
• 

• 

• 

1 

A STUDY OF THE GLOBAL PROPERTIES OF 

HADRONIC MATTER AT LARGE DENSITIES 

F tançois Lamarche 

Physics Dcpartmcnt 

McGill UlÙvcrsity, :\tontreal 

A thesis 5ubmitted to the Faculty 

of Graduate Studie .... and Rescarch 

in partial fulfillment of the 

requirements for the PhD dcgree 

May 14, 1989 

(c) François Lamarche, 1989 



• 

• 

• 

• 

Abstract 

\Ve present a study of the propertles of the nudear matter under extrcmc conditiom of density ;md 

tcmperaturc, ullmg collisions of he:l"y-nuclei mea':>ured in the experimcnt :"\AJ·l 'IllC cmphalll~ is 

given to the study of the vanation of the propCrtlCll of J.\'eraf.,rc central coUi!>lom \\1th the !>iles ot the 

colliding nudei The proJectlle~ u~cd are 200 (leV protO!l\, 60 dnd 200 (leV 'rluc\eon 160 nudel, and 

200 GeVlnuclcon J2S nudel I11c targcb .m: t11ln dl\k\ of .11 ulllllllum , coppel, '>llver, tungstcn, 

plat11lum, lead .md ur:uuum nuclel. Ille cncrgy dcn~lty .ILhle\'Cli 111 the\c CD1l1\ions, of the onder of 

10 GeV/fm J
, is a ncccs~ary (hut not suŒclent) conditIon 10 crcale .1 pl.lllma of qu.trks and gluQns, 

Wc 11lvcstigatc whether an hydrodyl1amic de~cnplIon 1\ appropn.1te for our data, In WhlCh ca~c, ffom 

the ob~ervation of the work donc by the hydrodynarrl1c fOfce,>, constr:unt~ arc obtamed on the 

propertics of the hypothctical pla~ma . 
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Résumé 

Nous présentons une étude des propriétés de la matière nucléaire da;f,s des comhtions extrèmes dt: 

densité et de température, en utilisant des colhsions d'ions lourds mc'~urécs avec précision d~U1S k 

cadre de l'expérience ~A34. L'emphase est mise sur l'étude ùes \'"nahons ùes propnétés dt:s 

collisions centrales moyennes avec la ta.tlle des noyaux. Les projccttlcs cmployc~ sont des protons de 

200 GeV. des noyaux d'oxygène accélérés à bD et à 200 GcV par nu clé 0\\'\ , et des noyaux de soufre 

accélérés à 200 GcV par nucléon. Les Clbies ~ont des dIsques mmcc~, ù'alurntmum, de CUl\re, 

d'argent, de tungstène, de platmc, de plomb et d'uramum l.a densIté u\mergIc .jttcinte dam ces 

collisions est de l'ordre de 10 GeV,fmJ , ce qui est la conwtion nécessauc (m,ls non ~uffisante) de la 

création d'un plasma de quarks et de gluons. '\ous recherchons d..m.s ,quelle ~'1esurc une dcscnptlOn 

hydrodynamique est appropriée pour nos donneés, ct à partir du travaIl al' .:amplI par les forccs 

hydrodynarruques, nous obtenons des contramtes sur les propriétés du plasma S'\ ,:clul-ci est fonné. 
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Statement of originality 

lbc foUowing arc ori~o1nal contnhutlOn'I h\ the .lUthor: 

• dcvcloprncnt of the concept of h) lirodyn.unic \\Or" donc hv lon~ituùmal c:\pmSlOn. 

• developrncnt of the lornputcr Clllk for ·,lInlll.ltlll~ tlll' longl1udlJ1,t1 CXp,Ul~\()n. 

• rccogmtlOn that the lrec/c·nut doc, not occur at ,1 limtc propcr tune hut .1t a fmitc coordinate 

time. 

• "';th A Angch, ,mù :\1. Scrnan, rn.untcn;mce of cncrp;) fiow IOglC ~U1Ù dc~w,n;c()nstruction of a 

new tcst ~ct-up for tc,tmg li UIub. Cihbratton ot the cncrgy tlow ... y~tcrn. 

• partIcipation 1!l the maintenance of the energy !low tnggcr~ 

• with Y. Slrol!>, 'omme' calibratIOn 01 \clIltlllator cJ.]onmetcn 

• with G. Poulard, evcnt filtcnng [rom raw d.ita tape", dunn~ the ton rum. 

• suggested ~lmple method for mcasunng transvcr~.: cncrgy in the forward calorimetcrs, 

• developcd method for mcasunng tranwcrsc cnergy rcsolutions from mcasuremcnts of 

transverse momcntum imbalanccs. 

• development with lUI. lnodberg of computer methods for cvaluatmg number of collisions in 

NCM models. 

• later development of analyucal methods. 

• with H.H. Thodberg, recognition of the effcct of nuclear deformation. 

• later development of analytic formula for effcct of dcfonnation. 
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• analytic fonnula for the volume of intersection of a sphere and a cylinder in the general case, 

implementation in a computer code, and use to compute the rapidity of the center of mass of 

participants. 

• idea to use forward/backward symmctry of nature to intercalibrate the mcasurement of 

transverse energy in the scmttllator calorimcters 'l'tith the mt'asuremcnt of transverse cnergy 10 

the liquid argon calorimetcr . 
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Preface 

ln thlS work, wc \\111 pre,,:nt tll\' rc~lllt ... 01 rt'\e.lrdlC\ m.llle III the fr.lIllcwork of the (lFlIOS 

Collahor.HlOfl. tn Irl\'e\tlj.!.lte the cre.ltloll 01 Il.ldrOl1\'': m.llter \\lth Lu~c ener~y dCIl"'ltJC~ ln cl>lll\\o!l\ 

of Ion" .iLcekratcd .it rcl.itl\1\tlC t'llcr~IC'o \\\th I1IH': 1\: 1 ,It ft·~t .lt the CI'I{" ~PS ln !l)S4. the 

Illl.IOS multl.purl'n ... e npcnm.:nt ,1.lr1t.~ll the lII,t.1l1.ltll111 Ollh 'l'loup III the Ilorth lixed t.lq . .'ct arca 

of the Super Pwton ~'\\llLhrotroll .It the {'1 R" 1 \lropl'.l!l I.lhor.lton 1!1 ('cIIC"'.l 'Ih: expcnmmt 

(~A '·n look d.lt.! \\1th oX\'~'el\ llm .... ILl.clef.lled III 60 .md 2()O {Il'\" Iludmn 1Jl nmemher,occclIlher 

19R6 .• mu \\ lth 'oullur 1\111'" nt 2()O (/1': \' nudcon mt'rgy 111 't'ptcm ber oLlohcr l 'lS7 ln the I.ltter 

pcnod. therc \\,1 ... m .!JJltlOIl.l ... hort fUn \\Ith 2(10 (icV IIllLkllll IfJ() Hlm Ille d.I!.1 \\Ith :ZOO (ieV 

proton~. t.!lell for (llrnp,Ln'O[1 purpme\. Lorne !mm run ... III n\l\TmOer l '1S6. 'l'ptl'lllber 1 QX7 • • Uld 

apnl 19R5\ l 

lt i .. IInportant to rcco~lI.1e the mhen.:nt UlInplcx.lty of the phello!llenology of hcavY·lOll 

collisions hcfore wc attempt to make numencal e ... tlm.lte'o nf the rrorcrtle~ of h.lùrorlle matter at large 

cncrgy dcnsitte'l In the fir~t charter 01 thl ... the~I~. 1 \\111 liN mtrodllel! thc relevant thcOretlc,11 

background. ~howlllg III wlllch ("I\C~ a thcnnodj tl,1tnl<:al. a do1~"'Kal. or .1 quantum mcch.ullc,Ù 

approache~ J.re relevant Sevcra! mode!... f,}r lbLnblllg Illgh-cnerg) h.ldron-h.IJron col1l!>lOn'i (the 

simple st ca~c of nuckar colh~lOn~) Vvlll hl: ... hOVvll. to!!cthcr \\lth thl:lr ~t:nrr,lh.latll)m ICl lar~e nudci 

The hydrodynaITllC PH;tun: \\ III he prc~cntcJ. III \\ lm, li the tund:.uncnt.L1 wnccpt i~ nClthcr the 

ampbtudes of quantum·mechamcal .... avc'>. nor the Il1dl\,du.ll r;~lcle .... but chùlc.!1 wavcs togcthcr 

with thcnnodynanucal propertlc!> 

ln the !tccond chapter, wc .... 111 show how the IIELlOS expenmental ~et-up mcJ.~urc~ the 

propcrties of the large densit)' hadronic matter. It provides, \\lth the hdp of an efliClent tngger 

system, a large stahstics sample of events Wlth d.t~tinctlvc charactemtll':s instcad of a reconstructIOn of 

1 Throughout tlus thCS1S. folloWll1g the uruversaJ pracucc of the rugh encrgy physlcs communJly. energlcs are gtven ln GcV 

(lGeV = lO"eV := 1 602 x 10 - Il J). distances tIl fernu (lfm - 10' l 'ml. and cross· sections ln barn (1 b ~ 10 - ~·m') A 

complete lm of eqwvalents ln the SI (tnterna.tlonal system of metTlC uruts) can bc found ln the 'ReVlcw of Parucles 

Propertles' by M Agwlar·Berutcz Cl al. Phys. LeU. BI70(1'i86)1 Certa.m theoretlcal computauons are eased by 

consldermg Ji '" c = 1 Howcver. when a numencal evaluauorI IS ncoessary. the factors of li (:::: 02 GeV'fm) and c (::=::: 3 li 

10' miS) neecled by dunenslonal arguments are expliCited. 
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the 4-vectors of ail the particlcs produccd Ul each colhs.ion. Global measurcmcnts of energy flow and 

multiplicity are thus available V.1th lugh statistics, using calonmcters and silicon hodoscopes .. \ 

spectrometer able ta measure four-\ector and charg'.! of indl\idual part.tcle~, m a Imutcd sohd angle, 

will also be prcsented. 

The dctails of the analym procedure, .... hich pro\1dc~ an accurate countmg of cvents to~ther 

with a prcClse scale of encrgy and multlphC1ty for the computatIon of mffcœntlal cross-sectIOns, \\ 111 

be the subject of the thU'd chapter We use \tonte C.u-lo ~lmul3tlOm togcthcr \\lth correctIOns b~ 

ana1~1ical funcuom to e~tablish most c~ct d!~tnhutlOm ot the ph~ stt:al oh~er\ ables tram \mpcrkct 

measurcments. 

ln the founh chapter, wc WIll present the corrcctcd mstnbuttans and dl~cm~ thelr comp.m'iom 

with a broad range of models. Wc ,ho\'. in det3.lb the rcpmltlOn 01 the tr:mwcr~c energ)' FI' = ~ 1 

sin 8 (wherc e i~ the polar angle w'lth respect to the heam Ù1rcctlOn) m p~cuJorapldlty 2 '1 == - ln 

tan 8!2. \Ve attempt ta ~ynthethl/c and ~umman.lC the wc.ùth 01 c:a::pcnmcnt-ù informatIon-- g.lthc~d 

by the stumes 

ln the fifth ch.lpter, wc dra\\ ~tnct conclUSIons from the c:wcnmental ~tudy, .lfld prc"'\!!1t 

reaction modcls hmtcd by them 

1 would hke to th.mk all mt'mbcn of the collahoratlOn, :md parhcu1.ll'ly .111 those who took .ln 

active part in the carcful operation of the detector ln the runmng pcrioJs 3 (ne mcasurements \\ cre 

made pos!.lble by the Jedlcatlon of the CF R S technieal stail \\ ho contnbuted to the ~upcrb 

perfonnancc of the PS - SPS aceclcrator camplcx, and [:1) the support of the C[R~ DD d1\1!>1on 

staff . 

1 want to thank my ~uper\'1sor, Professor Claude Leroy, for his contmuous support, his 

productive criucism, and man)' hours of intercsttng discussions of subjects rangmg frorn techrucal 

dctails to fundarnental concepts 

1 am indcbtcd to Dr C W FabJan, Dr W. Willis and our spokcsman Dr G London for th~U' 

encouragements and trust, and for many knowledgcable dtscusSlons. 1 would hke also ta express my 

gratitude to Dr G. lAlndon and Dr J P. Pansart for promhng \1onte Carlo data tapes produced by 

the Dual Parton ~1odcl ph) SIC~ gcncrator 1 R IS 2.01. 

2 ThIs vartable IS parucularly useful smœ Il apprOX1ltliltes the Lorentz·mvarlant nplwty variable 

3 The Ctlmplete bst ofrnembers of the HELIOS CoUaborauon can be found ln ref. (85). 
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Chapter 1 

Introduction: How one must describe relati\istic nuclear collisions 

1.1 The force between and inside hadrons. 

The discovery of the mecharusm of the strong force has proceeded 10 two steps: It was fust 

discovered that the nuclcons (the proton, the neutron) that make up the nuc1el \\cre interacting \1a 

the exchange of mesons ln a second step, regularities ID the spectrum of me~ons, and scattenng 

experiments at large momcntum transfers, shO\~ed that mesons and nuclcons. hadrons in general. are 

compositc. The nuclcar bmÙlng force \\ ould then be a resldual manifestatIOn of the strong force 

acting between the constltucnts (partons) that bmld the hadrons, thh \\ould be surular to chemical 

bonding, wruch 15 a residual mantlestatlOn of thc dcctnc force bindmg electrons in atoms. The 

relevant them"y of the strong interactions between constltuent5 15 \\1dely believed to be Quantum 

ChromoDynaITÙc5 (QCD). 1be constituents are th en coloured quarks, and massless vector gauge 

fields called gluons. Lùœ qlLU1tum e1ectrodynarnics (QED), QCD 15 a gauge mteraction, wruch means 

that massless vectar gauge quanta ensure the invariance of thc theory un der local transformations of 

the quantum-mecharucal phase. lIowever, these two theories have ~ difference \vruch lies in the fact 

that the t;(l) operators of QED comm\lte, whr.reas the SC(3) operators of QCD do not commute. 

The gluons are thus themsch'es colollI charged. Son-abcltan gauge theories such as QCD were 

shovro to be renormalizable [1]. This glves QCD strong theoretical grounds as a candidat ... for 

explairung the strong force. Such theones have also the pro pert y of asymptotic f..--eedoIrl or 

antiscreening: the lflteract10n becomes weaker at large momentum transfers, and stronget at ~mall 

momentum transfers, resulting in confinement of quarks and gluons inside hadrons, consistent with 

the fact that a single quark or gluon has never been observed [2]. In very deme or hot hadronic 

matter. 1t is expected that a phase consi5ting of unbound quarks and gluons should appear as a 

consequence of asymptouc freedom; this would be the QCD (Quark - Gluon) Plasma [3] (QGP), 

the ward 'plasma' coming from an analogy with sinular phenomena in atomie physics. In the 

plasma phase, the interaction between constltuents can be computed by a perturbative expansion in 

cxs. which is (ta a factor 41t) the square of the momentum-dependent colollI unit charge: 

(1) 
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Here, ~F is the number of flavours and A QCD is the QCD mass scale (/\QCD ~ 200 ~leV is a 

canonical value that appears to be confirmed experimentally [4]) . 

Contimung the malogy .... ith atomir physics, it could be vlewed as the equivalent of arl 

insulator - conductor transition in atomic physics: at low density, quarks and gluons form 

colour-ncutral bound states, and hence hadronic matter is a colour insulator. At sufficiently hlgh 

density or temperaturc, the hadrons mterpcnetrate cach other and the matter becomes a colour 

conductmg plasma. 

1.2 Nuclear collisions at ultrarelativistic energies. 

The field of nudear colllSlons at relatl\1stic energies is one of consIderable compleX1ty. Elements from 

vanous fields of modem ph~SlCS arc nccded to describe thesc collislOn processes and the subsequent 

partlclc production. The rxpreSSlOn 'rclatl\i.stlC quantum stattstlcal mechanlcs' summanzes the main 

aspects wc will have to consider. SpeL'1al relatmty mtervcnes evcr)""hcre, not only because the 

incident beam has a veloetty ver)' close to the speed of llght, but abo smce the produccd particles 

have transverse ;!nerglCs frequently larger than thclr !Cst mas!> cnerg). I3ecause very large numbers of 

particles are produccd, \\e use stabstical rnccharucs ta compute mclUSlve crùs~-sectlOns. lf the 

number of partIc1es and coUi!>10ns becomes .. cry large, the statlstlcal mechanics )'1eld a 

thermodynamical descnption of the productton of secondanes, .. vith an equation of state for nuclcar 

matter, and posslble phase trarlSltlOns. Considenng that the thermodynarmcal conditions are a 

function of space and time, wc then have to cOn5Ider the question of rclatmstlc hydrodynamics 

[5][6]. The computation of the producuon rate of the vanous ~peCles of sccondaries, requests the 

use of either equilibrium or out-of-equilibrium chenustr)'. espeCl" ;' for the produruon of strangc 

quarks. It is important ta note that the subjects of hydrod)nanucs and chcnustry of the nuclcar 

matter are only relevant lf a thermodynarruc description is possIble, m other words, if the nuclcar 

matter has undergone thcrmalizahon. 

The aim of these studies of the complex details of nuclear collisions 15 to investigate the 

non-perturbative regime of QCD. QCD is the slffiplest theory dcvised yet for the nuclear forces, 

based on the principle of gauge forces, the postulated gaugc group being SC(3) cola ur. There is now 

quantitauve eVldence supporting QCD in its perturbatlve rcgirne (see for mstance [7]). To establish 

the QCD theory 'With the sarne level of confidence as the electroweak thcory of Glashow, Weinberg 

arld Salam [8], the other very succcssful non-abelian gauge theory, we need specrlic tests in the 

non-perturbative regime. In the non-perturbauve regime, Wlth the ad vent of lattice gauge theories 

[9], QCD can make numerical prcructions for the masses of the hadrons, for the meson-nucleon 

couplings, arld in partlcular lt cm very easily predict the equation of state of thcrmalized hadronic 

matter. 'There is the prediction of the eXistence of a statc of deconfincd constituents reached at large 

densities and pressures, and (at least in the case of zero net baryon dcnstty) of a fust order phase 
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transition to reach this state staning from the nonnal confined state. 

The study of heavY-lOn collisions lS thus a very complicated field of physics, where many 

different fonnalisms are needed to descnbe various aspects of the beha\,our of matter, motivated by 

the hope of revea1ing the dcconfinement phase transition predtctcd by the non-perturbative QCD 

theory. 

1.3 The different phases of nuclear matter 

The observation of a phase transition in a fluid composcd of only a few particles in an extremely 

small volume (typically the sue of a nucleus) may seem impossible consldenng the large difference of 

the scales \\ith those at which sohd-state phYSlClsts u~ua.Uy study phase traJ'SItlons. Yet therc is a 

recent precedent lU the observatIOn of a phase transition betwccn the 'nuckar lIquid' and the 'hadron 

gas' [10]. 1nus there arc known methods for obsemng phase transitions in nuc1car matter. [berc 

are however many d!fficultles present in the case of the hadron gas'plasma ph:ne tran~~tton that wcre 

not present in the case of the nuc\ear liquid:hadronic gas pha!>e tramltlOn. In contrast to the case of 

10w energy nuc1ear reactlOm, m ultra.rclati\;stIc nuclear callI~lOns the rclatmstic etfccts cannat be 

neglccted, and the maJonty of the observcd partlclcs arc crcated dunng the reactlOn. It has to be 

noted that mdependently of the existence or not of a fint or second order phase transition, 1t 15 a 

fundamental predtction of QCD [Il] that at sufficient denslty the quarks and gluons .... ùl be 

deconfined. yielding a state of matter known as the Quark Gluon Plasma (QGP). One posslb1l1ty 15 

that the hadroruc gas \\111 transform graduaily into a QGP at high temperature Just like an ordinary 

gas transforrns into a ionued plasma wh en hcated. "'lthout a phase transItIon [12]. 

The existence of a quark gluon pla~ma b compulsor) ln QCD ~mcc ail the hadrons are colour 

neutral systems occupymg a small volume, separated by l"CgIons ')f vacuum wlth a non-zero value of 

the gluon condensate. If the demity is suffiClent, the vacuum is expcllcd and the constltuents of many 

hadrons share the sarne 'bag'. The eXIstence of yet anothcr phase has been suggested: the pion 

condensatlOn phase. Since the plOns arc bosons, it i5 possible that they .... ill undcrgo Bose - Einstein 

condensatIOn at suffiClcnt demlt)' and low cnough temperature At highcr denSlties, the constituents 

of many pions ",,11 'sec' cach other and the deconfmed QGP phase will be reached. 

The vmous phases of nuclear matter arc summanzed 10 Figure 1 where the temperature/demlty 

boundaries for the plOn condensate and the QG P are pure guesses. but are of the right order of 

magnitude. The curve W1th an anow i5 the expected evolubon of the matter in a ultrarelativistic 

nuclear collision (heatmg and compressIOn foUowed by cooling and expansion) . 
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and of the net baryon dcnsity, measured in units of the normal baryon 

density of nuclear matter. For the quark gluon plasma phase, the boundary 

is only an estunate of the arder of magnitude. 

1.4 Phenomenology of the Quark Gluon Plasma 

Due to the larger nwnber of degrees of freedoffi (8 types of gluons with 2 spin states 4, 18 types of 

(anti-)quarks with 2 spin states), the equation of state of the quark gluon plasma is different of that 

of the hadron gas. The quark-gluon plasma is an ideal gas fi the sense that since the quarks and 

gluons are point·1ike, there is no Van der Waals correction for occupied volume. However, the 

4 Like photons, lhe gluons are vector parucles and should have 3 spm states, but they are massless, so lhat longltudmal 

degrees of freedom are unphYSlca\ and the number of spm states gets reduced to 2 
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plasma as a whole costs sorne energy per unit volume to expel the non-perturbative (physical) 

vacuum and replace it with the perturbative vacuum. The hadron gas does not have this tenn, but 

because the hadrons occupy a finite volume, there is a Van der \Valls term to account for the volume 

occupied by the hadrons; ln both cases, the particle denslty n and the energy density & aI'e function of 

the ternperature only (the baryon density is considered as a negligible 'impurity') , and the pressure is 

obtained from the work done at constant number of partic1es: 

p = ( !! !!!. / dn _ 1)& 
E dT dT 

For a hadron gas \l,1th nft massless bosonie degrees of frcedorn, 

while in the QGP, \Vith N= 3 the number of colours: 

(2) 

where the constant 13 is called the bag pressure, and the number of flavours NF can conservatively be 

takcn as 2. lne assumptlon of quasl-mas~less quarks wa~ implicitly made. lnc factor t accounts 

for the Fcmu-Dirac ,>tatü,tlcs m:.tead of Bose-Einstein, the factor;; represents the counting of gluon 

spin states and the factor 4 <lccounts for the number of quark spm states and polanties (quark, 

antiquark). \VIth the sc values: 

lrus value is about 10 tune!> larger than the one that would be obtamed in the gas of rnassless 

hadrons, takmg n. = 3 ta count the thrce states of isotopie ~pm of the plon. This would aiso be the 

case if we conslder n. = 4 hy includmg the contnbution of the '7 meson, a.1though it does not behave 

like a rnasslcss parhclc in the range of tempcraturcs that we consider. IIowe\'er. it is not clear 

whethcr higher resonancc (p, (]J, etc. ) should he mcluded. If wc conslder p a~ a cllstmct rneson, it 

mu~t be conSldercd on the s..une footmg a~ the pIOn. If the rho I~ Just a hound ~tatc of two plOns, the 

contnbutlon of the rho 15 part of the contnbutlon of the plOn l'he qUC'itlOn 15 not purely acadenuc, 

it has Important consequences on the cquatlon of ,tatc a~sumed by the hadron gas. If each 

resonance 1'\ takcn to be J. fundarnental partlc1c', duc Ta the very large numbcr of resonances, the 

energy denstty would rcach very 1arb"C values for relatlvcly !\mall temperaturcs. ln the Hagedorn 

statisucal boatstrap hypothem [13] of an exponentHilly nsmg mass spectrum, the energy density 
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would even be infinite at a finite 1imit' temperature. A proper description of the hadron gas must 

certainly take mto account the resonances, but it must aIso take into account the volume occupied 

by the various resonances. There is a logicaI way to take into account the volume occupied by the 

particles in the hadron gas, using the Van der \Vaals fonnahsm [14]; howcver, in this work, we shaIl 

stay with a description of the hadron gas as a pion gas. The reader should simply rcmember that the 

real hadron gas can have less energy density than the Ide:ilized pion gas, and more pressure, due to 

the volume taken up by the pions. A1so, the inclusion of massive resonanccs in the hadron gas would 

increase the energy density and dccrease slightly the ratlO pressure/energy density ncar the thrcshold 

for the massive partic1es. 

In order to have mechanical stability when the two phases cocxist (mixed phase), the phase 

transition occurs when the pressure in the two phases are cqual. The pressure in the ideal pion gas is 

simply one third of the energy density: 

while in the QGP, application of (2) gives: 

2 
p= 37rr r-B 

90 

So, at the critical tcmperature T.: 

371t
2 -r _ B = 3rc2-r 

90 c 90 c 
_ B= 341t2,~ and T = ( 90B )1/4 

90 C C 341t2 

The phase transition occurs at the tempcraturc where the prcs!>ures of the two phases are equal. 'Ibe 

1atcnt heat' is then cqual to the dlffercncc betwccn the energy dcmitlcs of the two phases: 

371t2
....4 3rr 2

...4 
Ae::: B + --1 - - 1 ::: il + 3 B = 4 B 

30 c 30 C 

U sing the standard value of the bag constant B = 0 .6Gc V Ifm 3 , we get the critical tcmperature 

( 
90nnJ )1/4 

T.= --l- ~200:\1eV and the critical cncrgy dcnslty 4 il = 2.4 GcV/fm 3 . Our approxlffiate 
341t 

expressions for the energy density and for the pres'lure ln cach phase arc plotted in Figun; 2 and 

Figure 3 respectivcly, along -with rcsults from Jatticc gaugc thcory slffiulabons. 
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The energy density & divided by T 4 as a function of temperature T at zero 

net baryon number (which is equivalent to a zero baryon chemical potential 

fl) for the hadron gas (solJd line), for an Ideal QGP (datted line), and 

according ta a recent [15] lattice gauge calculation (data points). A 

fust-arder phase transItion occurs at the dashed line. 

The results from [15] are actually for a SU(2) model. These results have been scaled to match the 

critical temperature of 200 MeV and the nurnber ::: d~grees of freedom of SL'(3) 'with light quarks. 

The companson shows that while the exact nature of the transition can be fairly model dependent, a 

large increase in the energy density at a finite temperature is common to all these models. 

In our simpWied picture, and zero net baryon number, QCD predicts a fust-order phase transition, 

during which the temperature stays constant ",bile the energy density increases. For a range of energy 

density, the nuclear matter will be in a mixed phase with 'bubbles' of QGP irnbedded in the hadron 

gas. For larger cnergy densities, all the matter is converted to QGP, and the temperature rises again 

as a function of energy density. 

ln a plot of temperature as a funct10n of energy density, the prediction of QCD is thus a 

flattening followed by a sharp rise [16]. If the mixed phase i5 reached, the temperature would only 

show a plateau. The observ .. î.lon of increased temperatures would t.'1en reveal the emergence of a pUTe 
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The pressure P (divided by T") as a function of temperature T at zero 

baryon chemical potential /J. for the hadron gas (solid line) and for an ideal 

QGP (dotted line). 

One of the consequences of this phase transition is a low pressure of the mixed phase compared 

to the energy density that it reaches. Indeed, with the above simple model for the phase transition, 

the ratio of the pressure to the energy density in the QGP is (1- 136 ) 3
1 

instead of -3!. in 
111+34r/~ 

the ideal hadron gas. This means the pressure is dccreased by a factor of 10 (relative to 1/3 e) 

immediately after the phase transition, and remains sigruficantly smaller than this value up to lAT,. 

The non-observation of large collective effects due to large pressures has been suggested [17] [18] as 

a evidence for the deconfinement. However, in the ad vent of QGP supercooltng, detlagration waves 

[19] might be the source of the intermittency [20] which is observed experimentally [21]. 

In order to detennme the temperature, it is not sufficient to measurc the momentum distribution 

of the pions (the dominant secondaries) in the final state. The matter undergoes a cooling during the 

expansion, and the pions, strongly interacting during all the stages of the collision, probe the 

-8-



• 

• 

• 

temperature at the moment of the very last collisions. Particles that decouple earüer, because of 

smaller cross-sectton, measure higher temperatures, a fact well estabüshed in expenments at the 

BEVAlAC [22][23]. The total cross sections of mesons containing a strange or a chann quark are 

less than that of pions and therefore they Carl probe somewhat eartier times. The best measurement 

of the initial temperature is provided by photons and lepton pairs, that traverse nuclear matter 

virtually U!laffected. 

The photons and lepton pairs are interestmg in another respect: the rate of production of soft 

photons and low mass lepton pairs (in the range 30 ~leV to 200 ~1eV) is significarltly larger in a 

quark gluon plasma tharl ID a hadron gas. 

The abundance of strange partlcles has been suggcsted to be arl effective probe of the quark 

gluon plasma: despite the larger mass, the production of pairs of strarlge quarks is favoured compared 

to the productIOn of up and dO .... ll quarks since the Femu sea of quarks and antiquarks is qUlte 

occupied, arld by the Pauli exclu510n pnnC1ple, a gluon cannat materialtze if the phase spaee eell of 

the quarks lS a1ready occupied In contrast, if the hadroruc gas 15 made of mesons (bosons), at large 

densities, the production of further non-strange mesom would not be suppresscd but enhmced. ,\n 

enharlcement of the !.trange partlc1e productlor. that would be linkcd clearly to thts mechanism would 

be a direct proof of the presence of the quark-gluon plJ.sma. 

l:nfortunately, the production of strange hadrons ùoes not usually folIo," the prediction of 

equilibnum thermodynarrucs. The production of strange quarks increases mstead as the momentum 

distnbutions of the other hadrons approaches thermal cquilibnum [24]. A spectacular increase of 

the product1on of K'" in heavy-ion collisions at lS GeV/nucleon is a examp1e of such a 

thermahzation that must not be mistakcn as evidem'e for the plasma [25]. The production of multi 

strange baryons or antIbaryons [26] is much more sensitive to the deconfinement in the 

thermahzation, and would constltute excellent probes for the QGP if it were not for the extraordinary 

experimental dilliculties measuring the production of rare particlcs in a high multiplicity environment. 

Another probe for the deconfmement of QGP is the screerung [27] of the colour force between 

a heavy quark-anuquark parr. The intuitive picture is that the merging of ail the bags together allows 

the flavour ta flow at large distances. The probability would then be very srnall that a heavy quark 

arld its antiquark, that are initially bOU!ld, will recombine at hadronization tune. In presence of the 

deconfined quark gluon plasma, the heavy quark-antiquark resonances are suppressed, shifted, and 

broadened [28][29]. At present, there is already sorne expcrimental indicatiOns of a suppression of 

the J/1/I narrow resonarlce [30). However, it has been suggested that a sufficiently dense hadron gas 

could pro duce the sarne suppression . 
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1.5 Quantum mechanical vs classical description of nuclcar collisions. 

If certain features of heavy-ion collisions are dominatl'd by quantum mcchamcal cffects, athers cffects 

are essentially c1assical. For nuclel of finite MLC, the \\avclength of the produced particles is oftcn 

comparable to the longItudinal size of the system. In the tn\'cn ranb'C of fircball sucs (from 

proton-alumiruum to sulfur-uraruum colliSIOns), wc can thus expcct a graduai cha.nge fmm a 

description in terms of Wffractlon to a descnption 10 tcrms of thcrrnod)nwucs or hydrodynarnlcs. 

The phenomenon of transparency alsa dcpends on the si/e hcing tinitc, For ~ma1l nuclei, 

transparency means that the plom produced ln the colliSions do not rc-mteract, ~mcc the y arc forrncd 

ours Ide the mteractlOn rcglOn alter the collIsion For IdIge enough nuclet, most of the crcated 

particles would be mSlde the nuclear matter when thcy arc formed, and thcrc would be no 

transparency. 'Ibus transparency appcars whcn the ~izc of the s)-!)tem 1" ~ma11 cnough that quantum 

effects are unportartt. llowever, wc will sec that tr.msparency l~ not lmt ,ut cffect of the 

quantum-mecharucal uncertamty on the tlffie of production of the partlele, but rcsults from the 

proùuctlOn of the partlcle b) the insldc-oubldc cascade . 

1.5.1 Quantum effects 

When a particle is confined inside a ccrtain volume, the vanhhtng of the wave function at the 

boundary unposes a minimum curvature of the wave function. Hus produces a minimum kinetic 

energy for the parttcle. One instartce is the nucleons confined mside the nucleus, wherc in addltion, 

states of higher and higher energy have to be occuplcd, ~mce the fields of the nucleom obey 

anti-commutation rulcs. nus produccs the concepts of Ferrm cncrgy and l'crrm motton 1Tl large 

nuclei. Surularly, the confinement of low-mass quark::. m a 'bag' [311 produccs kmebc cnergles 111 the 

ground state rcsponslble for a large fraction of the mass of the nuclcon. 'lbe 111ner makmg of the 

hadrons must thercfore be comidercd quantum mccharucally. 

Although we will ~ee that the descnptlOn of the coIlhlOn of two heavY-lons can be donc to 

sorne extent usmg classical mech:uuc~, the production of '1ccondary parttclc~ ha'l to be desc.:nbed 

quantum mechanically, in the favourcd hypothe~i~ of '.,tnng fragrncntatlOn'. ln this plctUTC, the 

partlcle creation occurs VIa the pair creation of light quarh in the mtemc chromoclcctnc field of thc 

string. The stMg can be thought of as a tubular rcglon .... herc the field cxtcnd~, with a c1rculM 

cross-section of area rrA l wherc A (the 'stnng radlU;') ~ 0 5 fm. The proces~ l~ the QCD analog of 

the weil known QED 'vacuum sparking' ob~erved in the mtensc c1cL'tnc field of Jarb'C Z nuclcl. The 

rate of the pro cess 1S detennmed by the probability of a tunnchng, and IS thu~ casùy calculable by 

integratmg the action, giving the following rate of pair creation per unit time per unit volume 

[32][33]: 
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where tT is the string tension ( ~ 1 GeV2 or equivalently ~ 5 GeVlfm ), and m is the transverse 

mass (= .J ~+ Ir ~ 300 ~leV, 1n:J bcing the bare quark mass) of one of the quarks. This rate of 

pair creation has to be summed over aU possIble flavours, spin, and colours, and multiphed by the 

transverse area of the stnng nA1
. When this 15 done. v-.e obtam the constant K such that Kdi.dr is the 

probability of forming a rneson fi a length of string di. dunng the proper tirne dt. The value 

K::::.7.5/fm2 i5 consistent with the \\1dth of the p resonance. 

After lts creation. the proper length of the stnng mes v-.ith proper time l.ike: 

i.= ~y ! 

where !1y 15 the lcngth of the string m rap1dity. ~ote that the descnptlOn is serru-classical, and not 

completely quantum mecharucal. llis can be shown ta be a valid approximation in the path integral 

formulation of quantum rnechanics (sec for instance [34]). The probability of creatmg a 

quark-antiquark pair fust rises with ume. At later times, the lcngth of stnng available for producing 

more particles is rcUUClIlg because of the scrcening causcd by the a1ready ('''Teated pairs. Statistically, 

about half of the pairs are '-"Teated after a time 2. l ,which corresponds to 0040 fm. This means 
2.j2K 

that at that proper time, oruy half of the 'future secondanes' cxists and can make further collisions. 

11lÏs is the explanauon of the transparency: the potenttal re-mteractions of secondaries do not occur 

because the creatlon mecharusm rcquires a certain arnount of proper tlffie. Partlcle creation after a 

certairl proper time implies that the centrally produced, low energy particles v-.i11 matenalize before 

the outward gomg ones (in center-of·mass time) , hence the name of instde-outs1de cascade. The 

uncertainty principle is not a sufficient explanation for transparency, as very energetic secondaries 

might be produced very fast while respectmg the t:quauon fl Et-. t = n. 

The quantum mecharlics of the inside-outside cascade also explains the consta!lt shape of 

transverse momentum distributions of secondaries. In this model, the transverse momentwn 

distribution is just the power Founer transform of the field strength in the string; for a field with a 

Lorentzian mtensity, of radius A, an approximately exponential distribution of Pr would result, with 

an asymptotic Inverse slope of 1/2 Tt/A. For A = 0.5 fm, this is equal to 200 ~eV, not far from the 

measured value of::::; 180 :\1 eV. 

At least at the qualitative level, we have seen that the string fragmentation can be understood as 

an essentially quantum mechanical process of tunnelling applied to light quarks. If quarks lighter 

than the typica1 mass scale of QDe, A QCD' clid not crist, the multiplicity characteristics of hadronic 

collisions would have been radtcally different. 
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1.5.2 Classical effects 

The distance between two nuc1eons in a nucleus amounts ta about Ifm Let us sec what happcns If 

we adopt the plcture that a projechle proton is confined mside the bag of the taq,rct proton while Il lS 

interacting "'lth it By the uncertamty pnnClple that {\ Xi\ p"( has a mmlmum value of n, g1vcn the suc 

of a proton (1 fm), wc ffitroduce extra momenta of the order of 200 :\tcV, .... luch arC' smalt comp.m.:d 

with the typica110ngnudmal momenta lne conclu~lOn l~ that thc c1a~~ic.ù plctUrc, whcrc a nudC'on 

has succeSSlVe interactIOns \VIth severa! nuc1cons, I~ nable. 

Similarly, in the trans\'cr!>c wrrctlOn, wC' can rcsolve in~tantancous 'classlcal' Jct3.lb larger than 

the de Broghe wavelength of the madent panleles To compute the rc~olving power of the hcavY-lOn 

microscope, let us comldcr the tYPICa! momentum of a pOlIlt-hkc comtltuent 10 the ccnter-of-mass 

system. A constltuent (quark or gluon) carnes about one ~i'd.h of the 19 CIcY of .1 nudeon HlCldent 

in the center of mass, ~ 3 GcV Thus, It can rc\olve dct:.uls of the ~l/e 200 \fcV-fm / -' GeV ::::: Il 07 

fm. It makes sense then ta say that an mctdent nucleon makes a colh~lon \\1th one nuclcon in the 

target and not on a nelghbour 1 fm away. (t 1., evcn po~slble to dcfine wlth ~omc preLislon the 

impact pararncter betwccn two ôag~' . 

Finally, it IS somctlmes mcorrcl:tly said [35] that the uncertamty pnnclplc lunits the longItuwnal 

sue of the fircball to a rrurumum siLe of 1 fm. "Ine uncertamty pnnciple .,ays that, when rcsolvmg 

longitudinal momenta \\1th a prcC1~lon bl'tter than (Tt/2) /1 fm == 100 :\tcY, the fircball has a 

minimum size of 1 fm. But the momcnta of the partlcles do not have to be measurcd with ~uch a 

precision until the end of the evolution of th~ ~ystcm. rhe e~tunatc~ of energy dcnslty must u:,c the 

classical Lorentz contractcd size as the !ongltudin.ù .,ue of the fircball . 

1.6 The evaluation of the 'maximwn' energy density of a firebaJl 

lt was seen from the prcVlOus ruscus510n that It 1S po~slblc to calculate 'cla"'>lcally' the positiom of 

the particles as a functlOn of time. ln general, the ilistnbution of the av:.ulablc encrgy I~ hkcly not to 

be unifonn. In particular, the 'edgcs' of the proje(,111e are hkcly to proJ'Jce a ~ma!ler energy demity 

than the centl'r. Howevef, we arc going lO procecd to the cvaluatlOn of the mean mltial energy 

denSlty. We shali also assume, as usual, that nuclei arc ~pherr~ of constant demlty, of radu: 

(3) 

There exists a com.idcrable hterature on the energy denslty achicved in heavy-ion colliSions in 

the central region [36] and in the fragmentation regIons [37]. 'Ine aS'Iumption is that the net baryon 

density (baryon dcnSlty minus antlbaryon dcnsity) is zero ln the central rcglOn, and that two di~tinct 
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regions "\\ith large baryon density are fonned close to the onginal rapidities of the target and of the 

projectile. These articles were written before the fust round of heavy-ion collision experiments 

showed a complete stopping at energies of 15 GeV Inuc1eon [38], and a very large stopping in central 

collisions of oxygen nuc1ei on heavy targets at energies of 60 and 200 Ge V mucleon [39] [ 40]. ln 

these experiments at energtes of IS, 60, or 200 GeV/nuc\con, it appears that the fragmentation 

regions arc not easùy distinguished from the central regton. ·There remains the posslbility that the 

central region is baryon free at higher energies that might be reached fi heavy-ion colliders [41]. 

Therefore, we shall comider that the partiCIpants from the two nuclei stop each other 

completely. The energy density is the ratio of the stopped energy to the volume. The stopped encrgy 

is just the center of mass energy of the p~icipants. For a central collision, the volume is 

approximatcly a cyhnder of sectlOn given by the edge of the smaller nucleus. 'The longItudinal size of 

this cylinder 15 given hy the longitudinal 51l.e of the large st nucleus, dnided by a factor '1 CMS ta takc 

the Lorentz contraction into account. The Sll.e of the largest nucleus (usua11y the target) is taken 

rather than the size of smallest becau5e the reactlOn contmues to take place unttl the hack edge of the 

large st nucleus is reached. \Vith the aIorementioned assumptions: 

(4) 

where the invariant s is the square of the c. m. energy, m is the nuc1eon mass and (4rt/3) 3~N.,Iy CMS 

is the contracted volume of the central tunnel, with y CMSZEb .. .,./JS. The number of participating 

nucleons in the target artd in the projectile NT and Np are obtained by straight line geometry. ~ote 

that equation (4) is sometimes multiplied by a factor 1t /4; it becomes thcn a lower bound for the 

energy demlty, since a fraction 1t 14 of art lsotropie is rustnbutton of energy 15 transverse, artd can be 

considered unambiguously cornmg from the fireball. To be used m expcnmental analysis, thts 

equation is mutiphed by a factor S that repre5ents the fraction of the energy avaùable in the 

center-of-mass that 15 actually stopped in the ftreball. Since the resulting transverse energy 15 aiso 

proprotional ta the fraction of stopped energy, S cau be measured by ErlEr,MA.x' \Vith equatlOn (4), 

we have thus derived the mean energy density at full stopping (S:::::: 1) Wlth the aTlsatz that the energy 

stays imide the eylinder defined by straight hne geometry. \Vhether this is true, or whether the energy 

spreads to the full volume of the largest nucleus, will be answered III the next section. 

1.6.1 The contribution of cascading to the transverse eDergy production 

The cascading is used in many contexts ta designate secondary processes of interactions. A primary 

process fOnTIS mast of the parucles; cascading is said to take place when sorne of these fonned 

particles interact with nucleons. The cascading Carl occur on baryons that have already participated 
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in severa! collisions, however we shall only consider here those who would have been specta/ors if all 

panicles travelled exc1usiveJy longitudinally. Tbe cascading on participants exists. but it can be 

considered to be part of the hydrodynamic cvolution . 

The contnbution of cascading ta hadron-nucleus reactlons is reduccd by the faet that in the 

laboratory frame the partlcles are not crcated immeruately but only iller a certaIn time, and thereforc 

at a certain distance from the pOlnt of the tirst Interaction. olS shown In Figure 4 The more energcttc 

a particle is, the more fonvard It is crcated. It IS knm\n SlIlce J. long time [42] that If it were not for 

this phenomenon, a naÏ\'c c\olution of the cascade \\ould prcdict the production of thou~ands of 

particles in complete thermaluation and isotropy in cvery collision. In contrast, the average hadrotUc 

collision was found to be only nuldly dcpendcnt on the atomlC mas~ numbcr of the tarb'Ct, mdicating 

a forro of transparcncy [43] rccently understood m tenns of thc QCD fonn for the mtcractlon and 

the inside/outslde cascade (it 15 important to note that the word col~cade in the tcrm 'mside/outside 

cascade' is not, In any way, rclated ta the phcnomenon of 'c.lscarung'). 

l 

Figure 4: The contribution of non-directly hlt nucleons (cascading). lbe partic1es of 

pseudorapidity " arc erruttcd at an angle of tan 1 sinh" from a point 

located 't oslnhn behmd the partlC1pant target nucleon duc to the effeet of the 1 

formation time. J 
'----------
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In arder ta fi.x our minds on the possible magrutude of cascading effects in heavy-ion collisions, 

let us consider the case of a central collision of a small projectile nucleus eoO, or 32S) on a larger 

target. Supposing that we know the rapldity distribution that would be produced by the collision of 

the projectile on the 'central tunnel' of the large nucleus, it is relatively easy ta obtain a limit on the 

contribution of eascading in the rest of the nucleus ta the transverse energy For this, we are going ta 

make the simplifying asswnption that most of the gcnerated transverse energy is from a region close 

to the center of the target. TIlls 15 suggested by the fact that in models where we conSlder that the 

transverse energy is produced by a superposition of many nucleon-nuc\eon collisions, the overlap 

integral is maximwn at the center. We obtain a lunit on the transverse energy produced by the 

cascading if \I.e assume that the secondary partlcJes that hit the edgcs of the tunnel are interacting 

there with probability one and distribute therr energy isotropically. Given the dErldrJ distnbution, 

the secondary particles are generated \\ith an angle glVen by 2 tan - 1 e - ~ from positions fi,;, 0 = suwrlo 

downstream Clf the positions of the contnbuting target nucleons. The fraction of the 'central turme1' 

whieh will pro duce transverse energy that hits the walls of the tunnel is therefore glVen by: 

where z is the length of the central tunnel and r its radius. The isotropie re-emission of the 

transverse energy thus captured implies a multiplication of the trarlsverse energy by: 

TC 
-cosh '1 - 1 
4 

An estimate of the amount of cascading is therefore: 

f dEr r+ '0 TC 
E = cb7-(l- --sinh 'IX -cosh '1- 1) 

T,C4JC cb/ z 4 

Using the measured distribution dErldrt as an upper limit for the dErlcb7 before cascading, we 

obtained a value for the additional Er due to cascading of about 6 GeV (for 3 2 S_W collisions at an 

energy of 200GeVjnuc1eon producing 300 GeV of transverse energy, with r= 3.5 fm and z= 12.7 fm 

obtained from equaùon (3), and considering a hadronization time '0 of 1 fm/e ). 

The conclusion is that the non-geometrically participating nucleons do not increase very much 

the transverse energy. The cascading, in this sense, is negligible5• In co ntrast , a rather large fraction 

of the secondmes produced by the fust collision, will have fonned before reaehing the back edge of 

5 TIus IS consldermg il bea.m energy of 200 GeV/nucleon. At 60 or lS OeV/nueleon, the relauve unportan<:e of eascadlng is 

luger. 
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the opposite nucleus, and should contribute to the production of transverse energy by colliding with 

nucleons located there [44]. However, to arrive tCl this conclusion, wc have to consider that it is still 

possible to consider the evolution of matter as a SUCCC:,Slon of collisions of individual particles, while 

a description in terms of chromoelectric fields or of a energy density function of space and time may 

he more appropriate. 

1. 7 Relativistic nuclear collisions as many hadron-hadron collisions 

As far as the strong force is concemed, the nuc1ei can he considered as weakly bound assemblies of 

protons and neutrons, occupymg the nuc1ear volume at a rather constant density of baryons per unit 

of volume. A remarkable nurnencal coincidence exists at the energies at whir.h we are working: 

3 2...... 6 2 - 6", cr Pll-33fm (0.17) fm _1 

where PB is the normal baryon density of nuc1ear matter6, and cr = 3,2 fm2 the total inelastlc 

cross-section. TIùs relation appears naturally jrL the bag modcl, because of the relation betwecn the 

area of a bag and the number of bags that can be put per unit of volume. lne pnmary consequence 

for us is that the number of colli::.ions is at l.east of the order of the numbcr of participants, and for 

central collisions, this is fairly large. It also means that a nuclccn could in principle interact 

simultaneously with two nuc1eons of the opposite nucleus. 

Sorne of the characteristics of the hea\'y ion collisions are directly denved from those of hadron 

collisions. ln pa.rl!cular, the proton-proton collisions have been extensively stud.!ed [45], and 

considerable effort has been made to understand their properties In tcrms of constitucnts 

[46][ 47][ 48]. ln collisions of small nudci, lt lS expected that the production of secondaries, apart 

from spectators, is simply a SUffi of secondarles from a number of nucleon-nucleon collisions. 11ùs 

has been vcrified experimentally in high energy (X-a collisions [45]. l1ùs should also be the case in 

peripheral collisions of large heavy ions, with the difference that sorne of the seeondaries may crcate 

low energy cascade in the 'spectator nuclei'. 11ùs is ta be contrasted to central collisions of heavy 

ions, where a nuc!con undergoes several simultaneous or successive collisions. 

A very general remark can be made about the relauVlstic heavy-ion collisions : If we adnùt that 

no signals propagate faster than the speed of light, then the collision volume is dtvided into severa! 

non-commurucating regions along the transverse direction. lbis was the phYSICal basis for the 

row-on-row models [49]; if we forget later interactions, the production of transverse cnergy, and the 
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production of secondaries in general, is the sum of the contributions of severa! pairs of rows, the 

production of each pair of rows being completely determmed by the nurnber of nuc1eons initially 

present in each of the two rows . 

