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AbstratWe report results from an experiment measuring the semi-inlusive reation D(e; e0ps) where theproton ps is moving at a large angle relative to the momentum transfer. If we assume that the protonwas a spetator to the reation taking plae on the neutron in deuterium, the initial state of thatneutron an be inferred. This method, known as spetator tagging, an be used to study eletronsattering from high-momentum (o�-shell) neutrons in deuterium. The data were taken with a5.765 GeV eletron beam on a deuterium target in Je�erson Laboratory's Hall B, using the CLASdetetor. A redued ross setion was extrated for di�erent values of �nal-state missing mass W �,bakward proton momentum ~ps and momentum transfer Q2. The data are ompared to a simplePWIA spetator model. A strong enhanement in the data observed at transverse kinematis is notreprodued by the PWIA model. This enhanement an likely be assoiated with the ontributionof �nal state interations (FSI) that were not inorporated into the model. A �bound neutronstruture funtion� F e�2n was extrated as a funtion of W � and the saling variable x� at extremebakward kinematis, where e�ets of FSI appear to be smaller. For ps > 400 MeV=, where theneutron is far o�-shell, the model overestimates the value of F e�2n in the region of x� between 0.25and 0.6. A modi�ation of the bound neutron struture funtion is one of possible e�ets that anause the observed deviation.PACS numbers: 24.85.+p, 25.30.-, 21.45.+vKeywords: deuterium, o�-shell, neutron, struture funtions
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I. INTRODUCTIONDeades before the nuleon substruture was disovered, numerous models were devel-oped that suessfully desribe most nulear phenomena only in terms of nuleons, theirexited states and strong fore mediators - mesons. Nuleons and mesons are often alledthe �onventional� degrees of freedom of nulear physis. The fundamental theory of stronginterations, quantum hromodynamis (QCD), desribes physial proesses in terms ofquarks and gluons. QCD is very suessful in desribing the interation of quarks at shortdistanes, where perturbative methods, similar to those of quantum eletrodynamis (QED)in atomi physis, are appliable. However, the same perturbative methods annot be ap-plied to solve QCD at the length sales of a nuleus. The present di�ulty to make rigorouspreditions based on QCD at low momenta (orresponding to large distane sales) leaves usno hoie but to ontinue to employ nulear theories based on �e�etive� degrees of freedom- nuleons and mesons. In an attempt to resolve this disontinuity of theories, the fous ofmodern nulear physis has turned to the intermediate region where QCD is not yet solvable,but the quark-gluon substruture of the nuleons must be taken into aount in the nulearmodels.One example of the interfae between a hadroni and a quark-based desription is the(possible) modi�ation of the (quark�) struture of a nuleon that is part of a tightly boundpair. Due to the Heisenberg unertainty priniple, large momenta of the nuleons insidethe nuleus an be assoiated with small internuleon spatial separations. The kinematialonditions are partiularly lean in the ase of the deuteron, where the relative motion ofthe two nuleons is ompletely desribed by the wave funtion in momentum spae,  (p). Inall models of the deuterium nuleus, the nuleons have mostly low momenta and thereforeare relatively far apart. However, even in the wave funtions obtained from non-relativistimodels of the nuleon-nuleon potential, there is a probability for the nuleons to havemomenta high enough so that the proton and neutron an ome very lose together or evenoverlap. In suh high density on�gurations the quark distribution within a nuleon anbeome modi�ed either through o�-shell e�ets [1℄ or through diret modi�ation of theshape and size of the nuleon [2, 3℄. It is also possible that under these onditions thenuleons start to exhange quarks with eah other or even merge into a single �six-quarkbag� [4, 5℄. The quark-gluon degrees of freedom thus might play a diret role in modifying5



nuleon struture in high-density nulear on�gurations. The analysis presented here isaimed at advaning the understanding of high density, high momentum nulear matter.To study these high density on�gurations, we have used eletron sattering from a high-momentum nuleon within a nuleus. In the ase of a deuteron target this an be easilyveri�ed by taking advantage of the inherently simple struture of the two-nuleon system.If all the momentum and energy is transferred to the neutron, the proton is a spetatorto the reation and reoils with its initial momentum. Assuming that the deteted protonwas indeed a spetator to the reation, the initial momentum of the struk neutron an beobtained using momentumonservation. Thus the neutron is �tagged� by the bakward goingspetator proton (for a extensive disussion of the spetator piture see, e.g., the papers bySimula [6℄ and Meltnithouk et al. [1℄). Measurement of a high-momentum proton emittedbakwards relative to the momentum transfer diretion allows us to infer that the eletroninterated with a high-momentum neutron in deuterium.II. THEORETICAL MODELSA. Nuleons in the Nulear MediumEnergy onservation applied to the deuterium nuleus requires that the total energy ofthe proton and neutron bound within a deuteron equals the mass of the deuterium nuleus:Ep + En =Md: (1)At the same time, the mass of the deuteron is less than the mass of a free proton plus themass of a free neutron, Md =Mp +Mn � 2:2246 MeV. Therefore, both the bound neutronand proton an not be on the mass shell at the same time. In the �instant form� dynamis,one of the nuleons is assumed to be on-shell, while the other one is o�-shell and its o�-shellenergy is E�n =Md �qM2p + p2s.The �nal state motion of the on-shell (�spetator�) nuleon an be desribed by its mo-mentum ~ps or the light one fration �s:�s = Es � psjjM ; (2)where p�s = (Es; ~pT ; psjj ) is the spetator proton momentum 4-vetor. The omponent psjj of6



