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Chapter 1IntrodutionThe all matters onstruting "our world" onsist of elementary partile, quarksand leptons. For instane, the Hydrogen atom is omposed of an eletronand a proton. Where the eletron is a point partile whih is lassi�ed intolepton, the proton is known to be a omposite partile onsisting of threequarks, whih are held together by gluons. The state of the nulear matteris desribed by the Quantum Chromo-Dynamis(QCD).Mass [MeV=2℄quark Bare Quark Const. Quarkdown 3 - 6 � 300up 1.5 - 5 � 300strange 60 - 170 � 450harm 1100 - 1400bottom 4100 - 4400top 168 � 103 - 179 � 103Table 1.1: mass of the quarks:Listed are the mass of "bare" quarks(urrentquark) whih would be measured in the limit Q2 !1 as well as the mass ofonstituent quarks, i.e., the e�etive mass of quarks bound in hadrons. [2℄The most of light hadron masses are generated due to the spontaneousbreaking of the hiral symmetry. Due to the e�et of hiral symmetry restora-tion, the mass of the hadron, espeially light vetor mesons(�, !, � ), maybe shifted and/or modi�ed in the hot matter reated by the heavy ion olli-sions. The study of mass modi�ation is an important topi to understandthe mehanism of generation of hadron mass.8



CHAPTER 1. INTRODUCTION 9Lattie QCD simulations indiate a tendeny towards hiral restorationat temperatures T �150-200 MeV [3℄. The density dependene in addition totemperature dependene of the hiral symmetry was alulated. Figure 1.1shows the shemati behavior of the < �qq >, whih is the order parameterof the symmetry, alulated with the Nambu and Jona-Lasinio (NJL) model[4℄. Aording to the alulation, the < �qq > shows the sudden drop at theritial temperature as expeted by lattie alulation (See Figure 1.2). Onthe other hand, the < �qq > dereases linearly to the density and the hiralsymmetry will restore even at the normal nulear density.Hatsuda and Lee alulated the density dependene of the mass of thevetor mesons based on QCD sum rules to reah the onlusion that the massshift is approximately linear to the density in 0 < � < 2�0, and signi�antlydeease for �, ! and � at normal density shown in Figure 1.3.Therefore, low-mass vetor mesons are onsidered the most sensitive probeof hiral symmetry restoration. Over the past few deades, a onsiderablenumber of studies have been onduted on mass shift and/or modi�ation.In the next setion, we are going to introdue the interesting results reportedfrom CERES/NA45, NA60 and KEK-PS E325.The Relativisti Heavy Ion Collider (RHIC) is onstruted at BrookhavenNational Laboratory (BNL) to provide ollisions of heavy ion at the enterof mass energy (psNN) up to 200GeV and proton at the enter of massenergy (ps) up to 500GeV. The Pioneering High Energy Nulear InterationeXperiment (PHENIX) is one of four experiments in RHIC and speializedexperiment for measurement of lepton and photon. The one of the main goalin the PHENIX experiment is to observe the mass shift or modi�ation of lowmass vetor mesons (�, !, �) in high temperature system reated by heavyion ollisions due to the Chiral Symmetry Restoration, in omparison withthe result on normal density suh as KEK-PS E325 experimentThe study of the light vetor mesons in proton+proton ollisions is animportant baseline for the various heavy ions ollisions suh as Au+Au,Cu+Cu and d+Au. We, The PHENIX ollaboration, reorded the data inproton+proton ollisions at ps = 200GeV during the year 2005.The purpose of this work is to �nd out whether mass shift are observed ornot in proton+proton ollisions and to provide referene data for baseline ofheavy ion ollisons. To study !/� meson prodution, their di-eletron deayhannel was used. Unlike hadrons, eletrons do not interat strongly with themedium. The measurement of eletron pairs from vetor meson is thereforea good probe to study hiral symmetry restoration sine eletrons arry theoriginal information.In Chapter 2, we will introdue the setup of the PHENIX experiment. In



CHAPTER 1. INTRODUCTION 10Chapter 3, we will desribe the detailed proedure of this work. In Chapter4, the result of this work are shown and disussed about it. Chapter 5, wewill onlude this work.

Figure 1.1: Density and temperature dependene of < �qq > [4℄
1.1 Experimental results1.1.1 CERN-SPS CERES/NA45The CERES/NA45 experiment [8℄ measured e+e� pair prodution in entralPb-Au ollision 158A GeV at CERN-SPS. A signi�ant exess of the e+e�pair yield over the expetation from hadron deay was observed. The datelearly favor a substantial in-medium broadening of the � mesons spetralfuntion over a density-dependent shift of the � pole mass at SPS energy [9℄.1.1.2 CERN-SPS NA60The NA60 experiment measured low mass muon pair in 158AGeV Indium+Indiumollisions at the CERN-SPS. a peaked struture is seen in all ases, broad-ening strongly with entrality, but remaining essentially entered around theposition of the nominal � pole. At the same time, the total yield inreases rel-ative to the oktail �, their ratio reahing values above 4 for M<0.9 GeV/2in the most entral bin [10℄. Suh values are onsistent with the results foundby CERES/NA45.
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temperature T [MeV]Figure 1.2: The magnitude of the thermal u-quark ondensate as a funtionof temperature, at zero baryon density [4℄.1.1.3 KEK-PS E325The KEK-PS E325 experiment [11℄ was onduted at the KEK 12-GeVProton-Synhrotron, in order to searh for in-medium mass modi�ation ofvetor mesons in the reation 12GeV proton + A ! �, !, � + X ! e+e�+ X 0. The data obtained with a opper target revealed a signi�ant ex-ess on the low-mass side of the � meson peak in the �� < 1.25 region(See Fig.1.6), Added to this, also the exess on the low-mass side of the !peak(See Fig.1.7) due to the spetral shape modi�ation of �, ! and �mesons,respetively[12℄[13℄.
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Figure 1.3: Mass of �; ! and � meson as a funtion of density [6℄

