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Abstract

The origin of the quantum mechanical spin of the proton imeeof its constituents is not
yet fully understood. The discovery that the intrinsic spfrquarks contributes only a small
fraction of the total proton spin sparked a huge theoretindlexperimental effort to understand
the origin of the remainder. In particular the transverse gpoperties of the proton remain
poorly understood. Significant transverse spin asymngetni¢he production of hadrons have
been observed over many years, and are related to both tise¢rae polarisation of quarks in a
transversely polarised proton and to the spin dependenmdbibél motion. These asymmetries
are of interest because of perturbative QCD predictiorissiingh asymmetries should be small.
Measurements of such asymmetries may yield further insigid the transverse spin structure
of the proton.

The Relativistic Heavy lon Collider (RHIC) is the world’sdtrpolarised proton collider,
and has been taking proton data since 2001. Polarised prolissions at,/s = 200 GeV taken
during the 2006 RHIC run have been analysed and the tramssergle and double spin asym-
metries in the production of the neutral strange partiK@s(\ andA have been measured in the
transverse momentum range &5pr < 4.0 GeV/c atxg ~ 0. Within statistical uncertainties

of a few percent the asymmetries are found to be consisténtzero.
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Chapter 1

The Structure of the Nucleon

1.1 Nucleon Structure

Over the past century huge strides have been made in unugirgjahe structure of matter at
subatomic scales. Atoms, named from the Greek word for Visitile”, were initially believed
to be the fundamental building blocks of matter. In 1897, Thdmson’s studies of cathode rays
indicated that atoms contain negatively charged partidpsalled electrons. He proposed a
model of the atom in which negatively charged electronstexikin a uniform sphere of posi-
tive charge [2]. The positive charge of the sphere balarfmesa¢gative charge of the electrons,
giving a neutral atom. This model was disproved by the Geigarsden experiment in 1909
[3], in which a small fraction of alpha particles incident angold foil were backscattered.
This result was incompatible with the picture of a diffusesitive charge provided by Thom-
son’s model. In 1911 Ernest Rutherford proposed a model inwthe positive charge and the
majority of the mass of the atom were concentrated in a snealiral region - the nucleus -
surrounded by orbiting electrons [4].

Later the nucleus itself was found to comprise two types digas (‘nucleons’). Positively
charged protons were discovered by Rutherford in 1919 [Bgmhe observed that bombarding
nitrogen with alpha particles produced hydrogen. He catediuhat the hydrogen atoms were

produced from the nitrogen nucleus, and so must form a coemgoof it. In 1932 James



Chadwick discovered neutrons, electrically neutral ditngints of nuclei with approximately

the same mass as the proton [6]. Neutral atoms contain eqodiers of protons and electrons,
and the chemical identity of an element is determined sdigligs electron structure. Isotopes
are variant atomic forms with the same proton (electron) Imembut a different number of

neutrons. Hence the complicated family of elements withengeriodic table were explained
in terms of only three particles.

Electrons and nucleons were found to possess an intringpepy with the characteristics
of an angular momentum, which came to be referred to as ‘spiaspite this name, spinis a
quantum mechanical property and is not thought of as a clgsitation of a particle about an
axis. Rather it is a quantum number intrinsic to the parsgecies, like its charge, and has no
analogue in classical mechanics. Sgshd@ccurs in only integer or half-odd-integer multiples
of the reduced Planck constdmtS = sh. A particle with spin exists in one of a number of
spin states. The quantum number describing the state takaki@ in the range -s to +s at
integer intervals, yielding 2s + 1 possible states. Thetedacproton and neutron all possess
spin of %2h, commonly referred to as ‘spin-¥2’. They can exist in a stdte © -%2 or s = +%.
This is the “classically indescribable two-valuednesstha electron described by Wolfgang
Pauli. Particles with half-odd-integer spin are referrech$ fermions and those with integer
spin as bosons. The spin-1 photon is an example of a bosamidfes obey the Pauli Exclusion
Principle, which states that two particles of the same ggacannot exist in the same quantum
state i.e. with all their quantum numbers identical. No stastriction exists for bosons.

The spin of a particle is associated with a magnetic momemé. nieasured magnetic mo-
ment of the electron was found to agree with the theoretigadiption of the Dirac equation,
but this was found not to be true of the proton [7, 8] and thdnoe[9]. The ‘anomalous mag-
netic moments’ of the nucleons indicate that they aren’tmental units of matter but instead
possess some form of structure. In 1962 Yuval Ne’eman andadyiell-Man independently
demonstrated that baryons and mesons could be organisefdmilies of 1, 8, 10 or 27 parti-
cles, a scheme termed the “eightfold way” [10]. This led te pmediction of theQ~ baryon,

which was discovered two years later. In 1964 Gell-Mann [dddl George Zweig [12, 13]



independently formulated a description of the nucleongims of three constituent particles,
termed ‘quarkst. This model successfully accounts for the magnetic monadrite nucleons,
and provides a description of not just the proton and neuttdrall known hadrons. Baryons
are understood to be a combination of three (valence) quarid mesons as a paired quark
and anti-quark. There are six types (‘flavours’) of quarlghea fundamental particle with an
electric charge of either positive two-thirds or negatine-ahird of the elementary charge. All
flavours of quark possess a spin ofi2A proton is composed of two positively charged quarks
of ‘up’ (u) flavour bound with one negatively-charged quafkdown’ (d) flavour. A neutron

is composed of two down quarks bound with a single up quarke discovery of additional
hadrons, for example th&, required the addition of a third ‘strange’ (s) flavor € uds), and
subsequently three more flavours, ‘charm’ (c), ‘bottom’ &g ‘top’ (t), were predicted and
then discovered. All known hadrons are composed of some ic@tidn of quarks of these six
flavours.

The electron belongs to a family of particles callegtons The other members of this
family are the muony{) and tau ¢), and a neutrino species corresponding to eaghv(;, vr).
The neutrinos are electrically neutral, while the non-naaotspecies have charge -e. All interact
via the weak nuclear force and the charged leptons alsartteia the electromagnetic force.

Quarks are subject to the electromagnetic and weak nudezed but, in addition, feel the
strong nuclear force The strong force is associated with another ‘charge’ quantumber,
referred to agolour. There are three colour charges, labelled red, green ard Wwhich may
be assigned to quarks, plus three corresponding anti4pmssessed by antiquarks (compare
this with electric charge, which occurs in a single type vathassociated anti-type). Evidence
for the existence of three colours comes for example fromotbeervation that the ratio of
the cross section fog™ + e~ — hadronsto the cross section f@" +e~ — ut + u~ is three
times larger than predicted for colourless quarks. Theuwajmantum number was originally
proposed to explain the existence of baryons such aéthe(quark structure uuu), whose

spin and parity ofg’+ implies a state with zero orbital angular momentum and aélétquark

1zweig called the constituents ‘aces’ but it was Gell-Mamasne ‘quark’ that came to be accepted.
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Figure 1.1: (a) and (b): quark structure of the nucleons. ddieur quantum numbers have
been arbitrarily assigned; they cannot be experimentaitgrahined due to the confinement of
individual quarks within hadrons. (c): quark structure ahason.

spins parallel. This would be forbidden by the Pauli ExauasPrinciple for fermions, so a
further quantum number was introduced to account for theired distinction between the
three quarks. Observed hadrons are all ‘colour-neutrtitheee colour types are represented
equally. In (anti-)baryons, each of the three (anti-)qagrkssesses a different (anti-)colour
(figures 1.1(a) and 1.1(b)). In mesons the antiquark possehks anti-colour complementary
to the colour of the quark (e.g. red and anti-red) (figured))1(States with net colour, for
exampleqqqqgor qqg have not been observed to date. The naming of red, green aaddser

to the fact that, when combined in equal amounts, these pyiowours produce a colourless
(‘white’) hadron.

The strong force is carried by massless, electrically aguspin-1 bosons callegluons
Quarks and gluons, collectively termedrtons along with leptons and the force carriers of
the electromagnetic and weak interactions, make up theclesrof the Standard Model, sum-
marised in figure 1.2.

As shall be seen, the true structure of hadrons is more coatpli than the two- or three-
quark structure of the simple parton model because of glMohamnge between the constituent
guarks. The theory describing the interaction of quarksgnons is named Quantum Chromo-
dynamics (QCD), from the Greek ‘abima’ meaning ‘colour’. Gluons are themselves colour-
charged; this contrasts with photons, the carriers of teeteimagnetic force, which are elec-

trically neutral. While photons can interact only with dhezally charged objects, gluons can
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Figure 1.2: The particles that make up the standard modehnicke physics. Quark flavours
u, ¢, and t possess charge of +2/3e and flavours d, s and b passege -1/3e.

interact not only with quarks but also with other gluons. élerlies the most important dif-
ference between QCD and Quantum Electrodynamics (QEDgndescribes the electromag-
netic interaction. It results in the strong force betweea twloured particles increasing with
their separation, a phenomenon referred te@dinementwhereas the electromagnetic force
between two electrically charged particles diminishe$iwistance. This explains the observa-
tion that objects with net colour are never observed. Caahgrthe strong force is weaker at
small separations, or equivalently in interactions inugjMarge momentum transfers. This is
referred to asmsymptotic freedomin this regime, where the interaction strength is smaé, th
interaction cross-section may be calculated using paatimbtheory in the form of perturbative
QCD (pQCD).

Low-momentum (long-range) behaviour cannot be descriggdlTD because of the large
interaction strength, so other approaches must be useds@hemethod is to applgffective
theoriesof QCD, in which only the degrees of freedom relevant to thebfam at hand are
considered (see for example [14]). Another approach isédaisce QCD, where calculations

are done for a finite number of points arranged on a spaceldittiee [15].
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Figure 1.3: lllustration of deep inelastic scattering. Aac&ron exchanges a virtual photon
with a quark in the target proton, transferring four-monusembf Q? to the quark. The electron
scatters, while the struck quark and the target remnantrfeag into hadrons.

1.2 Unpolarised Parton Distributions

The internal structure of the nucleon has been extensivelgstigated using Deep Inelastic
Scattering (DIS), wherein high-energy leptons are saadteff nucleons via virtual photon ex-
change. At sufficiently high energies, the de Broglie wawgteA = h/p is small in comparison
to the proton size, so it interacts with the charged corestitsiof the proton rather than the pro-
ton as a whole. Figure 1.3 shows an electron inelasticaigracting with a proton, exchanging
a virtual photon with four-momentur®? with a quark in a proton. The electron is scattered
and the quark and remaining proton remnant fragment intodmad Information can thus be
inferred about the properties of the nucleon constituents) though they can themselves never
be isolated.

The cross section for deep inelastic lepton scattering eamrliten in terms of twetructure

functionsof the nucleonf; andF:



do a?

dErdQ ~ 4vEZsirt (g) (sz( ¢) ~mF1 (. Q%) +cos () Pz (x, Qz)) R

Ei) is the initial (final) lepton energyR? is the four-momemtum transfer during the scattering
and @ is half the lepton scattering angl®l is the mass of the nucleon. The Bjorken scaling
variablex measures the fraction of the nucleon momentum carried bguhek involved in the
scattering, and = Q2/2Mx. Unlike F, the F; structure function depends on the spin of the
struck quark. If the quarks are assumed to possess spin “#elgti®n between the structure

functions is given by

Fo (x,Q%) = 2xF1 (%, Q?), (1.2)

known as the Callan-Gross relation [16]. The experimentatasured structure functions show
this relationship, providing strong evidence of the spindture of quarks.

Parton Distribution Functions (PDF$)x, Q%) describe the momentum distribution of par-
tons within the nucleon as a function of the fractianpf the nucleon momentum carried by
partons of specie$. In a simple model of nucleon structure that considers justvalence

quarks the structure functions are related to the quark P@iksby

1(x,Q%) = zeéq (% Q) (1.3)

= 3 2x&q(x, Q). (1.4)
q

The sums are over quark flavours, of chargegy. Higher-energy collisions involve larger
Q?. Beyond this simple model, quarks continuously exchangergd, which can undergo con-
versions into quark-antiquark pairs. The sums in equat{&r® and (1.4) must therefore be
extended to also include antiquark flavours. Gluons havdewuire charge so the exchanged
photon does not couple to them. The gluon distributign is therefore not directly observed

in DIS. However the gluons do introduce a we@k-dependence (‘scaling violations’) in the
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Figure 1.4: Gluonic processes contributing to scalingatiohs. Solid lines indicate quarks and
antiquarks, wavy lines photons and curly lines gluons.

structure functions through photon-gluon fusion (PGF) @@D Compton scattering (QCDC),
as shown in figure 1.4. It is these scaling violations thaseabhe measured structure functions
F, andF, to be functions ofQ? as well asx. By measuring data over a sufficiently lar@é
range the gluon distribution can be determined from tharsgaiolations. The ZEUS and H1
experiments at HERA have provided precise measurement® 65 structure function, which
dominates the DIS cross section for most of the HERA kinermainge [17, 18]. HERA col-
lided a 27.5 GeV € beam with an 820 GeV proton beam, equivalent to centre-afsreaergy
\/S~ 300 GeV. Figure 1.5 shows measurements offthstructure function from the H1 ex-
periment [18]. The data span four orders of magnitude in Bgdhken x (0.00005< x < 0.65)
andQ? (2 < Q% < 2 x 10* GeV?). Scaling violations @*>-dependences) are visible and are
well-described by NLO QCD fits.

QCD fits to DIS cross section data are used to determine thebdison functions of the
quarks and gluons. Figure 1.6 shows the PDFs calculatedthyimH1 and ZEUS experiments
[19]. The extracted quark and gluon distributions are veeyl wonstrained and compare well
between the two experiments.

At large values ok the gluon and antiquark distributions are small, while theand down
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Figure 1.5:F structure function measured by the H1 Collaboration. Eargsults at lower
beam energies from the BCDMS (Bologna-CERN-Dubna-Mur8elstay) Collaboration and

NMC (New Muon Collaboration) at CERN are also shown. The datadescribed well by
next-to-leading order QCD fits, except for the lasgBCDMS data.
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quark distributions are large. The distribution for eachrglavour is the sum of the distribu-
tions of the valence quarks of the simple quark model and tiaeks in the ‘sea’ arising from
g < (g conversions. Subtracting the antiquark distribution fribia quark distribution yields
the valence quark distribution alone. It is seen that atlarg 0.2 the valence quarks dominate.
Note that the up quark distribution has twice the magnitudé® down quark distribution, as
expected from the quark model of the proton. The valencekgdistribution decreases with
decreasing, while the antiquark and gluon distributions all increasesmall x, gluons domi-
nate the PDF. A picture emerges of the valence quarks of titeipreach carrying a significant
portion of the proton momentum, plus a sea of low-momentunorgd and quark-antiquark

pairs.

