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Leading proton prodution

in e+p ollisions at HERA

ZEUS Collaboration

Abstrat

Events with a �nal-state proton arrying a large fration of the proton beam mo-

mentum, xL > 0.6, and the square of the transverse momentum p2T < 0.5 GeV

2
,

have been studied in e+p ollisions with the ZEUS detetor at HERA. Data with

di�erent photon virtualities were used: Q2 < 0.02 GeV

2
, 0.1 < Q2 < 0.74 GeV

2

and 3 < Q2 < 254 GeV

2
, orresponding to integrated luminosities of 0.9, 1.85

and 3.38 pb

−1
. The ross setions are given as a funtion of xL, p

2
T , Q

2
and

the Bjorken saling variable, x. The ratio of the ross setion for leading proton

prodution to the inlusive e+p ross setion shows only a mild dependene on

Q2
and on x. In the region 0.6 < xL < 0.97, the relative yield of protons is only

a weak funtion of xL.

http://arxiv.org/abs/hep-ex/0210029v2
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1 Introdution

Events with a �nal-state proton arrying a large fration of the available energy but a

small transverse momentum have been studied in detail in high-energy hadron-proton

ollisions [1℄. The ross setion for suh leading proton events shows a peak for values of

the �nal-state proton momentum lose to the maximum kinematially allowed value, the

so-alled di�rative peak. For lower momenta, the ross setion is lower and the fration

of events with a leading proton is approximately independent of the energy and type of

the inoming partile. This harateristi behaviour has led to studies of the assoiated

event in terms of the e�etive energy available for hadronisation [2, 3℄. More reently,

events with neutrons or protons arrying a large fration of the proton-beam momentum

have also been measured in positron-proton (e+p) sattering at HERA [4�8℄.

The study of semi-inlusive rates in hadron-nuleon ollisions indiates that partile pro-

dution from the target nuleon is independent of the type of the inident hadron, a prop-

erty known as vertex fatorisation [1℄. This has been studied for instane by omparing

semi-inlusive rates, normalised to the respetive total ross setions, for the prodution

of partiles in the fragmentation region of the target nuleon. The hadroni data [9℄ also

show that, in the high-energy limit, the momentum distribution of the partiles from the

fragmentation of the target hadron is independent of the energy of the inoming parti-

le. These harateristis have not yet been extensively studied for baryon prodution in

eletron-proton ollisions.

Eletroprodution of leading baryons is also interesting in other respets. The virtual

photon mediating the interation, in the referene frame in whih the proton is at rest,

�utuates into a vetor-meson-like objet (the vetor dominane model, VDM [10℄). The

transverse size of this projetile an be varied by hanging the virtuality, Q2
, of the

photon. Real photons (Q2 = 0) have hadroni size, while, as Q2
inreases, the photon

size dereases. It is thus possible to experiment with a projetile of varying size. This

may lead, for instane, to di�erent absorptive resattering of the produed baryon as Q2

hanges [11℄, and hene to a breaking of vertex fatorisation.

Several mehanisms have been suggested to explain the hadroprodution or eletropro-

dution of leading protons. None of them are as yet amenable to alulations based on

perturbative quantum hromodynamis (pQCD). This is, in part, a onsequene of the

fat that the small pT of the leading proton neessitates a non-perturbative approah.

Some models [12�16℄ are based on the Regge formalism, with leading proton prodution

ourring through t-hannel exhanges, both isosalar and isovetor, notably Pomerons,

Reggeons and pions. These exhanges mediate the interation between the proton and

the �utuations of the virtual photon. The relative ontribution of the di�erent exhanges

varies as a funtion of the momentum and type of the sattered baryon: for leading pro-

1



tons, Pomeron exhange dominates in the di�rative-peak region with Reggeon and pion

exhanges ontributing for lower outgoing-proton momenta. Other theoretial models re-

tain quarks and gluons as fundamental entities, but add non-perturbative elements, suh

as soft-olour interations [17℄. The onept of frature funtions also o�ers a general

theoretial framework for a QCD-based study of leading baryon physis [18℄.

This paper reports studies of leading proton prodution in e+p ollisions, e+p → e+Xp,

emphasizing the non-di�rative region. This omplements the reent ZEUS study of

leading neutrons [8℄. High-energy protons with low transverse momentum arrying at

least 60% of the inoming-proton momentum were measured in the ZEUS leading proton

spetrometer (LPS) [19℄. The fration of suh events with a large rapidity gap in the

forward region is presented. The longitudinal- and transverse-momentum spetra are

studied for di�erent photon virtualities, from quasi-real photoprodution (Q2∼<0.02 GeV2
)

to Q2 = 254 GeV

2
. The dependene of the ross setion for the prodution of leading

protons on the deep inelasti sattering (DIS) variables x and Q2
is also measured and

ompared to that for the inlusive reation e+p → e+X . The results are disussed in the

ontext of vertex fatorisation and partile-exhange models. Finally, the properties of

events with a leading proton and two jets are presented.

2 Experimental set-up

The measurements were performed at the DESY ep ollider HERA using the ZEUS dete-

tor. In 1994 and 1995, HERA operated at a proton energy Ep = 820 GeV and a positron

energy Ee = 27.5 GeV.

A detailed desription of the ZEUS detetor an be found elsewhere [20℄. A brief outline

of the omponents that are most relevant for this analysis is given below.

Charged partiles are traked by the entral traking detetor (CTD), whih operates in a

magneti �eld of 1.43T provided by a thin superonduting oil. The CTD onsists of 72

ylindrial drift-hamber layers, organised in nine superlayers overing the polar-angle

1

region 15◦ < θ < 164◦. The relative transverse-momentum resolution for full-length traks

is σ(pt)/pt = 0.0058pt ⊕ 0.0065⊕ 0.0014/pt, with pt in GeV [21℄.

The high-resolution uranium-sintillator alorimeter (CAL) [22℄ onsists of three parts:

the forward (FCAL), barrel (BCAL) and rear (RCAL) alorimeters. Eah part is subdi-

1

The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam diretion, referred to as the �forward diretion�, and the X axis pointing left towards

the entre of HERA. The oordinate origin is at the nominal interation point. The pseudorapidity

is de�ned as η = − ln(tan θ

2 ), where the polar angle, θ, is measured with respet to the proton beam

diretion.

2



vided transversely into towers and longitudinally into one eletromagneti setion (EMC)

and either one (in RCAL) or two (in FCAL and BCAL) hadroni setions (HAC). The rela-

tive CAL energy resolutions are σ(E)/E = 0.18/
√
E for eletrons and σ(E)/E = 0.35/

√
E

for hadrons (E in GeV).

A lead-sintillator alorimeter (LUMI-e) at Z = −35 m [23℄, with a relative energy reso-

lution of σ(E)/E = 0.18/
√
E (E in GeV), was used to tag events with positrons sattered

through angles up to about 5 mrad, and to measure the sattered-positron energy, E ′

e, over

the range 7 < E ′

e < 21 GeV. These events have Q2 < 0.02 GeV2
and are hereafter referred

to as the �photoprodution� sample. This sample was olleted in 1994 and orresponds

to an integrated luminosity of 0.898± 0.014 pb

−1
.

Low-Q2
events (0.1 < Q2 < 0.74 GeV

2
) were tagged by requiring the identi�ation of the

sattered positrons in the beam pipe alorimeter (BPC) [24�27℄, a tungsten-sintillator

sampling alorimeter, loated lose to the beam pipe, 3m downstream of the interation

point in the positron beam diretion. This low-Q2
sample, hereafter referred to as the

�BPC sample�, has an integrated luminosity of 1.85±0.02 pb−1
and was olleted in 1995.

For higher-Q2
events (Q2 > 3 GeV

2
), the impat position on the CAL surfae of the

sattered positron was determined with the small-angle rear traking detetor (SRTD) [28℄

or the CAL. The SRTD is attahed to the front fae of the RCAL and onsists of two planes

of sintillator strips, 1 m wide and 0.5 m thik, arranged in orthogonal orientations.

Events with Q2 > 3 GeV

2
are referred to as the �DIS sample� in the following. The

integrated luminosity of this sample, whih was olleted in 1995, is 3.38± 0.03 pb

−1
.

The leading proton spetrometer (LPS) [19℄ deteted harged partiles sattered at small

angles and arrying a substantial fration of the inoming-proton momentum; these par-

tiles remain in the beam pipe and their trajetories were measured by a system of silion

miro-strip detetors inserted very lose (typially a few mm) to the proton beam. The

detetors were grouped in six stations, S1 to S6, plaed along the beam-line in the di-

retion of the proton beam, between Z = 20 m and Z = 90 m. The trak de�etions

indued by the magnets in the proton beam-line allow a momentum analysis of the sat-

tered proton. During data taking, the detetor planes were inserted lose to the beam

by means of re-entrant pots and were retrated during beam dump and �ll operations

of the HERA mahine. For the present measurements, only the stations S4, S5 and S6

were used. The intrinsi resolution is better than 1% on the longitudinal momentum and

5 MeV on the transverse momentum. The e�etive transverse-momentum resolution is,

however, dominated by the intrinsi transverse-momentum spread of the proton beam at

the interation point, whih was ≈ 40 MeV in the horizontal plane and ≈ 100 MeV in the

vertial plane.
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3 Kinematis and ross setions

Figure 1 illustrates semi-inlusive leading proton prodution in ep ollisions. Four kine-

mati variables are needed to desribe the interation e+p → e+Xp. They are de�ned in

terms of the four-momenta of the inoming and outgoing positron, K and K ′
, and of the

inoming and outgoing proton, P and P ′
, respetively.

