 0.97
2010_4 0.71 0.41 0.70 0.87 0.28 2010_4 0.31 0.28 0.66 0.65 0.60
2010_5 0.70 0.65 0.84 0.84 0.57 2010_5 0.42 0.88 0.50 0.30 0.84
2010_6 0.01 0.06 0.43 0.38 0.50 2010_6 0.15 0.44 0.75 0.75 0.98
2010_7 0.02 0.03 0.85 0.67 0.10 2010_7 0.18 0.54 0.93 0.68 0.94
2010_8 0.05 043 0.12 0.56 0.69 2010_8 0.45 0.31 0.37 0.45 0.85
2010_9 0.67 0.05 0.99 0.55 0.38 2010_9 0.02 0.41 0.69 0.78 0.60
2010_10 0.01 0.01 0.92 0.49 0.18 2010_10 0.48 0.10 0.98 0.57 0.70
2010_11 0.78 0.71 0.10 0.52 0.46 2010_11 0.02 0.51 0.81 0.83 0.69
2010_12 0.02 0.07 0.18 0.69 0.46 2010_12 0.02 0.24 0.98 0.51 0.63

Table A.6.: The x? probability values of the RA-test (right sub-table) and of the combined
RA- and T-test (left sub-table) on the deuteron data without making any bin on the
kinematic variables of deuteron, 2007, and 2010 proton data.

RA-test hth™ ntn~ KYK- 7tK- K'tn~ RA&TT hth= ntn- KYK- 7ntK- Ktn~
deuteron_1 | 0.34 - - - - deuteron_1 | 0.99 - - - -
deuteron_2 | 0.27 - — — — deuteron_2 | 0.74 - - - —
deuteron_3 | 0.95 0.38 0.17 0.93 0.37 deuteron_3 | 0.12 0.87 0.86 0.88 0.94
deuteron_4 | 0.39 0.51 0.33 0.45 0.74 deuteron_4 | 0.98 0.86 0.93 0.86 0.87
deuteron_5 | 0.94 0.60 0.53 0.52 0.36 deuteron_5 | 0.08 0.93 0.83 0.86 0.97
2007_1 0.01 0.17 0.09 0.13 0.84 2007_1 0.64 0.02 0.08 0.06 0.04
2007_2 0.08 0.81 0.40 0.98 0.35 2007_2 1.00 0.97 0.69 0.97 0.96
2007_3 0.30 0.18 0.23 0.59 0.98 2007_3 0.76 0.22 0.46 0.41 0.48
2007_4 0.67 0.78 0.65 0.94 0.55 2007_4 0.58 0.31 0.95 0.94 0.91
2007_5 0.54 0.34 0.23 0.74 0.69 2007_5 0.94 0.69 0.70 0.55 0.70
2007_6 0.10 0.17 0.82 0.14 0.24 2007_6 0.93 0.30 0.38 0.13 0.19
2010_1 0.73 0.90 0.33 0.32 0.78 2010_1 0.57 0.90 0.33 0.32 0.78
2010_2 0.24 0.36 0.10 0.11 0.01 2010_2 0.50 0.36 0.10 0.11 0.01
2010_3 0.57 0.47 0.99 0.91 0.05 2010_3 0.96 0.47 0.99 091 0.05
2010_4 0.54 0.05 0.88 0.81 0.61 2010_4 0.81 0.05 0.88 0.81 0.61
2010_5 0.60 0.66 0.35 0.58 0.75 2010_5 0.87 0.66 0.35 0.58 0.75
2010_6 0.22 0.24 0.36 0.03 0.79 2010_6 0.64 0.24 0.36 0.03 0.79
2010_7 0.56 0.41 0.24 0.20 0.83 2010_7 0.66 0.41 0.24 0.20 0.83
2010_8 0.78 0.74 0.60 0.29 0.96 2010_8 0.17 0.74 0.60 0.29 0.96
2010_9 0.69 0.30 0.06 0.84 0.36 2010_9 0.88 0.30 0.06 0.84 0.36
2010_10 0.38 0.02 0.35 0.10 0.64 2010_10 0.07 0.02 0.35 0.10 0.64
2010_11 0.09 0.10 0.54 0.54 0.87 2010_11 0.99 0.10 0.54 0.54 0.87
2010_12 0.47 0.17 0.64 0.02 0.63 2010_12 0.12 0.17 0.64 0.02 0.63
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Figure A.25.: False asymmetries in the configurations FA sty and FA g4, s¢rm Of the deuteron
data: hth™ pairs (1% row), 777~ pairs (2" row), KT K~ pairs (3" row), 7t K~
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COMPASS 2007 proton data
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Figure A.26.: False asymmetries in the configurations FA.,; and FA;,,; of the 2007 proton data:

ntn~ pairs (1% row)), KK~ pairs (2" row), 7+ K~ pairs (3" row), Ktn~
pairs (4™ row)
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Figure A.28.: The mean values of the hadron-pair asymmetry in 2 for 77~ pairs as a function
of = from deuteron (1% row), 2007 (2" row), and 2010 (3" row) data from each
of the 3, 6 or 12 individual periods.
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Figure A.29.: The hadron-pair asymmetries of K+ K~ pairs as a function of z from deuteron
(1%t row), 2007 (2" row, and 2010 (3" from each of the 6 or 12 individual periods.
row its mean values. The mean values of the asymmetry in z are shown in the
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Figure A.30.: The hadron-pair asymmetries of 7+ K ~ pairs as a function of = from deuteron
(1%t row), 2007 (2™ row), and 2010 (3™ row) data from each of the 3, 6 or 12
individual periods. The mean values of the asymmetry in x are shown in the right
column.
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Figure A.31.: The hadron-pair asymmetries of K7~ pairs as a function of = from deuteron
(1%t row), 2007 (2™ row), and 2010 (3" row) data from each of the 3, 6 or 12
individual periods. The mean values of the asymmetry in x are shown in the right
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Figure A.32.: The 777~ (from top to bottom right), K"K ~, 77K ~, and K7~ pair asymme-

tries from deuteron data obtained with the 1D-QR (red dots) and the UL estimator
(black dots).

214



A.3. Data analysis

COMPASS 2007 proton data

N g 0.1+ ® 2007 1D PionPion -
® 2007 UL PionPion
0**}“ """""""" | ﬁfg’ """ ¢ % """ K2 % """"
EIER
I
-0.1- % # o o
| L sl L | | | |
1072 107t 0.5 1 05 1 15 2
X z M (GeV/c?)
COMPASS 2007 proton data
f‘ 0.2 ® 2007 1D KaonKaon |
Q<¥ . ® 2007 UL KaonKaon
ST A E L W S e
% o
1
-0.2- - -
| sl | | | |
1072 10! 0.5 1 05 1 15 2
X z MK K (Gev/cd)
COMPASS 2007 proton data
oF 02- . ZoruL onon -
T L
f it}
% il J
-0.2- - -
sl sl | | | |
1072 10! 0.5 1 05 1 15 2
X z MoK (Gevic?)
COMPASS 2007 proton data
ok 02 i
, N T
9 .t

- *I“H& ’’’’

| |
1072 107t

0.5

z MK (Gevic?)
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asymmetries from 2007 data obtained with the 1D-QR (red dots) and the UL

estimator (black dots).
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Figure A.34.: The 77~ (from top left to bottom right), K™K, 77 K~, and K7~ pair
asymmetries from 2010 data obtained with the 1D-QR (red dots) and the UL
estimator (black dots).
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Figure A.36.: Pulls between the hadron-pair asymmetries from 2007 data obtained with the 1D-
QR and the UL estimator 77~ pairs (1% column), K™K~ pairs (2™ column),
7t K~ pairs (3" column), and K7~ pairs (4" column).
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Figure A.37.: Cross-check of 7+ 7~ (from top left to bottom right), K™K, 7" K, and K "7~
pair asymmetries from deuteron data obtained with the 1D-QR method: Trieste
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Figure A.38.: Cross-check of 7+ 7~ (from top left to bottom right), K™K, 7" K, and K "7~
pair asymmetries from 2007 data obtained with the 1D-QR method: Trieste
analysis (red dots) and Erlangen analysis (black dots).
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pair asymmetries from 2007 data obtained with the UL method: Turino analysis
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Figure A.40.: The pion pair asymmetry evaluated for a split of the spectrometer into top, bottom,
left and right from 2007 data (top), and 2010 data (bottom): KK~ pairs (1%
column), 7+ K~ pairs (2™ column), and K+ 7~ pairs (3™ column).
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Figure A.41.: The published hadron-pair asymmetry (black dots) of h™h™ pairs from deuteron
data (top panel) and from 2007 proton data (bottom panel) in comparison with the
results obtained without a cut on M, (red dots).
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Figure A.42.: The published hadron-pair asymmetry (black dots) of h™h™~ pairs from deuteron
data (top panel) and from 2007 proton data (bottom panel) in comparisonn with
the results obtained with a stricter cut ppeq, (red dots).
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Figure A.43.: The published hadron-pair asymmetry (black dots) of h™h™ pairs from deuteron
data (top panel) and from 2007 proton data (bottom panel) in comparison with the
results obtained with the stricter cut on x (red dots).
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Figure A.44.: The published hadron-pair asymmetry (black dots) of h™h™ pairs from deuteron
data (top panel) and from 2007 proton data (bottom panel) in comparison with the
results obtained without any cuts an calorimeter data (red dots).
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Figure A.45.: The published hadron-pair asymmetry (black dots) of hTh™~ pairs from deuteron
(top panel) and from 2007 proton data (bottom panel) in comparison with the
results obtained without pre-weightening before the UL fit with y and D, (red

dots).

Table A.7.: x? values of the minimization of method B bin-by-bin. Statistical and systematical
uncertainties have been considered.
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Tt~ 1 2 3 4 5 6 7 8 9 10
x 152 1.17 020 0.63 382 157 001 162 047

z 005 023 038 083 483 025 024 045

Miny 2.10 024 129 056 0.00 085 076 0.0l 0.08 1.52
KtK- 1 2 3 4 5 6

x 062 0.19 0.17 0.18 0.82 0.08

z 1.35 0.01 0.03 0.80 2.01

Miny 0.03 030 028 0.11 0.87

TtK~ 1 2 3 4 5 6 7

x 361 0.18 025 029 059 0.02 0.09

z 0.01 0.01 0.00 1.83 028 0.03

Miny 0.19 048 0.04 144 0.12

Ktn~ 1 2 3 4 5 6 7

x 073 0.05 334 030 034 000 493

z 002 143 0.67 0.06 065 0.21

My 1.00 0.50 1.51 0.28 0.014
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Figure A.46.: Comparison of the results obtained with method A (black dots) ad method B
(red dots) of the combination of the 2007, and 2010 proton identified hadron-pair
asymmetries: hTh™ pairs (1% row), 77~ pairs (2" row), K+t K~ pairs (3"
row), 7+ K~ pairs (4" row), and K7~ pairs (5% row).
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Figure A.47.:
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Table A.8.: Binning for h™h™, 77—, KTK~, 7K~ and K7~ pair samples: For the
K™K~ binning z bins 6 & 7 and 8 & 9, z bins 1 to 4 have been merged w.r.t.
the pion pair standard sample, while for the mixed pairs 77 K~ and K "7~ sample
xbins1 & 2and 8 & 9, z bins 1 & 2 and 7 & 8, M, bins 1 to 5 of the the pion
pair standard sample have been merged; in order to assure maximum compliance
between the binning of the different pair combinations taking also in account the
available statistic.

sample hth=irtn=  hThTirtnT hTh=irtn— hTh=irtn~ KTK~ Tt K~
standard x> 0.032 Miny < 1.5GeV/c? x> 0.032 Ktn—
bins in x & Min, < 1.5GeV/c?
1 [0.003,0.008] [0.032,0.050] __ [0.003,0.008] [0.032, 0.050] [0.003,0.008] [0.003, 0.013]
2 [0.008,0.013] [0.050,0.080]  [0.008,0.013] [0.050, 0.080[ [0.008,0.013] [0.013,0.020[
3 [0.013,0.020[ [0.080,0.130[  [0.013,0.020] [0.080,0.130[ [0.013,0.020]  [0.020,0.032
4 [0.020,0.032] [0.130,0.210]  [0.020,0.032] [0.130,0.210] [0.020,0.032 [0.032,0.050]
5 [0.032,0.050] [0.210,1.000]  [0.032, 0.050[ [0.210, 1.000] [0.032,0.080] [0.050, 0.080[
6 [0.050, 0.080] [0.050, 0.080] [0.080,1.000]  [0.080, 0.130[
7 [0.080,0.130] [0.080,0.130[ [0.130, 1.000]
8 0.130,0.210] [0.130,0.210]
9 [0.210,1.000] [0.210,1.000]
bins in 2
I [0.20,0.25]  [0.20,0.25] [0.20,0.25] [0.20,0.25] [0.20,0.40]  [0.20,0.30]
2 [0.25,0.30]  [0.25,0.30] [0.25,0.30] [0.25,0.30] [0.40,0.50[  [0.30,0.35]
3 [0.30,0.35]  [0.30,0.35] [0.30,0.35( [0.30,0.35] [0.50,0.65]  [0.35,0.40]
4 [0.35,0.40[  [0.35,0.40[ [0.35, 0.40[ [0.35,0.40] [0.65,0.80[  [0.40,0.50]
5 [0.40,0.50]  [0.40,0.50[ [0.40, 0.50[ [0.40, 0.50] [0.80,1.00]  [0.50,0.65]
6 [0.50,0.65]  [0.50,0.65[ [0.50,0.65] [0.50,0.65 [0.65, 1.00[
7 [0.65,0.80]  [0.65,0.80] [0.65,0.80] [0.65,0.80[
8 [0.80,1.00]  [0.80,1.00] [0.80, 1.00] [0.80, 1.00]
bins in M;,,
1 [0.0,04] [0.0,04] [0.0,04] [0.0,0.4] [0.90,1.05]  [0.0,0.8]
2 [0.4,0.5] [0.4,0.5] [0.4,0.5] [0.4,0.5] [1.05,1.15]  [0.8,0.9]
3 (0.5, 0.6] (0.5, 0.6] (0.5, 0.6] (0.5, 0.6] [1.15,1.30]  [0.9,1.0]
4 [0.6,0.7] [0.6,0.7] [0.6,0.7] [0.6,0.7] [1.30,150]  [L0,1.9[
5 0.7, 0.8] [0.7,0.8] 0.7,0.8] [0.7,0.8] [1.50,100]  [1.2,100]
6 [0.8,0.9] [0.8,0.9] [0.8,0.9] [0.8,0.9]
7 0.9, 1.0[ 0.9, 1.0[ 0.9, 1.0[ 0.9, 1.0[
8 [1.0,1.2] [1.0,1.2] [1.0,1.2] [1.0,1.2]
9 [1.2,1.6] [1.2,1.6] [1.2,1.5] [1.2,1.5]
10 [1.6,100] [1.6,100]
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Table A.9.: All h™h~ pair deuteron data (2002-2004) data azimuthal asymmetry and corre-
sponding mean kinematic values; Q2 in (GeV/c)?, W and M;,,, in GeV /c?.

