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Leading neutron energy and pTdistributions in deep inelasti satteringand photoprodution at HERA
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AbstratThe prodution of energeti neutrons in ep ollisions has been studied with theZEUS detetor at HERA. The neutron energy and p2T distributions were mea-sured with a forward neutron alorimeter and traker in a 40 pb�1 sample ofinlusive deep inelasti sattering (DIS) data and a 6 pb�1 sample of photopro-dution data. The neutron yield in photoprodution is suppressed relative toDIS for the lower neutron energies and the neutrons have a steeper p2T distribu-tion, onsistent with the expetation from absorption models. The distributionsare ompared to HERA measurements of leading protons. The neutron energyand transverse-momentum distributions in DIS are ompared to Monte Carlosimulations and to the preditions of partile exhange models. Models of pionexhange inorporating absorption and additional seondary meson exhangesgive a good desription of the data.
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1 IntrodutionIn ep sattering at HERA, a signi�ant fration of events ontains a low-transverse-momentum baryon arrying a large fration of the inoming proton energy [1{5℄. Al-though the prodution mehanism of these leading baryons is not ompletely understood,exhange models (Fig. 1) give a reasonable desription of the data. In this piture, theinoming proton emits a virtual partile whih satters on the photon emitted from thebeam eletron. The outgoing baryon, of energy EB, arries a fration xL = EB=Ep ofthe beam energy, while the exhanged partile partiipates in the proess with energy(1� xL)Ep.In partiular, one-pion exhange is a signi�ant ontributor to leading neutron produtionfor large xL [1, 2℄. For suh a proess the ross setion for the semi-inlusive reation�p! Xn fatorizes into two terms (Regge fatorization [6℄):d2�(W 2; Q2; xL; t)dxLdt = f�=p(xL; t)���((1� xL)W 2; Q2);where Q2 is the virtuality of the exhanged photon, W is the enter-of-mass energy of thevirtual photon-proton system and t is the square of the four-momentum of the exhangedpion. In terms of the measured quantities xL and transverse momentum pT , the pionvirtuality is: t ' �p2TxL � (1� xL)(m2n �m2pxL)xL :The ux of virtual pions emitted by the proton is represented by f�=p and ��� is theross setion of the virtual-photon and virtual-pion interation at enter-of-mass energyp1� xLW . If the �� ross setion is independent of t, the pT distribution of produedneutrons is ompletely determined by the ux fator.Many parameterizations of the pion ux have been suggested in the literature [6{11℄.They have the general form:f�=p(xL; t) / �t(t�m2�)2 (1� xL)�(t)F 2(xL; t):The power �(t) and the form fator F (xL; t) are model dependent with parameters thatan be extrated from hadron-hadron sattering data.Comparisons between ross setions for the prodution of partiles in the fragmentationregion of a target nuleon provide tests of the onepts of vertex fatorization and limitingfragmentation [12℄. The hypothesis of limiting fragmentation states that, in the high-energy limit, the prodution of partiles in the proton target-fragmentation region isindependent of the nature of the inident projetile. For leading neutron prodution in1



ep sattering, where the projetile is the exhanged virtual photon, this implies that thedependene of the ross setion on the lepton variables (W;Q2) should be independentof the baryon variables (xL; t). For suh vertex fatorization, the ross setion an bewritten as d2�(W 2; Q2; xL; p2T )dxLdp2T = g(xL; p2T )G(W 2; Q2);where g and G are arbitrary funtions. The Regge fatorization introdued earlier violatesthis vertex fatorization beause of the dependene of ��� on xL in addition to W 2and Q2. Fatorization tests involve omparing semi-inlusive rates, normalized to theirrespetive total ross setions, to study whether partile prodution from a given targetis independent of the lepton variables.In exhange models, neutron absorption an our through resattering [13{16℄. In ageometrial piture [14℄, if the size of the n-� system is small ompared to the size of thephoton, the neutron an also satter on the photon. The neutron may migrate to lowerxL and higher pT suh that it is outside of the detetor aeptane. The resatteringan also transform the neutron into a harged baryon whih may also esape detetion.Sine the size of the virtual photon is inversely related to Q2, more neutron resatteringwould be expeted for photoprodution (Q2 � 0) than for deep inelasti sattering (DIS,Q2 & 1 GeV2). A previous study [2℄ showed a mild violation of vertex fatorization withthe expeted inrease of rate when going from photoprodution to DIS. Similar e�etshave also been seen for leading protons [3℄. The size of the n-� system is inverselyproportional to the neutron pT , so resattering removes neutrons with large pT . Thusresattering results in a depletion of high pT neutrons in photoprodution relative to DIS:a violation of vertex fatorization. Pion-exhange models [6{11℄ inorporate a variationof the mean size of the n-� system as a funtion of xL. This results in an xL dependeneof the absorption, again a violation of vertex fatorization.Absorption is a key ingredient in alulations of gap-survival probability in pp inter-ations at the LHC, ritial in interpreting hard di�rative proesses, inluding entralexlusive Higgs prodution. The most reent absorption model alulations [15,16℄, basedon multi-Pomeron exhanges, gave a good desription of previous leading-neutron resultson absorption [2℄.This paper presents measurements of the xL and p2T distributions of leading neutronsoming from samples of DIS and photoprodution (p) proesses, with more than seventimes higher statistis and smaller systemati unertainties than the previous ZEUS pub-liation [2℄. The xL and p2T distributions in DIS and photoprodution are ompared asa test of vertex fatorization. The neutron measurements are ompared to similar mea-surements of leading protons at HERA. The data are also ompared to the preditions ofseveral Monte Carlo (MC) models. The neutron p2T distributions in DIS are ompared to2



several pion-exhange models with various hoies of their parameters. Finally, the xL andpT distributions in photoprodution and DIS are ompared to models inorporating pionexhange and resattering, and a model that also inludes seondary meson exhanges.2 DetetorsA detailed desription of the ZEUS detetor an be found elsewhere [17℄. A brief outlineof the omponents that are most relevant for this analysis is given below.The high-resolution uranium{sintillator alorimeter (CAL) [18℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partis subdivided transversely into towers and longitudinally into one eletromagneti se-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions(HAC). The smallest subdivision of the alorimeter is alled a ell. The CAL energy res-olutions, as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletronsand �(E)=E = 0:35=pE for hadrons (E in GeV). The EMC setions were used to detetsattered positrons in DIS events and the RCAL was used to trigger on the dissoiatedphoton in photoprodution events.Bremsstrahlung, ep ! ep, and the photoprodution of hadrons, ep ! eX, are taggedusing the luminosity detetors [19℄. The bremsstrahlung photons are measured with alead-sintillator alorimeter loated at Z = �107 m1 from the interation point in thepositron-beam diretion. The positron tagger was a similar alorimeter at Z = �35 mfrom the interation point with an energy resolution of �(E)=E = 0:19=pE (E in GeV).It was used to measure positrons sattered at very small angles in an energy range of5-20 GeV.The forward neutron alorimeter (FNC) [20℄ was installed in the HERA tunnel at � = 0degrees and at Z = 106 m from the interation point in the proton-beam diretion, asdepited in Fig. 2. It was used for the 1995-2000 data taking. The FNC was a lead-sintillator alorimeter with an energy resolution for hadrons measured in a test beamto be �(E)=E = 0:70=pE (E in GeV). The alorimeter was segmented vertially into14 towers as shown in Fig. 3. Three planes of veto ounters were loated in front of theFNC to rejet events in whih a partile showered in dead material along the beamlineupstream of the FNC.In 1998 a forward neutron traker (FNT) was installed in the FNC at a depth of one1 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing towards theenter of HERA. The oordinate origin is at the nominal interation point.3



