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ABSTRACT OF THE DISSERTATION

Probing the Gluon Contribution to the Proton Spin with Chargexh Production

by

Astrid Morreale

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, August 2009
Dr. Kenneth N. Barish, Chairperson

Spin has been compared to the way the Earth rotates aboxissat travels around
the Sun. While quantum spin is indeed a fundamental propédritgadter, when it is
applied to particles such as protons this does not impltkiese particles do rotate about
their central axis. The proton is made of quarks and gluonsiwdre themselves spin-
1/2h andh. Experimental data may not have revealed quarks and glucetliyg, yet it
is understood that the behavior of gluons, quarks and thbitab angular momentum
dictate the gross properties of a proton. Protons as sgipdrticles can exist in one of
two quantum spin states-(:/2). Furthermore, the spin 1/2 nature of the proton itsatif ca
help explain the structure of matter.

Double-helicity asymmetryA4 ;) measurements yield valuable information on gluon

contribution in the total spin of the protdn2 = 1/2AX+AG+ L, whereAY is the con-



tribution due to all quarks and anti-quarks within the proémdLZ is the orbital angular
momentum of the quarks and gluons. At large transverse mianaem at midrapidity,
quark-gluon scattering dominates pion production at RHIErgies. 7+ then provide
a special opportunity for studying processes sensitiv&@ the gluon contribution to
the proton spin. Preferentially, up quarks fragment intcand down quarks te—. This
preference leads to the dominance of up-quark gluon, and-amark gluon contribu-
tions in the sum over flavors in a factorized pQCD calculatibpion production.

The work presented here details a study which measdirgof final stater® pro-
ceeding from polarized proton proton collisions\d = 200GeV at RHIC. Measure-
ment of charged separated differential cross sectionseprbag from such collisions
is also presented. As will be demonstrated, the measursmaeatcompatible with the
underlying theoretical framework (pQCD), and have directiled out maximumAG
scenarios. The measurements presented form part of anatitaral effort to under-

stand how gluons influence and participate in the spin of thiop.
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SOMMARIO DELLA TESI

Studio sul Contributo del Gluone allo Spin del Protone Atrao la Produzione di
Pioni Carichi in Collisioni di Protoni Polarizzate.

per

Astrid Morreale

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, August 2009
Dr. Kenneth N. Barish, Chairperson

Lo spiné stato messo in relazione al modo in cui la Terra ruota aitatmproprio
asse mentre orbita attorno al Sole. Sebbene lo spin quentsss in tutto e per tutto
una propried fondamentale della materia, quando ne applichiamo ilettma particelle
come protoni, @ non implica una reale rotazione di questi attorno al pmpsse. |
protonee costituito da quark e gluoni, rispettivamente particeilspin-1/2 e 1 in unita
di 7. | dati sperimentali non hanno mai confermato direttaméagistenza di quark e
gluoni, sebbene sia ormai compreso e accettato che taiiLeodi, ed il loro momento
angolare orbitale, diano luogo alla quasi totatielle propriei manifeste del protone. I

protone, come particella di spih-2, puo esistere solamente in uno dei due stati quan-
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tistici di spin (£//2). Inoltre, la natura fermionica della particella stessatribuisce a
spiegare la struttura della materia.

Le misure di asimmetria di "doppia eliéit (double-elicity asymmetryA; ;) for-
niscono importanti informazioni sul contributo dei gluaiio spin totale del protone:
1/2 = 1/2AY + AG + L, doveAX. e il contributo legato alla presenza di tutte le cop-
pie quark-antiquark (quark del mare) contenute nel proeshk € il momento angolare
orbitale dei quark e dei gluoni. Per grandi momenti trasvensapidita intermedie, il
canale diffusivo quark-gluorgé predominante nella produzione di pioni alle energie di
RHIC (/s = 200 GeV). La produzione di pioni*, quindi, diventa importante come
studio di un canale preferenziale per I'analisiXtiz, ovvero il contributo gluonico allo
spin del protone. Preferenzialmente, i quark di tipo "u@nfimentano in mesoni™,
mentre i quark di tipo "down” in mesoni—. Questo fatto porta, a livello partonico, ad
una dominanza del canale di diffusione quark "up” o "down’géwoni, in uno schema
di calcolo perturbativo.

In questo lavoro viene presentato uno studio dettagliaita desura diA,;, in stati
finali di mesonir™, in una configurazione sperimentale di collisioni fra fgsalarizzati
di protoni con energia dj/s = 200 GeV nel centro di massa adronico, a RHIC. Inoltre,
la stessa analisi viene presentata a livello di seziongdaltifferenziale per ambedue i
tipi di mesone carico. Come vardimostrato, le misure sono compatibili con I'apparato

teorico noto come QuantoCromoDinamica perturbativa (pQ@D)escludono per os-
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servazione diretta degli scenari fisici in ciZ € massimizzato. | risultati di questo
lavoro fanno parte di un quadro di lavoro internazionalelttneome obiettivo quello di

capire il ruolo ed il contributo dei gluoni in relazione afipin del protone.
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RESUMEN DE LA DISERTACION

Investigando el Papel que Enfjzela Polarizadn de el Glén en el Espn Total de el
Probn Via la Producdn de Piones Cargagos.

por

Astrid Morreale
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Dr. Kenneth N. Barish, Chairperson

El espn se ha comparado en odgasés con la manera que el planeta gira sobre
su propio eje al mismo tiempo que gira alrederor del sol. Biress una propiedad
mecanocantica fundamental de la materia, pero quando esta prapesiajercitada a
particubs como el prd@n o neutén, no significa que las particulas estan girando sobre
un eje. Los prdines son pairtulas con esip 1/2 que pueded existir en uno de dos posi-
bles estados @nticos {7/2.) El probn esh compuesto de quarks y gloes: particlds
sub-abmicas que tambien contienen @spl/2h y h. Experimentalmente no es posible
observar directamente los quarks yahes, pero se conoce que su comportamiento den-
tro de el probn incluyendo su momento angular-orbital dicta las proguies observadas

en el proton. Las mediciones experimentales de @sias de polarizacion longitudinal
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doble (A;;) proporcionan informadin sobre el papel que los gluones desdiapeen
el espn total de el prdin: 1/2 = 1/2AY + AG + L, dondeAX es la contribudn
de todos los quarks y anti-quarkslyes el momento orbital angular de los ghes y
los quarks. Para alto momento transverso y pseudo-rap&lgrat; la disperéin en-
tre quarks y gluons domina la produggide piones a energias de RHIC (cdisés de
iones pesados y relatsticos). En estas condiciones, los piones cargaddsofrecen
una oportunidad especial para estudiar processos cotiweasi aAG: la contribucon
gluonica al esm total de el proton. Preferencialmente los quarks-afriagmentan a
mesonesr™ y quarks-abajo a mesones, fenobmeno que conduce a la dominatide
las contribuciones de quarks "arriba” o "abajo” y gluonedaproducobn de piones,
sedin se calcula sobre la suma de sabores en lzatéartorizada perturbativa de QCD
(CuantoCromoDiamica).

En el presente trabajo se detalla un estudo de medigasde =+, provenientes
directamente de collisiones entre protones polarizadgs a= 200GeV en el RHIC.
Tambén se presentan medidas de sewes eficaces diferenciales de piones cargados
procedientes de estas colisiones. Ellais demostrar que las medidas son compatibles
con la teord pQCD, obter@ndose la discriminagn directa de valores aximos deAG.
Las medidas presentadas en esta disénaftirman parte de un esfuerzo internacional

en entender@mo los glwnes influyen y participan en el éagotal de el pratn.
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Spin est souvent compaavec la mar@re dont Btre plaréte tourne sur elle-éme,
lorsque cette propgie est exere a par des particules comme le proton ou le neutron.
Cela ne signifie pas en aucune facon que les particules tousoenn elle-némes. Les
protons sont des partcules @ets d’'une propété spin 1/2, qui peuvent cependant exister
dans deux formes @ats quantiquesH#/2.). Le proton est compésie quarks et gluons.
Ces derniers sont des particules sub-atomiques qui coptiennssi des spins -H2th.
Expérimentalement, il n’est pas possible d’observer direetg#roes particules. Pourtant
nous savons fort aujourd’hui que le comportement de cegcpbas au sein @me du
proton, en incluant son impulsion angulaire orbitale,alles propites obserges dans

le proton.
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Les mesurements des asytmes d’'lelicité a double longitudinalé offrent beaucoup
d’'informations de t& hautes valeurs sur léle joue par les gluons dans le spin du proton:
1/2 = 1/2AY + AG + L, ou AX. dénote la contribution de tous les quarks et les anti-
quarks.L dénote I'impulsion orbitale angulaire des gluons et deskgiaku sein d’une
grande impulsion transversale et d’'une pseudo-rapidéntrale, la production de pions
sous le€nergies emplaya RHIC (collisions d’ions lourds et relativistic) est fortent
domirée par une dispersion entre les quarks et les gluons. Cepersiisn permet alors
d’étudier de p&s les eactions en oeuvre au coeur des pions avec une se@satisic:"
ou la contribution gluonic dans le spin total du proton.

Une fragmentation @férentielle vers quarks-up7* ainsi que quarks-dowa 7~
conduita une domination des quarks (up, down) et des gluons dansdgiion de
pions. Cette domination est ainsi cakeelsimplement par I'obtention d’'une somme des
saveurs, suivant la te@factorizZe de pQCD.

Ce travail pésente les mesurements obtenus dlgs de 7+ détecés sous leuétat
final et des piones provenant de collisions entre les prgiolesi®sa /s = 200GeV en
RHIC. Les mesurements de sections efficaces des pionséshiasys de ces collisiones
sont aussi f@rsengs. L'analyse @montre que lessultats de ces mesurements sont tout
a fait compatibles avec les calculs theoriques de pQCD. Dg pés esultats permettent
I" éliminé des valeurs maximales &. Les mesures psenges dans cette dissertation

font parties d’un effort international de recherche sunflience que pourraient avoir les
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gluons dans le spin total du proton.

XiX



Contents

List of Tables XXVil
List of Figures XXXi
1 Introduction 1
2 Probing Inside Matter 3
2.1 StronglInteractions . . . . . . . . . ... e
2.1.1 Asymptotic Freedom and ConfinerrLent .............
2.2 Polarized Deep Inelastic Scattering . . . . ... ............. 10
2.3  pOQCD-Form Factors and Structure Functions .11
2.3.1 Factorizatijn ...........................
2.3.2 Universality . . . . . . . . . . . .
2.3.3 QCDEvolution . . ... ... ... ... . . ... . ... ...
24 SpinandHelicityStates . . . . . . .. ... . ... .. 6

XX

2.5 Spinin Quantum Chromodynamics. . . . . . . ... .. ... .. ...



2.6 Unpolarized Cross Section . . . . . . . . . . . . o . e 23
2.7 Longitudinal spinasymmetries . . . . . . .. .. ... . 25
2.8 Polarized Proton Proton Collisions . . . . . . ... ... ...... 26
29 TMESONM . . . . . e e e 26
2.10 Discussion of DIS and RHIC Experiments . . . . . .. .. ... .... 29
2.11 Purpose Behind the PresentWork . . . . . . ... ... ... .... 4 3
3 Relativistic Polarized Proton Collisions at RHIC 36
3.1 PolarizingProtons. . . . . . . . . . .. 37
3.2 MeanSpinVector . . . . . . . . . . . 38
3.3 Siberian Snakes and SpinRotators . . . .. ... ... ... 40
4 The PHENIX Detector 43
4.1 DetectorComponents . . . . . . . . . . e e 45
4.1.1 BeamBeamCounters . ... .. ... ... ... ....... 45
4.1.2 Zero Degree Calorimeter . . . . . . ... . .. ... . ..... 47
4.1.3 PadChambersand Tracking . . .. .. ... .......... 48
41.4 DriftChamber . .. .. .. ... .. ... 49
4.1.5 Magnetic Field and Inner Tracking System . . . ... .. .. 51
416 RICH . . . .. . e 53
4.1.7 Electromagnetic Calorimeter . . . . . . .. ... ... ... .. 56

XXI



4.2 From Raw Data to Reconstructed Files . . . . . . ... ... ..... 7 5

4.21 ERTTrQOEr . . . . . ..o i i 59
4.2.2 Minimum Bias Triggir ...................... 59
5 Measurements - Differential Cross-sectionﬂ% 61

5.1 Differential Cross-sectiorﬂ‘%‘; ..................... 64

5.2 Sub-detector Requirements (cuts), Studies and CaﬁbLti ...... 67
5.2.1 SimulationData . . ... ... ... .. .. ... 69
5.2.2 Energy and Momentum Studies . . . . . ... ... .. .. .. 86
5.2.3 Geometrical Acceptance EfficieLcy ............... 6 8
5.24 Beam ShiftCorrection . . . . ... ... ... ... 87

5.2.5 Momentum Scale Correction Using Protons and Antigmet . 97

5.2.6 Beam shift Cross Check Using Charged Pions . . . . .. .. .. 99

5.2.7 Momentum Resolution of the Charged Tracking . .. .. .. 110

5.2.8 Estimate of the Multiple Scattering Contribution te thResolution111

5.2.9 Summary of Momentum Resolution Studies . . . . . .. ... 311
5.3 Ring ImagingCerenkov Counter (RICH) Studies . . . ... ...... 113
5.3.1 Separating Pions from Electrons withthe RICH . . . . . . . 115
5.3.2 Efficienciesof RICH+ and=* . . .. .. ... ........ 119
54 TrackMatching . . . . . . . . . . . . .. . . .. 124
5.4.1 Study of Matching Distributionsbyed . . . . . . .. .. ... 126

XXii



5.5 Drift Chamber Efficiency StuLy ..................... 013
5.6 EfficiencyofzedCuts . . . . . . . ... ... . ... 132
5.7 Cross-sectionMeasurement. . . . . . .. ..o 331
5.7.1 Pion yields Normalized by Momenta and Bin Siééﬁz ... 134
5.7.2 MB Integrated Luminosity/-Ldt, . . . . ... ......... 134
5.7.3 Efficiencies CorrectionS.., X €gco X €piggerbias « « « « - « « - 135
5.8 Measured Differential Cross-sections. . . . .. ... ... ....... 135
5.8.1 Background Estimate Cross-seCJions ............. 36 1
5.9 ErorsinEeel. . ... ... 142
5.10 Summary of cross-sectionresults . . . . ... ... .. ... ... 145
511 Ratioofr—/m™l . . . . . .. 151
6 Charged Pion Spin AsymmetriesA;;, A; 158
6.1 Double and Single Spin Asymmetrie$;;, A, . . . . ... ... ... 160
6.1.1 Asymmetries . . . . . . ... 161
6.2 DataQualityChecks . .. ... .. ... ... . ... ... . ..... 163
6.2.1 Sub-detector Requirements for Identification of CrchRjens . 163
6.3 TriggerStudy . . . . . ... e 165
6.3.1 PHENIX Response to Simulated QCD Jets . . . ... ... .. 167
6.3.2 ERT Trigger Charged Track Clustering Study . . . . . .. .. 701
6.3.3 Summary of Triggerand QCD JetStudy . . . . . .. .. .. .. 174

XXili



6.4 Selection of Data and Identification Studies

176
6.4.1 Polarization information for the selected data-set.. . . . . . 180
6.4.2 Relative Luminosity of Selected Data-set . . ... ... ... 181
6.5 SpecificA,Cuts . . . . . . . .. 181
6.5.1 Using the RICH to Identify Charged Pions . . . . . ... ... 182
6.5.2 EMCalCuts. . . . . . . . . i ittt 185
6.6 Matching and Background Estimate of Asymmetries 195
6.6.1 Closer MatchingCutStudy . . . . ... ... ......... 197
6.7 Conversion electron background estimate . . . . ... ... ... 197
6.7.1 DecayParticles . . . . ... ... .. ... ... 201
6.7.2 Primary Particles/ &, et . . . ... 204
6.8 Identified Charged Pions for Spin Asymmetries . . . ... . ...... 205
6.8.1 Ratio ofr™, 7~ in ERT Triggered Data used for Asymmetries . 206
6.8.2 Pion Yield Comparison in Years 2005 and 2006 . . . . . . .. 06 2
6.9 Double and Single Spin Asymmetrie$y,’ andAT"" . .. .. ... 209
6.9.1 Asymmetries with the Fill by Filk? Method . . . . . ... .. 209
6.9.2 Summed Method Asymmetries . . ... ... ......... 210
6.9.3 Even and Odd Bunch Separated Spin Asymmetries . . . . . 12 2
6.9.4 Summary of Measuring Methods used for Asymmitries .. 217

6.10 Bunch Shuffling as a Systematic Uncertainty Checkgf A. . . . . .

XXV

219



6.10.1 Background Asymmetries . . . .. .. .. .. ... .. ... 222

6.11 CompariSONS . . . . . . . . i 225
6.11.1 ErrorsinArr . . . . . . . e e 229
7 ConclusionL 231
Bibliography 248
A Tables of Efficiencies and matching calibrations 251
B Fiducial Cuts and Drift Chamber Dead Map studies 264
C Un-reconstructed Tracks 268

D Detector Acceptance Corrections ofr* 271

E Matching Distributions of ERT Triggered Data Set 273
E.0.2 2006dataset . . . .. . . . . . . . ., 273
E.0.3 2005 DataJet ........................... 277

F Matching Distributions of Minimum Bias Data Set 278
F.0.4 Distributionsinemcsd . . . ... ... ... ......... 278
F.0.5 Distributions in emcst ...................... 284

G Zed and Matching Distribution Studies 290
G.0.6 Zed versus p03$cdistributionL ................. 290

XXV



G.0.7 Distributionsinpc3sdz . . . .. ... ... 293
G.0.8 Positive distributions of zed versus em;sd .......... 297
G.0.9 Positive Distributions fitted to double Gaussians ...... . . . 298
G.0.10 Negative Distributions fitted to double Gaussians. .... . . . 317

H Spin Asymmetries StudieL 335

| Further Figures and Studies for A;; 339
[.0.11 ratio of different shower probabilitiggob cut . . . . . . . .. 339
.0.12 FillbyfillAyz;, . . . . o o 341
[.0.13 Bunch Shuffled asymmetries . . ... ... .......... 341
[.0.14 Spin Asymmetriesbybeam . ... ... ... ... ...... 342

J Further QCD Related Figures and Studies 350

J.1 Extra Studies Perfornled ......................... 035

XXVi



List of Tables

2.1 Invariant quantitiesinDIS . . ... ... . ... o oL 12
3.1 RHIC Achieved Polarizatian ....................... 41
4.1 RICH threshoIdL. ............................. 54
5.1 pc3missedtracks . . . . . . .. 84
5.2 Geometrical Acceptance Efficiency . . . . . ... .. .. ... ... 87
5.3 BeamCorrection . . . . . . . . . . e 90
5.4 DriftChamber Materials . . . . . . . . . .. .. .. ... .. .. ... 113
5.5 PHENIX RICH thresholds for various charged particles. ...... .. 114
5.6 RICHefficiencies!| . . . . . . . . . . . . . . . . 119
5.7 RICHefficienciesll . . . . . . . . . . . . . .o 123
5.8 DCefficiency . . . . . . . . . . e 131
5.9 Zedefficiencyr® . . . . . ... 132
5.10 =~ andr™* Yields for cross-section . . . . . ... .. ... ... .... 134

XXVil



5.11 € corrections for cross-sectijms ..................... 361

5.12 B¢ values byprandcharge . . . . ... ... ... ... 138
5.13 Background estimates | . . . . . . . . . ... ... 913
5.14 Background estimates| . . . . . . . . . . . ... . . 014
5.15 Background estimates |l . . . .. ... ... . ... ... .. ..., 014
5.16 Stafisticalerror&4s . . . ... ... ... ... 144
5.17 Systematic errors (standard deviations@%3 ............. 144
5.18 Total Systematicerrorsdnt’s . . .. ... ... ... ... ... 144
5.19 Summary Table cross-sections . . . . . . . . . ... ... ... .. 149
5.20 Summary Table cross-sections . . . . . . ... ... ... ... .. 150
521 7t /m—ERTdata . . ... ..... ... .. .. ... 152
5.22 7~ /ot Simulation . . .. ... 152
5237 /mtMBAata . . . ... 156
6.1 Particles QCD SimulatiLn ......................... 816
6.2 Triggers>1cluster . . . . . . . . . . .. 171
6.3 Official 2006 Polarizations . . . . . . . ... ... . ... ...... 180
6.4 Remaining background in sample from2006. . . . .. .. ... .. 201
6.5 2005 background estimate . ... ... ... ... ... ....... 120
6.6 RICHthresholds. . . ... ... ... .. . .. . .. 204
6.7 Pion yields after all cuts by charge andbin for the 2006 data-sLt. .. 205

XXViii



6.8 Pion yields after all cuts by charge amgbin for the 2005 data-sLt. .. 205

6.9 Arrx?method . . ... ... 210
6.10 A;;, summed methid ........................... 211
6.11 A; yellow bearL .............................. 216
6.12 A bluebeam . . . . . ... 216
6.13 2 values byp bin of the shuffled asymmetries. 2006 data-set. . . . . . 220
6.14 Conversion Electron Asymmetries vergudin. 2006 data-set. . . . . 224
6.15 Total Errors . . . . . . . . . 229
6.16 Statisticalerrorgl;,;, . . . . . . . ... 230
6.17 Summaryoferrord,, . . . . . . . ... 230
7.1 Summary table cross-sections. . . . . . ... ... ... 233
7.2 Summary Table cross-sectiLns .................... 233
7.3 Summaryoferrordl;, . . . . ... 236
A.l Simulated pc3sdphi . . . .. ... 252
A.2 Simulated emcdphi . . . . . . ... 252
A3 Simulatedemcdz . . ... . ... ... 252
A4 Simulatedpc3sdz . . . . . .. ... 253
A.5 Efficiency of pc3s@-Simulation . . . ... ... ... .. .. ..... 253
A.6 Efficiency of pc3sdz Simulation . . . ... ... .. ......... 254
A.7 Efficiency of emcsd simulation . . . ... ... oL L 254

XXIiX



A.8 Efficiency of emcsz simulation . . . . . ... ... ... . ... 255

A.9 MB Matching Corrections . . . . . . . .. .. .. o 256
A.10 Matching ValuesMBData . . ... ... ... ... .......... 257
A.11 Summary of matching mean andorrectionsf) to ERT sample . . . . 258
A.12 Summary of matching mean andCorrections £) to ERT sample . . . 259
A.13 Meanzedincrementsr™ . . . . . ... 260
A.14 o zedincrementst™ . . . 260
A.15 mearzedincrementst™ Il . . . . ... ... ... 261
A.16 o zedincrementstT Il . . .. 261
A.17 mearzedincrementsr—| . . . . .. ... 261
A.l8 0 zedincrementsr— . . . .. L. 262
A.19 mearredincrementst— Il . . . . . .. ..o 262
A.20 0 zedincrementst— Il . . . . . . L 262
A.21 Zed efficiencye® . . . . ... 263
A.22 Zed efficiency Primary™ . . . . ... ... .. ... ... 263
E.1 2005 ERT MatchingFits . . . ... ... .. ... .. ......... 277

XXX



List of Figures

2.1 QCDPICtUre. . . . . . e e 6
2.2 Kinematic quantitiesforDIS . . . . ... ... ... ... ... ... 11

2.3 pp—mEX L, 28
2.4 Feynmandiagrams . . . . . . ... e 29
2.5 Current Knowledge of polarized PDFs . . . . . . ... ... ... .. 31

2.6 Current Knowledge of unpolarized P[LFS ................. 32

2.7 y*Distribution fromDSSV.. . . .. .. .. ... 33
3.1 RHIC SchematicView . . . ... ... ... .. ... ... ...... 42
4.1 PHENIXDetector. . . . . .. .. ... . . 44
4.2 BeamBeamCounters . . . . . . . .. ... 46
4.3 Drift Chamber's Anglls .......................... 47
4.4 Drift ChambersWires . . . . ... ... . ... .. L 51
4.5 MagneticFieldLines . . . . . .. .. ... .. .. ... 53

XXXi



RICH diagraJn ...............................

4.6 55
5.1 PHENIX coordinatesystem. . . . . . . ... . ... .. ... ... 67
5.2 Descriptionof ZED . . . . . ... 71
5.3 Residuals-matching . ... ... ... .. ... .. ... ... ... . 72
5.4 zeddistributionsdata . . ... ... ... ... ... oL 75
5.5 Simulatededdistributions . . . . . .. ... oL 76
5.6 Comparison data and simulation . . .. ... ... ..........71 7
5.7 SimulationDCvged. . . . . .. . ... . ... 78
58 RealdataDCvsed. . . . ... ... .. ... .. 78
5.9 Simulated Momentum . . . ... ... 79
5.10 Simulated®e” zed. . . . . . . ... 81
5.11 Simulate@™e " pr . . . . ... 82
5.12 Padchamber2. . . . . . . . . .. .. 84
513 g EMCand PC3missedtracks . . . ... ... ... ... . ...... 85
5.14 Acceptance5-Brwindow . . . . .. . ... Lo 88
5.15 Drift Chamber Geometry . . . . . . . . . . . . ... .. 91
5.16 beam correctionbyfill . . .. . ... .. ... . ... .. 92
5.17 beamcorrected by fill . . . . .. ... ... oo 94
5.18 nfofpandp . . . .. .. . . . . ... 96
5.19 Fittedmasssquared . . . . . . . . . . .. . ... 98

XXXil



Pions firingthe RICH . . . . . . . . . . . ... .. . ... ... .... 100

5.20

521 avs ofm™ ... 103
5.22 avs mof L L. 104
5.23 a no B field real dala ........................... 106
5.24 ano B field, 500-800 MeV Cut. . . . . . .. ... .. ... ... 107
5.25 Simulatedv zerofield. . . . . . . . ... 109
5.26 Simulatedy zero field 500 MeVrt . . . .. L 110
5.27 lllustration showing the multiple scattering inté¢rags. . . . . . . . . . 112
5.28 RICHnl andnO PMT tubes . . .. ... ... ... ... ....... 116
5.29 RICHtUrN-om1pions . . . . . . . . . . o i ittt 117
5.30 RICHturn-omO pions . . . . . . . . . . . v i i i i i e e e 118
5.31 RICH efficiencies™ . . . . ... ... ... .. ... ... ...... 120
5.32 RICHturnonelectronsdisk . . ... ... ... ... ......... 121
5.33 Spread of PMTtubes . . . . .. . . . . . . . ... . ... 122
5.34 Distribution of pc3sglvszedvsemcsey . . . . . . . ... ... .. .. 127
5.35 Distribution of pc3sglvszed. . . . . . . . . . . . ... ... ... .. 128
5.36 Distribution of emcsdzvaed. . . . . . . . ... L 128
5.37 zedpc38lp 5-6GeVE . . . . ... 129
5.38 Signal over backround of piins ..................... 141
5.39 Measured cross-sections for with errorsincluded . . . . ... ... 146

XXXlii



5.40 Measured cross-sections for with errorsincluded . . . .. ... .. 147
5.41 pQCD comparisons of summedpions . . .. .. .. ... ...... 8 14
5.42 Comparisonsto® . . . . . . ... 149
5.43 comparisons of summed charged pions with meaglﬁled ....... 150
5.44 pQCDRatior /7" . . . . . .. e 152
5.45 Ratio of ERT to MB identified pioLs ................... 541
5.46 pQCDRatior /#T ERTandMB . . ... ... ............ 156
5.47 Ratior—/n* fromthe STAR detector . . . . . ... ... ... .... 157
6.1 Simulatedgig . . . . . . . .. e e 169
6.2 Cluster StudJ L e 173
6.3 ClusterStudy Il . . . . . ... .. . 174
6.4 PHENIX coordinatesystem. . . . ... ... . ... .. ........ 717
6.5 TriggerbitCheck . . . ... ... ... .. ... .. 179
6.6 RICH A, study turn-oL ......................... 184
6.7 ProbEMshower . ... ... ... ... . ... ... 187
6.8 Ratio Of Z925 . . ... ... 188
6.9 Energycutstudy . .. . . . . . . . . . . e 190
6.10 Energy/Momcuts . . . . . . .. 192
6.11 Energy/Mom Distributions . . . . . . . . . . ... .. .. ... ... 193
6.12 Energyvs MomHadrons . . . . . ... .. ... .. ... 194

XXXIV



6.13 Powerlawfit2005Data. . . . . . . . . . . ... 196
6.14 Matching-RICH study5-7 . . . . . . . .. .. ... .. ... ..., 199
6.15 Matching-RICH study7-10 . . . . . . . . . . ... ... ...... 200
6.16 Matchingstudy 7-15Ge¥V/[ . . . . . . . . . .. .. . oo 203
6.17 Ratio Yields 2005/2006 data-set . . . . ... ... ... .... .. 208
6.18 Rtolerance distributionsfor A, . . . . . . . .. .. ... ... ..., 211
6.19 Summed fills asymmetries separated into odd and evesicgs . . . . 213
6.20 Asymmetriesusing’method . . . .. ... ... ... ........ 214
6.21 Single longitudinal asymmetries (Pof 7~ and=*. 2006 data-set. . . . 215
6.22 Comparison of? and summed method . . ... ............ 218
6.23 Bunch Shuffles . . . . ... .. ... ... 221
6.24 Conversions/p distribution . . . . . ... ... ... .. ... . ... 223
6.25 2005 Comparison . . . . . ... e e e e e 226
6.26 GRSV compariSth ............................ 227
6.27 DSSV comparison . . . . . . ... 228
7.1 Conclusions™SEZZ . . ... ... 234
7.2 ConclusionsSEZZ . ... ... ... 235
7.3 Conclusions™'sA;;, . ... 236
7.4 Conclusion®E 'SALL . .t v i i i e e e e e 237
7.5 Gluon Momentum Fraction SamJled .................. 40 2

XXXV



7.6 ? Distributions of currentknowledge . . . . .. ... ......... 412
7.7 Current Knowledge of polarizedpdfs . . . . .. ... ... ... .. 244

7.8 ArrcomparedtoDSSV . .. ... 245
7.9 Projectionsom;;-GRSV . . .. .. ... 246
7.10 Projectionsod; ;,-DSSV . . . . ... ... oo 247
B.1 Realfiducialgaps . . . . ... ... ... ... .. .. ... ... ... 266
B.2 Simulation fiducialgaps . . ... .. ... ... ... . . ... . ... 266
B.3 Simulation fiducial gaps bycharge . . . . .. .. ... ... .... 266

B.4 Geometricalacceptance . . . . . . . . . . ... ... 7 26
C.1 ¢pc2andpc3missedtracks . ... ... . ... ... ... ... 269
C.2 zemc and pc3 missed traJcks ....................... 269
C.3 zpc2andpc3missedtracks. . . . . ... .. .. .. .. L. 270
D.1 Acceptance 6-pr Window . . . . . . .. ... 271
D.2 Acceptance 7-8rwindow . . . . . . ... 272
D.3 Acceptance 8-9rwindow . . . . . . .. ... 272
D.4 Acceptance 9-1prwindow . . . . . . . ..o 272
E.1 ERT Emcsdphi 2006, 5 GeVicpr < 6GeV/cBin . . ... ... ... 274
E.2 ERT Emcsdphi 2006, 6 GeVicpr <7GeV/cBin. . . ... .. ... 274
E.3 ERT Emcsdphi 2006, 7 GeVicpr <10GeV/cBin . . . .. ... .. 274

XXXVI



E.4 ERT Emcsdz 2006,5 GeVkpr <6GeV/cBin . . ... ... .. .. 274
E.5 ERT Emcsdz 2006, 6 GeVicpp <7GeV/cBin . . .. ... .. .. 275
E.6 ERT Emcsdz 2006, 7 GeVie pr < 10 GeV/c BiJ\ ........... 275
E.7 ERT pc3sdphi 2006,5 GeVicpr <6 GeV/icBin . . . ... ... .. 275
E.8 ERT pc3sdphi 2006, 6 GeVicpr <7GeV/cBin .. .. .. ... .. 275
E.9 ERT pc3sdphi 2006, 7 GeVicpr <10GeV/eBin . . . .. ... .. 276
E.10 ERT pc3sdz 2006, 5 GeVicpr <6 GeV/cBin . . .. ... ... .. 276
E.11 ERT pc3sdz 2006, 6 GeVkcpr <7GeV/cBin . . . .. .. ... .. 276
E.12 ERT pc3sdz 2006, 7 GeVfcpr <10GeV/cBin. . . . ... .. ... 276
F.1 Positive tracks emcgdvIB data 2006 sampli . 279
F.2 Positive tracks emcedMB data 2006 sample Il . . . . . . ... .. .. 280
F.3 Negative tracks emcsdB data 2006 sample | . . . . . ... ... .. 280
F.4 Negative tracks emcsdB data 2006 sample Il . . . ... ... ... 280
F.5 Negative tracks pc3dVIB data 2006 sampli . 281
F.6 Negative charge tracks Il, pc3sdphi . . . . . ... ... ... ...... 282
F.7 Positive charge tracks I, pc3sdphi . . . .. ... ... .......... 282
F.8 PostechamxaUacksH,pchJphi. 2 o 4
F.9 Positive charge tracks |, pc2sdphi. . . ... ... ... ... ...... 283
F.10 Positive charge tracks Il, pc2sdphi . . . . ... ... ... ....... 283
F.11 Negative charge tracks |, pc2sdphi . . . .. ... ... ... ... 283

XXXVIi



F.12 Negative charge tracks Il, pc2sdphi . . . . ... ... ... ....... 283

F.13 Positive chargetracksl,emcsdz . . . . ... ... ... ... ... 284
F.14 Positive charge tracksll,emcsdz . . . . ... .............. 284
F.15 Negative charge tracksl,eszdz ..................... 284
F.16 Negativecharge tracksll,emcsdz . . . . . . ... ... ... ... 285
F.17 Positive chargetracksl,pc3sdz . . . . ... ... ... ... ... 286
F.18 Positive chargetracksll,pc3sdz . ... ... ... ... ........ 286
F.19 Negative chargetracksl,pc3sdz . ... ... ... ... ... ... 286
F.20 Negative chargetracksll,pc3sdz . . . .. ... ... ... ..... 287
F.21 Positive chargetracksl,pc2sdz . . . . . ... ... .. ... ... 288
F.22 Positive charge tracksll,pc2sdz . . ... ... ............. 288
F.23 Negative charge tracks I, pc2sdz . . . ... ... . ... ... ... 288
F.24 Negative charge tracks Il, pc2sdz . . . . . ... .. .. ... ...... 289
G.1 zedversuspcds 6-7GeV/IC . . . . . . . ... 291
G.2 Zedversuspcd® 7-8GeV/c . . . . ... e 291
G.3 zedversuspcds 8-9GeV/C . . . . ... ... 292
G.4 Zedversus pcd® 9-10GeV/c . . . . . .. 292
G.5 Zedversus pc3sdzys5-10GeVic. . . . . ..o 293
G.6 pc3sdzversuszedps5-6GeV/c. . . . . ... oo 294
G.7 pc3dzversuszedyps6-7GeVic .. ... Lo 294

XXXVili



G.8 pc3dzversuszedyps 7-8GeV/ic . . . ...

G.9 pc3dzversus zedyps 8-9GeV/C . . . . . ...

G.10 pc3sdzversus zedy; 89-10GeV/c . . . . . . . . ... oo,

G.11 Matching versus zed distributionsinemgdéd . . . . . ... ... ..

G.12 Matching versus zed distributions inemged$d . . . . ... ... ...

G.13 Zed 60-70cm9-1C

G.14 Zed 50-60cmp9-1C

G.15 Zed 40-50cmp9-1C

G.16 Zed 30-40cm9-1C

G.17 Zed 20-30cmp9-1(

G.18 Zed 10-20cmp9-1(

G.19 Zed 0-10cm p9-1(

G.20 Zed 60-70cmp8-9

G.21 Zed 50-60cmp8-9

G.22 Zed 40-50cm p8-9

G.23 Zed 30-40cmp8-9

G.24 Zed 20-30cmp8-9

G.25 Zed 10-20cmp8-9

G.26 Zed 0-10cmp8-9 .

G.27 Zed 60-70cmp7-8

XXXIX



G.28 Zed 50-60cmp7-8

G.29 Zed 40-50cmp7-8

G.30 Zed 30-40cmp7-8

G.31 Zed 20-30cmp7-8

G.32 Zed 10-20cmp7-8

G.33 Zed 0-10cmp 7-8

G.34 Zed 60-70cm p6-7

G.35 Zed 50-60cmp7-8

G.36 Zed 40-50cmp6-7

G.37 Zed 30-40cmp6-7

G.38 Zed 20-30cmp6-7

G.39 Zed 10-20cmp6-7

G.40 Zed 0-10cm p 6-7

G.41 Zed 60-70cmp5-

G.42 Zed 50-60cm p5-6

G.43 Zed 40-50cmp5-6

G.44 Zed 30-40cmp5-6

G.45 Zed 20-30cmp5-6

G.46 Zed 10-20cm-p5-6

G.47 Zed 0-10cm p5-6

Xl



G487~ Zed0-10cmp5-6 . . . . . ... 317

G497~ Zed 10-20cmp5-6. . . . . . . .. 317
G507 Zed 20-30cmp5-6. . . . . ... 318
G517~ Zed30-40cmp5-6. . . . . . . 318
G527~ Zed40-50cmp5-6. . . . . . .. 319
G.537 Zed50-60cmp5-6. . . . . . .. ... 319
G547~ Zed60-70cmp5-6. . . . . . . .. 320
G557 Zed 0-10cmp 6-7 . . . . . .. e 320
G.567~ Zed 10-20CmM P 6-7 . . . . . . . 321
G577~ Zed 10-20CM P 6-7 . . . . . . o o 321
G587 Zed 30-40cmp6-7. . . . ... 322
G597~ Zed40-50Cm P 6-7 . . . . . ... 322
G.607~ Zed50-60CmMP6-7 . . . . . . .. 323
G.617~ Zed60-70CM P 6-7 . . . . . . . 323
G.627~ Zed 0-10cmp 7-8 . . . . . . .. 324
G.637 Zed 10-20cmp7-8. . . . . .. 324
G.647~ Zed 20-30Cm P 7-8. . . . . ... 325
G.657 Zed30-40cmp7-8. . . . .. e 325
G.667~ Zed40-50cmp7-8. . . . . .. 326
G.677~ Zed 50-160cmp7-8 . . . . . . .. 326

xli



G.687 Zed60-70cm P 7-8. . . . . .. e 327

G.697~ Zed 0-10cmp8-9 . . . . . . ... 327
G. 707 Zed 10-20cmp8-9. . . . . . . .. 328
G717~ Zed 20-30cmp8-9. . . . . . .. 328
G.72n~ Zed 30-40cmp8-9. . . . . . .. 329
G.737~ Zed40-50cmp8-9. . . . . ... 329
G.747 Zed50-60cmp8-9. . . . . . . .. 330
G.757~ Zed 60-70cmp8-9. . . . . ... 330
G.767m~ Zed 0-10cmp 9-10. . . . . . . . . 331
G777~ Zed 10-20cmp9-10 . . . . . . . . . 331
G.787 Zed 20-30cmp9-10 . . . . . . ... 332
G.797~ Zed 30-40cm p9-10 . . . . . . ... 332
G.807 Zed40-50cmp9-10 . . . . . . ... 333
G.81ln~ Zed50-60cmp9-10 . . . . . . . ... 333
G.827~ Zed 60-70cmp9-10 . . . . . . . .. 334
H1 FillbyfillAr, . .. 335
H.2 Azzx?method . . . . . . . . 336
H.3 Odd SeparatedA, x*method . . . . .. ... ... ... ........ 336
H.4 Even SeparatedA, x> method . . . ... ... .. ... ....... 336
HS5 A;byfill YellowBeam . . . .. ... ... ... ... ......... 337

xlii



H.6 ApbyfillBlueBeam . . . ... ... ... . ... . . ... . .... 337

H.7 Crossing separated single asymmetries yellow Beam . . .. . .. 337
H.8 Crossing separated single asymmetries blue beam . . . ........ . 338
1.1 ratio Of ZI0=20% 339
1.2 ratioof ZMSISE L 340
13 ratioof ZIUSELI . L 340

1.4  Fill by fill spin Asymmetries forr— (left) and= ™ (right). 6< pr < 7 GeV/¢c341

I.5 Fill by fill spin Asymmetries forr— (left) andz™ (right). 7< pr < 10 GeV/c341

1.6 Bunch shuffling,? distributions of measured A, 6<pTi7GeV/c . . . 342
1.7 Bunch shuffling? distributions, ZpTil0GeV/c. . . . .. ... ... 342
.8 Odd Separated A, x*method . . . . .. ... ............. 343
.9 OddSeparated A, y*method . . . .. ... ... ... ........ 343
.10 Even Separated/A, x*method . . . . . ... ... .. ... ..... 344
.11 Even SeparatedA, x> method . . . ... ... ... ... ...... 344
.12 A; YellowBeam 6-7GeVic . . . . .. . . . . . . . . . .. 345
.13 A, Yellow beam 7-10GeV/c . . . . . . . . .. ..o 345
.14 A;BlueBeam6-7GeV/c. . . . . . . . . . . . e 346
.15 A; Blue Beam 7-10GeV/c . . . . . . . . . ... 346
.16 SimulationDCvsed. . . . . . . . . . ... ... 347
.17 RealdataDCvsged. . . . . ... ... .. ... ... .. ....... 347

xliii



.18

SimulatedzeddistributionL ........................

