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18 Heavy quarks and leptons

The top quark is the only known fundamental fermion with a mass on the electroweak scale. As
a result, study of the top quark may provide an excellent probe of the sector of electroweak
symmetry breaking (EWSB), and new physics may well be discovered in either its production
or decay. The LHC will be a ‘top quark factory’, and a very large variety of top physics studies
will be possible with the high statistics samples which will be accumulated.

Figure 18-1 shows the expected cross-section

for the pair production of heavy quarks at the g 10° =
LHC for quark masses in the range from 175 to b -
1000 GeV. For the case of the top quark, with 102 |

m, = 175 GeV, the next-to-leading order (NLO)
prediction including gluon resummation is

o(tt) = 833 pb [18-1]. In addition to the detailed 10
studies of top quark physics which this large
cross-section will allow, the LHC will be an ex-

cellent place to search for the possible exist- 1
ence of fourth generation quarks and leptons.
Approximately 1000 events would be pro- 10t
duced per low luminosity year for a quark

mass of 900 GeV.

=TT

Section 18.1 discusses the ATLAS sensitivity to
many topics related to top quark physics.
Section 18.2 presents the ATLAS discovery po-
tential for fourth generation quarks, and
Section 18.3 briefly develops ideas on search-
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Figure 18-1 Predicted Standard Model cross-section,
versus quark mass, for pair production of heavy
quarks at the LHC.

ing for heavy leptons.

The results presented in this chapter are obtained predominantly using ATLFAST [18-2], the
parametrised ATLAS detector simulation (see Section 2.5). Cross-checks of the results, particu-
larly for the case of the measurement of the top quark mass, have been made using the detailed
GEANT simulation of the ATLAS detector.

18.1 Top quark physics

18.1.1 Introduction

With the discovery of the top quark at Fermilab [18-3][18-4], top physics has moved from the
search phase into the study phase. The NLO prediction that o(tt) = 833 pb at the LHC [18-1] im-
plies production of more than 8 million tt pairs per year at low luminosity (and, of course, ten
times that number per year at high luminosity). The motivations for detailed studies of the top
quark are numerous. Within the Standard Model (SM), an accurate measurement of the top
quark mass (m,) helps constrain the mass of the SM Higgs boson (my). The large value of m; im-
plies the top quark may provide an excellent probe of EWSB, fermion mass generation, and the
possible existence of other massive particles. In addition, top quark events will be the dominant
background in many searches for new physics at the TeV scale; extraction of new physics will
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therefore require detailed measurement and understanding of the production rate and proper-
ties of top quark events. Also, the W -, jj decays in top quark events provide an important in
situ calibration source for calorimetry at the LHC (see Section 9.3.1 and Section 12.5).

The next section describes briefly the kinematics of tt events at the LHC, and presents estimates
of the event samples which will be accumulated. Section 18.1.3 discusses in detail the estimated
precision which can be achieved in the measurement of the mass of the top quark, one of the
fundamental parameters of the SM. In Section 18.1.4, studies of tt production are presented.
Section 18.1.5 then presents results related to top quark decays and couplings. Finally,
Section 18.1.6 describes studies of electroweak single top production, and of the variety of phys-
ics topics which can be best (or only) studied using this channel.

Apart from the analyses of single top production, where a variety of Monte Carlo signal genera-
tors have been used (see Section 18.1.6 for details), top quark signal processes have been simu-
lated with the PYTHIA Monte Carlo program [18-5], including initial- and final-state radiation,
hadronisation and decays. Most background processes have also been generated with PYTHIA,
with the exception of Wbb, which has been produced using HERWIG [18-6], where the correct
matrix-element calculation of that process is available. For most top physics analyses, the back-
grounds from non-top final states are small after selection cuts and the remaining background is
dominated by top events themselves. Therefore, unlike most of the other chapters in the TDR
which use leading-order (LO) predictions for cross-sections since NLO predictions are not avail-
able for all the relevant backgrounds, the top quark analyses use the NLO prediction that
o(tt) = 833 pb. All analyses assumed efficiencies for charged lepton reconstruction and identifi-
cation of 90%.

18.1.2 tt selection and event yields

At the LHC, the largest source of top quarks is from tt production. According to the SM, the top
quark decays almost exclusively to Wb. The final state topology of tt events then depends on the
decay modes of the W bosons. In approximately 65.5% of tt events, both W bosons decay
hadronically via W - jj, or at least one W decays via W — 1v. These events are difficult to ex-
tract cleanly above the large QCD multi-jet background, and are for the most part not consid-
ered further. Instead, the analyses presented here concentrate on ‘leptonic tt events’, where at
least one of the W bosons decays via W - Iv (with the charged lepton either an electron or
muon). The lepton plus large E{Miss, due to the escaping neutrino(s), provide a large suppres-
sion against multi-jet backgrounds. The leptonic events, which account for approximately 34.5%
of all tt events, can be subdivided into a ‘single lepton plus jets’ sample and a ‘dilepton’ sample,
depending on whether one or both W bosons decay leptonically.

18.1.2.1 Single lepton plus jets sample

The single lepton plus jets topology, where one W decays leptonically and the other W decays
hadronically via W - jj, arises in 2 x 2/9 x 6/9 = 29.6% of all tt events. One expects, therefore,
production of almost 2.5 million single lepton plus jet events for an integrated luminosity of
10 fb=1. The presence of a high py isolated electron or muon allows these events to be triggered
efficiently, using, for example, the single lepton triggers discussed in Section 11.7.3. Further-
more, the complete final state can be reconstructed (with a quadratic ambiguity), despite the
missing neutrino, by assuming E;™Miss = E1(v) and applying the constraint that my, = my,,.
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An important tool for selecting clean top quark samples, particularly in the single lepton plus
jets mode, is the ability to identify b-quarks. As discussed in detail in Chapter 10, with a tagging
efficiency of 60% for b-jets, a rejection of at least 100 can be achieved against prompt jets (i.e. jets
containing no long-lived particles) at low luminosity. At high luminosity, a rejection factor of
around 100 is obtained with a reduced b-tagging efficiency of 50%.

Requiring an isolated lepton with py > 20 GeV, E;Miss > 20 GeV, and at least four jets with
pt > 20 GeV, including at least one b-tagged jet, a sample of about 820 000 single b-tagged events
would be selected for an integrated luminosity of 10 fb~1. Figure 18-2 and Figure 18-3 show the
pr(lepton) and jet multiplicity distribution for events with py(lepton) > 20 GeV, normalised to an
integrated luminosity of 10 fb=1. For the jets distribution a py(jet) > 20 GeV has been required.
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Figure 18-2  p(lepton) distribution for single lepton Figure 18-3 Distribution of jet multiplicity (threshold at

plus jet events with a lepton py > 20 GeV, normalised  p; > 20 GeV) for single lepton plus jet events with a

to an integrated luminosity of 10 fb=1, lepton pr > 20 GeV, normalised to an integrated lumi-
nosity of 10 fb~1.

18.1.2.2 Dilepton sample

Dilepton events, where each W decays leptonically, provide a particularly clean sample of tt
events, although the product of branching ratios is small, 2/9 x 2/9 = 4.9%. With this branching
ratio, one expects the production of over 400 000 dilepton events for an integrated luminosity
of 10 fb~1. The presence of two high py isolated leptons allows these events to be triggered effi-
ciently, using the single or double lepton triggers discussed in Section 11.7.3.

18.1.2.3 multi-jet sample

The largest sample of tt events consists of six-jet events from the fully hadronic decay mode,
tt — WWhbb - (jj)(jj)bb. With a branching ratio of 6/9 x 6/9 = 44.4%, it corresponds to the pro-
duction of 3.7 million multi-jet events for an integrated luminosity of 10 fo~1. However, these
events suffer from a very large background from QCD multi-jet events. In addition, the all-jet fi-
nal state poses difficulties for triggering. The trigger menus discussed in Section 11.7.3 consider
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multi-jet trigger thresholds only up to four jets, for which a jet E; threshold of 55 GeV is applied
at low luminosity. Further study is required to determine appropriate thresholds for a six-jet to-

pology.

A very preliminary investigation [18-7] has been made of a simple selection and reconstruction
algorithm for attempting to extract the multi-jet tt signal from the background. Hadronic
tt -~ WWhb - (jj)(jj)bb events were selected by requiring six or more jets with p; > 15 GeV, with
at least two of them tagged as b-jets. Jets were required to satisfy |n] <3 (In] < 2.5 for b-jet can-
didates). In addition, the scalar sum of the transverse momenta of the jets was required to be
greater than 200 GeV. The tt signal efficiency for these cuts was 19.3%, while only 0.29% of
1.8 million QCD muilti-jet events survived. With this selection, and assuming a QCD multi-jet
cross-section of 1.4 x 10-3 mb for py(hard process) > 100 GeV, one obtains a signal-to-background
ratio S/B = 1/57.

Reconstruction of the tt final state proceeded
by first selecting di-jet pairs, from among
those jets not tagged as b-jets, to form W - jj
candidates. A x?2,,, was calculated from the de-
viations of the two m;; values from the known
value of my,. The combination which mini-

Table 18-1 For different p(jet) thresholds, the effi-
ciency of the selection cuts and reconstruction algo-
rithm described in the text, for the tt multi-jet signal
and the background from QCD multi-jets. Also
included is the resulting ratio of ft signal to QCD back-
ground (S/B) within a mass window 130 < m;, < 200

mised the value of x?2,, was selected, and Gev.

events with )(2W > 3.5 were rejected. For ac- pr(iet) Signal QCD S/B
cepted events, the two W candidates were threshold (%) (%)

then comblned with b—ta}gged jets to form top 15 GeV 72 028 1/8
and anti-top quark candidates, and a x2; calcu-

lated as the deviation from the condition that 20 GeV 4.3 .014 /7
the top and anti-top masses are equal. Again, 25 GeV/ 25 0056 1/6

the combination with the lowest X2, was se-
lected, and events with x2, > 7 were rejected.
After this reconstruction procedure and cuts, the value of S/B improved to 1/8 within the mass
window 130-200 GeV, or slightly better for higher p(jet) thresholds (see Table 18-1).

The isolation of a top signal can be further improved in a number of ways, such as using a mul-
tivariate discriminant based on kinematic variables like aplanarity, sphericity or AR(jet-jet), or
restricting the analysis to a sample of high p; top events. These techniques are undergoing fur-
ther investigation, but it will be very difficult to reliably extract the signal from the background
in this channel. In particular, the multi-jet rates and topologies, as generated by PYTHIA, suffer
from very large uncertainties. Comparisons with the NJETS [18-8] matrix-element calculations
have shown [18-9] that these uncertainties are about a factor of three for three- or four-jet final
states. In the case of six-jet final states, the uncertainties could be expected to be even larger.

18.1.3 Measurement of the top quark mass

The most recent combined value of the top quark mass from CDF and DO is
m, = 174.3 + 3.2 + 4.0 GeV [18-10]. The mass of the top quark is a fundamental parameter of the
SM and should be measured as accurately as possible. As is well known, radiative corrections in
the SM relate the mass of the top quark and the mass of the W to the mass of the SM Higgs bos-
on. Assuming that my,, can be measured with a precision of +20 MeV (see Section 16.1), a deter-
mination of m; with a precision of dm, < +2 GeV would be required to match that from m,, and
from the current theoretical uncertainties. Models beyond the SM which attempt to explain in a
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more fundamental way the origin of mass and the observed fermion mass hierarchy, such as
top-bottom-tau Yukawa coupling unification in a supersymmetric SO(10) GUT [18-11], would
profit from a precision of the order dm; = =1 GeV.

With the large number of top quark events which will be available at the LHC, the uncertainty
in the measurement of m, will be dominated by systematic errors. Several different data samples
and methods, with somewhat differing sensitivities to systematic errors, can be used, and the
resulting measurements can then be combined for optimal precision.

The studies presented in this section were performed predominantly using ATLFAST [18-2],
since they concentrated on the influence on the m; measurement of various ‘physics-related’
sources of uncertainties, such as initial and final state radiation, and uncertainties in the knowl-
edge of b-quark fragmentation. As discussed in Section 18.1.3.5, some cross-checks of the results
have been made with results from a detailed GEANT simulation of the ATLAS detector. How-
ever, detailed studies of ‘detector-related’ effects, and in particular of the calibration and under-
standing of the jet energy scale, are not discussed here, but in Chapter 9 and Chapter 12. The top
mass measurement is assumed to be performed using data taken during low luminosity run-
ning, and so pile-up has not been included. Detector noise is also not included, but should not
significantly affect the results.

18.1.3.1 Inclusive single lepton plus jets channel

The process pp — tt — WWbb - (Iv)(jj)bb provides a large sample of top quark events. The pres-
ence of a high py isolated lepton provides an efficient trigger. The lepton and the high value of
E,Miss give a large suppression of backgrounds from QCD multi-jets and bb production. The
major sources of backgrounds are W+jet production with W - Iv decay, and Z+jet events with
Z - Il. Potential backgrounds from WW, WZ, and ZZ gauge boson pair production have also
been studied, but are reduced to a negligible level after cuts.

For the single lepton plus jets sample, it is possible to fully reconstruct the
tt — WWhbb - (Iv)(jj)bb final state. The four-momentum of the missing neutrino can be recon-
structed by setting m, = 0, assigning E+(v) = E{Miss, and calculating p,(v), with a quadratic ambi-
guity, by applying the constraint that m;, = m,. If one applies the further kinematic constraints
that my; = myy, and my;, = my,, =M, the top mass can be determined using a three-constraint fit.
This kinematic fit technique currently gives the most precise determination of m, at the Tevatron
[18-12], where statistics are limited. However, if the systematic errors are to be kept small, this
method requires an excellent modelling and understanding of the E;™Miss distribution and reso-
lution, which is beyond the scope of the studies reported here. The discussion presented here
(for more details, see [18-13]) will focus on the method where the isolated lepton and large E+.
miss are used to tag the event, and the value of m, is extracted as the invariant mass of the three
jet system arising from the hadronic top quark decay (i.e. m; = mjjb).

Events were selected by requiring an isolated lepton with pr > 20 GeV and |n| < 2.5, and
E;Miss > 20 GeV. Jets were reconstructed using a fixed cone algorithm. Cone sizes of AR =0.4
and 0.7 were investigated. At least four jets with p; > 40 GeV and |n] < 2.5 were required, and
at least two of the jets were required to be tagged as b-jets. In Table 18-2, the selection efficiencies
for the signal and background processes after each successive cut are presented, together with
the expected S/B ratio.

For an integrated luminosity of 10 fb~1, a signal of 126 000 tt events was obtained after selection
cuts, with a small background of 1,922 events, yielding a value of S/B = 65.
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Table 18-2 Efficiencies (in percent), not including branching ratios, for the inclusive tt single lepton plus jets sig-
nal and for background processes, as a function of the selection cuts applied. The last column gives the equiva-
lent number of events for an integrated luminosity of 10 fb~1, and the signal-to-background ratio.

pT_l > 20GeV As before, As before, Events
Process E miss > 20GeV plus N o 2 4 plus Ny jer 2 2 per 10 fb -1
tt signal 64.7 21.2 5.0 126 000
WHjets 47.9 0.1 0.002 1658
Z+jets 15.0 0.05 0.002 232
ww 53.6 0.5 0.006 10
wz 53.8 0.5 0.02 8
zz 2.8 0.04 0.008 14
Total background 1922
S/B 65

For accepted events, the decay W - jj was reconstructed from among those jets that were not
tagged as b-jets. The jet pair with an invariant mass m;; closest to m,, was selected as the W can-
didate. The invariant mass distribution of the selected di-jet combinations is shown in
Figure 18-4. Fitting the distribution with a Gaussian plus a third order polynomial yielded a W
mass consistent with the generated value and a m; mass resolution of 7.8 GeV. Within a mass
window of +20 GeV around myy;, the purity (P) and efficiency (¢) of the W reconstruction, deter-
mined by comparing with the parton level information, were P = 67% and € = 90%, respectively.
The background is dominated by wrong combinations in the tt events themselves. Other selec-
tion criteria, such as requiring that the highest p; jet be part of the combination, did not improve
significantly the purity nor efficiency, and therefore are not considered in the following.

