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Abstract

The electroweak production of singletop quarksviaso - called W - gluon fusion in proton-
proton interactions at /s = 14 TeV has been studied. Single top quark production cross
sections have been calculated. Simulations of the top quark productionin W - gluon fusion
process with further decay to Wb — [vb final state has been performed. The use of severa
kinematical distributionsallowed to suppress background and to perform the reconstruction
of themass of thee — v — jet system. At anintegrated luminosity of 3 x 10%pb—1, thesignal-
to-background ratio closeto 5 is achived.

1) |nstitute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
2) Joint Institutefor Nuclear Research, Dubna, Russian Federation.

3) Ingtitutefor High Energy Physics, Thilisi State University, Georgia.

4) University of Montenegro, Podgorica, Montenegro.

*) Now at Université de Montréal, Montréal, Canada.



EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH



1 Introduction

The top quark discovery[1, 2] opened up a new and exciting area of physics. Within the
limited statisticsavailabletheresults, recently presented by the CDF and DO experimentsconfirm
the Standard Model (SM) predictions. However, acopioustop productionat 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 acombination 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 determinationis also of ahigh importancefor many physics processes
to beinvestigated at LHC.

Single top quarks are produced at hadron colliders mainly from a Wtb vertex, and
thereby provide a direct probe of the Wtb coupling nature via the measurement of the Cabibbo-
K obayashi-Maskawa ( CKM ) matrix element, |V;3|. This could be done, because the single top
quark cross-section is directly related to the |V;;|. Therefore a good signal-to-background ratio
is needed to measure the cross section value with a high accuracy and improve the measurement
of Vis.

The top quark mixing with other flavorsisvery small, so that the CP violationin this pro-
cess in the frame of the SM isnegligible.

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 singletop quark production

The dominant subprocesses for the heavy quark production are low-order QCD quark-

antiquark and gluon-gluon fusion mechanismsinthes- , t -, and u - channels:

—qq — tt

- gg —tt
(pair productions), whichyield largetop quark samples, allowing detailed studies of many prop-
erties of top quarks production and decay.

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

1. pp — tb+ X vias- channel W - boson

— 11.q3 —tb

- 12.q9 —tbq

— 13.9q7 —thW

2. pp — tg+ X viat - or u- channel W - boson

- 21.gb — g

-  22.gb —tlgg

-  23.q9 — tqq

-  24.bg —tqg

3 pp -tW—+ X

— 3lbg —tW

- 32bg —tWg

- 3.3.q9 — tWb

—  34.99 —tWb

— 35.qgb - tWq



The notation used: g isalight 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 usualy 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,
showninFig. 1a) and Fig. 1b), respectively. Both diagramsrefer to the same so-called “ W -gluon
fusion” [8] process. Since the W-gluon fusion process isthe largest source of asingle top quark
productionat LHC, with an expected cross-section of ~ 250 pb, it will beasourcefor it’'sphysics
sensitivity, as well as a serious background for other single top quark processes.

d,u d,u

a) b)

Figure 1. Feynman diagramsfor the single top quark production processes - (W -gluon fusion):
a) qgb — tq, b) gg — tq'b

Asabackground to the single top quark production, ¢z pair production and W -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: My =81 GeV,
Mz=91 GeV, sin?6y=0.225, M=5 GeV, a =1/137, and CKM matrix elements V,,; =0.975 and
Vi»=0.999.

The Agcp 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: Q2 = 5 (process1), Q* = M? (2 — 2 processes2 and 3) and
Q?= M2+ P? (2 — 3processes2and 3).

The cross-section were cal cul ated 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 processesin Tables from 1 to 6%

Thetotal 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.

1) the cross-section values presented are corresponding to the production of the top quark only.



Table1: Process 1.1. qg — tb.

Subprocess
a (NLO) [pb]

o (LO) [po]

ud — tb

291

5.69

qq — th
291

5.69

Table 2: Process 1.2 qg — tbq (s-channe!).

Subprocess | ug — tbd | dg — tbu | qg — tbq
o(NLO) [pb] | 1.17 0.24 1.41
o(LO) [pb] 1.50 0.41 1.91
Table 3: Process 2.1 gb — tgq.
Subprocesstype | ub — td | db — tu | gb — tq
o [po] 8436 | 3253 | 116.89

Table 4: Process 2.2 qg — tbq (u-channel).

Subprocess

o [po]

ug — tdb

29.46

Eg — tub

13.01

qq — tqg

42.47

Table5: Process3.1bg — tW.