1.8 Model of nucleon-nucleon interactions and generalizations to nucleus-nucleus 

ln aU the phenomenological modcls Ulspircd by QCD. the sccondaries are ultunately created by the 

strings. There is ample evidence in favour of the concept of a string whcre a large constant 

chromoelectnc field, by 'vacuum sparkmg', results in the production of the mesons and resonances 

ln high-energy e' e - colliSIons, the final state consists of a pJ.lr of a quark and of a antIquark that 

move apart from each other at a spccd close to that of light. By consldering the t\\o-jet events, v.e 

obtain a sample of single stnng fragmentations. 111e fragmcntatlOn of such lsolated stnngs has been 

extensively sturucd by cxpcriments at e - -c - storagc nngs, and have becn parametnzed. We can then 

test if wc understand nuc1con-nuc1eon Ulteractlons and nuc!cl-nuc1ci collisions by trymg to reproducc 

their characteristics 'W'Îth a sum of strmg fragmentation phenomena . 

1.9 The dual parton model 

For processcs Ulvolving large momentwn transfers, we can compute successfully the cross-section for 

the production of jets from a knowledge of the structure functions and of the strong coupling 

constant. But in the average collision, the momentum transfer IS quitc small, and the perturbative 

approach fails sincc the strong couplmg constant blows up (as scen in equatlOn (1)). Thus it is not 

clear how to apply QCD in that linut. A pOSSible solution IS given in the Dual Parton :\fodel, where 

we keep the idea of structure funct1ons, but conslder the fonnatlOn of strings between partons (via 

colour exchange) mstcad of clastic collisions bctwcen thcm. t\lthough the eX2.ct fragmentation of the 

strings into the obscrved partlcles remains a fundamental problem ta be solved in non-perturbative 

QCD, this fragmentation is known phcnomenologically for e ~ e - collisions, allowing a 

straightforward comparison. 

In the Dual Parton Model (DPM), the fust stcp is an interaction between two partons (they 

exchange colour with little momentum transfer). These partons are exclusively the quarks, never the 

gluons. This sunphfied approach is partly supported by the prediction of the Altarelli-Parisi 

evolution equations that at low momentum transfer, the gluon content of the hadron is lower. 

However, the 'sea' quarks and antiquarks do participate in the DPM, although ooly in higher order 

graphs. These quarks, exchanging colour, getting themselves exchanged between hadrons, or 'he1d 

back', carry charge and flavour with them. It is in this sense that the DPM reflects QCD, and the 

observation of the predicted mean charge, or mean flavour, as a function of pseudorapidity, is one of 
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the most spectacular verification of the ideas of the DP::\1 

By sorne other aspects, the DPM does not intuitively derive from QCD. The strong coupling 

constant IXs' for instance, which is fundamental in the formulation of QCD as a gauge force theory, 

does not appear anywhere in the DPM. lnstead, QCD results m the formation of strings betwecn 

quarks that completely enclose the rcgion of intense chromoclcctric and chromomagnetic fields. Aiso 

note that untù the final use of fragmentatlOn functions. the DP:\1 io; a purely one-dimensional mode!, 

in contrast with QCD and the concurrent QCD insplfCd approach. FRITIOF [50]. 

For the se rcasons, the DP:\1 predicts no jeh. Within our encrgy rcgime, this does not matter, 

since jet phenomena are either vely rare or very hard ta recogruze as such [51]. 

The ward 'Dual' in the name 'Dual Parton :\fadel' cornes from the concept of duality in 'Dual 

rcsonance mode!'. The dua1ity is the equa1ity of the complex amplitude in the s-channel (direct) and 

of the complex amplitude in the t-channel (crossed). Ibis cquahty bcmg a too strict reqUlI'Cment, the 

duality in a broader sense is the fact that the average amphtude in the two channels agree. ln the 

s-channel. at low center-off mass energy, t\\O hadrons mteract becausc they makc a rcsonant 

intermewate state 'WhIch dccays back in the two hadrons Thcrc CX1sts a ~cnes of resonanccs of 

higher and higher mass 'W'Îth higher and higher spin. but these rcsonances arc broader and broader 

until they overlap. ln the t·channel. at large center-of-mass energics. but rclatlvcly srnall momentum 

transfers, the interaction can be described in a very differcnt way. 'The t\\O hadrons interact by 

exchanging a virtual partic1e. This off-shell partic1e can be of vanous ~pins and masses, but the 

asymptotic limit for infinite cnergies is a power law. The ùua1ity is the rcquirement that these two 

description - SUffi of bwnps and power law - give the same rcStÙts. at least on average, in the 

intermewate reglon. 

Unitarity is aIso an important concept. It imposes a relatlOnship bctween the S-matnx and 

products of S-matrices. in such a way that contnbutions ta the scattering amplitude with more 

complex topology are automatically present. They are howcver suppressed by higher powers of 11 NF 

in the topological expansion. 

Let us exanune the most probable topology for a high energy nuc1eon-nucleon collision. In the 

collision, one of the quarks from one nucleon exchanges colour w-ith one of the quarks of the 

opposite nucIeon. This creates two strings, one connectmg the diquark of the fust nuc1eon to the 

quark of the other nucleon, and one connecting the quark of the fust nucleon to the diquark of the 

opposite nuc1eon (sec Figure 5). Although this vanes from event-to-event, typlcally the diquark 

carries a large fraction of the momentwn of the nucleon, and the isolated quark. a small fraction of 

the momentum of the nucleon; hence the name 'held back quark' for the quark which has interacted 

in each nucleon. 

Each string will then hadroruze. The interesting assumption, herc, is that the fragmentation of each 

string is independent of the presence of the other string, and of the flavour of the quarks located at its 
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Figure 5: 

c 
( 
( 
c 

The two chains between the valence quarks and diquarks of two hadrons in 

collision in the framework of the DP:\1. 'This represents the simplest 

topology . 

ends. We suppose that su ch a string preduces exactly the same distribution of s\!wndary particles as a 

string produced between quarks in et-·e - collisions. The only difference is that whereas the strings in 

e +·e - collisions have a broad distnbutlOn of angles. the 'jets' of minimum-bias nuc1eon-nucleon 

collisions are always forward and backward. 

The structure functions of valence quarks ln hadrons are presently well known from 

measurements of 'Deep Inelastic Scattering'. being described by empirical fonnulas of the type 

X-(l-x( The exponents cr. and {3 can be given the values -0.45 and 3.2 respectlvely. according to 

[52]. but the exponents should be considered as approximate. since the structure functions might 

change slowly \\-ith energy and with the square of the momentum transfer (scaling violations). In the 

DPM. however. we make use of duality to obtain the relevant fonn near x = 0 and near x = 1. At 

large enough beam momenta, the exponent of the momentum fraction is the opposite of the 

intercept of the Regge trajectory of the exchanged particle in the crossed diagram. where s and t are 

exchanged. 'Ibis result. coming from an analysis in partial waves of the amplitude. shows that the 

fraction of the quark must behave like x-tll, since the 'meson' trajectory (p, A 2 • ... ) has intercept 1/2. 

while the fraction of the diquark (1 - x) must behave. near 1 - x = 0, like (1 - X)31l because the qqqq 

'exotic' trajectory has intercept - 3/2. It is natural to incorporate thf,se limiting behaviour by 

considering \hat the distribution p(x) of the momentum fraction of the quark is the product 

x - 1!l( 1 - X)3!l[ 48]. and it is also a reasonable extrapolation of deep inelastic scattering measurements 

to low momentwn transfers . 
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With this simple two-string topology 1 we can compute the multiplicity and transverse energy 

distributions of nucleon-nucleon collisions: 

di;"" (y,?) represents the multiplicity produced at rapidity y in its center of mass by a string whose 

both ends carry a momentum ?; this can be measured in e~ -e- collisions. Similarly, for the 

transverse energy flow: 

The distributions of multiplicity for jet fragmentation is known from c + -c - 1 and can be parametrized 

[53][ 48][54] as : 

dNjtnng (y P) = 0.05 + 1.3(1- ci 
dy' 1- O.S{ 

or sometimes as 1.35(1- 0 3
, Il 1S the 'pion transverse mas s' .J Ir+ nt., the tYPlcal transverse energy 

per partic1e. This parametrization shows the existence of a plateau of quasi-constant dNldy at very 

high energy, falling off at the edges in about one unit of rapidity. Incidentally, remarking that the 

typical momentum fractions of the held-back quarks xl' xa are quite small (of the order of 0.10 ) the 

observed multiplicity distribution, for beam energies of the order of 200 GeV, is then due to the sum 

of two relatively narrow 'string plateaus' shifted by about 2 to 3 uruts ot rapldity. This is shown in 

Figure 6. The explanation of the width and height of this distribution for nucleon-nucleon collisions 

is a major success of the DPM. 

In summary, the DPM, which descnbes remarkably well the avemge 'm.irùmum-bias' 

11.uc1eon-nuc1eon collision, corresponds to a picture where two quarks, cach carrying a small fractton 

of the momentum of their respective hadron. exchange colour but only a very small momentum, as 

can be expected sinre the gluon propagator has a pole at zero momentum transfer. Color 

neutralization causes two strings ta form, and hadronize. ~ore complicated topologies must exist, by 

unitarity, but they are suppressed by factors of the order of l/NF in the topolog1.cal expansion. These 

low momentum fractions are imposed by Regge phenomenology, while e+ -e- data give the 
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Figure 6: 

x<O C' 1 
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x>Q 
l' 

The rapidity distribution of transverse energy produced m a proton-proton 

collision having the sirnplest-topology wagram. The two mdi\idual curves 

represent the contributlOns of each hcld-back quark -diquark combination . 

The top curve represents thcir sumo 1 

1 

~ ____________________________________________ J 

distribution of partic1es in the high-energy fragmentation. In thls model, a baryon coming from the 

hadronization of a diquark contains qwte naturally a large fraction of the initial momentum, which 

corresponds ta the experimentally observed leading baryon effect' [55]. 

1.9.1 Extension to nucleus-nucleus collisions. 

In a certain limit, the DP:\.1 can be extended ta nuc1ear collisions. For collisions of small nuclei, first, 

we may considcr that severa! nucleon-nuclcon collisions can oceur concu.rrently. For example, in :x-ex 

collisions, 4 nucleons from one nucleus could coilide \'vith 4 different nuc1eons of the opposite 

nucleus. Then, when we consider collisions of larger nuclei, by gcometry a given nucleon is hkely ta 

make collision with severa! nuc1eons of the opposite nucleus. Because of the 1eadtng baryon effect', it 

seems possible ta consider such multiple collisions in the framework of the DP:\1. Let us see how 

this will work, when nA. nucleons from the target collide with na nucleons from the projectile in a 

cylindrica1 tube of cross-section cr = 32mb. The leading baryon effect observed in nucleon-nucleon 

collisions, conlmues to apply here. 11ùs is because in the DPM the simplest topologies are enhanced 

with respect to more complicated ones, sinee they have lower arder in the topologieal expansion. 

Therefore, although the 'sea' quarks have smaller momentum fraction probabilities, it is more 

'economical' to create and split a pair of sea quark-antiquark near the diquark, than ta split the 
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ruqu..uk, \\hlch \\ould n-.,ult l!l \.T\ UlIlll'k\ t"l,,'hlp,", 111cn'hm', tlle ,ilqu.uh., rrlll ,Il 1 1 Il il. .. 1 

thraugh the m.un Ultcr.1L'tllll\\'· \H' l.ln \ IC\\ tl:nn .1\ \1!11Il~, thrll\lf:.h thl" t'l'pll'lIl' Illlllnl' 1 brll \\ (' 

are left \Io,th a merr prl1hkm Il! C(llllltlI1)! Ihen' .lf\." rr njnS lIltt"r.ntllln' 1 .1I1t ('! thn\', III IH.tn III 

have a qu.a~I-comt.lnt Cfll"-'CL.!lOlI .It hl~h l'nl'q.'), mm! "'fn.·'rnll'! hl th, ,'\, h,lll~'l' ot .1 l'l1tllChll\ 

and thu~ to the cre.ltlon nt ~ ,h,un ... 111 t'n'hm' , Ihl"n' \\.\ 1.11.11 \lI Tl .'!l, ';" .11,111\\ 1 hrrt' ,m' n~ • n .. 

chams \Iolth JJq U,lrl, " (lI \dudl 1t.1J..11I~ n." 'n.) ~fl, .lfC \\llh \.Ikwl' '111,111-., ,lll,l fi, !lI .lfl;' \\llh '1'-,1 

quarks, 'l1lcn Ihert: \\111 hL' fi., fi, ,h.UI\\ 11Ill-.1Il)! .1 qll.lrk \\llh .1 \C,I ,lll!lqll.lrk 1 ht' fnt Il! IIIt" Il 

collisiom \\llI he hct\H'('n '\\.'.\ qu.\rk\ .md .Ultlq\l.lfk, .\ .... 111 "\..\!11 l'k, \\hen ~ I\l\d(',H1' ullhdl \\llh 

5, there arc 20 ch,nm . .., ut \\Imh h,IVl".\ .hqu.lrk. l'~ \\lth ,1 \ ,i1l III l' qu,lrk. ,Ill.! \ 1\llb.1 ""1 qu,lfk.1 

chams arc ~tn:tchl:,i bl't\H'l'[) ,1 \,Ik'IlCl: qu,if\" .md .1 '1:,1 ,1fI1 1\1 u.trk , ,mL! 1 (l,1ft' hl'I\H't"fl .1 '1',1 qll,lrk 

and a sca ..iJltlqU.lIk Ihe tTHllllt'!lIUflI tr.lltlllll\ .Ire h,mh:r ln llllllplllc, ~lIlll' Ihn ,If l' Ilot lll'II"',Ull\ 

mdcpcndent .J.ttcr \l'\n'ù lllllI\IO!1\ (the k,ldlll)' h.lf\(\!l J1I,I\ hL' 1(l1l'l!1~ l'1Il'q',) ,\ \toll!1' ( ,nlll 

calculat\Oll 1'> neelkJ 10 Lornpule thc\e \1 tlll' ,I,I~I', \\l' 111.1\ \llIlp!\ nh\cr\'t' Ih.lt Iht" dl,llll' 

bctwecn quarh.~ ,mcl ,l!1tlqU,irl\\ .m~ ,hort, \Il th,lt Ihe\ pll\\lhlv lin 11111 ull\lnhllh' 1(\ thl' pflll\Ul111ln 

of rnultlplKïty ami tr.m\Vcr'>I' l'm'fl-') 11 tlm \\l'TC tlll' l,l'l', tlH' l'flldllltlllfl 01 Ir,III\\l'r\l' ('lll'rv\' ,111.1 

multlphl.ït) would hc proportlOlI,11 10 the nurnhCT 01 dl,llIl' llltl!,lIll1ll/-" dlqU.lrl\, .ll1d th.1t 1\ .11\0 Ill\' 

nwnber ot \\oundcJ nu<..\c.:om \foreou'r, ..Il1Jlmg the,l.:. tlle Ih,l1m th.11 ,1ft' ,Illftl'd Ic)\\.mh f'lf\\,trd 

raplditic~ corne trom f..l\t tOf\\.1Tl1 pHng lhqu.ub, thcrrfurc, frptrl pro]l'll tic \\ Olllldl'd !llll korl\, .111.1 

the backward rnO\lng cham\ Lllmc from target \\ OIHldl.:J IlllllcOll\ 1 hl'rdore, Ihl' tr.Ul'\\l'f'\l' l'Ilt'rV,y 

and multiphctty m c..Ich 'hcnmphcrc' C..iJl he donUn,lll'll 11) thc l\lrrnpOlldl!\p, 1I\1111hn 01 "'OIllllkd 

nucleom 

Finally, It 1'> Important to note that wc Jo not llorll1dlly l"PCL! Ih.lt the dll.1l p,lr1on rnodcl \\111 

descnbc properly the colli!>lon~ of vcry l.lIge Buclcl IlH': .1"UfIlplloll th.il ",Ilh dJ.llll fr.lgTllCnt., 

independently must normall)' f;ul whcn there 1\ ol very I.lrge Ikmll~ of l h,um 1 Of \.lrRC l'l1()lJl-!.h 

nucIei, we aho cxpect IJ.r~"C .un()unt~ of addthon'ù tr,mwer\c cncrVY ,\lit! mUll11'ltlll\ to rc\ult tmtll 

cascading of the produccd lIle..,lln... ,lftef Ihe fOflTI.llH11I lunc !I.I\ d.1P'l'tI 1 he go ,li 01 the 

nucleus-nucleus DP\11~ rather tu glVC a repre,>cntatlOn .1, l'XLI.-t a ... IH1\\lhlc of Ihl' \11).111 IlUtll'1 )Untt 

of nuclcus'nuclcu~ Co111'>lon'\, '\0 th..lt we hl1ow, ..... }ll'fl Ihert' ,., .1 dCV!.ltHlll, th,ll Ih,' nuLiel .m' 1.lrv.c 

enough to produce cf1C1.1,> fundJ.fllmtally dlffcrcnt from IIULlCOfl'lJuL!l'OIl UlllI\\(l11\ 

1.9.2 Monte Carlo realizations of the Dual Parton Model 

IRIS 2.01 15 a \1onte CAIo rcilll/..dhofl of the /)uoll P,lT1011 \tlldcl I!ldt U .. C ... t W()c)(h'~a)l()n lluLicar 

denSlty rustnbutlOll to l.omputc the ~eometry of the Wlll'IOl1, Ihe '>Imple .. t topology of the du.!l 

parton mode! to LOmputc the \tnng'> and thcu krwth\, ..Inù the 1 unù fr.lI.trnent.ltlon \1otll'! to 

fragment thesc fornard backward Hnng,> mto hadrom and re\On.J.tJle" l ')() 1 1 he [ und hJ.~mcl\t.ltlOn 

program ha.c; '\cveral para.rnctcr~, but the,c par.unctcr"l Il,1\'1.' hccn .1dlU"Itl'd to fît the c' c ,i.lt..l !rom 

PETRA, ~o that m pnnctplc 1R1~ l' a p..lr.unctcr-frcc \lmul.JtlOlJ 01 the <'ltU.ltlOf] of mdepcmlcnt 
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nucleon-nucleon collisions. 

The Ranft realization of the dual parton model [57] uses different codes 

(BAMJET,DECAY,llADRIN) to realize essenttally the same computation, with the exception that 

the produced particles are allowed to re-interact after a proper tirne Lo after the collision responslble 

for their creation. This 'cascadmg' makes it posSIble for the nucleons of the large st nucleus to 

participate more in the collision, resulting in a rapidity shift \\1th respect to a naive DP\l 

superposition that neglects the fate of the produced panlc!es. 

1.10 The Lund model for hadron collisions and FRITIOF 

The Lund group [47] has devcloped a quitc gencraI code to slffiulate the scattering of partons and 

their fragmentations in Deep Inelastic Scattenng cxpenments and high-PT hadron-hadron collisions. 

The same group proposes, mth thc FRITIOF model [50], a rustinct way to gcneralize the 

characteristics of hadron-hadron collisions to nucleus-nucleus collisions. It is asswned that there is no 

colour exchange or flavour exchangc, but a conslderable momentum transfcr. In each collision, both 

of the colliding nucleons get 'excited' and a string IS stretched bctwecn a quark and a ruquark 

of the same nucleon Comparing Wlth the dual parton model, wc see that the strings fi FRITIOF arc 

the sarne as the dammant kind of string of the Dual Parton :'v10del: quark-diquark; the differcnce 

he~ is that the quark and diquark are from the same nuc1con. The important dynamlcal differcncc is 

that whlle the length of aIl quark-diq1.lark strings are tixed in advancc in the DPM, the length of the 

intemal string, or equivalently, the excitation of the 1cading baryon' increases with the number of 

collisions experienccd. This eXCltation saturates asymptotlCally after many collisions. 

Compared to the DPM, FRITIOF avoids the problem of glvmg somcwhat arbitrary structure 

functions at low momenta to quarks. However, it ffilsses colour exchange, cannat reproduce the 

amount of flavour transfer, and it does not have unitarity constraints to fi.x the amplitude of higher 

order graphs. 

t.l1 Wounded nucleon models and overlap integral models. 

The basis for these models is that although we do not know the details of the reaction at the quark 

level, we can probably compute sorne of the global properties of the heavy-ian collisions, such as the 

total transverse energy, using the global properties of hadron-hadron collisions. 

ln the waunded nucleon models (WNM) [58], the assumption is the following: Each of the 

participating nucleons (their number is obtained by multiplying the nuclear denSlty by the volume 
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represenUfig the mtcncctlon of.l .,pl,,:re \\1th.l \.\hnJtr) ~d., \\\l\u1lk.i, pllll).; mtn .lIll'\LI!t·.! '11.111' 

that .... ill rcsult ln trJ1lS\ L'r~c rncrgy .lt the cnd uf thl' llllh'>lOIl rhc dr.L,tll: .1"umptHlI\ 1\ th,l! tIlt' 

nuc1eon doe~ not hl'comc more \\ otl1,ucd \\ hen It lI1.1kc\ ,t \'t'r,ll Hllh'lllll\ th,llI \\ hCIl II 1I1,lkt'\ llm' 

(when sea-se.l chJ.m~ \.:.lll bl' flcglcdcll, tht: Du.ù Il,trlOI! \1odd bl'l'!lllll" l'tlcll\H'h .\ \\', \l, '11lU' tht' 

numbcr of quark-dlqu.uh ch.un." hl'1ll~ pmpllr1l0n.ll hl the llllJ1lhrr \11 d1'l\l.lrk" " pnl!,llrlHlIl,tI III 

the nurnber of p,lrtlClp,itmg nudc(}n~) l ,Kh "1 mmbllllll klln lkC,I\ I!I~' IlItll 1'.lrtl, ln IIhhl'l·lIlklltl\. 

the modc1 h.l~ 1\\0 p,lT,unctl'f~ Il) hl' tittt'.! the ,1\l'r,I~I' Ir.Ul" l'N' l'nt'rg\' pflldlll ni h\ ,1 \\1l11l1dnl 

nudeon, and the rn.l~'T11tulk o! the eH'nt-!<l-l'\'cnl tlUdll.11HHl' Il! the tt.H1.,\l'r,l' llll'f).',)' prpduu:d h\ .\ 

wounded nucleon 

In the on~'Jl1al Vl'r<;!On ()t the \\':'\\1, .IPP!K.lbk tn h.ldrllll-lllldem (\)111.,\011,. tht: tr.IIl'\l·r'lt· 

energy dl~tnbut\On tor collt~\llm \d\(:rt., , fllldc()!l\ .Irt.' \\ Olll',klll' Ihe ~ -tllld Ulm lllutlOIl \\ Ith Il ~l'It 

of a kno\\'T1 tranwcrSI! cner!!.) Jl\tnb\ltllltl (thl., Ih ... tnhlhl1ll l' oh1.1l1ll·.! I)'~ IIltlltllV1I1j.! tht' 

proton-proton tr;mwcr,c cncr!!:y th!>tnbutlOll \\ltll tlll' 2-fll\d Llltl\lliutton) IIll\\l'\t'r, III tilt' C.l,Ç ni 

heavY-l0n colblOm, the IlUInher of \\oumkJ l1udwll\ 1., .,utlilll'lllh l.lf~l' Ih,ll the t'l'ntr,1! 1 III lIt 

thcorem apphes 

It can be gmerally cxpectcd th.11 thl' p\l'lldOr.1pldIlY den\lt)' of tr.Hl","er,l' cnl'r~y (\1 the \\Olll\dt'\1 

target nuc1eons \\111 be lhffcrent trom th,lt 01 the \\ ollndl'd proJt'ctl!t: 1l11t.!com 1111: tram\'l'r\c cner!!:, 

production lU a back .... ard reglon of p~eudor.lpldlty, .,uch .l!\ 0 1 - ~1 < .2 9, \\oultl thcn pn:tcn·lltl.lIh 

mea'iUfe the nwnbc:r of \HJUnded nuclcon' in the targe! 

A simliar modcl, perhap\ more n.ltur,ùly COml\tcllt \\lth the .1\\lImptloll ot lll~h-l'ncrgy lt'aJ.lfl~ 

baryons, i!> the 'uc\con Colli'iHl!l \1odd ('C \1) [59}. WC .l,.,UI1lC th.lt 1'.JLIl p,lrllL'lpatlll~ nuc1l:oll 

can interact ~cvcral tunes. A p.lrtlculJ1'ly "'Imple dC\lflptlOn 1\ obt.IIHet! If \H~ :t ..... umc th,lt 11ll' 

transverse energy and the .. econdary partldc:~ arc not clTlItted untll the end of tht: llllll\IOII, .mJ t h.lt 

each of the colh~lons, lfre~pcctlvc of ",hcther the mtcr.lltlllg lludelHl., lI,lH' ,tlre.ldy IIlter.ILted, 

produces a ~umlar .unount of tr;mwcr~e enngy 1 rom .\ pfllb.lhlhty dl,tnhutlOll tOf '" 

nuc1eon-nuc1con collISIOns, and J. :'\ -l<)tlvolutlOri of the proton -proton tr.Ul\\ l'r\C cneq,~' dl\tnhutloll, 

we obtain a predictIOn for the Jlffcrentlal cro~.,- .. ectlOll When '" l~ \utlincntly l.lr~, the 

~-conYOlutlOn approaches a G.!Uo;'>laIl, ",ho\e par.llneter'l .HC drtrnlllfled hy the tiPlt and \cLond 

moments of the proton-proton dl\tnbutlOtl l'he .. c Lharactcfl·,tll" .lre. \ cry v,.l'll kllown, hoth .. t !JO 

and 200 GeV pcr nucleon, from ISR ~tUJIC'" [60] It turm out tholt \\Iule for ,mali lllJclcI. the 

agreement Wlth the ~CM 1<; excellent [451, for ).tJ~e lIUdt:1 thl' '\(''\1 ~m .. ly ovcre .. tlmatc,> thc 

transverse cncrgy, and undeT'C<;t1matc'l the fluctuatlOm, the veneT.!1 .. holpe ht'1Jl1« .lpproxHnatc\y n~ht 

ln the context of the ~C\1 mode!. the lc\~ trJ.llwcr<;c cncq.!)' pCT nUdtoll-I1UdcolI Lolh.,1011 would he 

explained by the energy Im~ of the nut!cotl'i Ifl the \UCle.,.,lye wlh\H!n\ ~()rne .Ittcmpl\ h..tye hcen 

made to compute what v.nuld be the effcL1 of the cnCTIO' ]0\\ of the nut.!com l 61} hut tamed awa) 

ta such an cxtent, the ~C:\.1 has ... c1f-çontradlt."tlom ln the fr.l!ncwork nt ()e!), the enerlO' 1()'1~ 

process should only take place at thc end of thc colh\JOrI, \JnLC "'c a\\umc that the 'Iccondanc'l arc 

created ooly then, 
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The observation that the shape of the transverse energy distnbution is reproduced by the ~C~l 

suggests a generalization of the r\CM whereby the tirst and second moments of the nucleon-nucleon 

differential cross-section are left as free parameters: EQ and '/WEQ, The only physics input is the 

geometry of the collision for the calculation of the overlap integral and the probability for ~ 

nucleon-nucleon collisions. 1ms geometncal parametrizatlOn (so-callcd geometncal model) 1S 

interesting because the parameters measure the mcreasing dcviation from a superposition of 

nucleon-nucleon collisions as the size of the colliding nuclei increases. 

t . t 2 The hydrodynamic approach 

Whereas superpositions of ind.!vidual nuclear collisions are justified for collisi~l1s of smaU nuc1ei, the 

~tatistical mechanics of severa! collisions bccomes more and more imfortant for larger nuclei. 

Clearly, for collisions of neutron stars, classical hydrodynamics \\ill apply. At \\ hat sÎze of nuclcl. and 

how the transition between the t .... o descnptlons will occU! has to be found experimentally. ln the 

hydrodynamic models, we consider the mean behaVlour of a macroscopic number of quanta as a 

function of space and tune. Such a description is only useful if the quanta have severa! interactions, 

transfemng momentum and energy from one region of space to the next Wlthout themselves movmg 

ta it. If thts condition of several momentum-transfemng colhsions is not sausfied, it i'i stmpler and 

even more adequate to conslder the motion of the indiVldual quanta. ln heavy-ion collisions, as wc 

have a1ready seen, an hydrodynamic description is needcd for at least a fractJ.on of the space-time 

traversed by the produced particles, SUlCC if aU the produced particlcs (tYP1CaUy 1000, 

charged+neutral, in central 5-W collisions) are ln the initial volume (of transverse area 5, S :.::: 41 

fm:! for 32S, and longltudina! size L), the mean free path .!.~L is several times (about 16 times, if 
1 q IV ' 

we take t1 = 20 mb for pions) smiller than L" It rcsults that the 'fireball' is opaque to a partlcle 

starting from center, and that a hydrod)namic evolutlOn is needcd from 11us ll1ltial state to the final 

state where the dcnsity is sufficiently low that the produced particles do nat interact between 

themselves and fly ta the detectors The oruy possible loophole in thts argument is tbat the fireball 

might be produced in a freezed-out state non-hydrodynamically. In such a frcezed-out initial state, 

the particles would be produced vrith a longitudinal momentwn proportional to me longttudinal 

position right from the beginning. TIUs posSlbility must always be considered, although by causality 

arguments, it is unlikely in the case of collisions of large nuclei. 

ParadoXlcally, the hydrodynamic mode! has had a considerable phenomenological success 

[62][63] in describing collisions of hadrons with protons and smaU nuclei, where the hypothesis that 

the quanta have nwnerous interactions before they leave the small interaction region (size :::: 1 fm) 

seems hard to justtfy . 
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Conversely, in the IlIUit of very 1.lI'~'C nude!, \\\: ,m' I,lq,.'d~ 111~t1til'~! tn tn',It ll.ll!wf\\l.: m,Inn 

hydrodynarnically, like J. tlwJ ch.U'.lctcrl/cJ hy an l'qu.lhon 01 '-I,ltc ~pt,.ïf\ m~ the prc.,\ure ,I~ ,1 

function of the dcnslty ;mù of the tcrnperaturc Ih~ pn" .. un.' ~f,ldlt'nt~ ~t'ncr,ttt' h\ .trod .. Il,Unl.' forrc, 

which act to mollify the rnotlOn of the t1wù. ,U1Ù thu' the: tin,ll l'Iwrg) !lo\\' 1l1t' l()O'Il'ryatwll 01 

energy and momentum }lclù the folhm1l1g cqu.ltlom lur the: hmtcm e:nl'rl-') II1lHl1l'ntum tl'n'Of r' 

dl"" 
--=0 
dX 

Following the analy!.is of La.nÙ.lu [6], only two J...imb of tenm ',Ih ... ty 141n.'ntl 1Il\',lO,U1l'C .Illd r.m 

cnter the eltprcs~ion for the cnef!~y:morncntum tem,Of of ,1 nOn-\l"'COu... H\lId, ,\ tt'on 11\)(' ,lI\d .1 tl'rm 

in 1111, UIS thc local veloC!ty 4-\'ector \ent}lng ri =- 1 IlIC loetlklcnt,> 01 the t\~O tenm Imght 1", 

defined as wc \\15h, howevef, in onier 10 ohtam the Fulcr t'qU,ttlllfl\ III the IHlTI-rl'l.lI1\'1\tlc IlIml. \H' 

wntc: 

T'y = (E + P)ûu· - Pt" 

The quantity E IS the cncrgy dcmtty, inc1uding the rc~t rna~~. and P 1'1 thc prt",\urc. IlIC umt, (li 

pressure are (GeVifm);fm2 (:= forccla.rca) which \'> cqwv,ùent to the Ilntt\ of l'uergy demtt)' (ICV 

fin - 3, 'The full cquatlOflS of motton in "pace-tunc co()nim.lte~ arc 

( 5) 

d 2 ·1 2 -. J dP -(Ce + P}y u')=: - V -L(E + P)y u u' --
dt Jx' 

, 1:::: 1,2,3 (6) 

ln the non-rclativhtic limit y ...... 1. this rcduccs 10 the Euler cqua.lÏom: 

d ~ [ ... J dP -«e + P) u') = - V, (E + P) u u' --
dt d,x' 

, 1= 1,2,3 

1.12.1 Sorne hydrodynamic phenomenology - the dominant longitudinaJ expansion 

The hydrodynanucs cquatlons can bc ~olvcd (analytKally or hy rclahvcly '>Imple nurm"rn:.ll 

algorithms) for a few ~unplc cases, t;~ing !>impie gcometnes, ,mù comllicnn!o\ the IdcaJ-rclatlvl,>tlc 

equation of state P= E13, wc obtam exact rc\ults wtllch outlme Lcrt,un charactcmtK~ of thc data 
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Taking the case of 'Gaussian ellipsaid' energy demity (e = e,e 1<1 lit 1..-1 at t = 0), we consider 

a non·relativistic expansion. The parameters x" Y" z, charactcrilc the initlal size of the system . 

Since the Gaussian has the property that its derivative is proporuonal to the caardinate times the 

Gaussian. the three components of the velooty of cach part rf the fireball are proportional to lts 

coordinates, making the energy density distnbutlon remain Gaussian whùe expandmg. At time C, the 

_~_L_ "l 

energy denSlty is c, .'(y,2, e 1xtl l~ ~. 'The Euler cquatlOns are then satisfied e\'erywhere if x o' Yo' 
x~ozo 

zO' the sizes of the 'Gaussian fireball' at bme t, obey the equations: 

cfyo L" --==r.IY 
dt2 0 

we can integrate the se equatlons far the coordmate x, and obtain7
; 

l 
t= Jx. erfi(.J 2ln(xoix) ) • where erfi(y) is the primitive of e 2 

dxo r;:, -).JKt 
therefore -d is also '" Kem (--) 

t ~ 

The implication is that, for small times. the r.m.s. velooty of matter in a given direction is inversely 

proportional to the irutial spatlal extent of the fi.reball in that direction. For larger times, the veloClty 

does not increase as much, but the larger velooty is ~tJ.ll assooated v.ith the smallest spatlal 

dimension. The Lorentz contractlon of the nuclei in the center of mass cause~ the fireball ta be 

spatially very anisotropie. smaller by a factor 'leMS (typically:::::; 10) in the longttudinal dù"ectian than 

in the transverse direction. TIùs is the reason why we expect that the hydrodynamie expansion v.i11 

be mastly longitudinal (see alsa [64][65]) . 

7 the derlVauon 15 sutUlar for y and z 
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1.12.2 Shock waves. 

Anothcr way in \\hlCh hydrod)n,lIlUCS can mt1ucncc the encrgy tlow l' the pO'~lhlhtv of ~hock \\.I\'e" 

'The se shock \\3VCS would tr.1mport the 111111a1 lon~tuwll.ù momentulll throuI.(1I the fireh.lll .. md 

therefore they also contnhute to Ull-reasc the IOI1~1tuùm.ll Ctll'TRV t1nw \\lth rnpcd tn the tr.ltl'H'rW 

energy flow Shock \\ave~ play an Important mie 11\ hadnmlc m.ltter \\lth den'>l!ll:' 01 ~ 0 ) (je\' lm' 

[66]. As an mstruCl1\'c approxImatIOn 10 colh'lon ... (lI' nmk.lr r.lIIr.lk~·,,'. \\l' \\\11 uHl'llkr the 

collision of Iwo lllfirutc walh of ..1 linltc tlucknl:". for \\ }Ilch thcn: c:mt\ .1 11111\ n:1.thn,t1c. l''{,lct 

solution. 

\Vorkmg m thc nucleon-nuclcnn center of ma~'i. \\C dC~I~n3tc hy 1: the local 'l'ncr~ den'I!Y' 

(e + Pr/, a.nd by /JE the local momentum de mIt y , IlH~ 1\\ () ,1..Ib, .lTC pro\'1dmg enagy to the eClltr.lI 

rcgion at a rate of 2K = :è;~.\{\.p(J pn wut .JIC.I per Hmt tllnc, .UlJ no net 1110rt1cntum (y (M\ l' the 

Lorentz factor of l'.lch ~l..ib 1fl the center 01 nu" w ... tem .. md Pli l' thc l'llergy dell\lty of Ilonn:ù 

nuclcar matter). L.mdau's eqwtiom 111 dll~ 'pCCI:Ù one-dlmcmlofl.ll C.l~e re.ld 

.!i.(E- P)= - ~(f3E) 
dt dx 

(7) 

(M) 

where E = (E + p)yl, e bcmg the energy density in a co"mo\-ing fra.me of rcfercncc, and P i5 c~ùlcd the 

pressure. 

There CXlsts a ~olution in tcnns of two ~hock wavc~ movmg fOl"Wd.nh anù backwa.nh <1t a 

velo city v,, In between the two shock v.avc plane~, the matter 1'> Ilot rnovmg, h.lV1n~ an 'eneqO' 

denslty' E= jK and a pressure P === fE. l'or a perfeet ga,>. \\c expect f"" 1'4 hut tlm p.u1lcular value 1'> 

not essential, and we can contmuc the discm<;llJn .... lth f Idt vanahlc 

At the passmg of the shock waves, ho th functlon E anù P have dl,contmultles both a,> a 

function of spaee and time_ Therefore, thc ùenvat1vc~ Hl the l.andau equ.ltlOn'i arc () functlOm. nlC 

coefficients multiplymg the delta functlOl1S III thcse ùenvatlvc,> arc rclatcù, applymg cquatlOns (7) anù 

(8), by the vclocity of the shock waves' 

v A(E- P) = t\(PE) 
J 
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In the incoming ultrarelativistic nuc1ei, E = K, pE::: K (or - 10, fJ2~K, and P = 0, while in the 

central region, E = jK, (JE = fJ'E = 0, and P = fjK. Therefore, we are left with the equatians: 

v(j-l- fj)= 1 
J 

with the solution: 

j== fi.l-!J 

v=/J-l=L 
J 1-/ 

This description of a shock is idealized in that we neglect vi sco sit Y altogether. As shawn jr. Figure 7, 

when the shock wave reaches the back si de of the slab, it turns around mto a rar..;tication wave . 

ù1timately, ail the momentum of each slab is rcturncd to them as the region of r.igh density shrinks, 

with the surprising consequence that the slabs finally appear as not having htcracted. Because of the 

many asswnptions 8, this result cannot directly he apphed to the hea', y-ion collisions, but we must 

remain aware that a ~hock wave might carry a large amount G; the energy available initially into 

longitudinal momentwn. Another very interesting propertv "t this model consists in showing that the 

initial energy dcnsity can indecd be fairly constant o':t:r space and time, and depends on the relative 

velocity of the two slabs but not on their size. Tnis is nonnal, considenng that the information of the 

sae of the slab ('How far is the back cdgc?') would have ta travel faster than the speed of light in 

order to influence the very initial energy density. The extremely large values of energy density 

(:::::Yb",,,,/f POt where Po is nonnal nuclear density) appeanng bchind the shock wave arc probably never 

realized. However, they would certainly occU! if indefinite1y large nuclei could be made to collide. 

8 1) that the nuclel are nat 2) that they are tnfuute ln the transverse dJrecuon 3) that theU" edgea are perfec:tly sharp 4) that 

there 15 no VlScoslty 5) and no turbulence. 
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Figure 7: 

QI 
e .-
f-

Longitudinal coord i nate 

Light co ne diagram of the collision of two ~labs of non-Y1~COUS hadronic 

matter at lùgh energy. 

1.13 A reallstic hydrodynamic simulation. 

Since the final charactcristles of an evcnt arc most determmed by the longitudinal expansion, it is 

interestmg to simulate thü, onc-rumeoslOnal expamion for ~implc C3!)C!). The analytical fonnula 

obtained for an expartding GaUSSlan prame is only valid non-rclativhtlcally. In arder ta ~tudy the 

expansion of a fircball Wlth a gIven lfuttal profile of energy denslty up ta relatlVlstlc vclocities, a 

numerical simulatIOn has b"cn buùt. We only conslder the ~lmple case where the pressure is one third 

of the energy dcnslty. Tbe SimulatIOn is a ~traJghtforward Încremental procedure. u,>mg the cquatlOm 

(7) artd (8) Such a drrcct 1Otcgraùon/rufferentlation l~ pos~lb1c 10 ~pltC of the 10tnmlC computatlonal 

noise mduced by numencal dcrivaùves by us10g the REAL. 16 hlgh prcC1~ion t1oat1Og point numbcrs 

of the IBM370 (36 dccxmal digits preCIsIOn). If this premian wa~ not avaùable, wc would have to 

make use of the mu ch more compltcatcd partic1c-in-cclls mcthods [66][67]. 
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The solution ta these equations possesses the property of scale invariance which is typical of 

solutions ta hydrodynamics of perfect fluids. The expansion of a perfect fluid continues in princip le 

for ever. ln practice, we consider that the ex.pansion stops when the density is sufficiently low that 

the collisions are rare and do not contnbute to an hydrodynamic evolution Afterwards, the particles 

travel to the detectors with constant velOCltIes. A possible entenon for choosing the mstant at which 

the freeze-out would oecur is when the gradient of the vdacity 1S larger than the average velocity 

divided by the mean free path. This has bccn sturued in [40]; it was shown that If the freeze-out 

occurs for most of the matcrial at a fmite coordmale time aftcr the collision, ~d not at a gI.vcn proper 

time. The case of &ceze-out at a firute l'roper tlffie 15 only relevant whcn wc consider extremely 

relativistic collisions (\\lth a rapldity plateau) and very small mittal volumes [5]. Because the 

solution to hydrodynanuc equatlOns are scale-invariant, the &ceze-out time is proportlonal ta the 

initial Wldth x, of the Gaussian profile of energy density. The freeze-out time, for 32S on W at 200 

GeV per nuclcon9 , is 8±2 x" wherc the crror rcprcsents our lack of knowledgc of the rnean free paths 

of mesons in a gas of rnesons. 

The profile of the cncrgy dcnsity tU thc frame-of·reference of the fireball is ~hown, at vanous values 

of the eoordinate time, in Figure 8. At the beginrung the profile widens \\ hùc rernaming Gausslan, 

like in the non-relatmstie limit. At later times, two bumps are devcloping. They appcar becausc of 

the yl of the rccedmg matter. IIowcver, the invanant energy demlty do es not have two bumps, it 

simply decrcases \'tlth time whùe the spatta! SlZe lIlcrea~es. Ths b ~hown in the contour plot of the 

invariant energy denslty of Figure 9 The longitudmal spacc coorrunatc IS shown ln abscissa, and the 

tune in ordinate lTl a light-conc wagram. 

ln trus model, where an ideal gas cquatlon of statc (EOS) has bccn assumcd, ail the measurable 

properties of the encrgy flow are sunply gtven by the ratto ! of tht: frcelc-out tlffiC to the initia! Wldth 

of the Gaussian profile. The rapldtty distnbutlOn of energ)' denslty is shown for a few values of! m 

Figure 10. 

The longitudmal expansion is followed by an l~otropic frce exp~Slon ('dccay'), and thus dErld-r/ 15 

obtamed by convolutmg de/dy \'tith the functlOn L'coshJy, the later bcmg the shape of an isotropie 

distnbution in dEr/dy. Tbe Wldth of de/dy and of the resulting dEr/th) distributlOn arc plotted as a 

function of! m Figure Il (b) and (a) rcspectlvcly. 

The intercsting point here is that thts isotropie decay will involve less cnergy than that initially 

available in the firebali. Sorne of the available energy has bcen converted mto the kinettc energy of a 

collective longitudinal expansion. By conservatlon of energy, it is easy to see that this energy 

correspùnds prcciscly ta the work donc by the fluid whùe it was expanding, which we cali ac.' The 

ratio ofthis longitudinal work CCL ta the total energy is shown as a functlon oft in Figure 11 (c). 

9 SlllU.lar values are obtamed If we assume that the longitudinal expansIOn stops when the longltudmal sue has reached the 

transverse sue. 
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The relative energy denslty as a function of space and time. The initial 

width is 20 units in spacc. Sincc the solutions to the cquations of 

hydrodynamics are scale invariant, time and distance are not specified fi 

fm/e and fm. For 32S_W, one space unit is 1/30 fm and one tune unit is 

1/30 fm/co 
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Contour plot of the invariant energy density. It is shown as a function of 

longitudinal coordinate and time in the frame of reference of the fireball. 

The distance between two contours is a factor of two . 

- 33-



.10 

1 'i 
'2 450 
:J 

~ 400 ...... 

~350 
loi 

"0 

300 

250 

200 

150 

100 

50 

0 

1 

Figure 10: 
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The rapidity distribution of invariant cncrgy dcnsity at timcs corresponding 

to T = 1.25, 2.5, 3.75, 5.0, 6.25, 7.5, B.75, and 10.0. The shapes arc 

Gaussian, and the \vidths are incrcasing (but in a more and more graduai 

way) with increasing freeze-out tlffiCS. 
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As a function of freeze-out time: a) the width of the rapidity density of 

transverse energy b) the .... idth of the rapidity distribution of invariant 

energy density c) the fraction of the available energy taken by the 

longitudinal expansion. The time is measured in units of ~/20 (l/30 fm/e 

for 32S-W at 200 GeV per nucleon). 

1.13.1 Effect on angular energy correlations 

The hypothetical existence of a compressed fireball, whose subsequent expansion causes the observed 

distributions, 1S the source of, or should be the source of a measurable angular correlation. TIlls is 

because collisions producing transverse energies correspondmg to the plateau rcgion of differentlal 

cross-sections have a small but non-zero impact pararncter b; the resulting fireballs have sorne 

angular momentum, and rotate while expanding. \Vith z designatrng, like usual, thr longttudinal 

coordinate. we define here the coordinate x in the plane of the vector impact parameter, and y 

-~-L-..t. 
perpendicular ta tlùs plane. The fireball has an initial energy denSlty E = E,e lx1 2;' lzf. Due to the 

finite impact pararneter, each part of the fireball has an irùual velo city in the longitudinal Wrectlon 

depending on its rnitial x-coordtnate Vz = f; where f ~ b / bmu" CsÎng the notations of 1.12.1 , 
1 

- 35-



• 

1 

f 

.1 .. " 
dwmg the exp.lf1\lOn, tlu" I:dl ul tïn'b,lll !-'l.'h III .lùJJtll)fl ,1 \ dnnl\ i 

, 1 

gets in the d.m·clIon pcrpt'nùKulJ.r to tht' n'.1ctlOll pl.uu,') Ih !Im lIll'dUflI'rn, \~l' !"l'nn,llt' .1 

rapu:llty-dcpcmknt nct tr.m\\ene mOnll'ntullI, \\ ludl 1\ III rnnc1pk oh\{'f\ .Ihk 16'\) 

As wc ha\c \r.:t'n ln 1 12 l , the \'clm;tty ~lt !.llll!ltudm.ll C'.p,lll\\lll\ " !,Ir).!cr th,lI\ the \dout\ \lI 

transverse eXpan~l()n hv a f.ll1or eqlW.\ to thr.: r,ltlO ~ / of the Hutl.lI tr.ITl'\t'r\t' 'I/C llt tlll' tirl·h.1IJ to 
• 1 1 

the mitiallongttudmal sue .\, a rc,ult, wll'ldenng tlll' \dO~'ltv ùl,tnhutloU' 

[ (

V 2' ,,)[ exp - (v -[.2...) '(2",') + Ü' j",(2w') 
, w ' .... 1 

], 

the coefficient of the rcgrcs.,\on • v. " (~'.) "" /. ~', 01 the tramH'r'lC VclOClty on the JI1Il~'ltuÙIll.l1 \ dout\ 

is much !>maller th.m the cocftiC1cnt of rcgrcs~lOn ~ v,:- (~'J -;:A~" 01 the !on!!l!udlll;Ù "dont)' 11T1 !hl' 

transverse vclonty J:.::;;( w/ .... j 1. .. co- (z,/xy f..' 11u\ l' thc rt',I,on \\ h)' 1,lr).!c wlll'I.:tl\'c tr,IJl'\t'r'l' 

momcnta cannat de\'c\op, 

A approximate cxprcs~lOn for 1.. t.tkmg mto al:count .1 dt'ltnbuhoJl of .lddcd thcmuc' \'c10Cltlc\ 

(of width WT) aftcr frcCLc-out h: 

To make an estimate of the rcgreS'IIOn of the nct tranwerse \'l'IncH)' \lll the r,lpldltv, wc u,c j () ,l III 

HS·W ('plateau region'), .... ïth w. = () lw, (from xp,::::;; 10), ~~~() \'I(w: -\ w~} (lwlll thc h)ll~ltudl/l.ll 

work computcd ln 1.13), .md w,::;; 1 (trom thc r,lpllhty .... Idth lomput.:J 1Il 1 1 \) Wc Obt.llll 

fflA = 0.014 It must bc ... trc5,cd that tlu~ 1\ ,m cxtrapo!.ttlo{\ of ,\ lIon-rd,ltl\'l\ht: l.tkuLltlOl1 tll t ht, 

relatiVlstic rcgJon. ~o t1us c\hmatc mu ... t he t.!.ken rum xranum {(.l!/r rhe kno .... lc:d).!c 01 the .: X.lct 

produccd net tramvcrsc momcntum 1°.1t non-/cro unp.ll1 p,lr<l.rm:tcr .... (luld u:rtalllly he lJ\etul. hut a 

fully relatiVlstlc three duncJl'\wnal h~ drodynarrllL c..lkul..lllOI1 1\ olJl\lde (JI the \l,.0PC 01 !lm the'l., 

10 By Iwnrrung over scveraJ partJcles and over severa; eventl, the non Icro tep:tuSlon ot triUlIVl!tll! n\(x;)ly on rarl1Qlty 

r\!fulu Ir. transverse enerp.y correlitJOnl ln ul.1nuth 
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Chapter 2 

Tbe HELIOS detectors and experimental conditions 

1.1 Tbe bearn conditions 

The data presented in trus thesis ""ere taken \\lth the HELIOS cxperimental set-up installcd in 

the H8 bcarn hne of the CER;-'; Super Proton Synchrotron (SPS). Ine SPS nommally operatc::; at 

intensities up ta 1012 protons pcr burst (24 sec) ""lth a maX-lmal momcntum of 450 GeV/c. An 

attenuated prunary beam of ~ 106 protons per burst Carl be ùcflcctcd in I18. Bearns of secondary 

high cnergy hadrons \\lth momcntum of 200 GcV/c at rates of ~ 107 per burst are abo avaùablc, hy 

means of a produ(,."tlon target. 

ln 1986, the CER;"; accclerator complex procecdcd to the extractlOn and acceleration of fully 

stripped oxygen tons. ln 1987, fully stnpped sulfur Ions were slffiÙarly accelerated. lne ions are 

'picked' in a S02 plasma bl' a pmhole, and pre-acccIcratcd in a Rawo-frequency quadrupole (Rf-Q). 

