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AbstratA series of semi-inlusive deep-inelasti sattering measurements on deuterium, he-lium, neon, krypton, and xenon targets has been performed in order to study ha-dronization. The data were olleted with the HERMES detetor at the DESYlaboratory using a 27.6 GeV positron or eletron beam. Hadron multipliities onnuleus A relative to those on the deuteron, RhA, are presented for various hadrons(�+, ��, �0, K+, K�, p, and �p) as a funtion of the virtual-photon energy �, thefration z of this energy transferred to the hadron, the photon virtuality Q2, andthe hadron transverse momentum squared p2t . The data reveal a systemati dereaseof RhA with the mass number A for eah hadron type h. Furthermore, RhA inreases(dereases) with inreasing values of � (z), inreases slightly with inreasing Q2, andis almost independent of p2t , exept at large values of p2t . For pions two-dimensionaldistributions also are presented. These indiate that the dependenes of R�A on �and z an largely be desribed as a dependene on a single variable L, whih is aombination of � and z. The dependene on L suggests in whih kinemati ondi-tions partoni and hadroni mehanisms may be dominant. The behaviour of R�A atlarge p2t onstitutes tentative evidene for a partoni energy-loss mehanism. TheA-dependene of RhA is investigated as a funtion of �, z, and of L. It approximatelyfollows an A� form with � � 0:5 � 0:6.Key words: nulei, quarks, hadron prodution, hadronization, attenuation,A-dependene
1 IntrodutionAfter deades of extensive study, understanding the on�nement of quarks andgluons in hadrons still is one of the great hallenges in hadroni physis. To1 Present address: 36 Mizzen Cirle, Hampton, Virginia 23664, USA3



unover its nature, hadroni reations in a nulear medium, either old or hot,are studied. Typial examples are the measurements of hadron prodution onnulear targets in semi-inlusive deep-inelasti sattering of leptons [1,2,3,4,5℄and the jet-quenhing and parton energy-loss phenomena observed in ultra-relativisti heavy-ion ollisions [6,7℄. In eah ase hadron yields are observedthat are di�erent from those observed in the orresponding reations on freenuleons.The proess that leads from the partons produed in the elementary inter-ation to the hadrons observed experimentally is ommonly referred to ashadronization or fragmentation. Aording to theoretial estimates the hadro-nization proess ours over length sales varying from less than a femtometerto several tens of femtometers. At these length sales the magnitude of thestrong oupling onstant is suh that perturbative tehniques annot be ap-plied. Hene, hadronization is an intrinsially non-perturbative QCD proess,for whih only approximate theoretial approahes are presently available. Ex-perimental data are vital for supporting these theoretial developments, sinethey an be used to gauge or guide the alulations.The hadronization proess in free spae has been studied extensively in e+ e�annihilation experiments [8℄. As a result the spetra of partiles produed andtheir kinemati dependenes are rather well known. However, little is knownabout the spae-time evolution of the proess. Semi-inlusive prodution ofhadrons in deep-inelasti sattering of leptons from atomi nulei provides away to investigate this spae-time development. Leptoprodution of hadronshas the virtue that the energy and the momentum of the struk parton arewell determined, as they are tagged by the sattered lepton. By using nuleiof inreasing size one an investigate the time development of hadronization.If hadronization ours quikly, i.e., if the hadrons are produed at smalldistanes ompared to the size of atomi nulei, the relevant interations inthe nulear environment involve well-known hadroni ross setions suh asthe ones for pion-nuleon interations. If, in ontrast, hadronization oursover large distanes, the relevant interations are partoni and involve theemission of gluons and quark-antiquark pairs. The two mehanisms lead todi�erent preditions for the derease in hadron yield, known as attenuation,on nulei as ompared to that on free nuleons.Most likely, a ombination of these two mehanisms ontributes to the ob-served attenuation of hadron yields on nulei. This expetation has led to arange of phenomenologial approahes, whih are briey summarized in thenext setion. The available alulations over a range of possible mehanisms(partoni energy loss or hadroni absorption) and time (length) sales (fromless than 1 fm to more than 10 fm), whih results in di�erent dependeneson the various kinemati variables. In order to distinguish between these al-ulations preise hadron attenuation data are needed as a funtion of several4



kinemati variables for a range of nulei and for several hadron types.Exploratory measurements were �rst performed at SLAC [1℄ and later by theEMC [2℄ and E665 [3℄ ollaborations. More reently many more data havebeen olleted by the HERMES ollaboration at DESY and the CLAS ol-laboration at the Thomas Je�erson National Aelerator Faility [9℄. Someof the HERMES data have been published already [4,5℄. The CLAS data arepresently being analysed [10℄. In this paper we present the full results fromHERMES on the multipliities for the prodution of pions, kaons, protons,and antiprotons on helium, neon, krypton, and xenon targets relative to thosefor deuterium. It goes beyond the sope of the present paper to ompare thedata to the available theoretial alulations. Instead, prominent features ofthe data are identi�ed and used to address two key issues in the study ofhadronization: (i) what are the time or length sales of the proess, and (ii)what are the mehanisms that lead to nulear attenuation?The paper is organized as follows. In setion 2 the theoretial framework isdesribed, and some representative theoretial models are summarized. In se-tion 3 those aspets of the HERMES experiment that are relevant to thepresent measurements are presented. In setion 4 the data analysis is dis-ussed, inluding the orretions to the raw data and the systemati uner-tainties. The results for the attenuation as a funtion of various kinemativariables are presented and disussed in setion 5. This setion has severalsubsetions in whih the features of the data, espeially