the proton momentum is in the diretion of the momentum transfer q̂, and ~pT is transverseto q̂.Using a non-relativisti wave funtion  NR(ps), the �target density� of neutrons whihare orrelated with spetator protons of momentum ~ps an be expressed as:P (~ps) = J � j NR(ps)j2; (3)where J = 1 + psjjE�n = (2��s)MD2(MD�Es) is a �ux fator that aounts for the motion of the struknuleon.The probability P (~ps) is related to the spetral funtion:S(�s; pT )d�s�s d2pT = P (~ps)d3ps; (4)whih yields S = Es � P (~ps).In the light-one dynamis framework, a non-relativisti deuterium wave funtion an beresaled to aount for relativisti e�ets at high momenta [2℄:SLC(�s; pT )d�s�s d2pT = j NR(j~kj2)j2d3k (5)�s = 1� kjjqM2 + ~k2 (6)~pT = ~kT j~kj = r M2+p2T�s(2��s) �M2; (7)where �s is the light-one fration of the nuleus arried by the spetator nuleon andk� = (k0; ~kT ; kjj) is its internal momentum, with k0 = qM2 + ~k2. The relativisti e�et, inthis piture, manifests itself in that the measured momentum of the nuleon psjj is resaledin the lab frame from the internal momentum kjj. The resulting deuterium momentumdistribution is given by the spetral funtion:SLC(�s; pT ) = qM2 + ~k22� �s j NR(j~kj)j2: (8)The spetral funtion is normalized to satisfy the relation:Z Z Z SLC(�s; pT )d�s�s d2pT = 1: (9)In the PWIA spetator approximation, the reoiling proton is on-shell at the moment of in-teration and reeives no energy or momentum transfer, so that its initial and �nal momenta7



in the lab are the same. The di�erential ross-setion on a moving nuleon (with kinematisde�ned by the spetator variables �s; pT ) an then be alulated as:d�dx�dQ2 = 4��2EMx�Q4 h y�22(1+R) + (1 � y�) + M�2x�2y�2Q2 1�R1+Ri�F2(x�; �s; pT ; Q2) � S(�s; pT )d�s�s d2pT ; (10)where S(�s; pT )d�s�s d2pT is the probability to �nd a spetator with the given kinematis. Inthis expression, F2(x�; �s; pT ; Q2) is the �o��shell� struture funtion of the struk neutronand R = �L�T is the ratio between the longitudinal and transverse ross setions. The asteriskis used for variables that have been de�ned in a manifestly ovariant way. For instane, theBjorken saling variable x = Q22M� and the variable y = �E that are valid for the satteringfrom a free nuleon at rest are replaed with their ounterparts for the sattering on a movingneutron inside the deuteron:x� = Q22p�Nq� � Q22M�(2 � �s) = x2 � �s (11)y� = p�Nq�p�Nk� � y;where q� = (�; ~q) is the momentum transfer 4-vetor, k� = (E; 0; 0; E) is the momentum4-vetor of the inident eletron, p�N = (Md � Es;�~ps) is the momentum 4-vetor of theo�-shell neutron and Md is the mass of the deuterium nuleus. In this approximation thestruk nuleon is assumed to be on the energy shell, but o� its mass shell. The mass of thefree nuleon M is therefore replaed with the o�-shell mass of the bound nuleon:M�2 = (Md � Es)2 � ~p 2s : (12)The invariant mass of the �nal hadroni state in D(e; e0ps)X sattering an be expressed as:W �2 = (p�n + q�)2 =M�2 �Q2 + 2(MD � Es)� + 2psjj j~qj=M �2 �Q2 + 2M� �2 � Es�psjj (j~qj=�)M � ; (13)where it was assumed that Md � 2M . In the (Bjorken) limit of j~qj=� ! 1 the fration in thebrakets of the last term in equation (13) takes the familiar form of the light-one frationof the nuleus arried by the spetator proton �s = Es�psjjM , yielding:W �2 �M�2 �Q2 + 2M� (2 � �s) : (14)If one assumes that F2 is equal to its on-shell form, F2(x�; �s; pT ; Q2) = F free2 (x�; Q2),and integrates over the spetator kinematis, one obtains the usual onvolution result for8



the inlusive nulear struture funtion F2A. In this piture the nuleus is built from freenuleons, i.e. the struk nuleon has the same quark distribution as a free nuleon. Anyobserved modi�ation of the ross setion from that of a olletion of free nuleons is justdue to the kinemati resaling (Eqs. 11) beause of the motion of the nuleons inside thenuleus. However, the di�erene in the x dependene of the inlusive deep inelasti rosssetion for free and bound nuleons observed by the European Muon Collaboration (knownas the EMC-e�et [7℄), annot be interpreted solely in terms of suh a kinemati shift. Alarge number of models have been proposed to explain the EMC-e�et. A good review ofthis subjet is given by Sargsian et al. in Ref. [8℄.The most onservative approah assumes that any modi�ation of the bound nuleonstruture funtion is solely due to the fat that the struk nuleon is o� its mass shell (E <M); for example see Ref. [1℄. Other models invoke a hange of the nuleon size and thereforea resaling of the struture funtion with momentum transfer Q2, as in Ref. [3℄. Frankfurtand Strikman [2℄ link the modi�ations to the struture funtion with a suppression of small(point-like) valene on�gurations of a strongly bound nuleon. The most unonventionalattempt to explain the EMC-e�et is that of Carlson and Lassila [4, 5℄ where nuleons insideof a nuleus in its high-density on�guration are thought to merge and form multiquarkstates. For the ase of deuterium, as muh as 5% of the wave funtion would be in a 6-quarkstate in this model. The ross setion for bakward proton prodution is then expressedas a onvolution of the distribution funtion for the valene quarks in a 6-quark lusterV (6)i and the fragmentation funtion for the 5-quark residuum into a bakward proton,Dp=5q(z) / (1� z)3, with z = �=(2 � x).Although all of these models an desribe at least some aspets of the EMC�e�et, theypredit onsiderably di�erent hanges of the internal struture of deeply bound nuleons.These hanges are masked in inlusive measurements, where one averages over all boundnuleons, most of whih are below the Fermi surfae. By seleting tightly bound nuleonpairs (with a fast bakward going spetator as �tag�), our experiment an study these possiblemodi�ations more diretly. 9



