
DESY{02{039Leading neutron produ
tionin e+p 
ollisions at HERAZEUS CollaborationAbstra
tThe produ
tion of neutrons 
arrying at least 20% of the proton beam energy (xL > 0:2)in e+p 
ollisions has been studied with the ZEUS dete
tor at HERA for a wide rangeof Q2, the photon virtuality, from photoprodu
tion to deep inelasti
 s
attering. Theneutron-tagged 
ross se
tion, ep ! e0Xn, is measured relative to the in
lusive 
ross se
-tion, ep ! e0X, thereby redu
ing the systemati
 un
ertainties. For xL > 0.3, the rate ofneutrons in photoprodu
tion is about half of that measured in hadroprodu
tion, whi
h
onstitutes a 
lear breaking of fa
torisation. There is about a 20% rise in the neutronrate between photoprodu
tion and deep inelasti
 s
attering, whi
h may be attributed toabsorptive res
attering in the 
p system. or 0:64 < xL < 0:82, the rate of neutrons isalmost independent of the Bjorken s
aling variable x and Q2. However, at lower andhigher xL values, there is a 
lear but weak dependen
e on these variables, thus demon-strating the breaking of limiting fragmentation. The neutron-tagged stru
ture fun
tion,F LN(3)2 (x;Q2; xL), rises at low values of x in a way similar to that of the in
lusive F2(x;Q2)of the proton. The total 
� 
ross se
tion and the stru
ture fun
tion of the pion, F �2 (x�; Q2)where x� = x=(1 � xL), have been determined using a one-pion-ex
hange model, up toun
ertainties in the normalisation due to the poorly understood pion 
ux. At �xed Q2,F �2 has approximately the same x dependen
e as F2 of the proton.
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1 Introdu
tionLeading baryon produ
tion in a pro
ess with a hard s
ale provides a probe of the relationshipbetween the quantum 
hromodynami
s (QCD) of quarks and gluons and the strong intera
tionof hadrons. The leading baryons are produ
ed with small transverse momentum (pT), guaran-teeing the presen
e of a soft pro
ess with its related long-range 
orrelations. The hard s
ale 
an
ome from large photon virtuality (Q2) in deep inelasti
 s
attering (DIS), or high transverseenergy (ET) in photoprodu
tion. The observation of events with neutrons or protons 
arryinga large fra
tion (xL) of the in
ident proton beam energy in positron-proton (e+p) s
attering atHERA [1{6℄ has led to renewed interest in the QCD evolution and fa
torisation properties ofproton fragmentation to leading baryons in deep inelasti
 s
attering [7{11℄.A non-perturbative approa
h to the strong intera
tion is needed to 
al
ulate the produ
tionrates of leading baryons. Some theoreti
al models retain the QCD building blo
ks, quarksand gluons, as fundamental entities but add non-perturbative elements, su
h as soft 
olorintera
tions [12℄. Another approa
h interprets the produ
tion of forward baryons in terms ofthe ex
hange of virtual parti
les [13{23℄, whi
h a

ounts for 
harge-ex
hange pro
esses (p! n)in hadroni
 intera
tions [24{33℄. In leading neutron produ
tion, the large di�ra
tive peak in the
ross se
tion, whi
h is observed in leading proton produ
tion [4,5℄, is absent. Although leadingneutrons 
an be produ
ed indire
tly through the produ
tion and de
ay of heavy baryons orthrough the fragmentation of di�ra
tively disso
iating protons, dire
t produ
tion dominates [3℄.In the language of parti
le ex
hange models, isove
tor ex
hange (�, � and a2) is requiredfor dire
t neutron produ
tion, and isos
alar ex
hange (f and !) is absent. The produ
tionme
hanism of leading neutrons is therefore simpler than that of protons and, sin
e the 
rossse
tion for � ex
hange is mu
h larger than that for � or a2 ex
hange, it is predominantly thestru
ture of the pion is probed by the hard pro
ess [22℄.Comparisons between 
ross se
tions for the produ
tion of parti
les in the fragmentation regionof a target nu
leon provide tests of the 
on
epts of vertex fa
torisation and limiting fragmen-tation. Fa
torisation tests involve 
omparing semi-in
lusive rates, normalised to the respe
tivetotal 
ross se
tion, to study whether parti
le produ
tion from a given target is independentof the nature of the in
ident proje
tile. Thus, for example, data from 
p intera
tions may be
ompared with those from pp 
ollisions. The limiting-fragmentation hypothesis [10℄ states that,in the high-energy limit, the momentum distribution of fragments be
omes independent of thein
ident proje
tile energy. This has been veri�ed in hadroni
 intera
tions [34℄. It has not beenextensively studied for produ
ed baryons in ele
troprodu
tion. In this 
ase, the fragmentationspe
tra should be studied as a fun
tion of Q2 and the photon-proton 
entre-of-mass energy,W [11℄.In ele
troprodu
tion, the size of the in
ident proje
tile (the virtual photon) 
an be varied. AtQ2 = 0, the photon has a typi
al hadroni
 size; as Q2 in
reases, the photon size de
reases.Hen
e, absorptive res
attering of the produ
ed baryon is expe
ted to de
rease and be
omeindependent of Q2 at high Q2 [35, 36℄. Su
h e�e
ts, if xL or pT dependent, lead to an apparentfailure of fa
torisation and limiting fragmentation for low values of Q2.This paper reports studies of the produ
tion of leading neutrons using the ZEUS dete
tor andits forward neutron 
alorimeter (FNC). Leading neutron produ
tion 
an be measured pre
iselyby determining the neutron-tagged 
ross se
tions relative to the in
lusive ep 
ross se
tion,1



whi
h has been measured with high a

ura
y [37℄. The study of ratios redu
es the systemati
un
ertainties arising from both theoreti
al and experimental sour
es.The paper is organized as follows: the kinemati
s of leading neutron produ
tion is de�ned inSe
tion 2; the one-pion-ex
hange model is reviewed in Se
tion 3; the dete
tor, the re
onstru
tionof the kinemati
 variables and the experimental 
onditions are des
ribed in Se
tion 4; the eventsele
tion is dis
ussed in Se
tion 5; in Se
tion 6, the advantages of analysing the data using theratio of the neutron-tagged to the in
lusive 
ross se
tion are outlined; systemati
 un
ertaintiesare dis
ussed in Se
tion 7. The general features of the neutron energy spe
tra and the ratio ofleading-neutron to total 
ross se
tions are dis
ussed in Se
tion 8, where the fa
torisation andlimiting-fragmentation properties of the data are investigated and an estimate of absorptivee�e
ts is made. The neutron-tagged stru
ture fun
tion is dis
ussed in Se
tion 9. The data areanalysed in Se
tion 10 in terms of a one-pion-ex
hange ansatz and the pion stru
ture fun
tion,F �2 , is extra
ted up to un
ertainties in the normalisation due to the la
k of knowledge of thepion 
ux; theoreti
al models are 
ompared to F �2 . Se
tion 11 summarizes the results.2 Kinemati
s and 
ross se
tionsFigure 1 shows a Mandelstam diagram of semi-in
lusive leading neutron produ
tion in ep 
ol-lisions. Four kinemati
 variables are needed to des
ribe the intera
tion ep ! e0Xn. They arede�ned in terms of the four-momenta k; P; k0 and N , respe
tively, of the in
oming and outgoingparti
les e; p; e0 and n. Two variables are 
hosen from the Lorentz invariants used in in
lusivestudies: Q2 = �q2 = �(k � k0)2, the virtuality of the ex
hanged photon; x = Q2=(2P � q),the Bjorken s
aling variable; y = q � P=(k � P ) ' Q2=(sx), the inelasti
ity in the proton restframe; and W 2 = (P + k � k0)2 = m2p + Q2(1 � x)=x, the squared mass of the produ
edhadroni
 system. In these equations, mp is the mass of the proton and ps = 300 GeV is theep 
entre-of-momentum-system (
ms) energy.Two further variables are required to des
ribe the leading neutron. They 
an be 
hosen as thelaboratory produ
tion angle of the neutron, �n, and the energy fra
tion 
arried by the produ
edneutron, xL = N � kP � k ' EnEp ;where Ep is the proton beam energy and En is the neutron energy. The transverse momentumof the neutron is given by pT ' xLEp�n. In terms of these variables, the squared four-momentumtransfer from the target proton is t = (P �N)2 ' �p2TxL � t0;where t0 is the minimum kinemati
ally allowed value of jtj for a given xLt0(xL) = (1� xL)xL �m2n � xLm2p� ' (1� xL)2xL m2p;and mn is the mass of the neutron. 2



The di�erential 
ross se
tion for in
lusive ep! e0X s
attering is written in terms of the protonstru
ture fun
tion, F2(x;Q2), asd2�ep!e0Xdx dQ2 = KF2(x;Q2)(1 + Æ); (1)where K = 4��2xQ4  1� y + y22 !and Æ is the 
orre
tion to the Born 
ross se
tion for photon radiation, Z0 ex
hange and thelongitudinal stru
ture fun
tion, FL. In analogy to this, the di�erential 
ross se
tion for leadingneutron produ
tion, ep! e0Xn, is written asd4�ep!e0Xndx dQ2 dxL dpT = KF LN(4)2 (x;Q2; xL; pT)(1 + ÆLN): (2)The term ÆLN is analogous to Æ, but for the 
ase of leading neutron produ
tion.In the results presented here, �n (and hen
e p2T and t) is not measured. Integrating Eq. (2)up to the maximum experimentally a

essible angle, �maxn , 
orresponding to a pmaxT whi
h varieswith xL, leads to d3�ep!e0Xndx dQ2 dxL � Z pmaxT0 d4�ep!e0Xndx dQ2 dxL dpTdpT= KF LN(3)2 (x;Q2; xL)(1 + ÆLN) (3)where F LN(3)2 (x;Q2; xL) � Z pmaxT0 F LN(4)2 (x;Q2; xL; pT)dpTis the neutron-tagged stru
ture fun
tion integrated over the measured range in �n.It is sometimes more 
onvenient to dis
uss the results in terms of 
ross se
tions rather thanstru
ture fun
tions. At low x, where W 2 ' Q2=x, the following expressions are valid:�
�ptot (W;Q2) = 4�2�Q2 F2(x;Q2) (4)d�
�p!Xn(W;Q2)dxL � Z pmaxT0 d2�
�p!Xn(W;Q2)dxL dpT dpT= 4�2�Q2 F LN(3)2 (x;Q2; xL); (5)where �
�ptot is the total virtual photon-proton 
ross se
tion and d2�
�p!Xn(W;Q2)=dxLdpT is thedi�erential 
ross se
tion for leading neutron produ
tion in a virtual photon-proton 
ollision.3 One-pion-ex
hange modelA su

essful des
ription of the available data [24{33℄ on 
harge-ex
hange pro
esses (p ! n)in hadron-hadron intera
tions has been obtained using the ex
hange of virtual parti
les with3



the quantum numbers of the �, �, and a2 mesons [13{17, 20, 21℄. In su
h pro
esses, the pion,due to its small mass, dominates the p! n transition amplitude, with its relative 
ontributionin
reasing as jtj de
reases. In 
ontrast to the nu
leon, whose partoni
 stru
ture has been probeddire
tly in deep inelasti
 s
attering, the stru
ture of mesons has been studied only indire
tlyusing hadron-hadron 
ollisions. For the pion, the data from �p intera
tions yielding promptphotons [38, 39℄, high-mass muon pairs [40{43℄ and dijets [44℄ in the �nal state have givenimportant information. However, these results are mostly sensitive to the high-x, or valen
e,stru
ture of the pion: the sea-quark and gluon 
ontent of the pion at low x have not yet beenmeasured. The HERA leading neutron data o�er an opportunity to probe this low-x stru
turevia the diagram shown in Fig. 1. In the one-pion-ex
hange (OPE) approximation, the 
rossse
tion for hadroprodu
tion, hp! Xn, 
an be written asd�hp!XndxL dt = f�=p(xL; t)�h�tot(s0) (6)where the 
ux fa
tor, f�=p(xL; t), des
ribes the splitting of a proton into a �n system, s0 = s(1�xL), where s0 and s are the squares of the 
ms energy for the h� and hp systems, respe
tively.Charge-ex
hange pro
esses at the ISR [27, 28℄ and Fermilab [29, 30℄ are well des
ribed by su
han expression with [15, 16℄f�=p(xL; t) = 14� 2g2�pp4� �t(t�m2�)2 (1� xL)1�2��(t) [F (xL; t)℄2 ; (7)where g2�pp=(4�) = 14:5 is the �0pp 
oupling 
onstant and ��(t) = �0t with �0 = 1 GeV�2. Theform-fa
tor F (xL; t) parametrises the distribution of the pion 
loud in the proton and a

