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Abstract 

A sample of events with two distinct jets, in addition to the proton remnant, has 

been identified in deep inelastic, neutral current ep interactions recorded at HERA by the 

ZEUS experiment. For these events, the mass of the hadronic system ranges from 40 to 

260 GeV. The salient features of the observed jet production agree with the predictions 

of higher order QCD. 
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1 Introduction 

In lowest order lepton-proton neutral-current deep-inelastic scattering (DIS), the transverse 

momentum of the scattered electron is balanced by a single jet associated with the struck 

quark, the proton remnant carrying relatively little transverse momentum. Higher order QCD 

processes modify this picture. In particular, a hard gluon can be radiated from the struck 

quark (QCD Compton scattering, QCDC), or a gluon from the proton can interact with 

the exchanged boson giving rise to quark-antiquark pair production ( Boson Gluon Fusion, 

BGF), as illustrated in Fig. 1 [1-4]. One consequence of these higher order processes is 

the broadening of the transverse momentum distribution of the particles with respect to the 

exchanged boson direction, as observed in previous experiments [5]. Recently, the production 

of jets has been reported in a fixed-target muon experiment at center-of-mass energies up to 

"-' 30 GeV [6]. With the large increase in center-of-mass energy available at the HERA ep 

collider (295 GeV) clear multijet events should become visible [4]. 

In this paper we present evidence for events with two or more jets (in addition to the 

proton remnant) in deep inelastic, neutral current interactions. The events have Q2 > 4 

Ge V 2 , Q2 being the negative square of the four momentum transfer between electron and 

proton. The data were collected with the ZEUS experiment in autumn 1992. 

2 Experimental setup and data taking 

The ZEUS detector is a multipurpose magnetic-detector operating at the HERA storage ring 

at DESY. Descriptions of the detector, trigger and the data acquisition system were given in 

previous publications [7-9]. Here we discuss only the parts relevant to this analysis. 

Charged particles are reconstructed by the central tracking detector which surrounds the 

beam pipe and is operated in a magnetic field of 1.43 T, provided by a thin superconducting 

coil. The chamber consists of 72 cylindrical drift-chamber layers, organised into 9 'super­

layers' [10]. Only the inner three axial superlayers were instrumented for this data taking 

period using a z-by-timing readout [11] with single wire resolutions of ffz = 4 em and crT,p = 1 

mm (the ZEUS coordinate system is right handed with the z axis pointing in the direction 

of the proton beam, hereafter referred to as forward). The tracking information was used to 

rec,onstruct the vertex position along the z direction. 

The solenoid is surrounded by a high resolution calorimeter divided into three parts, 

forward (FCAL), barrel (BCAL) and rear (RCAL). The calorimeter is constructed withal­

ternating layers of depleted uranium and scintillator with one sampling every radiation length. 

The calorimeter is longitudinally segmented into electromagnetic (EMC) and hadronic (HAC) 

sections subdivided into cells which are read out on either side via wavelength shifter bars and 

photomultipliers. Under test beam conditions, the calorimeter has shown equal response to 

incident electrons and hadrons. The energy resolution was found to be cr(E)/ E = 0.18/v'E (E 

in GeV) for electrons and a(E)/ E = 0.35/.JE for hadrons [12,13]. To measure the luminosity 

as well as to tag the scattered electron from very small Q2 processes, two lead-scintillator 

electromagnetic calorimeters are installed in the HERA tunnel [14]. 
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The data were collected with a three-level trigger. For the first-level trigger the calorimeter 

cells were grouped into trigger towers, each approximately 20 em x 40 em in transverse area. 

A first-level trigger was issued whenever the energy deposited in any of the EMC towers or 

any of the FCAL HAC towers exceeded a programmable threshold [9]. Time-information from 

beam-monitor counters ( C5) was used a.t the first trigger level to reject beam-gas events. The 

excellent time resolution of the calorimeter signals [12,15] allowed further beam-gas rejection 

at the second and third trigger levels. The trigger acceptance for the hard scattering events 

discussed in this paper was greater than 99%. 

During 1992, HERA operated with beam energies of 26.7 GeV for the electrons and 820 

GeV for protons. In both beams, typical currents of 1-3 mA were stored, distributed over 

10 bunches; only nine bunches were used for ep collisions. In addition, one electron and one 

proton bunch circulated without colliding with a respective proton or electron bunch. These 

unpaired bunches allowed the study of various backgrounds. The total integrated luminosity 

was 27 nb-1 and about 4 million triggers were collected. 