B. Final State InterationsThe PWIA piture desribed above has to be modi�ed to inlude the e�et of �nal stateinterations (FSI) and two-body urrents (meson exhange urrents). Aording to existingmodels (see below), there are kinemati regions where FSI are thought to be small, andother regions where FSI are enhaned. Reliable models of FSI exist for nuleon-nuleonresattering [9℄. In the resonant and deep inelasti region, the estimation of FSI is a lotmore hallenging. FSI an be modeled by replaing the spetral funtion in Eq. 10 with adistorted one: SFSI(�s;~pT ) .Melnithouk, Sargsian and Strikman [1℄ use the eD ! e p n reation as a �rst estimateof FSI in eletron sattering from the deuteron. This alulation shows that for �s > 2� xand ~pT lose to zero FSI are small. In this model SFSI is evaluated using a distorted waveimpulse approximation (DWIA). Aording to this paper, FSI e�ets should not stronglydepend on x, thus the ratios of the ross setion for di�erent ranges in x should be a goodtool to look for the EMC-e�et in the semi-inlusive eD ! e pX proess. In the limit oflarge x, FSI beome muh more important for heavier nulei, where resattering hadronsprodued in the elementary deep inelasti sattering (DIS) o� the short-range orrelationare dynamially enhaned. Therefore, deuterium targets, in the authors' opinion, providethe best way of studying the origin of the EMC e�et.A more reent publiation by Cio� et al. [10℄ disusses bakward proton prodution andFSI assoiated with DIS by evaluating SFSI within a hadronization framework. The reinter-ation of the bakward-going spetator protons with the debris formed in a hadronizationproess is modeled using an e�etive ross setion:�e� = �NN + ��N(nM + nG); (15)where �NN and ��N are the total nuleon-nuleon and meson-nuleon ross setions, respe-tively, and nM and nG are the e�etive numbers of reated mesons and radiated gluons. Theross setion asymptotially tends to exhibit a simple logarithmi behavior. The magnitudeof the e�etive reinteration ross setion di�ers signi�antly for di�erent models, espeiallyat angles of proton emission � � 90o. This kinemati region is proposed by the authorsas the best plae to test various models of hadronization. In ontrast with the alulationdisussed in the beginning of the setion, the model of [10℄ predits signi�ant FSI for protonmomenta j~psj > 250 MeV= even at extreme bakward angles.10



III. EXISTING DATA OVERVIEWFew data exist on the semi-inlusive sattering of a lepton from deuterium with a reoil-ing nuleon in the bakward diretion with respet to the momentum transfer. The datapublished so far were taken using either neutrino or antineutrino beams and had very lowstatistis that do not allow detailed investigation of the ross setions of interest. These ex-periments (see Berge and Efremenko [11, 12℄) foused on measuring the momentum, energy,and angular distributions of protons in the bakward hemisphere relative to the beam line.Despite the low statistis, a notable di�erene in the distributions for bakward and forwardprotons was observed. The data were shown to agree well with a pair-orrelation model inwhih the deteted bakward proton is assumed to be a spetator to the reation.The ross setion ratio �Fe=�D measured by the European Muon Collaboration [7℄ (where�Fe and �D are ross setions per nuleon for iron and deuterium respetively) showeddeviations from unity (now known as the EMC-e�et) that ould not be explained onlyin terms of nuleon Fermi motion. That was the �rst evidene that the nulear mediumin�uenes DIS proesses. It provided an indiation that nulear matter is getting modi�edas its density inreases. The e�et was later on�rmed by data from SLAC [13, 14℄ andCERN [15℄.An independent measurement of the modi�ation of the quark struture of nulei was laterdone at Fermilab [16℄ using ontinuum dimuon prodution in high-energy hadron ollisions,known as the Drell-Yan proess [17℄. The measurement has shown no nulear dependenein the prodution of the dimuon pairs in the region 0:1 < x < 0:3, and therefore, nomodi�ation of the antiquark sea in this range. A number of models developed to explainthe EMC-e�et in terms of strong enhanement of the pion loud were ruled out by thisexperiment.A reent polarization transfer measurement by Dieterih and Strauh [18, 19, 20, 21℄in the 4He(~e; e0~p)3H reation suggested medium modi�ation of the eletromagneti formfators of the nuleon. The observed 10% deviation from unity ould only be explained bysupplementing the onventional nulear desription with e�ets due to mediummodi�ationof the nuleon as alulated by the QMC model [22, 23℄.A model in whih the neutron and proton form a single 6-quark luster was reently tested[5℄ against old bakward proton prodution data from neutrino sattering on deuterium ol-11



FIG. 1: (Color online) CLAS event with forward eletron deteted in oinidene with a bakwardproton.leted at Fermilab [24℄. These data had su�ient aeptane for bakward protons butwere not previously analyzed for this signal. The proton spetrum from neutrino and an-tineutrino sattering from deuterium, taken at CERN [25℄, was also disussed. The authorsompared the momentum distribution of bakward protons with the predition of a 6-quarkluster model. Preditions of the model were shown to be in good agreement with the data,however, the statistis of the data were not su�ient to study the dependene on any otherkinemati variables.In summary, existing data on inelasti sattering o� nulei average over at least someof the relevant kinemati variables (x, Q2, and the momentum of the struk nuleon) andare often limited in statistis. Only a more detailed analysis of the dependene of the rosssetion on these variables an yield lear distintions between di�erent models and theoretialdesriptions of nuleons bound in nulei. The experiment on the reation D(e; e0ps) desribedhere is the �rst to ollet su�ient statistis for this purpose.IV. EXPERIMENTAL SETUPThe data were olleted over a period of 46 alendar days in February and Marh of2002 at the Thomas Je�erson National Aelerator Faility (TJNAF). We used a 5.75 GeVeletron beam with an average urrent of 6 � 9 nA. The experiment was staged in Hall Bof the TJNAF, where the CEBAF Large Aeptane Spetrometer (CLAS) is installed. Sixsuperonduting magneti oils divide CLAS into six setors symmetrially loated around12