Figure 1.4: Invariant e+e� mass spetrum ompared to the expetation fromhadroni deay at the CERES/NA45 experiment [9℄
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Figure 1.5: Exess mass spetra of �+�� at the NA60 experiment. The knowndeay �! e�e+ (solid line) and the level of unorreted harm deay (dashedline) are shown omparison. [10℄
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Figure 1.6: Invariant mass spetra ofe+e� divided into � for the (a)C and(b)Cu target at KEK-PS E325 exper-iment. The solid lines represent the�t result with an expeted �! e+e�shape and a quadrati bakground[12℄
Figure 1.7: Invariant mass spetra ofe+e� for the (a)C and (b)Cu targetat KEK-PS E325 experiment. Thesolid lines ate the �t result, whih isthe sum of the known hadroni de-ays together with the ombinatorialbakground. [13℄



Chapter 2Experimental SetupThe RHIC omplex and PHENIX detetor are overviewed in this hapter.The desription of the RHIC omplex is desribed in Setion 2.1, and thePHENIX deteors is desribed in Setion 2.2.2.1 RHICThe Relativisti Heavy Ion Collider (RHIC) [14℄ at Brookhaven National Lab-oratory (BNL) in the United State was built to study the nulear physis. Themaximum energy at RHIC for heavy ion is 100GeV per unleon and that forproton is 250GeV. The heavy ion and proton produed at the soure are trans-ported through a Tandem Van de Graa� and proton lina, respetively, andaelerate at Booster Synhrotron and the Alternating Gradient Synhrotron(AGS), after that, injeted to RHIC. The RHIC ring has a irumferene of3.8km with the maximum bunh of 120 and the designed luminosity is 2 �1026 m�2 s�2 for Au ion and 2 � 1032 m�2 s�2 for proton. The RHIConsists of two quasi-irular onentri rings, one("Blue Ring") for lok-wise and the other("Yellow Ring) for ounter-lokwise. The rings ross atsix interation points. Four experiments, PHENIX, STAR, BRAHMS andPHOBS are build in eah one of six interation points.The PHENIX, the Pioneering High Energy Nulear Interation eXperi-ment [15℄, is one of four experiments and speialized experiment for measure-ment of lepton and photon. In this analysis, the data olleted by PHENIXwas used. The Detetor design is desribed in the next subsetion.
15
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Figure 2.1: RHIC omplex
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Figure 2.2: overview of The PHENIX Detetor
2.2 PHENIX Detetor overviewThe PHENIX detetor onsists of 2 entral arms [20℄ [21℄ [23℄ whih haspseudo-rapidity overage of � 3.5 and 180Æ azimuthal angle in total, 2 muonarms [24℄ whih has pseudo-rapidity overage of � (1.2-2.4), and beam dete-tors [16℄ whih is near the beam pipe.2.3 Beam DetetorsThe main purpose of inner detetors is make triggers and to measure theluminosity and entrality in heavy ion ollisions. In this setion, mainly BBCand ZDC are disribed.2.3.1 Beam Beam Counters (BBC)Beam Beam Counters(BBC) [17℄ are loated on North and South side at144.35m along beam pipe from the ollision point and overs the pseude-rapidity from 3.0 to 3.9. Eah of them onsists of 64 elements, whih eah ofthem is quartz Cherenkov ounter. BBC have four major tasks, to trigger theMinimum Bias events, to measure the ollision vertex, to obtain the ollisiontime and determine entrality. In addition, the reation plain is determined



CHAPTER 2. EXPERIMENTAL SETUP 18by hit pattern of BBC. The ollision vertex and time are determined by thedi�erene and average time to north and South ounters;ollision vertex = (TS � TN )2 �  (2.1)ollision time = TS + TN � (2� L)=2 (2.2)where TN and TS are the averaged hit time of inoming partiles,  is thelight velosity and L is the distane from z = 0 to both BBCs, L = 144.35 m.

Figure 2.3: piture of the one element of Beam-Beam Counter
2.3.2 Zero Degree Counters (ZDC)Zero Degree Calorimeters(ZDC) [18℄ are hadron alorimeter loated at 18mNorth and South side along beam pipe from the ollision point. Sine the bothnorth and south ZDC sit at just the upstream of the last bending magnet onthe RHIC ring, most of harged partiles are swept out from the aeptane.So, ZDC works as the minimum bias trigger ounter and monitor the beamluminosity sine ZDC measured neutrons from spetator part of heavy ionollision.
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Figure 2.4: shemati view of the ZDC loation inluding deetion of protonsand harged fragments2.4 MagnetThe PHENIX has three magnet systems [19℄, one is the entral magnet, othersare north and south muon magnets. The entral magnet provide a magneti�eld around the ollision point whih is parallel to the beam. And the Centralmagnet onsist of inner and outer oil, whih an be optimized separately,together, or in opposition. During the run for this work, both inner andouter magnets are energized and integrated magneti �eld is 1.15 T �m. themomentum of harged partiles an be obtained by measuring the urvatureof the trak whih is bended due to magneti �eld.2.5 Central Arm DetetorsThe entral arm detetors an measure harged hadron, eletron and pho-ton, and onsists of three parts : the traking system , partile identi�a-tion system and eletro magneti alorimeter. The Drift Chamber(DC) andPad Chamber(PC) form the traking unit and measures the momentum ofharged partiles from ollisions. The Ring-Imaging Cherenkov(RICH) andthe Time-of-Fight(ToF) provide identi�ation of harged partiles. Addition-ally, Eletro Magneti Calorimeter(EMCal) is used to measure the spatialposition and energy of eletrons and photons.
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Magnetic field lines for the two Central Magnet coils in combined (++) modeMagnetic field lines for the two Central Magnet coils in combined (++) modeFigure 2.5: overview of the Magnet [27℄2.5.1 Drift Chamber (DC)The Drift Chambers(DC) are ylindrially shaped and loated in the regionfrom 2 to 2.4 m from the beam axis and 2 m along the beam axis. This plaesthem in a residual magnet �eld with a maximum of 0.6 kG. Fig.2.11 is shownposition of DCs relative to the other detetors. Eah DC measures hargedpartile trajetories to determine transverse momentum of eah partiles. TheDC also partiipates in the pattern reognition at high partile trak densitiesby providing position information that is used to link traks thought thevarious PHENIX detetors.2.5.2 Pad Chamber (PC)The PHENIX Pad Chambers(PC) are multiwire proportional hambers thatform three separate layers. Eah detetors onsists of a single plane of wireinside a gas volume bounded by two athode plane. One athode is �nelysegmented int an array of pixels. The harge indued on a number of pixelswhen a harged partile starts an avalanhe on an anode wire, is read outthorough speially designed read out eletronis. The PC system determinesspae points along the straight line partile trajetories outside the magneti



