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Prefa
eQuantum Chromodynami
s (QCD), the underlying theory of the strong intera
tion, pre-di
ts 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 su
h a highly ex
ited dense nu
learmatter. A variety of hard probes, e.g. high transverse momentum (pT ) partons whi
h areprodu
ed in the early phase of the 
ollisions, are expe
ted to provide a possibility for adetailed quantitative study of the transient partoni
 matter.This work 
on
erns the intermediate (high) pT parti
le produ
tion in ultra-relativisti
heavy ion 
ollisions at 
ollider energies. At 
ollider energies the hard pQCD rate ofrare high pT parton s
attering be
omes suÆ
iently large that jets 
an be used to probethe dense strongly intera
ting partoni
 medium formed in ultra-relativisti
 heavy ion
ollisions. For example, due to indu
ed 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 physi
s will be reviewed in Chapter2 following an introdu
tion 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 des
ription of the BRAHMS experimentalsetup and data analysis te
hniques in Chapter 3, the high pT spe
tra 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 statisti
s.Compared to high pT yields in p+ p and d+ Au 
ollisions at the same energy (psNN =200 GeV), the nu
lear medium e�e
ts on the high pT parti
le produ
tion in heavy ion
ollisions are studied and 
ompared to other experiments and model 
al
ulations. Finally,an outlook on high pT physi
s at ALICE/PHOS is given in Chapter 5 and 
on
lusionsare summarized in Chapter 6.
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Chapter 1Introdu
tion to Relativisti
 HeavyIon CollisionsQuantum Chromodynami
s (QCD), the fundamental theory of the strong intera
tion,predi
ts a new state of matter 
alled the Quark-Gluon Plasma (QGP). To sear
h forand 
hara
terize su
h a new form of matter under extreme 
onditions of high energydensities and high temperatures is the main obje
tive of relativisti
 heavy ion physi
s.In this 
hapter we introdu
e some 
on
epts relevant to the study of relativisti
 heavy ion
ollisions.1.1 The Strong Intera
tion and QCDThe universe appears to be governed by four kinds of for
es: the strong for
e, the ele
-tromagneti
 for
e, the weak for
e and the gravitational for
e. Strong intera
tions bindnu
leons in nu
lei whi
h, being then dressed with ele
trons and bound into mole
ules bythe mu
h weaker ele
tromagneti
 for
e, give rise to the variety of the physi
al world.The underlying theory of strong intera
tions is QCD, in whi
h the fundamental de-grees of freedom are quarks and gluons. Quarks are 
hara
terized 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 fra
tional ele
tri
 
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 intera
tion between quarks is mediated by gluons that themselves 
arry 
olor
harge. Be
ause of 
olor, the strong for
e transmitted by gluons di�ers signi�
antly fromthe ele
tromagneti
 for
e transmitted by photons. For example, gluons 
an 
ouple dire
tlyto other gluons whereas photons 
annot 
ouple dire
tly to photons. The most striking
onsequen
e 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 intera
tion is des
ribed by a lo
al non-Abelian gauge theory of quarks and gluonsin whi
h 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 � gfab
G�bG�
 : (1.4)The QCD Lagrangian L displayed here is, in prin
iple, a 
omplete des
ription of thestrong intera
tion. But, in pra
ti
e, it leads to equations that are notoriously diÆ
ult tosolve. Here G�a is the gluon �eld, with spa
e-time indi
es � and � and 
olor indi
es a; band 
. The numeri
al 
oeÆ
ients 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 fun
tion of the momentum transfer Q.The �gure is taken from [1℄.The running 
oupling 
onstant for the strong intera
tion is predi
ted 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 intera
tion pro
ess, �0 the 
ou-pling 
onstant for the momentum transfer s
ale 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 de
reases with in
reasing energy and momentum transfer (see Figure1.1). When the distan
e s
ale of the intera
tion 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, whi
h 
an be treated by perturbative theory. On the other hand, when thedistan
e s
ale is large, as for example in the study of the stru
ture of the ground state ofa hadron, then the intera
tion strength is large. This results in the 
on�nement of quarksand a non-perturbative treatment is needed.1.1.3 De
on�nement and QGPAsymptoti
 freedom implies that QCD physi
s gets simpler at very high temperatures.At suÆ
iently high temperatures and densities, QCD predi
ts an entirely new form ofmatter 
alled quark gluon plasma (QGP). In su
h a plasma, quarks and gluons are nolonger 
on�ned in hadrons, but behave like free single parti
les. In 
ontrast to normalmatter these single parti
les are not 
olorless.

Figure 1.2: Left: Evolution of the energy density with temperature predi
ted by Latti
eQCD at zero baryo
hemi
al potential [2℄. For all 
al
ulations, the sharp energy in
reasearound the 
riti
al temperature T
 indi
ates a phase transition to QGP. Right: Phasediagram obtained by LQCD at �nite baryo
hemi
al potential �B [3℄. Dotted line at small�B shows the 
rossover, solid line at larger �B the �rst order transition. The box givesthe un
ertainties of the end point.Theoreti
ally, the phase transition from hadroni
 matter to a possible QGP has beenstudied in latti
e QCD (LQCD) 
al
ulations. As shown in the left panel of Figure 1.2,LQCD 
al
ulation at zero baryo
hemi
al potential (�B) predi
ts that at a 
riti
al tem-perature T
 of � 170 MeV [2℄, 
orresponding to an energy density of �
 � 1 GeV/fm3,nu
lear matter undergoes a phase transition to a de
on�ned state of quarks and gluons.In addition, 
hiral symmetry is approximately restored and quark masses are redu
edfrom their large e�e
tive values in hadroni
 matter to their small bare ones. The right3



panel of Figure 1.2 shows the �rst latti
e result for QCD phase diagram at �nite baryon-
hemi
al potential. Solid line indi
ates 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 expe
ted to exist, due to high parti
le densities, in neutron stars. It is expe
tedthat, by means of high energy heavy ion 
ollisions, a suÆ
iently large parti
le density andhigh temperature 
an be established to form a QGP. Figure 1.3 summarizes the presentunderstanding about the phase diagram of hadroni
 matter. The 
hemi
al freeze-outtemperature and the baryon 
hemi
al potential for ea
h data point are 
al
ulated frommeasured parti
le multipli
ity ratios using a statisti
al 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 nu
lear physi
s is to explore the phase diagramof strongly intera
ting matter, to study the QCD phase transition and the properties ofthe QGP. However, the system 
reated in heavy ion 
ollisions undergoes a fast dynami
evolution from the extreme initial 
onditions to the dilute �nal state. It is a theoreti
al
hallenge to understand su
h a fast evolving system and to 
hara
terize the QGP state.In this se
tion, the dynami
s of a heavy ion 
ollision a

ording to the Bjorken pi
ture willbe des
ribed after a short dis
ussion about 
ollision geometry. And then several di�erent4



probes suggested as signatures of QGP will be brie
y reviewed in se
tion 1.2.3.1.2.1 Collision Geometry of Heavy Ion CollisionsRegarding 
ollision geometry of relativisti
 nu
leus-nu
leus 
ollisions, there are severalgeneral 
on
epts worthwhile to mention.Nu
lear density pro�leA nu
leus A is an obje
t 
omposed of A nu
leons. The nu
leon distribution inside thenu
leus 
an be des
ribed 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 s
attering [7℄. With these parameters the integral R10 �(r)4�r2dr yieldsapproximately 197, the total number of nu
leons in a Au nu
leus.Parti
ipants and spe
tators

Figure 1.4: S
hemati
 view of a relativisti
 heavy-ion 
ollision: before (left) and after(right) the 
ollision.Figure 1.4 shows s
hemati
ally a geometri
al pi
ture of a relativisti
 symmetri
nu
leus-nu
leus (A+A) 
ollision. The nu
lei are Lorentz 
ontra
ted in their dire
tion ofmotion. The transverse distan
e between the 
enter of the two 
olliding nu
lei is 
alledthe impa
t parameter b. For a given impa
t parameter, only the nu
leons in the overlapregion of the nu
lei parti
ipate in the 
ollision. These nu
leons (denoted as open 
ir
les inthe left �gure) are usually 
alled parti
ipants, the rest that do not parti
ipate in the 
ol-lision are 
alled spe
tators. For a head on 
ollision, b = 0 and the number of parti
ipantsNpart will just be 2A in the hard sphere limit for an A + A 
ollision.Due to the large size of a nu
leus, multiple nu
leon-nu
leon 
ollisions o

ur, wherea nu
leon in one nu
leus may 
ollide with many nu
leons in the other nu
leus, and inthe pro
ess deposit a large amount of energy. The total number of elementary nu
leon-nu
leon 
ollisions involved in a nu
leus-nu
leus 
ollision is 
alled the number of binary
ollisions N
oll. Both Npart and N
oll 
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 grazeea
h other. It is 
ommonly assumed that the more 
entral the 
ollision is, the more violentit is and the more outgoing parti
les it produ
es. On average, de
reasing the impa
tparameter leads to more nu
leons parti
ipating in the intera
tion and more produ
edparti
les. Thus the most 
entral 
ollision 
orresponds to the smallest b, the highest Npart,the highest N
oll and the highest multipli
ity (see e.g. Figure 1.5). Sin
e the geometri
alprobability to have a 
ollision of impa
t parameter b � db in
reases proportionally with2�b, theoreti
ally one 
an 
hara
terize the degree of 
entrality C byC = R b
0 2�bdb�inel ; (1.7)

Figure 1.5: Distribution of 
harged parti
le pseudo-rapidity density dN
h=d� in Au+Au
ollisions 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 se
tion of a nu
leus-nu
leus 
ollision, and b
 theimpa
t parameter 
ut-o�. Thus C is the probability that a 
ollision o

urs at b < b
.Sin
e the impa
t parameter is not dire
tly measurable, experimentally one usually usesobservables like the number of produ
ed 
harged parti
les (
harged-parti
le multipli
ity)and/or the number of parti
ipants1 to 
lassify 
entralities. For 0-5% 
entral Au+Au
ollisions, Npart and N
oll are estimated to be 357� 8 and 1000� 125, respe
tively [9℄.1The number of spe
tators (Npart = N �Nspe
) 
an be measured by Zero Degree Calorimeters.6



1.2.2 Dynami
s of Ultra-relativisti
 Heavy Ion CollisionsFor ultra-relativisti
 heavy-ion 
ollisions, there are two extreme s
enarios with essentiallydi�erent physi
s: stopping whi
h assumes that baryons stemming from the proje
tile andthe target are fully or partly stopped by ea
h other, forming a fairly baryon ri
h matter inthe middle of the rea
tion zone; and transparen
y whi
h assumes that initial target andproje
tile baryons 
annot be slowed down 
ompletely in the 
ollision and the parti
ipantskeep most of their initial momenta after the 
ollision and leave a highly ex
ited zonebetween the nu
lei giving rise to a net-baryon poor �reball. Based on observations fromhigh energy p+ p 
ollisions, it is expe
ted that the higher the 
ollision energy the higherdegree of transparen
y. 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 de
rease asthe 
olliding energy in
reases. 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 usuallydes
ribed by the Bjorken pi
ture [15℄, in whi
h nu
lear transparen
y is assumed. Figure1.7 shows the Bjorken spa
e-time s
enario for a relativisti
 heavy ion 
ollision.Pre-equilibrium Parton-parton s
attering happens. This stage features the 
reationof high transverse momentum (pT ) jets, 
�
 pairs or other produ
ts of high momentumtransfer pro
esses on parton level. In addition, large 
ross-se
tion soft nu
leon-nu
leons
atterings between the two highly Lorentz 
ontra
ted nu
lei help re-distribute a largefra
tion of the in
oming kineti
 energy into partoni
 degrees of freedom. If the energydensity is well above the 
riti
al energy density �
, partons are expe
ted in a de
on�nedphase but may not initially be in equilibrium. The hard pro
esses with small 
ross-se
tion are usually used as experimental probes for the hot and dense medium 
reated inthe 
ollision. 7



Figure 1.7: The spa
e-time evolution of a relativisti
 heavy ion 
ollision in the Bjorkenpi
ture.Chemi
al and thermal equilibrium Subsequent multiple partoni
 s
atterings bringthe matter to lo
al equilibrium at the proper time �0 and QGP is formed. The plasmathen evolves a

ording to hydrodynami
s, with the possible formation of a mixed phaseof QGP and hadron gas. Colle
tive 
ow is expe
ted to develop at this stage.Hadronization and freeze-out As the plasma expands, its temperature drops. Whenthe 
riti
al temperature T
 is rea
hed a phase transition from QGP to hadron gas takespla
e. As the system 
ools down further so that there is not enough energy in ea
h 
ollisionto 
hange the di�erent spe
ies' populations or ratios, 
hemi
al freeze-out of the �nal stateparti
les is then rea
hed. Eventually, when the system be
omes diluted enough su
h thatthe intera
tions 
ease and the momenta of parti
les do not 
hange further (kineti
 freeze-out), hadrons stream out of the 
ollision region.In order to understand the 
ollision dynami
s and study the properties of QGP and thephase transition, experimentally one 
an only start from the measurement of �nal stateparti
les. Indire
t information must be inferred from the hadrons, leptons and photonsprodu
ed from the 
ollision. Hadrons are 
opiously produ
ed, but intera
t strongly withea
h other well after the transition from QGP to hadrons. This tends to obs
ure 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,whi
h are produ
ed at all stages of the 
ollision and intera
t weakly with the rest of thesystem, 
an better re
e
t the properties of the system at the time they were produ
ed.But also be
ause they intera
t weakly, dire
tly produ
ed leptons and photons are rarein 
omparison to hadrons, and the information they 
arry 
an be obs
ured by the largeba
kground whi
h 
omes from the de
ay of hadrons. However, many measurements have8



been proposed to probe of the high energy density medium 
reated in ultra-relativisti
heavy ion 
ollisions.1.2.3 Sear
hing for Signatures of QGPIn general, to sear
h for signatures of QGP one looks for di�eren
es in single-parti
lespe
tra or multi-parti
le 
orrelations between 
ollisions in whi
h a QGP was formedand 
ollisions in whi
h no QGP was formed. Evaluating whether a transition o

urredrequires an a

urate hadroni
 s
enario as a basis for a 
omparison. This basis is usuallyestablished by using elementary nu
leon-nu
leon 
ollisions, varying the 
entrality of heavyion 
ollisions or 
olliding lighter nu
lei. Re
ent reviews of the di�erent possible QGPsignatures 
an be found for example in [16℄. In this se
tion we will brie
y 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, mu
h smaller than the normal hadroni
 s
ale ��1QCD ' 1 fm; itsbinding energy is with 0.6 GeV mu
h larger than �QCD ' 0:2 GeV. It therefore requireshard gluons to resolve and disso
iate a J= . Latti
e 
al
ulation predi
ts that the heavyquark-quark potential Vq�q de
reases with in
reasing temperature as shown in Figure 1.8.At T > T
, the potential is negligible, this means that the 
olor 
harge gets s
reened andthe bound state of quarks gets dissolved. So the suppression of J= yields would indi
atethe 
olor de
on�nement or QGP formation.

Figure 1.8: The heavy quark e�e
tive potential at di�erent temperatures, taken from [2℄.The linear rise of the potential is weakened as one approa
hes the 
riti
al 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= produ
tion yields normalized to the expe
ted yields assumingthat the only sour
e of suppression is the ordinary nu
lear 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 theexpe
ted yields assuming that the nu
lear absorption is the only sour
e 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 produ
ed by hadron de
ay 
onstitute an ideal tool to probe the medium
reated in relativisti
 heavy ion 
ollisions, providing the hadrons a
tually de
ay insidethe medium. The � meson, with a life-time of about 1 fm, appears to be the best
andidate. Chiral symmetry restoration is expe
ted to 
hange the properties of hadronsas the temperature of the medium approa
hes the restoration point [18, 19, 20℄.As shown in Figure 1.10, the dilepton mass spe
trum in the region below the � was in-deed found to di�er 
onsiderably from that expe
ted from the known hadroni
 sour
es [21℄,whi
h do des
ribe the measured distribution in p+A 
ollisions. Thus this indi
ates thatthe in-medium resonan
e modi�
ation e�e
t appears to set in in nu
leus-nu
leus 
ollisions.This 'low mass dilepton enhan
ement' 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 � de
rease suÆ
iently, thenthe observed e�e
t 
an be a

ounted for [22℄. But alternative s
enarios have also provided10



Figure 1.10: The dilepton spe
trum in Pb+Au 
ollisions at psNN = 17 GeV, 
omparedto the expe
ted yields from known hadroni
 sour
e [21℄.explanations. A mu
h broader �, with the appli
able kinemati
 
onstraints, also produ
esthe low-mass enhan
ement [23℄.Strangeness enhan
ementEnhan
ement of strangeness is a frequently dis
ussed signature of the QGP. In hadroni
rea
tions, the produ
tion of parti
les 
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 presen
e of QGP, the gluon density is high and the 
hiral symmetry might be(partly) restored [28, 29℄ at high temperature, whi
h results in an enhan
ement of the s�spair produ
tion 
ompared to a 
on�ned medium. In parti
ular, a 
hemi
ally equilibratedde
on�ned state with an unusually high abundan
e of strange quarks favors the formationof multi-strange hadrons [30℄. A large enhan
ement of multi-strange antibaryons hastherefore been proposed as 
hara
teristi
 and nearly ba
kground-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 fun
tion of the numberof parti
ipants [31℄. While the ratio is 
onsistent with unity for p+Pb yields, a 
learenhan
ement is seen in Pb+Pb, dire
tly related to the strangeness 
ontent on the baryonspe
ies. 11



Figure 1.11: Multi-strange baryon enhan
ement relative to pA 
ollisions. The �gure istaken from [31℄.Anisotropi
 
owAnisotropi
 
ow, an anisotropy of the parti
le azimuthal distribution in momentum spa
ewith respe
t to the rea
tion plane2, is thought to be sensitive to the degree of thermaliza-tion a
hieved in the system. The spatial anisotropy of the sour
e is largest immediatelyafter the 
ollision o

urs. As the system evolves, the spatial anisotropy is 
onverted bymultiple intera
tions into a momentum-spa
e anisotropy. The rapid expansion of thehot system destroys the original anisotropy and quen
hes the build-up of the momen-tum anisotropy. For this reason, it is believed that the �nal azimuthal momentum-spa
eanisotropy 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 ellipti
al 
ow and its hadron mass dependen
e agree very well with the hydro-2The rea
tion plane is de�ned by the beam axis and the impa
t parameter ~b.3The azimuthal anisotropy of the transverse momentum distribution for a parti
le 
an be studied byexpanding the azimuthal 
omponent of the parti
le's momentum distribution in a Fourier series,dNd� = 12� "1 + 2Xn vn 
os(n[�� �0℄)# : (1.8)The harmoni
 
oeÆ
ients, vn, are anisotropy parameters and � the azimuthal angle for the parti
le, and�0 is the azimuthal angle of the rea
tion plane. The �rst harmoni
 
oeÆ
ient, v1, des
ribes dire
ted
ow, and the se
ond 
oeÆ
ient, v2, 
orresponds to ellipti
 
ow. The radial 
ow 
omponent, \1", is
onventionally identi�ed from the mass dependen
e of the invariant mT spe
tra 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 predi
tions [27℄.dynami
al model predi
tions [27℄ at least up to about pT � 1 GeV/
, indi
ating thata high degree of lo
al thermalization is rea
hed at early times followed by a 
olle
tivehydro-dynami
 expansion.Jet quen
hingThe hot and dense QCD matter 
an be probed by its e�e
t on a fast propagating parton,whi
h is produ
ed at the very beginning of the 
ollision. If su
h a parton traverses ade
on�ned medium, it �nds mu
h harder gluons to intera
t with than it would in a
on�ned medium, where the gluons are 
onstrained by the hadroni
 parton distribution.As a result, jets (hard partons) will su�er a mu
h greater energy loss per unit length in aQGP than in hadroni
 matter [32, 33℄. This e�e
t is 
alled jet quen
hing and has several
onsequen
es. Of more dire
t relevan
e to parti
le spe
tra, a 
omparison of the transversemomentum spe
trum of hadrons to appropriately s
aled distributions from p + p(�p) andp(d)+Au 
ollisions should show a suppression at high pT . Furthermore, high pT hadron
orrelations should show a suppression of ba
k-to-ba
k di-jets. More detailed dis
ussionwill follow in se
tion 2.7. 13



Dire
t photons and dileptonsPhotons and dileptons emitted during the entire evolution of the 
ollision subsequentlyundergo no (strong) intera
tions with the medium and hen
e 
an re
e
t its state at thetime they were produ
ed.1. Hard (prompt) photons and Drell-Yan dileptons, whi
h are produ
ed by the earlyhard parton-parton intera
tions, 
an provide information about the initial (pre-equilibrium) stage su
h as the e�e
tive initial state parton distributions. In par-ti
ular, they will show any nu
lear modi�
ations (shadowing, anti-shadowing, 
o-heren
e e�e
ts) of these distributions. They also indi
ate the initial state energyloss and initial state kT broadening su�ered by partons in normal nu
lear matter.Sin
e they do not undergo any �nal state strong intera
tions, they therefore providea referen
e for studying the nu
lear medium e�e
ts on e.g. jets (see 
-tagged jetse
tion as an example).2. Thermal photons and dileptons, whi
h are emitted by the medium through partonor hadron intera
tions during its entire evolution, 
an serve as a thermometer forthe su

essive stages, from QGP to �nal hadroni
 freeze-out. The fun
tional formof thermal spe
tra, dNdk
 � exp(�k
=T ) (1.9)for photon momentum k
, or the 
orresponding distributions in the dilepton massMl+l�, indi
ate the temperature T of the medium at the time they were emitted.Although the fun
tional form for thermal produ
tion is the same for radiation fromhadroni
 matter and from a QGP, the observed rates and temperatures are expe
tedto di�er in the two 
ases. However, also be
ause 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 de
ay of hadrons, whi
h are produ
ed at any pointof the hadroni
 stage from the QGP-hadron transition to freeze-out, 
an provideinformation about the dense intera
ting hadroni
 matter (as � mesons dis
ussedearlier) or about hadro-synthesis at the end of the strong intera
tion era.1.3 Fa
ilities: RHIC and LHCRelativisti
 heavy ion 
ollisions o�er a unique tool to produ
e, in the laboratory, theprimordial matter of the universe essentially 
onsisting of a plasma of de
on�ned quarksand gluons. During the past de
ades, a great experimental e�ort has been devoted tosear
h for su
h a state of matter in �xed target experiments at the Alternating GradientSyn
hrotron (AGS) at the Brookhaven National Laboratory (BNL) with psNN ' 5 GeVand the Super Proton Syn
hrotron (SPS) at CERN with psNN ' 17 GeV. It is believedthat the de
on�nement boundary is established by the SPS/AGS program, but the QGPhas yet to be observed unambiguously. This bodes well for studies using ultra-relativisti
heavy 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 se
tion a shortdes
ription will be given for these two 
olliders.1.3.1 RHICA s
hemati
 view of RHIC a

elerator is shown in Figure 1.13. The AGS a

elerator
omplex (Tandem, Booster and AGS) is used as a pre-a

elerator before the beams aretransferred into the RHIC rings where the beams are a

elerated to their �nal energies.The maximum RHIC design energy psNN is 200 GeV, about ten times higher than thetop SPS energy.

