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Abstract 

II 

1 p'resent the measurements, analysiS" 'and rcsult,obtained with the NA34 expcriment at the 

CERN European laboratory, on the global charact6ristics of partic1e production ln ultra-relativistie 
'"'- .. . 

oxygen - nucleus collisions, at inctdcnt encrgies of 60 and 20Q GéV /nuclct?n, The 0 bscrved 
1 

properties of the partlcle flow arc analysed in the fr;unework of phcnomenological modcls inspircd by 

qFtum chromodynarrucs. from this analys~s, novel mfomlution cmerg~( conceming the 

meehanisms and 5pacc-tlme evolutlOn of the soft-hadro111c proce~ses 111 ~hort-livcd cJl.tcnded volumes 
" 

of matter at extrcme dcnsltics and temperaturc. Wc consequently study the paramcters ruld (,;ritical 

~onditions under wluch nuclear collisions could aIlow the~b~ervation of a phase trrulsition from 

hadronic matter towards a new state of dccollfincd 'quark:- gluon plasma matter 
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Résumé 

Je présente les mesures, analyses et rémltats ol,tenus dans l'expérience NA34 au laborat01re 

européen du CERN, et Goncernant les caractéristiques globales de la production de particules dans les 

collisions ultra-relativistes oxygène - noyau à des énergies inCldcntes de 60 et 200 Ge V /nuc1éon. Les 
.. ~ '" 

pfepri4tés obscrvées du flot de particules sont analysées dans le cadre de modèles phénoménologiques 

insprrés de la chrompdynimique quantique De cette analyse dl:coulc une compréhension accrue des. 

mécarusmes et de l'évolutIOn spatio-temporelle des processus d'mteractlOns hadroruqucs moHes dans 
1 

un volume étendu de matière sourrus temporairement à des densItés et des températures extrêmes. 

Nous étudions finalement les paramètre~ ct les conrutlom cntlqUCS pour lesquels les colhsions 

nucléaires pourraient condm1'e .1 l'observation d'une transition dç phase Je la matière hadroruque vers 

un plasma de quarks et de gluons déconfinés 
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Preface 

In dus thesi" 1 present the results of a research conductcd within the HELIOS Collaboratiot1, 

an cxpenrnent of the fust gcncration dcvoted to the study of cxtended volwnc of matter umh'r 

extrcme densltles and tempcrature. l1us cxploratory research 15 fundamentally motivatcd by the 

posSlbility of using ultra-relattvistic nuclear collisIOns to crcJ.te short-lived system., wherc hadronic 

matter \Vould undcrgo a pha~c tramition towards a new "tate of deconfincd quark-gluon plac;ma 

mattcr The l!1~tallation of thc HELIOS rnultt-purpo~c set-up 5tarted in 19H4 in thé north fixed 

target arca of the Super Proton Synchrotron at the CERN Europe.m labor.ltory l!l Genéva. 'l1lC 

expenment (NA34) was fully operational 111 novcmbcr and deccrnber 1986 for three wcek'l of llata 

taking with incident oxygen ions of 60 and 200 GcV/nuclcot1, colhdmg on aluminium, "ilver O[ 

tungsten target nuclel l
. Ine design of the detector'i and the corrc~pondlllg chclIcQ of phy~lc~ 

observables were largcly dictated by the very complex nature of the nuc!ear collisions 'I1ICM! 

colliSIOns mvolve a very large number of valence and sea quarks, and Rre dominatcd by soft-hadromc 

processes which are intlffiately co~ected to the confl1lement problem arld thu~ outsidc-thc proper 

domam of perturbattve quantwn chromodynamics (OCD) appllcabihty. 

In a global strategy for the creation of a quark-gluon plasma ln nuclear colliSions add, its 

unambiguous Identification, one has to reach the appropriate critical inItial condiftom, dcmonstrate 

the acluevernent of sorne degree of thermahzation in a system with fluid propcrties and, fin:ùly, 

measurc signals dircctly probing the very nature of th~ hot and dense matter, or scnsitive to the 

charactcr of the phase-transitIon betwecn quark matter and nOlnlal hadronic matter. The guidcline!l 

for the experimental selection of the most slgnificant observables will ernerge from the introductIon 

chapt cr ln which 1 will bncfly rcview the theoretical expcctatlOns conceming the critical parameters, 

the nature of the phase transItIon and the probing signals. Moreover, 1 will insist on the ncccssity to 

undcrstand the mecharusms by wruch the system develops a collective behaviour starting from the 

space-time evolution of the microscopie elementary interactions. The global c.;haractcristics of the 

encrgy and multtphcity flow .... ill appear to be c\osely related to crucial thermodynamic variables su ch 

) ._""-• Throughout tlus lheSlS, foUoWIDg the uruveuaJ pracuœ of the rugh energy phyJlcS commuruty, energle. ww "'" gtven l1l 

GeV (IGeV = 106eV = 1602 x 1O- 1 'J), dJsta.nc:t. l1l funu (Ifm = lO-l'm). and cro .. -.C!Ctlon. in barn (lb ~ 

10 -lIm2) A complete bst of eqwvalents m the SI (mternatlonal .y.tem of metnc urots) ~ be found m >the 'Rcvtew of 

Partlcles Properues" by \.of Agwiar-Berutez et al, Phy •. LetL B 170(1986)1 
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a~ the initial energy density or the entropy. 

In chapter 2, 1 will study the multi-partic1e production in 'conventional' models far 

soft-hadroruc interactions. Inese mode1s \\~ provide the "background' abave which one hopes to 

fmd experimental eVldence for new phenomena. There is no unique model to de scribe the 

mechanisms and evolution of the mùltlple soft processes Wlthin matter brought to extreme 

conditIons, and one shalI gain new information by comparing the obsexvcd properties of the particle 

flow W1th predictions made in the framework of vanous models, in particular the framework of 

QCD-inspired phenomenological modcls. 

1 wtIl then s~ in chapter 3, how the HELIOS cxpcnmcntal set-up addrcsses the vanous 

stages of our search for the quark matter 1 will descnbe fi sorne detmls the multiplicity and 

calonmetry detectors wluch were mcd as the main sources of information, and describe a 

spl·ctrometcr ln Whlch wc pcrformed mdtVldual particlc identification over a ltffiltcd soltd angle. A 

partlcul,lf attentIOn will be glVcn ta the calorirncters for whlch 1 partlClpatcd in gcneral stumes, 

rcconstrutiion, and optlrnuation of thc perfonnanccs 

'n1e trcatment of the 1986 lOO-nucleus (bta and the assoClated correctIOn procedures based on 

Monte Carlo ~imulations WIU be the subjcct of chapter 4 'Ole presenfation of the expcnmental 
, J 

rcsults, their intcrprctation ba~cd on a comparison W1th mlcrbscopic modcls, and the discussion on 

the lffiplicatlOos for the production of the quark-gluon plasma, will form the chapter 5. Conclusions 

'will be presented in chapter 6. 

TIle success of the expenmcntal work prescntcd 1Il this thesls IS the result of the effort of a large 

collaboration' of which 1 would Wœ ta thank all members 2 The measurcments were made possIble 

by the dcdication of the CERN technical staff who contnbutcd to the superb performance of the 

PS - SPS aece1erator complcx, and by thc support of the ÇERN DD divislOn staff. 

1 am decply grateful to my SupcfV1sor, Professor Claude Leroy of McGill Universi!y, for his 

invaluable, continuous and active support. and for rus most apptcetatcd constructivè comments 

during the completion of dus thesis. 

1 am indebtcd to Dr C W Fabjan, Dr W. Willis and our spokesman Prof. H. Specht for their 

encouragements and trust, and for many knowlcdgeable mscussions. 1 express my gratitude to Dr R. 

Wigmans for rus most fruitful collaboration in various calorimeter ~tudies. 1 would like aIso to 

cllprcss my gratitude ta Dr G. London and Dr J.P. Pansart for proVldmg multicham :Ylontc CJIlo 

parton model data tapes. 

2 ' 
The complete llSt or members of the HELIOS Coll&borauon can be round ln ref [126]. 
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1 woÙld like to thank the National Science and Engineering Research Council of Canada, 

McGill University and the carl" Reinhart ~undation for their financlal support. 

Finally, 1 would like to dedicate tlûs the sis to my wife Louise for her invaluable continuous 
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moral support and for her precious help in typing this manuscript. 
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Chapter 1 

Introduction: from colour confinement to quark matter 

1.1 Strongly intcracting matter at high density 

Thc fundamcntal thcory of ~trong mtcractlOu 1') Wldcly bclicved to be quantum chromodynanucs 

(QCD), a thcory of colourcd quarb llIt('raeting Wlth m:mkss vector fields, the gluorh. Although 

bClr;g vcry ~lInIlar III ~pmt tü quantum cIcctIOdynarDlcs (QED), lt differs Ul parttculJ.r 1ll thl' faet tbat 

thcre arc thrct' eolours imtcad of one dectnc charge, Unhke the QED cHI) gaurc factors. thC' SU3 
transformations do not commute \VIth cach othcr So gluons, unhkc photon<;, aIT thcmselvcs 

chargcd 11m kads to Important differcnces m the way one performs charge r-:nonnahntlOn. In 

QED, the virtual pairs scrcen the charge ~o that the eifectiw charge IIlcrea~es a~ wc gct c!o,;cr to a 

pomt charge. In QCD the remIt is mverted and the effc(11Ve charge dcereascs, a bchavlOur called 

asymptotic frccdom or antiscrcerung. Therc the lowest order mteractJ.on is Just the one gluon 

exchange, wlulc in the tlext orders the interactions are essentmlly modified duc ta vacuum and matter 

polanzations The complicated field theory for the QCD vacuum presumably plOvides for the çolour 

confinement: the absence of quarks and gluons ln the obscrved physlcal spectrum 

Quarks and gluons are normally colour confined Wltrun hadrons Absolute confinement Implies 

not only that sorne work should he done to extract quarks from hadrons, but also that the work 

would be infinite, a fact taken into aecount in bag and stnng models. Due to asymptotie freedom, it 

is believed that a9j'mptotically dense matter shouJd be in a phase consisting of unbound quarks and 

gluons; a I,;'hase called the QCD (quark - gluon) plasma [1], in analogy with similar phenomena ln 

atorme physics. Deconfinement in strongly interacting matter can be viewed as the QCD version of 

an insulator - conductor transition ln atomic physics: at 10"\\ density, quarks and gluoru fonn 
l" N 

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

density or temperature, the hadrons will interpenetrate each other and the colour antiscreening will 

lead la a phase transition from a colour msulator to a colour conducting plasma. Such exlreme 

energy densities and temperatures have probably prevailed in the very early baryon free uruverse, 

about 10 - Ssec after the big bang. A transition from' the decontined quark matter to deconfined 

singlet states oCCWTed as the universe expanded and co01ed down. There, the vacuwn with its 

vanishing ldie1ectric· constant for the colour field wu created and the primordial quark - gluon 

plasma condensed into colourlcss hadrons. In our cold wùverse quark matter may he fonned in the 
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central regions of supemova.!:, which are submitted to sudden compression through gravitational 

collapse, or in the very high baryon density regions of the core of neutron stanl. 
1 1 

1.2 The QCD-phasc transition 

Wlthin"" the fmmcwork of QCD, there is impressive evidence that a dcconfinement pha!lc 

transition from hadronic matter mto the quark matter should oeeur at baryon number dcnsities 1 of 

n = 5- lOllu and/or very hlgh temperaturc T ::::; 150-- 220 MeV (i c. "'2 x 1{)!1 OK) [2] (3]. 

Assummg the cxi~tence of quark matter and hadronic matter as arl mput, the tw()·pha'ie nature of . 
strongly intaracting matter has been studied in a grcat vanety of phenomcnologtcal models [4] Sueh 

(;. models are based for msta.nc{' on the M 1.'1'. bag model (sec l'cf r 5] [(1), or they Jpproach the 

phase tra~sltion l'lther from thc confined hadron matter (using the effcctive rdlltivl\hc ficlù thcory 

[5J) or From the lIigh tcmperature pl.i:,rna pha<;e (!.tr enough from the non·pcnurh,ltJvc dfects 01 the 

tran~ltlon rcglOlI to make u~c of perturbahve OCD l7] [51) Nevcrthek~';, the mam qUllntltatJvC' 

InformatIon on cntlcal pararnctcr'i and the proot of tlte vcry cxÎ\lcnce of a rha~c Ir,tmllion hnve 

emcrgcd fmm illwshgdhon!> wlthlll gaugc thcory on the lattICc (~cc reV1CW!'l Ut rd l ~ J [(1) 1 he 

Iattiee regulawJ.tton of QCD h,l'i the umquc advantage of offenng the pm~ibJljty ta fu!!ow phy!\ical 

observables through the transition rCglOll, from absolute confinement to quark -- gluon pla'lrna 

Besldes, It fundamc:ntally rcqwrc'i only !\QCD' the charaeteristic seale of QCD; ;i., .1 Nfrœ· parumetC'r 

The physleal obscrvable we are mostly mtcrested in i'i the cncrgy de mit y f. lt i5 to be cxprc:sscd 

fi terms of thcnnodynarnic vanabIcs, as a functlOll C(JJ, T) of the tcmperature T and the chermcal 

potenhal Il TIus functlOn4 should exhibit a ""discontinuity" at the phase transition for entieal 

tempc:ature Tc and/or chermcai potentia1 /le' In Jatticc QCD, the study of this funcbon i!l 
\ 

wlfortunatcly (at present) restncted ta f1. == 0 This corresponds ta a situatton where the net baryon 

number deoslty is vamshing and only gluons and q - q pairs may be UlcJuded. In prllctice therc ill 

severe and yet unsolved theoretieal difficulues which hamper the inclusion of light quarks on the 

IattIee [5J. The most slgnificant results have thus been obtained for pure St 1/N) Yang-Mills gluon 

matter. The applications of the lattlce approach using SU(2) or StJ(3) have been shown to give 

essentially the same results [4] [3] 50 that the more extensive Monte Carlo calculations have been 

petfonned Wlth the smaller colour group. ln aIl cases, one observes a rapid vanation of the energy 

denstty and a sharp l"eak of the specific heat, which bath Slgnal the phase transition, at critical 

tempcrature'i WlthlO ..:Il lOterval from Tc =: 150 to 220 !\.1eV. (One finds Tc .... 200 MeV for SC(2) 

3 'lu = O.15fm - 3 1$ me nuclear ground SI.ate mean baryon number denllty 

1; Sec reL '[ 0 ) for the dewled theoretlcal formuJauon. 
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and T, ...., 160 MeV for SU(3).) The dramatic rise of the energy density t: m FIgure 1 on page 3 

corresponds ta the many degrees of freedom being 1iberatedM and, at high T the energy density 

follows the Stefan-Boltzman en behaviour of a non-interacting gluon gas. 

Figure 1 

1.0 -

0.5 

o -----I--~.lff-----
10 20 30 50 100 150 200 300 500 

T /11, 

Encrgy density as a fUllctlOtl of tempcr,lturc (Hl units of the IattlCf' ~calc 1\ 1 

== 5 MeV) in a pure Sl:(2) Yang-:\'hlls l,ltticc calculatlOn [8 J 

The mtroductlOn of fenruons on the lattiCC has only been donc m the *quenehcd' approximatlOn 
\ , 

where the quarks acquire a large mass mq » T. 50 that an llmq expansion converges. DespIte this 

limitation, it has rcvealed the pOSSlbility of another rustInet phase tranSition at high tcmperaturc 

whcre chiral symmetry would he restored. At the deconfinement tranSition the hadrons would melt 

into massive constituent quarks and massless pions and then, at the",ehiral phase transition, pions 

would disappear and !eàve a gas of massless quarks and gluons. Thi';e~perature separation hetween 

those two transitions and their nature (fust order with large latent heat releases, or second arder) is 

still undcr debate [2] [3]. With the mtlusion of ferrruons on the lattice, the Stefan-Boltzman limit 

for the energy density is given by [6] 

( 1r2) r' ( 2 NNr ) 
f: = - -- N--l+7~ 

SB IS (hC)3 4 

Using !his fannula to estimate the critical energy density, we find for SU(3) with two quark flavours 

(N, "" 2) th~t a critical tem~ture of T. '" 160 MeV corresponds to a cntical energy density of f: ,.., 

2.5 GcV/f~. 
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Very simùar Cc i~' obtained at Il := O.."and finite T from simple two-phase phenomenological 

approaches based on' the bag mode! [4], and also at T = 0 and finite baryon densities where one 

finds Ec .::; 1 - 2 Ge V Ifm3 with a broad ph.lse coexIstence rcgIon of the quark - gluon and hndron 

plasma [5]. 
' .... 

Combirung the actual knowledge on the cntlcaI p.lrarneters at finite tcmpcraturc or firutc baryon 

densitlcs (sec rcf [61), the phase diagram of nuclcar matter could rcsemble that of FI),'UIC 2. 

---------

Tc 
-200 MeV 

1 
1 
r 
1 
1 , 
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Early unlverse 

'" 10-55 stter 

the blgbang 

f CENTRAL REGION 
I~ nucleus-nucleus 

Hadrons, 

"Massless" Pions 

Deconflned plasma of 
quarks and gluons 

NUCLEAR 

FRAGMENTATION 

Neutron ala ra (7) 

~ 
~ Supernovae (1) 
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BARYON DENSITY 

FIgure 2: Phase dtagram of nudcar matter l!l the tempcraturc versus baryon number 

dCnslty plane T11c (ushcd lines ~how how If may be cxplorcd by nature or 

ultra-rclatlVlsttc heavy lOn collisions (section 1 3 on page 5) 

The confincd hadron matter at low nb and T will proceed through compheated phase transitions, as 

the energy demlty 1S r.med to e, '" 1- 3 C:reVlfni' \'.1th Încreastng nb and/or T, toward:s 

deconfincmcnt 
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1.3 Production and signaIs of quark matter fonnation in nuclear collisions 

By compression and heating of'cold nuc1ear matter, u1tra-relatiVlstic nucleus - nucleus colliSIOns 

tould allow the study of both low and rugh baryon nwnbcr density hot matter, In thesc collisions, 

the beam and target nuclei fragments (togethér with sorne inelastically produced particlcs) fonn two 

hot dense firebaIls presumably joined by a central hot tiretube of mesoruc matter. As will be seen ID 

next section, critical denslties and tempcratures mfficient to producc short lived cxtended. volumes of 

qu.'U'k - gluon plasma matter are expected both in the fragmentation reglOn [9]", where the plasma is 

as!>oCtated with large baryon density charactefi~hc of the core of neutron stars, and Hl the central 

region [10] with smaU net baryon number, thus reproducing tbe condition~ of the strong mteraction 

phy:.ics which took place 10 the very carly umverse. "'nIe production of &uch a volume Wlth a 

distance 5CalC very large (» 1 fm) compared to the hadron SI7e could be Idenllfied by the 

manifc!>tation of eollcctive phcnotncna and via direct probcs, rcvcaImg novcl non-perturbattve aspects 

of (JeD. Vanom signatures are ~uggcsted to recog:mzc the fonnatlOu of a deconfined st.lte of matter 

Hl the fragmentatlOll reglOn or In the baryon frcc centrai fcglO!1. 'nIC sIgnais an: relatcd eüher to the 

tramltton hetwccn ph.l~e~ or the)' revcal ,orne propcrtles of the qllark-!-duon pha'ic by wJ11ch It can be 

dJ)tlllf;Ul\hcd from the hadron gdS ph3.~e 

Photon,> and leptom .tee comldercd to be amongst the best pro be~ r Il] for 10vestlgating the 

hadroruc pha'ics. 'nlcy act as good thennometers of thc imtial hot quark--gluon plasma pha'ie from 

whcrc they mostly cmanate They probe the entire volume of the plasma, ,md due to thetr rclahvely 

~mall rcseattcnng cross-sections comparcd ta hadrons, they rcta1Il a memory of the plasma les'i 

confused by the cxpanSlOn processes. Lepton pair!> are cmittcd from Il1sidc the pla~ma by Mual 

photons. ln this contcxt, orùinary perturbatlve QCD Drell-Yan lepton parr productIon 1S the 

background for the electromagnetic radiation from the thennalized phases. TIIe thennal radtation is 
, , 

expectcd to dominate for large Feynman x F where the continuum would then gtve a mea~urcment of 

the temperature of the plasma. D1rect photons from quark bremsstrahlung aIso act as thermometers, 

For thcsc, the background origll1ates from QCD - Compton direct photon production The 

dcpendence 'of the photon or dilcpton ermssion on the pion mulupliCtty per umt rapidity allows us to 

dctennme whether the emission .is duc to hard processes or whethcr it is eollectIvc m nature [12]. 

The production from hard processes is 10dependent of plOn multipltcity whereas it mcreases 

quadrattcally with pion multipltcity for collective processes This dramatic dtfference pro vides a clear 

test for collective beha\'iour but IS mute about the degree of thennalization. lf the rru.xed pion-quark 

phase lasts much longer than the pure QGP Phase. and extends over a larger regton, it may be caSIer 

to observe such lepton signais from the mued phase. 

The correlatton between IdenticaI particles m5~urcs the sue and shape of the mteract.ton 

volwne. The large spatial extent of the plOn/quark mixed phase should show up 10 plon 

interferometry experiments. Two or three partic1e correlations are also sensitive to the dcgrce of 

phase coherence at freeze-out time when the particlcs are cmitted. 
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( 



, , 

-r, -

The productidn of strange parucles may provide information on the tramient QGP [13] If 

thermalization or chemical equilibnum is effective in the QGP, abnonnally large nbundancc of 

strange particles, su ch as K, A and f, is expected. ln an cnvironrncnt rich in u or cl quarks, Pauli's 

principle suppresses appearance of further uü and da pairs relative to str~ngc particlcs. Abnormally 

large antÙlyperons to antiprotons ratIo or large X abund~ce shoul~ then remIt from the plasma 

hadroruzatlOn. If the expansion ra~e is larger than the annihilation ratc, large amount of 5trangc 

quarks will surVIve the cxpanyiÙn< and enhanced Kin ratio would be a gooll signal. for QGP 

formatIon 

Another fundamental ob~ervable i5 the NmeltingN of rcsonances which was fint discusscd in 

terms of p and w [14] but may be more strikmg for the J I.ljJ and ljJ' [1 5]. Rc~onances caTI. no more 

be formed ln the pla~ma as thè confinement bag~ arc Nrnelted N away by the DcbYl: ~crccll1ng of the 

quark colour charge. In the hlgh temperaturc QGP (at T "" 1 3 TJ the screcmng r,ldiu~ fall ... to 0.2 -

03 fm whl!e, for Illstancc, the J/lj! radim increa~e~ abo','e 1 fm (:2 3 . rJT,~!I) ~o tl1.1t ci' boum! ~tatc'\ 
,~ 

cannat eXlst The supprc:',~lOn of the rcsonance'i \\'111 have to cornpctc .tgaimt qq recornbinatwll at 

the hadrOnl7atlOn point !Il th2-rnlXed pha,>e and in the plon gas Tlm is c~pecI.tliy tnlC for light 

re50nanccs For heavy me~om ~uch a\ the .T /li! the contaminatlOIl from {Iq rcCOmblllatlOn WIll hc 

strongly reduced. Dunng the tlmc II take~ for the evolutlOn of the them1ali/ed pla!lma towafll~ the 

hadranuatlOn phases, the quarks and antiquarks of the lowest-PT pa.ir~ r.;rcated irptially have becn 

brought to large dl~tancc ~ep:tratJon and they cannat rccombme Wlth eac.:h other. The ( and '( (luark~ 

wùl hardly find the needed ë and c comparuons as the presence of thesc cOlnpamoll'l 15 thcnnally 

reduced by a factor e -"'ITe For a mtical temperaturc of Tc '" 200 MeV tlus implic~ that thc .lN 

production VIa hadroruzahon IS rcduced by approximately four orders of magrutudc 
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1.4 Space-time evolution of badronic interactions in nuclear collisions 

\ 
Precise theoretical quantitative estimate of the production rate of leptons and hadrons requires 

to understand the dynamics of the expanding quark matter. The space-time cvolution of a nucleus-
/, 

nucleus collision will generally depend on pre-equùibrium effects, initial conditions, tra.."1.sport 

scenario, had.ronizatton and final state interactions. The fundamental stimulus for starting a detatled 

theoretical and experimental investigatIOn of these questions came when one realized that 

ultra-relativistic nuclear collisIOns could allow the thermahzatIOn of large volumes of matter in wruch 

the criticaJ conditions for quark - gluon plasma fonnatton would be satisfied. 

ln the center of mass' (c.rn ) frame of a nucleon colliSion, the collidmg nuclel forro two Lorentz 

contracted pancakes approaching one another. As a consequence of the uncertainfy pnnciple, the 

pancakes cannot be contracted bclow a ltrniting truckness This phenomcnon arises becausc the 

nucleon's low longitudinal momentum degrces of frccdom (qq, gluons), which contnbute to the 

nucleus wave function, cannot be rcsolvcd Wlthin a dtstance scalc smallcr than .1z '" h/J~ (of order l 

fm). "The colllSlon bctwcen thesc two contracted pancalœs Wlll result 10 the fonnation of two hot 

n'ceding fireballs Wlth longttudtnal momcntum and ba~;on number close to that of the projectile Of. 

target nuc1ei (= nuclcar fragmentatIOn regions) Th15 nucIear tran~parcncy 15 dlle to Lorentz 

invariance and the uncertainty pnnciple. The interactIOns of the incoming nuclcon~ with the target 

nucleons, at rest in the laboratory frame, produce colour field chams linkmg the mcident quarks to 

quarks of the target nucleons. The chains linked to fast forward moving (p~a.h »pt;!') VIrtual 

fragrm:nts, wruch contain the quantum numbers of the valence constltuents of the projectile pancake, 

will have no time to materialize wlule the inCldent nucleus is traversing the target nuclf.}Us 1besc 

chains have a proper formation time to. a consequence of the uncertamty pnnClple, wh1ch 15 stoutly 

dilated to t 10b 
- p{ob / P':to' While the contracted mcident pan cake traverses the target nucleus, the 

incident nuc1eons, whlch have a mean Cree path in nuclear matter of order A,,"";::; 1.6 fm, will undergo 

several inelastic collisio~s when traversing, for instance, the 7.1 fm radius of a heavy target nucleus 

s~ch as 2°·Pb. The hlgh momentum component of an incident nuc1eon's wave funcùon will pass ft 

through the target nucleus largely unperturbed by the multiple inelastie collisions, and will trave1 with 

the beam fireball until hadrorùzation. The eventual rescattering of the resulting secondary particles 

within the fircballs will play an .. important role in the thermalizatton of the . energy in the 

fragmentation regions. The multiple scattering processes mainly in'i0l~ the low momentum 

component of the nuc1eons wavc functions, i.e. the quarks, antiquarks and gluons of the virtual cloud 

attached to the valence quarks, and remove rela,tively litt}i: energy from the fast forward moving 

valence fragments white giving risc ta chams mostly po/llating the central region. These chains 
. "' engender the fonnation of a hot firctube of mesanic matter [10] lifùcing the fragmentation fireballs. 

Some of the low mom~twn components of the in~dent pancake scraped off by the target nuclei will 

rcmain 'trapped' in the target nucleus and will hcat the target fireball. It is tlùs hcating mcchanism 

together with a nuclcar shock comprcssio~1 that contributes to the extrcrpe energy density achievable 

,( in the fragmentation regÎons [9]. ' ~ 

Î 
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t .4.1 Cri~cal initial conditions in the fragmentation regions 

The heatmg and compression of the fireballs are better descnbable in the referential frame where 
n 

the target nucleus is origmally at rest A central s)mmctric A -+ A collision is schematic,ùly 

represented mtFigure 3 

Figure 3: 

------------------------------- --- -- --- -- -

(8) (b) 

~-'O [5'" 
-f

ill 

6X -llm v" 

Schematic' rcprcsentation of a nuclc:.r colh~lon Hl the re,>t fr,ulle (lf Il](' targt't 

nucleus (a) The projectJ1c nuclcU'> wlth It.;; hnllting tll1ckne~~ of AL ~ 1 tm 

approache5 the target lluc1em (bj A\ the pnJjt'(,1t!c pa~~l'S through the 

target nucleus, the target nucle.lf midtcr i~ hcated imd comprc',~cd (c) Tb,· 

target fireball finally acqU1ITS a vèlonty VFR , thl' firebalh ~cp,lr,lte and matter 

is creatcd 111 the central rcglOtl. 

We can estimate the magnitude of thc shock compression suffered by the target nucleus by treatmg 

the projectile as a slab of negligible thicknesg swceping the target nucleus at the vclocity of light Tl-te 

projectue S"cattcb tirst on the closest encountered target nuc1eons. These target nudeom acqU1re a 

longitudinal velo city VF8 which is, on average, the velocity given to the target nuclear fireball. 'Ibe 
r 

second "'row" of target nucleons will then be struck after the time mterval it takes for the thin 

projectile sIab to travel the average longitudmal distance that separates the fust and second "'rows"'. 

This implies, for a projectile with vclocity '" c, t~t the longttudmal separation betw"cen two nudeons 

15 changed by llz = (1 - vFBlc)z. \Vhcn the beam nucleus has traversed the target nucleus, the 

original radius Ro'" 1.2 A 1/3 fm of the target nucleus has be6n compressed to Ro(l - v,,/c) for a 

recoil compressloh. of p/Po = J/{l - vnlc) in the laboratory Test frame, The density of the target 

fireball m ItS rest fi:ame, which 15 movmg with a Jaboratory velo city v FI' has thus mcreased by a 
'.-

compression factor: 
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2 1/2 
Y FB + (y FB - 1) 

.' 

( 1) 

In order ta evaluate the cffcct of compressIOn lt IS then sufficient to know the average vc10city of the 

target fircball ;-\ote that fonnul,l (1) can be further rewnttcn (Offiltting the fpecd of Iight constant, c, 

for convcmcncc) ln tenns of the laboratory rapidity of the firchall by using 

Y FB s 1/21n { (E + p.)/(E '- PI)} and E = YFS ' m and the [aet that for p'; <'< "r, PI"" m .J(Y~s- 1), 

which yicld~ K ...... ~F" 

TIle evaluahon of YI s' fOI vanou, colhdmg Iluclci, has bccn pcrfonncd ln ref [9]. wherc a. 

rdt!tailcd studv of the !watll1g'~ contnbutlon to the cncrgy dcnslty IS also made 'Thl~ study reqUIfes ta 

identify the 'ilow Vll"!ual fragment'! tha1 have a chance to be trappcd and may thell tr,U1\foml thcll 

kinetic encrgy \Ilt~ hl'atmg of the: fircb,ùl 111C prc'icuptIon ln rcf. [9J me,> gcneral ar!-"1JrllCnt'l bascd 

on time (hl.1tatlo11, proper form,ltlOn tune, ,\TIti known propcrtlC'> of hadromc fragmentatIon 

(assumlllg un1vcr,>alny froll! hlgh QJ dat,i) for <}u:mtItatlve CalCUl.ltl0m. rn ordcr that a slow vlrtuaJ 

fragment be allowcd 1:0 matcna.luc Ilmdc the t,lrgct llucleus, lt ~hOllld havc sCJM.ratcd fWIll lus parent 

by a di\tancc l'quaI or gre.lter than tht' ()CD formatIon lcnf,>th5 cro ~ h/P, '" A;)n ~ l fm If th1S 

condition 15 satt~ficd at a tune whcn the fr,lgrncnt 15 sttll insldc the target nudcu~> lt ITlay rc"catter and 

cmlt its ()\\!Tl tcrttary fragments, For a fragment h:lVmg long::.tudinal veloclty v-, c emlttcd with PI and 

, Pr the conÙ1tion that It he scparated fram 1tS part'nt by ('T n bcforc 1t CSCdpes from the target nuc1ei 

sets a cOllstraint on Its tramv,'rsc momcntnm 

(2) 

Note that in tenns of the fragment's raplCùty, this condition is wntten y ~ ln(2 Ro/cro), whtch reduccs 

to (2) for rlr »nt. The condition that the fragment befstill in the target nuclei further imposes a 

linllt on the longitudinal momentum 

(3) 

where m is an effective fragment--mass and K is our compression factor. Using the constraints of 

cquations (2) and (3), together wlth fragments momenta obtamed by extrapolating structure 

functions from e'" e - data, ref. [9] evaluates the equivalent total number of partic1es of illfferent 

5 If the separatlon 1$ less \han"" 1 fm. the VU'tual fragment would he IIlcluded as a parton excitauon of the proJectùe Such 

exClWlons ar.rëlnl~ted only &fier the passage of the pro)ectùe through the target nucleus ~~ 
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flavors trappcd and the total encrgy MF. trapped per incident nucleon. 

Taking into account the compression and heating mechanisms. the initial enef8)' density of tho 

fireball in a symmetric A - A collision 15 sirnply expressed as 

YF~ 
n·M '/(=n 'M'e nm FB 111ft FB (4) 

where n"", is the nuclear matter ground state baryon denftty • n,..."'" O.lSfm- 1
• The quantitative 

calculations [9] show that for A - A cOllislOns at c.m. energies of 30 Ge Vs; ..r;;. S; 70 GtV with A 

varying frorn S6Pe ta 23
S U: the recoùing target nuc1eons are' relativistic and carry an average 

longitudinal momentum of Pi ~ 1.9 -+ 2.4) GeV/nucleon. \U1d 95 -+ 97% of thorn arc trapped; the 

pions carry P; ""', 1.8 -+ 3.8 GeV/nucleon and 26-+ 3.5 pioos/nucleon arc trapped; there il! oruy 0.1 -. 

0.2 kaonsjnucleon trapped, the targct"Jireball l.S rclattvistic with Yf8"" 1.7 ..... 2.0( '* /(.., 3.1-+ 3.7) 
"-

and it has trapped a total energy of AI FB '" 2.7 -+ 3 6 ('JC V /l1uclcon. From the sc rc~ults wc find using 

equatlon (4), an esttmate for the ern;rgy deoslty reachablc in the fircballs of 

~ 

3 J 3 
t FB '" 0.15 . (2 7 - 3.6) , (3.1 -+ 3.7) GeV/fm '" l.3 -+ 2.0 GeVlfm (5) 

" Such energy densities are weU within the region of the critical values requircd for the deconfinemcnt 

phase tranSition. A useful approximate phcnomc'lological fonnwa for equation (4) i. given in rer. 
[16]. 

,. , 

t '" f3 • n • (2A IO 
- 1) GeV/fm3 

FB nm 
(6) 

where f3 IS a par.ameter of order one. In the g~heral case.of a central collisi()~ between uneven nuclci 

A -+ 13 with A < B, equation (6) becomes 

t - f3 • n '{ 1 + 2 (Blf3 _ B
1j3

) }"iev/fm3 
FB run " A 1j3 _, 

(7) 

J , A 

The predictions of equations (6) and (7) are shown in Figure 4 on page Il for A - B collisioru with 

A = B and A = 1('0, to~ethcr Wlth the quantitative estunates of ref. [9]. 

, 
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Phenomenological estimate of the initial energy density reachable in the 

fragmentation regions. Quantitative estimates [9] are shown for A - S-~ 

collisions at ff of 30 GeV/nucleon (closed triangle), 50 GeV/nucleon 
l> 

(closep cirdes) and 70 GeV/nucleon (closed box) together with the 

predictions from e'luation (6) with f3 =: 1.08, 1.22 and 1.32 respectiveTy . 
l ' 

The prediction of equation (7) for 1.60 - nucleus collisions 15 also shawn for 

p = 1.22. 

1.4.2 Critical initial conditions in the central region 
! 
l' 

1 shall now come back t& ,the central region for which l ~ave already mentioned that the slow 

virtuarftagments contributed ta t~e formation of a hot reglOn of mesonic matter. In order to study 

this region, the main additional concept introduccd in Bjorken's scaling hyd.rodynamics [10] [17] is 

the appearancc at sufficiently high c~crgy of a "central plateau'" structure for the partlple production 

as a function of the rapidity vanable. sinular to the one observed in nucleon - nucleon collisions. 

'This is motivatd by the asscrtion [10] that the space-time evo1uhon of the system should look 

essentially the !>amc ID all c.rn. - likc frames, I.e ID all frames whcrc the fireballs arc contractcd 

pancakes receding in opposite direction at nearly the speed of light. A cylmdrical symmetry pro pert y, 

imposed as initial condi~on. Icads to sunple solutlOn of the hyd.rodynamJc cquations in wluch the 

entropy pet unit rapidity IS constant. Dus imphes ID turn that the partlcle production per urut 

rapidity. which is proportional to the entropy. do es not dcpcnd on the details of the hydrodynarruc 

evolution but ooly on the initial energy and entropy deposition in the carly stage of the collision. A 

schematic represcntation of the geometry in the c.m. frame of the colliding pancakes is given in 

Figure 5 on page 12. Near the collision axis the fluid expansion is longitudinal and homogeneous. 

At midway the fluid rcmams at rest white a! longitudinal distance z from that rnidpoint 1t mayes with 
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longitudinal velo city z/6.t, where 6.t is the time elaj'sed sinee the pancakes collided. 

Figure 5: 

( 

.a) _ 

ft 

Schematic representation of a nuclcar colliûon ln the c m. frame of the 

CQlliding '"nuolci. The collision (a) of the two contracted pancakes gives (b) .. 

birth to a hot flwd of rrtesonic matter in the central region. The fluid moves 

with a velocity v = z/6.t where z i:i rncasured from midway to the nuc1ear 

fireballs. 

