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Chapter 5 

The reconstruction of kinematic 
variables 

In this section the reconstruction of the kinematic variables is discussed. Within ZEUS, pho
toproduction events are defined through the requirement that the scattered positron is not 
detected in the uranium calorimeter. As a consequence the kinematic reconstruction relies 
completely on the measurement of the hadrons in the final state. The accurate measurement 
of energy deposits belonging to the hadronic final state is thus of great importance, especially 
since the differential cross section we measure has a steep dependence on the transverse en
ergy of the jets. This means uncertainties in the hadronic energy measurement lead to large 
uncertainties in the measured cross section. 

There are several sources of uncertainty in the measurement of the energies in the final 
state: 

• 

• 

the absolute energy response of the calorimeter. Studies on the energy response of the 
calorimeter to the scattered positron in NC-DIS events [72] have revealed a difference 
between the measured positron energy and the simulated response. This has resulted in 
a set of correction factors, which are: 1.000, 1.050 and 1.025 for the F, B and RCAL, re
spectively. These factors are applied to all energy deposits in both the EMC and the HAC 
sections of the CAL. The uncertainty in the absolute energy scale of the calorimeter after 
applying these factors is estimated to be 1 to 3% for the scattered positron, depending 
on where in the CAL its energy is deposited, and 5% for hadrons. 

energy losses in inactive materials in front of the CAL. Construction materials of the 
inner tracking system, the beam pipe and the solenoid amount to 1 to 3 radiation lengths 
of dead material, which a particle has to traverse before reaching the front surface of the 
CAL. Since many particles in the final state have low energies, the energy losses in dead 
material can be relatively large. These energy losses are difficult to implement accurately 
in the detector simulation. 

the transition regions between the F, B and RCAL. The energy response for particles 
entering these regions is not well simulated. 

45 
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With the large statistics accumulated in 1995, it has become possible to perform detailed 
studies on the hadronic energy response. For the present analysis an energy correction method 
was developed that on the one hand reduces the sensitivity to the accurate simulation of the 
calorimeter energy response and on the other hand optimises the resolution of the energy 
measurement. A twofold strategy is used to achieve this: 

• where possible tracking information is used. This strongly reduces the sensitivity to 
energy losses in the inactive material in front of the CAL. 

• energy correction functions for particles in the hadronic final state are determined in
dependently for data and for Monte Carlo events passed through the ZEUS detector 
simulation, on the basis of kinematic constraints. 

It will be shown that a combination of these strategies improves the energy resolution signifi
cantly and reduces the energy scale uncertainty in the hadronic final state to ±3%. 

5.1 A combination of track and calorimeter information 

We discuss the procedure used to combine track and calorimeter information. This procedure 
will be applied to clusters defined from the energy deposited in calorimeter cells and from tracks 
measured with the inner tracking detectors. 

Calorimeter cells in which energy was deposited are clustered into cone islands [73]. These 
are defined in two steps: 

• first, by the iterative combination of cells with their highest energy neighbours, local 
islands are defined in the EMC, HAC1 and HAC2 sections of the CAL, 

• the thus obtained islands are then clustered in (9, (j>) space, starting from the HAC2 
islands and working inwards towards the centre of the detector. 

From the tracking detectors only tracks originating from the interaction vertex are used, since 
only those tracks can be unambiguously identified as particles produced in the primary inter
action. 

The basic strategy used to combine the tracks and cone islands is the following: 

• for charged particles within the acceptance of the tracking detectors and with low or 
intermediate momentum we want to use the tracking detector information, 

• for neutral particles, particles outside the tracking acceptance or particles with high mo
menta, the energy measured by the calorimeter should be used. 

This ensures that in all cases the most reliable source of information is used. Naturally there are 
difficult cases: e.g. when neutral and charged particles overlap in the calorimeter. Especially 
for such cases, it is important that the combination of tracking and calorimeter information 
is such that double counting or the complete removal of energy are avoided. This requires a 
detailed matching between cone islands and tracks and a set of rules to determine when the 
track momentum is used and when the island energy is used. 
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An algorithm that combines calorimeter and tracking information has been developed within 
ZEUS [73]. To ensure a good momentum measurement, selected tracks are required to: 

• originate from the primary vertex, 

• have a transverse momentum between 0.1 GeV and 30 GeV, 

• have traversed at least 3 superlayers of the CTD. 

