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Abstract

For a light Higgs boson, withny < 135 GeV, the largest decay modéHs— bb. Events
where the Higgs boson is produced in association with@air manifest a distinct signature
due to the presence of twll bosons and foub quarks. Topological and kinematical quan-
tities are used to reconstruct ttiesystem. The identification of an additioriad pair from
the Higgs boson decay is used to further reduce the backdroun

In this analysis we focus on the sensitivity to a light Stadddodel Higgs boson with
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the ATLAS detector in the channéiH(H — bb) using the semi-leptonic final state with
30 fb ! of integrated luminosity. The relevant backgrounds to thennel are investigated
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and the impact of their associated systematic uncertaiigiexplored.
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1 Signal

At the LHCttH production is dominated (90%) by gluon fusion, as illugtcain Fig. 1. The remaining
10% arises from quark-antiquark interactions. For a Higggoh mass between 115 GeV and 130 GeV
the production cross-section times branching ratiottearies between roughly 0.4 and 0.2 pb at leading
order. The top quarks decay almost exclusivelyp¥d, and therefore the various final states can be
classified according to the decays of YWebosons.

The all-hadronic channel is the one with the highest brargrifiaction, with a value of 43%. Un-
fortunately, the large QCD multijet cross-section doesailoiw easy triggering with jets. Only tight
requirements on the jgir and on the jet multiplicity could lead to reasonable ratethnfirst level of
the trigger, but these requirements come at the expensgradlsfficiency. This is being studied for
this final state together with the use lmtagging at the second level of the trigger to reduce thgjet
threshold.

The fully-leptonic final state analysis is probably the tef@msible, despite presenting a simpler
signature to trigger on, given the presence of two isolagptbhs. The branching fraction (5%) is low
and the two neutrinos prevent the reconstruction of the t@wkc.

Figure 1: One of the Feynman diagramstid# production in the semi-leptonic final state.

The semi-leptonic final state is a good compromise with adiigg fraction of about 28% excluding
tau leptons. The experimental signature consists of ongjetie isolated lepton, a high jet multiplicity
with multiple b-tags, and missing transverse energy from the escapingm®zwds shown in Fig. 1. The
trigger relies on the presence of the highiepton. The norb-tagged jets can be used for reconstructing
the hadronically decaying/ boson, decreasing the possible combinatorial permutation

2 Physics backgrounds

The production oft events is the main background for ttiél process. Given the high jet multiplicity
in the signal process>(6 jets), onlytt events produced together with at least two extra jets dmrigito
the preselected data sample. Since most of these extrabjats from the hadronisation of light quarks,
this contribution is greatly reduced by asking for four jetbe identified ab-jets.

The irreducible background comes frathb production. This can proceed via QCD or electroweak,
(EW), interactions with a total cross-section of the ordeér pb. Some of the Feynman diagrams involved
in the two production mechanisms are shown in Fig. 2 and Fig\Bile the QCD production cross-
section is ten times larger than the EW production, therlgtalso important. The twb-jets not coming
from thett decay have large momenta and also have a total invariantwiasis is typically close to the
Z boson mass, and can therefore contaminate the signal region
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Figure 3. Example of Feynman diagrams for thay EW production.

Thettcc background cross-section is 60% higher tttéb [1], so it could also play an important role.
However, it is found upon investigation that due to thet rejection factor, thétcc background plays a
negligible part in comparison with ttébb background. No dedicated sample is therefore simulated for
this study. Sométcc events are however present in the inclugivejets sample used.

Several other backgrounds, suchMsjets,tW production and QCD multijet production, could also
have a non-negligible impact on the analysis. Even thoughttplus two jets inclusive cross-section
is about 1200 pb per lepton flavor [2], it has been shown [3] emafirmed in this analysis that the
contribution can be reduced to a negligible level if the fbttags requirement is applied. This is also
true for the less abundatw background, which has a cross-section of 9.5 pb [4]. Evermvidiar b-jets
are requested in the event, contamination via Qbbb production, which has a cross-section of a few
hundred nb [5], is still possible. The reconstruction of theystem allows a certain degree of safety
against non-top background. None of these samples arenpedse what follows.

3 Monte Carlo samples and cross-sections

This study uses the leading order cross-sections for tmalksandttbb samples. No calculation has yet
been performed fatbb at next-to-leading order, (NLO). This study also uséstackground, simulated
at next-to-leading order. This is the only NLO Monte Carlogée used, and the only large sample
available in ATLAS at the time this analysis was performed Kfactors are applied to the samples
simulated at leading order in the significance estimates.

