
r

,

n,
Nuclear Physics B 713 (2005) 3–80

Study of deep inelastic inclusive and diffractive
scattering with the ZEUS forward plug calorimete

ZEUS Collaboration

S. Chekanov, M. Derrick, S. Magill, S. Miglioranzi1, B. Musgrave,
J. Repond, R. Yoshida

Argonne National Laboratory, Argonne, IL 60439-4815, USA2

M.C.K. Mattingly

Andrews University, Berrien Springs, MI 49104-0380, USA

N. Pavel, A.G. Yagües Molina

Institut für Physik der Humboldt-Universität zu Berlin, Berlin, Germany

P. Antonioli, G. Bari, M. Basile, L. Bellagamba, D. Boscherini,
A. Bruni, G. Bruni, G. Cara Romeo, L. Cifarelli, F. Cindolo,

A. Contin, M. Corradi, S. De Pasquale, P. Giusti, G. Iacobucci
A. Margotti, A. Montanari, R. Nania, F. Palmonari, A. Pesci,

A. Polini, L. Rinaldi, G. Sartorelli, A. Zichichi

University and INFN Bologna, Bologna, Italy3

G. Aghuzumtsyan, D. Bartsch, I. Brock, S. Goers, H. Hartman
E. Hilger, P. Irrgang, H.-P. Jakob, O. Kind, U. Meyer, E. Paul4,
J. Rautenberg, R. Renner, K.C. Voss5, M. Wang, M. Wlasenko

Physikalisches Institut der Universität Bonn, Bonn, Germany6
0550-3213/$ – see front matter 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.nuclphysb.2005.02.001

http://
elax unhcopy strutbox 


4

RAPID COMMUNICATION

ZEUS Collaboration / Nuclear Physics B 713 (2005) 3–80

ssi

z,
lf,
D.S. Bailey7, N.H. Brook, J.E. Cole, G.P. Heath, T. Namsoo,
S. Robins

H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom8

M. Capua, A. Mastroberardino, M. Schioppa, G. Susinno, E. Ta

Calabria University, Physics Department and INFN, Cosenza, Italy3

J.Y. Kim, K.J. Ma

Chonnam National University, Kwangju, South Korea9

M. Helbich, Y. Ning, Z. Ren, W.B. Schmidke, F. Sciulli

Nevis Laboratories, Columbia University, Irvington on Hudson, NY 10027, USA10

J. Chwastowski, A. Eskreys, J. Figiel, A. Galas, K. Olkiewicz,
P. Stopa, D. Szuba, L. Zawiejski

Institute of Nuclear Physics, Cracow, Poland11

L. Adamczyk, T. Bołd, I. Grabowska-Bołd, D. Kisielewska,
A.M. Kowal, J. Łukasik, M. Przybycién, L. Suszycki, J. Szuba12

Faculty of Physics and Applied Computer Science, AGH-University of Science and Technology,
Cracow, Poland13
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Abstract

Deep inelastic scattering and its diffractive component,ep → e′γ ∗p → e′XN , have been studie
at HERA with the ZEUS detector using an integrated luminosity of 4.2 pb−1. The measuremen
covers a wide range in theγ ∗p c.m. energyW (37–245 GeV), photon virtualityQ2 (2.2–80 GeV2)
and massMX (0.28–35 GeV). The diffractive cross section forMX > 2 GeV rises strongly with
W ; the rise is steeper with increasingQ2. The latter observation excludes the description of diffr
tive deep inelastic scattering in terms of the exchange of a single pomeron. The ratio of diff
to total cross section is constant as a function ofW , in contradiction to the expectation of Reg
phenomenology combined with a naive extension of the optical theorem toγ ∗p scattering. Above
MX of 8 GeV, the ratio is flat withQ2, indicating a leading-twist behaviour of the diffractive cro

section. The data are also presented in terms of the diffractive structure function,F
D(3)
2 (β, xP,Q2),

of the proton. For fixedβ, theQ2 dependence ofxPF
D(3)
2 changes withxP in violation of Regge

factorisation. For fixedxP, xPF
D(3)
2 rises asβ → 0, the rise accelerating with increasingQ2. These

positive scaling violations suggest substantial contributions of perturbative effects in the diffr
DIS cross section.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Inclusive deep inelastic lepton–nucleon scattering (DIS) has been measured over
kinematic range. This has allowed a precise description of the nucleon structure fun
obtained through QCD analyses using the DGLAP evolution equations[1,2]. It has been
established at HERA, that diffraction, where the proton or a low-mass nucleonic s
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Fig. 1. Non-peripheral deep inelastic scattering.

emerge from the interaction with almost the full energy of the incident proton, contri
substantially to the DIS cross section[3]. Extensive measurements of diffractive DIS ha
been made by both the ZEUS and H1 Collaborations[4–7].

The diffractive component of DIS is analysed in terms of conditional parton distribu
functions (PDFs)[4,7]. According to the QCD factorisation theorem[8,9], these diffractive
PDFs will also undergo QCD evolution as a function of the photon virtualityQ2 in the
same way as the inclusive proton PDFs. The dipole model[10–13]provides an appealin
picture that can be applied in DIS to both inclusive and diffractive scattering. In this m
the virtual photon dissociates intoqq̄ andqq̄g dipoles which then interact with the proto
target, predominantly through gluon exchange. The size of the dipole is given byQ2 and,
in the kinematic range of HERA, varies from a typical hadron size down to much sm
values.

For hadron–hadron collisions, a large body of data on total, elastic and diffractive
sections[14] has been parameterised in Regge phenomenology by the exchange
pomeron trajectory. An early seminal suggestion to combine Regge phenomenolog
QCD [15] in a t-channel picture introduced the idea of a pomeron structure function
suming that diffraction can be described by the exchange of the pomeron, its pa
structure can be determined in diffractive DIS. Such an approach depends on the v
of Regge factorisation, which implies a pomeron flux that is independent ofQ2.

For scattering of on-shell particles, such asγp → γp, the optical theorem relates th
imaginary part of the forward elastic amplitude to the totalγp cross section. Similarly
diffractive scattering ofvirtual photons leading to a low-mass hadronic system should
be closely related to the total virtual photon–proton cross section.

This paper reports high statistics results from the ZEUS experiment one−p deep in-
elastic scattering (Fig. 1),

ep → e + anything,

with the focus on diffractive production by virtual photon–proton scattering (Fig. 2),

γ ∗p → XN

(whereN is a proton or a low-mass nucleonic state) and a comparison with the totaγ ∗p
cross section.

In comparison to previous ZEUS measurements of diffraction[5], the detector config

uration was improved in the following way. The installation of a forward plug calorimeter



12

RAPID COMMUNICATION

ZEUS Collaboration / Nuclear Physics B 713 (2005) 3–80

pidity

ited
ze by
sed the

the

tion

ns
tion

. The

nium-
Fig. 2. Diffractive deep inelastic scattering,ep → eXN .

(FPC) in the beam hole of the forward uranium calorimeter extended the forward ra
coverage. As a result, the measurable range in the mass of the systemX was increased
by a factor of 1.7. At the same time, the contribution of nucleon dissociation was lim
to massesMN � 2.3 GeV. The rear beam hole in the detector was decreased in si
moving the calorimeter modules above and below closer to the beams. This increa
acceptance for lowQ2 and largeW events. These measures substantially improved
precision and kinematic coverage in comparison to previous HERA measurements[4–6].

This paper is organized as follows. The experimental setup is described in Sec2.
Reconstruction of event kinematics and event selection are described in Section3. Models
for inclusive and diffractive DIS are presented in Section4. Extraction of the diffractive
contribution is discussed in Section5. Evaluation of the total and diffractive cross sectio
is described in Section6. Section7 presents the results on the proton structure func
and the totalγ ∗p cross section. The diffractive cross section is presented in terms ofMX ,
W andQ2, and compared to the total cross section in Section8. The diffractive structure
function of the proton is discussed in Section9.

2. Experimental set-up

The data used for this measurement were taken at the HERAep collider using the ZEUS
detector in 1998–1999 when electrons of 27.5 GeV collided with protons of 920 GeV
data correspond to an integrated luminosity of 4.2 pb−1.

A detailed description of the ZEUS detector can be found elsewhere[16,17]. A brief
outline of the components that are most relevant for this analysis is given below.

Deep inelastic scattering events were identified using information from the ura

scintillator calorimeter (CAL), the forward plug calorimeter (FPC), the central tracking
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detector (CTD), the small angle rear tracking detector (SRTD) and the rear part
hadron–electron separator (RHES).

Charged particles are tracked in the CTD[18]. The CTD consists of 72 cylindrical dri
chamber layers, organized in nine superlayers covering the polar-angle50 region 15◦ <

θ < 164◦. The CTD operates in a magnetic field of 1.43 T provided by a thin solen
The transverse-momentum resolution for full-length tracks isσ(pT )/pT = 0.0058pT ⊕
0.0065⊕ 0.0014/pT , with pT in GeV.

The CAL [19] consists of three parts: the forward (FCAL), the barrel (BCAL) a
the rear (RCAL) calorimeters. Each part is subdivided transversely into towers an
gitudinally into one electromagnetic section (EMC) and either one (in RCAL) or two
BCAL and FCAL) hadronic sections (HAC). The smallest subdivision of the calor
ter is called a cell. The CAL energy resolutions, as measured under test-beam con
areσ(E)/E = 0.18/

√
E for electrons andσ(E)/E = 0.35/

√
E for hadrons (E in GeV).

The CAL covers 99.7% of the total solid angle. The beam hole in the RCAL
20× 8 cm2 [20].

The position of electrons scattered at small angles to the electron-beam directio
determined including the information from the SRTD[20,21]. The SRTD is attached t
the front face of the RCAL and consists of two planes of scintillator strips, 1 cm
and 0.5 cm thick, arranged in orthogonal orientations. Ambiguities in SRTD hits
resolved with the help of the RHES[22], which consists of a layer of approximately 10 0
(2.96× 3.32 cm2) silicon-pad detectors inserted in the RCAL at a depth of 3.3 radia
lengths. Electrons scattered at higherQ2 were also measured in the CTD.

The FPC[23] was used to measure the energy of particles in the pseudorapidity
η ≈ 4.0–5.0. It was a lead-scintillator sandwich calorimeter read out by wavelength-s
(WLS) fibers and photomultipliers (PMT). It was installed in the 20× 20 cm2 beam hole
of FCAL. The FPC had outer dimensions of 192× 192× 1080 mm3 and a hole of 3.15 cm
radius for the passage of the beams. The minimum angle for particle detection was 1
which corresponds to a pseudorapidity of 5.1. In the FPC, 15 mm-thick lead plates
nated with 2.6 mm thick scintillator layers. The WLS fibers of 1.2 mm diameter pa
through 1.4 mm holes located on a 12 mm grid in the lead and scintillator layers. Th
was subdivided longitudinally into an electromagnetic (10 layers) and a hadronic s
(50 layers) representing a total of 5.4 nuclear absorption lengths. The scintillator
consisted of tiles forming towers which are read out individually. The cell cross sec
were 24× 24 mm2 in the electromagnetic and 48× 48 mm2 in the hadronic section. Th
FPC was tested and calibrated at CERN with electron, muon and hadron beams. Th
sured energy resolution for electrons wasσE/E = (0.41± 0.02)/

√
E ⊕ 0.062± 0.002,

(E in GeV). When installed in the FCAL, the energy resolution for pions wasσE/E =
(0.65± 0.02)/

√
E ⊕ 0.06± 0.01 (E in GeV) and thee/h ratio was close to unity. The re

ative calibration of the FPC cells was regularly adjusted using measurements from60Co

50 The ZEUS coordinate system is a right-handed Cartesian system, with theZ axis pointing in the proton
direction, referred to as the “forward direction”, and theX axis pointing left towards the centre of HERA. Th

coordinate origin is at the nominal interaction point.
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source, resulting in an average energy scale uncertainty of 4% (3%) for the EMC (
cells[24] as determined with DIS events at highQ2.51

3. Reconstruction of kinematics and event selection

This section describes event reconstruction and selection common to DIS inclusi
diffractive data samples.

The reactione−(k)p(P ) → e−(k′) + anything at fixed squared centre-of-mass (c.
energy,s = (k + P)2, is described in terms ofQ2 ≡ −q2 = −(k − k′)2, Bjorken x =
Q2/(2P · q) and s ≈ 4EeEp, whereEe and Ep denote the electron and proton bea
energies, respectively. For this data set,

√
s = 318 GeV. The fractional energy transferr

to the proton in its rest system isy ≈ Q2/(sx). The c.m. energy of the total hadron
system,W , is given byW2 = [p + (k − k′)]2 = m2

p + Q2(1/x − 1) ≈ Q2/x = ys, where
mp is the mass of the proton.

Diffraction, e−(k)p(P ) → e−(k′) + N(N) + X, is described in terms of the massMX

of the systemX, and the massMN of the systemN . Sincet , the four-momentum transfe
squared, between the incoming proton and the outgoing systemN , t = (p − N)2, was not
measured, the results presented are integrated overt .

The diffractive structure function was analyzed in terms of the momentum fracti
the proton carried by the pomeron,xP = [(P − N) · q]/(P · q) ≈ (M2

X + Q2)/(W2 + Q2),
and the fraction of the pomeron momentum carried by the struck quark,β = Q2/[2(P −
N) · q] ≈ Q2/(M2

X + Q2). The variablesxP andβ are related to the Bjorken scaling va
able,x, via x = βxP.

The events studied are of the type

(1)ep → e′X + rest,

whereX denotes the hadronic system observed in the detector and ‘rest’ the particle
escaping detection through the forward and/or rear beam holes.

Scattered electrons were identified with an algorithm based on a neural network[25].
The direction and energy of the scattered electron were determined from the com
information given by CAL, SRTD, RHES and CTD. The impact point of the electron
the face of the RCAL had to lie outside an area of 26.6 × 17 cm2 (box cut) centred on
the beam axis. Further fiducial cuts on the impact point were imposed to ensure r
measurement of the electron energy.

The value ofQ2 was reconstructed from the measured energyE′
e and scattering an

gle θe, of the electron,Q2 = 2EeE
′
e(1 + cosθe). The hadronic system was reconstruc

from energy-flow objects (EFO)[24,26] which combine the information from CAL an
FPC clusters and from CTD tracks, and which were not assigned to the scattered e
(hadronic EFOs).

51 Throughout the running period, DIS neutral current events,ep → eX, with Q2 > 80 GeV2, were selected
without using information from the FPC. The average energy deposited by the hadronic system in the in

FPC cells was used to monitor the energy calibration of each cell during the data-taking period.
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The value ofW was determined using the weighted average of the values given b
electron and the hadron measurements (seeAppendix A).

The mass of the systemX was determined by summing over all hadronic EFOs,

M2
X =

(∑
Ph

)2

,

wherePh is the four-momentum vector of each hadronic EFO. All kinematic varia
used to describe inclusive and diffractive scattering were derived fromMX , W andQ2.

The coordinatesXvtx, Yvtx,Zvtx of the event vertex were determined with tracks
constructed in the CTD. The averageXvtx, Yvtx values varied by±0.1 and±0.03 cm,
respectively, over the data-taking period. Since the variations were small, and the
verse size of the beams were smaller than the resolution, the averageXvtx, Yvtx values
were used. The distribution ofZvtx was approximately Gaussian with an r.m.s. of±11 cm.
The value ofZvtx was taken from the reconstructed event vertex. For events with
measured primary vertex, the averageZ vertex for each data run was used.

If a scattered-electron candidate was found, the following criteria were imposed to
the DIS events:

• the scattered-electron energyE′
e be at least 10 GeV;

• the total measured energy of the hadronic system be at least 400 MeV;
• yFB

JB > 0.004, whereyFB
JB = ∑

h(Eh − PZh)/(2Ee), summed over all hadronic EFO
in FCAL plus BCAL; or at least 400 MeV be deposited in the BCAL or in the RC
outside of the ring of towers closest to the beamline;

• −54< Zvtx < 50 cm;
• 46<

∑
i=e,h(Ei −PZi) < 64 GeV, where the sum runs over both the scattered ele

and all hadronic EFOs. This cut reduces the background from photoproductio
beam–gas scattering and removes events with large initial-state QED radiation;

• candidates for QED-Compton events, consisting of a scattered electron candida
a photon candidate with massMeγ less than 0.25 GeV and total transverse momen
less than≈ 1.5 GeV, were removed.

The contamination from electron (proton) beam–gas scattering was measured
non-colliding electron (proton) bunches and found to be negligible.

About 800 000 events passed the selection cuts. The kinematic range for inc
and diffractive events was chosen taking into account detector resolution and sta
About 612 000 events were retained which satisfied 37< W < 245 GeV and 2.2 < Q2 <

80 GeV2.
The resolutions of the reconstructed kinematic variables were estimated using

Carlo (MC) simulation of diffractive events of the typeγ ∗p → XN (see Section4). For
the MX , W and Q2 bins considered in this analysis, the resolutions are approxim
σ(W)

W
= 1

W1/2 , σ(Q2)

Q2 = 0.25
(Q2)1/3 and σ(MX)

MX
= c

M
1/3
X

, wherec = 0.6 GeV1/3 for MX < 1 GeV

andc = 0.4 GeV1/3 for MX � 1 GeV, withMX,W in units of GeV andQ2 in GeV2.
Results are presented for seven bins inW , seven bins inQ2 and six bins inMX, as
shown inTable 1. The QED-Born-level cross sections and structure functions are deter-
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Table 1
Binning and reference values forMX , W andQ2

Q2 (GeV2) 2.2–3 3–5 5–7 7–10 10–20 20–40 40–80
Q2

ref (GeV2) 2.7 4 6 8 14 27 55

W (GeV) 37–55 55–74 74–99 99–134 134–164 164–200 200–
Wref (GeV) 45 65 85 115 150 180 220

MX (GeV) 0.28–2 2–4 4–8 8–15 15–25 25–35
MXref (GeV) 1.2 3 6 11 20 30

mined as averages over these intervals and transported (see Section6) to the reference
values (MX ,Wref,Q

2
ref) listed inTable 1.

4. Monte Carlo simulations

The data were corrected for detector acceptance and resolution with suitable co
tions of several MC models. Events from inclusive DIS, including radiative effects,
simulated using the HERACLES 4.6.1[27] program with the DJANGOH 1.1[28] inter-
face to the hadronisation programs and using the CTEQ4D next-to-leading-order
[29]. In order to improve the description of the existing measurements atQ2 < 2 GeV2,
a parametrisation[30] of the measuredF 2 data was used to reweight the generated n
diffractive events. In HERACLES,O(α) electroweak corrections are included. The colo
dipole model of ARIADNE 4[31], including boson–gluon fusion, was used to simulate
O(αS) plus leading-logarithmic corrections to the quark–parton model. The Lund s
model as implemented in JETSET 7.4[32] was used by ARIADNE for hadronisation.

