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1.2 The ZEUS coordinate system Chapter 1

Figure 1.2: HERA delivered luminosity during the period 1994-2000
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Figure 1.3: The ZEUS coordinate system
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Figure 1.4: The ZEUS detector in �� (top) and �� (bottom) views
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Figure 1.6: Structure of the FCAL and RCAL towers
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Figure 1.7: Typical shower profile in the ZEUS calorimeter for various types of particle
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Figure 1.9: Physics luminosity taken between 1996-2000
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Figure 1.10: Schematic diagram of the ZEUS Trigger and data acquisition system
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2.1 
� Scattering Chapter 2

Figure 2.1: The kinematic variables of 
�� scattering at HERA
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Figure 2.4: The two dominant LO direct photoproduction processes: (a) Boson-Gluon fusion (b) QCD
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Figure 2.5: Some examples of LO resolved photoproduction processes: (a) Gluon-Gluon Fusion (b) &

(c) Flavor excitation from the photon
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Table 3.1: HERWIG MC generated for the analysis presented in this thesis. Luminosity values are quoted in

pb. The jet�� cut and ��� � cut are quoted in GeV. The jet�� cut is applied to the two highest�� jets i.e.

If the�� cut is (GeV then we require a dijet whereby both jets have� � � (GeV. All jets are subject to the

requirement that���+ � ���� � &�*
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Table 3.2: PYTHIA MC generated for the analysis presented in this thesis. Luminosity values are quoted in

pb. The jet�� cut and ��� � cut are quoted in GeV. The jet�� cut is applied to the two highest�� jets i.e.

If the�� cut is (GeV then we require a dijet whereby both jets have� � � (GeV. All jets are subject to the

requirement that���+ � ���� � &�*
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Figure 3.1: The ZEUS MC chain and its various software components
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3.7 Bin-By-Bin Correction Chapter 3
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4.2 Brief History of the ZEUS QCD Fits Chapter 4
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4.3 Fitting Method Chapter 4
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Figure 4.1: The six high-���	� dijet �� differential cross-sections as a function of the transverse energy

of the leading jet,����, that were included in the fitted data set of the ZEUS-Jets fit. The cross-sections

shown have been symmetrised with respect to the pseudorapidities of the jets. For example, the cross-

section labelled * � ����� � �, �� � ����� � * consist of events where either * � � ���� � �
and �� � ����� � * or �� � ����� � * and * � ����� � �. This matter is discussed in more

detail in section 5.4. Figure taken from [42]
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Figure 4.2: A comparison between the grid reconstructed cross-sections and the cross-section

predictions of an independent version of the NLO �� jet production code of Frixione and Ridolfi [19]. A

comparison has been made for each of the 6 high-� ��	� differential cross-sections w.r.t ���� that were

included in the ZEUS-Jets fit (	 convoluted)
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Figure 4.3: A comparison between the grid reconstructed cross-sections and the cross-section

predictions of an independent version of the NLO �� jet production code of Frixione and Ridolfi [19]. A

comparison has been made for each of the 6 high-� ��	� differential cross-sections w.r.t ���� that were

included in the ZEUS-Jets-	 fit (	 deconvoluted)
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Table 4.3: Table showing the grid parameters used for the incorporation of the ZEUS 96-97 �� dijet

data into the ZEUS-Jets and ZEUS-Jets-	 fitted data sets
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Figure 4.4: The ratio between the grid reconstructed cross-sections and the cross-section predictions

of an independent version of the NLO �� jet production code of Frixione and Ridolfi [19] for the cross-

sections of figure 4.2 (see this figure for an explanation of the labels (a)-(f)).
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Figure 4.6: The total experimental uncertainty on the gluon PDF for the ZEUS-Jets fit (central error

bands) compared to the total experimental uncertainty on the gluon PDF for a fit not including the jet data

(outer error bands). The uncertainties are shown as fractional differences from the central values of the

fits, for various values of��. The total experimental uncertainty includes the statistical, uncorrelated and

correlated systematic uncertainties, for both fits. Figure taken from [42]
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Figure 5.1: The most important processes for Higgs production at hadron colliders: (i) Gluon fusion (ii)

vector boson fusion (iii) associated production with weak bosons and (iv) associated production with a t
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Figure 5.2: The NLO cross-section predictions for Higgs production at the LHC (left) and the Tevatron

(right) as a function of the Higgs mass. The proton PDF used in this case has been CTEQ6M. Figure

taken from [69].
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Figure 5.3: The CTEQ, MRST and Alekhin [70] PDF uncertainty bands for the NLO cross-section

predictions for the production of the Higgs boson at the LHC (left) and at the Tevatron (right) in the

)) � � channel. Figure taken from [69]
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���� 	�� <$�%= ���� 	�� <$�%=
� ���� � �+ ���� � �*
' ���� � '* ���� � �*
) ���� � '+ ���� � �*
& ���� � )* ���� � �*
+ ���� � )+ ���� � �*
C ���� � '* ���� � �+
D ���� � '+ ���� � �+
� ���� � )* ���� � �+
( ���� � )+ ���� � �+
�* ���� � '+ ���� � '*
�� ���� � )* ���� � '*
�' ���� � )+ ���� � '*
�) ���� � )* ���� � '+
�& ���� � )+ ���� � '+
�+ ���� � )+ ���� � )*