Events with |mjj - my | <20 GeV were retained, and the W candidate was then combined with
one of the b-tagged jets to attempt to reconstruct t — Wh. If one does not do anything to choose
between the b-tagged jets, one reconstructs at least two jjb combinations per event. In this case,
the right combination is always selected but the purity is only 30%. To choose the correct jjb
combination, a variety of criteria were tried, including choosing the jjb combination which gave
the highest p for the reconstructed top candidate, or using the b-jet which was furthest from the
isolated lepton. Similar results were obtained for these various methods. Figure 18-5 presents
the reconstructed my, distribution using the jjb combination which gives the highest p for the
reconstructed top candidate. Fitting the distribution with a Gaussian plus a third order polyno-
mial yielded a top mass consistent with the generated value of 175 GeV, and a my;, mass resolu-
tion of 11.9 GeV.

i

Normalising to an integrated luminosity of 10 fb=1, about 32 000 signal events were reconstruct-
ed, of which 30 000 yielded a value of Mijiy within a window of £35 GeV around the generated
value of m; = 175 GeV. In addition, 34 000 ‘wrong combinations’ in tt events were obtained
(where the incorrect jet-parton assignment was made), of which 14 000 were in the mass win-
dow around m;. The total background from processes other than tt summed up to only 115
events. In the mass window defined above, the signal purity and overall efficiency were
P = 68% and & = 69%, respectively. The determination of m, by fitting the peak in the measured
m;jp SPectrum resulted in a statistical uncertainty of dmy(stat.) = +0.070 GeV for an integrated lu-
minosity of 10 fb~1.
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Performing the same analysis, but relaxing the b-tagging criterion to require at least one b-jet,
yielded 80 000 signal events, with 76 000 having M within a window of +35 GeV around the
generated value of m; = 175 GeV. In addition, 166 000 wrong tt combinations were accepted,
with 58 000 in the mass window, and 6 000 events from other background processes. The result-
ant statistical error on m; was reduced to dmy(stat.) = +0.042 GeV.
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Figure 18-4 Invariant mass distribution of the Figure 18-5 Invariant mass distribution of the

selected jj pairs for the inclusive sample, normalised to
an integrated luminosity of 10 fo~1. The shaded histo-
gram shows the background, which is dominated by
‘wrong combinations’ from ft events.

accepted jjb combinations for the inclusive sample,
normalised to an integrated luminosity of 10 fo~1. The
shaded histogram shows the background, which is
dominated by ‘wrong combinations’ from ft events.

Only the jib combination with the highest p; is shown
for each event.

The dependence of the reconstructed top mass on the generated value was checked using sever-
al samples of tt events with different values of m, ranging from 160 to 190 GeV. The results are
shown in Figure 18-6, and demonstrate a linear dependence of the reconstructed value of m; on
the generated top mass. The stability of the reconstructed value of m; was also checked as a
function of p(top). As shown in Figure 18-7, no significant pr(top) dependence was observed.
The systematic errors on the measurement of m, are discussed in Section 18.1.3.3.

18.1.3.2 High pq single lepton plus jets channel

At the LHC, the tt production rate is sufficiently large that one can make very tight cuts and still
accept a sample of events for which the statistical error on m; will be small compared to the sys-
tematic error. One could, for example, require that the top and anti-top quarks have high p+. In
this case, they would be produced back-to-back, and the daughters from the two top decays
would appear in distinct ‘hemispheres’ of the detector. This topology would greatly reduce the
combinatorial background from having to select which jets have to be combined to reconstruct
the t — jjb candidate. Backgrounds from processes other than tt would also be reduced at high
py. Furthermore, the higher average energy of the jets to be reconstructed should reduce the
sensitivity to systematic effects due to the jet energy calibration and to effects of gluon radiation.
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Figure 18-6 Dependence of the reconstructed value Figure 18-7 Dependence of the reconstructed value
of m,on the generated value of m, for the inclusive sin-  of m, on the generated value of py(top) for the inclu-
gle lepton plus jets sample. sive single lepton plus jets sample.

High p tt events were generated using PYTHIA 5.7 with a py cut on the hard scattering process
above 200 GeV. The expected cross-section in this case is about 120 pb, or about 14.5% of the to-
tal tt production cross-section. The selection cuts required the presence of an isolated lepton
with pr > 30 GeV and |n| < 2.5, and E{™Miss > 30 GeV. The total transverse energy of the event
was required to be greater than 450 GeV. Jets were reconstructed using a cone algorithm with
radius AR = 0.4.

The plane perpendicular to the direction of the isolated lepton was used to divide the detector
into two hemispheres. Considering only jets with py > 40 GeV and |n| < 2.5, the cuts required
one b-tagged jet in the same hemisphere as the lepton, and three jets, one of which was b-tagged,
in the opposite hemisphere. Di-jet candidates for the W - jj decay were selected from among
those jets in the hemisphere opposite to the lepton which were not tagged as jets. The resultant
m;; invariant mass distribution is shown in Figure 18-8. Fitting the six bins around the peak of
the mass distribution with a Gaussian, yielded a W mass consistent with the generated value,
and a m;; resolution of 7 GeV, in good agreement with that obtained for the inclusive sample in
Figure 18-4.

Di-jets with 40 GeV < m;; < 120 GeV were then combined with the b-tagged jet from the hemi-
sphere opposite to the lepton to form t - jjb candidates. Finally, the high py(top) requirement
was imposed by requiring p(jjb) > 250 GeV. With these cuts, the overall signal efficiency was
1.7%. Background from sources other than tt was reduced to a negligible level. The invariant
mass distribution of the accepted jjb combinations is shown in Figure 18-9. Fitting the six bins
around the peak of the mass distribution with a Gaussian, yielded a top mass consistent with
the generated value of 175 GeV, and a m;jp, Mass resolution of 11.8 GeV, in good agreement with
that obtained for the inclusive sample in Figure 18-5. For an integrated luminosity of 10 fb™1, a
sample of 6 300 events would be collected, leading to a statistical error of dmy(stat.) = +0.25 GeV,
which remains well below the systematic uncertainty (see Section 18.1.3.3).
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Figure 18-8 Invariant mass distribution of the Figure 18-9 Invariant mass distribution of the

selected di-jet combinations for the high p(top) sam- accepted combinations for the high pr(top) sample,
ple, normalised to an integrated luminosity of 10 fo-1.  normalised to an integrated luminosity of 10 fb=1.

Three Monte Carlo data sets, with top masses of 170, 175 and 180 GeV, were used to verify that
the reconstructed top mass depends linearly on the Monte Carlo input value. As a stability
check of the measurement and of the calibration procedure, the reconstructed value of m, was
determined as a function of p(jjb) for the data set with input value m; = 175 GeV. As in the in-
clusive sample, no strong p; dependence was observed.

18.1.3.3 Systematic uncertainties on the measurement of m; in the single lepton plus jets channel

As discussed below, a number of sources of systematic error on the measurement of m; using
the single lepton plus jets channel have been studied using samples of events generated with
PYTHIA and simulated with ATLFAST. In addition, over 60 000 signal events were simulated
through the GEANT-based full simulation to allow cross-checks of the ATLFAST results. The re-
sults of these comparisons are presented following the discussion of the systematic errors.

The measurement of m, via reconstruction of t — jjb relies on a precise knowledge of the energy
calibration for both light quark jets and b-jets. The jet energy scale depends on a variety of detec-
tor and physics effects, including non-linearities in the calorimeter response, energy lost outside
the jet cone (due, for example, to energy swept away by the magnetic field or to gluon radiation
at large angles with respect to the original parton), energy losses due to detector effects (cracks,
leakage, etc.), and ‘noise’ due to the underlying event. As discussed in Section 9.1 and
Section 12.5, the goal is to understand the jet energy scale at the level of 1% for both light quark
jets and b-jets.

The energy scale of b-jets enters in a direct way into the measurement of m; and must be cali-
brated from other sources. In contrast, the energy of the two light quark jets can be calibrated
event-by-event using the constraint that m;; = my,, at least for the inclusive single lepton plus
jets sample, where the jets tend to be well separated. Indeed, the W - jj decays in tt events pro-
vide an essential in situ calibration tool for the ATLAS calorimetry system. For the high p+(top)
sample, the two light quark jets from the W decay tend to be very close to each other. The ener-
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gy sharing between the two jets due to their spatial proximity in the detector complicates the
calibration using the my,, constraint, as discussed in Section 9.3.1. A systematic error for the high
pr(top) sample based on the assumption that the W mass constraint cannot be used to perform
an event-by-event calibration, is conservatively assumed in the following.

To estimate the effect of an absolute jet energy

scale uncertainty, different ‘miscalibration’ co- 200
efficients were applied to the measured jeten-
ergies. Effects due to miscalibration of light % 190
quark jets and of b-jets were studied separate- £
ly, and a top mass shift per percent of miscali- & 180

bration was determined in each case. For
example, Figure 18-10 demonstrates the ob-
served linear dependence of the top mass shift 170
on the b-jet absolute scale error for the inclu-
sive sample. Table 18-3 summarises the sys-

. ) 160
tematic errors on my, defined as the top mass
shifts resulting from assumed 1% jet scale er-
rors. 150 | ‘ I ‘ I I ‘ |

1 o1
The fraction of the original b-quark momen- Scale factor fob-jet energy

tum which will appear as visible energy in the

reconstruction cone of the corresponding b-jet Figure 18-10 Reconstructed top mass for the inclu-
depends on the fragmentation function of the sive single lepton plus jets & sample, as a function of
b-quark. This function is usually parametrised t[he systematic uncertainty on the energy scale for b-
in PYTHIA in terms of one variable, ¢,, using 'S

the Peterson fragmentation function [18-14].

The experimental uncertainty on g, used here is 0.0025 [18-15]. The value of g, usually used in
the simulations was ¢, = -0.006. Another sample of signal events was generated with
&, = (-0.006+0.0025) = -0.0035. The difference between the values of m, determined with these
two samples was taken as the systematic error, dm,(g;), due to uncertainties in the knowledge
of &,. The resultant systematic uncertainties are summarised in Table 18-3 for the inclusive sam-
ple and the high p(top) sample.

The presence of initial state radiation (ISR) and final state radiation (FSR) can impact the meas-
urement of m;. A top mass shift due to ISR, Am(ISR), was defined as the difference between the
value of m, determined for the usual data set with ISR switched on, and the value measured us-
ing a sample of events generated with ISR switched off. A similar definition was used to define
a shift due to FSR, Amy(FSR). In the case of FSR a large mass shift occurs, of order 10 GeV for a
jet cone size of AR = 0.4. As expected, this large shift is considerably reduced if the cone size to
reconstruct the jet is increased to AR = 0.7 (see Table 18-3). The level of uncertainty on the
knowledge of ISR and FSR is of order 10%, reflecting the uncertainty on ag. As a more conserva-
tive estimate of the resultant systematic errors in m;, 20% of the Am,(ISR) and Am(FSR) mass
shifts defined above have been taken. The mass shifts and corresponding systematic errors are
summarised in Table 18-3. The systematic errors estimated in this way are less than 0.3 GeV for
ISR, while 1-2 GeV errors result from effects due to FSR.

An alternative approach uses the measured jet multiplicity to search, event-by-event, for the
presence of hard gluon radiation. Following the convention for this approach adopted at the Te-
vatron [18-12], the mass shift would be defined not by comparing events with radiation
switched on and events with radiation switched off, but by the difference, Am;, between the val-
ue of m; determined from events with exactly four jets and that determined from events with
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more than four jets. The systematic error due to effects of initial and final radiation would then
be considered as dm; = Am,/./12. Such a calculation would yield systematic errors of approxi-
mately 0.4 - 1.1 GeV, smaller than the more conservative approach adopted here.

Uncertainties in the size and shape of the background, which is dominated by ‘wrong combina-
tions’ in tt events, can affect the top mass reconstruction. The resultant systematic uncertainty
on m; was estimated by varying the assumptions about the background shape in the fitting pro-
cedure. Fits of the Mijy distribution were performed assuming a Gaussian shape for the signal
and either a polynomial or a threshold function for the background. Varying the background
function resulted in a systematic error on m; of 0.2 GeV.

The structure of the ‘underlying event’ can affect the top mass reconstruction. However, as dis-
cussed in Section 18.1.3.4, it is possible to estimate and correct for this effect using data. Given
the large statistics available at the LHC, it is assumed that the residual uncertainty from the un-
derlying event will be small compared to the other errors (note that the ‘underlying event’ de-
notes here a minimum bias event, since the impact of ISR has already been accounted for).

The individual contributions to the systematic error of the inclusive and high p;(top) samples
are summarised in Table 18-3. For the inclusive sample, the systematic errors are reported for
the analysis using jet cone sizes of AR = 0.4 and AR = 0.7. For the high p;(top) sample, only
AR = 0.4 was used since the jets are close in space.

Table 18-3 Top mass shift (Am,) and resulting systematic error on m, (dm,) due to the various source of system-
atic errors, for both the inclusive sample (for jet cone sizes of AR = 0.4 and 0.7) and the high p;(top) sample.
The light quark jet energy scale error for the high pr(top) sample assumes that the W mass constraint cannot
be used for an event-by-event calibration, due to the overlapping of the jets. See the text for more details.

Inclusive sample High pq(top) sample
Source of Comment
uncertainty on method [Amy| (GeV) om, (GeV) |Am,| om,
AR=0.4 (0.7) AR=0.4(0.7) (GeV) (GeV)
Light jet energy scale 1% scale error 0.3(0.3) 0.3(0.3) 1.3 1.3
b-jet energy scale 1% scale error 0.7 (0.7) 0.7 (0.7) 0.7 0.7
b-quark fragmenta-  (g,=-0.006)-(g,=-0.0035) 0.3(0.3) 0.3(0.3) 0.5 0.5
tion
Initial state radiation ISR ON - ISR OFF 0.2(1.3) 0.04 (0.3) 0.4 0.1
Final state radiation FSR ON - FSR OFF 10.2 (6.1) 20(1.2) 7.9 1.6
Background - 0.2(0.2) 0.2 (0.2) <0.2 <0.2

In summary, the jet energy scale and FSR dominate the systematic errors. The jet corrections re-
quired are a function of the py of the jet (see Chapter 9), and are smaller for high p jets. For this
reason, it is hoped that ongoing studies of the jet calibration might allow one to reduce this
source of systematic error for the high pr(top) sample with respect to the inclusive one. Howev-
er, results are presented here, assuming a 1% scale uncertainty, independent of jet p;. For the
high p(top) sample, the light quark jet scale is also significant, if the constraint m;; = mMyy cannot
be used to calibrate the light quark jets event-by-event. The tightly collimated jets in the high
py(top) sample require the use of a relatively small jet cone (AR = 0.4), resulting in a significant
sensitivity to FSR effects.
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18.1.3.4 High p single lepton plus jets analysis with a large calorimeter cluster

For the high p(top) sample, the large boost forces the jets from the hadronic top decay close to
each other in the detector, where they overlap. While this causes some difficulties for the stand-
ard reconstruction, where m; is reconstructed as the invariant mass of the jjb system (as present-
ed above), it gives rise to the possibility to reconstruct the top mass by collecting all the energy
deposited in the calorimeter in a large cone around the top quark direction. Such a technique
has the potential to reduce the systematic errors, since it is less sensitive to the calibration of jets
and to the intrinsic complexities of effects due to leakage outside the smaller cones, energy shar-
ing between jets, etc. Some results from a preliminary investigation [18-16] of the potential of
this technique are discussed below.

The event selection was performed as in Section 18.1.3.2, although the p cut on the isolated lep-
ton and the E;Miss cuts were lowered to 20 GeV, and the jets were required to have py > 20 GeV.
A jet cone of AR = 0.4 was used for the lepton hemisphere, where, apart from radiation effects,
only the b-jet is expected. In the hemisphere opposite to the lepton, where the three jets from the
hadronic top decay are expected, a smaller jet cone size of AR = 0.2 was used.

For accepted events, the two highest pr non-b-tagged jets were combined with the highest p;

b- jet candidate in the hemisphere opposite to the lepton to form candidates for the jjb hadronic
top decay. The selected jjb combination was required to have p > 150 GeV and |n| < 2.5. With
these selection criteria, about 13 000 events would be expected in the mass window from 145 to
200 GeV, with a purity of 90%, for an integrated luminosity of 10 fb~1. The reconstructed invari-
ant mass of the jjb combination is shown in Figure 18-11. The direction of the top quark was
then determined from the jet momenta. Figure 18-12 shows the distance AR in pseudorapidity
azimuthal angle space between the reconstructed top direction and the true direction at the par-
ton level, demonstrating good agreement between the measured direction and the true direc-
tion.
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Figure 18-11 Invariant mass distribution of the Figure 18-12 Distance AR between the top quark

selected jjb combination, using AR = 0.2 cones for the direction reconstructed using AR = 0.2 cones and the
high py (top) sample, normalised to an integrated lumi-  parton level direction of the top quark. The dots corre-
nosity of 10 fb~1. The shaded area corresponds to the spond to the correct jib combinations.

combinations with the correct jet-parton assignments.
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A large cone of radius AR was then drawn around the top quark direction as determined with
jets of size 0.2. The top mass was determined by adding the energies of all calorimeter ‘cells’
within the cone (a calorimeter cell has a size AnxA@ = 0.1x0.1). The effective invariant mass of
the cells was then calculated according to the formula:

B

1

g g
0- o .
0 0

2 ol
Mjp= (B~ 52 B

o |

where the sum runs over all cells with energy above threshold inside the cone, the energies are
those deposited in the cells, and the cell momenta are calculated from their energy and position,
assuming the energy in each cell was deposited by a massless particle. The invariant mass spec-
trum is shown in Figure 18-13 for a cone size AR= 1.3, and exhibits a clean peak at the top quark
mass.

