Submitted to the
International Europhysics Conference on High Energy Physics
July 17 - 23, 2003, Aachen, Germany

Abstract: 540 Session: HP

Dissociation of virtual photons in events
with a leading proton at HERA

ZEUS Collaboration

Abstract

Dissociation of virtual photons, 7*p — Xp, has been studied at HERA with
the ZEUS Leading Proton Spectrometer. The data cover photon virtualities
0.03 < Q% < 100 GeV? and diffractive masses 1.5 < Mx < 70 GeV. The cross

@ are presented as a function of

section and the diffractive structure function F’
Q2. The dependence of FQD ® on B, the Pomeron momentum fraction probed by
the photon, is also studied. The region investigated is extended over previously
available results. The data are compared to predictions based on a saturation

model.






1 Introduction

The diffractive dissociation of virtual photons, v*p — Xp, can be investigated in the deep
inelastic scattering (DIS) of electrons and protons at HERA by means of the reaction
ep — eXp, where the final-state proton carries a fraction of the incoming proton momen-
tum close to unity. Seen from the proton rest frame, this reaction can be described in
terms of the interaction of the hadronic fluctuation of the virtual photon with the proton
via the exchange of an object with the vacuum quantum numbers; the hadronic fluctua-
tion of the photon then dissociates into the hadronic state X. At the lowest order, the
hadronic fluctuation is modeled by a quark-antiquark pair. Additional gluon radiation
becomes important for large diffractive masses Mx. These gq and gqg dipole states have
transverse dimensions which decrease as the photon virtuality, Q?, increases. It is thus
possible to study diffractive hadron-hadron interactions in a regime where one of the two
interacting hadrons is so small that the strong interaction can be treated perturbatively.
Alternatively, in the Breit frame, the reaction can be seen as the deep inelastic scattering
of a pointlike virtual photon off the exchange object. This gives access to the partonic
structure of the exchange and, in complete analogy with the usual DIS formalism for the
proton structure function Fy, one can introduce a diffractive structure function F’. In
the language traditionally used in hadron-hadron physics [1], the exchange mediating the
interaction is known as the Pomeron trajectory when the scattered proton has momentum
equal, to within a few percent, to that of the incoming proton. For smaller values of the
scattered proton momentum, the Reggeon and pion trajectories become important.

In this paper, the Q? dependence of the diffractive photon-proton cross section, dal?* » JdMx,
is studied as a function of Q? for different values of the photon-proton centre-of-mass-
energy, W. The data are also analysed in terms of the diffractive structure function,
FP, whose Q* and 3 dependences are investigated for different values of zp, where 3 is
the fraction of the Pomeron momentum probed by the exchanged photon and zp is the
fraction of the proton momentum carried by the Pomeron.

The data belong to two different samples, hereafter referred to as the “low-Q? sample”
and the “DIS sample”. The former is restricted to the region 0.03 < Q? < 0.6 GeV?,
68 < W < 285 GeV, 1.5 < Mx < 70 GeV. The DIS sample is in the kinematic range
2 < Q? < 100 GeV?, 25 < W < 240 GeV, Mx > 1.5 GeV. Events were selected by
requiring the detection of the scattered proton in the ZEUS leading proton spectrometer
(LPS), carrying a fraction zy, of the incoming proton momentum of at least 90%. This
xy, range is sensitive to both Pomeron and Reggeon exchange.



2 Experimental method

The data used in this analysis were taken at the HERA ep collider in 1997 with the ZEUS
detector and correspond to an integrated luminosity of 12.8 & 0.2 pb~! for the DIS sample
and 3.6 & 0.06 pb~! for the low-Q? sample. At that time, HERA operated at a proton
energy of 820 GeV and a positron energy of 27.5 GeV.

A detailed description of the ZEUS detector can be found elsewhere [2]. A brief outline
of the components most relevant for this analysis is given below.