A track is considered to be matched to a cone island when the distance of closest approach 
between track and island is less than 20 cm or less than the radius of the island. Note that 
more than one track can be matched to one cone island and vice versa. The momenta of tracks 
that are not matched to an island or the energy of islands not matched to a track, are retained. 
When track and island are found to match the track momentum will be used when: 

• a(P)/P < a(E)/E, i.e. the resolution of the track momentum is better than that of the is
land energy, where the track resolution is taken as a(P)/P = \/(0.005PT)2 + (0.016)2 and 
the calorimeter resolution as a(E)/E = 25%/v/£(GeV) {a{E)/E = 40%/v

/£(GeV)) for 
electromagnetic (hadronic) islands. 

• E/P < 0.8 + a(E/P), which avoids throwing away neutral energy that overlaps with the 
energy deposited by a charged particle. a(E/P) is defined through a(E/P)/(E/P) = 
V(HE)/Ey + (o{p)/py. 

When these requirements are not fulfilled the island energy is used. The resulting objects are 
called ZUFOs. 

In figure 5.1 the transverse energy flow in dijet photoproduction events, measured with 
ZUFOs, is shown as a function of the polar angle 6. The shaded area indicates the amount of 
transverse energy measured with tracks. In the central region of the detector between 20 and 
40% of the transverse energy is measured with tracks. In figure 5.2 the same transverse energy 
flow is shown as a function of the transverse energy of the ZUFOs in three angular regions 
corresponding to the F, B and RCAL. According to expectation, the use of track information 
is strongest at low transverse energies. 

It is clear that a significant part of the ZUFOs still consists of calorimeter information. This 
is due to cases in which no track was found pointing to an island, e.g. for a neutral particle, or 
when a track was found that did not satisfy the quality criteria. For these "calorimeter"-ZUFOs 
a correction is required for energy losses in the inactive material in front of the CAL. 



48 CHAPTER 5. THE RECONSTRUCTION OF KINEMATIC VARIABLES 

> 
O 

ÜJ 
-o 

ÜJ ° 5 

« 0.4 

u7 °-3 I , /4 
0.2 / W^ „^ IU t -AT ] 
0.1 r/ \ 

20 40 60 80 tOO 120 140 160 180 

0(deg.) 

Figure 5.1: The transverse energy flow in dijet photoproduction events, measured with ZUFOs, as a function 
of 9. The shaded histogram indicates the amount of transverse energy measured with tracks. The lower figure 
shows the fraction of the transverse energy flow measured using tracks. 
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Figure 5.2: The average transverse energy distribution of ZUFOs in dijet photoproduction events, in angular 
bins corresponding to the F, B and RCAL. The hatched histograms indicate the amount of transverse energy 
measured with tracks. The lower figures show the fraction of the transverse energy flow measured with tracks. 
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5.2 Determination of hadronic energy corrections 
The use of track information reduces the sensitivity to differences between the CAL energy 
scale in the data and in the detector simulation. However the large fraction of ZUFOs, for 
which the energy is still measured by the calorimeter, require a correction for energy losses in 
the materials in front of the CAL. To reduce further the sensitivity to energy scale differences 
between the data and the simulation, these corrections have been determined for data and 
Monte Carlo independently. 

A method is presented that exploits energy and momentum conservation to determine energy 
correction functions for the particles in the final state. The method makes use of the fact that, 
in ZEUS, the energy measurement of the scattered positron, in particular in some restricted 
regions, is much better understood than the measurement of the energies in the hadronic final 
state. In a fit procedure to NC-DIS data and Monte Carlo samples, this situation is exploited 
to constrain the hadronic energies. 

The fit minimises the difference between the transverse momentum, Pr, of the hadronic 
final state and the scattered positron. It also minimises the difference between y determined 
from the hadronic final state and from the scattered positron. When the procedure is applied 
to ZUFOs, energy correction functions are determined only for "calorimeter"-ZUFOs, assuming 
that track momenta are measured with sufficient accuracy already. 

