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Abstract

Evidence is presented using data taken with the H1 detector at HERA for a class
of deep inelastic electron—proton scattering (DIS) events (5 < Q% < 120 GeV?) at
low Bjorken-z (107* < & < 107?) which have almost no hadronic energy flow in
a large interval of pseudo-rapidity around the proton remnant direction and which
cannot be attributed to our present understanding of DIS and fluctuations in fi-
nal state hadronic fragmentation. From an integrated luminosity of 273 nb=!, 734
events, that is about 5% of the total DIS sample, have no energy deposition greater
than 400M eV forward of laboratory pseudo-rapidity 7., = 1.8 up to the largest
measurable pseudo-rapidity of about 3.65. Evidence that about 10% of observed
rapidity gap events are exclusive vector meson electroproduction is presented. Good
descriptions of the data are obtained using models based either on a vector meson
dominance like picture, which includes a large fraction of inelastic virtual photon
dissociation, or on deep inelastic electron—pomeron scattering in which the partonic
sub—structure of the latter is resolved.
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1 Introduction

The electron—proton (ep) collider HERA, in which 26.7 GeV electrons collide with 820 GeV
protons, not only enables the extension of the kinematic range of measurements in the deep
inelastic scattering (DIS) of electrons and protons but also opens up new possibilities for the
study of the hadronic final state. Due to the large ep centre of mass energy /s = 296 GeV,
for the first time measurements of DIS are possible with substantial @* (the space-like boson
invariant mass squared > 5GeV?) at very low Bjorken—z < 1072, Bjorken-z is defined by
x = % where p is the four momentum of the incoming proton and ¢ that of the virtual boson.
In this low z kinematic region, modifications to the leading order parton model picture of DIS
are likely to be substantial, which could mean that our present interpretation of DIS in such

terms is inadequate.

In the following a coordinate system is used with origin at the interaction point and z axis
along the proton beam, or forward, direction. The pseudo-rapidity of a final state particle with
polar angle 8 is then = —In tan(%).

For the majority of DIS events the final state hadronic energy flow is spread between the
directions of the struck parton and the proton remnant. Due to the high incident proton momen-
tum at HERA, the directions of these two systems are generally very different in the laboratory.
Hence detailed studies of the energy flow associated with them and their inter-relation become
possible. First results of such studies have shown that the main features of the energy flow
around the direction of the struck parton are well reproduced by various “standard DIS” models
in which ep scattering is explained in terms of the interaction of a virtual electroweak boson with
the partonic content of the proton. The energy flow in the region around the proton remnant
is however less well described [1]. In particular the ZEUS collaboration have reported an excess
(~ 7% to 8%, Q* > 10GeV?, W > 140 GeV) over the expectations of standard DIS models
of events in which no energy flow is observed in a large region of pseudo-rapidity close to the
proton direction, specifically from the start of detector acceptance to n = 1.5 [2]. Standard DIS
models describe the main features of hadronic energy flow in DIS as being a consequence of
the chromodynamic radiation from the colour charges exchanged in the interaction. The obser-
vation of deep inelastic ep rapidity gap events may indicate that the virtual photon interacts
with the proton with no exchange of colour. The substantial % of the interaction suggests
that the sub-structure of the colourless exchange may be resolved, or that its spatial extent is
small. The similarity of the Q2 dependence of the yields of rapidity gap and all DIS events, for
total hadronic invariant mass W > 140 GeV, is interpreted as evidence for a leading twist QCD
production mechanism.

In this paper we describe the observation of rapidity gap events using the H1 detector at the
HERA collider at DESY, Hamburg. Preliminary studies of these events, based on an integrated
ep luminosity of 22.5 nb~"!, were reported in July 1993 [3]. Two rapidity gap events are shown in
figure 1. In the first there is energy deposition throughout the detector, except in the forward
region, and large charged particle multiplicity in the central charged track detectors. In the
second the observed hadronic final state consists of two oppositely charged particles, the pp
of which balances that of the scattered electron. In both cases the electron is detected in the
backward region of H1.

Here we make a first comparison with our data of models based on the assumption that
the proton interacts diffractively. The interaction may therefore be modelled as the (colourless)
exchange of a t-channel Regge pole, the pomeron. Two mechanisms are considered.