Table 5.1: Classification of the���� and���� cuts

�� 610 �� 610
� �� � �� � * �� � �� � *
' �� � �� � * * � �� � �
) �� � �� � * � � �� � '
& �� � �� � * ' � �� � )
+ * � �� � � * � �� � �
C * � �� � � � � �� � '
D * � �� � � ' � �� � )
� � � �� � ' � � �� � '
( � � �� � ' ' � �� � )
�* ' � �� � ) ' � �� � )

Table 5.2: Classification of the �� and �� cuts
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���	� 	��
� *�(*
' *��+
) *��*
& *�D+
+ *�D*
C *�C+
D *�C*
� *�++
( *�+*
�* *�&+

Table 5.3: Classification of the ���	� cuts. The actual cuts considered are those which lie above and

below the values shown in the table
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Table 5.4: Classification of the � cuts
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Table 5.5: Main quantities of interest in the optimisation study
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Table 5.7: Top 25 cross-sections with the ranking quantity set to Æ� �#$� and the selection criteria set

to ���� 	 �pb
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Table 5.8: Top 25 integrated cross-sections with the ranking quantity set to Æ� �#$� and the selection

criteria set to ���� 	 �*pb and ���	� � *�D+ or� *�D+
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Table 5.9: Top 25 integrated cross-sections with the ranking quantity set to Æ� �#$� and the selection

criteria set to ���� 	 �*pb , ���	� � *�D+ or� *�D+ and >��� � *�+
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Table 5.10: The 12 cross sections of [51] integrated over *�'* � � � *��
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Table 5.11: The 8 optimised cross-sections chosen for measurement
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Figure 5.4: The total PDF errors (dashed) and gluon PDF errors (blue) for the low-� ��	
� optimised

cross-sections of table 5.12
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Figure 5.5: The total PDF errors (dashed) and gluon PDF errors (blue) for the low-� ��	
� optimised

cross-sections of table 5.12 (A�������	� ) shown as a fraction of the nominal prediction (����� ��	� )
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Figure 5.6: The total PDF errors (dashed) and gluon PDF errors (blue) for the high-� ��	
� optimised

cross-sections of table 5.12
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Figure 5.7: The total PDF errors (dashed) and gluon PDF errors (blue) for the high-� ��	
� optimised

cross-sections of table 5.12 (A�������	� ) shown as a fraction of the nominal prediction (����� ��	� )
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Figure 5.8: An enhanced plot of optimised cross-section, OptG, showing the bow-tie shaped total PDF

error and the suppression of the gluon PDF error at high-� ��	� .
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Figure 5.9: The fractional contribution to the low-� ��	� optimised cross-sections from the various parton

flavours.
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Figure 5.10: The fractional contribution to the high-� ��	� optimised cross-sections from the various

parton flavours.
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Table 6.1: Cell energy corrections used for the electromagnetic (EMC) and hadronic (HAC) cells in the

forward (FCAL), barrel (BCAL) and rear (RCAL) calorimeters.
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Figure 6.1: Various jet resolutions for calorimeter jets with� ��#
� � �*GeV and�� � ���# � ).

The error bars represent the standard deviation of the relevant quantities in each bin.
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Figure 6.2: Various jet resolutions for calorimeter jets with� ��#
� � �*GeV and�� � ���# � ).

The error bars represent the standard deviation of the relevant quantities in each bin
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Figure 6.3: Jet transverse energy correction functions. The error shown is the statistical error on�
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Table 6.2: Fitted parameters for the correction functions of figure 6.3
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Figure 6.4: Jet resolutions, after the application of energy corrections, for calorimeter jets with
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Figure 7.1: Comparison of various distributions as seen in data (99-00) and Monte Carlo (Herwig)
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Figure 7.2: Trigger efficiencies in the ��-�� plane for (a) the HPP14 low-�� dijet slot and (b) the

HPP02 inclusive jet slot
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Figure 7.5: The result of fitting the direct and resolved PYTHIA MC � ��	� distributions to the

corresponding data distribution. A direct weight of 0.48 and a resolved weight of 0.52 have been used
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Figure 7.6: The result of fitting the direct and resolved PYTHIA MC � ��	� distributions to the

corresponding data distribution with transverse energy cuts of� ��� � �+GeV and���� � �*GeV
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Figure 7.7: Comparison of data and PYTHIA and HERWIG MC for various dijet distributions. The

direct and resolved MC distributions are normalised to the data and combined according to the values in

table 7.1.
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Figure 7.8: Comparison of data and PYTHIA and HERWIG MC for various dijet distributions. The

direct and resolved MC distributions are normalised to the data and combined according to the values in