Two of the kinemati variables were hosen from among the Lorentz invariants used in

inlusive studies, of whih only two are independent: Q2 = −q2 = −(K − K ′)2, the

virtuality of the exhanged photon; x = Q2/(2P · q) and y = q ·P/(K ·P ) ≃ Q2/(sx); and

W 2 = (P +K−K ′)2 = m2
p+Q2(1−x)/x, the square of the photon-proton entre-of-mass

energy. In these equations, mp is the mass of the proton and

√
s = 300 GeV is the e+p

entre-of-mass energy.

Two additional variables are required to desribe the leading proton. They an be hosen

as the momentum fration arried by the outgoing proton

xL =
P ′ ·K
P ·K

and its transverse momentum with respet to the diretion of the inoming proton, pT .

In terms of these variables, the square of the four-momentum transfer from the target

proton is given by

t = (P − P ′)2 ≃ −p2T
xL

− (1− xL)
2

xL

m2
p,

where the seond term is the minimum kinematially allowed value of |t| for a given xL.

In a partile-exhange model, t is the square of the four-momentum of the exhanged

partile. The p2T range overed by the present data, 0 < p2T < 0.5 GeV

2
, thus translates

into 0 < |t| < 0.5 GeV

2
at xL = 1 and 0.2 ∼< |t| ∼< 1 GeV

2
at xL = 0.6.

The di�erential ross setion for inlusive e+p → e+X sattering is written in terms of

the proton struture funtion, F2(x,Q
2), as

d2σe+p→e+X

dxdQ2
=

4πα2

xQ4

(

1− y +
y2

2

)

F2(x,Q
2)(1 + ∆), (1)

where ∆ is a orretion that takes aount of photon radiation, Z0
exhange, and the

longitudinal struture funtion, FL. In analogy with this, the di�erential ross setion for

semi-inlusive leading proton prodution, e+p → e+Xp, is written as

d4σe+p→e+Xp

dxdQ2dxLdp2T
=

4πα2

xQ4

(

1− y +
y2

2

)

F LP(4)

2 (x,Q2, xL, p
2
T )(1 + ∆LP ), (2)

where ∆LP is the analogue of ∆.
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3.1 Reonstrution of the kinemati variables

Three samples of data were used:

• the photoprodution sample, with the sattered positron tagged in the LUMI-e alorime-

ter;

• the BPC sample, with the sattered positron measured in the BPC;

• the DIS sample, with the sattered positron deteted in the CAL.

Di�erent methods were used for the reonstrution of the kinemati variables, Q2
and W ,

for the three data sets. Tagging of the sattered positron in the LUMI-e alorimeter for

photoprodution events does not allow the measurement of Q2
event by event; however,

the angular aeptane of the LUMI-e alorimeter limits the Q2
range to the region

Q2 < 0.02GeV2
. For these events, W was measured fromW 2 = ys, with y = (Ee−E ′

e)/Ee,

where E ′

e denotes the energy of the outgoing positron. For the BPC sample, Ee and the

positron sattering angle, ϑe, as measured in the BPC, were used (�eletron method� [24℄)

to determine Q2
, W , x and y. For the DIS sample, these variables were reonstruted

using the double angle method [29℄.

For the reonstrution of the hadroni �nal state, X , the energy deposits in the CAL

and the trak momenta measured in the CTD for the harged partiles were lustered

into energy-�ow objets (EFOs) whih are assumed to orrespond to partiles and are

assigned the pion mass [30,31℄. The EFOs were used to reonstrut the mass, MX , of the

hadroni �nal state ontained in the entral detetor. Using the EFOs, the y variable was

also reonstruted with the Jaquet-Blondel method [32℄, whih uses information from

the hadroni �nal state to reonstrut the event kinematis, and was denoted by yJB.

Furthermore, the variable

δ =
∑

i

(Ei − pZ,i) + E ′

e(1− cosϑe)

was evaluated, where

∑

i denotes a sum over all EFOs, exluding those assigned to the

sattered positron, and Ei and pZ,i are the energy and the longitudinal momentum of

eah EFO, respetively. For perfet resolution and fully ontained events, energy and

momentum onservation onstrain δ to be twie the positron beam energy. The angle of

the hadroni �nal state (as measured in the ZEUS entral detetor) with respet to the

inoming-proton diretion was evaluated from

cos γh =
(
∑

i pT,i)
2 − (

∑

i(Ei − pz,i))
2

(
∑

i pT,i)
2 + (

∑

i(Ei − pz,i))2
,

where the sums

∑

i run over all EFOs exluding those assigned to the sattered positron.
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The modulus of the momentum of the sattered proton, p′, was measured in the LPS,

along with its omponent perpendiular to the mean proton beam diretion, pT . The

variable xL was evaluated as xL = p′/Ep. The mean diretion of the inoming proton

beam was determined for eah proton �ll of HERA using the reation ep → eρ0p at

Q2 ≈ 0 [19℄.

In the following, the term �leading proton� is used to indiate a positively harged partile

deteted in the LPS. In the present measurement, xL is restrited to values larger than 0.6.

Charged-partile prodution measured at the ISR [2, 33℄ shows that the pion-to-proton

ratio at xL = 0.6 is about 10% and falls rapidly for inreasing values of xL.

4 Event seletion

Photoprodution events were seleted at the trigger level by requiring a oinidene be-

tween an energy deposit of at least 5 GeV in the LUMI-e and of at least 464 MeV in

the RCAL (exluding the towers immediately adjaent to the beam-pipe) or at least

1250 MeV (inluding those towers). This requirement helps to suppress the bakground

from bremsstrahlung events (ep → eγp) haraterised by having a sattered positron in

the LUMI-e and no ativity in the rest of the detetor. The BPC and DIS events were

triggered by requiring the presene of a sattered positron in the BPC and the CAL,

respetively. No requirement was imposed on the �nal-state proton at the trigger level.

Events were seleted o�ine in three steps: �rst inlusive events with the sattered positron

in the LUMI-e, the BPC or the CAL were seleted; then, a trak in the LPS was required;

�nally a searh for jets was arried out in the hadroni �nal state, X. The details of the

seletion proedure are presented in the rest of this setion. The following requirements

were imposed for all samples:

• the Z oordinate of the reonstruted vertex, if measured, in the range −50 < Z <

50 m;

• the timing of the interation, as measured by the CAL, onsistent with the timing of

an e+p bunh rossing.

For the BPC and DIS samples, the requirement 35 < δ < 65 GeV was also imposed

in order to redue the photoprodution bakground and to minimise the e�et of the

radiative orretions.

The photoprodution sample [34℄ was seleted by requiring that a positron be measured

in the LUMI-e with energy in the range 12 < E ′

e < 18 GeV, orresponding to 176 <

W < 225 GeV. Overlay events, in whih some ativity in the RCAL aidentally overlaps
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with the sattered positron of a bremsstrahlung event (ep → eγp) in the LUMI-e, were

subtrated as disussed in an earlier study [35℄. The subtration was less than 3%.

The BPC sample [24, 36℄ was seleted by requiring a sattered positron measured in the

BPC with E ′

e > 7 GeV and a photon virtuality in the range 0.1 < Q2 < 0.74 GeV

2
. In

addition, the requirement 0.08 < y < 0.74 was imposed, whih orresponds to 85 < W <

258 GeV. Finally, yJB > 0.05 was required, thus ensuring hadroni ativity away from the

forward diretion and reduing the migration of events from low y, where the resolution

of the eletron method is poor.

In the DIS analysis [34, 36℄, a sattered positron with energy E ′

e > 10 GeV was required

in the CAL; the photon virtuality was restrited to the interval 3 < Q2 < 254 GeV

2
and

W to the region 45 < W < 225 GeV. Finally, the ondition yJB > 0.03 was imposed.

The total number of events thus seleted was approximately 94 000 for the photoprodu-

tion sample, 50 000 for the BPC sample and 386 000 for the DIS sample.