interation length. It was a sintillator hodosope designed to measure the position ofneutron showers. Eah sintillator �nger was 16.8 m long, 1.2 m wide and 0.5 mdeep; 17 were used for X position reonstrution and 15 for Y . Figure 3 shows theposition of the FNT hodosope in the FNC relative to the inoming neutron beam. Theirregular outlined area indiates the geometri aeptane de�ned by magnet apertures.This limited detetion to neutrons with prodution angles less than 0:75 mrad, allowingtransverse momenta in the range pT � En �max = 0:69 xL GeV. The resulting kinematiregions in p2T and t are shown in Fig. 4.Sans by a 60Co radioative soure and data from frequent proton beam-gas runs wereused to alibrate and monitor both detetors. The relative alibration between FNCtowers was adjusted using position information from the FNT. The energy sale of theFNC was determined with a systemati unertainty of �2% from �ts to the endpoint ofthe neutron energy spetrum near 920 GeV. The minimum-ionizing-partile (mip) sale inthe veto ounters was determined by seleting eletromagneti showers in the FNC, a largefration of whih were onverted photons whih deposited a 2-mip signal in the ounters.The position resolution of neutron showers in the FNT of �0:23 m was measured byplaing an adjustable ollimator in front of the outermost veto ounter of the FNC duringspeial test and alibration runs.3 Data seletion and analysisThe data for this analysis were olleted in 2000 when HERA ollided 27:5 GeV positronswith 920 GeV protons, giving an ep enter-of-mass energy ps = 318 GeV. Separate trig-gers were used to ollet DIS and photoprodution events with leading neutrons.3.1 Data seletionThe DIS events were olleted using a trigger that required the detetion of the satteredpositron in the CAL. In the o�ine analysis, the sattered positron was required to haveenergy E 0e > 10 GeV and to be at least 3 m from the inner edge of the beam-pipe holein the RCAL. The quantity E � PZ = PiEi(1 � os �i), with the sum running over allalorimeter ells, was required to be in the range 35 < E � PZ < 65 GeV; the lower utredued photoprodution bakground with a misidenti�ed positron. These uts resultedin a lean sample of DIS events in the kinemati range Q2 > 2 GeV2 with a mean photonvirtuality of hQ2i ' 13 GeV2. For further studies, the variable Q2 was reonstruted usingthe double angle (DA) method [21℄. This method requires a ertain amount of hadroniativity in the CAL in order to measure the angle of the hadroni system. To ensure4



this, an additional requirement yJB > 0:02 was imposed for those measurements requiringQ2 reonstrution. Here yJB is the inelastiity y � (W 2 + Q2)=s reonstruted usingthe Jaquet-Blondel (JB) method [22℄. The integrated luminosity of the DIS sample wasapproximately 40 pb�1.The photoprodution events were olleted during the last part of the 2000 running periodusing a trigger that required at least 5 GeV in the positron tagger in oinidene with atleast 464 MeV in the RCAL EMC [23℄. The aeptane of the positron tagger limitedthe photon virtuality to Q2 < 0:02 GeV2, with a mean Q2 of approximately hQ2i '4 � 10�4 GeV2. O�ine, the total energy per event deposited in the photon tagger wasrequired to be less than 1 GeV in order to rejet overlapping bremsstrahlung events. Theintegrated luminosity of the photoprodution sample was approximately 6 pb�1.The DIS and photoprodution triggers required at least 180 GeV of energy to be depositedin the FNC. Good FNC neutron andidates were required o�ine to satisfy the followingonditions:� the FNC tower with maximum energy was one of the four towers overed by the FNTas depited in Fig. 3, to rejet protons with xL < 1 whih were deeted into the toptowers of the FNC by the vertial bending magnets shown in Fig. 2;� the veto ounter had a signal of less than one mip, to rejet showers whih started indead material upstream of the FNC; to minimize e�ets of baksplash from hadronishowers, only the veto ounter farthest from the FNC was used;� no signal in the veto ounter onsistent with a shower from a previous bunh rossing,to rejet pile-up energy deposits;� the timing information from the FNC onsistent with the triggered bunh;� energy sharing among the towers was used to rejet eletromagneti showers fromhigh-energy photons.These uts, similar to those used in the previous ZEUS measurements [2,5℄, seleted long-lived neutral hadrons whih had not interated with material before reahing the FNC.The sample was predominantly neutrons, with a small omponent of K0L hadrons. TheMC models Rapgap with pion exhange [24℄ and Lepto with soft olor interations [25℄predit that the K0L ontribution is less than 2% above xL = 0:6, and inreases slowly toapproximately 20% at xL = 0:2.The above seletion was used for the xL measurements. For results requiring also ameasurement of p2T , the following additional requirements were imposed to ensure a wellreonstruted position measurement in the FNT:� the highest pulse-height hannel in eah of the hodosope planes was above the pedestallevel, to selet neutrons whih showered before the FNT plane;5



� shower pro�les with more than one peak were rejeted, to eliminate mismeasurementfrom shower utuations.The fration of lean FNC neutrons passing the FNT uts determined the FNT eÆienyas a funtion of xL. The eÆieny rises with neutron energy from 35% at xL = 0:2 to63% at xL = 0:85, orresponding to the fration of neutrons that shower before the FNT.3.2 NormalizationThe ross setions for leading neutron prodution presented here, �LN, were normalizedto the inlusive ross setions without a leading-neutron requirement, �in, as:rLN(W 2; Q2) = �LN(W 2; Q2)�in(W 2; Q2) :Variations of this relative neutron yield, rLN, with W 2 or Q2 indiate di�erenes in theneutron-prodution mehanism. The aeptane for deteting di�erent types of events inthe entral ZEUS detetor in a small kinemati region of (W 2; Q2) is independent of theneutron requirement; the aeptane anels in the yield rLN, so that:rLN(W 2; Q2) = NLN(W 2; Q2)Nin(W 2; Q2) :Here Nin is the number of inlusive events in the sample and NLN is the number of theseevents with a neutron tag, orreted for the aeptane of the forward neutron detetors.The aeptane of the entral ZEUS detetor varies with (W 2; Q2); if the neutron-taggedand inlusive events have di�erent kinemati dependenes, their aeptanes integratedover a given (W 2; Q2) region would be di�erent. The mild violation of vertex fatorizationobserved in the previous ZEUS measurement [2℄ indiates that suh di�erenes in aep-tane are less than 2%, and so were ignored. Thus the aeptane of the entral ZEUSdetetor and assoiated systemati unertainties do not a�et the neutron yield. Only theaeptane of the forward neutron detetors together with its systemati unertainties arerelevant for measuring rLN.For the DIS sample, a set of inlusive events was olleted simultaneously and used tonormalize the neutron data. For the inlusive photoprodution events, 49 nb�1 of datawere olleted in a speial run in 1996 when the proton beam energy was 820 GeV, formeasurement of the photon-proton total ross setion [23℄. The normalization of the 2000photoprodution data was determined by assuming that the ratio of the photoprodutionand DIS neutron yields, for any given neutron (xL; p2T ) kinemati region, was the same atthe two proton beam energies: rpLNrDISLN ����920GeV = rpLNrDISLN ����820GeV :6