Diffractive DIS in which the proton does not dissociate,ep → eXp (including the pro-
duction of ω and φ mesons viaep → eV 0p, V = ω,φ but excludingρ0 production),
were simulated with SATRAP which is based on a saturation model[12] and is inter-
faced to the RAPGAP 2.08 framework[33]. The QED radiative effects were simulat
with HERACLES. The QCD parton showers were simulated with LEPTO 6.5[34]. The
production ofρ0 mesons,ep → eρ0p, was simulated with JETSET 7.4 interfaced to
module ZEUSVM[35] which uses a parametrisation of the measuredρ0 cross sections a
well as of the production and decay angular distributions[36,37].

The diffractive process in which the proton dissociates,ep → eXN , was simulated
with SATRAP interfaced to a module called SANG[38]. SANG includes the productio
of ρ0 mesons. The mass spectrum of the systemN was generated according todσ/dM2

N ∝
(1/M2

N)n with n = 1. The fragmentation of the systemN was simulated using JETSET 7.
The reweighting procedure used to match the generatedMN spectrum with that of the dat
is described in Section5.2.

All DIS processes except for those simulated by ZEUSVM were generated start
Q2 = 0.5 GeV2; events from ZEUSVM were generated starting atQ2 = 0.7 GeV2, since
the contribution from lower values ofQ2 was negligible. Since the diffractive events
data and MC showed differentW andβ dependences, events generated by SATRAP, w

were the bulk of MC diffractive events, were reweighted to match the data.
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In order to test for a possible contribution from reggeon exchange to the final state
tion γ ∗p → XN , events were generated with RAPGAP in accordance with the analy
the Regge contribution given inAppendix C. The background from photoproduction w
estimated with events generated by PYTHIA 5.7[32].

The ZEUS detector response was simulated using a program based on GEAN
[39]. The generated events were passed through the detector and trigger simulat
processed by the same reconstruction and analysis programs as the data. TheZvtx distrib-
ution used in the MC was reweighted to agree with the data.

The simulation of the measured total hadronic energy was checked with the bala
the measured transverse momenta of the scattered electron and that of the observ
hadronic system. The hadronic system tends to lose more energy than the electro
inactive material in front of the calorimeter. For both MC and data, an average tran
momentum balance was achieved by increasing the measured hadronic energies by
of 1.065. The massMX reconstructed from the energy-corrected EFOs, in theMX region
analyzed, required an additional correction factor of 1.10 which was determined from
simulation.52

Good agreement between data and simulated event distributions was obtained f
the inclusive and diffractive samples. More details on the event simulation can be
elsewhere[24,38].

5. Determination of the diffractive contribution

5.1. TheMX method

The diffractive contribution was extracted from the data using theMX method[5,40].
The virtual photon–proton collision can be described as (see Eq.(1)) γ ∗p → X + rest,

whereX represents all particles measured in the detector and ‘rest’ all particles that e
through the beam holes. In the QCD picture of non-peripheral DIS,X is related to the
struck quark and ‘rest’ to the proton remnant, both of which are coloured states. The
state particles are expected to be uniformly emitted in rapidity along theγ ∗p collision axis
leading to final-state particles which populate uniformly the rapidity gap between the s
quark and the proton remnant[41]. In this case, it can be shown from general argume
(seeAppendix B) that the mass,MX , is distributed as

(2)
dN non-diff

d lnM2
X

= c exp
(
b lnM2

X
)
,

whereb andc are constants.53 DJANGOH predicts, for non-peripheral DIS,b ≈ 1.9.

52 The hadrons produced in diffractive events, on average, have lower momenta than those for hadro
non-peripheral events, and their fractional energy loss in the material in front of the calorimeter is larger.

53 Throughout, whenever a logarithm of a quantity with dimensions of energy is used, a normalisation
of GeV is implied. For example, lnM2
X

is defined as ln(M2
X

/M2
0), whereM0 = 1 GeV.
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Fig. 3. The measured versus the generated lnM2
X

values (Mmeas
X

and M true
X

in units of GeV) for the low-

est and highestW bins at low and highQ2 as determined by Monte Carlo simulation. The horizontal li
give the maximum values of lnM2

X
for which the diffractive contribution was determined. Lines are draw

ln(Mmeas
X

)2 = ln(M true
X

)2 to guide the eye.

The diffractive reaction,γ ∗p → XN , on the other hand, has different characterist
The incoming proton undergoes a small perturbation and emerges either intact, or as
mass nucleonic state, carrying a large fraction,xL, of the incoming proton momentum
Diffractive scattering shows up as a peak nearxL = 1, the mass of the systemX being
limited by kinematics toM2

X/W2 � 1 − xL. Moreover, the distance in rapidity betwe
the outgoing nucleon systemN and the systemX is 
η ≈ ln(1/(1− xL)) [42], becoming
large whenxL is close to one. Combined with the limited values ofMX and the peaking o
the diffractive cross section nearxL = 1, this leads to a large separation in rapidity betw
N and any other hadronic activity in the event. For the vast majority of diffractive ev
the decay particles from the systemN leave undetected through the forward beam h
For a wide range ofMX values, the particles of the systemX are emitted entirely within
the acceptance of the detector and the measured systemX can be identified withX. Monte
Carlo studies show thatX can be reliably reconstructed over the fullMX range of this
analysis:Fig. 3shows the distribution of the measured versus the generated value ofM2

X

for the lowest and highestW bins at two differentQ2 values. The horizontal bars indicate



ZEUS Collaboration / Nuclear Physics B 713 (2005) 3–80

RAPID COMMUNICATION

19

dicted by

ow the
l

ere
t

l

for

ctive

pec-
s

case,
f

he
Fig. 4. Distributions of lnM2
X

(MX in units of GeV) at the detector level for different (W , Q2) bins. The
points with error bars show the data. The shaded areas show the non-peripheral contributions as pre
DJANGOH. The diffractive contributions fromγ ∗p → Xp (γ ∗p → XN , MN < 2.3 GeV) as predicted by
SATRAP+ ZEUSVM (SANG) are shown as hatched (cross-hatched) areas. The dash-dotted lines sh
results for the non-diffractive contribution from fitting the data in the lnM2

X
range delimited by the two vertica

dashed lines.

the maximum values of lnM2
X up to which the diffractive contribution was extracted. Th

is a close correlation between the measured and the generated lnM2
X value. From this poin

on, the distinction betweenX andX will be omitted.
Regge phenomenology predicts the shape of theMX distribution for periphera

processes (seeAppendix B). Diffractive production by pomeron exchange in thet-channel,
which dominatesxL values close to unity, leads to an approximately constant lnM2

X dis-
tribution (b ≈ 0). Fig. 4shows the distribution of lnM2

X for the lowest and highestW bins
at low and highQ2 for the data together with the expectations from MC simulation
non-peripheral DIS (DJANGOH) and for diffractive processes (SATRAP+ ZEUSVM and
SANG). The observed distributions agree well with the expectation for a non-diffra
component giving rise to an exponentially growing lnM2

X distribution, and for a diffractive
component producing an almost constant distribution in a large part of the lnM2

X range.
The recent ZEUS measurement of diffraction in DIS with the leading proton s

trometer (LPS)[7] allows the reggeon exchange contribution (Fig. 5) to be estimated, a
discussed inAppendix C. Fig. 6 compares, for the same (W,Q2) bins as inFig. 4, the
lnM2

X distributions for the data with those expected from reggeon exchange. In this
the lnM2

X distribution increases exponentially with increasing lnM2
X with a slope value o

b ≈ 1.3.
The exponential rise of the lnM2

X distribution for non-diffractive processes permits t

subtraction of this component and, therefore, the extraction of the diffractive contribution
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Fig. 5. The reactionγ ∗p → Xp proceeding via the exchange of a reggeonαj in the t -channel. The systemX is
produced by the scattering of the virtual photon on the reggeon via the exchange of the poleαk .

Fig. 6. Distributions of lnM2
X

(MX in units of GeV) at the detector level for different (W , Q2) bins. The points
with error bars show the data. The hatched histograms show the contributions predicted by the exchan
ρ-reggeon trajectory. The dash-dotted lines show the results for the non-diffractive contribution from fitti
sum of the diffractive and non-diffractive contributions in the lnM2

X
range delimited by the two vertical dash

lines.

without assumptions about its exactMX dependence. The distribution is of the form:

(3)
dN

d lnM2
X

= D + c exp
(
b lnM2

X

)
, lnM2

X < lnW2 − η0,

whereD is the diffractive contribution and the second term represents the non-diffra
contributions. The quantity(lnW2 − η0) specifies the maximum value of lnM2

X up to
which the exponential behaviour of the non-diffractive contribution holds. A valu
η0 = 2.2 was found from the data. Eq.(3) was fitted to the data in the limited rang
lnW2 − 5.6 < lnM2

X < lnW2 − η0 in order to determine the parametersb andc. The dif-
fractive contribution is expected to be a slowly varying function of lnM2

X whenM2
X > Q2,

and to approach, for largeM2
X , an approximately constant lnM2

X distribution[11,43,44].
Therefore,D was assumed to be constant over the fit range. However, the diffractive

tribution was not taken from the fit but was obtained from the observed number of events
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after subtracting the non-diffractive contribution determined using the fitted valuesb

andc.
The non-diffractive contribution in the (MX,W,Q2) bins was measured in two step

In the first step, the slopeb was determined as an average of the values obtained from
fits to the data for the intervals with 134< W < 245 GeV and 2.2 < Q2 < 10 GeV2. The
fits yieldedbnom = 1.63± 0.07. In the second step, the fits were repeated for all (W,Q2)
intervals, usingb = bnom as a fixed parameter and assumingD to be constant. Good fit
with χ2 per degree of freedom (dof) of about unity were obtained. The statistical er
the diffractive contribution includes the uncertainty ofbnom.

Figs. 4 and 6show the results from the fit according to Eq.(3) for the non-diffractive
and the sum of the non-diffractive and diffractive contributions.Fig. 6shows theMX dis-
tribution of the RAPGAP reggeon simulation described in Section4. As discussed above
the reggeon contribution to theMX spectra is similar in slope to the non-peripheral con
bution described by Eq.(2), and is always smaller than the non-diffractive contribution54

The same conclusions hold for all other (W,Q2) bins considered in this analysis.
Finally, a MC event sample was prepared which consisted of the sum of the c

butions from diffraction (SATRAP+ ZEUSVM + SANG) and non-peripheral scatterin
(DJANGOH). The MC event sample was subjected to the same analysis procedure
data and the diffractive contribution was extracted for all(MX,W,Q2) bins. For all bins,
the accuracy of the determination of the fraction of diffractive events in the MC sa
was better than the statistical precision of the data. The same test was repeated w
RAPGAP reggeon sample included in the summed MC event sample. The normal
of the reggeon sample was increased by a factor of two—with respect to that found
study ofAppendix C—in order to test the robustness of theMX-method extraction of the
diffractive component against the large uncertainties of the reggeon contribution. T
sult showed that the diffractive component was extracted with accuracy similar to t
the extraction without the reggeon component.

For the final analysis of the diffractive cross section and structure function,
(MX,W,Q2) bins where the non-diffractive background was less than 50% were kep

5.2. Contribution from diffractive proton dissociation

In addition to single dissociation,γ ∗p → Xp, processes where the proton also dis
ciates,γ ∗p → XN , can contribute to the diffractive event sample. Events from do
dissociation can be grouped into those events whereN has a low mass and disappears
the forward beam hole without energy deposition in the calorimeters FPC or CAL
into those where decay particles deposit energy in the calorimeters. The probability
positing energy in the calorimeters depends on the massMN . On average, in events whe
N has a mass below 2.3 GeV, the systemN disappears in the forward beam hole witho
energy deposition in the FPC or the CAL, while for those events withMN > 2.3 GeV, the
systemN deposits energy in the calorimeters. In the latter case, the reconstructed m

54 A recent determination of the diffractive contribution based on the presence of a leading proton[7] has been
limited to the regionxP < 0.01 to exclude contributions from reggeon exchange. The fact that theMX method

excludes the reggeon contribution allows the diffractive component to be extracted also in the regionxP > 0.01.
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Fig. 7. TheMFFCAL distributions predicted by SANG (solid histograms), weighted by an extra factor(
MN
MN0

)−1

(dashed histograms) or by( MN
MN0

)+1 (dotted histograms), whereMN0 = 2.3 GeV. TheMFFCAL distributions are
shown for four different regions ofW,Q2 and
η.

the total hadronic system is larger than the mass ofX. Such events lead to a distortion
the lnM2

X distribution at highMX values. In order to study this effect, double dissocia
events were generated using SANG.

The parameters of SANG, in particular, those determining the shape of theMN spec-
trum and the overall normalization, were checked with the subset of the data dom
by the contribution from double dissociation. Events in this subset were required to
a minimum rapidity gap
η > ηmin between at least one EFO and its neighbours. G
sensitivity for double dissociation was obtained withηmin = 3.0 for W = 55–99 GeV and
ηmin = 4.0 for W = 99–245 GeV. The study was performed with four event sample
the kinematic regions shown inFigs. 7 and 8.

The mass of the hadronic system reconstructed from the energy deposits in F+
FCAL, MFFCAL, depends approximately linearly on the massM

gen
N of the generated syste

N . The distribution ofMFFCAL at lowMFFCAL is dominated by double dissociation. Aft
reweighting theMN distribution generated for the processγ ∗p → XN , good agreemen
was obtained between the number of events measured and the number of events p
from the sum of the simulatedXp, ρ0p, XN and non-diffractive processes.

Fig. 7demonstrates the sensitivity of theMFFCAL distribution to the shape of theMN -
spectrum: it shows, for the four (Q2,W ) regions, the distribution ofMFFCAL as predicted
by SANG, and after reweighting SANG forMN > MN0 = 2.3 GeV by (

MN

MN0
)+1, or

MN −1
by (
MN0

) . In the first case, the event rate increases (e.g., nearMFFCAL = 1 GeV by
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Fig. 8. Distributions ofMFFCAL for four different (W,Q2,
η) regions. The points with error bars show the da
The hatched histograms show the MC predictions for the contribution from diffractive double dissociationXN );
the cross-hatched histograms show the sum of the contributions fromXp, ρ0p and non-peripheral processes.

Fig. 9. Distributions of lnM2
X

(MX in units of GeV) at the detector level for different (W , Q2) bins. The points
with error bars show the data. The hatched histograms show the expectation for the contribution from
tive double dissociation,γ ∗p → XN , whereN has a mass more than 2.3 GeV, as predicted by SANG. Th

cross-hatched histograms show the background expected from photoproduction determined with PYTHIA.
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roughly a factor of two); in the second case, the event rate decreases (nearMFFCAL =
1 GeV by about a factor of 1.5). To achieve agreement with the data (seeFig. 8) SANG
was reweighted forMN � 4 GeV by a factor of 0.89

√
MN/4 (MN in GeV), and for

MN > 4 GeV by a factor of(2.5/MN)0.25. In this exercise, the diffractive contributio
for MN > 2.3 GeV is assumed not to change withW . The good description of the da
obtained from this simulation supports this assumption (see below).

The data distributions ofMFFCAL at lowMFFCAL and the reweighted MC predictions a
compared inFig. 8 for the four (Q2,W ) regions. The sum of the contributions calcula
for Xp, ρ0p and the non-diffractive component are shown, as well as theXN contribution
which dominates the region of lowMFFCAL values. The sum of the four contributio
reproduces the data well. Double dissociation, (γ ∗p → XN ), accounts for more than 80%
of the events predicted by MC: forFig. 8(a) whenMFFCAL < 2.5 GeV, forFig. 8(b) when
MFFCAL < 2 GeV, forFig. 8(c) whenMFFCAL < 5 GeV and forFig. 8(d) whenMFFCAL <

3 GeV.
This study showed that, approximately, events generated withMN < 2.3 GeV deposit

less than 1 GeV of energy in the FPC, while events withMN � 2.3 GeV deposit more
than 1 GeV. No information could be gained from the data on the contribution from
ble dissociation withMN > 2.3 GeV.Fig. 9shows the lnM2

X spectra for the sameW and
Q2 regions as inFig. 4 together with the expected contribution from double dissociat
γ ∗p → XN , for those events withMN � 2.3 GeV. This contribution is of the order o
6% (18%, 36%) forMX/W < 0.05 (MX/W = 0.1,0.14). Since this contribution ca
affect the determination of the slopeb for the non-diffractive contribution, it has bee
subtracted, using the MC simulation, from the data as a function ofMX, W andQ2. The
systematic error (see Section6.1) allows for a 30% increase/decrease of the numbe
events removed. The diffractive cross section presented later is therefore the sum
contributions from theXp andXN (MN < 2.3 GeV) final states.

Also shown inFig. 9 is the expected contribution from photoproduction which is ne
gible, except at highW .

5.3. ThelnM2
X distributions

The lnM2
X spectra for all (W,Q2) bins studied in this analysis are displayed

Fig. 10. The data distributions, from which the contributions from double dissocia
(MN < 2.3 GeV) and from photoproduction background have been subtracted, are s
They are compared with the MC predictions for the contributions from non-periphera
diffractive production. It can be seen that the events at low and medium values ofM2

X

originate exclusively from diffractive production. The MC simulations are in good ag
ment with the data.

6. Evaluation of cross sections and systematic uncertainties

The total and diffractive cross sections forep scattering in a given (W,Q2) bin were
determined from the number of observed events, corrected for background, acce

and smearing, and corrected to the QED Born level.
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full points with error bars show the data. The diffractive
by the hatched histograms. The cross-hatched histograms
ults for the non-diffractive contribution from fitting the data in the
Fig. 10. Distributions of lnM2
X

(MX in units of GeV) at the detector level for different (W , Q2) bins. The
contributions fromγ ∗p → XN , MN < 2.3 GeV, as predicted by SATRAP+ ZEUSVM + SANG are shown
show the non-peripheral contributions as predicted by DJANGOH. The dash-dotted lines show the res
lnM2

X
range delimited by the two vertical dashed lines.
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The cross sections and structure functions are presented at the reference valuWref,
Q2

ref, andMXref. This was achieved as follows: first, the cross sections and structure
tions were determined at the weighted average of each (MX, W , Q2) bin. They were then
transported to the reference position using a parametrisation[30] in the case of the pro
ton structure functionF 2, and the result of the BEKW(mod) fit (see Section9.3) for the
diffractive cross sections and structure functions. The resulting changes to the cro
tion and structure function values from the average to those at the reference position
5–15%.