The signal sample is generated for a Higgs boson mass;ef 120 GeV with PYTHIA [6] 6.403.
The exact generated process was—ttHX — ¢vbqg’bbbX, with ¢ = e orp. The factorization and
renormalization scales used are identical and are listdlie 1. The signal and thébb events are
generated with a lepton filter requiring at least one electnoone muon with pseudorapidity | < 2.7
and transverse momentum above 10 GeV. The leading ordeugtiod cross-section used dg(ttH) =
537 fb [7]. The branching ratiosl — bb of 67.5% at 120 GeV [7]W— ¢v of 10.66% [8], andN—
hadrons of 67.6% [8] is applied. Finally the lepton filter @#ncy ofe = 0.953 is also applied. The
resulting cross-section is 100 fb. _ _

For bothttbb QCD and EW samples, the exact process generated-isttghX — ¢vbqg bbbX,
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with ¢ = e orpu. Both processes can be initiated by@pair, but only the dominant gluon fusion is
simulated, with the cross-sections being increased tavdtho the qg pair production. For thetbb QCD
sample, AcerMC 3.4 [9] is used and interfaced to PYTHIA 6.4@3the simulation of the initial and
final state radiation, hadronisation and decay. ftbe EW sample is generated using AcerMC 3.3 and
PYTHIA 6.403. The leading ordetbb QCD cross-section ig(pp —ttbb) = 8.2(gg)(+0.5(qq)) pb
and the lepton filter efficiency is = 0.946. For thettbb EW sample, the leading order cross-section is
o(pp —ttbb) = 0.90(gg)(+-0.04(qq)) pb and the lepton filter efficiency &= 0.943.

The reduciblett background events are generated with the MC@NLO [10] prograterfaced
to HERWIG [11] and Jimmy [12]. The events in this sample cgpand to the processgep —tt —
(¢v,qq )blvb with ¢ = e u, . The generator versions used are MC@NLO 3.1 and HERWIG 6510
the inclusivett cross-section we use the NLO+NLL calculationafpp —tt) = 833 pb. Thett sample
is also produced using a filter requiring one electron or omemwith pseudorapidityn| < 2.7 and
transverse momentum above 14 GeV. Tihiiter also applies requirements on the jets in the generated
events which are reconstructed using a seeded fixed-coostlalg with a cone size diR= 0.4 [13], by
requiring at least:

e six jets withpr> 14 GeV andn| < 5.2
o four jets withpr> 14 GeV andn| < 2.7

The efficiency of this generator filter on inclusitteevents is 0.146.

For thett sample, about 10% of events atéb and are removed following the overlap treatment
explained in Ref. [14] together with their associated cisEsion.

Table 1 summarizes the cross-sections, calculated usingldimte Carlo generators, of the different
processes considered for this analysis, together withdahregponding numbers of generated events and
the equivalent integrated luminosity. All branching fians and filter efficiencies are included.

Table 1. Summary of the different samples used for the aisalyBhe cross-sections are taken from

the generators and include all branching fractions and fitiiciencies. The fourth column shows the

equivalent integrated luminosity, taking into accountallrections (see text). For the scale calculations,
my =120 GeV andn = 175 GeV are used. mépr?, pTZt—) corresponds to the higher of the two values
of pr? when both the top and anti-top quarks are considered.

| Process | o(fb) | Events| L(fo-}) | Fact. & Renorm Scale | PDF set |
ttH (LO) 100 [ 92750 | 931 [ QP=n¥+maxpri,pr) | CTEQ6LL
ttbb QCD (LO) | 2371 | 98350 | 42 | Q=my/2+m =235GeV| CTEQ6L1
ttbb EW (LO) 255 24750 97 Q=my/2+m =235 GeV| CTEQ6L1
tt filtered (NLO) | 109487| 710321| 6.5 Q> =n¢+3(pr’t + pr%) | CTEQ6M

4 Analysis overview

The analysis consists of an initial preselection requirgmséich is applied to the events to ensure that
the fundamental physics objects associated wihare reconstructed. Following preselection, three
different analysis techniques are implemented in ordeetomstruct the top quark pairs and the Higgs
boson through the identification of their decay products.

The identification and association of decay products isctlireelated to the quality of the recon-
structed Higgs boson signal. It mainly suffers from the sgsiation of the foub-tagged jets to the
original partons. For this reason, the initial cut-basedragch is complemented by two multivariate
algorithms, called the pairing likelihood and constraimeass fit.
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5 Preselection

At the preselection level we require that the event passegitiger requirement to identify at least one
high-pr lepton (muon or electron) coming from the decay of one of\hdosons. We then require

that the event reconstruction identifies exactly one isdldtigh{r lepton (muon or electron). Vetoing

the presence of a second isolated lepton is intended to eamditional sources of background. After
the lepton requirements are met, we require at least sixigadter jets, of which at least four must be
looselyb-tagged jets from the decay of the top quarks and the Higgsrbos

5.1 Trigger requirements

The presence of one highr lepton, together with missing transverse momentum, istandtssignature
of W boson production. These leptons can generally be usedygetronW production with high effi-
ciency. A logical OR of the single isolated electrar22i) [15], high-pr electron €55) [15] and single
muon @u20) [16] triggers is used. The inclusion of tké&5 trigger is found to improve the efficiency
for high-pr electrons where the22i trigger efficiency was reduced due to the isolation requém
Missing energy triggers were not available at the time ofingi but could be used in future analysis.
The trigger efficiency is approximately 82% for the semibeyit top decays for those events which

would otherwise pass the offline analysis. This is includaascstently in the following sections.