Next, high-momentum protons in the LPS were seleted by requiring:

• one trak in the LPS with p2T < 0.5 GeV2
and 0.6 < xL < 1.02. For xL > 0.97, a lower

bound on p2T was also imposed: p2T > 0.073 GeV

2
. For the 1994 data, the p2T range

was restrited to p2T < 0.04 GeV

2
. The p2T uts and the lower limit on xL restrit the

data to a region of well understood aeptane;

• no andidate trak was aepted if, at any point, the minimum distane of approah

to the beam pipe, ∆pipe, was less than 0.4 mm (0.5 mm for the 1994 data). This

ut redued the sensitivity of the aeptane to the unertainty on the loation of the

beam-pipe apertures;

• events in whih the reonstruted proton trak passed loser than a distane ∆plane =

0.2 mm to the edge of any LPS detetor were rejeted. This ensured that the trak

was well within the ative region of the detetors;

• the total E + pZ of the event was required to be smaller than 1655 GeV. For fully

ontained events, this quantity should be equal to 2Ep = 1640 GeV. This ut rejets

random overlays of a beam-halo proton and an event satisfying the trigger and seletion

uts applied to the non-LPS variables;

• for xL > 0.97, MX > 2 GeV was required, where MX is the reonstruted hadroni

mass in the CAL. This rejets ontributions from exlusive prodution of low-mass

vetor mesons, whih have Q2
and t dependenes di�erent from those of the inlusive

events [37℄.

After this seletion, the total number of events with a good LPS trak was 1834 for the

photoprodution sample, 1697 for the BPC sample and 13335 for the DIS sample.
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Finally, a searh was performed for jets in the hadroni �nal state [38℄. Beause of the

limited statistis of the photoprodution and BPC samples, the searh was limited to

the DIS data. The jets were reonstruted using the kT algorithm [39℄, requiring a jet

transverse energy ET > 4 GeV in the γ∗p entre-of-mass system and a jet pseudorapidity,

in the laboratory frame, in the range −2 < ηjet < 2.2. A sample of 225 events with exatly

two jets was seleted.

5 Monte Carlo simulation

Several Monte Carlo (MC) generators were used to determine the aeptane of the ap-

paratus for events with a leading proton. The EPSOFT2.0 Monte Carlo [40�42℄ was used

for the BPC data. This generator simulates di�rative proesses with dissoiation of the

virtual photon, as well as non-di�rative proesses. Vertex fatorisation is assumed. The

HERACLES4.6 Monte Carlo [43℄, whih simulates initial- and �nal-state QED radiation,

is interfaed to EPSOFT. Samples of DIS events were simulated with RAPGAP [44, 45℄

version 2.06/06, whih inorporates meson and Pomeron exhange; it also assumes vertex

fatorisation. QED radiation was also simulated using HERACLES. Weights were as-

signed to the events generated with EPSOFT and RAPGAP suh that the reonstruted

proton xL and p2T spetra agreed with the data. For the photoprodution data, and for

systemati studies, events that only ontain a proton with distributions in xL and p2T
tuned to those of the data were generated. This simulation produed the same results for

the LPS aeptane as EPSOFT and RAPGAP.

All generated events were passed through the trigger-simulation pakage and the stan-

dard ZEUS detetor simulation, based on the GEANT 3.13 program [46℄. The simulation

inludes the geometry of the beam-pipe apertures, the HERA magnets and their mag-

neti �elds. The spread of the interation-vertex position was also simulated, as were the

proton-beam angle with respet to the nominal diretion and its dispersion at the intera-

tion point. The simulated events were then passed through the same reonstrution and

analysis programs as the data.

Figures 2a)-) ompare the distributions of the reonstruted variables E ′

e, ϑe, and yJB
in events generated with EPSOFT with those for the BPC data. The agreement between

the data and the simulated distributions is good. A similarly good desription of the DIS

data by RAPGAP is shown in Figs. 2d)-f) for the variables E ′

e, ϑe and γh.

The agreement between the data and the MC simulation of the leading-proton variables

is also good for all three samples. As an example, the distributions for the reonstruted

EPSOFT events as a funtion of xL, p
2
T , ∆pipe and ∆plane are ompared with those of the

BPC data in Fig. 3.
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6 Aeptane

Figure 4 shows the ranges of pX and pY aessed by the LPS for six values of xL, using

the oinidene of any two of the S4, S5 and S6 stations. Here, pX and pY are the X and

Y omponents of the sattered-proton momentum. The region overed is determined by

the beam-pipe apertures, the shape of the sensitive region of the LPS detetors and the

magnet strengths; it is limited to xL ∼> 0.5 and p2T = p2X + p2Y ∼< 0.7 GeV

2
. Integrated

over the falling p2T distribution, the LPS geometrial aeptane reahes a maximum for

xL in the range 0.8 to 0.9.

The aeptane was omputed as the ratio of the number of reonstruted events in a

bin of a given variable to the number of generated events in that bin. The aeptane

thus inludes the e�ets of the geometrial aeptane of the apparatus, its e�ieny and

resolution, as well as the event seletion and reonstrution e�ienies. Values of the

aeptane are given in Setion 8.

7 Systemati unertainties

The systemati unertainties were obtained by modifying the requirements and the anal-

ysis proedures as listed below:

• the sensitivity to the seletion of the proton trak was studied by the following proe-

dure [19℄:

� the trak-seletion requirements were varied. In partiular, the minimum-allowed

values of ∆pipe were hanged from 0.2 to 0.6 mm and the minimum value of ∆plane

was varied from 0.1 to 0.3 mm;

� the positions of some of the elements of the proton beam-line were varied within

their unertainties. This is partiularly relevant at low xL, where the proton

momentum is signi�antly lower than that of the xL ≈ 1 protons used in the LPS

alignment proedure;

� the LPS detetor positions varied slightly from �ll to �ll in the 94 sample. The

small deviations of the aeptane implied by these movements were estimated

by dividing the data into a �low aeptane� and a �high aeptane� sample,

depending on the positions of the LPS stations;

• the sensitivity to the remaining seletion uts was also investigated:

� for the inlusive photoprodution sample, the seletion uts were tightened: the E ′

e

range was restrited to 13 < E ′

e < 16 GeV, orresponding to 195 < W < 215 GeV

9



and the minimum energy deposition in the RCAL was raised to 2 GeV. In addition,

the orretion for the bremsstrahlung bakground was removed [35℄;

� for the BPC sample, the BPC energy sale was varied by ±1% and the sizes of the

parameters in the BPC energy alibration were hanged within their unertain-

ties [24℄. The seletion limits on the positron-andidate shower width were also

varied [24℄;

� for the DIS sample, the positron-seletion proedure was varied. The ut on the

sattered-positron energy was hanged to 8 GeV and 12 GeV and the size of the

�duial region for the impat position of the sattered positron in the SRTD was

raised by ±0.5 m in both X and Y ;

� for both the BPC and the DIS samples, the lower limit on δ was varied between

32 and 38 GeV and the upper limit between 60 and 68 GeV; the ut on yJB was

varied by ±0.01;

� the allowed range of values for the Z oordinate of the vertex was restrited to

−40 < Z < 40 m. The e�et of removing the vertex requirement was also studied;

� in addition, for the jet studies, the minimum jet energy was varied between 3.8

and 4.2 GeV, and the upper limit on ηjet was varied between 2 and 2.4.

The total systemati unertainty on the ross setions, obtained by summing all the above

ontributions in quadrature, totalled about ±20% at xL ≈ 0.65, dereasing to ±(10-
15)% for xL ∼> 0.75. The dominant ontributions are those related to the trak-seletion

requirements in the LPS.

8 The ratio method

In the following, several results are presented in terms of the ratios, rLP(2) and rLP(3), of

the ross setion for prodution of leading protons to the ross setion for inlusive e+p

sattering; these ratios are evaluated in bins of x and Q2
(rLP(2)), or in bins of x, Q2

and xL

(rLP(3)). They are obtained from the measured fration of the events, in a given bin, that

have a leading proton, NLP/N . In this fration, the aeptane orretions related to the

positron seletion proedure anel, and so do the orresponding systemati unertainties.

The only remaining orretion to apply is that for the LPS aeptane, ǫLPS.

The ratio rLP(2) was thus obtained as

rLP(2)(x,Q2) =
NLP(x,Q2)

N(x,Q2)

1

ǫLPS

.

Averaged over the region 0.6 < xL < 0.97 and p2T < 0.5 GeV2
, ǫLPS is approximately 23%;

over the region 0.6 < xL < 0.97 and p2T < 0.04 GeV

2
, ǫLPS ≈ 51%.
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From Eqs. (1) and (2), it is apparent that the ross setion ratio rLP(2) is also equal to

the ratio of the proton tagged and inlusive struture funtions:

rLP(2)(x,Q2) =
F̄

LP(2)
2 (x,Q2)

F2(x,Q2)
, (3)

where F̄
LP(2)
2 is obtained from F

LP(4)
2 by integration over the measured xL and p2T ranges:

F̄
LP(2)
2 (x,Q2) =

p2
T max
∫

0

dp2T

0.97
∫

0.6

dxL F
LP(4)
2 (x,Q2, xL, p

2
T ).

The radiative orretions and the ontributions from FL are assumed to be the same for

the inlusive and the proton-tagged reations.