6.1. Systematic uncertainties

A study of the main sources contributing to the systematic uncertainties of the
surements were performed. The systematic uncertainties were calculated by vary
cuts or modifying the analysis procedure and repeating the full analysis for every
tion. The size of the variations of cuts and the changes of the energy scales were
commensurate with the resolutions or the uncertainties of the relevant variables:

• the acceptance at low values ofQ2 depends critically on the position measurem
of the scattered electron. The vertical separation of the upper and lower halves
SRTD was increased (decreased) by 0.2 cm in the data (systematic uncertaintie
while their positions in the MC were left unchanged. The resulting deviations o
cross sections were typically 5–7%;

• the box cut was changed from 26.6 × 17 cm2 to 27.6 × 18 cm2 (systematic uncer
tainty 2). This affected the low-Q2 region. Changes of 5–15% were observed, ma
for W < 100 GeV;

• the measured energy of the scattered electron was increased (decreased) by 2
data, but not in the MC (systematic uncertainties 3a, b). In most cases the ch
were smaller than, or of the order of, the statistical error;

• the lower cut for the energy of the scattered electron was lowered to 8 GeV (rai
12 GeV) (systematic uncertainties 4a, b). This produced changes of 0–2%;

• to estimate the systematic uncertainties due to the uncertainty in the hadronic e
the analysis was repeated after increasing (decreasing) the hadronic energy m
by the CAL by 2%[20] in the data but not in MC (systematic uncertainties 5a, b).
typical changes were below 5%;

• the energies measured by the FPC were increased (decreased) by 10% in the
not in MC (systematic uncertainties 6a, b). The effect was negligible;

• the minimum hadronic energy cut of 400 MeV was increased by 50% (syste
uncertainty 7). This led to changes at the 1–3% level;

• in order to check the simulation of the hadronic final state, the selectio∑
i=e,h(Ei − PZi) was changed from (46 to 64) to (43 to 64) GeV (systematic

certainty 8), leading to changes at the level of 20 to 30% of the statistical uncer
except for one measurement at lowQ2 and highW . Also in this case, the change w
small compared to the total systematic uncertainty;

• the reconstructed massMX of the systemX was increased (decreased) by 5% in

data but not in the MC (systematic uncertainties 9a, b). Changes of the order of 5–10%
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were observed for the lowestMX bin while, for the higherMX bins, the changes wer
much smaller;

• a substantial fraction of events atW > 164 GeV, lowMX and lowQ2 have no mea
sured primary vertex. The position of the vertex affects the measurement of the
angle of the scattered electron and so ofQ2. For these events, the average vertex
each data-taking run was used. The fraction of events with no vertex found in th
agrees well with the MC predictions.55 The difference between the observed fract
of events and that predicted by MC was used as a systematic uncertainty (syst
error 10) which amounted to 5–10% for lowMX andQ2, and to much smaller value
elsewhere;

• the contribution from double dissociation withMN > 2.3 GeV was determined wit
the help of the reweighted SANG simulation and was subtracted from the data
diffractive cross section was redetermined by increasing (decreasing) the pre
contribution from SANG by 30% (systematic uncertainties 11a, b). The resu
changes in the diffractive cross section were well below the statistical uncertain
cept for four data points, where they were of similar magnitude.

In order to evaluate the uncertainties arising from the form of the lnM2
X distribution

assumed for the diffractive contribution (D = const, see Eq.(3)), the fits were repeate
with the formD = d0(1 − β)[β(1 − β) + d1(1 − β)κ ], whered0, d1, κ are fit parameter
[11,43–45]. Negligible changes were found.

The total systematic error for each bin was determined by adding the individual c
butions in quadrature.

In the fits reported below, except for the BEKW(mod) fit, the fits were performed (
the nominal values, (b) to every data set (j) obtained by shifting the measured values
amount given by the systematic uncertainty (j). The statistical uncertainties were inc
in each fit. The fit parameters quoted are those given by the fit to the nominal value
systematic uncretainties were obtained as the square root of the sum of the square
differences between the fit parameters obtained with the nominal set and those o
with the systematic shifts. In the case of conjugated uncertainties (labelled as (a, b)
the averages of the squares of the two uncertainties were taken. For the BEKW(mod)
statistical and systematic uncertainties of the measured values of the diffractive str
function were added in quadrature.

7. Proton structure function F 2 and the total γ ∗p cross section

A prime goal of this analysis is the study of theW andQ2 dependences of the diffractiv
cross section as a function ofMX, and the comparison with thetotal cross section. As
a first step, the total cross section was determined for the same bins inW and Q2 as

55 For four (MX,W,Q2) bins—all of which haveMX = 1.2 GeV andW = 180 or 220 GeV, the fraction o
events in the data without a vertex is above 35%. The fraction of events predicted by the MC for these bin

same to within 7%.
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for the diffractive cross section and using an identical analysis procedure. This min
systematic uncertainties and allows the most direct comparison of the two cross sec

The differential cross section for inclusiveep scattering mediated by virtual photo
exchange is given in terms of the structure functionsFi of the proton by

(4)
d2σ e−p

dx dQ2
= 2πα2

xQ4

[
YF2

(
x,Q2) − y2FL

(
x,Q2)](1+ δr

(
x,Q2)),

whereY = 1+ (1− y)2, F 2 is the main component of the cross section which in the
factorisation scheme corresponds to the sum of the momentum densities of the qua
antiquarks weighted by the squares of their charges,FL is the longitudinal structure func
tion andδr is a term accounting for radiative corrections. In theQ2 range considered i
this analysis,Q2 < 80 GeV2, the contributions fromZ0 exchange andZ0–γ interference
are well below 1% and were ignored. The contribution ofFL to the cross section relative
that fromF 2 is given by(y2/Y ) · (FL/F2). For the determination ofF 2, theFL contribu-
tion was taken from the QCD fits to the structure function data obtained by ZEUS[2] and
H1 [46], which may be approximated byFL = 0.2F2. The contribution ofFL to the cross
section in the highesty (= lowestx) bin of this analysis was 3.8%, decreasing to 1.5%
the next highesty-bin. For the other bins, theFL contribution is below 1%. The uncertai
ties of theFL corrections were estimated to be below 20%; the resulting uncertainti
F 2 are below 1%.

The measuredF 2 values are listed inTable 2and shown inFig. 11. The data are com
pared to the predictions of the ZEUS QCD fit[2] obtained from the previous ZEUSF 2
measurements[20]. The fit describes the data well. The proton structure function,F 2,
rises rapidly asx → 0 for all values ofQ2, the slope increasing asQ2 increases.

The form:

(5)F2 = c · x−λ,

was fitted for everyQ2 bin to theF 2 data. Hereλ is related to the intercept of the pomer
trajectory,λ = αP(0)− 1. For later comparison with the diffractive results, theseαP values
will be referred to asαtot

P
. The resulting values forc and αtot

P
(0) are listed inTable 3.

Within errors,c is independent ofQ2. Fig. 12 shows thatαtot
P

(0) lies above the ‘sof
pomeron’ value of 1.096+0.012

−0.009 deduced from hadron–hadron scattering data[47,48]; it

rises approximately linearly with lnQ2 from αtot
P

(0) = 1.155± 0.011(stat)+0.007
−0.011(syst) at

Q2 = 2.7 GeV2, to 1.307± 0.019(stat)+0.027
−0.037(syst) at Q2 = 55 GeV2, in agreement with

previous observations[49,50]. A pomeron intercept which changes withQ2 violates the
assumption of single pomeron exchange plus Regge factorisation of the vertex func

The total cross section for virtual photon–proton scattering,σ tot
γ ∗p ≡ σT (x,Q2) +

σL(x,Q2), was extracted from the measurement ofF 2 using the relation

(6)σ tot
γ ∗p = 4π2α

Q2(1− x)
F2

(
x,Q2),

which is valid for 4m2
px2 
 Q2 [51–53]. The total cross-section values are listed inTable 4
for fixedQ2 as a function ofW . The total cross-section multiplied byQ2, shown inFig. 13,
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Table 2
Proton structure functionF 2

Q2 (GeV2) x F2 ± stat± syst

2.7 0.001332 0.574± 0.017+0.044
−0.041

2.7 0.000639 0.668± 0.022+0.046
−0.040

2.7 0.000374 0.706± 0.021+0.038
−0.038

2.7 0.000204 0.747± 0.019+0.047
−0.039

2.7 0.000120 0.827± 0.023+0.045
−0.040

2.7 0.000083 0.888± 0.024+0.041
−0.048

2.7 0.000056 0.965± 0.028+0.042
−0.035

4.0 0.001972 0.624± 0.009+0.036
−0.039

4.0 0.000946 0.700± 0.012+0.042
−0.045

4.0 0.000553 0.775± 0.012+0.070
−0.059

4.0 0.000302 0.843± 0.013+0.043
−0.048

4.0 0.000178 0.913± 0.016+0.047
−0.045

4.0 0.000123 1.018± 0.017+0.042
−0.039

4.0 0.000083 1.091± 0.018+0.041
−0.025

6.0 0.002956 0.633± 0.011+0.030
−0.029

6.0 0.001418 0.743± 0.014+0.044
−0.036

6.0 0.000830 0.820± 0.014+0.053
−0.054

6.0 0.000453 0.910± 0.015+0.033
−0.036

6.0 0.000267 1.021± 0.019+0.029
−0.026

6.0 0.000185 1.100± 0.019+0.024
−0.025

6.0 0.000124 1.231± 0.023+0.025
−0.028

8.0 0.003937 0.665± 0.011+0.010
−0.014

8.0 0.001890 0.771± 0.013+0.024
−0.025

8.0 0.001106 0.868± 0.014+0.070
−0.056

8.0 0.000605 0.959± 0.015+0.017
−0.029

8.0 0.000355 1.085± 0.020+0.016
−0.019

8.0 0.000247 1.196± 0.020+0.025
−0.023

8.0 0.000165 1.305± 0.025+0.025
−0.023

14.0 0.006869 0.656± 0.008+0.015
−0.017

14.0 0.003303 0.802± 0.011+0.027
−0.031

14.0 0.001934 0.887± 0.011+0.075
−0.065

14.0 0.001058 1.026± 0.013+0.028

−0.034
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Table 2 (continued)

Q2 (GeV2) x F2 ± stat± syst

14.0 0.000622 1.151± 0.017+0.012
−0.015

14.0 0.000432 1.257± 0.019+0.018
−0.023

14.0 0.000289 1.398± 0.023+0.020
−0.033

27.0 0.013160 0.597± 0.011+0.019
−0.024

27.0 0.006351 0.781± 0.016+0.030
−0.029

27.0 0.003724 0.888± 0.017+0.080
−0.072

27.0 0.002038 1.060± 0.020+0.046
−0.046

27.0 0.001199 1.190± 0.026+0.012
−0.023

27.0 0.000833 1.293± 0.028+0.015
−0.005

27.0 0.000557 1.460± 0.033+0.017
−0.026

55.0 0.026450 0.609± 0.017+0.014
−0.011

55.0 0.012850 0.720± 0.021+0.024
−0.027

55.0 0.007556 0.826± 0.022+0.061
−0.048

55.0 0.004142 0.927± 0.023+0.056
−0.048

55.0 0.002439 1.083± 0.033+0.019
−0.017

55.0 0.001695 1.274± 0.036+0.017
−0.020

55.0 0.001135 1.462± 0.043+0.025
−0.024

Table 3
The results of the fits ofF 2 data forx < 0.01 in bins ofQ2 to F2(x,Q2) = c · x−λ, whereαtot

P
(0) = 1+ λ

Q2 (GeV2) c ± stat± syst αtot
P

(0) ± stat± syst

2.7 0.206± 0.019+0.025
−0.017 1.155± 0.011+0.007

−0.011

4.0 0.209± 0.010+0.027
−0.028 1.174± 0.006+0.014

−0.012

6.0 0.195± 0.009+0.022
−0.019 1.202± 0.006+0.010

−0.011

8.0 0.206± 0.009+0.016
−0.015 1.211± 0.006+0.009

−0.009

14.0 0.207± 0.007+0.019
−0.017 1.233± 0.005+0.010

−0.011

27.0 0.215± 0.014+0.037
−0.029 1.255± 0.010+0.020

−0.021

55.0 0.178± 0.020+0.049
−0.028 1.307± 0.019+0.027

−0.037

Table 4
Totalγ ∗p cross sectionσ tot

γ ∗p

Q2 (GeV2) W (GeV) σ tot
γ ∗p

± stat± syst (µb)

2.7 45.0 23.88±0.70+1.82
−1.73

2.7 65.0 27.75±0.93+1.92
−1.67
(continued on next page)
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Table 4 (continued)

Q2 (GeV2) W (GeV) σ tot
γ ∗p

± stat± syst (µb)

2.7 85.0 29.33±0.89+1.58
−1.56

2.7 115.0 31.03±0.80+1.95
−1.64

2.7 150.0 34.38±0.97+1.86
−1.67

2.7 180.0 36.91±1.01+1.69
−1.98

2.7 220.0 40.09±1.18+1.73
−1.46

4.0 45.0 17.53±0.26+1.01
−1.11

4.0 65.0 19.66±0.33+1.18
−1.27

4.0 85.0 21.73±0.35+1.97
−1.65

4.0 115.0 23.64±0.36+1.20
−1.34

4.0 150.0 25.61±0.44+1.32
−1.27

4.0 180.0 28.55±0.46+1.17
−1.10

4.0 220.0 30.60±0.52+1.14
−0.71

6.0 45.0 11.88±0.20+0.56
−0.55

6.0 65.0 13.91±0.26+0.82
−0.68

6.0 85.0 15.34±0.27+0.99
−1.01

6.0 115.0 17.02±0.28+0.62
−0.67

6.0 150.0 19.09±0.35+0.54
−0.49

6.0 180.0 20.57±0.36+0.45
−0.47

6.0 220.0 23.02±0.44+0.47
−0.52

8.0 45.0 9.36±0.15+0.15
−0.20

8.0 65.0 10.84±0.19+0.33
−0.36

8.0 85.0 12.19±0.20+0.98
−0.79

8.0 115.0 13.45±0.21+0.24
−0.41

8.0 150.0 15.22±0.28+0.22
−0.26

8.0 180.0 16.77±0.29+0.35
−0.32

8.0 220.0 18.30±0.35+0.35
−0.32

14.0 45.0 5.29±0.07+0.12
−0.13

14.0 65.0 6.45±0.09+0.22
−0.25

14.0 85.0 7.12±0.09+0.60
−0.53

14.0 115.0 8.23±0.10+0.22
−0.27

14.0 150.0 9.23±0.14+0.09
−0.12

14.0 180.0 10.08±0.15+0.14
−0.18

14.0 220.0 11.20±0.18+0.16

−0.26
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Table 4 (continued)

Q2 (GeV2) W (GeV) σ tot
γ ∗p

± stat± syst (µb)

27.0 45.0 2.51±0.05+0.08
−0.10

27.0 65.0 3.26±0.07+0.13
−0.12

27.0 85.0 3.70±0.07+0.33
−0.30

27.0 115.0 4.41±0.08+0.19
−0.19

27.0 150.0 4.95±0.11+0.05
−0.10

27.0 180.0 5.38±0.12+0.06
−0.02

27.0 220.0 6.07±0.14+0.07
−0.11

55.0 45.0 1.28±0.04+0.03
−0.02

55.0 65.0 1.49±0.04+0.05
−0.06

55.0 85.0 1.70±0.05+0.13
−0.10

55.0 115.0 1.90±0.05+0.11
−0.10

55.0 150.0 2.21±0.07+0.04
−0.03

55.0 180.0 2.60±0.07+0.03
−0.04

55.0 220.0 2.99±0.09+0.05
−0.05

Fig. 11. The proton structure functionF 2 determined in this analysis for theQ2 values indicated. The inne
error bars show the statistical uncertainties and the full bars the statistical and systematic uncertainties

quadrature. The line shows the result of ZEUS QCD fit with its uncertainty band.
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statisti-

ical and
Fig. 12. The intercepts of the pomeron trajectory,αtot
P

(0) and αdiff
P

(0), as a function ofQ2, obtained from

the W dependences of the totalγ ∗p cross section and of the diffractive cross section,dσdiff
γ ∗p→XN

/dMX for
2 < MX < 15 GeV. The inner error bars show the statistical uncertainties and the full bars the combined
cal and systematic uncertainties. TheαP(0) values for the latter were corrected for thet dependence ofαdiff

P
. The

cross-hatched band shows the expectation for the soft pomeron.

Fig. 13. The total virtual photon–proton cross section,σ tot
γ ∗p

, multiplied byQ2, as a function ofW , for theQ2

intervals indicated. The inner error bars show the statistical uncertainties and the full bars the statist
systematic uncertainties added in quadrature. For better visibility, the points for adjacent values ofQ2 were

shifted inW by zero,+1.5 GeV or−1.5 GeV.
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exhibits a strong rise withW , becoming steeper asQ2 increases. This behaviour ofσ tot
γ ∗p

reflects thex dependence ofF 2 asx → 0, viz.σ tot
γ ∗p ∝ W2(αtot

P
(0)−1).

8. Diffractive cross section

The cross section for diffractive scattering viaep → eXN can be expressed in terms
the transverse(T ) and longitudinal(L) cross sections,σ diff

T andσ diff
L , for γ ∗p → XN as

dσ diff
γ ∗p→XN(MX,W,Q2)

dMX

≡ d(σ diff
T + σ diff

L )

dMX

(7)≈ 2π

α

Q2

(1− y)2 + 1

dσ diff
ep→eXN(MX,W,Q2)

dMX d lnW2 dQ2
.

Here, a term(1 − y2/[1 + (1 − y)2])σ diff
L /(σ diff

T + σ diff
L ) multiplying (σ diff

T + σ diff
L ) has

been neglected[51–53]. Sincey ≈ W2/s, this approximation reduces the cross section
less than 4% forW < 200 GeV, and by less than 8% in the highestW bin, 200–245 GeV
if σ diff

L � σ diff
T .56

The diffractive cross sectiondσ diff/dMX for γ ∗p → XN , whereMN < 2.3 GeV, is
presented inTables 5–10andFig. 14, after transporting the measured cross sections to
reference values (MX,W,Q2) using the BEKW(mod) fit (see Section9.3).

These diffractive cross sections do not include contributions from deeply virtual C
ton scattering,γ ∗p → γp (DVCS). The DVCS cross sections in the region 5< Q2 <

30 GeV2, 40< W < 140 GeV have been measured by the ZEUS Collaboration[55] and
are between 2 and 4% ofσ diff

γ ∗p→XN(0.28< MX < 2 GeV).

