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Chapter 6 

The selection of dijet photoproduction 
events 

For the analysis presented in this thesis data collected with the ZEUS detector in 1995 are 
used. These data correspond to an integrated luminosity of 6.3 pb" 1 . In this section the online 
and offline selection of the dijet photoproduction sample is discussed. Candidate events are 
selected online with the ZEUS three-level trigger system. After the selected events have been 
corrected for detector effects, as described in chapter 5, the final selection cuts are applied. 

The selection criteria are designed to select dijet events and to reject at the same time as 
many background events as possible. Different processes are a potential source of background. 
We distinguish two classes: 

• non-physics background processes. These are: 

- proton beam gas interactions occurring upstream in the proton beam, 

- positron beam gas interactions occurring upstream in the positron beam, 

- halo muons travelling collinear to the proton beam, 

- cosmic muons entering the detector from above. 

Non-physics backgrounds are rejected efficiently when a reconstructed interaction vertex 
is required, near the nominal interaction point and when the timing information of the 
event is required to be consistent with an ep interaction, 

• background contributions that do originate from an ep interaction. These physics back
grounds are: 

- neutral current deep inelastic scattering (NC-DIS) events. Most of these events 
are rejected by a cut on the difference between the total energy and longitudinal 
momentum of the event (E - Pz), which is twice the positron beam energy in a NC-
DIS event and only twice the energy of the exchanged photon in a photoproduction 
event, because in the latter type of event the scattered positron escapes undetected. 
Most of the remaining NC-DIS events can be rejected when a scattered positron 
candidate is identified in the calorimeter; 
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60 CHAPTER 6. THE SELECTION OF DIJET PHOTOPRODUCTION EVENTS 

- charged current deep inelastic scattering (CC-DIS) dijet events. These are rejected 
by a cut on the missing transverse momentum in the event. 

Event displays of background events are shown in figure 6.1. In the display the histogram on 
the left shows the transverse energy deposited in the CAL as a function of rj and 0, while on the 
right cross sectional views of the inner tracking detectors and the CAL are shown. Each event 
satisfies the dijet selection cuts of the analysis presented in this thesis, with the exception of the 
cuts specifically designed to reject the type of background to which the shown event belongs. 
The background rejection cuts are discussed hereafter. The events shown in the figures are: 

• a proton beam gas interaction. These events typically have a high track multiplicity and 
many tracks are not associated with an interaction vertex, 

• a cosmic muon. The event shown is a typical example of a muon traversing the detector. 
There is only one track and there are energy deposits on opposite sides of the BCAL, 

a NC-DIS event. The event shown is a genuine dijet event, but not a photoproduction 
event. This is clear from the scattered positron, observed in the RCAL, 

a CC-DIS event, which is recognised by the large missing transverse momentum in the 
event, which has been carried away by the neutrino. 

6.1 Online event selection 

The ZEUS three-level trigger system is used to preselect a sample of dijet photoproduction 
candidates. Selection criteria are applied at each of the three trigger levels. 

6.1.1 First Level Trigger 

At the FLT the summed energies of different sections of the calorimeter1 are compared to 
threshold values. Furthermore crude track information is available. The requirements made at 
the FLT to select dijet candidate events are the following: 

. ECAL > 15 GeV or E%$c > 10 GeY or E§S# > 3.4 GeV or Ejgfê > 2 GeV, 

• at least one good track was found, where a good track is defined as a track for which the 
z position in the first superlayer of the CTD is between -50 cm and 80 cm. 

Furthermore events are vetoed at the FLT based on information from various detectors: 

• the C5 timing information is used to veto events that have a beam gas timing and no 
physics timing in one or both C5 scintillator counters, 

1 For the determination of calorimeter energy sums at the FLT the cells closest to the beam pipe are excluded. 
Furthermore the energy is subjected to a coarse digitisation which makes the energy resolution rather poor. 
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Figure 6.1: Examples of backgrounds to the dijet photoproduction selection. 
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• the SRTD timing information is also used to veto events which have beam gas timing and 
no physics timing in one or both SRTD planes, 

• the Veto-wall is used to veto events when a coincidence is observed between the two planes 
of the Veto-wall. This indicates that the interaction occurred outside the detector. 

