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Single Top quark production via W-gluon fusion at LHC.
Simulation with PYTHIA 5.7 Event generator.
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Abstract

The electroweak production of single top quarks via so - called W - gluon fusion in proton-
proton interactions at � �	��

� TeV has been studied. Single top quark production cross
sections have been calculated. Simulations of the top quark production in W - gluon fusion
process with further decay to ����������� final state has been performed. The use of several
kinematical distributions allowed to suppress background and to perform the reconstruction
of the mass of the �����������! system. At an integrated luminosity of "�#$
&% �(' �*) � , the signal-
to-background ratio close to 5 is achived.
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1 Introduction
The top quark discovery[1, 2] opened up a new and exciting area of physics. Within the

limited statistics available the results, recently presented by the CDF and D0 experiments confirm
the Standard Model (SM) predictions. However, a copious top production at LHC can bring many
surprises.

Non-standard models, as an alternative to the SM, for the top quark production[3, 4], or
decay[5] ( or a combination of both[6]) have received a considerable attention.

The precise top quark mass reconstruction is an important parameter to understand the
mechanism of particle mass generation.

The top quark mass determination is also of a high importance for many physics processes
to be investigated at LHC.

Single top quarks are produced at hadron colliders mainly from a ����� vertex, and
thereby provide a direct probe of the ����� coupling nature via the measurement of the Cabibbo-
Kobayashi-Maskawa ( CKM ) matrix element, ���	��
�� . This could be done, because the single top
quark cross-section is directly related to the ���
��
�� . Therefore a good signal-to-background ratio
is needed to measure the cross section value with a high accuracy and improve the measurement
of ����
 .

The top quark mixing with other flavors is very small, so that the CP violation in this pro-
cess in the frame of the SM is negligible.

The ATLAS experiment sensitivity to many topics related to top quarks physics were pre-
sented in Physics Performance Technical Design Report (TDR)[21]. Our study was performed
mainly during the preparation stage of the TDR and was partially presented there.

2 Electroweak single top quark production
The dominant subprocesses for the heavy quark production are low-order QCD quark-

antiquark and gluon-gluon fusion mechanisms in the s - , t - , and u - channels:
– � ����� �
– gg ��� �

(pair productions), which yield large top quark samples, allowing detailed studies of many prop-
erties of top quarks production and decay.

However, the precise determination of the ����� vertex properties and associated coupling
strengths, will more likely be obtained from measurements of the electroweak production of sin-
gle top quarks. Single top quarks production processes can be classified as following:

1. ������� � + � via s - channel W - boson
– 1.1. � ������� �
– 1.2. ������� � �!�
– 1.3. � �"��� � W

2. ���������$#%� via t - or u - channel W - boson
– 2.1. �!�&�����
– 2.2. �!�&�������
– 2.3. ��������� �
– 2.4. �'�(�����)�

3. �������*� ) #+�
– 3.1. �'�(���*�
– 3.2. �'�(���*�,�
– 3.3. �!�"���*� �
– 3.4. �-�(���*� �
– 3.5. �!�&���*�.�
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The notation used: q is a light quark (u,d,s,c), X represents any additional final state par-
ticles from the pp interaction and ��� denotes different quark’s flavour.

Processes 1.2, 1.3, 2.2, 2.4, 3.2 usually are taken into account as radiative corrections.
The cross section values for all processes listed here are calculated in this paper ( section

3).
For two diagrams ( 2.1 and 2.2 ), usually referred to as the “2-2” and “2-3” processes,

shown in Fig. 1a) and Fig. 1b), respectively. Both diagrams refer to the same so-called “ � -gluon
fusion” [8] process. Since the � -gluon fusion process is the largest source of a single top quark
production at LHC, with an expected cross-section of � �����

pb, it will be a source for it’s physics
sensitivity, as well as a serious background for other single top quark processes.
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Figure 1: Feynman diagrams for the single top quark production processes - ( � -gluon fusion):
a) �!�&�����!� , b) ���.� ���!� �

As a background to the single top quark production, � � pair production and � -boson pro-
duction accompanied by two and more jets have been considered in our study.

3 Cross section calculation
The following SM parameters were used in the cross-section calculations: �
	 =81 GeV,

��� =91 GeV, 
���� ��� 	 =0.225, � 
 =5 GeV, � =1/137, and CKM matrix elements ����� =0.975 and
� ��
 =0.999.

The ������� scale parameter (for five quark flavors) has been chosen equal to 200 MeV.
For the cross-section calculations and various processes considered, following scale pa-

rameters have been used: � �! "
 ( process 1 ), � �# � �$ ( 2 � 2 processes 2 and 3 ) and
� �% � �� #'& �� ( 2 � 3 processes 2 and 3 ).

