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HadronizationHadronization

WeWe produceproduce ""freefree" " partonspartons in high in high energyenergy collisionscollisions likelike
ee+++e+e--, , e+pe+p, , p+pp+p, A+A., A+A.

PartonsPartons in in thethe final final statestate havehave to to bebe convertedconverted intointo
hadronshadrons..

CanCan wewe learnlearn aboutabout thethe partonparton phasephase fromfrom a a theorytheory of of 
hadronizationhadronization??

HOW?

Non-Perturbative QCD
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FragmentationFragmentation

There is a theory at large PT: pQCD factorization.
Long- and short-distance contributions separated for single
parton fragmentation.

ThereThere isis a a theorytheory at at largelarge PPTT: : pQCDpQCD factorizationfactorization..
LongLong-- and and shortshort--distancedistance contributionscontributions separatedseparated forfor singlesingle
partonparton fragmentationfragmentation..

hpph →⊗= Dσσ

FragmentationFragmentation functionsfunctions D D areare notnot
calculatedcalculated; ; determineddetermined fromfrom ee++ee-- datadata..
Works well Works well forfor pionpion productionproduction in in p+pp+p
at RHIC.at RHIC.
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LimitationsLimitations of of FragmentationFragmentation

FragmentationFragmentation isis notnot workingworking::
in in centralcentral heavyheavy ionion collisionscollisions at RHIC.   at RHIC.   FragmentationFragmentation + + 
energyenergy lossloss seemseem to to workwork aboveabove 6 6 GeVGeV/c. /c. ButBut belowbelow::

BaryonBaryon enhancementenhancement, , dependencedependence of Rof RAAAA on on hadronhadron
speciesspecies

in in thethe lowlow PPTT//forwardforward regionregion Leading Leading particleparticle effecteffect
whenwhen thethe singlesingle partonparton picturepicture breaksbreaks down.down.

FF modified in the medium by parton energy
loss (Wang, Guo; Gyulassy, Levai, Vitev; ...) RCP from PHENIX

q
q
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FromFrom FragmentationFragmentation to to RecombinationRecombination

WithWith moremore partonspartons aroundaround: multiple : multiple partonparton fragmentationfragmentation
((higherhigher twist)twist)

IfIf phasephase spacespace isis filledfilled withwith partonspartons, , recombinerecombine//coalescecoalesce
themthem intointo hadronshadrons..

UseUse just just thethe lowestlowest Fock Fock statestate, i.e. , i.e. valencevalence quarksquarks:   :   
qqqqqq→→BB qqqq→→MM
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TheThe Leading Leading ParticleParticle EffectEffect
K.P. Das & R.C. K.P. Das & R.C. HwaHwa: Phys. : Phys. LettLett. B68, 459 (1977):. B68, 459 (1977):
QuarkQuark--AntiquarkAntiquark Recombination in the Fragmentation RegionRecombination in the Fragmentation Region

BraatenBraaten, , JiaJia, , MehenMehen: Phys. Rev. : Phys. Rev. LettLett. 89, 122002. 89, 122002 (2002)(2002)

∫= ),,(),()( 21M21
21

21
M xxxRxxF

xx
dxdxxdσ Recombination of beam partons

in forward direction.

Asymmetry of D mesons in forward direction,
α=0 from LO fragmentation.)()(

)()(
)(

xdxd
xdxd

x
DD

DD

+−

+−

+

−
=

σσ
σσ

α

E791 π- beam: hard cc production;
recombine c with d valence
quark from π- > reco of c with d



Rainer Fries @ QM 2004Rainer Fries @ QM 2004 RecombinationRecombination Models   Models   88

RHIC RHIC puzzlespuzzles

AnomalousAnomalous baryonbaryon enhancementenhancement..

DifferenceDifference in in baryonbaryon and and mesonmeson vv22..

PHENIX

PHENIX

p/π~1

RCP~1 
for protons

Saturation of v2 at 
different PT and on 
different levels. 
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Power law:

Exponential:

RecombinationRecombination forfor a a densedense partonparton
systemsystem

ReCoReCo of of hadronshadrons: : convolutionconvolution of of WignerWigner functionsfunctions

Where does Where does ReCoReCo win?win?
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M Φ++−−= ∫∑∫ ππ

Wab(1;2) = wa(1)wb(2)

fragmenting parton:
ph = z p, z<1

recombining partons:
p1+p2=ph
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AzimuthalAzimuthal anisotropyanisotropy vv22

Anisotropy vAnisotropy v22::