CHAPTER 2. EXPERIMENTAL SETUP 21�eld. Fig.2.11 shows position of PCs relative to the other detetors. Theinnermost pad hamber alled PC1 is essential for determining the three-dimensional momentum vetor by providing the z oordinate at the exit ofthe DC.

Figure 2.6: The layout of wire position of DC. The X1 and X2 wire ells runsin parallel to the beam to perform preise trak measurements in r-�. U1,V1, U2, V2 wires have stereo angle of about 6Æ relative to the X wires andmeasure the z oordination of trak.

Figure 2.7: the pad and pixel geometry(left), A ell de�ned by three pixels isat the enter of the right piture.



CHAPTER 2. EXPERIMENTAL SETUP 222.5.3 Ring Image Cherenkov Counters (RICH)The Ring Image Cherenkov Counters(RICH) [22℄ is oupies the radial regionbetween 2.575 and 4.1 m from the beam line. Eah of the detetors in theeast and west entral arms has a volume of 40m2. the minimum thikness ofthe radiator gas, whih is CO2, is 87 m, the maximum is about 150 m. TheRICH is provides e/� disrimination below the � Cherenkov threshold, whihis set at 4.65 GeV/. The Cherenkov photon produed in the radiator gasare reeted on the mirror and are deteted by the photon multiplier tubes(PMTs). The average size of the Cherenkov ring is 8 m and average numberof the Cherenkov photon produed by eletron is 10.8 on the plane where thePMTs are sitting. Fig.rih show the ut through view of RICH detetor.

Figure 2.8: A ut through view of RICH detetor
2.5.4 Eletro Magneti Calorimeter (EMC)The Eletro Magneti Calorimeter (EMCal) is designed primarily to measurethe energies and spatial position of photon and eletrons. It also plays a majorrole of in partile identi�ation and is an important part of the PHENIXtrigger system. The EMCal system an trigger on rare events with hightransverse momentum photons and eletrons. The EMCal system onsists of atotal of 24768 individual detetor modules divided between the Pb-Sintillator



CHAPTER 2. EXPERIMENTAL SETUP 23alorimeter (PbS), whih provides 6 setors of entral arm and the Pb-Glassalorimeter (PbGl) omprised of 2 setors.The PbS is a sampling alorimeter made of alternating tile of Pb andsintillator onsisting of 15552 individual towers and overing an area of ap-proximately 48 m2. The basi blok is a module onsisting of 4 towers, whihare optially isolated, and are read out individually. The tower has 5.52 �5.25 m2 ross setion and 3.75 m in length. Figure 2.9 show the interiorview of the module. A super-module is omposed of 12 � 12 towers and asetor is omposed of 18(12�12) super-modules.The PbGl is a Cherenkov type alorimeter. A lead glass has 4.0 � 4.0m2 ross setion and 40 m length. Figure 2.10 shows the interior viewof one super-module, omposed by 4 � 6 towers. A setor is omposed of192(12�12) super-modules.

