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Abstract: We present results obtained by the III collaboration at HERA from the
analysis of the data collected in 1992 - the first year of HEHA operation. Measure-
ments of the total photoproduction cross-section and the inclusive jet cross-section
in "/> scattering, the structure function I:A-r-Ql) and the jet rales in deep inelastic
(p scattering, and results of direct searches for leptoquarks are discussed.
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1 Introduction

The cp collider HERA in which 26.7 GVl' electrons collide with 820 Gd' protons, opens a
new research domain in the physics of both photoproduction and deep inelastic processes. The
proton and the photon structure will be probed at 10 times smaller distances than previously
accessible. In addition, for the first time, processes involving partons which carry a very
small fraction of the proton momentum (down to % 10~') can be studied in the perturbâtive
(Q2 > •"> GVl'2) regime. The two collider experiments Hl and ZEI'S. owing So their almost -ITT
coverage geometry, will allow precise studies of hadronic systems produced in the hard <p and
-p scattering, providing quantitative tests of perturbative QCD.

Sn this note, I shall discuss results obtained by the Hl collaboration from the analysis of
the data collected in 1992. the first year of data taking at HERA. The data correspond to an
integrated luminosity of 22.5 nb~x. The Hl detector and the HERA collider are described in
detail in [I].

2 Photoproduction

2.1 Event selection

Photoproduction events are identified in the Hl detector by detecting the scattered electron in
the small angle electron calorimeter (electron tagger) [I]. A coincidence of the electron tagger
signal (Ee > 4 GeV, 0e > TT — 0.005. where 0e is measured relative to the proton beam direction)
with at least one '"trigger-level-track" [2] pointing to the vertex region was used to trigger on
events from scattering of quasi-real photons on protons. More details on the trigger conditions
can be found in [2]. Further selection, performed in the off-line analysis, efficiently rejected
background events originating from interactions of protons with the residual gas within the III
detector, and interactions of the beam halo and cosmic muons [2], [3]. The fractional energy of
the photon ( derived from the electron energy measured in the electron tagger) was restricted
to the region of 0.25 < y < 0.7. where y — 1 — EJE0 and E0 is the energy of the incoming
electron. This range in y corresponds to a range of the energy of the -tp system ( H ) of 150 GeV
to 250 GeV. The photon virtually Q2 given by Q2 = 4EuEfcos2{0r/2) is limited to values of
Q2 < 0.01 GeV2.

2.2 The total yp cross-section

The previous measurements of the total •)]> cross-section [rrT) were limited to H' < 18 G(V
region. The HERA collider offers a unique possibility to extend the energy range by one order
of magnitude tip to the Ii ' values, where interesting effects were observed in cosmic ray studies
[4j. A comprehensive summary of the total photoproduction cross-section .statu* preceding
measurements at HERA can be found in [5]. Die extrapolations of ar measured in fixed target
experiments up to HERA energies which were made using either the Regge model approach or
the QCD tninijet model are highly uncertain and have to be confronted with the measurement.

The total -)p cross-section (rrj) can be derived at SIERA from the measurement of <l(Trp/(iy
which, in the Q2 range specified in the previous section, is related to (<TT) [6] by:
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Figure 1: The energy dependence of the total ^p cross-section. The solid line represents o
Regge motivated fit of the low energy data [I]. The dashed line represents the prediction of [8].
The dotted lines were obtained with the PYTHIA Monte-Carlo [10] using the Drees-Grassit
parametrisation of the photon structure function with pl

min = 1.4 GtV[c (upper line) and P^n =
2.0 GeV/c (lower line).

where: W = 2JyE0Ep, Q^n = mly2/{l — y) and Ql1111 is related, at fixed y, to the maximal
electron angle 9e accepted by the electron tagger (K — 9t < 5 mrad).

For the luminosity measurement the process of elastic radiative scattering ep —* ep + 7 was
used. This process gives rise to a high counting rate and may serve for luminosity monitoring
even at very low beam intensity. Both the c and 7 emerge from this process at a very small
angles [9 < 0.5 mrad with respect to the electron beam) and are detected in the electron tagger
and photon tagger [I]. The experimental signature of elastic radiative scattering is a coincidence
of signals in the 7 - tagger and e - tagger such that the sum of deposited energies corresponds
to the energy of the electron beam. The uncertainty of 7% in the measured luminosity affects
most of the results discussed in this note.