table 7.1.
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Figure 8.1: The various stages of the differential cross-section measurement, highlighted by the

following steps (a) reconstructed distribution (b) computation of efficiencies and purities (c) calculation

of the acceptance corrections (d) unfolding the hadron level distribution and calculation of the differential

cross-section
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Figure 8.2: The statistical errors, systematic errors and jet energy scale uncertainty on the measured

differential cross-section with respect to ���	� .
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Figure 8.3: The series of steps taken to calculate the hadron level theoretical prediction (a) calculation of

the parton level prediction (b) calculation of the LO parton and hadron level cross-sections (c) computation

of the hadronisation correction (d) the hadron level prediction (corrected parton level prediction)
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Figure 8.4: The two dominant sources of uncertainty on the theoretical cross-section predictions (a)

the uncertainty due to the value of 	<�
= and (b) the uncertainty due to the choice of scale
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Figure 9.1: Measured differential cross-section with respect to ���	� compared to NLO predictions. The

data are shown with statistical errors (inner bars) and statistical and systematic errors added in quadrature

(outer bars). The uncertainty due to that of the jet energy scale is shown as the yellow shaded band. The

NLO prediction corrected for hadronisation effects is shown calculated using the CTEQ5M1 and AFG04

(solid line) PDFs for the proton and photon respectively. The scale is set to � (see equation 8.2) for

the central value of the prediction. The hatched band represents the quadratic sum of the theoretical

uncertainties discussed in section 8.2. The prediction calculated using the CJK photon PDF is also shown

(dashed line). The plot on the right shows the ratio of the data points to the predicted points. The dashed

line on the right-hand plot shows the ratio of the CJK predicted points to the AFG04 predicted plots
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Figure 9.2: Measured differential cross-section with respect to ���	� compared to NLO predictions.

Exactly as figure 9.1 except that the predictions using the photon PDFs AFG, GRV and SAL are also

shown. The right-hand plot shows the ratio of the predicted points to the AFG04 predicted points
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Figure 9.3: Measured differential cross-section with respect to ���	� for ���	� � *�D+ (top) and

���	� � *�D+ (bottom) compared to NLO predictions. For further details, see the caption to figure 9.1
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9.4 Differential Cross-Section with respect to I� Chapter 9
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Figure 9.5: Measured differential cross-section with respect to ���� for ���	� � *�D+ (top) and

���	� � *�D+ (bottom) compared to NLO predictions. For further details, see the caption to figure 9.1
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Figure 9.6: Measured differential cross-section with respect to I�� for ���	� � *�D+ (top) and

���	� � *�D+ (bottom) compared to NLO predictions. For further details, see the caption to figure 9.1
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Figure 9.8: Measured differential cross-section with respect to �A	� for � ��	� � *�D+ (top) and

���	� � *�D+ (bottom) compared to NLO predictions. For further details, see the caption to figure 9.1
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Figure 9.9: Measured differential cross-section with respect to �A	� for � ��	� � *�D+ (top) and

���	� � *�D+ (bottom) compared to the predictions of NLO (black), HERWIG (red) and PYTHIA (blue).
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Figure 9.10: Low-���	� optimised cross-sections. For further details, see the cross-section definitions

in table 5.12 and the caption to figure 9.1.
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Figure 9.11: Low-���	� optimised cross-sections (continued). For further details, see the cross-section

definitions in table 5.12 and the caption to figure 9.1.
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Figure 9.12: High-���	� optimised cross-sections. For further details, see the cross-section definitions

in table 5.12 and the caption to figure 9.1.
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Figure 9.13: High-���	� optimised cross-sections (continued). For further details, see the cross-section

definitions in table 5.12 and the caption to figure 9.1.
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Table 9.1: The statistical, systematic and jet energy scale uncertainties for the low-� ��	� cross-sections,

shown as a percentage of the nominal cross-section prediction
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Table 9.2: The statistical, systematic and jet energy scale uncertainties for the high-� ��	� cross-sections,

shown as a percentage of the nominal cross-section prediction
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Figure 9.14: Measured Low-���	� differential cross-sections with respect to ���	� (top) and ����

(bottom) compared to the predictions of the AFG04, CJK, AFG, GRV and SAL photon parameterisations.

The right-hand plots show the ratios of the data and the predictions of each respective parameterisation,

relative to the AFG04 predicted points.
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Figure 9.15: Measured Low-���	� differential cross-sections with respect to I�� (top) and I� (bottom)

compared to the predictions of the AFG04, CJK, AFG, GRV and SAL photon parameterisations. The

right-hand plots show the ratios of the data and the predictions of each respective parameterisation,

relative to the AFG04 predicted points.
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Figure 9.16: Measured Low-���	� optimised cross-sections compared to the predictions of the AFG04,

