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ChiralChiral SymmetrySymmetry BreakingBreaking

•• The The threethree--quarkquark modelmodel
–– SSU(3) U(3) flavourflavour--ssyymmetrmmetryy
–– SpontSpontananeeouslyously brokenbroken

=> 9 Goldstone bo=> 9 Goldstone bossononss
–– CorrespondingCorresponding toto lightlight mesonsmesons

•• ThereThere areare onlyonly 8! (8! (MesonMeson--octetoctet))

•• UUAA(1) (1) chiralchiral symmetrysymmetry explicitlyexplicitly brokenbroken
–– DistinctDistinct topologicaltopological vacuumvacuum--statesstates
–– TunnelingTunneling b/w b/w themthem –– quasiparticlesquasiparticles

(instanton(instantonss)) 
–– 99thth bobosson on gainsgains massmass −− ηη’’ (958 MeV(958 MeV)) 
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RestorationRestoration of of thethe SymmetrySymmetry

•• HighHigh energyenergy densitiesdensities
–– AsymptotiAsymptoticc freedomfreedom ααss →→ 00
–– NontrivialNontrivial topologytopology vanishesvanishes
–– U(1)U(1) no more no more brokenbroken
–– SU(3) SU(3) restoredrestored

RemarkRemark::
FromFrom SSB, SSB, OneOne expectsexpects masslessmassless mesonsmesons..
HoweverHowever, , thethe flavourflavour symmetrysymmetry is is inexactinexact..

•• MassMass reductionreduction
LowerLower boundbound (Gell(Gell--Mann Mann –– Okubo):Okubo):

UpperUpper boundbound (S,NS i(S,NS issosinglet osinglet eigenstateseigenstates):):

ΔΔm m is is thethe extra extra massmass fromfrom instantonsinstantons inin a a notnot--soso--densedense mediummedium
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SignatureSignature: : ParticleParticle AbundancyAbundancy
•• HagedornHagedorn--modelmodel

–– ProductionProduction of of lightlight mesonsmesons::

TTHH~160 MeV ~160 MeV HagedornHagedorn--temperaturetemperature

•• InIn casecase of a of a possiblepossible massmass dropdrop::
–– NumberNumber ofof ηη‘‘ss wouldwould be be smallsmall::
–– WithWith a a stronglystrongly reducedreduced ηη‘‘ massmass::

•• An An enhancementenhancement of a of a factorfactor of of 5050 atat maximummaximum
•• IncreasedIncreased weightweight of of strangestrange statesstates, , ratherrather 3 3 toto 1616

•• ConsequenceConsequence of of thethe reducedreduced massmass::
An An increasedincreased abundancyabundancy of of ηη’’ mesonsmesons
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The The ηη'' throughthrough PhasePhase TransitionTransition
•• HadronizHadronizationation

–– ReducedReduced--mass mass ηη’’mesons produced with a decreased mass mesons produced with a decreased mass 
with an increased with an increased abundancyabundancy

•• Decoupling from nonDecoupling from non--GoldstonGoldstonicic mattermatter
–– Mean free path for annihilation is largeMean free path for annihilation is large
–– Long lived Long lived 

•• ””CondensateCondensate”” in the mediumin the medium
–– LowLow--ppTT ηη’’ mesons are unable to get onmesons are unable to get on--shell in the vacuumshell in the vacuum
–– Medium acts as a trap for lowMedium acts as a trap for low-- ppTT ηη’’ mesonmesonss

•• As medium dissolves, the As medium dissolves, the ηη’’ mesonsmesons regain their regain their 
original massoriginal mass

The Return of the prodigal Goldstone boson. J. I. Kapusta, D. KhThe Return of the prodigal Goldstone boson. J. I. Kapusta, D. Kharzeev, L. arzeev, L. 
D. McLerran Phys.Rev.D53:5028D. McLerran Phys.Rev.D53:5028--5033,1996. Hep5033,1996. Hep--ph/9507343ph/9507343
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ChannelsChannels of of ObservationObservation
•• DirectDirect llepteptononicic decaydecay ηη''→→ℓℓ++ℓℓ−−

–– Increased Increased ηη'/'/ππ proportion in the lowproportion in the low--ppTT rangerange
–– Excess in theExcess in the ℓℓ++ℓℓ−− spespectrumctrum under the under the ρρ massmass

•• ηη memesson (BR=on (BR=7733%%)) ηη''→→ηηππ++ππ−−

–– IncludingIncluding decaydecay throughthrough ρρ
–– DecayDecay of of ηη memessonon