The first mechanism is motivated by the possibility that rapidity gap events are attributable
to processes which do not involve the spatial separation of coloured pomeron partonic sub-
structure, and thus in which there is no coloured remnant left from the virtual photon—pomeron
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Figure 1: Two DIS events observed with the H1 detector in which a large region around the
proton direction (to the left) is devoid of energy flow; 820 GeV protons are incident from the
right, 26.7 GeV electrons from the left; the upper ((r,z) view only) has widely distributed
hadronic energy flow in the “barrel” region of the liquid argon calorimeter which is spatially
associated with high charged track multiplicity in the CTD and not in the FTD; the lower ((r, z)
and (7, ¢) views) contains two oppositely charged tracks in the CTD with associated calorimeter

energy. For explanation of the detector components see the text.




interaction. An example is the observation of exclusive vector meson (VM) leptoproduction
at significant @* [4, 5]. Different theoretical approaches to exclusive VM leptoproduction exist,
based on vector meson dominance (VMD) of the photon [6], and on QCD or partonic models [7].
Inelastic interactions of the virtual photon in such a mechanism can be modelled conveniently
in the framework of VMD), or taken to follow a partonic description such as that in the “aligned
jet model” [8] which is expected to be significant in ep DIS at low Bjorken—z. We here adopt a
phenomenological approach, based on VMD, to build a model which provides a feasible way of
comparing our data with both elastic and inelastic interactions of this type.

The second mechanism considers the possibility that any partonic sub-structure of the
pomeron is resolved and interacts solely with the high @2 photon, that is deep inelastic electron—
pomeron scattering, and in which there may exist a coloured pomeron remnant from the inter-
action.

2 The H1 Detector and DIS Event Selection

The data on which the work described here is based were taken with the H1 detector at the
HERA ep collider at DESY in Hamburg and correspond to an integrated luminosity of 273 nb™*.
The H1 detector is described in detail in [9]. The components of particular importance to this
analysis are as follows (see figure 1).

The backward electromagnetic calorimeter (BEMC) measures the energy of electrons scat-
tered into the backward region of H1 with an accuracy of %% ~ L0%
(electromagnetic) energy scale known to within 2% in this data sample. The backward region
corresponds to small angle electron scattering, that is for HERA the low Q? region. The BEMC
covers the angular range 156° < 6 < 174° which corresponds to 120 > @Q* > 5GeV? with a
minimum measured electron energy of 12 GeV.

and with an overall

Immediately in front of the BEMC is the backward proportional chamber (BPC), which
determines the point at which charged particles enter the BEMC with an accuracy of a few
millimetres over all but its outermost regions, where this function is taken over by the central
track detector (CTD, see below). For events in which a z vertex is determined, the resulting
polar angle measurement is accurate to o ~ 2 mrad.

The time-of-flight system (TOF), placed behind the BEMC, registers whether an energy
deposit in the BEMC occurred outside the time window expected for a HERA ep collision, in
which case the source was a proton beam wall or beam gas interaction within or before the
detector.

The central tracking detectors (CTD) are a hybrid of inner and outer jet chambers (CJC),
z drift chambers and proportional chambers. The proportional chambers provide a fast signal
and allow H1 to trigger on tracks which originate from the z range expected for ep interactions.

The forward tracking detector (FTD) is an array of drift and proportional chambers which
extend track measurement into the forward direction.

In off-line analysis, two sets of CJC track criteria were used. The first, for the definition
of tracks used in the reconstruction of the event z vertex, required a minimum of 5 hits in the
CJC. The second, to define tracks used in the analysis of the final state, required a minimum of
10 CJC hits. The mass resolution for meson decays to 7+ 7~ using the latter track definition is
then typically o ~ 20 MeV, as confirmed by observation of K decay in our DIS sample. The
track criteria used in the FTD were a minimum of 9 hits and a momentum of at least 0.4 GeV
for the reconstruction of the z vertex. Tracks used in the final state analysis were required to
have a minimum of 18 hits.



The liquid argon calorimeter is divided into electromagnetic and hadronic sections, with
lead and steel absorber respectively [10]. Hadronic energy is measured with an accuracy of
E o~ % as shown by test beam measurements and, for the data studied here, with an
overall energy scale known to within 6%. The liquid argon calorimeter is finely segmented,
enabling accurate determination of the pseudo-rapidity 1 of energy deposited within it. In the
forward region, extending to n ~ 3.65, the granularity is such that the polar angle which is

subtended at the event vertex by energy deposits in individual cells is < 15 mrad.

An as yet only partially instrumented copper silicon calorimeter, the plug, extends calori-
metric coverage in the forward direction to a pseudo-rapidity of n = 5.2.

The iron yoke of the solenoid magnet which provides the uniform magnetic field for the
H1 tracking detectors is interleaved with limited streamer tubes for the measurement both of
hadronic energy flow leaking out of the liquid argon calorimeter and of penetrating muons. The
coverage of this muon system extends throughout the central region into the forward region to
n = 3.35.

The forward muon spectrometer (Fyu) enhances muon identification and measurement in the
forward region of H1 (1.90 < 5 < 3.64). In addition, forward going hadronic energy in the
pseudo-rapidity range 5.0 < 1 < 6.6 may produce charged particles by secondary interactions in
the collimators, beam pipe and adjacent material which are detected in the Fpu drift chambers.