The fitted value of the reconstructed top mass is shown in Figure 18-14, where it displays a
strong dependence on the cone size. It has been checked that, if only the hard process (HP) in
PYTHIA is enabled, the fitted mass remains constant (within 2%) independent of cone size.
However, once effects of the ‘underlying event’ (UE) from multiple interactions (MUI) among
the partons of the colliding pair of protons are included, a dependence on cone size appears.
Additional shifts in the top mass result from initial and final state radiation (ISR/FSR).

% />-\ 200 B
O1500 | — D L ® No UE subtr
< @) — O UE subtr
N -
- @ 190~ A O09UE subtr
2 - S -~ ® 1.1 UE subtr
c B
3] S N
> L
w1000 — 180 (—
0=11.3 GeV B
170 |
500 -
160 [—
0 Lo 1507\\‘\\\\‘\\\\
0 100 200 300 400 1 1.5 2
Meone (GeV) ARcone

Figure 18-13 Reconstructed ¢t - jjb mass spectrum Figure 18-14 The fitted top mass using cells in a sin-
obtained using cells in a single cone of size AR=1.3, gle cone, before and after the underlying event (UE)
normalised to an integrated luminosity of 10 fb~1, subtraction and as a function of the cone size.

In the absence of the underlying event, and for cone sizes which are sufficiently large to contain
all three jets from the hadronic top decay, the fitted mass should be independent of the cone
size. Therefore, a method has been developed to subtract the contribution from the underlying
event, by using the calorimeter cells not associated with the products of the top quark decay.
The UE contribution was calculated as the average E; deposited per calorimeter cell, averaged
over those cells which were at least a distance AR away from the impact points of the daughters
of the partons in the hard scattering process. In Figure 18-15, the values obtained for different
settings of the PYTHIA generator are shown. As expected, the average E; per calorimeter cell
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increases as more activity is added, especially in the case of ISR. Only a rather small depend-
ence is observed on the radius AR used to isolate the cells associated with the hard scattering
process.

~ 2
% ® All effects ¥ HP Only
o I O NoFSR H HP Only + MUI
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815
W»—
L
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Figure 18-15 Estimator of the average E; deposited per cell from the underlying event as a function of n for dif-
ferent settings of the PYTHIA event generator. In each n range, the four symbols correspond to different AR val-
ues, within which cells were flagged as belonging to partons from the hard scattering process (AR = 0.7, 0.8,
0.9, and 1.0) and therefore not used to compute the average E; per cell. The acronyms of HP (hard-scattering
process), MUI (multiple interactions), ISR (initial state radiation) and FSR (final state radiation) refer to the
options enabled in PYTHIA for the various data sets.

For the remainder of the analysis, the average E; per cell in the case of HP+MUI only
(0.429 GeV per cell) was used as the UE estimator and was subtracted from each cell (assuming
no pseudorapidity dependence) used in the invariant mass calculation. The resulting value of
the reconstructed mass (m,,,.), with and without UE subtraction, is shown in Figure 18-14 as a
function of the cone radius. As can be seen, after the UE subtraction, the reconstructed top mass
is independent of the cone size used. As a cross-check, the mean E per cell was varied by +10%
and the top mass recalculated in each case. As shown superimposed on Figure 18-14, these ‘mis-
calibrations’ lead to a re-emergence of a dependence of m; on the cone size. While the prescrip-
tion for the UE subtraction does lead to a top mass which is independent of the cone size, it
should be noted that the reconstructed mass is about 15 GeV (or 8.6%) below the nominal value,
m, = 175 GeV, implying that a rather large correction would be needed.

To investigate if this correction can be calibrated, the same procedure was applied to a sample of
W+ijet events generated with a range of p; comparable to that of the top sample. The W was
forced to decay hadronically into jets. Events were selected by requiring the presence of at least
3 jets (using a cone size of 0.4) with p; > 30 GeV and |n| < 2.5. The highest py jet was required
to satisfy p; > 40 GeV. The W decay was reconstructed from the second and third highest py jets,
since in general the highest p; jet was the jet balancing the p; of the W boson.
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As for the high py(top) analysis, the direction
of the reconstructed W was measured from the
jets, and all cells within a distance AR were
used to calculate the W invariant mass. The
underlying event contribution was estimated
with the same algorithm as described above,
averaging over those cells which were far
away from the reconstructed jets. The results
agreed within 1% with the values determined
for the high py(top) sample. This is not sur-
prising since the underlying event contribu-
tion measured without ISR is expected to be
basically identical for all processes.

In Figure 18-16, the reconstructed W mass as a
function of the cone size is plotted before and
after the UE event subtraction. As in the case
of the top events, the reconstructed W mass af-
ter UE subtraction is independent of the cone
size. The average value of mj after the UE sub-
traction is about 8.5 GeV (or 10.6%) below the
nominal value of my,,.
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Figure 18-16  For the WHjet sample, the fitted W

mass, using cells in a single cone, before and after the
UE event subtraction and as a function of the cone
size.

The fractional error on m;;, as measured with the W+jet sample, was used as a correction factor
to mg,. in the high p(top) sample. For a cone of radius AR = 1.2, the top mass after UE subtrac-
tion increases from 160.1 GeV to 177.0 GeV after rescaling. Similarly, the value of 159.9 GeV, ob-
tained after UE subtraction with a cone of radius AR = 1.3, gives a value of 176.0 GeV after
rescaling. The rescaled values of m.,. are about 1% higher than the generated top mass. This
over-correction of m, using the value of m,,, measured with the same method, is due to ISR con-
tributions to the cone used to measure m,. If ISR is switched off, the rescaling procedure works
to better than 1%. This can be understood, since the contributions from ISR to high pt W - jj
decays, whether produced directly or in top decay, should be similar to first order in energy, but

not in mass.
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The systematic errors were evaluated as de-
scribed in Section 18.1.3.3 and are summarised
in Table 18-4. Varying the energy scale of the
calorimeter cell calibration by 1% resulted in
an error in m; of 0.6 GeV. As expected, the use
of a large cone substantially reduces the effects
of FSR and b-quark fragmentation, each of
which gives rise to a systematic error of
0.1 GeV. The uncertainty arising from ISR,
which can affect the determination of the UE
subtraction, is about 0.1 GeV. The main uncer-
tainty in this technique comes from the cali-
bration procedure. The calibration with the
W+jet sample produces a value of m; which is
about 1% above the generated value. Further-
more, the W - jj events would suffer from
background from QCD multi-jet events. On-
going studies suggest one could calibrate us-
ing W - jj decays from the high py(top)
events themselves, selecting those events in
which the b-tagged jet is far away from the
other two jets of the W decay and then recon-
structing the W - jj decay using a single cone
of size AR = 0.8. For example, requiring that
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Figure 18-17 Reconstructed W - jj mass spectrum
obtained using cells in a single cone of size AR = 0.8,
for those events of the high p;(top) sample where the
b-tagged jets are a distance of at least AR = 1.5 away
from the light quark jets. The figure is normalised to an
integrated luminosity of 10 fb=1,

the minimum separation between the light quark jets and the b-tagged jets satisfy AR > 1.5, one
can see a clear W mass peak, as shown in Figure 18-17. Further study is required to reliably esti-
mate the potential of this calibration procedure, and a systematic uncertainty of 1% is assigned

to itin Table 18-4.

Table 18-4 Top mass shift (Am,) and resulting systematic error on m; (dm,) due to the various sources of sys-
tematic errors (see text), for the high p(top) sample analysed using cells in a large cone AR = 1.3.

Source of Comment Conesize AR=1.3
uncertainty on method [Amy| (GeV) om, (GeV)
Cell energy scale 1% scale error 0.6 0.6
b-quark fragm. (€,=-0.006)-(g,=-0.0035) 0.1 0.1
Initial state radiation ISR ON - ISR OFF 0.7 0.1
Final state radiation FSR ON - FSR OFF 0.2 0.1
Calibration of method High p; W - jj decays 1.6 1.6

18.1.3.5 Comparison between fast and full simulation for the single lepton plus jets sample

The computing power required to generate sufficiently large tt samples to perform all the sys-
tematic studies would be prohibitive. However, in order to be able to cross-check the results ob-
tained with ATLFAST, a total of over 60 000 tt events were processed through DICE, the
GEANT-based ATLAS detector simulation, and then the ATLAS reconstruction package,
ATRECON. The event samples included approximately 30 000 inclusive single lepton plus jet
events, and an equal number of events generated with p(top) > 200 GeV.
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To avoid simulating events through GEANT which would later likely fail the selection criteria,
cuts on the transverse momentum and pseudorapidity of the tt daughters have been applied at
the generator level. The fully simulated events have, therefore, been generated under somewhat
more restrictive conditions than used for the ATLFAST simulations described previosuly. In or-
der to make consistent comparisons between fast and full simulation, the events which have
been passed through the full GEANT simulation and reconstruction package were also run
through the fast simulation package (ATLFAST), so that the exact same events can be compared
(see also Section 9.3.4).

For the inclusive channel, in the top mass window 175 * 35 GeV, the signal purity and overall
efficiency were P = 79% and € = 6.4% for fast simulation and P = 78% and € = 5.7% for full simu-
lation. Figure 18-18 and Figure 18-19 show the m;; mass distributions for the two reconstruc-
tions. The resulting m,, resolutions were 7.3 and 8.1 GeV for fast and full simulation,
respectively. The reconstructed M invariant mass distributions are shown in Figure 18-20 and
Figure 18-21. The my;, invariant mass resolutions were 11.4 GeV and 13.4 GeV for fast and full
simulation, respectively .
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Figure 18-18 Invariant di-jet mass distribution Figure 18-19 Invariant di-jet mass distribution

obtained from fast simulation for the same sample of
30 000 inclusive single lepton plus jet events which
were fully simulated. The shaded histogram shows the
background from wrong combinations.

obtained from full simulation for the sample of 30 000
inclusive single lepton plus jet events. The shaded his-
togram shows the background from wrong combina-
tions.

In summary, the predictions from the two simulations are in good agreement for the signal effi-
ciencies and purities. The amount and shape of the combinatorial background under the W and
top mass peak are in good agreement as well. The m,,, and m; mass resolutions are in reasonable
agreement, with the full simulation predicting resolutions which are 10-20% worse than those
from the fast simulation.
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Figure 18-20 Invariant jjb mass distribution obtained Figure 18-21 Invariant jjb mass distribution obtained
from fast simulation for the same sample of 30 000 from full simulation for the sample of 30 000 inclusive
inclusive single lepton plus jet events which were fully  single lepton plus jet events. The shaded histogram
simulated. The shaded histogram shows the back- shows the background from wrong combinations.
ground from wrong combinations.

18.1.3.6 Dilepton channel

Dilepton events can provide a measurement of the top quark mass complementary to that ob-
tained from the single lepton plus jets mode. The signature of a dilepton event consists of two
isolated high p; leptons, high E;Miss due to the neutrinos, and two jets from the fragmentation
of the b-quarks. Measurement of m, using dilepton events is complicated by the fact that one
cannot fully reconstruct either of the top quarks, due to the undetected neutrinos in the final
state. This problem can be dealt with by weighting each solution based on some dynamical in-
formation, and thus obtaining a preferred mass for each event. Alternatively, one can take ad-
vantage of the fact that the kinematical distributions of the top decay products depend on m,
and attempt to obtain the most likely top mass for a set of events. The mass determination de-
pends on the assumption that the kinematical distributions for top production are reproduced
by the Monte Carlo simulation.

About 400 000 dilepton tt events are expected to be produced in a data sample corresponding to
an integrated luminosity of 10 fb~1. Backgrounds arise from Drell-Yan processes associated with
jets, Z — Tt associated with jets, WW-+jets and bb production. The event selection criteria re-
quired two opposite-sign leptons within |n| < 2.5, with py > 35 and 25 GeV respectively, and
with E{Miss > 40 GeV. Two jets with p > 25 GeV were required in addition. After the selection
cuts, 80 000 signal events survived, with S/B around 10.

Of the many possible kinematic variables which could be studied, preliminary analyses [18-17]
of three have been performed: the mass m, of the lepton-b-jet system, the energy of the two
highest E+ jets, and the mass m;; of the dilepton system formed with both leptons coming from
the same top decay (i.e. t — Ivb followed by b - lvc).
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Top mass measurement using  my,

In this analysis, the value of m, was estimated using the expression
2 _ 2 2
m~ = my, +20im plY [1-[tosd,[]

Here, <m;,2> is the squared mean invariant mass of the lepton and b-jet from the same top de-
cay. The mean value of cos 6,,, the angle between the lepton and the b-jet in the W rest frame, can
be regarded as an input parameter to be taken from Monte Carlo.

To obtain a very clean sample, the two highest p jets were required to be tagged as b-jets, leav-
ing a total of about 15,200 signal events per 10 fb~1. One cannot determine, in general, which
lepton should be paired with which b-jet. The pairing which gave the smaller value of m,2 was
chosen, and checking the parton-level information showed that this criterion selected the cor-
rect pairing in 85% of the cases, for a generated top mass of 175 GeV. The mean value <m,2>
was measured for samples generated with different top masses m, and then m, was calculated
from the expression above. The resultant m, is a function of <cos 8> and m. A x2was defined
and minimised with respect to <cos 8;,> in order to determine the best value of <cos 6,,>. The
value of m; was corrected to compensate for the shift, less than 0.6 GeV, produced by using a
fixed <cos 6),>, and for not distinguishing between b and b.

For an integrated luminosity of 10 fb™1, the expected statistical uncertainty on m; using this
method is about 0.9GeV. Major sources of systematics include uncertainty on the b-quark frag-
mentation function, which produces a systematic error on m, of 0.7 GeV if defined as described
in Section 18.1.3.3. Systematic errors due to the effects of FSR and ISR together are about 1 GeV,
while that due to varying the jet energy scale by 1% is 0.6 GeV. Further studies are required to
estimate the uncertainties due to the reliance upon the Monte Carlo modelling of the tt kinemat-
ics.

Top mass measurement using energy of two leading jets

Increased sensitivity could be obtained with a technique which utilizes not only the mean, but
also the shape of the kinematic distribution. As an example, a study has been made of the sensi-
tivity to m, obtained by comparing to ‘template’ distributions the energy of the two highest E;
jets. The template distributions were made by generating PYTHIA samples of tt events with dif-
ferent values of m; in the range 160-190 GeV, in steps of 5 GeV. Figure 18-22 shows, as an exam-
ple, the templates obtained for m, = 165 GeV and 175 GeV.
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For each possible top mass value m, a x2(m) 84000
was obtained by comparing the kinematical o
distribution of the simulated data with the
templates of mass m. The best value for the gsooo
mass was the value which, for the ‘data’ set, &
generated with m; = 175 GeV, gave the mini- Y
mum x2 2000

For an integrated luminosity of 10 fb~1, the ex-
pected statistical sensitivity on m, corresponds

to about 0.4GeV. Varying the calorimeter jet 1000

energy scale by 1% produced a systematic er- .

ror on m, of 1.5 GeV. Other sources of system- S R IR I T
atic error result from dependence of the 0 200 400 600 800 1000

method on the Monte Carlo modelling of the E,+E, (GeV)
tt kinematics, and require further study. As an
example, changing the choice of the structure
functions used in the Monte Carlo simulation T T

energy of the two leading jets in tt events for top quark
(for example, from CTEQZL_ to CTEQZM 0r  1asses of 165 and 175 GeV. The two distributions are
of £0.7 GeV.

Figure 18-22  Template distributions of the total

Top mass measurement using  my in tri-lepton events

The invariant mass distribution of the two leptons from the same top quark decay (i.e. t — Ivb
followed by b — lvc) is quite sensitive to m,. It has been shown that the mass distribution of lep-
ton pairs from the same top quark decay is much less sensitive to the top quark transverse mo-
mentum distribution than that of lepton pairs from different top quarks [18-18].

Signal events are expected to contain two leptons from the decay of the W bosons produced di-
rectly in the top and anti-top quark decays, and one lepton from the b-quark decay. In addition
to the cuts described above, one non-isolated muon with p; > 15 GeV was required.