L 

, 
. . '\ 1 

At early ~ç l' 0 after the collision, in a Test frame ,~entered at y II: 

tlùn slab of thickness d has a volume in fmJ 9f 

o (i.e. aro\Uld the midpoint), a 

., 
1 , \ 

v ~ TC R2 d = 1t (r' . i/3)2 • d 
'0 mm 0 mm 

where ro • A~n is the radius of the smallest nuclei in Cm, with fa - 1.2 fm. ~ow the dj,tance d'Carl 

be' rewritten in tenns of the slab surface velocity as d':'" 2 v 'to ~ C 't oby. The carly enèrgy density is 

then obtained from ~ 

& V '" dE by-m c2 dN lJy 
'0 '0 dy T dy 

\ 
/ 

which gives [10] 

- 2 
E.... mT C dNÜd'y= 0) Gev/ïm3 
'0 ct rr(r 'Alfl)2 

o 0 rrun 

(8) 

whm in the baryon free central region, dN/dy is the pion ffiultiplicity density at y - 0 (- 3/2 

d~/dy) and niT c? = ~ è + nt. c·)I!l is the average transverse mass of the piofu. An eatimate of 

'" '1 
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the carly entropy can then be obtained fi a slffiple manner. 1 have menttoned in section 1.2 on page 

2 the resu1ts from lattice QCD calculaticns showing that abovc the critical temperature the system 

can be describcd, as an ideal gas of rrassless quarks and gluons, with the energy density E followmg 

the simple Stefan-Boltzman limit e ...... aP. Moreover, it is known from the combined fust and 

second laws of thermodynamics, that f~?sush. a system at phase equilibnurn.: 
h 

(9) 

~\ 
TS == U + PV:::> s = .±!:.- '" .± a T] \ 

3 T J \ 

wherc P == e/3 was u~ed. from equations (8) anù (9) one obtains, using ml .... T, an estimate of the 

early entropy density: 

f 4 ~=--Qlfm-3 
'0 ""'"3 cr 0 • 1(.('0' A 1/3\2 dy 

(10) 

\ 1bh equation together \Vith cquation (8) proVlde crucial hnks between the observable charactensttcs 

of the particle flow and the lrutial thcnnodynamlc properües of the hot central fuetube In pnnciple, 

Bjorkcn'" fOffiluld (fi) i~ only applicable as such ln an ultrarclatlvisttc 5caling reglme wherc the central 

reglOn is weil decouplcd from the target fragmentation rcglOm. ln su ch a rrglmc, a rough estimate of 

the ,aclucvable cncrgy demlty m~ly bc obt,uned via an extrapolation based 0n p - p data. For that 

onc mJ.y me the very 11Igh C'l1ergy hmlt of the Dual Parton Model ('ic(;tion 2 5.1.3 on page 45) for 

which the parliclc (kmitY!fi lhc central rcgion ~c;ùc~ hke 

wherc v ,cD i~ givcn by l18] v A Il = AB (J'pp/a'(B Hcrc\(J pp 1S the p - p inelasttc cross-sectIon ('" 32 mb) 

and a Al B is the nuclcus - nucleus inc/asttc cross-sectIOn (parametnzed in ref. [ 19J as 

O'In(mb) = 65.9{A 1
/3 + nlll 

- lll}l) We furthermorc use the chargcd pions mean transverse 

momenta of PT""" 340 MeVlc charactenstic of p - p data, and asmme that the thermalization bme l' 0 

is approximatcly the same as the partidé1'ormation time ln p - p co1l1~ions, i e. l' 0 ~ 1 fm/e. Un der 

these assumptions, the energy density E 8,0rk", (etIuation (8)) for an 1 CO - 20BPb colltslOn is evaluated 

to be: 

037G l' 32 b '"\ dl .. .ch(y=O) 
" e', x l6 x 208 x m >-.:::-. x ~-- Ge V/lm] 

1 lm>.. 28.7 fm~ 3545 mb 2 dy 
( 11) 

\ 
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The charged multtphClty dcnSlty in p - p colhsions is dcpende~t6 on the available .JS. For 

ultra-rclati\1stic. cncrglcs (say vs'" 50-100 GeV), d.\":,(y= O)/dy 2: 3 - 6 which leads umtg (11) ta 

energy dens.!tlcs of f fi'"' ..... 2: 1 7 - 3.5 G(' V '1m3 
, \\ eH \\1thin the criticaJ domain for a deconfinement 

tran sitlon 

'TIlC 13jorken formula (8) 1S C'omlclercd a~ rcprcsentmg a 1nwcr bouml· ta the initial cncrgy 
• 

den~lty sincc, lU more rcali~tic modcb, part of the uuti,ll cncrg) 15 ~pcnt ln the form of work donc by 

the fluid dunng expan~lOn [20l Talmg thl" mtn a,'wunt, the cn(!rgy dcn"'lty is cxprc'iscd ao; 

\\herc v is the ~ound \clocity Ul the flU1d Converscly, equatlOn (10) provH.lc~ ,Ul ·upper bounù· on 

the uutial entropy denslty ~incc therc are addltional ~ources of cntropy (c g vi,cou~ hcatmg lmd the 

phase transltwn from the quark to haùroruc pha .. c [20J) 

1.4.3 Thenna1il~tion <U)d expansion 

Considerable thCCfCtJC.t! efforts have bcen devotcd to the study of the qumk matter fonnatlO!1 

and cvolutlOn !Il lluclC'Jr col!J<;lon'i, from prc-cqUlhbriwn to final statc mtcractlOllS '111C\C cmm~ 

have not yet rc\ulted ln a Ull\ve,.,al dC\LnptlOn allowmg u~ ta tnolkc umquc quantitative statcmellt~ 

about the truc ~igmficancc of the variom ,hrcct quark matter prohc~ (~ecttoll 1 J on page 5), rhcy 

have neverthele~~ con'ilderably tnlprov('d our undcrstandmg ot the role and importance of dlffcrcnt 

paramcter~, and rcvcalcJ the posslbùlty ta me macro~coplC propertw'l of th(' IMrticic flow to 

pre-select the mmt interc~tjng cvent l-<lnilicL.1.tcs 

ln the quark - gluon pla~ma fom1atlOfl ~tolgC, the bcam kmctlc Cllerf0' 15 con vcrtcd mtn mtcrnal 

cxcitatlOn cncrgy Md tlùs cnergy becomes thcnnahzed (cntropy productton) Rapid local 

thcrrnodynarnic eqwhbnum IS usually assurned a.. it leads to simple dynamlcal modcls of the 

collü.ions bascd on hydrodynarnics. IIowcycr the validity of this as~umption remain'! to be chccked 

Important cfforts have to be devoted to the questlOns of how to characterue Ihe quanta whtch have 

;> chance to thennahlc and on \\ hat time sc.Je the cquihbnum lS rcachcd (21] The questIOn of the 

cncrgy denslty soon aftcr thermalizahon can he mvcstigated by ~olving the kinetle cquatidn3, glvcn 

the pre-eqwlibrium conchtions. hut lt rcqUlIcs a dctallcd kno"",, ledge of the micrOSCOplC proCC'I5C5 hy 

v.htch the quanta cx~ge cnergy, momcntum and quantum numhcrs An ambitlOU!I but necestlary 

program 15 to ad~ss thesc quc'itl~ns ln the fr"amework of mlcro~oplC parton modds [22] 

\ 

6 The dependence on J$ of the average charged m;..ÙtJpbclty ln p - p collmor:s lS weU de.enbed u 
r 

lns - 0118 (lns)' 
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Sinulà,rly the raie of the rescattering of sccondaries, Wlthin the interaction volume, has to be 

invc:stigated 

'The latter global evolution of the sy5tem Wlll be dctermined by conservatIOn laws and the 

equation of state of matter which mU pro\'1Je a system of hydrodynamic equatlons In mas! 

hydrodynamical studies of nuclcar collisions, the mitial condtllons for the hydrodynamlc evalutlOn of 

the matter proJuced in the central rapldity rcgion are Imposed to be ÎnvaIlant under a Lorentz boost 

in the beam direction [10]. This synunetry comtramt on the mitlal conditions ha~ been motlvated 

by the apparent formation of a central rapidlty plateau In hadron - hadron partlclc dlstnbllttf~~ -~ -

'I1lUs a superposItion of ra pi dit y rustributions measurcd ln hadron ~ hadron lIlter'3éh~~ IS ;.hften 

takcn ta definc the initial conditions for hydrodynamlc trcatment of a nucleus - nuc1cm int~ractton. 
TI1C va.h(üty of thesc assumptions l~ cOllnected ta the more general questIOn of know1I1g ta what 

extent one can inft-r the prOperhe'i of nucleus - nucleus col1l\ion~ from the ~upCrposlhün of the 

phyMC'l of h,ldroll - hadron collisions 'I1m question call~ for expenment;ù data 0n global cnergy 

flow and parttclc multlphClty TIle g:I.)bal propcrtlC'l of thi~ partlclc f10w ma} be dcpendent on natun.' 

of dtSSlpJ.t1VC proce\~C\, a., weil a~ on the mcchanmn hy wluch proc(,t'd~ the tram/cr of the encrgy 

and entropy into the: longitULlinal and tr,mwt'r~c dlfl'chom [23] 'Ille' tudy of the trall~fer 10 

!ran5vcr~c cxp;mSlOn ha\ kd to the ccm]Crtufe thn! [2.t] the mergy demlty of the- muet! pha\c rmght 

vary consldcr,lbly a'> h,IJromc m,llte:- 1" convericd mtn quark Hl3.tter iwd th;,t tbl" could rc~uJt Jll a 

change of ~lope In the curv,: of tmns\-crse morncnturn \'Cf0U, rnultIplicity ~llLh 1 bch,tnuur ma)' 

have hccn observcd 111 very 11Igh energy HUc/t'li'> -- nùdeu'i c(Jlbl(Hl~ by rhc JACFF C()'>llIK ray 

oxp('nment r2S j '1 helf rnuIts arc <,hown 111 hgurc (, on pdgC 16 W!WfC Pl l~ plo!trc! ver<,us the 

energy dCllslty r'\tllnatcd mlTlg BJC'fkt-n's formul.\ un Also ~h()wn arc rcsulh irom the UA 1 

Collahoration r 26] fOl winch the sm:;Jl ri~r of Pl m,IY be cxplalIlcd hy the (ontnbutli'n of nllIU-lct~ 

l'rom the detallcd tbcorctical predlChoD5 [27] r281 the Pr lS t',;pceted to mcreasc whùe f.. and P 

increase, until reaching the rcgion (corTCspondmg to a mixed phase) of a lint order tram!1Jon 1I1 

whlch PT remams constant (I.e. P and T bath remam constant wlule E contlm!cs to lOcrea:.c) A 

stceper n'5C is finally expccted ln the pure plasma phase TIlc PT enhancement i~ prCd1t.1ed to be 

greatcr for larger masses (Figure 7 on page 16) and the cventual observatlOn of su ch a mass 
~ 

depcndencc could signal the eXIstence of collectlve Ilow m the finq} ~tate of heavy ion collmom 
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In the hadroruzation phase prior to the final freezout into free streaming partlcles, it is known 

that the vutua1 particle5 created will materialÎ7e in a sequence dictated by time dùatation and the 
v 

uncertainty princtple, but little is known ab~ut how the energetie cmironment of hadronie matter 

affects the matcrializatlOn [29]. The mitial rustnbutton of virtual particles could be changed by 

mteractlons with the-~ounding matter and this could lead ta observable dtfferenee 10 the rapidity 

ch.,!.nbutioflS. 'Ine hadronizatlOn of the qu..1.rk - gluon plasma may proceed from its outer surface or 

corre,pond to a W.ldronization transition from 'inslde the plasma duc ta the rapld cool1Og eaused by 

the longitudmal expansIon. The haruoruzatlOn mechani~m ha~ been studied using tlrud mechant("s 

thcory,~ in the framework of the combustlOn theory, and Wlth phenomenologtcal microscopIe model<> 

mc:plrclf by QCD [23] The StudlC5 \\-lthm the combustIOn theory h,lVC let! to :.peculation on the 

l''}''~lbihty of large c\'cnt-by-cvent fluctuatIOns rc~ult1Og [rom explosIve Jcfla!:,'TatlOn or dctonatlon 

dl. ... nng final statc matenaluatlOn [JO], or l'iolated ma:uma of Wldth Ôy ~ 1 1ll the rapldity di.,tributlon 

dI'. Idy of hadrons cngcn~rcd hy the dcf1agr,ttlon of quark-gluon pla"ma dropiets [111 Note tl1at 

large c\cIlt-hy-cvent fluctu~tlDn~ may al:.o be lmkcd to thc plasma fOTInatton f'rocc~s [.12] Botl! 

cX!îcnrncn!;ù l1lfOm1al10n and parton mu,il l~ cxtr3polatlolls from hadron phY'>lC, are r:~~cntlal t(Job 

fl'f Id('ntlf\'in~ ..,\leh Jboonnal cvent'> or e,phntly (Ollc(1Ivr cfl{,Lt~ ot unknown ck'r.H kr 

III tll1~ explor,ltory pha ... c nt the qll,~rh rn.lttrr <,('Mch, a (kM ,>tr.ltq~y for Il,''' lmt !"'flet,lttnll 01 

\l1:r..l-rcl.ltlV1~ttc lw.lvv Ion t'xpcnll1('nt~ 1', whde bcmg ,11('11 lor \lgn,,j·, dITn th probmg the qu,nk 

matter pha .. e or ph, • ..,c trdIlSltlOn, to m(,,"1'Ufe \\-Ith gTt'at pret 1'>1011 the cIlCIgy .!l:J pdrtll!r fiow and 

JCLltC(1 t'vent· hy-evcnt corrrlatlom 'Ille dl~tnbunoll~ ,tnd fluctuatll'Tl'" WIll ;'::1\ (' mfonnallon on 

CruCIal thl"rmodynamlc v.mahlcs ddillm~ wndlhons of th: pla~ITJa fOffilatlCc ('ornp.m~ons le' 

e~trapolatîon from hadroll- hadron ph, ~jC\, ha,>cd for m~tance on parton ~'1(ldcl" \'d11 ,111(n" 

chdractcrizatlOll of e\'cnt~ wlllch arc l1Io~t hkdy '-H1(lIdates for pla~ma f()rtnatH~n. Nuckus-nllclclJ<' 

Interactions are dornmatcd hy laW-PT pro('Cs~cs_ 'nlesc ,L'"C mttmatdv cOIlllccted Wlth th~ 'quark 

wnf10cment problem nnd out~lde, the propCi do main of perturbahvc QCD appliealnltty, 

l"C'vcrthcless, a numbcI of QCD-msplred phenomenologtcal rnode!~ have been dcvclopcd to dcscnbe 

law-pl' patùcle produetlOlI in terms of the quark structure and fragmentation f:'ll1Lilom. The most 

successful of these models, the Dual Parton Model and the Stnng FragmentatIOn Mode! (sec seGlIon 

2.5 on page 32), have been incorporatcd in Monte Carlo event gr'nerators and thm extenslvely 

compared to a variety of processes in hadron - hadron and 11gbt nuc1et colltslOns Ibese modcb 

mould be used )VIth a minimwn of ad hoc assumptlOns 11) preruet the VallOU:) fcatures of nucleus

nucleus collisiorG from hsdron - hadron physic~. The descnptlOn of nucJcar collisions Wlthi ... l 

conventionallow-PT particle productIOn IS the "backgroundN agamst which the effccts of quark-gluon 

plal>ma fonnation have to be found A further constraint on the parton models lS the necesslty to 

reproduce the right correlation betwecn th~ energy lost by the leadmg baryons and the rustnbutlOn of 

produced partic1es iD phase ~pace. Ben:. parton models become not only tool~ for IdentUymg 

dcviations fro.m stmdard physics but also tools {pr optimization of the condttions for the formatIon 
f, ' 

of the quark mattet-. The leading baryon spectrum can be studted iD parton models framework to 

provide us with the baryon densities in the different regions of phase space and the energy 10st by the 

Je&dmg baryons d~g the collision. These are two basic parameters for quark-gluon plasma 
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Given the assumption of thennahzatton, precise experimental infonnation on energy and partic1c 

flow in rap~dity provides mformation on thennodynarruc properties like the energy density and the 

entropy and, thus, will help to establish the equatlon of state. The mean trans\'er">c momentwn of 

particles produccd in very high energy nucleus - nucleus collisions may he directly rclatcd to the 

energy per urut cntropy of the hot matter originally formed and also, togcther \\.'1th the rapidity 

density of partic1es, to the mitial energy density. 
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Chapter 2\ --

Models for particle production in ultra-reJativistic nudear collisions 

2.1 1 ntroducti 011 

In ortler to be able 10 dlscmnll1ate the '31gn,ùs pOlntmg to a pO~~lbJc formatIon of quark matter 

in nudcus - nuclcm ("olhslOns, \\C WIll need to comparr the oh~cf\ed energy and pat11clc flow 10 

extrapolation.., made \\1tlun the tranwworh. of ("onvenllon,t1 modch f(lf ~)()ft-hadromc rrOC(,~'les 

'Ihc~t:' n:trapnlatlOm ba<;ed on known rharactcne,tlC\ ot P,Hll(:lc plOJudton 1fl h"dron -- hadron 

clllh~i(;n~ Will tell m \\ }l,lt to cxpr'ct a pnor: from CCf1\'é'IIl1c'nal phy~I{" 'I he ~carch fOI t!c'vlahon<; 

from !-uch conventlon,ll 1l.l( kp-ollnd N IS ,l nec ('~<',ify fMthway tow:lnh HlrntJfi, :ltJon (,f cffC'ct:': 

rcsulh:;g from guark-gluPTl pl.!~n13 plOdllctL:n lJrd"ftunate1v, thl'IL' C"!\h )'el Il.' umquc W,lY ln 

denv(' .! N(,O!lv('rÜlOllal
N 

pW!lIrc of 1 ;lü,l-rd,ll; ',- ::.ttc mH lt .11' lllllLlOll' 

!. ,nt of al:, the nudel thrJll~( iv('\ ,ut' IL' tnVJa: ")!)]e, !'~('(!rdHJlJ\ :\.'T thc m,' n bcha:v(,ur and 

fluctlJ .. :lOns of ob~crv.tblc~ dcpcnd on a r~nl\{, dt 'iCnptloL of the lll"-tautdlle01;', dtstnhntlOll of 

Iluclc(,nlc matter lU the LOlhding nucle!, «;-)(1 the __ l)filpanS,)!l wlth c'!(pcnmcntal data fcqmre'i a 

knowledge of the cffectIVe s.lmphng of tmprlct paldmetet~ Once the 'g(,oTnctry ~ of the nuclc.lr 

rolhsions is under control, wc Beed a dctrulcd dcscnptlOtI of the lIl('cham~m of multiple tntcra(11On~ 

WhlCh look place and of thc resultmg p.irtlcle productIOn For the~c. one can rel)' :'n a Wltk varie!y 

of more or le:<'5 fundamental thcorettcal approaches, """th more or 1c~~ predtctive po\\. cr 

Tbe thcoretlcal models can be roughly dasstfÏcd mto two classes In d tir"t c1as'i of models 

(sectIOn 2.2 on page 20). an illcommg hadron IS assurncd to mtelact In a scqucntlal cascadmg way 

w1th severa! nuclcom of the targct nuclcm During thls propagation through nudcar matter, the 

projcctùc hadron ne ver loo~e~ ItS Identtty. In this case, cxccpt for encrgy-mornentum conservation, a 

mulhPlc collision 15 a sUpCrposltlon of indtndua1uldepcndcnt colh~lOfl<; On the contrat")" one can 

adopt a plcture \\ hcre the coUlSlon breaks completely the hadroruc pwjecttlc mto partoruc fragments 

wluch subscqucntly undcrgo mteractlOns Wlth other target nucleons In 5uch mbdels (:,ectlOn 25 on 

page 32) one no longer has a sunple SUperposItIOn "The space-tIme devclopment of the multiple 

interactions will he functlon of the basIc dynamIcs of the hadroruc interactions 
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2.2 Nucleon collisions and global particle flow cbaracteristics 

The slffiplest superpositIon mode1s are the Wounded Nucleon and ~ucleon CollIsion modeb, 

for whlch the basic assumption IS that for a certam class of phenomena, the unùerlying quark-gluon 

structure of hadrons i5 not revealed or plays no significant role in the mechanism of the multiple 

soft-hadroruc collislOns. Thesc models pretend ta be mtercsted only in global propcrties of the 

nucleus -. nucleus collmam, which the y deduce by con\olutmg a pararnctrilation of the average 

behavlOur of P'r' ET Or the multlphcity distributlOn obscrvcd In hadron - hadron or hadron

nucleus colhslOns ln the rnnst nalVC versions of the models, a draJtic ovcrslmphficatlOn 15 maùt: by 

ncglectmg cnergy-momcntum conservation. OnC' 5tart,> \Vlth a description of the colhdmg Iludcl li 

and B in tenm of the nuckonic dcnslty profiles PA and p 8' A gcomctrical cross-section 1~ e:ùculatcd 

\1a a convolutlon \vhICh !nvolvcs elther the ~um PA + PB ta ntlqJ,utc the probabtlity of hl\\1nf.!, N~ 

partlClpatmg l1uclcom, or the product PA' P Jl t0 calculatc thc probabtlity for the incommg l~lckons 

to ~uffcr N", coill~ions l'he gl'Ometnc.ll pro h.llnltty di~tributlOn i, then folded \VIth .1 simple

parametnEatlOn nt fi -!' data l1JC re~ulttrlg <'pcctrurn rnay pro\'lJC ~Impk hClIll\tic d('\d1ptlOl1'1 of 

dl\tnb1!tl'lll'> tnca~U1td 111 'lm lcll~ - T>hl kll~ (o!h .... un~ 

'Ill( (,t!mL tlOn of 15 the' 1.I;tmg pOl:' nI the '-UCkOll Colh~ton :'vlodcl ('S,~\1) ln thi~ 

~lmple )"lodd r ' ''"1 ! l,li r he :1I11nlwi "1 (oH}'", T", C\!1tTlcnu'd by an Incident nu,leol1 arnving \vlth 

unpact t':1r.llJlt k' h on , 1"Ige! IlW ie '!~ (l~ esten,tlCII ,'~ 

( 11) 

where p 4 !~ th{ !.lIge! n~ __ kar dCIl'ilty plOfi\c (L,ken :l~ trapc/oldal in lJ4]) and 710; tbe lIludenn' 

axl~ nH~ rclaflLJn lrnpltcr, that JI1 mCJdent nllcle~)n l~ Imagmcd to mtCr.1ct \OC( C\~IVc!y \VIth ail j,lrgrt 

nuc\('on., 11 ('nc"un!cr~ w~thtn a cyhndcr of uov,·~t'ctlOnal arr.! P"" 1 the Illd,l\tlt' JHli .. kon -nudcon 

crm<;-sectlOll The quant;ty n(b) ha~ large R ;\1 S ~pread around ti.e ,iVcragc OVl'r Impdct paramctcr, 

fi 1 whlch correspond" te Tl -= A • k ""la nA) For.i projCI."tIJe nucleus iJ l't'nlcred at unp.lct par,uncter 

h, the total Ilunlber N(!;) of nudcon - nudeon __ olll\lom IS comtrudcd by makmg (o\'C'r the allowed 

Impact parameter JOffiJ.1n for the Inc1l'\1dual nue kons) the PlOtiu,,; nUl) tunes the effcctn c number of 

partlClpating mcident nucl~()m' 

( 13) 

The folûmg of equatlOfiS ~ 12) (13) glve.<. 
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tb contribute by the arnount ET' The functlOn Po(ET) is chosen to fit p-p data. The fluctuations;of 

the se 'clementary' contnbutiom depend on the choice of j{ET), wluch IS takcn as 1 in [33J for a 

variance of c~, and 4ErJEo·e - Ep'O ln [34J for a vanance of E~/2 
1 

'The total number of COlli!-llOns is 

then allowed to be ~ubJect to pomoman fluctuations 'luch that for a g1ven impact pararncter, one has 

an Er rustnbutlOn of [34J' 

wherc the ~Ul11 over ni r.U1ge~ trom J to infiruty The dtfferential cross-sectIon is finally obtruned by 

averagtng 0\ cr llIlpact parameters Such a ~mple one parametcr fit wa~ perfonncd on cltpcnmental 

dâta for 1,60 - Pb colh~lom at 200 (feV/n mC.l~ured in the pseudorapidlty rc:glOn 22 <. ~ll.b .;: ) S 

[35J 1111' fit [14J Wlth lu=- () 79 GcV g,IVC a rea~Ollable descnptlOn of the data 'l'hi ... valut." of Cil 

may be comp.lred to the COITc'ipoI1dmg v.lluc for p " p c()lh~lon,>, wlllch I~ found r 141 to he 1 20eV 

m the p~eUd()Llpldtty (hJfn.uIl consll1crco 

The tnCap,IClty to ma1l1tam the pararnetcrs valul'~ from nudcon -- Ilucleon c()lh~lOn~ 15 .U1 

mcurablc dtsca~e of the ~CM In gcner:ù, dlffcrent data seb wtll rcqiurc dlffercnt valuc"! of Eo [34] 

and the mtroductlOn of a vanancc pararneter (1) such that 
". 

f 

The values of nelthcr Eo nor (J) Cart be deduced m a straightforward manner from p - p data. A 

partl.ll CUIT may he the mtroductlOn of art addltional par.uneter, ta take mto account the energy 

losses between successlve mtranuclcar scattenng'O. ~ch a~ a damping factor l/K for the relative 

contnbutlOH Ov) of the \llIl ~cattcr TIm kmd of lmc.ll till-off C(v) </ V'K has hccn u~ed to 

reprodure thc A-dcpendcncc of the trMlsvcrsc cner~' dlstnbutlOn 111 p - A wlh\lons [3(,J l'or Il - A 

colli~lOm, tlus prcscnptlOn would rcqmIe to kecp trace of the wholc mIJJtl-\ .. olh~j{)n lUMory In ordtr 

ta ~corrcctly; .... cight the InteractIOn bctween aIrcady mwtl-5cattcrcd nucleom 

ln the :-':ucleon CoUlslOn model, art Y glvcn nuclcon may undergo art unluruted number of 

contnbutmg scattcrs mdcJ?Cndently of Its hl~tOry. Furthcrmore, W1thout any self-consIstent 
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!ustificatiJn, the total nurnber of scatters N ç is assumed to play a fundamental role m nucleus

nucleus collisions, simiIar to its presumed role in p- A collisions [37]. There N. is linearly related to 

the total number of participating ("'Woundedj nucleons, 

N=N-l· , w 

50 that either Ne or N", may be used. For a nucleus - nucleus collision, there is no unique relatton 

between N. and Nw 

In the Wounded Nucleon Madel (WN:\rl) [38], the conjecture is made that a more fundarncntal 

role IS playcJ by the total number of wounded nucleons Nw ' The observable propertxes of a 

nucleus - nucleus collisIOn are assumed ta be obtained by N~, convolutlOn of the corrcsponding 

propcrhes mea 'iurcd in p - p collislOm Bere agam, the mode! offers no self·con '>lstent JustIfication 

for the average scaling wüh Nw ' Tlm ad hoc chOlce irnphcs that a nuclcoll- nu cleon scatter will 

contribute only if one of the interacting nucleons 10; not alreaJy woundcJ, although a given nuc!eon 
1 

may 'wound' an unlimitcd n\lmb~r of Iluc!t:;ons. 111c \VNM a~,;umphon that cach woumied nuclcon . ( 

contnhut:s independcntly ta the observable particle flow lInpl1e'i that the overall produccd partic1e 

multlphcity ~hOllld iOlTea,',e hnc:-urly as a funetlOn of the number of participants. Bence, when 

companllg the partirk productlOn ln nucleon - nucleU5 and nudeon - nucleon collisions, the 

predIctIOn 15 tbat 

(15) 

llùs linear relatIOn between the partIcle proJuctlOn and the thlckness of the target nucleus is in good 

agreement with experirncntal observations [3'~] [40] up to lj~ '" 4. Note that such a A-dependence 

is dramatically wcaker than what wa~ predlcted by naïve intranuclear cascade models in which aIl 

particles created in the prunary collhlon were allowl"J t0 intcract immedtatcly with other nucleons in 

the nucleus [4\]. 

Glven the assumphon that each wounded nudeon acts as an lIldependent source, a distribution 

such as a transverse energy diffcrential cross-section can be built from a convolutlon of the form [36] 

(16) 

The nuc1ear mela~tic cross-sectIon <1~B is calculated using the Glauber multiple scattering model [42] 

for which the scale is fi.xed by the free nucleon - nucleon melastic cross-seqïon (<1: '" 32 mb at .Js "" 
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19.4 GeV). The colliding nuclei are descnbed in tenns of Wood-Saxon 9~clear denMty profiles. The 

probability a. that N. nucleons ~ wounded in the A - B colli~on is written (' 

a", = LPA~)PS<W-WA) 
li/A 

where P,,(w) is the probability that wA nucleons of nucleus A get wounded [43]. A pararnetrization 

of the experimental nuc1eon - nucleon daM/dET dist-ibution leads to an cxpre3Mon of the fonn l' 

.!! (ft'" 1) ('" ) ex 2 -.Er '2 (ft + 1) - 1 
------'e ·E ~ , 1)) T t 

(17) 

for the contribution to equation (16) from the n .. wounded nucleons The paramctcrs IX and fj in 

(17) are glVen by the fit to the p - p data or are left as Cree parameters. 1 

An extension of the WNM to introduce the quark - gluon structure of hadrons is made in string 

models such as the Additive quark ;\lodel (AQM) [44J [45J [46]. In AQM, the first stage of the 

nuc1ear colliSIOn 15 a set of para!lel collisions of constituent quarks. Coloured strings are aasumcd to 

span between the participating quarks and the fragmentation of the strings gtves cise to th~ partic1e 

production in the central rcglOn Dunng the multiple scattering processes, severa! strings may be 

connected to any glYcn quark and one po~tulatc., tlut thcsc eventually coalesce into one string prjor 

to fragmentation. The effective tot.l1 numbcr of colourcd ~trif'lgs is thus, equal to the total number of 
• 

wounded valence quarks of the inCldent protons and a!!,strings arc assumcd to contnbute with equal 

weights indepcndently of the numhcr of 'parent'" stnngs frorn which they were fonned. The building 

of an observa~ particle distnbutlon can theo procecd [42J as for WNM, except that now the surn 

in equation (16) runs from w "" 1 to 3· A wounded quarb, a", is the probabùity to have Nw 

~âed ~ks [47J, and the scale 15 fued by the quark - quark cross-section (cr" '" 1/9 a';;). ' 
\. ( .' 

• tI 
The attcmpt fo account for the partlc1e production (in central regions) by a 5J.[nple counting of 

r 
the total numbcr of wounded nucleons or by counting the ~gluon stnngs', together WlLh the 

\ 
assumption that ail wounded nucleons or strings can be comldercd a'l equivalent mdepcndent murces 

of partic:es, allowed a reasonable dcscnptlOn [46] of multiplidty distnbutlOll5 for p - IX and IX - il 

collisions at Js = 44 and 31 GeVjn and provided then! a SImple cxplanatHln for the nuclear 

enhancement at large Er [36J On the other hand, one cannot fmd a coherent ~ct of values for the ex 

and fi parametcrs titat sunultaneously fits the charaL'1cnstlcs of the pamclc flow (c·8· der /dET 
dtstributtons) measured in n?clcon - nucleon. nudeon - nucleus and nucleus - nucleu'! colh~iol15 [42] 

[48J [49]. The globa.! shape of the rustnbutions IS gene!,ally l"!,roduccd to an cxtent such that one " 

~y neverthele" use the models as a bas .. for a compact parametrv.ation of the data (50] (5I], 'flle 1 
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modela fwthcnnore provide simple rough e!ftimates of average quantities characterizing the partic1e . ' 

~ducti"n. It is worth ~oting here that in 5om(f~very limiting C.a5eS, as we will see in 2.5.1.3 on 

page 45, the more fundamental underlying constituent quark dynamics will result indeed in an 

approximate scaling with NUl in the central rapidity region. In the WNM. the mean number of 
1 

participants from projectile A and target B is 
• 

". 
(18) 

wherc (f~' is 'the A -+ B production melastic cross-section. Le. excluding the cases of a nuclear 

brea1cup without meson production. TIlls cross-section is thus a fraction of the total inelastic 

cross-section as meas,ured in' emulsion experïn:ents and ,which is knOWIt to be parametrized [52] as 
j,l 

(19) 

\ 

with Po"" 1.3 fm and c '" 4.45. The formula (19) deviates slightly from the pure geometrical 

cross-section «(f, = 1tp~ (BIll + AI/J~) for a spectator-participant picture with straight line trajectorles, 

since the 01tlines of the boundary betwcen spectators and partiClpants are blurred by the finite 

sca~ering an~es. This is taken into account by the last tenn in (19). The (f!B in (18) corresponds to 

a ~T minus the contribution from nuclcar breakup artd from electromagnetic dissociation. A useful 

parametrization isJ 19] 

~ 65.9 (A I /3 + BI /3 - 1.1 Il in mb 
ln t 1 

(20) 

One can use WNM to derive simple expressions for quantities such as the average transvers~ enerS)' 

produced in a nuclear collision [49]: 

AB 

Ë = T (21) 

For an l60-2°'Pb collision at 200 GeVm incident energy, we thus expcct (from (20) and (18) and 

\ . tn'i (f:," - 292 mb and (f:;b .... , 1770 mb) an :erage of..., 7.9' p~cipating inpdent nucleons leafng 

V to an average transverse energy production of Ef.,O- Pb) .... 12.5 E#-p). Note the average nllffiber 

of participatin~ciden, nucleons coincides with the prediction'(sce Figure 8 on page 21) of the 

NCM.~ ('" 
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2.3 Energy conservation and nuclear stopping power 

The simple "countmg rules'" of the :\'C:\1 (Iiumber of inclastic scatterings)', the W~t (number of 

participants) and the AQ\1 (number of stnngs for the centr:d rcgion) arc merely uscfull 

parametrizations which arc seen ta be of hrmted applicability as soon as the particle production i5 

studied fi !f1:ater details. Flrst of .il!, the cncrgy conservation h,15 bCen omitted anJ It will play a 

fundamental role cven in collIsIOn'> Inltlatcd by ultra-relatlvistic (i c '" 102 GeV/nuckol\.)jl}C1dent 

projectIles 'Dûs rrught be seen, for lnst<mcc, ln p - A data when the thicknes,; of the t.U'gct nucleus is 

brought to a value lcadmg to a ~Ileablc numbcr of partictpatmg target nuc\eons ( Nw htrb'Cr than ""-' 4) 

[53] [36J. l11e central multipltclty denslty in p - A collISIOns i:. seen to incrcu<: ::-: !,roportion with 

the number of partlClp:mt9 up to N w ""-' 4 , abovc wluch it is mcrc<ismgly supprc~~ed con.parc to the . . 
nalVe scaling. 'l1ü ~ IS scen m Figure 9 on page 27, which shows a eompllahon of p - emulsion data 

made by Brody et al. [36] which they use to study the effect of the mclusion Ul WNM ,md AQM of 

an additlOnal par<ill1eter repre5enting the weakenmg of the contnbution from succe'\Slve inclasttc 

colliSIOns. 

A "'dampmg H coeffiCient is found to be necessary to avolu ,tn overcstJJnatlO1l by the WN M of 

both the A-dependence of the central multiphcity ill1ld the 'nuc1ear cnhancementM as mca!>urcù [54] 

at high transvcrse encrgy \Vlth thc ratio (da/dET)p .... /tdcr/dEr)pp The IOterprctatlOn of the ~upprc!>sion 

mecharusm 10 such compmson is however not unique, a~ one c.lOnot dJstingw.~h betwcen the cffect 

on the p<ll'tlc1c productIon of the energy loss of the lcading baryon dunng the multiple scattering 

process, and a lurutation of the effective number of colhslOOS allowed for the Inctuent projectile l1ü~ 

latter case follows frOIT! the 'countll1g rulcs N of a modcl hke AQM smce the total numbcr of 

contnbuting collisiom IS hrruted to 3 (valence quarks) for an lOCldent baryon NClther WNM nor 

AQM (vilth our Wlthout an "cnergy cOI1ServatlOn' pararneter) secm ta be able to simultaneously 

reproduce the observcd nuclear cnhanccment and the damping of the mulhpltctty at central raplùity 

[36J, and the ~upprc~slOn V1a a valence quark countmg in the AQM leads to an undcrc!>tunatton of 

the rise of the central rapldity multlpltcity dellSIt:; 
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Figure 9: 
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Central rapHhty multlpIH.:lty dcnslty p versus the number of particIpant 

nuc1eons. The p-cmulslOn data as a runctlOn of the.target nucleus thickness 

for inCldent energIes varymg from 67 to 400 Ge V arc compared to WNM 

and AQM (GSM) predlcttons made wlthout (dotted !mes) or wüh (soltd 

lines) the mcluslon of an Nenergy conservatIOn· parameter. The figure is 

taken from [36] (sec text) 

The cruClal role of the energy-momentum conservatIon 15 better manifested m lts contnbution 

to the increasmg rapldity shift of the inCIdent baryons (so-called stopping power) when brought to 

tmverse an incrca'iing target nucleus tluckness. As mentioned in chapter l, the nuclcar stopping 

poWer is a nccessary mgrcdient of any attempt to estImate the most favorable cxperimental 

conditiom undcr \\hich one may hore to generate a local de confinement of quarks ;md gluons [55] 

[ 47]. lt allows to e\ aluate the expcctcd rapldtty gap between the ba.ryon nch nuclear fi.reballs, and 

the dCpoSltcd cncrgy \\ ruch is avatlable for partlcle productlOn Conslr1f'rable thcoretical efforts [55] 

[47] [56] have bccn devoted ta the understanding, in terms of nuclt:!ar stopping power, of the 

A-dependence of the inclusive invariant cross - se:=tions E c:Pcr/dp3( = 2E/.Jsxlf2cr/d.x~p2 T)' These 

cross-sections, as measured for p + A - p + X and p + A - 1r'" + X as a function of Feynman 

xF = 2/V ... ..,IS ( in the p-p center-of-mass frame) at 100 GeV incident energy [57], are found to be 
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increa~y wetghted towards lower X F \vith increasing target mas!!. From the lÙsplacement. one can 
\ 

extraet a function Q,,(t\y) giVlIlg the probabiltty that the projectile looses ~y =: y -- y ....... aftcr n , 
scatters, Although the translation into 5uch a stoppmg power functlon is model dependent, most 

models agree m asscssmg for a rclahvdy 1argeN Tmclc3.T ~toppmg power. ghing n'le ta mean rnpidity 

losses wruch \'Jry from L'ly"-' 1,2 to Ay - 1 8 a~ the mean nurnber of scatteu. 10CTCases from '" 1 7 

ezC) to "'-3 S eORPb) FlgtlIT' 10 shows the result,; of the calculatiom made by D.lté et al, [47], who 

intcrpretcd the data [57] ln the frame\\'ork of a multlcham parton fr.lgmcntatlOn lUoùd 111eir 

calculated mean raI}jdity ~hIft of ~ 1 8 10 the ca~e otllllllPb (averaged over all unpnct pa.rameter~) 
would correspond to a .,hift rcachmg Ay """ 2 - 3 umt<;~n an inCldcnt nuc\eon p.l5SCS through the 

cntirc 8 fm dlarncter of a Pb target nucleus 

r----------------------------- -- - -- --- - -

1 

Figure 10 
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Stopping power of nuclear matter il" charactcnI.cd hy thc Trean baryon 

rapldity shift as a fu..'1ctlOn of nuclear thickIlCS~. 'Ibc rapldity shi ft for the 

various clements arc deduced [47J from cxpenrnental data [57] on 

invariant proton U1cluS1VC crO<;S-~cctlOns u~ing a multlchain parton 

fragmcnt~tJon mode! 
1 

________________ J 

The extrapolation from the nucleon - nucleus mformal10n, to prcdlet the ~toppmg power of nuc1car 

matter m the contcxt of a nuclear collision. Îs hampered by the faet that litde Îs known on the cxtent 

to wruch the stoppmg properties of the target nucleus may be fclt dJfferently by the successive layers 

of incident nucleons. 
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2.4 Hadronic fonnation time 

The proton - nucleus data have also revealed that the particle production mccharusms deviate ID 

anothcr fundamental aspect from "'triV1al' superpositlOn of free p - p interactions T1us IS seen. for 

instance, when normal1ZÎng the overall rapldity dcnslty distnbutlOIls of produccd partlclcs measured 

in p - rlucleu5 collisions ta the one measured In p - p interactIons, 1 c. in measurements of the ratto 

R = p ,A. (y)!p ,,(y) 'nIe bc~t mcasurcmcnt of snch ratIo wa'i pcrfonned hy a streamcr chamber 

expC'nrnent [58] wherc the moment a and IdentIficatIOn of charged particle,> could be made over the 

wholc ,>ohd .mgle f9r 200 GcV!c protons and antIproton'> ulCldent on Il, Ar and Xe targcts 'niC 

re~ult,> for negatively charged part1ck~ pwduccd ID P - Xc collisIons arc sho\vn III hgure Il 

Flgtu"e 1/: 

['~" '. "',, ' :~'T'--1 100 1 
1.(, 

p Xe 
Rjyl,iUy) ! _ 2,1 y' 

1 "R_(yl ,....::A_ 

10 _ t 1 
' .. 1 v J 

. jJ 

> • 

. . 
" . , . . . , 

• 

1 1 

01 .1,.,........ 1 ---'-----'-___ L--'--_J 
0 2 , 6 

y 
" 

lbc rapidity demlty of negatlvely charged parttcles !Tl p - Xc colhslOm 

normalilcd to thc corresponding distnbuhon measured in p - p colltsions. 