In this equation rpLN(820 GeV) was measured in the 1996 inlusive photoprodution sam-ple, rDISLN (820 GeV) was measured in inlusive DIS data from the same running period andrDISLN (920 GeV) was measured in the inlusive DIS data from the 2000 running period. Theneutron kinemati region for the measured yields was xL > 0:2 and p2T < 0:476 x2L GeV2.This normalization proedure resulted in an unertainty on the neutron yield in photopro-dution of 5.1%, predominantly from the limited statistis of the 1996 photoprodutiondata.3.3 Beamline and forward-detetor simulationThe aeptane of the forward neutron detetors, for the measurement of neutron yields,was determined from a simple one-partile MC simulation. The simulation aounts forthe aperture and dead material along the neutron ight path, the measured proton beamposition and pT spread, and the measured detetor resolutions.Figure 5 shows a satter plot of reonstruted hits in the FNT from a sample of DISevents. The irregular urve is the aperture expeted from the MC simulation. Numerousevents are reonstruted outside of the aperture, as the aperture is not a sharp boundaryas modeled, but presents a varying amount of dead material over several millimeterstransverse to the neutron ight path. The e�et of this on the measured neutron yield isless than 2% and was ignored.The simulation also modeled signi�ant amounts of dead material along the neutron ightpath, primarily from stations S5 and S6 of the ZEUS leading proton spetrometer (LPS)shown in Fig. 2. The LPS was a set of Roman pots used to measure protons satteredat very low angles [26℄. The elements of these stations were measured after the LPSwas removed from the HERA tunnel in 2000 and implemented in the simulation. Thepositions of these elements in the simulation were adjusted to reprodue the data. Forexample, the de�it of events observed near Y � 10:5 m, seen learly in the vertial slieof the satter plot in Fig. 6, determined the vertial alignment of the LPS. There is goodagreement between the simulation and the data distributions.During operation, the LPS was normally in one of two positions: extrated, or inserted fordata taking. Separate dead material maps were made for the two positions. Data olletedduring periods when the LPS was moving were rejeted. The results were determinedseparately for the two LPS positions and ombined aording to the luminosity taken ineah position. The di�erene with the results obtained for eah position was taken as ameasure of the systemati unertainty from the dead material map.The reonstrution of the neutron sattering angle, �n, requires knowledge of the zero-degree point. This was determined by generating a symmetri distribution of neutrons,7



passing it through the simulation, and �tting the reonstruted distribution to the data.An example of suh a �t for the zero-degree position in the vertial plane is shown in Fig. 6.Considering di�erent input distributions, and taking into aount the unertainties in thedead material map, the beam zero-degree point was determined to an auray of �0:2 min both X and Y .The simulation also takes into aount the energy resolution of the FNC, the positionresolution of the FNT, and the inherent pT -spread of the HERA proton beam. Thelatter was measured in the reation p! �p, with the � deay produts measured in theZEUS entral detetor and the �nal-state proton measured with the LPS [26℄. The beampT -spread orresponds to a smearing of the zero-degree point by 0.45 m horizontallyand 1.0 m vertially, signi�antly larger than the FNT resolution. The spetrum ofgenerated neutrons was tuned to math the xL and p2T distributions separately for theDIS and photoprodution samples.These MC distributions were then used to orret the data for all aeptane and smearinge�ets. For distributions requiring a position measurement, the orretion for the xL-dependent FNT eÆieny was also applied.3.4 Systemati unertaintiesThe dominant e�ets ontributing to the systemati unertainties arose from:� the beam zero-degree point;� the dead material map;� the FNC energy sale;� the p2T distributions, input for xL-distribution aeptane.The systemati unertainties were typially 5{10% of the measured quantities, and areshown as shaded bands in the �gures. The variation of the energy sale shifted the pointsin xL. The other systemati variations amount to a hange in aeptane resulting in aorrelated shift of the neutron yields. The small unertainties from the assumption ofaeptane anellation in rLN and from the aperture edge were ignored.Corretions for eÆieny of the uts and bakgrounds were applied to the normalizationof the neutron yields. The orretions, similar to those of the previous ZEUS measure-ment [2℄, were:� false veto ounter �ring: +10:6� 1:0%, determined from randomly triggered events;� veto ounter ineÆieny: �2:5 � 1:0%, determined from 2-mip distributions in theveto ounter; 8



� baksplash from neutron showers: +1:5� 1:5%, determined from timing informationin the veto ounter giving the fration of late time vetoes;� neutrons from proton beam-gas interations: �1:4�0:3%, determined from randomlytriggered events.The overall systemati unertainty on the normalization of the neutron yield from theseorretions, not inluded in the shaded bands of the �gures, was �2:1%. The yield in pho-toprodution has an additional unertainty of �5:1% from the normalization proeduredesribed in Setion 3.2.4 Results4.1 Neutron xL and p2T distributions in DISFigure 7 shows the normalized di�erential distribution (1=�in)d�LN=dxL for neutronsin DIS with sattering angles �n < 0:75 mrad, orresponding to the kinemati rangep2T < 0:476 x2L GeV2. It rises from the lowest xL due to the inrease in p2T spae, reahesa maximum near xL = 0:7, and falls to zero at the endpoint xL = 1. These results areonsistent with the previous ZEUS measurement [2℄. Integrating this distribution, thetotal leading-neutron yield for the measured region is:rLN(Q2 > 2 GeV2; xL > 0:2; p2T < 0:476 x2L GeV2) = 0:0885� 0:0002 (stat:)+0:0034�0:0029 (sys:):Here the systemati unertainty inludes the overall �2:1% sale unertainty.The orreted p2T distributions in DIS for di�erent xL bins are shown in Fig. 8 and sum-marized in Table 1. They are presented as normalized doubly di�erential distributions(1=�in)d2�LN=dxLdp2T . The bins in p2T are at least as large as the resolution, whih isdominated by the pT spread of the proton beam. The varying p2T ranges of the plotsare due to the aperture limitation. The line on eah plot is a �t to the funtional formd�LN=dp2T / exp(�bp2T ). The distributions are ompatible with a single exponential withinthe statistial and unorrelated systemati unertainties. Thus, with the parameterization1�in d2�LNdxLdp2T = a(xL) e�b(xL)p2T ;the neutron (xL; p2T ) distribution is fully haraterized by the slopes b(xL) and intereptsa(xL) = (1=�in)d2�LN=dxLdp2T jp2T=0. The dependenes of the interepts and the slopes onxL are shown in Figs. 9 and 10 and summarized in Table 2. The systemati unertaintieswere evaluated by making the variations listed in Setion 3.4 and repeating the �ts. The9