8.1. W dependence of the diffractive cross section

As seen inFig. 14, for the binMX = 1.2 GeV, the diffractive cross section,dσ diff/dMX,
shows only a modest increase withW . For higherMX values, a rise withW is observed
for Q2 � 4 GeV2. TheW dependence was quantified by fitting the form

(8)
dσ diff

γ ∗p→XN

dMX

= h ·
(

W

W0

)adiff

,

56 The relative contribution to diffractive production by longitudinal photons is expected to be small[11,45]

except for the production of vector mesons,γ ∗p → V N . The processesγ ∗p → V N , V = ρ0,ω,φ, contribute
about 40–60% of the diffractive cross section measured in the lowestMX bin (0.28< MX < 2 GeV) and are
dominated by longitudinal photons. Assuming that these were the only contributions from longitudinal ph
extrapolation of the cross sections forγ ∗p → Vp measured atW < 150 GeV[36,37,54]to higherW gives an
effect of the order of 3% at 7< Q2 < 27 GeV2 andW = 180 GeV. This estimate assumed the same fractio
nucleon dissociation forγ ∗p → V N as for inclusive diffraction. The measured data onJ/Ψ production indicate
that this process contributes less than 10% of the diffractive cross section in the binMX = 2–4 GeV and therefore

even smaller corrections are expected for thisMX bin.
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Table 5
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 1.2 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
1.2 2.7 45.0 773.8±76.0+109.5

−79.8

1.2 2.7 65.0 908.4±89.8+141.2
−112.6

1.2 2.7 85.0 952.8± 89.0+85.3
−79.8

1.2 2.7 115.0 958.2± 73.7+99.7
−86.0

1.2 2.7 150.0 1010.0±86.6+113.0
−115.7

1.2 2.7 180.0 872.3±85.1+145.2
−87.9

1.2 4.0 45.0 388.4± 22.7+39.9
−54.2

1.2 4.0 65.0 423.0± 27.4+56.6
−63.0

1.2 4.0 85.0 485.4± 31.0+69.4
−64.8

1.2 4.0 115.0 564.2± 32.1+60.3
−56.1

1.2 4.0 150.0 481.7± 33.9+64.4
−48.5

1.2 4.0 180.0 603.7± 40.4+53.4
−63.2

1.2 4.0 220.0 471.1±48.9+141.3
−72.5

1.2 6.0 45.0 164.0± 14.0+17.4
−20.9

1.2 6.0 65.0 192.5± 17.7+43.4
−19.7

1.2 6.0 85.0 193.6± 17.7+21.8
−22.5

1.2 6.0 115.0 211.2± 17.4+20.2
−28.8

1.2 6.0 150.0 256.2± 22.6+27.6
−24.8

1.2 6.0 180.0 223.6± 20.7+31.2
−19.5

1.2 6.0 220.0 254.3± 27.7+46.8
−47.6

1.2 8.0 45.0 106.0± 8.2+11.1
−12.2

1.2 8.0 65.0 120.5± 8.7+16.8
−15.4

1.2 8.0 85.0 125.7± 9.3+19.6
−15.3

1.2 8.0 115.0 142.7± 10.3+15.2
−14.2

1.2 8.0 150.0 151.7± 12.6+12.9
−13.1

1.2 8.0 180.0 174.2± 13.4+12.6
−24.0

1.2 8.0 220.0 141.2± 14.2+27.2
−15.5

1.2 14.0 45.0 31.6± 2.3+4.3
−3.6

1.2 14.0 65.0 30.4± 2.4+3.9
−4.5

1.2 14.0 85.0 40.3± 2.7+5.6
−6.9

1.2 14.0 115.0 39.0± 2.8+4.1
−3.4
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Table 5 (continued)

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
1.2 14.0 150.0 41.9± 3.5+3.3

−4.7

1.2 14.0 180.0 30.8± 3.0+3.6
−3.4

1.2 14.0 220.0 52.9± 5.0+6.0
−5.5

1.2 27.0 45.0 6.3± 1.0+0.5
−1.2

1.2 27.0 65.0 5.4± 1.1+1.0
−0.6

1.2 27.0 85.0 8.8± 1.3+1.4
−1.6

1.2 27.0 115.0 4.7± 1.1+0.9
−0.9

1.2 27.0 150.0 12.0± 2.2+0.9
−3.8

1.2 27.0 180.0 7.9± 1.8+1.4
−1.6

1.2 27.0 220.0 9.6± 2.0+2.0
−1.0

1.2 55.0 45.0 1.1± 0.4+0.3
−0.4

1.2 55.0 65.0 1.3± 0.6+0.2
−0.2

1.2 55.0 85.0 0.5± 0.3+0.5
−0.1

1.2 55.0 115.0 1.2± 0.4+0.1
−0.2

1.2 55.0 150.0 1.5± 0.9+1.0
−0.3

1.2 55.0 220.0 1.4± 0.7+0.2
−0.9

Table 6
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 3.0 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
3.0 2.7 45.0 502.7± 50.8+52.8

−50.1

3.0 2.7 65.0 476.5± 57.8+30.7
−38.4

3.0 2.7 85.0 501.7± 58.9+63.1
−38.2

3.0 2.7 115.0 555.6± 58.0+45.3
−44.8

3.0 2.7 150.0 772.0± 72.4+40.4
−59.4

3.0 2.7 180.0 802.8± 68.8+81.8
−76.6

3.0 4.0 45.0 332.2± 20.5+29.0
−16.3

3.0 4.0 65.0 363.4± 24.8+35.8
−39.2

3.0 4.0 85.0 372.9± 26.1+30.8
−37.7

3.0 4.0 115.0 411.0± 27.8+24.5
−28.5

3.0 4.0 150.0 502.6± 34.6+50.4
−30.3

3.0 4.0 180.0 619.8± 37.2+37.3
−39.5
(continued on next page)
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Table 6 (continued)

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
3.0 4.0 220.0 574.4± 37.8+47.3

−47.3

3.0 6.0 45.0 228.1± 16.5+19.6
−25.9

3.0 6.0 65.0 249.4± 20.4+24.9
−10.6

3.0 6.0 85.0 297.6± 24.0+22.7
−22.6

3.0 6.0 115.0 276.5± 20.0+12.0
−11.4

3.0 6.0 150.0 389.4± 29.5+10.1
−20.5

3.0 6.0 180.0 423.0± 30.5+21.0
−26.0

3.0 6.0 220.0 389.1± 30.7+18.0
−26.5

3.0 8.0 45.0 160.4± 9.8+3.4
−5.2

3.0 8.0 65.0 180.1± 11.5+12.1
−22.2

3.0 8.0 85.0 205.8± 12.5+25.1
−13.1

3.0 8.0 115.0 205.0± 12.1+6.3
−8.2

3.0 8.0 150.0 246.4± 16.0+17.6
−17.2

3.0 8.0 180.0 228.0± 15.0+19.4
−6.4

3.0 8.0 220.0 265.3± 17.5+19.2
−16.1

3.0 14.0 45.0 61.0± 3.5+2.8
−4.2

3.0 14.0 65.0 67.3± 3.8+7.4
−5.0

3.0 14.0 85.0 80.2± 4.2+13.2
−9.1

3.0 14.0 115.0 88.0± 4.5+2.3
−5.7

3.0 14.0 150.0 88.8± 5.6+7.3
−3.6

3.0 14.0 180.0 103.6± 6.2+11.3
−9.4

3.0 14.0 220.0 114.1± 7.4+9.9
−7.9

3.0 27.0 45.0 10.4± 1.4+1.6
−1.2

3.0 27.0 65.0 16.4± 1.9+4.2
−2.2

3.0 27.0 85.0 19.8± 2.0+3.3
−3.8

3.0 27.0 115.0 23.4± 2.2+2.3
−2.1

3.0 27.0 150.0 28.0± 3.1+2.5
−3.4

3.0 27.0 180.0 28.5± 3.3+4.5
−2.1

3.0 27.0 220.0 34.4± 3.4+3.8
−4.0

3.0 55.0 65.0 2.5± 0.7+0.5
−0.1

3.0 55.0 85.0 4.0± 0.8+0.3
−0.5

3.0 55.0 115.0 4.0± 0.9+0.9
−0.4
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Table 6 (continued)

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
3.0 55.0 150.0 4.1± 1.1+1.5

−0.8

3.0 55.0 180.0 6.0± 1.2+0.6
−1.5

3.0 55.0 220.0 6.6± 1.4+1.5
−1.0

Table 7
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 6.0 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
6.0 2.7 65.0 221.5± 26.2+11.1

−11.5

6.0 2.7 85.0 262.7± 28.4+17.5
−13.3

6.0 2.7 115.0 278.8± 27.8+35.3
−26.6

6.0 2.7 150.0 270.8± 30.3+23.5
−30.4

6.0 2.7 180.0 313.3± 30.1+24.0
−29.9

6.0 4.0 45.0 151.5± 24.6+16.8
−11.3

6.0 4.0 65.0 155.3± 13.0+16.5
−13.4

6.0 4.0 85.0 182.8± 13.6+28.1
−18.1

6.0 4.0 115.0 182.1± 13.3+9.6
−16.5

6.0 4.0 150.0 217.5± 16.7+10.4
−18.1

6.0 4.0 180.0 239.1± 16.4+17.6
−12.0

6.0 4.0 220.0 265.0± 17.0+11.9
−23.8

6.0 6.0 45.0 93.1± 17.4+13.4
−12.2

6.0 6.0 65.0 124.3± 11.7+9.3
−10.5

6.0 6.0 85.0 129.5± 10.9+3.4
−12.3

6.0 6.0 115.0 125.5± 10.0+6.3
−2.9

6.0 6.0 150.0 166.2± 13.4+10.8
−11.4

6.0 6.0 180.0 160.5± 12.0+8.1
−10.5

6.0 6.0 220.0 190.2± 13.5+10.7
−4.7

6.0 8.0 45.0 78.0± 14.4+7.4
−5.5

6.0 8.0 65.0 85.8± 6.9+6.3
−5.8

6.0 8.0 85.0 98.9± 6.2+12.1
−7.6

6.0 8.0 115.0 108.3± 6.4+2.3
−4.8

6.0 8.0 150.0 106.5± 7.3+5.5
−6.2

6.0 8.0 180.0 128.0± 7.9+8.9
−7.1
(continued on next page)
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Table 7 (continued)

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
6.0 8.0 220.0 141.2± 8.8+4.5

−7.7

6.0 14.0 65.0 45.6± 3.3+4.8
−4.8

6.0 14.0 85.0 55.9± 2.8+7.1
−5.5

6.0 14.0 115.0 57.3± 2.8+0.9
−5.4

6.0 14.0 150.0 64.9± 3.6+2.9
−1.8

6.0 14.0 180.0 73.8± 3.9+2.3
−2.0

6.0 14.0 220.0 73.9± 4.2+4.5
−3.0

6.0 27.0 65.0 19.1± 2.1+1.4
−2.1

6.0 27.0 85.0 24.2± 1.8+2.8
−3.3

6.0 27.0 115.0 27.3± 2.1+1.6
−3.3

6.0 27.0 150.0 28.7± 2.5+0.8
−1.0

6.0 27.0 180.0 34.8± 2.9+0.5
−2.2

6.0 27.0 220.0 40.8± 3.0+1.2
−2.7

6.0 55.0 65.0 4.2± 1.0+0.7
−0.5

6.0 55.0 85.0 5.9± 0.9+1.7
−0.9

6.0 55.0 115.0 8.0± 0.9+0.4
−1.1

6.0 55.0 150.0 6.7± 1.1+1.8
−0.8

6.0 55.0 180.0 12.4± 1.4+0.4
−1.4

6.0 55.0 220.0 10.4± 1.4+0.7
−0.9

Table 8
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 11.0 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
11.0 2.7 85.0 126.3± 27.1+24.3

−8.3

11.0 2.7 115.0 141.3± 17.1+14.0
−12.3

11.0 2.7 150.0 124.7± 16.5+15.3
−8.3

11.0 2.7 180.0 148.7± 15.4+4.5
−17.9

11.0 2.7 220.0 151.4± 16.4+19.4
−3.4

11.0 4.0 85.0 70.7± 16.8+11.1
−11.4

11.0 4.0 115.0 92.5± 10.4+8.2
−6.0

11.0 4.0 150.0 104.1± 9.1+5.0
−10.8
+7.5
11.0 4.0 180.0 98.3± 7.7−4.0
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MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
11.0 4.0 220.0 106.9± 8.1+4.1

−7.4

11.0 6.0 85.0 51.9± 12.8+12.9
−6.0

11.0 6.0 115.0 72.2± 7.4+1.2
−8.1

11.0 6.0 150.0 68.0± 6.8+4.4
−3.7

11.0 6.0 180.0 79.1± 6.8+3.0
−4.3

11.0 6.0 220.0 97.9± 7.8+2.9
−3.9

11.0 8.0 85.0 49.2± 9.9+4.5
−8.8

11.0 8.0 115.0 60.9± 5.4+3.4
−1.2

11.0 8.0 150.0 58.2± 4.7+2.6
−0.3

11.0 8.0 180.0 61.7± 4.6+1.1
−3.2

11.0 8.0 220.0 69.6± 5.0+5.3
−1.1

11.0 14.0 85.0 30.5± 5.7+5.5
−4.9

11.0 14.0 115.0 32.0± 2.8+1.2
−2.5

11.0 14.0 150.0 34.2± 2.4+0.6
−1.4

11.0 14.0 180.0 37.7± 2.3+2.0
−1.6

11.0 14.0 220.0 43.1± 2.7+1.5
−1.0

11.0 27.0 85.0 11.9± 3.2+3.1
−1.5

11.0 27.0 115.0 12.6± 1.8+1.8
−0.4

11.0 27.0 150.0 14.0± 1.6+0.9
−0.9

11.0 27.0 180.0 15.6± 1.6+1.7
−0.8

11.0 27.0 220.0 22.4± 1.7+0.6
−1.8

11.0 55.0 115.0 7.2± 1.0+0.4
−0.7

11.0 55.0 150.0 7.1± 1.0+0.8
−0.6

11.0 55.0 180.0 8.8± 1.0+0.8
−0.1

11.0 55.0 220.0 10.1± 1.2+0.4
−0.6

Table 9
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 20.0 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
20.0 2.7 150.0 81.8± 24.0+8.6

−4.4

20.0 2.7 180.0 68.1± 13.3+8.3
−3.1
(continued on next page)
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ribed by
Table 9 (continued)

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
20.0 2.7 220.0 107.1± 13.4+8.8

−6.7

20.0 4.0 150.0 48.0± 15.2+3.7
−4.7

20.0 4.0 180.0 57.1± 9.3+4.8
−3.5

20.0 4.0 220.0 66.9± 6.9+3.8
−2.6

20.0 6.0 150.0 40.9± 11.1+5.2
−4.0

20.0 6.0 180.0 42.5± 7.0+0.7
−6.0

20.0 6.0 220.0 48.0± 5.2+3.2
−4.2

20.0 8.0 150.0 31.3± 8.2+2.6
−2.5

20.0 8.0 180.0 41.1± 5.5+0.9
−4.3

20.0 8.0 220.0 39.6± 4.2+1.4
−4.7

20.0 14.0 150.0 17.8± 4.9+2.3
−1.9

20.0 14.0 180.0 21.1± 3.1+0.8
−1.2

20.0 14.0 220.0 23.9± 2.3+1.0
−0.9

20.0 27.0 180.0 10.2± 1.9+0.5
−0.7

20.0 27.0 220.0 10.7± 1.4+1.0
−0.4

20.0 55.0 150.0 4.2± 1.4+0.9
−1.0

20.0 55.0 180.0 3.7± 1.0+0.4
−0.5

20.0 55.0 220.0 4.7± 0.9+1.1
−0.3

Table 10
Cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, forMX = 30.0 GeV in bins ofW andQ2

MX (GeV) Q2 (GeV2) W (GeV)
dσdiff

γ ∗p→XN

dMX
± stat± syst

( nb
GeV

)
30.0 2.7 220.0 63.3± 18.6+9.2

−6.1

30.0 4.0 220.0 41.3± 11.8+1.5
−5.0

30.0 6.0 220.0 29.3± 8.8+4.5
−3.4

30.0 8.0 220.0 23.2± 7.4+4.6
−1.1

30.0 14.0 220.0 16.9± 4.5+1.7
−1.1

30.0 27.0 220.0 6.8± 2.4+0.7
−0.8

to the data for each(MX,Q2) bin with MX < 15 GeV; hereW0 = 1 GeV andh, adiff are
free parameters. Under the assumption that the diffractive cross section can be desc

the exchange of a single pomeron, the parameteradiff is related to the pomeron trajectory
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Fig. 14. The differential cross sections,dσdiff
γ ∗p→XN

/dMX , MN < 2.3 GeV, as a function ofW for bins ofMX

andQ2. The inner error bars show the statistical uncertainties and the full bars the statistical and sys
uncertainties added in quadrature.

averaged overt : αP = 1 + adiff/4. In the framework of Regge phenomenology, the cr
section for diffractive scattering can be written as[56],

(9)
dσ

dt
= f (t) · e2(αP(t)−1)·ln(s/s0),

where t is the four-momentum-transfer squared fromγ ∗ to X, f (t) characterises th
t-dependences of the (γ ∗

Pγ ∗) and (pPN ) vertices, ands0 = 1 GeV2. In the present mea
surement, the diffractive cross section is integrated overt , providing t-averaged value
αP. Assumingdσ/dt ∝ eA·t and αP(t) = αP(0) + α′

P
· t , leads toαP(0) = αP + α′

P
/A.
Taking A = 7.9 ± 0.5(stat)+0.9
−0.5(syst) GeV−2, as measured by this experiment with the
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. It
leading proton spectrometer[7],57 andα′
P

= 0.25 GeV−2 [47], givesαP(0) ≈ αP + 0.03=
1.03+ adiff/4. TheαP(0) values deduced from diffractive cross sections are denote
αdiff

P
(0).

The resultingαdiff
P

(0) values are listed inTable 11and shown inFig. 15as a function
of Q2 for different MX intervals. ForMX below 2 GeV,αdiff

P
(0) is compatible with the

soft pomeron. For largerMX, αdiff
P

(0) lies above the soft-pomeron result, the differen
increasing withQ2.

Fig. 12compares theQ2 dependence ofαtot
P

(0) with αdiff
P

(0) deduced from the diffrac
tive cross section for 2< MX < 15 GeV. Both sets of results lie above the soft-pome
result and show a rise withQ2. Theαdiff

P
(0) values lie, however, consistently below tho

obtained fromσ tot
γ ∗p, or equivalentlyF 2, with [αdiff

P
(0) − 1]/[αtot

P
(0) − 1] ≈ 0.5–0.7. Thus,

theW dependences of the total and diffractive cross sections yield different pomero
jectories.

