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Abstract

Three topics will be discussed. The measurement of the strong coupling constant
from the measurement of (2+1) jet event rate in deep inelastic interactions is pre-
sented. In quasi-real photoproduction, understanding the so-called underlying event
energy is important to interpret the measured inclusive jet cross section. Observa-
tion of a class of events with a rapidity gap between high ET jets is reported.
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1 Introduction

Some of the recent results on physics with jets at HERA obtained by the HI and ZEUS
experiments will be presented. Jets are observed in deep inelastic scattering reactions
(DIS) as well as in quasi-real photoproduction opening new fields for further tests of
perturbative QCD calculations.

2 Measurement of as from jet rates in DIS

In the simple quark parton model of DIS, the virtual boson (predominantly the photon at
HERA energy) emitted by the scattered electron kicks a quark out of the proton. After
hadronisation, the quark gives a jet of hadrons while the proton fragments remain mostly
undetected in the beam pipe. Such a process appears in the detector as a (1 +1) jet event.

QCD modifies this simple picture. At leading order (LO) a gluon may be radiated by
the scattered quark before or after the interaction (QCD Compton diagrams fig. la); the
boson can also interact with a gluon in the proton (boson-gluon fusion diagram fig. lb);
these processes lead to the production of (2 + 1) jet events.
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Figure 1: Generic Feynman diagrams of the LO contributions to (2 + 1) jet events.

The inclusive lepton-proton scattering cross section depends on two independent kine-
matic variables at fixed centre-of-mass (cms) energy sfs. They are chosen from Q2 = — q2,
where q is the four-momentum of the exchanged virtual boson, and the Bjorken scaling
variables x and y which are related by Q2 — s x y. The cross-section of the (2 + 1) jet
production depends on three additional variables: xp, z and $*. The parton variable xp



is defined by:
Q2

where £ is the fraction of the proton's momentum P carried by the incoming parton with
momentum p = £P. The variable Zj for parton or jet j with momentum pj is defined by:

3 p q 2 K >> ~ Zi=1,3 E i - ( 1 - c o s et)

9*i are the polar angles of the two jets in the boson parton cms; z is the smaller of z\ and
Z2 = \ — z\. Experimentally, it is determined in the HERA system from the energies Ej
and polar angles Oj1 of the two jets assumed to be massless. Finally, the angle $* is the
azimuthal angle between the lepton and parton planes in the boson-parton cms.

Comparison of experimental data with theoretical calculations (performed at the par-
tonic level) is relevant only if the observed jets can be identified with a parton configu-
ration. Jets should be defined both in theory and in experiment by the same jet algorithm.
The (1 + 1) and (2 + 1) jet cross sections are calculated at next-to-leading order (NLO) in
QCD by two programs (DISJET [1] and PROJET [2]). Both calculations are performed in
the MS renormalisation scheme and give compatible jet cross sections. PROJET is how-
ever more suited to the experimental analyses since it provides an event record allowing
to apply acceptance cuts. Both use the JADE [3] jet algorithm where the singularities of
the cross sections are regulated by the jet resolution parameter, ycut. Both analysis have
chosen Q2 for the renormalisation scale. Then one can write schematically the (2 + 1) jet
cross section :

<r(2+i)(x, Q\ ycut) = <*.{Q2)A(z, Q\ Vcut) + a](Q2)B(x, Q2,ycut)

where A and B are calculated by numerical integration from the parton density functions
in the proton.

At HERA, the JADE algorithm has been modified [4] by introducing a pseudo-particle
which carries the missing longitudinal momentum of the event. It is a cluster algorithm
based on the scaled invariant mass, yij = m2JW2 — 2E{Ej(l — cosdij)/W2, where TO;J
is the invariant mass of two objects i and j , which are assumed to be massless; E{ and
Ej are the energies of the objects and % the angle between them. The reference mass
scale W2 is the squared invariant mass of the overall hadronic final state. Two objects
are merged by adding their four-momenta if y,3 < ycut.

1 polar angle 0 is measured with respect to the proton direction



Hadronisation as well as detector effects can spoil the correlation between the jets seen
in the detector and the underlying hard scattering process. Monte Carlo simulations are
needed to study these effects and to define the cuts which reduce the model dependence.
The program LEPTO [5] is an event generator based on LO matrix elements for the hard
emission of partons with the higher order soft parton radiation approximated by leading
log parton showers (MEPS). This model describes in a satisfactorily way the jet properties
and the production rates observed in the data [6, 7].