the beamline. Eah setor overs almost 60Æ in azimuthal angle and between 10Æ and 140Æin polar angle, thus providing almost 4� aeptane for harged partiles. CLAS setorsare equipped with idential sets of detetor systems (Fig. 1): 1) three regions of drifthambers (DC) trak harged partile's passage though the region of magneti �eld; 2) alayer of sintillating paddles form the CLAS time-of-�ight system (TOF); 3) the Cherenkovounters (CC) are installed in the forward region (10Æ < �lab < 50Æ) of the detetor ande�iently disriminate eletrons from pions up to the partile momenta p � 2:7 GeV=; 4)several layers of lead and sintillating paddles form the eletromagneti alorimeter (EC)designed to separate eletrons from minimum ionizing partiles. CLAS is desribed in detailin Ref. [26℄.A onial ryogeni 5 m target, installed in the enter of CLAS, was �lled with liquiddeuterium at a temperature of 22 K and pressure of 1315 mbar with a density of 0:162 g=m3.The average beam urrent of 8 nA produed a luminosity of 1:1 � 1034 m�2 � s�1.The CLAS trigger was formed by a oinidene between CC and EC. The signal levelfor the trigger oinidene was set to be at least 1 photoeletron in CC and 0.5 GeV in EC.The level 2 trigger required a DC trak andidate in the setor of the alorimeter hit. Withthis trigger on�guration, the data rate was about 3 kHz and the dead time was usually lessthan 13%.Out of 4.5 billion events olleted over the experimental run, only 350 thousand ontainan eletron in oinidene with a bakward proton. The typial event of that type detetedin CLAS is shown in Fig. 1. The olleted data sample has wide overage in kinematisof the eletron and proton (Fig. 2). The momentum transfer Q2 ranges between 1.2 and5:5 GeV2=2, while the invariant mass overs the quasi-elasti, resonant and deep inelastiregions. Protons were deteted at large angles relative to the momentum transfer vetor ~q,up to angles of �pq � 145Æ and with momenta above 0:28 GeV/.V. DATA ANALYSISIn this setion we disuss all the key analysis steps that led to the extration of the �nalresults. 13
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FIG. 2: Kinemati overage for eletrons (W vs. Q2) (a) and for reoiling protons (momentum pprvs. polar angle �pq) (b), within �duial uts.A. Event SeletionThe fous of this analysis is the ed! e0psX reation, therefore events ontaining oini-denes between the sattered eletron and reoiling proton have to be seleted �rst.The sattered relativisti eletron is expeted to be the �rst partile that arrives at thedetetors after interating with the target nuleus. The partile was identi�ed as an eletronif it was the �rst in the event and its harge was measured by the DC to be negative. Eletronidenti�ation (ID) uts on the response of two of the remaining detetor systems, CC andEC, redue the bakground of �� in the eletron spetrum. The CC are very e�ientin pion rejetion up to P � 2:7 GeV=, where pions start to emit Cherenkov light. Forlower momenta of the partile P < 3:0 GeV/ a software ut of 2.5 photoeletrons wasrequired to identify an eletron. For the part of the data with partile momentum P > 3:0GeV/, a software ut of 1 photoeletron was used (and the �duial region inreased - seebelow) to inrease aeptane. The eletron produes an eletromagneti shower in the ECimmediately after it enters, while pions make mostly a minimum ionizing signal with a smallsampling fration (E=P ). The minimum ionizing partiles an be easily rejeted by requiringthat the visible energy deposited in the �rst 15 layers of the EC is ECinner > 0:08 � P andthe total visible energy in the EC is ECtotal > 0:22 � P .In order to redue the systemati unertainty in the quality of eletron identi�ation,14



detetor �duial uts are applied. The �duial region of CC is known to be within the limitsof the EC �duial region; therefore only a CC ut needs to be applied. We de�ned the�duial region suh that the CC was at least 90% e�ient.In addition to the partile harge information, the DCs also measure the length fromthe target to the TOF system and the urvature of the trak. From the urvature of thetrak the partile momentum an be reonstruted. The proton is identi�ed using TOF timemeasurement (tTOF ) and DC momentum (pDC) and trak length (r) information. Assuminga positively harged partile is a proton, its veloity is given byvDC = pDCqp2DC +M2p ; (16)where Mp is proton mass. Then the time the proton travels from the target to the TOF istDC = r=vDC . The partile is identi�ed as a proton if the time di�erene �t = tDC � tTOF ,orreted for the event start time, is within a time window �2 ns to 7 ns.A vertex ut is applied to ensure that the interation took plae within the volume of thetarget. The eletron was required to have a vertex �2 m < Zel < 1:5 m while the protonvertex ut was set to �2:5 m < Zpr < 2 m (the target extends from -2.5 m to 2.5 m).Additionally the vertex di�erene between Zel and Zpr was required to be less than 1:4 mto redue the bakground from aidental oinidenes.B. Kinemati CorretionsThe geometrial and strutural omplexity of CLAS is responsible for minor disrepaniesin the measurement of the momentum and diretion of a partile. These disrepanies arethought to be primarily due to the unertainty in the magneti �eld map and DC position.The e�et of a displaement of the drift hambers and possible disrepanies in the measuredmagneti �eld on the measured sattering angle �re and momentum p an be parameterized.The orretion funtion ontains 8 parameters desribing the drift hamber displaementsand rotations and 8 parameters desribing the possible unertainties in the magnitude ofthe magneti �eld on the path of the partile. These parameters an be determined usingmulti-partile exlusive reations whih are fully ontained within the CLAS aeptane. Inan exlusive reation all of the produts of the reations are deteted and no mass is missing.Therefore, the kinematis of the reation are fully de�ned and the goodness of �t an be15



evaluated using momentum and energy onservation. More details on this method an befound in Ref. [27℄.For low-energy protons (P < 0:75 GeV=) energy loss in the target and detetor is signif-iant and needs to be orreted for. This energy loss was studied with the CLAS GEANTsimulation and an appropriate orretion was applied to the data.C. BakgroundsEven after the ID uts desribed above, pions remain a non-negligible bakground in theeletron spetrum. Their ontribution needs to be estimated and appropriate orretionsapplied to the data. This was done using a sample of pions within EC uts of Einner < 0:05GeV and Etotal < 0:1 GeV. The spetrum of photoeletrons in the Cherenkov Counters of thispion sample was saled suh that the sum of the normalized spetrum and that of a �perfet�eletron sample (from a simulation normalized to data within a tight EC ut) agreed withthe measured Cherenkov spetrum for eletron andidates within our regular EC uts. Thisnormalized pion spetrum was then integrated above the software ID uts of 2.5 and 1.0photoeletrons (depending on the data momentum range) and used to estimate the frationof pions remaining in the eletron sample after the Cherenkov ID ut. This fration was�t to an exponential in pion energy and the resulting estimate of the pion ontamination(ranging to no more than 6%) was used to orret the extrated data.A similar tehnique was used to measure the rate of positrons relative to that of eletrons,by taking positive harge traks and �tting their energy spetrum in the EC with a om-bination of �pure� pions (based on Cherenkov response) and �golden eletrons� (very highCherenkov ut). This positron to eletron ratio an be used to estimate the fration of thedeteted eletrons whih were not sattered from the beam but ame from pair prodution ! e+e� or the Dalitz deay �0 ! e+e�. One again, an exponential �t to the ratiowas used to estimate this ontamination for all kinemati bins and orret our �nal dataaordingly.Despite the vertex uts there is still a hane of having an aidental oinidene betweenan eletron and a proton in the data sample. The bakground of aidentals has to beestimated and subtrated. At the same time, the loss of �true� protons due to the time andvertex uts has to be determined. A purely aidental proton was de�ned as a positively16



