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Abstract

Thett̄ process is one of the main backgrounds in the search for the Higgs boson in theH → WW →
`ν`ν channel. The simulation of this background as well as an estimation of its contribution to the
total systematic uncertainty of this search will be studied in detail. The predictions of the PYTHIA,
HERWIG, TopREX and MC@NLO Monte Carlo programs are compared in order to estimate the
effect of different showering programs and of spin correlations. Furthermore, the question of how to
include NLO corrections is addressed and the simulation of single top background at NLO discussed.
Different data-driven methods to normalize thett̄ background are proposed and compared, and their
experimental uncertainties are estimated using a full CMS simulation.



1 Introduction
The Higgs-boson decay into twoW bosons and subsequently into two leptons (H → WW → `ν`ν) is expected to
be the main discovery channel for intermediate Higgs-boson masses: between2mW and2mZ [1]. The signature of
this decay is characterized by two leptons and high missing energy. In this mass range, theH → WW branching
ratio is close to one, leading to high statistics.

However, since no narrow mass peak can be reconstructed in this channel, a good background control together with
a high signal to background ratio is needed. The most important backgrounds, which give a signature similar to
the signal (i.e. two leptons and missing energy) are continuum WW production andtt̄ production. To reduce these
backgrounds, one has to require a small opening angle between the leptons in the plane transverse to the beam and
apply a jet veto.

In this note,tt̄ production is studied in detail and its contribution to the total systematic uncertainties on the
background determination in theH → WW → `ν`ν search is estimated.

In the first part of this note, the generation oftt̄ background will be studied by comparing different Monte Carlo
generators. The issue of a good simulation of this process at Next to Leading Order (NLO) will be addressed
together with the effect of spin correlations. Then the inclusion of single resonant top production at Next to
Leading Order will be discussed. Finally, methods to normalize the top background using data will be studied.
Experimental uncertainties coming from different normalization procedures will be estimated using a full CMS
simulation.

2 Generation oftt̄ events
In this section the generation of top production (pp → tt̄ → WbWb̄ → `ν`νbb̄, with ` = e, µ andτ ) will
be discussed by comparing four different Monte Carlo generators: PYTHIA [2], TopReX [3], HERWIG [4] and
MC@NLO [5], whose characteristics are summarized in Table 1.

HERWIG and PYTHIA are Monte Carlo generators based on Leading Order (LO) matrix elements. Additional
jet activity is generated through the so-called parton shower. The parton shower accurately describes soft and
collinear emissions. It tends however to underestimate the hard emissions. HERWIG is based on the Cluster
model for hadronization, whereas PYTHIA uses the Lund hadronization model.
TopREX is a Monte Carlo based on LO matrix elements, relying on PYTHIA for the showering process. Exact
LO matrix elements for 2→n (n up to 6) processes are taken into account and spin correlations are consistently
propagated through the generated processes.
MC@NLO, on the other hand, combines exact Next to Leading Order (NLO) computation with parton shower
Monte Carlo generators. It is based on HERWIG for the hadronization step. Therefore hard emissions are treated
as in NLO computations, whereas soft and collinear emissions are treated as in a LO parton shower Monte Carlo
program. The matching between the hard and soft and collinear regions is smooth. The total rates in MC@NLO
are accurate to NLO.
No spin correlations between thet andt̄ are taken into account in PYTHIA and MC@NLO, while HERWIG and
TopReX have the option to include them.

Table 1: Comparison of the different Monte Carlo generators.
PYTHIA 6.227 TopREX 4.11 HERWIG 6.508 MC@NLO 2.31

Matrix Elements LO LO LO NLO
hadronization model LUND LUND Cluster Cluster

shower model Q2 ordered Q2 ordered angular ordered angular ordered
spin correlations betweent andt̄ no yes yes no

In the following, three points will be addressed: how well LO Monte Carlos generate top production in the phase
space relevant for the Higgs-boson search with respect to NLO Monte Carlos, whether different showering mod-
els used by PYTHIA and HERWIG imply differences in the shapes of some important variables, whether spin
correlations need to be taken into account.

For the first point, MC@NLO will be compared with HERWIG without spin correlation, in order to study the NLO
effect separately. Then, PYTHIA and HERWIG without spin correlation will be compared to study the different
showering models. The third question will be addressed with a comparison between HERWIG with and without
spin correlation and MC@NLO on one hand and TopReX with and without spin correlation and PYTHIA on the
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other hand.

For the first part of this study, cuts based on the CMS geometrical acceptance were applied on the generated
4-vectors. The PDF chosen for HERWIG, PYTHIA and TopReX is CTEQ5L while CTEQ5M1 is used for
MC@NLO. No underlying event was generated. The top-quark mass considered is 175 GeV. One million events
were generated with each generator.
The cross section ofpp → tt̄ is 514 pb in PYTHIA, 400 pb in HERWIG and 837 pb in MC@NLO. The factor-
ization scaleµfac and renormalization scaleµren chosen for MC@NLO are equal tomtop/2. For PYTHIA and
HERWIG, default scales are used. The difference between the cross section in PYTHIA and HERWIG is expected
to be mostly due to this different default scale choice. The default scales were chosen as this is how the Monte
Carlo samples in CMS are currently produced. All different Monte Carlo cross sections will be reweighted to the
the inclusive NLO cross section, 840 pb.

Getting an accurate NLO simulation

Up until recently only Monte Carlo generators based on LO matrix elements were available for the simulation oftt̄
processes and used for most CMS Monte Carlo samples. In order to get an accurate cross section including higher
order QCD corrections, the cross section of the simulated process can be normalized to the calculated NLO cross
section applying a so-called inclusive K-factor, which is just the ratio of the NLO cross section over the LO cross
section.

Such an approximation assumes that all the dynamics is the same in both LO and NLO. Otherwise, one would
have to consider for instancept-dependent or rapidity-dependent K-factors in order to match generators based on
LO and parton shower with generators at NLO1).