5.2 Reconstructed highpt lepton selection

In this Section we explain the selection criteria used fopnstructed electrons and muons produced in
the semi-leptonic decay of titesystem. As previously mentioned, exactly one highisolated electron
or muon must be reconstructed for the event to pass the potisel.

To be considered for the analysis, reconstructed electmurst have transverse momentypn >
25 GeV and pseudorapidityy| < 2.5. Further calorimeter-based cuts are applied to the lotese e
tron [17] definition. An isolation cut is also applied to thandidate electrons in the form of an upper
limit of 0.15 on the ratio of theor of the additional tracks inside a cone of size 0.AR) (1/AnZ2+ A@?),
around the electron track to the electnon

Muon candidates are reconstructed using a combinationeditirer Detector and Muon Spectrom-
eter [18]. They must pass the acceptance pyts- 20 GeV andn| < 2.5. In order to remove poorly
reconstructed muons, cuts are applied to the muon trackdlitg@and its transverse impact parameter,
which helps to discriminate against muons generated byeahaydof long-lived mesons.

An isolation cut of 0.30 on the ratio between the transversggy deposited inside a cone of size
0.2 inAR around the muon track and the mupnis applied.

5.3 Jets

To reconstruct the energy of the partons produced in thénatigollision, calorimeter jets are recon-
structed using a seeded fixed-cone algorithm with a conea$iA® = 0.4 [13]. Cuts onpr > 20 GeV
and|n| < 5.0 are initially applied. Only events with at least 6 jets agptdor the analysis. All electrons
reconstructed as jets are identified and removed from tre®jletction according to the electron overlap
removal procedure described in Section 5.3.1. Reconsttunuons which are not isolated are combined
into jets where applicable (see Section 5.3.3), and onér #fiis step are the jet energies calibrated for
residual effects. The jet multiplicity is shown in Fig. 4)a#ated after electron overlap removal and the
jetn andpr cuts.

In the following analyses the concept of ‘correct’ jets ipmntant. This is defined by finding the
closest reconstructed jet to each parton, after final sétiation. This match is ihR space and must



be closer than 0.4. AV or H boson is correctly matched if both the jets being used arecagsd to
the partons from its decay, while for a top quark the matchaigrs to theb quark jet only. Normally
‘correct’ is applied in this note only to one quark or bosom &tne.

5.3.1 Treatment of overlaps between jets and electrons

Since most electrons are also reconstructed by the jetithigoit becomes necessary to identify them in
the jet collection in order to avoid double counting. Théeera for the jet-electron overlap removal is the
following: each jet matching a well-reconstructed eleatfice. fulfilling the cuts defined in Section 5.2)

within a AR of 0.2, and for which the ratio of the electron to the jet trarse momenta is greater than
0.75, is discarded from the jet collection. About 4% of this ja the signal sample are removed by this
selection, 99% of them being actual true electrons.

5.3.2 b-tagging

b-jets are identified using the IP3D+SV1 tagger [19], whichleits both the impact parameter of tracks
and the properties of an inclusive secondary vertex, usiitggihood approach which leads to a single
discriminating variable: thé-tagging weight. In order to allow for a projected decreaséight jet
rejection of approximately 30%, thetagging weight for this study is increased by 0.9 for cdrjots
(In| < 2.5) having no associatedR < 0.3) heavy quark or leptorb(c,7) in the Monte Carlo simulation
history. Theb-tag weight spectrum fds-, c-, and light jets in the signal sample is shown in Fig. 4. A cut
on the weight defines which jets will be eventually identifésd-jets in the analysis. The rejection of
and light jets versus thejet efficiency, obtained by varying the weight cut, is alkowsn in Fig. 5. The
different samples exhibit very similar behaviour. The céjn for “purified” jets is shown in the bottom
row of Fig. 5. Purified jets are those which have no heavy fl@opc, 1) quark or lepton within 0.8 in
AR.

In the preselection, a loose set of criteria are initiallgdio define a sample of jets as a first step to
identifying b jets for the analyses. The requirements are that the jeti®inentral region of the detector
In| < 2.5, and ha®-tag weight> 0. If there are fewer than four of these jets, the event isadaked.

