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High Energies (DIS, W > 2 High Energies (DIS, W > 2 GeVGeV

Dokshitzer ~ 1990
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Formation TimesFormation Times

2 relevant Times:2 relevant Times:
ProductionProduction TimeTime: Time : Time neededneeded to to produceproduce a a 
newnew quarkquark ((partonparton) ) fromfrom thethe seasea, , afterafter firstfirst
interactioninteraction

Formation TimeFormation Time: Time : Time neededneeded to to produceproduce a a 
hadronhadron in in itsits physicalphysical groundstategroundstate
ττff ≈≈ 1/(M1/(M** -- MM00) ) ≈≈ 0.5 0.5 fm/cfm/c
forfor an an excitationexcitation of a of a fewfew hundredhundred MeVMeV
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ProductionProduction and Formation Timesand Formation Times

2 Problems:2 Problems:
WhatWhat areare thesethese timestimes??
WhatWhat areare thethe interactionsinteractions in in thesethese timetime--spansspans??

MeasureMeasure forfor interactionsinteractions: : NuclearNuclear attenuationattenuation

From: Kopeliovich et al
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Observables, ExperimentsObservables, Experiments

Neutrino Experiments
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Kinematical regimesKinematical regimes

Nonpert QCD
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ModelModel
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Dynamics of Dynamics of HadronHadron ProductionProduction::
PionPion ProductionProduction

d
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HadronizationHadronization Model (PYTHIA)Model (PYTHIA)
P3

Frankfurt, Strikman, Miller
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ProductionProduction and Formation Timesand Formation Times

LeadingLeading HadronsHadrons: : 
havehave at least at least oneone partonparton lineline connectedconnected
withwith thethe interactioninteraction pointpoint

ProductionProduction Time of at least Time of at least oneone constituentconstituent isis zerozero

fsifsi fromfrom thethe initialinitial interactioninteraction onon

NonNon--leadingleading HadronsHadrons: : 
producedproduced entirelyentirely fromfrom thethe seasea

interactionsinteractions setset in in laterlater
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Production and Formation TimesProduction and Formation Times
from PYTHIAfrom PYTHIA

All times in lab (nucleus) frame, from Falter & Gallmeister, Phys.Lett.B630:40-48,2005

zh = Eh/ν
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FSI: FSI: GiBUUGiBUU transporttransport
whatwhat isis GiBUUGiBUU? ? 
semiclassicalsemiclassical coupled channels transport model coupled channels transport model 

general information:  general information:  
http://theorie.physik.unihttp://theorie.physik.uni--giessen.de/GiBUUgiessen.de/GiBUU//
GiBUUGiBUU describes (within the same unified theory and code)describes (within the same unified theory and code)

heavy ion reactions heavy ion reactions 
pionpion induced reactionsinduced reactions
low and high energy photon and electron induced reactionslow and high energy photon and electron induced reactions
neutrino induced reactionsneutrino induced reactions

…………....using the same physics input! And the same code!using the same physics input! And the same code!

http://theorie.physik.uni-giessen.de/GiBUU/
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GiBUUGiBUU transporttransport modelmodel
time evolution of spectral phase space density time evolution of spectral phase space density 
(for (for i = Ni = N, , ΔΔ,, ππ,, ρρ,, ……) ) given by BUU equationgiven by BUU equation

one one eqeq. for each particle species (61 baryons, 21 mesons) . for each particle species (61 baryons, 21 mesons) 
coupled through potentials coupled through potentials UUSS and collision integral and collision integral IIcollcoll

For W > 2 For W > 2 GeVGeV interactions by PYTHIA, below by resonance interactions by PYTHIA, below by resonance 
physicsphysics

HamiltonianH=
q
(mi+Us)

2+~p2

dfi
dt
= (∂t + (∇~pH)∇~r − (∇~rH)∇~p) fi(~r, ~p,μ, t) = Icoll [fi, fN , fπ, f∆, . . .]

one-particle spectral phase space density for particle species ifi(~r, ~p,μ, t)
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Attenuation: EMC and HERMESAttenuation: EMC and HERMES
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HERMES@27 HERMES@27 GeVGeV
AirapetianAirapetian et al.et al.
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JLAB JLAB 
5 5 GeVGeV 12 12 GeVGeV

CLAS 
acceptance
corrected
Prediction
2004
prelim data:
Brooks et al,
Hafidi et al

C
Fe
Pb

Strong nuclear effects: Fermi motion, overpopulation of low z
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JLAB@5 JLAB@5 GeVGeV

Because of small times
little sensitivity to CT
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High Energy SummaryHigh Energy Summary
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Times at Times at lowlow (< 1 (< 1 GeVGeV) ) energiesenergies

PhysicsPhysics dominateddominated byby isolatedisolated nucleonnucleon
resonancesresonances, , e.ge.g.:.:

(e, (e, νν) + N ) + N ΔΔ ππ + N+ N

LifetimeLifetime of of ΔΔ determinesdetermines productionproduction time time 
of of pionpion, , formationformation time time isis zerozero ((becausebecause
hadrons,arehadrons,are producedproduced in in theirtheir gsgs, , duedue to to phasephase--spacespace
limitationlimitation))
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Times at Low Times at Low EnergiesEnergies

Naive Naive guessguess forfor productionproduction time: time: 

ττpp = 1/= 1/ΓΓ00 (Γ(Γ00 = = freefree resonanceresonance widthwidth))

EducatedEducated guessguess::

ττpp = 1/(= 1/(ΓΓ00 + + ΓΓcollcoll) ) withwith ΓΓcollcoll≈≈ ρρ v v σσ

ProductionProduction Times Times changechange in Mediumin Medium
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Times at Low Times at Low EnergiesEnergies

Times Times handledhandled correctlycorrectly in in GiBUUGiBUU
Formation Formation timestimes shortenedshortened byby collisionscollisions
((collisionalcollisional widthwidth))
InteractionsInteractions of of resonanceresonance RR duringduring formationformation
handledhandled byby includingincluding: : 

R + N R + N →→ R + N   (R + N   (elasticelastic))
R + N R + N →→ RR‘‘ + N   (+ N   (inelasticinelastic, R, R‘‘ otherother resonanceresonance oror
resonanceresonance R at different R at different massmass))
R + N R + N →→ N + N (absorptive)N + N (absorptive)



Formation Times 29.10.07

InIn--mediummedium widthwidth and and observablesobservables

InclusiveInclusive PhotoabsorptionPhotoabsorption

σ abs on nucleus
normalized by number of
nucleons, higher resonances
disappear



Formation Times 29.10.07

InIn--mediummedium widthwidth and and observablesobservables

νν + + 5656Fe Fe inclusiveinclusive
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SummarySummary

TimesTimes
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

InteractionsInteractions
At At lowlow energiesenergies: : collisionalcollisional broadeningbroadening of of 
resonancesresonances
At high At high energiesenergies: : nuclearnuclear attenuationattenuation
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