ountsfor �nal-state res
attering of the neutron.For the hadroni
 
harge-ex
hange experiments, a good des
ription of most of the pn ! Xpdata [26℄ is obtained using the Bishari [15℄ 
ux, whi
h 
orresponds to Eq. (7) with F (xL; t) = 1.In this 
ase, fe�(xL; t) = 14� 2g2�pp4� �t(t�m2�)2 (1� xL)1�2��(t): (8)The 
ux-fa
tor fe� 
an therefore be interpreted as an e�e
tive pion 
ux that takes into a

ountpro
esses that o

ur in hadroni
 
harge-ex
hange pro
esses, su
h as absorption (Se
tion 10.1),non-pion ex
hange and o�-mass-shell e�e
ts.4 HERA and the ZEUS dete
torDuring 1995{97, the HERA 
ollider operated at ps � 300 GeV with positrons of Ee = 27.5 GeV
olliding with protons of Ep = 820 GeV. In addition to the 175 ep 
olliding bun
hes, 21 unpairedbun
hes of protons or positrons allowed the determination of beam{related ba
kgrounds.4.1 The ZEUS dete
torThe ZEUS 
entral dete
tor is des
ribed in detail elsewhere [45℄. Here the main 
omponentsused in the present analysis are des
ribed brie
y. The 
entral tra
king dete
tor (CTD) [46℄,4



positioned in a 1.43 T solenoidal magneti
 �eld, was used to establish an intera
tion vertexwith a typi
al resolution along (transverse to) the beam dire
tion1 of 0.4 (0.1) 
m.The high-resolution uranium-s
intillator 
alorimeter (CAL) [47℄ 
onsists of three parts: theforward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h part is subdividedtransversely into towers and longitudinally into one ele
tromagneti
 se
tion (EMC) and eitherone (in RCAL) or two (in FCAL and BCAL) hadroni
 se
tions (HAC). The smallest subdivisionof the 
alorimeter is 
alled a 
ell. The CAL relative energy resolutions, as measured under test-beam 
onditions, are �(E)=E = 0:18=pE for ele
trons and �(E)=E = 0:35=pE for hadrons(E in GeV).In addition to the CAL, two small ele
tromagneti
 sampling 
alorimeters, situated beside thebeam pipe, were used to measure the s
attered positron. The beam pipe 
alorimeter (BPC) [48℄was lo
ated at Z = �2:9 m from the intera
tion point, and the LUMI 
alorimeter [49℄, whi
hforms part of the ZEUS system for monitoring the luminosity, was lo
ated at Z = �35 m.These additional 
alorimeters had relative energy resolutions of �(E)=E = 0:18=pE.4.2 The forward neutron 
alorimeterA forward neutron 
alorimeter (FNC) was installed in 1995 [50℄ in the HERA tunnel at Z =+106 m and at zero degrees from the in
oming proton dire
tion. Figure 2 shows the layout inrelation to the six stations (S1{S6) of the leading proton spe
trometer (LPS).The stru
ture of the 
alorimeter is shown in Fig. 3. It is a �nely segmented, 
ompensating,sampling 
alorimeter with 134 layers of 1.25 
m-thi
k lead plates as absorber and 0.26 
m-thi
k s
intillator plates as the a
tive material. The s
intillator is read out on ea
h side withwavelength-shifting light guides 
oupled to photomultiplier tubes (PMTs). It is segmentedlongitudinally into a front se
tion, seven intera
tion-lengths deep, and a rear se
tion, threeintera
tion-lengths deep. The front se
tion is divided verti
ally into 14 towers, ea
h 5 
m high.The relative energy resolution for hadrons, as measured in a test beam, was �=E = 0:65=pE.As seen in Fig. 3, the FNC 
ompletely surrounds the proton beam, whi
h passes through a10 �10 
m2 hole in towers 11 and 12. Three planes of s
intillation 
ounters, ea
h 70� 50 � 2
m3, are lo
ated 70, 78, and 199 
m in front of the 
alorimeter. These 
ounters 
ompletely
over the bottom front fa
e of the 
alorimeter and are used to identify 
harged parti
les and soreje
t neutrons that intera
t in front of the FNC in ina
tive material su
h as magnet supportstru
tures, the beam-pipe wall and the me
hani
s and supports of the LPS.The HERA magnet apertures limit the FNC a

eptan
e to neutrons with produ
tion anglesless than �maxn = 0:8 mrad, that is to transverse momenta pmaxT = En�maxn = 0:656 xL GeV. Onlyabout one quarter of the azimuth extends to �maxn , as 
an be seen from the outline of the apertureshown in Fig. 4. The overall a

eptan
e of the FNC, taking a

ount of beam-line geometry,ina
tive material, beam tilt and angular spread, as well as the angular distribution of theneutrons, is �20% at low xL, where the pT range 
overed is small, but in
reases monotoni
ally,1The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in the protonbeam dire
tion, and theX axis pointing left towards the 
entre of HERA. The 
oordinate origin is at the nominalintera
tion point. The polar angle � is de�ned with respe
t to the positive Z-dire
tion. The pseudorapidity, �,is given by � ln(tan �2 ). 5



ex
eeding 30% at high xL, as seen in Table 1. The dominant in
uen
e on these values is thela
k of 
omplete azimuthal 
overage illustrated in Fig. 4. The kinemati
 region in t and p2T
overed by the FNC as a fun
tion of xL is shown in Fig. 5(a) and (b), respe
tively. Althoughthe a

eptan
e extends to p2T ' 0:4 GeV2, the mean value of p2T for the a

epted data is lessthan 0.05 GeV2 [3℄.Charged parti
les produ
ed at small angles and energies <� 450 GeV are swept away verti
allyby the HERA bending magnets. Higher-energy positively 
harged parti
les in the energy rangefrom about 450 GeV to about 600 GeV are bent into the top towers above the beam pipe.Neutrons are easily distinguished from protons, sin
e the latter deposit most of their energy inthe top four towers of the FNC. Protons with energies >� 600 GeV do not exit the beam pipein the vi
inity of the FNC.Photons, whi
h populate only the lower xL range of the data, are separated from neutrons usingthe energy-weighted root-mean-square verti
al width of the showers. After this separation, the
orre
tion for photon 
ontamination in the �nal neutron sample is negligible.Timing information from the FNC was also used to eliminate ba
kgrounds. One sour
e of ba
k-ground is due to the random overlap of energeti
 neutrons from proton beam-gas intera
tionswith genuine DIS events. The rate of FNC energy deposits above 400 GeV was monitored and,from 
omparisons with the bun
h-
rossing rate, the overlap was estimated to be less than afew per
ent [1℄ and was ignored. This ba
kground was also 
he
ked using randomly triggeredevents and events with an energy deposit in the FNC greater than 1000 GeV.The 
alibration and monitoring [51℄ of the FNC followed the methods developed for the test
alorimeters [1, 52℄. The gain of ea
h PMT was obtained by s
anning the FNC with a 60Coradioa
tive sour
e. Changes in gain during data taking were monitored using energy depositsfrom intera
tions of the HERA proton beam with residual gas in the beam pipe. The overallenergy s
ale was set from the kinemati
 end-point of 820 GeV by �tting data from proton beam-gas intera
tions with energy greater than 600 GeV to the shape of the spe
trum expe
ted fromone-pion ex
hange [15,53℄. The a

ura
y (� 2%) of the energy-s
ale determination was limitedby the un
ertainty of the shape of the beam-gas spe
trum at the kinemati
 endpoint.4.3 Experimental 
onditionsThe data were taken in three ranges of Q2. The �rst, 
onsisting of photoprodu
ed eventswhere the s
attered positron was dete
ted in the LUMI 
alorimeter, is 
hara
terised by pho-ton virtuality Q2 < 0:02 GeV2; the se
ond, 
onsisting of intermediate-Q2 events where thes
attered positron was dete
ted in the BPC dete
tor, is 
hara
terised by photon virtuality0:1 < Q2 < 0:74 GeV2; and the third, originating from deep inelasti
 s
attering, where thes
attered positron was dete
ted in the CAL, is 
hara
terised by photon virtuality Q2 > 4GeV2. The three samples are denoted, respe
tively, as PHP, intermediate-Q2 and DIS.The data for the PHP sample 
ome from four short dedi
ated runs in 1996, taken with aminimum-bias trigger, and 
orrespond to an integrated luminosity of 49 nb�1 
overing thefull xL range. For xL >� 0:5, 2 pb�1 of data were also taken in 1995 with the FNC in
ludedin the trigger. The other data samples were taken in 1995-97, and 
orrespond to integratedluminosities of approximately 14 pb�1 for the intermediate-Q2 and 41 pb�1 for the DIS samples.6



4.4 Trigger 
onditionsA three-level trigger was used to sele
t the events. The trigger de
ision relied primarily onthe energies deposited in the CAL, the BPC or the LUMI and was based on ele
tromagneti
energy, total transverse energy and missing transverse momentum. CAL timing 
uts were usedto reje
t beam-gas intera
tions and 
osmi
 rays. No FNC requirements were pla
ed on thetrigger, ex
ept for part of the PHP sample in whi
h events were triggered by energy depositsin the FNC, LUMI and RCAL. This data sample is useful only for xL > 0:52, where the FNCtriggering eÆ
ien
y is better than 50%. The eÆ
ien
y is 100% for xL >� 0:7.4.5 Re
onstru
tion of kinemati
 variablesThe re
onstru
tion of the lepton variables depends on the devi
e in whi
h the s
attered positronwas dete
ted. The LUMI measures only the energy and the horizontal de
e
tion of the s
atteredpositron: su
h parti
les have s
attering angles �e < 6 mrad, so that the virtuality of theex
hanged photon is limited to Q2 < 0:02 GeV2, with a mean value � 2 � 10�3 GeV2. Inthe BPC, both the energy and the position of the s
attered positron were measured, and thekinemati
 variables estimated from these measurements [48℄. When the positron was dete
tedin the CAL, the double angle (DA) method [54℄ was used to re
onstru
t the DIS variables fromthe s
attering angles of the positron and the hadroni
 system. The latter was determined fromthe hadroni
 energy 
ow measured in the CAL.The impa
t position of the neutron on the FNC was not measured with suÆ
ient a

ura
y tobe used event-by-event. All distributions were obtained by integrating over the angle of theprodu
ed neutrons up to the maximum observable angle, �maxn = 0.8 mrad.5 Data sele
tionThe PHP, intermediate-Q2 and DIS samples were �rst sele
ted without any FNC requirement.The PHP events had to satisfy 
riteria on the CAL energy deposits or CTD tra
ks [49℄ andrequired a s
attered positron in the LUMI dete
tor with 10 < E 0e < 18 GeV, where E 0e isthe energy of the s
attered positron. The intermediate-Q2 and DIS events had to satisfy35 � Æ � 65 GeV, where Æ = P(E � PZ) = PE(1 � 
os �), with the sum running over all
alorimeter 
ells; E and � are the energy and polar angle, respe
tively, for a CAL 
ell. For theintermediate-Q2 data, Æ also in
ludes 2E 0e. The events also had to have a re
onstru
ted vertexwith �40 < Z < 100 
m for the intermediate-Q2 sample and jZj < 40 
m for the DIS events.The intermediate-Q2 events had to have a s
attered positron of E 0e > 7 GeV within the �du
ialvolume of the BPC [48℄, while the DIS events had to have a s
attered positron of E 0e > 10 GeVwithin the �du
ial volume of the CAL [37, 55℄.The �nal event sele
tion required, in addition to a good LUMI, BPC or CAL positron as de�nedabove, a good FNC neutron 
andidate satisfying the following 
onditions:� between 164 GeV and 820 GeV (0:2 < xL < 1:0) of deposited energy in the FNC;7



