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Introduction

For the last hundred years the frontiers of the human knowledge ahithescopic
structure of matter haveeenprofoundlyexpane&d For more than 100 years ago, the famous
scattering experiments performed by H. Geiger and E. Marsderheradvice of sir
E. Rutherford heralded the birth of a new branch of physics studying matter on the nuclear
and subnuclear leveThe scattring experiments revealed the existence of an atomic nucleus
and electron cloud, and gradually helped to penetie¢pernto the nucleus andiscover its
structure, made of protonand neutronsWith the improving resolution of the particle
acceleratorgt has become clear that the nucleons are not the fundamental elementary particles
which constitute matter. In the 0 6 thel Stanford UniversityRobertHofstadter brought an
evidenceof a finite radius of a nucleon from an elastip scatteringl n t he | at e 6
Stanford Linear Accelerator Center (SLAC) using the elastic and inelagtiscattering
published the resudt indicating a presence of poiilke constituents of a nucleolhe
constituents were describddy F e ysiPantamModel (PM) developed shortly after the
discovery In this model, the nucleon is composed of ptike fermions, so called partons
which m&es this model compatible with constituent quark model (QM) of-Eatn and
Zweig, assuming valence quarkssi t h s pi n | and eand-t/3errurtber c har ¢
investigation of thenner dynamics in nucleon and hadrons in general lead to the formulation
of the Quantum Chromodynamics (QCD)n t h @&non&lfellan quantumfield theory
describing strong interaction beten the quarks intermediated by newly predicted and
subsequentlyliscoveredvector bosons calledluons. QCDhasdefended its position as the
mostsuccessful theory of strong interaction even afeszades of experimental testéd is
still being tested. QCD improved PM has served for almost complete description of the
structure of nucleonthough a lot of unanswered questions remain regarding the low energy

processes in hadrons (rperturbative regime)

One of those questions appeared during the investigation ohubtleon spin. The
problem was discovered in 88 at theEuropean MuorCollaboration (EMCxt CERNwhen
test i ng tthearetical predickorirom the QMthat thenucleonspin isfully given as
acompositionof the spins of the three valence quarks, howeheresultsthat surprisd the
whole physicscommunityhave showrthat quarks comnibute only one third to the totapin

of a nucleorjl]. This result hased to theformulation of new theoretical toolandstirredalot



of experimental effort t@explain the pocesses contributing tbenudeon spinand t hi s A's

cri si s getleansresalvedhis topic became a subject of study in lepton scattering
experiments at CERN namely SMC and COMPASS, HERMES at DESY, SalA&tatory,

and JLab and also in polarised protgmoton collider at RHIC.One of he possible
contributions comef r om t he gl u @&@nwhgs® measuieraeaasi onenof the
points of interesbf the HERMES, SMC, and th€ OMPASS. The COMPASS experiment,
which is subjetof this thesis, isfixed target experiment located on the SPS M2 bearaline
CERN Experiments mentioned above also have contributed to measurement of the significant
left-right spin asymmetries which suggested an important role of the intrinsiswvtrae
momentum of partons connected with tbebital angular momentum (OAM), and the

experimental efforts on this matter are still ongoing.

Nucleon structure can be described by spdependentunpolarised structure functien
F1 (x, Q%) andF, (x, Q%), and the polarised structure functio, (x, Q%) and G, (x, @),
which can be directly measured the scattering experiments. In the parton model in the
leading order in the collinear approximation (with parton intrinsic transverse momentum
integratedbver) they can be interpreted in term$Paiton Distribution Functia(PDF)fy, ga,
and h;. Nowadays, the understanding of tleegitudinal structureof nucleon described by
unpolaried PDFf; and helicity functiong;, has been virtually reacheéiowever, the
transverse structure of tmeicleonconcerning the intrinsic motion of partons and transverse
spin distribution is still little known.Beyond the collinear approximation thaicleon
structure is described by eighransverseMomentum DependenParton Distribubn
Functions TMDs). The knowledge othe intrinsic transverse momentum of partons isd
correlationwith spin is essential for determining parton orbital motion and thus hopefully
answeing the question for the origin ofucleonspin d last.

There are two experimental tools for obtaining TMiEisEch arecomplementary to each
other, Semiinclusive Deep Inelastic Scattering (SIDISAnd Drell-Yan process (DY). The
COMPASS experiment A(C O mm®oon and Proton Apparatus for Structure and
Spect r)desigo gdlgws studying both of these processes with basically the same setup
which gives the possibility teestthe universality of the TMD picture and those of the

important predictions of QQ.

! The connection of those processes and the implication for the theory will be described in the
Section 1.6



The aim of this thesiss the extraction of the leading twist transvespatdependent
azimuthal asymmetries (TSA) in polarised piaduced DreHYan process from 2015
COMPASS dataln the following, the theoretical background the structure ofnucleon is
reviewed The details of the COMPASS spectrometer layout and experimental goals are
presented inChapter 2 In the following chapter, we will describe the data sample, the
procedure for extracting tHESAs and the systematic studies. And in firal part, we will

presenthe results obtained from oanalysis.



1. Physicscase:the Drell-Yan process

Scatteringprocessebfave played the most important role in probing the inner constituents
of matter The elastic scatteringnabledto discoverbasic structure of atom in the times of
Rut her f or d pmeasarxgtieersizenshape, ahd formfactors of thenuclei the
size ancelastic formfactorsof nucleonsand continues to be an important tool for testing of
the Standard model The deep inelastic string (DIS) involving the collision of
electromagnetic probe (leptoty the target particlehas moved the frontiers into the inner
structure of nucleon and its dynamid$he measurement at SLAG 1968 brought a clear
evidence of pait-like constituentof nucleonin the discoveryof the Bjorkenscaling The
DIS was the essential tool for linkinge partons and quarks, and somewhat later for finding
the missing constituent of nucleon, filling the gap in the measurement€lispterl.2.3),
the gluon. The polarised DIS, which uses longitudinally polarised lepton projectile
longitudinally or transversely polarised target nucleon, glasaccess to the longitudinal spin
structure of the nucleon via measg the helicitydistribution of partons in the nucleon. On
the other hand, transversal spin structure described by the transversity distribution function or
TMDs, being chiral odd, is not accessible by DI$ the DIS thechiral odd processes are
strongly supressed, buh SIDIS, or DY the chiral odd processes can be observed

In the followingsubsectiont he f or mal i sm of the DIS is shc
Model and QCD are introduced in the part T.Ben the unpolarised and polarised structure
of nucleonis presented, with the emphasis on the transverse spin distributions, the helicity
and TMDs. In the last subsection 1.4 the DY process is discussed and its comparison to the
complementary process of SIDIS and the process of extracting the TSAs in ordemdhabta

transverse spin distributions.

