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Abstract

1 summarize the most important results obtained to date by the ZEUS Collaboration on Deep
Inelastic Scattering (DIS) at low z. The main emphasis is on a discussion of events with a Large
Rapidity Gap (LRG), their main characteristics, jet structure, energy flow and exclusive vector
meson production. Particular attention is paid to the interpretation of these events as due to the
scattering on pointlike constituents of a colourless object in the proton: the pomeron.

1. Introduction

In the Quark Parton Model (QPM), DIS is understood
to proceed via the exchange of a current which is
subseguently absorbed by a quark in the proton, giving
rise to final states consisting of the scattered lepton, the
struck quark and the diquark remnant. Multihadronic
final states are the result of the fragmentation of
the colour string joining the current quark with the
proton remnant. QCD corrections to the next order
in perturbation theory are given by QCD Cempton
and Boson Gluon Fusion (BGF) processes. Since the
probability to find valence quarks in the proton tends
to zero as the Bjorken variable @ goes to the kinematic
limits i.e. 0 and 1, BGF processes are expected to
be dominant at low z values. In Fig. 1 we show a
texthook example of an event as expected in the QPM.
In addition to the scattered electron and the current jet
a continuous energy flow stretching from the jet axis to
the proton direction is observed. In contrast, no energy
flow is observed between the current jet to the scattered
electron.

One of the most important results obtained at HERA
so+far, has to do with the strong rise of the cross section

or Iy at low . There are two sources of this strong

rise. On the one hand, quark pair production via the
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go-called BGF discussed previously.
Because of the configuration in colour space, hadrons

Zoun Run 4237 Event 4583
O] T SRR P 3

ETA PHI UGAL, tranavarar: eneigy

Figure 1. A DIS event as expected in the QPM

are produced along the two strings joining the quark
(antiquark) with the diquark (resp. quark which
emitted the gluon) in the proton. Hadrons thus fill the
complete phase space in pseudorapidity. In contrast, we
have found at low z a new class of events which are
characterized by a large rapidity gap (LRG).

They are interpreted to proceed via the exchange of a
colourless object in the proton: the pomeron (P). In
the process v* P — ¢4, hadrons will be the result of the




fragmentation of only one string i.e. that connecting
the quark and the antiquark, thus giving rise to a
void between the proton and one of the final state
partons. Since the calorimeter in the proton direction
covers up to pseudorapidity values of 4.3 units, selecting
events with 7,5, < 1.5 , where npqr is defined as
the pseudorapidity of the calorimeter cell with energy
deposit in excess of 400 MeV closest to the proton
beam direction, is tantamount to requiring events with
a rapidity gap larger than 2.8 units.

Although diffractive processes have been studied for
30 years now, their true nature is far from being
understood. In particular the connection with the usual
calculational techniques in strong interaction physics,
namely QCD, is still missing, both in the perturbative
as well as in the non-perturbative regimes. We have used
twc models to make comparisons with our data and thus
get into a deeper understanding of these processes. One
model fcllows the original idea of Ingelman and Schlein
[l], acording to which cne introduces parton densities
in the pomeron in the same way as one introduces
parton densities in a hadron. Thus the cross sections for
diffractive ep collisions will be the result of convoluting
a pomeron flux in the proton vertex, given by Regge
phenomenoclogy, with the cross section for v — parton
two body scattering. This model has been coded in
a Monte Carlo program, POMPYT, by P. Bruni and
G. Ingelman [2]. The parton densities in the pomeron
can be chosen and varied at will. We have used two
parameterizations, which are proportional to (1 — z)%,
soft, and z(I — z), hard. The latter is in accord with
the original proposal by Donnachie and Landshoff [3].
As an alternative we have used a Monte Carlo, written
by A. Sclano [4], of the Nikolaev-Zakharov model [5].
In this model one considers quantum fluctuations of
the virtual photon into ¢¢ and ¢dg final states which
subsequently interact with the porneron perturbatively.
In lowest order the pomeron is considered to be a two-
gluon system. In this model one arrives at an effective
quark density in the pomeron which lies somewhere in
between the two previously discussed.

2. Experimental setup and data selection

The data presented here have been taken with the ZEUS
detector [7] operating at HERA, the ¢ — p collider at
DESY (Hamburg, Germany). I will restrict myself
to the 1993 data taking period, where the integrated
luminosity collected by the experiment ameounted to
550 nb~!.  We select DIS events by looking for
scattered electron candidates using the pattern of energy
deposition in the calorimeter. The electron energy
was required to be larger than 5 Gel’. The efficiency
for finding isolated electrons in this energy range was
greater than 97%. Restricting ourselves to Q% >

10 GeV? and y > 0.04 we select a sample of 38192
events which is found to be free from beam-gas and
photoproductior background [8]. OQur data populates

a region in the Q?, ¢ plane which extends two orders of

magnitude above {below) that covered by previous fixed
target experiments [6).
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Figure 2. General characteristics of DIS LRG events

3. Events with a LRG, general characteristics

The distribution in nmae for the DIS sample is shown in
Fig. 2a. Notice that the data exhibit a tail which is an
order of magnitude above the expectations in the stan-
dard model Monte Carlo LEPTO. The shape of this tail
is properly described by the Nikolaev Zakharov model as
well as by POMPY'T with a hard parton density. In fact,
one can fit the 7,4, distribution to the linear sum of the
expectations in DIS and diffractive scattering. Depend-
ing on the model used for the latter we obtain for the rel-
ative diffractive contribution 12.04+1.8% and 9.2+1.5%
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for Nikolaev-Zakharov and hard POMPYT respectively.
Incidentally, soft POMPY'T cannot describe the shape
of the Npmae distribution.

Figs. 2b-f show relevant distributions in the mass of
the hadronic system, W, Q° and Bjorken z. Again
Monte Carlo models of the type described above give
a rough description of the main characteristics exhib-
ited by these large rapidity gap events.

If we interpret these LRG events as due to pomeron
exchange one can calculate the fraction of the proton
momentum carried by the pomeron, £, using the simple

M3 4Q* L
M£f+w2 . In Fig. 3 one can see how events

with a LR defined as 9,4, < 1.5 saturate the tail in
&. The average value for these events being 3.2 x 10~3
carresponding to an average pomeron momentum of
2.6 Gelr.

Since we cannot vet tag on forward going protons
g EP

relation £ =
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Figure 3. The pomeron fractional momentum

and thus cannot determine the ¢ distribution associated
with the proton vertex for which there exist clear
predictions in Regge theory, we try to find indirect
evidence that LRG events are due to pomeron exchange.
It is instructive to lock at the ratio r of large rapidity
gap events to all DIS evenis as a function of W, Fig.
4a. ‘This ratio is found to be constant for W values in
excess of 140 eV where our acceptance is large and W
mdependent. We consider this as further evidence that
LR@G events are due to pameron exchange. It is equally
interesting to look at the ratio of LRG events to all DIS
events as a function of Q? for various & bins, Fig.4b-
d. We find this ratio to be @? independent. Thus,
LRG events exhibit the same gcaling violation effects as
normal DIS events. If LRG events are interpreted as
due to pomeron exchange our data suggest that we are
scattering on a pomeron pointlike constituent,

4, Jet structure in events with a LRG

If the interpretation discussed so far were correct then
we should be able to observe jet production in events
with a LRG. We lock for jets in pseudorapidity-azimuth
space using the cone algorithm, We perform the search

both in the laboratory as well as in the v* — p ¢.n.
system. In the latter, a cluster is called a jet when
the transverse energy collected in a cone of radius unity
(with the metric R = /(An? + A¢?)), is larger than
2 GeV.

‘We find the fractions of 1-, 2- and 3-jet events to be
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Figure 5. A diffractive two-jet event

5.9+ 0.5%, 3.5+ 0.4% and 0.4+ 0.1%. Most important
we find that the tail of the hadronic transverse energy
distribution is saturated by events with multijet struc-
ture, Fig. 6a. Thus, as in in any other collider process,
there is an underlying 2 — 2 scattering responsible for
diffraction. As also shown in Fig. 6 the two jets are
produced back-to-back in the transverse plane and the
jet transverse energies reach values up to approximately




10 GeV. 1n Fig. b we show one such event where one
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Figure 6. Characteristics of diffractive two-jet events

can clearly see the scatiered electron, two jets and no
trace of the proton remnant.
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Figure 7. Jet profiles for DIS events with and without LRG

It is illustrative to look at the energy flow around

the jet axis for jet events in the LR(G sample. One can
clearly see, Fig. 7, that in addition to the central jet
core, both tails tend to zero no matter whether you
move from the jet axis towards the electron or proton
directions., in agreement with the hard POMPYT or NZ
Monte Carlo programs.
Fig. 7 also illustrates that the absence of colour flow
between the jet axis and the proton direction is not a
consequence of the selection criteria, as exemplified by
the jet profiles in the normal DIS sample where we de-
manded that the jets be produced at negative psendo-
rapidities. Furthermore the jet core is very similar for
DIS events with and without a LRG.