1.19

zeddistributionsdata . . . . ... ... ...

1.20

Simulated M

J.1

omentum . . . ... L

Ratioff—l ..................................

J.2

Simulated g-

J.3

Simulated g-

xliv



Chapter 1

Introduction

Our curiosity and desire to predict natural phenomena teefitens, both physically
and intellectually, has led us to investigate what are timeldimental physics laws that
govern our surroundings — including the matter we oursefresmade of. It appears
that human curiosity has thankfully persisted since the fiusnans began using scien-
tific methods to explain the natural phenomena surroundiamt As a child my father
used to tell me that the first scientists must have been thehfirminids who studied
the cause and effect of rubbing two stones. We have come awaggince domesti-
cating fire through our understanding of friction howeveeg, ave merely continuing the
work of our scientific predecessors. Spin physics reseasshs®em just a pure intellec-
tual quest to satisfy answers to the proton’s spin puzzlén Bgasurements, however,
have laid the groundwork to a plethora of scientific advares) from the medical
field, to astronomy research, which have brought impactddittk between science and

1



technology. The 3-dimensional imaging of the human'’s iotefior identification and
treatment of malignous tumors - for example - is a now a robakt that has directly
benefited from quantum spin physics research. Other examlere quantum spin has
contributed, are dark matter searches in astronomy, asag/étle blooming field of semi
conductor spintronics, where electronics are taken dowthéoquantum level for de-
velopment of new technologies for data storing at ultra ldghsities. Investing in the
theoretical work and experiments which aim at probing maitéhe femto-scale, is thus

a worthwhile endevour which society as a whole can benefit fiar years to come.



Chapter 2

Probing Inside Matter

There exists today more than one hundred chemical elenren&ure, all neatly classi-
fied in Mendeleev's table of elements. Mendeleev’s origiable was created before the
discovery of subatomic structure of matter. Yet before thentilation of quantum me-
chanics elements were already listed in order of increasioigiic number. Experiments
in 1918 done by Ernest Rutherford had determined that whearticles were shot into
nitrogen gas, signatures of hydrogen nuclei could be oksenRutherford proposed
that the hydrogen nuclei were elementary particles. Thitdehe discovery of the pro-
ton. The discovery of the neutron followed that of the prcdome decades later when
James Chadwick made several experiments trying to und Sﬂam gamma theory of

the strong radiation which was observed by Bothe and Béaﬁk&n&n very energetic al-

Lor rather disprove.
2and detailed later by I. Joliot-Curie and her husband Fgdurie.



pha particles emitted from polonium fell on certain ligh#rlents). Nowadays, it is well
established that an atom is made up of protons and neutramdedhs (the collective
name for protons and neutrons) also have structure. Thegoanposed of quarks and
gluons whose interactions, as well the interactions of ofilvedamental particles, have
helped us understand matter at its most fundamental letiekeTare four types of forces
distinguishable in naturegravitation (which becomes relevant in densely aggregated
matter),electromagnetism the weak force, and thestrong force. The strong interac-
tion will be the main focus in this work. The strong force haarge— the strong color

charge, with 3 charges and eight carriers.

2.1 Strong Interactions

In nature, the strong force holds atomic nuclei togethepitlestrong electrostatic re-
pulsion. It is a force that dominates the nucleons, and oateighresponsible for strong
binding of the quarks and gluons (callpdrtons collectively) in order to form the pro-

ton and the neutron. However, as experiments in the latesl8&@ shown, the distance
at which this force is exerted is quite small — about one Férmi'®> meters). Data from

deep inelastic scattering (DIS) of electrons on protong lradicated that, after being hit
by an energetic electron, one of the quarks from the protopgwgates freely appearing
to barely interact with the other quarks[34]. One can prolbd @t short distances by

changing the wavelength or the momentum of the probe usetheAgrobe being used



becomes shorter and shorter, one can observe virtuallpartaking part in the reaction,
thus violating conservation of energy. Heinsenberg’s tagdy relation, at the heart
of quantum mechanics\F At > h), allows for this apparent violation of conservation
of energy. These apparent violations can be described thyalparticles going off the
mass shell. This process renormalizes the coupling cangtéhe strength of the in-
teraction) and makes the coupling depend on the energy, gscalthe dependence of
a coupling gf) on the energy-scale is known as the running of the coupkdige can

typically replace the strong coupling given by:

a,= - (2.1)

by the effective running coupling a,(Q?), where@? is the momentum transfer. The
renormalization equation which describes the running efdbupling constant (thg

function) is given by:

dg  Jg

Blg) = u@TL ~ dlnp

(2.2)

One can then try to increase the energy sgale order to probe and observe the
way the coupling constant flows. If this relation is negatait is the case in quantum
chromodynamics (QCD), it implies that the coupling is rugniowards zero. Once
the coupling reaches this point, it stays in equilibrium. thWi the data observed in

the DIS experiments, this means that the QCD coupling deedeaishigh energies as



the strength of the interaction became increasingly wetakeaird higher energy scales.
QCD is the theory used to describe the strong interactiomsintieraction of mass-less
spin -1 objects which possess color as an internal degree of free@bmset of mass-
less gauge bosons called gluons mediate the force betweau#nks in a similar way
in which photons mediate the force in quantum electro dynaf@ED). Gluons, unlike

photons however, also carry strong color charge (Figurge 2.1

Sbasrier P8 LT AR (o) L

AT

Figure 2.1: An artistic depiction of the QCD picture of the forgs structure.

2.1.1 Asymptotic Freedom and Confinement

When partons undergo hard coIIisinEhe coupling - the strength of the interaction - be-

comes weak, and partons appear to be free. This propertilesl esymptotic freedom

3Direct scattering.



Asymptotic freedom is a property sprung from the couplingstant running towards
zero in the large momentum limit (known also as the “ultréatitlimit). A consequence
of asymptotic freedom is that in a short distance, a hard€lanomentum transfer) in-
teraction may be calculated in terms of a series expansigowers of the coupling
(as). In other words, perturbative methods can be used to taektain problems. It is
assumed that the QCD Lagrangian has no quark masses. Thid makke QCD sym-
metric both in flavor and chirality. Quarks are not allowedetast as free particles;
their masses are simply another parameter in the Lagramdiah can be determined
by experiment. When one uses perturbative methods, the guapagator has a pole
atm? = p?. This pole is assumed not to exist in exact theory Perturbative methods
are only considered reliable where momentum transfersaage in comparison with.
For the work presented here, it will be shown that a large nmuome transfer reaction
(pp — 7= X), which can be described by perturbative QCD, has been adxbeHow-
ever, if on the other hand, the interaction occurs at a lostpdce, then the coupling
constant will be too strong and perturbative methods cabeatsed to account for the
qguark and gluon interactions of the QCD Lagrangian. Instdaghries such as lattice
gauge must be employed[28][25] . Gauge invariant intepastcan be described by the
following Lagrangian:

1 -
L= _ZGZVGGW+Z%W<DM)U@DJ'



(D#)ij = 8u5bc_gAZfabc (23)

where(G’,, is the generalized field tensor. The co-variant derivatjeratorD;; acts on
the quark fields, wherd are eight vector fields (gluons). The co-variant operatso al
holds the bare coupling constaptwheref,,. are the structure constants and andc

are the color indicesy and+ are the quark spinor fields indexed by quark color. The
second term in Equation 2.3 represents a sum, where masgtlasks are assumed to be
of identical terms, one for each flavor and are summed&)v,ércontradictory behavior

of partons is that, while they may act “free” when they arehaitd, quarks cannot be
produced as free particles under ordinary conditions. Ratmey seem to exist as bound
combinations of three quarks and three anti-quarks — altedaguark-antiquark pairs
Quarks are elementary particles, but they can only be studithin the confinement
of composite particles. Confinement of partons indicatesitiveould take an infinite
amount of energy to separate two qurl{a the early stages of hadron structure studies,
quarks seemed to defy Pauli’'s exclusion principle as thaweaxfunction did not come
to be anti-symmetric under the interchange of a quark. Tihygeent contradiction was
solved when it was postulated and later verified experintigriteat quarks carry color.
Color is a quantum number that couples to a vector field whoseatquare the field of

gluons which also carry color. For any quark flavor (up, dostrange, charm, bottom

4To determine current quark masses then one must resorttioripaive methods such as QCD sum
rules etc
SConfinement is also referred to imfrared slavery



and top), a quark can exist as any of three colors (red, greéiblae) and gluons can
exist in eight. Quarks behave like confined point-like otge@symptotic freedom fits
perfectly with the result that partrgwsarry color. The increase of the coupling at large
distance and the direct color coupling to which this is edatonfine the chromo field.
The color field will freely penetrate the vacuum only up to staince of about one fem-
tometer from a color source. When two color quarks are pulfEttathe color field
between the two charges does not spread through space thanwalgctric field be-
tween two charges would. In nature, real physical obje@salorless — a consequence
of asymptotic freedom and confinement. Given a collision iehee quark or a gluon
undergoes hard (elastic) collisions where one of the parsboots out sideways, as the
color charges separate, the flux tube will stretch and theggretored in the field will
increase at the expense of the kinetic energy of the partbis flux tube will stretch
even more, until its energy will exceed the mass of the ligfttedrons. The energy then
materializes (ohadronize) and one will obtain a copious number of pions and other
hadrons with each hadron carrying a fraction of the origmamentum of the quark or
gluon. In the present work, it is hoped that each produceql gaories information about

the polarized gluon which took part in the initial hard sesttg.

Spartons being quarks:d gluons.



2.2 Polarized Deep Inelastic Scattering

One cannot begin a discussion about nucleon structureestudiising proton-proton
collisions - without reviewing the work, variables (Tabld Pand definitions inherited
from Deep inelastic scattering experimef¥S). These experiments have played a cru-
cial role in our understanding of nucleon structure. Theykntlae birth of modern high
energy physics. The present work utilizes some of the viesadnd measurements inher-
ited from these experiments. It was their early results @160’s and the discovery of
Bjorken scaling that led to the parton model. They determihedstb-atomic structure
found within nucleons. DIS experiments led to the idea ofrksideing a fundamental
point like particles into which currents couple. For exaep¢t us consider the reaction
I+ N — '+ X, wherel(l") would be an incoming (outgoing) lepton, andwould be

a target nucleon. This reaction is illustrated by the Figugeshowing the exchange of
a virtual photon {) between the lepton and the target. A solid red circle regnessthe
internal structure of the proton - which can be expressedring ofstructure functions
(Equation 2.3.) In inclusive DIS processes (semi-inclesrriwocesseﬁa,) the outgoing
lepton with momentunk is identified, while all over possible final state hadronsre
integrated over. Unpolarized DIS probed the number demdifyartons (Section 2.1)

with a fractionz of the momentum of the parent nucleon.

A semi-inclusive process is one where the hadron is detéti@aincidence with the outgoing lepton.

10



Virtual Photon

Figure 2.2: Kinematic quantities for Deep Inelastic Scaitewhere an electron and a
parton constituent of the nucleon exchange & = or Z. [ and!’ are the four momentum
of the incoming and outgoing leptorsis the four-momentum of a nucleon aKds the
recoiling system; the exchanged particle transfers foomentumg to the nucleon.

Polarized deep inelastic scattering involves the colligiba polarized lepton beam on a
transversely or longitudinally polarized target. Completaey to the unpolarized case,
it has given information about the number density of pari@etion 2.1) with a given

momentum fraction: and given spin polarization in a nucleon of a known polarrat

2.3 pQCD-Form Factors and Structure Functions

Before the proton spin structure is discussed, there areadelements within the nu-
cleon structure that paved the preliminary insights ofrgjty interacting matter. Form
factors (FF) are fundamental dynamical quantities thatrlss the inner properties of

a composite particle. They can provide detailed infornmaibout the spatial distribu-

11



_Q?
T = 2Mv
_ 1Pnxdll
pr ="
[P x4
p| lq|
H E
1 +
Y= §(E—£§)

s:(k+p)=%2+M2+ml2

Momentum transfer of lepton or hardness,
m?(m3) is the initial(final) lepton mass.

If EE'sin?(0/2 >> m}, mj, then:

0 is the lepton scattering angle w.r.t.

the lepton beam direction.

Lepton’s energy losses in the nucleon rest frame

Bjorken scaling variable; gives the fraction of the

nucleon’s momentum, carried by the struck quark|.

Transverse momentum of hadron-h.

longitudinal momentum of hadron-h.

Energy scale of the reaction.

Rapidity.

pr, is the component of the momentum
along the beam direction.

center of mass (cms) energy of the lepton-N syst

em.

Table 2.1: Invariant quantities in deep inelastic varialaed definitions, these variables
will also be relevant to proton proton collisions.

tion of charges and currents within the proton (and neutrdrijey can be illustrated

by Fourier transforms emerging naturally from the scattgiof a charge distribution

which undergoes a magnetic interaction with the nucleontduts magnetic moment.

For spin % particles with no inner structure, also coinedac particles the magnetic

moment is expected to b&i,oment =

gﬁ whereg = 2 from the Dirac Equation

andm; is the mass of particle However, due to the inner structure of the proton, the

magnetic moment was found to be anomaloust 2. FF are directly accessible from

experiment through the measurement of differential csesdion and polarization ob-
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servables. Additionally, they emerge naturally in nuclemdels as they enter explicitly
in to expression of the hadronic current. Considering théemuncto consist entirely of
its valence quarks confined independently in a scalar-véeaiomonic potential, the un-
polarized structure functions, (x, u?) and F»(z, 4?) were derived in the Bjrken limit
(in whichQ? — oo and the momentum fractionis a fixed constant between 0 and 1)

under certain simplifying assumptions generalizing tlaenework of pQCD.

2.3.1 Factorization

While QCD is a well established theory of strong interactigins,not exactly solvable.
This implies that there are components that cannot be eaéniby perturbative meth-
ods. As a result, the theory relies on experimental dataderaio make predictions in
the likelihood of a given process occurring in a collisioror Example, the polarized
and unpolarized likelihood for pions to be produced in pngtooton collisions has three

components in its calculation — from which, only one compun fully calculable:

e The partonic cross-section (calculable).

e Quark and gluon distribution functions (which have to beraoted from deep

inelastic scattering).

e Fragmentation functions (which are extracted from frena~ collisions, Semi

Inclusive DIS processes and (proton - proton) p+p collisjon

13



This splitting of an unsolvable problem into a tractabletjpad a part which cannot be
calculable in theory is referred to éactorization Mathematically, forr production in

p + p, factorization can be written as,

ado = Y [dea [ duy [ dze Afu(eair) fo(ws, i) D7 (e )

a,b,c

X dAGS, (2o Pa, Ty Pr, Pr/Ze, bR, fips Wr)- (2.4)

The term which precedes denotes the incalculable objects that must be meastifgd:
refers to the parton density functions (PDF$); refers to the probability of finding a
parton ¢) that will fragment into ar. The term followingx represents the fully calcula-
ble part:c¢,, or the hard scattering cross-section or the processhiket! of the partonic
channek +b — ¢+ X. (TheA in front of f,, ands¢, refers to the difference in parton
helicity andX is the sum over all possible quarks and gluons.) One key fadtthe
factorization conjecture is that the parton distributiandtions and fragmentation func-
tions are treated as universal. Tests of this universatgyfandamental for validating

the QCD framework.
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2.3.2 Universality

QCD’s asymptotic and confinement features make it attraatitee understanding of
strong interactions. QCD also has another relevant featumgersality. Universality
denotes the observation that there are properties for a ldegs of systems that are
independent of the dynamical details of the system. Thiswndzat within QCD calcu-
lations, PDFs (parton density functions) are independgtiteohard scattering process,
allowing the transition from hadronic to partonic beams tardets (DIS to p+p). Once

parton distributions are determined from DIS, they yieldrgé set of predictions.

2.3.3 QCD Evolution

QCD evolution is essential in order to switch the measuretbpatensities from one
momentum transfer scal@ to a different one. NLO calculations (perturbative expan-
sions in terms of the coupling constant) of partonic cresdisns are needed in order
to correctly specify the scale — and in general the definiiasf the parton densities,
as well as the running coupling in the leading term. When omepttes corrections
at the large)? limit, collinear divergences appear through 10g( ) corrections[31].
These logarithmic divergences are known as scaling vaati Such violations imply
that PDFs within the proton can becorg@é dependent. Re-summation in the pQCD
framework of these divergences leads to RIPFevolution Equations. These Equations

are called DGLAP[6][23][12] after their founders: Grivawpatove, Altarelli-Parisi, and
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Dokshitzer. Observation of scaling violations in expenitad data is considered to be a

precision test of pQCD.

2.4 Spin and Helicity States

Spinis an intrinsic property of all particles and nucleiisidccurs only within multiples
of a basic quantum mechanical unit. In classical mechaaiggjd object can have two

kinds of angular momentum; both of which are associated mikion:

1. Orbital angular momentum, associated with the motiomathe centeof mass (. =

r X p).
2. Spin associated with the angular momentum of an objeatit its center of mass.

The motion of the Earth is a classical illustration of thiespbmena. One full rotation
of the Earth around the sun gives rise to its orbital angulamentum/, while its daily
rotation would give rise to its spinSj angular momentum. However classically this
definition of S is in fact a mere matter of convenience. Classical spin ingk@nple is
nothing more than the sum of the orbital angular momentaldhalmatter that makes
up our planet as they circle around the Earth’s axis [24].dardqum mechanics, some-
thing analogous occurs where orbital angular momenturesafi®m the motion of the
electron around the hydrogen atom. However, another foranglilar momentum also

exists. Nevertheless the nanspif) is highly misleading. This quantum mechanical
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property coined as such has nothing to do with the motion aigbas in space about
some axis. Spin is indeed an angular momentum with direetir@hmagnitude. How-
ever, unlike the classical angular momentum, only one of/dator components can be
specified with arbitrary accuracy at any single time. Pksican only be in a state of
“up-ness” or “down-ness”. This derives from the Heisenhergertainty principle. The
basic spin operator vecto§ = (S}, §y, SZ), has as its components the spin projector

operators. These do not commute:

~ ~

[367 y] = Zhgza[ Y z]:ZhSAx

S.,8,] = ihS, (2.5)

Because of these properties, they cannot have common ageEnand thus one cannot
exactly specify the spin angular momentum vector of a daréitany time. The squared
spin operatozSA2 does commute with any of the projection operators we aredasted

in; for example,S., wherez is defined along a magnetic field direction, a particularly
important direction in space. Nevertheless, modeling antedn as a spinning classic
sphere can help remove the analogy of quantum spin with rgdaadlies:

A calculation can thus be made to estimate how fast would dgo@ter of the spinning
electron sphere would have to move, assuming it has the ked®atron half integer

spin %h obtained in a Stern-Gerlach type experiment. Assuming ldesical electron
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radius ofr, relatingL = Iw and angular velocity to linear velocity ¢) andc the speed

of light one can trivially find the following:

2 2
=mr

= 1.8%10%s! (2.6)
v
r

v = (1.8210%571)(2.82107%m) = 171 x ¢

It is evident from the non-sensible solution of an spherarspg at a velocity of 170
times the speed of light, that spin cannot be decomposednrstef orbital motion of
constituent parts, nor can it be described as a function sitipa variables. Quantum
spin is thus an inherent property of particles that cannadltexed; a property as fun-
damental as mass or electric charge. The difference betixeenions - particles that,
like the electron, have half-integer spibb — and Bosons — particles with integer spins
— has particular significance. Fermions obey the Pauli siamtuprinciple, which states
that two identical fermions cannot exist in the same state.av€ now aware that with-
out the Pauli exclusion principle, chemistry would have eoigic table. Bosons on

the other hand, tend to congregate in the same state, leathg phenomena such as
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superconductivity and Bose-Einstein condensation. $jénone of the most important
concepts in explaining the electronic structure of atontsrarclear matter interactions.
We would probably not exist if electrons and protons weresietdifferent spin quantum
number. Spin does serve as a model for other notions that tdoawe simple classical
analogies, even the more abstract ones. For instancepisaain is employed to illus-
trate the two states of a ‘nucleon’: the proton and neutromil&ly, quarks are paired
as isospin ‘up’ and ‘down’, which are the names given to the tarks that make up
ordinary mattg. The rotational symmetry of space and time is generalizeddiode

symmetries in more abstract ‘inner’ dimensions, with treutethat much of the com-
plex structure of the micro-world can be seen as resultiog symmetry breaking. This
connects profoundly with the ideas describing the spommiasiérmation of structure in

the macro-world.

2.5 Spin in Quantum Chromodynamics

QCD has a well defined spin structure. Therefore, the studiepio-dependent re-
actions provide excellent ways to probe the aspects of theryhnot yet understood.
In large momentum transfers, a proton is visualized as a ositgof point like parti-

cles - quarks and gluons. Quarks have the same quantum raiasére quarks in the

8Pions also compose an isospin triplet, which accounts fer3types of pions found in nature

+ -0

T, T,
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constituent quarks mozﬁl.however their masses can be quite different. Gluons (the
mediators of the strong force) are mass-less. In the otigiadgon model which has
been compared to the experimental data that led to the pspiarcrisis[1], the unpolar-
ized structure functions; and F, were written as in Equation 2.7, while the polarized

structure functions were defined @3x) andg,(z):

Fo= o B@)= 3 Y ea@) + () 2.7)

wheree is the charge of the struck quagkz) carrying momentum fractiom from the

proton. The polarized structure functignx) could then be defined as:

4 4 1 1. - 1 1

whereAuw is the short hand notation for the difference between upkogiatributions
for quark spins with helicity alignedy) or anti aligned{) to that of the original proton.
The other terms represent the down, anti down, strange andteange quarks which
are also labeled collectively aSq(z) and Ag(x). The integral ofy(z) + g(x) over all
momentum fractiorr is the fraction of the proton spin in the parton model. Thistie

the naive expectation that the spin-1/2 of the proton wastedual to the sums of the

®Where the low energy properties of the proton are explainettitee quarks sharing abogiteach of
the proton’s mass. This corresponds to the ground stateloka particle system, into which the three
qguarks are in s-states with zero orbital angular momentutrghronic degrees of freedom have no role.
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spins of the valence quarksg) or:

/1 Pa)dr = S(EAu+ iad+ ias) 2.9)
o 7 - 2% 9= "9 '

The first moment of}(x) was then related to the quantity, where:

I = dogi(z, Q)

= Lengera- (@)

2 s

+ 0(a?))) (2.10)

Two parameters became relevant for the studies of the pegionI™} and AY (Equa-

tion/2.11).

Agi(z) = q(v) —q-(v)
¢(x) = q(x)+q-(2)

AY = (Ag(z) + Ag()) (2.11)

These two parameters gave the following predictions forAlgg(z), where Au, Ad
and As refer to the density of a partop of type i (u, d, s) with helicity aligned or

anti-aligned to the helicity of the proton.
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Ad = —=

As = 0 (2.12)

These definitions lead to an asymmetry measureméhttbat related the expectation

of valence quark contributiort¥)) to the proton spin (where, is the first moment):

SPo= 0.28

a, = A =1(4%(z,Q%) (2.13)

The actual measurements from Eu(}md later confirmed by many other experiments,

gave a different picture, provoking the “spin crisis”.

Ay = 0.782 £ 0.032 £ 0.046
Ad = —0.471+0.032 +0.046

As = —0.190 = 0.032 & 0.046 (2.14)

These results led to a modification of the nucleon spin rugatfal to this work), by

incorporating the gluonic contribution to the first momehio (ao(Q?)). The gluonic

0European Muon Collaboration.
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contribution:ag1 leads to a revised first moment;(Q?) = AY— %jﬂAG(Q?). The
term AG(Q?) = [ AG(z,Q?)dz is the gluon analog ofA¢; and is also the motivation
for the measurements presented in this work. The QCD pictutteeanucleon spin can
then be summarized with the longitudinal spin sum rule innffiaite momentum frame.

The proton spin-1/2: is equal to the angular momentuimdue to the quarks and
gluons, toAXY. —the contribution due to quarks and anti quarks— A€l the polarized
gluon contribution:

;: ;AE+AG+L (2.15)

2.6 Unpolarized Cross Section

In the scattering of two point like particles, a differehti@oss-section is defined by
the probability to observe a scattered particle in a giveantum state per solid angle
unit - such as within a given cone of observation. Similafty, an integrated cross-
section, this scattering is proportional to the probapitiitat an interaction will occur.
Therefore, a cross-section can be defined as a measure dfeitieve surface area seen
by interacting particles, and thus is naturally expressashits of area, millibarn (mb).
These are also the units used in the measurements of this imaalfactorized (Section

2.3.1) framework, a cross-section can be defined as:

1For an better explanation of how from the Equations of mgtglnons emerge coupling to the axial
current see[28].
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do = Y [duy [dw, [ dec fulra pre) folwn o) DY e ply) - (216)

a,b,c

In a more practical way, a differential cross-section caddfeed as well by its Lorentz
invariant form, or its experimental form (Formula 5.3). Tladter will be used and

explained in more detailed in Section 5.1.

Ed30 Lo L & Lorentz invariant f
- = orentz invariant form
dp® prdndprd$  2mpr dprdn
d30. 1 Nﬂ-i (pT)
b - Experimental definiti 2.17
WP~ Zapr [ Bl ernet ot pr iy | PETRCR R definition - (2.17)

Unpolarized particle production measurements from RHICaarénportant aspect
of a high energy program. These measurements can add neificsighresults from
other accelerators at different energies. The resulting can help to verify applicable
theoretical models. In addition, cross-sections can heipsitain fragmentation func-
tions (FF) which until now have been dominated be scattering data. The asymme-
tries in this work are compared to NLO pQCD models. Complenmgraiss-sections
are measured and compared to unpolarized pQCD expectasmsup to date charged
separated charged pion fragmentation functions. The gerpba cross-section is to

verify that the unpolarized parton distributions funcgpmnsed in the measurements of
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Ayrr, as well as the fragmentation functions, can suitably erylee obtained data.

2.7 Longitudinal spin asymmetries

Measurements sensitive to the gluon’s polarized densitgtion AG can be performed
by looking at cross-sections of final state inclusive ideediparticles. These, as men-
tioned in Section 2.3.1, contain three ingredients: theopatistribution functiong, ,(Af, ;).
the fragmentation functions (for charged pions in this rd%e , and the hard scattering
cross-sectio (Ag). In practice, what is measured are asymmetries of ideniiéet-
cles (pions) in bins of measured transverse momentunApymmetries are the ratio of
the polarized to unpolarized cross-sections (Equation 8&/mmetries offer an elegant
way of accessing parton information by counting observetigh@yields in different he-
licity states of incident protonsH{+, —— versus+—, —+). These are normalized by the

polarization in each bean®y; y), and also account for the relative luminosi

S AL @Af®AG® Dy,

ALL — a,b,c=q,q,g _ 0'++ — O'+7
Z fa@fb@é’@Dh/c U+++O’+,’
a,b,c=q,q,g
1 NT+ — RN+— L++
Avr = R=T*". 2.18
M= pgPy Nt+ + RN+ L._ ( )

12 yminosity is the number of particles per unit area per uniettimes the opacity of the target,
usually expressed in either tiegsunitscm=2s~! or b~ 's~!. The integrated luminosity is computed by
integrating the luminosity with respect to time. The lungitp is an important value to determine the
performance of an accelerator. For an intersecting staiagecollider: L. = fn%. Where f is the
revolution frequency, n is the number of bunches in one beathé storage ring, N is the number of
particles in each beam and A is the cross-section of the beam.
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MeasuringA; . in certain final states is a valuable tool to access polaghsah dis-
tribution functions inside the proton. The most accuratg tegroceed is to study those

processes that can be calculated within the framework of pQCD

2.8 Polarized Proton Proton Collisions

Polarized proton-proton collisions provide a unique emwmnent for hard scattering be-
tween gluons and quarks, complementary to deep inelastitesing. Polarized proton-
proton collisions can directly probe the polarized gluod anti-quark distributions as
the collision couples the color charges of the participaRtdarized proton-proton col-
lisions differ from DIS experiments as the momentum frattiacarried by a parton in

a proton is not directly related to the hard scale in the adgon (p-). Distributions of

x that correspond to specifig- bins are used instead in pQCD theoretical calculations.
Therefore asymmetries are nominally measured with regpdbe transverse momen-

tum of the identified particle and used as input into global aD@lyses.

2.9 7 Meson

The pion is the most commonly observed meson and hadron anokec@und in any of

the three — plus, minus, and neutral- charged states. Vpitoas also exist in nature
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and are very important in understanding the nuclear strecfions have zero spin and
are composed of first generation quarks. They are pseudiarscader a parity trans-
formation. Pion currents couple to the axial vector curr@noduction of pions proceed
from g-g andg-g initiated sub-processes in proton-proton collisionsnBj@s an isospin
triplet, make asymmetry measurements from all three piecisp particularly sensitive
to the sign ofAG in the transverse momentum range ; < 12 GeVE. Itis expected
that quark-gluon interactions dominate pion productiorthis pr range (Figure 2.3).
Pions are therefore sensitive to the sign of the contribuitothe gluon parton density
function through predominantly valence quark-gluon seatt) - as charged pions enter
linearly into the wave function (Figure 2.4). Neutral pidreve already been measured
(Figure 2.7) and mainly provide constrains to the magnitafiéhe gluon’s polariza-
tion [5]. Charged pions, as a complementary probe, can helgtion both the sign and
magnitude ofAG: preferential fragmentation of up quarks) ¢o 7+, and down quarks
(d) to 7, leads to the dominance of up-quark-gluon, and down-ggaré&n contribu-
tions. This dominance of or d combined with the different signs of their polarized
distributions translates into asymmetry differences lfer different species , 7° and

7 that depend on the sign &G. For example, a positivA G could be indicated by
an order ofr asymmetries, i.eArr (") > Apr(7°) > App(7) - and vice-versa -, for
a negative contribution. The focus of this work is chargezhmsymmetries measured

from longitudinally polarized proton+proton data colledtin the years 2005 and 2006
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at the relativistic heavy ion collider (RHIC). Asymmetriesdacross-sections will be
measured within a central pseudo-rapidityyof 0.35, i.e. orthogonal to the beam axis.

Pseudorapidity is a spatial coordinate that describesrtble @f a particle relative to the

beam axis. Itis defined as= — In(tan %), wheref is the angle relative to the beam
axis.
0.8 S S S
OE - -
- qg L
04 |-
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Figure 2.3: pp— 7+ X: partonic contributions as a function of pion’s transversenen-
tum and detected at a central pseudo-rapidity. Partonitribations calculated using
NLO pQCD framework by Werner Vogelsang. The increasing clabeledyq+qq+ ...,
represents the increasing order of partonic diagrams titat ¢he calculation with in-
creasing momenta of charged pion production. The modeldedan the GRSV[22]
fits[33].
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Figure 2.4: Feynman diagrams showing the valence quark lwth gensitivities pro-
ceeding from pp— £ X.

2.10 Discussion of DIS and RHIC Experiments

Much of our present knowledge about the spin structure optbéon comes from po-
larized deep inelastic scattering experiments. Polarissp inelastic scattering (pDIS)
experiments were performed by scattering a high-energggekadepton beam from a
nucleon target at large momentum trangér(electrons at DESY, JLab and SLAC and
muons at CERN). These experiments have found that the valeras&sycarried only
25% of the nucleon spin. It is widely accepted that the picturéhef nucleon extends
past the valence quark picture. Nevertheless, there drepned questions which con-
tinue to shake the field of spin physics. Experiments culyennning and those that
will be carried into the subsequent decade are designed asure the different com-
ponents to the nucleon spin with accuracy. The RHIC spin piogrvas an early effort
to directly map outAG using polarized proton beams. Experiments at RHIC have also

played an important role in studying transverse spin effeeigure 2.5 summarizes the
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current knowledge of the polarized distribution functidram RHIC and DIS experi-
ments. Figure 2.6 illustrates the most current knowledgheainpolarized distribution
functions. Figure 2.7 illustrates)& profile and partial contributions of RHIC and DIS
data-sets for variations @k in the limitedz region. lllustrated in the figure are the
constraints to the gluon polarizarion by individual da¢géss Negative values cAG
are still poorly constrained by RHIC data. Data from the PHENé&tector particularly
illustrates this lack of sensitivity (pink curve in the figdr Charged pions can make
contributions by providing significant constraints to thegative values oAAG in this

region.
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Figure 2.5: Current knowledge of polarized sea and gluonitiesgFigure from[11]).
Shaded bands represent uncertainties calculated with iffepesht methods. The mo-
mentum fraction sampled by the charged pions of the preseri iw~0.02 to 0.1.
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Wherez is the momentum fraction carried by the parton. The shadaddare uncer-
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Figure 2.7: Figure taken from[11]y? distributions of individual RHIC and DIS data-
sets. The abscissa represents valueS@f(Ag in figure) in the sampled region. Neg-
ative values are poorly constrained by the RHIC data (pinkldund curves). Charged
pions can contribute to the constraints of the left side efflot.

33



2.11 Purpose Behind the Present Work

The purpose of this work is to further our understanding efphoton’s intrinsic spin.
Moreover, it is foreseen that this work will significantly\eshce the knowledge of the
gluon’s contribution to the proton’s spid\&, which is still relatively unknown. The
measurements presented in this work comprise two pieceBarged pion production
cross-section measurement and a charged pion double asggmmesasurement, A..
Both measurements are performed at high enough momenturaysoah be interpreted
in the framework of pQCD. Through model fits, these measuré&sname expected to
yield information on the sign and magnitude &f7. This expectation is born out of
the dominance of up- and down-gluon scattering in charged production over the
momentum range studied. The data presented here, alommtdsnused to extract the
gluon’s spin contribution over the whole momentum fractiorinstead, the results can
be included in an a posteriori global analysis, which takegojpropriate data from across
many analyses and from across the globe. Each individuf§ysisanay be sensitive to
different proton momentum fractions)( Each measurement (and eaghbin of each
measurement) is integrated over a range.oA global analysis is needed to unfold this
and to optimize the incorporating multiple data sets thasansitive not only to different
x ranges, but different sub-process contributions. Frommdheodels, which currently
are weakly constrained by data measurements, differeanparizations showed val-

ues which varied both in magnitude and the sign\a@f. In order to add credance to
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the asymmetry results, the measured unpolarized diffiatestoss-sections of charged
pions will be presented. These data provide a verificatidhefise of the pQCD frame-
work with the comparison to next-to-leading order (NLO) pQ@@dictions. The fac-
torized pQCD framework, as previously defined, predicts thatunpolarized parton
and polarized quark distribution functions, obtained frDh$, as well as the fragmen-
tation functions, obtained from semi-inclusive DIS, carubed for the interpretation of
A1 .. The measurements presented show that the measuredrtiitoeoss-sections of
charged pions agree with expectations. Thus, one can amthat charged pions are
well suited for proton spin studies in a NLO pQCD framework aad provide valuable

information within the momentum fraction sampled~a®.02 to 0.1.
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Chapter 3

Relativistic Polarized Proton Collisions

at RHIC

Several experiments in the past have used polarized leptdrep (:, ¢) scattering from
polarized protons to study the parton spin contributiorhegroton. However as men-
tioned in Section 2.2, these can only couple to the gluonéetly as the probes used to
couple to the parton are electromagnetic probes. RHIC (Ei§ut) is the first hadron
accelerator and collider consisting of two independergsirwhich allow for separate
beam steering and control. RHIC is also unique in its capgglafiaccelerating polarized
protons, with expected machine performance polarizatanes of up to 7%. Each ex-
periment has the capability to choose between the stalnisvieese spin polarization or

longitudinal beam polarizations with the use of spin rataté-or the measurements pre-
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sented in this work, data taken with longitudinal polaritehms was relevant. RHIC
its designed to operate at high collision luminosity overidenrange of beam energies
with particle species ranging from polarized protons toviggans. Typical center-of-
mass energies of 200 to the maximum 500 GeV, have been shdwerhigh enough for
perturbative QCD methods to be applicable, and low enougthétypical momentum
fraction of valence quarks to be about 0.1 or larger, guasang significant levels of

parton polarization [7].

3.1 Polarizing Protons

Stable polarization of RHIC is in the transverse direction. il#/transverse spin mea-
surements are interesting in their own accord, for the nreasents presented here it is
the longitudinal polarization of the proton that is of irgst. The longitudinal sum rule
has an explicit term which relates the polarized gluon itistion (Equation 2.15) to the
spin of the proton. Longitudinal polarization at RHIC is amhgd through helical dipole
magnets at each side of the interaction region. These nmsagagtthus rotate the spin
vector from the vertical to the horizontal plane. Injectipgtons into the RHIC rings
begins with an optically pumped polarized hydrogen ion seutPolarization is trans-
ferred from the electrons in the source to the protons in arsed magnetic field. The
Hydrogen beam is stripped from its electrons and other eubpgarticles through elec-

trostatic deflection. The polarized protons are injectéadl @nlinear accelerator (LINAC)
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and to a synchrotron booster. At the end of the booster cyalariped protons are
injected into the alternating gradient synchrotron whiehves as a pre-accelerator to
RHIC (Figure 3.1). Simplifying the details of proton beama@ation, four steps can

be used to describe the polarization of protons at RHIC.
e Intense high quality beam from A(QS
e Polarize in a B-field by selecting the hyperfine states of ortb@Zeeman levels.

e Polarization is achieved by inducing transitions from theupied hyperfine states

(undesired spin direction) to the unoccupied hyperfineest@torrect spin).
e Finally, the beam is ionized in the presence of a B-field togmespolarization.

e The stable spin polarization is in the transverse direction

3.2 Mean Spin Vector

The evolution of the spin direction of an acceleration pakd proton in a collider can

be described by the Thomas-BMT equation:

dj = —;n(GV*Bl +(1+G)B))zP (3.1)

1The alternating gradient synchrotron (AGS) accelerate®ps and heavy ions to high energies. The
applications of the AGS are not limited to RHIC physics. NASpace science for example, uses the
beams from AGS, to simulate cosmic rays radio-biologictat$, to learn about the possible risks to
human beings exposed to space radiation.
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WhereP is the polarization vector expressed in particle’s fra@q,(?u) are the per-
pendicular (parallel) external magnetic fields in the a&@dbr, G is the anomalous mag-
netic moment of the proton ands £. The Thomas-BMT can describe the precession of
the particle, which can be compared to the evolution of agarsubject to the Lorentz

force in an orbital motion in an external field:
d—)
av _L(f;l)xﬁ (3.2)

In a pure perpendicular field to the direction of motion: tp@swill rotate Gy times
faster than the orbital motion. It is&hat will then give the number of full spin pre-
cessions for every revolution. In a circular collider, numes depolarizing resonances
can exist making acceleration of protons a challenge, aneasx® occurs every time the
spin precession frequency equals the frequency on whickpimeperturbing fields are
encountered. These spin-perturbations can be for examyehine imperfection res-
onances such as magnet error and misalignment and intresinances such as those
driven by focusing fields. An imperfection resonance wilsarwhenG~ = n, where

n is some integer, intrinsic resonances will occur widen = nP + v, where n is an
integer, P is the periodicity ang is the transverse (vertical) betatron tune (betatron tune
per period can be defined ag= % where L is the Length of a period. Betatron reso-
nances can occur when the conditiom, + nv, = [ where m, n and | are integers) [29].

During at typical acceleration cycle the stable spin dicgcfprecession cycle) coincides
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with the transverse magnetic field. Close to a perturbingnasce, the stable spin di-
rection is deflected away from the transverse directioningugepolarization. A special
set of magnets calleSiberian Snakewere designed and built to cancel out these spin

resonances.