At this stage, the oxygen ions are fi the loruzatlOn state 0 6 +, and the sulfur ions m the 10nUatlOn 

state Sl2 + 111ey get fully stnpped by traver~mg a thm beryllium sheet, 3.Ild arc then accelerated to 12 

:\1eVinuclcon m thc llIlear accelerator (LI~ACl), tr3.Ilhlerrcd fi a synchrotron from \\here they \\cre 

injected at 260 :\tcV:nucle('n :,51 the CERS Proton Synchrotron (PS). The prcClSC turung of the 1'S 

causes the sdcctlOn of elthcr the ::,ulfur or the oxygcn, bccausc of a ::.light dlfIercnce of the charge ta 

mass ralla betwe(:n 32S and IbO. Ille nuclcl werc boosted up to 10 GeV:nucleon ln the PS before 

mjection ID thc S PS \\ here they wcre finally acccleratcd to cnergIes of up to 200 Ge V muclcon. 

IntenSlties of ~ 108 lOns per burst (42 sec) ",ere transported m the SPS wherc high rate lS a 

minimwn reqwrcment for adequate beam control. This mtensity is rcduced ta a few tunes time lOS 

ions per burst ta aducve optunum acquisltion rate of mteresting events. The rate capability i5 

essentially linùted by the rate capability of the uranium/hqwd argon calonmeter (CLAC). due ta the 

time constant of shaping amplifiers and the time needcd to fully mtegrate the hadronic response (slow 

neutrons). "Irus reductlOn was achieved on the extractcd lon beam by means of steel-septum 

magnets. and m the 1I8 secondary transport beam system by usmg cyhndncal and slit collimatars. ln 

1986, the beam used for hcaVY-lOn physics had an mtenSlty of ~ lOS Ions per burst, and was focused 

at the target posltion, to an ellipsOldal gauSSlal1 profile Icx:exp' - xll(2.t1:)- i!(2a~)) with (0' •• 0',) '" 

(O.5mm,l.2mm). ln 1987, the sulfur had a sunilar mtensIty, and the parameters of the beam profile 

were (0.8 mm, 1.0 mm). In tlus chapter. after a bnef gcneraI ovm1ew of the HELIOS expenmental 
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set·up, 1 wùl dc!>~."bc the ekmenh ot the Jnl.'l."tllr ,md l'II the Irw,p:r tl1.ll ,m: l"WlllI,il Illf tlH.' pn."l'"' 

study of the chJI.lC1cnstlc~ of l1l1dC.lf m..lt!\.'r 10 tilt' t.uh nI tr.Ul" \.·r'c l'l1efK' ,1J,tnl'utlon'\ 

2.2 Survey of the experimental set-up 

lnc HELIOS Jdector 1\ Je\lL!:neJ for .1 rnultt·purpo,l' cxpcntl1cllt \Im .. prn'I'l'I\'. t\\O f'l"t',lrdl 

progran1s ~hMc the u.,e nI mmt III the dctl'ctor, l!l dl\tmct nllll1llll! pcnod... 1 hl' I,'ploll l'roVr,Llll l, 

amled at an~wenng open que,lllHl'" 1fl tht' productIOn 01 L'll'L'troll" IllIHm, ,llld Ill'utnrlO'" 111 Il P ,md 

p- A mtcractlOm Ine lllgh'r.lte l,IP,lhlttu:, 01 the npl'fIlTll'nt .tlhl\\'" l'rt'l'I,C ,tudlt .. , III l'II 

ul1lycrsahty • .LIlOm.ùH:' III the prmiUl. tmn ot 'Il\\.!.k kpll\lh lIl\ltnh\lt \l'II 01 1. Il.trln dl'"I\ 10 kph III 

p.ùr (Dreli- Y.LII) proJudlon, ,md ",\l1\l\D,l.h,u,," hm m.I\' p,ur... 1 hl' IOJl 1'f()~!r.I!lJ, to \\ lm'Il the 

prc'cnt the"'l' l' cOl1l1ecteJ, cX.unmn thl' qUC ... tlO!l\ Ulfll,'011l1l': l'Jlerf'\ ,lIld l',lrlll. il: 110\\, \\ llh p,lrll, Il

IdentrlicatlOl1 1 t,q). 1f1 lirt:h,lll of dt:mc h.ldrorllt Iluttn l'\tl'lll!lllV, 0\ n Llr)::l' \ ('!ulIle ... , th.lt ,m' 

produced ln ultrarcl.ltlvl ... tlc IlUCkm'l1ul!I.'U'" lnlh ... \OIl, 

A schcmattc top VICW of the ~et,up l, ,tHm n 11\ ligure 12 
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scintùlator hodcseope and the high granulant y ltqUld argon electromagneuc calorimeter; the muon 

spectrometer, comprising a magneue spt'Mrometer and an hadron filter, is used in bath programs. In 

the 'ion' program, the study is al.'ned at the question of low-mass muon pair production [70]. The 

47t o coverage of the ealorimeter for the measurement of the energy flow, m the eenter-of-mass (e m.) 

frame, is a powerful tool in the ion pro gram, allowmg a full reconstructIOn of the e\'ents topologies 

as well as pro\'1clmg a tnggcr on transverse energy in vmous pseudoraplchty mtervals. The 1ast 

component of large SlZe, used CXclU5Wely m the 'lOn' pro gram , 15 the external spectrometer that nc\'.s 

the target through a slit in the calorimeter ",ail. It uses fime-Of-r1tght and 11lfcshold Cerenkov 

detectors ginng good Tt :K:p separauon, 1wo proportional chambers spaced by a thin converter for 

photon detectlOn and drift chambcrs coupled wlth a magnet for momentum anal) sis. 

Smail dctector eomponents surrounding the target have changed dunng the duratlon of the 

experiment In the 1986 set-up for the 'Ion' prograrn, the multiplicity of charged partic1cs i5 

measured by one sùicon-rmg counter and one ~üicon-pad eounter l'he slhcon.pad detector, \\hose 

geometry is optmu7ed for electron Identtficauon in the context of the lepton-pro gram elcctron 

spectrometer, \\as aiso used to prondc an mteractlon tngger In the 1987 set-up for the '!On 

progrrun, threc slhcon nng dctectors ",cre used for the measurcment of multipltcity, the mo~t 

dO\\'l1.stream one bdng used ta providc the interacùon tnggcr. The trigger for the a.rrt\'al of a bcam 

parbcle is prondcd by a bcam tclescope', eonslsting of a senes of fa~t plastic scmtillators put ln 

coinctdence. As w111 be discussed in the next sc\,1.ion, the proper deSign of the beam tdcseope is very 

important. 

2.3 The HELIOS lrigger system. 

The HELIOS tngger system acts hkc an aS)'l1chronous signal processor usmg three main modu1c~ 

surrounded by lOglc 'glue'. The mam three modules are the prctngger. the first-level trigger, and a 

second-level tnggcr ealled the Very Fast Bus (VFB); each of \1, ruch 15 a computer-programmable 

logic array. The workmg of the tnggcr system can best be understood by consldenng the sequence of 

events fol1owmg the aITlval of a parucle in the bcam lbe gcneral arrangement of these tnggcr 

elements 15 shown m Figure 13. 

The arrival of a beam partlcle 15 dctccted by a scmtillator located 1.5 m upstream from the target in 

1987. The scmtillator \l,as locatcd 28 cm upstream from the target m 1986. 'The ltght SIgnal from this 

fast plasue scmtillator 15 amphlied by a fast photomultlplter, and chscriminated. This SIgnal is used for 

three purposes: 

• produce a general start for the operauon of the tngger logic 

• produee a tune reference for time-of-flight measurements . 
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figure 13: I310ck wagram of the m..un componcnh of the tngger lo~c. 

----------------- ----- ---- --- - -- -

• measurc the ionizatlOn dE!dx of the incommg mn, .... hich 1 ... rccorùcd by a charge-ADe 

(Analog-to- Digital Convertcr) 

For studies of the calibration and of the beam profile, the di~criminated ~ignaJ of the be,un 

scintillator can be u~ed dlrectl) a ... a prctngger. l'or the phy\lc~ ~tuÙ!c~, dll Ifltcr,lI.:tlOtl 1~ rcqUlred, 

and thercforc the system has a buùt-m IfltcractlOn prctnggcr l'hl! f.1\t mtcr.ictlOn prctn~cr 1'> 

obtamed by dtscrurunatmg the Signal from cach of the ckmmb of ..i ~q!,mcntcd "'Ihcon dctcctor. A 

analog surn IS made of the~e SignaiS, and If It cxceed~ a )!wcn thrco.,hold, ,U} mteractlOn prctn~,ger 

signal turns truc. ln order la :lvOId that the ~lIm,ù~ from lhHcfCnt c\'cnh ()\'crl.ip 111 ct'rt..un dcll:ctor~, 

there 15 a 'beforc and aRer protection system' Whcn the protectIOn 1"> ..IctlVC, 1I0 prctnggcr 1'1 allowed 

11ùs protection 15 250 ns after a beam prctnggcr, .uld 50 Il'> bcforc, and 70(J no., ,lner an mtcr..lctlOl1 

prctngger, and 100 ns bcfore ln 1986, the deteL1ar u~cd for the mteractlOn tnggcr 1'> the <;Ihcon pcld 

detector, in 1987, the detcctor uscd for the mtcractlon tnggcr 1\ the mmt down~trCdll1 of thrcc ~Ihcon 

ring detectors. 

ln the 1987 !oct-up, thc IOnuation dEldx as me~urcd ln a thm plao;tlc ~L1ntll1dtor was uscd 10 the 

trigger. The comCldencc of two dlscnrrunators 1') mcd m the first-Icvcl tngger ta wlect hcavY-lOm of 

the proper charge. 11u5 IS needcd duc ta the contarmnatlon of the bcam by (ons "1th samc ngIdlty a'l 

the primary beam, but \\lth ~maller charge, produccd hy mtcraL110m f.if up!>trcam nli~ 

contammation, readung up to 15% III certam ca~c\ [71]. wa~ not rcmovcd onhnc m the !lJH6 set-up. 

ln the 1987 set-up, helpt.:d by the results of the analym of the data taken 10 IlJ8t>, It Wa!> pos~lble ta 

remove these mCldent IOns \\1th bad charge at the tnggcr levcl; by domg \0, wc also rcmovcd ~ome 

non-target mteractlOns. 
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In the meanwlule, the phYSlcal processes at the baSls of the detectlOn take place in the various 

detectors. In the calorimeters, after the secondary particles have interacted to produce showers, the 

fast plastic scintùlators producc their I.tght with a typica.1 rise time of IOns. The light bounces back 

and forth in the light guides for al~o about 10 ns. The bght reaches the phototubes, where it takes 

about 20 ns to be amphfied finaliy, the short pulses of charge travel for 500 ns in the 100 m long 

cables ta the charge mtegratmg ADC'!) in the counting roum. The speed of signais ln the cables lS 

about 2;3 of the speed of light, due to the geometry of the coaxial cable and the dielectric constant of 

the insulator. This cable dclay 15 uscful sin ce 'lhe gate for mtcgrating charge from the detector is open 

50 ns before the charge arnves to the charge-AOC 

The fractlOn of the !:Iignal \\ luch is dedicatcd ta the onlme mcasurcment of the energy flow 

similarly travels W1th !>mall Jelays through the summation uruts. and Wlth a longer delay (320 ns), 

through 'grey cables' , in the final amplifiers and ~hapcrs to the mput of the Flash AnaIog-to-D1gttal 

Converters (rADe). 'Ibis happens for any SIgnai that may come from the dctector at any tune, 

quite independcntly of the detected presence of a beam partlcle. Howcver. the gatc of the F AOC. 

derived from the prctn!!bTCr, happens preClSel~ at the peak of the sh.lped Signal commg from ln 

interaction, thanks ta a !>uitablc dday. Wlùle aIl)' tlme dunng the pOSltIVC lobe of the shaped sign.J 

would fi pnnl.ïple be !luifiClcnt. the cahbratlOn of thc cnergy flow S} stem l~ obnously more irrunune 

from possible varIations of the tunmg of the tngger ~ystem. If the samphng h.lppens premcly on the 

peak. 'Ilus Ideal t:.mmg cannat be dctcnnined \\lth ~uffi.cicnt accuracy .... 1thout mcasurements \\1th 

actual interactlOm (m p3.rt1cular, the average tune of flight to the calonmetcrs depcnds slightly on the 

physics) l'he tlmmg of eJ.ch F ADC gate was thereforc studted ln ~peC1al runs (prior to the 1086 data 

taking) usmg programmable dclay generators. \Vhen the proper timing was established, it was set 

perrnanently usmg cables for dclay. 

The gcnerated pretngger 1~ uscd ta start the processes of convertmg the magl1ltude of electncal 

SlgnalS in ADC's (elther charge-ADC's, or peak-ADC's, or single and multlple samplings 

voltage-measunng flash-ADC's), and for starting the fast docks used for dnft tlIDe measurements or 

time-of-tlight measurcmcnh It 15 also med a<; one mput ln a second black of combinatorial lOgIc 

called the ftrst-[eve[ tn~~r. ln the first-lcvel tnggcr, the pretnggcr IS logtcal-A~Ded \\-1th a 

progranunable combmatlon of IOgIcal SIgnaiS from the cnergy flow system, beam counter 

discmrunators, the extcmal spectromcter, or a silicon nng multtpliClty. The output of the first-level 

tngger is severa! Slgnals derived from the prctngger, startmg at known de1ay after the arrival of the 

beam particle, and rcmams actIVe for a preClSC penod of tlIDC. 

ln the final step of the tngger 10glc, a11 the clements of infonnation available for decidmg 

whether the event should be recorded on tape or not, obtarned in a time of :::: 1 J.ls, are gathered in 

the VFB second-Ievel tnggcr. [he organlZatlon fi two levels of trigger was chosen because sorne of 

the criteria for acceptmg or re]ectmg an event are ava11able mtrun 250 ns, while sorne others take 

more than one microsecond. ln tlus way, the dead-tune of the system is reduced, since in sorne cases 

it can be found that the event 15 nnt mtercstmg, and the trigger system can be freed for another event, 
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in only 250 ns instead of 1 IJ.s. 

The second-level tngger is a Random Aeeess :\temory (RA\t) Programmable logie Array 

(PLA) which perrmts up to 51 ilifferent combmations of signais to be considercd as intercsting. l11e 

exact set of combinatlons of ail the sclected logic conditions that \\111 Ic.ld to the collectIOn of an 

event is stored fi special files of the online data acquisItion computer, and i~ kml\\n as a '\'FIl'. 111l! 

VFB has an additlOnal feature. It is pos~lble to unpose that only a fraction of the accepteù tnggcrs 

will generate a signal for tramtcrring data ta the onlme d,lta .!cqUl~lt!On and rccordmg sy~tem. 111e 

fractIOn IS specified as !r(~ + 1), where ~ 13 an mtegcr known a ... the 'ÙO\\l1Se;Ùe f.lctor', Only one 

time out of ~ + 1 times, fi a rcgular ~equence, the VI· B wIll CJme the ..lcl1valion of the ù,ll.! 

acqUlsition system. The othcr :'\ timcs, the sy~tem \\111 be Immewatcly free to potenually ,lceept 

anothcr event. 'f11is gi\'es yct anothcr way ta lmprovc the throu)!hput. by aV01ùing a Hood of less 

interestmg events, 

'The cnergy t10w swnmation is one cntcnon of many for acrcptmg or rcJccting an cvent. It 

partiCipates in the first,level tri gger , by gÎ\mg a ~lb'Tl.a1 if the quant1ty rcachc~ the first of five triggcr 

thresholds. 'The second-Ievel tngger th en rcceives from the c:nergy t10w a 3-bit c:ncoJed value of the 

threshold rcached. ln the nonnal data takmg, thcrc 1~ a ~c:conJ-le\'cl tnggcr ('VFD') for e,lch 

threshold value of the transverse cncrgy, and ;Ù~O a ~Implc tngger for an interactIOn \\ tlhout 

requirement of tramverse encrgy 111e mteractlOn trigg:'r ,md the tnggcrs \\lth lowe~t thrcshold!> arc 

strongly downscaled, to save ltve-time, whùe the tnggcr corrcspondmg ta the lughe!>t thresholù I!> not 

downscaled, ta lnVestlgate the tail of the transvcrse cnergy \\1th dS man)' statisttc~ a~ poss1ble, 

The complete set of informatlom relevant to a smglc event, reprc~entcd by approlUIllatcly 16 

K-bytes of binary coded data. is rccorded (transferred under CA:\L\C 11 control to a rccording buffer 

in the VAX data acqUlsition computer) ln approximatcly 5 ms, Dunn~ this tune, all the cvcnts (~ome 

of them being rare and mtcrestmg ones) produccd by the tneommg bcam partiele!; MC not rccordcd. 

This is the reason \\hy the cntcna for se!ectmg an cvent arc a!> !>tnngcnt a~ pm'>lble. 

lne trigger logic hardware has allowancc for .m 'A130RT' ~lgna1. l'hi!> !>lgnal is generated whcn 

a beam particle ruts the 'aftcr' part of the 'bcforc and after protectIOn' tune \\mdow. In tlus ca~c, the 

ADC's arc cleared as fast as posSIble to make the system rcady for another cvent. 

Il 
Computer AutomaUid Measurement And ControL 
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2.3.1 Proper design of the beam telescope with respect to upstream interactions 

One of the important les sons of the onlme experimentation i5 that the contaminatton by upstrearn 

interactions can represent a senous problem for transverse energy triggers. The upstream interactlon 

have recognizable properties oflline (see scctlOn 3.1 ), and therefore it is not a problem ta remove 

them from our samples early in the analysis. However, in the online system, these interactJ.ons 

represent a serious problem l.f they dommatc the target interactlons at large transverse energy. The 

data acquiSItion system, ",hich has a firute rate for collectmg events. 1S then swarnped by non-target 

interactlOns. The mteractlons \\ith the target nuclei \VIth the large st transverse energies are then 

accepted w1.th a severely impalred effici\!nc;y, and/or \VIth a dOWllscale factor. The problem becomes 

even more severe 'Wlth the lightest target nucle'l, since the tail of the distnbutions occurs at moderate 

transverse energies where the upstrearn interactions have ail chances ta be donunating unless they are 

weil under control. 

The mottvation for spendmg considerable efforts in makmg sure that the target interactlons 

dofiÙnate at large transverse energy lies fi the physics that v.e arc studymg. Wc attempt to explore, 

with the hlghcst pOSSible statlstlcs, nucleus-nucleus collisions \\here a large energy denslty has eX1sted . 

If the upstrcam mtcractlOns dommatc, \\e losc ln statistlcs (number of events) If we tncrcase the 

target thlckness, wc gam in target-m '\tatlstlcs, but the highest transverse cncrglcs arc hkely ta be due 

to multiple interactlons. Thus the opt1.mal operating conditIOns are finilly dtctatcd by the phySlCS 

requirements. \VIth a gt"cn mtegrated flux, \\ e are likely to probe transverse encrgtes up ta a ccrtam 

value Er.MA.X' and thercfore we must make sure that the rcsolution of the calorimcter, the smeanng 

due to target posltion vmations, or due ta multiple intcra(.1ions, do not de grade ~ignificantly the 

selection of the events ""lth transverse energy Er•MAx' 

Events "'1th large transverse energy in collisions of oxygen or sulfur Ions \\lth hght target nuclei 

(alunuruum) are potenttall) more mterestmg than m the case of colliSlons with heavy nuclei, due ta 

the lesser unportance of r.ascading or of geometry in the determmatlOn of the transverse energy. This 

is the reason why the targct-m mteractions must dominate the upstrcam mteractl.Ons at the large st 

transverse energies of the collisions "'lth Al as the target nuclei. This me ans in practtce, for the case 

of 32S pro]ectùe, that the contammation of non-target mteractlOns producing 100 GeV or more 

transverse energy must be suppressed \Vlth a preluninary deSign of the online system, this was not 

the case, as can be seen in Flgure 14 Sorne nop-target events have transverse energies larger than 

would have interactions with a lungslen target. 

This 1S at fust paradoxical, since therc are no e1ements heaVler than tungsten present in the 

experimental apparatus. The pnnClpal 'background targets' consist of light target nuclei: the beam 

pipe window (Be) and the !>cintillators (C, II). Two mecharusms are responsiblc for the production 

of large tran5verse energtes. First, the target position is more upstream, causing aIl angles to change. 

It has been estunated that this effect arnounts ta a 1 % change in the scale of transverse energy per 

cm of target pOSluan change. Secondly, and this fact Wall only fully realized by the actual 
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Figure /4: 

o 50 100 150 200 250 300 350 400 450 

Er (GeV) 

The Er distribution of non-target interactions. The projectile was 200 

GeV Inuc\eon and the beam eounter eut is disablcd in this plot. 

experimentation, energetie secondary particles from an upstream interaction meet thick metal 

structures where large amounts of transverse energy IS produced. The sarne does not occur with the 

interactions in the target, becausc the path to the calonmeters is as free as possible of materials. by 

design. Events with medium ta large apparent transverse energy are produccd Wlth large 

cross-sections through this mecharusm of transverse energy 'multiphcation' by the thick metal 

support structures of the target region. As wc have se en abovc, although thcse events can be 

removed oflline, their presence online can severely imprur the realization of the physics programme. 
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The solution is to make sure, at the onIme stage, that the full projectile reaches the position of 

the target. ln the 1987 set-up, this function is prO\ided by the 'B3' scîntillator located only a few 

centimeters upstrearn from the target. The lonizauon dEldx is measured \\ith sorne precision, and a 

rather ught 'window' is imposed at the trigger level to check that the ioruzation is that of the sulfur 

ion. l:pstreams are likely to produce either a tao low or a too htgh ionization, and are thus 

efficiently rejected. 

2.4 Description of the silicon multiplicity detectors. 

ln the 1986 data talang penod, two detectors \\ ere used ta measure the chargcd rnultiplicity, one 

RI:\'G countcr, located at 3 cm downstrcam of the target, and one silicon-pad counter (PAO), at 9 

cm from the target. ln the lq87 data takmg penod, thrcc IdentIcal RI~G counten were used, located 

at l, 6 and 26 cm dO\\11stream from the target. ln 1986, the P.\D counter covers the pseudorapldity 

range 2.5 < ~ < 5.0, and the silicon-nng counter cO\'crs the pseudoraplruty range 0 9 < J7 < 2 8, ln 

1987, the nng counters located at 1 cm (RI~Gl), 6 cm (RI~G2), and 26 lin (RI\'G3) downstrc:un 

from the target, cover the pseudorapldity ranges 0.33 < '7 < 1.8 , 1 4 < ~ < 3 5 , and 2.8 < '7 < 

5.0 respective1y. 

These counters are baSlcally silicon hodoscopes for the countmg of tracks of charged pa.rttcles 

[72]. The 400 sensItive sub-areas of the PAO [73] counter, and the 386 senslt!\'e sub-areas of the 

RI:\'G cOWlter are indtcated m FIgure 15. The radü of the nngs in the RI:"'G counter go Ul 

geometncal progression, such that cach nng co vers an almost equal region of pseudol'apiruty, 

n = -ln tan8/2 

The silicon e1ements are connected to fast charge pre-ampWiers located Vvïthm a ~ma1l distance 

from the detector Itself. This lS m arder to reducc the capaCltance at thc mput, wruch is the major 

source of noise 'The nOlSC, due to the capaCltance of each clement, is a serious problem: the Landau 

peak of the ioruzauon rustnbution 1S located at only about 10 r,m.s. \\idths from the pedestal. The 

fast charge preampltfier is followed by a driver to bring the SIgnal to the counting room through long 

cables. 

A part of the SlgnalS goes to the fast interaction trigger logic which consists firstly of two-level 

discruninators (one lcvcl for single partlclc, another lc','ei for double paruclc). An analog sum of 

single-particle IOgIc signals i:, realued, and tius analog sum is measured in a F ADC clocked by the 

Valid Bearn (VB) SIgnal. The VB vahd beam signal is simply the discrurunated signal of the 

upstream scmullator, subJect ta the condiuons of the 'before and after' protection, and of adequate 

dE/dx in the B3 addttional scmtillator m 1987 The value mcasured by the F AOC is compared 

digitally with a computer-loaded thrcshold, and if the multiplicity IS sufficient, an interaction 

pretrigger lS generated. ln 1986, these dJ.scnminators were thus connected to the PAD detector. ln the 
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Figure /5: Layout of the charged mlÙtiplidty counters, In 1986, one RISG and one 

PAO detectors werc u~ed; in 1987, three RI~G detcctor~ wcre used. 

i..-_____________________________ _ 

1987 set-up, they \ .... ere connected to the most downstream RI:'\G dctector (RI~G3). 

1 

Another part of the signal is measured, aftcr shaping, by Pcak·ADC's (PADC). Thcse 

measurements are recordcd for the ofllinc analysis. 

Yet anothcr part of the ~Ignal IS discnminatcd in a disttnct ~et of programmable discriminators. 

'The signals from the discriminators arc sununed, anaiogIcally in the 1986 !lct-up, and digitally in the 

1987 set-up. A digital comparator finally compares the value of the mulhplletty Wlth a thrcshold 

value Ioaded from the computer, and sets a flag, rndicatmg that the multlpli",ty 15 larger than the 

thrcshold. This flag 15 avrulablc at the sccond·lcvcl triggcr (VFB) for the makmg of a lugh·multlplil.,ty 

'VFB'. 

- 46-



• 

• 

• 

• 

10
3 

I/J 

ë 10: 
~ 
QI 

.Q 
Z 

10
1 

F/grg-e 16: 

laI 
4 mlp Inner RIng 

l )1 ""'"' 2.8 

· · • · · 
G 

· f' •• 01. ••• _. 

· r" .. · • ! 1 

· 1 • 

as ta 15 x10] 

putsehelght 

Pulseheight distribution of a PADe rneasuring the ioruzahon of secondary 

particles in one clement of the Rl;\G detector for l60_W collisions. The 

peaks corresponding ta 2 and 4 minimum-ioruzing particles are indicatcd. 

2.4.1 Analysis of the data from the Silicon detector P ADC's 

ln a typical sample of events recorded 'With a heavy-ion beam on a large target nucleus, one sees the 

pulseheight spectrum shawn ID Figure 16. ~1ost of the paruc1es are minimum ionizing, (e.g. pions 

with average PT ~ 350 \lcV). ln 11us pulseheight spectrum, we see peaks corresponding ta a 

pulseheight of two tunes Il'linimum ioruzing, three times minimum ionizing, etc ... , indicating the 

importance of pile-up. Once wc ldenttfy the position of the pcdestal and of a single 

minimum·ionizing partlc1e for each channel, for the rest of the analysls we 'Will Just consider 'a rut' if 

the pulsehelght cllceeds the oflline threshold. This threshold is chosen for each channel 1.10 AOC 

counts above the pedestal pulseheight, that corresponds ta about 2/3 of the difference of counts 

between the pedestal and the peak of the Landau distributlOn for single mmimum ionizing partic1es. 

Although all detectors are fully depleted. the charge correspondmg to a minimum-ionizing particle is 

not the same for all channels, due ta variations of the angle of incidence . 
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2.5 Description of the caJorimeters 

Seven types of calorirneter modules are bcing uS~'d in HELIOS: Cu/scmtlllator, C!Cu/sctntillator, 

U{scinttllator wlth optically coupled tawers. C/scintillator with optlcally decouplcd towcrs, 

Fe/scintillator, Uiliquid argon \\;th tower rcad-out and C;liqUld argon \\1th strip rcad-out. Their 

arrangement IS schcmatically rcpresentcd in Figure 17 for the d.lta takcn ln 1986 and In FIgure 1 H 

for the data taken m 1987 (and \988). lbc target 15 surroundcd hy the BOX c.ùonmeter, covenng 

the pseudorapldity - 0.1 <.. rr < 0.9, th en the pseudoraplwty 09 <....", < 2.9 is covcrcd by the \VAl L 

calorimeter, at the center of whlch i~ thc l\1AGCAL c.ùonrnetcr. lne encrgy gOlng through the ~ht is 

measurcd in the EXTER ~AL calorirncter. ln 1986, the cnergy that goes through the hole 111 thc 

:\1AGCAL is mca:"urcd in the ERSATZ calonmeter .md the BEA:\1 calonmetcr further downstrcam. 

In 1987, the energy that goes through the hole m the :\1AGCAL is mea~urcd in the lJLAC, that 

provides lugh granularity, and the BEA:\1 calonmeter absorbs an)' kakage from the back of the 

vue. Both set-up pro\1de 4rr coycragc U1 the center-of-mas~, but the granulant)' in the farward 

region is msuffiClent m the 1986 set-up. Ille VETO c:.ùonmeler, located dowmtream of the BEA \1 

calorimeter measurcs leakage of cnergy in rare cvents were a ~howcr ~(art~ vcry latc. 

The fust two types of module were used prcmlUsly in the ArS cxpcnmcnt that ran al the ISR from 

1978 to 1983. The scintillator modules conslst of metal plate", 1l1tcrlcavcd \\1th 2 5 mm truck pla .. tic 

scintillator plates (Altustipe, acryltc matenal manufacturcd by Altulor, Pari~, 1 rance) 

The U /Scintll1ator and lJ /Cu/scmtillator modules are dividcd in two scctlOns. The front O! 

'electromagnetic' section, is 6.4 radtation 1cngths deep dl1d contaim. 2 mm thick dcplcted urarnum 

plates. The hack badronic' sectlOn 15 4 mteractlOn lengths deep in the lJ/~cmtIllator case and 3.8 

interaction lengths deep m the C;Cu/scmtillator case In b.iCk section, the dcplctcd uranIUm platc~ 

are 3 mm truck. ln the U/Cu/scmtillator back section, one out of every three metal plates 15 a 5mm 

copper plate illstead of a uraniwn plate. Cibe n::ad-out 1" organu.cd m stacb contammg cach 6 towerl> 

of ~ 20 x 20 cm 2 • Each sectIOn of each tower is rcad-out on cach of its two ~ldes by separate 

wavelength slufters and photolubes. ln sorne stacks (decoupled stacks), the scmtülator tS la!>er-cut at 

tower boundaries, rcductng the ltght shanng between to\\ers 

The ultravIOlet light from the scmtillator IS collccted by DDQ wavclenl:,>th !>hiftcrs bars (RO mg;l 

Benzimidazo-benz.1soquinohne-7-one Imbeddcd ID plexiglas) The resultmg green lIght 15 measurcd ln 

XP 2008/UB Phillips phototubcs uSlI1g a Bi-Alkalt photocathodc. The gain (currcntjll1cident hght 

quanta) of these phototubes 1S a senSItive functl0n of the apphed voltage, approxunatcly the fourth 

power of the apphed voltage or about a doublmg of the gam for cach addttianal 200V (in the 

operating regIon V~ 1000 V) lbese calibratiOn of these modules among thcm~clve!> and as a functlOn 

of time is mamtained by a measurement of the beta and gamma rawoactl\1ty of the dep1ctcd 

uranium. This measurement is performed in bctwecn the data takmg penods u~mg agate tlffiC for the 

charge-integratmg ADC wruch l!> much 10nb'Cr than that uscd to record an evcnt (10 ilS in~tcad of 80 

ns). The cahbration constants arc presented in Table 1. 
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Figure 17: Ovenlew of the calorimctcrs ID the 1986 sct-up. 

The Fe:scmtillator calorimeter is made of 15 rrun rron plates altcmatmg with layers of 

scintillator of 5 mm. Each scmtillator layer IS divided in 24 'petais' covering 15 dcgrees of azunuth 

each. The rcsulting 24 towers arc cach rcadout via wavelcngth shUtcr bars, and opttcal fibers carrymg 

the light to the 24 photomultiphers. For the Fe:scmtillator calorimeter, it is not possIble ta caltbrate 

using the radlOact1\1ty smcc the iron 15 not radioactIvc For dus calonmeter, the maintaming of the 

cahbration as a functlOn of time 15 achlcved by scndmg a fixcd amount of light to the wavelength 

shifter and photo multiplier by means of a hght emttting ruade l'he mtercaltbrauon IS aclucved by 

means of a 'source scan' whereby a radioacttyc source is put successively in front of each petai of the 
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iron/scmtillator calonrncter, and the current is measured eaçh tune. Finally, the absolute calibration, 

for electrons. is obtarncd by sending an elcctron beam of known energy (deviatcd for the axis of the 

beam line by a po\\erful dlpolc magnet) in a few petals 

Becausc the calibration of the 1 c, ~cmtùlator caloruneter Telles on threc illffercnt techniques for 

the mtercaltbratlOn, the ca.lJbratlOn a~ a fW1(:tlOn of time, and the absolutc calibratIOn, It is prone ta 

mmor calibratIOn crrors Bccausc. however. the most exact callbratlon Îs nceded in this centraI 

pseudorapuhty rcglon. an ofThnc rccallbratlOn ha~ bccn pcrfonned a!'ter cach runnmg penod. The 
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steps of the reca1ibratton procedure wl.ll now be outlmed. 

A fust step 1S ta unpose the azimuthal symmetry of five groups of towers. The arrangement of 

24 towers ln azunuth imlde a square calorimeter produces thrce different lands of tm~;ers by 

geometry: The 'aXIS' towers, thc 'diagonal' towers, and the 'mterrncruatc' towcrs (see Figure 19) A 

further divlsion anses bccause four of the Cight 'a.ùs' towcrs are dJ.fferent, by construction, from th~ 

four others. Ibey have tron replacmg scmtùlator ltrus was needcd for mech.uucal rcasom) in J 

upstream layer of the ~and\\lCh structure (1..\ n:R2), \\hercas the othcr tour have this lron ln 

L"-VERS, tlus affects thc rc~ponse StnuLli1y, four of the Cight wagona.!' towcrs have a 'hale' .mil 

four have not. The to\, crs are nt1rnbercd from 0 to 23 ln lnCTC3.Smg ~lL1muth startlng from the 

HELIOS positive X-axiS (the lILLIOS X.Y :Uld Z aXIS arc pre~entcd in lIgure 18) l'a .... m 

(0,6,12,18) are thus ',ms LAYFR5', to .... crs (5,11,17,23) arc JXl~ l.AYER2', tO\\crs 

(1,4,7,10,13.16,19.22) are 'mterrncdlate', tO\\crs (2,8,14,20) .lfC \hJ.gan.tl \\lth hales', md tinJ.lh 

towers (3,9,15,21) arc 'wagona.l no hob' 

CMfig unbla~ed data. \\e c.m th en u~e the a.t.unuthal !>)"mmetl') of nature on J.\ crJ.!,."\!, to dcducc J.n 

mtercahbrauon of tO\\ en up ta tive comt.mts. 1 urthennorc. the enc:rf!) d~pmltlon does not dcpmJ 

on the constructIOn ot the rcJ.dout. so that the groups of towcrs \,hICh J.re IdcntlCal hl' gcomctn 

should aIso h:we the ~J.ffiC cnergy Jero~ItIon. '!1us reduccs the number of unknowns ln the 

calibratIOn to three. l'hen, knowmg the relattvc ~Ile~ of the thrce group" of tO\\l.'r~ ln '7, ct> space. Il IS 

possible to deducc that the a.X\~, lntermcmatc, .md ili.lgonaI group" of elght tO\\ ers should rCCl:I\ c 

energy in the proportIon 1 115 1 000 D 1'40 \VIth thIS process. It 1'> pos'>lblc to c..Ùlbrate the to .... crs 

comparatlvely to cJ.ch other. 

'Ibere rem;.um one undctemuned constant, the global cnergy ~cale of the ~IAGCAL calorunctcr 

For the 1986 data, trus constant has been dctenruned usmg an a\erage of the energy cahbratlOm 

obtained ln a fcw to\\ers mmg S GeV clcctrons. ror the IQ87 d.ita takmg, the rcsults of the 19~6 

calibratIOn havc Decn o.ipprox.tmatcly appl1ed m order ta obt..un a morc prelï~e measurement of the 

transverse cnergy at the tnggcnng lcvel. 1 or the 1987 data, \\lth the go'u of mamtauung an opttmum 

conmtency of the heavY-lOn d.ita ~cts sa a., to reduœ \) ~tematlc error~ ln compan\ons, the procedure 

of offune cahbratlOn \\-as SpCClal v.c chose. for cach to\\-cr of the Fe'scrntillator calonrneter. J. 

calibratlOn '\uch that the ratIo of the cnergy pre~ent m that tower ta the energy 10 the \\ aU 

calonmeter 15 the ~ame ln 1986 and 1ll 1987 for central colli.,lons of 16 0 on W. 

The callbratlom of ur.miwn'scmtùlator modules (couplcd and decoupled) cannot be deduccd 

from the calibratlon constants of C Cu:scmtillator modulc5; the y have been obtained from 

measurerncnts \\lth bCan1!\ of c1ectrons of known energy l'he clcctron cahbratlOn of modules havmg 

two sectIons IS however comphcatcd by the faet that part of the shower 15 in the electromagnctic' 

section, and part I~ 10 the DJdrOruC' sectIOn Thcre are two unkno .... ns (the two cahbratlons) and an 

infinity of soluttons that will gtve back the energy of the beam on average. l'irstly, the lugh voltages 

for eaeh sectton have been set such that the cahbratlon W1th uraruwn nOIses have the values sho\\oTI 

ID Table 1. 'These values ..... here chosen such that. by constructlOn, we could expect a simi1ar response 

- 51 -



• 

1 

1 

1 

Figure /9: 

74 Ihann~ls 
eactl reao Out by 

",avt>-length 5hltter 
bar (onneOed to PHT 

b) ophcal fibres 

.... \ 

PMT 

Energy rueluhon 

for 8 ueV eledrons :: 'J~. (~:%) 

'~'~ 
36 layers of 5 mm sClnhllator, 15 mm Irol'l 

Artist's View of the calonmctnzed dtpolc magnct. One ta" cr rcprescntative 

of each group is 1Tlrucatcd 

of the uranium:sl."Ïntillator modulc!> and of the l;,Cu.sCUltlllator modulcs ta a minimum ioni.7..tng 

partlcle. \Vith the htgh \oltagcs thus tixed b) a precise rcqwrcd uramum noi~e, wc proceed ta 

detemune the constants A and B of encrg) pcr Untt charge from the photomulttplter. 

One solution, that rrught he Lons1dcrcd the he!'>t. l~ that for \\ ruch the dIstribution of 

reconstructeù energy hdS JJ1 average equal to the beam cm:rg)'. and the ~m.ùlcst possible Wldth m the 

r.m.s. sense. Such a ~olut1on has the further advantaf,!c that It can he !lllTlply dcduccd from the 

moments of the rustnbutlOns of the ~lgnab S,,,, ,Uld S""'d of the two ~c(, .. tlOns. 

Il 

lmposmg that "(E'(bearnJ- AS - 85._-, )2 
~ ."". , ...... 1 
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\Vhen this procedure 15 appucd on the s.unple of caltbratlOn electrons, the values of A and B give a 

ratio B/A of the order of 3.3 The Irufll1T1Uffi 15 however vcry shallow, and dcpends from the 5ample 

conSldered [74][75] .\nather entenan for choosmg B .\ v.ould be to rcqmre that the hm:anty has 

to be retnc"cd for ekctrons We dcfinc a mea~urc of the hncanty by computmg thc root-rnean-square 

variation of the raUo of the average energy to the norrunal cnergy, normalu.ing thc average ratIo to 

one. This is shown m rlgutc 20 .l~ a tunctton of B:\ Inc tact that the cur\'c does not reach 7cro, 

while electrornagnct\c 5hO\~er~ an.: known to be vcry accuratdy hm:ar. mdH;atc~ that sornc errors CXIst 

in the defirutton of the beam cnerg)' ln thesc caltbratlOn studic~. 

The reqwrcrnents of bc~t rc~olutlOn and c1e'-"tron lU1cartt~ mwcatc that the \alue of Bu\ should he 

takcn in the range 3 to 4, <lnd thr.: ',cry bc~t \ alue ~ccm3 to be of the order of 3 4. IIowcver. v. c mmt 

remember that thc calibratton that gJ\'C~ the l'lest overall rc~()lutlOn for Sl~a1 l~ not ncces~artl~ the 

mast appropnatc C..ÙlbrJ.tlOn In c.lch section ft has bcen remarked [74] that tr.e constant of 

proportlonahty hetv. ccn ~1p1al and energ) dCposltion ma) change locall) by a!:> much as 30°/0 

Furtherrnore. If thc mtrms\c rc,>olutlom lJl the dtffercnt ~c(.."tlons are drlfcrcnt. trus minirrulation \nll 

be blased in fJvor of the ~CL11On \\lth the best resolu!ion 

'The posslblhty of an cqtw..l rcsponsc to piOns and c1ectrons 15 more constrauung on the ratio 

B' A. ln facto the dcctrons deposlt thcir cnergy mostly In the front sectIOn and pions mo~tly In thc 

back sectIOn. ~o that thcrc IS a quasI proportlonahty (In any C3~C. a !>trong dcpcndencc) of e:r. on 

BIA. At both 17.md 45 CreV, c ~ = Ils acruc\'cd for B!A of the arder of 4. 

The value of exactly 4 ~as t'maily cho~cn nus preCIse value of B 'A. by construction of the 

calorimeter!>, \\ould gl\C a rcsponse to a muu.rnum lonv.mg partlclc (rrup) proportIOnal ta thc actual 

thickness of M.:mullator that it traverses [74] Such a ChOlCC gtves us an almost ideal em at the 

cxpcnse of only a sllght degradatIOn of the TCsolution for elcctrons with TCspect ta the absolutely be:;t 

resolutlon. Once BIA IS fucd, the valucs of both B and A follov. from the elcctron calibrations, and 

are sho"'n In r able 1 

- 53 -



lir l 

• 1 

>-..... .-... 
1 

cu 
Q) 

1 c .--
4 

2 

1 
0 

0 

Figure 20· 

1 

• 

\ 
\ , 
\ ..-

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ , 

\ 
\ 3.19 1 1 

\ + 1 1 
\ / 

2 4 6 ~ 10 

S/A (hl" <ll~n) 
,-rn IJ.lln 

lnc linl.!anty In couplcd stacks \\ hen consldcring c1cctrum of cnergy 8, 17, 

and 32 Ge V d5 a lunct10n of the ratIO of the c.lhbratmg comtants BI A 

The full line lS lor decouplc.:d ~tacb ·Ine dashcd Imc rcprcscnts the same 

ana1~ MS for ckctrons of cnergy 17 and 45 GeV m C, ~L111tlllator dccouplcd 

stacks. 

- 54-



• 

• 

, 

, 

Table 1: Cahbration factors for the uramum modules . 

~fodule type 

U ICu/scintillator E~1 

HO 
t; Iscmtillator 

V/scmtillator 

E\1 

HO 
EM 

(decoupled towers) HO 

Required signal 

for uramum nmse 

eq uali.zatIOn 

pC: JO?lS 

24.11 

70.40 

24.11 

116.16 

24.11 

116.16 

1) Pro\idcd by the R 807 Collaboration . 

1.5.1 Tbe uranium/liquid argon calorimeter (ULAC) 

Cahbration 

factors 

\teV/pC 

15.884 1) 

63.377 

14.844 ±O 634 

59.376 ±2.535 

16.191 ±0606 

67.765 ±2 408 

The maJor problem m the operatIOn and cabbratton of a liqwd argon calorimeter 15 the purity of the 

argon. 'lne contanunatlOn of the hqwd argon by oxygen or other e1cctronegahvc clements results in a 

trapprng of the charge carners that dlrectl) <iffects the rcsponse. 

for the HELIOS uraruum llqwd argon calonmeter (U.AC), the problcm 1S solved by havmg 

the liqwd argon cncloscd m a vesse! cooled by llqwd rutrogen, hermettcally sealed and mamtamed at 

a pressure sligbtly h1gher than the atmosphenc pressure (sa that the flow from any leak \\ùl be 

outwards). After a flushmg, the same llqwd argon lS used for a full runrung period of the SPS 

accelerator (approxunatcly 3 months) 

The punty of the jiqmd argon is checked rcgularly by mcasunng the ioruzation produced by a 

radioactive source of a known strength m a test ecU. 

After the callbrauon of the t;LAC is made, It is mamtamcd over a full runrung period using a 

charge callbrauon 'W1th test pulses [76]. A system of nucro-processor controlled analog switches 

distributes a precise test charge to one out of every twenty channels m the electromagnetic section, 

and to each channel 10 the hadronic section. The readings of al1 PADC's of the CLAC, when the 

electronic chain lS eXClted by tbis test pulse, and when there are no signaIs at the mput, are recordcd 
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on tape for later analysls at the b~'gmrung of each run of physics data-taking. 

Incidentally, there is a provision (a computer control of the gain m cach urut) ta equalile the 

peaks of the response ta the test pulse of an the charmels 1 lowcver, the peaks for various channcIs 

do not occur preClscly at the same time, and it v. as choscn mstead to cqualue the magrutude of the 

shaped signal at a fixed time after the fijectlOn of the test pube This chOlce rcmlts fi an 

opturuzatlOn of the pCJ10rmances of the Encrgy Flow l.ogIc (Fil ) ~ystenJ, ~mC'e trus ~ystem s.unples 

the shaped voltage at a fixed tlmc. Ine gam ad)ustmcnts of the mW\ïdual channels i~ then made ta 

equahze the rcsponse to :t test pulse at the lcvc1 of the 'CTOT' rADe. 'lbe g.un tor cach PADC is 

then dûfcrcnt, but the~c vanous cabbr.ltlOns arc rccorded and u~cd in the ;ma1y~ls, as we ~aw fi the 

pre\'10US p.1l'agraph. 

Both the e1ectromagnettc arld the h.ldroruc ~.:ctlOns of the Ll.AC ha\c a rcpctitive structure of 

uraruwn, I.1qwd argon gap, rcadout plane, hqwd argon !!ap, (uranium .u1d rcpcat ... ) 'lne urarl1um is 

depleted .md 15 l.7mm thlck m the clectromagnetlc ,>cctlOn and 34mm th1ck fi the hadroruc sectIOn 

(this thIcknes5 IS obtamed by the a~~cmbly of tv.o uranlUm pLttc~) ln\! hqwd argon gaps are 20 mm 

in the electromagnetic part, and 2 5 mm m th,· h.ldromc part rhc rcadout planc~ arc 1.7 mm thlck 

and are pnntcd boards v.1th thrct.: laycrs of copper. 'Ine rrudd1e l.l~er l~ prondmg the hlgh \'0 1 t.lgt.:, 

and the two outstde cooper l.l~ ers dcfinc the rcad-out 

'Ine clectromagnettc sectIOn of the L L\C ~tarts 4.2 m dO\mstrcam of the targct and has a 5 cm 

diameter hale to penmt the proJectue fragments and nuc\cons that have not mtcracted (sa-callcd 

proJectde spectator'l) ta go through the regIon of the clcctromagnet1c scetlOn v.1thout mtcracting. lne 

hadroruc sectIOn, unmcruatcly bchmd the ckctromagnctlc sectlOn, has no hales 'Ine c1cctromagnetic 

section has 1920 to\\ers (arrangcd mSlde a 35 by 35 square gnd, a!> shmm m r1b'UfC 21), most of 

them 2 by 2 Lï11
2 cxcept for larger guard areas around the pcnphery of lb olcœptance, and h..l~ 2 

1100r5; lne most upstrcam floor has H rarnatlOn Icngths and the mmt downstream floar has l2 

radiation lcngths lbc hadronic !>ectlOn has stnps 2 5 LïI1 \\lde, fi the x. and in the y d.rrc"''tlOn 

(standard 1 !ELIOS coorrunate system), and lS dmded fi dcpth mta 3 floor'l each about 1.5 

mteraction lcngths deep. 
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The geornctncal arrangement of towers m the electromagnctic part of the 

CLAC. 'There are 4 sorts of towers: a) nonnal b) half su.e c) double sae 

d) veto pads. 