The cut-based analysis and the pairing likelihood (Sest®and 9) require that there are at least four
b-jets havingb-tag weight> 5.5. Theb-tag weight> 0 working point implies d-tagging efficiency of
about 85% and a rejection of light-§ jets of about 8.6 (2.4), whereas the working poinb-&hg weight
> 5.5 implies ab-tagging efficiency of about 65% and a rejection of ligt¥) {ets of about 60 (6).
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Figure 4: Left: Multiplicity of jets, insidgpt andn acceptance. Right: Distribution bftagging weight
for b-, c- and light jets irnttH events, using the IP3D+SV1 tagger.
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Figure 5: Rejection of light andjets versu$-tagging efficiency. Red open markers indicate the working
point (b-tag weight> 5.5) used for the cut-based and paring likelihood analysesn oparkers with a
central dot (right plots) represent the performance when3P6 performance degradation is applied.
The lower plots show results for purified jets, where no heraguark existed within a wide cone of
AR < 0.8.

5.3.3 Treatment of lowpt muons

About 20% of the time @8-meson decay cascade gives rise to a muon. With aldget signature in
this channel, these muons, also cakeft muons are present in almost every event. In order to improve
the estimate of the momentum of the origibajuark, these muons must be used to correct the jet four-
momenta by adding the muon four-momentum to a jet. Two diffealgorithms (high and lovr [20])
identify the muons, which are required to be witliR < 0.4 of the jet axis. Among the candidates
from the highpy algorithm which are separated from the selected hard ldpt@R > 0.1, only the one
with the best track quality is considered for addition. Alétneighbouring candidates from the Iqw-
algorithm are considered for addition, provided they fubil > 4 GeV andpr < 100 GeV,|n| < 2.5
and chi-squared per degree of freedpfiin < 30 for the combined fit. In addition, a loose anti-isolation
cut is applied, requiring that the energy reconstructechandalorimeter within a cone of size 0.2 in
AR around the muon track divided by the mugs is higher than 0.1. Table 2 shows that adding
low pr muons to jets improves both the mean pgtand resolution. Fig. 6 shows that there is also an
improvement in the Higgs boson mass and resolution, wheodirect jet combination is chosen.

5.3.4 Calibration

A Monte Carlo based jet correction has been derived to talee ancount residual calibrationg,g.
out-of-cone effects and neutrinos. The parametrizatios @exived from full simulation, so that the
jet four-momentum is corrected by a flavor dependent rasgdéictor which scales all components of
the four-momentum. Table 2 shows that Bejets, the residual calibration brings the jet and assediat
parton pr into agreement from an offset ofbsto —0.5 GeV. Each of the analyses uses the light jet
correction for those jets which are assigned to the W bosdrcarrects the other four jets asquark
originated. The impact of the calibration on the Higgs basass peak where the correct jet combination
is chosen is shown in Fig. 6. Both the mass peak location acegolution are improved.
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Table 2: The true partopt minus the measured jggr with and without adding muons and making the
out-of-cone correction. The quoted values are the restiigGaussian fit in the regiott20 GeV.

| Treatment | Value | No Calibration| Added muonsg Calibrated| Both corrections|
Al bjets Mean, GeVv 5.7£0.05 5.4+0.05 -0.1+£0.04 -0.5+0.04
Sigma, GeV| 10.0+:0.05 9.8+0.05 10.2+:0.05 10.0+:0.04
b jets with muons Mean, GeV 26+2.6 7.6t£0.2 11.4+0.5 2.3+0.2
Sigma, GeV 18.2+1.1 11.8+0.2 13.6+0.4 12.0+0.2
Al light jets Mean, GeVv 2.4+0.04 2.3+0.04 -1.4+0.04 -1.5+0.04
Sigma, GeV| 8.4+0.04 8.4+0.04 8.9+0.04 8.3+0.04
Light jets with muons Mean, GeV 10.5+0.9 2.4+0.4 7.3£0.7 -1.0+:0.4
Sigma, GeV 11.3+0.8 10.9+:0.5 11.5+0.6 10.7+0.4
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Figure 6: Effect of adding a reconstructed I@w muon to at least one of thejets (left), and the effect

of jet calibration (right) shown for the Higgs boson mass rehthie correct jet combination is chosen.
Red solid (black open) markers and solid (dotted) line shHmvnhass distribution and fitted values for
jets after (before) correction. The effect of the accidewtang muon matches can be seen in the shape
distortion. All distributions are normalized to unity.

