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I. FermilabExperiment735.A SearchfortheQuark-GluonPlasma.

1.1 Introduction

E735 was proposedin1983 asa dedicatedsearchforthequark-gluonplasma

attheFermilabTevatron.The experimentwas motivatedby intriguingresults

fromUA1 and UA5 aswellastheoreticalsuggestionsthatoneshouldbe ableto

formstatesofenergydensityofabout10timesthatofnormalnuclearmatterin

proton-antiprotoncollisionsat_/s= 1.8TeV. Latticegaugecalculations'suggested

thatthephasetransitionfromconfinedquarksand gluonstothedeconfinedstate

was firstorder,involvinga largelatentheatand a changefromfew degreesof

freedominthehadronicphasetomany degreesoffreedomintheQGP phase.Van

Hovessuggestedthatthecorrelationbetweenaveragetransversemomentum, <pt>,

and thechargedparticlemultiplicityperunitpseudorapidity,dNc/d_,be usedto

searchforevidenceofthephasetransition.Inhispicture,a risein<pt> vsdNc/dTl

followedby a plateau,followedby a secondrise,wouldsignifythehadronic,mixed,

and quark-gluonphasesofnuclearmatter,respectively.E735 was designedto

caluToutthisprogramasa functionofparticletypeattheCO collisionregionofthe

Tevatron.Chargedparticlesweremeasured intwoways.A scintillatorhodoscope,

consistingof240 elementsgavecoverageover6.5unitsofpseudorapidity.The

hodoscopegavea fastfirstestimateoftheeventmultiplicityand was usedforevent

selectionon-line.A centraltrackingchamber,CTC, was usedtoprovidemore

precisetrackinginformationoff-line.Itcovered3.2unitsofpseudorapidity.The

CTC was theresponsibilityofthePurdueHigh EnergyNuclearPhysicsgroup.The

momentum ofchargedtrackswas sampledby a smallsinglearm spectrometer,

consistingoftrackingchambersand two time-of-flightarrays.Particlemomenta

fromabout.15GeV/cto3.0GeV/c,dependingonparticletype,were measured.

Typically,a fewtracksperevententeredthespectrometer.The apparatusisshown

inFigure1.A short3 month testrun was made duringthespringof 1987.At this

time,theCTC was stillunderconstruction.Finalinstallationoftheapparatuswas

made inMay, 1988followedby a yearofrunning.

The first run of E735 has provided the world with some tantalizing views of the

physics at _/s = 1.8 TeV. By correlating <pt> with dNc/dTI (Fig. 2), we have seen
behavior consistent with a first order phase transition? Furthermore, the increase
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of <pt > vs dNc/drl is more dramatic for the heavier species (Fig. 3)' The antiprotons
show a rise, a plateau, followed by a second rise at the values of dNc/dTIexpected on
the basis of simple estimates of the energy density required to make the QGP.s

One of the possible signatures of the formation of a QGP is the enhanced

production of strange particles, such as kaons and lambdas.* This enhancement

would occur if chemical equilibrium were achieved in the QGP. It is not attained in

normal hadronic matter. Recently, enhanced K/_ ratios have been observed in

relativistic heavy ion collisions. T It is possible, however, to explain these by

dynamical effects, without resorting to the formation of a QGP. 8 Nonetheless, such

signals may be consistent with the formation of a QGP and should be viewed in the

larger context of multiple signals. In Figure 4 we show the K/_ and _/x ratios vs

multiplicity from our 1987 data. 4 The two ratios show markedly different behavior,

with the former increasing about 40% over the multiplicity range studied, while the

latter may rise and then decrease as the multiplicity increase. A preliminary

analysis of the 1989 data shows that the k/p ratio remains constant at about 35%

5).
An analysis effort is underway to determine the size of the hadronizing system

using the Hanbury-Brown and Twiss intensity interferometry technique °applied to

hadrons. 1° Like-signed pions entering the spectrometer can be used to determine

the system size as a function of the event multiplicity. Preliminary results shown in

Fig. 6, indicate that the hadronization volume is an increasing function of

multiplicity. This indicates a larger initial energy density as dNc/dTIincreases.
In summary, we see that the 1987 data contain several features (as a function

of the multiplicity) which are consistent with the formation of a QGP.
*enhanced K/_ ratios.

• <pt> dependence of the antiproton spectra.

*Enhanced P/_ ratio in the 5 _ dNc/dTI_ 12 region.