6.1.2 Second Level Trigger 

The SLT requires that: 

• a vertex was found, 

• E - Pz > 8.0 GeV, where E and Pz are the energy and the longitudinal momentum of 
the event, determined from the energy deposits in the calorimeter. 

• Ejone > 8.0 GeV where E^ne is the summed transverse energy outside a cone of 10° 
around the proton beam direction, 

• and (E- Pz > 12.0 GeV or Pz/E < 0.95). 

Furthermore events are vetoed at the SLT when one of the following conditions holds: 

• only 1 photomultiplier tube in the calorimeter gave a signal or 

• E - Pz > 75 GeV. 

Events are also vetoed on the basis of the timing information of different calorimeter sections2. 
This happens when: 

• tdown - tup > 10 ns, where tdown and tup are the timing of the lower and upper half of the 
BCAL, 

• tFCAL - tRCAL > 8 ns, 

• \tRCAL\ > 8 ns, 

• tFCAL > 8 ns. 

6.1.3 Third Level Trigger 

At the TLT different jet algorithms are applied to the energy deposits in the calorimeter. Events 
are accepted when one or more of these algorithms h 
and EC1' > 4.0 GeV. It is furthermore required that: 
are accepted when one or more of these algorithms have found at least two jets with rp* < 2 5 

• the z position of the reconstructed interaction vertex is within ±60 cm from the nominal 
interaction point 

Events can only be vetoed on the basis of the timing information of a calorimeter section when at least 1 
GeV (2 GeV for the FCAL) of energy was deposited in that section. This requirement ensures that the timing 
was measured accurately (this requirement is also made for the timing cuts applied at the TLT) 
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• less than 6 bad tracks are found, where a bad track is defined as a track that has traversed 
at least 3 superlayers of the CTD, but does not point towards the interaction vertex. 

Events are vetoed at the TLT when 3. 

• (7 ns < tFcALbp-tRCALbp < 15 ns) & (7 ns < tRCALbP < 15 ns), where tFCALbP and tRCALbP 

are the timing of the F and RCAL beam pipe regions, 

• \tRCAi\ > 6 ns, 

• \tFCAi\ > 8 ns, 

• \tpcAi — îRCAL\ > 8 ns, 

• \UolalCAL\ > 8 ns. 

6.1.4 Efficiency of the online event selection 

Since the threshold on the transverse energy of the jets applied at the TLT is only 4 GeV, the 
selection of high E^1 dijet events is expected to be highly efficient. The HERWIG 5.9 Monte 
Carlo was used to determine the efficiency of the trigger selection. The efficiency is defined 
as the number of events generated and selected by the trigger divided by the total number of 
generated events. Generated events are defined as those events in the Monte Carlo sample that 
satisfy the cross section definition given in section 3.4. In figure 6.2 the efficiency of the trigger 
to accept these events is plotted as a function of the z position of the primary interaction. The 
trigger efficiency is found to be better than 99% near the nominal interaction point. Away from 
the nominal interaction point, in particular at positive zvertex, the trigger efficiency degrades. 

(cm) 

Figure 6.2: The efficiency of the online event selection as a function of the true z position of the primary 

interaction. The efficiency has been determined from the HERWIG 5.9 Monte Carlo. 

3In reality the conditions applied at the TLT are more complicated since they take into account the timing 
resolution. E.g. the condition \tRCAh\ > 6 ns is in reality \tncAh\ > max(6 ns, 3atl-
timing resolution. 

file:///tpcAi
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6.2 The offline event selection 

After correction for detector effects, the data is subjected to more stringent selection criteria. 
The cuts made on different observables are motivated by comparing data and Monte Carlo. 
In all figures the numbers of events observed in the data are compared to the corresponding-
numbers of events in the Monte Carlo, which has been scaled to the luminosity of the 1995 run. 
Each distribution is submitted to all selection criteria described in this section, excluding the 
cut on the observable that is plotted. Only the statistical errors on the data are shown. 

