
Institutt for fysikk og teknologi

High pT Physis in Heavy Ion Collisions atpsNN = 200 GeV
byZhongbao Yin

July 2004Universitetet i BergenBergen, Norway





Institutt for fysikk og teknologi

High pT Physis in Heavy Ion Collisions atpsNN = 200 GeV
byZhongbao Yin

a thesis submitted to Institutt for fysikk og teknologi,Universitetet i Bergen,in partial ful�lment of the requirements forthe degree of Dotor Sientiarum
July 2004Universitetet i BergenBergen, Norway





PrefaeQuantum Chromodynamis (QCD), the underlying theory of the strong interation, pre-dits a new state of matter alled Quark-Gluon Plasma (QGP) where quarks and gluonsare freed from on�nement. Ultra-relativisti heavy ion ollisions at ollider energies pro-vide a unique opportunity to explore the properties of suh a highly exited dense nulearmatter. A variety of hard probes, e.g. high transverse momentum (pT ) partons whih areprodued in the early phase of the ollisions, are expeted to provide a possibility for adetailed quantitative study of the transient partoni matter.This work onerns the intermediate (high) pT partile prodution in ultra-relativistiheavy ion ollisions at ollider energies. At ollider energies the hard pQCD rate ofrare high pT parton sattering beomes suÆiently large that jets an be used to probethe dense strongly interating partoni medium formed in ultra-relativisti heavy ionollisions. For example, due to indued gluon radiation, hard partons will su�er largeenergy loss when they travel through the hot medium, resulting in a suppression of highpT hadron yields. In this thesis, the related high pT physis will be reviewed in Chapter2 following an introdution to relativisti heavy ion ollisions in Chapter 1. BRAHMS,one of the four experiments at the Relativisti Heavy Ion Collider (RHIC) at BrookhavenNational Laboratory (BNL), an measure and identify harged hadrons over a broad rangeof rapidity and transverse momentum. After a desription of the BRAHMS experimentalsetup and data analysis tehniques in Chapter 3, the high pT spetra of harged pions and(anti-)protons will be presented in Chapter 4 at both mid-rapidity and forward rapidity(� = 2:2), where they an be well identi�ed up to pT = 3 GeV/ with reasonable statistis.Compared to high pT yields in p+ p and d+ Au ollisions at the same energy (psNN =200 GeV), the nulear medium e�ets on the high pT partile prodution in heavy ionollisions are studied and ompared to other experiments and model alulations. Finally,an outlook on high pT physis at ALICE/PHOS is given in Chapter 5 and onlusionsare summarized in Chapter 6.

i



ii



AknowledgmentsFirst I would like to express my sinerest gratitude to my advisor, Prof. Dieter R�ohrih.Sine the beginning of my study in Bergen four years ago, Prof. R�ohrih has alwaysbeen patient and providing ruial and invaluable advies. His easy-going personality hasmade it enjoyable to work in his group.I would like to thank my olleagues and ollaborators in the ALICE/PHOS projet. Iam deeply indebted to Prof. Bernhard Skaali, the projet leader of the Norwegian ALICEgroup, for his advie and kind help when I was working on the data aquisition systemfor the PHOS beam test. I am partiularly grateful to Dr. Mikhail Ippolitov and AlexeiKuryaki for the time working together on the monitoring program for the DAQ systemand for valuable ontributions on o�-line data analysis. Many thanks also to Dr. C.Soos for his guidane when writing a driver for RCU ard. My thanks espeially go toDr. Anders Vestb�. It was Anders who piked me up at the airport the �rst day when Iarrived in Bergen and helped me in all kinds of issues. Many thanks to you indeed.I would also like to thank my olleagues and ollaborators in BRAHMS. Sinerelythanks go to the sientists in the high energy heavy ion group at the Niels Bohr Institute,Denmark. I am partiularly grateful to Dr. Ian Bearden, Dr. Claus Ekman J�rgensen, Dr.Peter Christensen and Dr. Djamel Ouerdane for their kind help and fruitful disussionsduring my stays in Copenhagen. I would like to thank Dr. Flemming Videb�k, thespokesman of the BRAHMS Collaboration, for his valuable advies and his e�orts tomake BRAHMS produe nie results. I am grateful to Prof. Stephen J. Sanders for hiskind help to improve my presentations and language skills. A speial thank goes to Dr.Jens Ivar J�rdre, my oÆe mate with whom I shared the sweet and sour of being a Dr.Sient. student working on BRAHMS data, for always being ready to help to debugprograms and also for fruitful disussions both on physis and ultures.I would like to express my sinere thanks to Prof. Laszlo P. Csernai, Prof. GeraldEigen, Prof. Per Osland, Prof. Johan Stadsnes and Prof. Jan S. Vaagen for theirenlightening letures. I am indebted to Prof. Xu Cai and Prof. D. C. Zhou, at theInstitute of Partile Physis, Hua-Zhong Normal University, for their onstant supportand kind onsideration in all phases of my studies in both China and Norway.I am sinerely grateful to my wife and best friend Fang Liu and also my whole familyfor understanding and ontinuous support.Last but not least, I would like to aknowledge the �nanial support by the Norwegiangovernment and their e�orts to help developing ountries.
iii



iv



Contents
1 Introdution to Relativisti Heavy Ion Collisions 11.1 The Strong Interation and QCD . . . . . . . . . . . . . . . . . . . . . . . 11.1.1 The QCD Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . 21.1.2 The Running Coupling Constant . . . . . . . . . . . . . . . . . . . 21.1.3 Deon�nement and QGP . . . . . . . . . . . . . . . . . . . . . . . . 31.2 Relativisti Heavy Ion Collisions . . . . . . . . . . . . . . . . . . . . . . . . 41.2.1 Collision Geometry of Heavy Ion Collisions . . . . . . . . . . . . . . 51.2.2 Dynamis of Ultra-relativisti Heavy Ion Collisions . . . . . . . . . 71.2.3 Searhing for Signatures of QGP . . . . . . . . . . . . . . . . . . . 91.3 Failities: RHIC and LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . 141.3.1 RHIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151.3.2 LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 High pT Physis in Relativisti Heavy Ion Collisions 172.1 The Parton Model and Struture Funtions . . . . . . . . . . . . . . . . . . 172.2 Fragmentation Funtions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192.3 High pT Partile Prodution in N +N Collisions . . . . . . . . . . . . . . 202.4 Nulear E�ets on High pT Hadron Prodution . . . . . . . . . . . . . . . . 212.4.1 The Cronin E�et . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222.4.2 Nulear Shadowing and Gluon Saturation . . . . . . . . . . . . . . 232.4.3 Parton Energy Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . 252.5 A pQCD-based Approah to High pT Hadron Prodution . . . . . . . . . . 272.5.1 p+ A Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272.5.2 A+B Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282.6 Other High pT Hadron Prodution Mehanisms . . . . . . . . . . . . . . . 292.6.1 Parton Reombination . . . . . . . . . . . . . . . . . . . . . . . . . 292.6.2 Baryon Juntion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312.7 High pT Observables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322.7.1 High pT Hadron Suppression . . . . . . . . . . . . . . . . . . . . . . 332.7.2 High pT Partile Composition . . . . . . . . . . . . . . . . . . . . . 332.7.3 High pT Partile Azimuthal Correlation . . . . . . . . . . . . . . . . 332.7.4 -tagged Jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343 The BRAHMS Experiment and Data Analysis 373.1 The BRAHMS experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 373.1.1 Global Detetors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38v



3.1.2 Traking Detetors . . . . . . . . . . . . . . . . . . . . . . . . . . . 413.1.3 PID detetors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443.2 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463.2.1 Data Seletion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463.2.2 Partile Identi�ation with TOF Detetors . . . . . . . . . . . . . . 503.2.3 Partile Identi�ation with the RICH . . . . . . . . . . . . . . . . . 543.2.4 Corretions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563.2.5 Building Partile Spetra . . . . . . . . . . . . . . . . . . . . . . . . 623.2.6 Systemati Unertainties . . . . . . . . . . . . . . . . . . . . . . . . 654 Results and Disussion 674.1 High pT Spetra of Protons and Charged Pions . . . . . . . . . . . . . . . 674.1.1 Au+Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 674.1.2 d+Au and p+p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 684.2 Nulear Modi�ation Fators . . . . . . . . . . . . . . . . . . . . . . . . . . 744.2.1 RAuAu for Inlusive Charged Hadrons . . . . . . . . . . . . . . . . . 744.2.2 RdAu for Inlusive Charged Hadrons . . . . . . . . . . . . . . . . . . 754.2.3 RAA for Charged Pions and (Anti-)Protons . . . . . . . . . . . . . . 764.2.4 Comparison with Inlusive Charged Hadrons . . . . . . . . . . . . . 814.2.5 Model Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . . 824.3 Partile Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 864.3.1 p=�+ and �p=�� Ratios . . . . . . . . . . . . . . . . . . . . . . . . . 864.3.2 p=h+ and �p=h� Ratios at Mid-rapidity . . . . . . . . . . . . . . . . 874.3.3 ��=h� at Pseudo-Rapidity � = 2:2 . . . . . . . . . . . . . . . . . . 884.3.4 Comparison with Other Experiments . . . . . . . . . . . . . . . . . 884.3.5 Model Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . . 904.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 915 Outlook: High pT Physis with PHOS at ALICE 935.1 The ALICE Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935.2 The PHOS Detetor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 955.2.1 Physis with PHOS . . . . . . . . . . . . . . . . . . . . . . . . . . . 955.3 The PHOS Front-End Eletronis and Readout . . . . . . . . . . . . . . . 965.3.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 965.3.2 PHOS Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 975.3.3 Coneptional Design of the PHOS FEE . . . . . . . . . . . . . . . . 1005.4 The DAQ System for PHOS Beam Test . . . . . . . . . . . . . . . . . . . . 1025.5 Performane of PHOS Prototype . . . . . . . . . . . . . . . . . . . . . . . 1065.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1106 Conlusion 111Referenes 113A The BRAHMS Collaboration 121vi



B Kinematis 123B.1 Lorentz Transformations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123B.2 Kinemati Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123C An Example of a Readout Program for PHOS Beam Test 127

vii



viii



List of Figures1.1 The strong oupling onstant �s as a funtion of the momentum transfer. 21.2 Left: Evolution of the energy density with temperature predited by Lat-tie QCD at zero baryohemial potential. Right: Phase diagram obtainedby LQCD at �nite baryohemial potential. . . . . . . . . . . . . . . . . . 31.3 The phase diagram of hadroni matter and the hadron gas - QGP phasetransition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.4 Shemati view of a relativisti heavy-ion ollision. . . . . . . . . . . . . . 51.5 Centrality dependene of dNh=d� measured by BRAHMS. . . . . . . . . . 61.6 The net-proton rapidity distribution at AGS, SPS and RHIC. . . . . . . . 71.7 The spae-time evolution of a relativisti heavy ion ollision in the Bjorkenpiture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81.8 The heavy quark e�etive potential at di�erent temperatures. . . . . . . . 91.9 J= suppression measured by NA50. . . . . . . . . . . . . . . . . . . . . . 101.10 The dilepton spetrum in Pb+Au ollisions at psNN = 17 GeV, omparedto the expeted yields from known hadroni soure. . . . . . . . . . . . . 111.11 Multi-strange baryon enhanement relative to pA ollisions. . . . . . . . . 121.12 Ellipti ow measured by STAR and PHENIX for �;K; p and � togetherwith the hydro-dynami model preditions. . . . . . . . . . . . . . . . . . 131.13 Shemati view of the RHIC aelerator omplex. . . . . . . . . . . . . . . 152.1 A shemati view of the parton model desription of deep in-elasti e + psattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182.2 The unpolarized parton distributions multiplied by x using the MRST2001parameterization at a sale �2 = 10 GeV2. . . . . . . . . . . . . . . . . . . 192.3 Shemati representation of fatorization theorem for a N +N ollision. . 202.4 The invariant di�erential ross setion for inlusive �0 prodution and theresults from NLO pQCD alulations. . . . . . . . . . . . . . . . . . . . . 222.5 The Cronin exponent �(pT ) as a funtion of pT . . . . . . . . . . . . . . . . 232.6 Nulear e�ets on struture funtion F2. . . . . . . . . . . . . . . . . . . . 242.7 Total indued energy loss from the BDMPS approah as a funtion of theparton energy E (left) and of the medium size L (right), respetively. . . . 262.8 Transverse momentum distributions of partons at hadronization in Au+Auollisions at psNN = 200GeV. . . . . . . . . . . . . . . . . . . . . . . . . 302.9 Diagrams depiting baryon prodution via diquark-quark string fragmen-tation (top) and baryon juntion mehanism (bottom). . . . . . . . . . . . 322.10 Two high pT partile orrelations. . . . . . . . . . . . . . . . . . . . . . . 34ix



3.1 Shemati piture of the BRAHMS detetor system (top view). . . . . . . 383.2 Shemati piture of the TPC readout plane and eletron drift lines. . . . . 423.3 Shemati view of trak mathing. . . . . . . . . . . . . . . . . . . . . . . 433.4 Left: Shemati side view of RICH. Right: A reonstruted ring in theRICH detetor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463.5 Ring radius versus partile momentum with n = 1:00190 for di�erent par-tile types alulated by using formula 3.12. . . . . . . . . . . . . . . . . . 463.6 Centrality distributions of trigger 5 (left) and trigger 6 (right) events forAu+Au ollisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473.7 Correlation of vertex position determined from BBCs and ZDCs. . . . . . 483.8 Centrality distribution of trigger 5 events for d+Au ollisions . . . . . . . 483.9 Trak projetion to primary vertex planes. . . . . . . . . . . . . . . . . . . 493.10 Primary trak seletion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503.11 m2 versus momentum multiplied by harge distribution for the TOFW at90 degrees in Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . 523.12 m2 versus momentum multiplied by harge distribution for H2 at 12 degreesin Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . 533.13 Calulated index of refration for the RICH radiator. . . . . . . . . . . . . 543.14 Mass squared versus momentum distribution for data set A843 at 12 de-grees in Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 563.15 RICH ring radius versus momentum distribution before and after PID utsapplied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 573.16 �� and �p aeptanes in (pT ; y) of the MRS setting 90Æ B1000 (left) andthe FS settings at 12Æ (right). . . . . . . . . . . . . . . . . . . . . . . . . . 583.17 MRS global traking eÆieny estimated by the traking embeddingmethod for pions and protons. The �gure is re-produed from [99℄. . . . . 593.18 Inverse of PID ut orretions applied to eah identi�ed pion by TOFWfor MRS setting 90Æ B1000 in Au+Au ollisions. . . . . . . . . . . . . . . 603.19 RICH detetion eÆieny estimated by simulation (blak solid line) andby using pions identi�ed in H2 (red dashed line). . . . . . . . . . . . . . . 613.20 Top panels illustrate orretions applied for MRS data at 90 degrees (left)and FS data at 12 degrees (right), respetively. Bottom panels are orre-tions additional to the upper panels applied to p+p and d+Au data dueto the additional trigger ounters used. . . . . . . . . . . . . . . . . . . . 623.21 Left: Normalized �+ yields at mid-rapidity after all data sets were orretedand ombined. Right: Invariant yields of �+ at mid-rapidity in 0-10%entral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 644.1 The invariant pT spetra of �+ (left) and �� (right) at mid-rapidity inAu+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . 684.2 The invariant pT spetra of p (left) and �p (right) at mid-rapidity in Au+Auollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . 694.3 pT distributions for harged pions and (anti-)protons at y = 0 in 0-10%entral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 704.4 pT distributions for harged pions and (anti-)protons at � = 0 in 0-10%entral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 71x



4.5 pT distributions for negatively harged pions and anti-protons at � = 2:2in Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . 714.6 pT distributions for inlusive harged hadrons in 0-10% entral Au+Auollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . 724.7 pT distributions for (anti-)protons at y = 0 in p+p ollisions at psNN =200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 724.8 Left: pT distributions for negatively harged pions at � = 2:2 in d+Auollisions at psNN = 200 GeV. Right: pT distributions for negativelyharged pions and anti-protons at � = 2:2 in p+p ollisions at psNN = 200GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 734.9 A omparison of measured referene spetrum with the onstruted onebased on UA1 measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 734.10 Nulear modi�ation fator of inlusive harged hadrons measured forAu+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . 744.11 Nulear modi�ation fator for harged hadrons at pseudo-rapidities � =0; 1:0; 2:2; 3:2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 754.12 PHENIX �0 spetrum from p+p ollisions at ps = 200 GeV. . . . . . . . 764.13 pT spetra of pions and ratios from PYTHIA simulation for 200 GeV p+pollisions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 774.14 Construted referene spetrum for harged pions. . . . . . . . . . . . . . 784.15 Nulear modi�ation fators for �� and p(�p) at mid-rapidity for 0-10%entral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 794.16 Nulear modi�ation fator for �� at mid-rapidity for 40-60% entralAu+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . 804.17 Nulear modi�ation fators for negatively harged pions and anti-protonsat pseudo-rapidity � = 2:2 for 0-10% entral Au+Au ollisions at psNN =200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 804.18 Nulear modi�ation fators for negatively harged pions at rapidity y =2:2 for d+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . 814.19 A omparison of RAuAu for harged pions with that for inlusive hargedhadrons at mid-rapidity (left) and pseudo-rapidity � = 2:2 for 0-10% en-tral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . 824.20 Comparison of RAuAu for harged pions (BRAHMS) and neutral pions(PHENIX) to model alulations. . . . . . . . . . . . . . . . . . . . . . . . 834.21 Central (0-10%) to peripheral (60-92%) ratios of binary-ollision-saled pTspetra, RCP , as a funtion of pT for harged pions and �0 measured byPHENIX in Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . 844.22 Comparison of RdAu for negatively harged pions in minimum-bias d+Auollisions to model alulations. . . . . . . . . . . . . . . . . . . . . . . . . 854.23 p=�+ (left) and �p=�� (right) ratios at mid-rapidity for 0-10% entralAu+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . 864.24 Jaobian transformation e�et on �p=�� ratios at mid-rapidity for 0-10%entral Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . . . 874.25 �p=�� ratio at pseudo-rapidity � = 2:2 for 0-10% entral Au+Au ollisionsat psNN = 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87xi



4.26 p=h+ and �p=h� ratios at mid-rapidity for 0-10% entral Au+Au, 0-30%entral d+Au and minimum-bias p+ p ollisions at psNN = 200 GeV. . . 884.27 ��=h� ratios at pseudo-rapidity � = 2:2 for 0-10% entral Au+Au, 0-30%entral d+Au and minimum-bias p+ p ollisions at psNN = 200 GeV. . . 894.28 Comparison of p=�+ and �p=�� ratios reported in this thesis with PHENIXmeasurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894.29 Ratios of �p=�� alulated by the parton reombination model with (solidurve) and without (dashed urve) olletive ow in the quark-gluonplasma together with our measurements. . . . . . . . . . . . . . . . . . . . 904.30 RAuAu for inlusive harged hadron at mid-rapidity for entral Au+Au ol-lisions at psNN = 200 GeV measured by BRAHMS, PHENIX, PHOBOSand STAR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 915.1 The ALICE detetor layout. . . . . . . . . . . . . . . . . . . . . . . . . . 945.2 Left: PHOS photon event rate versus pT for p+p interations at ps = 5:5TeV at a luminosity of 3 � 1030 m�2s�1. Right: Number of photon perevent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 975.3 Illustration of the sliding window tehnique over a PHOS module. . . . . 985.4 Trigger eÆieny for PHOS trigger. . . . . . . . . . . . . . . . . . . . . . 995.5 Trigger and fake trigger rate for triggering on single photons versus a pTthreshold for Pb+Pb ollisions. . . . . . . . . . . . . . . . . . . . . . . . . 1005.6 The PHOS front-end eletroni on�guration. . . . . . . . . . . . . . . . . 1015.7 Shematis of DATE data-ow and hardware arhiteture. . . . . . . . . . 1025.8 Shematis view of the DAQ setup for PHOS beam test. . . . . . . . . . . 1035.9 Trigger eletronis setup for PHOS beam test. . . . . . . . . . . . . . . . 1045.10 Shematis of readout and data-ow. . . . . . . . . . . . . . . . . . . . . . 1045.11 The struture of the readout program and the event loop. . . . . . . . . . 1055.12 Shematis of monitoring funtion. . . . . . . . . . . . . . . . . . . . . . . 1065.13 The experimental setup for PHOS beam test. . . . . . . . . . . . . . . . . 1065.14 The measured spetra from the single entral detetor (left) and the sum of3� 3 array (right) of 18 m PbWO4 rystals with Narrow Eletron triggerat the beam momentum of 4 GeV/. . . . . . . . . . . . . . . . . . . . . . 1075.15 The measured peak positions from the energy sum of a 3 � 3 array ofdetetors for di�erent beam energies. . . . . . . . . . . . . . . . . . . . . . 1075.16 The measured mean value of the energy resolution for sixteen 3� 3 subsetdetetors as a funtion of eletron beam energy in 2002 and 2003 beamtests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1085.17 The experimental setup for 2 invariant mass measurements in the PHOSbeam test experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1095.18 Two-photon invariant mass spetrum. . . . . . . . . . . . . . . . . . . . . 109B.1 The BRAHMS global and loal oordinate systems. . . . . . . . . . . . . 124
xii