3.3 Siberian Snakes and Spin Rotators

The acceleration of polarized protons in a circular collidgea challenge due to the pro-
ton’s anomalous magnetic moment. Two Siberian Snakes actatfRHIC to maintain
the polarization stable during the acceleration cycle.dditton to the Siberian Snakes,
spin rotators are employed on each side of the two majordaatien points which al-
low the spin orientation to be altered from the vertical pldo the longitudinal plane.
Siberian Snakes generatel®)° spin rotation about a horizontal axis, the stable spin
direction remains stable as long as the spin rotation by nla&es is much larger than
the spin rotation of the depolarizing resonances. The snlaltee a corkscrew like de-
sign, which causes the direction of the magnetic field tcaspilong the direction of the
beam. There are two snakes in each of RHICs two 2.4-mile-ciietance rings located
at opposite sides of each ring. As the beam moves througm#ies, the magnetic field
flips the direction of spin and simultaneously averages catyrsmaller depolarizing
resonances allowing to maintain a stable polarization @bigsam. The polarization and

luminosity achieved for the measurements presented imiiik can be found in Table
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3.1. Maximum average machine polarization is expected té0be (55% achieved for
this work) with a peak luminosity of 1:6103'cm™2s~!. RHIC is capable of colliding
protons at a maximum center of mass energy of 250 GeV. LuntynasRHIC is typ-
ically limited by beam beam interactions with typical seabkeam stores of 8 hours.
The stable spin direction at RHIC is vertical. The PHENIX dé&te as well as STAR,
have spin added capabilities which allow detectors to chd@nsverse or longitudinal
beam polarizations. These spin rotations are achievedghrthe use ohelical dipole

magnetbased spin rotators (Figure 3.1).

Year || [GeV] || Integrated Luminosity[p—'] | Polarization§?] || FOM
2005 || 200 3.4 49.0 19.6
2006 || 200 7.5 55.0 68.6

Table 3.1: RHIC achieved polarization and luminosity for ffears relevant for the
measurements presented in this work. One pico barn (pb)uial ¢g10~3°cm?. The
figure of merit ratio between the 2006 and 2005 data-set vias-8jure of merit (FOM)
is defined as the polarization squared times the relativenlosity in units of inverse
nano barns@P*L).
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RHIC/SPIN Facility overview

Siberian Snakes

"/

4 shakes ——» :-"
(]

Spin Rotators

PHENIX

Figure 3.1: RHIC Schematic view. Siberian snakes at eactedfth RHIC rings. These
avoid depolarization resonances (imperfection resorsaaee intrinsic resonances) dur-
ing the relativistic acceleration of polarized protonsisliovel technique generates 180
degree spin rotations, canceling out depolarizing restemand allowing stability of
beam. The PHENIX and STAR detectors have the added capatilithoosing both
transverse or longitudinal polarization through spintata Figure taken from[20].
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Chapter 4

The PHENIX Detector

The PHENIX detector is located at the 8 o’clock position at RHt weighs 4,000 tons
and has three large steel magnets which produce high madieddis to bend charged
particles along curved paths. Drift chambers, which trawkrged particles, record hits
along the flight path to measure the curvature and thus detereach particle’s mo-
mentum. PHENIX is a limited acceptance detector. It has wvavérd arms (bottom
of Figure 4.1), and two central aerith a pseudorapidity acceptance |gf < 0.35
(Figure 4.1). These are equipped with fine-grained caldryn&00 times finer than
previous collider detectors, making particle electron@igncluster identification ex-
cellent. The granularity of the electromagnetic caloriendEMCal) isAn x A¢ =
0.01 x 0.01 [3]. Triggering on the central arms allows one to select éetyaof particles

at high-pr, includingz®. The PHENIX muon arms (bottom region of Figure|4.1) cover

lthe central arms are relevant for this work

43



1.2 < |n| < 2.4, they surround the beams and inclyde identifiers, tracking stations

and iron sheets with detectors in the gaps in each sheet.

PHENIX Detector

PC3 I(\Z/Ient:ral
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Figure 4.1: PHENIX detector data taking setup for the ye@@62005. Note that for
the year 2005, the MPC detector (muon piston calorimetes)atsent.
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]
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4.1 Detector Components

The sub-detectors used for thé measurements of this work included the following:

Beam Beam counters (BBC) (Section 4/1.1).

Zero Degree Calorimeters (ZDC) (Section 4.1.2).

Drift Chambers (DC) (Sectian 4.1.4)

Ring ImagingCerenkov counter(RICH) (Section 4.1.6).

Pad Chambers 1 and 3(PC1, PC3) (Section 4.1.3).

Electromagnetic Calorimeter (EMCal) (Section 4.1.7).

Other detectors were also used for studies and will be brigdigussed. However, after
careful studies they were deemed not useful to the analygsms of statistics and pion

identification quality.

4.1.1 Beam Beam Counters

Proton-proton collisions at 998the speed of light can produce many types of events,
some are more common than others. Event selectivity is thusiportant component
to screen interesting events in comparison to more pedesiries. Triggering, as this

selection of events is called, can be achieved by detecfispexific raw data patterns

45



with PHENIX'’s fastest sub-detectors. Algorithms usingomhation from these detec-
tors produce a first estimate of the transverse energy, awatiplicity, interaction time,
collision vertex and the number or species of particles @lectrons, photons, hadrons
etc). One of these important fast detectors in PHENIX is threnB&eam Counter (BBC)
subsystem. The BBCs consist of two arrays each consisting di@bmultiplier tubes
equipped with quarti)erenkov radiators on either side of the interaction regibims
detector can determine the collision vertex to be used asitired point of charged par-
ticle tracking as well as event characterization. The béaam counters can be thought
of as the start of a stopwatch for an event. The BBCs can alsoda@minimum bias

trigger (Section 4.2.2) when coupled with the zero degrémricaeters (ZDC).

Colliding

Figure 4.2: Beam Beam Counters.
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4.1.2 Zero Degree Calorimeter

The Zero Degree Calorimeters (ZDC) are small transverse adr@h calorimeters lo-
cated downstream of the DX dipole magnets in each of the erxpats at RHIC. The
detectors measure neutral energy within a 2 mrad cone at®biEeam directirQi They
are located~ 18m from the interaction point, with a horizontal acceptante:d cm.
Both in heavy ions and in proton-proton collisions, the ZDCsasure energy to count
the number of free spectator neutrons, which is used fortdwe®vent characterization
in conjunction with the BBC.[3] Coincidence signals from deteston either side of the

interaction region are also used for luminosity monitoring

DC East Am DC West Arm

Z‘/_/

Beam Axis

Figure 4.3: Charged tracking in the detector region is cateal by using a Hough trans-
form of the tracks left by passing particles in the drift clieam an assumption made is
that the track is straight in the detector region. See algorEi5.15.

2DX magnets are used to steer bunches so they collide.
3As charged particles are bent away by the DX magnetic field.
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4.1.3 Pad Chambers and Tracking

PHENIX's Pad Chambers (PC) are multiwire proportional chamveéhich form two
(East arm) and three (West arm) separate layers of the teatking system. Each pad
chamber contains a single plane of wires inside a gas volwuaded by two cathode
planes. One cathode is finely segmented into an array ofspix¥hen a charge is in-
duced on a number of pixels from a charged particle trangwgran avalanche starts
on an anode wire and its read out through the readout elécstoSince there are no
sub-detectors within the magnetic field of the central negibe pad chambers can pro-
vide points in space along straight lined charged partrelg¢tories which are outside
of the magnetic field. This capability is of special impoxario the measurements in
this work (Figure 4.1). The innermost pad chamber plandeddC1, is located be-
tween the drift chamber and the RICH on both East and West arhilg pad chamber
3 (PC3) is located in front of the calorimeter. There is an @oldal a pad chamber
(PC2) behind the RICH, however it is present in the West arm amdveas not used for
the measurements described here. The PCs are the only nentipedetectors in the
central tracking system and thus are critical elementseptitern recognition. PC1 is
also essential in determining the three-dimensional mounenector by providing the
z coordinate at the exit of the drift chamber [3]. One of thec@licapabilities of the
pad chambers is particle track identification, particyldor reduction of the electron

background proceeding from particles not originating frive collision vertex. The in-
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formation from PCL1 gives direction vectors through the r'rm@gingéerenkov counter,
while PC2 and PC3 are used to resolve track ambiguities in ther detector. By
accurate recognition of three points forming a straighe lirack through the central
spectrometer, response from charged particle identifgiatgctors (RICH) is ensured as
well as correct correlation of momentum and identificatiérin@ track’s charge sign

from the drift chamber.

4.1.4 Drift Chamber

The drift chambers (DC) provide a high resolution momenturasneement by tracking
charged particle trajectories in the- ¢ direction of the central arms (Figure 4.3). They
are located in the region from 24mr < 2.4 m from thez axis and have a total length
(d) of 2 m along the beam direction. They are placed in a regiomiaofmal residual
magnetic field. Tracks which transverse the gas volume obhere thus expected to
be straight (Figure 4.3). Each arm of PHENIX has two idehtitét chambers, with
volumes defined by cylindrical titanium frames which bouinel 4&zimuthal and (beam-
axis) acceptance of the detector. Each frame is dividedtwmoty equal sectors which
have wire modules stacked radially. These wire modules efmdiscern the quality of
the traversing track by recording hits in space. There argpes of these wire modules:

X1, U1, V1, X2, U2 and V2. Each module contains 4 anode plandglaathode planes

4Track model ambiguities can occur when decay particleddrithe drift chamber tracking volume,
and low-momentum primary tracks curve around PC1 in the miigfield and strike PC2 and PC3. These
can also strike the calorimeter, producing false tracksiergy depositions.
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forming cells with a 2-2.5 cm drift space in thedirection. The X1 and X2 wire cells run
in parallel to the beam to perform tracking measurementsan + ¢ plane (Figure 4.4).
These wire cells are then followed by two sets of small angleand “V” wire planes
which are used in pattern recognition. U1, V1, U2, and V2 winave stereo angles of
about 6 relative to the X wires and measure theoordinate of the track. The stereo
angles in the U and V wire planes can minimize track ambigsiiby matching the
resolution of the pad chambers [3]. Electronically whas timeans is that when the pad
chamber 1 receives a unique hit in the beam axis coordindtes stereo wires try to
verify. When verification occurs a unique UV wire hit will becagded. When a unique
UV hit is not found then UV wires are then consulted for theselst hit. The bit pattern

for hits in the wires are binary and they are defined as follows

e 0 (1) X1 used.

1 (2) X2 used.

2 (4) UV found.

3 (8) UV unique.

4 (16) PC1 found.

5 (48) PC1 unique.

As it can be seen from the above binary patterns, the be&tmatch is 63 followed by
31. 31 indicates that the PC1 may be ambiguous but the UV hasfarpnce among
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choices. In this work, only tracks which had a drift chambsat RC1 quality of 63 or 31

were considered.
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Figure 4.4: Schematic Drawing of X, U, and V planes on PHENIRtift Chamber.

4.1.5 Magnetic Field and Inner Tracking System

PHENIX central magnet is composed of two concentric coilthvai field integral of

roughly 8000 Gauss-meters , which provides a field near tieesiction vertex and par-
allel to the beam. Charged particles will curve in the presafche magnetic field and
will enter a minimum field integral region which coincidestiwihe radius of the first
tracking detector: the drift chamber (DC). The design of PHEMagnets called for a

requirement of not having mass in the apertures of the desgesctrometer. While this
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requirement minimizes multiple scattering and the intéoas with material from parti-
cles, it also means that there is no magnetic field trackinligisvthe inner detectors. One
of the requirements for example, was that the field integrahe ring imagingCerenkov
counter (which lies within a radial distance from the veré&®.4m to 4m) was less than
100 Gauss-m. This was required to minimize the smearingeofitigs associated with
low momentum tracks. The inner PHENIX charged trackingeystonsists of Drift
Chambers (DC) and Pad Chambers (PC1). These tracking detecastira charged
particle trajectories in thé and¢ direction to thus obtain 3 momentum of the particle.
The DC are cylindrically shaped and located in the regiomfeoto 2.4 m from the col-
lision point and 2 m along the beam direction. This placestirea residual magnetic
field with a maximum of 600 Gauss-m. Due to the lack of magretid tracking within
the DC and the PC region, charged tracks in the central gpeeters are reconstructed
assuming a collision vertex in the geometrical center ofbiector. Hit associations in
the DC and PCL1 in conjunction with a track reconstruction rhalased to associate
hits within a window of the track. In order to obtain accuratementum reconstruc-
tion of charged tracks, offline corrections are made to ttiesam vertex and these will

discussed with more detail in Section 5/2.4.
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Figure 4.5: Magnetic field lines for the two central magnelsda combined++ mode.

41.6 RICH

The Ring ImagingCerenkov Counter (Figure 4.6) is a subsystem from PHENIX aéntr
arms, occupying a radial region between 4.2 m>2.58 m from the beam line. When
a charged patrticle passes through the RICH’s gas volumeraieagnetic radiation is
emitted. These occurs when particles pass through the dam@a@t a constant speed
greater than the speed of light and energies above lightieqifTable 4.1) threshold.
Cerenkov photons are emitted from the charged particle dtetted by spherical mir-

rors. These photons are then focused on arrays of photopheris (2560 per arm) as a
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ring (electrons) or disk (pions) shaped pal;Lrﬁosition of theCerenkov ring, or disk
then gives the direction of the charged particle track. Emch of PHENIX has one
RICH detector both identical and flanked by the inner and ouseking stations. The
RICH has a charged pion threshold of 4.7 Ge®hd while electrons can also fire the
RICH at this threshold, pion behavior can be different tham ¢hi@lectrons. Electron
production of photons to electrons due to the photo eleeffect above 500 MeV/is a
constant while charged pion’s is not. Electrons produaogsiior a “corona,” while pions
fire the RICH over a disk due to their smaller light cone. Morepes electron will
fire 6 PMTs in average, while a charged pion’s firing will inese with p- and plateau
around 5 PMTs. In this analysis, light emitted from pionstigdged over a diskr(1),
rather than a ringr{0) to help identify charged pions.1 represents a disk of a radius of
11 cm circling the projected hit location of an identifiedckanside the drift chamber.
To ensure that charged pion tracks are selected, a requiterhe- 0 PMTs is enforced

as this ensures that pions in the sample are above (or efqad€H'’s light threshold.

Particle | Threshold [GeV/c].
et, e” 0.017
[y 35
at, n 4.7
K+, K~ 16
ptip” 30

Table 4.1: RICH thresholds.

SElectrons will emit light in a cone radius larger than pioBe¢tion 5.3).
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Figure 4.6: lllustration of the Ring Imagir@erenkov Counter which shows the reflect-
ing mirror collecting the light emitted by particles aboightt emitting threshold. Arrays
of photomultiplier tubes (PMT) will collect the light and ioeert the photons to photo-
electrons due to the photoelectric effect.
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4.1.7 Electromagnetic Calorimeter

The electromagnetic calorimeter (EMCal) is a laterally segrad array of approxi-
mately 25,000 individual towers each with photomultipliabe (PMT) readout [14].
The EMCal measures the spatial position and energy of pastarioduced in collisions.

It covers the full pseudorapidity)] of the central arms7(° < 6 < 110°). Each of the
EMCal’s two arms cove90° in azimuth. The West arm is composed of four sectors of
a lead-scintillator (Pb-Sc) sampling calorimeter, while East arm has two sectors of
Pb-Sc and two of a Pb-glaﬁvmrenkov calorimeter. The designs of both Pb-Sc and Pb-
Gl are different as the Pb-Sc is a sampling calorimeter whePb-glass is &erenkov
detector. The EMCal plays an important role in particle idaattion, in particular in
shower cluster resolution of particles. The EMCal also gtesian important element
to the triggering system as the EMCal can trigger on rare sweith high transverse
momentum gr) and one can resolve the trigger particle due to the fine ¢matu Sig-
nals from the EMCal are incorporated in Level-1 triggers (®ac4.2.1). The EMCal
system consists of a total of 24768 individual detector niegldivided between the Pb-
Sc calorimeté and the Pb-glass. The Pb-glass calorimeter consists of éators on
the east arm. Both sub-detectors are read out with photghettitubes (PMT) and are

equipped with good energy resolution

5The Pb-Sc provides six sectors of azimuthal coverage.
"The calorimeter has energy and position resolutiorgye&ind7 mm, respectively, for 1 GeV photons
and electrons at normal incidence and gives anass with resolution of 15 MeV/[14].
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4.2 From Raw Data to Reconstructed Files

Proton-proton collisions at RHIC can produce many eventst é@tectors in PHENIX
can perform selectivity to more interesting events with tise of triggering. Trigger-
ing allows data storing to remain within capacity by rapidiciding which events are
interesting enough to keep. The front end electronics (RitB¢ess sub-detectors by
converting detector signals into digital event fragmeface the event is accepted, the
data fragments from the FEM’s then move via optical fiberdodata collection mod-
ules (DCM). The detector subsystems use the following metihodollect and digitize

data for transmission to the DCMs:

1. The data is digitized in real time. The BBC, ZDC, DC, PC, Time Exsjan

Chamber (TEC) and Muon Identifiers (MulD) use this method.

2. The data is sampled and stored in analog form in analog myeumits (AMU).
The analog data is only digitized after receipt of an accephfthe LVLL1 trigger.
The Time of Flight (ToF) detectors, Ring Imagirﬁgarenkov Detectors (RICH),
Electromagnetic Calorimeter (EMCal), and the Muon TrackbtsTrk) use this

approach [3].

In this work, two types of triggered data were used: Minimuradg&d data (MB), where
the data is triggered by the BBC alone (method 1 above) and ERRGEH(ERT) trig-

gered data, where the EMCal and RICH (method 2 above) are usedtas fhe trigger
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coupled with the BBCs (methodLl)

Triggered data is collected and reconstructed offline. Késaseveral months to go
from raw data to reconstructed events which can be of use piyaics analysis such
as this work. Once the data is reconstructed and PHENIX datsa framework imple-
mented (called Fun4All), the data files are classified agngrb types of Data Storing

Tapes (DST), for example:

CNT data from tracks reconstructed in PHENIX Central Arm.

EWG data that for every track there is a hit in RICH.

MWG data from tracks reconstructed in PHENIX Muon Arm.

PWG data from EMC clusters.

CNT, EWG, MWG, PWG, types of DST in addition have other "flavorst@ucling to

trigger selection (MB, ERT etc). These allows saving diskcspl@r outputs, since the
PHENIX analysis framework gives an opportunity to read ipldtdata inputs simul-
taneously during physics analysis. In this work, CNT files &l ws PWG files were

accessed for data analysis.

8The ratio of the trigger rate to the event rate is referrecsttha selectivity of the trigger.
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4.2.1 ERT Trigger

The ERT trigger was used for the analysis of the asymmetries. The ERT trigger
consists the EMCal and the RICH acceptance region separatethiitigger segments.
Each of these segments consist of 9-PbSc-RICH and 16-PbGI-Rigier tiles. When
a particle deposits energy in one or more of the 144 TriggeCBMowers, the energy
of the towers in a 2 by 2 or 4 by 4 neighboring towers is summeiti@shower of the
deposited energy will typically spread over several towégferent energy threshold
values are assigned depending on whether the trigger isdirxat or 2 x 2 towers
overlapping energy sum configuration. When a particle dépesiergy above these set
thresholds a trigger signal of ERTLLI4Lx 4 or ERTLL12 x 2 isissued. The ERTLL1
4 x 4 has 3 versions based on threshold enetgyda, 4 x 4b, and4 x 4c. Each trigger
type requires a 2.1af, 2.8 (b) and 1.4 (c) GeV energy deposit id & 4 tower block
made up of 4 neighboring basic tiles. In this work the 4 trigger of types ¢) and ¢)

were used.

4.2.2 Minimum Bias Trigger

In minimum bias triggering events are selected when a cémge PMT hits on the
BBC modules are recorded. As the vertex of the beam partictapigly calculated, the
electronics calculate if the vertex is within the desireigtaction region of|¢| < 37.5

cm). Output bits of accepted collision points. Timing of gwents is sent to global level
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1 systems which in conjunction with other level 1 data ana datjuisition information,
will accept the signal that is sent to the electronics of teoPHENIX subsystems. In

this work, the MB trigger with BBCLLQ was used.

9A minimum requirement was made that more than zero PMT tubeifi the BBCs.
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Chapter 5

Measurements - Differential

] 3
Cross-sectlonsEfl]g

Two main measurements from charged pions in the PHENIX tmteentral arms are
presented, asymmetries and cross-sections. The goal s# theasurements is to es-
tablish that the measurements of Acan be interpreted in a factorized pQCD frame-
work (Section 2.3.1) and to understand detector responbke.rdaction of interest is:
pp — wtX. Measurements of A, as mentioned in Section 2.3.1, contain three
ingredients under a factorized pQCD framework: the unpodar(polarized) parton dis-
tribution functionsf, ,(Af,,), the fragmentation functions (for charged pions in this
case)D,+, and the unpolarized (polarized) hard scattering crosseses (As). Two of

the three terms which describe the cross-sections in tharasyries of pion production
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are non-perturbative: the parton distribution functiond ¢he fragmentation functions.
Both of these quantities are typically measured from saagesf leptons in nuclei or
lepton-lepton scattering. One key assumption of the faton framework is that the
parton distribution functions and fragmentation funci@me treated as universal. This
means that one set of FF and PDFs can predict a larger setieuwahich can be applied
to proton-proton collisions. It is a goal of the measurersgmésented to verify that the
identified charged pions are consistent with the factorizachework used to interpret
asymmetries. This goal is accomplished by measuring cgge differential cross-
sections which will be the subject of this chapter. The asgtngrmeasurements will be
the subject of the next chapter.

Asymmetries require a clean pion sample and sub-detedioieeties are less im-
portant. The measurements of asymmetries use calorinmgjgerted data and require
calorimeter background removal techniques. Detectoriefittes introduce uncertain-
ties in measurements, however, since asymmetries ars @tidentified yields, they
cancel in the asymmetry, A. In cross-section measurements efficiencies do not cancel
So its important they are known with precision. Therefonehis work events triggered
by the calorimeters and data from the calorimeters are mat ios the cross-section mea-
surements as the response of these detectors to chargedapegonot well known. The
measurements presented in this chapter discuss the methdetérmining differential

cross-sections for unpolarized charged pion production.
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Preliminary steps were taken to assess the quality of dédieectad, i.e. momentum
resolution studies. Detector response and efficiencyeswaere performed with the aim
of understanding detector effects which may affect thetiieation of charged pions at
high transverse momentum. The data used was MB data fromyZ&G6unning.

The organization of this chapter will be as follows:

« Description of 5 4¢.

¢ Global quality checks: Monte Carlo simulations, efficienejycalations and cali-

brations.
e Sub-detector requirements (Identification cuts).

e Detailed description of differential cross-section résahd comparisons to pQCD

predictions.
« Background estimate€i(.5 ).
e Errors.

e Ratios ofr—/n™.
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5.1 Differential Cross—sectionsEgll;‘;

Measurements of invariant yields of charged separatedspi@ne performed as a com-
plementary measurement to the measured spin asymmetiiese Theasurement pro-
vide a verification of the use of the pQCD framework with the pannson to next-to-
leading order (NLO) pQCD predictions. The factorized pQCDrfesvork, as previously
defined, predicts that the unpolarized parton and polagerak distribution functions,
obtained from DIS, as well as the fragmentation functiob$aimed from semi-inclusive
DIS, can be used for the interpretation of A Minimum bias data from year 2006
was used for the cross-section analysis. The correspontiegyated luminosity of the
charged pion sample wag:Ldt =1258366234 crm’s ™!,

The Lorentz invariant form and experimental descriptianstiie calculation of this

guantity are as a follows.

Invariant yield or differential cross-section:

Edga _ o 1 d*o

= Lorentz invariant form 51
dp? prdndprdo  27pr dprdn 1)

(5.2)

64



d? 1 N,
g7 - w+(pr) Experimental definition  (5.3)
dp3 27TpT det ErecoegeoebiasApTAn

. . . . 30. .
Statistical uncertainty mg?.

dBo o | (AN\?  [ANyp\?
A<Ed7p3) B Edp‘g\l( Ny ) +( Nup ) 4

Where:

e p is the momentum of the particle. For the present measurememns quantity
is approximately equal tpr as particles are scattered in the central region of the

PHENIX detectorn| <0.35.

e 1 is the pseudorapidity, describedias- —in[tan(%)], whered is the between the

particle momentuny’and the beam axis

e pr is the transverse momentum of the particle, defined,as=p,/p2 + p2. As
the present measurements are produced in central rapjgitiés approximately

equivalent ta.

e ¢ is the azimuthal angle (see Figure/5.1).

YIn PHENIX || =0.35, however for the measurements of this work, this valag mormalized to one.

65



N+ is the number of reconstructed pions (charge separatedifowbrk) in apr

bin.

€ge0 1S the total efficiency of the geometrical acceptance, maumersmearing, as

well as the reconstruction algorithm.

€reco 1S the total efficiency of the identification technique (Quts

€vias 1S the bias of the BBC trigger.

Apr is the bin width.

[ Ldt is the integrated luminosity defined ad.dt = —Yuz__ where:

Ip+p€BBC

Ny is the equivalent number of sampled minimum bias (MB) evebtsing
the course of data taking a prescale is typically set on cmeckMB triggers. This
means only a fraction of the collisions is sampled to remaitihiov bandwidth
limits. N,,p is properly accounted for prescales, which would typicadlgiuce

the fraction of recorded events.

0,4+, IS the total inelastic cross-section of proton collisions! &7 is the
BBC trigger efficiency. The quantity,. 5+ has been determined afs =200
GeV energies to b23.0+2.2 mb(Section 4.1.1) and this will be the value used in

this work.

66



R
/+

local origin
0.00

Figure 5.1: Representation of PHENIX coordinate system.

5.2 Sub-detector Requirements (cuts), Studies and Cal-

ibrations

This section provides an introduction to the data qualityd&s and calibrations that
were performed before the final cross-sections were meédsubata from polarized
p+p collisions at RHIC was extensively studied to determireedfficiency and quality

of charged pion identification and calibrations specificdbarged particle detection at
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PHENIX. Simulated data was also generated to allow compasiso real data and to
study the detector response.

Cross-sections were measured by identifying a charged @iomple and studying
with great detail the detector response in each sub-detetiiiaed in the measurement.
Efficiencies in each sub-detector were calculated using Hata and simulation each
which will be discussed in this chapter. Identification abqs considered for a cross-
section measurement consisted of the following detectuirements (cuts). Refer to

the introduction of this chapter for the motivation of thesés:

e Collision vertex measured from the BBC of less than 30 cm (abseiue).

e High drift chamber quality track (Referred to as quality of@31).

e Charged particle above RICH light emitting threshold for piph3 GeVE).

e Number of RICH photomultiplier tubes fired above zero and bdlae/within a

disk shape (referred to &s1| >0).

e Transverse momentum range of charged particles betweeth E0aGeV¢t.

e 2 matching of charged track to the radial plane of less tham4(absolute value).

Referred to aszed| < 40cm. (Figure 5.2).

¢ Drift chamber (DC) track projections to pad chamber and EMQ&iojections
should not deviate from actual hits by more thani2 d¢ and dz (Figure 5.3).
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5.2.1 Simulation Data

In order to study detector response to charged pions a fulllsition was performed.
Simulated data was generated first by the use of a Monte Canlalaion (PYTHIA,
version 6.2)[18] and second by a full GEANT [15] simulatiohtbe PHENIX detec-
tor. The main motivation of the simulation was to study detepesponse for the cross-
section measurements. PYTHIA is a program which modelshiasg@space distribution
of relevant particles under study. The model includes hadisift interactions parton
distributions, initial, final state parton showers, mu#ipteractions, fragmentation and
decays. In this work single picﬁlsvere generated and allowed to travel freely within
the detectors geometrical acceptance. The generatedechpigns were subsequently
passed through a full GEANT [15] simulation of the PHENIX elgbr (PISA), which
took into consideration multiple scattering, materiagnaictions, as well as detector dead
areas. Finally the simulated data files were reconstrudeftlaey were real data and a
full analysis was performed.

Thesimulation chain order was as follows:

Single particler®* (PYTHIA)— Detector (PISA)—

Track Reconstruction (CNT files Section 4-2)Analysis.

Dead areas from the DC (Section 4/1.4), PC (Section 4.18Fanenkov counters were

2No polarization information was simulated in any of the Mofarlo studies performed in the work
presented.
SPHENIX Integrated Simulation Package
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implemented in the simulation. The goal was to try to be asechs possible to the real
PHENIX detector. Thsimulation data was generated with the following initial param-

eters:

10° particles for each charget) per 1 GeVp; bin.

In| < O.SH

Collision vertex as measured by BBG&BCvertex| < 30 cm.

2< pr <13 GeVt.

0< ¢ <2.

“Note that PHENIXn| is within 4 0.35.
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Plane at 11.50

Z axis

\\\ Acceptance
\

Figure 5.2: ZED.z coordinate at which the DC track crosses the P&1) When a
charged track crosses thecoordinate, the vertex position is determined by combining
all PC1 and PC3 hits to lines. These lines are projected to #reepnd will be saved
within an appropriate andy window. The peak position of thedistribution will then

be calculated.
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Z, on Detector

Track From __‘_.v-“'('b,0,0)

Figure 5.3: lllustration of projections of reconstructe® Bracks to the EMCal and
the PC. The distributions of the difference between prapacpoints and hits (called
residuals) are fitted with a Gaussian. These projectionsbeansed to minimize the
background from particles not originating from the cobiisivertex.
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Comparison of data and simulation was made to ensure thanited simulated
conditions matched the data fiducial maps and general gepmet accomplish this,
minimum bias data taken during the 2006 proton-proton rua @@amined and com-
pared to the generated simulation. Apart from dead mapsilaied files were analyzed
in the exact same manner as data. Minimal requirements osaaalyzedeal events

included the following:

Minimum beam collision vertex (using BBC) ¢focV x| < 30 cm.

Minimum and maximunmp requiremen@

Strict DC quality of charged trackuality 31 or 63 (Section 4.1.4).

Strict EMCal matching distributions cuts i, |emcsdg| < 2,| emcsdz| < 2

(Section 4.1.7 and Section 5.4).

e Strict PC Matching cuts imr, [pc3sdg| < 2, |pc3sdz| < 2 (Sections| 4.1)3 and

Section 5.4).

e Fiducial Cuts (for the complete set of studies showing thekecial cuts see the
Appendix B) on the DC acceptance as follows:

((cos(8) > —0.002 x BBC'Vtz + 0.016)8.

5The selection op depended of the study performed. The measurements ofshteege performed
within a momentum 5 GeV/<pr <10 GeVE (Section 6.1) whilst the simulation window was extended
to lower and higher values to properly account of momenturaasing effects which push particles to
lower or higher momentum bins.

%These cuts correspond to linear functions which descrilysipal empty areas and/or parts of the
frame which hold the drift chamber see Figure 5.6.
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(cos(0) < —0.0019 x BBCVtx — 0.007))
((cos(8) > —0.0046 * BBCVtz + 0.016)
(cos(0) < —0.00467 « BBC'Vitx — 0.014))
abs(cos(#)) < 0.4

(cos() < —0.0044 + BBOVtz + 0.302)

cos(f) > —0.0042 x BBCVtx — 0.302)

e Dead area maps on the DC and PC which were implemented frdmateeto the

simulation.

e RICH detector firing in a disk shapel > 0 (Section 4.1.6).

e Drift chamber minimumz| (defined aszed|) tracking position of less than 65 cm

(to 30cm depending on the study performed).

Definition of zed Cuts

A useful tracking cut that is done on the measurements pregéna cut inzed. The
zedis defined as the coordinate that a charged track crosses irxtardy plane. Alter-
natively it can be defined as the match of thaxis to the radial plane of a transversing
charged track (Figure 5.2). When a charged track crosses ¢berdinate, the vertex
position is determined by combining all PC1 and PC3 hits tcslifiéhese lines are pro-
jected to the plane and will be saved within an appropriatéexdy window. The peak
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position of thez distribution is then calculated. For the measurementsisfvrk the

main sources of background consist of electrons and pasitndhich do not originate
from the collision vertex. These type of backgrounds havér@ng zed dependence
which will not be typically be found in particles originagrfrom the collision vertex.
Figure 5.4 illustrates these dependencies on simulatekgb@end, whilst Figure 5.5

shows the relative flat distributions of simulated chargea gignals.

30000 —
25000
C pT 4-15

20000 —
15000 — pT 510 |
1o000— | |

3000 __ pT 5-10 w/Matching 8

0 _I 1 L 1 | 1 1 1 | 1 1 1 I 1 1 1 q | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
's0 60 40  -20 0 20 40 60 80

BBC z-zed{cm) charge==-1
Figure 5.4: zeddistributions of data in different bins gf;, which displays the high
tails at high and lowzed(see also Figure 5.15), indicating the presence of secpndar
electron/positron background. The data used for this stuay minimum bias with
standard identification cuts, including a loose matchingc{i®n|5.4) cut of 3 (red
lines).
The generated simulation was consistent with the deteottdfiguration as it can be

inspected from Figures 5.6, 5.7 and'5.8 as well as the figorgxifin the Appendix B,
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Figure 5.5: Simulated drift chambergddistributions forr*. The simulation found
in these figures contain minimal cuts, as the goal was to cigpe shape of theed
distributions. As it is shown above the distributions alatreely flat.

more details can be read in the captions of these figures. |&®mayp spectra after
flat momentum input can be found in Figure 5.9. The conclusidhese figures is the
reproduction of a realistic spectra of pions from simulatién addition to the general
geometrical setup, tracking of the generated backgrourtitjes were also inspected,
as these posed an opportunity to test the identification edetiBackground particles
were generated. Secondary particles were also trackea isitfiulation. Background
particles from decays as they traveled/generated thrdugladceptance region can be

summarized in Section 5.2.1.
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BBC Z{cm) Real Data -Run-06 200GeV

Figure 5.6: Acceptance plots ifws(f) used to make fiducial cuts. These show the
drift chamber’s (both arms) and RICH gaps in simulation (tapd eeal (bottom) data.
Additional studies can be found in Appendix B.
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Figure 5.7: Simulated drift chambexlsvs zedr". The white gaps found in the figures
combine physical gaps in the detector as described abovad86.2.1), as well as dead
maps caused by broken wires within the sub-detectors, aad éectronic channels.
Additional studies can be found in Appendix B and Figurell.16

&
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DC z-zed{cm)
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DC ¢ REAL r Candidates-Std Cuts pT 4-15GeV/c

Figure 5.8: Real drift chamber data/svs zed7~. These figures demonstrate the re-
producibility of the implemented dead maps from real dat@ simulation. Additional
studies can be found in Appendix B and Figure 1.17.
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Figure 5.9:7~ simulated momentum distributions within 4 GeV& pr <15 GeVE.
Top figure shows the spectra after a flat momentum distribuiaised as input. The
bottom figure has momentum weighted distributions by thestion 14.43p51[5] to
simulate a realistic decaying particle spectra in the deteErrors on bottom figure are
histogram bin entries. Abscissayis in units of GeVt. Refer to Figure 1.20 for positive

particles.
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Of 100,000 singler* generated using a single particle Monte Carlo generatdnjmwit
a rapidity of|0.5| and ap acceptance df — 27, 58,007 make it through the detector re-
gion. The reconstruction algorithm88% efficient, with the remaining losses accounted
by the largem (|0.5|) of the simulation with respect to the PHENIX central rapjidj
of |0.35|. 10,532 particles from the simulation do not originate frihra vertex. These
particles originate from decays and material interactidrisese decay particles consist

of the following species:

3969 (7938 pairs) v—ete.

e 2441 - failed to reconstruct at the end of the simulationmhai

e 6,1-ut,u .

© 7,8 9-7% 1t 7.

L 151 371 37! 22 Klong1KShorta K+1 K~.

e 13 -Neutrons

e 154, 2 - Protons, Anti Protons.

o 42 )\

e 430", 0.
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Figure 5.10: zed distribution of secondary electron positron pairs proaagdrom ~
conversions showing the higtedtail dependence.
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Figure 5.11. Momentum spectra of secondary electronHosjiairs proceeding from
v, inset shows the remaining pairs in the sample after preamyi pion identification
cuts are implemented. Inppt is 2 to 13GeV¢. Outputpr is center of bin.
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Of particular interest are the 396%rimary particles that end up ase~ pairs in the
acceptance region. Thesée™ pairs are in fact the type of background which is most
relevant for the identification of pions. Photons will irdet with the material in front of
the drift chamber and produce a copious number of low enetgy pairs. These pairs
are generated close to the DC and within the residual magfietd. Thecte™ pairs
then mimic high momentum pions, when in fact their energyiaseto 500 MeV. The
zeddistributions in Figure's 5.10 and 5/11 show that they haweoagzed(Figure 5.2)
dependence and oveg% can be removed by jaed| cut of 65 cm. A study using stan-
dard cuts (drift chamber quality, matching to pad chamtesg,RICH) show that of the
original 3969y which produce="e~ pairs, only 70 remain in the identified” sample.

This type of background will be again the subject of furthiscdssion.

Pad chamber (PC) reconstruction shows that many simulated jgio not make it
through and are flagged as not recognized or tracked in theletiglotors. These flags
can be caused by not having a probable hit in the pad chandrettse(EMCal) in either
the¢ or z directions. Many of these unrecognized tracks are due t aesas in the sub-
detectors themselves. Exploiting the existence of a tgrtiacking detector, the PC2, in
addition to PC3 and EMC on the West arm, showed that the nunfilraics salvaged by
the use of this additional sub-detector was not sufficieqstfy its use (Figure 5.12).

Table 5.1 summarizes how many pions are lost in the matchatgtditions. Figure 5.13
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Figure 5.12: Number of tracks saved by usiig2 or PC3 rather than jusC3 and
EMC sub-detectors. Only an extré&3or particles are salvaged by the usgf2. The
momentum of the particles is 5 GeMb 10 GeVEt.

Un-reconstructed Tracks

Cut Countsn™ (25777)| not reconstructed()
Emcsd | 388 1.5

pc3sd | 2411 94

pc2sd | 13703 53.2

Emcsdz| 390 1.52

pc3sdz | 2411 94

pc2sdz | 13706 53

Table 5.1: Tracks that do not make the residual distribstidbetailed efficiencies of
these distributions will be discussed in5.4.

shows one of this sample distributions which show typicélies for lost and accepted

tracks. Refer to Appendix C for more figures regarding this\stu
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Figure 5.13:¢ matched tracks that missed reconstruction recognitioneretMCal and

PC3. The left panel show typical Gaussian distributions ckpted tracks, whilst the
right panel shows the single binned values of those tracksftiled reconstruction.
More figures can be found in the Appendix C.
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5.2.2 Energy and Momentum Studies

The PHENIX integrated GEANT[15] package has not incorpdaihe hadronic re-
sponse to the calorimeter. This is mainly due to lack of EM€Esi beam dand the
lack of diverse and dedicated charged hadron detectipn &rger than 2Ge\P. As
explained in last section and in the introduction of thisptbg precise detector response
knowledge is needed for the cross-section measurementsrgyedeposition studies

were performed to evaluate the ERT sarupdmd this will discussed in Section 6.5.2.

5.2.3 Geometrical Acceptance Efficiency

Not all charged pions which are produced in proton prototistohs will be detected
in the geometry of the detector or by the reconstructionrétfyms. The detector ac-
ceptance depends on the design geometry. In this work isisnasd that the efficiency
of detecting a pion can be decomposed into the geometricabsence and each sub-
system’s detection efficiency. The detector efficiency,onhincludes the event recon-
struction efficiency, is summarized in Table 5.2. Figuredsshows a typical trend of
the geometrical acceptance. Most of the lost of particlesoeaatributed to the fact that

there is very limited detector coverage, i.e. there areel@mpty areas of space which

"There exists test beam data at very large momentum, howeven, this data was unavailable for
analysis.

8In recent years which are not applicable to the data usedi®wtork, there have been new detectors
installed in PHENIX. These new detectors have diversifiedhtadron identification techniques, as well
as increased the momentum identification capabilities fotoms, kaons, and pions.