1.3 QCD Factorisation

Calculating high energy hadronic cross sections relies tipefactorisation theoremConsider
a high energy collision between two hadroAs; B — C+ X, whereC is a measured final state
particle andX is the remaining unmeasured hadronic final state. At largemembum scales the
collision can be viewed as occurring between two partaresydb from the hadroné\ andB
respectively, producing a partarthat subsequently fragments into the observed ha@rdrhe
factorisation theorem states that the hadronic crossosefdr the collisionga. g .c1x can be
split into three separate parts: the PDFs of the initiakstaidronsh andB, the partoniccross

sectiono,, p_.c and thefragmentation functiofFF) of the scattered quark:

OA{B-CIX = % fa(Xa) ® fo(Xg) ® Oatbc ® De—c(2). (1.5)
abc

The sum runs over all partonic spec&$, andc that contribute to the cross section fot- B —

C. fa(xa) is the PDF of the partoa as a function of its fractionxa, of the momentum of
hadronA. fy(xg) is defined correspondinglid._.c(2) is the fragmentation function describing
the fragmentation of partoninto a hadrorC with a fractionz of the momentum of. Only the

hard partonic cross section can be calculated using petiuebQCD, provided that th@? of
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the interaction is sufficiently high that the strong couglsirengthas is small. The PDFs and
FF are non-perturbative and must be empirically determiBeth PDFs and FF amgniversal
they are the same for all collision processes. Thus if measiarone process they can be used
in predicting the cross sections of another process. Thicappity of factorisation has been
demonstrated for the cross sections of hadronic collisftmieexamplep+ p — jets[20]) and

lepton-nucleon collisions (see for example [19]), wherly @me PDF is involved.

1.4 Nucleon Spin

In a naive, non-relativistic quark model in which a nucleontains three quarks, all the spin of
the nucleon is carried by the intrinsic spins of these thigaks. The spins of the three (spin-
%) quarks sum to give the nucleon spin-¥2. Models taking atcolrelativistic effects within
the nucleon predict that some of the spin will be carried l®ydrbital angular momentum of
the quarks. The amount carried by quark intrinsic spin isiced to about 60% of the nucleon
spin [21]. DIS experiments show that the structure of thdearcis more complicated than a
three-quark system. How does this affect our understarafittge nucleon spin?

In analogy to the unpolarised case, the spin structure ohtitéeon can be probed using
polarisedDeep Inelastic Scattering (pDIS), wherein both the incidegpton and nucleon target
are polarised. Through such measurementspie-dependemucleon structure functiogs,
the spin-dependent analogue of festructure function, can be determined. The funcgers

related to the spin-dependent quark distributions via

g:1(x) = Y €(a'(x) —a"(x)), (1.6)
q

where the sum is over both quark and antiquark flavoeyss the charge of the (anti-)quark
species and (]) indicates a quark with spin component parallel (opposdéhat of its parent
nucleon. The integral of; over allx gives the total (sea plus valence) quark plus anti-quark
intrinsic spin contribution to the nucleon.

Polarised DIS measurements by the European Muon Collaboi@&MC) in the late eight-

12



ies were the first to indicate that the intrinsic spins of th@r§s in the nucleon carry a sig-
nificantly smaller fraction of the nucleon spin than had bpesdicted [22, 23]. EMC results
from u™ + p collisions indicated a quark-plus-antiquark intrinsicsgontribution in the region
of 10 to 15%. The experimental uncertainty on the measuremedact made it compatible
with zero. This was much smaller than the value of 60% prediftom relativistic models of
the nucleon spin. This unexpectedly small contributiomfrguark spin has been termed the
‘spin crisis’. Subsequently more precise measurements bagn made by: SMC (Spin Muon
Collaboration, the successor to EMC), SLAC E-142, E143,42453d E-155 Collaborations,
HERMES, J-Lab Hall A and COMPASS (see for example [24—-36hese have indicated that
the intrinsic spin of quarks and antiquarks accounts fouaB0% of the proton spin. A recent
analysis of global pDIS data [37] gives a total fraction &0+ 0.07. The total proton spin

component, measured along a particular direction, mushbéalf. The helicity spin sum rule

1 1

describes all the possible contributions to the nucleon: gbie quark and anti-quark intrinsic
spin, YAZ, the gluon intrinsic spinAG, and the quark and gluon orbital angular momenta,
Lq andLgy respectively. AsA\Z ~ 0.3, the remainder of the proton spin must comprise gluon
intrinsic spin and parton orbital angular momentum. Unbaggthese contributions is a major
objective in spin physics.

Most DIS experiments are inclusive, and so only access thedoark-plus-anti-quark spin
contribution, summed over all flavours. Semi-inclusivepleeelastic scattering (SIDIS) can
provide information on the contribution from different gkaand antiquark flavours. SIDIS
differs from inclusive DIS in that a high energy hadron, proeld from the fragmentation of
the struck quark, is detected in coincidence with the seadttlepton. The hadron provides an
indicator of the flavour of the struck quark. This is becaukéhe preference for a quark to
fragment into a hadron containing a valence quark of the dtameur. For example an up
quark is more likely than a down quark to fragment intm"abecause that valence structure

is ud. Different hadrons provide ‘tags’ for different quark anatisquark flavours, allowing

13
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Figure 1.7: Flavour-dependent helicity distribution€&t= 2.5 Ge\? from the HERMES Col-
laboration [34]. The productAq is shown for each light (anti-)quark species exc@fthe data
were not able to constrain tls(x) distribution; results shown are extracted assurdiag O.

the total quark-plus-anti-quark spin distribution to bea®posed into the contributions from
different flavours. The HERMES Collaboration have perfaidn®DIS measurements using a
polarisede™ beam incident on polarised proton and deuterium targetggifig with pions and
(for the deuterium target only) kaons, the data providerinfation about they, T, d, d and

s helicity distributions. Figure 1.7 from [34] shows the edted distributions as a function
of Bjorkenx. The up quark distribution is positive for adland the down quark distribution is
negative, indicating these quarks are polarised paraitbbaposite, respectively, to the nucleon
spin. The sea quark distributiongx), d(x) ands(x), were all found to be consistent with zero

within uncertainties.
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1.5 Gluon Polarisation

The gluon helicity distributionAG, cannot be directly accessed in DIS because photons do
not couple with gluons. However limited information can bé&ired about gluon spin from
scaling violations, in the same way thg(x) can be inferred from scaling violations .
Measurement of th€?-dependence of thg; structure function allows limits to be placed on
the gluon polarisation. Analyses of glolgal data (for example [38, 39]) provide a measure of
AG, but the uncertainties are very large; for example [38] resp@ total gluon spin contribution
of 0.499+ 1.266. Though a positive gluon contribution is favoured thy fits to the data, a
negative gluon distribution, or one which changes sign asation ofx, cannot be dismissed,
as discussed in [39]. DIS data alone do not therefore styarayistrainAG (figure 1.8).

Other constraints 0AG using lepton-nucleon collisions come from measuremenjstsf
charm mesons and hadrons produced at large momentum tremgeethe beampf). The
production of all of these are sensitive to processes imglgluons. Measurements have been
carried out of jets and hight hadrons by HERMES, SMC, and COMPASS [41-43] and of
charm mesons by COMPASS [44].

Another promising avenue is polarised proton-proton swlfis at RHIC. Jets, higpr
hadrons, heavy flavour production and prompt photons arsitsento the gluon polarisa-
tion, and measurements by the STAR and PHENIX collaboratame expected to put much
stronger constraints on the gluon polarisation; indeedy eaeasurements from both PHENIX
and STAR have already done so [20, 45-48]. Both experimeaws performed measurements
of longitudinal double spin asymmetries of the form

ottt — gt

AL = prrp—— (1.8)

whereo**(*) is the cross section for protons with the same (oppositégities. STAR mea-
surements oA | in inclusive jet productionp+ p — jet+ X, disfavour a large positive gluon
polarisation [20], suggesting a maximum value of 65% of tretgn spin at a 90% confidence

level (figure 1.9). PHENIX measurementsAf, for p+ p — 1+ X [45] have been incorpo-
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Figure 1.8: Measurements of tlge structure function, such as those shown in (a), are used in
QCD analyses to extract the polarised gluon distributidre donstraints obtained by a number
of analyses are compared in (b).
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is strongly disfavoured.

rated into global analyses with pDIS data to significantiyuee the uncertainty oAG [37].

Though the uncertainty remains large compared to that aftlaek spin contribution, the anal-

ysis strongly favours a positive gluon helicity distrikarti
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Chapter 2

Transverse Spin Physics

2.1 The Transversity Distribution

To fully describe the nucleon, a third category of partortrthation functions is required, in
addition to the unpolarised parton distributiay{) and the helicity distributiondq(x). These
are theransversitydistributions,5q(x). Transversity is also frequently denoti(x) or hi(x)

in the literature. Transversity can be considered as timswerse-spin analogue of the helicity
distribution. It describes the difference between theritistions of quarks with spin parallel

and opposite to that of their transversely polarised parealeon,

3q(x) =g (x) — g™ (x). (2.1)

{ indicates the nucleon spin direction and|) the quark spin directiong! () (x) is the
distribution of quarks of flavoug within the nucleon with spin parallel (opposite) to thatloé t
parent nucleon. Thus transversity describes the degredihvthe transverse quark spin is
correlated with the transverse nucleon spin.

From the definition in equation (2.1) it follows that the tsaarsity distributions must obey

the bound

6q(x) <a(x) (2.2)
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in order to always be positive. The Soffer inequality [49yides another model-independent
constraint on the transversity distribution and relatés the unpolarised and helicity distribu-

tions at leading order in QCD:

2[69(x) | < a(x) +Aq(x). (2.3)

The fact that the helicity and transversity distributioniged reflects the relativistic nature of
the nucleon’s constituents. In a non-relativistic caserges®f transformations and rotations
can be used to change from a longitudinally polarised torestrarsely polarised proton. In the
relativistic case Lorentz boosts and rotations do not cotamAis a result the transversity and
helicity distributions need not be the same.

By the optical theorem, the transversity distribution ited to scattering amplitudes that
involve a flip of the quark and nucleon helicities [50]. Treassity distributions are thus de-
scribed as ‘chiral-odd’ because they are involved with achiglflip. This contrasts with the
unpolarised and helicity distribution functions which areiral-even’: they involve no helicity
flip. There is no leading-twidtgluon transversity distribution for a polarised spin-Ygtdrbe-
cause of helicity conservation. Gluons are spin-1 bosankase helicityt+1. A gluon helicity
flip therefore involves a helicity change @&, which a spin-%2 nucleon cannot accomodate.

In inclusive deep inelastic scattering, which providesrggority of our understanding of
parton distributions, chiral-odd processes are not olesktvecause helicity is conserved in per-
turbative QCD interactions. For this reason transversgiributions are much less well under-
stood than helicity distributions. In order for a procedatesl to transversity to be observable,
a second chiral-odd function must be involved. The commnadf two chiral-odd functions
then conserves helicity overall. In hadron-hadron calhsi, the two chiral-odd functions can
be provided by the transversity distributions of the twolaans. Transversity may then be
studied via transverse double spin asymmetries in pagidduction resulting from collisions

between two transversely polarised hadrons. Another pitisgis a chiral-odd, spin-dependent

Ltwist describes the order in/Q at which an effect is seen in experiment. An effect of twjstheret > 1,
is suppressed by a fact@(2t). An effect at the lowest twist, = 2, is referred to as “leading twist”, and is not
suppressed by a factor @ while suppressed effects, associated with larger valfigsace “higher twist”.
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fragmentation process. This, combined with transversiy, give rise to transverse spin asym-
metries.

Transversity is therefore related to the observation olvarse spin asymmetries in hadronic
collisions. By measuring these, it may be possible to infidormation about the transver-
sity distributions. Transverse spin asymmetries are adtatad to the study of transverse-
momentum-dependent parton distributions and partonadribtion. | will first give a summary
of experimental measurements of such transverse spin asyries) which have a history span-
ning a number of decades. After describing the measuremenitshighlight the mechanisms
proposed to explain their existence. These relate to teasgy, spin-dependent fragmentation
and transverse-momentum-dependent parton distributionally, | shall discuss recent exper-

imental work that is beginning to provide the first infornaation the transversity distribution.

2.2 Transverse Spin Asymmetries

Since the 1970's, significant transverse spin effects haea lobserved in hadronic collisions.
The first observation was thdt hyperons produced in inelastic proton-beryllium colliso
p-+Be— A+ X, are strongly spin-polarised transverse to their prodagbiane [51].

Later experiments found unexpectedly large transversdustimon asymmetries for many
species in inclusive proton-proton collisions. Considalfisions between a transversely po-
larised and an unpolarised protop? + p — d + X, wherep' denotes the transversely spin-
polarised proton. The particlé, of a species of interest, is detected, while X indicates the
remaining unmeasured hadronic final state. Shagle spin asymmetr{ESA) or analysing

power @Ay) in the production ofl can be defined as

i) I
_ 1Nt —Niegt

AN —_—
i I
PNt +Nert

(2.4)

whereP is the average transverse spin-polarisation of the peldpsoton beam or targd\l‘t(f%)
Is the number of particles produced to the left of the beanmvwhe transversely polarised beam

directionis up (down)NlTLft +NY

o1t IS simply the total number of particles produced to the Ieft o
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the beam. The asymmetry thus measures the difference inlpgmoduction to beam-left upon
flipping of the beam polarisation. Rotational invariancguiees production to the left when
polarisation is up to equal production to the right when psédion is downNﬂ[}ft = erilght' The
single spin asymmetry is thus equivalent to the differenevben particle production to the
left and right of the beam for a fixed polarisation. Hence tingls spin asymmetry is often
referred to as the left-right asymmetry. Equation (2.4)aéreed such that that the asymmetry
is positive if particle production to the left of the beam memtum-polarisation plane exceeds
that to the right when the beam polarisation direction is up.

Initial expectations from perturbative QCD arguments wed such asymmetries should
be small at high energies [52]. At leading order in Q@, is predicted to be approximately
zero, being suppressed by a factongf,ar«/ /S, wherey/sis the centre of mass energy of the
collision. However such asymmetries have been observed@nih many cases very large.
Results taken at the Argonne Zero Gradient Synchrotron j4&GtBe 1970s found large asym-
metries, in excess of 10%, in the production of charged pémaskaons irp! + p andpt +2H
collisions at 6 and 11.8 GeV/c [53, 54]. Asymmetries werenfibto be small at small Feynman
X (Xxr = 2pL/+/S, wherep is the particle’s longitudinal momentum) and large at laxge A
significant asymmetry im® production neaxg = 0 was found at CERN in 24 GeVfd + p col-
lisions, which increased with ther of the pion [55]. A number of measurements were carried
out at the Brookhaven National Laboratory (BNL) AlterngtiGradient Synchrotron (AGS)
with beam momenta of 13.3 and 18.5 GeV/c [56-59]. The speo@ssured werer™, p, Kg
andA. " showed a clear positive asymmetry at forward angles; 0.2, increasing withpt
to around 25% apr of 2 GeV/c. At smaller values ofr the asymmetry was consistent with
zero. Kg showed a significant negative asymmetry of -10%fok 0.2, becoming increasingly
negative for larger values af. 7, proton and\ showed asymmetries consistent with zero in
the measured kinematic range.

Subsequently a large number of higher-energy measuremenésperformed by the Fer-
milab E704 Collaboration, using a 200 GeV/c polarised be@®-§8]. Measurements were

mostly carried out at moderapg (< 1.5 GeV/c) in the beam fragmentation region (.2 <
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1.0) [60-63, 65, 67, 68], with some at larger (1.0-4.5 GeV/c) and in the central regiog, ~

0 [64, 66]. Studies were carried out of neutral and chargedgpin mesons and\ baryons.
Significant non-zero asymmetries were found in the produaadf all pion species, increasing
linearly withxs abovexg ~ 0.2. Therrt asymmetry is positive and thre- asymmetry negative,
with the same magnitude. Th® asymmetry is positive but about half the magnitude of the
T asymmetry. The® asymmetry was also measuredat= 0 and was found to be small and
consistent with zero. These results are summarised in fRyargs2]. In addition to the depen-
dence of the asymmetry on the flavour composition of the predyparticle, the flavour of the
polarised projectile is also important. Measurements oh@Esymmetries with a transversely
polarisedantiproton beamp™+ p — =0+ X, in the same energy and momentum ranges show
that, while ther® results are unchanged within experimental uncertaintiescharged pions
exchange values; the"™ asymmetry is negative and the asymmetry is positiver] mesons
behave in the same way as thé and have comparable results, albeit with much larger Statis
cal uncertainties. Tha& shows a significant negative asymmetry at lagge- 0.6 and moderate
transverse momentum, O6pr < 1.5 GeV/c.