List of Tables3.1 Event trigger onditions in Au+Au 2001 data taking . . . . . . . . . . . . 403.2 Event trigger onditions in d+Au and p+p 2003 . . . . . . . . . . . . . . . 413.3 BRAHMS TPC harateristis . . . . . . . . . . . . . . . . . . . . . . . . . 423.4 Centrality lasses and the orresponding values of hNolli and hNparti forAu+Au ollisions at psNN = 200 GeV . . . . . . . . . . . . . . . . . . . . 473.5 Centrality lasses and the orresponding values of hNolli and hNparti ford+Au ollisions at psNN = 200 GeV . . . . . . . . . . . . . . . . . . . . . 493.6 PID resolution parameters for di�erent settings where the MRS is at 90degrees for Au+Au ollisions at psNN = 200 GeV. . . . . . . . . . . . . . 523.7 Index of refration of the RICH radiator for di�erent settings with FS at12 degrees. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553.8 FS traking eÆienies for p+p, d+Au and entrality seleted Au+Auollisions, with the FS at 12 degrees. . . . . . . . . . . . . . . . . . . . . . 603.9 Contamination fators for anti-protons in the momentum range of 10-18GeV/ by pions and kaons due to the RICH ineÆieny when the FS sitsat 12 degrees. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615.1 Physis requirements to the PHOS front-end eletronis. . . . . . . . . . . 965.2 PHOS eletroni hannel ounts. . . . . . . . . . . . . . . . . . . . . . . . 101

xiii



xiv



Chapter 1Introdution to Relativisti HeavyIon CollisionsQuantum Chromodynamis (QCD), the fundamental theory of the strong interation,predits a new state of matter alled the Quark-Gluon Plasma (QGP). To searh forand haraterize suh a new form of matter under extreme onditions of high energydensities and high temperatures is the main objetive of relativisti heavy ion physis.In this hapter we introdue some onepts relevant to the study of relativisti heavy ionollisions.1.1 The Strong Interation and QCDThe universe appears to be governed by four kinds of fores: the strong fore, the ele-tromagneti fore, the weak fore and the gravitational fore. Strong interations bindnuleons in nulei whih, being then dressed with eletrons and bound into moleules bythe muh weaker eletromagneti fore, give rise to the variety of the physial world.The underlying theory of strong interations is QCD, in whih the fundamental de-grees of freedom are quarks and gluons. Quarks are haraterized by the avor quantumnumber. Up to the present time, there are six di�erent avors: u (up), d (down), s(strange),  (harm), b (bottom) and t (top). In addition to frational eletri harges of+23e or �13e, quarks arry a harge alled olor. Quarks an exist in three di�erent olorstates: red, green and blue. Correspondingly, they an be represented by a �eld withthree omponents,  (x) = 0B�  r(x) g(x) b(x) 1CA : (1.1)The strong interation between quarks is mediated by gluons that themselves arry olorharge. Beause of olor, the strong fore transmitted by gluons di�ers signi�antly fromthe eletromagneti fore transmitted by photons. For example, gluons an ouple diretlyto other gluons whereas photons annot ouple diretly to photons. The most strikingonsequene is olor on�nement, i.e. neither quarks nor gluons an appear in isolationbut only exist within olor-neutral omposite hadrons.1



1.1.1 The QCD LagrangianStrong interation is desribed by a loal non-Abelian gauge theory of quarks and gluonsin whih SU(3) is the gauge group and gluons are the gauge bosons. The QCD Lagrangianis given by LQCD = � j(i�D� �mj) j � 14F a��F ��a ; (1.2)where mj and  j are the mass and �eld of the quark of j-th avor, and the ovariantderivative D� and the gluon �eld tensor F ��a areD� = �� + igTaG�a ; (1.3)F ��a = ��G�a � ��G�a � gfabG�bG� : (1.4)The QCD Lagrangian L displayed here is, in priniple, a omplete desription of thestrong interation. But, in pratie, it leads to equations that are notoriously diÆult tosolve. Here G�a is the gluon �eld, with spae-time indies � and � and olor indies a; band . The numerial oeÆients f and Ta guarantee SU(3) olor symmetry. Aside fromthe quark masses, the oupling onstant g is the only free parameter of the theory.1.1.2 The Running Coupling Constant

Figure 1.1: The strong oupling onstant �s as a funtion of the momentum transfer Q.The �gure is taken from [1℄.The running oupling onstant for the strong interation is predited by QCD to be�s(Q2) = �01 + 11n�2nf12��0 ln(Q2=�2) (1.5)2



where Q is the four-momentum transfer involved in the interation proess, �0 the ou-pling onstant for the momentum transfer sale of �, n the number of olor harges andnf is the number of avors. Thus, provided the number of quark avors is less than 16,it follows that �s dereases with inreasing energy and momentum transfer (see Figure1.1). When the distane sale of the interation is small, as for example when one probesthe high momentum omponent of the distribution of quarks, the oupling onstant issmall. Therefore, quarks move almost freely inside hadrons. This is the ase of asymp-toti freedom, whih an be treated by perturbative theory. On the other hand, when thedistane sale is large, as for example in the study of the struture of the ground state ofa hadron, then the interation strength is large. This results in the on�nement of quarksand a non-perturbative treatment is needed.1.1.3 Deon�nement and QGPAsymptoti freedom implies that QCD physis gets simpler at very high temperatures.At suÆiently high temperatures and densities, QCD predits an entirely new form ofmatter alled quark gluon plasma (QGP). In suh a plasma, quarks and gluons are nolonger on�ned in hadrons, but behave like free single partiles. In ontrast to normalmatter these single partiles are not olorless.

Figure 1.2: Left: Evolution of the energy density with temperature predited by LattieQCD at zero baryohemial potential [2℄. For all alulations, the sharp energy inreasearound the ritial temperature T indiates a phase transition to QGP. Right: Phasediagram obtained by LQCD at �nite baryohemial potential �B [3℄. Dotted line at small�B shows the rossover, solid line at larger �B the �rst order transition. The box givesthe unertainties of the end point.Theoretially, the phase transition from hadroni matter to a possible QGP has beenstudied in lattie QCD (LQCD) alulations. As shown in the left panel of Figure 1.2,LQCD alulation at zero baryohemial potential (�B) predits that at a ritial tem-perature T of � 170 MeV [2℄, orresponding to an energy density of � � 1 GeV/fm3,nulear matter undergoes a phase transition to a deon�ned state of quarks and gluons.In addition, hiral symmetry is approximately restored and quark masses are reduedfrom their large e�etive values in hadroni matter to their small bare ones. The right3



panel of Figure 1.2 shows the �rst lattie result for QCD phase diagram at �nite baryon-hemial potential. Solid line indiates a �rst order transition at large �B and dotted lineshows a rapid rossover transition at smaller �B. It is ommonly believed that a QGP wasrealized right after the big bang, the believed origin of our present universe. Today quarkmatter is expeted to exist, due to high partile densities, in neutron stars. It is expetedthat, by means of high energy heavy ion ollisions, a suÆiently large partile density andhigh temperature an be established to form a QGP. Figure 1.3 summarizes the presentunderstanding about the phase diagram of hadroni matter. The hemial freeze-outtemperature and the baryon hemial potential for eah data point are alulated frommeasured partile multipliity ratios using a statistial model [4, 5, 6℄.

Figure 1.3: The phase diagram summarizing the present understanding of hadroni matterand the hadron gas - QGP phase transition.1.2 Relativisti Heavy Ion CollisionsOne of the major goals of high energy nulear physis is to explore the phase diagramof strongly interating matter, to study the QCD phase transition and the properties ofthe QGP. However, the system reated in heavy ion ollisions undergoes a fast dynamievolution from the extreme initial onditions to the dilute �nal state. It is a theoretialhallenge to understand suh a fast evolving system and to haraterize the QGP state.In this setion, the dynamis of a heavy ion ollision aording to the Bjorken piture willbe desribed after a short disussion about ollision geometry. And then several di�erent4



probes suggested as signatures of QGP will be briey reviewed in setion 1.2.3.1.2.1 Collision Geometry of Heavy Ion CollisionsRegarding ollision geometry of relativisti nuleus-nuleus ollisions, there are severalgeneral onepts worthwhile to mention.Nulear density pro�leA nuleus A is an objet omposed of A nuleons. The nuleon distribution inside thenuleus an be desribed by the Woods-Saxon density pro�le:�(r) = �01 + exp( r�r0a ) : (1.6)For the ase of Au, the parameters are r0 = 6:38 fm, �0 = 0:169 fm�3 and a = 0:535fm from e + A sattering [7℄. With these parameters the integral R10 �(r)4�r2dr yieldsapproximately 197, the total number of nuleons in a Au nuleus.Partiipants and spetators

Figure 1.4: Shemati view of a relativisti heavy-ion ollision: before (left) and after(right) the ollision.Figure 1.4 shows shematially a geometrial piture of a relativisti symmetrinuleus-nuleus (A+A) ollision. The nulei are Lorentz ontrated in their diretion ofmotion. The transverse distane between the enter of the two olliding nulei is alledthe impat parameter b. For a given impat parameter, only the nuleons in the overlapregion of the nulei partiipate in the ollision. These nuleons (denoted as open irles inthe left �gure) are usually alled partiipants, the rest that do not partiipate in the ol-lision are alled spetators. For a head on ollision, b = 0 and the number of partiipantsNpart will just be 2A in the hard sphere limit for an A + A ollision.Due to the large size of a nuleus, multiple nuleon-nuleon ollisions our, wherea nuleon in one nuleus may ollide with many nuleons in the other nuleus, and inthe proess deposit a large amount of energy. The total number of elementary nuleon-nuleon ollisions involved in a nuleus-nuleus ollision is alled the number of binaryollisions Noll. Both Npart and Noll an be estimated by the Glauber model [8℄.5



CentralityWith heavy ions a ollision an be very di�erent if the ions ollide head on or only grazeeah other. It is ommonly assumed that the more entral the ollision is, the more violentit is and the more outgoing partiles it produes. On average, dereasing the impatparameter leads to more nuleons partiipating in the interation and more produedpartiles. Thus the most entral ollision orresponds to the smallest b, the highest Npart,the highest Noll and the highest multipliity (see e.g. Figure 1.5). Sine the geometrialprobability to have a ollision of impat parameter b � db inreases proportionally with2�b, theoretially one an haraterize the degree of entrality C byC = R b0 2�bdb�inel ; (1.7)

Figure 1.5: Distribution of harged partile pseudo-rapidity density dNh=d� in Au+Auollisions at psNN = 200 GeV measured by BRAHMS [9℄ for entrality range of, top tobottom, 0-5%, 5-10%, 20-30%, 30-40%.where �inel is the total inelasti ross setion of a nuleus-nuleus ollision, and b theimpat parameter ut-o�. Thus C is the probability that a ollision ours at b < b.Sine the impat parameter is not diretly measurable, experimentally one usually usesobservables like the number of produed harged partiles (harged-partile multipliity)and/or the number of partiipants1 to lassify entralities. For 0-5% entral Au+Auollisions, Npart and Noll are estimated to be 357� 8 and 1000� 125, respetively [9℄.1The number of spetators (Npart = N �Nspe) an be measured by Zero Degree Calorimeters.6



1.2.2 Dynamis of Ultra-relativisti Heavy Ion CollisionsFor ultra-relativisti heavy-ion ollisions, there are two extreme senarios with essentiallydi�erent physis: stopping whih assumes that baryons stemming from the projetile andthe target are fully or partly stopped by eah other, forming a fairly baryon rih matter inthe middle of the reation zone; and transpareny whih assumes that initial target andprojetile baryons annot be slowed down ompletely in the ollision and the partiipantskeep most of their initial momenta after the ollision and leave a highly exited zonebetween the nulei giving rise to a net-baryon poor �reball. Based on observations fromhigh energy p+ p ollisions, it is expeted that the higher the ollision energy the higherdegree of transpareny. Figure 1.6 shows the net-proton rapidity density measured atAGS [10, 11, 12℄, SPS [13℄ and RHIC [14℄. The net-protons at mid-rapidity derease asthe olliding energy inreases. A net-proton poor region at mid-rapidity is realized atRHIC energy.

Figure 1.6: The net-proton rapidity distribution at AGS [10, 11, 12℄, SPS [13℄ andRHIC [14℄.The evolution of the medium reated in ultra-relativisti heavy ion ollisions is usuallydesribed by the Bjorken piture [15℄, in whih nulear transpareny is assumed. Figure1.7 shows the Bjorken spae-time senario for a relativisti heavy ion ollision.Pre-equilibrium Parton-parton sattering happens. This stage features the reationof high transverse momentum (pT ) jets, � pairs or other produts of high momentumtransfer proesses on parton level. In addition, large ross-setion soft nuleon-nuleonsatterings between the two highly Lorentz ontrated nulei help re-distribute a largefration of the inoming kineti energy into partoni degrees of freedom. If the energydensity is well above the ritial energy density �, partons are expeted in a deon�nedphase but may not initially be in equilibrium. The hard proesses with small ross-setion are usually used as experimental probes for the hot and dense medium reated inthe ollision. 7



Figure 1.7: The spae-time evolution of a relativisti heavy ion ollision in the Bjorkenpiture.Chemial and thermal equilibrium Subsequent multiple partoni satterings bringthe matter to loal equilibrium at the proper time �0 and QGP is formed. The plasmathen evolves aording to hydrodynamis, with the possible formation of a mixed phaseof QGP and hadron gas. Colletive ow is expeted to develop at this stage.Hadronization and freeze-out As the plasma expands, its temperature drops. Whenthe ritial temperature T is reahed a phase transition from QGP to hadron gas takesplae. As the system ools down further so that there is not enough energy in eah ollisionto hange the di�erent speies' populations or ratios, hemial freeze-out of the �nal statepartiles is then reahed. Eventually, when the system beomes diluted enough suh thatthe interations ease and the momenta of partiles do not hange further (kineti freeze-out), hadrons stream out of the ollision region.In order to understand the ollision dynamis and study the properties of QGP and thephase transition, experimentally one an only start from the measurement of �nal statepartiles. Indiret information must be inferred from the hadrons, leptons and photonsprodued from the ollision. Hadrons are opiously produed, but interat strongly witheah other well after the transition from QGP to hadrons. This tends to obsure theinformation they arry about the system prior to the phase transition, but they anprovide information on the freeze out onditions. On the other hand, leptons and photons,whih are produed at all stages of the ollision and interat weakly with the rest of thesystem, an better reet the properties of the system at the time they were produed.But also beause they interat weakly, diretly produed leptons and photons are rarein omparison to hadrons, and the information they arry an be obsured by the largebakground whih omes from the deay of hadrons. However, many measurements have8



been proposed to probe of the high energy density medium reated in ultra-relativistiheavy ion ollisions.1.2.3 Searhing for Signatures of QGPIn general, to searh for signatures of QGP one looks for di�erenes in single-partilespetra or multi-partile orrelations between ollisions in whih a QGP was formedand ollisions in whih no QGP was formed. Evaluating whether a transition ourredrequires an aurate hadroni senario as a basis for a omparison. This basis is usuallyestablished by using elementary nuleon-nuleon ollisions, varying the entrality of heavyion ollisions or olliding lighter nulei. Reent reviews of the di�erent possible QGPsignatures an be found for example in [16℄. In this setion we will briey review some ofthe potential experimental signals that have been proposed to probe the system reatedin relativisti heavy ion ollisions.\Anomalous" J= suppressionJ= is a small and tightly bound state of harm and anti-harm quarks (�). It has aradius of about 0.2 fm, muh smaller than the normal hadroni sale ��1QCD ' 1 fm; itsbinding energy is with 0.6 GeV muh larger than �QCD ' 0:2 GeV. It therefore requireshard gluons to resolve and dissoiate a J= . Lattie alulation predits that the heavyquark-quark potential Vq�q dereases with inreasing temperature as shown in Figure 1.8.At T > T, the potential is negligible, this means that the olor harge gets sreened andthe bound state of quarks gets dissolved. So the suppression of J= yields would indiatethe olor deon�nement or QGP formation.

Figure 1.8: The heavy quark e�etive potential at di�erent temperatures, taken from [2℄.The linear rise of the potential is weakened as one approahes the ritial temperature.The solid urves show the Cornell potential V (r) = ��=r + �r with � = 0:25 � 0:05,where � is the string tension. 9



Figure 1.9: Measured J= prodution yields normalized to the expeted yields assumingthat the only soure of suppression is the ordinary nulear absorption. The �gure is takenfrom [17℄.\Anomalous" J= suppression has been reported by the NA50 ollaboration for entralPb + Pb ollisions at SPS [17℄. Figure 1.9 shows the yields of J= normalized to theexpeted yields assuming that the nulear absorption is the only soure of suppression.The suppression observed above the energy density � � 2:3 GeV/fm is onsistent withthe formation of a QGP albeit a few of non-QGP models annot be ruled out.In-medium hadron modi�ationThe dileptons produed by hadron deay onstitute an ideal tool to probe the mediumreated in relativisti heavy ion ollisions, providing the hadrons atually deay insidethe medium. The � meson, with a life-time of about 1 fm, appears to be the bestandidate. Chiral symmetry restoration is expeted to hange the properties of hadronsas the temperature of the medium approahes the restoration point [18, 19, 20℄.As shown in Figure 1.10, the dilepton mass spetrum in the region below the � was in-deed found to di�er onsiderably from that expeted from the known hadroni soures [21℄,whih do desribe the measured distribution in p+A ollisions. Thus this indiates thatthe in-medium resonane modi�ation e�et appears to set in in nuleus-nuleus ollisions.This 'low mass dilepton enhanement' is also observed in S+U and Pb+Pb ollisions, andfor the latter at a beam energy of 40 GeV as well as of 160 GeV.If at the onset of hiral symmetry restoration, the mass of � derease suÆiently, thenthe observed e�et an be aounted for [22℄. But alternative senarios have also provided10



Figure 1.10: The dilepton spetrum in Pb+Au ollisions at psNN = 17 GeV, omparedto the expeted yields from known hadroni soure [21℄.explanations. A muh broader �, with the appliable kinemati onstraints, also produesthe low-mass enhanement [23℄.Strangeness enhanementEnhanement of strangeness is a frequently disussed signature of the QGP. In hadronireations, the prodution of partiles ontaining strange quarks is normally suppressed dueto the high mass of the s-quark (ms ' 170 MeV/2) ompared to u and d quark masses.In the presene of QGP, the gluon density is high and the hiral symmetry might be(partly) restored [28, 29℄ at high temperature, whih results in an enhanement of the s�spair prodution ompared to a on�ned medium. In partiular, a hemially equilibrateddeon�ned state with an unusually high abundane of strange quarks favors the formationof multi-strange hadrons [30℄. A large enhanement of multi-strange antibaryons hastherefore been proposed as harateristi and nearly bakground-free signature of QGP.Figure 1.11 shows the ratio between measured yields of (multi-)strange baryons fromp+Pb, Pb+Pb and p+Be ollisions at psNN = 17:3 GeV as a funtion of the numberof partiipants [31℄. While the ratio is onsistent with unity for p+Pb yields, a learenhanement is seen in Pb+Pb, diretly related to the strangeness ontent on the baryonspeies. 11



Figure 1.11: Multi-strange baryon enhanement relative to pA ollisions. The �gure istaken from [31℄.Anisotropi owAnisotropi ow, an anisotropy of the partile azimuthal distribution in momentum spaewith respet to the reation plane2, is thought to be sensitive to the degree of thermaliza-tion ahieved in the system. The spatial anisotropy of the soure is largest immediatelyafter the ollision ours. As the system evolves, the spatial anisotropy is onverted bymultiple interations into a momentum-spae anisotropy. The rapid expansion of thehot system destroys the original anisotropy and quenhes the build-up of the momen-tum anisotropy. For this reason, it is believed that the �nal azimuthal momentum-spaeanisotropy is primarily built up in the initial moment of the system's evolution and thussensitive to the early stage of the ollision [24℄.Figure 1.12 shows the ellipti ow 3 measured by STAR [25℄ and PHENIX [26℄ for�;K; p and � in Au+Au ollisions at psNN = 200 GeV. It is impressive that the observedlarge elliptial ow and its hadron mass dependene agree very well with the hydro-2The reation plane is de�ned by the beam axis and the impat parameter ~b.3The azimuthal anisotropy of the transverse momentum distribution for a partile an be studied byexpanding the azimuthal omponent of the partile's momentum distribution in a Fourier series,dNd� = 12� "1 + 2Xn vn os(n[�� �0℄)# : (1.8)The harmoni oeÆients, vn, are anisotropy parameters and � the azimuthal angle for the partile, and�0 is the azimuthal angle of the reation plane. The �rst harmoni oeÆient, v1, desribes diretedow, and the seond oeÆient, v2, orresponds to ellipti ow. The radial ow omponent, \1", isonventionally identi�ed from the mass dependene of the invariant mT spetra of hadrons.12



Figure 1.12: Ellipti ow measured by STAR [25℄ and PHENIX [26℄ for �;K; p and �together with the hydro-dynami model preditions [27℄.dynamial model preditions [27℄ at least up to about pT � 1 GeV/, indiating thata high degree of loal thermalization is reahed at early times followed by a olletivehydro-dynami expansion.Jet quenhingThe hot and dense QCD matter an be probed by its e�et on a fast propagating parton,whih is produed at the very beginning of the ollision. If suh a parton traverses adeon�ned medium, it �nds muh harder gluons to interat with than it would in aon�ned medium, where the gluons are onstrained by the hadroni parton distribution.As a result, jets (hard partons) will su�er a muh greater energy loss per unit length in aQGP than in hadroni matter [32, 33℄. This e�et is alled jet quenhing and has severalonsequenes. Of more diret relevane to partile spetra, a omparison of the transversemomentum spetrum of hadrons to appropriately saled distributions from p + p(�p) andp(d)+Au ollisions should show a suppression at high pT . Furthermore, high pT hadronorrelations should show a suppression of bak-to-bak di-jets. More detailed disussionwill follow in setion 2.7. 13



Diret photons and dileptonsPhotons and dileptons emitted during the entire evolution of the ollision subsequentlyundergo no (strong) interations with the medium and hene an reet its state at thetime they were produed.1. Hard (prompt) photons and Drell-Yan dileptons, whih are produed by the earlyhard parton-parton interations, an provide information about the initial (pre-equilibrium) stage suh as the e�etive initial state parton distributions. In par-tiular, they will show any nulear modi�ations (shadowing, anti-shadowing, o-herene e�ets) of these distributions. They also indiate the initial state energyloss and initial state kT broadening su�ered by partons in normal nulear matter.Sine they do not undergo any �nal state strong interations, they therefore providea referene for studying the nulear medium e�ets on e.g. jets (see -tagged jetsetion as an example).2. Thermal photons and dileptons, whih are emitted by the medium through partonor hadron interations during its entire evolution, an serve as a thermometer forthe suessive stages, from QGP to �nal hadroni freeze-out. The funtional formof thermal spetra, dNdk � exp(�k=T ) (1.9)for photon momentum k, or the orresponding distributions in the dilepton massMl+l�, indiate the temperature T of the medium at the time they were emitted.Although the funtional form for thermal prodution is the same for radiation fromhadroni matter and from a QGP, the observed rates and temperatures are expetedto di�er in the two ases. However, also beause these signals would be emittedduring the entire thermal evolution, it is not straight-forward to separate di�erentphases of origin.3. Photons and dileptons from the deay of hadrons, whih are produed at any pointof the hadroni stage from the QGP-hadron transition to freeze-out, an provideinformation about the dense interating hadroni matter (as � mesons disussedearlier) or about hadro-synthesis at the end of the strong interation era.1.3 Failities: RHIC and LHCRelativisti heavy ion ollisions o�er a unique tool to produe, in the laboratory, theprimordial matter of the universe essentially onsisting of a plasma of deon�ned quarksand gluons. During the past deades, a great experimental e�ort has been devoted tosearh for suh a state of matter in �xed target experiments at the Alternating GradientSynhrotron (AGS) at the Brookhaven National Laboratory (BNL) with psNN ' 5 GeVand the Super Proton Synhrotron (SPS) at CERN with psNN ' 17 GeV. It is believedthat the deon�nement boundary is established by the SPS/AGS program, but the QGPhas yet to be observed unambiguously. This bodes well for studies using ultra-relativistiheavy ions at signi�antly higher energies at the Relativisti Heavy Ion Collider (RHIC)14



at BNL and at the Large Hadron Collider (LHC) at CERN. In this setion a shortdesription will be given for these two olliders.1.3.1 RHICA shemati view of RHIC aelerator is shown in Figure 1.13. The AGS aeleratoromplex (Tandem, Booster and AGS) is used as a pre-aelerator before the beams aretransferred into the RHIC rings where the beams are aelerated to their �nal energies.The maximum RHIC design energy psNN is 200 GeV, about ten times higher than thetop SPS energy.