8.2. CombinedW andQ2 dependence of the diffractive cross section

The assumption of Regge factorisation requires that the pomeron trajectory be in
dent ofQ2 if diffractive scattering is to be described by the exchange of a single pom
As a consequence, theW dependence of the diffractive cross section should also be
pendent ofQ2. In order to test this hypothesis with the full body of data, the form

(10)
dσ diff

γ ∗p
dMX

= c
(
MX,Q2) ·

(
W

W0

)4(αP(Q2)−1)

,

was fitted to the diffractive cross section; hereW0 = 1 GeV. The valuesαP(Q2) and the
constantsc(MX,Q2) were determined from the fit. In this way, theQ2 dependence of th
W dependence of the diffractive cross section was tested independently of its (MX,Q2)
dependence. Since the diffractive cross section forMX < 2 GeV receives a substanti
contribution from the processγ ∗p → ρ0p, which is dominated by longitudinal photon
and since theW range covered forMX > 15 GeV is rather limited, the fitting was don
for the data with 2< MX < 15 GeV. In total, 126 diffractive cross-section measurem
were included. There are 25 free parameters: fourαP values for four bins ofQ2, and 21
constantsc(MX,Q2) for threeMX bins (2–4, 4–8, 8–15 GeV) and the corresponding se
Q2 bins.

The results obtained are presented inTable 12and shown inFig. 16. Within errors,
αdiff

P
(0) is constant forQ2 between 2.7 and 20 GeV2 (〈Q2〉 = 7.8 GeV2) but has a substan

tially larger value forQ2 between 20 and 80 GeV2 (〈Q2〉 = 34.6 GeV2).
The statistical significance of the rise ofαdiff

P
(0) with Q2 was determined by a fi

with the following free parameters: the normalisation constants for the four bin

Q2, a single value ofαdiff
P

(0) averaged over 2.7 < Q2 < 20 GeV2 and the difference

57 This value ofA has been determined forxP < 0.01, where diffraction is dominant in the ZEUS LPS data

is assumed thatA for the diffractive contribution remains the same in the region 0.01< xP < 0.022.
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Table 11
The value ofαdiff

P
(0) for MX andQ2 bins

MX (GeV) Q2 (GeV2) αdiff
P

(0) ± stat± syst

1.2 2.7 1.058± 0.019+0.017
−0.018

1.2 4.0 1.085± 0.012+0.024
−0.014

1.2 6.0 1.095± 0.016+0.015
−0.012

1.2 8.0 1.095± 0.014+0.015
−0.013

1.2 14.0 1.074± 0.015+0.016
−0.011

1.2 27.0 1.095± 0.038+0.024
−0.014

1.2 55.0 1.087± 0.113+0.042
−0.080

3.0 2.7 1.130± 0.024+0.021
−0.010

3.0 4.0 1.130± 0.012+0.015
−0.016

3.0 6.0 1.128± 0.014+0.013
−0.015

3.0 8.0 1.103± 0.011+0.012
−0.005

3.0 14.0 1.125± 0.011+0.015
−0.013

3.0 27.0 1.201± 0.019+0.017
−0.018

3.0 55.0 1.202± 0.057+0.013
−0.030

6.0 2.7 1.099± 0.032+0.008
−0.021

6.0 4.0 1.131± 0.017+0.015
−0.020

6.0 6.0 1.126± 0.019+0.017
−0.010

6.0 8.0 1.121± 0.016+0.015
−0.015

6.0 14.0 1.125± 0.014+0.026
−0.021

6.0 27.0 1.170± 0.021+0.020
−0.019

6.0 55.0 1.208± 0.038+0.022
−0.024

11.0 2.7 1.074± 0.049+0.019
−0.033

11.0 4.0 1.098± 0.041+0.019
−0.023

11.0 6.0 1.170± 0.046+0.022
−0.023

11.0 8.0 1.097± 0.038+0.026
−0.020

11.0 14.0 1.138± 0.036+0.030
−0.012

11.0 27.0 1.248± 0.058+0.023
−0.066

11.0 55.0 1.181± 0.070+0.021
−0.022


αP ≡ αdiff
P

(0; 〈Q2〉 = 34.6 GeV2) − αdiff
P

(0; 〈Q2〉 = 7.8 GeV2). Considering all system
atic uncertainties and their correlations, the fit yielded:

diff ( 〈 2〉 2) +0.0132
 (11)α
P

0; Q = 7.8 GeV = 1.1220± 0.0046(stat)−0.0114(syst)
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Table 12
The values ofαdiff

P
(0) for 2< MX < 15 GeV

Q2 range (GeV2) 〈Q2〉 (GeV2) αdiff
P

(0) ± stat± syst

2.2–5 3.6 1.125± 0.009+0.013
−0.013

5–10 7.2 1.117± 0.007+0.013
−0.010

10–20 14.0 1.126± 0.009+0.016
−0.013

2.2–20 8.3 1.122± 0.005+0.013
−0.011

20–80 34.4 1.193± 0.013+0.016
−0.019

Fig. 15. The interceptαdiff
P

(0), obtained from fitting the diffractive cross section,dσdiff
γ ∗p→XN

(MX,W,

Q2)/dMX , as a function ofQ2 for the differentMX bins. The inner error bars show the statistical uncert
ties and the full bars the combined statistical and systematic uncertainties. The cross-hatched band s
expectation for the soft pomeron, see text.

and

(12)
αdiff
P

= 0.0714± 0.0140(stat)+0.0047
−0.0100(syst).

The addition of the statistical and systematic uncertainties in quadrature gives

diff +0.0147
 (13)
α
P

= 0.0714−0.0172.
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Table 13
The values ofαdiff

P
(0) for 2< MX < 15 GeV andxP < 0.01

Q2 range (GeV2) 〈Q2〉 (GeV2) αdiff
P

(0) ± stat± syst

2.2–5 3.6 1.127± 0.009+0.013
−0.013

5–10 7.2 1.115± 0.008+0.013
−0.010

10–20 14.0 1.124± 0.012+0.020
−0.019

2.2–20 8.3 1.121± 0.005+0.014
−0.012

20–80 33.9 1.179± 0.017+0.020
−0.022

Fig. 16. TheQ2 dependence ofαdiff
P

(0) as determined from fitting theW dependence of the diffractiv
cross section for 2< MX < 15 GeV. The inner error bars show the statistical uncertainties and the
bars the combined statistical and systematic uncertainties. The horizontal bars represent the bin wid
open symbol indicates the results which were determined using the diffractive cross section withxP < 0.01.
For better visibility, the points obtained from the sameQ2 range were shifted inQ2 by 4% and−4%.
The dashed line showsαdiff

P
(0) averaged over 2.2 < Q2 < 20 GeV2. The difference
αdiff

P
is defined as

αdiff
P

(0; 〈Q2〉 = 34.6 GeV2) − αdiff
P

(0; 〈Q2〉 = 7.8 GeV2).

The result establishes the rise ofαdiff
P

(0) with Q2, with a significance of 4.2 standa
deviations. Assuming single pomeron exchange, this observation contradicts Reg
torisation.

This experiment, using the LPS[7], obtained for the kinematic regionxP < 0.01,
0.03 < Q2 < 39 GeV2, the valueαdiff

P
(0) = 1.16 ± 0.02(stat) ± 0.02(syst). Restrict-

ing the data in the present analysis toxP < 0.01 givesαdiff
P

(0; 〈Q2〉 = 7.8 GeV2) =
1.1209± 0.0051(stat)+0.0136

−0.0122(syst) and
αdiff
P

= 0.0578± 0.0178(stat)+0.0081
−0.0118(syst) (see

Table 13andFig. 16). The results are consistent with the fit to the full data set and al

agreement with the LPS result.
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Fig. 17. The diffractive cross section multiplied byQ2, Q2dσdiff
γ ∗p→XN

/dMX , MN < 2.3 GeV, for

W = 220 GeV: (a) as a function ofMX for the Q2 intervals indicated; the lines connect the points measu
for the same value ofQ2; (b) as a function ofQ2 for the MX intervals indicated; the lines connect the poi
measured for the same value ofMX . The inner error bars show the statistical uncertainties and the full bar
statistical and systematic uncertainties added in quadrature.

8.3. MX andQ2 dependences of the diffractive cross section at fixedW

The MX andQ2 dependences of the diffractive cross section forW = 220 GeV are
shown inFig. 17. The highest-W region is used since it covers the largest range inMX .
The cross section has been multiplied by a factor ofQ2, since a leading-twist behaviou
would give approximateQ2 independence. For low and mediumQ2, theMX spectrum is
dominated by the production of states withMX < 3 GeV (Fig. 17(a)). The cross sectio
for these states decreases rapidly for higherQ2, consistent with a predominantly highe
twist behaviour. AboveMX = 11 GeV, little dependence onQ2 is observed (Fig. 17(b)),
corresponding to a leading twist behaviour.

8.4. Diffractive contribution to the total cross section

The relationship between the total and diffractive cross sections can be derived

certain assumptions. For instance, the imaginary part of the amplitude for elastic scattering,
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Table 14
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX = 0.28−
2 GeV, to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 45 0.0557± 0.0057+0.0079
−0.0057

2.7 65 0.0563± 0.0059+0.0088
−0.0070

2.7 85 0.0559± 0.0055+0.0050
−0.0047

2.7 115 0.0531± 0.0043+0.0055
−0.0048

2.7 150 0.0505± 0.0046+0.0057
−0.0058

2.7 180 0.0406± 0.0041+0.0068
−0.0041

4.0 45 0.0381± 0.0023+0.0039
−0.0053

4.0 65 0.0370± 0.0025+0.0050
−0.0055

4.0 85 0.0384± 0.0025+0.0055
−0.0051

4.0 115 0.0410± 0.0024+0.0044
−0.0041

4.0 150 0.0323± 0.0023+0.0043
−0.0033

4.0 180 0.0364± 0.0025+0.0032
−0.0038

4.0 220 0.0265± 0.0028+0.0079
−0.0041

6.0 45 0.0238± 0.0021+0.0025
−0.0030

6.0 65 0.0238± 0.0022+0.0054
−0.0024

6.0 85 0.0217± 0.0020+0.0024
−0.0025

6.0 115 0.0213± 0.0018+0.0020
−0.0029

6.0 150 0.0231± 0.0021+0.0025
−0.0022

6.0 180 0.0187± 0.0018+0.0026
−0.0016

6.0 220 0.0190± 0.0021+0.0035
−0.0036

8.0 45 0.0195± 0.0015+0.0020
−0.0022

8.0 65 0.0191± 0.0014+0.0027
−0.0025

8.0 85 0.0177± 0.0013+0.0028
−0.0022

8.0 115 0.0183± 0.0013+0.0019
−0.0018

8.0 150 0.0171± 0.0015+0.0015
−0.0015

8.0 180 0.0179± 0.0014+0.0013
−0.0025

8.0 220 0.0133± 0.0014+0.0026
−0.0015

14.0 45 0.0103± 0.0008+0.0014
−0.0012

14.0 65 0.0081± 0.0006+0.0010
−0.0012

14.0 85 0.0097± 0.0007+0.0014
−0.0017

(continued on next page)
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Table 14 (continued)

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

14.0 115 0.0081± 0.0006+0.0009
−0.0007

14.0 150 0.0078± 0.0007+0.0006
−0.0009

14.0 180 0.0053± 0.0005+0.0006
−0.0006

14.0 220 0.0081± 0.0008+0.0009
−0.0008

27.0 45 0.0043± 0.0007+0.0004
−0.0008

27.0 65 0.0028± 0.0006+0.0005
−0.0003

27.0 85 0.0041± 0.0006+0.0006
−0.0007

27.0 115 0.0018± 0.0004+0.0004
−0.0003

27.0 150 0.0042± 0.0008+0.0003
−0.0013

27.0 180 0.0025± 0.0006+0.0005
−0.0005

27.0 220 0.0027± 0.0006+0.0006
−0.0003

55.0 45 0.0014± 0.0005+0.0005
−0.0005

55.0 65 0.0015± 0.0007+0.0003
−0.0003

55.0 85 0.0005± 0.0003+0.0005
−0.0001

55.0 115 0.0011± 0.0004+0.0001
−0.0002

55.0 150 0.0012± 0.0007+0.0008
−0.0002

55.0 220 0.0008± 0.0004+0.0001
−0.0005

Aγ ∗p→γ ∗p(t,W,Q2), at t = 0 can be assumed to be linked to the total cross section
generalisation of the optical theorem to virtual photon scattering. Assuming thatσ tot

γ ∗p ∝
W2λ and that the elastic and inclusive diffractive amplitudes att = 0 are purely imaginary
and have the sameW andQ2 dependences, thenAγ ∗p→γ ∗p(t = 0,W,Q2) is proportional
to W2λ. Neglecting the real part of the scattering amplitudes, the rise of the diffra
cross section withW should then be proportional toW4λ, so that the ratio of the diffractiv
cross section to the totalγ ∗p cross section,

(14)rdiff
tot ≡ σ diff

σ tot =
∫ Mb

Ma
dMX dσ diff

γ ∗p→XN,MN<2.3 GeV/dMX

σ tot
γ ∗p

should behave asrdiff
tot ∝ W2λ.

The ratiordiff
tot was determined for allMa < MX < Mb bins, with theσ tot

γ ∗p values taken

from this analysis. The ratiordiff
tot is shown inTables 14–19and inFig. 18. The observed

near constancy withW is explained by the dipole saturation model[12,57].
For MX < 2 GeV, rdiff

tot decreases with increasingQ2, while, for MX > 4 GeV, this
decrease becomes weaker, and almost noQ2 dependence is observed forMX > 8 GeV.
Here, the diffractive cross section has approximately the sameW andQ2 dependences a

the total cross section, in agreement with the conclusion drawn fromFig. 12.
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Table 15
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX = 2–4 GeV,
to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 45 0.0421± 0.0044+0.0044
−0.0042

2.7 65 0.0343± 0.0043+0.0022
−0.0028

2.7 85 0.0342± 0.0042+0.0043
−0.0026

2.7 115 0.0358± 0.0039+0.0029
−0.0029

2.7 150 0.0449± 0.0044+0.0023
−0.0035

2.7 180 0.0435± 0.0039+0.0044
−0.0042

4.0 45 0.0379± 0.0024+0.0033
−0.0019

4.0 65 0.0370± 0.0026+0.0036
−0.0040

4.0 85 0.0343± 0.0025+0.0028
−0.0035

4.0 115 0.0348± 0.0024+0.0021
−0.0024

4.0 150 0.0393± 0.0028+0.0039
−0.0024

4.0 180 0.0434± 0.0027+0.0026
−0.0028

4.0 220 0.0375± 0.0026+0.0031
−0.0031

6.0 45 0.0384± 0.0029+0.0033
−0.0044

6.0 65 0.0358± 0.0030+0.0036
−0.0015

6.0 85 0.0388± 0.0032+0.0030
−0.0029

6.0 115 0.0325± 0.0024+0.0014
−0.0013

6.0 150 0.0408± 0.0032+0.0011
−0.0021

6.0 180 0.0411± 0.0030+0.0020
−0.0025

6.0 220 0.0338± 0.0027+0.0016
−0.0023

8.0 45 0.0343± 0.0022+0.0007
−0.0011

8.0 65 0.0332± 0.0022+0.0022
−0.0041

8.0 85 0.0338± 0.0021+0.0041
−0.0022

8.0 115 0.0305± 0.0019+0.0009
−0.0012

8.0 150 0.0324± 0.0022+0.0023
−0.0023

8.0 180 0.0272± 0.0018+0.0023
−0.0008

8.0 220 0.0290± 0.0020+0.0021
−0.0018

14.0 45 0.0230± 0.0014+0.0011
−0.0016

14.0 65 0.0209± 0.0012+0.0023
−0.0015

14.0 85 0.0225± 0.0012+0.0037
−0.0026

14.0 115 0.0214± 0.0011+0.0006
−0.0014
(continued on next page)
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Table 15 (continued)

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

14.0 150 0.0192± 0.0012+0.0016
−0.0008

14.0 180 0.0205± 0.0013+0.0022
−0.0019

14.0 220 0.0204± 0.0014+0.0018
−0.0014

27.0 45 0.0083± 0.0011+0.0013
−0.0010

27.0 65 0.0100± 0.0012+0.0026
−0.0014

27.0 85 0.0107± 0.0011+0.0018
−0.0021

27.0 115 0.0106± 0.0010+0.0010
−0.0010

27.0 150 0.0113± 0.0013+0.0010
−0.0014

27.0 180 0.0106± 0.0013+0.0017
−0.0008

27.0 220 0.0114± 0.0012+0.0012
−0.0013

55.0 65 0.0034± 0.0010+0.0007
−0.0002

55.0 85 0.0047± 0.0010+0.0004
−0.0005

55.0 85 0.0047± 0.0010+0.0004
−0.0005

55.0 115 0.0042± 0.0009+0.0010
−0.0004

55.0 150 0.0037± 0.0010+0.0014
−0.0007

55.0 180 0.0046± 0.0009+0.0005
−0.0012

55.0 220 0.0044± 0.0010+0.0010
−0.0007

Table 16
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX = 4–8 GeV,
to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMX dσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 65 0.0319± 0.0039+0.0016
−0.0017

2.7 85 0.0358± 0.0040+0.0024
−0.0018

2.7 115 0.0359± 0.0037+0.0046
−0.0034

2.7 150 0.0315± 0.0036+0.0027
−0.0035

2.7 180 0.0340± 0.0034+0.0026
−0.0032

4.0 45 0.0346± 0.0056+0.0038
−0.0026

4.0 65 0.0316± 0.0027+0.0034
−0.0027

4.0 85 0.0336± 0.0026+0.0052
−0.0033

4.0 115 0.0308± 0.0023+0.0016
−0.0028
+0.0016
4.0 150 0.0340± 0.0027−0.0028
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Table 16 (continued)

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMX dσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

4.0 180 0.0335± 0.0024+0.0025
−0.0017

4.0 220 0.0346± 0.0023+0.0016
−0.0031

6.0 45 0.0314± 0.0059+0.0045
−0.0041

6.0 65 0.0357± 0.0034+0.0027
−0.0030

6.0 85 0.0338± 0.0029+0.0009
−0.0032

6.0 115 0.0295± 0.0024+0.0015
−0.0007

6.0 150 0.0348± 0.0029+0.0023
−0.0024

6.0 180 0.0312± 0.0024+0.0016
−0.0020

6.0 220 0.0331± 0.0024+0.0019
−0.0008

8.0 45 0.0334± 0.0062+0.0032
−0.0023

8.0 65 0.0317± 0.0026+0.0023
−0.0021

8.0 85 0.0325± 0.0021+0.0040
−0.0025

8.0 115 0.0322± 0.0020+0.0007
−0.0014

8.0 150 0.0280± 0.0020+0.0014
−0.0016

8.0 180 0.0305± 0.0020+0.0021
−0.0017

8.0 220 0.0309± 0.0020+0.0010
−0.0017

14.0 65 0.0283± 0.0021+0.0030
−0.0030

14.0 85 0.0314± 0.0016+0.0040
−0.0031

14.0 115 0.0279± 0.0014+0.0004
−0.0026

14.0 150 0.0281± 0.0016+0.0013
−0.0008

14.0 180 0.0293± 0.0016+0.0009
−0.0008

14.0 220 0.0264± 0.0016+0.0016
−0.0011

27.0 65 0.0234± 0.0026+0.0017
−0.0026

27.0 85 0.0261± 0.0021+0.0030
−0.0036

27.0 115 0.0248± 0.0019+0.0015
−0.0030

27.0 150 0.0232± 0.0020+0.0007
−0.0008

27.0 180 0.0259± 0.0022+0.0004
−0.0016

27.0 220 0.0269± 0.0021+0.0008
−0.0018

55.0 65 0.0112± 0.0027+0.0018
−0.0014

55.0 85 0.0138± 0.0022+0.0041
−0.0021

55.0 115 0.0168± 0.0020+0.0008
−0.0023

55.0 150 0.0120± 0.0020+0.0032
−0.0014

(continued on next page)
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Table 16 (continued)

