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WhyWhy studystudy inin--mediummedium hadronshadrons??
InIn--mediummedium propertiesproperties maymay signalsignal exoticexotic statesstates of of 
nuclearnuclear matter (matter (e.ge.g.: QGP, .: QGP, chirallychirally restoredrestored phasephase) ) 
needneed baselinebaseline effectseffects in normal in normal nuclearnuclear mattermatter

Mesons in medium can give infos on meson-
nucleon interactions through selfenergies

NucleusNucleus as a as a ‚‚microdetectormicrodetector‘‘: : 
accessaccess to to productionproduction-- and and formationformation--timestimes in in quarkquark--
fragmentationfragmentation, , colorcolor transparencytransparency



ManyMany possiblepossible ExperimentsExperiments

ObserveObserve outgoingoutgoing nucleonsnucleons, , mesonsmesons, , photonsphotons, , dileptonsdileptons, ..., ...
A + A: GSI, AGS, SPS, RHIC, LHCA + A: GSI, AGS, SPS, RHIC, LHC
p + A : COSYp + A : COSY
ππ + A : GSI (HADES)+ A : GSI (HADES)
γγ((**))++ A : MAMI, ELSA, JLAB, HERMESA : MAMI, ELSA, JLAB, HERMES
incoherentincoherent photophoto-- and and electroproductionelectroproduction of of hadronshadrons on on nucleinuclei fromfrom 100 MeV 100 MeV 
(MAMI, ELSA) (MAMI, ELSA) overover fewfew GeVGeV (JLAB) to ~20 (JLAB) to ~20 GeVGeV (HERMES)(HERMES)
νν + A in LBL + A in LBL neutrinoneutrino experimentsexperiments
pbarpbar + A (PANDA)+ A (PANDA)
Same Same PhysicsPhysics in in veryvery different different scenariosscenarios! Common to ! Common to 
all of all of themthem: : NeedNeed to to understandunderstand connectionconnection betweenbetween
inin--mediummedium propertyproperty and final and final observableobservable!!



InIn--mediummedium MassesMasses, , 
fromfrom light to light to heavyheavy quarksquarks

Olaf Hartmann, Meson2006



In In mediummedium openopen charmcharm mesonsmesons: : 
observableobservable consequencesconsequences??

Hayashigaki, 1998:
Lowering of D, Dbar,
from QCDSR

Is it still true?



HadronHadron Properties in Medium: TheoryProperties in Medium: Theory

1.1. QCD Sum Rules for Vector MesonsQCD Sum Rules for Vector Mesons
2.2. HadronicHadronic ModelsModels
3.3. Connection with ExperimentConnection with Experiment

through universal transport method for   through universal transport method for   
low and high energieslow and high energies



QCD QCD SumSum RuleRule: light : light quarksquarks

CompareCompare spectralspectral functionfunction in in timetime--likelike regionregion withwith OPE OPE 
of of currentcurrent--correlatorcorrelator forfor spacespace--likelike distancesdistances

Rhs dominated by quark condensates:



QCD QCD SumSum RuleRule

In vacuum: know lhs (=(In vacuum: know lhs (=(ΠΠ)), get )), get 
condensates on condensates on rhsrhs

In medium: model density dependence of In medium: model density dependence of 
condensates condensates 

get lhs (integral over =(get lhs (integral over =(ΠΠ))))



QCD QCD SumSum RuleRule: : heavyheavy quarksquarks

Rhs dominated by glue condensates:

Glue condensates rather insensitve to nuclear density

Small in-medium changes for heavy-quark mesons
expected

Assume small width:



ρρ spectralspectral functionfunction in in mediummedium

freefree ρρ mesonmeson

QCDSR-allowed (Γ,m)
at saturation density

QCD QCD SumSum RulesRules provideprovide
constraintsconstraints, , butbut do not fix do not fix 
inin--mediummedium hadronhadron propsprops

Leupold et al, Phys.Rev.C58:2939-2957,1998 

Need hadronic model



ObservablesObservables: : TheoreticalTheoretical MethodMethod

1.1. CalculateCalculate hadronichadronic propertiesproperties in in equilibriumequilibrium
nuclearnuclear mattermatter

2.2. UseUse locallocal densitydensity approximationapproximation to to embedembed
hadronshadrons in finite in finite nucleinuclei

3.3. PropagatePropagate producedproduced particlesparticles out out fromfrom
productionproduction to to detectordetector, , includingincluding all FSI and all FSI and 
CC CC effectseffects..



ρρ and N* and N* selfenergyselfenergy in in mediummedium

Crucial N* N ρ coupling

Coupled Channel Pr
oblem

Resonance-hole model



SelfenergySelfenergy in Mediumin Medium

With density- and momentum-dependent Π:



Longitudinal            Longitudinal            

RhoRho mesonmeson in matter:in matter:
ResonanceResonance--holehole modelmodel
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ρρ SpectralSpectral FunctionFunction: : 
MomentumMomentum DependenceDependence

ρ spectral function strongly
Momentum dependent!

In-medium changes largest
at small p where also lifetime
in nucleus is largest

Resonance-hole component



ObservablesObservables: : TheoreticalTheoretical MethodMethod

1.1. CalculateCalculate hadronichadronic propertiesproperties in in equilibriumequilibrium
nuclearnuclear mattermatter

2.2. UseUse locallocal densitydensity approximationapproximation to to embedembed
hadronshadrons in finite in finite nucleinuclei

3.3. PropagatePropagate producedproduced particlesparticles out out fromfrom
productionproduction to to detectordetector, , includingincluding all FSI and all FSI and 
CC CC effectseffects..