The ratio rLP(3)(x,Q2, xL) is de�ned in analogy to rLP(2)(x,Q2):

rLP(3)(x,Q2, xL) =
NLP(x,Q2, xL)

N(x,Q2)

1

ǫLPS(xL)∆xL

, (4)

where ∆xL indiates the size of the xL bins. In analogy with Eq. (3),

rLP(3)(x,Q2, xL) =
F̄

LP(3)
2 (x,Q2, xL)

F2(x,Q2)
, (5)

where F̄
LP(3)
2 (x,Q2, xL) di�ers from F̄

LP(2)
2 (x,Q2) in that no integration over xL is per-

formed.

The ratios rLP(2) and rLP(3) an also be interpreted in terms of the virtual photon-proton

ross setion for the proess γ∗p → Xp and the total virtual photon-proton ross setion,

σtot. For example, the ratio rLP(3) an be written as

rLP(3)(x,Q2, xL) =
1

σtot

p2
T max
∫

0

dp2T
d2σγ∗p→Xp

dxLdp2T
=

1

σtot

dσγ∗p→Xp

dxL

,

where the virtual photon-proton ross setion, d2σγ∗p→Xp/dxLdp
2
T , is related to the positron-

proton ross setion, d4σe+p→e+Xp/dQ
2dxdxLdp

2
T , by

d4σe+p→e+Xp

dQ2dxdxLdp2T
= Γ

d2σγ∗p→Xp

dxLdp2T
,

where Γ = (α/xQ2π)[1 + (1 − y2)], is the photon �ux fator and α is the �ne-struture

onstant.
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9 Models

The data were tested against the hypothesis of vertex fatorisation, a very general feature

of hadron-hadron interations [1℄ whih relates reations with di�erent beam partiles to

their respetive total ross setions. In partiular, in the reation γ∗p → Xp, the γ∗
-X

and p-p verties fatorise if the amplitude for the reation an be written as the produt

of two vertex funtions, Gγ∗X(x,Q
2) and Gpp(xL, p

2
T ). In this ase, the ross setion as a

funtion of the lepton variables x and Q2
should be independent of the baryon variables

xL and p2T , and vie versa.

The data were also ompared to the following spei� models:

• the LUND string-fragmentation model as implemented in JETSET [47℄ and used in

DJANGO [48℄, in whih leading baryons originate from the hadronisation of the target;

• the soft-olour-interation model (SCI) [17℄, as implemented in LEPTO 6.5 [49℄, where

leading protons are obtained from standard DIS events by means of a non-perturbative

redistribution of olour among the fragmenting partons;

• the Regge model of Szzurek et al. [16℄, whih assumes a superposition of Pomeron,

Reggeon and pion exhanges;

• the QCD-inspired model of Durães et al. [50℄, developed in the framework of the

interating-gluon model [51℄, whih assumes that high-energy hadron-hadron ollisions

are dominated by multiple inoherent gluon-gluon interations. The valene quarks

that do not take part in the interation give rise to the leading baryons. The extension

to ep ollisions is made in the VDM framework.

10 Results

10.1 Leading proton events with a forward large rapidity gap

Some indiation of the prodution mehanism of leading protons an be obtained from

the rapidity distribution of the hadroni �nal-state partiles. In partiular, events of

di�rative origin, i.e. due to Pomeron exhange, are haraterised by a gap in the rapidity

distribution in the forward diretion.

Figure 5a) shows the distribution of the DIS events in the (ηmax, xL) plane, where ηmax

is the pseudorapidity of the most-forward energy deposit of at least 400 MeV in the

CAL. The aumulation of events at xL ≈ 1, whih mostly have ηmax < 2.5, is due

to di�rative events [52℄, e+p → e+Xp, in whih the �nal-state proton remains intat

and arries approximately the same momentum as the inoming proton. Events with
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ηmax < 2.5 and xL ∼< 0.97 are asribed to double di�rative dissoiation, e+p → e+XN ,

where the proton dissoiates into the state N , with mass MN . Although N is produed

at xL ≃ 1, the proton from the deay of N has a lower value of xL. When both MN and

MX are small, the systems X and N are separated by a large gap in pseudorapidity. If

MN < 4-5 GeV, only the proton from the system N is measured, while the other partiles

esape undeteted down the beam pipe. The topology of a doubly dissoiative event is

thus haraterised by a rapidity gap in the forward region in onjuntion with a low-xL

proton.

To selet a sample of di�rative events, the requirement ηmax < 2.5 was imposed. Fig-

ure 5b) shows the fration of BPC and DIS events with a leading proton that also have

ηmax < 2.5 (see also Table 1). Events with a large rapidity gap dominate for xL ≈ 1.

For 0.6 < xL < 0.97, the fration of leading proton events with a large rapidity gap is

less than 10% in any given bin, and is only weakly dependent on Q2
and xL. This result,

whih indiates that di�ration is not the main mehanism responsible for prodution

of leading protons in this region, is onsistent with the preditions of the Regge-based

models [16, 53℄.

10.2 Momentum spetra of leading protons

10.2.1 Longitudinal-momentum spetra

The normalised ross-setion rLP(3) = (1/σtot)·dσγ∗p→Xp/dxL for the reation e+p → e+Xp

with a leading proton having xL > 0.6 and p2T < 0.5 GeV

2
is shown in Fig. 6 and

given in Table 2 for the BPC sample, integrated over the range 0.1 < Q2 < 0.74 GeV

2
,

85 < W < 258 GeV, 1.5 × 10−6 < x < 1.0 × 10−4
, and for the DIS sample, integrated

over the region 3 < Q2 < 254 GeV

2
, 45 < W < 225 GeV, 1.2 × 10−4 < x < 4 × 10−2

.

These results are ompared with those from the reation pp → pX at

√
s = 19.6 GeV [54℄,

integrated over the same p2T region and normalised to the orresponding inelasti ross

setion. For xL ∼< 0.9, the fration of events with a leading proton is onsistent for the

pp and γ∗p data sets, in aord with vertex fatorisation. A dependene on the entre-

of-mass energy is apparent for xL > 0.9, as expeted from Regge parametrisations of the

pp → pX data [55, 56℄.

Figure 7 and Table 3 present the photoprodution, BPC and DIS data for the lower p2T
region, p2T < 0.04 GeV

2
and 0.6 < xL < 0.95, where the upper ut on xL, whih removes

the di�rative events, is set by the LPS aeptane for this p2T range. The fration of

events with a leading proton is approximately the same in all three regimes. The pp

data [54℄ for p2T < 0.05 GeV

2
again agree with the ep data for xL ∼< 0.9. The present
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photoprodution results, however, are signi�antly higher than those found by H1 [7℄ in

similar ranges of Q2
, W and p2T .

Figure 8 ompares the DIS data to the spei� models of Setion 9. The standard DIS

Monte Carlo generator DJANGO [48℄ predits a stronger derease of the ross setion

with xL than that observed and, in addition, has no di�rative peak. It also substantially

underestimates the rate of leading proton prodution in the measured xL range. The SCI

model [17℄, as implemented in LEPTO6.5 [49℄, also falls below the data, even though it

generates a larger number of leading protons than DJANGO and has a peak at xL = 1.

These two models are ruled out by the data.

The QCD-inspired model of Durães et al. [50, 57℄ is in better agreement with the data,

but is too low in the di�rative peak region. Nevertheless, the similarity to the data is

remarkable, given the small number of free parameters in the model.

The Regge-based alulation of Szzurek et al. [16℄ agrees with the data, although it is

somewhat too low at small values of xL. In this approah, leading proton prodution

for 0.6 < xL < 0.9 is dominated by isosalar Reggeon exhange; di�rative proesses,

due to Pomeron exhange, beome inreasingly important as xL approahes unity. The

ontribution of pion exhange, inluding the prodution of ∆ baryons, is also evaluated.

The normalisation of the Reggeon ontribution has a large theoretial unertainty [16,58℄

and the present data suggest that this ontribution should be inreased with respet to

the assumption made by Szzurek et al. [16℄.

10.2.2 Transverse-momentum spetra

The ross-setions dσγ∗p→Xp/dp
2
T are shown in Fig. 9 for the BPC sample integrated over

the range 0.1 < Q2 < 0.74 GeV

2
, 85 < W < 258 GeV, 1.5 × 10−6 < x < 1.0 × 10−4

for di�erent xL seletions. Similar distributions for the DIS sample are shown in Fig. 10,

integrated over the region 3 < Q2 < 254 GeV

2
, 45 < W < 225 GeV, 1.2 × 10−4 < x <

4 × 10−2
. In all regions, the form dσγ∗p→Xp/dp

2
T = Ae−bp2

T
�ts satisfatorily the data.

The values of the slope-parameters b obtained for eah xL bin are, within unertainties,

independent of xL, as shown in Fig. 11 (see also Table 4).