The measured value of the total photoproduction cross section is: a-f = 156 ± 2(stat) ±
18 (syst). The largest contribution to the systematic error of the aj measurement comes from
the uncertainty in the detector acceptance calculation, which involves model assumptions for
relative contributions of diffractive, soft and hard -)p scattering.

The energy dependence of the total ~)p cross-section is shown in Fig. I together with model
predictions. Regge motivated parametrisations are in good agreement with the data [7, 8].
while extreme models predicting a strong rise of (ftotdp) [9] r^n be ruled out.



2.3 Jets In jp scattering

Hard -.// scattering can be identified by detecting high Et jets produced in "'direct" and "re-
solved" processes. In the direct processes the photon couples directly to a quark inside the
proton. These processes are expected to provide precise information on the gluonic structure
o!' the proton. In the resolved processes the photon can be considered as composed of par-
ions. One of the parlons takes part in the hard subprocess while the others remain spectators.
The {Ktrtonic structure of photon reflect the hadronic nature of high energy photons. It can
be revealed by studying jet spectra which are sensitive to the parton distributions inside the
photon.

0.1

Figure 2: Inclusive jet Et spectrum (a) integrated over the psuidorapidity interval — 1.0 < r/ <
1.Ô and inclusive r\ spectrum (b) for jets icith Et > 7 OVl'. The inner error bars represent the
statistical errors, the outer error bars the statistical and systematic errors added in quadrature.
Tht on rail syst( matic uncertainty o/40(/< /.** not shown. The carets rt pie sait the leading-order
calculations using the PYTIHA event generator using the photon structurt functions LAC-J
(dashed lhi< ) , LAC-2 (dashed-dotted lint ) , GRY-LO (full lint) a:.d GRV-LO. but excluding the
gluons originating from the photon (dotted line ) .

In the analysis of jet production in ~,p interactions [H] the definition of jets was based on
transverse energy in the calorimeter contained within cones of the radius R — \/Si]2 + A<?2 =
1.0 in the space of pseudorapidity n and azimutIi o (in radians). The transverse energy Et

within the cone was calculated as a sum of transverse energy of individual calorimeter cells
included in the cone. Cones with Et > 7 OVV were accepted as jets and the cells inside such
cones were removed for the subsequent search of the next highest E1 cone in the event. The jet



search in the event was stopped wheE no further jet cone with Et > 7 GeV can be found. The
measured jet cross-sections were corrected for detector effects using simulated events originating
from the event generator PYTHIA 5.6 [10].

The corrected inclusive 7p jet cross-section is given in Fig. 2 as a function of Et and
pseudorapidity rj. The inner error bars in Fig. 2 represent the statistical errors, the outer error
bars the statistical and systematic errors added in quadrature. The cross-sections are observed
to rise strongly with r\ and decrease with transverse energy. The systematic errors are dominated
by the uncertainty of the calorimetric energy measurement. The measured cross-sections are
compared with the leading log QCD calculations using various models of the photon structure,
including the model of Gluck et aJ [11] as well as two models of Abramowicz et al [12]. The
PYTHIA generator was used for this purpose. Uncertainties in the proton structure function
have little influence on the predictions as they were measured recently with good precision [13].
In order to show the sensitivity of the jet spectra to the gluon component of the photon the
predictions of the Gluck et al. model, modified such that the gluonic contribution to the hard
scattering was dropped, are shown in Fig. 2.

The shape of the inclusive jet cross-section da/dEt is well described by the model of Gluck
et al. and the LAC-2 model of Abramowicz et al. in the covered range —1.0 < t} < 1.5. The
prediction of the LAC-3 model of Abramowicz et al., which assumes a very high gluon density
at high a- is however higher than the data by a factor of 3. The cross-section dff/di] shows a
somewhat steeper rise in r] than that predicted by the models.