CJK, AFG, GRV and SAL photon parameterisations. The right-hand plots show the ratios of the data and

the predictions of each respective parameterisation, relative to the AFG04 predicted points.
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Figure 9.17: Measured Low-���	� optimised cross-sections (continued) compared to the predictions of

the AFG04, CJK, AFG, GRV and SAL photon parameterisations. The right-hand plots show the ratios of

the data and the predictions of each respective parameterisation, relative to the AFG04 predicted points.
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Figure 9.18: The differential cross-section with respect to ���	� , from the previous dijet analysis [51], in

four regions of ���� compared to NLO predictions using a variety of photon parameterisations. Figure

taken from [98]
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Figure 9.19: Comparison of the NLO parton densities predicted by the CJK, GRV and AFG

parameterisations at��<� ��� = ; �*GeV�, as a function of �. Figure taken from [101].
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Figure 9.20: Comparison of the gluon density at four values of� � in the CJK model with the GRV and

AFG densities. Figure taken from [101].
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Figure 9.21: Two plots which illustrate the sensitivity of dijet photoproduction cross-sections to the

gluon density in the photon.

�,-



9.7 Photon Structure Chapter 9

!���� ��� ����� 	����
���
�� �� ��� ������ ����	���� 
� �
��
9	���� 2� ��� ����

���� ���� ��� ����
	�
��� � �1$*&# �1$ ��� $�% ��� "�
�� �
�
��� �� ��:

!�
	� ���� �������� ���� ��� ����� ����
�
�� ���� 
� ����� ���������
���
��� �����

��� ����� 	�������� � ��� ������ ���� 	������ ���� .4@� ��!� ��# ��� ��:

���������
���
�� ��
�� ���� ��� ��� �� !��� �� ��� .4@ ��������
���
�� �� �
��

����� ���� �����
�� !�
	� �������� ���� 
� ���
��� !���� ��� ����� 	��������

� ��� ������ 
� ��� �� �
��
9	��� .4@ ��� 
��� ��� ������ ����� � ������

����	���� 
��� .4@ ��� 
��� � ������ ����� � ��� "���3 	�������� � ���

������� 2� 
� !���� ��
�����
�� ���� ��
� �
�	���
�� ��� ��	� ���
� 
���������� ���

������
�� � .4@ 9�� 
�	�������
�� ���� �
��� ����������	�
�� ����� 6������

��	� � ��������
���
�� 
� 	������ � ��� 
�
�� � ���� ���	�
��
�� � ���	�����


� �� 
�� ������ ����	���� �� ��� ����� ���� �����
�� 	���
����� 
� ��
� ������
��

1
�����# 
� 
� !���� ���
�� ���� ���� ��� ������� ������
� ��� ��� ��� 
��� �
���

������
� J+�K !��� 	����	��� �� �
�� ����� ���� �����
��� 5� ������
�� �
��

����
��
	� �������� �� ��!�� ����� ���� �����
�� 
� ��� �� ����
��� �� ����
� ����

!�
	� ���!� 	���
������� ����
�
 
�� �� ��� ��� ����� 	������ � ��� �������

�,,



������	 �1

������� �
 ��������� * ��	� 00

2� ��� ���� 	������ ��� 	�������	�
��� !�
	� �� � ���� �������� �� ���� �

��� ������
� ��������� 
� ��
� ����
� !��� �
�	������ /��
�� ��� �
�	���
��#

����
	���� ������
� !�� ���	�� �� ��� ���� ��	� � ��	� ������������ 
� �
���
��


������
�� ����� ��� ����	���� � ��� ������� ��
� 	������ !
�� �	�� ������
��

�� ������ ����	����� 2� ����
	���� ��� ������� � 
�	���
�� ��� ���
�
��� 	�����

��	�
��� 
� � ��! -./ 9� !
�� �� ����������

�B�� 6�� ���	��������	� 	4 ��� �-������ $�	��.

�����	��

5���� ��� ���
�
��� 	�������	�
���# ��������� 
� ��� ��� 
��� 	������# 	�� ��


�	����� 
� ��� 9���� ���� ��� � � -./ 9�# � 	��	3 ��� �� �� ���� ���� ���

��
� ������# ���� �� ��� ��� 	�������
�� � ��� 	�������	�
�� !
��
� � -./ 9�

<��� 	������ &=# ��	������	�� ��� 	�������	�
�� �� � ���
��	���� �� �� � �		���	��

1
���� �*�� ���!� ��� ���
� � ��� ��
� ��	������	��� ���
�
��� 	�������	�
���

�� ��� ����
	�
��� � �� 
����������  ���
�� � ��� ?:> ��� �����	�
�� 	��� �

1�
,��� ��� �
���9 J�(K� ��� ���
�
��� 	�������	�
��� 	�� �� ��	������	��� ��
��

��� ��
� ��	������	�
�� ���	����� �� �� �		���	� � � ��'R� ��� ��	������	�
��


� ������ 
� ��� 9��� �
� ��� �� ���  ��� ��!  ���� � ��� 	�������	�
�� 
� ��
� �
�

�� ���� � ��� ���
�
��� 	�������	�
����

��(



10.2 QCD Fits Using Optimised Cross-Sections Chapter 10

G
ri

d
/O

ri
g

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

Opt A
Opt B
Opt C
Opt D
Opt E
Opt F
Opt G
Opt H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