The forward proton tagger (Py,,) consists of two layers, each composed of scintillator sheets
sandwiched by lead shielding. It is situated 24 m from the interaction point in the proton
direction and the scintillator sheets cover an area of about 60 x 60 cm? transverse to and around
the beam pipes. The resulting coverage in pseudo-rapidity is 5.8 < n < 8. When used in
conjunction with Fu and the plug calorimeter, P,,, is able to identify charged multiplicity
associated with forward energy flow in this rapidity range.

Electrons and photons emitted at very small angles to the electron beam direction are de-
tected in two electromagnetic calorimeters (Lumi) located 33 m and 103 m from the interaction
point in the electron direction. Designed to measure luminosity by detecting ey coincidences
from elastic radiative ep collisions, they are in addition used here to help quantify background
due to photoproduction.

The data used here were obtained with a trigger requiring the presence of a localized energy
cluster in the BEMC of 4 GeV or more. Studies using an independent z vertex track trigger
indicate that this trigger is 100% efficient for events in which an electron of energy 10 GeV or
more enters the BEMC. A selection, similar to that used to define the data sample described
in [11], required the identification of a scattered electron in the BEMC as follows. The energy
deposit was required to be electromagnetic in character, to not occur outside the TOF time
window expected for an ep interaction, and to be associated with a hit in the BPC directly in
front of the BEMC or with a track in the CTD. It was also required that an event z vertex
be reconstructed from at least one track and that it lie within 35 ¢m of the nominal interaction
point. The majority of hits in the CTD were required to be associated with tracks from the event
vertex, thereby suppressing events with tracks resulting from beam wall or gas interactions. The
energy of the scattered electron was required to be at least 12 GeV and its polar angle 8 to be
less than 172.5°. A total of 14550 events satisfied these criteria.

Studies, using various Monte Carlo simulations and using events in which an electron was
detected in the luminosity system, indicate that the data sample selected as above consists
overwhelmingly of DIS events [11]. The remaining ~ 3% background are due primarily to yp
interactions in which early showering pions fake the electron signature in the BEMC and are
concentrated at low scattered electron energies.
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Figure 2: Distribution of measured 7,,,, for all DIS events together with the expectation from
the “standard DIS” model (see text) based on the LEPTO simulation.

3 Selection of Rapidity Gap Events and Background Studies

The largest pseudo-rapidity which may be measured in the H1 liquid argon calorimeter, 7y 4,,
is about 3.65, and varies slightly due to the position of the ep event vertex. We define 1,,,,
for each event to be the largest pseudo-rapidity for which the summed energy deposited in the
liquid argon and backward electromagnetic calorimeter cells in a cone about the forward proton
direction with > 7,4, is at least F,,;, = 0.4 GeV. A histogram of 7,,,, for all DIS events,
figure 2, reveals that, in most events, there is energy close to npa,. There is also a class of
events in which there is a large pseudo-rapidity gap adjacent to 14, which is not expected
in the standard DIS models discussed above. This observation is not affected by varying F,.;,
within the limits 0.3 < FE,;, < 0.6GeV. A sample of events with large rapidity gap was
selected from the DIS sample by requiring that 7,,.,. < 1.8. A total of 737 events, or 5% of
the DIS sample, satisfied this criterion. Of these events, less than 2% had one or more charged
particle with momentum greater than 0.4 GeV reconstructed in the FTD in the angular range
4.6° < 0 < 18.8° (3.2 > n > 1.8).

An alternative selection based on the use of energy clusters in the liquid argon calorimeter
yielded similar results. Taking all clusters of energy greater than 0.4 GeV, and specifying their
pseudo-rapidities by the centre of the energy cluster and the event vertex, we found 773 events
in the DIS sample (5.3%) have no clusters above a laboratory pseudo-rapidity of 1.8. In all
that follows we work with the former selection based on energy flow in cones of laboratory
pseudo-rapidity.

Pile-up in the liquid argon calorimeter, in which energy deposited in earlier or later bunch
crossings (HERA bunch crossing interval is 96 ns) contributes spurious forward energy deposition
and therefore biases against the rapidity gap selection, was found to be insignificant.
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The selection criteria above can also be satisfied by electron beam gas events in which beam
electrons interact with the residual gas inside the beam pipe. An estimate of the level of this
background in the rapidity gap sample was made using the so-called electron pilot bunches
in HERA. The proton RF buckets which entered the interaction region in coincidence with
these bunches were empty. Hence any interactions observed within the beam pipe were due to
electron beam gas collisions. No such events were found in the rapidity gap sample. Taking
into consideration the relative electron currents in colliding and pilot bunches, this implies an
upper limit of 19 electron gas events in the rapidity gap sample (90% CL). Proton beam gas
interactions do not contribute to the rapidity gap sample.