Figure 1.13: S
hemati
 view of the RHIC a

elerator 
omplex.There are six experimental halls where the beams 
an interse
t, of whi
h four have beeninstrumented. There are two large 
ollider dete
tors, STAR and PHENIX. The STARexperiment 
on
entrates on measurements of hadron produ
tion over a large solid anglein order to study global observables on an event-by-event basis. The PHENIX experimentfo
uses on measurements of lepton and photon produ
tion and has the 
apability of mea-suring hadrons in a limited range of pseudo-rapidity. There are two smaller experiments,PHOBOS and BRAHMS. The physi
al goals of the PHOBOS experiment are to measuresingle parti
le spe
tra and 
orrelations between parti
les with low transverse momentumwith a very large pseudo-rapidity 
overage. The physi
al goal of the BRAHMS (BRoadRAnge Hadron Magneti
 Spe
trometers) experiment is to a
hieve a basi
 understandingof the relativisti
 
ollision at RHIC through a systemati
 study of 
harged parti
le pro-du
tion over a broad range of rapidity and transverse momentum. The physi
s resultspresented in 
hapter 4 are obtained with data 
olle
ted by the BRAHMS experiment.15



1.3.2 LHCThe Large Hadron Collider (LHC) at CERN is a parti
le a

elerator whi
h will probedeeper into matter than ever before. It will 
ollide beams of protons at an energy of14 TeV and of lead nu
lei at a 
enter-of-mass energy of 1150 TeV (5.5 ATeV). The �rst
ollisions are expe
ted in 2007. Five experiments will study what happens when the LHC'sbeams 
ollide. The CMS experiment [34℄ and the ATLAS experiment [35℄ will have thesear
h for the Higgs boson and determination of its mass as a main purpose for theira
tivity. The LHCb experiment [36℄ will be dedi
ated to investigating CP violation andthe TOTEM experiment [37℄ to the measurement of total 
ross se
tion, elasti
 s
atteringand di�ra
tive pro
esses. 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 de
on�nement and 
hiral symmetry restoration. The ALICE experiment andthe spe
trometer for photon dete
tion will be des
ribed in more detail in 
hapter 5.
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Chapter 2High pT Physi
s in Relativisti
Heavy Ion CollisionsAt 
ollider energies similar to RHIC, the importan
e of hard or semi-hard parton s
at-tering is 
learly seen in high energy p + p(�p) 
ollisions [39, 40℄. They are also expe
tedto be important in heavy-ion 
ollisions at RHIC energies. These hard s
atterings happenon a very short time s
ale and their produ
tion rates are 
al
ulable 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 produ
ed will intera
t stronglywith the matter and thus su�er large energy loss due to e.g. indu
ed gluon radiation,resulting in a depletion of high pT hadron yields. In this 
hapter, theoreti
al approa
hesto high pT hadron produ
tion will be brie
y reviewed and possible high pT observablesin relativisti
 heavy-ion 
ollisions will be dis
ussed.2.1 The Parton Model and Stru
ture Fun
tionsIn deep inelasti
 ele
tron-proton s
attering ep! eX, the ex
hange of an energeti
 virtualphoton (
�) or Z0 with large transverse momentum squared Q2 disintegrates the protoninto hadrons. The boson intera
ts with a parton1 inside the proton. As the energy andmomentum transfer is large, the time s
ale of the hard s
attering pro
ess is very short
ompared to that of inter-parton intera
tions, hen
e the other partons in the proton 
anbe regarded as spe
tators in the s
attering pro
ess. After the 
ollision both the protonremnant and the stru
k quark hadronize into 'jets'.Figure 2.1 illustrates the parton model des
ription of the deep inelasti
 ele
tron-proton
ollision. The quantities k and k0 are the four-momenta of the in
oming and outgoingele
trons, p is the four-momentum of a proton with mass M , W is the mass of the re
oilingsystem X, q = k � k0 is the four-momentum transfer, and the Bjorken s
aling variable xis de�ned as x = Q22M� ; (2.1)where � = q � p=M is the ele
tron's energy loss in the proton rest frame. In the partonmodel, x is the fra
tion of the proton's momentum 
arried by the stru
k quark.1In the 
ontext of QCD partons are asso
iated with (anti-)quarks and gluons.17



Figure 2.1: A s
hemati
 view of the parton model des
ription of deep in-elasti
 ele
tronproton s
attering.Assuming that in the limit of large � and Q2, the proton 
an be de
omposed intofree moving partons and the intera
tion of the ele
tron with the proton 
an be viewedas the in
oherent sum of its intera
tion with the point-like individual partons, then one
an write down the general form of the di�erential 
ross se
tion for unpolarized in
lusiveele
tron-nu
leon s
attering,d2�dE 0d
 = 4�2E 02Q4 hW2(�;Q2) 
os2(�=2) + 2W1(�;Q2) sin2(�=2)i ; (2.2)where � is the s
attering angle and E 0 the energy of outgoing ele
tron. W1 and W2 arestru
ture fun
tions of the proton to represent the in
al
ulable part of the hadroni
 vertex.Comparing it to the 
ross se
tion of elasti
 s
attering from a stationary, point-like, spin-12obje
t, d2�dE 0d
 = 4�2E 02Q4 "
os2(�=2) + Q22M2 sin2(�=2)# Æ(� � Q22M ); (2.3)one 
an extra
t the stru
ture fun
tions of the proton asW1(�;Q2) = Q24M2 Æ(� � Q22M ); (2.4)W2(�;Q2) = Æ(� � Q22M ): (2.5)Re-arranging the arguments of the Æ fun
tion, the two dimensional stru
ture fun
tion W1and W2 
an be repla
ed by two dimensionless stru
ture fun
tions: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 fun
tion fq(x) is known as the parton distribution fun
tion (PDF), where q = u; �u; d; �det
. The quantity fq(x)dx is the number of quarks (or anti-quarks) of a spe
i�
 
avor that
arry a momentum fra
tion between x and x+ dx of the proton's momentum in a framein whi
h the proton momentum is large. eq is the ele
tri
 
harge 
arried by the quark (oranti-quark) in units of e. Thus, the 
ross se
tion only depends on one variable, x. Thisproperty is 
alled the Bjorken s
aling [41℄. In QCD, however, the radiation of hard gluonsfrom the quarks leads to s
aling violation whi
h has been observed to a small degree, andthe evolution of both the stru
ture fun
tion and the parton distribution fun
tions. AsQ2 in
reases, more and more gluons are radiated, whi
h in turn split into q�q pairs. Thispro
ess 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 de
reases.The parton distribution fun
tions 
an be determined from deep inelasti
 lepton-nu
leon s
attering and related hard s
attering pro
esses initiated by nu
leons. Figure 2.2shows the unpolarized distribution fun
tions multiplied by x using the MRST2001 param-eterization [42℄ at s
ale �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 s
ale �2 = 10 GeV2.2.2 Fragmentation Fun
tionsFragmentation fun
tions are dimensionless fun
tions that des
ribe the �nal-state single-parti
le energy distributions in hard s
attering pro
esses. The total e+e� fragmentationfun
tion for hadrons of type h in annihilation at ps, via an intermediate ve
tor 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 fun
tions (PFF) and Ci the 
oeÆ
ient fun
tionswhi
h are generally fa
torization-s
heme dependent.Parton fragmentation fun
tions represent the probability for a parton to fragmentinto a parti
ular hadron 
arrying a 
ertain fra
tion of the parton's energy. Fragmentationfun
tions in
orporate the long distan
e, non-perturbative physi
s of the hadronizationpro
ess in whi
h the observed hadrons are formed from the �nal state partons of the hards
attering pro
ess and, like stru
ture fun
tions, 
annot be 
al
ulated in pQCD, but 
anbe evolved from a starting distribution at a de�ned energy s
ale by e.g. the DGLAPequation [45℄. Fragmentation fun
tions 
an be extra
ted from the measurements of e+e�fragmentation into identi�ed parti
les. The most popularly used parameterizations forfragmentation fun
tions are KKP [46℄, BKK [47℄, Kretzer [48℄ and BFGW [49℄ parame-terizations.If the fragmentation fun
tions are 
ombined with the 
ross se
tions for the in
lusiveprodu
tion of ea
h parton type in the given physi
al pro
ess, predi
tions 
an be made forthe s
aled momentum, xp, spe
tra of �nal state hadrons.2.3 High pT Parti
le Produ
tion in N +N Collisions

Figure 2.3: S
hemati
 representation of fa
torization theorem for a N +N 
ollision.In nu
leon-nu
leon 
ollisions, the standard pQCD 
al
ulations of hard s
attering pro-
esses rely on so 
alled fa
torization theorems [50℄, whi
h provide a way to separate longdistan
e non-perturbative e�e
ts from short distan
e perturbative e�e
ts. Hard s
atteringis then des
ribed by the lowest order sub-pro
esses whi
h, for high pT parti
les, 
orre-spond to a 
onvolution of two-body s
attering. This is shown s
hemati
ally in Figure 2.3.20



The 
orresponding expression for the in
lusive di�erential 
ross se
tion for N+N ! h+Xis given byEhd�NNhdp3 = KXab
d 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 fra
tions 
arried by the intera
ting partonsa and b, z
 = ph=p
 is the momentum fra
tion 
arried by the �nal observable hadron,f�=N (x�; Q2�) is the parton distribution fun
tion of the parton of 
avor � in a nu
leon,and Dh=
(z
; Q2
) is the fragmentation fun
tion for the parton of 
avor 
 into h. Here, kaand kb denote the intrinsi
 transverse momenta kT of the 
olliding nu
leons. 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 se
tionof hard parton-parton s
attering pro
ess, d�dt̂ (ab ! 
d), 
an be 
al
ulated by pQCD atleading order (LO) or the next-to-leading order (NLO) of �s. The phenomenologi
al Kfa
tor is introdu
ed to mimi
 higher order 
orre
tions.It turns out that the pQCD 
al
ulations are rather su

essful in des
ribing high pTparti
le produ
tion in high energy N+N 
ollisions [51, 52, 53℄. As an example, Figure 2.4shows the invariant di�erential 
ross se
tion for �0 in p + p 
ollisions at ps = 200 GeVmeasured by the PHENIX 
ollaboration at RHIC [40℄, together with results from NLOpQCD 
al
ulations. The pQCD 
al
ulations are 
onsistent with the data down to pT � 2GeV/
, indi
ating that the high pT parti
le produ
tion in p + p 
ollisions is dominatedby the fragmentation of hard-s
attered partons.2.4 Nu
lear E�e
ts on High pT Hadron Produ
tionSin
e the dis
overy of so 
alled EMC e�e
t by the European Muon Collaboration (EMC)at CERN in 1982 that the stru
ture fun
tion F2 per nu
leon in iron di�ers signi�
antlyfrom that of free nu
leon [54℄, nu
lear e�e
ts on stru
ture fun
tions have been extensivelystudied both experimentally and theoreti
ally [55℄. It was su
h a dis
overy that openeda door for a systemati
 study of QCD dynami
s in a nu
lear environment, whi
h haslead to many new QCD phenomena, e.g. shadowing, gluon saturation and Color GlassCondensate (CGC).In this se
tion, four nu
lear e�e
ts in nu
lear 
ollisions will be dis
ussed. The Cronine�e
t, nu
lear shadowing and gluon saturation e�e
t are 
onsidered as initial state e�e
ts,while jet quen
hing is 
onsidered to be a �nal state e�e
t, whi
h happens after the hardparton-parton s
attering in a relativisti
 heavy-ion 
ollision.21



Figure 2.4: a) The invariant �0 spe
tra measured by the PHENIX experiment in p + p
ollisions at ps = 200 GeV, together with the results from NLO pQCD 
al
ulations usingKKP and Kretzer fragmentation fun
tions. b,
) The relative di�eren
e between the dataand pQCD predi
tions using KKP (b) and Kretzer (
) fragmentation fun
tions with s
alesof pT=2 (lower 
urve), pT and 2pT (upper 
urve). The �gure is taken from [40℄.2.4.1 The Cronin E�e
tIn the mid 70s it was dis
overed by Cronin et al. [57℄ that high pT parti
le produ
tion inp+A 
ollisions is enhan
ed beyond simple binary 
ollision s
aling. This enhan
ement is
ommonly referred to as the Cronin e�e
t.Due to the �nite thi
kness of heavy nu
lei, a parton may su�er multiple soft s
atteringswhile traveling though the nu
lear matter before the �nal hard parton-parton s
atteringo

urs. The initial partons in general have small transverse momenta but large longi-tudinal momenta. The soft s
atterings in
rease the transverse momenta of the partonsand e�e
tively broaden the kT of the beam partons (i.e. kT broadening). This kT broad-ening leads to a smearing of the pT spe
tra. Sin
e the parti
le produ
tion 
ross se
tionfalls steeply toward high pT , this smearing e�e
t results in an enhan
ement of parti
leprodu
tion at moderate pT range (� 1:5� 4 GeV/
) 
ompared to N +N 
ollisions.22



Traditionally the Cronin e�e
t has been parameterized asEd3�pAdp3 = Ed3�ppdp3 A�(pT ): (2.13)An �(pT ) > 1 indi
ates an enhan
ement. Figure 2.5 shows �(pT ) measured by di�erent�xed target experiments [58, 59, 60, 61℄. There is a 
lear enhan
ement of hadron yields atpT > 2 GeV/
. The Cronin e�e
t 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 fun
tion of pT measured by di�erent experi-ments. The �gure is taken from [63℄.2.4.2 Nu
lear Shadowing and Gluon SaturationWhen the in
oming nu
lei are large, the 
omposite nu
leon wave fun
tions 
an intera
t 
o-herently among ea
h other. A parton asso
iated with a parti
ular nu
leon 
an e�e
tively'leak' into a neighbor and fuse with a parton of that nu
leon. The physi
al 
onsequen
esare dramati
 when the Bjorken s
aling variable x is either large or small as shown inFigure 2.6. If a quark re
eives a 'ki
k' from a gluon and its momentum was already large,the quark that a virtual photon s
attered with may then have a value of x greater than1. Thus the nu
lear stru
ture fun
tion extends beyond x = 1 and the ratio FA2 (x)=FN2 (x)will rise as x approa
hes 1. On the other hand, two gluons fuse together to form a singlegluon whi
h results in redu
ing the e�e
tive gluon density and a sharp de
rease of thegluon distribution in the nu
leus at small x. This is 
alled gluon shadowing. As shownin Figure 2.2, the parton density as x ! 0 is dominated, as Q2 in
reases, by the gluon23



Figure 2.6: A phenomenologi
al 
urve (top) and some high pre
ision data sets (bottom)on nu
lear e�e
ts on stru
ture fun
tion F2. The �gure is taken from [56℄.density. Gluon shadowing be
omes translated, therefore, into shadowing of the stru
turefun
tion at low x [64℄.Nu
lear shadowing e�e
ts in
rease for small x and large nu
lei. QCD analysis suggeststhat, at 
ertain small x, the gluon density saturates as a result of non-linear 
orre
tionsto the QCD evolution equation [64℄. Due to soft gluon bremsstrahlung of hard valen
epartons, the total parton density in
reases rapidly with de
reasing x. However, partonre
ombination, gg ! g, is expe
ted to be signi�
ant when the two-parton density inthe nu
leus be
omes very large. Consider a nu
leus of radius RA moving with highmomentum: if ea
h nu
leon has a momentum p, then the nu
leus has a longitudinal size� 2RA(M=p), where M is the nu
leon mass. Gluons with a given x will have a longitudinalsize of � 1=(xp), so when x < 1=(2MRA) these gluons are for
ed to overlap with ea
hother. 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 in
reases the gluon density at verysmall x in
reases very rapidly and when it be
omes mu
h greater than Q2R2A then the
al
ulation of the gluon density based on DGLAP evolution be
omes unreliable. Mueller24



and Qiu [64℄ showed that the DGLAP evolution equations themselves are modi�ed bythe re
ombination of partons whi
h results in gluon saturation at 
ertain small x.This parton saturation phenomenon is expe
ted to introdu
e a 
hara
teristi
 momen-tum s
ale, the \saturation s
ale" Qs, to determine the 
riti
al values of the momentumtransfer at whi
h the parton system be
omes dense and gluon saturation sets in. Thesaturation s
ale is proportional to the gluon density and grows rapidly with 1=x and thenumber of nu
leons 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�e
ts are essential, and are expe
ted to \saturate" the growth ofthe gluon distribution at a value O(1=�s) [66℄, a typi
al value of 
ondensates, leading tothe expe
tation 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 energynu
leus-nu
leus 
ollisions be
ause they 
ould in
uen
e signi�
antly the initial 
onditionsin rea
tions with a high gluon density. In order to take into a

ount the e�e
t of gluonshadowing on high pT parti
le produ
tion, a well-known parameterization of the modi-�
ation of the parton distribution is made [65℄ based on global �ts to the most re
ent
olle
tion of data available and some modeling for the nu
lear modi�
ation of the gluondistribution.2.4.3 Parton Energy LossAt the 
enter-of-mass energy rea
hed at RHIC, the hard s
attering rate be
omes quitelarge. Due to the large Q2, the hard-s
attered partons are 
reated in the early stage of the
ollision and are expe
ted to probe the hot, dense and strongly intera
ting medium 
reatedsubsequently. When an energeti
 parton propagates through the nu
lear medium, it isexpe
ted to su�er both elasti
 energy loss from simple s
atterings and radiation energy lossdue to indu
ed gluon bremsstrahlung from multiple s
attering before it hadronizes [71, 72℄.The energy loss 
aused by elasti
 s
attering 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), whi
h measures the slowing down of a high-momentumquark in 
old nu
lear matter [74℄.However, as in quantum ele
trodynami
s (QED), bremsstrahlung is another importantsour
e of energy loss [33℄. Due to multiple inelasti
 s
atterings and indu
ed gluon radia-tion, high momentum jets and leading large pT hadrons be
ome depleted, quen
hed [71℄.It has been shown [72℄ further that a genuine non-Abelian e�e
t, namely, gluon re-s
attering is responsible for the dominant energy loss: after the gluon is radiated o�the energeti
 parton it su�ers multiple s
atterings in the medium. The medium-indu
edenergy loss su�ered by an energeti
 parton with energy E is shown, based on asymptoti
25



te
hniques (or the BDMPS approa
h) [72, 76℄ to be�dEdx ' �s� N
�2� L (2.16)for the size of the medium L < L
r � q�E=�2 and N
 
olors, where � is a s
ale to
hara
terize the medium, � = 1=(��) is the parton mean free path in the medium ofdensity � with partoni
 
ross se
tion �. Integrating over x leads to the total energy lossgrowing as L2. While for L > L
r, the energy loss per unit length�dEdx ' �s� N
s�2� E; (2.17)whi
h is not dependent on the size of the meduim but proportional to pE. This is similarto the QED-
oherent Landau-Pomeran
huk-Migdal (LPM) suppression [75℄.

Figure 2.7: Total indu
ed energy loss from the BDMPS approa
h as a fun
tion of theparton energy E (left, with L �xed) and of the medium size L (right, with E �xed),respe
tively.Figure 2.7 shows s
hemati
ally the E and L dependen
e of total indu
ed energy loss�E with �xed L and E, respe
tively. Be
ause � depends on the density � of the medium,whi
h in turn 
an be translated into energy density � as �(T ) � T 3 � �3=4 for QGP withtemperature T , a \smooth" in
rease of the total energy loss with in
reasing � has beenshown [76℄.In pra
ti
e, di�erent parameterizations on parton energy loss have been derived byusing di�erent approa
hes to give predi
tions on high pT parti
le produ
tion [77, 78, 79℄.In the thin plasma opa
ity expansion framework (or the GLV approa
h) where the quarkgluon plasma is modeled by N well-separated 
olor-s
reened 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 fa
tor and �g the radiated gluon mean free path.26



In [78℄, the parton energy loss is 
al
ulated via a detailed balan
e approa
h in whi
hboth stimulated gluon emission and thermal absorption are taken into a

ount. Thee�e
tive parton energy loss is parameterized as�E / (E=�� 1:6)1:27:5 + E=� : (2.19)The detailed balan
e between emission and absorption on the one hand redu
es the ef-fe
tive parton energy loss and on the other hand in
reases the energy dependen
e.Jeon, Jalilian-Marian and Sar
evi
 have investigated parton energy loss per s
atteringfor three di�erent 
ases [79℄: (1) 
onstant parton energy loss per parton s
attering, 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 s
atteringand ÆEn the energy loss in that s
attering. They found that with � = 0:06, Bethe-Heiterenergy-dependent energy loss 
an reprodu
e the observed suppression of neutral pionprodu
tion in Au+Au 
ollisions at RHIC measured by the PHENIX experiment.2.5 A pQCD-based Approa
h to High pT HadronProdu
tionIn this se
tion we fo
us on hard pro
esses in nu
lear 
ollisions and demonstrate how thevarious nu
lear e�e
ts are treated in the pQCD inspired parton model.2.5.1 p+ A CollisionsIn p + A 
ollisions, the Cronin e�e
t is attributed to the initial state multiple partons
attering, leading to kT broadening, h�k2T iA. Therefore, after going through the targetnu
leon the initial parton kT distribution inside a proje
tile nu
leon be
omesgA(kT ) = e�k2T =hk2T iA�hk2T iA ; (2.20)with a broadened width hk2T iA = hk2T i+ h�k2T iA: (2.21)The invariant in
lusive hadron distribution in p+ A 
ollisions 
an thus be given byEhd�pAhdp3 = KTA(b) Xab
d 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 nu
lear overlap integral at impa
t parameter b, and TA(b) = N
oll=�inel,�inel is the inelasti
 nu
leon-nu
leon 
ross se
tion and N
oll the number of binary 
ollisions.gA takes into a

ount the kT broadening, and Dh=
 is the fragmentation fun
tion. fa=A is27



the parton distribution fun
tion of parton a inside the nu
leus A, whi
h 
an be derivedfrom the parton distribution fun
tions 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) a

ounts for the nu
lear e�e
ts due to parton shadowing and anti-shadowing e�e
ts, whi
h 
an be extra
ted from deep inelasti
 lepton-nu
leus s
atteringexperimental data. Here Z and A are the number of protons and the atomi
 number ofthe nu
leus, respe
tively.The formula 2.22 should be appli
able to d + A 
ollisions ex
ept repla
ing the fa=pby the fa=d and taking into a

ount the possible nu
lear shadowing e�e
ts on the partondistributions in the deuteron as well.2.5.2 A+ B CollisionsIn relativisti
 heavy ion 
ollisions, the e�e
t of �nal state parton energy loss 
an be stud-ied and modeled dire
tly by medium-modi�ed fragmentation fun
tions. Energy loss ofthe parton prior to hadronization 
hanges the kinemati
 variables of the e�e
tive frag-mentation fun
tion asDmediumh=p (z; Q2) = Z 10 d�P (�) 11� �Dh=p( z1� � ; Q2); (2.24)where P (�) denotes the probability that a fra
tion � of the initial energy of the hardparton is lost due to gluon radiation and multiple s
attering, and Dh=p is the partonfragmentation fun
tion in va
uum.Thus, the invariant hadron spe
trum in nu
leus-nu
leus 
ollisions 
an be given byEhd�ABhdp3 = KTAB(~b) Xab
d 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 fun
tion in va
uum and TAB(~b) the nu
lear overlap inte-gral, whi
h is a 
al
ulation of the overlap of the density pro�les of two spe
i�
 nu
lei ata given impa
t parameter ~b:TAB(~b) = Z d2sdz1dz2�A(~s; z1)�B(~s�~b; z2); (2.26)where the z dire
tion is the beam dire
tion. For a given impa
t parameter, one 
al
ulatesthe produ
t of the densities of ea
h nu
leus at a given point ~s and then integrates overall spa
e. 28



