
�������� � ��

����� ������������� ���������� ��

������������ �� �������� �������

���������������� ��� ��������������� ���������� �� ������������ ��������

�� � �� ��� ����

��������� ������� �����������

����������� ��� ���������

������ �����

������ ������ �����������

�������� ���� ������������ ������ ��

������������������ ��

����� �������

�������

����� ��� ����������� ������� ������ �������� ���� ��� ������������ �� ������������



InIn--mediummedium HadronsHadrons
PropertiesProperties, Interaction and Formation, Interaction and Formation

L.L. AlvarezAlvarez--RusoRuso, Thomas Falter, Kai , Thomas Falter, Kai 
GallmeisterGallmeister, T. Leitner, , T. Leitner, 

Ulrich Mosel, Pascal Ulrich Mosel, Pascal MMüühlichhlich



WhyWhy studystudy inin--mediummedium hadronshadrons??

InIn--mediummedium propertiesproperties maymay signalsignal exoticexotic statesstates ofof
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 toto productionproduction-- andand formationformation--timestimes inin quarkquark--
fragmentationfragmentation,, colorcolor transparencytransparency



ExperimentsExperiments

ObserveObserve outgoingoutgoing nucleonsnucleons,, mesonsmesons,, photonsphotons,, dileptonsdileptons, ..., ...

A + A: GSI, AGS, SPS, RHIC, LHC A + 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-- andand electroproductionelectroproduction ofof hadronshadrons onon 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

NeedNeed toto understandunderstand connectionconnection betweenbetween inin--mediummedium
propertyproperty and final and final observableobservable!!



InIn--mediummedium changeschanges:: experimentexperiment 20002000

EvidenceEvidence forfor QGP at CERNQGP at CERN

Invariant (Invariant (e+ee+e--)) massmass spectrumspectrum
TotalTotal photoabsorptionphotoabsorption crosscross sectionsection
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explainedexplained byby spectralspectral changechange ofof ρρ mesonmeson inin densedense, (hot) matter, (hot) matter



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 forthrough universal transport method for

low and high energieslow and high energies



QCDQCD SumSum RuleRule

CompareCompare spectralspectral functionfunction inin timetime--likelike regionregion withwith OPEOPE

ofof currentcurrent--correlatorcorrelator forfor spacespace--likelike distancesdistances

LhsLhs dominateddominated byby softsoft scalescale ~ m~ m

RhsRhs separatesseparates hardhard scalescale ~ Q~ Q22

fromfrom softsoft scalescale ((condensatescondensates))



spectralspectral functionfunction inin mediummedium

freefree mesonmeson

QCDSR-allowed (Γ,m)

at saturation density

QCDQCD 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



LongitudinalLongitudinal

RhoRho mesonmeson in matter:in matter:

ResonanceResonance--holehole modelmodel
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ObservablesObservables:: TheoreticalTheoretical MethodMethod

1.1. CalculateCalculate hadronichadronic propertiesproperties inin equilibriumequilibrium
nuclearnuclear mattermatter

2.2. CalculateCalculate elementaryelementary productionproduction crosscross sectionsection,,
inin vacuovacuo and in matter, and in matter, formationformation timestimes
determineddetermined byby resonanceresonance lifetimeslifetimes oror stringstring--
fragmentationfragmentation timestimes

3.3. PropagatePropagate producedproduced particlesparticles outout fromfrom
productionproduction toto detectordetector,, includingincluding all FSI and all FSI and 
CCCC effectseffects..



TheoreticalTheoretical MethodMethod forfor FSIFSI

(and ISI): (and ISI): 
BUU CC Transport ModelBUU CC Transport Model

OffOff--shellshell CCBUUCCBUU EquationEquation forfor ‚‚spectralspectral phasephase spacespace densitydensity‘‘

with

1. In-medium changes can be modelled in H (selfenergies) and in 

Icoll (reaction rates, form. times, prehadron cross sections)

2. Experimental acceptance can be simulated event by event



ConsequencesConsequences ofof inin--mediummedium changechange

BroadBroad ρρ spectralspectral functionfunction explainsexplains::
AbsenceAbsence ofof nucleonnucleon resonancesresonances in total in total photoabsorptionphotoabsorption crosscross
sectionssections onon nucleinuclei

D13(1520)D13(1520) couplescouples toto ρρ,,

ρρ broadbroad withwith strengthstrength atat lowlow

massesmasses opensopens phasephase--spacespace

forfor decaydecay of D13of D13

DileptonDilepton spectraspectra inin URHICsURHICs

free D13



InIn--mediummedium effectseffects
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w FSI

NucleonNucleon Knockout atKnockout at
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ωω in Mediumin Medium

Theory: P. Muehlich et al

∆ m = -0.15 ρ/ρ0

put in by hand



ωω in Mediumin Medium

Very little mass change from hadronic

resonance-hole models
Collisional broadening ¼ 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



Formation timesFormation times

At low energies, resonance regime:At low energies, resonance regime:

ttff = lifetime of resonance = lifetime of resonance N + N + hadronhadron

At high energies, QCD regime,At high energies, QCD regime,

ttff from stringfrom string--fragmentationfragmentation



TransparencyTransparency at high at high energiesenergies

determineddetermined byby quarkquark fragmentationfragmentation

Hermes condition

ν = 14 GeV, Q2 = 2.5  GeV2



PrehadronPrehadron crosscross sectionssections

After: Farrar, Liu, 

Frankfurt,

Strikman



EMC and Hermes EMC and Hermes TransparencyTransparency

After: Farrar, Liu, 

Frankfurt, Strikman



AttenuationAttenuation ofof IdentifiedIdentified HadronsHadrons
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Essential to know what happens to hadrons

after attenuation 

distinguish between energy-loss 

and absorption



JLABJLAB

55 GeVGeV 1212 GeVGeV

CLAS

acceptance

corrected

Prediction

2004

Strong nuclear effects: Fermi motion, stronger overpopulation of low z

C

Fe

Pb



SummarySummary -- ConclusionsConclusions

Essential problem: link of inEssential problem: link of in--medium props to medium props to 

observablesobservables FSI must be part of theoryFSI must be part of theory

Models of attenuation have to describe not only that Models of attenuation have to describe not only that 

leading hadrons disappear, but also where they go leading hadrons disappear, but also where they go 

separate energy loss from absorptionseparate energy loss from absorption

InIn--medium changes seem to be established:medium changes seem to be established:

CERES, NA60, TAPS/CB, CERES, NA60, TAPS/CB, PhotoabsPhotoabs.,., hadronhadron

attenuationattenuation

Transport is now reliable for a wide class of reactionsTransport is now reliable for a wide class of reactions



Nucleus as Microdetector

High Energy γ Production Processes

DiffractiveDiffractive VMDVMD--EventEvent
Main contribution to 

exclusive 0-production

DeepDeep inleasticinleastic scatteringscattering,,

JetsJets

How long does it take to form a hadron?



IntroductionIntroduction

NeutrinoNeutrino nucleusnucleus interactionsinteractions areare relevantrelevant forfor::

OscillationOscillation experimentsexperiments:: systematicsystematic uncertaintiesuncertainties

HadronHadron structurestructure::

InIn--mediummedium modificationsmodifications::

•neutrino fluxes

• backgrounds

• detector responses

•nucleon axial form factor

• N-R axial transitions 

• strangeness in the nucleon spin

Understanding nuclear effects is essential for the interpretation of the data 

and represents both a challenge and an opportunity

•form factors

• spectral functions

• nuclear correlations



InclusiveInclusive crosscross sectionsection
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