3 Deep inelastic electron-proton scattering

3.1 Event selection and reconstruction of Mnematlcal variables

Deep inelastic neutral current scattering events are identified by detecting the scattered electron
in the Hl detector. The scattered electron gives rise to an electromagnetic energy deposit either
in the Backward Electromagnetic Calorimeter (BEMC) [1] (this class of events corrsponds to a
Q2 range of 4 < Q2 < 80 GeF2 and will be called hereafter the "low Q2" class) or in the Liquid
Argoo (LAr) [1] calorimeter (this class of events corrsponds to a Q2 range of Q2 > 100 GeF2 and
will be called hereafter the "high Q2" class). In the Hl detector the deep inelastic candidates
are triggered by requiring a localised energy deposit of more than 4 GeF in the BEMC or
by requiring a significant transverse energy observed in the LAr calorimeter. The "low Q2"
BEMC trigger was dominated by interactions of beam protons with residual gas and beam line
elements upstream of the Hl detector. The majority of these events are efficiently rejected
early, at the trigger level, using a Time of Flight System (TOF) [1] installed behind the BEMC.
The "low Q2" deep inelastic scattering candidates were selected off-line by requiring electron
signatures of the BEMC energy cluster [1 J] and the presence of an event vertex reconstructed
from tracks in the Central Jet Chamber (CJC) [J] within ±50 cm from the nominal interaction
point. Further requirements, discussed in detail in [14], were made to reduce the contamination
oi beam related background and background due to photoproduction and hard initial state
photon radiation processes. The energy of the scattered electron, Er, was restricted to the
region of Ee > 10.4 Gt V for the analysis of the structure functions and h\ > 11.0 GtY for the
analysis of the hadronic final states. The "high Q2 sample" consists of events with the scattered
electron detected in the LAr calorimeter. This sample was selected off-line by requiring electron
signatures of the LAr energy cluster [3] having the largest transverse energy and, as for the



"low Q'2" sample, the presence of an event vertex. Further requirements discussed in detail in
[3] were made to assure a precise reconstruction of the scattered electron energy and rejection
of the cosmic showers.

The Hl experiment at HERA measures both the scattered electron and the hadronic final
state, providing various methods of determining the kineinatical variables which describe the
ep scattering. This novel feature of the ffl experiment, compared to the fixed target ones,
provides an important cross-check of systematic effects. In particular, the cross-section deter-
mined in terms of various variable sets has a different sensitivity to the processes of real photon
emission from the incoming and scattered electron, leading to an expérimenta! cross-check of
radiative corrections [15]. In the analysis of the data recorded in 1992 two distinct reconstruc-
tion methods were used by the HI collaboration. In the first met hod y is reconstructed from
the electron variables: ye = 1 — (Ee j E0) s\n2(9( /2). In the second reconstruction method y is
determined from the hadrons using the relation [ICi]: y h = YlhadronA^h ~ Ih.h)/{'~EO). where Eh
is the energy of a hadron and p,,/, its momentum component along the incident uroton direc-
tion. The 4-momentum transfer Q2 is determined from the electron observables 0r and Et as:
Ql = -lEoEecos2(0e/2). and x is calculated using the electron variables: xf = Q;/(*y, ). or, by
combining the hadron measurement of y and the electron measurement of Q2: xm — Q2/{<*!ih)-
The centre-of-mass energy squared. ^. is given by: .«* = -IE11Ep. where E1, is the incident proton
energy.

3.2 Measurement of F2(x, Q2)

Assuming current conservation and invariance under time reversal the cross-section for deep
inelastic scattering mediated by the virtual photon from an unpolarised target nucléon can be
expressed in terms of two structure functions F\ and F2 (the Z exchange contribution can be
neglected in the analysed Q2 range):

(x.^) + (1 - y)F7(x.Q2)). (2)

where « is the electromagnetic coupling constant. The cross-section ratio of longitudinally and
transverse polarised photons R = (Tijaj can be written in terms of structure functions as:
R = F-i/2xF\ — I. At HERA, the structure functions car» be measured for the first time for
values of x in the range x = \0~2 — 10~4 in the deep inelastic regime (Q2 > 5 (ZfV*2). At present
the ratio R(x.Q2) remains unmeasured in this region. Therefore, in order to extract FÎ{X.Q2)

from the measured differential cross-section, the H shape had to be assumed. The R values
were calculated according to the Q(T) prescription [17] using the MRSI)- part on distributions
[18]. The assumed form of Rqco gives rise to an increase of the cross-section by at most 7 VA
with respect to the R — 0 assumption.