To estimate the accuracy of the use of constant K-factors with LO Monte Carlos for thett̄ simulation, HER-
WIG 6.508 without spin correlation and MC@NLO 2.31 linked to this HERWIG version were compared. HER-
WIG 6.508 is an update of HERWIG 6.507 version2). As the spin correlations are not included in any of these
simulations (this option is not yet available in MC@NLO) and the same showering model is used, the difference
between the two simulations should be mostly due to the additional NLO matrix elements in MC@NLO.
This question is particularly interesting in the case of the Higgs-boson search in the WW channel, since a jet veto
has to be applied, making the event selection more sensitive to the jet content of the different processes.

One million pp → tt̄ → WbWb̄ → `ν`νbb̄ events were generated and the events for this comparison were
reconstructed starting with stable particles from the generator tree.

The selection used to search for theH → WW signal was then applied. First, a preselection requires two isolated3)

opposite charged leptons withEt larger than 20 GeV and|η| lower than 2 and rejecting all events including a jet4)

with Et larger than 30 GeV and|η| < 2.5 (jet veto). The second part of the selection requires:

• Emiss
t > 40 GeV (Emiss

t is formed with the sum of isolated leptons and jets transverse momenta)

• φ`` < 45◦ (angle between the leptons in the transverse plane)

• 5 GeV< m`` < 40 GeV (the invariant mass of the two leptons)

• 30 GeV< p` max
t < 55 GeV (lepton with the largestpt)

• p` min
t > 25 GeV (lepton with the smallestpt)

1) For instance,pt- and efficiency- dependent K-factors are defined to get a more accurate simulation ofH → WW [6].
2) The directions of the top decay products in HERWIG 6.507, particularly the b quark, were shifted too much by the parton

showering.
3) The isolation variable was defined as the ratio of the energy sum of all stable particles inside a narrow cone around the lepton

(∆R=0.15) over the energy sum of all stable particles inside a larger cone (∆R=0.5). The isolation variable has then to be
larger than 0.9. To be taken into the energy sum, the transverse momentum of a particle has to be larger than 1 GeV. Thept

of an isolated lepton should be larger than 10 GeV.
4) The jets are reconstructed using an Iterative Cone Algorithm with a Cone Size,∆R, of 0.5. A jet is kept if itspt is larger

than 20 GeV and|η| < 4.5.
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Figure 1: Thept distribution of the leading jet in HERWIG and MC@NLO in linear and logarithmic scale.
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Figure 2: The number of jets in HERWIG and MC@NLO.
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Figure 3: Thept distribution of thett̄ system in HERWIG and MC@NLO in linear and logarithmic scale.

Figure 1 shows the transverse momentum of the leading jet for HERWIG and MC@NLO. The shapes look very
similar, except in the highpt region. MC@NLO produces harder jets than HERWIG. This is not surprising since
HERWIG, as a LO parton shower Monte Carlo generator, produces jets rather correctly in the soft and collinear
region, but is inaccurate in the highpt region. As a jet veto is applied in the selection cuts, the two Monte Carlo
generators are very similar in our region of interest. Figure 2 shows that HERWIG and MC@NLO produce about
the same number of jets. Figure 3 shows the transverse momentum of thett̄ system in HERWIG and MC@NLO.
Thep t jet max andp t t̄ variables are strongly correlated, as thett̄ system is balanced by jets.
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Again, the transverse momentum spectrum is harder in MC@NLO, but HERWIG and MC@NLO agree very well
at lowpt.

Table 2 shows the number of events and the relative selection efficiencies5) for HERWIG and MC@NLO. In order
to investigate the NLO contribution, one has to compare only the first four columns, corresponding to MC@NLO
and HERWIG without spin correlations. One would expect differences mostly in the jet veto efficiency and the
isolation: these differences are actually very small. The relative efficiency of the jet veto in MC@NLO is 0.029
while in HERWIG its 0.032. As there are already twob-jets in thett̄ final state, the jet veto will tend to be less
sensitive to additional jet activity. In addition the shapes of all the other cut variables are very similar in MC@NLO
and HERWIG without spin correlation.

This comparison shows that the NLO contribution has a small effect on the shapes of the variables considered and
the selection efficiencies for the phase space relevant for theH → WW search. The region where NLO makes a
difference is at very highpt, whereas the bulk of the selected events is in the lowpt region. It should therefore be
safe to use an inclusive K-factor to get from HERWIG to MC@NLO.

Table 2: Number of events after selection cuts for MC@NLO and HERWIG with and without spin correlation.
The relative efficiency is given after each specific cut is applied. One million events were generated with each
Monte Carlo.

MC@NLO 2.31 HERWIG 6.508
without spin correlations without spin correlations with spin correlations

nr of events rel. eff. nr of events rel. eff. nr of evts rel. eff.
2 isol. leptons 280656 0.2807± 0.0004 284876 0.2849± 0.0004 288015 0.2880± 0.0004
|η`ep| < 2 197614 0.7041± 0.0009 193553 0.6795± 0.0009 196034 0.6806± 0.0009

jet veto 5764 0.0292± 0.0004 6159 0.0318± 0.0004 6046 0.0308± 0.0004
Emiss

t > 40 4027 0.699±0.006 4414 0.717± 0.006 4489 0.743± 0.006
φ`` < 45◦ 608 0.151± 0.006 632 0.143± 0.005 724 0.161± 0.006
5 GeV<

m`` < 40 GeV
354 0.58± 0.02 379 0.60± 0.02 416 0.57± 0.02

30 GeV<
p` max

t <55 GeV
164 0.46± 0.02 194 0.51± 0.03 191 0.46± 0.02

p` min
t >25 GeV 71 0.43± 0.04 76 0.39± 0.04 77 0.40± 0.04

Effect of the showering model

The effects of different showering models on the variable shapes and selection efficiencies is studied by comparing
PYTHIA 6.227, based on the Lund hadronization model, with HERWIG without spin correlations, based on the
cluster hadronization model.