The cross-section were calculated taking into account Next-to-Leading Order (NLO) cor-
rections ( for processes 2 and 3 Leading Order (LO) corrections shown ) , and reported, for var-
ious processes in Tables from 1 to 6

���

The total cross section for the production of the top quark in the subprocesses 1.1 and 1.2
is 7.6 pb; in the subprocesses 2.1 and 2.2 ( W-g fusion ) is 159.36 pb; and in the subprocesses
3.1 and 3.2 – 80.94 pb. The corresponding total cross-section for production of the � quark are:
2.84 pb, 98.02 pb, 80.34 pb for the same subprocesses.
+(,

the cross-section values presented are corresponding to the production of the top quark only.
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Table 1: Process 1.1. � ����� � .

Subprocess �
� ��� � � � ��� �

� (NLO) [pb] 2.91 2.91

� (LO) [pb] 5.69 5.69

Table 2: Process 1.2 �)�(��� �*� (s-channel).

Subprocess �
�(��� � � �
g ��� � � ���.��� �*�

� (NLO) [pb] 1.17 0.24 1.41

� (LO) [pb] 1.50 0.41 1.91

Table 3: Process 2.1 �!�&����� .

Subprocess type � �&��� � � �&� � � ���&�����
� [pb] 84.36 32.53 116.89

Table 4: Process 2.2 �)����� � � (u-channel).

Subprocess �	�(��� � � �
g ��� � � ���(����� �

� [pb] 29.46 13.01 42.47

Table 5: Process 3.1 � �����*� .

Subprocess � �(���*�
� [pb] 56.24

Table 6: Processes 3.2 � �"���*� � and 3.3 gg ���*� � .

Subprocess � ����� � � � � ���*� � � �"���*� � gg ���*� �
� [pb] 2.76 2.73 5.49 19.21

3



The resulting total cross-section for the single top quarks production is 245.62 pb, which
includes the W - gluon fusion mechanism contribution of 159.36 pb, what represents ��� ��� of
the total single top quark rate for all the processes considered.

Above calculations seem to be in reasonable agreement with similar NLO calculations[10]
performed rather recently.

In the SM top quarks decay to a � boson and a � quark. In this study we have considered
only a � decay to a lepton and neutrino, as this signal should be easier to find experimentally
than hadronic decays of the W bosons. The branching ratio for this decay mode is 1/9.

4 Event simulation
The simulation of the signal and corresponding backgrounds processes was performed

with the ATLFAST (version 1.62) code[11]. PYTHIA 5.7/JETSET 7.4 was used as event
generator[12]. PYTHIA includes the basic � - gluon fusion reaction according to SM assump-
tions.

An advantage of the � - gluon fusion process is in certain kinematical features of the final
state particles. These features could be useful to suppress the background. The study presented
here aimed to exploit these features.

A typical � - gluon fusion event is shown in Fig. 2(left). A � - quark decays to � �����
	�� via
a real � , so a high ��
 isolated lepton will appear in the final state accompanied by a number of
jets.

There is no exact process for 2 � 3 � - gluon fusion single top quarks production in
PYTHIA, therefore a simplified approximation to generate this diagram has been used. In the
spirit of the paper[13] the 2 � 2 process with a massive quark in the final state was generated.
The additional quark jet needed to provide the required 2 � 3 process has been recovered from
PYTHIA partonic shower ( see Fig. 2(right) ). As it was shown in Ref.[14], such approximation
for the kinematics of outgoing quarks are in reasonable agreement with a parton Monte-Carlo
where a full matrix element was implemented.

The partonic distribution function set CTEQ2L[16] has been used in the signal and back-
ground calculations. The effects of the initial- and final- state radiation, hadronization and mul-
tiple interactions of initial partons were included. The value of 175 GeV was assigned to the top
quark mass.

In order to reduce the enormous QCD multijet background, as well as provide a high � 

lepton for trigger purposes, we concentrated on the single top production with � ���.� followed
by a leptonic decay � ����� , where the charged lepton is a positron. As was mentioned in section
2, two main background processes have been considered. The first one is the � � pair production,
where one � from the top quark decays via leptonic channel, while the second � produces jets.
The second background source is the QCD � + jet production, when the � also decays to lepton
+ neutrino.

The total cross-section values ( in pb ) which were used in our study are presented in Table
7. Only the � branching to a positron and a neutrino has been considered. As for pre-selection
we used the cut Njet � 2 for the signal and background processes.