Figure 2.9: Interior view of a lead-sintillator alorimeter module
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Figure 2.10: Exploded view of a lead-glass detetor supermodule2.6 Computing2.6.1 Overview of Data Aquisition system (DAQ)PHENIX is designed to make measurements on a variety of ollision systemfrom p+p to Au+Au. The oupany in the detetor varies from a few traksin p+p interation to approximately 10% of all detetor hannels in entralAu+Au interations. The interation rate at design luminosity varies from afew kHz for Au+Au entral ollisions to approximately 500 kHz for minimumbias p+p ollisions. The PHENIX DAQ system was designed to seamlesslyaommodate improvements in the design luminosity. This was aomplishedthrough the pipelined and deadtimeless features to the detetor front ends andthe ability to aommodate higher-level triggers.In PHENIX it is neessary to measure low-mass lepton pair and low pTpartiles in a high-bakground environment. In order to preserve the highinteration-rate apability of PHENIX a exible system that permits taggingof events was onstruted. The On-Line system has two levels of triggeringdenoted of LVL1 and LVL2. The LVL1 trigger is fully pipelined, thereforethe On-Line system is free of deadtime through LVL1. Bu�ering is providedthat is suÆient to handle utuations in the event rate so that deadtimeis redued to less than 5% for full RHIC luminosity. The LVL1 trigger andlower levels of the readout are lok-driven by bunh-rossing signals from
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CHAPTER 2. EXPERIMENTAL SETUP 26the 9.4 MHz RHIC lok. The higher levels of readout and the LVL2 triggerare data-driven where the results of triggering and data proessing propagateto the next higher level only after proessing of a given event is ompleted.The general shemati for the PHENIX On-Line system is shown in Fig.2.12. Signals from the various PHENIX subsystems are proessed by FrontEnd Eletronis (FEE) that onvert detetor signals into digital event frag-ments. This involves analog signal proessing with ampli�ation and shapingto extrat the optimum time and/or amplitude information, development oftrigger input data and bu�ering to allow time for data proessing by the LVL1trigger and digitization. This is arried out for all detetor elements at everybeam rossing synhronously with the RHIC beam lok. The timing signalis a harmoni of the RHIC beam lok and is distributed to the FEM's bythe PHENIX Master Timing System (MTS). The LVL1 trigger provides afast �lter for disarding empty beam rossings and uninteresting events be-fore the data is fully digitized. It operates in a synhronous pipelined mode,generates a deision every 106 ns and has an adjustable lateny of some 40beam rossings.One an event is aepted the data fragments from the FEM's and primi-tives from the LVL1 trigger move in parallel to the Data Colletion Modules(DCM). The PHENIX arhiteture was designed so that all detetor-spei�eletronis end with the FEM's, so that there is a single set of DCM's thatommuniate with the rest of the DAQ system. The only onnetion betweenthe Interation Region (IR) where the FEM's are loated and the CountingHouse (CH) where the DCM's are loated is by �ber-opti able. The DCM'sperform zero suppression, error heking and data reformating. Many paral-lel data streams from the DCM's are sent to the Event Builder (EvB). TheEvB performs the �nal stage of event assembly and provides an environmentfor the LVL2 trigger to operate. In order to study the rare events for whihPHENIX was designed, it is neessary to further redue the number of a-epted events by at least a fator of six. This seletion is arried out by theLVL2 triggers while the events are being assembled in the Assembly and Trig-ger Proessors (ATP) in the EvB. The EvB then sends the aepted eventsto the PHENIX On-line Control System (ONCS) for logging and monitor-ing. The logged data, whih is named as PHENIX Raw Data File(PRDF),are send to RHIC Computing Faility(RCF) for sinking on the tape in HighPerformane Storage System(HPSS). The data in the HPSS are analyzed andonverted into an intermediated data format in the linux omputer at RCFand Computing Center in Japan(CCJ).
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Figure 2.12: blok diagram of DAQ [27℄2.6.2 EMCal RICH level 1 Triggerthe PHENIX has had two kinds of the Level 1 trigger. One is minimumbias trigger whih is require at least one hit on the north and south BBCs.The other is the EMCal RHIC level 1 trigger(ERT) designed to enhanethe eletron, positron, pair of eletron and positron pair, high pT hargedpartiles, and �0. The ERT is ruial for measurement of e+e� pair due to therare events inluding e+e� pairs. For enhanement of the e+e� pair sampledevents, the information of RICH and EMCal is used. For this analysis, theERT requires RICH oinidene with EMCal. The ERT trigger threshold of400MeV is required for EMCal to disriminate high pT harged pion sinethe harged pion only deposit the minimum ionized energy into EMCal. Theshemati view of ERT is shown Figure 2.13.
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Figure 2.13: shemati view of EMCal RICH level1 Trigger: Both the super-Module of EMCal and RICH are �red for e+,e�. Only the EMCal is �redfor photon, while only the RICH is �red for high pT pion. We are able toe�etively ollet the events inluding e+e� pair.



Chapter 3Analysis
3.1 Data Setthe PHENIX olleted the date at proton + proton ollisions in year 2005.The Run number in proton + proton ollisions is from 166030 to 179846. Inthis analysis, we used 16,587 nDST(Data Summary Tape) �les were madefrom PRDF. The total data size of the nDST is approximately 410 GBite.3.2 Event SeletionThe eletron yield, whih is de�ned in Eq.3.1 , for eah run number is heked.Ne �Np = Ne=Nevt �Np=Nevt (3.1)where Ne,Np and Nevt in right term are the number of eletrons, the num-ber of positrons and the number of MinBias events, respetively. Figure.3.2shows Ne � Np as funtion of run number. The eletron yield drops after run178937 sine two of RICH data pakets were disable after this run.The analysis is restrited to events with ollision vertex ful�lling jbbzj< 25 m, where bbz is the vertex position found by the BBC. The ollisionvertex distribution is shown Figure 3.1. After these run seletion and globalut, 56.39 M minimum bias sampled events are used in this analysis.3.3 Trak seletion and eletron identi�ation3.3.1 Trak QualityThe following trak quality seletion is applied:29
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Figure 3.1: Collision vertex distribution measured by beam detetor. Theevents in yellow band range are seleted for this analysis.� quality bits = 31 [ 63the value of 31 means the traks are required the hit of X1,X2 wire and uniquehit of UV wire, in addition, hit of PC1. the ase of 63, traks are additionallyrequired the unique hit of PC1.3.3.2 Fiduial utTo redue the systemati unertainly for the aeptane, dead and unstableareas of DC and EMCal are removed [35℄. Figure 3.3 shows the areas removeddue to dead and unstable of DC. Figure 3.4 shows the areas removed due todead and warm for setor-by-setor of EMCal. In addition that, dead areasof PC1 are removed.3.3.3 eID parametersEletrons are identi�ed with RICH and EMCal. The variables whih are usedfor eletron identi�ation are summarized in Table 3.1. In this analysis, thefollowing uts are applied:� number of �red PMT's shown as Fig.3.5: n0 > 2� trak mathing to RICH shown as Fig.3.6: disp < 5 m� energy-momentum mathing shown as Fig.3.7: jdepj < 3�
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Figure 3.3: Alpha versus bord distribution for both side of the DC east andDC west. The left and right �gures show before and after removing the deadand unstable regions, respetively.
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Figure 3.4: Hot and dead map. The blank area is removed in this analysis