Figure 4 shows the number of jets and Figure 5 thept spectrum of the hardest jet for PYTHIA and HERWIG.
On average, PYTHIA produces fewer and softer jets than HERWIG. The shape of the transverse momentum of
thett̄ system is different in PYTHIA and HERWIG. HERWIG tends to be smaller in the lowerpt region whereas
PYTHIA is larger in the higherpt region, as shown in Figure 6. However, the shapes of the other selection variables
show no large differences, as an example Figure 7 shows the maximum lepton transverse momentum before and
after the selection cuts.

The third and forth column in Table 2 and the first and second column in Table 3 compare the relative efficiencies
of PYTHIA and HERWIG without spin correlations. The isolation of the leptons is very similar between HERWIG
and PYTHIA, however the jet veto leads to a higher acceptance of thett̄ background in PYTHIA with respect to
HERWIG, as the jets are softer and therefore fewer events are rejected. The relative efficiencyε in HERWIG is
0.032 while in PYTHIA it’s 0.037. This is about a difference of around 15 %.

This comparison shows that for the phase space relevant to theH → WW search, HERWIG and PYTHIA predict
very similar variable shapes and relative selection efficiencies, except for the jets and thett̄ system. PYTHIA
produces fewer and softer jets than HERWIG. The peak of thept spectrum is shifted to lowerpt than in HERWIG.
The difference due to the showering model can therefore be mostly observed in the jet veto efficiency and is
around 15 %.
This shows that the uncertainty due to different showering models is rather large, mostly due to the different

5) Relative efficiency means here the ratio between the number of events after and before the cut is applied.
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Figure 4: The number of jets in HERWIG and PYTHIA
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Figure 5: Thept distribution of the leading jet in HERWIG and PYTHIA in linear (left) and logarithmic scale
(right).
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Figure 6: Thept distribution of thett̄ system in HERWIG and PYTHIA in linear (left) and logarithmic scale
(right).

treatment of jets, which can be observed in theptt̄ spectrum.
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Figure 7: Thept distribution of the lepton with the highestpt in HERWIG and PYTHIA before (left) and after
(right) the main cuts are applied.

Table 3: Number of events after selection cuts for PYTHIA and TopReX with and without spin correlations. The
relative efficiency is given after each specific cut is applied. One million events were generated with each Monte
Carlo.

PYTHIA 6.227 TopReX
without spin correlations without spin correlations with spin correlations

nr of events rel. eff. nr of events rel. eff. nr of evts rel. eff.
2 isol. leptons 281624 0.2816± 0.0004 293670 0.2937± 0.0005 295707 0.2957± 0.0005
|η`ep| < 2 195343 0.6936±0.0009 203689 0.6936± 0.0009 205605 0.6953±0.0009

jet veto 7128 0.0365±0.0004 7804 0.0383±0.0004 7834 0.0381±0.0004
Emiss

t > 40 4976 0.698±0.005 5442 0.697±0.005 5586 0.713±0.005
φ`` < 45◦ 731 0.147±0.005 801 0.147±0.005 962 0.172±0.005
5 GeV<

m`` < 40 GeV
434 0.59±0.02 499 0.62±0.02 594 0.62±0.02

30 GeV<
p` max

t <55 GeV
214 0.49±0.02 258 0.52±0.02 296 0.50±0.02

p` min
t >25 GeV 85 0.40±0.03 113 0.44±0.03 125 0.42±0.03

Effect of the spin correlations

In the H→ WW channel, a cut has to be applied on the opening angle between the leptons in the transverse plane,
in order to differentiate the signal from WW continuum production. This makes the selection more sensitive to spin
correlations. To study this, the TopReX Monte Carlo is used. It is interfaced to the PYTHIA for the showering step.
TopReX with spin correlations is compared to PYTHIA and TopReX without spin correlations6). Then HERWIG
with spin correlations is compared to HERWIG and MC@NLO without spin correlations.

Differences originating from the inclusion of spin correlations are seen in the mass of the dilepton system and in
theφ`` distribution. Figure 8 and 9 show the angleφ`` between the leptons for the samples with and without spin
correlations. In the left plots, the only requirement is to have two isolated leptons withpt > 10 GeV and|η| < 2.
In the right plots, an additional jet veto is applied. A similar but smaller effect is observed in them`` distribution.

PYTHIA and TopReX without spin correlations (Figure 8) show the sameφ`` distribution. Also HERWIG without
spin correlations has the sameφ`` distribution as MC@NLO (Figure 9). The difference in the distribution with and
without spin correlations is slightly larger in the TopReX case than in the comparison with HERWIG. This is most
probably due to the fact that TopReX does not the allow the top quarks to radiate gluons. In both comparisons one
can see that the spin correlations make theφ`` distribution flatter. After a jet veto is applied, the distributions with
and without spin correlations look more similar.

The Higgs-boson selection criteria were applied on both samples and Table 2 and 3 show the results. The rel-

6) The difference between PYTHIA and TopReX without spin correlation is mostly due to the fact that the top quarks are not
allowed to radiate gluons in TopReX, and the different treatment ofmtop.
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Figure 8:φ`` distributions of the angle between the leptons in the plane transverse to the beam. TopReX with and
without spin correlations is shown, as well as PYTHIA. On the left, only very basic cuts are applied, whereas on
the right a jet veto is applied in addition. The Higgs-signal selection requires withφ`` < 45◦.

ll
φ

0 20 40 60 80 100 120 140 160 180

) llφ
1/

N
 (d

N
/d

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 2 isolated leptons

<2lep|η>10GeV, |lep
t

p

HERWIG with spin corr

HERWIG no spin corr

MC@NLO

ll
φ

0 20 40 60 80 100 120 140 160 180

) llφ
1/

N
 (d

N
/d

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

2 isolated leptons, jet veto

<2lep|η>10GeV, |lep
t

p

HERWIG with spin corr

HERWIG no spin corr

MC@NLO

Figure 9:φ`` distributions if the angle between the leptons in the plane transverse to the beam. HERWIG with and
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the right a jet veto is applied in addition. The Higgs-signal selection requiresφ`` < 45◦.