Most recently asymmetries have been measured at the BroekhrRelativistic Heavy lon
Collider (RHIC) at centre of mass energigs = 200 GeV, an order of magnitude larger than that
in the E704 experiment. The PHENIX experiment has measudsive charged hadrons and
neutral pions at smalr and found asymmetries consistent with zero (figure 2.2).[@%]e
STAR experiment has measured neutral pions at forward siagle found significant positive
asymmetries persist to these high energies [70, 71]. Themsyry is found to increase with
pt above 1.7 GeV/c in contrast to theoretical expectationsitishould decrease (figure 2.3).
At these energies the pion production cross section has $le®mn to be well described by
next-to-leading-order (NLO) pQCD, demonstrating thagjéaasymmetries are not restricted to
the non-perturbative regime.

The BRAHMS Collaboration have reported results for the Igiisgin asymmetry in proton,
= and K production at large forward and backward scattering angtes> 0.2, and moder-

atepr ~ 1 GeV/c from polarised proton collisions gs = 62.4 GeV [72]. At backward angles
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Figure 2.1: Single spin asymmetries for pions measuredédg#td4 Collaboration fop! + p —
T+ X with a 200 GeV/c polarised beam.
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Figure 2.2: Single spin asymmetry in mid-rapidit§ and charged hadron{h production from

polarised proton-proton collisions gts= 200 GeV, measured by the PHENIX Collaboration
[69].
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Figure 2.3: Single spin asymmetry in the productiom®fmesons from polarised proton-proton
collisions at,/s= 200 GeV, measured by the STAR Collaboration [71]. Large asgtries are
seen to persist to large transverse momenta at forwardsagle- 0.4).

asymmetries are all consistent with zero, but pions and«abow significant asymmetries at
forward angles, increasing witke to Ay =~ 0.2 atxr = 0.6 (figure 2.4). Protons show zero
asymmetry at forward angles, unlike the meson species.

Experimental results to date have shown significant noa-asymmetries in a variety of
species. The magnitudes and signs of the asymmetries drly digpendent on the flavour of
the produced particle. It is therefore useful to measureattlygnmetries for a wide variety of
identified species, as information on the flavour dependehtiee asymmetries may provide
insights into their physical origin. Additionally, the depdencies of the asymmetries pnf
andxg are not yet understood. Measurements over different kitiemaanges are therefore also
useful in constraining models of the asymmetry. Understanthe origin of transverse spin
asymmetries will aide in elucidating the transverse spuncstire of the nucleon.

Results before the RHIC era were at low transverse momempiaatly measuring the asym-
metries in particles produced withy ~ 1 GeV/c and smaller. This is too low for pQCD to be
applicable in the analysis of the data. Higher energy erpanis at RHIC have done and con-
tinue to measure asymmetries at much larger transverse ntapfacilitating the applicability
of pQCD to the analysis of the data. Its excellent particieking capability means that the

STAR experiment in particular is well suited to the idengtion of a variety of species at large
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Figure 2.4: Single spin asymmetry in the productionkof mesons from polarised proton-
proton collisions at/s= 62.4 GeV, measured by the BRAHMS Collaboration [72].

momenta, especially near mid-rapidity.

2.3 Collins Fragmentation Functions

As discussed above, the chiral-odd nature of transversigs that it can only be studied in
combination with another chiral-odd function. Collins [f8oposed a chiral-odd, transverse-
momentum-dependent fragmentation function in which theathal distribution of hadrons
produced by a fragmenting quark is correlated with the gedr&nsverse spin direction. In a
collision such ap+ p! — 1+ X this correlation, combined with the transversity disttibn,
can give rise to a spin-dependent transverse asymmetryeipribduction of the pion. The
Collins fragmentation function acts as an analyser of thaesverse quark polarisation in a
transversely polarised hadron.

The fragmentation of a transversely polarised quarkinto an unpolarised hadroh, can

be expressed as [74]

(kxPru):Sy (2.5)

Dryqi (ZPhi) = DY (zP%)) + H; ¢ (zR%) ZM

k is the momentum direction of the quark aBygls its transverse spin. The produced hadron has

masdMy, and carries a fractionof the momentum of the quarky, | is the transverse momentum
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of the hadron with respect to the original quark directiorheTirst term in equation (2.5)
contains the spin-independent part of the fragmentatiosgss. The second term describes
the transverse-spin-dependent part of fragmentation. flinetion qu is called the Collins
function and describes the momentum dependence of thedspierdent part. The ter(k x
Pnh.)- Sq changes sign under a flip of spin, and generates a spin-depeazimuthal variation
in hadron production.

Experiment has begun to provide the first information abloatCGollins effect and indicates
that it is non-vanishing. The HERMES Collaboration haveorégd results from semi-inclusive
DIS of positrons incident on a transversely polarised prasgwget [75]. A nhon-zero asymme-
try in charged pion production, arising from the combinatad transversity and the Collins
functions, is observed. This indicates that both the trarsty distribution and the Collins
function are non-vanishing. The observed asymmetry hassifgpsign and comparable mag-
nitude for positive and negative pions. The large magnitttd opposite sign of the negative
pion asymmetry can be explained if the disfavoured Collimetion has a signficant magnitude
and opposite sign compared to the favodr€dllins function.

The COMPASS Collaboration have measured charged hadralugron in collisions be-
tween muons and polarised deuterons and found all asynasétribe small and compatible
with zero [76]. When taken with the non-zero results with atpn target from HERMES, the
COMPASS results suggest the cancellation of asymmeties fhe proton and the neutron in
the target.

The Belle Collaboration have observed azimuthal asymeseti a few percent in dihadron
production ine*e™ collisions at,/s = 10.58 GeV [77, 78]. Because these are leptonic colli-
sions, transversity is not involved and the Belle resultsjole a direct indication of the Collins
functions. These results confirm the HERMES observationttiefavoured and disfavoured

Collins functions have opposite sign.

2A fragmentation function describing a quark fragmentinigia hadron is said to biavouredif the hadron
contains a valence quark of the same flavour as the fragngemiark, for example & quark fragmenting into a
. If the produced hadron does not contain a quark of the sanmifiahe fragmentation function disfavoured
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2.4 The Sivers Mechanism

Another mechanism for generating transverse single spm@®tries was proposed by Sivers,
involving the intrinsic transverse momentum of the nucleonstituentskt [79]. Sivers as-
sumed that there could be a correlation between the spin aftarpand the orbital motion of
the (unpolarised) parton constituents. This gives theipiigg of an asymmetry in the partonic
kt distribution in the direction normal to the plane defined Iy proton momentum and spin
directions. If the intrinsikT survives the fragmentation/hadronisation process foligvgcat-
tering, the imbalance in the intrinsic momentum can be oleskas a left-right imbalance in the
pt distribution of the produced hadrons. The Sivers mecharsgherefore related to partonic
motion within the nucleon. The Sivers mechanism is not eelab transversity; it is a separate
mechanism involved in SSAs. The parton distribution fumtitan be expressed as a (conven-
tional) spin-independent term, plus a spin-dependent teuttiplied by a special parton density
function. This special parton density is commonly refert@@s the Sivers distribution func-
tion and is denoted; (x,kr). Note that it is a transverse-momentum-dependent disimitu
in contrast to usual, transverse-momentum-integrate sRiPEK).

For a long time the Sivers distribution was believed to beuiregl to be zero due to argu-
ments related to time-reversal symmetry in QCD [73]. Moieergly however [80-83], work
has shown that such an asymmetry is allowed, by accountirfgnéd state interactions between
the outgoing, scattered quark and the spectator hadranicamet. ‘Final state’ refers to the fact
that the interactions occuafter the scattering of the quark. However, this interaction is‘fito
nal state’ in the sense of being related to fragmentatioradrdmisation of the quark; the gluon
exchange final state interactions occur before this.

It has also been shown that the Sivers distribution is naneusal [81, 82]; that is, the
measured function depends on the process studied. Thisdsnimast to the conventional
(transverse-momentume-integrated) PDFs, which are isavéhe same in every scattering pro-
cess). For example a prediction given in [81] is that the iSidgstribution for Drell-Yan pro-
duction is equal in magnitude but differs in sign to that iepléelastic scattering. A qualitative

understanding is provided [40] by recalling that the quadstrundergo additional interactions
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in order for the Sivers effect to be non-vanishing. Thisrat&on can be thought of as the quark
scattering in the colour field of the spectator remnant. édht collision processes will result
in different forces acting on the quark, giving rise to diffiet Sivers functions.

The HERMES Collaboration have made the first report of a remo-Sivers function [75].
SIDIS production oft™ with the HERA 27.5 GeV positron beam showed an asymmetrgeorr
sponding to a negative, non-zero Sivers function. The COS®Lollaboration have reported
measurements of Sivers asymmetries for inclusive politamed negatively charged hadrons
[76], and for pions and kaons [84] in SIDIS with a 160 GeV/c mb@am and deuteron target.
All asymmetries were found to be small and consistent with,z&uggesting cancellation of up
and down quark contributions from the deuteron target. Th&RSexperiment has presented

results for di-jet production i+ p collisions at,/s = 200 GeV [85]. Measurements were

made of the opening angle between the jets. Fhasymmetry produced by the Sivers mech
anism may manifest as an opening angle other than 180 ddg@passto-back jets). Observed
asymmetries were found to be small and consistent with zerd,smaller than SIDIS results
from HERMES. pQCD calculations suggest the difference is whucancellation between up
and down quark contributions [86], and between final- antalkrstate interactions, both of

which contribute in the jet production mechanism [87].

2.5 Measurements of Transversity

Recently the transversity distributionswfindd quarks in the proton have been extracted for
the first time [88]. SIDIS data from the HERMES and COMPASSI|&mirations, measuring
¢+ p" — ¢+ m+ X, andet + e~ — h+h+ X data from the Belle Collaboration were studied.
The HERMES transverse asymmetries involve the combinatioransversity with the Collins
mechanism. The Belle data provide a direct measure of then€&linctions, and so allow the
transversity distributions to be determined from the HERMata. The transversity distribu-
tions were parameterised and the best-fit parameters datsgtifrom a global fit to the data.

The extracted transversity distributions are shown in 8gub. The extracted up quark distribu-
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tion is positive for alix while the down quark distribution is negative. The up quasirtbution
is greater in magnitude than the down quark distributjdo(x)| > |dd(x)| and both are smaller
in magnitude than the Soffer bound given in equation (2.3).

The first steps are now being made toward understanding thek guansversity distribu-
tions, though they remain much less well understood thanripelarised and helicity distribu-

tions.

2.6 Aims of This Thesis

The work to be presented here was performed using data takigre ISTAR experiment at the
Relativistic Heavy lon Collider (RHIC). The RHIC physicsogramme encompasses studies of
heavy ion collisions and polarised proton collisions, ofeththe polarised proton programme
is of interest here. RHIC is capable of providing both loandihally and transversely polarised
protons, and an extensive spin programme has been in apesatice 2002. Studies using lon-
gitudinally polarised protons have yielded constraintstenpolarised gluon contributioAG,

to the spin of the proton by measuring double helicity asymnies A, in the production of
jets and pions. With transversely polarised protons, itngasons have been performed into the
transverse spin structure of the proton via measuremeintardverse single spin asymmetries
in hadron and jet production.

This thesis presents a study of single and double transgpiseasymmetries in the pro-
duction of the neutral strange particllég, A and/\, using transversely polarised proton data
acquired during the 2006 RHIC run. These particles are witkg to study by STAR, as they
can be identified over a large momentum range using topabrgconstruction of their decay
products, while also having a reasonable production cexssos. By contrast, charged species
such as pions and protons can only be measured over a limaetenmtum range. Transverse
single spin asymmetries in the production of these pasticéve been measured before at AGS
and by the E704 Collaboration, as mentioned in section 2TARSprovides the opportunity

to extend these studies to significantly higher collisioargg and particle momentum than has
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Figure 2.5: Transversity distributions ofandd quarks in the proton extracted from a global fit
to data, taken from [88]. The shaded region shows a one-sigioartainty around the best-fit
distribution. The bold lines outside the shaded regiondaid the Soffer bound.
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previously been attained.

The remainder of the thesis is organised as follows. In @rapthe RHIC complex, its
operation as a polarised proton collider and the STAR erpent are described. The techniques
used to identinyg, A andA\ particles are then detailed. In chapter 4 the data set ustwtin
analysis is presented and the extractiorK@f/\ andA yields, using the techniques outlined
in chapter 3, is described. Chapter 5 presents the methadstascalculate the transverse
single spin asymmetries in the production of each partigéxies, and describes a number of
systematic checks performed on the results. Chapter 6risgtbe analysis of transverse double
spin asymmetries. Finally, chapter 7 summarises the seanlt provides an overview of future

transverse spin physics experiments planned at RHIC and/eése.
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Chapter 3

The Experiment

3.1 The Relativistic Heavy lon Collider

The Relativistic Heavy lon Collider (RHIC) [89, 90] is loeat at Brookhaven National Labo-
ratory, New York. It is an intersecting storage ring thatederates two independent beams of
ions with mass numbers from one to around 200 using supeuctind magnets. The maxi-
mum energy per nucleon decreases with mass number from 28@dGproton beams to 100
GeV for the heaviest ions such as gold, A = 197 u. Because thmbare independent of one
another each need not be of the same species and asymméision® can be and have been
performed (for example between deuterons and gold iongur€i3.1 shows a schematic view
of all the elements of the RHIC complex. The RHIC ring has akdBcircumference and is
approximately circular, with six arc sections and six gfiiregions. In the straight sections the
beams are steered to intersect so that collisions can dCollision points are at the two, four,
six, eight, ten and twelve o’clock positions, in the middielee straight sections. Experimental
halls are situated at the collisions points: BRAHMS at twolatk, STAR at six, PHENIX at
eightand PHOBOS at ten. The booster accelerator and AGSadao accelerate ions to RHIC
injection energy. The LINAC accelerates hydrogen ions & un proton collisions, while the
Tandem van der Graaff generator is used to accelerate héavse Only operations relating to

proton-proton collisions will be discussed here.
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Figure 3.1: The RHIC complex. Protons follow a path through tinac, Booster, AGS, ATR
(AGS to RHIC line) and into the RHIC ring. The Tandem Van de&irgenerator is used in
the acceleration of heavy ions.

Polarised protons are produced using an optically-pumpmpdariped ion source [91, 92],
which typically generates 0.5 mA, 3Q@s pulses of ions, corresponding to 9%i@ns per
pulse, with up to 90% polarisation. To better achieve highihosity the RHIC beams are not
continuous but are instead compressed into 120 ‘bunchgmrditles, each less than 30 cm in
length. Because of losses during acceleration and tratesfRHIC, pulses of 9x1¥ ions are
needed from the source to provide the required RHIC lumipasil.4x1G! cm? s, which
corresponds to bunches of 2x10' protons. Protons are passed through a rubidium vapour
pumped with circularly polarised laser light in a strong meiic field, whereby the rubidium
electrons are 95-100% polarised [93]. A polarised eleasdransferred to the protons through
collisions, and magnetic fields are used to transfer thetrele@olarisation to the hydrogen
nucleus. The neutral, nuclear-polarised hydrogen atoméraally ionised to H by collisions
with a sodium vapour.