CHAPTER 3. ANALYSIS 34variable desriptionn0 number of �red PMT's in nominal ring radiusdisp displaement between the projetion point onto RICH PMT planeand the ring enter reonstruted from the �red PMT'seore energy deteted at EMCal (summed up for 3 towers)mom transverse momentum by DCemsdphi trak mathing in phi diretion at EMCal surfae normalized by �emsdz trak mathing in z diretion at EMCal surfae normalized by �dep eore/mom �1 normalized by �(mom)Table 3.1: eID parameters list
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Figure 3.6: distribution of the dis-plaement between projetion and re-onstruted ring enter3.3.4 DC ghost trak rejetionGhost traks in the DC are rejeted as follows. If any two traks ful�lljDC1zed � DC2zedj < 0.5 m and jDC1phi � DC2phij < 0.02 rad, the one withworse EMCal mathing is rejeted, as it is likely to be a ghost trak.3.3.5 RICH ring sharing rejetionTwo traks share the same RICH ring when they are parallel to eah otherwhile passing through the RICH gas. In this ase, one of them is possibly amisidenti�ed hadron. The RICH ghosting phenomenon dereased purity ofeletron and also made orrelation in the invariant mass spetrum around 0.5GeV/2. So that suh traks need to be rejeted. Fig.3.11 shows orrelation
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CHAPTER 3. ANALYSIS 373.4 Signal Extration3.4.1 Pair reonstrutionThe invariant mass Mee is written as,Mee = q(Ee+ + Ee�)2 � ( ~pe+ + ~pe�)2 (3.2)where E is the energy of the partile, ~p is partile momentum,(Ee+ + Ee�)2 = (qm2e+ + p2e+ +qm2e� + p2e�)2 (3.3)and, ( ~pe+ + ~pe�)2 = (pe+x + pe�x)2 + (pe+y + pe�y)2 + (pe+z + pe�z)2: (3.4)px, py, pz is written as following,px = p� sin � os�py = p� sin � sin�pz = p� os �where � is the poler angle measured from the beam axis and � is the azimuthalangle.The invariant mass spetrum were derived by ombination all identi�ede+e� pairs. The reonstruted invariant mass spetrum is divided 6 pT bins,suh as 0<pT<0.5, 0.5<pT<1.0, 1.0<pT<1.5, 1.5<pT<2.0, 2.0<pT<3.0,3.0<pT<4.0.3.4.2 bakground subtrationInvariant mass of any e+e� pairs in eah event was alulated. Then, toevaluate the mass shape and the number of ! and �, it is neessary to subtratthe bakground from invariant mass spetrum. The soure of the bakgroundis listed as following.� Unorrelated e+e� pairs. (ombinatorial bakground)� Correted e+e� pair from D �D, B �B and Drell-Yan prodution. (ontin-uum yield)In this analysis, the bakground from ontinuum yield are ignored sinethe main soure of the bakground on the mass region of ! and � is from



CHAPTER 3. ANALYSIS 38ombinatorial bakground. Event mixing tehnique is used to subtrat theombinatorial bakground. Figure 3.12 shows a shemati view of the eventmixing tehnique. The unorrelated e�e+ pairs are produed by using thee� (e+) in urrent event and the e+ (e�) in other events. Figure 3.13 showthe invariant mass spetrum with ombinatorial bakground evaluated byevent mixing tehnique. The mass spetra divided into pT bins are shown inFig.3.14 .
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Figure 3.12: shemati of reonstrution: the solid magenta and light bluelines show the reonstrution proess in "same event" and "event mixing",respetively.
3.4.3 Spetral Shape of ResonanesSpetral shape of resonanes were generated using the relativisti Breit-Wingerdistribution [28℄ rBR(m) = m2�tot(m)�ee(m)(m2 �m20)2 +m02�tot(m)2 (3.5)with the pole mass, m0, total deay width, �tot(m) and the energy dependentpartial deay width of the vetor meson going to e+e�, �ee(m).
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Figure 3.13: invariant e+e� mass spetrum. The blue line indiate ombina-torial bakground evaluated by the event mixing method.�tot(m) and �ee(m) an be parametrized as�tot(m) = mm0�tot (3.6)�ee(m) = m30m3�ee (3.7)(3.8)where �tot is the natural deay width, �ee is the partial width of the vetormeson deaying into e+e�. The values of the natural deay widths and polemasses of vetor masons are shown in table 3.2mass [MeV=2℄ �tot [MeV=2℄ �ee=�tot� 771.1 149.2 0:454� 10�4! 782.57 8.44 0:695� 10�4� 1019.456 4.26 2:96� 10�4Table 3.2: The pole masses and natural deay widths of the vetor mesonstaken from the PDG [29℄
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CHAPTER 3. ANALYSIS 413.4.4 Radiative tail orretionThe radiative orretion to e+e� was estimated. The observation of radiativedeays J= ! e+e� was reported and the result is onsistent with a QEDalulation based on �nal state radiation [30℄. The radiative deay is desribedby the diagrams shown Figure 3.15.