ative efficiency after theφ`` cut is 0.14 in HERWIG without spin correlations and 0.16 in HERWIG with spin
correlations, while it’s 0.15 in TopREX without spin correlations and 0.17 in TopREX with spin correlations. The
relative efficiency in TopREX is slightly higher than in HERWIG. The difference of the relative efficiencies with
and without spin correlations is about the same in both the TopReX and the HERWIG case.
In conclusion, the difference due to the spin correlations is around 10%. Moreover the difference due to the use of
diverse showering models is around 15% between Herwig and Pythia and 20% between TopReX and Herwig.
These uncertainties cannot be neglected: it will be very important to estimate thett̄ background contribution for
the Higgs-boson search using data. A method to do this will be presented in Section 4.

3 Generating single resonant top production
At leading order, the inclusive double-resonant top production process,pp → tt̄ → WbWb → `ν`νbb, where
` = e, µ, τ , has a cross section times branching ratio of about 52 pb. Single resonant top productionpp → Wt
represents a contribution about ten times smaller. After applying a jet veto, the single-resonant top contribution is
increased with respect to the double-resonant one, as theb-jet is produced at a much lower transverse momentum.
This contribution therefore deserves particular care.

In order to resum large logarithms of the formlog[(mt + mW )/mb], it is preferable to view the single-resonant
process as one in which ab quark is probed directly inside the proton. In this case, the single resonant leading order
process isgb → Wt, as depicted in Figure 10, right. Starting from this process one can calculate NLO corrections,
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which naively include the double-resonant diagrams in the real radiation contribution7). However, by applying a
veto on the presence of an extrab quark, the interference effect is greatly suppressed and the contribution from the
double-resonant diagrams can be unambiguously removed [9].

Figure 10: Examples of Feynman graphs for double-resonant (left) and single-resonant (right) top production

Therefore we can estimate the single- resonant top production rate at NLO in a region where a jet veto is applied,
which in the case of the Higgs-boson search corresponds to the signal region. The NLO prediction for the rate
depends on the region of phase space which is probed, in particular on the definition of the jet veto. In the following
we will study the sensitivity to NLO corrections of the different kinematic variables used forH → WW → `ν`ν.

The NLO cross section for Wt production was calculated by J. Campbell and F. Tramontano using MCFM [10], a
parton level Monte Carlo generator. The efficiencies obtained for the Higgs-boson selection cuts were compared
for MCFM at LO and NLO by John Campbell and are shown in Table 4. The same selection as above is used.
However since MCFM is a parton level generator, the jet veto had to be applied directly on theb-parton, requiring
no b partons withpt > 40 GeV. No requirement on the lepton isolation was added. If no selection is applied, the
NLO-to-LO cross section ratio is about 1.4. After all selection cuts, it drops to 0.7, mostly due to the jet veto and
the presence of extra jets at NLO. The efficiency for the other selection cuts is very similar at LO and NLO.

Table 4: Higgs-boson selection cut efficiencies for the Wt process at LO and NLO simulated with MCFM (parton
level) [10] and TopREX (LO and parton shower). Here a veto is applied to thept of the generated b and is set at
40 GeV. The cross section is given for the decay branching ratio [W+ → e−ν][t → e−νb̄].

MCFM TopREX
LO NLO LO

Selection cuts σ × BR rel. eff σ × BR rel. eff rel. eff
(fb) (fb)

No cuts 271 377
2 lep,|η| < 2, pt > 20 GeV 204 0.75±0.002 277 0.73±0.002
Emiss

t > 40 148 0.73±0.002 209 0.75±0.003 0.75±0.001
φ`` < 45 20.8 0.14±0.002 34.4 0.16±0.002 0.17±0.001
5 GeV< m`` < 40 GeV 10.6 0.51±0.01 15.6 0.45±0.008 0.50±0.005
Partonic jet veto, 40 GeV 1.55 0.15±0.01 1.12 0.07±0.006 0.16±0.005
30 GeV< p` max

t <55 GeV 1.08 0.70±0.03 0.73 0.65±0.05 0.63±0.02
p` min

t >25 GeV 0.73 0.68±0.04 0.49 0.67±0.05 0.67±0.02

The selection efficiency obtained with MCFM was then compared to a simulation done with TopREX where the
parton shower was added. The cut efficiencies for TopREX are shown in the fifth column of Table 4. TopREX
and MCFM lead to very similar results. Thus TopREX should lead to a good simulation of single resonant top
production. To account for the difference in the jet veto efficiency between NLO and LO, the K-factor that will
be used to approximate NLO cross sections is determined in the signal region and is 0.7. This also avoids double
counting between double and single resonant top production since the two processes are separated in the signal
region. After a jet veto requirement the diagrams that can be double counted bring a negligible contribution [9]. A
theoretical uncertainty from scale variation and PDF uncertainty of about 20% can be expected on these numbers
[13].

Experimentally, the jet veto is applied to reconstructed jets8) and the jet energy does not correspond to an exact

7) Previous attempts to remove these contributions have either relied on subtracting the double-resonant cross section [7] or on
applying a mass window cut [8], both of which suffer from ambiguities related to the interference between the single- and
double- resonant graphs.

8) For this study, as before, the jets are reconstructed applying a cone algorithm to the generated stable particles.
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value of the partonpt. At Leading Order, requiring no parton withpt > 40 GeV, has a similar efficiency to
requiring no jets withpt > 30 GeV. Thus a parton cut at 40 GeV will roughly correspond to a jet cut at 30 GeV.
Figure 11 shows the selection efficiency for finding two leptons withpt > 20GeV and vetoing all cone jets with
pt > 30 GeV as a function of thept of the b. In this case, 85% of the events havept(b) < 40 GeV and 94% have
pt(b) < 60 GeV.
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Figure 11: Cut efficiency as a function of the b transverse momentum, after requiring two isolated leptons with
pt > 20 GeV,|η| < 2 and no reconstructed cone jet withpt > 30 GeV for a simulation using TopREX.