those related to therelevant time sales and mehanisms, and the A-dependene, are disussedseparately. The results are summarized in the last setion, whih also lists theonlusions.2 Theoretial frameworkIn order to put the experimental results into perspetive, in this setion theonepts that are used in the study of hadronization are presented, and mod-els that have been developed to desribe the experimental results are brieydisussed. It is emphasized that the latter is meant only to illustrate potentialinterpretations of the data. The experimental data and the features that theyexhibit are the genuine subjet.The hadronization proess in a nulear medium an be studied by means ofsemi-inlusive deep-inelasti sattering (SIDIS) of eletrons or positrons fromnulei. For that purpose the multipliity ratio RhA is introdued, whih is de-�ned as the ratio of the number of hadrons h produed per deep-inelastisattering (DIS) event on a nulear target with mass number A to that for adeuterium (D) target. Figure 1 illustrates the de�nition of the relevant lep-5
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Fig. 1. Kinemati planes for hadron prodution in semi-inlusive deep-inelasti sat-tering and de�nitions of the relevant lepton and hadron variables. The quantitiesk = (E;~k) and k0 = (E0; ~k0) are the four-momenta of the inident and sattered lep-ton, (Eh; ~ph) is the four-momentum of the produed hadron, and ~pt is the transversemomentum of the hadron.ton and hadron kinemati variables. The ratio RhA depends on the leptonivariables �, the energy of the virtual photon, and Q2, the negative of thefour-momentum of the virtual photon squared, and on the hadroni variablesz = Eh=�, the fration of the virtual-photon energy arried by the hadron, andp2t , the square of the hadron momentum omponent transverse to the diretionof the virtual photon. Thus RhA an be written as:RhA(�;Q2; z; p2t ) = �Nh(�;Q2;z;p2t )Ne(�;Q2) �A�Nh(�;Q2;z;p2t )Ne(�;Q2) �D ; (1)withNh(�;Q2; z; p2t ) the number of semi-inlusive hadrons at given (�;Q2; z; p2t ),and N e(�;Q2) the number of inlusive DIS leptons at (�;Q2). Impliit in thisde�nition is the integration over the angle � between the lepton satteringplane and the hadron prodution plane (see Fig. 1).Experiments at large values of � [2,3℄ give values RhA � 1:0 within the exper-imental unertainty. This is interpreted as an indiation that nulear e�etsare negligible in that region. At lower values of � the value of RhA has beenfound to be well below unity [1,4,5℄.Even though hadronization is not yet quantitatively understood, it is generallyassumed that the following proesses play a role in leptoprodution of hadrons.After a quark in a nuleon has absorbed the virtual photon, it an lose energyby sattering from other quarks and by radiating gluons. As a result the valueof RhA may be inuened. A hange in RhA an also result from the quarkin a nuleus having a di�erent distribution funtion as a result of partoniresaling. These two e�ets will be alled partoni mehanisms.After a ertain time a olourless objet, alled a prehadron, is formed, whihhas the quantum numbers of the �nal hadron, but not yet its full wave fun-tion. The onept of olour transpareny [11℄ is losely related to this. Theprehadron then evolves over some time into the physial hadron. In the Lundmodel [12℄ the proess of (pre)hadron formation is desribed as the building of6



a olour �eld (string) between the struk quark and the residual system. Thestring gets strethed and breaks into smaller piees, eah with an (anti-)quarkat both ends. The Lund model gives preditions (see, e.g., Ref. [13℄) for thetime t, and the orresponding (onstituent or formation) length l, that ittakes for the prehadron to be formed, and the time th required for the �nalphysial hadron to be formed. 2The average value of the formation length l, denoted by L, is given in theLund model by L = f(z)��; (2)where f(z) is a funtion that goes as 1�z for large values of z (this behaviouris also found in other models, and is due to the fat that in the limit z ! 1 thestruk quark annot have lost any energy when produing the �nal hadron),and has a broad maximum of about 0.4 around z = 0:35. The quantity �is the string tension, whih reets the energy loss of the leading quark perunit length, usually taken as � = 1:0 GeV/fm. Thus, at values of � of 5� 25GeV, the prehadron formation takes plae over distanes of about 1� 10 fm,omparable to the size of a nuleus. The values of lh are larger than l, so the�nal hadron is often formed outside the nuleus.If the (pre)hadron is formed inside the nuleus, it an experiene hadroniinterations, generally alled �nal-state interations (FSI). For disussing thee�ets of these, we will not disriminate between prehadrons and hadrons, andjust talk about hadrons and hadroni e�ets, although the relevant ross se-tions may be di�erent for hadrons and prehadrons. The �rst e�et of FSI maybe the resattering of the hadron from the nuleons in the nuleus, the hadronlosing energy and possibly 'generating' other, mainly low energy, hadrons (ifthese are mesons, the word generate an be taken literally; if these are nu-leons, generated means that they are now in a ontinuum state). The e�etis thus a loss of hadrons at a given value of z, and an inrease of the samehadron, but possibly also of other hadrons, at lower z. Another e�et of FSIan be that the original hadron is absorbed. This is usually aompanied bythe emission of other, again mainly low-energy, hadrons. So also in this asethere is a loss of hadrons at given z, and an inrease of other hadrons at lowerz. For a full desription of all these e�ets, oupled-hannel alulations shouldbe performed. However, sine these are rather ompliated, in models usuallyonly absorption is onsidered. Clearly this neglets the generation of hadronsat lower values of z.2 In the literature the name 'formation time or length' has sometimes di�erentmeanings and also di�erent symbols are used. Here the name 'formation length' (l)is used for what is often alled the prehadron (or onstituent) formation length, and'hadron formation length' (lh) for the hadron (or yo-yo) formation length (see, e.g.,Refs. [13,14℄). 7