• Increase of the hadronization volume proportional to dnc/dy. The 1989 data
should substantially reduce the statistical uncertainties associated with the signals
which are listed above.
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1.2 Milestones set in 1990.

During the past year, approximately 2500 raw data tapes (9 track) were

reduced to about 40 8 mmdata summary tapes (DST). This task was performed on

the Fermilab Amdahl computer and was overseen by our graduate student, Philip

Cole, who is in residence at Fermilab. ",'he entire process took about three months.

These DSTs have subsequently been dlstdbt_ted to ali members of the E735

collaboration: The DST's contain approximat_ly 15 million events compared to

about 5 million taken during the 1987-1988 three month lunning period. Most of

the 1988 running period was devoted to acquiring high multiplicity events.

Analysis of these data has begun at each of the participating institutions.
The Purdue High Energy Nuclear Physics group has the primary responsibility

for analyzing the Central Tracking Chamber (CTC) data. Our long-term objectives

are to determine the multiplicity distribution and the pseudorapidity distribution

within the CTC acceptance. In addition, we will perform an intermittency analysis.

In order to accomplish these goals, we have developed a detailed GEANT simulation

of the E735 apparatus. This simulation was developed and tested at Purdue and
then distributed to all members of the E735 collaboration.

At present, we are conducting detailed comparisons between the simulation
and the CTC data. This comparison involves several steps. An event generator,

such as the one developed by UA5, is used to generate the primary particles

following a proton-antiproton collision. These particles serve as input to the

GEANT simulation where they are tracked through the experimental apparatus.

The space points of charged tracks which fall within the CTC are then further

processed into Flash Analog to Digital Converter (FADC) spectra. This effectively

maps the GEANT space points into the _me and amplitude dimension, simulating

the effects of driR time and charge division in the CTC. These FADC spectra are

then processed using the same codes employed in analyzing the actual data. The

spectra are converted to hits, which serve as input to the tracking routines. Finally,

tracks are formed which can be compared to the GEANT input tracks. In Fig. 1 we

show the ratio of hits used in fitting tracks to ali "good_ hits fouvd by the hit finding

algorithm versus the number of good hits for both simulation and data. Fig. 2

shows the impact parameter distribution of tracks in the xy plane for both

simulation and data. A cut on impact parameter is central to the definition of what

we calia "primary" track, i.e. a track coming from the event vertex. By using the

simulation, we can compare the number of primaries found after the cut to the
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actual number which served _ input to the simulation. After some degree of tuning
boththesimulationand thetrackingalgorithms,we willproceedwiththeabove

planofstudy.Thiswork isbeingperformedprimarilyby ourgraduatestudent,

CharlesAllen,withassistancefromourseniorresearchscientist,Young-ilChoi.

We have alsobegunanalyzingspectrometerarm data.Thisprogramisbeing

carriedoutbothatPurdueand atFermilab.The objectiveistodeterminethe

averagetransversemomentum asa functionofmultiplicityforpions,kaons,and

antiprotons.Thesedatamust becorre_ forvariouseffects,including,the

spectrometeracceptanceasa functio_ofeventvertexposition,momentum ofthe

track,multiplicityoftheevent,etc.Thesecorrectionsarecalculatedusinga

GEANT simulationrun ontheFermilabAmdahl computer.Thiswork isbeingdone

byPhilipColeand supervisedby seniorscientistsatbothPurdueand Fermilab.

One oftheimpo_t issuestosettleiswhetherornottherisein<pt> with

dNc/dl]isdue tominijetsorisa resultoftheQGP phasetransition.We intendto

addressthisquestionby comparingourdatawitha simulationcontainingminijets,

forexamplePythia.ltwillbeusedtosimulatebothCTC and spectrometerdata.

1.3 Publications from E735 in 1990.

The E735 collaborationpublisheda PhysicalReviewLetterdetailingthe

averagetransversemomentum ofpions,kaonsand antiproton.4 The analysis

presentedinthispaperwas performedon thedataacquiredduringthe1987-1988

runningperiod.A 60% increaseinmean transversemomentum forantiprotonswas

observedasdNc/dTlincreasedfromitsminimum biasvalueof3 toabout18.The

mean transversemomentum forchargedpionsincreasedabout25%. Forfurther

details,seereference3.

The F,735collaborationwas invitedtomake a contributiontoa conferenceon

colliderphysics.Our postdoctoralresearchassistant,Norman Morgan,was

selectedtomake thepresentationforthecollaboration.Histalksummarizedrecent

resultsfromtheTevatron.11

_]_neCentralTrackingChamber was describedindetailina paperpublishedin

Nuclear Instruments and Methods. is The construction method, using low mass

composite materials was emphasized.