'I11e data arc from [58J 

--,------ -----
) , 

k 
'Ille ratio rustnbullOn in Fi!,'UfC Il iliows a dcplctIon (R < 1) at large forward rapiditl(",,!; 

corrcsponding to the beam fragmentauon region. It slowly riscs ta reach a kind of plateau at central 

lpldities around Ylob =:: 3 (J'e.".. = 0 in the nucleon - nucleon c.m frame), In dus central rCglon, the 

A-dependence of the partic1e production lS compatible with the expectations from a naive countmg 

of the ~wounded' nucleons or 'gluon strings' (eq. (15)). l.e. it scales in proportIOn to sltghùy more 

than half the nwnber v of inelastic scatters. The particle multiplicity density fina1ly rises much faster 

than v in the target fragmentation region. The general trend of such distributions was originally one 

of the motivation supporting the AQM asswnption that valence quarks played a fundarnental role in 

the collision process. TIns was generally simply argued [59] [18] by extending the simple counting 
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rules over the full rapldity. Wlule the partlc1e production in the central reglon would arise mainly 

from the breaking of the coloured stnngs, It would be dominated in the nuclear fragmentation region 

by the fragmentation of quarks \\hich exchanged coloured gluons (wounded quarks [60]) and by tho 

fragmentatlon of the spectator quarks in the woundcd nudeons. A simple rough estimate obtained 

hy c0l!.r\ting strings, wounded and specftor v,ùencc quarks [18) lead!> to a prediction of 

RI"" A (t7 p)(Jp,.)=v In the target fragmentdtIOn rq,'lon, Re"" 1/2 (\1+ I) m the central rcgion. dl'ld 

RB ~ i,:2 s ( f ~ ~pcctator quarks) ln the he;un fragmentation reglOn (:=0;> RlI-s.l ). In attemptmg to 

develop a more complete phySlC;Ù plcture of the multiple colhsions in the framC'work of the AQM, 

one has to Implement the fragmentatIOn and enep;y los,> mechani!>m'i which are not lhrcl.1ly gtven hy 

the model [47J Sorne cxtemiOIl'i of the AQ'\1 were found ta provide a gooù ùesl.-nption of the 

multiphclty rapIJtty dcpendence do\\n to y "\ 1 [45] [58J, but :ùl (;uled in rcpmducing the maximum 
J 

(I~T »v) ln the targC't fragmentatIOn reglon The very lngh partlc\c ùeno;ity ln the tarb'Ct 

fr,lgmcnt.JtlOn rCgJon ha~ bccn mterprctC'd as e\1dcnce for large mnount (lf e,l~ullimg 1I1!>\llc the target 

nuckus by the )low ~ccondanes 'IlIC faet that this ca~e.lding appC'arct! 10 he n·~tnctcd ln ~Jow 

~ccond,tnc~ arf,llcd for the vahJJ!y ùf thc fonnatlOll lonc (,Ol1ccpt Ihl] [9] 1411 In tl\(" v.toom 

thCorctlC.J! apI'roachc~, the mechamsms fc~pon"lblc for Ill(: cXI~tencl' of tlm formatIOn lohe, an dfcct 

abo cdlJcd longlludm.11 grO\\1h, h.wc bcen dl~cus"cd ln tcnm of the fit'ner.d pnnnple ... of quantulII 

mcch,lIllV, and field thwf),. l'lut gcncrally '>peakmg they Lan .111 b" traCl'Ù to .lfl argument Itlvo!villg 

the IltlCcrt,llllty pnnl1pk .md the 1 orcntl tune (hlatal1011 '( he '>Cl ondanl ~ h.lve .1 ,h.tr.H tcn'tue 

fOrIlldtlf'I1 tune' T {1 !Il 1 hClr (lWIl re,t frame wludl I~ dl!.nnl in thl 1.lrgrt h·~t Ir amI' to 

Ah()\e a ccrtam CIlCTgy Fe ' wll1ch J) glVCIl hy tilt' n'qum'mcnt 

CT, -- {'TO'/~)mlrl::::. TuAI,", therc'l\ no G.lSCa(1L of ~ccond,ln('~ and tbey C~L.lI't: the t.trf!t't ll\l(ku~ a~ 

\'Îrtual fragments (for mrC2 
"'- 400 ;\kV tlm correspond.; to a Lntlell r.tplChty of }', -- (o.,h 1(!,)tn/,l) 

'" 1 to 2. 

\Vith the mcluslOn of the forrnJ.tlOn 70m' concept, the multlpltcity Ovcfl',tlmattoll'> of the Il;ÙVC 

cascade modcls could be explamed. and iiecdless to ~ay, a number of improved cascade modch Wl'rc 

proposcd as valid mterpretation of the partlclc flow propertlcs in p - nucleus collisl()fls [41] 

Similarly, numerous modcls relying on basis rangmg from collective hydrodynamic to rmcroscopic 

parton concepts have attempted to explam these observed propertJes [39] [62) r 63]. As 1 am 

presentmg in thls thCSIS results of an cxperunent of the of the first gcneratlOn on ultra-rclatiVlstlc 

nucle.u co1ltslOns, and smce the actual hadron - hadron and hadron - nucleus cidta do not allow } ct 

to completely dtscnflÙnate between the vanous possible physlcal approache5 for describing the 

nuclcar colb~lon process. one should be aware that thtre will be no unique mtrcprctation of our 

rcsults The hadron - hadron and hadron - nucleus data ncverthc\c~., brought forward .. 0 me: 

constramts that gwde the chOice of a lugh cnergy nuclear colli~lon modc1, \\ruch mlght be conMdcrcd 

as representing the most reasonable extrapolation from 1cnown'" propertlCS of 50ft·hadronic 

mteractIons. Wc shall minimally request that !loch a model provides a cIear mechanism for the 

stoppmg of the incident Quc1eons and the cOtTesponding rapidity displacement of the particle 

productIon, while preserving the approxunate scalmg of the central multtphC1ty and allowing for a 
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strrugthforward implementation of the hadronic fonnatlOn time concept and eventual cascading of , 
secondarics. Furthermore, It should reqwre a minimal set of parameters and these should be severely 

constrained by the data. lbesc condittons are fullfilled by thc QCD-inspired models presented in the 

following sections and used as tools for the phySlc5 companson with the data m chapter ~ 

'>.. 

\ 

\ 
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- 2.5 QCD-inspired multiple soft-hadronic interactions models 

The particle production at low transverse mornenturn is the dorninating ohservable feature from 

ultra-relativistic hadron - hadron to nucleus - nucleus collisions. The soft-hadronic processes 

responSlble for tbis production are believed to be dosely related to the quark confinement problern. 

-nle low momenta transferred are probing a domrun whcre the strong mteraction coupling constant ls 

very large. thm forbldding a perturbative QCD treatrncnt Ncverthe1es" QCD·insplTt~d models 

mamtainmg a close corrcspondence to the phenomenology med for hard procC'ises have successfully 

been developed to explain soft·hadromc lfiteractiom. It is remarkablc that the dominant . 
contributions ta phenomena 10 the low-PT regirnc could dcpend on es<;cntlally free-parton 

probabilities nlC understanding of the phtlosophical and practlcal implIcatIOns of thi~ IS olle of the 

major achtevement of early recomb1Oatton [64] and fragmentation [65] r 661 [67] mndels. 111CSC 

two classe" of models were a bIe to reproduce the main observed features of the mcluslve particle 

production, although with apparently contratlictory "iewpomts. 

In the rccombmatlon mndcb, the mdmive dlstnbutlOl1'1 arc !-Oven by the parton stmcture 

hmctHllls, rq(x), of a fast forward-movmg valcmc /qu.uk wllleh fC'combine, (,lccording to a pnon 

unknown n:::ombmatlOJl fUlll"tlOm) \Hth a ~low (Xl~'O) sea quark ta pro duce the nutgoing hadron. 

nli~ appro,tch, for wIll( h x ~ '1 1 '\J ' . X li kalis to 1111 II1chl'lvC dlffercllttal cro~~-~cctlon (e.g. in 

l';; • l' • XI ~'f the fmrJl 

(22) 

ID agreement wlth cxpcnmcn: lt 1~ this dtscovery [681 of cxpenmcntal eVldencc for a 5triking 

surularity bctween hadron -- haslron low-PT hatlromc spectra at large x and the structure function of 

pomtW<c conshtuents mcasured 10 tlecp inelastic scattering which ongmally mouvatcd the 

recombmatlon approach In the tlctatled applicatIon of the recombination models, the !Ica quark is 

allowed to carry a non-zero momentum fraction and atlJu!ltable pararncters are rcqwred to de scribe 

the joint q - q recombination functlOn 

The fragmentation modds wcre stirnulated by the observation [651 of .in cqually stnking 

strrulanty of the Feynman x - distnbutton'l of hadrons m soft hatlronic COllt5io05 ta parton 

fragmentation functlOns measurcd in hard processes. These models are, in pnnclple, made parruneter , 
free by usmg a oolour separatlOn mecharusm and parton fragmentation functlons fix.ed by 

measurement ID e" e - or deep 10elastic scattcnng A !>traight-forward apphcatIOn of the 

phcnomcnology of quark fragmentatton at large PT to low-PT rc:actlOns would disagrce Wlth 

cquation (22) [69], 50 a mechanism known as the quark lleld back'" effect was incorporatecl. A 

valence quark IS lleld back" and the inclusive distribution is described by the fragmentation functions 

of the remaining fast-forward moving quark (or diquark) system. The attempts to provtde a finner 
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theoretical basts to the held-back mechani!lm, by mvoking the concept of stretching the colour flux 

tube [70] [71] or through the Dual Mode! [72] [73], are at the origin of the most successful 

fragmental10n modelll: the Lund Madel [65J [70] [71] [74] [75] and the Dual Parton Model (sec 

section 2 5 1 ) devdoped at Orsay. 

The Lund and the Dual Parton modeb ddfer In philo~ophy and Ul the details of thclf 

predIctIOns but neverthe1ess have surulanties. ln analogy to the physlcs of e' e - annilulation, both 

models considcr a "perturbahvc pha'lc' or parton showcr n:sponslble for colom ~eparatlOn foUowed 

by a fragmentatlOn, described by <;tnngs or chams, of the partonic statl." mta hadrons. ln the 

fragmcnt{ltion rcglOfl5 thcy behave likc the carly fragmentation modcIs, in the 5cnsc that meson 

fragmcntatt~n l?o!{s hke quark fra~cntatlOn and proton fragmentation l~ ~tmilar ln hadromc 

co1li~ioO'l and lI! deep ine1a'itlc scattering 

The fragmentation rnodc1s have the ,ldvantagc over the recnmbmation modd'i nf bcing 

forrnul.ltcd in a gcneral framcwork allowmg ::1 umficd description of tht" ccntral and fragmentatIOn 

rcg!On~, Moreovcr they can hc e~tendcd te) hadron - nucleus arld nucleus -- nuc1~us Întcrm-tiotls 

without mtroduClng llCW phyS1C,Ù concepts or a~sumptlOns. 1 shall conccntrate on the Dual Parton 

fragmentation modcl in thc followmg suh· 5ccttons COIlccmmg the stIll open' d"bate hctwccn 

fragmentatlOn and recomhinatllln. r n-(c-r to a rcccnt comprchcmlve n'V1ew t>y K F1alkow~kl and W 

Kittcl [62] and the cnhcmm of vanom protagormts [76]. Let me also mcntiol1 that therc has been 

c1aim~ that from the point of vicw "f the Du,,} T()p()lo~:H_aJ UmtansatlOIl 5chcmc, the rccornbinatiofl 

and fragmentatIOn an' fW'nttalJ~ rqUlv.lkr,r par10n mtcrpH'tallons of ttc ,anH' dual cyhnder 

romponcnt [7.1] 

2.5.1 The Dual Parton ModcJ 

2.5.1.1 The Dual Parton Model for hadron - hadron interactions 
(j 

The confinement rclated non-perturbattve effects fi soft·hadronic mtcractlOns do not allow a 

simple extension of the perturbative treatment of quantum chromodynamics (QCD) which provides 

a finn basis for the parton descriptton of hard processes. A possible solution cornes from the study 

of the correspondcnces between QCD and the Dual Topological Unitarization scheme (DTU). It is 

su~h a study \\hich constitutes the foundation of the Dual Parton Model [67j [72] [73] [77]. ' 

, 
ln the DTU scheme. given the laJ1,'C values considered for the strorlg couphng constartt, one toes 

to find a different expansion parameter allowing a perturbative :~atment. TIùs is aclùeved by 

decomposing the scattering matrix S into an infinite nwnber <if iopologica1 components. The 

topological expansion [78] is carried in powers of lIN. where N is the number of flavours and the 

raùo of the number of coloun over the nwnber of flavors is maintained fixed [79] [&0]. 1b.is 
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expansion in tenus of dtagrams ..... i.th increasing complex topoloS)' is expected to conveIb'C rapidly. 

and the graphs ,"-i.th the sunplest topologies are asswned to qommate [73J. The fixed ratio .V) NI 

permlts the mtroduction of correCtlons Impo .. ed by unitarity [80]. and a conceptual hnk hetween 

gauge theones and Regge field Ùleories I~ obtamed. The relative weights hctwccn the vanom tenus 

of the expansIOn can be detennmed Wlthin the framework of Rt"~'C field thcory. 'I11e fmt t,,"o 

dorninatmg components correspond through umtanty to Reggcon and Porneron cxchange and one 

can develop a partomc fragmentation mterpretatlon of the sc cxchatlgc proce-sscs r 72] [7J] [77J Ille 

hadromc scattcnng amp~tudes, at the low('<;! order in n ru, can thm he Lomllkred 3\ provHlll1~ tilt' ~ 

Nzcroth order* dppr()X1m~t!On tn Qçn 
\ 

111e requlft"rncnts of a guuJ corrc~pondence to dual-Rcggc modcb !t'ad Ilaturally in a 1.1t\l.ltioI1 

where the d.re~s{"d quarks, WhlCh saturatc the wholc momcntum of ,1 hadron, hehavc rather 

asymmetncally, one fa~t ,,~J(i the other one,> !>lm\- [72] 177 J. ThiS IS the ~altcnt ft'ature of the Ic,ldtn~ 

order colour ~("par,lhon rIll'Challl\ITl !Tl the Du <il P,l.rton Modd [771 'l'Ill' mlf'r,l' lIOn (l'l)!our 

exch~U1ge) bt'tWlTIl two nuckom ~l'p:l.r.!t\;) the v,lll'Ilce quark\ of e:H il nudf'on 1!11() 1\\,\) coloun'(\ 

systems that "hare the nuclcufl mOn1cntum, olle "Jow \\ lth the qu.mtum n\Jmbcr~ of a \aknn' quark 

and the olher fa<,t \\1lh thme of .1 dlquark In (\r~l('r to llt'llt r.d l/{' thc',e coJoHrcd ~y\term. Iwo 

multlpartlcJc challl" are jotrIlt'd \tfcühmg fIOlll \llll nllc/lon tn thl' nther a~ :,ccn 111 (,\) (hgun: 12011 

page 35) 'n1t' torIT~p()l1liIng dlJgram\ fOI the ~cparatHln of 01 rnc\on mlu a quark .lflll arltlqllark 

<olo",cd 'y,'"n " ,hm,,, m (b) (hgn,,· 12 on l'.''''. 15) 1 
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(a) (bl 1 

prOlon 1 • 1 u 

p~ § 
E'~ 

~" 
p -----

proton 2 "'2 P"2 

rl,fÇUN' 12 1 ""'0 cham diaJ..,'Tams for ~oft IMr!H:1t PlOductlOn Ul ha,ironle ,'oIh~HlIl'> In 

J. p-p coJh~l(ln, fjg (a), the quarb 1 .lnd /2 <Ire Nhehi bdCk x and 4 (lllourn! 

'y~t('m,> are 1'[(',lucCI!, Il' I.,P Il J.nJp" IJ rht' two ll111lupar!ldr ch,lItl', 

arc (p - Il' 1) ,ll1l1 Ill' fi Il l, (ach (OT ~'''lllmdlIl~~ to l " (oJ()lJ! c,ep.!LltlOIl 

In a rr p (Olll'~H)TJ, fig (h), t brrr ,Ife two thagIam ~ (O!fc'>jJ')whng to 

holdmg b,lCk thc quark ,~nd hohlIr1f' 1- -\Ck the .• otiqu.nl 

1 

Squanng th" cJlaftr.(m~ 01 hgurc 1::; .md mmml11g ove! the mtermcdlatc 1>tatc~, a<; reqUlrcd hy 

unitanty, gl\'C'~ the <--yhuller topology of thr PClmcrolllll the Dual :\fodcl f77J 7 

ln orùer to spcclfy the colour ,>eparahon rnech:umm qU:Ultltatlve1y, one introducc'i Ùle functlOn 

p/I,/XI' Xl) which b the probablhty that the mteraction betwccn the C'Olhding nuclcom breaks them 

ioto two dtquark !)ystems WIth momentum fractlom Xl and Xl' anù two quark ~ WIth momentwn 

fractions (l-x,) and (l-x~) and Wlth flavors labelled il and iJ rcspectivelyo 111c functlon P'I/J(XIO .,) 

is assumed to he proportional to the product of the valence quarks dtstnbutlOn functlOOS of the 

collidmg hadrons [77]. The derivation of the~e momentum distributions, which is based upon the 

dominance of the Reggc singulantlcs studied in appropriate ppidity intervals, gtves [81] [82] : 

(23) 

for a valence quark 1 m a baryon. and 

7 Although the Pomeron contnbutton \S of order lllf. It 15 round [81] to dommate over the Reggeon contnbuuon wluch II 

of order 11 N and con~s one cham for two ba.clc-to-ba.c:k Jets, 
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(24) 

for a valence quark or antiquark 1 m a rneson. 

The model IS completed by fi-ung the rules by \\ hlch the partons hadronue into observable 

particles. In most apphcatlOns of the Dual Parton model, one assumes that the fragmentation 

functions are urnversa} sueh that they scale from high Ql ta low e proces~e'i8 , i e. the rapilhty 

denslty of each cham depends on the nature of the systems at the eham end, hut not on the ~oft or 

hard nature of the process whlch producc~ them 'The fragmentatlon fù1lct!om are takcn from c' c 

data when the appropnate (bta 1'1 aVaJ.labJe, or cise they are denved from umnting rule .. {-( 1- x)"} 

They may al'iO be based on cvent-by-event Monte Carlo mLthod!:'l for hadronuatton. Once the 

fragmentatton rules are 'ipcclficd, an tndmlVC spectrum 1'1 slmp!y glven hy a convolutIOn of quark 

rnomentuIIl wstnb1rtlOn functlons and quark fragmentation fUllctlOns \VIth wClghts givcn by the 

structure functlOns Thl .. gtves for .1 p - p l'Olh~lon ,1Il cQU.1tlon hkc 

1 da 
a dy 

wzth f1 = _~ ln ( 1 + f3_h~ ) 
1,2 2 1 - f3 

1,2 

where PI (P) 1'1 the cm momentum of chain 1 (2), PI and Pl are the Lorent.l borts reqlÙred ta go 
~ ) 

from the cm frame of eaeh cham to the overall cm. frame of the hadronic coili n; and t\l (1\1) 15 

the corresponwng sluft m raplmty for the dcnslhes dNI/dy (dNJ/dy) coming from cham 1 (2) (sec rcf. 

[67] for the dctruled relations). A schemahc representation of the corrcspondmg rapidlty 

mstnbuttons 10 the c.rn. frame of a p- p collision is glven 10 Figure 13 on page 37. 

8 Apart for the scalmg Vlolauonl rerullJ1lg from the olT·.htlJneu of the qua:k1l1l hard proœue. (77] 
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Figure /3: 

1 

x <0 c; 

1 da 
cr dy 

c2 X=O C1 x>Q 

The rapidtty dl~tnbu1ton of partlcles 10 each ch.un and their SUffi (dashed 

line) for a p-p col1!Slon. The labels Cl' Cl' Cl and Cl rcpresent the four 

coloured abjects at the chams cnds (two valence quark and t'Va dtquark 

systems) and ~I, J IS the distance between the cm of a cham anù the 

overall cm. A me of the central Nplatcau' W111 eventually anse from an 

increasing o\'crlap bctwcen the two chams 

CorrUng back ta the momentum distnbubons of eqs. (23) and (24) , one remarks that the smguIarity 
1 

at xl = 0 forces an fie!d back' slow valence quark fi the central reglon. Thts imphes that the 

remaining diquark system, which aIso contaÏns the gluons and the sea, will carry away most of the 

incommg momentum llle fragmentatIOn of the fast dtquark system will often produce a fast 

1eadingN baryon. 

'The two-cham ,structure of the colour separation in the leadtng diagrams, together with the field 

back' mechanism and the leading baryon effect, gave ta the Dual Parton model a quaht~tÎve and 

quantttative understandmg of alllow-r-r multiparttcle productlon data up to the highest cm. energies 

at the ISR9 
1 JS ....., 60 GeV. Inere, the mode! reproduced the shape and the cnergy dependence of 

inclUSive spcctra bath in the fragmentation and ccntr.u rcglOns [67J [77J [83J 1 as \\ cIl as the ratio of 

7t - P ta P - P cross-sectlOns '[ 77J and the rcJati~e particlc navor composltIon lU p - p and p - p 

collisions [84]. 

\Vith incrcasmg vs for the hadroruc colliSIOns, the lùgh order tenns rcqurred by umtanty m the 

l/~ expansion will play an mcreasmgl) unportant raIe. They correspond ta a sltuauon where sea 

, quarks get sufficiently energetic ta produce new chams arld contnbute ta the increase of particle 

9 The CER~ Intercectton Slor~e Rmg. 
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production. Thcse highcr arder terms are related to multiple pomerdn exchange and tbcir relative 

, ~ 

contributions are calculated \vithin Regge theory [81]. Figure 14 shows four êhains diagrams (order 

lIN') contributiclfls for p - p collisions. 

f ======X4 
\ ~1f (~~ 
~ « , ( ( ( 
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~~ 
~Wè 

(e) 

Four chain contnbutions ln p - p mteractlOns. ln each ùiOb'l'aIn, two 
1 

,'~ chains are linked to q's and ?~ frOm the sea. In dtagram (a), the two extra 

chains arc strctched between quarb from the sea. The computation of the 
;-

~ contnbutlOn of tlus graph rcquires the jomt probabllity p(xl' Xl' x/xc) of 

finding a valence quark at xl' a sea quark at Xl' a sea antiquark at Xl and 

the diquark at x 4 = 1 - Xl - Xl - .t), in a proton. 

The sea 9uark momentum distributia~ is of the order [81] p(x) "" l/x, and is thus sharply pcaked 

near x::::: O. The chams stretched between sea quarks are in general short and concentrated in the 
i 

central rcgion so that 
.". 

x <x. «x ua -"'\oal~1ICtI diquark 

The multichain (> 2) contribution is below the 10% level for hadron - hadron colli$ions at the 

highest ISR c ~~ergtes [85], but is essential at SPS10 collider ener;es where it reac1'tes 30% for Jï 
= 540 Ge V [81]. In the collider energy domain, various theoretie<rl developments along the lines of 

• 
the multichain Dual Parton Model were sho-wn to be in rea'lonable agreement with data for the 

average multiphciues [86], the rapidity dtstnbutlOns (both mcluc;ivc and scrru-inclus'vc) (87], KNO 

sca1mg VlolatlOns and the energy and rapidity dependencc of multlpl1city moments [85] [88], the 

long-range rapidtty and forward-backward muluplicity correlations (89], the energy dependence of 

heavy flavour productIOn [85], and the d.J.ffractive partlc1e production [88] [90] With the addition 

h 

JO 
The CER!'Ii Super Proton Synchrouon. 
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of sorne intrinaic momentum at chains ends (due to semi-hard scattering or multiple gluon emission), 

the multichain Dual Parton Model also reproduces the correlation between transverse mornentum 

and multiplicities of secondaries [91]. 

2.5.1.2 Extension of the Dual Parton Model to ,hadron - nucleus collisions 

The Dual Part~m Model can he generalized in a straigStforward manner to hadron - nucleus 

interactions. For this case, in contrast with hadron - hadron interactions, multi-chain diagrams will 

play an ÎIllportant role. Although such dtagrams correspond to 1ugher order corrections in the liN 
~ 

expansion, they arc enhanced in interactions witH' a nucleus due to tnVlal combinatorial factors 

resulting from the possibility of linking the various chains to different nucleons in the nucleus. TItis 

is seen for example in Figure 15 showing a doublc-scattenng '\1iagram in a proton - nucleus 

interaction. 

Figure 15: 

rrtarget 

Double-scattering diagram m a p - A interact1on. Tw target 

nucleons scatter inelastically Wlth various sea and vale ce constituents of 

the proton projccttie, leaving A - 2 target spectator nucleons. 

The n inelastic collisions of an incident hadron projectlle with n target nucleons correspond to a n

Pomeron cxè'hange 11 leadmg to the formatlon of 2n chains Here again, the large momcntum 
> 

separatlon betwccn the systems at the end of each cham will cause the stretching and evolu~~on of the 

chains, via a colour-confining mechani,~rn, mto a jet of hadrons. 

Il 
The asSOClatcd dual d1agrun hu a compùcated topology Wlth n - 1 "hanclles" (92J 
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In a ~-A multiple scattering process (c.g. Figure 15 on page 39), there are four types of chaim 

involved. Chain 1 (4) is stretched bctween a valence quark (diquark) of the proton projectile and a 

valence diquark (quark) of a target nucleon. Chams 2 and 3 involve respecti\'e1y an antiquark 

(quark) of the projectile sea and a valence quark (diquark) of il target Il.uclcon. For nny total number 

n'of ine1asttc scattenngs, the chams 1 and 4 cm only appear once (neglecting possible rescattcring of 

fragments) while chains of type 2 and 3 appear n - 1 times cach. lbe rapidity density of the 

produced hadron h m an mcluslve reactlon p+ A ...... h + X is thus gi"cn by [92] [82] : 

dNpA - hr 
~-:---(y) = 

dy 
( 

A ~ 

= l 11;:. ~. {N~(y,n) + n:(y,n) + (n-l) [~(y,JI) + ~(y,n) J} 
"_\ I1ln 

The inclusive particle spectra N':. for chains of type IX = l, 2, 3 and 4 is written as 

\ \ 

!I(y,n) = fdx Jdx' pC(x) pC'(x') N .(y-6.,P) 
• n n " 

o 0 

(25) 

for a chain stretched between a cdmtituent c (quark or diquark ,of the projectile) at x and a 

constituent c' (quark or dtquark of a target nucleon) at x'. The expressions for the c.m. momcntum 

P(x, x'), and for the rapldity interval 6.(x, x') between the c.m. of the chain and the ovcrall c.rn., can 

be found in ref. [82]. The functlOn p~(x) IS the 2n - 1 mtegral over all variables, the variable x of the 

constituent c of the jomt mornentum distribution function p (xl' Xl'" x) excepted. ThIS latter 

functlOn bemg the prob.1bility of findlng in a proton a valence quark at X, n - 1 sca quark - antiquark 

pairs at Xl' xJ , .. x 2n-1' and the diquark at xl,.,' It can be wntten m terrm of a product of functions 

derived from single quark momentum rustnbutlOn functions, as 

2n 

P n(x" x 2, .. .x2n) = C/..(xlV:(x/.f,(x2n_\~q(x2n)' 0(1 - LXI) 
1-\ 

with 

Il 
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where ~ is a transverse mass (....., 0.3 Ge V) and P the hadron center of mass momentwn. 

ln arder to charactcrize the main consequences of the above theoretical fonnulation on the 