2.5.2 The calibration of the uranium/liquid argon caJorimeter 

The CLAC was calibratcd v.ith clet.-tron and plOn bcams of momenta 17. 45, 70, and 200 Oev le in 

the HB beam lme. 1ne clcctron 'pion selection in the sccondary bcam is donc at the tnggcr level using 

a 6-fold comCldence of two nng-unagmg Ccrenkov detectors (CEDARs) and was unproved ofiline 

using the SignaiS from the transition radiatlOn detcctor as well as the longitudinal shower profile to 

obtam Wlcontammated plon and electron samples The caLtbratlOn showed an cm ratio of about 1.1. 

The energy bctng measurcd by considcring an elcctron caltbration. the dtstnbutions are corrected for 

the effect of the em by :\tonte Carlo procedures (sec section 3.7). Smce the CLAC 15 sitting on a 

movablc platform, It is possible ta make the beam impinge outside of the 5-cm-hole in the 

electrornagnetic section It was observcd that the rcsolutlon and cm charactenstlcs of the combined 

electromagnctlc and hadroruc sectlOns are very sirrular to the corresponding numbers for the hadroruc 

section alone, a result that could be cxpected If we admit that these characteristics are mostly 

detemuned by the nature of the matenals. The fact that the eln is noticeably drlferent from 1.0 was 
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to he expected for an uraruum calonmcter mthoul hYÙfogcn aloms m the re3d-out [77][78]. 

Further measurements have shown that the e:1r ratm ,,:mes as a function of thc mtegration bme. 

ln parucular, the fast online measurcment of thc energy eont..uned in the CL\C using F ADCs has a 

time constant dJ.ffercnt from thal of the PADC'~ uscd omine. A~ a rcsult, the ontine e:n: IS different 

from the oftline em 'nus introduccs comphcatlOns m dctcrmmmg the optunal cahbratJOn for mlssmg 

cnergy sturues. ln IQS7, the mimng energy sturues werc mmg a ~ct of \\Clghts that rnuumw:J the 

r m s. v"dth of the calonmeter rc~p()n!lc at the tnggcr (onlmc) k"cl I1m v.m.tHon of e 1t has only 

mmor cffcct~ on the forward transverse energy tn~cr It LJ.u~e!> !lame los~ of correlation between the 

onime and omme transverse cncrgy, but the contnbutlOn 01 th.!t dTeet 1!> not dramattc.ùly larger than 

that of other cftee\:' (ura1l1UIl1 nO!~e ln the LeAL, ~1.tght mlsmatchcs hct\\ccn the onlme and oftline 

weights, the adrutlon under the ~quJ.tC root ~I~, ctc .. ) 

2.6 The energy flow trigger system. 

lue exact energy flow eharactemtlcs of an e\'cnt Cart only be obtamed by rcad.tn!! .lut ail thc char~'C 

mtegratmg ADC'~ \\ hlCh takes scvl~ra.l mill.J.!>econd~, not to mentiOn ~eyerJ.l mtlli~ecl)l1lb of comput111g 

tune on the online computer ta retneye the chara('temtlc~ of the eyent In contrast, the ~Ig:n.ùs 

produced by the cJ.lonmeter have an actual duratlon of the order of a mll.:ro.,ccond. ln arder to hayc 

the best posslble statistlcs on the rare eycnts, the beaJn mu!\t obvlOusly hayc the hlghest posslhle 

intenSlty, and the hmit 1'1 g1\'cn by trus duratlon of a ffilcrm.econd lt rc\ults that only a fractiOn of 

the cvcnts can be rcad-out. 

The energy flow system, by proviWng. thc rcadout and the calculations ln lcss than one 

ffilCTosccond, mcrcases substantlally the number of rare eyents th.1.t can be collccted per umt of hme. 

'Juree kinds of ran: cycnb can be collected efficiently U\U1g thrce energy fla\.\, tnggcr sub~y~tems' 

First, the LTOT triggcr ~clects CYcnts \\lth l.u-ge 'mmmg' cnergy lne tcrm 'ffil~~mg' mCJ.11~ 

'carried by partlcle~ that do not mter.!ct ln the calonmctcr', ~uch a~ ncutnno~ and muon!>. Rare 

proton-nuclcus eycnts \.\1th cnergchc muons md neutnnos (from leadmg ch.mncd baryOn!» arc 

efficiently col1ectcd \.\1th Hm L rOT tng,ger ln the context of the lepton physlc~ programme If onl)' 

one muon is present, a ~o-"allcd muon-update of the total encrgy w1l1 make lt pO\\lble ta be !>cn\ltlve 

only to the energy carncd away by the ncutnnos ln the conteX! 01 heavY-lon Colll~lon~, the hardware 

for this tngger has been used for a very dtffcrcnt goal 'Ine cncrgy from oIÙy the cxtcrnal calonmctcr 

is used for the selectIOn, and the rcqlllrcmcnt of a mmunum ETOT cnergy ln the cxternal calonmctcr 

yields a sample slgruficantly cnnched 111 antiprotons (an antiproton rcleases a Icast 2 GeV when 

anruhilating) . 
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Secondly, the PT trigger selects the events V.1th large 'missing transverse momentwn'. The swn 

of the transverse momentwn vectors of ail the panteles in the event should be zero, but this needs 

not be the case t.f a ncutnno carries a large transverse momcntum. lne tngger \\orks by building a 

two-component transverse momentum vcctor, takmg 1ts magnitude, and companng it to chosen 

thresholds. ln the conteX! of thc lepton programme, trus 15 again a neutnno tngger, but V,1th a taste 

for large transverse energy neutnnos rather than for energctlc ncutnnos. In the context of heav)"lon 

colliSions, fuis tn~>cr could have been used to select e\ents v,1th a large collective motIOn that 

produces large local imbalanccs of transverse momentum m cach half of the p'icudoraplrut~ domaIn. 

Third, the evcnts Wlth large transverse energy. ln hadron·nucleus collIsIOns, the transverse 

energy 1S a fundarnental probe of the ùyn:urucs. As wc WIll see, 10 heavy Ion collisions, transverse 

energy is someumes a probe of the d:-ïlamtcS (m the extrcme end of the rustribut10I!s) and sometlffies 

a tool to vary the unpact parameter (for most of them h . .l\111g medium transverse energies). 

TIlC strategy to rcaluc the ~ystem m h.uùv.arc has b\.:en to ùo I1O\.:ar, and analog, processing, of 

the ETOT, PX +, PX -, py +, PY - . ..md CT sIgnal!> from cach c..ùonmctcr ~eparatcly, th en to do 

the swnming of the vmous calonmctcrs. :,ubtractlOn of PX - from PX + and of PY - from PY + 
in a dtgital clcctronic:, rcallzatlon. nICn, the non·linear opcratlOn ncedcd to extract PT from PX .lnu 

PY (PT=.J PX1 + pf2) 15 donc \\1th a rugital clcctrorucs mvoh'mg severallook·up tables. Finally an 

adJustablc dIgital C'omparator 15 used to take the deC1sion to t.lkc or reJcct the evcnt in conJunction 

with the rest of HELIOS tnggcr lOglc. 

Let us fust look at the analogic summaUon cham for the CCAL. lne currcnt from the 

photo·multipl1er tubes 15 splIt usmg a reslstor array \\1th matched unpedance. Two thirds of the 

currcnt go ta the charge-mtegratmg ADC's, and one thtrd entcrs the EFL. We rely on current, rather 

than voltage, to carry the ~Ignals through the many cables bctween the vanous surrurung units, 3.11d 

we mamtam lffipedances of 50n at both ends each tlffie a SIgnal has to travel mSldc a cable . 

The signal~ enter::: 1 urub The very first stage 15 a passIve clement, a reslstor. Each reslstor 

corresponds to a v. eight, elther ETaT, ET , PX or PY, and the conductance of each is proportional 

to the wetght. A fifth reslstor 'RS' Wlth a preClse value is connectcd to the ground; it is needed ta 

produce a parallel reslstance of exact1y 50 orun at each input. 

_1_ = _1 ____ 1 _____ 1 ___ 1 __ -::--:-:1:-:-::-
R5 jOn R(ETOT) R(ET) R(PX) R(PY) 

~ote that a zero welght is obtamed by no reslstor at all. The currents travelling in the reS1stances 

corresponding to the 4 SlgnalS arc then amplified by a series of 'current minor' electronic circuits. 

Since the ETaT welght is always one, the ETOT re~ustor always has the same conductance, one 

exception being the central tower of the ersatz, for wruch then: 15 a conductance wruch is a factor 4 

larger ta compensate for the; fact that the calibrauon of that tower is reduced by a factor of 4. 
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The anaIog swnmmg cham conslsts of four kmd of electronic modules. A ~ 1 summing urut 

collects the currents from a 48 photomultiplters (up to 4 stacks of a gi"cn section of a gtven quadrant 

of a given caIonmcter), and, multiplymg by the WClghts, bwlds ETOT, PT, PX and PY analog 

signais. We do not need to mrucate the sign for the 'PX' and 'PY' ::.)mbols smce the sign 1~ 

unarnblguous ffiSlde one quadrant. lne indmdual v, eig.hts are dcterrruncd by rcslstors im.lde the ~ 1 

boxes. In addition, therc is a test input v,lth a unit weight for each of the ETOT, ET, PX and PY 

quantities. 

The SIgnaiS from up to four ~ 1 WU\3 arc summed 10 a L2 wut. At the output of the ~2, are the 

four quantlties (ETOT,ET,PX,PY) for one quadrant of one sectton (clectromagnetlc (E\l) or 

hadromc (HO)) of one calonmeter. lnerc 15 a speClal copy made of the ETOT SIgnal for a system of 

morutonng of the tlffie e\olutl0n of the 5lgnal callcd the lhstory ADC's (IIADC). A computer 

controiled gatn selection 15 perfonned in each L2. I~ach quantlty of each ~2 has a normal garn, and a 

~peClal gam swtable for hea\;. -Ion running llowever one must note that during heavy·ion running, 

not all12's arc attcnuatcd. 

A L3 conslsts of 6 charmels and performs the summatlOn of ail the quadrants of a given section 

(HD or E:\1) of a gtvcn caIorimeter. The 6 rcsulting signais are caIlcd: (PX +, PX -, PY +-, py - , 

ETOT, ET). 

A L4 is actually identtcaI to a L3, but its functlOn IS chfferent. It performs the summation, for 

the six quanuties, of both sectIOns of a caIonmeter Therc IS one such final summation module for 

each calonmeter, except the ERSATZ. Ail thcse wuts use fast transistors (2~3904, 2~3906) as 

cunent amphfier~ V,lth urut gatn. 'Ibe de~lgn insurcs a Imear rcspon~c for currcnb up to 5 mA. 

In arder ta transm't the smnmed ~lgnai to the countmg room wherc they v.ù1 be used for the 

trigger, the stgnais are transformeù by accuratcly Imear chlfercntla.l dm'crs. IllC rcccl\'cd SlgnalS, at the 

end of the 65m cables, are then gI\'cn J. blpolar 'S' ~hape v.lth ~haplOg ampWiers. The SIgnal th en 

go es to a buffer ampWier to producc a voltage !>wtable for the FADe from the current·dnven 

shapmg amphfiers. A tnmmmg pot (10 tums) makc~ a fine adjustmcnt of the gam to be done at trus 

stage. This adJustment 1S necessary to comp~nsate the crrors .ln gam of a tew percent that accumulate 

through the cham of amphfiers. lbese tnmming pots v.ere adjusted .ln Augu~t 1986 dunng speClal 

EFL cahbrauon runs after the tunmg was e~tablished, and have not becn touched smce then. 'The 

signals are finally samplcd by the F AOC's. 

The gams unplementcd 10 the chain wcre multtphed by special factors for the various runrung 

penods, as summarizcd in Table 2. The factors built into the hardware at vanous stages were chosen 

to fully exploit the dynanuc range of ail channcls. At the ~ 1 level, the factors are tmplementcd 

directly in the weights (i.e. in the beam, the ET wetght in the hadronic section is 8 sine instead of 

sine). At the l2 level, the factors are lmplcrncnted by deVlatmg a fractton of the current. The current 

reduction factors are computer·controlled by analog sVIltches called 1:2 attenuators' The l3, 14, and 

- 60-



• 

, 

• 

differentlaI dnvers have the s..une gams for al! channeis. Then the gam factors of the shapUlg 

amplifiers is shawn as the third cntry of Table 2. ~ en. the factors at the F AOC level occU! because 

sorne of the FADC's used arc 9-blt ADC's producing 4 counts per 10 rnV instead of 1 count per 10 

rnV for the ma]ority of the F ADC that are 7-bit. 

The product of the c1ectroruc gain factors ID the Energy Flow (EF) summing chain 15 rusa shawn ln 

Table 2 for all paths. The crulbratlon of the caloruncters, m other words. th~ charge produced by 

unit energy. determined by the hlgh-voltagcs applicd ta the photomultlpliers. i~ ruso modWed dunng 

the heavy-ion runnmg penods. This i~ ID order ta match the dynamic range of the charge-ADC's 

The product of the factors applied to the EF cham, ..llld to c;ùonmeter cahbratlOn, lS such that 1 

GeV uf ETOT corresponds to 1 FADe count, 1 GèV of ET corresponds to 2 FADC COWltS. and 1 

GeV of PX or PY corrcspond~ to 4 FADe counts Durin!! heavY-lOn rWlnmg. this is modified sa 

that 2 GeV of PX or PY correspond ta 1 FADC count, 4 GeV of ET correspond ta 1 FADC count, 

and 8 GcV of 121'01' correspond to 1 FADC count in 1986, \\hilc in 1987, 20 GeV of ETOT 

correspond to 1 F ADC count. 

The lmeanty of the whole cham is tested injccting 50 ns pulses in the test mput, and after the)' 

travel through the summation rucuÎtry, the response i5 mcasured in the FADC. The result of such a 

test is shown li 1 ï!:,'UfC 22. Dcspitc the very large complcX1ty of the lmear summation system, and 

about lSOm of cables, thc wholc chain 15 !inear \\lthm 1 % llle long-term ~tability of the gain is also 

of the order of 1 % 

In order to test the summatlon uruts. an electronic test set·up under CAMAC control was used, 

shmm in Figure 23. Its pnnCIple 15 ta use '\Vide-Band Routers' (electro-mecharucal relays) ta 

transfcr test pulses either drrectly to a L3 connected ta a charge AOC, or through one of the 48 

mputs of a LI, to the same L3. In tlùs \\'ay. the current gain of any gtven ~ 1 channel is directly 

measured. The reSlstors \\lth 5 perce;'lt tolerances that are used ta establish the gams are not usually 

sufficiently precise, sa that severaI modillcatlons of the rC5istor values are normally donc ta adueve 

preCIsions of the arder of 1'%. A 'certtficatc' is grantcd ta a swrurung urut only \\heCl the weights are 

all \\lthm 1 percent of spectficd values :\lost of the L 1 uruts were adjustcd and given certtfi.eates 10 

1985. In 1986, before thl. data-taking penod, the welghts li the LI of the :\-lAGCAL were fOWld to 

be erroneous, 50 a modilled version of the above test set-up had ta be rebuilt. The :\1AGCAL ri 

were then modified and given new certificates. The compatlbility of the old and the modified test 

set-ups was checked .... lth a L 1 of the WALL caIorimeter. Further documentation of the 

perfonnances of the EFL cau be fl'und ID [74]. 

In the CLAC, the energy flow swnming is fust an analog paSSive summing at the board level. In the 

liquid argon caIorirneter. unlike in the scintülator caloruneters, the same cable brings both the signais 

for the fast EFL and for the slower but more precise measurement by PADC's. The signais are 

received on amplifier boards located m the COWltlng room; each board, which controis the 

amplification of 24 signals. contains reSlStors to rnake the ETOT. ET. PX, and PY signais in the case 

of a board connected ta towers in the electrornagnetic section of the VLAC; oruy ETOT :!Ild either 

PX or PY signals are produced in the case of a board connected ta strips ln the hadronic section of 
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Tab/e 2: Summary of the factors implcmentcd electrornc:ùly in the summing 

1 The numbers in parentheses represent the modified gams during Ion running. \Vhen thcre 

are two nwnbers, the first is for 1986, the second is for 1987. Whcn thcrc IS no parenthcsis, 

it means that there is no change for heavy-ion running. rhe EXTER~AL and VETO 

entries arc the same as the corresponding BOX cntnes. 

Path ~1 ~2 shaping l'ADC E.~ chain CaJib-

amp. gain ration 

BOX HO ETaT I( 1/8, 1/20) 8 8( 1,2/5) 

BOX 1I0ET 1 l( 1/8) 16 1 16(2) 

BOX HO PX,PY 1 l( 1/8) 32 1 32(4) 

BOX E:\I ETaT 1/4( 1/32, 1/80) 8 1 2( 1/4, 1/10) 4 

BOX E:\1 ET 1 1/4(1/32) 16 4( 1/2) 4 

BOX E:\1 PX,PY 1 1/4(1/32) 32 8(1) 4 

WALL 1 ID ETaT 1(1/2,1/10) 2 4 8(2,8/5) 1(1/2,1/4) 

WALL HDET 1 (1/2,1/4) 4 4 16(4,8) l( 1/2,1/4) 

WALL HO PX,PY 10/2,1/4) 32 1 32(8,16) 1{1/2,1/4) 

WALL E:\1 ETaT 1{4( 1/8, 1/40) 2 4 2(1/2,2/5) 4(2,1) 

WALL E:\I et 1/4(1/8,1/16) 4 4 4( 1,2) 4(2,1 ) 

WALL E:\1 pt 1/4( 1/8, 1/16) 32 8(2,4) 4(2,1) 

BEAM HDETOT 1 1(1,2/5) 2 4 8(8,16/5) 1( 1/8) 

BEAM HO ET 8 2 l 16 1(1/8) 

BEAM HO PX,PY 8 1 4 32 l( 1/8) 

BEAM E:\1 ETaT 1/4 1( 1,2/5) 2 4 2(2,4/5) 4( 1/2) 

BEAM E:\1 ET 2 1 2 4 4( 1/2) 

BEAM E:\1 PX,PY 2 1 4 1 8 4( 1/2) 

ERSA HD ETaT 1 1 2 4 8 1( 1/8) 

ERSA HO ET 4 1 4 1 16 1(1/8) 

ERSA HO PX,PY 4 1 8 1 32 1( 1/8) 

ERSA EM ETaT 1/4 1 2 4 2 4(1/2) 

ERSA EM ET 1 4 1 4 4( 1/2) 

ERSA EM PX,PY 1 8 1 8 4(1/2) 
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The nurnber of counts of the FADC for the WALL transverse energy 

versus the number of counts of the Digltal-to-Analog Converter (DAC) 

generatmg a test signal. The obserycd linemt)' of the combrned DAC 

pulser and energy flow cham is bcttcr than 1°';,; the hncanty of the energy 

flow chain alonc is at lcast as good. 

3 

the ULAC, For every 20 boards, i.e. one per crate, the energy flow signais arc rncrged on a common 

backplane connection and ampltficd by a specialized board. 

The swnmatlOn is finally comp1eted by 'Linear swrurung uruts', that merge the signaIs from up 

ta 4 boards (but are distinct from ~3 and ~4 uruts) followed by 'progranunable attenuators', that 

pro vide up ta 100 dCClbels of attenuatlon undcr compute~ control. The output of the 'programmable 

attenuators' is then connected to F ADC's of exact1y the sa me kind as the ones used for the 

sclntillator calorimeters. 
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Set·up for testing .1.1 umts. The 1. 1 unit!. pas~mg the tests are given 

'certwcates' if all WClghts arc accurate \\1thin one percent. 

'The energles of the vanous calorimeters (sl."intillator, liquid argon) are summed digitally usmg 

the outputs of the rADes. 'Dûs final stage of the energy flow system 15 the digital surrurung tree, a 

part of trus trcc 15 shmm m F 19uTC 24 

For the hadroruc pm of the CLAC. It 15 necessary to combine the slgnalS from the stnps (p •• , 

p._, Py.' Py _) to oblam the contnbutlon 10 the tran~\'crsc encrgy. The additIOn undcr the square 

root Slgn, \\ruch 15 ncedcd to rcconstruct propcrly the transverse cnergy .... hen there 15 a single 

secondary partlde rcachmg the haÙforuc part of the CLAC, I~ mappropnatc for sevcral parbcles. 
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MAGCAL 1. WALL 

BEAM 
rXTERNAL 

l'X+Ut..AC HO 
PX-ULAC HO 

~Y+ULAC HO 
IPY-ULAC HO 

12 

ERSATZ t{) 
ERSATZ EH 

ULAC ~H 

CNTL 

CNTl 

12 3 
I---+-_ VFIB 

,rit Itvtt 

The dIgttal summatlon of the transverse encrgy ~lgnalS 12·blt digital 

adders arc used to ~um the transverse cnergy from most of the 

calorimetcrs For the hadromc part of the L LAC, a ~quan:r. and a ~quare 

root module:lI'C ncccssary ta unplement L'r=: .. '/ip •. + p._I ..... {P
p 

T P-;J. 

Fortunately, for very large nwnbcr~ of particles ~uch as the ones met in heavy-ion collislOn, the crror 

is relauvely harrnlcss. When the number of partlclcs is large cnough, p.o + p._ :;;Py~ + P>_. so that 

the computatIOn of the fornard transverse cnergy is almast lincar: 

.. / (P + P )2 + (P -t- P )2:::.:~(p + P + P + P ) 
" z+ z- Y~ y- ': 2 z+ z- Y· Y· 
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2.7 Tbe extemaJ spectrometer 

An ideal detector for hcavy-collislOns .... ould glVC us the identlficauon and the exact momentwn of 

each secondar)' partlc!e. ln the HELIOS expcnmental !>t!t-up, v.c attcmpt particle ldentlfication and 

preClse momcntwn mea!>urcment m a small part of the phasc !>pacc oru}, J. wmdo\\ m Tf ,r;,. Ine edges 

of the \\mdo .... arc dictated by the edges of the caloruneter sht, and by a copper \\cdgc ln a tiduCla.1 

area smaller th;m the phy~lCa1 !>uc of the sht, the exact an,pc ot the track. Its momentum. Its ch.uge 

and mass, and lb energy arc rccorded The exact an~e of the track l~ obtamcd from the position of 

the hlts m the Wlre chambcr DC4 (~ce 1'1l,.'Urc 25'), u~lng the knmm positIOn of the targct. Ine 

segment rcconstructed in DC4 1~ u'ied as a check that the trad. cornes trem the t.uget Tbe positIOn 

of a track 15 obtamed b) a rncasurement of charge 5hanng tprccl~lOn l cm 10 the) -direction) and of 

drift tlme (preClslon about 180 mlCTom ln the x·dm:ctlOn) l'he momenturn :ind charge of the 

parttc1es arc obtamed b) a mca~urcment of the benÙlng under J. magnetlc field of .1 ~trength of 0 Tr. 
actmg on a rnstancc of:::: \6 cm to pro\1de a tran!>\ er,e kH.:k of 75 \tcV cIlle bendmg IS mea:-urcd 

50 lm down!>trcam of DC4 b;. the I)es \\lIT chamber h~\'ln~ the .,:une n~.,olutJ()n charactcn~tlcs .l~ 

DC4. l'rom tru~, \\ c ~ee that rnomentum mCJ.~uremcnts \\111 be pos~lbk up ta .. U1 d.b),olutc ffi.U.unwn 

momentum of 500 7S\ld',,::: lsOGeV lne n:~olutiOn becorne,> 1l1~\.lftiC1ent tor rchablc partlclc 
o l8th 2 

idcntweatlOn .1t :1 10\\er cnefb'Y I1H.! mcasurcment of the mas~ ta.ke~ plJ.C\! \ 13. a tunc·of-fllbht 

mea!>urcmcnt. l'he dock, meamnng m () 2S m uruts, IS ~ta.rted b) the ,m..ùl bc.un LOtmter ~cmtlllJ.tor 

used for the defirutlOn of the bc:un, and l~ stopped by one of ~e\'eral 101' 'Clnttllators. Ine l'OF 

resolutlOn IS SOO ps A complernentar)' measuremcnt of the \clorlt), nnportant at \'eloCltlcs clo~e to 

the speed of 1Ight, l~ prondcd b) aerogc1 thrcshold Cerenkov countcn lnl: cncTh'} of the partlele l~ 

finaliy mcasurcd m a calonmetcr (EXTrR~AL) ~tmtlar ln n.1turc 10 the BOX caloruneter. The 

mea~urcmcnt of the dCpo~lted energ)' docs not have sufiiLicnt prcC1~lOn to allù\\ the dcductlO!1 of the 

mass by companson \\1th the momentum, cxcept 10 the case of antiprotons. 

"lne acceptancc of the externJl spectrometcr 15 extended to photons b) the ml.! of a conwrtcr of a 

length \\ruch rcprc~ents S~o of one T.1ru.ltlOn Iength 111C convcrter I~ ,>and\\1ched hetwccn two planes 

of multl\\1re proportlOnal chambers, sa that lt can be ffi.ide ccrtam that the lomer~lon of the photon 

mto an c' e pa.II took place ln the wnverter and not upstrcam lbe momentum of both the 

electron and the positron arc mca~urcd as any other charged p.lft!Clc ln Des Tl (." cnergy of the 

photon lS thcn the sum of the cncrgy of the clcctron and of the pO!> tron. 
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Chapter .3 

Data reduction and analysis 

In this chapter, we \nU descnbc how v. e rc]eL"ted a fractlOn of the c\'ents that do not onginate m 

the target. \\htle mam':Unmg a good cfficiency for the c\ent~ commg from the target. Wc w111 then 

summanzc the anah Sl~ mcthods u~ed .lnd d..:velopcd ta e'traL"1 preCIse mformatlon on the energy 

flo\\, the crOSS·C;CL'tlOn. and the multlphc1ty, 1rorn the raw data pro\1ded to m b~ the detectors. Ilm 

mcludes dJ.~cu~~lons of the mcthod~ of comtructlon of the tranS\ef"e energy and illscus~lOns of thc 

correctIons \\hlCh must be appheJ, deduceJ hy ~lmuJatmg the c..ùonmcter rcsponse by runrung 

\lonte C.u-lo ~lffiulation prograrns. 

3.1 Selection of 160 and 32S interactions in the target 

Decause of the changes m the set-up and Impro\ ement~ m the performance of the detcctors, the cuts 

on the data m 19S6 and 1987 ..trC Jillcrcnt. ln I:..i(h ca~c, \\(! ha\e d:,:slgrJed t\\ 0 sets of eUb, each 

aimed at a partlcular goal. a lar~e effielencj eut, dC~Ig:ncd to rnca'iurc crms-SCL"tlons accuratcly, dfld a 

~tncter eut, \\ruch does not ..iccept 100 0 0 l1f thc C\ents occumng m the target, but v.hlch a1mo~t 

totally el.urunates the background That ~ccond eut cm be u~cd In the makmg of pscudorapldIt) 

dIstnbutlons of tranwcrsc cncrgy, for \\ ruch a ~ubtraL"1lon of the background \\Ould be difficult and 

inaccuratc. 

Let us fust comlder the mte051ty and compOSItIon of the bcam. Ibe oxygcn beam data takcn 

with the Al, Ag, and W targcts correspond to an mtegrated mC1dcnt flux of 8 5 x 108
, 4.8 x 108 and 

1.6 x 109 nuclci at 60 GeV:nuclcon, and to 7.9 x lOs, 38 X 108 and 23 x 109 nuclel respectlvely at 

200 GeV mucleon meldent bearn energy Slrru1arly, In 1987, \nth 3
2S bcarn, the mtcgrated fluxes on 

Al, Ag, W, Pb, Pt, and C v.ere 5.11 x 108 ,1.17). 108 ,626 X lOK, 7.3 X 107
, III X 108 ,5.2)( 107 

respectively, v. Wc the mtegrated flux of 16 0 on a W target has bccn 4 8 x 107
. A fraction of the 

ions of the prunary beam get broken mto nuc1ear fragments Junng extractlon from the mam 

accelerator ring to the beam transport line of the experuncnt. In pcnpheral collIsions with nuclel in 

the collimators, the spectator nucleons can remam V.1th esscnt1ally the same momentum per nucleon 

as the mcident nucleus. Vanous nuelel smaller than the pnmary hcaVY'lOn are produced 10 the 
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forward fragmentatlOn reglon tr, ID adillUon. these have Z, A = 0 5, they will have the same nglwty 

as the accderated mm leO and HS, and thercfore \\111 be bent and focussed in exactly the same \\ay 

as the 'prunary' ions. The secondary partleles produced ID the upstrcam mteractions do not usually 

cause an mteractlOn tngger lnstead, the mteractlOn tngger, the transverse energy and muluplicrty, 

result from the tcrtlary partlcks produced \\hen the tOn ha"mg fint undergonc ~pallatlon. IDteracts m 

the target regIon LvcI)thmg happens as if the beam contamed a component of Ions with d.lfferent 

charge and energy. In the calonmcters, \\c thcn observe a mass spcctrum' of mC1dcnt IOns. nus lS 

shovin in Flgurc 26 for oxygcn Ions of 200 GeV nucleon ID 1986. and ID l'lguI'C 27 for sulfur lOns of 

200 GeVmuclcon ID 1987 
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Figure 26: 
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Tbe dt~tnbutiOn of cncrgy of the mC1dcnt IOns of 200 GcV nueleon m the 

1986 set-up, The peak corresponding ta i\ == 8 15 actually due ta the 

superposluon of t\';O 41 le partlclcs ID the bc:un. 

FortWlately, It was observed that at the target, the nominal ion charge represented 2 94% of the 

incident flux in ail cases (60 and 200 GeVrnucleon 1°0 and 200 GeVmucleon 32S beams). 

Some of the interactIons occur in the scintillator that mcasures the lOruzation of the beam. It must be 

noted that with heaVY-lOn proJectIles, an mteractlOn does not always cause an mcre:u.e of the 

iorrization, smce the ongmal ionuatton of a relativistic heavy-ion IS quite large. For instance a sulfur 

collision producing 100 mmimum-lonizing secondaries would cause a duninutlOn of the ionization 

(16l = 256-+100). ln contrast. for a proton. an mteractIon neeessarily results in increases of the 

multIplicity and of the ionizatlon. For heavy-ions, an interaction can aiso result in an increase of the 
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The dtstribution of measured cncrgles of the IDCldcnts ions during the 1987 

32S nmrung pcnod The beam also contatns sorne IOns Wlth A !css than 

22, in partlcular 4I1c, but they do not appear hcre ~ince a minimum 

ioruzatlOn in il3 lS reqmred at the tnggcr lcvcl. 

ionization, if the muluplicity of secondaries is large, or if very ionizing slow fragments are released 

('black tracks'). It is thus conceivable that sorne mteractlOns 'will leave the measurernent of the 

ionization unaffected, t.lther If the total lOruzation of the secondanes i5 close to the ionizatlon of the 

projec1l1e. or if ~he inCldent nucleus mteract5 close to the downstrc;un side of the plastic scintillator, 

or if the interactlon occurs in the alwruruum wrapping the sClnhllator on the downstream side. 

Both in 1986 and in 1987, the fust eut COnslsts of lso1ating a 'wmdow' in the plane of measured 

total energy and measured energy Ims by loruzation in the s<'iIltillator In 1987, because of the 
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instabilities in the sClIltillator far upstream from the target, and smce the lonizatlon in the scintillator 

B3 immewately upstrearn \\1th respect to the target 15 already tested at the tngger level, only a eut on 

the total energy IS used ln the fust ana1~ SIS cuts. An otlline eut on the ADC connected to B3, that 

improves and tightens the onlinc eut, l~ made in the nen stage of the atlline analysis, that wc will 

descnbe now. 

3.1.1 Non target interactions in the \icinity of the target. 

Further cuts are fitrodueed to rcmo\'c tntcral:tlOns fi the 10\\ -l matenals surrounding the target. 

These cuts dUfer for the 1986 and 1987 data-takiIlg runs. 

ln 1986, the removal of the ~punous Interactions \\ a~ b.lsed on the recognitIOn of the 

pathologlcal properties of the se c\'cnts. At low transvcrse cncrgy, thcse cvents, resulting from 

interactlOns ln the dO\\TIstream part of the bc.un counter. ln the arr, and in the support of the 

multipltetty counler, an: not ilistmgwshable from mtcractlOm ln the target Ilowever. as Er nses. they 

exhibit mcreasmgly recognuablc pathologH:al propcrtlCS, for cxample, an intcrclctlan ln the RI:'\G 

(silicon nng dctcctor) !!Ives no detcctcd multlph<""1ty 111 the RI~G, but hl~ multlphett::. Ul the P.\D, 

and large ET m thc pscudoraplility rcglon ovcrlappmg the Rr~G Wc can profit tram such bchanour 

ta develop sunplc cmpmcal cuts By comparrng the empt)' targct J.l.ta wlth the data taken wlth a 

target. \\c definc allowcd rcglOm m the correlation plots nf ET' the muluphcit} 111 the RI~G and the 

multiplidty m the PAO. ln rlgurc 2S. \\c ~how thcse corrclatlOm ior empty target and y"lth a 0 1 

mm target, and thc eut rcgtons that \\e havc defincd 

In the 5ulfur data. the three nng counters pro\1dc an dfiC1cnt \\ay of rccognizmg upstrcarn 

interactions 'lbcrcfore eut'i of the transvcrse encrgy compared to multlpltClty arc not needed. Ine 

upstrearn mteractlons arc recogTlued bccause the sccondanes that they glve-off, travelling fi strrught 

line through the three eountcrs. will produce ruts at the cqwvalcnt pOSIUOns in the thrce RI:'\G 

caunters, smec these dctcctors arc all buùt sunilarly. 

The pattern of ruts 1Il the three RI~G-counters IS uscd offlinc ta recognize and rcmove 

upstrearn interactlOns whlch show easùy recogruzable correlatlOIlS of the bits in RI~G 1 and RI~G2. 

A table is made of the RI~G2 clement wruch corresponds the most m this respect to each RI~G 1 

e1ement. When there 15 a hit in RI~Gl accomparued by the corresponding hit fi RI~G2, it is called 

a 'matched hit'. Dy eounung the number of bits m RI~G 1 that have a matching hit in RI~G2 and 

companng \\1th statlstteal expectatlOns, we buùd a hkelthood functlon C12 that rcpresents the 

probability that a randam rustributlOn can aceount for the number of matching hits seen. This 

functton has very small values for mast of the upstream interactions. For cross-semons, we have 

chosen to impose a cut on this probability functlon at 0 OS, which leaves at Ieast 95% efficiency for 

interactions m the target. For the makmg of pseudoraptdity distnbution, the threshold was instead 

0.20, in order to obtain a large background reduction at low transverse energies. A scatter plot of 

Cu versus the transverse energy in the range -0.1 < Yi < 2_9 is shawn in Figure 29 (for a O.2mm 
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The correlation of transverse cncrgy and multiplicity in 1986 \\'Ïth a 200 

GeV/nucleon oxygen beam. The shadcd regtons mwcate the regions of the 

cuts, where the events have pathological propertles. 
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W target) and ID Figure 30 (for no target). By removmg events Wlth Cu less than 0,05, we aclueve 

an optimum separation of the events in target and non-target. We remove non-target and target 

events with a level of confidence of 90 %. 

Figure 29: Lego plot of the transverse energy in the backward region (horizontal) and 

the likelihood function C l2 • The beam is 32S at 200 GeVjnucleon and the 1 

.arge. js O.2mm W. The background is secn al low values of Cu (";O.~ 

In addition, in order to remove the events where the pnncipal collision is in RING 1 or RING2, 

there is a eut on the comparison of the raw multiplicities in RING3 and RING 1. The events are 
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Figure 30: 

rejectcd if: 

Lego l,lot of the transverse encrgy in the backward region (horizontal) and 

the Wœl.ihood function Cu. The beam is 3
2S at 200 GeV/nucleon and 

therc lS no target. There are however spunous mteractions, mainly many 

upstream interactions efficiently rccognized by thcir low likclihood Cu' 

mult.(RING3~1.1 x mult.(RINGl)+ 10 and mult.(RINGl~40 al! but Al target 
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mult.(RING3R5.0 x rnult.(RING1) + 40 for Al target 

3.2 The distributions of raw transverse energy. 

3.2.1 The ET trigger efficiency 

We have secn that a fractlOn of the data was taken by requiring a large transverse energy ETB in 

the rcgion - 0.1 < 1/ < 2,9. The number of thresholds used dcpends on the target element, because 

the strategles for obtairung as much statlstlcs as possible per unit tlme, in all regions of ETB' are 

differcnt in each case. The numbcr of thresholds has been 2 in 3ZS_W data taking and 5 in IOO_W 

data taking, for instance l'rom each trigger then results a differentlal cross-sectIon for the production 

of ETB while satisfying the threshold condition. Thn:e such distributions of backwaId transverse 

energy ErB are 5hO\\11 in Figure 31, fi the case of a W target \\1th a 200 GcV/nucleon 32S incident 

beam. 

Similarly, four distnbutlOns offull-rJ transverse cncrgy are shown in Flgure 32, for a sample of 32S-Pt 

collisions ha\i.ng an onhne rcqUtrcment for a large trartsvcrsc energy in the du mam of pseudorapidlty 

- 0.1 < 1/ < 2.9. ln both cases, the shape of the distnbutlOm results from the \'onvolution of onlinc 

FADC distnbutions, which have a sharp starting edge due to the tnggcr rcquirement, Wlth a 

Gaussian smearing. 

ln the case of the dtstributions of backward trartsvcrse energy, this Gaussian smearing is 

instrumental: the ",idth of the distnbution of the asymmetry between the FADC's and the charge 

ADC's is mostly due ta the uraruurn noise of the calorimeters, and partly to errors fi the onlme 

implementauon of the weights. 

ln the case of the distributions of forward transverse energy, the source of the smearing 1S the 

uncertainty on the forward transverse encrgy for a glYcn backward transverse energy. The width, in 

tlùs case, is not entirely due to instrumental effects but is affectcd by the physics of the collision itself. 

However, the forward transverse energy îs observed to be Gaussian fluctuating around a value 

detenruned by the backwaId transverse energy. Although the magnitude of the fluctuations are 

different, the phYSlcal fluctuations pose no particular problem, and were treated in exactly the same 

way as the instrumental fluctuations. 

The result of convoluting the product of a slowly varying function and of a step function with a 

Gaussiart is the hlowly varying function multiplied with a nonnalized errar function 

P( (Er- Er<thre. shold» ). 
Wldth 

The error funcuon is precise1y the integral of the Gaussian: 
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Overlap of the dN{dETB distributions for data taken with various ETB 
thresholds online for 0.2 mm W target with a 200 GeV fnucleon 32S beam. 

Both the ErB orùine and ofiline arc measured in - 0.1 < fi < 2.9 . 

f e - (r')f2 dz 

p(x)= --"",,""---
+ ... f e -(r')f2dz 

and il related to the standard errer function erf(x) by: 
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FigW'e 32: 
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Overlap of the dN/dEr ùi~tribution::. for data taken with various r~B 

thrcsholds onlinc for 0 25 mm Pt target Wlth a 200 Ge V Inucleon HS 

beam. 'Ine online trans'vcrse cnergy IS mea~urcd in the pseudorapidity 

range - 0.1 < rf < 2.9, and the ofllinc ET is mcasurcd in the pseudorapidity 

range - 0.1 < rf < 5.5. 

1 + erj( ~) 
P(x)=--2-';"';;;"" 

The systematic error, which is made by replacing the cross-section with the cross-section constrained 

by an online requirement, is measured by the difference of this function P from one. 
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The final distnbutlOns of transverse energy arc made by combming the several curves, selectmg 

always the curve correspondmg to the lughest thrcshold as saon as the online requirement of 

transverse energy does not cause a tao large systcmauc error. ~umcncally, wc arc al10wed to conslder 

that the systematic errar IS negligible proVlded It is an arder of magnItude less d13.11 the stau~ucal 

error. Given that the large st COWlts m a bm arc m practlcc of the arder of 10 000, corrcspondmg to a 

statisucal errar of the arder of one percent, a systcmatic error of 0 1 ~ 0 v. as consldercd ncghpbJc. 

Because p(x) = 0.999 corresponds ta x == 3.1, trus 'offlmc thrcshold' ~lt~ dt 3.1 ~tandard dcnatlOns 

above the value of transverse energy corre~pondmg ta the onhne thrcshold. IlU'> corresponds to 

about 8 GeV for backward transverse energy dtstnhutlOns and ar.out 25 GeV for rnstnbution of 

transverse energy in the pscudorapid1ty mterval - 0 1 <: '1 <... 5 .'. rhc~c numbcrs are quotcd for 

illustratIOn purposes, ~ince anyway the rcqwred offset of the ot11mc threshold Wlth respect to the 

onlinc threshald is detennined in each mdtvidual case by the local \\1dth ot the dtffcrcnce between the 

two quantities. 

3.2.2 The subtraction of empty target contamination 

Most of the non-target interactions arc identificd by our c:.J.rcfully designed cuts. IIowever, the low 

multipltcity Interactions arc very hard ta Identify. SalUe e"cnts w1th low transverse energy survive the 

cuts wh en no target is present. The wstributlOn of tran!Jverse cnergy of these 'unremovable' 

non-target mteractions is subtracted from the target-In distnbutlOns ta correct for the presence of 

these non-target interactions As art example, wc consider the 'unrcmovablc' non-target interactions 

produeed wh en a J2S bcam luts on a W target in the 1987 ~et-up The fraction of interactions duc ta 

tbis WlavOldable b:.Jckground IS shawn m Figure 33 as a functlOn of Er in the pseudarapiruty reglon 

-0.1 <r, < 2.9, and in Figure 34 as a functlOn of Er in the pscudorapldity rcgion -0.1 <'1 < 5.5 The 

cut on the correlation of the thrce RI~G counters ensurcs a total suppression of the background 

above 50 CreV ln the pseudoraptdity rcgion - 0.1 < '1 < 2 9, or 90 GcV ID the pscudorapidity rCgJon 

- 0.1 < n. < 5.5. Prior to the cut, the background extends beyond 200 GeV. 

lt is seen that we have acrueved the condition that the target events rcpresent more than half of the 

events after the cuts. For the 1 bO beam m 1986, at both mcident cnergtes, the rcmaining non-target 

contammation vaned from about 75% at Gr ~ 10 GeV ta ~ 1% at Er > 50 GcV. 
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The ratto of the 11 Jflux d ~ IdETD distribution taken ln absence of a target 

to the samc quantities takcn ln presence of a targct. This ratio is a 

measurc. a~ a function of ETB• the transver~c energy lJ1 the pscudorapidity 

rcgion - 0.1 < tf < 2 9, of the remauung non-target contammation for the 

data taken "With W targets with a 200 Ge V Inucleon 32 S pro)ectùe. 
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The ratio of the l/Sflux dN/dErr distribution takcn in absence of a target 

ta the same quantity taken in presence of a target. This ratio is a measure, 

as a function of l1' in the pseudorapidtty rcglon - 0.1 < ~ < 5.5, of the 

remaining non-target contaminat.lOn for the data takcn with W targets v."Îth 

a 200 (IcV/nucleon J2S projectile. 

3.3 Tbe absolute normalization of the cross-sections. 

The final differenual cross-sections (in mb/OeY) make use of a value of flux, ca11ed the effective 

beam. whlch is the total number of bearn partic1es detected whilc the acquisition system is active. 

This is less than t.he actual numbcr of partic1es that arrived, because of the time that the online 

acquisition system is busy. 'The effec1J.ve beam is further durunished in the analysis, ta reflect the fact 

that the analysis reJects the IOns that do not have the nommaI charge or mass, that some events (::S; 

0.01 %) are 10st at random due ta problem in the otùine acquisition software. We thus have 

da 1 1 dN 
- (mb/GeV) = - x -- --
dEr t Jt1ux dEr 
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The target ducknesses .ll'C c..ùculated ln thc thm target d.pproXlmatlon as 

r = (p - NA -1,)/,4 X 10- l4 (ln mb 1) \'.:herc p i~ the demlt)' m g,r:cm J , ,VA I~ the Avogadro number of 

atoms per mole, L l~ the thü:kne .... of the target m cm along the beam rurcctlOn, and A is the atomlc 

weight in gr 'mole. 

3.4 The pseudorapidity distributions of transverse energy. 

In the LeAL ,md 10 the c!ectrom,I!!JH:tlc part of the l:L\C, the rcad-out of the energy deposltlOn i'i 

made by arra) ~ of to\H'r~ 111c herrnctlc calonrnctry mC.lm that for CJch polar and a.l.1muthal angle, 

the partlc1e~ will meet the Iront tJCC of a !(m cr 1 qUlv:ùently, the plane of p\eudorapldity .Uld 

a.l..1muthal angk I~ compktdy tilkd hl the Iront t.1CC~ 01 tin: to\\'Cf'I. J.' c..m he ... een 1Il l'Igure :lS. 

For the ~cmt111.ltor c:ù()mneter~ (l.eAL), the \H,lghh unplemmted Hl the h.trdware of the I:FL, 

and the welghts med in the ofiùne anal) ~I\ ,Ire not exact!) the ,ame Ille ~rn.ùl dlfTercnces, le~~ than 

5%, arc duc to Impro\'ernent~ 10 the kmm kdgc of the pcrlonnance~ ot the calnnmeter~ that have 

occurred ..liter the h.lfdw.tre wa~ Imt;liJcd, ,md Dt Lour~e to IInpencctlOm 10 the dectromc 

amphficatlOn chain '!lIC wCIght to he Jttnbuted ta a gl\'en to\\er 1\ not ~lInply the .. me of the angle 

of the geomctnLJ.1 ccnter of the tower, but fJ.ther ,1 \\elghtcd Jver.1Fe of the 'oille of the angle of the 

partlcles that have contnbutcd to the l'ner~ I1lca ... urcd in th.1t tower m \ 10nte C.l.rlo ~lmulatlOn ... of 

the detector. Ille wClght 01 each \tonte ClrlO partlcJe 1"0 "ounply the encrgy contnbuhon. Ibat 

method gI\'es a better prcC1~lorl on the rnea~urements 01 tr.ul"o\ cr~e cllerg;, pro\1ded the \tontc CMlo 

sunulatlOn ~nerate~ a p~cudorapldlty dl~tl1butlOn of tranwer:,e cner);.')· c1o~e to re:Ùlty In partlcular, 

it is easy ta ,>cc that the wCIg.ht of one tower dtfIcr~ lram the .. me of the ,lllglc of the geometnc..ù 

ccnter of that tower by an ~unount th.tt derend~ on tht: loc .. d ~Iope of the p"oCUdor.1Pld.!ty dlstnbutlon. 

The more pO'\lttve the ,lope of df~r ch7. the morc the eftectJvc center 01 the 10\\ cr 1"0 Jt a !>maller angle 

than the geornctnc.ù center, :md thc '" CIght "hlluld be rcduced 

'The code !lUET was uscd to gcnerate the Input p~cudorapldJty dl\tnbutlOns of transver~c 

energy and partlele compmltlon. It 'i dEr clr7 1\ only \lIghtly ÙJffercnt from the aL:tual one m the 

reglon of pseudoraplchty -- 0.1 < '7 < 2.9 Inc fact that the welght~ arc thm nol cxactly the opllmal 

ones results m a sltght dcgradation of the rc~olutJon of the tra.n~vcr~c cncrgy re\OlutlOn. 

A ~tonte Carlo [79J Wa.'> u~ed ta sImul..!te the calonrnetcr rc~pome for the calculation of the 

weights implementcd m the Lf<L, and the PROPHET \1onte C..trlo program [80J based on the 

GEA ~T sImulatIOn program togcther Wlth a pararnetru.auon [R 1] of the IOI1gItudmal shower profile 

was used for the calculaf.lOn of the optlmal welghts uscd ln the affiinc ana1y~I~. lne latter simulation 

program 15 aisa used ta calculate the final corrcctlOns of the transver~c cnergy. 
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The pseudorapidity distnbutions of trmsverse energy are made from the contnbutlOns of ail 

towers to the transverse energy by attnbutmg each of them to one bin. \Vith a very large grmulanty, 

this attribution would be unarnbiguous. A SImple rnethod to choose the pseudorapldtty of all tO\\ ers 

would he 1/ = -In(tan(e wi2)) where smB w IS the welght for transverse cncrgy. This rnethod 

unfortunately pro duces accumulatIOns of channcls. and gaps; 10 particular. as a example of gap, there 

would he no descriptlon of dErfdrr at the pseudorapldity where the BOX and WALL c.ùonmeters 

meet. 