Figure 10.1: The ratio between the grid reconstructed cross-sections and the cross-section predictions

of an independent version of the NLO �� jet production code of Frixione and Ridolfi [19]
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Figure 10.2: The total experimental uncertainty on the gluon PDF for the ZEUS-Jets optimised (low

and high-���	� ) fit (yellow band) compared to the total experimental uncertainties on the gluon PDF for a fit

not including the optimised data (ZEUS-Jets fit, red band) and a fit not including any jet data whatsoever

(ZEUS-Type5 fit, hatched band). The uncertainties are shown as fractional differences from the central

values of the fits, for various values of ��. The total experimental uncertainty includes the statistical,

uncorrelated and correlated systematic uncertainties.
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Figure 10.3: The total experimental uncertainty on the gluon PDF for the ZEUS-Jets optimised (high-

���	� ) fit (yellow band) compared to the total experimental uncertainties on the gluon PDF for a fit not

including the optimised data (ZEUS-Jets fit, red band) and a fit not including any jet data whatsoever

(ZEUS-Type5 fit, hatched band). The uncertainties are shown as fractional differences from the central

values of the fits, for various values of ��. The total experimental uncertainty includes the statistical,

uncorrelated and correlated systematic uncertainties.
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Figure 10.4: The statistical uncertainty on the gluon PDF for the ZEUS-Jets optimised (low and high-

���	� ) fit (yellow band) compared to the statistical uncertainty on the gluon PDF for a fit not including the

optimised data (ZEUS-Jets fit, red band) and a fit not including any jet data whatsoever (ZEUS-Type5 fit,

hatched band). The uncertainties are shown as fractional differences from the central values of the fits,

for various values of��.
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Figure 10.5: The statistical uncertainty on the gluon PDF for the ZEUS-Jets optimised (high-� ��	
� ) fit

(yellow band) compared to the statistical uncertainty on the gluon PDF for a fit not including the optimised

data (ZEUS-Jets fit, red band) and a fit not including any jet data whatsoever (ZEUS-Type5 fit, hatched

band). The uncertainties are shown as fractional differences from the central values of the fits, for various

values of��.
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Figure 10.6: Fractional improvement in the gluon PDF at high-� (the ratio of ZEUS-Jets optimised (low

and high-���	� ) fit) to ZEUS-Jets). This plot corresponds to the information shown in figure 10.2.
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Figure 10.7: Fractional improvement in the gluon PDF at high-� (the ratio of ZEUS-Jets optimised

(high-���	� ) fit) to ZEUS-Jets). This plot corresponds to the information shown in figure 10.3.
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Figure 10.8: Comparison of the uncertainty on the theoretical prediction which arises due to the

uncertainties on the underlying gluon PDF from the ZEUS-Type5 fit (no jets) with the statistical (inner bar)

and systematic (outer bar) errors of the measured low-���	� optimised data. Statistical and systematic

errors are shown separately. The jet energy scale uncertainty, although accounted for in the QCD fits, is

not shown here.

�&,



10.2 QCD Fits Using Optimised Cross-Sections Chapter 10

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Opt A

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Opt B

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Opt C

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Opt G

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
o

b
s

p
/d

x
σ

)/
(d

o
b

s
p

/d
x

σd
∆(

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Figure 10.9: Comparison between the gluon PDF uncertainties on the theoretical prediction, expressed

as a fraction of the nominal prediction, with the uncertainties on the measured low-� ��	
� optimised data,

also expressed as a fraction of the nominal theoretical prediction. For the purposes of illustration, the data

has been lined up with the theory points in the lower plots to allow a direct comparison of the respective

uncertainties. For the accompanying legend, see figure 10.8.

�&&



10.2 QCD Fits Using Optimised Cross-Sections Chapter 10

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

20

40

60

80

100 Opt D
ZEUS 98-00

NLO (ZEUS-Type5)

Gluon PDF error

Total PDF error

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

20

40

60

80

100

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

50

100

150

200

250

300 Opt E

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

50

100

150

200

250

300

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

10

20

30

40

50

60

70

Opt F

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

10

20

30

40

50

60

70

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

50

100

150

200

250
Opt H

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (
p

b
)

o
b

s
p

/d
x

σd

0

50

100

150

200

250

Figure 10.10: Comparison of the uncertainty on the theoretical prediction which arises due to the

uncertainties on the underlying gluon PDF from the ZEUS-Type5 fit (no jets) with the statistical (inner bar)

and systematic (outer bar) errors of the measured high-� ��	� optimised data. Statistical and systematic

errors are shown separately. The jet energy scale uncertainty, although accounted for in the QCD fits, is

not shown here.
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Figure 10.11: Comparison between the gluon PDF uncertainties on the theoretical prediction,

expressed as a fraction of the nominal prediction, with the uncertainties on the measured high-� ��	
�

optimised data, also expressed as a fraction of the nominal theoretical prediction. For the purposes of