The BPC and DIS data together indiate that b is independent of Q2
and xL. The

mean value of b for the BPC data is 〈b〉 = 6.6 ± 0.6 (stat.) ± 0.8 (syst.) GeV

−2
and

〈b〉 = 6.9 ± 0.2 (stat.) ± 0.8 (syst.) GeV−2
for the DIS data for 0.6 < xL < 0.97. Also

plotted in Fig. 11a) is the result obtained for di�rative photoprodution [59℄, whih

is onsistent with the values found at higher Q2
. In addition, the present results are

ompatible with the pp → pX data [54℄, also shown in Fig. 11a). This, together with

the fat that b is approximately Q2
-independent, provides additional support for vertex
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fatorisation.

The preditions of Szzurek et al. [16℄ are in aord with the transverse-momentum data,

as shown in Fig. 11b). In this model, no Q2
dependene is expeted for b [60℄. The

DJANGO program (not shown) has an e�etive slope b ≈ 4 GeV

−2
. LEPTO6.5 (also

not shown) has b ≈ 3.5 GeV

−2
. Both are independent of xL and signi�antly below the

values measured. The model of Durães et al. [50℄ does not make expliit preditions for

the transverse-momentum distribution.

10.3 The proton-tagged struture-funtion F̄ LP

2

The aeptane-orreted fration of events with a leading proton is used to measure the

proton-tagged struture-funtion F̄ LP
2 , as disussed in Setion 8. To selet a predominantly

non-di�rative sample, the ut xL < 0.97 was imposed.

Figures 12 and 13 show rLP(3)(x,Q2, xL), determined using Eq. (4), for the BPC and DIS

samples, respetively, in several x and Q2
bins for p2T < 0.5 GeV2

. The data are also given

in Tables 5-7. Only a weak dependene on x and Q2
is apparent, indiating that F̄

LP(3)
2

has approximately the same x and Q2
dependene as F2(x,Q

2). The data exhibit a weak

xL dependene, as already seen in Fig. 6. Figure 14 shows rLP(2) for �xed Q2
values as a

funtion of x; the results again have little x dependene (see also Table 8).

Figure 15a) and Table 9 present the BPC and DIS data for 0.6 < xL < 0.97 and p2T <

0.5 GeV

2
, averaged over x for di�erent Q2

ranges, 〈rLP(2)(Q2)〉. The leading proton

yield inreases by approximately 20%, from 〈rLP(2)〉 ≈ 0.12 to 〈rLP(2)〉 ≈ 0.15, when Q2

varies from ≈ 0.25 GeV

2
(the average value of Q2

for the BPC sample) to 100 GeV

2
,

indiating a modest but de�nite breakdown of vertex fatorisation. Figure 15b) and

Table 10 present the points of Fig.15a) normalised to 〈rLP(2)(Q2 = 0.25 GeV

2)〉. The

results for the restrited p2T range, p2T < 0.04 GeV2
, are also shown. The breaking of vertex

fatorisation is approximately the same for p2T < 0.5 GeV

2
and for p2T < 0.04 GeV

2
. An

e�et of similar size was measured for leading neutron prodution [8℄; the orresponding

data, normalised to the value at Q2 = 0.25 GeV

2
, are also shown in Fig. 15b). The

neutron data are measured for sattering angles less than 0.8 mrad, orresponding to

p2T < 0.43 · x2
L GeV

2
.

This Q2
dependene of the proton yield an be qualitatively asribed to absorptive e�ets

in the γ∗p system [11℄. The transverse size of the virtual photon dereases with inreasing

Q2
, reduing the likelihood that the produed baryon resatters on the hadroni ompo-

nent of the virtual photon.

The data of Fig. 14 are presented in Fig. 16 in terms of F̄
LP(2)
2 , obtained by multiplying

rLP(2) by F2. For the BPC region, a parameterisation of the ZEUS F2 results [25℄ was
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used. For the DIS region, the parameterisation of Botje [61℄ was used. Sine rLP(2) is

approximately independent of Q2
and x, F̄

LP(2)
2 is approximately proportional to F2. As

indiated in the �gure, the proportionality onstant between F̄
LP(2)
2 and F2 is 〈rLP(2)〉 ≈

0.13.

The H1 ollaboration has published [5℄ a study of leading proton prodution for p2T <

0.04 GeV

2
, 0.7 < xL < 0.9, 2 < Q2 < 50 GeV

2
and 6× 10−5 < x < 6× 10−3

. The present

analysis was repeated in the region of overlap with the H1 data set. A omparison of the

H1 and ZEUS results is presented in Fig. 17. The agreement is good.

10.4 Leading protons with assoiated dijet prodution

The ratio rjetLP of the yield of leading proton DIS events with assoiated dijet prodution

to the inlusive yield of leading proton events is presented as a funtion of xL and p2T
in Fig. 18 and Tables 13-14. The LPS aeptane, as well as the sattered positron

aeptane, anels in this ratio. The data are shown for the range 0.6 < xL < 0.97 and

p2T < 0.5 GeV2
. No signi�ant deviation from a �at behaviour is seen as a funtion of xL,

although there is some p2T dependene. The results of this exploratory study thus suggest

that the longitudinal- and transverse-momentum distributions of the leading proton are

largely insensitive to the presene of a seond hard sale, given by the transverse energy

of the jets.

Figure 19 and Tables 15-17 present the fration of the dijet events with a leading proton,

rLPjet , plotted as a funtion of ET , x and Q2
. In this ase, all orretions anel with the

exeption of that due to the LPS aeptane, whih is, however, independent of ET , Q
2

and x. The ratio is approximately independent of these variables and its value is onsistent

with that of rLP(2). This suggests that the ET , Q
2
and x dependenes of the dijet ross

setion are una�eted by the requirement of a leading proton, and that the fration of

dijet events with a leading proton is the same as the fration of inlusive events with a

leading proton.

10.5 Summary

Events of the type e+p → e+Xp with a �nal-state proton with xL > 0.6 have been studied

in e+p ollisions at HERA. The analyses used a photoprodution sample (Q2 < 0.02GeV2
),

a low-Q2
sample (0.1 < Q2 < 0.74 GeV

2
) and a DIS sample (3 < Q2 < 254 GeV

2
).

For events with a leading proton in the range 0.6 < xL < 0.97 and p2T < 0.5 GeV

2
, the

main features of the data an be summarised as follows:
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• less than 10% of the leading proton events in any given xL bin exhibit a large rapidity

gap (ηmax < 2.5), indiating that di�ration is not the main mehanism responsible

for the prodution of leading protons in this region;

• the proton xL spetrum is only a weak funtion of xL for xL∼<0.97;

• the p2T dependene of the ross setion is well desribed by an exponential funtion,

with a slope approximately independent of xL and Q2
, b ≈ 7 GeV−2

. The slope is also

onsistent with the value measured for pp ollisions;

• the x and Q2
dependene of the semi-inlusive struture funtion, F LP

2 , is similar to

that of F2, independently of xL. However, F
LP
2 grows with Q2

slightly faster than F2,

resulting in a yield of leading protons about 20% larger at Q2 = 100 GeV

2
than at

Q2 ≈ 0. A similar e�et was observed for leading neutron prodution;

• the shapes of the xL and p2T spetra are largely una�eted by requiring two jets within

the hadroni �nal state X . The Q2
, x and ET dependenes of the dijet ross setion

are also broadly onsistent for leading proton events and inlusive events.

The main features of the data are reprodued by a Regge model assuming a superposition

of Pomeron, Reggeon and pion trajetories. The DJANGO and SCI models are ruled out

by the data.

For 0.6 < xL < 0.9, the proton spetrum for (virtual-) photon-proton ollisions is on-

sistent with the results found in proton-proton reations at lower entre-of-mass energy.

The fration of the events with a leading proton is approximately the same for the γ∗p

and pp data, in agreement with vertex fatorisation.