Figure 1.13: Shemati view of the RHIC aelerator omplex.There are six experimental halls where the beams an interset, of whih four have beeninstrumented. There are two large ollider detetors, STAR and PHENIX. The STARexperiment onentrates on measurements of hadron prodution over a large solid anglein order to study global observables on an event-by-event basis. The PHENIX experimentfouses on measurements of lepton and photon prodution and has the apability of mea-suring hadrons in a limited range of pseudo-rapidity. There are two smaller experiments,PHOBOS and BRAHMS. The physial goals of the PHOBOS experiment are to measuresingle partile spetra and orrelations between partiles with low transverse momentumwith a very large pseudo-rapidity overage. The physial goal of the BRAHMS (BRoadRAnge Hadron Magneti Spetrometers) experiment is to ahieve a basi understandingof the relativisti ollision at RHIC through a systemati study of harged partile pro-dution over a broad range of rapidity and transverse momentum. The physis resultspresented in hapter 4 are obtained with data olleted by the BRAHMS experiment.15



1.3.2 LHCThe Large Hadron Collider (LHC) at CERN is a partile aelerator whih will probedeeper into matter than ever before. It will ollide beams of protons at an energy of14 TeV and of lead nulei at a enter-of-mass energy of 1150 TeV (5.5 ATeV). The �rstollisions are expeted in 2007. Five experiments will study what happens when the LHC'sbeams ollide. The CMS experiment [34℄ and the ATLAS experiment [35℄ will have thesearh for the Higgs boson and determination of its mass as a main purpose for theirativity. The LHCb experiment [36℄ will be dediated to investigating CP violation andthe TOTEM experiment [37℄ to the measurement of total ross setion, elasti satteringand di�rative proesses. The ALICE (A Large Ion Collider Experiment) [38℄ is optimizedfor the study of heavy-ion ollisions atpsNN � 5:5 TeV. The prime aim of the experimentis to study in detail the behavior of matter at high densities and temperatures, in viewof probing deon�nement and hiral symmetry restoration. The ALICE experiment andthe spetrometer for photon detetion will be desribed in more detail in hapter 5.
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Chapter 2High pT Physis in RelativistiHeavy Ion CollisionsAt ollider energies similar to RHIC, the importane of hard or semi-hard parton sat-tering is learly seen in high energy p + p(�p) ollisions [39, 40℄. They are also expetedto be important in heavy-ion ollisions at RHIC energies. These hard satterings happenon a very short time sale and their prodution rates are alulable in perturbative QCD(pQCD). If a dense partoni matter is formed in the initial stage of a heavy-ion ollisionwith a large volume and long life time, the high pT partons produed will interat stronglywith the matter and thus su�er large energy loss due to e.g. indued gluon radiation,resulting in a depletion of high pT hadron yields. In this hapter, theoretial approahesto high pT hadron prodution will be briey reviewed and possible high pT observablesin relativisti heavy-ion ollisions will be disussed.2.1 The Parton Model and Struture FuntionsIn deep inelasti eletron-proton sattering ep! eX, the exhange of an energeti virtualphoton (�) or Z0 with large transverse momentum squared Q2 disintegrates the protoninto hadrons. The boson interats with a parton1 inside the proton. As the energy andmomentum transfer is large, the time sale of the hard sattering proess is very shortompared to that of inter-parton interations, hene the other partons in the proton anbe regarded as spetators in the sattering proess. After the ollision both the protonremnant and the struk quark hadronize into 'jets'.Figure 2.1 illustrates the parton model desription of the deep inelasti eletron-protonollision. The quantities k and k0 are the four-momenta of the inoming and outgoingeletrons, p is the four-momentum of a proton with mass M , W is the mass of the reoilingsystem X, q = k � k0 is the four-momentum transfer, and the Bjorken saling variable xis de�ned as x = Q22M� ; (2.1)where � = q � p=M is the eletron's energy loss in the proton rest frame. In the partonmodel, x is the fration of the proton's momentum arried by the struk quark.1In the ontext of QCD partons are assoiated with (anti-)quarks and gluons.17



Figure 2.1: A shemati view of the parton model desription of deep in-elasti eletronproton sattering.Assuming that in the limit of large � and Q2, the proton an be deomposed intofree moving partons and the interation of the eletron with the proton an be viewedas the inoherent sum of its interation with the point-like individual partons, then onean write down the general form of the di�erential ross setion for unpolarized inlusiveeletron-nuleon sattering,d2�dE 0d
 = 4�2E 02Q4 hW2(�;Q2) os2(�=2) + 2W1(�;Q2) sin2(�=2)i ; (2.2)where � is the sattering angle and E 0 the energy of outgoing eletron. W1 and W2 arestruture funtions of the proton to represent the inalulable part of the hadroni vertex.Comparing it to the ross setion of elasti sattering from a stationary, point-like, spin-12objet, d2�dE 0d
 = 4�2E 02Q4 "os2(�=2) + Q22M2 sin2(�=2)# Æ(� � Q22M ); (2.3)one an extrat the struture funtions of the proton asW1(�;Q2) = Q24M2 Æ(� � Q22M ); (2.4)W2(�;Q2) = Æ(� � Q22M ): (2.5)Re-arranging the arguments of the Æ funtion, the two dimensional struture funtion W1and W2 an be replaed by two dimensionless struture funtions:F1(x) = MW1(�;Q2); (2.6)F2(x) = �W2(�;Q2): (2.7)One an �nd that in the parton modelF2(x) = 2xF1(x) = Xq e2qxfq(x): (2.8)18



The funtion fq(x) is known as the parton distribution funtion (PDF), where q = u; �u; d; �det. The quantity fq(x)dx is the number of quarks (or anti-quarks) of a spei� avor thatarry a momentum fration between x and x+ dx of the proton's momentum in a framein whih the proton momentum is large. eq is the eletri harge arried by the quark (oranti-quark) in units of e. Thus, the ross setion only depends on one variable, x. Thisproperty is alled the Bjorken saling [41℄. In QCD, however, the radiation of hard gluonsfrom the quarks leads to saling violation whih has been observed to a small degree, andthe evolution of both the struture funtion and the parton distribution funtions. AsQ2 inreases, more and more gluons are radiated, whih in turn split into q�q pairs. Thisproess leads both to the softening of the initial quark momentum distributions and tothe growth of the gluon density and the q�q sea as x dereases.The parton distribution funtions an be determined from deep inelasti lepton-nuleon sattering and related hard sattering proesses initiated by nuleons. Figure 2.2shows the unpolarized distribution funtions multiplied by x using the MRST2001 param-eterization [42℄ at sale �2 = 10 GeV2. Besides MRST parameterization, the popularlyused parameterizations for PDFs are CTEQ [43℄ and GRSV [44℄.

Figure 2.2: The unpolarized parton distributions f(x) (where f = u; d; �u; �d; s; ; g) multi-plied by x using the MRST2001 parameterization [42℄ at a sale �2 = 10 GeV2.2.2 Fragmentation FuntionsFragmentation funtions are dimensionless funtions that desribe the �nal-state single-partile energy distributions in hard sattering proesses. The total e+e� fragmentationfuntion for hadrons of type h in annihilation at ps, via an intermediate vetor boson (or Z0), is de�ned as F h(xp; s) = 1�tot d�dxp (e+e� ! hX); (2.9)19



where xp = 2ph=ps and ph is the momentum arried by the hadron. In terms of ontri-butions from the di�erent parton types i = u; �u; d; �d; :::; g,F h(xp; s) = Xi Z 1xp dzz Ci(s; z; �s)Dh=i(xp=z; s); (2.10)where Dh=i are the parton fragmentation funtions (PFF) and Ci the oeÆient funtionswhih are generally fatorization-sheme dependent.Parton fragmentation funtions represent the probability for a parton to fragmentinto a partiular hadron arrying a ertain fration of the parton's energy. Fragmentationfuntions inorporate the long distane, non-perturbative physis of the hadronizationproess in whih the observed hadrons are formed from the �nal state partons of the hardsattering proess and, like struture funtions, annot be alulated in pQCD, but anbe evolved from a starting distribution at a de�ned energy sale by e.g. the DGLAPequation [45℄. Fragmentation funtions an be extrated from the measurements of e+e�fragmentation into identi�ed partiles. The most popularly used parameterizations forfragmentation funtions are KKP [46℄, BKK [47℄, Kretzer [48℄ and BFGW [49℄ parame-terizations.If the fragmentation funtions are ombined with the ross setions for the inlusiveprodution of eah parton type in the given physial proess, preditions an be made forthe saled momentum, xp, spetra of �nal state hadrons.2.3 High pT Partile Prodution in N +N Collisions

Figure 2.3: Shemati representation of fatorization theorem for a N +N ollision.In nuleon-nuleon ollisions, the standard pQCD alulations of hard sattering pro-esses rely on so alled fatorization theorems [50℄, whih provide a way to separate longdistane non-perturbative e�ets from short distane perturbative e�ets. Hard satteringis then desribed by the lowest order sub-proesses whih, for high pT partiles, orre-spond to a onvolution of two-body sattering. This is shown shematially in Figure 2.3.20



The orresponding expression for the inlusive di�erential ross setion for N+N ! h+Xis given byEhd�NNhdp3 = KXabd Z dxadxbd2kad2kbgN(ka)gN(kb)fa=N (xa; Q2a)fb=N (xb; Q2b)� d�dt̂ (ab! d)Dh=(z; Q2)�z ; (2.11)where xa and xb are the initial momentum frations arried by the interating partonsa and b, z = ph=p is the momentum fration arried by the �nal observable hadron,f�=N (x�; Q2�) is the parton distribution funtion of the parton of avor � in a nuleon,and Dh=(z; Q2) is the fragmentation funtion for the parton of avor  into h. Here, kaand kb denote the intrinsi transverse momenta kT of the olliding nuleons. The initialkT distribution is usually assumed to be a Gaussian formgN(kT ) = e�k2T =hk2T i�hk2T i ; (2.12)where the width hk2T i is related to initial state radiation. The di�erential ross setionof hard parton-parton sattering proess, d�dt̂ (ab ! d), an be alulated by pQCD atleading order (LO) or the next-to-leading order (NLO) of �s. The phenomenologial Kfator is introdued to mimi higher order orretions.It turns out that the pQCD alulations are rather suessful in desribing high pTpartile prodution in high energy N+N ollisions [51, 52, 53℄. As an example, Figure 2.4shows the invariant di�erential ross setion for �0 in p + p ollisions at ps = 200 GeVmeasured by the PHENIX ollaboration at RHIC [40℄, together with results from NLOpQCD alulations. The pQCD alulations are onsistent with the data down to pT � 2GeV/, indiating that the high pT partile prodution in p + p ollisions is dominatedby the fragmentation of hard-sattered partons.2.4 Nulear E�ets on High pT Hadron ProdutionSine the disovery of so alled EMC e�et by the European Muon Collaboration (EMC)at CERN in 1982 that the struture funtion F2 per nuleon in iron di�ers signi�antlyfrom that of free nuleon [54℄, nulear e�ets on struture funtions have been extensivelystudied both experimentally and theoretially [55℄. It was suh a disovery that openeda door for a systemati study of QCD dynamis in a nulear environment, whih haslead to many new QCD phenomena, e.g. shadowing, gluon saturation and Color GlassCondensate (CGC).In this setion, four nulear e�ets in nulear ollisions will be disussed. The Cronine�et, nulear shadowing and gluon saturation e�et are onsidered as initial state e�ets,while jet quenhing is onsidered to be a �nal state e�et, whih happens after the hardparton-parton sattering in a relativisti heavy-ion ollision.21



Figure 2.4: a) The invariant �0 spetra measured by the PHENIX experiment in p + pollisions at ps = 200 GeV, together with the results from NLO pQCD alulations usingKKP and Kretzer fragmentation funtions. b,) The relative di�erene between the dataand pQCD preditions using KKP (b) and Kretzer () fragmentation funtions with salesof pT=2 (lower urve), pT and 2pT (upper urve). The �gure is taken from [40℄.2.4.1 The Cronin E�etIn the mid 70s it was disovered by Cronin et al. [57℄ that high pT partile prodution inp+A ollisions is enhaned beyond simple binary ollision saling. This enhanement isommonly referred to as the Cronin e�et.Due to the �nite thikness of heavy nulei, a parton may su�er multiple soft satteringswhile traveling though the nulear matter before the �nal hard parton-parton satteringours. The initial partons in general have small transverse momenta but large longi-tudinal momenta. The soft satterings inrease the transverse momenta of the partonsand e�etively broaden the kT of the beam partons (i.e. kT broadening). This kT broad-ening leads to a smearing of the pT spetra. Sine the partile prodution ross setionfalls steeply toward high pT , this smearing e�et results in an enhanement of partileprodution at moderate pT range (� 1:5� 4 GeV/) ompared to N +N ollisions.22



Traditionally the Cronin e�et has been parameterized asEd3�pAdp3 = Ed3�ppdp3 A�(pT ): (2.13)An �(pT ) > 1 indiates an enhanement. Figure 2.5 shows �(pT ) measured by di�erent�xed target experiments [58, 59, 60, 61℄. There is a lear enhanement of hadron yields atpT > 2 GeV/. The Cronin e�et has also been observed at psNN ' 17 GeV in Pb+Pband Pb+Au ollisions at SPS [13, 62℄.

Figure 2.5: The Cronin exponent �(pT ) as a funtion of pT measured by di�erent experi-ments. The �gure is taken from [63℄.2.4.2 Nulear Shadowing and Gluon SaturationWhen the inoming nulei are large, the omposite nuleon wave funtions an interat o-herently among eah other. A parton assoiated with a partiular nuleon an e�etively'leak' into a neighbor and fuse with a parton of that nuleon. The physial onsequenesare dramati when the Bjorken saling variable x is either large or small as shown inFigure 2.6. If a quark reeives a 'kik' from a gluon and its momentum was already large,the quark that a virtual photon sattered with may then have a value of x greater than1. Thus the nulear struture funtion extends beyond x = 1 and the ratio FA2 (x)=FN2 (x)will rise as x approahes 1. On the other hand, two gluons fuse together to form a singlegluon whih results in reduing the e�etive gluon density and a sharp derease of thegluon distribution in the nuleus at small x. This is alled gluon shadowing. As shownin Figure 2.2, the parton density as x ! 0 is dominated, as Q2 inreases, by the gluon23



Figure 2.6: A phenomenologial urve (top) and some high preision data sets (bottom)on nulear e�ets on struture funtion F2. The �gure is taken from [56℄.density. Gluon shadowing beomes translated, therefore, into shadowing of the struturefuntion at low x [64℄.Nulear shadowing e�ets inrease for small x and large nulei. QCD analysis suggeststhat, at ertain small x, the gluon density saturates as a result of non-linear orretionsto the QCD evolution equation [64℄. Due to soft gluon bremsstrahlung of hard valenepartons, the total parton density inreases rapidly with dereasing x. However, partonreombination, gg ! g, is expeted to be signi�ant when the two-parton density inthe nuleus beomes very large. Consider a nuleus of radius RA moving with highmomentum: if eah nuleon has a momentum p, then the nuleus has a longitudinal size� 2RA(M=p), where M is the nuleon mass. Gluons with a given x will have a longitudinalsize of � 1=(xp), so when x < 1=(2MRA) these gluons are fored to overlap with eahother. At the same time these gluons are being probed by a photon with q2 = �Q2and so they have a transverse size � 1=Q. As Q2 inreases the gluon density at verysmall x inreases very rapidly and when it beomes muh greater than Q2R2A then thealulation of the gluon density based on DGLAP evolution beomes unreliable. Mueller24



and Qiu [64℄ showed that the DGLAP evolution equations themselves are modi�ed bythe reombination of partons whih results in gluon saturation at ertain small x.This parton saturation phenomenon is expeted to introdue a harateristi momen-tum sale, the \saturation sale" Qs, to determine the ritial values of the momentumtransfer at whih the parton system beomes dense and gluon saturation sets in. Thesaturation sale is proportional to the gluon density and grows rapidly with 1=x and thenumber of nuleons A as Qs(x;A) � A1=3=x�; (2.14)where � � 0:2-0:3 is obtained from �ts to HERA data [67℄. For Q2 smaller than or similarto Q2s, the non-linear e�ets are essential, and are expeted to \saturate" the growth ofthe gluon distribution at a value O(1=�s) [66℄, a typial value of ondensates, leading tothe expetation that saturated gluons form a new form of matter alled the Color GlassCondensate [68℄.Parton shadowing and gluon saturation (or CGC) are of interest in high energynuleus-nuleus ollisions beause they ould inuene signi�antly the initial onditionsin reations with a high gluon density. In order to take into aount the e�et of gluonshadowing on high pT partile prodution, a well-known parameterization of the modi-�ation of the parton distribution is made [65℄ based on global �ts to the most reentolletion of data available and some modeling for the nulear modi�ation of the gluondistribution.2.4.3 Parton Energy LossAt the enter-of-mass energy reahed at RHIC, the hard sattering rate beomes quitelarge. Due to the large Q2, the hard-sattered partons are reated in the early stage of theollision and are expeted to probe the hot, dense and strongly interating medium reatedsubsequently. When an energeti parton propagates through the nulear medium, it isexpeted to su�er both elasti energy loss from simple satterings and radiation energy lossdue to indued gluon bremsstrahlung from multiple sattering before it hadronizes [71, 72℄.The energy loss aused by elasti sattering of the propagating quark or gluon o� thepartons in the dense QGP has been shown [73℄ to be�dEdx ' �2sp�; (2.15)where � is the energy density of the QGP. The energy loss turns out to be less than thestring tension of O(1 GeV/fm), whih measures the slowing down of a high-momentumquark in old nulear matter [74℄.However, as in quantum eletrodynamis (QED), bremsstrahlung is another importantsoure of energy loss [33℄. Due to multiple inelasti satterings and indued gluon radia-tion, high momentum jets and leading large pT hadrons beome depleted, quenhed [71℄.It has been shown [72℄ further that a genuine non-Abelian e�et, namely, gluon re-sattering is responsible for the dominant energy loss: after the gluon is radiated o�the energeti parton it su�ers multiple satterings in the medium. The medium-induedenergy loss su�ered by an energeti parton with energy E is shown, based on asymptoti25



tehniques (or the BDMPS approah) [72, 76℄ to be�dEdx ' �s� N�2� L (2.16)for the size of the medium L < Lr � q�E=�2 and N olors, where � is a sale toharaterize the medium, � = 1=(��) is the parton mean free path in the medium ofdensity � with partoni ross setion �. Integrating over x leads to the total energy lossgrowing as L2. While for L > Lr, the energy loss per unit length�dEdx ' �s� Ns�2� E; (2.17)whih is not dependent on the size of the meduim but proportional to pE. This is similarto the QED-oherent Landau-Pomeranhuk-Migdal (LPM) suppression [75℄.