We propose thus to use TopREX for the generation of such process and then constant K-factors determined in the
particular signal region. The theoretical error on the Wt cross section is estimated to be around 20% including PDF
and scale variation.

4 tt̄ normalization
The presence of two neutrinos in the final state of the decayH → W+W− → `+ν`−ν̄ does not allow the
reconstruction of a narrow mass peak. Moreover, the rejection needed to reduce the different background processes
is very high. In the specific case oftt̄ it is O(105). The precise understanding of the backgrounds is then the most
critical issue concerning this Higgs-boson discovery channel. The most reliable approach to address this problem
is to measure the different sources of background directly from the data. The commonly used method consists of
selecting a signal-free phase space region (control region) where a given background process is enhanced. The
contribution of that background in the signal region is then extrapolated from the measured number of events in
the control region. This procedure relies on the following relation:

Nsignal reg =
NMonteCarlo

signal reg

NMonteCarlo
control reg

Ncontrol reg =
σsignal reg · εsignal reg

σcontrol reg · εcontrol reg
Ncontrol reg (1)

whereNMonteCarlo
signal reg andNMonteCarlo

control reg are the numbers of events predicted by the Monte Carlo simulation in the
signal and control region. Each of these two numbers can be expressed as a product of the theoretical cross
section in that phase space area,σsignal reg andσcontrol reg, and the experimental efficiency of reconstructing events
in the same region,εsignal andεcontrol reg

9). This allows to better point out the different sources of systematic
uncertainties. In particular, the theoretical predictions enter the procedure only via the ratioσsignal reg/σcontrol reg,
leading to reduced scale dependency and thus to reduced theoretical uncertainties.

The theoretical issues concerning thett̄ normalization are discussed in [16], following the work done in the 2003
Les Houches Workshop. The goal of this note is not to review the theoretical basis of the method, but to provide
a reliable description of the experimental aspects and to discuss the related systematic uncertainties by means of a
full detector simulation.

The characteristics that the control region should have, in order to keep the systematic uncertainties as low as
possible, are the following:

9) The experimental uncertainties could modify the boundaries defining the phase space where the cross section is calculated
theoretically. This is the case in particular when the selections involve jets. The efficiencies in relation (1) are assumed to
account also for this effect.
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• Theoretical calculations should be reliable in that phase space area

• The contamination from other processes should be small

• The selections for the signal and control phase space regions should be as similar as possible

To match the last requirement listed above, both control regions will be defined by the same selections on the
leptons as for the signal region. In order to estimate the contribution of thett̄ process in the signal region, we
exploit the two additional highEt jets coming from theb quark fragmentation. Two procedures are proposed to
enhance thett̄ contribution: the b-tagging of the two jets and hte requirement of theEt of the jets to be above a
certain threshold. As all selection criteria are unchanged, only the systematics concerning theb-tagging, the jet
reconstruction and the vetoing efficiencies have to be estimated.

The contribution from other processes into the control regions, including the signal itself, will be treated as an
additional systematic uncertainty, if it represents a sizable fraction of the expected number of events.

As discussed in the previous section, the theoretical prediction forgb → Wt at NLO is reliable only for the “2`+b”
final state, i.e. when a veto is applied on all jets but the one from the top. This implies that we can not measure
theWt background by means of the same strategies as fortt̄, since it does not match the first requirement listed
above. The definition of an additional control region forWt would require a dedicated study with this process
treated as the signal. Provided that the contribution ofWt in the signal region is smaller than thett̄ one and that a
NLO prediction for the cross section in that phase space area is available, the strategy for the evaluation of theWt
background from the data is not addressed in this note.

The cuts used to define the signal region together with the corresponding number of events expected for 1 fb−1 for
the fully simulated signal (for a Higgs-boson mass of 165 GeV),tt̄ andWt are summarized in Table 5. They are
slightly different from the cuts applied in Table 2, as these criteria are adjusted to a complete detector simulation.

In this full simulation context the jet reconstruction-algorithm is based on an iterative procedure applied on energy
deposits in the calorimeter (ECAL+HCAL) towers within a 0.5 cone. TheEt threshold for the tower seeding the
algorithm is set to 1 GeV, whereas theEt andE thresholds for a tower to be included in the jet are respectively0.5
and0.8 GeV. The jets energy is not calibrated.

The jet veto is applied to the events with at least one jet withEt > 20 GeV within |η| = 2.5. Moreover if a jet
with Et in the range[15, 20] GeV withα > 0.2 is found, the event is rejected.α is a parameter that quantifies the
track content of a jet. It is defined by the ratio of the sum of thept of all tracks inside the jet over the transverse jet
energy deposed in the calorimeter10) [14].

Table 5: The expected number of events for a luminosity of 1 fb−1 for the signal with a Higgs-boson mass of
165 GeV and thett̄ andWt background. The relative efficiency with respect to the previous cut is given inside the
brackets in percent.