5.4 Results of preselection on signal and background

The effect of the event preselection on signal and backgt@amples is illustrated in Table 3. The
efficiency for the fourb-tag cut is different in the signal and in the irreducible kround because the
two additionalb-jets have differenpr and|n| spectra. The preselection, at a level of four lobgags,
removes a large fraction of the signal, but also reduces dls&drounds to a level where they can be
handled more easily; for example 98% of th¥ background is removed. It also ensures that the selec-
tions are a subset of the requirements placed at genera&dr The selected sample has approximately
a 0.6% signal component, with a little more than 8% of the emknd being irreduciblétbb. Further
tightening theb-tagging requirement to four jets with weights of at lea&t feduces the samples with
four b quarks by a further factor of four while removing 90% of thexaéningttX background.



Table 3: Cross-sections after each preselection cut foabgnd background. The last row shows the
further effect of tightening the-tag requirements to the level of the final selection in thiebased and
pairing likelihood analyses. In the last column the contiitn ofttbb has been removed. The errors are
statistical only.

Preselection cut | tiH(fb) | ttbb(EW) (fb) | ttbb(QCD) (fb) | tiX (th) |

lepton 57.£0.2 141+ 1.0 1356+ 6 63710+ 99
+> 6 jets 36+ 0.2 77+0.9 665+ 4 26214+ 64
+ > 4 |looseb-tags| 16.2+ 0.2 23+ 0.7 198+ 3 2589+ 25
+ > 4 tightb-tags | 3.8+ 0.06 424+0.2 30+0.8 51+2

6 Reconstruction of the hadronically decayingV bosons

Reconstructing the/ boson four-momenta is necessary to reconstruct the tofigjuiine reconstruction
of the hadronically decaying/ boson is done in different ways by the three analyses.

For the cut-based and pairing likelihood analyses (sedd®scB and 9), the highest folrtagged
jets (with b-jet weight> 5.5) are excluded from the hadronically decay\Wgreconstruction, however
all other jets are paired to forlV candidates. Figure 7 shows the mass distribution and riciltypof
all W candidates for the cut-based analysis. Only candidatésnsd® GeV of the tru&V mass are kept.
Even with these cuts the hadronically decayiigcandidate multiplicity is still very high. All jets used
to form theséV candidates are calibrated with the light-jet calibratidie likelihood analyses do not
require an explicit cut upon this mass as the definition ofiketihood imposes it automatically, but the
constrained fit likelihood (Section 10) imposes a requireintieat the mass be between 30 and 150 GeV
to reduce the number of combinations to be evaluated.
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Figure 7: Cross-sections of hadronically decayiigcombinations per event giving candidates within
25 GeV of the tru&V mass in the signal sample. (left). Right: Invariant massspm for hadronically
decayingW candidates normalized to unity. The dotted line shows coatlins where the jets from the
W are correctly matched.

7 Reconstruction of the leptonically decaying/V bosons

When reconstructing the leptonically decayMy we use the lepton four-momentum as measured in
the detector. The neutrino, transverse momentum can beadféy measuring the imbalance of the
transverse energy in the event. This measured quantitjeised to as missing transverse energy.
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7.1 Neutrino p; estimation

Once the missing transverse energy is identified ith, the invariant mass of the sum of the lepton
and neutrino four-momenta can be constrained taAhegoson mass [21]. Because of the limited mea-
surement resolution on the transverse missing energy, $ayréficant fraction of events the quadratic
constraint equation does not have a real solution. In thee tae A = 0 approximation” can be made
by dropping the imaginary part of those solutions with caewploots. Another method (the “collinear
approximation”) assumes that ttd¢boson decay products are produced preferentially in the strac-
tion (due to the large top quark mass boosting\Whéoson). For the collinear approximation, one can
assume thap,, = pz,.

ConsideringtH events where one lepton is reconstructed, 72% of the pipdas real solutions. In
this case, both solutions are carried forward into the aeglyand the best performing final state solution
is used. For these events thg, resolution is 19.5 GeV. In the other 28% of cases where therea
real p;, solutions, theA = 0 approximation is used and th®, resolution is 40 GeV. This performs
better than the collinear approximation where fhg resolution is 54 GeV. The quality of th&-boson
reconstruction can be seen in Fig. 8. For the events where iheo real solution fop,,,, the direction
and the mass of th& boson is better represented by the- O approximation.

arbitrary units
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Figure 8: Distributions ofAR between the true and the reconstructédoson (left) and of the recon-
structed leptonically decayingy mass (right) for events where a solution foris found (solid black
line) and events where an approximation is used (dotted aed = 0, dashed blue for the collinear
approximation). All distributions are normalized to unity

Since the mass constraint is lost when usinghe 0 approximation (the same would be true for
the collinear approximation) there is an actual cut for #eonstructedV boson mass. The cut-based
and pairing likelihood analyses only consid&r candidates having a mass less than 140 GeV, while
the constrained fit analysis does not make an explicit requént on this but the pogy? will remove
extreme cases.