� energy less than that 
orresponding to one minimum-ionising parti
le deposited in the
ounter farthest2 from the front of the FNC, to reje
t neutrons that shower in front ofthe 
alorimeter;� no signal from the veto 
ounter 
onsistent with a shower from a previous bun
h to reje
tpile-up energy deposits;� the maximum energy deposit should be in towers 6-9 in the bottom front se
tion of theFNC, to reje
t protons that are bent into the top towers by the verti
al bending-magnetsin the proton beam line;� a shower with both energy and verti
al width 
onsistent with that of a hadron, to reje
tele
tromagneti
 energy deposits3.The �nal neutron-tagged sample 
onsisted of 912 PHP, 8168 intermediate-Q2 and 60102 DISevents sele
ted from 56960, 100599 and 642015 in
lusive events, respe
tively.The data were divided into xL bins in the range 0:2 < xL < 1:0, as shown in Table 1. In ea
hbin, the a

eptan
e extends from 0 to 0.8 mrad in neutron produ
tion angle, representing a pTrange from 0 to 0:656 xL GeV.Di�erent binnings were used for the three data sets. For the PHP data, a single bin was 
hosenwith Q2 < 0:02 GeV2 and 0:345 < y < 0:636, 
orresponding to a W range of 176 < W < 240GeV with a mean < W > = 209 GeV. For the intermediate-Q2 data (0:1 < Q2 < 0:74 GeV2),the same 34 bins were used as for the ZEUS in
lusive 
�p 
ross-se
tion measurements [48℄. Forthe DIS data (Q2 > 4 GeV2), 25 bins were used, as shown in Appendix I.6 The ratio methodTo minimise systemati
 un
ertainties, it is advantageous to use the ratio of 
ross se
tions ratherthan the absolute 
ross se
tions themselves. The primary measurement, the fra
tion of eventswith a leading neutron, is experimentally robust: a luminosity measurement is not required;un
ertainties due both to the �nite a

eptan
e of the 
entral 
alorimeter and to triggeringineÆ
ien
ies are minimised; a

urate Monte Carlo modeling of the in
lusive hadroni
 �nalstate is not needed; and the e�e
ts of radiative 
orre
tions are redu
ed.The measured events were binned in Q2. Depending on the Q2 region, the events were furtherbinned in x or y. The ratio r(x;Q2; xL) is de�ned asr(x;Q2; xL) = d3�ep!e0Xn=dx dQ2 dxLd2�ep!e0X=dx dQ2 �xL = nobs(x;Q2; xL)A(xL)Nobs(x;Q2) ; (9)where Nobs(x;Q2) is the number of events observed in a bin of (x, Q2) and nobs(x;Q2; xL) isthat subset of events with a neutron in an xL bin of width �xL; A(xL) is the a

eptan
e andre
onstru
tion eÆ
ien
y for leading neutrons and is dis
ussed in the next se
tion.2The farthest 
ounter, 199 
m from the FNC, was 
hosen to minimise ba
ksplash (albedo) 
orre
tions.3This 
ut is possible sin
e the two-dimensional distribution of energy and shower width shows a 
lear separa-tion between the wide, high-energy hadroni
 showers and narrower lower-energy deposits arising from photon-indu
ed showers. 8



Inspe
tion of Eqs. (1), (3) and (9) shows that, after appropriate bin 
entering,F LN(3)2 (x;Q2; xL) = r(x;Q2; xL)�xL F2(x;Q2)(1 + �); (10)where � ' Æ � ÆLN � Ædet:The additional 
orre
tion term, Ædet, is the di�eren
e between the a

eptan
e of the maindete
tor for all events and for the subset of events with a leading neutron. The overall 
orre
tion,�, is small and was negle
ted (see Se
tion 7.3).Equation (10) 
an be expressed in terms of 
ross se
tions by using Eqs. (4) and (5):d�
�p!Xn(W;Q2)dxL = r(W;Q2; xL)�xL �
�ptot (W;Q2): (11)This equation is also valid for photoprodu
tion (Q2=0). It is evident from Eq. (9) that, withinan (x, Q2) bin, r is the ratio of the 
ross se
tion for produ
ing a leading neutron with �n < �maxnin a given xL bin to the total 
ross se
tion.7 Corre
tions and systemati
 un
ertainties7.1 A

eptan
e and 
orre
tionsFor the most part, trigger ineÆ
ien
ies and a

eptan
e un
ertainties in the main ZEUS de-te
tor are unimportant for the present analysis sin
e ratios of FNC-tagged events to in
lusiveevents are measured. The observed distributions integrated over the (x;Q2) plane are not afaithful reprodu
tion the true distributions be
ause of varying trigger 
on�gurations and �nitea

eptan
es. Therefore, when integrated distributions were studied, the events were weighted,bin-by-bin, by the in
lusive 
ross se
tion, to produ
e the 
orre
t Q2 and x (or y) distributions.Sin
e the ratio of the neutron-tagged sample to the in
lusive sample is not strongly dependenton x or Q2 (see below), this weighting pro
edure does not signi�
antly 
hange the shape of anyof the distributions of the ratio. However, the statisti
al un
ertainty is in
reased sin
e low-Q2events are under-represented in 
omparison to high-Q2 events.The intermediate-Q2 and DIS data, triggered by the s
attered positron, have a trigger eÆ
ien
ythat is independent of the details of the �nal state. However, the photoprodu
tion data mustalso be 
orre
ted for the CAL trigger eÆ
ien
y, whi
h is dependent on the �nal state. Forexample, ex
lusive ve
tor meson produ
tion, ep ! eV p, has a low trigger eÆ
ien
y and noneutrons in the �nal state. As a result, the measured fra
tion of events tagged with a leadingneutron for photoprodu
tion must be 
orre
ted downwards. A study of ea
h ex
lusive �nalstate and its 
orresponding trigger eÆ
ien
y showed that the measured fra
tion of taggedevents in photoprodu
tion should be redu
ed by (5� 2:5)%. This redu
tion was applied to thephotoprodu
tion data presented in this paper.The a

eptan
e and re
onstru
tion eÆ
ien
y, A(xL), of the FNC was obtained using the fullsimulation of the ZEUS dete
tor based on GEANT 3.13 [56℄. The simulation in
ludes the e�e
t9



of ina
tive material along the neutron path. The tilt (<� 70�rad in X and Y , but varying fromyear to year) and divergen
e (� 70 (100) �rad in the X (Y ) dire
tion) of the proton beam werealso simulated.The relative un
ertainty on the absolute energy s
ale of the FNC is �2% [51℄. This introdu
esthe normalisation un
ertainties shown in Table 1.Be
ause of the poor position resolution of the FNC, the angular distribution of the neutrons
ould not be measured dire
tly. Instead, it was 
onstrained by the distribution of measuredX positions of the neutrons. The X position of energy deposits in the FNC was determinedfrom the ratio of pulse heights in the two readout 
hannels. For the 1995 data taking, the
orresponding rms resolution was 3.2 
m. The resolution degraded in subsequent years be
auseof radiation damage to the s
intillator. For �xed xL, the p2T distribution was expressed asdNdp2T / e�b(xL)p2T: (12)The slope b that best represents the data was determined by binning the X-position data inxL and 
omparing it to the Monte Carlo expe
tation for di�erent b slopes. The results forthe 1995 DIS data set, given in Table 2 and shown in Fig. 6, indi
ate that the exponential p2Tslope for neutron produ
tion rises with in
reasing xL and may be parameterised by b(xL) =(16:3 xL � 4:25) GeV�2, as indi
ated by the solid line (for xL < 0:26, b = 0 was used for thethe a

eptan
e 
orre
tions). Also shown in Fig. 6, as the dashed 
urve, is the slope parameterresulting from the e�e
tive OPE 
ux of Eq. (8). The predi
ted slopes are in reasonable a

ordwith the data.The polar-angle a

eptan
e of the FNC extends from 0 to 0.8 mrad with an azimuthal a

ep-tan
e shown in Fig. 4. All of the results presented in this paper have been 
orre
ted for thisazimuthal a

eptan
e. Sin
e pmaxT = 0:656 xL GeV, the sensitivity of the a

eptan
e to the bslope de
reases rapidly as xL de
reases. As a systemati
 
he
k, the above value of b(xL) wasvaried by �2 GeV�2, whi
h is the approximate un
ertainty in b. The un
ertainty on the a
-
eptan
e rea
hes 6% at the highest xL values. The a

eptan
es and their un
ertainties, whi
hare highly 
orrelated between all of the bins, are summarised in Table 1.7.2 Systemati
 un
ertaintiesThe 
orre
tions applied to the a

eptan
e lead to normalisation un
ertainties. The largest
orre
tions and their typi
al values and un
ertainties are:� the in
reased a

eptan
e of the FNC when the LPS is not inserted into the beam, sin
eless material is present (�5� 1%);� the veto 
ut, whi
h avoids pile-up e�e
ts but removes events that should have been
ounted (+7� 2%);� shower albedo from the fa
e of the FNC, whi
h triggers the veto 
ounters and eliminatesgood events (+1:5� 1%);� noise in the veto 
ounters asso
iated with the beam (+3� 1:5%);10



� veto-
ounter ineÆ
ien
y (�1:5� 1:5%);� the random overlap of beam-gas events with ep intera
tions (�2:4� 0:2%).The total normalisation un
ertainty for the intermediate-Q2 and DIS data is �4%. The 
or-responding un
ertainty for the PHP data is �5%, whi
h is highly 
orrelated with the DISun
ertainty.The photoprodu
tion data taken with the FNC trigger were 
orre
ted for the trigger ineÆ
ien
yand were used only for xL > 0:52, the region where the trigger eÆ
ien
y is above 50%. In thisregion, they were normalised to the data 
olle
ted without the FNC-trigger requirement. Thisleads to an additional normalisation un
ertainty for these data of �4%.7.3 Relative 
orre
tionsThe relative-
orre
tion term, �, of Eq. (10) a

ounts for di�eren
es in the 
orre
tions for theneutron-tagged and in
lusive samples. Only the di�eren
e between the radiative 
orre
tionfor the neutron-tagged sample and that for the in
lusive sample, (Æ � ÆLN, is relevant in thisanalysis4. The program HECTOR [57℄, whi
h provides a leading-logarithmi
 estimate of theradiative 
orre
tion to the Born term in ep s
attering, was used to 
al
ulate the relative-
orre
tion term by modeling in
lusive neutron produ
tion at large xL via one-pion ex
hange.The di�eren
e in the neutron-tagged and in
lusive 
orre
tion terms in
reases with x and xL,but remains small throughout most of the kinemati
 region, rea
hing (3-4)% at x = 0:06 forxL >� 0:9 and at x = 0:1 for xL >� 0:8.The �nal term in � is due to the 
orre
tion fa
tor, Ædet, whi
h a

ounts for the di�eren
es inthe 
entral-dete
tor a

eptan
e, migrations and bin-
entering for all events and for those eventswith a tagged neutron.Sin
e � is smaller than the overall systemati
 un
ertainties of the FNC, it is negle
ted in thepresent analysis.8 General 
hara
teristi
s of the data8.1 Neutron energy spe
traThe neutron yields in bins of xL and Q2 are given in Table 3 for the three data samples.The data are 
orre
ted for the azimuthal a

eptan
e and are integrated over produ
tion angles0 < �n < �maxn , where �maxn = 0.8 mrad. As dis
ussed earlier, this �xed angular range 
orrespondsto a pT range whi
h is xL dependent. The spe
tra are normalised to the measured number ofevents in the same (x;Q2) bin but without the leading-neutron requirement. Modifying Eq.(9) to take 
orre
tions into a