Figure 3.15: Diagrams for �nal state radiation [30℄. The deay into e+e�is desribed by (a). The infrared divergene in the deay is aneled byinterferene with the diagrams in (b).An analyti formula for the di-lepton mass spetra in radiative deays isderived [31℄. The fration of deays orresponding to the emission of hardphotons isChard = �2� �4 ln M2Emin�lnM2m2l � 1�� 3 lnM2m2l � 23�2 + 112 � (3.9)where Emin is the minimal photon energy, M is a mass of parent partile andml is a mass of leptons. The di-lepton mass m is shifted by photon emissionm = qM(M � 2E) � M � E(E �M) (3.10)Hard photon emission ause a tail towards lower mass in the di-leptonmass spetrum. The distribution P (m) of the di-lepton mass in the radiativedeay is desribed asP (m) = �� 2m(M2 �m2)�1 + m4M4 ��ln 1 + r1� r � r� (3.11)where r = q1� 4m2l =m2 is also a funtion of m. Figure 3.16 shows the massspetra in the radiative deay �! e+e� for Emin = 10MeV.
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Figure 3.16: e+e� mass spetrum in the radiative deay �! e+e� for Emin= 10MeV(orange) smeared with 10MeV(red).3.4.5 Signal CountingFitting funtion onsists ofGaussian onvoluted r.BW + radiative tail + Breit-Wigner.The �rst term and seond term is for ! and � mesons. The third term, Breit-Winger, is for � mesons. The number of ! and � mesons are obtained bythe �rst and seond term. The �tting parameters are the peak amplitude,mass enter and experimental mass resolution, while the width �tot are �xedto PDG value [29℄. The ratio between the number of � and ! are �xed. The� /! ratio is �xed to 1.53, whih obtained by ration of branhing into e+e�The �tting result for invariant mass spetra are shown in Fig.3.17.
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Figure 3.18: Demonstration of traks deayed from 10 � mesons. The red lineindiate e+ or e�, blue dotted line indiate photons and blak line indiateherenkov photon radiated in RICH. EMCal, PC and DC are drawn.To evaluate the eÆieny of PHENIX detetor aeptane, eletron iden-ti�ed and ERT trigger eÆieny, the simulation study was done. We usethe event generator alled "EXODUS" based on Monte Carlo odes. 10M !mesons and � mesons are generated for following status, and deayed intoe+e� pair.� rapidity{ range: -0.5<y<0.5, the shape of y distribution: at� pT (transverse momentum){ range: 0.0<pT<5.5, the shape of pT distribution: atThe PHENIX detetor is very omplex in harater with a large variety ofdetetor types and materials inside it. To simulate suh PHENIX detetor, ”PISA”, PHENIX Integrates Simulation Appliation [32℄ was introdued. ThePISA ode is based heavily on the CERN software libraries [33℄. Spei�ally,



CHAPTER 3. ANALYSIS 45PISA is the PHENIX implementation of the GEANT geometry and eventpartile traking software system. Using PISA, a PHENIX simulator an pikwhih (or all) aspets of the whole PHENIX detetor geometry to introdueinto an event simulation. [34℄We reonstrut ! and � mesons by alulating eq. 3.2. The Figure 3.20is invariant mass spetrum of single ! reonstruted from PISA output.
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Figure 3.20: Invariant mass spetrumof single � for all pT3.5.1 Geometrial Aeptane and Eletron ID EÆ-ienyThe eÆieny of the PHENIX Geometrial aeptane and eletron ID wasalulated as a funtion of pT. Results are shown in Fig.3.22.In the aeptane alulation, it is important that the detetor aeptanein the real data and the simulation data agree. In Fig.3.21, we ompare thephi distribution of the data and simulation. Here phi is the � oordinate oftrak in the DC. The phi distribution in the simulation agree with the realdata well.3.5.2 Trigger eÆienySingle eletron eÆieny in eah EMCal setor for ERT eletron is alulatedas a funtion of momentum using Minimum Bias sampled events. The resultare shown in Fig.3.23, and alled turn-on urve.Trigger eÆieny is alulated with simulation data and turn-on urve. Turn-on urve is �tted by "Error funtion(Erf)" ,whih is integrated gaussian, and



CHAPTER 3. ANALYSIS 46parameterized.f(momentum) = par[0℄� Erf(momentum� par[2℄par[1℄ ) (3.12)A random number is used to see if eah eletron from the ! and � wouldhave �red Eletron trigger in the EMCal setor that it hit, using pT depen-dent single eletron eÆienies shown in Fig.3.23. The results are shown inFig.3.24.3.5.3 bin shift orretionBin shift orretion was performed in the same way as used in [38℄. Theproedure is below.1. Fit the pT spetrum with f(pT) = expf-pT/C1 + C2 g2. alulate bin shift orretion fator3. move the data point vertially and leave the pT of data point unhanged.The result is shown in Table.3.3pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0! 1.084 1.084 1.084 1.084 1.363 1.363� 1.065 1.065 1.065 1.065 1.277 1.277Table 3.3: Corretion fator of bin shift orretion.
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Figure 3.21: Comparison of DC phi distribution in the real data(red) and thesimulation(blue). The simulation phi distribution is weighted by appropriateeletron pT distribution. The data is resaled suh that the integral of thephi distribution in the real data and in the simulation agree. The middle andthe bottom panel shows the phi distribution in the South side(zed<0)and theNorth side(zed>0), respetively. The top panel shows the phi distribution forNorth and South side. The pT range of the eletron is 0.3<pT<4.0 GeV/ forborht of the real data and simulation.
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Figure 3.23: ERT Eletron trigger eÆieny for single eletron is shown as afuntion of momentum.
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Figure 3.24: ERT Eletron trigger eÆieny for !(blue) and �(red) are shownas a funtion of pT .3.6 Systemati ErrorsThe followings are onsidered and evaluated as soures of systemati errors.� signal ounting� geometrial aeptane alulation� eletron ID eÆieny� ERT Trigger eÆieny� Bin shift orretion