Subprocess

o [po]

bg —tW

56.24

Table 6: Processes 3.2 qg — tWband3.3gg — tWb.

Subprocess

o [pb]

ut — tWb

2.76

dd — tWb

2.73

qqg — tWb

5.49

g9 — tWb

19.21




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 ~ 65% of
the total singletop quark rate for al the processes considered.

Above cal cul ations seem to be in reasonabl e agreement with similar NLO cal cul ationg 10]
performed rather recently.

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

4 Event smulation

The ssimulation 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 includesthe basic W - gluon fusion reaction according to SM assump-
tions.

An advantage of the W - gluon fusion processisin certain kinematical features of thefinal
state particles. These features could be useful to suppress the background. The study presented
here aimed to exploit these features.

A typical W - gluon fusion event is shown in Fig. 2(left). A ¢ - quark decaysto (blv;) via
areal W, so ahigh pr isolated lepton will appear in the final state accompanied by a number of
j€ets.

There is no exact processfor 2 — 3 W - 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] the2 — 2 process with amassive quark in thefinal state was generated.
The additional quark jet needed to providethe required 2 — 3 process has been recovered from
PY THIA partonic shower ( see Fig. 2(right) ). Asit was shown in Ref.[14], such approximation
for the kinematics of outgoing quarks are in reasonable agreement with a parton Monte-Carlo
where afull matrix element was implemented.

The partonic distribution function set CTEQZ2L [16] has been used in the signal and back-
ground calculations. The effects of the initial- and final- state radiation, hadronization and mul-
tipleinteractions of initial partons were included. The value of 175 GeV was assigned to the top
quark mass.

In order to reduce the enormous QCD mulltijet background, as well as provide ahigh pr
lepton for trigger purposes, we concentrated on the single top productionwith¢ — Wb followed
by aleptonicdecay W — v, wherethe charged lepton isapositron. Aswas mentioned in section
2, two main background processes have been considered. Thefirst oneisthet¢¢ pair production,
where one W from the top quark decays vialeptonic channel, while the second W producesjets.
The second background sourceisthe QCD W + jet production, when the W also decaysto lepton
+ neutrino.

Thetotal cross-section values( in pb) which were used in our study are presented in Table
7. Only the W branching to a positron and a neutrino has been considered. Asfor 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 partoniclevel information has been used. It could be useful to exploit the differencesbetween
signal and background reflecting in distributions on various kinematical variables. The partonic
spectrain the W - gluon fusion process are presented in Fig. 3.

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

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

Processtype | Wg — tb | tt | W+ets
Ototal 245 833
oc x BR 17 61 | 23410

o Njet> 2 14 60 | 2233
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Figure 3: Distributions at partonic level for b, b from top decay and spectator quark: Pz (top) and
n(bottom) variables.

sented in Fig.3(bottom). It can be seen that the spectator quark is produced with high pr 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 b-quark jet from the top
quark decay, also carrying a high transverse momentum is predominantly emitted in the central
pseudorapidity region and can be b-tagged. Thethird jet from ab quark has almost a broad pseu-
dorapidity distribution and has arelatively small pr . Therefore, applying appropriate py cuts
thisjet could be well separated from b-tagged jets produced in top quarks decay.

Fig. 4(a,b) shows that the lepton and v from the top quark decay are possess alarge trans-
verse momentum and emitted in the central pseudorapidity region. Since we have one top quark
decay per event in the signal ssmulation, a good » reconstruction is required. To perform this
reconstruction amissing pr (gr ) and longitudinal p% neutrino momentaare 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 al jets and for the jets originating from a b-quark.

The ATLFAST default parametersfor jet cluster reconstruction are the following: pr >
15 GeV, cone size value A R=0.4 in the barrel region, and AR = 0.7 in the forward direction
(g > 2.5).

To isolate the W - gluon fusion process under study, the events which contain isolated
lepton with p7 > 30 GeV and two jets with pr > 30 GeV in thefinal state have been selected.

To tag the spectator quark, thejet in theforward direction (n > 2.5) and pr > 50 GeV has
been searched.

The b - jet reconstruction and tagging techniquein ATLFAST have been used. A jet cluster
was identified as ab-jet if ab - quark of pr > 5 GeV after at the fina - state radiation is found
inacone of AR..,. = 0.2 around the reconstructed jet for jetswith || < 2.5.

To have more redlistic b-jet tagging efficiencies, the ATLFAST-B package has been used.