1.1.Kinematics of deep inelasticprocesses

The DIS isa process afcattering the charged or neutral leptevith the momentunk on
a nucleorH with the momentun®, as follows:
I[(Ky+H(P)- I'(K')+ X, (1.2
where X denotes any hadronic final stateeated from the energy transfer from the
incoming leptonIf X=H andl ther (H.1) describes an elastic scattenvigere no energy
trarsfer occurs In the caseof the neutral current DIS procesdes 7 and the other case of
the charged current processes involves leptons differing in one unit of electric eharge



However the latter process is not relevant for the topic of this theBme neutral
intermediation particle can be either photorZdooson but for the following discussionve
will consider the photon intermediator onlfhe lowest order Feynman diagrams for the
processes of elastielectronproton scatteringand the inelastic case schem® shownon
figures 1.1a and 1.1b, respective§oncerning the DIS diagram 1.1b, the lepton vertex is
described by the perturbative QEWhile the photonproton interaction involves non

perturbative QCD effects of the proton structure, described by the proton structure functions.

e (k) ) e p) e (k)

p(P) p(P') pT(P)

(@) Elasticscattering on poirlike proton (b) Inelastic scattering

Figure 1.1:The lowest ordefFeynman diagram of electrgommoton scatteringa) and the
schematic of the inelastiegescatteringThe diagrams are taken fraef. [3].

The following Lorentzinvariantvariablesare commonly used for the description of DIS

process [4]:

st (k+P)?=M?+2k@P =M (2E, + M), (1.2
Q%! -g®=-(k- k')? =2k'=2EE'sin*(J/2), (1.3
2 2 2

it @ =@ . Q@ (1.9
2P@ 2M v Q*+W?- M2

9% _Eu-Ep _ v =§°S- Mp 81- cosJ* 15
k@ Elab EIab é‘e S 9 2 1 .

2
we i (q+py? =2 - X)+M§, (1.6)
X

whereW is the invariant mass of the hadronic syst&mroduced by the absorption of the
virtual photon by the nucleonh& Mandelstam invariard denoteghe centeiof-mass (CMS)
energy of thdp system squaredlhe M, corresponds to the proton massile the lepton
mass is neglecteldere E andEGare the energies die incoming and scattered lepton in the
CMS, respectivelyP andk, k @re the same as &x.(1.1), andJ describes the scattering

angle of the leptoriThe Q? invariant is the negative value of the squared-foomentumof

% In the COMPASS DIS experiments the CMS endigy &  2cbis walebelow the Z peak,

thus its contribution can be safely nedézt



the virtual photon, i.e. a momentum transfer between the leptonic and hadronic.syseem
variabley gives the amount of energy transferred between the lepton and hadron system,

x standsfor the Bjorken x variable which is related withthe irelasticity of the collision.
Bjorken x varies from O to 1, the latter being the elastic scattering, while with decreasing
value we move to the higher energy scaleghe parton model the Bjorkearepresents the
fraction of momentum carried by a parton inside the profdv® momentum transfer is a
measure of experimentatsoluton, so in he DIS kinematic domainwhereQ? >> M, and
P.g>>M, [4] it is high enough to probe the internal structure of nuclddote that

(neglecting the masses) we can exp®@%s@sxy, which means that (for the unpoksei case)
with the givens only two of the above invariants are independent.

Let us first remind the expression for the cressction of a general process
1+2Y3+4+é+n:

_,(ZP) 1 (4) i 0
ds Vs - 2|2|5le‘ f"O(Zp) 2, ?’ P2 .asp”+ -9

where \\/,' is the velocity of a particle in initial stateand p, = (E,, b’,) denotes thdour-
momentum of the-th paricle. My is the Lorentzinvariant amplitude of transitiobetween
initial and final stateSis the statistical factor standing for the case of nmbeatical particles

in final state From this basic formulthe crosssection forthe elastic scattering of electron on
a pointlike proton can be derived [4]:

a >y @
d52:4pé YoM y8. 19
dQ 2 2kPX
And in the laboratory fram@AB) we get:
1 A 2
ds E'ab 21 Q? tanzaEEJIaqu S g = a’cos’(J,,/2) (1.9

dVV|ab et Epné& 2M° 4Elib sin* (Vw2 '

where Uyt is the Mott formula forscattering of relativistic Dirac particle (unpokail) on

static pointlike charge potential, andis fine structure constant. If we consider thaiton

has an internal structureye have to modify the crosectionwith the formfactors or

structurefunctions [4],[6]. After some treatment we arrive to the following expression:
ds E'., €G? +1G; aJ,,, 0

=s F £ M+ 2tG2 tanfa@e Rl gy, 1.1
dV\/Iab et Elabg 1+[ . Q 2 % ( Q

® Formfactor F (qf) is a Fourier transformation of charge distribution in a particle. In the
scattering crossection formula it accounts for the effect of the extension of the charge distribution from

a nonpoirdike particle [5].



2
where ¢ = ﬁ andGg? andGy? are the electriand magnetic forafiactors.