To remove background due to proton beam gas interactions or cosmic showers, cuts are 
applied on the z position of the reconstructed interaction vertex and on the relative number of 
tracks that can be matched to this vertex. In figure 6.3 the distribution of the z position of the 
vertex is compared to the Monte Carlo, which describes the data well. The requirement made 
on the vertex position is: 

— 40 cm < Zvertex < 40 cm . (6.1) 

(cm) 

Figure 6.3: The reconstructed z position of the vertex for data (dots) and for the HERWIG 5.9 Monte Carlo 

(histogram). The hatched bands indicate where the cuts are applied. 

The distribution of the fraction of tracks matched to the interaction vertex is given in figure 
6.4a. The distribution is not described by the Monte Carlo models to which it is compared. 
This is due to a larger number of ghost tracks4 in the data. The number of tracks matched to 
the vertex is well described in the Monte Carlo as can be seen in figure 6.4b. The cut applied 
to the distribution in 6.4a removes only a small number of events: 

number of vertex fitted tracks 
total number of tracks 

> 0.1 (6.2) 

The rejection of NC-DIS events is based on the different reconstruction methods for the 
variable y. If the scattered positron is detected, its energy and scattering angle can be used to 

4ghost tracks are tracks which do not correspond to the trajectory of a physical particle but occur because 
of the combination of hits from different particles or noise hits. 
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Figure 6.4: Figure (a) shows the fraction of vertex fitted tracks in the data (dots) and in HERWIG 5.9 and 
PYTHIA 5.7. The hatched band indicates where the cut is applied. Figure (b) shows the absolute number of 
vertex fitted tracks for data and Monte Carlo. 

determine y, using the formula: 

Vele 
2E„ 

(1 — cos( (6.3) 

The variable y can also be reconstructed from the hadronic final state, using the Jacquet-Blondel 
formula [74]: 

/—thadrons\ z ' /f? « \ 
yjB 

2EP 

where the sum runs over all objects in the hadronic final state. Since in photoproduction 
events the scattered positron escapes detection in the central detectors, the hadronic final state 
is taken to be the sum over all ZUFOs. 

For events in which a scattered positron candidate5 with energy greater than 5 GeV is 
identified, a cut is applied to yeiec. When, in a photoproduction event, an electromagnetic 
cluster is identified in the hadronic final state, the corresponding yeiec value will in general be 
higher than that of a genuine NC-DIS scattered positron. This can be seen in figure 6.5 where 
the ydec distribution is compared to the HERWIG and PYTHIA photoproduction Monte Carlo 
models and to a NC-DIS Monte Carlo. The NC-DIS Monte Carlo has been subjected to the 
same selection cuts as the photoproduction Monte Carlos and the data, i.e. to all cuts described 
in this section except for the cut on yeiec. Good agreement is found between data and HERWIG 
5.9 at high ydec values. At low yeiec values NC-DIS events dominate. PYTHIA 5.7 predicts 
less scattered positrons than are observed, this effect will be discussed in more detail in section 
6.3.2. Events are rejected when: 

Velec < 0.7. (6.5) 

In figure 6.6 the IJJB distribution is compared to the two Monte Carlo models. Below 
yjB = 0.85 both are in good agreement with the data. As yJB approaches 1 the contribution 

5 Electromagnetic candidates identified by the electron finding algorithm described in [77] are considered for 
this cut. 
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Figure 6.5: yeiec spectrum for events in which a scattered positron candidate was identified with energy greater 

than 5 GeV. The hatched band indicates where the cut is applied. 

of NC-DIS events becomes important. For NC-DIS events yjB peaks around 1, because the 
energy of the scattered positron is taken as a part of the hadronic final state in the calculation 
of DJB- For the event selection it is required that 

0.20 < yJB < 0.85 . (6.6) 

This removes NC-DIS events, for which yJB peaks near 1 and beam gas interactions which have 
mostly low yJB values. 

The rejection of NC-DIS events using the cuts on yeiec and yJB makes use of the fact that the 
scattered positron energy is deposited in the CAL, while for photoproduction events the positron 
escapes detection, due to its smaller scattering angle. The effective cut on the scattering angle 
of the positron and therefor on the virtuality of the exchanged photon is determined by the 
geometry of the beam pipe hole in the RCAL. Effectively, the cuts on yeiec and yjB restrict 
the range of the virtuality of the exchanged photon to Q2 < 1 GeV'2, with a median Q2 of 
10-3 GeV2. 