bin range & A ow oy @) (@) ) () @) (W) (M) (Du
0.003,0.008 -0.0098 0.0181 0.0109 0.0064 1.240 0.650 0.396 0.006 13.891 0.750  0.605
0.008,0.013 0.0023  0.0096 0.0058 0.0105 1471 0471 0427 0.011 11.739 0.731  0.803
0.013,0.020 -0.0176  0.0078 0.0047 0.0163 1.738 0359 0.448 0.016 10.154 0.706  0.886
0.020,0.032 0.0032 0.0073 0.0044 0.0253 2.208 0.293 0470 0.025 9.077 0.683  0.922

[ [
[ [
[ [
[ [
[0.032,0.050 | -0.0112 0.0087 0.0052 0.0396 3.320 0280 0479 0.040 8766 0.672 0926
[ [
[ [
[ [
[

0.050, 0.080 -0.0012 0.0110 0.0066 0.0624  5.346 0286 0476 0.062 8774  0.667 0.924
0.080,0.130 0.0258 0.0150 0.0090 0.0998  8.578 0.287 0474 0.100 8.615 0.658 0923
0.130,0.210 0.0316 0.0242 0.0145 0.1599 14.578 0.303 0472 0.160  8.529 0.650 0910
[0.210,1.000 -0.1137 0.0421 0.0253 0.2810 30.950 0.362 0.467 0.281  8.635 0.651  0.876

bin range z (z)

[0.20,0.25] 0.0273 0.0283 0.0170 0.2381  3.411 0.483 0.238 0.026 11.712 0.517  0.775
0.25,0.30 -0.0293 0.0124 0.0074 0.2775 3.363 0.428 0.278 0.029 10.981 0.587 0823
0.30,0.35 0.0119 0.0102 0.0061 0.3254  3.314 0398 0.325 0.031 10.544 0.632 0.846
0.35,0.40 0.0146  0.0099 0.0059 0.3747 3.306 0376 0.375 0.033 10.221 0.664  0.861

[ [
[ [
[ [
[0.40,0.50] 0.0007 0.0074 00044 04471 3260 0352 0447 0035 9.868 0702 0.877
[ [
[ [

0.50,0.65 -0.0178 0.0074 0.0044 0.5657 3.162 0.319 0.556 0.038 9.363 0.754  0.902
0.65,0.80 -0.0118 0.0105 0.0063 0.7138 2.972 0.279 0.714 0.040 8.767 0.809  0.930
[0.80, 1.00[ -0.0002 0.0186 0.0112 0.8489 2.778 0.282 0.849 0.035 8914 0.865  0.935
bin range M, (M)

[0.0,0.4] -0.0098 0.0102 0.0061 0.3614 3.313 0.336 0.405 0.038 9.607 0.361  0.888
[0.4,0.5] 0.0029 0.0088 0.0053 0.4506 3.267 0.340 0.426 0.037 9.678 0.451 0.886
[0.5,0.6] 0.0012 0.0091 0.0055 0.5488 3.247 0.347 0.434 0.036 9.782 0.549  0.881
[0.6,0.7] -0.0025 0.0097 0.0058 0.6495 3.207 0.354 0446 0.034 9.892 0.649  0.876
[0.7,0.8] -0.0127  0.0100 0.0060 0.7493  3.171 0360 0473 0.033 9984 0.749 0.872
[0.8,0.9] -0.0113  0.0122 0.0073 0.8458  3.191 0.369 0.483 0.033 10.115 0.846 0.866
[0.9,1.0 -0.0263  0.0151 0.0091 0.9470 3223 0378 0.487 0.032 10.257 0.947 0.859
[1.0,1.2 0.0204 0.0143 0.0086 1.0880 3.190 0.389 0.502 0.031 10413  1.088 0.852
[1.2,1.5] 0.0032  0.0166 0.0100 13450 3207 0406 0.539 0.029 10.674  1.345 0.841
[1.5,100[ -0.0473  0.0306 0.0184 1.8997 3290 0450 0.581 0.027 11.293  1.900  0.807

Table A.10.: Identified 77~ deuteron data (2003-2004) data azimuthal asymmetry and corre-
sponding mean kinematic values; Q? in (GeV/c)?, W and My, in GeV/c.

bin range A Oyt Ogys (z) Q%) (y) (z) (z) (W) (Miny) (Dpn)
[0.003,0.008] | -0.0042 0.0256 0.0154  0.0065 1.257 0.667 0.446 0.007 14.087 0.775  0.578
[0.008,0.013[ 0.0144 0.0124 0.0074 0.0106 1.523  0.489 0454 0.011 11.967 0.750  0.783
[0.013,0.020[ | -0.0216 0.0098 0.0059 0.0164 1.816 0375 0466 0.016 10378 0.722  0.872
[0.020,0.032[ | -0.0044 0.0090 0.0054 0.0253 2.282 0.303 0482 0.025 9.208 0.692 0913
[0.032,0.050( 0.0026 0.0109 0.0065 0.0396  3.334 0281 0488 0.040 8.755 0.674 0923
[0.050,0.080[ 0.0072 0.0137 0.0082 0.0625 5.341 0286 0.486 0.062 8.741 0.671 0921
[0.080,0.130[ 0.0309 0.0182 0.0109 0.1000 8.651 0289 0485 0.100 8.622 0.664 0918
[0.130,0.210[ 0.0040 0.0291 0.0175 0.1599 14.783 0.308 0.485 0.160 8.562 0.658  0.905
[0.210,1.000[ | -0.1188 0.0498 0.0300 0.2813 31.539 0.369 0.482 0.281 8.705 0.663  0.869
bin range z (z2)

[0.20,0.25] 0.0609 0.0332 0.0199 0.2381  3.255 0.488 0.238 0.025 11.775 0.515  0.765
[0.25,0.30( -0.0078 0.0147 0.0088 0.2776  3.218 0.435 0.278 0.028 11.047 0.585 0812
[0.30,0.35] 0.0178 0.0123 0.0074 0.3255 3.188 0.408 0.326 0.030 10.665 0.632 0833
[0.35,0.40( -0.0071 0.0120 0.0072 0.3748  3.189 0391 0.375 0.032 10414 0.666  0.846
[0.40,0.50] -0.0103  0.0092 0.0055 0.4476 3.163 0373 0448 0.033 10.144  0.707 0.858
[0.50,0.65( -0.0076  0.0095 0.0057 0.5671  3.110 0352 0.567 0.035 9.817 0.764 0.872
[0.65,0.80[ -0.0007 0.0138 0.0083 0.7151  3.004 0.332 0.715 0.036 9.517 0.830 0.885
[0.80,1.00] 0.0121 0.0262 0.0157 0.8558 2874 0.369 0.856 0.030 10.109 0.898 0.862
bin range Mip, (Miny)

[0.0,0.4] -0.0016  0.0128 0.0077 03615  3.155 0.347 0415 0.036 9.744 0361 0.875
[0.4,0.5( 0.0030  0.0109 0.0065 04505 3.132 0.353 0437 0.035 9.831 0450 0.872
[0.5,0.6] -0.0006 0.0113 0.0068 0.5490  3.135 0.364 0.448 0.034 10.003  0.549 0.864
[0.6,0.7] 0.0142 0.0122 0.0073 0.6495 3.120 0.375 0463 0.033 10.172  0.649 0.857
[0.7,0.8] -0.0106 0.0122 0.0073 0.7489  3.088 0.382 0.490 0.032 10.277  0.749  0.852
[0.8,0.9] -0.0257 0.0151 0.0091 0.8461  3.126 0.392 0.499 0.031 10.430 0.846  0.845
[0.9,1.0] -0.0139 0.0187 0.0112 0.9471 3.161 0.403 0.505 0.030 10.587 0.947  0.837
[1.0,1.2] 0.0044 0.0183 0.0110 1.0892  3.162 0.416 0.520 0.029 10.786 1.089  0.827
[1.2,1.5] -0.0006 0.0220 0.0132 1.3492  3.187 0.440 0.558 0.027 11.116 1.349  0.809
[1.5,100] 0.0167 0.0435 0.0261 1.9292  3.284 0.494 0.605 0.025 11.852 1.929  0.762
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Table A.11.: Identified 77~ pair deuteron data (2003-2004) data azimuthal asymmetry with a
cuton z > 0.032 (left sub-table), on M;,, < 1.5GeV/ ¢? (center sub-table) and
both cuts (right sub-table); Q% in (GeV/c)?, W and M, in GeV /2.

0.50, 0.65 0.0005 0.0146 0.0088 0.5673

bin range A Tstat Tsys (x)
i range 4 e o @) [0.003,0.008] | 0.0072 0.0260 0.0156 _0.0065
[0.052,0.050] | 0.0026 00159 00025“ 00396 [0.008,0.013[ | 0.0137 0.0126 0.0076 0.0106 bin range A Tgta Tys ()
0050 0050 | 00072 00137 00082 00624 [0.013,0.020] | -0.0223 00098 0.0059 00163 [0.032,0.050 | 00018 00110 00066 0.0396
0080 0130 | 00309 00182 00105 00997 [0.020,0.032] | -0.0036 0.0090 0.0054 0.0253 [0.050,0.080[ | 0.0076 00137 0.0082 0.0624
01300210 | 00040 00291 00175 01597 [0.032,0.050[ | 0.0018 00110 0.0066 0.0396 [0.080,0.130[ | 0.0285 00183 00110 0.0997
02101000 | 0.1188 00498 00299 02787 [0.050,0.080[ | 0.0076 0.0137 0.0082 0.0624 [0.130,0210] | -0.0019 0.0293 00176 0.1597
b range - - : . s F).osn,o.l:m{ 00285 00183 00110 0.0997 [0.210,1.000] | 0.1251 0.0502 0.0301 0.27(8;
E z 0.130,0.210[ | -0.0019 00293 00176 0.1597 bin range = 5
{8?382;{ 8'8‘]‘22 ggggg 88?2? gi;zg [0.210,1.000] | -0.1251 0.0500 0.0300 0.2787 0.20,0.25] 00463 00653 00392 02386
0.30,0.35] i oy o bin range = €] 0.25,0.30) 00132 00269 00161 02780
035040 |-0021 00202 00121 03751 00600 0.0332 00199 02381 0.30,0.35 00170 00215 00129 0.3258
040050 | 00005 00145 00089 04479 00078 00147 0.0088 02774 0.35,0.40 00135 00202 00121 03751
[
[

[ [
[ [
[ [
00175 00123 0.0074 03254 0.40,0.50( -0.0009 0.0149 0.0089  0.4479
[ [
[ [

[ -0.0082 0.0121 0.0073 0.3747 0.50,0.65 0.0001  0.0147 0.0088 0.5672
[8:23:?138{ 8‘8?32 g'gigg g’ggg g';‘]ég’ <0.0123  0.0093 0.0056 0.4470 0.65,0.80 0.0184 0.0208 00125 07144
binrange M1 - : W ) <0.0044  0.0096 0.0058 0.5654 0.80, 1.00] 0.0429 0.0441 0.0265 0.8422
[OUOZ[ 00273 00197 00118 6 3'6”1“2 [0.65,0.80[ -0.0074 0.0141 0.0085 0.7135 bin range M;n, (1)
[(,:4j(]:5[ 00122 00170 00102 0.4502 [0-80, 1.00[ 0.0211 0.0270 0.0162  0.8490 [0.0,0.4] 0.0273  0.0197 00118 0.3612
[0.5,0.6] 0.0111 0.0180 0.0108 0.5483 bin range Min, (Miny) -0.0122 00170 0.0102 0.4502
[0.6,0.7] 0.0196 00198 0.0119 0.6489 [0.0,0.4] 20.0016 0.0128 0.0077 0.3613 00111 00180 00108 0.5483
[0_7’0_8[ 00064 00203 00122 07489 [0.4,0.5] 0.0030  0.0109 0.0065 0.4505 0.0196 0.0198 0.0119 0.6489
[08’09[ 00063 00254 00152 0.8455 0.5,0.6] <0.0006 0.0113 0.0068 0.5488 20.0064 0.0203 00122 0.7489
[O'g'l'[)[ 00110 00320 00192 09464 0.6,0.7[ 00142 0.0122 0.0073  0.6494 100063 0.0254 00152 0.8455
[1'6'1'2[ 00152 00320 0.0192 10868 [0.7,0.8] 20.0106 0.0122 0.0073  0.7493 00110 0.0320 00192 0.9464
[1:2‘1:5[ 00210 00401 00241 13403 [0.8,0.9] 20.0257 00151 0.0091 0.8458 0.0152 0.0320 0.0192  1.0868
“5’100[ 01116 00846 00508 18866 [0.9,1.0] <0.0139 00187 0.0112  0.9469 200356 0.0423 0.0254 1.3159
- ’ ’ : ’ [1.0,1.2] 0.0044 0.0182 0.0109 1.0880
[1.2,1.5] 20.0048 0.0233 00140 1.3183

Table A.12.: Identified K K~ pair deuteron data (2003-2004) data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M, in GeV/c2.