ount yieldsr(x;Q2; xL) � 1A(xL)PxPQ2 n
orr(x;Q2; xL)PxPQ2 N
orr(x;Q2) ;4Possible e�e
ts due to the longitudinal stru
ture fun
tion and Z0 ex
hange are also assumed to be negligible.11



where the subs
ript indi
ates that the observed number of events has been 
orre
ted bin by binfor the e�e
t of the trigger 
on�gurations dis
ussed in Se
tion 7. The sum is over the 
hosenrange of Q2 and all measured bins of x in that range.Figure 7(a) shows the xL spe
tra, as dr=dxL, for the PHP, intermediate-Q2 and DIS regions.Between 5% and 10% of the in
lusive events have a leading neutron in the measured kinemati
range. The ratios are similar in shape for these three kinemati
 regions, although the fra
tionalyield of neutrons slowly in
reases with Q2. The neutron spe
tra in
rease slowly with xL (mostlydue to the in
reased pT a

eptan
e), rea
h a broad peak near xL = 0:75, and then rapidlyde
rease to zero at xL = 1. The neutron rate in
reases by about 20% between the PHP andDIS data.Figure 7(b) shows the DIS neutron spe
tra in three bins of Q2. Although, for xL < 0:8, thehigh-Q2 data tend to lie above the low-Q2 data, the in
rease in neutron yield with Q2 is mu
hless pronoun
ed than that seen in Fig. 7(a). In the region 0:64 < xL < 0:82, the neutron yieldin DIS is approximately independent of Q2. For the highest-xL points, the high-Q2 data liebelow the low-Q2 data.8.2 Determination of �
p!XnFigure 8(a) shows the di�erential 
ross se
tion, d�LN=dxL, for the photoprodu
tion rea
tion
p ! Xn at a mean 
p 
ms energy hW i = 207 GeV. This result is obtained using Eq. (11)with �
ptot = 174�1�13 �b at hW i = 209 GeV [58℄. Integrating r over the range 0:2 < xL < 1:0gives r = 5:72� 0:12(stat:)� 0:41(syst:) %;
orresponding to an observed 
ross se
tion in the above kinemati
 range of�
p!Xn = 10:0� 0:2(stat:) � 1:0(syst:) �b:The 
urves in Fig. 8(a) are based on the e�e
tive 
ux of Eq. (8). For photoprodu
tion, the xLdependen
e of the leading-neutron 
ross se
tion in this model 
an be expressed as the integralover t (or p2T) of Eq. (6): 1� d�LNdxL / (1� xL)�IP (0)�1 Z fe�(xL; t)dt;where it has been assumed that the 
� total 
ross se
tion has the same slow energy dependen
eas observed for other hadroni
 
ross se
tions, 
hara
terised by the Pomeron inter
ept, �IP (0)) �1:08 [59℄.The solid histogram in Fig. 8(a) shows the result of a �t using the shape given by Eq. (8) plus aba
kground term proportional to (1� xL). The �t5 uses only statisti
al un
ertainties and givesa good des
ription of the data. Ba
kground terms of higher order in (1�xL) are not ne
essary.The H1 
ollaboration also �nds agreement between their leading-neutron data [2℄ in the DISregime and an OPE model. Simple leading-order OPE models (POMPYT and RAPGAP) also5The highest-xL bin was ex
luded from the �t be
ause of the large systemati
 un
ertainty arising from theenergy s
ale. 12



give a good des
ription of the ZEUS data on dijets with a leading neutron in photoprodu
tion[3℄. A re
ent NLO 
al
ulation [60℄ based on OPE is also in good agreement with the neutron-tagged dijet data.8.3 Vertex fa
torisationLeading baryon produ
tion in hadroni
 rea
tions has often been analysed in the 
ontext theTriple Regge expansion [16, 61℄. If the pion traje
tory dominates leading neutron produ
tion,as the data reported in this paper suggest, and if the s0 values are suÆ
iently high, then the�-�-Pomeron triple-Regge vertex will dominate. This is a reasonable approximation sin
e s0 istypi
ally 80 GeV and fa
torisation should hold. The 
ross-se
tion ratios are therefore given byd2�ap!Xn(xL; p2T)dxL dp2T ,d2�bp!Xn(xL; p2T)dxL dp2T = �aptot�bptot ;or, with a = 
 and b = p,1�
ptot d2�
p!Xn(xL; p2T)dxL dp2T = 1�pptot d2�pp!Xn(xL; p2T)dxL dp2T : (13)To test this relation, the PHP data were integrated over p2T, assuming that the fun
tional formof Eq. (12) also applies to photoprodu
tion. The results for the PHP sample, expressed as thenormalised 
ross se
tion at p2T = 0, are shown in Fig. 8(b). These data are 
ompared with ISRdata [28℄ from the rea
tion pp! Xn. The shapes of the two distributions are similar but thePHP data are about a fa
tor of two below the ISR pp results for xL > 0:3. These distributions,when integrated over all p2T and xL, represent the average number of neutrons per event, < n >.Using Eq. (12) to integrate over all p2T, the ZEUS PHP data yield < n >� 0:18 for the regionxL > 0.28. The value 0.375�0.075 for �n < 150 mrad per hemisphere per inelasti
 pp 
ollisionwas obtained at the ISR [27℄ and is a fa
tor of two larger than the value obtained in the 
urrentanalysis.The 
urve in Fig. 8(b), based on the OPE model with the e�e
tive 
ux of Eq. (8), gives agood representation of the shape of the ZEUS PHP data for xL > 0:6. In summary, while theshapes of the 
p and pp distributions are similar, the 
ross-se
tion s
aling expressed in Eq. (13)is broken by about a fa
tor of two. This breaking suggests that other Regge traje
tories, withtheir asso
iated interferen
es, are 
ontributing di�erently to the photo- and hadroprodu
tionrea
tions.8.4 Absorptive e�e
tsIn 
�p s
attering, the transverse size of the virtual photon de
reases with in
reasing Q2, redu
ingthe likelihood that the produ
ed neutron res
atters on the hadroni
 
omponent of the photon.At very high Q2, the virtual photon a
ts as a point-like probe. The HERA data thus o�erthe opportunity to study s
attering with a target of �xed size (the proton) and a proje
tile ofvariable size (the photon). Figure 7(a) shows a 
lear redu
tion in the relative yield of neutrons inPHP and in the intermediate-Q2 region 
ompared to that in DIS at higher Q2. This redu
tion,13



whi
h is displayed as a fun
tion of Q2 in Fig. 9 for 0:64 < xL < 0:82, may be attributed toabsorptive e�e
ts. Re
ently, a similar rise in the leading-proton yield as Q2 is in
reased fromthe PHP region to Q2 > 2.5 GeV2 has been observed by the H1 
ollaboration [6℄.The xL dependen
e of this e�e
t is shown in Fig. 10, where the ratio Rabs(xL) is de�ned asRabs(xL) � r(Q2 < 0:02 GeV2; xL)r(Q2 > 4 GeV2; xL) :In order to minimise sensitivity to drifts in the relative energy s
ales, whi
h parti
ularly a�e
tsthe higher values of xL, only PHP and DIS data taken simultaneously were used to evaluate theseven Rabs points highest in xL. Figure 10 shows that Rabs is approximately 
onstant, althoughsome variation is observed for the higher xL values.The 
urves in Fig. 10 are theoreti
al predi
tions based on OPE models [35,36℄ for the di�eren
ein absorption between Q2 > 10 GeV2 and photoprodu
tion. The t dependen
e of the absorptive
orre
tion has been evaluated over a kinemati
 region similar to that of the present analysis togive the t-averaged 
orre
tion. The 
al
ulations [35, 36℄ predi
t that absorption at the level of�10% may still be present for Q2 > 10 GeV2.In 
on
lusion, the 
hara
teristi
s of the produ
tion of leading neutrons in the range 0:64 <xL < 0:82, i.e. the rapid rise in rate with Q2 and the saturation for the DIS data, are in broadagreement with the expe
tation from absorptive e�e
ts.8.5 Tests of limiting fragmentation and fa
torisation in x and Q2The hypothesis of limiting fragmentation [10℄ states that, in the high-energy limit, the 
rossse
tion for the in
lusive produ
tion of parti
le 
 in the fragmentation region of b in the rea
tiona + b ! 
 + X will approa
h a 
onstant value. This suggestion, whi
h was based on rathergeneral geometri
al arguments, was supported by measurements made at the ISR [34℄. Theexpe
tation at HERA is that neutron produ
tion in the proton-fragmentation region of ep
ollisions will be independent of Q2 and W [11℄.A more di�erential form of fa
torisation than that dis
ussed in Se
tion 8.3 states that thedependen
e of the 
ross se
tion on the lepton variables (x and Q2) should be independent ofthe baryon variables (xL and p2T). In terms of the stru
ture fun
tion F LN(4)2 , this 
an be writtenas F LN(4)2 (x;Q2; xL; pT) = f(xL; pT) � F (x;Q2);where f and F are arbitrary fun
tions. The quantity F LN(3)2 is then given byF LN(3)2 (x;Q2; xL) = ~f(xL) � F (x;Q2); (14)where ~f(xL) = Z pmaxT (xL)0 f(xL; pT)dpT:To investigate the W dependen
e, the data may be studied as a fun
tion of y, or x, for �xed Q2.Figure 11 
ompares the 
ross-se
tion ratio, r, as a fun
tion of Q2 at �xed y by 
hoosing three14



bins of y for a low (0:20 < xL < 0:64), a medium (0:64 < xL < 0:82) and a high (0:82 < xL < 1:0)xL range. At low xL and �xed y, r rises with Q2, approximately doubling over the kinemati
range of �ve orders of magnitude in Q2. As xL in
reases, the slope of r as a fun
tion of Q2de
reases and be
omes negative in the high-xL range.Figure 12 shows the values of r for the intermediate-Q2 data, separately for the low, mediumand high ranges of xL. There is little variation of the ratio, r, as a fun
tion of y. The dottedhorizontal lines in the �gures, whi
h show the average values of the points in ea
h xL bin, area satisfa
tory representation of the data.Figure 13 shows r for the DIS data as a fun
tion of x in bins of Q2 and xL. The same trendsas in Fig. 11 are observed. At �xed Q2, there is a small, but systemati
, dependen
e of r on x.At low xL, the ratio rises with x; for 0:64 < xL < 0:82, the ratio is approximately independentof x; at high xL, it falls with in
reasing x. The dotted lines show the results of �ts of the form(x1=x)�, where x1 and � are �t parameters. Ea
h xL range is �tted separately.These �ts provide a good representation of the data ex
ept at the highest xL at high Q2. Thedata 
an also be �t to the form a+b ln (x=x0)+
 ln (Q2=Q20), where a, b and 
 are �t parametersand Q20 and x0 are arbitrary s
ales. This gives a good representation of the data in all xL bins,as shown by the solid lines.In summary, the observed weak, logarithmi
, variation as the size of the virtual photon 
hangesrepresents a breakdown of limiting fragmentation and the fa
torisation as expressed in Eq. (14).However, in the interval 0:64 < xL < 0:82, r for the DIS data is, to a good approximation,independent of the leptoni
 variables and is only a fun
tion of xL. For this xL range, Eq. (10)implies that F LN(3)2 (x;Q2; xL) / F2(x;Q2) : (15)9 Determination of F LN(3)2The neutron-tagged stru
ture fun
tion, F LN(3)2 , was determined using Eq. (10). The F2(x;Q2)values were taken from the ZEUS Regge �t [62℄ in the intermediate-Q2 region, Q2 < 1 GeV2,and from the ZEUS NLO QCD �t [63℄ for Q2 > 1 GeV2. Figures 14 (intermediate-Q2 data)and 15 (DIS data) show F LN(3)2 for three representative ranges of xL as a fun
tion of x at �xedvalues of Q2. The normalisation of the three sets of �xed-xL data varies be
ause the range ofp2T 
hanges with xL when integrating over a �xed �n range. To guide the eye, the line showsthe ZEUS Regge or NLO �t appropriately s
aled by r in ea
h xL bin divided by �xL. The xand Q2 dependen
e of F LN(3)2 is similar to that of F2, as expe
ted sin
e, as shown in Figs. 11and 13, the ratio r has only a weak dependen
e on x and Q2 at �xed xL.The H1 Collaboration has published values of F LN(3)2 in the kinemati
 region 2 � Q2 � 50GeV2 and 6 � 10�5 � x � 6 � 10�3 [2℄. This region overlaps that 
overed by the ZEUS datafor Q2 > 4 GeV2. Although the H1 data 
over the ZEUS range in xL, the distribution ofthe neutrons is integrated only up to pmaxT = 0.2 GeV, so the ZEUS and H1 data 
an only bedire
tly 
ompared at xL = 0:3, 
orresponding to pmaxT = 0.197 GeV. For higher xL, the ZEUSvalues must be redu
ed to a