The differential cross-section was determined using several separate analysis methods of
the "low Q2" data sample [M]. Different combinations of kiuematical variables and different
unfolding procedures were applied. The results of various analysis were fourni to be in good
agreement. The redundancy of the III apparatus allows to determine aniost all efficiencies of
the cuts used to select the final data sample directly from the data. The uncertainty of the event
selection efficiency is dominated by uncertainties in the measured electron signatures as well as
by uncertainties in the efficiency of vertex reconstruction, which is low at the highest energy
(in the large r region). Geometrical acceptance and smearing corrections were determined
from detailed simulation of large event samples generated using the DJAXGO [19] program.
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Figure 3: The F2{x,Q2) values as a function of x for two Q2 bins. The full circles correspond
to method I and the open circles to method II. The error bars show statistical and total rrrors
obtained by adding statistical and systematic errors in quadrature Data points of fht NMC and
BCDMS experiments are shown for comparison.

These corrections were found to be almost independent of the form of input parton densities.
The measured differentia! cross-sections were extrapolated to the centre of each bin using the
MRSD— [18] parametrisation of parton densities. The corrections are below IO % and do
not depend significantly on the exact shape of F2. Deep inelastic scattering events, in which
large rapidity gaps were found ("diffractive-like") were retained in the analysed event sample.
Radiative corrections and corrections for residual background were made prior to the extraction
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Figure I: Comparison of the measured F2(x,Q2) with srvrral parnmt Irisations (ste text for
further rxplanation). Thr error bars show statistical and total errors. The overall normalisation
uncertainty of the data points of 8 % is not included in tht size of error bars.

of the structure function F2(x,Q2) (for details see [14]).

The F2 measurements coming from the two systematically different analysis methods are



shown in Fig. 3 for two Q2 values, together with data points from the NMC [13] and BCDMS
[20] fixed target muon proton scattering experiments. The statistical and point-dependent sys-
tematic errors are added in quadrature. The systematic point-to-point error includes: possible
shifts of the electron energy scale by 3%; uncertainty in the BEMC energy resolution of 2%;
uncertainty in the measurement of ijh including model dependence, an absolute scale uncer-
tainty of the hadronic energy measurement in the LAr calorimeter of 7 % and effects resulting
from the treatment of noise in the* calorimeter: possible shifts of 0c by 5 mrad; uncertainty in
the event selection efficiency; uncertainty in the electron and proton beam induced background;
uncertainty in the photoproduction contamination; uncertainty in the detector acceptance cal-
culation due to 1 hr assumed form of the input part on distributions; uncertainty in the size of
the radiative corrections: uncertainty in the bin centre correction. The global systematic error
of 8VT resulting mostly from the uncertainty of luminosity monitoring is not shown in the figure.
The results of the two analysis methods are found to be in good agreement. The two highest x
data points agree well with the available measurements from fixed target experiments yielding
an independent cross-check of the absolute normalisation with an accuracy of ~ 20c/r.

A final F2 in the full range of x and Q2 was obtained by taking the systematically more
accurate F2 values in the regions of overlap between the two methods. The J- dependence
of F> is shown in Fig. 4. A clear rise of F2 with decreasing .r is observed. Such a rise is
not expected from Regge-parton models [25], but can be accommodated in the models based
on the linear QCD evolution equations [21]. [22]. Some examples of F2 structure functions
calculated for different part on density parametrisations are shown in Fig. 4. They include: the
MRSD[IS] parametrisations where, at small x, the gluon density is either singular (Lipatov
behaviour) ~ x~°-s for MRSD-' or constant for MRSDO'; the CTEQ1MS[23] parametrisation
where the gluon density at low x is ~ .r""0"1 but the sea quark distribution is not strongly
coupled to the gluon density, leading to a much slower rise of F2 with decreasing r; the GRV
[24] parametrisation, where small x partons are radiatively generated according to the Altarelli-
Parisi equations starting from "valence-like" quark and gluon distributions at Qi — 0.3 GeV2:
the DOLA [25] parametrisation derived within a Regge phenomenology. These parametrisations
describe well the existing low energy fixed target data. They predict, however, the F2 values
at x ~ IO~4 which differ by more than a factor 4. The present measurement clearly favours the
MRSD-' and the GRV parametrisations.