5. Energy flow in events with a LRG

The same conclusions reached in the preceeding section
can be obtained from a comparative study of the energy
flow in DIS events with and without a LRG, i.e. without
restriction to those events with jet structure [9].

The main results are summarized in Fig. 8 where
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Figure 8. Energy flow around the direction of the hadronic
system

we show the corrected energy flows for the two classes
of events discussed above. The correction procedure
based on standard Monte Carlo techniques is done in
such a way that the origin is made to coincide with
the direction of the struck parton. Events with and
without LRG exhibit marked differences. For the former
the position of the peak is shifted towards positive
values, with the shift becoming less pronounced as Q*
increases. Substantial energy flow is observed for large
An values. For the latter, however, the position of the
peak is independent of @ and well centered at zero,
with furthermore negligible energy flow at large Agn
values.

6. Exclusive vector meson production

Just as in eTe™ annihilation one distinguishes between
omnia and production in the continuum, it is also
appropiate when discussing diffraction not only to
concentrate on hadron production in the continuum, see
preceeding sections, but also to consider exclusive vector
meson production. The relative rates for p, ¢, J/¥, T as
well as their production characteristics will in the future
be a fertile testing ground for PQCD calculations. Again



present available statistics allow us to present only the
results of our investigation on the lowest lying vector
meson state, i.e. the p. They are summarized in Fig.
9. For 7 < @? < 10 GeV?, we obtain a cross-section
for v*p — p% of 123 £ 15(stat) £+ 39(syst) nb to be
compared with the Brodsky et al. calculation of 165 rb
[10].
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7. Strange particle production

One of the main differences between the two models for
diffraction that we have been discussing so far has to do
with the heavy quark content of diffractive events. In
the Nikolaev Zakharov model, heavy quark production
is strongly suppressed as a consequence of the uncer-
tainty principle. Fluctuations of the virtual photon into
heavy quark pairs are characterized by much smaller
transverse sizes. Present statistics preclude an analysis
of the charm content of events with a LRG. We have to
restrict ourselves, for the time being, with an investiga-
tion of the strangeness content of DIS events with and
without a LRG. The results are summarized in Fig. 10
where we show the transverse momenta and pseudora-
pidities of the neutral kaons in both samples along with
comparisons with Monte Carlo expectations. Clearly
more statistics is needed to be able to discriminate be-
tween different models.

8. Conclusions

Approximately 10% of the DIS events with Q* >
10 GeV? are of a diffractive nature. If interpreted

as due to pomeron exchange we find that the average
pomeron momentum is 2.6 GeV. Diffractive events
exhibit the same scaling violations as normal DIS events.
The natural interpretation is that we are scattering on
pointlike constituents in the pomeron, as corroborated
by our observation of multijet structures in DIS LRG
events. From the point of view of low & physics,
HERA experiments can be considered as fixed target
experiments, our stationary target being a colorless
object in the proton, the pomeron. More statistics is
needed to unravel its true nature.
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Abstract

Results from -photoproduction at HERA are presented, including cross section measurements for
2. ¢, and J/y production. We have found jets which are a signature for hard scattering processes.
An analysis of two-jet events allows us to probe the structure of both the photon and the proton.
C'omparisons are made of di-jet production to predictions from LO QCD, using different structure
functions of the proton and photon. We have searched for hard scattering in diffractive events and
compared our results to models where the exchanged pomeron is composed of partons.

1. Introduction

The gauge interactions of the electron and photon are
well kuown, but the interaction of the photon with
baudrons or photons is less well understood. HERA 1s
an electron (26.7 GeV) - proton (820 GeV) collider.
However. the large flux of quasi-real photons (Q? = 0)
trom the electrons makes it an ideal machine to explore
the nature and structure of the photon. The average
centre of mass energy Wop = 200 GeV is a factor of
ten higher than in previous experiments. Hence it
ix interesting to compare our results [1] to theoretical
models which are sensitive to the high energy behaviour,
since pre-HERA predictions vary widely.

An excellent review by Storrow {2] brings some order
to the varied and sometimes confusing classification
of photon interactions. The classification is made in
terms of the P, scale, where “low P,” is the region
where the differential cross section is well described by
an exponential behaviour in P;,. This soft physics is
. non-perturbative and not presently calculable in QCD.
The subprocesses contributing are elastic, inelastic
diffractive, and non-diffractive. The slope in Fy at larger
values is more like a power law, and in this region of hard
scattering, we can use perturbative QCD to describe
the scattering process. The photon interacts directly,

or resolves itself before interacting. Ome important
distinction between photons and hadrons is that photons
can interact directly with the partons of the proton.
while hadrons only interact through their constituent
partons.

The fractional momentum z., (z,) carried by the
parton in the photon (proton} can be written as

. = E}e"" -I-E,?e_"’ 2 = E}e’“ +Efe"*
T 2E, A 2E,

(1)

where E, (E,) is the photon (proton) energy, E{,
E? refer to the transverse energies, and 7, 72 to the
pseudorapidities of the outgoing partons. The direct
component, where all the energy of the photon enters
the reaction, has z, = 1, while the resolved component
will result in a value less than 1. We use the variables
z, and @, to probe the quark and gluon content of the
photon and proton.

2. Cross section measurements of pﬂ,qﬁ, J /¢

Photoproduction results from the 1992 and 1993 data
taking period of HERA have been obtained from
about 25 nb~! and 500 nb~! of data, respectively.
The photoproduction triggers for ZEUS required
calorimetric energy to be deposited in the rear (photon) °




direction, and were of two types:

a.) “tagged”; requiring the detection of the scattered
electron at very small angles, thereby limiting Q* to
less than 0.02 GeV? and

b.} “untagged”; with no requirement on the detection
of the scattered electron, but with energy deposifion
in the rear direction and the detection of at least one
charged track. This allows the direct reconstruction of
the photoproduced vector mesons decaying into charged
track states. The offline requirement of the absence of a
detected scattered electron in the main rear calorimeter
limits Q2 to less than 4 GeV?2.

The total “tagged” photoproduction cross sections
o(Yp)ter at HERA for the 1993 data [3],[4] are shown
in Fig 1, for W, & 200 GeV. Alsoc shown (solid
circles) are lower emergy measurements [5]. Global
event characteristics are used by ZEUS to obtain the
fraction of non-diffractive, inelastic diffractive, and
elastic components to be 64.0%, 23.3%, and 12.7%
respectively. = Assuming that 82% of the elastic cross
section is due to p® production yields an indirect
measurement of the elastic cross section o(yp — p°p)
to he 14.8 5.7 pb, and this is shown in Fig 1.
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Figure 1. Photoproduction cross section measurements from
HERA and lower energy experiments.

The direct measurement of the p° elastic cross
section has been obtained by ZEUS from the “untagged”
trigger at 60 < W,, < 80 GeV. Two well reconstructed
tracks of opposite charge coming from a good vertex are
required, and an invariant mass is formed by assuming
these two tracks to be pions. Events in which neutral

particles are produced are rejected by requiring that
there be less than 200 MeV in any calorimeter cell
outside a limited region around the track direction.
Proton diffraction 1s a serious background. and
in the absence of a fully equipped leading proton
spectrometer, we require that there be less than 1
GeV in the forward calorimeter (i.e. the proton

direction). Demanding 0.55 < myr < 1.0 GeV reduces
the contamination from other vector mesons. Finally.
we limit the p® transverse momentum squared to be
less than 0.5 (GeV/c)? to further reduce the proton
diffraction contamination.

The mass spectrurn is shown in Fig 2. The deviation
from a Breit-Wigner shape for the p° is well known,
and is caused by the interference (dashed-dotted) of
the resonant w+r~ production (dotted) and a non-
resonant background (dashed). A functional form of
the three contributions is used to extract the resonant
contribution to the cross section. The result is o{~p —
p%p) = 12.5 £ 0.7(stat) & 2.8(syst) ub, and is shown in
Fig 1, where lower energy data (open circles) are also
shown for comparison [5].
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ZEUS has performed a similar analyéis to obtain a

10



measurement of the elastic ¢ cross section for the decay
channel (¢ — K+ K™). The invariant mass distribution
1s shown in Fig 3. However, the cut on the ¢ transverse
momentum squared is 0.2 < PZ < 1.0 (GeV/¢)?, as the
acceptance drops sharply below 0.2 (GeV/c)? due to the
geometry of the detector and the trigger. The average
acceptance in the selected region is 20%. The elastic
cross section o(yp ~+ ¢p) within this restricted range in
W, and P? is measured to be 278 & 30(stat) £ 78(syst)
nb. : '

The investigation of the photoproduction of heavy
gquarks is a probe of strong interaction physics in
a region characterised by the transition between
perturbative QCD and non-perturbative interactions.
The photoproduction of J/y is an ideal process to
explore this regime. A clear signal can be seen from
111 in Fig 4 from the invariant mass distribution of the
sunt of the electron and muon decay modes of J /4. The
analysis for the measurement of o{yp — (J/4)p), where
Jjr — ¢te™ or ptpu~, is covered elsewhere in these
proceedings, but the results are shown in Fig 1 for H1
and ZEUS, along with lower energy data [5)].
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Figure 4. Invariant mass distribution of ete~ and ptpu—.