Figure 2.7: Total indued energy loss from the BDMPS approah as a funtion of theparton energy E (left, with L �xed) and of the medium size L (right, with E �xed),respetively.Figure 2.7 shows shematially the E and L dependene of total indued energy loss�E with �xed L and E, respetively. Beause � depends on the density � of the medium,whih in turn an be translated into energy density � as �(T ) � T 3 � �3=4 for QGP withtemperature T , a \smooth" inrease of the total energy loss with inreasing � has beenshown [76℄.In pratie, di�erent parameterizations on parton energy loss have been derived byusing di�erent approahes to give preditions on high pT partile prodution [77, 78, 79℄.In the thin plasma opaity expansion framework (or the GLV approah) where the quarkgluon plasma is modeled by N well-separated olor-sreened Yukawa potentials, Gyulassy,Levai and Vitev derived the total radiative energy loss given by [77℄�E = CR�sN(E) L2�2�g log E� ; (2.18)where CR is a olor fator and �g the radiated gluon mean free path.26



In [78℄, the parton energy loss is alulated via a detailed balane approah in whihboth stimulated gluon emission and thermal absorption are taken into aount. Thee�etive parton energy loss is parameterized as�E / (E=�� 1:6)1:27:5 + E=� : (2.19)The detailed balane between emission and absorption on the one hand redues the ef-fetive parton energy loss and on the other hand inreases the energy dependene.Jeon, Jalilian-Marian and Sarevi have investigated parton energy loss per satteringfor three di�erent ases [79℄: (1) onstant parton energy loss per parton sattering, ÆEn =onst, (2) LPM energy-dependent energy loss, ÆEn � pEn and (3) Bethe-Heiter energy-dependent energy loss, ÆEn = �En. En is the energy of the parton at the n-th satteringand ÆEn the energy loss in that sattering. They found that with � = 0:06, Bethe-Heiterenergy-dependent energy loss an reprodue the observed suppression of neutral pionprodution in Au+Au ollisions at RHIC measured by the PHENIX experiment.2.5 A pQCD-based Approah to High pT HadronProdutionIn this setion we fous on hard proesses in nulear ollisions and demonstrate how thevarious nulear e�ets are treated in the pQCD inspired parton model.2.5.1 p+ A CollisionsIn p + A ollisions, the Cronin e�et is attributed to the initial state multiple partonsattering, leading to kT broadening, h�k2T iA. Therefore, after going through the targetnuleon the initial parton kT distribution inside a projetile nuleon beomesgA(kT ) = e�k2T =hk2T iA�hk2T iA ; (2.20)with a broadened width hk2T iA = hk2T i+ h�k2T iA: (2.21)The invariant inlusive hadron distribution in p+ A ollisions an thus be given byEhd�pAhdp3 = KTA(b) Xabd Z dxadxbd2kad2kbgA(ka)gp(kb)� fa=A(xa; Q2a)fb=p(xb; Q2b)� d�dt̂ (ab! d)Dh=(z; Q2)�z : (2.22)Here, TA(b) is the nulear overlap integral at impat parameter b, and TA(b) = Noll=�inel,�inel is the inelasti nuleon-nuleon ross setion and Noll the number of binary ollisions.gA takes into aount the kT broadening, and Dh= is the fragmentation funtion. fa=A is27



the parton distribution funtion of parton a inside the nuleus A, whih an be derivedfrom the parton distribution funtions of partons in proton fa=p and neutron fa=n:fa=A(xa; Q2a) = SA(xa; Q2a) �ZAfa=p(xa; Q2a) + (1� ZA)fa=n(xa; Q2a))� ; (2.23)where SA(xa; Q2a) aounts for the nulear e�ets due to parton shadowing and anti-shadowing e�ets, whih an be extrated from deep inelasti lepton-nuleus satteringexperimental data. Here Z and A are the number of protons and the atomi number ofthe nuleus, respetively.The formula 2.22 should be appliable to d + A ollisions exept replaing the fa=pby the fa=d and taking into aount the possible nulear shadowing e�ets on the partondistributions in the deuteron as well.2.5.2 A+ B CollisionsIn relativisti heavy ion ollisions, the e�et of �nal state parton energy loss an be stud-ied and modeled diretly by medium-modi�ed fragmentation funtions. Energy loss ofthe parton prior to hadronization hanges the kinemati variables of the e�etive frag-mentation funtion asDmediumh=p (z; Q2) = Z 10 d�P (�) 11� �Dh=p( z1� � ; Q2); (2.24)where P (�) denotes the probability that a fration � of the initial energy of the hardparton is lost due to gluon radiation and multiple sattering, and Dh=p is the partonfragmentation funtion in vauum.Thus, the invariant hadron spetrum in nuleus-nuleus ollisions an be given byEhd�ABhdp3 = KTAB(~b) Xabd Z dxadxbd2kad2kbgA(ka)gB(kb)� fa=A(xa; Q2a)fb=B(xb; Q2b)d�dt̂ (ab! d)� Z 10 d�P (�) 11� � Dh=(z=(1� �); Q2)�z : (2.25)Here, Dh= is the fragmentation funtion in vauum and TAB(~b) the nulear overlap inte-gral, whih is a alulation of the overlap of the density pro�les of two spei� nulei ata given impat parameter ~b:TAB(~b) = Z d2sdz1dz2�A(~s; z1)�B(~s�~b; z2); (2.26)where the z diretion is the beam diretion. For a given impat parameter, one alulatesthe produt of the densities of eah nuleus at a given point ~s and then integrates overall spae. 28



2.6 Other High pT Hadron Prodution MehanismsIn the pQCD approah desribed above, it is assumed that hadrons are reated by thefragmentation of energeti partons, whih in turn an be alulated by pQCD. Nuleare�ets are taken into aount by modifying the e�etive nulear struture funtions andfragmentation funtions. The parton fragmentation funtions have been used even at lowpT in string models where the partile prodution in hadroni ollisions is treated as thefragmentation of di-quarks. However, there has been a long-standing debate on whetherpartile prodution in the fragmentation region an better be desribed by fragmenta-tion [80, 81℄ or reombination [82℄. As an alternative or omplementary to fragmentationpiture, this setion desribes the parton reombination piture as a partile produ-tion mehanism followed by gluoni baryon juntion [83℄ as a mehanism to enhane thebaryon prodution rate.2.6.1 Parton ReombinationIn the parton reombination piture, those large pT hard partons reated in hard sat-terings will lose momenta and virtuality through gluon radiation until a large body ofquarks and anti-quarks are assembled for reombination. In the parton reombinationlanguage, the inlusive distribution of the meson M an be written as [84℄Ed3NMdp3 = Z d3p1E1 d3p2E2 F(~p1; ~p2)RM(~p1; ~p2; ~p); (2.27)where F(~p1; ~p2) is the probability of having a quark with 4-momentum p�1 and an anti-quark with p�2 just before hadronization. RM (~p1; ~p2; ~p) is the probability of produing ameson at p� given a quark q at p�1 and an anti-quark �q at p�2 . In addition, one needs onlyonsider the partons in the same transverse plane that ontains ~p, and thus assumesy1 = y2 = y; (2.28)�1 = �2 = �; (2.29)where y1; y2 and y are rapidities, and �1; �2 and � azimuthal angles for the q, �q and meson,respetively.Sine many quarks and anti-quarks are produed in a heavy-ion ollision, it is reason-able to assume that the quark distribution is independent of the anti-quark distributionso that one an fatorize F(~p1; ~p2) asF(~p1; ~p2) = Fq(~p1)F�q(~p2); (2.30)where the funtions Fq(~p1) and F�q(~p2) are, respetively, distribution funtions of quarksand anti-quarks in the phase spae.All together, the inlusive distribution of meson an be determined if RM(~p1; ~p2; ~p)and the parton distributions before reombination are dedued. Sine the reombinationof q and �q into a meson is the time reversed proess of displaying the meson struture,it is expeted that RM(~p1; ~p2; ~p) depends on the meson struture. During hadronizationthe initiating q and �q dress themselves and beome the valene quarks of the produed29



hadron without signi�ant hange in their momenta. However, for the sake of simpliity,a uniform distribution is usually taken [84, 85℄.Regarding the parton distributions there are di�erent parameterizations [84, 85℄ (ormodels) used to give preditions on high pT hadron yields. Sine it is expeted that, atRHIC energies, hard proesses between initial nuleons lead to the prodution of mini-jetpartons with large transverse momentum, an improved pQCD alulation [86℄ was used toobtain the transverse momentum distribution of those mini-jet partons in referene [85℄.For partons in the dense matter (or QGP), a uniform rapidity distribution is assumedin the range �0:5 < y < 0:5 and an exponential form is taken for their pT distribution.To take into aount olletive ow e�et, the light quark and anti-quark transversemomentum distributions are given bydNq;�qdrT2dpT2 = gq;�q�mT(2�)3 exp(�T (mT � pT � vT)� �bT ); (2.31)

Figure 2.8: Transverse momentum distributions of partons at hadronization in Au+Auollisions at psNN = 200 GeV for gluons (short-dashed), u; d (solid), �u; �d (dashed) aswell as s and �s (dash-dotted urve) quarks. Mini-jet partons have transverse momentagreater than 2 GeV, while partons from the QGP have transverse momenta below 2 GeV.The �gure is taken from [85℄.where gq = g�q = 6 are spin-olor degeneraies of light quarks and anti-quarks, and theminus and plus signs are for quarks and anti-quarks, respetively. vT = �0(rT=RT ) is aow veloity, whih depends on the transverse radial position rT of the parton. Here, RT30



is the transverse size of the QGP at hadronization, and �0 is the olletive ow veloity ofthe QGP. T is the phase transition temperature, �b the quark baryon hemial potential,� the proper time of the QGP at hadronization, and T = 1=q1� v2T takes into aountthe transverse ow e�et. Figure 2.8, taken from [85℄, shows the transverse momentumdistributions of partons at hadronization in Au+Au ollisions at psNN = 200 GeV withappropriate parameters.It is straight-forward to generalize the results for mesons to formation of baryonsand anti-baryons from the parton distributions and the baryon reombination funtion ofthree quarks, as Ed3NBdp3 = Z d3p1E1 d3p2E2 d3p3E3 F(~p1; ~p2; ~p3)RB(~p1; ~p2; ~p3; ~p); (2.32)with olinear onditions and momentum onservationy1 = y2 = y3 = y; (2.33)�1 = �2 = �3 = �; (2.34)and ~p1T + ~p2T + ~p3T = ~pT : (2.35)Based on these formula, in priniple, one should be able to alulate invariant trans-verse momentum spetra for various hadron speies by integrating over rapidity y andazimuthal angle �. It has already been shown that the parton reombination mehanisman aount for the qualitative di�erene between the observed ellipti ows of mesonsand baryons [87℄ and explain the observed enhanement of intermediate transverse mo-mentum protons and anti-protons at RHIC.2.6.2 Baryon JuntionAn attrative dynamial model that was proposed to explain opious baryon and anti-baryon prodution at mid-rapidity is based on the existene of topologial gluon on�g-urations: baryon juntions [83, 90, 91, 92℄. Gluoni baryon juntions predit long-rangebaryon number transport in rapidity as well as hyperon enhanement and onsiderablepT enhanement relative to onventional diquark-quark string fragmentation. Figure 2.9depits baryon prodution via fragmentation of a diquark-quark string on�guration (top)and of a baryon juntion (bottom), respetively. In the baryon juntion model, the ex-ited baryon is desribed as a 'Y'-shaped string on�guration. When the string undergoesfragmentation via q�q prodution, the resulting baryon is omposed of sea quarks and thevalene quarks are ontained in three (leading) mesons. In this mehanism the baryonthen emerges with a smaller fration of the energy available so the amount of stoppingis larger. The pT of the baryon is obtained by adding the pT of the three sea quarks.This leads to a onsiderable enhanement in the baryon's transverse momentum, withthe hp2T i of the juntion baryon inreasing by a fator of three relative to that obtainedfrom diquark-quark string on�guration. 31



Figure 2.9: Diagrams depiting baryon prodution via diquark-quark string fragmentation(top) and baryon juntion mehanism (bottom).
2.7 High pT ObservablesEven though it is impossible to observe hard sattered partons diretly, they an be usedas a probe for the dense medium reated in relativisti heavy-ion ollisions. Experi-mentally, one an rely on hadrons from parton fragmentation that arry the reminisentinformation about the original parton. The fragments of a high energy parton usuallyhave a small angular spread and fous around the 'leading partile' whih arries a largefration of the energy of the original hard parton. In a high energy elementary reation,where the partile multipliity is low, jets an be diretly identi�ed by applying an en-ergy ut on a luster of partiles that falls within a small one. However, in relativistiheavy-ion ollisions, it is diÆult to identify them in suh a way due to large partilemultipliities and multi-jet prodution. Thus indiret methods have to be applied inorder to haraterize jet and extrat information on nulear medium e�ets on high pTprodution. For example, the harateristis of hard sattered partons are rather wellunderstood in p+ p(�p) and e+ + e� ollisions, thus an be used as a alibrated probe forheavy-ion ollisions. Furthermore, the knowledge gained from e + p, e + A and p + Aollisions about the nulear shadowing and kT broadening an help us to disentangle var-ious nulear e�ets on high pT partile prodution in relativisti heavy-ion ollisions. Inthis setion, we will disuss several proposed high pT observables in relativisti heavy-ionollisions. 32



2.7.1 High pT Hadron SuppressionWhen an energeti parton traverses the hot dense medium reated in a relativisti heavy-ion ollision, it su�ers large energy loss due to gluon radiation and multiple sattering.This energy loss is expeted to modify the e�etive parton fragmentation funtion whihshould be reeted in the pT spetra of hadrons, e.g. a suppression of high pT hadronyields.Nulear modi�ation fatorTo quantify the nulear medium e�et on the measured hadron yield in high energynuleus-nuleus ollisions, one ompares it to the expetation from N + N ollisions,whih are appropriately saled to the large systems. As hard satterings have a verysmall ross setion and are expeted to be inoherent, it is ommon to introdue thenulear modi�ation fator:RAB = d2NAB=dpTd�(hNolli=�NNinel )d2�NN=dpTd� ; (2.36)where hNolli is the average number of binary nuleon-nuleon ollisions in the A + Bollisions, and �NNinel is the total inelasti ross setion of the N + N ollision. In abseneof any nulear modi�ations to the hard sattering, the ratio RAB will be unity; thus anydeparture from unity indiates nulear medium e�ets, and a value smaller than 1 at highpT region indiates a suppression of high pT yield.2.7.2 High pT Partile CompositionPartile abundanes and ratios between them an be used to extrat the hemial freeze-out ondition of the �reball reated in a heavy-ion ollision, while partile ompositionat high pT an shed light on the hadronization mehanism. For example, due to theirdi�erent olor representation, hard gluons are expeted to lose approximately a fatorof two more energy than hard quarks. Depending on the relative ontribution of gluonfragmentation, this modi�es the ratio of hadroni speies. The ratio of anti-proton toproton �p=p is expeted to derease with inreasing pT in entral heavy-ion ollisions if thefragmentation of the energeti partons is the dominant hadronization mehanism. Anydi�ering from the expetation of pQCD would suggest that there are other mehanismswhih ontribute to high pT partile prodution. Therefore studying the avor dependeneof high pT yields is expeted to be an important step in understanding high pT partileprodution and transport, system evolution, and the interplay between soft and hardproesses.2.7.3 High pT Partile Azimuthal CorrelationHard partons fragment into jets of hadrons around the diretion of parton propagation.Due to the large multipliities and multi-jet prodution in entral heavy-ion ollisions athigh energy, it is diÆult to reonstrut a full jet. However, it is possible to identify jetson a statistial basis, for example, utilizing two-hadron azimuthal orrelations at large33



transverse momentum. Sine the jet fragments are foused in a small one, they are highlyorrelated in angular spae. Experimentally, one an trigger on a single (leading) partilewith large transverse momentum (e.g. ptrigT > 3 GeV/) and then build orrelations withother partiles from the same event with transverse momentum 2 GeV= < pT < ptrigT .Due to energy loss, energy imbalane of di-jet is expeted in entral heavy-ion ollisionsat ollider energies. In the most extreme ase this leads to the disappearane of one ofthe two jets whih has a muh longer in-medium path-length. As shown in Figure 2.10,data from STAR [88℄ show the omplete disappearane of bak-to-bak orrelated high pTpartiles in the range pT � 2-6 GeV/ in entral Au+Au ollisions at ps = 200 GeV, butboth the jet (�� = 0) and the bak-jet (�� = �) are observed in peripheral ollisions.At LHC, suh studies an be extended to muh higher pT , and it is expeted that thebakward orrelated high pT remnant will re-appear again.

Figure 2.10: Azimuthal orrelations of high pT partiles (0 < j��j < 1:4, 4 < ptrigT <6 GeV=) for Au+Au ollisions (�ll irles) ompared to a predition based on the p + pdata (open irles), with a orretion for ellipti ow present in Au+Au ollisions. Theurves represent the ontribution from ellipti ow for eah entrality. The �gure is takenfrom [88℄.2.7.4 -tagged JetThe lowest order sub-proesses for diret photon prodution areq�q ! g (2.37)34



gq(�q) ! q(�q): (2.38)At high pT the signature of suh an event would be a hadron jet balaning an eletromag-neti shower. The transverse energy of the jet is roughly the same as that of the diretphoton but in the opposite transverse diretion. Experimentally, one thus an bene�tfrom this property to extrat information on the energy loss of a fast parton in a hotdense medium reated in relativisti heavy-ion ollisions. It was proposed that one anstudy the modi�ation of the jet fragmentation funtion by measuring the partile pTdistribution in the opposite transverse diretion of a tagged diret photon [89℄. In suh+ jet events, the bakground due to partiles from the rest of the system was estimatedto be well below the pT spetrum from jet fragmentation at moderate large pT . Therefore,one an extrat the fragmentation funtion from the experimental data, and by ompar-ing the extrated jet fragmentation funtion in A+A to that in p+ p ollisions, one anthen measure the modi�ation of the fragmentation funtion and determine the partonenergy loss. Sine the energy loss per unit path-length, dE=dx, is related to the partondensity of the medium that the parton is traveling through, one an therefore estimatethe parton density of the produed dense matter by measuring the energy loss of a fastparton in high energy heavy-ion ollisions.
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Chapter 3The BRAHMS Experiment andData AnalysisThe data presented in this thesis were olleted by the BRAHMS experiment during2001 and 2003. The BRAHMS experimental setup and data analysis proedure will bepresented in this hapter.3.1 The BRAHMS experimentBRAHMS onsists of two magneti spetrometers and a set of global detetors. The globaldetetors are devoted to measuring global properties of a ollision suh as the ollisioninteration point (IP, or the primary vertex), reation entrality and harged-partilemultipliity, et. The two magneti spetrometers, the Mid-Rapidity Spetrometer (MRS)and the Forward Spetrometer (FS), are dediated to traking harged partiles, anddetermining their momenta and masses. The overall layout of the experiment is shownin Figure 3.1 and the detetor system has been desribed in detail in [93℄. In this setionwe will fous on detetors whih are relevant to this work.The MRSThe MRS is omposed of two time projetion hambers (TPCs) for traking of hargedpartiles, a dipole magnet D5 for momentum determination, and a time-of-ight detetor(TOF) for partile identi�ation. In the middle of the 2003 run, another time-of-ightwall (TFW2) and a �Cerenkov detetor C4 were installed to extend the PID apabilities,however for the data presented in this thesis they are not used.The MRS an rotate from 30Æ to 90Æ with respet to the beam line and thus oversthe mid-rapidity regions. In addition, the MRS platform bearing the two TPCs (usuallyalled as TPM1 and TPM2) and D5 an be moved bakward to derease the spetrom-eter aeptane. For the data presented in this thesis the MRS was positioned at 90Æorresponding to rapidity 0. 37



Figure 3.1: Shemati piture of the BRAHMS detetor system.The FSThe FS is omposed of two independent parts, the Front-Forward and Bak-ForwardSpetrometers (FFS and BFS). The FFS an rotate in a range of 2:3Æ � � � 30Æ whereasthe BFS an only be rotated in a range of 2:3Æ � � � 15Æ. For the data presented inthis thesis, both FFS and BFS were positioned at 12Æ orresponding to pseudo-rapidity� � 2:2, where PID is ahievable to relatively high pT with reasonable statistis.In FFS a dipole magnet D1 is used to sweep away low momentum partiles (typiallybelow 1 GeV/) and bend partiles into the aperture of the subsequent detetor. Therest of the FFS omposition is idential to the MRS: two TPCs (T1 and T2) at the frontand bak of a dipole magnet D2, ompleted by a hodosope H1 for PID and a �Cerenkovthreshold ounter C1 whih is loated behind H1 to extend PID apabilities. The BFSis designed to identify very high momentum partiles. To ahieve this goal, the BFS isomposed of three drift hambers (DCs), two dipole magnets, one hodosope H2 and aring imaging �Cerenkov detetor (RICH) at the far end.3.1.1 Global DetetorsThe global detetors inlude a multipliity array, a set of Beam-Beam Counters (BBCs)and a set of Zero Degree Calorimeters (ZDCs). In d+Au and p+p 2003 runs, in addition,a set of inelastiity ounters (INEL) were used to develop a minimum-bias trigger and toprovide vertex position information.Multipliity arrayThe multipliity array (MA), whih is omposed of an inner barrel of Si strip detetors andan outer barrel of plasti sintillator \tile" detetors, measures the energy loss of harged38



partiles passing through the array to establish overall harged partile multipliitiesand further to determine the ollision entrality. The relationship between the measuredmultipliities and the reation entrality an be dedued based on model alulations andsimulations of the array response as detailed in [94℄.Beam-beam ountersThe BBCs are deployed to haraterize ollisions from a global perspetive, to providethe zero level trigger, the start time for the TOF measurements, and to determine theprimary ollision vertex position to an auray of approximately 1 m. In addition, theBBCs o�er a measurement of the harged partile multipliity at large pseudo-rapidity,outside of the aeptane of the multipliity array.The BBCs onsist of two (left and right) arrays of fast �Cerenkov radiators (tubes)oupled to photo{multiplier tubes (PMTs). They are positioned at 2.19 m on eah sideof the nominal IP and over a pseudo-rapidity of 2:2 < j�j < 4:6. Eah array is omposedof two types of tubes: small tubes for a �nely segmented detetion and larger sized tubeswhih detet on average more partiles at a time than small tubes. Half of the rightarray is missing in order to let partiles y toward the FS. When harged partiles hit theBBC radiators, they emit �Cerenkov photons if their veloity v > =n, where the refrativeindex of the radiators n � 1:5. The assumption that the partiles travel with the speedof light  toward both arrays allows the ight times to be onverted into a distane fromwhih the time of the ollision T0 and the IP an be determined byD = (tleft + tright � 2T0)=2; (3.1)z = (tleft � tright)=2 = ((tleft � T0)� (tright � T0))=2 (3.2)where the right-hand expressions an be onstruted from the TDC results after transittime orretion. D is the distane between left and right array and z the displaement ofthe primary ollision vertex from the nominal IP along the beam axis. There are threemethods for estimating the IP and T0 by using: (1) only large tubes, (2) only small tubesand (3) the fastest tubes. The best IP determination is obtained by using small tubeswith resolution of the IP position �IP = 0:7 m and of the T0 �T0 = 65 ps, whereas theresolutions are slightly poorer for the method by using only large tubes. The method byusing the signals from the fastest tubes on either side is muh more prone to bakgroundand the event is therefore ignored if the IP is determined by suh a method in the Au+Audata analysis. The algorithm of vertex and start-time determination by using BBCs isdesribed in detail in [95℄.Zero degree alorimetersThe ZDCs, whih are ommon to all RHIC experiments, are designed to measure theluminosity of the olliding beams. This apability allows the beam operators to tune themahine and provides a means to ompare results between di�erent experiments. Thetwo ZDCs are lead{tungsten alorimeters positioned at 18 m on eah side of the nominalIP, behind the fousing DX magnets so that harged partiles emitted from the reationalong z are bent away by the DXs and only harge neutral partiles, mainly spetator39



neutrons, an reah the ZDCs. The ZDCs provide both energy and time signals. Thetime di�erene between the two ZDCs an be used to measure the position of the primaryinteration vertex with a resolution of �IP = 2:8 m. By requiring that it oinides withthe IP determined by BBCs, events where the IP positions are inonsistent, supposedlybeause of bakground signals, an be identi�ed and rejeted. The energy signal anbe used to dedue the impat parameter of the event beause the neutron multipliityis orrelated with the event geometry. In the BRAHMS experiment, the oinidene ofboth ZDCs serves as minimum bias trigger in Au+Au ollisions.Inelastiity ountersThree pairs of INEL Counters were used to establish a minimum bias trigger for d+Au andp+p ollisions in 2003 runs by deteting harged partiles in the pseudo-rapidity range of3:2 < j�j < 5:3. The INEL ounter onsists of a plasti sintillator ring that is segmentedinto four piees and arranged around the beam pipe. The ounters orresponding to theinnermost utilized pair are loated on either side of the nominal IP at �155 m. Theother four ounters are paired at �416 m and �660 m. Using the relative time-of-ightof partiles hitting the left and right arrays in oinidene it is possible to determine theinteration vertex with a resolution of � 5 m. The INEL trigger is estimated to selet91� 3% of the d+Au inelasti ross setion and 71� 5% of the total inelasti p+p rosssetion aording to GEANT simulations.Event triggerThe BRAHMS trigger system, or simply trigger, determines whether an event shouldbe reorded by the Data Aquisition (DAQ) system. For the Au+Au 2001 run, theimplemented trigger logi is only based on inputs from the global detetors, due to therelatively low event rate. Table 3.1 summarizes the event trigger onditions applied duringthe data taking in 2001.Trigger Id Condition1 BBC oinidene NL > 2 AND NR > 22 BBC oinidene NL > 1 AND NR > 13 Multipliity trigger (TMA energy threshold)4 ZDC oinidene and energy threshold5 Vertex trigger (ZDC) ! jzIP j < 25 m6 Trigger 3 AND Trigger 57 Pulser trigger for pedestal runs8 1 Hz synhronization triggerTable 3.1: Trigger onditions used during Au+Au 2001 data taking. NL and NR are thenumbers of tubes with hits in the left and right array of the BBCs, respetively.Due to the low number of traks per p+p and d+Au ollisions, it is essential to deployspetrometer triggers to e�etively selet events with traks in the spetrometers. Inaddition to INEL ounters used to develop a minimum bias trigger for d+Au and p+pollisions, two start trigger and timing ounters have been added to the detetor system.40