3.3 Jets in the deep inelastic electron proton scattering

At HERA, owing to a large centre-of-mass energy, the hadronic final state produced in the deep
inelastic electron scattering should reflect closely the parton dynamics, manifesting itself in a
jet-like topology of observed events. The hadronisation effects which determine jet properties
at low energies play at HERA a less significant role allowing for quantitative tests of the QCD.
In the selected data sample, most of the events populate the Q2 range already accessed in the
previous experiments. However, at HERA, this Q2 domain corresponds to a large hadronic
invariant mass W of the hadronic final state (of about 100 GtV) as the average x values of
observed events is small.

In order to interpret the observed distributions in terms of partonic processes, Monte Carlo
models were used which include: the parton dynamics controlled by QCD, soft hadronisation
processes and simulation of the response of the detector. Various prescriptions for the simula-
tion of QCD effects in deep inelastic scattering are compared to the data. In the parton shower

9
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Figure 5: Fractions of N+l jets as a function of ycut for the "low Q2" (a,c) and for the "high
Q2" (b,d) sample compared with simulations using MEPS model (a,b) and other models (c,d)
discussed in the text.

approach implemented in LEPTO 5.2 [26] the amount of hardness of the gluon radiation de-
pends on the assumed virtuality scale of the parton before and after the quark-photon vertex.
The two extreme virtuality scales Q2 or W2 have been excluded by Hl data on the hadronic
energy flow [28]. Therefore, for comparison with data on jet production an intermediate scale
WQ was chosen. The corresponding model is denoted as PSWQ. In the parton shower model
implemented in the HERWIG 5.5 event generator [27] the only energy scale which enters is
Q2. This model contains the colour coherence effects. In the approach implemented in LEPTO
6.1, the photon gluon fusion and gluon radiation processes are simulated using exact order as

matrix elements. Soft gluon emission is added using the parton shower model. This model is
denoted here as MEPS. The colour dipole model (CDM), in contrast to the previous ones, does
not distinguish between initial and final state radiation. Here the gluon radiation is orginating
from colour dipoles initiated by a dipole formed between the scattered quark and the proton
remnant. This model is implemented in ARIADNE 4.03 program [29].
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In the analysis of the jet production [3] the JADE algorithm [30] was used and performed
in the laboratory frame. Several Lorenz frames and other jet algorithms were investigated. No
significantly better agreement of the jet rates at the parton level with those obtained at the
hadron level was achieved.

The dependence of the jet rates on the resolution parameter ycut is shown for the low
and high Q2 data sample in Fig. 5 a and b respectively. The data were not corrected for
detector effects. Ry+i is the fraction of (N-+ 1) jet events in the sample (the 1 + 1 configuration
corresponds to a current and a target remnant jet). At ycut — 0.02, the (1 + 1) and (2+1)
classes dominate, with i?2+i * 10 to 20%. It should be noted that the data points in Fig. 5
are strongly correlated since the same event sample was used for each value of ycut. In Fig.
5 only the statistical errors are given. To check if these rates reflect jet multiplicities at the
parton level, the data are compared to Monte Carlo predictions at the parton level (dotted
curve), to the same model after hadronisation (dashed curve), and to the prediction including a
complete simulation of the Hl detector (full curve). In all cases the MEPS model is used. The
figure shows clearly that in the high Q2 sample, hadronisation and detector effects are small
(«s 10%). For the low Q2 sample, the differences between these curves are larger (ss 15%) for
y cut > 0.02. For lower values of ycut more "jets" are resolved because the jet algorithm often
fails to include individual hadrons in jet clusters. It should be noted that there exist migrations
of events classified as (2+1) jet at the parton level to the (1 + 1) class aï the hadron level and
vice versa. This migration is due to the finite resolution of the ycut value at which a (2+1 ) jet
event is turned into a (1 + 1) event at the parton and hadron levels. All QCD-based models
discussed above reproduce the dependence of the jet rates upon ycut for both "low Q2" and
"'high Q2" data samples, as shown in Fig. 5. The PSWQ model prediction of the (2+1) jot rate
in the region around ycut — 0.02 shows the most significant deviation from the data, namely by
« +50% at Q2 < 80 GeV2.