2.6 Other High pT Hadron Produ
tion Me
hanismsIn the pQCD approa
h des
ribed above, it is assumed that hadrons are 
reated by thefragmentation of energeti
 partons, whi
h in turn 
an be 
al
ulated by pQCD. Nu
leare�e
ts are taken into a

ount by modifying the e�e
tive nu
lear stru
ture fun
tions andfragmentation fun
tions. The parton fragmentation fun
tions have been used even at lowpT in string models where the parti
le produ
tion in hadroni
 
ollisions is treated as thefragmentation of di-quarks. However, there has been a long-standing debate on whetherparti
le produ
tion in the fragmentation region 
an better be des
ribed by fragmenta-tion [80, 81℄ or re
ombination [82℄. As an alternative or 
omplementary to fragmentationpi
ture, this se
tion des
ribes the parton re
ombination pi
ture as a parti
le produ
-tion me
hanism followed by gluoni
 baryon jun
tion [83℄ as a me
hanism to enhan
e thebaryon produ
tion rate.2.6.1 Parton Re
ombinationIn the parton re
ombination pi
ture, those large pT hard partons 
reated in hard s
at-terings will lose momenta and virtuality through gluon radiation until a large body ofquarks and anti-quarks are assembled for re
ombination. In the parton re
ombinationlanguage, the in
lusive 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 produ
ing ameson at p� given a quark q at p�1 and an anti-quark �q at p�2 . In addition, one needs only
onsider 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,respe
tively.Sin
e many quarks and anti-quarks are produ
ed 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 fa
torize F(~p1; ~p2) asF(~p1; ~p2) = Fq(~p1)F�q(~p2); (2.30)where the fun
tions Fq(~p1) and F�q(~p2) are, respe
tively, distribution fun
tions of quarksand anti-quarks in the phase spa
e.All together, the in
lusive distribution of meson 
an be determined if RM(~p1; ~p2; ~p)and the parton distributions before re
ombination are dedu
ed. Sin
e the re
ombinationof q and �q into a meson is the time reversed pro
ess of displaying the meson stru
ture,it is expe
ted that RM(~p1; ~p2; ~p) depends on the meson stru
ture. During hadronizationthe initiating q and �q dress themselves and be
ome the valen
e quarks of the produ
ed29



hadron without signi�
ant 
hange in their momenta. However, for the sake of simpli
ity,a uniform distribution is usually taken [84, 85℄.Regarding the parton distributions there are di�erent parameterizations [84, 85℄ (ormodels) used to give predi
tions on high pT hadron yields. Sin
e it is expe
ted that, atRHIC energies, hard pro
esses between initial nu
leons lead to the produ
tion of mini-jetpartons with large transverse momentum, an improved pQCD 
al
ulation [86℄ was used toobtain the transverse momentum distribution of those mini-jet partons in referen
e [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 a

ount 
olle
tive 
ow e�e
t, 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+Au
ollisions 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 degenera
ies of light quarks and anti-quarks, and theminus and plus signs are for quarks and anti-quarks, respe
tively. vT = �0(rT=RT ) is a
ow velo
ity, whi
h 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 
olle
tive 
ow velo
ity ofthe QGP. T is the phase transition temperature, �b the quark baryon 
hemi
al potential,� the proper time of the QGP at hadronization, and 
T = 1=q1� v2T takes into a

ountthe transverse 
ow e�e
t. 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 re
ombination fun
tion 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 prin
iple, one should be able to 
al
ulate invariant trans-verse momentum spe
tra for various hadron spe
ies by integrating over rapidity y andazimuthal angle �. It has already been shown that the parton re
ombination me
hanism
an a

ount for the qualitative di�eren
e between the observed ellipti
 
ows of mesonsand baryons [87℄ and explain the observed enhan
ement of intermediate transverse mo-mentum protons and anti-protons at RHIC.2.6.2 Baryon Jun
tionAn attra
tive dynami
al model that was proposed to explain 
opious baryon and anti-baryon produ
tion at mid-rapidity is based on the existen
e of topologi
al gluon 
on�g-urations: baryon jun
tions [83, 90, 91, 92℄. Gluoni
 baryon jun
tions predi
t long-rangebaryon number transport in rapidity as well as hyperon enhan
ement and 
onsiderablepT enhan
ement relative to 
onventional diquark-quark string fragmentation. Figure 2.9depi
ts baryon produ
tion via fragmentation of a diquark-quark string 
on�guration (top)and of a baryon jun
tion (bottom), respe
tively. In the baryon jun
tion model, the ex-
ited baryon is des
ribed as a 'Y'-shaped string 
on�guration. When the string undergoesfragmentation via q�q produ
tion, the resulting baryon is 
omposed of sea quarks and thevalen
e quarks are 
ontained in three (leading) mesons. In this me
hanism the baryonthen emerges with a smaller fra
tion 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 enhan
ement in the baryon's transverse momentum, withthe hp2T i of the jun
tion baryon in
reasing by a fa
tor of three relative to that obtainedfrom diquark-quark string 
on�guration. 31



Figure 2.9: Diagrams depi
ting baryon produ
tion via diquark-quark string fragmentation(top) and baryon jun
tion me
hanism (bottom).
2.7 High pT ObservablesEven though it is impossible to observe hard s
attered partons dire
tly, 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 reminis
entinformation about the original parton. The fragments of a high energy parton usuallyhave a small angular spread and fo
us around the 'leading parti
le' whi
h 
arries a largefra
tion of the energy of the original hard parton. In a high energy elementary rea
tion,where the parti
le multipli
ity is low, jets 
an be dire
tly identi�ed by applying an en-ergy 
ut on a 
luster of parti
les that falls within a small 
one. However, in relativisti
heavy-ion 
ollisions, it is diÆ
ult to identify them in su
h a way due to large parti
lemultipli
ities and multi-jet produ
tion. Thus indire
t methods have to be applied inorder to 
hara
terize jet and extra
t information on nu
lear medium e�e
ts on high pTprodu
tion. For example, the 
hara
teristi
s of hard s
attered 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 + A
ollisions about the nu
lear shadowing and kT broadening 
an help us to disentangle var-ious nu
lear e�e
ts on high pT parti
le produ
tion in relativisti
 heavy-ion 
ollisions. Inthis se
tion, we will dis
uss several proposed high pT observables in relativisti
 heavy-ion
ollisions. 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 s
attering.This energy loss is expe
ted to modify the e�e
tive parton fragmentation fun
tion whi
hshould be re
e
ted in the pT spe
tra of hadrons, e.g. a suppression of high pT hadronyields.Nu
lear modi�
ation fa
torTo quantify the nu
lear medium e�e
t on the measured hadron yield in high energynu
leus-nu
leus 
ollisions, one 
ompares it to the expe
tation from N + N 
ollisions,whi
h are appropriately s
aled to the large systems. As hard s
atterings have a verysmall 
ross se
tion and are expe
ted to be in
oherent, it is 
ommon to introdu
e thenu
lear modi�
ation fa
tor:RAB = d2NAB=dpTd�(hN
olli=�NNinel )d2�NN=dpTd� ; (2.36)where hN
olli is the average number of binary nu
leon-nu
leon 
ollisions in the A + B
ollisions, and �NNinel is the total inelasti
 
ross se
tion of the N + N 
ollision. In absen
eof any nu
lear modi�
ations to the hard s
attering, the ratio RAB will be unity; thus anydeparture from unity indi
ates nu
lear medium e�e
ts, and a value smaller than 1 at highpT region indi
ates a suppression of high pT yield.2.7.2 High pT Parti
le CompositionParti
le abundan
es and ratios between them 
an be used to extra
t the 
hemi
al freeze-out 
ondition of the �reball 
reated in a heavy-ion 
ollision, while parti
le 
ompositionat high pT 
an shed light on the hadronization me
hanism. For example, due to theirdi�erent 
olor representation, hard gluons are expe
ted to lose approximately a fa
torof two more energy than hard quarks. Depending on the relative 
ontribution of gluonfragmentation, this modi�es the ratio of hadroni
 spe
ies. The ratio of anti-proton toproton �p=p is expe
ted to de
rease with in
reasing pT in 
entral heavy-ion 
ollisions if thefragmentation of the energeti
 partons is the dominant hadronization me
hanism. Anydi�ering from the expe
tation of pQCD would suggest that there are other me
hanismswhi
h 
ontribute to high pT parti
le produ
tion. Therefore studying the 
avor dependen
eof high pT yields is expe
ted to be an important step in understanding high pT parti
leprodu
tion and transport, system evolution, and the interplay between soft and hardpro
esses.2.7.3 High pT Parti
le Azimuthal CorrelationHard partons fragment into jets of hadrons around the dire
tion of parton propagation.Due to the large multipli
ities and multi-jet produ
tion in 
entral heavy-ion 
ollisions athigh energy, it is diÆ
ult to re
onstru
t a full jet. However, it is possible to identify jetson a statisti
al basis, for example, utilizing two-hadron azimuthal 
orrelations at large33



transverse momentum. Sin
e the jet fragments are fo
used in a small 
one, they are highly
orrelated in angular spa
e. Experimentally, one 
an trigger on a single (leading) parti
lewith large transverse momentum (e.g. ptrigT > 3 GeV/
) and then build 
orrelations withother parti
les from the same event with transverse momentum 2 GeV=
 < pT < ptrigT .Due to energy loss, energy imbalan
e of di-jet is expe
ted in 
entral heavy-ion 
ollisionsat 
ollider energies. In the most extreme 
ase this leads to the disappearan
e of one ofthe two jets whi
h has a mu
h longer in-medium path-length. As shown in Figure 2.10,data from STAR [88℄ show the 
omplete disappearan
e of ba
k-to-ba
k 
orrelated high pTparti
les in the range pT � 2-6 GeV/
 in 
entral Au+Au 
ollisions at ps = 200 GeV, butboth the jet (�� = 0) and the ba
k-jet (�� = �) are observed in peripheral 
ollisions.At LHC, su
h studies 
an be extended to mu
h higher pT , and it is expe
ted that theba
kward 
orrelated high pT remnant will re-appear again.

Figure 2.10: Azimuthal 
orrelations of high pT parti
les (0 < j��j < 1:4, 4 < ptrigT <6 GeV=
) for Au+Au 
ollisions (�ll 
ir
les) 
ompared to a predi
tion based on the p + pdata (open 
ir
les), with a 
orre
tion for ellipti
 
ow present in Au+Au 
ollisions. The
urves represent the 
ontribution from ellipti
 
ow for ea
h 
entrality. The �gure is takenfrom [88℄.2.7.4 
-tagged JetThe lowest order sub-pro
esses for dire
t photon produ
tion areq�q ! 
g (2.37)34



gq(�q) ! 
q(�q): (2.38)At high pT the signature of su
h an event would be a hadron jet balan
ing an ele
tromag-neti
 shower. The transverse energy of the jet is roughly the same as that of the dire
tphoton but in the opposite transverse dire
tion. Experimentally, one thus 
an bene�tfrom this property to extra
t 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 fun
tion by measuring the parti
le pTdistribution in the opposite transverse dire
tion of a tagged dire
t photon [89℄. In su
h
+ jet events, the ba
kground due to parti
les from the rest of the system was estimatedto be well below the pT spe
trum from jet fragmentation at moderate large pT . Therefore,one 
an extra
t the fragmentation fun
tion from the experimental data, and by 
ompar-ing the extra
ted jet fragmentation fun
tion in A+A to that in p+ p 
ollisions, one 
anthen measure the modi�
ation of the fragmentation fun
tion and determine the partonenergy loss. Sin
e 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 produ
ed 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 
olle
ted by the BRAHMS experiment during2001 and 2003. The BRAHMS experimental setup and data analysis pro
edure will bepresented in this 
hapter.3.1 The BRAHMS experimentBRAHMS 
onsists of two magneti
 spe
trometers and a set of global dete
tors. The globaldete
tors are devoted to measuring global properties of a 
ollision su
h as the 
ollisionintera
tion point (IP, or the primary vertex), rea
tion 
entrality and 
harged-parti
lemultipli
ity, et
. The two magneti
 spe
trometers, the Mid-Rapidity Spe
trometer (MRS)and the Forward Spe
trometer (FS), are dedi
ated to tra
king 
harged parti
les, anddetermining their momenta and masses. The overall layout of the experiment is shownin Figure 3.1 and the dete
tor system has been des
ribed in detail in [93℄. In this se
tionwe will fo
us on dete
tors whi
h are relevant to this work.The MRSThe MRS is 
omposed of two time proje
tion 
hambers (TPCs) for tra
king of 
hargedparti
les, a dipole magnet D5 for momentum determination, and a time-of-
ight dete
tor(TOF) for parti
le identi�
ation. In the middle of the 2003 run, another time-of-
ightwall (TFW2) and a �Cerenkov dete
tor 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 respe
t to the beam line and thus 
oversthe mid-rapidity regions. In addition, the MRS platform bearing the two TPCs (usually
alled as TPM1 and TPM2) and D5 
an be moved ba
kward to de
rease the spe
trom-eter a

eptan
e. For the data presented in this thesis the MRS was positioned at 90Æ
orresponding to rapidity 0. 37



Figure 3.1: S
hemati
 pi
ture of the BRAHMS dete
tor system.The FSThe FS is 
omposed of two independent parts, the Front-Forward and Ba
k-ForwardSpe
trometers (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 a
hievable to relatively high pT with reasonable statisti
s.In FFS a dipole magnet D1 is used to sweep away low momentum parti
les (typi
allybelow 1 GeV/
) and bend parti
les into the aperture of the subsequent dete
tor. Therest of the FFS 
omposition is identi
al to the MRS: two TPCs (T1 and T2) at the frontand ba
k of a dipole magnet D2, 
ompleted by a hodos
ope H1 for PID and a �Cerenkovthreshold 
ounter C1 whi
h is lo
ated behind H1 to extend PID 
apabilities. The BFSis designed to identify very high momentum parti
les. To a
hieve this goal, the BFS is
omposed of three drift 
hambers (DCs), two dipole magnets, one hodos
ope H2 and aring imaging �Cerenkov dete
tor (RICH) at the far end.3.1.1 Global Dete
torsThe global dete
tors in
lude a multipli
ity 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 inelasti
ity 
ounters (INEL) were used to develop a minimum-bias trigger and toprovide vertex position information.Multipli
ity arrayThe multipli
ity array (MA), whi
h is 
omposed of an inner barrel of Si strip dete
tors andan outer barrel of plasti
 s
intillator \tile" dete
tors, measures the energy loss of 
harged38



parti
les passing through the array to establish overall 
harged parti
le multipli
itiesand further to determine the 
ollision 
entrality. The relationship between the measuredmultipli
ities and the rea
tion 
entrality 
an be dedu
ed based on model 
al
ulations andsimulations of the array response as detailed in [94℄.Beam-beam 
ountersThe BBCs are deployed to 
hara
terize 
ollisions from a global perspe
tive, to providethe zero level trigger, the start time for the TOF measurements, and to determine theprimary 
ollision vertex position to an a

ura
y of approximately 1 
m. In addition, theBBCs o�er a measurement of the 
harged parti
le multipli
ity at large pseudo-rapidity,outside of the a

eptan
e of the multipli
ity 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 ea
h sideof the nominal IP and 
over a pseudo-rapidity of 2:2 < j�j < 4:6. Ea
h array is 
omposedof two types of tubes: small tubes for a �nely segmented dete
tion and larger sized tubeswhi
h dete
t on average more parti
les at a time than small tubes. Half of the rightarray is missing in order to let parti
les 
y toward the FS. When 
harged parti
les hit theBBC radiators, they emit �Cerenkov photons if their velo
ity v > 
=n, where the refra
tiveindex of the radiators n � 1:5. The assumption that the parti
les travel with the speedof light 
 toward both arrays allows the 
ight times to be 
onverted into a distan
e fromwhi
h 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 
onstru
ted from the TDC results after transittime 
orre
tion. D is the distan
e between left and right array and z the displa
ement 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 mu
h more prone to ba
kgroundand the event is therefore ignored if the IP is determined by su
h a method in the Au+Audata analysis. The algorithm of vertex and start-time determination by using BBCs isdes
ribed in detail in [95℄.Zero degree 
alorimetersThe ZDCs, whi
h are 
ommon to all RHIC experiments, are designed to measure theluminosity of the 
olliding beams. This 
apability allows the beam operators to tune thema
hine and provides a means to 
ompare results between di�erent experiments. Thetwo ZDCs are lead{tungsten 
alorimeters positioned at 18 m on ea
h side of the nominalIP, behind the fo
using DX magnets so that 
harged parti
les emitted from the rea
tionalong z are bent away by the DXs and only 
harge neutral parti
les, mainly spe
tator39



neutrons, 
an rea
h the ZDCs. The ZDCs provide both energy and time signals. Thetime di�eren
e between the two ZDCs 
an be used to measure the position of the primaryintera
tion vertex with a resolution of �IP = 2:8 
m. By requiring that it 
oin
ides withthe IP determined by BBCs, events where the IP positions are in
onsistent, supposedlybe
ause of ba
kground signals, 
an be identi�ed and reje
ted. The energy signal 
anbe used to dedu
e the impa
t parameter of the event be
ause the neutron multipli
ityis 
orrelated with the event geometry. In the BRAHMS experiment, the 
oin
iden
e ofboth ZDCs serves as minimum bias trigger in Au+Au 
ollisions.Inelasti
ity 
ountersThree pairs of INEL Counters were used to establish a minimum bias trigger for d+Au andp+p 
ollisions in 2003 runs by dete
ting 
harged parti
les in the pseudo-rapidity range of3:2 < j�j < 5:3. The INEL 
ounter 
onsists of a plasti
 s
intillator ring that is segmentedinto four pie
es and arranged around the beam pipe. The 
ounters 
orresponding to theinnermost utilized pair are lo
ated 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 parti
les hitting the left and right arrays in 
oin
iden
e it is possible to determine theintera
tion vertex with a resolution of � 5 
m. The INEL trigger is estimated to sele
t91� 3% of the d+Au inelasti
 
ross se
tion and 71� 5% of the total inelasti
 p+p 
rossse
tion a

ording to GEANT simulations.Event triggerThe BRAHMS trigger system, or simply trigger, determines whether an event shouldbe re
orded by the Data A
quisition (DAQ) system. For the Au+Au 2001 run, theimplemented trigger logi
 is only based on inputs from the global dete
tors, due to therelatively low event rate. Table 3.1 summarizes the event trigger 
onditions applied duringthe data taking in 2001.Trigger Id Condition1 BBC 
oin
iden
e NL > 2 AND NR > 22 BBC 
oin
iden
e NL > 1 AND NR > 13 Multipli
ity trigger (TMA energy threshold)4 ZDC 
oin
iden
e and energy threshold5 Vertex trigger (ZDC) ! jzIP j < 25 
m6 Trigger 3 AND Trigger 57 Pulser trigger for pedestal runs8 1 Hz syn
hronization 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, respe
tively.Due to the low number of tra
ks per p+p and d+Au 
ollisions, it is essential to deployspe
trometer triggers to e�e
tively sele
t events with tra
ks in the spe
trometers. Inaddition to INEL 
ounters used to develop a minimum bias trigger for d+Au and p+p
ollisions, two start trigger and timing 
ounters have been added to the dete
tor system.40



One is a 3 slat 
ounter (TD1) in front of D1, the other 
alled TMrsT0 is a 4 slat 
ounterjust a
ross the front of TPM1. Signals from these 
ounters 
ombined with signals fromhodos
opes form highly eÆ
ient spe
trometer 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 
oin
iden
e 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 syn
hronization 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, respe
tively.A re
orded event is thus 
hara
terized 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 s
ale-down fa
tor is met for the 
orrespondingtrigger. For example, if trigger 5 events are s
aled down by fa
tor of 2000, then every2000 times the trigger 5 
ondition is ful�lled bit 12 will be set to 1 and the event will bere
orded by the DAQ system.3.1.2 Tra
king Dete
torsSeveral TPCs and Drift Chambers (DCs) are dedi
ated to tra
king, i.e. to the re
onstru
-tion of the traje
tory of 
harged parti
les through the spe
trometer. Firstly tra
king isdone in all tra
king 
hambers and lo
al tra
ks are found. By mat
hing the lo
al tra
ksa
ross a dipole magnet using simple geometri
al 
onstraints, a global tra
k is identi�edas a 
olle
tion of mat
hed lo
al tra
ks between di�erent tra
king 
hambers. From thebending angles in ea
h magnet the momentum of the parti
le 
an be determined.Time proje
tion 
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 parti
le traje
tories with highposition resolution. When a 
harged parti
le passes through the TPC, it will lose energyby ionizing the gas and 
reate ele
trons along its traje
tory. Ele
trons 
reated by ioniza-tion then drift toward the top due to a homogeneous ele
tri
al �eld inside the TPC a
tivevolume. At the very top the ele
trons are qui
kly a

elerated toward an anode wire at+1200 V to 
reate an avalan
he. The anode wires 
olle
t these ele
trons and the ion 
loudindu
es a signal on the readout pad-row. When the drift velo
ity vdrift of the ele
tronsis 
onstant, the drift time is proportional to the drift distan
e. The mapping of row, padand time leads to three-dimensional spa
e points. Figure 3.2 shows s
hemati
ally the41



prin
iples of a TPC. The main 
hara
teristi
s of the four BRAHMS TPCs are given inTable 3.3. Detailed des
ription of the TPCs 
an be found in [93℄.
Field wireAnode wire