The two experiments have measured the (2-f 1) jet rate defined for each Q2 bin as:

where Ntot is the total number of DIS events2. ZEUS results on 1994 data have already
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Figure 2: (a) distribution of the parton variable z in (2 + 1) jet events, compared to
NLO calculations (PROJET and DISJET). The histograms show the same theoretical
prediction with the same binning of the data, (b) jet production rate as a function of the
jet resolution parameter ycut-

been published [8]. HI published an early measurement on a, based on 1993 data [6].
Only a status report on their 1994 data analysis is presented here.

Both experiments restricted their analyses to the high Q2 domain (Q2 > 100 GeV2)
where the jet event structure is more visible. According to the data, there is a significant

2for ycut — 0.02 the contribution of (3 -f 1) jet events is small



jet production in the forward direction (proton direction). This is rather well reproduced
by MEPS and is attributed to the initial state parton showers. On the other hand, it is
not described by fixed 2nd order calculations (fig. 2a). Influence of the parton showers is
reduced by the cut zp > 0.1. Further reduction is obtained also by restricting the kinematic
domain to large x values, ZEUS demands x > 0.01. Experimentally, measuring jets in
the forward region is difficult due to lack of acceptance and a bad description of inactive
material at small angles. So, HI requires, in addition to the z cut, 0jet > 10°. Finally,
to insure a good acceptance for jets, ZEUS requires y > 0.1 and HI W2 > 5000 GeV2.
Corrected jet rates as a function of y^t are compared to the NLO calculations on fig. 2b.
The agreement is good over a large range of y^t and at y ^ = 0.02 where both analyses
measured their jet rates

Using PROJET/DISJET calculations, the jet rates measured in three bins of Q2 are
converted into a, values (fig. 3). It shows that a, is decreasing with Q2 in agreement with
the running of the strong coupling constant. Extrapolated at the Z° mass, the published
ZEUS result and the present result of HI with an improved error analysis (compared
to [9]) are in agreement with the world average [10]:

ZEUS : a,(MJo) = 0.117 ± 0.005 (stat) + ° ; ^ (systexp) ± 0.007 (systtheory),

HI : a , ( M | 0 ) = 0.124 ± 0.006 {stat) ± 0.009 {syst).

However, as it is discussed below, in the light of theoretical inconsistencies in PROJET,
when used in the HI analysis, the second result is not considered by HI to be a reliable
measurement of a,.
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Figure 3: The a, measurement from ZEUS
and HI as a function of Q2. The statistical
error correspond to the inner bar, the outer
error bar is calculated as the quadratic sum
of the statistical and systematic errors. The
dashed line indicates the two-loop solution
to the renormalisation group equation corre-
sponding to a , (M| 0 ) = 0.117, the current
world average.



The uncertainty on the measurement of the hadronic energy in the calorimeters is
the major source of the experimental systematic error. The theoretical errors include the
uncertainty on the hadronisation correction and on the choice of the renormalisation and
factorisation scales.

Recently, in the discussions which followed the publication of a new NLO calcula-
tion [11], it appears that the recombination scheme used by PRO JET is not well defined.
This would lead to an additional and non negligible source of systematic error. It appears
also that some approximations concerning masses done in PROJET and DISJET may not
be justified in the whole phase space where the analysis are performed. From preliminary
analyses, it seems that the recombination scheme dependence is rather weak in the new
calculation which offers, in addition, the possibility to use other jet definitions. As a
consequence, HI has decided not to publish its present result.

3 Jets in Photon-Proton collisions

Interaction of almost real photons is the dominant process at HERA. A small fraction of
these events have large transverse energy ET in hadronic final state and show the formation
of jets. At LO, two classes of processes contribute to the high ET jet production in photon-
proton collisions : direct photon processes where the 7 couples directly to a parton in the
proton and resolved photon processes in which the scattering occurs between a parton
from the photon and a parton from the proton.

The differential jet cross sections as a function of ET and pseudo-rapidity are sensitive
to the partonic content in the proton and in the photon. At HERA, comparisons of
the measured differential jet cross sections with QCD calculations will provide further
constraints on the parton distributions in the photon.