8 Cut-based analysis

This section describes the algorithms used to reconstnedt system and the Higgs boson. Thgets

are associated with the leptonically and hadronically giecgW boson candidates, to build a list of
top quark candidates. The combinationbajets resulting in the best reconstruction for the top quark
candidates is taken as the final choice. It is important te tiwat theb-jets themselves satisfy the cut
on b-tag weight> 5.5 and that if there are more than four of these jets, then thevidth the highest
weight are treated dsjets. Events where there is no combination giving a satiefg top quark mass
reconstruction are discarded. The two remairbfjgts are used to form the Higgs boson candidate.
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8.1 Top-antitop quark system and combinatorial background

In each event, top quarks are reconstructed by pairingotyets with thew boson candidates in the way
which minimizes they? expressed as:

2 2

.

X2 <|||”b |”cop> (“lvb “top>’ (])
O-m“b amvb

whereon,, andon,,, are the reconstructed mass resolutions estimated in ¢danal events and are
13 and 19 GeV respectively. Only combinations fulfillimg; j, — mop| < 25 GeV andmyyp — Myop| < 25
GeV are considered for the? calculation. The top quark mass distributions for the chasembination

in the signal sample is shown in Fig. 9. The two remairibrtggged jets are used to form the Higgs boson
candidates. The mass distribution for all Higgs boson datds in the signal sample is shown in Fig. 10,
and in the same plot the signal and physics background sexgens are adjacent. Here the difficulty of
the analysis is clearly shown, requiring dedicated stuttigneasure the background normalization and
its shape in data.

As a final cut, to discriminate againgtevents where no Higgs boson is produced, only events in
a mass window of 30 GeV from the nominal Higgs boson mass a@ g the final estimation of the
cut-based analysis significance.

The effect of the final selection for the cut-based analysisignal and background samples is shown
in Table 4. The selections have reduced the signal by a fa€tsixteen from the preselection, but the
signal to background has increased from 0.006 to 0.11. Tedtciblettbb background is 46% of the
total.

Table 4: Accepted cross-section after each successivewnagsw selection cut for signal and back-
ground in the cut-based analysis. In the last column theribomibn of ttbb is removed. Errors are
statistical only.

[cut [ tiH(fo) [ ttbb(EW) (fb) [ tibb(QCD) (fb) [ tiX (fb) |
Whad* Wiep 2.49+0.05] 29+0.2 182+ 0.7 |225+1.9
+ tt+Higgs 2.044+005| 22+0.2 147406 |14.3+15
+ Higgs boson mass window1.00+ 0.03| 0.52+ 0.07 3.6+0.3 49+0.9
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Figure 9: Reconstructed invariant mass spectrum for salelefptonic (left) and hadronic (right) top
quark candidates in the signal sample. The dotted red ldiedtes the candidates formed by assigning
the correct-jet to the top quark being considered. All distributione given in cross-section.
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9 Pairing likelihood analysis

In the previous Section we used a cut-based approach tofidéme top quark decay products. A
straightforward improvement to such an approach is to ugerakediscriminating topological distribu-
tions combined together in order to build a pairing likeblkdo As a first step the analysis considers only
top quark properties as likelihood templates. Even thouigig$iboson properties could help associating
b-jets, if used, those could lead to bias in the backgrounttiligions. A correct combination is ob-
tained when the objects used for the reconstructed vasabsch the Monte Carlo partons, regardless
of whether other objects are correctly associated. On tier tiand all the wrongly reconstructed objects

are used to form the wrong combination templates. The asalsed, shown in Fig. 11, are:

Figure 11: Pairing likelihood templates for top quark tagptal distributions, derived from theH sig-
nal sample. Solid lines represent the correct combinatibitevihe dotted lines show the combinatorial
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background in the signal itself. See text for a descriptibthe variables.

mjj: The invariant mass of the light jets from the hadroMalecay.
mjjp: The invariant mass of the hadronic top decay products.

myyp: The invariant mass of the leptonic top decay products.

Z(],]): The angle between the light jets from the hadraficlecay.

AR(jj,b): The distance iR between the hadron andb jet from

the hadronic top decay.

AR(I,b): The distance iR between the lepton and tibget from the leptonic top decay.
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The output of the pairing likelihood for the correct and wgdmjet combinations is shown in Fig. 12.
As shown in this plot, even though the correct distributiars peaked at 1, the wrong combinations still
have a large probability of being selected. The only contlinaused is the one which maximizes
the likelihood output. In order to avoid the presence of gdastombinatorial contribution a cut on the
likelihood output of 0.9 is used to select well-reconstedcevents. After this cub-jets are associated
to reconstruct the Higgs boson, as shown in Fig. 12, and tbetdw quarks, shown in Fig. 13. The
invariant mass distribution for the selected Higgs bosardickates for signal and backgrounds is shown
in Fig. 14.
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Figure 12: Left hand side: combinatorial likelihood outgot ttH events. Black solid (red dotted)

histogram indicates the correct (wrong) combinations. hRigand side: invariant mass for the Higgs
boson candidates reconstructed using the maximum likadilconfiguration, after applying a cut on the
likelihood. Dotted histogram indicates the correct comabions. The differential cross-section is shown
in fb.
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Figure 13: On the left (right) hand side is shown the leptdh@dronic) top quark candidates recon-
structed invariant mass using the maximum likelihood caméigon, after applying a cut on the likeli-
hood output. The dotted histogram indicates the cotvepiark jet for the top quark being considered.
The differential cross-section is shown in fb.