To remove CC-DIS events, a cut is applied on the missing transverse momentum, which has 
been scaled with the inverse square root of the deposited energy to account for the calorimeter 
resolution. The distribution of PT/y/E~r, to which the missing momentum cut is applied, is 
shown in figure 6.7. Data and Monte Carlo are in good agreement. Events are rejected when: 

PT > LöVÖëV (6. 

Summarising: 

• we have applied cuts to the z position of the vertex and to the fraction of tracks matched 
to the vertex to remove non-physics backgrounds, 

• cuts on yeiec and yjB remove NC-DIS background and 

• CC-DIS background is removed with a cut on the missing transverse momentum. 
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yJB 

Figure 6.6: yJB spectrum compared to the Monte Carlo predictions. The hatched bands indicate where the 
cuts are applied. 

PT /VET (GeV , / 2) 

Figure 6.7: The total PT of events from the data and from the Monte Carlo models, scaled by l/\/&r. The 
hatched band indicates where the cut is applied. 

To the selected sample of dijet candidate events we apply the kT clustering jet reconstruction 
algorithm. A sample of 8690 events is selected in which at least two jets are found with: 

• - 1 < 7]Jet < 2, 

• ETieading > 1 4 GeV, where E3
T

e
leading is the transverse energy of the highest transverse 

energy jet, 

• Er second > 11 GeV, where EÇlecond is the transverse energy of the second highest trans
verse energy jet. 

In figure 6.8 examples of a resolved and a direct dijet event are shown. Both events have a 
clear two jet signature. In the resolved photoproduction event, hadronic energy is deposited 
near the RCAL beam pipe. This energy is associated with the photon remnant. The value of 
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x°bs for this event is 0.74, which is also indicative of a resolved event. For the direct event no 
energy is observed in the RCAL. The reconstructed value of x°bs is 0.96. 

6.3 Comparison to Monte Carlo predictions 

The selected sample of dijet photoproduction events is compared to the Monte Carlo event 
samples described in section 3.3.1. Monte Carlo events have been subjected to the same online 
and offline selection cuts as the data. All distributions shown are determined using ZUFOs, 
which have been corrected for energy losses in dead material (see chapter 5). 

6.3.1 Multi-parton scattering effects 

In resolved photoproduction, like in hadroproduction, interactions, in addition to the hard 
partonic scattering, can occur between partons inside the colliding particles or their remnants. 
These processes, usually referred to as underlying events or multi-parton interactions (MI), 
cause additional transverse energy in the final state. This transverse energy enters as a pedestal 
in the determination of the transverse energy of jets. We compare data and Monte Carlo to 
study the sensitivity of the present measurement to these effects. 

In previous jet photoproduction analyses ([30] and [51] to [54]) an excess of events with 
respect to Monte Carlo predictions was observed for forward going jets, or correspondingly for 
low x°bs values. This is illustrated in figure 6.9, where, on the left, the transverse energy flow 
around jets at different pseudorapidities and transverse energies is shown and on the right, 
the x°bs distribution is shown. These distributions have been measured in the ZEUS 1994 
photoproduction dijet analysis [53]. The measurement refers to jets with transverse energy 
greater than 6 GeV. The data are compared to Monte Carlo predictions with and without a 
simulation of multi-parton interactions. The transverse energy flow around jets is plotted as a 
function of the distance in pseudorapidity with respect to the jet axis and is integrated between 
<l>'et-\ and <j>>et+l. They show that for low transverse energy jets a Monte Carlo without multi-
parton interactions underestimates the energy flow around the jets. The inclusion of a model 
simulating these effects in the Monte Carlo improves the description of the data. Similarly for 
xobs it is clear that the Monte Carlo model without MI underestimates the jet cross section for 
x°bs < 0.3. When multi-parton interactions are included the description is improved, although 
the data is still underestimated. 