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMX dσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

55.0 180 0.0190± 0.0023+0.0006
−0.0022

55.0 220 0.0140± 0.0019+0.0009
−0.0013

Table 17
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX =
8–15 GeV, to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 85 0.0302± 0.0065+0.0058
−0.0020

2.7 115 0.0319± 0.0039+0.0032
−0.0028

2.7 150 0.0254± 0.0034+0.0031
−0.0017

2.7 180 0.0282± 0.0030+0.0009
−0.0034

2.7 220 0.0264± 0.0030+0.0034
−0.0006

4.0 85 0.0228± 0.0054+0.0036
−0.0037

4.0 115 0.0274± 0.0031+0.0024
−0.0018

4.0 150 0.0285± 0.0025+0.0014
−0.0029

4.0 180 0.0241± 0.0019+0.0018
−0.0010

4.0 220 0.0244± 0.0019+0.0009
−0.0017

6.0 85 0.0237± 0.0059+0.0059
−0.0028

6.0 115 0.0297± 0.0031+0.0005
−0.0033

6.0 150 0.0249± 0.0025+0.0016
−0.0013

6.0 180 0.0269± 0.0024+0.0010
−0.0015

6.0 220 0.0298± 0.0024+0.0009
−0.0012

8.0 85 0.0283± 0.0057+0.0026
−0.0051

8.0 115 0.0317± 0.0029+0.0018
−0.0006

8.0 150 0.0268± 0.0022+0.0012
−0.0001

8.0 180 0.0257± 0.0020+0.0005
−0.0013

8.0 220 0.0266± 0.0020+0.0020
−0.0004

14.0 85 0.0300± 0.0056+0.0054
−0.0048

14.0 115 0.0272± 0.0024+0.0010
−0.0021

14.0 150 0.0260± 0.0019+0.0004
−0.0011
+0.0014
14.0 180 0.0262± 0.0017−0.0011
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Table 17 (continued)

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

14.0 220 0.0269± 0.0018+0.0009
−0.0006

27.0 85 0.0226± 0.0060+0.0058
−0.0029

27.0 115 0.0200± 0.0030+0.0029
−0.0006

27.0 150 0.0198± 0.0023+0.0013
−0.0012

27.0 180 0.0203± 0.0021+0.0022
−0.0011

27.0 220 0.0258± 0.0021+0.0007
−0.0021

55.0 115 0.0264± 0.0037+0.0014
−0.0025

55.0 150 0.0225± 0.0031+0.0026
−0.0018

55.0 180 0.0237± 0.0028+0.0021
−0.0004

55.0 220 0.0238± 0.0028+0.0009
−0.0015

The ratioσ diff (0.28< MX < 35 GeV, MN < 2.3GeV)/σ tot was evaluated as a functio
of Q2 for the highestW bin (200< W < 245 GeV) which provides the best coverage
MX. The ratio is given inTable 20. At Q2 = 4 GeV2, σ diff/σ tot reaches 15.8+1.2

−1.0%. It

decreases slowly withQ2, reaching 9.6+0.7
−0.7% at Q2 = 27 GeV2. Diffractive processe

thus account for a substantial part of the total deep inelastic cross section.

9. Diffractive structure function of the proton

The diffractive structure function of the proton,F
D(3)
2 (β, xP,Q2), is related to the dif-

fractive cross section forW2 
 Q2 as follows:

(15)
1

2MX

dσ diff
γ ∗p→XN(MX,W,Q2)

dMX

= 4π2α

Q2(Q2 + M2
X)

xPF
D(3)
2

(
β,xP,Q2).

If F
D(3)
2 is interpreted in terms of quark densities, it specifies the probability to find,

proton undergoing a diffractive reaction, a quark carrying a fractionx = βxP of the proton
momentum.

The measurements ofxPF
D(3)
2 are given inTables 21–24as a function ofβ,xP andQ2.

Fig. 19showsxPF
D(3)
2 as a function ofxP for different values ofβ andQ2.

9.1. Comparison with other measurements

The measurements ofxPF
D(3)
2 obtained from this analysis forMN < 2.3 GeV are

consistent with those determined previously by this experiment with theMX method for
MN < 5.5 GeV[5].

The measurements ofxPF
D(3)
2 from this analysis (FPC) have been compared with th
from this experiment determined with the leading proton spectrometer (LPS)[7] and from
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Table 18
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX =
15–25 GeV, to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 150 0.0238± 0.0070+0.0025
−0.0013

2.7 180 0.0184± 0.0036+0.0023
−0.0008

2.7 220 0.0267± 0.0034+0.0022
−0.0017

4.0 150 0.0187± 0.0059+0.0015
−0.0018

4.0 180 0.0200± 0.0033+0.0017
−0.0012

4.0 220 0.0218± 0.0023+0.0012
−0.0008

6.0 150 0.0214± 0.0058+0.0027
−0.0021

6.0 180 0.0206± 0.0034+0.0004
−0.0029

6.0 220 0.0208± 0.0023+0.0014
−0.0018

8.0 150 0.0205± 0.0054+0.0017
−0.0016

8.0 180 0.0245± 0.0033+0.0005
−0.0026

8.0 220 0.0216± 0.0023+0.0007
−0.0026

14.0 150 0.0193± 0.0054+0.0025
−0.0020

14.0 180 0.0210± 0.0031+0.0008
−0.0011

14.0 220 0.0213± 0.0021+0.0009
−0.0008

27.0 180 0.0190± 0.0036+0.0010
−0.0014

27.0 220 0.0176± 0.0024+0.0016
−0.0007

55.0 150 0.0188± 0.0065+0.0039
−0.0047

55.0 180 0.0142± 0.0038+0.0016
−0.0019

55.0 220 0.0157± 0.0029+0.0036
−0.0011

Table 19
Ratio of the cross section for diffractive scattering,γ ∗p → XN , MN < 2.3 GeV, integrated overMX =
25–35 GeV, to the total cross section

Q2 (GeV2) W (GeV)

∫ Mb
Ma

dMXdσdiff
γ ∗p→XN

/dMX

σ tot ± stat± syst

2.7 220 0.0158± 0.0047+0.0023
−0.0015

4.0 220 0.0135± 0.0039+0.0005
−0.0016

6.0 220 0.0127± 0.0038+0.0020
−0.0015

8.0 220 0.0126± 0.0040+0.0025
−0.0006

14.0 220 0.0151± 0.0040+0.0015
−0.0010

27.0 220 0.0111± 0.0039+0.0012

−0.0014
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Table 20
Ratio of the total diffractive cross-section observed to the total cross section,σdiff (0.28< MX < 35 GeV,MN <

2.3 GeV)/σ tot, for 200< W < 245 GeV, at different values ofQ2

Q2 (GeV2) σdiff /σ tot ± stat± syst

4.0 0.158± 0.007+0.009
−0.007

6.0 0.149± 0.007+0.005
−0.005

8.0 0.134± 0.006+0.005
−0.004

14.0 0.118± 0.005+0.003
−0.002

27.0 0.096± 0.006+0.003
−0.004

Fig. 18. The ratio of the diffractive cross section, integrated over theMX intervals indicated,∫ Mb
Ma

dMX dσdiff
γ ∗p→XN,MN <2.3 GeV/dMX , to the totalγ ∗p cross section,rdiff

tot = σdiff /σ tot
γ ∗p

, as a function

of W for theMX andQ2 intervals indicated. The inner error bars show the statistical uncertainties and th

bars the statistical and systematic uncertainties added in quadrature.
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Table 21
The diffractive structure function multiplied byxP, xPF

D(3)
2 (β, xP,Q2) for diffractive scattering,γ ∗p → XN ,

MN < 2.3 GeV, forQ2 = 2.7 and 4.0 GeV2, in bins ofβ andxP

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.6522 0.00204 2.7 0.0321± 0.0032+0.0045
−0.0033

0.6522 0.00098 2.7 0.0377± 0.0037+0.0059
−0.0047

0.6522 0.00057 2.7 0.0396± 0.0037+0.0035
−0.0033

0.6522 0.00031 2.7 0.0398± 0.0031+0.0041
−0.0036

0.6522 0.00018 2.7 0.0419± 0.0036+0.0047
−0.0048

0.6522 0.00013 2.7 0.0362± 0.0035+0.0060
−0.0037

0.2308 0.00577 2.7 0.0236± 0.0024+0.0025
−0.0024

0.2308 0.00277 2.7 0.0224± 0.0027+0.0014
−0.0018

0.2308 0.00162 2.7 0.0236± 0.0028+0.0030
−0.0018

0.2308 0.00088 2.7 0.0261± 0.0027+0.0021
−0.0021

0.2308 0.00052 2.7 0.0362± 0.0034+0.0019
−0.0028

0.2308 0.00036 2.7 0.0377± 0.0032+0.0038
−0.0036

0.0698 0.00915 2.7 0.0172± 0.0020+0.0009
−0.0009

0.0698 0.00535 2.7 0.0204± 0.0022+0.0014
−0.0010

0.0698 0.00293 2.7 0.0216± 0.0022+0.0027
−0.0021

0.0698 0.00172 2.7 0.0210± 0.0024+0.0018
−0.0024

0.0698 0.00119 2.7 0.0243± 0.0023+0.0019
−0.0023

0.0218 0.01711 2.7 0.0171± 0.0037+0.0033
−0.0011

0.0218 0.00935 2.7 0.0191± 0.0023+0.0019
−0.0017

0.0218 0.00550 2.7 0.0169± 0.0022+0.0021
−0.0011

0.0218 0.00382 2.7 0.0201± 0.0021+0.0006
−0.0024

0.0218 0.00256 2.7 0.0205± 0.0022+0.0026
−0.0005

0.0067 0.01790 2.7 0.0198± 0.0058+0.0021
−0.0011

0.0067 0.01243 2.7 0.0165± 0.0032+0.0020
−0.0008

0.0067 0.00832 2.7 0.0260± 0.0032+0.0021
−0.0016

0.0030 0.01865 2.7 0.0229± 0.0067+0.0033
−0.0022

0.7353 0.00268 4.0 0.0314± 0.0018+0.0032
−0.0044

0.7353 0.00129 4.0 0.0342± 0.0022+0.0046
−0.0051

0.7353 0.00075 4.0 0.0392± 0.0025+0.0056
−0.0052

0.7353 0.00041 4.0 0.0456± 0.0026+0.0049
−0.0045

0.7353 0.00024 4.0 0.0389± 0.0027+0.0052

−0.0039
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β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.7353 0.00017 4.0 0.0488± 0.0033+0.0043
−0.0051

0.7353 0.00011 4.0 0.0381± 0.0039+0.0114
−0.0059

0.3077 0.00641 4.0 0.0257± 0.0016+0.0022
−0.0013

0.3077 0.00307 4.0 0.0281± 0.0019+0.0028
−0.0030

0.3077 0.00180 4.0 0.0288± 0.0020+0.0024
−0.0029

0.3077 0.00098 4.0 0.0318± 0.0021+0.0019
−0.0022

0.3077 0.00058 4.0 0.0388± 0.0027+0.0039
−0.0023

0.3077 0.00040 4.0 0.0479± 0.0029+0.0029
−0.0030

0.3077 0.00027 4.0 0.0444± 0.0029+0.0037
−0.0037

0.1000 0.01971 4.0 0.0180± 0.0029+0.0020
−0.0013

0.1000 0.00946 4.0 0.0185± 0.0015+0.0020
−0.0016

0.1000 0.00553 4.0 0.0217± 0.0016+0.0033
−0.0022

0.1000 0.00302 4.0 0.0216± 0.0016+0.0011
−0.0020

0.1000 0.00178 4.0 0.0258± 0.0020+0.0012
−0.0022

0.1000 0.00123 4.0 0.0284± 0.0019+0.0021
−0.0014

0.1000 0.00083 4.0 0.0315± 0.0020+0.0014
−0.0028

0.0320 0.01729 4.0 0.0143± 0.0034+0.0022
−0.0023

0.0320 0.00945 4.0 0.0188± 0.0021+0.0017
−0.0012

0.0320 0.00556 4.0 0.0211± 0.0019+0.0010
−0.0022

0.0320 0.00386 4.0 0.0199± 0.0016+0.0015
−0.0008

0.0320 0.00258 4.0 0.0217± 0.0016+0.0008
−0.0015

0.0099 0.01795 4.0 0.0173± 0.0055+0.0013
−0.0017

0.0099 0.01247 4.0 0.0206± 0.0033+0.0017
−0.0012

0.0099 0.00835 4.0 0.0241± 0.0025+0.0014
−0.0009

0.0044 0.01868 4.0 0.0222± 0.0063+0.0008
−0.0027

Table 22
The diffractive structure function multiplied byxP, xPF

D(3)
2 (β, xP,Q2) for diffractive scattering,γ ∗p → XN ,

MN < 2.3 GeV, forQ2 = 6.0 and 8.0 GeV2, in bins ofβ andxP

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.8065 0.00366 6.0 0.0272± 0.0023+0.0029
−0.0035

0.8065 0.00176 6.0 0.0319± 0.0029+0.0072
−0.0033

0.8065 0.00103 6.0 0.0321± 0.0029+0.0036
−0.0037
(continued on next page)
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Table 22 (continued)

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.8065 0.00056 6.0 0.0350± 0.0029+0.0034
−0.0048

0.8065 0.00033 6.0 0.0425± 0.0037+0.0046
−0.0041

0.8065 0.00023 6.0 0.0371± 0.0034+0.0052
−0.0032

0.8065 0.00015 6.0 0.0422± 0.0046+0.0078
−0.0079

0.4000 0.00739 6.0 0.0305± 0.0022+0.0026
−0.0035

0.4000 0.00354 6.0 0.0333± 0.0027+0.0033
−0.0014

0.4000 0.00207 6.0 0.0398± 0.0032+0.0030
−0.0030

0.4000 0.00113 6.0 0.0370± 0.0027+0.0016
−0.0015

0.4000 0.00067 6.0 0.0521± 0.0039+0.0013
−0.0027

0.4000 0.00046 6.0 0.0566± 0.0041+0.0028
−0.0035

0.4000 0.00031 6.0 0.0520± 0.0041+0.0024
−0.0035

0.1429 0.02068 6.0 0.0174± 0.0032+0.0025
−0.0023

0.1429 0.00993 6.0 0.0233± 0.0022+0.0017
−0.0020

0.1429 0.00581 6.0 0.0242± 0.0020+0.0006
−0.0023

0.1429 0.00317 6.0 0.0235± 0.0019+0.0012
−0.0005

0.1429 0.00187 6.0 0.0311± 0.0025+0.0020
−0.0021

0.1429 0.00130 6.0 0.0301± 0.0022+0.0015
−0.0020

0.1429 0.00087 6.0 0.0356± 0.0025+0.0020
−0.0009

0.0472 0.01756 6.0 0.0160± 0.0040+0.0040
−0.0019

0.0472 0.00960 6.0 0.0223± 0.0023+0.0004
−0.0025

0.0472 0.00564 6.0 0.0210± 0.0021+0.0014
−0.0011

0.0472 0.00392 6.0 0.0244± 0.0021+0.0009
−0.0013

0.0472 0.00262 6.0 0.0302± 0.0024+0.0009
−0.0012

0.0148 0.01804 6.0 0.0222± 0.0060+0.0028
−0.0022

0.0148 0.01253 6.0 0.0231± 0.0038+0.0004
−0.0033

0.0148 0.00839 6.0 0.0260± 0.0028+0.0017
−0.0023

0.0066 0.01872 6.0 0.0237± 0.0071+0.0036
−0.0027

0.8475 0.00464 8.0 0.0297± 0.0023+0.0031
−0.0034

0.8475 0.00223 8.0 0.0338± 0.0025+0.0047
−0.0043

0.8475 0.00131 8.0 0.0353± 0.0026+0.0055
−0.0043

0.8475 0.00071 8.0 0.0400± 0.0029+0.0043
−0.0040

0.8475 0.00042 8.0 0.0426± 0.0035+0.0036
−0.0037
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β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.8475 0.00029 8.0 0.0489± 0.0037+0.0035
−0.0067

0.8475 0.00020 8.0 0.0396± 0.0040+0.0076
−0.0044

0.4706 0.00836 8.0 0.0324± 0.0020+0.0007
−0.0010

0.4706 0.00402 8.0 0.0364± 0.0023+0.0024
−0.0045

0.4706 0.00235 8.0 0.0416± 0.0025+0.0051
−0.0026

0.4706 0.00129 8.0 0.0414± 0.0025+0.0013
−0.0017

0.4706 0.00076 8.0 0.0498± 0.0032+0.0036
−0.0035

0.4706 0.00052 8.0 0.0461± 0.0030+0.0039
−0.0013

0.4706 0.00035 8.0 0.0536± 0.0035+0.0039
−0.0033

0.1818 0.02164 8.0 0.0204± 0.0038+0.0019
−0.0014

0.1818 0.01039 8.0 0.0225± 0.0018+0.0017
−0.0015

0.1818 0.00608 8.0 0.0259± 0.0016+0.0032
−0.0020

0.1818 0.00332 8.0 0.0283± 0.0017+0.0006
−0.0013

0.1818 0.00195 8.0 0.0279± 0.0019+0.0014
−0.0016

0.1818 0.00136 8.0 0.0335± 0.0021+0.0023
−0.0019

0.1818 0.00091 8.0 0.0369± 0.0023+0.0012
−0.0020

0.0620 0.01783 8.0 0.0206± 0.0042+0.0019
−0.0037

0.0620 0.00975 8.0 0.0255± 0.0023+0.0014
−0.0005

0.0620 0.00573 8.0 0.0243± 0.0019+0.0011
−0.0001

0.0620 0.00398 8.0 0.0258± 0.0019+0.0005
−0.0013

0.0620 0.00267 8.0 0.0291± 0.0021+0.0022
−0.0005

0.0196 0.01813 8.0 0.0227± 0.0059+0.0019
−0.0018

0.0196 0.01259 8.0 0.0299± 0.0040+0.0007
−0.0031

0.0196 0.00843 8.0 0.0288± 0.0030+0.0010
−0.0034

0.0088 0.01876 8.0 0.0250± 0.0080+0.0050
−0.0012

Table 23
The diffractive structure function multiplied byxP, xPF

D(3)
2 (β, xP,Q2) for diffractive scattering,γ ∗p → XN ,

MN < 2.3 GeV, forQ2 = 14.0 and 27.0 GeV2, in bins ofβ andxP

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.9067 0.00757 14.0 0.0253± 0.0018+0.0034
−0.0029