Acceleration occurs in four stages: LINAC, booster, AGS B#tIC. First the H ions are

33



accelerated to a kinetic energy of 200 MeV in the LINAC, withefficiency of around 50%,
and then stripped of their electrons and injected as a siagle10™ ion bunch into the booster
ring. The booster accelerates the protons to a kinetic gredry5 GeV and delivers them to the
Alternating Gradient Syncrotron (AGS), which accelerdtesprotons to 25 GeV for injection
into RHIC. RHIC then accelerates each beam to the desiréidioalenergy; for protons the
design minimum is 30 GeV and the maximum 250 GeV. The RHIC derjs described in
more detail in references [89, 90, 94].

The stable proton spin direction in the RHIC ring is vertical transversely polarised
beams. The proton spins precess around the vertical madieddi in the RHIC ring at a rate
of Gy precessions per orbit, where G = 1.7928, the anomalous rhiagmement of the proton,
andy is the relativistic factor. Imperfections in electric andgmetic fields can perturb the spin
direction. These perturbations typically cancel over maniyts because the spin is at a different
point in its precession in each orbit. However, when the@r@pin is at the same point in its
precession on each orbit, corresponding jo=Gnteger, the ‘kicks’ to the spin directions add up
on consecutive orbits and lead to depolarisation of the b&mm resonancesf this sort occur
every 523 MeV for protons, so many are encountered duringhleseceleration. To prevent
loss of beam polarisation due to these spin resonances giealSiberian Snakenagents [95]
are installed in each beam, one at the three o’clock and otteeatine o’clock position. A
Siberian Snake rotates the stable spin direction by 180edsgaround a horizontal direction,
which eliminates polarisation losses from spin resonantlg design maximum polarisation
for RHIC is 70%. The 80-90% polarisation at the polarisedrseus reduced by losses during
the various acceleration and transport stages.

Spin rotators placed either side of both PHENIX and STARwaliotation of the stable
direction at these experiments if so desired, in order tdystongitudinally polarised protons.
All data used in this analysis were acquired with transvbesen polarisations at STAR.

Each beam’s polarisation is monitored using its own cartaoget Coulomb-Nuclear Inter-
ference (CNI) polarimeter. These measure the asymmetmgcioilrcarbon atoms from elastic

p! + C scattering between the polarised RHIC proton beam and th®darget of the po-
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larimeter. At the small momentum transfers (0.002 to 0.0¥8eat which the scatterings
occur, thep™ +C scattering process has a significant analysing power ofardeb. The scat-
tering cross-section is large and only weakly dependenteambenergy over the RHIC range,
allowing quick measurements of the beam polarisation. Memsents of- 10’ carbon atoms,
sufficient for a statistical precision of a few percent on pladarisation measurement, can be
acquired in 30 seconds. The carbon targets used are verfaifipm wide and 150A thick for
atarget 2.5 cm in length), allowing the recoil carbon atoonsstcape the target and be detected.
The use of thin targets also keeps the loss of beam lumindséyo scattering to an acceptable
level.

Silicon strip detectors surrounding the carbon targetaaitteasurement of both the vertical
and radial transverse components of the beam polarisallenause of theoretical uncertain-
ties in thep™ +C analysing power, the pC polarimeters are calibrated ussiggle polarised
hydrogen jet target shared between the beams. A measurefmam to two days is required
to calibrate the pC polarimeters to within 5%. The calibdg€C polarimeters are then used
to measure relative variations in the beam polarisatiochERHIC beam store typically lasts
eight to ten hours. The polarisation of each beam is meastréae start of the store and
again at approximately two- to three-hour intervals dutimg store using the pC polarimeters.
This interval is a compromise between the desires to motfi®polarisation frequently and
to minimise beam losses incurred during polarisation nremsent & 0.5%). Additionally,
data acquisition must be halted during the polarisationsmesment so frequent measurements
would reduce physics running time.

Beam luminosity falls during a store, largely due to colliss between the beams at the
interaction points. Once luminosity has fallen sufficigriie beam is dumped and a new store
iIs begun. Each beam has fewer than the maximum of 120 filledH&as) in 2006 each beam
contained 111 filled bunches and nine consecutive emptyhasnclhe unfilled region in each
beam forms an ‘abort gap’. When the beam is to be dumped,rsjemagnets are energised
when the unfilled region passes by them, and the filled burttia¢$ollow are directed towards

adump region. The beam cannot be dumped in an unregulatedridsecause the high energies
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Figure 3.2: Bunch pattern for a single RHIC store. Emptyisastcan be seen corresponding
to the abort gaps in each beam. The anticlockwise beam isaailyi referred to as the “yellow
beam”. The clockwise beam is referred to as “blue”.

(~ 200 kJ/beam for 100 GeV protons) could cause damage to iser=imponents [90].

The two beams are ‘cogged’ such that bunches from each bessrthipaugh one another,
allowing collisions to occur, at the RHIC interaction pa@nburing a RHIC store a bunch from
one beam always interacts with the same bunch from the od@nbHalf the bunches in each
beam are polarised up and half down and the beams are pdlardependently. This means
that the 120 bunch crossings at each interaction point saalplour permutations of relative
beam polarisation directions, and a given bunch crossirggiven RHIC store has the same
permutation throughout that store. An example of such albipatarisation pattern is shown in

figure 3.2.

3.2 The STAR Experiment

The Solenoidal Tracker at RHIC (STAR) [96] is shown in figur8.3STAR is a multi-purpose

detector with many subsystems for investigating a wideearigghenomena and collision types.

36



Because STAR is a general-purpose detector it typicallg with a large number of different
trigger conditions at a given time in order to be able to dedeltisions (“events”) with particular
signatures of interest for different analyses. A numbehefdetector subsystems are involved in
triggering the detector, some exclusively so and some iitiaddo providing data for analysis.

STAR records data iruns typically of 30 to 45 minutes duration, during which timeeavf
hundred thousand events will be recorded. Recording dagmaller amounts like this means
that if a problem is discovered with a run during analysisai be discarded without the loss
of a very large number of events. Runs may also be stoppedduedrdware or software error
in a detector subsystem or the data acquisition system (DAQ)

Four of STAR’s subsystems are of relevance for this analysd will be described fur-
ther. The Time Projection Chamber (TPC), the Barrel Elentignetic Calorimeter (BEMC),
the Endcap Electromagnetic Calorimeter (EEMC) and the BBaam Counters (BBCs). The
TPC data is analysed for particles of interest, while the BB&8d B/EEMC were used for the
triggering of the detector. Detailed discussions of theskthe other STAR subsystems can be
found in [97].

3.2.1 The STAR Trigger

The slower detectors of STAR, such as the TPC, operate atjaeney of~ 100 Hz, much
slower than the RHIC bunch crossing rate~oflO MHz. A trigger system is therefore used
to select events of interest and instruct the slow detet¢torscord data for only these events.
There are four levels to the STAR trigger. Each trigger Ieyggdlies selection criteria of greater
sophistication than the last, taking more time than thetlashake a decision on whether to
record the current event. An abort signal can be sent to tteeatauisition system from any
trigger level to stop the slow detectors before an eventgsiaed, thereby readying the detector
for a new event.

The lowest level (level 0) trigger takes raw data from the éetectors in STAR (such as
the BBCs) and makes a decision on whether or not an interatfiet may be of interest has

occurred. This is done on the same time scale as the RHIC lanasking interval of~ 100 ns.
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If the level O trigger determines that an event of interestecurred, the fast detector data is
passed to the subsequent trigger levels, which make masdetbanalyses of the data to apply
further selection criteria to the event. The level 1 triggetkes a decision using a subset of the
trigger data in 10Qus. This level searches for signatures indicative of callisibetween the
beam and the TPC gas, allowing these events to be discartifte évent is not aborted by
level 1, the level 2 trigger performs further analysis udimg full trigger data set within 5 ms.
This trigger allows particular event signatures, such &s je be found. If the event is accepted
by the level 2 trigger then the data acquisition system igiadtand the slow detectors are read
out.

A final level 3 trigger can be applied using data from the sletedtors to perform an online
event reconstruction, issuing a decision within 200 ms. sTdliows an even more detailed
analysis of the event to search for particular rare partipkries, such as the/d/This was not

used for these data.

3.2.2 Triggering Detectors

Two BBCs made from tiles of a scintillating material are gdclose to the beam line. They
are sensitive to charged particles produced in the psepdiiisarange 3.3< n < 5.0, where

pseudorapidity is defined as

n=-In {tang], (3.1)

where@ is the angle between the particle momentum and the beam ntomei®ne BBC is
positioned each side of the TPC-at3.5 m from the TPC centre. They are used in triggering
the detector for proton-proton collisions. When a colisimccurs the BBCs detect charged
particles produced close to the beam direction. The minirbias (MB) trigger condition for
collisions is defined as a signal in both BBCs within a 17 nscidience window. Figure 3.4
shows the BBC coincidence rate recorded for a number of STAR in a single RHIC store.

The decrease in coincidence rate, corresponding to theasein beam luminosity, is clear

38



Solenoid Magnet 7g !AR
Barrel

Electromagnetic x
Calorimeter _
(EMC)
Time
Projection
Chamber z
(TPC) ' 100 cm

=| S | =
iasLDxl_L%rewtlzrd n s g 1011 = 111 | Beam:Beam ==
Magnet Detector = | ’T""‘ "“ 1| "Counters Magnet

= ‘
3|I|rcion ! %
ertex -
Tracker FEDEE
magnet Endcap

poletip > Forward TPC EMC
—————— \

Figure 3.3: Schematic view of the STAR detector, showing yrainthe detector subsystems
and defining the STAR coordinate system. The positive y tioras directed vertically up, out
of the plane of the page. Proton beams are polarised alosiguxis.

during the course of the store.

The BEMC [98] is made from plastic and lead scintillator andgunds the TPC, covering
2m radians in azimuth anh| < 0.98. It is used for triggering on rare processes such as jets
and forms part of the trigger definition for the data studiedhis analysis. It can also be
used to detect photons, electrons and mesons with eleajreetia decay channels, but these
abilities are not used here. The EEMC is a lead-glass deiatilcalorimeter. It is a ring-shaped
detector, covering 1.086 n < 2.0 in pseudorapidity and is placed over the west end of the
STAR detector. It provides sensitivity to the same partspecies as the BEMC at a more
forward angle.

Events satisfying either of two trigger conditions wereestgd for study:

1. BEMC-JP1-MB: At least one BEMC jet patch (JP) has totargynabove a threshold of

7.8 GeV and the minimum bias (MB) condition is satisfied.
2. BEMC-JPO-ETOT-MB-L2JET: At least one BEMC jet patch hastal energy exceeding
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Figure 3.4: BBC coincidence rate during a single RHIC store.

a threshold of 4 GeV and the total energy over the barrel anidagnEMCs (ETOT)
exceeds a threshold of 14 GeV. The minimum bias conditiomtisfeed. A jet-finding
algorithm is applied in the level 2 trigger system (L2JETpé&bect events with a jet-like

component.

A ‘jet patch’ is defined as a region of the BEMC spanning appnately one unit in pseudora-

pidity and one radian in azimuth. The whole BEMC, covering< 0.98 and 2rin azimuth,

Is thus divided into twelve jet patches. These triggers wsetected for the large statistics they
sampled during 2006 running and because the jet patch comgitovided a larger sample of

hadrons at high momenta than minimum-bias events.

3.2.3 The Time Projection Chamber

The TPC [99] is the largest STAR subsystem and serves as tihdnaeking detector for STAR,;
it is shown in figure 3.5. It provides the high track resolatrequired in order to handle the
high track densities found in heavy ion collisions {,000 tracks per unit pseudorapidity in Au
+ Au collisions at 200 GeV centre-of-mass energy). The TRWwides full azimuthal tracking
of charged particles with transverse momentum abou®0 MeV/c andn| < 1.8.

The end caps of the TPC are maintained at ground electriafiaiteA thin membrane that

40



Sectors

Outer Field Cage
& Support Tube

Sector
Support—Wheel

Figure 3.5: The STAR Time Projection Chamber (TPC). The eagok are divided into twelve
sectors, each with an inner and outer sub-sector. The TP@ided into two by a central
cathode membrane spanning the gas volume between the muheuter field cages.
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spans the TPC centre between the inner and outer field cadbs wrertical plane is held at
-28 kV. The cylindrical field cages are made from metal ringsrected in series by resistors,
providing a uniform electric field between the central meaniercathode and each end. Charged
particles passing through the TPC ionise the gas withindttae liberated electrons migrate
away from the central membrane to the nearest end. The dtdtiy varies with electric field
strength, and the temperature, pressure and compositibe gis. Therefore the electron drift
velocity is measured every few hours. Radial laser beams@tik positions along the length
of the TPC are used to ionise trace organic substances irmatheodume. The difference in drift
times for charge liberated by two laser beams at differerdsitipns allows determination of
the drift velocity [100].

Each end of the TPC is divided into twelve trapezial sectoosijtioned as the hours on a
clock face, each containing 45 rows of cathode pads (5,668 per sector). These detect the
migrating charge when it reaches the end of the TPC and alleasorement of its x and y
coordinates. Each time the TPC is triggered to acquire tfaégyad values are read out in 512
time bins. Knowledge of the charge drift velocity in the TP dtypically~ 5 cmus™) allows
the z position of the charge points to be reconstructed. H@ i§ therefore essentially divided
into ~ 70 million (X, y, z) pixels.

The resolution between a pair of charge points depends otheshtiney are in an inner or
outer sub-sector, due to different pad sizes in the sulmsedin the inner sub-sectors a pair of
charge points can be completely resolved when they areatepdry greater than 0.8 cm in the
direction of the pad-rows and greater than 2.7 cm in the dniétction. In the outer sub-sectors
the separation must be greater than 1.3 cm in the directitmegfad-rows and greater than 3.2
cm in the drift direction. Pattern recognition software $&d to fit particle tracks through these
charge points. The crossing point of the fitted tracks is usetktermine the collision point
(primary verte) for each event to a resolution of better than 1 mm.

The STAR detector is surrounded by a solenoid magnet proy@uniform 0.5 T longitudi-
nal magnetic field [101]. The paths of charged particlesteesfore bent in the transverse (x-y)

plane by the Lorentz force. Their longitudinal motion congd with the transverse curvature
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causes the particles to follow helical paths. Particle mamean then be determined from the

radius of curvature of each track via

pr = 0.3Br|q|, (3.2)

where pr is the particle transverse momentum in Ge\Bcthe magnetic field strength, is
the radius of curvature arglthe particle charge in units of the elementary charge. Trexdi
tion of curvature allows determination of a particle’s @er The best momentum resolution,
op/p, occurs at 500 MeV/c for pions, whed/p ~ 2%, and at 1 GeV/c for protons, where
op/p ~ 3%. Resolution worsens at lower particle momentyra: (400 MeV/c for pionsp <
800 MeV/c for protons) due to multiple Coulomb scattering hfgher particle momentum the
resolution worsens with increasing momentum because tirbes harder to precisely deter-
mine the track curvature for straighter tracRf/ p increases approximately linearly with track
momentum, tex 10% at 10 GeV/c.

The software reconstruction produces raw ‘DAQ’ (data asitjon) files with all the infor-
mation on an event from the various detector subsystems) tlothe level, for example, of all
the (X, y, z) charge points in the TPC. This is more informatizan is typically required at an
analysis stage, so these data are further processed tocprethaller files (historically called
‘micro Data Storage Tapes’ aDSTs) that are quicker to analyse but retain the information
essential to a physics analysis (track momenta, vertetiposietc). TheuDSTs store data in a
ROOT TTree format [102] to allow large-scale analysis. Ak analysis presented herein was

performed using custom-written C++ compiled code and nwicr®OOT.