CHAPTER 3. ANALYSIS 513.6.1 Signal ountingThe soure of systemati error in signal ounting are following.� ambiguity of bakground shape� ambiguity of rho meson yieldTo estimate the systemati error from ambiguity of bakground, we as-sumed the other �tting funtion for bakground on invariant mass spetra.Basi method : Event Mixing methodexponential : Exp(C1 � x + C2)power : C1 � Exp(C2 � Log(x) + C3)The total systemati error from ambiguity of bakground was obtained byalulating the quadrati sum of systemati error on the ases of eah other�tting funtion for eah pT bin. The �tting results are shown in Figure 3.25,3.26. Systemati errors from ambiguity of bakground for ! and � is shownin Table 3.4, ??, respetively.pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0pol2 22.6% 0.0% 0.0% 36.5% 15.9% 1.5%power 16.2% 6.1% 2.4% 34.9% 14.0% 2.4%total 27.8% 6.1% 2.4% 50.5% 21.2% 2.9%Table 3.4: Systemati errors from ambiguity of bakground for ! in eah pTbins . pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0expo 0.7% 8.0% 5.0% 11.5% 2.5% 10.2%power 2.1% 5.8% 5.2% 10.4% 1.5% 3.9%total 2.2% 9.8% 7.2% 15.5% 2.9% 10.9%Table 3.5: Systemati errors from ambiguity of bakground for � in eah pTbins .



CHAPTER 3. ANALYSIS 523.6.2 geometrial aeptane alulationSoures of systemati error in aeptane alulation is di�erene of �duialarea between the real data and the simulation. The normalization is done in4 di�erent plae as shown Fig.3.27 ,3.28 3.29 ,3.30 to estimate the systematierror from aeptane alulation. the systemati error was estimated byfollowing alulation in eah pT bin.Sys Error = 2 � Dp12 (3.13)D is the deviation whih is the ratio between number of ! or � mesons foreah ase and number of ! or � for basi ase.The deviation is alulate from ratio of integral between the real dataand the simulation. The systemati error from aeptane alulation wasobtained from Eq.3.13. Then, the D is a largest deviation in all ase. Theresult is shown in Table.3.6.



CHAPTER 3. ANALYSIS 53

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

10

20

30

40

50

60

70

chi2/ndf = 149.67/112

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

20

40

60

80

100

120
chi2/ndf = 141.29/112

h_n_invmass_ERT_1_fcut2_pT1

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

10

20

30

40

50

60 chi2/ndf = 151.01/112

h_n_invmass_ERT_1_fcut2_pT2

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

5

10

15

20

25 chi2/ndf = 165.86/112

h_n_invmass_ERT_1_fcut2_pT3

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

2

4

6

8

10

12

14

16

chi2/ndf = 134.01/112

h_n_invmass_ERT_1_fcut2_pT4

]2invariant mass [GeV/c
0.6 0.7 0.8 0.9 1 1.1 1.2

c
o

u
n

t

0

1

2

3

4

5

6

7

8 chi2/ndf = 41.53/112

h_n_invmass_ERT_1_fcut2_pT5

0 < pT < 0.5 0.5 < pT < 1.0

1.0 < pT < 1.5 1.5 < pT < 2.0

2.0 < pT < 3.0 3.0 < pT < 4.0

Figure 3.25: Invariant mass spetrum divided by pT . Bakground shape wasestimated as exponential(blue). The blak line are the �tting result, whihis sum of the bakground and known deays, ! (left magenta line), � (rightmagenta line), � (light blue line), radiative deay of ! and � (Orange line)
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Figure 3.26: Invariant mass spetrum divided by pT . Bakground shape wasestimated as power law funtion(blue). The blak line are the �tting result,whih is sum of the bakground and known deays, ! (left magenta line), �(right magenta line), � (light blue line), radiative deay of ! and � (Orangeline)
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Figure 3.27: phi distribution for the real data(red) and the simulation(blue).Simulation data is normalized in -0.6<�<-0.2
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Figure 3.28: phi distribution for the real data(red) and the simulation(blue).Simulation data is normalized in 0.7<�<0.85
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Figure 3.29: phi distribution for the real data(red) and the simulation(blue).Simulation data is normalized in 2.3<�<2.45
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Figure 3.30: phi distribution for the real data(red) and the simulation(blue).Simulation data is normalized in 2.5<�<2.9



CHAPTER 3. ANALYSIS 57�[rad℄ -0.6<�<-0.2 0.7<�<0.85 2.3<�<2.45 2.5<�<2.9deviation 0.945 1.049 1.079 1.011sys error 4.5%Table 3.6: Systemati errors from aeptane alulation.
3.6.3 eletron ID eÆienySystemati error from eID eÆieny is assigned to be 8%, sine the errorassigned in singe eletron analysis is 4% [39℄.3.6.4 trigger eÆienyTo estimate the systemati error from ERT trigger eÆieny, parameter ofturn-on urve is hanged to following.1. 1.025 � par[0℄ and 0.99 � par[2℄2. 0.975 � par[0℄ and 1.01 � par[2℄Here, par[0℄ and par[2℄ are parameter of turn-on urve shown Eq.3.12. thevalue of 1.025, 0.975, 0.99 and 1.01 were obtained from the error of �tting.Then, ase 1 means ERT trigger eÆieny is higher than basi. ase 2 meansERT trigger eÆieny is lower than basi ase. For example, the red dashline in Fig.3.31 shows ase 1, and the blue dash line shows ase 2. Afterthe realulating trigger eÆieny of ! and �, larger SysError alulated byEq.3.13 in eah pT bin was assigned as systemati error. The result is shownin Table.3.7.
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Figure 3.31: single eletron ERT trigger eÆieny of a setor0. the red dashline shows ase1 and the blue dash line shows ase2.