14



2. An Exd,,sive Study of Nuclear Framnentation tmin_ the EOS-TPC

2.1 The searchforcriticalphenomena usingtheEOS-TPC.

The PurdueHigh EnergyNuclearPhysicsgrouphasinitiatedan experimental

programtostudymultifragmentationattheLawrenceBerkeleyLaboratory

Bevalac.Heavy projectilebeams at1GeV/nucleonwillbombard lighttargets.The

resultingprojectilefragmentswillbedetectedina Time ProjectionChamber

(TPC).andotherancillaryd_tectors,permittingthedeterminationofthechargeand

momentum ofallofthereactionproductson an event-by-eventbasis.The unique

featuresofthisexperimentare:

* theuseofreversekinematics,ieaheavyprojectileincidenton alighttarget.

Allofthereactionproductshaveessentiallythesame velocityand are

carriedforwardintotheTPC.

* thedevelopmentofa new detector,theEquationOf State(EOS)TPC. This

deviceisbeingbuiltbytheRelativisticNuclearPhysicsgroupatLBL.

* thecharacterizationonan event-by-eventbasisofthenatureofthe

reaction.Thislastpointisdetailedbelow.

The PurdueHigh EnergyNuclearPhysicsgrouphasa longhistoryofworking

inthefieldofnuclearfragmentation.Our previous_ studieshave ledus to

suggesttheanalogybetweennuclearfragmentationand a liquid-gasphase

transitionoccm_ringinavan derWaalsgas.'8Recently,Campi has analyzed400

exclusivegold-emulsioneventsand concludedthatnuclearfragmentationhasthe

characteristicsofa criticalphenomenon."The experimentwe willconductatthe

Bevalacwillallowustoextractthecriticalexponentsdescribingthephase

transition.UsingtheEOS-TPC and a MultipleSamplingIonizationChamber

(MUSIC),themomentum and chargeofeachprojectilefragmentwillbedetermined.

Eventscanthenbe characterizedasbeingsubcritical,critical,orsupercritical.

Furtherphysicsdetailscanbefoundintheaccompanyingprol_osalsubmittedto

LBL. ]5



Our experimentispartofa largerprogramoftheEOS-TPC group,ofwhichthe

Purd,leHigh EnergyNuclearPhysicsgroupisa part.Infact,we areparticipating

intwo additionalexperiments,bothofwhichconcentrateon floweffectsinnuclear

matteratBevalacenergies.Alloftheseexperimentswillbeginrunninginthe

latterhalfof1991.At presentwe havetwo graduatestudents,Mark Gilkesand

Penny Warren who willobtainPh.D.thesesfromthefragmentationexperiment.In

addition,EricHjort,a postdoctoralresearchassistantisstationedatLBL to

participateinthehardwareand softwaredevelopmentoftheEOS-TPC system.

The primaryresponsibilitiesofthePurdueHigh EnergyNuclearPhysicsgroup

are:

* design, testing, and installation of the beam line between the last

quadrupole magnet and the TPC entrance. This includes beam-locating
scintillationdetectorsand a gasionizationdetectortodistinguishbeam

particlesfrommultifragmentstionreactionproducts.The beam linewillbe

usedinalloftheTPC experiments.Thiswork isbeingdonebothatPurdue

and atLBL.

* simulationsforcalculatingtrackreconstructionefficiencies.The

* developmentofanalysistechniquesforextractingthecriticalindicesfrom

thedata.

• participatingintheothertwo (atpresent)TPC experiments.Thiswill

include running shifts, maintaining detectors, and analyzing data.

The threeTPC proposalswere acceptedby thePAC atLBL inJune.The

experimentswillbeginrunninginthesecondhalfof1991.

3. A proposaltotheRelativisticHeavv IonCollider

3.1 A studyofthecentralrapidityregionatRHIC usingaTPC.

We have proposedan experimenttostudyparticleand jetproductioninthe
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central rapidity region, Ill IK 1. Other members of the collaboration are U. C. -

Davis, U. C. L. A., U. Frankfurt, Johns Hopkins, Kent State, Lawrence Berkeley

Lab, Texas A&M, Washington, and Zagreb-Boskovic Institute. The proposal was

presented at the RHIC workshop held at Brookhaven National Laboratory, July 2-7,

1990. A letter ofintent will be submitted to BNL in September, 1990.

The experiment aims to study two aspects of hadron production that are

fundamentally new at RHIC. _'_.cause of the high charged particle multiplicity in a

central collision, one can study correlations between global observables on an event-

by-event basis. For example, speckle interferometry may permit the determination

of the hadronization volume 15 Pion spectra can be studied on an event-by-event

basis as well, allowing the determination of the slope parameter of the spectrum.