For an integrated luminosity of 10 fb-1, the expected signal would be about 7,250 events, yield-
ing a statistical uncertainty on the measurement of m, of approximately +1 GeV. This technique
is insensitive to the jet energy scale. The dominant uncertainties arise from effects of ISR and
FSR and from the b-quark fragmentation, which sum up to about 1.5 GeV.

18.1.3.7 Summary of top mass studies

The very large samples of top quark events which will be accumulated at the LHC will allow a
precision measurement of the top quark mass. More than 120 000 single lepton plus jet events
would be selected, with a signal-to-background ratio of over 60, within a single year of running
at low luminosity. Measuring m; by reconstructing the invariant mass of the t - jjb candidates
in these events would yield a statistical error below 0.1 GeV. Studies of the systematic errors in-
dicate a total error below 2 GeV should be obtainable, provided the energy scales for jets and b-
jets can be understood at the 1% level (see Chapter 12). A substantial contribution to the system-
atic error for the inclusive sample comes from FSR. A method to reconstruct m; in the high
p1(top) sample using the cells within a single large cone, succeeds in substantially reducing the
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sensitivity to FSR. Further study is required to reliably estimate the potential of this method.
Complementary measurements of m, can be performed with the sample of 80 000 dilepton
events selected for an integrated luminosity of 10 fb1.

18.1.4 Top quark pair production

The NLO prediction for tt production at the LHC is quite precisely known. At the LHC, the
gluon-gluon fusion process gg — tt accounts for about 90% of the total tt production, with
qq’ — ttaccounting for the rest. (Note that these fractions are approximately reversed in the case
of pp — tt at the Tevatron, where qgq’ annihilation dominates). Measurements of the total cross-
section, as well as differential cross-sections, are discussed in Section 15.8.4, including implica-
tions for QCD measurements, such as the determination of parton distribution functions. Here
some examples of possible signatures of new physics in tt production are presented.

18.1.4.1 tt production cross-section measurements

Physics beyond the SM could affect cross-section measurements for tt production in a variety of
ways. For example, existence of a heavy resonance decaying to tt might enhance the cross-sec-
tion, and might produce a peak in the tt invariant mass spectrum (this possibility is discussed in
more detail in the next section). Deviations from the SM top quark branching ratios, due for ex-
ample to a large rate of t - H*b, could lead to an apparent deficit in the tt cross-section meas-
ured with the assumption that BR(t - W+b) = 1.

The NLO prediction of o(tt) = 833 pb [18-1] implies production of over 8 million tt pairs in one
year at low luminosity. Measurements of o(tt) will be limited by the uncertainty of the integrat-
ed luminosity determination, which is currently estimated to be 5%-10% (see Chapter 13). The
cross-section relative to some other hard process, such as Z production, should be able to be
measured more precisely.

18.1.4.2 Search for tt resonances

A number of theoretical models predict the existence of heavy resonances which decay to tt. An
example within the Standard Model is the SM Higgs boson, which will decay to tt provided the
decay is kinematically allowed. However, the strong coupling of the SM Higgs boson to the W
and Z implies that the branching ratio to tt is never very large. For example, for m,, = 500 GeV,
the SM Higgs natural width would be 63 GeV, and BR(H - tt) = 17%. The resulting value of
o xBR for H - tt in the SM is not sufficiently large to see a Higgs peak above the large back-
ground from continuum tt production. In the case of MSSM, however, if ma,my > 2m,, then
BR(H/A - tt) = 100% for tanf = 1. For the case of scalar or pseudoscalar Higgs resonances, it has
been pointed out [18-19] that interference can occur between the amplitude for the production
of the resonance via gg — H/A - tt and the usual gluon fusion process gg — tt. The interference
effects become stronger as the Higgs’ mass and width increase. Searches for these decays are
discussed in detail in Section 19.3.2.7, in the context of MSSM.

The possible existence of heavy resonances decaying to tt arises in technicolor models [18-20] as
well as other models of strong electroweak symmetry breaking [18-21][18-22]. In
Section 21.2.1.5, the production and decay into tt of a colour octet techni-eta (ng) particle of mass
500 GeV was studied. Recent variants of technicolor theories, such as Topcolor [18-23], posit
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new interactions which are specifically associated with the top quark, and could give rise to
heavy particles decaying to tt. Since tt production at the LHC is dominated by gg fusion, colour
octet resonances (“‘colourons’) could also be produced [18-24].

Because of the large variety of models and their parameters, a study was made of the sensitivity
to a ‘generic’ narrow resonance decaying to tt (more details can be found in reference [18-25]).
Events of the single lepton plus jets topology tt — WWbb — (Iv)(jj)bb were selected by requiring
E{Miss > 20 GeV, and the presence of an isolated electron or muon with p; > 20 GeV and
Inl <2.5. In addition, it was required that there were between four and ten jets, each with
pt>20GeV and |n] < 3.2. At least one of the jets was required to be tagged as a b-jet. After
these cuts, the background to tt resonant production was dominated by continuum tt produc-
tion.

The momentum of the neutrino was reconstructed, as described previously, by setting m,, = 0,
assigning Eq(v) = E{Miss, and calculating p,(v) (with a quadratic ambiguity) by applying the
constraint that m,,= my,,. The hadronic W - jj decay was reconstructed by selecting pairs of jets
from among those not tagged as b-jets. In cases where there were at least two b-tagged jets, then
candidates for t — Wb were formed by combining the W - v and W - jj candidates with each
of them. In events with only a single b-tagged jet, this was assigned as one of the b-quarks and
each of the still unassigned jets then was considered as a candidate for the other b-quark.

Among the many different possible jet-parton assignments, the combination was chosen that
minimised the following x2:

X2= (Mg, = M2/ 02(myyp) + (Myyp, = M2/ G2(Myp) + (My; = My)2/02(My)

jib
Events were rejected if either my,, or my;, disagreed with the known value of m; by more than
30 GeV.

For events passing the reconstruction proce-
dure, the measured energies were rescaled, ac-
cording to their resolution, to give the correct
values of my,, and m, for the appropriate com-
binations. This procedure improved the reso-
lution of the mass reconstruction of the tt pair
to o[mg/m;=6.6%. As an example,
Figure 18-23 shows the reconstructed mg dis-
tribution for a narrow resonance of mass
1600 GeV. The width of the Gaussian core is 200
well described by the resolution function de-

scribed above. The size of the tails, which are
dominated by incorrect jet-parton assign-

ments, is such that approximately 65% of the 0
events are contained within +2¢ of the peak.

400

Entries/50 GeV

1000 2000
Reconstructed p(GeV)

The reconstruction efficiency, not including Figure 18-23 Measured tt invariant mass distribution

branChing ratios, for tt — WWhb (IV)(jj)bb for reconstruction of a narrow resonance of mass
was about 20% for a resonance of mass 1600 GeV decaying to tt.

400 GeV, decreasing gradually to about 15%
formgz=2TeV.
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For a narrow resonance X decaying to tt, Figure 18-24 shows the required o x BR(X - tt) for dis-
covery of the resonance. The criterion used to define the discovery potential was observation
within a +20 mass window of a signal above the tt continuum background, where the required
signal must have a statistical significance of at least 50 and must contain at least ten events. Re-
sults are shown versus my for integrated luminosities of 30 fb-1 and 300 fb-1. For example, with
30 fb-1, a 500 GeV resonance could be discovered provided its o x BR is at least 2,560 fb. This
value decreases to 830 fb for my = 1 TeV, and to 160 fb for my = 2 TeV. The corresponding values
for an integrated luminosity of 300 fb-1 are 835 fb, 265 fb, and 50 fb for resonances masses
my =500 GeV, 1 TeV, and 2 TeV.

o*Br (fb)

10°

102

10

1 | ‘ | | ‘ | | ‘ | ‘ |
1000 2000 3000 4000 5000

m, (GeV)

Figure 18-24 Value of o x BR required for a 5o discovery potential for a narrow resonance decaying to tt, as a
function of mz, and for an integrated luminosity of either 30 or 300 fb-1.

Once predictions from models exist for the mass, natural width, and o x BR for a specific reso-
nance, the results in Figure 18-24 can be used to determine the sensitivity and discovery poten-
tial for those models. As discussed above, extra care must be taken in the case of spin zero
resonances, due to possible interference effects. While such effects are small for the case of a nar-
row resonance, they can be significant once the finite widths of heavy resonances are taken into
account.

18.1.4.3 tt spin correlations

The SM prediction of the top quark width, given the large value of m;, is ', ~ 1.5 GeV. Thus, the
top quark lifetime is very short in comparison with the hadronisation time (~l//\ch), and the
top quark decays as a “bare quark’ before hadronising. In addition, the top quark decays before
the strong interaction has time to depolarise its spin. As a consequence, the spin orientation of
the top quark should be preserved in its decay. The weak decay of the top quark implies the
daughters in the decay chain can be used to analyze its spin orientation.

To lowest order, top quarks produced via the strong processes gg/qq — tt are unpolarised, and
the transverse polarisation effects due to loop diagrams are predicted to be very small. Howev-
er, the spins of the t and t are correlated. At the LHC, the top and anti-top quarks tend to be pro-
duced with the same helicity, thus favouring the production of ‘Left-Left’ (LL) or ‘Right-Right’
(RR) tt pairs. For example, for mi; < 500 GeV, about 80% tt pairs are predicted [18-26] to be pro-
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duced with either LL or RR helicities. This fraction falls slowly to a little under 70% for
m < 1000 GeV. A measurement of this spin correlation would check whether the top quark
does indeed decay before the strong interaction has time to depolarise its spin, and thereby
would allow a lower limit to be set on I',. Furthermore, new physics, such as large CP violation
in the top system, could alter the spin correlations predicted by the SM. Such effects could re-
sult, for example, from additional phases in the EWSB sector which, due to the large value of m,,
could produce large effects in top physics while still satisfying bounds from data on the lighter
quarks (see, for example, [18-27]).

The angular distribution of the ith decay product with respect to the top spin vector is given, in
the top quark rest frame, by the expression:

1 dN 1

Ndcost; 2(l +a;cosd;)

The coefficients a; are characteristic for each particle produced in the decay (a = 1 for charged
leptons, d and s quarks; a = -0.33 for neutrinos, u and ¢ quarks; a = -0.41 for the b-quark). From
these values, it is apparent that the charged lepton, in addition to being the simplest to tag ex-
perimentally, also provides the most undiluted measure of the top spin direction. Therefore, the
analysis presented here will consider only the correlations between the pair of charged leptons
produced in ‘dilepton’ tt events where both W bosons decay viaW - Iv.

For dilepton tt events, the angular distribution of the two charged leptons is described by:

1 d°N
N d(cosE)'l)d(cosB'z)

_1
= 4(1 —K 0059|10059|2)

with K = Aa;a,, where A = (2P-1) and P is the fraction of the events where the top and anti-top
quarks are produced with the same helicity. As discussed above, a; =1 and o},= -1.

For this analysis [18-28], Monte Carlo events have been generated with the default version of
PYTHIA, which does not incorporate spin correlations, and also with a modified version where
the matrix element for top decay takes into account the top polarisation:

2

IM|2 0 M & (m; — 25,) (1+h,cosd,)

(q?—m§)? + 2},
where E, and 6, are the energy and the angle with respect to the top spin direction of the lepton,
as measured in the top rest frame, and q is the lepton+neutrino 4-momentum. Predictions from
the standard non-correlated PYTHIA matrix elements (NC) would correspond in this approach
to the choice (h;,hg) = (0, 0). The SM prediction would correspond to (h;,hg) = (+1,-1). CP violation
in top production and decay could give rise to different values for (h;,hy). To investigate the ef-
fects of CP violation, the sets of values (h,h;) = (0.2, -0.8) (referred to hereafter as ‘CP28") and
(hp.hp) = (0.9, -0.6) (dubbed ‘CP96’) were considered.

Physical observables, such as the opening angle between the two isolated leptons (cos 6,;) and
the azimuthal angle difference (@), are sensitive to h; and were therefore chosen as good exper-
imental probes of the tt spin correlations. As mentioned previously, the predicted spin correla-
tions are a function of mg. For dilepton events, mg cannot be directly measured due to the
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missing neutrinos. However, a variety of possible kinematic variables, such as the dilepton in-
variant mass, are loosely correlated with mg, and can be used as a crude estimator of m to en-
hance the expected spin correlations.

Dilepton events were selected with the criteria described in Section 18.1.3.6. Two high py (larger
than 35 and 25 GeV respectively) isolated, opposite-sign leptons with [n]<2.5 and with
Im;—-m;] >10GeV were required, together with E{Miss > 40 GeV and two jets with
pt > 15 GeV. In order to preserve statistics, b-tagging was not required. For each model, these
criteria selected about one million dilepton events for an integrated luminosity of 100 fb-1, with
S/B=17.8.

Figure 18-25(a) shows the measured cos 6, distribution in the case of the various parameter sets.
The bin-by-bin fractional differences between the measured distributions for the SM and those
for the other models considered are shown in Figure 18-25(b) for the case of no correlations
(NC), in Figure 18-25(c) for CP28, and in Figure 18-25(d) for CP96. The same distributions for
the azimuthal angle difference ¢, are shown in Figure 18-26. The solid line shows the case
where all events are considered, while the dashed (dotted) lines shows the result for those
events with m;; <m, (m;;>m) .

For both angles, differences at the level of a few percent are observable between the distribu-
tions measured for the different models. The differences for the CP96 model are somewhat less
pronounced than for CP28, as expected given the smaller deviation of the spin parameters from
the SM values. Further study is required to more fully explore the sensitivity to CP violation.

18.1.5 Top quark decays and couplings

Within the context of the Standard Model, the top quark decays as a ‘bare quark’ via a pure V-A
interaction. The decay t - Wb is dominant according to the SM, with a branching ratio of ap-
proximately 99.9%. Expectations for the CKM-suppressed decays are approximately 0.1% and
0.01% for t - Wtsand t - W+d, respectively. However, the large top mass implies that the top
quark would tend to couple strongly to other massive particles. Therefore, determining wheth-
er the top quark has the couplings and decays predicted by the SM provides a sensitive probe of
physics beyond the SM.

18.1.5.1 BR(f —» bX) and measurementof V

The SM prediction that BR(t -~ W*b) = 1 can be checked by comparing the number of tt events
with a double b-tag to those with a single b-tag. In this manner, the first b-tag is used to identify
the event as a tt event, and the presence of a second b-tag is then used to determine the fraction
of top quark decays involving a b-quark, and hence a measurement of BR(t - bX). Within the
three-generation SM,

Therefore, within the context of the SM, with unitarity of the three-generation CKM matrix,
Rop/1p Provides a measure of | Vi, |. Applying the unitarity constraint, the value of |V | is al-
ready very precisely known; the Particle Data Group [18-29] lists the allowed range of values
from 0.9991 to 0.9994. However, new physics, such as the existence of a fourth generation of
quarks, would imply the three-generation CKM matrix is not unitary, and could increase the
relative branching ratios of t — W+*s(d) compared tot — W+h.
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Figure 18-25 (a) Distribution of cos 6, as measured for the various parameter sets, normalised to 100 fb-1.
Also, fractional differences between the SM distribution and that measured with (b) no spin correlations (NC), (c)
the CP28 parameter set, and (d) the CP96 parameter set. In each plot, the solid line shows the distribution for all
events, and the dashed (dotted) line shows the results for events with m, < m_ (m, > m). For more details, see
the text.

CDF has measured the ratio of double b-tags to single b-tag in leptonic tt events, and deter-
mined a value of R, /1, = 0.99 + 0.29 [18-30], consistent with the SM expectation within the large
(predominantly statistical) error. Within the SM, this measurement implies |Vy,| > 0.76 (95%
C.L.). Without the SM three-generation unitarity constraint, the measurement implies only that
| Vil is much larger than either | V| or [Vyl.