3.3 Particle Identification

Charged particles can be identified from their energy logstdwcollisions with the TPC gas.
The number of electrons liberated in a collision is propordl to the energy lost by the particle.
The signal measured by a TPC pad is proportional to the chibiyated and so is proportional

to the energy lost by the particle across a path length tleeddithe pad. The measurements of
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charge at the end cap pads therefore allows the particlgeltess to be determined. The energy
lost by a charged particle traversing a thicknes$ an absorbing material is not constant. The
number of collisions the particle undergoes and the amduemergy lost in each collision both
vary (Landau fluctuations). Each pad collecting chargeéitezl by the passage of a particle is
used to make a measure of that particle’s energy loss. Tha ereagy loss of the particle per
unit path length can then be calculated.

The measured energy loss for each particle is then compatbdhgoretical predictions.
Landau derived an equation for the most probable energy10s4,

2
LOp=¢ (Inw +|n|§+o.2—32— 5(3)) . (3.3)

| is the logarithmic mean excitation energy of the absorbiagemal,d is a density term impor-
tant at large velocities, an@landy are the normal relativistic variable&.is related to the path
length traversed by the charged particledy= xk/B2, wherek = 153.54Z/A) keV cn?. A
modified version of the Landau formula, which accounts feratomic structure of the absorb-
ing material, is used to predict the most likely energy lasa &unction of particle momentum
[104-106]. Figure 3.6 shows an example of the mean measunerd\eloss per unit length as
a function of particle momentum. The theoretical preditsiéor the most probable energy loss
compare well with the measured energy loss.

At low momentum the pion, kaon and proton bands are well sepamand the particles can
be easily distinguished. The kaon band converges with thelpand at around 700 MeV, above
which kaons and pions cannot be distinguished. Protons eatistinguished from pions and
kaons up to around 1 GeV. A band corresponding to muons istinduishable from the pion
band at the momenta shown, and an approximately horizoosatrpn band can be seen close
to the pion band at all momenta. For negative particles thteildutions look very similar as the

energy loss depends on the magnitude but not the sign of thielpa charge.
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Figure 3.6: Mean energy loss per unit path length for pasipiarticles in the STAR TPC. The
predictions for the most likely energy loss per unit pattgténA/x) are shown for pions (solid
line) and protons (dashed line). Kaon and deuteron bandsecaaen to the left and right of the

proton band respectively. Positrons are visible as a hot&dand near the pions.
3.4 Neutral Strange Particle Identification

Neutral particles do not ionise the TPC gas and so are naitljidetected. However those that
decay into only charged species can be reconstructed freimd@ughter particles. The neutral
strange particIng andA\ studied in this analysis are found in this way. 'IK:&and/\ undergo

the following decays 68.6% and 63.9% of the time respegtivel

KQ— mt + 1, (3.4)

N—p+rm. (3.5)

These charged decay modes are described as having a ‘V0Obgypdue to the appearance
of two observed (charged) particles from the point whereuhebserved (uncharged) parent
decays. In each event a population of VO candidates is peatlog forming all combinations of

positively and negatively charged patrticles that, whemagdlated back to the primary vertex,
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pass within a certain distance. By assuming the speciescbfadgughter particle, the invariant

mass of each VO parent is calculated under the hypothesis ithaf a particular species,

o-(29) -(27).

whereW, ¢ is the VO candidate’s invariant mass under the decay hypieing considered
and the sums are over both charged daughters. The energinesabfarged daughters are calcu-

lated from

E? = p®4n?, (3.7)

where m is the daughter particle mass under the decay hygsther example, assuming the
positive (negative) daughter to berg (~) will yield the invariant mass of the parent if it is a
Kg. An example of such an invariant mass distribution is shawfigure 3.7. The same process
is repeated for all relevant daughter combinations, privgduan invariant mass distribution for
each parent species. Each invariant mass distributioranmna peak, corresponding to the
particle of interest and centred close to its rest mass,teptaacontinuous background. Due
to energy loss by the daughter particles in the TPC gas aredtdetmaterial, the reconstructed
mass is generally shifted to a value slightly lower than thei€le Data Group (PDG) value.
The background is composed of real particles of a VO-degagpecies other than the one of
interest (for example there will be/a contribution in thng spectrum) plus a combinatorial
background formed by unrelated crossings of positive/ieg&racks that did not arise from
the decay of a common parent. The background can be reducapiplbying selection criteria
to the VO candidates (see section 4.2). However, becaussttikground contribution can not
be entirely removed, a candidate falling in the peak regaamot be unambiguously identified
as either a genuine particle or background. This meanshbati¢ld of the species of interest
cannot be determined by counting positively identifiedipbas, but must be done on a statistical
basis.

Two approaches may be used to determine the particle yialdnpeterisation of the invari-
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Figure 3.7: The invariant mass distribution produced urnlderdecay hypotheslsg — T+
. A broad signal peak at around tK@ mass sits atop a large background. The peak width is
due to the momentum resolution of the daughter tracks, mod&tural width of the decay.

ant mass spectrum with a function, or a counting method. érfitst case a function is used
to fit the peak and background and the particle yield is datexdhfrom the fit parameters. In
the counting method, a signal mass region is defined, encssimgathe peak. Then two back-
ground regions, each half the width of the signal region dafened and placed symmetrically
either side of the signal region. The total counts in the gemknd region are then subtracted
from the total counts in the signal region to give a partidkeld, This method requires the
background to have a linear shape so that the total backdnausher the peak is equivalent that
in the background regions.

For this analysis the counting method was chosen, mainysfoobustness under low statis-
tics. The fitting method would often fail or give very largecantainties for runs with small
numbers of events. Additionally, the fit did not always givesalequate description of the peak
shape unless a large number terms and free parameters Voevedilfor example fitting the
peak with two Gaussian functions, each with its width, ceatrd area as free parameters. This

increased the uncertainty in the calculated yields.
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Chapter 4

Data Selection

The analysis was performed on data recorded during the 2806 Rin with 100 GeV polarised
proton beams (200 GeV centre-of-mass energy). Data wasdextavith both longitudinally
and transversely polarised beams over a thirteen weekdoérite data taken with transversely
polarised beams, collected during five weeks betwd@Agril and " May 2006, have been
analysed for transverse spin asymmetries. The neutraigetparticlek?, A andA produced
at mid-rapidity (x| < 0.05) and with transverse momentum &%t < 4.0 GeV/c were used

in the analysis.

4.1 Run Selection

Data were acquired at STAR in runs typically of 30 to 45 misuté total of 605 runs were
acquired containing events with the triggers of interemtheypically containing a few thousand
to a few tens-of-thousands of events of those triggers. iQudlecks were applied to the data
run-by-run to eliminate any with problems that may have edusrroneous results. An initial
run list was formed from runs passing general STAR qualityc&ls for the 2006 transverse
running period. There were a total of 549 STAR runs in whiah T C was utilised and for
which data was processed ili@ST form. Runs for which a problem was present with the jet
patch trigger were rejected, as were those in which thereanasror in recording the beam

polarisation bunch pattern; for example if a bunch crossiag erroneously recorded as having
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events for more than one permutation of beam polarisatibimis.rejected 172 of the 549 runs.
The remaining 377 runs were then subjected to further quettiecks before being used in the
analysis.

Tests were applied to ensure that the distribution of everdasrun was consistent between
each permutation of beam polarisations. If the vertexitistions differed for different beam
polarisations, then events for those different permutatiwould effectively experience a dif-
ferent detector acceptance from one-another. The primentgx z distributions were required
to be consistent between each beam polarisation pernmuta®ons in which the distribution
for any permutation was inconsistent with any other wereatejd. Consistency between two
distributions was determined using a Kolmogorov-Smirrest bf the vertex z positions. The
ROOQOT histogram (TH1) implementation of the K-S test was usechlculate the confidence
level for compatibility between the two histogramed vedestributions tested. If this level was
below 0.1% for any permutation of distributions in a run tthan was discarded from the data
set. The distribution of the mean event vertex z coordirashown in figure 4.1. The means
are well-described by a fit with a Gaussian distribution tghat z = -2.5 cm. Runs for which
the mean vertex z was significantly different from the meaaréhat four standard deviations)
were also rejected from the analysis.

Once all quality checks had been performed 23 runs weretegjend a final list of 354
STAR runs remained, spanning 34 RHIC stores. These runsrisedpa total of 5.1 million
events between the two triggers used. The triggers are tictlgnndependent; 630,000 events
satisfy both, while 2.62 million satisfy only the BEMC-JBEJ-OT-MB-L2JET condition and
1.85 million satisfy only the BEMC-JP1-MB condition.

4.2 VO ldentification

The data set used for analysis contained 5.1 million evehtghich 4.9 million (96%) success-
fully had a primary vertex reconstructed. To provide appr@tely uniform acceptance and

phase space coverage for all events, only those with a vertewrdinate in the range -60 cm
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Figure 4.1: Mean event vertex z coordinate for each STAR fure distribution is described
well by a Gaussian fit. The vertical dashed lines indicatevilaes+4 standard deviations
from the fit mean. Runs outside this range were rejected.

< z < 60 cm were selected. This also corresponds to the verter ifaoign which events were
used to calculate beam luminosities (see section 5.1.1)malion events, 64% of those with
a reconstructed vertex, met this condition. From thesetswbe STAR VO-finding code pro-
duced 184 million candidate VO decays. Figure 4.2(a) shbe/saw invariant mass spectrum of
the candidates under the assumption that they\dmgperons i.e. positive (negative) daughter
is a proton (). Figure 4.2(b) shows the spectrum under the assumptiocethgidates arg,
and figure 4.2(c) under the assumption they@eThe Particle Data Group value for theand

A mass is 1115.683 MeV and that for tK@ is 497.614 MeV [107]. Peaks corresponding to
these masses can clearly be seen in the spectra, over a émkgrdund. The peaks are shifted
to slightly smaller masses than the PDG values due to lossarfyg (and therefore momen-
tum) of the charged daughters in the TPC gas and other nlatéha measured momentum
of the daughters is therefore slightly less than the monmerthey initially possess, resulting
in a smaller invariant mass resulting from equation 3.6. Wuiths of the peaks are entirely
dominated by the momentum resolution of the TPC; the natidths of the decays are many

orders of magnitude smaller.
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Figure 4.2: Raw invariant mass spectra for all VO candidateker different decay hypotheses
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Neutral strange species Positive daughtef Negative daughter
N p m
A mt P
K2 4 m

Table 4.1: Daughter particles produced from charged debawyreels of each neutral strange
species.

Selection critera (‘cuts’) were applied to the VO candiddtereduce the background frac-
tion. This was done in two stages. First an energy loss aainstvas applied to the daughter
particles, as outlined in section 3.3. This was used to rejaaghter particles not of the VO
parent of interest. Secondly, cuts were applied to the gaarakproperties of the VO decay

vertex. This was done separately for each VO species.

4.2.1 Energy Loss Cuts in VO ldentification

The daughter species of the neutral strange particles efasit are given in table 4.1. Each
daughter in a candidate decay was required to have an eragyér unit path length in the
TPC consistent with the prediction for the most-likely egyeioss, described in section 3.3. For
example, to seledk hyperons the positive daughter was required to have enesgycbnsistent

with that of a proton and the negative daughter’s energy We&s required to be consistent
with that of a pion. To quantify the degree to which the endaps measured for a particle

corresponded with the predicted value for a particular iggethe quantity

measured energy lo§s
Z=+/NI 4.1
9 <predicted energy Iosi (4.1)

was calculated for each daughtiris the number of points along the track from which the mean
energy loss measurement was made; the more points used theoneaisely the energy loss
was measured. Figure 4.3 shows the distributiod ébr positive daughters using the model
prediction for the proton. The peak centred near zero cporeds to protons and the broad
peak to the left of this corresponds to other species, mgstlys. A Gaussian distribution

describes the proton peak well, though the tails cannot tedfdue to the presence of the
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Figure 4.3:Z distribution in a single pseudorapidity range of positiv@daughters using most-
likely-energy-loss predictions for the proton. The Gaasgarameterisation describes the peak
shape well.

other peak. Similar distributions were produced for theeotttaughter speciestt and ).

Z distributions were found to depend weakly on track pseyaldity. Therefore tracks were
grouped into ten equal-sized bins in pseudorapidity batw&® and +1.0. The small number
of tracks with pseudorapidity greater than 1.0 were contbimi¢h the last bin, and tracks with
pseudorapidity less than -1.0 were grouped with the firste distributions for each species
and pseudorapidity range were parameterised using a @aussiction. For the purposes of
making the distributions such as figure 4.3, only tracks wtbmentum less than 1 GeV/c
were used. In this momentum range protons and pions are egdlrated in energy loss and
the Z distribution peaks corresponding to each species couldted.fiThe distributions were
not found to be momentum-dependent so the same Gaussiangiarsations found for 0-1
GeV/c were used when selecting particles of higher momenWhen selecting for a particular
daughter species, th#& of the particle was required to be within three standardatens of
the distribution mean for that species in the appropriasug@srapidity range. This allowed
background rejection with negligible signal loss (0.3%tfoee standard deviations).

The efficacy of this energy loss identification procedureeisidnstrated in figure 4.4. Fig-
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ures 4.4(a) and 4.4(b) show the positive daughters accepiegdejected by the selection for
protons, respectively. The proton band is cleanly sele@sd the other species are removed
by the cut. Similar results were seen for rejectiony©f andp (not shown). VO candidates
for which either or both daughters failed the relevant epéogs selection were rejected. Fig-
ure 4.4(c) shows the effect of the energy loss selection eAtimvariant mass spectrum. The
background is significantly reduced by application of thergg loss selection on the daugh-
ter particles. Figures 4.4(e) and 4.4(f) show the improvesi theA and Kg invariant mass
distributions using the energy loss selection for thoseisge The cut is more effective for
(anti)A\ than thng. This is due to being able to efficiently distinguish protémesn pions up

to momentum~ 1 GeV/c. Pions make up most of the background tracks in anteaed most

of the background is in the low momentum region, so the giititdistinguish the (anti)proton
daughter in the (antl) decay from the large pion background gives a significant gpaxknd
suppression. The background suppression for kaons istgsgessive because both the daugh-
ters are pions, so the largest background contributiontisajected in this case. Nevertheless,
the energy loss cut is useful in suppressing the backgroualll tases because it does so with-
out significant signal loss, unlike the geometrical cutsaa@bscribed next. Figure 4.4(d) shows
the VO candidates rejected by the energy loss selectioh ffiygperons. A peak at th&invariant
mass of 1116 MeV/fis not seen, showing that no significant number of genifg/perons

have been eliminated by the cut. Similar results (not shaverp obtained for th& and Kg.

4.2.2 Geometrical Cuts

Rejection of background on the basis of particle energy i®ssuseful first step in reducing
the background, but is insufficient to produce a clear sigespecially in the case of thég.
The energy loss method is also of limited use for particlelsrge momentum, where pions
and protons cannot be clearly distinguished. Further sefecriteria were therefore applied
to the VO candidates to further reduce the background. A \Waylean be characterised by
various geometrical properties, describing the spatlatiomship between daughter tracks, the

reconstructed VO momentum vector and the event vertex. queatities were considered that
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could be used to indicate the likelihood that a VO candidateesponded to a genuine neutral

strange particle. These are shown schematically in fig&radd are described in detail below:

 Distance between daughter tracks at the apparent decagx.€rhe decay vertex of the
V0 candidate is defined as the midpoint between the daughieks at their distance of
closest approach (DCA). The DCA between the daughter tradkaot be exactly zero
even for a real particle decay because of detector resolutitowever, the closer they
approach, the more likely that the candidate correspondseal decay and not a chance
crossing of primary tracks. An upper limit was thereforecpld on the DCA between
the daughters. A distribution of invariant mass vs. DCA testw daughters is shown in

figure 4.6.