The fractional momentum of the photon which enters into the hard scattering can be
calculated from the outgoing partons:

parton* _ i-ipaTtmi &Te

where Ey is the photon energy and 77 the pseudo-rapidity defined in the laboratory system
as 77 = In tan(9/2). In the photon-proton cms the pseudo-rapidity is related the laboratory
one by 77* = 77 — 0.5 In (Eproton/E-y) ss 77 — 2.

Experimentally, x^eU is defined as x^Ttmt by replacing the parton momenta by the
jet quantities. With these definitions, the direct processes are expected at x**u ~ 1, and



resolved photon processes at x*fu < 1.

Data ate compared to the event generators PYTHIA [12], PHOJET [13] and HER-
WIG [14]. They are based on LO QCD calculations for the description of the hard scat-
tering. In the first two generators the possibility to switch on interactions between the
photon and the proton remnants has been used by HI. All generated events are passed
through the detector simulations, reconstructed and analysed as real data. PYTHIA
which describes well all the measured distributions is used to correct the data for appa-
ratus inefficiencies.

In this analysis, jets are reconstructed by the cone algorithm [15] in the pseudo-rapidity
(77) - azimuth (<p) space, from calorimeter cells for reconstructed data, and from final state
hadrons for generated events. The cone radius R = \/A<p2 -f A^2 is set to unity.

Fig. 4 shows the inclusive differential jet ep cross sections da/dE^ and d<r jdt]jet as
published by ZEUS [16] and HI [18]. The jet cross section as a function of the transverse
jet energy is measured in two pseudo-rapidity intervals — 1 < ffet < 1 and — 1 < v^et < 2.
The jet cross section as a function of pseudo-rapidity is given for three different energy
thresholds. The dominant source of systematic error is the uncertainty in the absolute
energy scale of the calorimeters; it affects the cross section normalisation by about 25%
(shaded area in ZEUS plot).

As shown by the ZEUS plots, the resolved processes dominates the direct processes
(dotted lines) over the whole rfet range. ZEUS has compared its results to PYTHIA with
various parametrisations of the photon parton distributions. The shape and normalisation
is well described in the range — 1 < t]jet < 1- For HI data, the best agreement is obtained
with the PHOJET Monte Carlo.

However, one observes some discrepancy between data and models for n*et > 1. This
discrepancy get smaller as the ET threshold increases. This excess of transverse energy
is also observed (not shown) in the jet profile of forward going jets for n — n*et > 1 and
x ,̂et < 0.75 [17], that is, when more energy is left for the photon remnants.

Could this extra energy come from interactions between beam remnants ? HI has stud-
ied this underlying event energy or jet pedestal as a function of z7(fig. 5). The transverse
energy density is defined as the transverse energy per unit area in (r]y<f>) space averaged
over all events with two jets, excluding the energy around jets with R < 1.3. For x7 ~ 1,
the transverse energy of 0.3 GeV/rad is found close to the energy density measured in
minimum bias events (neither minimum ET nor existence of a jet is required for these
events); it increases to about 1 GeV/rad as xy -+ 0. PYTHIA (dashed line) and PHOJET
(full line) which both include multiple interactions give a good description of the data in



ZEUS 1993

Figure 4: The ZEUS and HI inclusive jet differential cross section versus r\}tt for three
minimum jet ET values (lower plots). The ET distributions are integrated over two rfet

ranges (higher plots). The lines are from LO event generators with and without multiple
interactions.

contrast to PYTHIA without multiple interactions ( dotted line).

In the measured jet cross sections shown in fig. 4, no subtraction of the jet pedestal
is carried out. To include or not the jet pedestal in the jet energy affects drastically the
measurement of the jet production rate. These effects should be clearly understood until
on can draw conclusions on parton processes based on the comparison of measured jet
cross sections with QCD calculations.



!„
f >
"X 0.8

0.6

0.4

0.2

0

H1 • doto
PHOJET
PVTHIA TH
OYTHIA
mirv bios

Figure 5: Corrected transverse energy
density outside jets in the central rapid-
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4 Rapidity gaps between jets in jP

This analysis has already been published by the ZEUS collaboration [19] and it will be
sketched here. In resolved 7 proton, as in any hadron-hadron interactions, the dominant
mechanism for jet production is described by a hard scatter between partons in the in-
coming hadrons. This parton-parton interaction is described by the exchange of a gluon
or a quark which carries colour charge. The two high ET jets resulting from the scattered
partons are then colour connected, and the rapidity region between them should be filled
with particles. However, if the hard scatter were mediated by the exchange of a colour
singlet object (7, Z°, W* or a Pomeron), the rapidity region would contain few particles.
The rate of these colour singlet exchange processes can be determined [20] by counting
events with a rapidity gap between the two jets.