3 Data selection 

The off-line data selection proceeded in two steps. First, by selecting events with an EMC 

trig~er, the data sample was reduced from four million triggered events to about 260000 

events, with negligible loss of DIS events [9]. In a second step, cosmic rays, beam halo 

muons and false triggers resulting from an electrical discharge in a single photomultiplier 

were rejected. Moreover, a more precise determination of the timing in both the C5 counters 

and the calorimeter allowed a further rejection of beam-related backgrounds. In particular, 

the time associated with the scattered electron detected in the RCAL was measured with an 

r.m.s. resolution of 0.5 nsec. 

Events were selected with electron candidates of energy larger than 5 GeV, by using the 

pattern of energy deposits in the calorimeter. The efficiency for identifying scattered electrons 

was in excess of 98% according to Monte Carlo calculations. From the electron candidates, 

an estimate .of Bjorken y was calculated Uliling the relation: 

E' 
y,=1-E: 

1-cos9~ 

2 
(1) 

where 0:, (E;) denotes the polar angle (energy) of the scattered electron and E., is the energy 

of the incident electron. 

The following requirements were applied to this sample: 

• Energy in the FCAL greater than 1 GeV to reduce the background from interactions 

of the electron beam with the residual gas. 

• /j = l:i E; (1- cos9;) ~ 35 GeV [9], where Eo is the energy measured in the calorimeter 

cell i with polar angle 9,. The sum runs over calorimeter cells above the thresholds of 

60 MeV (110 MeV) for the EMC (HAC) sections. 

• y., ~ 0.7 

2 

• In order to ensure a satisfactory reconstruction of the kinematical variables, the esti­

mated Bjorken y obtained from the hadronic system (YJB) [16] was required to satisfy 

YJB = 2
1. L:; E, (1 -cos 8,) ~ 0.02 [9]. Here the sum excludes those calorimeter cells 

associated with the scattered electron. 

• Q2 > 4 GeV2
, where Q2 was determined with the double-angle method [9,17]. This 

method uses the angle of the scattered electron and an angle that characterizes the di: 

rection of the final hadronic system. Both angles were determined from the calorimeter 

measurements. 

The requirements on Ye and C were applied in order to reduce the background from 

photoproduction events in which final state photons or hadrons were misidentified as electrons. 

The.se cuts were chosen after detailed Monte Carlo studies for both DIS and photoproduction 

events [8]. They also remove DIS events with hard initial state radiation. A total of 3808 

events passed these cuts. . 

A sample of these events was visually examined by three independent groups of physicists 

and found to be free of cosmic rays and halo muons. Moreover, in the 3808 event sample, no 

event was found in either an unpaired ~lectron or proton bunch. 

The analysis was performed using the calorimeter.,da.ta, i.e., the deposited energies and 

positions of the calorimeter cells, as well as reconstructed "condensates" [18]. Condensates 

are contiguous energy deposits in the calorimeter above 100 MeV (200 MeV) in .the electro­

magnetic (hadronic) sections. Monte Carlo studies show that for polar angles above 9° the 

condensate multiplicity agrees with that of the final state particles to 90%. In addition about 

80% of the generated stable particles are associated with only one condensate. At smaller 

angles the number of reconstructed condensates is many times smaller than the number of 

generated part.icles. In the analysis condensates are treated as massless particles. 

In order to select multihadronic final states, the number of condensates with polar angles 

above 9° was required to be larger than four and the total transverse energy, including that 

of the electron, was required to be larger than 3.5 GeV. These cuts were designed to ensure 

significant hadronic activity away from the beam pipe. This sample contained 3274 events, 

and for approximately 95% of these events, primary event vertices were reconstructed. ·The 

vertex distribution has an r.m.s. of 26 em in z. This efficiency is in agreement with Monte 

Carlo studies of the vertex reconstruction, and the width is consistent with the length of the 

proton beam bunch. 

The photoproduction background in the sample of 3274 events was estimated to be about 

1-2%, based on t'he number of events with an electron detected in the luminosity monitor, 

and in agreement with Monte Carlo estimates. 

4 The Monte Carlo simulation 

The Monte Carlo program LEPTO 6.1 [19] was used to model the expected hadronic_final 

states. In this generator, the kinematic variables Ql and x are chosen according to the elec­

tro-weak inclusive cross section for deep inelastic ep scattering, and several parameterizations 
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of the parton densities are available. Electroweak radiative corrections have not been taken 

into account, but the selection cuts were tuned to minimize their effect. 