In the DIS the kinetic energy is not conserved, i.e. the variaDfeand 3 become
independentthus theeq.(1.10) chages. The dllowing formulae arevalid in CMS and LAB,
respectivelyj4],[7]:

d's _apdE  MNRROOD, e oo
d—s - eM aJ,., 07
dEAW,, Mone—W (x,Q%) +2W,(x,Q )tan2 =50 (1.12

where F; (x,Q) and F, (x,Q), or equivalentlyW; (3,Q%) and W (3,Q) are the inelastic
electromagnetic forafiactors or structure functions of the protowhich comes from

symmetric part of the hadronic tenaf (s - Q_l“ L, W7 [4][7]. Within the parton model

the dructure functions are related to the Parton Distribution Functions (PDFs) which will be

discussed in the next section

Let us now consider the polarised DIS with the longitudinally polarised lepton and
longitudinallyor transversely polarised target hadron:
I(k,x)+H(P,S)- I'(K',x')+ X, (1.13
which is the same as (1.1) with only adding the spins of the lepterdnd hadron spils,

respectively.In the polarised caséwo additional polarised structure functions appear,

él (3,@) and 62 (3,Q%) coming from the atisymmetric part oW * Following equations

applyfor theW: (3,Q) and G, (3,Q):

MW (7,Q?) = F,(x.Q?), (114
Y, (1,Q?)=F,(x.Q?), (115
260Q7)=6(Q?), (1.19
&_226207’2):62()(@2)’ (1.17)

The longitudinally and transverselfyolarised DIS crossection can be then expressed in
the following way [7]:

ad’s-U d’s-bd_ 4a’ E',ab(

- = E_ +E' cosJ)g, (xQ%)- 2xg,(xQ?)|, (1.1
B0, M08, 8 M £ (e "B Q) - 20,00 119

o

ad’s-Y d’s-048_4a*® EY,
c Iadellab dVVIade'Iab+ MUQZ

S'nJegl(X Q°)- = 9,(x.Q° )u, (1.19)



where 9Z denote the | ongiUtthuld iare the longitodinamdi s at i

transversal polarisation of target nucleon, respectivalgraging of thecrosssection over

the target spin orientations yields the equation lIrl2he unpolarised crossection the
antisymmetric part of W ° and the lepton tensolL® ® vanish and the crossection is
parametrized only be the forfactorsF; (x,Q) and F, (x,Q), and on the contrary in the
polarised one thantisymmetric part of hadroniand leptontensorappear and structure
functionsG; (x,Q’) andG, (x,Q) can be accessed. The experimental quantity that is measured

for obtaining them is the longitudinal spspin asymmetry:

A= (1.20

s P+s™V

Of course, the asymmetry gives access only to the combination of the polarised structure
functions not the individual ones. Nevertheless, one can see that in (1.18) the coefficients of
G; andG; differ in the magnitude, th&, contribution is suppressed w.iG; by a factoM/E.

Thus, the longitudinal doubkpin asymmetry is used for measurfdgfunction.On the other
hand in the process (1.19) no such suppression is present. Therefore, the fGaatanbe
extractedusing the double spin asymmegy:
s*¥-s7"
A = e g 1.2)

combined with th&; known from the asymmetry (1.20).

1.2 Features of theparton model

1.21 The Unpolarised nucleon structure

The first measurements of the structure functions and elastiefémtors with electron
proton unpolarised DIS were performedt the SLAC laboratory(Standford Linear
Accelerator)in thel a t e Thé& @data showed factors a rapid decrease of the elastie form
factors with risingQ® and conversely thicrease of the inelastic forfactors to aonstant
nonzero value. The explanation of this phenomenon was given by Riéhdfdynman
namely that if the target nucledmas any internal structurnere is a lower probability that its
constituents recobine back after the high energy collision. This behaviaf the nucleon
form-factors had originally beepredictedoy James D. Bjorke[8], and then calledfter him,
the Bjorken scalingLater it has been shown that Bjorken scaling is an appro&istsing
becausethe inelastic forrfactors actually doapproach zerobut very slowly.Thus, the

equations (1.14§1.17) can be rewritten in a sense of Bjorkealing

8
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Figure 1.2:The scaling of proton structure functidfy measured in electromagnetic
scattering of positrobeam from the fixed proton target in teperiments ZEU$L0] and H1
[11] at HERA, for x > 0.00006, and for electronsShAC [12] and muonsn BCDMS[13],
E665 [14], and NMC [15]The data are plotted asfunction ofQ? in bins ofx. Taken from
ref. [9].



On the basis othe results of DIS experiments, Feynman formulated parton model
(Parton is an abbr evi)adrthepartonfmodel the PI§ is vViewedfas g r o t
A g u-free scattering from poirike constituents within the proton, as viewed fromanfe

where proton has infinite momentum. o [ 8]

In the infinite momentum frame the proton becomes Loreatrracted to a disc and the
internal movement of the partons is strongly slowlesdvn by the time dilatation, thuke
constituents can be considered feee particles during the collisiom the sense that the
lifetime of the parton states is much longer than the duration of the callifimakes the
parton model valid only in high energy scalbeDIS crosssection is themn incoherent sum
overelastic leptorpartoncrosssections The hadrorsationprocesgconversion of the p&ns
to the final state hadron$dkes place much lat after the collisionascan be seen on the
figure 1.3 In the collinear approximation it is assumed that the wense momentum of the
partons can be neglected as well as their rest masses and only their longitudinal momentum is
consideredThe longitudinalmomentum of the-th parton can be expressas a fraction of
the proton momenturgP. Note that the momentunooservation law of thprotonvertex in
figure 1.1a:

(hP) =(nP) - Q* +2n,PaY Q*=21,Pq, (1.26)
implies thatBjorken x represents the fraction of the proton momentgncarried by a
particular partonUnder the consideration bfgh energy limisY  #n (1.11), and thus thg
variable being smalthe elastic crossectionof electronon parton with charge fractiog is
given:
ds _4p de;
Q@ Q'

After comparing (IL1) with weighted sunof the partonic crossections,we getthe

(1.27)

inelastic electrofproton crosssectionin high energy limit

ds _4p d Fz(X’QZ):A'pé A e f.(x),

T O . o ¢ (1.28)

wherefi(x) is the probability to find theth parton with charge and momentum fractiorP
inside the proton. The functiof$x) are called the Parton Distribution Functions (PDRs)3

the functionFa(x,Q) is given as:

F(x Q)= F(¥)=x4 &, (x). (1.29

1C



1(k)

H(P)
Figure 13: Deep inelastic scattering in parton modehe process of hadraaition begins

much latterafter thecollision; this iscalledthe independent fragmentation model (taken from
the ref.[5]).