illustration, the data has been lined up with the theory points in the lower plots to allow a direct comparison

of the respective uncertainties. For the accompanying legend, see figure 10.10.
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Figure 10.12: Comparison of the uncertainty on the theoretical prediction which arises due to the

uncertainties on the underlying gluon PDF from the ZEUS-Jets fit (no jets) with the statistical (inner bar)

and systematic (outer bar) errors of the measured low-���	� optimised data. Statistical and systematic

errors are shown separately. The jet energy scale uncertainty, although accounted for in the QCD fits, is

not shown here.
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Figure 10.13: Comparison between the gluon PDF uncertainties on the theoretical prediction,

expressed as a fraction of the nominal prediction, with the uncertainties on the measured low-� ��	
�

optimised data, also expressed as a fraction of the nominal theoretical prediction. For the purposes of

illustration, the data has been lined up with the theory points in the lower plots to allow a direct comparison

of the respective uncertainties. For the accompanying legend, see figure 10.12.
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Figure 10.14: Comparison of the uncertainty on the theoretical prediction which arises due to the

uncertainties on the underlying gluon PDF from the ZEUS-Jets fit (no jets) with the statistical (inner bar)

and systematic (outer bar) errors of the measured high-� ��	� optimised data. Statistical and systematic

errors are shown separately. The jet energy scale uncertainty, although accounted for in the QCD fits, is

not shown here.
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Figure 10.15: Comparison between the gluon PDF uncertainties on the theoretical prediction,

expressed as a fraction of the nominal prediction, with the uncertainties on the measured high-� ��	
�

optimised data, also expressed as a fraction of the nominal theoretical prediction. For the purposes of

illustration, the data has been lined up with the theory points in the lower plots to allow a direct comparison

of the respective uncertainties. For the accompanying legend, see figure 10.14.
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Figure C.1: Uncertainty band for the gluon distribution function at� � ; �*GeV� from the CTEQ6M1

fit. The curves correspond to CTEQ5M1 (solid), CTEQ5HJ (dashed), and MRST2001 (dotted). Figure

taken from [62]
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Appendix C

Uncertainty of gluon from Hessian method
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Figure C.2: The uncertainty on the extracted gluon PDF from the MRST2001 fit. The uncertainty on

)<�#��= at �� ; +GeV� and 100 GeV� is shown. Also shown is the CTEQ6M distribution. The

uncertainties are shown relative to the MRST2001 central values for )<�#� �=. Figure taken from [65].
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-1p data, 81.74pbγZEUS 98-00 
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Figure E.1: Comparison between MC and data for the quantities � ����	 (number of tracks in the

event passing the initial track cuts), � ���
����	 (number of tracks associated with a particular calorimeter

jet), ����
������	 (the sum of the transverse energies of tracks associated to a particular calorimeter jet),

�����	 (see text for explanation) and ������	 (see text for explanation).
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Table E.1: Jet energy scale correction factors. The corrected jet energy is given by multiplying the

uncorrected jet energy by the appropriate factor from the table. The factors shown are valid for the

correction of data calorimeter jets only.
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-1p data, 81.74pbγZEUS 98-00 
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-1p data, 81.74pbγZEUS 98-00 
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Figure E.5: The distribution of � ���
� ������ in data and MC, before (left plots) and after (right plots)

correction using the correction method of section E.2
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Figure E.6: The distribution of� ���
� ������ in data and MC, before (black) and after (red) correction

using the method of section E.2, as a function of various electron and jet variables. The upper plots show

the data and MC comparisons while the lower plots show their ratio.
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Figure E.7: The distribution of� ���
� ������ in data and MC, before (black) and after (red) correction

using the method of section E.2, as a function of various electron and jet variables. The upper plots show

the data and MC comparisons while the lower plots show their ratio.
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Figure F.1: ���	� and ���	� efficiencies and purities.
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Figure F.2: �� and I�� efficiencies and purities.
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Figure F.3: I� and �A	� efficiencies and purities.
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Figure F.4: Low-���	� optimised efficiencies and purities.
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Figure F.5: High-���	� optimised efficiencies and purities.
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Figure G.1: ���	� and ���	� hadronisation corrections.
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Figure G.2: �� and I�� hadronisation corrections.
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Figure G.3: I� and �A	� hadronisation corrections.
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Figure G.4: Low-���	� optimised hadronisation corrections.