In the xL region explored, a modest violation of vertex fatorisation is observed. Never-

theless, the results of this paper indiate that the properties of the �nal-state proton are

largely independent of those of the virtual photon.
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Table 1: Fration of events with ηmax < 2.5. Statistial unertainties are given;

systemati unertainties mostly anel in the ratio.

xL NLP(ηmax < 2.5)/NLP

BPC

0.63 0.054 ± 0.030

0.66 0.116 ± 0.033

0.69 0.075 ± 0.018

0.72 0.070 ± 0.020

0.75 0.083 ± 0.021

0.78 0.099 ± 0.020

0.81 0.077 ± 0.018

0.84 0.044 ± 0.014

0.87 0.066 ± 0.017

0.90 0.042 ± 0.014

0.93 0.011 ± 0.008

0.96 0.040 ± 0.016

0.99 0.355 ± 0.064

1.00 0.812 ± 0.036

DIS

0.63 0.0674 ± 0.0093

0.66 0.0567 ± 0.0081

0.69 0.0728 ± 0.0072

0.72 0.0603 ± 0.0063

0.75 0.0543 ± 0.0057

0.78 0.0507 ± 0.0050

0.81 0.0597 ± 0.0047

0.84 0.0495 ± 0.0049

0.87 0.0364 ± 0.0040

0.90 0.0421 ± 0.0047

0.93 0.0304 ± 0.0053

0.96 0.0805 ± 0.0132

0.99 0.3445 ± 0.0231

1.00 0.7683 ± 0.0164
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Table 2: The normalised ross-setion (1/σtot) · dσγ∗p→Xp/dxL for the BPC and

DIS data in the region p2T < 0.5 GeV2
. The two rightmost values indiate the

statistial and systemati unertainties, respetively.

xL (1/σtot) · dσγ∗p→Xp/dxL

BPC

0.65 0.339 ± 0.022 ± 0.050

0.75 0.399 ± 0.019 ± 0.048

0.83 0.330 ± 0.014 ± 0.049

0.93 0.331 ± 0.021 ± 0.040

0.99 3.60 ± 0.37 ± 0.54

DIS

0.62 0.413 ± 0.019 ± 0.091

0.65 0.431 ± 0.017 ± 0.065

0.69 0.462 ± 0.016 ± 0.056

0.71 0.445 ± 0.015 ± 0.066

0.75 0.421 ± 0.012 ± 0.088

0.77 0.433 ± 0.012 ± 0.048

0.81 0.379 ± 0.010 ± 0.046

0.83 0.359 ± 0.009 ± 0.029

0.87 0.368 ± 0.010 ± 0.037

0.89 0.333 ± 0.010 ± 0.030

0.93 0.289 ± 0.012 ± 0.026

0.95 0.46 ± 0.03 ± 0.11

0.99 2.48 ± 0.12 ± 0.37
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Table 3: The normalised ross-setion (1/σtot) · dσγ∗p→Xp/dxL for the photopro-

dution, BPC and DIS data for p2T < 0.04 GeV2
. The two rightmost values indiate

the statistial and systemati unertainties, respetively.

xL (1/σtot) · dσγ∗p→Xp/dxL

Photoprodution

0.64 0.110 ± 0.017 ± 0.022

0.70 0.081 ± 0.008 ± 0.016

0.76 0.079 ± 0.006 ± 0.012

0.82 0.090 ± 0.006 ± 0.012

0.88 0.080 ± 0.006 ± 0.012

BPC

0.65 0.084 ± 0.007 ± 0.013

0.75 0.099 ± 0.005 ± 0.012

0.83 0.081 ± 0.005 ± 0.012

0.93 0.0697 ± 0.0100 ± 0.0084

DIS

0.62 0.111 ± 0.008 ± 0.024

0.65 0.105 ± 0.006 ± 0.016

0.69 0.110 ± 0.005 ± 0.013

0.71 0.103 ± 0.004 ± 0.015

0.75 0.095 ± 0.003 ± 0.020

0.77 0.102 ± 0.003 ± 0.011

0.81 0.092 ± 0.003 ± 0.011

0.83 0.0910 ± 0.0030 ± 0.0073

0.87 0.0910 ± 0.0040 ± 0.0091

0.89 0.0820 ± 0.0050 ± 0.0075
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Table 4: The slopes, b, from �ts of the funtional form e−bp2
T
to dσγ∗p→Xp/dp

2
T for

leading protons as a funtion of xL for the BPC and DIS data samples. The two

rightmost values indiate the statistial and systemati unertainties, respetively.

xL b (GeV

−2
)

BPC

0.65 7.5 ± 1.2

+0.4
−1.9

0.75 7.6 ± 1.0

+1.2
−1.1

0.83 6.2 ± 1.2

+1.2
−0.7

0.93 4.5 ± 1.2

+1.5
−0.8

DIS

0.62 7.4 ± 1.2

+1.0
−1.3

0.65 7.7 ± 0.8

+2.0
−1.2

0.69 7.3 ± 0.6

+0.8
−0.8

0.71 6.8 ± 0.6

+0.3
−0.6

0.75 6.1 ± 0.6

+1.2
−1.2

0.77 6.8 ± 0.7

+0.4
−0.4

0.81 7.9 ± 0.9

+0.8
−0.9

0.83 7.3 ± 0.8

+0.6
−0.9

0.87 7.2 ± 0.7

+1.1
−1.8

0.89 6.6 ± 0.7

+0.6
−0.5

0.93 5.9 ± 0.9

+1.2
−1.0

0.95 4.4 ± 1.7

+1.5
−0.4

0.99 7.0 ± 0.9

+1.9
−1.1
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Table 5: The ratio rLP(3) = F̄
LP(3)
2 /F2 as a funtion of xL, x and Q2

(BPC

sample), for protons with p2T < 0.5 GeV2
. The two rightmost values indiate the

statistial and systemati unertainties, respetively.

Q2
(GeV

2) x xL rLP(3)

0.2 7.4E-06 0.67 0.310 ± 0.050 ± 0.056

0.2 7.4E-06 0.79 0.408 ± 0.042 ± 0.049

0.2 7.4E-06 0.91 0.367 ± 0.049 ± 0.037

0.2 4.9E-06 0.67 0.308 ± 0.052 ± 0.055

0.2 4.9E-06 0.79 0.331 ± 0.039 ± 0.040

0.2 4.9E-06 0.91 0.361 ± 0.050 ± 0.036

0.2 3.5E-06 0.67 0.281 ± 0.063 ± 0.051

0.2 3.5E-06 0.79 0.333 ± 0.049 ± 0.040

0.2 3.5E-06 0.91 0.377 ± 0.065 ± 0.038

0.4 2.6E-05 0.67 0.357 ± 0.031 ± 0.064

0.4 2.6E-05 0.79 0.356 ± 0.022 ± 0.043

0.4 2.6E-05 0.91 0.317 ± 0.026 ± 0.032

0.4 1.3E-05 0.67 0.356 ± 0.061 ± 0.064

0.4 1.3E-05 0.79 0.405 ± 0.047 ± 0.049

0.4 1.3E-05 0.91 0.265 ± 0.047 ± 0.027

0.4 8.8E-06 0.67 0.357 ± 0.084 ± 0.064

0.4 8.8E-06 0.79 0.317 ± 0.057 ± 0.038

0.4 8.8E-06 0.91 0.298 ± 0.068 ± 0.030

0.6 4.3E-05 0.67 0.438 ± 0.063 ± 0.079

0.6 4.3E-05 0.79 0.386 ± 0.043 ± 0.046

0.6 4.3E-05 0.91 0.354 ± 0.051 ± 0.035
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Table 6: The ratio rLP(3) = F̄
LP(3)
2 /F2 as a funtion of xL, x and Q2

(DIS sample,

up to Q2 = 12 GeV2
), for protons with p2T < 0.5 GeV2

. The two rightmost values

indiate the statistial and systemati unertainties, respetively.

Q2
(GeV

2) x xL rLP(3)

4.0 1.5E-04 0.67 0.344 ± 0.033 ± 0.062

4.0 1.5E-04 0.79 0.345 ± 0.023 ± 0.041

4.0 1.5E-04 0.91 0.326 ± 0.029 ± 0.033

4.0 2.5E-04 0.67 0.327 ± 0.035 ± 0.059

4.0 2.5E-04 0.79 0.353 ± 0.026 ± 0.042

4.0 2.5E-04 0.91 0.313 ± 0.031 ±0.031

4.0 4.4E-04 0.67 0.367 ± 0.035 ± 0.066

4.0 4.4E-04 0.79 0.335 ± 0.024 ± 0.040

4.0 4.4E-04 0.91 0.305 ± 0.029 ±0.030

4.0 9.8E-04 0.67 0.443 ± 0.040 ± 0.080

4.0 9.8E-04 0.79 0.354 ± 0.026 ± 0.042

4.0 9.8E-04 0.91 0.303 ± 0.030 ± 0.030

8.0 2.5E-04 0.67 0.398 ± 0.031 ± 0.072

8.0 2.5E-04 0.79 0.359 ± 0.021 ± 0.043

8.0 2.5E-04 0.91 0.382 ± 0.028 ± 0.038

8.0 4.4E-04 0.67 0.387 ± 0.028 ± 0.070

8.0 4.4E-04 0.79 0.409 ± 0.020 ± 0.049

8.0 4.4E-04 0.91 0.335 ± 0.023 ± 0.033

8.0 9.8E-04 0.67 0.451 ± 0.031 ± 0.081

8.0 9.8E-04 0.79 0.420 ± 0.021 ± 0.050

8.0 9.8E-04 0.91 0.375 ± 0.026 ± 0.038

8.0 2.2E-03 0.67 0.515 ± 0.050 ± 0.093

8.0 2.2E-03 0.79 0.380 ± 0.031 ± 0.046

8.0 2.2E-03 0.91 0.421 ± 0.041 ± 0.042

12.0 4.4E-04 0.67 0.355± 0.029 ± 0.064

12.0 4.4E-04 0.79 0.379 ± 0.022 ± 0.046

12.0 4.4E-04 0.91 0.396 ± 0.028 ± 0.040

12.0 9.8E-04 0.67 0.416 ± 0.029 ± 0.075

12.0 9.8E-04 0.79 0.387 ± 0.020 ± 0.046

12.0 9.8E-04 0.91 0.369 ± 0.025 ± 0.037

12.0 2.2E-03 0.67 0.437 ± 0.039 ± 0.079

12.0 2.2E-03 0.79 0.407 ± 0.027 ± 0.049

12.0 2.2E-03 0.91 0.445 ± 0.036 ± 0.044

12.0 4.0E-03 0.67 0.462 ± 0.067 ± 0.083

12.0 4.0E-03 0.79 0.427 ± 0.046 ± 0.051

12.0 4.0E-03 0.91 0.349 ± 0.053 ± 0.035
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Table 7: The ratio rLP(3) = F̄
LP(3)
2 /F2 as a funtion of xL, x and Q2

(DIS sample,

for Q2 > 12 GeV2
), for protons with p2T < 0.5 GeV2

. The two rightmost values

indiate the statistial and systemati unertainties, respetively.