5.2.1 Input samples for the fit 

The fit is performed on high Q2 NC-DIS data and Monte Carlo events. The Monte Carlo sample 
was generated with the DJANGO event generator, interfaced to ARIADNE for the simulations 
of the fragmentation stage (see section 3.3.1). Two subsamples, of the data and the Monte 
Carlo, serve as input for the fit: 

• sample 1 consists of low y events for which most of the hadronic energy flow is in the 
forward direction. The cuts defining sample 1 are given in table 5.1. 

Sample 1 
20 GeV < E'e < 28 GeV 

130° < 6' < 149° 

Table 5.1: 

For these events the relative difference between the transverse momentum of the positron 
and of the final state hadrons is minimised in the fit. The transverse momentum of the 
positron is given by: 

PTelec=\E'esmO'e\, (5.1) 

and that of the hadrons by: 

Thad — 
hadrons 

Y^ Esinß\. (5.2) 
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sample 2 consists of high y events. Like PT, y can be reconstructed both from the 
scattered positron and from the hadrons in the final state. The determination of y from 
the scattered positron uses the formula 3.3. For the reconstruction of y from the hadrons 
in the final state the Jacquet-Blondel formula [74] is used: 

yjB ^ • (5.3) 

Compared to PT, y is more sensitive to hadronic energy deposited in the backward direc
tion. Sample 2 is defined by the cuts given in table 5.2 (jhad is defined below in formula 
5.6). 

Sample 2 
15 GeV < E'e < 20 GeV 

130° < ffe < 155° 
lhad > 57° 

Table 5.2: 

For the events in sample 2 the relative difference between y determined from the scattered 
positron (formula 3.3) and yJB (formula 5.3) is minimised. 

As for hadrons, the energy of the scattered positron is affected by energy losses in the 
materials in front of the CAL. The positron energies are corrected for these losses using the 
shower multiplicity information measured with the presampler detector in front of the RCAL 
(see section 4.3.2). Since energy losses in dead material are not well modelled in the Monte 
Carlo the correction for these energy losses is determined independently for data and for Monte 
Carlo from the correlation between the presampler response and the energy loss. To determine 
the energy loss, the positron energy is estimated from the scattering angles of the positron and 
the struck quark, using the double angle formula [75]: 

_ 2Ee(l - yda) 
Eda~ 1-coséü ' (5-4) 

which makes use of 
_ sin 0^(1 -CQS7/,ad) 

sin 7ftad + sin 0'e - sin (d'e + -,had) 

where j h a d is the hadronic scattering angle defined through: 

cos7f tad=g^;g-^K (5.6) 
rThad •+" l-̂  rz)had 

To first order the energy of the scattered positron determined with the double angle method is 
independent of the calorimeter energy scale. 

The correlation between the energy loss, (EposUron - Eda), and the presampler response, 
Epresampier, of positrons from the samples 1 and 2 is shown in figure 5.3, where Epositron is 
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Figure 5.3: The correlation between the energy loss, (EpositTon - Eda) and the presampler response, 
Epresampier, in units of minimum ionising particles, for positrons from the samples 1 and 2, for data and 
for Monte Carlo. The intersection point, A0, and the slope, A\, indicated in the figure are the result of a 
straight line fit to the correlation. 

the energy of the scattered positron as measured with the CAL. The upper plots show the 
correlation in data and the lower plots the correlation in the Monte Carlo. A clear correlation 
is observed between the variables plotted. High signals in the presampler correspond to large 
energy losses. The intersection point, A0, and the slope, Au indicated in the figure are the 
result of a straight line fit to the correlation. The corrected positron energy is now defined as: 

l^corr — ^positron \ J- • ^ 0 S\\^presampler ) (5.7) 

A comparison of the corrected positron energy with the true positron energy in the Monte 
Carlo and a comparison of the distribution of the corrected positron energies in data and Monte 
Carlo show that for the two positron samples discussed the corrected positron energies have a 
bias with respect to the true energies which is less than 1.5%. 