particle production, wc defme the ratio 
~~~ . 

ln the projectilc fragmentation rcgion, a(y) is ncgative due to the n-dependence of Niy, n) ansing .. 
from 'cnergy-momcntum conservation. rn,~he Dual Parton Madel, the energy camed away via the 

2n - 2 ~ca quark chaim resultrng from n melastlc ~catterings in the target nucleus, is marnly proVIded 

by removmg encrgy from the fast diquark in chain 4, which IS the only Iffiportant contribution in the 

fragmcntation regJon. As the number n incrcase~, cham 4 becornes "horter and comcquently N4(y, n) 

decreases. If the rapldity distnbutlon N4 was mdcpcndent of n, there would be no A-dependencc in 

the projectile fr.l&'1l1cntation region, i e. a(y) = O. At larger y, there \V11l be a cross-over pomt for 

which R(yo) = 1. It \\-111 occur at a value Yo independent of the overall c rn energy and A [82] ln 

the central reglOIl, a(y) is positive and the functions iV';(y, n) should only 'lhghtly depcnd on n. 

~cglecting tlus wcak dcpcndcnee and using 

equation (:!5) hccomes 

(26) 

where the average number of inclastic scatterings is taken as ii == v = Aa~ / (j~ Here the rapidity 

densities of chains 1 and 4 are identical to those in a p - p collision, and therefore the average 

multiplicities follow 
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(27) 

1 

where N
pp 

is the average p - p multiplicity. If wc furthcr neglcct the difference between the valence 

and sea quarks, i e. N 3(y) '" NI(y), and conslder the faet that the chains of type 2 are very shurt since 

they have a quark or an antiquark at both ends, i c. N2(y) '" 0, wc get for the central region from 

equatlOns (26) and (27) that 

pA pp 

R - "Fi / N = 1/2 (v + 1) (28) 

In the very lllgh energy limit, ail cha'ns Will devclop independent plateaus of identlcal height~ and the 

contnbutlOns of chaim 2 can no longer be neglected. In this limit [82J, R;::: \1 l11is cOITC5ponds to ~ 

the mput assumptton of thc nalve ~ucleon CollisIOn i\todcl (2.2 on p.lge 20) for p - A collisiom, 

and at asymptatlc cnergIC5 one Jppronchcs an A I/J depcndence. 

The cxtemlon of the Du.ll Parton model to p - A colli~ion~ ha~ bec Il IlnpJcmented 111 

Multlchum :VIante C.lrlo modds \\hich have proven to provlde goud agreernC'nt to exc\u!livc and 

inclmlve partlcle productIOn cross-scctlOns [93]. and ta forward-backward correlation!! and the 

A-depcndencc of smgle parttcle dlstnbutlOfl!> [94]. ;\1orcover, the Dual Parton Model proVlf.lcS a 

satisfactory dc~cnptlOn of expcnrnental data on charged multiphdty rapldity dlstnhutlOn,. 'Ilus is 

seen for lllstancc 1Il FIgure 16 on page 43 whlch shows the fit [82J to pscudorapldlty chargcd 

multlphClty rustnbuttons for central colliSIOns with vanous nuclcm at nuclcon - nucleon 

.Jr.= 20Gev' 

.' , 
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Figure 16: 

dy 

4 

3 

2 

o 2:3 4 5 

'The Dual Parton Model compa.ri~on to p -- A pscudaraptdity charged 

multipliClty dlstnbutlOns [95] at .J~1 = 20GeV. 

i' 
The apparent frulure of the mode! for reproducmg the cxpenmental A-depcndcnce m the: target 

fragmentation rcgion may be duc to cffects of cascading of slow seconda.ries. 12 These contributIOns 

are neglected in the Dual Parton Model as the model docs not proVlde characteristic timescales for 

hadroruzation. The cffect of the rescattering of lthe secondaries has been stuclied Wlth the Dual 

Monte Carlo Multi - Chain Fragmentation MOd,àl (MCFM) developed by Ranft [97]. The DPM 

was adapted to~ake mto account leading or~orrections due ta secondary interactions inside the 

target nucleus via the introduction of an emp1rical formation time parameter. The virtual secondarics 

werc not pennitted to reinteract before an average, time 1: 0 in their own rest frame, after which tlfey 

wcrc considcred to be present as complete hadronic states. Beforc they are completcly formcd, fi the 

contcxt of the DPM, the Ylrtual fragments might be understood as states conSlSting only of 'free" 

quarks, Wi!hout the full system of sea quarks, antiquarks and gluons. It is trus absence of 50ft 

12 

1 

, 

SlIlU.lar conclusions are reachcd Ul a dUTerent extension of the dual approa.ch. developed by Chao et al (96J They assume 

that from the flflt U'lteractlon. the cham system lmkmg the fast projcctùe dIquark to a valence quark from a target 

nucleon can be treated as an "exclted projectLIe system". Tlus excite<! projecwe system has no ume to hadroruze between 

SUcceSSIve collISIons and It undergoes v colliSions g'Vln& me to v "exCIte<! t&l'get systems', The model naturally glves the 

lugb energy llmIt of equauon (28) 
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components m the hadroruc quantum state which is responsible for the noduced probability o~ 
hadroruc mteractions The MCFM allov.·s one to follow the full space-time history of the collisions,' 

i.e. the vertex coordinates of the elementruy collisIOns in ~hich the nucleons are engnged are ~::z. 
and the energles and momenta of the secondaries are specified. The trajectories of the secon~~ 
are followed in space-time and, in the rest frame of the target nucleus, the particles may reinteract 

arter a dllatcd tlffie lUtcrva! of y 4:' o. ~10st slow secondanes thÛs h~ve a chance to rcinteract while 

most fast secondaries are created outsldc the target nucleus volume. 1110 mfluencc of the fonnati(;n 

T a on the contnbutlOn of rc~cattering to the particlo production is ~hown in Figure 17 wherc the 

preructtons of ).1CF;\1 arc compared to the rneasurcd [58J raptdity density ratio 

The relative lUcred~C of the chargcd multtpllcity deusity lU the target fragmentation rCglon for p - Xc 

colllSlon5 15 weil reproduccd for values of the formatIon tlmc pararneter ranging from ~Jc '" 1 tu 2 

frn . 

Figure 17: 

. 
" 

10 

tc.l fm 
•• TC. 2 lm 

00 •• 00 te. 3 lm 
-t_ 00 

pXe/pp 

o,~----L-----~----~---, 5 

y 

MCFM preructlons for the chargcd particlcs raptmty denslty wstnbutlOn ln 

p - Xe collisions normalized to the distnbutton tn p - p collisions [97] 

The premcttons are compared ta the data [58] for 1: 0 := l, 2 and 3 fm 

L 
(dotted lmes). The solId lmc ~hows the predictIon [94J 

assymptotically large. / 
,r 

---

whon " " m.dJ 
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2.5.1.3 The Dual Parton Model for nucJeus - nucleus collisions 

In further extension of the mode! to nu~lcus - nucleus colhslons [98] [991, the colour 

separation mecharusm follows immeruately from the 'rules' devdoped for hadron - nucleus For 

example, let Us consider the configuration III which nA nucleons of nucleus A mteract melastically 

(get Nwoundedj with nB nucleons of nucleu~ D, via a total of n melastlc collisIOns. The availablc 

fragments WlI(be nA (nB) valence quarks and diqu.1Iks from nuclem A (B) In the case wherc A :S B 

and nA < no' the cham~ involvmg valence constltuent" arc nA chaim of type (qq),t - q~ and nA. 

chains of type q~ - (qq)o' nB - nA. chams of type?,. - q~ and nB - !lA. cham~ of type ~ - (qq)o' 

where the mdlces v ,md s are labclhng valencc and sea quarks lne valence constltucnts arc thus 

containcd in 2nA + 2(nB - nA) == 2nB chams Havmg taken carc of all valence constltucnts and sincc 

the dual fonnulatIon rcqutrcs that the Tl lOelastlc scattcrings lead ta 2n chall1~, the rema1Il1Ilg 

2n - 2nB cham~ WIll have to he of the type lî - 1B (or 1.. - 1{8) As secn for the hadron -nucleus 

(;.l~c, Jll order ta makc quanhtahvc preOIGtlom conccming for imtancc rapidlty dcostty dlstnbutlOIls, 

one would nced to know the jomt momentum dl'itnbutlOn fUIlctlOn g1V1I1g the probabùlty for cach 

v,llcncc or ~ea quark involvcJ to carry a certain mOIncntum fractIOn, averaged over aU possible 

configuratlom for a givcn unpdct parameter ln other 'Wonis the r,lpldtty dlstnbution &om a glYcn 

chain oepcnds not only on n
4

, nB and n, I;mt also on Ilew mÙIC"Cs spcclfymg the ordenng a.ud the 

I1l1lI1bcr of mda.,tic colliSIOns that each 'of the liA. and nB wounded nuclcon~ ha~ undergone 'I1le 

rcsulting full combmatorial comphc.lhons and thc corre,>pondlOg cham configuratlOn'i probabilitlCs 

have bcen worked out under simpltfymg assumptions m rcf. [1 OOJ, but gcnerally It can ooly be 

h:.rndlcd in Monte Carlo applications of the Dual Parton Model For the moment the probJcm shall 

be rcstnctcd to the attamment, for avcrages at fixcd unpact pararneter (1 c. central colltsions), of 

approximate fonnulas when drasttcally ncglectmg energy-momcntum conservat10n. In such a case, 

the raplmty demit)' is written as [99J 

whcrc 

~ ~ "Il' q', (qq)s(y) 
Sl (y) =' \' n (y)..l- \' n 

'-", 
t 

1 

(29) 

(30) 

\ 
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These approximate equattons have been found to provide good agreement \\ith nucleus - nucleus 

rapidity ru'itributtons measured in COSffilC ray experiments in the TeV/nucieon range [99J and with 

negative particles multiplicity, total energy and probability distributions in ex - ex collisions nt 

nuc1eon-nucleon JS = 3lGeV [98] [99] [lOI] [102J [103]. Sorne of the rcsults for ex-lX 

collisions are shown m Figure 18 

------ -- ------- --- ------- ---- ------------------ - - - - - - - --

(a) • a-(J ,,;,-.31 2CeV 
a-a Vs 31 GeV 

dNch 16 
dy 

1 .. 

1 2 

08 -

06 -

04 

0:2 -

o -6 -4 -2 0 

(b) 

4 6 
Y 

Tbe OU<Ù Parton :\10dcl cornp.mson [10 1] [1031 \VIth d.lt.l on the 

negdtIve particles probabÙtty rustnbutton and chargcd rapidity dl .. tnhut!o!ls 

for cc- cc colhslOm at .. ..if = 31 Ge VI n r 104] 

'------------------------- --- - - -- ----- ---------

Usmg the notatlOns (30), the approXlmate fonnula (29) may be rcwrittcn [99J ln tcrrns of the mean 

nucIcon - nu cleon rapidlty dtstnbutlOn as 

__ A_ = __ fi + (fi - fi ). ~ + (li - fi ). ss(y) dN B dNNN L sv(,,\ J 
dy d.v A B A vv(y) B_ 

(31) 

\ 

llis can be c~~parcd ta the correspondmg fonnula m the sunplc Woundcd ~udc()n VIodel (seclton 

2 2 on page 20) 

dN dN, 
~ = ~rn + (fi - n )fiCy)] 

dy dy L'"A B A 
(32) 
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where fJ(y) is a function to he extracted from hadron-nucleus data. The difference between (31) and 

(32) f'Csldcs in the additional sea quark term ln (31). The basic ad hoc assumption within the 

Wounded Nucleon Model of an approXlmate scaling in terms of the nwnber of wounded nucleons, 

thU5 finds a support only if li - liB i5 small enough (i.e. close ta one scatter per partiClpating target 

nuc1eon) and/or If the !lea quark - antiquark densities can be neglected. The latter condition is 

fulfilled outslde the central rapidlty region for nucleon - nucleon .fS ~ 40Ge V [99], but there the 

energy-momentum conservation should be properly trcated and 50 the approXl1nations leadmg to 

(31) may not be Ju~tificd 

In Chapter 5, 1 will descnbe and make me of multtchain \-10nte cari~\nodels bascd on the 

colour separation mechamsm of the Dual Parton ModeL The predictions of thesc models, the IRIS 

event generator devclopcd by Pansart [105] and the Dual 7\lonte Carlo :Y1ultl.CI4ün Fragmentation 

Model devclopc~ hy Ranft [97], WIll be comparcd to the dac 

j 
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Chapter 3 

Observables in HELIOS ex periment 

3.1 The hadron,ic and nuclear beams 
, \ 

[ 
1 

'The HELIOS experuncntal 'ict-up 1<; mstallcd in the 118 bcam line at the CERN Super Proton 

Synchrotron (SPS) 111c SPS nommally opcratcs at intcmltie~ up to 10 12 protoll'! per bur'!t (2.4 sec) 

Wlth a m,uamal momentum of ,~5() GeV Ic An attenuatcd pnrnary bcam of '" l()6 protom can be 

detlectcd Hl IIR By means of a produc.:tioll target, bCéum of ~ccond,try l11gh l'Ilergy hadrons Wlth 

momcntum of 200 Ge V je at rate, of ~ 10 1 per Durst are aho av;ubblc 

, 
l' 

In late 1986, the CER (j accclcrator cornpIcx. procccded to the extractIOn and .lccclcration of 

fully ,>tnpped oxygcn Ions :r.ïlC accelcr,ltion chain compn ... ed a Imc.lf acccJcrator '(Linac 1), wluch first 

brought the nuclei ta an energy of 12 \1eVjnuclcon, and transfcrrcd thcm in a synchrotron from 

where the y wcre mJectcd at 260 \1cVjnucleon ln the CER:'-: Proton Synchrotron (PS) 'Ille nuclci 

were boosted up to 10 Ge V Inucleon m the PS before lnJcction lfl the S PS wherc thcy were finally 

accclerated to energtes of up to 200 Ge V jnuclcon. lntensittes of 2 108 ions per burst (4 2 sec) were 

transported m the SPS v. herc high rate was a minimum requirement for adcqu<'lte bcam control. ln 

YÎew of the large cross-sectIon and lugh multipücity expected in nucleus - nuclem colli5iom, this 

mtenslty was reduced for HELIOS actlvities by a factor'" JOl. 'nus reduction was achicved on the 

extracted IOn beam by means of steel~ptum magnets, a.'ld in the HB ~econdary transport beam 

system by using c) Imdncal and slit collimators 111e physlcs data taking profited from bcrum of :<! 

105 ions per burst focused, at the target positIOn, in a eUipsOldal profile 1 Wlth gauSSlarl spread of 

( (J _, (J y) ~ (O.5mrn,1 2mm). In the followmg scctlOns, after a bnef general bverview of the IIELIOS 

"'"-'?(Perunc:,ltal1>ct-up , 1 v.ill dcscnbc. the dctector componcnt~ uscd to measure observable!> relevant for 

th~~dy of ultra-relattYÎs1Îc ion collisions. . 
/' 
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3.2 Survey of the experimcotaJ set~up 

The HELIOS multi-purpose detectors werc designed ta operatc both with hadrons and nuclei 

incident beam. Usmg the proton beam, the lepton program of the cxpcnment auns at ~ettling open 

questIOn"! in the production of electrons, muons and neutrinos m p - p and p - A Ulteractlons 
,-

Promment arr,nr..M these arc e/J1. universahty, anomalies in the produchon of smgle leptons, 

contnbutîon of chann decay ta lepton pair (DreIl- Yan) productIOn, and Nmomalous H low mass patrs 

The HELIOS tOn program mvolves ultra-rclatlVlstlc nucJcm - nucleus colhslOns where both 

compre!l'iion and heating should allow the productton of states of high-energy denslhes over extended 

volumes. 1 hgh defiSlhe'! are a necessary conditIOn for the crcahon of a pla<;rna of ~deconfined" 

qU..t.fks and gluons 

A "..::hcm.ltlc top VlCW of the <;ct-up 1') ~ho\vn 111 FIgure 11) 

El(TfRNAl SPHIROI1HlR )' ~P[crROM[ TER 

l109n.I __ --.. lU l'CI 

pueon •• Mogn.1 

~aR1b-+-~~K+-f----
TAO 1 UISc 

o. 
! 

Figure /9 

Tarvel 2 1 

( UlLA (alor'N t ... ) 

U/Sc 
Ut$< 

S 10 
! 1 • ! 

Layout of HELIOS (NA34) expenrnental set-up. 
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The cxpenmental deSign for the lepton program COfiSistS of four major components' the target-vertex 

triggcr syste1Tl mcluding silicon charged multlpl1C1ty counters, the compact electron spectrometer 

utilizes drift chambers with high multitrack capabùity, a "weak field'" calonrnetnzed magnet, 

transition rawators and fast high resolution liquid argon ca1orimetry; the Uranium/Scintillator 

calorimctcrs extend the energy coverage for accurate measurement of missing energy; the muon 

specuometcr, C'OlilPrising a magnetic :.pectrometer and an hadron filter. The 47t-coverage of the 
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calonmeter for the measurement of the energy flow, in the center-of-mass (c.m.) frame, is a powerful 

tool in the ion pro gram , allowing a full reconstruction of the events topologies as weIl as providing a 

tri88!!r on transverse energy m various pseudorapidity mtervals. The main othcr component for the 

heavy ion physics program is an cxternal spectromcter that VIC\\'S the target through a slit in the 

calonmeter wall. It uses Time-Of-Flight and Threshold Chcrenkov detcctors giving good ni"" Ip 

separation, two proportional chambers spaced by a thin converter for photon detection and drift 

chambers couplcd Wlth a magnet for clectron momcntum analysis. 

J 

3.3 The beam telescope and general trigger system \ 
Two small scmtùlator counters placcd at 23 0 cm and 21.5 cm bcfore the target are used to 

define the amval of a beam nucleus and to pronde a detennination of its' charge by dE/dx 

mcasurement TIle tirst bcarn scmhllator 15 ') mm thlck and has a cross-sectional arc:! of 6 x 6 mrrt 

\\luch ensure,> a full ovcrlap \\lth the beam profile. 11ll'l counter I~ thick cnough to giVl: good time 

, resoluhon as lb signal defmes the tlme refcrencl' (0 ('2 0 ~cc) of the cxpcnrncnt. A comcÎdencc 

between the 1\\0 beam ~emtùlator counters grncratL's a v.l!id bcam ~trobc only If a beam t'OIncÎl.!cncc 

has hot occurrcd wlthm the before protectIOn mterval;\ ~ son m. 'Ille ba~lc reqUlfcmcnt dcfinmg " 

valtd intcractIon Hl the passive target l, a COlflcldcncc bctween il valid bcaln and a minimum chargcd 

track rnwtlphcl1y detccted ll1 ,1 ~lhcon arr.ly locatcd at 9 () cm be/und the target. "he ~tltt'(In pad 

\rray proVldcs a fast analog output whosc amplitude 1'> proportlonal to the number of )OW ICvcl 

wscnminators set m the rCgIon ry ,." > 5 (0 > 0 Tf) This Signal is dt~cnmmated tn provldc the 

multJ.pliaty Identtfymg an mteractlOn A valid intr:ractlon further requires no alher mtcraction in the 

beforc protectlOn mtcrval.1 ::: 1200 ns 

The components of the tnggcr logic relevant for the prc~ent ruscmslOn arc ~hown in FIgure 20 , 
on page 51. 
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The bcam logie and the "lie~ 1o"" are the main component, of the pœ-trigge< whi,", ,"u,e, the 

information from cach of the detcctors to be storcd in ADC's, DTR's, TDC's, etc. This happens at 

approxlmativc1y 1 = (0 + 340 ns A pre-tnggcr may alsa be ,ill artdiCIal Kempty# prc-triggcr 

gcncrated randomly and uscd for controllmg pedestal stabihty of vanous detectors compollcnts. A 

late beam or Iate interdction abort 15 issued li a beam coincldence occurs Wlthm an aftcr protection 

interval of A = 300 ns or if an mtemctlon occur~ ""tlun f.. = 700 ns After the prc-tngger, the 

energy flow logie begms to proccss the calonrneter iruormatlOn which is digttized and combined to 

obtain values of Etot ' ET' and PT' Thcse values arc comparcd to the lowest threshold m a 

comparator and, If a thrcshold requircrnent IS satisfied, a triggcr flag Signal 15 generated. Tlus deClSl0n 

happens at ~ 800 ns after the beam partJclc crossmg. If an abort 15 ta be i5sued, a fast c1ear arder 15 

given to the uruts that storcd information at prc-triggcr time. An exceS5 dead time of ~ 1.2 ilS is 

inserted to permit the data acqlUSttion e1ectronics to clear and to ensure stable pedestal values in the 

charge sensitive ADC's After aIl the sub5ystems have completed therr trigger evaluations, a Very 

Fast Bus is c10clced ta reach a final decision Therc, the relative population of vanous types of 

tnggcrcd cycnts IS \\ eighted VIa dO\'v11scale factors n,50 that oruy c\'cry n, + 1 cVcnt of type 1 15 

effectively storcd on a buffer to be tnmsferrcd ta magne tic tape in betwecn bçam bursts 
r 

rJ 
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3.4 The silicon detectors for the charged multiplicity measurements 

A fine granularity measurement of the chargcd multiplicity flow is pbtained in the pseudorapidityll 

regIon 0.9 < ~1~"" < 5.0 \vith a set of silicon dctcctors cquippcd \\1th a scgrncntcd pad readout and 

placed at 3 and 9cm bchmd the targct. Both detectors werc centcrcd on the nommaI beam axis, to ft 

preClsion of fc\V mIcrons, bl' the mcans of an ophcal tclcscope. 

A 300 /lm thlck s1hcon pad (Si-pad) detector [106] covcnng 2.5 < tf lAI> < 5.0 is ccntcred on the 
" 

beam axis 9 0 C"ffi belund the target. It cons1sts of an array of 400 sùicon pad segments varymg in 

sizc from 0 02 x 0 167 cm 2 to 0.167 x 0 66 cm 2 • The pseudorapidity coverage for the multiplicity 

meaSUIemcnt 15 euendcd to the rcglon 0.9 < '1loh < 28 by a 250 /lm thlck silicon ring (Si-ring) 

detector placcd at 3.0 cm behmd the target, and made of 384 segments approximatcly equnlly spaced 

mpscudorapldtty Both silicon detectors \Vere operated at full depletion and the boundaries bctween 

indiVldual segtnents are made of 40 /lm of fully act1ve oXIde. The layouts of the Si-pad and Si-ring 

detectors are shown in Figure 21. .. 

r------------------------------------------------------------------------.~ 

SILICON PAD A~R-RA=::Y::.::::;==~ 

~-..----4---r -- - "'-, 
---':.. , 

r 

~-=_---L-- cc~ O'-::'O--c'-m--t,'O 

Figure 21' Layout of the charged multtpltcity detectors. 

l, j) ----

The pad (nng) clements are connectcd to prcampWiers via a two-!>tep bondmg, firstly from the silicon 

to a ccramic oycrlay. and then to a pnntcd C1J"cwt board Wlth connectors for flexib1c jumpers. lbe 

13 The pse~doraplClltY 1]"",15 defmed as '1u.b = -ln (tan(8,./,/2)} = ln {(P+ PL)/Pr)}' For m = 0 it 1. eqwnlent 

to the Lorentz mvananl (ornlttlng C's) y = lIUn{(E + PL)/(E - PL)} = In{(E + PL)/mr}· 
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overlay is made of standard 600 Ilm 'thick film' ceramic on which a gold pasted was deposited by 

serigraphie method. The motherboard is made of GlO (G30) matenal. This material has thermal 

propertiC5 compatible with the ones of ceramic. 

The signal from each indiVldual pad or nng segment is sent to charge integrating ADCs and to 
1 

discriminators (the readout \chain of the Si-ring detector includes a charge sensitive preamplifier, an 

intcrmediate amplifier follO\Jed by a shaper and peak sensitive,ADC). As mentioned in the previous 

smion, the discriminators ~low the formation of a fast analog SUffi used for trigger purposes. Bach 

of the pad or ring segmcnt was individually caIibrated by titting a modified Landau function to the 

pulsehcight distribution measurcd in low multiplicity events r 106J [107]. For the segments of both 

detectors, the signal-to-noise ratio, taken as the ratio of t.he most probable energy loss to the"r.m.s. 

width of the pcdestal, is'~ ro for single particles. This is shghtly degraded for actual high rnultiplicity 

cvents due to possible charge contarninatibn coming from neighbounng elements (charge-shanng 

resulting from the passage of a partic1e near the border Cs 20 Ilm) of a segment) More details on 

the silicon detectors design -and performances can be found ln [1 06J [107J _ During the 1986.heavy 

ion data taking penod, about 25% of the actl\'e arca of the Si-pad and 30% of the actlVe area of the 

Si-ring were not operational due mainly to broken bonds on the detectors themselves. The detectors 

were otherwise stable dunng the data taking pcnod and no degradatton of perfonnances due ta , 
radiation damage was observed. 
" 

3.5 Tbe 4n calorimetry 

o 

3.5.1 General description and mecbanical properties , ~ 

The measurement of the energy flow is perfonned in calorirneter elements covering -4 ln the 

c,m. frame. Thc target is surrounded by an aImost hennetic '"box' of calonmeter aules that 

covers apefÙng angles from '" 6.30 (J/'ah = 2.9) up to '" 95.7' (tT,oI> == -0.1). e perpendicular 

distance from the target to thc vanous walls of the box is approxirnately 120 cm in all directions. 
), 

The forward region (tl/ah ~ 2.9) is covered by calorirnctcr modules plàced further do~nstrearn. An 

over\"iew of ail calonmeters 15 shawn in Figure 22 on page 54. 

/ 
j 
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Figure 22: 

1 

1/ Yt ~ /--V z 

e ft , 

40 10 120 Cil 

Ovcrview of the calorimetrie components of the cxperirncntal set-up. The 

target is ·sll.iloundt'd by a calorimctnzed dipole magnet, U/scintillator and 

U/Cu/scintillator modules coyering the full solid angle in the c.rn. frame of 

a nuclcus--nucleus collision at 200 GeV/nucleon. The eX1emal 

spectrometer, not shown here, vlew5 the target through the 20 msr slit. 

The forward region of the box ( 2.2 < 111ah < 2.9 ) is occupied by a calorirnetrized dipole 

magnet (Figure 23 on page 55). lt COnsistS of an rrO:1 joke of cross-section 64.8 x 64.8 crrf with a 
< 

maximwn depth of 32 mteractlOn lengths V, ) mto which is bored the 6.3" conical hole. The 

samplmg conslsts of 1.5 cm Fe plates altematmg \\-lth 0.5 cm scmtillator plates. 
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Figure 23: 

24 chlnntl, 
tlch ,ud out by 
""t-Itnqth shi/tu 
bar (onn.ct.d to PHT 

by op tIC il f,br .. 

36 liy'" of 

S mm s[IOhll"lor, 15 mm Iron 

Artist's VlCW of the calonmetnzcd rupole magnct. 

-----_.~'--------------~~---------------------------------------------------~ /'''\:.I!~ 

It is divided azimuthaly mto 24 "pctals w covenng -15" each, and read out by plastic Wave Length 

Shifter (WLS) bars coupled ta the PMs Vla light-gwdes made of 1 mm diametcr opttcal fibres about 

1 m in length. Optical fibres wcrc used bccause sorne dcgrec of flCX1bility was nceded due to severe 

spacc ~onstraints 

lne rest of the box is built up from Ujscintillator and UjCujscmtù1ator modules (Figure 24 on 

page 56). Both types of modules consist of met al plates interleaved with 0.25 cm truck, scintillator 

plates Thesc modules arc dtvidcd mto an electromagneuc and a hadronic section The 

elcctromagnetic section is 64 radiation Jengths deep and contains 0.2 cm thick dcplcterl U plates. 

The hadroruc section for the U/scmtillator modules 15 4.0i., decp and contains 03 cm U plates. The 

hadronic section for the U/Cu modules is 3.8Â, deep and the U plates altemate with 0.5 cm Cu plates 

in the ratio 2.1. 
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Figure 24 
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Isornetnc view of a U ;Cujscintillator module. The cnlargemcnt ~h(}w~ the 

arrangement of the optical readout and the samplmg for the 

clectromagnctlc and hadromc ~ecttons. 

In both :,ectlOns, the scmtùlator plate!> ("'" 120 x 20 cd) are read out on bath sides by ~ix indepelldrnt 

o 2 cm WLS plates, producing a 20 x 20 en? tower structure and giving 24 channels per module 

The modules containing only uraruum metal plates have the advantage of givmg more uniform 

rcsponse ta elcctromagnetlc and hadroruc showers, and ~o were placed in a regIon wh6c wc expcct 

the maxunum transverse energy deposition. 

A substanttal fraction of the madent energy is camed away by partlcJe5 pa!>sing through the 

forward corucal ho le and is detectcd in the downstream U modules which providc 10.5À, of semitive 

dcpth. In arder to limit the light sharing between the towers of the ma st forn:ard modules, the 6 

towers arc optxcally decoupled by sltts of 0 5 mm Wldth made fi the scintlllator plates Wlth a 600 W 

COz laser. Polished surfaces of high quality can thus he .obtamed imide the shts ln order ta aVOId 

cro::,s-talk by ltght rcfractlOn, reflcctors of alwruruzed Mylar were mountcd in~ldc the ~lih The 11ght 

contamment fi optically dccouplcd towcrs will allow bc!tcr encrgy 10c.tluatlOn 111 the very lugh 

encrgy and multlphC1ty enV1ronment of the forward raplditic!> 

A sltght ovcrpressure of nitrogen 15/ maintained In each indtvidual module ta avoid radiation 

induced detenoration of the optical components. 
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3.5.2 The absorbent, the readout, and the light collection uniformity 

In generaI, the relationship between the signal in the readout and the true energy deposited in a 

calorimeter depends 15trongly on the type, energy, and shower history of the ind.lVidual incident 

particles. The design criteria goveming the choice of the absorbent and readout media and nature of 

the light collection system, are based on an attempt to maintain good energy resolution while 

approaching the ideal situation of exact lincarity and equal response (e/rr == 1)1electromagnehC 

and hadronic showers. This is particularly important in a large multiplicity ennro ent (e.g. heavy 

ion collisions) where clusters duc to individual parucles are not resolved 

l 
While constructing the U/\cintillator module~, wc reviewcd and optimized the properties of th\! 

optical rcadout sntem, and inv~igated the fundamental mechanisms goveming the response of a 

sampling calorimetbr ta clectroma~etlc and hadronic showers l shaH mainly summarize here the 

rcsults that had direct implica116ns for the treatment of the calonmeter information in the ion physics 

pro gram. That conccrns re~uts that dlrectly mflucncc the signal handhng and energy cahbration 
, \ 

procedure (section 3.5 3 on' page 69) or the data analysis and Monte Carlo simulations of the 

calorimetcr responsc (Chapter 4). A more (Scneral account of the abovc mcntlOncd calonmeter 

stumcs would clearly be outs,idç the scope of tlu~ the~l~ and we shdl1 mainly refer to rccmt 

publtcations for a more detailed wscussiàn 

'Ille choice of absorbent and rcadout matcrial and thickncsscs determmes the mtnnslc quality of 

the re~olutlOn tUld lmcanty of a sarnplmg calonmeter. The reference scale for the ,..c.alorimeter 

rcsponse can be defincd as the responsc to an Idca1tzed oxactly minimum ionizing partlclc l4 (= mip). 
,/ 

(. 

'The fraction of the total energy dcposltcd that a rrup spends for lOruzation 1055 Ul the active medium 

is slmply calculable from well known mcan dE/dx values in differcnt matenals [108]. Por example, 

thc mean energy 1055 of a mip is (t1Ë'}u = 2066 MeV/cm m uraruum and 229 MeV/cm m our 

PM:YlA scintillator readout matcnal Bencc, for a (3mm U)/(2.5mm scmtù1ator) samplmg, a rrup 

dep\.. 'Its 8.6% of its energy in the active layer. The rcsponse of a calonmeter IS characterized by 

comparmg this nurnbcr to the fraction of the energy deposltcd in the active layer by clectromagnctic 

(c/mip ratio) or hadronic (h/mip) showcrs. 

For electromagnctlc showers, the overall e;nup ratio can be rewntten as a SUffi over the 

samplmg layers n of an effective ratio (e/mip}'lf(n) mulhphed by the shower profile ft" En/E: 

( 
e )o",ro/l _ ""'{ c }efJ t1 En 

- -J. - (n)--
mzp ,;.....J mzp E 

14 mwumwuloruzmgpuucle 
4 

n 
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Both the overall eimip ratio and the evolution of the effective e(rnip as a function of s.hower depth 

are of interest. It is a well known experimental faet that the overall e/mip ratio1S for a sampling 

calorimeter with zGbs.rt..., ~ zoadi>.t satisfies ej mip ~ 1 [109] and varies roughly lincarily \Vith the ratio 

zrod.jZabs" There are various conttibutions ta trus fact, A contribution cornes from the so-called 

'transition effect' [110]. The rugh-Z absorbent material has a critical energy E (i.e. energy below 

v.ruch the clectron looses more energy by lonization than by bremsstrahlung) much lower than that 

of the 10w-Z readout material The eqU11ibnum number of secondruy e1cetrons sealc~ with tilc 

cntlcal energy of a medium and a rapld reduction of the number 'br electrons will oœur as the shower 

passes the boundary between high-Z and low-Z mate rial 1lùs reductioll is thought ta happen 

beeause the materiahzation rate per radiation lcngth (Xo) of the photons rcmains ullehangecl at 

crossmg whùe the collision los~es of the electronsl> suddenly inerease by a large factor.' In our 

calonmeter modules, the rcadout medium has only a tluckness of 00073 Xo, and for f.""d. jr.<h' "-' 4 wc 

only expcet a small (:::; 5%) change of the clectron flux The showcr dcvelopmmt will he e5~enti,11ly 

governcd by the propertlcs of the "-' 1 X o truck absorbent matenal. Other contnbutions [111] to the 

relative <;UpprcsslOn of the electron rcspome may come from the decrease of the average track length 

(""Iuch ,>cales ltke E/e) in the readout du~ to the l.lfger cntical cnt;rgy, or from the em'ct of multiple 

~cattenng whlch tends to illcrea~e the ctfective path 1cllb>th in the high-Z ab~()rbent xd,ltivc to the 

low-Z rcadout \Ve mveshgatcd anuther possible source of suppreS~lOn comm~ from the low l'flt'rgy 

photons 10 the tm! of the clcctromagnetlc showcr It tunled out that the rc~pome to IDW encrgy Y':i 

(:::; 1 MeV) is a dommant source of suppres~lon of the clcctromagnetic signal. EGS4 Monte Carlo 

Simulations [112] mwcate that '" 40% of th,e shower encrgy 1'> depmited by particlcs that arc 1>oftcr 

than "-' 1 MeV Because of the photoclectnc effeet whrch dorrunates for low energy photon'! and 

whtch cross-sectlOn scales with Z5, the photons mteraction cross-section is very much hlfgcr for the 

htgh-Z absorbent than for the low-Z readout (sec for instance the mass attcnu'ltion coefficients in 

[113]) \1ost of the soft photons will transfcr partly (Compton effcet) or totally (photoclcctric effect) 

their energy to the c1eetrons of the absorbent medIa. These electrons arc generally stopped before 

they can rcaeh the rcadout merna_ Quantitative rcsults conccming the effcet of the low cncrgy 

photons suppression meehanism were presented m refs [113] [114] Among the mast important 

effeets 15 the fact that the e/rrup ratio will 5trongly vary with the absorbent platc thickncss for 

sufficiently thm plates (:::; 1 Xo ), and more abruptly for largcr (Zahl_Z"'d.) differences This is duc 

ta the incrcased probabÙlty ,for the soft photons to transfer thelT energy to electrons close to the 

surface of the absorbent platc, I.e. c1ectrons that cao escape the abwrbcnt and contnbute to the 

measured Signal Bence the efrrup ratIo cao be 'tunedM for 5uffiC1ently thin absorbent plates, but at 

the expcnsc of a SlZeable contribution to the multiparticle rcsolution (e/mlp then functlon of the 

angle of madence) In our modules, the absorbent plates arc sufficicntly truck to mmlffilLC the 

15 
ln most cases, relaUV1$UC muons are used and the energy dependent e/l-' rauo 1$ meuurcd ln order 10 be able 10 comparc 

cWTcl'ent l'esults, the encrgy deposluon of the muons Ihould he corrected ba.clc for the me of the average energy 1011 due 

io energy (and matenal) dependent efTecu such as ~-ray producllon, bremlllrahlung, c·c' p:ur producuol'l, Cil: 
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contnbution of the c/mip fluctuations ta the cncrgy rcsolutlOn16
, Another important cffect is the 

dccrcase of the effective e/mip ratio with incrcasing shower depth due to the incrcasing fraction of the 

shower energy carried by slow partic1es, A:. will be seen in section 3,5,3 on page 69 tlùs has 

important consequences when attempting to use electromagnetic showers to intercallbrate a 

longitudtnally segmented calorimeter. 

In order ta optimue the performances for the detection of hadronic showers, in terrns of 

Imearity and energy resolutIon, a ca)orimetcr should have equal relat~e response to the plirely 

electromagnetic (e.g rrO) and hadronic components of the showers. 1111s allows to ml1U11lÏze the 

Jegrad .. nion of the energy resolution anà lineanty caused by the large event-by-event fluctuatIOns, and 

average loganthmic increase with encrgy, of the fractton of the shower's energy used for na 

production. For most sampling calonmcters \\;'th Z·JJI· ~ z:tod., one typically ffids [109] that e/h == 

(e/rrup)j(h/mip) > 1. 'Dle suppression of the hadrornc sho\\er responsc IS caused by the substantlal 

fraction (25-dO%) of the energy that is transferred by its hadramc component to hardly detectable 

(muom, ~oft neutrons and gammas, neutnnos) or inVlSlblc (bmdmg cncrgy III nucb brcakup) energy 

A compensation for dus undetcctable cncrgy was fir~t achicvcd In Uramum/~cmtùlator calonmetcr~ 

[115] ,md was attnbuted ta the raie playcd by dctcctablc products (soft evaporation neutrons and 

y\) of induced uranIUm fiSSIOn. In order ta gain a bettcr understandmg of the nuclear-physlCS 

mccham~rns goveming the dcvclopmcnt of the hadronic componcnt of hadromc ~hower~, wc 

procccdcd to a Jctailed analysis of the Nfingcrprint N of rcactIon produ.cts left aftcr the passage of a 

shower in uranlUffi calonmetcrs 'The method allowcd us, for instancc, to separate the contnbutlOIl 

of fast chargcd particles induced fissions from ncutron-mduced fiSSIOns. and to mca5ure the total 

ncutron "productIOn", One of the mam outcornes [116] of dus actIVatIOn analysis was the findmg 

that the total number of fissions per Ge V was slgruficantly lower (-lü/Ge V and -90% 

ncutron-induced) than usually assumed and dependent on the calonmeter sampling configurallon 

The total neutron production was measured to be of the arder of ~ 45 per GeV, and only '" 20% of 

those induccd a fisslOn beforc being slowed -clown and captured From the analysis, wc mferred that 

fiSSion alone could not account for the compensation in U/scmtùlator calorimeters, and wc were lcd 

to conjecture that a dominant role could be played by evaporatlon neutrons and cascade neutrons 

and protons from spallation reactions [116]. Detaùed phcnomcnological studies [ID] confumed the 

importance of the contribution from dense1y ionizing protons (P/mip » e/mip) liberated in the 

sphllation re.1ctions and from neutrons (via cnergy transfcr to rccoil protons in the low-2 rcadout 

media). The dOffiln<mt role of ~pallatlon products ID the compensatIon mecharusm allowcd ta 

envisage non-uranium compcnsating calorimetry. TIus was rccently achicved \VIth a Pb/scintIllator 

hadronie calorimctcr [117]. FIgure 25 on page 60 shows the precùctlOfls of [113] for the elh ratio 

and encrg) rcsolutlOn as a function of the sampling fractlOn ID Uiscmtillator calonmetcrs The 

optimal penormances are aclueved Wlth uranium plates tlùcknéss of 2 - 3mm for a 2 5mm sc..mtillator 

16 
Useful puametnzauons for the energy resoluuon of samplmg caloruncters for electromagneuc showers are glvcn m refs 

[IIIJ [109J 
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plate. These values co"rrespond to our choice for the readout and absorbent thicknesse5. 
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Prcilichon., for (a) the c/h r,ltlo ver~m the ratio Rd of ah\orbcnt and 

rcadout layer::. tll1ckne\~e~ and for (b) tilt: vanom c..ontnbutlom to the 

sIgnal resolutlOn for hadronic showers 

Havmg fued the ab~orbent and rcadout merua characterishc~, there rcmam~ to optlln1/c the 

optical rcadout quality by a carcful tuning of the scmttllator _. WLS - photomultiphcr (PM) 

combmatlOn In the modules contairung Uraniwn, the scintillator plates bUMC matnx i, PMMA17 tu 

whlch is added 1 % of pnD - but yI scintillating agent and 10% of naphth,ùcne to 1rlcr~the 

ultraviolet (UV) ltght Ylcld 'The scintillator light is carried into the WLS plates whcrc Il IS convcrted 

from ultravlOlet to green The emission spectrum of the PBD - hutyI pcaks at """ 36R nm and i, weil 

matched to the absorptIOn effiClenc) of the WLS (FI),,'Ul'c 26 on pdge 61).' Ji 

17 PolyrncthyJ \1ethacrylate 
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Eml~~loll spcetr.l for but yl- PRD scmtillatmg dgcnt together with 

absorptlOn and eml~sion curve for the BBQ wave Jcngth sluftcr agent. 

'Ille WLS plates are made of P!cXlglass to wruch 80 mg/! of BBQJ8 slufting agent Îs addcd The 

BUQ t.~UQ scent cherrucal has an emis~lOn spectrum peaked at 500 nm (Figure 26). !ts 

cbnccntrat on i5 optimized to both maXtmize the absorptIOn of the inconung UV I1ght and mînimizc 

the sel -absorption for the re-cmitted green light wruch has to travcl along the WLS plate towards the 

P:VL In order to reduce the senSlti\1ty to the Cherenkov light production by clectrons of leakmg 

showers, the tlun WLS plate 1S further doped Wlth a chemical absorbing part of the Cherenkov light 

bcfore it 15 converted by the BDQ. Th~ green light from the WLS 1S brought to the PM by means of 

a light- guide made of UV absorbmg acryltc glass. A 3 mm truck di5k of elastlc silicone rubber 

dopcd with a lN absorbing chcmical proVldes the optical coupling between the light-guide and the 

PM, and aets as a UV tilter with an absorptIOn cdge at ...., 390 nm. The optlCal rcadout produces 

approximately 1.5 photoelectrons per mip per scmtillator plate. 

The opttcal attcnuatlon length ;_:~r ID the scmtillator has to be long enough ta aVOld a 

significant degradation of the energy resolution A too strong attcnuatlOn would lcad to a reduced 