ount for the smaller pT range measured by H1. Figure 16(a)15




ompares the ZEUS and H1 values for F LN(3)2 at xL = 0:3 for the three bins of Q2 where thedata overlap. Figure 16(b) shows the same 
omparison at xL = 0:7, where the ZEUS data havebeen adjusted to the transverse-momentum range pmaxT = 0.2 GeV using the form of Eq. (12).The shapes of the distributions are in good agreement, as is the normalisation for the higher-xL sele
tion. At low xL, although the H1 values lie systemati
ally above the 
orrespondingZEUS measurements, the H1 un
ertainties are highly 
orrelated. In addition, 
ontributionsfrom photon showers, whi
h populate the low xL region, have not been subtra
ted from the H1data.10 OPE and the pion stru
ture fun
tionIn a one-pion-ex
hange model, the stru
ture fun
tion F LN(4)2 
an be written asF LN(4)2 (x;Q2; xL; t) = f�=p(xL; t)F �2 (x=(1� xL); Q2; t)(1��abs(Q2; xL; t)); (16)where f�=p is the 
ux of pions in the proton, F �2 is the stru
ture fun
tion of the pion at avirtuality t, and �abs is the absorptive 
orre
tion before a t-integration is performed.There is now no simple fa
torisation of F LN(4)2 , although if F �2 
an be expressed as a power lawin x�, where the Bjorken variable of the pion is de�ned as x� = x=(1�xL), as is the 
ase for F2of the proton with respe
t to x [63℄, the approximate fa
torisation of Eq. (14) will be restored.Comparison of Eq. (14) with Eq. (10) (negle
ting �) shows that if F is identi�ed with F2,then r=�xL may be identi�ed with ~f . Given that r for the DIS data with 0:64 < xL < 0:82(where OPE dominates, see Se
tion 10.1) is only a fun
tion of xL, as des
ribed in Se
tion 8.5,Eqs. (15) and (16) imply that F �2 (x�; Q2) / F2(x;Q2) :10.1 Competing pro
esses to OPESeveral pro
esses whi
h 
ompete with pion ex
hange as the me
hanism for leading neutronprodu
tion were ignored in Eq. (16), namely:� di�ra
tive disso
iation in whi
h the disso
iated system de
ays to a state in
luding aneutronDi�ra
tively produ
ed events 
an be sele
ted by requiring the presen
e of a large rapiditygap in the hadroni
 �nal state. For su
h events, the mass of the disso
iated proton systemis restri
ted to low values, MN <� 4 GeV.An event is said to have a large rapidity gap (LRG) in the ZEUS dete
tor if the pseudo-rapidity of the most-forward energy deposit with energy greater than 400 MeV (�max) isless than 1.8 [64℄. Figure 17(a) shows the �max distributions for both the neutron-taggedand in
lusive DIS samples, where the latter has been normalised to the neutron-taggedsample for �max > 1:8. For both �max < 1:8 and �max > 1:8, the shape of the neutron-tagged16



distribution is similar to that of the in
lusive distribution; however, there are relativelyfewer LRG events in the neutron-tagged sample. The LRG events represent only 4% ofthe total number of DIS events with neutrons in the measured kinemati
 region, but are7% of the total number of DIS events. A redu
tion in the fra
tion of LRG events witha �nal-state neutron is expe
ted sin
e only proton di�ra
tive disso
iation or di�ra
tivemeson ex
hange (the De
k e�e
t [65℄) 
an 
ontribute.To investigate a possible xL-dependen
e of the 
ontribution of di�ra
tive events, Fig. 17(b)shows the ratio, RLRG, of the neutron-tagged DIS events, sele
ted by the LRG 
riterion,to all neutron-tagged DIS events, as a fun
tion of xL. The rise by a fa
tor of three overthe xL range shows that the LRG neutron-tagged events have a harder neutron energyspe
trum than that of the in
lusive neutron-tagged sample. It is 
lear that di�ra
tiveevents are not a major sour
e of leading neutrons at any value of xL. For the region0:64 < xL < 0:82, RLRG is 0:039� 0:001 (stat:);� � and a2 ex
hangeTheoreti
al studies of neutron produ
tion in ep 
ollisions [18, 53℄ suggest that isove
torex
hanges other than the pion 
ontribute less than 10% to neutron produ
tion at xL = 0:73and for the pT range of the present data. This is quite di�erent than for leading protonprodu
tion, where isos
alar Regge ex
hange provides the dominant 
ontribution [2, 19℄;� isove
tor ex
hange leading to � produ
tionThe p ! �(1236) transition, formed by �, � and a2 ex
hange, 
an also 
ontribute toneutron produ
tion [18,53,66{68℄. In this 
ase, the neutron, whi
h 
omes from the de
ay�0 ! n�0 or �+ ! n�+, no longer has an energy determined by the energy of theex
hanged meson. The neutron energy spe
trum peaks near xL � 0:5 and extends only toxL � 0:7 [19℄. It thus gives a small 
ontribution in the 0:64 < xL < 0:82 bin. A 
omparisonof the data on p ! n and p ! �++ [69{72℄ in 
harge-ex
hange rea
tions at Fermilabindi
ates that only about 6% of the forward neutrons 
ome from the � 
hannel. Thisobservation agrees with theoreti
al estimates of the �� 
ontribution to the Fo
k stateof the proton, whi
h is approximately half that of n� [53, 66℄. A 
al
ulation [67℄ showsthat the 
ontribution of �=a2 ex
hange, plus the � 
ontribution, to the hadroni
 
harge-ex
hange rea
tion pp ! Xn 
ould be as high as 30%. Sin
e no analogous 
al
ulationexists for DIS, this only provides an indi
ation of a possible ba
kground to the neutronprodu
tion dis
ussed in this paper;� models other than one-parti
le ex
hangeMonte Carlo studies, using standard DIS generators, show [1℄ that these pro
esses havea rate of neutron produ
tion a fa
tor of three lower than the data and produ
e a neutronenergy spe
trum with the wrong shape, peaking at values of xL below 0.3.In summary, the expe
tation for the pro
esses listed above at hxLi = 0.73 and hpT2i = 0.08 GeV2is that they 
ontribute of the order of 20% of the leading neutron produ
tion. This estimate
an be 
he
ked using the measured neutron-energy spe
trum. The OPE �t to the di�erential
ross-se
tion d�=dxL shown in Fig. 8(a) suggests that, at xL = 0:73, the residual ba
kgroundto OPE is <� 10%, in reasonable a

ord with the studies dis
ussed above.17



10.2 The pion stru
ture fun
tion and the photon-pion total 
rossse
tionHaving established that the leading neutron data are dominated by pion ex
hange in the range0:64 < xL < 0:82, the OPE model 
an be used to determine the stru
ture fun
tion of the pion,F �2 . The quantity F LN(3)2 , de�ned in Se
tion 2, was obtained by integrating F LN(4)2 over t (or�n). The t dependen
e of F �2 is absorbed into the 
ux fa
tor that des
ribes the hadroni
 
harge-ex
hange data [24{33℄; the stru
ture fun
tion of the real pion is then given by F �2 (x�; Q2) �F �2 (x�; Q2; t = m2�).Integrating Eq. (16) over t and rearranging leads toF �2 (x�; Q2) = �(Q2; xL)F LN(3)2 (x;Q2; xL); (17)where �(Q2; xL) is the inverse of the pion 
ux fa
tor integrated over the measured t region and
orre
ted for the t-averaged absorptive e�e
t, Æabs:�(Q2; xL) = 1(1� Æabs(xL; Q2)) R tmaxtmin f�=p(xL; t)dt:As dis
ussed in Se
tion 8.4, the theoreti
al expe
tation [36℄ is that Æabs(xL; Q2) is less than 10%for Q2 >10 GeV2.Thus, Eq. (17) shows that, for the DIS region, F �2 (x�; Q2) is approximately proportional toF LN(3)2 (x;Q2; xL) for a �xed xL. In analogy to Eq. (17), the photon-pion total 
ross se
tion 
anbe written as �
�tot(Wp1� xL) = �(Q2 = 0; xL) � d�
p!Xn(W;Q2 = 0)dxL : (18)10.3 The pion-
ux normalisationTo determine the normalisation of the pion 
ux, and hen
e F �2 and �
�tot, a theoreti
al model isne
essary for the form fa
tor F (xL; t) in the e�e
tive 
ux fa
tor of Eq. (7). Unfortunately, thereis no 
onsensus as to whi
h of the 
ompeting models [73℄ is most appropriate. As examplesof the extremes from the available range of the models, two possibilities are 
onsidered here.The evaluation of the normalisation is made at xL = 0:73, where the ratio r is approximatelyindependent of x and Q2 and OPE is expe
ted to dominate.1. One possibility is to use the same 
ux as is employed in hadroni
 rea
tions. The data onthe hadron 
harge-ex
hange rea
tions pn ! Xp, pp ! Xn and �n ! Xp [24{33℄ are ingood agreement with OPE and the Bishari 
ux fa
tor [15℄ given by Eq. (8). Using Eq.(6), the 
ross se
tion may be written as�pn!Xp = Z Z fe�(xL; t)��ptotdt dxL;where ��ptot is the �p total 
ross se
tion and the integration is over the kinemati
 range ofthe pn! Xp measurement. The 
ux fa
tor, fe� , 
an again be interpreted as an e�e
tive18



pion 
ux whi
h already in
orporates the e�e
ts of absorption, pro
esses other than OPEand o�-mass-shell e�e
ts.Assuming that all of these e�e
ts are the same for the photoprodu
tion rea
tion 
p! Xnas for the hadroni
 pro
esses pn! Xp and pp! Xn then�(Q2 = 0; hxLi = 0:73) = �xLR R tmaxtmin fe�(hxLi = 0:73; t)dt dxL = 0:180:0775 = 2:32;for the range 0:64 < xL < 0:82.Using Eq. (18) with d�
p!Xn=dxL evaluated from Fig. 8(a) at xL = 0.73, �
�tot(W =107 GeV) is 50 � 2 �b. Assuming a Regge dependen
e su
h that � / (W 2)�IP (0)�1with �IP (0) = 1:08 [59℄ yields �
�tot(W = 207 GeV) =56 � 2 �b. Given that �
ptot(W =209 GeV) = 174� 13 �b [58℄, �
�tot=�
ptot is then 0:32� 0:03.Using Fig. 9 to estimate the di�eren
e in the absorption for DIS and photoprodu
tion as22% leads, for Q2 > 4 GeV2, toF �2 (x�; Q2) = 1:81F LN(3)2 (x;Q2; hxLi = 0:73);or, 
ombining Eqs. (10) and (17),F �2 (x�; Q2) = 10:05 � r(x;Q2; hxLi = 0:73) � F2(x;Q2): (19)2. As a se
ond possibility, the additive quark model [74℄ 
an be used, whi
h predi
ts that,at xL = 0.73, �
�tot(Wp1� xL)�
ptot(W ) = 23(1� xL)�IP (0)�1 = 0:60; (20)provided that �
�tot and �
ptot have the same energy dependen
e at high energies, governedby the Pomeron inter
ept, �IP (0) = 1:08. Combining Eq. (11) with Eqs. (18) and (20)and using Table 3 gives�(Q2 = 0; hxLi = 0:73) = 23(1� 0:73)�IP (0)�1 �xLr(Q2 = 0; hxLi = 0:73) = 0:600:1251 = 4:8:Using Rabs to adjust for the di�eren
e in absorptive e�e
ts between photoprodu
tion andDIS, thereby redu
ing �, yields, for Q2 > 4 GeV2:F �2 (x�; Q2) = 3:74F LN(3)2 (x;Q2; hxLi = 0:73)= 20:78 � r(x;Q2; hxLi = 0:73) � F2(x;Q2): (21)In summary, methods 1 and 2 di�er in normalisation by about a fa
tor of two. This is ap-proximately the same fa
tor that was observed in Fig. 8(b) when 
omparing the neutron ratespresented here and the pp data from the ISR.Other methods give fa
tors between those des
ribed above. For example, models of the pion
ux fa
tor based on �d=�u data give form fa
tors, F (xL; t) < 1 [73,75℄ and, therefore, a value of �that is higher than that given by method 1. Normalisation of F �2 using existing measurementsat high x� [38{44℄, as parameterised, for example, by Gl�u
k, Reya and Vogt [76℄, gives a �value that is lower than that from method 2.19