0.9067 0.00364 14.0 0.0244± 0.0019+0.0031
−0.0036

0.9067 0.00213 14.0 0.0324± 0.0022+0.0045
−0.0055
(continued on next page)



ZEUS Collaboration / Nuclear Physics B 713 (2005) 3–80

RAPID COMMUNICATION

61
Table 23 (continued)

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.9067 0.00117 14.0 0.0313± 0.0022+0.0033
−0.0027

0.9067 0.00069 14.0 0.0336± 0.0028+0.0026
−0.0038

0.9067 0.00048 14.0 0.0248± 0.0024+0.0029
−0.0027

0.9067 0.00032 14.0 0.0425± 0.0040+0.0048
−0.0044

0.6087 0.01128 14.0 0.0292± 0.0017+0.0013
−0.0020

0.6087 0.00543 14.0 0.0322± 0.0018+0.0035
−0.0024

0.6087 0.00318 14.0 0.0384± 0.0020+0.0063
−0.0043

0.6087 0.00174 14.0 0.0421± 0.0021+0.0011
−0.0027

0.6087 0.00102 14.0 0.0425± 0.0027+0.0035
−0.0017

0.6087 0.00071 14.0 0.0495± 0.0030+0.0054
−0.0045

0.6087 0.00048 14.0 0.0546± 0.0036+0.0047
−0.0038

0.2800 0.01180 14.0 0.0237± 0.0017+0.0025
−0.0025

0.2800 0.00691 14.0 0.0291± 0.0014+0.0037
−0.0028

0.2800 0.00378 14.0 0.0298± 0.0015+0.0005
−0.0028

0.2800 0.00222 14.0 0.0337± 0.0019+0.0015
−0.0010

0.2800 0.00154 14.0 0.0384± 0.0020+0.0012
−0.0010

0.2800 0.00103 14.0 0.0384± 0.0022+0.0023
−0.0016

0.1037 0.01865 14.0 0.0234± 0.0043+0.0042
−0.0038

0.1037 0.01020 14.0 0.0245± 0.0021+0.0009
−0.0019

0.1037 0.00600 14.0 0.0262± 0.0019+0.0004
−0.0011

0.1037 0.00416 14.0 0.0289± 0.0018+0.0015
−0.0012

0.1037 0.00279 14.0 0.0330± 0.0021+0.0011
−0.0008

0.0338 0.01839 14.0 0.0230± 0.0064+0.0030
−0.0024

0.0338 0.01277 14.0 0.0273± 0.0040+0.0011
−0.0015

0.0338 0.00855 14.0 0.0308± 0.0029+0.0012
−0.0012

0.0153 0.01888 14.0 0.0321± 0.0085+0.0032
−0.0021

0.9494 0.01386 27.0 0.0181± 0.0029+0.0016
−0.0035

0.9494 0.00669 27.0 0.0154± 0.0031+0.0029
−0.0017

0.9494 0.00392 27.0 0.0251± 0.0037+0.0039
−0.0045

0.9494 0.00215 27.0 0.0133± 0.0032+0.0026
−0.0024

0.9494 0.00126 27.0 0.0343± 0.0062+0.0025
−0.0107

0.9494 0.00088 27.0 0.0227± 0.0052+0.0041
−0.0046
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β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.9494 0.00059 27.0 0.0274± 0.0056+0.0058
−0.0029

0.7500 0.01754 27.0 0.0151± 0.0020+0.0023
−0.0017

0.7500 0.00847 27.0 0.0237± 0.0027+0.0061
−0.0032

0.7500 0.00496 27.0 0.0286± 0.0029+0.0048
−0.0055

0.7500 0.00272 27.0 0.0338± 0.0032+0.0033
−0.0031

0.7500 0.00160 27.0 0.0404± 0.0045+0.0037
−0.0049

0.7500 0.00111 27.0 0.0411± 0.0048+0.0065
−0.0030

0.7500 0.00074 27.0 0.0497± 0.0050+0.0054
−0.0057

0.4286 0.01482 27.0 0.0242± 0.0027+0.0017
−0.0027

0.4286 0.00869 27.0 0.0306± 0.0023+0.0035
−0.0042

0.4286 0.00475 27.0 0.0345± 0.0026+0.0020
−0.0042

0.4286 0.00280 27.0 0.0362± 0.0031+0.0010
−0.0013

0.4286 0.00194 27.0 0.0440± 0.0036+0.0006
−0.0027

0.4286 0.00130 27.0 0.0515± 0.0038+0.0016
−0.0035

0.1824 0.02041 27.0 0.0193± 0.0052+0.0050
−0.0025

0.1824 0.01117 27.0 0.0203± 0.0030+0.0029
−0.0006

0.1824 0.00657 27.0 0.0227± 0.0025+0.0014
−0.0014

0.1824 0.00456 27.0 0.0253± 0.0025+0.0027
−0.0014

0.1824 0.00306 27.0 0.0363± 0.0028+0.0009
−0.0030

0.0632 0.01317 27.0 0.0262± 0.0049+0.0014
−0.0019

0.0632 0.00882 27.0 0.0275± 0.0036+0.0025
−0.0011

0.0291 0.01914 27.0 0.0252± 0.0088+0.0027
−0.0031

Table 24
The diffractive structure function multiplied byxP, xPF

D(3)
2 (β, xP,Q2) for diffractive scattering,γ ∗p → XN ,

MN < 2.3 GeV, forQ2 = 55.0 GeV2, in bins ofβ andxP

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.9745 0.02713 55.0 0.0121± 0.0045+0.0040
−0.0046

0.9745 0.01319 55.0 0.0148± 0.0067+0.0026
−0.0027

0.9745 0.00775 55.0 0.0062± 0.0035+0.0058
−0.0016

0.9745 0.00425 55.0 0.0136± 0.0047+0.0016
−0.0027

0.9745 0.00250 55.0 0.0171± 0.0108+0.0111
−0.0032

0.9745 0.00117 55.0 0.0163± 0.0086+0.0024
−0.0099
(continued on next page)
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Table 24 (continued)

β xP Q2 (GeV2) xPF
D(3)
2 ± stat± syst

0.8594 0.01495 55.0 0.0131± 0.0037+0.0026
−0.0007

0.8594 0.00879 55.0 0.0208± 0.0042+0.0018
−0.0024

0.8594 0.00482 55.0 0.0211± 0.0045+0.0050
−0.0019

0.8594 0.00284 55.0 0.0212± 0.0060+0.0080
−0.0040

0.8594 0.00197 55.0 0.0313± 0.0063+0.0031
−0.0080

0.8594 0.00132 55.0 0.0345± 0.0075+0.0076
−0.0053

0.6044 0.02126 55.0 0.0155± 0.0037+0.0025
−0.0019

0.6044 0.01250 55.0 0.0218± 0.0034+0.0064
−0.0033

0.6044 0.00685 55.0 0.0296± 0.0034+0.0015
−0.0040

0.6044 0.00404 55.0 0.0248± 0.0041+0.0066
−0.0030

0.6044 0.00280 55.0 0.0459± 0.0053+0.0016
−0.0054

0.6044 0.00188 55.0 0.0388± 0.0051+0.0026
−0.0035

0.3125 0.01325 55.0 0.0281± 0.0039+0.0015
−0.0027

0.3125 0.00780 55.0 0.0279± 0.0038+0.0033
−0.0023

0.3125 0.00542 55.0 0.0345± 0.0039+0.0031
−0.0005

0.3125 0.00363 55.0 0.0398± 0.0045+0.0016
−0.0025

0.1209 0.02017 55.0 0.0232± 0.0080+0.0049
−0.0058

0.1209 0.01402 55.0 0.0205± 0.0054+0.0023
−0.0027

0.1209 0.00939 55.0 0.0261± 0.0049+0.0060
−0.0018

the H1 experiment[4]. Since the three analyses quote the values ofxPF
D(3)
2 at different

(β,Q2) points, the values of this analysis (FPC) were transported to the(β,Q2) points
of the other measurements using the BEKW(mod) fit, provided that the(β,Q2) values
of the corresponding FPC measurement satisfied the conditions 0.8 < Q2

FPC/Q
2 < 1.2,

|βFPC− β|/β < 0.5. The LPS analysis measures the reactionγ ∗p → Xp while the FPC
analysis includes the contribution from proton dissociation,γ ∗p → XN , 1.08< MN <

2.3 GeV. The LPS data forxP < 0.005—where reggeon contributions to the LPS data
negligible—were used to estimate the fractional contributionfpdissocfrom proton dissoci-
ation to the FPC results, assumingfpdissocto be independent ofβ,xP andQ2. The relative
normalisation of the two data sets was determined using the result of the BEKW
fit to the FPC data. This yielded 1− fpdissoc= 0.70± 0.03, which shows that about 30
of the diffractive cross section in the FPC analysis comes from nucleon dissociatio
massesMN between 1.08 and 2.3 GeV.Fig. 20shows the LPS data together with the F
data multiplied by a factor of 0.70. The LPS data forxP < 0.01 agree well with those o

the current analysis.
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Fig. 19. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , for γ ∗p → XN ,

MN < 2.3 GeV as a function ofxP for different regions ofβ andQ2. The inner error bars show the statis
cal uncertainties and the full bars the statistical and systematic uncertainties added in quadrature.

Fig. 21 shows a comparison of the measurements of this analysis with that o
H1 Collaboration[4] which includes the contribution from nucleon dissociation forMN <

1.6 GeV. No correction was applied to the FPC data to account for the possible diffe
in xPF

D(3)
2 for MN < 2.3 GeV (this analysis) andMN < 1.6 GeV (H1 analysis). Quali
tative agreement between the present data and the H1 measurements is observed, with the
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Fig. 20. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , from this analysis multiplied

by a factor 0.70 to account for the contribution from diffractive nucleon dissociation withMN < 2.3 GeV (solid
points), compared with the results from the ZEUS LPS measurement. The inner error bars show the s
uncertainties and the full bars the statistical and systematic uncertainties added in quadrature. For eas
parison, the results from this analysis have been transported to the (β,Q2) values used by the ZEUS LPS analy
(open points). Only bins of (β,Q2) in which both analyses have results are shown.

possible exception of the region ofxP > 0.01, where the H1 data include contributio
from reggeon exchange.

9.2. Discussion of thexPF
D(3)
2 results from this analysis

The diffractive structure function presented inFig. 19is a function ofxP for fixed MX

(or, equivalently fixedβ) andQ2. For the lowestMX region—which corresponds to largeβ
values—little dependence onxP is observed. This is in contrast to the regions with smaller
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Fig. 21. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , from this analysis for

γ ∗p → XN,MN < 2.3 GeV (solid points) compared with the H1 results given forMN < 1.6 GeV (open points)
The inner error bars show the statistical uncertainties and the full bars the statistical and systematic un
ties added in quadrature. For ease of comparison, the results from this analysis have been transported tβ,Q2)
values used by the H1 analysis. Only bins of (β,Q2) in which both analyses have results are shown.

β wherexPF
D(3)
2 rises strongly asxP → 0, reflecting the rapid increase of the diffracti

cross sectiondσ diff/dMX with W for MX > 2 GeV.
For the following study ofxPF

D(3)
2 as a function ofxP and β for fixed values of

(xP,Q2) and(β,Q2), respectively, bin centering was done by using the BEKW(mod

(Section9.3).
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Fig. 22. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , as a function ofQ2 for

different regions ofβ andxP. The inner error bars show the statistical uncertainties and the full bars the sta
and systematic uncertainties added in quadrature. The curves show the result of the BEKW(mod) fit
contributions from (qq̄) for transverse (dashed) and longitudinal photons (dotted) and for the (qq̄g) contribution
for transverse photons (dashed–dotted) together with the sum of all contributions (solid).

The Q2 dependence ofxPF
D(3)
2 is displayed inFig. 22 for different values ofβ and

xP. Different regions in theβ − xP space show markedly different behaviours withQ2.
For β = 0.9, the region dominated by diffractive production of states withMX < 2 GeV,

xPF

D(3)
2 is constant or slowly decreasing withQ2. For β � 0.7, xPF

D(3)
2 increases with
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increasingQ2 providedβxP < 2 × 10−3. This Q2 dependence is similar to the scali
violations of the proton structure functionF 2. By noting thatβxP = x, it can be seen
from Fig. 22that the behaviour of the scaling violations withQ2 depends primarily onx
rather than onβ andxP separately. Disregarding the regionβ = 0.9, positive scaling vio-
lations dominate at lowx < 0.002. The fact that theQ2 dependence ofxPF

D(3)
2 for fixed

β changes withxP shows again that the data are inconsistent with the Regge-factoris
hypothesis, a concept which implies that, for givenβ andQ2, the same pomeron structu
is probed, independently ofxP.

Fig. 23showsxPF
D(3)
2 as a function ofβ for fixed (xP,Q2). For those(xP,Q2) values

where the measurements cover a wide range inβ, xPF
D(3)
2 is observed to have a broa

maximum aroundβ = 0.5, a dip nearβ = 0.1 and a rise asβ → 0.
The data ofFig. 23can be better visualized by plotting them for fixedxP. Fig. 24shows

the results obtained by using thexPF
D(3)
2 measurements with 0.5x0 < xP < 1.5x0, where

x0 = 0.01. For each measurement, thexPF
D(3)
2 value measured atxPmeaswas transported

to xP = x0 using the BEKW(mod) fit. On average, the difference between measure
transportedx0F

D(3)
2 (β, x0,Q

2) value was of the order of 5%. Finally, for every (β,Q2)
point, the weighted average of the selected measurements was made.

In a model where diffraction proceeds by the exchange of a pomeron, the d
tive structure function factorises into the flux of pomerons and the structure functi
the pomeron,xPF

D(3)
2 (β, xP,Q2) = Φ(xP) · F P

2 (β,Q2). Up to a normalisation constan

x0F
D(3)
2 (β, x0,Q

2), would represent the structure function of the pomeron,F P

2 (β,Q2) =
x0F

D(3)
2 (β, x0,Q

2). In such a model, however, the flux is independent ofQ2, which is at
variance with the data from this analysis, as shown inFig. 22.

The resulting measurements ofx0F
D(3)
2 (β, x0,Q

2) are presented inTable 25 and

Fig. 24. Several aspects are noteworthy. Firstly,x0F
D(3)
2 (β, x0,Q

2) has a maximum
nearβ = 0.5, consistent with aβ(1 − β) variation. Secondly, in the region of highβ,
x0F

D(3)
2 (β, x0,Q

2) tends to decrease asQ2 increases from 14 to 27 GeV2. Finally, for

β < 0.1, x0F
D(3)
2 rises asβ → 0, the rise increasing with increasingQ2.

The β(1 − β) dependence is explained in dipole models of diffraction byγ ∗ → qq̄

splitting [10–13]and two gluon exchange. The rise ofx0F
D(3)
2 (β, x0,Q

2) asβ → 0 and
its increase asQ2 increases is reminiscent of the logarithmic scaling violations of
proton structure functionF 2 at lowx, which are ascribed to the contribution from the s

The data are consistent with the idea that diffractive DIS probes the diffractive
of the proton; their dependence onβ andQ2 is similar to the differentQ2 dependence
of the proton inclusive PDFs at different values ofx [58]. The positive scaling violation
observed forx = βxP < 2 × 10−3 suggest substantial perturbative effects such as g
emission.

9.3. Comparison with the BEKW model

The BEKW model[45] provides a general parametrisation for inclusive diffraction
DIS and allows the identification of certain subprocesses by their characteristic beh

in β andQ2. In the model, the incoming virtual photon fluctuates into aqq or qq̄g dipole
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ferent regions ofQ2 andxP. The inner error bars show
rature. The curves show the result of the BEKW(mod) fit for the
for transverse photons (dashed–dotted) together with the
Fig. 23. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , as a function ofβ for dif

the statistical uncertainties and the full bars the statistical and systematic uncertainties added in quad
contributions from (qq̄) for transverse (dashed) and longitudinal photons (dotted) and for the (qq̄g) contribution
sum of all contributions (solid).
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Table 25
The diffractive structure function of the proton multiplied byxP at the point xP ≡ x0 = 0.01,

x0F
D(3)
2 (β, x0,Q2), in bins ofQ2 andβ

Q2 (GeV2) β x0F
D(3)
2 ± stat± syst

2.7 0.2308 0.0219± 0.0022+0.0023
−0.0022

2.7 0.0698 0.0178± 0.0014+0.0010
−0.0009

2.7 0.0218 0.0171± 0.0015+0.0019
−0.0013

2.7 0.0067 0.0214± 0.0023+0.0021
−0.0012

4.0 0.3077 0.0239± 0.0015+0.0021
−0.0012

4.0 0.1000 0.0190± 0.0011+0.0025
−0.0018

4.0 0.0320 0.0189± 0.0013+0.0012
−0.0017

4.0 0.0099 0.0227± 0.0020+0.0015
−0.0010

6.0 0.4000 0.0288± 0.0021+0.0025
−0.0033

6.0 0.1429 0.0225± 0.0014+0.0011
−0.0020

6.0 0.0472 0.0202± 0.0015+0.0009
−0.0016

6.0 0.0148 0.0248± 0.0023+0.0013
−0.0026

8.0 0.4706 0.0312± 0.0019+0.0007
−0.0010

8.0 0.1818 0.0231± 0.0011+0.0024
−0.0017

8.0 0.0620 0.0231± 0.0014+0.0011
−0.0002

8.0 0.0196 0.0290± 0.0024+0.0009
−0.0033

14.0 0.9067 0.0246± 0.0018+0.0033
−0.0028

14.0 0.6087 0.0288± 0.0012+0.0023
−0.0021

14.0 0.2800 0.0259± 0.0011+0.0031
−0.0026

14.0 0.1037 0.0237± 0.0013+0.0006
−0.0013

14.0 0.0338 0.0295± 0.0024+0.0012
−0.0013

27.0 0.9494 0.0167± 0.0021+0.0022
−0.0026

27.0 0.7500 0.0227± 0.0026+0.0058
−0.0031

27.0 0.4286 0.0285± 0.0018+0.0029
−0.0037

27.0 0.1824 0.0205± 0.0018+0.0019
−0.0011

27.0 0.0632 0.0270± 0.0029+0.0021
−0.0014

55.0 0.9745 0.0080± 0.0031+0.0051
−0.0018

55.0 0.8594 0.0173± 0.0029+0.0023
−0.0015

55.0 0.6044 0.0250± 0.0023+0.0036
−0.0036

55.0 0.3125 0.0279± 0.0021+0.0025
−0.0016

55.0 0.1209 0.0246± 0.0037+0.0046
−0.0022
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Fig. 24. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , for xP = 0.01 as a function

of β for theQ2 intervals indicated, (a) on a linear scale, (b) on a logarithmic scale. The inner error bars sh
statistical uncertainties and the full bars the statistical and systematic uncertainties added in quadrature.
connect measurement at the same value ofQ2.

which interacts with the target proton via two-gluon exchange. Theβ spectrum and the
scaling behaviour inQ2 are derived from the wave functions of the incoming transve
(T ) or longitudinal(L) photon on the light cone in the non-perturbative limit. ThexP

dependence of the cross section is not predicted by the model but is to be determ
experiment. Specifically

(16)xPF
D(3)
2

(
β,xP,Q2) = cT · FT

qq̄ + cL · FL
qq̄ + cg · FT

qq̄g,

where

(17)FT
qq̄ =

(
x0

xP

)nT (Q2)

· β(1− β),

(18)FL
qq̄ =

(
x0

xP

)nL(Q2)

· Q2
0

Q2 + Q2
0

·
[
ln

(
7

4
+ Q2

4βQ2
0

)]2

· β3(1− 2β)2,

T

(
x0

)ng(Q2) (
Q2)

γ
 (19)Fqq̄g =
xP

· ln 1+
Q2

0

· (1− β) .
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The contribution from longitudinal photons coupling toqq̄ is limited toβ values close to
unity. Theqq̄ contribution from transverse photons is expected to have a broad max
aroundβ = 0.5, while theqq̄g contribution becomes important at smallβ, providedγ is
large. The original BEKW model also includes a higher-twist term forqq produced by
transverse photons. The present data are insensitive to this term, and therefore it h
neglected.