9The ERT sample in this work did not require detailed efficiestudies of the calorimeter as this
sample focused on ratios of yields.
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] Fractional Efficiencies\

pr[GeVid | 7t | 7~

5-6 0.26| 0.26
6-7 0.24| 0.23
7-8 0.22| 0.21
8-9 0.20| 0.19
9-10 0.17| 0.17

Table 5.2: Geometrical acceptance efficiency of chargeaspadtained through simula-
tion of single particles.

have no detectors. The efficiencies found in this study sihatds charged pions with
larger momentum travel to the detector region, the effigielmops. Ratios of pions:;é),

however, do not seem to change much acrgss p

5.2.4 Beam Shift Correction

Since there is no magnetic field in the tracking sub-deteegions (i.e within the drift
chamber (DC), RICH and the pad chamber (PC) regions), chargadtiathe central
spectrometers are reconstructed assuming a collisioexverthe geometrical center of
the drift chamber. Hit associations in the drift chamberfustipad chamber (PC1) com-
pared with a track reconstruction model are used to aseduigtwithin a window of the
track. In order to obtain accurate momentum reconstruaiforharged tracks, offline
corrections are made to the collision vertex. Displacemehthe collision vertex from
the detector’s center can be caused by a shift of the beanotdnis axis or detector
mis-alignment as the central spectrometers in PHENIX cénrréhe x direction dur-

ing detector access periods and normal beam operationse Megtex displacements,
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Figure 5.14: Detector acceptance withip;awindow of 5< p; <6. Top panel are ™,
whilst bottom panel are~. Fluctuations point to point in histogram are due to hishogr
binning. Similar studies can be found in Appendix D.

which are called offsets, affect theandy coordinates as they are related to the

(Figure 5.15) slope, which are in turn used during momentacktreconstruction. To
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calculate the amount the collision vertex was off-centeneitie datQ, proton data un-
der zero field conditions were analyzed. Zero field data isrtaknder zero magnetic
field settings in the PHENIX detector, therefore the magretice will not act on the
charged particles which otherwise bends their trajectdry.center the distribution of
the shifted vertex of the expected straight trackstlad¢ of charged tracks recorded
by the drift chamber were studied. Since tracks are expéotbd straight in the central
arms, anypy-dependence of the measured track’s azimuthal amglgiyes a numerical
measurement of the offsetsxr(XOffset) andy (YOffset). Two main components were
corrected in this portion of the analysis: an actual beaift ahd a misalignment caused
by the detector central arms being moved during detectcaszsqmerio@. A beam shift

is indicated by measuring non-zexand y contributions which are equal in magnitude
in East and West arms. A non-zeracomponent that has a different magnitude in the
West and East arms is an indication of a detector misalighm€nrrections to both
effects are done simultaneously as these effects are notidied in this analysis. In
addition, a momentum scale correction was extracted frenoffset measurements. By
plotting o vs ¢, one can then transform from polar coordinates to Cartesiaxtract
the remaining andy offset components. The values thus obtained can be theredppl

to the applicable data via a master recalibrator that talesetcalibration constants and

100nly 2006 data was calibrated for beam shift effect by thé@uof this work, 2005 data was not
calibrated.

During the beam operations, access to the detector is fiwhidas short lived radiation is present,
when the beam is not present -or it is "dumped” in colliderglaage-researchers and technicians can
access the detector and make adjustments or repairs bygrollit the central arms.
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recalculates the momentum. These corrections were madaldedo all physicists, and
in addition, the method of calibrating the beam shift in PHEMas standardized. Ge-
ometrically, an actual offset can be defined asdependence on the of the traveling

charged patrticle:

XOf fset *sin(¢) n YOf fset * cos(¢)

o offset =
RDC RDC

(5.5)

where Rpc = Drift Chamber radius = (220 cm). In this calibration, onlyfdchamber
tracks of highest quality and probability were selected,flots ofa vs ¢ were first ex-
amined and fitted run by rg’ﬁ and finally were examined and fitted bﬂlto combine

statistics (Figure 5.16).

Beam Offsets
XOffset | West | fill 7621: | -0.27 cm
XOffset | East| fill 7621: | -0.03 cm
YOffset fill 7621: | 0.19 cm
XOffset | West | fill 7641: | -0.29 cm
XOffset | East| fill 7641: | -0.05 cm
YOffset fill 7641: | 0.20cm

Table 5.3: Drift Chamber’s non-zeroandy values found after analysis of zero field
runs. They values are representative of both East and West arms, whelgtvalues are
separated by arm.

12A run is topically a fully data file which records several h®off proton collisions, when the proton
beam is circulating the beam under stable conditions.

13A fill is defined as the time period encompassing one completehine cycle. This includes the
injection, acceleration, storage of colliding beams ardkemith a beam dump.
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Figure 5.16: Fill combined fit ot vs ¢ plots. top (bottom) figure is East (West) arm. The
points which seem to be out of range of the fit on the top figueedae to a large dead
segment of the drift chamber, and thus statistics are ldniitethis region. (Figure 5.8
and Appendix B).
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Figure 5.16 revealed that whilst the offset valuey inere consistent in magnitude
in both East and West arms, tlkeoffset values were not (Section 5.3). This gave an
indication of a detector shift as described above and thd tedave corrections for
thex offsets separated by PHENIX's West and East arms. There twereross checks
made to determine if the corrections obtained were accufdte first one required the
submission of the found offset values to a localized copyhef PHENIX calibration
database. This applied corrections over the zero field data veam center recalibrator
modulL‘. Once the recalibrator corrected for the beam shift, inspeof ¢ were re-
peated to observe any dependence @Rigure 5.17). If these dependencies disappeared
and the transversing charged particles did not showasgpendencies, then the correc-
tions were made permanent to PHENIX's official database gaitadle to all physicists

interested in the same data-set.

14This part of the calibration was only visible to the authothi$ work.
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Figure 5.17: Drift Chamber’a vs ¢ distributions after corrections. Top (bottom) panels,
represent the East (West) arms.
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A second verification was performed to the beam shift caiitaina over all data col-
lected in 2006 for proton proton collisions gfsyy = 200 GeV with the magnetic
field on. Using other charged particle detectors, partislesse mass resolution is well
known were identified. The mass-squared of protons and eotibips- was measured
using the Time of Flight. (The time of flight is a limited act¢apce detector in PHENIX,
which can identify a variety of charged particles[3] at lowwmentum ranges). A beam
shift in the data can be detected by looking for a shift in thessnsquared value in
opposite directions for protons and anti protons due to tagmatic bend the charged
particles experience. The mean of th@ndp mass distributions will not only differ from
the established world value referred in the particle datki{pDG)[13], but thesg and
p values will be shifted in opposite directions accordingheit charge (Figure 5.18,
top panel). Once the beam calibrations were applied to thee (ff@gure 5.18, bottom
panel), one can see that not only do the mass values becognedlior thep and7p,
but the width of their mass distributions were also narreuwicating higher precision.
The actualn? value obtained from calibrated and p tracks is then used to obtain a

momentum scale correction, which will be described in thi®fang section.

5This is known at PHENIX to high resolution with other detastand is used as verification of the
tuning of the detectors.
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Figure 5.18: Mass-squared using the time of flight of idezdiforotons (blue) and anti-
protons (red). Before (top) and after (bottom) beam shiftextdions.
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5.2.5 Momentum Scale Correction Using Protons and Anti-protons

Using the Time of Flight sub-detector, the mass-squarddhlision of protons and anti-
protons was measured and compared to that from the paratéebiok [13]. Charge
separated mass-squared distributions within an massestjuange of 2 (GeV#)? >
m? >(0.5 GeVF?)?, measured with high quality drift chamber tracks within amemn-
tum range of 1.0 GeV/ <p< 1.8 GeVE, were studied (Figure 5.19). A clear narrow
peak was obtained and the signal and background was fit taageegree polynomial
plus a Gaussian. The mass-squared values obtained front fbe frotons and anti-
protons was 0.906:0.001 (GeV¢?)?. Using the Time of Flight as the main detector for
identification, a simple relation (Equation 5.6) connebtsit? obtained to the momen-

tum of the particle:

m? = p* x \Jt2/(L? — 1) (5.6)

wheret andL are known variables indicating time of flight) ©f particle and distance
(L) from collision to detector respectively. The peak of 0.96éV/c?)> compared to the

PDG value of 0.880 (Ge#)? yields a scale of/0.97 or 2% from unity.
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second degree polynomial plus a Gaussian.
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5.2.6 Beam shift Cross Check Using Charged Pions

A final validation of the calibration was performed by insfec of highs; charged pion
candidate spectra. As pions fire tBerenkov counter at around a pf ~4.7 GeVE, a
mismatch of the turn on curves could be an indication of beanter misalignment.
The verification, in particular, tested the longitudingtiglarized data, which was the
data collected towards the end of the 2006 data taking J;fria@rification was done
with inspection of theerenkov light turn-on threshold for charged pions. Thibtligirn

on could be clearly seen around 5 Ge¥ar both charged species matched at the same

Cerenkov radiation threshold of 4.7 Ge\(Figure 5.20).

16The calibrations performed, were applicable to a wide datawhich included both transverse polar-
ized and longitudinally polarized proton beams.
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Figure 5.20: Highpr charged pion candidates firing the RICH. RICH threshold for pions
highlight the peaks of both™ (blue) andr~ (red) at 4.7Ge\W as expected.
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5.2.7 Momentum Resolution of the Charged Tracking

The DC in PHENIX’s central arms provides the tracking forthigsolution transverse
momentum measurements of charged particles. The driftaimenization electrons in
the gas is used to calculate the position of the ionizingigartthus there are factors
than can degrade the spatial resolution of the momentumurerasnt, such as elec-
tron diffusion and electronics signal time start uncettainfo measure the resolution
of the momentum for the charged tracked data used in this ,watx methods were
developed. The momentum resolution, using the same zedodah discussed on the
previous section, was calculated and compared to a sindutitector response data
with similar detector dead channels and/or maps as thosel fiouthe data under study.
The main motivation for this measurement was primarily talelssh and standardize
the procedure. The results obtained are used as a systaratiquantification of the
momentum, as well as accountability of detector’s finite raatam resolution for a

cross-section measurement.

Procedure for Momentum Resolution Determination

The procedure entailed comparing the azimuthal ang)e€solution to that found in
simulated data. To first order the momentum is measureddmncording to Equation 5.7,

where the constant in the formula corresponds to a magnelicifitegral kick ofK;:
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K, = constant /lel

RDmftC’hamber
(5.7)
1
a = Kyx- (5.8)
p

As a result of Equation 5.7, a first derivative will give a ficstler measurement of

the momentum resolution:

daxpp = K((Spi) (5.9)

The constant can be extracted from data and compared teswvaliti@ned in simula-
tion. In this measurement, MB data was use¢/at= 200 GeV. The results of measuring
« and comparing data and simulation can be found in Figurefér2d— and Figure 5.22
for 7. The magnitude of the values of the constant from these fgare.10|, a value
consistent for both charges and in perfect agreement betgagaples. The consistency

between data and simulation indicates accuracy imlield configuration.
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Figure 5.21:« vs Z% of 7~ and negative charged tracks. Comparison of data collected
from 2006 with a minimum bias trigger (top panel) and simola{bottom panel.) Sim-
ulation consists of single particle pions.
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Momentum Resolution Obtained from Zero Magnetic Field Data

As mentioned several times in this work, the momentum scefedds on the mag-
netic field in the path of the charged particles. Momentunoemstruction is performed
assuming the beam vertex is located at the geometricalrogfitee drift chamber (Fig-
ure/5.15). This means that momentum will also be affected Balignment of the
central arms or a shift of the beam vertex. Calibrations werdopmed to these mis-
alignments and the results of these were already discuss8ddtion 5.2.4. Similar
to previous sections, the distributions were inspected, however for this part of the
measurement, the precision @fwas important as the momentum resolution was un-
der study. Figure 5.23 shows the measutedistribution for the data sample relevant
for the measurements presented in this work. The distdhatdf« is fit with a dou-
ble Gaussian function and the fitting parameters yield teelution given by the drift
chambers and the charged tracking reconstruction. Thdwidhe distribution for Fig-
ure|5.23 isl.3mrad (Equation 5.9). The Figures 5.24 show similar distribusiovith
minimum energy requirements of of 500 MeV (top panel) andi@e¥ (bottom panel).
Since the measured angle distributions are taken with zegnatic field conditions, a
multiple scattering term exists which is mainly caused by fnomentum particles. A
minimum energy requirement can thus help estimate thisesoag term emerging from
the otherwise low energy particle background. The resmiuvith a minimum energy

requirement of 500 MeV i4.1 mrad. Similarly, a cut of 800 MeV gives an resolu-
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tion of 1.1 mrad which summarizes to a resolution of % obtained from real data

(Equation 5.9).

h
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Figure 5.23:« (rad) resolution and yields from zero magnetic field datee fitst three

parameters correspond to the result of the Gaussigrfih this case is the width of the
Gaussian and it represents the resolutiomrad of the drift chamber's.. (Figure 5.15).
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the resolution irmrad of the drift chamber'sy (See Figure 5.15).
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Momentum Resolution from Simulated Zero Field Data

Simulated single pions were generated and exposed to deggmimetrical conditions
as it was discussed in Section 5/2.1. PHENIX sub-detectofigirations were incor-
porated with the notable exception of the magnetic field civhwas set to zero to allow
comparisons to data presented in previous section. Thdatiead distribution was flat

in a range 2-10 GeV/ The measurement af from these studies showed a resolution
of 0.63%pr and1.1%pr when the tails of the distribution were not ignored. The ealu
of 0.6% from the limited range Gaussian shown in Figure 5.25 andrEi§26 is lower
than the resolution obtained from zero field data, howeverdhger Gaussian from a
double Gaussian fit matches the data. Note that the simutai®egle consists of pure
charged pions at highr. In contrast, zero field data from real proton proton cailisi
events contain a much widet- range. Furthermore, data consists of all charged parti-
cles proceeding from proton proton collisions combinedhain underlying background
and a multiple scattering teﬂﬁnp It is thus a reasonable find that the momentum resolu-

tion is lower in a simulation of pure charged pions. In thetrsbsection, the multiple

scattering term is estimated based on material interatdimgths.

7For real data, a narrow Gaussian is selected. For simulatiaccdnsisting of pure highy7+ select-
ing the narrow Gaussian of a double Gaussian fit may be misigaath ignoring the tails may give a too
good of anw, thus a limited range Gaussian or the bigger Gaussian mayaginore accurate description
in this case.
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5.2.8 Estimate of the Multiple Scattering Contribution to the o« Res-
olution

As revealed in the previous section, the momentum resolutiocharged tracks at
PHENIX is limited at high momenta by the drift-chamber’'saksion and at low mo-
menta by multiple scattering. A minimum energy depositieguirement of 500 MeV
and 800 MeV from the measuredin the data can give an estimate of the multiple scat-
tering term (Figure 5.27) as this affects low momentum pkesi scattering of detector
material. Two energies are used to check the variations@mtlitiple scattering term
estimate. The hadronic interaction energy, which becomg®itant above the mini-
mum ionizing particle threshold of 300 MeV, is not known iretRHENIX simulation
package. No high energy test beam data exists which wouleddeu to understand the
detector response to hadron energy depositions in the@beagnetic calorimeter. An-
other method is used to measure the multiple scatteringeéstimated by the minimum
energy deposition requirement of 500 MeV in reconstructetged particles. The av-
erage multiple scattering contributions at an arfgle and at the distancg in the drift

chamber radius, which is 220 cm (Figure 5/2.8), can be esptkas:

Aoz = emsR/Rdc (510)

The multiple scattering contribution can be calculateachgsising the interaction
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Figure 5.27: Illustration showing the multiple scatterintgractions.

data on materials which are relevant for the PHENIX detesgttings (Table 5/4). The
estimated scattering combined term from materials is 0.2&dmwhich is consistent
with the estimate made with the minimum energy requiremeavipusly (0.23 mrad
and 0.26 mrad). In the simulation, it is not expected that dipte scattering term
should contribute as particles are selected at high momeftom a pure sample of

charged pions.

112



] Multiple Scattering Contributions \

Material Thickness (cm) o(X/Xo-mrad) | R(m) | 0,,s(mrad) | J,(mrad)
Be Beam pipe 0.3 0.04 | 0.58 0.01
DC Mylar Window | 0.2 0.07 20 |0.26 0.24
Total 0.37 - - 0.26

Table 5.4: Materials in front of the drift chamber and thestimated contribution té,,.
The values correspond to the uncertainty in the momenturmaieed in Formula 5.9.
Resolution in mrad directly translates to an uncertaintyh@erhomentum. X/Xo is the
contribution due to the radiation length.

5.2.9 Summary of Momentum Resolution Studies

The momentum resolution obtained from data for highcharged tracks wa$, /pr =
1.1%pr. The multiple scattering term was measured with a minimuergnrequire-
ment and material data interaction information. The olgdigalue of 0.3 mrad only
affects lowpr tracks (which are not the subject of this work). The lpwand highpr
resolution is thus,, /pr = 0.3% ® 1.1%pr. The simulated data yields a high angular
resolution 0f0.6%pr using single highy; charged pions as input to detector simulations.
The difference of the momentum resolution from data and kitimn is assigned as a

systematic uncertainty.

5.3 Ring Imaging Cerenkov Counter (RICH) Studies

The main method of identifying charged pions in PHENIX, a transverse momenta
of interest, is by looking at produce@erenkov light in the Ring ImaginGerenkov

Counters. This gas detector has a high angular segmentaitiopyns emitting light
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Particle | Emitting threshold(Ge\/)
et,e” 0.017
wt, 3.5
T, 4.7
Kt K~ 16
ptp” 30

Table 5.5: PHENIX RICH thresholds for various charged pagticl

above 4.7 Ge\W because of the CQOradiator within the RICH gas vessel. All particles
that produce light in the RICH are listed in Table 5.5. For lightitting particles, the
charged track will be identified in the drift chamber. Thigial drift chamber informa-
tion will be used by theCerenkov counter to reconstruct a projected hit around a ring
or a disk corresponding to the cone of light from the traxglparticle which will be-

gin to radiate light. The measurements presented in thi& wa@ only concerned with

5 GeVik <pr <10 GeVEt as this range provides the maximum gluon-quark scattering
contribution (Figure 2/3). Within this momentum range onfy, e* andy* can produce
Cerenkov light. Primary electrons and positrons as well asmathave lepton to pion
production ratios aroungl0—*. Thus primarye* and ;= which emit light in the RICH
pose little contamination threat! e~ which do not come from the vertex will emit light

at nearly 9% efficiency. It is thes€erenkov light emitting particles which are studied

further in the following sections.
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5.3.1 Separating Pions from Electrons with the RICH

The RICH has a charged pion threshold of 4.7 GeVahd whilst electrons can also
fire the RICH at this threshold, pions can be distinguished fetectrons. Exploiting
these differences can help in estimating the electron postiackground. Production
of photoelectrons (electrons released or ejected from #oplextric substance having
absorbed energy from incoming light) in the RICH proceedingfelectrons above 500
MeV/c is constant whilst the number of photomultiplier (Pri;bes firing increases
steadily for pions with a plateau around 5 GeVElectrons produce distinct rings or
a “corona,” while pions, having a smaller cone radius, wik fihe RICH over a disk.
Moreover, an electron will fire six PMTs in average, while aiged pion’s firing will
increase approximating the efficiency of electrons witleasingy; and plateau around
five PMTs. The radius of th€erenkov cone of light was studied by analyzing the disk
of light produced by particles. The variable which meastinesdisk is called:1. nl
represents a disk of radius 11 cm encircling the projectetbbation of an identified
drift chamber track. To ensure that charged pion tracks elexted, a requirement of
more than zero PMTs is made (Figure 5.28). Figure 5.29 shbev&xpected turn on
curve for charged pions around 5 GeV/A ring of detected light+{0) (Figure| 5.30)
was also studiedn0 represents hit PMTs in a ring with inner radius 3.4 cm androute

radius of 8.4 cm around the projected track on the PMT platiesoRICH. The expected

18photocathodes that convert photons to photoelectrongigiphiotoelectric effect.
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Figure 5.28: Number of RICH photomultiplier tubes firing in theinity of a projected
DC track. The red histogram shows the number of tubes firedliskaarea §1), while
black is a ring £0). Data correspond to the full 2005 data sample. Tlais represent
the integer number of PMTs being fired, while thaxis represents the number of par-
ticles. Black histograms start atvalues of zero while red histogram startzatalues of
two.

radius of aCerenkov ring emitted by an electron is expected to be 5.9 nthttee width

of 4= 2.5 cm around this corresponds to the position resolutich@PMT. Figures 5.30
to[5.32 show the RICH turn on curves as a functiopgffor 7+ ande*e~. The pions
are separated from thé @s can be clearly seen in the distributions. These figurés wil

also be relevant in the next section.
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Fractional Efficiencies
<N >, etnl|etn0 | 7tnl | 7¥n0
pmt> 0 0.98| 0.98| 0.71| 0.67
pmt> 1 095| 0.98| 0.71| 0.54
pmt> 2 0.86| 0.96| 0.58| 0.33
pmt> 3 0.65| 0.89| 0.38| 0.16
pmt> 4 0.39| 0.71| 0.17| 0.06
pmt> 5 0.14| 0.40| 0.05| o0.01

Table 5.6: RICH efficiencies within the momenta range of irgefer this work of
5 GeVi <pr < 10GeVE. nl represents a disk size whilé) represents a ring size,
refer to the text for details.

5.3.2 Efficiencies of RICHe* and 7+

With the use of a Monte Carlo simulation, the efficiency of sefg zero to six or

more photomultiplier tubes (PMT) in the RICH was evaluatedjuFes in the previous
section showed typical firing trends (Figure 5.30). The $ation entailed generating
both pions and electrons and selecting a minimal numberb&stuequired. The results

of these studies are in Table 5.6 and also in Figure/5.31.
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Figure 5.31: RICH simulation response to pions vepsuat different photo multiplier
tubes firing requirements versps, Black is no requirement, red 1, blue> 2, green
> 3, pink > 4, mustard> 5, black fill > 6.
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Figure 5.32: RICH turn-on for electrons using a digk), Abscissa is the; and they
axis is the average number of PMTs being fired.

It is clear that using a disku() retains more charged pions that a ring). It is also
evident that a RICH firing requirement greater than five PMTainstonly5% of pions
in the sample, while it keep®% of electrons (Figure 5.32 and Figure 5.33). A detailed
study of the disk+#{1) efficiencies can be found in Table 5.7, where the efficienaie
calculated in 1 GeV/py increments. The electron’s efficiencies are also calcdiatthe
low pr region, as it is the low momenta electron originating frontenal interactions
that become the main source of background for highcharged pion measurements
(Figure 5.31).

Real data taken with the ERT trigger (Section 4.2.1) was dlsdied to calculate
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Fractional Efficiencies
pr[GeVlic] | nl.e >0 | nlx >0 | nl.x >4 | nl+ >4 | nl.+ >5| nl,+ >5.
2-3 0.98 - 0.71 - 0.38 -
3-4 0.98 - 0.71 - 0.38 -
4-5 0.98 - 0.69 - 0.40 -
5-6 0.98 0.57 0.69 0.02 0.42 < 1%
6-7 0.97 0.71 0.69 0.09 0.40 0.02
7-8 0.98 0.77 0.67 0.18 0.37 0.05
8-9 0.98 0.80 0.67 0.26 0.38 0.08

Table 5.7: Simulated RICH efficiencies py bin of n1 for low and high reconstructed
momentum electrons, and high momentum pions. Efficienciex® walculated using
clean DC tracks from simulation.

the efficiency of the RICH detector. However, this study mafolyused on background
electrons fronry conversions (Section 5.6) which occur away from the vertéke
efficiency obtained for these electrons and positrons imagtd to be 4%. Details of

this efficiency will be discussed in Section 6.7.
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5.4 Track Matching

Track matching is used as a background removing tool. MaggcHistributions (Fig-
ure 5.3) are projections of reconstructed DC tracks to th€€BMind the pad chambers.
The outer detector in PHENIX’s central arms are two dimemalioin azimuth and in
beam direction. When drift chamber hits are tracked, thajettories are projected to
each of the outer detectors. The distributions of the difiee between projection points
and hits (called residuals) are then fitted with a Gaussidre miean and the sigma of
the distribution depends on the track momentum and on thgyetaand direction of the
track.

These projections can be used to reduce the background froomdary particles,
such as decays and conversions or any particle not origgthitom the assumed vertex.
One can then apply cuts on the deviation of the position ofaitteal associated hits
from the track model projection. This is usually evaluatethtive to the momentum
(and, in the case of the EMCal, incident angle) in standardatiens. Close matching
cuts make an excellent tool for eliminating background ecafrom conversion pairs.
In this analysis, a matching cut ef,; < 2 was required for the cross-section analysis.
A looser matching cut of.,;, < 3 was additionally required for the asymmetries as this
sample was less contaminated than the cross-section dapdesalhe remaining data
was then studied to estimate the background correctiorti(3e8.6). The mean of the

distributions are expected to be centered at zero wittwadth of one for a normalized
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o distribution. This is generally true for the signal regidtowever, as studies for this
work show, particularly when using the 2005 data - see Apperand Table E.0.3, the
background may not have matching distribution centereceat and typically will be

non-Gaussian. Furthermore the signal region may have tbhegyparametrisation and
thus will incorrectly have broader Gaussian shapes. Caorecto such distributions are
crucial if they are to be used as part of the background remlucCorrections were done

to all the data samples under study, including the follovdata-sets:

e Simulated data (Section 5.2.1).

e ERT triggered data from 2005 (Section 4.2.1).

e Data from 2006 both MB trigger and ERT trigger.

The summary of corrections can be found in following sediofhese corrections are

calculated in bins ofr and charge. See Tables A.9 and A.10 for the corrections per-

formed to MB data and Tables A.11, and A.12 for the ERT samftiditional correc-
tions can be also found in the Appendix. Simulated data wss studied to check the
efficiency of requiring a matching window and also to vertigtthe widths of the simu-
lated distributions had a mean zero andf one. The efficiency of the pad chamber (PC)
requirements were found to be consistent acpgsand charge i units of d: and db.
The distributions were not exactly the expected valuesamtiqular the distributions for

simulatedr™ were shifted slightly off centered. Both fits of and7~ were narrower
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than the expected of one by abou20%. The summary of the mean aadf matching
distributions for the simulated sample are in Tables A.1/Artl To calculate the effi-
ciency of maximunv tolerance, the distributions were first normalized to a mafa

ando of one before the efficiency was calculated.

5.4.1 Study of Matching Distributions by zed

The efficiency of thaedcut& was described in Section 5.2.1. What are mainly consid-
ered in this section are the inspections of the matchingibligions (deviation of track
and projected hit) in minimum bias (MB) data to estimate argade requirement on
the zedthat will minimize the background contribution to the sigrféigure 5.34 shows

a typical distribution of high particle hit densities (maparticles preferentially hitting
one area of the detector)atdgreater than 40 cm and outside a matching windowof 2
These lie on the negative or positive mean of the pad chamathing distributions de-
pending on the charge under study. These studies, in cotinmnith the studies found

in Figure' 5.35, where the high density areas in dark marolso, show the high par-
ticle hits on thezededges (abovél0 cm|). These distributions were cut redslices
and fit with single Gaussians. The mean of the matching digians show a trend of
mean shift which is also charge ameldposition dependant. The complete studies of all

pr bins andzedintervals of interest can be found in Appendix G. Anothereslation

19Thezedis defined as thecoordinate which a charged track crosses withix andy, z (x andy being
the central plane and z being the direction of the beam) ¢oate system with a radiusof 220 cm.
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which becomes evident by looking at Figure 5.36 is that thichiag variables i are

not as sensitive to aeddependence as the matching distributiong.inThe summary

of these observations lead to a maximum{| requirement of-40 cm on the MB data
sample. The ERT (Section 4.2.1) triggered data used fordhemetry measurements
also has a maximunxed| requirement, however, this one is a looser requirement of 70

cm and will be discussed in Section 6.5.

Figure 5.34: Correlation of high density hits of PC and EMCalahimg distributions in
¢. The units of the matching are in while the units ofzedare in cm. Left panel are
positive tracks, while the right panel are negative tradkee distributions correspond to
minimum bias data from the year 20Q6: is 5 GeVE to 10 GeVt.
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Figure 5.35: Correlation of high density hits of pc3sd zed The units of the matching
(deviation of track and projected hit i) are ino, while the units ofzedare in cm.
Left panel are positive tracks, while the right panel areatigg tracks. The distributions
correspond to minimum bias data from the year 2@@6s 5 GeVt to 10 GeVE. To note
from these figures are the high tails and red areas whichseptréigh concentration of
particles and background contributions.

Figure 5.36: Correlation of high density hits of emcsdzed The units of the matching
(deviation of track and projected hit in z) are df) while the units ofzedare in cm.
Left panel are positive tracks, while the left panel are tiegdracks. The distributions
correspond to minimum bias data from the year 20QGs 5 GeVEt to 10 GeVEt.
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Figure 5.37: Zed vs pcds of positive and negative tracks showing the areas of high
density track matches on the region of 5 GeV¢ to 6 GeVe. Similar studies can be
found on Appendix G.
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The matching distributions were more carefully inspectetid cmzedintervals and
fitted to double Gaussians. These inspections were firshptssto search for indications
of how the background is changing and verify that the higtigarhit trends on the
edges of theed distributions observed in Figures 534, Figure 5.35 andf€i$.37 at a
10 cmzedinterval level. The results of these inspections can bedamAppendix G
and on Tables A.13 through A.20. The narrow Gaussian fitsegeesentative of the

signal region, while the broad Gaussian represents thegbawkd.

5.5 Drift Chamber Efficiency Study

The drift chamber is important in the detection of chargedtks and their momen-
tum. The efficiency of using different drift chamber trackatity cuts was calculated
using simulated pions which survived the detector simoationditions (i.e. magnetic
field settings, identification cuts). The result of requirenhigh quality DC track (Sec-
tion/4.1.4) resulted in an average efficiency acrgsfor both charged types of 85%.

Refer to Section 4.1.4 for more details on the drift chamberfeR® Table 5.8 for a

summary of the efficiencies.

130



Drift Chamber (DC) High Quality Cuts
Charge| pr[GeVIc] | Fractional Efficiencies
7t 5-6 0.82

6-7 0.85
7-8 0.86
8-9 0.86
9-10 0.88
T 5-6 0.82
6-7 0.85
7-8 0.86
8-9 0.87
9-10 0.87

Table 5.8: Efficiency of drift chamber extracted from simathcharged pions. Quality
is described in Section 4.1.4.
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5.6 Efficiency ofzed Cuts

zed is used as a background elimination tool in the present wbinlke.zedis defined as
the z coordinate which a charged track crosses the radial planiehveorresponds to a
radiusr of 220 cm and the drift chamber (DC) position from the origimg(fes 5.15
and'5.1). Thezedis determined by using information from unambiguous PC1Ipixe
clusters. If a pad chamber cluster is ambiguous, then wicgrmation from the DC is
used. In this work an uppéted| limit is applied (i.e.|zed| < 40 cm), which proves to be

a powerful tool in eliminating background from particlestldecay far from the vertex
or particles which are produced within the residual magrfetld and thus are bent. The

efficiency of cutting on the outer edges of BJ;%coordinate of a track is summarized in

Table 5.9.
Fractional Efficiencies
pr[GeVic] | <70cm| <65cm| <60cm| <55cm| <50cm| <45cm| <40cm| <35cm
7 | 5-6 0.84 0.79 0.72 0.67 0.61 0.55 0.49 0.42
6-7 0.85 0.79 0.73 0.67 0.6 0.54 0.48 0.42
7-8 0.85 0.8 0.74 0.68 0.62 0.55 0.49 0.43
8-9 0.85 0.79 0.73 0.67 0.61 0.55 0.49 0.43
9-10 0.86 0.8 0.74 0.67 0.61 0.55 0.49 0.42
pr(GeVic] | <70cm| <65cm| <60cm| <55cm| <50cm| <45cm | <40cm| <35cm
7t | 5-6 0.84 0.78 0.72 0.66 0.6 0.54 0.48 0.42
6-7 0.85 0.79 0.73 0.67 0.61 0.55 0.48 0.42
7-8 0.85 0.85 0.79 0.73 0.67 0.61 0.55 0.48
8-9 0.85 0.79 0.73 0.67 0.61 0.54 0.48 0.42
9-10 0.86 0.8 0.74 0.67 0.61 0.55 0.49 0.42

Table 5.9: Efficiency ofzed cuts extracted from simulated charged pions, where
|zed| <N is applied, N being distance from the vertex in cm.

In addition to the simulated piormedefficiency calculationsy from 0-10GeV¢ pr

20Geometrically, the maximum absolute valuezar the central detector region is 75 cm.
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were simulated to investigate tlzedefficiency of electrons proceeding from low mo-
mentum photons — e*e~ which interact with the material. Of 1,964 334c¢te™
were produced. The efficiency of tzedfor these particles can be summarized in Ta-
ble'A.22. Simulated primary electrons and positrons wese studied fozedefficiency,

as well as thee"e~ pairs proceeding from — e*e~ which were also produced
through material interactions in this electron sample. Té®ilts of these studies are

found in Table 5.4.

5.7 Cross-section Measurement

As described in Section 5.1, the experimental measurenﬁdﬁﬁé for charge separated
pions entailed extracting pion yields detected at PHENI)Idé were normalizing by
various quantities, many which were obtained through efficy calculations using sim-
ulations already discussed in great detail in Section 5while other efficiencies were
obtained using data. The elements which will be furtherudised before the results are

presented can be summarized as follows:

e Pion yields normalized by, and bin: -~z

prApr

¢ Integrated luminosity’ Ldt. Details calculated in Section 5.7.2 (Formula 6.9)

o Efficiency correctionse,cco X €geo X Etriggervias- (Table 5.11)
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5.7.1 Pion yields Normalized by Momenta and Bin Sizeﬁ]\k—;

As mentioned in Section 5.7\n was normalized to one in the simulation. In this part
of the work the summary of the yields obtained for and=— are presented. The yields
obtained in Table 5.10 are background subtracted, whicms## background had
to be estimated (Section 5.8.1) and subtracted from thels/mhich are used for the
calculation ofE%‘; (Section' 5.1). Ther at which yields are calculated are not at the

center of the bin, but rather at the integral mean

Pion Yields
pr[GeV/] 7t | priGeV/c] T
5.47 1699 5.48| 1501
6.49 938 6.47| 712
7.49 278 7.46| 191
8.46 100 8.48 70

Table 5.10: Pion yields by charge and integral mganormalized by bin width ang;.
Errors are discussed in Section|5.9.

5.7.2 MB Integrated Luminosity -/ Ldt

The integrated luminosity, as described in Section 5.heagatio of total MB triggered
events and BBC trigger efficiency normalized by the total isitacross-section. The
equivalent number of events corrected by presmﬂpled with the MB trigger was

28,942,423,390The integrated luminosity wag: Ldt =1258366234 cr?s!, calcu-

21puring the course of data taking a prescale is typically setlock and MB triggers. This means only
a fraction of the collisions is sampled to remain within bardth limits. N, g is properly accounted for
prescales, which would typically reduce the fraction obreled events.
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lated with the MB triggered proton - proton cross-sectiongf, e =23 +2 mb@

5.7.3 Efficiencies Corrections;, .., X €40 X €triggerbias

Proper accounting for efficiency corrections, which ineddgeometry considerations,
cuts and reconstruction algorithms (including momentuneaming), are summarized
in this section. Refer to Section 5.2.1 for the detailed stadyhow the efficiencies

presented here were derived. The three main correctiores wer

1. €400, Which is a geometrical correction which accounts for retarction effi-

ciency, geometry of PHENIX, as well as momentum smearing.
2. €., Which is an efficiency correction to the pion identificatimurts.

3. €nias, Which is a correction that takes into account the probgtoli rather prefer-
ence, of a hard scattered process to be accepted and treaétigger in the finite
acceptance of the BBCs. This value used in this work is-0(0/02, as determined

in [2].

5.8 Measured Differential Cross-sections

Three cross-sections were calculated and corrected feffatlts as described in the last

section and are summarized in Table 5.19 and Table 5.20. Gea$i®ns forr*™ and

22Where the error here is a systematic.
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Fractional Efficiencies
pr €bias €geo Eeff
7T+
5-6| 0.79| 0.26| 0.034
6-7| 0.79| 0.24| 0.046
7-8| 0.79| 0.22| 0.053
8-9| 0.79| 0.20| 0.053
=

5-6| 0.79| 0.26| 0.037
6-7| 0.79| 0.23| 0.053
7-8 0.79| 0.21| 0.052
8-9| 0.79| 0.19| 0.053

Table 5.11: Efficiency corrections by charge and mearefer to the text and Section
for a description of each.

7w~ were calculated separately and charge averaged summesdsgrasons were also
obtained 7t + 77)/ 2. The dominant error for these measurements was the baaidjrou
estimation which was derived from RICH efficiencies of data. Kgaound removal
techniques and errors will be discussed in more detail. Tia¢easured cross-sections

can be found in Figure 5.39, Figure 5.40 and Figure 5.42.

5.8.1 Background Estimate Cross-sections

Conversion electrons comprise the main background cotitibto the sample, as these
can have similar signatures as high7*. The conversion background is composed of
electron pair tracks generated close to the drift chambemdafiected by the magnetic
field. The pair will split in the main bend plane and can patiyt be reconstructed
as a high momentum track. However, as stated in Section,&tkéron behavior and
charged pion behavior can be different as the light conaisadilarger for electrons than
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pions. An electron will fire on average six PMTs in the RICH, wHibr charged pions,
with their more compact light cone, the mean number of PMTiskidyiincreases and
plateaus around five PMTs. In addition, the matching distigms ofe* andz* also dif-
fer. charged pion distributions are narrow and centeredrat@ero, while background
electron distributions are broader and centered to thé agthe left of zero depending
on their charge.

The background estimate for a cross-section measurenmmgto be a challenging
task as the sample available using MB data was heavily congaed. The approach to
estimate the remaining background was similar for both syenanetries (Section 6.6.1)
and cross-section measurements. The latter differs byirnegustricter background
separation methods than in the asymmetry case. Furtherbaategground yields are
subtracted in the cross-section analysis. The methodlestséparating electrons and
positrons from pions based on RICH firing behaviour. This behawas based on the
efficiency studies already presented in Section 5.3.1,wiémonstrated that requiring
more than five PMT tubes will kill 9% of the pion signal. Using the requirement of
more than five PMTs firing in a disk areal( > 5) was used in order to maximize pion
retention while still removing a large portion of the baakgnd. The remaining back-
ground was estimated using Equation 5.12 and was subtrattedRICH efficiencies

for conversion electron positron pairs were calculatecthfdata as follows:
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d’o
E &

pr[GeVic] | m+ (mb-Ge\Ec?) | pr[GeVie] | n~(mb-GeVec?) | pr[GeVic] 7r+%(mb-Ge\i"CQ)

5.46 0.00001539 5.48 0.00001242 5.47 0.000013901
6.49 0.00000680 6.47 0.00000467 6.48 0.000005738
7.49 0.00000191 7.46 0.00000140 7.48 0.000001655
8.46 0.00000076 8.48 0.00000056 8.47 0.000000657

Table 5.12: MeasureEd ¢ values bypr of 7, 7~ and ¢ +7~)/2. Errors are discussed
in the following Sectlorﬁ

R - N, within (ny > 5)and pc3sd¢ (o > 5,0 < 15) (5.11)
°  N.within (n; > 0)and pc3sde (o > 5,0 < 15) '

n1>5

Spectrassn, >0 = Signalssn=o + Background(( ) — Nex(nl > 5))

e

138



The charged pion sample was found to be heavily contamirmtednversion elec-
tron pairs, and furthermore, the values frefficiencies vacillated acrogs bins giving
an indication of a systematic uncertainty. It is expected RICH efficiencies are flat for
electrons and should not dependmgn Any trends observed are assigned as a systematic
uncertainty due to large variations on the already contatathsample. Background lev-
els were estimated to vary from seventy two percent to ondreapercent (Figure 5.38)
in the highest momentum bin which was discarded. The valu& pivhich corresponds
to the efficiency of the RICH, was found to be 48% + 2%. The background in the

sample, as well as the remaining signal in eaghin are all summarized in Tables 5/13,

5.14 and 5.15.

Fractional Efficiencies
pr[GeVic] Bin | R+ | R.-
5-6 0.45| 0.51
6-7 0.48| 0.48
7-8 0.45| 0.46
8-9 0.47| 0.48
9-10 0.46| 0.51

Table 5.13: Efficiencies of the RICH kyy- bin of conversion electrons pairs, where the
mean of the values obtained are used for the backgroundagstim
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Positive Spectra
pr[GeVic] Bin ny >0 |5>n1>0| n1>5

5-6 66224 38930 27294
6-7 52947 30482| 22465
7-8 38139, 20826| 17313
8-9 26470 14172| 12297
9-10 16086 8130| 7956
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Negative Spectrg
pr[GeVic] Bin ny >0 |5>n1>0| n1>5

5-6 70009, 40058| 29951
6-7 46672 26153| 20520
7-8 31871 17149 14722
8-9 25673 13611| 12062
9-10 21775, 10596| 10578

Table 5.14: Uncorrected statistics in eaghbin separated by RICH response. Errors
are discussed in Section 5.9.