Charged particles are tracked by the central tracking detector (CTD) [3], which operates
in a magnetic field of 1.43 T provided by a thin superconducting coil. The CTD consists
of 72 cylindrical drift-chamber layers, organised in 9 superlayers covering the polar-angle!
region 15° < 6 < 164°. The relative transverse-momentum resolution for full-length tracks
is o(p;)/p: = 0.0058p; & 0.0065 & 0.0014/p;, with p; in GeV.

The high-resolution uranium-scintillator calorimeter (CAL) [4] consists of three parts:
the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part
is subdivided transversely into towers and longitudinally into one electromagnetic section
(EMC) and either one (in RCAL) or two (in FCAL and BCAL) hadronic sections (HAC).
The smallest subdivision of the calorimeter is called a cell. The CAL relative energy
resolutions, as measured under test-beam conditions, are o(E)/E = 0.18/+/E for electrons
and o(F)/F = 0.35/V/E for hadrons (E in GeV).

Low-Q? events were selected by identifying and measuring the scattered positron in
the beam-pipe calorimeter (BPC) and beam-pipe tracker (BPT) [5,6]. The BPC was
a tungsten-scintillator sampling calorimeter, located 3 m downstream of the interaction
point and at a small angle to the positron beam direction. The BPT was a silicon-
microstrip tracking device situated immediately upstream of the BPC. In 1997, it was
equipped with two detector planes to measure the X coordinate.

The LPS [7] detected protons scattered at small angles in the proton direction and carrying
a substantial fraction, xp, of the incoming proton momentum; these particles remain
in the beam-pipe and their trajectory was measured by a system of silicon-microstrip
detectors very close (typically a few mm) to the proton beam. The track deflections
induced by the magnets of the proton beam-line allowed a momentum analysis of the
scattered proton. Resolutions better than 1% on the longitudinal momentum and 5 MeV

! The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton-beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal interaction point. The pseudorapidity
is defined as n = — In(tan g), where the polar angle, #, is measured with respect to the proton-beam
direction.



on the transverse momentum have been achieved. The effective transverse-momentum
resolution is, however, dominated by the intrinsic transverse-momentum spread of the
proton beam at the interaction point, which is about 40 MeV in the horizontal plane and
about 90 MeV in the vertical plane.

3 Kinematics and cross section

In the low-Q? analysis, the kinematic variables Q% and W and the inelasticity y, the
fraction of energy lost by the electron in the proton rest frame, were determined from the
energy, E’, and the angle, 6., of the scattered positron (“electron method”) measured in
the BPC/BPT.

In the DIS analysis the identification of the scattered positron was based on a neural
network algorithm [8] which uses information from the CAL. The variables W and Q?
were reconstructed with a combination of the electron method and the double angle
method [9].

The energy deposit in the CAL and the track momenta of the charged particles were
clustered into objects called “energy-flow objects” (EFOs). Each of them is regarded as a
particle [10,11]. The mass Mx of the diffractive system X was calculated from the EFOs.

The momentum of the scattered protons detected in the LPS, p*F*, was measured together

LPS LPS)
Z

with its component perpendicular (parallel) to the beam direction, p7'™* (p . From

these quantities, the fractional momentum of the scattered proton, zr, and the square of
the four-momentum exchanged at the proton vertex, t, were determined as:

zr, = p5S | Ep;
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The diffractive-variables zp and [ represent respectively the proton momentum fraction
carried by the Pomeron and the Pomeron momentum fraction probed by the photon.
They were calculated as:
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The cross section, o. | for the diffractive dissociation of virtual photons, v*p — Xp, is

v
related to the cross section for the process ep — eXp by
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The diffractive structure function is related to the diffractive cross section by

D 2
do,

. 471'0{2 Y D(4) )
0oy = por L VT ot oy e (0@ aws ),

where RP™ is the ratio of the cross sections for longitudinally and trasversely polarised
photons, and was assumed to be zero for this analysis. The diffractive structure function
F2D ®) is obtained by integrating FQD @ over ¢.