VoloshinVoloshin, Lin & , Lin & KoKo, Molnar, , Molnar, NonakaNonaka: v: v22 from from ReCoReCo

vv22 scaling law:scaling law:

vv44, v, v66 from from ReCoReCo: Chen, : Chen, KoKo, Lin, Lin
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vv22 ScalingScaling

P. Sorensen
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vv22 ScalingScaling

P. Sorensen

Perfect scaling for all measured hadrons,
some deviation for pions (from ρ decays)
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vv22 ScalingScaling

Perfect scaling for all measured hadrons,
some deviation for pions (from ρ decays)

P. Sorensen

P. Sorensen

Baryons are pushed further in PT
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ReCoReCo ChallengesChallenges

CurrentCurrent formalismformalism notnot suitablesuitable at at veryvery lowlow PPTT::
ParticleParticle numbernumber scalingscaling..
HadronicHadronic rescatteringrescattering??
EnergyEnergy conservationconservation, , particlesparticles off off thethe massmass shellshell
(2(2→→2, 32, 3→→2 2 insteadinstead of of 22→→1, 31, 3→→1 1 processesprocesses))
DecreasingDecreasing entropyentropy?                  ?                  
includeinclude resonancesresonances, , ρ→ππρ→ππ etc.etc.

CorrelationsCorrelations in in thethe hadronhadron spectrumspectrum..
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Duke Duke ReCoReCo
Duke/Minnesota/Duke/Minnesota/KyotoKyoto (Fries, (Fries, Müller,Nonaka,Bass,AsakawaMüller,Nonaka,Bass,Asakawa))

RecombineRecombine thermal thermal ensembleensemble of massive of massive quarksquarks
((constituentconstituent quarksquarks) at ) at thethe phasephase transitiontransition..

AddAdd pQCDpQCD calccalc. . usingusing fragmentationfragmentation and and energyenergy lossloss..
No No softsoft--hardhard ReCoReCo; ; resonancesresonances studiedstudied, , butbut no no ρρ..
ManyMany different different hadronhadron speciesspecies; b ; b dependencedependence..
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Texas Texas ReCoReCo / Ohio / Ohio ReCoReCo

Texas A&M/Budapest (Greco, Texas A&M/Budapest (Greco, KoKo, , LevaiLevai, Chen), Chen)
Monte Carlo Monte Carlo implementationimplementation ((usingusing also also spatialspatial overlapoverlap))
Soft (thermal/AMPT) and Soft (thermal/AMPT) and hardhard ((minijetminijet) ) partonspartons
SoftSoft--hardhard coalescencecoalescence isis allowedallowed..
EffectsEffects of of resonancesresonances studiedstudied ρρ significantlysignificantly increasesincreases
thethe lowlow PPTT yieldyield of of pionspions; ; solutionsolution to to thethe entropyentropy
problemproblem??
ResonancesResonances don'tdon't destroydestroy thethe vv22 scalingscaling lawlaw..

Ohio State (Ohio State (LinLin, , MolnarMolnar))
ReCoReCo asas a a solutionsolution to to thethe opacityopacity puzzle; puzzle; inputinput MPC.MPC.
DeneshDenesh Molnar'sMolnar's talktalk
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ResultsResults forfor RHICRHIC
ReCo dominates
up to 4..6 GeV/c; 
fragmentation and
energy loss takes
over above.

Frag

Frag+Coal

Frag+Coal+SH

ρ→ππ

Good description of the
different hadron species

Duke

Duke

Texas

Texas
Texas
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EllipticElliptic flowflow resultsresults

Duke

Ohio

TexasWhen does v2 from
pQCD take over?

ρ→ππ

Experimental result:
v2(s) = v2(u,d)
What about charm?

Chiho Nonaka's poster
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Back to Back to FragmentationFragmentation

Oregon (Oregon (HwaHwa, Yang):, Yang):
FragmentationFragmentation functionfunction isis a a blackblack box.box.
EarlyEarly attemptsattempts to to calculatecalculate FF FF withwith ReCoReCo::
MigneronMigneron, Jones, , Jones, LassilaLassila: PRD 26, 2235 (1982): PRD 26, 2235 (1982)

LetLet jetjet partonspartons showershower and and recombinerecombine..
((ConvertConvert gluonsgluons to to quarkquark antiquarkantiquark pairspairs) ) 

ThermalThermal--Thermal, Thermal, ThermalThermal--ShowerShower, , 
ShowerShower--ShowerShower ReCoReCo forfor a a mesonmeson..
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ResultsResults on on fragmentationfragmentation

Oregon

Oregon

Shower distributions from π, K FF; 
check proton FF. 

Oregon: shower-thermal is
very important at RHIC.