interepts fall rapidly from the lowest xL, are roughly onstant in the region xL = 0:45-0:75, and fall to zero at the endpoint xL = 1. Below xL = 0:32, the slopes are onsistentwith zero and are not plotted; they rise linearly in the range 0:3 < xL < 0:85 to a valueof b ' 8 GeV�2, and then derease slightly at higher xL. Figure 11 shows the ratio a=b forthe region 0:32 < xL < 1 where b > 0, whih an be taken as the leading-neutron yieldintegrated over p2T values from zero to in�nity, assuming that the p2T distributions remainan exponential also beyond the measured p2T range. This distribution, integrated over xLin the range 0:32 < xL < 1, orresponds to a yield:rLN(Q2 > 2 GeV2; xL > 0:32) = 0:159� 0:008 (stat:)+0:019�0:006 (sys:):Here the systemati unertainty inludes the overall 2.1% sale unertainty.4.2 Q2 dependene of leading neutron produtionTo investigate the Q2 dependene of leading-neutron prodution, the full DIS samplewas divided into three subsamples depending on the Q2DA range, with the additional utyJB > 0:02. The kinemati regions in Q2 and W for all DIS and photoprodution samplesare summarized in Table 3.Figure 12 shows the xL distributions and Fig. 13 the p2T slopes in the range p2T <0:476 x2L GeV2 for the photoprodution and three DIS subsamples. There is a trend of in-reasing neutron yield with inreasing Q2, a lear violation of vertex fatorization. Thereis a large inrease between the photoprodution region and the low- and mid-Q2 DISregions, in whih the data are nearly Q2 independent. There is then a smaller, but sig-ni�ant, inrease between the mid-Q2 and high-Q2 regions. The e�et of the di�erent Wranges for the DIS and photoprodution samples on the neutron yield was less than 5%,as evaluated by restriting the DIS sample to low- and high-W regions. The slopes forall three DIS samples are equal within the unertainties. The slopes for photoprodutionare higher in the region 0:6 < xL < 0:9.The total neutron yields integrated over xL > 0:2 for the four samples are summarized inTable 4. The doubly di�erential distributions 1=�ind�LN=dxLdp2T for the photoprodutionand three DIS subsamples are summarized in Table 5, and the interepts and slopes ofthe exponential �ts are summarized in Table 6.To investigate the di�erenes between the photoprodution and DIS regimes further, thee�ets of energy alibration and beam position drifts were minimized by using only thesubset of DIS data olleted simultaneously with the photoprodution data. The DISsample without yJB or Q2DA uts was used to maximize the statistial preision of theomparison. 10



The ratio of the normalized di�erential distributions�(xL) = 1�pin d�pLNdxL1�DISin d�DISLNdxLfor the region p2T < 0:476 x2L GeV2 is shown in Fig. 14. In the range 0:2 < xL < 0:4, theratio drops slightly but rises for higher xL values, exeeding unity for xL > 0:9. Thedeviation of the ratio from unity is a lear violation of vertex fatorization. The ratio ofthe interepts for photoprodution and DIS, whih has a nearly idential behavior to thatof Fig. 14, is not shown.The p2T distributions for both samples, normalized to unity at p2T = 0, are shown in Fig. 15.The photoprodution distributions are steeper in the range 0:6 < xL < 0:9, with relativelyfewer neutrons at high p2T . The di�erene of the slopes �b = b(Q2 < 0:02 GeV2)� b(Q2 >2 GeV2) is less sensitive to systemati e�ets than eah of the individual slopes. Thesevalues are plotted in Fig. 16. The slopes for photoprodution are larger in the range0:6 < xL < 0:9, with �b = 0.5{1.0 GeV�2, qualitatively onsistent with the violation ofvertex fatorization expeted from absorption as disussed in the introdution.4.3 Comparison to leading protonsZEUS has also reported xL distributions for leading protons in the kinemati regionp2T < 0:04 GeV2 [4℄. The neutron xL distributions were also measured in the same region,using the FNT measurement of p2T . The results for DIS are ompared in Fig. 17. Thereare approximately twie as many protons as neutrons in the range 0:6 < xL < 0:9. Ifonly isospin-1 partile exhanges ontributed to proton prodution, there should be halfas many protons as neutrons. Thus, exhanges of partiles with di�erent isospins suh asisosalars must be invoked to aount for the observed proton rate [11℄.The slopes of the p2T distributions for leading protons and neutrons in DIS are shown inFig. 18. Note that the p2T range for the proton measurement, p2T < 0:5 GeV2, is larger thanfor the neutron measurement. The two samples have similar values of b near xL � 0:8,the region where pion exhange is expeted to dominate for both proesses [11℄.5 Comparison to modelsIn this setion the data are ompared to several models. First the data are omparedto various MC models for the simulation of DIS events. A omparison is then made11



to models inorporating only pion exhange. Next, more sophistiated models inludingthe e�ets of absorption of the neutron are onsidered. Finally, a model inorporatingenhaned absorption with pion and additional seondary Regge exhanges is disussed.5.1 Monte Carlo modelsMost MC models generate leading neutrons from the fragmentation of the proton rem-nant [27℄. Some models also inorporate additional proesses to simulate di�ration andleading baryon prodution. The leading neutron xL distribution, interepts and slopes inDIS are ompared to two MC models in Fig. 19. The models presented here are Rap-gap [24℄ and Lepto [28℄. The proton PDF parameterization used was CTEQ5L [29℄.With only standard proton-remnant fragmentation, the models are lower than the datain the normalization of the xL distribution and interepts, and are peaked at lower xL.They do not show the observed xL dependene of the slopes. Other models inorporatingonly standard fragmentation, Ariadne [30℄ and Casade [31℄ for DIS, and Pythia [32℄and Phojet [33℄ for photoprodution, give a similarly poor desription of the data.Lepto has the option to implement soft olor interations (SCI) [25℄ to produe rapiditygaps observed in di�rative events. This model gives a qualitative desription of theleading proton xL distribution [4℄, inluding the di�rative peak, although it preditstoo few protons in the entral xL region. The preditions for leading neutrons, with theprobability of SCI set to 0.5, are shown in Fig. 19. Lepto SCI omes lose to the data inthe shape and normalization of the xL distribution. The interepts also exhibit a shoulderin the distribution near xL � 0:8 similar to that in the data. It does not, however, givethe observed strong xL dependene of the slopes.Rapgap also inludes Pomeron exhange to simulate di�rative events, and pion ex-hange to simulate leading baryon prodution. These proesses are mixed with standardfragmentation aording to their respetive ross setions. The PDF parameterizationsused here were the H1 LO �t 2 [34℄ for the Pomeron and GRV-P LO �t [35℄ for thepion. The preditions for leading neutrons from a mixture of these exhanges and stan-dard fragmentation are also shown in Fig. 19. The model well reprodues the shape ofthe xL distribution and interepts, although it predits more neutrons than are observed.The model also shows the strong xL dependene of the slopes in the data, although thepredited values of the slopes are systematially larger than the data.5.2 Pure pion exhangeIn the Regge fatorization relation disussed in the introdution, the leading neutron xLdistribution is a produt of the pion ux, f�=p, and the �� ross setion, ���. However,12