One is a 3 slat ounter (TD1) in front of D1, the other alled TMrsT0 is a 4 slat ounterjust aross the front of TPM1. Signals from these ounters ombined with signals fromhodosopes form highly eÆient spetrometer triggers. Table 3.2 summarizes the eventtrigger onditions applied during the data taking in d+Au and p+p 2003 runs.Trigger Id Condition1 BBC oinidene NL � 1 AND NR � 12 BFS (INEL AND TD1 AND H1 AND H2)3 MRS (INEL AND TMrsT0 AND TOFW)4 ZDC (peripheral)5 INEL (minimum bias trigger)6 FFS (INEL AND TD1 AND H1)7 Pulser trigger for pedestal runs8 1 Hz synhronization triggerTable 3.2: Trigger onditions used during d+Au and p+p 2003 data taking. NL and NRare the numbers of tubes with hits in the left and right array of the BBCs, respetively.A reorded event is thus haraterized by a trigger word with 16 bits. The lower 8 bits(0-7 bit) are set to 1 or 0 depending on whether the trigger ondition is ful�lled, while thehigher 8 bits are set to 1 only when the sale-down fator is met for the orrespondingtrigger. For example, if trigger 5 events are saled down by fator of 2000, then every2000 times the trigger 5 ondition is ful�lled bit 12 will be set to 1 and the event will bereorded by the DAQ system.3.1.2 Traking DetetorsSeveral TPCs and Drift Chambers (DCs) are dediated to traking, i.e. to the reonstru-tion of the trajetory of harged partiles through the spetrometer. Firstly traking isdone in all traking hambers and loal traks are found. By mathing the loal traksaross a dipole magnet using simple geometrial onstraints, a global trak is identi�edas a olletion of mathed loal traks between di�erent traking hambers. From thebending angles in eah magnet the momentum of the partile an be determined.Time projetion hambersThere are four TPCs: two in the MRS and the other two in the FFS. TPCs are designedto provide a three-dimensional measurement of harged partile trajetories with highposition resolution. When a harged partile passes through the TPC, it will lose energyby ionizing the gas and reate eletrons along its trajetory. Eletrons reated by ioniza-tion then drift toward the top due to a homogeneous eletrial �eld inside the TPC ativevolume. At the very top the eletrons are quikly aelerated toward an anode wire at+1200 V to reate an avalanhe. The anode wires ollet these eletrons and the ion loudindues a signal on the readout pad-row. When the drift veloity vdrift of the eletronsis onstant, the drift time is proportional to the drift distane. The mapping of row, padand time leads to three-dimensional spae points. Figure 3.2 shows shematially the41



priniples of a TPC. The main harateristis of the four BRAHMS TPCs are given inTable 3.3. Detailed desription of the TPCs an be found in [93℄.
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Figure 3.2: Shemati piture of the TPC readout plane and eletron drift lines.Name Length Width Height Gas mixture Nrow Npads=row hvdrifti h�xi h�yi(m) (m) (m) (m/�s) (mm) (mm)T1 56.0 33.6 19.8 Ar{CO2 10 (14) 96 1.8 0.38 0.40T2 75.5 39.6 19.8 Ar{CO2 8 (14) 112 1.8 0.37 0.41TPM1 36.6 38.4 20.0 Ar{CO2 12 (12) 96 1.7 0.31 0.43TPM2 50.0 67.7 19.8 Ar{CO2 10 (20) 144 1.6 0.39 0.49Table 3.3: Main harateristis of the four BRAHMS TPCs. Nrow the number of instru-mented (total) pad rows, Npad=row the number of pads per row, hvdrifti is the measuredaverage eletron drift veloity along the drift lines (y diretion) and the h�is are the one-partile resolutions averaged over rows. The gas mixture is in the proportion of 90:10.Drift hambersThree drift hambers (T3, T4 and T5) have been employed in the BFS of BRAHMS.Eah of them is omposed of three modules with 8-10 detetion planes, whih onsistof planes of anode/athode wires and �eld wires. The wire diretions are x; y; u and v,where x is in the horizontal diretion and y in the vertial diretion, while u and v are+ and �18Æ relative to the y-diretion. Eah x- and y-plane is followed by another planewith the same wire orientation, but shifted by a quarter ell width to remove right-leftambiguities.When a harged partile traverses the detetor it ionizes the gas and the liberatedeletrons drift to the anode wire along the eletrial �eld line indued by the �eld andathode wires. Near the anode wire an avalanhe of eletron-ion pairs will take plae anda signal will be indued in the anode wire. When the drift time in the DC is known the42



position of the trak in the diretion perpendiular to the wires an be determined witha position resolution � ' 100 �m. By ombining trak position in di�erent plane a loaltrak an be reonstruted. More details on the DC design and performane an be foundin [96℄.Loal trakingThe BRAHMS traking hambers measure piees of harged partile trajetories thatonsist of sets of points alled trak hits. The loal traking is by de�nition the onstru-tion of these points and the subsequent linear �t leading to straight trak segments in thehamber. The TPC loal traking has been desribed in great detail in [14℄ and the DCtraking has been explained in [96℄.Trak mathing and momentum determinationAfter loal traking in the TPCs and DCs, the straight line loal traks, found in thetraking detetors, are mathed in the intervening magnet and the partile momentum isdetermined using an e�etive edge approximation1. When the entrane and exit points ofthe magnet are known for a pair of traks, a mathing plane is by de�nition entered atthe mid-point between the entrane and exit, perpendiular to the horizontal omponentof a line onneting the entrane and exit, see Figure 3.3. Eah loal trak is projetedto the mathing plane, and the vertial position y, the vertial slope2 �y and the polarangle � (in xz plane) of the trak with respet to the mathing plane are alulated. Thetraks are then mathed in these three parameters by requiring that the di�erene ofeah variable is within a 3� ut, where the width is found by �tting the di�erene with aGaussian. The trak mathing has been desribed in more detail in [14, 95℄.
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Figure 3.3: Shemati view of trak mathing.1The e�etive edge approximation assumes that the magneti �eld outside the physial gap is thesame as inside suh that the integral Bdl is the same as the measured.2It is the di�erene of y positions between intersetion point and the entrane (exit) divided by thedistane between intersetion point and the entrane (exit).43



If the loal traks are mathed up the momentum an be alulated assuming a unitharge as: p = B�L(sin �out � sin �in)q1� �2y (3.3)where B and �L are the magnitude and the length of the magneti �eld in the e�etiveedge approximation, �out and �in are de�ned as in Figure 3.3, and �y is the averagedvertial slope of the traks. In the small angle limit,p � B�L�� ; (3.4)where �� is the bending angle. The momentum resolution is then determined by theangle resolution as: �pp = ����� = ��� pB�L; (3.5)and the angle resolution ��� an be determined from zero-�eld runs.3.1.3 PID detetorsIn BRAHMS there are two types of PID detetors, TOF detetors and �Cerenkov de-tetors. By ombining the momentum and the orresponding TOF or �Cerenkov signalappropriately, one an determine the partile mass based on:p = m�p1� �2 ; (3.6)where m is the mass and � = v= the veloity of the partile.TOF detetorsThere are three TOF \walls" in BRAHMS, one in the MRS (TOFW)3 and two in theFS (H1 and H2). All three are omposed of a number of vertial plasti sintillator slatsreadout by a PMT at eah end of eah slat. When the path length l of the trak isdetermined and the time-of-ight has been measured, the veloity an be alulated as� = l=tTOF, where tTOF is the time of ight. One the partile veloity � and momentump are known, the mass squared m2 an be alulated (in  = �h = 1) as:m2 = p2( 1�2 � 1): (3.7)So, in order to extrat a meaningful PID from the TOF information, it is essential todetermine the path length and as well as the start time.3The seond time-of-ight wall (TFW2) has been installed during d+Au and p+p 2003 runs, but itis not used in the present analysis. 44



�Cerenkov detetorsIn the FS, two �Cerenkov detetors are used to extend the PID apability to higher mo-mentum. When a harged partile traverses a medium of index of refration n > 1 itemits light if its veloity v exeeds the speed of light in the medium. The light emissionangle �h is os �h = 1�n � 1: (3.8)Thus, harged partiles emit �Cerenkov light above well de�ned momentum thresholds,pth = mpn2 � 1 ; (3.9)whih depends on the partile mass m and the refrative index. The higher the partilemass, the higher the momentum threshold; the larger the index of refration, the lowerthe momentum threshold. The number of �Cerenkov radiated photons when a hargedpartile rosses a radiation path L depends on its harge Z asN / Z2L(1� 1�2n2 ): (3.10)In the FFS a threshold �Cerenkov ounter C1, whih is loated behind H1, an beused to disriminate pions from kaons and protons due to the relatively low pion momen-tum threshold (� 3:1 GeV/) and high kaon threshold (� 9 GeV/). The Ring Imaging�Cerenkov (RICH), whih is situated at the far end of the FS in a low multipliity en-vironment of one or two traks per event, an extend the PID apability to very highmomenta. In the RICH the light emitted by harged partiles is foused by a spherialmirror at the bak of the detetor as a ring onto a �nely segmented image plane orientedat twie the mirror's foal angle and loated at a distane equal to the foal length (seeFigure 3.4). The radius r of the ring is related to the emission angle asr = L tan �h; (3.11)where L is the foal length of the spherial mirror. Together with Eq. 3.8 a relationbetween the ring radius, the momentum p, the refrative index n and the mass m is givenas r = Lqn2�2 � 1= Ls n2p2p2 +m2 � 1: (3.12)Above the momentum threshold a harged partile with smaller mass will give a biggerring with a ertain momentum as shown in Figure 3.5.The RICH detetor an identify pions with momenta starting at � 2:4 GeV/. Thering radii of pions and kaons an be well distinguished up to 18 GeV/. And protons anbe identi�ed from 9 GeV/ up to 30 GeV/.45
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Figure 3.5: Ring radius versus partile momentum with n = 1:00190 for di�erent partiletypes alulated by using formula 3.12.3.2 Data AnalysisData presented here were olleted during 2001 for Au+Au ollisions and 2003 for d+Auand p+p ollisions at psNN = 200 GeV. This setion desribes the proedure from dataseletion to the dedution of the high pT spetra at mid-rapidity (� = 0) and forwardrapidity (� = 2:2) for harged pions and (anti-)protons.3.2.1 Data SeletionEvent seletion and entralityTrigger 5 and trigger 6 events as de�ned in Table 3.1 are seleted for Au+Au ollisions.Trigger 5, whih selets events in a vertex range of -25 m to 25 m from the nominateIP, is based on a narrow time di�erene between left and right beam-beam ounters46



orresponding to the � 0-60% entral events. Trigger 6 is based on trigger 5 and anenergy threshold in the tile multipliity array orresponding to the � 20% most entralevents. The entrality distribution4 of suh events is shown in Figure 3.6. The distributionof trigger 6 events is rather at from 0-20%, thus the data analyses for 0-10% and 10-20%entralities are based on trigger 6 events, while for entralities of 20-40% and 40-60%trigger 5 events are seleted. The orresponding values of hNolli and hNparti are listed inTable 3.4 for the four di�erent entrality lasses based on HIJING model alulations.
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Figure 3.6: Centrality distribution of trigger 5 (left) and 6 (right) events for Au+Auollisions at psNN = 200 GeV.Centrality hNolli hNparti0-10% 897�117 332�1010-20% 552�100 239�1020-40% 259�51 141�940-60% 78�26 59�8Table 3.4: Centrality lasses and the orresponding values of hNolli and hNparti forAu+Au ollisions at psNN = 200 GeV.Beause of the trigger eÆieny limits and vertex dependene of the geometrial a-eptane of the spetrometers, a ut on the loation of the ollision vertex has to beapplied. Only events within the range of jzvtxj < 20 (15) m are seleted for the FS(MRS) analysis. As shown in Figure 3.7, the vertex positions determined by the ZDCsand BBCs are strongly orrelated, events are rejeted if the vertex zZDC is not onsistentwith zBB. A 3� ut on the di�erenes (zBB � zZDC) is applied for eah run based on aGaussian �t around the mean di�erene between the vertex z positions determined byBBCs and ZDCs.For d+Au and p+p ollisions, trigger 2, trigger 3 and trigger 5 events as de�nedin Table 3.2 are seleted for the present analysis. Trigger 2 and 3 are spetrometer4Centrality is determined from the harged-partile multipliity obtained from MA and the determi-nation proedures are detailed in [94℄ 47
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Figure 3.7: Correlation between vertex measurements by BBCs and ZDCs.triggers triggering respetively on FS and MRS traks, while trigger 5 is a minimum-biastrigger based on signals from INEL ounters. Figure 3.8 shows the entrality distributionof trigger 5 events for d+Au ollisions. Table 3.5 lists the entrality lasses and theirorresponding values of hNolli and hNparti for d+Au ollisions at psNN = 200 GeV.
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Figure 3.8: Centrality distribution of trigger 5 events for d+Au ollisions at psNN = 200GeV.Trak seletionIn order to remove bakground or seondary partiles, traks are extrapolated bak to thebeam pipe line and required to originate within a given distane from the IP determinedby BBCs for Au+Au or INEL ounters for d+Au and p+p ollisions. To determine theut ondition all traks are projeted bak to a plane ontaining the IP. As shown inFigure 3.9, the plane is x = 0 for MRS traks and z = zIP for FS traks, where zIP is48



Centrality hNolli hNparti0-30% 12.5�1. 13.5�1.130-60% 7.1�0.8 8.3�0.960-92% 2.1�0.5 2.2�0.6min. bias 7.2�0.4 8.0�0.5Table 3.5: Centrality lasses and the orresponding values of hNolli and hNparti for d+Auollisions at psNN = 200 GeV.vertex position determined by BBCs or INEL ounters5. The intersetion point is usedas trak vertex.
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hodosope alibrations an be performed. The TDC alibration leads to the partile time-of-ight. The proedures of the trak path length determination, hodosope alibrationsand the time-of-ight determination have been desribed in detail in [95℄.By ombining of measurements of the time-of-ight, ight path length and momentum,the harged partile identi�ation is performed by usingm2 = p2 24 tTOFL= !2 � 135 ; (3.13)where p is the momentum, tTOF is the time-of-ight and L is the ight path length. Theharged partile identi�ation is then performed using uts in m2 and momentum spaeaording to the TOF m2 resolution.The TOF m2 resolutionThe PID apability of TOF detetors is strongly dependent on momentum, time andtrak path length resolutions. In order to qualify the PID resolution, the equation of m2as a funtion of p and � is di�erentiated with respet to p and �. It then follows fromthe error propagation that the TOF m2 resolution �m2 an be expressed as��m2m2 �2 = 4�2pp2 + 44�2��2 ; (3.14)where  = 1=p1� �2, �p and �� are the resolution of momentum and �, respetively.The momentum resolution an be parameterized as�2pp2 = p2�2� + (1 + m2p2 )�2ms; (3.15)where �� depends on the angular resolution of traks and the magnitude of the magneti�eld as derived in Eq. 3.5 in the small angular limit. �ms is a term to take are of themultiple sattering e�et. By using � = L=(tTOF), it follows that�2��2 = �2tTOFt2TOF + �2LL2 � �2tTOFt2TOF : (3.16)Finally, the m2 resolution an be expressed as:�2m2 = 4 "m4p2�2� +m4  1 + m2p2 ! �2ms + (m2 + p2)p2�2t # ; (3.17)where �t = �tTOF=L. The m2 and p are �lled in three two-dimensional histograms forintervals of m2 in [�0:1; 0:1℄, [0:15; 0:35℄ and [0:6; 1:2℄. The m2 and p distributions foreah speies are slied into narrow momentum intervals and �tted with a Gaussian toevaluate the width of m2. The width �m2 squared an then be �tted simultaneously forpions, kaons and protons. The parameters of ��, �ms and �t are tabulated in Table 3.6for di�erent MRS settings in Au+Au 2001 runs where the TOFW is used for PID. With51



MRS Setting A350 B350 A700bak B700bak B1000 B1000bak�� � 102 [/GeV℄ 3.9 4.0 2.6 2.5 0.87 0.85�ms � 102 2.7 2.4 1.8 2.4 1.4 1.3�t � 103 6.5 6.2 7.0 6.3 7.0 6.8Table 3.6: PID resolution parameters for di�erene settings where the MRS is at 90degrees for Au+Au ollisions at psNN = 200 GeV.typial trak path length of 435 m, values for time-of-ight resolution obtained from the�ts are 90-110 ps.In Figure 3.11, a plot of m2 as alulated from the TOF measurement by the TOFWat 90 degrees versus momentum multiplied by harge is shown together with the appliedPID uts as solid urves. 2� standard deviation PID uts in m2 and momentum spaeare imposed for eah partile speies. Protons an be well separated from kaons up to3.2 GeV/, while for pions above 2 GeV/ an asymmetri PID ut is applied to reduethe kaon ontamination of the pions. As shown in Figure 3.11, the overlap regions whihare within the 2� uts for both pions and kaons are exluded. The upper ut-o� on thepions is pT = 3 GeV=, where the kaon ontamination is estimated to be less than 5%.
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for the data set A427. With 2� uts pions and protons are separated from kaons up to 4.2and 7.1 GeV/, respetively. Sine the momentum threshold is 7.9 GeV/ for kaons toresult in a ring in the RICH with gas refrative index of 1.00196, we apply an asymmetriPID ut for proton identi�ation above 7 GeV/. The overlap regions whih are within2� uts for both protons and kaons are exluded. The upper momentum ut-o� on theprotons is 9 GeV/ where the ontamination of protons by kaons is estimated to be lessthan 6%. In addition, a lower momentum ut-o� of 2 GeV/ is also applied for both pionand proton identi�ation due to very low statistis and small geometrial aeptanebelow the ut-o� value.
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3.2.3 Partile Identi�ation with the RICHIn the FS, the RICH is used for high momentum harged partile identi�ation by om-bining the measurement of the ring radius and the momentum.Index of refrationSine the momentum threshold for harged partiles emitting �Cerenkov light and also theradius of the ring depend on the index of refration of the radiator, it is important tohave a well determined and stable refrative index. Unfortunately there was a leakageof gas in the RICH detetor whih lead to a deviation of the refrative index from themeasured value (n = 1:00203) when the �lling of the radiator was ompleted.In order to determine the index of refration of the radiator during ertain runs, pre-identi�ation of pion is done with a guessed index of refration, e.g. 1.00202 for Au+Au2001 runs or 1.00170 for d+Au and p+p 2003 runs. By using Eq. 3.12 the index ofrefration an be alulated aording ton = q(r=L)2 + 1� ; (3.18)where � = p=pm2 + p2. Figure 3.13 shows the refrative index determined in suh a wayfor data set A843 at 12 degrees for Au+Au and p+p ollisions at psNN = 200 GeV,respetively. The index of refration for di�erent data sets is tabulated in Table 3.7. Ind+Au ollisions, the indies of refration are 1.00187(1.00186) from run number 8375 to8389 and 1.00173 from run number 8547 to 8632. The di�erene is signi�ant for di�erentrun periods.
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FS Setting A427 A843 A1692 A2268Au+Au 1.00195 1.00197 1.00192 1.00192d+Au - 1.00187/1.00173 1.00186/1.00173 -p+p 1.00169 1.00168 1.00168 -Table 3.7: Index of refration of the RICH radiator for di�erent settings with FS at 12degrees in Au+Au, d+Au and p+p ollisions. In d+Au ollisions, the indies of refrationare 1.00187(1.00186) from run number 8375 to 8389 and 1.00173 from run number 8547to 8632.of the RICH radiator. The square of the mass is alulated aording to the followingformula, m2 = p2 " n2( rL)2 + 1 � 1# ; (3.19)where L is the mirror foal length and r is the ring radius. Similar to the TOF PID, theharged partile identi�ation by RICH is performed using a ut in the m2 and momentumspae.The PID ut is based on a parameterization of the measured m2 width as a funtionof momentum,�2m2 = 4m4p2�2� + 4m4  1 + m2p2 !�2ms+4(p2 +m2)2�2n + 4(p2 +m2)3(n2p2 � p2 �m2)n4p4L2 �2r+8m2(p2 +m2)pn ov(p; n)�8(p2 +m2)5=2(n2p2 � p2 �m2)1=2n3p2L ov(r; n); (3.20)where �� depends on the trak angular resolution and �eld setting, �ms takes into aountmultiple sattering e�et, �n is the relative unertainty of the refrative index and �r isthe radius resolution, ov(p; n) and ov(r; n) are the ovarianes of p and n and of r and n,respetively. These ovariant terms rise beause the index of refration is extrated fromthe same data set, otherwise they should be zero. The RICH PID apability is thereforestrongly dependent on the momentum resolution, the unertainty of the refrative indexand the unertainty of the radius measurements.In Figure 3.14, a plot of m2 versus momentum is shown together with applied 3�standard deviation PID uts as solid urves. The typial value for �r is 0.45 m, whihis onsistent with the value estimated in the BRAHMS Coneptual Design Report [97℄.By omparing a 2� ut seletion with the 3� seletion, the ratios show no momentumdependene and are within 1-3% of the 95.5% expeted from a Gaussian distribution.Also shown in the �gure is the threshold urve whih is de�ned by Eq. 3.19 with r = 0and given as m2 = p2(n2 � 1): (3.21)55
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System A427 A843 A1692 A22680� 10% 0.614�0.006 0.614�0.010 0.638�0.034 0.755�0.03510� 20% 0.653�0.006 0.655�0.011 0.684�0.042 0.784�0.03520� 40% 0.698�0.008 0.777�0.011 0.764�0.046 0.824�0.04440� 60% 0.673�0.011 0.785�0.015 0.855�0.064 {d+Au { 0.803�0.006 0.808�0.027 {p+p 0.845�0.005 0.818�0.008 0.818�0.015 {Table 3.8: FS traking eÆienies for p+p, d+Au and entrality seleted Au+Au ollisionswith the FS at 12 degrees for setting A427, A843, A1692 and A2268.Figure 3.18 shows the inverse PID ut orretions applied to eah identi�ed pion byTOFW for MRS setting 90Æ B1000 in Au+Au ollisions.
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by using identi�ed pions, whih is limited to the momentum range ommon to H2. Sinepions might deay after H2, suh a proedure underestimates the RICH detetion eÆ-ieny but provides a lower limit. In [14℄, the RICH ineÆieny has been studied by usingH2 to study the di�erene 1=� � 1=�proton, where 1=� is measured by H2 and 1=�protonis the theoretial value for proton with a ertain momentum. It is found that the RICHineÆieny is � 3% for all settings whih is onsistent with the PID eÆieny estimatedby simulation.
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Corretions for deay, multiple sattering and absorptionCorretions for pion deay in-ight, multiple sattering and (anti-)proton absorption werestudied by using BRAG. Single partiles are passed from BRAG with and without thestudied physial proess to the BRAHMS event reonstrution hain whih inludes digi-tization of hits in the detetors, trak reonstrution and partile identi�ation. The same�duial uts, mathing uts and PID uts should be applied as for real data. Finally theorretions were obtained by dividing the two simulation results in eah momentum binfor eah speies as�se(j; p)�1 = Number of reonstruted partiles with proess onNumber of reonstruted partiles with proess o� ; (3.25)where j is the partile speies. The resulting orretions are then �tted with a funtionof a � b exp (�p). Figure 3.20 shows the momentum dependene of the orretions fordi�erent spetrometers. Due to additional trigger ounters used in p+p and d+Au 2003runs, additional orretions as shown in the lower panels have to be applied for multiplesattering and nulear interations.
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Figure 3.20: Top panels illustrate orretions applied for MRS data at 90 degrees (left)and FS data at 12 degrees (right), respetively. Bottom panels are additional orretionsfor MRS (left) and FS (right) applied to p+p and d+Au data due to the additional triggerounters used.3.2.5 Building Partile SpetraIn order to remove the vertex dependene, eah data set is divided into vertex bins of5 m with the same vertex range as the aeptane maps. For eah vertex bin v the62