The hange from partoni mehanisms to hadroni mehanisms, whih de-pends on the formation length relative to the size of the nuleus, inuenesRhA. Thus the use of various nulear targets allows one to investigate the spae-time development of the hadronization proess.At present, reliable QCD alulations of quark hadronization (fragmenta-tion) an not yet be performed beause of the major role of 'soft', i.e., non-perturbative proesses. For that reason various types of models have beendeveloped.Phenomenologial models [15,16,17,18℄ use formation times/lengths and ab-sorption ross setions for the various hadrons in the nulear medium. Variousformulae for the formation lengths have been used, and in the more advanedversions two length sales, l and lh, are distinguished, as well as di�erent ab-sorption ross setions for the quark, the prehadron, and the �nal hadron. Theabsorption ross setions are usually adjusted to obtain the best desriptionof the �- and z-dependene of the experimental data.Other (QCD-inspired) models fous on the energy loss that the struk quarkexperienes in the nulear environment [19,20,21,22℄. In Refs. [20,21℄ twist-4ontributions to the fragmentation funtions resulting from multiple satte-ring and gluon bremsstrahlung in a nulear medium are alulated. A nulearattenuation proportional to A2=3 is predited, where the power 2=3 resultsfrom the oherene of the gluon radiation proess [23℄, whih gives an induedradiative energy loss of a quark traversing a length L of matter proportionalto L2 [24℄. No hadron absorption is inluded, as it is assumed that the hadronis formed outside the nuleus.The e�et of a �nite formation length is inluded in Ref. [22℄, in whih fragmen-tation funtions are alulated that are again modi�ed due to partoni energyloss in the nulear medium during the time t. By using the quark energy lossdetermined from Drell-Yan data, a reasonable agreement with existing data isfound. In order to keep the approah as simple as possible, absorption of theprodued (pre)hadron is not taken into aount.Another lass of models inludes (pre)hadron absorption, with or without adesription of what happens in the hadronization proess. In Ref. [25℄ RhA isdesribed in terms of medium-modi�ed fragmentation funtions supplementedby nulear absorption. A parton-resaling model that has also been used todesribe the EMC e�et is used to desribe the nulear modi�ation of thefragmentation funtions. The (average) formation length is taken from theLund model [12℄. Ref. [26℄ alulates the nulear attenuation of the (leading)hadron with z > 0:5 by inluding as major ingredients the formation length land an absorption ross setion of the prehadron. The e�et of quark energyloss is found to be small. In Ref. [27℄ the hadron attenuation is investigated8



within the framework of the Boltzmann-Uehling-Uhlenbek transport model.Sine this is a oupled-hannel approah, hadrons are not only absorbed, butan also be produed. Some hoies for the formation time t, inluding takingit to be zero, are studied.The theoretial alulations have been ompared to the data from Refs. [2,4,5℄.Notwithstanding their di�erent and sometimes orthogonal ingredients, all mod-els reprodue the global features of the data. In the ase of the �-dependene,whih is best desribed, the reason may be that the dereasing attenuationwith inreasing value of � is largely due to a simple inrease of the formationtime t with � in the target rest frame due to Lorentz dilatation. The depen-dene of RhA on z and A, whih in general is less well desribed, may be moredisriminating, espeially when more detailed data are available.3 ExperimentThe measurements were performed with the HERMES spetrometer [28℄ us-ing a 27.6 GeV positron or eletron beam stored in the HERA ring at DESY.Some data were olleted using a 12.0 GeV positron beam [29,30℄, but sinethe amount of data was muh less and only pions or all hadrons were iden-ti�ed, they are not inluded here. Typial beam urrents were 40 mA downto 5 mA. The spetrometer onsists of two mirror-symmetri halves, loatedabove and below the lepton beam pipe. A ux-exlusion plate in the midplaneof the magnet prevents deetion of the lepton (and proton) beams passingthrough the enter of the spetrometer. The sattered leptons and the pro-dued hadrons were deteted within an angular aeptane of � 170 mradhorizontally and � (40 { 140) mrad vertially. The lepton trigger was formedby a oinidene between signals from three sintillator hodosope planes anda lead-glass alorimeter. A minimum energy deposit in the latter of 3.5 GeV(1.4 GeV) for unpolarized (polarized) target runs was required.The data were olleted during the years 1999, 2000, 2004, and 2005, usingunpolarized nulear (He, Ne, Kr, Xe) and polarized or unpolarized deuterium(D) gaseous targets internal to the storage ring (see Table 1). In 1997 also dataon nitrogen were taken, but sine at that time the RICH detetor (see below)was not yet available, only data for pions and all hadrons together ould bepresented [4℄. Therefore these data are not inluded here. The yields frompolarized deuterium were summed over the two spin orientations. The targetgases were injeted into a 40 m long tubular open-ended storage ell. Usingan Unpolarized Gas Feed System [31℄ it is possible to provide D, He, N, Ne,Kr, or Xe targets with relatively high areal densities (between 1014 and 1017nuleons/m2), resulting in luminosities ranging from 1031 to 1033m�2s�1.Suh high-density runs were taken at the end of HERA �lls, with typial9