The very large samples of tt events which will be accumulated at the LHC will allow a statisti-
cally sensitive measurement of R, ;,. For example, as discussed earlier, tt events in the single
lepton plus jets mode can be selected by requiring an isolated electron or muon with
pr > 20 GeV, E;Miss > 20 GeV, and at least four jets with pr > 20 GeV. Requiring that at least one
of the jets be tagged as a b-jet produces a clean sample of tt events, with S/B = 18.6, with the re-
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Figure 18-26 (a) Distribution of @, as measured for the various parameter sets, normalised to 100 fb-1. Also,
fractional differences between the SM distribution and that measured with (b) no spin correlations (NC), (c) the
CP28 parameter set, and (d) the CP96 parameter set. In each plot, the solid line shows the distribution for all
events, and the dashed (dotted) line shows the results for events with m; < m, (m; > m). For more details, see
the text.

maining background coming mostly from W+jet events. Assuming a b-tagging efficiency of
60%, a sample of 820 000 single b-tagged events would be selected for an integrated luminosity
of 10 fb~1. Of these, 276 000 would be expected to have a second b-tag, assuming the SM top
quark branching ratios. Given these numbers, the statistical precision achievable would corre-
spond to a relative error of 6R,y1,/Rop/qp(Stat.) = 0.2% for an integrated luminosity of 10 fb™1.
The final uncertainty will be dominated by systematics errors due to the uncertainty in the b-
tagging efficiency and fake b-tag rates, as well as correlations affecting the efficiency for b-tag-
ging two different jets in the same event. Further study is needed to estimate the size of these
systematic uncertainties.
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18.1.5.2 BR(t - WX)

The measurement of the ratio (R;;) of dilepton to single lepton tt events can be used to deter-
mine BR(t — WX). In this case, the first lepton tags the tt event, and the presence of a second
lepton is used to determine the fraction of top quark decays producing an isolated lepton,
which can be then be related to the presence of a W (or other leptonically decaying state) in the
decay. The SM, for which BR(t - WX) = 100%, predicts R;; = BR(W - Iv) = 2/9. Deviations
from this prediction could be caused by new physics. For example, the existence of a charged
Higgs boson could lead to a large branching ratio for the decay t - H*b if kinematically permit-
ted. The dominant H* decays, in such instances, are usually considered to be H* - v or
H* — cs. In either of these cases, the number of isolated electrons and muons produced in top
decay would be reduced, and so R, would be less than the SM prediction. The existence of
such a charged Higgs boson could also be probed by explicitly searching for an excess of T pro-
duction (see Section 18.1.5.4). However, it is possible the first sign of new physics could come
from the more ‘inclusive’ measurement of R

As discussed above, with an integrated luminosity of 10 fb~1, a clean sample of about 443 000 tt
events in the single lepton plus jets mode could be selected by requiring an isolated electron or
muon with p; > 20 GeV, E{Miss > 20 GeV, and at least two b-tagged jets with p; > 20 GeV. To de-
termine R;;;;, one then measures how many of these events have a second isolated electron or
muon, again with pr > 20 GeV, and of the opposite sign of the first lepton. For an integrated lu-
minosity of 10 fb~1, and assuming the SM, one would expect a selected sample of about 46 000
dilepton events with these cuts. Given these numbers, the statistical precision achievable would
correspond to a relative error of 6R;;,/R,,(stat.) = 0.5% for an integrated luminosity of 10 fb=1.
Further study is required to estimate the systematic uncertainties in R, due to the lepton iden-
tification and fake rates.

18.1.5.3 Top quark Yukawa coupling

In the SM, the mass of the top quark is due to its Yukawa coupling (y,) to the Higgs boson. The
values of the Yukawa couplings of the fundamental fermions are free parameters of the Stand-
ard Model. The measured value of m, implies a value of the top quark Yukawa coupling of ap-
proximately unity. Alternative theories, such as Topcolor [18-23], explain the large top mass as
arising, at least in part, from some new strong dynamics. Clearly, measuring independently the
value of the Yukawa coupling would provide important information on the mechanism of fer-
mion mass generation.

The value of the top quark Yukawa coupling
can be accessed experimentally by searching
for ttH production. One of the lowest order
Feynman diagrams for this process of Higgs
production in association with tt is shown in
Figure 18-27. The top Yukawa coupling ap-
pears at the top-Higgs vertex. The reconstruc-
tion of this process is discussed in detail in
Section 19.2.4.3 as part of the search strategy _
for both SM and MSSM Higgs bosons. Here Figure 1.8-27 A lowest order Feynman diagram for ttH
the final results of the analysis are used to de- production.

termine the precision implied for the determi-

nation of the top quark Yukawa coupling.
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The ttH analysis required one of the top
quarks to decay via t - Ivb and the other via
t - jjb. Since ttH production has a significant

Table 18-5 For an integrated luminosity of 30 fb-L,
and for three different values of my, the expected
number of events for the signal from SM ttH produc-

tion followed by the H — bb decay. The final row pro-
vides the relative statistical uncertainty on the top
quark Yukawa coupling.

cross-section only for relatively light Higgs
masses, the Higgs boson is detected through
its decay H — bb, the dominant decay channel
for the my range of interest. Thus, the final
state contains an isolated lepton, missing p,

SM Higgs mass

) . _ Process 80 GeV 100 GeV 120 GeV
two light quark jets, and a total of four b-jets. ——
The resulting large combinatorial background  H Signal 81 61 40
was dealt with by first reqons:tructing bot_h tOP  Total Backgnd 145 150 127
quark decays. The combination which simul-
taneously best satisfied both the t and t mass  9Y¢/Y: (stat) 9.3% 11.9% 16.2%

constraints was used to assign jets to the top
decays. A search was then made for a H - bb
signal using only the remaining unassigned b-jets.

Table 18-6 The same as Table 18-5, but for an inte-
grated luminosity of 100 fb-1.

The expected numbers of signal and back-
ground events are summarised in Table 18-5
for SM Higgs masses of 80, 100, and 120 GeV,
and for integrated luminosity of 30 fb-l. The

SM Higgs mass

background events are mostly from tt produc- ~ Process 80Gev 100 Gev 120 GeV
tion with additional jets. Results are given in 4 signal 140 107 62
Table 18-6 for 100 fb-1.

Total Backgnd 295 278 257
The implied statistical uncertainty in the de- Sy y, (stat) 74% 9.9% 14.0%

termination of y, is given in the last row in
each table. For example, for my; = 100 GeV, y,
could be measured with a relative statistical error of 11.9% for 30 fb-1, improving to 9.2% for an
integrated luminosity of 100 fb-1. Many of the systematic errors, such as those associated with
uncertainties in the integrated luminosity and in the tt reconstruction efficiency, could be con-
trolled by comparing the ttH rate with the tt rate.

18.1.5.4 Top quark rare decays

With its large mass, the top quark will couple strongly to the sector of EWSB. Many models of
physics beyond the SM include a more complicated EWSB sector, with implications for top
quark decays. Examples include the possible existence of charged Higgs bosons, or possibly
large flavor changing neutral currents (FCNC) in top decays. The sensitivity to some of these
scenarios is discussed below.

t- HD

If a sufficiently light charged Higgs boson exists, the decay t -~ H*b could compete with the SM
decay mode t - W*h. As discussed in Section 18.1.5.2, such a possibility could be seen by look-
ing ‘inclusively’ at the ratio of dilepton to single lepton tt events. However, one could also look
directly for evidence of this decay, for example by searching for a violation of lepton universality,
whereby one finds an excess of T production in tt events due to the decay t — H*b, followed by
H* - 1v. The details of such an analysis for t — H*b are presented in Section 19.3.2.11 in the con-
text of exploring the Higgs sector of MSSM. As discussed in detail there, the limit on the sensitivity
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to BR(t — H*b) is dominated by systematic uncertainties, arising mainly from imperfect knowl-
edge of the t-lepton efficiency and of the number of fake t-leptons present in the final sample.
These uncertainties are estimated to limit the achievable sensitivity to BR(t - H*b) = 3%.

Flavor Changing Neutral Currents (FCNC)

Within the SM, FCNC decays of the top quark Table 18-7 Approximate branching ratios predicted
are highly suppressed, and so any observation for FCNC top quark decays in the SM and in MSSM. In
of FCNC top decays at the LHC would be an each case, ( is used to denote u or ¢ quarks.

indication of new physics. For example, FcNc Decay BR in SM BR in MSSM
Table 18-7 summarizes branching ratios for

FCNC top quark decays as predicted in the '~ Zd = 1012 =10%
SM [18-31] and in the MSSM [18-32]. t- =10-12 =108
While the MSSM does enhance the branching t - gq =10-10 =106

ratios, they would still be too small to be ob-
servable. However, other extensions of the SM, including models with new dynamical interac-
tions of the top quark, with multiple Higgs doublets, and with new exotic fermions, can lead to
very significant enhancements of FCNC top decays [18-33]. Typically, the models include anom-
alous couplings with a coupling strength to quarks proportional to Jﬁq. These models can then
accommodate large effects in top quark decays, while still satisfying the existing stringent limits
on FCNC decays of the light quarks. Some of these models allow branching ratios for FCNC top
decays of 10-3 - 10-2, or even higher. The existing limits from CDF [18-34] are BR(t —» Zq) < 33%
and BR(t - yg) < 3.3%, each at 95% CL, limited by the statistics of Run | at the Tevatron. The FCNC
couplings can be parametrised in terms of the strength of the anomalous coupling k and a scale
N\ which characterizes the cut-off scale of new physics. For example, with this formulation, the
partial width for the FCNC decay t - gq can be written as I'(t - gq) = 4/3 ag m¢3 (k42//A?), and
similar expressions can be written for I'(t — yg) and I'(t - Zq) (see [18-33] for more details).

t - Zq decay

The sensitivity to the FCNC decay t —» Zq (with g = u, ¢) has been analysed [18-35] by searching
for a signal in the channel tt - (Whb)(Zq), with the boson being reconstructed via the leptonic de-
cay Z - Il. The selection cuts required a pair of isolated, opposite sign, same flavor leptons
(electrons or muons), each with p; > 20 GeV and [n| < 2.5 and with |m;; —m,|] <6 GeV.

Due to the clean Z - Il signature, the dominant backgrounds are due to large cross-section
processes with Z bosons in the final state, namely Z+jet and WZ production. These back-
grounds, along with the signal process, were generated via PYTHIA 5.7 and simulated using
ATLFAST. Cuts on the Zq final state are not sufficient to effectively reduce the large Z+jet back-
ground. Therefore, the analysis relied also on cuts based on the Wb decay of the other top quark
in the event. Two different possible decay chains have been considered: the first (‘leptonic
mode’) where the W decays leptonically W - v, and the second (‘*hadronic mode’) with W - jj.
The hadronic W decay signature has a much larger branching fraction, but suffers from larger
backgrounds.

The search in the leptonic mode required, in addition to the leptons from the Z boson decay, an
additional lepton with py > 20 GeV and |n| < 2.5, E{Miss > 30 GeV, and at least two jets with
pt>50 GeV and |n| <2.5. In addition, exactly one of the high py jets was required to be tagged
as a b-jet.
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After these cuts, the invariant mass spec-
trum of each Zq combination was formed '[able 18-8 Signal efficiency for the analysis of
from the Z - Il candidates taken with each it - (Wb)(Zq) with W jjand Z — |l Also listed are
o the non biagged jets. The 20 invariant 1% et of seepid o s
mass resolution was 10.1 GeV. Combina- i
tions were accepted if Mzq agreed with the Description t - Zq Bkgnd
known top mass within + 24 GeV. The signal
efficiency, not including the branching ratios
for Z - Il and W - Iv, is summarised in 21, 4 jets 14.9 60394
Table 18-9 as a function of the various cuts.
Also shown are the number of accepted
background events, assuming an integrated myy cut 54 14170
luminosity of 100 fb~1. In this channel, a val-
ue of BR(t — Zq) as low as 1.1x10-4 could be
discovered at the 50 level with an integrated t — W*h mass cut 0.6 90
luminosity of 100 fb=1,

of Cut Effic.(%) Events

m- cut 12.8 50973

b-tag 25 1379

Mzq cut 04 2

The search in the hadronic mode required,

in addition to the Z - Il candidate, at least

four jets with pr > 50 GeV and |n| < 2.5. One of the jets was required to be tagged as a b-jet. To
further reduce the background, the decay t — jjb was first reconstructed. A pair of jets, from
among those not tagged as a b-jet, was considered a W candidate if |mjj -myy | <16 GeV. W can-
didates were then combined with the b-jet, and considered as a top candidate if
|mjjb —-m;| <8 GeV. For those events with an accepted t - jjb candidate, the invariant mass of
the Z candidate with the remaining unassigned high pt jets was calculated to look for a signal
from t - Zq decays. Combinations were accepted if Mzq agreed with the known top mass with-
in £24 GeV.

The signal efficiency, not including the branching ratios for Z - Iland W - jj, is summarised in
Table 18-8 as a function of the various cuts. Also shown are the number of accepted background
events, assuming an integrated luminosity of 100 fb~1. The results in Table 18-8 demonstrate
that, in this channel a BR as low as 2.3x10-4 could be discovered at the 50 level.

Combining the results from the leptonic and
hadronic modes, a branching ratio for Table 18-9  Signal efficiency for the analysis of
t - Zq as low as 10 could be discovered at tt - (Wh)(Zq) with W - b and Z - II. Also listed are

the 50 level with an integrated luminosity of ("€ numbers of accepted baCkgroun‘flevents’ assum-
100 fb-1 ing an integrated luminosity of 100 fb~2.

Description t- Zq Bkgnd Events

t - yqg decay of Cut Effic.(%) Z+  W+Z  tt

o P> .
The sensitivity to the FCNC decay t - g 3 lep; pr>20GeV 43.2 945 1778 1858

(with g = u, ¢) was analysed [18-36] by E;miss > 30GeV 32.7 80 1252 1600
searching for a peak above background in
the m,; spectrum in the region of m.. The re-
quirement of a high p isolated photon can- my cut 16.8 24 180 29
didate in tt -~ (Wh)(yq) events is not
sufficient to reduce the QCD multi-jet back-

ground to a manageable level. Therefore, Mz, cut 6.1 0 2 5

2j; pr>50 GeV 19.7 31 225 596

b-tag 8.2 10 14 10
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the t - Wb decay of the other top (anti-) quark in the event was reconstructed using the leptonic
W - Iv decay mode of the W boson decay. The final state sought was therefore

tt ~ (Wh)(ya) - (Ivb)(va).

The event selection criteria required the presence of an isolated photon with p; > 40 GeV and
Inl < 2.5, an isolated electron or muon with pr > 20 GeV and |n| < 2.5, and E{™Miss > 20 GeV.
Exactly 2 jets with p; > 20 GeV were required, in order to reduce tt background. At least one of
the jets was required to be tagged as a b-jet, and to satisfy p; > 30 GeV and |n| < 2.5.

Thet — Ivb candidate was first reconstructed. For the two possible solutions of the neutrino mo-
mentum (determined as described previously), the resultant W boson was combined with the b-
tagged jet, and the combination accepted as a top quark candidate if m,, agreed with m,
within £20 GeV. For events with an accepted t - Ivb candidate, the t - yg decay was sought by
combining the isolated photon with an additional hard jet with p; > 40 GeV and |n| <25.

The invariant mass of the yj system was re-

quired to agree with the known value of m; 2 5
within 20 GeV. The m; resolution with the O

cuts described above was 7.7 GeV (see G
Figure 18-28), and the signal efficiency (not % 100
counting branching ratios) was 3.3%, includ- 3

ing a b-tagging efficiency of 60%.

The background is dominated by events with

a real W - v decay and either a real or fake 50
photon. These processes include tt and single

top production as well as W+jets and Whb pro-

duction. The tt background was simulated

with PYTHIA, while the other backgrounds

were simulated as described in the discussion 0
of the analysis of single top production pre-
sented in Section 18.1.6. After cuts, the back-
ground with real photons (normalised to an
integrated luminosity of 100 fb 1), consisted of
50 tt events, and negligible contributions from
the other processes. Assuming a somewhat
conservative jet rejection of about 2900 for
photons with p; > 40 GeV (see Section 7.6), larger backgrounds resulted with fake photons,
namely 90 tt events, 10 events from single top production, and about 5 events from W-+ijets in-
cluding Wbb. The total background was therefore 155 events, dominated by tt events. The corre-
sponding 50 discovery limit for an integrated luminosity of 100 fb-1 is BR(t - yg) = 1.0x10-4.

. Mnd
100 150 200 250
m,; (GeV)

Figure 18-28 The m,; invariant mass distribution
resulting from the analysis of a sample of 10 000 sig-
nal events for the decay t — yg.

t - gq decay

A search for a FCNC t-gluon-q coupling (with g = u,c) through the decay t — ggq would be over-
whelmed by background from QCD multi-jet events. It has, however, been pointed out [18-37]
that evidence for such a coupling can be sought through the production of like-sign top pairs,
pp — ttX [pp — ttX] (see Figure 18-29).
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An experimentally clean signature of tt (tt)
production would be the production of like-
sign high py leptons, arising from events
where the W bosons from both (anti-)top
quarks decay leptonically. Such events would
be expected to have, in addition to the like-
sign lepton pair, two hard b-jets. The main
sources of background are qq - WgWq and
qq" - ttW. The expected cross-section for each

u(c)— >
()t
=}

9
o
=}
u(c) —» —t

Figure 18-29 Feynman diagram depicting like-sign tt
production via a FCNC tgluon-q coupling (with
g=u, o).

process producing W pairs is about 0.5 pb,
with that for W- pairs about 0.25 pb.