if ��� is assumed to be independent of t, the pT distribution of the produed neutrons isdetermined only by the pion ux f�=p. The slopes an be ompared to various parame-terizations of the ux. Although f�=p is not an exponential in p2T , at �xed xL the modelsan be �t to the form exp(�bp2T ) using the same binning as the data, and the resultingb(xL) values ompared to the measurements. All of the parameterizations in the litera-ture [6{9, 11℄ give values for the slopes larger than the data. Most of them also have thewrong xL dependene of the slopes. The models that most resemble the data are shownin Fig. 20. The simple model of Bishari [6℄, with the form fator F (xL; t) = 1, is losestin magnitude to the data. Other models with more detailed parameterizations show theturnover of the slopes near xL � 0:85 [7℄. The model of Holtmann et al. [8℄ is used forpion exhange in the Rapgap-� MC. The values for b from Rapgap-� in Fig. 19 arelower than this urve beause Rapgap also inludes a ontribution from standard frag-mentation, whih has atter p2T distributions than pion exhange. None of these models,based on pion exhange alone, desribes the data.5.3 Pion exhange with neutron absorptionAs disussed in the introdution, in a geometrial piture, neutron absorption may ourfor large photon sizes and small n-� separations. The former is inversely related to Q2, andso is largest for photoprodution; thus more absorption is expeted in photoprodutionthan in DIS. The n-� separation rn� is the Fourier onjugate of pT , and the distributionof rn� is given by the Fourier transform of f�=p(pT ). Parameterizations of the pion ux ingeneral show that the mean value of rn� inreases with xL, so more absorption is expetedat lower xL than at higher xL. The dashed urve in Fig. 21 is the expetation for thesuppression of leading neutrons in photoprodution relative to DIS from a model of pionexhange with neutron absorption [14℄. Although the urve lies below the data, it followsthe same trend. The p interation has a power-law dependene � / W 2�, with di�erentvalues of � for DIS and photoprodution. Assuming that � interations have the samedependene, and realling that W� = p1� xLWp, the ratio of photoprodution andDIS ross setions is proportional to (1 � xL)��. Previous ZEUS measurements of � inphotoprodution [23℄ and DIS [36, 37℄ give �� � �0:13. Applying this to the absorptionsuppression fator results in the solid urve in Fig. 21. Within the normalization uner-tainty of 5:1%, the data are well desribed by the absorption model with this orretionfor di�erent W dependenes. Hene suh a geometri absorption model an aount forthe di�erenes between the xL distributions in DIS and photoprodution.Also shown in Fig. 21 is the NSZ model [13℄ whih employs the optial theorem to-gether with multi-Pomeron exhanges to desribe all possible resattering proesses ofthe leading hadron, resulting in absorptive e�ets. With the orretion for di�erent W13



dependenes, the predition is lose in magnitude to the data, but does not have as steepan xL dependene.5.4 Enhaned neutron absorption and seondary exhangesReently a new alulation (KKMR) of pion exhange with neutron absorption basedon multi-Pomeron exhanges has beome available [15℄. The pion exhange is based onthe Bishari ux. In addition to the resatterings implemented in the earlier model [13℄, asmall ontribution from resattering on intermediate partons in the entral rapidity regionis also inluded. The model also aounts for the migration of neutrons in (xL; p2T ) afterresattering. The predition for the neutron xL distribution for photoprodution, whereresattering is most important, is shown by the dashed urve in Fig. 22. The model givesa fair desription of both the shape and normalization of the data. The loss of neutronsthrough absorption is approximately 50%; this is onsistent with the deviation from the��=�p = 2=3 predition of the additive quark model that was noted in the previousZEUS measurement [2℄. Within this model, the present data an be used to onstrain thegap-survival probability, one of the ruial inputs to alulations of di�rative interationsat the LHC | both hard, suh as entral exlusive Higgs prodution, and soft, suh asthose giving rise to the di�rative pile-up events [38℄. The predition of this model for theslopes b in DIS is shown in Fig. 23. As for the pure pion-exhange alulations, the modelpredits larger values of b than seen in the data. This model does give a fair preditionfor the magnitude of the di�erene of the slopes in photoprodution and DIS, as shownin Fig. 23.More reently this model was extended to inlude, in addition to pion exhange, theexhange of seondary (�; a2) Reggeons [16℄. This extended model gives a fair desriptionof the shape and normalization of the xL distribution in photoprodution, as seen inFig. 22. Sine there are additional exhanges the model gives a predition for the xLdistribution whih is higher than for pion-exhange alone. As shown in Fig. 23, the modelwith seondary exhanges also gives a good predition for the slopes. Its desription ofthe slope di�erenes is also lose in magnitude to the data, as seen in Fig. 23.6 SummaryThe xL and p2T distributions of leading neutrons in photoprodution and DIS events atHERA have been measured. The xL distributions for the measured region �n < 0:75 mradrise from the lowest xL due to the inreasing pT phase spae, reah a maximum nearxL = 0:7, and fall to zero at the endpoint xL = 1. The p2T distributions are well desribed14