To define an optimal strategy for the top quark selection and the background suppression,
the partonic level information has been used. It could be useful to exploit the differences between
signal and background reflecting in distributions on various kinematical variables. The partonic
spectra in the W - gluon fusion process are presented in Fig. 3.

The transverse momenta of a leading (spectator) quark, a � quark and a � quark from the
top quark decay are shown in Fig.3(top). The corresponding pseudorapidity distributions are pre-
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Figure 2: Typical � - gluon fusion event (left) and scheme of the signal simulation (right).

Table 7: Cross sections ( in pb ) used in this study.

Process type �,� ��� � � � � +jets

� ��� ��� 	 245 833

������� 17 61 23410

� Njet � 2 14 60 2233
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Figure 3: Distributions at partonic level for � , � from top decay and spectator quark: & 
 (top) and� (bottom) variables.

sented in Fig.3(bottom). It can be seen that the spectator quark is produced with high � 
 and
mainly emitted in the forward direction. This gives the possibility to tag a spectator jet in AT-
LAS hadronic endcap or forward calorimeters. At the same time the � -quark jet from the top
quark decay, also carrying a high transverse momentum is predominantly emitted in the central
pseudorapidity region and can be � -tagged. The third jet from a � quark has almost a broad pseu-
dorapidity distribution and has a relatively small � 
 . Therefore, applying appropriate � 
 cuts
this jet could be well separated from � -tagged jets produced in top quarks decay.

Fig. 4(a,b) shows that the lepton and � from the top quark decay are possess a large trans-
verse momentum and emitted in the central pseudorapidity region. Since we have one top quark
decay per event in the signal simulation, a good � reconstruction is required. To perform this
reconstruction a missing ��
 ( �� 
 ) and longitudinal ���� neutrino momenta are needed to calculate.

5 Signal and background selection and event reconstruction
Distributions of the number of reconstructed jets per event in the signal and background

processes are plotted in Fig. 5 for the all jets and for the jets originating from a � -quark.
The ATLFAST default parameters for jet cluster reconstruction are the following: � 
��

15 GeV, cone size value � � =0.4 in the barrel region, and � �  �	��

in the forward direction

( � � �	� �
).

To isolate the � - gluon fusion process under study, the events which contain isolated
lepton with � 
 � 30 GeV and two jets with � 
 � 30 GeV in the final state have been selected.

To tag the spectator quark, the jet in the forward direction � � � �	� � � and � 
 � 50 GeV has
been searched.

The � - jet reconstruction and tagging technique in ATLFAST have been used. A jet cluster
was identified as a � -jet if a � - quark of � 
�� 5 GeV after at the final - state radiation is found
in a cone of � ��
 �����  0.2 around the reconstructed jet for jets with � � ��� �	� �

.
To have more realistic � -jet tagging efficiencies, the ATLFAST-B package has been used.
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Figure 4: Partonic distributions of & 
 (a) and � (b) of electron and neutrino.
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Figure 5: Distributions on the number of all jets and � - jets for the signal and background pro-
cesses
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The efficiency for � jets tagging, � , of � � ��� has been used with the corresponding admixture
of mistagged c - jets of 10% and of lights quarks misidentification - 1%.

To separate the � - gluon fusion event, only one identified � - jet in the event was selected.
To identify � - jets from top quarks decay, jet with � 
�� 50 GeV were selected.
For the reconstruction of the � decay products, the �� 
 was computed as a vectorial sum of

� 
 for all reconstructed particles in the event. In Fig. 6(left) the difference between the computed
�� 
 and the � 
 of the neutrino at partonic level is shown. The �� 
 reconstruction is satisfactory.

The longitudinal component of neutrino momentum can be estimated from the � � 
 and
the lepton momentum from the real � decay using only a constraint on the � mass. The �
mass value, ��	  �� � GeV, smeared according to it’s known width has been used to solve the
quadratic equation and a pair of solutions for � �� was obtained.

Two approaches to pick-up a ”right” solution from the two available ones were used. In
the first one, the minimum between the two absolute values of � �� has been taken to compute the
effective mass, ��� 	 ��� � � � .

Fig. 6(right) shows the difference between the selected minimal � � �� � value and & �� at par-
tonic level & �� . It can be seen that the longitudinal momentum of neutrino significantly defines
the neutrino momentum resolution.
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Figure 6: �� 
 - & �
 (left), � �	��	� - � & �� � (right)

In the second approach, both solutions in absolute value were taken to compute ��� 	 ��� � � � ,
then the solution nearest to the ”known” � ���
	 value used. This was done with the aim to ob-
tain conditions for a better cross-section measurement rather than to improve the accuracy of the
single top quark mass reconstruction.