•• 23% 23% ηη→→ππ+ + ππ−−ππ00

•• 5%   5%   ηη→→ππ+ + ππ−−γγ
•• 39% 39% ηη→→22γ         γ         
•• 33% 33% ηη→→33ππ00

–– EnhancedEnhanced productionproduction of of uncorrelateduncorrelated pionspions
–– BEC of charged pionsBEC of charged pions

•• Sensitive to the sources of the Sensitive to the sources of the pionspions
•• Direct measurementDirect measurement ηη''→→γγγγ

–– Would be convincing, however, poor S/B ratio Would be convincing, however, poor S/B ratio ((ππ00→→γγγγ))
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•• Pions from QM freezeoutPions from QM freezeout
–– Primordial (from phase transition)Primordial (from phase transition)
–– Fast decaying resonancesFast decaying resonances
–– LongLong--life resonances life resonances ((ωω,, ηη,, ηη’’,, KKSS

00))
–– CoreCore//halohalo ratio: ratio: λλ((pptt))
–– BEC BEC interceptintercept parameterparameter

CorrelationsCorrelations & & CoreCore--Halo Halo picturepicture
Core: 

π±, K±, Λ, Σ, …

Halo: 
η’, η, ω, KS

Hot and dense matter: η’ mass reduction
⇓

Enhanced η’ content
Decay: η’→η+π+ +π-→ (π0+π++π−)+π++π−

Average pt of π’s 138 MeV
⇓

More non-interacting π’s at low pt
λ(pt) measures fraction of interacting π’s

⇓
A hole in λ(mt) 

Hot and Hot and densedense mattermatter: : ηη’’ massmass reductionreduction
⇓⇓

EnhancedEnhanced ηη’’ contentcontent
DecayDecay: : ηη’’→→ηη++ππ+ + ++ππ--→→ ((ππ00++ππ++++ππ−−)+)+ππ++++ππ−−

AverageAverage pptt of of ππ’’ss 138 138 MeVMeV
⇓⇓

More More nonnon--interactinginteracting ππ’’ss atat lowlow pptt

λλ((pptt) ) measuresmeasures fractionfraction of of interactinginteracting ππ’’ss
⇓⇓

A A holehole inin λλ((mmtt) ) 
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Phys.Rev.Lett.81:2205Phys.Rev.Lett.81:2205--2208,1998 2208,1998 
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SimulationsSimulations & & experimentalexperimental resultsresults
•• VVéértesi, Csrtesi, Csöörgrgőő, Sziklai: , Sziklai: 

Nucl.Phys.A830:631,200Nucl.Phys.A830:631,20099
•• MassMass dropdrop compatiblecompatible withwith thethe datadata

•• OtherOther reasonsreasons possiblepossible??
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DetailedDetailed analysisanalysis
•• MassMass dropdrop analyzedanalyzed inin detaildetail

–– CsCsöörgrgőő, V, Véértesi, Sziklai: rtesi, Sziklai: arXivarXiv:0912.0258, .5526:0912.0258, .5526

•• MaximalMaximal massmass withwith 55σσ contourscontours: 730 : 730 MeVMeV
•• Best fit Best fit betweenbetween 340340--530 530 MeVMeV
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NeedNeed forfor confirmationconfirmation
•• Idea: Idea: rejectreject pionspions fromfrom ηη’’
•• MethodMethod alreadyalready testedtested

–– KulkaKulka and and LLöörstadrstad
NIM A295, 443 (1990)NIM A295, 443 (1990)

•• InIn electronelectron--positronpositron
•• LundLund MCMC
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PionPion distributiondistribution analysisanalysis
•• KinematicsKinematics asas

expectedexpected
•• CutCut possiblepossible
•• OptimalOptimal cutcut toto be be 

exploredexplored

η→π+π−[π0,γ]

η’→ ηπ+π−

η’→ π+π−π+π−[π0,γ]
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RejectionRejection methodmethod
•• AnalyzeAnalyze ππ++ππ++ππ−−ππ−− quadrupletsquadruplets
•• CheckCheck ifif theythey fallfall withinwithin thethe kinematicalkinematical cutscuts

–– mm++−−
22 inin 0.075 0.075 toto 0.171 GeV0.171 GeV22/c/c22 ((inin bothboth combinationscombinations))