harged partile with the time-of-�ight measured by the TOF to be at least 12 ns longerthan the expeted time-of-�ight of a proton with that momentum. The time window for theaidental proton was taken to be 9 ns, the same as the proton ID time window, so that theexpeted arrival time for the aidental proton would not be more than 21 ns di�erent fromthe expeted arrival time of the real proton. In the ase where the time window of aidentalsis less than 5 ns away from when the deuteron (from elasti sattering events) would havearrived at the TOF ounter, the aidental proton is de�ned to be within a 9 ns windowstarting at 5 ns after the expeted arrival time of a deuterium ion. The average bakgroundof aidental oinidenes per nanoseond of the proton time vertex was alulated fromthe rate in the �aidental time window� desribed above and ompared with the unbiaseddata sample of oinidenes with good proton PID. The level of understanding of aidentalswas also tested using the simulation results. The sum of the measured aidentals and thesimulation is in agreement with the data on good eletron-proton oinidenes as seletedby PID uts (Fig. 3). A small disrepany on the positive side of the �Z distribution is dueto another type of unwanted oinidenes where a partile originating from the �rst eletronvertex reinterats further along the target ell, liberating a (bakward) proton whih arriveson-time with respet to the TOF. Protons produed in suh a way enhane the positiveside of the vertex di�erene distribution. The seleted sample of aidentals ontains onlyo�-time events, and therefore does not fully reprodue the shape of the vertex di�erenedistribution. A properly saled sample of these exess events was added to the sample ofpurely aidental oinidenes de�ned using o�-time protons.D. SimulationTo extrat absolute results from our experimental data, the detetor aeptane has to beevaluated and an appropriate orretion applied to the data. An idealized model of all thedetetor systems of CLAS is implemented in the ode known as �GSIM�. The program is builton the foundation of the GEANT simulation software pakage, supported by CERN. GSIMallows simulation of the detetor response to a propagating partile, simulating energy lossas well as emission of seondary partiles during the passage of the partile through partsof the detetor. After the response of the ideal detetor is simulated, existing detetorine�ienies are introdued. This is done using a separate program alled �GPP� (GSIM17



, cm
el

-Z
pr

Z
-4 -3 -2 -1 0 1 2 3 4

# 
co

u
n

ts

0

200

400

600

800

1000

1200

1400

FIG. 3: (Color online) Data for the di�erene between the eletron and proton vertex (triangles)ompared to a �t (solid histogram) omposed of a simulation of true oinidenes (not shown) andmeasured aidental oinidenes (dash dotted histogram). The vertial dashed lines indiate theut used to selet data for analysis.post-proessor). GPP uses preompiled information on dead regions of the DC and TOF toremove the signal for these parts of CLAS from the GSIM output. The �nal output is thenanalyzed exatly the same way as the real data.The events used as input for the CLAS GSIM simulation were generated following theross setion Eq. 10. The Paris wave funtion [28℄ was used to selet the momentum of the�spetator� nuleon �rst. A omparison with the Argonne V18 wave funtion [29℄ showed anegligible di�erene in the momentum distributions. The generated nuleon momentum aneither be diretly used following the presription for the non-relativisti spetral funtion(Eqs. 3,4) or as the �internal momentum� in the light one desription, Eqs. 5�8. From thespetator nuleon kinematis, we then alulate the initial four-momentum of the struknuleon and determine the sattered eletron kinematis in the rest frame of that nuleon,then transform it bak to the lab frame. That way, all of the �starred� variables in Eq. 10are automatially evaluated with the proper relativisti resaling.The eletron sattering ross setion used to generate the eletron kinematis is based onthe ode RCSLACPOL that was developed at SLAC [30℄. It uses parametrizations of worlddata on unpolarized struture funtions and elasti form fators. These parametrizations aredesribed in [31℄ and are based on �ts to unpolarized struture funtion data from NMC [32℄and SLAC [33, 34, 35, 36℄. The nuleon form fators were taken from Ref. [37℄. All form18



fators and struture funtions for bound nuleons are assumed to be equal to the free onesat the orresponding values of x (in the DIS region) or W (in the resonane region, witha smooth transition between both). The free neutron struture funtion F2n was extratedfrom �ts to the world data on the deuteron in a self-onsistent manner by ensuring that ourmodel, integrated over all spetator kinematis and summed over both proton and neutronontributions to eletron sattering, agrees with those �ts.Three di�erent versions of the ode were ompiled to satisfy our needs for simulation ofeletron sattering on 2H: 1) elasti sattering on one nuleon in the deuteron (with the otherbeing a spetator), inluding the elasti radiative tail; 2) inelasti sattering on one nuleonin the deuteron (with and without radiative orretions); and 3) elasti sattering o� thedeuteron nuleus as a whole. Radiative e�ets an be inluded in the simulation followingthe presription by Mo and Tsai [38℄. In the �rst two ases, these radiative orretions areapplied to the eletron sattering ross setion for the struk nuleon in its rest frame, whilethe spetator simply determines the kinemati transformation into the lab system. Thegenerator is apable of simulating both inlusive D(e; e0) (by adding the �rst two proessesfor both protons and neutrons with the third one) and semi-inlusive D(e; e0ps) proesses,whih is ontrolled by a on�guration �le. While this generator may not be very realistiin its desription of the underlying physial proesses (sine it does not ontain FSI, non-nuleoni urrents in deuterium, or modi�ations of the nuleon struture funtion for o��shell nuleons), it is su�iently aurate (see below) to allow a largely unbiased extrationof the aeptane and e�ieny of CLAS, by omparing aepted simulated events to theinitial distribution of generated events.The quality of the simulation proedures an be evaluated by omparing the preditednumber of ounts for well-studied proesses in data and simulation. To date, one of thebest studied ross setions in nulear physis is that of elasti eletron sattering from a freeproton. To selet elasti events a ut on the invariant massW was used: 0:9 < W < 1:1 GeV.The overall shape is reprodued well and the measured ross setion lies well within 10%of the simulated one at low Q2 (where our statistial error allows a signi�ant omparison).The Q2 distribution of the simulated inlusive ross setion for quasi-elasti sattering ondeuterium is also in good agreement with the experimental data. Here the events were alsoseleted using the invariant mass ut 0:9 < W < 1:1 GeV. In the region of relatively goodstatistis at low Q2 the deviation from unity on the data to simulation ratio does not exeed19