H → WW tt̄ Wt
mH = 165 GeV

σ × BR(e, µ, τ) [fb] 2360 86200 3400
Trigger
L1+HLT 1390 0.59±0.002 57380 0.67±0.001 2320 0.68±0.001
2 lep,|η| < 2, pt > 20 GeV 393 0.28±0.003 15700 0.27±0.002 676 0.29±0.002
σIP > 3, |∆zlep| < 0.2 cm
Emiss

t > 50 GeV 274 0.70±0.005 9332 0.59±0.002 391 0.58±0.003
φ`` < 45 158 0.58±0.006 1649 0.18±0.002 65 0.17±0.003
12 GeV< m`` < 40 GeV 119 0.75±0.007 661 0.40±0.006 28 0.43±0.009
30 GeV< p` max

t <55 GeV 88 0.74±0.008 304 0.46±0.009 13 0.46±0.01
p` min

t >25 GeV 75 0.86±0.01 220 0.74±0.01 9.2 0.71±0.02
Jet veto 46 0.63±0.01 9.8 0.044±0.007 1.4 0.15±0.02

10) In order be included in the alpha determination, a track: has to be ’inside’ the jet,∆Rtrack−jet < 0.5, has to come from the
event vertex,|ztrk − zvtx| <0.4 cm, should have more than 5 hits andpt > 2 GeV.
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Normalization with b-tagging jets

The presence of twob-tagged jets is a striking evidence fortt̄ events. The algorithm used to discriminate whether
a jet is originated from ab quark is based on the impact parameters of charged tracks associated to the jet [15].
The parameter that characterizes the efficiency and the mistagging rate of the algorithm is the impact parameter
significance of a minimum number of tracks associated to the jet,σIP. In this study a jet is tagged as ab-jet if its
measuredEt is greater then20 GeV and if there are at least 2 tracks whoseσIP is higher than a given threshold11).
A compromise is needed between a small statistical uncertainty, which means to have a high efficiency in selecting
tt̄ events, and limiting the systematic uncertainties due to the contamination from other processes, which requires
keeping the mistagging rate as low as possible.

In order to find out the most suitable working point, the efficiency, the purity and the mistagging rate have been
studied as a function ofσIP. The results are shown in Figure 12. The solid line in left plot of Figure 12 represents
the efficiency of tagging at least 1 jet as coming from ab-quark when actually 2b’s are present within|η| < 2.5,
the left plot refers to tagging at least 2 jets.

The dashed line represents the fraction ofb-tagged jets which match theb-parton direction with a precision of
∆R < 0.5. The left plot shows the matching efficiency for oneb-tagged jet, while on the right plot the direction
of two b-tagged jets must match those of the corresponding 2b-quarks.
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Figure 12: Jetb-tagging efficiency (solid line) and matching efficiency (dashed line). On the left plot the efficiency
of b-tagging and matching with ab parton at least one jet out of two is shown. On the right plot the efficiency of
b-tagging two jets is shown.

To quantify the mistagging rate we select events without bottom quarks out of a sample of Drell-Yan production
with muons in the final state. The mistagging rate is calculated from the ratio between the number ofb-tagged jets
and the total number of jet withEt > 20 GeV. The results are shown in Figure 13.
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Figure 13: Ratio between the number ofb-tagged jets and the total number of jets withEt > 20 GeV as a function
of the discriminator value.

Finally the number of events in the control region for 10 fb−1 as a function ofσIP is computed. Table 6 summarizes
the results fortt̄, Wt and the signal in the case of2µ, 2e andeµ final states. In addition to the request of two b-
tagged jets, all cuts defining the signal region from 1 to 7 in Table 5, but the jet veto, are applied.

11) The number of tracks whoseσIP has to be higher then the cut could be varied as well. In this study the default value of 2
tracks has been used.
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Table 6: Number oftt̄, signal andWt events expected for 10 fb−1 in the control region defined by requiring
two b-tagged jets, as a function ofσIP. Results are shown for each possible leptonic final state. The statistical
uncertainty ontt̄ events due to Monte Carlo statistics ranges between 10 and 20%.

σIP 2µ 2e eµ
tt̄ Signal Wt tt̄ Signal Wt tt̄ Signal Wt

1.5 218 1 2 128 < 1 < 1 294 2 4
1.75 211 1 2 118 < 1 < 1 266 1 3

2 194 < 1 1 107 < 1 < 1 245 1 2
2.25 183 < 1 1 86 < 1 < 1 232 1 2
2.5 173 < 1 1 69 < 1 < 1 218 < 1 1
2.75 166 < 1 1 62 < 1 < 1 211 < 1 1

3 152 < 1 < 1 59 < 1 < 1 194 < 1 1

In the following the cutσIP > 2 is chosen, correponding to ab-tagging efficiency for two tags isO(30%), while
the mistagging rate isO(3%).

Not all the processes with2`+2b+Emiss
t as the final state have been fully simulated for this analysis. Nevertheless

general considerations and fast Monte Carlo checks can be used to exclude other relevant sources of backgrounds.
The more natural concurrent process isW+W− → 2` + bb̄ which is anywayα2

weak suppressed with respect to
tt̄. Its cross section is indeed expected to be smaller than 1 pb. Assuming the same efficiency for the kinematic
selections as for theW+W− → 2`, i.e. O(10−3), less than 10 events are expected for 10 fb−1 in the control
region even without applying the double-b tagging efficiency. In the case of same flavour leptons in the final state,
γ∗/Z∗ → 2` + bb̄ (the vector boson mass being away from theZ peak, i.e.m`` < 40 GeV) could also contribute.
Although not having prompt neutrinos producing a high value ofEmiss

t , it is safe to check that the tail in the
measured distribution is not wide enough to promote this process to a relevant background. Figure 14 shows the
Emiss

t spectrum for fully simulatedγ∗/Z∗ → 2µ + 2b events, with the 2 b-jets withEt > 20 GeV. Less than 1 %
of the events satisfyEmiss

t > 50 GeV, the cut applied for the signal selection.
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Figure 14:Emiss
t spectrum forγ∗/Z∗ → 2µ + 2j events

In order to estimate the contribution ofpp → γ∗/Z∗ → 2` + bb̄ to the actual control region, a parton level
sample has been generated using the MadGraph Monte Carlo [11]. About 200 events are expected for 10 fb−1

after applying the same kinematic selections, except for theEmiss
t cut. The latter cut and the doubleb-tagging

requirement applied to fully simulated events provide a reduction larger than99%, enough to safely exclude this
background.