Q2
(GeV

2) x xL rLP(3)

21.0 9.8E-04 0.67 0.423 ± 0.027 ± 0.076

21.0 9.8E-04 0.79 0.387 ± 0.019 ± 0.046

21.0 9.8E-04 0.91 0.360 ± 0.023 ± 0.036

21.0 2.2E-03 0.67 0.437 ± 0.034 ± 0.079

21.0 2.2E-03 0.79 0.427 ± 0.024 ± 0.051

21.0 2.2E-03 0.91 0.379 ± 0.029 ± 0.038

21.0 4.0E-03 0.67 0.486 ± 0.049 ± 0.087

21.0 4.0E-03 0.79 0.390 ± 0.031 ± 0.047

21.0 4.0E-03 0.91 0.361 ± 0.038 ± 0.036

21.0 5.9E-03 0.67 0.474 ± 0.066 ± 0.085

21.0 5.9E-03 0.79 0.372 ± 0.042 ± 0.045

21.0 5.9E-03 0.91 0.466 ± 0.059 ± 0.047

46.0 2.2E-03 0.67 0.452 ± 0.043 ± 0.081

46.0 2.2E-03 0.79 0.372 ± 0.028 ± 0.045

46.0 2.2E-03 0.91 0.490 ± 0.040 ± 0.049

46.0 4.0E-03 0.67 0.444 ± 0.055 ± 0.080

46.0 4.0E-03 0.79 0.433 ± 0.039 ± 0.052

46.0 4.0E-03 0.91 0.360 ± 0.045 ± 0.036

46.0 5.9E-03 0.67 0.435 ± 0.064 ± 0.078

46.0 5.9E-03 0.79 0.348 ± 0.041 ± 0.042

46.0 5.9E-03 0.91 0.436 ± 0.059 ±0.044

46.0 1.0E-02 0.67 0.453 ± 0.050 ± 0.081

46.0 1.0E-02 0.79 0.412 ± 0.034 ± 0.049

46.0 1.0E-02 0.91 0.409 ± 0.043 ± 0.041

130.0 5.9E-03 0.67 0.441 ± 0.094 ± 0.079

130.0 5.9E-03 0.79 0.327 ± 0.058 ± 0.039

130.0 5.9E-03 0.91 0.528 ± 0.094 ± 0.053

130.0 1.0E-02 0.67 0.408 ± 0.060 ± 0.073

130.0 1.0E-02 0.79 0.505 ± 0.048 ± 0.061

130.0 1.0E-02 0.91 0.358 ± 0.051 ± 0.036

130.0 2.5E-02 0.67 0.421 ± 0.069 ± 0.076

130.0 2.5E-02 0.79 0.430 ± 0.050 ± 0.052

130.0 2.5E-02 0.91 0.403 ± 0.062 ± 0.040
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Table 8: The ratio rLP(2) = F̄
LP(2)
2 /F2 as a funtion of x for �xed Q2

values, for

protons with 0.6 < xL < 0.97 and p2T < 0.5 GeV2
. The statistial unertainty is

given. A fully orrelated systemati unertainty of ±13% is not inluded.

Q2
(GeV

2) x rLP(2)

0.20 3.5E-06 0.118 ± 0.012

0.20 4.9E-06 0.1177 ± 0.0093

0.20 7.4E-06 0.1309 ± 0.0095

0.36 8.8E-06 0.113 ± 0.014

0.36 1.3E-05 0.124 ± 0.010

0.36 2.6E-05 0.1211 ± 0.0092

0.60 4.3E-05 0.137 ± 0.010

4.0 9.8E-04 0.1281 ± 0.0063

4.0 4.4E-04 0.1186 ± 0.0058

4.0 2.5E-04 0.1190 ± 0.0062

4.0 1.5E-04 0.1206 ± 0.0056

8.0 2.2E-03 0.1507 ± 0.0079

8.0 9.8E-04 0.1473 ± 0.0052

8.0 4.4E-04 0.1358 ± 0.0048

8.0 2.5E-04 0.1332 ± 0.0053

12.0 4.0E-03 0.147 ± 0.011

12.0 2.2E-03 0.1511 ± 0.0067

12.0 9.8E-04 0.1382 ± 0.0049

12.0 4.4E-04 0.1345 ± 0.0053

21.0 5.9E-03 0.151 ± 0.011

21.0 4.0E-03 0.1438 ± 0.0077

21.0 2.2E-03 0.1477 ± 0.0058

21.0 9.8E-04 0.1377 ± 0.0046

46.0 1.0E-02 0.1496 ± 0.0084

46.0 5.9E-03 0.140 ± 0.011

46.0 4.0E-03 0.1472 ± 0.0092

46.0 2.2E-03 0.1512 ± 0.0072

130.0 2.5E-02 0.149 ± 0.012

130.0 1.0E-02 0.156 ± 0.011

130.0 5.9E-03 0.147 ± 0.016
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Table 9: The average ratio 〈rLP(2)〉 = F̄
LP(2)
2 /F2 as a funtion of Q2

for 0.6 < xL <
0.97 and p2T < 0.5 GeV2

. The statistial unertainty is given. A fully orrelated

systemati unertainty of 13% is not inluded.

Q2
(GeV

2) 〈rLP(2)〉
0.29 0.1230 ± 0.0033

5.21 0.1312 ± 0.0020

16.60 0.1397 ± 0.0021

69.00 0.1471 ± 0.0036

Table 10: The average ratio 〈rLP(2)〉 as a funtion of Q2
for two di�erent p2T

ranges normalised to the value at Q2 = 0.25 GeV2
. The statistial unertainty is

given; systemati errors mostly anel in the ratio.

Q2
(GeV

2) 〈rLP(2)(Q2)〉/〈rLP(2)(Q2 = 0.25 GeV

2〉)
p2T < 0.04 GeV2 p2T < 0.5 GeV2

0.002 0.941 ± 0.033

0.29 1.000 ± 0.000 1.000 ± 0.000

5.21 1.062 ± 0.022 1.067 ± 0.031

16.60 1.115 ± 0.023 1.136 ± 0.031

69.00 1.152 ± 0.039 1.196 ± 0.037

30



Table 11: The struture-funtion F̄
LP(2)
2 as a funtion of x for 0.6 < xL <

0.97 and p2T < 0.5 GeV2
. The statistial unertainty is given. A fully orrelated

systemati unertainty of ±13% is not inluded, nor is the unertainty of the F2

parametrisations used.

x Q2
(GeV

2) F̄
LP(2)
2

3.5E-06 0.2 0.0286 ± 0.0029

4.9E-06 0.2 0.0277 ± 0.0022

7.4E-06 0.2 0.0296 ± 0.0021

8.8E-06 0.4 0.0391 ± 0.0048

1.3E-05 0.4 0.0412 ± 0.0035

2.6E-05 0.4 0.0378 ± 0.0029

4.3E-05 0.6 0.0559 ± 0.0042

1.5E-04 4.0 0.1126 ± 0.0052

2.5E-04 4.0 0.0991 ± 0.0052

4.4E-04 4.0 0.0872 ± 0.0043

9.8E-04 4.0 0.0793 ± 0.0039

2.5E-04 8.0 0.1518 ± 0.0060

4.4E-04 8.0 0.1347 ± 0.0048

9.8E-04 8.0 0.1201 ± 0.0042

2.2E-03 8.0 0.1014 ± 0.0053

4.4E-04 12.0 0.1563 ± 0.0062

9.8E-04 12.0 0.1303 ± 0.0046

2.2E-03 12.0 0.1157 ± 0.0051

4.0E-03 12.0 0.0969 ± 0.0073

9.8E-04 21.0 0.1552 ± 0.0052

2.2E-03 21.0 0.1325 ± 0.0052

4.0E-03 21.0 0.1093 ± 0.0059

5.9E-03 21.0 0.1029 ± 0.0074

2.2E-03 46.0 0.1659 ± 0.0079

4.0E-03 46.0 0.1339 ± 0.0084

5.9E-03 46.0 0.1127 ± 0.0086

1.0E-02 46.0 0.1026 ± 0.0058

5.9E-03 130.0 0.140 ± 0.015

1.0E-02 130.0 0.1240 ± 0.0086

2.5E-02 130.0 0.0880 ± 0.0071
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Table 12: The struture funtion F
LP(3)
2 as a funtion of xL in bins of x and

Q2
(DIS sample), for protons in a restrited p2T range, p2T < 0.04 GeV2

. The two

rightmost values indiate the statistial and systemati unertainties, respetively.