Cathode grid

Gating grid

Particle trajectory

E

Read out pad

Figure 3.2: S
hemati
 pi
ture of the TPC readout plane and ele
tron 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 
hara
teristi
s 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 ele
tron drift velo
ity along the drift lines (y dire
tion) and the h�is are the one-parti
le 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.Ea
h of them is 
omposed of three modules with 8-10 dete
tion planes, whi
h 
onsistof planes of anode/
athode wires and �eld wires. The wire dire
tions are x; y; u and v,where x is in the horizontal dire
tion and y in the verti
al dire
tion, while u and v are+ and �18Æ relative to the y-dire
tion. Ea
h 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 parti
le traverses the dete
tor it ionizes the gas and the liberatedele
trons drift to the anode wire along the ele
tri
al �eld line indu
ed by the �eld and
athode wires. Near the anode wire an avalan
he of ele
tron-ion pairs will take pla
e anda signal will be indu
ed in the anode wire. When the drift time in the DC is known the42



position of the tra
k in the dire
tion perpendi
ular to the wires 
an be determined witha position resolution � ' 100 �m. By 
ombining tra
k position in di�erent plane a lo
altra
k 
an be re
onstru
ted. More details on the DC design and performan
e 
an be foundin [96℄.Lo
al tra
kingThe BRAHMS tra
king 
hambers measure pie
es of 
harged parti
le traje
tories that
onsist of sets of points 
alled tra
k hits. The lo
al tra
king is by de�nition the 
onstru
-tion of these points and the subsequent linear �t leading to straight tra
k segments in the
hamber. The TPC lo
al tra
king has been des
ribed in great detail in [14℄ and the DCtra
king has been explained in [96℄.Tra
k mat
hing and momentum determinationAfter lo
al tra
king in the TPCs and DCs, the straight line lo
al tra
ks, found in thetra
king dete
tors, are mat
hed in the intervening magnet and the parti
le momentum isdetermined using an e�e
tive edge approximation1. When the entran
e and exit points ofthe magnet are known for a pair of tra
ks, a mat
hing plane is by de�nition 
entered atthe mid-point between the entran
e and exit, perpendi
ular to the horizontal 
omponentof a line 
onne
ting the entran
e and exit, see Figure 3.3. Ea
h lo
al tra
k is proje
tedto the mat
hing plane, and the verti
al position y, the verti
al slope2 �y and the polarangle � (in xz plane) of the tra
k with respe
t to the mat
hing plane are 
al
ulated. Thetra
ks are then mat
hed in these three parameters by requiring that the di�eren
e ofea
h variable is within a 3� 
ut, where the width is found by �tting the di�eren
e with aGaussian. The tra
k mat
hing has been des
ribed in more detail in [14, 95℄.
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track in

Figure 3.3: S
hemati
 view of tra
k mat
hing.1The e�e
tive edge approximation assumes that the magneti
 �eld outside the physi
al gap is thesame as inside su
h that the integral Bdl is the same as the measured.2It is the di�eren
e of y positions between interse
tion point and the entran
e (exit) divided by thedistan
e between interse
tion point and the entran
e (exit).43



If the lo
al tra
ks are mat
hed up the momentum 
an be 
al
ulated assuming a unit
harge 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�e
tiveedge approximation, �out and �in are de�ned as in Figure 3.3, and �y is the averagedverti
al slope of the tra
ks. 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 dete
torsIn BRAHMS there are two types of PID dete
tors, TOF dete
tors and �Cerenkov de-te
tors. By 
ombining the momentum and the 
orresponding TOF or �Cerenkov signalappropriately, one 
an determine the parti
le mass based on:p = m�
p1� �2 ; (3.6)where m is the mass and � = v=
 the velo
ity of the parti
le.TOF dete
torsThere 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 verti
al plasti
 s
intillator slatsreadout by a PMT at ea
h end of ea
h slat. When the path length l of the tra
k isdetermined and the time-of-
ight has been measured, the velo
ity 
an be 
al
ulated as� = l=
tTOF, where tTOF is the time of 
ight. On
e the parti
le velo
ity � and momentump are known, the mass squared m2 
an be 
al
ulated (in 
 = �h = 1) as:m2 = p2( 1�2 � 1): (3.7)So, in order to extra
t a meaningful PID from the TOF information, it is essential todetermine the path length and as well as the start time.3The se
ond 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 dete
torsIn the FS, two �Cerenkov dete
tors are used to extend the PID 
apability to higher mo-mentum. When a 
harged parti
le traverses a medium of index of refra
tion n > 1 itemits light if its velo
ity v ex
eeds the speed of light in the medium. The light emissionangle �
h is 
os �
h = 1�n � 1: (3.8)Thus, 
harged parti
les emit �Cerenkov light above well de�ned momentum thresholds,pth = mpn2 � 1 ; (3.9)whi
h depends on the parti
le mass m and the refra
tive index. The higher the parti
lemass, the higher the momentum threshold; the larger the index of refra
tion, the lowerthe momentum threshold. The number of �Cerenkov radiated photons when a 
hargedparti
le 
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, whi
h is lo
ated behind H1, 
an beused to dis
riminate 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), whi
h is situated at the far end of the FS in a low multipli
ity en-vironment of one or two tra
ks per event, 
an extend the PID 
apability to very highmomenta. In the RICH the light emitted by 
harged parti
les is fo
used by a spheri
almirror at the ba
k of the dete
tor as a ring onto a �nely segmented image plane orientedat twi
e the mirror's fo
al angle and lo
ated at a distan
e equal to the fo
al 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 fo
al length of the spheri
al mirror. Together with Eq. 3.8 a relationbetween the ring radius, the momentum p, the refra
tive index n and the mass m is givenas r = Lqn2�2 � 1= Ls n2p2p2 +m2 � 1: (3.12)Above the momentum threshold a 
harged parti
le with smaller mass will give a biggerring with a 
ertain momentum as shown in Figure 3.5.The RICH dete
tor 
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 3.4: Left: S
hemati
 side view of RICH. Right: A re
onstru
ted ring in the RICHdete
tor.
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Figure 3.5: Ring radius versus parti
le momentum with n = 1:00190 for di�erent parti
letypes 
al
ulated by using formula 3.12.3.2 Data AnalysisData presented here were 
olle
ted during 2001 for Au+Au 
ollisions and 2003 for d+Auand p+p 
ollisions at psNN = 200 GeV. This se
tion des
ribes the pro
edure from datasele
tion to the dedu
tion of the high pT spe
tra at mid-rapidity (� = 0) and forwardrapidity (� = 2:2) for 
harged pions and (anti-)protons.3.2.1 Data Sele
tionEvent sele
tion and 
entralityTrigger 5 and trigger 6 events as de�ned in Table 3.1 are sele
ted for Au+Au 
ollisions.Trigger 5, whi
h sele
ts events in a vertex range of -25 
m to 25 
m from the nominateIP, is based on a narrow time di�eren
e 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 multipli
ity array 
orresponding to the � 20% most 
entralevents. The 
entrality distribution4 of su
h 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 sele
ted. The 
orresponding values of hN
olli and hNparti are listed inTable 3.4 for the four di�erent 
entrality 
lasses based on HIJING model 
al
ulations.
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Figure 3.6: Centrality distribution of trigger 5 (left) and 6 (right) events for Au+Au
ollisions at psNN = 200 GeV.Centrality hN
olli 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 hN
olli and hNparti forAu+Au 
ollisions at psNN = 200 GeV.Be
ause of the trigger eÆ
ien
y limits and vertex dependen
e of the geometri
al a
-
eptan
e of the spe
trometers, a 
ut on the lo
ation of the 
ollision vertex has to beapplied. Only events within the range of jzvtxj < 20 (15) 
m are sele
ted for the FS(MRS) analysis. As shown in Figure 3.7, the vertex positions determined by the ZDCsand BBCs are strongly 
orrelated, events are reje
ted if the vertex zZDC is not 
onsistentwith zBB. A 3� 
ut on the di�eren
es (zBB � zZDC) is applied for ea
h run based on aGaussian �t around the mean di�eren
e 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 sele
ted for the present analysis. Trigger 2 and 3 are spe
trometer4Centrality is determined from the 
harged-parti
le multipli
ity obtained from MA and the determi-nation pro
edures are detailed in [94℄ 47
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Figure 3.7: Correlation between vertex measurements by BBCs and ZDCs.triggers triggering respe
tively on FS and MRS tra
ks, 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 their
orresponding values of hN
olli 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.Tra
k sele
tionIn order to remove ba
kground or se
ondary parti
les, tra
ks are extrapolated ba
k to thebeam pipe line and required to originate within a given distan
e from the IP determinedby BBCs for Au+Au or INEL 
ounters for d+Au and p+p 
ollisions. To determine the
ut 
ondition all tra
ks are proje
ted ba
k to a plane 
ontaining the IP. As shown inFigure 3.9, the plane is x = 0 for MRS tra
ks and z = zIP for FS tra
ks, where zIP is48



Centrality hN
olli 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 hN
olli and hNparti for d+Au
ollisions at psNN = 200 GeV.vertex position determined by BBCs or INEL 
ounters5. The interse
tion point is usedas tra
k vertex.
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Figure 3.9: Tra
k proje
tion to primary vertex planes. The interse
tion point is used astra
k vertex. The �gure is taken from [95℄.For both MRS and FS tra
ks, the tra
k vertex is 
ompared to the vertex (0; 0; zIP)determined by BBCs or INEL 
ounters and the di�eren
es in ea
h dimension are �ttedwith a Gaussian to obtain the means and standard deviations. Finally a 3� two dimen-sional ellipti
al 
ut6 is applied on a run-by-run basis in order to minimize the e�e
t ofthe 
u
tuations in y. Figure 3.10 illustrates the sele
tion pro
edure for MRS tra
ks. Itis the same for FS tra
ks but a 
ut on x instead of (ztrk � zIP).In addition, when the lo
al tra
ks are mat
hed in a magnet the tra
ks are required topropagate through the magnet without getting 
loser than 1 
m to the side of the magnet5The reason to use two di�erent plane is be
ause the resolution along z gets worse as the polar angleof tra
ks de
reases.6That is, for example, (x�<x>�x )2 + (y�<y>�y )2 � n2� , where n� is the number of sigma 
ut.49
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Figure 3.10: Primary tra
k sele
tion pro
edure. Top: The di�eren
es between tra
k vertexand BB vertex are �tted with a Gaussian. Bottom: The left panel shows the distributionof the di�eren
e between tra
k vertex and BB vertex for a setting 90B1000ba
k, wherethe MRS is positioned at 90 degrees and moved ba
k 50 
m with D5 on B polarity and 1kGauss magneti
 �eld, in Au+Au 
ollisions. The right panel shows the sele
ted tra
ks bya 3� ellipti
al 
ut.gap. The reason to apply su
h a magnet �du
ial 
ut is that the 
on�den
e in tra
k
ombination is low due to tra
k dire
tion un
ertainties, espe
ially along the y dire
tionbe
ause the drift velo
ity 
lose to the TPC edges is not perfe
tly uniform [14, 95℄. Thesemagnet �du
ial 
uts have also been taken into a

ount when geometri
al a

eptan
e
orre
tions of the spe
trometers are 
al
ulated.3.2.2 Parti
le Identi�
ation with TOF Dete
torsTOF PID is done by �rst mat
hing TOF hits to tra
ks whose momenta are known.Slats interse
ted by sele
ted tra
ks are inspe
ted to 
he
k if they 
ontain valid TOF hits.On
e hits are mat
hed to tra
ks, the tra
k path lengths7 
an be �nally determined and7For Au+Au 2001 run, the tra
k path length is the tra
k traje
tory from the 
ollision vertex to thehit position of the TOF wall, while for d+Au and p+p 2003 run, it is the tra
k traje
tory from the hitposition of the start 
ounter (TD1 or TMrsT0) to the hit position of TOF wall.50



hodos
ope 
alibrations 
an be performed. The TDC 
alibration leads to the parti
le time-of-
ight. The pro
edures of the tra
k path length determination, hodos
ope 
alibrationsand the time-of-
ight determination have been des
ribed in detail in [95℄.By 
ombining of measurements of the time-of-
ight, 
ight path length and momentum,the 
harged parti
le 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. The
harged parti
le identi�
ation is then performed using 
uts in m2 and momentum spa
ea

ording to the TOF m2 resolution.The TOF m2 resolutionThe PID 
apability of TOF dete
tors is strongly dependent on momentum, time andtra
k path length resolutions. In order to qualify the PID resolution, the equation of m2as a fun
tion of p and � is di�erentiated with respe
t to p and �. It then follows fromthe error propagation that the TOF m2 resolution �m2 
an be expressed as��m2m2 �2 = 4�2pp2 + 4
4�2��2 ; (3.14)where 
 = 1=p1� �2, �p and �� are the resolution of momentum and �, respe
tively.The momentum resolution 
an be parameterized as�2pp2 = p2�2� + (1 + m2p2 )�2ms; (3.15)where �� depends on the angular resolution of tra
ks 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 s
attering e�e
t. 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 forea
h spe
ies are sli
ed 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 A700ba
k B700ba
k B1000 B1000ba
k�� � 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�eren
e settings where the MRS is at 90degrees for Au+Au 
ollisions at psNN = 200 GeV.typi
al tra
k 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 
al
ulated 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 spa
eare imposed for ea
h parti
le spe
ies. Protons 
an be well separated from kaons up to3.2 GeV/
, while for pions above 2 GeV/
 an asymmetri
 PID 
ut is applied to redu
ethe kaon 
ontamination of the pions. As shown in Figure 3.11, the overlap regions whi
hare within the 2� 
uts for both pions and kaons are ex
luded. 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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Figure 3.11: m2 versus momentum multiplied by 
harge distribution for the TOFW at 90degrees in Au+Au 
ollisions at psNN = 200 GeV. The 
urves are the 2� 
urves used tosele
t pions, kaons and protons.In addition, for the MRS lower momentum 
ut-o�s are also applied: 0.4 GeV/
 forpions and 0.6 GeV/
 for protons and anti-protons. The 
ut-o� value for p and �p is largerthan that for pions due to the large energy loss e�e
t.For the FS PID in the present Au+Au analysis, only H2 is used for two low magneti
settings, A427 and A843 at 12 degrees. Figure 3.12 illustrates the PID 
apability of H252



for the data set A427. With 2� 
uts pions and protons are separated from kaons up to 4.2and 7.1 GeV/
, respe
tively. Sin
e the momentum threshold is 7.9 GeV/
 for kaons toresult in a ring in the RICH with gas refra
tive index of 1.00196, we apply an asymmetri
PID 
ut for proton identi�
ation above 7 GeV/
. The overlap regions whi
h are within2� 
uts for both protons and kaons are ex
luded. 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 statisti
s and small geometri
al a

eptan
ebelow the 
ut-o� value.
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Figure 3.12: m2 versus momentum multiplied by 
harge distribution for H2 at 12 degreesin Au+Au 
ollisions at psNN = 200 GeV. The data set is A427.By 
omparing an 1.6� sele
tion with the 2� sele
tion it was found that the ratios havelittle momentum dependen
e. The ratios for pions and protons were within 2-3% and 2-5% of the 93.3% expe
ted from a Gaussian distribution, respe
tively. The 
entralitydependen
e of the width and the mean position of the m2 has also been 
he
ked forAu+Au 
ollisions. There is no 
lear di�eren
e between 
entral and peripheral 
ollisions.For d+Au and p+p 2003 runs, the parti
le 
ight path length is 
al
ulated from thehit position in the spe
trometer trigger 
ounter, i.e. TMrsT0 in the MRS or TD1 inthe FS, to the hit position in the TOF wall; same for the time-of-
ight. Be
ause thetiming resolution of the TMrsT0 and TD1 is worse than that of BBCs whi
h are used todetermine the start time in Au+Au 
ollisions, the PID 
apabilities of TOF walls in d+Auand p+p 2003 runs are not as good as those in Au+Au 2001 runs. With the TOFW pionsand protons 
an only be separated from kaons up to 1.6 and 2.6 GeV/
 respe
tively byapplying 2� standard deviation PID 
uts. In the present analysis, an asymmetri
 PID 
utis imposed for pion and proton identi�
ation above 1.6 and 2.6 GeV/
, respe
tively. The
orresponding upper momentum 
ut-o�s for pions and protons are 2.2 and 3.3 GeV/
. Inthe FS, in addition to H2, the RICH is used for pion and proton identi�
ation.53



3.2.3 Parti
le Identi�
ation with the RICHIn the FS, the RICH is used for high momentum 
harged parti
le identi�
ation by 
om-bining the measurement of the ring radius and the momentum.Index of refra
tionSin
e the momentum threshold for 
harged parti
les emitting �Cerenkov light and also theradius of the ring depend on the index of refra
tion of the radiator, it is important tohave a well determined and stable refra
tive index. Unfortunately there was a leakageof gas in the RICH dete
tor whi
h lead to a deviation of the refra
tive index from themeasured value (n = 1:00203) when the �lling of the radiator was 
ompleted.In order to determine the index of refra
tion of the radiator during 
ertain runs, pre-identi�
ation of pion is done with a guessed index of refra
tion, 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 ofrefra
tion 
an be 
al
ulated a

ording ton = q(r=L)2 + 1� ; (3.18)where � = p=pm2 + p2. Figure 3.13 shows the refra
tive index determined in su
h a wayfor data set A843 at 12 degrees for Au+Au and p+p 
ollisions at psNN = 200 GeV,respe
tively. The index of refra
tion for di�erent data sets is tabulated in Table 3.7. Ind+Au 
ollisions, the indi
es of refra
tion are 1.00187(1.00186) from run number 8375 to8389 and 1.00173 from run number 8547 to 8632. The di�eren
e is signi�
ant for di�erentrun periods.
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Figure 3.13: Index of refra
tion for the RICH radiator 
al
ulated from pre-identi�ed pions.Left: data set A843 at 12 degrees in Au+Au 
ollisions at psNN = 200 GeV. Right: dataset A843 at 12 degrees in p+p 
ollisions at psNN = 200 GeV.The RICH PID resolutionThe RICH PID is performed by using the 
ombination of two measurements, the ringradius from the RICH and the momentum, together with the determined refra
tive index54



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 refra
tion 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 indi
es of refra
tionare 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 
al
ulated a

ording to the followingformula, m2 = p2 " n2( rL)2 + 1 � 1# ; (3.19)where L is the mirror fo
al length and r is the ring radius. Similar to the TOF PID, the
harged parti
le identi�
ation by RICH is performed using a 
ut in the m2 and momentumspa
e.The PID 
ut is based on a parameterization of the measured m2 width as a fun
tionof 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 tra
k angular resolution and �eld setting, �ms takes into a

ountmultiple s
attering e�e
t, �n is the relative un
ertainty of the refra
tive index and �r isthe radius resolution, 
ov(p; n) and 
ov(r; n) are the 
ovarian
es of p and n and of r and n,respe
tively. These 
ovariant terms rise be
ause the index of refra
tion is extra
ted fromthe same data set, otherwise they should be zero. The RICH PID 
apability is thereforestrongly dependent on the momentum resolution, the un
ertainty of the refra
tive indexand the un
ertainty 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 typi
al value for �r is 0.45 
m, whi
his 
onsistent with the value estimated in the BRAHMS Con
eptual Design Report [97℄.By 
omparing a 2� 
ut sele
tion with the 3� sele
tion, the ratios show no momentumdependen
e and are within 1-3% of the 95.5% expe
ted from a Gaussian distribution.Also shown in the �gure is the threshold 
urve whi
h is de�ned by Eq. 3.19 with r = 0and given as m2 = p2(n2 � 1): (3.21)55
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Figure 3.14: Mass squared versus momentum distribution for data set A843 at 12 degreesin Au+Au 
ollisions at psNN = 200 GeV. The lines indi
ate the RICH 3� standarddeviation PID 
uts, from bottom to top, for pions, kaons and protons.In addition protons are also identi�ed indire
tly, that is, parti
les with momenta largerthan the kaon momentum threshold and zero ring radii are identi�ed as protons. Thelower momentum 
ut-o� for proton identi�
ation is 9 GeV/
, whi
h is 1 GeV/
 away fromthe kaon threshold and the ineÆ
ien
y for pion and kaon identi�
ation is expe
ted to beless than 3%. Figure 3.15 shows the ring radius versus momentum distribution measuredby the RICH before and after the PID 
uts applied.3.2.4 Corre
tionsIn order to get 
orre
t parti
le spe
tra, 
orre
tions for (1) the geometri
al a

eptan
e,(2) in-
ight de
ays for pions and kaons, (3) the e�e
t of multiple s
attering, (4) nu
learintera
tions with materials in the dete
tor (in
luding anti-proton absorption), and (5)dete
tion ineÆ
ien
y of dete
tors have to be applied. Most of these 
orre
tions areevaluated by using BRAG, a GEANT [98℄ based Monte Carlo simulation program ofthe BRAHMS dete
tor. The single 
harged parti
le tra
ks are passed to GEANT andpropagated through the dete
tor elements. The output, whi
h 
ontains information onthe position and momentum of the parti
les and their hits in the a
tive dete
tors, is thendigitized8 and passed through the event re
onstru
tion software whi
h is used for the realdata.8Digitization is user-de�ned information simulating the response of a given dete
tor element.56
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Figure 3.15: RICH ring radius versus momentum distribution before and after PID 
utsapplied. The s
atter-plot shows all tra
ks asso
iated with a RICH ring. Fully identi�edparti
les are shown in open 
ir
le (pion), re
tangle (kaon) and triangle (proton), respe
-tively. The data set used is the same as in Figure 3.14.Geometri
al a

eptan
eThe a

eptan
e is purely geometri
al and is 
al
ulated by simulation. A 
at distributionin momentum p, � and �, of single parti
les is generated in a solid angle subtended by themagneti
 gap from a 
ertain vertex bin9. In the simulation, these parti
les are propagatedthrough the dete
tors to see if they 
an su

essfully be re
onstru
ted by 
ertain dete
torsdepending on whi
h PID dete
tor is used in the real data analysis. The a

eptan
e isthen determined in ea
h (y; pT ) or (�; pT ) bin by dividing the re
onstru
ted output bythe generated input as expressed as follows:�a