bin range A Ostat Ogys (x) (Q?) (y) (2) (x) (W) (Miny) (Dpn)
[0.003, 0.008] 0.1378 0.1176  0.0941 0.0064  1.250 0.657 0.467 0.006 13.981 1342 0.595
[0.008,0.013( 0.0211 0.0686 0.0549 0.0104 1.586 0.514 0.538 0.010 12.280 1.340  0.762
[0.013,0.020] 0.0878 0.0683 0.0546 0.0161 2.154 0448 0586 0.016 11.377 1.329  0.818
[0.020,0.032( -0.0283  0.0765 0.0612 0.0251  3.223 0.428 0.602 0.025 11.064 1313 0.834
[0.032,0.080[ 0.0129 0.0721 0.0577 0.0492  6.252 0426 0.604 0.049 10.900 1.304  0.836
[0.080, 1.000[ 0.3368 0.1103 0.0882 0.1467 19.527 0.436 0.603 0.147 10.420 1.280 0.825
bin range z (z)

[0.20,0.40] 0.1476  0.0960 0.0768 0.3432  4.024 0.617 0.343 0.023 13.417 1244 0.645
[0.40, 0.50[ -0.0706 0.0772 0.0618 0.4508  4.174 0.544 0.451 0.027 12.531 1.308  0.727
[0.50,0.65[ 02781 0.0710 0.0568 0.5490 4.265 0486 0.549 0.031 11.791 1.329  0.784
[0.65,0.80] -0.0327 0.0539 0.0431 0.6894  4.119 0.409 0.689 0.035 10.774 1.356  0.854
[0.80, 1.00[ 0.0524 0.0884 0.0707 0.8577 3.703 0.351 0.858 0.037 9.988 1.378  0.900
bin range M;,,,, (Miny)

[0.90, 1.05[ -0.05668 0.0786 0.0629 1.0241  4.025 0.468 0.549 0.031 11.526 1.024  0.793
[1.05,1.15] 0.07266 0.0734 0.0587 1.0986 4.422 0.491 0.543 0.033 11.801 1.099  0.773
[1.15,1.30] 0.09368 0.0684 0.0547 1.2214 4290 0.488 0.558 0.032 11.778 1.221 0778
[1.30, 1.50[ 0.14005 0.0760 0.0608 1.3891  4.082 0.484 0.574 0.030 11.737 1.389  0.782
[1.50,100. 0.03666 0.0710 0.0568 1.8174  3.684 0.490 0.598 0.027 11.848 1.817  0.777
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Table A.13.: Identified 7" K~ pair deuteron data (2003-2004) data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M, in GeV /2.

bin range z A Ostat Tsys (z) (@ (y) (2) (=) W) (Miny)  (Dnn)
[0.003,0.013[ | -0.0158 0.0370 0.0259  0.009 1450 0.563 0451 0.009 12.846  1.040 0.703
[0.013,0.020[ 0.0050 0.0397 0.0278 0.0161  2.020 0420 0506 0.016 10.993  1.022 0.839
[0.020, 0.032] -0.0555 0.0430 0.0301 0.0251 2.886 0385 0.528 0.025 10.425 1.013  0.862
[0.032,0.050[ | -0.0425 0.0551 0.0386 0.0396 4.548 0.384 0.530 0.040 10.324  1.008 0.862
[0.050,0.080[ | -0.0617 0.0679 0.0475 0.0623 7.074 0.380 0.527 0.062 10.159  0.999 0.865
[0.080,0.130[ 0.1183  0.0912 0.0638 0.0994 11.308 0.380 0.528 0.099  9.940 0.993  0.862
[0.130, 1.000[ 0.2238 0.1243 0.0870 0.1976 24796 0.414 0509 0.198 9.795 0984 0.838
bin range z (z)

[0.20, 0.30( 0.0738 0.0968 0.0678 0.2746 3.674 0.624 0275 0.020 13.514 0922 0.636
[0.30,0.35[ -0.0429  0.0681 0.0477 03264 3.637 0.561 0326 0.023 12748 0967 0.708
[0.35,0.40] 0.1065 0.0581 0.0407 0.3755 3.597 0517 0375 0.025 12.192 0.991  0.751
[0.40, 0.50( -0.0090 0.0388 0.0272 0.4487  3.535 0471 0449 0.027 11582  1.017 0.791
[0.50,0.65] -0.0505 0.0355 0.0249 0.5671 3.323 0.409 0567 0.030 10.738 1.050  0.842
[0.65, 1.00[ -0.0632  0.0422 0.0295 0.7451 2988 0.336 0745 0.033 9711 1.085 0.899
bin range My, (Miny)

[0.0,0.8] -0.0399 0.0420 0.0294 0.7410 3455 0.431 0475 0.030 11.007 0741 0.821
[0.8,0.9] -0.0311 0.0416 0.0291 0.8546  3.465 0459 0477 0.028 11391 0855 0.797
[0.9,1.0 0.0008 0.0461 0.0323 0.9440 3466 0462 0491 0.028 11.437 0.944  0.794
[1.0,1.2] 0.0581 0.0454 0.0318 1.0882 3.389 0468 0500 0.027 11.511  1.088 0.790
[1.2,100[ -0.0595 0.0445 0.0312 14960 3.306 0472 0532 0.026 11.587 1496 0.786

Table A.14.: Identified K "7~ pair deuteron data (2003-2004) data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M, in GeV /2.

bin range z A Ostat Tsys (z) (@ (y) (2) (=) (W) (Miny)  (Dnn)
[0.003,0.013[ | -0.0030 0.0340 0.0204  0.009 1.447 0.559 0455 0.009 12.800 1.052  0.707
[0.013,0.020[ | -0.0695 0.0350 0.0210 0.0162 1.985 0.412 0.515 0.016 10.884 1.033  0.845
[0.020, 0.032] 0.0290 0.0371 0.0223  0.0251 2785 0371 0542 0.025 10.233 1.020 0.872
[0.032,0.050[ | -0.0045 0.0459 0.0275 0.0398 4.402 0.370 0.544 0.040 10.138 1.013  0.873
[0.050,0.080[ 0.0129 0.0547 0.0328 0.0627  6.812 0.364 0.546 0.063  9.940 1.002  0.877
[0.080,0.130[ -0.0514  0.0708 0.0425 0.1002 10.812 0361 0.548 0.100 9.686 0.990 0.877
[0.130,1.000[ | -0.1256 0.0913 0.0548 0.1984 23.805 0.393 0.538 0.198 9.537 0981  0.855
bin range z (z)

[0.20,0.30[ -0.1589  0.0928 0.0557 0.2754  3.684 0.626 0275 0.020 13.532  0.933 0.633
[0.30,0.35[ 0.0305 0.0635 0.0381 0.3265 3.796 0.562 0.327 0.024 12.751 0.975  0.707
[0.35,0.40] 0.0303 0.0525 0.0315 0.3755 3.844 0.513 0376 0.027 12.136  0.996 0.755
[0.40, 0.50[ 0.0285 0.0342 0.0205 0.4492  3.770 0.463 0.449 0.030 11.470 1.017  0.798
[0.50,0.65] -0.0603 0.0300 0.0180 0.5684  3.675 0.395 0.568 0.034 10.527 1.047  0.854
[0.65, 1.00[ -0.0283  0.0345 0.0207 0.7453 3355 0.322 0.745 0.038  9.489 1.094  0.908
bin range M;,,, (Miny)

[0.0,0.8] -0.0324  0.0368 0.0221  0.7400  3.799 0.414 0.488 0.035 10.764  0.740 0.834
[0.8,0.9] 0.0206 0.0361 0.0217 0.8551  3.778 0.440 0.491 0.032 11.124  0.855 0.813
[0.9,1.0 -0.0935 0.0401 0.0241 0.9435 3.711 0447 0503 0.031 11.217 0.944  0.806
[1.0,1.2] -0.0129 0.0388 0.0233 1.0885 3.594 0.451 0512 0.030 11.274 1.088  0.803
[1.2,100[ 0.0151 0.0378 0.0227 14986 3.480 0458 0.544 0.028 11.381 1.499  0.799
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A.4. Results

Table A.15.: All AT h™ pair 2007 proton data azimuthal asymmetry and corresponding mean
kinematic values; Q2 in (GeV/c)?, W and M, in GeV/c2.

bin range = A ova Oy (r) (@) @ () (@) (W) (Min) (Dun)
[0.003,0.008] | -0.0174 0.0222 0.0155  0.0065 1.234 0.649 0.449 0.007 13.875 0.785  0.608
[0.008,0.013[ | -0.0062 0.0114 0.0080  0.0105 1.485 0.477 0455 0.011 11.807 0.766  0.797
[0.013,0.020[ | -0.0110 0.0091 0.0064 0.0164 1.766 0.365 0.464 0.016 10.213 0.745  0.880
[0.020,0.032[ | -0.0085 0.0077 0.0054 0.0256  2.140 0.284 0.474 0.026  8.879 0.721  0.924
[0.032,0.050[ | -0.0289 0.0083 0.0058 0.0398  2.885 0.244 0.480 0.040 8.120 0.703  0.941
[0.050,0.080[ | -0.0330 0.0100 0.0070  0.0626  4.470 0.240 0.480 0.063  7.964 0.696  0.943
[0.080,0.130[ | -0.0484 0.0126 0.0088  0.1006  7.055 0.236 0.480 0.101 7.749 0.689  0.945
[0.130,0.210[ | -0.1119 0.0168 0.0118 0.1614 11.068 0.230 0.482 0.161 7.376 0.678  0.945
[0.210,1.000[ | -0.0803 0.0245 0.0172  0.2805 22.606 0.263 0.483 0.281 7.260 0.674 0928
bin range z (z)

[0.20,0.25[ 0.0065 0.0317 0.0222  0.238 3.497 0452 0239 0.030 11.243 0.509  0.799
[0.25,0.30[ -0.0117 0.0128 0.0090  0.2781 3411 0382 0278 0.036 10.241 0.581  0.852
[0.30,0.35( -0.0113 0.0102 0.0071  0.3257 3.374 0349 0326 0.039 9.743 0.635 0.875
[0.35,0.40[ -0.0249  0.0098 0.0069 0.3748  3.365 0.332 0375 0.042 9.479 0.676  0.885
[0.40, 0.50( -0.0346  0.0074 0.0052 0.4476 3.354 0318 0.448 0.044 9.253 0.724  0.894
[0.50,0.65[ -0.0259 0.0076 0.0053  0.5667 3.330 0.304 0.567 0.045 9.022 0.789  0.903
[0.65,0.80[ -0.0387 0.0109 0.0076 0.7145 3239 0293 0.715 0.046 8.848 0.861  0.909
[0.80,1.00] 0.0044 0.0209 0.0146  0.8543 2999 0.348 0.854 0.034 9.773 0.922  0.879
bin range Min, (Miny)

[0.0,0.4] -0.0342  0.0108 0.0076 0.36127 3.375 0.307 0412 0.046  9.064 0.361  0.901
[0.4,0.5] -0.0071 0.0092 0.0064 0.45056 3.348 0.309 0.433 0.045  9.099 0.451  0.900
[0.5,0.6[ -0.0204 0.0094 0.0066 0.54921 3353 0316 0445 0.044 9.212 0.549  0.896
[0.6,0.7] -0.0268 0.0100 0.0070 0.64958  3.337 0.323 0.460 0.043  9.321 0.650  0.891
[0.7,0.8[ -0.0322  0.0101 0.0071 0.74908 3.286 0.327 0.486 0.041 9.392 0.749  0.889
[0.8,0.9[ -0.0312  0.0121 0.0085 0.84622  3.309 0.334 0.496 0.041 9.502 0.846  0.884
[0.9,1.0 -0.0199 0.0147 0.0103 0.94724 3359 0.341 0.502 0.040 9.607 0.947  0.880
[1.0,1.2 -0.0433 0.0137 0.0096 1.08975 3.318 0.351 0.518 0.038 9.768 1.090 0.873
[1.2,1.5] -0.0155 0.0156 0.0109 1.34974 3.321 0.371 0.555 0.036 10.070 1.350 0.859
[1.5,100[ -0.0204 0.0278 0.0195 1.93684  3.394 0.422 0.603 0.031 10.816 1.937  0.822

Table A.16.: Identified 77~ pair 2007
mean kinematic values; Q2

proton data azimuthal asymmetry and corresponding
in (GeV/c)?, W and M;,,, in GeV/c?.

bin range x A Twa Tys (@) (@) @) (&) (&) (W) (M) (Dun)
[0.003,0.008] | -0.0048  0.0292 0.0204 0.0065 1221 0.634 0396 0.007 13.715 0.751  0.628
[0.008,0.013[ 0.0072  0.0142 0.0099 0.0106 1450 0.465 0.430 0.011 11.658 0.739 0811
[0.013,0.020[ | -0.0096 0.0112 0.0078 0.0164 1734 0358 0451 0.016 10.136  0.725 0.887
[0.020,0.032[ | -0.0114  0.0099 0.0069 0.0255 2.159 0.287 0468 0.025 8.951 0.707  0.925
[0.032,0.050[ | -0.0373  0.0112 0.0078 0.0397 3.051 0258 0479 0.040 8.387 0.698  0.937
[0.050,0.080[ | -0.0482  0.0136 0.0095 0.0626 4.769 0.256 0478 0.063  8.263 0.692  0.938
[0.080,0.130[ | -0.0396  0.0173 0.0121 0.1004 7.526 0.252 0477 0.100 8.036  0.684 0.940
[0.130,0.210[ | -0.1022  0.0237 0.0166 0.1609 11.996 0249 0478 0.161 7.699  0.675 0.938
[0.210,1.000[ | -0.0791  0.0339 0.0237 0.2840 24.603 0.284 0473 0.284 7549 0.668 0918
bin range z (2)

[0.20,0.25[ -0.0325  0.0385 0.0270 0.2384  3.570 0.473 0.238 0.028 11.560 0518 0.786
[0.25,0.30[ -0.0206  0.0161 0.0113 02779  3.511 0408 0278 0.033 10.660  0.590 0.838
[0.30,0.35( -0.0112  0.0131 0.0092 03256 3464 0372 0326 0.036 10.124  0.640 0.864
[0.35,0.40( -0.0314  0.0127 0.0089 03747 3429 0349 0375 0.039 9.777 0.676  0.879
[0.40,0.50( -0.0326  0.0096 0.0067 0.4472 3378 0326 0447 0.041 9422 0.718 0.894
[0.50,0.65[ -0.0134  0.0099 0.0069 0.5658  3.264 0.295 0.566 0.044  8.948 0.774 0916
[0.65,0.80[ -0.0406  0.0146 0.0102 0.7140  3.073 0260 0.714 0.046 8420  0.834 0.940
[0.80,1.00[ 0.0107  0.0284 0.0199 0.8482 2.773 0.271 0.848 0.038 8.726  0.882 0.941
bin range Min, (Minv)