Rudy Hwa's talk
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MythsMyths aboutabout ReCoReCo

ReCoReCo makesmakes pQCDpQCD & & jetjet quenchingquenching obsolete.obsolete.
>> >> pQCDpQCD has to has to dominatedominate forfor PPTT→∞→∞..
>> >> WithoutWithout largelarge jetjet quenchingquenching, , ReCoReCo mightmight bebe invisibleinvisible..

ReCoReCo contradictscontradicts hydrodynamicshydrodynamics (v(v22 scalingscaling).).
>> v>> v22 massmass splittingsplitting at at lowlow PPTT isis perfectlyperfectly explainedexplained byby

hydrohydro, no , no scalingscaling therethere..

ReCoReCo isis freefree of of particleparticle correlationscorrelations..
>> >> WrongWrong. . HadronHadron correlationscorrelations reflectreflect partonparton correlationscorrelations..

0        1        2       3        4       5       6       7    8       9      10     11     12   GeV/c

pQCD
ReCoHydro
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MythsMyths aboutabout ReCoReCoFactsFacts aboutabout ReCoReCo
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MassMass vsvs valencevalence quarkquark numbernumber

Pure Pure hydrohydro + + pQCDpQCD descriptionsdescriptions associateassociate anomalousanomalous
hadronhadron behaviorbehavior at at intermediateintermediate PPTT withwith massmass effectseffects
((HiranoHirano, , NaraNara))

K. Schweda

STAR: φ and K* behave like
mesons, despite of the large
mass: ReCo prediction!
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CorrelationsCorrelations II
2-meson production:
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CorrelationsCorrelations IIII
PartonParton correlationscorrelations triviallytrivially translatetranslate intointo hadronhadron
correlationscorrelations..
ModellingModelling of of correlationscorrelations on on thethe partonparton sideside:  :  
baryonbaryon//mesonmeson differencedifference; ; quarkquark//antiquarkantiquark differencedifference..
SoftSoft--hardhard//thermalthermal--showershower ReCoReCo givesgives such such correlationscorrelations..
PartonParton correlationscorrelations eveneven in in 
thethe "thermal" "thermal" regimeregime??
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A A GlanceGlance at LHCat LHC

More hard partons, 
but stronger energy loss.

Thermal phase will be
pushed out further!

Fries, Müller: Proc. for LHC 2003; CERN Yellow Rep. "Hard probes..."
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ConclusionsConclusions
HadronizationHadronization of a of a densedense phasephase spacespace of of partonspartons cancan bebe
describeddescribed byby ReCoReCo..
ReCoReCo isis thethe dominant dominant hadronizationhadronization mechanismmechanism forfor
centralcentral Au+AuAu+Au collisionscollisions at RHIC at RHIC forfor PPTT < 4...6 < 4...6 GeVGeV/c./c.
ReCoReCo naturallynaturally explainsexplains differencesdifferences betweenbetween hadronhadron
speciesspecies; ; baryonbaryon enhancementenhancement, v, v22 scalingscaling, R, RAAAA/R/RCPCP......
All All observedobserved hadronhadron speciesspecies seemseem to to obeyobey thethe ReCoReCo
systematicssystematics ((ππ00, , ππ±±, K, K00, K, K±±, , φφ, p, , p, ΛΛ, , ΞΞ, , ΩΩ, d etc.), d etc.)
Different Different implementationsimplementations agreeagree on on basicbasic conceptsconcepts; ; 
densedense partonparton phasephase withwith collectivecollective propertiesproperties..

TheThe futurefuture: : exploreexplore thethe softsoft--hardhard regionregion, , rolerole of of 
resonancesresonances, v, v22 scalingscaling violationsviolations, , charmcharm, 2, 2--particle particle 
correlationscorrelations ........
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The EndThe End
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Backup
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ReCoReCo & Hard & Hard ScatteringScattering

T. T. OchiaiOchiai, Prog. , Prog. TheorTheor. Phys. 75 (1986) 1184. Phys. 75 (1986) 1184

A A

meson
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IsIs thethe partonparton phasephase accessibleaccessible??

HowHow well well defineddefined areare resultsresults forfor thethe partonparton phasephase??
ResultsResults forfor thethe partonparton spectrumspectrum cancan havehave different different 
interpretationsinterpretations ((e.ge.g. . minijetminijet vsvs showershower))
Consensus: (Consensus: (thermalizedthermalized) ) densedense partonparton phasephase withwith
collectivecollective flowflow..
EllipticElliptic flowflow seemsseems to to bebe an an unambiguousunambiguous propertyproperty of of thethe
partonparton phasephase: : 

Duke
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