Vol. 38 (2007) ACTA PHYSICA POLONICA B No 2

TOP PHYSICS DURING FIRST LHC RUNS

Ivo van Vulpen

National Institute for Nuclear Physics and High Energy Physics
PO Box 41882, 1009 DB Amsterdam, The Netherlands

Ivo.van.Vulpen@nikhef.nl
(Received November 15, 2006)

At the LHC, millions of top quark pairs will be produced each year and
already during the rst LHC runs, a large and clean sample of them can
be selected. The properties of the top quark can be extractedvith great
precision and with one of the most complex event topologies nedicted by
the SM, it will play an essential role during the detector commissioning
phase. Understanding the detector response in such events ithis new
energy regime early during LHC operation is essential whenearching for
predicted signals from new physics models.

PACS numbers: 14.65.Ha

1. Introduction

In the Standard Model (SM) the top quark has a special place amng the
constituents of matter. It is by far the heaviest fermion andit is expected to
play a special role in many extensions of the SM. The only placto study top
quarks today is at the Tevatron collider, where the limited number of top
quarks and substantial backgrounds make the measurement dg properties
a challenging exercise. At the LHC, millions of top quarks pas will be
produced each year. This wealth of statistics opens a new eiia top quark
physics and allows to determine the properties of the top qud to high
precision.

Although at the presently accessible energies elementaryapticle inter-
actions are well described by the SM most particle physicist believe that
the SM, with a single elementary scalar particle (the Higgs bson) cannot
be the full story. The model has some fundamental limitatiors and is un-
able to answer a number of fundamental questions in physicotay. Several
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models claim to solve some of the existing problems using a mefunda-
mental description of nature, thereby predicting an unpreedented variety
of (sometimes very spectacular) new phenomena.

Although there is no preferred extension, many have in commo that
they introduce new particles or interactions that can be obsrved by study-
ing particle interactions at energies accessible at the LHCWith a typical
combination of large amounts of missing energy, multiple leton(s) and jets,
the predicted experimental signatures are complex. Befordaming the ob-
servation of a signal from new physics in such topologies isiimportant to
demonstrate that the detector response is also understoodh ithese events.
Top quark pair production has a (well predicted) experimentl signature
that is similar to that predicted by many of the new models and since top
quark pairs are produced abundantly they form the ideal calbration channel.
The well known combination of several high-level objects sth as b-quark
jets, isolated leptons, missing energy and jets fromV-boson decays are key
ingredients in most physics analyses.

Studying events that look like top quarks brings sensitivity to predictions
from several new models simultaneously and creates an exjraental envi-
ronment from which it is possible to discover the rst signs d the breakdown
of our current understanding of particle interactions ...and a rst glimpse
of the fundamental physics that takes over.

2. Top production at the LHC

The cross section fortt production has been computed up to NLO and
yields a cross section of around 750 pb at 14 TeV [1]. With alnsi a million
top quark pairs per fb 1 of integrated luminosity the LHC is truly a top
factory and already early in LHC operation top quark physicswill not be
limited by statistics.

In the SM, once produced, a top quark decays for nearly 100% tim a
b-quark and a W-boson. The W-boson then decays either into a pair of
light, i.e. non-b, quarks ( %) or into a lepton and neutrino ( %). The 30%
of events where oneéVN -boson decays hadronically (2 jets) while the other
decays leptonically (muon/electron and a neutrino): tt ! Wbwid (1 )b(jj )b
is called the golden channelas it has a very characteristic experimental
signature (as is shown in Fig. 1) that allows to obtain a clearsample of top
events. Semi-leptonic top events have:

An (isolated) high-momentum electron or muon.

An unbalanced visible momentum distribution in the plane transverse
to the beam axis due to the neutrino that escapes detection.
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Four high-momentum jets, of which two jets originate from the decay
of aW-boson and two jets that originate from b-quark fragmentation.

quark jet quark jet

b-quark jet

4 .
neutrino b-quark jet

Fig. 1. Schematic event topology of a semi-leptonic top quék event.