The level of background due to vp interactions in the rapidity gap sample was determined
using those events in the sample in which an electron was detected in the Lumi detectors. The
contamination was found to be similar to that in the entire DIS sample, namely ~ 3% [11]. The
H1 muon system was used to check that the presence of cosmic ray interaction background in the
rapidity gap sample was negligible. Extrapolation of the measured hadronic two photon cross
section [12] show that two photon interactions do not contribute significantly to the rapidity gap
sample (< 1 event). Three candidate Compton events (ep — epy) were found in the rapidity
gap sample and removed.

The rapidity gap sample considered below thus contains 734 events (5% of the total DIS
sample). The number of events expected in this sample from standard DIS simulation is found
to be between 12 and 53, where the uncertainty is a consequence of our current understanding
of the proton structure functions and of parton fragmentation schemes.

4 Monte Carlo Models

The data were compared with the results of various Monte Carlo programs.

Deep inelastic ep scattering without colourless exchange was simulated using either LEPTO [13],
which utilises O(ag) matrix elements and parton showers, or a combination of LEPTO and
ARIADNE [14] in which hadrons are radiated from a colour dipole. The parton distribution
parameterisation used for the proton was MRSD- [15] which reproduces recent measurements of
the proton structure function F5 [11].

To model interactions in which any coloured sub-structure in ep interactions with a colourless
exchange either is not resolved or is not spatially separated, the diffractive interaction of VM
dominated, virtual photons with protons was simulated using a prescription based on measure-
ments of hadronic photoproduction and lower @ electroproduction [16, 17]. The virtual photon
was taken to interact as a VM via pomeron exchange with the proton. A form factor F(Q?, y)
dominated by a VM of mass my , namely

1 9 )
1+ Q_2) 1+ e(y)Rir(Q%,y)] (1)

2
my

F(Q%y) = (

was assumed, where R;r(Q% y) is the ratio of the longitudinal to transverse virtual photon-
proton cross sections in the Lorentz frame in which the proton is at rest. The ratio of longitudinal
to transverse virtual photon flux, as specified in QED, is given by

2(1-y)

W= 2(1-y)+y°

(2)

where y is the DIS scaling variable y = %, and the Q* dependence of €(y), which is very small in

this frame, is neglected. F(Q?, y) is known to describe the @Q* dependence of the elastic p(770)
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component of hadronic leptoproduction at low Q% with Ry ; o« Q* [18]. Little is known about
R for the electroproduction of vector mesons on hydrogen at Q% > 5GeV? L. For simulation
in the Q2 range of the data presented here, we have adopted the ansatz

Qo
RLT: 1+VQ_2 (3)

m

<

which is consistent with the low % measurements, and at higher Q? does not permit the dom-
inance of the large longitudinal scattering cross section from the low mass VMD contributions,
namely p(770), w(783), and ¢(1020). Note that for inelastic VMD-like processes, alternative
choices for F(Q?,y) in equation 1 are possible [6] because very little is known about the Q2
dependence of such dissociation. A phenomenological parameterisation of hadronic diffraction
was used for the pomeron exchange [20, 21]. For elastic interactions (figure 3a) the resulting
dependence on the four momentum transfer squared ¢ of the virtual photon-proton interaction
is e~1% and for inelastic interactions e~ (figures 3b), 3¢) and 3d)). Because we are unable to
detect and reconstruct precisely either the scattered proton or its dissociated products using our
present forward detectors, we are insensitive experimentally to the details of this ¢ dependence.
For inelastic interactions the dissociation of the VM or of the proton into a system of mass !

is taken to follow a # prescription in M?2. The final state hadronisation was obtained as that
of a quark anti-quark pair in JETSET [22, 23], one of which scattered off the pomeron (momen-
tum fraction Z,yu4-4/,) and the other of which did not (momentum fraction 1 — 2,u4r4/4). The
resulting hadronic system of mass M then fills the available longitudinal phase space roughly
uniformly, has a transverse momentum distribution which is limited exponentially (e~~"7 in
p2), and has a charged multiplicity which is observed to follow approximately KNO scaling [24].
All these features are characteristic of soft diffractive dissociation in high energy hadron physics.
No explicit hard hadronic scattering contribution was included in this model. All characteristics

of the generated hadronic final state are very similar to those obtained using the diffractive
option of PYTHIA [25, 23].