CHAPTER 3. ANALYSIS 58pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0! 2.4% 1.8% 1.3% 1.3% 1.1% 1.1%� 0.8% 2.2% 1.5% 1.1% 1.2% 0.8%Table 3.7: Systemati errors from ERT trigger eÆieny in eah pT bins .3.6.5 Bin shift orretionAnother �tting funtion: par[0℄� (1 + ( pTpar[1℄)2 )�6 (3.14)is bin shift orretion is tried for evaluation of systemati error. The di�ereneis assigned as the systemati error from bin shift orretion. The result isshown in Table.3.8.pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0! 11.2% 4.6% 1.1% 3.4% 10.0% 1.0%� 8.8% 4.3% 3.1% 2.7% 10.5% 4.7%Table 3.8: Systemati errors from bin shift orretion in eah pT bins .



CHAPTER 3. ANALYSIS 593.6.6 Total systemati errorVarious systemati errors are summarized in Table.3.9, 3.10.pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0rho 2.3%BG 27.8% 6.1% 2.4% 50.5% 21.2% 2.9%aeptane 4.5%eletron ID 8.0%ERT trigger 2.4% 1.8% 1.3% 1.3% 1.1% 1.1%bin shift 11.2% 4.6% 1.1% 3.4% 10.0% 1.0%Total 31.5% 12.3% 9.9% 51.1% 25.3% 10.0%Table 3.9: Total systemati error for !pT 0.-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-4.0rho 0.6%BG 2.2% 9.8% 7.2% 15.5% 2.9% 10.9%aeptane 4.5%eletron ID 8.0%ERT trigger 0.8% 2.2% 1.5% 1.1% 1.2% 0.8%bin shift 8.8% 4.3% 3.1% 2.7% 10.5% 4.7%Total 12.9% 14.3% 12.2% 18.3% 14.3% 15.0%Table 3.10: Total systemati error for �



Chapter 4Results and Disussion
4.1 Mass shiftThe enter of mass was obtained as a funtion of pT by �tting the invariantmass spetra for both ! and �, respetively. Figure 4.1 and 4.2 shows theresult of the position of mass enter as a funtion of pT . The obtained resultswere not onsistent with PDG value [29℄ into the statistial error.It is neessary to onsider the simulation result to evaluate detetor massresolution. The orange line in Figure 4.1 and 4.2 indiate 1� of detetormass resolution. The position of the mass enter obtained by real date areonsistent with PDG value, in addition simulated position of mass, withinthe detetor mass resolution.4.2 Invariant ross setionInvariant ross setion in proton+proton ollisions for ! and � mesons arealulated as following.Ed3�dp3 = 12�pT N! or �Nevent �pT�y �BBC�bias 1�a+eID �ERT (4.1)Here� Nevent is the Number of MinBias sampled events.� �BBC = 23.0[mb℄ is the BBC trigger ross setion [39℄.� �bias = 0.79 is the BBC trigger eÆieny [39℄.� �a+eID is the aeptane and eletron reonstrution eÆieny.60



CHAPTER 4. RESULTS AND DISCUSSION 61� �ERT is the ERT trigger eÆieny.After bin shift orretion, we were able to get invariant ross setion of! and � mesons as a funtion of pT . The Results are shown in Fig.4.5 and4.6. We ompared with results obtained from study of other deay hannels,! ! pi0, ! ! �0�+�� and � ! K+K� in proton+proton ollisions at ps= 200GeV.The result of this analysis are onsistent with the other result withinstatistial and systemati error.
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Figure 4.1: position of mass enter of ! as a funtion of pT . The error is onlystatistial error. The PDG value [29℄ of mass enter of ! is desribed in this�gure as m, and � means total deay width of ! (See table 3.2).
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Figure 4.2: mass enter of � as a funtion of pT . The error is only statistialerror. The PDG value [29℄ of mass enter of � is desribed in this �gure asm, and � means total deay width of � (See table 3.2).
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Figure 4.3: mass enter of ! as a funtion of pT . The blue points are obtainedby �tting result for real data analysis. the orange lines indiate 1� of detetormass resolution obtained by simulation.
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Figure 4.4: mass enter of � as a funtion of pT . The blue points are obtainedby �tting result for real data analysis. the orange lines indiate 1� of detetormass resolution obtained by simulation.
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Chapter 5ConlusionWe have measured the invariant mass spetra of e+e� pairs and obtainedprodution ross setion as a funtion of pT in proton+proton ollisions atsqrts = 200GeV. The goal of this work is to �nd out whether mass shift andmodi�ation of the light vetor mesons are deteted or not, in proton+protonollisions and to provide referene data as baseline of heavy ion ollision.We identi�ed e+, e� traks from large other harged partile traks pro-dued in the ollision vertex. We reonstruted the invariant mass spe-trum of e+e� pairs and subtrated ombinatorial bakground evaluated byevent mixing method, moreover �tted the resonane funtion as known soure,! ! e+e�, �! e+e�, �! e+e� and radiative tail.We observed no mass shift in proton+proton ollisions. The positionof enter of mass are onsistent with PDG value within the detetor massresolution obtained by simulation based on Monte Carlo odes. In addition,the invariant ross setion of ! and � mesons are obtained by orretingthe aeptane of PHENIX detetor, eletron identi�ed eÆieny, and ERTtrigger eÆieny. As a onsequene of omparison with the result of otherdeay hannels, we reognized that there is no di�erene.From this view point, we an provide referene data of ! and � produtionas baseline of heavy ion ollision. The next step, we will be going on the dataanalysis of heavy ion ollisions, Au+Au and Cu+Cu. There is possibility ofobservation of mass shift and mass modi�ation in heavy ion ollision. Wewill present this results as soon as possible!!
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