For the simulation of the partonic final state, several options are offered in this program. 

QCD processes to O(a~) can be included according to exact first order matrix elements (ME). 

QCD processes including higher order contributions can also be simulated in the leading 

logarithm approximation (i.e. parton shower approach, PS). This approach is subject to 

uncertainties in the shower scale, i.e. in the maximum parton off-shellness with two extreme 

choices being given by Q1 and W 2 (W being the mass of the hadronic system). A third 

option, which is used in this study, is a combination of these two approaches (ME+PS), 

where the :first order emission of partons is calculated by the ME contribution and higher 

order emissions are included through the parton shower. The probabilities for all partonic 

subprocesses are matched to avoid double counting. 

For some comparisons we have also used a "Quark Parton Model" (QPM) Monte Carlo 

generator based on LEPTO (ME) with the matrix elements for 0( a 8 ) corrections switched 

off, but with the parton densities keeping their Q2 dependence. 

The fragmentation into hadrons was performed with the Lund string hadronization model 

[20] as implemented in JETSET 7.3 [21]. The default fragmentation parameters of JETSET, 

tuned in studies of jets from zo decays at LEP [22], have been used. The parton densities in 

the proton were described with the parameteriza.tions MTB1 [23] or MRSDO [24]. 

The detector simulation is based on the general purpose program GEANT 3.13 [25]. The 

description of the responses of the various detector components was tuned to reproduce test 

data. Generated event samples were processed with the trigger and detector simulation and 

the offiine data reconstruction procedure. 

5 General characteristics of the event sample 

In analysing the events, the kinematical variables, Q2
, Bjorken ;c and W 1 , were calculated 

using the double angle method. The selected events have :e· :2: 10-4 • The W distribution, 

shown in Fig. 2a for the 3808 event sample, spans the range from approximately 30 GeV to 

280 GeV, a value close to the kinematical limit; the mean value is"' 110 GeV. The Monte 

Carlo predictions exhibit similar features. It is noted that the data in this and subsequent 

distributions are not corrected for energy loss in uninstrumented regions of the detector, 

resolution smearing and other detector effects. 

The distribution in the total observed transverse energy (ET) of the hadronic system, 

shown in Fig. 2b, exhibits a steep fall-off, with a mean value of,...., 5 GeV and a tail which ex­

tends up to 40 GeV. The LEPTO (ME+PS) Monte Carlo calculations describes the distribu­

tion reasonably well, in particular its high energy tail. The much narrower QPM expectation 

fails to reproduce the data. 

To investigate further the multihadronic final state, an analysis was done in the 7•p 

center-of-mass frame. The four-momentum of the exchanged boson (I•) was determined 

from the double angle method. Condensates were used in this analysis in order to study 
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observables related to individual particles. After removing condensates with polar angles 

below go in the laboratory, an artificial condensate was introduced that enforced energy­

momentum conservation. Monte Carlo studies show that the energy and direction of this 

pseudo-condensate follow closely that of the generated proton remnant. After removing the 

scattered electron, all remaining condensates, assumed to correspond to massless particles, 

were boosted to the 7"p center-of-mass frame. In the QPM the final state would consist, in 

this frame, of the struck quark travelling close to the direction given by the exchanged boson, 

while the proton remnant travels in the opposite direction. 

The sphericity tensor [26] was then calculated from the observed condensates. Fig. 2c 

shows the distribution of the transverse momentum square of the condensates with respect 

to the sphericity axis. The histograms show the Monte Carlo expectations. The data are 

restricted to the hemisphere around the exchanged photon direction, which should contain 

the struck quark, and where one expects the gluon radiation effects to be most visible. The 

distribution is clearly broader than the QPM expectations; the tail extends up to"' 20 GeV2 

while the QPM predicts no event- above 5 GeV 2
• Here again the Monte Carlo distribution, 

including higher order QCD corrections (ME+PS), agrees well with the data. 

The transverse momentum distribution discussed above is insensitive to uncertainties in 

both the scattered electron rneasurenient at small angles and in the reconstruction of the 

vertex position along the beam direction. Furthermore, due to the cuts in {j and y., 1 the effect 

of electroweak radiative corrections on the transverse momentum distribution is also small. 