Deep inelastic electron—pomeron scattering was modelled using RAPGAP [26], a program
in which the virtual photon interacts directly either with a quark constituent of the pomeron
(figure 3e)) or via a quark loop with a gluon constituent - electron-pomeron scattering via
photon—gluon fusion (figure 3f)). In both cases a remnant is left at low py with respect to the
pomeron and hence also to the proton. The fragmentation of the partons involved in the hard
sub-process and of the pomeron remnant were modelled using JETSET [22, 23]. In comparisons
with data which follow, we consider two contrasting hypotheses for pomeron structure, namely
either quark (figure 3 e)) or gluon (figure 3 f)) contributions. In each, the parton distribution
functions p(z) for the pomeron structure were taken to have the form zp(z) ~ z(1 — z), where in
the former z = 2,y qr/p is the fraction of the pomeron momentum carried by the struck quark,
and in the latter z = @ gyy0n/p is the fraction of the pomeron momentum carried by the gluon,
in the virtual photon pomeron interaction. Results from high p; jet production in diffractive
proton anti-proton interactions favour a hard distribution, such as that above, for zp(z) [27], and
in all comparisons we have found that the choice of a parton distribution function with a softer
z dependence does not describe the data as well. It is also necessary for the gluon contribution
to require a minimum momentum pr transverse to the virtual photon for the final state partons.
This ensures the validity of the perturbative matrix element calculations. In comparisons made
here pr > 1 GeV was used. The phenomenological description of the pomeron was similar to
that in the VMD-like model. The xp,, distribution, where zp,, is the fraction of the proton

momentum carried by the pomeron IP, then follows a x;/ distribution. At fixed @2, this results

in a dependence in M?2.

1
M+Q2

LA recent measurement [19] gives Rrr = 2.0 £ 0.3 at < Q2 >= 6 GeV? with no evidence for strong variation
with @* for 2 < Q* < 15 GeV? in diffractive production of p(770) on nuclei.
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Figure 3: Diagrams which illustrate VMD-like and deep inelastic electron-pomeron scattering
descriptions of rapidity gap events; a) p production via elastic VMD; b) VMD p production
with soft dissociation of the proton; ¢) VMD photon interaction followed by soft dissociation of
the vector meson; d) VMD photon interaction followed by soft dissociation of both the vector

meson and the proton; e) inelastic elP scattering (off a quark in the pomeron); f) inelastic elP
scattering (off a gluon in the pomeron via photon-gluon fusion); e) and f) are both leading twist
electron-parton processes in QCD.

Both the VMD-like and the deep inelastic pomeron Monte Carlo programs included a full
description of the QED electron—photon vertex but did not simulate initial or final state QED
radiation.

Before making comparisons with our data, the events generated using the models above were
passed through a full Monte Carlo simulation of biases due to acceptance, to measurement in
H1, and to data analysis. No attempt is made in the following to correct measured distributions
for these effects. In all comparisons, unless otherwise stated, the generated event yield from the
diffractive physics simulations was normalised to the experimental yield of selected rapidity gap
events, Nn. < 1.8, after subtraction of the “tail” due to standard DIS events. All figures are
shown with statistical errors only.

5 The Data and their Interpretation

5.1 The Data

As shown in figure 2, the data are observed to contain a larger number of events with small
values of 7,4, than expected from standard DIS simulations. The rate of decrease of the 7,,,,
distribution at small 7,,,, is less than at large 7,,4., indicating that different mechanisms are
responsible for the production of hadrons in low and high 7,,,, events. Figure 4 shows the scatter
plot of the size of the largest measured pseudo-rapidity gap An within the hadronic final state
against the pseudo-rapidity of the forward edge of the gap, 7.,4. The gaps were required to be
within the detector acceptance, that is 7.,4 < 7r4,, and to have measured hadronic energy not in
excess of 0.4 GeV. Rapidity gap events with small 7,,,,, (figure 2) appear as a distinct population
with large pseudo-rapidity intervals An devoid of significant hadronic energy extending to the
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Figure 4: Scatter plot for all DIS events of the size of the largest observed interval of laboratory
pseudo-rapidity which contains less than 0.4 GeV hadronic energy An against the most forward
pseudo-rapidity 7e,4 to which the interval can be measured (7.,4 < 714, Where 77 4, is the largest
pseudo-rapidity which may be measured in the liquid argon calorimeter, namely ~ 3.65); note
that the binning of the data necessarily follows that used in the determination of 7,,,, explained
in the text.
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most forward measurable values 7.,4 ~ 7a, (smeared according to the distribution of event
vertices).

Of the 734 selected rapidity gap events, only 7% have energy deposition above threshold
(~ 0.6 GeV) in the plug calorimeter, compared with 71% for the entire DIS sample. Including
corrections for out of time segments originating from earlier or later ep bunch crossings, at least
one track segment could be reconstructed in the Fu drift chambers in only 16% of the rapidity
gap events, compared with 73% for the entire DIS sample. Monte Carlo studies, which include
a detailed modelling of the forward components of H1, both active and passive, and which
reproduce well the observed response in the former, show that these results are consistent with
diffractive processes in which the rapidity gap extends to n = 6.6 for a large proportion of the
events. A similar comparison using Py,, (19% with > 1 hit for rapidity gap events, 43% for all
DIS events), when taken together with the above Monte Carlo study, is consistent with proton
diffractive dissociation in ~ 30% of rapidity gap events, which is similar to measurements of
diffractive dissociation in pp interactions at comparable CM energy [28].