3. Inclusive transverse momentum
distributions

Photon diffractive events are characterised by a gap in
rapidity between the leading particle and the photon
dissociated system of mass M, where the reaction is
mediated by the exchange of a pomeron [6] having
the quantum numbers of the vacuum. Detectors being
mistalled in the very forward region will tag the recoiling

proton for an unambiguocus classification of diffractive

events. The final implementation of these detectors is
still in progress, and hence not used in this analysis.
The tagged data sample has been divided into
diffractive and non—diffractive subsets, according to the
pseudorapidity § fmae Of the most forward calorimeter

t 5 = —log{tan(8/2)), where the polar angle is with respect to
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deposit with energy above 400 MeV. We have found that
acut on fmaz < 2.0 is very effective in separating the
diffractive events from non-diffractive events.

10°

P

-
il T

e 7 a
Py (Cavre)

Figure 5. Transverse momentum distribution of charged tracks
for photoproduction events.

The spectrum of transverse momenta Py of tracks
satisfying stringent quality criteria in diffractive events
is shown in Fig.h, where the data are displayed in two
different M, bins: triangles for {Mx)} = 5 GeV, squares
for (Mx)} = 10 GeV. Here M, is the relevant energy
scale for the interaction. Exponential fits (solid lines),
normalised to the data points below 1.2 GeV /¢, shows
that the diffractive data points are consistent with such
a fit. _

The non-diffractive events are shown in the same
figure for H1 (open circles,[7]) and ZEUS (solid circles).
The dashed curve is a power law fit to UAL [8] data
for pp collisions at a cenire of mass energy of 200 GeV.
Although is not clear at what energies the comparison
should be made, it is clear that the HERA data at
similar energies have a harder spectrum. This is hardly
surprising since, although the photon exhibits hadron-
like properties, the parton distributions in the photon -
and proton are different, and alse because the photon
interacts directly.

4. Hard Scattering in Photoproduction

A deviation from the “soft” exponential term in Fig b
is an indication of hard interactions, and searching for
Jet structure is the next step, as jets are the observable
objects most closely related to the partons. Both H1
and ZEUS have found i~+- in ~h-to—-raduction events
with transverse enecgy greaver enau o eV, The partonic
definition of z, in Eqn. 1 is redefined to refer to the
variables measured from the jets.

Both ZEUS and H1 have evidence for the direct
and resofved- components in photoproduction through
the variable wy, as seen from the distribution of zy

the proton direction.




from the ZEUS data in Fig 6. Monte Carlo simulations
are also showr for the resolved (dashed) and direct
{dotted) contributions, and the sum (solid line). The
operational definition used for the photon classification
is that z, < 0.751s “resolved” and z, > 0.751s “direct”.

At HERA, events with two observable jets (E{f‘ 2

6 GeV, iet £ 9) are sensitive to 2, as low as 1073
and x, of approximately 107!, We consider jets at
nearly equal pseudorapidities, with: an average of 7, as
the configuration of “same-side” jets allows very small
a values of the initial partons to be examined [9].

The differential cross section in # for z, > 0.7
15 dominated by direct photon interactions and so is
insensitive to the parton distribution in the photon,
but sensitive instead to the gluon distribution in the
proton. This is shown in {Fig 7a) (solid eircles} and
compared to LO QCD calculations using various parton
distribution sets for the proton. Low-z effects such as
non-zero ky of the incoming partons may explain why
the measured cross section lies below most curves at low
i) [10]. However, other higher order or hadronisation
corrections have not yet been fully considered.

1893 ZEUS daio
. mERWIG Direost

U HERWIG Rescivaed
27 HEa

arber of evesls
*
2
3
T

wAC Rau = Oir

Figure 6. x, distribution for data and HERWIG Monte Carlo

with direct and resolved components

The region 2, < 0.75 is sensitive to the gluon
distribution in the photon. As the x, values probed
here are in the region where the parton densities of the
proton are well constrained by other measurements, the
sensitivity to different parton distribution sets in the
proton is small as can he seen from a comparison of
MRSA in Fig 7b and GRV {LO) in Fig 7c. However,
the sensitivity to different photon parton distribution
sets 15 large as ¢ ie variations in
the predictions. Higher order QCD calculations are
necessary hefore strong conclusions can be drawn.

5." Hard Diffraction in Photoproduction

The observed properties of the diffractive cross section
have been described by Regge theory, where the process

do/dn (nh)
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Figure 7. § distribution for x- > 0.75 is shown in fig a.). GS2
set was used for the photon, and the sets for the parton
distribution for the proton were: GRV (solid line), CTEQ?2
{dash-dotted line}, MRSA (dotted line} and (MRSDO)' (dashed
line). In fig b.) and ¢.}, 24 < 0.75 and the parton distributions
for the photon are LAC3 (high, dash-dotted line}. G$2 (dottex
line}, GRV (solid line), LAC1 (dashed line), and DG (low,
dash-dotted line). The parton distribution for the proton was
MRSA for fig b.) and GRV (LO) for fig c.}.

proceeds through the exchange of the pomeron. The
interpiay of Regge theory and perturbative QCD is one
motivation for studying hard scattering in diffractive
processes [11], since these subjecls are wostly without
experimental overlap. In one such treatment of this
subject [12], Ingelman and Schlein have modelled
the pomeron as a hadron having coustituent partons.
The resull of hard interactions 1s the production of
jets, similar to the discussion 1 section 4. Monte
Carlo programs modelling a partonic interaction of
the pomeron and based on pQCD now exist, (e.g.
POMPYT [13]) and we can confront these with HERA
diffractive data.

L e e e e e —

H1 data E
- soft diffraction
POMPYT
soft+hard

H

P+

Events/0.1GeV

10 15 20

P [GeV °1

Figure 8. Square of the transverse momentum distribution for
photoproduction diffractive events from Hi.

Fig 8 shows the transverse momentum squared for
diffractive events selected with mae < 1.9, from HI
data {14]. PYTHIA, which models soft diffraction,
cannot account for the high P? tail, but POMPYT,



which models hard diffraction, reproduces this hard tail
well, which could be an indication of hard partonic
scattering in photon diffraction events.
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Figure 9. Trausverse energy of diffractive events from ZEUS for
all events with &, greater than 5 GGeV (solid line), and the
subset with at least one jet (crossed) , and greater than one jet
{shacled).

g ; @ Zeus—Dato ?
| 3 [ —FYTHA
T 107 | ... POMPYT GLU
~ E —.— FOMPYT QRK ,4#.
9 N
e "
= o L.
L . T - hd
¥ ' e
‘nl|.|'1:|1|11||uinin:fll
2.5 5 7.5
nmnx

Figure 10. fpas for all vp events with two jets from ZEUS.

{t 15 natural to search for jet structure in such
diffractive events. Fig 9 shows the transverse energy
I, spectrum for diffractive events with E; > 5 GeV,
and we sce that 6.5% (2.1%) of the events have at least
one {(or more) jet(s). Jet production dominates the high
E, region, with jets having £ as large as 10 GeV being
observed.

To verify that this is not the tail of the non-
diffractive data, we show in Fig 10 the .4, distribution
for photoproduction events with two jets in ZEUS. The
excess of jets for nma. below 1.5 is not reproduced
kv photoproduction processes as modelled in PYTHIA,
which predicts less than 0.1% of events with jets in this
region, to be compared to the 0.63% seen. However,
POMPYT, with hard interactions from a quarkonic

(QRK) or gluonic {GLU) pomeron, gives a reasonable

agreement in this region. These observations are
consistent with hard partonic scattering in diffractive
~p collisions.