A clean sample of top quarks can be selected by requiring ther@sence
of an isolated high pr lepton, large amount of missing transverse energy
(ET"®%) and at least 4 high pt jets of which one or two are required to be
identi ed as originating from b-quark fragmentation (b-jets). In addition,
the invariant mass of the two non-b jets is required to be close to the mass
of the W-boson. As almost no other SM processes can mimic this nal ate
very little background remains and aS=B 80 can be achieved [2]. Both the
ATLAS and CMS experiment have developed extensive analysde extract
the properties of the top quark. An overview of CMS' top mass neasurement
plans are summarised by M. Duda elsewhere in these proceedm

3. Selecting a clean sample of top quarks in early LHC operati on

In preparing for early LHC operation, the ATLAS Collaborati on has
performed a so-calleccommissioning analysig3,4] in which the identi cation
of b-quarks is not required to be operating at its full potential. In fact, in
the analysisb-tag information is not used at all. The commissioning analgis
requires 4 jets (cone size R = 0:4) with pr > 40 GeV, an isolated lepton
with a pr > 20 GeV and missing transverse energy exceeding 20 GeV. The
dominant background at this stage comes from\V +jets, a background that
has been estimated using thélpgen Monte-Carlo generator (4 jets inclusive
sample) An e ort to improve the background estimate from this process
is ongoing using the MLM matching prescription. Without b-tagging the
S=B level after these cuts is worse than the standard top analysi The
absence otbjet identi cation introduces an additional ambiguity in t he jet
pairing (which three jets form the hadronic top quark). Inth e commissioning
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analysis the top quark is chosen as the set of three jets thatds the highest
vector sumpy. The signal is further enhanced by requiring that at least o
dijet combination within the group of jets has a mass close tahat of the

W -boson. The expected three-jet (top mass) distribution foran integrated

luminosity of 100 pb ! is shown in Fig. 2. The dominant background is
from wrongly paired jets in true top quark events and it is clear that already

during an early phase of LHC operation a large sample of top quk pairs
can be isolated.

Fig. 2. The expected three-jet (top mass) distribution for an integrated luminosity
of 100 pb ! in the ATLAS commissioning analysis.

Several analysis improvements are under study. Relaxing # require-
ment on the minimum pr of the 4" jet in the event for example can po-
tentially double the signi cance, but will require the careful evaluation and
control of other sources of background. As is explained in $8on 4 this
event sample will play a vital role in understanding the detetor in the com-
missioning phase and will provide a rst window to new physic.

4. Calibrating the ATLAS detector in complex event topologie S

When rst proton proton collisions start, each of the ATLAS sub-detec-
tors has a detailed calibration and alignment programme to sdy the de-
tector response to electrons, muons, photons and jets. Thisommissioning
is done using well understood processes that have a simplepimogy (low
particle multiplicity) like Z! e"e ,Z! * orZ/ + jets. These cali-
brations do not, however, address issues that are speci c tsmore complex
collisions.
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Under the hypothesis that events give top quark pairs, the egnt con-
tains two equal-mass top quarks that have decayed into twdx-jets and two
W -bosons. These constraints can be exploited to calibrate thdetectors in
these environments:

Calibrating the light jet energy scale.

The absolute energy scale from the detector response to guafrag-
mentation can be calibrated using in each event the two jetshat are
known to originate from the decay of aw -boson, whose mass is known
to high precision. The clean sample of top events and its vaety of
jet characteristics allow a detailed calibration of the light jet energy
scale in a hadronic environment [5]. Problematic (combinabns of) ef-
fects speci c to these multi-jet topologies such as overlgping and/or
fake jets make it di cult to extrapolate energy scale calibrations from
simple topologies to this more complex environment.

Missing energy from particles that escape detection.

In some SUSY models the lightest SUSY particle is stable andseapes
detection resulting in a large energy imbalance in the planéransverse
to the beam axis. A reliable estimate for this quantity requires detailed
knowledge of the calorimeter response. The missing energarc be
calibrated to a good precision by using the fact that in top quark pair
production the lepton and the missing energy vector (the netrino)
originate from the decay of aw-boson.

Obtaining an enriched b-jet sample.

Identi cation of b-jets is crucial in many analyses at the LHC. To
perfect the various algorithms it is important to not have to rely on
extrapolations from 'easy' calibration channels to the moe complex
event topologies where theb-identi cation algorithms will usually be
applied. A correctly reconstructed top quark event contairs a priori
two b-jets and since the invariant mass of the two light jets is knavn
to be close to that of theW -boson, an enriched sample df-jets can be
selected kinematically. The performance of the varioug-identi cation
algorithms can then be tested in complex events [6].

The large and clean sample of top quark pairs can be used as astr
window to signals fornew physicsas is explained in Section 5.
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5. Top quark signal as a window to new physics

The search for evidence of signs of new physics can take seetirections
starting from the clean sample of selected events that lookike top quark
pair production. Looking for deviations from the SM prediction allows to
be sensitive to predictions from several new models simulteeously.

