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Two- andthree-particledynamicalcorrelationamongprotonshavebeenstudiedseparately
in “hot” andin “cold” classesof eventsin 12C-AgBr interactionat4.5A GeV/c.

1. Introduction

Recentresultsof experimentson ultrarelativistic heavy-ion collisionsemphasizethe
importanceof studyingtheparticleproductionin thetargetfragmentationregion [1]. The
slow target-associatedparticlesareproducedin ultrarelativistic heavy-ion interactionis a
quantitativeprobeof thecascadingprocessesin thespectatorpartsof thetargetnucleus[2].
In emulsionterminology, theblack-track-producingparticlesareevaporatedfrom theex-
citedtargetremnantin a latestageof collisionwhereasthegray-track-producingparticles
(grayparticles)aremainly protonsknockedout of the targetnucleusin the laterstageof
thecollisions[3]. Many of thefeaturesof theblackandgraytrackscannotbetrivially ex-
plained,andthey putsevereconstraintson themodels.Especiallytheobservedstabilityof
theangulardistributions,whichseemsto beindependentof any variable,mightbeimpor-
tant.Thegray tracksdeserve properinvestigationbecausethey arestronglycorrelatedto
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theproducedparticles[4]. They aresupposedto rememberpartof thehistoryof thereac-
tion asthey leavethenucleusat thesametimescalewith thesecondariesof theinteraction
[5]. Therefore,it is importantto investigatethecorrelationsamongparticlesproducedin
the disintegrationof the target nuclei (i.e. gray particles).In relativistic heavy-ion colli-
sion, thestudyof two- andmany-particlecorrelationspresentssignificantfeaturesof the
nuclearinteractionandis apotentialsourceof information.Thesecorrelationscanprovide
directinformationaboutthelatestageof thereactionwhennuclearmatteris highlyexcited
anddiffused[6]. Thecorrelationwhichprevailsat theearlystageof interactioncannotbe
expectedto survivein thefinal statedueto therigorsof theinitial violentdensestage.The
late diffusedanddeconfinedstageis still far from normalunexcitednuclearmatter. One
maynotethattwo- andthree-particleinclusive correlationshave beenstudiedextensively
for relativistic particlesin heavy-ion collisions[7].

In ourearlierwork with relativistic α-particlesemittedasprojectilefragmentsin 12C-
emulsioninteractionat 4.5A GeV/c[8], it wasobservedthattheprojectilefragmentation
region is characterizedby two effective temperatures,of 10 MeV andof 40 MeV. Two
distinctly differentclassesof eventsexist, namely“hot” and“cold” eventswith different
reactionmechanisms.Our previous work with sucheventsin 12C-AgBr interactionsat
4.5 A GeV/cshowedsomeinterestingresults.We have observedthat thepion coherence
zonesaredifferentfor “hot” and“cold” events[9]. Ourobservationin studyingthefactorial
momentsof themedium-energy protonsrevealsan intermittentpatternin thecaseof the
“cold” events,but the “hot” eventsshow no suchself-similarity property[10]. We have
studiedthetwo-particlecorrelationamongshowerparticlesin two-temperatureevents[11].
We have alsostudiedthe multiplicity correlationfor pionsandprotonsemittedin both
forwardandbackwardhemispheresandobservedthetwo-temperatureevents[12]. In the
presentpaper, westudythetwo-particleandthree-particlecorrelationfor “cold” and“hot”
eventsby comparingthe experimentaltwo-particleor three-particleangularcorrelation
datawith theMonte-Carlosimulatedvalues,assuminganindependentemission.

2. Methodof analysis

2.1. Two-particlecorrelation

We investigatedthetwo-particlecorrelationby usingthestandardcorrelationfunction

C
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in � dσ � dz, andd2σ � � dz1dz2 � aretheinelasticcross-section,andthesingle-andthe

two-particledistributions,respectively. Theinclusive correlationfunction(normalized)is
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For grayparticles,with z � cosθ,

R cosθ1 � cosθ2 ���� 1
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whereN1  cosθ � is the numberof grey particleswith cosθ betweencosθ and cosθ �
d  cosθ � , N2  cosθ1 � cosθ2 � is the numberof pairs of grey particleswithin the intervals
cosθ1 to cosθ1 � d  cosθ1 � andcosθ2 to cosθ2 � d  cosθ2 � , andN is the total numberof
inelasticinteractionsin thesample.