Positive Spectra

N,T++e+ N7r+ Ne+(%)
5-6 7079 1699 76
6-7 4691| 938 80
7-8 2777 278 90
8-9 1667| 100 94
Negative Spectra
pT[GeV/C] Nﬂ"+e— Nﬂ‘_ Ne_ (%)
5-6 7920| 1501 81
6-7 4745| 712 85
7-8 2734| 191 93
8-9 1755| 70 96

Table 5.15: Background estimates and signal levels of cdage sample. Background
is subtracted in eachy bin. Yields are corrected fgr, Apr and bin shift. N.+ + N+

is the spectral region within a RICH responsesof n > 0. Errors are discussed in
Section 5.9.
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Figure 5.38: Signal and background ratiosforand=z* with statistical errors included.
The largest uncertainty comes from the background estiatdsegep.
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. 3
5.9 Errorsin Eflzg

The dominant source of error in this measurement is systeraatl it emerges from
the uncertainty of the background estimate. As pion yieltsome less numerous with
increasingpr the background, which remains flat, begins to dominate andstimate
introduces an uncertainty. The errors presented in thi& were an estimate based on
the studies and data available. The errors presented hejasaran estimate and it is
understood that many improvements could be made. Otheiesttltht could be made
to improve the systematic errors are cross-checks of the Rffitieacies. This cross-
checks can be done with a clean data sample from other parbelsides charged pions.
A clean data sample could be obtained from primary electralectrons used for cross-
checks could be obtained from more current data-sets witbrhdentification. Another
improvement that can be made to the systematic errors inefatata-sets is the identifi-
cation technique. Better identification can be achieved byuge of new sub-detectors
at PHENIX unavailable for the data analyzed in the presenkw&@omplete under-
standing of the EMCal response to hadrons could also aid ird#rgification method
of high momentum charged tracks. Hadron response to themair would require
test beam data at appropriate energy ranges. Alterngtimedycould parametrise the re-
sponse to the calorimeter with a clean charged pion sanmie feal data using several
identification cross-checks. Identification cross-chesksild need to be independent

of the calorimeter. Comparisons of energy distributions sintllation could then be
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parametrised. A more appropriate cross-section measuatesnald be made once the
calorimeter response to hadrons is understood with the E&Jet. Asymmetries pre-
sented in this work are measured with the ERT trigger. A cemgintary cross-section
should also be made with a calorimeter triggered sample.

Errors on the differential cross-sections can be divided &ito systematic and statis-
tical. The statistical error summary can be found in Tabl&5Systematic uncertainties

that will be discussed include the following:

e Integrated luminosity, which is propagated from the systtnuncertainty in

0pipchme and has been determined to2&0+2.2 mb (Section 4.1.1).

e Background estimate. This type of systematic arises fromRt@EH efficien-
cies calculated for the conversion background. Efficienéoe electrons, either
primary or conversion, are expected to be flat above the uesass momenta of
1GeVk. In the calculation of the RICH efficiencies of the conversideceon
sample, it was found that the efficienci) fluctuated. The mean of this effi-
ciency was taken for the background estimate calculatiod, the variation of
the mean was used as systematic uncertainty which was @tguatp the final

cross-section measurements.

e Momentum resolution, which has been discussed in Sect®d and included

here for completeness.
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O statistical
prlGeVid] AE%ﬁ(mb-Ge\PcQ) prlGeVid] AE%r(mb-Ge\PCQ)
5.47 0.00000037 (%) 5.48 0.00000032 (%).
6.49 0.00000022 (%) 6.47 0.00000018 (%).
7.49 0.00000011 (&) 7.46 0.00000010 (%).
8.46 0.00000007 (1) 8.48 0.00000007 (1%).

Table 5.16: Summary of statistical errorslﬁf%g by meampr and charge.

O systematic
pr[GeVid] UE%‘;ﬁ(mb-Ge\PcQ) pr[GeVid] aE%ﬁ(mb-Ge\PCQ)
5.47 0.00000116(%) 5.48|  0.00000167(3%)
6.49 0.00000152(2%) 6.47|  0.00000102(2%)
7.49 0.00000117(6%) 7.46|  0.00000098{0%)
8.46 0.00000048(6%) 8.48|  0.00000036¢5%)

Table 5.17: Summary of systematic errors (standard devialiofEf%g by meanp

and charge obtained by varying the background accordingetamcertainty obtained in
R..

The summary of these errors, which are added in quadrataresummarized in Ta-

bles 5.16, 5.17 and 5.18.

Usystematic (%)
pro+[GeVic] | 7 (%) | pr.-[GeVie] | 7= (%)
5.47 11 5.48 16
6.49 24 6.47 23
7.49 62 7.46 70
8.46 65 8.48 66

Table 5.18: Total systematic errors Ef‘% by meanp; and charge. Errors include
momentum, background estimate and uncertainty in totédstie cross-section.
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5.10 Summary of cross-section results

Results obtained were compared to pQCD calculations usintatest fragmentation
functions available[11]. Charged separated results canu®fin Figure 5.39 and Fig-
ure'5.40. The comparison to pQCD fits an be found in Figure STh&se results show
consistency within errors indicating that the unpolarideddribution functions as well as
the fragmentation functions describe the data. Figure Shivs the summed average
cross-section compared to publishetiresults from the PHENIX detector[5]. These
results also show that within the errors (Figure 5.43), te@snrements are consistent

with each other. Table 5.19 and Table 5.20 summarize thésesu
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Figure 5.39: Measured cross-sectionsrof with Statistical and systematic errors in-
cluded. Statistic errors are too small to see, while systierearors are in black. Dom-
inant errors are systematic, with the largest uncertaiotying from the background
estimate at large;. The curves represent pQCD parametrisations using the DFS[1
fragmentation functions.
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Figure 5.40: Measured cross-sectionstof with statistical and systematic errors in-
cluded. Statistic errors are too small to see, while systierearors are in black. Domi-
nant errors are systematic, with the largest uncertairdggeding from the background
estimate at larger.The curves represent pQCD parametrisations using the DFS[1
fragmentation functions.
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Figure 5.41: Comparisons of averaged summed pion measurenEdCD predictions,
using CTEQ6M unpolarized data and DSS fragmentation funstio
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Figure 5.42: Comparison of measured cross-sections in tris with published neutral
cross-sections from the PHENIX detector. Errors are showkigure 5.43.

E%5 Summaryr*.
pr[GeVid] | Total Yields| Background Subtracted € E% (Mb-GeVEe?) | ogys @ Ogpar (%)
5.47 7079 1699 0.0878 0.00001539 8®2
6.49 4691 938 | 0.1096 0.00000680 22®3
7.49 2777 278| 0.1158 0.00000191 62 ® 6
8.46 1667 100 0.1052 0.00000076 64 ® 10

Table 5.19: Summary aof " yields, associated backgrounds and errorsﬁ‘i‘@fgr Back-
grounds can be found in Table 5.¥5epresents the efficiencies and constants described
in Formula 5.3. Integrated Luminosity {.dt =1258366234 cm’s™!) can be found in
Section 5.7.2.
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Figure 5.43: Comparisons of average summed charged pios-seasions, with pub-
lished cross-sections from neutral pions[2]. Systematid statistical error bars are
included. Errors are discussed in the following Section 5.9

E4% Summaryr.
prlGeVlc] | Total Yields | Background Subtracted € E‘(%g(mb-Ge\F&) Tsys @ Ostar (Y0).
5.47 7920 1501| 0.0961 0.00001242 13®3
6.49 4745 7121 0.1210 0.00000467| 22®4
7.49 2734 191 0.1084 0.00000140 07
8.46 1755 70| 0.1000 0.00000056 65 ® 12

Table 5.20: Summary af~ yields, associated backgrounds and errorsﬂl‘é‘%’. Back-
grounds can be found in Table 5. ¥5epresents the efficiencies and constants described
in Formula 5.3. Integrated Luminosity {.dt =1258366234 cm’s™!) can be found in
Section 5.7.2.
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5.11 Ratio ofr~/x*

As briefly mentioned in Sections 6.1 and[2.9 charged pions fam isospin triplet. Due
to charge conservation in proton proton collisions, it isdicted that a ratio different
from one should dominate above 5GeWiomenta. In addition to charge conservation,
the partonic contributions in charged pion production at-naipidity can help predict the
size of the charge asymmetry. Figure 2.3 illustrates tHerdifiit partonic contributions
to charged pions at the relevamt range of interestg-g dominates the low momenta
region giving an expectation of pion ratio of one. As the pr@itbn momenta increases,
g-g scattering begins to contribute to the probability of uprgsawithin the proton to
fragment intor™. At large momentay-¢ and ¢-g scattering begins to take place, this
naturally leads to an expectation of increasing charge amny in favor of positive
pions. This production rate expectation among the pionsigepenake the isospin triplet
an interesting quantity to measure. Measurable differ®naa provide an insight to the
guark and gluon content and the fragmentation process.igrséttion a summary of
pion ratio is made based on two different data-sets fromoprptoton collisions. This
data will then be compared to theoretical predictions usivgdifferent fragmentation
functions: DSS[11] and modified KKP [27]. Figure 5.44 shoWws trends expected

from these models.
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Figure 5.44: Ratio ofr~ /7" as expected from theoretical inputs using two different
fragmentation functions.

pr[GeVIi] Bin | = | ogu
5-6 1.00| 0.010
6-7 0.82| 0.009
7-10 0.68| 0.009

Table 5.21: Pion ratios measured with ERT triggered da& aft cuts by charge and-
bin.

pr[GeVic] Bin | =
5-6 1.03
6-7 1.03
7-10 0.93
7-8 0.90
8-9 0.96
9-10 0.96

Table 5.22: Simulation. Pion ratios after all implementatbdSection 5.2/1) by charge
andpr bin.
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Preliminary Studies of 7~ /7" with Simulation Data

A study using single particles as described in Section 5d&1not display a strong
charge asymmetry caused by detector effects. What was fostehid was a slight ex-
cess ofr~ for the pr bins less than 7 Ge¥/and an excess of " for the bins above 7
GeV/c. Table 5.22 summarizes the findings from the Monte Carlo sitrail. Another

preliminary check that was performed involved testing thig &hd ERT trigger for po-

tential biases on the triggering mechanism itself. Agdirs test showed that the MB
trigger and the ERT trigger did not differ too much in the prehce of which charge
they would fire on. To test the effect of using different tegg on the pion identification,
a study was performed which involved looking at all pionsnitifeed with the minimum

biased data and collecting from this larger data-set alhefgions that also fired the
ERT triggers. Charged pions in this sample were identifiedgustandard cuts as will

be described in Section 6.1:

N+ ERT trigger
N+ Minimum Bias Trigger

(5.12)

The results from this ratio showed that the identificatiom dfwas similar tor—, so
we conclude that the PHENIX trigger does not significantlyshiher™ and 7~ mea-
surements. Other ERT trigger studies were performed tooexgotential biases and

these will be discussed in Section |6.3. An additional studyhe MB and ERT trigger
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Figure 5.45: Ratio of pions vgr. ldentified pions using the ERT Trigger and pions
identified using the MB trigger. Blue points areé candidates, while red are the can-
didates. No dependence on the trigger is seen based on @lange The simultaneous
decrease of both curves as a functiorpgfis taken to be a systematic uncertainty as
both triggers used the beam beam counters. Thus this ishefurtefficiency which is
introduced. Consequently, Equation 5.12 does not repréisemfficiency of the ERT
trigger

was performed with 2006 data and the results are shown inéfg45.

Ratios from ERT Data and MB Data

A non trivial point to highlight is that the sample using thR®Etrigger provided the
cleanest and purest sample of charged separated piond| be seen in the next chap-
ter (also Table 6.4). The method of identifying pions usirigTEdata which will be

discussed in the next chapter utilized strict calorimetegs gvhich removed completely
all the minimum ionizing particles (MIP) and retained onhpse pions with a energy

deposit above the MIP energy. The lowest energy pion acdesi@g this method was
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0.3 4+ 0.15 % (5GeV/c) or 1.05 GeV. The momentum dependent energy cut is close to
the ERT trigger threshold of 1.4 GeV (Section 4.2.1); thisrgy cut will be discussed
in Section 6.5.2. As the calorimeter’s response to hadremoi understood due to a
lack of reliable test beam data, the efficiencies of thesericaéter based cuts are not
known. Nevertheless, a ratio of pions was studied and foarimetdecreasing witpy.
This is summarized in Table 5.21 and in Figure 5.46. The ragasured with MB data
after large backgrounds were subtracted also showed threagng trend. The rate
of change appears consistent between samples and with@stineate of errors. Error
bars of charged pions identified in the MB sample are domihbyesystematic errors,
mainly due to large uncertainty in the background which Isidated through RICH ef-
ficiencies. Table 5.21 and Table 5.23 summarize these se§idjure 5.47 compares the
ratios measured thus far at the other experiment within RHTBR3%. The results in this
work are consistent within errors to the results measured the STAR detector[26].
This shows that the data measured in this work is consistéimmmeasurements at STAR

and with pQCD expectations.

23gystematic and statistical errors were too large to deterrprecisely the trend, as with errors in-
cluded, all samples in this work agree with pQCD predictions
2430lenoidal tracker at RHIC.
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Figure 5.46: Measured ratio @f /7 using ERT and MB data.

Errors (%)
pT[GeV/C] Bin % Ostat (%) Usys(%)
5-6 0.97| 0.04 (4)| 0.16 (16)
6-7 0.75| 0.04 (5)| 0.23 (31)
7-8 0.84| 0.08 (10)| 0.78 (93)
8-9 0.67| 0.11 (16)| 0.61 (91)

Table 5.23: Identified pion ratios measured with minimunsiata by charge ang- bin
corrected for background using method 5.8.1 and with naricagier cuts implemented.
Ratios are also corrected by the simulation ratios in Tald2.5.
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Figure 5.47: Measured ratio af /7* by the STAR detector at RHIC. The pions mea-
sured at STAR are not necessarily a one to one comparisoriadhe measured in this
work, as their triggering mechanism is substantially bilag®vards neutral particles.
In addition, the newest charged pion measurements do nbtabmclusive pions, but
rather at away side jet fragments. Pions are detected afjgeting in a large jet sum of
energy, nevertheless, it is instructive to compare res8kg[26] for more details.
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Chapter 6

Charged Pion Spin AsymmetriesA; s,

Ap

The measurements presented in this section will focus oarlg/sis of charged pion
double spin asymmetries ¢4 Section 2.7) using both longitudinally polarized proton
beams collided a{/s = 200 GeV. The physics motivation behind the measurements of
charged pion asymmetries is to help constrain both the sigmeagnitude of the gluon
polarizationAG. Preferential fragmentation of up quarkg (o =+ and down quarksd)

to 7~ leads to the dominance of up-quark-gluon and down-quar&sfgtontributions.
This dominance of; or d combined with the different signs of their polarized distr
tions translates into asymmetry differences for the diffepion species™ , 7° andr

that depend on the sign &iG.

158



Before identifying charged pions with the PHENIX detectaoeliminary steps were
taken to assess the quality of data collected. The resuttsese quality checks are in
Section 5.2.4 and also in Appendix E.0.2. In the previouptdrahe main focus was
to identify pions with a precise understanding of the detexdsponse in the identifica-
tion technique. Efficiencies were studied as each one otthets would introduce a
systematic uncertainty if it were not well known. In contrakis chapter emphasizes
sample purity with disregard to detection efficiencies. rgyetries consist of ratios of
identified particle yields which cancel detector efficiexscas they are typically present
in the numerator and denominator of the definition gf AFormula 6.2). The focus will
thus be to minimize background without precise knowledg#emumber of candidate
pions removed from the sample. The main motivation is to miné systematic uncer-
tainties in A, arising from sub-detector cuts. It is also desirable to iobéa pure of
sample as possible as this will ensure that the measureraemiscaccurately described
by the partonic fractions in Figure 2.3. As it will be showrtla end of the chapter, the
charged pion sample obtained is of high purity with systéretors below the current
statistical precision.

The organization of this chapter will be as follows:

e Description and motivation of quantities measurdd; andA;.

o List of sub-detector requirements (referred teas:).

e Trigger Studies.
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Identification studies.

Background estimatesi( ).

Detailed description of the measured results4g@y, using two different methods

and compared to pQCD predictions.

Errors.

6.1 Double and Single Spin AsymmetriesA;;, Ay

It was described in Section 2.9 that double spin asymmetaasyield valuable infor-
mation about the role gluons play in the total spin of the @motThe first charged pion
asymmetries at high, measured with the PHENIX detector were done in the year 2005
by the author of this work. These asymmetries were measwaith &n the year 2006
with higher accumulated statistics and new background vairtechniques. The fig-
ure of merit ratio between the 2006 and 2005 data-set was=&ybre of merit (FOM)

is defined as the polarization squared times the relativenlosity in units of inverse
nano barns#*L). Parity violating spin asymmetries {(Awere also measured as a cross

check for systematic errors as the process under study jganiby violating.
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6.1.1 Asymmetries

A1 (Section 2.3.11) are measurement ratios of particle yididthis work two methods
were used:y? method and summed method. The standgrdnethod calculates asym-
metries fill by fill where a fill is defined as the time period emgassing one complete
machine cyclé The summed method calculates asymmetries by summing b¥ilsa
Summing over fills is particularly useful in the measuringwofall asymmetries with low
statistics. The standarg method typically uses all bunches available where a bunch is
an accumulation of particles of various energies over arggted longitudinal dimen-
sior@ There are up to 120 bunches in each RHIC ring with the bundbese3ers apart.
The summed method looks at deviations of the relative lusiipagatio R. R is the
ratio of relative luminosities in each beam helicity confafion (L., /L, _) which is
typically known to10—* precision. Bunches that have &wvalue outside tolerance (Sec-
tion/6.10) are discarded. Single spin asymmetries are aéssuned with the standard
2 method. A, asymmetries only take into account one of the beam’s paitioiz while
discarding the information of the second beam.igtypically calculated separately for
the yellow and blue beams. Since the beams at RHIC are not anhlicity states,
beam polarization is accounted in the measurements of asymesy Pz and Py are
the polarizations of the blue and the yellow beam which amnto ~ 95% certainty.

N,; are the particle yields in different proton beam helicitpfigurations.R is the ratio

1This includes the injection, acceleration, storage ofidiniy beams and ends with a beam dump.
2This is so that a vast majority of them can be accelerated éyR#h cavity with the correct voltage
and phase.
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of relative luminosities fill by fill in each proton bunch haty state. WhileR’s units

cancel in the ratio of luminosities, luminosifyunits are given in cm?s1.

Standardy? method:

1 N*+*— RN+
PpPy Nt + RN+’

L
Where, R = —*
L,

Arr’s Summeg method:

Z(N—H_)i— < R > Z(NJ'__)Z

1 fills fills

ALL

falls fills

Single Longitudinal Asymmetried :

1 Nt — RN~

AL = PN+ + RN~

Uncertainty (statistical) im . :

" < PgPy > SN+ <R> D (N,

(6.1)

(6.2)

(6.3)

(6.4)

AR

++ N+
AA,, — 1 2RN+t*N \/

PBPY (N'H_ + RN+_)2

SAlso referred to in this work as a bunch subtraction method
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Uncertainty (statistical) it .

AAL

1 2RN*N- \/ (AN+ AN_ AR

" Py (Nt + RN-)2\ " Ny )2+ N_ )2+ R )? (6.6)

6.2 Data Quality Checks

In this section different cuts and detector identificatiechiniques for charged pion;A
are discussed. While some studies may overlap with the cexdon analysis, some
differences remain in the identification techniques. Th&dample under study was
minimum bias for the cross-section measurements,; Measurements make use of
ERT triggered data as the trigger provides greater ceytainDC track energy. Cross-
section studies make no use of calorimeter cuts, while fgmasetries calorimeter is

extensively used as an aid for background removal.

6.2.1 Sub-detector Requirements for Identification of Charged Pi-
ons

Polarized proton proton collisions at RHIC in the years 2008 2006 provided the
longest longitudinal polarization running time availabide the work presented. Asym-
metries were measured by identifying a clean charged piopka The data used was

calorimeter triggered data taken in two consecutive yeéilsrmitudinally polarized
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p+p collisions at,/s =200 GeV. Cross-sections differed from the asymmetries it tha
no electromagnetic calorimeter based cuts or triggers uszd. Omitting the calorime-
ter sub-detector in the previous chapter was based on lapteofse knowledge of the
hadronic response. In the measurements presented herecalanyneter based cuts
are employed as well as loosatd, matching and RICH cuts than in the cross-section
analysis. Since asymmetries are ratios of yields, efficgstypically cancel in the mea-
surement. Identification of pions consisted of the follogw@@omplete list of sub-detector

requirements (cuts):

e Collision vertex measured from the BBC of less than 30 cm (abseiue).

e High drift chamber quality track (Referred to as quality of@31).

e Charged particle above RICH light emitting threshold for piph3 GeVE).

e Number of RICH photomultiplier tubes fired above zero withiniskdshape (re-

ferred to agnl| >0).

e Transverse momentum range of charged particles betweeth B0aGeV¢t.

e 2> matching of charged track to the radial plane of less tham7(absolute value).

Referred to aszed| < 70 cm (Section 5.2.1).

e Electromagnetic shower shape probability of depositedggnien calorimeter to
be less than 28 (referred to agrob < 0.2).
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e Ratio of deposited energy in calorimeter to measured trassv@omentum of
charged particle of less than @O(Referred to ag/p <0.9, where energy is in

units of GeV or MeV and momentumin units of GeV¢).

e Energy deposition (in units of GeV or MeV) of identified chadgparticle to be
greater than 300 MeV plus>% of its measured transverse momentum (Referred

to ase > 0.3GeV + 0.15 * pr-Section 6.5.2).

¢ Drift chamber track projections to calorimeter and pad dbars. Deviations be-
tween projections and actual hits were required not to dewere than 3 in d¢

and dz (pc3sd, pc3dsz, emes emcdz. Figure 5.3).

6.3 Trigger Study

The 2006 and 2005 spin asymmetries utilized Btectromagnetic calorimeter - RICH
Trigger (ERT Section 4.2.1). The ERT trigger is not a dedidatharged pion trigger
but rather a trigger based on electromagnetic energy depusBefore discussing the
identification method of pions for the asymmetry measurdmenstudy checking for
potential biases of the ERT trigger will be discussed. Thdystvill address the follow-

ing questions:

e Are charged pions triggered in the central region of PHENi¥sed towards more

quark like jets?
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e How often are secondary particle clusters which correspomdore than one en-

ergy shower associated with a single charged track?

Quark jets are expected to be small and compact while glusraje expected to have a
larger angular distribution. Indeed, studies by the OPAllaboration[17] have shown
that there are angular distribution differences betweeanlgand gluon jets. In addition,
gluon jets seem to have higher particle production but asefdér character. In PHENIX
the geometrical acceptance is limited and reconstructiégefs and their energies is a
challenging task. The expected full jet cone radius is latigen the actual geometrical
acceptance of the PHENIX detector. The 4x4c (Section 4tAdger used for A;, has
an energy threshold of 1.4 GeV. A high threshold of 1.4 GeV ldqerhaps bias the
data sample with multiple particle energies coming from pant jets.

The issue that is investigated in this section is the comtiob of energy from mul-
tiple particles overcoming the trigger energy thresholdhe§e multiple contributions
would be associated with a single DC track or single trigdexeent (i.e multiple elec-
tromagnetic shower clusters associated with one triggdiltiple clusters associated
with a single DC track could presumably be caused by the smatigular distribu-
tions of particles coming from quark vs gluon jets. Obsegarhigh cluster multiplicity
would indicate that the charged pions measured in this wotlk the ERT trigger did
not represent an unbiased sample of the pQCD partonic cotirits in Figure 2.3. The

detector’s trigger would preferentially sample quark mter gluon jets. A PHENIX de-
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tector response simulation was performed to understar iPHENIX detector could
discriminate between particles coming from quark-quatkpg-quark or gluon-gluon
scattering. Additionally, a study was also made with triggedata taken in the year
2006. The data studies consisted of measuring how many timeesigger associated
more than one shower cluster to the same unique drift chatrdag. The conclusions
of these trigger studies are that the measurements prdsarttés work are not biased

by the trigger.

6.3.1 PHENIX Response to Simulated QCD Jets

To study the detector response to QCD jets a PYTHIA[18] MontédGamulation was
made specifically selectingiy — qq, g9 — qg andgg — ¢gg (3000 events each).
These processes were studied both as QCD jets and as indikmhaascattering pro-
cesses. Each generated QCD sample was then used as an injull teetector simu-
lation with detector configuration matching the year 2006qm proton collisions set-
tings. The average distribution of particles detected luh edectromagnetic calorimeter
arm [3] was studied. The distributions showed that evenisieg from gluon gener-
ated events had higher (although nearly indistinguishaiaeticle production on aver-
age than the quark generated events. The excess of padietesg from gluon-gluon
scattering became indiscernible when a minimum momentguinement of).5 GeVie

was applied. Particle counts were comparable between sarmpthe pQCD “safe” re-
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gion above 1.5 GeV/ This similarity between scattering processes can be imqula
by the removal of particles coming from soft components Whand to be in the low
momentum region and cannot be described well with p&ﬂ?ﬁgurdﬁl shows the drift
chamber tracks projected to the calorimeter in gheand z coordinate of the EMCal.
Particle distribution in each PHENIX track arm is also shawrthese figures while
Table 6.1 summarizes the findings.

Each pointin Figure 6/1 is a simulated particle which madagenake it through the
PHENIX detector. Particle distributions are comparablewCD jets are generated
from quark-quark, gluon-gluon or quark-gluon scatterimggesses. Similarly, when
single processes are generated, particles produced irdlcéan are detected without

strong preference of one process over another.

Simulation of QCD processes. Minimum partepof 2.0 GeVEt.

Process | Total Particles DetectedParticles after @ of cut> 0.5 GeV/c
99 — gg 102 38
q9 — qg 92 48
qq — qq 72 35

Table 6.1: Number of particles detected in the central amnspared with lowpr cuts
for 3 different QCD Processes.

4In PHENIX, the momenta region below 1.5 Ge\V# considered to be the "unsafe” non perturbative
soft region, for an estimate of this see Reference[5]
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Figure 6.1: Number of simulated particles detected in tidrabarms. Events are gluon-
gluon scattering. Each point in the scattered plot is a @dar&énergy deposition cluster
measured in cm length in theand z plane. As a reminder the EMCal has position
resolution of about 7 mm. EMCal Arm West is shown in the top parigle the East
arm is shown on the bottom panel. Total number of particlespced and tracked with
the drift chamber are 63 in the West arm and 39 in the East arpre gtudies can be
found on the Appendix J.1.
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6.3.2 ERT Trigger Charged Track Clustering Study

To study possible biases imposed in ERT triggered datajgeentaining charged tracks
were analysed. This study utilized the 2006 proton protdissgan® data taken with the
ERT 4x4 trigger (Section 4.2.1). Events were analysed foonded triggers. Once a
trigger was found, all charged tracks associated with igger were inspected.

The number of energy clusters associated with the sameetriggich pointed to-
wards the same geometrical region (super module) as thecHamber track were ana-
lyzed. 282 triggered events were found. Of these event$%; 8dd a secondary cluster
associated with the same track, same geometrical regiaome saent and trigger (See
Table 6.2). When a requirement was made that the energy ofatle were to be equal
or greater than the energy of the matched cluster, the rditypof clusters dropped to
about . Multiple cluster associations were separated into 3 caies;

1. Clusters with a high central tower deposition containirtgveer having energy
higher than the energy of the DC track{%). An example of this energy mismatch
follows. One may have a track with energy 1 GeV but there matoecentral towers
associated with the same trigger and thus two energy cée&emtiom). The clus-

ter energies were recorded asntral — Tower; = 1.5 GeV andcentral — Towery =

Only one segment from each run was analyzed. This is singlanalyzing a few percent of the data
in each data taking period which is typically a few hours. ¥ feercent of the whole data accumulated is
usually made readily available by locally storing it. Testdé enable quick studies with a representative
sample of the whole data-set.

50nce the towers are calibrated, adjacent ones are grougeth& to form clusters with the central
tower holding the center, thus highest energy fraction efttitial shower deposition

170



0.8 GeV. Clearly 1.5 GeV is higher than the total energy of the tragk. . =1 GeV.

2. Clusters of comparable high central tower energy but lessg than the total DC
track energy@%). An example of this central energy inconsistency follo®@se trigger
may have two clusters with two central towers of valuesutral — Tower, = 0.78
GeV andcentral — Towers = 0.7 GeV. These will have two different cluster energies:
energy; = 1.96 GeV andenergy, = 1.4 GeV. The energy of the track in this case was
found to beF,, ... = 1.9 GeV.

3. Clusters with a low energy central tower near a high eneegyral tower (%).
The DC track is associated with the lower energy clustererathan the cluster the
central tower containing the highest energy. E.g., ong@érgd track may have two or
more clusters with two central towers. One tower will havergyg of 0.2 GeV and the
other tower 1 GeV. The triggered track energy points at tiaeefaenergy cluster rather

than the cluster containing the high energy central tower.

Process Number found
TriggeredNg,..:s With a track associated with a SM 282
Triggers with only one cluster 258
Triggers with more than one cluster 24
Triggers with more 2 clusters 3

Table 6.2: Number of triggers with more than one cluster enghiper module.

Figure 6.2 shows the ratio of energy of triggered tracks withenergy of triggered
cluster. One can clearly see that there are a number of ementsch the cluster energy

exceeds that of the track energy. This effect only occursrwthere is more than one
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cluster associated with the same trigger. PHENIX’s ERTgeigprovides the option
of verifying the particle that produced the trigger signahis is typically verified by
the deposition of energy within the geometrical constgaoftthe super-module where
a trigger is found. The particle that caused the triggeraigan be verified to be the
particle being analyzed. In all of the ERT measurements &mdles contained within
this work, particle trigger verification was performed andyotrigger particles were
considered candidates for the physics measurements.eFigBiishows the consistency
between the selected region by the ERT and the super-modéecvihe particle was
found. Figure 6.3 also shows consistency between the geicaletgion of the DC

track coinciding with the triggered EMCal module.
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Figure 6.2: Energies of tracks associated with a triggetfitead and went inside a super
module compared to associated clusters that also firedigggetr Blue points are track
energies that exceed cluster energy by a facter &f or more. Red points are central
tower energies which exceed the overall cluster energypamel shows the ratio of DC
track energy over EMCal cluster energy. Bottom panel showsggre the track vs.
energy of cluster.
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Figure 6.3: Matching of modules where the trigger was fowhasters modules vs ERT
modules (top) and track modules vs ERT modules (bottom). e&arcinatch is made
which shows that the selected particle was measured witkistency in the modules.

6.3.3 Summary of Trigger and QCD Jet Study

The QCD jet simulation study showed that the PHENIX detectith ws limited ac-
ceptance cannot differentiate particles coming from quarkluon jets. The spatial
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resolution of particles produced in each QCD process apgdarbe comparable and
of similar detection probability. The particle distriboiis showed that while a gluon
jet may produce more particles than a quark jet, these pegtezannot be easily dis-
cerned after travelling through the PHENIX acceptanceoregirhis may be explained
by the limited acceptance of PHENIX and the high granulasftthe calorimeter. In the
presented work inclusive charged pions are measured. Thess are expected to be
dominated by quark-gluon scattering in the momenta regi@f &eVe. Each process:
guark-gluon, gluon-gluon and quark-quark, is carefulketainto account using pQCD.
A potential bias occurring from artificially selecting ongé of process over another
does not seem to be supported by the detector response wimuldhe ERT trigger
study using real data showed that when it was required thajgeted patrticle is asso-
ciated with a drift chamber track,5% of the time the ERT trigger will associate more
than one shower cluster to a single trigger. An energy requant on the shower clusters
can reduce the shower association multiplicitie§% These results can be viewed as

knowing the particle under study withl% certainty.
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6.4 Selection of Data and Identification Studies

The 200 GeV data has been calibrated for proton beam shifdaficchamber (DC)
momentum scale. Refer to Section 5.2.4 for details on howthssperformed. Charged
track reconstruction within the central arms in the PHENB{ettor assumes straight
tracks outside the effective magnetic field and within thb-datector regions. The
charged track momentum is obtained by measuii(fgigure 5.15) formed by the transvers-
ing track which will ionize the gas in the DC producing an #élexic signal induced by
drifting electrons hitting the anode wires (wire hita)is proportional to first order to the
inverse to the momentum and the charge of the particle - sesrd&efe [3] for detailed
information on the drift chamber’s principles of operatiofrhe magnetic field config-
uration and the coordinate system used for the DC relatesiiveor to a positively
charged particle and a negative angle to a negatively ctigrgdicle. The resolution
of the four momentum assumes particle production orignggitiom the collision vertex
(0,0,0) (Figure 6.4). If the vertex origin is changed by a gbal shift of the beam or
by the PHENIX central arms rolling in thedirection, the momentum of the tracks as
well as their matching to the outer detectors will be incotrré full calibration analysis
was performed to correct for these effects. Besides caililgréihe vertex origin several
data files (runs) were discarded due to unacceptable qudlityerion for discarding
data included: bad polarization values, too many drift chandead areas, inconclu-

sive or wrong relative luminosity values. Thg Aanalysis consisted of ERT triggered
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Figure 6.4: Representation of PHENIX coordinate system

data (Section 4.2/1). Calorimeter triggered data was usealise this provided higher
statistics and certainty in the energy and projection of@@ketrack. ERT trigger con-
figurations selected were 4x4c and BBCLL1 (Section 4.2.2) withdaGeV threshold
(energy deposition). The data range selected for the measunts of this chapter in-
cluded two separate years of proton proton longitudinah éat/s = 200 GeV. Only

tracks with high DC quality (Sectian 4.1.4) were analyzed.atldition a requirement
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was made such that the triggered particle was found in tletreleagnetic calorimeter
geometrical area under study (super module). This is aléedca trigger bit check and
it ensures that the trigger particle is selected rather tasters in the vicinity of the
triggered partic@ Figure 6.5 illustrates the effect of verifying the pamich the ERT
trigger. The low momentum region indicative of minimum ioinig particles is greatly
suppressed. The total number of events analyzed were 5852fbr the 2006 data-set.
Details of the charged pion identification cuts and studididoe discussed in following

sections.

A trigger electronic bit can be set to zero or one if a partibk triggered the event can also be found
in coincidence with a super module hit.
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Figure 6.5:p spectra of pion candidates with low probability of electegmnetic type
showers and different RICH1 (Section 5.3.1) disk tube firing requirements. Top plot
shows all triggered data while bottom plot requires thatttiygered event contains the
triggering particle (trigger bit was set). The reductiorsiatistics in the region below

1 GeVk indicates a significant reduction of minimum ionizing pelds. ST D cuts

refers to beam beam vertex cut less thap,30 cm as wetkeds less than 70 cm. Refer
to Section 6.2./1.



Beam | Energy (GeV)| Uncertainty| < P > (%)

Blue 100 4.7% 53

Yellow 100 4.8% 53

2Lty 100 8.3% 55
B Y

Table 6.3: Official polarization global uncertainties f@ch polarized proton beam on
&2 and 22225 Where B (blue) and Y (yellow) indicate the labeling conventof the

4 By

rings where beams are stored.

6.4.1 Polarization information for the selected data-set.

The polarization values were obtained from the final poai'nizg analysis performed
by the RHIC Crﬂ group. Polarization data along with some supporting matean
be obtained from CNI web page[9]. Assuming errors correl&edll fills, the global

uncertainties are taken from CNI’s official release of numhmid are summarized in

Table!6.3.

8Final polarization values were implemented for the asymieeimeasured using 2006 data. asym-
metries measured using 2005 data-set used on-line pdlarizalues with a scale uncertainty 2% on
each colliding beam

9CNI stands for Coulomb nuclear interference region, it ighiis interaction point at RHIC (the 12
O'clock region -Figure 3.1)- where polarization is measuaed made official to all RHIC experiments.
CNI refers to certain energy range in the elastic p-p sdaggrocess, in which the strong and electro-
magnetic forces are part of
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6.4.2 Relative Luminosity of Selected Data-set

The relative luminosity for the sum of bunches with a givetapaation combination
is used to normalize the input yields in the asymmetry cattwh R = L., /L. . A
bunch is an accumulation of particles of various energies awdetermined longitudi-
nal dimension so that a vast majority of them can be accelétay the RF cavity with
the correct voltage and phase. Run-by-run relative lumipasiormation was obtained
from PHENIX'’s internally approved calibrated files which mealso used for the 2006
7% results[5]. Luminosity is defined as the number of partiplesunit area per unit time
times the opacity of the target, while integrated luminpsstthe integral of the luminos-

ity with respect to time, the latter which is used to chamazgecollider performance.

6.5 Specific Identification Cuts Used to Measure Charged

Pion A;; and A

Several of the cuts listed at the beginning of the chaptdrbeildiscussed in this sec-
tion in greater detail. These cuts are more specific to thenastry measurements
as calorimeter cuts are included. There are sub-detedtatsate common for cross-
sections and asymmetry measurements. These common sdbedetuts are looser in
this section than in the cross-section measurements irréveops chapter.

These cuts will include the following:
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e Identification cuts - RICH. (Section 6.5.1).

e Background removal cuts - EMCal (Section 6.5.2).
prob< 0.2.(Section 6.5.2).
e> 0.3GeV + 0.15 x pr.(Section 6.5.2).

e/mom< 0.9.(Section 6.5.2).

e Charged tracking - background removal cuts.
|zed| cuts (Section 5.2/1).

Matching cuts.(Section 6.6.1).

6.5.1 Using the RICH to ldentify Charged Pions

To identify charged pions the primary sub-detector usethésRICH (Section 4.1.6).
Light emitted by charged particles above charged pﬁemenkov light emitting thresh-
old is used as the primary form of identification. Charged piil create a disturbance
in the (carbon dioxide radiator) dielectric medium conggirn the RICH vessel. Light
emitted by charged pions will typically will be in the shapeacdisk (21) of Cerenkov
light associated with a Drift Chamber (DC) charged track. THiglisk is defined by
a radius of 11 cm encircling the projected hit location of denitified track inside the
DC. Details of the choice of a disk of lightl over a ring of lightn0 as a identifica-

tion technique and the associated efficiencies can be fouBédtion 4.1,6. To ensure
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that charged pion tracks are selected, a requirement is thatall particles are above
the light emitting threshold for charged pionsl(> 0). This can be clearly seen in
Figure| 6.6 regarding the expected turn on curve for chargeasparound 4.7 GeV/
The efficiencies as function gf; of the RICH are known from the previous chapter

Section 5.3.1.
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Figure 6.6: Study of RICHCerenkov light emitting threshold within a disk of light.
Thenl disk corresponds to the shape of the light as detected byhibteimultipler tubes
(PMTSs) proceeding from charged pion candidates disturthegransversing dielectric
medium in the detector volume. The top panel corresponds towhile the bottom
panel corresponds to" candidates. A clear turn on curve can be seen around the RICH
pr threshold of~ 5 GeVk when requiring thaiz1 > 0 (blue line). Note that the turn

on diminishes at1 > 4 (purple line) and completely disappears forni (green line).
Other curves represent different PMT frorh > 2 tonl > 6 tube firing requirements.
See Section 6.7 for a detailed discussion of the backgrotmehvwemains in the sample.
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6.5.2 EMCal Cuts

For the asymmetry measurements three cuts on the calorimete performed which

shall be discussed in further detail:

e Strict maximum electromagnetic shower likelyhopdop).

e Strict minimump, dependent energy depositicg).(

e Loose maximum ratio of energy and momentum requirenme/py. (

Probability on the Electromagnetic Shower Profile (prob).

