ISSN1330-0016
CODEN FIZBE7

DYNAMICAL CORRELAIION AMONG MEDIUM-ENERGY PROTONSIN “HOT”
AND “COLD” EVENTSIN RELATIVISTIC HEAVY-ION COLLISIONS

DIPAK GHOSH,KRISHNADAS PURKAIT andRANJAN SENGUPRA

High Enegy PhysicsDivision, Departmenbf Physics JadavpurUniversity,
Calcutta700032,India

Receved6 March1996
Revisedmanuscripteceved17 March1997
UDC 539.172539.1.073.7

PACS25.70.PqR5.75.+r

Two- andthree-particlalynamicalkorrelationamongprotonshave beenstudiedseparately
in “hot” andin “cold” classe®f eventsin 12C-AgBr interactionat4.5A GeV/c.

1. Introduction

Recentresultsof experimentson ultrarelatvistic heavy-ion collisionsemphasizahe
importanceof studyingthe particleproductionin the tagetfragmentatiorregion [1]. The
slow target-associatedarticlesare producedn ultrarelatvistic heavy-ion interactionis a
quantitatve probeof thecascadingrocesses thespectatopartsof thetargetnucleuq?].
In emulsionterminology the black-track-producingarticlesare evaporatedrom the ex-
citedtargetremnantn alate stageof collision whereaghe gray-track-producingarticles
(gray particles)are mainly protonsknocked out of the target nucleusin the later stageof
thecollisions[3]. Many of thefeaturesf theblackandgraytrackscannotbetrivially ex-
plained,andthey put severeconstraintonthemodels Especiallythe obsenedstability of
theangulardistributions,which seemso beindependentf any variable,might beimpor-
tant. The gray tracksdesere properinvestigationbecausehey arestronglycorrelatedo
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the producedparticles[4]. They aresupposedo remembepartof the history of thereac-
tion asthey leave the nucleusatthe sametime scalewith the secondariesf theinteraction
[5]. Therefore|t is importantto investigatethe correlationsamongparticlesproducedn
the disintegrationof the target nuclei (i.e. gray particles).In relatiistic heavy-ion colli-
sion, the study of two- and mary-particlecorrelationgpresentsignificantfeaturesof the
nucleaiinteractionandis apotentialsourceof information.Thesecorrelationsanprovide
directinformationaboutthelatestageof thereactionrwhennucleamatteris highly excited
anddiffused[6]. The correlationwhich prevails at the early stageof interactioncannotbe
expectedo survivein thefinal statedueto therigorsof theinitial violentdensestage The
late diffusedanddeconfinedstageis still far from normalunexcited nuclearmatter One
may notethattwo- andthree-particlénclusive correlationshave beenstudiedextensiely
for relativistic particlesin heary-ion collisions[7].

In our earlierwork with relatiistic a-particlesemittedasprojectilefragmentsn 2C-
emulsioninteractionat4.5A GeV/c[8], it wasobsenedthatthe projectilefragmentation
region is characterizedy two effective temperaturespf 10 MeV and of 40 MeV. Two
distinctly differentclassef eventsexist, namely“hot” and“cold” eventswith different
reactionmechanismsOur previous work with sucheventsin 12C-AgBr interactionsat
4.5 A GeV/cshaved someinterestingresults.We have obsenedthatthe pion coherence
zonesaredifferentfor “hot” and“cold” events[9]. Ourobsenationin studyingthefactorial
momentsof the medium-enagy protonsrevealsan intermittentpatternin the caseof the
“cold” events,but the “hot” eventsshowv no suchself-similarity property[10]. We have
studiedthetwo-particlecorrelatioramongshowverparticlesn two-temperaturevents[11].
We have also studiedthe multiplicity correlationfor pions and protonsemittedin both
forwardandbackward hemisphereandobseredthe two-temperaturevents[12]. In the
presenpaperwe studythetwo-particleandthree-particleorrelationfor “cold” and“hot”
eventsby comparingthe experimentaltwo-particleor three-particleangularcorrelation
datawith the Monte-Carlosimulatedvalues assuminganindependengmission.