The rapidity gap events are distributed over the entire Q? and Bjorken-z range studied here,
namely 5 < Q* < 120GeV? (< Q% >= 21GeV?) and 107* < z < 1072 (< = >= 0.0016) ?
Figure 5a) shows the ratio R of rapidity gap events to all DIS events as a function of Q?,
reconstructed using the measured angle and energy of the scattered electron in the BEMC. The
ratio R(Q?) is seen to decrease with increasing @2. This may not reflect the behaviour of the
mechanism producing rapidity gap events because the use of the 7,,,, < 1.8 criterion to select
such events introduces a bias. Bjorken-z and @? are correlated and events at larger z often
have hadronic energy in the forward direction. The selection efficiency thus decreases with Q2.
Furthermore, in the diffractive hard scattering picture the selection efficiency depends sensitively
on the behaviour of the pomeron remnant, on the pomeron momentum distribution, and on the
pomeron parton distribution function. To minimise the effects of the selection bias due to energy
associated with the struck object entering the forward rapidity gap region, we show in figure 5b)
R(Q?) in different Bjorken-z regions. R((Q)?) now has no significant dependence on @?, which
is consistent with, but is not conclusive evidence for, a production mechanism for rapidity gap
events which is leading twist in QCD.

The spectra of the invariant mass (M) of the measured hadronic final state for all rapidity
gap events and for all DIS events are shown in figure 6. My is determined from energy deposition
in cells of the liquid argon calorimeter. The My spectrum for the rapidity gap events peaks at
3.5 GeV which is considerably lower than for all DIS events, suggesting that the former have a
lower hadronic mass scale than the latter. Some, but not all, of this difference is attributable
to the reduction in My due to the phase space restriction implicit in the rapidity gap selection.
This is demonstrated in figure 6 by showing, for DIS events with 7,,,, > 1.8, the My spectrum
calculated ignoring calorimetric energy deposits with n > 1.8, that is energy deposits in the
rapidity gap region. Above the peak at 3.5 GeV, the observed My spectrum for rapidity gap
events is consistent with both the VMD and the RAPGAP (not shown) simulations, the former
of which has built into it the characteristic # distribution in the mass squared M? of any
diffractively dissociating hadron.

The number of rapidity gap events in the sample with only two charged particles is 154
and in 123 of these the tracks have opposite sign and may arise from the decay of neutral
vector mesons. In the above samples, 34 and 29 events respectively have less than 1.5 GeV of
energy deposited in the calorimeters which is not associated spatially with the charged particles.
The latter 29 events (4% of all selected rapidity gap events) are candidates for exclusive VM
production. Calorimeter energy was considered to be associated with a charged particle if it
was within a cylinder about the particle direction of radius 15 ¢m in the electromagnetic section

?Note that the event selection described in sections 2 and 3 is made using electron scattering angle and energy.
The ranges quoted for Q® and Bjorken-z each correspond to the maximum accessible in the selected data.
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Figure 5: a) The ratio of rapidity gap events to all DIS events (R in text) and the ratio of rapidity
gap events which are candidates for exclusive production of p(770) to all DIS events (R,_ in
the text scaled by a factor 5 for display purposes) both as functions of @Q?; also shown is the
expectation for R(Q?) for the RAPGAP model assuming quark sub-structure in the pomeron;

b) R(Q?) for different Bj

orken—z ranges.
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Figure 5: ¢) R(Q?) for events with My > 7.5 GeV; the expectation from RAPGAP assuming
gluon sub-structure in the pomeron is also shown.

of the liquid argon calorimeter, 25 ¢m in the hadronic section, and 15¢m in the BEMC. The
two charged particle mass spectrum, assuming both particles are pions, is shown in figure 7a).
There is evidence for exclusive p(770) production with relatively little signal at higher mass. It
is compatible with measurements of p(770) photoproduction and lower Q? electroproduction [16]
and with the expectation from the simulation of exclusive VM production (normalised to the
observed 29 events). Figure 7b) shows the 7,,,, spectrum for these events which is also seen
to be consistent with the expectations of exclusive VM production. The ratio R, of these
candidate events for exclusive p(770) in the rapidity gap sample to all DIS events is shown in
figure 5a) as a function of Q*. It shows no evidence, albeit with limited statistical sensitivity,
for any substantial difference from all rapidity gap events. Note that it is unlikely that this
p(770) production is due to any remaining electron beam gas events in the rapidity gap sample
because about two thirds of the candidate p(770) events are kinematically incompatible with
the assumption that they originate from beam gas interactions.