(y; pT ) = Number of re
onstru
ted tra
ksNumber of generated tra
ks � ��2� ; (3.22)where y and � denote rapidity and pseudo-rapidity, respe
tively. The ��=2� re
e
ts thatparti
les are only generated in an angle interval �� whi
h 
overs 
ompletely the verti
alaperture of the �rst magnet in the spe
trometer. The resulting 
orre
tion fa
tors 1=�a

are then applied to the data in ea
h (y; pT ) or (�; pT ) bin and for ea
h individual spe
ies10.The pro
edure to generate the a

eptan
e map is well des
ribed in [14℄. An example ofa

eptan
e for �� and �p is shown in Figure 3.16 for MRS setting B1000 at 90 degrees andFS settings at 12 degrees. The 
olor 
ontours represent the a

eptan
e magnitudes. Inall setting used in present analysis, the relative statisti
al error introdu
ed by a

eptan
e
orre
tion is at most � 4% when the edges of the a

eptan
e ex
luded.9The vertex ranges are �20 
m for FS and �15 for MRS and are divided into bins of 5 
m.10In (�; pT ) spa
e a

eptan
es are the same for all spe
ies, but in (y; pT ) spa
e they are di�erentbe
ause rapidity y depends on mass. 57
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Figure 3.16: �� and �p a

eptan
es in (pT ; y) of the MRS setting 90Æ B1000 (left) and theFS settings at 12Æ (right).Tra
king eÆ
ien
yThe tra
king eÆ
ien
y of TPCs has been studied by embedding simulated tra
ks into realevents [99℄. Alternatively a referen
e tra
k method [100℄ has been developed to study thetra
king eÆ
ien
ies of the tra
king 
hambers in the forward spe
trometer.1. Tra
k Embedding. The simulated tra
ks with well de�ned momentum and identityare digitized and merged into a real event at the raw data level. The raw data withembedded tra
k are then passed through the same tra
k re
onstru
tion pro
edurein
luding 
luster �nder, 
luster de
onvolution and tra
k �nder [14℄ as for real events.The tra
king eÆ
ien
y �tr is then determined as a fun
tion of the number of hits inthe TPCs for the event as�tr = Number of re
onstru
ted embedded tra
ksNumber of embedded tra
ks : (3.23)As shown in Figure 3.17, the eÆ
ien
y 
urves turn out to be linear and the eÆ
ien
yde
reases as the number of hits in
rease. When the 
orre
tions are applied inthis manner there is no momentum dependen
e. The momentum dependen
e wasstudied in [99℄ and it turns out that the dependen
e observed is related to multiples
attering whi
h will be separately 
orre
ted for. These eÆ
ien
y 
urves are usedfor di�erent 
entrality 
lasses sin
e the number of total TPC hits is related to theevent 
entrality.2. Referen
e Tra
k Method. In su
h an approa
h the eÆ
ien
y of a given tra
kingdevi
e is studied by 
omparing the number of mat
hed tra
k segments in the tra
k-ing dete
tor under study to the number of referen
e tra
ks re
onstru
ted by other58
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Figure 3.17: MRS global tra
king eÆ
ien
y estimated by the tra
king embedding methodfor pions and protons as a fun
tion of total hits in TPM1 and TPM2. The �gure isre-produ
ed from [99℄.tra
king dete
tors ex
ept the one under study. The tra
king eÆ
ien
y for the givendete
tor is then de�ned as�tr = Number of well mat
hed tra
k segmentsNumber of referen
e tra
ks : (3.24)The referen
e tra
k is 
onstru
ted by mat
hing tra
k segments in x and y the sameway as tra
k mat
hing for momentum determination. On
e the referen
e tra
k ismade, it is extrapolated to the mid-plane of the tra
king dete
tor under study. If thedeviation in positions at the mid-plane of the tra
king dete
tor and slopes betweenthe extrapolate tra
k and the tra
k segment is within 
ertain mat
hing 
uts e.g.3�, the tra
k segment is then to be identi�ed as well mat
hed. This pro
edure hasbeen applied for ea
h data set and studied as a fun
tion of 
entrality for Au+Au
ollisions and horizontal tra
k position in the mid-plane and slope. To apply thetra
king eÆ
ien
y 
orre
tion, the dependen
e on momentum has been studied andno 
lear momentum dependen
e is found. Table 3.8 lists the FS tra
king eÆ
ien
iesfor di�erent data sets used in the present analysis when FS sits at 12 degrees. Ford+Au 
ollisions, within the tra
king eÆ
ien
y un
ertainty there is no 
entralitydependen
e. By this pro
edure the parti
le type dependen
e has not yet beeninvestigated.For the present analysis, the tra
k embedding eÆ
ien
ies are used for MRS data, whilethe eÆ
ien
ies obtained from the referen
e tra
k method are used for FS data.PID eÆ
ien
yFor PID dete
tors 
orre
tions for the dete
tion ineÆ
ien
y and for the PID 
uts have to beapplied. For the RICH dete
tor we applied 3� PID 
uts whi
h 
orresponds to 99.7% of theparti
le yields, while for time-of-
ight \walls" 2� standard PID deviation 
uts are appliedand above the K=� and p=� separation momenta the 
uts are applied asymmetri
ally.59



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 tra
king eÆ
ien
ies for p+p, d+Au and 
entrality sele
ted Au+Au 
ollisionswith the FS at 12 degrees for setting A427, A843, A1692 and A2268.Figure 3.18 shows the inverse PID 
ut 
orre
tions applied to ea
h identi�ed pion byTOFW for MRS setting 90Æ B1000 in Au+Au 
ollisions.
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Figure 3.18: Inverse of PID 
ut 
orre
tions applied to ea
h identi�ed pion by TOFW forMRS setting 90Æ B1000 in Au+Au 
ollisions.The dete
tion eÆ
ien
y of time-of-
ight \walls" has been investigated by dividing thedistribution of hits asso
iated to valid tra
ks by the distribution of the number of timesvalid tra
ks interse
t the slats by extrapolation. The slats in the TOFW show a 
onstanteÆ
ien
y of � 93�2% when bad slats are ex
luded, and H2 a
hieves a 
onstant eÆ
ien
yof � 98� 1% [14, 95℄. In addition to the slat eÆ
ien
y there is also a 
orre
tion for hitsthat are ignored be
ause multiple tra
ks are pointing to the same slat. This e�e
t dependson the tra
k density and was found negligible for the TOFW and H2 [14℄.The RICH dete
tion eÆ
ien
y has been studied via simulation by using BRAG.The simulated 
harged pion tra
ks (with only energy loss swit
hed on) are passed toBRAG. Digitized simulation data are merged with raw ba
kground events and then passedthrough the event re
onstru
tion and parti
le identi�
ation pro
edure. In this simulationthe response of the RICH dete
tor is tuned to mat
h the real data. The refra
tive indexof the RICH radiator and the PID 
uts used are the same as for real data. Figure 3.19shows the RICH PID eÆ
ien
y for setting 12Æ A427. Above 3 GeV/
, the RICH PIDeÆ
ien
y is � 97%. Also shown in the �gure is the RICH dete
tion eÆ
ien
y estimated60



by using identi�ed pions, whi
h is limited to the momentum range 
ommon to H2. Sin
epions might de
ay after H2, su
h a pro
edure underestimates the RICH dete
tion eÆ-
ien
y but provides a lower limit. In [14℄, the RICH ineÆ
ien
y has been studied by usingH2 to study the di�eren
e 1=� � 1=�proton, where 1=� is measured by H2 and 1=�protonis the theoreti
al value for proton with a 
ertain momentum. It is found that the RICHineÆ
ien
y is � 3% for all settings whi
h is 
onsistent with the PID eÆ
ien
y estimatedby simulation.
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Figure 3.19: RICH dete
tion eÆ
ien
y estimated by simulation (bla
k solid line) and byusing pions identi�ed in H2 (red dashed line).Sin
e the RICH dete
tion eÆ
ien
y solely depends on � it is assumed in this analysisthat the RICH eÆ
ien
y is 97% above a momentum 2:8 GeV=
 for pions and 10 GeV=
for kaons. For protons identi�ed by the indire
t method the 
ontamination of protonsfrom pions and kaons is then estimated by multiplying the total pion and kaon yieldsin ea
h momentum bin by the RICH ineÆ
ien
y, i.e. 3%. Table 3.9 lists the average
ontamination fa
tors for protons in the momentum range of 10-18 GeV/
 by pions andkaons due to the RICH ineÆ
ien
y when the FS sits at 12 degrees. For Au+Au 
ollisions,the 
entrality dependen
e is not 
lear be
ause the error is rather large due to la
king ofstatisti
s. In this analysis, a 
ontamination fa
tor of 5% is assumed for all 
entralitiesand the un
ertainty thus goes to systemati
 errors. However, the 
ontaminations aresigni�
ant for d+Au and p+p 
ollisions be
ause the anti-proton yield is lower than thatin Au+Au 
ollisions.Au+Au 0-10% Au+Au 10-20% Au+Au 20-40% Au+Au 40-60% d+Au p+p6.5�3.4% 4.6�3.2% 5.0�4.4% 3.5�6.4% 22.4�6.7% 36.8�2.2%Table 3.9: Contamination fa
tors for protons in the momentum range of 10-18 GeV/
 bypions and kaons due to the RICH ineÆ
ien
y when the FS sits at 12 degrees.61



Corre
tions for de
ay, multiple s
attering and absorptionCorre
tions for pion de
ay in-
ight, multiple s
attering and (anti-)proton absorption werestudied by using BRAG. Single parti
les are passed from BRAG with and without thestudied physi
al pro
ess to the BRAHMS event re
onstru
tion 
hain whi
h in
ludes digi-tization of hits in the dete
tors, tra
k re
onstru
tion and parti
le identi�
ation. The same�du
ial 
uts, mat
hing 
uts and PID 
uts should be applied as for real data. Finally the
orre
tions were obtained by dividing the two simulation results in ea
h momentum binfor ea
h spe
ies as�se
(j; p)�1 = Number of re
onstru
ted parti
les with pro
ess onNumber of re
onstru
ted parti
les with pro
ess o� ; (3.25)where j is the parti
le spe
ies. The resulting 
orre
tions are then �tted with a fun
tionof a � b exp (�
p). Figure 3.20 shows the momentum dependen
e of the 
orre
tions fordi�erent spe
trometers. Due to additional trigger 
ounters used in p+p and d+Au 2003runs, additional 
orre
tions as shown in the lower panels have to be applied for multiples
attering and nu
lear intera
tions.
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Figure 3.20: Top panels illustrate 
orre
tions applied for MRS data at 90 degrees (left)and FS data at 12 degrees (right), respe
tively. Bottom panels are additional 
orre
tionsfor MRS (left) and FS (right) applied to p+p and d+Au data due to the additional trigger
ounters used.3.2.5 Building Parti
le Spe
traIn order to remove the vertex dependen
e, ea
h data set is divided into vertex bins of5 
m with the same vertex range as the a

eptan
e maps. For ea
h vertex bin v the62




orre
tion and raw data are 
onstru
ted in the form of two-dimensional histograms inpT and rapidity y (or pseudo-rapidity �) with the same binning as the a

eptan
e maps.To obtain the di�erential multipli
ity, a histogram 
ontaining all sorts of 
orre
tions andnormalizations is 
onstru
ted as�v(pT ; y) = �se
2�NevtÆpT Æy�a

�tr�pid ; (3.26)where subs
ript v denotes the vertex bin and Nevt the 
orresponding number of events,ÆpT and Æy are the bin sizes in pT and y, respe
tively. �a

, �tr, �se
 and �pid denotethe geometri
al a

eptan
e, tra
king eÆ
ien
y, se
ondary intera
tion 
orre
tion and PIDeÆ
ien
y. It is worthwhile to mention that Nevt for Au+Au analysis is the numberof trigger 5 or trigger 6 events depending on the event sele
tion 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 s
ale-down fa
tor when trigger 2 or trigger 3 is s
aled up properly11.Then, for ea
h data set s 
hara
terized by a spe
trometer angle and a magneti
 �eld, rawdata histograms for all vertex bins are added up dire
tly while the 
orre
tion histogramsare summed up a

ording to following equation�s(pT ; y) = 1Pv(�v(pT ; y))�1 : (3.27)The normalized and 
orre
ted 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 parti
les 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 ne
essary to
ombine data from several data sets. A weighted average of the di�erential yields fromdi�erent data sets is taken a

ording 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 
orre
tions 
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. On
ethe averaged two-dimensional histogram for di�erential yields is known, proje
tions 
an be11In 
ertain runs, trigger 2 or trigger 3 has been s
aled down, therefore the number of FS tra
ks orMRS tra
ks has to be s
aled up a

ordingly. 63



made in a narrow rapidity interval of width �y (as shown in Figure 3.21 interval betweenthe two lines), and the invariant spe
tra at a given rapidity range 
an be 
onstru
teda

ording 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 geometri
al a

eptan
e of the setting and thus those bins are ignoredfor both the data and the 
orre
tion. The right panel of Figure 3.21 shows the invariantspe
trum obtained for �+ at mid-rapidity in 0-10% 
entral Au+Au 
ollisions at ps = 200GeV.
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Figure 3.21: Left: Normalized �+ di�erential yields at mid-rapidity after several data setswere 
orre
ted and 
ombined. Right: Invariant yields of �+ at mid-rapidity in 0-10%
entral Au+Au 
ollisions at psNN = 200 GeV.12To be more a

urate, the pT value should be the weighted average of pT in ea
h bin. Then thisaverage should also be used when plotting the spe
tra. The e�e
t on the absolute parti
le yields wouldbe large, but should be minor on relative yields as presented in this thesis.64



3.2.6 Systemati
 Un
ertaintiesThe systemati
 errors in determining the parti
le spe
tra 
ome from the un
ertainties intra
k mat
hing and momentum determination, un
ertainties in the time-of-
ight mea-surements and ring radius re
onstru
tion pro
edure, and un
ertainties in the quality ofthe tra
king eÆ
ien
y and PID eÆ
ien
y estimations.Be
ause parti
le spe
tra are often obtained by the 
ombination of several data sets
overing the same phase spa
e, sets of pT spe
tra were made by using di�erent datasets and varying the 
uts applied in the data analysis. By studying the variation ofthe 
onstru
ted spe
tra, the systemati
 errors are estimated. They are shown separatelyfor di�erent 
olliding systems in the next 
hapter. The 
entrality dependen
e of thesystemati
 errors has not been investigated.
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Chapter 4Results and Dis
ussionIn this 
hapter the high pT results from the BRAHMS experiment will be presented and
ompared to other experiments and models.4.1 High pT Spe
tra of Protons and Charged Pions4.1.1 Au+AuFigure 4.1 shows the invariant pT spe
tra of �+ (left) and �� (right) at mid-rapidity forvarious 
entrality 
lasses of Au+Au 
ollisions at psNN = 200 GeV. For 
larity, the datapoints are s
aled verti
ally as quoted in the �gure. The error bars are statisti
al errorsonly. Systemati
 errors are estimated to be 13% for pT < 2 GeV/
 and 15% for pT > 2GeV/
. The pion spe
tra show an approximate power-law shape for all 
entrality bins.Figure 4.2 shows the invariant pT spe
tra of protons (left) and anti-protons (right) atthe same energy. The error bars are statisti
al only. Systemati
 errors are estimated tobe 14%. Feed-down 
orre
tions for � (��) have not yet been applied. Both p and �p spe
trashow a 
entrality dependen
e below 1.5 GeV/
, i.e. with in
reasing 
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 spe
tra for positively 
hargedparti
les are presented on the left panel and those for negatively 
harged parti
les on theright panel. The data show a 
lear mass dependen
e in the shape of the spe
tra. The pand �p spe
tra have a 
onvex shape, while the pion spe
tra have a 
on
ave shape. Theinverse slopes in
rease with the mass of the parti
les indi
ating 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 be
ome 
omparable to the pionyields, whi
h is also observed in 130 GeV Au+Au 
ollisions [101℄.To illustrate the di�eren
e between using pseudo-rapidity � and using rapidity y,Figure 4.4 shows the invariant pT spe
tra of 
harged pions and (anti-)protons at � = 0for the most 
entral 0-10% Au+Au 
ollisions. Compared to Figure 4.3, the Ja
obiantransformation e�e
t is rather large in parti
ular at the low pT region. From Eq. B.14in Appendix B, one 
an see that the Ja
obian e�e
t is the largest at the most 
entralrapidity region for the heaviest parti
le at lowest pT . The e�e
t be
omes smaller at67
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Figure 4.1: The invariant pT spe
tra of �+ (left) and �� (right) at mid-rapidity in Au+Au
ollisions at psNN = 200 GeV. The di�erent symbols 
orrespond to di�erent 
entralitybins. The error bars are statisti
al errors only. Systemati
 errors are estimated to be13% at pT < 2 GeV/
 and 15% at pT > 2 GeV/
. For 
larity, the data points are s
aledverti
ally as quoted.forward rapidity and high pT . At rapidity y = 2:2, the e�e
t is less than 4% for protonsat pT > 1 GeV/
.The invariant pT spe
tra for negatively 
harged pions and anti-protons at pseudo-rapidity � = 2:2 are shown in Figure 4.5 for four di�erent 
entralities. The error bars arestatisti
al only. Systemati
 errors are estimated to be 14% and 15% respe
tively for ��and �p.Compared to our published spe
tra for in
lusive 
harged hadrons in 0-10% 
entralAu+Au 
ollisions, Figure 4.6 shows that the presented results are 
onsistently around10% higher at mid-rapidity. On the 
ontrary, at � = 2:2 the presented data lie around 16%below the previously published results [102℄. One should note, however, that BRAHMS'published results are based on data re
orded by the FFS only, while the present analysisis done with data re
orded by the full forward spe
trometer.4.1.2 d+Au and p+pPresent analyses on p+p and d+Au data are mainly fo
used on the pseudo-rapidity� = 2:2, whi
h is not 
overed by other experiments at RHIC. At mid-rapidity, the PID
apability of the TOFW gets worse when the TMrsT0 is used to determine the start time68
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Figure 4.2: The invariant pT spe
tra of p (left) and �p (right) at mid-rapidity in Au+Au
ollisions at psNN = 200 GeV. The di�erent symbols 
orrespond to di�erent 
entralitybins. The error bars are statisti
al only. Systemati
 errors are estimated to be 14%.Feed-down 
orre
tions for �(��) de
aying into p(�p) have not been applied. For 
larity, thedata points are s
aled verti
ally as quoted.and other PID dete
tors su
h as TFW2 and C4 are still not well under 
ontrol. However,it is possible to separate protons from kaons up to 2.3 GeV/
 with a 2� 
ut. Figure 4.7shows the invariant pT spe
tra of protons and anti-protons at mid-rapidity in minimum-bias p+p 
ollisions at ps = 200 GeV. The error bars are statisti
al only. Systemati
errors are estimated to be 15%. Also shown in the �gure is an exponential fun
tion �ttedto the spe
tra, d2N2�pTdpTdy = 12� YT 2 exp(�pT=T ): (4.1)For protons the rapidity density Y = 0:1309 � 0:0039 and the inverse slope parameterT = 0:298�0:004 GeV, while for anti-protons Y = 0:1236�0:0041 and T = 0:283�0:004GeV.For the FS sitting at 12 degrees there are three data sets for p+p 
ollisions: A427,A843 and A1692, while for d+Au 
ollisions there are only two data sets (A843 andA1692) available. As a 
onsequen
e, only protons with momentum above 10 GeV/
 
anbe identi�ed. We will therefore not present anti-proton spe
tra for d+Au 
ollisions.The left panel of Figure 4.8 shows the pT spe
tra of �� at pseudo-rapidity � = 2:2in d+Au 
ollisions for di�erent 
entralities. The right panel of Figure 4.8 shows thepT spe
tra of �� and �p at pseudo-rapidity � = 2:2 together with the �t fun
tion forminimum-bias p+p 
ollisions (right) at ps = 200 GeV. The error bars are statisti
alonly. Systemati
 errors are estimated to be 13% for �� in both d+Au and p+p 
ollisions69
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Figure 4.3: pT distributions for 
harged pions and (anti-)protons at mid-rapidity in 0-10%
entral Au+Au 
ollisions at psNN = 200 GeV. Positively and negatively 
harged parti
lesare shown on the left and right panels, respe
tively.and 15% (17%) for �p in p+p 
ollisions at pT < 1:2 GeV/
 (pT > 1:8 GeV/
). The spe
traof negatively 
harged pions are parameterized by a power-law fun
tion,d2N2�pTdpTd� = A(1 + pTp0 )�n; (4.2)with A = 12:95 � 2:43 GeV�2
2, p0 = 0:9956 � 0:117 GeV/
 and n = 9:447 � 0:52. Asdis
ussed before, the PID 
apability of H2 in p+p and d+Au runs is not as good asthat in Au+Au runs. This results in a gap in the anti-proton spe
trum from 1.2 to 1.8GeV/
, where anti-protons 
an't be identi�ed. The data 
an be �tted by an exponentialfun
tion in pT with a rapidity density Y = 0:0755�0:0048 and an inverse slope parameterT = 0:2314� 0:0071 GeV.For 
omparison with the published referen
e spe
tra of in
lusive 
harged hadronsin [102℄, whi
h were 
onstru
ted based on the UA1 measurement after applying appro-priate 
orre
tion for the di�eren
e in � 
overage estimated using HIJING simulation,Figure 4.9 shows the spe
tra of 
harged hadrons at mid-rapidity and negatively 
hargedhadrons at � = 2:2 in p + p 
ollisions at ps = 200 GeV after experimental trigger bias
orre
tion1. Within systemati
 un
ertainties, the measured spe
tra are 
onsistent withthe 
onstru
ted one.1Our minimum-bias trigger sele
ts non-single-di�ra
tive events. The 
orre
tion to trigger bias wasestimated to be 13� 5% [108℄, approximately independent of � and pT .70



 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4

]
-2

 [
(G

eV
/c

)
ηd T

d
p

N2 d  T
 pπ2
1

-410

-310

-210

-110

1

10

210

+π  

  p

 = 200 GeVsAu+Au, 

0-10%

 [GeV/c]
T

p
0.5 1 1.5 2 2.5 3 3.5 4

-π  

p  

 = 0η

Figure 4.4: pT distributions for 
harged pions and (anti-)protons at � = 0 in 0-10% 
entralAu+Au 
ollisions at psNN = 200 GeV. Positively and negatively 
harged parti
les areshown on the left and right panels, respe
tively.
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4.2 Nu
lear Modi�
ation Fa
torsThe nu
lear medium 
an a�e
t the high pT hadron yields. It is 
ommon to quantify nu
learmedium e�e
ts by the \nu
lear modi�
ation fa
tor"RAB as de�ned in Eq. 2.36. One of themost interesting observation by all four RHIC experiments is that high pT in
lusive hadronyields in 
entral Au+Au 
ollisions are suppressed as 
ompared to elementary nu
leon-nu
leon 
ollisions. In this se
tion, su
h an observation by the BRAHMS experiment willbe reviewed, and then measurements of nu
lear modi�
ation fa
tors for 
harged pionsand (anti-) protons will be presented at both mid-rapidity and pseudo-rapidity � = 2:2.4.2.1 RAuAu for In
lusive Charged Hadrons
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Figure 4.10: Top row: Nu
lear modi�
ation fa
tor RAuAu of in
lusive 
harged hadronsas a fun
tion of pT at � = 0 and � = 2:2 for 0-10% most 
entral Au+Au 
ollisions atpsNN = 200 GeV. Middle row: as top row, but for 
entralities 40-60%. Bottom row:ratio of RAuAu for the most 
entral and semi-peripheral 
ollisions at the two rapidities.The dotted and dashed lines show the expe
ted value of RAuAu using a s
aling by thenumber of parti
ipants and by the number of binary 
ollisions, respe
tively. Error barsindi
ate statisti
al errors. Systemati
 errors are denoted by the grey bands. The grey bandat pT = 0 is the un
ertainty on the s
ale. The �gure is taken from [102℄.Figure 4.10 shows the nu
lear modi�
ation fa
tors RAuAu as a fun
tion of pT at � = 0and � = 2:2 for di�erent 
entrality Au+Au 
ollisions. The referen
e spe
tra used in the74




al
ulations were 
onstru
ted from the UA1 measurement of the p+ �p 
ollisions at CERN,suitably 
orre
ted for the respe
tive � 
overage [102℄. The low pT part of the spe
trumwhi
h is asso
iated with soft intera
tions s
ales with the number of parti
ipants. AbovepT � 2 GeV/
 the RAuAu distributions for 
entral Au+Au 
ollisions de
rease and aresystemati
ally lower than unity. In other words, the high pT 
omponent of the in
lusive
harged 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 spe
ies dependen
e of the suppression would thus shed lighton the hadron produ
tion me
hanisms in heavy ion 
ollisions at RHIC energy.4.2.2 RdAu for In
lusive Charged HadronsFigure 4.11 shows the nu
lear modi�
ation fa
tor of in
lusive 
harged hadrons at fourdi�eren
e pseudo-rapidities measured for minimum bias d+Au 
ollisions at psNN = 200GeV [108℄. In the 
al
ulation, the referen
e spe
tra are measured by BRAHMS for p+ p
ollisions at ps = 200 GeV. At mid-rapidity, RdAu shows an enhan
ement as 
omparedto the binary s
aling limit at pT > 2 GeV/
. In 
ontrast to 
entral Au+Au 
ollisions, nosuppression but an enhan
ement above pT � 2 GeV/
 at mid-rapidity in d+Au 
ollisionsis seen and is interpreted as an eviden
e for a �nal-state suppression of high pT hadronsin 
entral Au+Au 
ollisions. At mid-rapidity, observations for su
h a high pT suppressionin 
entral Au+Au 
ollisions and the absen
e 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: Nu
lear modi�
ation fa
tor for 
harged hadrons at pseudo-rapidities � =0; 1:0; 2:2; 3:2. The error bars indi
ate statisti
al errors. Systemati
 errors are shownby shaded boxes. The shaded band around unity indi
ates the estimated error on thenormalization to hN
olli. Dashed lines at pT < 1 GeV/
 show the normalized 
hargedparti
le density ratio 1hN
olli dN=d�(d+Au)dN=d�(p+p) . The �gure is taken from [108℄.75