» Decay distanceThis is the distance between the event collision point aedafhparent
decay vertex of the VO candidate. Because all the partidlegerest decay via the weak
interaction, the mean decay distance is on the order ofroenbtes: ¢ for the A is 7.89
cm and 2.68 cm for tht(g [107]). Much of the background is due to chance crossings
of tracks originating at the collision point. Because treckr density decreases with
the inverse square of distance from the collision point,dBeay distance distribution
of spurious candidates falls off more quickly than that ofigee particles. Therefore
placing a lower limit on the decay distance rejects a portbthe background due to

chance track crossings. This is illustrated in figure 4.7.

* DCA of the VO to the primary vertexXthe VO momentum vector (found from the vector
sum of daughter momenta) should extrapolate back to theapyiwertex, though not
exactly due to detector resolution. VO candidates from cldrack crossings need not
fulfil this condition, so placing an upper limit on this distae can reduce background

from chance track crossings. This is illustrated in figui 4.

« DCAs of the positive and negative daughter tracks to the gmynwertex: The daughter
tracks do not originate from the primary vertex, but the Kréitting software can ex-

trapolate them backward toward it. Because of the curvaititbe tracks, they should
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Figure 4.5: Schematic representation of a VO decay. Thel $iokes represent the charged
tracks found by track-fitting software. The curved dasheddirepresent the extrapolations of
the charged tracks back toward the primary vertex and tlaggbtrdashed line represents the
VO parent momentum vector reconstructed from the daughtenentum vectors at the decay
point.
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Figure 4.6: Invariant mass of VO candidates underthiecay hypothesis vs. the DCA between
the daughter particles. Genuine particles, seen as a bat@dearound the PDG mass for the
A\, are concentrated at small distances.

not intersect with the primary vertex. Conversely most backgtbtracks originate at

the primary vertex. By placing a lower limit on this distarfoe each of the daughters,

background from chance track crossings is reduced. Thisis$rated in figure 4.9.

In addition to these cuts, for isolation of tKé it was found that placing a cut on theandA
invariant masses was useful in further reducing the backgtoThis involved rejecting VO can-
didates passingg selection criteria but whose invariant mass undefam A decay hypothesis
was within the defined signal mass range. In addition to reducing the backgrousdth was
also found to be useful in making the background invariargswhstribution flatter. A compli-
mentary cut for the (antih) was investigated, rejecting candidates with an invariaadsmunder

the Kg hypothesis that was within tH(@-SO signal range. Though the cut was somewhat success-
ful in reducing background, it also eliminated a large amadrsignal for both species. As the
signal for both species was quite statistics-limited, tuswas therefore not used. This reason
why this cut is useful fokg but notA andA can be seen from an Armenteros-Podolanski plot

for the VO candidates, seen in figure 4.10. The variable
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extends to larger distances than the background. Notehbdd€A is momentum-dependent;
particles with high momentum do not bend away from the evertex as much as those with
low momentum. The positive daughters (protons) typicadlyeha smaller DCA than the nega-

tive daughtersi).
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P (4.2)

P +P) '
describes the difference in the momentum components of ¢hdavighters parallel to the VO
momentum direction as measured in the laboratory fraope (The superscript (+,-) indicates
the daughter chargear in this case is defined as the VO daughter momentum transteetise
VO momentum direction. When these variables are plottethagane-another the different
VO species separate into elliptical bands. Cutting on thariant mass of one of the species is
equivalent to masking out the corresponding ellipse on tteehteros-Podolanski plot. The
and/ bands each have a region of overlap with mgd)and. As this region of overlap accounts
for only a small portion of th&2, cutting on the\ and/A\ masses is effective for isolatir@.

However the region of overlap covers a large portion ofAred/A momentum space, meaning

that cutting on thda(g mass when selecting these species causes a large lossatitcstat

61



A ‘brute force’ method was adopted to determine a suitalllefsgeometrical cuts to select
each neutral strange species. Once the energy loss cuts) dmel case of thng the A/A
invariant mass cuts, had been applied the five geometricgbamameters listed above (two
for daughter track DCAs) were changed in various permutatid@he resulting invariant mass
spectra were used to select a set of cuts. Tightening the@auésa better signal-to-background
ratio at the cost of a reduced yield. The cuts were therefoosen to strike a balance between
providing good background suppression whilst also retgira usable yield. A requirement
was imposed that the background region had a straight liapeshso as to be able to apply
the bin counting method of yield calculation discussed joesly. This was tested by fitting
a straight line through the two background regions only,tbng the intervening peak region,
and requiring the reducexf of the fit to be close to one, indicating a good quality of fit.

The invariant mass background shape of each species was towhange significantly as
a function of transverse momentum. Therefore geometrigal were determined for eagqh
range individually. Backgrounds were largest at low momentas most of the background
particles have transverse momentum much less than 1 Geléomdmentum ranges used, and
the cut values determined for each species in those rangesjmmarised in table 4.2. Because
of low particle counts at small momentum, a lower momentutaftof 0.5 GeV/c was applied.
Figures 4.11, 4.12 and 4.13 show the invariant mass specdu@ed using the cuts listed in

table 4.2 for th&kg, A andA respectively.
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Table 4.2: Selection criteria for each VO species. DCA =#@ist of Closest Approach. PV = Primary Vertex.

Max. DCA Max. DCA

Min. VO

Positive daughter

Negative daughter

Species (GEI//C) of VO to between decay = Other
PV VO distance  p~a  €nergyloss energy loss
daughters to PV constraint to PV constraint
Within 30 Within 30 Invariant mass
K2 Al 2.0 1.2 3.0 0.5 of r* 0.5 of not consistent
mean mean with (anti-)A
K2 0.5t0 1.0 1.0 1.2 2.0 0.5 " 0.5 " "
Kg 1.0to 1.5 1.0 1.0 2.0 0.5 " 0.5 " "
Kg 15t02.0 15 1.2 3.0 1.0 " 1.0 " "
Kg 2.0t0 3.0 15 0.8 2.0 0.5 " 0.5 " "
K2 3.0t0 4.0 15 1.0 3.0 0.5 " 0.5 " "
Within 30 Within 30
N All 1.0 1.0 3.0 0.0 of proton 0.0 of m
mean mean
AN 0.5t01.0 2.0 1.0 2.0 0.0 " 0.0 "
AN 1.0to1.5 15 1.0 2.0 0.0 " 0.5 "
AN 15t02.0 1.0 1.0 4.0 0.5 " 0.5 "
AN 2.0t0 3.0 1.0 1.0 4.0 0.5 " 1.0 "
A 3.0t0 4.0 2.0 1.2 2.0 0.5 " 0.0 "
Within 30 I
A Al 15 1.2 4.0 00  ofmt 0.0 \(’)\]{'g":]saan
mean
A 0.5t01.0 2.0 1.2 2.0 0.0 " 0.0 "
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Figure 4.11: Invariant mass distributions g mesons as a function gfr with all selection
criteria applied. The signal region is shaded with lineslaackground regions are hatched. The
Background regions were fitted with a straight line, skijggiime intervening region containing
the signal peak. Tha? per degree of freedom was required to be in the range 0.5 to 1.5
indicating that the background was well-described by agitdine shape and that the bin
counting method of yield extraction was valid. The solicgght lines indicate extrapolations
of the background fits across the signal region, showingktgglinear shape of the background
extends over the full mass range of interest. The mass péfak hthe right at highept as
energy loss effects become less important. For simpl&igyngle signal region was chosen that
encompassed the mass peaks in all momentum ranges.
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Chapter 5

Single Spin Asymmetry

Physics asymmetries were calculated separately for ea¢@ Béam store because of the vari-
ation of the beam polarisation between stores. The potansaachieved for each beam are
summarised in figure 5.1. Typical beam polarisation duri@@&was between 45 and 65%,
with a mean of 53% for each beam. This was an improvement opreéheous year’s data, for
which typical values of 45 to 50% were achieved. The poléinsaf each beam was typically
measured to a statistical precisiond; aistical = 1-2%. Systematic uncertainties on the polari-
sation measurement for each beam store were of approxjntiagetame size. These systematic
uncertainties were uncorrelated between stores. In addifhere was a global systematic un-
certainty, correlated between all beam storesoRf/Py = 4.7% for the clockwise beam and
O0P:/R: = 4.8% for the anticlockwise beam. The global uncertaintshim product of the two

beam polarisationg}(PaP:)/(PaRc) = 8.3%.

5.1 Single Spin Asymmetry

The transverse single spin asymmetries in the producticbtgpf\ and/\ have been measured.
The single spin asymmetry, is also known as the left-right asymmetry, or the analysing

power. The asymmetry in particle production is of the forgjL

N (@) 01+ AyPcoso, (5.1)
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Figure 5.1: RHIC beam polarisation for 2006 p p' running for (a) clockwise beam, (b)
anticlockwise beam.

where N@) is the number of particles produced at azimgtand P is the beam polarisation.

The analysing power can be measured by a detector at an &ahaniglep by

1 NF—NV¢

~ cosp N+ N 5.2

AN

Throughout the analysig is defined in the rangerto +m. @ = 0 corresponds to the positive
x direction in the STAR coordinate system and positive (tiega@ corresponds to positive
(negative) y.

The single spin asymmetry is seen as a difference in pagroeuction to opposite sides of
the beam’s momentum-polarisation plaheindicates the particle yield produced to one side of
this plane (i.e. to ‘beam-left’ or ‘beam-right”)} and|} indicate the beam polarisation direction.

The directions ‘beam-left’ and ‘beam-right’ are defined as

Bvo- (ﬁbeamx ﬁbeam> < 0, for beam-left

Byo- (rjbeamx ﬁneam) > 0, for beam-right (5.3)

wherepyg is the VO momentum vector arniheamand Poeamare respectively the beam momen-

tum and polarisation vectors. Beam left corresponds tothegain the STAR coordinate sys-
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tem for the clockwise beam, and positive x for the anticlodledbeam. Because the asymmetry
involves takingatios of particle yields, the acceptance of the detector and fimezfcies of the
STAR trigger, VO reconstruction and analysis cuts cancelgreatly simplifying the analysis.
The factor of cog in equation (5.2) and how this is accounted for in the analgise discussed
further in section 5.2.

Single spin asymmetry measurements require only one beéa polarised. Because the
two RHIC beams are independently polarised, two measureoéthe single spin asymmetry
can be made using the same data. In each case, one beaneid &=#ie polarised beam, while
the other is treated as unpolarised by summing particleymtozh over both the polarisation
states of that beam.

Two methods were used to calculate the single spin asymesetnd the results compared
to check consistency. One method involved using the redtiminosities of the beams to
correct the counts for each polarisation permutation. Ttherauses a combination of particle
production to both sides of the beam to cancel the effectdffefitig beam luminosities. These

two methods will be discussed in detail now.

5.1.1 Relative luminosity Method

The bunches in each RHIC beam are not identical in their @gatofile, and so each provides
a slightly different luminosity. The more tightly the pro®are bunched, the higher the lumi-
nosity will be. This means that there is effectively a diéier luminosity for each permutation
of the beam polarisationsg{t, {1, 1} and{}|}) in any given beam store. To account for this,
when calculating the asymmetry the yield for each polaonsastate must be scaled by the

corresponding luminosity. Accounting for this, equatidr) then becomes:

;NN
202 (5.4)

~ cosp NT | NV°
Pt

AnP

where " and #"¥ indicate the beam luminosity for bunches of up and down sation

respectively. To treat one beam as effectively unpolarigezlds from the two polarisation
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states of that beam are summed,

NT = NI + NTTU,

NV = NP N (5.5)

where the first superscript arrow in each term on the rightjobéion (5.5) indicates the polari-
sation direction of the ‘polarised beam’ and the secondmaimdicates the polarisation direction
of the ‘unpolarised beam’. As the luminosities for theséestare not necessarily the same, they

must be scaled by the appropriate luminosity individually:

NT N N

7t 7 it T

N N N

20 Hglm—l—guu. (5.6)

Because the asymmetry measurement involves taking a itdi@dequate to use only thel-
ativeluminosities between beams, meaning that the absoluteatisation of the luminosities
did not need to be known. Bunches with both beams poladse¢ (|} bunches) were used

as the reference for calculating relative luminositiese Tdur relative luminosities were thus

defined:

M K2l
FZ2NE
w_ LM
FZ2NN
" K40
FZ2NE
7MW =1. (5.7)

The relative luminosities were calculated by taking theosadbf BBC count rates for collisions
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with each permutation of beam polarisations.
Particle yields for each permutation of beam polarisatiwese scaled by the relative lumi-

nosity for that permutation. The full expression for theragyetry was then:

L1 (NI T ) (N 4 N
~ cosp (NM/%M + NTTU/%M) + (NUﬂ/%&ﬂ+ NM) '

An (5.8)

The asymmetry can be calculated using counts to beam lefbunts to beam right. By ro-
tational invariance, the asymmetry using particle producto the left is equivalent to the
negative of that using production to the right. For each heamth the left-asymmetry and
the right-asymmetry were calculated, and the left-asymyraateraged with the negative of the
right asymmetry. Asymmetries were calculated separataiyfdrward and backward angles
relative to the beam direction. The results for each beane wem summed to give an average

value for the asymmetry at forward angles and at backwarttang

5.1.2 Cross Ratio Method

For the ‘cross-ratio’ method, Nand N in equation (5.2) were defined as

NT = /LIRV,
N = VLIRM, (5.9)

where L and R indicate particle yield to beam-left and beahtrespectively. This combined
the particle production to each side of the beam for oppdsatam polarisations at the start,
rather than combining by averaging ‘left’ and ‘right’ asyratnes at the end as in the afore-
mentioned method. Because of rotational invariance, @argroduction to the beam-left for
one polarisation must be equivalent to that to beam-righthie® opposite polarisation. Equation
(5.9) thus defines ‘effective’ yields to beam left.

To measure the single spin asymmetry, one beam is agaiadrastunpolarised by summing

over its polarisation states. The terms in equation (58}tzen defined as
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L I LTTU,

LV — LU + LUU,
Rt — pitft + RTNl7
RV =R\ 4+ RW, (5.10)

The first superscript arrows in the terms on the right indiche polarisation state of the po-
larised beam and the second the state of the ‘unpolarisedimb The complete expression for

the asymmetry using the cross-ratio method is

1 \/('—MJFLN) (RV +RW) — \/(Lumwu) (R + RIV)
= Cosp V(LI L00) (RH 4 RE) 4/ (L80 + LY) (RIf +RIY)

AnP (5.11)

The cross-ratio method of calculating the asymmetry hasai@antages. First, it cancels out
the effects of detector acceptance, as with the above metSedond, because each term in
the numerator and denominator in equation (5.2) containgn&ribution from bunches with
both up and down polarisation via equation (5.9), polaiesatiependent luminosity differences
between bunches also cancel out. This means that the asyyntaetbe calculated without
knowledge of the beam luminosities. It is therefore unne@gsto scale particle yields by
the luminosity for the corresponding polarisation statehaf collisions creating them. This
simplifies the calculation of the asymmetry and allows maresrto be used in the analysis, as
relative luminosity measurements were not available foruas. It also negates the effect of
any systematic errors in the luminosity monitoring.

