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MotivationMotivationMotivation

?

elementary reactionselementary reactions ((eNeN, , γγNN) :) :

confinement

reaction products 

hadronize long before 

they reach the detector

estimation of 

formation time via 

hadronic radius

(rh = 0.5 – 0.8 fm)

time dilatation:

nuclear reactionsnuclear reactions ((eAeA, , γγAA @ @ JLAB, JLAB, HERMESHERMES or or EMCEMC energiesenergies) :) :

interactions with nuclear medium during tf
space-time picture of 

hadronization

τf ≥
rh

c

tf = γτf



connectionconnection withwith heavyheavy--ionion physicsphysics

Au+Au

d+Au

jet supression at SpS and RHIC 

(partly due) to hadronic FSI ?

W. Cassing, K. Gallmeister, C. Greiner, NPA 735, 277 (2004).

K. Gallmeister, W. Cassing, hep-ph/0408223.



ModelModelModel

γγAA, , eAeA reaction reaction splittedsplitted into 2 parts :into 2 parts :

–– γγ**N N →→ X  X  using using PYTHIA & FRITIOFPYTHIA & FRITIOF

consideration of consideration of 

–– binding energiesbinding energies

–– Fermi motionFermi motion

–– PauliPauli blockingblocking

–– coherence length effectscoherence length effects

–– propagation of final state propagation of final state X  X  withinwithin

BUU transport modelBUU transport model

consideration ofconsideration of

–– elastic and inelastic scattering elastic and inelastic scattering ((coupled channelscoupled channels))



hadronichadronic structure of the photonstructure of the photon
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shadowing of the vector meson componentshadowing of the vector meson component

–– coherence length:coherence length:

distance that distance that γγ∗∗ travels astravels as

a vector meson fluctuationa vector meson fluctuation

–– coherence length  >  mean free path inside nucleuscoherence length  >  mean free path inside nucleus

density of nucleonsdensity of nucleons

participating in theparticipating in the

production processproduction process

reducedreduced

influences reactionsinfluences reactions

triggered by the triggered by the 

vector meson componentvector meson component

(e.g. (e.g. γγ∗∗NN →→ρρ00NN))

lV = |kV − kγ|
−1

≈
2ν

Q2+m2V
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hard interactions hard interactions (e.g. direct (e.g. direct γγ**NN reaction)reaction)

–– excitation of excitation of hadronichadronic strings strings 

leading hadrons

τp

τf

our model assumptions:

string fragments very fast into 

colorneutral prehadrons τp= 0

prehadrons need formation time τf
to build up hadronic wave function

prehadronic cross section σ*
determined by constituent quark model

σ∗b =
#qorig
3

σb

σ∗m =
#qorig
2

σm



DIS of complex nucleiDIS of complex nuclei

– “leading” prehadrons

(= target-, beam remnants)

can undergo FSI directly 

after γ*N interaction

– hadrons that solely contain quarks 

from string fragmentation start to interact after τf

� production of new particles

� redistribution of energy
FSI



incoherent incoherent ρρ00 electroproductionelectroproduction off off 1414NN

–– nuclear nuclear transparency ratio:transparency ratio:

ResultsResultsResults

TA =
σγ∗A→ρ0A∗

Aσγ∗p→ρ0p
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hadronhadron attenuation in DIS off nucleiattenuation in DIS off nuclei

–– multiplicity ratio:multiplicity ratio:

–– Experiments:Experiments:

EMC: EMC: 100100--200 200 GeVGeV µµ--beambeam on on 6464CuCu

HERMES:HERMES: 27.6 27.6 GeVGeV ee++--beambeam on on 1414N, N, 2020Ne, Ne, 8484KrKr

Jefferson Lab:Jefferson Lab: 5.4 5.4 GeVGeV ee----beambeam on on 1212C, C, 5656Fe, Fe, 208208PbPb

–– attenuation due to attenuation due to 

partonicpartonic energy lossenergy loss

(X.N. Wang et al., F. (X.N. Wang et al., F. ArleoArleo))

hadronichadronic absorptionabsorption

(B. (B. KopeliovichKopeliovich et al., A. et al., A. AccardiAccardi et al.)et al.)

RhM(zh, pT , ν) =

(
Nh(zh,pT ,ν)
Ne(ν)

)

A(
Nh(zh,pT ,ν)
Ne(ν)

)

D

zh=
Eh

ν



multiplicity ratio of charged hadrons multiplicity ratio of charged hadrons 

–– w/o w/o prehadronicprehadronic FSIFSI

prehadronic interactions needed
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ppTT--spectrum of charged hadrons (spectrum of charged hadrons (ττff = 0.5 fm/c)= 0.5 fm/c)

Cronin effect
even isotropic elastic even isotropic elastic 

scattering cannot explain scattering cannot explain 

increase at high increase at high ppTT>1 >1 GeVGeV

0.01 0.1 1

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

 HERMES

 BUU

 BUU (isotropic elastic scattering)

 

 

R
h M

p
T

2
 [GeV

2
]

 
84
Kr 



influence of detector geometry (influence of detector geometry (ττff = 0.5 fm/c)= 0.5 fm/c)

–– needs to be accounted for at needs to be accounted for at zzhh < 0.4< 0.4

–– important for important for integrated spectraintegrated spectra
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HERMES @ 12 HERMES @ 12 GeVGeV ((ττff = 0.5 fm/c)= 0.5 fm/c)

–– model seems to work also at lower energiesmodel seems to work also at lower energies
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productionproduction-- and formation times from PYTHIAand formation times from PYTHIA

ν=15 GeV

Q2=15 GeV2

HERMES (first shot):



model for model for γγ and and ee induced reactions at induced reactions at GeVGeV energiesenergies

–– combines:combines:

qmqm coherence in entrance channelcoherence in entrance channel

coupled channel transport description of FSIcoupled channel transport description of FSI

–– can can decribedecribe

coherence length effects in exclusive coherence length effects in exclusive ρρ00 productionproduction

most features observed in most features observed in hadronhadron attenuation attenuation 

–– works also for:works also for:

γγ and and ee reactions in resonance regionreactions in resonance region

ππAA, , pApA and and AAAA reactionsreactions

future plans:future plans:

–– Lund model: Lund model: string propagationstring propagation and and partonicpartonic energy lossenergy loss

–– side feeding in side feeding in photophoto-- and and electroproductionelectroproduction of charmof charm

–– analysis of analysis of future future JLabJLab experimentsexperiments

–– higher energies higher energies EMC / EMC / eRHICeRHIC

Summary & OutlookSummary & OutlookSummary & Outlook

same parameter set

at HERMES 

energies