Normalization with two high Et jets

Although very powerful, the method proposed above fortt̄ estimation from data relies entirely on jetb-tagging: a
sophisticated procedure both from the hardware and the algorithmic point of view. The performance of the vertex
and tracking detectors will need to be well understood and verified against simple event samples before being

13



regarded as trustworthy enough to be exploited for new physics analysis. Given the fact that, if the Higgs boson
has a mass between 150 and 170 GeV, a signal could already be seen with a very low luminosity, it is then important
to have alternative methods to estimate thett̄ background from data.

Each of the twob’s in thett̄ final state come from a 175 GeV central object; theirEt spectra are then rather hard.
An alternative method to define att̄ control region is then simply to require, in addition to the signal kinematic
cuts, two hard jets in the detector.

Analogously to theb-tagging jets based normalization, Drell Yan events can be a dangerous background. In this
case the general2` + 2j final state has a much higher cross section with respect to the2` + 2b one. A Monte
Carlo level analysis has been performed, leading to the result that, after applying theO(10−2) reduction due to the
Emiss

t cut, the contribution of this process in such control region can not be neglected. To reduce this additional
background, only theeµ final state will be considered. The same flavour final state then will have to rely on the
double b-tagged jets normalization procedure.

Table 7 shows the number of events expected fortt̄, Wt and the signal in 10 fb−1 as a function of theEt thresholds
applied to the jets are shown. All cuts defining the signal region, from 1 to 7 in Table 5, but the jet veto are applied.
In the following, the jetEt thresholds are chosen as 50 and 30 GeV.

Table 7: Number oftt̄, signal andWt events expected for 10 fb−1 in the control region defined by requiring two
hard jets, as a function of thett̄ thresholds. Results are shown only for theeµ final state. The statistical error ontt̄
events due to Monte Carlo statistics is less than 10%. For the chosenEt thresholds, 50 and 30 GeV, the statistical
uncertainty on the predicted number of signal andWt events are respectively20 and 30%.

tt̄
hhhhhhhhhhhhhhhEt thr. 2 [GeV]

Et thr. 1 [GeV]
35 40 45 50 55 60

25 601 556 511 453 391 346
30 511 487 449 411 356 325
35 432 418 397 373 321 294
40 325 318 301 266 245
45 256 245 232 214

Signal (MH=165 GeV)
hhhhhhhhhhhhhhhEt thr. 2 [GeV]

Et thr. 1 [GeV]
35 40 45 50 55 60

25 17 15 14 12 11 10
30 14 13 12 11 10 9
35 11 10 9 8 8 7
40 8 8 7 7 6
45 6 5 5 4

Wt
hhhhhhhhhhhhhhhEt thr. 2 [GeV]

Et thr. 1 [GeV]
35 40 45 50 55 60

25 11 10 9 8 7 7
30 8 7 6 6 5 4
35 6 5 4 4 4 3
40 4 3 3 3 2
45 2 2 2 1

A background process not considered in the full simulation analysis isW+W− → µνµ + eνe + 2j. In order to
compute the contamination due to this process, a generator-level study based on events produced by the MadGraph
Monte Carlo was performed. The cross section, after geometrical acceptance cuts, is 0.4 pb, whereas the signal
efficiency is smaller than5 · 10−4 (with a statistical error of∼ 8%). The contribution of this background can then
be assumed to be at most of the same order as the signal.

If one jet is misidentified as an electron, theW± → µνµ + 3j process could also provide the same final state
topology. The probability of electron misidentification is estimated to beO(10−4)12). The cross section of this
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process is about200 pb after the acceptance cuts. The kinematic selection efficiency is estimated to be of the order
of O(10−4) and therefore this source of contamination is negligible.

In Table 8 the results concerning the number oftt̄ events expected for 10 fb−1 in the signal and control regions are
summarized.

Table 8: Number oftt̄ events expected for 10 fb−1 in the signal and control regions. Both control region are
defined by all the cuts listed in Table 5 but the jet veto. The “b-tagging” control region requires the presence of
two jets with a b-tag discriminator value greater then 2 whereas the “hard jets” control region includes events with
two jets withEt respectively greater then 50 and 30 GeV. The statistical uncertainties due to Monte Carlo samples
statistics are shown in parentheses.

2µ 2e eµ
Signal region 33 (±9) 22 (±8) 44 (±11)

“b-tagging” control region 194 (±25) 107 (±19) 245 (±29)
“hard jets” control region - - 411 (±39)

5 Normalization uncertainties
5.1 Systematics uncertainties

Our proposed procedures to estimate the number oftt̄ events in the signal phase space region exploits relation (1).
In order to compute the systematic uncertainties on the final result we consider separately each term of the formula.

• Theoretical uncertainty.

Taking the ratio of thett̄ cross sections in the signal and control region avoids much of the theoretical
systematic uncertainties. In Ref. [16] the theoretical uncertainty on the ratioσsignal reg/σcontrol reg has been
studied at parton level with LO precision by varying the renormalization and factorization scale. The error
has been estimated to range between3% to 10%, mostly due to the choice of the PDF.

Section 2 has shown that the shapes of the distributions involved in the normalization procedure, i.e. the
Et spectra of the jets and the jets multiplicity are not affected by higher orders contributions. However, the
comparison of different showering models shows some discrepancies either in the jets multiplicity and the
jetsEt spectra, introducing a further uncertainty in addition to those due to the PDF set. The effect of these
uncertainties on the proposed normalization procedure have not been studied in this analysis. It is expected
that the Monte Carlo predictions concerningtt̄ topologies and kinematics will be intensively compared and
tuned directly with the copious data at the LHC. This will help in reducing much of our present theoretical
uncertainty due to the lack of experimental insight on the 14 TeV phenomenology13).

In the following we will assume the theoretical uncertainty on the normalization procedure to be 10% as
suggested in Ref. [16], even though this could be an optimistic estimation.

• Jet Energy Scale uncertainty.