10.4 Results and 
omparison with modelsFigure 18 shows F �;EF2 (x�; Q2), whi
h is F �2 (x�; Q2) as a fun
tion of x� evaluated from Eq.(19). This evaluation has been made for the range 0:64 < xL < 0:82 where OPE is expe
tedto dominate and where the fra
tion of events with a leading neutron is observed to be approx-imately independent of x and Q2. Evaluations for nearby ranges of xL give 
onsistent results.Although the normalisation of F �2 is un
ertain to a fa
tor of two, the x and Q2 dependen
eis well measured. The dotted lines show the shape of F2 of the proton, s
aled by 0.361. It isstriking that F �2 has approximately the same x and Q2 dependen
e as F2 of the proton.Figure 19 shows F �;AQM2 using the additive quark model to normalise the 
ross se
tion. The
omparison of these results with the solid 
urves, whi
h represent the absolute predi
tions ofGl�u
k, Reya and Vogt (GRV) [76℄, shows that the normalisation is su
h that the 
urves are
loser to the data than when using the e�e
tive 
ux shown in Fig. 18, although the data arestill higher than the predi
tions, parti
ularly at the lower values of Q2.There have been several re
ent attempts to understand the quark stru
ture of the pion on thebasis of simple theoreti
al ideas:1. In the model of Gl�u
k, Reya and Vogt [76℄, the pion sea is generated dynami
ally by theQCD evolution equations from the valen
e-quark and valen
e-gluon distributions of thepion at a low s
ale �2 � 0:3 GeV2. The valen
e gluon is, by assumption, proportional tothe valen
e quark. The valen
e quarks are taken from �ts to experimental data [38{44℄at high x�. This model qualitatively des
ribes the shape of the measurement of F �2 asseen in Figs 18 and 19;2. The predi
tion for F �2 from Sutton et al. (SMRS) [77℄ is also shown in Figure 19. Thisanalysis is an NLO QCD �t to Drell-Yan and prompt-photon data from �xed-targetexperiments.Sin
e the data 
orresponds to x� > 0:2, the predi
tions for the sea region are un
ertain.However, the SMRS �ts, when used in an OPE Monte Carlo simulation, gave a gooddes
ription of the ZEUS data on leading neutrons plus dijets in photoprodu
tion [3℄. Thelatter 
orrespond to the region x� > 10�2, whereas the present data extend to mu
h lowerx� and show a very di�erent shape than the F �2 from the SMRS parameterisation;3. In the 
onstituent model of Altarelli et al [78℄, the stru
ture fun
tion of any hadronis determined by that of its 
onstituent quarks, and, in parti
ular, the pion stru
turefun
tion 
an be predi
ted from the known nu
leon stru
ture fun
tion [79℄. The stru
turefun
tion of a hadron h, F h2 , at low x, where the 
ontribution of the 
onstituent valen
equarks is negligible, is given byF h2 (x;Q2) = Z 1x fh(z)F q2 (x=z;Q2)dz;where fh(z) is the density of quarks 
arrying momentum fra
tion z of the hadron h, andF q2 is the stru
ture fun
tion of the valen
e quarks. It is assumed that, at low x, thestru
ture fun
tion F q2 is independent of the 
avour. If, as x! 0, F q2 (x) � x��(Q2), where�(Q2) is independent of x [63℄, all of the F h2 stru
ture fun
tions are proportional to thesame fun
tion at low x. This predi
tion is in agreement with the present data sin
eF �2 / F2. This model gives a normalisation for F �2 
lose to F �;AQM2 ;20



4. Nikolaev, Speth and Zoller have expli
itly studied the small-x behavior of F �2 using a
olour-dipole BFKL-Regge expansion [80℄. They �nd that a good approximation is:F �2 (x;Q2) ' 23F p2 �23x;Q2� :Sin
e F2 has a power-law behaviour in x for the ZEUS kinemati
 region, the predi
tedshape is in reasonable agreement with the data.Thus, the data presented in this paper provide additional 
onstraints on the shape of the pionstru
ture fun
tion for values of x� < 10�2.11 Con
lusionsLeading neutron produ
tion for xL > 0:2 and �n < 0:8 mrad has been studied in neutral 
ur-rent ep 
ollisions at HERA over a kinemati
 range of over �ve orders of magnitude in Q2. The
ross se
tion for the produ
tion of leading neutrons has been determined as a ratio r rela-tive to the in
lusive neutral 
urrent 
ross se
tion, thereby redu
ing the systemati
 un
ertainty
onsiderably.For the above angular range, whi
h de�nes a transverse-momentum a

eptan
e of pT < 0:656 xLGeV, the neutron energy spe
trum exhibits a broad peak at xL � 0:75. It is approximately onethird of its maximum at xL = 0:2, and falls to zero approa
hing the kinemati
 limit at xL = 1.The rate of neutron produ
tion in the measured phase spa
e in photoprodu
tion is about halfthe rate observed in hadroprodu
tion and thus the simplest form of vertex fa
torisation isbroken. A 
omparison of the neutron yield in the three kinemati
 regions of photoprodu
tion,intermediate Q2 and DIS shows an in
rease of about 20% between photoprodu
tion and DIS,saturating for Q2 > 4 GeV2. This 
an be attributed to the de
rease in absorptive e�e
ts as thetransverse size of the in
ident photon de
reases.Generally, there is no strong dependen
e of the ratio r on x and Q2; however, at low xL and�xed y, the ratio r rises with Q2, approximately doubling over the kinemati
 range of �ve ordersof magnitude in Q2. For the high-xL range, there is a tenden
y for r to de
rease at �xed y.Thus, limiting fragmentation and fa
torisation do not hold.The stru
ture-fun
tion F LN(3)2 has been measured over three orders of magnitude in x and Q2and for the range 0:2 < xL < 0:8 with �n < 0:8 mrad. The stru
ture fun
tion of the pion,F �2 , has been extra
ted, up to un
ertainties in the overall normalisation, in the framework of aone-pion-ex
hange model in the range 0:64 < xL < 0:82, where one-pion-ex
hange dominates.It has approximately the same x and Q2 dependen
e as F2 of the proton. The data providenew 
onstraints on the shape of the pion stru
ture fun
tion for x� < 10�2.A
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ross se
tionsThis appendix presents tables of the relative 
ross se
tions for leading neutron produ
tion inneutral 
urrent intera
tions, ep! e0Xn. The 
ross se
tions are measured relative to the totalin
lusive neutral 
urrent 
ross se
tion, ep! e0X.The xL bins, the a

eptan
e and the a

eptan
e and energy-s
ale un
ertainties for ea
h bin aregiven in Table 1. Only for 0:88 < xL < 1 is the 
entroid of the bin, 0.92, signi�
antly di�erentfrom the bin 
entre, 0.94.The values of b, the exponential slope of the p2T distribution, are given in Table 2.Table 3 gives the relative di�erential 
ross se
tion in xL, (1=�)(d�LN=dxL), for leading neutronprodu
tion integrated over x and Q2 for the three kinemati
 regimes: a) photoprodu
tion(Q2 < 0:02 GeV2), (b) the intermediate-Q2 region (0:1 < Q2 < 0:74 GeV2), and (
) DIS(Q2 > 4 GeV2).A 
hange in the energy s
ale represents a stret
h or 
ompression (dilation) of the energy distri-bution. Although the dilation is only �2%, it be
omes the dominant normalisation systemati
un
ertainty at high xL, where the energy spe
trum is falling qui
kly (Table 3).The next twelve tables give the fra
tion of events with a leading neutron in DIS (Q2 > 4 GeV2)in bins of Q2 and x, while the �nal three tables give the fra
tion of events with a leading neutronin the intermediate-Q2 region (0:1 < Q2 < 0:74 GeV2) in bins of Q2 and y.
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xL < xL > A

eptan
e A

eptan
e Energy-s
alerange un
ertainty un
ertainty 
ontribution(%) (%) (%)0.20 - 0.28 0.24 21.5 +2/-2 -5/+40.28 - 0.34 0.31 21.2 +2/-2 -5/+40.34 - 0.40 0.37 21.7 +2/-3 -5/+40.40 - 0.46 0.43 22.2 +3/-3 -5/+40.46 - 0.52 0.49 22.5 +3/-3 -4/+50.52 - 0.58 0.55 21.9 +4/-3 -4/+50.58 - 0.64 0.61 23.0 +4/-4 -4/+40.64 - 0.70 0.67 22.9 +5/-5 -4/+40.70 - 0.76 0.73 23.3 +5/-5 -2/+20.76 - 0.82 0.79 23.7 +5/-6 +2/-10.82 - 0.88 0.85 25.4 +6/-6 +5/-80.88 - 1.00 0.92 32.1 +6/-6 +25/-26Table 1: The xL bins, their a

eptan
e, and the a

eptan
e un
ertainty. The right hand
olumn shows the 
ontribution from the energy-s
ale un
ertainty. Note that the energy-s
aleun
ertainty is 
ompletely 
orrelated between bins.
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hxLi b �(stat:)GeV�2 GeV�20.49 4.10 1.100.54 4.47 1.000.58 3.80 1.100.62 6.33 1.000.65 8.12 0.900.69 8.56 0.900.73 6.06 0.800.76 9.46 0.900.80 8.78 0.800.84 12.81 1.100.88 9.65 0.900.95 8.63 1.10Table 2: The values of the b slopes and their statisti
al errors in bins of xL for the 1995 DISdata.
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xL < xL > Q2 < 0:02 GeV2 0:1 < Q2 < 0:74 GeV2 Q2 > 4 GeV2range meas:� stat: meas:� stat: meas:� stat:(%) (%)0.20 - 0.28 0.24 4.12 � 0.60 4.70 � 0.36 5.57 � 0.130.28 - 0.34 0.31 4.40 � 0.71 6.37 � 0.46 7.19 � 0.170.34 - 0.40 0.37 4.64 � 0.72 5.83 � 0.42 8.51 � 0.180.40 - 0.46 0.43 6.31 � 0.84 7.66 � 0.50 9.44 � 0.190.46 - 0.52 0.49 6.90 � 0.87 7.72 � 0.49 10.38 � 0.200.52 - 0.58 0.55 7.94 � 0.34 10.64 � 0.57 12.38 � 0.220.58 - 0.64 0.61 9.40 � 0.34 11.03 � 0.59 13.43 � 0.220.64 - 0.70 0.67 11.15 � 0.38 12.69 � 0.62 15.28 � 0.240.70 - 0.76 0.73 12.51 � 0.41 14.06 � 0.64 15.83 � 0.240.76 - 0.82 0.79 12.15 � 0.39 14.41 � 0.67 14.85 � 0.230.82 - 0.88 0.85 9.18 � 0.31 11.11 � 0.56 11.66 � 0.200.88 - 1.00 0.92 2.59 � 0.09 3.25 � 0.19 3.74 � 0.07Table 3: Values in per
ent of (1=�)(d�LN=dxL) = dr=dxL for leading neutrons with �n < 0:8mrad. For the PHP data, Q2 < 0:02 GeV2, the normalisation un
ertainty is �5%, and forxL > 0:52 there is a further normalisation un
ertainty of �4%. The statisti
al error for thePHP data with xL > 0:52 in
ludes a 
ontribution from the un
ertainty in the FNC-triggereÆ
ien
y. For the intermediate-Q2 and DIS data, the normalisation un
ertainty is �4%.
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0:2 < xL < 0:28Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.48 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.40 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.43 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.46 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.50 � 0.0515 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.40 � 0.054.2 �10�4 3.0 - 6.0 �10�4 0.39 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.42 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.43 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.42 � 0.0330 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.55 � 0.068.5 �10�4 6.0 - 12.0 �10�4 0.50 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.43 � 0.0349.0 �10�4 2.4 - 10.0 �10�3 0.49 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.49 � 0.0817.0 �10�4 1.2 - 2.4 �10�3 0.46 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.39 � 0.0332.0 �10�3 1.0 - 10.0 �10�2 0.42 � 0.04120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.53 � 0.1249.0 �10�4 2.4 - 10.0 �10�3 0.42 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.53 � 0.05240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.42 � 0.0932.0 �10�3 1.0 - 10.0 �10�2 0.56 � 0.07480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.44 � 0.091000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.37 � 0.11A