A prob cut is used to reject electromagnetic type showé&nmab is a normalized pho-
ton probability from EMCaly? (emcchi2) obtained by calculating the predicted energy
distribution in the EMCal towers (based on electromagnétaner parametrisation). It

is obtained by comparing it with the measured depositedggn&ince electromagnetic
showers remain compact while hadronic showers are diffugétias a significant re-
jection power: typical respective? for hadrons should be large, while that of photons
(electrons) are small. By design this cut has been optimiae@ject hadrons. This
cut is an effective tool yet its efficiency is unknown. EMCaked cuts are unknown
as hadronic showers have not been studied nor reproducedssially due to lack of
test beam data at PHENIX. In this analysis theb cut is used to reject showers that

are highly electromagnetic in nature as this variable has Iparametrized to accurately
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recognize them. Figure 6.7 shows the effect on the chargeitipssample, and in in
particular, the effect at lower; (below 5 GeV¢) and at highpr (above 8 GeW). Some
hadrons will be rejected by this method, however as asyniesagquire high purity the
sacrifice of some hadrons is made as a trade off for the pufritgeosample. Several
ratios of probability cuts were made leading to a conclusian stricter probability cuts
were unnecessary. Strictgrob cuts reduced the efficiency without additional charged
pion purity (See Figure 6.7 and Figure 6.8). For furtheroratudies of thgrob cut see

the Appendix |.
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Figure 6.7: Study of therob variable: probability< 0.2 was selected (red) as optimal.
Notice how the distribution changes at high as the electromagnetic-ness of the parti-
cles decreases when one requires a spralb cut. Top panel are~ candidates while
bottom panel are alt™ candidates within a region 6f < pr < 25 GeV/c. Data from
year 2005.
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Figure 6.8: Ratio of data with a probability of electromagmnshower pﬁ’“g}fjjﬁ%for pos-

itive (top) and negative (bottom) pion candidates. Theosatire based on the data from
Figure 6.7 concentrating in a smaljefr range. Units on: axis are GeW, corresponding

to bins inpr, y axis are the ratio of yieldg<2% . Data from year 2005.
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pr Dependent Energy Cut

Since the average, of an electron coming from photon conversion is 500 MeV and an
electron will typically deposit all of its energy in the calmeter, a constant minimum
high energy deposition requirement will reduce the badkgdmat highp;. This constant
energy- will also select only nuclear interacting particles withga energy depositions,
therefore reducing the overall pion reconstruction efficie For this portion of the anal-
ysis apr dependent energy deposition requirement of pion energyGeV +0.15 pr

is chosen over a constant energy requirement. Figure 6\@sstie effects of requiring
different energy depositions with 0.3GeV + 0.15 % pr being the optimal choice for
this work (purple curve). Refer to the figure for more detailbis cut corresponds to
a study based on test beam data which determined that a mamelejppendent energy
requirement was more adequate at maintaining constarieefficas a function gf;**.

By taking a look at an energy/momentunyy) distribution (Figure 6.11), one can see
that indeed this cut effectively removes all low energy dgpans which includes both
electrons and hadrons. For an asymmetry measurement pudonsidered a priority
even at the expense of removing a potential large hadromilbotion and thus purity is

chosen over the loss of hadronic statistics.

0Constant referring for example to a 500 MeV minimum energyogéion

The pion test beam data referred to, was restricted momeloélow 3 GeV¢, a range useful for this
type of inquiry, however not useful for calibrations ovee thhole momentum range studied in this work.
As a consequence the efficiency of this cut is not known intiedgion of0 < pr < 25 GeVie
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Figure 6.9: 7t candidates with different minimum energy deposition regmients.
Green, red and blue curves are minimum constant energyresgents: >2.0 GeV, 1.0
GeV and 0.05 GeV respectively. A large portion of the backgtbcan be suppressed
while maintaining a clean signal by requiring that the miaimenergy deposition of the
particle is greater that3GeV + 0.15 x pr (purple curve). The region of interest is
5< pr < 10 GeVt.

Ratio of Energy and Momentum

A e/p cutis applied to the data used for spin asymmetries. Theioater’s interaction
length is only one unit which immediately implies that whale electron may deposit all
of its energy a hadron will only deposit a small fraction cfitrenergy: or ~ 40%
of their energy. Particles with an energy to momentum rataeeding 9% were cut out

of the sample. Figures 6.10 and 6.11 show typical distrmstiofe /p while Figure 6.12

126 being the constant 2.7182, not energy
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shows the energy vs. momentum distributions and the effefctee EMCal cuts in

different histogram colors. The distributionsefp show three areas of interest:

e Gaussian type peak around one indicating the presencenadiprielectrons(Figure 6.10).

e A secondary peak around the expected hadronic energy dieposf 0.4 (Fig-

ure 6.11).

e A high deposition at low ratios indicating the presence afimum ionizing par-

ticles which include both electrons and hadrons.
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Figure 6.10: Ratio of energy and momentum of particles wighai 5 GeVEt < pr <10
GeVie (red curve) and 1 GeV/< pr <15 GeVE (black curve). There are three distinct
- regions:the low ratio region is removed by thedependent cut as Figure 6.11 shows,
while the ratio close to unity can be reduced by a Ri&H> 0 and p- >5 cut. Only the
region that satisfies a ratio of e/f.9 is kept, further minimizing the contribution from
primary electrons. See Figure 6.12 for an additional studyhe removal of electrons
by these cuts.
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effect of adding e€>0.3+0.15*pT(Black Line) , Red n1>0, charge +, prob<0.2
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Figure 6.11: Energy/momentum distribution. Most of the rggedepositions occur
around 0.4 which coincides with the expected energy hadeposition fraction given
that the EMCal only has one interaction length. At very lgw values electrons can be
removed from the spectra usinga dependent energy cut. The lawip spectra repre-
sents particles with momenta much larger than its energg relion of the distribution
is an indication of minimum ionizing particles and is remd¥eom the sample.
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Figure 6.12: Energy vs momentum distribution showing ineblbe total number of
candidates within a & pr < 11 GeVt. Red shows the acceptance of 5-10 GeMbns
with ae/p < 0.9 requirement and lastly in black is the addeddependent energy cut

(Section 6.5.2).
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6.6 Matching and Background Estimate of Asymmetries

For the data recorded in 2005 the background was estimatacawiextrapolation of a
power law to the lowy; charged particle yield. The argument for this method wasdbas
on the natural expectation that for hard scattered prodpasitles the spectrum is ex-
pected to follow a power law distribution. The signal regan above 5 GeW in the
data sample as well as the background region (below 5 &&¥és well described by this
method. The fits to the signal and background can be seen eigpahFigure 6.13. A
power-law fit was also applied to the region below the sighhis method overestimated
the background as can be seen by the fact that the signal akdgrband curves would
cross at very highr. The fractional background contributions using this fgtmethod
was found to be less thdiV. (Table 6.5). The remainder of this section discusses the
technique used in purifying the charged tracks. Briefly allE&hd PC3 matching (Sec-
tion|5.4) distributions in d and & were studied by, bin. The matching distributions
of the ERT sample were found to have minor deviations fromeetgal values. After
corrections were applied to the data sample a loose matchingf < 30 was required
for all tracks to eliminate contamination. The remainingypée was then meticulously
studied to estimate the background correction which williseussed on the following
sections. Table 6.5 summarizes the background estimaites the power-law method.

Further figures along with their fits may be found in the Appeiit
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Figure 6.13: Background estimate of the 2005 data samplg agpower law fit extrap-
olation. Top arer™ and bottomr—. The black curve is the signal region while the red
curve is the background estimate. The dashed vertical $ireethep region of interest.
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6.6.1 Closer Matching Cut Study

A strict cut in thes (Section 5.4) window on the matching distributions was @enied
to estimate the remaining background on the outer trackiegsaof the detectorde
distributions. The study showed that most of the distringiwere Gaussians and cen-
tered around zero with very minimal tracks residing outsidgr cut®. This will be

studied further in the next section as it is implicitly coméd with a strict RICH cut.

6.7 Conversion electron background estimate

Conversion electrons comprise the main background comitibto the sample for both
the cross-section measurements as well as. Arhese background particles can have
similar signatures as high- 7=. The conversion background is composed of electron
positron pair tracks generated close to the drift chambeérdafilected by the magnetic
field. The pair will split in the main bend plane and can patdlyt be reconstructed
as a high momentum track. However, as stated in Section, &lkeétron behavior and
charged pion behavior can be different as the light conausaidi larger for electrons
than pions. Electrons will fire six PMTs in average, while argfed pion’s firing will
increase approximating the efficiency of electrons witmeasingy and plateau around

five PMTs. In addition the residual/matching distributiqi@®ction 5.4) ofeTe~ and

Bwhich also implies that the background was minimal, as baekt tends to dominate the tails ,
broadening the distributions
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7+ also differ: charged pion distributions are narrow and et around zero, while
background electron distributions are broader and cahterthe right or the left of zero
depending on their charge. While the cuts used in this arsabféectively remove a
large fraction of the background as can be seen in Figurea&8nversion contribution
still remains. To estimate this remaining fraction paetcthat make all the cuts and
remain within a 1< o < 3 are studied in combination with different RICH requirements
Figure 6.14 shows these distributions with > 2 (black) ton1 > 4 (blue) requirements.
It is clear that requiring more than four PMTs to be fired in RECH will remove

a large portion of the signal and the conversion electrodksbgi selected as we can
see their distributions not centered around zero but rathéne right or left of zero
depending on the charge. This asymmetry which is dependecharge is a signature
of background particles which do not originate from the eertThe efficiency of the
RICH sub-detector for conversion electrons can then be eakiby safely assuming
that the matching of track residual between one detectormanther (say frone < 10
ando > 4) will be all conversion background. One can then estimageefficiency of
then1 variable through the relation in Equatiﬁ@ﬂ.\lo charged pion background cuts
are used outside ofl > 0, 4 when calculating the efficienci. as this will bias the
sample towards charged pions and the efficiency of the RICHwilbe constantR, is

an efficiency of the RICH not to be confused with previously dadiR which is a ratio

YEfficiencies of the RICH were also calculated using simalatata. Refer to Section 4.1.6 for more
details.
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of relative luminosities.

_ #of particles within(n; > 4)and pc3sdphi(o > 4,0 < 10)
~ #of particles within(n; > 0)and pc3sdphi(c > 4,0 < 10)

(6.7)

e

ny >4
R,

Spectran,~o = Signal + Background( ) (6.8)

The remaining background estimation from the cleaned sauwwgoh be then estimated
by pr bin by requiring this:1 > 4 and excluding tracks that fall within & of detector

matching.

2 z 2
emcadphi emcadphi

2 B 2
emcadphi emcadphi

Figure 6.14: Matching distributions for differept bins, charges, and RICH require-
ments. Black, red, green and blue histograms representtndl> 2, n1> 3 nl1> 4.
The left (right) panels show™ (7 ~), top (bottom) for 5 Ge\W < pr <6 GeVk (6 GeVie

< pr <7 GeVk). The blue curve starts to exhibit the off-centered behavexpected
from background electrons, which is in opposite directiongach charge sign.

199



3
encadphi

L

sy

Ea
=
1%,;:
5
‘..

Figure 6.15: Matching distributions for differept bins, charges, and RICH require-
ments. Black, red, green and blue histograms representiyil> 2, n1> 3 n1> 4.
The left (right) panels show " (7~), top (bottom) for 7 GeW < pr < 10 GeVE (10
GeVie < pr < 15 GeVE). The blue curve starts to exhibit the off-centered behavio
expected from background electrons, which is in opposrtection for each charge sign.
The remaining background contributions can be found oneTébl. The laspr
bin of 10 GeVt < pr < 15GeVE in Figure 6.15 indicates that the technique seems
to breakdown. One can see even within enéhe spectra appears to be background
dominated as the whole distribution seems to be shifted #f@r. This could be caused

by decay particle contamination which would have to be estidah in thisp; range. A

brief discussion of decay background will be made in the segtion.
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Background in A, (%). Year 2006

pr Bin[GeV/c] | 7" Remaining BK{)) | R.+ | 7~ Remaining BK{) | R.-
5-6 <11 0.49 <1 0.46
6-7 <1041 <1|041
7-10 1.6| 0.43 1.8 0.49

Table 6.4: Remaining background in sample from 2006 data a@#iRfficiencies R.”
obtained pepr. Table values correspond to the 2006 data-set.

Background in A, (%). Year 2005

pr Bin[GeV/c] | % Backgroundr* | % Backgroundr~
5-6 3 4
6-7 2 3
7-10 4 5

Table 6.5: Estimated background contributions using 20fi5-det using a power law
extrapolation.

6.7.1 Decay Particles

Since in this analysis a RICH hit is required, decay particieqat a significant source
of background within the range 5 GeVk pr < 10 GeVEt as they will not typically
emit Cerenkov light inside the RICH. This is due to their very low moroen which
will typically be below light emitting threshold. Howevebavep; ~ 11 GeVE decay
background cannot be neglected as their energy will exagat émitting thresholds.
Decay particles are typically low energy particles. Dueddiple decay kinematics and
multiple scattering interactions they can only be deteatetthe EMCal if they have a
high enough momentum kick from the parent particle. The ayepr of decay and

conversion background is about 500 Me¥hd the random association background due
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to decays has been estimated in PHENIX to be less thah. 0L his estimation has been
further restricted to non-fired RICH track spectrd (< 0) in other analyses involving
charged hadrons [4]. For the spin asymmetry analysis ordgyperbin above 10 Ge\/
was studied. As the previous section demonstrated, thishimore background domi-
nated than the lower bins. A method similar to the conversion estimate in the iprev

section was performed. A cut afl >6 seemed more appropriate in this range as it

can be seen in the spectral shapes (Figure 6.14, 6.15 and Btisfractional efficiency

of the RICH using the same technique as before was found to be Iqui: 0.16. The
number of particles scaled by this efficiency found withie threesc and subject to

nl >6 requirement was high (over 4). As a consequence of the uncertainty of the
heavily contaminated 10-1& region, the asymmetry obtained was not considered as
a physicsspinmeasurement and thus was not included in the results fgr A visual
inspection of bottom of Figure 6.16 shows flyebin determined to be too contaminated

to consider for a charged pion asymmetry using the 2006 aundfat 2005 data-set.
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Figure 6.16: Matching distributions for differept bins, charges, and RICH require-
ments. Red, green, blue, pink and orange histograms represer2, nl >3, nl >4,

nl >5. The left (right) panels show (7 ), top (bottom) for 7 GeW < pr <10 GeVE
(10 GeVE < pr <15 GeVe) The curve to the orange curve start to exhibit the off-
centered behaviour expected from background electronshvighin opposite direction
for each charge sign.
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6.7.2 Primary Particles *, e*

Typical efr and /7 ratios from primary electrons and muons are less thari [16].
Particles that produce light in the RICH are listed in Table G\bte that within the
pr range of 5 GeW-10 GeVE only 7+ will primarily produceéerenkov light as pri-
mary particle background originating from primary eleascor muons is considered

negligible. An illustration of the typical energies of apted particles can be found in

Figure 6.11.
RICH Light Emitting Thresholds
Particle Threshold[GeV]
et, e” 0.017
W 3.5
T 4.7
K+ K~ 16
prip” 30

Table 6.6: RICH thresholds.
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6.8 Identified Charged Pions for Spin Asymmetries

Table 6.7 lists the charged pion yields by bin after all cuts were implemented. The
total number of pions identified in the sample within a ran§® &eVie < pr <10
GeV/c was 56,081t and 47,662r~. The total number of BBC counts in the sample
was 12 billion. Using a total proton proton inelastic crgsstion of 42nb and a BBC
efficiency of 524 gives an approximate integrated luminosity of pb8' (Equation 6.9).
Table 6.8 lists the yields found in the 2005 data-set, wheeeanalyzed was estimated

to be 2.3pb7 L.

Pion Yields ERT Data 2006
pr Bin [GeV/c] 7t T
5-6 21,469| 21,496
6-7 18,887| 15,462
7-10 15,725| 10,704

Table 6.7: Pion yields after all cuts by charge andoin for the 2006 data-set.

Pion Yields ERT Data 2005

pr Bin[GeVic] | 7t | 7~

5-6 9589 | 9289
6-7 9108| 7563
7-10 7399 | 5887

Table 6.8: Pion yields after all cuts by charge andin for the 2005 data-set.

/L dt — NBBCLLl (6.9)

OBBCOeppc
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6.8.1 Ratio ofr™, 7~ in ERT Triggered Data used for Asymmetries

The yields in Tables 6.7 and 6.8 show that the ratiaof 7~ changes wittp,. Similar
cuts were used in the samples. Both samples show mometected tham—. While
there is a pQCD expectation for a charge asymmetry that idependent and more
pronounced at high (due to charge conservation in proton proton collisionsyemo
up quarks than down quarks), there appeared to be non-glgtszge asymmetry also
observed. The possible causes for a non QCD asymmetry carelde the asymmetry
of the detector set-up; the drift chamber is symmetric wétbpect tap = 90°/270° and
asymmetric with respect to = 0°/180°, furthermore both arms are shifted up about
~ 1%. Other effects could be due to detector misalignment (eithni& chamber or
RICH sub-detectors) and charged track efficiency losses danselead areas on the
drift chamber which may change from to year. While the ratiarofto 7~ will be of
further discussion, it should not affect the spin asymmesyllts as these are defined as
a ratio of yields where all efficiencies will cancel out. Atluer discussion of the ratios

for all samples studied can be found in Section 5.11.

6.8.2 Pion Yield Comparison in Years 2005 and 2006

As mentioned previously the efficiency for charged trackangfed between 2005 and
2006 data sample. Another difference between runs was thieechf the trigger (ERT

4x4c Section 4.2.1). In the year 2006, large portions of th&lRectors of the EMCal
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were masked off causing a reduction of statistics of abotit. Tthe RICH detector also
suffered a mirror mis-alignment in 2005 and the problem vedgesl by the year 2006.
In addition to the trigger and efficiency changes betwees tbha actual correction for
momentum scale was not submitted to the PHENIX databaseebdie 2005 analy-
sis was performed, while for the 2006 data sample all beafhaid momentum scale
corrections (Section 5.2.4) were done and made availalifeete HENIX collaboration
before the asymmetries and yields were calculated by tHearof this work. In sum-
mary, Figure 6.17 shows the ratio of yields found betweerdtta samples in 2005 and

2006.
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RICH threshold (4.7 GeV) indicates an efficiency change between data-sets asswciat
with the RICH sub-detector. Top panel aré while bottom panel are .
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6.9 Double and Single Spin AsymmetriesAT; and AT

The double spin asymmetries were calculated using the fiﬂIlJ@; (x?) method and
summed method. All particles that survived the cuts dissdisdbove and were within
5 GeVk < pr < 10 GeVt were considered for an asymmetry calculation. Refer to

Section 6.1 for the definitions used fop A Ay, AA;; andAA;.

6.9.1 Asymmetries with the Fill by Fill-y?> Method

The lower limit on transverse momentum (5 GeMbas applied by taking in consider-
ation the RICH pion threshold (4.7 GeY/and resultant turn on curve. The upper limit
was applied due to statistical limitations. An attempt wasdmto gain an additional
higherpz bin by using the summed method, however this did not provetioed due to
limitations of the background estimate at this bin as discussed in Section 6.7. The
Arr, andAA;; for each respecting bin were plotted by fill (Figure H.1) andvith a
constant function. The values obtained were then used amtiledouble asymmetry

result shown in Figure H.2 and summarized in Table 6.9.

15As a reminder, a fill is defined as the time period encompassiregcomplete machine cycle. This
includes the injection, acceleration, and storage ofdiollj beams.
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Ay, by averager value usingy?

T mt
pr(GeVid] App | AApp | pr| App | AApg
5.6 -0.005| 0.022| 5.7 | 0.020| 0.021
6.7 0.011| 0.026| 6.5| 0.027| 0.023
8.2 -0.042| 0.030| 8.2| 0.032| 0.025

Table 6.9: A;; by averagep; value usingy?. Table values correspond to the 2006
data-set.

6.9.2 Summed Method Asymmetries

Summed asymmetries were calculated using a bunch-subtractthod, where bunc?@s
with relatively different luminosities in each proton ey configuration are removed
until the tolerance iR (See equation 6.2) value is within acceptable limits. As-a re
minder R is the ratio of the relative luminosity in each beam in diffietr polarization
configurationsR = L., /L, ) not to be confused with the RICH efficienéy. In this
study the tolerance oR was set to 0.01. ThR distributions graphs in even, odd and
combined crossings can be seen in Figure 6.18. The asynasiatrd their uncertainties
using this method appear consistent with tfRenethod. In addition an asymmetry;at

of 11.5 GeV¢t was obtained, albeit with low statistics and higher backgrcbcontamina-
tion. All the asymmetries and their statistical unceriastre summarized in Table 6.9

and Table 6.10.

18Rather than continuous beams, protons at RHIC travel buhtdgether in 120 bunches, so that
interactions between the two beams will take place at diséntéervals at 106 nanoseconds (ns) apart.
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Ayp, by average; value using summed method.
T i
pr(GeVid] App | AApp | prlGeVie] | App | AApr
5.6 -0.012| 0.021 5.7 0.012| 0.021
6.7 0.008| 0.026 6.5| 0.023| 0.023
8.2 -0.049| 0.030 8.2 0.015| 0.025
115 -0.0002| 0.076 11.5| 0.010| 0.061

Table 6.10:A;;, by average value using the summed method. Table values correspond
to the 2006 data-set
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Figure 6.18: Distribution oR after a cut inAR in even, odd and combined bunch
crossings after removing bunches that are outside tolergalues. R is the ratio of
relative luminosities in different beam polarization cgufiations. The top panel shows
the R distributions for even (top) and odd (bottom) bunch crogsjrwhile the bottom

figure combines bunches. 2006 data-set.
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6.9.3 Even and Odd Bunch Separated Spin Asymmetries

The ERT trigger circuit (Sectian 4.2.1) consists of two saepacircuits that alternates
between even and odd crossings. The triggering at PHENIX | E&ke about 140 ns to
reset which is longer than the typical 106 ns between RHIC tesicIn order for the
PHENIX trigger to be compatible with the RHIC bunch mode (188dhes), the trigger
was re-designed as two alternating sets of circuits whichewadferent for odd and
even crossings. For asymmetry measurements such asme assumes that efficiency
issues are helicity and crossing independent. Howeverification was made that the
different thresholds did not significantly affect the asyetry values. Asymmetries were
analyzed by even and odd crossings and also by the proton imeeach collider ring
-beam blue beam and yellow beam- separately for both methssth Figure 6.19 and
Figurel 6.20 show the results of these studies. Measuremamisalso performed for
both summed (Section 6.10) ard (Section 6.9.1) methods, the fill by fill asymmetries
can be found on Figure 1.0.14 for odd crossings H.4 fone@ressings. Single
longitudinal asymmetries (A of charged separated pions were also measured. Studies
of even, odd and beam separated (blue, yellow) single asynesmie€an be found in
Figures H.5 and H.6. The measureg Are consistent with zero indicating as expected
that the process may not be parity violating. Measuremems, avere also consistent
for both years of data analyzed. Summaries of these studiebe&found in Table 6.11

and Table 6.12. Additional studies can be found in the Appehd
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Figure 6.19: Asymmetries using the summed fill method, s#pdrinto odd and even
crossings. The last momentum bin around 11.5 GeMll be discarded due to high
background contamination. 2006 data-set.
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Figure 6.21: Single longitudinal asymmetries;jfof 7~ andn*. 2006 data-set.
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A; Yellow Beam.y? method.

T 7wt
pT[GeV/c] Aj AAL pT[GeV/c] AL AAL
5.6 0.015]| 0.0124 57| 0.0112| 0.0124
6.7 -0.006| 0.0150 6.5| 0.0006| 0.0133
8.2 0.018| 0.0175 8.2 | -0.0007| 0.0150

Table 6.11:4; Yellow beam by average; value usingy? method. Table values corre-
spond to the 2006 data-set.

A;, Blue Beam.y? method.

T wt
pr[GeVid A, | AA; | pr[GeVid A, | AA;
5.6 -0.0067| 0.0124 5.7 0.0208| 0.0120
6.7 0.013| 0.0150 6.5| 0.0115] 0.0130
8.2 -0.009]| 0.0170 8.2 0.009| 0.0150

Table 6.12:4; blue beam by averagg- value usingy?> method. Table values correspond
to the 2006 data-set.
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6.9.4 Summary of Measuring Methods used for Asymmetries

Both methods used for the calculations of the asymmetries Wiy consistent with
each other as it can be observed in Figure 6.22 fgr.AThe measurements of;A
was an important systematic check which showed that there meefalse asymmetries.
Figure/ 6.21 shows the results for, Avhich are consistent with zero as expected. The
asymmetries measured by beam also showed that there weteong sffects on the
measurements caused by the different ERT circuits in eaamimlas it can be inspected in

Figure 6.19 and Figure 6.20. These results are summariZiabia 6.11 and Table 6.12.
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Figure 6.22: Comparison of asymmetries; (A using the filled summed bunch sub-
traction method as described|in 6.10, and tRemethod. Black circles represent the
summed method while red circles thé method. The error bars are the statistical preci-
sion (A A, ;) in the measurement. Figures correspond to the 2006 data-se

218



6.10 Bunch Shuffling as a Systematic Uncertainty Check

of Arr

Two final studies are discussed as part of the asymmetry mesaeuts: bunch shuffling
which is discussed here and background asymmetries wikhbedsfor the next section.
Bunch shuffling is performed as a technique to ensure that ystgmmatic uncertainty
from bunch to bunch or fill to fill correlations are less thaa turrent statistical uncer-
tainty. Since the analysis performed for the asymmetry oreasents is based on one
sample alone it becomes difficult to check for possible flattuins or systematic corre-
lations that may arise between the fills. The technique usedmvents this issue by
randomly assigning the helicity of the bunches in the sanmfie asymmetries are then
calculated per fill and theiy? distributions (Figure 6.23) are inspected and fitted to its
probability density, which is expected to have a mean of aeda variance of one, pro-
vided the uncertainty is well approximated by the Poissajquéion 6.10) uncertainty
approximation. The systematic uncertainty ip;Ahat is estimated from the bunch shuf-
fling technique is less that)=3. The relevanty? values from the bunch shuffling are
summarized in Table 6.13. Figure 6.23 and Table 6.13 shavittbalistribution is within
reasonable expectations (Formula 6.10) indicating tiigelaystematic uncertainties are

not present in the measurements. More studies can be fouhd appendix.
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pr [GeVie] | 7=, x? | ndf | pr[GeV/] | 7+, x? | ndf
5.6 89| 56 5.7 67| 65
6.7 78| 55 6.5 56| 67
8.2 89| 57 8.2 89| 65

Table 6.13:y? values byp; bin of the shuffled asymmetries. 2006 data-set.

) = gt el 5) (6.10)

Bunch shuffling allows the creation of multiple samples nelededifferentiate indica-
tions of systematic uncertainties from normal fluctuatiomg?. For this analysis 5000
shuffles were performed and fitted. Al} bins seem in agreement within the expected
fit. The complete set of figures showing all the bins of interest can be found in Ap-
pendix| I. The polarization pattern for bunches in RHIC candigmlled. There are four

possible combinations (++,+,+ and ) available for colls@t the PHENIX detector.
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Figure 6.23: Distributions of? distributions of measured A of randomly assigned
bunch helicities and shuffled 5000 times across bunchespdoel corresponds to,
while bottom panel corresponds+0 within 5<p;r <6 GeVk. 2006 data-set.
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6.10.1 Background Asymmetries

Since the background in this analysis is small, it is vifjuahpossible to estimate a
background A; according to the given statistics. However, one can userdifit tech-
niques in order to estimate this quantity. When the backgtaesifrom conversion elec-
trons, the characteristic signatures of this backgroumelsunderstood. One can select
a “clean” conversion sample by applying inverted hard cptanuthe ones of this analy-
sis. Example of inverted cuts are: selection of tracks lgpaimaccurate electromagnetic
shower shape and studying the tracks on the aut@mdow of the matching distribu-
tions and at the outer part of theed| distribution. One can thus get an idea on how
big (or small) an asymmetry can be expected from the backgrand therefore decide
upon the importance of the percentage of contaminationdauithin the charged pion
spectra. The selected background sample is shown in Figedenfhere:/p (energy and

momentum) is histogrammed.
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Figure 6.24:¢/p distribution of selected conversion electrons, red cusvihé typical

charged pion distribution while the blue plot is the coniarslectron (with some de-
cays) spectra.
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The resultant asymmetries are shown in Table[6.14. In ther [&ble it is shown
that asymmetries from conversion background are not sugmifigiven the percentage

background in each charged pipn bin. Cuts used to select conversion tracks were:

e n0 > 4 (see Section 6.14).

e |zed| >40 (Section 5.4).

e prob >0.20 (Section 6.5.2).

The method used to calculate these asymmetries was the simetbod as the?
required high statistics which are not available in the damp

In addition, thee/p plot in Figure 6.24 shows that the spectra from tracks along
these requirements peak at low energy and not in the mid §idir¢40% energy depo-
sition) as in the charged pion case. One can thus assert anfidence that the asym-
metries calculated include a high contamination sampleoof/ersions electrons with

mis-reconstructed momentum.

pT[GeV/c] e ALL 5ALL pT[GeV/c] 6+,ALL 5ALL
55 0.008| 0.086 54| -0.078| 0.080
6.5 -0.087| 0.092 6.5 0.027| 0.089
8.4 -0.007| 0.057 8.4 -0.032| 0.057
12.3 0.035| 0.050 12.4| -0.028| 0.053

Table 6.14: Conversion Electron Asymmetries versubin. 2006 data-set.
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6.11 Comparisons

The results obtained with the 2006 data-set are comparedR®BWR22] parametrisa-
tions. 20067~ andx+t GRSV curve comparisons are updated as they are calculated
using DSS[10] fragmentation functions which use the mostougiatee e~ and RHIC
data and thus contain the best information on fragmentdtioations currently avail-
able. DSS unlike the previously used KKP[27] fragmentafionctions which were
compared with the 2005 measurements in this work also disish betweenr™ /7.
Figure 6.25 shows the comparison between data-sets. Fég2Beshows the 2006 re-
sults plotted against several GSRV scenariog¥6r. Figure 6.27 shows the 2006 results
plotted against the latest parametrisations using the D@88kl which are newer than
the previously GSRV models. GRSV is still a useful model to pane as it contains sev-
eral scenarios oA G. DSSV only contains one scenario fitted from previouslyasésl

data at RHIC [11].
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Figure 6.26: Measured A compared to GRSV parametrisation for (top panel) and
7~ (bottom panel). The different curves depict estimates vbglpolarization scenar-
ios. AG maximum and bounded by the unpolarized value of G obtaindal$is the
red curve, blue corresponds to a negailv& contribution. The purple line has zero
contribution whilst the black illustrates the standardtdbation, which corresponds to
a contribution of 0.24 (2%) to the proton. Data corresponds to the full 2006 data-set. .
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Figure 6.27: Measured A from year 2006 compared to DSSV parametrisations for
7~ (top panel) andr— (bottom panel). The model curve depict the best fit of the gluo
polarization using reference[11]. Figure correspond&édtll 2006 data-set. The scale
uncertainty corresponds to the uncertainty in the beanrigation.
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6.11.1 Errorsin Ay,

The errors applicable to the measured asymmetries distassksummarized in this
section are mostly statistical. Systematic errors thaeHaeen explored include the
width distributions obtained with the already discusseddbushuffling technique (Sec-
tion/6.10). The latter are of the order tf—2 which is less than that current statistical
precision. Other systematic errors that are present arertbertainty in the ratio of
luminosities in the two possible proton spin staies= % (Section 6.1) which is
4x10~°[5]. Systematic uncertainties that will be also be consideare momentum res-
olutions which, as it was noted in Section 5.2.5, are knowbet6.6%p from Monte
Carlo simulation and.1%pr from data. These uncertainties added in quadratures sum-
marize to a systematic error in the momentum resolutian2@)op, which is a minimal

source of systematic uncertainty. Momentum errors are sanmaed in Table 6.15 and

statistical errors can be found in Table 6.16 while erroessstmmarized in Table 6.17.

s
pr[GeVic] | Apr (GeVie-min) | Apr (GeVie-Max) | Systematic deviation [GeWY
5.2 5.17 5.25 +0.04
6.7 6.66 6.77 +0.05
8.2 8.15 8.29 +0.07
7T+
pr|GeVic] | Apr (GeVie-min) | Apr (GeVie-Max) | Systematic deviation [GeV)
5.7 5.66 5.76 +0.05
6.5 6.46 6.57 +0.06
8.2 8.15 8.28 +0.07

Table 6.15: Summary of systematic errorgpinof A;; andA;. Table corresponds to
the full 2006 data-set.
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pT[GeV/c] AArp-— | pr [GeV/C] AALL+
5.6 0.022 5.7 0.021
6.7 0.026 6.5 0.023
8.2 0.030 8.2 0.025

Table 6.16: Summary of statistical errors 4f; by averagerr. Table corresponds to
the full 2006 data-set.

Summary of A, errors

pbr [G eV/C] 5syspT7r* [G eV/C] 5statALL7r* pbr [G eV/C] 5syspT7r+ [G eV/C] dstatALLer
5.6 0.04 0.022 5.7 0.05 0.021
6.7 0.05 0.026 6.5 0.06 0.023
8.2 0.07 0.030 8.2 0.07 0.025

Table 6.17: Summary of statistical and systematic erroré;of andp, by averagey;.
Table corresponds to the full 2006 data-set.
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Chapter 7

Conclusions

Investigating the structure of visible matter and gettingpee glimpse into quantum
mechanical spin through RHIC’s unique capabilities was thevaitton of the work pre-
sented. The physics goal of this work was to measure a qudhét was sensitive to
the gluon polarizatiol\G. The work presented also aimed at contributing to the data of
unpolarized particle production as well as to the data capotd spin measurements.
Unpolarized particle production measurements such asrtbe presented in this work
are important aspects of high energy collider programslusive hadron cross section
measurements can add new results to existing data at diffenergies thus minimizing
the uncertainties in the current knowledge of fragmentatimction data - particularly
the gluon fragmentation functions. The heart of the spingusaments in this work
were the asymmetries of charged pions proceeding fromipethproton proton colli-
sions. Ay, of #* can be used as part of a global analysis[11] to help disel&dhg
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contributions to the proton spin thus contributing to therent knowledge of strongly
interacting matter. In order to participate in the consiraf the magnitude and the sign
of AG, well identified charged pions were needed. A comparisoh@hteasurements
with different models (GRSV[22] and DSSV[11]) could then bada. A verification of
the pQCD framework applicability was needed in order to campaodel predictions.
Calculating a differential cross section which could be cared to pQCD (Figure 7.1
and Figure 7.2) was a natural step to follow. These compasiabiowed verification that
the unpolarized parton distribution functions used in thg theoretical curves in Fig-
ure/ 7.4 and Figure 7.3 could indeed be used to compare thgezhpion data obtained
by this procedure. A key ingredient of QCD referred taiasversality provides a way
for one set of measurements from DIS to make a large set oigpiets in proton-proton
collisions. Verifying universality in the process presahin this work was of particu-
lar importance. The job of identifying charged hadronictiotes (r*) was particularly
challenging. The challenge was due to the detector whicit batl electromagnetic
calorimetry available. The nonavailability of test beantadiaeeded to parametrize the
hadronic response of the electromagnetic calorimeter dsawé¢he lack of a dedicated
trigger meant that a methodical and diligent method had tddéxeloped to properly
account for the background. The results obtained showedihkaunpolarized cross
sections were consistent with pQCD production predictiding latter meant that com-

parisons to different gluon polarization scenarios coddriade with confidence in that
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pQCD could be used for the interpretation of results presemte¢his work. The spin
dependent measurements eliminated the maximal gluonilsotidn scenarios from the
fits of GRSV[22]. GRSV has now been updated with the DSSV[1Q]fiddels, which
are compiled into a newer set of global analysis. These fdkde neutral pion[5]
measurements by the PHENIX detector as well as measurefmemishe STAR detec-
tor. GRSV is an older set of fits while DSSV are more current. E\mv, these two
parametrisations are constrained similarly by positiwtitich will constraint the maxi-
mumAG contributions making the theoretical comparisons stifllmable to this worbL.
Table 7.1 and Table 7.2 summarize the cross-section restiiie Table 7.3 summarizes

the A;;, measurements.

3
E%5 Summaryr*

prlGeVic] | EL2 (mb-GeVe?) | ouye @ oatar (%)
5.47 0.00001539 8®2
6.49 0.00000680 22 ® 3
7.49 0.00000191 62 ® 6
8.46 0.00000076 64 ® 10

Table 7.1: Summary af ™ E‘C%g and associated errors.

3
E%5 Summaryr~

prlGeVid | ESE(mb-GeVe?) | g,y @ ot (%)
5.47 0.00001242 13®3
6.49 0.00000467 22®4
7.49 0.00000140 07
8.46 0.00000056 65 ® 12

Table 7.2: Summary aof ~ Eﬁ%‘; and associated errors.

1The constraint of the polarized parton distribution canpetarger than the unpolarized functions
obtained from DIS.

233



=
Q
I

[EEY
<
a
T

Ed®o/dp®(mb-GeV2c?)
S

107

™ CTEQ6M -DSS FF

4 5 6 7 8 9 10
P, (GeVlc)
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Figure 7.3: Measured A compared to GRSV parametrisations for. The red curve
represents the size of the asymmetrieAd were the maximum valuAG = g where

g in the value of the unpolarized gluon distribution. The klaarve corresponds to
AG =0.28. The blue curve represemiss = —g while the purple curve represents

AG =0 (no contribution). Measurements correspond to the 2066 .

Summary of A ;, and associated errors
pT[GeV/C] dsys(pT)w* [GeV/C] ALLn—* 6slal, ALLW* pT[GeV/C] 631}5 (pr) 7+ [GEV/C] ALL7T+ 631@1, ALL7T+
5.6 0.04| -0.005 0.022 5.7 0.05| 0.020 0.021
6.7 0.05| 0.011 0.026 6.5 0.06| 0.027 0.023
8.2 0.07| -0.042 0.030 8.2 0.07| 0.032 0.025

Table 7.3: Summary of statistical and systematic errord gf andp; by averagey;.
Table corresponds to the full 2006 data-set.

236




-0.1
=g — -
<.0gk- PHENIX Preliminary TT
0'06:_ Ag =g input
0'04:_ Ag =-ginpu
0.02[—=
C GRSV - std
0 = ®
= Ag = Zero
-0.02—
-0.04 °
-0.06— pp->mX\5=200GeV
-0.08—
- AL scale uncerltalnty of|+8 3% not mclud?d |
0L : 6 7 8 9 10 11

p? (GeVic)
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Determining from where all the contributions to the protogpin come from is no
small endeavor nor can it be determined by a single measuteinstead, it is a task big
enough for an international collaboration. This presenkmpes to place a few stones
within this monumental task. Different transverse momentanges and measurements
sample different gluon momentum fractions. Lawconstraints toAG are currently
driven by collider experiments like RHIC and the higltonstraints are driven by DIS
experiments. For the measurements in the work presenteaotinesponding sampled
gluon momentum fraction: extracted from a NLO pQCD calculation can be seen in
Figure 7.5. Both pion species in the gegion, applicable to the presented measurements,
sample a similar momentum fraction .02 to 0.1. The benefits of each individual
result can illustrate the power of a combined analysis. f€igu6 shows an attempt
by PHENIX experimental physicists to combine several Aneasurements from the
PHENIX detector. One can typically start with several glymfarization assumptions
based on parametrisations of available data. Asymmetaieshen be generated similar
to the GRSV and DSSV asymmetry models which charged pions tbee compared
to in the present work. By comparing the values obtained frepeement and the A,
curves from the model, 2 minimization is done until the best value AfGG which fits
the data is obtained. The procedure can be repeated withc¢husion of new emerging
experimental results allowing for higher precision. Whilgu¥e 7.6 serves to illustrate

the benefit of combining different results from the PHENIXed#or, it is really through

238



a more robust method which includes all world data and ptgpercounts for theoretical
and experimental uncertainties that a formal global amalyan be obtained. DSSV is
an example of such an effort.

The main contribution of the present work is the constraim\ &' to the left side of
the x? minimization curve in Figure 7.6. In this simple PHENIX coiméd y* analysis
from Figure 7.6, the negative values already seem to be priedmtly driven out by the
7 as it can be seen from the combined bold black curve. Withdrigtatistics, charged
pions can provide significant information about the gluolapeation.