10%. Finally, the rate of inlusive D(e; e0)X events for all �nal state invariant masses Wagrees with the predition of our model to within 5�10%.A sample of simulated events that exeeds the statistis of the experimental data by afator of 10 was generated for the D(e; e0ps) reation and was used in the analysis to orretthe data for detetor aeptane and bin averaging e�ets. The high event ount of theMonte Carlo assures that the statistial error of the data points are not dominated by thestatistial error of the simulation.E. Result ExtrationThe events from the data set were sorted in four-dimensional kinemati bins in W � (orx�), Q2, ps and os �pq (or �s and pT ). We hose two bins in Q2, one with 1:2 (GeV/)2 �Q2 � 2:1 (GeV/)2 (average Q2 = 1:8 (GeV/)2) and one with 2:1 (GeV/)2 � Q2 � 5:0(GeV/)2 (average Q2 = 2:8 (GeV/)2, and �ve bins in ps, with average values of ps =0:3; 0:34; 0:39; 0:46 and 0:53 GeV/.To extrat the �nal results, the above bins were �lled separately for the following ate-gories of events: 1) experimental data with all the standard eletron and proton ID uts;2) aidental eletron-proton oinidenes based on experimental data; 3) oinidenes withprotons from seondary sattering events; 4) simulated data for the elasti sattering on abound neutron, inluding the radiative elasti tail; 5) simulated data for the inelasti satter-ing on a bound neutron. Aidental oinidenes and oinidenes with seondary protonswere then subtrated from the data on a bin-by-bin basis. The simulated elasti satteringdata were also used to subtrat the elasti radiative tail from the experimental data. Forthis purpose both data and simulation were �rst integrated in the range of the invariantmass of the unobserved �nal state W � from 0.5 to 1.1 GeV. The elasti radiative tail in thesimulation was then saled by the ratio of the data to the simulation and subtrated.As was previously disussed, in the spetator piture, the ross setion for the o�-shellnuleon an be fatorized as a produt of the bound nuleon struture funtion and thenulear spetral funtion, multiplied by a kinemati fator (see Eq. 10). Using the data ofthis experiment, it is possible to extrat this produt, and, in the region where FSI are smalland the spetral funtion is well desribed by the model, even the o�-shell struture funtionby itself. To do that, the experimental data (with aidentals, resattered proton events,20



and elasti radiative tail subtrated) were �rst divided by the simulated inelasti data.The simulated events were generated using the ross setion Eq. 10 with full onsiderationof radiative e�ets. To extrat the produt of struture and spetral funtions, the ratioof data to simulation was multiplied with the produt F2n(x�; Q2) � S(�s; pT ), alulatedusing the same model that was used in the generator. Similarly, to obtain the produt ofthe struture funtion F2n with the probability distribution for the proton momentum indeuterium, we multiplied the ratio of data to simulation with the fator F2n(x�; Q2)�P (~ps)from our generator model. In both ases, the dependene of the extrated data on the spei�model for the simulation is minimized, sine the �input� (F2n and S(�s; pT ) or P (~ps)) anelsto �rst order. Basially, this proedure orrets the data for the detetor aeptane, binmigration and radiative e�ets, and produes a �normalized ross setion� by dividing outthe kinemati fator 4��2EMx�Q2 as well as the fator in square brakets in Eq. 10 (whih dependsweakly on the ratio R = �L=�T ). To extrat the (�o�-shell�) struture funtion F e�2n, the ratioof data to simulation was multiplied with the free nuleon struture funtion F2n(x�; Q2).This assumes that the spetral funtion used in the simulation desribes the momentumdistribution of the spetator protons reasonably well.F. Systemati UnertaintiesTo simplify the statistial error alulation, all the orretions for the detetor ine�ien-ies and data sample ontamination (exept for aidentals and the radiative elasti tail)were applied to the simulated events.The e�ieny of the CC eletron ID ut is well reprodued in the simulation. A 1%systemati unertainty enters here to aount for the observed deviation of the ut e�ienyfrom setor to setor. The EC ID ut e�ieny is reprodued only partially. The e�ieny ofthe ut in data was found to be 95%, however the same ut, applied to the simulation, is 98%e�ient. The di�erene might be a result of data being ontaminated with pions, despitethe inreased CC threshold. The simulated data were saled down by a onstant fator of0.97 to aount for the di�erene in the e�et of the ut. A 2% systemati unertainty wasassigned to this fator due to the unertainty about the soure of the deviation. A variablefator that ranges from 1.06 to less than 1.01 was used to introdue pion ontaminationinto the simulation. The fator varies with the partile sattering angle and momentum.21