�*�



Appendix G

 (
p

b
)

o
b

s
p

/d
x

σd

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50 Opt D
Pythia-Parton
Pythia-Hadron
Herwig-Parton
Herwig-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

R
at

io

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

 (
p

b
)

o
b

s
p

/d
x

σd

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

140 Opt E
Pythia-Parton
Pythia-Hadron
Herwig-Parton
Herwig-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

140

R
at

io
obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

 (
p

b
)

o
b

s
p

/d
x

σ
d

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40 Opt F
Pythia-Parton
Pythia-Hadron
Herwig-Parton
Herwig-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40

R
at

io

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

 (
p

b
)

o
b

s
p

/d
x

σ
d

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

140

160

180
Opt H

Pythia-Parton
Pythia-Hadron
Herwig-Parton
Herwig-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

140

160

180

R
at

io

obs
px

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

Figure G.5: High-���	� optimised hadronisation corrections.
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Figure H.1: ���	� and ���	� 	<�
= theoretical uncertainties.
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Figure H.2: �� and I�� 	<�
= theoretical uncertainties.
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Figure H.3: I� and �A	� 	<�
= theoretical uncertainties.
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Figure H.4: Low-���	� optimised	<�
= theoretical uncertainties.
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Figure H.5: High-���	� optimised 	<�
= theoretical uncertainties.
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Figure I.1: ���	� and ���	� scale theoretical uncertainties.
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Figure I.2: �� and I�� scale theoretical uncertainties.
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Figure I.3: I� and �A	� scale theoretical uncertainties.
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Figure I.4: Low-���	� optimised scale theoretical uncertainties.
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Figure I.5: High-���	� optimised scale theoretical uncertainties.
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Table J.3: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+).
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Table J.4: Results of the measurement for the differential cross-section with respect to � ���

(���	� � *�D+).
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Table J.5: Results of the measurement for the differential cross-section with respect to � ���

(���	� � *�D+).
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Table J.6: Results of the measurement for the differential cross-section with respect to I�� (���	� �
*�D+).
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Table J.7: Results of the measurement for the differential cross-section with respect to I�� (���	� �
*�D+).
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Table J.8: Results of the measurement for the differential cross-section with respect to I� (� ��	� �
*�D+).
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Table J.9: Results of the measurement for the differential cross-section with respect to I� (� ��	� �
*�D+).
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Table J.10: Results of the measurement for the differential cross-section with respect to �A	�
(���	� � *�D+).
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Table J.11: Results of the measurement for the differential cross-section with respect to �A	�
(���	� � *�D+).
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Table J.12: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptA).
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Table J.13: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptB).
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Table J.14: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptC).

5
� �2
�����

<�4= Æ	��� Æ	,	� Æ�3 �"��

*�**#*��* *�***** � *�***** �1�����
�1�����

�1�����
�1����� ��*****� *�*****

*��*#*�'* D'�((+*D � &�*'�*+ �1���

1�����

�1��
��
�1����� ��*CC*+� *�*+'*D

*�'*#*�)* ����*D&'' � +��(+'C 
1�����
�1
����

�1�����
�1���
� ��*&���� *�*'*CC

*�)*#*�&* &)�'��*) � )�)�D'' �1����
�1�
��

�1
�
��
�1�
��� ��*�)*D� *�*+��C

*�&*#*�+* ��C))*C � ��+((*) �1����
�1
��
�

�1�����
�1����� ���&))�� *�'')�)

*�+*#��** *�')(&C � *��'*C� �1���
�1��
��

�1�����
�1����� *��+(*&� *�*�*)*

Table J.15: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptG).
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Table J.16: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptD).
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Table J.17: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptE).
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Table J.18: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptF).
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Table J.19: Results of the measurement for the differential cross-section with respect to � ��	�
(���	� � *�D+, OptH).
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Table K.1: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	�
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Table K.2: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+).
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Table K.3: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+).
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Table K.4: Systematic uncertainties for the measurement of the differential cross-section with respect

to���� (���	� � *�D+).
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Table K.5: Systematic uncertainties for the measurement of the differential cross-section with respect

to���� (���	� � *�D+).
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Table K.6: Systematic uncertainties for the measurement of the differential cross-section with respect

to I�� (���	� � *�D+).
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Table K.7: Systematic uncertainties for the measurement of the differential cross-section with respect

to I�� (���	� � *�D+).
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Table K.8: Systematic uncertainties for the measurement of the differential cross-section with respect

to I� (���	� � *�D+).
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Table K.9: Systematic uncertainties for the measurement of the differential cross-section with respect

to I� (���	� � *�D+).
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Table K.10: Systematic uncertainties for the measurement of the differential cross-section with respect

to �A	� (���	� � *�D+).
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Table K.11: Systematic uncertainties for the measurement of the differential cross-section with respect

to �A	� (���	� � *�D+).
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Table K.12: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptA).
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Table K.13: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptB).
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Table K.14: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptC).
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Table K.15: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptG).
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7
�� �� �� ��� �*�+ �*�+ *�) �+�* *�*
�� �� *�* *�* *�* *�* *�* *�*
�� �� *�* *�* *�* *�* *�* *�*
��# �� ��* �*�& ���* ���& �D�C *�*
��# �� *�* *�) ��& ��� D�C *�*

.��-&: �+��D *�) ���� *�' )�( *�*
8�2�' *�) �D�C '�* �(�) )+�& *�*

Table K.16: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptD).
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��� *�* *�* *�* *�* *�* *�*
�� �� �&�( &�( *�D *�* *�* *�*
�� �� ��)�+ �&�+ ���C *�* *�* *�*