2. Methodof analysis

2.1. Two-particlecorrelation

We investigatedhetwo-particlecorrelationby usingthe standarccorrelationfunction

Clz,z)=—— - — ——
(21,22) Oin dzidz, o2, dz; dz’

Wherecﬁv do/dz, anddzo/ (dz1dz) aretheinelasticcross-sectiorandthesingle-andthe
two-particledistributions,respectiely. Theinclusive correlationfunction (normalized)s

definedas
1 dc 1 do do 1 do do\ !
R(z1,2) = — S o o I\ =35 .
Oin dz1dzz  of, dz; dz of, dz1 dz
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For gray particleswith z= cos9,

R(cosB1,c0s8,)

(1 d’c 1 do do 1 do do \7!
~ \OipdcosBidcost;  o?, dcosBy dcoshz / \ o2, dcosh; dcosh,

_ NNp(cosBy,cosB7) B )
~ Ni(cosB1)Nz(cosBz)

where N;(cosB) is the numberof grey particleswith cosb betweencosd and cost+
d(cosB), No(cosB1,cos8,) is the numberof pairs of grey particleswithin the intenals

€0sB; to cosB;+ d(cosB:1) andcosH, to cosB+ d(coshy), andN is the total numberof
inelasticinteractiondn thesample.

2.2. Three-patrticlecorrelation

Theabove equationwasextendedo threeparticlesby Levin etal. [13]:

P3(21,22,23) + 2pa(z1)Pa(22) P1(23)
P1(z1)p1(22) p1(zs)
P2(21,22)P1(Z3) + P2(22,23) P1(21) + P2(23, 21) P1(Z2)
P1(z1)p1(22)P1(z3)

R(z1,2,23)

Thequantitiesps (2) = (1/0)(do/d2), p2(2) = (1/0)(P0/ (dz1dz)) andps(2) = (1/0)(o/ (dz1dza0zs))
representrespectrely, one-, two-, and three-particledensities.With the exchangez =
cosh;,i = 1,2,3, theequationakestheform

R(cos91,c0s0;,c0s83) =

{ %Ng(cosel, €082, cos03) + 2$N1(cosel) N1 (cosBz)N; (coss)

1 1
N2 N2(cosB1,c082)N;(cosB3) — N2 N2(cosB2,c0s83)N; (cosH1)

1 1 -1
-3z N2(cosB3,cos81 )Nz (cosh) } [m N1 (cosB1)N;i(cosB2)Ni(coshs)

?

whereN; (cosB) andNz(cosb;, cosh,) aredefinedabove, andN3(cosf1,c08,,c003) is
the numberof triplets of grey particlesbetweencost; andcosfi+ d(cos8:), cosf, and
c0sB,+ d(cos82), andcosB; andcosBs+ d(coshs).
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2.3. Experimentabetails

A stackof NIKF1-BR2emulsiorplatesvasexposedo the?C beamat4.5A GeVi/cin
the high-enegy Institute JINR (Dubna,Russia)Eachplatewasscannedhrough,“along-
the-track”, using a Leitz Ortholux microscopewith the optics 100x objective and 20x
occular The eventswithin 20 um thicknessfrom the top or bottomsurfaceof the plates
werenotanalysedThegrey trackswereidentifiedby their graindensityg as0.6g° < g <
1.49°, whereg? is the plateaugrain densityfor singly chagedparticlesof arangegreater
than3mm. Theselectiorof targetprotontrackswasdoneaccordingo thework of Breivik
et al. [14]. Only thosegrey trackswere selectedor the analysisthat did not shav ary
signsof interactionor decayattheir endpoints.Thiswasdoneto eliminatethegraytracks
which werenot dueto the target protons.Carewastaken so that no contaminatiortakes
placebetwenthe pions and protonsemittedas projectile fragments.Relatvistic protons
emittedwithin the projectilefragmentatiorregion wereselectedy the methodof angular
cut[15] atanangleof 6 givenby

02
Elab(GeV)-

In this way, 5250gray trackshave beenidentified. The emissionanglesof black (b),
grey (g) andshaver (s) track particlesfor both “hot” and“cold” group of eventswere
measuresdescribedn Ref. 6.