It was chosen instcad ta attribute the transverse cncrgy of tO\\en. ,,'ccardmg ta the ~.9 map 

shown in Figure 35. \Vhcn the front face of a to\\ er IS cntm:!y cont;uncâ in a ~-bin, Its trms\ cr<;e 

energy is entircly attribut cd ta that bm of dE).: Œl. \Vhen the front tdce of ~ to\~ cr IS ~hared bctwccn 

severa! bins, thc tranwerse energy contamcd ln that towcr IS spltt accordm ' to the fr.Ictions ot the 

area of the front face of the to\\cr ln the "T.CP ~pace 0\ erlappmg the vanous bl!'.' . 

ln gcneral. the contnbutlons to the transverse encrgy of the tower<; arc bmncu not only 'lccordmg to 

pseudorapidtty, but also accordmg to J.l.1IJ1uthal angle. for the present maly~e,\ .lil a/.unuthal ang.les 

are simply added togcther . 

l1us ~plJ.ttmg of transverse encrgy betwccn bms obviously Jegradcs the Il-resolutlOn, but 

improves the lacal umforrmty of the distnbutlon :-':ote that the fmite SlZe \\f hadroruc ~and 

electromagnctlc) ~howers, and the ltght shanng Ul light-coupled stacks also dcgrades Ihe 1/-rcsolutlOn 

This srneanng of the transvcrse energy depmltion 15 part!)' carrccted far m the \tante Carlo 

correction procedures 

What was said above regardmg the towers of the scintlllator calonmeter also apphes to the 

towers of the e!ectromagnctic section of the CLAC. The only dtffercnce is that the welghted sme of 

the angles uscd to pro duce the Er WCIght of a tower IS computed only \\1th photons, in order to 

optimU.e the rcsolutlOn for thcse. As a result, the welghts differ only infiniteslIDally from the SIIles of 

the gcometncal centers of the towers . 
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The face of aIl towers of the HELIOS calanmcter m f'I,rp. The 

pseudOraplditles from - O. 1 ta 2 9 arc covercd by sClOhllator calorimeters, 

and the p~eudarapidities from 2.9 ta 5 5 arc covcrcd by the lJLAC. 

3.5 The hadronic part of the ULAC. 

Because of its stnp read-out, the hadronic part of the CLAC presents senous difficulties far the 

analysis; since lt receives about half af the forward transverse encrgy, It cannot simply be oeglected. It 

is oot easy ta fiod the Er-,",elghts that should be given ta each tower. It IS cven more difficult to 

decide ta whlch bm of pseudorapldity cach stnp should be attnbuted, and aimost lffiposSlble to 

decide ta whlch bm of azimuthal angle lt nught be attnbuted. ~otc that for a strip read-out, the 

weighted surn is not necessanly the best way ta cvaluate the transverse energy. We will !>how in the 

nex! paragraphs how the welghts were computcd, and how the transverse energy was binned in 

pseudorapichty. The separation of the transverse energy in bins of !l.Zlffiuth was not attempted. 
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The transverse energy ID the hadronic part of thc L L\C h.lS becn calcul.ltcd onlme \\1th a set of 

weights deternuned by the mcthod of averat,'C sine of the particlcs contnbutmg to cach strip U1 a 

Monte Carlo sunulation. as was donc m the backward re~on. l'his set of WClghts appcars to h~\'c 

large fluctuauons, and that IS probably duc to mS1.®Clcnt statlstlc~ of ~fontc Carlo e\'ents Due ta ,1 

positive WClght in the central stnp, the onllne forward transverse cnergy ha~ an 'offset', 1 c a rOSlt1\'e 

transverse energy cvcn for bc.lffi partlclc~ h:mng no tranwcrsc cncr~'Y Illt: tr.U1S\ crse cnergy U1 the.: x 

Md y rurcctlons arc thcn ~ummcd qu.ldratteally under the !>quarc root ~Ign. Imtcad of lmearly rhc 

online transverse cncrgy ln the hadroruc pMt of the U .. \C le., theretore a complte,lteJ functlon of thc 

real transverse energy. Thl'i IS doc!> not h.l\'c catastrophlC conscquencc'i, ~tncc lor tnggcr pUrp05C'i, It 

is sufficicnt that thc onhol! ET 15 a locall)' ltncar functlOn ot the .lctu.u tr3.fl "verse energ)' 

One method ta e\'aluatc the fornard transvcrse energy 1'\ to me the llnhnc versIOn of the 

hadronic WC1ghts, cxcept that the \\C1ght of the central stnp 15 nq!atl\e, \\hllh IS cqwvalent ta a null 

weight on the central ~tnp together \\'1th ..l ~ubtraetlOn of the kak..lge contnhutlon to the outer ,tnp'" 

This is the method u~ed ln the computation of the transvcrse cnergy for dIf'fercntl,tl crosS-\ectlon~ 

For pscudorapuitty ili5tnbutions of transverse energy used a dlffercnt methoJ \ 2, based on the 

regularity of the geometry of hadromc sectIOn of CLAC. I...lch stnp I~ g1\'en ..l \\clght proportlOn.u ta 

the sme of the anglc of lb geomctncal center. Wc tcmpor.ml) c..ùl K the proportlOnabty constant 

Since each stnp covers rcglOm of very dlfTerent polar angles, an average WCIght must somchow he 

defined for it "l'he solutIOn b modcl-indcpendent and shows up hy cO!1\tdenng the effecuve wClght of 

the area of intersectlOn of a ~tnp in the x directIOn \\lth a stnp m the y dlrcctlOll. 

where the factor 1/2 cornes from thc ob\'1oUS faet that half of thc energy is russipated in x strips and 

half in y stnps 11us can be rc-exprcssed, as a function of azunuthal angle, as: 

sm e(eff) = K sme [ ~ IcoscPl + ~ l!>incPlJ 

Since the average of both Icos4> 1 and Isin4> 1 over one pcriod are 2/Tr, wc need K= 1t/2 to obtam 

sin 8(efl)=sln8. nus method ta obtain transverse energtes from a carte sian rcadout 1S standard [82]. 

Within this method, we can now attnbute each stnp to a pscudoraplillty bin. Wc have chosen to 

give each strip a smgle pseudoraplruty. Certamly, cach strip receives contribution from severa! bins 

of pseudorapldity, but the 'smearing' of the transverse energy on the pseudorapidity axis would only 

be worsened if the transverse energy of a strip \\ as split between severa! bins. If each strip is 

12 Includmg the same sublracuon of leakage 
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attributed to the pscudor..lpldity of lb gcometnc.ù œntcr, mmus a constant '1ll' It i~ casy to detemune 

the value of 'Ill that IS ncedcd to correctly mea ... u.rc the fir~t mOlnent of the pseudorapld.ity of 

transverse energ)' l'or ~Imphclt\', let m. umsiJer a (~-fW1ctlOn nng' of trJ.nwerse energy arnvmg fi 

the hadromc pm of the t L\C nIe .Ivcragc p",cuùoraplùity ùlffers from the maxunum one 

(obtameù \\lth the ~tnp tJ.n\.,'\:ntl.ù 10 the 'nng) hy' 

, 

J d~r ~lOc.')(!n ~mr..'l) + cm(p(!n CO~4")] 
o 

2 J dt/> [~mç) t CO\!;') ] 

o 

wherc \\c ha\e u",cd the ,m,ùl-.mv.lc J.ppnnlmJ.t\on rcpcatedlv 1111 ... mathematlcal comtant amounts 

to U 307. Wc h.IH' thcrc!orc .lttnbuteJ the tram\ eN! cner!!.) 01 l'.lch ,tnp to the p,cuùorapHltty hm 

031 }css than the p\ellÙOraplùlty 01 the f!eornetnc.ù l'enter 01 the .. tnp, ... phttmg hetweell bms \\hell 

ncccssaf)' I1m ~olutlOn doc,> not ,\\Old the ,>me.lOng, hut 1\ make ... the c.1ITCct!on of the ~rne.lring 

caSIer, becaU'.c thc a\'cr.l~e pO'ttlOn of the tral1\\'erv.: cner!!.)' l' .tlrcady corrc\.."t, .1'> wc \\lU sec in .\ 

forthcommg ~ectIOn dc\'oteJ to the pre ... ent.ltlOn of the :\ 1on1c C.U'lo U1ITCct1[)n~ 

ln adilitlon, kt u~ mentlOn .\ mcthoJ th.1t doc~ not m\'ohe ,\ 1ll1e.tT cllmhm.ltlOll of thc cncrglc~ 

measurcd ln the JlfTcrcnt channeh, but I!l~tead .1 hncar combmatlon of the prodU\..'b of cncrg1e~ of a 

X stnp Wlth .! Y ~tnp It I~ ... upp()~ed that the ellcrgy dep()~ltcJ tn the .,maIl square arca of 

mtcrsectlOn of two .,trips hy the product of the cnergte., lfl the 1\\0 .,tnp" (dIVldcd by 114 of the total 

cnergy m the hadromc ~ect!On ot the l:l.AC ln order to comer..-c the energy) I1m mcthod l~ 

somct1mes called the maxImum entropy mcthod rH,] ~mcc the proJuct ot the encrgtc~ of the ~tnp" 

rcprcscnts the most probable energy trom .1 prohJ.blltstJc;~tatl ... t1cal pOUlt 01 \1CW It c.m III pnnclple 

prmrldc a 20% bettcr rcsolutlOn 13, .md W.l~ obscrycd to irnprovc rc,olutwn, but the non-hneanty 15 

deemed ta be too dangerous for a tint an.ùyst'. W 1t IS not U\cù ln the rc~ult,> !>hown herc. 

13 TIus cao he shawn by ltneanzmg the respanse locally m a Iugh mulupllclty enmonrnent 
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3.6 Event-by-event correction for the energy at zero degree 

In the forward calonrneters, clthcr the ERSATZ calanmeter far the 1986 data takmg or the CLAC 

for the 1987 data takmg, a fracuon of the total energy lS carncd b~ partlcles havmg essenually a Icra 

polar angle. 111e numencal thre~hold for the JcfmitlOn of energy as cncrgy Jt lero dcgree 1~ u~u..ùl~ 

taken a~ the pseudarapldlty corrcspondmg ta the rJ.plday of the beam Ioc problem cau~cd h;. thl~ 

cnergy at ICro d\.!gTCC 15 the 'fake' tram\'erse cnergy that appears m the cJ.lanrncter clcrncnt, 

surraundmg the CC'ntra.! one, duc ta the latcral ~11_C of h,idIomc '\h()\\cr~. I1m problcm h.b to be 

solved by a subtractlan ln the nCl!ilibounng stnps of the lcaka~'C of cncrgy J.t ll'ra dcg:rcc I1m 1~ 

dane by usmg the cncrg)' ln the most centrJ1 det\.!c1ar c1cmcnb (the central '.tnps ln the 1987 ~l't-up, 

the central tO\l.er of the ERSA rI, c.ùonmetcr ln th\.! 1986 ~et-up) ,15 a m:~a~UfI.! of the cncrg;. at It:rn 

degree. l11e procedure I~ of course not exact, bccausc of the calonmetnc t1uctUJtlons of the cncr~') 

oepasltlon bv the partlcle~ at lera dcgree, ;md bccause of the contnbutlOn ta the cncrgy dcpo~ltlOn In 

the central dctector clt:ment of panleles \\1th l.uf!er pol.iI' .mglcs IIo\\c\'cr. the \tonte C.ulo 

correctIOns arc corrcc.."tmg for the meffiC1\.:nC1\!S and lo~~ of rc~olutlOn c<lmcd b) ÜU5 subtractlDI1 

procedure a'i they arc for the clfeet of e, rr, leakagc irom moJu1c~. decu;. S ln th!!ht, and many othcr 

cffects 

ln arder to e~timate the eorrcctlOn ta the cnergy l!1 the fon,Md rcglon, .1 kno\\lcdgc of the shdp\! 

of the spatial dtstnbutlOn of energy is nceded. For thl~ purpo'.e. \I.e can use the data \\hlCh WJ.S 

taken with a 'Vn' tngger, \l.h1ch ~elects the e\ ents where the bearn partlclc arnves withm a ~m;ù1 

window onto the center of the CLAC. A proton of 200 GcV produces the profùe shown in h!,.TUrC 

36 The fluctuatlom. ln the shower profile play an Important role ln the rcsolutlon of the tranwcr~c 

energy A slnular plot ..... lth a J2S nucleus proJectùe l~ sho\l.n ln F1h'UfC 37 The shape 15 not \ CI)' 

dJ.fferent; the shower profile 15 somewhat narrower, probably becausc the sccanttiOc~ from the fir~t 

collision m the calonrnetcr arc marc forward \1. hen the proJectüe 1~ a J ~ S than \\ hen It l~ a proton 

'The reductlon of the tluctu..'ltlOns 15 due ta the larger numbcr of scconda.I) 'iho\l.ers. 

This pattern of energy deposl!ton Edep can be rcasonably weil reproduced by a sum of t\\ 0 

dE,û -dl -,).2 .~ 14 
exponentlal profilet., ---f!!L = Ae + Be ; r=" x + y . The projection of th1S profile 15 ;1.10,0 

dxdy 

shown in the figure. 58% of the energy i5 carned by the narro\\' component \\lth ;.\::::: 255 cm 

(approximately one :\1olièrc radius) and 42% by a broad component \l.1th ;-J::::: 10 cm (approxunatdy 

one mteractlOn length). Thesc experunental charactenstlcs have been unplemcnted in the :\tonte 

Carlo simulation program PROPHET for the calculauon of corrcchons. loe profile itself has been 

implemented ln the reconstruction pfCIgram; We subtract a fraCtIon h/hu of the energy of the central 

stnp from the I-th stnp, where h, and hu arc the fractIons of the beam cnergy ln the l-th and central 

stnps respectively, as glYen by Figure 36 'nie hadron profile can be used, rather than the heaVY-lon 

14 The proJecuon m one dunenslon of an exponentlaJ profLle IS the functlon xKI(x). KI bemg the modlfied Bessel functlon 

of the second Icmd of order 1 
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nIe cncrgy depo',ltlOn a\ a functlOn 01 ~tnp number for a 200 GcV proton 

beam hittmg Ùlrcctly the cr.:nter of the l;L\C Ille vcrtlCal error bars 

inrncatc the magmtude of the cycnt-to-eYcnt fluctuatlom 

,-------------- -

one, sincc the heavY-lOn l!> ltkcly ta break-up lOto tndh1dual nuclcons eYen for very periphenc 

colltsions. Tbe success of this procedure 15 venfied hy the fact that the regrcs~ion of the forward 

transverse energy EH onto the h.ickward tranwerse energy l:ro ha" an mterccpt very close to zero, 

Smularly, the encrgy ln the hadromc part of the central tower of the LRSATZ has becn med to 

correct the cncrgy deposlt!on tn the nelghbounng towcrs \\lth the aim of commissioning a 

measurerncnt of the forward transverse cnergy Wlth the 1986 calorirnetnc set-up. 
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Str:D numDer 

Shower profile for ~2S 

The energy depOl>It10n ïS a fllilctton of ~tnp number for a 200 

GcVmucleon j~S beam lmpmgmg dm:ctly in the center ')f the CL\C 

'The "ertlcJ.1 crror bar~ mdtcatc the ma~l1ltude of the c\'cnt·to-cvent 

fluctuatlOm. Ine stratght hne Il> the ~hapc rcsulting from the fit hy a SUffi 

of two cxponentla1s. 

3.7 Monte Carlo correction of pseudorapidity distributions. 

The pseudoraplChty dIstnbutIon is hutlt from the energtes mea~ured fi the vanous calorimeters by 

attnbutmg each channel to a pseudorap\wtY!az.lmuth hm. Ifiis first attribution of the pseudorapHlity 

and azirnuth is donc on the basls of the geometncal pmltion of the ~ensltl\'e volume which the 

channel 1S measunng (tower) \Vhen a glven tower overlaps between two or more bins of fT ,cp, a 

fraction of the transverse cncrgy of that channel, proportlOnal to the overlap, IS glven to each bin. 

There was an exceptlOn to dus rule ln the case of the channels measuring the hadroruc section of the 

CLAC. In that case, although each stnp covers a large domam of pseudorapidity, a single 

pseudorapldtty 15 glven ta cach stnp As we have ~een m section 3 5 , the JustlficatlOn is that the strip 

read-out already causes a considerable smeanng of the pseudorapidity distnhutlon. Tfie strips near ta 

the center, for example, rccel've contnbutlon from ~ = 3 to ~ = 5 5. Luclcly, each strip is dorrunated 

by the contributlon of a glven pscudorapldity If the energy sensed in a stnp were split among severa! 

pseudorapidity bm, the problem of smeanng. already qUltc senous, would be worsened. The chosen 
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~olution .... as to Jttnhutt.! ta e.u;h !:>tnp J. pscurloraplwty 'ituftcd by a constant ~o ~ - 0.31 from the 

pseudarapldity 01 lb gcometncal center, in such a way that the average pscudorapidity is carrectly 

measured 

The '~meann~' of the tr,tnwc~e cncq~' on a domam of pseudorapldity I!:> partlcularly obvious in 

the case of the h,ldwnte P,lrt of the LIAC, It 1'1 however a gcneral problem for the reconstructlOn of 

rapauty distnhutwm of tran'iH:r~e encrgy, 

Anather n:gl.l1n \\ hcrc the !.meann~ hJ.~ Important Cl'n-.C4UCI1CC~ I~ in thc hght-coupled stack .. of 

the 'WALL' c.t!onmeter Ih: p,u1 of thc~c ~tacb clo~cr to the hcam .L,{I~ rcccives more cnergy thm 

the n:~t, hut t1C couphng hl' 11g.ht rcw~tnbutc., the ,lpp.ifCnt cnergy dCr(}~ltlOn, Further ~meanng 

rcsult, from the 1.lter,ù .,I./C of the .,hO\Hr." ,md the lonptudm.t! ~lle of the ~hower, when the towers 

.ire not coIhnear \\1th the meilleut ;ecol1liary p,trtlclc., 

3.7.1 Principle of operation of the correction 

Il h quile clcar what !>houId he dorw 10 pnnClple to reconstruct the p!:>cudorapidity wstribution of the 

transverse ener!:-')' In pnm,iplc, the shdpes of the ~hawers arc known, and the calorimetcrs arc Iincar. 

Thcrcfore, \\e Llluld, m pnncipJc, c!:>tabbh the m.ltrix :\1 wluch multiplie., the veetor of real 

transverse em'rt-')' ùepO'iltlOn pel' p'ieuJorapldity hm to gJve the measUTrd tran~vcr~c cnergy deposltlon 

per pseudordpldlty bm For lmtancc, .... hcn a transvcr~e energy 1:'/, l~ ~cnt ta bm l, .1 transver~e energy 

(:\1)/1 Er. i~ mea~urcd in bm j, Sa, Ln pnnnple, wc could mvcrt the matnx :\1 to rccomtruet the rcal 

trans\'er~e eneT!~ i\ fractIon of thi~ matrix, a~ PROPHET calculdtc,> It, I~ ~hown ll1 Figure 38. 

\Vlu1c this matnx :\1 l~ not ~mgular mathcmatlcally 'ipe.Jung, Il 1'> ln practlce qua~l-~mgular, and the 

approach descnbcd abovc .... ould rcsult ln very I.J.f~c crror~ 10 the Inverse matnx, .lnd m catastrophlc 

amplificatiGn of the vanous cJ..lonmctcr nOl~CS, lnstcad, we have u<;cd a dlffcrent methoJ ta obtam a 

numencally stable ~olutlOn to the problcm, wluch wc w111 now de~cnbc Suppose wc have a 'test' 

pseudorapiillty rustnbution of transvcne energy ( d;r ),.", not vcry dlfTercnt from the at:tual one. By 

usmg a Monte Carlo (PROPIIET) sunulatlOn of the calonmcter, we obtam the Image by matru :\1 

dEr dEr dEr 
of the test distributIOn, :\1 ( ( di )'03') On the other slde, ( d" ),.IQ.\ 1\ :\1 « dr7 tOI)' ;-";ow if 'test' is 

dE 
sufficiently close to 'real', wc can simply obtam ( ch7T },."I by: 
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The responsc of the 12 last hms of dEr! ch7 when pa iicles are sent into one 

bin at a time. The histograrns are in consecutive arder, and constitute a 

representatton of the matrix :\1. 

'This approximation ( ~T)O ta the real distribution can eventually be used as input instead of the test 

distribution in the :\1onte Carlo simulation, to verify our estimate: 
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If ( dEr \ is equal to ( dEr)o \\1trun the mors, \\e have, by definition, found a solution. If not, we 
œ, <br 

ca.n use ( ~r)1 in place of the test distribution and find an improved (d!r)1' We can generally 

expect the procedure ta converge very rapidlj if the 'matnx' is weU behaved. 

3.7.2 Specifie assumptions and resuIts. 

Having ShO\\l1 the pnnClp1c of the :\lontc Carlo correction to the pseudorapidity distribution of 

transverse energy, let us examine the specifie input of eruorimeter physics in the :\lonte Carlo 

simulation. 

The SlZe of the showcrs, \\hieh affects the arnount of smcanng of the pseuclorapldity distribution 

due to the shanng of a shower between t\\O towers, 15 affected by the energy of the inCldent partlcle. 

It is therefore lmportant to kno\\ the spectrurn of cnergy of the parucles reachmg our calonmeter at 

each angle. The spectrum takcn \\ as an cxponential rustnbutlOn of transvel sc momenta with the 

same constant slope everywhere. llùs seems to be an approX)matdy vahd a~sumptlOn in ail the data 

taken untù no\\ (sec sectIon 4,8 ), but fi any case the average transverse does not change very much, 

and the effect on smeanng IS a rclattvcly wcale one: cven for a doubhng of the average PT' the p\J..I"ely 

hadronic fractlon, and thereforc the smearu1g constants, would change by :::::: 0.1 ln 2 == 7% li!4J, We 

are much more sensittve to the assumptlon of a certaIn fractlOn of the encrgy being carried by neutral 

hadrons that decay and pro duce electromagneuc showcrs. The 20% allowance that we leave on the 

fraction of the transverse energy carncd by rro,s 15 rcsponslble for a large part of the sy~tematic erraI' 

on the transverse energy scale, 

F ollowmg reference [81], the longltudmal shower profile for an elcctromagnettc shower was 

taken to be: 

dE 
dl 

where Xo is the radiation length ID the material of the calorimetct', ~ ~ 0.5, and 0: ~ 2 to 3 depends 

logarithmically on energy. The longltudinal shower profile for a hadromc shower was taken to be: 

-p~ -6J... 
dE f. ( 1 yr. Xo +(1-f )(-!-) e )., 
d 1 ex: em -X J e lm 

o l'I 

where ).,r is the interaction length, 1.", is the ~electromagnetie fractton", and the parameters ex, f3, K, 

and 6 are logarithmlcally energy dependent. In the scintillator calorimetcrs, covering up to 2.9 in 
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pseudorapidity, the lateraI shower profile 15 approXlffiated by a GaUSSlan of W1dth 2 OOXo in the case 

of electromagrtetic showers, and 0.75;.[ in the case of hadroruc showers. The GaUSSlan shape is not a 

good appronrnation ta the actual lateral shower profile. Ho\\ever, in the reglon ~ < 2.9, the 

granularity is so coarse that the details of the shower profile do es not affect dramatically the final 

results. The GausSlan parametrization gives the nght arder of magnitude to the smearing of the 

pseudorapidity distnbutlons. 

The situation is quite dillerent in the hadroIÙc section of the L'LAC. A Gaussian lateral shower 

profile cannot be used, because the granulant y is such that a glven sho\\er extends over many (:::: :0) 

towers or strips. Also. If the effcct of the projectJle spectators IS inc1uded fi the \Ionte Carlo. these 

particles, that have by definition no transver~e energy, will contnhute ta the simulated dE, d?7 

distnbution unfess their l.:J.teral profile preclsely corresponds to the actual sho\\er profile. When we 

have correct1y parametnzed the lateral shower profile, the dEr d1) will be precisely zero for an 

incident beam panlele, since the analysls pro gram was dc~igned ta produce zero for a beam partlck. 

For all these reasons, m the hadroruc part of the CL\C, the me.1sured profile produced by an 

incident hadron was mput mto the code in the forro of the fit to a swn of two expunenùa1s alrcady 

presented in section 3.6 

Aliliough the lateral shower profile varies as a function of sho\\er age, the average lateral shower 

profile can be defined rather consistently. We do not need the details [77J of the evolution ,nth 

shower age, because the stnp structure is almost parallel to the direction of inCIdence of the 

secondary parucles. 

The ratio of the input of the PROPHET program ta its output, \\hich is our correction ta 

dEr/ŒI, is shawn in Flgure 39 for a Gaussian shaped input distnbution of width 1.35 and center 25, 

the particle composition bemg given by the FRITIOF [50] event generator. 
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Figure 39: 
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0 2 .3 4 5 

The ratio of the gcncrated to the measurcd pseudorapidity distribution 

within the PROPHET \tonte Carlo, as a functlOn of the pseudorapldity ~. 

The pronounccd peaks are ùue to the 'cracks' between the BOX and 

WALL calonmeters. 

3.8 Monte Carlo corrections for the traJlsnr~ energy distributions 

The transverse energy reconstructeù oflline .... ith .... elghts i') only, for each event, an approximation to 

the actual transverse energy. rwo kinds of crrors are made: event-by-event fluctuations in the 

measurement of transverse energy, and systematic underestunatlOn of the cnergy measured in the 

non-compensated part of the calonmetcr for hadroruc-~ho .... cnng part1c1cs ln dus section, wc .... in 

show the values obtained for the sc two numbers from the standard :\fontc Carlo sunulatlon pro gram. 

Wc will then show how the distnbutlOns can be corrected, usmg converuent geomctric 

parametnzations. fmally, we v.111 show that 1t is posslble to measurc, instcad of ca1culate. the 

magnitude of the calorimetnc fluctuatlons, using a method permittcd by the f..ùl cO'verage of the 

energj tlow measurement. 
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3.8.1 Tbe corrections 

The scatter plots of the generated and measured transverse energy v.ith the PROPHET ~tontc Carlo, 

are consistently descnbed by the follov.ing parameters: 

• For the measurements with the scmtillator calorimeters only, the measured transverse energy IS 

0.872 (= lil.147) smaller than the generatcd transverse energy on average, and the magrutude 

of the tluctuauons IS 0.29.../ ETB 

• For measurements .... ith the L'LAC, the measured transverse energy is 0.819 (:z 1/1.22 ) 

smaller than the generated transverse energy on average, and the magnitude of the fluctuatlOns 

is 0.3014 

• For the measurements wlth ail calonmeters, the measured transverse energy is 0.855 (= l' 1 17 

) smaller thm the gcnerated transverse energy on average, and the magnitude of the 

fluctuations is O.29.JE;. 

3.8.2 Deconvolution of the distributions. 

As we have seen, the measurcd transverse energy is related to the generated one, through the 

multiplication by a response factor, that takes into account the average 1055 of measured trans\ erse 

energy (due to the e(1T. factor fi a calorirncter \o\ith electron cahbration, etc ... ), and through the 

addition of calorirnetnc fluctuations of a magnitude proportlonal to the square root of the trans\ erse 

energy. 

A fust step in the correctIOn is ta multiply the transverse energy sc ale by the inverse of the 

response factor, known as the :\lonte Carlo correction factor fMC' sa that the average transverse 

energy is correct. Sunultaneously, \o\e divide the cross-sectlOn (and its staustical eITers) by f MC m 

order to conserve the total cross-section. 

In a !>econd step, the differenual cross-sections have to be corrected for the finite resolution in 

the mcasurement of the transverse cnergy. These corrections are parttcularly important for the 

steeply falling tallS of the da IdE-r distributions, sincc the fluctuations have important effects \0\ hen 

abundant events arc close to bins \o\1th rare events. 

As done fi the case of dErdrt, we would like to invert the matrix that relates the population of 

the bins before and after the smcürulg, as in that case, a direct inversion is unposslble. We will again 

use the method of the test rustnbutlOn. In fact, because the magrutude of the calorimetrie fluctuations 

is proportlonal to the !>quare root of the transverse energy, Just like the magnitude of the physical 
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fluctuations ln ~C;\l (:'\uclear Colhsion :\lodels), the smeanng by the calonmeter resolutlon of a test 

distributlon of the ~C:\1 type is another mstnbutlOn of the ~C:\1 type W1th an mcreased fluctuations 

parameter. Let us recall herc that m the ~uclcar CollisIOn :\1odel [61J (see sectIOn 1.11 ) the nuclear 

collision is descnbed as a superposltlon of ~ rndependcnt collisions, They produce a transverse 

energy Vl:n. \\ïth event-to-event fluctuation'> of magrutude a = ,1 Swt:~. Quadratlcally addtng 

calorirnctnc fluctuatIOns of magnnude (J = I<.~·E~ 15 eqwvalent to mcrcasing w by "l/Eo' 'The 

procedure of deconvolutlon 15 thm sunpl)' to fit the smcared illstnbutJOn .... ïth parameters Ea anù (1), 

and thcn multlply the data by the ratlo of the ~C\1 cllstnhutlon 15 \,ïth parametcrs EJ ,w - /(2 .'Eo ta 

the ~C:\t rustnbutlOn \\1th parameters E) ,w. Jt 15 not nccess3I) to Iterate, S111CC we have found ·.he 

test distribution that fits the corrected œta. 4U1d produces a fit to the uncorrected data upon 

convolution \ .. lth the calonmetne fluctuatlOns 

In trus process. the CITors on the cross-sectmn arc sun pl) multlphed by the s.une factors as the 

cross-seetlOn 
, ...., value 

l1us l'; ln order to conserve the number of eqwvalent events )--, The total 
....... erro~ 
bvu 

cross-sectIon 15 conser\'cd \\1trun CITors ln the dcconvolutlOn process smce the two fitting ~C\f 

distributions have the same total cross-sectIOn. 

3.8.3 A method of mea~urement of the transverse energy resolution 

We wùl present here a method to dctermlne the resolutlOn of trans\'cr~e energy measurements. 11ùs 

method gtves as a by-product the magrutude of the vector sum of the transverse momenta vectors rn 

two regtons of pseudorapldity. 'I1ùs method lS (to our knO\\ ledge) ne\\'. smee lt relies on full 

coverage of transverse energy in the center-of-mass and vcry hlgh multlphcity \\hlch \\ere rcaltzed rn 

our cxpenment for the fust tune. 

ConSlder ~ partic1cs produced in a mteraction, and two complcmentary domains of 

pseudorapldity tf 1 < 11 < 11l and 11) < '1 < tf 3' The transverse cnergy in the backward regton can be 

dcfined as the sum of the lengths of the transverse momentwn vcctors Pi-

and the transverse energy in the forward region can be defined as: 

15 2/ The term K Eo arnounts to 0.08 typlcal 
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This agrees \\lth the expenmental' defiruuon of L as ')' E sine. up ta a factor E p. E 'p ~ 1 for the 
~ 

parueles contnbuung the most ta the trms\ erse cncrgy. 

Simùarl) , \\ e can measure the maI;Illtude of the tra1"15\ erse momemum .,-cetar m the bac\".,\ ard 

and fOI'ward reglons Because the sum of all transverse momentum Yectors IS exactly lero (by 

conservation of momentum) wc c.J.Ïl these: the forward and bad .. '\\ ard momentum lffibalmces 1. 

ln the absence of calorunetnc fluctuations. the swn of ail transverse momentum vectors is z~ro 

(giving (T= 0). sa that the badmard md fOl'\vard sum \ectors are e~ctl) Opposite, and thctr 

magrutudes lB and Ire OJ."": Idcntlcal lIo\\c\'er. ID realtt) , ail the quantlUes are affected b) eITors due to 

the finite resoluuon of the caloruncters Sillee the CITors arc in general dillerent, the t\\ 0 

measurements ls and Ir of the momcntum unbalanee are also illfferent Ine companson of lB \\1th 

IF' and the compartson \l.lth the trans\erse cnergy fi each reglon, pro\ldes us \\ith enough constramts 

ta establish the re:>olutlOn ln each fCglon. 

The energ) resolutlOn 15 aS5umed to follow a law cr = K"VE Consldermg only the calonmetric 

fluctuauon, the average square of the momentum lffibalmce and the resolutlOn of the transverse 

energy are related' 

2 L ' , ., Pr' + ( < lB » + 2 < 1 .... xfluctuauons > + sin"e sin·<t> x 6 -el 
y oy j 1 j sin 

j 
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the average of the calonmetnc fluctuatIOns being zero, \\ hile : 

If the nwnber of paruc1cs 15 ~uffiC1ent. trus can be \\,;tten as; 

" 
(j(ETi== Jetn sm8 1\~(t1) d:,T 

• ! 

The a\'erage square lffibalanccs m the fOr\\ard reglon and ln the full region of pseudorapidity arc 

similarly rclated to the resolutlOns of the trarIsverse energy in the forward and full regions . 

Allov.mg nov. ph) SlCal fluctuauons, \\ e obtain: 

and: 

We have thus shO\\'n the follov.ing results: 

• If the shape dE, cbr does not depend on Er or If the resolutlon factor K does not depend on ,." 

the resolutlon 1) sunpl~ proporuonal ta the square root of the transverse energy. ln praruce, 

the shape of dE, dn vanes little \\1th Er 50 that the resolutlOn of the transverse energy obeys 

such a law. 

• We can meamre the physical average square lffibalance, in other words the average square of 

the transverse momentum transfer between the backward and the forward region. by 

- 97 -



• 

• 

1 

• 

• 

1/2«1~> + <I~> - <I~» 

The backward transverse energy resolution IS < 11
B > - < Il> L' that IS, 

pny< • 

1/2( < I~ > + < l~ > - < I~ ». and smularly thc rcsolution If thc forward transverse energy IS 

a~ETF) = 1 <X < l~ > + < I~ > - '- l~ > ) l1m was evaluatcd (m our calonmeter '7 1 = - 0 1. 

'11= 2.9, '7;= 5.5), .md Il \\as found that the re~olutlOn on thc h.lck\\ard transverse encrgy 

approximatcly scalcs as 0 41-., cl'-;J,c;c\') ln all cases ln lïgurc 40. it 1S ~hO\\11 for a ~a.mplc of 

32S_Pt collisions. The tbla arc fitted la 0 41 .... ~ETH. or eYen more rrcC1sd~ to :; @ 0.39",' ETB~6, 

where the constant term of :; GeV IS a consequence of the uramum nal~e. Smuh.rly. the 

resolutlOn on the transverse em:rgy in the fOf\\.lrd rcgIon. (J(ETF) was found to be about 

O.4.h/ Er,(Gc\") 

Given the fact that the two co\'cragcs do not complctcly cover all pscudorapldttles, ..md that the 

calorimetnc fluctuatIOns of the fonvard and back>\ ard rcgIons, a~sumed implicltly ta be uncorœlatcd. 

are in faet somewhat corrclatcd (due to shower kakage, for examplc), thesc rcsults Calmot be 

expected ta be perfeetly exact, Ho\\cver. lt 15 intercstmg ta sec that the number obt:uncd for the 

resolution of the transverse energ) m the bach. ard fCgIon (0 41,'/ Lrs) lS qwte close ta the rc~ult 

(O.29v' Ers) of the \tonte Carlo sImulation. th.1t does not have the VarIOUS ImperfectIons .md 

inhomogcneltles of the actual calonmetcrs 
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ETB resolution vs E-m 

400 450 
ETB (GeV) 

The transverse encrgy rcsolutlOn rncasurcd by the method of imbalances: 

ct(E.rB) as a function of the back\ ... ard transvcrse cnergy ETB 
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Chapter 4 

Experimental results and discussion 

4.1 Introduction 

We show in this chapter that the observables of transverse cnergy and multlpliclty 1Il hca\'y-colli~ions 

are measurcments of the global propcrtlcs of hot hadromc matter of large denslt}. 

~aively, the transverse energy chstnbutlOns drr'd{;; rcprcsent the prob.lbilit) of crcatmg states of 

large dcnslues, and the pscuùoraplchty ùenslty of trarmcrsc enCfg: dL,. cPI thm mchcatcs the dep-cc 

of thermalizatlOn achieved, \\1th an Isotropie d.1stnbutlOn mwcatmg total thcnnaluatton. 1 lem en:f, 

we ..... -ùl see that the fluctU.lhom m the geomctry lt1uctuatlons of the IrnpaL1 par..unetcr and of the 

orientations of dcformed nucleI) play d comlùerablc raie m detcrrrunmg the shape of the Ùl~tnbut!On. 

However, we attcmpt ta extract as much dynamlca{ mfonnatlOn from the ùlstnbutlons of transverse 

energy as pos~lble, m partlcular b) companng the distnbutIOns ohtarned ln the backward half of the 

rapidlty coverage (- 0 1 <." < 2 9) with thase obtamed ln the 'full' caverage (- 0.1 < '1 < 5.5). These 

distributIOns are comparcd \\1th extrapolations of the propentcs of hadron-h.ldron colhsions g.l.Ven bl' 

the fRITIOF and IRIS \10nte Carlos. In adchtion, \\e extract the a\crage tr.lI1sversc energy of 

central colhslons from the distnbutlOns of transverse cnergy; these transvcrse cnergy of central 

collisions can be convcniently fittcd to a po\\cr la ...... depcndencc on the atomic tnass number of the 

target nucleus, and compared ta sorne SImple modcls. shedclmg hght on the dynarrucs. 

By exarrunmg the correlations of the transverse encrgy ln the back\\ard and forward regions. we 

get closer ta lsolatmg the d)narrucs of the colliSIon Simùarly, the exact rustnbution of the trarlsverse 

energy as a funcùon of pscudorapHlity is nch ID InformatIons on the dynamics \Ve compute the 

moments of these chstributions, and thClT C\ olution as a funCUon of trans\ erse energy. The 

charactenstlcs of these moments can be naturally cxplamed ln tcnns of a sunple model of 

hydrod)l1aIDlCS expanSlon. ln fact, most of the expenmental features can be cxplamed. although not 

wuquely, by tbis model. An carly scarch for exclusive sIgnatures of hydrod)narrucs in the small 

correlattons of transverse energy has bcen attempted, but could not provide a defirutive arJswer due ta 

the magnitude of the errors remammg in this analySls . 
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We then compare the transverse energy and multlpLtClty flows 'Dus companson is a source of 

information conccrrung the nature of the collectlve hydrodynamic expansion, the cooling of the 

hypothetlca1 thermalized macro-system, and entropy gcncration, \\hich could itsclf be a source of 

informatlon on phase tranSlt10ns . 

4.2 Tbe differential cross-sections. 

4.2.1 200 Ge V le proton 

We dcfine ETB as the transverse energy in the backward pseudorapidity rcgion - 0.1 < ~ < 2.9. 

The differentlal cross-~ectlOns versus ErrB for 200 Ge V proton projectiles against Al, Cu, W and U 

targets arc rusplayed in Figure 41. These dtfferentla1 cross-sections wcre obtained with statlstics of 

32500, 49000, 54000, and 60000 c\'cnts whcn the beam of 200 GcV protor.:. impmged on targets of 

thicknesses of 7.S7mm Al, 3 02mm Cu, 2.0Omm W, and 2.12 mm C rcspe~'t1Vcly. 

These dtstnbutlOns as;.mptotlc.ùly converge to a constant slope (~ 0.61 C'JCV- 1
), rct1ecting a slnular 

pro pert y of proton-proton colltsions. Tbe shape asmmcd fi hadron-hadron co lllSlons , mcluding the 

exponcntlal taJJ, I~ ltsc1f due (m thc major trend of theones) ta the random nature of the proccss of 

creation of quark-antIquark pairs in a strong chromo-e1ectnc field. 

We have used the follomng form ta fit the data: 

where the fit pararncters N and Eo are related ta the parameters of the ;\C;\1 by N, .. /,-o= NEo' artd 

w = N".)N, N...." being the number of collisions givcn by gcomctry in the central case. This fonu 

incorporates the 'triangular' distribution of overlap mtegrals expected for bard spherc' geometry. 
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Figure 4/: 

ETB (GeV) 

Transverse energy differential cross-section measured in - 0.1 < ~ < 2.9 

for a 200 CJt!V P beam. The distrirutlOns do'/dE-rB are shown for Al ( • 

). Cu ( ... ). WC ~). and L' (e) targets. E-r is dcfined as LE';'"' sine where 

E;u. = .J ,; + ,.,( cxccpt far nuclcons y, here e;u. = ..J ,; + ,.,( - m. The 

curves are fits \\lth a gcometncal pararnetnzation dcscribed in the text . 
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4.2.2 60 GeV Inucleon oxygen 

The differential cross-sections for the production of E.rB in collisions of 60 Ge V /nucleon 160 

projectiles against Al, Ag, W targets have appeared in [85], are listed in Table 3 ta Table 5. 

Table 3: l~O-Al backward transverse energy differential cross-section at 60 

GeV/nucleon. 

,. ru Hm drY/dE 1 Il Frror 
[(leV J half-width [mo/GeV] [mbIGeV] 

[GeV] 

14 q '.4 2.20xIO+ 1 n 5lxlO+o 
21 R , 4 1 JOx 1 Il +-1 ~ 78xlO+ o 
::!R 7 q 1.23x1O+ 1 1.70xlO+0 

\5.6 '.4 R.88x lO+n 1 14x 10+ 0 

42.4 '.4 402xlO+ 0 5 90x 10- 1 

-N.3 '4 1.28x 10+ 0 1 29x 10- 1 

)(,.2 ',4 157xlO- ' 4.25x 10- 2 

M2 2.J 2.89x 10-' 1 ('7x 10- 1 

6R R 2-' \J7x \0- \ 1 14x10- 1 

71.4 2 . .1 , q()x 10 - J 1 l<)x\O-3 
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Table 4: 

1 

Fm 
[OcVl 

149 
21.8 
2H.7 
'5 fi 
42.4 , .. N.3 
"fi 2 
(,Il. 8 
fJU 
(,SA 
67.7 
7n 0 
nJ 
746 
7h R 
79.1 

1 

• 

160_Ag backward transverse energy differential cross-section at 60 

Ge V fnuc1eon. 

Bin dr1/dFrn Frror 
half-width rmn/(icV] [mh/OeV] 
tClcvl 

~ 1.4 1.1 .5 6Rx 10+ 0 2.88x 10- 1 

'A 2 J2xJO+ 1 171x1O+ 1 xn 1 1 4 lUx Il)+1\ 205xlO- 1 
q 17Rxl()+1 1 IRx 10+ 1 Rfi n 1 t 1 J2x 10+1\ 2.19x (()-I q 1 80x 11)+ 1 4S0xlO+ o XR 3 1 1 214xlO tI ) fJ R2x 10- 2 

'4 1 R7x I()+ 1 31 hlO+(] <)(J ,., 1 1 1 86x 10+ 1) 6 J9x 10- 2 

'.4 1 67x 10+ 1 1 7h 10+ 0 '12.9 1 1 1 14x I{)+O 221x\()-1 
q 157)(\0+1 710x1O- 1 ')<; 2 1 1 I02xIO'" 4 7Jx 10- 2 

q 1.1lxIO+\ fJ21x1O- 1 1)7 5 1 1 7.34x 10 - 1 4 Olx 10- 2 

1 1 1 29'>( 10+ \ 1 04x 10 +0 lJC) Il 1 1 .5 49x 10- 1 \ 46x 10- 2 

1 1 1 20x 10 t 1 1 (l(}x 10 + (] 102 t 1.1 2.14x10- 1 1 44X\()-2 
1.1 101\'><10+ 1 4 4Rx 10- 1 1044 1 1 1.46>< 10- 1 117xlO- 2 

1 1 1 25x 10 1 \ 1 02x 10+ 0 106.7 1 1 1 25>< 10- 1 1 09x 10- 2 

1 1 ()45xJ()+() '73xlO- 1 IOq () 1 1 h 2Jx 10- 2 7 45xlO- \ 
1 1 il 4JxlO+ fl , 5:h 10- 1 III 1 1.1 J 90x \1)-1 5 ROx (()- 1 
( 1 789>< lOtO \4IxIO- 1 llH) 1.1 241x10-' 450xlO- J 

1 1 Î 12xlO+11 ~ 2.h 10- 1 1 17 () 23 q 04x 10- \ 1 9.1.x 10- \ 
1.1 h 15xlO tO l OOx 10 - 1 12 t.h 2J <;.56x 10-l 1 99>< 10- \ 
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Table 5: 

lIn 
, 1 <I~\'l 

1 + 1/ 

~I X 
2X 7 
l'i () 

~! 4 
..\q ~ 

~h 2 
(,It R 
/.\ 1 
l, 'i <l 
/,77 
-0 () 

~2 1 
~ ,l fl 
~(, fi 

79 1 
I{I 4 
1.('1 
X60 
XR J 
'Hl (, 
<)2.9 
'le; 2 
'17 5 

10 O. \V hackward tram"crsc cncrgy dlffcrcnual aoss-st:ctlOn at tJ() 

GcV!nucleon . 

Bm .1..,. .dl 1 B 1 rror 
11.11I·\\J(lth Illlh (il'\ J !ll1h.( 'l'Vl 
1 ('l'\ J 

1 1 
\ ~ 

q 
q 

q 
q 

1 1 
1 1 
1 1 

1 
1 1 

1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 

11l"~I()11 

, 2(,y III • 1 

2 SOI( 10' 1 

271'<'10'1 
2 1(", 1 \1 1 1 

1 1) \x JI) • 1 

1 7'i viO' l 

1 (,(", lU ' 1 

1 ·l'ix III • 1 

1 (, \ '< 1 (1 • 1 

l 'i7v 1 ()' 1 

1 4X'<' 10 Il 
1 4'lx 10 Il 
l 'i 'Iv JI)' 1 

1 47v10 11 

11XxlO II 

1 40y 10' 1 

115ylOII 
12(,xIO~' 

l2Iyl(}~' 

I07xIl)" 
q 'i'i)" 1 0 1 fi 

'/ 7(1J! 1 Il l " 

~ 54)( 111 1 fi 

._------- _. 

~ 7tl '" Il) '1 1 <lI) X 
.'IIX .... IO· ' II()!I 
~'HJ:,.,I()'" 1 IIIl4 
~ 7(h 10' Il 

.' '\4 .... III ." 
1 16" 10'" 

1 Of> ï 
1 Il'> Il 

l "1 \ 
-, 2'7)( 1 () l ' 1 1 \ l, 

-:ql"\() 1 ! Il'i,, 
~~(),,10 Il!''! 
• -;'')" Il) 1 1 :'1) 4 
• (.()( 10 1 1227 
- \;'<10 1 1 I..''i{) 

-; ·12x 10' 127 1 
- 'i'iy 10 ' 
- \(,)( 10 . 1 

~\lxl() , 
\ R7x\o-' 
\ XOxlo-' 
\ (,7v 10- 1 

\ 60x 1 Il - , 
11Rx10- 1 

~ Q,</O 1 

\22xIO- 1 

\()lyIO-1 

129 (, 
1 \1 1/ 

1 \42 
1 IV,) 

1 IR R 
I·t! 1 
1·l\4 
14'17 
1491 
1')4 K 
1 (d 7 

1 

1 1 
1 1 
\ 1 
1 1 
1 1 

1 1 

1 1 
1 1 
1 1 

1 1 
\ 1 
\ 1 

1 1 
\ 1 
! 1 
\ 1 
1 1 
1 1 
\ 1 
1 1 
.) \ 
q 
\.1 

• 4f "': III·" 
/, ,.:; '" 111 1 " 

'\ \Xxlll'" 
.\ ')7" 1 fi l" 

1')()xIO'/1 
\ li'" 10 ,,, 
.' Ih 111 111 

\ Il 'i" 10 l " 

1 ~ i' .- III l " 

1 1)" ... ((l' " 

"1)""\0 1 

" 7 C; • If 1 1 

1 SOx f() 1 

2 (, 'i '1( 1 () 1 

1 i7y\tl 1 

\21,,10 ' 
7 'il)( 10 1 

~ 61{)( 10 
~H{)xl() i 

1 M,x 10 
l'il \( 1 (1 ) 

., 17 J!IO 1 

117J!J() 1 

1 .~,I "III ., 

.~ ~2x 10 1 

.267y.IO 1 

1 17'< 1 Il 1 

1 IlXx 10 ' 
'I 'IX x III 
'\'1(\,>(10 

- <)f"><1 Il 
l, iNvlO" 
(, IX .... III 
.:; 1 <Iv 10 
·l'ihlll 
.114)(10 1 

1 \7--:10-' 
Il hW 
I}llhlO 1 

7 nx 10 1 

') 62x 10 1 

,~X4xlll \ 
\27xIO \ 
2 4Xx 10 \ 

2 'l/xlO ' 
X h2x 10 -.\ 

Hdx/O- 4 

1 (,Ox III 4 

The sarne data arc rusplayed III hbrurc 42. 'nlC~C dlfTcrcntl.il t:ro.,.,-\CdIOm \\crc obt;uneJ \\ Ith 

statlstlcs of 11167, 19166, and 7SXX9 c\'cnb for a tota.1 nulI. nt K 5 • IOH,.~ X • UlM, J,nd 1 h " 10'/ 

nuclci travcrsmg targcb of thH.:knc~~e~ 01 () Smm AI, (J 2rnm ,\g, .md () 1 jO 2 !!lm W rc\pcctlvcly (In 

the case of \V, about half of the d . .tta W.1' takm \\lth .1 tllllknc., ... 01 () 2 Illlll and Il.tif \\lth d tlllckllCV, 

of 0.1 mm m order to c\ aluatc the pm"'lhk CBCL1\ nI' Ynultlpk mtn,Kttom ll1 the targct on the 

drlfcrcntlal cros~- ... cctlOm llu\ cfkct \\.1, found to he hclnw the \t.ltl ... tll.llnror\ lm hoth the Il l,ml! 

the 0.2 mm targcts 'I11crc \\a., a rnca,>urJblc t.ugct tllllkne ...... clkct lor ..t ~"mpk t.lkcn at 200 (icVlc 

with a 1 mm W targct trucknC'l'l [71], but thc\t: dat.! arc not reportcd herc) 
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for a 60 GeV/nucleon 160 beam. The distnbutlOns da/dE-rB are shown 

for Al( • ), Ag( ~), and W( , ) targets. ETB is defined as lE't sine. 