��! �� 	���� *�+ *�� �*�� *�* *�* *�*
� Q � ��) ��) '�) '�+ �(�D *�*
� � � ��*�+ ���' *�' )�C ���� *�*
�� Q � ��( �*�D ���& �*�+ *�� *�*
�� � � ��*�C �*�) )�& *�* *�* *�*
��� Q � ���* ���� ���� ���( ���C *�*
��� � � �*�* �*�+ �*�C ���& �+�� *�*
���	� Q � C�* &�C '�( C�* ���* *�*
���	� � � �D�* �)�) �)�' �)�) D�) *�*

7. !�
���� *�C ��+ '�C )�& )�& *�*
���!
� &�( ���( �&�D '�+ �)�) *�*
%�, �� *�� *�) *�& �*�� �*�� *�*
%�, �� *�' *�' �*�+ *�) �D�� *�*
��3� �� �*�C �*�) �*�D *�) *�C *�*
��3� �� �*�* *�� *�� �*�* �*�� *�*

7
�� �� �� �*�� �*�� �*�* ��D ���C *�*
7
�� �� �� �*�) �*�' �*�C *�) �+�* *�*
�� �� *�* *�* *�* *�* *�* *�*
�� �� *�* *�* *�* *�* *�* *�*
��# �� �'�C �*�( �*�& ���& �D�C *�*
��# �� '�* *�+ ��* ��� D�C *�*

.��-&: �C�� &�C �*�( *�* )�( *�*
8�2�' �+�C �'�� &�( ���+ )+�& *�*

Table K.17: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptE).
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�� �� C�C +�' *�* *�* *�* *�*
�� �� ��)�� �)�� *�* *�* *�* *�*

��! �� 	���� �*�+ *�D �*�* *�* *�* *�*
� Q � '�( ��* ���) )'�� �'+�� *�*
� � � �D�� ��C ��D �'�C �CC�) *�*
�� Q � �'�* '�' ��+ *�* *�* *�*
�� � � ����� )�' �*�* *�* *�* *�*
��� Q � *�* *�� �*�D �&�* ���+ *�*
��� � � *�* ���* ���& ��*�C ��'�& *�*
���	� Q � �&�* *�� �C�� �*�+ +�* *�*
���	� � � ���) ���) *�D �+�+ �&�' *�*

7. !�
���� *�& *�+ *�) *�) �*�& *�*
���!
� ')�* ��C +�D ��C �+�) *�*
%�, �� *�+ �*�) �*�� ���* ���+ *�*
%�, �� '�' �*�� �*�D �C�D '�� *�*
��3� �� *�� �*�+ �'�( �D�C ��� *�*
��3� �� �*�* *�+ �*�� �*�' �*�) *�*

7
�� �� �� *�D ��� *�( �*�& �*�) *�*
7
�� �� �� '�* *�) ���+ ��C�* *�+ *�*
�� �� *�* *�* *�* *�* *�* *�*
�� �� *�* *�* *�* *�* *�* *�*
��# �� *�* �*�' �*�� �D�& ��* *�*
��# �� *�* *�' �*�' �*�& �*�C *�*

.��-&: +&�D �&�) �'�+ ��)�* &&�( *�*
8�2�' +'�D *�� )�' �+�+ �)�& *�*

Table K.18: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptF).
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��� *�* *�* *�* *�* *�* *�*
�� �� �*�C *�* *�* *�* *�* *�*
�� �� ���� *�* *�* *�* *�* *�*

��! �� 	���� *�+ *�* *�* *�* *�* *�*
� Q � �*�( *�* *�* *�* *�* *�*
� � � ���C *�* *�* *�* *�* *�*
�� Q � &�( *�* *�* *�* *�* *�*
�� � � �&�( *�* *�* *�* *�* *�*
��� Q � )�& *�* *�* *�* *�* *�*
��� � � �*�* *�* *�* *�* *�* *�*
���	� Q � *�) *�* *�* *�* *�* *�*
���	� � � �*�) *�* *�* *�* *�* *�*

7. !�
���� *�& *�* *�* *�* *�* *�*
���!
� +�+ *�* *�* *�* *�* *�*
%�, �� �*�) *�* *�* *�* *�* *�*
%�, �� *�� *�* *�* *�* *�* *�*
��3� �� �*�' *�* *�* *�* *�* *�*
��3� �� *�� *�* *�* *�* *�* *�*

7
�� �� �� *�) *�* *�* *�* *�* *�*
7
�� �� �� �*�� *�* *�* *�* *�* *�*
�� �� *�* *�* *�* *�* *�* *�*
�� �� *�* *�* *�* *�* *�* *�*
��# �� �*�C *�* *�* *�* *�* *�*
��# �� *�) *�* *�* *�* *�* *�*

.��-&: *�+ *�* *�* *�* *�* *�*
8�2�' *�� *�* *�* *�* *�* *�*

Table K.19: Systematic uncertainties for the measurement of the differential cross-section with respect

to ���	� (���	� � *�D+, OptH).
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