In the 1994 dijet analysis, and also in other analyses, it has thus been demonstrated that 
Monte Carlo models, including a simulation of multi-parton interactions, describe the data 
better in the regions most sensitive to these effects. In the present analysis, where jets are 
studied at much higher transverse energies, we will show that there are no indications that 
multi-parton interactions play a role in the determination of jet cross sections. 

In figure 6.10 the transverse energy flow around jets is shown as a function of the distance in 
pseudorapidity to rfe\ integrated between <jjet - 1 and éie' + 1. The transverse energy flows are 
shown in bins of EÇ!t and x°bs. The jets are strongly collimated. with relatively little transverse 
energy outside the jets. Comparisons to the HERWIG predictions show a reasonable agreement 
even though no simulation of multi-parton interactions has been included in the Monte Carlo. 
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Figure 6.8: Examples of resolved and direct photoproduction events. 
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Only at low i * values the energy flow outside jets is slightly underestimated by the Monte 
Carlo. Jets in the Monte Carlo are also found to be slightly narrower than jets in the data. 

Figure 6.11 shows the i * spectrum for the selected sample of dijet events. The data 
show a clear peak near xobs « 1, attributed in leading order to a predominance of direct 
events, and a tail towards low x°bs values, attributed in leading order to resolved events. The 
data are compared to the HERWIG and PYTHIA Monte Carlo predictions. For the HERWIG 
Monte Carlo sample the direct component is shown separately. The distributions show that the 
requirement x°bs > 0.75 selects a sample of events strongly enriched in direct photoproduction. 

The Monte Carlo predictions, which include the normalisation factors discussed in section 
3.3.1. are in good agreement with the data. The shape of the direct peak is best described in 
the HERWIG Monte Carlo. No additional process, simulating soft or hard underlying events, 
is included in the Monte Carlos. There is no evidence for an excess of dijet events at low x°bs 

compared to the Monte Carlo predictions. 
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Figure 6.9: The left plot shows the transverse energy flow around jets from the 1994 dijet analysis, integrated 
over \A<t>\ < 1 and in bins of the pseudorapidity and the transverse energy of the jet. The data (dots) are 
compared to HERWIG with (full histogram) and without MI (dashed histogram). In the right plot the x°bs 

distribution is shown. The data (dots) are compared to the following Monte Carlo predictions: HERWIG 
without MI (dotted histogram) and HERWIG (full histogram) and Pythia (dashed histogram) with MI. 
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Figure 6.10: The transverse energy flow around jets (integrated over \A<j>\ < 1), for three thresholds on the 
transverse energy of the jet and in four bins in x°bs. The data are compared to the HERWIG 5.9 predictions. 
For the data only statistical errors are shown. 
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Figure 6.11: The x°bs spectrum of the selected dijet sample, compared to the HERWIG 5.9 and the PYTHIA 
5.7 Monte Carlo predictions. The direct component from the HERWIG Monte Carlo is shown separately as the 
shaded histogram. Only statistical errors are shown. 
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6.3.2 The Q2 distribution 

As discussed earlier in this chapter, the selection cuts on yelec and yJB effectively form a re
striction on the photon virtuality Q2. In section 3.3.1 it was mentioned that the Monte Carlo 
models used in this analysis have a somewhat different approach to the generation of the photon 
spectrum radiated from the incoming positron beam. We therefore study how well the models 
reproduce the Q2 distribution in the data. 

The Q2 spectra of direct and resolved event samples generated with HERWIG and PYTHIA 
are shown in figure 6.12. The distributions are normalised to 1 in the lowest Q2 bin. For 
HERWIG the Q2 distribution of the direct and resolved event samples is identical. The resolved 
process in PYTHIA is not shown, since for this process Q2 is always zero. For the direct process, 
PYTHIA predicts much less events at high Q2 values than HERWIG. 

HERWIC-5 9 RESOLVED 

HERWIG5.9 DIRECT 

PYTHIA5.7 DIRECT 

>oo " " » » » a u , , 
Q ° 0 0 n * À » * » â â â 

Q'mie (C-eV!) 

Figure 6.12: The true Q2 distribution for direct and resolved HERWIG events and for direct PYTHIA events. 

The plots are normalised to 1 in the lowest Q2 bin. Only statistical errors are shown. 