A variable fator was also applied to the eletron spetrum in the simulation to introdueeletrons oming from eletron-positron pair reation. The resulting systemati unertaintywas estimated by varying these fators by 50% of their deviation from unity. The resultinghange in the distribution in eah of the �nal histograms was used as an estimate of thesystemati unertainty of these orretions.Some additional orretions were applied to the proton spetrum. A onstant fator of0.99 was introdued to re�et the di�erene in the e�et of the proton timing ID ut onthe real versus the simulated data. The systemati unertainty of 0.5% on this numberaounts for the momentum dependene of the e�et. A fator dependent on the protonmomentum was applied to the simulated data to aount for the disrepany between dataand simulation in the e�et of the ut that was set on the di�erene between the eletronand proton verties. The systemati unertainty here is evaluated individually for eahhistogram, by varying the orretion by 50%.A major ontribution to our systemati error omes from remaining di�erenes betweenthe simulated and the �true� ine�ienies of CLAS. Even after removing bad hannels andaounting for all known detetor problems, we �nd that the ratio of simulated to measuredrates for reonstruted protons varies from setor to setor. We use the RMS variationbetween setors to estimate this systemati error as about 11% on average. We also inludea 3% sale error on the target density, e�etive target length, and beam harge alibration.The data were orreted for the radiative elasti tail and aidental oinidenes by diretsubtration of normalized (simulated or real) data (see previous subsetion). The normal-ization fators were varied by 50% of their deviation from unity to estimate the systematierrors due to these orretions. The unertainty on the inelasti radiative orretions wasalso alulated as 50% of the deviation from unity of the orretion fator. We heked ourradiative orretion proedure against the existing ode �EXCLURAD� [39℄ for the ase ofquasi-elasti sattering (pn �nal state) and found good agreement within the stated uner-tainties.A �nal systemati unertainty omes from the model dependene of our simulated data.While the model input anels in our extrated values for F2n(x�; Q2) � S(�s; pT ) to �rstorder, both migration between adjaent kinemati bins and distribution of events within abin (where the CLAS aeptane might vary) are somewhat model-dependent. We estimatedthis e�et by modifying the model input to agree with the ross setion extrated from our22



Soure of Unertainty Typial Range (in % of data value)EC ID Cut 2Trigger E�ieny 2Seondary Eletrons 0.7Eletron Vertex ID Cut 0.6Proton Timing ID Cut 0.5CC E�ieny 1Pion Contamination 0.5 ... 3e+=e� Contamination 0 ... 0.75Pure Aidental Coinidenes 0 ... <1.2> ... 4Coinidenes with Knok-out Proton 0 ... <2.3> ... 6Vertex Di�erene Cut 0.75 ... 1.5Quasi-elasti Radiative Corretions 0 ... <1.9> ... 11Inelasti Radiative E�ets 0 ... <2.7> ... 12Luminosity 3Traking Ine�ieny 11Bin Migration & Model-Dependene ofAeptane 0 ... <5.2> ... 10Total 15.5 ... <16.9> ... 34.1TABLE I: Systemati errors in perent of the data values. The typial range of the error as wellas their RMS values (in brakets) are given.data. The deviation of the simulated events with this modi�ed ross setion from the datais a diret measure of the magnitude of this systemati error. We found its magnitude to begenerally below 5%, going up to 10% for higher proton momenta.All systemati errors were added in quadrature and are shown as shaded bands in theFigures in the following setion. The summary of systemati unertainties is presented inTable I. 23
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FIG. 4: (Color online) Data (points) and results of the Monte Carlo (MC) simulation based on twodi�erent PWIA models (solid and dashed urves) for the total number of ounts versus os �pq forproton momenta ps = 280�320 MeV= (a) and ps = 360�420 MeV= (b), integrated over eletronkinematis. The total systemati error is indiated by the shaded band.VI. RESULTSIn the following, we show several representative histograms (one�dimensional projetionsof the four�dimensional bins), omparing our data to our simple PWIA spetator model toeluidate some general trends.In Fig. 4 we show as a �rst step the aumulated number of protons (in oinidene witha sattered eletron) for several bins in os �pq, where �pq is the angle between the virtualexhanged photon and the proton. The data are not orreted for aeptane and e�ienyand therefore fall o� at large angles where CLAS has limited aeptane. The urves shownare from our simulation of these data, inluding the CLAS aeptane and without anynormalization. Using the light one presription (Eq. 8) for the momentum distributionof the initial proton (solid urve), good agreement between the data and our Monte Carlo(MC) simulation is observed up to os �pq � �0:3. The result for the non-relativisti wavefuntion (Eq. 3, dashed line) is similar in these kinematis. At more forward angles the dataexeed the simulation by a large fator, espeially at higher momenta (Fig. 4b), indiatinga breakdown of the pure PWIA spetator piture. We assume that this enhanement is dueto FSI between the struk neutron and the spetator proton (see below).24
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FIG. 5: (Color online) Momentum distribution of the reoiling proton. Data (points) are omparedwith our MC simulation (solid urve) for the range of reoil angle �1:0 < os �pq < �0:3 (a) and�0:3 < os �pq < 0:3 (b). All events within a missing mass range 1:1 < W � < 2:0 GeV weresummed together for this plot.The momentum distribution plotted separately for bakward (�pq > 108Æ) and transverse(72Æ < �pq < 108Æ) proton kinematis on�rms this piture for the relative importane ofnon-PWIA proesses (Fig. 5). The momentum distribution of the bakward protons isreasonably well desribed by the PWIA model, indiating that distortions due to FSI arerather small in this region. At the same time, the momentumdistribution for the transverseprotons is strongly enhaned at momenta above 300 MeV/, as predited by several modelsof FSI [1, 9, 10, 40℄. For momenta below about 300 MeV/, the aeptane and e�ieny ofCLAS for protons falls o� even faster than predited by our Monte Carlo simulation. Thisexplains the fall-o� at low momenta in Fig. 5.In Fig. 6 we look at the angular distribution of the protons in more detail. The reduedross setion desribed in the previous setion is plotted for three di�erent proton momenta(inreasing from left to right), as well as three di�erent missing mass ranges of the unobserved�nal state (inreasing from top to bottom) in the reation D(e; e0ps)X. Several trends anbe observed:� At proton momenta around 300 MeV/, the extrated redued ross setion is on-sistent with our simple PWIA spetator model throughout the whole angular range25
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FIG. 6: (Color online) Results for the normalized ross setion (equivalent to the produt F2n �P (~ps) in the spetator piture) for the reation D(e; e0ps)X . Eah row is for a di�erent mass W �of the unobserved �nal state X , namely W � = 0:94 GeV (quasi-elasti sattering) in the �rst row,W � = 1:5GeV in the seond andW � = 2 GeV in the third. The three olumns are for three di�erentproton momentum ranges, with average momenta of ps = 0:3, 0:39 and 0:56 GeV/, respetively.All data (�lled irles with statistial error bars) are for our lower Q2 bin (with average Q2 of 1.8(GeV/)2). The two lines ome from our simple PWIA spetator model using a light-one wavefuntion (solid line) or a non-relativisti WF (dashed line), while the shaded band at the bottomindiates the systemati error. 26