–– mm44
22 inin 0.43 0.43 toto 0.69 GeV0.69 GeV22/c/c22

•• ApplyApply thisthis toto pairspairs::
–– LookLook forfor allall quadrupletsquadruplets withwith thisthis pairpair inin itit
–– IfIf insideinside massmass intervalinterval, , itit is FOUNDis FOUND
–– CheckCheck ifif fromfrom ηη’’ oror notnot

•• ApplyApply thisthis toto particlesparticles::
–– LookLook forfor allall quadrupletsquadruplets withwith thisthis particleparticle inin itit
–– IfIf insideinside massmass intervalinterval, , itit is FOUNDis FOUND
–– CheckCheck ifif fromfrom ηη’’ oror notnot

•• AcceptanceAcceptance cutscuts makemake itit more more complicatedcomplicated
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ScenariosScenarios
•• WeWe checkedchecked severalseveral scenariosscenarios::

–– PairPair oror particleparticle cutscuts
–– AcceptanceAcceptance: : totaltotal, , rapidityrapidity cutcut ((ηη<0.35), <0.35), angularangular

cutcut ((cutcut out a out a PHENIXPHENIX--likelike halfhalf))
–– NegativeNegative oror positivepositive pionspions ((essentiallyessentially thethe samesame, , 

willwill quotequote onlyonly ππ++))
•• TwoTwo simulationssimulations: Pythia and HIJING: Pythia and HIJING
•• Au+Au+AuAu and p+p, 200 and p+p, 200 GeVGeV and 14 TeVand 14 TeV
•• ImportantImportant numbersnumbers

–– CutCut efficiencyefficiency (% of (% of ηη‘‘ descendantsdescendants taggedtagged))
–– CutCut lossloss (% of (% of nonnon--ηη‘‘ descendantsdescendants NOT NOT taggedtagged))
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14 TeV p+p 14 TeV p+p resultsresults

•• No No acceptanceacceptance cutcut
–– PairsPairs: : EfficiencyEfficiency 70%, 70%, LossLoss 40%40%
–– ParticlesParticles: : EfficiencyEfficiency 98%, 98%, LossLoss 5%5%

•• RapidityRapidity cutcut
–– PairsPairs: : EfficiencyEfficiency 31%, 31%, LossLoss 16%16%
–– ParticlesParticles: : EfficiencyEfficiency 64%, 64%, LossLoss 14%14%

•• RapidityRapidity & & transversetransverse angularangular cutcut
–– PairsPairs: : EfficiencyEfficiency 17%, 17%, LossLoss 8%8%
–– ParticlesParticles: : EfficiencyEfficiency 46%, 46%, LossLoss 11%11%
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200 200 GeVGeV p+p p+p resultsresults

•• No No acceptanceacceptance cutcut
–– ParticlesParticles: : EfficiencyEfficiency 98%, 98%, LossLoss 22%22%
–– PairsPairs: : EfficiencyEfficiency 96%, 96%, LossLoss 3%3%

•• RapidityRapidity cutcut
–– ParticlesParticles : : EfficiencyEfficiency 56%, 56%, LossLoss 8%8%
–– PairsPairs : : EfficiencyEfficiency 67%, 67%, LossLoss 3%3%

•• RapidityRapidity & & transversetransverse angularangular cutcut
–– ParticlesParticles : : EfficiencyEfficiency 52%, 52%, LossLoss 6%6%
–– PairsPairs : : EfficiencyEfficiency 85%, 85%, LossLoss 4%4%
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200 200 GeVGeV Au+Au+AuAu resultsresults

•• No No acceptanceacceptance cutcut
–– NotNot donedone duedue toto computingcomputing timetime problemsproblems

•• RapidityRapidity cutcut
–– ParticlesParticles: : EfficiencyEfficiency 99%, 99%, LossLoss 99%99%
–– PairsPairs: : EfficiencyEfficiency 100%, 100%, LossLoss 55%55%

•• RapidityRapidity & & transversetransverse angularangular cutcut
–– ParticlesParticles: : EfficiencyEfficiency 99%, 99%, LossLoss 99%99%
–– PairsPairs: : EfficiencyEfficiency 100%, 100%, LossLoss 52%52%
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ResultsResults forfor pairspairs
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ResultsResults forfor particlesparticles
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SummarySummary

•• ProofProof of of conceptconcept, , donedone inin Au+Au+AuAu and p+pand p+p

•• NeedsNeeds toto be be crosscross--checkedchecked

•• CutCut dependencedependence toto be be exploredexplored

•• PairPair rejectionrejection seemsseems toto be be doabledoable inin Au+Au+AuAu

•• Has Has toto be be donedone onon an an experimentalexperimental samplesample
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