Parton model thenaturally leas to Bjorkerscaling(F, does not depend d¥¥). Also the
function F1(X) from the crosssection (111) contributes in finiteenergies.The relationship
betweenF;(x) functionscan be approximated by the Cal@&r oss r el ati on for
spin: Fx(X) = 2xF»(X) which has been confirmed by experimental datg.[4].1 n t he 1970
the charged partons in the nucleon were unambiguadshtified with thequarksfrom the
additive quark modelproposed in 1964 to explain the hadron spectrbot then some
inconsistencies aros®ne of the problems was the discrepancy between the experimental
data and the probability definition of thewstture functiorF,(x) expressedby the momentum

sum rule:
1
a i (x)dx=1, (1.30)
i o
asthe actuallymeasured/alue is only 0,5 [6]It wasa clear indication of a presencesaime

additionalparticlesnot interacting electromagnetically.

There is aother problenwith the interpretation gbartons as quark#és only u, d, ¢, and
s quarkscan be costituents of the protorb(and t are too heavy) the proton structure function

can be calculated as a sum of the PBiFal quarks an@ntiquarks:

e =B[1,00+ 1,00+ 1,00+ 6l 21,00+ 7,0+ 1.6+ L8
¢ :

IntegratingF,(X) overx we get a mean square charge per paifbe. experimental value
is0, 17 KN[4] &hich & 8onsiderably lower thaexpectedv al ue of -quarko f t h
model, i.e. this is anothsetrong indication for additional constituent particle in proton.

Another issuas the behavior of the parton distribution whichrasighly proportional to

1/ x for the infegré@l fromnthds function diverges. Thigould imply aninfinite

11



number of clarged partons in the protowe candefinetheso-called valence and s@DFs as

a combination of quark and antiquark distribution functias$ollows:

val r3 sea £
fol(x)r £ (x)- f,(q  f(x)* f,(x) (132
Then the integral of thgalence funton for u and d quark ifully in agreementwith
static quark modgH]:

1 1 1
Af (x)dx° 2, fF{fa™ (x)dx° 1, ff (x)dx° 0 (1.33)
0 0 0

while the integral of the sea PDFs divergébhese problem$ave beersolved withthe

formulation of the QCD, a nonabelian gauge theory of strong interactigee the section
12.3.

1
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Figure 1.4:x times the unpolaredd PDFf(x) for the valence and sea quark and gluons in
proton for scales® = 10 (GeVt)? ande? = 10* (GeVic)* and (M) = 0.118 [1T.

1.2.2The Spin structure of nucleon

AYou think you understand s
Robert L. Jaffe
In the collinearapproximation, the structure of the nucleon is refletigthe unpolased
parton distributionfunction reviewed above andthe polarised PDF g;(x) which is called

helicity functiori’, as follows[7]:

0.0 S8 005 & (1 0+ 1 () (17 W+ ). a3

q

* The helicitydenotes the projection of the particle spin onto the direction of its momentum.
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thatdenotesthe difference between the density of quarks with spin paveillelrespet to the
longitudinally polarised hadronand the quarks with spin ardparallel The transversal

structuredescribecby the transversitjunction hy(X)° which isanalogous ta;(X), but for the

transversely polaresl hadrons

We candeterminghe first moments af;;(xX) functionfor proton and neutron

1
PN — o~ p.n :}é,°§ E 2 1.35
" = i (X)=5g 2%+ 7% oy (1.35)
whereay, as, andag are given:
a,=(Du+Du+Dd+Dd +Ds+Ds) D, (1.39
a, =(Du+Du- Dd- Dd), (1.37)
agz\/%(Du+DU+Dd+Da- 2(Ds+ Ds)). (1.39

The ag, andag can be obtained from the hyperbfdecay Using the known value s

and ag, the ap can be determined via measuring thé In the 1988 the EMC collaboration

provided the first measurement @f° for a very wide range of. Theresults are shown on

figure 1.5and the measured value wWag

G’ =0.123° 0.013stat) ° 0.01qsyst). (1.39

With the reasonable assumption of neglecting the contribution of strange quark to the

proton spinDs=Ds =0 (on the basis of Elidaffe sum rule, eql1{@4)) also thecontribution

of valence quark spins to the spin of a protga (ibid.):

whi ch

D S=af¥c =2(S,)  =0.120° 0.094stat) ° 0.226syst). (1.40

was i n contradict i on-quavk parton modeassumesyu v e €

the nucleon as an ensemble of approximately free partons moving collinear with nucleon with

no orbital angular moment, and the nucleon spin consisting only from the contribution of the

3 valence quarkand thusy# must equal Ivith two valence qu&s with parallel spin and one

withanttp ar a |l | e-li , =.iButthe durprising results of EMC measurement, basically

compatible with zero, brought a crisis to parton model knownfles@ i n cr i si s0 an

newexperimental and theoretioaliforts for explaining the origin of the nucleon spin.

® The subscript 1 denotes the leading order of perturbative QCD. The notation we use is called

the Amsterdam notation (Jaffe, Ji, and Mulders); one of the older notations ishad$o often used
denoted(x) a(x), 0:'(x) B angh,’(x)  [a(x)cp
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Figure 1.6 The spin dependent structure functixg(x) of the proton, deuteron, and proton

on varying energy scales from 0.300 GeV£?. The figure wasaken fromref. [17].
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1.2.3The QCD improvement ofthe parton model

The formulation of the QCD brougbtuons as another typé partors in the nucleon and
thepresence of the gluon fiekplained the violation of the Bjorken scaliimghigh energies
Just to give a short overview, QG®based on SU(3) symmetry of colour charges with eight
massless and coloured field quanta, vector bosons called glBmns carry the colar
charge (8 olours) which allowsselfinteraction.In the low energy under 1 Gel\the strong
coupling ((Q?) diverges which leads to confinement of the quarks and perturbative methods
of the QCD are not validn the high energythe gluon radiation appears whichuses the
breaking of the Bjorken scalingnd in thelimit of infinite energy (equivalent to distances
going to zero)l goes to zerfd The Q*evolutionof the parton distribution functions can be
then derived perturbativelyVith increasing theQ? the resolution of the probe increase as
well. At high energies valence quark appears to be surrounded by additqipgdairs, i.e.
the sea quarks, and gluons. This is described by the splitting funBtj@iRg, Pyq, andPy’.
The Q? evolution of parton distribution function cae balculatedy the DGLAP equationsf
they are known at a certain scalée first moment ofy:(X) canbe then rewritten inQ?
dependencf/]:

1 12 ~
@ (@)= etk Q)= g+ B Sal)ell  aa
wherethe Exs and Es are the nossinglet and singlet coefficient futians are expansions of

the runningcoupling (y(Q?):

14

e (Qz)—l- a, é3.58€1§a562_ O°°a5 838

NS D é%.lS_gS ps &p-= o

a, 4110 ga.s 83a.50
E(Q?)=1- %= BE0 - 03523 2 (142

p & 0.07_%85+ P2
where the upper and the lower number in the paresghrepresent a coefficient used 134
guark flavoursare considered, respectivelx.fundamental sum rule can be derived by the
means of QCD:

& (4- &'()="2E\(Q?). (143

This rule is called Bjorken sum rule and was fesperimentallytested by EMC [1] and

SMC [14 via measuringi;® and ", respectively. The importance of this redigs in the

® This phenomenon is callesymptotic freedom; Nobel prize: Politzer, Groaslczek, 2004.
" These functions describe a probability of a parton (denoted by the first subsanifiihg

adifferent parton (the latter subscript).



fact that it was not derived from the parton modeld thus it can be then used for

its confirmation The measurements have shown consistent with the expectations, using the
known value ofs.

Using an assumption th@s = Ds =0 then a, :\/_3a8 from the eq(1.36) and (1.38) and
(1.4D turns to

G (x) = a@ — § (1.44)

which is called the Elligdaffe sum rule. The resulté the EllisJaffe sum rule verificatioare
shown on fig. 1.5ogether with the predied value marked by an arrow] [JAs one can see
there is a significant violation of Eli$affe sum rulemplicating that the above assumption

cannot be valid
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Figure 1.7 The world data on scaling of thg® as a function of)? andx. One can see the

slight hint of Bjorken scaling violation for smad) however the&)? andx range of the data is
smaller than the collected data for the structure fund®igrQ?) as can be seen on the fig.

1.2.The figure was taken fromef. [19].
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The ;" and the value of quark spin contributiqi anday have been measured by many

other experiments, one of the most recent result is from 2007 COMPABIS data [18

D $OUPASS= (0 32° 0.03(stat), (1.45
a,”""°=0.33° 0.03(stat). (1.46

Both of the results are nearly identical, the latter was derived fromn{hesing the octet

axial chargeag. This value is rather higher but far from the original assumption.

As a result of the QCD corrections, the gluooantribution to the nucleon spin mon

zero, the equality odig andg# (eq. (1.39) is no longer valid, it applies:

a,=DS 3%’2) DG(Q?), (1.47)
where DG(QZ):Gﬂ L'(x,Q"’)- G®°(x,Q2) is the gluonic contribution to the spin of nucleon.

Thus the small measured valuesgfloes not necessarily mean thig is small.

% A i)

0.2

¥ Aulx)

=
i
— T

ozl

nifF
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1Tt i 1 1w ir? 0 i 1 i it
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Figure 1.8 Results of the QCD fits toigvorld data at a scale? = 3 (GeVt)? for singlet
xqf $(x) and gluon distributionqm(x) (top band) and the distributiondDf (x)- Df (x)) for the

flavours u,d, and s. The dark bands denotes the statistical errors and the light ones the

systematic eors. The figure was taken froraf. [19].

The g has been subject of various measurements the COMPASS experiment which
confirmed the noizero value of DG(QZ):O.Z_*%‘;‘; [20] but this contribution isstill not

sufficient. Contemporaryexperiments are ongoing for determining the last possible
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contribution of quark and gluon orbital gurlar momentum to conclude the spin puzreis
describedn the JaffeManohar sum rule [31

%:%DS—DG+Lq+Lg, (1.48)

wherelLy andLgy are the quark and gluon orbital angular momentum, respectively.
1.3 Transversespin-dependentnucleon structure

In the previous sectiowe presented the results of the measured contribution of quark and
gluon polarisation to thaucleon spin. All the remaining effect that creates the total nucleon
spin has to be addressed to the otlaityular morentum of partons. Thenty possible way
to accesd andLy are the transverse spin or momentum effects in the nudiedhe past
there hd beena common assumption that in high energies the transspiseeffects are
suppressed-However,it is far from the truththere is a difference between the polarisation
itself and its measureablmanifestation[22]. The problem is to find a process which is
sensitive to the transverspin effects as they are often strongly suppressed. Transverse
polarisation of quarks cannot be observed in the DIS but it is accessible by SIDIS ard Drell
Yan processes.

Let us first explain the JaH&-Mulders notatior(also called the Amsterdam notationg
use for the PDFs and consequently the TMEH,[23]. The lettersf, g, andh denote the
unpolarised, the longitudinally polarised, and the transversely polarised Ri3psctively
The subscript 1 stands for the leadimgst functions, and the subscrigtsand T correspond
to the longitudinally or transveally polarised parent nucleon The super sheri pt

presence of the transverse momenta with the uncontracted Lorentz indices.

1.3.1 TheTransversity distribution

It has beershownin the section 1.2hatthere are 3 PDFs describing the structure of the
nucleon in the collinear approximation, two of them has l#erady presentedrhe third
PDF, the transversity distributiorhf(x)B, is analogous to the helicitgut appliesfor the
transvesely polaried hadronsand quarks. It describethe density of thetransversely
polarised quarks with the fraction of momentunand spin parallel with the nucleon spin
minus the density of quarks with spin antiparallet.t. the tansversely polariseducleon
[24].