4 Monte Carlo simulation

In the low-Q? analysis the reaction ep — eXp was simulated with the Monte Carlo (MC)
generator EPSOFT2.0 [10,12,13]. The Triple-Regge formalism [1] was used to parametrise
the cross section.

In the DIS analysis the same reaction was modelled with RAPGAP [14], which is based
on the factorisable model of Ingelman and Schlein [15]. The diffractive structure function
FQD @ was expressed as a sum of a Pomeron and a secondary Reggeon contribution [16].

QED radiative effects were simulated through HERACLES [17]. The measurements of
the diffractive structure function and of the diffractive cross section presented hereafter
are corrected for these effects.

All generated events were passed through the standard ZEUS detector simulation, based
on the GEANT3.13 program [18], and the trigger-simulation package.

5 Results

5.1 Q? dependence of the cross section

Figure 1 shows the diffractive cross section, doE*p /dMx, as a function of Q? at different
Mx and W values. The present measurement is shown together with the previous ZEUS
result [10] corrected for the residual double-dissociative background. The contribution
from the background was assumed to be 31% [10].

The present results extend the previous ZEUS measurements [10,11,19] to a wider, so
far unexplored kinematic region, and notably reach higher values of My, lower values of



Q? as well as values of W close to the kinematic limit. The data exhibit a behaviour
qualitatively similar to that of the total photon-proton cross section [20]: the diffractive
cross section falls rapidly with @Q? at high Q?; conversely, as @? — 0, the cross section
dependence on Q? becomes very weak.

The main features of the data are broadly reproduced by a fit based on the BEKW
model [19,21]. This model parametrizes the diffractive cross section in terms of fluctu-
ations of transversely and longitudinally polarised virtual photons either into ¢g or ggg
states. In the kinematic domain of the present measurement the contribution from lon-
gitudinally polarised photons can be neglected. The 8 (and hence M) spectra of the
dipole states are determined by general properties of the photon wave-function, with the
qq contribution to the cross section proportional to (1 — ) and the ¢gg contribution
proportional to (1 — 3)7. The ¢ component has no Q* dependence, while the ggg com-
ponent has a logarithmic @? dependence of the type log(1 + Q?/Q3), where the scale
parameter Q2 is taken to be 0.4 GeVZ2. The model assumes that the cross sections of the
two components have a power-like behaviour in zp of the type (zo/zp )" @), where the
parameter is taken to be 0.01. In the fit, the zp dependence was obtained from the data,
along with the relative normalisation of the ¢¢ and ¢gg contributions and the coefficient
v. The fit was limited to the region zp < 0.01, where Pomeron exchange dominates. For
small values of My the qg states dominate in the DIS region, while at large masses the
qqg contribution becomes dominant. Going from the DIS region to the low-Q? region, for
a given value of M,, (3 also decreases, and again the ggg contribution becomes dominant.

The similarity of the behaviour of the diffractive and total cross sections is emphasized by
Fig. 2, where the ratio of the diffractive cross section to the total virtual photon proton
cross section, (Mxdol.,/dMx)/o%%,, is presented as a function of @Q* at different Mx
and W values. The values of the v*p cross section were obtained from the ALLM97
parametrization [22]. At low values of Q?, the Q? dependence of the diffractive cross
section is similar to that of ¢!%%. In the DIS regime, in the region Q* > M3, do?.,/dMx

decreases with Q* more rapidly than ¢!%, while for Q* < M3 the ratio increases with

Q?. Here again, the results for zpp < 0.01 are well reproduced by the BEKW fit.

5.2 Diffractive structure function

The diffractive structure function was evaluated under the assumption that RP®) = 0.