5.2.2 The minimisation procedure 

The function that is minimised in the fitting procedure has the following form: 

2_] min 
sample 1 

rtelec p . 

r>elec 

hall 

£ , 0.2/ I + 
sample 2 

„.elec „.had \ * 
y » , 0 . 2 2 

y 
elec 

(5.8) 

Relative differences bigger than 20% are truncated at this value to prevent too strong an 
influence in the fit of (poorly measured) events in the tails of the distributions. 
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The energy correction for energy deposits in the hadronic final state is parametrised as a 
function of the uncorrected energy and the polar angle of the object. The measured energy of 
a particle multiplied by this function gives the corrected energy. The polar angle dependence 
of the correction is expected to reflect the detector geometry. The following angular binning of 
the hadronic objects was chosen: 

0° -> 7°, 7° -> 37°, 37° -> 44°, 44° - • 86°, 86° -> 118°, 118° -> 144°, 144° -> 180° (5.9) 

The energy dependence of the correction in the z-th 9 bin is parametrised as: 

ME) = 1 + Q, exp (-0.02 x min(E, ßA). (5.10) 

This parametrisation was found to ensure a well behaved fit and is relatively simple. More 
complicated parametrisations of the energy dependence that have been tried, did not give 
better results. At E = 0 this function reduces to 1 + at. When E increases the correction 
factor falls exponentially. For E > ßt the function remains constant. Note that the parameter 
ßt only affects the correction of particles with energy greater than ß{. This is an important 
feature of the correction function; since most energy in the final state is carried by particles 
with relatively low energy, the fit tends to be dominated by the preferred behaviour at low 
energies. 

The minimisation procedure that fixes the 14 (7 x 2) free parameters in the fit is performed 
using the package MINUIT [76]. Figure 5.4 shows the correction functions determined for 
"calorimeter"-ZUFOs in data and Monte Carlo. 

5.2.3 Performance of the energy correction on Monte Carlo 

Photoproduction Monte Carlo events, in which the true variables are known, are used to test 
the performance of the correction functions, determined as described above. The HERWIG 
5.9 Monte Carlo generator is used for this study. The measured transverse energy of jets is 
compared to the transverse energy of jets determined from the final state hadrons. We consider 
the latter as the true transverse energy of a jet. The comparison is made for transverse jet 
energies determined from uncorrected islands and from uncorrected and corrected ZUFOs. The 
relative difference between the true and the measured transverse energies is shown in figure 
5.5 as a function of T]jet and in figure 5.6 as a function of E3

T
et in different rfet bins. The 

shaded bands indicate the resolution in E3
T

et. The true transverse jet energy is required to be 
greater than llGeV. We find that for jets determined from ZUFOs both the bias and the 
resolution of the EC1 measurement are improved. After the ZUFOs have been corrected for 
energy losses in dead material, as described above, the measured transverse jet energies come 
even closer to the true values and the resolution is further improved. After correction of the 
ZUFOs, the transverse energy of jets with pseudorapidity greater than - 1 , agrees to within 2% 
with the transverse jet energy at the hadron level. There is also a noticeable improvement in 
the transverse energy measurement in the transition regions between F and BCAL (77 « 1) and 
between B and RCAL (7? « -1) . 

A similar comparison is made for yJB. In figure 5.7 the relative difference between yJB and 
ytme is plotted as a function of x°bs, the fractional momentum of the photon participating in 
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Figure 5.4: Energy correction functions obtained from a minimisation of equation 5.8 for data and Monte 
Carlo in different 8 regions. 

the hard interaction. It is particularly interesting to study the reconstruction of y as a function 
of xobs, because xobs is a measure of the relative contribution to E — Pz coming from the jets, 
i.e. for an event with xobs « 1 all E — Pz is contained in the jets while for a low s * event most 
E — Pz is found outside the jets. yJB has been determined from uncorrected islands and from 
corrected and uncorrected ZUFOs. With ZUFOs both the bias and the resolution of the yJB 

measurement are improved. After the correction of the ZUFOs for energy losses, the bias and 
the resolution in the yJB reconstruction are further improved. The yJB value from corrected 
ZUFOs still deviates somewhat from the true y value at low xobs. Such a deviation is expected, 
because at low xobs (i.e. for resolved photoproduction events) some final state hadrons are 
expected to escape detection because they leave the detector through the backward beam pipe 
hole. 