()= ¥ (+a 7 ()- (¥ () +a” (). (1.49

® The Q*dependence of the PFDs and TMDs is omitted for brevity.
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Again, within the QCD improved Parton model t®é&dependence appean order to
renormalize the quark fieldSame a thef; and g; distributions,the h; is a leading twist
quantity thus there is no reason for the transversity to be smaller than the heliitgver,
in the Q*evolution it is suppressed in low range with respect to the helicity. Another
distinction from the helicity is the neexistence of the transversal coungetpof the gluon
polarisationwhich makes the overall contribution of the transversity lower than the helicity
contribution The transversity is connected with thelicity and unpolarised PDF by the
Sof fer 6s iforeppdiclariquaavquiy:]  (

() ¢ 21,3+ 9, (4] (150

The transversity was introduced by Ralston and Soper in [B¥T9But more thorough
t heoretical ef f or t sandfest ppopasads\ioe theonpeasdremienis ot thee 0
transversity were fumitted. However, there is still venytle data collected nowadays [22
The reason is thdt;(x) is a chiralodd function thusts measurement requires a flip of the
probed quark chirality. But as it has been mentioned above, this process caacotdsech
theDIS due to the conservation of helicity in the QCD procesBemeasurdhe transversity,
one has to flighe chirality twice, so eithewo hadrons in initial statare neededasin DY,
or one hadron in the initial statadone in thefinal, like in SIDIS. The presentmeasurements
of the transversityare held in the COMPASSLah or RHIC experiment(and a contribution
from the past HERMES experiment data)

1.3.2 Transverse Momertium Dependent PDFS

If we abandon the collineaapproximation and consider the transverse momentum of
guarksks to be finite, we can expand the description of the nucleon structure to a 3D picture
in the momentum spacgiven by the Transvers®omentum Dependent (TMD) PDFs
Another approaclusingthe fintekrand dev el op e dheiGenerdlidecc Paiod 6 ar
Distribution (GPD) which describe a longitudinal momentum of partons and their radial

position distributionbut those are not a subject of this thesis

TMD approach is applicable onfgr small transverse momenté partonskr << Q? [22].
In the leading twist8 kr-dependentime-reversal invarianfTMDs emergd22]: fi(x, kr?),
g (X, k?), hi(x, k), gir(x, k?), hi?(x, k?), hu2(x, k?), hi2(x, ki%), andfi2(x, k). Theyare
summarized in the figure 1.9 he first three TMDs integrated ovés® give the already

° Twist t denotes for the order of the expansion of the esession (DY or SIDIS) proportional

to (1)
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discussedi(x), gi(X), and hy(x) distributions.The other 5 TMDs arehiratodd functions

which vanish after the integratiorThe distributionh;r2(x, k?) is called the pretzelosity

function gir(x, k) and hy%(x, k?) are the worrgear functions which correlate two
perpendicular spin directions [R4The two last functions, which arisei we donodt de me
time-invariance of the amplitudeare thenaively T-odd distributions the BoerMulders

function h2(x,ki®) and the Sivers functior;r?(x, k?). The BoerMulders distribution
measures the correlation between the transversal spitharld of the quarks within the
unpolarised nucleon. The Sigeiunctiontogether with then a piTweversalwill be discussed

in the following subsection.

nucleon polarisation

U L | 7
U .f] ,f,/ i A(l)q
number density (] Sivers
quark o - O & - €
polarisation - S1 |81
helicity Aq
h @ -é
| Y | Arg
*I¢ h/ ) - ¢ h,'/ 2 =1 9® | transversity
Boer Mulders h, 1 o) -

Figure 1.9 The whole set of TMDs ordered by the nucleon polarisation versus the
polarisation of quarks.

For further convenience, we mention the role of fragmentation functions (FF). In the
hadron production processes (e.g., SIDIS) the transverse spiky atependent structure
functions consist of the TMDs and the &6f the daughte hadrons. FFs are in arse
amirror of the parton distributions as they represent the probabilaypairticular quark with
a given polarisation to form a certain daughter hadron with the momentum fraatiche

process of hadronisatig@2].
1.33 The Siversdistribution

As the QCD is a-invariant theoryone might expecthatthe above introduced naively
T-odd distributionsare equal to zerolIn the following subsection wevill give a brief
theoreticajustification of the observed data which proof otherwesg. theSivers asymmetry
results from SIDIS at COMPASS [P6 more detailon the derivation of the relations below

and the TMD factorizatiowan be found e.g. ireferencieg§22],[27],[28]. In the second part
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of the subsection, we give atline of one of the navely T-odd distributions, the Sivers
function The otherT-odd function, the BoeMulders will not be discussed as it was not a

topic of our analysis.

The crosssection of the higlenergy hadroproduction (e.g. DY) or leptoproduction
(SIDIS) can be factorized into lept@artL® *and hadron paiV ? as it was mentioneid the
sectionl.1. The soft part of the hadron tensor is represented by the-quark correlation

matrix. The general form of the correlation matrix2g]:
F;(kP.S)= e (PSly | (0)LA0,a)L (o, x), (x) PS), (1.59
wherelL is alight-like gaugelink operator, pattordered expnential, secalled Wilson ling

inserted between the quarks to preserve thggavariancedefinedas

OOI

L(y,m)= Pexpae |gn:is A"( )
(; T
wherey is theinitial time, andg is the coupling constant ofguon gauge fieldA®. Then the

(1.52)

quark distribution functions can be expressed as:
Tr(G A= ™ (PSly , (0)LA(0,= )L (=, XY, (x) PS), (153
It is the presence of the Wilson Iswehich guarantees the neanishing of thel-odd
distributions from the crossection. Following symmetries apply for the qugdark

correlator matrix:

F'(k,P,S)=g°F(k,P,S)g°  (hermicity) (1.59
PF(k.P.5)=g°F(K.P-S)g®  (paity) (1.59
TF (k, P, S)=g°CF (E, P, §)C+g5 (time-reversa) (1.5

The equation (1.56) can be applmdy if the Wilson lines are natserted The correlator

can be decomposed in a Dirac matrices basis in a following way:

F(k,P,S)=SL+V,g" + Ag°g” +iP,g° +%iTm,$”’”g53, (1.57
l y
whereS V, A, P, andT are scalar, vector, axigdgseudo scalaland tensor term#fter some

treatment (see [3Rwe get the form with thdistribution functions:
1ol = Ry k)= ke 1 i B S

Tr (70 )= Py bk s (ke )= 0 (ke )s, + 0 Bkt )O3

M
Trlis "5°F )= Py (o k2 sy (ke )= hn(xk)sr+§1(xk)s # 1 f k?) @”’:A
+hy (xk2) & ;/lf’” (158)
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The functionPgn (X, ki®) represents generally the quark distribution functions, i.e. the
probability to find a quark witnucleonmomentum fractiorx and with intrinsic transverse

momentumkr; s, ,; denotes the lagitudinal or transversal spin of thypiark;the S 7 is the

spin of the target nucleon with respect to nucleon momerifhin.analogous relations apply
for antiquarks as well (with the antiquaaktiquark correlatdf ). Then the unpolarised PDF

is composed aan addition off; for quarks and arquarksf, + f,, i.e. theflavour singlef and

the restof the 8 TMDs is aubtractionf, - f,, the flavour norsinglet [23. The last terms of
the relatios Tr(3°0) and Tr{{f 3°0) in equations (1.58ppear only if the condition (1.56) is
not applied.