urrents of 15 to 5 mA and beam lifetimes of one hour. This made it possibleto aumulate the data for these targets in only a few days of integratedbeam time. The luminosity was measured using elasti sattering of the beampartiles from the eletrons in the target gas: Bhabha sattering for a positronbeam, M�ller sattering for an eletron beam [32℄. There are several partileTable 1Overview of the HERMES nulear attenuation measurements.Year E (GeV) Target Identi�ed hadrons Ref.1997 27.6 D, N h�, �� [4℄, [5℄1999 27.6 D, Kr h�, ��; �0, K�, p, p [5℄, this work2000 27.6 D, He, Ne ��; �0, K�, p, p this work2000 12.0 D, N, Kr h�, �� [29℄2004 27.6 D, Kr, Xe ��, K�; �0, p, p this work2005 27.6 D, Kr, Xe ��, K�; �0, p, p this workidenti�ation (PID) detetors in the HERMES spetrometer. Details on theperformane and use of these PID detetors an be found in Ref. [33℄. Eletronsand positrons are identi�ed by ombining the information from a lead-glassalorimeter, a sintillator hodosope preeded by two radiation lengths of lead(the pre-shower detetor), and a transition-radiation detetor.The identi�ation of harged pions, kaons, protons, and antiprotons is a-omplished using the information from the Ring-Imaging �Cerenkov detetor(RICH) [34℄, whih replaes a threshold �Cerenkov ounter used in the pre-viously reported measurements on nitrogen [4℄. The RICH detetor uses tworadiators, a 5 m thik wall of silia-aerogel tiles followed by a large volume ofC4F10 gas, to provide separation of pions, kaons, and (anti)protons. Togetherthese provide good partile identi�ation for harged hadrons in the momen-tum range 2 < p < 15 GeV, with limited ontamination from misidenti�edhadrons. The identi�ation eÆienies and ontaminations for pions, kaons,protons, and antiprotons were determined in a Monte Carlo simulation asa funtion of the hadron momentum and multipliity in the relevant dete-tor half. These performane parameters were veri�ed in a limited kinematidomain using known partile speies from identi�ed resonane deays. Theywere used in a matrix method to unfold the true hadron distributions fromthe measured ones. Systemati unertainties in the unfolding were estimatedby using matries determined in di�erent ways, see Refs. [34,35℄ for details.The eletromagneti alorimeter [36℄ provides neutral pion identi�ation throughthe detetion of two lusters without an aompanying trak, originating fromthe two deay photons. 10



4 Data AnalysisThe analysis proedure is similar to the one desribed in detail in Refs. [4,5℄,where the nitrogen and �rst krypton data were presented. Sine the publiationof Ref. [5℄, more data on krypton were taken and all data were analysed in awider kinemati range.The hadron multipliity ratio RhA as de�ned in Eq. 1 was determined as afuntion of the leptoni (Q2 and �) and hadroni (z and p2t ) variables for allidenti�ed partiles and all targets. The kinemati onstraints imposed on thesattered leptons were idential for all analysed data: Q2 > 1 GeV2, W =p2M� +M2 �Q2 > 2 GeV (where M is the nuleon mass) for the invariantmass of the photon-nuleon system, and y = �=E < 0:85 for the energyfration of the virtual photon. The onstraints on W and y were applied inorder to exlude nuleon resonanes and to limit the magnitude of the radiativeorretions to RhA, respetively. The resulting value of xBj = Q2=2M� rangedfrom 0.023 to 0.8.As mentioned in the previous setion, harged hadrons were identi�ed in themomentum range 2:0� 15:0 GeV by using the RICH detetor. For the iden-ti�ation of the neutral pions through the detetion of their deay photons,eah of the two photon lusters was required to have an energy of at least0.8 GeV. The bakground was evaluated in eah kinemati bin by �tting thetwo-photon invariant mass spetrum with a Gaussian plus a polynomial that�ts the shape of the bakground due to unorrelated photons. The numberof deteted neutral pions was obtained by integrating the peak, orreted forbakground, over a �2� range with respet to the entroid of the Gaussian.The low momentum limit for the neutral pions was set at 2.5 GeV in order toredue bakgrounds.The integrated luminosities for all years and targets are listed in Table 2.Typial numbers of observed DIS leptons and identi�ed hadrons are listed inTable 3.Most of the systemati unertainties related to the detetor, the reonstru-tion eÆienies and partile identi�ation pratially anel in the ratio of themultipliities. In determining the multipliity ratios, deuterium data olletedin the same year as the data for the heavier target were used to avoid uner-tainties due to possible di�erent onditions or funtioning of the HERMESspetrometer during the years. It was veri�ed that the multipliity ratios ob-tained in di�erent years were onsistent within the statistial and systematiunertainties.The multipliity ratios were also inspeted as a funtion of the hadron angles�x and �y with respet to the beam diretion in order to investigate whether11



Table 2Integrated luminosities (in pb�1) for the various data sets.Target 1999 2000 2004 2005 SumD 32.3 119.7 35.7 61.7 249.4He 27.9 27.9Ne 84.2 84.2Kr 26.1 29.5 21.1 76.7Xe 21.2 21.4 42.6Table 3Number of DIS leptons and identi�ed hadrons olleted on deuterium and kryp-ton targets in 1999, 2004, and 2005 ombined. The numbers are for the followingkinemati onstraints: Q2 > 1 GeV2, � > 6 GeV, W > 2 GeV, and z > 0:2.Target DIS �+ �� �0 K+ K� p pD 6669k 706k 575k 232k 146k 62k 131k 23kKr 3516k 286k 232k 90k 68k 26k 69k 8kthe values of RhA depend on the geometrial aeptane of the spetrometer.After applying (small) orretions for hanges in average kinematis with �xor �y, no e�et was found beyond the statistial and systemati unertainties.The dependene of the value of RhA on the azimuthal angle � of the hadron (seeFig. 1) was also investigated, sine it is known that the SIDIS ross setion onthe proton and deuteron depends on this variable. It was found that RhA wasonstant as a funtion of � within the statistial and systemati unertainties.The data for the multipliity ratios were orreted for radiative proesses inthe manner desribed in Ref. [37℄. The ode of Ref. [38℄ was modi�ed toinlude the measured SIDIS ross setions. The radiative orretions (RC)were applied to both the inlusive and the semi-inlusive parts in Eq. 1. Forthe inlusive ross setions elasti, quasi-elasti, and inelasti proesses needto be taken into aount, whereas for the semi-inlusive ones only inelastiradiative proesses ontribute. The orretion for the ratio of the latter wastaken to be independent of z. Sine the inelasti radiative e�ets are almostthe same for the nulei A and D, the size of the radiative orretions appliedto RhA was small over most of the kinemati range. Only in kinemati regionsof DIS where the elasti and quasi-elasti tails are non-negligible, i.e., at thehighest value of � and lowest value of Q2 (low xBj), is there a notieable e�eton RhA, with a maximum (inrease) of RhA of about 7% for xenon and krypton,4.5% for neon, and 1% for helium. 12