The same cuts as for the signal data set were applied for background events.
The simulation of � + jets to accumulate statistics for high values of the ��� 	 ��� � � � mass

was performed in different regions of "& � and then normalized and summed. � + jets data sample
consists of � plus at least 2 jets, where for the jets any of the quark flavour available has been
allowed. No other special kinematical cuts at the generation stage have been applied.

To suppress background events effectively, cuts on different kinematic variables could be
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Figure 7: Total event invariant mass, � ��� � (top) and scalar transverse energy,
� 
 (bottom) for

� -gluon fusion (signal), � � and � +jets events (background). Distributions shown before (a) and
after cuts (b), respectively.

useful. This strategy is based on differences in corresponding distributions for signal and back-
ground ( see Ref.[18], for example ).

Fig. 7(top) shows the total event invariant mass, recostructed from the � -vectors of all of
the jets and leptons found in the event. A significance difference is observed between the invari-
ant mass of events in the non-top backgrounds and the signal.

Another variable of interest is the scalar sum of transverse momenta of jets and lepton,� 
  ��� � � ���
 �)#(��� � � ���
 � #���� 	 � 	*�����
 � used in this study. Distributions of
� 
 for signal events and

background are shown in Fig. 7(bottom). As one can see, it is possible to select events in a range
of kinematic variables presented ( or a combination of them ), where the contribution of signal
events would dominate. Distributions shown before all previous cuts, Fig. 7a), and after cuts,
Fig. 7b), respectively. To suppress � � and � +jets background events, we put cuts on the

� 

variable of

� 
 � 200 GeV and � ��� � � 300 GeV, correspondigly.
Used cuts and resulting efficiencies are given in the Table 8. The last line of Table shows

the number of events survived cuts.

Resulting reconstructed mass of the � � �
	�� � � system for the signal and background events
is presented in Fig. 8. Results are shown for 3 years ATLAS running at low luminosity (

� �
�� � � � ) � ).
Finally, a good signal ( S ) and background ( B ) separation prediction has been achieved:��� � � 4.9 ( estimated for production of both types of the top quark ), and

����� � = 286. From

Table 8 the fractional uncertainty in the cross section ( � � � # � � ��� ) is 0.84%. This lead to a
relative error on � ��
 of 0.42%.
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Table 8: Effective cuts used to optimize the W-gluon fusion signal. Efficiencies for cumulative
effect of cuts are shown. Only events with the number of jets � 2 are included.

Type of events �,� ��� � � � pairs W+jets

Number of events
�  � � 
 � ���	� ) � 347372


 � � � 
 ��� � � 
 � 
����
Efficiency (%) Efficiency (%) Efficiency (%)

Cuts used:

1 lep + 1 b-jet 26.8 57.87 0.32

Njets=2 16.7 2.98 0.15

Leading quark tag 6.95 0.19
� � 
 � 
 � ) �

� 
 � 200 GeV 3.92 0.10

���
 � 
�� ) �

� ��� � � 300 GeV 3.58 0.08
� � 
 � 
�� ) �

150 GeV � � ���
	 � 200 GeV 3.21 0.04
� � � � 
�� ) �

Events after cuts 11148 734 1295

Figure 8: Reconstructed mass for � ��	 � � system
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6 Conclusions
The single top quark production via W - gluon fusion at

� 
  
 � TeV has been investi-
gated. Simulation for the signal and background was performed with ATLFAST and PYTHIA
5.7/JETSET 7.4 packages. The difference between the signal and background, identified with
various kinematical distributions, allow to suppress the backgrounds rather well. The stream
of cuts to optimize the signal-to-background ratio has been presented. On the basis of the ap-
plied cuts it is possible to estimate the

��� � ratio and the error on the cross-section measurement
in the W-gluon channel. Taking into account the production of both types of top quark, the ra-
tio

��� � � 4.9 has been obtained, and the precision on the cross-section measurement equal to
� ��� ��
 � � � ��
 =0.42%.

While the obtained values for
��� � and

� ��� ��
 � � � ��
 are in rather good agreement with the
numbers presented in the TDR, one can notice that the rejection of � +jets PYTHIA events in
our study is somewhat better than the numbers provided in the TDR for � +jets events gener-
ated by HERWIG event generator. To understand the origin of this difference the comparison of
PYTHIA and HERWIG event generators will be presented our next Note ( in preparation ), in
which different leptonic decays of � from top quarks decay will be analysed separately, as well.
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