6 Jet analysis 

A search was carried out for two or more jets (in addition to the proton remnant) in the 

data [27], using a jet finding algorithm in pseudorapidity 1 ( 17 )- azimuth ( o/) space based 

on the "Snowmass convention'1 [28]. The cone radius R = (6.ifJ2 + 6.172)t in the algorithm 

wa.s set to 1 unit. Calorimeter cells with electromagnetic (had.ronic) energy below 60 MeV 

(110 MeV) were excluded. In order to ensure that the results were not biased by fragment~ 

from the proton remnant, cells with polar angles smaller than go in the laboratory frame, 

i.e. 1'/cdl > 2.5, were also excluded. In addition, those calorimeter cells associated with the 

scattered electron were removed when performing the jet search. Preclusters were formed 

around cells with transverse energy larger than 0.3 Ge V, and the final clusters were called 

jets if their transverse energy was larger than 4 GeV and 1'/jet ::; 2, i.e. polar angles larger 

than 15°. 

With the above algorithm, 2502 (76%), 662 {20%), 95(2.9%) and 15(0.5%) events belong­

ing to the zero-, one-, two-, and three-jet categories were found. The jet count includes neither 

the proton remnant nor the electron. The fact that most of the events. have no identified jet 

is a ~onsequence of the transverse energy cut and the pseudorapidity requirement. 

In Fig. 2a we show the distribution (shaded area) of the mass of the hadronic system (W) 

for two jet events. Note that the mean W value at which two-jet production is seen, 150 Ge V, 

is approximately an order of magnitude larger than those of the highest energy fixed t-arget 

1 Pseudola.pidity 7J is defined in telmS of the polat angle(} as 11 = -ln tan 0/2. 
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experiment [5,6]. The transverse energy distribution for the two-jet sample is presented 

in Fig. 2b (shaded area). Events with higher ET preferentially have a two-jet structure. 

For completeness, Fig. 2c shows the contribution (shaded area) of the two-jet sample to 

the distribution in the square transverse momentum of the condensates with respect to the 

sphericity axis. 

Fig. 3a shows the transverse energy distribution in the (11,4>) plane for a one-jet event. 

This picture illustrates how the transverse momentum is balanced between the scattered 

electron and the hadronic jet. In this event the proton remnant carries too little transverse 

energy to be visible. Figs. 3b and 3c show an example each of a two- and a three-jet event 1 

respectively. 

The LEPTO (ME+PS) simulation predicts the fractions to be 75%, 22%, 2.8% and 0.2% 

for the zero-, one~, two- and three-jet categories. These fractions are in reasonable agreement 

with the experimental data. The agreement between data and Monte Carlo for the jet 

multiplicities is still preserved when the parameters used in the jet definition are varied, 

namely 0.8 < R < 1.0, the jet pseudorapidity cut between 1.5 and 2.5 and the jet transverse 

energy cut between 3 Ge V and 5 Ge V. 

It should be pointed out that the agreement between data and the Monte Carlo simulation 

is not fortuitous. The predicted fraction of two- and three-jet events is too large if one uses 

LEPTO (PS) with the QCD scale set at W 2, while it is too small if the scale is set to Q2 and 

zero if the QPM is used. Moreover, LEPTO (ME) predicts no three-jet events although it is 

able to describe the lower jet multiplicities within the given statistics. 

The jet energy profile, which is sensitive to the fragmentation effects, also conforms to 

expectations. To illustrate this 1 the transverse energy flow into cells within a cone of radius 

R = 2 around the jet axis was computed. Figs. 3d and 3e show a comparison between data 

and Monte Carlo simulation for the two- and three-jet samples. The two variables entering 

in the R definition, i.e. the pseudorapidity (L\.7J) and the azimuthal angle (L\.4>) measured 

relative to those of the jet, are plotted separately. These distributions together indicate 

that a cone size of 1 unit is a reasonable choice, and that the agreement with the LEPTO 

(ME+PS) Monte Carlo prediction is good. The Monte Carlo calculation, based on exact first 

order matrix elements only, predicts a jet profile that is somewhat narrower than is observed. 

Fig. 4 illustrates some characteristics of the two-jet events compared with Monte Carlo 

expectations. The comparison is made for the two parameterizations of the parton densities, 

MTB1 and MRSDO. The jet transverse energy (Ef~1 ) is shown in Figs. 4a and 4b together 

with (ME+PS) expectations. The contributions from first order processes only (QCDC and 

BGF) are also shown. The jet pseudorapidity distribution is presented in Fig. 4c. The 

difference in azimuth between the two jets is shown in Fig. 4d. A peak near 180° is observed, 

indicating that the two-jet sample is dominated by back-to-hack production in the transverse 

plane. This is expected since most of the events are at relatively low Q2 so that the transverse 

momentum of the electron is small compared to that of the jets. All distributions are in 

reasonable accord with the Monte Carlo expectations. 