Sine the usual interpretation of the de�nition of RhA (see Eq. 1) is that itshould only inlude hadrons formed in the fragmentation proess, a orretionhas to be made for measured hadrons that are the deay produts of diretlyprodued mesons. The main e�et is on the harged-pion multipliities as aresult of the deay of exlusively produed �0 mesons (for pions from othermesons and for other hadrons the ontribution is small). That may a�et themultipliities for positive (negative) pions by an amount ranging from about1% at low z up to 30% (45%) at high values of z , as estimated from a MonteCarlo simulation. The e�et on the multipliity ratio R�A is muh smaller,but does not anel ompletely sine the �0 mesons also interat with thenulear medium. Taking into aount the measured nulear transpareny [39℄for �0 mesons, the maximum remaining e�et on R�A, whih ours for z-valuesof 0.7-0.8, was estimated to be about 2(4)%, 3(5)%, 3.5(6)%, and 4(7)% inthe ase of helium, neon, krypton, and xenon, respetively. The �rst(seond)number applies for positive (negative) pions. These values were inluded inthe systemati unertainties.The total systemati unertainties inlude the unertainties of hadron identi-�ation (1.5% for neutral pions, 0.5% for harged pions, 2% for kaons, 2% forprotons, and 6% for antiprotons), overall eÆieny (< 2%), �0-meson produ-tion for positive (0.3% - 4%) and negative (0.3% - 7%) pions, and the e�ets ofusing di�erent parameterizations of fragmentation funtions and distributionfuntions in the RC alulations (< 2%).5 Results and DisussionIn this setion the experimental results are presented and the dependenes ofthe multipliity ratios RhA on the various kinemati variables and the massnumber A of the nuleus are disussed. Unless spei�ed otherwise the dataare shown with the following onstraints: � > 6:0 GeV, z > 0:2, and xF > 0,where xF is given by xF = p�k=p�maxk ; (3)with p�k being the omponent of the hadron momentum in the diretion ofthe momentum transfer in the virtual-photon nuleon enter-of-mass system.Together with that on z, the onstraint on xF will redue possible ontributionsfrom target fragmentation.5.1 Multipliity ratio for identi�ed hadronsFigures 2-5 show the dependene of RhA on �, z, Q2, and p2t for the variousnulei for all identi�ed hadrons: positively harged (pions, kaons, and protons),13



negatively harged (pions, kaons, and anti-protons), and neutral ones (pions).The inner error bars in these �gures represent the statistial unertainties,while the outer ones are for the total unertainty (statistial plus systemati,added quadratially). The systemati unertainty is mainly a sale unertainty,a�eting the values of RhA for the various values of �, z, Q2, or p2t in the sameway.In presenting the results for RhA as funtions of one of the four independentvariables (�, z, Q2, p2t ) only, RhA was integrated (within the aeptane ofthe experiment) over the others. Beause of aeptane e�ets and beausein general the dependene of RhA on �, z, Q2, and p2t does not fatorize(RhA(�; z; Q2; p2t ) 6= R1(�)R2(z)R3(Q2)R4(p2t )), this integration may introduefalse dependenes. This is mainly relevant in ase of � and z, where the av-erage value of � (z) hanges non-negligibly depending on the value of z (�).Table A.1 in the Appendix gives an indiation of the size of these orrelationsby listing the average values of the kinemati quantities that were integratedover for the various dependenes in the ase of produed pions. All data areavailable in detail from Ref. [40℄.Before disussing in the following subsetions the dependene of RhA on thekinemati variables �, z, Q2, and p2t in detail, �rst some global features of thedata are disussed.The basi feature of the data is the derease of RhA with inreasing value ofthe mass number A of the nuleus. Qualitatively this is understood as beingdue to inreased partoni (quark energy loss) or hadroni (absorption) e�ets.Furthermore, there is a large similarity between the data for �+, ��, and �0,and a lear di�erene between those for K+ and K�, and those for p and p.Also here there are some simple arguments to explain these features at leastqualitatively.Sine we use (almost) isosalar targets and the prodution of �+ and ��on protons or neutrons is only slightly di�erent, both the prodution andabsorption of pions is in the �rst instane independent of their harge. Thevalues of RhA for K+ and K� show a similar behaviour as a funtion of thevarious variables, but RK�A is almost everywhere smaller than RK+A . A positivekaon an be produed diretly from the struk quark (in the language ofstring breaking models it is a rank 1 hadron), but a negative kaon an only beprodued in more ompliated string breakings (rank 2 or higher), exept atsmall values of xBj, where sea quarks start to play a larger role. This is reetedin the prodution rate on deuterium being muh larger for K+ than for K�,see Table 3, and leads to a steeperr dependene of the K� fragmentationfuntion on z, and hene a redued prodution if the parton has lost energybefore hadronization. Also, due to their quark ontent, nulear absorptionross setions are larger for K� than for K+. Thus both parton energy loss14
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For the heavier targets RhA rises strongly at low z. Presumably this is due tolarge FSI e�ets in these nulei, through whih partiles of higher energy loseenergy or get absorbed, generating (other) lower-energy partiles.As in the ase of large values of �, the value of RhA for protons rises aboveunity at small z. This presumably is a result of large resattering of protonsand other produed partiles with protons in the target. Part of the inreaseis due to the fat that the average value of � dereases onsiderably with z,from about 18 GeV for the lowest bin to about 10 GeV for the highest bin.This explains also why even at the smallest z the value of RhA is still lowerthan that for the highest value of �.Apart from featuring rather small values of RhA, down to almost zero, the z-dependene of RhA for antiprotons is speial in that it stays onstant or evendereases slightly at small values of z, where RhA for other partiles inreasesstrongly for the heavier targets. This probably an be attributed to the fatthat in �nal-state interations the hane that an anti-proton survives, or isprodued, is relatively small. This would support the idea that the rise ofRhA for other partiles at