A final cut on the reconstructed Higgs boson mass, requiting lbe within 30 GeV of the Higgs
boson nominal mass is applied. The event yield for the wholdyais using the pairing likelihood is
shown in Table 5. This analysis reduces the signal by a féetideen, and produces a sample which has
a signal to background ratio of 0.1. The irreducitilab background increases to 45% of the total.
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Table 5: Cross-sections after each selection cut for signdlbackgrounds for the pairing likelihood
analysis. In the last column the contributionttifb has been removed. Errors are statistical only.

applied cuts | tiH(fb) | tibb(EW) (fb) | ttbb(QCD) (fb) | tiX (fb) |
LeptonicW 3.6+£006] 41+0.2 20+ 08 | 48+27
+ Best likelihood> 0.9 2.3+0.05| 25+0.2 164+ 0.6 | 19+ 1.7

+ Higgs boson mass window1.2+ 0.04 | 0.68+ 0.08 46+0.3 6.5+ 1.0
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Figure 14: Reconstructed invariant mass spectrum for Higggon candidates for signal and back-
grounds after pairing likelihood selection. The diffeiahtross-section is shown in fb.
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10 Constrained fit analysis

An alternative analysis uses a mass-constrained fit to tlesuned missing energy and jet and lepton
four-momenta to help with the jet combinatorics. There ategarks produced from the top quark and
Higgs boson decays, and these are matched to the recoadtjets. Thex? from this fit is used in a
likelihood technique together with kinematic variabledagging and jet charge. Then, all jet combina-
tions passing loose criteria are tested and the one withgbelikelihood is chosen. The analysis starts
from the preselection as described in Section 5. The sigmaite are then separated from background
in a second likelihood step.

10.1 Mass-Constrained fit technique

The fit varies a scale factor for the four-momenta of the jet the z component of the neutrino mo-
mentum. Adjustments to the jet momenta and masses throegittte parameter§!, produce accom-
panying changes in the missing energy and hence in the pamemesed in the reconstruction of the
leptonically decayindV as the transverse components of its neutrino are taken teebmissing energy.
The longitudinal component of the momentum of decayWgoson’s neutring,, is the last fit parame-
ter. The parameters are constrained by the estimated ges@md by the masses of the top quarks\ahd
bosons. These later are included as approximate Gaugsieontributions calculated using the masses
inferred from the current parameters as indicated in tHevimhg equation:

X=

i 2 | |
o fla—l )\, (P -80425% (M -1757 2
; O-Jiet/PJ!étmtlaj O-\%I O-tZ
where thé/V and top quark widthsyy, andg; are 2.1 and 1.5 GeV respectively.

To simplify the fit, the hadronic top quark aid are forced to be exactly on mass shell. The scale
factor of the highepr jet from theW is externally varied, while the other two scale factors aleuated
to give the correct masses. The momenta of all six jets aiedaout these three are linked. There are
therefore five free parameters and not seven. This impligsthiese two particles are fixed to their
nominal masses, while the leptonic top quark sdre given widths.

The calculation of the momentum of the neutrino from thedeW decay normally has two solu-
tions, as discussed in Section 7. Both of these are usedrisg{aoints for the fit, to ensure that it does
not find only one local minimum, and the fit with the largetis discarded. If th&V neutrino solutions
had complex roots then the real part of these is used as & rEtue.

The jet momenta are calibrated as discussed in Section &r&l4he following errors are used in the
fit:

ORig / Rlight = 0.988//pr ©0.035 3
op,/R, = 0.888/,/pr ¢ 0.125 (4)

where the momenta are measured in GeV. This form comes fronpadng reconstructed jgir with
simulated initial quarkpr; in other words it includes not only detector effects bubdlmgmentation.
Both light andb-jet momentum errors are treated as Gaussian distribubed; quark jets in particular
this is not a good description as the frequent presence ofizime gives tails to the measured energy
response.