The initial selection required two like-sign isolated leptons with p; > 15 GeV and [n] <25.In
addition, two jets with p; > 20 GeV and |n| < 2.5 were required. Signal events should contain
exactly two hard jets (due to the b-quarks), while the background events tend to contain addi-
tional jets. Thus, it was required that there exist no more than two jets with p; > 20 GeV. These
two leading jets were then required to have p > 40 GeV, and to have at least one tagged as a b-
jet. In at least one of the two possible sets of lepton plus jet combinations, it was required that
each of the lepton plus jet pairs have an invariant mass m; below 160 GeV, in order that they be
kinematically consistent with originating from a top quark decay. Finally, it was required that
the invariant mass of the Iljj system be greater than 500 GeV.

The effectiveness of the cuts in enhancing the
signal relative to the background processes is
summarised in Table 18-10. From initial sam-
ples of 10 000 events for each of the processes,
853 signal events survived all cuts, while only
15 Witt and 12 WqWq background events were
retained. Scaling the backgrounds to their SM
production cross-sections, a total of 10.8 I*I*

Table 18-10 Number of accepted same sign dilepton
events for the same-sign top production signal and the
Wit and WQWg backgrounds (out of an initial sample
before cuts of 10 000 events in each case). The last
line gives the equivalent number of accepted events
assuming an integrated luminosity of 100 fb~1 and, in
the case of the signal, for an anomalous coupling
equal to unity.

events (including all combinations of muons  pescription of it (tt) Wit Wqwq
and electrons), would be expected for an inte-  Cut Signal  bkgnd  bkgnd
grated luminosity of 100 fb~1. The results in " -
Table 18-10 correspond to a 95% confidence Initial selection 3452 5354 5462
level sensitivity to |Kg//\ |=0.091 TeV-1, corre-  Exactly 2 jets 2095 712 3269

i — = -3 .
sponding to BR(t - gq) = 7.4 x 10-3. p1(i) > 40 GeV 1991 316 18
t -~ WbZand t -~ WbH my; < 160 GeV 177 190 46
The ‘radiative’ top decay t — WhbZ has been  my; >500 GeV 853 15 12
suggested [18-39] as a sensitive probe of the Events/100 fo-l 22860 6.0 18

top quark mass, since the measured value of
m, is close to the threshold for this decay. For
the top mass of (173 £ 5.2) GeV quoted by the
1998 Particle Data Group [18-29], the SM prediction is BR(t - WbZ) = (5.4%47, ;) x 10-7 [18-39].
Thus, within the current uncertainty dm, = 5 GeV, the predicted branching ratio varies by ap-
proximately a factor of three. A measurement of BR(t - WbZ) could, therefore, provide a strong
constraint on the value of m,. Similar arguments have been made for the decay t — WhbH, as-
suming a relatively light SM Higgs boson (i.e. for myy =m).
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Sensitivity to the decay t -~ WbZ has been studied [18-36] using PYTHIA 6.1 and ATLFAST to
simulate tt — (WbZ)(Whb), with Z — Il and W - jj. The efficiency for exclusively reconstructing
t — WbZ is very low, due to the soft p; spectrum of the b-jet in the t -~ WbZ decay. Instead, a
‘semi-inclusive’ technique was used, where a WZ pair close to threshold was searched for as ev-
idence of the t -~ WbZ decay. Since the t - WbZ decay is so close to threshold, the resolution on
myy 7 is not significantly degraded with respect to the exclusive measurement. The selection of
Z - |l candidates required an opposite-sign, same-flavour lepton pair, each lepton having
pt>30GeV and n] < 2.5. Since the Z - Il signal is so clean, a wide dilepton mass window
was taken (60 GeV < m, < 100 GeV) in order to have very high efficiency. Candidates for W - jj
decay were formed by requiring at least two jets, each having pt > 30 GeV and |n] < 2.5, and
satisfying 70 GeV < m;; < 90 GeV. The lljj invariant mass resolution was o[m,] = 7.2 £ 0.4 GeV,
and the signal efficiency was 4.3%.

The clean Z - Il signature means that the dominant backgrounds come from processes with a Z
boson in the final state, primarily Z+jet production, and to a much lesser extent from WZ and tt
production. In order to reduce the Z+jet background, an additional cut requiring a third lepton
with pr > 30 GeV was made. For the signal process tt — (WbZ)(Whb), this cut selects events in
which the W from the other top decays leptonically. The W leptonic branching ratio results in a
corresponding drop in signal acceptance by a factor of about 279, but very effectively reduces
the Z+jet background.

After the selection, and with a cut on my,, of £10 GeV around the top mass, the total expected
background was reduced to =1.5 events (mostly from WZ production) per 10 fb~1. Requiring at
least five events for signal observation leads to a branching ratio sensitivity of order 10-3. Since
the background has been reduced essentially to zero, the sensitivity should improve approxi-
mately linearly with integrated luminosity. However, even with a factor of ten improvement for
an integrated luminosity of 100 fb~1, the sensitivity would still lie far above the SM expectation
of order 10-7-10-.

Given this result, observation of the decay t -~ WbH does not look possible. The current LEP limit
on my implies that the Higgs is sufficiently heavy that, in the most optimistic scenario that the Higgs
mass is just above the current limit, BR(t -~ WbH) = BR(t -~ WbZ). As my increases further,
BR(t -~ WbH) drops quickly. Assuming m = m-, one would have to search for t -~ WbH using the
dominant decay H — bb. The final state suffers much more from background than in the case of
t - WbZ, where the clean Z - Il signature is a key element in suppressing background. Al-
though BR(H - bb) in this my; range is much larger than BR(Z - Il), the large increase in back-
ground will more than compensate for the increased signal acceptance, and so one expects the
sensitivity to BR(t — WbH) to be worse than for BR(t — WbZ). Therefore, the decay t -~ WhH has
not been studied in further detail.

18.1.6 Electroweak single top quark production

As discussed above, the strong production of tt pairs yields large top quark samples, allowing
detailed studies of many properties of top quark production and decay. However, the precise
determination of the properties of the W-t-b vertex, and the associated coupling strengths, will
more likely be obtained from measurements of the electroweak production of single top quarks.
Single top quarks can be produced via three different reactions. These reactions are shown in
Figure 18-30 from left to right in order of decreasing cross-sections.
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Figure 18-30 Feynman diagrams for the electroweak single top quark processes accessible at the LHC. The
first two diagrams correspond to W-gluon fusion, the next to Wt production, and the final diagram to the s-chan-
nel or W* process.

The first two graphs in Figure 18-30, usually referred to as the ‘2-2’ and ‘2-3’ processes, respec-
tively, both refer to the same physical ‘W-gluon fusion’ process. In this study the NLO correc-
tion as a separate process has been ignored. Rather, simulations based on the 2-2 process only
have been used and normalised to the cross-section for a properly combined set of the two
graphs. Since the W-gluon fusion process is the largest source of single top production at the
LHC, with an expected cross-section of approximately 250 pb, it will be the source for much of
the physics sensitivity, as well as a serious background for the other single top processes. The
second production mechanism (the third graph from the left), referred to as the ‘Wt’ process, is
the direct production of a top quark and a W boson. This process is immeasurably small at the
Tevatron, but is predicted to have a sizeable cross-section (=60-110 pb) at the LHC. The third re-
action proceeds via production of an off-shell W and will be called the ‘“W*’ process. The cross-
section for the W* process is predicted to be only about 10 pb, since there are no valence anti-
quarks in the initial state at the LHC.

Each process has a separate set of background
sensitivities and experimental demands. Table 18-11 Cross-sections used in the EW single top
Table 18-11 lists the cross-sections used in this signal and background simulations.

study and the product of o x BR for the case 0 X BR(W - N)
where one W decays leptonically via W - v, Process o (pb) (pb)

where the lepton is an electron or muon. This

study is based upon an integrated luminosity W9 (2-2+2:3) 244 54.2
of 30 fb-l. Wt 60 17.8
The primary physics interest in single top pro- Uk 10 2.2
duction is the ability to directly determine the it 833 246
coupling strength for the t-W-b vertex. The sin- B

gle top cross-section is unambiguously pre- Whb 300 66.7
dicted by the SM (apart from the coupling), Wij 18000 4000

and it is important to cross check the W-gluon
fusion, Wt, and W* cross-sections separately.
The various processes of single top production have different sensitivities to new physics. For
example, the W* channel is sensitive to an additional heavy W* boson, since new s-channel dia-
grams in which the W' is exchanged would occur. In contrast, additional contributions to the W-
gluon fusion process from new t-channel diagrams with a W* would be suppressed by 1/my,2.
Therefore, existence of a W’ boson would be expected to produce an enhancement in both o(W*)
and a(W*)/a(Wg). On the other hand, the W-gluon fusion process channel is more sensitive to
modifications of the top quark’s couplings to the other SM particles. For example, an anomalous

18 Heavy quarks and leptons 653



ATLAS detector and physics performance Volume |l
Technical Design Report 25 May 1999

chromo-magnetic moment in the top-gluon vertex [18-45], or a V+A contribution at the t-W-b
vertex [18-46], could lead to both an increase in single top production and a modification of the
decay angular distributions. Also, anomalous FCNC couplings could give rise to new contribu-
tions to single top production, such as gu - t. These processes could modify the W-gluon proc-
ess of single top production, while not affecting the rate of Wt and W* channels. Therefore, in
this case one would expect a decrease in the ratio of o(W*)/o(Wg).

Because it is an inherently weak production process, the W and top quark are produced in the
appropriate mixture of helicities, as unambiguously predicted by the SM. A helicity analysis of
top quark decay can check for new physics, such as right handed couplings, or an unexpected
admixture of the left handed and longitudinal components for the W.

18.1.6.1 Monte Carlo generators

A variety of Monte Carlo generators have been employed to study electroweak single top pro-
duction and the relevant backgrounds. The generators have been compared against one another
for consistency and shown to be in reasonable agreement. All signal generators were interfaced
to PYTHIA for showering and particle generation, with the PYTHIA output processed through
ATLFAST for detector simulation. PYTHIA [18-5] includes the basic W-gluon fusion reaction ac-
cording to SM assumptions. The SGPM package [18-47] is a parton-level generator for the Wt
process, plus the tt and Wbb background processes. Also included are the FCNC processes,
gu - tand qq - tt. Decays are included and the reactions are implemented as external process-
es in PYTHIA. The ONETOP package [18-48] creates matrix elements at the parton level with
the full density matrix for the 2-2, 2-3, W* and Wt signal processes, as well as the tt and Whbb
backgrounds. This is the only readily accessible generator which includes helicity information
for all processes. Decays are included and all reactions are implemented as external processes in
PYTHIA. HERWIG [18-6] has been used to produce W+ijets background. Wijj events, involving
the production of W in association with light quark jets, is a standard HERWIG process (iproc
2100). Background from Whbb is generated via a matrix element calculation interfaced to HER-
WIG.

Considerable effort was expended comparing the predictions of the various Monte Carlo gener-
ators. The results from PYTHIA, ONETOP, and SGPM for single top and tt production process-
es were very similar, agreeing typically within 10-15%. The predictions for the Wjj background
were different by nearly 50%. The values from HERWIG are generally thought to be the most
accurate, since HERWIG treats colour coherence more correctly, and were therefore used.

18.1.6.2 Signal and background separation strategies

In order to reduce the enormous QCD multi-jet backgrounds, as well as provide a high pt lep-
ton for trigger purposes, single top production with t - Wb followed by a leptonic decay W -
Iv, where the charged lepton is a muon or an electron has been considered. The initial pre-selec-
tion cuts required the presence of at least one isolated lepton with p; > 20 GeV, at least two jets
with pr > 30 GeV, and at least one b-tagged jet with p; > 50 GeV. After these cuts, the dominant
backgrounds are from processes with a real W in the final state, namely tt and Wijj (and in partic-
ular Whbb) production. In the following, distributions are presented of variables which can be
used to separate the various single top processes from these backgrounds and from each other.
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Table 18-12 summarises the number of recon- Table 18-12 Fraction of events with different total
structed jets per event, with |n]< 5 and reconstructed jet multiplicities for the various signal
pr>15GeV, for the signal and background 2andbackground processes.

processes. It can be seen that the jet multiplici-  prgcess njet = 2 njet=3  njet>3

ty would be a particularly useful variable for

reducing the tt background, which has on av- W9 fusion  0.682 0.255 0.063
erage more jets than the single top processes. Wt 0.158 0.530 0.312
The number of jets per event tagged as b-jets, W* 0.683 0.256 0.061
with |n]< 2.5, is presented in Table 18-13. It i 0.022 0211 0.767

can be seen that requiring, for example, more

than one b-tagged jet would enhance the W*  Wjj 0.446 0.323 0.231
signal with _respfact to Wjj and W—glugn fusion. Whb 0.621 0.274 0.105
The reduction in the W-gluon fusion back-
ground is due to the fact that the second b-jet
in W-gluon fusion events has low p and is of-
ten not tagged. In addition to the jet and b-jet multiplicities, the leading jet and b-jet p distribu-
tions are also useful discriminators. For example, the Wbb and Wijj events tend to have softer
spectra than for single top and tt events.

Figure 18-31 shows the total event invariant mass, defined from the four vectors of all of the jets
and leptons found in the event. A significant difference is observed between the invariant mass
of events in the non-top backgrounds and in the signal processes.

This work focuses on single top signal events Table 18-13 Fraction of events with different total
with a leptonic W decay. Therefore, apart from  reconstructed b-jet multiplicities for the various signal
the Wt signal and the tt background, there @&nd background processes.

should be no excess of di-jet combinations  prgcess nbjet=1 nb-jet=2 nb-jet>2
with my; near the value of m. Indeed,
Figure 18-32 shows the distribution of di-jet
masses obtained by choosing the di-jet with i 0.944 0.055 0.001
mass closest to my,,. It can be seen that Wt and
tt have di-jet mass distributions which are sig-
nificantly peaked near the W mass, while the 0.668 0.325 0.007
other channels do not.

W-g fusion  0.933 0.066 0.001

W 0.662 0.336 0.002

Wijj 0.945 0.053 0.002
Another variable of interest is the reconstruct-
ed top mass (since there is no top quark in Wjj
and Whbb events). As described in previous sec-
tions, the top mass in the decay t - Whb fol-
lowed by W - Iv can be calculated by assigning E4(v) = E;™Miss and by calculating p,(v) (with a
quadratic ambiguity) by applying the constraint that m;, = m,. Figure 18-33 shows the recon-
structed m,,,, distribution, where the p,(v) solution which gives m,,, closest to m, has been cho-
sen. In Figure 18-34, the scalar sum of the py of all of the jets in the event is plotted. Clearly the
pr in tt events is much higher on average than in the signal processes, while the Wjj events have
lower average py .

Whb 0.619 0.379 0.002

Based on these kinematic distributions, cuts were optimised for each of the single top processes.
In the case of Wjj production, the largest single top background, the cross-section at the LHC is
currently not well known. Therefore, the usual procedure of minimising the relative error in the
cross-section measurement by minimising ./S+ B/S was not followed. Instead, the cuts were
chosen to minimise the effect of the uncertainty on the Wjj cross-section by optimising the S/B
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ratio. Analysis of each of the three single top production processes is presented in turn, fol-
lowed in Section 18.1.6.6 by a discussion of the measurement of V,. The analysis of each proc-
ess started with the pre-selection cuts presented earlier, namely the presence of at least one
isolated lepton with p; > 20 GeV, at least two jets with pr > 30 GeV, and at least one b-tagged jet
with py > 50 GeV.

18.1.6.3 Measurement of W-gluon fusion cross-section

The W-gluon signal is distinguished from backgrounds by the presence of a spectator quark jet
which emerges in the forward direction. To isolate this signal, in addition to the pre-selection
cuts, a forward jet with |n|] > 2.5 and p; > 50 GeV was therefore required. The total number of
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jets was further required to be exactly two, to provide additional rejection of tt background, al-
though it is recognised that comparison to a theoretical cross-section might be compromised by
such a topological restriction. In addition, the central jet was required to be tagged as a b-jet, and
to satisfy pr > 50 GeV, in order to reduce Wjj background. Further rejection of the ‘soft’ W+jet
backgrounds was accomplished by requiring the total invariant mass of the event be greater
than 300 GeV and that Hy, the sum of the E; values of all the jets and leptons in the event, satis-
fy Hy> 200 GeV. Finally, a top mass window was employed to reduce non-top backgrounds.
These particular choices are not unique and a significant effort is still required to fully optimise
these cuts. In particular, this will likely require a better understanding of the Wjj background.