4.2.3 RAA for Charged Pions and (Anti-)ProtonsReferen
e spe
trumIn order to 
al
ulate the nu
lear modi�
ation fa
tor for identi�ed 
harged pions and(anti-)protons, we need a referen
e spe
trum for nu
leon-nu
leon 
ollisions. The refer-en
e spe
tra of (anti-)protons at mid-rapidity and negatively 
harged pions and protonsat pseudo-rapidity � = 2:2 are presented in the last se
tion. Due to the limitation ofthe PID 
apability of our own spe
trometer at mid-rapidity for 
harged pions, the ref-eren
e spe
trum of 
harged pions is 
onstru
ted via PYTHIA simulation based on themeasurement of the �0 spe
trum by PHENIX [40℄ in p+ p 
ollisions at ps = 200 GeV.The PHENIX �0 spe
trum 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�2
2, 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 spe
trum 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�e
t on 
harged and neutral pion spe
tra at mid-rapidity. PYTHIA, aleading order pQCD model optimized to p+p 
ollisions, is used to investigate the rapiditydependen
e of the pT spe
trum and the isospin e�e
t. Figure 4.13 shows pT spe
tra ofpions from PYTHIA and ratios of them for ps = 200 GeV p+p 
ollisions. In order tominimize the isospin e�e
t on nu
lear modi�
ation fa
tor, we will 
onstru
t the pT spe
traof (�+ + ��)=2 for p+ p 
ollisions as the referen
e spe
trum of 
harged pions.The left panel of Figure 4.14 shows the spe
tra 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 fun
tion to its �0 data. The referen
e spe
trum for (�+ + ��)=2 is76
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Figure 4.13: Left: pT spe
tra of pions from a PYTHIA simulation for 200 GeV p+p
ollisions. Right: �+=�0, ��=�0 and (�+ + ��)=2�0 ratios illustrate the isospin e�e
t.
onstru
ted by dividing the neutral pion spe
trum from PHENIX by the spe
trum fromPYTHIA at the same rapidity range and then multiplying the results by the (�+ +��)=2spe
trum from PYTHIA. The resulting spe
trum together with a power-law �t is shown inthe right panel of Figure 4.14. The �t parameters as in Eq. 4.2 are A = 8:665 GeV�2
2,p0 = 1:257 GeV/
 and n = 10:16. The systemati
 errors introdu
ed by PYTHIA areestimated by varying the K fa
tor and/or the intrinsi
 kT of hadrons to be less than 12%for the overall pT range 
overed by our Au+Au data. Sin
e the systemati
 error of thePHENIX neutral pion spe
trum is less than 15% at pT < 10 GeV/
, the total systemati
error of the 
onstru
ted spe
trum is thus estimated to be less than 19%.RAuAu for 
harged pions and protons at mid-rapidityFigure 4.15 shows the nu
lear modi�
ation fa
tor RAuAu as a fun
tion of pT for �� andp(�p) at mid-rapidity for 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. The dottedand dashed lines in the �gure indi
ate the expe
tations of parti
ipant s
aling and binarys
aling, respe
tively. The shaded bars represent the systemati
 errors asso
iated withthe determination of these quantities. The experimental error bars indi
ate statisti
alerrors only. Systemati
 errors other than the un
ertainties in hN
olli determinations areestimated to be 24% for 
harged pions and 22% for (anti-)protons2. Similar to the non-2This in
ludes the un
ertainties in the minimum-bias trigger eÆ
ien
y.77
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Figure 4.14: Left: pT spe
tra of pions at two di�erent rapidity ranges from PYTHIAsimulation for 200 GeV p+p 
ollisions together with the PHENIX �t fun
tion to its �0measurements. Right: Constru
ted referen
e spe
trum for 
harged pions at the rapidityrange of -0.05 to 0.05.identi�ed 
harged hadrons, RAuAu for 
harged pions in
reases monotoni
ally up to 1.5GeV/
 and remains below unity above 1.5 GeV/
 indi
ating that 
harged pion yields aresuppressed with respe
t to elementary p+p 
ollisions at high pT . However, the data showthat (anti-)proton rea
hes unity for pT � 1:5 GeV/
, 
onsistent with binary s
aling. Theseobservations suggest that a signi�
ant fra
tion of the parti
le yield at high pT is attributedto protons and anti-protons and indi
ate some high pT produ
tion me
hanisms other thanfragmentation of partons with large momentum transfer in 
entral Au+Au 
ollisions atRHIC energy.In Figure 4.16, RAuAu for 
harged pions as a fun
tion of pT is shown for semi-peripheral(with 
entrality of 40-60%) Au+Au 
ollisions at psNN = 200 GeV. In 
ontrast to 
entralAu+Au 
ollisions, RAuAu remains near unity above pT � 1:5 GeV/
 for semi-peripheral
ollisions.RAuAu for �� and �p at � = 2:2Figure 4.17 shows RAuAu as a fun
tion of pT for �� and �p at pseudo-rapidity � = 2:2 for0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. The dotted and dashed lines in the�gure indi
ate the expe
tations of parti
ipant s
aling and binary s
aling, respe
tively. The78
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Figure 4.15: RAuAu for 
harged pions and (anti-)protons at mid-rapidity for 0-10% 
en-tral Au+Au 
ollisions at psNN = 200 GeV. The dotted and dashed lines indi
ate theexpe
tations of parti
ipant s
aling and binary s
aling, respe
tively. The shaded bars rep-resent the systemati
 errors asso
iated with the determination of these quantities. Theexperimental error bars indi
ate statisti
al errors only. Systemati
 errors other than theun
ertainties in hN
olli determinations are estimated to be 24% for 
harged pions and 22%for (anti-)protons.shaded bars represent the systemati
 errors asso
iated with the determination of thesequantities. The experimental error bars indi
ate statisti
al errors only. Systemati
 errorsother than the un
ertainties in hN
olli determinations are estimated to be 20% for ��and 23% for anti-protons3. The high pT �� yields at forward rapidity show even strongersuppression than that at mid-rapidity. Unfortunately the large and model dependentsystemati
 errors for the referen
e spe
trum of 
harged pions at mid-rapidity limit us todraw a de�nite 
on
lusion. Another interesting observation is that anti-proton yields atforward rapidity are also not suppressed at pT > 1:5 GeV/
 with respe
t to elementaryp+p 
ollisions.
3It in
ludes also the systemati
 error introdu
ed by �tting.79
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Figure 4.16: RAuAu for �� at mid-rapidity for semi-peripheral (with 
entrality of 40-60%)Au+Au 
ollisions at psNN = 200 GeV. The dotted and dashed lines indi
ate the expe
ta-tions of parti
ipant s
aling and binary s
aling, respe
tively. The shaded bars represent thesystemati
 errors asso
iated with the determination of these quantities. The experimentalerror bars indi
ate statisti
al errors only. Systemati
 errors other than the un
ertaintiesin hN
olli determinations are estimated to be 24%.
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Figure 4.17: RAuAu for negatively 
harged pions and anti-protons at pseudo-rapidity� = 2:2 for 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. The dotted and dashedlines in the �gure indi
ate the expe
tations of parti
ipant s
aling and binary s
aling, re-spe
tively. The shaded bars represent the systemati
 errors asso
iated with the determi-nation of these quantities. The experimental error bars indi
ate statisti
al errors only.Systemati
 errors other than the un
ertainties in hN
olli determinations are estimated tobe 20% for ��'s and 23% for anti-protons. 80



RdAu for �� at forward rapidity

 [GeV/c]Tp
0 0.5 1 1.5 2 2.5 3 3.5 4

d
A

u
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
minimun bias

 [GeV/c]Tp
0.5 1 1.5 2 2.5 3 3.5 4

  0-30% 

  30-60% 

  60-92%

Figure 4.18: RdAu for negatively 
harged pions at pseudo-rapidity � = 2:2 for minimumbias (left) and di�erent 
entrality (right) d+Au 
ollisions at psNN = 200 GeV. Thedotted and dashed lines in the �gure indi
ate the expe
tations of parti
ipant s
aling andbinary s
aling, respe
tively. The shaded bars represent the systemati
 errors asso
iatedwith the determination of these quantities. The experimental error bars indi
ate statisti
alerrors only. Systemati
 errors other than the un
ertainties in hN
olli determinations areestimated to be 8%.In Figure 4.18 RdAu is shown as a fun
tion of pT for �� at pseudo-rapidity � = 2:2 forminimum bias (left) and three di�erent 
entrality (right) d+Au 
ollisions at psNN = 200GeV. The dotted and dashed lines in the �gure indi
ate the expe
tations of parti
ipants
aling and binary s
aling, respe
tively. The shaded bars represent the systemati
 er-rors asso
iated with the determination of these quantities. The experimental error barsindi
ate statisti
al errors only. Systemati
 errors other than the un
ertainties in hN
ollideterminations are estimated to be less than 8%4. In 
ontrast to a Cronin-like enhan
e-ment of high pT non-identi�ed 
harged hadron yields at mid-rapidity, the data show thehigh pT yields of negatively 
harged pions are suppressed in 
entral d+Au 
ollisions atpseudo-rapidity � = 2:2. The more 
entral the 
ollisions are, the stronger the suppressionis. The suppression of non-identi�ed 
harged hadrons at forward rapidity has also beenobserved by the BRAHMS experiment [108℄. This high pT suppression at forward rapid-ity indi
ates a fra
tion of 
harged pion suppression at forward rapidity in 
entral Au+Au
ollisions may be attributed to other suppression me
hanisms, e.g. CGC [118℄.4.2.4 Comparison with In
lusive Charged HadronsFigure 4.19 shows the measurements of RAuAu for 
harged pions 
ompared to those forin
lusive 
harged hadrons at both mid-rapidity (left) and pseudo-rapidity � = 2:2 (right)4Sin
e the experimental setup is the same in p+p and d+Au 2003 runs at forward rapidity, it isexpe
ted that a large fra
tion of systemati
 un
ertainties 
an
els out.81



for 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. For in
lusive 
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-
repan
ies are partly due to the di�eren
e in the referen
e spe
tra used in the two anal-yses and partly due to the di�eren
e in the re
onstru
ted spe
tra of in
lusive 
hargedhadrons in Au+Au 
ollisions as shown in Figure 4.6. Although the systemati
 error forthe measurements of nu
lear modi�
ation fa
tors is rather large, the physi
al observationis essentially un
hanged, i.e. high pT in
lusive 
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 in
lusive 
hargedhadrons. This might be due to the strong 
olle
tive 
ow e�e
t whi
h boosts parti
les tohigher transverse momenta leading to larger de�
its for heavier parti
les at low pT .
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Figure 4.19: A 
omparison of RAuAu for 
harged pions with that for in
lusive 
hargedhadrons at mid-rapidity (left) and pseudo-rapidity � = 2:2 for 0-10% 
entral Au+Au
ollisions at psNN = 200 GeV. The published data are taken from [102℄.4.2.5 Model ComparisonsThe dominating models for high pT suppression in 
entral Au+Au 
ollisions are basedon the multiple s
attering and indu
ed gluon radiation energy loss of partons as theytraverse a dense, strongly intera
ting medium. The predi
tions of RAuAu at high pT thusdepend on the parton energy loss as dis
ussed in 2.4.3.Figure 4.20 shows the model predi
tions on the RAuAu for �0 at mid-rapidity in 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. The BDMPS approa
h [72℄ for a82



thi
k QGP tends to over-predi
t the quen
hing at RHIC energy and leads to a too strongsuppression [110℄. In Vitev and Guylassy's approa
h [111℄, the energy loss is 
al
ulatedvia an opa
ity or higher twist expansion [77℄ in �nite and expanding nu
lear matter.At RHIC energies, they found that jet quen
hing dominates over kT broadening andnu
lear shadowing e�e
ts and the approximately 
onstant suppression pattern of �0 iswell reprodu
ed. In Wang's approa
h [112℄, the detailed balan
e of stimulated gluonemission and thermal absorption is in
luded in the energy loss 
al
ulation [78℄ and themodel reprodu
es PHENIX �0 data well. Also shown in the �gure is our measurements ofRAuAu for 
harged pions, whi
h are di�erent from PHENIX �0. However, �rst of all oneshould be aware that there are un
ertainties in our 
onstru
ted referen
e spe
trum for
harged pions in p+p 
ollisions. Se
ondly, we noti
e that the 
entral (0-10%) to peripheral(60-92%) ratios of binary-
ollision-s
aled pT spe
tra, RCP , as a fun
tion of pT measuredby PHENIX for 
harged pions are di�erent from �0, as reported in [113℄ and reprodu
edin Figure 4.21. Thirdly, we also noti
e that the average number of binary 
ollisions for the0-10% 
entral Au+Au 
ollisions determined by PHENIX is larger than that determined byBRAHMS5, indi
ating that the 0-10% 
entral 
ollisions in PHENIX 
orrespond to more
entral events 
ompared to BRAHMS. Finally, PHENIX also demonstrates a strongerhigh pT suppression for in
lusive 
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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Figure 4.20: Comparison of RAuAu for 
harged pions (BRAHMS) and neutral pions(PHENIX) to 
al
ulations from BDMPS model [110℄, Vitev & Guylassy's model [111℄with a gluon density dNg=dy in the range of 800-1200 and Wang's model [112℄.Another very di�erent interpretation of the suppression observed in 
entral Au+Au5The average number of binary 
ollisions is 955.4 in PHENIX but 897 in BRAHMS for the 0-10%
entral Au+Au 
olllisions 83
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Figure 4.21: Central (0-10%) to peripheral (60-92%) ratios of binary-
ollision-s
aled pTspe
tra, RCP , as a fun
tion of pT for 
harged pions and �0 measured by PHENIX inAu+Au 
ollisions at psNN = 200 GeV. The data points are taken from [113℄. Alsoshown in the �gure is our measurements of RAuAu for 
harged pions in 0-10% 
entralAu+Au 
ollisions.
ollisions is based on initial-state parton saturation e�e
ts [114℄. The gluon density isexpe
ted to saturate for momenta below a saturation s
ale Q2s, whi
h is 
al
ulated to be2 GeV2=
2 at RHIC energy [115℄. The saturation model has rather su

essfully predi
tedthe rapidity, energy and 
entrality dependen
e of 
harged parti
le multipli
ities in Au+Au
ollisions [9, 116℄. In [114℄, it was also proposed that gluon saturation alone may a

ountfor a signi�
ant part of the observed high pT hadron suppression. It was argued thatsaturation not only a�e
ts the region around Qs, but also a�e
ts regions at momenta aslarge as Q2s=�QCD, i.e. O(5-10 GeV/
) for 
entral Au+Au 
ollisions at RHIC energies.In order to distinguish initial state e�e
ts from �nal state e�e
ts, d+Au 
ollisions,where no �nal state medium is expe
ted to present, have been measured in the 2003RHIC run. A 30% suppression of high pT hadron yields in d+Au 
ollisions is expe
ted[114℄ if the strong suppression observed in Au+Au 
ollisions is due to gluon saturation.On the 
ontrary, if the observed suppression in Au+Au 
ollisions is due to �nal statee�e
ts, the Cronin e�e
t is predi
ted to dominate over nu
lear shadowing in the x > 0:01range a

essible at RHIC, leading to an enhan
ement of high pT yields relative to binarys
aled p+ p 
ollisions at intermediate pT range. As shown in Figure 4.11, no suppressionbut Cronin-like enhan
ement at mid-rapidity is seen at pT > 2 GeV/
 in d+Au 
ollisions,indi
ating that the high pT suppression observed in 
entral Au+Au 
ollisions is mainly dueto �nal state e�e
ts. Thus, a strongly intera
ting dense partoni
 medium is most likelyformed in 
entral Au+Au 
ollisions at RHIC energy, but the gluon saturation or the ColorGlass Condensate may provide the favorable initial 
onditions for the thermalization ofparton modes with transverse momenta � Qs [117℄.However, the arguments for the gluon-saturation-
aused suppression should hold forsuÆ
iently small x. The gluon saturation model is expe
ted to be more reliable to make84



predi
ations or appli
ations at higher energies and/or more forward rapidities wheresmaller values of x in the target are probed. The gluon saturation s
ale depends onthe gluon density and thus on the number of nu
leons, and is 
onne
ted with the rapidityy of measured parti
les 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 de
reasing fun
tion of 
entrality in d+Au 
ollisions would indi
ate 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 theoreti
al 
al
ulations. ThepQCD 
al
ulation [119℄, whi
h in
ludes initial multiple s
attering and 
onventional nu-
lear shadowing e�e
t, shows that RdAu tends to in
rease above unity and peaks at pT � 3GeV/
. But it is diÆ
ult for the pQCD 
al
ulation to reprodu
e the 
entrality depen-den
e of RdAu as shown in the right panel of Figure 4.18 sin
e the multiple s
attering willlead to stronger enhan
ement for the more 
entral 
ollisions if a 
entrality independentnu
lear shadowing is assumed. While the 
al
ulation from gluon saturation [120℄ predi
tsthat RdAu < 1 but a too small RdAu, the data show the 
entrality dependen
e of RdAuat forward rapidity agrees qualitatively with the predi
tion of Color Glass Condensateformalism, i.e. RdA de
reases with 
entrality. Even though it is not suÆ
ient to 
on
ludethat the gluon saturation e�e
t has its manifestation in the forward rapidity, the high pTsuppression at pseudo-rapidity � = 2:2 in 
entral d+Au 
ollisions indi
ates a fra
tion ofhigh pT suppression in the forward region of Au+Au 
ollisions should be attributed toinitial state e�e
ts.
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4.3 Parti
le Composition4.3.1 p=�+ and �p=�� RatiosIn Figure 4.23, the p=�+ and �p=�� ratios at mid-rapidity are shown as a fun
tion of pTfor the 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV. The error bars on our dataare statisti
al only. The systemati
 errors are estimated to be less than 8%. The ratiosin
rease 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 produ
ed ine+ + e� 
ollisions [109℄ are also shown. In hard-s
attering pro
esses des
ribed by pQCD,the p=�+ and �p=�� ratios at high pT are determined by the fragmentation of energeti
partons, independent of the initial 
olliding system, whi
h is seen as agreement within theun
ertainties between p + p and e+ + e� 
ollisions. Thus, the 
lear in
rease in the p=�+and �p=�� ratios at high pT from the p + p and e+ + e� to the 
entral Au+Au 
ollisionsrequires produ
tion me
hanisms other than pQCD.
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Figure 4.23: p=�+ (left) and �p=�� (right) ratios at mid-rapidity for 0-10% 
entral Au+Au
ollisions at psNN = 200 GeV. The error bars show the statisti
al errors. The systemati
errors are estimated to be less than 8%. Data at ps = 63 GeV p + p 
ollisions [51℄ arealso shown. The solid line is the (p+ �p)=(�+ + ��) ratio measured in gluon jets [109℄.To illustrate the e�e
t of Ja
obian transformation from rapidity to pseudo-rapidity,Figure 4.24 shows the �p=�� ratios at mid-rapidity by using both � and y. Be
ause theJa
obian e�e
t on proton is larger than that on pion, the ratios by using pseudo-rapidityare systemati
ally smaller than using rapidity.For 
omparison, the �p=�� ratios at both mid-rapidity and pseudo-rapidity � = 2:2are shown in Figure 4.25 as a fun
tion of pT for the 0-10% 
entral Au+Au 
ollisions atpsNN = 200 GeV. For pT < 1:5 GeV/
, the �p=�� ratio at � = 2:2 is larger than that at� = 0, while the opposite behavior is seen for pT > 2 GeV/
. The systemati
 errors forthe �p=�� ratios at pseudo-rapidity � = 2:2 are estimated to be 10%.86