To demonstrate the cancellation of the luminosity, the asgtny was calculated for a num-
ber of runs using equation (5.11). The asymmetries wererdeaiculated, using yields scaled
by the relative luminosities. The results of these calooitet are compared in figure 5.2. The

single spin asymmetry calculated when the relative lumip@dfects are explicitly accounted
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Figure 5.2: The cancellation of beam luminosity using thessfratio method of asymmetry
calculation (equation (5.11)). The shown asymmetriesai@iated using yields gk hyperons
at forward angles, treating the clockwise beam as the geldrbeam and the anticlockwise
beam as unpolarised. Solid points show the asymmetry eamiwith no account taken of
beam luminosity. The empty, offset points show the effeagxgdlicitly including luminosity.
The difference is negligible.
for barely differ from those without the luminosity considd. Deviations are negligible com-
pared to the statistical uncertainties in all cases, shptiiat the cross-ratio method successfully
accounts for the effect of beam luminosity.

For this reason the cross-ratio method is the preferredaddtr calculating the asymme-

try. The relative luminosity method was used as a check omrbes-ratio results, to look for

systematic errors.

5.2 Azimuthal Weighting

Care must also be taken to account for the azimuthal padisigibution when calculating
the asymmetry. The asymmetry is strongest in the directeomal to the beam-polarisation
plane and goes to zero along the polarisation direction.fa¢ter of 1/ cosg in equation (5.2)
accounts for this. In previous fixed-target experimenthagthose at the AGS the detector

accepted only particles produced in a small range in azimwutiereby a single value for cgs
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could be used [56]. The STAR detector covers instead a fultdtdians in azimuth. The
distribution of particles, produced from a beam with paationP and with analysing power

Ay is given by equation (5.1),

N (@) 01+ AnPcosp.

The analysing power can in principle be extracted by binnireggparticle yields into ranges
in cosp and fitting a straight line to the results. The analysing poweuld then be found
from the gradient of the line using the known beam polamsatiHowever it was found that
the statistics in the data available were insufficient tovalbinning into a sufficient number
of cosp ranges for a meaningful fit. Therefore yields were integrateer all angles in each
hemisphere: beam-lefi| < 11/2) and beam-right|{| > 11/2). These yields were entered in
equation (5.11) to calculate the asymmetry. Using the ithathal acceptance ‘waters-down’
the measured asymmetry due to production at small valuessg, cesulting in the analysing
power measured by equation (5.11) being smaller by a faé@than the physical analysing
power in equation (5.1). To account for the azimuthal disttion without dividing the data into
cosg ranges, the particle counts used in the denominator werghtezl by| cosg|. Doing this

equation (5.2) becomes

1 NPT—N! NT — N¢
~ cosoNT NV NP N¢
Sp Yiz1/cos@|+ 3T, |cosg|

AnP (5.12)

Equations (5.8) and (5.11), derived from equation (5.2)eveamnilarly modified. This accounts
for the azimuthal dependence of the asymmetry and meanshibatingle spin asymmetry
determined using equations (5.8) or (5.11) correspondsa@hysical analysing powdyy in
equation (5.1).

To check the relationship between a physical asymmetrytaatebktracted by measurement,
Kg candidates were randomly assigned azimuthal angles fremistribution in equation (5.1)
with different chosen values @&\ P. The asymmetnAy in the modelled particles was calcu-

lated using equation (5.11), both with and without theg@egeighting procedure. The results
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Figure 5.3: Effect of cosg| weighting in denominator terms for asymmetry calculatib®,000

Kg were randomly assignedgaangle, using a polarisation of 100% and an analysing power of
1.0, and the asymmetry calculated using the cross-ratibadetThe image shows the results
from 100 repetitions of this calculation. The dashed peakshithe asymmetry calculated by
equation (5.11) with no weighting. The dotted line indicatiee value of 2if expected. The
solid line shows the same asymmetry calculated with weightiecovering the input value of
1.0.

are shown in figure 5.3.

5.3 Results

The cross-ratio asymmetry was calculated for each RHI@ statividually, summing particle
yields from every STAR run that occurred in a given store. rAB)etries were calculated for
each beam, separately for forward and backward anglessdo{g/N) errors were calculated
for each particle yield in equation (5.11) and propagatechtoulate the statistical uncertainty
on the asymmetry for each store. The asymmetry for eachwstsehen scaled using the mean

polarisation measured for the corresponding store. Thertaioties on the asymmetries were
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Figure 5.4:Ay calculated using the cross-ratio methodK@r 1.0 <pt < 1.5 GeV/c, at forward
angles, for the clockwise beam (squares) and anticlockvésen (circles).

recalculated using the polarisation statistical and syate uncertainties added in quadrature.
An example of the obtained results is show in figure 5.4, wisicbws the asymmetry calcu-
lated forKg atxe > 0 from both the clockwise and anticlockwise beams for a sitiginsverse
momentum bin. Note that the results are not corrected foglthteal uncertainty in beam polar-
isation (4.7% clockwise beam, 4.8% anticlockwise beamndxtency between the two beams
is good on a store-by-store basis.

For each beam and direction relative to the beam (forwardbaottward angles) a best-
fit line was applied to the store-by-store results to give gited mean asymmetry. In each
case the best-fit lines havexd per degree of freedom close to one, indicating a good quality
of fit and showing store-to-store systematic difference&ssanall compared to the statistical
uncertainties.

The results from each beam provide independent measurgmoktite asymmetry, so the
mean asymmetries calculated from each should show consystethin statistical uncertain-
ties. Figure 5.5 shows comparisons of the asymmetrlygrproduction, as a function d{g
transverse momentum, calculated for both beams. The eliféers between the two beams are

typically one standard deviation or smaller. Larger défeces are seen at forward angles in the
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pt range 1.0 to 2.0 GeV/c, but the deviations are not found taberisistent with statistical
fluctuations. The results fok and A at both forward and backward production angles (not
shown), showed good agreement between the results for thbaams. In all cases a flat best-
fit line fitted to the results from each beam showed resultsistent with a zero asymmetry at
all values of transverse momentum.

The results from each beam at the same relative productigiesamwere then averaged to
give a mean asymmetry at forward angles and a mean asymmdtaglavard angles. These
averaged asymmetries, as a function of particle transveoseentum, are shown in figures 5.6
(Kg), 5.7 (\) and 5.8 (\) and are listed in table 5.1.

All uncertainties shown are statistical only, except fa $mall contribution from the polar-
isation systematic uncertainty for each store. ForXtend/\, the asymmetries are found to be
consistent with zero within statistical uncertaintieslatreomenta studied, for both forward and
backward angles. The same is observed@rat backward angles. Small non-zero asymme-
triesare seen for thng at forward angles. A positive asymmetry is observed at el l&f two
standard deviations in the range k(o1 < 1.5 GeV/c. An indication of a negative asymmetry
Is seen at higher momentum at the same statistical levelmplsiflat line fit through all the
points, with statistical uncertainties alone, yields ati¢salue consistent with zero and with
a x2/n of 10/4. Though this is quite a large value fpf/n it is not inconsistent with being a
reasonable fit to the data; a value of 10/4 or larger would lpeebed approximately 4% of the
time. This is not considered large enough to be clear eveleha non-zero result. Therefore it
was concluded that at the current level of statistical gieni the asymmetries Klg production

at forward angles are also consistent with zero.

5.3.1 Dependence of Asymmetry on Yield Extraction

To test for systematic uncertainties due to the choice adcsiein cuts, asymmetries for all
particles and transverse momenta were recalculated usids\calculated with different, but
still sensible, choices of geometrical cut criteria. Theeanergy loss selections were applied

as before as that cut did not reject any signal. In each chaages to the calculated asymmetry
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Figure 5.6:An(pr) of K mesons averaged over all RHIC stores and both beams.
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Table 5.1: Single spin asymmetries and associated statistncertainties as a function of par-

ticle pr.

| pr interval (GeV/c) Single spin asymmetry Uncertairty

K2 at forward angles
0.5t01.0 -0.0034 0.0143
10to 1.5 0.0265 0.0139
1.5t02.0 -0.0291 0.0168
2.0t0 3.0 0.0023 0.0148
3.0t04.0 -0.0397 0.0208
K2 at backward angles
0.5t01.0 -0.0102 0.0143
10to 1.5 0.0113 0.0139
1.5t02.0 0.0114 0.0168
2.0t0 3.0 0.0144 0.0148
3.0to4.0 -0.0019 0.0208
N at forward angles
0.5t01.0 0.0208 0.0364
10to 1.5 0.0091 0.0298
1.5t02.0 -0.0293 0.0262
2.0t0 3.0 -0.0060 0.0239
3.0to4.0 0.0234 0.0412
A at backward angles
0.5t01.0 0.0439 0.0364
10to 1.5 0.0118 0.0297
1.5t02.0 -0.0038 0.0261
2.0t0 3.0 -0.0009 0.0239
3.0to4.0 0.0050 0.0414
A at forward angles
0.5t01.0 -0.0151 0.0417
10to 1.5 0.0364 0.0334
1.5t02.0 -0.0051 0.0286
2.0t0 3.0 0.0234 0.0241
3.0to4.0 -0.0234 0.0347
A at backward angles
0.5t01.0 -0.0600 0.0421
10to 1.5 -0.0272 0.0331
1.5t02.0 0.0194 0.0286
2.0t0 3.0 -0.0052 0.0240
3.0to4.0 0.0498 0.0347
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Figure 5.9: Variation of extracteb(g An(pr) at forward production angles with different
choices of geometrical cuts. The results with the cutsdigtetable 4.2 are shown with solid
circles and are the same as those in figure 5.6(a). Asymmetieulated with an alternative
set of cuts are shown with hollow circles. Changes are uataiad between points.

on a store-by-store basis were equal to or smaller than anelatd deviation of the statistical
uncertainty on the point, and were not correlated from onetpo the next. The best-fit means
for each asymmetry extracted were also stable under aliezrselection criteria to within at

most one standard deviation of the statistical uncertaartg typically less than this amount.

An example is shown foh(g, which had the best statistical precision, in figure 5.9.

5.3.2 Check for False Up-Down Asymmetry

The data were also analysed for false asymmetries. Fronothedf equation (5.1), the ‘up-
down’ asymmetry should be zero. This is the asymmetry catedlusing equation (5.2) with
the counts N referring to counts into either the upper or fomadves of the detector (positive
or negative y) as opposed to the left or right. The cross magthod was used here, substi-
tuting ‘left’ (L) and ‘right’ (R) yields in equation (5.11)dr ‘up’ (U) and ‘down’ (D) yields

respectively, giving
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(U +UTY) (DU 4 D) — \/(u U+ U44) (DI + DIY)

. (5.13)
\/(UTHH_Uw) (D 4+ DV + \/(UM+Uw) (D + D)

AU[IFdOWﬂP =

This asymmetry was calculated as a function of transvergsaentum using the same methods
as for the analysing power (left-right asymmetry). The wprd asymmetry was indeed found
to be zero within statistical uncertainties as expectegyu@ 5.10 shows an example of the
up-down asymmetry calculated using each beam at forwardaoklward angles for tth.

There is no indication of a statistically significant nomezeesult at any momentum or beam

direction. The same conclusion was drawn forfhandA (not shown).

5.3.3 Comparison of Asymmetry Calculation Methods

Two methods of asymmetry calculation were described in@es6.1.1 and 5.1.2. The cross
ratio method (section 5.1.2) was used as the preferred mhetha the two methods should
give consistent results if the luminosity-scaling of yeeld effective. Figure 5.11 compares the
results shown in figures 5.6, 5.7 and 5.8 with the equivaksdlts using the relative-luminosity-
dependent asymmetry calculation in section 5.1.1. In masgs the agreement between the
two methods is almost exact. The deviation between the rdstlsoin all cases less than the
statistical uncertainty on the points. This gives confidetitat the luminosity scaling used

successfully accounts for differing, polarisation-degemt, beam luminosities.

5.4 Summary

The transverse single spin asymmetry in the productidng)f/\ and/\ has been measured in
transversely polarised+ p collisions at,/s = 200 GeV at mid-rapidity up to transverse mo-
mentum of 4 GeV/c. For all species the observed asymmetrgesmall and consistent with
zero within statistical uncertainties. A number of sourgkesystematic effects have been inves-

tigated, none of which are found to be significant compardteacstatistical uncertainties. The
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measurements here greatly extend the transverse momesmigaover which the asymmetries
in these species have been measured, making pQCD applioahksr analysis.

Collisions at smalkg are dominated by collisions between partons with smallitoxgnal
momentum fractionsx, of the colliding protons. Therefore collisions involvigéuons and sea
(anti-)quarks will dominate. Collisions involving a vatanquark will tend to give particle pro-
duction at largexe because of the large momentum fraction carried by the valgnark. While
collisions between two valence quarks, each with a large embom fraction, can give particle
production at smabg, such collisions will give only a small contribution to thellision cross
section because of the much larger number of srgliions and sea quarks in the proton. The
smallness of asymmetries»at ~ 0 and the large asymmetries seen at laggandicate that the
mechanisms that give rise to the asymmetries are signifardptin the valence region and are
small in the sea region.

As the gluon distribution is larger at smallthan the sea quark distribution (figure 1.6),
gluon-gluon and quark-gluon scattering will dominate oyeark-quark scattering. As there is
no leading-twist gluon transversity distribution, the doance of gluon scattering means that
the Collins mechanism is likely to be less important thae&uneachanism when analysing the
data. The data can be used to place further constraints gjubeic Sivers distribution; this is

discussed further in chapter 7.
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Chapter 6

Double Spin Asymmetry

Transverse single spin asymmetries are connected to tsatyvn combination with another
chiral odd function. Another way to investigate transvgrss with transversedouble spin
asymmetriesAr 1, whereby the two chiral odd functions required to observagmmetry are
provided by the transversity functions of each proton. Aldewspin asymmetry can be inves-
tigated in collisions in which both particles involved arartsversely polarised. The ability of
RHIC to polarise both proton beams provides an opportunityetarch for such an asymme-
try in proton-proton collisionsAtt for hadron production in polarised hadronic collisions is
predicted to be very small [109], so an indication of a noreZe 1 would be interesting.

The transverse double spin asymmetry is predicted to beedbtim

N(¢) 01+ ArTPiP,cos2p, (6.1)

as described in for example [10&s 1 is the double spin asymmetry in particle productien,
andP, are the polarisations of the two beams gnid the azimuthal angle at which the particle

is produced. The quanti#r T can be extracted from the measured particle yields by

1 N parallel (QO) _ Nopposite< QO)

Art(0)

NParalel genotes the yields from collisions in which the polarisatitirection of the two beams
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is parallel. N°PPostedenotes yields from collisions when the beam polarisataresopposite.
The factor of ¥ cos2p accounts for the azimuthal dependence of the asymmetriigisame
way that the factor Acosgp did for the single spin asymmetry.