Q2
(GeV

2) x xL F̄
LP(3)
2

4.4 3.3E-04 0.73 0.0675 ± 0.0080 ± 0.0157

4.4 3.3E-04 0.78 0.0724 ± 0.0078 ± 0.0116

4.4 3.3E-04 0.83 0.0756 ± 0.0082 ± 0.0106

4.4 3.3E-04 0.88 0.0585 ± 0.0082 ± 0.0098

4.4 1.0E-03 0.73 0.0489 ± 0.0077 ± 0.0125

4.4 1.0E-03 0.78 0.0552 ± 0.0077 ± 0.0101

4.4 1.0E-03 0.83 0.0605 ± 0.0083 ± 0.0099

4.4 1.0E-03 0.88 0.0460 ± 0.0083 ± 0.0093

7.5 3.3E-04 0.73 0.0962 ± 0.0079 ± 0.0209

7.5 3.3E-04 0.78 0.0955 ± 0.0074 ± 0.0136

7.5 3.3E-04 0.83 0.0822 ± 0.0070 ± 0.0101

7.5 3.3E-04 0.88 0.0855 ± 0.0083 ± 0.0115

7.5 1.0E-03 0.73 0.0899 ± 0.0085 ± 0.0200

7.5 1.0E-03 0.78 0.0737 ± 0.0072 ± 0.0114

7.5 1.0E-03 0.83 0.0682 ± 0.0071 ± 0.0094

7.5 1.0E-03 0.88 0.0715 ± 0.0084 ± 0.0107

7.5 3.3E-03 0.73 0.0587 ± 0.0081 ± 0.0143

7.5 3.3E-03 0.78 0.0563 ± 0.0075 ± 0.0100

7.5 3.3E-03 0.83 0.0505 ± 0.0072 ± 0.0085

7.5 3.3E-03 0.88 0.0619 ± 0.0093 ± 0.0109

13.3 1.0E-03 0.73 0.0957 ± 0.0078 ± 0.0208

13.3 1.0E-03 0.78 0.1023 ± 0.0076 ± 0.0144

13.3 1.0E-03 0.83 0.0886 ± 0.0072 ± 0.0107

13.3 1.0E-03 0.88 0.0729 ± 0.0074 ± 0.0101

13.3 3.3E-03 0.73 0.0666 ± 0.0061 ± 0.0147

13.3 3.3E-03 0.78 0.0698 ± 0.0059 ± 0.0102

13.3 3.3E-03 0.83 0.0677 ± 0.0059 ± 0.0084

13.3 3.3E-03 0.88 0.0658 ± 0.0067 ± 0.0091

28.6 1.0E-03 0.73 0.1249 ± 0.0125 ± 0.0281

28.6 1.0E-03 0.78 0.1290 ± 0.0119 ± 0.0195

28.6 1.0E-03 0.83 0.1007 ± 0.0107 ± 0.0140

28.6 1.0E-03 0.88 0.0956 ± 0.0121 ± 0.0150

28.6 3.3E-03 0.73 0.0906 ± 0.0089 ± 0.0203

28.6 3.3E-03 0.78 0.0934 ± 0.0085 ± 0.0140

28.6 3.3E-03 0.83 0.0701 ± 0.0075 ± 0.0097

28.6 3.3E-03 0.88 0.0758 ± 0.0089 ± 0.0114
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Table 13: Fration of leading-proton DIS events with exatly two jets with ET >
4 GeV, rjetLP, as a funtion of xL for p2T < 0.5 GeV2

. The two rightmost values

indiate the statistial and systemati unertainties, respetively. The systemati

unertainties are highly orrelated.

xL rjetLP

0.645 0.0209 ± 0.0031 ± 0.0053

0.735 0.0254 ± 0.0023 ± 0.0062

0.825 0.0242 ± 0.0019 ± 0.0060

0.920 0.0196 ± 0.0026 ± 0.0050

Table 14: Fration of leading-proton DIS events with exatly two jets with ET >
4 GeV, rjetLP, as a funtion of p2T for 0.6 < xL < 0.97. The two rightmost values

indiate the statistial and systemati unertainties, respetively. The systemati

unertainties are highly orrelated.

p2T (GeV

2) rjetLP

0.0105 0.0201 ± 0.0020 ± 0.0037

0.0355 0.0204 ± 0.0022 ± 0.0064

0.0900 0.0259 ± 0.0024 ± 0.0057

0.3150 0.0350 ± 0.0032 ± 0.0083
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Table 15: Ratio of the yield of DIS events with exatly two jets with ET > 4 GeV
and an LPS proton to the yield of DIS events with exatly two jets, also with

ET > 4 GeV, rLPjet , as a funtion of ET of the higher-energy jet. The statistial

unertainty is given. A fully orrelated systemati unertainty of ±13% is not

inluded.

ET (GeV) rLPjet

4.8 0.126 ± 0.018

5.8 0.122 ± 0.017

6.8 0.130 ± 0.019

8.0 0.124 ± 0.018

12.3 0.088 ± 0.014

Table 16: Ratio of the yield of DIS events with exatly two jets with ET > 4 GeV
and an LPS proton to the yield of DIS events with exatly two jets, also with

ET > 4 GeV, rLPjet , as a funtion of Q2
. The statistial unertainty is given. A fully

orrelated systemati unertainty of ±13% is not inluded.

Q2
(GeV

2
) rLPjet

6.6 0.123 ± 0.013

19.4 0.097 ± 0.017

36.0 0.111 ± 0.017

106.8 0.121 ± 0.015

Table 17: Ratio of the yield of DIS events with exatly two jets with ET > 4 GeV
and an LPS proton to the yield of DIS events with exatly two jets, also with

ET > 4 GeV, rLPjet , as a funtion of x. The statistial unertainty is given. A fully

orrelated systemati unertainty of ±13% is not inluded.

x rLPjet

0.00027 0.131 ± 0.014

0.00093 0.109 ± 0.015

0.0022 0.107 ± 0.015

0.0079 0.109 ± 0.017
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Figure 2: Distributions of the variables a) E ′

e, b) ϑe and ) yJB for the reon-

struted BPC data (squares) and the simulated events (EPSOFT), shown as the

shaded histograms (normalised to the data); d) E ′

e, e) ϑe and f) γh for the re-

onstruted DIS data (dots) and the simulated events (RAPGAP), shown as the

hathed histograms (normalised to the data).
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irles indiate the limits of the pT bins used in the analysis (the bin edges are

0.124 GeV, 0.199 GeV, 0.280 GeV, 0.370 GeV, 0.470 GeV, 0.507 GeV, 0.707 GeV).
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events with ηmax < 2.5 for both the BPC and the DIS samples. The BPC data are

slightly shifted in xL for larity of presentation. The bars indiate the statistial

unertainties; systemati unertainties mostly anel in the ratio.
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T
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dσγ∗p→Xp/dp
2
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T
. The �tted values of b and their statistial unertainties

are also given. The inner bars indiate the size of the statistial unertainties, the

outer bars show the statistial and systemati unertainties summed in quadrature.
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Figure 11: a) The slopes, b, of the p2T distributions for leading protons as a

funtion of xL for the BPC and DIS data samples. For larity of presentation, the

BPC points are plotted slightly shifted in xL. The inner bars indiate the statistial

unertainties and the outer are the statistial and systemati unertainties summed

in quadrature. The photoprodution result at xL ≃ 1 is also shown, as are the

data from the reation pp → pX at

√
s = 19.6 GeV. b) The slopes, b, of the

p2T distributions for leading protons as a funtion of xL for the DIS data sample,

ompared with the predition of Szzurek et al. (dashed line).
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Figure 12: The ratio rLP(3) = F̄
LP(3)
2 /F2 as a funtion of xL in bins of x and Q2

(BPC sample), for protons with p2T < 0.5 GeV2
. The inner bars show the statistial

unertainties and the outer bars the statistial and systemati unertainties added

in quadrature. The dashed line rLP(3) = 0.4 is overlaid to guide the eye.
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Figure 13: The ratio rLP(3) = F̄
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2 /F2 as a funtion of xL in bins of x and Q2

(DIS sample), for protons with p2T < 0.5 GeV2
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