eptan
e un
ertainty: +2/-2 %Energy s
ale un
ertainty of �2 %: -5/+4 %Normalization error: 4 %Table 4: The fra
tion of events with a leading neutron at xL = 0:24 in bins of x and Q2.
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0:28 < xL < 0:34Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.34 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.37 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.41 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.50 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.46 � 0.0415 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.40 � 0.054.2 �10�4 3.0 - 6.0 �10�4 0.40 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.45 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.38 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.45 � 0.0430 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.47 � 0.068.5 �10�4 6.0 - 12.0 �10�4 0.49 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.51 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.50 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.37 � 0.0717.0 �10�4 1.2 - 2.4 �10�3 0.38 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.52 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.51 � 0.05120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.24 � 0.0849.0 �10�4 2.4 - 10.0 �10�3 0.43 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.56 � 0.05240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.43 � 0.0932.0 �10�3 1.0 - 10.0 �10�2 0.40 � 0.06480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.55 � 0.111000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.45 � 0.12A

eptan
e un
ertainty: +2/-2 %Energy s
ale un
ertainty of �2 %: -5/+4 %Normalization error: 4 %Table 5: The fra
tion of events with a leading neutron at xL = 0:31 in bins of x and Q2.
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0:34 < xL < 0:4Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.45 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.46 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.52 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.50 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.55 � 0.0515 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.42 � 0.054.2 �10�4 3.0 - 6.0 �10�4 0.52 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.54 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.48 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.59 � 0.0430 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.45 � 0.068.5 �10�4 6.0 - 12.0 �10�4 0.49 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.55 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.58 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.56 � 0.0917.0 �10�4 1.2 - 2.4 �10�3 0.53 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.51 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.58 � 0.05120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.52 � 0.1249.0 �10�4 2.4 - 10.0 �10�3 0.51 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.54 � 0.05240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.52 � 0.1032.0 �10�3 1.0 - 10.0 �10�2 0.59 � 0.07480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.63 � 0.111000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.54 � 0.13A

eptan
e un
ertainty: +2/-3 %Energy s
ale un
ertainty of �2 %: -5/+4 %Normalization error: 4 %Table 6: The fra
tion of events with a leading neutron at xL = 0:37 in bins of x and Q2.
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0:4 < xL < 0:46Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.51 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.55 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.55 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.55 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.62 � 0.0515 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.52 � 0.054.2 �10�4 3.0 - 6.0 �10�4 0.55 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.55 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.66 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.60 � 0.0430 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.41 � 0.058.5 �10�4 6.0 - 12.0 �10�4 0.46 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.54 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.65 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.48 � 0.0817.0 �10�4 1.2 - 2.4 �10�3 0.64 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.53 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.67 � 0.06120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.65 � 0.1449.0 �10�4 2.4 - 10.0 �10�3 0.59 � 0.0632.0 �10�3 1.0 - 10.0 �10�2 0.64 � 0.06240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.77 � 0.1232.0 �10�3 1.0 - 10.0 �10�2 0.70 � 0.08480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.77 � 0.121000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.75 � 0.16A

eptan
e un
ertainty: +3/-3 %Energy s
ale un
ertainty of �2 %: -5/+4 %Normalization error: 4 %Table 7: The fra
tion of events with a leading neutron at xL = 0:43 in bins of x and Q2.
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0:46 < xL < 0:52Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.51 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.59 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.57 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.67 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.69 � 0.0515 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.55 � 0.054.2 �10�4 3.0 - 6.0 �10�4 0.59 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.65 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.67 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.62 � 0.0430 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.50 � 0.068.5 �10�4 6.0 - 12.0 �10�4 0.51 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.66 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.71 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.55 � 0.0917.0 �10�4 1.2 - 2.4 �10�3 0.68 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.69 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.80 � 0.06120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.92 � 0.1649.0 �10�4 2.4 - 10.0 �10�3 0.64 � 0.0632.0 �10�3 1.0 - 10.0 �10�2 0.86 � 0.07240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.58 � 0.1032.0 �10�3 1.0 - 10.0 �10�2 0.69 � 0.08480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.74 � 0.121000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.81 � 0.16A

eptan
e un
ertainty: +3/-3 %Energy s
ale un
ertainty of �2 %: -4/+5 %Normalization error: 4 %Table 8: The fra
tion of events with a leading neutron at xL = 0:49 in bins of x and Q2.
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0:52 < xL < 0:58Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.71 � 0.052.1 �10�4 1.5 - 3.0 �10�4 0.70 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.66 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.73 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.76 � 0.0615 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.71 � 0.064.2 �10�4 3.0 - 6.0 �10�4 0.76 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.79 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.72 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.84 � 0.0530 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.72 � 0.078.5 �10�4 6.0 - 12.0 �10�4 0.72 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.79 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.81 � 0.0460 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.75 � 0.1017.0 �10�4 1.2 - 2.4 �10�3 0.69 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.71 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.88 � 0.06120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.77 � 0.1549.0 �10�4 2.4 - 10.0 �10�3 0.80 � 0.0732.0 �10�3 1.0 - 10.0 �10�2 0.88 � 0.07240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.83 � 0.1232.0 �10�3 1.0 - 10.0 �10�2 0.97 � 0.09480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.88 � 0.131000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.86 � 0.17A

eptan
e un
ertainty: +4/-3 %Energy s
ale un
ertainty of �2 %: -4/+5 %Normalization error: 4 %Table 9: The fra
tion of events with a leading neutron at xL = 0:55 in bins of x and Q2.
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0:58 < xL < 0:64Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.78 � 0.052.1 �10�4 1.5 - 3.0 �10�4 0.79 � 0.044.2 �10�4 3.0 - 6.0 �10�4 0.81 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.78 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.88 � 0.0615 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.68 � 0.064.2 �10�4 3.0 - 6.0 �10�4 0.77 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.78 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.85 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.86 � 0.0530 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.76 � 0.078.5 �10�4 6.0 - 12.0 �10�4 0.80 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.75 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.84 � 0.0460 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.69 � 0.1017.0 �10�4 1.2 - 2.4 �10�3 0.83 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.87 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.87 � 0.06120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.52 � 0.1249.0 �10�4 2.4 - 10.0 �10�3 0.80 � 0.0632.0 �10�3 1.0 - 10.0 �10�2 0.83 � 0.06240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.84 � 0.1232.0 �10�3 1.0 - 10.0 �10�2 1.04 � 0.09480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.89 � 0.131000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.82 � 0.16A

eptan
e un
ertainty: +4/-4 %Energy s
ale un
ertainty of �2 %: -4/+4 %Normalization error: 4 %Table 10: The fra
tion of events with a leading neutron at xL = 0:61 in bins of x and Q2.
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0:64 < xL < 0:7Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.86 � 0.062.1 �10�4 1.5 - 3.0 �10�4 0.91 � 0.044.2 �10�4 3.0 - 6.0 �10�4 0.92 � 0.058.5 �10�4 6.0 - 12.0 �10�4 1.00 � 0.0617.0 �10�4 1.2 - 2.4 �10�3 0.85 � 0.0615 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.93 � 0.074.2 �10�4 3.0 - 6.0 �10�4 0.93 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.91 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.97 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.92 � 0.0530 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.97 � 0.088.5 �10�4 6.0 - 12.0 �10�4 0.86 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.86 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.95 � 0.0460 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.89 � 0.1117.0 �10�4 1.2 - 2.4 �10�3 0.81 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.92 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.97 � 0.07120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.82 � 0.1549.0 �10�4 2.4 - 10.0 �10�3 0.91 � 0.0732.0 �10�3 1.0 - 10.0 �10�2 0.95 � 0.07240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 1.04 � 0.1332.0 �10�3 1.0 - 10.0 �10�2 0.90 � 0.09480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 1.10 � 0.141000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.98 � 0.18A

eptan
e un
ertainty: +5/-5 %Energy s
ale un
ertainty of �2 %: -4/+4 %Normalization error: 4 %Table 11: The fra
tion of events with a leading neutron at xL = 0:67 in bins of x and Q2.
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0:7 < xL < 0:76Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.95 � 0.062.1 �10�4 1.5 - 3.0 �10�4 0.90 � 0.044.2 �10�4 3.0 - 6.0 �10�4 0.96 � 0.058.5 �10�4 6.0 - 12.0 �10�4 0.98 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.92 � 0.0615 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.84 � 0.074.2 �10�4 3.0 - 6.0 �10�4 0.88 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.94 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 1.02 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 1.09 � 0.0530 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.85 � 0.088.5 �10�4 6.0 - 12.0 �10�4 0.83 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.93 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.96 � 0.0460 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 1.03 � 0.1217.0 �10�4 1.2 - 2.4 �10�3 0.87 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.91 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 1.06 � 0.07120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 1.11 � 0.1749.0 �10�4 2.4 - 10.0 �10�3 0.83 � 0.0632.0 �10�3 1.0 - 10.0 �10�2 0.94 � 0.07240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.96 � 0.1332.0 �10�3 1.0 - 10.0 �10�2 1.01 � 0.09480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 1.10 � 0.141000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 1.16 � 0.19A

eptan
e un
ertainty: +5/-5 %Energy s
ale un
ertainty of �2 %: -2/+2 %Normalization error: 4 %Table 12: The fra
tion of events with a leading neutron at xL = 0:73 in bins of x and Q2.
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0:76 < xL < 0:82Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.98 � 0.062.1 �10�4 1.5 - 3.0 �10�4 0.83 � 0.044.2 �10�4 3.0 - 6.0 �10�4 0.90 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.86 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.93 � 0.0615 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.94 � 0.074.2 �10�4 3.0 - 6.0 �10�4 0.89 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.90 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.83 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.87 � 0.0530 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.77 � 0.078.5 �10�4 6.0 - 12.0 �10�4 0.89 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.82 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.89 � 0.0460 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.91 � 0.1117.0 �10�4 1.2 - 2.4 �10�3 0.83 � 0.0649.0 �10�4 2.4 - 10.0 �10�3 0.89 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.98 � 0.07120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 1.22 � 0.1849.0 �10�4 2.4 - 10.0 �10�3 0.67 � 0.0632.0 �10�3 1.0 - 10.0 �10�2 0.89 � 0.07240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.93 � 0.1232.0 �10�3 1.0 - 10.0 �10�2 0.84 � 0.08480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.60 � 0.101000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.89 � 0.17A