Written in terms of the four beam polarisation permutatj@mal accounting for their differ-

ing relative luminosities, equation (6.2) becomes

1 NM/%M L NW — NM/%N — NM/@M
PP cos 2p Nt /2 - NWE - N /2100 NI /4t

Art = (6.3)

There were insufficient data to measurer as a function ofp and fit the distribution. How-
ever, to extract the asymmetry from the data, it is not neggde measure the full azimuthal
distribution of the produced particles. A procedure ofgnéging counts over different detector
regions is followed, in a similar fashion to that used to agtithe single spin asymmetry. For
an asymmetry with a cog®dependenceirt can be extracted by combining the asymmetry

measured in different quadrants as follows [110]:

l .
Arr = (At AT P — pso). 64

AtT"Tp is the double asymmetry calculated using yields only in thygew quadrant of the detector,
spanningy = /4 to @ = 311/4. The other three terms refer to the asymmetry from the other
three quadrants. The asymmetry for the vertical quadramtsre the asymmetry is maximally
negative, is subtracted from that for the horizontal quaid,avhere it is maximally positive.
When combined in this way, these four measurementrgfyield the physical asymmetry.
Because the two beams are equivalent, left is defined aibjitta be x > 0 in the STAR co-
ordinate system. The azimuthal anglevas defined to cover the rangert to + . With this
definition, the four quadrants spanned theanges given in table 6.1.

CalculatingA7T in this way utilises the particle production throughout theole detec-
tor, minimising statistical uncertainties. Because bathrbs enter equation (6.2) equivalently,
any asymmetry must be symmetric abgut 0. Yields at both forward and backward angles

are therefore summed. In analogy with the single spin casegrating over an angular range
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Quadrant @n | gnax |

Top w4 | 34

Left -114 4
Bottom | -3r/4 | -1/4

Right 34 | -3m4

Table 6.1:¢ angle ranges defining the four quadrants used for calcglatir.

dilutes the asymmetry because of its angular dependends.rddults in the measured asym-
metry being smaller than the physical asymmetry. The godépendence is accounted for by
weighting each count in the denominator |lwps 2p| of the particle.

Yields for each species are extracted, as discussed psyidor each STAR run. These
are scaled by the appropriate relative luminosi#y, The single spin asymmetry results cal-
culated using the luminosity-dependent method and thesaw@is method corresponded well.
This indicates that the relative luminosity scaling pragedused is reliable, and systematic
uncertainties due to the luminosity measurements are rg#.la

Scaled yields from each run in a given RHIC store are addedviotgtal store-by-store
yields. The asymmetry for each RHIC store is then calculatdg equations (6.3) and (6.4).
The raw asymmetries are corrected for the product of the &eorbpolarisations. A best fit line
to the store-by-store results is used to obtain a weightexhnaalue for the asymmetry.

The calculated asymmetry is shown for each beam store irefigdr Results are integrated
over all particle transverse momenta to minimise statitincertainties. The global uncertainty
in the product of the beam polarisatiofgPaR:)/(PaPc) is not incorporated. No significant
store-to-store fluctuations are observed. Asymmetriesiaual, in agreement with theoreti-
cal predictions. The best-fit mean asymmetries are consigigh zero within the statistical
uncertainties.

The mean values &1 extracted as a function of transverse momentum are sunedans
figure 6.2 and are listed in table 6.2. The results are flat andistent with zero at eag# bin

studied.
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Table 6.2: Double spin asymmetries and associated statisthcertainties as a function of

particlepr.

| pr interval (GeV/c)

Double spin asymmetry Uncertailﬁty

KO
0.5t01.0 S-0.0097 0.0293
10tol.5 -0.0143 0.0282
1.5t02.0 -0.0606 0.0340
20t03.0 -0.0202 0.0298
3.0t04.0 0.0269 0.0419
N
0.5t01.0 -0.0277 0.0717
10tol.5 -0.0452 0.0593
1.5t02.0 -0.0352 0.0517
20t03.0 -0.0462 0.0483
3.0t04.0 0.0551 0.0833
A
0.5t01.0 0.0200 0.0847
10tol.5 0.0417 0.0658
1.5t02.0 -0.0754 0.0569
20t03.0 0.0305 0.0487
3.0t04.0 0.0150 0.0693
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6.1 Summary

Transversely polarised proton-proton collisions havenbesalysed for a cog®2double spin
asymmetryArT, in the production of the neutral strange spedz{@s/\ and/A. The asymme-

try is found to be small and consistent with zero within statal uncertainties of 0.017 for
the Kg and 0.028 for the (anti”h) when the data are integrated over all transverse momentum.
No non-zero results are seen for particle production in @mge 0.5< pr < 4.0 GeV/c when

the results are plotted as a functionmf. The asymmetries are measuredkat~ 0, where
collisions involving gluons dominate. While quarks cangess a non-zero transversity distri-
bution at leading twist, gluons can not. Therefore the dewlpin asymmetry, which involves
the transversity distributions of both the partons invdlrea collision, is predicted to be very

small at smalkg. There results presented here are consistent with thisgbiced
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Chapter 7

Overview and Outlook

| shall first give an overview of the work presented and itsiigance in the analysis of trans-
verse spin asymmetries. | will then give a brief overviewaie of the work being carried out
now and proposed for the future at RHIC and other facilitied will increase our understanding

of the transverse spin of the nucleon.

7.1 An Overview of the Work Presented

The results presented in this thesis show measurements whtisverse single spin asymmetry
An and transverse double spin asymmeifyt of the neutral strange particlda@, A andA at
mid-rapidity (X=| < 0.05) and transverse momentum in the range<9.pr <4 GeV/c, from
p+ p collisions at,/s = 200 GeV.

For each species the measurements of the single spin asyyrarestlll small and consistent
with zero across the wholpr range studied, within statistical uncertainties of a fewcpat.
No evidence has been found of systematic effects in thetsasia size significant at the current
level of statistical precision. The results for thehyperon are consistent with those obtained
by the AGS experiment afs = 13.3 and 18.5 GeV in the region of kinematical overlap [57],
and fit with the lowxg trend seen in E704 data gfs= 20 GeV [65]. Thd<g asymmetry is not
in agreement with the significant negative asymmémy(Kg) ~ -0.10 obtained at the AGS at

\/s=18.5 GeV [57]. The result is consistent with that obsenarcheutral pions, another me-
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son species measured at the same centre-of-mass energyantatic range by the PHENIX
Collaboration [69]. More work would be required to undenstahe production mechanism
leading to the non-zerbig asymmetry at low beam energies. There are two measurerhants t
could be made of tth asymmetry that would be informative. First, it would be netging to
measure thda(g asymmetry at larg&r to see if the asymmetry there remains at high energies,
as is the case for pions, or if it too vanishes. Secondly, itldide interesting to measure the
K2 asymmetry at energies intermediate between those of them’A&Surement and this mea-
surement, to observe the evolution of the asymmetry witmbeaergy. Though RHIC has run
at,/s=62.4 GeV/c, the data acquired by STAR to date at this enemginaufficient to make a
measurement of tHég asymmetry at the required precision.

A measurement of th& asymmetry at the AGS afs= 18.5 GeV and smalpr gaveAy(A)
= 0.03+ 0.10. The results presented here are consistent with thise Maut provide improved
statistical precision and are over a much larger range-of

The measurements here extend the transverse momentumatanwbeh the asymmetries
are measured significantly beyond that previously achieVad measurements are at sufficient
momenta that pQCD will be applicable in their analysis, kmlprevious measurements of the
same species [111]. Combined with charged kaon results fhenBRAHMS Collaboration
[72], RHIC has now produced high-energy measurements glesspin asymmetries in the
production of several strange species, providing comggain strange quark contributions to
nucleon spin. The results presented here, though in a @iffer range from the reported
BRAHMS K* results, fit the trend seen there.

Transverse double spin asymmetriegrate O involve the sea quark and antiquark transver-
sity distributions. The measurementsfqfr are consistent with zero for each species as a func-
tion of transverse momentum. This is the first time such a oreasent has been attempted
for any of these species. Calculations predict that doytite asymmetries in this momentum
range in hadronic collisions should be vanishingly smalk tb small asymmetries and large
backgrounds from gluonic collisions. The results agred whiese predictions, and rule out

unexpectedly large values for the transverse double sgmm@agtry.
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7.1.1 Gluonic Sivers Effect

At largexg, particle production processes are dominated by valeraekequark (qq) collisions.
At small xr gluon-quark (gq) collisions (involving sea quarks) andagitgluon (gg) collisions
are dominant. This means that measuring asymmetries ierelft ranges ixg gives access
to the spin distributions and dynamics of different comstitts of the nucleon. The trend in
transverse single spin asymmetries to increase with Iargadicates that the asymmetry is
associated with mechanisms involving the valence quarksegbolarised nucleon. Conversely
small asymmetries a¢ ~ 0 indicate that effects due to sea quarks and gluons are.small
The results at smalg presented here are therefore related to the sea quark amd gin-
tent of the nucleon. The dominance of gluonic scatteringigx range means that the Collins
mechanism is unlikely to be significant in the analysis. Hosveéhe Sivers mechanism (spin-
dependent transverse-momentum distribution) will be Ived. Though most work to date has
concentrated on the quark Sivers effect - that is, the arogl between the transverse momen-
tum of the quarks and the nucleon spin - there can also be elabon with the motion of the
gluons. The small results f&y presented here indicate that the gluonic and sea-quarksSive
functions are small. An analysis using PHENIX measuremehis! + p — n° + X, which
covered a comparable kinematic range to this work, has bexdormed to provide a constraint
on the gluonic Sivers function (GSF) [112]. It found that fAHENIX data, combined with
other data on pion production in hadronic collisions andIS|&re consistent with a non-zero
valence-like quark Sivers distribution and a vanishingageark and gluonic contribution. The
PHENIX results were used to provide an upper limit on the sfzbe gluonic Sivers function,
shown in figure 7.1. The results presented here can be useoMid@ further constraints on the

gluonic Sivers effect.

7.2 The Future

What does the future hold for transverse spin physics? Theare been great strides in the past

few years in understanding transverse spin effects: thenfiegsurements have been made of

97



1
09
0.8

0.7
0.6

0.5

AN (x) 12t 4(x)

04
0.3

02 r
0.1

0 rer SR | " PR Rrara | s PR
0.001 0.01 0.1 1

X

Figure 7.1: Upper limit on the gluonic Sivers function, nalieed to the positivity limit, ob-
tained using a fit to PHENDpT + p — n°+ X data [112]. The data constrain the function well
at smallx where gluons dominate. The solid line shows the resultsnaisgua vanishing sea
quark contribution. The dashed line assumes a maximal s&& distribution that balances the
gluon contribution.

98



Collins and Sivers functions, and the first extractiou@indd quark transversity distributions
have been performed. However uncertainties are still leoggpared to unpolarised and helicity
distributions, so much more work is needed before transv&ss phenomena are understood
to the same degree.

Transverse spin programmes are currently being performpthoned at a range of exper-
iments. | shall give here a brief overview of some the advarmecel measurements anticipated
over the next few years, and how they will impact on our un@eiing of transverse spin

phenomena.

7.2.1 AtRHIC

RHIC is soon to begin accelerating proton beams to 250 GeVj¢ing a centre of mass energy
\/s= 500 GeV, an important milestone in its operation. This igaigicant increase ovey's=
200 GeV at which data has been acquired to date, and will opé&meuability to study processes
involving W boson decays. Measurements of W asymmetridsgpwalide information on the
flavour dependence of spin contributions from both sea atehea quarks and antiquarks in
the proton. In the longer term there are plans for a RHIC lasity upgrade (RHIC II), and
there are proposals to upgrade RHIC to a polarised elegiroton collider (eRHIC).

Both ongoing RHIC experiments, PHENIX and STAR, maintanorsg spin programmes.
Improvements to the STAR data acquisition system are noswalp it to take much larger
data sets than previously. This will contribute greatly mgoroving the precision of its spin
measurements. STAR is in the process of developing a forweasbn spectrometer (FMS),
an advanced version of the forward pion detector that has beed in measurements of
single spin asymmetries. Non-zero values for both Sivestidution functions and Collins
fragmentation functions have recently been shown by HERMESBELLE [75, 77, 78], and
both mechanisms are expected to contribute to transvargke Spin asymmetries in hadron-
hadron collisions. The STAR FMS will allow disentanglingtb relative contributions of the
Sivers distribution function and Collins fragmentatiomdtion to the neutral pion asymmetry.

The PHENIX experiment can detect muons from the decaysl — W+ — u* + v, and
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d+U0— W~ — u~ +V,. Studying the single spin asymmetryW* decays will separate the
u, d, U andd (anti)quark Sivers distributions. PHENIX is receiving apguade to its muon

triggering systems in preparation for the increase in beaengy.

7.2.2 SIDIS Measurements

Though HERMES has now ceased taking data, the COMPASS exgetricontinues a pro-
gramme of transverse spin studies using SIDIS measurenvéhtdeuteron and proton targets,
shedding further light on the quark flavour dependence oftrarsity and the Collins effect.
The spin programme at Jefferson Laboratory plans contitraegverse spin measurements
[113]. The Jefferson Laboratory Hall A experiment is prépgia measurement of the neutron
transversity using a polarised helium-3 target [114]. Measients will be made of the single
spin asymmetry in semi-inclusive charged pion product®s,n®™ — e+ = + X, with a 6
GeV electron beam. This will complement SIDIS measuremerade by HERMES using a
proton target and continuing measurements by COMPASS asilegiteron target, and will aid
in constraining ther andd valence quark transversity distributions. JLab experisenll also
have a future 12 GeV beam upgrade. Once this is implemengta vdll give access to both

the Sivers and Collins functions at large momentum frastidni5].

7.2.3 Polarised Antiprotons

The PAX PolarisedAntiproton eXperiments) Collaboration have proposed a polarised proton
antiproton collider. Measurements of Drell-Yan productian test the prediction that the Sivers
functions in pDIS and Drell-Yan production are equal in magie but opposite in sign, a result
of the non-universality of the Sivers functions. PAX coulscastudy transversity by measure-
ments ofAt in polarised Drell-Yan production. In this process the asetry results solely
from the transversity distributions of the polarised protnd antiproton. The Collins frag-
mentation functions are not involved in the asymmetry,kenthe case, for example, of HER-
MES and COMPASS SIDIS data. In this way PAX could directlyessctransversity. Other

measurements may be able to disentangle the contributiotie &Sivers and Collins func-
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tions to single spin asymmetries, via measurements of chason production, for example in

p+p —D+X.

7.2.4 Generalised Parton Distributions

The Sivers effect is related to the orbital motion of partasithin the nucleon. However, more
direct access to orbital information may be provided by gilngilGeneralised Parton Distribu-
tions (GPDs) [116]. Ordinary parton distributions contain inf@tion about the longitudinal
momentum fraction of the partong)( but do not contain any information about transverse
motion. GPDs however contain information about both thesvarse and longitudinal parton
momenta. They are characterised by three kinematic vagabstead of onex and ¢, which
characterise the longitudinal parton momentum, arie square of the four-momentum trans-
fer to the target, which involves transverse momentum. GRBrefore provide a means to give
a ‘multi-dimensional’ description of partons in the nuated’ hey are of interest in relation to
spin because they can yield information on tibi&l parton angular momentum: both the intrin-
sic andorbital contributions. Two GPDs, denoted E and H, can be relatedetoatial angular
momentum of a parton species by the integral

1

J=Iim [ x(H+E)dx (7.1)
t—0.J0

Therefore if the GPDs can be sulfficiently well determined,ttfital angular momentum contri-
butions of the partons will become accessible. Combinel knbwledge of the intrinsic spin
contributions from other measurements, the orbital cbations can be determined.

Deeply Virtual Compton Scattering (DVCS®+ p — & + p+ y) has been used as a means
access the GPDs. Investigation of GPDs via DVCS has beeorpertl by the experiments H1,
ZEUS, HERMES and JLab Hall A and CLAS [117-121]. There is algwoposed programme
of study at the COMPASS experiment.
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