number of photoelectrons pcc urut of deposlted energy and a signal amplttude that would depend on 

the rustaIlce from the hght sourcc(s) ta the WLS plate. The mfluence of ).:~UH on the energy ~ 
resolutlOn is shown in Flgure 27 on page 62, as a rcsult of a :\'lontc Carlo calculatton taking mto 

account only the effects of fluctuations in the light yield for particles entenng the calorimetp ceil at 

18 Benzurudazo-benzlsoqumolme-7 -one 
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random impact pomts These fluctuations essentially add a constant tenn ta u/-JE= Cl tramfonrung 

it into 

where EB means addmg in quadrature. 

Figure 27 

------- ---

The mfluence of the ~cmttlJators attl:Iluation length on the calonrnctcr 

resolutlOn. The showcr 15 pararnetnled and the effects of phot(l,J.1 ~tatistic~ 

.md fluctuations 1Il latcr,ù shower profile arc not takcn inta account 

------------- - --- ------- -- -- -- - ---

As ).::' decrcases, the energy resolution degrades significantly wtth incrcasing energy The 1>cintillator 

plates of the U/scintillator modules have ).:~"" ~ 35 cm, whlch i~ a compromise allowing good showcr 

10cahzatlOn while maintaming a uniform total responsc (no observable contnbution to CT/.JE bc10w 

100 Ge V) fi a tower ccli. 

The ü/Cu/!>cmtillator modules werc med for 5 ycars !fi the .wal field spectromcter operatmg at 
[ 

the CER:'\ Intersectmg Storage RIngs and thelI' ovcrall performance was found to have comiderably 

detenorated since their constructIOn. We found that tlus was duc to radiatlOn damage causing severe 

degradatlOn of the optlcal propertles of the scmtillator plates (118). The main contnbutlOn ta the 

raruatlon dose cornes from f3's and y's from 234Pa -. 2HU decay in the decay chain of ZHU, glvmg a 

d0'5C19 that amounts to 10 Gy/}. The radtatlon damage occurrcd for an mtegrated dose which was 

orders of magnitude smaller than what was currently belicvcd to be a safe lcvcl. This 5uggested tbat 

19 1 Gray (Gy) = 1 J .1cg = 100 ra.d 
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dose rate was a dominating factor. We found that the tJV light continuously produced by the 238U 

radioactivity, in combination with oxygen diffusing into the scintillator plate, was responsible for the 

ageing [1I8J. The radioactivity induces production of UV hght by the PBD - butyL The UV light 

breaks up the molecular oxygen into its atonllc constituents. The ionized singlet oxygen leads to the 

formation of chemically aggressive free rarucals which attack the PMMA polymer chain. ne impact 

of a given total absorbed dose is limited by the supply of oxygen via diffusion from the surrounding 

atmosphcre. The contribution of illffusing oxygen was measured in tests performed at a dose rate 

more comparable to natural 238U radioactivity. For these we used a 7 mei 90Sr {J-soUIce at 93 mm 

from scintillator plates placed in a box that could be flushed \\-ith air, rutrogen or oxygen. Each 

irradiatlOn was carried up to an accumulatiOn of 115 Gy in the center of the plate, as determm<:d by 

UF counter basëd on thermoluminescence induced by 10ruZing radIation. The ltght yield was then 
/ 

measured by scanning with a colhmated {J-source along the long axis of the scinttllator plate with the 

set-up shawn in Figure 28. 

Figure 28: 

LlGHT 
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SCiNT ILLA T OR 
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"'Ru SOURCE 

WLS 

PH 

BLACK TAPE 

Set-up for optical measurcments. Electrons from {J-dccay of l06Ru create 

scintillatiop light ID an area of 1 x 1 crrr defincd by two small scmtillator 

tngger counters that smd,,,ich the plate and define thc trigger. As ID a 

calorimetcr module, the plate 1S coupled by a WLS bar (cise covered by 

black foil) and a hght guide to a P:\1. The source-trigger counter system , 
can be moved by stepping motors fi the X - , y - and Z - directlOns J 

1..---________ _ 

Figure 29 on page 64 shows the light yie1d measurement ID atr, oxygen and rutrogen envuonrnent. 
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The light ytcld of an maruated scmtillator pl,lte (90 Sr,115 Gy) as a function 

of Y (at 10 cm from the WLS) for <ur, mtrogen and oxygen cnvironment. 

'The curves are drawn to gwde the eye 

~----------------------------------------------------------------------------

The raruatJ.on damage decreases \\>1th decreasing conccntratlOn of oxygen and no ob5crvable ageing 

« 10 % of the effcct in ru.r) is measured in the case of nitrogen environrncnt. 

The light attenuatlOn characteristics of a scintillator plate from a Ujscmtillator module and of 

radiation damaged plates from a l,/Cujscmtillator module (integrdted dose of -2SGy in an air 

envtronment) are shawn in Figure 30 on page 65. 
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Figure 30: 
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Light attenuation curves for radiation damaged and undamaged scintillator 

plates. 

The attenuation lengths arc considerably shorter for the radiation damaged plates but measurements 

close ta the WLS yield the sarne signal ln other wards, the light productJ.on by lonizing particles is 

unaffected whilst the losses betwcen the impact point and the WLS have changed canslderably. llis 

confirms that it is the basis matnx (PMl'vlA) which is detenorated. Instcad of being transparent' to 

the lN light produccd by the scmtillatmg agent, it absorbs trus light and re-enuts in the yelIow part 

of the spectrum wlûch, of course, cannat be converted by the \VLS. The effect of light attcnuation 

on the response in a tower Versus the impact point is !>hown in Figure 31 on page 66. 
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FigJ.ITe 31: Unifonnity of the light collectIon ln a module tower having radiation 

damaged (closed circ\cs) and undamagcd (open circ\es) scmtillator plates. 

r~ ______________________________________________________ __ . , 

For U jscintillator modules in nitrogen atmosphere, the non-uniformity is below the 1 - 2% level \ .• 

while for U!Cujscintillator modules the relative response varies by up to a 'factor 3. 

The radiatIon damage bcing uniform over the surface of the scintillator plàtes, it will still be 

possible to ensure a correct signal to energy conversion in U/Cu/scintillator modules whcn averaging 

, over random impact parnts. Thc' knowledgc of thc optlcal properties of the scintillator plates in the 

various U/Cu!scmtùlator modulcs will bc an esscnhal illgfcdient f.or the respol1se function studies 

that arc necessary for a propcr reconstruction of thc transvcrse energy flow. These propcrties wef7 

deduccd from the mcasurcment of the light sharing amongst the dtffercnt channcb of a module 

traversed by a nup. 11Ie measurements were perfonned with cosmic muons using the set-up shawn 

in Figure 32 on page 67 
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Figure 32: 
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Schemallc "(CW of the set-up for cahbratlOn with cosmic muons A system 

of triggcr counters selects muons traversmg one of the SL't towcrs of _ a 

uranium module 

11fc light shanng characteristics as a function of mtegratcd dose rate are shown m wmdows (a), (b) 

and (c) of Figure 33 on page 68. The dcduced relation [1l8J between ) att and the absorbed dose is-

plottcd in (d). " 

1 il 
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111e optleal quahty of radtation damagcd modules as a function of the 

duratton of the exposure to uraruum radioacttvity. 'The quantitie5 ~h()wn 

arc (a) the change of the average I.l-signal induccd in an adjacent tower; 

(b) the change m the wldth of the (L - R)j(L + R) a~ymmetry distribution 

measurcd from the nght (R) and left CL) PMs viewing the travcrsed tower; 

Cc) the change m the 'W1dth of the uranium radlOactiVlty Mgnal distribution. 
( 

The corresponding relation betwcen the attcnuation length and the 

duratlon of the exposure is shown in (d). 

The WLS plat;:s, wruch arc dopcd with a UV absorbmg chemical and dld not suifer from 

radtatlon disease [118], generate non-uniforrruties as a function of depth due to light attenuation 

along the way to the P:\1 tubes The effective attenuation is a combmation of bulk attenuation and 

losses duc to surface imperfectIOns The response versus the pOSItion, along the WLS, of the light 

conversion was measurcd usmg the set-up of FIgure 28 on page 63 adapted to closely reproduée the 

configurauon m a uranium module This re~ponsc curvc plotted in Figure 34 on page 69 5hows a 

-- JO - 15% non-wuforrruty whlch 15 tolerable for our modulc's tYPICal range of energy mea~uremcnts. 
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This lcvcl of non-urufonruty is to a ccrtam extent fortmtous smce the hght losses due to bulk 

attenuation are partially compensated by reflections from the edgc of the WLS [115]. 

3.5.3 Signal handling and energy calibration 

High precision calorimetry requucs a major effort conccming the coerg)' calIbration which tasks 

are, on one hand, to tune the PMs so that the energy deposltion of a givcn partlcle aIways produces 

the sarne signal (measured in picoCoulombs) independent of thc calorimcter module in which 11 is 

detected. and on the other hand, ta set the absolute energy scale. The gain baIancmg for the 

uranium modulcs profits from the natural radioactivity of thc uranium plates which provides a 

convenient, stable and 110mogcneously distributed source of signais. The relativt gain of the two 

scellons (electromagnctie and hadronic) is set using minimum ionizing muons. We use light diodes 

and raruoj!ctwe soUrces for- the P:"vt gain balancing fi the magneuzed calonmeter. The absolute 

encrgy scalc for all caloruneters is determincd using clectrons 

rr 

The detailed calibration procedure has ta cope with:" instability of the PMs, whieh require 

frequent chedcing and adjustment; attenuation of light in the sci.ntillator plates and in the WLS, 

which implies that ,the calorimeter response depends on the impact point of the particle, the angle of 
1 
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rnCldence and, for hadron showeN, the depth at which the shc\vcr starts dcvcloping; and the absolutc 

signal-to-energy conversion which is in gcncral qmtc diffcrcnt for muons, clcctrons, photons und 

hadrons (for hadrons the signal in a calorimetcr IS 1.0 general not proportional to the particlc incident 
\ 

energy). Moreover, maintammg on-hne an equa! cnergy rc:sponse (i.e. cqual g.uns in MeY/pC) in 

each individual calorimcter channel is essential sincc one thrrd of each 1':\1 anodc sigtlal 15 dlvertc:d 

into f~5t analogue swnming circuit .. for tnggered cvcnt selectIOn Twu thlrd!> of the anode currcnt an' 

sent to charge mtcgratmg :lll.lloguc-to-digIta! convcrters (ADe), for ofl'-hm~ ,maly..,i., 

We have devclopcd the followmg calibratIon procedure 

i) \Ve frrst cahbrate the charge-ADe channcls by usmg a precÎ'ilon pulse generator to 

accuratcly deterrnine the charge cqwv:ùcnt pcr ADC eount of caeh individu.tl 

channel (nominally 4 counbjpC for our Lccroy 2282 charge-ADC\) 

11) \Ve then balance the currcnt output of all P\1's by mea~unllg the sign:ù resulting 

from the natural raœo:H.:11\1ty of uranlwn ("'uranium nOIse). ln ordcr to gl.!! ~igTlah 

that are suffiClently ace urate with respect to the ADC pedestals, a rclativc1y long t',.lte 

t1fl1e of 10 ilS is used 1.Ostead of the 0.13 JLS which 15 the standard valuc for r.hower 

dctcctlon. The lugh-voltage applied on cach PM that rcads out towcrs of the ~ame 

structure-type is adjusted to obtain a prc-defincd mcan integratcd ch:trgc for the 

urarnum noise SIgnal distribution. Wc nommally reqU1rc in the 10lls gate ,U1 average 

1.Otegrated charge of 24.11pC (70 4OpC) for the c1cctromagnctic (hadronic) section of 

the UjCujscmttllator modules artel 24.11pC (116 16pC) for the electwmagnctic 

(badromc) sectlOn of the U;scintillator modules. The measurement of the sc ~.lvcrages 
is performed to better than 1 % by allowing for suffiClcnt rcarlings. This procedure 

ensurcs an equalization of the gains (same relative :vIeV/pC conversion factors) for 

:ùl towers of a given type. These gains are function of the number of scintlllator 

plates, the amount of uranium and the uranium plates thicknesscs. 

iit) We fin:ùly determinc the absolute values of the ratios MeV/pC by cxposing the 

various types of modules to beams of different cnergies. Smce the clectromagnctic , . 
sections are thin (6.4XJ, the chargcd partlcles will in praètyce al"(ays pro duce a signal 

1.0 both t 1cctromagncuc and hadroruc !>ectlOns of a rhodulc\,.iU\d thercforc one 

can only altbrat oth sections simultancously. 

We used tagged dectron bcarns from the CE~>;' SPS, at encrgll;s of g, 17, 24, 32 and 45 GcV, 

and COSffilC muons, to denve the absolu te values o"€ the c:ùibratlon constants. lbe c1ectromagnetic 

showcrs have the advantage of depositing their energy o.,ver a lirrutcd volume, easily contained within 

the modules, with comparable fractions in the two sectifns We investigated Var1.0US procedure! to 

obtain the absolute calibration constants. The simple5t one consisted of solving a system of 
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cquations of the fonn E. = AS;/" + Bs';d , whcre Ek 15 a given incident energy, and S~'" (S;~ is 

taken cither as the mean signal from the clectromagnetic (hadroruc) section or as the peak values of 

the Signal distributions (c g. obtàined from a gaussian fit up to ± 30'). Altemativcly, the calibration 

constants A and B for the electromagnettc and hadroruc sectIOns w('~ calculated by mirumizing the 

width of the total sib'f1aI rustnbution, i e. by ffi1Illffi17JIlg the quantl~y 

(33) 

wherc i:'''' and L hDd arc the sums of all the ADC counts In the towers i of the elcctromagnehc and 

hadronle ~CCllons that contnbute to the measurcd Signal for event j. In all cases, these drlferent 

mcthods Ylcldcd simtlar results, both when A and B are left as Erce pararneters or when an adrutionaI 

constramt of the type A = Const B is lffiposed. 1 ~haIl here co,c~ntratc on the more precise ,uld 

powerful minimizatlOn rnethod. 'Il1h method can provlde an ihdependent solutIOn for any glven 

mono-energetic bcam since, ~s scen ln rl~ 35, the fluctuutlo/s on the encrgy sharing betwecn the 

electromagnetic and hadromc sections arc mu .. h larger than thJ;c resulting from encrgy resolutlOn lt 

thlls allows a complete study of ~ystcmatic deVIUl1Oll" 

FIgUn 35: 

40 
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Evcnt-by-event CQ..~on betw~Ke SIgnaIs of the electromagnetic and 

hadronic sections for electron beams of 8, 17,32 and 45 GeV. 
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A universal calibratIon together with good error estimatcs is obtaincd via a global minimization ovcr 

many j different energies of the reduced l, Xl = r (Q' 1/J.EJt , wherc ilE' is an cstimatc of the 

sampling resolution (ilE' '" 0.19.,) El) 

Wc fust studted the situatIon where A and B arc left as frcc paramcters. Wc obscrvcd that the 

values of A and B found when calibratmg \\'ith elcctrons wcre slight\y dcpcndent on the incident 

cnergy, and that the B/A ratio was inconsistent with the one ()bscrved for a muon intcrcalibration. 

cIne fact that different A and B factors, and also a different B/A ratio, have ta he U'lcd for diffcrcnt 

elcctron enelgies \eads ta a violation of the fundamental rcquircment of !>ignal lincanty for elcctron 

shower detec.uon One cannot find cahbratIon constants that fulfill tlus reqmfemcnt and optimiLe the 

energy resolutIon for electromagnetic shower~ at the same hme. l11e ratio B/A went up with the 

energy by about 20% over the energy range studied Cmmic muons only allow to deriv!.! a value for 

BIA, SIDce the energy deposlted in the modules depends in d complicated way on the unknown 

energy of the muon The BI A ratio from muon calibr.ltion was found to be '" 21 % larger than the 

(average) value from the clectron runs. These effects resuIt from the eombination of problems of 

IDstrumcntal and phyS1CS ongm The instrumental contribution anses from the hght attenuation in 

the WLS of the hadronic section. The light production by both muons ,Uld uranium noi~c is 

uniform as a function of depth Light from the electron shower tUll i~ produced in the pllrt of the 

hadronic section furthest from the PM, and is thercfore more at1enuatcd than the average fQr 

uramum noise and muons From the measurcd \VLS attcnuation characten~tic~, wc found that rul 

effect of 10-15% has ta be cxpccted on the B value for elcctrons TIle longttudinal inhomogt.:f1city 

of the WLS nught be resolved by properly fùtering the light transmitted from the 5cmhUator mto the 

WLS [119]. The physics contnbutlOn IS relatcd ta the fart that in a samphng calorirnctcr, the 

fractIOn of the electromagnettc showcr cnergy convcrted !Ilto a measurablc signal changes \vith dcpth. 

ln the case of uranium absorber a very considerable decrcasc OCClUS. This cffect is duc to the soft y 

component of the shower, for which the calonmetcr respansc (signal per unit of cnergy) is much 

lower than far mmtmum lOnizmg particles (mip's) This m9ans that a givcn amount of cncrgy 
\ '\0 

depasited by the fast (more mip-like) part of the shower !Il the electromagnetie ~ectlon Will yicld a " 

larger signal than the same energy deposited by the soft tail in the hadroruc section. olne cfft.:ct of 

this on our calibratIOn result is energy-dependent: if the electron cnergy is increased, the partlclcs in 

the fraction of the showcr deposlted ID the hadronic section become on average more encrgctic, 

wluch œsults in a larger response. As ob~erved, the BIA ratIo is then expcctcd to incrca~e with 

lIlCldent energy. TIns phenomenon crcates a very fundamental problcm: the relation bctween the 

energy deposited by the showcr and the resulting calorimcter signal is different for the two sections of 

the calonmeter and, moreover, energy-dcpcndent 1lus was clearly confinncd by I:,GS4 calculations 

Wlth which we slffiulated the developmcnt of electromagnctic showers in our calonmeter. Averagcd 

over all energtes, the hadronicfelcctromagnetic signal ratto is predlcted to be 30% smaJler than the 

ratIo of the energies deposited in the two sections. The combincd instrumental and shower agcing 

contnbutions explain the experimentally observed discrepancies betwecn the electron and muon 

calibrations and the energy dependence of A and B in the electron calibration. 
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'Ibe relation betwecn the B/A value and the energy resolution, and ejrr signal ratIo, is shown in 

Figure 36 (the dashed line is our chosen B/A value). Window (a) of that figure shows what happens 

to the (J RMS of the signal distribution, which corresponds to the quantity that we mirumized in order 

to find B and A from the clectron measurements. The minima are fmmd for values of B/A lower 

than the corresponding value for a muon intercalibration (which gives D/A = 40) and the minimum 

shifts with cncrgy. Because of the arguments just glven, the (J RMS fOW1d as a minimum value cannot 

be mtcrpreted as an energy rcsolution but as the Wldth of the rustributlOn of the total number of 

ADe counts 
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Figure 36: ResolutIOn and c!rr versus the gam ratto B/A. 

Figure 36 (a) also shows that the hadronic energy rcsolutlon is very insensiuve ta thc 

fonvard·bacJcv.:ard g:un balancing. This 15 hecause the energy fractlon depoSited by hadrons in the 

electromagnctic sectlon (O.li.",,) is ,'cry small. TIlÏs alsa explams what is observed m Figure 36 (b), 

where the cffcct of the B/A value on the e/rr signal ratIO 15 shown. The e/1t Signal ratio obviausly 

decreases as more weight lS gIven to the part of the shower detected in the hadronic section. 

In summârizing we remark that showers cannat be used to intercalibrate sections of a 

longitudinally segmented ca1orirneter, and that ID 5uch a ca10nmeter intercallbrated with muons, only 
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the total shower energy recorded is meacingful, while the signals in the individual segments cannot be 

fully interpreted as energy infonnation. Therefore, the shower-agc dependence of the calorimetcr 

response aIso implies that the weighting factors used in algorithms [119] to improve the energy 

resolution off-line using the longltudinal sho\\cr infonnation, should be encrgy dependent. 

In practice. wc decided to use the Bi A value from the muon calibra1.ioll, fixing the A :md Il 

values such as to reproduce be~t the electron bcmn energtes o\'er our rncasurcd r:mgc. 'l1lÎs 

guarantees proportlonaltty betwecn the total clcctron signal (expressed ln cnergy units) and the 

particle encrgy. Any other choîce would onl)' have had a limitcd meaning for clectrons of a 

particular energy. An inevitable consequence of trus choice is that the apparent energy dcposited by 

electromagnetic showers in separatc segments is ~lightly offset with thesc calibration constants. This 

is also vahd. for hadronic showers, where the calonmeter responsc analogously c,lcerca~es \Vith 

mcrcasing shower dcpth. The cahbration constants obtained for D/A == 40 are givcn in Tahle 1. 

T..r.blc / CaltbratlOn factors for the uramum modules. 
v 

Module type Required SIgnal Caltbration Correlation 

for uranium noise facton coeflicicnt 

equali7atton p 

pC/lOJls MeV/pC 

U /Cu/ scmtillator cm 24.11 15 8441) 

had 70.40 63.377 

U /scmtillator cm 24.11 14.844 iO.634 -092 

had 116 16 59.376 i2.535 
1 

U/scmtillator cm 24.11 16.191 iO.606 --0.92 

(decoupled towers)had 116 16 67765 ±2 408 

1) ProVldcd by the R807 CoUaboratlOn. 

-_.- ~- -- -

The quoted crrors on A .UJ.d B arc rather large but thcse parametcrs have a VL"l')' strang negative 

correlatIOn ( - 92%) 50 that the cvcnt-by-evcnt reconstructIOn of the cncrgy E = A . S'" + fi· S~d 15 

precise to 
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which corresponds to a 3-4 % uncertainty. The rnean energics are, howevcr, reconstructed to 

better than 2%. 

A small but significant drlference between the calibration constants for different modules was 

found. 11lls may be explained by the fact that the electrons deposit their energy in a limited region 

of the calorimeté'r volume and thereforc the signal relative to uranium noise is rather sensitive to 

anomalies in, for example, the thickness of the active or paSSIve layers. The observed difIerence 

between the A and B values for the module wIth the optically decoupled towers, and the uranium 

module with the unmocW:icd scmtlllator plates, is also partly due to the fact that the reflection of the 

alummucd mylar fotIs in the slits is not perfcct (I.e. the locally produced llght from showers differs 

from the uniformly distnbuted light generated by uranium decay), yiclding somewhat larger (by 8%) 

A and D values for the deeouplc'Ytowers. 'The calorimetcr modules are shown ta respond linearly ta 

clcctromagnetic showers ara--fUi1ction of cnergy (Figure 37) to a precision of 1- 2%. 

~------_._---,.._--------------

-2 

-4 

20 40 60 80 

The relative deviation of measured energy compared to inCldent energy for 

electromagnctic showers devcloping in V IscintillatoJ; modules [120] (results 

conccrning U/Cu/scintillator modules Carl be fOWld in [115]). 

Once the values for A and B are fixed, the uranium noise signal Carl be used to set and maintain 
'If' 

the required gain. The gain stability is checked daily by measuring the uranium noise signal 

(nominally ..... 7J..tA for a hadronic tube at standard voltage), which is maintained at a fixed nwnber of 
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ADC counts for each specific channel. 

The response of the 24 tubes of the MAG CAL is checked and maintained by two systems: light 

diodes and a radioactive source. One fibre of cach light guide is coupled to a light diode. 'The light 
" 

passes dO\vn the fibre, along the WLS bar, whore it is reflectêd at the end and returns back to the 

PM. ln order to control systematic effects in the light diodes, each diode fecds four channc1s and the 

tcmperature of the diodes is monitored. To chcck the scintillator responsc, a 740 MBq 60CO source 

is pulled round the front face of the ivIAGCAL. This source samples the ficst few layon of . 
scmtillator. The absolute energy scale wa~ set by scanrung the diffcrent types of petals \\;th a 8 GeV 

electron beam. 

3.5.4 The calorimeter perfonnances 

The caloruneter performances were rneasured with beams of electrons and pions at 8, 17, 24, 32, 45, 

70 and 200 GcY/c, mcident on the forward beam modules (2 x 4.:2J./ truck). 'Ibe bcam intcnsity wa! 

mamtamed at low values of 102 to 104 parhclcs pec 2.65 burst. The set-up to define the arrivul of a 

beam parhcle 15 the one described in 3.3 on page 50, with a before-and-after protection of ± ljis. Il 

1S worth mentioning that the light production mduced by a shower extends significantly beyond the 

\Vldth of our standard charge integraLlOn gates (l3Ons) for both clectrornagnetic and hadronie 

5howers, and that the fraction of the 11gbt that is produced aftcr 130ns is measured to be slightly 

larger for hadronic showers. The main contnbutlOll to the slow component of the signals cornes 

from the fluNc~cence mechanism in the wavelength-slufter plates. The small differcnce in the time 

structure of electromagnetic and hadronic showers may be due to the proces5 of capture of 

thermalized neutrons wluch plays a significant role in the energy deposition [116] for hadronic 

showcrs and has a ljis time scalc [121]. 

Wc recorded typically Z 104 events at each encrgy.20 The electrons and pions were 5eparatcd 

effiClcntly (up to 45 GeV) using the tagging information coming from a Chercnkov differential 

counter with achromatic ring focusing (CEDAR). Further particle identification was provided"'by the 

longitudinal and transverse charactcristics of the showers [120] (c.g. rcquiring > 30% of EroT in the 

electromagnet1c section leaves a pure samplc of c1ectrons, whilst rcquiring < 3% lcavc5 a pure 

sarnple of pions). 

The lmearity of the calonmeter re5ponse for the detcctlon of pions wa~ invcstigated in the 
1. 

cnergy range from 17 to 200 GeV. The C'Csu1ts are shown in Figure 38 on page 77. Over the cnergy 

ran!!e conSldered. there 15 no indication of a deviation frOID proportionality larger than the 2% overall 

20 There were not enough plon evenu ava1lable at 8 GeV and electron evenU al 200 GeV for them 10 he umi in the 

analyns. 
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The U Iscmtillator modules response to hadroruc shower:. as a functton of 

cnergy in the range 17 =:; E" ~ 200 Ge V. 

Since the fractIOn of the total energy spent by a hadronic hllower on nO production increases 

10garithmically with energy, one can approach linearity for hadroruc showers only If the mtrinsic 

response to the purely electromagnetlc (i e. 'no induced) and purely hadronic components are equal, 
/ 

Le. (ejn'f'tr = 1. For a perfect detector that does not suifer from inhomogeneities in the light 

collection, this conditlOn is equivalent to the requirement that the measurcd average responscs to 

electrons and charged pions be equal ( (ejnr ..... =constant= 1). In 00/ uranium modules, the;., 

measured ci .. valut: is sensitive to the effective light attcnuation ln the WLS bars reading the hadronic 

sections. Ths measurcd ratio is plotted in Figure 39 on page 78 as a funcuon of energy in the range 

17 ~ E. ~ 200 GeV (the electron value at 200 GeV was obtained by assuming that wc could 

extrapolatc the linear behavlOur observed for electrons from 8 ta 70 Ge'{). 
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Figure 39. 
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The e/rr SIgnal ratio as a functlOn of energy for U/scÎntùlator modules with 

optically decoupled (closcd Clrcles) and couplet! (clo~('d tr1<!llgies) towcrs. 

Over the encrgy range stucbed, the (e/rrj"U ratio is constant within experimental unccrtainties An 

average value of 0.98 ± 001 (LOI ± 002) is found for U/scÎntùlator modules wlth optically 

dccoupled (coupled) towers. This mcbcates that (e/rrr-,...., (e/ntfT'~ 1 . The results stand in contrast 

to non-compcnsating Fc/scintillator calorimeters wherc (e/nj'aJ varies by '" 20% ovcr similar cnergy 

range [122]. 

The bcst rcsolution perfonnanccs arc expcctcd for a calorimetcr wlth (c/n)"'fT '" 1 . Only then 

\\ill the effect of the non-gaussian evcnt-by-event fluctuatlOns in the fral.;tion of energy 'lpcnt on nO 

productIOn be minirruzed, and the energy resolution for hadronic showers bc following a !lcaling law 

cr -- f(E) • .JE. The measured energy resolution for clectromagnetic and hadrontc showers IS shown 

in Figure 40 on page 19 The cr of the Slgnal distnbutiotl was dctermmcd from a Gaussian fit over 

the approllmate range [mean ± 30"]. 
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'nIe single parttclc fractlonal energy resolutlOn (0" lE) • .JE a~ a functton of 

cnergy for elcctrons (open squares) and pions (closed rudes). lbe results 
" werc obtamcd with a U 1~C1ntillator module havmg opttcally dccouplcd 

towcrs 

• 
Within expcrimental unccrtaintles, the value of 0" !.JE is mdepcndcnt of the partlclc energy for both 

clectromaggetic and hadronic showers. A Ieast squares fit to the data pomts givcs (j lE ::::: (0.337 ± 
0.013) 1 JE for pions and aiE = (0.215 ± 0007) / .JE for cIectrons (E in OeY) The hadronic 

resolution value compares favorably to results for non-compensatmg calonrneters, for which the 

value is mu ch larger and scvcrcly degradcs with mcreasmg cnergy [122]. A romplete table of results 

concerning the energy resolution, signal lineanty and eln for U/scmtillator modules (with optically 

cou pied and decoupled towers) is glven in [120]. Results conceming the U/Cu/Scintillator modules 

can be found in [115]. The energy resolutlon of the magnetlZed calonmeter was measured to be (J'lE 

= 0.251 JE for 8 Oev electrons. 

Besicles clcctrons and pIOns, the te~t bcarns also contamed muons (caslly recogruzcd by their 

fractional energy deposition) which made it possIble to study, as a function of energy, the relahve 

calorimet~r response to muons and c1cctrons (i.e. J1./e ratio) in the same experimenta.I conditions 

Having set the absolutc cnergy scale '\\lth electrons. we dctcffiÙned the (J.lle) ratm by cornpanng the 

apparent energy depoSlted by the muons to the 1.802 GcV that a mmimum lOruzing particle would 

loose when passing through the 8.4 )./ of the forward beam modules. The results are sho\\'J1 in 

Figure 41 on page 80. 
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correctlOns for a transfonnatlon mto a mip/c raho (sec text). 
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The apparent mcrcase III the energy los5 (closed l.'1rcles) i~ due to () - r.ly cmission (rdativi,tic rise), 

bremsstrahlW1g and pair production 11Ie encrgy dependcncc 15 partly removcd whcn correcting 

[120] for the relattvistlc rise (opt'n circlcs). When furthcr removing the contnbution duc to 

bremsstrah1W1g and pair production, the Ille ratio (non cqwvalent to a truc mipje ratio) i!! found ta 

be cnergy mdepcndent (crosses) A ler.st square fit gIVCS mip/e = 1 43 ± 0 10. 

3.5.5 The transverse energy flow tJigger 

The Eocrgy Flow Logic (EFL) can provide a tnggcr 00 the total transverse energy of an eveot, 

io selccted regions of pseudorapidlty. The fast hard-mred on·line value of ET is forrned by divcrting 

ooe third of the anode signaIs of the vanous calorimeters, swtably weightcd by resistors, ioto fast 

analogue summing. Clfcwts [ 120] 

The WClghts 'Wcre found by \.1onte Carlo StrrmlatlOn whcrc the El produ~ed. by the event 

generator HUET [123] was compared to the sunulated encrgy respo05c in the calonmeter_ For any 

evcot k, the Ylsible gcoerated Er is given by 
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wHere e, is the opening angle for particle j, and its associ.ated total encrgy EJ (kineûc cnergy in the 
, 1 -

case of bàryons) is decomposed in term; of a sum ovrfÏiu, the energy dcpositecr in cach tower i,., . (" / 

The reconstructed ET is wri~n as p ,1 1 

" (35) 

where the wl.are the desired weights and S: is the energy corresponding to the signol mcas~d in 

tower i for event k. This energy is further decomposed in.a sum oV,er the contribution of aU particles 

ta the light butput LI' and 6. Ut takes into account the uranium "noise· fluctuations -around the 
t 

aVfrage radioactive signal. The final weightll were obtained by averaging over a large number of 

events wlth a statistical wei~ting of the ~ontribution of each event to tower 1 assurncd to be 

p,coportional to the signal ~I' From equation (34) and (35), this,gives 

(36) 

\ 

The showers in the calorimeter werc simulated wing a showcr parametrizaûon tuned to fit the , 
mcasured longitudinal and lateral properlies. Wc adopted and adapted the pararnctrization from 

Bôck et al. [124] for the longitudinal snower development. Thc~1ectromagneûc ahowen are 

pàrametrized by 

. . 
where Cl is a normalization constant, (X and fJ are dUnensionlcss encrgy dependent parameten, and 1 

? ~ 

is the depth in units-of the radiation length Xo• the characteristic scalc of an electromagnetic mower. 

The hadronic showers have a similar ·electromagnetic· component (mainly for the nO production in 

the primar)' interactions) and a lladronic· component with the absorption length )'0 as characteristic 

scale, 
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wherc 'C2 is a normalization cons~t, IX, p, Y and ~ ~ cnergy dependent parameters, t is in units of 

Xo and s in uniu o~ ).0' The parameter w fixes the relative 'weight of, the, 'electromagnetic' and 

"hadronic' components. The Monte Carlo simu4t!on pro,ced~t06k int.o account the geometrical 

pô.itio~ oC ih~ e'ne~sY d~position, the effe;;';s mtrd~ced by the finite sp~tial and energy resolution of 

the calorirneter, and by light Attenuation in the scintillators, 
~ 

From the' weights provided by the Monte 'Carlo, we dedu~ed the weighting resistor, values for 
L • 

each individual input line (PM). The physical quantities (ETOT' p~, P • ET) for the trigger were 
• y 

obtained by analogue surnming over t~e suitably weighted pulse heights. The sums were perfonned 

in threo or four stages of clectronic sÙmmiq.g unit~ (terrned ~ 1 to I:4 ). The splitting of the PM signal 

and the' input stage to the mst level summing are shown schematically in Figure 42. 

Figure 42: 

100 ,1It10 q AOC 
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The splitting 01 the: PM anode signal and the weighting resistors providing 

ETO~ p., P, and ET signaIs for the input stage of the mst level summing. 

Apart from the four wei,&hting resistors, a fifth resistor (R s) is used to 

match the input impedance of the fust level summing to 50 n. 

1 In order to achieve the desired acçuracy in the trigger signais, high precision resistors (differing by less 

than 1 % from thdtt nominal values) were used for the ~plitting of the primary cunent and for the 

wcighting factors. The Etot quantity, which may be used at trigger level for pile-up rejection, is 

obtained by adding the individual pulse heights with cqual weights, and the gain of the summing 

chain i!l adjustcd according to v.hether the signal 15 dJ.gitlZcd in a 7-b1t or 9-bit flash-AOC. The 

signals for the ET quantIt)' correspond to a product of the Etot signais Wlth welghts of which the 

geometncal part is proportlOnal to sin (JI (the detaùed cabhng and summin? layout can be found in 

[120]). The energy cOITÙng from the hadronic' or electromagnetic sections of the modules are 

sununed scparate1y in up to 4:E l units per quadrant per component (box sides, box forward mall, 

beam modules). The outputs are fcd into the second level summing (l:2) whlch calculatcs the 
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èlectromagnetic or hadronic SUInS for cach quadrant of a calorimeter component. The sUni OVCf the , , 
four quadrants of a component is then made in l: 3 units and the electromagnctic and hadronic values 

'are added in 1:4 units. The output of the 1:. is sent, via~erential driver unit, to ISO ns shapmg 
\ ' 

amplifiers in the coun~ing room, and from there, via adapter units which pro vide for fine adjustment 

of the summing chain gain, into the FADCs and the digital part of the EFL. The gains of the 

summing units corresponding to a given calorimeter compone~t arc optimized to kcep the electronic 

, noise at a minimum and at the same time use the full r ADC 'l'ange for the signals ellpcctcd from thnt 

componcmt. The overall energy scale lS fixcd by the calibration of. the charge ADCs. :rhe signals for 

each physical quantity and for cach calorimeter component, digitilcd in the flash-ADCs, is finally 

treated by, digital comparators for use in the par~el trigger proces50r, Digital ADDER modules 

provide values, for the physicaI quantlties Etot ' P:, P; 1 P; 1 P,- and ET' Thcse values are then 

compared to a set of pre-dete~ed thresholds in order to decide whether a trigger condi~is 
satisfied. or not. The digital EFL units are upder CAMAC control which allows, via selection of 

ADDER inputs, to trigger for instance on Er in sub-regions of the ovcrall angular covcrage. 

Moreover, there are five available th.reshQlds on each COMPARAT-GR module so that a grcat 
\) 

variety of ~FL triggers Cart be dctined. Both 7-bit and 9-bit FADes are used, in order to cope bcttcr 

... • with the dynamic range of the energy sum si~~s. 

, '-

The performances of the energy flow logic are studied by a comparison with off-linc analysis of 

the detailed charge-AOC information. Figure 43 on page 84 (a) shows a sample of cvents, for 200 

GeV/nucleon 160 incident on a 5% Pb targct, selectcd with a set of four differcnt Err thrcsholds in 
the pseudorapidity region' - 0.1 < 17 1Gb ~ 0,8 (i.e. sides of the box). For thesc cvents, the correlations 

between the trartsverse energy flash-AOC suros and the corresponding charge-AOC suros arc shawn . , 

in (b). A one-to-one correspondence is obscrved over the full range. The dispersion around the 

~ mean correlation axis is mainly caused by the inde pendent rcading of the fluctuations in the 

ca10rimeter uranium radioactivity SlgnaIS. A small contribution to the dispersion arises from the 

limited ~ systematic precision of-the resistor; forming the on-linc Er weights. \ 
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.Figure 43: ~xamplc of the perfonnances t( the energy flow trigger logic. The 

r-tiansverse energies for a sample of'events (a) are shown in a correlatios; 

plot (b) of the flash-AOC sums versus the analyzed charge-AD~ values. 

_ The dispersion (c) is mainly caused by the uranium noise flu~uations (see 

text). 

, A typical flash-AOC - charge-AOC asymmetry distribution is shawn in Figure 43 (c) for one of the 

triuer thrcsholds. The asymmetries have a fitted gaussian width (soUd curve) of - 2.7 GeV 

corrcsponding to the quadratic sum of a 2.6 Ge V contribution from uranium noise and an apparent 
... 
- 0.7 Oev contribution from clectronics and weighting rcsistors. The uranium noise thus constitutes 

the ultùnate limitation on the transverse energy rcsolution. 
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3.6 The Extemal Spectrometer 

1 ~ 

~ ~ 

We conclude tlùs chapter with a brie! description of 'the external, speru6meter (Fiaurc 44). 

w~ch perfonns individual partic1e measurements withln a SI!lall solid angle (20 mar) through the 