z < 0:3 is due to FSI e�ets and suggests that thedi�erene in behaviour of anti-protons and the other partiles at small valuesof z may be a sensitive hek on oupled-hannel alulations of FSI e�ets.5.1.3 Q2-dependeneThe rightmost olumn of Figs. 2, 3, and 5 shows for pions a small Q2-dependene, whih is slightly stronger for the heavier nulei. For kaons and(anti-)protons no Q2-dependene is disernable. Hene, the attenuation is notvery sensitive to Q2, whih means that integrating over Q2 when studyingother dependenes does not introdue false dependenes.In the twist-4 energy-loss model of Refs. [20,21℄ a Q2-dependene of RhA of theform R � a lnQ2 is found, whih is onsistent with the data. In Ref. [26℄ thealulated Q2-dependene is the result of two ounterating proesses, whihresults in a rather small Q2-dependene that is larger for Kr than for Ne, inglobal agreement with the data. When desribing the attenuation purely asthe result of a modi�ation of the e�etive fragmentation funtion [22℄, a slightinrease of RhA with Q2 is predited. The deon�nement model [25℄ preditsfor all nulei a slight derease of RhA with Q2, whih is not supported by thedata.5.1.4 p2t -dependeneFigure 4 and the rightmost olumn of Fig. 5 show for the heavier nulei arise of RhA at high p2t . Suh an e�et was �rst observed by EMC [2℄ for all19



harged hadrons taken together, but has been measured now for separateidenti�ed hadrons. The phenomenon is also known from heavy-ion ollisions,where it is referred to as the Cronin e�et [41℄. Compared to experimentswith heavy ions, the use of a lepton probe has the advantage that initial-stateinterations do not play a role, exept for shadowing e�ets, whih are smallin the xBj range of the present experiment. The observed rise at high p2t isattributed to a broadening of the p2t distribution. In priniple this an resultfrom partoni resattering as well as from hadroni �nal-state interations. Inthe next subsetion this will be looked at in more detail in the ase of pions.5.2 Two-dimensional multipliity ratio for pions
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and �� prodution, whih have the best statistial preision and are onsistentwithin unertainties, were ombined for a two-dimensional binning, see Figs. 6-8. The bins used are 0:2�0:4�0:7�1:2 for z, 6:0�12:0�17:0�23:5 GeV for�, and smaller or larger than 0.7 GeV2 for p2t . This has the added advantagethat the orrelation between, e.g., the average values of � and z mentioned inrelation to the one-dimensional distributions, is strongly redued.Figure 6 shows the dependene of R�A on �, Q2, and p2t for three bins in z. Theleft hand olumn indiates that the dependene on � hardly depends on z.The Q2-dependene is similar for the various z-bins (Monte-Carlo simulationsshow that the rise of R�A at the lowest Q2 for the highest z range is due toa relatively large ontribution of pions oming from �0 deay). Therefore, thedependene on z is not a�eted when integrating over Q2. The data in therightmost olumn indiate that the inrease of RhA for Kr and Xe at large p2t issmaller for larger z. Suh a z-dependene of the p2t -dependene was preditedin Ref. [26℄. The points for the highest z range show a bump at small valuesof p2t . This is due to a relatively large ontribution of pions oming from �0deay in this part of the phase spae.Figure 7 shows the dependene of R�A on z, Q2, and p2t for three bins in �. Theseond and third olumn indiate that the dependene of RhA on Q2 and p2tdepends only weakly on �, whih allows one to integrate over these variableswithout introduing spurious orrelations. The leftmost olumn shows for Heand Ne (and perhaps for Kr) some interesting features in that there seems tobe a hange of the z-dependene with the value of �, R�A �rst being aboutonstant or even rising slightly with z, and then dropping, the turnover pointourring at lower z for the lower �-bin. This behaviour is studied in moredetail in the next subsetion.Figure 8 shows the dependene of R�A on �, Q2, and z for two bins in p2t .The leftmost olumn shows that at large p2t the values of RhA are larger andthat the dependene on � largely disappears. This is learly orrelated withthe fat that RhA inreases at large p2t (Cronin e�et), as disussed in theprevious subsetion, and indiates that this e�et is largely independent of �.The rightmost olumn of this �gure shows that the Cronin e�et disappearsat high z. This is at least onsistent with the idea that the rise of RhA at largep2t (broadening of the p2t -distribution) is of partoni origin. In the limit z ! 1there is no room for partoni resattering, beause the parton is not allowedto have any energy loss (see, e.g., Ref. [26℄). In priniple, resattering of theprodued (pre)hadron ould lead to the observed behaviour, too, but sine theresattering ross setions are relatively small, the data disussed suggest apartoni mehanism. At the same time, this tells that the attenuation in thelimit z ! 1 is due purely to a hadroni absorption mehanism.21
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suggest that this mehanism still has a dependene on L, presumably throughthe underlying values of � and z. The drop of R�A for low values of L thenresults most probably from hadroni mehanisms. The data on Kr and Xeare onsistent with this interpretation. At low values of L there is a strongattenuation (stronger in the larger nuleus Xe) due to hadroni absorption (ontop of the partoni ontribution). Sine the partoni e�et must disappearwhen z ! 1, the value of R�A for L ! 0 at �nite � is purely due to thehadroni mehanism. The disappearane of the partoni ontribution in thislimit may be an explanation why the data for the lower values of L at givenvalue of � tend to lie above the data at the same L with lower �-value.At higher values of L the inuene of absorption beomes smaller, sine theprehadron is inreasingly produed outside the nuleus. Thus above the valuesof L where the slope hanges (below 2 fm for He, and around L = 2:5, 4,and 5 fm for Ne, Kr, and Xe, respetively), one presumably observes mainlya partoni mehanism. These tentative onlusions an only be substantiatedby model alulations that inlude both partoni and hadroni mehanisms,and that give a good desription of the measured � and z dependenes of RhA.