E;I&. = .J 1 + nt except for nuc1eons where E','" = .J 1 + nt - m . 
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These wstnbutlOns do not ~l't'rn tn .lrrro..ldl ,\ Clll1\t.mt ,!llpC, hut lI\,te,IJ tlw \h,\pe 01 tlll' t.ul 

appears to he pJ.rabohc. ~ueh .1 heh.\\îour 1\ npectl'J 1ll ,\, mueh .1, the centf .lI-II/ill! thl'on:rn ,Ippltc\ 

At the level of st.ltJ~t1c~ that "C .lfC comlocnng rrr:~l'ntl\', the cL'ntr.Ll thl'l1rr:m .Ipphes, ,1\ the ~lopl' l' 

everywhere ~mall cornpared 10 thl' l'ljUlvalent .,lope tor .1Il mdl\ lllu:ù h.ldmn-h.ldron lolh'llOll . \ 

fluctuation of tr,mwcr~e cnergy " thcn r:10\t proh..lhlv rc,ultlOg trom ,\ 'llIll ot \l1I.11l tluctll.ltlllm \Il 

many colh~\Ons If the centr,ù-!Jrmt thl'orcm l't'.l'l''> to .Ipply, ,\., \\C go hl \utlinl'llt!\ hm dllll'rcntl.ll 

croS!>-scctlOn!>. then the t1uctu.ltlom aIT Jormn,ltI:d h~ the Huctu,lhon., 01 ,\ \l11~~k llllh...Hlll, .1I1d tht: 

slope should ... tturate at th: h,ldJl1J)-h.ldmTl \,tlue rhe ,lopl'~ rc,ldll'd I!l the t.lr t.llh ,lppro,llh thl' 

conmtlOn; If the dl~tnbtltlon~ C'l.tcl1lled Îllr .Ibout \ morl' dl'c,lde, III UO\\-\t'l"tlllll, l'Itlll'f IlIl'.l\ur,lhlc 

deviatiom from G..lm'I,m t1uctuatlOm \\ouIJ lllltJr, or the hl',IH-H)IJ \lopl" \\(Julll l"Ul'l't! the 

hadron-hadron one~ 

'The pl..lte.iu ob~crwd for the A~ ,md \V t,lI~Ch 1., .\ predictIOn 01 )!cmnl'tr\', Inr rl'mnetnr.ll 

reasons. It cm abo be cxpcclcd th,11 tbcrc \\ lI! not he <1 pl,lte,1ll 1Il thl' Gl,e ot :\1 

4.2.3 200 GeV Inucleon oxygcn 

'The differcnual cro.,\·~ectlom \l'r,u .. ri 13 have hcen pl1hh~hed lt\ [K51, ,Ife ~hown lm 200 

C.reV,nuclcon IbO pro)ectlks ag~ùmt AI, Ag, W tJI~ct~ III Tdole h !o '!',Ihlc H, .1f1d ,Ife l'lottcd III 

Figure 43 

Thcsc iliffcrcntlal cro.,~-.,ectlOm wcrc ohtamcd \\'Ith \tall\llc\ of 772, 2 ~9 \, .\Ild 50{)(M even!\ lor 

a total flux of 7 9 x 108, 38 X !OH and 2.3 x I()H nudcl }UtllIlg t,lr!!l:t\ of tllll'kIll"'C\ 01 () 5mm Al, 

O.2mm Ag, and () 1 mm \V rc'pcctlvc!y 

The tran'i\cr'iC cnergy oh~cr\'ed at 20() (icV nUL!l!on 1\ .IrrrOlum,lldy 2'i"\, I.trI!t'f :h,lT1 the ."l/l1e 

ohservcd at 60 Ge V /nuelcon 'IlH: mcrca\l. \H)ulJ he I.tf)!t:f III thc full rapllllty IIltcrvaJ, ,>mec the 

dtstnbutJons at 60 Ge V, nucleon J.fe Cl'ntercJ al .. maller r,lpllhtlC\ th.1II J.t 20i) (,l' V nudcon 
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Table 8: 16Q_\V bad.'ward transverse cnergy drlfcrential cross-section at 200 

• GeVlnuclcon . 

l'In Hm dIT/di, 1 B 1 rror 
1 (icVl h.\It-\\Hlth [ mh;(ieVl 1 rnh,(il'V] 

[( ieV] 

14 q ~ 4 4 112x 1 Il + 1 -l 119" 10 t 0 1204 1 1 A 79'<10+ 11 :!O()xIO- 1 

21.R L~ 'OhIO t, .t l 'ix 10+ 0 111 ~ 
~- / 1 1 'iq~,<lotlJ 1 Snx 10 - 1 

2R 7 ~ ·l .2 (n,< 1 Il + 1 \ 'i~x 10 +II 12~ Il 1 .:; ~"x ln )1) 1 7C)xIO- ' \) fl \ 4 2 47xl()~1 2:-{'lxlO+ o 127 , 1 4 711,< 1 Il '" IMxIO- ' 
~2 4 , -+ IS2xlo+ ' ~ '.l,< 10 + 1) 12<) (, 1 4 ~Ox 10' Il 15Xx10"' 4() , 

' -t 202xl(l+' .2 () '\x \Il HI l '1 q 1 '77'<10'" 1 4~xl!l-1 
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(154 1 J J5xIO+ ' h HOx 10- 1 141 1 1 2 07x 10'" 4 J7x 10- 1 
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70.0 1 137x10+ ' h 55xl0- ' 1457 1 1 1 JRx JO Hl , SHx 10- 2 
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Figrge 43: 

• 

Transverse energy differential cross-section rneasured in - 0.1 < '1 < 2.9 

for a 200 GeV/nudeon H'Q beam. The distributions do'/ciErB are shown 

for A1( • ). Ag( Â), and W( • ) targets. ErB is defined as z..E,u sine 

where E',I.L = .J ,; + rd except for nucleons where E',u- = "/;f + rrf - m . 
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4.2.4 200 Ge V Inucleon sulfur 

The differential cross-sections versus ETn are listcd for 200 GeVlnucleon J2S projectiles against Al, 

Ag, \V, Pt, Pb, and C targcts in Table 9 to Table 14, and shawn in Figure 44 Thesc data have been 

published in [86]. 

Table 9: US-Al backward transverse cncrgy diffcrential cros~-section at 200 

Ge V muclcon. 

ETB Bin daldETB Error 
[GeVJ half-width [rnbIGeV} [rnblGeVl 

[GeVJ 

11.5 2.3 3.14xlO+ 1 4.22x lOtO 

16.1 2.3 3.90x 10+ 1 447x1O+ 0 

20.6 2.3 2.65x 10+ 1 4 64x 10+ 0 

25.2 2.3 2.85x 10+ 1 -+ 32x 10+ 0 

29.8 2.3 2.58)( 10+ 1 4.14x 10+ 0 

34.4 2.3 2.56x 10+ 1 3 53x IO+o 
39.0 2.3 2 32x 10+ 1 3 09x lOtO 

43.6 2.3 1.43x 10+ 1 2.53x lOtO 

48.2 2.3 1.45x 10+ 1 2.14x lOtO 

52.8 2.3 l.13x}O+1 2.I2x 10+ 0 

57.4 2.3 9 06x lOtO 1.76x lOtO 

61.9 2.3 7.77x 10+ 0 1.41x lOtO 

66.5 2.3 7.94x JO· o 1 66x 10+ 0 

71.1 23 381xlO tIJ 1 06x 10+ 0 

75.7 2.3 1.89x 10+ 0 6.78x lU 1 

803 23 6.26x 10- 1 2 27x 10- 1 

84.9 2.3 2.34x 10- 1 2 OOx 10 1 

89.5 2.3 477)(10- 2 277xlO- 2 

94.1 2.3 2.74x 10- 2 2.19x 10- 2 
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Table JO: US_Ag backward transverse energy differential cross-section at 200 

• GeV Inucleon . 

ETB Bin da/dETB Errol' 
[GeV] half-\\idth [mbIGeV] [mbIGeV] 

[GeY] 

9.2 46 1 14x 1O-d 4 29x 10+ 1 

18.4 46 1 46x 10+ 1 ::.54x 10+ 0 137.6 4.6 -+ 52)( 10+ 0 2.07x 10- 1 

27.5 4.6 1.16x 10+ 1 2.40x 10+ 0 146.8 4.6 3.66)( 10+ 0 1.83x 10- 1 

36.7 4.6 9.88x 10+ 0 1 96x 10+ 0 156.0 46 3.12x 10+ 0 1.59xlO- 1 

45.9 46 8 25x 10+ 0 1.82x 10+ 0 165.2 46 2.DIx 1O~0 9.22x 10- 2 

55.1 46 7.31 x 10 ... 0 1 69x 10+ 0 1743 4.6 l.D7x 1O~0 3.69x 10- 2 

73.4 13.7 7 21x 10+ 0 7 40x 10- 1 183.5 46 5 48x 10- 1 2.S4x 10- 2 

91.8 46 7.86)( 10+ 0 5.39x 10- 1 192.7 46 2.44x 10-\ 1 19x 10- 2 

100.9 4.6 7 29x 10+ 0 2.59x 10- 1 201.9 4.6 7.41x1O- 2 707xlO- 3 

110.1 46 6.40x 10+ 0 3.72x 10- 1 211.0 46 2.72x 10- 2 4.28x 10- 3 

119.3 4.6 5.56x 10..- 0 2.44x 10- 1 220.2 4.6 3.34x 10- 3 1.67x 10- 3 

128.5 4.6 5.54x 10..- 0 2.28x 10- 1 227.1 2.3 2.29xlO- 3 2.29x 10- 3 

• 
Table 1/: lZS-W backward transverse cnergy diffcrential cross-section at 200 

GeV Inucleon. 

ETB Bin da/dETB Errol' 
[~V] half-width [mb/GeV] [mb/GeV] 

[GeY] 

1 6.9 2.3 4.06x 10+ 1 8.05x 10+ 0 158.3 6.9 6.72x 10"0 8.23x 10- 2 

11.5 2.3 2.57x 10+ 1 2.99x 10+ 0 172.1 6.9 6.15x 10 ... 0 7.86x 10- 2 

20.6 6.9 2.34x 10+ 1 1.75x 10+ 0 185.8 6.9 5.07x 10+ 0 3.46x 10- 2 

34.4 6.9 1.95x 10+ 1 1.49x 10+ 0 199.6 6.9 3.80x 10+ 0 2.88x 10- 2 

48.2 6.9 l.23x 10+ 1 1.16x 10+ 0 213.3 6.9 2.47x 10+ 0 2.30x 10- 2 , 

61.9 6.9 1.11 x 10+ 1 9.07x 10- 1 227.1 6.9 1.33)( 10+ 0 l.71x 10- 2 

75.7 6.9 1.21x 10+ 1 7.44x 10- 1 240.9 6.9 6.08)( 10- 1 1.15x1O- 2 

89.5 6.9 1.10x 10+ 1 7.90>< \0-1 254.6 6.9 2.22)( 10- 1 703>< 10- 3 

103.2 6.9 7.93x 10 ... 0 2.74x 10- 1 268.4- 6.9 6.75x lQ-2 3.91x \0-3 

117.0 6.9 7.64x 10+ 0 1.19x 10- 1 282.2 6.9 1.76x 10- 2 2.58x 10- 3 

130.8 6.9 7.38>< 10+ 0 8.58x lO- z 297.5 6.9 3.15x 10- 1 1.36x 10- 3 

144.5 6.9 6.94x 10+ 0 8.32>< \0-2 309.7 2.3 6.41 x lQ-4 6.41 X \0-4 

• 
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Table 12: 32S_Pt backward transverse energy differcntlal cross-section at 200 

1 GeV/nuclcon. 

ETB Bin da/dETB Error 
[GeY] half-\\ldth [mb/GcVl [mbtGeV] 

[GeVl 

11.5 69 4.20x 10 + 1 5 53x 10+ 0 162.9 6.9 7.lIx 10+ 0 3.06x 10- 1 

25.2 6.9 1 33x 10-+1 3.05x 10+ 0 176.6 69 6.93x 10+ 0 3 03x 10- 1 
39.0 6.9 1.70x 10 d :::.95x 10+ 0 190.4 6.9 6.25x 10+ 0 2,49x 10- 1 

1 

52.8 6.9 1.66x 10 .. 1 :::.62x 10+ 0 204.2 69 4.79x lO+o 1.52 x 10"1 
66.5 6.9 1.47x 10 + 1 ::: J5x 10+ 0 217.9 6.9 3.41xlO+0 9.50x 10 - 2 

80.3 6.9 l.38x 10+ 1 2 17x 10+ 0 231.7 6.9 1.81x 10+ 0 b.90x 10- 2 

94.1 6.9 l.09x 10+ 1 1.97x 10"0 245.5 6.9 7.85x 10- 1 4 22x 10- 2 

107.8 69 8.88x 10" 0 Q.94x 10- 1 259.2 69 2 42x 10- 1 1.26x 10- 2 

121.6 6.9 8.77x 10+ 0 3.46x 10- 1 2730 69 7 06x 10- 2 6 92x 10- 3 1 

135.3 69 7.96x 10 + 0 3.24x 10 - 1 286.7 6.9 138xlO-z 2.88x 10- 3 1 

149.1 6.9 8 19x 10+ 0 3.29x 10- 1 305.1 6.9 1.67x 10 - 3 9.62x ID-4 

1 

Table 13: J2S·Pb backward transverse cncrgy dtffercntial cross-section at 200 

('reV/Ouclcon. 

ETB Bin da/dETB Error 
[GeV] half-width Imb/GeV] Imb/GcV] 

[GeV] 

26.1 11.0 2 42x 10 + 1 1.39x 10 + 0 167.6 6.9 7.69x 10" 0 2.30x 10 - 1 43.8 6.9 1.65x 10" 1 1.17x lO+o 181.5 6.9 7.29x 10" 0 2 JOx 10 -- 1 
57.5 6.9 1.59x 10 + 1 l.Olx 10+ 0 195.3 6.9 641x 10+ 0 2.09x 10 - 1 
71.6 6.9 l.35x 10" 1 8 98x 10 - 1 2090 69 4.98x lO+o 177xlO- 1 
85.2 6.9 1.11 x 10+ 1 7.92x 10 1 222.7 69 3.46x 10" 0 6.3Sx 10- 2 
98.9 69 l.09x 10 + 1 7.86x 10 - 1 2365 69 1.87x 10" 0 461xlO- 2 

112.5 6.9 9.70x 10+ 0 793xlO- 1 250.4 6.9 821xlO- 1 2.9Sx 10- 2 
126.6 6.9 9.16xlO+ o 259xlO- 1 264 1 69 2.50x JO 1 1.63x 10- 2 
140.3 6.9 8.58x lO" a 2.37x 10 - 1 277.7 6.9 519)(\02 7.19)(10- 3 

1

153
.
9 6.9 7.57x 10" 0 2.19x 10- 1 285.6 19 3.47x 10 2 l.Ux 10- 2 

1 --~-~._~. ----~---_. 

, 

- I1J -



• 

• 

1 

Table /4: 32S-U backward transverse energy differential cross-section at 200 

Ge V Inucleon . 

ETB Bin do/dETB Error 
(GeY] half-width fmb/GcVl [mb:GcV] 

[GeY] 

183.5 46 8 59x 10 ... 0 5 06x 10- 1 

192.7 4.6 7.04x 10 .. 0 3.59x 10- 1 

201.9 4.6 6 69x 10 ... 0 2.00x 10- 1 

211.0 4.6 5.87x 10+ 0 2.51xlO- 1 

220.2 4.6 4 89x 10"'0 1.71x 10- 1 

229.4 46 3.87x 10+ 0 1 52x 10- 1 

238.6 46 2.93x 10+ 0 1 32x 10- 1 

247.8 4.6 2.19>< 10+ 0 5.71x 10- 2 

256.9 46 1.52x 10+ 0 473xlO- 2 

266.1 4.6 9.91x 10- 1 3.81x 10- 2 

275.3 4.6 6.12x 10- 1 2 99x 10- 2 

284.5 4.6 3 68x 10- 1 2.32x 10- 2 

293.6 4.6 1.95x 10- 1 1.67x 10- 2 

302.8 46 9.58x 10- 2 1 18x 10- 2 

312.0 4.6 4.37x lO- z 785xlO- 3 

321.2 4.6 1.88x 10- 2 595>< 10- 3 

330.3 46 6.76>< 10- 3 3.08x to- 3 

339.5 4.6 5.46>< 10- 3 2.73x 10- 3 

These diffcrentlal cross-sectlOm ..... cre obtamcd \\,th ~tatistlcs of 19000, 22000, 264000, 24000, 15000, 

and 23000 cvents for a total flux of 5.11 x 108, 1.17 X lOB, 3.11 X 108,7.3 X \07, !.lI X lOB, 5.2 X 

107 inCIdent nuclcl tr:.l\'er~ing targcts of thiCknC3SCS of l.Omm Al, O.3mm Ag, 0.2mm W, O.25mm Pt, 

O.2mm Pb and O.32mm C respcctl\'ely. 
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Transverse energy differenual cross-section measured in - 0.1 < ~ < 2.9 

for a 200 GeV/nuc1eon 32S beam, The distnbutions da/dErB are shown 

for Al, Ag, W, Pt, Pb, and lJ targets. The line indicates the 

parametrizatlon in tenns of Eo and w for the case of U . 
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ln the backward pseudorapid!ty reglon, the transverse energy production Wlth a Us projectile i5 

about 1.70 the transverse energy production \\1th a 16 0 projecttle at the same energy per nuc1eon. 

The expectauon of the ~C~1 is that the average central collision of a 32S should have tv.'Ïce the 

transverse energ)' as the average central 160 collision. The fluctuations appear slight1y reduced for 32S 

compared ta 160. 

4.2.5 Sulfur cross-sections for ET in a large domain of ri 

Completing the measurement of the transverse energy ln the backward region of pseudoraptd.ity 

- 0.1 < 't] < 2.9 by a rneasurernent of the transverse encrgy ln the fm"ward region 2.9 <'1 < 5.5, \,c 

obtain a rneasurernent of the total transverse ener~ (Ihe transverse energ) at t1 < - 0.1 or at t1 > 5 5 

is very small and can safely be neglected) lhu5. ln the ne~ ruscu%ion. FT 15 the transverse cnerg}' 

in the pseudorapld!ty TCg10n - () 1< 't) < 5.5 l'or 200 GcV nucleon 3ZS proJectIles ag31nst Al. Ag, W, 

Pt, Pb and C targets, \\ e show the d!fferentla1 cross-sectlons versus ET ln fable 15 ta Table 20. and 

in Figure 45. lhe data shawn here arc reported in [87]. 

Table 15: 3
2 S_A1 transverse energy differenual cross-section at 200 GeV iIluc1eon. 

ET Bin da/clET Error 
[GeV] half-Wldth [mb/GeV] [mb/GeV] 

[(kVl 

36.S 2.4 9.94x 10 ... 0 4 68x 10- 1 119.2 2.4 J.74x 10+ 0 2.38x 10- 1 
1 

41.4 2.4 9.07x 10"0 ~.52x 10- 1 124.1 2,4 2.98x 10+ 0 2.11 x 10 - l ' 
~6.2 2.4 9.13x 10"'0 ~44xlO-1 129.0 2.4 2.94x 10. 0 2.07x 10- 1 1 
51.1 2,4 9 27x 10"0 .. U5x 10- 1 133.8 2,4 2.41x 10+ 0 1.87x 10- 1 1 

56.0 2.4 3 62x 10+ 0 416x 10- 1 138.7 2.4 1.7éx 10+ 0 l.72x 10- 1 1 
60.8 2.4 8.75x 10+ 0 4 12x 10- 1 143.6 2,4 1.92x 10...0 l.72x 10- 1 1 

65.7 2.4 7 D7x 10"0 J.77x 10- 1 148.4 2,4 l.44x 10 +-0 1.49x 10- 1 1 

70.6 2.4 6 S7x 10 .. 0 J.7IxlO- 1 153.3 2.4 1.02xl0+ 0 1.24x 10- 1 
1 

75.4 2.4 6.75x 10+ 0 3.57x 10- 1 158.2 2.4 5.31x 10- 1 8.87x 10- 2 

80.3 2.4 5.41 x lO" 0 3.26x 10- 1 163.0 2.4 4 90x 10- 1 8.66x W- 2 

35.2 2.4 5.65x 10+- 0 J.20x 10- 1 167.9 2,4 3.99x 10- 1 8.99x 10- 2 

90.0 24 5 69x lO +-0 J.16x 10- 1 172.8 2.4 2.40x 10- 1 7.43x 10- 2 

949 2.4 4.96x 10...0 2.87x 10- 1 177.6 2,4 1.15x 10- 1 4.19x 10- 2 

99.8 24 481xlO+ 0 2.79x 10- 1 182.5 2.4 6.07x le ~2 7.83x 10- 3 

104.6 2.4 4.74x 10 .. 0 2.70x 10- 1 187.4 2.4 2.92x 10- 2 6.21x 10- 3 

109.5 2.4 4.S0x 10 ... 0 2.61 X 10- 1 192.2 2.4 l.23x 10- 2 4.74x 10- 3 

114.4 2.4 3.97x 10"'0 2.45xlO- 1 197.1 2.4 4.08x 10- 3 3.71x 10- 3 
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Table 16: 32S-Ag transverse energy differential cross-section at 200 GeV/nuc1eon. 

• ET Bin da/dET Error 
[GeY) half-width [mb/GeV] [mbiGeV1 

[GeY) 

4.7 4.7 330xlO>2 2.58x IO d 

14.1 4.7 8.22x lW 1 6.59x 10 >l 

23.5 4.7 2.36x 10+ 1 3 07x 10+ 0 

38.1 94 1.54x 10 q 1.95)( 10-.. 0 
51.7 4.7 8.91 x 10+ 0 2.69x 10"0 
61.1 4.7 9 53x 10+ 0 2.50x 10+ 0 

79.9 14.1 4 83x 10 +U 1.17x 10. 0 

108.2 14.1 2.76x 10+ 0 8.78x 10- 1 

127.0 4.7 6 02x 10+ 0 l 49x 10+ 0 

145.8 14.1 4.40x 10+ 0 7.80x 10- 1 

164.6 4.7 3.64x la· 0 8.83x 10- 1 

1740 4.7 431xlO+ 0 9.89x 10- 1 

183.4 4.7 4 65x 10+ 0 1.10x 10+ 0 

192.8 4.7 415x 10+ 0 2.08x 10- 1 

202.2 4.7 4 15x 10+ 0 208xlO- 1 

1 211.6 4.7 4.14x 10+ 0 2.08x 10- 1 

221.0 4.7 3.65x 10..a 1.96x 10- 1 

230.4 4.7 3.51xlO+ O l.92x 10 1 

239.8 4.7 3.17x 10+ 0 1.83x 10- 1 

249.2 47 2.97x 10+ 0 1.76x 10- 1 

2586 4.7 2.72x lOTO l.72x JO 1 

268.1 4.7 2.66x 10+ 0 1.67x 10- 1 

277.5 4.7 1.92x 10+ 0 1.42x 10- 1 

286.9 47 165x 10+ 0 131xlO- 1 

296.3 4.7 9 89x 10- 1 LOIx lO- J 

305.7 4.7 5.40x 10- 1 7 43x 10 - 2 

315.1 4.7 3.48x 10- 1 2.24)( 10- 2 

324.5 4.7 1.78x 10 - 1 1.58x 10- 2 

333.9 4.7 7.33x 10-- 2 9.88x 10- 3 

343.3 4.7 2.33x 10 - 2 4.01x 10- 3 

352.7 4.7 8.69x 10- 3 2.25x 10 - 3 

362.1 4.7 1.33x 10 - 3 9.41x 10- 4 
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Table /7: 32S· W transverse energy differential cross·~ection at 200 Ge V. nucleon. 

,1 ET Bin da/dET Error 
[GeV] half·width [mb/GeV] Imb/GeV] 

[GeV] 

32.9 4.7 1.25x 10" 1 1 75x 10. 0 

42.3 4.7 1.5Bx 10+ 1 1.45x 10" 0 

51.7 4.7 LUx 10+ 1 l.4S!( lOTO 
61.1 47 1.00x 10· 1 l.32x 10..0 
70.5 4.7 1.06x 10· 1 124xlO+ o 

79.9 47 8.97x 10'" () 1 OOx 10+ 0 

89.4 4.7 5.63x 10+ 0 991xlO- 1 

98.8 47 7.10x 10+ 0 8.68x 10- 1 

108.2 4.7 6.02x10+ 0 7.87x 10 - 1 

117.6 4.7 7.11xlO+ o 6 82x 10- 1 

127.0 47 7.66x 10+ 0 475xlO- 1 

136.4 4.7 6.78x 10+ 0 3.68)( 10 - 1 

145.8 47 7.38x 10 ... 0 3.25x 10- 1 

155.2 4.7 7.DOx 10+ 0 3.15x 10- 1 

164.6 4.7 6.76x 10+ 0 3.15)(10- 1 

t 174.0 4.7 6.19x 10+ 0 3.02)( JO - 1 

183,4 47 5.98x 10+ 0 2.96x 10- 1 

192.8 4.7 6.18x 10+ 0 3.02x 10 - 1 

202.2 4.7 6.06x 10+ 0 3 OOx 10- 1 

211.6 4.7 S.14x 10+ 0 l.11xlO- 1 

221.0 4.7 4.61x 10+ 0 7.95x 10 -- 2 

230.4 47 4.67x 10+ 0 793)(10- 2 

239.8 4.7 S.lOxlO+ o 711xlO- 2 

249.2 4.7 4.98x 10+ 0 7.02xlO- 2 

258.6 4.7 4.93xlO+ o 6.97x 10- 2 

268.1 4.7 4.99x 10+ 0 7 02x 10- 2 

277.5 4.7 4.96x 10+ 0 7.05x 10- 2 

f 286.9 4.7 4.81x 10+ 0 6 90x 10- 2 

296.3 4.7 466xlO- o 6.77x 10- 2 

305.7 4.7 4.32x 10+ 0 6.49x 10 - 2 

315.1 4.7 4.06x 10+ 0 6.32x 10- 2 

324.5 4.7 3.70x 10+ 0 4.17x 10- 2 

333.9 4.7 3.14xl0+ 0 3.85x 10- 2 

343.3 4.7 2.46x 10+ 0 2.71 x 10- 2 

352.7 4.7 1.79x 10+ 0 2.32x 10 - 2 

362.1 4.7 1.18xlO+ 0 1.33x 1O- ' 
371.5 4.7 7.95x10- 1 1.08x 10- 2 

380.9 4.7 4.73xlO- 1 8.32x 10- 3 

390.3 4.7 2.79x 10- 1 6.38x 10- 3 

399.7 4.7 1.34x 10 - 1 4.38x 10- 3 

409.1 4.7 6.12xlO- 2 2.93x 10- 3 

418.5 4.7 2 84x 10- 2 2.03x 10- 3 

427.9 4.7 1.28x 10 - 2 1.38x 10- 3 

437.4 4.7 3.48x 10 - 3 747xlO- 4 

446.8 4.7 1.49x JO - J 8.65x 10- 4 

456.2 4.7 5.80x 10- 4 3.36x 10- 4 
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Table 1,\ '·"·l~ tr.\lh\l·r,l' t'lll'r~) Jltlt.'f"Cntu\ lh'''·'I."Clhlll .It ;\)0 (,t'\' IlIh kOIl 

• rI' Bm d" dl ! 1 rrnr 
! (;cVI h.il.t·\\lLÎth 1mb tlt\ 1 Imh (,l·\'1 

1 (1l'\'1 

.,29 !-S 1 1 -,lh: 10' 1 "" t-h 10'" 
bI.l t-S 1 " 1.h. Hl' .) 1 ""7,. 10' ,1 

"Il 4 1"' 1 '1 '1 ... Ill' l' 1 :l.h \()' ,1 

117 (, 141 '1 29x Il)''' 1 35)( 10' ,1 

145!i 141 (1 JO .. Il) . " 1 10x Il)''' 
1740 141 tJ 40" 1\)' Il 1 OhIO'\1 
20:! 2 141 Il )0, 1,. 10'" 1 0 5 '1( JO . II 
221.0 4 7 ~ 9.h J()' Il \ JH x 10 1 

2304 4 7 59J ... W'" , JSl( III 1 

239 R 4 7 .;, 1.() x 1 () • " \ 19x 10 1 

249.2 47 453xj()''' ~ 95l( 10 1 

258.6 4 7 .5 4.h 10'" \ 23)( 10 1 

2681 47 ~51JtI()'o '\ 26x 10 1 

277 5 47 4 X6)( 10' () \ 06x III 1 

• 2H69 47 5'J,"7 .. j()'" , 1 q x 10 1 

296.3 47 ~25"llJ'" 1 1 Sx lU 1 

3057 4 7 4 60x l(j' () , lJO x 10 1 

J 15.1 4.7 516xlO'l' \ 11})( 1 Il 1 

124.5 47 471)(10'0 1 Cl:!x 10 1 

333.9 47 \'/2x IO'" :2 61\)( 10 1 

343.3 47 161)(10'11 2 Mx 10 1 

352.7 4.7 :.: 85)( 10''' 1 05x 10 1 

362.1 4.7 :.: 07 x 1 ()' 1) 1\ 89)( 10 1 

371.5 47 1 34)( 1 ()' Il 7 12)( ID 1 

380.9 47 ~ 63 x 1 (J 1 <; 61-\)( 10 1 

390.3 47 4 56x 10 1 .. IOlt III 1 

399.7 47 235xlO 1 291>< lU l 

1 409.1 47 1 56x lU 1 2 J4x 10 1 

418.5 47 4 IBx 10 J 1 :!9 x ln l 

427.9 4.7 1 42x III 1 , 46)( JO 1 

417.4 47 "\ 12x 10 1 2 57x lU 1 

4468 47 U4x /() 1 1 57)( lU j 

---- - --- --- - ,- ----

1 
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Table 19: 32S-Pb transverse energy diffcrential cross-section at 200 GeV/nucleon . 

• 
ET Bin da/dET Error 
[GeV] half-W1dÙl Imb/Gevl 1 mb 1 Ge V] 

[C"JeV] 

44.2 4.9 1.73x 10+ 1 1.83)( 10+ 0 

54.1 4.9 1 22x 10. 1 143x 10+ 0 

73.7 14.7 94\xlO+ 0 ï 35)( 10- 1 

103.2 14.7 8 53x 10+ 0 598xlO- 1 

132.7 14.7 6.94)( 10+ 0 517x1O- 1 

162.2 14.7 706)(10+ 0 4.77x 10- 1 

191.7 14.7 5.79)( 10+ 0 421xlO- 1 

211.4 4.9 6.40)( 10+ 0 764)(10- 1 

221.2 49 6.29x 10. 0 7 93x 10- 1 

231.0 49 5.40x 10+ 0 7.11x 10- 1 

240.9 49 5.79x 10+ 0 2.49x 10- 1 

250.7 49 5.73x 10+ 0 2.48x 10- 1 

260.5 4.9 5,38)( 10 + 0 2,40x 10- 1 • 270.4 4.9 5.23x 10 + a 2.37x 10- 1 

280.2 4.9 5.57x 10"'0 2.47xlO- 1 

290.0 4.9 5.60x 10 ... 0 2,46x 10- 1 

299.9 4.9 4.95x 10 ... 0 2.31 x 10 - 1 

309.7 4.9 5.59)( 10'" a 2.45x 10- 1 

319.5 4.9 5,37)(10+ 0 2.4\ x 10- 1 

329.4 4.9 4.61x 10+ 0 2.23x 10- 1 

339.2 4.9 4.35)( 10+ 0 2.17x 10- 1 

349.0 4.9 3.60x 10+ 0 l.97x 10- 1 

358.9 4.9 2.79x 10+ 0 173xlO- 1 

368.7 4.9 1.79x 10+ 0 1.38x 10- 1 

378.5 4.9 1.29x 10+ 0 1.21x 10- 1 

1 
388.4 4.9 8.01 x 10- 1 4.02x 10- 2 

398.2 4.9 3.34x 10- 1 2.41x 10- 2 

408.0 4.9 1.34x 10- 1 1.56x 10- 2 

417.9 4.9 5.20xl0- 2 9 05x 10 - 3 

427.7 4.9 2.30x 10- 2 6.31 x 10- 3 

442.4 9.8 9.30x 10- 3 9.30x 10 - 3 
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• 

ET Bm do ,dl' 1 1 rror 
[GeV] half-wllhh 1mb (iL"\'j 1mb (il'Vl 

!CreY] 

376 '14 472>-llI'() ·l'I \" 1 n' ,) 2Sh <1 4 1 ~ "~,, II} , " 4 III,,, \1) . 
51.7 47 1.20x 10' 1 6 Nx Ill' Il 29f, J 47 '1 'l2'< 1 () , Il ·1 (l()" III 1 

61.1 47 6 ROx 10· li (,tJ7>. 10,0 W57 47 ~ 7'),., 1 () , Il ·l Il),, JO 1 

70.5 47 9.36x I()' () ., <Ill< 10' 0 HS 1 47 "S!l>< I()' il ·t 14)( 10 1 

79.9 47 462xlO'o \4h" J()'() \24 5 -\ 7 'i-th 10' [) \ 'Il)" 1 Il 1 

98.8 14 1 564xlO'() 2 4nx 10' () ,n 1} 47 44 h /(1' ,1 \ ~'h 10 1 

1176 47 6 20x 10' () \ (7)< 1 () . Il q \ 1 4 7 .192" 1 Il' Il \ lX ... 1 (J 1 

1364 14 1 4 12x 10' () .:: '/5)( 10' Il lS27 ·l 7 ,1 (l·I" III ' " 1'\ h Hl 1 

1552 47 3S2x 10'11 .:: 24 x 1 Il' Il 'h2 1 ·17 \ '17" \()' " 1 44" )1) 1 

164 6 47 Q24x W'() 2HnxlO'Il 171 5 .j 7 .: f,2)< ((J , " 1 2. \ ~ Il) 1 

1740 47 565x 10 ' () .:: \4x 10,0 !HO 9 47 21'" [()''' IlO"lO 1 

183.4 47 S.QSx 10 . Il 22')x W· n V}() J ,p 11,(lx Ill' " '/60" III 
1928 47 6 83x 10' () 2J1x W· n \l)9 7 ·l7 1 1 Xx ID' Il S2.h:I() / 

202.2 47 3.36x 10' Il 1 64x 10' ,) 409 1 47 fl X2x III 1 1,22" 1 () 
211.6 47 5 68x JO' () 205x 10. 0 -tlll 5 47 44 lx III 1 .: 50)( \0 ; 

221.0 47 6 R4x 1 () , () 4 4S>< 10 1 427 q 47 2 hl" III 1 1 I}\ X III 
2304 4.7 5 4Qx ID' 0 4 lhx JO 1 4n 4 47 1 7h JI) 1 1 5)" /() ; 

239.8 47 577xlO'D 4 14x 10 1 Mf) H 47 ~ '1() x JI) 1 ID" 1() 1 

249.2 47 5 65x 10 ' () 40Sx 10 1 45ti 2 47 4 \\)( \(1 ; 7 (,5)( 10 \ 

258.6 4.7 4.99)( 10' () 1kSx 10 1 4ti5 fi 47 21 h 10 J ') \4x 10 \ 

268 1 47 5 92x 10' 0 4 19x 10 1 475 f) 47 fI 5Hx 10 \ 2 '14)( 1 Il 1 

277.5 4.7 517x1O' o J92xlO 1 4X44 47 .::! 59x 10 1 IXlxlO \ 

------ ----

Thcsc drlfcrcntla.! cro.,.,-~ectt()n., w/.:rc oht.utled \\ltll ~t.ltl~t1L\ 01 1 9(J()() , nl)()f), 21>4()()() , 2·l0()(), l 'il lOf). 

and 23000 c\'cnb for a tota.! !lux of 5 11 J' I(\M, 1 17 7 IOM, h 2(" Hl>!, '1 , , lOI, 1 Il • I()", ') 2 . 

1O? inCIdent nucb tra\c:r\tll[! t.lrgc:t~ ot thtd.ne\,c:\ of 1 Omm Al. () 'mm A>!.. () :'mm \V. (l25mm 1'1. 

o 2mm Pb and () 12mm L' n:,pect!\ cly 

\Vith fC'ipcct tl> thc .,hapc\ .l'l\umcd Ifl till' b.lck\\.ml rq:IOTl o! P\llld()f.IPllltty, the ITll',I\UrL"IIlCllh III 

the full rc!!10n ot p\cudOr.lplll!ty .lppe.lf 10 he "Inftnl, \\Ithollt .dkl'tll1~' \lr\ llludl dl.UlIl/.: III the 

shapc. 11u~ rc\uJt 1\ npelteù If the torn.lfd tf.lIlWCN! l'ncrf-') hClolT\e,> f.lther IIllkPCIl\knt \lI the 

back\\ard tra.m\'er~c cncrgy, .md d(lC~ not h.iVe 1.lI~c iluctu,ltIO!l\ h~ Ihl'l! Wc .Ife l!oll1!l. In .,ce III 

sectIon 4 5 Ilhat ÜU" 1<; the C.I'lC 
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Transverse energy differential cross-section measured in - 0.1 < fi < 5.5 

for a 200 GeV/nucleon J2S beam. The distnbutions der IdE-r are shown 

for Al, Ag, W, Pt, Pb, and C targets. 'The line indicates the ~CM fit for 

U. Br is detincd as 'l.E;u sme 'Where t:;u.. = .J JI + ni- except for 

nucleolls where E',U- = .'/;f + rrt - m, 
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4.2.6 lbO_\\' ET distribution, al St.'\craJ l'nc.·rf.!it.'~ 

The dIffcrcnu.ù ~lo .. ,,·'c~'tll)n h'f\tl\ 1 1 .m' reportl'.! hlT Nl\~ll\\) (il'\' l\\Idt'llll It'{) J'fI'Jnhk" 

collidmg 10 a W t.tr~ct U\ l,lbh: 21 (l.ibk .:.: 1 .md ,hd\\ n III 1 l~'tm' 41> 1 l 'r t ht' d,ll.l ,hl1\\ n,II NI 

GeV nudcon, "C h3\'C u\ed .1 mC.I\lIf\: 01 the Ir.IIl'H'r"I' l'Ill'rv-. III 1 hl' tl ln\ ,Hl! rq'H H\ h,l,nl 111\ 1 ht, 

rcconstructlll!1 nt the tr.U1'\l'f\t' l'ncrK\ III 1 H '1,\ 1 / t ,dllrJlIll'lcr 1 hl' dct.lIlcd dl\lll'\11111 pt thl' dllllll' 

of WCt~hb 111 tlll' cLùonmCll'r \\11\1\\\1 hl' llldudl'\\ hl'H', tilt' ll'rn', t!llll' \\l'fl' nt.thli\hrd hll\\('\l'r, b\ 

I1'qwnn~ thc \.un\: !tlr\\.lrd tr.l!1,\n'I' l'm'fi'~ l' l'flldul.,'d lI\ l' () \\' l\lllt\\\lll' .11 ,'(Ill (Il \' lI11dl'llIl 

\\lth the \qSI> ,ct-ur tl R~ \ 1 /) .1lId \\Ith the 1'1'17 \l't-lll' (1 1,\( -) 1 hl' lllln. 11011\ ,m' tlwlI IN·d III 

\. 
fmd the tr.ul~\Cr,C l'nCT!!}' pn,duœd III the tOf\\,ml p,.'u.!or,ll'Ili!t\ fl VIOl! h, t,li ('l'\ ItUI klll\ . '( l 

colh"10n~. lor \~Iuch no d.ita coull! lw 1,1I,cn \\\th the l 1 .\( 11\ ... t,t1kd 

fable 2/ 1 b(). \\' tf.lm\ cr\c cner~! ddlcrl'ntl,11 lfll~~-~t'dIOtl .It hO (leV nudClln 

1 l' I\m ,1fT dl 1 1 ITnr 

1 <le\ 1 1",11-\\ ldl il Illih \ 1\ \ IllIh (il'\ 1 
[ ( il' \' ] 

<i<i Il III 1'12,,10" 2 \q ... \O'" 11H11 11\ .) 'n -11\' ,- 1 ;(, ... Il) 1 

"711 10 1'i'hll}'1 211'1 .... Ill'" Il) 'i fi Il) '/ I!· 1 Il' . \ (,()>, 1 1) 1 

<il) (J Il) 1 -lO y III • 1 l'If. y Il) • " III; Il III " 'II • 11/ ' " l '; <i. 1 () 1 

f,1 0 lit 1 f,1( >' III • 1 ~ 1 <; ,.. Il 1 • " 1"'1 (J III ' \ '\ ., \II ' ., \ .' \ " 1 () 1 

(, \ () IfI 1 21 viI)' 1 \ 'i2" Ill' " 1 \ 1 1) \11 " ,l,' • III' . 11),)·10 1 

(,51) III 1 2<) v 111 • 1 I~X)fln'l\ Il \ 1) 1 Il \ 1')·1'1' , .' (,'/ ... 1 (1 1 

f,7 (1 III 12h11)" 1 1\" v ,,) • " Il <; Il Il) 1 Il: • III ' . , l' / ... If) 1 

(,9 1) III 17 >( 1 t\ ' 1 ; '\ '\ .... J() 1 1 l ' Il III 1 (",. III ' -, , 2<;·10 1 

-\ () III \ -: .. \ \) , , - r,(, " 1 il 1 1 1'/ Il 1 Il ''''' ,\11' l '11,,, \Il 1 

-, 0 11) \ Il " ) i) • 1 - 'Ii .. II) 1 1'1 Il I" '111·11)" l ,,'/ ... 1 Il 1 

-" 1) Il) l'Iv 1" ' 1 - (,1) '" 1 q 1 l' \ 1) III \ ,,\ _ 1 Il ' " ' III .. III 
-.., 1) \11 2'} " III ' 1 .., \1 - 10 1",0 Iii 1\7. \11' (, 1 1 .. III 
-'1 (1 III \~ .. III " ' <;1) .. ) 1) \ ) " ' Il 1 Il \ 70. III 1 ',",<111 

, 
X 1 Il III l-llxlil" '(,(,yll) , \ !'1 1) \iI (, ,\0" If 1 1 l ',2 .. III 
q() Il) 1 2')y If)' 1 . H" Il) 1 \ Il Il IfI t ,~x ... l! 1 1 \ 7'1 ... 10 

, 
1\" () \1) 1 \ 1\ y III ' 1 -: S'I" Il) 1 \ \ \ fi \Il 2 <;0· III 1 ,'\\"'\0 J 

q(} III 1 ·t'" \ 1) , \ .., -""- III 1 1 \ <; Il Il) 1 ,'f, - l " .' \ 7" 10 ) 

'{I} Il III 1 '''" If) , 1 ' .1 ')" III 1 1 \7 Il Il) 1 ·t t " If 1 
1 ) 1" dO / 

'II Il II) 1 2~·11)" .., 12 .. 1 Il 1 1 \ ') (1 IfI \tl.',IU 
, 111,1,,10 / 

') \ () III \\vlll' 1 ~ U. \0 1 1 Il Il III 1 Il,.ln 1 1')" \ 1) 1 

')'\ Il Il) '2 .. \II • 1 - ,lI),. JI) \ 1 1 \ Il ill " r./, ... III '/0<; .. 10 • 
'17 n Il) Ill)" l') . 1 l, 7(, .. If) 1 1 1 ï fi IfI ' ';/,·/11 '/1)') .. 1 Il 1 

'NO II) 2~ .. 11I" 1 1'/, PI 1 1 \ 1 Il III '1f,1l ... \( 1 <, "4" 10 1 

1111 Il III 1 Of) >' \1 ) , 1 \ '.\)\ .... \ Il 1 1 l') fi 1') l, 411 .. 1 fi 
, 1 <,2 .. 10 \ 

----- -- -

17 
Trus contTlbuuon 15 rClôlU'iely smal. (II 5) 
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Table ::: :oO_\\' trIDS\erSe ener~ dliJerenual cross-seC'Uon, olt .200 ~V nucleon 

1 r Bin Jrr dl t rrrnr 
[<Ie\'] hall' .\\ H.It h [mh(i,,\} [rnh {ieY] 

[Cie\ 1 

::4 ~ :4 h'l~'(ll\+ 2 J lx III ~,' 
1:(J} 24 : ()5 ... 1" + i 11\\)(\11+' 1 : qq q :4 4 -ll)x II)" . A~")(lll-\ 
iqO 2 -l ,~ ~ 1 .. 1,1 " )A~"l\)-I :' q f, 24 2 .211-., 1 \1 + ..1h-)(ll)-1 : l, - : 4 ) '.h 111' ' J..1'\xH)- ~ '4 ~ 2..1 2 ~lQy III" .1..1',l!I-' 
1..1.\ 4 : ..1 ')..1xljl+ : III \x 111 + ' 2: ..111 : ..1 . "'lx 1"- .12>(1 1- 1 , 
\4" 1 .: 4 " 5\'<111+ ~ IllY 111-' 2 \ \ - 2..1 ' 1\-" 11\+ . ..12,.. lll-
\ 52 S : 4 " q~y 11 1 + ' ~ 'Il>. 111 -' :2q 24 " Qhl"- 1 :'h 11'-' 
1 ~- " : ..1 -(15,\11+' "'25,,111- 221\ 1 24 " 'h" l' 1 -

, L1, 111 - , 1 
ih22 .: ..1 ~':xlli' "~4xl\l- .: ': " : 4 '''' .... 1''- " :3.1 1) - : 
IAh 1.} .: ..1 h4~,II)+ - r) 1'< 1"- , ... ., .. -

... ' ~ 24 :'1:,1"- - ,111"111< 
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These ilifferentl3..l cross-sectIOns \\ ere obt3.ll1ed \\1th statlstlcs of 14500 and ..;0000 c\ cnts for a t0tal 

Cu,; oi..; 9 ), 10' md l (1 " 10" bea.m pam.::~es l .... npmgmg on 3. 0 ~ mm truck \\ target, "ote mat ~;,e 

data \\ ere taken 1I1 dcl'e:e!1t :- cars 

,\n ener~ s.::a,n \w_h a ll..,.ed !,:~omctr. of ~he total r:oJu.:tlon of trans\ers.:: ener!.') m the full reg::.O!1 Cl 

pseUdOr3.plcllt~ lS a s.:nslt:\ c tes: or mO.JeIs be'::.1.use that qU3..'lt:t~ 15 not rlccted b~ the raplcllt\ s~'1 

that mentabl: o.::ct:rs m 3. tl.1;.e-l tarçet ':1;.t'~:'1.:T.ent \\ h::n the energ:. of th~ b~am 15 changed Or:e ci 

E'f\centrall cf ,eO-W at ::~;I G'~\' n\;;':1eon ::L~.d '~O-\\' at 60 G-.:\' rm.:::.!cn 15 q1JJte far :rem 

(200 bOl 4 = 1 35 1.:1 f..::~, \\c èo r.ùt c'pe~ ::L'l exact 1 ..; po\\cr. 5Jr.ce the hYrothe~s of a Lat 

rapHilty plateau [):; is not feailzed. T"!1e laC'tor 15 doser ta the ralla 0:' t.~e center-oÏ-maS5 enerpes, 

~(200 60): -.; = 1 52 

nus ends our presentauon of trans\erse ener~ œfferentlal cross-sect.:ons .\5 menuoned m the 

precedmg chapter. ET IS defined hfte as ~ [''" ~ sm8 \\here f~..l IS the Janetlc energ:. for the bar')ons 

and the total energ:;. for ail oüu:r ptrt..1c1es mclurung anubar') ons, The 51stemauc uncertarnty on the 

ETB scale lS estunated ta be - 10
0 (5 9° 0 fram the \lont:;: Carlo rescalmg factor and 4% from th:;: 

0\ erall ener~ c.ilibratlOn 1 A S) stematlc uncertamt:- of 50
0 anses Ln the \ionte Carlo correC'Uon of 

the ETF Ln the L L\C, due pnnClpally to uncertamues m the traCtlons of the tranS\ erse energ: \\ ruch 
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Figure 46: Transverse encrgy iliffercnual croS~·~cctlOn rnc.t~urcd m - (J.I • '1 è" S.S 

for 60 and 200 GcV nuclcon . fiC) hcams fhe tJ.I~'Ct 1'> 2 mm W dlSk. l'he 

fit in terms of Eo and W IS mWcatcd for 60 (leV 1 ~l 1\ dcfmcd a~ 

cxccpt for nuclcom where 
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are carried by chaIged and neutral plOns (4%), and uncertamty of the cm faetor affectmg the 

hadronic part (3%). 'The combmed uncertamty on the Err scale varies \\1th the proportIOns of brB 

and E-rF contnbutmg ta it, from 4 to 7 %. It can be taken as 7% m<UlIIlUffi. The relatlve 

comparison of the various data sets is e5sentially frce of these systematic uncertainties. The 

intercalibration of ~'F \\lth &rB 15 also known \\1th a better preCiSIon than suggested by the above 

numbers, as we will see m 4.5.1 

The overall systemauc uncertamty on the normafuation of the differential cross-sections is of 

order 2-3% and mcreases to 5-10% in the low F-'f regtons ( < 50 GeV) due to the uncertainty on 

the no-taIget contamination. 