orretion and raw data are onstruted in the form of two-dimensional histograms inpT and rapidity y (or pseudo-rapidity �) with the same binning as the aeptane maps.To obtain the di�erential multipliity, a histogram ontaining all sorts of orretions andnormalizations is onstruted as�v(pT ; y) = �se2�NevtÆpT Æy�a�tr�pid ; (3.26)where subsript v denotes the vertex bin and Nevt the orresponding number of events,ÆpT and Æy are the bin sizes in pT and y, respetively. �a, �tr, �se and �pid denotethe geometrial aeptane, traking eÆieny, seondary interation orretion and PIDeÆieny. It is worthwhile to mention that Nevt for Au+Au analysis is the numberof trigger 5 or trigger 6 events depending on the event seletion but for p+p and d+Auanalyses it is the number of trigger 5 (minimum-bias trigger) events (in a ertain entralitybin) multiplied by the sale-down fator when trigger 2 or trigger 3 is saled up properly11.Then, for eah data set s haraterized by a spetrometer angle and a magneti �eld, rawdata histograms for all vertex bins are added up diretly while the orretion histogramsare summed up aording to following equation�s(pT ; y) = 1Pv(�v(pT ; y))�1 : (3.27)The normalized and orreted di�erential yields dNs(pT ; y) an thus be built up bydNs(pT ; y) = Ns(pT ; y)� �s(pT ; y); (3.28)where Ns(pT ; y) is the number of partiles in ell (pT ; y) from a ertain data set s.In order to over a broader pT range at a ertain rapidity range, it is neessary toombine data from several data sets. A weighted average of the di�erential yields fromdi�erent data sets is taken aording to< dN(pT ; y) >= Ps dNs(pT ; y)�Ws(pT ; y)PsWs(pT ; y) ; (3.29)where the weight Ws(pT ; y) is de�ned as [14℄Ws(pT ; y) = 1�s(pT ; y) ; (3.30)so that entries with larger orretions arry lower weights. Thus 3.29 an be rewritten as< dN(pT ; y) >=  Xs Ns(pT ; y)!�  Xs 1�s(pT ; y)!�1 : (3.31)The left panel of Figure 3.21 shows the normalized di�erential yields of �+ for 0-10%entral Au+Au ollusions at psNN = 200 GeV after averaging over several settings. Onethe averaged two-dimensional histogram for di�erential yields is known, projetions an be11In ertain runs, trigger 2 or trigger 3 has been saled down, therefore the number of FS traks orMRS traks has to be saled up aordingly. 63



made in a narrow rapidity interval of width �y (as shown in Figure 3.21 interval betweenthe two lines), and the invariant spetra at a given rapidity range an be onstrutedaording to the following equations:N(pT ) =  Xy Xs Ns(pT ; y)!�  Xy Xs 1�s(pT ; y)!�1 ; (3.32)12�pT d2NdpTdy = N(pT )pT ; (3.33)where the sum of rapidity is from y��y=2 to y+�y=2 and pT in the denominator of lastequation is the enter of the histogram bin12. It is worthwhile to mention that �s(pT ; y) iszero outside of the geometrial aeptane of the setting and thus those bins are ignoredfor both the data and the orretion. The right panel of Figure 3.21 shows the invariantspetrum obtained for �+ at mid-rapidity in 0-10% entral Au+Au ollisions at ps = 200GeV.
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3.2.6 Systemati UnertaintiesThe systemati errors in determining the partile spetra ome from the unertainties intrak mathing and momentum determination, unertainties in the time-of-ight mea-surements and ring radius reonstrution proedure, and unertainties in the quality ofthe traking eÆieny and PID eÆieny estimations.Beause partile spetra are often obtained by the ombination of several data setsovering the same phase spae, sets of pT spetra were made by using di�erent datasets and varying the uts applied in the data analysis. By studying the variation ofthe onstruted spetra, the systemati errors are estimated. They are shown separatelyfor di�erent olliding systems in the next hapter. The entrality dependene of thesystemati errors has not been investigated.
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Chapter 4Results and DisussionIn this hapter the high pT results from the BRAHMS experiment will be presented andompared to other experiments and models.4.1 High pT Spetra of Protons and Charged Pions4.1.1 Au+AuFigure 4.1 shows the invariant pT spetra of �+ (left) and �� (right) at mid-rapidity forvarious entrality lasses of Au+Au ollisions at psNN = 200 GeV. For larity, the datapoints are saled vertially as quoted in the �gure. The error bars are statistial errorsonly. Systemati errors are estimated to be 13% for pT < 2 GeV/ and 15% for pT > 2GeV/. The pion spetra show an approximate power-law shape for all entrality bins.Figure 4.2 shows the invariant pT spetra of protons (left) and anti-protons (right) atthe same energy. The error bars are statistial only. Systemati errors are estimated tobe 14%. Feed-down orretions for � (��) have not yet been applied. Both p and �p spetrashow a entrality dependene below 1.5 GeV/, i.e. with inreasing ollision entrality ashoulder at low pT develops.Figure 4.3 shows the pT distributions for harged pions and (anti-)protons at mid-rapidity for the most entral 0-10% Au+Au ollisions. The spetra for positively hargedpartiles are presented on the left panel and those for negatively harged partiles on theright panel. The data show a lear mass dependene in the shape of the spetra. The pand �p spetra have a onvex shape, while the pion spetra have a onave shape. Theinverse slopes inrease with the mass of the partiles indiating a radial ow is developingduring the evolution of a heavy ion ollision. Another notable observation is that at pTabove � 2 GeV/, the proton and anti-proton yields beome omparable to the pionyields, whih is also observed in 130 GeV Au+Au ollisions [101℄.To illustrate the di�erene between using pseudo-rapidity � and using rapidity y,Figure 4.4 shows the invariant pT spetra of harged pions and (anti-)protons at � = 0for the most entral 0-10% Au+Au ollisions. Compared to Figure 4.3, the Jaobiantransformation e�et is rather large in partiular at the low pT region. From Eq. B.14in Appendix B, one an see that the Jaobian e�et is the largest at the most entralrapidity region for the heaviest partile at lowest pT . The e�et beomes smaller at67
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4.2 Nulear Modi�ation FatorsThe nulear medium an a�et the high pT hadron yields. It is ommon to quantify nulearmedium e�ets by the \nulear modi�ation fator"RAB as de�ned in Eq. 2.36. One of themost interesting observation by all four RHIC experiments is that high pT inlusive hadronyields in entral Au+Au ollisions are suppressed as ompared to elementary nuleon-nuleon ollisions. In this setion, suh an observation by the BRAHMS experiment willbe reviewed, and then measurements of nulear modi�ation fators for harged pionsand (anti-) protons will be presented at both mid-rapidity and pseudo-rapidity � = 2:2.4.2.1 RAuAu for Inlusive Charged Hadrons
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alulations were onstruted from the UA1 measurement of the p+ �p ollisions at CERN,suitably orreted for the respetive � overage [102℄. The low pT part of the spetrumwhih is assoiated with soft interations sales with the number of partiipants. AbovepT � 2 GeV/ the RAuAu distributions for entral Au+Au ollisions derease and aresystematially lower than unity. In other words, the high pT omponent of the inlusiveharged hadron yields in entral Au+Au ollisions is suppressed as ompared to p + pand peripheral Au+Au ollisions at both mid-rapidity and forward rapidity. The degreeof the high pT suppression at � = 2:2 is similar to or even larger than that at � = 0.In addition, it has also been observed that the yield of neutral pions is more stronglysuppressed than that for non-identi�ed harged hadrons in entral Au+Au ollisions atRHIC [103℄. A study of the speies dependene of the suppression would thus shed lighton the hadron prodution mehanisms in heavy ion ollisions at RHIC energy.4.2.2 RdAu for Inlusive Charged HadronsFigure 4.11 shows the nulear modi�ation fator of inlusive harged hadrons at fourdi�erene pseudo-rapidities measured for minimum bias d+Au ollisions at psNN = 200GeV [108℄. In the alulation, the referene spetra are measured by BRAHMS for p+ pollisions at ps = 200 GeV. At mid-rapidity, RdAu shows an enhanement as omparedto the binary saling limit at pT > 2 GeV/. In ontrast to entral Au+Au ollisions, nosuppression but an enhanement above pT � 2 GeV/ at mid-rapidity in d+Au ollisionsis seen and is interpreted as an evidene for a �nal-state suppression of high pT hadronsin entral Au+Au ollisions. At mid-rapidity, observations for suh a high pT suppressionin entral Au+Au ollisions and the absene of high pT suppression in d + Au ollisionshave also been reported by the other three experiments [103, 104, 105℄. However, theRdAu does not show a Cronin-like peak at � = 1 and at more forward rapidity (� = 3:2)the data show a suppression of the high pT hadron yields.

Figure 4.11: Nulear modi�ation fator for harged hadrons at pseudo-rapidities � =0; 1:0; 2:2; 3:2. The error bars indiate statistial errors. Systemati errors are shownby shaded boxes. The shaded band around unity indiates the estimated error on thenormalization to hNolli. Dashed lines at pT < 1 GeV/ show the normalized hargedpartile density ratio 1hNolli dN=d�(d+Au)dN=d�(p+p) . The �gure is taken from [108℄.75



4.2.3 RAA for Charged Pions and (Anti-)ProtonsReferene spetrumIn order to alulate the nulear modi�ation fator for identi�ed harged pions and(anti-)protons, we need a referene spetrum for nuleon-nuleon ollisions. The refer-ene spetra of (anti-)protons at mid-rapidity and negatively harged pions and protonsat pseudo-rapidity � = 2:2 are presented in the last setion. Due to the limitation ofthe PID apability of our own spetrometer at mid-rapidity for harged pions, the ref-erene spetrum of harged pions is onstruted via PYTHIA simulation based on themeasurement of the �0 spetrum by PHENIX [40℄ in p+ p ollisions at ps = 200 GeV.The PHENIX �0 spetrum for p+p ollisions at ps = 200 GeV is shown in Fig-ure 4.12a together with a power-law �t (Eq. 4.2) to the data with parameters A = 9:147GeV�22, p0 = 1:219 GeV/ and n = 9:99. Figure 4.12b shows the ratio of the data tothe power-law �t with the systemati error band.

Figure 4.12: a) PHENIX �0 spetrum from p+p ollisions at ps = 200GeV together witha power-law �t. b) Ratio of the data to the �t together with the systemati error band.The �gure is taken from [107℄.The rapidity overage of PHENIX neutral pion measurements is from -0.35 to 0.35and is di�erent from our harged pion measurements. Furthermore there might be asmall isospin e�et on harged and neutral pion spetra at mid-rapidity. PYTHIA, aleading order pQCD model optimized to p+p ollisions, is used to investigate the rapiditydependene of the pT spetrum and the isospin e�et. Figure 4.13 shows pT spetra ofpions from PYTHIA and ratios of them for ps = 200 GeV p+p ollisions. In order tominimize the isospin e�et on nulear modi�ation fator, we will onstrut the pT spetraof (�+ + ��)=2 for p+ p ollisions as the referene spetrum of harged pions.The left panel of Figure 4.14 shows the spetra from PYTHIA for �0 in the rapidityrange of -0.35 to 0.35 and (�+ + ��)=2 in the rapidity range from -0.05 to 0.05 togetherwith the PHENIX �t funtion to its �0 data. The referene spetrum for (�+ + ��)=2 is76
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RdAu for �� at forward rapidity
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for 0-10% entral Au+Au ollisions at psNN = 200 GeV. For inlusive harged hadrons,both the published data [102℄ by BRAHMS and the results from the present analysis areshown. Compared to the published data, the present analysis demonstrates a smallersuppression at mid-rapidity but a stronger suppression at forward rapidity. These dis-repanies are partly due to the di�erene in the referene spetra used in the two anal-yses and partly due to the di�erene in the reonstruted spetra of inlusive hargedhadrons in Au+Au ollisions as shown in Figure 4.6. Although the systemati error forthe measurements of nulear modi�ation fators is rather large, the physial observationis essentially unhanged, i.e. high pT inlusive harged hadron yields are suppressed atboth mid-rapidity and forward rapidity in entral Au+Au ollisions. The high pT sup-pression is even stronger at forward rapidity than that at mid-rapidity. Furthermore, thepresent analysis shows that high pT harged pions are more strongly suppressed than in-lusive harged hadrons at both mid-rapidity and � = 2:2. However, at mid-rapidity ourdata show that at low pT harged pions are less suppressed ompared to inlusive hargedhadrons. This might be due to the strong olletive ow e�et whih boosts partiles tohigher transverse momenta leading to larger de�its for heavier partiles at low pT .
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thik QGP tends to over-predit the quenhing at RHIC energy and leads to a too strongsuppression [110℄. In Vitev and Guylassy's approah [111℄, the energy loss is alulatedvia an opaity or higher twist expansion [77℄ in �nite and expanding nulear matter.At RHIC energies, they found that jet quenhing dominates over kT broadening andnulear shadowing e�ets and the approximately onstant suppression pattern of �0 iswell reprodued. In Wang's approah [112℄, the detailed balane of stimulated gluonemission and thermal absorption is inluded in the energy loss alulation [78℄ and themodel reprodues PHENIX �0 data well. Also shown in the �gure is our measurements ofRAuAu for harged pions, whih are di�erent from PHENIX �0. However, �rst of all oneshould be aware that there are unertainties in our onstruted referene spetrum forharged pions in p+p ollisions. Seondly, we notie that the entral (0-10%) to peripheral(60-92%) ratios of binary-ollision-saled pT spetra, RCP , as a funtion of pT measuredby PHENIX for harged pions are di�erent from �0, as reported in [113℄ and reproduedin Figure 4.21. Thirdly, we also notie that the average number of binary ollisions for the0-10% entral Au+Au ollisions determined by PHENIX is larger than that determined byBRAHMS5, indiating that the 0-10% entral ollisions in PHENIX orrespond to moreentral events ompared to BRAHMS. Finally, PHENIX also demonstrates a strongerhigh pT suppression for inlusive harged hadrons as ompared to STAR and BRAHMSmeasurements (see Figure 4.30). Nevertheless, both PHENIX and BRAHMS data havedemonstrated a strong suppression of high pT pion yields in entral Au+Au ollisions.
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prediations or appliations at higher energies and/or more forward rapidities wheresmaller values of x in the target are probed. The gluon saturation sale depends onthe gluon density and thus on the number of nuleons, and is onneted with the rapidityy of measured partiles by Q2s � A1=3e�y [118℄, where � � 0:2-0:3 is obtained from �ts toHERA data. Thus it is supposed that a suppression of high pT yields at forward rapiditywith RdAu being a dereasing funtion of entrality in d+Au ollisions would indiate theColor Glass Condensate formation at RHIC energy.Figure 4.22 shows a omparison of RdAu for negatively harged pions at � = 2:2 inminimum-bias d+Au ollisions at psNN = 200 GeV to theoretial alulations. ThepQCD alulation [119℄, whih inludes initial multiple sattering and onventional nu-lear shadowing e�et, shows that RdAu tends to inrease above unity and peaks at pT � 3GeV/. But it is diÆult for the pQCD alulation to reprodue the entrality depen-dene of RdAu as shown in the right panel of Figure 4.18 sine the multiple sattering willlead to stronger enhanement for the more entral ollisions if a entrality independentnulear shadowing is assumed. While the alulation from gluon saturation [120℄ preditsthat RdAu < 1 but a too small RdAu, the data show the entrality dependene of RdAuat forward rapidity agrees qualitatively with the predition of Color Glass Condensateformalism, i.e. RdA dereases with entrality. Even though it is not suÆient to onludethat the gluon saturation e�et has its manifestation in the forward rapidity, the high pTsuppression at pseudo-rapidity � = 2:2 in entral d+Au ollisions indiates a fration ofhigh pT suppression in the forward region of Au+Au ollisions should be attributed toinitial state e�ets.
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4.3 Partile Composition4.3.1 p=�+ and �p=�� RatiosIn Figure 4.23, the p=�+ and �p=�� ratios at mid-rapidity are shown as a funtion of pTfor the 0-10% entral Au+Au ollisions at psNN = 200 GeV. The error bars on our dataare statistial only. The systemati errors are estimated to be less than 8%. The ratiosinrease rapidly at low pT and the yields of both protons and anti-protons are omparableto the pion yields for pT > 2 GeV/. For omparison, the orresponding ratios for pT > 2GeV/ observed in p + p ollisions at ps = 63 GeV [51℄ and in gluon jets produed ine+ + e� ollisions [109℄ are also shown. In hard-sattering proesses desribed by pQCD,the p=�+ and �p=�� ratios at high pT are determined by the fragmentation of energetipartons, independent of the initial olliding system, whih is seen as agreement within theunertainties between p + p and e+ + e� ollisions. Thus, the lear inrease in the p=�+and �p=�� ratios at high pT from the p + p and e+ + e� to the entral Au+Au ollisionsrequires prodution mehanisms other than pQCD.
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4.3.5 Model ComparisonsTwo kinds of models have been proposed to explain the experimental results on the pTdependene of p=�+ and �p=�� ratios. One is the parton reombination model [84, 85℄ andthe other is the baryon juntion model [83℄. Both models an explain qualitatively theobserved feature of p=� enhanement in entral ollisions. Furthermore, both theoretialmodels predit that this baryon enhanement is limited to pT < 5-6 GeV/. Figure 4.29shows the result from a parton reombination model [85℄ together with our measure-ments of �p=�� ratios at mid-rapidity and pseudo-rapidity � = 2:2 in Au+Au ollisionsat psNN = 200 GeV. The solid and dashed urves orrespond to alulations with andwithout olletive ow in the quark-gluon plasma, respetively. The alulation with aow veloity of 0.5 reprodues our data at mid-rapidity. The data at pseudo-rapidity� = 2:2 indiate that the olletive ow is smaller at � = 2:2 than at mid-rapidity butgreater than 0.
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4.4 SummaryTo summarize, Figure 4.30 shows that harged hadron yields per nuleon-nuleon olli-sions at mid-rapidity in entral Au+Au ollisions at psNN = 200 GeV are signi�antlysuppressed ompared to nuleon-nuleon ollisions although the di�erenes between thefour experiments are rather large. The results from the present analysis for 0-10% en-tral Au+Au ollisions are also shown in the �gure and seem to be more onsistent withSTAR's measurements for 0-5% entral Au+Au ollisions. Furthermore, the presentanalysis shows that identi�ed harged pions are more strongly suppressed ompared toinlusive harged hadrons at both mid-rapidity and forward rapidity in entral Au+Auollisions. The suppression of harged pion yields at � = 2:2 is even stronger than thatat mid-rapidity. However, no high pT suppression of (anti-)protons has been observed atboth mid-rapidity and forward rapidity. The ratios of p=�+ and �p=�� at mid-rapidityshow that (anti-)proton yields are omparable to the pion yields at intermediate pT andan be well reprodued by a parton reombination model inorporating with strong ol-letive ow e�ets. To aount for the �p=�� ratio at � = 2:2, a smaller ow veloity issuggested.
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an initial state e�et but a �nal state e�et. However, the present data analysis showsthat the negatively harged pion yields are also suppressed at forward rapidity in entrald+Au ollisions. The more entral the ollisions is, the stronger the suppression is. Thissuppression and its entrality dependene are qualitatively onsistent with the gluonsaturation model (or CGC) preditions. This indiates that, in addition to jet quenhing,the gluon saturation e�et might be attributed to the strong high pT suppression observedat forward rapidity in entral Au+Au ollisions. Thus, in order to disentangle di�erentnulear medium e�ets, it is essential to determine the dependene of energy loss on,e.g. parton avor, the energy density and size of the partoni matter, i.e. to understandthe properties of the strongly interating partoni matter. To determine how muh ofthe suppression should be aounted for by the gluon saturation, it is important forgluon saturation models to be formalized to give quantitative preditions. Sine gluonsaturation is expeted to be more reliable at higher energies and/or higher rapidity, theCGC, if any, should manifest itself at both mid-rapidity and forward rapidity at LHCenergy.
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Chapter 5Outlook: High pT Physis withPHOS at ALICEThe olliding energy for Pb+Pb ollisions at the LHC will be psNN = 5:5 TeV, a fatorof about 30 higher than that available at RHIC. Heavy-ion ollisions at the LHC willthus aess a both quantitatively and qualitatively new physis regime with muh higherenergy density. It is expeted that partile prodution at LHC is determined by the highdensity (saturated) parton distributions and hard proesses. In partiular, very hardstrongly interating probes, whose attenuation an be used to study the early stagesof the ollision, will be produed at suÆiently high rates for detailed measurements.Weakly interating hard probes suh as diret photons, whih will provide informationabout nulear parton distributions at very high Q2, beome aessible.The PHOS detetor in ALICE experiment is dediated to measuring photons, �0 and� in a board pT range from about a hundred MeV/ to 100 GeV/. In this hapter wepresent the PHOS readout eletronis required for high pT physis, the data aquisitionsystem built for PHOS beam test and the performane of a PHOS prototype.5.1 The ALICE ExperimentALICE is optimized for the study of heavy-ion ollisions atpsNN = 5:5 TeV. The primarygoal is to explore in detail the behavior of matter at extremely high energy densitiesand temperatures, with the intent to eluidate the harateristis of the predited phasetransition from a quark-gluon plasma to hadroni matter [124℄.ALICE is a sophistiated detetor system onsisting of three main parts: (1) theentral part, ontained in the L3 magnet and omposed of detetors mainly devoted toprobing the hadroni signals and di-eletrons in pseudo-rapidity of �0:9 < � < 0:9 overthe full azimuthal angle, (2) the forward muon spetrometer for deteting muon pairs fromthe deay of heavy quarkonia in the interval 2:5 < � < 4:0, and (3) the forward detetorsused to determine the multipliity and serve as a fast entrality trigger. The entral partomprises a large solenoidal magnet from the L3 experiment with a silion Inner TrakSystem (ITS), a Time Projetion Chamber (TPC), Time-Of-Flight (TOF), Ring Image�Cerenkov (RICH), and Transition Radiation Detetor (TRD) to measure hadrons andeletrons, and the PHOton Spetrometer (PHOS) to measure photons. The layout of93



the ALICE setup is shown in Figure 5.1. The omplete layout of the ALICE detetoras proposed initially together with the objetives is desribed in the ALICE TehnialProposal [125℄. The individual sub-detetors are desribed in detail in their respetivetehnial design reports.