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to A0:74 [43℄. Furthermore it was demonstrated already in Ref. [25℄ that theinlusion of a distribution for the formation length in absorption alulationsinreases the exponent above the value of 1/3, yielding values for 1�RA thatapproximately follow an A2=3 pattern for large values of L, if the nuleus isdesribed as a sphere with onstant density. Using realisti matter distribu-tions the authors of Ref. [43℄ �nd the exponent of A to be 0.40, 0.54, and 0.60when L = 0, 2, and 4 fm, respetively.In the �ts only the statistial unertainties in the values of RhA have been used,as the systemati unertainty in the values of RhA is largely a sale unertainty.The inuene of the latter on the value of � was found to be about 0.05.5.4.1 PionsFirst the A-dependene of pion prodution was studied as a funtion of � andz, using the data binned in both z and �. The results for � as a funtion of zfor the various �-bins are shown in Fig. 10. The values of � (not shown) reetthe global behaviour of R�A (more attenuation at higher z and lower �) thatis visible from earlier �gures. There is an inrease of � from about 0.5 to 0.6with z and possibly at higher z a slight inrease with �. However, in the latterregion the results may be inuened by ontributions from the deay of the �0.The results for the highest z-bin do not follow the pattern of the lower z-bins.This is due to the behaviour of RhA for espeially He and Ne, seen in Fig. 7.As mentioned before, this ould result from the formation length beoming sosmall that even in He and Ne hadroni mehanisms beome important.Given these results for the separate �- and z-dependenes it has also beeninvestigated how � and � depend on the value of L. For that purpose thedata were binned in �ve L-bins, using the values of � and z of eah event inEqs. 2 and 4. In order to avoid possible ontributions of the �0 at high z andlarge resattering e�ets at low z, only data with 0:3 < z < 0:7 were used. Theresultant values of � and � are shown in Fig. 11. The behaviour of � reetsthe smaller attenuation at higher L already visible in Fig. 9. Consistent withwhat was found above, the value of � dereases from about 0.6 at small L toless than 0.5 at large L.If, as was argued in the previous subsetion, partoni e�ets are most promi-nent at large values of L, this would indiate that the A-dependene of thatmehanism has a value of � well below the value of 2/3 given in Refs. [20,21℄and [22℄.The derease of � with L is not easily explained. As demonstrated in Refs. [25,43℄a pure absorption mehanism would yield a value of � that inreases with L.Possibly suh an inrease is more than ompensated for by an inreasing inu-ene of the partoni mehanism. However, then that mehamism should have28



an A-dependene with a rather small value of �. But, when two (or possiblyeven more) mehanisms ontribute, the A-dependene probably beomes moreompliated than an be desribed by a single exponential as in Eq. 5. Forthat reason omparisons between data and model alulations should be doneon the level of the multiplity ratio RhA.5.4.2 Other partilesFor the other partiles the statistial preision is too low for a meaningfultwo-dimensional binning and study of the A-dependene, so there the A-dependene is presented for �-bins of 6:0� 12:0� 17:0� 23:5 GeV (integratedover all z), and for z-bins of 0:2� 0:4� 0:7� 1:2 (integrated over all �). Foromparison the values for �+ and �� in the same bins are given as well. Theresults are shown in Fig. 12. The only signi�ant feature is the di�erent be-haviour seen for K+ partiles at high �. As mentioned before, this may be dueto large resattering e�ets. The behaviour for K� is di�erent from the onefor K+, and more like that of ��, but with smaller values for �.6 Summary and onlusionsData for the multipliity ratio RhA of hadron prodution in semi-inlusive deep-inelasti sattering of 27.6 GeV eletrons and positrons from helium, neon,krypton, and xenon nulear targets relative to deuterium were obtained foridenti�ed �+, ��, �0, K+, K�, p, and �p partiles as a funtion of the virtual-photon energy �, the fration z of the energy transferred to the hadron, thephoton virtualityQ2, and the hadron transverse momentum squared p2t . For allpartiles the dependene of RhA on these variables is presented and disussed.The most prominent features of the data are an inreased attenuation (de-rease of RhA below unity) with inreasing value of the mass number A of thenuleus and the attenuation beoming smaller (larger) with inreasing valuesof � (z), RhA dropping below 0.5 for xenon in some kinemati regions. At lowvalues of z, espeially for heavier targets and for protons and K+ partiles, astrong rise of RhA, even to above unity, is observed. Presumably this is due tohadroni resattering, where a higher energy partile through nulear reationsprodues one or more lower-energy partiles.The value of RhA inreases slightly with Q2, at least for pions, and is almostindependent of p2t , exept at large values of p2t , where RhA inreases strongly.The latter is thought to result from p2t broadening due to partoni resattering(Cronin e�et). This e�et was seen to disappear for z ! 1, in aordane withthe piture that in that limit no resattering is possible, sine resattering of29