The restriction on 1m.. lmposes a limit in the

i3

range of phase space available for large masses and
large F; jets which are desirable for more conclusive
studies of the hard interactions. We will cleanly
identify diffractive events with the final implementation
of the Leading Proton Spectrometers and the Forward
Neutron Calorimeters in H1 and ZEUS. Already, ZEUS
has detected fully measured 4p — p°p events. High
energy leading neutrons have also been observed for
the first time. In addition to the diffractive processes,
reactions from a pion exchange with the production of
a forward neutron will also be investigated. The study
of forward baryonic states will be an important aspect
of the future physics programs at HERA.

6. Conclusions

We have reported on a wide range of physics resulls
from photoproduction at HERA, from cross section
measurements to detailed studies of the elastic and
inelastic diffractive subprocesses. The large centre of
niass energy of HERA has allowed the observation
of the direct and resolved components of the photon
interaction, and jets as evidence for hard scattering.
We have found evidence of hard partonic scattering in
diffractive vp collisions. With the final implementation
of the forward detectors, we will be able to identify
and explore the characteristics of high mass diffractive
events.
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Abstract

A measurement of the proton structure function Fy(z,@?) by the ZEUS detector at HERA from
data taken during the 1993 running period is described. Results are presented for 7 < Q% < 10*
GeV? and x values as low as 3 x 10~ The F, values are used to extract the gluon distribution
at @? = 20 GeV? for = down to 8 x 10~* using both published approximate methods and a globai
NLO fit to the ZEUS data at low-2 combined with NMC data at larger x. A substantial rise in the
gluon density and Fj is found at small # in comparison with previous results obtained at larger

values of z.

1. Introduction

The large centre of mass energy available at HERA
allows measurements of the proton structure function to
be made for = values as small as 107% for Q2 2, 7 GeV?.
The data sample used corresponds to an integrated
luminosity of 0.54 pb~1 and represents a twenty fold
increase over that used in the first ZEUS measurement of
F5 [1]. Two independent analyses have been performed,
one using our standard double angle approach and the
other based on the energy and angle of the scattered
electron. The size of the systematic errors in the double
angle method has been reduced in comparison to our
previons measurement through the increased statistics
and improved understanding of the performance of the
detector. The improved precision of the F, data has

allowed the gluon distribution to be determined from a
full NLO QCD fit.

1 E-mail: lancaster@vxdesy.desy.de
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2. ZEUS detector

ZEUS is a multipurpose detector that has been
described elsewhere [2]. The principal detector
components for the Fy analysis are the inner tracking
detectors. and the high resolution. uranium-scintillator
calorimeter (CAL) [4]. The inner tracking detectors [3]
operating in a magnetic field of 1.43T provide a vertex
resolution of 4 mm in #, which compares to the width
of the vertex distribution (determined by the proton
bunch length) of 11 cm. The CAL is divided into
three parts, forward, barrel and rear (FCAL,BCAL and
RCAL) with each part subdivided into towers which in
turn are subdivided longitudinally into electromagnetic
(EMC) and hadronic  (HAC) sections. The sections
are subdivided into cells, each of which is viewed
by two photomultiplier tubes. Under test beam
conditions the CAL has an energy resolution, in units
of GeV, of cg = 0.35vE(GeV) for hadrons and
0.18vE(GeV) for electrons. The CAL also
provides a time resolution of better than 1 ns for
energy deposits greater than 4.5 GeV, which is used

R =




for background rejection. Luminosity information is
obtained through the detection of quasi-elastic ep — epy
events in two lead scintillator calorimeters placed 35 and
107 m downstream of the main detector [5]. Non-ep
backgrounds are rejected by veto detectors downstream
of the interaction point (I1P).

3. Deep inelastic kinematics

Structure functions are expressed as functions of the
variables Bjorken z and Q2. Because the ZEUS detector
is almost hermetic the kinematic variables  and @2 can
be constructed in a variety of ways using combinations
of electron and hadrenic system energies and angles [6].
The ability to measure z and Q? in different ways offers
a powerful systematic check on the resulting F» values.
In this F» analysis two methods have been used to
measure z and @? : firstly the electron method where
the kinematics are reconstructed from the energy (LY)
and angle (8,) of the scattered electron and secondly
the double angle {DA) method in which only the angles
of the scattered electron {#.) and the hadronic system
(vw) are used, which reduces the sensitivity to energy
scale uncetrtainties. In the naive quark-parton model
vy 18 the scattering angle of the struck quark. In
the double angle method in order that the hadronic
system 1s well measured it is necessary to ensure a
minimum of hadronic activity in the CAL away from
the beam pipe. A suitable quantity for this purpose is
the hadronic estimator of the variable y [7], defined by,
Y,p = Zp Ez;j.j:‘ where £, is the electron beam energy
and the z axis points in the direction of the proton beam.

4. Event selection and backgrounds

Data were collected with a trigger comprising of three
levels.  Deep 1nelastic scattering (DIS) events are
selected at the first level using a logical OR, of three
conditions on sums of energy in the EMC calorimeter
cells. At the second level using cuts based on the
event times measured in the FCAL and RCAL and
at the third level using cuts on the quantity §, where
d = BB (1 —cosfy) > 20 GeV — 2E,, and E;,0; are the
energy and polar angle (with respect to the nominal IP)
of calorimeter cells and E., is the energy measured 1n
the photon calorimeter of the luminosity monitor. For
fully contained events § ~ 2. = 53.4 (GeV. For events
from photoproduction processes § peaks at low values;
this is because the scattered electrons remain within the
rear beam pipe and the bremsstrahlung spectrum is soft.
Additionally at the third- level tighter event time cuts
and cuts to rermove halo-muons and cosmics are applied.

The overall trigger acceptance after all three levels
is above 95% independent of z and Q2 in the ranges of
interest for this analysis. The 2 x 10° events recorded by
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the trigger are subject to final selection cuts. For the DA
method the following cuts are employed : E > 5 GeV,
ye < 0.95, y,p >.0.04, 35 < § < 80 and the impact
point of the electron on the face of the RCAL be outside
a square of 32 cm centred on the beam axis. For the
electron analysis the E. cut is raised to 8 GeV and
the y,, cut removed since the need to reconstruct vy
accurately is removed. The distribution of the events
after the DA selection cuts is shown in figure 1 along
with the bins used for the analysis. The bin sizes at
low Q% (@ £ 100 GeV?) are determined by resolution
whilst for high @? they are determined by statistics.
Non-ep backgrounds are statistically subtracted and
total < 1%. The predominant ep background arises
from photoproduction events where a photon in the
final state fakes an electron in the detector. The low
& values of photoproduction events in comparison to
DIS events allow the background to be estimated from
a fit to the d spectrum. The results of the fit were
cross checked with a photoproduction Monte-Carlo. The
total photopreduction background was 2.5% and was
predominantly concentrated at high-y where the largest
background in any cne bin was 12%.

5. Fy extraction

For the bins used in this amnalysis the Z,, Fr and
radiative corrections are small such that the Born cross
section can be expressed as :

29

2
T = P21+ (L= 9))(1+ Az + Ar, +4,)
The Fy extracted is a pure photon exchange Fs. The
effects of the A; corrections, acceptance and event
migration are corrected for using an event sample
generated using the HERACLES [8] Monte- Carlo. The
hadronic final state was simulated using the colour-
dipole model [9] incorporating boson-gluon fusion as
implemented in ARTADNE [10] for the QCD cascade,
and JETSET [11] for the hadronisation. The detector
simulation is based on the GEANT [12] program. The
systematic errors were calculated by varving selection
cuts and the analysis methods (see [13] for further
details). The systematics are typically large at small-
¥ (~ 20%) where uncertainties in the determination
of yg dominate and at large-y (~ 10%) due to
background and electron identification uncertainties.
The F; values as a function of 2 for % values ranging
from 8.5 to 2000 are shown in figure 2 along with
the Fy values calculated using some current parton
distribution parameterisations. A clear rise in Fy is seen
which persists to large values of Q% in contrast to the
predictions of parton distributions which embody a flat
gluon distribution as a function of ¢ for example the
MRSD} {14] parameterisation. The ZEUS F, values



are found to satisfy a compact parameterisation of the
form :

Fy = [(1 - 2)(1 + 2)]*(0.35 + Ba(C+Pios0@)

- where B = 0.0170 £ 0.0041; C = ~0.352 + 0.023 and
D =-0.155%0.015.