Finally, we can explain why ({Tdneariance ofshé r ai n
correlator (1.51) is preservedThe link operator presented above (eq. (1.5B)
arepresentation of a finaltate interactionirf the eikonal approximationsee PR9|[30])
between the struck quark and the remnant of the nucleon. It is integrated from tlyetdime
the future. On the other handnder the timeeversalthe futurepointing Wilson lines are
flipped into the paspointing onesthus representinthe initial-state interactionThis is the
reason why it i1 a ptor assumehatthe eq. (1.56) is the appropriate form of fheeversal
valid for the correlator (1.51). Thi was t he Col |] basesl 6rsQCB ofgienme n t
vanishing of theT-odd distributions, as they are actuatigt T-odd, but naively T-odd The
requirement of the gauge invariance caused the presence of the Wilson lines, and thus not the
classicT-r ever sal , but a napve o0neT-inkasianee ofttltee b e
correlator. As a consequence of the Wilson lines applicatibve discussed distributions
appear to b&@-oddundera classicT-reversal. Another consequence is the process dependence
of the correlator incorporated into the Wilson lines which change sfgrirwhen applied in
the initial state interaction versus the final ones due to the switching of the direction of

integration.

One of theT-odd functions is the Sivers distributifn®. It was introduced bfpennis W.
Sivers in 1990 [3]Lin order toexplain the large singlspin asymmetriesmeasured n 706 s |
DIS. Sivers function describes the correlation of the transverseSgpiithe nucleon with the
intrinsic transverse momentuky of the quark, in other words it describes the-tefht
asymmety in the distribution of partons in the nucleon with respect to the plane spanned by
the directions of momentum and spin of the nuclé@dmrorrelation between thkr and the

transverse polasation of a hadron is related to the rmero orbital angular moentum in the
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nucleon. The nozero value of the Sivers distributiomas shown experimentally by the
HERMES [32] and COMPASS [26

The Sivers asymmetry was measuadCOMPASSIn production ofcharged pions,
kaons and neutral kaons SIDIS. Recentlynew analysis of the COMPASS datarh 2007
and 2010 was issued [RShowing the Sivers asymmetsymmed upfor the positive hadrons
and the negative ones in foQf ranges which aralmostidentical as the ones et in the
recent DY analysis [35to enablethe direct comparisonf the Sivers asymmetry results,
measured by COMPASS in the SIDIS and DY procesgescomplete results for the fo@?

rangesare shown in figurd.10[26].
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Figure 1.10 The Sivers asymmetridgeom COMPASSfor the positive andnegative hadrons

as function ok, z, andp! (taken fromref. [26]) in four differentQ? ranges
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One can see that for positive hadrons, positive Sivers asymmetry was observed in the
whole x-interval in all four mass ranges [R6I'he amplitude is apparently rising to the value
of x ~ 0.2and then possibly decreasifay largerx. The Sivers asymmetry mandp! seem
to have approximately linear dependence. tatafor the negative hadronshow lower
amplitudeand for the lowelQ? ranges is rather compatible with zero, except for theQ@éin
the z distribution where it drops to the negative valuekile in the high mass range there is
an indication for a slight rise in the positive valu€le integrated valigeof the complete set

of the crosssection amplitudes are depicted in the figure.1.1

16<Q’/(GeV/c)*<81
{(x) =0.238

sin($ — 9 —A— .
UT

sin(g,+ 0.~ 1)
18]
sin(3¢, — )
U

|+|

-

|

14 P
B
=3

[ 45

o
|

sin(20.— ¢,)
18]
cos(6,~ 6.)

-

=
—

A
[=]
L

=1

=
—

cos(20,- 6

R T T R I

=
—

~0.05 0 0.05
(A)

Figure 1.11 The integrated transverspin asymmetries (TSA) in the high?® range.

Systematic errors are shovas the horizontal bardhe first is the Sivers asymmetry, the
second is the transversity asymmetry, and the third the pretzelosity asymmetry (the remaining
modulation amplitudeare mostlyof higher twistorigin and are not the subject of this thesis).
Taken from ref. [2B

1.3.4The Pretzelositydistribution

The pretzelosity functiom2(x, k?) is a cliral-odd TMD which describes a correlation
between the transverse spin of the nucleon with a transverse spky aha@d quark. It is
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predictedto be suppressed compareditm large and smak. There is a constraint on a value

of pretzelosity after integration over tkegiven by an inequalityd3]:

N 1
909 (109~ 6.09) ¢ £,09. (159
In a sense, the pretzelosityeasures a deviation of the nucleon shape from a sphere. And

similarly, like transversity, ihas no analogy for gluons

1.4 The Drell-Yan process

In this section we will give a short review of the DY formalism and observabsesl (
notationfollows thearticle of Arnold, Metz, and Schlegig34]). The Drell-Yan process was
first introducedin 1970 bySidney D.Drell and TungMow Yan [35. It is a process of
hadronhadron rea@bn (in the leading order, the reaction proceeds via gaatkquark
annihilation) with a production of a massive lepton pair:

H.(P,)+H,(R.S,)- g (a)+x- I"(k,s)+I"(k,s)+X, (1.60
whereP,, are themomena of the colliding hadronsS, denote te spinof the target hadron
(considering only the polarised target as in the cas80MPASS measurementyhich have
the following properties'S,lP, = 0 andS,” = -1; k andk @&re the momentaf leptons;ands
ands their spinsq = kis the totaldnomentum of the lepton par equivalently, of the
virtual photona . And X denoteshe hadron shower created from the remnants o$tifuek
initial hadronsThe figure 112 shows the Feynman diagramtbis process:

i A PDFT——™" X

y* g

p PDF“"'—--....;L C+

Figure 112 The Feynmareading ordediagram of the Drel¥an process: annihilation of a
guarkantiquark pair into depton pair. The circleslenote the PDFs of the hadrons. The
col |l i di ng amdpducloas at CQMPASS experiméiaken fromref. [24]).