[0.0,0.4] -0.0419  0.01425 0.0100 03614  3.473 0322 0405 0.043  9.361 0.361  0.897
[0.4,0.5] -0.0097 0.01198 0.0084 0.4507  3.404 0321 0427 0.042 9.351 0451  0.897
[0.5,0.6] -0.0254  0.01229 0.0086 0.5489  3.385 0.326 0.436 0.041  9.421 0.549  0.894
[0.6,0.7] -0.0228 0.01310 0.0092 0.6498  3.349 0.330 0.448 0.040 9.488 0.650  0.891
[0.7,0.8] -0.0251  0.01261 0.0088 0.7497 3269 0.329 0.476 0.040 9.473 0.750  0.892
[0.8,0.9( -0.0404 0.01531 0.0107 0.8457  3.277 0.335 0.486 0.039  9.568 0.846  0.888
[0.9,1.0[ -0.0181 0.01889 0.0132 0.9470  3.328 0.342 0490 0.039 9.676  0.947 0.883
[1.0,1.2 -0.0275 0.01834 0.0129 1.0885 3275 0.351 0.503 0.037 9.811 1.088  0.878
[1.2,1.5] -0.0062  0.02158 0.0151 13454 3248 0363 0.542 0.035 10.008 1.345 0871
[1.5, 100[ 0.0359 0.04103 0.0287 1.9084  3.284 0.398 0.585 0.031 10.551 1.908  0.847
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A. Appendix

Table A.17.: Identified K+ K~ pair 2007 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q? in (GeV/c)?, W and M;,,, in GeV /c?.

bin range & A o @ (@) @ ) @ (W) (M) (D)
[0.003,0.008] | -0.0837 0.1232 0.0066  1.220 0.630 0.464 0.007 13.675 1.340  0.635
[0.008,0.013[ | -0.0022  0.0662 0.0105 0.539 0.010 11.955 1.341  0.792
[0.013,0.020[ 0.0302  0.0643 0.0162 0.583 0.016 11.059 1.324  0.841
[0.020,0.032[ | -0.0991 0.0706 0.0252 0.599 0.025 10.734 1318 0.854
[0.032,0.080[ | -0.0809 0.0677 0.0490 0.604 0.049 10.493 1.307  0.859
[0.080,1.000[ | -0.0729 0.1030 0.1475 0.604 0.148 10.020 1292 0.844
bin range » (2)

[0.20, 0.40[ -0.1141  0.0895 0.0448 0.3442  4.099 0.581 0.344 0.024 12.980 1236 0.690
[0.40, 0.50[ -0.0029 0.0723 0.0362 0.4511 4.061 0.504 0451 0.028 12.033 1.302  0.770
[0.50, 0.65[ -0.0197 0.0673 0.0337 0.5492  4.053 0.448 0.549 0.032 11.296 1331 0.821
[0.65,0.80[ -0.0816 0.0512 0.0256 0.6903  3.925 0.381 0.690 0.037 10.381 1.361  0.875
[0.80, 1.00[ 0.0542 0.0866 0.0433 0.8572 3407 0.336 0.857 0.036 9.754 1.378  0.909
bin range M;,, (Mino)

[0.90, 1.05[ 0.0375 0.0716 0.0358 1.0239  3.784 0.437 0.552 0.031 11.122 1.024  0.823
[1.05,1.15] 0.0202 0.0703 0.0352 1.0983 4221 0451 0.548 0.034 11.295 1.098  0.813
[1.15,1.30[ -0.0858 0.0658 0.0329 1.2217 4.190 0.453 0.561 0.033 11.317 1222 0.812
[1.30, 1.50[ -0.0809 0.0725 0.0363 1.3889  3.967 0453 0576 0.032 11.330 1.387 0.813
[1.50, 100.[ -0.0842 0.0669 0.0335 1.8285 3.618 0456 0.604 0.029 11.397 1.828  0.810

Table A.18.: Identified 7 K~ pair 2007 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q? in (GeV/c)?, W and M, in GeV/c?.

bin range = A Ogtat Tgys (z) (Q%) (y) (2) (z) (W)  (Miny) (Dnn)
[0.003,0.013[ | -0.1260 0.0449 0.0314  0.0092 1422 0538 0442 0.009 12.557 1.064  0.734
[0.013,0.020( 0.0044 0.0478 0.0335 0.0162 1992 0414 049 0.016 10914 1.040  0.846
[0.020, 0.032] 0.0171  0.0507 0.0355 0.0252  2.843 0.380 0.511 0.025 10.352 1.029  0.868
[0.032,0.050( 0.0243  0.0638 0.0447 0.0397 4396 0372 0.515 0.040 10.153 1.022  0.871
[ [
[ [
[ [

0.050, 0.080 -0.0692 0.0792 0.0554 0.0624 6.810 0.366 0.515 0.062  9.950 1.012  0.874
0.080, 0.130| -0.3190 0.1060 0.0742 0.0997 10.793 0.363 0.517 0.100  9.686 1.004  0.872
0.130, 1.000| -0.0176  0.1229 0.0860 0.2066 24.613 0393 0.506 0.207  9.428 0.996  0.849
bin range z (z)

[0.20, 0.30[ -0.1559 0.1088 0.0762 02759 3.929 0.596 0276 0.022 13.162 0933 0.673
[0.30,0.35[ -0.0409 0.0758 0.0531 0.3265 3.798 0.534 0.326 0.025 12.408 0.982  0.739
[0.35,0.40[ -0.0078 0.0653 0.0457 03753  3.723 0.490 0375 0.027 11.840 1.007  0.780
[0.40, 0.50[ -0.0217 0.0443 0.0310 04484  3.633 0.440 0448 0.030 11.171 1.035  0.821
[0.50,0.65[ -0.0399 0.0426 0.0298 0.5664  3.448 0383 0.566 0.034 10.358 1.073  0.865
[0.65, 1.00[ -0.1156  0.0549 0.0384 0.7416  3.150 0.327 0.742 0.036  9.535 1.114  0.907
bin range Mj;,, (Miny)

[0.0,0.8[ -0.0670 0.0522 0.0365 0.7409  3.675 0.411 0463 0.033 10.728 0.741  0.842
[0.8,0.9 -0.0218 0.0484 0.0339 0.8566 3.599 0.433 0472 0.031 11.042 0.857 0.823
[0.9,1.0 -0.0338 0.0539 0.0377 0.9424 3585 0.439 0481 0030 11.124 0942 0.818
[1.0,1.2 -0.0786 0.0542 0.0379 1.0892  3.616 0.447 0.483 0.030 11.221 1.089  0.812
[1.2,100( -0.0536  0.0505 0.0354 1.5163 3.394 0456 0.520 0.027 11.361 1.516  0.804

Table A.19.: Identified K7~ pair 2007 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q2 in (GeV/c)?, W and M, in GeV/c2.

bin range A o om @ @) @ &) @ (W) (M) (Dan)
[0.003,0.013[ | -0.0019 0.0401 0.0201 0.0092 1413 0.532 0.448 0.009 12.475 1.072  0.741
[0.013,0.020[ | -0.0464 0.0410 0.0205 0.0162 1.946 0.404 0500 0.016 10.777 1.045  0.855
[0.020,0.032( 0.0292  0.0418 0.0209 0.0252 2734 0.364 0.526 0.025 10.135 1.030  0.879
[0.032,0.050[ 0.0179 0.0513 0.0257 0.0397 4.195 0354 0.533 0.040 9.908 1.023  0.885
[0.050,0.080[ 0.0046 0.0611 0.0306 0.0626  6.460 0.346 0.538 0.063 9.678 1.014  0.889
[0.080,0.130[ | -0.0283 0.0773 0.0387 0.1001 10.128 0.339 0.545 0.100  9.360 1.001  0.890
[0.130,1.000] | -0.2275 0.0846 0.0423 0.2055 22.679 0.363 0.537 0.206  9.063 0.990 0.872
bin range z (z)

[0.20,0.30[ -0.0931  0.1007 0.0504 0276  3.888 0.594 0.276 0.022 13.140 0.937  0.675
[0.30,0.35[ 0.0240 0.0680 0.0340 0327 3931 0.528 0.327 0.025 12331 0.982  0.746
[0.35,0.40[ 0.0228  0.0570 0.0285 0.376 3940 0.481 0.376 0.029 11.721 1.006  0.789
[0.40,0.50[ -0.0113 0.0378 0.0189 0449 3913 0.429 0449 0.033 11.004 1.029  0.831
[0.50, 0.65[ -0.0266 0.0343 0.0172  0.568 3.874 0367 0.568 0.039 10.110 1.063  0.877
[0.65,1.00[ -0.0081 0.0418 0.0209  0.743  3.532 0.310 0.743 0.043  9.260 1.114 0917
bin range M;;,,, (M)

[0.0,0.8[ 0.0394 0.0436 0.0218 0.7402  3.986 0.391 0.476 0.038 10.435 0.740  0.857
[0.8,0.9] -0.0185 0.0400 0.0200 0.8570 3.921 0411 0489 0.036 10.709 0.857  0.841
[0.9,1.0 -0.0047 0.0442 0.0221 0.9419 3924 0418 0499 0.035 10.803 0942 0.835
[1.0,1.2 -0.0763  0.0453 0.0227 1.0891 3819 0427 0499 0.034 10.938 1.089  0.828
[1.2,100[ -0.0021 0.0416 0.0208 15178 3.586 0.437 0.536 0.031 11.095 1.517  0.820
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A.4. Results

Table A.20.: All AT h~ pair 2010 proton data azimuthal asymmetry and corresponding mean
kinematic values; Q2 in (GeV/c)?, W and M, in GeV/c2.

bin range x A oga Oy (z) (Q?) (y) (z) (z) (W) (Miny) (Dpn)
[0.003,0.008[ 0.040 0.014 0.011 0.006 1.267 0.646 0.446 0.006 14.192 0.783  0.563
[0.008,0.013[ | -0.017 0.008 0.006 0.011 1.558 0.474 0.453 0011 12.088 0.763  0.770
[0.013,0.020[ | -0.006 0.006 0.005 0.016  1.878 0.360 0.462 0.016 10.504 0.744  0.869
[0.020,0.032[ | -0.010 0.005 0.004 0.026 2303 0.277 0472 0.026 9.169 0.726  0.908
[0.032,0.050[ | -0.010 0.005 0.004 0.040  3.113 0237 0.477 0.040 8.394 0.706  0.928
[0.050,0.080[ | -0.021 0.006 0.005 0.063  4.796 0.233 0478 0.063 8.120  0.700 0.933
[0.080,0.130[ | -0.044 0.007 0.005 0.101 7496 0.229 0479 0.101 7.945 0.694  0.937
[0.130,0.210[ | -0.040 0.010 0.008 0.162 11.885 0.223 0.481 0.162  7.623 0.685  0.939
[0.210,1.000[ | -0.055 0.013 0.010 0.285 23.014 0.256 0485 0285 7.321 0.678  0.931
bin range z (z)

[0.20,0.25[ -0.015 0.020 0.015 0238 3968 0.481 0238 0.032 11.604 0513 0.766
[0.25,0.30[ -0.019 0.008 0.006 0278  3.902 0.406 0.278 0.039 10.539 0.583  0.828
[0.30,0.35[ -0.013  0.007 0.005 0326  3.875 0.369 0326 0.043  9.995 0.636  0.854
[0.35,0.40[ -0.012  0.006 0.005 0375 3.865 0.351 0375 0.045 9.708 0.677  0.867
[0.40, 0.50[ -0.007 0.005 0.004 0.448 3.860 0.335 0.448 0.048 9460 0.724 0878
[0.50,0.65[ -0.017  0.005 0.004 0.567  3.837 0.319 0.567 0.050 9.207 0.789  0.889
[0.65,0.80[ -0.029 0.007 0.005 0.714  3.740 0.306 0.714 0.051  9.015 0.862  0.897
[0.80, 1.00[ -0.033  0.014 0.011 0854 2930 0.336 0.854 0.035 0.810 0.732  0.873
bin range M;y, M)

[0.0,0.4] -0.019 0.007 0.005 0361  3.863 0.324 0412 0.050 9.294 0361 0.885
[0.4,0.5 -0.007  0.006 0.005 0451  3.848 0.325 0.432 0.049 9.309 0.451  0.885
[0.5,0.6[ -0.005 0.006 0.005 0.549 3.846 0.332 0443 0.048 9.421 0.549  0.880
[0.6,0.7] -0.014 0.006 0.005 0.650 3.839 0.340 0.458 0.047  9.536 0.650  0.875
[0.7,0.8] -0.025 0.006 0.005 0.749 3785 0.344 0483 0.046 9.609 0.759  0.872
[0.8,0.9[ -0.027 0.008 0.006 0.846  3.821 0.352 0.494 0.045 9.724 0.846  0.866
[0.9,1.0 -0.008 0.009 0.007 0.947 3.866 0.359 0.501 0.044 9.833 0.947 0861
[1.0,1.2 -0.023  0.009 0.007 1.090  3.844 0.371 0.516 0.042 10.012 1.090  0.853
[1.2,1.5 -0.021 0.010 0.008 1350 3.839 0.391 0.554 0.040 10.325 1350 0.838
[1.5,100[ -0.004 0.018 0.014 1942 3889 0.446 0.601 0.034 11.111 1942 0.795

Table A.21.: Identified 77~ pair 2010 proton data azimuthal asymmetry and corresponding

mean kinematic values; Q2 in (GeV/c)?, W and M, in GeV /c?.