2.2. Three-particlecorrelation

Theaboveequationwasextendedto threeparticlesby Levin etal. [13]:
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Thequantitiesρ1  z� �� 1� σ �  dσ � dz� � ρ2  z� �� 1� σ �  d2σ �  dz1dz2 � � andρ3  z� �� 1� σ �  d3σ �  dz1dz2dz3 � �
represent,respectively, one-, two-, and three-particledensities.With the exchangezi �
cosθi � i � 1 � 2 � 3, theequationtakestheform

R cosθ1 � cosθ2 � cosθ3 � ��
1
N
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whereN1  cosθ � andN2  cosθ1 � cosθ2 � aredefinedabove,andN3  cosθ1 � cosθ2 � cosθ3 � is
thenumberof tripletsof grey particlesbetweencosθ1 andcosθ1 � d  cosθ1 � , cosθ2 and
cosθ2 � d  cosθ2 � , andcosθ3 andcosθ3 � d  cosθ3 � .
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2.3. Experimentaldetails

A stackof NIKF1-BR2emulsionplateswasexposedto the12C beamat4.5A GeV/cin
thehigh-energy InstituteJINR (Dubna,Russia)Eachplatewasscannedthrough,“along-
the-track”,usinga Leitz Ortholux microscopewith the optics100! objective and20 !
occular. The eventswithin 20 µm thicknessfrom the top or bottomsurfaceof the plates
werenotanalysed.Thegrey trackswereidentifiedby theirgraindensityg as0 " 6g0 # g #
1 " 4g0, whereg0 is theplateaugraindensityfor singly chargedparticlesof a rangegreater
than3mm.Theselectionof targetprotontrackswasdoneaccordingto thework of Breivik
et al. [14]. Only thosegrey trackswereselectedfor the analysisthat did not show any
signsof interactionor decayat theirendpoints.Thiswasdoneto eliminatethegraytracks
which werenot dueto the targetprotons.Carewastakenso thatno contaminationtakes
placebetwenthe pionsandprotonsemittedasprojectilefragments.Relativistic protons
emittedwithin theprojectilefragmentationregionwereselectedby themethodof angular
cut [15] atanangleof θ givenby

Θ $ 0 " 2
Elab % GeV& "

In this way, 5250gray trackshave beenidentified.Theemissionanglesof black (b),
grey (g) andshower (s) track particlesfor both “hot” and “cold” groupof eventswere
measuredasdescribedin Ref.6.

3. Separationof “hot” and“cold” events

Eventswith thetwo differenttemperature,i.e. the“hot” and“cold” classification,was
madein accordancewith thework of Baumgardtetal. [17]. Thetransversemomentumof
α-particlesemittedasprojectilefragments,werecalculatedfrom therelation

PT $ Am0
v'

1 ( β2
sinθ )

whereA is the atomicnumber, m0 is the nucleonrestmass,v is the α-particlevelocity,
1* ' 1 ( β2 is theLorentzfactorof theprojectilefragmentandθ is the laboratory-frame
angleto the incomingbeamdirection. Assumingthe momentumdistribution (PT) to be
the Maxwell-Boltzmanndistribution in the projectilerest frameat a temperatureT, the
integral frequency distributionof thePT pernucleonsquared,Q $ % PT * A& 2 is

lnF % + Q&�$,( A
2m0T

Q "
Sincethis relation is linear, onecan easilyverify the agreementof a set of datato the
Maxwell-Boltzmanndistribution.A cumulativeplot of lnF % + Q& asafunctionof Q shows
a non-lineardistribution.It wasinterpretedasa mixtureof two Maxwell-Boltzmanncom-
ponentswith two distinctlydifferenttemperatures:one“hot” andtheother“cold”. A min-
imumchi-squarefit yielded40MeV and10MeV for thetwo temperatures,respectively. It
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wasobservedthatnearly60% of theeventsbelongto the“cold” groupandabout40% to
the“hot” group,thedetailsof whicharediscussedin Ref.8.