Figure 5.1: The ALICE detetor layout.
The ALICE detetor is designed with the goal to measure reliably the majority ofpartiles produed in entral Pb+Pb ollisions over a large rapidity interval. The tehnialhallenge of the experiment is imposed by the large number of partiles produed inentral Pb+Pb ollisions at psNN = 5:5 TeV. This ditates a �ne detetor granularity,and a orresponding large number of readout hannels. Other designed onsiderationsare imposed by the large data volume and slow readout of the TPC detetor. While theantiipated Pb+Pb interation rate is high, � 8 kHz, the TPC event rate is limited toabout 20 Hz for entral Pb+Pb ollisions due to the large TPC data volume and limitedbandwidth for data reording. This implies the need for speial physis triggers to seletinteresting events for readout. The need for a trigger is made even more pressing by therarity of the most interesting hard probes, suh as high pT photon and jet prodution.An important detetor in ALICE whih fouses on hard probes and high pT physis is ahigh resolution photon spetrometer as desribed in the following setion.94



5.2 The PHOS DetetorThe PHOS [126℄, whih is devoted to the study of photon signals, is a high resolutioneletromagneti alorimeter onsisting of a highly segmented EletroMagneti CAlorime-ter (EMCA) and a Charged-Partile Veto (CPV) detetor. The EMCA onsists of 17920detetion hannels of lead-tungsten rystals, PbWO4 (PWO), of 2:2 � 2:2 � 18 m3 di-mensions. This orresponds to 1.1 Moli�ere radius square in ross setion and 20 radiationlengths in length. The rystals will be oupled to 5 � 5 mm2 avalanhe photo-diodes(APDs) whih signals are proessed by low-noise harge-sensitive pre-ampli�ers. ThePHOS is subdivided into 5 modules, eah onsisting of 64�56 hannels, positioned alongan ar on the bottom of the ALICE setup at a distane of 440 m from the nominal in-teration point in order to maintain the required low detetor element oupany. Witha total area of � 8 m2 it will over approximately a quarter of a unit in pseudo-rapidity,�0:12 � � � 0:12, and 100Æ in azimuthal angle. The main mehanial assembly unit in amodule is the rystal strip unit onsisting of 2�8 rystals. The APD and the pre-ampli�erare integrated in a ommon body glued onto the end fae of the rystal.Beause the light yield of PWO depends strongly on the temperature with a oeÆientof � �2% per ÆC, the working temperature for PHOS will be held at �25ÆC with apreision of � 0:3ÆC to signi�antly inrease the light yield and redue the thermalnoise of the photo-detetor and pre-ampli�er. For this purpose the PHOS modules aresubdivided by thermo-insulation into a \old" and \warm" volume. The rystal stripsinluding integrated APD and pre-ampli�er are loated in the \old" volume, whereasother eletronis are mounted on ards loated in the \warm" volume.The CPV, a Multi-Wire Proportional Chamber (MWPC) [129, 130℄ used to rejetharged hadrons, onsists of �ve separate modules loated on the top of the EMCAmodules at a distane of � 5 mm. Its detetion eÆieny for harged partile is betterthan 99%, and the spatial position resolution is � 1:6 mm in both diretions.5.2.1 Physis with PHOSThe PHOS detetor is designed to measure photons and also �0 and � via their 2 deaybranh. Detetion of a diret photon signal, whih is onsidered to be the best means todetermine the temperature of the initial phase of the ollision, is a primary goal of thePHOS physis program [126℄. In addition, measurements of the �0 and � pT spetra up to100 GeV/ an provide important information both on �nal- and initial-state e�ets onpartile prodution. Furthermore, detetion of high energy photons will allow to triggeron hard satterings in whih a jet has been produed (-tagged jet). The emitted photonwhih esapes una�eted by the medium, will provide a kinemati tag for the reoilingquark or gluon whih might be a�eted by the hot and dense matter. Jet quenhing,whih has been on�rmed by the RHIC experiments, is onsidered to be an importantprobe of the deon�ned QGP and will be espeially pronouned at LHC energies due tothe expeted large jet ross setion. The ross setion will be orders of magnitude largerat high pT at the LHC than at RHIC. Reently data from PHENIX experiment indiatethat the �0 and  spetra are most likely extended to about 100 GeV/ in transversemomentum at psNN = 5:5 TeV. By triggering on a high pT photon in PHOS andsearhing for and reonstruting a jet in TPC, one an extrat the e�etive fragmentation95



funtion. As a onsequene of the physis results at RHIC, the requirements of PHOShave been extended 1) to over larger pT range leading to the use of APDs instead of PINdiodes1 as the photo-detetors, and 2) to provide a high pT trigger for measuring high pTspetra of �0 and .5.3 The PHOS Front-End Eletronis and ReadoutThe PHOS front-end eletronis (FEE) hain inludes energy digitization, timing fortime-of-ight disrimination against low energy (anti-)neutrons and a trigger logi forgenerating level 0 (L0) and level 1 (L1) triggers for ALICE. In this setion we present thephysis requirements and the urrent oneptional design of the PHOS FEE.5.3.1 RequirementsThe main physis requirements for the front-end eletronis are summarized in Table 5.1.Least ount energy per hannel 5-10 MeVFull energy per hannel 100 GeVEnergy hannel dynami range 10,000-20,000Timing resolution � 1 ns at 1-2 GeVTrigger L0 and L1Max hannel ounting rate in Pb+Pb 2 kHz (by assuming 20% oupany)Max hannel ounting rate in p+ p 200 Hz (at ps = 14 TeV, see setion 5.3.2)APD gain ontrol individual bias settingTable 5.1: Physis requirements to the PHOS front-end eletronis.In order to measure high pT photons up to a hundred GeV, the design requires a verylarge dynami range. To obtain an optimum energy resolution for the low energy regionup to 10 GeV, together with less stringent resolution requirement for high energy region,it is desired that eah shaper hannel supplies at least two outputs with \low" and \high"ampli�ation, digitized by separate ADCs.The time-of-ight for a photon and a 2 GeV/ neutron reahing the front of PHOSis � 14:7 ns and 16.2 ns, respetively. Thus TOF apabilities for all hannels with aresolution of � 1 ns an be used to disriminate against 1-2 GeV/ (anti-)neutrons.The ampli�ation fator for the APD is strongly dependent on the bias voltage. Fur-thermore, the spread in the rystal light yields and eÆieny in the rystal-APD ouplingwill further inrease the e�etive gain variane under beam onditions. A large spread inAPD gain would result in either overow in high-gain hannels or resolution degradationin low-gain hannels and a signi�ant degradation of the auray in the L0/L1 triggersums. To redue the e�et an individual bias voltage is required for eah APD.1PIN diodes are sensitive to punh-through partiles from the eletromagneti shower in the PbWO4rystals. 96



To selet rare high pT events, PHOS has to be part of the ALICE trigger and provideL0 and L1 triggers within 800 ns2 and 6.2 �s, respetively.5.3.2 PHOS TriggerTrigger ratePHOS an provide an input to the L0 trigger. This trigger ould be a minimum biastrigger in low multipliity events, suh as peripheral Pb+Pb ollisions, p+ p interationsand photon+photon physis in Pb+Pb. PHOS an also provide a L1 trigger on high pTevents. The PHOS photon event rate and trigger eÆieny have been investigated viasimulation.1. PHOS photon event rate in p+p interations. A PHOS photon event is de�nedas one with at least one photon with an energy above noise (10 MeV). By usingthe PYTHIA [127℄ event generator for p + p interations at ps = 5:5 TeV at aluminosity of 3� 1030 m�2s�1, i.e. 200 kHz interation rate3, the PHOS event ratereahes 20 kHz as shown in Figure 5.2. Assuming an oupany of one photon perevent and a luster size of 3�3 gives an average ounting rate per hannel of about10 Hz. For p+p interations at ps = 14 TeV, the average ounting rate per hannelreahes about 200 Hz.
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eÆieny for triggering on single photons is plotted versus the sliding window sizein the left panel of Figure 5.4. The sliding window sizes under study are 1 � 3(in row and olumn), 2 � 2, 3 � 3 and 4 � 4. Simulation is done by embeddingone single 10 GeV photon into a bakground event generated by a HIJING [69℄parameterization in AliROOT [128℄. It is onsidered as a trigger event if the energysum of the onsidered window is greater than 9 GeV. Fake triggers are estimated byenrihing the bakground events with high pT (> 10 GeV=) harged pions takinginto aount that there are 4 times more harged pions at pT > 10 GeV/ than 10GeV photons. In addition, the trigger eÆienies for di�erent algorithms, e.g. atwo step approah, are shown in the right panel of Figure 5.4. Any algorithm usinga kernel size of at least 3 � 3, or a ombination of a 2 � 2 sum (non-overlapping)�rst and a following a sum of 2� 2 ells (i.e. 4� 4 in hannels) will give reasonableeÆieny.
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Figure 5.3: Illustration of the sliding window tehnique over a PHOS module.The trigger rate for triggering on single photons versus a pT threshold has beenestimated by using the HIJING event generator and the result is shown in Figure 5.5for Pb+Pb ollisions. \Fake trigger rate", the rate of trigger signal aused byharged pions, is estimated by the fake trigger event rate multiplied by the faketrigger probability5 as shown for example in Figure 5.4. Below 6 GeV/ fake triggersdominate and below 2-3 GeV/ the fake trigger rate will saturate the ALICE DAQand trigger system.5The ase # 1 was used for suh study. 98
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a dual gain shaper of about 2 �s shaping time. The 64 ADCs are ontained in four Altro-16 hips, whih are sampled at 40 MHz. The Altro-16 hips also ontain Multi-EventBu�ers (MEB) whih are �lled and emptied by the ALICE L1 and L2 trigger signals. Inaddition, 8 trigger hannels are obtained by analog summing of retangular 2� 2 rystalgroups with a fast shaping time of 100 ns.In addition, a 32-hannel HV bias ontroller is situated on eah FEE ard. It dis-tributes the nominal input voltage of 400 V to 32 individually programmable high voltagelines for APDs.
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5.4 The DAQ System for PHOS Beam TestA Data Aquisition (DAQ) system, whih is based on the ALICE DATE (Data Aquisitionand Test Environment) [136℄, has been developed in 2001 to support the PHOS beamtest. In this setion we desribe the DATE arhiteture, the setup of the DAQ system.A study of the performane of a PHOS prototype by using data olleted by this newlydeveloped DAQ system will be presented in the next setion.ALICE DATE arhitetureThe ALICE DATE system has been developed as a basis for prototyping the omponentsof the ALICE DAQ system and for the support of the ALICE test beams. It inludesa set of programs and pakages suh as run ontrol, error reporting, event building anddata reording, and also provides interfaes to readout and monitoring programs. It isdesigned to run on two di�erent types of mahines: the Loal Data Conentrator (LDC)and the Global Data Conentrator (GDC). The LDC is used as a front-end proessor toreadout the front-end eletronis, format the data fragments into (sub-)events, reord orsend data to a GDC, whereas the GDC performs event-building, formatting of sub-eventsinto events and data reording. A shemati view of the DATE data-ow is depited inFigure 5.7. Data are read out from the front-end eletronis via LDCs independently andonurrently. Then various sub-events from the LDCs are olleted, put together andenapsulated with a proper event struture by GDCs. Finally the full events are reordedin loal disk or shipped to a entral data reording servie.
Figure 5.7: Shematis of DATE data-ow and hardware arhiteture. The �gure is takenfrom [136℄.SetupA shemati view of the DAQ setup for PHOS beam test is shown in Figure 5.8. AVME embedded CCT proessor is running as a LDC, and a omputer with Linux OS,whih is onneted to the VME system through a fast Ethernet network, is running asa GDC. A CAMAC Branh Driver (CBD 8210) is used to drive the CAMAC branh sothat front-end eletroni modules7 in the CAMAC rate an be aessed from the VME7CAMAC readout modules for PHOS beam test are: trigger pattern unit, Kurhatov ADC, LeCroy2249 ADC, LeCroy 2228 TDC. 102



bus. The VME rate also ontains front-end eletroni modules8 and a CORBO module(CES RCB 8047) as the trigger module.
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Figure 5.8: Shematis view of the DAQ setup for PHOS beam test.As only one LDC is used in PHOS beam test, the trigger eletronis is simply setup asshown in Figure 5.9. The �rst hannel of CORBO is used to trigger the LDC and ativatethe readout program. The readout program polls the hannel until a trigger arrives. Thebusy output then will gate o� subsequent triggers until it is removed by software (seeAppendix C).ReadoutAs shown in Figure 5.10, the readout is performed in eah LDC by a proess alled\readout", whih waits for a trigger and then reads the front-end eletronis and �llsa irular bu�er. Another proess alled \reorder" o�-loads the bu�er and sends theevents to either a loal disk �le or a GDC via network.8VME modules for the PHOS beam test are three CAEN VME 550 C-RAMS units and a CAENV551B C-RAMS Sequener to ontrol the C-RAMS units.103
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Figure 5.10: Shematis of readout and data-ow. The �gure is taken from [136℄. TheLDC proessor is an embedded VME proessor.In the GDC, an Internet daemon alled \gdServer" is reated when the \reorder"opens the soket. The \gdServer" gets the events from the soket and �lls a irularbu�er. Another proess in eah GDC alled \eventBuilder" then o�-loads the bu�er andsends to a devie for reording. If there are more than one LDC, the \eventBuilder"proess will ollet the sub-events from the various LDCs and build the full event.It is the experimentalist's own responsibility to ustomize and build the experimentaldependent readout proess, whih performs the hardware readout and inserts data intobu�ers. An example of readout routines for one of the front-end eletronis used in thePHOS beam test is shown in Appendix C. Figure 5.11 shows the ommon struture ofthe readout program along with the main event loop.The readout proess performs in the order the following sequene of operations:1. At eah start of run, exeute the Start Of Run (SOR) sripts and/or �les if any,and then all the user routine ArmHw to initiate hardware.2. Initiate the physis events main loop and wait for a trigger by alling the userroutine EventArrived. The arrival of a trigger an signal a physis event or a start104
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Figure 5.12: Shematis of monitoring funtion. The �gure is taken from [136℄.5.5 Performane of PHOS PrototypeIn 2002 and 2003 CERN PS and SPS beam tests, a 16 � 16 matrix, 256 hannel PHOSprototype was tested with an eletron beam at a momentum range of 0.6-150 GeV/. Theexperimental setup is shown shematially in Figure 5.13, where S1 and S2 are sintillatorswith dimension of 10 m � 10 m � 0.5 m, DWC is a drift wire hamber and F is asintillator with size of 1 m � 1 m � 0.5 m. Combining signals from these sintillatorsand the �Cerenkov ounter, wide and narrow eletron trigger information is delivered tothe trigger pattern unit of the DATE-based DAQ system. In this setion we will presentsome results from the beam tests in 2002 and 2003 with APDs as the photo-detetors.

Figure 5.13: The experimental setup for PHOS beam test.Measurements of the response to inoming eletronsThe left panel of Figure 5.14 shows the spetrum from a single entral detetor of 18 mlong PbWO4 rystals with response to inoming 4 GeV/ eletrons with narrow eletrontrigger ondition. In the right panel of Figure 5.14, the spetrum from the entral 3� 3array of detetors is shown after pedestal subtration and gain alibration, together witha Gaussian �t. The energy sum of 3 � 3 matrix is peaked at the right position and theobtained energy resolution is: �E=E = 1:9%.106
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Results for the energy resolutionThe performane of an eletromagneti alorimeter is quali�ed in terms of the energyresolution, whih is parameterized as�EE = s a2E2 + b2E + 2; (5.1)where a represents the eletroni readout noise, b represents the stohasti utuationsin the involved physial proesses, and  represents in-homogeneities in the detetor andreadout in addition to the energy loss and alibration errors. Here, the energy E isgiven in units of GeV. In the ALICE Tehnial Proposal [125℄ and the PHOS TehnialDesign Report [126℄, these parameters are required to be less than 0.03, 0.03 and 0.01,respetively.In Figure 5.16, the mean value of the energy resolution for sixteen 3�3 subset detetorsis shown as a funtion of beam energy measured in the 2002 and 2003 beam tests [138℄.The dashed urve represents a �t to data by the Eq. 5.1 with parameters a = 0:013�0:0007GeV, b = 0:0358� 0:002 and  = 0:0112� 0:003. Also shown in the �gure is the PHOSrequirement. The data indiate that the PHOS requirements are ful�lled with respet tothe energy resolution.
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Figure 5.16: The measured mean value of the energy resolution for sixteen 3 � 3 subsetdetetors as a funtion of eletron beam energy in the 2002 and 2003 beam tests. Thedashed line is a �t to the data with Eq. 5.1. The solid urve shows the PHOS requirement.Invariant mass resolutionThe �0 and � prodution yields will be extrated from the two- invariant mass spetrum,reonstruted by M = q2E1E2(1� os �); (5.2)where E1 and E2 are the energies of two photons and � is the opening angle betweenthem. The bakground to signal ratio depends on the mass resolution. A better mass108



resolution means higher statistial signi�ane and lower systemati error for the mesonyields. During 2002 and 2003 beam tests, the invariant mass resolution for the PHOSprototype has been studied at CERN PS and SPS via the reation ��+12C ! ++X.A shemati view of the experimental setup is shown in Figure 5.17.

Figure 5.17: The experimental setup for 2 invariant mass measurements in the PHOSbeam test experiment.Figure 5.18 shows the 2 invariant mass spetrum measured at CERN SPS with a 70GeV/ inoming �� beam and the target loated at a distane of 450 m from the PHOSprototype9. Also shown in the �gure is a Gaussian funtion ombined with a third-orderpolynomial funtion �tted to the spetrum. The resulting resolution of �0 is around 6%.
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5.6 SummaryIn order to optimize the PHOS detetor regarding high pT physis, an extensive researhand development program has been arried out during the past several years. A deisionhas been made to use APDs instead of PIN-diodes as photo-detetors. A modi�ation ofthe pre-ampli�er was made to inrease the linear dynami range to math the requirementfor measuring high pT events. A feasibility study has been arried out to �nd out whetherand how PHOS an deliver a trigger to ALICE followed by the oneptional design ofthe PHOS front-end eletronis. The requirements of generating a L0 trigger in lessthan 800 ns and overing a large energy dynami range have been realized by the newlydesigned front-end eletronis without deteriorating the resolution for low energy data.Furthermore a DATE-based data aquisition system has been developed and set up forPHOS beam tests, with user-friendly interfae and on-line monitoring program. Thebeam test studies of the 256 hannel PHOS prototype, whih inorporated the newlydeveloped front-end eletronis and APDs, have shown that the PHOS prototype hasalready met the PHOS requirement with respet to the energy resolution.
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Chapter 6ConlusionThe nulear medium e�et on high pT partile prodution has been studied at mid-rapidityand pseudo-rapidity � = 2:2 in Au+Au and d+Au ollisions at psNN = 200 GeV. Basedon the present analysis, the high pT yields for harged pions are more strongly suppressedthan those for inlusive harged hadrons at both mid-rapidity and forward rapidity inentral Au+Au ollisions. The degree of high pT suppression observed at � = 2:2 is similarto or even stronger than that at mid-rapidity. Compared to the observed enhanementof the relative inlusive harged hadron yields at mid-rapidity in d+Au ollisions, thesuppression of high pT harged hadron yields in entral Au+Au ollisions an be attributedto the �nal state nulear medium e�ets. The persistene of the suppression to � = 2:2suggests that the dense partoni medium whih auses suh a suppression might also beformed in the forward region. However, a suppression of high pT �� yields at � = 2:2 hasalso been observed in entral d+Au ollisions and RdAu dereases with entrality. Thisis qualitatively onsistent with the preditions of the CGC formalism, indiating that afration of the RAuAu suppression at � = 2:2 should be attributed to initial state e�ets.The �p=�� (also p=�+) ratios have been measured up to pT � 3 GeV/ at both mid-rapidity and � = 2:2 in 0-10% entral Au+Au ollisions. The data at mid-rapidity an bewell reprodued by a parton reombination model with a olletive ow veloity of 0.5. Asmaller ow veloity is required to aount for the data at forward rapidity. The partileomposition is further studied in terms of p=h+ (�p=h�) ratios at mid-rapidity and ��=h�ratios at � = 2:2 in minimum-bias p + p, entral d+Au and entral Au+Au ollisions.At mid-rapidity the p=h+ (�p=h�) ratio at intermediate pT in entral Au+Au ollisions isfound to be about a fator of 2 higher than that from d+Au and p + p ollisions, whileat � = 2:2 the ��=h� ratio in entral Au+Au ollisions is around a fator of 1.5 lowerthan that from d+Au and p + p ollisions. All in all, these observations indiate thata dense strongly interating partoni medium with a strong olletive ow is formed inentral Au+Au ollisions whih results in the strong suppression of high pT harged pionyields and boosts the protons to higher transverse momenta. However, it is still a longway to go to fully understand suh a strongly interating QCD matter with respet to itsformation, evolution and transition to hadroni matter.The LHC, whih is sheduled to operate in 2007, will provide a qualitatively newenvironment with ideal onditions to explore the properties of the QGP. The higherenergy and high luminosity will improve the aess to hard probes sensitive to the earlieststages of the ollision and allow the study of the parton energy loss and the e�etive jet111



fragmentation funtion via e.g. -tagged jets up to pT � 100 GeV/. To address high pTobservables, an extensive researh and development program for the PHOS detetor hasbeen arried out during the past years. Studies show that PHOS an provide a trigger toALICE within 800 ns and over a large energy dynami range by the newly designed front-end eletronis without degradation of the resolution for low energy data. A 256-hannelPHOS prototype with APDs as photo-detetors has been tested in the past years. Theresults indiate that the performane of the PHOS prototype has met the design goals. A�nal PHOS prototype, whih will inorporate the newest developed front-end eletronisand the full readout hain inluding FEE, TRU ards and RCU modi�ed from TPC-RCU,will be built and tested in the near future.
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Appendix BKinematisIn this appendix, kinematis relevant to relativisti heavy ion physis is reviewed.Throughout this setion units are used in whih �h =  = 1. The following onversions areuseful: �h = 197:3 MeV fm, (�h)2 = 0:3894 (GeV)2 mb.B.1 Lorentz TransformationsThe energy E and 3-momentum p of a partile of mass m form a 4-vetor (E;p) andE2 � jpj2 = m2. The veloity of the partile is � = p=E. The energy and momentum(E 0;p0) viewed from a frame moving with a veloity �f are given by E 0p0jj ! =  f �f�f�f�f f ! Epjj ! ; (B.1)p0T = pT (B.2)where f = 1=q1� �2f and pT (pjj) is the omponent of p perpendiular (parallel) to �f .Other 4-vetors, suh as the spae-time oordinates of the events transform in the samemanner. The salar produt of two 4-momenta p1 � p2 = E1E2 � p1 � p2 is invariant.B.2 Kinemati VariablesIn two body ollisions one usually hooses the beam diretion for the z-axis. As anexample, Figure B.1 shows the oordinate systems used in the BRAHMS experimentwhere the beam axis oinides with z-axis in global oordinate system. For the purposeof present single-partile di�erential multipliities, it is onvenient to use Lorentz invariantvariables.Transverse Momentum and Transverse MassThe momentum omponent px and py are unhanged by a boost along the z-axis, so thetransverse momentum pT and transverse mass mT , whih are de�ned aspT = qp2x + p2y; (B.3)mT = qm2 + p2T ; (B.4)123
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Figure B.1: The BRAHMS global and loal oordinate system. In the global oordinatesystem (denoted x; y; z) the nominal IP is loated at (0; 0; 0) and the z-axis follows thebeam-line. The x-axis and y-axis point toward the MRS and the roof, respetively. Foreah detetor a loal oordinate system is de�ned with the z0-axis pointing away from thenominal IP and the y0-axis parallel to the y-axis.are boost invariant, m is the rest mass of the partile.RapidityThe most ommonly used longitudinal variable is the rapidity y,y = 12 ln E + pzE � pz! (B.5)= ln�E + pzmT � ; (B.6)whih is additive under Lorentz transformations along the z-axis. This means that thedi�erene in rapidity dy and also the shape of the rapidity density distribution dN=dy areinvariant under Lorentz transformations along the z-axis. The energy and the longitudinalmomentum an be expressed in y aspz = mT sinh y (B.7)E = mT osh y: (B.8)Then the longitudinal omponent of the veloity of a partile of rapidity y an be obtainedby dividing the two equation above as�z = tanh y: (B.9)Sine rapidity is additive, under a boost in the z-diretion to a frame with veloity �f ,the rapidity y0 in the new frame is then:y0 = y � tanh�1 �f : (B.10)124