6. Determination of the gluon density

The gluon momentum density zg(z, Q?) is related only
indirectly to Fy through the QCD scaling violations
expressed in terms of the Altarelli-Parisi equation [15] :

Sz, @F o Q7 1l gz (x T
gt =t [fx L A{2) Py () Fo(2,Q7)
+23, ¢ xl % (L) Py (2) ZQ(ZyQZ)] ,

where the sum runs over all active quark flavours and
eq is the charge of quark ¢, o;{Q?) is the strong
coupling constant and Py, Py are the quark and
gluon splitting functions. The gluon term in the above
equation dominates the scaling violations at low-z. Two
approaches have been used to extract the gluon density
at 3% = 20 GeV? from the ZEUS F; data. Firstly two
approximate methods, Prytz [16] and EKL [17], have
been used in which the gluon distribution is expressed
directly in terms of the measured quantities : F» and
dFs/dIn@? and secondly from a full NLO QCD fit
to the ZEUS Fy data along with larger-z Fy data
from NMC [18]. The Fs scaling violations are shown
in figure 3 along with the straight line fits used to
determine the Fy and dF;/din@Q? values necessary
as input to the approximate methods. The full
NLO QCD fit is also shown in the figure. The
NLO fit takes the functional form for the singlet,
valence, non-singlet and gluon distributions from the
MRS parameterisations [14]. In particular a glion
distribution of the form : zg(z, Q3) = Agz%e(1 — z)7
i1s used. The parameters for the valence distributions
are taken directly from MRSD’ . From the fit a
value of d; = 0.35 at Q? = 7 GeV? is found. The
results. of the fit and the two approximate methods
are shown in figure 4. The systematic errors shown
in the figure were evaluated by repeating the analysis
but using F» values offset by each of the systematic
errors which in combination form the total F3 systematic
error. Included in the systematic error of the fit is
the uncertainty due to the relative normalisation of
the ZEUS: (+3.5%) and NMC (::1.6% : 90 GeV data,
+2.6% : 280 GeV data) data sets. In addition to the
statistical and systematic errors shown in the figure
there are additional theoretical errors. An error of
~ 8% due to the uncertainty in «, ig present in both
approaches. Moreover the assumptions of the Prytz and
EKL methods lead to further systematic uncertainties.
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The Prytz method overestimates the gluon distribution
since it neglects the quark contribution to the scaling
violations, however it is relatively insensitive to the
assumed shape of the gluon distribution. In contrast
the EKL method is found to be very sensitive to the
assumed z distribution of Fy and the gluon. An =z
variation for F» and the gluon distribution of the form :
£~ is assumed. Reasonable variations in the value
of wy ie. 0.3 < wy < 0.5 cause a 40% change in
the extracted gluon distribution. For the NLO fit the
effects of : valence quark parameterisation, strange
quark content, quark mass, higher twist contributions
were all investigated and found to be negligible. The
treatment of the charm threshold was found to have a
small (< 5%) effect. The gluon shows a steep increase
at low 2 in comparison to previous results obtained at
larger values of z.
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Figure 1. The x-@? distribution of the ZEUS F; event sample

and the bins used in the analysis. The x-@Q? regions where fixed
target F; measurements have been made are also shown.

ey

T
B
P
=

ETITT BRI BN B

poc B RN

sood 4 yiuel g

@ = 250

ERRETTT M RTH BRI M sl

Q* =865

T T YT

C3 Pl ok v R
o8 Q=500 P
2 b0 - -
LE - -
TV BT M- MR TTT EWRT T MRy . BRI BERTTT EERETT
-2 -4 -2 -4 -2
10 10 10 10 10

0 X
Figure 2.° ZEUS 1993 final F> values (solid circles) plotted as
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OTEQ2D’ (dash-dotted curve) and MRSA {dotted). The inner
error bar shows the statistical error and the full bar the
statistical and systematic errors added in quadrature. Q2 is
measured in GeV?. The overall normalisation uncertainty of
3.5% is not included.
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Figure 3. The F; structure function measurements of ZEUS

together with the linear fits (solid lines), and the result from the
global NLO fit, (dashed-dotted lines). The error bars show the
statistical (inner error) and systematic error added together in
quadrature.
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Figure 4. The gluon momentum density as a function of x at
Q? = 20 GeV? as determined from the ZEUS data with Prytz
and EKEL in NLO. The error bars show the experimental
statistical (inner error) and systematic error added to together in
quadrature. The solid line shows the result of the NLO GLAP
global fit with the associated error indicated by the hatched
region. The gluon parameterisations of MRSD! and MRSD/, are
shown as dash-dotted lines.
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Abstract

This paper veports on the first observation of charmed mesons in the decay channel

(DA

1. Introduction

We searcl for ce production at HERA by looking for
the fragmentation products of the heavy flavour quarks
which produce a D**F and give a preliminary cross
section measurement for D* production using 486 nb™!
of data eaken in 1993. ‘The method relies on the
kinematic constraints of the decay D*t — DPr+. The
momenium of the plon coming from the D* is 40
MeV in the D* rest frame, giving a mass difference
AMM(D7) — M (D)) of 145.42 MeV [1] which can
be measired accurately. The D% is detected via the
DY — K~ at (+4ec.c.) channel. Background from bb pairs
is very small and we assume all the D* events originated
divectly from charm quarks.

We also present preliminary results of the cross
section measurement of J/# in photoproduction in
the reactions ep — eJ/yp. The photon-proton center
of mass energy (W« ) 15 confined to the kinematic
region where the detector acceptance is well understood
and the process is properly simulated. The present
data sample contains photoproduction events with Q2 <
3 GeV?, '

1 E-mail: lim@vxdesy.desy.de.
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— (K= x*t)rT (+ c.c.) and a preliminary measurement of the cross section of D* and elastic
J/ produetion at HERA using the ZEUS detector.

2. The ZEUS Detector

The ZEUS [2] detector has been described elsewhere.
The components relevant to this analysis are the vertex
and cenfral-tracking detectors, the uranium-scintillator
calorimeter, the barrel and rear muon detectors, the veto
wall detector, a scintillator counter {C5) detector to veto
beam-gas interactions and the luminosity monitor.

3. Monte Carlo Simulation

The Monte Carlo programs HERWIG [3] and PYTHIA
[4] were used to model the expected hadronic final states

in c¢ production. Elastic J/1¢ production was siraulated
with the DIPSI[5] and the EPJPSI[§] generators.

4. D* Reconstruction and Results

Pairs of oppositely charged tracks with  transverse
momentum, pr > 0.5 GeV, were combined and
considered in turn to be a kaon .or a pion. The
combination was accepted as a possible D° candidate if
the K7 invariant mass lay between 1.80 and 1.90 GeV.
To reconstruct D* mesons, these D° candidates were
combined with an additional track having pr >.0.16
GeV and opposite charge to that of the kaon. No




particle identification was used in this analysis. A cut
of pp(D¥) > 1.7GeV was applied to reduce background
and the pseudorapidity, 7 = —In[tan(£)], was confined
to the region, [7(D*)| < 1.5, where the detector is well
understood.

Figure 1 shows the AM signal with a peak at
145.5 £ 0.2 MeV and width of 1.0+ 0.2 MeV. There
are 74 &+ 14 D" evenis observed over a background of
~ 40 events. The M (Knx) distribution for events with
142 < AM < 149 MeV is shown in figure 2. The fit
gives a D° mass of 1.85 £ 0.01 GeV, with a width of ~
20 MeV and 72 4+ 13 events.

The AM distribution was used to estimate the
number of D* evente over the background. The
efficiency was evaluated using both PYTHIA and
HERWIG Monte Carlo with different structure function
parametirisations. The total systematic error on the
results was estimated to be 19 %.

For the kinematic range pp(D*) > 1.7GeV and
|n(D*)] < 1.5 we obtained olep — D*tX +
c.c)B(D*t — DVt — (K-at)zt) = 1.5 +£0.3(stat) =
0.3{(syst)nb.

Extrapolation outside the selected kinematic range,
assaming different parton density parametrisations and
a branching ratioc B(c — D** — Dlrt — (K- 7t)nt)
of 7.1 x 1072 [7], gave a total charm cross section
of o(ep — ceX) ~ 1.7 pb for MRSD-[8]/LACL[9] and
~ 1 pub for MRSD- with either GRV[10],ACFGP[11] or
DGl12.