A comparison is made between the Q2
dec distribution in data and the Monte Carlo models, 

where Q2
dec is the value of the photon virtuality determined from the energy and angle of the 

scattered positron. 

Qele 
E,2sini 

1 Ve 
(6.8) 

where 9'e and E'e are the polar angle and energy of the scattered positron. For events in which 
a scattered positron candidate, with E'e > 5 GeV and 0'e > 140°, is found, the Q2

elec distribution 
is plotted (figure 6.13). For this study the dijet selection cuts on yelec and yJB have not been 
applied. As expected from the true Q2 spectra PYTHIA predicts much less positrons observed 
in the calorimeter than HERWIG. The HERWIG prediction agrees best with the data, although 
it overestimates the number of scattered positrons observed. 

The effect of a poor simulation of the Q2 spectrum on the unfolding of the cross section (see 
section 7) was tested by changing the HERWIG Q2 distribution to that of PYTHIA, and was 
found to be very small. 
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shown. 

data, HERWIG and PYTHIA. Only the statistical errors for data are 

6.3.3 Other distributions 

Figure 6.14 shows distributions of several kinematic variables. The figures (a) and (b) are the 
xobs and xfr

s
oton distributions. The distribution of xob

r
s
oton lies between 10 2 and 10 1 and is 

well described by the Monte Carlos. At the low side of the spectrum, x°b3
oton is limited by the 

transverse energy requirement on the jets and at the high side the distribution reflects the fast 
decrease of the proton's parton densities towards high x. The x°bs spectrum was discussed 
in detail above already. In figures (c) and (d) the average pseudorapidity of the jets and the 
absolute pseudorapidity difference between the jets is plotted. The average pseudorapidity is 
well described by both models. The pseudorapidity difference is described well by HERWIG, 
while PYTHIA predicts a broader distribution. The figures (e) and (f) show the transverse 
energy distributions of the leading jet and of the second jet. Both distributions fall rapidly 
with increasing ET and are well described by the Monte Carlo models. 
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s
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pseudorapidity difference between the jets (d) and the transverse energy of the highest (e) and second highest 

(f) transverse energy jet. The data are compared to the distributions in HERWIG 5.9 (full histograms) and 

PYTHIA 5.7 (dashed histograms). 



76 CHAPTER 6. THE SELECTION OF DUET PHOTOPRODUCTION EVENTS 

6.3.4 The uncorrected cross sections 

The number of events observed in the various bins of EÇleading and rf^, for which we will 
determine the cross section, is compared to the Monte Carlo predictions. In figure 6.15 the 
number of dijet events as a function of the pseudorapidities of the jets is compared to HERWIG 
and PYTHIA. Both Monte Carlo models give a fairly good description of the data, although 
the PYTHIA prediction falls more rapidly at backward pseudorapidities than the data. 

In figure 6.16 the number of events as a function of the transverse energy of the leading jet, 
in different pseudorapidity bins, is compared to the corresponding HERWIG prediction. The 
prediction agrees well with the data. The PYTHIA Monte Carlo, which is not shown on the 
figure, agrees equally well. 

6.3.5 Conclusion of comparisons 

For several distributions a comparison was made between data and Monte Carlo. We conclude 
that HERWIG gives the best description of the data. The PYTHIA Monte Carlo gives a poor 
description of the Q2 distribution in the data, but describes most other distributions fairly well. 
We have chosen to use the HERWIG Monte Carlo to determine efficiencies, purities and sys-
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Figure 6.15: The number of events in bins of rf2
e for fixed 7)[e , for the full x°bs range and for x°bs > 0.75 

The data are compared to HERWIG 5.9 and PYTHIA 5.7. The data is shown with statistical errors only. 
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Figure 6.16: The number of events in bins of EJ
T

et
leading for different combinations of r]{e' and rff . Both the 

full xois range and the range x'*° > 0.75 are shown. The data are compared to HERWIG 5.9 and PYTHIA 

5.7. The data is shown with statistical errors only. 

tematic uncertainties. The PYTHIA Monte Carlo will be used to estimate model dependencies 
introduced in the unfolding procedure. 
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