Figure 5: Distributions on the number of all jets and b - jets for the signal and background pro-
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Figure 4: Partonic distributions of Pr(a) and (b) of electron and neutrino.
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The efficiency for b jetstagging, ¢, of ~ 63% has been used with the corresponding admixture
of mistagged c - jets of 10% and of lights quarks misidentification - 1%.

To separatethe W - gluon fusion event, only oneidentifiedd - jet in the event was sel ected.

To identify b - jets from top quarks decay, jet with pr > 50 GeV were selected.

For the reconstruction of the W decay products, the g wascomputed as avectoria sum of
pr for al reconstructed particlesin the event. In Fig. 6(left) the difference between the computed
pr and the pr of the neutrino at partonic level is shown. The gz reconstruction is satisfactory.

The longitudinal component of neutrino momentum can be estimated from the p7 and
the lepton momentum from the real W decay using only a constraint on the W mass. The W
mass value, My = 80 GeV, smeared according to it's known width has been used to solve the
quadratic equation and a pair of solutionsfor p* was obtained.

Two approaches to pick-up a"right” solution from the two available ones were used. In
thefirst one, the minimum between the two absolute values of p* has been taken to compute the
effective mass, (myjet ).

Fig. 6(right) shows the difference between the selected minimal |p% | value and P! at par-
tonic level P?. It can be seen that the longitudinal momentum of neutrino significantly defines

the neutrino momentum resolution.
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In the second approach, both solutionsin absolute value were taken to compute (m, et ),
then the solution nearest to the "known” M,,,, value used. This was done with the aim to ob-
tain conditionsfor abetter 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 W + jets to accumulate statistics for high values of the (my, j.;) mass
was performedin different regions of £, and then normalized and summed. W + jets datasample
consists of W plusat 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, M,,; (top) and scalar transverse energy, Hy (bottom) for
W-gluonfusion (signal), tt and W +jetsevents (background). Distributions shown before (a) and
after cuts (b), respectively.

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

Fig. 7(top) showsthetotal event invariant mass, recostructed from the 4-vectors of al of
thejets and leptons found in the event. A significance differenceis observed between the invari-
ant mass of eventsin the non-top backgrounds and the signal.

Another variable of interest is the scalar sum of transverse momenta of jets and lepton,
Hr = |E¥"| 4 |Ei™| + | EXP™"| used in this study. Distributions of Hr for signal events and
background are shown in Fig. 7(bottom). Asone can seg, it is possible to select eventsin arange
of kinematic variables presented ( or a combination of them ), where the contribution of signal
events would dominate. Distributions shown before al previous cuts, Fig. 7a), and after cuts,
Fig. 7b), respectively. To suppress tt and W +jets background events, we put cuts on the Hr
variable of Hy > 200 GeV and M,,; > 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 ({vjet) system for the signal and background events
is presented in Fig. 8. Results are shown for 3 years ATLAS running at low luminosity (3 x
10*pb~1).

Finally, agood signa (' S) and background ( B ) separation prediction has been achieved:
S/B ~ 4.9 ( estimated for production of both types of the top quark ), and S/+/B = 286. From

Table 8 the fractional uncertainty in the cross section ( /(S + B)/S ) is0.84%. Thislead to a
relative error on V,, of 0.42%.



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 Wg —tb tt pairs W+ets
Number of events
L=3x10%b™?! 347372 1.8 x 10° 6.7 x 107
Efficiency (%) | Efficiency (%) | Efficiency (%)
Cuts used:
1lep + 1 b-jet 26.8 57.87 0.32
Njets=2 16.7 2.98 0.15
Leading quark tag 6.95 0.19 2.7 x 1072
Hp > 200 GeV 3.92 0.10 7.1 x 1073
M, > 300 GeV 3.58 0.08 5.7 x 1073
150 GeV < M,,, <200 GeV 3.21 0.04 2.0 x 1073
Events after cuts 11148 734 1295
e r ven 17651 oran
Sigme 1037+ 02204
4000 |-
T \
? \ L
S e |

Mass(evj), GeV

Figure 8: Reconstructed mass for lvjet system
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6 Conclusions

The single top quark production viaW - gluon fusion at /s = 14 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 signa 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 cutsit is possible to estimate the S/ B 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 S/B ~ 4.9 has been obtained, and the precision on the cross-section measurement equal to
6(Vip)/ Vis=0.42%.

While the obtained values for S/ B and §(Vz)/ Vi arein rather good agreement with the
numbers presented in the TDR, one can notice that the rejection of W+jets PY THIA eventsin
our study is somewhat better than the numbers provided in the TDR for W +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 W from top quarksdecay will be analysed separately, aswell.
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