5. J/¢ Event Selection and Results

The J/v was identified in its leptonic decay modes.
In the case of the muon channel, particle 1dentification
was accomplished by matching at least one of the
final state tracks with calorimeter energy deposits
corresponding to a minimum ionising particle and
to matching hits in the muon detectors. Electron
identification was accomplished by matching final state
tracks to calorimeter energy deposits consistent with
that of an electron. _
Events with exactly two well reconstructed tracks
within |n| < 1.5 and fransverse momenta greater than
0.5 GeV were accepted. Tn addition, the total energy in
the calorimeter, apart from the energy deposited by the
two lepton candidates from the J /49 decay, was required
to be less than 1.0 GeV. This criterion was imposed
to select elastic events i.e., from the reaction ep —
el /p, by ensuring that there was no other activity
in the detector. These selection criteria, however, do
not exclude the events where the proton dissociates
diffractively and remains undetected in the beampipe.
The invariant mass spectra, displayed in figure 3,
were then fitted with a Gaussian form and a polynomial
background. The fitted mass for the J/4 candidates
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Figure 1. AM distribution for pp(D*) > 1.7 GeV and
[7(D*)| < 1.5. The dashed line is the plot for the wrong charge
combinations.
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Figure 2. K invariant mass distribution for those candidates
with (142 < AM < 149) MeV in the whole range of M (K'x). The
fit. consists of a gaussian plus an exponential background shape.

was 3.03 £ 0.02 GeV with a width of 80 4+ 18 MeV in
the electron channel, and 3.07 £ 0.02 GeV, with a width
of 66+ 12 MeV, for the muon channel, respectively. In
the case of the eleciron channel, the shift of the fitted
mass of the J/4 from the nominal J/y mass (3.1 GeV)
is attributed to energy loss in the material encountered
by the electrons. This was also observed in the Monte
Carlo. A fit which included a bremsstrahlung function
gave a mass of 3.07 +0.02 GeV.

The selected range of Wy-p was 40 GeV <
W,ep < 140 GeV, where the observed acceptance on
the average was well above 10%. A prehiminary estimate
of the systematic uncertainties was 21% for the electron
and 30% for the muon channel. The photoproduction
cross section, o-p; is related to the electron proton
cross sectlon by a flux factor given by the Equivalent
Photon Approximation [13]. The photoproduction
cross sections, the integrated photon flux used in these
calculations, and the electroproduction cross sections,
Gep, are summarized in table 1. The photoproduction
cross sections as a function of W, are shown in figure 4
which includes earlier J /1 measurements [14].



W p (GeV) 40-140
channel ate= wt ™
Int. Luminosity (nb™— 1) 496 490
acceptance 25.2% 17.7%
signal events 58+ 9 35+ 6
Tepifp oplb) 74+12E186 | 67£1.2L2.0

channel ete™
W vy, range (GeV) 40-75 75-140
avceptance 26.8% 22.8%
signal events 3247 24+ 6
Fop—d iy oplnb) 18+084+£08 | 34+ 0.8£0.7
[i:t. photon flux 0.061 0.049
Tep—d fy p(nh) 624134+ 13 70+ 16413
channel nte—
W.sp, range (GeV) 10-90 90-140
acceptance 14.9% 23.4%
signal events 16+ 4 19+ 5
Tept 1o ep 1B 37L09L 11| 285107208
Tnt. photon lux 0.077 0.032
/g p0D) 8112 L 14 | B4L 21 £ 24

Table 1. Cross section for ep — e J/¢ p and vp — J/¥ p

6. Swnmary

A sample of & 74 events containing D*(2010) was
isolated n ep collisions at HERA using the ZEUS
detector. The preliminary cross section for the
kinematic region { pr(D*) > 1.7 GeV , [p(D*)| <
L5} owas found to be 1.5 20.3(stat) £ 0.3(syst) nb.
Extrapolation outside the selected kinematic range, gave
a total charm cross section of olep — c€X) ~ 1.7Tpub
assuming MRSD-/LACI and ~ | gb for MRSD-/GRV.
The seusitivity in the present analysis to the proton
and photon structure functions is Hmited due to the
requirerient of [p(D*)| < 1.5 .

The results of a preluminary measurement of ep—
ed/wp  cross section for Q< 3 GeV? and 40 <
W.., < 140 GeV are 7.4 £1.2:41.6nb~! for the electron
channel and 6.7 & 1.2 £ 2.0nb™! for the muon channel,
respectively. It should be noted that a fraction of the
events where the proton diffractively dissocrates could
be contained in the final data sample.
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Multi-Jet Production and a Determination of o,
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Abstract

Multi-jet production in deep-inelastic electron-proton scattering (DIS) has been studied at HERA
using the JADE algorithm. The ZEUS collaboration has compared the partonic scaling variables
and the rate of two jet production to perturbative O(a?) QCD calculations. The H1 collaboration
has observed the running of o, as a function of Q2. A preliminary measurement yields o, (Mz) =

0.121 + 0.009(stat.) = 0.012(syst.).

1. Introduection

Deep-inelastic neutral current ep scattering without
QCD corrections leads to a 1+1 parton configuration in
the final state, where “+1” denotes the proton remnant.
At leading order, Of{a,), QCD processes contribute
significantly to the ep cross section at HERA energies:
Boson-Gluon-Fusion, where the virtual boson interacts
with a g pair originating from a gluon in the proton,
and QCD-Compion scattering, where a gluon is radiated
by the scattered quark. Both processes lead to a two
{£2+1) jet topology.

On the partonic level, the kinematics and the
rate Rpyq of iwo jet production can be described
by perturbative QCD calculations with only one free
parameter, the strong coupling constant a,. HERA has
the unique opportunity to study the running of o, over
a wide range in Q% (10 < @2 < 10* GeV?) from the Q?
dependence of the 241 jet production rate.

A determination of a,(Q?) requires detailed under-

standing of the jet kinematics. The ZEUS collaboration

has therefore compared the measurement of the underly-
ing parton dynamics and the jet rates to next-to-leading
order (NLO or O(a?)) calculations. The H1 collabora-
tion has determined the value of a,(Mz). In addition,

first evidence is presented for the running of a, from
DIS at HERA.
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2. Monte Carlo simulations

The LEPTO 6.1 Monte Carlo event generator contains
the exact O(a,) matrix element (ME} and the parton
shower (PS) in the leading log approximation [1]. In
order to simulate at the same time the hard emission of
partons and the higher order parton shower, a combined
option (MEPS) exists which is used to describe
the HERA data for the correction of experimental
inefficiencies.

3. Theoretical calculations

The Monte Carlo program does not include the
exact NLO matrix element calculation. However, the
NLO corrections to the 2+1 jet cross section due to
irresolvable 3+1 jet events and due to virtual corrections
are significant [2]. They are taken into account in the
program DISJET of T. Brodkorb and E. Mirkes {3]. A
similiar program by D. Graudenz called PROJET [4] is
available, but it does not include the NLO corrections
to the longitudinal part of the cross section.

4. Jet finding

Both HERA experiments have used the JADE a,lgorithm.
(6] to relate partons to observable jets. The scaled




invariant mass of two massless objects (partons or

calorimeter cells) ¢ and 7 is given by

2E;Ej(1 — cos b;;)
w2 '

(1)

The minimum w5 of all possible combinations is found.
If the value of this minimum y; is less than the cut-off
parameter yeu:, the two objects i and j are merged by
adding their four-momenta and the process is repeated
until all g; > Yeus.

In the data, a fictitious cluster (called pseundo-
particle) in the forward (z) direction is added to which
the missing longitudinal momentum for each event
is assigned. The pseudo-particle is treated like any
other particle in the JADE scheme. The pseudo-
particle procedure together with the choice of the visible
hadronic invariant mass W,;, as jet scale minimizes
detector corrections. W, is calculated from just those
calorimeter cells associated with the hadrons.

The JADE algorithm has been used here since it is
currently the only algorithm which allows comparison
to O(a?) calculations. However, it has been shown
previously that the performance of the JADE algorithm
in reconstructing jets is worse than for other algorithms

[6].
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Figure 1. Pseudorapidity n; of the two jets: (a) higher 7 jet;
(b} lower n jet. Uncorrected data are compared to the MEPS
and the ME simulations. The acceptance ranges of the different
sections of the ZEUS calorimeter are indicated.

5. Data sets

The H1 event sample is defined by W? > 5000 GeV?,
an identified scatiered electron with E. > 14 GeV,
160° < 8, < 172.5° and 10 < Q2 < 100 GeV? in
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the backward calorimeter, or with 3,/ < 0.7, 8., < 148°
and @2, > 100 GeV? in the central calorimeter.

ZEUS has limited the kinematic range for the jet
analysis to 160 < @% <« 1280 GeV, 0.01 < ¢ < 0.1
and 0.04 < y < 0.95. At high QZ, jet structures should
be more pronounced and hadronization uncertainties are
minimized. At high @, the phase space for jet production
increases and the systematic error from the structure
function dependence of the jet rate is reduced.

The data corresponds to a luminosity of 0.24 pb~?!
(H1) and 0.55 pb~! (ZEUS).

6. Two jet properties

In Fig. 1, the jets are ordered in pseudorapidity #; =
—Intan(#;/2). The higher n jet is usnally found very
close to the forward beam pipe. Fig. 1a shows that
the prediction of the 7; distribution by the ME and
the MEPS Monte Carlo models describe the data fairly
well apart from the very forward region n; > 3.6, where
the predictions are significantly below the data. In this
region the results depend on the description of the initial
staie parton shower and the target fragmentation in the
Monte Carlo generator as well as on the simulation of
the response of the calorimeier around the forward beam

pipe.
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Figure 2. Uncorrected xp distribution compared to 8 Ofa?)
QCD calculation (PROJET).