4.2.7 Multiplicity 

In Figure 47, we ~how the differential cross-section da Id~ch for the production of a chargcd 

multiplil..ty ~ch in the pseudorapidity interval 1.4 < 't] < 3.5. This distnbution was obtained from 

the distributlOn of the number of RI~G2 clements that measured an iomzation between 0.7 and 4.0 

times the peak of the Landau wstnbutlOn for minimum lOnizing particles, as was described ln 2 4 1 

The distnhutlOn was then correctcd for double bits and dead RJ:"\G clements usmg the procedures 

explained in dctail ln [71][88]. 

The shape of the multiphcity rustnbution tS very similar to the shapes of the transverse energy 

distributtons: 1t is dominated by geometry, and can be titted by an :"\CM parametnzat.lOn. This is a 

consequence of the faet that each partlcle contnbutes, on average, a constant amount of transverse 

energy, mdependently of the centrality of the collisions. 
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4.2.8 Comparison with IRIS and FRITIO F 1'1onte Carlo 

In Figure 48, we compare the distributions of f1'B and Er produced by IRIS and FRITIOF with 

the :nS-W data at 200 GeV/nucleon. 

Figure 48: 
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Distributions of ErB and E-r : data (points), IRIS (dashed line), and in 

FRITIOF (salid line) predictions for 200 GeVjnuc1eon 32S_W. 

The Br distribution of IRIS bends very gradually, indicaung large fluctuations in the forward region 

2.9 < ~ < S.S. 1bis very distinct behaviour is probably linked with the erroneous prediction by IRIS 
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of the average pseudoraptwty It appcars that 1 R IS llndcrc~l1mdte the t.u! of da ;JETB, .md 

overestunates the taù of da,dET l'he tirst cftcct h~ t'lecn attnbutcd tn C.l!oocddmg [R6J[R7J; the 

second effect has becn attributcd ta lfi'lufficient cner)!y los" of the pro]eehk m tht: IRIS Monte L'.trlo 

[87]. Cascadmg has also been mvoked to c'\plam the Ùltlercncc betwccn the I-IU l'lOF pœdictwn 

and the data, ln the absence of a marc plaw,tble explan.ltlon lIowever \\e h.l\'(: computeJ III ~cctlOn 

1.6.1 that cascadmg on the spectatllr~ causes al mmt 6 Ge V .llldlt!on.il tr.mwcr~c cllergy, \\ heœ.l~ 2U 

GcV would be necded ln onlcr to make IRIS fit, .md dbout 100 GcV \Hmld be nccdcd In order to 

make FRI l'lOF fit. Il mu~t he ~trc~~ed [85J that tht.: modds tit r,lther \\dl the d.Ü.l for rdat1\'ely 

sma11 target nudel (Al); tlu~ I~ to he expcctcd, ~mee we .Ipproach tht: hmt! C.l,>C of the mo~t trmal 

kind of superposltlOn of nuclcon-nucleoll colh~tons, ln any C.lse, the follll\'v1ng f:lct rcmaln~: the 

ratio of forward transverse cncrgy tn backward transverse energy 1~ too large 111 IRIS and };Rll'IOF 

comparcd to the data 

4.2.9 The main features of the ion distributions 

The illstnbutlOl1S of Iranwer~e energy tor heavy-tons all sh.l1'l. the ,>ante propcrtics' At low trart!>\'Cr'>c 

energtes, \\herc mmt of the cros~-sectlOn 15 conœntrated, da/dEr~;C'o(/:'/4 In modeb wherc the 

transverse encrgy proùuctlOn 15 proportlOnal to the ovcrlap 1!1tq.,rral. the ,I,>}mptotlc behavlour of the 

overlap mtegral al large Impact pararnctcrs gtves thls JcpeJ1ucnce '>\-Ith ,111 e"<poncnt of - 2/5 ln 

models v"here the transverse encrgy I~ proportlOnal to the number 01 \\Ollllded nucleon'i, the 

exponent \\ould be - 1/2 [89] ln pr.lctlcc, the large statlstlcal error~ cm,ountercJ at low trartsver'ie 

energtes make the dcfiruuon of the 'asymptotle cxponcnt' very ;1\\ kw.uù I1le expcnmental v.ùue of 

trus exponent is found to be - 0.43 for rustnbutlOns of 16()_ W colh"lum at 200 (leV /nucleon, clme 

to the :\'C:\t prediction. 

At rugher transverse energIes, the illffercntlal cross-),ectlOI1S becomc ..!pproxlmatcly constant tlus 

is called the plateau rcgion. 'Ibis plateau rcglon 15 obtamed \ ... hen the Impact p.uarnctcr i~ vaned 

Each value of the transverse cncrgy corrcspond~ to a rather prcCl'>(! unpdet pararnetcr. 'Ine 

correspondencc betwecn impact pararneter and transvcr),c cncrgy I~ not IIOC;lf, a~ W1n he shawn in 

section 4.2.12 In the case of () - Al and S - Al, therc 1'> not propl:rly "pca.kmg a pl.ltcau, 10 the !\cmc 

of a temporary stop of the decrcase of the illffercnttal l'TOS'HcctlOn w1th lIlcrc..u.ltIg transverse cnergy, 

hut instead a rcglOn where the slope hccome:, l~ mtrumum 

The knee ~cparates the rcgIon of almmt cllmt.mt crov,-:'l:ctlon l'rom .i rcgIon whcrc the 

cross-sectlon falls steeply Wc will sel' ~hortly how the exact half of the plate.lu hetght has a :,pccial 

theoretlca1 slgnificance. 

In the taù rcgIon, finally, the logantluruc denvatlve of the diffcrcntial l'TOS!'-!>cction (so-callcd 

'slope') increases apparently mdcfinitely. Il appears ~ an almast parabolic arc m log/tinear plots of 

the differenttal CtOSs-scc1J.on 
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When exploitmg our data, we have much better precision in the plateau and tail regions than on 

the initial power-law l'ali-off, a somewhat unusual situation. We have very reduced statistics and a 

large contamimtion by non-target interactions in the region of the power-Iaw falloff, where an 

untriggered experiment would have very high statistics . 

4.2.10 Reduction of the data from the curves: NCl\1 parametrization 

The NCM suggcsts a par.unetrization of the wstnbutions of transverse energy. ln this model, the 

nucleons travel in strrught lines and therc IS a collision producmg a transverse energy fa each time two 

nucleons come \vithm a certain short rustance of c.lch other, thc cross-sectlon being taken equal ta 

the proton-proton lllelastic cross-sectlOn C1 L' == 32 rnb. Wc art' assunung a constant nuclear denslty PB 

of 0.170 baryonslfrn3 to obtain the nurnbcr of collisions :"\ent in the central case using the analvtical 

formula (13) gIven m appendix. lne wstnbutlOn of transverse energy g1ven off in the :-; collisions 15 

the 7"-convolutlOn of the dlstnbutlon of transverse energy produced by a proton-proton collision. 

\Vhilc \\-lth a proton projectile, the exponential tait is sometunes still recogrnzable, wIth a hcaVY-1on 

beam mstead, the number of collisions (::: 100) i!> such that the central limit theorem applies and the 

~-th convolutIOn approaches a GauSSlan very prccisely. The square of the \'11dth of the Gaussian in 

the ;":CM 1S J\'WI:~, where w repre~ents the square of the ratto of the \\ldth to the average for the 

onginal distnbutlOn being convolutcd w \\'il1 be considcred as a free parameter in the present 

parametr1zatlOn. 

The wstnbution of overlap mtegrals was given by the hard-sphere geometry equation (12) to be 

found in appendix. Although a computer pro gram i5 su11 needed to evaluate the distribution of dûs 

overlap integral, it has the advantagc of a concise mathemaucal dcfinition. The values of the fit 

pararneters extracted from ali the differential cross-sections wc have presented in this thesis are shown 

in Table 23. The equivalent of Eo for multiplicity rustnbuttons, no, rcpresents th: mulpltcity pcr 

nucleon-nucleon collision. 

An impltcit fit parameter 1S the total cross-section. It was left as a free parameter, and the 'fitted 

total cross-seellons' agreed within CITors with those predtcted by the standard parametrizations for 

total cross-sect.1Ons (C1tot -= (7HI5) (A;,n+A 1i3 _1.4±0.7)2 mb) or measured by other expenrnents 

(90). The eITors on Co and w are somcwhat correlated. This occurs in our transverse-energy 

triggered data because a gIven cross-section in the trul can be rcachcd either by increasing Co or by 

increasing w. TypICally, the correlation 1S such that If one of the two vanabk:s IS fixed, the error on 

the other gets reduccd by half. 

The free parameters 1:0 and w proVlde a convcnicnt compact paramctnzation of the data, of 

good precision (most ç2 /~DF are less than 1.5, and many are very close ta 1.0). However, they 

cannot be fully interpreted as physics parameters smce tao many important effccts are hidden or 
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Table 23: Swrunary of aIl gcomctrical pararnctnzations . 

• (T): &r distributions, (B): E-rB rustributions, (~ch): chargcd multiphcity distribution. 

System :\'cent Eo E'r(ccnt) W wdefT w true 
[['ri!V] [GcV] 

p - Al 200 GeV(B) 3.38 1.97 6.70 0.68 0.68 

p-Cu 200 GcV(B) 4.58 2.09 9.59 0.65 0.65 

p-W 200 GcV(B) 6.53 1.75 II.44 1.08 0.03 1.05 

p- U 200 GcV(B) 712 1.68 12.00 1.19 0.06 1.13 

1/10-A160 GeV(B) 46.5 0.86 39.8± 1.5 2.14 2.14 
16 0 - Ag 60 GeV(B) 82.9 0.92 76.5±O.6 2.13 0.13 2.00 

160-W 60 GeV(B) 100.8 0.99 99.5±0,4 2.04 () 41 1.63 
160 - Al 200 GeV(B) 46.5 0.96 44.3±3,4 2.37 2.37 

• IbO - Ag 200 GcV(B) 82.9 1.07 87.5±4.8 3.68 0.13 3.55 
160 - W 200 GeV(B) 100.8 1.20 119.9±0.5 3.03 041 2.62 

32S_ A1200 GeV(B) 77.8 0.89±0.10 69.9±6.0 1.46±O 7 1.46 

32S - Ag 200 GeV(B) 135.9 O.97±0.O2 155.0±3 a 2.98±O 6 0.22 2.76 

32S - W 200 GeV(B) 196.5 1.01±0.01 198.0±20 4.51±OA 0.81 3.70 

32S - Pt 200 GeV(B) 200.9 1.04±O.01 208.0±2.0 3.31±O 4 n.28 3.03 

32S - Pb 200 GeV(B) 204.7 1.U4±O 03 213.0±60 3.30±O.6 3.30 

32S - U 200 GcV(B) 216.5 102±O.O2 220.0±S 0 S.75± 1.2 l.75 4.00 

32S - Al 200 GeV(T) 77.8 1.91 148.4±4.1 1.10 1.10 

J 32S - Ag 200 Cn:V(T) 159.2 174 278.0±38 1.96 0.22 1.74 

32S - W 200 GeV(T) 196.5 1.70 335.2±3.6 1.83 0.81 1.02 

32S - Pt 200 GcV(T) 200.9 1.73 3475±5.1 1.44 0.28 1.16 

32S - Pb 200 GcV(T) 204.7 1.72 351.5±6.0 1.34 1.34 

32S -lJ 200 GeV(T) 216.5 1.67 361.S±2.6 2.36 1.75 0.61 

160-W 200 GeV(T) 100.8 1.84 185.5 1.99 OAI 1.58 
16Q_W 60 GeV(T) 100.8 1.05 106.0 1.44 041 1.03 

System Secnt no Sch(cent) W wdcfT w true 

32S - W 200 GeV(Nch) 196.5 1.70 335.0 6.25 0.81 5.44 

, 
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Ignored (c.g. energy conservatIOn and nJ.ture of the obJ~ct~ partlClpatmg to the multiple-scattenng 

processes, ca.scadmg of secondary partlcles, etc) ln partlcular, it IS interesting to treat separately the 

effect of the nuclear dcforrnation, as 1t v..ill be shO\m m the next paragraph . 

4.2.11 The effect of nuclear deformation on transverse energy fluctuations 

The large nuclel are known to have an ellips01dal, mstcad of sphcncal. outer shape. 'The count of the 

number of nucleon-nucleon collisions is therefore fluctuatmg bccausc of vanatlOfiS. not only of the 

impact parameter, but also of the oncntauon of the target nuclem clhpSOld. 

Considering central colllSlons of large nuclei, wc can compute the fluctuatlOns of the length of 

the central tunnel dwelled In the target nucleus by the projectile nucleus. The radius of that twmcl, 

detemuned by the one of the proJectl1e nucleus, does not vary v..-ith the oncntatlOn of the large target 

nucleus. 

Callmg l/t the polar arlgle of the major axis of the target whose long axis IS a factor 1 + b longer 

tharl the ITÙnor axis, the lcngth of the central tunnel is rnA 1!3(l- 0;3+ bCOS1/d where A is the atmllic 

mass number of the target. 

If we' a~sumc that the transverse energy 15 proportional ta the numbcr of nucleon-nuclcon 

collisions. the transverse energy of a central collision fluctuates to N _l'oC 1 - 0;3 + bcos~) instead of 

N •• J:o' lntegratmg over aU sohd angles defined by the orientation of the target nucleus major axIS. 

the root rnean square fluctuatIOns are: 

f ·1 

l 
"Ill 0 4n: f N E - 27c 

Ci 2 2 
~costlt)( _.- + beos l/t) 

1 

=N E 
Cl/III 0 

-1 

+1 ----

02 f 1 2i 4 J 1 2 1 1 \,1;2 J 4 .. 2 - dz ( - - - + z ) = N E ( - -- - - + - JV = N to -u 2 9 3 cnr 0 9 3 3 5 Cl!rll 45 
-) 

The 'dynamical' fluctuations amount ta .J N ... ,WE~, therefore the effect of dcforrnation on a sample of 

central collisions i5 effectlvely an increase of the fluctuations eqUlvalent to an increase of W by 

N -±,~2. The defonnation.5 is 0 for Al and Pb, 0.13 for Ag and Pt, 0.22 for W and 0.31 for U . 
.... '45 

The measured fluctuations w are thus the SUffi of true fluctuat.lOns w true due to the propertles of 

the COllisiOIl and fluctuations W deff due to variations of the arlgle assumed by the target nuclei. The 
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csumated \.ùuc~ o! (Ji tl , ,lIld th,' rl'\llitllll! \.t!tJ('\ l't f 't .In· ,hd\\Tl III 111011." 1 hl' f 'tr\)' I.dlh\ 
.. -: 1 fil': ( 

arc lc~s illsrer~cJ th,U1 the (J l.tlU':' ,m.l .Iprnl.lL.h thl' () \,dLJI' 1'1 th" 'l'lt.lll,tI Illl,lell\ l'h 1 flllll 

the se clm~Hkratlon.." onc undCr\t.\.lhh th,l! the l'\enh tll\!ll th,' l'",ln'me 1 III lIt th,' 1 1 dl,tnb\lt),,!\'1 

arc c\cnts whcre the t.tr!-.'t't nul'll'm 1\ ,llIglll'l1 \\Ith the bl·.l!ll W,' n!llT1.Itc !lut the llf.lIl1l1t11 !lU~kl .IR' 

75'% ah~led 10 th~ t.Ul,ll th~ );'i- t tr.l!1\\('r\c "!ll'rf' .. \ dl'tnb.ltill/I 1 \lT 1 IVllrc ·101! '11I~l' the ,Idlln cd 

tran~wr ... c cnerf!)' 1\ proportlOn.i1 hl the pro,luet lit the thll hm'\,n III tl)l' t \\ II llllltdlllF IIIIl leI. ,III 

UfanlUm nucl~u~ \nth lh Ion\! ,l"'\\ l\lllpt\Hhn.l11\ .\b).:llCd pfllduù· .... \ Ir,m"''''r-'l' l'm'rl') ,l' l.IT).'\' .1" Illl' 

one \\hlCh \\lluIJ he produl..ed h\ .1 '>ph,'n"tl lIlI,ku ... lIt .lt(HlIIl IIlIl11kT ~()() 

Although the ... e qUl:~tll)ll\ ,ccrn .lJll'l.. dol l\ .• the. m.l\ f'll11k the 1)(1Ihl.:r\ Il! !tHon' IIlIl .Ilc\'!er,ll11r ... 

[41] for the chOice of the mmt .Ippropn.ltc Il Ill. kl III L\ll1llk III the prt"l'lll lllllln,I, the 1ll.11Il 

uscfulne~s of the /!l'orn~tnc.tl p.tr.un~tn/.ltill/I 1'> III ~'I\l' Il' the Im'.lll 1r.1I1\\l'N· L'lln/!~ 01 ll·!ltr.tl 

colh~ions, \\hu:h l, ~~\'l:n h~ the product 01 tllt' p.Ir.llllckr 1. h\ thl' 1l11l11hL'r lIt 1Il1l1\1Il!1,> 1 hl' ll'lltr.11 

coUislOns arc tll\:m.,c!\,e.., \l\cd on!" hel,lU"'C Ihe\' rl'prc'I'llt .1 hc\ll'r dlltTllIlIll'd l!l'llll1l'trv Ih,m 

penpheral or ... emtp~npher.tl l.nlh "H Hl' .md hel'.lu \C t lin fl' .Il Il LUI'l' ,kll \1 t Il" \1\ cr \., r~'l' \ "h Il Ill'.., 

4.2.12 Extraction of the mran tran<;n'~ cncrgy of Cl'ntral com"iol1\ 

In heavy·ton Colll'>lom, the numbcr 01 (.0I11\1Ofl\ 1~ ~lltJiul'lIth I.lrL!L· Ih,lt the db t,> Il! ~'l'(llTldry .I!lJ 

of the d)nan1IC'i l.1n he dliclcntl) 'cp.lrJt~d A qUltl' l'l'lll·r.lI prorlL'rt\ ot the dl~ttlhllllOn~, \\l1\th \\ l' 

will ~how hcrc, 1\ th.1t the 3.\er.lfic tr..lOwcr~c l'nng:. of.1ll n,ILtl\' l.cntr.ù llllll\HlII Ih 0) \'1 ~'J\cn ln ,\ 

very good approxlln.Jtwo h J the pomt .lt \dllCh tht: crm\·'cctIOlI rc,ldlC\ Il,dt the pl.\tc,lll v.duc, thl\ 

point marks the IlfTlIt hct\\o~en ,lbund.Ult .Jlld r.lf~ lollhlom Ill!, l.UI lIl' \hll\\!l to lw truc 1II thl' 

frame\\-ork ot the I!comctncal modd II()wc\'l~r. Il \'1 .1 ~·elll'f.i1 propL'ft\. obn'l'll q1Jlt~ gCllcT.dh ln 

transvcrse cnergy dl\tnbutlOO\ (or mu!tlphntv dl\tnhullu!l\, lor PuIlTlPJc) !I\ .1 \\\11\- \ 1.1., ... 01 Ill(llkh, 

pro\ldt:d a .,m~lc Ilumenc.ù wnJltiOlI 1\ ,.ltl,licd 1 ]ll:n:lofc \\ l' \\ dl llI.t).." Ihe prout ql1ltl' /,cner.t1h, 

usmg onl)' the hYrothc.,e~ th.Jt th~ Im:.Ul tr ..ln,>, cr'e cllnn l, .1 1 Illll'llOIl 01 the IIlIp.1ct p,lr.ulIl'tn 

cxprcs~lblc .t~ a l.\)!or exp.ilI,»on III the llnp.lct jMf,lI11ctU .. md th.lt thc !1\H .. tll.ttlOJl\ .Ire \1I\,ll1 

comparcd to tht: mc.ut tranWCT\C cnt:rf!) .Hul Jo Ilot dWl~e tou t.l~t 

Fust, \\oc c ... tabh'>h that the 1 :l)lor ,>cnc,> umt..um ol1h C\CIl pO\\t:r\ n! the lI11jMct p.uarm:lL"r 

This can be ... een hy l()n~IJcnn~ that the average tr J.n\\ cr ... t: t:ncr~':) !lm ... t lw .1 L onttnuou..,ly 

diffcrentJablc functlOn of thc Impact p,tT J.IT1eter \l'dor III the t \IV 0 t r ..l.mvcr\c dnnemlOn'I li y 

syrnmctry, thcrc I~ no a/Jmuth depcm]encc, '>0 th.lt onl\' c\'ell rlmcr ... ,Ir(: rl"ollltted I.d m \upprn\ 

temporanly the fluctu.atlon~ and t:ornpute the lhtfcn:ntlJI crn\ ... ·\cctlon tn prodULC.lB • 1 T .' IlIC 

cros~-scction for the productIon of an average tr..lll'\CN: cncr~~ depemh only on )!cometry Define 

< Er> by Its l'aylor ,>enes 
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then the cross-section for the productlan af < Er> 15 glven by: 

Differentiating: 

~ow cornes the condltion: we requirc that the maximum average transverse energy Îs produced by 

central collisions, and thereforc A= < Er> mu and B < 0, Then b 2 can be expres5cd as a function of 

<Er> : 

-- B - / Ji2 - 4e ( < E > - < E » b2= \1 T max T 

le 
(9) 

The maximum average transverse energy is produccd by central collisions If B IS negativc. If B lS 

positive, and C îs negatlve, central collisions .... ould not producc the maxunum average transverse 

energy. In that case, the m.Lmnum average transverse cnergy \\ ould be produced at a non-zero 

impact paramcter, Jl1d the parabollc shape of <: Er> as a functlOn of b ncar the maxunum would 

cause a cusp-l1ke owup', resultîng from :'::'1 accurnula~:on of c\"cnts near the maxunum transvcr~c 

cnergy. This ru!>tînct rosslbùlt~· IS probably at the ongm of large 'pcais' !>ccn ln sorne difi'ercntlal 

cross-sectIons far energy mea~urcd in chlfcrcnt pseudorapldlty mterva.ls by the \VA80 collaboratlOn 

[91]. 

In the followmg, wc only need equahon (9) ta a precision of b 2 , and 50, neglectmg tenus in b4, 

we wnte: 

50 that, finally 1 

1t 
a -2-------~---------------------
D- 128+ 4C«Er> - <E

T
»+O(b4)! 

IBI max 

1t 2e ~ = -(1- -( < ET> - < ET> )+O(b}) 
IBI BIBI max 
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Tt le . 4 = -cxp(-( ... L
1 

> - ... F -.)) + O(b ) 
IBI If mAlI r 

We have ,hosen tu cxprcs, er il a~ .m e'\pom'ntlal hCI.:.lll\C thcrc c:tl~t, .lIl l'X;ld fomlUl,l lor Ihc 

gauSSlaIl !>meanng of the product 01 ;m e'\poncntul \\lth .1 ,tcp tunctlOll 'nw \H' n·-ttltro.!ll~e 

flul..'tuatlom of a r m '\ .,trcn~'th of w 

da = fdze (f T 

dEr 

where a D(Z) 1'\ the dlffcrcntlal Lim'l-'I('(.11011 ln producc a tr,Ul\\cr..,e cnergy / If il \\cn' Ilut lor Ihe 

fluctuations. nus glVC'\: 

der 7r 
--;:;;- e 
dET 181 

P( 

Where P 1'> the error functlon alrcady mtroduced m '2 1 !-In \null \,ùu\.!\ \lI 2< \"'/If, It 1'> Col\~ tn 

sel.' that the pOInt \\herc the hmctlOn fC.iche., hoilf of Ih pl.He.11l (ddineJ h) 1Il1!\1!1\lHlI ..,lopc) 1.., ..,h,ltcd 

by ::::2C:'w, Ji In partlculJI, if C~· (J, then P(O) ~ L 2 prcmcly 1"1 (1 2 pl.ltc.llJ) \\ollld then dlffer trom 

< Er> hv f(C) 0\,1/ " fT·' \\hcrc I(C) - 2C'- /'1' If l' .1 dlfllell..,lOlllc,., Ilumber expectl'd ln mu " mu mu 

be smaller than 1 ln rca,>olJolhk rnodeb ut trJllWCr~e ener)..')' productIOn '\ulTlcnL.dly, ln the '\( \1 

pararnetru.atlOn. If(C)j :::: {) S. ,lnd ~), < 1:1 ~ mu -= (j)l/.\',,,,,· '-/ IllU 1., d Ic\\ ('cV ,1t mmt, .md Ihe 

ET(half plateau) l~ ilitfercnt trom < f/ . mu by lé.,., thJlI 2 (leV 

The rcolder cm check for hlm\clt or hcr~clf thJ.t the \,tlue., 01 th\.: tr,llIwer\c cncr~ rc.,ultl!l~ 

From takmg the L2 pl.lteau J.fC ..tlw.i)~ \\lthIIJ 2 Cie\' (Jf thc u:ntrdl tr.m\\cr.,c cller!-') ln the :\C\1 

pararnctnzatlon glven 10 I,lpk 23 A~.I/J curnple, the ;1\ era~l: 1,[ B lor 1.'\. \\' u.:ntr.ù Wlll.,IO/J\ 1\ 

198 GcV 10 the :\C:\1 pJIaInctn/oltlon, ..... hlle .1 \.hfkrcntlJ.1 lf(W.,-"Cl1l\)1l of ~" . !Oo(l mh {,CV, 

corrcspondmg to half of the pl.iteau value of:::: 7 (j)< 10' U mb (,e V, I~ rc,llhcd ,lt 1 1 Il 20() (il' V 

The advantagc of the ~C\t pJIatnctw.ltlon mcthod ovcr the h,llf pl.lte.lu rnethoJ Ile\ III the Ld\e 

wherc the plateau 15 ilifficult to dermc, for cx;unrlc ln IO\l,-\t;ltl\tu..\ l'''i-AI .,.UJ,plc.., 

:'\ote that the <- Er> mu IS aho eharaL1cru'ed hy d lTIdXlmUm \,tlue of the dcnvattvc of drr d/~1 

with respect to ET' WhlCh mlght provlde yet another way ln cxtra<..1 tt From the ù..Ita, 
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4.3 Tbe A-dependence of the transverse energy production 

The geometncal (.ïOSS-Sectlons of FIgure 45 iliow a sharp cdgc follo't'.ed by a steep faU beyond the 

point where the collicling nuclCl fully o verlap , llus 'tunung pomt' is determmed by the mamnum 

transverse energy the collision \\ould produce ln the absence of flucttl.'ltlOns, that i~, 1t ind1cates the 

average transverse energy that central col1151On5 \\ ould have Il 15 cu~tomary ta study the me.m 

transverse energy as a functlon of A Ho\\c\'cr, the mcasurcment of the a\cragc trms\'crse cner!!) of 

central C01h~lOns 15 more accurate, smce It is not atfcctcd b) the problcms of 10\\ statlstlcs and 

potentlal contanunatJOn by non-target mterac.11Ons, pn:scnt olt 10\\ trms\ cr5e cncrR> , \\ luch do affect 

the measurement of th~ mean trms\'erse ener!!)' Ihe other alhantagc of the ~tud) of average centrùl 

collisions over the stud) of the a\erJ.ge colliSlOn 15 that the geometry IS \\ell-knO\\Tl and Simple l'or 

these rea~ons, \\c have not attcmptcd the study of mem trans\crsc encrgtes, md focussed our 

attention on the average trans\crse cnerg) of central colblons Wc use the :\C\1 pararnetnzatton to 

pro\1de the trans\ erse encrgy of a central colh~lan and th(.: !>tJ.tlstICal crror on it Obtauung tht:: Sdffie 

quantl!y \;a other rararnetnzatlOm. or \la the method of th~ 1 2 plateau \ J.luc, rcsults m changes kss 

than the statlshc.ù crror, 

Ine values of < l: ;",rral >, as a functlOn of the .ltomlc numbcr ,\ of the target nuclci, can be 

used ta parametrue the target dependencc of the dYCragc central colliSlons Thesc \'.ùues <: E;"'''·· > 

are shmm m Figure 49 a~ a functlon of .\ of the target for all cases v.hcrc \\e have a suffioent 

nwnber of illffcrcnt t.lI'get nudel lt 1~ obscn cd that the ,\-Jcpendence C.ll1 be fittcd by a power l..iw 

constant·.t\:X v.herc the cxpanent :115 rather large. The \alucs ln the target rcgron ( -0.1 < n < :2 9 

) are :z =:; 0 48 ::: 0 02 and 0 53 ± 0 04 for 60 and 200 Ge V nuclcon modent : 60 rcspectlvely, and :x 

= 050::: 003 for 200 Gc\' nuclcon tnC1.dent 32S 11us e'poncnt decrcasc~ (lt has to dccrcasc for 

kmematlcs reasons) \\ hen caflSldenng the tull p~eudorapl(itt: range ( - 0 1 < ~1 <: 5 5 ) ta :x = Il 39 

::!:: 004 

lt Îs qwte naturai that the exponent :x changes \\lth rapIJlt). Sumlar measurements \\lth multlpl.!c.'1ty 

[92] by the \VAsa collaboratlOn, and companson Wlth the A-Jependcnce obsen'ed for trmsycrsc 

energy ln 22 <: 11 <: 38 by the '\:\35 ColldboratlOn [93] ( :1 --- J.3 ) mdJcate that the exponent 

depends rathcr strongly on raplruty Yet, It must be rcmembered that the trmsvcrsc cnergy 

production IS dommated by the central dom.:un of pseudorapId1ty, TIus Jusufies defirung art 

A-dependence of the total transverse cnergy productIOn 

lf the transverse energy had bccome mdependent of the atorruc mass number of the target, 1t 

would have been an md1catlOn of full stoppmg The converse lS not necessaruy truc, if the effect of 

the hydrodynarruc expanSIQn 15 mcluded. ln the advent of full stoppmg, ln our model of 

hydrod~llarruc cxpanSlon. the exponent v.ould asymptotlcally approach 1 6 for collisions \\1th very 

large nuclel measured m the full pseudoraplwty mtcrval, Since the as)mptotic Wrut of very large 

nuclet, and the full stoppmg, have not been reached, the faet that the nponent 0.39 ± 0.04 is larger 

than 1. 6 is not UlconSlstent ",ith the near full stoppmg that will be d1seussed m sect10n 4,7.4 
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ETB for avcra!!c œntral colh'ilom \cr\us the atoffilC m.t\' .. number of the 

targct nuclei for 20() CieV protom (.), bO (Jl~V nuckon '1\0 ( 0 ), 200 

GcV:nuckon 1 bO (/\). .mJ 20() GeV nudeon J"S (0) lrlcuknt hc..un, .u1Ù 

E-r for avera!!c central collt'Iom of 2(J(J (jeV nuclcon J:I.) (ll) Ille ,>oltù 

lmcs arc fit~ 10 thc d.ita of the tonn con.f/ant . ,1' l1u: be ... t e\tun..ltc!> 01 

the free p.U'aIDcter :x .lI'C:X '" f) 24 ± 1) O} 10r 20{) (;eV protom, 048 ± .02 

and 0.53 ± 04 for the 60 and 200 (icV,nuclcon lO() IIlCHlcnt cnergtC!I, ll.50 

± .02 for 32S, and 039 ± .04 for J~S wlth full cover..!gc. 

'------------------- -- - -- --------- - - --- - -
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4.4 Interpretation of the transverse energy in central collisions 

By making the differenùal cross-secùons for the productiOn of transverse energy in the 

nucleus-nucleus collisions, we obtam the average transverse energy of a central colliSIon and the 

magnitude of the event-to-event flU(.,"tuatlOns of the tr.ms\'ersc energy of central collihlons 

Ignonng temporanly the questlOn of fluctU<lùons, \\ C \\111 compare numcncall~ the transvcrse 

energy production agamst slillpk mechanIsms. 

lIowcver, we have to remember that what is actually obtamed, by means of the L 2 plateau 

method, is an extrapolation of the chardctenstlcs of ccntral c0lli~ons from the charactenst1cs of 

quasi-central colliSions ln the case of the proton-nucleus colliSions, lt 15 much more drlIicult to 

obtain the charactenstics of the central collisions, a~ man) unpact pJIameters contnbute 

simultaneousl~ ta a gtvcn bm of l:r l'he methoJ that \\c hdve adopted 1~ to e'ttrapolate the 

transverse energy lT1 a central co1l1~lon trom the 3.vcrJ.ge trans\ erse encr~ produced 

4.4.1 Comparison with the \Vounded Nucleon Model (\VNM) 

A possible model for the production of trans\'t:rse cnerg)' m the range - () 1 < ~ < 2.9 is that each of 

the partlC1pating nuclcon 10 the target 15 rcsponslb1c for sorne transverse energy The number of 

projectile \\ ounded nucleons v. ould then be ncglected because of the brge rapllilty gap \\lth the 

projectile. rhe tranwcrse cnergy per \\oundcd nuc!eon 15 "hown as a functlOn of the number of 

wounded nuc1eons 10 hgure 50 

The data mrucate that the trms\ erse enerty 10 the pseudoraplilit~ range - 0 1 < t] < 2 9 I~ 

approxunately proportlOnal to the number of 'Wounded target nuclcons. It 1S ~een however that the 

transverse energ) per \\ oundcd nuclcon 10creases somewhat \\,th mcrcasmg atarme number of the 

proJectùe and \\lth 1OcrcaSlT1g atc,rruc number of the target. In the fr:unework of the \\ounded 

nucleon mode!, tlm \\ould be explamed by the fact that the nuc1cons are more cornpletcly \\ounded 

when tut by many projectile nucleons. and,or that the transverse energy m the pseudorapldity range 

- 0.1 < ~ < 2.9 depends parti) on the nwnber of projectJ1e wounded nuclcons. 
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'lne backward transverse cncrgy per \\oumlcd lIuclcon ETlJ/ST as a 

function of the numbcr of target v,oundcd nuc\com. :--; r The transverse 

encrgy is measurcd fi the pcudorapldlty range -- 0 1 -: '7 '- 2 9 -lbc beam 

energy is 200 GcV /nucleon. 

1.-__________________ -- ------- - --- -- -'- - - -- - -- - ------.---

4.4.2 Comparison ~ith the Nucleon collision model (NCM) 

Similarly, we can try to compute the tr,lm.verse encrgy ln the p~cudorapld!ty interval - 0 1 < ~ < 2 9 

and in the pseudoraptdity mtcrval - 0 1 < 'YI <.:: 5.5 for central collmom a~.,ummg that an arnourtl of 

transverse energy IS produced fi each collJ.\lon undcr the a~~umptlOn of ~tralght 11I1e gcornctry The 

amount of tranwerse energy per nuclcon-nucleon collt~lon ..l!> a fum:tlOn of the number of 

nucleon·nucleon collisIOn l~ ~hown Hl l th'1.U"C SI and Figure 52 for the b..lckward and tomplctc 

pseudoraptdtty coverage respectlvc\y. 

It does not seem possIble to Judge from these data If there 15 a com.tant tranwersc cncrgy pCT 

partiClpant or per collislOns_ ln faet, the data seems to deVlatc from clthcr hypothcsis, 
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The backward transverse cnergy per collision ETB/:\C as a function of the 
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The transverse encrgy per colh~ion LT/~C dS a functlOn of the number of 

nuclcon-nucleon collisIOns 'C- The tranwersc cncrgy is ln the 

pseudoraplruty range - 0.1 <: ~ <. 5 5. 

4.5 Correlations between the forward and the backward transverse energy 

It is instructIve ta look d!rccùy at the correlatIon bct .... ecn the transverse energy in the p~eudor,lpldlty 

ranges - 0 1 <:?J < 2.9 and 2.9 < rt <: 5 5 ln order to understand the comp.mSOIl'i of thelT respective 

distributions. From the companson of r1b'1..lfC 44 and ri~ 45, It appcar~ that the distnbutlOm of 

transverse cnergy arc shlf1cd, and not scalcd up, whcn tncrc~tng the p~eudorapldlty range. Ine 

explanatlOn ot tbis surpmmg f..lct I~ that the forv .. ard transverse energy bccomcs approxtmatcly 

constant for central colhslOns 18. 

18 
The E,-F IS also A-Illdependent to sorne extent 

- 141 -



• 

• 

• 

, 

When stud)lng correlatlOns of transverse energy in large domams of pseudorapldity, we must 

fust of al! observe that the amount of tranwerse energy produccd in heavy-ion collisions, fi ail the 

pseudorapldity ranges, 15 largely deteffiÙned by the unpact parameter \\ruch is umque for each event. 

\Vithout the fluctuations. a scattcr plot of the transverse energy produccd in a glVen mterval versus 

the transverse cnergy produccd in another interval, \\ould concentrate on a line, Smce we have useô 

the geometncal mode! ta fit the illfIcrent.1al cros~-sectlOm for the proouctlOn of Er and mult.1phC1ty in 

vanous domams of pseucloraplwt), the productIOn of Er and multlrhnt) from e\cry rCgIon must be 

proporuonal to the overlap tntcgral, as a consequence \\e cxpect them to b(! proponlOnal to each 

other, and the ~catter plot should be a stralght lme IlO\\c\er. the hmltcd st3.t15tlC!> of the dtfferent1al 

cross-sections allo\\ ~orne freedorn, J.I1d m fact a cun-ature 15 qwtc app,u-ent ln ~omc of the ~aphs 

that are ~ho\\n next Wc Wlll conslder two cases that arc rcprc~cntatl\'c of the others, 32S_Al, 

representmg the luntt of colll~lOns of nuclci of equal m3.~~, .md 32'-;_\\', represcntmg thc lurut of the 

collision of a !\mall nucleus on .1 l3.r~c one 32S_Ag colb~!Ons pre~cnt mtcmlcdlJ.te tcatures, 

4.5.1 Double differential cro&s-section dl cr Id ETB d ETF 

Let us fust study 3:S-W COlli"IOnS J.t 200 GeV nuclcon. ,\ rcrnark.lble fC3.tur~ of the distributIon of 

transverse energy m the pseudoraplwty r;mge - 0 l < ~ <:.. 5 5 1~ that ltS t:.ul doc~ not extend much 

farther than the com~"pondmg t.ul for - () 1 < ~ < :2 9 nIe rcason for this dppear dearly \\ hen 

consldenng h6'1.J.fC 53 \\ hlCh ~hows the contour rlot of the double dlffcrentla.l cross-sectIOn 

~(j-- for the proC:uctJ.on of .l tr;msver~e energy Ers l!1 the p~eudOraplÙlt) r ... mge -- 0 1 < ~7 " :2 9, 
dETBdETF 

artd of a transverse cnergy L'TF Ul the pscudorapldtt~ r;mge - () 1 < 11 <: 5 5 It appcan that the mo.,t 

probable fornard trms\crsc cncrgy I~ proportlonal to the bJck\\ard trans\erse encr/:.'.) up to .l value of 

backward transverse cnergy close to <-.. ErB " (b= Il), the J.verage tr.lmver~e enC'r~l'y produced by central 

collhlOns. En J.ppears to be tndepcndcnt of the backv. ard tiJl1s\'crsc cm:rg) at hlghcr \ alues. 

1bis independencc can be tntl'rpreted Ul at !cast t\\O \\ays' elther the mecharusm tor the produLilon 

of E rF IS tndependent of the mech.Ullsrn of prodm;tlOn of ErB ln the: hack\\ ard rcgIon. as for example 

in the two-fueb.ùl or m illffr3etJ\'l: eXCItatIOn modcls [q4Jl~, or a .,mgle mccharmm 15 responslble for 

the productIOn of transverse energy, both fornard artd baçk\\ard, but the conservat.1on of the 

avatlable energy, or the back\\ ard rapldity sluft occurnng \\ hen more target nucleons are 

partlClpatmg, force the fractlon of the transverse energy ln the forward rcgIon ta decrease, such that 

ETF 15 approxunately mdepcndcnt of ETB at large cnough transverse cnergy. In contrast, the 

trartsverse energy cDntamcd m t\\O backward reglons of pseudoraplwty remam proportlOnal to each 

other, \\lth the resuIt that the ~hape of the pseudorapldtty rustnbutlOn of Er [86J in the backward 

regIon 15 almost constant Ilus I~ actually due to a partlculanty of the backward region ID heavy-ion 

collision where the target IS more masslVe than the projectue. The productlon of transverse energy, 

19 Trus also happens Ul the DP\i ID the lurut where tne contnbuuon of the sea-sea chams 15 negllglble 
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The contour plot of the double dtffercntial cross-sectIOn for bru and ETr: 

in 32S_W collisions at 200 GcV/nuclcon. Two contours arc scparated by a 

factor Ile. 

being more narraw and more backwards, keeps appraxunatcly the sarnc shape ln a small interval. 

The two rcgresslOns are shawn ln Figure 54 and Figure 55 for 32S_W colhslOm at 200 GcV per 

nucleon. 1t is ~een that for increasmg backward transverse encrgy the forward transverse encrgy ceases 

ta rise, perhaps even shows a dccrease. 

In contrast, the regression of the backward transverse energy as a functlOn of the forward transverse 

enerb)' shows an increase up ta the large st values. 

Noting that for proton-proton collisIOns, the two cho~en domalns arc symmetnc, the completcly 

different behavlOur of the two regresslOns lS slgruficatlVe. Ln the hcrrmpherc whcrc the largest nucleus 
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The regresslOn of the forward transverse energy as a function of the 

backward transverse cncrgy for 32S_W collisions at 200 GeV,nucleon. 'The 

error bars indicate the magrutude of the event-to-event fluctuations. 

is, then: exist event-to-cvent fluctuations that arc not present in the other hemisphere. This extra 

transverse energy \\,th large fluctuations limited to the backward herrusphere, where the large nucleus 

sits, might be an marufestauon of cascad1Og. 

The companson of the backward and forward transverse energles for 32S_Al collisions is 

motivated by experimental reasons. Ibe contour plot of the double differentlal cross-sectton for the 

productJ.on of ETS 10 the pseudoraptdity region -0.1 <'1 < 2.9 and of ETF in the forward region 

2.9 < PI < 5.5 in shown ID Figure 56. The contour 1S very well described by Gausstan fluctuations of 
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The regression of the backward transverse cncrgy a'\ a functlOIl of the 

forward transverse energy for 32S-W wUü,< Ils at 20(J GcV/Ilucleon. lne 

error bars indicate the magnitude of the event·ta cvcnt-fluctuatlOns. 

magnitude ~ 5 GeV in bath axes, araund a straight line do main En = (1.25±O.02)ETB, 

If: 

1. The pseudorapidity was exactly equivalent to rapidity, 

2. The separation between the forward and backward rcgions was locatl!d exact1y at half the 

. . 1 E + P rapldity of the beam -ln boo", b ... ", , 

4 EbH", - P bH,. 
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ForwjBack = 1.25 +/- 0.02 
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Contour plot of the double chfferential cross-section for the production of 

ETS and ETf in 32 S-Al collisions at 200 Ge V /nucleon. 

3. The atonUc nwnber of the projectùe was exactly that of the target, 

aIl ratios of forward ta backward (Foffi/Back) transvcrsr energy would be exactly equal to one, by 

forward/backward symmetry of nature. Because thesc threc conwtlOns are not satisfied exact1y, we 

expect a value somewhat chfferent from (but close to) 1.00. Howcver, it is possIble ta estimate the 

effects of these three 'asymmetries' quite reliably and to exploit this uruque possibility ta use a 

natural synunetry 1 ta verify the mtercalibration of the calonmeters. 
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In arder to cvaluate the effects of the three sources of fom ard baàv. ard a~)mmetnes, let us 

remember that we are companng the area of the 'nght hand sicle of a ~)mmeL.'1c raplruty dtstnbutlOn 

of transverse energy V.1th thr- 1d't h:md ~lde', the borderline bcmg at the center of symmetry ln the 

ideal case. Tnen we can t:cat the thrce source of as)mmetnes as sources of small rapldity slufts of 

the borderlme, and the ratio il> gwen by. 

( 10) 

v..here Y", is the sum ot .111 the raplluty shiftmg effects, and the ma.umum dE.,.:dr{, as \\cil as the total 

ET' can bc obtamed from the data. 

Let us proceed ta the nurncncal c\ al\l.ltlOn Ine.1\ erag\! sluft of ~ wlth n:~pcct ta y, y .... 1 ' c.m he 

evaluated If .... e a5~ume that the tr.m~verse cnergy IS mostly c,l1Tled by rclJ.tlvistic pIOns, having a 

transverse momentum cltstnbutlOn exp( - Pr/PlI ). 'lnen . 

3 m 
18 3 

Po 
(II) 

\Vith m"'" 135 0 \1cV and Pn = 180 \1eV, y .... \ amounts ta 0 023 l'he VCf) small value of the Shlft of 

dEricb7 compared to dEr dy ohtamed h) thls ~lmphficd anal)1IcJ.l c.ùculatlOn i~ confinncd hy 

dahorate \1onte Carlo ~tuilie~ [951 l'he ~cconrl ~ource of ~1uft Y<'ù 1~ the ilifference between the 

nucleon·nudcon ~cnter·of-ma~3 rapIlhty of 3027 and the eligc ot our dom.lln at 29. Yill = () 127. 

Finally 1 wc eval\l.lte the addcd ~hUt Y1iù duc to the dtffercnce hct\\ ecu 32S and 27,\1 by conslùenng 

the spanned range of values of the raplruty of the ccntcr-of-mass of partll'1pants YJiLl can be cxpcctcd 

to lie between li 12 In(32,27) = 0014 and 1/21n( [32-0i- J 
- 272. 1t 1]! 27) = () 067, sa v..e takc 

Ya/ù = 0.04 ± 003 

The total y .... = y shi + YolW + ya/ù IS 0.19 ± 0.03, and usmg the cxpenrncntal (dEp'dY)mul Er ~ 0.3, 

equation (10) gtves us an cxpected forward/backward raho of 1 2S ± 004. 

The fact that the measured ratio of forward ta back .... ard tranwcrsc cnergy agrees .... ith a 

theoretical prcructton based on a fundamental ~ymmetry ot nature 15 Important as it gives us 

confidence that the cahbratlOns 1Il cach rcglOn, and the correctIons to the tran~verse energy were 

good. The intcrcahbrauon of the forward Wlth the backward transverse encrgy would have been even 
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more preCIse tf we had used a sulfur target msteoid of alwmnium: a large part of the remairung 

uncertainty is duc to the a-pnon uncertamty on the effect of the proJectùe:targct a~)mmctry . 

4.6 Fractional ET density in pseudorapidity 

The transverse energy spectra gwe an oversunphfied plcture of the mteraction. ln the most naIve 

picture of the colliSIOn, a fractIon of the energy tncommg m the center-of-mass is stopped and 

isotropleally re-emltted, \\ hile the rcmatning fraction contmucs umhsturbcd ID the Jongttudm.ll 

direction. The average distnbutlOns of transverse cnergy, conung from the analysis 01 the encrgy 110\\ 

in the calonmeters, carry mstcad a nch structure that has pos~Jblc ImplicatIOns hath at the k\el ,)f 

the mecharus.m of productIOn ln hadron-hadron lolli~lons. and on the collectIVe cvolutlOn 

(hydrodynanucs) mdeed, the cm:rgy llow (e:r.cept for \:mJtlOns ln a/lITIuth) fIOm a coll.t~!l1n 1\ 

uniquely and complctcl) ~pcClficd h)' the dEr ihr dlstnhutlon SIOCC the pseudorapll.i1ty dtstnbutlOm 

of transverse cnergy dcpcnd on the unp.lct pararncter, un the cncrgy, and on the we of the colhùml! 

nudel. it IS unpos~lblc ta present ln a rcasonable spaee aU thesc d.t~tnbullons I11eu moments contdJll 

most of the rele\ ant InformatIOn for compansons \\1th thcof)', ~o wc \\111 show thcm mstcad 

Frrst, lt 15 observcd [85] that the ~hapc of the pscudoraplwty wstnbutlOn of tram, erse eneq!.) 

depends on the transverse energy Er 'nùs dependence reflects bath the ctfect of \aT)IDg the Imp.lct 

parameter (lugh Er =: Smilllmp.lct pararneters), and the 'tng).,'Cr bla~' due to the ~unple fact that \\e 

are se1cctmg cvcnts with large transverse cnergy ln a certam p~eudorapldlty domam lhe tngger bias 

effect, smce It dcpends on the p~eudoraplwty domam over \\hlf:h the me.lsurcment of Er l!> carned 

out, do es not bnng much m~Jght on the dynamlcs By varylIlg the Impact pararnetcr, \\e compare m 

mmute detmls the ~hape of the p~eudoraplilit) d.J.stnbutlODS ot tramversc cncrgy of penpher.ll 

colliSIOns that arc eqwvalcnt ta a tew hadron-hadron colli~lom \\1th that of central colllslOns \'1- here a 

large volume may undergo a phase transillon In trus respect, the Ideal wou1J be ta be able to 

measurc the unpact paraJT1eter In a v.ay complctc1y tndcpendent of tran5ver!-tC energy. A selection 

using the mea~urcd transverse energy m the aImost complete coverage of the pseudorapl(hty 

- 0 1 < ~ < 5 5 approaehes tlus geai, ~mce ail bms are rcpresented cqually at the moment of the 

selecuon. 