Figs. 5a and 5b show the correlation between the pseudorapidities of the jets in the two-jet 

sample and the expectations from LEPTO (ME+PS) with equal statistics. Here 'f/maz (1Jmin) 

is the pseudorapidity of the jet with the larger (smaller) 11 value. The two-jet sample from 
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the Monte Carlo events populates the same region of the ( Q2 , x) plane as the data, as seen 

in Figs. 5c and 5d. Clearly the data are dominated by low x, low Q2 
( x ~ 10-2

, Q2 ~ 100 

Ge V2 ) values. 

Finally, the Monte Carlo modelling can be used to interpret the data in terms of the 

underlying processes. In the (ME+PS) approach the two-jet events can originate from two 

sources. One is from first order processes ( QCDC and BGF) where the two partons of the final 

state have large transverse momentum. The other one is from lowest order processes where 

the matched parton shower has produced a sufficiently high transverse momentum parton in 

addition to the struck quark. In Figs. 4a and 4b the predicted contributions originating only 

from these first order processes are shown separately lis the dashed histograms. Thus the 

E~~t distribution show that, although at low E~d there is a significant contribution from the 

parton shower associated with the struck quark, the QCDC and BGF become the dominating 

processes for higher E~d values. Of course, the relative contributions from the parton shower 

and the first order processes predicted by the Monte Carlo model are sensitive to the particular 

cutoff scheme needed to avoid the singular regions of the matrix elements [19]. 

1 Summary and conclusions 

Multihadronic final states produced in deep inelastic, electron-proton collisions at Q 2 > 4 

Ge V2 have been investigated for events with center-of-mass energies W between 30 and 280 

Ge V. The transverse energy and momentum distributions exhibit tails extending to large 

values which cannot be accounted for by the quark-parton model. 

A search for jet production has led to the unambiguous observation of multijet events. 

Jet rates and the general characteristics of the sample of two-jet events are in agreement with 

Monte Carlo calculations that include the first order QCD matrix elements plus higher order 

QCD corrections implemented via parton showers, as presented by the LEPTO (ME+PS) 

model. The measured jet profiles are also well described by this model. The comparison 

with the Monte Carlo calculations suggests that two-jet production with large jet transverse 

energies is dominated by the QCD Compton and BGF processes. These results extend the 

recent observation of two-jet events reported in [8,29] to a high Q2 region. 
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I Fig. 1: Feynman diagrams for deep inelastic scattering: (a) Born term, (b) QCD Compton 

scattering and (c) Boson-Gluon Fusion. 

Fig. 2: (a) The distribution of the mass of the hadronic system (W) compared with 

the LEPTO (ME+PS) Monte Carlo prediction. (b) The transverse energy distribution of 

the hadronic system in the laboratory frame, measured with respect to the beam direction, 

compared with predictions of QPM and ME+PS. (c) The square transverse momentum dis­

tribution of "condensates" in the "'tP center-of-mass frame, measured with respect to the 

sphericity axis, together with the predictions of QPM and ME+PS. In each plot the corre­

sponding distribution for the two-jet events is shown as shaded area. The data in this and 

subsequent figures are not corrected for detector effects. 

Fig. 3: Transverse energy distributions of events with jets in the ( 1], fjJ) plane: (a) one-jet 

event, {b) two-jet event and (c) three-jet event. ( d,e) The profile of jets belonging to the two­

and three-jet sample with expectations from the LEPTO 6.1 (ME+PS) and LEPTO (ME) 

Monte Carlos. 

Fig. 4: The distributions of jets for two-jet events measured in the laboratory frame with 

respect to the beam direction and compared with Monte Carlo expectations calculated using 

two parameterizations of the parton densities: (a,b) transverse energy (the total and the 

QCDC+BGF contributions are shown for the Monte Carlo calculations), (c) pseudorapidity 

and (d) azimuthal angle separation between the two jets. 

Fig. 5: Properties of two-jet events: correlation of the jet pseudorapidities for (a) data 

and (b) Monte Carlo simulations; correlation of :r, and Q2 for (c) data and (d) Monte Carlo 

simulations. 
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