h~rizontal slit of the wall (0.9::;; tt/al> ::;; 2.0). '. 

Figure 44: 

\ 

l--------------1 u/ulnt 1 

1111. CllorulI,tlr 
! /bOlhf.1I 

1 

a ..... m __ ~~~ ___ ~~r-H_.~~C_'1~1~~~o_n_v._rt_._r.p~c_·I _______ ___ 
, ) 'III S m Tof Itlntlll.IDfS m '" Tiroet 

Plan view of the external spectrometcr set-up (see text); 

\ 

The momentum measurement of charged p;utic1es is pcrfonned using a 7 KG magnet with a 
~ -

transverse momentum kick of:"", 75 MeV le, and two high resolution drift· chambers: The drift 

chambers furthennore pro vide an adequate pointing through the slit as they allow measurement of 

the horizontal coordinate via drift time (O'. ~ 180 Ilm) and of the vertical coordinate via charge 

division (<1', ~ 1.0 cm). An array of time-of-flight c0W!ters gives particle identification in the 
1 

~on-relatiVlstic domain, whereas a set of Aerogel Cherenkov countcrs can separate TC, K and protons 

'- up to "'" 3 GeV/c. Photon .measurements are made possible by a 5% Xo converter p1aced 

immediately in front ,!f the fun drift chambers. The convener is sandwiched ey two planca of 

multiwirc propartional chambers, allowing a locali.zation of the êônvcrsÏon point. 
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;~ l 

'Data reljuctJon and analysis 

1 swnmarize here the analysis procedures developed for the treatqlent of the energy and 

multiplicity flow data conceming 160 -nucleus collisions. 
,~ 

Il • 

4.1 The selection of 160 - nucleus interactions J 

The oxygen beam data taken' with the AI, Ag, and W targets correspond to an integrated 

incident flux of 8.5 x lOI, 4.8 ~ 10' and 1.6 x 109 nuclei at 60 GeV/nucleon, and to 7.9 x lOI, 3.8 x 

10' and 2.3 x 109 nuclei rcspectively at 200 GeV/nucleon incident beam energy. 

A fraction of the oxygen ions of the primary beam get broken into nuclear fragments during 

extraction from the main accelerator ring to the beam transport lipe of the experiment. The 

fragments having the same rigidity as oxygen may be transported down to the detectorSq 50 that the 

ion bearn reaching the experiment contail'ts a mixture of nuclei with A/Z = 2. The beam 

composition for an unbiased subsample of the observed incident flux is shown in Figure 45 on page 

87 for the 200-.QeV/n nucleon beam, in a "mass spectrwn'" obtained by measuring the total energy in 

the full 4n-calorimetry. The 160 nuclei identified by total energy were fOWld to represent ~ 94% of 

the incident flux for both 60 and 200 GeV/nucleon, beams. 

~ , 

The selection windows in Etat were wide enough to cope with a slight change (2-3%) of the 

raw response as a function of transverse energy (Figure 46 on page 87) or multiplicity. nus change 

is due ta the increasing absolute amount of energy deposited in regioru w4e~ th) hadronic responsc 

is supprcssed (e/n~.ll for U/Cu/§cintillator modules and 1.4 for the magnetized caloriIne:ter) or 

reaching inert volume f the backward calorimctry (the edges of the ôoi:", the support frame of the 

modules. the horizont slit, etc.). \ 

/ 
/ 

/ 
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A fraction of the identified 160 nuclei were brok,en during beam transport, or inte~acted in the 

fcw mettes of air or in the beam' scintillator hefore rçaching the target. These upstrearn interactions 

were tagged by the measurement of ionization losses in the beam scintillators, wruch provided a 

powerful discrimination hetween an 160 and the SUffi of aU (or part), of its fragments. This is 

illustratcd in Figure 47 where the ioruzation measured in a scintillation counter before the target is 
-

plotted versus the total energy in the calorimeter for events with Er;;:: 100 Ge V . 

.1( 

Figure 47: 

NO TARCiET o 1mm W 

CT • 100 GoV E, ~ 100 GoV 

dE/dx plottcd against Etot for high-ET cvents takcn with no target and 

with a target. The target interactions are clearly distingUIshable from 

background interactions. 

From the dE/dx measurement. we find that 9.3% (6.2%) of the oxygen ions are destroyed by early 

interactions at 60 GeV;nucleon (200 GeVinuc1eon). Oclya small fraction of these early interactions, 

10 to 20%, actually generate an interaction trigger in the experiment. The cuts in total energy Etot 
and dE/dx, used in the subsequent analysis to idcntify the sample of 160 candidates reaching the 

target, select 89.1± 104% (87 S± 1.3%) of the incident flux a~ 60 GeV;nucIeon (200 GeV;nucIeon). 

Finally, conceming the dErdx selection, 1 shall mention that dunng the short penod of data taking 

no significant degradation of the bearn scintillator response due to radiation damage was observed. 

The 160 nuc1ei selected by the ~ot and dE/dx requirements may still interaet in the multiplicity 

dctcctors bchind the target. It tumed out that the oxygen beam slight misalignmcnt (r = 0.5 mm àt 
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the target mid-plane) and rather wide oval profile (2.4 mm2) allowed a significan0amount of 

interactions in the innennost material of the Si_ring21
. This is seen for instance in Figure 48 wherc 

we compare the flux normalized empty target data taken in presence and. absence of the Si·ring 

detector. 

~' 

'f 

1 Figure 48: 

Si-ring in 
(l/Jaux) dN/dE,-

a.e 

(l/Jflux) dN/~:ring out 

1.1 

~ 

o.a 

U. 

\ 

- , 

110 'M ET [OeV] 

Silicone-ring cQntribution to the empty target contamination seen from the 

ratio of the flux normalized ET distributions taken in presence or abscnce 

of the Silicone-ring. 

<t 

The apparent thjckness of the empty target is found to increase by 30 to 50% when the ring is 

mOWlted on the beam te1escope. However. as E-r rises, the interactions in the multiplicity detector 

exhibit. increasingly recognizable pathological propcrtics; for exarnplc, an interaction in the Si-ring 

gives no detectcd multiplicity thcre, high multiplicity in the Si-pad, and large E-r in the 

pseudorapidity region overlappmg the Si-ring. Wc can profit from such bchaviour to develop simplc 

empmca1 cuts. By comparing empty target and target data after dE/dx and Etot selection, wc defmed 

allowed regions ID correlatlOn' plots bctween the Err mcasurcd ln -0.1 < tT/ail < 2.9, the charged 

multiplicity rneasured in the Si·ring covering 0.9 < '1 J.b < 2.8 and the charged multiplicity in the 

\. 

21 The central ma1er1al1ll the SI-nng represen\.l an average tluckness of 0.01 ).1 (or oxy&m IOnt. 
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Si-pads covering 2.S <' '1w < S.O. -ln windows (a) to (f) of Figure 49 on page 91, wc show such 

correlations for emptyand.l mm W targeÎ at 200 GeV/nucicon . 
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The efficicncy ltmcs (i.e. 'fraction of good events removed) introduced by the correlation cuts are 

negligible for Er > 30 GeY. For events with lower E-r, wc will e~timate the losses empirically ~y t, 

comparing the measured distributions with the ones obtained using truck targets (> 2% À./ for 160).. 

For truck targets, we can perfonn an analysis without the correlation cuts su;.ce the background is 
( 

• relatively supprcssed. The use of truck target înfonnation calls for a detailed study of multiple 

collision effects. Thc secondarics from thc tirst mteraction may interact with another nucleus in the 
,<'\ 

target causmg an upwàrd fluctuatIon of muftipl1C1ty and transverse energy. \Ve have to ensure that 

such contnhutions arc neghgible in the ET region where we shall use the truck target mformation, 

and also that they can be neglected for tlup target over the full dynarruc do main covered by the ET 

triggers. These questions can be investigated by plotting the ratios of the transverse enèrgy 

probabt1ity distributions rneasurcd Wlth thick targets ov~r the one measured with thin targets. Such 

ratios are shown in Figure 50' wherc the ÈT distributions for 160 - \V colhslOns obtamed Wlth .2 mm ' 

(60 GeY/nucleon) and 1 mm (200 GcY/nucleon) targets \Vere ruV1ded by the dl~tnbution measured 

with the .1 mm target. The .2 and J mm data were analyzed \\'1thout applymg the correlation cuts, 

and the-ratios \Vere calculated after having subtracted the no-target contammation (section 4.2.2 on 

page 95) and normalized for the true beam fluxes and target thicknesses (section 4.2.3 on page 97). 

\ 

Figure 50: 
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The ratio of the 160':'W ~ distributions measured with a .2 mm (open' 

circlcs) and a 1 mm (closed rudes) target ovcr the distribution measured 

with a .1 mm target (see text). 
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1 
1 

The ratios-RI","".l_(~"') and R.Ja..I·l_(E~"') are both compatible with 1.0, within statistical errors, 

bclow ~w "" 100 Ge~. This indicates that our correlation cuts are .~oft enough 10 avoid significant 
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efficiency lasses. Above this value of E~ W , the probability to measure a given Er is rclaûve1y 

~creasingly Iarger for the 1 mm W target. Ths relative increase hap(eÏls in a region of Br whcte the 
~ 

prob.ability ,distribution fans steeply (sec Figure 51 on page 94) 50 that evcn small upward 
fluctuations are sufficient to pro duce a fast rise in the ratio. Correspondingly, the faet that, within 

. statistical errors, the ratio R.lmM.'·I,","( Er '1 is compatible ",ith 1.0 over the full ET range indicaies the 

perturbation from multiple collision on the ET production can be safe1y neglected for the .1 mm W 

tuget. SimiIarly, for the other thin target!rused (.5 mm Al and .2 mm Ag), the-contaminatiun from 

multitf. collisions is maintained weIl below the achievable statistical precision ovep. the full domain 

cove~ energy and multiplicity flow. 

After having applied the Etot ' dE/dx and correlation cuts, the 160 - Al, 160 - Ag, and 1 '0 - \Y 
data ~~ples at 60 GeV/nuc1eon consist of 11167, 19166, and 75889 cvent! respectively .... · At the 

incident energy of 200 GeV/nudeon the data consist of2921, 5817, and 103417 event! for the Al, Ag, 

and W target respectively. The events are distributed over the full Er range by triggcrinS on .... 
• 

. çharged multiplicity' requirement ~ ~ 10 and using a set of ~our Er-thresholds (c.g. Er~ 42, 76, 

108, 136 Oev for the \V target). At this point, tqc rem~g empty target contamination (to be 

subtracted) corresponds to an apparent thicknes5 of -êpproxima~cly 0.9%. 

4.2 The differential transverse eriergy distributions . ..... 

f 

4.2.1 The ET trigger efficiency 

The Er trigger required the total analog swn in the rcgion - 0.1 < "1. <.2.9 to cxcee4 a 

threshold value. Good statistical coverage over a wide Er domain was achievc:d by appropriatc 

down-scaling of events satisfying severa! different E-r thresholds. The resulting raw distributions for 

the various thresholds are shown in Figure Sion page 94, in the case of a W· target for 200 

GeV/nucleon 160 beam. 
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Figure SI: 
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Overlap of the dN/dEr distributions of the various Err thrcsholds for .1 

mn'1 W target at 200 Ge V /nucleon. 

1 

The observcd smearing of the sharp . on-tine di~tized Er tluesholds is to he understood as a 

tonvolution ofa stcp function (the 'jdca1 thresholdj with an approximate gaussian measured as the 

nonnalizcd dift'ercnce between the on-line, fast analog (flash DC's). stlm and the off·lipe sum , 
pcrfonncd using the charge integrating AD~'s. The smearing is . y. caused by fluctuations of the 

calorimcter ~ radioactivity signal and partly by the limit precision of the resistors forming 

the on-tine ET WClghts (sec section 3.5.5 on page 80). The amum noise constitutes the ultùnate 

limitation on thc transverse energy trigger resolution. 

Since we are not limited by statistics in !he region of overlap of events from two different &r 
tbresholds. wc dccidcd not to attempt correcting for the efficiency losses (c.g. by a raÏhcr simple 

dcconvolution) but rather acccpt only the events having an E.r weIl above their respective triggcr 
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thrcsh~ld. Wc rcqucst the Er to he at lcast 3.9c1 (gaussian width of the FADC-ChADC 

asymm~, '" 2.7 GeV) above thrcshold. For,such an Er, less than 0.01% of the cventa wm 
'tejectcd at trigger level.- The ratio of the flux nonnalized raw Br distribution for cvcnts of two 

subscqlfent thresholds converges to 1 sarely below the off·linc Br requircment for events of the 
\ 

highest threshold. The observables in the oycrlap n:gion of N triggers ~ treatcd as N mclsurcment 

of the same quantity. The cuts"'" 10 GeV aboye Err thresholds leave about 50% of the cvents. For 

the b~p of the transverse energy differential cross-section da 'dEr, the final 160 - Al, - Ag, 

flDd -l{,#'& samples consist of 2869, 11432, and 32050 events at 60 GeV/n and 772, 2393, and 

50094 events at 200 GeY/n. Finally, one should note that the ET scaIc for the raw Br differential 

cross-sections is the one resulting from an electron cl!libration. It has ta be corrected for the 

differences in the relative response to electrons and hadrons (e/Tt ratio) and for the energy leakagc. 

These corrections an: perfonned using a Monte, Carlo procédure that will bc discusscd in section 4.4 

on page 99. 

4.2.2 The subtraction of empty target contamination 

_ ." '1 / 

The possible non-resolvcd remaining contamination from non-target interactions is studied using data' 

taken in absence of a target. The ratios of the dN/dE-r distributions measured without and with a 

target,. and normalizcd to the integra'ted incident flux, arc shown in Figure 52 on page 96 for the Al, 

Ag and W targets at 6p GeY/nucleon (a) and 200 GeV/nuc1eon (b). At both incident energies, the 

remaining no-target 'contamination varies from about 75% at ~ "" 10 GeV to S; 1% al E:r > 50 

OeY. " 

, 

1 
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\ ,. 
The ratio of the I/Jflux dN/dE.y distributions taken in 'absence or presence 

or a target. TIùs ratio is a measure as' a function of Er of the remaining 

no-target contamination for the data taken with Al, Ag and \V targets at 60 -Ge 'nuc1eon (a) and 200 GeVfnucleon (b). 
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The high-energy taits 'of,the"Er distributions ~ thus essentially background ÛCCI. In the low Err 
regions, the truc target differential distribution is obtained by subtracting the correspondina (l/fOux) 
dN/dBr 'distribution measured ~ absence of a target. 

4.2.3 The absolute normallzatioD 

The differential cross-sections (in mb/GeV) are obtained by rescalina the (1/Sfiu~) d,N/d&r 

distributions, ta take into account the fraction of the measured incident flux which is identiflcd as 
16,() ~y the Etot and dE/dx cuts, and by nonnalizing for the target thickncsses. Wc thus have 

(37) 

• 

The target thicknesscs are calculated in the thin target approximation ,al 

t = (p • NA • L)jA X 10-14 (in mb- 1
) whcre p is the density in gr/cm', NA is the Avogadro number of 

/ 

atoms per mole, L is the thickness of the target in cm along the beam <fu:ection,' and A is the atomie 1 
weight in gr/mole. • 

) 

4.3 The transverse energy pseudorapidity distribudons 

t 

The transverse cnergy density distribution in pseudorapidity is. simply built by mapping cach 

individual tower in the (t7,tP) plane. Such a mapping in bins of .2 units of '1 and ISO of q, is shown 

in window (a) of Figure S3 on page 98 for a plane at mid-depth ti.l -\) of the wall (forward face of 
, y 

the box). The projection of the cal,orirneter modulcs in the ('7,cP) space is shown in window (b). 
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The Er of a given tower is split in fractional contributions to the ;arious (" ,tP) ce'" The sum of aU 

contributions tç a cell fonns the density qf Err in that ceU. For detailed event-by-event studies (e.g. 

~e fluctuations of the energy flow topology), one would need to ensuÎ'c e:u.ct azimuthal symmetry in 

each 11" band for an average event. But as wc are mairùy interested here in t~e projection on the 

rapidity axis, it will he sufficient to note that for a large numher of events (e.g. aU cyents in a given 

Br window), the raw azimutha! distribution integrated oyer aU '1 was found to be unifonn; i.e. the 

dispersion around the mean ET per 11rJ> bin is sm aller than 1 - 2%· < Err>. Further confidence on 

the required overall symmetry of an average eyent was gained by inspecting the p. (I E-sin8'cosrJ» 

and P (I E'sin8'sinrJ» observables. Wc found that < P > "" 0 and < P > ..., 0 within statisticn.l 
1 x 1 

errors (~ 0.1 GeV) for aU calorimeters clements (i.e. sides of the box, forward wall of the box, belUll 

ca1orimeters) and independently of the Er trigger requirement, except for the wall where < p. > 

varies with ET up to ..... -4 GeV (160 - W, E~w ~ 120 GeV). llis offsot is due to energy leakage 

through th~ slit (x> 0) which allows the p~icle identification in th~ externat spectro~eter. The 

offset of the mean Px in the wall (as well as t~e width of the p. and P, distributions) il! weil 

reproduced by Monte ~Carlo sunulations. It does not bring a trigger bias, in the sense of fayouring 

events with distorted e~ergy flow topology. . 

4A The Monte Carlo corrections on transverse energy flow 

In order to obtain true ET distributions, wc have ta unfold the measured spectrum from the 

transverse energy response and finite resolution of the calorimeters. It was seen in section 3:5.2 on 

page 57 that this is in general difficult in a environment where clusters due to individual particlcs are 
l' 

not resolved, since the reJ.ationship between the signal in the readout and the truc energy depositcd in 

the calorimeter depends strongly on the type, energy, and shower history of the individual incident 

particles. 

An event generator was developed in order to reproduce the meuured transverse energy density l1-' 

dEr/dtr as realistically as possible and to study the effect of a change in partic1c composition (1f, p, 

etc.) on the response function. The events were generated at given ET' and the pseudorapidity 

densities were subsequently generated according to the measured dEy/dtr distributions. The Er 
density was further shared among individual partic1es assuming transverse momentum distributions 

based on p - p data and conserving energy and momentum. 
, 

The showers in the ca1onmete( wcre sunulatcd using a shower parametrization tuned to fit the 

Jongitudinal and latera! properties. We here again used an adapted fonn of the paramctnzation from 

Boer et al. [124] (sec section 3.5.5 on page 80) for the > longitudinal ,showcr deyelopment and a 

gaussian distribution for the transverse energy spread with a FWHM of )./2 (Xo/2) for hadronic 
" 

(electromagnetic) mowèrs. The response to low energy hadrons (~ 1 QeY) was carefulJy lIimulated . 

. [ . 
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At such an energy, a proton looses a sizeab1e fraction of,its energy by dE/dx before it unc:iergoes an 
... 

interaction initiating a showcr. The signal-to-cncrgy conversion for dE/dx losses, e1ectromagnetic and 

hadtonic showcrs was scaled according to the mcasured e/mip and e/1t ratios. 

, 
The Monte Carlo simulations showed that the corrections 'on the Er scale were dominatcd by 

"leaJcage through the corner of the calorimeler 'box .... by eJ1t uncertainties and leakage through the 

calorimetrized dipole magnet, and by the response to low energy hadrons. The overall rescaling 

factOR needed for the calculation of a true Br !rom the measurement of E~ W in the trigger region • 

- 0.1 <: ~1Ab <: 2.9 (i.e. after integration over pseudorapidity densities) are found ta be essentially 

indepcndcnt of E-r and similar within statistical errors for all targets at both incident energies. They 

amount to a multiplicative correction factor of =:: 1.147 with a statistical uncertainty of 0.3 % and a . ~ 

systematic uncertainty of 5.9%. The main contributions to the systematic Wlcertaintyare: an overall 

uncertainty of 3% on the eJ1t ratios, 3% on the event generator model dependCnce, 3.7% from 

lateral sprcad of showcrs, showcr leakage and effects of non-wùformity in light collection, and 1.7% 

on the e/f.l ratio. The average Monte Carlo correction factors on the transver~e energy density per 
o 

bin of pseudorapiclity are shown in Figure 54 on page 101. 
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The E-r resolution in the region - 0.1 < '1 w < 2.9 is found t~ follow the simple acaling law (f -

(29 ± 2) % x J E~GeV). 

In view of the poor forward pseudorapidity granularity, wc will only he considering the mcan 

Er in the"rcgion 2.9 < l1w <: 4.9 whcn selecting eveMs accor.amg to E-r measurcd in the triger 

region. The systematic uncertainty on Er in that range .J rather large (20%). It is mainly duc to the 

uncertainty on the rclauve fraction of incident electromagnetic transverse energy and on the shape of 

the pseudorapidity distribution (mainly leading baryons) in the region '1 > 4.9. TI1e1C detmnine the 

contribution of side-leakage from the interior of the YI = 4.9 cone. 
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4.5 The multipHdty d.iff~rential and pseudorapidity density distributions 

The events selected by the amount of transverse energy in the pseudorapidity region - 0.1 < 

'1t.1 <: 2.9 (wbich covers the target fragmentation regi&n and part Ç>f the central region for the 160-

nucle~ collisionst can be further analyzed in tenns of the multiplicity pb$ervable, over the cxtended 

effective pscudorapidity coverage 0.9 < 111Gb < 4.9 provided by the silicon detectors. We here use the 
1.. 

transverse energy to fut the "'geometry'" of the collisions priçr to the analysis of tbis other observable 
, < 

characterizing the' particle flow. The transverse energy is expected to be strongly correlated to. the 

total number of participant nuc1eons or the total number of inelastic collisions. 
/~ 1 -

( For the multiplicity analysis, the correlation cuts were made stronger than the ones apphed for . ) 

the E-r analysis in order to further reduce the "no-target'" background. 1bis reduction was essential 

Mec we only have smaIl statistical samples of pure no-target events and correspondingly cannot , r ' 
~recisely dctermine thcir characteristics. Furthermore, ,he, no-target' contamination creates strong 

distortions in the pseudorapidity distributions since the effective pseudorapidity coverage of the 

silicon detectors is very different for evcnts having a vertex displaced in Z. Figure 55 on page 103 

shows the final sarnple of events for the 160- \V data at 200 GeVjnilcleon, displayed in cqrrelation 

plots ~f the raw Er versus the raw multiphcity in the Si-pad (a) and the Si-ring (b). 
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The raw Er (E~ W) versus the raw multiplicity (MM w) measured with the 

Si-ring (a) and the Si-pad (h) detectors. The ~lid lines aré the cots applied 
-

to reduce the contamination from pathological "n~getl" events. 

A certain number of spurious events are seen on the high multiplicity side (righl of the main 

correlation axis in Figure 55). For thesc events, the distribution of the hitl in the silicon legnumu 
\ -. 
showed slightly abnonnal pattenu that could he the Qgn of ari electronic noise t.ripered by hiJh 

,/ currents. However, the int.erpretation remains SUlpiciOUS and t6ese evenu cannat saiel)' he 
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distinguished from nonruit events. The analysis and physics interpretation of the very high 

multip1icity taili, where the dëhsity of nonnal cvcnts decreases, is thus severely harnpered. 
~ 

Inefficiencies of various origins (i e. geometricallosses due to inactive silicon segments, multiple 

hits, charge sharing) have to be overcome before obtaining an estimate of the true multiplicity ~lWE ~ 
r • 

associated with a given raw multJpl.tClty ~ IV" The efficiency losses due to multiple hits in a single 

dctector segment could in principlc be aVOlded by extracting the multiple hit information from the 

pulse-hcight distributions of each mdividual segment. But srncc we are mainly interested in the 

average properties (e.g. the truc mulhplicity assoclated ta a subsarnplc of cvents satisfying sorne Er 
constraints), we rather chose ta work with average analytical corrections. If, for a sample of events, a 

~ ... J , 

is the mcan ocèupancy for a given cell (silicon segment) and if it is bwlt up by essentla1ly 

Wlcorrelated minimum ioniLing partlcJes (mip) , the average response of that ccli will be a sum of , 
Landau functions eorrcspondmg ta the energy 1055 of 1, 2 .... n partiel es WIth relative contributions 

givcn by Poisson statistics. For a mean occupancy a, the probability of havmg any number of hits ~ 

1 can be written as 

P(any) = pel) + P(2) + '" + P(n) 

P(any) = 1 - P(O) f (38) 

whcre Pen) ;= (e-· d') 1 n!. Using equation (38) one can thus deduce the true rnean a from the 

measured rnean P(any), 

a = -In(l - P(any» (39) 

Having a wc can then evaluate P(n) for any nwnber n. In the forward pseudorapidity regions (~Iob ~ 

2.9), the pulse-height distributions are found to be satisfactorily descri~ed by Poisson distributed 

muIti-hit probabilitics. This is seen in window (a) of Figure 56 on page 105: where we compare the 

sum (solid curve) <1f the Poisson weighted contributions for l, 2, .... n particles (dashed and dotted 

curves) to the pulseheight dtstnbutlOn measured in a Silicon-ring segment situated near the lowcr 

cdge of the forward region for high multiplicity 16 0 - W events. At more forward angles, a "" 2 ± 
1 % $oystematic excess of double pulseheights is seen. ~onsistent with the rate expected from ~t ,e + 

c- pain originating from y-conversions in the targets. 
" 
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Going towards the target fragmentation ~gion, we find an increasfg excess of high pulse-heights (~ 

4 mip's). This is seen for instance in window (b) of Figure 56 on page 105 for a silieon segment at 11 

'" 1.0. Given the angular distribution, multiplicity and target mas! dependenee of the hits with very a 
high pulseheights, we tentatively attribute the exeess above the multt-hit probabilities to densely 

ionizing slow target fragments, i c. to knock on protons and evaporation heavy fragments. The 

densely ionizing tracks have a high probability of generating large correlatcd signals in neighbpuring 
1 

elements (cross-talk). Since wc don't posscss yet a prCClse knowledge of therr assQciated pulse-height 

distribution, and sinee their spatial distnbution as a function of impact paramcter and target mass is 

yet unknown, we could not safely. modetze the contributlOn of the slow fragments in arder to treat 

thcm in our statistic~ approach. More preClse mformatlOn concC'ming the se slow fragments will 

have to await for event-by-event pulseheight analysis. We thus stmply exclude the luts with an 

associated energy 1055 ~ 4 mip', and correct the rcsulting ineffiClcncy for truc multiple uùp's on a 

statistical basis. This "slow fragment" subtraction reduces the total charged multiplicity by ~ 1 % in 

the forward region ('llab > 2.9) and 3 - 5% in the central region ('llob < 2.9). At the lower edge of 

our pseudorapidity acceptance it amounts ta '" 10% of the observed multiphcity denslty. Our results 

are corresponclingly depleted from target fragments, but the systematic unccrtamty on the remaining 

fraction may be as large as the effective depletion. The rut probabilities have finally to be corrected 

for the 2 - 5% loss of singly charged partlcles due to our low pulsehelght threshold. From the 

measurement of the overall number of silicon segments having one ot more hits, one can calculate 

the truc multiplicity in the acceptance of the silicon ring or the silicon pad detectors from the 

equation 

(40) 

wherc a is again the true mean occupancy, but P(any) is now taken as 

P(any) = number ojhits == R 
number of segments a/ive 

ln fonnula (40), el is an efficiency function that includes the geometrical losses due to inactive 

segments, the corrections for charge sharing and the corrections for beam width and beam 

misalignment. These effects werc simulated by an iterative Monte Carlo procedure, which further 

took into account the varying size and shape of the segments, and for which the ~corrected charged 

partic1e pseudorapidity distributIon as a function of charBed multiplicity, target, and incident energy, 

wu used as an input at the fust iterahon. Note that-vt,pe rather large beam offset, (x,.i0 ...., (O.51mm, 

- 0,43mm), and wtdth, (0"., a,) ...... (O.5mm, l.2mm), introduce strong event-by-event changes of the 

effective pseudorapidity and azunuthal coverage of the segments. For the buùding up of the 

differential cross-sections, the corrections were calculated ID ~ effective pseudorapidtty coverage fixed 

to 0.9 < )J .. < 2.9 for the silicon ring and 2.9 < 'l1a4 < 4.9 for the silicon pad. The Monte Carlo 

simulations showed that the efficiency & 1 could well be approximated by a constant to he fixed 
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separatcly for the chosen coverqe of cach silicon detcctor. and for .cach target and incident enersy. 

From equations (40) and (38)We thus have 

~ -1 ln(l-R) /~ 
TRUE = e (à" A E \ R RAW 

1 '11 • I~ 

(41) 

The resulting rescaling functions for the transfoJ;mation of ~ w mto ~ltfJl- are plotted in Fiaure 57 
• < 

for the central (window (a» and forward (~indow (b» pseudorapidity covcrages. and for tho vlrious 

target masses for the 60 and 200 GcV/nuc1eon incident beams. " 
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Correction curves for the raw multiplicity measured in 0.9 < '1,. < 2.9 

(window -(a» and 2.9 < )J,ab <' 4.9 (window (b». The )eometrical" 

efficiencies el were calculated by Monte Carlo sin1ulation for thé Al, Ag 

and W targets at 60 and 200 Ge V jnucleon. -

The overall corrections are rather large, reaching - 220% for t~e highest measurc!d multiplicity (i.e. 

in the tail of the 160 - W distribution at 200 GcV/nucleon) and ~remaining systematic uncertainty 

oh the corrected multiplicity scaJ.e is cstimated to he as large as 10% .. The resolution on the truc 

multipliC1t~ is calculated as the quadratic sum of the contributions due to 'geom~' inefficiencies 

(el) and pile-up inefliciencies (i 2 ). It can he weU approxiniated as' 

_(1_ = J 
~RUE .J ~RUE 

( 

The resulting èharged multip1icity resolution functions are p10tted in Figure 58 on". 108 for the 

o;entra1 (window (a» and forwanl (windol(b» pseudorilpidity _'. and fo< the vanou._ 
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and incident encrgics, Note that the pile-up incfficiencics arc strongly dependent on the mcasured 

charged multipücity, &2 "" CONtant x {ln (1 - R)/Rj, 50 that the rcsolution tr(N;UE) does no~ scale 

witb~~AUI' 
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FÎgure 58: E~timated true resolution functions for the charged multipicity measured in . 
(a) 0.9 < "Iob < 2.9 and (b) 2.9 < ~'ob < 4.9. The curves are shawn for 

io t~e Al, Ag and \V targets, for both the 60 and 200 GeV/nuc1eon beams. 

" 

Tho resolutions ~ vargfug from ...., 70% to '" llO%I..jN"" over the measurcd range, and the 

corrcctio~s «sec se,ction 4.6 on page 109) for the re~olution smearing ~ be large, especially in the. 

stecply f~aUs of the differcntial cross-sections, at large multiplicities. ' 

The charged multiplicity pseudo-rapidity density distributions are obtained by projecting the 

.. silicon segments irito the ~ - tP space and distributing the hits in the vario~s (Ô", 6.4» eeUs with 

relative wcights computed by Monte Carlo simulàtion. ! iere again, ~e procedure took into account 

the effect of charge sharing, the beam profile and offset, and the geometrical and multiple-hlt 

inefficiencies. The average efficiency of each (11~, 114» cell was calculated for a large sample of events 

se1ected by splitting the Er scale into '" 15 GeV windows (that is for events whlch are ta sorne 

'dcgree physically equivalcnt). The corrections were calculated over an extended pseudorapiditytV . 
: coverage of 0.9 < ~/" < 5.5. Above the 10% systematie uncertainty on the integrated eharged 

multiplicity, wc estirnate that the remaining W1certamty on the localization of the multiplicity density 

varies fron ..... 3% in the tU1 - .:2 bins at small 17. to up to '" 10% in the most forward bins (n > 

4.5) where the granularity is poor and where the effecuve coverage in " and 4> is only partial. The 

G two silicon detectors were treated sepàtately and were found to agree to withln 4% in the t'Cgion 

whcre they Qvcrlap (2.5 < t7 < 2.9). ln aU ca'les, the corrected azimuthal distribu~ons for a large 

samplc of evcnts arc symmctric within statistical crrors. 

'1 
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).6 Deconvolution of the di~erentiaI àoss-~o~ Ior finit. resolutlon 

The differential cross-sections have to be correttcd for the -bite resolution in the measurement 

of transverse energy or charged multiplicity. These corrections ought to be particularly important for 

the steeply fa.lling high tails of the da /dE-r and dO' /c.iJF' distributions. 

The plulosophy of the procedure developed for the deconvolution ~onsists of fust finding a 

judiciously choscn representation of the data, Le. a paramctriZaHon that fits the data with a xl/ndf .... 

~ . 1 when considenng the enttre range of Er (or ~), or when splittmg the Et (,y<A) scale in 4 or 5 . 

v.'Ït1dows. This optimal contmuous rcprcsentatlOn is then deconvoluted analytlcally and the ratio of 

the deconvoluted to the undeconvoluted rcprcscntation giVCf~ multiplicative factors for the 

cross-section as a functlOn of ET (Nell) l1lC question of the exact nature of thc initial rcprescntation 

is a prion irrelevant. but the tusk can be considerably slmplificd if one posscsses a guid.1l1ce towards a 

stable family of representations. Such a guidance was provldcd by the Nuoleqn Collision Madel [21] 

[34] (sec sectIOn 2.2 on page 20) wherc the nuclear ('ol1i~ion i~ dcscribcd d~ J. superposition of 
, 

mdependent colllSlons Snch a modcl offcrs the adv:mtage of the po!>slblhty to Implemcnt in a simple 

manner a preClse description of the geomctry of the colhslom (i e. samphng ovcr thé impact 

pararneters, spatial extent of the colliclmg obJccts in terms of the nuclcar demit)' profiles, ,etc.). \Vc 

used the model Wlth great lIberty, adJustmg Wlthrn reasonablc limits the ovcrall norm.ùlzation, the 

nuclear deformatton and denslty profiles, or introducmg a damping for the contribution of succesMve 

inelastie collisions. Sùch a tuning would ObVlOusly not." be pcnnittcd if {tlemptmg ta use the model 0 

as.a basis for physics analysls (as donc ln scetlOn 5.2.2 on page 119), but it should be stl'cssed again 

that here wc arc only interested m fmeling a qüality representation with the best titted slope of the 

dO' /dEr or do"/d~" dIstributlons over the full ET "Or fi"" range. In. all cases, we couiC! tWlC the 

Wlderlying geometrical differential cross-section in order to be left with the necd of only two ~ 

parameters charactcnzmg the Sr (N<iI) SCale and the softening from the pure gcometrical distribution. 

\Ve used a mmmuzation code ta obtam the best fitte~ values o[ the two frec pararneters. The code .. 
also provided a 70% confidencc level contour Ut the fr~e parameter space. AlI representations 

obtained by ci.rcling around the confidence levcl contour wcre aIso deconvoluted and the resulting 

dec~nvoluted/unde~onvolutcd ratios forrn, a$ a function of E-r or ~, an ~velope around the 

çorresponding ratio for the be'5t fitted rcpresentation. The half-width of this cnvelope is used to 

propagate the error introduced by our deconvolution procedure. ~ 

'" ~ 

Figure 59 on page 110 exemplifies the main steps of the procedure as applied to the da IdE-r 
distnbutton measurcd for 1°0 - W collisions at 60 OeY/n. This dtstnbution has a partJcularly stoop 

tail. so the correctlOn factors and thetr assoClated erraIS arc c:orrespondingly 1. U'ge. Window (a) in 

Figure 59 on page 110 shows the best fit (solid curve) to the undeconvolutcd diffe;':-ntial cross-section 

(closed circles) together with an ensembJe~of representations (dotted lines) obtamed by foUowing the 

70% confidence level contour in the parameter space. Window (b) shows the corresponding ratios of 

the deconvoluted ove! undeconvoluted representations. The solid line is the correction curve by 

r 
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, 
which wc ~ultiply the differential cross-section, and the half width at a given E-r of the envelopc 

formed by the dottcd curves i.s the error at !hat Er on the deeonvolution procedure. ' 

\ 

Figure 59: 

1 5'9mo equlYOltnt f,ll 

'" 
OecomoIulooo X factor 

Ibl 

02 

110 100 150 200 110 100 150 200 
ET lûeVI ET IGeV) 

Maln steps of the deconvolution proced~ to correct the differentiaI 
" cross-sections for the srnearing due ta finite resolution. Wmdow (a) shows , . 

the hest fittc.d representation (solid line) of the der/dEr distribution for 
160 - W at 60 GeV /nucleon. The' dotted lines ale the farnily of 

cquiprobable representations at 70% confidence level. WindoV{. (h) shows 

the deconvoluted/undeconvoluted ratios used as correction factors (solid 
. -

. line) IUJd to propagate the errors (half-width of te envelope fonned by the 

dotted curves). 

..,.., 

The dcconvolution proced~, as it shoul/'by-its very nature, exactly conserves the intcgral of the 

diffcrcntial cross-sections. This was explicitly chccked in all cases. 

,/ ',1 , 
.. 
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Cbapter 5 

Experimental results and cliscusslon 
J' ,,-

5.1 Introduction 

The presentation of the experimental results on ultra-relativistic 160 -nucleus collisions will 

mainly foeus on the study of global physical observables. The transverse energy (ET) flow is the 

riatwa1 starting point'. First of ail, it constitutes the main tool for the event selection, wmch was 

performcd in al! cases by requiring a given ~ in the pseudorapulity interval - 0.1 < '1/tJb < 2.9 where 

we expected the highest density dEr/mt/ab' Besides providing an efficient control of the geometry 

(impact parameter) of the nuc1ear colliliion, the ET flow allows us, through the comparison with 

QCD-inspired parton modeb, to e~plore the space-time evolution of the nuclcar collision at a 

microscopie level. The analysis of the eorresponding chargcd particle contents will furthcr extend tms 

comparison and pro vide new information over the full rapidity domain on the mechanisms of particle 

production and energy 10ss of the incident baryons. 

In approaching the conditions for the formation of quark-gluon matter, we arc secking for event 
< 

candidates signaling, ideally, the achievement of full thennodynamic equilibrium at the highest , 
possible energy density. The measurement of high multiplicity of particles, carrying momcntum at 

large angles relative to the beam direction, is an indicator of such a state of matter. A state for which 

the incident partons should have suffered numerous scatterinp 50 that their initial ordered motion 

would have become sufficiently randomized. 1 will consequently attempt, to interpret the measured 

characteristics of th~ particle production in tenns Jf the carly energy density of a thennodynamic 

~cro5ystem. nus estimate will quantify the delree of achicvement of the critical initial conditions 

reqw.red for a local deconfinement of colourcd quarks and gluons. The co~latioM between the 

transverse energy and multiplicity flow will he finally discussed as a possible source of information 