The event morphology of a gap event is illustrated in fig. 6; the gap fraction, f(A?/),
is defined as the ratio of the number of dijet events at A77 which have a gap between the
jets to the total number of dijet events at the Arj. For colour non singlet exchange, f( AT;)
is expected to fall exponentially with increasing A 77 [20]. The colour singlet contribution
should then dominate at large A77 since, in such an exchange, the gap fraction is not
expected to depend strongly upon A77.

The event selection requires at least two high ET jets (ET > 5 GeV) well inside the
acceptance of the ZEUS calorimeter (r?je* < 2.5 and jr/x + TJ2|/2 < 0.75). The cone of the
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y remnant p remnant

Figure 6: The rapidity gap event mor-
phology shows two jets of radius R sepa-
rated by the pseudo-rapidity interval A17.
The gap is the distance between the cone
edges. Black dots represent final state
particles.

highest ET jets should not overlap in pseudo-rapidity (AT/ > 2.). A gap event is defined
by the absence of a calorimetric energy deposit of transverse energy greater than 250 MeV
with a pseudo-rapidity between the jet cone edges.

Fig. 7a shows the uncorrected gap fraction. It is compared with the results obtained
with two Monte Carlo event samples. In the first sample, direct and resolved photon
interactions are generated with PYTHIA [12], without the multiple interaction option.
In the second sample (PYTHIA mixed), electroweak exchange events are included at the
level of 10% ( this fraction is two orders of magnitude higher than what is expected from
the cross section), in order to mimic the exchange of a strongly interacting colour singlet
object.

Whereas the PYTHIA first sample falls exponentially over the full range of AT/, the
uncorrected data distribution follows the same trend out to A77 ~ 3.2, and levels off at a
value of 0.08 (fig. 7a). This behaviour is well described by the PYTHIA mixed sample,
although it significantly overestimates the gap fraction at low AT/ values. One should note
that a decrease of the number of gaps can be obtained in the Monte Carlo samples by
allowing secondary interactions between beam remnants to occur. The PYTHIA mixed
sample has been used to correct the data for all the detector effects. Fig. 7b shows the cor-
rected gap fraction compared with the result of a 2 parameter fit to the expression eaAr)+(3
constrained to 1 at AT/ = 2 The value of the parameter 0 = 0.07 ± 0.02{stat) ±S:oa(*Sr**-)
gives an estimate of the gap fraction for colour singlet processes under the assumption
that the colour singlet gap fraction is constant with AT/.

The value of (3 is too high to be explained by the exchange of ~f/Z°, or W± in quark-
quark interactions. It can be interpreted as evidence for the exchange of a strongly
interacting colour singlet object. The fact that the ZEUS result is higher than the results
obtained in pp collisions at the Tevatron by DO [21] and CDF [22] could be explained by



very different probabilities for secondary interactions between beam remnants to occur.
On the other hand, the simple two gluon model [20] Pomeron exchange predicts a gap
fraction of 0.1.

ZEUS 1994
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Figure 7: In (a), the uncorrected gap fraction versus the gap interval; data is shown as
black dots, PYTHIA non-singlet sample as open circles and PYTHIA mixed sample as
stars. In (b), the corrected gap fraction compared to the result of a fit to an exponential
plus a constant.

5 Conclusions

The value of at{Q2) has been determined in three Q2 regions by measuring the jet rates
and was found to decrease with Q2, consistent with the running of the strong coupling
constant. The good agreement with the results obtained in other experiments by other
methods is another significant test of QCD. However, in view of the present theoretical
uncertainty in the PRO JET and DISJET NLO calculations, the publication of the HI
result is postponed.

In photoproduction, the jet cross sections have been measured as a function of the
pseudo-rapidity and the transverse energy. Better agreement is obtained with LO QCD
calculations which include in addition to the hard parton scattering, interactions between
the beam remnants. The underlying event energy has been studied as a function of
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the momentum fraction of the parton from the photon and can be interpreted as the
superposition of a hard scattering process plus interactions between the beam remnants.

The observation of events with little hadronic activity between the jets can be inter-
preted as evidence for hard scattering via a strongly interacting colour singlet object.
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