the struk parton implies an energy loss.By ombining the data for �+ and ��, the dependene of R�A on two of thevariables �, z, Q2, and p2t together was investigated. The dependene on Q2depends weakly but notieably on the value of �, but pratially not on thatof z. The dependene on p2t hardly depends on � and z, exept for the dis-apperane of the rise at large p2t at z ! 1 mentioned above. However, thedependenes on � and z are related. It was found that most of the depen-dene on � and z an be inorporated in a dependene on the ombinationL = z0:35(1 � z)�=�, where � is the string tension in string models, whihthus ats as a saling variable. Sine this funtion is lose to the one given inthe Lund model for the average formation length of a partile, by inspetingthe value of R�A vs. L for the four nulei, regions an tentatively be identi�ed,where hadroni (absorption) plus partoni mehanisms are important, and aregion at higher L where only or mainly partoni mehanisms play a role.A �t of the A-dependene of the values ofR�A for pions measured for the variousnulei of the form R�A = exp[��(A=100)�℄ yields values of � from about 0.6to 0.5, depending on the value of L. Similar values are found for the otherpartiles. These values of � are well below the values resulting from models inwhih the attenuation depends on the square of the distane a parton travelsthrough the nuleus.In total a very extensive data set to guide modeling hadronization in nu-lear matter has been olleted. A full theoretial desription of hadronizationin nulei in one onsistent framework, inluding partoni and hadroni (ab-sorption plus resattering) mehanisms is badly needed. Clearly it will be ahallenge for any theoretial model that is developed to desribe these datafor the various hadrons and nulei as a funtion of all kinemati variables, butif suessful, this ombination of data and theoretial interpretation will on-tribute essentially to the understanding of non-perturbative QCD at normal,and thene higher densities.We gratefully aknowledge the DESY management for its support and thesta� at DESY and the ollaborating institutions for their signi�ant e�ort.This work was supported by the FWO-Flanders, Belgium; the Natural Si-enes and Engineering Researh Counil of Canada; the National NaturalSiene Foundation of China; the Alexander von Humboldt Stiftung; the Ger-man Bundesministerium f�ur Bildung und Forshung (BMBF); the DeutsheForshungsgemeinshaft (DFG); the Italian Istituto Nazionale di Fisia Nule-are (INFN); the Monbusho International Sienti� Researh Program, JSPS,and Toray Siene Foundation of Japan; the Duth Foundation for Funda-menteel Onderzoek der Materie (FOM); the U. K. Engineering and Physi-al Sienes Researh Counil, the Partile Physis and Astronomy ResearhCounil and the Sottish Universities Physis Alliane; the U. S. Department30
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Table A.1Average values of �, Q2, z, and p2t for pions produed on krypton.� range h�i (GeV ) hzi hQ2i (GeV 2) hp2t i (GeV 2)4.0 - 6.0 5.269 0.583 1.889 0.2456.0 - 8.0 7.151 0.501 2.029 0.1648.0 - 10.0 9.092 0.448 2.203 0.14110.0 - 12.0 11.030 0.421 2.352 0.14712.0 - 14.0 13.009 0.406 2.506 0.17114.0 - 16.0 14.991 0.392 2.595 0.19916.0 - 18.0 16.980 0.370 2.584 0.23418.0 - 20.0 18.964 0.349 2.475 0.27520.0 - 23.5 21.540 0.326 2.164 0.334z range hzi h�i (GeV ) hQ2i (GeV 2) hp2t i (GeV 2)0.1 - 0.2 0.155 18.358 2.463 0.1040.2 - 0.3 0.247 15.953 2.623 0.1640.3 - 0.4 0.345 14.796 2.655 0.2190.4 - 0.5 0.446 14.315 2.635 0.2600.5 - 0.6 0.546 13.963 2.585 0.2840.6 - 0.7 0.646 13.637 2.500 0.2860.7 - 0.8 0.746 12.824 2.392 0.2460.8 - 0.9 0.845 11.841 2.252 0.1920.9 - 1.3 0.952 10.742 2.258 0.156Q2 range hQ2i (GeV 2) h�i (GeV ) hzi hp2t i (GeV 2)1.0 - 1.5 1.360 14.790 0.399 0.2171.5 - 2.0 1.911 14.646 0.395 0.2122.0 - 3.0 2.667 14.874 0.389 0.2133.0 - 4.0 3.746 15.062 0.382 0.2134.0 - 5.0 4.775 15.100 0.380 0.2115.0 - 6.0 5.798 15.065 0.380 0.2086.0 - 8.0 7.161 14.819 0.380 0.2038.0 - 25.0 9.735 14.583 0.386 0.192p2t range hp2t i (GeV 2) h�i (GeV ) hzi hQ2i (GeV 2)0.00 - 0.05 0.023 13.059 0.379 2.5500.05 - 0.10 0.073 14.107 0.390 2.6110.10 - 0.30 0.182 15.276 0.385 2.5990.30 - 0.50 0.384 16.172 0.392 2.6160.50 - 0.70 0.585 16.669 0.424 2.6350.70 - 0.90 0.787 16.912 0.456 2.6270.90 - 1.10 0.987 17.211 0.483 2.6201.10 - 1.40 1.225 17.471 0.505 2.6481.40 - 1.95 1.606 17.788 0.535 2.6151.95 - 5.00 2.418 18.487 0.571 2.625
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