4. Monte-CarloSimulation

In studiesof correlationfunctions,pseudo-correlationsarisefromthebroadmutiplicity
(n) distributionandthedependenceof one-particlespectrumonthemultiplicity, aswell as
thetrivial correlationsdueto kinematicalconstraintsin theindividualevents.

Thesimulationwasbasedonthefollowing assumptions:

(i) particlesof all typesareindependentof eachother,

(ii) the multiplicity distribution in eachensembleof Monte-Carloeventsreproduces
theempiricalmultiplicity spectrumof therealensemble;

(iii) theangulardistributionof all typesof particlescoincideswith theempirical’semi-
inclusive’ (i.e,atfixedna - nb andng) angulardistribution.

Becauseof thelackof preciseknowledgeof theenergy andmomentumof thesystem,
we have useda randomsamplingmethodon thecorrespondingexperimentaldistribution
to generateMonte-Carloevents.This methodhasbeensuccessfullyappliedfor hadron-
nucleus[18] andnucleus-nucleus[19,16,7] interactions.Gulamov et al. [20] have com-
paredcorrelationfunctions(C) calculatedfrom theinclusive ensemblesof randomevents
generatedaccordingto the methodadoptedhere, i.e., the independentemissionmodel
(IEM), with the correlationfunction generatedaccordingto the cylindrical phase-space
model(CPSM)(which givesthecontribution of correlationdueto kinematics).They ob-
served that conservation laws led to an increaseof the long-rangeanda decreaseof the
short-rangecorrelations.Therefore,any observationof an excessof short-rangecorrela-
tion overthepredictionsof theIEM indicatesthepresenceof adynamicaleffectthatcannot
beexplainedby theconservationlaws.Moreover, thedifferencebetweentheexperimental
resultsandthemodelpredictionsincreaseif weusetheconservationlawsderivedfrom the
statisticaltheoryof multipleproduction.

By comparingthenormalisedcorrelationfunctionRobtainedfromexperimentwith RM
obtainedfrom Monte-Carlosimulatedevents,onecansearchfor thedynamicalcontribu-
tion to thecorrelation.ThedifferenceRD . R / RM (dynamicalsurplus)canbeinterpreted
asa manifestationof dynamicalcorrelation.

5. Resultsanddiscussion

Wecalculatethetwo-particlecorrelationfunctionwith thehelpof Eq.(1) for all events.
Fig. 1aandb show thenormalisedtwo-particlecorrelationfunctionalongwith theMonte-
Carlosimulatedvaluesfor “cold” eventsand“hot” events,respectively. Thecurvesin the
figuresrepresentthevaluesof thecorrelationfunctionsgivenby theMonte-Carlocalcula-
tionsandthecirclesrepresenttheexperimentalvalues.Thefiguresfunctions
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Fig. 1. Thenormalisedtwo particlecorrelationfunctionfor differentvaluesof cosθ: a) for
“cold” andb) for “hot” events.Thecurvesshow theMonte-Carlosimulatedvalues.

Fig. 2. Thedynamicalsurplus(excess)correlationover theMonte-Carlobackgroundfor
a) “cold” eventsandb) for “hot” events.

giving anideaof themagnitudeof theshort-rangetwo-particlecorrelationamongprotons
for differentvaluesof cosθ. Oneobservesstatisticallysignificantexcesscorrelationover
theMonte-Carlobackgroundin both“cold” and“hot” events.In thecaseof “cold” events,
the correlationis extremelyprominentat the anglesbetween850 and950 andat about
1250 , whereasin the caseof “hot” events,the correlationoccursonly from 850 to 900 .
Thedynamicalsurplus,i.e., theexcesscorrelationoverMonte-Carlobackgroundis shown
in Figs. 2a andb. The errorsshown areonly statistical[21] (the detailsaregiven in the
Appendix).
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Fig. 3. Thenormalisedthree-particlecorrelationfunctionfor differentvaluesof cosθ: a)
for “cold” eventsandb) for “hot” events.The curvesshow the Monte-Carlosimulated
values.