From the full simulation of acceptance, measurement and data selection biases in H1, we
estimate our efficiency for selecting exclusive vector meson events (primarily p(770) with small
contributions from the kinematic reflections associated with w(783) and ¢(1020) production)
from the sample of rapidity gap events to be ~ 50%. Thus the proportion of exclusive p(770),
w(783) and ¢(1020) events in the latter sample is ~ 10%. There is no evidence for a similar
proportion of exclusive p(770) production in the DIS two track events with 7., > 1.8.

5.2 Comparison with VMD-like Physics

The shapes of both the observed 7,,,, distribution (figure 8a)), and the observed Mx spectrum
(figure 6) can be reproduced using the VMD motivated simulation (normalised to the total
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Figure 6: Invariant mass spectrum of the measured hadronic final state for rapidity gap events,
for DIS events (scaled by a factor % for display purposes), and for DIS events with 7., > 1.8
omitting energy deposits with > 1.8 from the mass calculation (scaled by a factor % for display
purposes): the solid line is the expectation of the VMD-like simulation described in the text for
the rapidity gap data, with a small contribution from LEPTO.
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number of rapidity gap events selected) and LEPTO. Both distributions obtained from the
model are dependent on the proportions of exclusive VM (p, w and ¢) and of dissociative VMD-
like diffractive events (figure 3) both with or without proton dissociation, and, to a lesser extent,
on the understanding of the “tail” due to standard DIS processes. The VMD expectation for the
Nmae SPectrum which is shown in figure 8a) has the proportion of observed events attributable to
exclusive VM (with or without proton dissociation) consistent with observation above, namely
10%. Using our forward detectors (see section 3 above), we estimate that ~ 30% of events
with 7., < 1.8 involve proton diffractive dissociation. The fraction of events which may be
attributed to exclusive VM production is thus small when compared with photoproduction
measurements (“elastic” VM production cross section = 18 + 7 ub, total vp diffractive cross
section = 33 £+ 8 ub [29]). Given the uncertainties in the Q* dependences both of elastic and
of inelastic production in VMD-like processes (and thus also their experimental acceptance),
the hypothesis that the rapidity gap data are attributable solely to such processes cannot be
rejected. The uncertainties in the Q% dependence of the VMD model mean it is possible to
reproduce the observed R(Q?) in figure 5 in a VMD-like picture by an appropriate choice of the
ratio of longitudinal to transverse virtual photon-proton total cross sections (R in equation 1),
or also by means of a different VMD-motivated choice for F(Q?%, y) [6].

The yield of two charged particle events in figure 7 is in agreement with the VMD expectation
of exclusive electroproduction of p(770), w(783) and ¢(1020). We estimate the total elastic pho-
toproduction cross sections at our mean W of 130 GeV by extrapolating values from low energy
(W ~ 10 to 15 GeV') [30]. The prescription used describes the high energy behaviour of the total
photoproduction cross section [31, 29], namely oc W22 with A = 0.0808 [21] and predicts a rise

of the p(770) “elastic” production cross section W2 where b specifies the ¢ dependence of the

b
cross section (w x €") and b is assumed to increase logarithmically with W. We then
estimate a p(770) yield of ~ 20(230) events in figure 7a), where the two estimates correspond
to the choices Ry = 0 (g—j) in equation 1. Note that the uncertainties due to ignorance of Rpp
for each VM contribution far outweigh the uncertainties in the photoproduction cross sections
due to extrapolation to HERA energy, due to the contribution from inelastic VM production
with unseen proton dissociation, and due to any remaining uncertainties in our simulation of

experimental bias and acceptance 3.

If the VMD-like interpretation of the rapidity gap events is correct, then, using the model
as specified above, the total diffractive contribution amounts to approximately 15% of the total
observed DIS data sample (5 < @? < 120 GeV?, 107* < & < 1072).

5.3 Comparison with Deep Inelastic Electron-Pomeron Physics

The hypothesis of deep inelastic electron—pomeron scattering as implemented in the RAPGAP
model is in good agreement with observation in the kinematic region where it is applicable. The
rapidity gap and My distributions depend on the pomeron parton distribution functions used,
on the pomeron momentum distribution, and, for the gluon component, on the py cut used.
The former two are taken as specified in section 4 above. The effect of the latter on the Mx
distribution is small for My > 7.5 GeV. Figure 8 b) shows that the shape of the observed 7,4,
distribution (normalised to the observed number of rapidity gap events) is well reproduced by
the sum of the RAPGAP and DIS simulations, assuming quark pomeron sub-structure. Similar
agreement is observed in figure 8 ¢) where the observed 7,,,, distribution for Mx > 7.5GeV is