ForFL
qq̄ , the term(

Q2
0

Q2 ) provided by BEKW was replaced by the factor(
Q2

0
Q2+Q2

0
) to avoid

problems asQ2 → 0. The powersnT,L,g(Q
2) were assumed by BEKW to be of the for

n(Q2) = n0 +n1 · ln[1+ ln(
Q2

Q2
0
)]. The rise ofαP(0) with lnQ2 observed in the present da

suggested using the formn(Q2) = n0 + n1 ln(1+ Q2

Q2
0
). The modified BEKW form will be

referred to as BEKW(mod). Takingx0 = 0.01 andQ2
0 = 0.4 GeV2, the BEKW(mod) form

gives a good description of the data, viz.χ2 = 112 for 188 dof. According to the fit, all th
coefficientsn0 andn1 for the longitudinal component can be set to zero, and the po
nT , ng are the same, within errors, for theqq̄ andqqg components produced by transve
photons. This leads to:cT = 0.112± 0.003,cL = 0.154± 0.012,cg = 0.0091± 0.0003,

n
T,g

1 = 0.067± 0.004 andγ = 8.62± 0.55 with χ2 = 114 for 193 do. The value of th
powerγ is considerably larger than the value of about three expected by BEKW. R
from a similar analysis of the LPS data can be found elsewhere[7].

Figs. 22, 23 and 25compare the measurement ofxPF
D(3)
2 (β, xP,Q2) as a function

of xP, β and Q2 with the BEKW(mod) fit. The fit describes the data well. The we
rise of xPF

D(3)
2 asxP → 0 observed forMX = 1.2 GeV, and the strong rise forMX �

3 GeV, are explained by the BEKW fit as follows: the highβ region (β > 0.9) receives
substantial contributions from longitudinal photons with a weak dependence onxP, while
transverse photons dominate at lowerβ and lead to a strong rise asxP → 0. The observed
increase of the rise ofxPF

D(3)
2 asxP → 0 with increasingQ2 is accommodated in th

model by assuming that the powernT (Q2) increases withQ2. In the BEKW model,58 the
broad maximum seen in theβ distribution aroundβ = 0.5 is a result of the dominance o
the qq configuration at mediumβ, and the rise towards smallβ is a result of the(qq̄g)

configuration. The good agreement of the BEKW fit with the data forMX > 2 GeV lends
strong support to the dipole picture.

10. Conclusions

A simultaneous measurement of the proton structure functionF 2, the diffractiveγ ∗p
cross section and the diffractive structure function has been made. The kinematic

58 Although the BEKW(mod) fit gives an excellent description of the data from this analysis, its predicti

the contribution from longitudinal photons at lowMX and lowQ2 is at variance with existing data on vect
meson production. ForMX < 2 GeV, the contribution from longitudinal photons accounts for at least≈ 20% of

xPF
D(3)
2 . The BEKW(mod) fit curves for the longitudinal photon contribution atMX < 2 GeV (dotted lines in
Fig. 25) are in broad agreement with the data forQ2 � 6 GeV2, but are too low at lowerQ2.
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Fig. 25. The diffractive structure function of the proton multiplied byxP, xPF
D(3)
2 , as a function ofxP for

different regions ofβ andQ2. The inner error bars show the statistical uncertainties and the full bars the sta
and systematic uncertainties added in quadrature. The curves show the result of the BEKW fit for the contr
from (qq̄) for transverse (dashed) and longitudinal photons (dotted) and for the (qq̄g) contribution for transverse
photons (dashed–dotted) together with the sum of all contributions (solid).

of the measurement was 2.2 < Q2 < 80 GeV2, 37< W < 245 GeV and 0.28< MX <

35 GeV. The forward plug calorimeter (FPC) was used to extend the range ofMX com-
pared to previous measurements. TheMX method was used to extract the diffractive cro
section; the method is shown to exclude non-peripheral as well as reggeon contribut

the cross section.
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The results for the proton structure functionF2(x,Q2) are in good agreement with pr
vious measurements of the ZEUS Collaboration. TheF 2 data were analysed in the fram
work of Regge phenomenology. The intercept of the pomeron trajectory of these data
nificantly higher than that measured in hadron–hadron collisions (‘soft pomeron’,αP(0) =
1.096+0.012

−0.009) and is a strong function ofQ2: αtot
P

(0) = 1.155± 0.011(stat)+0.007
−0.011(syst) at

Q2 = 2.7 GeV2 andαtot
P

(0) = 1.307± 0.019(stat)+0.027
−0.037(syst) at Q2 = 55 GeV2. TheQ2

dependence of the pomeron intercept corresponds to the rise ofF 2 towards lowx, which
increases withQ2 and which has been observed previously at HERA. In a Regge appr
this shows thatF 2, and the totalγ ∗p cross section, cannot be interpreted in terms of
exchange of a single pomeron combined with the assumption of Regge factorisation

The measured diffractive DIS cross section is in good agreement with previous
measurements when proton dissociation is taken into account. The diffractive cross
for 0.28< MX < 2 GeV shows a weak dependence onW but a much stronger decrea
than 1/Q2, characteristic of a higher twist behaviour. ForMX > 8 GeV, the cross sec
tion decreases as 1/Q2, indicating a leading twist behaviour. The diffractive cross sec
was also analysed in terms of Regge phenomenology. The excess of the intercep
pomeron trajectory above unity is about half of that extracted from theF 2 data, but
still significantly higher than that of the soft pomeron. The pomeron intercept rise

αdiff

P
= 0.0714± 0.0140(stat)+0.0047

−0.0100(syst) betweenQ2 of 7.8 and 34.6 GeV2. This es-
tablishes aQ2 dependence of the pomeron intercept and shows that the diffractive
as well as the inclusive DIS cross sections cannot be interpreted as resulting from
pomeron exchange combined with the assumption of Regge factorisation.

The ratio of the diffractive to the totalγ ∗p cross section was studied. For fixedMX

andQ2, the ratio is flat as a function ofW in the kinematic range of these measureme
For 0.28< MX < 35 GeV,W = 220 GeV, the ratio is 15.8+1.2

−1.0% at Q2 = 4 GeV2 and

9.6+0.7
−0.7% atQ2 = 27 GeV2.
The diffractive cross section was also analysed in terms of the diffractive stru

function of the protonFD(3)
2 (β, xP,Q2). The β andQ2 dependences ofxPF

D(3)
2 are a

function ofxP; this is expected in view of the Regge factorisation breaking observe
the diffractive cross section. The pattern of scaling violations depends primarily o
proton variablesx and Q2; for β < 0.9, positive scaling violations are observed wh
x < 0.002. The analysis ofxPF

D(3)
2 (β, xP,Q2) for xP = x0 = 0.01 exhibits several re

markable properties:x0F
D(3)
2 (β, x0,Q

2) shows a broad maximum nearβ = 0.5 consistent
with aβ(1−β) variation as expected by dipole models forγ ∗ → qq̄ splitting; forβ < 0.1,
x0F

D(3)
2 rises asβ → 0, the rise increasing with increasingQ2. The positive scaling viola

tions observed forβ < 0.1 suggest that diffraction in DIS receives substantial contribut
from perturbative effects.

The results of this paper show that Regge phenomenology cannot give a good d
tion of the diffractive and total DIS cross section without extensive modifications
would undermine the simplicity of the Regge approach. The large fraction of the DIS
section that is diffractive even at highQ2, and the leading twist nature of the diffracti
cross section at higherMX may mean that some assumptions[58] inherent in the DGLAP

analysis of the structure functionF 2 need to be reexamined.
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Appendix A. Reconstruction of W with the weighting method

The value ofW is reconstructed using the weighted average of the values determ
from the electron and the hadron measurements (the ‘weighting method’) denoted bWW .
The electron kinematics yieldsWe:

W2
e = (P + k − k′)2

= 2P(k − k′) + P 2 + (k − k′)2

= 2Ep

[
2Ee − E′

e(1− cosθe)
] + m2

p − Q2,

wheremp is the mass of the proton. The measurement accuracy ofWe, 
We, depends on
the uncertainties with whichE′

e andθe are measured,


W2
e = −[

2Ep(1− cosθe) + 2Ee(1+ cosθe)
]

E′

e

+ 2(EpE′
e − EeE

′
e)
cosθe.

Monte Carlo (MC) studies yielded for the resolutions
E′
e ≈ 5/E′

e ⊕ 0.08 and
θe ≈
0.007, where the energies are given in units of GeV and
θe in radians. The dominan
contribution to
We comes from the uncertainty in the measurement of the electron en
This can be serious for low values ofW (W < 60 GeV) whereE′

e is close toEe: for
instance, at lowQ2 and when the measuredE′

e > Ee, W2
e becomes negative.

The energiesEh and production anglesθh of the EFOs provide the hadronic measu
ment ofW :

W2
h ≈ 2Ep

∑
h

Eh(1− cosθh),

with an uncertainty of


W2
h = 2EP

∑
h

(1− cosθh)
Eh + 2EP

∑
h

Eh sinθh
θh.

The summation is performed over all hadronic EFOs. For the hadronic measureme√

MC simulation yields
Eh ≈ 0.8 Eh ⊕ 0.04Eh and
θh ≈ 0.07. The uncertainty results



76

RAPID COMMUNICATION

ZEUS Collaboration / Nuclear Physics B 713 (2005) 3–80

eutri-

igh

oured
lating
sition

xis in
d

gh the

rec-
f

tial
largely from fluctuations of the energy loss in the material ahead of CAL, and from n
nos and muons produced in the final state.

Using the MC to estimate the errors shows that at lowW , whereWe provides a poor
measurement ofW , the value ofWh is rather precise, while the opposite is true for h
values ofW . The weighting method combines the two measurements forW by weighting

them with the inverse of the squares of their estimated errors,ge = W2


W2
e

andgh = W2


W2
h

:

W2
W = g2

eW
2
e + g2

hW
2
h

g2
e + g2

h

.

In order to arrive at reliable estimates forge, gh, it is essential to have an estimate forW .
This is achieved with the double-angle (DA) measurement[59] which relies only on the
measurement of the angles of the scattered electron and of the hadronic system.

Appendix B. Extraction of the diffractive contribution with the MX method

In non-peripheral DIS, the incident proton is broken up and the remnant is a col
object. This gives rise to a substantial amount of initial- and final-state radiation, popu
the region between the incident proton and the current jet. The scaling of the po
of the maximum and the exponential fall-off of the lnM2

X distribution follow from the
assumption of uniform, uncorrelated particle emission in rapidity (Y = 1

2 ln E+PL

E−PL
, where

E,PL are the energy and longitudinal momentum of the particle) along the beam a
theγ ∗p system[40,41]. For an (idealized) uniformY distribution between maximum an
minimum rapidities ofYmax andYmin, respectively, the total c.m. energyW is given by

W2 ≈ c0 exp(Ymax−Ymin),

assuming(Ymax− Ymin) 
 1. Here,c0 is a constant. The massMX of the particle system
that can be observed in the detector is reduced by the loss of particles (mainly) throu
forward beam hole:

(B.1)M2
X ≈ c0 exp

(
Ydet

limit −Ymin
) ≈ W2 exp

(
Ydet

limit −Ymax
)
,

where Ydet
limit denotes the limit of the calorimetric acceptance in the forward di

tion. Eq. (B.1) predicts scaling of the lnM2
X distribution when plotted as function o

ln(M2
X/W2), in agreement with the behaviour of the data.

The value ofMX will fluctuate due to a finite probabilityP(
Y) that no particles are
emitted betweenYdet

limit andYdet
limit − 
Y . This generates a gap of size
Y . The assumption

of uncorrelated particle emission leads to a Poissonian rapidity gap distribution,P(
Y) =
exp(−λ
Y), resulting in an exponential fall-off of the lnM2

X distribution,

(B.2)
dN non-diff

d lnM2
X

= c exp
(
b lnM2

X

)
,

where the slopeb and the parameterc can be determined from the data. The exponen

fall-off of the lnM2

X distribution towards small values of lnM2
X is indeed found for models
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which include QCD leading-order matrix elements, parton showers and fragmen
such as DJANGOH (see shaded area inFig. 4). The exponential fall-off holds for lnM2

X �
lnW2 − η0 over two units of rapidity, whereη0 ≈ 2.

In theMX method, the diffractive contribution is identified as the excess of even
wards smallMX above the exponential fall-off of the non-diffractive contribution. In
triple Regge model[60–62], the diffractive cross section is approximately of the form

dσ diff
γ ∗p→XN

d lnM2
X

∝ exp
[
(1+ αk(0) − 2αj ) · lnM2

X

]
.

Here,αj is the trajectory exchanged in thet channel between the incoming proton and
outgoing systemN , averaged over thet distribution, as seen inFig. 5. The parameterαk(0)

is the intercept of the trajectory describing the production of the systemX by the scattering
of γ ∗ on a Regge-pole witht averaged interceptαj . For largeMX, αk(0) is expected to
be 1. Pomeron exchange in thet-channel withαj ≈ 1 leads then to 1+ αk(0) − 2αj = 0
and to a constant lnM2

X spectrum:

dσ diff
γ ∗p→XN

d lnM2
X

= const.

If, instead of the pomeron, the highest-lying reggeon trajectory (αj ≈ 0.5) is exchanged
in the t-channel, then the lnM2

X spectrum for this contribution rises exponentially towa
large lnM2

X:

dσ diff
γ ∗p→XN

d lnM2
X

∝ exp
(
bR · lnM2

X

)
,

with bR = 1. Hence, reggeon exchange in thet channel leads to an exponential rise of
lnM2

X distribution. Note also that lower-lying Regge trajectories produce an even l
exponential slopebR. Therefore, identifying the diffractive contribution as the exces
events above the exponential fall-off of the lnM2

X-distribution suppresses not only th
non-diffractive contribution arising from colour exchange but also the contributions
reggeon exchange.

Appendix C. Reggeon contribution to the lnM2
X spectrum

The recent ZEUS measurement of diffraction in DIS with the LPS[7] allows the
reggeon exchange contribution to the reactionγ ∗p → Xp to be estimated. In the LP
analysis, the diffractive structure function of the proton,xPF

D(3)
2 (β, xP,Q2), shows a rise

towards smallxP, and a rise towards largexP, with a minimum nearxP = 0.01–0.02. The
rise towards largexP is indicative of a reggeon contribution. The LPS data were use
estimate the size of the reggeon contribution by fitting them to a sum of pomero
reggeon contributions, assuming Regge factorisation:

xPF
D(3)
2

(
β,xP,Q2) = cP · xPF

D(3)P
2

(
β,xP,Q2) + cR · xPF

D(3)R
2

(
β,xP,Q2).
(C.1)
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The pomeron contribution (P) was taken to equal the result of the BEKW(mod) fit to
FPC data multiplied by the factorcP which accounts for the fact that the LPS data do
include proton dissociation. The LPS data forxP < 0.005 yieldedcP = 0.70± 0.03. For
the reggeon contribution (R), the following ansatz was made:

xPF
D(3)R
2

(
β,xP,Q2, t

) = xP · eBRt

x
2αR(t)−1
P

F
D(2)R
2

(
β,Q2).

Defining

gR(xP) =
tmin∫

tmax

dt
eBRt

x
2αR(t)−2
P

,

taking tmin = 0, tmax= 1 GeV2 andαR(t) = αR(0) + α′
R

· t leads to

gR(xP) = 1

(BR − 2α′
R

· lnxP) · x(2αR(0)−2)
P

,

and to

xPF
D(3)R
2

(
β,xP,Q2) = gR(xP) · FD(2)R

2

(
β,Q2).

Following H1 [4], the reggeon parameters were assumed to be:αR(0) = 0.55, α′
R

=
0.9 GeV−2 and BR = 2 GeV−2. While the LPS data are the most precise informa
on the reggeon contribution available, the data are still too sparse to effectively con
the parametercR in a fit to Eq.(C.1). In order to obtain a rough estimation needed for
study, the assumptionxPF

D(3)R
2 (atxP = 0.06) ≈ xPF

D(3)P
2 (atxP = 0.002) independent o

β andQ2 was made (seeFig. 20). This allowed the determination,cR = 0.39; theχ2/dof
of the resulting description of Eq.(C.1) to the LPS data was 89/78.

The reggeon contribution extracted from the LPS data was multiplied by a fac
1/cP = 1.43. This factor accounts for the extra contribution from proton dissociatio
the present analysis. The contribution from charged isovector reggeons, which cann
tribute to the LPS data, was assumed to be negligible[63].

The relation betweenFD(3)R
2 and the lnM2

X spectrum from the present analysis is giv
by,

dσR

γ ∗p→XN

d lnM2
X

= 4π2α
M2

X

Q2(Q2 + M2
X)

· cR

cP

· xPFD(3)R
(
β,xP,Q2).

Fig. 6 compares the distribution of lnM2
X for the lowest and highestW bins at low

and highQ2 for the data together with the expectations from reggeon exchange whic
below the total non-diffractive contribution predicted by the fit to the lnM2

X distributions.
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