bin range z A Owa Oy @ (@) W () @ (W) (M) (Dw)
[0.003,0.008[ 0.046 0.019 0.015 0.006 1.252 0.661 0.392 0.006 14.007 0.748  0.588
[0.008,0.013] | -0.015 0.010 0.008 0.011 1512 0484 0426 0.011 11.898 0.735  0.788
[0.013,0.020[ | -0.002 0.007 0.006 0.016 1.828 0.376 0.447 0.016 10.375 0.723  0.870
[0.020,0.032[ | -0.000 0.006 0.005 0.026 2297 0.303 0464 0.026 9.192 0.708 0911
[0.032,0.050[ | -0.007 0.007 0.006 0.040 3.256 0.273 0.474 0.040 8.628 0.700  0.926
[0.050,0.080[ | -0.024 0.008 0.006 0.063  5.060 0.269 0.473 0.063 8473 0.695  0.929
[0.080,0.130[ | -0.041 0.010 0.008 0.101 7975 0.265 0.474 0.101 8.234 0.688  0.932
[0.130,0.210[ | -0.061 0.013 0.010 0.162 12.816 0.264 0475 0.162  7.947 0.680  0.932
[0.210,1.000[ | -0.048 0.017 0.014 0288 24.864 0.283 0.476 0288 7.572 0.670  0.924
bin range z (z)

[0.20,0.25] -0.020  0.024 0.019 0238  4.093 0.498 0238 0.031 11.863 0.520  0.756
[0.25,0.30[ -0.010 0.010 0.008 0278  4.052 0429 0278 0.036 10911 0.591  0.816
[0.30,0.35] 0.000 0.008 0.006 0326  4.024 0.389 0326 0.041 10.336 0.640  0.846
[0.35,0.40[ -0.015  0.008 0.006 0375 3983 0.364 0375 0.043 9.958 0.676  0.863
[0.40,0.50] -0.003  0.006 0.005 0.447 3934 0.339 0447 0046 9.570 0.718  0.881
[0.50, 0.65[ -0.020 0.006 0.005 0.566  3.816 0.302 0.566 0.050 9.033 0.775  0.909
[0.65,0.80[ -0.031  0.009 0.007 0.714 3581 0.263 0.714 0.052 8452 0.835  0.937
[0.80, 1.00[ -0.016 0.018 0.014 0.847  3.194 0.274 0.847 0.042 8.754 0.887  0.939
bin range M;p, Mipy)

[0.0,0.4] -0.013  0.009 0.007 0361  4.034 0.337 0.403 0.048  9.543 0.361  0.883
[0.4,0.5 -0.001  0.008 0.006 0451 3965 0.335 0424 0047 9513 0.451  0.885
[0.5,0.6[ -0.006  0.008 0.006 0.549 3936 0.339 0433 0046 9.585 0.549  0.881
[0.6,0.7( -0.009 0.008 0.006 0.650  3.890 0.344 0.445 0.045 9.654 0.650 0.878
[0.7,0.8[ -0.026  0.008 0.006 0.750  3.809 0.343 0.471 0.044  9.643 0.750  0.878
[0.8,0.9( -0.021 0.010 0.008 0.846  3.826 0.349 0.482 0.044 9.735 0.846  0.874
[0.9,1.0 0.005 0.012 0.010 0.947 3868 0.355 0.487 0.043  9.830 0.947  0.870
[1.0,1.2[ -0.025 0.012 0.010 1.088  3.823 0.365 0.500 0.042 9.978 1.088  0.863
[1.2,1.5] -0.015 0.014 0.011 1346 3780 0.377 0.538 0.040 10.162 1.346  0.856
[1.5,100[ -0.035 0.026 0.021 1.911 3811 0414 0.580 0.035 10.723 1.911  0.830
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Table A.22.: Identified K+ K~ pair 2010 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q? in (GeV/c)?, W and M;,,, in GeV /c?.

bin range G oy @ (@) ) ) @ (W) (M) (D)
[0.003,0.008] 0.082  0.041 0.006 1244 0.650 0451 0.006 13.897 1.335  0.603
[0.008,0.013[ 0.045 0.023 0.010 1563 0.504 0.528 0.010 12.155 1.333  0.772
[0.013,0.020( 0.043  0.022 0.016 2.144 0443 0573 0016 11.314 1.325  0.821
[0.020,0.032[ 0.046  0.023  0.025 3225 0427 0.586 0.025 11.037 1.315  0.833
[0.032,0.080[ 0.042  0.021 0.049  6.182 0418 0.592 0.049 10.784 1.307  0.841
[0.080, 1.000[ 0.055 0.028 0.148 18.460 0.409 0.599 0.148 10.077 1.294  0.849
bin range z (2)

[0.20,0.40[ 0.025 0.056 0.028 0343 4563 0.605 0.343 0.026 13.254 1.236  0.657
[0.40,0.50[ 0.008 0.046 0.023 0451 4779 0519 0451 0.032 12201 1.300  0.753
[0.50,0.65[ -0.036 0.043 0.022 0.549 4776 0457 0.549 0.037 11.399 1.329 0813
[0.65,0.80[ -0.020 0.033 0.017 0.689  4.648 0.385 0.689 0.043 10.420 1.357  0.873
[0.80, 1.00[ -0.111  0.056 0.028 0.856  4.020 0.335 0.856 0.042 9.7346 1.387 0910
bin range M;y, (M)

[0.90,1.05[ 0.020 0.046 0.023 1.024 4450 0457 0.537 0.035 11.358 1.024  0.802
[1.05,1.15] -0.032  0.045 0.023 1.098  4.948 0.466 0.540 0.039 11.460 1.098  0.797
[1.15,1.30[ -0.039 0.042 0.021 1.221 4838 0.467 0.553 0.038 11.484 1.221  0.797
[1.30,1.50[ -0.048 0.046 0.023 1.388  4.621 0.467 0.569 0.036 11.498 1.388  0.797
[1.50,100. 0.000 0.043 0.022 1.829 4264 0470 0.597 0.033 11.549 1.829  0.795

Table A.23.: Identified 7" K~ pair 2010 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q? in (GeV/c)?, W and M, in GeV/c?.

bin range x A oqa Oy (@ (@) @ (& @ (W) (M) (Dun)
[0.003,0.013] | -0.005 0030 0024 0009 1465 0561 0432 0009 12835 1063 0.703
[0.013,0.020( -0.024 0.031 0.025 0.016  2.101 0.434 0481 0016 11.179 1.041  0.826
[0.020,0.032[ | -0018 0032 0026 0025 3026 0401 0502 0025 10648 1031 0.848
[0.032,0.050( -0.023  0.039 0.031 0.040  4.664 0.392 0.507 0.040 10.439 1.024  0.855
[ [
[ [
[ [

0.050, 0.080) 0.015 0.046 0.037 0.063 7219 0.385 0.508 0.063 10.227 1.017  0.860
0.080, 0.130| -0.064 0.058 0.046  0.100 11.424 0.380 0.508 0.100 9.947 1.009  0.864
0.130, 1.000| 0.005 0.060 0.048 0208 23916 0381 0.507 0.208  9.344 1.000  0.865
bin range z (z)

0.20, 0.30] -0.110  0.067 0.054 0275 4317 0.622 0275 0.024 13.461 0.937  0.636
0.30,0.35( -0.050 0.047 0.038 0326 4389 0.556 0.326 0.028 12.655 0985 0.712

[ -0.014 0.041 0.033 0375 4384 0.509 0375 0.031 12.060 1.010  0.758
[ 0.062 0.028 0.022 0448 4256 0455 0448 0.034 11.343 1.038  0.806

0.50,0.65[ -0.008 0.027 0.022  0.566 4.081 0.388 0.566 0.039 10.408 1.073  0.861
[

[0.65, 1.00 -0.102  0.035 0.028 0.739 3711 0321 0.739 0.043 9.454 1.113 0910
bin range My, (i)

[O.U. 0.8[ -0.035 0.032 0.026 0.741 4290 0422 0458 0.038 10.861 0.741 0.830
[0.8,0.9 0.025 0.031 0.025 0.856  4.231 0.449 0464 11.229 0.856  0.805
[0.0. 1.0[ -0.050 0.034 0.027 0.942 4209 0455 0474 11.301 0.942  0.801
[1.0,1.2 0.012 0.034 0.027 1.089  4.186 0.465 0.476 11.437 1.089  0.792
[1.2. 10[)[ -0.029 0.032 0.026 1.516 4.003 0.474 0512 11.562 1516 0.784

Table A.24.: Identified K7~ pair 2010 proton data azimuthal asymmetry and corresponding
mean kinematic values; Q2 in (GeV/c)?, W and M, in GeV/c2.

bin range A g 0w 0 (@) W G @ (W) (M) (D)
[0.003,0.013[ | -0.048 0.027 0.014 0.009 1457 0.554 0439 0.009 12.746 1.068  0.712
[0.013,0.020[ | -0.035 0.027 0.014 0.016 2.050 0423 0493 0.016 11.034 1.044  0.835
[0.020,0.032[ | -0.072 0.027 0.014  0.025 2925 0387 0.517 0.025 10449 1.034  0.859
[0.032,0.050[ | -0.019 0.032 0.016  0.040 4461 0375 0524 0.040 10.198 1.025  0.868
[0.050,0.080[ | -0.042 0.036 0.018 0.063 6.897 0.367 0.530 0.063 9.971 1.017  0.874
[0.080,0.130[ | -0.025 0.044 0.022 0.101 10.825 0.358 0.535 0.101 9.657 1.008  0.880
[0.130, 1.000[ 0.006 0.043 0.022 0209 22.730 0.358 0.539 0209 9.032  0.992 0.882
bin range z (z)

[0.20,0.30[ -0.074 0.062 0.031 0276 4392 0.619 0.276 0.025 13.420 0.938  0.641
[0.30,0.35[ -0.082  0.042 0.021 0326 4532 0551 0326 0.029 12594 0985 0.717
[0.35,0.40[ -0.038 0.037 0.019 0375 4.617 0502 0.375 0.033 11.960 1.007  0.765
[0.40,0.50( 0.001 0.024 0.012 0449 4616 0444 0449 0.038 11.187 1.031  0.815
[0.50, 0.65[ -0.063 0.021 0.011 0.568  4.560 0374 0.568 0.045 10.189 1.062  0.871
[0.65, 1.00[ -0.033  0.026 0.013 0.742 4263 0308 0.742 0.051 9.223 1112 0918
bin range M;;,,, (Miny)

[0.0,0.8[ -0.017 0.027 0.014 0.740 4.694 0.404 0472 0.044 10.587 0.740  0.844
[0.8,0.9 -0.056 0.025 0.013 0.857 4.614 0428 0482 0.041 10919 0.857 0.823
[0.9,1.0( -0.076  0.028 0.014 0942 4602 0433 0493 0.040 10989 0942 0818
[1.0,1.2 -0.045 0.028 0.014 1.089 4497 0444 0494 0.038 11.137 1.089  0.809
[1.2, 100[ -0.009 0.026 0.013 1.517 4225 0453 0.530 0.035 11273 1.517  0.802
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A.4. Results

Table A.25.: All bt h™~ pair combined 2007 /2010 proton data azimuthal asymmetry and corre-
sponding mean kinematic values; Q2 in (GeV/c)?, W and M;,,, in GeV /c?.

bin range = A Ostat Oys (z)

[0.003,0.008] 0.0229 0.0121 0.0097 0.0064 1259 0.647 0447 0.0064 14.116 0.783 0.574
[0.008,0.013] -0.0139 0.0064 0.0051 0.0105 1.540 0475 0453 0.0105 12.021 0.764 0.776
[0.013,0.020[ | -0.0077 0.0051 0.0040 0.0164 1.851 0.361 0462 0.0164 10434 0.744 0.872
[0.020,0.032[ | -0.0096 0.0043 0.0034 0.0256 2264 0.279 0472 0.0256 9.099 0.725 0912
[0.032,0.050( -0.0152 0.0045 0.0036 0.0398 3.058 0.239 0478 0.0398 8.328  0.705 0.931
[0.050,0.080[ | -0.0241 0.0053 0.0042 0.0628 4.718 0.235 0478 0.0628 8.083  0.699 0.935
[0.080,0.130] -0.0447 0.0064 0.0051 0.1008  7.390 0.231 0.479 0.1008 7.898  0.693 0.939
[0.130,0.210[ | -0.0578 0.0083 0.0067 0.1617 11.689 0.225 0481 0.1617 7.564 0.683 0.940
[0.210,1.000[ | -0.0603 0.0112 0.0089 0.2841 22916 0.258 0485 02841 7306 0.677 0.930

bin range z (z)

[0.20,0.25] -0.0087 0.0170 0.0136 0.2385  3.855 0474 0.2385 0.032 11517 0512 0.774
[0.25,0.30] -0.0170  0.0069 0.0055 0.2781 3.784 0.400 0.2781 0.038 10467 0.583 0.834
[0.30,0.35[ -0.0128 0.0055 0.0044 0.3256 3.755 0.364 03256 0.042 9.935 0.636 0.859
[0.35,0.40[ -0.0154 0.0053 0.0042 0.3748 3745 0.346 03748 0.044 9.653  0.677 0.871
[0.40,0.50] -0.0150 0.0040 0.0032 0.4475 3.739 0.331 04475 0.047 9410 0.724 0.882
[0.50,0.65[ -0.0197 0.0041 0.0033 0.5667 3.715 0.315 05667 0.049 9.163 0.789 0.892
[0.65,0.80[ -0.0320 0.0059 0.0047 0.7144  3.620 0.303 0.7144 0.050 8975 0.862 0.900
[0.80, 1.00[ -0.0216  0.0114 0.0091 0.8539 2947 0.339 0.8539 0.035 2961 0.778 0.874
bin range M, (Mons)

[0.0,0.4] -0.0235 0.0058 0.0046 03612 3.746 0.320 0412 0.049 9.239 0.3612 0.889
[0.4,0.5] -0.0068 0.0050 0.0040 0.4505 3.728 0.321 0.432 0.048 9259 0.4505 0.889
[0.5,0.6] -0.0094 0.0051 0.0041 0.5492 3.728 0.328 0.443 0.047 9371 05492 0.884
[0.6,0.7] -0.0179  0.0054 0.0043 0.6496 3.719 0336 0458 0.046 9.484 0.6496 0.879
[0.7,0.8] -0.0268 0.0054 0.0044 0.7491  3.665 0340 0.484 0.045 9.557 0.7491 0.876
[0.8,0.9] -0.0284 0.0065 0.0052 0.8463  3.698 0.348 0.494 0.044 9.671 0.8463 0.870
[0.9,1.0] -0.0111 0.0079 0.0063 0.9473  3.744 0355 0501 0.043 9.779 0.9473 0.866
[1.0,1.2] -0.0290 0.0074 0.0059 1.0896  3.718 0.366 0.516 0.041 9.953 1.0896 0.858
[1.2,1.5] -0.0197 0.0085 0.0068 1.3501 3.715 0.386 0.554 0.039 10264 1.3501 0.843
[1.5,100] -0.0088 0.0151 0.0120 1.9407 3770 0440 0.601  0.033 11.040 1.9407 0.801