LocalLocal DensityDensity ApproximationApproximation

SelfenergySelfenergy in LDAin LDA

Problem: Problem: 
EffectsEffects of of DensityDensity GradientsGradients missingmissing, time , time 
delaydelay forfor reactionreaction to to mediummedium??



ObservablesObservables: : TheoreticalTheoretical MethodMethod

1.1. CalculateCalculate hadronichadronic propertiesproperties in in equilibriumequilibrium
nuclearnuclear mattermatter

2.2. UseUse locallocal densitydensity approximationapproximation to to embedembed
hadronshadrons in finite in finite nucleinuclei

3.3. PropagatePropagate producedproduced particlesparticles out out fromfrom
productionproduction to to detectordetector, , includingincluding all FSI and all FSI and 
CC CC effectseffects..



TheoreticalTheoretical MethodMethod forfor FSI FSI 
(and ISI):(and ISI):

GiGiBUUBUU CC Transport ModelCC Transport Model
OffOff--shellshell CCBUU CCBUU EquationEquation forfor ‚‚spectralspectral phasephase spacespace densitydensity‘‘

with

1.

2.

In-medium changes can be modelled in H (selfenergies) and in 
Icoll (reaction rates, form. times, prehadron cross sections)
Experimental acceptance can be simulated event by event



BroadBroad ρρ spectralspectral functionfunction explainsexplains::
AbsenceAbsence of of nucleonnucleon resonancesresonances in total in total 
photoabsorptionphotoabsorption cross cross sectionssections on on nucleinuclei

D13(1520) D13(1520) couplescouples to to ρρ, , 
ρρ broadbroad withwith strengthstrength at at lowlow
massesmasses opensopens phasephase--spacespace
forfor decaydecay of D13of D13

DileptonDilepton spectraspectra in in URHICsURHICs::
CERES, NA60CERES, NA60

ConsequencesConsequences of of inin--mediummedium changechange: : ρρ

free D13



ωω in Medium: in Medium: TheoryTheory

All at zero momentum Lutz et al

Muehlich et al

Klingl, Weise



ωω selfenergyselfenergy: : pp--dependencedependence

From dispersion relation:



ωω in Medium: Experimentin Medium: Experiment

Theory: P. Muehlich et al

Δ m = -0.15 ρ/ρ0

put in by hand, theory
tends to shift ω up



Omega in Omega in mediummedium: Experiment: Experiment

Nb

LH2

Momentum dependence
seen, BUT:
Hard to distinguish
between momentum
dependence of
selfenergy and volume
effects

Trnka et al, TAPS



ωω in Medium: in Medium: TheoryTheory

Collisional broadening ~ 60-70 MeV 
from tρ-approx with K-matrix
parameters

transverse

longitudinal

also from Γ = ρ σ v
(Weidmann et al, 1999)

Inelastic width transparency



NuclearNuclear TransparencyTransparency forfor ωω

P. Muehlich, U. Mosel
Nucl. Phys. A (2006)
In press. 
Eγ = 1.5 GeV

Depends crucially
on inelastic σ
Μethod to 
measure
σ_inel

Crucial Input: inelastic omega-N cross section



In In mediummedium openopen charmcharm mesonsmesons

Sibirtsev et al., 1999



In In mediummedium openopen charmcharm mesonsmesons

O. Hartmann, Meson2006

Tolos, Schaffner-Bielich,Mishra

Λc

Mesons at rest, p = 0



In In mediummedium openopen charmcharm mesonsmesons
•Hayashigaki, 1998:
Lowering of D, Dbar,
from QCDSR because
of light quark content

Broadening of ψ´

•Lee, 2003:
Very small change of 
J/Psi: Δ m ~ – 8 MeV,
because dominated by glue
content, stable with density, 
but Δ m(ψ´) ~ - 100 MeV



In In mediummedium openopen charmcharm mesonsmesons
Mesons at rest, p = 0 Influence on production X-sections

From: Golubeva, Cassing, et al., 2002



In In mediummedium openopen charmcharm mesonsmesons

Nonresonant decays win in most nuclei
no chance to see broadening of ψ‘

High momenta produced Golubeva et al



Charmed mesons with Charmed mesons with momentamomenta::
the latest wordthe latest word

Lutz, Korpa,
2006
Δ m = + 30 MeV



SummarySummary -- ConclusionsConclusions

InIn--medium changes seem to be established in light quark medium changes seem to be established in light quark 
sector:sector:

CERES, NA60, TAPS/CB, CERES, NA60, TAPS/CB, PhotoabsPhotoabs., ., hadronattenuationhadronattenuation
One common feature in all cases: influence of resonanceOne common feature in all cases: influence of resonance--
hole excitations, detailed spectral function not seen!hole excitations, detailed spectral function not seen!
In heavyIn heavy--quark sector main problems are:quark sector main problems are:

Smallness of predicted effects, Smallness of predicted effects, 
Production mechanism that leads to large pProduction mechanism that leads to large p
qualitative disagreement between theoriesqualitative disagreement between theories

Essential problem: link of inEssential problem: link of in--medium props to medium props to 
observables observables FSI must be part of theoryFSI must be part of theory
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