The cross section for 2+1 jet production is obtained
by integrating over the partonic scaling variables z, =
Q*/(20 - pp) = =/€ and z, = (P p,)/(P - q) [7].
The momentum p, of the incoming parton is given by
the fraction { of the proton momentum P, p, = ¢P.
Experimentally, x, is calculated from the invariant mass
M?; = YeutW? of the two jet system using

.o @
U@+ M3,



zp 1s measured from the relative contribution to (£ —p,)
of the partons or cells assigned to the jet in the lab,

- nge(E ~ Pz)
? Ehad'rons(E _pz)l

The uncorrected x, distributiorn is compared to
the PROJET calculation in Fig. 2. The mean of the
distribution lies at (a,) ~ 0.5 (@* ~ M?%;), i. e. the
two jet system has a large invariant mass ({M;;) =~ 23
GeV). The singularity in the 2+1 cross section at z, — 1
1s cut off by the y.,; parameter.
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1/ Nywr dya /2,

i I ; L | I e reeed
B0 03 05 04 06 0.6 67 04 08 1

z, (smaller angle jet)

Figure 3. z, distribution compared to a O({a?) QCD
calculation (PROJET). The correction to the parton level is
done using the ME model. .

Only the z, distribution for the smaller angle jet is
shown in Fig. 3, since 21(31) + z}(,z) 1 and z;em’"”‘m‘ 2 0,
The z, distribution is well described by the PROJET
calculation. The cross section rises strongly at z, — 0,
because of the small influence of y.,: on the cut-off of
the z, singularity in the JADE algorithm. This leads to
the forward peak in the jet anguiar distribution in the
lab.

The transverse momentum Pp of the jets in the 4"~
parton CMS is given in LO by P§ = Q%% (1 — xp)(1 —
zp)/2p. The average transverse momentum (Pr) of the
jets in the 4*-parton CMS is about 10 GeV (Fig. 4) and
the minimum Pr is about 3 GeV. This is sufficiently
large to ensure the validity of a perturbative QCD
calculation. The distribution is well described by the
two Monte Carlo models.

7. Jet rates and the determination of «,

ZEUS has defined the 2+1 jet rate Ry, by the ratio of
the number of events
Najy

R ==\
T Np+ N
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This definition reduces the dependence on the 341
jet rate, which is only calculated at the tree level in
PROJET and DISIET. Experimentally, the acceptance
correction factors for the 31 jet rate are large.
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Figure 4. The transverse momentum Prp of one of the two jets
in the v*-parton center of mass system. The uncorrected data
are compared to the MEPS and the ME simulations.

In Fig. 5, the corrected jet production rates are
shown as a function of the jet resolution parameter y,q;.
The correction to the parton level is done using the
MEPS model. The 2+1 jet rate increases with finer

Jjet resolution (smaller y.y,).
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Figure 5. The corrected jet productionrate R,11 in % as &
function of Yyt is compared to the NLO calculation of the
programs PROJET [4] and DISJET [3] at the parton level. Only

statistical errors are shown.

For comparison the NLO calculations of the
programs DISJET [3] and PROJET {4] are also shown.
The difference between them is due to the missing NLO
corrections to the longitudinal cross section.

The errors shown are the statistical binomial errors
which are highly correlated, because all 241 jet evenis




at a given yg,: are included in the points at smaller yey;.
These correlations are avoided by redefining the data in
terms of the differential jet rate .

Rit1(Yeut) — Rit1(Weur — A¥eur)
Aycut

Dl-}-l(ycut) =

¥

where every event enters only once. In Fig. 6 the
differential jet rate Djyq is shown together with the
statistical errors and the DISJET calculation.
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.Figure 8. The differential jet rate Dy, calculated from the
corrected jet rate By4; (Fig. 5) as a function of yeyr. D1gy is
compared to the NLO calculation of the program DISJET [3].

Comparing Fig. 6 with the jet production rates Ry ;1
shows that the apparent systematic deviations from the
QCD models above and below y.,; = 0.04 in Fig. 5
are caused by the correlation between the points. The
differential jet rate Dy is well described by the NLO
QCD calculations, apart from a deviation at ye,, = 0.05.

The QCD calculations contaln a, as the only free
parameter. For the comparisons in Figs. & and 6, a

value of A% = 312 MeV was chosen which corresponds
to a,(M2) = 0.124. This is a value measured from jet
rates in ete~ annihilations [8].

H1 has extracted a, from the Ry = o941/0t0r
measurement in different Q7 ranges by fitting it to the
jet rate at ye,; — 0.02 using the PROJET calculation
(Fig. Ta).

The jet angles 8; have to be inside the range
10° < 6; < 160° which reduces the dependence
on the description of the very forward region. In

order to minimize the systematic error due to the
parametrization of the parton densities, an additional

cut £ > 0.01 was introduced. The parton densities
affect R;y1 mainly through the 141 jet cross section
at low = [2]. For 141 jet events, £ = z > 0.01, and
for 241 jet events the cut is trivially fullfilled because
€ > Your = 0.02. |

The running of «,(Q?) is preferred by the data in
Fig. 7b, where the curves represent a,(Q?} = const.
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Figure T. a) Ray; versus @2 at yeu: = 0.02 and ¢ > 0.01,
PROJET calculations with different values of A% and the

MRSD ™ structure function are superimposed. b) e, versus @?.
The curves represent o, (Q%) = const. and & running «.(Q?)
with a,{Mz) = 0.121. The open circle is the world average
ay(Mz) = 0.118.

and an Oa?) calculation of the @2 dependence. An
extrapolation yields a,(Mz) = 0.121 £ 0.009(stat.) £
0.012(syst.), where the preliminary systematic error
includes the y.4: dependence (4:0.003), the uncertainties
due to the hadronic energy scale of the calorimeter
(+£5.005), the parton densities (£0.005} and the
renormalization scale (10.006). At low Q% the model
dependence of the hadronization correction is another
important source of systematic errozs.

8. Conclusions

Jet production in DIS at high Q? is well described by
perturbative O(a?) QCD calculations. First evidence
from HERA for the running of &, has been presented
and a preliminary H1 measurement yields o, (Mz) =
0.121 % 0.009(stat.) -+ 0.012(syst.).
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Search for Leptoquarks in ep collisions at /s = 296 GeV
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Abstract

Using the ZEUS detector at HERA, we have searched for leptoquarks decaying into eg, vq, ug,
or T¢ in a data sample of (.55 pb~!. No leptoquark signal was observed. Limits on coupling vs.
mass were determined for the various leptoquark types. For electroweak coupling strength, scalar
leptoquarks which decay to eq with masses below 242 GeV were excluded at 95% confidence.

1. Introduction

Leptoguarks (LQs) are color-triplet bosons with both
lepton and baryon number. In ep collisions, a LQ would
be produced as an s-channel resonance via electron-
quark fusion. Using the ZEUS detector[1] at HERA,
m a data sample of 0.55 pb~!, we have searched for
.Qs which decay to egq, vq, pug, and =g in collisions of
26.7 GeV electrons with 820 GeV protons.

LQs decaying into eq or vq, called first-generation
1.Qs. wonld have an event topology identical to neutral
or charged current deep-inelastic scattering (DIS) events
respectively. The signal for a LQ would be a peak
at Mio/s in the DIS z-distribution (Mrq is the
leptogquark mass).  LQs decaying into eg can also
be distinguished from neutral-current DIS by their
distribution in ¥ = Q?/zs. At fixed z, the neutral-
current DIS cross section behaves roughly as y~?, so
this background can be supressed by a cut of the form
¥ > UYmin. In L@ — eq, y is related to §*, the LQ-
rest-frame angle between the incident and final-state
electrons, by y = (1 — cos#*)/2. Scalar LQs would have
a flat y distribution, while vector LQs would have a
(1 — y)? distribution.

We have set coupling vs. mass limits for all SU(3)} x
SU(2) x U(1) invariant first-generation’ LQs which
conserve baryon and lepton number[2]. In the narrow-
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width approximation, the production cross section is:

%1
X2

scalar
vector

ks

rosa = g ok +o1)a (Mia/) {

where gy, and gg are the left and right-handed couplings
and ¢(z) is the quark density to which the LQ couples.