eptan
e un
ertainty: +5/-6 %Energy s
ale un
ertainty of �2 %: +2/-1 %Normalization error: 4 %Table 13: The fra
tion of events with a leading neutron at xL = 0:79 in bins of x and Q2.
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0:82 < xL < 0:88Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.73 � 0.052.1 �10�4 1.5 - 3.0 �10�4 0.71 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.65 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.74 � 0.0517.0 �10�4 1.2 - 2.4 �10�3 0.74 � 0.0515 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.72 � 0.064.2 �10�4 3.0 - 6.0 �10�4 0.70 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.70 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.72 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.75 � 0.0430 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.73 � 0.078.5 �10�4 6.0 - 12.0 �10�4 0.65 � 0.0417.0 �10�4 1.2 - 2.4 �10�3 0.64 � 0.0449.0 �10�4 2.4 - 10.0 �10�3 0.68 � 0.0360 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.61 � 0.0917.0 �10�4 1.2 - 2.4 �10�3 0.69 � 0.0549.0 �10�4 2.4 - 10.0 �10�3 0.61 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.66 � 0.05120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.72 � 0.1349.0 �10�4 2.4 - 10.0 �10�3 0.63 � 0.0532.0 �10�3 1.0 - 10.0 �10�2 0.60 � 0.05240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.43 � 0.0832.0 �10�3 1.0 - 10.0 �10�2 0.40 � 0.05480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.40 � 0.081000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.57 � 0.13A

eptan
e un
ertainty: +6/-6 %Energy s
ale un
ertainty of �2 %: +5/-8 %Normalization error: 4 %Table 14: The fra
tion of events with a leading neutron at xL = 0:85 in bins of x and Q2.
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0:88 < xL < 1Q2 Q2 xBJ xBJ ratio (%)GeV2 range range meas:� stat7 4 - 10 1.1 �10�4 8.0 - 15.0 �10�5 0.52 � 0.042.1 �10�4 1.5 - 3.0 �10�4 0.53 � 0.034.2 �10�4 3.0 - 6.0 �10�4 0.48 � 0.038.5 �10�4 6.0 - 12.0 �10�4 0.41 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.45 � 0.0415 10 - 20 2.1 �10�4 1.5 - 3.0 �10�4 0.51 � 0.044.2 �10�4 3.0 - 6.0 �10�4 0.45 � 0.028.5 �10�4 6.0 - 12.0 �10�4 0.44 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.43 � 0.0349.0 �10�4 2.4 - 10.0 �10�3 0.38 � 0.0330 20 - 40 4.2 �10�4 3.0 - 6.0 �10�4 0.40 � 0.048.5 �10�4 6.0 - 12.0 �10�4 0.39 � 0.0317.0 �10�4 1.2 - 2.4 �10�3 0.41 � 0.0349.0 �10�4 2.4 - 10.0 �10�3 0.43 � 0.0260 40 - 80 8.5 �10�4 6.0 - 12.0 �10�4 0.52 � 0.0717.0 �10�4 1.2 - 2.4 �10�3 0.34 � 0.0349.0 �10�4 2.4 - 10.0 �10�3 0.38 � 0.0332.0 �10�3 1.0 - 10.0 �10�2 0.34 � 0.03120 80 - 160 17.0 �10�4 1.2 - 2.4 �10�3 0.45 � 0.0949.0 �10�4 2.4 - 10.0 �10�3 0.36 � 0.0432.0 �10�3 1.0 - 10.0 �10�2 0.35 � 0.04240 160 - 320 49.0 �10�4 2.4 - 10.0 �10�3 0.41 � 0.0732.0 �10�3 1.0 - 10.0 �10�2 0.22 � 0.04480 320 - 640 32.0 �10�3 1.0 - 10.0 �10�2 0.25 � 0.061000 640 - 10000 32.0 �10�3 1.0 - 10.0 �10�2 0.20 � 0.07A

eptan
e un
ertainty: +6/-6 %Energy s
ale un
ertainty of �2 %: +25/-26 %Normalization error: 4 %Table 15: The fra
tion of events with a leading neutron at xL = 0:94 in bins of x and Q2.
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0:2 < xL < 0:64Q2 Q2 y y ratio (%)GeV2 range range meas:� stat0.11 0.10 - 0.13 0.60 0.54 - 0.64 3.15 � 0.430.70 0.64 - 0.74 2.85 � 0.390.15 0.13 - 0.17 0.40 0.37 - 0.45 3.72 � 0.470.50 0.45 - 0.54 2.76 � 0.340.60 0.54 - 0.64 3.49 � 0.390.70 0.64 - 0.74 2.76 � 0.410.20 0.17 - 0.21 0.26 0.23 - 0.30 3.23 � 0.410.33 0.30 - 0.37 3.09 � 0.380.40 0.37 - 0.45 3.41 � 0.380.50 0.45 - 0.54 3.70 � 0.430.60 0.54 - 0.64 2.96 � 0.430.70 0.64 - 0.74 3.98 � 0.630.25 0.21 - 0.27 0.20 0.16 - 0.23 3.23 � 0.280.26 0.23 - 0.30 3.46 � 0.310.33 0.30 - 0.37 3.24 � 0.330.40 0.37 - 0.45 4.04 � 0.390.50 0.45 - 0.54 3.28 � 0.390.60 0.54 - 0.64 3.83 � 0.490.30 0.27 - 0.35 0.12 0.08 - 0.16 3.88 � 0.290.20 0.16 - 0.23 3.82 � 0.300.26 0.23 - 0.30 3.03 � 0.300.33 0.30 - 0.37 2.86 � 0.320.40 0.37 - 0.45 3.36 � 0.400.50 0.45 - 0.54 2.97 � 0.410.40 0.35 - 0.45 0.12 0.08 - 0.16 3.05 � 0.280.20 0.16 - 0.23 3.02 � 0.300.26 0.23 - 0.30 3.61 � 0.380.33 0.30 - 0.37 3.94 � 0.450.40 0.37 - 0.45 4.45 � 0.520.50 0.45 - 0.58 0.12 0.08 - 0.16 3.35 � 0.330.20 0.16 - 0.23 3.02 � 0.340.26 0.23 - 0.30 2.50 � 0.360.65 0.58 - 0.74 0.20 0.16 - 0.23 4.01 � 0.540.26 0.23 - 0.30 3.46 � 0.68A

eptan
e un
ertainty: +2/-2 %Energy s
ale un
ertainty of �2 %: -4/+4 %Normalization error: 4 %Table 16: The fra
tion of events with a leading neutron at xL = 0:42 in bins of y and Q2 forthe BPC region. 38



0:64 < xL < 0:82Q2 Q2 y y ratio (%)GeV2 range range meas:� stat0.11 0.10 - 0.13 0.60 0.54 - 0.64 2.62 � 0.380.70 0.64 - 0.74 2.91 � 0.390.15 0.13 - 0.17 0.40 0.37 - 0.45 2.30 � 0.360.50 0.45 - 0.54 2.58 � 0.320.60 0.54 - 0.64 2.35 � 0.310.70 0.64 - 0.74 2.17 � 0.360.20 0.17 - 0.21 0.26 0.23 - 0.30 2.25 � 0.330.33 0.30 - 0.37 2.94 � 0.360.40 0.37 - 0.45 2.69 � 0.330.50 0.45 - 0.54 2.30 � 0.330.60 0.54 - 0.64 2.81 � 0.410.70 0.64 - 0.74 2.16 � 0.450.25 0.21 - 0.27 0.20 0.16 - 0.23 2.53 � 0.240.26 0.23 - 0.30 2.46 � 0.250.33 0.30 - 0.37 2.63 � 0.280.40 0.37 - 0.45 3.04 � 0.330.50 0.45 - 0.54 2.23 � 0.310.60 0.54 - 0.64 2.13 � 0.360.30 0.27 - 0.35 0.12 0.08 - 0.16 2.55 � 0.230.20 0.16 - 0.23 2.64 � 0.240.26 0.23 - 0.30 2.03 � 0.240.33 0.30 - 0.37 2.24 � 0.280.40 0.37 - 0.45 2.12 � 0.310.50 0.45 - 0.54 2.61 � 0.380.40 0.35 - 0.45 0.12 0.08 - 0.16 2.73 � 0.250.20 0.16 - 0.23 2.70 � 0.280.26 0.23 - 0.30 2.64 � 0.310.33 0.30 - 0.37 2.53 � 0.350.40 0.37 - 0.45 2.78 � 0.400.50 0.45 - 0.58 0.12 0.08 - 0.16 2.63 � 0.290.20 0.16 - 0.23 2.87 � 0.320.26 0.23 - 0.30 2.37 � 0.340.65 0.58 - 0.74 0.20 0.16 - 0.23 1.77 � 0.340.26 0.23 - 0.30 2.56 � 0.57A

eptan
e un
ertainty: +5/-5 %Energy s
ale un
ertainty of �2 %: -2/+2 %Normalization error: 4 %Table 17: The fra
tion of events with a leading neutron at xL = 0:73 in bins of y and Q2 forthe BPC region. 39



0:82 < xL < 1Q2 Q2 y y ratio (%)GeV2 range range meas:� stat0.11 0.10 - 0.13 0.60 0.54 - 0.64 1.15 � 0.230.70 0.64 - 0.74 0.87 � 0.190.15 0.13 - 0.17 0.40 0.37 - 0.45 1.19 � 0.230.50 0.45 - 0.54 1.10 � 0.190.60 0.54 - 0.64 0.82 � 0.170.70 0.64 - 0.74 0.89 � 0.210.20 0.17 - 0.21 0.26 0.23 - 0.30 1.03 � 0.200.33 0.30 - 0.37 1.18 � 0.200.40 0.37 - 0.45 1.06 � 0.190.50 0.45 - 0.54 1.00 � 0.190.60 0.54 - 0.64 1.16 � 0.240.70 0.64 - 0.74 0.82 � 0.250.25 0.21 - 0.27 0.20 0.16 - 0.23 0.96 � 0.130.26 0.23 - 0.30 0.79 � 0.130.33 0.30 - 0.37 1.41 � 0.190.40 0.37 - 0.45 1.03 � 0.170.50 0.45 - 0.54 0.94 � 0.180.60 0.54 - 0.64 1.09 � 0.230.30 0.27 - 0.35 0.12 0.08 - 0.16 1.47 � 0.160.20 0.16 - 0.23 1.33 � 0.150.26 0.23 - 0.30 0.95 � 0.150.33 0.30 - 0.37 0.93 � 0.160.40 0.37 - 0.45 0.86 � 0.180.50 0.45 - 0.54 1.14 � 0.230.40 0.35 - 0.45 0.12 0.08 - 0.16 1.33 � 0.160.20 0.16 - 0.23 1.15 � 0.160.26 0.23 - 0.30 1.12 � 0.180.33 0.30 - 0.37 0.93 � 0.190.40 0.37 - 0.45 0.92 � 0.210.50 0.45 - 0.58 0.12 0.08 - 0.16 1.11 � 0.170.20 0.16 - 0.23 0.94 � 0.170.26 0.23 - 0.30 1.40 � 0.240.65 0.58 - 0.74 0.20 0.16 - 0.23 0.92 � 0.220.26 0.23 - 0.30 1.21 � 0.35A

eptan
e un
ertainty: +6/-6 %Energy s
ale un
ertainty of �2 %: +14/-16 %Normalization error: 4 %Table 18: The fra
tion of events with a leading neutron at xL = 0:91 in bins of y and Q2 forthe BPC region. 40
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Figure 1: A s
hemati
 diagram for the one-pion-ex
hange model as applied to ep ! e0Xnshowing the Lorentz invariant variables s0, Q2, W 2 and t. Also shown is the de�nition of thes
attering angle of the positron, �e, and the produ
tion angle of the neutron, �n. In the ZEUS
oordinate system, the polar angle of the positron is � = � � �e.
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torto the FNC at Z = +106 m. Magnets are labelled by B (dipoles) or Q (quadrupoles) and anumber whi
h is their nominal distan
e from the intera
tion point in meters. S1 through S6label the positions of the six leading proton spe
trometer (LPS) stations. Between 65 and 80m, the proton beam line is bent upwards by 6 mrad by three bending magnets whi
h form amomentum analyzer for stations S5 and S6 of the LPS. The neutron exit window is lo
ated atZ = +96 m, immediately following S6.
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