We assume a reference frame of haeradron collision headn along thez axis. The
following invariant kinenatic variable can be defined:
S= (Pa + Pb )2!
q2
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2q
Xe =X, - X, @—=, (161
F b \/g
t:4m2’
S

M =Q* =g @sxX,,
wheres describes the total CMS energy squared, the Bjorken x of garton in hadron (see
ed. (1.9), x- denotes the soalled Feynman variahleand the lasguantityis the invariant
mass squared of the dileptdrhe equaliesin thesecond and last equation applyly if we
neglect the parton masseselcrosssection of thainpolarised casesing the partomodel is
given[4]:
ds _1édp dae.

= 28 f{x )f. g . .
dnfdx. 353 YAEN %) (% ek x,s- m?Jalx, - x, - % Jaxdx, . (162)

where the expression in the square brackets stands for the -gatfifoartonannihilation
crosssection T h e f ascatcaaur fastbr angeflects the probability that both quark
and antiquark have theame colour charge, i.e. coleamticolour, whichis necessary for
annihilation into acolourlessphoton The indexi runs over both quarks and antiquarks from
the hadros a andb. After the ntegrationof (1.62) overx; from the eq. (1.8) by means of the
secondi-functionwe get

m°ds 8pd e. c (L \D 1 I
= v ga QZ f]j (Xl)fli (Xz)g' X2 :E(o Xg + XE - f)- (1-63)

dmdx  9./xZ +¢ &,

The r. h. s. of the eq. (BBscales with the parametetindependently on thparticular

shape of the quark PDFs [4This is another example of scaling behaviof the parton
modelas we could see in DIS (skg. 1.2 and 1.Y.

Along with the DIS, theinpolari®d DY process played an important roléasting of the
Parton modelHowever, unlike the DIS, the DY enables to determimeePDFs opions and
kaons, and its polarised version has proj@s] to be a convenient tool for studying the
transversity distribution and@-odd TMDs (seeSection 1.3 and some other issues both in
perturbative and neperturbative QCDNewertheless, the measurement of the polarised DY
is rather demadting because of its very low total cressction[34].

The complete crossection of the DreliYan process containing thmlarised part was
derived by Arnold, Metz, and Schlegel]3In their article, twospecialreference frameare
used: thdirst is called CollinsSoper (CS) frame depicted in the figure R1Bis a dilepton
(or equivalently virtual photon) CMS framthe z-axis correspondtthe bisectobetween

the directions of the beam and target particle momehtax-axis is located on the plane
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spanned between tiwo momeng, and they-axis is perpendicular to both of thema right

handed direction [34 If we neglect the leptomass we can write thé and | momenta as
follows [37]:

|"cs = g(]_ singcosf,singsinf,cosg), (1.64)

| "cs = 52(], sing cosf ,- singsinf ,- cosq). (1.65)
The second is a target frame (TF) showthmfigure 1.13b where theaxis is defined in
the beam momentum direction, tkexis along the transverse compongnbf the dilepton

(or virtual photon) momentum, andfz= £ X, yielding:

P = (P 0.0, P3c ), (1.66)
R% =(M,,000), (167)
ar =(a% 00,63, (1.68)
s” =(0,S; cosfg, S, sinfg, S, ), (1.69)

wherea andb denote the beam and the target hadron, respectiMaéyanglegpresent in the
equations abovare following: thet s angle which is an azimuthal angle of the transverse
polarisation in the TF; and theandd angles which denote the azimuthal and polar angle in

the CS, respectively.

e

(@) The CollinsSoper frame. Definition of pola (b) Target rest frame. The definition of tF

and azimuthal anglesand . azimuthal anglé s of the proton spin.

Figure 1.13: Definition of the angles from ColliB®per reference frame used for DY. (taken
from ref. [24]).

If we assume th@CD TMD factorization theorem [, it was showrthat at the limit of
high energiess o >> M.%, My?) and low transverse momentumy €< g) the crosssection
can beexpressed as a sum of weighted convolutions of TM®e will use the following
shorthand [3]:
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wlkr: or ). ]-N—a o 7 (0 - Kar - kor W{kar o)

o 1 (2 )2 (k2 )+ 2 (k22 O 2 K2k
wherew is a kinematic factorthe N¢ is a number of colours arfdx, ki°) are the TMDs. &t

: (1.70)

the full form of the DY crosssectionseeref. [27] (for its full derivation) or ref. [34]. Here,
we are interested only in thease of transversely polas taget and beam hadron
unpolarisecas will be elaborated belowet us also assume for further convenience the beam

hadronaa s and the target hadrdnas protonThus,we geta following formula [3}][37]:

d* dqsdvv_ g7 {1+ Al cos? g +sin2gA7 cosf +sin® gA=" cos2/)

( sinf’s +cosquf'“’S)smf +sin2g(AZ ") sin(f +£) (171

+ sin(f-fg) Sln(f _ fs))+S|n Q(A?n 2f+fs)s|n(2f +f$)
+ ASMC7S) sin(2f - fs))]}

where F :AL\/(pa (p,)’ - M2M?2 denotes the fluxof incoming particles;U is the fine

structure constants, =(F, +F,) is the unpolarised part of crossection which does not

depend on the azimuthal anglesandt , factorised out of the cross sectiffy andF, are the

w(f,fs)
unpolarised structure functions discussed in the sedt@i) andAj” :% are the

measured amplitudes of the modulations of the azimuthal anble® the superscript stands
for the azimuthal modulation which is described by the structure function and the subscript
L, or T for unpolarised, longitudinally, or transversely polarised target proton, respectively

(beam pionsare taken as unpolarisgaence the subscrifat is omitted) Now, it is convenient

to introduce the depolarisation facto® , = [%] to isolate the azintbal
1+ A, cos g

modulations in the braceth¢ factor <, (1+ . cos’ q) is the onlysurvivingterm whichafter

integratng over the azimuthal anglesand: ). Then we get:
(1.72)
Finally, in the leading order QCD the cressction simplifies 37] as some of the

amplitude are of higher twist order, faiows:
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