The maximalAG contribution bounded byg -the unpolarized gluon distribution—
(Figure 7.4) has been ruled out by thé measurements. In addition, the cross sections
in Figure 7.1 show that the fragmentation functions[11Jd&einput to the pQCD cross

sections, as well as the unpolarized parton distributioos DIS, describe the data.
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An important observation to be made about spin structuresareanents is that they
seek extreme precision. A huge amount of statistics is rkederder to decisively
pin down the different contributions to the proton’s spin.a@jed pion A as well as
other complementary probes aim at reaching a statistigaifgiance. Precision will
help to the constraint oAG. Longer RHIC running time at the highest machine de-
sign polarization will allow measurements precision. Ehefforts, in combination
with efforts from the DIS community, do paint a better oukdor the next round of
pQCD global analyses[10] similar to the way many global asedyfit into the world
data. These analyses have now included:t}{6] from the PHENIX detector and the
jet measurements[21] from the STAR detector at RHIC. The atikeowledge of the
polarized parton distribution functions can be found inUf&7.7. The incorporation of
RHIC measurements into a global analysis has been found &ireort the polarized
gluon distribution in a limited: range. While significantly constrained, large uncertain-
ties still remain particularly regarding the signAf> . These uncertainties can only be
reduced by incorporating more independent measurementthia global fits. Charged
pions can contribute immensely to the disentanglementehtagnitude and the sign
of the polarized gluon. Complementary probes will contebtd these measurements
by reducing the uncertainty on the fragmentation functishgh are used in the pQCD
Arp, fits. Figure 7.8 illustrates the measurements @f Aresented in this work, us-

ing the most current parametrisations obtained from the\[pEH fits to RHIC data.
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The current DSSV model has small asymmetries, especiallihéor— A, ;. The data
has not yet reached statistical significance in order to naelestatements with this
new set of fits.Charged pions have not further constraihédgiven the small size of
the asymmetry parameterizations from DSSV. With largdisiies, however, pions can
provide a significant constraint. Charged pions can provaesisivity to positive and
negative scenarios, mapping out the sign\a¥ at the sampled: region. Figures 7.9
and| 7.10 show projections of charged pion asymmetries witger proton beam times
at RHIC and machine expected polarizations. The main catioibs of the results pre-
sented in this work will come from an incorporation of the si#&d cross-sections and
asymmetries into the world’s data of polarized spin studies parton density function

parametrisations.
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Figure 7.7: DSSV model. Current knowledge of polarized sebghumon densities (Fig-
ure from[11]). Shaded bands represent uncertainties legédclwith two different meth-
ods. Charged pions from this work sample theegion from~0.02 to 0.1.
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latest D3fe¥t fit
parametrisations[11] which incorporate RHIC data. Errarthe model are calculated
with a Hessian matrix method. Note that the rapidity is s¢hlak 1, nevertheless, the
value of A;;, should be similar fofn| < 0.35. Note that the inset of the right panel has a
differenty axis scale to emphasize the size of the expected asymmegitesthe DSSV
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Figure 7.9: Projections of ; ;, of charged pions with longer proton beam running time at
60% polarization and/s =500 GeV and accumulated integrated luminosity of;300.
Data sensitivities to polarized gluon scenarios begin ielen impact. Charged pions
would begin discerning between negative and positive stena
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Figure 7.10: Sensitivity projections of;; of charged pions with longer proton beam
running time at RHIC. The plots correspond to expected futurédRidnning at,/s =
500 GeV with projected beam polarizations of6@nd accumulated integrated luminos-
ity of 300pb~—!. Data sensitivities to the best DSSV fit using jet arfidbarametrisations
are still poorly constrained by charged pions.
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Appendix A

Tables of Efficiencies and matching

calibrations

Summary of efficiency calculations in table format, as weltalibrations described in

Section 5 can be found in this appendix.
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Charge| pr[GeV/c] | Mean| o

7t 5-6 -0.26 | 0.82
6-7 -0.26 | 0.81
7-8 -0.26 | 0.79
8-9 -0.26 | 0.78
9-10 -0.28 | 0.79

T 5-6 -0.04 | 0.84
6-7 -0.04 | 0.81
7-8 -0.05 | 0.82
8-9 -0.05 | 0.81
9-10 -0.05 | 0.79

Table A.1: Corrections to mean ando simulated charged pions in pc3sd

Charge| pr[GeV/c] | Mean | o

7wt 5-6 -0.42 | 1.10
6-7 -0.437| 1.10
7-8 -0.37 | 1.10
8-9 -0.35 | 1.10
9-10 -0.35 | 1.10

m 5-6 -0.20 | 1.12
6-7 -0.19 | 1.11
7-8 -0.18 | 1.10
8-9 -0.17 | 1.10
9-10 -0.17 | 1.10

Table A.2: Corrections to mean ando simulated charged pions in emgsd

Charge| pr[GeV/c] | Mean| o

7wt 5-6 -0.17 | 0.84
6-7 -0.16 | 0.86
7-8 -0.17 | 0.84
8-9 -0.16 | 0.84
9-10 -0.16 | 0.84

T 5-6 -0.16 | 0.86
6-7 -0.15 | 0.87
7-8 -0.16 | 0.83
8-9 -0.16 | 0.85
9-10 -0.16 | 0.84
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Table A.3: Corrections to Mean amdto simulated charged pions in emcsdz




Table A.4: Corrections to Mean amdto simulated charged pions in dz

Charge| pr[GeVic] | RMS | o

7t 5-6 -0.126| 0.57
6-7 -0.12 | 0.57
7-8 -0.13 | 0.57
8-9 -0.12 | 0.57
9-10 -0.128| 0.57

T 5-6 -0.13 | 0.57
6-7 -0.12 | 0.56
7-8 -0.12 | 0.56
8-9 -0.13 | 0.57
9-10 -0.12 | 0.57

Charge| pr[GeV/C] | €pessap | < 30 | <2.50 | <20 | < 1.50 | < lo.
Tt 5-6 0.70 | 0.60 | 0.58 0.56 | 0.50 0.37
6-7 0.72 |0.63 | 0.61 0.58 | 0.51 0.38
7-8 0.73 |0.64 | 0.62 0.58 | 0.51 0.39
8-9 0.73 | 0.65 | 0.63 0.60 | 0.52 0.39
9-10 0.74 | 0.67 | 0.65 0.62 | 0.54 0.40
o 5-6 0.70 | 0.60 | 0.58 0.56 | 0.49 0.38
6-7 0.73 |0.63 | 0.61 0.58 | 0.50 0.38
7-8 0.69 |0.59 | 0.58 0.54 | 0.49 0.37
8-9 0.71 |0.62 | 0.61 0.57 | 0.50 0.38
9-10 0.74 | 0.65 | 0.64 0.60 | 0.52 0.39

Table A.5: Efficiency extracted from simulation after prdg@&ormalizing distributions.
Epc3sdo TEPresents the requirement that a charged track from thesD@atched in the
pad chamber 3 in sd The o efficiencies take,.ssq, iNto account as these represent
the efficiency of making both a track coincidence requiretnas well as cut on the
normalized distributions i (See text for details)
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Charge| pr[GeV/c] | €pessaz | <30 | <2.50 | <20 | < 1.50 | < lo.
Tt 5-6 0.70 | 0.64 | 0.64 0.62 | 0.56 0.44
6-7 0.72 | 0.67 | 0.66 0.64 | 0.59 0.47
7-8 0.73 |0.68 | 0.67 0.65 | 0.59 0.47
8-9 0.73 |0.68 | 0.67 0.65 | 0.60 0.48
9-10 0.74 | 0.70 | 0.69 0.67 | 0.61 0.48
T 5-6 0.70 |0.64 | 0.64 0.61 | 0.56 0.44
6-7 0.73 | 0.68 | 0.67 0.65 | 0.60 0.48
7-8 0.69 | 0.64 | 0.63 0.61 | 0.55 0.45
8-9 0.71 | 0.66 | 0.66 0.63 | 0.57 0.46
9-10 0.74 | 0.69 | 0.68 0.66 | 0.60 0.48

Table A.6: Efficiency extracted from simulation after prdgenormalizing distributions
€pc3sdz TEPresents the requirement that a charged track from thesD@atched in the
pad chamber 3 in sd Theo efficiencies take, ... into account as these represent
the efficiency of making both a track coincidence requiretnaa well as cut on the
normalized distributions i (See text for details)

Charge| pr[GeVIC] | €emesas | <30 | <2.50 | <20 | < 1.5o | < lo.
wt 5-6 0.79 0.74 | 0.73 0.70 | 0.62 0.48
6-7 0.81 0.77 | 0.75 0.72 | 0.65 0.51
7-8 0.82 0.78 | 0.76 0.73 | 0.66 0.51
8-9 0.82 0.79 | 0.78 0.75 | 0.68 0.54
9-10 0.83 0.80 | 0.79 0.76 | 0.69 0.55
T 5-6 0.80 0.75 | 0.74 0.71 | 0.65 0.51
6-7 0.83 0.79 | 0.78 0.75 | 0.68 0.54
7-8 0.78 0.74 | 0.73 0.70 | 0.64 0.52
8-9 0.80 0.77 | 0.75 0.72 | 0.66 0.53
9-10 0.84 0.81 | 0.80 0.77 | 0.70 0.56

Table A.7: Efficiency extracted from simulation after prdgenormalizing distributions
€emesdy TEPresents the requirement that a charged track from thesb@atched in the
EMCal in ¢. Theo efficiencies take,,,..qs, iNt0 account as these represent the effi-
ciency of making both a track coincidence requirement, dsagecut on the normalized
distributions ino (See text for details)
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Charge| pr[GeVic] | €emesa- | <30 | <250 | <20 | < 1.50 | < lo.

mt 5-6 0.79 0.72 | 0.70 0.66 | 0.61 0.48
6-7 0.81 0.74 | 0.72 0.69 | 0.63 0.5
7-8 0.82 0.76 | 0.74 0.70 | 0.64 0.51
8-9 0.82 0.76 | 0.74 0.70 | 0.63 0.5
9-10 0.83 0.78 | 0.76 0.73 | 0.66 0.53

T 5-6 0.80 0.73 | 0.71 0.67 | 0.61 0.49
6-7 0.83 0.77 | 0.75 0.71 | 0.65 0.53
7-8 0.96 0.73 | 0.71 0.67 | 0.60 0.48
8-9 0.80 0.74 | 0.72 0.69 | 0.62 0.51
9-10 0.84 0.78 | 0.76 0.72 | 0.66 0.52

Table A.8: Efficiency extracted from simulation after prdgenormalizing distributions
€emesd- TEPresents the requirement that a charged track from thesD@atched in the
EMCal in z. The o efficiencies take.,,.sq. INt0 account as these represent the effi-
ciency of making both a track coincidence requirement, dsagecut on the normalized
distributions ino (See text for details)
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Charge| Matching | pyGeV/c] | Mean | ¢
-1 emcs@d | 5-6 -1.85 | 1.80
6-7 -1.70 | 1.50
7-8 -1.50 | 1.30
8-9 -1.30 | 1.40
9-10 -1.10 | 1.20
+1 5-6 1.78 | 2.03
6-7 1.49 | 1.77
7-8 147 | 1.43
8-9 1.44 | 1.43
9-10 1.20 | 1.44
-1 pc3sd 5-6 -5.78 | 5.30
6-7 -5.27 | 4.90
7-8 -A4.77 | 4.27
8-9 -4.20 | 4.40
9-10 -4.05 | 3.90
+1 5-6 5.70 | 6.00
6-7 4.40 |4.30
7-8 450 | 4.40
8-9 4.40 | 3.40
9-10 4.20 |9.80
-1 pc2sd 5-6 -5.01 | 4.15
6-7 -5.41 | 4.01
7-8 -5.34 | 4.55
8-9 -4.71 | 3.83
9-10 -4.65 | 6.55
+1 5-6 476 | 5.48
6-7 4.24 | 4.69
7-8 423 | 4.31
8-9 3.82 | 3.61
9-10 3.37 | 4.03

Table A.9: Summary of matching mean and sigma correctigts006 minimum bias
data, for positive (+1) and negative (-1) tracks
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Charge| Matching | pr[GeV/c] | Mean| o
-1 emcsd | 5-6 0.09 | 1.50.
6-7 0.14 | 1.68.
7-8 0.11 | 1.42.
8-9 0.08 | 1.42.
9-10 0.19 | 1.61.
+1 5-6 0.18 | 1.56.
6-7 0.13 | 1.51.
7-8 0.02 | 1.38.
8-9 -0.08 | 1.57.
9-10 0.21 | 1.59.
-1 pc3sd 5-6 0.02 | 2.05.
6-7 0.10 | 2.05.
7-8 0.01 | 1.90.
8-9 0.09 | 1.82.
9-10 -0.03 | 3.15.
+1 5-6 0.01 | 1.92.
6-7 0.00 | 2.02.
7-8 -0.07 | 1.95.
8-9 -0.12 | 1.84.
9-10 0.02 | -1.55.
-1 pc2sd 5-6 0.03 | 1.75.
6-7 0.01 | 2.16.
7-8 -0.05 | 1.98.
8-9 -0.16 | 1.32.
9-10 -0.09 | 1.80.
+1 5-6 0.00 | 2.17.
6-7 -0.19 | 2.06.
7-8 -0.22 | 1.93.
8-9 -0.26 | 1.69.
9-10 -0.18 | 1.73.

Table A.10: Summary of matching Mean amaorrections £) to 2006 minimum bias
data for positive (+1) and negative (-1) tracks
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Charge| Matching | pr[GeV/c] | mean | o
+1 emcsed | 5-6 -0.15 | 1.09
6-7 -0.13 | 1.06
7-8 -0.15 | 1.08
8-9 -0.18 | 1.10
9-10 -0.22 | 1.11
7-10 -0.17 | 1.10
-1 5-6 0.08 | 1.08
6-7 0.05 |1.07
7-8 0.088 | 1.10
8-9 0.15 |1.12
9-10 0.29 | 0.02
7-10 0.13 1.12
-1 pc3sd 5-6 0.00 | 1.00
6-7 -0.06 | 1.00
7-8 -0.13 | 1.04
8-9 -0.14 | 1.05
9-10 -0.14 | 1.01
7-10 -0.13 | 1.04
+1 5-6 -0.22 | 1.04
6-7 -0.08 | 1.01
7-8 -0.05 | 1.00
8-9 -0.02 | 1.00
9-10 -0.00 | 1.02
7-10 -0.039| 1.00

Table A.11: Summary of matching mean amaorrectionsg) to ERT sample (2006)
data, for positive (+1) and negative (-1) tracks.
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Charge| Matching| pr Mean | sigma
-1 emcsd | 5-6 | 0.08 | 1.36.
6-7 |0.079| 1.33
7-8 [0.096| 1.32
8-9 | 0.067|1.29
9-10| 0.064| 1.30
7-10| 0.080| 1.31
+1 emcsd | 5-6 | 0.07 | 1.37
6-7 | 0.08 |1.34
7-8 [ 0.08 |1.33
8-9 [0.10 |1.29
9-10| 0.08 | 1.30
7-10| 0.08 | 1.32
+1 pc3sd 5-6 | -0.04 | 0.99
6-7 | -0.05 | 0.97
7-8 |-0.08 | 0.97
8-9 |-0.08 | 0.99
9-10| -0.06 | 0.96
7-10| -0.08 | 0.98
-1 pc3sd 5-6 |-0.05]|0.95
6-7 | -0.04 | 0.96
7-8 | -0.06 | 0.95
8-9 [-0.02 | 0.90
9-10| -0.09 | 0.91
7-10| -0.04 | -0.94

Table A.12: Summary of matching mean andorrections f) to ERT sample (2006)
data for positive (+1) and negative (-1) tracks. For ERT 26@®ple see A.12
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prlGeVic] | -70t0-60| -60to -50| -50t0-40| -40t0-30| -30t0-20| -20to -10| -10to O.
9-10 -0.2 0.62 2.86 3.16 3.91 4.65 5.44
8-9 -0.42 0.59 2.03 3.63 4.21 5.61 6.30
7-8 0.05 1.2 2.06 3.4 4.01 4.83 5.44
6-7 -0.23 0.72 2.05 3.06 4.13 4.36 481
5-6 -0.29 0.16 -0.1 2.54 2.81 4.32 1.70
pr[GeVic] | 60to 70 | 50t060 | 40to50 | 30t040 | 20t030 | 10to 20 | Oto 10.
9-10 0.27 0.93 1.97 3.67 5.33 4.56 4.44
8-9 0.31 0.97 2.01 3.62 4.65 5.05 5.37
7-8 0.05 0.61 2.0 3.72 5.01 5.0 5.37
6-7 0.08 0.88 1.42 3.05 4.04 5.32 4.85
5-6 -0.42 0.23 1.77 1.91 3.41 4.24 3.22
Table A.13: Mean of narrow Gaussian fitof in 10 cmzedincrements

prlGeVic] | -70t0-60| -60to -50| -50t0-40| -40t0-30| -30t0-20| -20to -10| -10to O.
9-10 2.19 2.19 2.61 1.84 2.73 2.954 2.29
8-9 1.85 2.84 4.27 3.04 2.31 3.42 2.58
7-8 2.32 3.47 3.49 3.12 2.50 2.99 2.99
6-7 2.53 2.663 2.95 3.67 3.82 2.56 3.98
5-6 1.77 2.17 2.09 2.63 2.59 3.44 1.7
pr[GeVic] | 60to 70 | 50to60 | 40to50 | 30to40 | 20to30 | 10to20 | Oto 10.
9-10 1.92 2.49 4.62 3.05 3.18 6.38 2.13
8-9 2.13 3.43 3.6 3.08 3.41 2.57 2.08
7-8 2.92 2.83 3.19 3.88 3.03 2.9 2.52
6-7 2.22 3.08 3.44 4.07 3.46 3.81 3.61
5-6 2.00 1.69 2.88 1.61 3.09 3.99 2.82

Table A.14:0 of narrow Gaussian fit af * in 10 cmzedincrements. From an inspection
of these widths, it already appears that the highedtip (9 GeV/c) shows higher devi-
ations than the other bins. In the final calculation of baokguds in this data sample, it
will be shown that this momentum range is contaminated bepqrhysics consideration

for a cross section;pbin candidate (Section 5.15)
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pr[GeVic] | -70to-60] -60to -50] -50to -40| -40to-30] -30to-20[ -20to -10| -10 to O.
9-10 -0.04 0.67 0.12 1.85 1.37 1.69 1.92
8-9 -0.25 1.1 2.41 2.13 3.01 2.54 3.87
7-8 -0.56 0.66 1.91 3.4 3.08 3.21 3.76
6-7 -0.23 2.71 2.46 3.15 4.37 4.49 5.14
5-6 -0.15 2.34 1.31 3.06 4.41 4.48 4.46
pr[GeVic] | 60to 70 | 50t060 | 40to50 | 30to40 | 20t030 | 10to 20 | Oto 10.
9-10 -0.5 1.89 3.03 2.9 -0.84 14.39 3.68
8-9 -0.61 2.3 4.4 2.87 4.45 4.1 3.61
7-8 0.79 2.11 3.63 3.23 3.76 3.56 4.89
6-7 -1 2.49 5.15 5.96 3.82 4.14 5.62
5-6 -0.11 2.05 3.57 3.08 4.67 412 5.09
Table A.15: mean of wide Gaussian fit®of in 10 cmzedincrements
pr[GeVic] [ -70to -60| -60to -50] -50to -40[ -40t0-30] -30to -20[ -20to -10| -10to O.
9-10 7.39 7.12 10.32 10.52 13.41 13.46 9.24
8-9 7.71 10.53 21.01 11.08 9.51 13.58 11.7
7-8 9.71 13.02 14.69 11.43 10.55 12.32 12.57
6-7 9.87 9.04 10.2 12.69 14.72 11.33 13.33
5-6 5.52 7.01 7.2 9.86 11.89 13.49 11.39
pr 60to70 | 50t060 | 40t0o50 | 30t0o40 | 20to30 | 10to20 | Oto 10.
9-10GeV/c| 6.84 8.72 17.42 11.43 12.61 27.94 12.82
8-9GeV/c | 6.33 15.3 13.2 12.35 12.39 12.26 14.58
7-8Gev/c | 13.7 9.31 12.13 12.98 12.26 14.45 13.35
6-7GeVic | 9.61 10.9 13.6 17.24 14.93 13.88 16.42
5-6GeV/c | 6.29 5.99 10.15 8.33 10.95 12.31 12.51
Table A.16:0 of wide Gaussian fit of ™ in 10 cmzedincrements

pr[GeVic] | -70to-60| -60to-50| -50t0-40| -40t0-30| -30t0 -20| -20t0-10| -10to O.
9-10 0.51 -3.22 -4.32 -4.33 -5.51 -5.67 -6.69
8-9 -0.20 -2.71 5.3 -5.59 -6.25 -12.63 -6.44
7-8 -0.96 -4.11 -2.92 -6.16 -4.98 -7.01 -7.44
6-7 -1.24 -3.54 -5.67 -6.31 -2.63 -7.13 -7.51
5-6 -1.36 -2.5 -4.9 -7.28 -9.01 -5.60 -9.94
pr 60to 70 | 50t060 | 40t050 | 30t040 | 20to30 | 10t020 | Oto 10.
9-10GeV/c| 0.19 -2.63 -3.60 -5.12 -5.69 -4.84 -3.93
8-9GeV/c | 0.56 -2.17 -3.65 -4.1 -4.3 -5.21 -5.16
7-8Gevic | -1.32 -2.38 -4.66 -5.13 -5.91 -6.48 -7.27
6-7GeV/c | -0.12 -3.38 -4.68 -6.27 -6.12 -10.15 -7.45
5-6GeV/c | -1.41 -3.58 -4.68 -7.33 -7.10 -8.54 -8.48

Table A.17: mean of narrow Gaussian fitzof in 10 cmzedincrements
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pr[GeVic] | -70t0-60| -60to -50| -50t0-40| -40t0-30| -30t0-20| -20to -10| -10to O.
9-10 3.8 3.76 4.2 0.95 2.02 2.41 2.94
8-9 3.04 3.69 3.68 3.63 2.42 2.58 3.37
7-8 2.38 3.94 1.24 3.35 2.27 2.21 3.13
6-7 3.27 4.4 4.34 3.87 2.5 5.34 4.4
5-6G 2.86 3.01 4.06 453 6.11 3.82 5.67
pr[GeVic] | 60to 70 | 50to60 | 40to50 | 30to40 | 20to30 | 10to20 | Oto 10.
9-10 2.43 3.08 3.03 2.97 1.87 1.43 1.1
8-9 4.01 3.63 3.59 1.00 2.18 2.93 2.11
7-8 2.63 5.16 3.67 1.95 3.15 3.81 2.03
6-7 3.58 3.83 2.54 3.05 3.82 2.24 3.14
5-6 3.20 4.32 3.35 5.84 3.50 1.20 2.37
Table A.18:0 of narrow Gaussian fit of — in 10 cmzedincrements
pr[GeVic] | -70to-60| -60to-50| -50t0-40| -40t0-30| -30to -20| -20t0-10| -10to O.
9-10 2.19 2.61 -6.56 -7.66 -10.06 -10.99 -10.99.
8-9G 2.02 18.83 -2.74 -15.42 -10.78 -5.78 -0.32
7-8 0.39 3.33 -6.62 -14.79 -8.31 -10.29 -10.59
6-7 0.97 -0.02 -17.58 -10.55 -9.52 -18.27 -14.23
5-6 -1.69 -5.16 -7.94 -14.98 -26.1 -10.42 -5.53
pr 60to70 | 50to60 | 40to50 | 30to40 | 20to30 | 10to20 | Oto 10.
9-10GeV/c| 1.67 3.33 -3.22 -11.24 7.1 -7.45 -7.86
8-9GeV/c | 5.32 -1.32 -7.71 -6.42 -8.26 -7.91 -8.65
7-8Gev/c | 0.84 6.91 -6.05 -8.76 -9.08 -10.48 -11.41
6-7GeV/c | 1.83 -1.48 -6.41 -11.43 -11.09 -8.16 -11.52
5-6GeV/c | 2.374 0.94 -7.21 -8.81 -10.01 -10.56 -10.46
Table A.19: Mean of wide Gaussian fit of in 10 cmzedincrements
pr[GeVic] | -70t0-60] -60to -50] -50to -40| -40t0-30] -30t0-20[ -20to -10| -10 to O.
9-10 16.15 15.39 25.56 5.55 5.71 8.77 11.94
8-9 9.08 36.62 11.43 10.85 8.27 3.25 24.15
7-8 6.82 16.54 4.52 11.92 5.71 5.97 8.73
6-7 9.74 21.24 24.19 9.58 4.86 7.6 8.34
5-6 9.16 6.65 9.89 12.07 6.78 6.53 12.92
pr[GeVic] | 60to 70 | 50to60 | 40to50 | 30to40 | 20to30 | 10to20 | Oto 10.
9-10 9.15 13.42 17.59 12.48 4.94 4.37 11.73
8-9 18.3 17.63 4.55 4.86 5.09 5.04 7.22
7-8 8.22 15.92 17.7 6.42 6.86 7.64 6.53
6-7 8.11 11.65 6.26 8.98 7.29 6.01 14.97
5-6 9.65 18.08 8.49 10.14 7.63 6.85 7.63

Table A.20:0 of wide Gaussian fit of~ in 10 cmzedincrements
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pr(GeV/c]

<70cm| <65cm

<60cm

<55cm

<50cm

<45cm

<40cm

<35cm.

et | 0-10

0.72 0.65

0.54

0.47

0.44

0.37

0.32

0.26

pr[GeVic]

<70cm| <65cm

<60cm

<55cm

<50cm

<45cm

<40cm

<35cm.

e~ | 0-10

0.72 0.83

0.70

0.6

0.55

0.47

0.35

0.29

Table A.21: Efficiency ofzedextracted from simulateg — e*

pr[GeVic] | <70 | <65| <60 | <55 | <50 | <45 | <40 | <35.
€ Primary 5-6 0.9 /0.84|0.78| 0.72| 0.66| 0.6 | 0.55| 0.48
6-7 0.89|0.82| 0.76| 0.68| 0.61| 0.55| 0.5 | 0.44
7-8 0.89|0.81| 0.76| 0.71| 0.63| 0.57| 0.5 | 0.44
8-9 0.89|0.83| 0.77| 0.71| 0.65| 0.59| 0.53| 0.47
9-10 0.88| 0.81| 0.76| 0.69| 0.63| 0.57| 0.51| 0.44
pr[GeVic] | <70 | <65 | <60 | <55 | <50 | <45| <40 | <35.
egackgmd 0-10 0.76| 0.68| 0.61| 0.54| 0.46| 0.41| 0.36| 0.32
pr[GeVic] | <70 | <65| <60 | <55 | <50 | <45 | <40 | <35.
€primary 5-6 0.9 /0.82|0.76| 0.71| 0.64| 0.57| 0.52| 0.46
6-7 0.88| 0.83| 0.77| 0.72| 0.66 | 0.59| 0.52| 0.45
7-8 0.88| 0.83| 0.76| 0.71| 0.65| 0.58| 0.51| 0.43
8-9 0.89|0.83| 0.76| 0.7 | 0.64| 0.57| 0.51| 0.44
9-10 0.88| 0.82| 0.76| 0.68| 0.62| 0.57| 0.5 | 0.43
pr[GeVic] | <70 | <65 | <60 | <55 | <50 | <45| <40 | <35.
€ Background | 9-10 0.73|0.64| 0.56| 0.49| 0.43| 0.38| 0.34| 0.29

Table A.22: Efficiency ofzedextracted from simulated primary
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Appendix B

Fiducial Cuts and Drift Chamber Dead

Map studies

Complete studies of the fiducial cuts on the DC acceptance asaned in Section 5.2.1
can be found in this appendix. The following figures show DGpgwhich are insen-
sitive to particle detection due to dead areas and/or chnmbe plots found here are
separated by charge and by PHENIX tracking arm (Fi@xelThese compare both data
and simulation for accurate description of the gaps. Asrasekr of the fidual cuts func-
tional form, whereBBCV1xis collision vertex which is located at the (0,0) (Fig@® in

a two-dimensional coordinate system. Refer to 4.3:

e (cos(f) > —0.002 x BBCVtz + 0.016)
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e (cos() < —0.0019 x BBCVtx — 0.007)

e (cos(f) > —0.0046 « BBCVtz + 0.016)

e (cos(f) < —0.00467 x BBCVtx — 0.014)

o |(cos(f))] < 0.4

o (cos(f) < —0.0044 + BBCVtz + 0.302)

e (cos(0) > —0.0042 x BBCVtz — 0.302)
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Figure B.3: Simulated drift chamber Distributions by chai@aly West Arm is shown
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Appendix C

Un-reconstructed Tracks

The figures found in this appendix illustrate the number @frgkd tracks that typically
fail to create a match hit between two or more detectors (D€CR@ for example, or
DC, PC and EMCal). Summary of these figures can be found in Table/Bich show

the number of charged tracks that failed reconstruction.
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[ pc3sdphi {n1>0 && charge==1 && pc3sdphi>-999} | [ pc3sdphi {n1>0 && charge==1 && pc3sdphi<-999} |
ntries ntries 2411

- Mean  -0276 500 Mean  -9999
F RMS 4733 F RMS 0
14000~ r
12000 20000
10000~ L
o 1500~
8000 - F
6000~ 1000~
4000~ L
o 500(—
2000 - L
ot L ! Lol |L L L L L 1 ol ! L 1
80 60 40 20 0 20 40 60 80 _ 100 ~10000 99995 9999 99985 9998
pc3sdphi pe3sdphi
[ pc2sdphi {n1>0 && charge==1 && pc2sdphi>-999} | = 9"“;2074 [ pc2sdphi {n1>0 && charge==1 && pc2sdphi<-999} |
ntries

Entries 13703

Mean  0.05555 14000| Mean  -9999
RMS 3.486 RMS 0
6000
12000
5000
10000|
4000 5000
3000 6000
2000 4000
1000 2000
0 1 fLond [ L L L 0
80 -60 -40 -20 0 20 40 60 80 ~10000 99995 9999 99985 -9998
pc2sdphi pe2sdphi

Figure C.1: Match in the coordinate of the PC3 (top) and PC2 (bottom) to the DC
track. The right histograms represent tracks that failedmstruction recognition in the
PC2 and PC3 detectors
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Figure C.2: Match in the coordinate of the EMCal (top) and PC3 (bottom) to the DC
track. The right histograms represent tracks that failedmstruction recognition in the
EMCal and PC3 detectors
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Figure C.3: Match in the coordinate of the PC3 (top) and PC2 (bottom) to the DC
track. The right histograms represent tracks that failedmstruction recognition in the

PC3 and PC2 detectors
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Appendix D

Detector Acceptance Corrections ofr™

The figures found in this appendix, show the PHENIX detectmeptance to charge
pions as outlined in 5.2.3 and 5.2. The geometrical accepttnends are organized
in 1 GeV/c g bins and by pion charge. Details of the input momentum saewn be

found in Section 5.2.1.

[__Acceptance Effiency 1€ 67 Bin__| h3 [_Accep Efficiency 1C Bin 67| h3
Entries 23920 Entries 23423
Mean 6476 £ Mean  6.479
E RMS __ 0.2683 E RMS 02704
05— 05—
04l 04~
03 ° Fase® : - 03
02f~ 02/~
0.1 0.1—
O N T T T N N DR TR T N
61 62 63 64 65 66 67 68 69 61 62 63 64 65 66 67 68 69
p,Gevic p,iGevic]

Figure D.1: Detector acceptance withipawindow of 6 GeV/c< pr < 7 GeV/c. 7"
left andx~ right
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Figure D.2: Detector acceptance withipawindow of 7 GeV/c< pr < 8 GeV/c. 7™
left and7~ right

+ h3 A Efficiency 1 Bin 8-9 h3
Acceptance 1’ Bin 8-9 Entries 19576 ‘ | Entries 18952
C Mean  8.478 E Mean 8.481
C RMS __ 0.2646 E RMS _ 0.2728
05— TS ing
04~ o
03 03—
02 02—
0.1 o1~
B T T T T DT T T T T T T T T
81 82 8.3 8.4 85 86 8.7 8.8 81 82 83 8.4 85 8.6 8.7

8.9 8 89
pr[GeV/c] P, [GeVic]

Figure D.3: Detector acceptance withipawindow of 8 GeV/c< pr < 9 GeV/c.n+
left and7~ right
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Figure D.4: Detector acceptance withipawindow of 9 GeV/c< pr < 10 GeV/c.n™"
left andx~ right
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Appendix E

Matching Distributions of ERT

Triggered Data Set

The plots which are found in this section are the fits of thectmag distributions as out-
lined in section 5.4. The data inspected, fitted and cordemb@sists of ERT Triggered
data collected with the PHENIX detector, from RHIC years 2(8&ction E.0.2) and

2006 (Section E.0!3) proton proton collisions.

E.0.2 2006 dataset
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Figure E.1: Emcsdphi~ (left) and#™ (right) at 5 GeV/c< pr < 6GeV/c Bin
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Figure E.2: Emcsdphi~ (left) andn™ (right) at 6 GeV/c< pr < 7 GeV/c Bin
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Figure E.3: Emcsdphi~ (left) andn™ (right) at 7 GeV/c< pr < 10 GeV/c Bin
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Figure E.4: Emcsdz~ (left) and=™ (right) at 5 GeV/c< pr < 6 GeV/c Bin
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Figure E.5: Emcsdz~ (left) and=™ (right) at 6 GeV/c< pr < 7 GeV/c Bin
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Figure E.6: Emcsdz~ (left) andn™ (right) at 7 GeV/c< pr < 10 GeV/c Bin
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Figure E.7: pc3sdph~ (left) and=™ (right) at 5 GeV/c< pr < 6 GeV/c Bin
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Figure E.8: pc3sdphi~ (left) and=™ (right) at 6 GeV/c< pr < 7 GeV/c Bin
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Figure

E.9: pc3sdphi~ (left) andx™ (right) at 7 GeV/c< pr < 10 GeV/c Bin

= c3sdzm* pT 5GeVic to 6GeV/c
pc3sdz 1w pT 5GeV/c to 6GeV/c Corrected 2 B!

Entries 20764 L RS RUe=y
2500 Mean 0.1124 2500— Mean 0.104
C RMS 3.157 b oS T

C X2/ ndf 99.04 /28 C
2000 PO 2170337 2000/— X2/ ndf 1255/29
r p1 01101+ 0.0133 r p0 20044265

C p2 1.079+ 0.020 L
C p3 464.9:+27.0 r Pl -0.001989 + 0.045048
1500(— pa 007718+ 0.04020 | 1500 P2 3192+ 0.082

. 5 3.032+ 0.066 r
C C 3 2167319
1000— 1000{— P4 0.09991% 0.01314
C = S 1.131# 0021

500(— 00—
oLl | (I | L oliel L Al o SN EEE . I L
20 -15 -10 -5 0 5 10 20 15 10 5 0 5 10 15 20
o

Figure E.10: pc3sdz~ (left) and=™ (right) at 5 GeV/c< pr < 6 GeV/c

Bin
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Figure E.11: pc3sdz~ (left) and=™ (right) at 6 GeV/c< pr < 7 GeV/c

Bin
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Figure E.12: pc3sdz~ (left) and=™ (right) at 7 GeV/c< pr < 10
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Charge | pr[GeV/c] | mean| ¢ | pr mean| o
7wt T
pc3sd
5-6 25 |6.2|56 |-26 |65
6-7 1.2 |63|6-7 |-26 |6.3
7-10 14 |50|7-10|-1.8 |52
pc3sdz
5-6 04 |48|56 |0.2 1.9
6-7 04 |46|6-7 |02 |43
7-10 04 |49|7-10/03 |46
emcsa
5-6 00 |10|56 |-0.2 |11
6-7 00 |10|6-7 |[-0.2 |1.0
7-10 00 |[10|7-10|-0.2 |11
emcsdz
5-6 02 |12|56 |0.2 1.2
6-7 02 |12|6-7 |01 |12
7-10 02 |12|7-10/01 |12

Table E.1: Corrections to mean ando 2005 charged pions data

E.0.3 2005 Dataset

2005 data set was also calibrated, and a table with the Gawuasd mean values found

by pr bin and charge is given.
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Appendix F

Matching Distributions of Minimum

Bias Data Set

Matching distributions from data colected in the year 200&h whe minimum biased
trigger were inspected in several formats as described atidde5.4. The figures to
follow illustrate the fits performed on the distributionshél organization of the distri-
butions and their corresponding fits are done by chargestease momentum bin (1

GeV/c Intervals), type of detector and coordinate matckeah( z).

F.0.4 Distributions in emcsdp
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Figure F.1. Residual distributions in emgsdf negatively charged tracks. These are
fitted with double Gaussians-pntervals (in GeV/c) from left to right are5 p; <6,
6< pr <7 and K pr <8
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{n1>0 88 charge==-1 8& pt>8 &8 pt<9) | {1 emcsdphi {n1>0 && charge==-1 && pt>9 && pt<10} fl
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Figure F.2: Residual distributions in emgsdf negatively charged tracks. These are
fitted with double Gaussians.-pntervals (in GeV/c) from left to right are8 p; <9
and & pr <10
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Figure F.3: Residual distributions in emgsdf positively charged tracks. These are
fitted with double Gaussians.-pntervals (in GeV/c) from left to right are5 p; <6,
6< pr <7 and K pr <8
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Figure F.4: Residual distributions in emgsdf positively charged tracks. These are

fitted with double Gaussians.-pntervals (in GeV/c) from left to right are8 p; <9
and X pr <10
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Figure F.5: Residual distributions in pc3sdf negatively charged tracks. These are
fitted with double Gaussians-pntervals (in GeV/c) from left to right are5 py <6,
6< pr <7 and K pr <8
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Figure F.6: Residual distributions in pc3sdf negatively charged tracks.These are fitted
with double Gaussians. rpintervals (in GeV/c) from left to right are<8 pr <9 and

9< Pr <10
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Figure F.7: Residual distributions in pc3sdf positively charged tracks. These are
fitted with double Gaussians-pntervals (in GeV/c) from left to right are5 py <6,
6< pr <7 and K pr <8
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Figure F.8: Residual distributions in pc3sdf positively charged tracks.These are fitted
with double Gaussians. rpintervals (in GeV/c) from left to right are<8 pr <9 and

9< pr <10
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Figure F.9: Residual distributions in pc2sdf positively charged tracks. These are
fitted with double Gaussians-pntervals (in GeV/c) from left to right are5 py <6,
6< pr <7 and K pr <8
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Figure F.10: Residual distributions in pc2sdf positively charged tracks.These are
fitted with double Gaussians.-pntervals (in GeV/c) from left to right are8 p; <9
and < pr <10
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Figure F.11: Residual distributions in pc2sdf negatively charged tracks.These are
fitted with double Gaussianspntervals (in GeV/c) from left to right are5 pr <6,
6< pr <7 and K pr <8
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Figure F.12: Residual distributions in pc2sdf negatively charged tracks.These are
fitted with double Gaussians.;-pntervals (in GeV/c) from left to right are<8 pr <9
and X pr <10
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Figure F.13: Residual distributions in emcsdz of positivelharged tracks.These are
fitted with double Gaussianspntervals (in GeV/c) from left to right are<5 pr <6,
6< pr <7 and & pr <8
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Figure F.14: Residual distributions in emcsdz of positivelyarged tracks.These are
fitted with double Gaussians.;-pntervals (in GeV/c) from left to right are8 p; <9
and X pr <10

F.0.5 Distributions in emcsdz
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Figure F.15: Negative charge tracks I, emcsdz
Residual distributions in emcsdz of negatively chargedksdthese are fitted with
double Gaussiansntervals (in GeV/c) from left to right are& pr <6, 6< pr <7
and < pr <8
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Figure F.16: Negativecharge tracks Il, emcsdz
Residual distributions in emcsdz of negatively chargedksdhese are fitted with
double Gaussiansfintervals (in GeV/c) from left to right are8 pr <9 and
9< pr <10
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Figure F.17: Positive charge tracks |, pc3sdz
Residual distributions in pc3sdz of positively chargedksa€these are fitted with
double Gaussiansfntervals (in GeV/c) from left to right are5 p; <6, 6< pr <7
and K pr <8
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Figure F.18: Positive charge tracks Il, pc3sdz
Residual distributions in pc3sdz of positively chargedksa€hese are fitted with
double Gaussiansfintervals (in GeV/c) from left to right are8 pr <9 and
9< pr <10
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Figure F.19: Negative charge tracks I, pc3sdz
Residual distributions in pc3sdz of negatively chargedksakhese are fitted with
double Gaussiansntervals (in GeV/c) from left to right are& pr <6, 6< pr <7
and K pr <8
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Figure F.20: Negative charge tracks Il, pc3sdz
Residual distributions in pc3sdz of negatively chargeckisad hese are fitted with
double Gaussiansfintervals (in GeV/c) from left to right are8 pr <9 and
9< pr <10
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Figure F.21: Positive charge tracks |, pc2sdz
Residual distributions in pc2sdz of positively chargedksa€these are fitted with
double Gaussiansfntervals (in GeV/c) from left to right are5 p; <6, 6< pr <7
and K pr <8
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Figure F.22: Positive charge tracks Il, pc2sdz
Residual distributions in pc2sdz of positively chargedksa€hese are fitted with
double Gaussiansfintervals (in GeV/c) from left to right are8 pr <9 and
9< pr <10
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Figure F.23: Negative charge tracks I, pc2sdz
Residual distributions in pc2sdz of negatively chargedksakhese are fitted with
double Gaussiansntervals (in GeV/c) from left to right are& pr <6, 6< pr <7
and K pr <8
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Figure F.24: Negative charge tracks Il, pc2sdz
Residual distributions in pc2sdz of negatively chargeckisad hese are fitted with
double Gaussiansfintervals (in GeV/c) from left to right are8 pr <9 and
9< pr <10
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Appendix G

Zed and Matching Distribution Studies

To try to understand the background in the minimum bias sanmxtd for the differential
cross section measuremt, several binscafwere inspected. The context of these studies
as well as summary tables, were discussed in Se@fnn this appendix, results of the
inspections and fits to the matching distributions in Aadtdand 10 cnezedintervals, are

presented in this appendix.