Figure4. Thedynamicalsurplus(excess)correlationover theMonte-Carlobackgrounda)
for “cold” eventsandb) for “hot” events.

Similar plots for three-particlecorrelationsareshown in Figs. 3a andb. The corre-
spondingdynamicalsurplusis depictedin Figs.4aandb. In this case,thecorrelationex-
istsover thebackwardhemispherefor “hot” events.Themaximumoccursat about1801 .
“Cold” eventsalsoshow correlationin thebackwardhemisphere- themaximumis atabout
1301 .
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6. Conclusion

Correlatedprotonsare emittedpreferentiallyin the backward hemispherefor 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.Thisanalysisprovidesnew dataon“hot” and“cold” eventsproducedby interaction
of 12C at4.5.A GeV/cin AgBr.
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Appendix

Thecalculationof errors.Fromtheexperimentaldata,thetwo-particlecorrelation
functionis calculatedas

R2 cosθ1 3 cosθ2 46587 n1n2 9�: ; 7 n1 9�7 n2 9=< > 1 3 forcosθ1 :5 cosθ2587 n 2 n > 14�9�:?7 n2 9�> 1 3 forcosθ1 5 cosθ2 3
wheren1 andn2 aretheblackmultiplicities in a small interval of δ 2 cosθ 4 aroundcosθ1
andcosθ2. Thevarianceof R is givenby

V ;R<@5BA 7 n1 9 2 7 n2 9 2 7 n1n2 9 2 > 2 7 n2
1n2 9�7 n1n2 9
7 n1 9
7 n2 9 2> 2 7 n1n2

2 9�7 n1 9 2 7 n2 9�7 n1n2 9�C,7 n2
1 9�7 n1n2 9 2 7 n2 9 2CD7 n2

2 9�7 n1n2 9 2 7 n1 9 2 C 2 7 n1n2 9 3 7 n1 9�7 n2 9>,7 n1n2 9 2 7 n1 9 2 7 n2 9 2 E ;N 7 n1 9 4 7 n2 9 4< F 1C O 2 1: N24 for cosθ1 :5 cosθ2 3
and

V ;R<@5BA 7 n4 9
7 n 9 2 > 4 7 n3 9�7 n2 9
7 n 9�C 4 7 n2 9 3>,7 n2 9 2 7 n 9 2 C 2 7 n2 9
7 n 9 2 > 4 7 n2 9 2 7 n 9C 2 7 n2 9�7 n 9 3 C,7 n2 9�7 n 9 2 >�7 n 9 4 E ;N 7 n 9 6< F 1C O 2 1: N2 4 for cosθ1 5 cosθ2 G
N is thetolalnumberof inelasticevents,O 2 1: N2 4 is apolynomialwhichis negligiblewhen
calculatingthe errors,in comparisonwith the other terms. Similarly, the three-particle
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correlationfunctionis experimentallyobtainedas

RH cosθ1 I cosθ2 I cosθ3 JK�L n H n M 1J H n M 2JON�P L n N 3 M 3 L n H n M 1J�N�P L n N 2 Q 2

for cosθ1
K cosθ2

K cosθ3 R
Thevarianceof thisquantityis calculatedtermby termandinsteadof giving thelong

algebraicexpressionof thenetvariance,wehavecomputedit andshown thecorresponding
errorsin thefigures.
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DINAMI ČKE KORELACIJEMED– U PROTONIMA SREDNJIHENERGIJA U
”VRUĆIM” I ”HLADNIM” RELATIVISTIČKIM TEŠKO-IONSKIM SUDARIMA

Proǔcavaju sedvo- i tročestǐcnedinamǐcke korelacije,posebnoza ”vruće” i za ”hladne”
proceseu sudarima12C-AgBr pri 4,5A GeV/c.
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