3.4 Search for leptoquarks

The ep collider HERA is well suited to look for leptoquarks. If these exist, they will be produced
in a fusion reaction involving the incoming electron and a constituent of the proton. Leptoquark
bosons appear naturally, and possibly at accessible masses, in some grand unified theories [31].
in superstring inspired models [32], in technirolour [33J and in some composite models [34]. In
the narrow width approximation, the production cross-sections for leptoquarks can be described
by a simple formula:

aep oc [Tf(X)IM) (3)

where M is the mass of the heavy state and f(.r) describes the quark density in the proton.
The widths T contain the model dependence on the couplings of the new particles and can be
expressed as " = (X2/IGr)M for scalar and F = (X2j2iir)M for vector leptoquarks. The baryon
and lepton number conserving scalar (^ ST) and vector (9VV) leptoquarks having 5(*(3) ®
SU(2) ® U(I) invariant couplings to fermions are characterised by the isospin T. the charge Q
and the fermion number F. The effective Lagrangian for their interactions has been introduced
in [36].

For leptoquark searches in the e + X final states, the "high Q2" event sample '.vas used.
In addition to the selection criteria specified in section 3.1 a matching between ye and ijh was
required: \ ye — yh |< 0.3. For leptoquark searches in the i> + X final states, a missing transverse
momentum of Ff"ss > 20 GeV measured by the calorimeters was required.

11



O.I

a) b )

H l
50 100 150 200 250

M (GeV)
50 !00 150 200 250

M (GeV)

50 100 150 2OO 250
M (GeV)

50 100 150 200 250
M (GeV)

fl"

Figure 6: Rejection limits at thf 959{ CL for the coupling Xiji as a function of mass for scalar
and rector leptoquark* with fermion numbtr F=J (a), (b) and F=O (r). (d), Thf regions abort
th( curves are excluded.

A leptoquark clearly would be seen as a resonance in a mass plot. Leptoquarks would show
up on top of the DIS background as a narrow resonance centred at a mass U* ~ y/xH. For an
( +X event, the resonance mass was calculated using Ii* = y/$.rf. For a v-\- A event candidate,
the mass was calculated as W = y/$?h where .r/, is computed from the measured hadronic
energy flow as:

-yh)yhs) (4)

[«I

{•">]
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No resonances in the mass spectra defined above were found i» the 1992 data [35] Consequently,
the leptoquarks rejection limits were derived.

The rejection limits on the mass versus coupling constant plan*» are shown in Fig. 6. For
X = 0.3 coupling, which corresponds to an electromagnetic coupling (o = —:). the mass limits
at «».r>{/7 CL are: M > ISl iSfr). 178(Sg). M5(<t f ). Uri(S^), 152(1 \ ) 2 ) .
IWW]1J2) and 183 GeV (\]L/2) for leptoquarks resulting from electron fusion with quarks and:

M > !KS(I0M. 102(1/ . Vj*). 121 W]1)- ^(^i/z-^i/i) and 112 (JeV (>f/2) in the case of fusion
with antiquarks. The current limits from pp experiments have thus been improved after only
a few months of data taking on HERA (for the S^ (Sff) leptoquarks. which are characterised
by brandling ratios of B ~ WA {IdQ1A ) for < + X decays, the CI)F limits [37] are 82 GeV
( 113 (IeV) almost independently of the coupling A).

4 Conclusions

The SIl results obtained from the analysis of the tp scattering data corresponding to integrated
luminosity of 22.5 nb~x were presented. The total ~>p cross-section rises with increasing cetitre-
of-mass energy as predicted by the Regge motivated models. Evidence of hard scattering
of photon constituents has been established. The measured Fj structure function exhibits
a significant rise with decreasing x. The jet rates were compared with prediction of several
models. Xo leptoquarks have so far been found.
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