Table A.26.: Identified 7" 7~ pair combined 2007 /2010 proton data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M, in GeV/c2.

bin range A Ostat Ogys (z) (Q?) (y) () (z) (W) (Miny) (Dpn)
[0.003, 0.008] 0.0314 0.0159 0.0095 0.0065 1.244 0.654 0.393 0.0065 13.933 0.748  0.598
[0.008,0.013[ | -0.0081 0.0079 0.0047 0.0106 1495 0479 0427 0.0106 11.831 0.736  0.795
[0.013,0.020[ | -0.0046 0.0062 0.0037 0.0164 1.801 0371 0448 0.0164 10308 0723 0.875
[0.020,0.032] | -0.0036 0.0054 0.0032 0.0255 2.259 0.298 0.465 0.0255 9.126 0.708 0915
[0.032,0.050[ | -0.0152 0.0060 0.0036 0.0398 3202 0269 0475 0.0398 8564  0.699 0.929
[0.050,0.080[ | -0.0307 0.0071 0.0042 0.0627 4987 0266 0475 0.0627 8.421 0.694  0.931
[0.080,0.130[ | -0.0410 0.0087 0.0052 0.1006 7.870 0.262 0.475 0.1006  8.188 0.687  0.934
[0.130,0.210[ | -0.0706 0.0115 0.0069 0.1616 12.637 0261 0475 0.1616 7.893 0.679  0.933
[0.210,1.000[ | -0.0543 0.0151 0.0091 0.2871 24.815 0.283 0475 0.2871  7.568 0.670  0.923
bin range z (z)

[0.20,0.25] -0.0233  0.0204 0.0122 02382 3963 0.492 0.2382 0.030 11.788 0.519  0.763
[0.25,0.30[ -0.0128 0.0086 0.0052 02778 3.912 0423 0.2778 0.036 10.846  0.591 0.821
[0.30,0.35[ -0.0030 0.0070 0.0042 03255 3.877 0.384 0.3255 0.039 10.281 0.640  0.850
[0.35,0.40[ -0.0197 0.0068 0.0041 03747  3.837 0.360 0.3747 0.042 90911 0.676  0.867
[0.40,0.50[ -0.0112  0.0051 0.0031 0.4472  3.787 0.335 0.4472 0.045 9.531 0.718  0.885
[0.50,0.65[ -0.0184 0.0053 0.0032 0.5656  3.668 0.300 0.5656 0.048  9.011 0.774 0911
[0.65,0.80( -0.0335  0.0078 0.0047 0.7136 3443 0.262 0.7136  0.050  8.443 0.835  0.938
[0.80,1.00[ -0.0085 0.0154 0.0093 0.8476 3.077 0.273 0.8476 0.041 8746  0.886 0.940
bin range Mon, )

[0.0,0.4] -0.0210 0.0076 0.0046 03613  3.887 0.333 0.404 0.046 9495 0.3613 0.887
[0.4,0.5] -0.0037 0.0064 0.0038 0.4507 3.817 0.331 0425 0.046 9471 04507 0.888
[0.5,0.6[ -0.0113  0.0066 0.0039 0.5489  3.791 0.336 0.434 0.045 9.542 0.5489 0.885
[0.6,0.7( -0.0129 0.0070 0.0042 0.6498  3.747 0.340 0.445 0.044 9.610 0.6498 0.881
[0.7,0.8[ -0.0258 0.0068 0.0041 0.7497  3.665 0.339 0472 0.043 9.597 0.7497 0.882
[0.8,0.9( -0.0262 0.0082 0.0049 0.8457 3.680 0.345 0.483 0.042 9.690 0.8457 0.878
[0.9, 1.0 -0.0014 0.0101 0.0061 0.9471  3.725 0.352 0.488 0.042 9.789 0.9471 0.873
[1.0,1.2 -0.0254  0.0098 0.0059 1.0882  3.678 0.361  0.501 0.040 9934 1.0882 0.867
[1.2,1.5 -0.0124 0.0116 0.0069 13456  3.639 0.373 0.539 0.038 10.121 1.3456  0.860
[1.5,100[ -0.0153 0.0220 0.0132 19103 3.672 0410 0.582 0.034 10.678 19103 0.835
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Table A.27.: Identified 7+ 7~ pair combined 2007 /2010 proton data azimuthal asymmetry with
acuton x > 0.032 (left sub-table), on M;,, < 1.5GeV/ ¢? (center sub-table)
and both cuts (right sub-table); Q2 in (GeV/c)?, W and My, in GeV/c?

bin range A Ogtat Tys (x)
bin range 4 o om @ [0.003,0.008] | 0.0277 00162 0.0097 0.0065 _

(0052 0,050 | 00148010060 0003 00398 [0.008,0.013] | -0.0079 0.0080 0.0048 0.0106 bin range & A o 0w @)
(0,020 0080 | 00306 00071 00082 00627 [0.013,0.020] | -0.0056 0.0063 0.0038 00164 [0.032,0.050[ | -0.0147 0.0060 0.0036 0.0398
[0.030.0130 | 00414 00087 00052 0.1006 [0.020,0.082] | -0.0019 00054 0.0033 0.0255 [0.050,0.080[ | -0.0310 0.0071 0.0043 0.0627
013002100 | 00713 00115 00065 01616 [0.032,0.050[ | -0.0151 0.0060 0.0036 0.0398 (0.080,0.130] | -0.0409 0.0087 0.0052 0.1007
0210 1000 | 0059 00151 00091 02871 [0.050,0.080] | -0.0313 0.0071 0.0043 0.0627 (0.130,0.210[ | -0.0717 0.0115 0.0069 0.1616
b range - : : : — F).nso.o.mo{ -0.0410 00087 0.0052  0.1007 [0:210,1.000] | 0.0529 0.0152 0.0091 o.zx<71
E 0.130,0210[ |-0.0717 0.0115 00069 0.1616 bin range = B)
{3328235{ e e [0210,1.000] | -00525 0.0152 00091 0.2871 [0.20,025] | 00357 00364 00218 0239
030,035 | 00185 00107 00064 03260 bin range = E) (0.25,0.80( | -0.0367 00140 0.0084 02785
035.040( | 00355 0009 00060 03751 [0.20,0.25] | 00232 00204 00122 02382 (0.30,0.35 | -0.018 00107 0.0064 03260
040050 | 00238 0007 00044 04479 (0.25.0.30 | -0.0132 0.0086 0.0052 02778 035,040 | -0.0349 0.0100 0.0060 03750
050,005 | 00392 00073 00044 035668 [0:30.0.35) | -0.0039 0.0070 0.0042 03255 [0.40,0.500 | -0.0259 0.0073 0.0044 04479
065.0580( | 00442 00105 00063 07140 [0.35,0.400 | -0.0180 00068 0.0041 03747 0.50,0.650 | -0.0329 00074 0.0044 0.5666
080100 | 00828 00234 00141 08408 [0.40,0.500 | -0.0117 00052 0.0031 04471 (0.65.0.80 | -0.0435 00108 0.0065 07137
b renge AT : e [0.50,0.65 | -0.0192 0.0054 0.0032 05654 [0.80,1.00 | -0.0486 0.0243 00146 08401
T TS v T [0.65.0.80 | -0.0319 0.0080 0.0048 07133 bin range Moy A7)
o3 e oo ot -00127 00160 0.0096 0.8474 [0.0,0.4] -0.0357 00106 00064 0.3615
0505l Ryooslibenadbonsibo (Vins) [0.4,0.5] 00035 00090 0.0054  0.4506
(06,071 o oot 000 oo 00211 00076 0.0046 03613 (05,06 -0.0092 00093 0.0056  0.5487
i0.7.0] o 00098 0000 oo -0.0037 00064 0.0038 0.4507 (0.6,0.7] -0.0383 00101 0.0060 0.6496
05 09] pyssibessidiboresdigid -00113 00066 0.0039  0.5489 0.7.0.8] -0.0569 00098 0.0059 0.7496
09101 o ol oo Oome -00128 00070 0.0042  0.6498 [0.8.0.9] 200566 00119 00072 0.8457
10,12 oot ooit 00088 Lome 200259 0.0068 0.0041 07497 (0.9.1.0] -00175 00148 0.0089  0.9469
2 13 o oo ool L 00259 00082 0.0049 0.8457 [1.0,1.2] -0.0459 00147 00088 10875
(L5 100] Pysvelibocisdibgcv e -0.0015 00101 00061 0.9471 (12,15 -0.0478 00188 0.0113 13168

: : : : -0.0254 00098 0.0059 1.0882

-00136 00123 00074 13188

Table A.28.: Identified K+ K~ pair combined 2007 /2010 proton data azimuthal asymmetry and
corresponding mean kinematic values; Q2 in (GeV/c)?, W and My, in GeV/c?

bin range & A owa Oy () (@) () () (@) (W) (Minw) (Dun)
[0.003,0.008] | 0.0077 0.0681 0.0340 0.0065 1237 0.0065 0454 0007 13.838 1337 0612
[0.008,0.013] | -0.0291 0.0372 0.0186 0.0104 1548 00104 0532 0010 12098 1335 0778
[0.013,0.020[ | 0.0056 0.0357 00179 00162 2.115 00162 0576 0016 11242 1325 0.827
[0.020,0.032[ | -0.0707 0.0383 0.0191 00252 3.174 00252 0589 0025 10956 1316 0.839
[
[

[0.032,0.080 -0.0217 0.0354 0.0177 0.0493  6.083 0.0493  0.595 0.049 10.711 1.307  0.846
[0.080,1.000 -0.0442  0.0483 0.0241 0.1482 18.444 0.1482  0.600 0.148 10.065 1.294  0.848
bin range z (z)

[0.20,0.40] -0.0145 0.0476 0.0238 0.3431 4449  0.599 0.3431 0.026 13.186 1.236 0.665
[0.40,0.50] 0.0052 0.0387 0.0194 04508 4.592 0515 04508 0.031 12.157 1301 0.757
[0.50,0.65( -0.0313  0.0360 0.0180 0.5491  4.584  0.455 0.5491 0.036 11.372 1.330  0.815
[0.65,0.80] -0.0379 0.0277 0.0138 0.6897 4450 0.384 0.6897 0.041 10.409 1.358  0.874

[

[0.80, 1.00) -0.0627  0.0469 0.0234 0.8565 3.849 0335 0.8565 0.040 9.740 1384 0910
bin range Mjy,, (Miny)
[0.90,1.05 0.0251 0.0385 0.0193 1.0239 4274 0452 0541 0.034 11.296 1.0239 0.808

[
[1.05,1.15] -0.0169 0.0377 0.0188 1.0981 4757 0462 0.542 0.037 11.417 1.0981 0.801
[1.15,1.30] -0.0525 0.0352 0.0176 12215  4.668 0463  0.556 0.037 11.440 12215 0.801
[1.30,1.50( -0.0576  0.0391 0.0195 1.3884  4.448 0463 0.571 0.035 11.454 138384 0.801
[1.50,100. -0.0248 0.0363 0.0181 1.8286 4.090 0466 0.599 0.032 11.508 1.8286 0.799
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A.4. Results

Table A.29.: Identified 77 K~ pair combined 2007/2010 proton data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M;,,, in GeV /c?.

bin range A ow o @ QY G () @) (W) (M) (D)
[0.003,0.013[ | -0.0404 0.0249 0.0149 0.0091 1.453 0.556 0.435 0.0091 12.760 1.063 0.712
[0.013,0.020[ | -0.0160 0.0263 0.0158 0.0162 2.071 0429 0484 0.0162 11.106  1.041 0.831
[0.020, 0.032] -0.0085 0.0272 0.0163 0.0252 2978 0.396 0.504 0.0252 10.571 1.030  0.853
[0.032,0.050[ | -0.0108 0.0333 0.0200 0.0397 4.598 0.387 0.509 0.0397 10.368  1.024  0.859
[0.050,0.080[ | -0.0056 0.0400 0.0240 0.0625  7.123 0.381 0.509 0.0625 10.162  1.016 0.863
[0.080,0.130[ -0.1194  0.0507 0.0304 0.1002 11.290 0.376 0.510 0.1002  9.891 1.008  0.866
[0.130,1.000[ | -0.0010 0.0543 0.0326 0.2077 24.048 0.384 0.507 0.2077 9.360  0.999  0.862
bin range z (z)

[0.20,0.30[ -0.1224  0.0573 0.0344 0.2755 4.224 0.616 0.275 0.2755 13389 0936 0.645
[0.30,0.35[ -0.0477 0.0399 0.0240 0.3263 4.243 0550 0.326 0.3263 12.594 0984 0.719
[0.35,0.40[ -0.0120 0.0345 0.0207 0.3753 4.217 0.504 0.375 03753 12.005 1010 0.764
[0.40, 0.50[ 0.0393  0.0236 0.0142 04482 4.095 0451 0448 04482 11298 1.037 0.810
[0.50,0.65] -0.0167 0.0226 0.0136 0.5660 3.914 0.386 0.566 0.5660 10.395 1.073  0.862
[0.65, 1.00] -0.1056 0.0294 0.0177 0.7400  3.558 0.323 0.740 0.7400 9476  1.113  0.909
bin range My, (Miny)

[0.0,0.8] -0.0436  0.0275 0.0165 0.7410 4.132 0419 0459 0.037 10.826 0.7410 0.833
[0.8,0.9] 0.0122  0.0259 0.0155 0.8563 4.066 0445 0466 0.034 11.180 0.8563 0.810
[0.9,1.0 -0.0451 0.0286 0.0172 0.9423  4.049 0451 0476 0.034 11256 09423 0.805
[1.0,1.2] -0.0123  0.0288 0.0173 1.0893  4.039 0460 0478 0.033 11.381 1.0893 0.797
[1.2,100[ -0.0358 0.0269 0.0161 1.5157 3.845 0469 0514 0.030 11.510 1.5157 0.789