conceming the natW'C of the collective hydrodynamic expansion and cooling that such a thermalized 

macrosystem (if formed) could undergo. 

rn -
. 
/ ~--~-~~~ -~--~------
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5.2 Transverse energy production in 160 - nucleus collisions at 60 and 200 GeV ln 

5.2.1 The dJfferentiaJ cross-sectioDS dcr/dET 

The differential cross-sections versus E-r in the pseudorap!dity region - 0.1 < '1 w < 2.9 for 

.• 160 nuclei at 60 and 200 GeV/nucleon incident on Al, Ag and W targets are given in Table 2 to 

Tablc 7 on page 116, and shawn in Figure 60 on page 117 and Figure 61 on page 118, for the two 

incidcnt energies22 • As mentioned in the preccding chapter, E-r is defined here as 'i.Eu,x sinO where 

EU. is thc kinctic energy for the baryons and the total energy for aU other particles including 

antibaryons. The remaining systematic uncertainty on the Er scale is estimated to be 7.1 % (5.9% 

from ~e Monte Carlo rescaling factor and 4% from the overall energy calibration). The relative 

comparison of the vanou5 data. sets is essentially free of these systematic uncertainties. The overall 

systematic uncertainty on the normalization of the differential cross-sections is of order 2 - 3% and 

increases to 5- 10% in thc io.w ET regions ( < 50 GeV) due ta the uncertainty on the no-target 

contamination. 

Table 2: 160-Al transverse energy differential cross-section. 

The distribution do'ldE-r is measured in -0.1 < ?T lab < 2.9 for 60 GéV/nuc1eon 16Q_Al 

collisions. \ b 
ET Bin h~/dET Error 

width 
[QeVl [OeV] [mb/OeV] {mb/OeY] 

14.9 3.4 2.20x 10+ 1 6.51x 10+0 

21.8 3.4' 1.30x 10+ 1 4.18x 10+0 

28.7 3.4 l.23x 10+ 1 l.70x 10+0 

35.6 3.4 8.86x 10+ 0 1.13x 10+0 

424 3.4 4.02x 10+ 0 5.89x 10- 1 

49.3 3.4 1.29x 10+ 0 1.30x 10-1 

56.2 3.4 1.62x 10- 1 4.36x 10-z 

61.9 2.3 4.17x lO- z 2.09x lO-z 

66.5 2.3 - l.OIx lO- z LOIx ID-z 

22 The relUlu on UaDaverlt eneru probabUit)' diatribuuon. have been pmented at the xXlr Rencontres de MonoM 

[12S] and &CCIepted for publicauon ln Z. Phys. C. [1~6]. i 
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Table 3: 160 - Ag transverse encrgy diffcrcntial cross-section. 

~ 

The disthbution der/dEr is ~easured in ~ 0.1 < tTw < 2.9 for 60 OeV/nucleon 160 - Ai 
collisions. 

\ 

ET Bin half do/dET Etror ET Bin hal! do/dET Etror 
width width 

[OeY] [OeY] [mh/GeV] . [mb/GeYJ [GeV] [0eV] [mb/OeY] [mb/G1lV] 
q . 

14.9 3.4 2.32x 10+ 1 1.73x 10+ 1 -83.7 1.1 4.88>< 10+ 0 2.67>< 10- 1 

21.8 3.4 1.78x 10+ 1 1.18x 10+ 1 86.0 1.1 3.35>< 10+ 0 2.21)( 10- 1 

28.7 3.4 1.81 x 10+ 1 4.50x 10+ 0 88.3 - 1.1 2.27>< 10+ 0 7.18x 10- 1 

35.6 3.4 1.88x 10+ 1 3.13x 10+ 0 90.6 1.1 1.97>< 10 + 0 6.71)( 10- 1 

42.4 3.4 1.67x 10+ 1 1.73x 10+ 0 92.9 1.1 1.22>< 10+ 0 2.24)( 10- 1 

49.3 3.4 1.58x 10+ 1 7.11x 10- 1 95.2 1.1 1.08>< 10 + 0 4.97)( 10- 1 

56.2 3.4 1.31 x 10+ 1 6.22x 10- 1 97.5 1.1 7.85>< 10- 1 4.22)( 10- 1 

60.8 1.1 1.29)( 10+ 1 1.04)( 10+ 0 99.8 1.1 5.85>< 10- 1 3.64x 10- 1 

63.1 1.1 1.20x 10+ 1 1.00x 10+ 0 102.1 1.1 3.01x 10- 1 1.92x 10- 1 

65.4 1.1 1.08x 10+ 1 9.48x 10- 1 104.4 1.1 2.04>< 10- 1 1.57)( 10- 1 

67.7 1.1 1.25x 10+ 1 1.02x 10+ 0 106.7 1.1 1.67>< 10- 1 1.41x 10- a 

70.0 1.1 9.51x 10+ 0 3.76x 10- 1 109.0 . 1.1 8.SI~ 10- z 9.88)( 10-J J 

72.3 1.1 8.49x 10+ 0 3.55x 10- 1 111.3 1.1 5.2~x 10- 2 7.70>< 10-' 

o 74.6 1.1 7.95x 10+ 0 3.43x 10- 1 113.6 1.1 3.45x 10- z 6.17>< 10- 1 

76.8 1.1 7.18x 10+ 0 3.~6x 10- 1 117.0 2.3 1.11)( 10.- Z 2.44x 10-4 ' 

79.1 1.1 6.21x 10+ 0 3.02x 10- 1 121.6 2.3 6.82>< 10- l 2.34x 10- J 

81.4 1.1 5.73x 10+ 0 2.90x 10- 1 

" . . . 
" 

0 

l / j-

t 

o • J. 

. . 
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TobIe 4: 160 i W ~erse energy differential cross-section:.. ~ 

, 

The distribution der/dEr is measured in 1.1 < 111M < 2.9 for 60 GeVfnuc1eon 16Q_W 

collisions. - , 

s,- Bin ha1f da/dET Error ET Bin half da/dET Errer 
width width 

[GcV] [OeV] [mbfGeV] [mbfGeV] - " '[OeY] [0eV] [mb/GeV] [mb/GcV] 

14.9 3.4 4.65x 10+ 1 2.70x 10+ 1 99.8 1.1 7.57x 10+ 0 2.85x 10- 1 " 

21.8 3.4 3.25)( 10+ 1 2.08x 10+ 1 102.1 1.1 6.83x 10+ 0 2.70x 10- 1 

28.7 3.4 2.80x 10+ 1 7.90x 10+ 0 104.4 .1.1 5.59x 10+ 0 1.21 x 10- 1 

35.6 3.4 2.71xl0+ 1 4.70x 10+ 0 106.7 1.1 4.74x 10+ 0 1.12x 10-: 1 

42.4 -"3.4 2.36x 10+ 1 2.84x ~ •• 109.Ô 1.1 4.05x 10+ 0 1.03x 10-1 

49.3 3.4 1.93x 10+ 1 1.16x 1 +0 111.3 1.1 . 3.26x 10+ 0 9.29x 10- 2 

56.2 3.4'''- 1. 76)( 10+ 1 5.27xl -1 113.6 1.1 - 2.57x 10+ 0 8.26x 10- 2 

60.8 1.1 1.66xl0+1 7.82x 10- 1 115.8 1.1 1.92X 10+ 0 7.14x 10- 2 

63.1 1.1 1.45,. 10+ 1 7.31x 10- 1 118.1 1.1 l.64x 10+ 0 6.61x 10-'-2 
65.4 1.1 l.64x 10+ 1 7.76x 10- 1 120.4 1.1 1.09x 10+ 0 5.37x 10- 2 ' 

67.7 1.1 1.58xlO+ 1 7.62x 10- 1 122.7 1.1 8.40x 10- 1 4.70x 10- 2 

70.0 1.1 1.48x 10+ 1 7.38x 10- 1 125.0 1.1 7.05x 10- 1 4.30x 10- 2 

72.3 1.1 1.50x 10+ 1 7.43x 10- 1 127.3 1.1 4.56x 10- 1 1.61x 10- 2 

74.6 1.1 1.55x 10+ 1 7.57xlO- 1 129.6 1.1 -3.19x 10- 1 1.33x 10- 2 

76.8 1.1 1.47x 10+ 1 7.38x 10- 1 131.9, 1.1 2.05x 10- 1 1.04x 10- 2 ( 
79.1 1.1 1.38x 10+ 1 7.14x 10- 1 134.2 1.1 1.46x 10- 1 8.68x 10- 3 

81.4' 1.1 ,,l.42x 10+ 1 3.91x 10- 1 136.5 1.1 9.11x 1O- z 6.71 x 10- 3 

• 83.7 1.1 1.36x 10+ 1 3.84x 10- 1 138.8 1.1 6.87x 10- 2 5.77x 10- 3 

86.0 1.1 1.27x 10+ 1 3.71x 10- 1 141.1 1.1 3.34x 1O- z 3.89x 10- 3 

88.3 1.1 1.23x 10+ 1 3.64x 10- 1 143.4 1.1 2.QlxlO- z 2.98x 10- 3 

90.6 1.1 1.08x 10+ 1 3.42x 10- 1 145.7 1.1 1.86)( 10- 2 2.90>< 10- 3 

92.9 1.1 9.65x 10+ 0 5.34x 10- 1 149.1 2.3 5.l0x 10- 3 1.05x 10- 3 

95.2 1.1 9.87>< 10+ 0 3.26x 10- 1 1~.8 3.4 1.46x 10- 3 4.47>< 10-4 

9'.5 1.1 8.64x 10+ 0 3.05x 10- 1 161.7 3.4 2.80x 10- 4 1.99>< 10- 4 

" 

c 
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Table 5: 160 - Al transverse encrgy &trf=rentW cross-section. 
" 

o • . 
The distribution do"/~ is measured in -0.1 < P7,. < 2.9 for 200 GeV/nuclcon lia-Al 

collisions. 

ET Din ha1f do/dET Error 
width 

[OeY] [OeY] [mb/GeV] [mb/GeV] 

., .. 16.1 4.6 1.80>< 10+ 1 8.85x 10+ 0 

25.2 4.6 1.39>< 10+ 1 3.44x 10+ 0 

34.4 4.6 1.50>< 10+ 1 2.78x 10+ 0 

43.6 4.6 7.33>< 10+ 0 1.32x 10+ 0 

52.8 4.6 2.59>< 10+ 0 6.72xl0- 1 

61.9 4.6 ,1.76>< 10- 1 1.47x 10- 1 

71.1 4.6 3.92>< 10- 2 1.32x 10- 2 

0 Table 6: 160 - Ag'transverse energy differential cross·section. 

The dist~but1on do' /dET is measured ip - 0.1 < t lab < 2.9 for ~OO Ge V /nucleon 160 -- Ag 

collisions. '. 

ET Bin half do/dET Error ~T Bin half do/dET Error 
width width 

[GeY] [GeY] [mb/GeV] [mb/OeY] [GeV] [GeY]' [mb/OeY] [mb/OeY] 
, 

18.4 6.9 3.36>< 10+ 1 9.45x 10+ 0 103.2 2.3 3.36>< 10+ 0 3.30x 10- 1 

32.1 6.9 2.4Ox 10+ 1 5.20x 10+ 0 107.8 2.3 2.00>< 10+ 0 1.25>< 10- 1 

45.9 6.9 . 1.58>< 10+ 1 3.10xlO+ 0 112.4 2.3 
, 

1.43>< 10+ 0 1.05>< 10- 1 

57.4 4.6 1.35>< 10+ 1 3.02x 10+ 0 117.0 2.3 7.98>< 10- 1 7.85><10- 2 

65.4 3.4 1.42)( 10+ 1 3.61x 10+ 0 121.6 2.3 5.47>< 10- 1 6.46>< 10-.2 
72.3 3.4 9.03)( 10+ 0 1.37x 10+ 0 126.2 2.3 3.15>< 10- 1 4~87>< 10-.2 
79.1 3.4 

, 1.05x 10+ 1 6.08x 10- 1 130.8 2.3 1.18>< 10- 1 3.05)( 10- 2 

84.9 2.3 7.61x 10+ 0 6.33'x 10- 1 135.3 2.3 8.69>< 10-.2 2.19)( 10-.2 
89.S 2.3 6.68)( 10+ 0 5.93x 10- 1 139.9 2.3 2.54>< 10-2 4.82)( 10- J 

94.1 2.3 4.77)( 10+ 0 5.06x 10- 1 144.5 2.3 1.41><10- 2 3.79)( IO- J 

98.6 2.3 4.24)( 10+ 0 4.71x 10- 1 152.6 5.7 4.76>< 10- 1 1.35>< 10- J 

, 
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Table 7: 160 - W transverse energy differential cross-section. 
\ , 

The distribution dd /dE-r is measured in - 0.1 <: tt/ab < 2.9 for 200 Ge V /nuc1eon 160 - W 

collisions. \-
&r Bin half do/dET Error , ET Bin half do/dET Errer 

width width ~ 

[0eV] [OeY] [mb/OeY] [mb/GeV] [OeY] [OeY] [mb/GeY] [mb/GeV] 

14.9 3.4 4.02x 10+ 1 4.09x lÔ+ o 120.4 1.1 6.79x 10+ 0 2.00x 10- 1 

21.8 3.4 3.01 x 10+ 1 4.15x 10+0 122.7 1.1 5.93x 10+ 0 1.86x 10- 1 

28.7 3.4 2.93x 10+ 1 3.58x 10+ 0 125.0 1.1 5.45x 10+0 1.79x 10- 1 

35.6 3.4 2.47>: 10+ 1 2.89x 10+ 0 127.3 1.1 . 4.70x 10+ 0 1.66x 10- 1 

42.4 3.4 1.82x 10+ 1 3.34x 10+ 0 129.6 1.1 4.30x 10+ 0 1.58x 10- 1 

49.3 3.4 2.02x 10+ 1 2.03x 10+ 0 131.9 1.1 3.77x 10+ 0 1.48x 10- 1 

56.2 3.4 l.72x 10+ 1 1.4Ox 10+ 0 134.2 1.1 3.25x 10+ 0 1.37x 10- 1 

60.8 1.1 l.54x 10+ 1 7.22x 10- 1 136.5 1.1 2.81x 10+ 0 5.08x 10- 2 

63.1 1.1 1.28x 10+ 1 7.77x 10- 1 138.8 1.1 2.38x 10+0 4.68x 10- 2 

65.4 1.1 1.35x 10+ 1 6.80x 10- 1 141.1 1.1 2.07x 10+ 0 4.37x 10- 2 

67.7 1.1 1.48x 10+1 6.80x 10- 1 143.4 1.1 1.67x 10+ 0 3.93x 10- 2 

70.0 1.1 1.37x 10+ 1 6.55x 10- 1 145.7 1.1 1.38x 10+ 0 3.58x 10- 2 

72.3 1.1 D7x 10+ 1 6.53x 10- 1 148.0 1.1 1.21 x 10+ 0 3.34x 10- 2 

74.6 1.1 1.45x 10+ 1 6.74x 10- 1 150.3 1.1 9.78x 10- 1 3.01x 10- 2 

76.8 1.1 1.45x 10+ 1 6.72x 10- 1 152.6 1.1 7.79x 10- 1 2.68x 10- 2 

79.1 1.1 1.26x 10+ 1 6.27xlO- 1 154.8 1.1 6.30x 10- 1 2.41x 10- 2 

81.4 1.1 1.33x WH 6.44x 10- 1 157.1 1.1 5.20x 10- 1 2.18x 10- 2 c 
83.7 1.1 l.34x 10+ 1 6.47x 10- 1 159.4 1.1 4.11 x 10- 1 1.94x 10- 2 

86.0 1.1 1.26x 10+ 1 6.28x 10- 1 161.7 1.1 3.08x 10- 1 1.67x 10- 2 

88.3 1.1 1.20x 10+ 1 6.13x 10- 1 164.0 1.1 2.31x 10- 1 l.44x 10- 2 

90.6 1.1 1.15x 10+ 1 5.99x 10- 1 166.3 1.1 1.81x 10- 1 1.27x 10- 2 

92.9 1.1 1.20x 10+ 1 6.12x1O- 1 168.6 1.1 1.37x 10- 1 1.10x 10- 2 

95.2 1.1 1.16x 10+ 1 6.03x 10- 1 170.9 1.1 1.03x 10- 1 5.93x 10- 3 

97.5 1.1 1.22x 10+ 1 6.1~xlO-1 173.2 1.1 7.35x 10- 2 4.96x 10- 3 

99.8. 1.1 I.lOx 10+ 1 2.54x 10- 1 175.5 1.1 5.82x 10- 2 4.39x 10- 3 

102.1 1.1 1.06x 10+ 1 2.50x 10- 1 177.8 1.1 4.07x 10- 2 3.64x 10- 3 

104.4 1.1 1.00x 10+ 1 2.48x 10- 1 180.1 1.1 3.20x 10- 2 3.21x 10- 3 

106.7 1.1 9.71 x 10+ 0 2.39x 10- 1 182.4 1.1 2.11x 10- 2 2.60x 10- 3 

109.0 1.1 8.98x 10+ 0 2.30x 1O-J 184.7 1.1 1.46x 10-2 2.14x 10- 3 

111.3 1.1 8.65x 10+ 0 2.26x 10- 1 187.0 1.1 1.22x 10- 2 1.96x 10-;' 

113.6 1.1 7.96x 10+ 0 2.16xlO- 1 190.4 2.3 5.87x 10- 3 9.54x 10- 4 

1 115.8 1.1 . 7.75x 10+ 0 2.13x 10- 1 195.0 2.3 2.89x 10- 3 6.79x 10- 4 

118.1 1.1 6.91 x 10+ 0 2.02x 10- 1 200.7 3.4 1.33x 10- 3 4.02x 10- 4 

c 
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S.2.2 Qualitative features B:Dd geometrical parametrlzadons .. 

The striking common characteristic of the da 1dE-r distributions in Figwe 60 on page 117 and 

Figure 61 on page 118 is a rather flat plateau region extending to a shoulder followed bya stecp fa11. 

These features are particularly clear for the hea .. ;er target nuclei tAg and W). The plateau is a 

manifestation of the sampling over impact parameters and the tait above the shoulder is caused by 

flubtuations in ET producti'~n for central collisions. The general features are thus reminiscent of the 

geometry àf collisions between abjects with a spatial e~nt such as nuclei. 

For spherical nuc1ei, the geometry is detenru.ned by the impact parameœr b. For non-spherical 
1 

target nuclei, two angles are also required to define \he geometry. The shape of the density 

distribution of protons is very well measured by electron scattering, and the neutron distribution is 

~own to be very similar. It is c1ear that the nature of a collisio~ must.depend ta a great extent on 

the "'iJue of the overlap integral SPI x PldS, where PI.). are the densities of nuc1eons per unit area of 

the two colliding nuclei in the plane transverse to the collision. The overlap integral can be 

converted into an effective number ~ of çollisions by multi~lying by an appropriate hadronic 

cross-section. A plausible choice is the inelastic nuc1eon - ~ucleon cross-section (/ M ,.., 32 mb. That 

amounts to assume that each incident nuc1eon interacts with every target nucleon it cncountcrs in a 

cylinder of cross-sectional area (/ M' The geometrical cross-section as a function of N i5 shawn in 

Figure 62 on page 120, for oxygen collisions with our target nuclei. For the calculation of thcse 
"-

geometrical cross-sections, we used trapezoïdal nuc1ear density profiles deduced from elastic elcctron 

scattering, and took into account the imclear deformation deduced from the intrinsic quadrupolc 

moments. It should be noted that the W nucleus is substantially deformed, and tbis has a si~cant 

effect in the ovedap integral. 
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The geometrical cross-sections as a function of the ~alue of the number of 

collisions N = (1" • n, where Cl is the overlap integral SPI x Pl dS, for 

oxygen collisions with Al, Ag,and \V nuc1ci. 

l, Th~ gcometrical cross-sections of Figure 62 show the main features seen in the data. For these 

~
.sections, the rather flat "plateau" region continues until the collidlng abjects overlap fully, 

o ntiing to ·central" collisions with b:s; 2 - 3 fm. . P 

, 
) 

The sirnilarity of the gcometrical cross-sections to the measured E-r distributions suggests that 

the geomctncal Q\'crlap integral be used as the basis of a fit to the data [33] [34]. The total ~ is 

assumed to he produced by T\ independent nuc1eon - nuc1eon collisions. By the central lirnit 

. theorem, the total Er produced by any reasonably large number N of such collisions is 

approximately gaussian distributcd with mean N . &0 and variance (12 = w • ~ . gaZ, where Eo is an 

effective average E-r for nuc1eon - nucJeon collisions' in a nucleus, and bOth &0 and w are free 

parameters. The probability distribution for N is dictatcd by geo~etrY as explained above. We 

obtain an excellent description of the data, as shawn in windows (a) and (b) of Figure 63 on page 

121 for 60 and 200 GeV/nuc1con incident energies rcspectivcly. 
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Figure 63: Geometrical parametrizati6n fits, to the transverse coergy difl'erenûaL 
ft • 

cross-sections da/dEr for 60 and 200 GeV/nucle~n data. 
~ . , 

1 should stress that the qua:lity oP the description is rather inscrbitive to the ah501utc value aslumed , . 
for (1"". Thc geometrica1 superposition of independent "nuc1eon - nuc1eon interactions is thui seCfi to 

pro]ide a simple~ of the Br pro'duction in nuclear collisions. Thc free ·par~~ter,. '00 

and (J) pro vide a convenient compact parametrization of the data, but cannot bc fully interpreted as 

physic~ parameters since t~o many important éffects are hldden or ignored (e.g. cnergy conservatiop • 
, . 

and nature of the objects ~articipating to the" multiple-~aUcring pro(!cs\es, cascading of lCCondary 

\ particles, etc.). - " 

The fitted values found for 1:0' .and CI) are given in Table 8 on page' !2Z. • 
'1; 

ty' • 

) po ..... 

c 
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Table 8: Parametrization of the der faE-r distributions, 

. \ <. 9~ , 

The beat fit' values of the free parameten &0 and ro for the' geometrical parametrization of 

the Er dift'erentiaJ cross-sections are give:n for the: Al,. Ag and W ta{gets at 60 and 200 

GeY/nuCleon incident encrgies. ~ 

60 Ge V /nuclcon 200 Ge V lJ\Ucleon 

Al Ag W Al Ag W 
ÇJ 

fO [OeY] 1.02 0.95 0.98 1.26 1.14 1.19 

'" 1.99 2.20 1.75 LOS • 2.64 2.53 

The values of Co are around 1 GeY, which may be compared ta the mean Er of,... 1.4 GeY , . . . 
found by fitting [l4] p - p data at ~s = 20 GeY and extrapolating to the pseudorapidity coverage 

cQnsidere~heré .. If &0 is viewed as sorne kind of effective E-r production ?er "elementary" ,nucleon -

nuc1con s'Catten, it should be lower than the p - p value becau~e of the energy degradation during the 

multiple inelastic scatterin~O process, al:hough intranuclear cascading of secondaries would tend to 

increase il. The v.ariance arameter, ro, is larger for the 200 GeYfnucleon data than for t.1.e 60 

GcV/nucleon data for the heavier targets Ag and W, reflecting the fact that the faU of the 

cross-section' bey~nd the plateau is less steep at the higher mcident energy (except for the Al t~get, 
but there the falI-off region is ~ well detennined stattstically at the higher energy). 11ùs may be 

partly due to the fact that with increasing incident energy, the effective center-of-mass of the 

collisions is shifted to~ larger rapidittes and one may expect the fluctuations, in the (smaller) 
• 

fractioll of the total E-r production contained in the regton - 0 1 < <Y/Job < 2.9, to be larger. The 

signs of ~)tCCS5 variance observed at 200 GcV/nuclcon are oevertheless of speCIal interest since this 

bas been emphasized as a possible SIgnal of collecttve behavlOUT (see section 1.4.3 on pa~ 14). The 

global "geometrical" feat\ires of the transverse encrgy distributions can altemattvely be studied in the 
> , 

framework of the nal\'C Woundcd :\uclcon :\lodcl (W:\~l) (sce scctlOn 2.2 on page 20). Such a , 

framework.has been considered [49] [51] to analyse the properties of the 160 - Pb transverse energy 

distribution measured at 200 Ge V,-nuclcon ln the region 2.2 < 1] lob < 3.8 by the NA35 Collaboration 

(35]. The E-r distributlOn was found ta be well described by a 16-fold convolution of nuc1eon

nucleus colliSIOns [51), whereas a convolution of mdependcnt nuc1eon - nucleon collisions lead to an 

Wldercstimate of the Eor production [49]. In the Wr-;M, the sunplifying a~sumption is made that 

the 'cIe p duction èmerges independently and mth equaI weights fTom each participating 

(WOWl, cd) cleon. For 'any givcn impact parameter, one ca1culates the probability to have w 

uclcon.s, and the contributton of these to the differentia1 cross-section is described by a 
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two parameters (Cl and fJ) analyt.içal expression (equ. (17). The prescriptions of the WNM were 
• 

used as a basis for a fit to ouf data in [127]. The values of the a and fJ parametcrs were fixed by 
1 < 

fitting the 0 - W distnbutions in order tl\) benefit from the rugh statistical precision of ~esc data, and 

for those fi.xed parameter values, predictions were made for the 0 - Al and 0 - Ag distributions. A 

convolution in the spirit of a simple Additive Quark Model (AQM) (sec section 2.2 on page 20) was ,(\.; , 
.Jso performed [127] .... 1th the assumption that the transverse energy production shfuld scalc with 

the total number of wounded valence quarks in the target nuc1ei. Figure 64 shows the resulting fiu 

(solid curves) and predictions (dashed and dotted curvcs) for the sirnplified AQM and for the WNM 

at 60 GeV/nucleon (windows (a) and (b) respectively) and 200 GeV/nucleon (windows (c) and (d» . 

-. 

.. 

Figure 64: 
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Two parameters fits [127] of the 0 - W transverse energy distributions 
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The predictions for the same fixcd parameter values arc shawn for the Ag 

(dashed curves) and Al (dotted curves) targets. 
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The global features of the spectra are weIl described, showinCgain the dominance of the geometrica1 

aspects of the collisions, which translate into a strong correlation between the transverse energy 

production and the impact parameter. The fits and predictions of the simplified AQM offer better 

dc4Criptions of the data, in particular at low transverse energy. 'This may reflect the faGt that more 

weight was given there to the participants of the target nuclei, and the pseudorapidity coverage 

considered is oriented t'owards the target fragmentation region. An interesting aspect of the 

predictions in Figure 64 on page 123 IS that they s)'stematically overestimate the transverse energy 

production. for the Al rand Ag targets, and more at 200 Ge V jnucleon than at 60 Ge V /nuc1eon. In 

other worL, the transverse energy productic)il in the "central-target fragmentation" region nses faster 

than \cxpccted frOID a naïve superposition of ind"pendcnt nucleon - nucleon collisions (e.g. faster 

than \\ith the increasing number of participants 10 the WNM), and relatively faster at 200 

GeV/nucleon than at 60 GeV/nuc1eon incident ener~. Here again, 1 stress that these "geometrical" 

paramctr!zations cannot pretend to givV full physical descnption of/the data since, for instance, they 

includc no provision of a mechanism for energy-momentum conservation or for possible rescattenng 

of sccondaries. The discrepancies may signal the necessity for a proper treatrnent of such phy~ical 

effects. 

5.2.3 The A-dependence of the transverse energy production 
\. 

The geometrical cross-sections of Figure 62 on page 'fio show a sharp edge followed by a steep . 
fali beyond the point where the collicllng nuclei overl~p fully (b :s;; 2-3fm). Given the strong 

conelation between the geometrical impact parameter and the transverse energy production, we may 

make use of this step-function-1ike characteristic to fi.x the geometry of the nuc1ear collisions, and , 
consequently study the A-dependence of the Er production. Hence, for the Er distributions, it is 

natural to defi.ne E;.-'trol as that value of E-r for which the cross-section is one-half that of the 

·plateau". We define the plateau cross-section as that for which the rate of change with energy 

(averaged over a 15 <;WV interval) is minimal. 

The values of E;"trol, as a function of the atoffiÏc number A of the target nuclei, cao be used to 
, '" parametrize the target dependenc~ of the average Central collisions. These values are shown in Figure 

6S on page 125 as a function of A and for bath incident energies, together with a fit of the forro A a. 

with OC - 0.48 ± 0.02 and 0.53 ± 0.04 for 60 and 200 GeV/nucleon incident energy respective1y. The 

Sr in the triggcr region acceptance is evidently still increasing with energy at these rather rugh beam 

cncrgies. and IS incre'asing somewhat faster than linear'y with the nudear thickness of the' target 

(i.e. Ali)), cyen at the lower energy. 

pseudorapid1ty region - 0.1 <: "w <: 

nwnber of participant nucleons. 

In other words, the increase of E;.-'CTaJ, as measured in the 

2.9, ;, somewhat faster than the cone'l"ding inctcasc of the 
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Figure6~: 

10~ A 

The Br for average central co~siom (b s: 2 - 3 fm, corresponding to full 

geometrical overlap between the colliding nuclei) versus the atomic mass 

number ~f the target nuclei for 60 (Iower curve)' and 200 (upper curve) 

GeV/nucleon incident energies. The solid lines are fits to the data of the 

) 

0.48 ± .02 and 0.53 .04 for the 60 and 200 GeV Inucleon incident \ 

fonn constant· A". Th~st estimates of the free parameter ex are ex -

. ( 
ener81es. 

1 

"r 

This result is in contrast with the dependence measured by the NA3S Collaboration [128] in the 

more fONard region 2.2 < ", .. < 3.8 and for which the data is compatible with ex - 1/3. Tl;us 
. -

suggests a. rather strong rapidity dependence of the rate of change of dET /d'7 as a function of target 

nuc1ei. Such a strong dependence was observed by the WA80 Collaboration (129] for the charged 

'partic1es pseudorapidity densities. They observed that although the target mas!! dependence could he 

well parametrized as Aa('I) ,in any .1'1 sub-region, the exponent cx(~) varied considerab1y with '1. For 

60 and 200 GeV/nucleon 16Q-nucleus collisions, they found th~t a(~) slightly rises from CI: '" 0.5 at 

,,- -1.7 to a maxtmum of (X - 0.8 at" - 0 (c.g, at the lower edgc"of our trigger coverage), after 

which it decreases rapidly with '1, reaching ex - 0.15 at ~ '" 2.9 (e.g. upper edge of our triger 

coverage) and finally a particlc yield essentially independent of the targe! mass at ~ - 4. The 

'A-dcpendencc' is thus strongly dependcnt, and possibly in a non-trivial way, on the consJdered 

pseudorapidity sub-region. lt was sem in section 2.3 on page 26 that in nucleon - ntfieui 

collisions, a contribution to similar A-dependcnee of the particlc production al a function of rapidity 

wu thought to arise from the dcgradatiort of the incideÎlt (luclcon's en.ergy. Hence, we may expect 

that an increasing fraction of the total E-r production will he pu11ed at largei angles as the number of 

targct nucleon participants incrcases. thus contributing to an apparent excess o( A-dependcnce at 
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smaller pseudorapidities. 

The ~act that E;.-"II rues as a function of A indicates that we are in an energy rcgime above that 

wherc the projectile energy b large1y dissipated before it completely traverses a large target nucleus, 

sometime called the "'fully stoppmg'" rcgime23 • In the case: of full stopping, the Er for central 

, collisions would cease to rise bey.ond a certain size of target. Evidently, even 60 GeV/nucleon 

incident energy is above this rcgime . 

It i5 ihteresting to compare the scale of Er production in nucleus - nucleus colHsions ta the one 

of hadron - nuc1eu~ collisions. At 200 GeV jnucleon incident energy. the Er distribution measured 

[130J in the rcgion 0.6 < ~ llÛI • < 2.2 for ~b collisions e~ends to about 40 GeV wh en expia ring 5 

decades of the differential cross-section (dO\\TI to "" 10- 3 mb/GeV) , which should be contrasted to ,.." 

200 Oev reached for O·~ collisions.m the larger region - 0.1 < ~/"" < 2.9. This indicates that the 

transverse energy productlô-r per inctdent nucIeon is on average much less extreme in nuclear 

-collisions as i5 trivially cxpcc)ed from probability consIderations. Correspondingly, one expects that 

the average amount of stopping of the incident baryons (as measured by the mean energy 1055 or the 

average rapidity shift after a gIven nuclear thickncss) i5 smaller in nucleus - nucleus collisions. Such 

difference between the average strength of the degradation ~f the inci~t baryons momenta in p - A 

and A - B collisions has been emphasized in theoretical studies, based bn multichain extensions of 

the Dual Parton Model [47], where one addresses the question of the nuc1ea!r stopping power. The 

stopping power plays a detenninant role [55] in the evaluation of the energy do main in which 

nuc1ear collisions may alIow the formation of a baryon rich quark - gluon plasma, or in the study of 

the separation between the fragmentation regions which could lcad to the formation of a hot baryon 

frce central rcgion. 

r/5.2.4 FradÏonal ET density in pseudorapidity 

The distributions- of the density of Er in pseu;dorapidity, dE.r/dJr, for a W target at .60 and 200 

GcV/nucleon incident energies are shown respectively in windows (a) and (b) of Figure 66 o~page 

127. The distributions are nonna1ized to l in the trigger region'1 < 2.9. 1bree regions of Et are 

selectcd, corrcsponding to the plateau rcgion of do' IdEr, the E;"rral region. and the highest Er 
mcasured. 

" .Jf 
\ ' 

23 If the multiple meluuc collISIons remove only a relauvely small fr~uon of the mCldent Ducleons energy. the productJon of 

parUCler thll pop~te the central reglon in the center-of-mus frame would mcreue essentially in proportion to the total 

number of Inelutic colhlions. At uymptoucally higb energies. tJua .hould u1umately lC&Ie wllh the targel nuc\ear 

ûùckneB. III Al/l. nus would he the case, for wtance. in the high energy hrnit of the Dual Parton Mode!. u duculled 

ID leCUon 2.S.1.)~e 45. 
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Distributions of Err ln pseudorapidity for 160 - W colli!Ïons in three 

selected windows of Br for (a) 60 and (b) 200 GeV/nucleon incident 

energies. 

As mentioned in chapter 4, our tt resolution is poor in the region '1 > 2.9, i.e. forward of, the triager 

region. 50 this region is plotted as one bin in Figure 66. The integral (Le. the total Br t, dus resio~) 
is howevet" reasonably reliable. 

The '1-distributions are moving towards lower pseudoraplditics (large anglcs) with E-r in the 

region -0.1 < '1w < 2.9, i.e. the fraction in thc forward region. R ~ E-r(2.9 ~ tt :s; 4.9) / Er< -0.1 

~ tt ~ 2.9). decreascs with inCTCaSÎng Br. The bacleward shi.ft is sharper al 60 GeVmuclcon. 

For the Er bin centered on E;--'. the values of E;.-a and R arc pn:sented in "Table 9 on page 

128 for the three targets and both incident energi.es. Wc observe that R decrcases with increuing A 

for bath incident energies, and is always smallcr'at 60 GeV/nucleon. 
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Table 9: Target mass depend.ence of the Er production. 

Average Er for central collisions (b :s;; 2 - 3 fin) and the corresponrung R == E-r(2.9 :s;; 't1 ~ 

4.9) 1 &y< - 0.1 :s;; 't1 ~ 2.9) as a function of the atomÎc mass number A of the target!! for 60 

and 200 GeVjnuc1eon incident energies. 

ETcentral 
RCCtltral 

60 Ge V /nucleon 

Al Ag w 

39.8± 1.S 76.5±0.6 99.5±0.4 
0.54± 0.11 0.36± 0.08 O.27± 0.06 

t;t. 

200 GeVJnucleon 

Al Ag w 

44.3±3.4 86.0±4.8 119.9±O.S 
0.95±O.19 0.66±O.l4 0.57±0.12 

. . The ~/c.b/ distributions do.tnot show the extended plateau that would be characteristic of the 

"ultra-rugh enerS)' rcgime". 1 recall (see section 1.4.2 on page Il) that the existence of such an 

extended plateau is tssumed in most theorctical hydrodynarnic caIculations [10] [20]. It is thought 

to be reminisccrtt of the properties of individual nucleon - nucleon [132J or nuc1eon - nucleus [133] , 
collisions at ultra-high energies, for which the particle production at large angles is largely 

inde pendent ~IO( the particular center-of-mass-like frame chosen for observation. The assertion is 

mâde--~at in!nuc1ear collisions, the system should look essentiaUy the sarne in aU frames where the 

emergcnt'~Cited nuclei are, shortly after the collision, rugh1y Lorentz·contracted pancakes receding in 

opposite direction from the collision point at nearly the speed of light. A cylindrical boost symmetry 

is t~us imJi'oscd as an tnitial condition and trus leads to simple solutions of the hydrodynarnic 

cquations. The ab!lence of a plateau structure in the distributions of Figure 66 on page 127 irnplies 

that the prescriptions pcovided by the models for interpreting the characterisucs of the partic1e flow in 

terms of thennodynarruc macro-variables may not be applicable. or at least their interpretation be 

sevcrely wcakened. Wc should note that an cxtended plateau is not yet expected ta be fuIly 

dcveloped for nucleon - nucleon collisions at the maximum center-of-mass energies available in our 

cxperirnent (.js" "'" 19.4 GeV). Furthennore, the results of Table 9 and Figure 66 on page 127 may 

he seen to show charactenstics more proper to stopping than ta scahng domain. In this connexion, 

il is instructive 10 compare the measured E-r with its kinematical limit estimated via a simple 

full·stopping calculation. Lets ~ for example an 160 nucleus mcident on a W target. A central 

collision involves a minimum ~ut 50 W nucleons and we,may consider an effective number A~ 

of target participants ranging from 50 to 80 nucleons. If we suppose that the kinematic is the one of 

a collision between two objl!cts of 16 and 50- 80 nuc1eon masses, and further assume that the 

available energy is re-emitted isotropically in the center-of-mass frame. the kinematic limits for the 
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Er production at 200 GeY/nucleon range from (rt/4)(Js - 66m .. > - 384 to 477 OeY. Furthcrmorc, 

undcr these as:sumptions, the dE-r/dPr distribution shows no plateau. but is a broad peak ccntered al 

'1ow ~ 1n(2' E_ l.Jsow) ~ 2.4. Our highcst Er point for 160 - W collisions at 200 GeY/nuclcon is 

200 GeY in the pseudorapidity region t7w < 2.9. Adding in the forward ET mcasured in t7 ... > 2.9 

incrcases tlùs to 280 GeV, which is ~ 0.73 of the kinematic limit for A'J1 ..... 50. This fraction goes 

down to ::::: 0.59 for an effective mass number A,/! '" 80, which may actually be more appropriate for 

the extreme tail of the W speetrum. For average central collisions, wc measure (Table 9 on page 

128) Er .... 120 GeV for 0 - W collisionS' at 200 GeV/nucleon, which rcpresents, aftcr rescaling for 

the forward transverse energy, a fraction of 0.49 (A,/! = 50) of the kinematic limit. The 

corresponding fractions for 60 GeV/nucleon 160 - W are ~.97 (At./1 = 50) or 0.79 (A'J1 :::1 80) at the 

highest ET' and 0.67 (A./! = 50) ~or E;'tr.'. The observed ET production at 60 GeV/nucleon 
\ J, 

represents a larger fraction of the full-stopping linùt. From similar data, the NA35 [128] and the 

W A80 [134] collaborations have recendy aIso inferred a higher relative stopping for the lower beam 

energy. At both incident energies. wc are consldering ET's which are by no means small fractÎuns of 

the kinematic limit and the narrowness of the 0 bserved pseudorapidity distribution i5 not surprising. 

5.3 Charged multipUcity flow in 160 - nucleus collisions at 60 and 200 Ge V /n 

5.3.1 The differential cross-sections da IdNch 

The differential cross-sections in charged multiplicity (da/dIV"") for 100 - nucleus collisions at 60 

and 200 GeV/nucleon incident energies are shown in Figure 67 on page 130 and Figure 68 on page 

131 respectively, for Al, Ag and W target nuclei24
. The corrections for multiple hits, charge 5h~g, 

and electronic cross-talk introduce an estimated ...., 10% systematlc uncertainty on the multipli ·ty 

scale. The distributions have been deconvoluted to remove the distortions introduced by the 

multiplicity resolution (0' ...., 80 - 120%/JfFî. The very high multiplicity tails of the distributions 

have becn omitted. This is justified considering the yet unresolved contamination from elcctronic 

noise, and since the multiplicity resolution and efficiency corrections are still under investigation fôr 

these high tails. 

24 The W results al 200 OeV Inuc:leon have been .ubnutled for publK:auOl1 iD Z. Phys. C. [135]. 

- 129-



... ----.... ---------------------- -----

( 

~C 

'1 
Figun67: 

1 

il 10 2 "O-nucleus 60 GeV ln (8) 

E ....... 2.9 < '1 .. < 49 .- ....... A Al 
'5 .... • Ag 

Z'0 • w 
"0 • " t> • "0 • • 

• .. 
10- 1 

• 
10-2 • .. 
10-3 

0 40 80 120 160 200 240 
,. 

"E 102 llO-nucleus 60 GeV/n (b) 

.- 09 < '1 .. < 29 

• AI .s; 
u • Ag 
Z tt:a;::~. · + .. • w 
~ 10 
t> ........ ..-: .... 

"0 +--- .- t ..... .... .. .. 
..... .... .. .. 

'+ .. ..... 
10-1 , ..... ... 

-e-

10-2 
0 40 BO 120 160 200 240 

f NCh 

Charged multiplicity differential cross-sections, dO'ldN"", measured in the 

pseudorapidity region 2.9 < '1w < 4.9 (a) and in 0.9 < '1w < 2.9 (b) for 

60 GeV/nuclcon 160 nucleus incident on Al (triangles), Ag (boxes) and W 

(circlcs) targets. r 

( 
130 -

'\ 



r 

o 

Figure 68: \ 

..â 10 2 
E 

'-

"O-nucleus 200 GeV/n 

!!!!!t 
2.9 < '1. < 4 9 

• AI 
.Jo. - ;t....... .Ag 
"r •• •••• • • w ... . .. '. . .. • • 

• • • • 
• • 
• • 

10-3~----~----~----~----~.----~--___ ~ 
o 40 80 120 160 200 240 

~ 
u 

Z 
~ 10 
b 

'"0 

"O-nucleus 200 GeV 1 n 
09 < '1. < 2,9 

• AI 

:f!L--- _. : ~ ... - -:f::t" ........ ;..e-.... 
..... ++ .. 

-II- .. ... .. .. .. 

lb, 

... 
-II-

---
-II-

'"'" j+-

... ... 

10-2~ __ ~~ __ ~ ____ ~ ____ ~ ____ ~ __ ~~ 
o 40 BD 120 160 200 240 

NCh 

The distributions dt1/d~ measured in the region 2.9 < ",-, < 4.9 (a) and 

in 0.9 < ",.. < 2.9 (b) for 200 GeV/nudeon 160 nucleus incident on Al 

(triangles), Ag (boxes) and W (circles) target,. 

1110 cross-sections are presented separately for 'wo 1lcmispheres": the forward pseudorapidity interval 

~2.9 < ",.. < 4.9)"fhich coven mostly the beam fragmentation region and euends 10 the central 
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region for the 160 - n':lc1ew collisions considered, and the central interval (0.9 < "w. < 2.9) covering 

( mainly the central region and part of the target fragmentation region. The central coverage overlaps 

o 

( 

c 

.. fully with the Er trigger acceptance, whereas the forward coverage is precisely the region in whlch we 

identify an interaction via a rn.itûmal requirement on charged multiplicity (JVd' ~ 10). We stress that 

wc observed no difference between a sample of cvents selected either by the Er or by the mteraction 

trigger. In other words, as long as we go far enough above the Err thresholds (on-line or off-line), 

the triggering on Er does not appear to introduce a specific bias in the event selection. Accordingly, 

the event! used for buildmg the differential cross-sections de / dNrlI are those for whlch ~ is hlgh 

enough 50 that there 1S no sigruficant « 0.01 %) truncatlOn, by a nearby Er threshold, of the ~ 

physical fluctuations corresponding to that given~. Such a selection was feasible since ET and ~ 

are strongly correlatcd quantities. The general charactensttcs of the de/dIV'" distnbutLOns are similar 

to the ones obscrved for the de /dE t distributtons. They retlect again the geometry of the nuclear 

collisions which engendcr a plateau extendlng to a shoulder that is followed by a rather steep faIl. 

The shoulder region is at the point where the colliding nuclei fully overlap, and beyond that point it 

gets harder to increasc the particle production by increasmg the number of inelastic collisions and/or 

by increasing the nwnbcr of participating nucleons. The A« dependence of the IV"" scale in the region 

0.9 < '1 lob < 29 is compatible with the one observed for ET in the same pseudorapidity region (1.e. ex 

~ 1/3). In the forward rcgion 2.9 < '1 1Gb < 49, tbis dependence is stnkingly weaker, thus confintung 

the observatlOn [129] that in the rcglon dominated by the projectùe influence, the net particle yield 

becomes essentially independent of the target mass. The exact mechanisms leadmg to tbis relative 
\. . 

depletion in the bcam fragrncntatlOn region cannot be fully dJsentangled without a detailed particle 

identification with Its assoClated Lorentz-invariant rapidtty units. and we can only speculate on their 

possible nature. It 1S known that sirrular relative depletion for the production of fast forward 

sccondaries is observed in p - A collisions (see section 2.3 on page 26). Moreover, the 

A-dependence of the multiplicity rapidity density rustributions in nuc1ear collisions (discussed above 

in section 5.2,3 on page 124) has characteristics very much alike the ones of p - A collisions (see for 

instance Figure lIon page 29). Consequently, it is plausible to assume that the mechanisms leading 

to the forward depletion in hadron - nucleus and nucleus - nucleus collisions arc of a common 

nature. As the incident baryons are progressiveIy slowed down by the multiple scattering pro cesses 

while travelling through the target nuclei, the parti de production is increasingly shifted backward, 

towards smaIler pseudorapldities. In that sense. the observed most forward fast secondaries would he 

preferably crcated by carly inclastic collisions, 1 e. when the inCldent nucleons encounter the tirst 

• "ro'ws· of target nodeons. These fast secondaries have a formatHln tune (sec section 2.4 on page 29) 
c. 

which is strongly dilated in the target rest frame. \105t of them are forrned weil after ha"''Ùlg escaped 

the target nuclcar volume. largely unintluenced tf mcreasmg the length of traversed nuc1car matter Via 

a change of the target n~clcus mass L" nder thosc condJtions. all unpact parameters for which the 

colliding nuclei fully overlap would correspond to essentially equivalcnt nuclear collisions when 

looking at fast secon~es through a forward rapidity window. Such an accumulatton of impact 

parametcrs could explain the rise obscrved at the shoulder of the de/dN'" distributions in the region 

2.9 < '1,. < 4.9. It would also result in steeper slopes for the taih of thcse distributions. These 
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slopcs arc indced seen in Figure 67 on page 130 and Figure 68 on page 131 to he much stcepcr than 

for the backward coverage. But there an additional source of fluctuations may come from the 

rescattering of slow secondaric:s. To go above thclIe qualitative ~cnts would rcquire one to 

considcr the nuc1ear collisions in their full complcxity, whcre each nucleon fonning a system of 