The dependence of the diffractive structure function on @Q? is presented in Fig. 3 for
different values of zp and 3. The diffractive structure function rises with @? in all
the available kinematic region. These positive scaling violations presumably reflect a
large gluonic contribution in the diffractive exchange. The behaviour is similar in all zp
bins, both in the Pomeron dominated region and at larger xp, where Reggeons become



important. The results are compared with the prediction of the saturation model [23]. In
this model [24], diffractive DIS is described as the interaction of the ¢ (¢gg) fluctuation of
the virtual photon with the proton. The parameters of the qq and ¢qgg dipole cross sections
were obtained from a fit to the F, data. The latest modification of the model [23] includes
the QCD DGLAP evolution of the gluon distribution. In the region of applicability of
the model, zp < 0.01, the Q? dependence of the data is well described, although the
data points are higher than the model prediction, an effect which becomes stronger at low
values of f.

Figure 4 shows some of the points of Fig. 3 along with the low-Q? data. As for the proton
structure function F;, conservation of the electromagnetic current requires that F.P oc Q2
for Q? — 0, a trend supported by the present data.

The dependence of the diffractive structure function on 3, presented in Fig. 5 for different
values of zpp and Q?, has a very different behaviour at different values of zp, presumably
reflecting the different partonic structure of the exchange probed. Here again the results
are well described by the prediction of the saturation model.

6 Summary

The diffractive dissociation of virtual photons, v*p — Xp, has been studied at HERA
over a wide zp and Q? region.

The Q? dependence of the diffractive cross section has been measured: while at low Q?
the data do not exhibit a strong Q? dependence, at larger Q? the cross section falls rapidly
for increasing 2. This change of behaviour is qualitatively similar to that observed in
the v*p cross section, as confirmed by the Q% dependence of the ratio of the diffractive to
the total cross section.

The diffractive structure function rises with @2 both in the Pomeron dominated region
and at larger xp. The [ dependence of FQD ®) has instead a very different behaviour at
different values of zp.

The main features of the data are well described both by a parametrisation based on the
BEKW [21] model and by the prediction of the saturation model [23]. This indicates
that dipole models including ¢q ad ggg contributions are suitable to describe diffractive
processes in ep collisions from the low-Q? region to the DIS regime. The data suggest the
increasing importance of the ¢gg states at low Q2.
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Figure 1: The diffractive cross section daap/dMX as a function of Q* at different
W and Mx values. The inner error bars show the statistical uncertainties and the
full bars are the statistical and the systematic uncertainties added in quadrature.
The overall normalisation uncertainty of ~ 10% is not shown. The solid (dashed)
lines are the results of the BEKW fit (extrapolation of the BEKW fit) described in
the text. The dotted lines are the results of the same fit for the qgg contribution
alone.



Figure 2:

and the systematic uncertainties added in quadrature.
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The ratio of the diffractive cross section to the total virtual photon
proton cross section as a function of Q* at different W and Mx values. The inner
error bars show the statistical uncertainties and the full bars are the statistical

The overall normalisation

uncertainty of ~ 10% is not shown. The solid lines are the result of the BEKW fit
described in the text.
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Figure 3: The diffractive structure function multiplied by rp, aprFQD(g), as a

function of Q?, for different values of xp and B. The inner error bars show the
statistical uncertainties and the full bars are the statistical and the systematic un-
certainties added in quadrature. The overall normalisation uncertainty of ~ 10%
1s not shown. The solid lines are the prediction of the saturation model described
in the text.
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Figure 4: The diffractive structure function multiplied by zp, xlpFQD(g), as a

function of Q?, for different values of xp and B. The inner error bars show the
statistical uncertainties and the full bars are the statistical and the systematic un-
certainties added in quadrature. The overall normalisation uncertainty of ~ 10%
15 not shown.
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Figure 5: The diffractive structure function multiplied by rp, aprF2D(3), as a

function of B, for different values of xp and Q?. The inner error bars show the
statistical uncertainties and the full bars are the statistical and the systematic un-
certainties added in quadrature. The overall normalisation uncertainty of ~ 10%
is not shown. The solid lines are the prediction of the saturation model described
in the text.

13