by an exponential d�=dp2T = a exp(�bp2T ). The interepts a fall rapidly from the lowestxL, are roughly onstant in the region xL = 0:45-0:75, and fall to zero at the endpointxL = 1. The exponential slopes b rise linearly with xL in the range 0:3 < xL < 0:85 to avalue of b ' 8 GeV�2, and then derease slightly at higher xL.The neutron yield rises monotonially with Q2 from the photoprodution region Q2 <0:02 GeV2 to the high-Q2 DIS region Q2 > 20 GeV2. The relative rise in yield is greatestnear xL = 0:5 and beomes less signi�ant at higher xL. The slopes of the p2T distribu-tions do not hange signi�antly within the DIS region Q2 > 2 GeV2, but the slopes inphotoprodution exhibit a small inrease over those in DIS for 0:6 < xL < 0:9.In the kinemati region 0:6 < xL < 0:9 and p2T < 0:04 GeV2 there are approximatelytwie as many leading protons as neutrons. This indiates that leading proton produtionproeeds through exhanges in addition to pure isovetor (e.g. pion) exhange. The slopesb for leading protons agree with the neutron slopes near xL � 0:8 where pion exhange isexpeted to dominate both proesses.Monte Carlo models ommonly in use for the simulation of DIS and photoprodutionevents whih implement standard fragmentation of the proton remnant do not desribethe leading-neutron data. They predit fewer neutrons, onentrated at lower xL. Theyalso predit smaller p2T slopes and do not have the strong xL dependene of the data. Theinlusion of soft olor interations gives a reasonable desription of the xL distributions,but again fails to predit the p2T slopes. A mixture of proesses inluding standard frag-mentation, di�ration and pion exhange gives a good desription of the xL distributionsand the xL dependene of the slopes, although they are larger than the data.The measured b(xL) dependene in DIS has been ompared with various pion-exhangemodels. All models give values larger than the data. The simplest model is losest inmagnitude to the data; other models reprodue the measured shape of b(xL).The Q2 dependene of the neutron yield and p2T slopes is onsistent with absorptionmodels where neutrons from pion exhange with smaller n-� separations are lost throughresattering on larger photons. The photon size inreases with dereasing Q2, and themean n-� separation is smaller in the mid-xL range than at higher xL. The result isa depletion of neutrons with dereasing Q2, with the depletion greater at mid-xL thanat higher xL, as seen in the data. The loss of neutrons with small n-� separations,orresponding to large p2T , also explains the larger p2T slopes measured in photoprodutionthan in DIS.A model of neutron prodution through pion exhange, inorporating enhaned neutronabsorption and migration of the neutrons in (xL; p2T ) after resattering, gives a fair desrip-tion of the shape and normalization of the xL distributions in DIS and photoprodution,and of the di�erene in the p2T slopes b between the two sets. However, as with pure15



pion exhange, it predits too high a value for b. Extending the model to inlude also �and a2 exhanges still gives a fair desription of the shape and normalization of the xLdistributions in DIS and photoprodution, and also good desriptions of the p2T slopes andof the di�erenes between the two sets.AknowledgementsWe are espeially grateful to the DESY Diretorate whose enouragement and �nanialsupport made possible the onstrution and installation of the FNC. We are also happyto aknowledge the DESY aelerator group for allowing the installation of the FNC inlose proximity to the HERA mahine omponents. We also aknowledge the support ofthe DESY omputing sta�.We thank V. Khoze, A. Martin and M. Ryskin for valuable disussions and for providingthe results of their alulations.
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xL range hxLi p2T ( GeV2) 1=�in d�LN=dxLdp2T ( GeV�2)0.20-0.32 0.27 7.96 �10�4 2.031 � 0.0642.51 �10�3 1.881 � 0.0644.86 �10�3 1.955 � 0.0707.95 �10�3 2.002 � 0.0681.19 �10�2 1.962 � 0.0631.65 �10�2 2.001 � 0.0620.32-0.42 0.37 1.99 �10�3 1.541 � 0.0356.46 �10�3 1.454 � 0.0381.24 �10�2 1.445 � 0.0392.04 �10�2 1.527 � 0.0373.03 �10�2 1.440 � 0.0344.23 �10�2 1.256 � 0.0310.42-0.50 0.46 3.42 �10�3 1.336 � 0.0261.11 �10�2 1.211 � 0.0292.14 �10�2 1.218 � 0.0293.51 �10�2 1.217 � 0.0275.22 �10�2 1.147 � 0.0257.28 �10�2 1.005 � 0.0230.50-0.54 0.52 4.84 �10�3 1.274 � 0.0301.58 �10�2 1.218 � 0.0353.03 �10�2 1.200 � 0.0344.97 �10�2 1.110 � 0.0317.40 �10�2 0.946 � 0.0261.03 �10�1 0.836 � 0.0260.54-0.58 0.56 5.64 �10�3 1.328 � 0.0281.84 �10�2 1.144 � 0.0313.53 �10�2 1.166 � 0.0315.80 �10�2 1.016 � 0.0278.62 �10�2 0.904 � 0.0241.20 �10�1 0.767 � 0.023Table 1: The normalized doubly di�erential distributions (1=�in)d2�LN=dxLdp2Tfor the full DIS sample. Only statistial unertainties are shown.