Table A.30.: Identified K "7~ pair combined 2007/2010 proton data azimuthal asymmetry and
corresponding mean kinematic values; Q? in (GeV/c)?, W and M;y,, in GeV /c?.

bin range A w0y @ @ W &) @) W) (M) (D)
[0.003,0.013[ | -0.0334 0.0222 0.0111 0.0092 1.445 0.548 0.441 0.0092 12.673 1.069 0.720
[0.013,0.020[ | -0.0383 0.0225 0.0113 0.0162 2.021 0418 0495 0.0162 10.963  1.045 0.840
[0.020, 0.032] -0.0417 0.0226 0.0113 0.0253  2.874 0.381 0.519 0.0253 10.366 1.033  0.864
[0.032,0.050[ | -0.0086 0.0270 0.0135 0.0398 4394 0370 0.527 0.0398 10.125  1.024 0.872
[0.050,0.080[ | -0.0294 0.0313 0.0157 0.0628 6.793 0.362 0.532 0.0628  9.901 1.016  0.877
[0.080,0.130[ -0.0257 0.0380 0.0190 0.1007 10.670 0.354 0.537 0.1007  9.591 1.007  0.882
[0.130,1.000[ | -0.0425 0.0382 0.0191 02086 22.720 0.359 0.539 0.2086 9.038  0.992  0.880
bin range z (z)

[0.20,0.30[ -0.0796 0.0527 0.0264 0.2758 4.272 0.613 0.276 0.2758 13.354 0938  0.649
[0.30,0.35[ -0.0519 0.0361 0.0180 0.3265 4.383 0.545 0.327 0.3265 12.528 0.984 0.725
[0.35,0.40( -0.0208 0.0303 0.0152 0.3754 4445 0497 0375 03754 11.899  1.007 0.771
[0.40, 0.50[ -0.0027  0.0201 0.0100 04489 4434 0440 0449 04489 11.140 1.030 0.819
[0.50,0.65] -0.0523 0.0182 0.0091 0.5676 4.379 0.372 0.568 0.5676 10.168 1.063  0.872
[0.65, 1.00[ -0.0260 0.0222 0.0111 07421  4.067 0309 0.742 0.7421 9.233 1112 0917
bin range M;y,,, (Miny)

[0.0,0.8] -0.0014 0.0229 0.0115 0.7403 4512 0401 0473 0.043 10.548 0.7403  0.847
[0.8,0.9] -0.0449  0.0214 0.0107 0.8568 4.433 0424 0484 0.039 10.864 0.8568 0.827
[0.9,1.0 -0.0555 0.0235 0.0117 0.9419 4428 0429 0495 0.039 10941 09419 0.823
[1.0,1.2] -0.0538 0.0240 0.0120 1.0892  4.323 0440 0496 0.037 11.086 1.0892 0.814
[1.2,100[ -0.0067 0.0222 0.0111 1.5171 4.058 0449 0.532  0.034 11227 15171 0.807

237



A. Appendix

O COMPASS deuteron data o COMPASS deuteron data O COMPASS deuteron data
F E oTeTe E oTOTT
L [ K [ At
5 . 5 f s e ek
L . L KK L KK
L4
10t . 10 101
g . f ‘ ...
L X L ..;.;‘ B - L Cryred v ey .
L . L L
102 * s 102 102
£ " &Q £ E
Dol 0 vl b bbb Lo b oo, Col bbb b b
102 10t 02 03 04 05 06 07 08 09 1 04 06 08 1 12 14 16 18 2
X z M iy (GEV/C)
COMPASS deuteron data o COMPASS deuteron data O 1 COMPASS deuteron data
- 4 F Jy—
ol SN ook K
KT 7K E KT
. KK KK 0.8 KK
07E . 07
06 s . . 06 L. ..
L T 05— S T
E X e . E ovee
04 . . 04+
03~ ¢ 03
0'2;”””\ I R Lo b oo bl oo b 0'2%‘\H‘m‘wm\m\m\m\m\m
102 10t . .3 04 05 06 0.7 08 09 04 06 08 1 12 14 16 18 2
X z M, (GeV/cd)
N COMPASS deuteron data . COMPASS deuteron data . COMPASS deuteron data
s> f ot t\’g ortre c{; £ .
§ 18- K S i = 18- .
8 e KK g K g 1o
g 1.4;— - g . & . . g 1.4;— -
2 128 " z - 2 12k b
E M £ N £ .
Pl Toxiy x oy ., cxon 1= .
a: B r - . a: 3
o8- , .o 08— ’ )
065 e et o6~ " K
o4 | | T | 0'4}'\. I I '\E'E'
HHIOVZ - ‘mlo*l L bl e ool D
X z M., (GeV/c?)
COMPASS deuteron data COMPASS deuteron data COMPASS deuteron data
— — —~
L U . et o 1, o 14
= C N ‘E‘K ; C . S C
£ . KT £ L. =
% 12 I S IR © 12 TR
E 8- tee % 8- E e
6 6 6
4= 4= o a- ottt
C C Atk C ArK
2= 2 Miss ind KT
£ | | sl s b L, ST
102 10t 062703704 05706 07 08 09 1 04 06 08 1 12 14 16 18 2
X z M iy (GEV/C)

Figure A.48.: The 2003/2004 deuteron data hadron-pair kinematic mean values
ata~, KYK~, 7" K~ and KT~ pairs:
1% column in  bins, 2" column in z bins, 3™ column in M;,,,, bins
1%t row (), 2™ row (z), 3 row (M;,,,,) and 4% row (W).
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Figure A.49.: The combined 0710 and 2010 proton data hadron-pair kinematic mean values
ata , KTK~, 7T K~,and K7~ pairs:
1% column in z bins, 2" column in z bins, 3" column in M;,,,, bins
1% row (), 2" row (z), 3" row (M;,,), and 4™ row (W).
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A. Appendix

A.5. Interpretation of the results and extraction of the
transversity PDF

(@) proton spin
Figure A.50.: Scheme of the principle of chromodynamic lensing [Wol10].

w(z,by) wy(r, b} d(z, b)) dy(x,by)

9

['!F 1

| A\

Figure A.51.: Model predictions of the probability distributions of finding unpolarized u-quarks
(left) and d-quarks (right) shown in the transverse plane for three values of x:
u(z,b) and d(x, b, ) are calculated for an unpolarized proton and ux (z, b )
and dx (z, b, ) for an in direction b, transversely polarized proton [Bur02].
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A.5. Interpretation of the results and extraction of the transversity PDF

sin(pRS .
DAyrp sin6L

COMPASS 2007/2010 proton data

-0.1- o X>0032&M_ <15Gev/c]”
X< 0.032
-0.15- —— Maeta.: SU6
- = = Maetal.: pQCD
02 Ll ! . | ! | I
102 107 05 I 05 1 15 2
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Figure A.52.: The combined 2007/2010 pion pair asymmetries with a cut at x > 0.032 in
comparison with the model predictions from Ma er al. [SHBMOS] the SU(6)
quark-diquark model (red line), the pQCD based model (black dashed line). The
numerical values obtained from the analysis of this sub-sample can be found in

Tab. @
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HERMES data
* y Q2[GeV?] Asipis R — b /4
0.033 0.734 1.232 0.015 £ 0.010 0.086 4 0.061
0.047 0.659 1.604 0.002 +0.011 0.010 £ 0.054
0.068 0.630 2.214 0.035 +0.011 0.167 £ 0.069
0.133 0.592 4.031 0.020 +0.010 0.092 + 0.054
COMPASS proton data
T Q7[GuVQ] Asipis hy — h,’ll‘ /4
0.0065 1.232 0.026 £+ 0.030 0.10 £0.12
0.0105 1.476 0.010 £ 0.016 0.038 £ 0.059
0.0164 1.744 0.015 £ 0.013 0.057 £ 0.049
0.1330 2.094 0.008 + 0.010 0.031 +0.039
0.0398 2.802 0.027 £0.011 0.107 £ 0.049
0.0626 4.342 0.029 +0.014 0.118 £ 0.060
0.1006 6.854 0.051 +0.016 0.208 £ 0.079
0.1613 10.72 0.108 £+ 0.023 0.42+0.12
0.2801 21.98 0.080 + 0.033 0.24 +0.11
COMPASS  deuteron data
z Q2[GeV] Asipis B+ R
0.0064 1.253 0.005 £ 0.024 0.05£0.24
0.0105 1.508 —0.004£0.012  —0.04£0.12
0.0163 1.792 0.028 £ 0.010 0.28 £0.11
0.0253 2.266 —0.005 £ 0.009  —0.051 £ 0.094
0.0396 3.350 0.006 £ 0.011 0.06 £ 0.12
0.0623 5.406 —0.006 £ 0.014 —0.06£0.14
0.0996 8.890 —0.029 £ 0.019 —0.30 £ 0.20
0.1597 15.65 —0.017 £ 0.030 —0.16 £ 0.28
0.2801 33.22 0.078 + 0.054 0.50 +0.36

Figure A.53.: Table 1 of [ quoting HERMES and COMPASS (z), (Q?) and A?}r}ms
values from Refs. [HERMESOS|] and [COMPASS12c|], respectively. The last

column contains the numerical values of the linear combinations 21 5, and xhq 4

as in Eq.[6.31]

HERMES range for proton
Q? [GeV?] ny ng ng n,
1.232 0.607 0.614 0.393  —0.157 £ 0.037
1.604 0.589  0.595 0.380 —0.152 & 0.037
2214 0.569  0.575 0.365 —0.146 & 0.037
4.031 0.536  0.542 0.341  —0.137 £ 0.037

COMPASS  range for proton
Q% [GeV?] ne ng ns nl,
1.232 0.897  0.906 0.580 —0.183 £0.031
1.476 0.876  0.885 0.565 —0.178 £ 0.031
1.744 0.858 0.867 0.552  —0.175 % 0.031
2.094 0.840 0.849 0.539 —0.171 £+ 0.031
2.802 0.813 0.822 0.520 —0.165 & 0.031
4.342 0.776  0.785 0.494  —0.158 + 0.031
6.854 0.742  0.751 0471  —=0.151 £0.031
10.720 0.713 0.721 0.451 —0.145 + 0.031
21.985 0.671  0.679 0.422  —0.136 £ 0.031

COMPASS range for deuteron
Q% [GeV? N n4 ne n,
1.253 0.895  0.904 0.578 —0.182 4 0.031
1.508 0.874 0.883 0.563 —0.178 £ 0.031
1.792 0.855 0.865 0.550 =0.174 £ 0.031
2.266 0.832 0.841 0.534 —0.169 £ 0.031
3.350 0.797  0.806 0.509 —0.162 + 0.031
5.406 0.759  0.768 0.483  —0.154 &+ 0.031
8.890 0.725 0.733 0.459  —0.147 & 0.031
15.652 0.690  0.698 0.435  —0.140 £ 0.031
33.219 0.650  0.657 0.408 —0.132 4 0.031

Figure A.54.: Results of the integrated unpolarized DiFF n,(Q?) of u, d and s quarks and of
the integrated polarized DiFF ng(QQ) of u quarks in HERMES and COMPASS

asymmetries binning [BCR13]]. For the integral see Eq.[6.33]and for assumption
on the flavor dependence see Eq. [6.35]
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A.5. Interpretation of the results and extraction of the transversity PDF

Table A.31.: Table for the calculation of x h}" + x h‘f”. The first three columns of the upper
sub-table are the h™h~ from the deuteron 2002-2004 data from [COMPASS12c],
while the first three columns in the second sub-table are the final results for iden-
tified 77~ from the deuteron 2003-2004 extracted in this work. Bacchetta et
al. [BCR13] extracted = hy"" + x h‘f’“ from the At h~ results (see Fig. shown
in column 4 of the first sub-table and the column 5 are the bin-by-bin ratios
zhyV+x hil”

Ay
asymmetries of 777~ to x h” + z h{* , shown in column 5 of the lower sub-table.
The quoted uncertainties are combined statistical and systematic uncertainties from

. These ratios are used in the second sub-table to convert the final

the data sets.
2002-2004 deuteron hth~

(@ (@) Ay Thia s
0.0064 1.253  0.005 £0.024  0.05 = 0.24 10.0
0.0105 1.508 -0.004 +0.012 -0.04 +0.12 10.0
0.0163 1.792  0.028 £ 0.010 0.28 =0.11 10.0
0.0253 2.266 -0.005 +=0.009 -0.05 4+ 0.09 10.2
0.0396 3.350 0.006 +0.011 0.06 +=0.12 10.0
0.0623 5406 -0.006 +0.014 -0.06 +=0.14 10.0
0.0996 8.890 -0.029 £0.019 -0.30 £ 0.20 10.3
0.1597 15.650 -0.017 £0.030 -0.16 £0.28 94
0.2801 33.220 0.078 =0.054 0.50 £ 0.36 6.4

2003 & 2004 deuteron 77~

(@ (@) ATEES s zha
0.0065 1.257 0.004 £+ 0.030 10.0  0.04 £0.30
0.0106 1.523 -0.014 +0.014 10.0 -0.14 +0.14
0.0163 1.816 0.022 +£0.011 100  0.22+0.11
0.0253 2.282  0.004 £+ 0.011 102  0.04 +0.11
0.0396 3.334 -0.003 +0.013 10.0 -0.03 £0.13
0.0624 5.341 -0.007 & 0.016 10.0 -0.07 £0.16
0.0997 8.651 -0.031 £+ 0.021 10.3 -0.32 +£0.22
0.1597 14.783 -0.004 £+ 0.034 94 -0.04 +0.32
0.2787 31.539  0.119 4 0.058 64 076 £ 0.37
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Table A.32.: Table for the calculation of z h}” — %x hcll”. The first three columns of the upper

244

sub-table are the h™h ™~ from the proton 2007 data from [COMPASS12c|, while the
first three columns in the second sub-table are the final results for identified 77~
from the proton 2007 & 2010 extracted in this work. Bacchetta er al. [BCR13]
extracted x h}" — %x h‘f“ from the h*h ™ results (see Fig. i shown in column
uy 1 dy
4 of the first sub-table and the column 5 are the bin-by-bin ratios %
ur,
These ratios are used in the second sub-table to convert the final asymmetrzies of
rtr  tox hi — %x hf” , shown in column 5 of the lower sub-table. The quoted
uncertainties are combined statistical and systematic uncertainties from the data

sets.