valence quarks 'with its associatcd cloud of sea quarks, antiquarks and gluons, undergocs severa! 

parallc1 interactions with the swrounding nuc1eons. 

'5.3.2 Fractional multiplicity density in pseudorapidity 

The charged multiplicity pseudorapidity distribution d~/cbl, for central 0-W collisions at 200 

GeV/nuc1eon, is overlaid in Figure 69' \Vith the dE.,.Idt/ distribu~on rncasW'Cd for the lame cvent 

sample. The distributions are arbitrarily renormalized to the absolute value of the intcgral over 0.9 
'-

< '11. < 2.9. 

Figure 69: 

en 0.8,....--------------, 
~ 'Zl1. d~/dr) "s<~<12e 
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Pseudorapidity 1]' 

Comparlson of the dN""/dt/ and dErldtt distributiona for central 0 - W 

collisions at 200 GcY jnucleon. The distributions are renonnalized ta the 

integral ovcr 0.9 < '1w < 2.9. 
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The ahapcs of the E-r and fVdt distributions arc found ta he very sirnilar. The poorer pseudorapidity 

granuJarity for the E-r mea.surements precludcs a detailed study of the rapidity ~ependence of the Er 
pet charged particles. As discussed in grcater details in section 4.5 on page 102, the remaining 

systematic uncertainties (included in Figure 69 on page 133) on the J1-10calization of the multiplicity 

dcnsity are rather large. They range from '" 10% at 11 'V 0.9 to '" 4% around '1 '" 2.9, and rise up 

again to ...., 10% for '1 > 4.5. At small pseudorapidities, they are mainly due to the unknown 

remaining contribution from slow nuclear fragments, whereas at fdt\vard pseudorapidities the 

precision on the absolute densities is limited by the poor geometrical efficiency. The distributions of 

the charged multiplicity density in pseudorapidity, dlF' / dr!, are shown in Figure 70 on page 135 for 

three selectcd windows in E-r correspondmg to the plateau, the shoulder and the tai! of the da / dEr 

distributions for the Al, Ag and W target nuclei, at 60 GeV/nuc1eon (a) and 200 GeV/nucleon (b) 

incident 160 energies. 
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. . . Pseudora~dity r; 
The charged multiplicity pscudorapidity de,n~ity (dN""/dtt) distributions for 

lOO-nucleus collisions at 60 GcVrnuclcon (a) and 200 GcVmuclc:on (b) 

incident energles, and for Al, Ag and W targ::t nuclei. The distributions 

arc sho\\n for three sclcCtcd ET intcrvals corte:.ponding to the plateau, the 

average central collisions and the tail of the respective dIr /dN'" 
distributions. 
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The 'pJeUdo~ty granularity, for the N"" measurement is much finer than for the Er measurement. 

Henœ the 'global evolution in rapidity of thc produced partic1e flow is more stri.k1ngly illustrated. 

Pirst of ail, at forward angles (large '1) for both incident energies. it is seen in Figure 70 on page 135 
• '!lat the charged particles pseudorapidity density is largely independent (within systematic errors) of 

both Eor and the target mass number. 1bis was to he, expected given the very weak A-dependence of 

. the IV"" scale wh~. integrating over 2.9 < t/Jab < 4.9 (sec Figure 67 on page 130 and Figure 68 on' 

page 131). and the strong correlation bctween the impact parameter and the transverse energy 

production. Witll increasing E-r and increasing A. the multiplicity production is significantly shifted ' 

bac~ard, towards smaller pseudorapidities. 1lüs is reflecting the displacement, as scen from the 

labbratory refere.ncc frame, of the effective center-of-mass for an increasing number of participating 

target nucJeons. U The backward displacement is accompanied by ~ a progressive narrowing of the 

pseudorapidity distributions. It was seen in section 5.2.4 on page 126 t)1lat the highest ET values 

correspond to a significant fraction of the full-stopping limit. Hence, the narrowing of the dN""ldrJ 
distributions could he the sign of an approach towards the "beU shape" characteristics resUWng from 

a .spheÏic;Ù-like "fireball" expansion in the center-of-mass frame. From the backward rapidity shift 

and narro\ving of the pseudorapidity distributions of produced particles in t!lc laboratory (target) cest 

frame, one indircctly measures the nuclear matter capacity to stop the incident baryons via complex 

multiple-parallel scattering processes. 
" 

In order to q~tify the iapidity disBia~eJl1e~ we have plotted in Figure 71 on page'137, as a 

function .gf Uan5Vcrse energy, the meafl chargcd multiplicity pseudorapidity 

.\ ;; = (2: L\~'L\'1) / (l>~~) . \' ) 
.calculatcd over 0.9 < tt .. < 5.S for the Ag and W wgets at ~and 200 GeVfnucleqn. Note that 

th~ absolute values of ij are larger than the truc mean pscudorapidity because of the truncation at 

unaU Jf. 
c, 

.. 
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Figure 7J: 
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ET GeV 

The mean chargcd particles ps.cudorapidity, calculatcd over 0.9 < '1". < 

5.5, as a ~ction of Er mcasurcd in the trigger t'tlgion 0.9 < ", .. < 2.9. 

The lower bands are the values for the Ag (open boxes) and W (open 

circles) targets at 60 GeV/nucleon. The upper bands are the values for the 

Ag (c1osed boxes) and W (closed circl:s) targets at 200, GeV /nucleon. 

For both incident energies, the if values are seen to be inde pendent of the target mass when 

f' measuring at the same given Er· The jf values move considerably with increasing Er· At low &r, 
they correspond to the p-p center·of-mass values, i.e. ,,;-; . ...., 3.04 at 200 GeV/nuc1eon and -.; 2.74 

at 60 GeVinucleon. At the highest Er, they approach the values obtained in a full·stopping 0 - W 

scenario (sec sect10n 5.2.4 on page 126), i.e. "ow '" 2.4 at 200 GeV/nucleon and 1.8 àt 60 

GeV/nul:leon for A;;Z" '" 50. Similar dependence is observed as a function of the target mus for 

minimum-hias events [129]. 

A 
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. '\ JSo4 Co~parl50n wlth Monte Carlo ,muIticbaln Dual Parton IDodels • 

The data are now cornpared ta the predictions for nuclear collisions of :\10nte Carlo physics 

mode1s which perform a non-trivial superposition of .!le known characteristics of soft-hadronic 

proCC55es in hadron-hadron interactIOns. The models consldered use the phenomenology of the Dual 

Parton Model for the colour separation mechanisms. The nuc1eon·nucleon interactions give rise ta 

coloU! n~eralizing chams that Imk valence or sea quarks. The rules goveming the evaluation of the 

number nature of such chams were di~cussed m detail in section 2 5 on page 32. The models ,-
are completed by the implementation of the fragmentation pro cesses by wluch the chams breaking 

leads to hadroruzation into colourless observable parhcles. The funddJI1cntal phySlCS motIvations of 

such rnodcls were dI~cussed In Chapter 2 They proVlde us \VIth a better understanding of what ta . 
expect a pnori from a "conventlOnal" plcture of ultra-rcl.luV15.tic nuc1ear collisiOns Wc stress that 

therc is yet no unique Hconvcntional* de~cnption of the multIple soft-hadromc pro cesses giving rise ta 

th~ic1c productIOn III the nuc1ear colliSIOns The deVlatlOns bet\vcen the predictlOns of the 

modeh and the ob~crvcd propcrties of the partlClc flow may thus ~lITIply Signal an unexpected 

undercstimation of a ~ubtle \t.ll1d.ud" physlcal cITect as well as pomt ta more mterestmgYfrèw aspects 
'", . 

of the space-tlmc cvolutwn of the hadromc mtcractlOns 111 nuc1car collIsions. 

Wc shall first compare the obsen cd charactcnstlcs of the transverse energy Dow ta the 

predictions of the IRIS event generator [105] wluch combmes the Dual Parton Madel (DPM) for 

non-diffractivc inclasttc scattering [92J [98] r99J wlth the Lund Fragmentation [70] [74J as 

implcrncnted 10 the Monte Carlo code JETSET [136J 1 addIng a form of dIffractlOn scattenng in the 

spirit of the 01':\1. The DPM 15 bascd on colour cxchange with a Jang formatlOn time. The IRIS 

pararncters have been adJustcd ta glVe a reprcsentatlOn of proton - proton and PETRA e + e - data. 

The extension to proton - nucleus and nucleus - nucleus interactions involvcs an algonthm with no 

new parameter except in the descnphon of the nucleus, using a \Voods-Saxon radial density 

distribution but ignoring nuc!car deformatlOn. Encrgy and momentum arc conserved. 

, 
\ The absolute predictions for the deT/dET distnbutlOns measured in the region -0.1 < '111411 < 2.9 

fur ~60-nuclcus collisions at 200 GeV/nucleon are shawn for the different targets in,Figure 72 on 

pagc"f' \ 
~ 
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Comparison of the IRIS Monte Carlo predictions (shaded bands) with the 

da /dE-r distributions measured at 200 Ge V /nucleon_ The comparison is 
\ 

made to the 160 - Al (closed boxes), Ag (open boxes) and W (closcd 

rudes) data. 

Although the qualitative features of the data arc described correctly, the IRIS predictions 

undcrestimate the va,lues of E.r at the fall-off for each of the larget nuclei. The wSCfcpancy appcarl 

to he siL',hificantly larger than thc overall experÎlJ1cntal systcmatic error on the Er sca1e. 

Nevertheless. beanng in mind !hat the IRIS predictions arc absolute, i.e. with no allowed tuning of 

free pararnctcrs. the degrce of agreement could be considercd satisfactory. It should be noted hen: 

that the IRIS p,redtcttons [137], as weil as the predictions of the Monte Carlo \1ulti-Chain 

Fragmentation fOdel developed by Ranft [138] which is also bascd on the Dual Parton Madel 

colour separation mechanisms, were fOWld ta he in reasonable agreement with the dc1/dEr 
distribution mea.sured by the NA35 Collaboration in the 50mewhat more forward '7 rcgion 

,2.2 < J'lw < 3.8 for 160- Pb collisions at 200 ~V/nucleon [35]. The apparent discrepancy could 
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he due to ca.scading of slow produced particles in the nucleus, an effect enhanced in the target 

fragmentation region and not included in IRIS. The absenco-of rescattcring in IRIS is a consequence 

of the fonnation time wruch i5 assumed to he much larger than the time needed by the· virtuai 

fragments ta e5cape the interaction volume. 

The effect of rcscattering cao he studied in the framework of the Dual Parton Madel. Such a 

study was initiated by Ranft [97], who extended his ~fu1tichain Monte Carlo Fragmentation Madel 

(MCF:\.1) ta allow the possibility of rcinteractlOns of low energy secondaries inslde the target nucleus. 

The MCFM uses the Glauber multiple scattermg thcory and the prescriptions of Zadorozhnyi et al. 

[139] for sampling the number of mclastic collisions of the participatmg beam and target nucleons. 

The colour separation mechamsm follows from the DPM scheme [92] [98] [99] and the 

multiparticle chains arc given an intnnslc transverse momentum chosen from a sample mstribution 
6 

with a mean of'" 004 GcVjc [91J [97]. The procedure for the cham fragmentatlOn IS a functIon of 

its invariant mass. AlI chams having masses above the mesons (or baryons for chains linkmg a 

diquark) arc fr~gmcnted Vla the decay code DA:\UET [140]. BAMJET fragments the chams lmking 

quark - antiquark, quark - c.hquark and diquark - antiiliquark patrS into pseudoscalar, vector mesons 

and baryons. The hadroruc rcsonartccs are then decayed using DECAY [141]. The (eventual) 

séconda.ry mtera~tions are oftcn very low energy ( "J 1 Ge V ) inelastlc collisions and these are treated 

separately using the HADRr~ [142] code, which performs quasi two body reactions and subsequent 

rcsonaoce decay. Energy-momentum and additive quantum numbers like charge, strangeness and 

baryon nurnber, arc conscrycd in cach individual event. The model was introduced in section 

2.5.1.3 on page 45 to study the influence of the hadronic formation time T 0 on the contributIon -of 

intranuclear rcscattering to the particlc production in nuc1eon - nucleus interactions. The Monte 

Carlo simulation of the MCFM follows the full space-time history of the secondaries. These arc 

allowed to reinteract only after an average time "0 (in their own rest frame), which is Lorentz

dilaled to y 't 0 in the target rest frame. The fonnation iline T 0 is kept as the sole free parameter of 

the model. 

a. 1 

The predictions of the MCFM for diffe nt values of fo'C are ompared in Figure 73 on page 

141 to rncasurod ""{dEr distributions for - Pb collisions ( o.:: j~ < 2.4 ) [130] and fox 0 - Ag 

and 0 - W collisions ( - 0.1 :< JI/ab < 2.9 ) at 200 Ge V Inucleon in~~ energy. 
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Fi'gure 73: 

Er (GeV) 

Effect of the inclusion of a finite fonnation time on the dO' /dET 
distnbutions as studied in the Dual Monte Carlo Multi-Chain 

Fragmentation. Model [97]. The Monte Carlo predictions arc shown for 

Q - Ag collisioIlfi and Q - W collisions at 200 GeV /nuc1eon, for a 

fonnation time parameter T fixed to To • C = 2 fm (dotted lincs) or T 0 • C 

= 3 fm (solid lines). AIso shown are the comparison, for T 0 • C = 1, 2, 3 

and 8 fm, with the da IdE-r wstribution measured [130] in p - Pb 

collisions. 

Î 

The intranuclear cascade corrections are seen to significantly influence the Er productjon for 

both nuc!eon - nucleus and nucleus - nucleus collisions. For similar values of, the fonnation time 

parameter (2-3 fm/c in the p-Pb case and.., 3 fm/c ht the 16Q-nuc1eus cases), the model is in 

fairly good agreement with both sets of data. The optimal values for T 0 are slightly larger than the 

values (1- 2 fm/e) that were needed to reproduce the rapidity density ratios (p - Xe)/(P -1') ( sec 

Figure 17 on page 44 ) 

If rescaterring of slow secondaries plays an important role in nuc1car collisions, it could 

significantly influence the charged particles and transverse energy pseudorapidity' distributions. Wc 

shan now compare those distributions with the predictioJU of IRIS in which ca.scading i. ncglected. 

Idcally, such comparison should be carried at a well defined impact pa.rameter. In order to select 
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cvent aamples corresponding ta approximatelyequivalent geometrical conditions, wc chose ta scale 

the transverse energy requirements in proportion ta the ~ values2S
• The ~I values obtained 

from the IRIS da/dEr distributions (Figure 72 on page 139) are"" 15% ta 20% lower than the data 

values (Table 9 on page 128). These offsets are treated as overall geometrical off sets. Hence the 

IRIS events are selected at 15 - 20% lower Er values. The IRIS prediction for the average dEr/œ, 

distribution produced in central 0 - W interactions at 200 GeV fnucIeon is shown in Figure 74. The 

IRIS and the measured distributions have been divided by the rnean E-r in the region 

- 0.1 < ~ hJb < 2.9 (i.e. normalizcd separately ta lover the trigger region). 

Figure 74: 
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Comparison of the IRIS Monte Carlo predictions (dashed line) with the 

measured dE-y-/d71 distribution for central 0 - W collisions at 200 

GeV/nucleon. 

25 The ~ is clefInecl as the values or Br Il wtuc;1tthe crou-secùon bu faJlen to balf of the plateau'. height (let! 5.2.3 on 
'>l-' 

paat 1:14). 
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The shape of the measurcd distribution is reasonably I:Cproduccd. The integral of the IRIS 

distribution in the forward rcgion (fT> 2.9) is in reasonable agreement with the data, but thcre the 

paor rcsolution in fT forbids any marc extensive comparison. Within the trigger ngion, the IRIS 

prediction is seen to underestimate the weight of the smallest rapidity bins (t7S 1.5). 

More detailed comparisons arc made \Vith the measurcd d~/œ, where we bcnefit from a much 

finer granularity in fT. Such comparisons are shown in Figure 75 on page 144. The IRIS predictions 

were renonnalized to the measured total charged multiplicity integrated over 0.9 <fTl .. < S.S. ln 

window (a), 1 sho'w the evolution of the IRIS and measurcd distributions as a function of the target 

mass number for central collisions. IRIS de scribes very well the d~/dtt distribution for the Al 

target nucleus. But for increasing A, IRIS increasingly overcstimates the charged parti,cle i'roduction 

at central pseudorapidities and underestunates it in the target fragmentation region. The samc 

comments apply to the evolution as a function of ET shown in window (b). 
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While the underestimate in the target fragmentation region may he due to the negligence of the 

rescattering of slow secondaries, the systematic deviations in the more central and forward regions 

cannot be easily explained off. They could be the signal of new phenomena. Il is interesting to note 

that similar deviations are observed by the WA80 Collaboration [129] when comparing their cha.rged 

partic1es pseudorapidity density distributions \\;th the FRITIOF [143] QCD-inspired ~tonte Carlo 

fragmentation model. 

The -smùlarity between the A and the ET dependence of the partic1c production was to be 

expected from the equivalence, for vanous targets, of the mean rapidity s.hift as a function of Err tsee 

section 5.2.4 on page 126). It should be added that thls shift of the mem chargcd particles 

pseudorapidity is frurly well reproduced by IRIS. The mean pseudorapidity (calculatea over 

0.9 <1'/loil < 5.5) for IRIS O-\V events moves backward by 6.1'/ "'"' 0.25 over a 100 Oev ET interval. , 
That compares favorably with the measurcd strength of the rapidity shift (see Figure 71 on page 137). 

In IRIS, the DPM multiple scattering pro cesses involve the quark! and' antiquarks of the virtuaI 

cloud surrounding the leading fragments. It is the formation of the se sea quark chaim that is 

responsible for the encrgy degradation (stopping) of the incident nucleons. It seems that the resulting 

overaU rapidity shift of the particle production prcdictcd by such an approach is sufficiently strong to 

explain the data, \\1thout the necessity to invoke effects of a collective nature. 

J 
5.5 Estimate of energy density achieved for the 200 GeV ln data 

One of the fundamentaI motivations for studying ultra-relativistic nuclear collisions is the 

possibility that such collisions allow the thermalization of large volumes of matter in which the 

critical conditions of temperature, energy and/or baryon densitics required for quark-gluon plasma 

fonnation would be fulfilled. It was seen in section lA on page 7 that under favorable 

circumstances, the critical conditlons could be reached; either in the baryon rich nuclear fragmentation 

regions [9] or within a hot firetube of mesonic matti~ in the central region [10]. 
~/ .--

( 

Yet, lit de is known empirically on the fi:i.ndâffiental questions of the degree of thermalization of 

the energy denslty and lifetime of an eventual system at cquilibrium. No experiment has found c1ear 

evidencc that sorne degree of thermal equilibrium has becn attamed in ultra-relativistic nuclcar 

collisions, nor is there eviden,lfé" that the created states have a fluid behavioU! rather then acting al a 

more-or-Iess independent codection of freely streaming partic1cs. The data presented above on the 

characteristics of the partlcle flow appear to show no clear sign of global collective (hydrodynamical) 

effects. ~evertheless. although we cannot yet speak of *thermal energy' density, it is interesting to 

evaluate the extent to which the energy density approached at some early time during the collision 

the critical conditions necessary for a deconfinement phase transition. Unfortunately. one cannot go 

beyond a rough estimate of the carly energy density achieved. Large uncerta.inties oCCUt in the 

definition of the mterac1lon volume if the transverse dimensions are significantly blown up by 
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cascading secondaries, and the caleulation of the collision kinernatics is not unambiguous. 

One can consider again the simple full stopping scenario (sec section 5.2.4 on page 126) applied 

to the case of ,a central 0 - W collision at 200 GeV/nucleon. In such a scenario, the interaction 

volwne is a cylinder through the W nucleus, with the transverse dimension of the 160 nucleus, giving 

in the target reference frame a total volume of about 300 frn 3 contaming about 50 target nucleons 

and 16 projectile nucleom. The collision kinematics is calculated treating the two groups of nucleons 

coUectively. In the cm. frame, the interaction volume is Lorentz contracted by y c.m' leading to an 

cffective volume of about 52 frn3. The kinematic lirrut for the total E-r production (calculated as in 

section 5.2.4 on page 126 but without subtracting the nucleon masses) 1S ~ 446 GeV, corresponding 
r 

to a transverse energy density of ~ 8.75 Ge V /frn 3. If we assume that the energy density scales 

lincarly down to ot11~ partial stopping, the extreme tail of the W spectrum can he interpreted as 

corresponding to an energy density of up to 0.73 x 8.75 = 6.4 GeV/fm1
• For a system of 16 

projectile nuc1eons and 80 target nuc1eons, which occupy a larger volume, this value reduces to 3.1 

GeV/frnJ
• 

Altematively, the prescriptions of scaling hydrodynamic mode1s [IOJ [17J can be used to 

cstimate the ;carly energy density. Although, as discussed in section 5.2.4 on page 126, 1t is not clear 

that the symmetry conditions imposed in such models which are reminiscent of the Shuryak-Bjorken 

[7] [10] kincmatlcs of ultra-high encrgy collisions, are more appropriate than the estimate for the 

case of energy deposit in a tixed frame corresponding to the observed rapidity peak. According to 

Bjorken's formulatlOn (section 1.4.2 on page 11), the ener78Y. density for central nuclear collisions can 

be c:stimated for an early time t 0 as 

E ..., 
Bjorb" 

J' 

whcre ftA mlA} is the transverse dimension of the smaUest of the colliding nuclei. Since pions should 

he the dominating particles prod\lCed in the central rapidity regiçm, we can use the fact that for such 

particlcs' CI 

dEr dN {( m":.)} - ==p -<.v=~)x 1-0-œ, T dy -2 
Pr 

and work with a Bjorken-like fonnula 

1lù.s EO is an undcrestimate of t."... since 
\ 
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From Figure 61 on page 118 and Figure 66 Qn page 127, we find that (dEr/œ,)mu. == 90 Oev at'7 ..... 

2.4 in the tails of the E-r distribution for the W target. TIùs givcs an cncrgy density of Eo ::Ii:! 3.6 

GeV/fm3, for a transverse area ofj{160) = 2S fm2 and the usual assumption on the fonnation tirne 

[41] 'ta ~ 1 fm/e. Note that in Bjorken's ~roach, the entropy per unit rllpidity is a eonserved 

quantity beeause of the imposed cylindrical boost symmetry. This irnplies in turn that the partic1e 

production per unit rapidity does not depend on the details of the hydrodynamie evolution, but only 

on the energy deposited in the early stage of the collision. ln more detailed calculatiom taking into 

account the work done by the fluid during expansion [20], the estimatcd carly cnergy dcnsity could 

be as large as 2' EB,.r .... for EB,.r.", ~ 3 GeV/fm3 • On the other h~d, further extension of the modcls 

to take into account early transverse collective flow could signifieantly lower the se cstirnates [ 144]. 

We should finally mention that the measured pseudorapidity dcnsity of transverse energy is 

affected by the hadroniZation (parents) and subsequent deeay proccsses (ehildren). For cxample, the 

IRIS event generator predicts that a substantial contribution to the ET production will arise from the 

decay processes ( p'.; ... o....., 0.7 ~/dr .. ). 

Despite the very large uncertainties on the estimates of the early encrgy density, it is probabfy 

safe to say that we are considering densities within the range required for the de confinement phase 

transition (i.e . ....., 2.5 GeV/fm" as seen in section 1.2 on page 2 ), and certainly mueh larger than the 

onergy density inside a nucleon. 

,. 
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5.6 MultipUcity dependence of the transverse momentum 

The variations of the mean transverse momentum as a function of multiplicity have been 

considered in many theoreJjcal studies as a possible in~ct probe of a deconfinement phase 

transition. This was originally proposed by Shuryak, ZlUrov and Van Hove [7] [24] who advocated 

'that thesc variations should reDect the general properties of the equation of state of the 

hlgh-temperaturc hadronic matter. Their argument was th,at during the fluid-like expansion of the 

dense matter, because of the pressure gradient at the boundary between the vacuum and the matter 

in the fluid, the flUld had to work on the partic1es to push them into the vacuum. An mcrease of the 

pressure gradient driven by an increase of the euergy density would resuit in a rise of the mean 

transverse momentum of secondary particles. The multiplicity of produced particles would be in tum 

c10sely related to the energy dcnsity (and entropy) acrueved in a colliSiOn Hence, the correlation 

betwecn the transverse momentum and the multiplicity would be rcflecting the pressure versus energy 

density (entropy) properties of the equation of state. Van Hove conjectured that anomalous effects 

would be most dramatically seen in the case of a fust order phase transItion. Por such a transition, 

the transverse momentum incrcases Wlth the energy density (produced multiplicity) and pressure up 

to thc traIlSltion. Dunng the tranSItIOn, the pressure remains constant while the energy density 

continues ta incrcase, rcsultmg in a flattening of the mean PT vs rnultiplicity curve. This flattening 

would thus ~ignal the transition phase, a phase nuxturc of pion g.lS and quark-gluon plasma. It 

would be folIowcd by a stcep nse m the pure quark matter phase. Dctalied predIctions [27] were 

made in attcmpting to cxp1ain in such ,1 framework the PT versus rnultiplicity measured in cosmic ray 

expcriments for ultra-high encrgy nuclear collislOns [25J (sec section 14.3 on page 14). 

More recent calculatlOns showcd that thc change of slope would be considerably softened, in 

particular for mesons, as the system spends more and more time in the mixed phase while the energy 

density increases [28]. It could be further attenuated by longitudmal cooling [145] or even 

completcly blurred by the hadronization process [146]. But the ISSue is controversial, sinee even a 

generally soft transition could be occasionally followed by violent explosion-like phenomena leading 

to dramatic changes of slopes in the PT versus multiplicity (energy denSlty) corrclatlOns [147]. 

The measurements of the transverse energy and multiplIClty flow allows us to study the 

variations of Ê.,I N cJt (closely relatcd ta Pr) as a function of ET (closely related to the energy density). 

Figure 76 on page 149 shows the ratio of the mean Er over the charged multiplicity (bath measured 

in 0.9 < J7/ob < 2.9), as a function of Er (measured in - 0.1 < 'Ilob < 2.9). The systematic 

unccrtainties on the Ër/NcIr values are of the arder 'of 12% (7.1% from the ET scale and -.; 10% 

" '"* from the mültiplicity scale). 
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F~gure 76: The average ET per charged particles in the central pseudorapidity interval' 

• <~ 0.9 < ''1 1-.1> < 2.9 versus Br in the trigger acceptance - 0.1 < t7, .. < 2.9 . 

• < The combined systematic uncertainty on the E-r and N-" scales is indicntcd 

as horizontal square parenthesis. , . 

Within systematic error~, we observç no apparent variati8n of the mean transverse energy per chargcd 

partic1e up to the highest E-r measurcd, although the energy densities reached (section 5.5 on page 

145 are within the domàin of critIcal values rcquired for a phase transition. 

Given a constant chargcd to neutral ratio, and sincc ET = p~l + (m/p)2)l/l and (m/p)2« 1 for 

most charged parttcIes (mainly plans) populating our central pseudorapiditics, the Ë.,.Irv-" can he 

interpreted as sorne kind of PT avcraged over all chargcd p:l.rttclcs species. The IRIS event generaté; 

predicts that EP'E'';'' ": O.S?, indcpcndent of EJ' Us~g this value, we find fmm Figure 76 a constant 

average effeCt1\'e 'Pr' =·0.36 ± .04 GeVjc. lbis may be comparcd to the value of PT - 0.35 GcV/c 

observed at central rapidities in p - p collisions for sirnilar nucleon - nucleon c.m. energies. 

"" Thè fact thal E,/Ndl 15 apparently independent of Er seerns to be in opposItion ta the dramatic 

change of PT observed by the JACEE Collaboration [25] for çomparable maximum estimated cnergy 

densities. 'Il could he argued that a change in the partic1e composition, or different PT - depcndence 

for different particle species, could obscure a Schange of slope when attcmpting te measure it via 
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"t,lN'" VI 'Er From our prcliminary extemal spect.rometer rcsults, therc appears to he no strong 

variation of thiI Jcind. This cati he secn in Figure 77, which shows the (a) ratio of positive to , 

ncgative partic:1es versus E-r and (h) the average PT per partic1e as a function of Err for protonS, 1t+ 

and n- t measured in the pseudorapiclity region 0.9 < "w. < 2.Q. 
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Figure 77: Preliminary results from the external spectrometer on (a) the (+ 1- ) 
particle ratio vs. Er and (b) the PT vs. Er, measured for 16O-W_ 

collisions at 200 GeV/nucleon. The data are not correct cd yet ~\ 
differences in spectrometer acceptance . 

. Furthermore, reccnt results from the NA35 Collaboration [148] also show significant variations of 

the mean transverse momentwn as a function of multiplicity, far negative particles measured in 0.45 

< Y < 4.~SS in 169 - Au collisions at 200 Ge V Inuclean. 

The absence of anomalous effects spectfic to nuclear collisions is strikingly exemplified in Figure 

78 ori' page r51, showing the external spectrometer measurement of the PT distribution for negatlve 

parti~les mcasured for central 160 - W collisions (E-r > 11 0 Ge V), divided by" the distribution 

measured for 'minimum bias" p - W collisions [149] . 
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The PT spectrum of negative particles fQf 100 - W collisions divided by 

the corrcsponding spectrum for p - W collisions. The 160 - W spectrum is 

obtained for Er > 110 OeY ('" central collisions) whereas the p - W 

spectrum is obtained 1 with a relatively low Er requirement of E-r > 10 
GeV <Er is measured in - 0.1 < 'T /u < 2.9). 

ln the range of PT values shawn in Figure 78, which covers five orders of magnitude in cross-section, 

the spectra are found to be identical within errors. Similar rcsults are obtaincd for photon spectra. 
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, Chapter 6 

Conclusion 

In this thesis, 1 presented the measurement prin~ples, the analySls and the results of a fust 

generation cxpenment on ultra-relativistic nuclear collisio;:'i. 'The transverse energy and multiplicity 

flow produced in 16 0 - nucleus collisions at 60 and 200 GcV/nucleon were measured usmg high 
-" 

precision calorimctry and silicon-array detcctors Complementary information on parhcles 

id'tntificahon and momenta \Vas providcd, over a smal1 soltd angle, by a magnet, dnft ch:unbcrs, tune 

of flight and Chercnkov counters The nuc\ear colhsiom were mcd to bnng extended volumes of 

matter to cxtrcmc COl1lhtlOm of temperaturc, baT) on and cnerg)' denslhes, condlhons under wruch 

one expects the creahon of ~hort-hved systems wherc hadromc matter could undergo a 

dcconfinement phase transition towards d new state of quark - gluon plasma matter States 

corrcsponding to a maximum cnergy deposltlon and thcrmalJ.zation ID the mteractIon volume ~houl 

be charactcn7ed by iugh multiphcity of partlcles CaIT)1I1g momenturn at large angles relatIve to th' 

beam direction. \V c attemptcd to select suc\1 states by reqwnng a maxunal transverse ener 

producuon. 

L 
Careful opt1IJÙzatIOn and studies of the calonmeter performances allowed a unique exploration 

of the transverse energy cWferentlal cross-sections, der IdE." over up to 5 orders of magrutude in the 

target-central fragmentation region - 0.1 < ~ 'f!i:!- < 29 for 160 - Al, Ag and W collisions. The 

genera! fe'atures of the ET distnbutions were shown to be largcly reflecting the geometry of the 

nuc1ear collisions. Given such a strong correlation of the partlcle production with the impact 

parameter, it was shm\11 that nawe convolutIons of independent nucleon - nu cleon interactions 
\ 

could providc compact pararnctrizations allmvlllg a quahtahve descnptlOn of the probability 

distributions, inrucatmg that tl.e partlclc productJOn IS btult from an accumulation (not neccssarily 

trivial) of soft hadronic interactions. 

The partlcle productIOn was found to have a nch structure that translated mto strong 

rapidity-dependent variatIons of the rapidity density of ET and charged multlphCJty (Nd!) as a 

function of target mass nurnber A or transverse energy. From the der/dET and the da/dN-cI! 

distributions it was fOWld that, for central collisions, the Er production in - 0.1 < ~ lob < 2.9 and 

the cha.rged multiplicity in the sub·domain 0.9 < 'I1w. < 2.9 increased faster than with the target 
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nuc1ear thickness. TIùs apparent cnhancement appeared to be limiteq 'to large angles (small 

pseudorapidities). In the forward region 2.9 < '1/01) < 4.9, dominated by the projectile influence, the 

net charged particles yield was found to be largely mdependent of the target mass. The relntive 

depletion of fast forward secondanes could be seen from the pseudorapidity density distributions 

dJVd'ldr! and dEr/dll \Vith incrcasmg ET and/or mcrcasmg A, thesc distnbutions \Vere found to be 

progres~l\'cly slufted towards small ~"s, rcflectmg the (ltsplaccment, as sccn from the laboratory 

reference frame, of the effective center·of-mass for an mcrca~i.ng number of participatmg target 

nuc1eons The bach.-\vard sluft was accompamed by a narrowmg of the pscuclorapldtty di~tributions, 

wluch could be the sign of an approach tow,lI"d:, a sphcncal-hke 'fircballM cxpamion in the 

center-of-mass frame. The mean p~cudorapldlty of the parttcle productIOn wa~ ~hown to hc Slmllar 

for various targcts when measured at the sarnc Er \ aluc. It wa~ sem to \'<lf)' from v,lluc~ clme to 

the p - p eenter-of-mass values down to v,ùucs clo!>c to the ones prcdlcted by li ~implc "full ~toppingM 

scenano in which parücles arc assurncd.Jo be emlttcd l~otropic,tlly in the ccnter-()f-ma'i~, ,tnd the 

kinematic of a colli'ilOn IS assumcd ta be the one of t\\'o object~ \v1th m,me~ given hy the total 

nwnbe~ ·Jf partlC1patmg beam and target nuclcom Depcndmg on the number of targe! nuc!com 

invoK:':\d, the hlghest tramversc cner~C''i produced lJl the 16 0 - \V <':0111\1011'> were found to 
" 

correspond ta 60 -70'% of the "full ,>tOpplllg# kmCfi1dtlc JUlllt at 200 (leV!nudco!1 .lI1d HO - 100% of 

the lUlut at 60 GcV/nuc1con 'nus mdlcates a hlghcr rcLltlve ~topplllg for the lowcr bc,nT! ellcrgy 

The obsefVcd char,lctcmllc5 of the rapldity, 1\ and FT Jependenc~ of the p.lrtidc now were 

mentioned to be 1ll agreement \VIth reccnt n'sult~ [rom the 011\35 ;md \V ARO coll.lborations. 

Moreover, they were seen to be sirrular to the chara(:tcn~tlcs of the parltcle production in hadron

nucleus collislOm, ~d could be quahtattvcly explamed by lIlVOklllg the loncepb of Ilucle.lr ~topping 

power and hadroruc formatIOn ttrne The cnergy-momentum of an mCldent baryon is progrc'!sivcly 

degraded by the mulhple scattering proecsses whilc it travcls through the target nucleu'l. The 

increasrng shift towards smaller raplditief.'of the rcsultmg particle production contributc,> to an 

apparent deplctlOn of the net forward production. IIenee, the rapidlty charaetenslIcs of the partu;lc 

flow mdtrcctly measure the nuclear capaClty to stop the inCident baryon via complex multiple 

scattenng processes The proper formation tune of the fast secondarics IS !>trongly Lorcntl-dtlated in 

the target rcst frame and they may leave the mteractlOn volume largcly unperturbcd. The slow 

secondancs populatmg the target fragmentatlOn rcgidn~~_ave large rescattcnng probabllittc!l and can 

contribute ta the cxcess target dcpend.:nce 

\ 
1 advocated that m order to be able to Identtfy a~normar phenomena, a modcl should considcr 

/' 

the nuclear colliSIon m Its full complc:ut), trcatmg nuc!cons a~ full ::.y.,tcm of valence quarks 

surroundcd by a cloud of \'lrtual sca quar~)/ antiquark .. and gluons, und~rgomg *~imultaneom' 
interactions Wlth several other nucleons 1(111S 15 acruc\'ed m the QCD-msplrcd IRIS Monte Carlo 

model, .... ruch uses the Dual Parton Ylode\for the colour separation mechani!lm, and where the ,----------.. 
hadronizahon uses fragmentation codes tWled ta fit hàrd scattering processes. ln IRIS, the colour 

exchange interaction gives rise to the formation of stnng~\ which are formed mdependently and decay 

independently mto secondancs. The model neglects final\;tate interactIon of the sccondanes. The 
\ 
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mode! wu fOWld to qroduce the mean rapidity shift of the dN"" 1 cbt distributions, indicating that the 

energy 10ss mechanisms are sufficiently strong to explain the data without the necessity to invoke 

effects of a collective nature. On the other hand, the model appeared to systematically overestimate 

the charged partic1es production in the central region and underestimate it in the target fragmentation 

region. The~. production in the target-central region appearcd to be systematically underestunated. 

The poss'i~le contribution of secondary rcscattering to the Er production was investJgated by 

comparing to the predictions of the Dual Parton Monte Carlo Mulucham Fragmentation Model, in 

which the full space-timc lustory of secondarics is followed and provision is made to tnclude an 

average formatlon time parametcr, 'The rcscattenng of sccondanes was shown to slgruficantly 

influence the transverse cnergy production in the target-central fragmentation region. 

Rough estimates of the achieved carly energy density were performed for the events m the 

extreme tait of the Er dIstnbutlOn for 160,- W collIsions at 200 GeV/nucleon. The estlmates based 

on the ~imple Nfull-stopping" ~ccn~o or on the prescnptions of scalmg hydro-dynamic models 

yielded comparable results. It was rnenhon,cd that large unccrtamties occur m such eshmatlOns. 

Neverthelcs~, lt scemcd that cnergy dcmitiFs Wltlun the cntical domam for a deconfinen;cnt phase 

trmsitior.. could have bcen reachcd m the c:ù'ly stage of the collisions processes Dut thcre CXlstS yet 

no cxpcrimcntal evidcncc that ~ome degrcc of thcnnal cqutL.brium ha~ bccn attaincd, nor is thcrc any 

clear sign of collective behaviour. 

Anomalies in the multiplicity dcpcndencc of the transverse momcntwn have bccn considered as 

a possible mcans of ldentifying the occurrence of a ffilxed phase Slgnahng the dcconfincment phase 

trmsition, For the Ncit and ET measurcd in the region 0,9 < ~Iab < 29 as a function of ET' the 

me~ E-r per charged partic!c was found to be esscntially rndependent of ET up ta the htghest Er 
measurcd in H,O - W collisions at 200 Ge V /nuclcon. Moreover, preliminary results from the 

extemal spcctrometer mrucatcd that the particle compositIOn. as well as the mean trmsverse

momcnta of protons, TC + a.,d TC - , \Vere largcly mdepcndent of Er. 

The absence of strong variations of the PT versus particl~ multiphcity appeared to be in 

contradiction with cosmic ray meaSJJ,refficnts by the JACEE Collaboration, but was confioned by 

reecnt rcsults from the NA35 expenment. 
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