Details of each cut are presented in Table 18-14 which shows the selection efficiency for the sig-
nal and background processes after each cut is applied, as well as the final number of events
normalised to an integrated luminosity of 30 fb-1. The number of events for the signal and tt
background are taken as the average of results from ONETOP and PYTHIA. The number of
events for the Whb background are taken as the average of results from the HERWIG and ONE-
TOP calculations. The result of 26 800 signal events and a total background of about 8 650
events, corresponds to a S/B = 3.1 and S/./B = 286. The relative statistical uncertainty in the
cross-section is 0.71%. If the high and low results of the Wjj calculation are used, the resulting
values of S/B range from 4.3 down to 2.4.

Table 18-14 Cumulative efficiencies for the signal and background processes after each successive cut of the
analysis to isolate the W-gluon fusion process. Also shown are the numbers of selected events after all cuts,
normalised to an integrated luminosity of 30 fb-1. The uncertainties are due to the Monte Carlo statistics. Note
that the number of jets (Njets) includes any b-jets.

Description of cuts Cumulative Selection Efficiency (%)
W-g fusion it Wbb Wjj
Pre-selection cuts 20.0 44.4 2.49 0.667
Njets = 2; p;>30GeV 13.2 0.95 0.99 0.37
Forward jet; p+>50,In|>2.5 4.3 0.046 0.072 0.06
M;,>300 GeV 3.58 0.025 0.043 0.048
H; > 200 GeV 2.08 0.019 0.036 0.027
150 < m, < 200 veto 1.64 0.01 0.0052 0.0066
Events/30 fb-1 26 800 £ 1000 720 + 160 104 + 60 7900 + 1600

18.1.6.4 Measurement of Wt cross-section

The strategy for measuring the Wt cross-section is similar to that for W-gluon fusion, since they
share the same backgrounds. However, the nature of Wt events makes them relatively easy to
separate from Wijj and difficult to separate from tt events. Assuming the tt cross-section will be
well measured at the LHC, this does not preclude performing a precise measurement of the Wt
cross-section.

In addition to the pre-selection cuts, the number of jets in the central region was required to be
exactly three, each with p > 50 GeV. Requiring at least three jets significantly reduces non-top
backgrounds, while not allowing four or more jets reduces tt background. Exactly one of these
jets was required to be tagged as a b-jet. By not allowing more than one b-tag the tt background
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was reduced, while at least one b-tag was necessary to suppress Wjj. The total invariant mass of
all reconstructed leptons and jets was required to be less than 300 GeV in a further attempt to re-
duce the tt background. Finally, the presence of a second W in Wt and tt events was exploited by
requiring the reconstructed mass of the two untagged jets to be consistent with m,,, by satisfying
65 GeV < m;; < 95 GeV.

The samples of signal and background events surviving these cuts are summarised in Table 18-
15. The only significant background remaining is from tt production, which is still more than a
factor of four larger than the signal. Backgrounds from Wjj and from other single top processes
are reduced to a negligible level. From Table 18-15, S/B = 0.22 and S/ /B = 39. The relative statis-
tical error on the Wt cross-section is 2.8%.

Table 18-15 Cumulative efficiencies for the signal and background processes after each successive cut of the
analysis to isolate the Wt process. Also shown are the numbers of selected events after all cuts, for an inte-
grated luminosity of 30 fb-1. The uncertainties listed are due to the Monte Carlo statistics. Note that the number
of jets (Njets) includes any b-jets.

Description of cuts Cumulative Selection Efficiency (%)

m tt Wbb

Pre-selection cuts 255 444 2.49

njets = 3; p; > 50 GeV 341 4.40 0.05

nb-jet=1 3.32 3.24 0.037

My, < 300 GeV 1.43 0.71 0.008

65 < m;; < 95 GeV 1.27 0.41 0.003
Events/30 fb-1 6828 + 269 30408 + 742 58 + 19

18.1.6.5 Measurement of W* cross-section

Since the W* signal has such a small cross-section relative to background, stringent cuts must be
made to obtain a reasonable signal-to-background ratio (for details of this analysis see reference
[18-49]). In addition to the pre-selection cuts, exactly two jets with |n] < 2.5 were required, in
order to reduce the tt background, which tends to have more than two jets. Furthermore, both
jets were required to have pt > 75 GeV, and to be tagged as b-jets. This cut significantly reduces
the W+jets background. This cut also reduces background from W-gluon fusion events since the
second, lower p+, b-jet from these events tends to be very soft and is often outside the b-tagging
region (] n]<2.5). Those W-gluon fusion events for which both b-jets are tagged, are suppressed
by the py cut. Further rejection of Wjj background is achieved by requiring the scalar sum of the
jet pt to be greater than 175 GeV, since the total jet pt in Wjj events is generally lower than for
events containing top quarks. The invariant mass of the event was required to exceed 200 GeV,
again a cut predominantly against Wjj background events, which do not contain top quarks and
so tend to have smaller invariant mass. Finally, a cut was placed on m,,, requiring it to lie with-
in the range from 150-200 GeV.

The signal and background samples passing the successive cuts are summarised in Table 18-16.
After all cuts, a value of S/B = 0.46 is achieved, with a significance of S/./B = 23. The relative
statistical error on the W* cross-section is 5.4%.
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Table 18-16 Cumulative efficiencies for the signal and background processes after each successive cut of the
analysis to isolate the W* process. Also shown are the numbers of selected events after all cuts, for an inte-
grated luminosity of 30 fb-1. The uncertainties listed are due to the Monte Carlo statistics. Note that the number
of jets (Njets) includes any b-jets.

Description of cuts Cumulative Selection Efficiency (%)

w* W-g fusion Wt it Wbb Wjj

Pre-selection cuts 27.0 20.0 255 44.4 2.49 0.667
njets = 2; py > 30 GeV 15.7 6.8 3.79 0.93 1.35 0.201
nb-jet = 2; pr > 75 GeV 2.10 0.05 0.018 0.023 0.038 0.0005
scalar sum of py >175 1.92 0.036 0.016 0.021 0.030 0.0004
GeV

M;,>200GeV 1.92 0.036 0.014 0.021 0.025 0.0003
150<m;,;,<200 GeV 1.67 0.031 0.008 0.017 0.016 0.0002
Events/30 fb-1 1106 + 40 510+ 148 42+ 21 1290+228  328+61 226 + 13

18.1.6.6 Determination of V

Given the results summarised above, the relative experimental statistical errors on the produc-
tion cross-sections of the single top processes would be 0.71% for the W-gluon process, 2.8% for
Wt production, and 5.4% for the W* process. These results imply statistical uncertainties on the
extraction of V, of 0.36% for W-gluon fusion, 1.4% for Wt, and 2.7% for W*.

The errors in the extraction of V, would be
dominated by uncertainties in the theoretical
predictions of the cross-sections. These arise

Table 18-17 Relative errors, and their sources, in the
cross-sections for single top production. The error
due to imprecision in the top mass is quoted assum-

from uncertainties in the parton distribution ~ ing dm;= 2 GeV. For more details, see the text.

functions (PDF), uncertainty in the scale (u) Source 3010 (%)

used in the calculation, and the experimental

error on the mass of the top quark. As sum- of Error wr W-giusion Wi
marised in Table 18-17, the reliance of the W- Statistical 5.4 0.71 28
gluon fusion process on gluon PDFs leads to

a higher error than in the W* channel. How- PDF 4 10 )
ever, the W* cross-section has a greater rela- U (scale) 4 5 ;
tive dependence on the top mass. Despite

this heightened dependence on the top mass, om; 5 2 )
the overall theoretical error on the cross-sec- Total theory error 75 1 =50

tion is lowest for W* (assuming the top mass
will be measured to £2 GeV). For detailed
discussions of the theoretical errors, see references [18-50], [18-51], [18-52] and [18-53]. The Wt
cross-section at the LHC is not currently well known theoretically; the value of 50% quoted in
the table reflects the range of values appearing in the literature. The measurement of V,, is also
sensitive to errors in the cross-sections of the backgrounds. In particular, the cross-section for
the Wijj process at the LHC is not well known.

18 Heavy quarks and leptons 659



ATLAS detector and physics performance Volume |l
Technical Design Report 25 May 1999

Another source of error is due to the kinematic modelling of the signal and backgrounds by the
Monte Carlo generators. Rather harsh cuts are required to extract the signals from background,
leading to signal efficiencies of typically of 1 - 3%. Extrapolating from the experimentally meas-
ured cross-section to the theoretical prediction will introduce additional uncertainty into the ex-
traction of Vy,. Also, the only Wijj events which contribute to the background are in the far
reaches of the tails of the invariant mass and transverse momentum distributions. Since these
are extremely unusual events, it is not clear that the simulation is accurate in this regime. This
problem of modelling the tails of high rate backgrounds is common among many ATLAS phys-
ics analyses and requires further study.

18.1.6.7 Measurements of W and top polarisation in  W-gluon fusion

Single top production provides an opportunity to study the polarisation of top quarks as well as
of the W bosons produced in their decay. As discussed below, the SM predicts that about 70% of
W bosons produced in top decay will be longitudinally polarised. Furthermore, in the limit of
zero b-quark mass, the SM predicts that the top quarks produced in the W-gluon fusion process
at LO are almost 100% polarised. Since the top decays too quickly to hadronise or depolarize, its
spin information is transmitted to its decay products. New physics, such as top production in
the decay of a heavy charged Higgs boson or the existence of V+A couplings at the W-t-b vertex,
could alter the decay angular distributions of either the W boson or the top quark. Investiga-
tions of the W and top polarisations (for more details, see reference [18-54]) are discussed below.

The polarisation of the W boson can be investigated through measurements of distributions of
its decay products [18-27]. For example, the cosine of the decay angle of the lepton, cos,,©,,
measured in the W rest frame with respect to the direction of the W boson momentum vector in
the top rest frame can be readily obtained from the I-b invariant mass (m;) as:
cos,, ©, 02 Ernlb/(mt mW) 1. The differential angular distribution can be decomposed into
three terms:

3 iny,, © —cosy © + cos, ©
FW(COS\Nel)ZQD[flongEB; yzlngrfLEBl 5 lEZ’LfREHl 5 |52

where fg, f_and fj,,q are the fractions of right, left and longitudinal components of the W polari-
sation. According to the SM, fg = 0 and fig,¢/f = m2/(2m,,?). With m; = 175 GeV, the SM predicts
flong= 0-703 and f, = 0.297.

Events with right-handed W polarisation were introduced into the simulation by treating the
neutrino in SM events as a charged lepton, and vice versa. In addition to a sample of events sim-
ulated with the SM prediction, a ‘SM-like’ scenario, in which the non-longitudinal fraction
1 —fiong = 0.297 is shared by fg and f;, was simulated. The simulations were performed at the
parton level. As an example, Figure 18-35 shows the distribution of cos,,©, for the Standard
Model scenario and the more general situation with i, = fio,SM = 0.703, f|_ = 0.90xf SM = 0.267
and fg = f SM- f, =0.030.

Several functions were used to fit the cos,,©, distributions, including a pure SM fit which as-
sumes fz=0, a ‘SM-like’ fit with f|,, fixed to the SM value and the fractions f, and fg being re-
turned, and a more general fit in which all three components were left free. The results obtained
with the SM sample yielded values for ., fy and fz which differed by less than 1.5% from the
generated values. When using the mixed sample, the ‘SM-like’ and the more general fit both re-
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Figure 18-35 Distributions of the cosine of the lepton angle in the W rest frame for the SM scenario with fz=0,
(left figure) and a “SM-like” scenario in which there is a 3% right-handed component included at the expense of
the left-handed fraction. The curves correspond to a SM-like fit (f,ong = 0.703, f; + fp = 0.297) resulting in
f g= 0.004 (left) and 75 = 0.032 (right). In each figure, the contributions from longitudinal (O), left-handed (L) and
right-handed (R) polarisations are shown separately, as well as their sum.

turned a non-zero value for fg of ~11% (the ‘SM-like’ fit results are shown in Figure 18-35). In the
non-SM scenario, a pure SM fit under the hypothesis of a zero f is clearly disfavoured, with a 2
per degree of freedom five times higher than obtained with the fit with f; as a free parameter.

In addition to measuring the W helicity, the polarisation of the top quarks produced in W-gluon
fusion can be observed by measuring the angular distribution of the lepton in the top rest frame
with the polarisation axis defined by the direction of the top in the center-of-mass frame of the
two incoming quarks. In this frame, the situation is like a 2-2 scattering in electron-positron an-
nihilation. The distribution of cos,©, in this frame is described by

1- cos,Q, 1+ cos,Q,
F((cos© ) = f DT+ fr 5

Unlike the decay scenario, which used a Lorentz invariant to define the angle, a boost is re-
quired which introduces a minor skewing of the distribution. Depending on how the neutrino
longitudinal momentum is defined, this skewing is more or less pronounced. As can be seen
from Figure 18-36, the skewing of the distribution due to the algorithm used to define the boost
is minimal. The fits denoted on the figure show the fitted fractions of left- and right-handed
components for the helicity of the top quark. Since these are Standard Model distributions, the
right handed component is expected to be zero. The fitted RH helicity fractions, reflect the un-
certainty from the Monte Carlo statistics. Further study is required to move beyond this parton-
level study and to understand the final sensitivity to a right-handed component, including de-
tector effects.

In principle, for polarised top quarks, the asymmetry in the number of events produced with a
particular charged lepton into and out of the decay plane should be zero for a T-conserved proc-
ess. Hence, a non-zero measurement of this asymmetry could be interpreted as evidence for CP-
violation, given the assumption of conserved CPT. It has been estimated in the literature [18-27]
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Figure 18-36 Distribution of the cosine of the lepton angle in the top rest frame, reconstructed using the true
neutrino momentum (left figure) and using the longitudinal momentum for the neutrino which gives the best top
guark mass fit (right figure). Superimposed on each figure are the results of the fit, showing the resulting left-
handed (L) and right-handed (R) polarisations separately, as well as their sum.

that approximately 107-108 single top events would be required to detect CP violation at the lev-
el of 0.1-1%. While this is perhaps within reach of the statistics available over the lifetime of the
LHC, such a study has not yet been carried out.

18.1.6.8 Conclusions of electroweak single top studies

While further work is required in order to fully understand the detector effects, the initial con-
clusions are that ATLAS is capable of extending the measurements expected from Fermilab into
a new energy regime in which the cross-sections are very large. Backgrounds from tt production
and W production with heavy flavor appear to be manageable, although detailed measure-
ments of heavy quark production in association with W bosons will be necessary for precise
control. Exploiting the three different single top production mechanisms, independent measure-
ments of V, can be made which will provide both its definitive determination at the statistical
level of a fraction of a percent as well as important tests of non-standard physics possibilities.
The production of polarised top quarks is a unique feature of its weak production mechanism
which will allow for precise helicity measurements at both the production and the decay verti-
ces.

18.1.7 Conclusions of top quark physics studies

The large production cross-sections at the LHC for tt pair production and electroweak single
top production imply that, in one year of running at low luminosity (1033 cm~2s-1), a sample of
top quark events will be produced which is more than 104 times larger than the data set used at
the Fermilab Tevatron to discover the top quark. Over the lifetime of the ATLAS experiment,
samples of many millions of top quark events will be selected.
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These large data sets will allow very sensitive studies of the properties of the top quark. The
mass of the top quark will be measured with a precision of less than 2 GeV, dominated entirely
by systematic errors. The top quark Yukawa coupling can be measured with a precision of less
than 10% for a Higgs mass of 100 GeV. The tt spin correlations predicted in the SM can be ob-
served, and used to probe for anomalous couplings or CP violation. Heavy resonances decaying
to tt could be detected with masses up to 3 TeV for o x BR greater than about 10 fb. Rare decays
of the top quark can be probed down to branching ratios as low as of order a few times 10-°. Fi-
nally, the detailed study of three different mechanisms of electroweak single top production will
yield a wealth of information including precision measurements of V,,, measurement of the W
and t polarisations, and searches for anomalous couplings.

18.2 Fourth generation quarks

Data from LEP and SLC imply the existence of only three SM families with light neutrinos.
However, extra generations with heavy neutrinos are not excluded, and models which include
them have been proposed. The current experimental limits on fourth family quarks and leptons
are m; > 80 GeV and mg > 128 GeV [18-29]. The measurement of the p parameter [18-29] con-
strains the mass splitting between the doublet members of possible heavy generations of
quarks: Z;(c;/3)Am;2 < (49 GeV)2, (83 GeV)2, where c; is the colour factor, and where the first
(second) limit corresponds to a Higgs mass of about 90 GeV (300 GeV). Considering only fourth
family quarks, an analysis gives Am = | m(d,) - m(u,) | <43 GeV (72 GeV).