5.1. Anomalous top quark production: pp X ! ftt

In the SM, top quark pairs are mainly produced through gluon fision
and the distribution of the invariant mass from the top quark pair is deter-
mined by phase space (PDFs) only. Some models predict partes that can
decay into a pair of top quarks. E ects from such non-SM top quark pair
production could be observed in the invariant mass distribtion of the top
quark pair, either as a mass peak or as a deformation of the egpted SM
shape.

Resonancegmass peaks): Many models predict the existence of heavy par
ticles or resonances 1% Zy;G® etc) that can decay into a pair of top
quarks. Their presence in the data will show up as a peak in thévariant
mass distribution of the top quark pair. A search for such resnances is
sensitive to several new physics models simultaneously arwith 30 fb * of
data, a resonanceX can be discovered for a mass of 5BeV/1 TeV/2 TeV
if its cross section BR(X ! tt) = 2560=830=160 fb [2].

Deformations. Neutral Higgs bosons (SM or SUSY) can be produced through
gluon fusion and can decay into top quark pairs. The diagramshat describe
its production interfere with those from SM top quark pair production, pre-
dicting a distorted invariant mass spectrum for top quark pars [7,8]. The
size and shape of the distortion depends on the mass and typé iggs bo-
son and the parameters that describe its decay. In Fig. 3 thenvariant mass
distribution of the top quark pair is shown for pure-SM production and that
expected from several SUSY Higgs bosoriH() mass hypotheses [8], revealing
a dip-peak structure.

The size of the e ect can be as large as several percent and Wwia width of
20 GeV(close to the experimental resolution) the e ects could be bserved
early during LHC operation. If SUSY is discovered in anotherchannel,
the signal in the top sector can play a guiding role in reconstcting the
parameters of the model. The measurement of; will be one of the rst
physics publications using LHC data and provides an indepettent estimate
of the mass of the top quark [2] as {; depends strongly on the mass of the
top quark: w =5 my=m;.
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Fig. 3. The expected distribution of the invariant mass of top quark pairs for pure

SM production (solid line) and for various SUSY Higgs boson mass hypotheses
(dotted lines).

5.2. Events that are not top quark pairs: discovering Supeg®metry

If SUSY particles exists at masses around a TeV, gluinos andjsarks, the
super-partner of gluons and quarks, will be copiously prodeed at the LHC.
During their cascade decay they produce several high enetifeparticles and,
if R-parity is conserved, also a pair of lightest super-symmeic particles
that escape detection. With several jets, leptons and miseg transverse

SM background
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Fig. 4. The expected distribution of Mg for SM events (solid histogram) and that
from a SUSY signal (open histogram).
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momentum these events have a topology similar to that of top gark pairs.
Revealing the presence of these events is done by construgia vglable that
is sensitive to the scale of the hard interaction:M, = Efiss+ = = P
The expected distribution of M. after 1 year of LHC operatlon has been
evaluated for characteristic SUSY signals and SM processesstudies of the
SUSY working groups. For ATLAS it is shown in Fig. 4, where thedominant
SM contribution is from top quark pair production, whose characteristics are
well understood as the detector can be calibrated using theafge sample of
other top quark pairs.

After one year of LHC operation sensitivity to a SUSY mass sdea up
to 2 TeV can be reached [9], covering a large part of the SUSY pameter
space.

5.3. Rare top decays: FCNC's and charged Higgs boson prodiact

In the SM avour changing neutral currents (FCNC) are heavily sup-
pressed. By searching for top quark decays to Z-boson (or ) and a light
quark, the sensitivity to FCNC is increased by two orders of nagnitude com-
pared to the current limits from LEP/HERA experiments [2] and thereby
close to the predictions from several extensions of the SMf the Charged
Higgs boson H ) is light enough, the top can also decay ag! H*h.
Analyses [10] depend on the SUSY parameters that govern theeday of the
charged Higgs boson.

6. Conclusions

The measurement of the top quark pair production cross seatn will be
one of the early LHC physics goals (even withoutr-tagging) and together
with measurement of the top properties (mass, width, chargespin, etc.) top
physics is a rich and interesting research programme at the HC. During
the LHC commissioning phase the top quark signal will play animportant
role in understanding the detector performance of the LHC emeriments.
The sample allows to calibrate light jet energy scales and tmbtain a b-jet
enriched collection of jets. Finally, top quarks also allowa detailed search
for signs of new physics.
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