There exist limits on LQ couplings from low-energy
experiments{3, 4, 5]. An important one is derived from
the agreement between standard-model calculations and
measurements of the # — ev, decay rate. Because of
the resulting severe limit, grgn < (Mrg/8.8 Tev)*, we
consider only first-generation LQs for which either g1 or
gr vanish. ' '

A LQ formed in eq could also couple to g or
leptons[6]. Stringent limits{3, 4] on 'p4 — e+ X
effectively rule out LQs coupling to both eq and pug’
if ¢ and ¢’ are both light quarks. If, however, ¢’ is a
heavy quark, then such LQs could exist with relatively
large couplings {g ~ 0.1), as could LQs coupling to eq
and 7¢' {even if ¢’ is light).

2. Simulation of signals and backgrounds

The backgrounds considered were: neutral and charged-
current DIS, simulated using Lepto{7], Heracles(8] and
Ariadne[9], and direct and resolved photoproduction
(7p) processes, generated using Herwig[10]. ¥p events




can be backgrounds for LY — eq if a fake eleciron is
found. The structure function parameterizations used
were MRSDO[11] for the proton, and GRVGO[12] for the
photen. Pythia[l3} was used to simulate scalar LQs
decaying to eq, vq, pte, and 7b. We searched for LQs with
masses between 60 GeV and 260 GeV and generated
Monte Carlo samples at 20 GeV intervals in this region.
To simulate vector LQs, the samples were reweighted
according to the generated y.

3. Data selection and reconstruction

We use a coordinate system in which beam protons
travel in the +z direction for which the polar angle,
f, is zero. This analysis relied mainly on the uraninm-
scintillator calorimeter{14], the central tracking detector
(CTD){15], and the vertex detector (VXD)[16]. The
calorimeter has three parts: Forward (1.6° < 8 < 36.8°),
Barrel (36.8° < § < 129.4°), and Rear (129.4° < # <
177.4°). The acceptance of the CTD covers 13° < # <
167°, and the VXD covers 9° < 8§ < 165°.

Separate event selections were made for eq and vq
final states. The pg and 7¢ scarches were performed
by making additional cuts on the rgq sample. Cuts
common to both samples were: the requirement that
an acceptable vertex was reconstructed in the CTD and
the VXD, the rejection of events with more than 5 GeV
in the electron calorimeter of the luminosity monitor
{to reduce yp background), calorimeter timing cuts {to
reject beam-gas and cosmic rays), and rejection of beam-
halo muons and cosmic rays using pattern recognition.

Events in the L) ~+ eq sample were required to have

an isolated electron with energy above 10 GeV and a
matching CTD track. £— P, was required to be between
35 GeV and 65 GeV (E is the total energy measured in
the calorimeter, P, the total z-momentum). To reduce
low-Q? backgrounds, the transverse energy (E;) had to
exceed 20 GeV and the energy with 8 > 150° had to
be less than 5 GeV. A total of 1330 events passed these

" cuts. The (Mrg dependent) efficiency of the trigger

and offline cuts for L — eq was between 74% and 82%
for scalar LQs. Using. triggers in unpaired e~ and P
bunches, we estimate the non-ep contamination of this
sample to be well below 1%. We used the double-angle
{DA) method to reconstruct z and y for the eg sample.
Figure 1 shows the distribution of zp 4 for the entire eq
sample and for Q3,, > 500 GeV*. No LQ signal is seen.

The LG — vg selection required that the net
transverse momentumn measured in the calorimeter (/)
exceed 10 GeV and that £ — P, < 55 GeV. Of the
48 events passing these cuts, 15 were rejected because
an isolated electron of than 10 GeV was found. Three
more non-ep triggers were rejected by scanning. A final
cut {to reject vp events with mismeasured #) required
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Figure 1. The dots are the number of events vs. zp 4 for the
entire eg sample, and for those events with Q?DA > 500GeVZ,
The histograms are neutral current DIS Monte Carlo.
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Figure 2. Distributions of z ;5 and Q?TB (GeV?) for the vg

sample (dots) and charged-current DIS Monte Carlo
{histograms).

that P /F:; > 0.4, leaving 23 events, consistent with
the charged-current DIS Monte Carlo estimation of 24.6
events. The Mg dependent efficiency of the trigger
and offline cuts for scalar LQs decaying into vg was
above 76%. We used the Jacquet-Blondell (JB) method
to reconstruct x and y for the vq events. Figure 2
shows z;p and @%p distributions for the selected
events and for charged-current DIS Monte Carlo. The
measured distributions agree well with the Monte Carlo
expectation.

The ug candidates were selected using only the
calorimeter and the CTD. Because high-energy muons
typically deposit only a few GeV in the calorimeter, we
could base our search for LQ — uq on the vg sample
{for which P, > 10 GeV). We required an isolated
calorimeter cluster which was compatible with being a
minjimum ionizing particle, had a matching CTD track,
and was within 15° in azimuth of the P vector. To
preserve efficiency for high-mass LQs, where the muon
polar is often too small to be in the CTD acceptance, we
also accepted any vg¢ candidate with P, > 80 GeV. No
cvents passed the pg cuts. The estimated background



from DIS and vp was (.46 events. The overall efficiency
of the ug cuts for scalar and vector LQs decaying into
pe is above 60% over the Mo range.

Significant P, is also expected in 7¢ LQ decays. We
based the ¢ search on the v¢g sample before the isolated-
electron rejection was applied (48 events). Separate
selections were made for each ‘7 decay mode. For
T — ev, V., we required P > 15 GeV and an isolated
electron with energy above 10 GeV. For 7 — ur,v,,
all events in the pg sample were accepted. Finally, for
7 — vy + hadrons, we required E; > 40 GeV (to reduce
vp) and Pi/E; < 0.7 (to reject charged-current DIS).
Also, an isolated, compact (Rys < 0.3) calorimeter
cluster with energy above 10 GeV had to be found with
# >'10.4°, P, > 5 GeV, and 1, 2, or 3 matching CTD
tracks. Here also, we accepted any rq event with P> 80
(:eV. No evenis passed the T¢ cuts for any of the three
modes. The estimated background from DIS and yp was
().68 events. The efficiency of the cuts exceeded 40% for
scalar {vector) LQs w1t.h MLQ > 110 GeV (Mprg > 160
GeV).

4. Procedure for calculating limits

To determine coupling limits ws, Mpg for first-
generation LQs, we applied Mpg dependent cuts to
the eq and vrqg samples. For the eq events, the cut
Poin(MLg) < ZTpa < ZTma(Mrg) selected events
within the = peak region. The additional cut ypa >
Umin{Mrg) was applied to suppress neutral-current
DIS. For the vg sample, only an z cut was applied:
-f'rrlirl(MLQ) <rjp < EmaI(MLQ)-

Using the Monte Carlo samples, we determined the
values of Zmin, Tmar (a0d Ymin for eg decays), for which,
in the absence of a signal; the average cross-section limit
would be minimized. These cut parameters were fit
to a polynomial in Mpg, as were the resulting signal
efficiencies and expected background.”

We took uncertainties in the luminosity (3.3%),
the background estimation (10%), and the signal
efficiency(2%) into account by treating these quantities
as (Gaussian random variables and setting the LQ
cross-section limits to the value for which, in repeated
experiments, we would have observed more events than
we did with 95% probability. The effect of these
uncertainties is to increase the cross-section limits by
at most 4%.

5. Coupling Limits

The coupling limit »s. Myg curves for scalar LQs are
shown in figure 3 and for vector LQs in figure 4 (all
limits are at 95% confidence level}). The coupling and
state names follow the conventions of reference [2]. For
fermion number ( F) equal to —2, scalar and vector LQs
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Figure 3. The 95% confidence level limits on couplings for
first-generation scalar leptoquarks.

60 80

and the couplings are labeled S, V, and g respectively
(for F = 0, R, U, and h are used). The subscripts
give the dimension of the SU(2) representation. Since
the e~ ¢ initial state has F' = —2, much stronger limits
are set on those couplings. Table 1 summarizes the
mass limits for coupling strengths of ¢ = 0.1 and
g = (dreapw)l/? = 0.31.

For flavor-violating LQs we set limits on ¢B where
g is the coupling to eq at the production vertex and
B is the branching fraction into the final state. For
L@ — pc we set limits on geyByu. as shown in figure 3.
For g, with electroweak strength and a branching
fraction By, of 50%, we have excluded S; LQs with
Mpg < 238 GeV and V3 LQs with Mrg < 246 GeV.
Also shown in figure 5 are limits on g.q¢8;5. Again
assuming electroweak coupling for g.q and By = 50%,
we have excluded S LQs with Mg < 207 GeV, and 15
LQs with Mo < 216 GeV.
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Table 1. First-generation LQ mass limits for couplings g = 0.1
and g? = 4ragw. The columns labeled @ and Byq give the
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SU(2) multiplet which can be produced in e~ p collisions. The
nomenclature is taken fromm reference [2]
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