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Table 1 (ont.)xL range hxLi p2T ( GeV2) 1=�in d�LN=dxLdp2T ( GeV�2)0.58-0.62 0.60 6.50 �10�3 1.286 � 0.0252.12 �10�2 1.175 � 0.0294.07 �10�2 1.112 � 0.0286.68 �10�2 0.976 � 0.0249.94 �10�2 0.795 � 0.0201.39 �10�1 0.654 � 0.0190.62-0.66 0.64 7.42 �10�3 1.296 � 0.0242.42 �10�2 1.157 � 0.0274.65 �10�2 1.034 � 0.0257.63 �10�2 0.926 � 0.0221.14 �10�1 0.703 � 0.0181.58 �10�1 0.571 � 0.0170.66-0.70 0.68 8.39 �10�3 1.297 � 0.0222.74 �10�2 1.112 � 0.0255.27 �10�2 0.990 � 0.0228.64 �10�2 0.821 � 0.0191.29 �10�1 0.581 � 0.0151.79 �10�1 0.456 � 0.0140.70-0.74 0.72 9.42 �10�3 1.306 � 0.0213.08 �10�2 1.126 � 0.0235.92 �10�2 0.914 � 0.0209.71 �10�2 0.707 � 0.0161.44 �10�1 0.524 � 0.0132.01 �10�1 0.388 � 0.0120.74-0.78 0.76 1.05 �10�2 1.280 � 0.0193.44 �10�2 1.030 � 0.0216.61 �10�2 0.837 � 0.0181.08 �10�1 0.617 � 0.0141.61 �10�1 0.403 � 0.0112.25 �10�1 0.308 � 0.010
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Table 1 (ont.)xL range hxLi p2T ( GeV2) 1=�in d�LN=dxLdp2T ( GeV�2)0.78-0.82 0.80 1.16 �10�2 1.180 � 0.0183.81 �10�2 0.920 � 0.0197.33 �10�2 0.714 � 0.0161.20 �10�1 0.482 � 0.0121.79 �10�1 0.304 � 0.0092.49 �10�1 0.213 � 0.0080.82-0.86 0.84 1.28 �10�2 1.000 � 0.0164.21 �10�2 0.783 � 0.0178.10 �10�2 0.568 � 0.0141.33 �10�1 0.374 � 0.0101.98 �10�1 0.208 � 0.0072.75 �10�1 0.139 � 0.0060.86-0.90 0.88 1.41 �10�2 0.719 � 0.0134.63 �10�2 0.537 � 0.0138.90 �10�2 0.363 � 0.0101.46 �10�1 0.232 � 0.0072.17 �10�1 0.135 � 0.0053.03 �10�1 0.082 � 0.0040.90-0.95 0.92 1.54 �10�2 0.347 � 0.0075.07 �10�2 0.267 � 0.0089.74 �10�2 0.172 � 0.0061.60 �10�1 0.110 � 0.0042.38 �10�1 0.059 � 0.0033.31 �10�1 0.034 � 0.0020.95-1.00 0.97 1.72 �10�2 0.054 � 0.0025.64 �10�2 0.043 � 0.0021.08 �10�1 0.032 � 0.0021.78 �10�1 0.015 � 0.0012.65 �10�1 0.009 � 0.0013.69 �10�1 0.005 � 0.001
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xL range hxLi a ( GeV�2) b ( GeV�2)0.20-0.32 0.27 1:958� 0:045+0:19�0:14 �0:94� 2:40+2:19�1:160.32-0.42 0.37 1:551� 0:025+0:10�0:08 3:93� 0:68+0:66�0:900.42-0.50 0.46 1:325� 0:020+0:10�0:07 3:38� 0:37+0:67�0:540.50-0.54 0.52 1:324� 0:024+0:12�0:09 4:32� 0:33+0:68�0:530.54-0.58 0.56 1:327� 0:022+0:10�0:08 4:53� 0:27+0:45�0:280.58-0.62 0.60 1:336� 0:021+0:14�0:10 5:09� 0:22+0:55�0:600.62-0.66 0.64 1:343� 0:020+0:16�0:08 5:44� 0:19+0:82�0:300.66-0.70 0.68 1:357� 0:019+0:11�0:07 6:23� 0:17+0:50�0:450.70-0.74 0.72 1:370� 0:018+0:15�0:12 6:53� 0:15+0:72�0:580.74-0.78 0.76 1:344� 0:017+0:08�0:07 7:06� 0:14+0:59�0:610.78-0.82 0.80 1:258� 0:017+0:09�0:04 7:66� 0:14+0:73�0:570.82-0.86 0.84 1:098� 0:015+0:05�0:07 8:04� 0:14+0:65�0:540.86-0.90 0.88 0:782� 0:013+0:09�0:13 8:03� 0:15+0:46�0:450.90-0.95 0.92 0:387� 0:007+0:12�0:12 7:79� 0:17+0:60�0:450.95-1.00 0.97 0:063� 0:002+0:05�0:04 7:46� 0:28+0:59�0:47Table 2: The interepts a and slopes b from the exponential parameterizationof the di�erential ross de�ned in Setion 4.1 for the full DIS sample. Statistialunertainties are listed �rst, followed by systemati unertainties, not inludingan overall normalization unertainty of 2.1% on the interepts. The systematiunertainties are largely orrelated between all points.
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sample Q2 range ( GeV2) hQ2i ( GeV2) W range ( GeV) hW i ( GeV)p Q2 < 0:02 4� 10�4 150 < W < 270 215full DIS Q2 > 2 13 W < 250 95low-Q2 DIS 2 < Q2DA < 5 2:7 50 < W < 250 140mid-Q2 DIS 5 < Q2DA < 20 8:9 50 < W < 250 132high-Q2 DIS 20 < Q2DA < 120 40 50 < W < 250 131Table 3: Kinemati regions for eah of the data samples. The p ranges wereestimated from a simulation of photoprodution inluding the positron tagger usedto trigger these data. The Q2 ranges for the low-, mid-, and high-Q2 DIS samplesare the limits on the double angle variable Q2DA. All other ranges and means for DISwere estimated using the DJANGOH 1.1 [39℄ generator, where the CTEQ4D [40℄parton-density parameterizations were used.

