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HADRON FORMATION IN NUCLEI IN DIS�E. GaruttiFor the HERMES CollaborationNationaal Instituut voor Kernfysi
a en Hoge-Energiefysi
a (NIKHEF)P.O. Box 41882, 1009 DB Amsterdam, The Netherlandse-mail: garutti�hermes.desy.de(Re
eived June 10, 2002)The in�uen
e of the nu
lear medium on the produ
tion of 
hargedhadrons in semi-in
lusive DIS has been studied by the HERMES exper-iment at DESY with a 27.5GeV positron beam. A large redu
tion of thedi�erential multipli
ity of 
harged hadrons from krypton relative to thatfrom deuterium is observed. The redu
tion is larger than that seen in pre-viously published HERMES data on nitrogen. The data are 
ompared totwo theoreti
al models. Both well des
ribe the redu
tion of the multipli
-ity ratio at low values of the virtual photon energy � and at high values ofthe fra
tional energy transfer z to the hadron. In order to obtain a betterunderstanding of the hadronization pro
ess and possibly be able to dis-tinguish between the two theoreti
al models the multipli
ity ratio on thekrypton data has been evaluated separately for pions, kaons and protons.PACS numbers: 13.60.Le, 13.60.Wb1. Introdu
tionHadronization (or fragmentation) is the pro
ess by whi
h �nal-statehadrons are formed from the stru
k quark in a hard s
attering event. Whenembedded in a nu
lear medium, the hadronization pro
ess is in�uen
ed byquark energy loss through gluon radiation as the quark propagates throughthe medium and multiple s
attering of the produ
ed hadron. Though inter-esting in their own right, these pro
esses need to be understood for the a
-
urate interpretation of ultra-relativisti
 heavy ion 
ollisions: a modi�
ationof hadroni
 spe
tra is one of the expe
ted signatures of the transition from� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3013)
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old nu
lear matter to the de
on�ned quark-gluon plasma. Semi-in
lusivedeep inelasti
 lepton-nu
leus s
attering provides a 
lean tool for the studyof su
h quark propagation e�e
ts.2. Experimental resultsThe HERMES experiment has measured the multipli
ity ratio RhM ofhadrons of type h produ
ed per DIS event on a nu
lear target of mass Arelative to that from a deuterium target (D)RhM(z; �) = � 1Ne d2Nhdzd� �A� 1Ne d2Nhdzd� �D : (1)Here z � Eh=� is the fra
tion of the virtual photon energy � transfered to thehadron. The quantities Ne(�) and Nh(z; �) are the number of in
lusive DISleptons and of semi-in
lusive hadrons of type h re
orded in ea
h kinemati
bin. The 27.5GeV HERA positron beam was used in 
onjun
tion with D,14N and 84Kr gas targets with densities of up to 1016nu
l/
m2. Both thes
attered beam positron and one or more �nal-state hadrons were observedin the HERMES spe
trometer [1℄.The HERMES data for the 
harged-hadron multipli
ity ratio RhM areshown in Fig. 1 as a fun
tion of � and z, for � > 7GeV. The data are
ompared to the model of Ref. [2℄, where modi�ed fragmentation fun
tionsand their Q2 evolution were 
al
ulated in the framework of multiple partons
attering and indu
ed gluon radiation. The kinemati
 behavior of the data
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ity ratio for 
harged hadrons versus � and z for 14N and 84Krtargets. The 
urves are predi
tions of the fragmentation fun
tion modi�
ationmodel of Ref. [2℄.