and for all �nal state masses. This is onsistent with expetations that destrutiveand onstrutive interferene e�ets between FSI and PWIA anel roughly in thismomentum range [9, 40℄.� For larger proton momenta, deviations from PWIA behavior show up as an inrease ofthe normalized ross setion at transverse kinematis. This inrease appears approx-imately around os �pq = �0:3 and ontinues beyond os �pq = 0 (�pq = 90Æ). Suhan inrease is not likely due to unertainties in the deuteron wave funtion, whih isisotropi in the non-relativisti ase and is equal to the non-relativisti wave funtionfor transverse proton momenta if one uses light-one wave funtions. However, suhan e�et is expeted within models of FSI due to the initial motion of the nuleon onwhih the resattering ours (see Fig. 3 in Ref. [9℄ and Ref. [40℄). The strength ofFSI in these models is the largest for the highest reoiling proton momenta, onsistentwith the trend of the data.� The non-PWIA e�ets seem to be more pronouned for the largest missing masses (seealso below). This behavior is in qualitative agreement with the FSI model by Cio�delgi Atti and ollaborators [10, 41℄, where the strength of resattering is related tothe number of hadrons in the �nal state (Eq.15).This last point an be seen more learly in Fig. 7 whih shows the ratio between theobserved ross setion and the predition of our PWIA spetator model for proton momentaaround 0.46 GeV/, for four di�erent ranges in �nal-state missing mass (slightly o�set fromeah other for eah point in os �pq). The data for di�erent missing mass values are statis-tially lose to eah other (and lose to unity) in the bakward region where resatteringe�ets an be assumed to be small. Conversely, in transverse kinematis the ratio substan-tially exeeds one and is largest for the highest W � bin. The enhanement in transversekinematis is also large in the ��resonane region. This ould be due to ��prodution inFSI between the struk neutron and the �spetator� proton.Conluding that the spetator PWIA model works reasonably well in the region of largebakward angles (os �pq < �0:3), we onentrate on this region to study the momentum (o�-shell) dependene of the e�etive eletron sattering ross setion on the bound neutron. At�rst, we diretly ompare the extrated e�etive struture funtion of the o��shell neutron,F e�2n, for inelasti �nal states (W � > 1:1 GeV) to the on�shell struture funtion (see Fig. 8).27
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FIG. 9: (Color online) Ratio of the extrated �o�-shell� struture funtion F2n at x = 0:55; Q2 = 2:8(GeV/)2 to that at x = 0:25; Q2 = 1:8 (GeV/)2, divided by the ratio of the free struture funtionsat these kinemati points. The error bars are statistial only and the shaded band indiates theoverall systemati error. This plot is for similar (but not idential) kinematis as Fig. 6 in thepaper by Melnithouk et al. [1℄.Beyond �s � 1:1, the data still lie below unity (by about 17%) but appear fairly onstantwith �s. Although this suppression ould be interpreted as an o��shell e�et, the dataappear inonsistent with some of the more dramati preditions of a steep fallo� for theratio at high �s (e.g., Ref. [2℄). The predition for this ratio from the 6-quark lustermodel [4℄ varies between 0.7 and 1 at �s = 1:4 and is therefore ompatible with our result.One realisti alulations inluding FSI e�ets beome available for the kinematis of ourdata set, a more quantitative omparison with various models for the o��shell behavior ofthe struture funtion F2(x�; Q2; ps) will be feasible. Suh alulations are underway [40, 42℄.VII. SUMMARYTaking advantage of the large solid angle aeptane of the CEBAF Large AeptaneSpetrometer, a large amount of data (� 350K events) was olleted on the reationD(e; e0ps)X in the exoti region of extreme bakward proton kinematis. The data rangefrom 1.2 to 5 (GeV/)2 in momentum transfer Q2 and reah values of the missing mass ofthe unobserved �nal state W � of up to 2:7 GeV. Protons with momentum ps as low as30



280 MeV= and up to 700 MeV= were deteted, at angles �pq relative to the diretion of themomentum transfer extending up to more than 140Æ. In terms of the light one variables,the data span values of the light-one fration �s up to about 1.7, with a minimum protontransverse momentum relative to q̂ of 150 MeV= and up to 600 MeV=.Redued ross setions were extrated as a funtion of W � (or Bjorken�variable x�) and�T , ~pT (or os �pq, ps), for two large bins in Q2, allowing us to test theoretial alulationsagainst the presented data. Comparison with a simple PWIA spetator model shows mod-erately good agreement in the kinemati region of lower momenta and os �pq < �0:3. Forinreasing �spetator� momenta ps > 0:3EG V/ FSI and other non-PWIA e�ets beomestrong, espeially in the region of proton sattering angles os �pq > �0:3. These e�etsseem to depend on the invariant massW �; on the other hand, no strong dependene of thesee�ets on momentum transfer Q2 is observed. This behavior is in qualitative agreement withmodels [10, 41℄ that desribe the strength of FSI in terms of the number of hadrons in the�nal state X. The angular (�pq) and momentum (ps) dependene of the observed strengthin the ross setion in the quasi-elasti region (where X is a neutron in its ground state) arealso in good agreement with detailed alulations [40℄ showing a transition from destrutiveinterferene below ps = 300 MeV= to a strong enhanement at ps > 400 MeV= aroundos �pq = 0:2 (see Fig. 6 and also Ref. [43℄).A depletion ompared to the PWIA model is observed in the data at os �pq < �0:3 andfor high ps, where the struk neutron is far o� its mass shell. This redution might be dueto nuleon struture modi�ations. It is espeially apparent in the region of moderate x�whih overlaps in part with the nuleon resonane region. However, it is also possible thatour simple model predits too muh strength in the deuteron momentum distribution atthese higher momenta. This would lead to an �apparent� depletion for all values of x� (orW �), whih would be somewhat modi�ed by a remaining FSI�indued enhanement at highW �.Ultimately, our data will serve to onstrain detailed theoretial alulations, inluding o�-shell and FSI e�ets. One these e�ets are well-understood at high spetator momenta, onean safely extrat the neutron struture funtion at lower momenta where those orretionsare smaller and where their unertainty will not a�et the result. This method will be usedin the upoming �BoNuS� experiment at Je�erson Lab. A statistially improved data setwith muh larger kinemati overage an be obtained one Je�erson Lab has been upgraded31
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