Particle ratios, ie, antiproton to pion, kaon to pion, can also be studied on the same

basis. One signature of a phase transition occurring at the critical point might be
violent fluctuations in these rati6_.

A second aspect of the proposed experiment is a study of the hard scattering of

partons as a probe of the properties of nuclear matter at high energy density. The
i

observation ofjets, whose ET>40 GeV, may provide a signature of quark-gluon
plasma formation. It is estimated that jet attenuation is reduced by a factor of

approximately 10 in the QGP as opposed to in hadronic matter.

The experimental apparatus is shown in Fig. 1. It consists of a cylindrical TPC

which covers about ± 2 units of pseudorapidity centered about _=0. The L_ner

(outer) radius of the TPC is 50 cm (200 cre). A magnetic field is coaxial with the

beam. Each TPC half has 75,000 channels. Surrounding the TPC is a 2 m radius

time oi"flight (TOF) cylinder. For 2%occupancy and 2000 charged particles in the

central region, 105 pixels of 6 cm2 each are required. Beyond the TOF is a

calorimeter. Further details can be found the accompanying three year proposal.

The Purdue High Energy Nuclear Physics group is intent in pursuing the

study of nuclear matter at the highest energies at RHIC. We believe that we are

uniquely suited to this endeavor, having had considerable experience at the

Fermilab Tevatron (E735). In addition, our experience in the nuclear fragmentation

field gives us a u_:_ue perspective on the physics of phase transitions.

We will be submitting a letter of intent to Brookhaven National Laboratory

this September, detailing the proposed experiment° As part of this effort, we will be

submitting a request for R&D funds which will be used to address several of the
technical issues which must be solved before such a de_ee_or can be built. In

17



Figure 1. Sketch of apparatusfor RHIC experiment.
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particular, the Purdue group will be investigating new techniques in time-of-flight

using silicon avalanche diodes. Further details can be found in our three year

proposal.

18 _i
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_i;_';/ E735 was proposed in 1983 as a dedicated search for the quark-gluon plasma

at the Fermilab Tevatron. The experiment was motivated by intriguing results
from UA1 and UA5 as well as theoretical suggestions that one should be able to

form states of energy density of about 10 times that of normal nuclear matter in

proton.antiproton collisions at _s = 1.8 TeV. Lattice gauge calculations I suggested
that the phase transition from confined quarks and gluons to the deconfined state
was first order, involviDg a large latent heat and a change from few degrees of

freedom m the hadronic phase to many degrees of fi_dom in the QGP phase. Van

Hove s suggested that the Correlation between average,transverse momentum, <pt >,

and the charged particle multiplicity per unit pseudorapidity, dNc/dl_, be used to

search for evidence of the phase transition. Inhis picture, a rise in <pt > vs dNc/d_

followed by a plateau, followed by a second rise, would sig_ify the hadronic, mixed,

- and quark-gluon phases of nuclear matter, respectively. E735 was designed to

" carry out this program as a function of particle type at the COcollision region of the
Tevatron_ Charged particles were measured in two ways. A scintillator hodoscope,

consisting of 240 elements gave coverage over 6.5 units of pseudorapidity. The

hodoscope gave a fast first estimate of the event multiplicity and was used for event
selection on.line. A central tracking chamber, CTC, was used to provide more

precise tracking information off-line, lt covered 3.2 units of pseudorapidity. The
_ was the responsibility of the Purdue High Energy Nuclear Physics group. The

momentum of charged tracks was sampled by a small single arm spectrometer,

" consisting of tracking chambers and two time-of-flight arrays. P_rticle momenta

from abou_ .15 GeV/c to 3.0 GeV/c, depending on particle type, were measured.

Typically, a few tracks per event entered the spectrometer. The apparatus is shown

in Figure 1. A short 3 month test run was made during the spring of 1987. At this

time, the CFC was still under construction. Final installation of the apparatus was

made in May, 1988 followed by a year of running.

_ The first run ofE735 has provided the world with some tantalizing views of the

_ physics at _s = 1.8 TeV. By correlating <pr> with dNc/d_ (Fig. 2), we have seen
-i behaviorconsistent with a first order phase transition.*Furthermore,theincrease
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