To take a specific model as an example, the democratic mass matrix (DMM) approach, devel-
oped as one possibility for solving the problem of the masses and mixings of the fundamental
particles is considered. In the DMM approach, the SM is extended to include a fourth genera-
tion of fundamental fermions, with masses typically in the range from 300 to 700 GeV [18-55]. In
order to avoid violation of partial wave unitarity, the quark masses should be smaller than
about 1 TeV [18-56]. A few efforts have been made to parametrise the CKM matrix to take into
account a possible fourth family [18-57][18-58]. These models predict that the fourth generation
quark masses are close to each other, and that two-body decays of fourth family quarks are
dominant over three-body decays. Guided by these models, two sets of mass values:
m(u,) = m(d,) = 320 GeV and m(u,) = m(d,) = 640 GeV, together with the CKM values in referenc-
es [18-59] and [18-57] are studied.

A fourth generation of fermions would contribute to the loop-mediated processes in Higgs pro-
duction (gg — H) and decay (H - yy, H - gg) [18-61].
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This effect would both enhance the Higgs pro-
duction cross-section, and modify the branch-

Table 18-18 The enhancement, compared to the pre-
diction of the three generation SM, in Higgs production
and decay due to a fourth generation of fermions of

ing ratios for Higgs decay. Table 18-18

summarises a few examples of the predicted ™Mass 320 GeV or 640 Gev.

enhancement, relative to the three-generation sm Enhancementin ¢ x BR
SM, a fourth generation would give in the val- b <BR(H <BR(H . Z7*
ues of o xBR for the channels H - yy and 9gs ° (H-w) ° (H - )
H - ZZ. The enhancement is typically a factor ~Mass  m,320 m,640 m,320 m~640
of approximately 7-10 for the H - ZZ (and (GeV) GeVv GeVv GeVv GeV
also H - WW) channels, and up to 2 for 159 116 118 979 779
H - y. The enhancements are almost inde-
pendent of the assumed mass of the fourth 130 1.33 1.35 9.46 9.40
family quarks or any other parameters. 150 219 292 736 728
Of course, as discussed below, more clear evi- 170 11.4 11.2
dence for the existence of a fourth generation

180 8.39 8.23

of quarks could be obtained by searching for
them directly. Fourth family quarks would be
produced in pairs at the LHC. The expected production cross-section as a function of heavy
quark mass was plotted in Figure 18-1, and shows that o = 10 pb for a quark mass of 400 GeV,
decreasing to =0.25 pb for a mass of 800 GeV.

18.2.1 Fourth family up quarks

The fourth generation up-type quark (u,) would predominantly decay via u, — Wb. The expect-
ed event topologies are thus the same as for tt production, except for the different mass of the u,
quark. The best channel for observing u,u, production would be the ‘single lepton plus jets’
mode where one W decays leptonically (W - Iv) and the other hadronically (W - jj) [18-60].

Events of the topology u,u, — WWbb — (Iv)(jj)bb were generated with PYTHIA and simulated
with ATLFAST. Events were selected by requiring E;™iss > 20 GeV and the presence of an isolat-
ed electron or muon with p > 50 GeV and |n|] < 2.5. The lepton isolation criteria required the
separation in pseudorapidity/azimuthal angle space between the lepton and any jet to exceed
0.4, and that the total transverse energy deposition in cells within a cone AR < 0.2 around the
lepton not exceed 10 GeV. Two very hard (pr > 250 GeV) jets were required to be tagged as
b-jets. An additional pair of jets, not tagged as b-jets, was required to satisfy
50 GeV < m;; < 100 GeV in order to be loosely consistent with my,,. Accepted W candidates were
then combined with the b-tagged jets to search for evidence of u, — Wb - jjb. The mass resolu-
tion and efficiency were 21GeV and 1.1%, respectively, for m(u,) =320 GeV. For
m(u,) = 640 GeV, the corresponding values were 40 GeV and 0.6%.

The background is dominated by tt production with subsequent decay tt — (Iv)(jj)bb. This back-
ground process has the same final state as the signal, as well as a large cross-section. In addition,
there are smaller backgrounds from W + 4 jets, WW + 2 jets, and ZZ + 2 jets. The hard kinematic
cuts are effective at reducing the backgrounds. The W and WW backgrounds are further sup-
pressed by the requirement of two b-tagged jets. The background from ZZ + 2 jet production,
with one Z decaying leptonically and the other to bb, is very small after cuts.
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Table 18-19 presents the expected number of
observed events due to u,u, pair production
for different u, masses and for an integrated
luminosity of 100 fb~1, together with the con-
tributions from the background processes.
Figure 18-37 shows the reconstructed my;, dis-
tributions for signal and background in the
cases of u, quark mass of 320 GeV. In addition
to a prominent top quark peak, an excess
around the u, quark mass is observed.

The corresponding values of S/./B and S/B are
also presented in Table 18-19. With an inte-
grated luminosity of 100 fb-1, a u, signal could
in principle be discovered with greater than
50 significance for both u, masses. However,
as m(u,) increases, the decreasing value of S/B
and the increasing width of the signal will
make challenging the task of extracting the
signal above background. An investigation is

Table 18-19  For three different u, masses, the
expected number of selected events for the u,u, sig-
nal and the backgrounds in the single lepton plus jets
mode, for an integrated luminosity of 100 fb1.

Mass of u, quark

Process 320 GeV 640 GeV
u,u, signal 7067 1060
tt 12880 5953
W + 4 jets 507 218
WW +jj 75 32
ZZ +jj 1 4
Total Background 13473 6207
S/./B 61.0 135
S/B 0.52 0.17

underway of the possibility to further improve extraction of the signal by simultaneously recon-
structing the u, - Ivb decay, and requiring that both decays give the same u, mass.

Events of the “‘all jets’ topology
usu, — WWhb - (jj)(jj)bb with both W bosons
decaying hadronically have also been studied
[18-62]. The signature for this channel is char-
acterised by six or more jets in the final state.
QCD multi-jet events are the dominant source
of background, with an estimated cross-sec-
tion of about 5.5 pb. Other backgrounds sourc-
es include tt and W plus jet production.

In addition to the two very hard b-jets
(pt > 250 GeV) required above, the selection
criteria demanded at least 6 jets with
pt > 20 GeV (including the two tagged b-jets)
and no isolated lepton in the final state.
Table 18-20 shows the number of generated
signal and background events before and after
applying these event selection cuts, and illus-
trates the effectiveness of the cuts in very sig-
nificantly decreasing the backgrounds from
QCD multi-jets and W+jets production.

>
()
R B
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s 20000 — J_ total background
% L ~= pp - tt
% B W + jets
2 15000 | L
i g8 PP - Uy U,

10000 (—
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Figure 18-37  Invariant my;, mass distribution for
selected single lepton plus jet events for
m(u,) = 320 GeV, normalised to an integrated lumi-
nosity of 100 fb-1.
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The W - jj decay was reconstructed from the
light quark jets. The combinations satisfying
Im;; —my | <15GeV were then combined
with all b-tagged jets. Further background re-
duction was achieved by requiring
Hy > 500 GeV, where Hy is defined as the sca-
lar sum of the transverse energies of all the re-
constructed jets. The resulting m;p Mass
resolution and signal efficiency were 22 GeV
and 6.9%, respectively, for m(u,) = 320 GeV.
The corresponding values for m(u,) = 640 GeV
were 36 GeV and 0.4%.

Table 18-21 summarizes the number of signal
and background events surviving these cuts. It
is clear from the small S/B values that the

Table 18-20 Al jets u,u, signal and background event
samples, before and after applying the selection cuts.

Process Evts generated Evts after cuts
u,u, Signal 2.0-108 6.8-105
QCD jets 2.0-108 3.9.104
tt 107 1.4-108
W + jets 1.0-108 104

Table 18-21 Expected rates of the fourth family up-
quarks in all-jets mode and various backgrounds for
an integrated luminosity of 100 fb~1.

backgrounds from QCD and from tt dominate

Mass of u,
over the signal. The QCD background is of
particular concern, since its cross-section at Process 320 GeV 640 Gev
the LHC is not well known. The rather broad | j . 96.8k 2390
. .. . . 4Y4 signal :

mjjp signal distribution, due to the many dif- —
ferent combinations possible, also compli- QCDmulti-jets 491k 144k
cates efforts to extract the signal above 206k 64k
background. For u, masses which are not too _
high, it is possible that the all-jets analysis W *Iets 17.6k 7.2k
could be used to support a discovery made in  Tota) Bkgnd 804.6k 2159k
the single lepton plus jets decay channel.

S/B 0.12 0.01

18.2.2 Fourth family down quarks

Under the assumption that m(d,) = m(u,), the dominant d, decay mode would be d, -~ tW-. The
most promising final state to search for d,d, pair production is the single lepton plus jets chan-
nel pp - d,d, — tEW+W- - W+bW-bW+W-, where one of the W decays leptonically and the oth-
ers decay hadronically [18-62]. The dominant background for this channel is tt production with
additional jets. Other sources of background, such as WW+jets and W+jets, do not contribute
significantly.

Events satisfying the final state topology d,d, — | + 2bJ-et + 6j + E{Miss were required to have ex-
actly eight jets with p > 20 GeV, including two b-tagged jets, and one isolated electron or muon
with py > 20 GeV. In addition, a requirement was imposed that E;Miss > 20 GeV. Di-jet pairs sat-
isfying |mjj —-myy | <15 GeV were considered as W - jj candidates, and were combined with b-
tagged jets to search for t — jjb candidates. Combinations with |mjjb - m|< 15 GeV were con-
sidered as top quark candidates. Finally, t - jjband W - jj candidates were combined to search
for a signal from the hadronic decay d, - tW - (jjb)jj. The resulting mass resolution was
42 GeV, with a signal efficiency of 0.54%.

666 18 Heavy quarks and leptons



ATLAS detector and physics performance Volume Il
Technical Design Report 25 May 1999

Figure 18-38 shows the invariant mass distri-

butions of the (jjb)jj system for the signal and E 20000

tt background in the case m(d,) = 320 GeV, as- o u

suming an integrated luminosity of 100 fb-1. &

Within a mass window of 320 + 60 GeV, a total £ 15000—

of about 29 400 signal events were selected, o B [ Signal + background
Ll s opp - tt

with a background of about 39 000 events. The i
d, signal and tt background shapes are very 10000— HE pp ~ dyd,
similar. However, the size of the excess is
much larger than the uncertainty in the

knowledge of the tt cross-section. Observation 5000/— EFoET

of such an excess would be a clear signal of

new physics, though further studies would be T EnEEEe

required to determine the cause of the en- o LB

hancement. For the case with m(d,) = 640 GeV 200 400 600 800
and an integrated luminosity of 100 fb~1, 2 043 m 4J.b(GeV)

signal events would be accepted, with a back-
ground of 3479 events in the mass interval
640 + 75 GeV. The very broad signal shape Figure 18-38 Invariant mass distribution of the (jjb)jj

would complicate detection of the signal system for m(d,) = 320 GeV, normalised to an inte-
above background grated luminosity of 100 fb-1.

These results can be improved by more fully utilising the knowledge of the final state, and the
resulting kinematic constraints (such as my,, and m; constraints for the appropriate combina-
tions). It has been shown in the analysis of ttH for example (see Section 19.2.4.3), that it is possi-
ble to simultaneously reconstruct both top quark decays, thereby reducing greatly the number
of possible combinations. Application of such techniques here should improve the separation of
the signal from background, and are being studied.

18.2.3 Bound states of fourth family quarks

If the decays of fourth generation quarks were suppressed, for example due to small inter-gen-
eration mixings, the resultant long quark lifetime could lead to formation of a Q,Q, bound state
[18-63] such as a pseudoscalar quarkonium state n,. As already said, the extension of the DMM
model to include a fourth family predicts a mass difference between u, and d, of the order of
1 GeV. Given the expected experimental resolution of ATLAS, this mass difference would not
allow the identification of the quark type which compose the quarkonium.

The production of a superheavy quarkonium via gg — n, process has been implemented in PY-
THIA. The decay n, — ZH, followed by Z - Il and H - bb, has been studied [18-65] for
m(n,) = 600 GeV and my =150 GeV assuming ¢ xBR = 0.19 pb (including BR(Z - IlI) and
BR(H - bb)). The main background for this channel is due to Z+jets production
(o ~ 1.7x10%4 pb). Continuum ZH production does not contribute significantly (o ~ 6x10-3 pb).

The selection cuts required the presence of two isolated opposite-sign, same-flavour leptons
with pt > 20 GeV and satisfying |m; — m;] < 10 GeV. In addition, two jets with p; > 15 GeV
were required to be tagged as b-jets. Evidence for the decay n, — ZH was then searched for by
reconstructing the Ilbb invariant mass. The resulting mass resolution was 25 GeV, with a signall
efficiency of 7%.
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As shown in Figure 18-39, a clear signal of
ng - ZH can be seen near the mass
m(n,) = 600 GeV. With an integrated luminosi-
ty of 100 fb-1, the estimated number of signal
and background events are 4660 and 573
events, respectively.
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4000—
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18.3 Heavy leptons

Accurate measurement of the parameters of Z 2000
decay have demonstrated that there exist only

three light neutrinos coupling to the Z with

SM couplings. The simplest supposition is 0
then that the lepton sector comprises these
three light neutrinos and their charged coun-
terparts. However, it is quite possible that
heavy leptons exist.

Figure 18-39 The llbb invariant mass distribution for
the Ny — ZH signal and background, normalised to

. an integrated luminosity of 100 fb-1.
Many models, such as composite models [18- g Y

66], left-right symmetric models [18-67], grand

unified theories [18-68], technicolor models [18-69], superstring-inspired models [18-70], and
models of mirror fermions [18-71], predict the existence of new particles with masses around of
the scale of 1 TeV and allow the possible existence of new generations of fermions. For illustra-
tion purposes, the case of heavy, ‘fourth generation’ leptons which have SM couplings is consid-
ered. In this case, production of a pair of heavy charged leptons (LL) or a pair of heavy
neutrinos (NN) at the LHC is dominated by the Drell-Yan process and by gluon-gluon fusion.
The total production cross-section, o(LL), is of order 1 pb at the LHC for m_ = 100 GeV, decreas-
ing to a few fb for m_= 700 GeV, with similar predictions for NN production [18-72].

The experimental signatures for detection of these heavy leptons depends critically on their
masses and decay modes. Searches for L - NW have been discussed in the literature [18-73],
and have concluded that it would be very difficult to separate the signal from the large back-
grounds from single and pair production of W and Z bosons. However, these analyses were per-
formed with the assumption of a massless fourth-generation neutrino, and need to be repeated
for a massive neutrino. In addition to this approach, the case where both the L and the N are
massive gives rise to other possibilities. For example, if the L and N were roughly degenerate,
the decay L -~ NW (and N - LW) would be kinematically forbidden. Instead, the heavy leptons
would decay predominantly through their mixing with the light lepton generations. In this
case, the charged lepton decay L - vW could be suppressed by a small mixing angle so that the
L could be relatively long-lived and would look like a muon escaping the detector. However,
due to its large mass, the velocity distribution for L production would not be peaked as sharply
at B =1 as for muon production. Measurement of its time-of-flight with the muon spectrometer
could then be used to identify and determine the mass of the heavy charged lepton. Such an
analysis is reported in Section 20.3, where the situation with heavy long-lived charged sleptons
was examined in the context of gauge-mediated supersymmetry breaking models. In the case
where the decay N - IW (with | a light lepton) occurs inside the detector, an interesting signa-
ture of NN - IIWW production would be the production of high py lepton pairs in association
with jets (for the case where both W bosons decay hadronically). The dominant background,
arising from tt production, could be suppressed by requiring no E;Miss and by trying to recon-
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struct the N mass from ljj combinations. The cases of pp — NN - lljjjj and pp — eN - egjj in left-
right symmetric models are presented in Section 21.6.2. Studies are underway of the ATLAS
sensitivity to these and other possible experimental signatures of heavy lepton production.

18.4 Conclusions

The LHC, with its high beam energy and luminosity, will be an excellent place to search for, and
explore the properties of, heavy quarks and leptons. The cross-section for tt production at the
LHC is about 100 times larger than that at the Tevatron, and will lead to accumulation over the
lifetime of ATLAS of millions of tt events. Studies of these events, and the large samples of elec-
troweak single top quark events, will permit very detailed studies of the properties of the top
quark, and will allow sensitive probes of the EWSB sector. In addition, the existence of fourth
generation quarks will be probed for masses up to of order 700 GeV. A great discovery poten-
tial, not yet fully evaluated, also exists for heavy leptons.
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