Pseudo-rapidityIn ase the mass and momentum of the partile are unknown, it is onvenient to usepseudo-rapidity, � = � ln(tan(�=2)); (B.11)where � is the polar angle between the partile momentum and the beam axis. In termsof momentum, the pseudo-rapidity an be written as� = 12 ln jpj+ pzjpj � pz! : (B.12)If jpj � m, then � � y.Jaobian E�etOne an express the pseudo-rapidity � in terms of the rapidity by using Eq. B.7 and B.8as � = 12 ln0�qm2T osh2 y �m2 +mT sinh yqm2T osh2 y �m2 �mT sinh y1A : (B.13)If partiles have a distribution d2NdydpT in terms of rapidity, then the distribution in pseudo-rapidity is d2Nd�dpT = vuut1� m2(p2T +m2) osh2 y d2NdydpT : (B.14)The above expression is a Jaobian transformation whose value depends on the rapidity,mass and pT of the partile. The Jaobian is largest at mid-rapidity, and for a givenrapidity it is larger for higher mass and lower pT partiles.
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Appendix CAn Example of a Readout Programfor PHOS Beam TestReadout program has been written for the PHOS beam test. Kurhatov ADC, LeCroy2249 ADC, LeCroy 2228 TDC and CAEN VME 550 C-RAM have been implementedas readout equipment, while CORBO as a trigger module. This appendix shows anexample for a readout of Kurhatov ADC. In order to save spae, some log informationand omments have been omitted.#inlude <stdlib.h>#inlude <stdio.h>#ifdef SunOS#inlude <unistd.h>#endif#inlude ``event.h''#inlude ``equipment.h''#inlude ``orboDef.h''#inlude ``rShm.h''#inlude ``readList_detetors.h''/* Definition of funtion for CAMAC */#define BCNAF(B,C,N,A,F) (((B)<<19)|((C)<<16)|((N)<<11)|((A)<<7)|((F)<<2)|0x2)#define getm16 (unsigned short)*(unsigned short *)#define putm16 *(unsigned short *)extern int readList_error;/********************* Funtion prototype definition **********/void ArmVmeWindow( har *);void DisArmVmeWindow( har *);void ReadEventVmeWindow( har *, strut eventHeaderStrut *);void ArmCorbo( har *);void DisArmCorbo( har *);void ReadEventCorbo( har *, strut eventHeaderStrut *);int EventArrivedCorbo( har *);void ArmCBD( har *);void DisArmCBD( har *);void ReadEventCBD( har *, strut eventHeaderStrut *);void ArmKurhatovADC( har *);void DisArmKurhatovADC( har *);int ReadEventKurhatovADC( har *, strut eventHeaderStrut *,strut equipmentHeaderStrut *, int *);/*************************** VmeWindow **************************/unsigned long32 *vmeWinAddr; 127



unsigned long32 vmeWinOffset;unsigned long32* MapVME(unsigned long32 vme_addr, unsigned long32 size);void* UnmapVME();typedef strut {unsigned long32 *vmeWinOffsetPtr;unsigned long32 *vmeWinSizePtr;} VmeWindowParType;void ArmVmeWindow( har *parPtr) {VmeWindowParType *vmePar = (VmeWindowParType *)parPtr;vmeWinOffset = *vmePar->vmeWinOffsetPtr;vmeWinAddr = (unsigned long32 *)MapVME( *vmePar->vmeWinOffsetPtr,*vmePar->vmeWinSizePtr);}void DisArmVmeWindow( har *parPtr) {UnmapVME();}void ReadEventVmeWindow( har *parPtr,strut eventHeaderStrut *header_ptr){}/*************************** Corbo **************************//* Define hardware registers */unsigned short *regPtrShortCLEAR1;unsigned short *regPtrShortCLEAR3;unsigned short *regPtrShortCLEAR4;unsigned short *regPtrShortCSR1 ;unsigned short *regPtrShortCSR3 ;unsigned short *regPtrShortCSR4 ;unsigned short *regPtrShortCNT1A ;unsigned short *regPtrShortCNT2A ;unsigned short *regPtrShortCNT1B ;unsigned short *regPtrShortCNT2B ;unsigned int orboBaseAddr;unsigned int eventArrivedFlag;unsigned int sobArrivedFlag;unsigned int eobArrivedFlag;int burstCount;int eventsInBurstCount;typedef strut {unsigned int *vmeBaseAddressPtr;} CorboParType;void ArmCorbo( har *parPtr) {register unsigned har *regPtrChar;register unsigned short *regPtrShort;CorboParType *orboPar = (CorboParType *)parPtr;orboBaseAddr=(unsigned int)vmeWinAddr +*orboPar->vmeBaseAddressPtr - (unsigned int)vmeWinOffset;/* Initialize pointers */regPtrShortCLEAR1 = (unsigned short *)(orboBaseAddr + CORBO_CLEAR1) ;regPtrShortCLEAR3 = (unsigned short *)(orboBaseAddr + CORBO_CLEAR3) ;regPtrShortCLEAR4 = (unsigned short *)(orboBaseAddr + CORBO_CLEAR4) ;regPtrShortCSR1 = (unsigned short *)(orboBaseAddr + CORBO_CSR1) ;regPtrShortCSR3 = (unsigned short *)(orboBaseAddr + CORBO_CSR3) ;regPtrShortCSR4 = (unsigned short *)(orboBaseAddr + CORBO_CSR4) ;regPtrShortCNT1A = (unsigned short *)(orboBaseAddr + CORBO_CNT1) ;regPtrShortCNT2A = (unsigned short *)(orboBaseAddr + CORBO_CNT2) ;regPtrShortCNT1B = regPtrShortCNT1A + 1 ;regPtrShortCNT2B = regPtrShortCNT2A + 1 ;/* Channel 1 initialization.Input=trigger, output=busy,event ounter=trigger number (events on this LDC) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR1) ;128



*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTINTERNAL |LOCALBUSYOUT | COUNTBUSY;regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_CR0) ;*regPtrChar = 0; /* Disable event interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_VR0) ;*regPtrChar = 0; /* Clear event vetor */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_CR0) ;*regPtrChar = 0; /* Disable time-out interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_VR0) ;*regPtrChar = 0; /* Clear time-out vetor */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TEST1) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger one ( set busy) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CNT1) ;*regPtrShort++ = 0; /* Clear event ounter */*regPtrShort = 0;regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TOU1) ;*regPtrShort = 0; /* Clear dead time ounter */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR1) ;*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTFRONTPANEL |LOCALBUSYOUT | COUNTBUSY;if (DAQCONTROL->burstPresentFlag) {#ifdef FREEEVENTCOUNTER/* Channel 2 initialization.Input=event number, output not used,event ounter=event number (all the events) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR2) ;*regPtrShort = CHANNELENABLE | INPUTINTERNAL | COUNTINPUT ;regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_CR1) ;*regPtrChar = 0; /* Disable event interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_VR1) ;*regPtrChar = 0; /* Clear event vetor */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_CR1) ;*regPtrChar = 0; /* Disable time-out interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_VR1) ;*regPtrChar = 0; /* Clear time-out vetor */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TEST2) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger one ( set busy) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CNT2) ;*regPtrShort++ = 0; /* Clear event ounter */*regPtrShort = 0;regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TOU2) ;*regPtrShort = 0; /* Clear dead time ounter */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR2) ;*regPtrShort = CHANNELENABLE | INPUTFRONTPANEL | COUNTINPUT ;#endif/* Channel 3 initialization.Input=start of burst, output=in-burst interval,event ounter=burst started (on this LDC) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR3) ;*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTINTERNAL |LOCALBUSYOUT | COUNTBUSY;regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_CR2);*regPtrChar = 0; /* Disable event interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_VR2);*regPtrChar = 0; /* Clear event vetor */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_CR2);*regPtrChar = 0; /* Disable time-out interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_VR2);*regPtrChar = 0; /* Clear time-out vetor */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TEST3) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger one ( set busy) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CNT3) ;*regPtrShort++ = 0; /* Clear event ounter */*regPtrShort = 0; 129



regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TOU3) ;*regPtrShort = 0; /* Clear dead time ounter */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR3) ;*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTFRONTPANEL |LOCALBUSYOUT | COUNTBUSY;/* Channel 4 initialization.Input=end of burst, output=out-of-burst interval,event ounter=burst ended (on this LDC) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR4) ;*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTINTERNAL |LOCALBUSYOUT | COUNTBUSY;regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_CR3) ;*regPtrChar = 0; /* Disable event interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM1 + OFST_VR3) ;*regPtrChar = 0; /* Clear event vetor */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_CR3) ;*regPtrChar = 0; /* Disable time-out interrupt */regPtrChar = (unsigned har *)(orboBaseAddr + CORBO_BIM2 + OFST_VR3) ;*regPtrChar = 0; /* Clear time-out vetor */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TEST4) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger one ( set busy) */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CNT4) ;*regPtrShort++ = 0; /* Clear event ounter */*regPtrShort = 0;regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_TOU4) ;*regPtrShort = 0; /* Clear dead time ounter */regPtrShort = (unsigned short *)(orboBaseAddr + CORBO_CSR4) ;*regPtrShort = CHANNELENABLE | BUSYLATCHED | INPUTFRONTPANEL |LOCALBUSYOUT | COUNTBUSY;}/* Initialize flags */eventArrivedFlag = 1;sobArrivedFlag = 1; /* Fore to lear h/w the first time */eobArrivedFlag = 1; /* Fore to lear h/w the first time */burstCount = 0;eventsInBurstCount = 0;}void DisArmCorbo( har *parPtr) {}int EventArrivedCorbo( har *parPtr) {/* Returns a value > 0 when a trigger has ourred */int value;/****** Re-initialize eletronis and flags */if (DAQCONTROL->burstPresentFlag) {if (sobArrivedFlag == 1) {sobArrivedFlag = 0;*regPtrShortCLEAR3 = FULLBYTE; /* Clear SOB busy */}if (eobArrivedFlag == 1) {eobArrivedFlag = 0;*regPtrShortCLEAR4 = FULLBYTE; /* Clear EOB busy */}}if (eventArrivedFlag == 1) {eventArrivedFlag = 0;*regPtrShortCLEAR1 = FULLBYTE; /* Clear event busy */}/****** Now hek whether anything happened in the mean time*/if (DAQCONTROL->burstPresentFlag) {if (!DAQCONTROL->inBurstFlag) {value = *regPtrShortCSR3 & (LOCALBUSYPRESENT | DIFFBUSYPRESENT);130



if ((sobArrivedFlag = (value == 0) ? 0 : 1)) {*regPtrShortCLEAR4 = FULLBYTE; /* Clear EOB busy */return (sobArrivedFlag);}} else {value = *regPtrShortCSR4 & (LOCALBUSYPRESENT | DIFFBUSYPRESENT);if ((eobArrivedFlag = (value == 0) ? 0 : 1)) {return (eobArrivedFlag);}}value = *regPtrShortCSR1 & (LOCALBUSYPRESENT | DIFFBUSYPRESENT);if ((eventArrivedFlag = (value == 0) ? 0 : 1)) {return (eventArrivedFlag);}return 0; /* default exit */} else {value = *regPtrShortCSR1 & (LOCALBUSYPRESENT | DIFFBUSYPRESENT);return (eventArrivedFlag = (value == 0) ? 0 : 1);}}void ReadEventCorbo( har *parPtr,strut eventHeaderStrut *header_ptr) {int nbInRun;if (DAQCONTROL->burstPresentFlag) {if (sobArrivedFlag == 1) {eventsInBurstCount = 0;header_ptr->type = START_OF_BURST;header_ptr->nbInBurst = eventsInBurstCount;header_ptr->burstNb = ++ burstCount;header_ptr->nbInRun = 0;return;}if (eobArrivedFlag == 1) {header_ptr->type = END_OF_BURST;header_ptr->burstNb = burstCount;return;}header_ptr->nbInBurst = ++ eventsInBurstCount;header_ptr->burstNb = burstCount;}#ifdef FREEEVENTCOUNTER{ int triggerNb;/* Read loal trigger ounter from hannel 1 (twie 16 bits) */triggerNb = (*regPtrShortCNT1A << 16);triggerNb |= *regPtrShortCNT1B;if (triggerNb != DAQCONTROL->triggerCount + 1) {printf ( ``Trigger ount mismath: s/w %d h/w %d\n'',DAQCONTROL->triggerCount + 1,triggerNb);}/* Read offiial event number from CORBO hannel 2 (twie 16 bits) */nbInRun = (*regPtrShortCNT2A << 16);nbInRun |= *regPtrShortCNT2B;/* This is the experiment offiial event number: set it in the header */header_ptr->nbInRun = nbInRun;if (nbInRun != triggerNb ) {printf ( ``Event number mismath: CORBO 1 %d CORBO 2 %d\n'',triggerNb,nbInRun);}}#else/* Read offiial event number from CORBO hannel 1 (twie 16 bits) */131



nbInRun = (*regPtrShortCNT1A << 16);nbInRun |= *regPtrShortCNT1B;/* This is the experiment offiial event number: set it in the header */header_ptr->nbInRun = nbInRun;#endif}/* ******************** CBD *********************** */unsigned int amaBaseAddr; /* the memory base address of the CBD */unsigned short B; /* Branh number */unsigned int CBDCSR; /* CSR register */typedef strut {unsigned int *vmeBaseAddressPtr;unsigned short *branh; /* Branh number */unsigned short *nbCrates; /* How many rates you have? */} CBDParType;void ArmCBD( har *parPtr){unsigned short readData;CBDParType * bdPar = (CBDParType *)parPtr;amaBaseAddr = (unsigned int)vmeWinAddr+ *bdPar->vmeBaseAddressPtr- (unsigned int)vmeWinOffset;B = *bdPar->branh;CBDCSR = amaBaseAddr + BCNAF(B, 0, 29, 0, 0);/* Initialize the CAMAC rates */readData = getm16 (amaBaseAddr + BCNAF(B,1,28,9,26));readData = getm16 (amaBaseAddr + BCNAF(B,1,30,9,24));}void DisArmCBD( har *parPtr){}void ReadEventCBD( har *parPtr, strut eventHeaderStrut * header_ptr){}/* *************************** Kurhatov ADC ******************************* *//* Kurhatov 64+3-hannel memory ADC, readout by F0A0 *//* words 1-64 : data *//* word 65-66 : temperature *//* word 67 : ontrol word */unsigned int KurhatovADC_F0; /* Read data */unsigned int KurhatovADC_F8; /* Generate LAM */unsigned int KurhatovADC_F9; /* Reset registers */unsigned int KurhatovADC_F16A1; /* For writting gain ode */unsigned int KurhatovADC_F16A0; /* Selet module to read out */typedef strut {unsigned short *numberOfModules; /* Number of Kurhatov Modules */unsigned short *numberOfChs; /* Number of ADC hanneds per module */unsigned short *C; /* Crate Address */unsigned short *N; /* Station Address */unsigned short *gain; /* gain ode 0,1,2 or 3 (0 is default for minimum) */short *eqIdPtr;}KurhatovADCParType;void ArmKurhatovADC( har *parPtr){KurhatovADCParType *kurhatovAdPar = (KurhatovADCParType *)parPtr;unsigned short rdata;/* Initialize some register for further using */KurhatovADC_F0 = amaBaseAddr + BCNAF(B, *kurhatovAdPar->C,*kurhatovAdPar->N, 0, 0);KurhatovADC_F8 = amaBaseAddr + BCNAF(B, *kurhatovAdPar->C,*kurhatovAdPar->N, 0, 8);KurhatovADC_F9 = amaBaseAddr + BCNAF(B, *kurhatovAdPar->C,*kurhatovAdPar->N, 0, 9);132



KurhatovADC_F16A0 = amaBaseAddr + BCNAF(B, *kurhatovAdPar->C,*kurhatovAdPar->N, 0,16);KurhatovADC_F16A1 = amaBaseAddr + BCNAF(B, *kurhatovAdPar->C,*kurhatovAdPar->N, 1, 16);putm16 KurhatovADC_F16A1 = *kurhatovAdPar->gain;rdata = getm16 KurhatovADC_F9;}void DisArmKurhatovADC( har *parPtr){}int ReadEventKurhatovADC( har *parPtr, strut eventHeaderStrut *header_ptr,strut equipmentHeaderStrut *eq_header_ptr,int *data_ptr){unsigned short timeout;unsigned short loop;unsigned short loop_m;unsigned short ADC_KURCHATOV_MODULE;unsigned short ADC_KURCHATOV_CH;unsigned short rdata;int * firstWord = data_ptr;KurhatovADCParType *kurhatovAdPar = (KurhatovADCParType *)parPtr;ADC_KURCHATOV_MODULE = *kurhatovAdPar->numberOfModules;ADC_KURCHATOV_CH = *kurhatovAdPar->numberOfChs;/* SOB and EOB treatment: no data */if ( ((EVENT_TYPE_MASK & header_ptr->type) != PHYSICS_EVENT) &&((EVENT_TYPE_MASK & header_ptr->type) != CALIBRATION_EVENT) ){return ( (unsigned long32)data_ptr - (unsigned long32)firstWord );}/* Physis or alibration data *//* mark equipment struture present in the event header */header_ptr->type |= EVENT_EQUIPMENT;/* fill the equipment header */eq_header_ptr->equipmentId = *kurhatovAdPar->eqIdPtr;eq_header_ptr->rawByteAlign = 2;/* Read Kurhatov ADC and fill the raw data */timeout = 200; /* wait a little bit */while (timeout --){rdata = getm16 KurhatovADC_F8;if ((getm16 CBDCSR) & 0x8000) goto readoutKurhatovADC;}/* no LAM, pad hannels */for (loop_m = 0; loop_m < ADC_KURCHATOV_MODULE; loop_m++){putm16 KurhatovADC_F16A0 = loop_m;for (loop = 0; loop < ADC_KURCHATOV_CH; loop++){*data_ptr = 0;data_ptr ++;}}printf( ``No LAM from Kurhatov ADC!?\n'');goto end_of_readout;readoutKurhatovADC:for (loop_m = 0; loop_m < ADC_KURCHATOV_MODULE; loop_m++){putm16 KurhatovADC_F16A0 = loop_m;for (loop = 0; loop < ADC_KURCHATOV_CH; loop++){*data_ptr = getm16 KurhatovADC_F0;data_ptr ++;}}end_of_readout:rdata = getm16 KurhatovADC_F9; /* Reset Kurhatov ADC */133



/* returns the number of bytes of raw data atually readout */return ( (unsigned long32) data_ptr - (unsigned long32) firstWord );}equipmentDataTableType equipmentDataTable[℄ = {equipmentDataType( KurhatovADC) /* for PHOS beam test */};int nbDtEqps = sizeof(equipmentDataTable)/sizeof(equipmentDataTable[0℄);equipmentNoDataTableType equipmentNoDataTable[℄ = {equipmentNoDataType( VmeWindow),equipmentNoDataType( CBD) /* for PHOS beam test */};int nbNoDtEqps = sizeof(equipmentNoDataTable)/sizeof(equipmentNoDataTable[0℄);triggerDataTableType triggerDataTable[℄= {};int nbDtTrgs = 0;triggerNoDataTableType triggerNoDataTable[℄ = {triggerNoDataType( Corbo)};int nbNoDtTrgs = sizeof(triggerNoDataTable)/sizeof(triggerNoDataTable[0℄);
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