G.0.6 Zed versus pc3sd distributions
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Figure G.1: Zed versus pcds. Left figure are positive tracks, while right figure corre-
sponds to negative tracksy pange is 6GeV/e& pr < 7 GeV/c
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Figure G.2: Zed versus pcds. Left figure are positive tracks, while right figure corre-
sponds to negative tracksy pange is 7GeV/e pr < 8 GeV/c
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Figure G.3: Zed versus pads. Left figure are positive tracks, while right figure corre-
sponds to negative tracksy pange is 8GeV/e pr < 9 GeV/c
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Figure G.4: Zed versus pcds. Left figure are positive tracks, while right figure corre-
sponds to negative tracksy pange is 9GeV/& pr < 10 GeV/c
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G.0.7 Distributions in pc3sdz
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Figure G.5: pc3sdz versuaed pr is 5-10 GeV/c. Left panel are positive tracks, while
right panel are negative tracks
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Figure G.6: pc3sdz versued pr is 5-6 GeV/c. Left panel are positive tracks, while
right panel are negative tracks
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Figure G.7: pc3dz versued pr is 6-7 GeV/c. Left panel are positive tracks, while right
panel are negative tracks
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Figure G.8: pc3dz versued pr is 7-8 GeV/c. Left panel are positive tracks, while right
panel are negative tracks
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G.0.8 Positive distributions of zed versus emcsd
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Figure G.11: emcsgdistributions of matching versus zed of positive tracksrgnges
from left to right are 5 p; >6, 6> pr >7 and & pr >8
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Figure G.12: emcsgldistributions of matching versus zed of positive tracks.rgnge
from left to right are & p;r >9 and & pr >10

297



G.0.9 Positive Distributions fitted to double Gaussians
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Figure G.13: pc3%) pr 9-10 GeV/czed60-70 cm
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Figure G.14: pc3&p pr 9-10 GeV/czed50-60 cm
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Figure G.15: pc3%p pr 9-10 GeV/czed40-50 cm
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Figure G.16: pc3&) pr 9-10 GeV/czed30-40 cm
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Figure G.17: pc3% pr 9-10 GeV/czed20-30 cm
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Figure G.18: pc3%» pr 9-10 GeV/czed10-20 cm
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Figure G.19: pc3sp pr 9-10 GeV/czed0-10 cm
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Figure G.20: pc3sp pr 8-9 GeV/czed60-70 cm
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Figure G.21: pc3&) pr 8-9 GeV/czed50-60 cm
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Figure G.22: pc3&) pr 8-9 GeV/czed40-50 cm
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Figure G.23: pc3&) pr 8-9 GeV/czed30-40 cm
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Figure G.35: pc3&) pr 5-6 GeV/czed50-60 cm

310



F Entries 72458
9000F Mean 0.1397
8000F RMS 21.54

F 2
—inie X2/ndf  463.8/10

E po 6857 + 95.7
6000

E pl 2.051+ 0.032
5000F

E p2 2.947 + 0.050
4000F p3 2734 +90.9
3000F p4 2.458 + 0.082
20005— p5 10.2+0.2
1000F

0 FL o n PR BT ri T SO | I
2100 50 0 100

Figure G.36: pc3sp pr 6-7 GeV/czed40-50 cm

50
+Charge pc3sde P, 6-7GeV/c zed -50cm to -40cm

T he

F Entries 70732
10000 L Mean -0.8063
i RMS 22.69
8000 - X2/ ndf 1013/ 14
I PO 7417 £ 71.7
6000-— pl 1.422+0.029
I p2 3.439+0.053
4000 - p3 1899 + 63.9
i p4 5.149+0.224
2000-— p5 13.6+0.4
0560 e

-50 0 50 100
+Charge pc3sde P, 6-7GeV/c zed 40cm-50cm

T 1 T he
e Entries 65240 r Entries 66753
7000 Mean 2518 e Mean 0.4174
E RMS 21.66 5 RMS 23.77
6000 2 Indt  ee62/16 || 6000 X Indf  710.7/14
: s ) 6012 + 63.7
5000 - p0 4864 + 67.3 5000 - 1
s pl 655 4 08 : p 3.049 + 0.034
4000F p2 3.669 £ 0.061 4000 p2 4.072+ 0.057
o p3 2339+ 545 5 p3 LicZIbes
3000 3000 p4 5.96 + 0.30
C p4 3.154 £ 0.096 o
L [ p5 17.24+0.70
2000 p5 12.69+0.17 2000~
1000 1000F
bl iy I ok L ; Sl |
=100 -50 100 =100 -50 50 100

0 50
+Charge pc3sdo [ 6-7GeV/c zed -40cm to -30cm
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Figure G.46: pc3sp pr 5-6 GeV/czed10-20 cm

h2

Entries 54377
Mean 1601
RMS 23.78

X2 /ndf  9202/16
PO 3776+ 62.1
pl 3.221+0.048
P2 2818+0.060
p3 2079+ 40.7
p4  5.085+0.108
D5 12,51 0.17

Entries 55145

6000F

70001~ Mean 0.6399 r
3 RMS 25.03 C
60001~ X?/ndf  1995/21|| 5000f
po 4562+ 82.3 B
5000~ pl 1.699 + 0.032 2000
s p2 1.698 + 0.030 L
4000 p3 2433+ 26.9 C
F p4  4455:0068 || 3000
30001 p5 11.39+0.08 L
E 2000~
2000F C
10001 1000}
F oot A .. = ol ol

Q00 50 0 50 100 2100 50 0 50

+charge pc3sdq)pT 5-6 GeV/c zed -10cm to 0 cm

100

+charge pc3sdg P, 5-6 GeV/c zed Ocm to 10 cm

Figure G.47: pc3%p pr 5-6 GeV/czed0-10 cm

316



G.0.10 Negative Distributions fitted to double Gaussians

900

800

700

600

500

400

300

200

100

-40 -2 2 40 60
-q pc3sdg P, 5-6GeV/c zed -10cm to Ocm

| h = | h2

Entries 10659 F Entries 11947
1600

Mean -6.183 I Mean -5.393

RMS 14.19 1400~ RMS 16.14

X2/ ndf 589.6 /19 1200:_ X2 I ndf 818.9/13

p0 637.3+40.2 C po 1106 + 34.1
1000~

pl -9.936 + 0.165 C pl -8.481+ 0.072

p2 5.66 + 0.25 800 p2 2.37+0.06

p3 981425 600[ p3 500.2 + 20.1

4 -5.526 + 2.315 L 4 .

p 400F P 10.46 + 0.13

p5 12.92+2.78 5 p5 7.633+0.115
2001

Elome Lo MBS Ly a 1y ||‘L|""'1[\'|r.l|~ﬂ|||nﬂ|||

C—80 60 -40 -20 O

20 40 60 80 100

-q pc3sdo P, 5-6GeV/c zed Ocm to 10cm

Figure G.48:x~ pc3si¢ pr 5-6 GeV/czed0-10 cm

1800

1600

1400

1200

1000

800

600

400

200

-60
-q pc3sdo P, 5-6GeV/c zed -20cm to -10cm

-40 -20

0

Entries 18359
Mean -6.475
RMS 15.52
X2 I ndf 484.7 /11
p0 1407 + 120.3
pl -10.42 + 0.44
p2 6.529+ 0.110
p3 352.1+133.7
p4 -5.694 + 0.513
p5 3.82+0.90

20 40 60 80

. 1h2
F Entries 17057
2500
[ Mean -5.985
i RMS 18.09
2000
I X2/ndf  765.7/10
i pO 1289 + 62.0
15001~ pl -8.542 + 0.072
i p2 1.19+0.07
1000-— p3 1341+ 25.5
[ p4 -10.56 + 0.07
00l p5 6.847 + 0.073

900 -80 -60 -40 -20 O

60 80 100

-q pc35d(pp 5- GGeV/c zed 10cm to 20cm

Figure G.49:r~ pc3si¢ pr 5-6 GeV/czed10-20 cm

317




| h2

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

o

00 -80 -60 -40 -20 0 20 40 60 80 100

-q pc3sdo P, 5-6GeV/c zed -30cm to -20cm

Ildlnhlﬂlrllllinlllllll
—900 -80 -60 -40 -20 0 20

Entries
Mean
RMS
X2/ ndf
pO

pl

p2

p3

p4

p5

19195

-5.189

16.36

1414 /16

926.7 + 682.7
-7.099 + 854.461
3.455 + 854.460
1166 + 9.0
-10.01+ 854.46

7.629 + 854.462

T M
I h |
Entries 20489 2500+
Mean -5.997 i
RMS 1637 || 20001
X2/ndf  5315/17 -
po 8251863 || ;oo0l
pl -26.1+1.7 L
p2 6.777 +1.171 - |
1000}
p3 2205 +22.1 [
p4 -9.011+ 0.090 I
500}
p5 6.107 + 0.057 -
il

bt o L

40 60 80

-q pc3sdg [ 5-6GeV/c zed 20cm to 30cm

Figure G.50:7~ pc3si¢ pr 5-6 GeV/czed20-30 cm

2000

1500

1000

500

3000 Entries 21266
i Mean -5.073
25001~ RMS 16.57
i X2/ ndf 470.9/10
20001 po 2166 + 85.0
[ pl -7.276 + 0.108
1500~
r p2 4539+ 0.124
[ p3 530.7+ 73.7
1000~
[ p4 -14.98 + 2.24
r p5 12.07+ 1.65
500~
P PR o P, o P P S
-100 -50 0 50 100

-q pc3sdo [ 5-6GeV/c zed -40cm to -30cm

0 -80 -60 -40 -20 0O 20 40 60 80 100

2500

po
pl
p2
p3
p4
p5

Entries
Mean
RMS
X2/ ndf

21015

-2.888

18.12
741.9/12
1979+ 132.5
-7.325+0.084
5.84 +0.14
184.3 + 133.6
-8.812 £ 1.526
10.14 + 2.25

-q pt:3$dt,opT 5-6GeV/c zed 30cm to 40cm

Figure G.51:7~ pc3si¢ pr 5-6 GeV/czed30-40 cm

318




3000

2500

2000

1500

1000

500

| h2

L0

0 -80 -60 -40 -20 O 80
-q pc35d(ppT 5-6GeV/c zed -50cm to -40cm

Entries 23269 || 3500F
M 1 [
ean 30001
RMS 18.57 r
X2/ ndf 616.4/13 25001~
po 2357 £79.8 [
2000

pl -4.876 + 0.095 3
p2 4066+0.102 || 1500F
p3 653.6 £ 85.1 C
1000F

p4 -7.937 +0.286 C
p5 9.891+ 0.610 500F

20 40 60

Entries 23530
Mean -3.615
RMS 16.56
X2/ ndf 711.2/11
po 2149 + 65.8
pl -4.678  0.072
p2 3.346 + 0.080
p3 1119+ 61.4
p4 -7.207 + 0.132

8.486 + 0.217

0 -50 0 50 100
-q pc3sdg P, 5-6GeV/c zed 40cm to 50cm

Figure G.52:r~ pc3si¢ pr 5-6 GeV/czed40-50 cm

| h
3000 Entries 23504 r
r 3000~
r Mean -1.045 r
2500:— RMS 14.87 2500:_
r X?/ ndf 149.9/8 r
20001 pO 1533+ 76.8 ||  2000F
i pl -2.498+0.116 F
15001 C
¥ p2 3.007+0.103 || %00
1000f p3 1565 + 74.2 1000k
C p4 -5.16 + 0.12 -
500 p5 6.646 + 0.130 500F
0' O'I Al o
80 -60 -40 20 0 20 60 80 100 2100

40
-q pc3sdo P, 5-6GeV/c zed -60cm to -50cm

| h2
Entries 24021
Mean -0.8227
RMS 16.59
X2/ ndf 746.31 16
po 2625 + 34.7
pl -3.577 + 0.051
p2 4.322 +0.060
p3 394.3+215
p4 0.9388 + 0.6787
p5 18.08 + 1.03
i I el 2 V2 AP

-50 0 50 100
-q pc3sde P, 5-6GeV/c zed 50cm to 60cm

Figure G.53:r~ pc3si¢ pr 5-6 GeV/czed50-60 cm

319




F Entries 26176 3500F Entries 27595
3500:— Mean 1.287 r Mean 0.8106
3000:_ RMS 11.66 3000:— —_— 14.68

[ X2/ ndf 804.5/18 r 2
! E 0 J07 s 365 2500F X2/ ndf 570.5/14

500: T C po 1892 + 50.7

r pl -1.361+ 0.051 o
2000f Feleor pl  -1.407 +0.075

r p2 3.656 +0.072 C

F - p2 3.204 +0.111

r C p3 1451+ 44.2

r p4 3.297 +0.323 C

L 1000~
1000} p5 12.88 + 0.36 : p4 2.374 £ 0.159

X C 9.655 + 0.133

500~ 5001~
0:I 1 II'II 1l I 1 Iﬂ 11l I 11l I llnL-‘ rinl |1 I 1l L
60 -40 -20 0 20 40 60 80 —900 -80 -60 -40 -20 0O 20 40 60 80 100
-q pc3sde P, 5-6GeV/c zed -70cm to -60cm -q pc3sde P, 5-6GeV/c zed 60cm to 70cm
Figure G.54:7r~ pc3si¢ pr 5-6 GeV/czed60-70 cm
I | T h2

N Entries 9457 Entries 7501

L 800 M -6.242

L Mean -3.949 ean
1000 RMS 14.13

- RMS 17.94 700

L X2/ ndf 616.3/17

- 2

8001 X*/ndf 953.7/14 500 po 569.8+ 17.0

[ pOo 520.2 +41.8 500 pl -7.453 + 0.081

o pl -7.505 + 0.204 p2 3.136+0.108

i p2 4.395 + 0.247 2C0 p3 1405+ 12.6

- 4 -

400 p3 250.3+383 | 300 : 1525103

L p5 14.97 + 1.98

L p4 -14.23+1.24

L 200

200~ pS 8.343 + 0.522
C 100
0 0

-40

-20 0 20 40 60 80
-q pc3sdg P, 6-7GeV/c zed -10cm to Ocm

-60

-40 -20 0 20
-q pc3sdg P, 6-7GeV/c

Figure G.55:7~ pc3si¢ pr 6-7 GeV/czed0-10 cm

320

40
zed Ocm to

60
10cm




1200F Entries L C Entries 11944
[ Mean 5263 || 1600¢ Mean a6il
10001~ RMS 14711 14001 RMS 17.45
[ X2/ndf  460.9/12 .
[ C X2/ ndf 698.3/9
[ PO 214.5 + 34.4 1200r
soor” L sorena - PO 622+ 43.9
[ p -18.27 + 2. r
[ 1000
N 1 )
sook P2 7.604%1.284 - o ok E 0Lk
- p3 864.2 +57.4 800 p2 2.237+0.181
r p4 -7.126 + 0.296 600 p3 927.4 +43.0
aoor p5 5.336 + 0.148 p4 -8.161+ 0.089
i 400F p5 6.008+0.114
200 C
I 200
0 C

-80 -60 -40 -20 O 20
-q pc3sdg [ 6-7GeV/c zed -20cm to -10cm

40 60

—900 -80 -60 -40 -20 O

20 40 60 80

-q pc3sdg P, 6-7GeV/c zed 10cm to 20cm

Figure G.56:7~ pc3si¢ pr 6-7 GeV/czed10-20 cm

1600

1400

1200

1000

800

600

400

200

0

F Entries 15377 F ES A
F 1600~

. Mean -4.325 [ Mean -4.545
5 RMS 15.79 1400:— RMS 16.93
L - 2/ ndf .

F X2/ ndf 518.5/10 || 1200F R 8706713
[ po 1403+ 43.9 r po 840.5 +44.1
3 o 1000 Pl -6.122+0.165
L pl -9.516 + 0.169 r

L 800 p2 3.824 +0.124
B p2 4.863 £ 0.063 C

I L p3 756.5 + 33.3
C 600

L p3 3304+ 52.4 r p4 -11.09+ 0.30
- p4 -2.633+0.614 400f- p5 7.291%0.143
C pS 2.497 + 0.286 C

- 200

t ot Nl

60 -40 -20 0 2 40 60 80 60 -40 -20 O 20 40 60 80 100

0
-q pc3sdg P, 6-7GeV/c zed -30cm to -20cm

-q pc3sdg P, 6-7GeV/c zed 20cm to 30cm

Figure G.57:x~ pc3si¢ pr 6-7 GeV/czed10-20 cm

321




h

16181

-3.872

15.97

315.3/12

1355+ 47.7

-6.312 £ 0.119

3.871+0.116

588.8 +48.1

-10.55+ 0.33

9.581+ 0.404

" Entries
1800F Mean
1600 RMS

L 2

1400F I el

[ p0

1200~

C p1

1000}

r p2
800f- 03
600[- pa
400F p5
200f

-80 -60 -40 -20 O
-q pc3sde P, 6-7GeV/c zed -40cm to -30cm

20 40 60 80

| | h2
F Entries 14900
2000;_ Mean -4.615
1800 RMS 16.77
1600F X2Indf 4436/ 12
1400F po 1522 + 34.7
1200F pl  -6.266+0.072
10006— p2 3.049 + 0.067
8005— p3 563.9+ 24.4
6005— p4 -11.43+0.24
4005_ PS5 8.975 + 0.227
200F
oblaal o lbn L 1N Tt ol

-80 -60 -40 -20 O

20 40 60 80 100

-q pc3sdg P, 6-7GeV/c zed 30cm to 40cm

Figure G.58:1~ pc3si¢ pr 6-7 GeV/czed30-40 cm

| h
2200:_ Entries 17157
2000F Mean -2.76
L RMS 15.54
1800
L X2/ ndf 1007 / 14
1600
L po 1989+ 29.3
1400
L pl -5.673 + 0.059
1200
L p2 4.34 +0.07
1000
C p3 226.6 + 13.7
800
- p4 -17.58 + 6.40
600~
L p5 24.19+5.04
400
200F
-900 -80 -60 -40 -20 O 20 40 60 80 100

-q pc3sdg P, 6-7GeV/c zed -50cm to -40cm

| h2
r Entries 17959
2200 Mean -3.369
2000F RMS 17.78
1800F X2/ ndf 480.1/10
1600F po 947.2+52.1
F 1 -
1400F p 4.675+0.111
F p2 2.543 + 0.110
1200F
E p3 1334 + 42.0
1000F
E p4 -6.409 + 0.081
8001 p5 6.526 + 0.082
600
400F
200F
Ho o Ddennllyouboend {001 00he gl (g 1y

-G.lOO -80 -60 -4
-q pc3sdo

0
Py

-20 60 80
6-7GeV/c zed 40cm to 50cm

0 20 40

Figure G.59:r~ pc3si¢ pr 6-7 GeV/czed40-50 cm

322



-60 -40 40
-q pc3sde P, 6-7GeV/c zed -70cm to -60cm

20 0 20

60 80 100

] T
| h I h2
2400F Entries 18842 F Entries 18502
E 25001~
2200 e Mean -0.5203 I Mean -2.079
2000 RMS S8 00k RMS 15.78
1800F N
: i Boo Al i X2/ndf  4305/16
1600 o L
s P 1980+40.0 i po 1895 +32.1
1400; p1 -3.544 + 0.061 1500 T a .
1200F [ p -3.381+ 0.057
F p2 4.399 + 0.095 - 2 B0 6E
- L p 83+0.
1000
L p3 348.4 + 36.3 1000~
800F r p3 4395+22.1
E p4 -0.01944 + 1.59481 i
600 L p4 -1.475 + 0.216
o p5 21.24+4.13 500
400t P p5 11.65+0.30
200F L
000 80 -60 -40 20 0 20 40 60 80 100 0780 -60 -40 20 40 60 80
-q pc3sde P, 6-7GeV/c zed -60cm to -50cm -q pc3sde P, 6-7GeV/c zed 50cm to 60cm
Figure G.60:7r~ pc3si¢ pr 6-7 GeV/czed50-60 cm
[ | h | | h2
[ Entries 20712 [ Entries 19282
2500~ Mean 1574 || 2500 Mean 0571
L RMS 14.91 N RMS 15.92
2000:— X2/ ndf 1207/ 16 2000 X2 ndf 413.7/12
L po 1518 + 38.8 - Po 1438+ 59.8
1500 pl -1.243 £ 0.071 15001 pl -0.1166 £ 0.0983
i p2 3.274 + 0.087 I p2 3583+ 0.128
10001 p3 7987312 || 000k p3 TBEEEE
I P4 0.9733+0.1339 L pa 1.83+013
[ 5 [ p5 8.114+0.191
5000 p 9.739+ 0.185 sl
0- obaloinla ) Aonllondith s T

-80 -60 -40 -20. 0 20 40 60 80
-q pc3sde P, 6-7GeV/c zed 60cm to 70cm

Figure G.61:7r~ pc3si¢ pr 6-7 GeV/czed60-70 cm

323



F Entries 6087 F Entries 5607
700F Mean -4.501 600 Mean LD
B - RMS 1752

E RMS 17.04 C
6001~ 500 X2/ ndf 398.6/14

C X2/ ndf 320.6/13 r
500F 3 po 437.9+21.2
- po 587.1+24.3 400 Pl -7.271:0.131
a00f pl  -7.477+0.110 p2 2.03+0.14
f p2 3.132+0.136 3001 p3 258.7+ 18.3

300F r
. p3 194.9+ 22.4 C p4 11.41+0.22

E 200
200f- o BE T g p5 6.534 +0.221

e P5  8732:0511|  100F

ot ot

-40
-q pc3sdg P, 7-8GeV/c zed Ocm to 10cm

-80 -60 -40 -20 0 20 40 60 80 20 0 _20 40

-q pc35:d(ppT 7-8GeV/c zed -10cm to Ocm

Figure G.62:r~ pc3si¢ pr 7-8 GeV/czed0-10 cm

60

80 100

| | n Ih2
F Entries 9924 Entries 8655
1200 Mean -5.547 1000 Mean -2.479
[ RMS 16.35 - RMS 19.26
1000k L
000F X*/ndf  672.9/8 800\ X2/ ndf 348.419
i po 537.1%37.3 i po 821.3+38.1
800 L
i pl -7.011+ 0.155 600 pl -6.477 £ 0.129
. p2 2.211£0.195 [ p2 3.814 + 0.130
[ p3 803.9+29.9 r
[ 400 p3 264.2+36.4
400~ P4 -10.20:0.14 [ p4 -10.48 + 0.51
- pS 5.969 + 0.087 - p5 7.635 + 0.370
s00k 200~
0 0
-80 -60 -40 -20 0 20 40 60 80 -100 -80 -60 -40 -20 0 20 40 60

-q pc3sdg P, 7-8GeV/c zed -20cm to -10cm

Figure G.63:r~ pc3si¢ pr 7-8 GeV/czed10-20 cm

324

80
-q pc3sdg P, 7-8GeV/c zed 10cm to 20cm




I h

C Entries 11507
1400 :_ Mean -4.64
- RMS 1553
L2llin X2/ ndf 235.3/7
e po 699.2+ 42.4
C pl -4.98+ 0.13
800f-
5 p2 2.272+0.132
600 p3 927.4 + 36.4
¥ p4  -8307+0.133
400
r p5 571+ 0.10
200F
PR TR ol W | s PP e IR |

-80 -60 -40 -20 0O 20 40 60 80
-q pc3sde P, 7-8GeV/c zed -30cm to -20cm

Figure G.64:r~ pc3si¢ pr 7-8

| 1 h2
. Entries 10484
12001~ Mean -2.301
i RMS 1755
1000 C X2/ ndf 553.5/10
: [s]0] 598.6 + 40.8
800
: pl -5.913 £ 0.156
600._ p2 3.151+ 0.125
: p3 477+ 36.6
sool- P4 -9.078+0.254
: p5 6.855 + 0.255
200F
%0 20 20 0 20 40 60 80

-q pc3sde P, 7-8GeV/c zed 20cm to 30cm

GeV/czed20-30 cm

] [ ]
1 h L 1h2
1800F Entries 12984 F Entries 12695
F Mean -3.859 2000:_ Mean -1.076
1600 E
- RMS 15.27 || 1890F RMS 9,67
14001 2 1600 2
N X2/ ndf 354/9 E X2/ ndf 72.93/7
1200 po 13434353 || 1400F PO 1262+ 44.6
1000F pl -6.163 + 0.072 12001 pl -5.133 £ 0.068
800:_ p2 3.35+0.09 || 1000F p2 1.946 + 0.075
- p3 330.4+21.0 800F p3 909.6 + 28.8
600 C
. p4 -14.79 £ 2.27 600 pa -8.759 + 0.124
“ooF p5 1192+ 157 || a00F p5 6.42+0.11
200 200F
Eoderoom Dt M o) oliobe b e e U g o (Db dl
60 -40 -20 20 40 000-80 60 -40 20 0 20 40 60 80 100

0 60 80
-q pc3sdo P, 7-8GeV/c zed -40cm to -30cm

-q pc3sde P, 7-8GeV/c zed 30cm to 40cm

Figure G.65:1~ pc3si¢ pr 7-8 GeV/czed30-40 cm

325



] I
I h I h2
r Entries 12699 F Entries 14076
1800 -
[ Mean 3.096 [ Mean -0.5523
1600~ C RMS 20.06
N RMS 13.36 N
1400~ - X2/ ndf 911.8/16
r X2/ ndf 199/6 C .
r r p 1579 + 25.3
1200~ -
C po 805 + 46.5 C
C C pl -4.656 + 0.061
1000~ 1000~
E pl B O L p2 3.667 + 0.069
800 p2 1.237 + 0.081 et p3 17475140
600:— p3 1375 + 30.0 600:— p4 -6.045 + 0.722
4001 P4 -6.617+0071(  400f pS 17.7£17
200F p5 4.523 +0.057 200F
0: OE._._.ﬂh...nl.F'ﬂ.ln..l...l......P'Illnnlr...l
60 -40 -20 0 40 60 80 100 80 -60 -40 -20 40 60 80

-q pchd(pp 7- BGeV/c zed -50cm to -40cm

-q pchd(pp 7- BGeV/c zed 40cm to 50cm

Figure G.66:r~ pc3si¢ pr 7-8 GeV/czed40-50 cm

] h2 l h
Entries 14685 r Entries 15663
L8001 2000
L Mean -0.3701 r Mean -1.705
1600~ RMS 1355 1800f RMS 17.51
1400:_ X /ndf  4448/15 1600 X?/ndf  4ga.8/17
: po 136.2+ 138 r po 1840+ 23.2
1200 - 1400
F pl 3.326 + 2.148 L pl -2.378 + 0.062
1000 p2 16.54 + 2.76 1200 E p2 5.158 + 0.069
B p3 1508 + 22.7 1000f p3 121+ 10.8
800 -
B o p4 6.906 + 1.320
X p4 -4.107 + 0.060 800
600~ ps 3.94 £ 0.06 o p5 15.92 + 0.99
C 600
e 400F
200 200F
C-' 1Mo L1 | Lo H'IH ﬂnlIll|||’I| ol 1n 0: P ' r\."n o |
-40  -20 20 40 60 80 100 -100 -50

0 50 100
-q pc33d(pp 7-8GeV/c zed -60cm to -50cm -q pc3sdg P, 7-8GeV/c zed 50cm to 60cm

Figure G.67:1~ pc3si¢ pr 7-8 GeV/czed50-60 cm

326



| h | h2

C Entries 16191 2500 Entries 15869
25001~ Mean 1187 [ Mean -0.3911

[ i RMS 13.16
2000 [ RZMS 10.38 2000[~ X2/ ndf 500/15

L X2/ ndf 718.9/13 L 00 3155 441

i p0 1194 + 48.8 3 pl -1.323 +0.071
1500 C pl -0.9574 + 0.0734 1500- p2 2.626 + 0.203

L p2 2.376+0.111 [ P3 SBAERE
1000 [ p3 072.8+ 46.2 1000 B p4 0.8411+ 0.1791

i p4 0.3855 + 0.0977 [ po_ Saorole

500 p5 6.818 + 0.139 500/~
i P PRSI S . PY R PR

Q60

20 O 20 40

Figure G.68:r~ pc3si¢ pr 7-8

60 80 100
-q pc3sdq>pT 7-8GeV/c zed -70cm to -60cm

-80 -60 -40 -20 O

20 40 60 80 100

-q pc3sdg P, 7-8GeV/c zed 60cm to 70cm

GeV/czed60-70 cm

-60

20 0 20 40

60 80 100
-q pc3sdo [ 8-9GeV/c zed -10cm to Ocm

-60 -40 -20 2
-q pc3sd@ P, 8-9GeV/c zed Ocm to 10cm

0

= 1| |

] =l [ | h2

F Entries 4518 = Entries 3603
700 Mean -4.574 450:_ Mean -1.905

E RMS 14.32 400F RMS 18.53
600 ) u

3 X2/ ndf 448.4/13 350 X2/ ndf 307.8/15
500 PO 210 300:_ pO 319.9+16.7

[ pl  -0.3247+5.5398 o

[ E pl -5.16+0.13
400 p2 2415+ 13.88 250

I - p2 2.111+ 0.105

[ p3 527.2+ 16.9 o
3001 200 p3 145.6+12.3

F p4 -6.441+ 0.085 F

F 150 p4 -8.646 + 0.296
2001 p5 3.373+0.107 o

F 100F pS 7.224+0.433
100F F

N 50

ok ok Lodial,

40 60 80

Figure G.69:xr~ pc3si¢ pr 8-9 GeV/czed0-10 cm

327




1
|

600

500

400

300

200

100

-40 -20 0 20 40 60
-q pc3sde [ 8-9GeV/c zed -20cm to -10cm

Figure G.70:x~ pc3si¢ pr 8-9 GeV/czed10-20 cm

Entries 6584
Mean -3.275
RMS 16.13
X2/ ndf 411.1/10
po 484.2 +14.1

pl -5.777 £ 0.232
p2 3.252 +0.178

p3 265.2+24.9
p4 -12.63 £0.31
p5 2.584 + 0.141

h2
F Entries 6647
900F
E Mean -5.704
800 n RMS 14.72
700 X2 I ndf 257.219
6005- po 331.9 + 56.6
3 1 i
500f- P 5211+ 0.328
3 p2 2.931+0.211
400F
b p3 530.2 + 54.7
300;_ pd 7914023
200F p5 5.04+0.18
100F
ok

-80 -60 -40 0
-q pc3sdg p. 8-9GeV/c zed 10cm to 20cm

-20

20 40

60 80

-q pc3sdo P, 8-9GeV/c zed -30cm to -20cm

Figure G.71:w~ pc3si¢ pr 8-9 GeV/czed20-30 cm

328

I | ]
[ 1 h 1 h2
n Entries 8407 Entries 8017
L 1000
1400 Mean -4.701 - Mean -2.353
r RMS 15.09 RMS 18.14
1200 C X2/ ndf 196.9/8 800 X2 / ndf 3949/9
i 0 L po 503.2 + 29.2
1000 p 922+36.8 i
i 1 4 pl -4.295 +0.134
: p 6.247 + 0.070 600
8001~ p2 2.423 + 0.083 - p2 2.181+0.198
L p3 371.9+25.6 L p3 551.3 + 26.3
o0or P4 -1079:0.65 e P4 -8.257+0.193
[ L p5 5.086 + 0.090
400 p5 8.274 % 0.532 I
i 200~
200 r i
O-I IIII" Ll I 1 11l I Ll II{‘]II‘I“I I“I I"ﬂl |'|I 1 L
-80 -60 -40 -20 O 20 40 60 80 —%O -60 -40 -20 0 20 40 60 80

-q pc3sdo P, 8-9GeV/c zed 20cm to 30cm




1

““““ ] h [ I h2

Entries 8550 - Entries 8910

1200 '_ Mean -3.728 : Mean -2.157

- RMS 17.89 12001~ RMS 16.26

: X2 I ndf 346.9/10 [ X2/ ndf 181.2/10

1000 C po 1173+ 22.4 1000 = po 566.1% 44.2

[ pL -5.589% 0.071 i pl  -4.101% 0.095

800 C p2 3.633 + 0.060 800 L p2 1.004 + 0.106

[ BS a1 i p3 8375+ 21.1

6001~ 7 EEREE 6001 p4  -6.416 + 0.069

i B W0 L PS5 4.856+0.062
400 400
200 C 200-—

(_)100 -80 -60 -40 -20 0 20 40 60 80 (-)60 60 80 100

-q pc3sde P, 8-9GeV/c zed -40cm to -30cm

Figure G.72:1~ pc3si¢ pr 8-9 GeV/czed30-40 cm

-q pc3sde P, 8-9GeV/c zed 30cm to 40cm

[ ]

' 1 h
1800F Entries 10539
[ Mean -1.559
1600~ — 76
1400:— X2/ndf  687.9/13
L po 1267 +27.3
e pl -5.302+ 0.088
1000 — p2 3.675+ 0.089
L p3 269.3+ 15.6
800 p4 2.74+0.39
eoo:— p5 11.43+0.35
400F
200F
o:'nn-ﬂ-l--’\p-l- L0001 ana 1]
~100 -50 100

0 50
-q pc3sde P, 8-9GeV/c zed -50cm to -40cm

1400

1200

1000

800

600

400

200

—900 -80 -60 -40 -20 O 20 40 60 80
-q pc3sdg [ 8-9GeV/c zed 40cm to 50cm

~~~~~~~~~ | h2
Entries 9784
Mean -3.899
RMS 15.4
X2 I ndf 348.1/6
po 950.5 + 252.6
pl -3.645 + 0.497
p2 3.589 +0.229
p3 591.1+ 231.0
p4 -7.708 + 1.195
p5 4545 + 0.332

Figure G.73:r~ pc3si¢ pr 8-9 GeV/czed40-50 cm
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Appendix H

Spin Asymmetries Studies

Refer to text in Section 6 for a detailed explanation of thetexirof these figures.
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Figure H.1: Fill by fill spin Asymmetries for~ (left) andr™ (right). 5< pr < 6 GeVk.
The error bars are the statistical precisidv4(; 1), in the measurement
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Figure H.2: Fill combined double spin asymmetries {Ausingy? method forr~(left)
and " (right)The error bars are the statistical precisidnA( ), in the measurement,
Units on the x axis are Ge¥/
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Figure H.3: Odd separated asymmetries usingythenethod forr* left panel andr—
right panel. Data Corresponds to 5 Gew/ pr < 6 GeVik
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Figure H.4: Even separated asymmetries usingytheethod forr* left panel andr~
right panel. Data Corresponds to 5 Gew/ pr < 6 GeVi
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Figure H.6: A}, by fill blue beam forr— (left) and=* (right). Data corresponds to 5
Geve < pr < 6 GeVik
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Figure H.7: Crossing separated single asymmetries yellownBea
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Appendix |

Further Figures and Studies for Ay ;,

[.0.11 ratio of different shower probabilities prob cut

Refer to section 6.5.2
. |Pi' Ratio of pmb<n_2lproh<1| -EWEEQ’#ETE— pi ratio of prob<0.2/prob<i LW.;.:WJIEW
g RMS 2.848 = o
0.5
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D.37
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E | | | | | IR | | | \\[|\
6 7 8 9 10 1 12 13 14 15 14 15
Figure 1.1: ratio of data with a probability of electromatjneshower2-<20% for posi-

] . ) prob<100%
tive (left) and negative (right tracks)
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Figure 1.2: ratio of data with a probability of electromagjneshowe
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1.0.12 Fill by fill A 11

refer to section 6.9.1
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Figure 1.4: Fill by fill spin Asymmetries forr— (left) and=* (right). 6< pr < 7 GeV/c
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Figure 1.5: Fill by fill spin Asymmetries forr— (left) andz* (right). 7< pr < 10 GeV/c

[.0.13 Bunch Shuffled asymmetries

Refer to section 6.10
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Refer to section??
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Figure 1.8: Odd separated asymmetries usingythenethod forr* (left panel) andr—

(right) panel is 6-7 GeV/c
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Figure 1.9: Odd separated asymmetries usingythenethod forr* (left panel) andr—

(right panel) is 7-10 GeV/c
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Figure 1.10: Even separated asymmetries using#hmethod forr* (left panel) andr—
(right panel) p- is 6-7 GeV/c
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Figure 1.11: Odd separated asymmetries usingithmethod forr* (left panel) andr—
(right panel) p- is 7-10 GeV/c
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Figure 1.12: A;, by fill Yellow Beam forn~ (left) and=™ (right), pr is 6-7 GeV/c
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Figure 1.13: A;, by fill Yellow Beam forz~ (left) and=™ (right), pr is 7-10 GeV/c

A by Blue and yellow Beam
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Figure 1.14: A;, by fill Blue Beam forz~ (left) and=™ (right), pr is 6-7 GeV/c
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Figure 1.15:A;, by fill Blue Beam forr~ (left) and=* (right), pr is 7-10 GeV/c
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Figure 1.16: Simulated drift chambewsvs zedw~. The white gaps found in the Figures
combine physical gaps in the detector as described abougd8es.2.1), as well as dead
maps caused by broken wires within the sub-detectors, aad éectronic channels.
Additional studies can be found in Appendix B
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Figure 1.17: Real drift chamber datajsvs zed«™ left, and7~ right. These Figures
demonstrate the reproducibility of the implemented deapgsvieom real data onto sim-
ulation. Additional studies can be found in Appendix B
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Figure 1.18: Simulated drift chambemed distributions form* (left), and =~ (right
panel). The simulation found in these Figures contain mathiouts, as the goal was
to inspect the shape of theeddistributions. As it is shown above, the distributions are
relatively flat
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Figure 1.19: zeddistributions of data in different bins of/p which displays the high
tails at high and lowzed(See also Figure 5.15), indicating the presence of secgndar
electron/positron background. The data used for this stsay minimum bias with
standard identification cuts, including a loose matchingc(®n 5.4) cut of 3 (red
lines)
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Figure 1.20: 7% simulated momentum distributions within 4 GeVpr <15 GeVE.
Top Figure shows the spectra after a flat momentum distabus used as input. The
bottom Figure has momentum weighted distributions by tmetion 14.43/p![5] to
simulate a realistic decaying particle spectra in the deted&rrors on bottom Figure,
are histogram bin entries. Abscissa isip units of GeVt
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Appendix J

Further QCD Related Figures and

Studies

J.1 Extra Studies Performed

350



div
Entries 7531

0 12 Mean 7.975
= S RMS 1.712
'; -
<1.15— _
5 F TC/TC
.9 -
© 1.1
o =
1.05/—
: L]
=
— [ ]
- . .
0.95— .
0.9
0.85—
08 v v vl L
5 6 7 8 9 10 11
pT(GeVic)

Figure J.1. Ratio of equal number of simulated pions aftendpgut through the
PHENIX central Arms.
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Figure J.2: Simulated quark-gluon scattering events. Tattered plot distributions
show the energy deposition of the particles in the EMCal inxthed z plane. EMCal
Arm west(east), left (right). Number of particles detecieel 51(41) for west (east) arms
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Figure J.3: Simulated quark-quark scattering events. Th#tesed plot distributions
show the energy deposition of the particles in the EMCal inthead z plane. EMCal
Arm west(east), left (right). Number of particles detecaed 42(30) for west(east) arm
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