Hadron Formation in Nu
lei in DIS 3015is reprodu
ed quite well by the model. Also, the observed attenuation offast hadrons is 
onsiderably stronger for 84Kr than for 14N, and roughlyagrees with the A2=3 dependen
e predi
ted by the model. In the 
ontextof this same model, the average parton energy loss in the nu
lear mediumwas evaluated from the 84Kr data [3℄. The obtained value of dE=dx �0.3GeV/fm for the krypton target is in surprising agreement with dE=dx �0.25GeV/fm extra
ted from re
ent PHENIX data [6℄ on Au�Au 
ollisions.However, when 
orre
tions are made for the rapid expansion of the densemedium in the heavy ion 
ase, a result of dE=dx � 12GeV/fm is obtained.This value is 40 times larger than that from the DIS data, and suggests thatthe gluon density in the PHENIX Au�Au 
ollisions is 40 times higher thanin 
old nu
lear matter.Fig. 2 shows the multipli
ity ratio for pions alone. The pions were iden-ti�ed in the momentum range from 4 to 15GeV using the new HERMESRICH dete
tor for the 84Kr data and a threshold �erenkov dete
tor for theolder 14N data. The data are 
ompared to the gluon bremsstrahlung modelof Ref. [4℄, whi
h in
ludes e�e
ts of hadroni
 res
attering after the pion isformed. Cal
ulations in this model are only available for leading pions, andso the 
omparison is restri
ted to z > 0:5. Both the model 
al
ulation andthe data agree well with a simple parameterization involving a single times
ale �h = 
h�(1�z) for pion formation in the laboratory frame. The valuesof the proportionality 
onstant 
h as obtained from the model 
al
ulation(
h = 1:35 fm/GeV [5℄) well agrees with the value of 
h=1:37�0:14 fm/GeVderived from a �t to the HERMES data.
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3016 E. GaruttiThe HERMES data on 84Kr are presented in Fig. 3 as a fun
tion of �separately for positive and negative pions and kaons and for protons andanti-protons. The separation between di�erent parti
le types is a
hieved byunfolding the RICH information in the momentum range between 2.5 and15GeV for mesons, and 4 to 15GeV for baryons. Within the errors themultipli
ity ratios for positive and negative mesons is found to be 
onsistentsuggesting no 
harge dependen
e of the formation times of these parti
les.Also, it 
an be observed that the attenuation for pions and kaons is similar,pointing to similar formation times for the two parti
le types. The observedattenuation of protons is mu
h smaller than the one of anti-protons. These
an be partially explained by the di�eren
e between the intera
tion 
rossse
tions �(�pd) and �(pd), whi
h at the energy of interest di�er by abouta fa
tor 3. If the hadron is formed well inside the nu
leus the intera
tionprobability for a proton is substantially smaller than that of an anti-proton.Alternatively, the data may indi
ate di�erent modi�
ations of the quarkand anti-quark fragmentation fun
tions in nu
lei [7℄. The bottom panelof Fig. 3 shows the average kinemati
 values for Q2 and for z showing nostrong variation of other kinemati
s variables in the � range 
overed by thedata. Note the two di�erent values given for z are motivated by the di�erentenergy ranges for mesons and baryons.
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Fig. 3. Multipli
ity ratio for identi�ed positive and negative pions and kaons andfor protons and anti-protons versus � for 84Kr 
ompared to D. The bottom panelshows the average kinemati
 values for the other independent variables des
ribingthe pro
ess.



Hadron Formation in Nu
lei in DIS 3017Fig. 4 shows the z dependen
e of the same data samples. It is shownthat pions and kaons have the same z dependen
e whi
h agrees with a pa-rameterization of the formation time of the type �f / �(1� z), as proposedby the gluon bremsstrahlung model. For protons and anti-protons the z de-penden
e is quite di�erent. At low z the proton attenuation ratio overshootsunity, whi
h might be explained by res
attering, while the anti-proton atten-uation ratio is almost 
onstant in z. It is noted that at high z the anti-protonattenuation ratio gives dire
t information on the fragmentation fun
tion ofanti-quarks forming anti-protons, D�p�q [2℄.
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Fig. 4. Multipli
ity ratio for identi�ed positive and negative pions and kaons andfor protons and anti-protons versus z for 84Kr 
ompared to D. The bottom panelshows the average kinemati
 values for the other independent variables des
ribingthe pro
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