The Jet Energy Scale (JES) uncertainty is particularly important since it affects in opposite ways the signal
region, defined by vetoing the jets, and the control region where the presence of two jets is required. To take
into account the anticorrelation ofεsignal reg andεcontrol reg, we estimate the effect of the JES uncertainty
directly on their ratio by rescaling the measured jet four momentum by a fractional uncertainty:P

′

jet =
(1 + λ)Pjet.

Figure 15 shows the relative variation ofεsignal reg
εcontrol reg

for various values ofλ14). The triangles represent the
control region defined by requiring two jets withEt higher than 50 and 30 GeV respectively, whereas the
squares stand for the control region defined by requiring two jets withσIP > 2. In the latter case, the ratio
εsignal reg/εcontrol reg is less sensitive to the JES uncertainty as theEt threshold for theb-jets candidates is
20 GeV and the fewtt̄ events haveb-tagged jets withEt close to that threshold.

12) The muon misidentification rate is expected to be at least one order of magnitude smaller
13) How much the theoretical uncertainty will be once the LHC data will be available is something that exceeds the scope of

this study, being the subject of a wider and more general analysis.
14) The dependency of the JES uncertainty from the jetEt is taken into account by dividingλ by 2 for jets above 50 GeV.

15



The JES uncertainty for the first 1 fb−1 of data is foreseen to be 10% for jets withEt ∼ 20 GeV and 5%
for jets withEt > 50 GeV, using a calibration based ontt̄ events. These uncertainties are expected to be
reduced by half with 10 fb−1 of integrated luminosity. For this integrated luminosity, the corresponding
relative variation ofεsignal reg/εcontrol reg is ∼ 8% for the control region defined byb-tagging and∼ 10%
for the control region defined by high-Et jets.
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Figure 15: Relative variation ofεsignal reg
εcontrol reg

as a function the jet momentum rescaling factor (λ). The triangles
represent the control region defined by two hard jets whereas the squares correspond to the twob-tagged jets phase
space area.

• α criterion uncertainty.

To prevent the contamination from fakes when vetoing jets down to a raw transverse energy of 15 GeV, it is
useful to cut on the track content of the jets. For jets withEt ranging from 15 to 20 GeV, as explained in
section 4, theα criterion is then exploited.

To estimate the systematic uncertainty due to this criterion, the cut onα has been varied from 0.15 to 0.25.
Moreover different values of the minimumpt for a track to be included in the sum have been tried, from 2
to 3 GeV. These changes imply a variation ofεsignal reg of about 4%.

• b-tagging uncertainty.

The precision with which theb-tagging efficiency will be known is expected to be± 11% for 1 fb−1 inte-
grated luminosity and it is foreseen to improve to± 7% with 10 fb−1 [17]. These values are used for the
uncertainty onεcontrol reg if the control region is defined by requiring twob-tagged jets.

• Uncertainties onNcontrol reg.

The selection criteria used to identify the control region identify almost entirelytt̄ events. In the worst
case, i.e. when the control region is defined by two highEt jets, the fraction of events coming form other
processes is smaller than4%. Provided that this fraction is small, it is safe to simply neglect this source of
systematic error.

The experimental systematics involved in thett̄ normalization procedure are summarized in Table 9. For an
integrated luminosity of 10 fb−1 these uncertainties are about11% for both control regions. Including the assumed
10% theoretical uncertainty this uncertainty becomes15%.

5.2 Statistical uncertainties

The statistical precision on the estimation of thett̄ background in the signal region depends on the expected number
of tt̄ events in the control region. Figure 16 shows the Poisson errors onNcontrol reg as a function of the integrated
luminosity. In the left plot the curves represent the control region defined by requiring two jets with ab-tagging
discriminator value higher then 2. whereas the left plot concerns the control region defined by requiring two jets
with Et higher then 50 and 30 GeV.

Compared at the same luminosity, the error due to systematic uncertainties dominates with respect to the statistical
errors for both the proposed normalization procedures.
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Table 9: Summary of the different experimental systematics involved in thett̄ normalization procedure. The total
uncetainties are calculated by adding quadratically each single contribution. Results are shown for an integrated
luminosity of 10 fb−1.

Uncertainty “b-tagging” control region “hard jets” control region
JES 8% 10%

b− tagging 7% -
α criterion 4% 4%
Ncontrol reg negligible negligible

Total 11.4% 10.8%
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Figure 16: Poisson statistical uncertainty on the number oftt̄ as a function of the integrated luminosity if a.)
b-tagging or b.) two high-Et jets are used to identify the control region. In b.) only theeµ final state is considered.

6 Conclusions
Thett̄ production at the LHC is one of the main backgrounds for theH → WW → `ν`ν signal search.
Single-resonant top production was studied comparing the MCFM and TopReX Monte Carlo programs. Its simu-
lation and normalization of thett̄ background were studied in detail . NLO corrections to theWt background can
be studied independently of the double resonanttt̄ process in the signal region, scaling the LO cross section with
a K-factor of 0.7.
Double resonanttt̄ production was studied comparing four different Monte Carlos. NLO corrections to thett̄
background can be taken into account by scaling the LO results to the corresponding NLO cross section of 840 pb,
as the shape of the different variables used for the Higgs-signal selection are very similar at LO and NLO. The
differences observed between the different Monte Carlo generators mainly originate from the modeling of showers
and the inclusion of spin correlation. The difference due to the showering model is around 20% while the spin
correlations lead to a systematic uncertainty of 10%. These uncertainties make it important to estimate thett̄
background from data.
Two methods were developed to normalize thett̄ background, the first based on the tagging of the two jets as
originating fromb quarks and the other simply requiring two high-Et jets. The experimental systematics of these
normalization methods are estimated to be about 11%. Including statistical uncertainties and the estimates of theo-
retical uncertainties from ef.[NikolasttNorm], both procedures lead to a total uncertainty of 16% with an integrated
luminosity of 10 fb−1.
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