2007 proton hth~
@ @ Al thiy Gt
0.0065 1.232 0.026 £ 0.030 0.10 £0.12 3785
0.0105 1.476 0.010£0.016 0.038 &+ 0.059 3.80
0.0164 1.744 0.015 £0.013 0.057 = 0.049 3.80
0.0256 2.094 0.008 +0.010 0.031 + 0.039 3.88
0.0398 2.802 0.027 +£0.011 0.107 + 0.049 3.96
0.0626 4.342  0.029 4+ 0.014 0.118 &+ 0.060 4.07
0.1006 6.854 0.051 £0.016 0.208 &+ 0.079 4.08
0.1613 10.72 0.108 £ 0.023 0.42 £0.12 3.89
0.2801 2198 0.080 + 0.033 0.24 +0.11 3.00
2007 & 2010 proton 7wt~
(@@ A S ahip
0.0065 1.244 -0.0314 £ 0.0185 3.85 -0.121 £ 0.071
0.0106 1.495 0.0081 4 0.0092 3.80 0.031 £0.035
0.0164 1.801  0.0046 + 0.0072 3.80 0.017 +0.027
0.0255 2.259  0.0036 + 0.0063 3.88 0.014 + 0.024
0.0398 3.202  0.0152 + 0.0070 3.96 0.060 & 0.028
0.0627 4987  0.0307 £ 0.0083 4.07  0.125 £ 0.034
0.1006 7.870  0.0410 4+ 0.0101 4.08 0.167 4+ 0.041
0.1616 12.637  0.0706 + 0.0134 3.89  0.275 + 0.052
0.2871 24.815 0.0543 +£0.0176 3.00 0.163 4+ 0.053



A.5. Interpretation of the results and extraction of the transversity PDF

Table A.33.: The final results of the w and d valence quark transversities distribution extracted

from the final deuteron and proton 7

+

are combined statistical and systematic uncertainties from the data sets.

(x) xh{® whd
0.0065 -0.088 +0.083  0.130 £ 0.239
0.0106 -0.004 +0.040 -0.140 £0.116
0.0164 0.057 £0.032 0.159 4+ 0.091
0.0255 0.020£0.029 0.025 £ 0.086
0.0398  0.043 £0.034 -0.069 £ 0.102
0.0627 0.086 +0.042 -0.157 £0.128
0.1006  0.070 & 0.055 -0.388 £0.175
0.1616 0.212 £0.076 -0.250 £ 0.255
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Figure A.55.: Results for the unpolarized PDF x f; as obtained from the MSTW 2008 leading-

order parametrization at (Q?) = 10GeV/c? (left panel) and at (Q?) = 1 x

10* GeV/c? (right panel) [MSTWO09].

245



A. Appendix

A.6. Future prospects
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Figure A.56.: A technical drawing of the concrete shielding as a part of the Drell-Yan hadron

absorber || .

Figure A.57.: Top view of the absorber. The vertex detector will be placed between the conical
part (yellow) and the box-shaped part (blue) inside a gap of its frame (orange).
The size of this gap was enlarged from 50 to the maximum available 65 mm during

the design process [Pan13].
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Figure A.58.: The distribution of magnetic field strength generated by the target magnet at the
position of the photomultiplier of the vertex detector. The distance to beam axis R
is 2m and the angle coordinate 6 starts at the Jura side going clock-wise seen in
beam direction. In the top panel the solenoidal components of the field strengths
in Tesla are given and in the bottom panel the ones of the dipole field in Gauss

(1Gs =1x107*T) [Gaul3].
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Figure A.59.: Picture of one of the planes of the vertex detector taken during the fiber stacking
(top) and front surface with one read-out channel illuminated (bottom).

Figure A.60.: Picture of one of the planes doubling fibers stack of one of the diagonal planes,
the step function is visible and the supporting spacer fibers are left and right of the
active scintillating fibers.
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Figure A.61.: CAD drawing (by courtesy of K. Kércher) of the housing for the vertex detector
(top picture): front, side, top and three-dimensional view. The vertex detector in
its designated position inside of the Drell-Yan setup mounted at the upstream side
of the concrete shielding of the absorber.
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Figure A.62.: CAD drawing (by courtesy of K. Kércher) of the active detector area inside of the
housing, seen from beam direction (left).

Figure A.63.: Picture of the additional third plane for FI15, which is identical to the existing
planes of FI15.
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A.6.1. A SciFi beam telescope for the Drell-Yan measurement at
COMPASS

As for the previous SIDIS measurements a beam telescope in the region before the polarized
target is also needed for the Drell-Yan measurement. The available space in front of the target
has been decreased w.r.t. the SIDIS setup, since the target is shifted upstream to provide space
for the absorber. This prevents for a parallel use of the scintillating-fiber hodoscopes (see
Sec. [3.3.1) and silicon microstrip detectors (see Sec. [3.3.2)), which also might suffer under a
reduced efficiency due to the very high rates. The need for a good time resolution outweighs
the spacial resolution here, hence a beam telescope made of Scintillating-Fiber detectors was
requested by the Drell-Yan COMPASS group.

A setup of three SciFi detectors at the positions BT01-03 as in the SIDIS measurements is
maintained as the basic concept, illustrated in Fig.[A.64] These should be distributed in almost
equal distances in the available space. Several boundary conditions on the properties of the
detectors to be used exist, such as BT03 is exposed to the magnetic field of the polarized target.
Since FI03 (see Tab.[A.3) was originally designed to operate directly at the downstream end of
the target, being exposed to the same field, it is to only suitable candidate for position BT03. For
the central detector, BT02, FI15 (see Sec. |373_T[) is a reasonable candidate, due to its compact
design and the width of its active area being larger then the diameter of the target.

BTO2

BTO

L.* 90.1 | ||| |

Figure A.64.: Schematic view of the Drell-Yan target area [Den14]. The beam enters from the
right side, the target cryostat is indicated in orange and SM1 in red. The SciFi
beam telescope will consist of three stations at the positions BT0O1, BT02, and
BTO3.
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Figure A.65.: Technical drawing of the extended FI15 (BT02) with three planes X, Y, and V
with housing and motorized two-dimensional positioning stage (by courtesy of K.
Kircher).

However, its two planes do not offer redundancy and the possibility to resolve ambiguities, see
Fig.[A7] thus a third plane is useful to add.

Figure [A.63] shows a picture of the third plane, which has been produced. A new housing has to
be constructed, where all three planes fit in; a technical drawing of it is shown in Fig.[A.65]
The two options of using FIO1 or FI04 as BT01 have been considered, where both have advan-
tages and disadvantages. FIO1 has only two planes, X and Y, and an active area of 3.9 x 3.9 mm?,
which is not covering the full 4 cm of the target diametelﬂ But it has been used previously in
this position and thus is expected to be sufficient. FI04 has three planes, each 5.3 x 5.3 mm?.
But it has a large housing which will require either a complete modification or a dedicated
mounting, which feasibility is not yet clarified. Both options are currently under investigation
and a final decision by the technical board is expected by end of April 2014. Recent MC
simulations by Takekawa have shown that with a beam telescope with a total number of nine
planes (three planes per detector) 89.6 % of the primary vertices are reconstructed, compared to
85.8 % with a beam telescope consisting of eight planes [Tak14]]. Since one also might have to
face failures during the data taking an appropriate redundancy has to be foreseen. In particular,
because the reconstruction efficiency drops dramatically, down to = 75 % if only seven planes
are functioning. Hence, a nine plane solution is strongly favored.

'In the case of the final SIDIS data a radial cut at 3.9 cm on the primary vertex in the target material has been
applied.
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A.7. Multiplicities

The data set which is used for the results presented above can also provide important information
on the so-called “dihadron multiplicities” M MR In this section a short overview is given
about the results which are obtained from the 2004 and the 2010 data sets. The cross-check of
these results was also part of this thesis, while Makke [COMPASS14c]| is primarily responsible
for this analysis.

The multiplicity of the hadron-pair production is the probability of producing a pair of hadrons
from the initial quark ¢ by the double fragmentation process [[dFVO04]. The knowledge of this
quantity is crucial to determine the polarized and unpolarized DiFFs and thus to access the
transversity function A{ in SIDIS.

The available model calculations are based on an indirect approach via invariant mass spectra of
hadron-pairs produced in e e ™, proton-proton collisions and SIDIS, but these data suffer from
large systematics and do not offer multi-dimensional information in z and M;,, simultaneously.
The multiplicity for instance of h™h™ pairs is related to the unpolarized DiFF via [COM4
PASS14c]|

M (g2 - L ANT _ Sy Gh(n QD M, @)
'*) T NP 4Q2 dz d My, > eafi(x, Q%) ' '

The method of extraction from the data is the following. For a given kinematic bin 7 the ex-

perimental/raw dihadron multiplicity is determined by Mr};yf — NI"""" /nPis, The acceptance,

defined as ¢; = Mr’;vt?_ /Mb’}léﬁ?f is estimated using a Monte Carlo simulation. Thus the final
dihadron multiplicity is M "~ = M2 "" /e, The dihadron multiplicities from a deuteron target,
2004 data, and from a proton target, 2010 data, are shown in Figs. and[A.67] with different
orders of the dependencies on Q)? and M;y,,,. The results are found to be compatible within 10 %.
The dihadron multiplicity shows a weak dependence on Q2 (see Fig. , which is barely
visible at low and mid z-M,,,, region, reaching its maximum in the highest z and Q? bin. This
is a clear indication that Q% evolution can be neglected in the case of the hadron-pair azimuthal
asymmetry and the comparison of results from the HERMES and the COMPASS experiment is
not affected by the different (92 ranges. A stronger dependence of the dihadron multiplicity on z
and M;,,, is observed (see Fig. being driven by dependence on the unpolarized DiFF. This
effect can be reproduced with the results of simulations using unpolarized LEPTO.

Although these results are not yet used for the extraction of the transversity distributions of «
and d valence quarks (see Sec.[6.3.4), they will be an important ingredient to future analyses,
see Sec.

The hadron-pair samples used for the multiplicity extraction have been cross-checked by the
author of this thesis.
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Figure A.66.: The dihadron h™h~ multiplicities from the 2004 deuteron (top panel) and 2010
proton data (bottom panel) as a function of z, in bins of Q? (panels) and M;,,,
(marker) [COMPASS14c].
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Figure A.67.: The dihadron A™h~ multiplicities from the 2004 deuteron (top panel) and 2010
proton data (bottom panel) as a function of z, in bins of M;,, (panels) and Q?
(marker) [COMPASS14c].
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A.8. Notations and conventions

Metric tensor

The metric tensor is

1 0 0 0
0 -1 0 0
p
g 0 0 —1 0 (A.2)
0 0 0 -1

with Greek indices running from 0 to 3. Repeated indices are summed in all cases. Four
vectors are written in light italic roman type, while boldface italic is used for three-vectors. The
imaginary unit is denoted as 2 with 22 = —1. Please note the difference w.r.t. 4, which is used
for indices. In the following section natural units (2 := ¢ := 1) are used for reasons of better
readability.

Light-cone vectors

The Light-cone vectors are defined as [Min09]

a®—a® a®+a® |

N akatal (A.3)

Thus the dot-product in light-cone components is

a" :=la",a",ar] =

a-b=a"b +ba" —ar-br
=atb” +b at —d'b’ (A.4)
=ath +bat —azby — ayby.

The two-dimensional transverse part of a light-cone vector a* is

(
a. =1[0,0,ar], (A.5)

In terms of the Sudakov vectors 4 := (1,0,0,0) and := (0, 1, 0,0), a* can be written as

a* =atng +a n_ +ar. (A.6)
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For instance the four-momentum p* = (p°, p', p?, p?) of a particle which moves in z direction
(p* = p? = 0) becomes in light-cone coordinates in the collinear frame

0 3 o_ .3 2M2
pﬂ: P +p 7p P 7070 = p+777070 ) (A7)
V2 V2 pt

since p*p, = M? = (p0)2 — (p3)2 = (po - PS)(pO +p3)-

Dirac matrices

The Dirac matrices v* are defined as [LLZP91|]

10 0 O 0 0 01
01 0 O 0 0 10
0._ 1.
T Zloo -1 0’7 T lo 10 0] (A-8)
00 0 -1 -1 0 0 0
0 0 0 — 0 01 0
0 0 « O 0 0 0 -1
2._ 3.
T7lo c0 0T T =100 0 (A-9)
- 0 0 O 0 1 0 O
In addition one defines the dirac matrix 7° with v°7® = 1 and 7°y* = —y"~° as
0 001
0010
5. A0 1,23 _
V=YY =191 0 o (A.10)
10 00
The dirac matrices can be written in light-cone representation (see Sec.[A.8) as
+_ Lo 3 -_L. 0 3
v =507+ and 7 = 2 (37 = %) (A.11)
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Feynman slash notation and Pauli matrices

The Feynman-slash is defined as [PS93]]

3

A=) A4, (A.12)

=0

where A is a covariant vector and -y are the Dirac matrices. For instance p of a four-momentum
vector p = (E, —p) is

3 3
p=> pu=9"p0+ > 7'pi
©n=0 pn=1
_(ro 0N (O o'p; (A.13)
0 —po —o'pi 0
_( E —o-p
“\o-p —-E )’
where ¢’ are the Pauli matrices [LLZP91]

o1 = ((1’ é) Loy = (S _(f),ag = <é _01>. (A.14)

Logarithmic binning

For convenience in plots of kinematic distributions involving Q2 or z, the corresponding axes
are always plotted in logarithmic scale. The x scale ranges from 1 x 1073 to 1.0, while Q?
covers 1.0 to 150.0 (GeV/c)2. The number of bins in both cases is 1 x 10%. Then the upper
limit kp;p, (i + 1) of a bin ¢ with a lower limit kp;;,, (4) is given by

Kpin (1 + 1) = kpin (i) - 10, (A.15)
with

¢ = | loglo(mngemax) - logw(mngemin)|
# bins ’

(A.16)
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