sample rLNp 0.0700 �0:0004 +0:0040�0:0040full DIS 0.0885 �0:0002 +0:0029�0:0022low-Q2 DIS 0.0837 �0:0003 +0:0020�0:0020mid-Q2 DIS 0.0843 �0:0003 +0:0020�0:0019high-Q2 DIS 0.0913 �0:0006 +0:0021�0:0021Table 4: rLN in the region xL > 0:2; p2T < 0:476x2LGeV 2, for the photoprodutionand DIS samples. Statistial unertainties are listed �rst, followed by systematiunertainties, not inluding an overall normalization unertainty of 2.1%.
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1=�in d�LN=dxLdp2T (GeV�2)xL range hxLi p2T (GeV2) p low-Q2 DIS mid-Q2 DIS high-Q2 DIS0.20-0.50 0.38 8.40 �10�4 1.501 � 0.108 1.491 � 0.058 1.721 � 0.063 1.848 � 0.1152.43 �10�3 1.289 � 0.090 1.342 � 0.052 1.500 � 0.056 1.749 � 0.1064.86 �10�3 1.127 � 0.076 1.370 � 0.052 1.451 � 0.053 1.757 � 0.1047.94 �10�3 1.232 � 0.084 1.417 � 0.054 1.528 � 0.057 1.809 � 0.1101.19 �10�2 1.064 � 0.075 1.359 � 0.053 1.451 � 0.055 1.803 � 0.1091.65 �10�2 1.021 � 0.068 1.374 � 0.052 1.589 � 0.056 1.805 � 0.1060.50-0.58 0.54 4.84 �10�3 0.988 � 0.056 1.196 � 0.036 1.247 � 0.037 1.452 � 0.0711.58 �10�2 0.791 � 0.055 1.077 � 0.042 1.096 � 0.042 1.220 � 0.0793.03 �10�2 0.812 � 0.058 1.027 � 0.040 1.042 � 0.041 1.191 � 0.0784.97 �10�2 0.784 � 0.052 1.005 � 0.037 1.009 � 0.037 1.187 � 0.0727.39 �10�2 0.654 � 0.043 0.880 � 0.033 0.857 � 0.032 0.934 � 0.0601.03 �10�1 0.591 � 0.041 0.768 � 0.031 0.760 � 0.031 0.782 � 0.0560.58-0.66 0.62 6.50 �10�3 0.991 � 0.047 1.192 � 0.031 1.261 � 0.032 1.221 � 0.0552.12 �10�2 0.849 � 0.051 1.062 � 0.035 1.122 � 0.037 1.131 � 0.0654.08 �10�2 0.892 � 0.055 1.025 � 0.034 1.068 � 0.035 1.151 � 0.0656.68 �10�2 0.753 � 0.045 0.906 � 0.030 0.889 � 0.030 1.090 � 0.0599.94 �10�2 0.563 � 0.035 0.714 � 0.025 0.748 � 0.025 0.837 � 0.0481.39 �10�1 0.451 � 0.031 0.575 � 0.023 0.605 � 0.023 0.626 � 0.0420.66-0.74 0.70 8.38 �10�3 1.083 � 0.044 1.303 � 0.028 1.263 � 0.028 1.309 � 0.0502.74 �10�2 0.882 � 0.047 1.116 � 0.032 1.093 � 0.031 1.104 � 0.0565.27 �10�2 0.815 � 0.045 0.935 � 0.028 0.961 � 0.029 1.035 � 0.0548.64 �10�2 0.688 � 0.039 0.751 � 0.024 0.739 � 0.023 0.745 � 0.0421.28 �10�1 0.451 � 0.027 0.530 � 0.018 0.560 � 0.019 0.532 � 0.0331.79 �10�1 0.305 � 0.021 0.426 � 0.017 0.428 � 0.017 0.448 � 0.031Table 5: The normalized doubly di�erential distributions (1=�in)d2�LN=dxLdp2Tfor the photoprodution and three DIS samples. Only statistial unertainties areshown.
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Table 5 (ont.) 1=�in d�LN=dxLdp2T (GeV�2)xL range hxLi p2T (GeV2) p low-Q2 DIS mid-Q2 DIS high-Q2 DIS0.74-0.82 0.78 1.05 �10�2 1.111 � 0.041 1.250 � 0.025 1.181 � 0.024 1.251 � 0.0443.44 �10�2 0.884 � 0.043 1.027 � 0.027 0.986 � 0.027 0.915 � 0.0466.61 �10�2 0.769 � 0.042 0.824 � 0.024 0.779 � 0.023 0.846 � 0.0431.08 �10�1 0.494 � 0.028 0.587 � 0.018 0.541 � 0.018 0.576 � 0.0331.61 �10�1 0.285 � 0.018 0.361 � 0.013 0.362 � 0.013 0.399 � 0.0252.25 �10�1 0.209 � 0.016 0.267 � 0.012 0.243 � 0.011 0.289 � 0.0220.82-0.90 0.86 1.28 �10�2 0.876 � 0.034 0.899 � 0.019 0.894 � 0.019 0.838 � 0.0324.21 �10�2 0.688 � 0.036 0.732 � 0.021 0.671 � 0.020 0.647 � 0.0358.09 �10�2 0.538 � 0.033 0.528 � 0.017 0.477 � 0.016 0.477 � 0.0291.33 �10�1 0.293 � 0.020 0.335 � 0.013 0.329 � 0.012 0.268 � 0.0201.97 �10�1 0.134 � 0.011 0.195 � 0.009 0.170 � 0.008 0.174 � 0.0152.75 �10�1 0.098 � 0.010 0.116 � 0.007 0.113 � 0.007 0.116 � 0.0120.90-1.00 0.93 1.54 �10�2 0.242 � 0.015 0.236 � 0.008 0.228 � 0.007 0.201 � 0.0125.06 �10�2 0.166 � 0.014 0.180 � 0.008 0.156 � 0.007 0.142 � 0.0139.74 �10�2 0.130 � 0.012 0.117 � 0.006 0.115 � 0.006 0.093 � 0.0101.60 �10�1 0.072 � 0.008 0.077 � 0.005 0.065 � 0.004 0.057 � 0.0072.38 �10�1 0.039 � 0.005 0.041 � 0.003 0.035 � 0.003 0.034 � 0.0053.31 �10�1 0.022 � 0.004 0.019 � 0.002 0.023 � 0.002 0.019 � 0.004
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sample xL range hxLi a ( GeV�2) b ( GeV�2)p 0.20-0.50 0.38 1:386� 0:068+0:10�0:10 20:32� 5:27+1:68�2:440.50-0.58 0.54 0:949� 0:041+0:07�0:10 4:72� 0:78+0:73�0:680.58-0.66 0.62 1:037� 0:039+0:13�0:08 5:82� 0:53+0:76�0:650.66-0.74 0.70 1:149� 0:038+0:11�0:11 7:13� 0:40+0:70�0:780.74-0.82 0.78 1:217� 0:038+0:10�0:05 8:32� 0:33+0:75�0:550.82-0.90 0.86 1:009� 0:035+0:04�0:09 9:23� 0:33+0:50�0:640.90-1.00 0.93 0:266� 0:014+0:09�0:10 7:91� 0:44+0:64�0:41low-Q2 0.20-0.50 0.38 1:412� 0:038+0:10�0:09 2:21� 2:92+2:17�2:18DIS 0.50-0.58 0.54 1:196� 0:029+0:07�0:07 4:20� 0:44+0:51�0:400.58-0.66 0.62 1:238� 0:025+0:13�0:09 5:40� 0:30+0:95�0:700.66-0.74 0.70 1:359� 0:025+0:09�0:13 6:88� 0:23+0:42�0:730.74-0.82 0.78 1:346� 0:023+0:05�0:06 7:65� 0:19+0:49�0:740.82-0.90 0.86 1:005� 0:019+0:06�0:10 8:10� 0:18+0:47�0:530.90-1.00 0.93 0:266� 0:008+0:10�0:08 7:94� 0:25+0:41�0:55mid-Q2 0.20-0.50 0.38 1:552� 0:041+0:12�0:08 1:80� 2:87+2:87�2:18DIS 0.50-0.58 0.54 1:238� 0:029+0:10�0:09 4:80� 0:44+0:51�0:470.58-0.66 0.62 1:298� 0:026+0:10�0:10 5:53� 0:30+0:54�0:420.66-0.74 0.70 1:324� 0:024+0:09�0:10 6:51� 0:22+0:61�0:490.74-0.82 0.78 1:276� 0:022+0:07�0:07 7:65� 0:19+0:57�0:580.82-0.90 0.86 0:975� 0:019+0:05�0:08 8:40� 0:19+0:54�0:540.90-1.00 0.93 0:248� 0:008+0:10�0:09 7:99� 0:28+0:45�0:54high-Q2 0.20-0.50 0.38 1:786� 0:076+0:13�0:15 �0:53� 4:56+4:71�2:92DIS 0.50-0.58 0.54 1:449� 0:056+0:05�0:10 5:79� 0:74+0:61�0:780.58-0.66 0.62 1:309� 0:045+0:15�0:11 4:66� 0:48+0:92�0:690.66-0.74 0.70 1:374� 0:044+0:11�0:05 6:76� 0:40+0:55�0:630.74-0.82 0.78 1:283� 0:039+0:03�0:07 7:02� 0:33+0:78�0:580.82-0.90 0.86 0:915� 0:032+0:05�0:09 8:29� 0:36+0:61�0:710.90-1.00 0.93 0:217� 0:013+0:10�0:08 7:93� 0:53+0:38�0:53Table 6: The interepts a and slopes b from the exponential parameterization ofthe di�erential ross de�ned in Setion 4.1 for the photoprodution and three DISsamples. Statistial unertainties are listed �rst, followed by systemati unertain-ties, not inluding an overall normalization unertainty of 2.1% on the intereptsin DIS, nor an additional unorrelated unertainty of 5.1% on the photoprodutioninterepts. The systemati unertainties are largely orrelated between all points.27
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Figure 1: a) HERA ep sattering event with the �nal-state baryon in the proton-fragmentation system, X. b) Leading baryon prodution via an exhange proess.
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Figure 3: Diagram of the FNC/FNT assembly. The thik horizontal lines showthe 5 m vertial segmentation of the front part of the FNC. The hole throughthe third and fourth towers from the top allows the proton beam to pass throughthe alorimeter. The 17 � 15 grid of small squares shows the �ngers of the FNThodosopes. The irregular urve shows the geometri aperture de�ned by upstreambeamline elements, and the bullet (�) shows the zero-degree point.
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