3Using the recent determination of Rpr = 2.0 & 0.3 in the diffractive muoproduction of p(770) on nuclel at
large Q2 (2 < @ < 15GeV?) in the VMD-like picture in section 4, we estimate a yield of about 60 exclusive
vector meson (p(770) +w(783) + $#(1020)) in our data, in good agreement with observation including the described
selection efficiency correction.
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Figure 8: a) Distribution of measured 7,,,, for all DIS events together with the VMD expec-
tation; shown are the contributions from exclusive p, w and ¢ production (exclusive VM) from
inelastic production (dissociative VM) and from the sum of total VMD and LEPTO. b) Dis-
tribution of measured 7),,,, for all DIS events with the expectations from RAPGAP assuming
a quark parametrisation for the pomeron structure function (see text), and from the sum of

LEPTO and RAPGAP.

19



Events
=
o
o
I
@]
N

e H1 data M,>7.5 GeV
------ LEPTO
103 s RAPGAP gluon
| —— LEPTO+RAPGAP gluon

102} ]
10 F
N
-3 -2 4
nmox
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the number of observed DIS events with 7,,,, < 1.8.
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compared with the sum of the RAPGAP and DIS simulations, assuming gluon pomeron sub-
structure (normalisation is again to the number of selected rapidity gap events). The observed
Q? dependence of the yield of rapidity gap events (in the form of R(Q?) in figures 5a) and c)) is
as expected for the RAPGAP simulation both for quark (figure 5a)) and for gluon (figure 5c¢))
pomeron sub-structure.

If the ansédtze in the RAPGAP model of deep inelastic electron pomeron scattering, namely
the descriptions of the pomeron flux, its parton structure zp(z), the perturbative calculation of
the DIS photon-parton processes, and the hadronisation of both the current and the remnant
from the pomeron, are correct, then ~ 13% of our observed DIS events are attributable to
inelastic diffraction in the kinematic range of these data (5 < @? < 120GeV?, 107* < z < 107?)
assuming the pomeron to be composed primarily of quarks. If the pomeron is considered to
be composed of gluons this proportion becomes ~ 10% of our observed DIS events with Mx >

7.5GeV.

5.4 Discussion

If the observed deep inelastic rapidity gap events are attributed to a diffractive process, then,
with the exception of the evidence for exclusive VM production, all features are very well de-
scribed by the RAPGAP model. A description in terms of processes which do not involve the
resolution and spatial separation of colour in VMD-like elastic and inelastic electroproduction
(with or without proton dissociation) is also possible. The observation of evidence for exclusive
VM production in the selected sample of rapidity gap events (~ 10% of selected events after
correction for selection losses) and the fact that the yield is broadly consistent with extrapolated
measurements of electroproduction at lower Q? suggests that VMD-like processes do contribute
at some level to the physics of rapidity gap events.

Note that, despite the acceptable overall description of the data obtained, uncertainties
remain in this picture. The possibility of a contribution to rapidity gap events from non-
diffractive processes such as neutral or charged meson exchange, or from models such as that
in [32], cannot yet be excluded. The partonic interpretation of the pomeron structure function
zp(z) is complicated by the possibility of a contribution from VMD-like processes.

6 Summary

From an integrated ep luminosity at HERA of 273 nb~! we have reported the observation of a
sample of 734 deep inelastic ep scattering (DIS) events at low Bjorken—z (5 < @? < 120 GeV?,
107* < 2 < 107?) with a large pseudo-rapidity interval around the forward proton direction
which is devoid of significant hadronic energy flow. Present descriptions of DIS in terms of elec-
tron interactions with the partonic structure of the proton and appropriate parton hadronisation
do not predict such “rapidity gap” events.

The observed distributions of maximum pseudo-rapidity of hadronic energy deposition 7,,.s,
of M, and of the Q? dependence of the observed yield as a fraction R of total DIS events, are
all well described in terms of diffractive exchange in which the coloured partonic sub-structure of
this exchange is resolved and spatially separated — deep inelastic electron—pomeron scattering.

Evidence for exclusive VM production, amounting to about 10% of all selected rapidity
gap events (7mq: < 1.8), is observed in such events with only two oppositely charged particles,
suggesting that at least some of the rapidity gap sample may involve the diffractive interaction of
the virtual photon via a vector meson dominance like (VMD-like) mechanism. An interpretation,
quantified in the framework of VMD, in which all the rapidity gap events are attributed to
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interactions in which the virtual photon and proton interact diffractively without any resolution
and spatial separation of the coloured sub-structure of the exchanged object also describes the
data well. If such a VMD-like interpretation alone is valid, then the proportion of “elastic”
events is small.
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