3. Sepaationof “hot” and“cold” events

Eventswith thetwo differenttemperaturei,e. the“hot” and“cold” classificationwas
madein accordancevith thework of Baumgardetal. [17]. The trans\ersemomentunof
a-particlesemittedasprojectilefragmentswerecalculatedrom therelation

Pr= Arrbiv sing,
1-p2
whereA is the atomichumber mp is the nucleonrestmass,v is the a-particle velocity,
1/+/1— B2 is the Lorentzfactorof the projectilefragmentand6 is the laboratory-frame
angleto the incoming beamdirection. Assumingthe momentundistribution (Pr) to be
the Maxwell-Boltzmanndistribution in the projectilerestframe at a temperaturerl, the
integral frequeng distribution of the Pr pernucleonsquaredQ = (Pr/A)? is

A
InF(>Q) = moT Q.
Sincethis relationis linear, one can easily verify the agreemenbf a setof datato the
Maxwell-Boltzmanrdistribution. A cumulatve plot of InF (> Q) asafunctionof Q shavs
anon-lineardistribution. It wasinterpretedasa mixture of two Maxwell-Boltzmanncom-
ponentswith two distinctly differenttemperaturesone“hot” andtheother“cold”. A min-
imum chi-squardit yielded40 MeV and10MeV for thetwo temperaturesespectiely. It
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wasobsenedthatnearly60 % of the eventsbelongto the“cold” groupandabout40 % to
the“hot” group,thedetailsof which arediscussedn Ref.8.

4. Monte-CarloSimulation

In studiesof correlationfunctions pseudo-correlatiorarisefrom thebroadmutiplicity
(n) distribution andthe dependencef one-particlespectrunon the multiplicity, aswell as
thetrivial correlationgdueto kinematicalconstraintsn theindividual events.

Thesimulationwasbasednthe following assumptions:
(i) particlesof all typesareindependenof eachother,

(ii) the multiplicity distribution in eachensembleof Monte-Carloeventsreproduces
theempiricalmultiplicity spectrunof therealensembile;

(iii) theanguladistribution of all typesof particlescoincideswith theempirical’ semi-
inclusive’ (i.e, atfixedna, Ny andng) angulardistribution.

Becaus®f thelack of preciseknowledgeof the enegy andmomentunof thesystem,
we have useda randomsamplingmethodon the correspondingxperimentaldistribution
to generateMonte-Carloevents. This methodhasbeensuccessfullyappliedfor hadron-
nucleus[18] and nucleus-nucleufl9,16,7]interactions.Gulamor et al. [20] have com-
paredcorrelationfunctions(C) calculatedrom the inclusive ensemblesf randomevents
generatedaccordingto the methodadoptedhere, i.e., the independenemissionmodel
(IEM), with the correlationfunction generatedaccordingto the cylindrical phase-space
model (CPSM)(which givesthe contritution of correlationdueto kinematics).They ob-
sened that conseration laws led to anincreaseof the long-rangeanda decreas®f the
short-rangecorrelations.Therefore,any obsenation of an excessof short-rangecorrela-
tion overthepredictionsof theIEM indicateshepresencef adynamicakffectthatcannot
be explainedby the conserationlaws. Moreover, the differencebetweerthe experimental
resultsandthemodelpredictiondgncreasef we usetheconserationlaws derivedfrom the
statisticaltheoryof multiple production.

By comparinghenormalisectorrelatiorfunctionR obtainedrom experimentwvith Ry
obtainedfrom Monte-Carlosimulatedevents,one cansearchfor the dynamicalcontribu-
tion to thecorrelation. ThedifferenceRp = R— Ry (dynamicalsurplus)canbeinterpreted
asa manifestatiorof dynamicalcorrelation.