5.3 Hadronic energy scale uncertainty 

It has been established in the previous section that our energy correction method for the 
hadronic final state performs well on Monte Carlo events. In this section we want to show 
that the method performs equally well on data. For this purpose a study is presented in which 
energy dependent variables in data and Monte Carlo are compared to the expected values of 
these variables determined from the scattering angles in the event. The hadronic final state is 
reconstructed using uncorrected islands or corrected ZUFOs. The aim of the study is to: 
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Figure 5.5: The transverse energy of jets compared to the true transverse jet energy, plotted against the 
pseudorapidity of the jet. From top to bottom the transverse jet energy is calculated using: corrected ZUFOs, 
uncorrected ZUFOs and uncorrected islands. The shaded bands indicate the resolution in EC . 
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Figure 5.6: The transverse energy of jets compared to the true transverse jet energy, plotted against the true 
transverse jet energy in different bins of the pseudorapidity. From top to bottom the transverse jet energy is 
calculated using: corrected ZUFOs, uncorrected ZUFOs and uncorrected islands. The shaded bands indicate 
the resolution in EC 
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Figure 5.7: yjB compared to the true y value as a function of x°bs. From top to bottom yjB is calculated 
using: corrected ZUFOs, uncorrected ZUFOs and uncorrected islands. The shaded bands indicate the resolution 
in yjB-

• demonstrate that a scale difference exists between the calorimeter response in the data 
and in the detector simulation, 

• show that this discrepancy is reduced when ZUFOs, subjected to the energy correction 
method described above, are used. 

5.3.1 Comparison of hadronic and double angle variables 

A comparison is made between PT and y determined from the hadronic final state and from 
the scattering angles in an event. The variables are calculated as described in section 5.2. 
The hadronic PT and E — Pz are determined on the basis of uncorrected islands and corrected 
ZUFOs. The island(s) and track(s) belonging to the scattered positron are excluded. The 
transverse momentum can be reconstructed with the double angle method using the formula: 

PT '2Ee{\ -yda) (1 — cos( 
(5.11) 

To first order variables determined with the double angle method are independent of the 
calorimeter energy scale. This makes the double angle variables very suitable as reference 
values when the energy response in data and Monte Carlo is compared. In most of the NC-DIS 
phase space the variables measured with the double angle method are reconstructed with good 
resolution and deviate little from the true variables. 

In the figure 5.8 and 5.9 the relative difference between the hadronic and the double angle 
measurement of PT and y is plotted as a function of jhad, for data and Monte Carlo. Also 
plotted is the relative difference between data and Monte Carlo. For uncorrected calorimeter 
information in the BCAL region the energy response in data is 2 to 3% lower than in the Monte 
Carlo. For corrected ZUFOs data and Monte Carlo agree within 2%. 
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To test the agreement between data and Monte Carlo for the reconstruction of transverse 
jet energies measured with corrected ZUFOs, the comparison of Pxhad and PTda is repeated 
using the transverse energy of the highest ET jet in the event instead of the total hadronic PT-
Although closely related, the transverse energy of the highest ET jet is not the same quantity 
as Prhad- Therefore the transverse jet energy is not expected to be balanced precisely by the 
double angle PT. We stress that this comparison is only used to check that the transverse jet 
energy reconstruction in data and Monte Carlo agrees. In figure 5.10 the relative difference 
between the transverse energy of the highest ET jet and PTda is shown as a function of ET

et and 
rfet. The shaded and the dashed areas indicate the resolution in the transverse jet energy in 
data and Monte Carlo, respectively. The lower plots show the relative difference between data 
and Monte Carlo. The transverse energy of jets determined from corrected ZUFOs, agrees well 
between data and Monte Carlo. Differences are within 2 to 3% in the plotted regions of EC1 

and rfet. Also the resolution in ET
et is found to agree well between data and Monte Carlo. 
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Figure 5.8: The relative difference between PT reconstructed from the hadronic final state and with the double 
angle method. In the left figures the hadronic final state is defined from uncorrected islands and in the figures 
on the right from corrected ZUFOs. The difference is plotted as a function of "/had- The lower plots show the 
relative difference between data and Monte Carlo. The errors are statistical errors only. 
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