 [GeV/c]Tp
0 0.5 1 1.5 2 2.5 3 3.5

R
at

io

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 y = 0

 = 0η  

-π/p

Figure 4.24: Ja
obian transformation e�e
t on �p=�� ratios at mid-rapidity for 0-10%
entral Au+Au 
ollisions at psNN = 200 GeV.
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Figure 4.25: �p=�� ratios at both mid-rapidity and pseudo-rapidity � = 2:2 for 0-10%
entral Au+Au 
ollisions at psNN = 200 GeV. The error bars show the statisti
al errorsonly. The systemati
 errors are estimated to be 10% for �p=�� ratios at � = 2:2.4.3.2 p=h+ and �p=h� Ratios at Mid-rapidityIn order to investigate the dependen
e of parti
le 
omposition on the initial 
ollidingsystem, we have extended the PID 
apability of the TOFW for (anti-)protons to 3 GeV/
in the d+Au and p + p data analyses by applying an asymmetri
 PID 
ut the same wayas in the Au+Au data analysis for 
harged pions. Figure 4.26 shows the resulting p=h+and �p=h� ratios as a fun
tion of pT for 0-10% 
entral Au+Au, 0-30% 
entral d+Au andminimum-bias p + p 
ollisions at psNN = 200 GeV. Only statisti
al errors are shown inthe �gure. The data show that the p=h+ and �p=h� ratios in d+Au and p + p 
ollisionsat pT > 2:0 GeV/
 are around 0.2, while they are about a fa
tor of 2 higher in 
entralAu+Au 
ollisions indi
ating an enhan
ed baryon produ
tion at intermediate transversemomentum. 87
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Figure 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. The error barsindi
ate the statisti
al errors only.4.3.3 ��=h� at Pseudo-Rapidity � = 2:2In 
ontrast to mid-rapidity, at pseudo-rapidity � = 2:2 pions 
an be well identi�ed up toquite high pT in d+Au and p+p data analyses. The ��=h� ratios are shown in Figure 4.27as a fun
tion of pT for 0-10% 
entral Au+Au, 0-30% 
entral d+Au and minimum-biasp+p 
ollisions atpsNN = 200 GeV. The data show within un
ertainties that ��=h� ratiosin d+Au 
ollisions are similar to those in p + p 
ollisions. However, at pT > 1:5 GeV/
,the abundan
e of �� relative to in
lusive negatively 
harged hadrons in d+Au and p+ p
ollisions is about a fa
tor of 1.5 higher than that in 
entral Au+Au 
ollisions, indi
atingan enhan
ement of baryon yields and a suppression of pion yields at intermediate pT atpseudo-rapidity � = 2:2 in 
entral Au+Au 
ollisions.4.3.4 Comparison with Other ExperimentsThe p=�+ and �p=�� ratios in Au+Au 
ollisions have also been measured by PHENIXexperiment [113℄. Figure 4.28 shows a 
omparison of the ratios reported in this thesisfor 0-10% 
entral Au+Au 
ollisions at psNN = 200 GeV with PHENIX data. Thep=�+ and �p=�� ratios from the present analysis are systemati
ally higher than PHENIXmeasurements be
ause the feed-down 
orre
tions for the � and �� have not yet beenapplied in our analysis.
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ollisions at psNN = 200 GeV. The error barsindi
ate the statisti
al errors only.
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Figure 4.28: Comparison of p=�+ and �p=�� ratios reported in this thesis for 0-10% 
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4.3.5 Model ComparisonsTwo kinds of models have been proposed to explain the experimental results on the pTdependen
e of p=�+ and �p=�� ratios. One is the parton re
ombination model [84, 85℄ andthe other is the baryon jun
tion model [83℄. Both models 
an explain qualitatively theobserved feature of p=� enhan
ement in 
entral 
ollisions. Furthermore, both theoreti
almodels predi
t that this baryon enhan
ement is limited to pT < 5-6 GeV/
. Figure 4.29shows the result from a parton re
ombination 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 
al
ulations with andwithout 
olle
tive 
ow in the quark-gluon plasma, respe
tively. The 
al
ulation with a
ow velo
ity of 0.5
 reprodu
es our data at mid-rapidity. The data at pseudo-rapidity� = 2:2 indi
ate that the 
olle
tive 
ow is smaller at � = 2:2 than at mid-rapidity butgreater than 0.
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Figure 4.29: Ratios of �p=�� 
al
ulated by the parton re
ombination model [85℄ with (solid
urve) and without (dashed 
urve) 
olle
tive 
ow in the quark-gluon plasma together withour measurements.The baryon jun
tion model is found to be able to reprodu
e the p=�+ and �p=�� ratiosmeasured by the PHENIX experiment for Au+Au 
ollisions at psNN = 130 GeV, butso far no 
al
ulation has been made for psNN = 200 GeV 
ollisions. It is worthwhileto mention that baryon jun
tion me
hanism was originally proposed to enhan
e baryonprodu
tion in order to explain the strong stopping observed at SPS energy. But dataat RHIC energy show that the HIJING model with baryon jun
tion overestimates thenet-proton yields in the rapidity range of �0:05 < y < 2 by a fa
tor of 2 [14℄.90



4.4 SummaryTo summarize, Figure 4.30 shows that 
harged hadron yields per nu
leon-nu
leon 
olli-sions at mid-rapidity in 
entral Au+Au 
ollisions at psNN = 200 GeV are signi�
antlysuppressed 
ompared to nu
leon-nu
leon 
ollisions although the di�eren
es 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 toin
lusive 
harged hadrons at both mid-rapidity and forward rapidity in 
entral Au+Au
ollisions. 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 and
an be well reprodu
ed by a parton re
ombination model in
orporating with strong 
ol-le
tive 
ow e�e
ts. To a

ount for the �p=�� ratio at � = 2:2, a smaller 
ow velo
ity issuggested.
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Figure 4.30: RAuAu for in
lusive 
harged hadron at mid-rapidity for 
entral Au+Au 
olli-sions at psNN = 200 GeV measured by BRAHMS [102℄, PHENIX [121℄, PHOBOS [122℄and STAR [123℄. The results from the present analysis are shown as open 
ir
les.To distinguish the �nal state e�e
t from the initial state e�e
t, data for d+Au 
ollisionshave been analyzed. All four experiments have shown a Cronin-like enhan
ement of highpT in
lusive 
harged hadron yields at mid-rapidity in d+Au 
ollisions. This enhan
ementis widely seen as an indi
ation that the suppression in 
entral Au+Au 
ollisions is not91



an initial state e�e
t but a �nal state e�e
t. 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 dependen
e are qualitatively 
onsistent with the gluonsaturation model (or CGC) predi
tions. This indi
ates that, in addition to jet quen
hing,the gluon saturation e�e
t might be attributed to the strong high pT suppression observedat forward rapidity in 
entral Au+Au 
ollisions. Thus, in order to disentangle di�erentnu
lear medium e�e
ts, it is essential to determine the dependen
e 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 intera
ting partoni
 matter. To determine how mu
h ofthe suppression should be a

ounted for by the gluon saturation, it is important forgluon saturation models to be formalized to give quantitative predi
tions. Sin
e gluonsaturation is expe
ted 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 Physi
s withPHOS at ALICEThe 
olliding energy for Pb+Pb 
ollisions at the LHC will be psNN = 5:5 TeV, a fa
torof about 30 higher than that available at RHIC. Heavy-ion 
ollisions at the LHC willthus a

ess a both quantitatively and qualitatively new physi
s regime with mu
h higherenergy density. It is expe
ted that parti
le produ
tion at LHC is determined by the highdensity (saturated) parton distributions and hard pro
esses. In parti
ular, very hardstrongly intera
ting probes, whose attenuation 
an be used to study the early stagesof the 
ollision, will be produ
ed at suÆ
iently high rates for detailed measurements.Weakly intera
ting hard probes su
h as dire
t photons, whi
h will provide informationabout nu
lear parton distributions at very high Q2, be
ome a

essible.The PHOS dete
tor in ALICE experiment is dedi
ated 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 ele
troni
s required for high pT physi
s, the data a
quisitionsystem built for PHOS beam test and the performan
e 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 elu
idate the 
hara
teristi
s of the predi
ted phasetransition from a quark-gluon plasma to hadroni
 matter [124℄.ALICE is a sophisti
ated dete
tor system 
onsisting of three main parts: (1) the
entral part, 
ontained in the L3 magnet and 
omposed of dete
tors mainly devoted toprobing the hadroni
 signals and di-ele
trons in pseudo-rapidity of �0:9 < � < 0:9 overthe full azimuthal angle, (2) the forward muon spe
trometer for dete
ting muon pairs fromthe de
ay of heavy quarkonia in the interval 2:5 < � < 4:0, and (3) the forward dete
torsused to determine the multipli
ity and serve as a fast 
entrality trigger. The 
entral part
omprises a large solenoidal magnet from the L3 experiment with a sili
on Inner Tra
kSystem (ITS), a Time Proje
tion Chamber (TPC), Time-Of-Flight (TOF), Ring Image�Cerenkov (RICH), and Transition Radiation Dete
tor (TRD) to measure hadrons andele
trons, and the PHOton Spe
trometer (PHOS) to measure photons. The layout of93



the ALICE setup is shown in Figure 5.1. The 
omplete layout of the ALICE dete
toras proposed initially together with the obje
tives is des
ribed in the ALICE Te
hni
alProposal [125℄. The individual sub-dete
tors are des
ribed in detail in their respe
tivete
hni
al design reports.

Figure 5.1: The ALICE dete
tor layout.
The ALICE dete
tor is designed with the goal to measure reliably the majority ofparti
les produ
ed in 
entral Pb+Pb 
ollisions over a large rapidity interval. The te
hni
al
hallenge of the experiment is imposed by the large number of parti
les produ
ed in
entral Pb+Pb 
ollisions at psNN = 5:5 TeV. This di
tates a �ne dete
tor granularity,and a 
orresponding large number of readout 
hannels. Other designed 
onsiderationsare imposed by the large data volume and slow readout of the TPC dete
tor. While theanti
ipated Pb+Pb intera
tion 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 re
ording. This implies the need for spe
ial physi
s triggers to sele
tinteresting events for readout. The need for a trigger is made even more pressing by therarity of the most interesting hard probes, su
h as high pT photon and jet produ
tion.An important dete
tor in ALICE whi
h fo
uses on hard probes and high pT physi
s is ahigh resolution photon spe
trometer as des
ribed in the following se
tion.94



5.2 The PHOS Dete
torThe PHOS [126℄, whi
h is devoted to the study of photon signals, is a high resolutionele
tromagneti
 
alorimeter 
onsisting of a highly segmented Ele
troMagneti
 CAlorime-ter (EMCA) and a Charged-Parti
le Veto (CPV) dete
tor. The EMCA 
onsists of 17920dete
tion 
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 se
tion and 20 radiationlengths in length. The 
rystals will be 
oupled to 5 � 5 mm2 avalan
he photo-diodes(APDs) whi
h signals are pro
essed by low-noise 
harge-sensitive pre-ampli�ers. ThePHOS is subdivided into 5 modules, ea
h 
onsisting of 64�56 
hannels, positioned alongan ar
 on the bottom of the ALICE setup at a distan
e of 440 
m from the nominal in-tera
tion point in order to maintain the required low dete
tor element o

upan
y. 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 me
hani
al 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 fa
e of the 
rystal.Be
ause the light yield of PWO depends strongly on the temperature with a 
oeÆ
ientof � �2% per ÆC, the working temperature for PHOS will be held at �25ÆC with apre
ision of � 0:3ÆC to signi�
antly in
rease the light yield and redu
e the thermalnoise of the photo-dete
tor and pre-ampli�er. For this purpose the PHOS modules aresubdivided by thermo-insulation into a \
old" and \warm" volume. The 
rystal stripsin
luding integrated APD and pre-ampli�er are lo
ated in the \
old" volume, whereasother ele
troni
s are mounted on 
ards lo
ated in the \warm" volume.The CPV, a Multi-Wire Proportional Chamber (MWPC) [129, 130℄ used to reje
t
harged hadrons, 
onsists of �ve separate modules lo
ated on the top of the EMCAmodules at a distan
e of � 5 mm. Its dete
tion eÆ
ien
y for 
harged parti
le is betterthan 99%, and the spatial position resolution is � 1:6 mm in both dire
tions.5.2.1 Physi
s with PHOSThe PHOS dete
tor is designed to measure photons and also �0 and � via their 2
 de
aybran
h. Dete
tion of a dire
t photon signal, whi
h is 
onsidered to be the best means todetermine the temperature of the initial phase of the 
ollision, is a primary goal of thePHOS physi
s program [126℄. In addition, measurements of the �0 and � pT spe
tra up to100 GeV/
 
an provide important information both on �nal- and initial-state e�e
ts onparti
le produ
tion. Furthermore, dete
tion of high energy photons will allow to triggeron hard s
atterings in whi
h a jet has been produ
ed (
-tagged jet). The emitted photonwhi
h es
apes una�e
ted by the medium, will provide a kinemati
 tag for the re
oilingquark or gluon whi
h might be a�e
ted by the hot and dense matter. Jet quen
hing,whi
h has been 
on�rmed by the RHIC experiments, is 
onsidered to be an importantprobe of the de
on�ned QGP and will be espe
ially pronoun
ed at LHC energies due tothe expe
ted large jet 
ross se
tion. The 
ross se
tion will be orders of magnitude largerat high pT at the LHC than at RHIC. Re
ently data from PHENIX experiment indi
atethat the �0 and 
 spe
tra are most likely extended to about 100 GeV/
 in transversemomentum at psNN = 5:5 TeV. By triggering on a high pT photon in PHOS andsear
hing for and re
onstru
ting a jet in TPC, one 
an extra
t the e�e
tive fragmentation95



fun
tion. As a 
onsequen
e of the physi
s 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-dete
tors, and 2) to provide a high pT trigger for measuring high pTspe
tra of �0 and 
.5.3 The PHOS Front-End Ele
troni
s and ReadoutThe PHOS front-end ele
troni
s (FEE) 
hain in
ludes energy digitization, timing fortime-of-
ight dis
rimination against low energy (anti-)neutrons and a trigger logi
 forgenerating level 0 (L0) and level 1 (L1) triggers for ALICE. In this se
tion we present thephysi
s requirements and the 
urrent 
on
eptional design of the PHOS FEE.5.3.1 RequirementsThe main physi
s requirements for the front-end ele
troni
s 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% o

upan
y)Max 
hannel 
ounting rate in p+ p 200 Hz (at ps = 14 TeV, see se
tion 5.3.2)APD gain 
ontrol individual bias settingTable 5.1: Physi
s requirements to the PHOS front-end ele
troni
s.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 ea
h 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 rea
hing the front of PHOSis � 14:7 ns and 16.2 ns, respe
tively. Thus TOF 
apabilities for all 
hannels with aresolution of � 1 ns 
an be used to dis
riminate against 1-2 GeV/
 (anti-)neutrons.The ampli�
ation fa
tor for the APD is strongly dependent on the bias voltage. Fur-thermore, the spread in the 
rystal light yields and eÆ
ien
y in the 
rystal-APD 
ouplingwill further in
rease the e�e
tive gain varian
e under beam 
onditions. A large spread inAPD gain would result in either over
ow in high-gain 
hannels or resolution degradationin low-gain 
hannels and a signi�
ant degradation of the a

ura
y in the L0/L1 triggersums. To redu
e the e�e
t an individual bias voltage is required for ea
h APD.1PIN diodes are sensitive to pun
h-through parti
les from the ele
tromagneti
 shower in the PbWO4
rystals. 96



To sele
t 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, respe
tively.5.3.2 PHOS TriggerTrigger ratePHOS 
an provide an input to the L0 trigger. This trigger 
ould be a minimum biastrigger in low multipli
ity events, su
h as peripheral Pb+Pb 
ollisions, p+ p intera
tionsand photon+photon physi
s in Pb+Pb. PHOS 
an also provide a L1 trigger on high pTevents. The PHOS photon event rate and trigger eÆ
ien
y have been investigated viasimulation.1. PHOS photon event rate in p+p intera
tions. 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 intera
tions at ps = 5:5 TeV at aluminosity of 3� 1030 
m�2s�1, i.e. 200 kHz intera
tion rate3, the PHOS event raterea
hes 20 kHz as shown in Figure 5.2. Assuming an o

upan
y of one photon perevent and a 
luster size of 3�3 gives an average 
ounting rate per 
hannel of about10 Hz. For p+p intera
tions at ps = 14 TeV, the average 
ounting rate per 
hannelrea
hes about 200 Hz.
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Figure 5.2: Left: PHOS photon event rate versus pT for p+p intera
tions at ps = 5:5TeV at a luminosity of 3� 1030 
m�2s�1. Right: Number of photons per event.2. High pT trigger rate for Pb+Pb 
ollisions. In order to derive an transverse energy (orpT ) trigger signal, all 
hannels have to be passed to a �lter fun
tion that 
al
ulatesthe energy sum over a n �m �lter kernel. Di�erent shapes of the sliding window,di�erent sizes and a two-step approa
h4 have been studied. Figure 5.3 illustrates thesliding window te
hnique over a PHOS module with 64� 56 
hannels. The trigger2A L0 input has to be delivered to the Central Trigger Pro
essor (CTP) within 800 ns.3Intera
tion rate R = L�, where L and � are luminosity and the intera
tion 
ross se
tion.4A 
ell of 2� 2 is summed �rst and then a sum of 2� 2 
ells.97



eÆ
ien
y 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 ba
kground 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 byenri
hing the ba
kground events with high pT (> 10 GeV=
) 
harged pions takinginto a

ount that there are 4 times more 
harged pions at pT > 10 GeV/
 than 10GeV photons. In addition, the trigger eÆ
ien
ies for di�erent algorithms, e.g. atwo step approa
h, 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 reasonableeÆ
ien
y.
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Figure 5.3: Illustration of the sliding window te
hnique 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 by
harged 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 su
h study. 98
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Figure 5.4: Left: The trigger eÆ
ien
y for triggering on single photons versus the slidingwindow size. Right: The trigger eÆ
ien
y for triggering on single photons for di�erentalgorithms.L0 triggerSimulations show that, with a �xed analog sum input of 2�2 to the FPGA-based triggerunits, a trigger eÆ
ien
y of 95% (ex
luding edge e�e
ts) is a
hievable by applying 4� 4(i.e. 2�2 
ells with 2�2 
hannels) sliding window method over the whole trigger region.The PHOS L0 trigger is 
on
eived as a minimum bias trigger for p+p intera
tionsat a laten
y of 800 ns. After subtra
tion of all delays, 200 ns is available to pro
ess thefollowing algorithm:1. Sample-wise 
harge summing of all 4� 4 windows in parallel in 2D domain.2. Pipelined summing of all 2D sums in 
onse
utive samples.3. Threshold 
omparison per window sum.4. Peak �nder look-up for LHC 
lo
k phase.5. OR'ed output L0 YES.A NRZ (No Return Zero) signal, syn
hronous with the 40 MHz 
lo
k of the LHCma
hine outputs a L0 de
ision from the FPGA at about 600 ns after 
ollision so that it
an arrive at the 
entral trigger pro
essor (CTP) within 800 ns over 40 m 
able.L1 triggerThe L1 trigger is sensitive to high pT photons in Pb+Pb intera
tions at a maximumlaten
y of 6.2 �s. Within the pure ele
troni
 L1 pro
essing time of 5.6 �s, more ADCsamples than for L0 
an be pro
essed and several di�erent thresholds 
an be applied,ea
h providing one trigger output. 99
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Figure 5.5: Trigger and fake trigger rate for triggering on single photons versus a pTthreshold for Pb+Pb 
ollisions.5.3.3 Con
eptional Design of the PHOS FEEThe design guidelines are summarized as following:1. Energy 
hannels. The energy resolution for PHOS is optimized for the region up to10 GeV, whereas the energy dynami
 range for pT 
overage is 100 GeV. Be
ause alinear 16-bit digitization will severely limit the resolution in the low energy region,it is essential to s
ale the dynami
 range before digitization. Two ampli�ers (�1and �10) 
an be used for high and low energy ranges for ea
h PHOS 
hannel andthe outputs 
an then feed 2 Altro-166 ADC 
hannels.2. Time-of-
ight. The A/D 
onverters of the Altro-16 
hips operate at 40 MHz. Byoversampling the energy signal and analyzing the pulse shape the time-of-
ight 
anbe determined with a resolution of � 1:6 ns or better [134℄.3. Trigger. Ea
h four energy signal 
hannels (a 
ell of 2� 2) are added into an analogsum with a fast shaping time. A sliding window of 2� 2 
ell digital sum and othertrigger logi
 will be implemented in a FPGA.4. APD-bias 
ontroller. In order to 
ompensate for the APD gain di�eren
es, ea
hAPD should be biased at a spe
i�
 high voltage. To 
ontrol the bias voltage, anAPD-bias 
ontroller needs to be implemented.Figure 5.6 shows the 
on�guration of PHOS front-end ele
troni
s and readout 
hain.FEE 
ard will 
ontain 32 
hannels with shaper and digitization logi
 for pro
essing andtiming [132℄. In order to 
over a pT range up to 100 GeV/
, in ea
h FEE 
ard 32 energy
hannels are digitized with a resolution of 13 bits per 
rystal using two 10-bit ADCs and6The Altro-16 
hip, whi
h is designed for the ALICE TPC, 
ontains sixteen 10-bit ADC blo
ks.100



a dual gain shaper of about 2 �s shaping time. The 64 ADCs are 
ontained in four Altro-16 
hips, whi
h are sampled at 40 MHz. The Altro-16 
hips also 
ontain Multi-EventBu�ers (MEB) whi
h are �lled and emptied by the ALICE L1 and L2 trigger signals. Inaddition, 8 trigger 
hannels are obtained by analog summing of re
tangular 2� 2 
rystalgroups with a fast shaping time of 100 ns.In addition, a 32-
hannel HV bias 
ontroller is situated on ea
h FEE 
ard. It dis-tributes the nominal input voltage of 400 V to 32 individually programmable high voltagelines for APDs.
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Figure 5.6: The PHOS front-end ele
troni
 
on�guration.Arrays of 14 FEE 
ards 
orresponding to 448 
rystals 
onne
t to one Trigger andRouter Unit (TRU). The FPGA on the TRU 
ards re
eives digitized ADC samples fromthe 14 FEEs every 50 ns and outputs L0 and L1 trigger de
isions of the PHOS dete
torvia high speed 
ables to a simple external OR unit. The TRU also serves as bu�er androuter for energy and trigger data from the 14 FEE 
ards to the Readout Control Unit(RCU) [135℄. For ea
h PHOS module there are 8 embedded TRUs and four externalRCUs reading out and transferring energy data to the Data A
quisition System (DAQ).Table 5.2 summarizes the di�erent 
omponents for the PHOS readout ele
troni
s 
hain.Module Crystal Servi
ed Inputs Number NeededPre-ampli�er 1 1 17920FEE 32 32 560TRU 448 14 40RCU 896 2 20Table 5.2: PHOS ele
troni
 
hannel 
ounts.101



5.4 The DAQ System for PHOS Beam TestA Data A
quisition (DAQ) system, whi
h is based on the ALICE DATE (Data A
quisitionand Test Environment) [136℄, has been developed in 2001 to support the PHOS beamtest. In this se
tion we des
ribe the DATE ar
hite
ture, the setup of the DAQ system.A study of the performan
e of a PHOS prototype by using data 
olle
ted by this newlydeveloped DAQ system will be presented in the next se
tion.ALICE DATE ar
hite
tureThe 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 in
ludesa set of programs and pa
kages su
h as run 
ontrol, error reporting, event building anddata re
ording, and also provides interfa
es to readout and monitoring programs. It isdesigned to run on two di�erent types of ma
hines: the Lo
al Data Con
entrator (LDC)and the Global Data Con
entrator (GDC). The LDC is used as a front-end pro
essor toreadout the front-end ele
troni
s, format the data fragments into (sub-)events, re
ord orsend data to a GDC, whereas the GDC performs event-building, formatting of sub-eventsinto events and data re
ording. A s
hemati
 view of the DATE data-
ow is depi
ted inFigure 5.7. Data are read out from the front-end ele
troni
s via LDCs independently and
on
urrently. Then various sub-events from the LDCs are 
olle
ted, put together anden
apsulated with a proper event stru
ture by GDCs. Finally the full events are re
ordedin lo
al disk or shipped to a 
entral data re
ording servi
e.
Figure 5.7: S
hemati
s of DATE data-
ow and hardware ar
hite
ture. The �gure is takenfrom [136℄.SetupA s
hemati
 view of the DAQ setup for PHOS beam test is shown in Figure 5.8. AVME embedded CCT pro
essor is running as a LDC, and a 
omputer with Linux OS,whi
h is 
onne
ted to the VME system through a fast Ethernet network, is running asa GDC. A CAMAC Bran
h Driver (CBD 8210) is used to drive the CAMAC bran
h sothat front-end ele
troni
 modules7 in the CAMAC 
rate 
an be a

essed from the VME7CAMAC readout modules for PHOS beam test are: trigger pattern unit, Kur
hatov ADC, LeCroy2249 ADC, LeCroy 2228 TDC. 102



bus. The VME 
rate also 
ontains front-end ele
troni
 modules8 and a CORBO module(CES RCB 8047) as the trigger module.
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Figure 5.8: S
hemati
s view of the DAQ setup for PHOS beam test.As only one LDC is used in PHOS beam test, the trigger ele
troni
s is simply setup asshown in Figure 5.9. The �rst 
hannel of CORBO is used to trigger the LDC and a
tivatethe 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 ea
h LDC by a pro
ess 
alled\readout", whi
h waits for a trigger and then reads the front-end ele
troni
s and �llsa 
ir
ular bu�er. Another pro
ess 
alled \re
order" o�-loads the bu�er and sends theevents to either a lo
al 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 Sequen
er to 
ontrol the C-RAMS units.103
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Figure 5.9: Trigger ele
troni
s setup for PHOS beam test.