5. Resultsanddiscussion

We calculatehetwo-particlecorrelatiorfunctionwith thehelpof Eq. (1) for all events.
Fig. 1aandb shav thenormalisedwo-particlecorrelationfunctionalongwith the Monte-
Carlosimulatedvaluesfor “cold” eventsand“hot” events,respectiely. The curvesin the
figuresrepresenthevaluesof the correlationfunctionsgivenby the Monte-Carlocalcula-
tionsandthecirclesrepresenthe experimentalvalues.Thefiguresfunctions
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Fig. 1. Thenormalisedwo patrticlecorrelationfunctionfor differentvaluesof cos: a)for
“cold” andb) for “hot” events.The curvesshav the Monte-Carlosimulatedvalues.
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Fig. 2. The dynamicalsurplus(excess)correlationover the Monte-Carlobackgroundor
a) “cold” eventsandb) for “hot” events.

giving anideaof the magnitudeof the short-rangewo-particlecorrelationamongprotons
for differentvaluesof cosd. Oneobsenresstatisticallysignificantexcesscorrelationover
theMonte-Carlobackgroundn both“cold” and“hot” events.In thecaseof “cold” events,
the correlationis extremely prominentat the anglesbetween85° and 95° and at about
125, whereadn the caseof “hot” events,the correlationoccursonly from 85° to 90°.
Thedynamicakurplusj.e., theexcesscorrelationover Monte-Carlobackgrounds shavn
in Figs. 2aandb. The errorsshavn areonly statistical[21] (the detailsaregivenin the
Appendix).
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Fig. 3. The normalisedhree-particlecorrelationfunctionfor differentvaluesof cos: a)
for “cold” eventsandb) for “hot” events. The curves shav the Monte-Carlosimulated
values.
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Figure4. Thedynamicalsurplus(excessorrelationoverthe Monte-Carlobackground)
for “cold” eventsandb) for “hot” events.

Similar plots for three-particlecorrelationsare shavn in Figs. 3aandb. The corre-
spondingdynamicalsurplusis depictedn Figs.4aandb. In this case the correlationex-
istsover the backward hemispherdor “hot” events.The maximumoccursat about18C .
“Cold” eventsalsoshaw correlationin thebackwardhemisphere themaximumis atabout
130°.
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6. Conclusion

Correlatedprotonsare emitted preferentiallyin the backward hemisphereor both
“hot” and“cold” events. This may be interpretedas the so called "side splash”effect,
and region of the occurrencedependson whetherthe eventsbelongto “hot” or “cold”
group.Thisanalysiprovidesnew dataon“hot” and“cold” eventsproducedy interaction
of 12C at4.5.A GeV/cin AgBr.
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Appendix

Thecalculationof errors. Fromtheexperimentatiata thetwo-particlecorrelation
functionis calculatechs

R(cosB1,cos8,) <np > /[<np><np>]—1, forcosBi#cosh;

<n(n-1)>/<n?>> -1, forcosf; = coshy,

wheren; andny arethe black multiplicities in a smallinterval of 3(cosB) aroundcosf;
andcosB,. Thevarianceof Ris givenby

VIR = {<m>Z<m>2<nn>2-2<nmn><nn><n >< np>2
—2< g ><m >3 >< Ny > + < N2 >< nnp >2< np >2
+<m><mm>2<m>242<mn >3<n ><ny >
— <mnp >2<n >2<np >2HN < np >4<np >4 71
+0(1/N?) for cosBi= coshy,

and

VIR = {<n*><n>?-4<nm><n®><n>+4<n?>3
—<nm?>2<n>?242<m><n>2—4<n?>2<n>
+2<nm><n>+ < ><n>2—<n>*N<n>f7?
+0(1/N?) for cosB; = coshy.

N is thetolal numberof inelasticevents,0(1/N?) is apolynomialwhichis negligible when
calculatingthe errors,in comparisorwith the otherterms. Similarly, the three-particle
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correlationfunctionis experimentallyobtainedas

R(cos81,c0s82,c0s83)
=<nn-1)(n-2)>/<n>3>-3<nn-1)>/<n>242

for cos91 = cosP, = cosO3.

Thevarianceof this quantityis calculatedermby termandinsteadof giving thelong
algebraiexpressiorof thenetvariancewe have computedt andshavn thecorresponding
errorsin thefigures.
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DINAMI CKE KORELACIJEMEBU PROTONIMA SREDNJIHENERGIA U
"VRUCIM” | "HLADNIM” RELATIVISTICKIM TESKO-IONSKIM SUDARIMA

Prolwavaju sedvo- i troCesttnedinamitke korelacije,posebnaavruce” i za"hladne”
proceseu sudarima?C-AgBr pri 4,5A GeVi/c.
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