By varymg the atonue numl)cr of the pro]cctùe and target, arld the impact pararneter Vla the 

transverse energy selectIOn, we art' probing thc detallcd djnarrucs of fi.rcballs of dilierent longttudmal 

and transverse SlZes SÎnce the aml)unt of tlus data is very large, It lS desuable to find empU'Îca! lawl! 

to descnbe the sc d.J.stnbutlOns. These empmcal laws may not have drrect theoreucal sigruficance, but 

can easùy be comparcd to the predictions of the modcls. 
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Wc observe that the dEr cPT w~tnbutlons ..ut: gl:ncr..ùl~ \\ cl! fiUcJ hy d ~lInple Gdus~an form 

(see Figure 57) Sinœ a Gam\JaIl ~hapc l' compktclv ~pCL1ficJ hy t\\O pa..r.unctcr\, the position of 1tS 

center and ItS \\ldth, wc are Justlilcd to ~tudy pnmml) the tirst .mJ second moments of the 

pseUdOraplœty dlstnbutlOfi!\ of transverse energy. loc thlrd and fllurth moments could also he 

studied, or eqwvakntly the ~kcwne\~ and the k-urtO\IS nu: \tud~ of lu!:!,her moments 15 howcvcr 

hindercd by the ~tJ.tlstlCal fluctuatIOns of dfT"'dJ7 of mdl\1dual c\cnts, and hy the !>ystcmatlc CITors 

due to intercahbratlOIl uncertatnlles loc a.nal} ~IS of hil!hcr moments \\111 not he dune 
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Figure 57: 

321 2 GeV < Er < ,34.4.1 GeV 

0 

'Ille average dEr/cPt m 3ZS-W qua!lt-central collisions, selectcd by 

321.2Ge V < 1~7~ - 0.1 < ~ < 5.5) < 344 1 Ge V. 'Jbc function is the GaUSSlan 

of center < J7 > ~UlÙ pararneter w. 

---------~ 

Sorne general propertles of the moments of pseudorapidity rustributlon of transverse energy will 

now be exammed. 'Ine frrst moment of the pscudorapidity distnbution of transverse enerS)' is 

defined as: 
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f dEr 
rr-

cb7
-

<~ > = ---'--fd;r 
ln proton-proton collisions, the 

pro)ectùe:target s)mmetr) Impose 

longltudmal boas! invanance 

f dL J dE,) that <y> =( y-)( --
dy dv 

of ~peClal relatl\ity and the 

î~ \(prnll + d largec) ln other 
2 

words, the trmsverse energy productlon l~ fol'\\ ard back\\ Md S) 1nmctnc ln the trame of rcfercncc of 

the eenter-of-mass of the tv.c protons, <: v> amount'i to 3 () for an ener!!} of ~lll) GeV md .2 4 tar 

an energy of 60 Ge V, 

The experuncntally rnca,,>ured <- ~1 > ln heavY-lon colu'IlOns I~ ~lgrutlcantl) illffcrent from thc~e 

values; the rustnbutlOn5 arc shtfted'. 

Let us note hcre that a fir~t etkct contnbutc~ to the ,tuft· Ille change tram the \anablc '7 to the 

vanable y \\hen the transverse encrgy 15 carncù bl mas'm'c partlcks Wc haH! ~een, \nth l'qU .. illon 

(11) ln !>ectlOn 45 1 that thl~ Shlft 15 qwte small: 1 18 ml p~, th:it arnount~ tu n 023 Il we d'i!>wnc thc 

dorrunance by plOn'i of mJ.~s lJS \leV and Inverse slope IRO \tcV Ille ctfect l!> ~m.ll12o bccJ.use the 

parttcles that contnbutc most to the tran'i\ er~e ener!:!) .m: the mo~t rd.ltl\1\uC - trus effect \\ 111 

effective!) be ncgJcctcd m the ~::qucl 

The faet that the target .md projectùc arc of unequal ~IICS rcsults U1 .1 much IMgcr contnhutlon 

to the!>hift If therc \\as J. complete thennaluatlon of the partiCIpants, \nth l~otroplC re-errusslOn of 

the energy, ...: t7 > v.ould :ùrnply he the rapHl!ty ot the ccnter·of·m..lSs of the panlclpants 11115 I~ d 

rapully changmg functlOll of the raUo q of the number oi partiCipants 

1 (1+(1 ..... 8..,/,,) 1 (1+(1+8)';) 1 
J\cms) = y(cms,q== 1)+ -ln - - t3 ~)~("ms,q= 1)+ -2 lnq 

2 1 + (1- fir;q 2 1 + (1- JI 

ln an Opposite cxtreme, let us comldcr a colliSion betwecn two qua~l-transparcnt nuclci, when: only 

a few nucleon-nucleon colli~lons oceur. In that case, <. '7 > 1!> sunply the rapldity of the 

proton-proton center-of-mass, no matter how large IS the cWIerencc bctwcen the projectile and target 

atomic numbers 'The rcahty l!> probably ln between the t\\O cxtrcme sltuatlOns. That IS, we know 

that a large fraction of the transverse energy does not corne from lsolated nuclcon-nuclcon colliSIons, 

but on the other hand, there IS no abso\ute c\1dencc for thennal17atlOn 

\nother pOSSIble cause of change in < '7 > IS the tngger blas. The selection of central, 

intermediate, or penpheral colllSlons IS made USUlg wmdows of measured transverse energy. If the 

20 ln dN ch/dy, !.he e/Tect can be more unportant 
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transverse energy I~ mea~un:d ln the range - () 1 <-, '1 <.. 2 9. the mm: ~clcctlon of the c\ cnts wIll f.1\ or 

transverse energy fi the r.fib'C -' 0 1 <.. tr .... 2 9 \\1th respect to the other rt.:glOn. uccrcasmg <. '1 > rhe 

strength of this tnggcr bias ('11ect dept:nds on the strength of the corrcl.1tlÜn of the tranwerse energy 

between the bJ.ckward and th\.' fom ard pseudoraplwty rc~om. and !lmce the corrcl.ltlons wcre 

already studJed in 4 5 . trus ~uhJect \\l1I not be turther d.i<;cm~ed herc 10 a\'OIu the tn~er b13S. thc 

transverse energ) in our full '1 acceptance I~ u~eu for the selectIOn of the cn:nt~ lne ~dcctlon \\1th 

dm E r 1~ thc c1ose.,t we havc to an actUJ.! sck'ctlon of Impact parametcr. \\ Ith .1 mmllnum ctl'ect on 

dEr'dIi . 

The second moment \\ of the pscudol'.lpldJty distnbutmn of trm'\versc energy b dcf1l1ed by: 

If we assume that therc arc only a fe\\' I~olatcd nuclcon-nudcon collhions. the .,t'cond moment \\1~I 

be the same J.S that of proton-proton collIsions At fixed cncrgIes. the charactl'fl~tlc" uf proton-proton 

colliSIOns are kno\\Tl .• Uld J.bo therctore the valuc of \\ At \cry hlgh energy, there appears a 

'plateau' . .md wc get. 

w = J'Prol) - .<tarvet) 

" f2 

The Oppo~lte e~treme \H>uld bc a perfeet thermahzatlOn \\1th Isotropie rc-cml~~lOn of the energy. ln 

that case. \\ i~ a mathem3.ttcal constant 

w=::O.68 

The actual w can be expected to he bet\lteen these t\\O extrcmes 0.68 < w < 1 7 at 200 GeV and 

0.68 < w < 1.36 at 60 GcV ~otc that the fat;1 that w> () 68 unpltes th3.t the 'event shape' viewed fi 

the center-of-mass 1S pro\ate along the bcam WrcctlOtl!. 

The third moment of the pseudorapldlty ili3tnbutlon of transverse energy can also be used as a 

sensiuve test of models [96]. llowever the tlurd moment IS zero both for the plate::lU/transparcncy 

limit and the thermahzatton/lsotropy luM. \torc complcx modc1~ of the colliSion could pro duce 

non-zero third moments, but we have deCldcd not ta present thIrd moments fi tlus work. lbe 
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observed ske .... Tlesses arc suffictently ~mall ( - 005 to 0 10 .... ere rneasurcd) that the wstnbutlOns cm 

be fitted with GauSSlaIls. 

BeSldes the mean values. the evcnt·to-event t1uctuatlons of the fust and second moments can be 

conSldered lt \\ as observed that the cvent-to-evcnt fluctU.1tlon of the avcrage pscudoraplility 

decreases appro:umatcl) as the mverse of the tr..msverse energy, as ~h()wn m llgillC 58, for the C.lSC of 

HS_W colhslOm Ille n:uve cxpcet.ltlon I~ that the m.l!!llitude of t1uL1wuom Dt the a\era~ ln .! 

samplmg of the p5cudorapldrty dlstnbutlOn .... lth , parucb, should be w ... \ Smce multlpltc1t\ and 

transvcrsc cnergy arc proportlon~ù, the data an: m contrailictmn \\lth thl~ n.mc npectatlon lb.: 

cause mlght be the adilitHm ot Imp,lct p.lfameter t1uctuattom. tor a ~tud)' of l1uctll.ltlons sec [97] 

The event-to-evcnt fluctU.1tlom at thc mdth .ire .lbout half of the tluctwtlllm ot thc fir~t momcnt (.1 

factor 1'--.' 2 IS cxpected for the !>..unphng 0f :.l ili~tnbutlon \\ nh " pJrtH:k~) Ille \ml:. Importance of 

this for our ili'5Cm~lOn IS th.!t lt 5hO\~ ~ that tht: t1uctuatlOm uf momcnt~ ..ire ,mJJl lncrctare, ln 

heavY-lOm, the .1\ erage c\ ent rçprc~enb rather \\ cl! mo~t tnJl\l\.itwl c\ ent<; 

We summanze the \ .ùuc, of "}/ > for HS on vanous target nuc1cl ln 1 l!-'Urc 59. 

Simùarly, hgurc bD \ho~~ the \'ùue of \\ tèJr 32S collrl1mg \\lth Al. ,\g, W, Pt. and l; nudcl J.'\ ,1 

function of r], Jtftned ln the rcpon - () 1 <}1 <. 5 5, Ine 1 RII lOF ,md !lU" \10ntc C.lflll~ 

undcrcstlffiatc the bacb"ard raplmt} \htft 

ln the col115IOn ... 01 o"<}gcn or ~ulfur nuelcl \\1th large target nuckl. \\e oh..,~r.',: J. dL'crca~c ot the tir ... t 

mO,ment of thc p\cudor Jplillt) demlt) of tranwer!>c encr~ '-}1 > \\lth 1I1Cl'CJ.~mg tr3J1sversc cnerg) 

1ne presence of thls dfect m the ca~e of collisIOns of o'\ygen nu deI .... 'th tungsten nuclCl .... as 'ùrc.ld) 

noted in rcfcrcncc ES5], hut lt \\as \h()',I,Tl for tr..m~versc cnergy ln the pseudoraplmty range -O.! to 

2.9 \\hlch I~ 'h.lck\\MJS', ~o that the obscrved dTcct C..l!l he duc to 'tnggcr bla~ \VIth El mea~urcù 

over a practlcal!) complete domaln of p~cuJorapHhty. trans\erse encrgy, we \ttll ob~er.'c .1 \111ft 

to .... ards the t.ugct \ldc lor Luge tr.m~\erse cner~y nus mu~t thcn he due to .ln mcrc3.~e of the 

proJecttle targe! a~!mmctry .lt ~m'ùl lmp.lct p.u.lffietcr~ compared to 1.u~'C impact paramctcr~ \ 

confinnatlOn of the l'CJ.ht) of trus dfect 1'> glven b) the ~ulfur-AIW1llmum colblOm, ~hcrc no ~luft l~ 

observcd ln that case. ~mce the target nuclcus IS not l.lfger than the proJectùe nucleus. therc ,hould 

not be any back>\ard~ ~hlft .... ,th mcreasmg transverse cncrgy (tf arljthmg, there should be a lorn'ard 

shrft, obnousl) 

We can tentative!) proYlde an undcrstandmg of thcse rcsulb by .lS~unung that < '1 > l~ the 

raplClity of the ccnter-of-mass s~~tcm of the partlCIpants, 'I11e nwnbcr of partictpants m each nuclCl 

can be dctcrrruned from the volume of mtersccùon of a spherc .... ,th a c~hndcr, for .... htch a r.lther 

comphcated anal~tlcal cxpreSSlOn eXI~ts [89] We will comider two lurut cases that were also denvcd 

m the rcfcrencc [89J 

ln the penpheral brut, the volume of intersection of a sphere of radIUs r with a cylinder of 

radius Rat unpact parameter b 15: 
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The measured fluctuatIons lJf < ~ > as a tunctlon of the Er' It is fitted ta 

a llET law. 

therefore the rauo of the nwnber of partlClpants 15' q = (..:!.!.)I 6 and the Ci!nter of mass raptdity is the 
AT 

l AT t 1 AT 
proton-proton center of mass rapaitt\' plus -ln((-) ~)= -ln(-) ln the central case, for a large 

• 2 Ap 12 Ap 

3 A Il 

target, the rauo of the numbcr of paltlC1pants 15 q = ~ _T_. ,and thercforc the center of mass rapldity 
2 A ,] 

p 

1 3 A 113 l 3 1 A 
differs from the proton·proton one by -1n( - --fJ)::= -2 ln -2 + -6 ln( -AT) 

2 2 A~ p 
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Figure 59: 

ETC GeV) 
S-AI 200CeV S-Ag 200GeV S-W 20CGeV S-Pt 200GeV S-U 200GeV 

The first moment of the pscudoraplwty dCllSlty of trans\'er~c cncrgy < ~ > 

as a fum.1.1on of transverse energy for "anous targcts lbcy ..l.I"C fittcd \nth 

the prcructlOn of the r.lplwty of the ccnter-of-mas~ of the p3rtlL,pants glven 

by [89], the lmpact paramctcr bemg obt.uncJ from the value of Er u'\1Og 

W~\1 geometnc..ù fits Ine upper Cillve rcprcsents the predictIOn of IRIS 

Thus, ",e see that ",hen the target nucleus is larger than the proJectùe nucleus, the central 

collislOns are more back:wards than the penpheral ones, ümply by kmcmatles and geometry 

The case of parual stoppmg \\lth .l plateau IS partlcularly mterestmg ~UlcC It ent:uls a 

relationslùp bctween < rf > and w We will use lt as a Otfl order approxunauon for the behavlOur of 

'string' models. The assumptlon 15 the foùowmg: The leadmg baryons carry no transverse enrrg;, lt 

is ail carried by the produced mcsons The transverse energy IS produced Ul a flat plateau bctween the 

rapidiues of the two sets of lcailing baryons, 10 agreement Wlth the inSldelOutside cascade picture. As 

a consequence, dependmg on the degree of stopping, < 11 > will vary from the proton-proton 

center-of-mass ta the center-of-mass of the partlC1pants . 
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Figure 60: Ibe .... '1dth w of the p~eudorapld.tty dhtnbutlOm of trans\'er~c energy, as a 

functlon of ET The curvc 1~ the IRIS prcdtction . 

ln order ta proceed, let us cali Il the height of the plateau, YI the rapHllty of the target 

parttcipants (of total mass Ml)' and Y l the rapHlity of the proJectue participants (of total mass Af.). 

The conservatton of energy and longltudmal momcntum, together .... ,th the as~umption of a fiat 

plateau, make it posslble ta dcducc J\ and Y2 as a func.:tlOn of 1 I. The symmctry aq,'1JITIent ..... heh 1~ at 

the base of the t1atness of the plateJ.u 1S hkcly to break down whcn the two baryons are too close in 

rapidity (Yl- YI < 1). ~ot comndering these problems, wc arc left to ~ol\'c: 

S E= Af1coshY1 + M2cosh~2 + 1l(SIMY2 - smh}) 
lP= Al 1SUÙlY1 + M2smh} 2 + lI(coshY2 - comy1) 

where the tenns mil represent the mtegrated energy and momentum carried in the plateau of 

constant he1ght H. nus 1S a second degree equation in YI' Yl with solution: 
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ln these equatiClfiS . . \f~\{ l~ the square of the t:nergy dv.u1ablc lI1 the Ct:nter of mass (also called s). 

E - PLI the iliffcrence between the encrgy and the moml!ntum m the laboratory frame of reference IS 

very weil appro:runatcd by the mass of the tJIgct .\1) Ille rdatlOnship bct\\een w = 0'~ - J) " l~ 

and < tJ > = Y l + y) that l~ obtamed for ~ulfur tungstcn coll1~lons I~ plottrd m Ft!,.'Ure b1. 1bc data 

points appear ta cùsagree; the t'.lise asmmptlOn of the t:Xl~tcncc of d flùl plateau fi nuckon-nuc1con 

collisions IS the most ob\"loUS re,l~on (but ma) be not the onl)) ot the faùurc of tlus model 
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Figure 61: 

-------~-~--~------------------------
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< Tl > 

The width w of the pseudorapldity distnbuuon of transverse energy 1 as a 

function of the fust moment < ~ > • for 32S_W collisions, m the hypothesis 

of 'fiat stnngs'.. Experunental data point is mwcated. 
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In conclusion, wc ha\ e seen that the p~eudor .lpH.uty dl~tnbutlOns of transverse cnergy 10 heavY-lon 

collisions are well dcscnbed usmg ~lffiple Gausslans We have chcckcd the accuracy of the 

experimental reconstructlOn of thc5e cun'cs by Venf)1ng the effcct of the proJectlle/target 5)mrnetry. It 

appears that the production of transverse encrgy 15 ecntcred about the ccnter-of-mass system of the 

parttcipatmg nuclcons, as If there \\as a complete stoppmg followed by a l~otroplC reemnusslon, 

\\hereas the \\ldth in raptdity of trus productIon of transverse encrgy sigruficantly rusagrees. 

4.7 Hydrodynarnic phenomenology and estimates of the energy density 

The fact that the average pscudorapldtty of thc transverse t'nerg) productton IS thc pseudoraptdity of 

the center-of-mass, \\hIle the trm:,vcrse encrg)' cmlS~lon I~ not l\otroplC, l, be,t e~pla.med by the 

h~drodynarruc rnodd of lon~tudma1 C"\.panslOn In ,ectlOn 1 13 , \\e have bccn usmg sorne drJ.sttc 

,tmplifications \\e ;tIe making a ~tnctly om;-thmCmlOllal computatlOn whllc 11 l~ knmm that a 

expansion also takLs plaœ tr.llsycr~ely; wc have ~uppo~cd that duc to the Imtl..ù hlgh \1SCOSlty, the 

'Shock wave~ arc 'd.1.mped olf \\ hile the)' could carry a large arnount of tranwcrse momcntum; afld 

.... c have cOll'lllkrcd that the tireh:ùl has an Illltlai G.lmSlm denslty, \\ hùc qwtc illffcrcnt shape, of 

denslty arc pcrhaps cre.lted 

Even hmdcred bl' thesc ovemmphficatlOns, the hvdrodynarruc mode! of longItudmal expaflSlon 

cnables us to reproducc the ~hape (sec FIgure 62), tirst moment of pscudoraptdtty (the average 

pseudorapHitty), thc \\1dth of the p~cudorapldity rustnbutlOll, and the constancy of the average 

transversc f!10mcntum pcr partlclc (due to a more-or-!css comtant frcc.lc-out tcmperature), On this 

la st pOlOt, It must be s.l.ld that afl extremcly constant .lvcrage traflsvcrse momentwn has becn 

~lIggested as .i ~lgnaturc of the hrst~ordcr pha~c tramlt10n [91\]. 

A ÙlrCct preruCtlon of our modcl 01 longltuùm..ù expm~lOn I~ that the pIOns are errutted from a 

volwne that 1<; 4wte l.uge comparcd ta that of the ,rutlal 'compre~sed nuclcar pancakes', partlcularly 

fi the longnudmal dlrectlOn Ille mtcrfcromctnc mcasurements of the ~AJ5 collaboratton scem to 

confinn this [99J II OOJ . 
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The expenmental dEr<ht (solid Ime). 'Ibis 15 comparcd to our 

hydrod)nanucs prcdK"tlon (dashed line) of section 1.13 \\ith! = 9 

4.7.1 Comparison with first moment 

In this hydrod~narruc model, the fust moment of the pseudorapHilty is by definition the rapidity of 

the ccnter-of-mass of the partlClpants Wc have secn ln the Figure 59 that the data agrees ta a very 

good prcclSlon \\1th tlus prcruction l'or \ alues of the transverse energy up to the value \\ hich 

corresponds to the central COH1SlOilS, the unpal.'t pararncter corrcspondmg to a gJ.ven transverse encrgy 

can be calculated ln a strrughtforward \\a\' Tne < YI> at larger values of the tram verse energy, 10 the 

frarnework of the hydrodynarruc model, would be eltplaincd by a rare fluctuations of the nwnbcr of 

target partiClpants, \\lulc the nurnber of pr01Cl.'t11c partlctpants 15 fixcd ta 32. When the derivative ot 

the forward transverse cnergy "'1th respect ta the number of target participants 15 tJ.ken. the incrcase 

due ta the mcrease of .'/$ IS compcnsated by a decrease due ta the rapld.tty shift. 1b.is can be 

calculated in the frame\\ork of our slffiple hydrodynarnJ.c model, and numerically, the cancelation is 

aImost perfect 10 S-W collisions. provlCling a quantItative explanation for the mdependence of ~'F 

from ETS at least lfl the case of W . 
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4.7.2 Comparison with width 

As seen in the mtroducuon, longltudmal expansion during a tlroe of 8±2 units brnes the initial size of 

the gausSlan results in \\ldths of the pseudorapldity d.tstribution of the order of 1.2. lrus is a !>light 

underestimate of the data. ln add.ttion, the narrowmg of the distnbutlOns \\lth incre:lS1ng transverse 

energy is not explamcd by our simple hydrodynamic model. A broaderung of the distributlon cornes 

from the \ anatlon of the rapHhty of the center-of-ma'\s along the Impact parameter dtrection \\ hen 

the impact p:U:I1l1cter 15 non-7ero, but the magllltude does not dppear ta he sufficÎent. Presumably 

the \\ldth, at Yery ~rnall trartsversc cncrgles, is ultlmately uetcrrnmed by the charactenstics of 

inchvidual nuc1con-nuclcon collmons. lt 15 speculated that more comp1cx J.nd reah~tic h)drodynarruc 

rnodels might accowlt for an mcrcased \\ldth with respect to the \\ldth that wc obt.un starting from a 

Gausslan profile at rcst 

~onethelcss, it must be remembered that the agreement \\1th the modd of longitudinal 

expansion 15 mueh bctter th::n \\lth the predtctlon of i~otropy (w::::: 0 (8). 

4.7.3 Attempt to identify an exclusive signature of hydrodynamics 

We have attempted ta confirm unamblguously the hydrodynamic model by the observation of the 

small expecteù correlatIOn het\\een raplrnt) and a7Jffiuth, \\ hcn the Impact paramctcr is non-zero, as 

discussed in section l 13.1 of the mtroduction It would apf'ear as a pO~ltt\'L correlation, appearing at 

medium tram\'ersc cncrgy (m arder ta select rather large lffipact parameters), between the transverse 

energy of two regIons scparatcd by 180 dcgrccs m ..t7.lmuth . .md locatcù on dtfferent sides of the 

center-of-mass raplmty. 

In order ta invesugate thl~ pm~lblhty, \\e ha\e swnmcù the tram"ersc energy of the scmtilldtor 

calorimeters photomultIphers dIld of the clectromagnetlc part of the CLAC m 64 rcgions makmg an 

8 x 8 gnù in p~eudorapldtty and a.t.1ffiutl. The rcgIons arc about 0.7 m raplmty :md exactly 45 

degrees m a.l..tmuth The mea~un' of the correlatIOn IS sublcct to ~ystcmattc error~ that mclude the 

effect of triggcr bias, and mtercahbratlOn errors. Our sample of:::: 1 000 000 cvents was dtvided m 20 

bins of raw multlpliClty in RI~G2. The correlation betwecn two rcgions i and J is calculated by: 

< EE > - < E > < E > 
C = 1 ) J 1 

1,J < E > < [: > 
1 J 

The rnagrutude of the stattsttcal error has been estimated by taking the same correlation 'With several 

pairs of regions rotated m amnuth; ln arder ta get rid of spunous (non-hydrodynaITÙc) correlations, 

we have subtracted the correlation at 90 degrees from the correlation at 180 degrees. The most 

obvious correlatlon at large dtstances i!> the cirect of the conservation of momentum, which results in 

a correlation inversely proportlOnal to the total multipliClty. In Figure 63 wc plot the product of the 
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raw RI~G2 multlphC1ty by the cOrrelJllon between the reglOm of pseudorapH;hty 0,9 < '1 < 2 0 and 

2.9 < '7 < 3.6. These t\\-o I"egions are located on the 1\\ 0 ~ldes of the maximum of dEr dr!, and 

therefore we should obsen'e the h)drodynarruc correlation defined ln section 1.13.1 peakmg at 

intennediate impact parameters . 
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The product of the correlation dcfincd in text by the raw multiplicity ln 

RI~G2, Cij :\ch (RI:\G2.raw). as a function of ~ch (RI~G2.raw) used 

as a measure of the UTIVact parameter The upper curve rcpresents an 

esumate of the expectcd SIgnal from hydrod)narruc correlations, peaking at 

intennediate impact parametcrs (b == 0 corresponds ta :\ch (RI:\G2, raw) 

~ 180). The lower curve gives the value cxpected from mOf'.lentwn 

conservatmn. i 
'----_._-~ 

The excess correlation at medium transverse energy amounts ta: C'J (additional) = O.004±0.002. It 

is compatible Wlth the order of magnitude expected for the hydrodynanucally mduced correlation 

&cm our mode! (0.014), but does not agree wlth it. and a null effect is not totally ey;.cluded. TIlls 

data might suggest that an hydrodynamic behaviour only establishes at nearly central collislons. A 

similar concluslOn of very small col1ectlVe net transverse momenta was reached in a study [101] of 
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the target fr.1gment.lfJon reglon by the \VA80 coUJ.bor.ltlOn. 

The correlauon between other rcglons of pseudorapuhty gave consistent rcsults. ln a systemauc 

study for net collective transverse momenta, aU the corrclauons would be combined together to 

reduce the statlsfJcal crrors nus 15 outslde the ~cope of trus work. 

Another exdUSlve signature of OUI hydrod)nJ.llÙc modd \\oulù be that the rapldity ùenSlty of 

participant b.l1) ons should be the ~..unc as thc rapldtty dcnslty of cnergy densny, that 1S, strongly 

peaked at the ccntcr-of-mas~ rJ.plwty 

4.7.4 Stopping, energy density and Equation Of State (EOS). 

The estlmate of the encrg) demlt)' dl~cu~sed in the introductIOn cm he userl 33 an expenrncntal 

measure of the energy denslt)' provlded \\c takc mto dCCOunt the f.lct that a fractIOn of the energy of 

the two nuc1cl may JeJve the mteractlOn TCglon \\1thout hJ.\1ng contnhuted ta the energy deI\Slty 

'l1ùs leads to the follO\nng forrnu1J. for the: encrl-'Y de:mlty. 

E e=E __ T_ 
'JE 

'T,miU 

where EMis the energy dcnsity of equation (4) discus<;ed in the introductIon. 

The cncrgy denslty has oftcn becn computed [85] [86] by as~uming that the fireball of high 

energy denSlty dccays hotroplcally, rcsulting m ET.,..o. = 11: 14(.J,S -- In.S T + \' p». 

ln the framework of our Simple model of longitudinal CXpartslOn, trus gets reduced ta 

ET,MOJ< = rr/4(..j s - m(N T + Np) - :XL)' where :XL = O.35±O.1O ,.J~. Thcrctorc, lugher cnergy ùensltIes arc 

produced. 

The values of stoppmg, naïve exprcs!!ion of the energy dcnsltyll , artd encrgy dcnsity taking mto 

account the work of the longItudinal expartsion, arc h~tcd in Table 24 

21 The factor n/4 dlscussed III the lDtroducuon 15 present here 
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Table 24' Summary of the stoppmg fractIons for a\crage central colltsions 

nuclei [,r stopping(naïve) stopping E(nahe) e 

[Ge\l [~\'/fmJ] [~V/fmJ] 

\ 
1 0 - W 200 Go: V 180. 1).46 076 34 5.6 

~200GCV 335 049 080 4.7 7.8 

'The large values of stoppmg obt.uncd ln the framc\\ ork of our modcl arc consIstent \\lth the 

observauon [102J that the k,uhng h..lf)on IS shiftcd ba.:ic\\,ird~ hy ~ 25 uruts l)t rapldtty ln central 

collisions of protons \\ Ith l.lrb'C nudel hkc \V, and \\lth the LK·t that the dl~tnhutlOns of 'cnef!2) .1t 

zero dcgree mCJ.surcd by the WASO .:ollabo::'3tlOn cxtemi down to dbout 1 10 ot the bcam cnerg:, 

[103], hoth ot \\ hlCh lmp!} ~torpmg~ of the onk: of 0 90. 

Another lnterc~tmg comoequwcc i~ that the fmal multiphC1ty, the rinal \\1dth of the 

pseudorapld1t~ dlstnbutton. and PI per p,U1tclc arc morc innucnccd hy the propcrtle~ of the mJ.ttcr 

itsclf than hy the characten'\t1c~ of the InItial productlOn mccham~ms (haryon collislOns). Ibis 

providcs \nth PO\\ CllW new toob ta mVeStl~dtc the questlOn 01 the phase tran'lltlOn 

For examplc, It 1~ rel..ltlvcly casy to ~how thd.t the final dtstnbutlOn ot T.iP\dtty ID the gwen 

\olurne cannot pO'i~lbly rcsult from .iD .idiabattc c'\panSlOn of an Ideal plOn gas. I1Ie 

Stephan-Bolumann exprcS'llOnS for the energ) demIty and p.lftlclc dcn~lt} of an Ideal plOn gas arc. 

where , is the RIemann zeta functton, the average encrgy per particle is 3(4)g(3)kT~2.7kT. 

Charged and neutral plOns are assumed. The expenmental \vldth of the pseudorapidity distributlOn in 

12S·W collisions glves (using the assumption of an ideal plOn gas) the initial energy dens.it~2, 

temperature, and mulupllcity denSlty (total multIpltctty lS ~ 1000) of 92 GeV/fmJ , 180x(l6)1"~ = 360 

22 calculated as d1scussed ID the secUon 1 6 of the rnt.ruducUon 
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\1eV, and 18 fm3 rc.,pectlvely Ikre. the nurnher 16 Cù1TC~rcnd~ to the r.lt1l') nt the fmJ.Î to the 

irutial cnergy dcnsn)' gJ\en 0) 11~'Ul"C 8 for th.: rne.l~UITÙ ~:\p3.miOn r:::::q, .w.d for an ldeal gas, the 

temperature ratIo 15 the QlLil11C root of the denslt}' r.ltl() Ille se numbcrs Jo nO( agree \nth the 

Stephan-Bo1t.wulUl cxpreS~lOn lor 1 ::::: 360 \tcV, E \\ouM h;l\e becn -:::: 2 GcV fm3. Ibere are too 

many partlclc~ \\1th tao small tcrnpcraturc In the final ~t.!te, tor th,: mltl.ù. and mtenncmate stages to 

havc becn perlect pIOn gase~ ~tachcl and Braun- \1U!l1_Ingcr (39] h.!"e suggc~ted that thls rrug.ht he 

an mwcauon of a pha~c \\lth quark mù gluon dq~ree~ of trccdom. 

4.8 Results from the extemal spectrometer 

ln the frWH!\\ ork of the h\ drod~ n.unle phcnomcnology .md of the po~slblbtles of very large 

~toppmg::., thcrc arc h\o c'\pcnment..ù pomt, v, herc the e'{temal ~rcctrometcr ('.ln pmslbly mcrcase 

the c\1dencc ln !"J\our of the h:drl)(l~n.l1TlIc mode! Ilr~tly, therc !) th\! que~tlon of the tr.lns\er,>c 

momentum per p.lrtlcle. lt l~ prcdlCh:d th.\t the dr,tnbutlon 01 \econJ.mc ... ,hould retkct the 

productIon trl.1n1 thc frec/e-out of .1 thenn.lll/l'd \\ \tl'In 1111.:n:lllrc, the \pectra of tram\ er\e 

momenta ,hould ~t.1y morc"()r"k\~ IJcntlcJJ If \\C \d.!'}' rdpldrt\. Imp,lct p.lf.lIIH:tCr, or ,IlC nt nudel 

Ibe cxpenmental n:~ult~ trom the cxternal \pcctrometer reveJJ th.!t the "'pcctra of tran~\ er\c 

rnornentum arc Hkntl';:,ù to .! \e~ l.uge pITCl\IOn (lIgure tH) 1 Ll\1n~ \\ulheJ the \.tn.1tlon oi the rI 

pcr partlclc a,> .1 lunctlOn ot tr..ll1wcr\c em:rg} , It rcrnJlI1S to h~ ~tuJI("d .1\ 3. tune"llOn of r.lplwty I1w 

prehmm.lry rcsults [1()4J[S~1. mmg the p\cudoraplwt~ JI~tnbutlOn ot multlpllelt) mca~un:d b! the 

~Ihcon dctector\ comp.!.fCd to the p'>CUJorJplwt! ùl\tnbutIOll\ of tr.u.,>\ C'r~c ener!,,'). ,eern to mJJC.1tc 

that the average PIper partlck doc'> not "al) rnuch \lltL p\cUdOrapldlt!, \\ hlch \\ ould ~uggcst th.!t 

the P r 'pectra are mdcpenJcnt of r.1pahty A 'lmllaI rc\ult 1'\ found for the .1\ cTdge PT per partlele 

of the ncutraJs [1051 

Secondl). U\m,!! the p.utlc\e IdentificatIOn capablhty ot the cxtcrnal "pcctromcter [69]. \H! should 

investigatc the bJ.l)on meson ratIO J.S J. functlOn of raplmty If tlus ratio IS Jlmost constant, It w111 be 

eVldcncc for the .lpplIcablbty oi hydrodynJlTllcs md of a large ~torrmg. 110\\ c\ cr, dt the pre~cnt 

~tage. the anal) SIS of the data frorn the cxtcmal spcctrornetcr I~ at an cMly 'tage Prclunmary rcsulb 

from the 'A35 collaboratiOn [106: mwcatmg a IJIgc nd baIJon demlty at the ccntcr-of-mass 

rapldlty m ccntrJJ J2S·,lS COUl~IOns, arc favounng thlS posslbllity. 
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The inverse slopc of the PT dIstnbutlOn of ncgatlve paruch:s. as a function 

of brB' in the external spectrometer acceptancc (0.9 < Y < l 9). This 

completes a ~can of nuc\ear sizes and Impact paramctcrs . 
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Cbapter 5 

Conclusions 

'The HELIOS expcrirncnt has bccn succcssfully operated dunng the two 2 wccks pcriods of heavY-lOn 

runrung of the CER:\' SPS Ifl 1986 and 1987, thC5C rcprcsented the first bmc th.It temperatures of the 

order of 200 \1eV mer large \'nlume~ h.l\'c bccn aduC\cd III .1 l.ihoratory cn\"lronment. Carcful 

calibratlOns of the I..:.l.!onmetcr<, mamtamcù o .... er 1011)1 pcnoJ" nt tlme through mC:lsurcmcnts of the 

~ignal produœd hy the r,lwodctl\'lty ot the depktcd l r,uuum . .md h\ ptù"mg \\lth hlgfl-pn':C1s1on te,>t 

charges, pcrrrut a preel ~!On l)f 7~ 0 on the absolutc tr.ms\ ene ener!:-'J ~c.l.!c :.lJlÙ of the order of 1 to 2~ ô 

on the rd.1tlvc mcrg) .,,(..a!c .\n dcctroruc tn~cr ,\ ,tem .ùhm,> the t.1"t recogmtlOn of the cncrgy 

flow charactemtlc, ot an l'vent for the !ugh-,>tatlstlc,> (l,llectlOn of (cntr..u co111"lOn,> and of r.ue events 

in the t3.Ù of tranwcrse energ)' de mIt) Small "thcon h()dmcopc~ :md ,\ ,pectrometer covcnng d 

fractIon of soltd ,illgk LhM.ictcrvc the tr;!m\'crsc cncrgy no .... 

Aftcr the c\ cnt~ from ~e\'cral tdIgcb J.1'C \eparatcd lrom the back.ground of non-targ~t 

intcraL.'tlOns, rcwg1luablc h) pccuhar corrclatlOn~ of the rut~ In the silicon hodmcope, \\ c mamtam 

preclSlons of the order of a kw pcrccnts through the correctIOn ot the p~cudordptdity rustnbutlons 

and the ili~tnbubom 01 tran;vcr~c energy nle~c corrcctl\JI1'\ arc made t.'>m!! \1umc C .!flo slffiulatton 

of the dctcctor~ gwdcd b~ our l..i.hbrJ.tton meJ.!:>urcmlnb JJ1d wntlrrncd by mca~u.rcmcnt" a.., far a~ 

the calonmcter t1uctu.itlOns dIe conccrned 

lbe ~hapc of the dlffercntlal croS~-,CL"tlons of trJ.Ilwcr'iC cncrg) rcth:cb thc gcomctry oi lmpdct 

paramcter~ and alJgnmcnt of dcfonncd nude! We have c~tJ.bh~hcd how to cxtract the ph~ ~!c.u 

parameters of central colhslOns from the se ili~tnbutlOllS. Ibe transverse cnerg) of a central COUl'ilOn 

is a power functlon of the J.tonuc mass number \\hcre the exponcnt 1\ varywg Wlth the 

p!>eudorapldity l'average of the transverse cner~ mCJ.mrcmcnt lne faet that our pscudoraptÙlty 

acceptance is separatcd ln a bacbvard and a forward fCglon pro\.ldes addttlOnal Imlght on the 

dynamics, ~uggc~tmg that the mecharu~m of trans<,'Cr~e cncrg) productIOn m the forward region may 

be inde pendent of the mecharu~ of transverse encrgy production lU the bJ.ckward region ln 

collisions with large target nuclei It also proVldcs a way to mtercaltbrate the transverse energy usmg a 

symmetry of nature. 
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Ille exanunatlOn of the p~cudorapldtty lilStnbutlOn5 of trartsvcrse energy shows that \';hlle a 

large fractlon of the cnergy .lY3.l1able lrutia1ly m the center-of-mass 15 gomg lOto the formatlOn of a 

fireball, the energy flaw from dus fircbaJl Is not isotropie lrus suggests that the final cnergy flow ::.s 

largely detemuncd by a \ cry large fraction of the encrgy bemg ~topped m the center of mass and 

undergoing a hydrodynanuc expanSlOn \\hcre the longnudma.1 expanSIon donunates A simple model, 

where a gausslan profile of an Idcd.l gas expands untt! frcelc-out condltlom arc met, essrntlally 

reproduces al! the charactenstlcs of the tillai energy f1o ... \- If tbs ~ccnano 15 truc, the final 

charactensùcs of the ener!:!.)' llo\'; ,ire rnuch marc detennmed hy the multiple femteractlOns of the 

second.mes - pos~lbly h) the LquatlOn of State (l'OS) - than by th~lr Huttal rustnbutions in 

proton-proton colli!>lOns '\0 kature of the final ru,tnbutlOm 15 found \\ meh dlsJ.grces .. nth thlS 

mterpret3.tlon In partlcular, \\e h.I.\C scen that the fmt moment ot the p~clldorapldlty wstnoutlOn of 

transverse encrgy IS rather well detcrrruncd h~ the ccntre-of-m.l~~ raÇlldltv of thl: partlC1panb, .ln 

cmpincal fact thJt .my propmcd mode! \nU h.lvC to rrproducc 1 hm ever, .m t:Xc1mn e ~Ignaturc of 

hydrodynarrucs l~ ~ttll necded !lus ~lgn..iture would have ta be comp.trabh: ta the ':Vldence gJthercd 

m fa\our of hydrodyn.umcs lI1 lo\\cr-cncri-'.Y expcnrncnb \nth hL.l\'y-lOn'i We 11.1\":: ~t:lrtcd, 1I1 the 

prc~ent work, to develop the techmquc~ (\1c3.',urcmcnt of cross-~cctlOn'i dt h.1lt p!J.teau, corrclatlom 

of transverse c-ncrg) m r.lplwtv ,md aJ,lInuth, arnong other-;) .ùlowmg the extr actlOn of the d)11amlCal 

mfonnatlOns on the energ) 110\\ trom Ùl~tnbutlom \\ hen' the colh .. lon groInetr)' plays an unponant 

role, A very detatlcd underst.rndmg of the geom:.:tf) I~ nCl.!dcJ ln ordl.':r to n:.1eh that go a.! , and a 

descnptlOn of the lluclc:lI' gcometl)' ddincù 111 tcrms of ~pherc, .md clbp~Otd~ wlth ~harp cdgl's, 

although alrcaùy vef\' dct3.llcd, i~ probably not ~ufliClent Ilowcyer the :m.J.I)tlc forrnuhc dcnvcd \\ith 

trus geomctry prcJ\1dc meful bUldehnc, for ,\ ~ltlL1tlon \\ herc the nuclear gcometry dCSl.'TIptlOl1 \n11 

becomc cvcn more Jmttfied If large nuckl ~uch a~ Pb, or L, arc accc\er.lted fi thc future, 

Very large valuc~ ot the ~lOrpmg, meJ~un!d bl' th.: tran"\er~e energy dmdeJ bl' the ma;illnwn 

transverse energy, have bcen obseryco \\lth the 1J.!!!e~t target nuclcl; tlm ~uggests that the 

hydrodynarrue ocscnptlon of haurome matter, \\ hlLd ha~ to be vahJ for vcry large nudei, IS more and 

more relcvant as \\ e mCTI~ase th.: ~Lle of both Ùle target and the projectIle 

If we no .... rn.ikc .m outloak of the:,c n.:sults, \\C ~cc th . .tt the meJ.surement ot hydrodyn.uJ1le 

quantltlC'i are cornpuhory ln ordcr ta mC..isurc the eqw!lon of statc (LOS) As d tirst step, .... c \\ould 

neecl an exclu~nc .. 1!:!lutUrc of hvdrodyn;uruc~, togcther \\lth the observatIon, .... lth lfil.:n:asmg nuclear 

sizes, of the onset of a hydrod)l1arruc beha\;our above the beha'iour dtctatcd by thc !>uperpositlon of 

nudcon-nuckon collt~lOns. 

'l1Ie \,;ldth of the ObSClvcd pseudorapuht} dt~tnbutlon \';ould then gt"e us the amoWlt of 

expansion that has taken place_ From that, and the observed final temperature, 

asSW1llng the EOS of an Ideal relaU\.'lSlic gas, we can obtain the inlual tcmperature. Smcc wc also 

know the lI11ùal energy density (thls knowledge \';as improved fi our study by recognizing that the 

energy flC'w does not have to be l~OtrOplC), wc have a fust measure of the terms of the EUS (E(])) . 
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If the measured EOS corrcspond~ to thJt a~~unung an hk3.1 relatl\1stlc gas, tht:n the logJc loop I~ 

closed. In the case tlus conwtlon 15 not satl~ficd, wc cannat direct!) measure the l'OS bceause .... e do 

not know the lnttlal temperature. Wc ~till have, howevcr, J. rncasurc of the lOS, but SInC'C the mitial 

temperature 15 then itself dependcnt on the l'OS (in a \\ay that must be cstabhshed by computer 

simulations), a ~olutlOn will he found only by ~olnng a pol)nomlal cquatlOn In the EOS (or 

equivalently ,\ polYl1OTrual cquatlOn in the lIIitial tcmperature), mstead b) a ~tratghtfor\\ ard 

measurement. 

We have ~cen fi 47.4 that the [OS cxpenmentally dmm from that of an IdcJ.l plon gas, the 

deVlatlOn indlcates that the InItIal hlgh·tcmperature ~tatt: had more dcgrce~ of frccdom that the tinal 

statc. thus \\e \\1U have to follow the pro!-,!,.uTl outllncd above m onkr tn n:.:ùue progresses on the 

rneasurement of tht: l'OS Ilu!> unrhç~ that \Cf) hl~ statl'ltlcs data \\ould he nceded .md 

consIderable effort" from the thcory "Ide rcque\tcJ for lb hetter under<;t.mdmg rht:re eX1sts a !>trong 

motlvatlOn lor the~c stuilles m VICW ot the bIge energ)' demltle~ thJ.t arc ,'reated ln .my case ln thcse 

COlli!>lOns (for an e~t1TTlate J. Id BJorkcn ~œ [~5][!\tl] [lU~]), ,md nt the \cr" Luge ones that are 

ereated tf our under~tandmg ot the lonp:nudm.ù t:'p.m~lOn 1" correct 

lnd.:cd, th~ enen_')' den,lt), \\ hen the \:Ifcet of the h) dmdyn.l.mlc \\ ork Jonc h) the longItuwnal 

expansion l~ mcluJed. I~ found to be ot the order ot 10 Ge\' fm J
, ,md thcrcfore dc.uly much abovc 

the cntlCal \,ùuc of dbout ~ 5 Cie\' fm.l obtJ.lned from l.tttlC!.: QeD C.:ùcuJJ.tlom for the 

deconfinement tran~ltlOn [15], .md cle.u-Iy b.rger thm the energ) demlt) ot ~ () 15 CieY'fm J msidc 

the nucleon. 
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Appeodix A 

Exact fonnulae for hard-spbere onclei. 

The approxunation that the nuclci arc sphcrical. with a umform denslt}' mSlde the nuc1car rallius, 15 

often used, 'This hrrut bccomes mcrcasmgly "allÔ for large nuclcl. In tius Imut, thcre eXIst exact 

analyti~ cxprc~slOns for ccnam quanutics 

A.l Tbe number of nucleons in the central tunnel 

The volume of the central tunnel I~ olten Jpproxunuted by taking the wameter of the larger nucleus 

times the ClIcular J.rca of the \m.ùle~t nuckm lt corre~ponds to 'making the edgcs of the tunnel flat' 

It is instead pm;lblc to compute th1; \olumc cxactly' 

r 

f 
~----, , 

V = :"--:;nb."(2'" R" - x') 

o 

changing van able to z= x?, wc obtam a bmorrual fann: 

rl 

V = f 2Tcdz(R2 - Z)I/2 

o 

multiplying through b) the dcnsity, dcvelopmg the factor 41t/3, this fannula gives a particularly 

simple fannula for the number of partIcipants in the largest nucleus: 
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(A bemg the numbcr of nucleons of the nucJcm \\lth radIus R, and B the nwnber of nuc1eons of the 

smaller nucleus \\1th radIus r) 

A.l The number of collisions and the ol'erlap integral in the central case 

AS5unung the nuch.'u'l I~ ~rhenc.ù \nÙl wuform den"lt\', the c'{pcctatton value of the number of 

colli!>lOns 15 glycn b~ thr oycrlap mtegral. 

r 

1 == J xdx J dç,(ZV>~--= ;~)(2" R' -=-bY----2b.'C c~sCP -- x:) P~q." (12) 

o 

nus oycrlap mtcgrJ.! 1., C.iS~ to compute \\lth a \m.ù1 ,omputer program, but it I~ \cry hard. and 

pcrhaps Impo~~lblc. to makc the mtcp-.ù .U1.lh tlc.ùly ln the gcnerJ.! case. lt 1!> pO~~i\ble ln the central 

case. When the Impact parametcr b I~ zero. cq\L:l.tl0n (12) 1., lust 

r 

1= J:! .. rXd.\"(2",r/~-~--\zJ R2=-~ ... h P:(f,n 

o 

.... hen: .... e rccognue the proJuct of the duckncsses. Simphfying: 

r 

J .j 2 ' 2 ' , 
1== Snxd.'C (r -x")(R -.'C') p.",/\ 

o 

chartging van able to z ==.:x? : 

rl 

/==I41tdzJ"(r2-Z)(R2-z) p2(j1l' 

o 

h' . hl ~+ ~ c angrng vana c to y :::: 2 - z : 

~+,) 
--2-

I dJ 2 1 2 22 2 
1 = 41't Y Y - 4 (r -- R) p CT 

~--,) 
-2-

III 
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The primitlve of the hyperbola ..[;? - K2 
IS found by integrals by parts, it 1S 

1 1 .) vl If sh- 1 K ïyV y - 1\. - 2"co yI 

Therefore: 

The final sunplification, usmg cosh - l( R
l 

+ ? ) = In( RR + r). gives: 
Rl-? - r 

( 13) 

A.3 Participant volume at non·zero impact parameter 

The expreSSlOn for the volume of intersection of a sphcrc (radius r) \"'"1th a cyhndcr (radius R) at 

impact pararnctcr b i!o: 

v=- ~r38(R- b)+ 4 [n A2
.s _ K(As- (A - m(t! - C)_ ~A - c)(s+ 4A - 2B - 2e) l 

3 }.'/A-C C 3 3 

when r> b+ R, 

+ 4/3 [n FI-.s + A1.1(A - 28)+ (A _ B) 3B- C- 2A ]+ ~A - C)( - s+ 2A + 2C- 48)1 
../A-C C 3 3 

when r< b+ R, and 

4rr 3 4 3 - 1 2.JbR 4,.....--;::. 2 ( C) -r 8(R-b)+ -rtan (--)- -v A - qs+ - A-
3 3 b-R 3 3 

whenr=b+ R . 
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Here e 15 the urut 5tep runctton, l\==-l\(k) 15 the complete dhptlC mtcgral of the first kind, 

E=E(k) 15 the complete ellipttc mtegral of the second klnd, and fI=ll(k, - ;,:J) is the elliptic function 

of the thlrd kind, and: 

2 ' A =max(r ,(b+ Rn 

{ 

B=min(r2,(b+R)2) 
C=(b- R)-:' 

2 R-C k=-
A-C 

2 B- C 
-:1::::: --

C 
s=(b+ R)(b- R) 

The dcrivation of this fonnula. the nurncrical mcthods necded ta use it, and examplcs of 

applications are glvcn m rcf.[Sq]. 
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