Figure 5.10: S
hemati
s of readout and data-
ow. The �gure is taken from [136℄. TheLDC pro
essor is an embedded VME pro
essor.In the GDC, an Internet daemon 
alled \gd
Server" is 
reated when the \re
order"opens the so
ket. The \gd
Server" gets the events from the so
ket and �lls a 
ir
ularbu�er. Another pro
ess in ea
h GDC 
alled \eventBuilder" then o�-loads the bu�er andsends to a devi
e for re
ording. If there are more than one LDC, the \eventBuilder"pro
ess will 
olle
t 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 pro
ess, whi
h performs the hardware readout and inserts data intobu�ers. An example of readout routines for one of the front-end ele
troni
s used in thePHOS beam test is shown in Appendix C. Figure 5.11 shows the 
ommon stru
ture ofthe readout program along with the main event loop.The readout pro
ess performs in the order the following sequen
e of operations:1. At ea
h start of run, exe
ute the Start Of Run (SOR) s
ripts and/or �les if any,and then 
all the user routine ArmHw to initiate hardware.2. Initiate the physi
s events main loop and wait for a trigger by 
alling the userroutine EventArrived. The arrival of a trigger 
an signal a physi
s event or a start104
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Figure 5.11: The stru
ture of the readout program and the event loop. The �gure is takenfrom [136℄.of burst (SOB) or an end of burst (EOB).3. By arrival of a trigger, the readout pro
ess �lls the event header �elds and the eventdata by 
alling the user routine ReadEvent.4. Exit the main event loop if there is an end of run (EOR) request, e.g. the maximumnumber of events rea
hed.5. At ea
h end of run, 
all the user routine DisArmHw to perform the hardwarerundown, and then exe
ute the End Of Run (EOR) s
ript/�les if any.MonitoringAn on-line analysis pro
ess may request events from any data-a
quisition ma
hine by
alling the monitoring library routines provided by DATE. A bu�er reserved for themonitoring fun
tion is �lled with the requested events by either the \readout" or the\eventBuilder" pro
ess. The ar
hite
ture of the monitoring fun
tion is shown in Fig-ure 5.12. The analysis pro
ess may run lo
ally on the ma
hine produ
ing the events oron any other workstation.An on-line monitoring program for PHOS beam test has been developed in theROOT [137℄ framework during the summer of 2001. It reads events dynami
ally fromdata sour
e and performs raw data de-
oding and data analyzing for physi
s events a
-
ording to the trigger pattern. Some results from su
h a monitoring program are shownin se
tion 5.5. 105



Figure 5.12: S
hemati
s of monitoring fun
tion. The �gure is taken from [136℄.5.5 Performan
e of PHOS PrototypeIn 2002 and 2003 CERN PS and SPS beam tests, a 16 � 16 matrix, 256 
hannel PHOSprototype was tested with an ele
tron beam at a momentum range of 0.6-150 GeV/
. Theexperimental setup is shown s
hemati
ally in Figure 5.13, where S1 and S2 are s
intillatorswith dimension of 10 
m � 10 
m � 0.5 
m, DWC is a drift wire 
hamber and F is as
intillator with size of 1 
m � 1 
m � 0.5 
m. Combining signals from these s
intillatorsand the �Cerenkov 
ounter, wide and narrow ele
tron trigger information is delivered tothe trigger pattern unit of the DATE-based DAQ system. In this se
tion we will presentsome results from the beam tests in 2002 and 2003 with APDs as the photo-dete
tors.

Figure 5.13: The experimental setup for PHOS beam test.Measurements of the response to in
oming ele
tronsThe left panel of Figure 5.14 shows the spe
trum from a single 
entral dete
tor of 18 
mlong PbWO4 
rystals with response to in
oming 4 GeV/
 ele
trons with narrow ele
trontrigger 
ondition. In the right panel of Figure 5.14, the spe
trum from the 
entral 3� 3array of dete
tors is shown after pedestal subtra
tion 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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Figure 5.14: The measured spe
tra from the single 
entral dete
tor (left) and the sum of3 � 3 array (right) of 18 
m PbWO4 
rystals with Narrow Ele
tron trigger at the beammomentum of 4 GeV/
.Figure 5.15 shows the peak positions of re
onstru
ted ele
tron energies from the sumof 3� 3 array of dete
tors. The mean position of the energy peaks is obtained by �ttinga Gaussian to the measured spe
trum after pedestal subtra
tion and gain 
alibration asillustrated in the right panel of Figure 5.14. To guide the eye, a straight-line of y = x isdrawn. The data show that the deviation from the linearity 
urve is less than 2% in theenergy range from 0.6 to 150 GeV [138℄.
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Figure 5.15: The measured peak positions from the energy sum of a 3�3 array of dete
torsfor di�erent beam energies.
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Results for the energy resolutionThe performan
e of an ele
tromagneti
 
alorimeter is quali�ed in terms of the energyresolution, whi
h is parameterized as�EE = s a2E2 + b2E + 
2; (5.1)where a represents the ele
troni
 readout noise, b represents the sto
hasti
 
u
tuationsin the involved physi
al pro
esses, and 
 represents in-homogeneities in the dete
tor andreadout in addition to the energy loss and 
alibration errors. Here, the energy E isgiven in units of GeV. In the ALICE Te
hni
al Proposal [125℄ and the PHOS Te
hni
alDesign Report [126℄, these parameters are required to be less than 0.03, 0.03 and 0.01,respe
tively.In Figure 5.16, the mean value of the energy resolution for sixteen 3�3 subset dete
torsis shown as a fun
tion 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 indi
ate that the PHOS requirements are ful�lled with respe
t tothe energy resolution.

E [GeV]
-110 1 10 210

/E Eσ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

  Beam test 2002

  Beam test 2003

 PHOS requirement

 Beam test

Figure 5.16: The measured mean value of the energy resolution for sixteen 3 � 3 subsetdete
tors as a fun
tion of ele
tron 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 � produ
tion yields will be extra
ted from the two-
 invariant mass spe
trum,re
onstru
ted by M

 = q2E1E2(1� 
os �); (5.2)where E1 and E2 are the energies of two photons and � is the opening angle betweenthem. The ba
kground to signal ratio depends on the mass resolution. A better mass108



resolution means higher statisti
al signi�
an
e 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 rea
tion ��+12C ! 
+
+X.A s
hemati
 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 spe
trum measured at CERN SPS with a 70GeV/
 in
oming �� beam and the target lo
ated at a distan
e of 450 
m from the PHOSprototype9. Also shown in the �gure is a Gaussian fun
tion 
ombined with a third-orderpolynomial fun
tion �tted to the spe
trum. The resulting resolution of �0 is around 6%.
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Figure 5.18: Spe
trum of two-photon invariant mass measured at CERN SPS with in
om-ing 70 GeV/
 �� bombarding a 12C target lo
ated at a distan
e of 450 
m away from thePHOS prototype. A �0 peak is 
learly seen. The red (grey) 
urve is a Gaussian 
ombinedwith a third-order polynomial �tted to the spe
trum. The blue (bla
k) 
urve is the resultingGaussian �t.9(1)The distan
e from IP to PHOS in the ALICE setup is 440 
m. (2) With su
h a 
on�guration �0with momenta greater than 3.8 GeV/
 might be dete
ted by the 256 
hannel PHOS prototype.109



5.6 SummaryIn order to optimize the PHOS dete
tor regarding high pT physi
s, an extensive resear
hand development program has been 
arried out during the past several years. A de
isionhas been made to use APDs instead of PIN-diodes as photo-dete
tors. A modi�
ation ofthe pre-ampli�er was made to in
rease the linear dynami
 range to mat
h 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 
on
eptional design ofthe PHOS front-end ele
troni
s. 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 ele
troni
s without deteriorating the resolution for low energy data.Furthermore a DATE-based data a
quisition system has been developed and set up forPHOS beam tests, with user-friendly interfa
e and on-line monitoring program. Thebeam test studies of the 256 
hannel PHOS prototype, whi
h in
orporated the newlydeveloped front-end ele
troni
s and APDs, have shown that the PHOS prototype hasalready met the PHOS requirement with respe
t to the energy resolution.
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Chapter 6Con
lusionThe nu
lear medium e�e
t on high pT parti
le produ
tion 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 in
lusive 
harged hadrons at both mid-rapidity and forward rapidity in
entral 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 enhan
ementof the relative in
lusive 
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 nu
lear medium e�e
ts. The persisten
e of the suppression to � = 2:2suggests that the dense partoni
 medium whi
h 
auses su
h 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 de
reases with 
entrality. Thisis qualitatively 
onsistent with the predi
tions of the CGC formalism, indi
ating that afra
tion of the RAuAu suppression at � = 2:2 should be attributed to initial state e�e
ts.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 reprodu
ed by a parton re
ombination model with a 
olle
tive 
ow velo
ity of 0.5
. Asmaller 
ow velo
ity is required to a

ount for the data at forward rapidity. The parti
le
omposition 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 fa
tor 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 fa
tor of 1.5 lowerthan that from d+Au and p + p 
ollisions. All in all, these observations indi
ate thata dense strongly intera
ting partoni
 medium with a strong 
olle
tive 
ow is formed in
entral Au+Au 
ollisions whi
h 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 su
h a strongly intera
ting QCD matter with respe
t to itsformation, evolution and transition to hadroni
 matter.The LHC, whi
h is s
heduled 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 a

ess to hard probes sensitive to the earlieststages of the 
ollision and allow the study of the parton energy loss and the e�e
tive jet111



fragmentation fun
tion via e.g. 
-tagged jets up to pT � 100 GeV/
. To address high pTobservables, an extensive resear
h and development program for the PHOS dete
tor 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 ele
troni
s without degradation of the resolution for low energy data. A 256-
hannelPHOS prototype with APDs as photo-dete
tors has been tested in the past years. Theresults indi
ate that the performan
e of the PHOS prototype has met the design goals. A�nal PHOS prototype, whi
h will in
orporate the newest developed front-end ele
troni
sand the full readout 
hain in
luding FEE, TRU 
ards and RCU modi�ed from TPC-RCU,will be built and tested in the near future.
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Appendix BKinemati
sIn this appendix, kinemati
s relevant to relativisti
 heavy ion physi
s is reviewed.Throughout this se
tion units are used in whi
h �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 parti
le of mass m form a 4-ve
tor (E;p) andE2 � jpj2 = m2. The velo
ity of the parti
le is � = p=E. The energy and momentum(E 0;p0) viewed from a frame moving with a velo
ity �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 perpendi
ular (parallel) to �f .Other 4-ve
tors, su
h as the spa
e-time 
oordinates of the events transform in the samemanner. The s
alar produ
t of two 4-momenta p1 � p2 = E1E2 � p1 � p2 is invariant.B.2 Kinemati
 VariablesIn two body 
ollisions one usually 
hooses the beam dire
tion for the z-axis. As anexample, Figure B.1 shows the 
oordinate systems used in the BRAHMS experimentwhere the beam axis 
oin
ides with z-axis in global 
oordinate system. For the purposeof present single-parti
le di�erential multipli
ities, it is 
onvenient to use Lorentz invariantvariables.Transverse Momentum and Transverse MassThe momentum 
omponent px and py are un
hanged by a boost along the z-axis, so thetransverse momentum pT and transverse mass mT , whi
h 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 lo
al 
oordinate system. In the global 
oordinatesystem (denoted x; y; z) the nominal IP is lo
ated at (0; 0; 0) and the z-axis follows thebeam-line. The x-axis and y-axis point toward the MRS and the roof, respe
tively. Forea
h dete
tor a lo
al 
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 parti
le.RapidityThe most 
ommonly used longitudinal variable is the rapidity y,y = 12 ln E + pzE � pz! (B.5)= ln�E + pzmT � ; (B.6)whi
h is additive under Lorentz transformations along the z-axis. This means that thedi�eren
e 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 velo
ity of a parti
le of rapidity y 
an be obtainedby dividing the two equation above as�z = tanh y: (B.9)Sin
e rapidity is additive, under a boost in the z-dire
tion to a frame with velo
ity �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 parti
le are unknown, it is 
onvenient to usepseudo-rapidity, � = � ln(tan(�=2)); (B.11)where � is the polar angle between the parti
le 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.Ja
obian E�e
tOne 
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 parti
les 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 Ja
obian transformation whose value depends on the rapidity,mass and pT of the parti
le. The Ja
obian is largest at mid-rapidity, and for a givenrapidity it is larger for higher mass and lower pT parti
les.
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Appendix CAn Example of a Readout Programfor PHOS Beam TestReadout program has been written for the PHOS beam test. Kur
hatov 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 Kur
hatov ADC. In order to save spa
e, some log informationand 
omments have been omitted.#in
lude <stdlib.h>#in
lude <stdio.h>#ifdef SunOS#in
lude <unistd.h>#endif#in
lude ``event.h''#in
lude ``equipment.h''#in
lude ``
orboDef.h''#in
lude ``r
Shm.h''#in
lude ``readList_dete
tors.h''/* Definition of fun
tion 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;/********************* Fun
tion prototype definition **********/void ArmVmeWindow( 
har *);void DisArmVmeWindow( 
har *);void ReadEventVmeWindow( 
har *, stru
t eventHeaderStru
t *);void ArmCorbo( 
har *);void DisArmCorbo( 
har *);void ReadEventCorbo( 
har *, stru
t eventHeaderStru
t *);int EventArrivedCorbo( 
har *);void ArmCBD( 
har *);void DisArmCBD( 
har *);void ReadEventCBD( 
har *, stru
t eventHeaderStru
t *);void ArmKur
hatovADC( 
har *);void DisArmKur
hatovADC( 
har *);int ReadEventKur
hatovADC( 
har *, stru
t eventHeaderStru
t *,stru
t equipmentHeaderStru
t *, int *);/*************************** VmeWindow **************************/unsigned long32 *vmeWinAddr; 127



unsigned long32 vmeWinOffset;unsigned long32* MapVME(unsigned long32 vme_addr, unsigned long32 size);void* UnmapVME();typedef stru
t {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,stru
t eventHeaderStru
t *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 stru
t {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 ve
tor */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 ve
tor */regPtrShort = (unsigned short *)(
orboBaseAddr + CORBO_TEST1) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger on
e ( 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 ve
tor */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 ve
tor */regPtrShort = (unsigned short *)(
orboBaseAddr + CORBO_TEST2) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger on
e ( 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 ve
tor */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 ve
tor */regPtrShort = (unsigned short *)(
orboBaseAddr + CORBO_TEST3) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger on
e ( 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 ve
tor */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 ve
tor */regPtrShort = (unsigned short *)(
orboBaseAddr + CORBO_TEST4) ;*regPtrShort = 0; /* Prepare to trigger */*regPtrShort = FULLBYTE; /* and then trigger on
e ( 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; /* For
e to 
lear h/w the first time */eobArrivedFlag = 1; /* For
e 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 o

urred */int value;/****** Re-initialize ele
troni
s 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 
he
k 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,stru
t eventHeaderStru
t *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 lo
al trigger 
ounter from 
hannel 1 (twi
e 16 bits) */triggerNb = (*regPtrShortCNT1A << 16);triggerNb |= *regPtrShortCNT1B;if (triggerNb != DAQCONTROL->triggerCount + 1) {printf ( ``Trigger 
ount mismat
h: s/w %d h/w %d\n'',DAQCONTROL->triggerCount + 1,triggerNb);}/* Read offi
ial event number from CORBO 
hannel 2 (twi
e 16 bits) */nbInRun = (*regPtrShortCNT2A << 16);nbInRun |= *regPtrShortCNT2B;/* This is the experiment offi
ial event number: set it in the header */header_ptr->nbInRun = nbInRun;if (nbInRun != triggerNb ) {printf ( ``Event number mismat
h: CORBO 1 %d CORBO 2 %d\n'',triggerNb,nbInRun);}}#else/* Read offi
ial event number from CORBO 
hannel 1 (twi
e 16 bits) */131



nbInRun = (*regPtrShortCNT1A << 16);nbInRun |= *regPtrShortCNT1B;/* This is the experiment offi
ial event number: set it in the header */header_ptr->nbInRun = nbInRun;#endif}/* ******************** CBD *********************** */unsigned int 
ama
BaseAddr; /* the memory base address of the CBD */unsigned short B; /* Bran
h number */unsigned int CBDCSR; /* CSR register */typedef stru
t {unsigned int *vmeBaseAddressPtr;unsigned short *bran
h; /* Bran
h number */unsigned short *nbCrates; /* How many 
rates you have? */} CBDParType;void ArmCBD( 
har *parPtr){unsigned short readData;CBDParType * 
bdPar = (CBDParType *)parPtr;
ama
BaseAddr = (unsigned int)vmeWinAddr+ *
bdPar->vmeBaseAddressPtr- (unsigned int)vmeWinOffset;B = *
bdPar->bran
h;CBDCSR = 
ama
BaseAddr + BCNAF(B, 0, 29, 0, 0);/* Initialize the CAMAC 
rates */readData = getm16 (
ama
BaseAddr + BCNAF(B,1,28,9,26));readData = getm16 (
ama
BaseAddr + BCNAF(B,1,30,9,24));}void DisArmCBD( 
har *parPtr){}void ReadEventCBD( 
har *parPtr, stru
t eventHeaderStru
t * header_ptr){}/* *************************** Kur
hatov ADC ******************************* *//* Kur
hatov 64+3-
hannel memory ADC, readout by F0A0 *//* words 1-64 : data *//* word 65-66 : temperature *//* word 67 : 
ontrol word */unsigned int Kur
hatovADC_F0; /* Read data */unsigned int Kur
hatovADC_F8; /* Generate LAM */unsigned int Kur
hatovADC_F9; /* Reset registers */unsigned int Kur
hatovADC_F16A1; /* For writting gain 
ode */unsigned int Kur
hatovADC_F16A0; /* Sele
t module to read out */typedef stru
t {unsigned short *numberOfModules; /* Number of Kur
hatov 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;}Kur
hatovADCParType;void ArmKur
hatovADC( 
har *parPtr){Kur
hatovADCParType *kur
hatovAd
Par = (Kur
hatovADCParType *)parPtr;unsigned short rdata;/* Initialize some register for further using */Kur
hatovADC_F0 = 
ama
BaseAddr + BCNAF(B, *kur
hatovAd
Par->C,*kur
hatovAd
Par->N, 0, 0);Kur
hatovADC_F8 = 
ama
BaseAddr + BCNAF(B, *kur
hatovAd
Par->C,*kur
hatovAd
Par->N, 0, 8);Kur
hatovADC_F9 = 
ama
BaseAddr + BCNAF(B, *kur
hatovAd
Par->C,*kur
hatovAd
Par->N, 0, 9);132



Kur
hatovADC_F16A0 = 
ama
BaseAddr + BCNAF(B, *kur
hatovAd
Par->C,*kur
hatovAd
Par->N, 0,16);Kur
hatovADC_F16A1 = 
ama
BaseAddr + BCNAF(B, *kur
hatovAd
Par->C,*kur
hatovAd
Par->N, 1, 16);putm16 Kur
hatovADC_F16A1 = *kur
hatovAd
Par->gain;rdata = getm16 Kur
hatovADC_F9;}void DisArmKur
hatovADC( 
har *parPtr){}int ReadEventKur
hatovADC( 
har *parPtr, stru
t eventHeaderStru
t *header_ptr,stru
t equipmentHeaderStru
t *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;Kur
hatovADCParType *kur
hatovAd
Par = (Kur
hatovADCParType *)parPtr;ADC_KURCHATOV_MODULE = *kur
hatovAd
Par->numberOfModules;ADC_KURCHATOV_CH = *kur
hatovAd
Par->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 );}/* Physi
s or 
alibration data *//* mark equipment stru
ture present in the event header */header_ptr->type |= EVENT_EQUIPMENT;/* fill the equipment header */eq_header_ptr->equipmentId = *kur
hatovAd
Par->eqIdPtr;eq_header_ptr->rawByteAlign = 2;/* Read Kur
hatov ADC and fill the raw data */timeout = 200; /* wait a little bit */while (timeout --){rdata = getm16 Kur
hatovADC_F8;if ((getm16 CBDCSR) & 0x8000) goto readoutKur
hatovADC;}/* no LAM, pad 
hannels */for (loop_m = 0; loop_m < ADC_KURCHATOV_MODULE; loop_m++){putm16 Kur
hatovADC_F16A0 = loop_m;for (loop = 0; loop < ADC_KURCHATOV_CH; loop++){*data_ptr = 0;data_ptr ++;}}printf( ``No LAM from Kur
hatov ADC!?\n'');goto end_of_readout;readoutKur
hatovADC:for (loop_m = 0; loop_m < ADC_KURCHATOV_MODULE; loop_m++){putm16 Kur
hatovADC_F16A0 = loop_m;for (loop = 0; loop < ADC_KURCHATOV_CH; loop++){*data_ptr = getm16 Kur
hatovADC_F0;data_ptr ++;}}end_of_readout:rdata = getm16 Kur
hatovADC_F9; /* Reset Kur
hatov ADC */133



/* returns the number of bytes of raw data a
tually readout */return ( (unsigned long32) data_ptr - (unsigned long32) firstWord );}equipmentDataTableType equipmentDataTable[℄ = {equipmentDataType( Kur
hatovADC) /* 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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