The fit adjusts the momenta of all the jets, including thosenfthe Higgs boson, but the fitted Higgs
boson mass is not used in the analysis, as it offers no imprexe
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10.2 Db-tag information

In order to use thé-tagger output, as described in Section 5.3.2, for a likelth the distributions of
weights expected fdr-jets and norb-jets in this environment are required. This is done usitgtgken
from the signal simulation, where only jets with a parentrguaithin 0.4 in AR and no second quark
within 0.6 in AR are used. The ratio of smoothed weight distributions \wifbt over light flavored jets
(u,d,s) is shown in Fig. 15.

Ratio, b/light

ATLAS

10

N I RN BN I
-10 0 10 20 30 40
B weight

Figure 15: Thex-tagging likelihood ratio extracted from signal simulatias the ratio ob-weight distri-
butions forb-jets and light jets. The degree of smoothing reflects thisttal precision at each point.

In the analysis, four jets are taken to be fronguarks. For each jet we c_ompuﬁg, the ratio of
b/light for jeti as shown in Fig. 15. In selecting combinations the gijtag; .} is taken over the four
jets. There is no requirement made on the jets from/Hgoson.

10.3 Jetcharge

The assignment of jets to quarks can benefit from the jet ehaeasurement as we know the expected
charges of the quarks involved. The jet charge is the momemtaighted sum of the charged particle
charges within the jet, and it shows some correlation with ithitial quark charge. Thé(b) quark
has only a charge of (-)1/3, and furthermore, after hadatiois there are oscillations which reduce the
sensitivity, but there is some information.

The analysis requires exactly one high lepton which has charg®,, and therefore we know the
expected charge of both of theequarks associated to the top quarks via the relationsigiff Q) =
Sign(Qt,, ) = —1xsign(Qy,,), and the sum of the charges of the jets from the hadronicaitayingw
bosonQWhad = —1x Q. The measured values of these are then compared with thetakpes using a
likelihood. The sum of the Higgs boson jet charges is much sessitive because the expected value is
zero, but it is also used.

The jet charge plots in Fig. 16 are calculated using jets fitmersignal sample. Th& plots are made
using only true light jets which were tagged as light jetsl #oeb plots only from tagget-jets associated
with ab quark. This is to ensure that the jet charge is independettad information. The W wrong
combinations distribution has spikes at integral valuegkvigenerally involve at least one jet outside
the tracker acceptance contributing a charge of zero. Tdreskess frequent in the correct combinations
which tend to be central. The other distributions refletdgged jets which must therefore have charged
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Figure 16: Left: The jet charge &% boson candidates, based on the sum of the jet-charges afithe t
jets signed by the higlpr lepton. Center: Jet charges of individumjets from top quarks; signed so
that those where quark charge agreeing with the lepton elHfeogh W decay are positive. Right: The
magnitude of the sum of the jet charges of the jets assignibe tdiggs boson. Wronigjet combinations
have a somewhat flatter distribution. Correct combinatamessolid (black) and wrong combinations are
dashed (red).

particle tracks. It is assumed that the jet charge informmatain be calibrated from the plentiful top quark
pair events. The normalizations are arbitrary, as theyeb#fgery combination equally. The jet-charge is

hadronic t I ict
used as%ja_cha,ge = fq(atl))ronlc P % jq?g[onlc P % jq(W) X jq(H)-

10.4 Likelihood analysis for jet assignment

All possible assignments of jets to quarks are evaluatedrm fThose combinations which fail a loose
quality requirement are discarded. This quality requinehiethat:

e Both of the jets assigned to the Higgs boson must halgdilelihood greater than zero. From
Fig. 15 that corresponds to a cut of about -2 onlittagging variable.

e Selections on the mass of thié and top quark which decay to jets. TWemass calculated from
the jets without fitting must lie between 30 and 150 GeV, areddp quark mass between 100 and
250 GeV. Note that the jet energy correction factor appliegethds upon whether or not the jet is
considered to originate fromlaquark in this hypothesis.

e Total b-likelihood greater than 8. This is the sum of the log-likelbds of the four jets which are
assigned tdo-jets; this roughly corresponds to the mdaweight of the jets being 4 or greater.

In the preselected signal sample there are a mean of 5811limatobs to be tested per event, but
the above quality requirement reduces this to 233; a coraitiesaving in time. 90% of the preselected
signal events have at least one combination passing theabquirements.

Events which pass these selections are processed bytligting code. Correct or wrong combina-
tions are then used to define a likelihood ratio.

The elements of that likelihood ratio are as follows:

e The log, of the x? from the fit.

18



LA B O T c LI I S B Y I B B O

104 -

ATLAS

ATLAS

Events, relative normalization
Events, relative normalizatio

P R R R R R IV B
-1 0.5 0 05 1 -1 0.5 0 0.5 1
jet.tl £ cos @

Figure 17: Left: Thex? of the fit. Center: jettop|min. The cosine of the minimum angle between top
quarks and their daughter jets. Correct combinations hawe gollimated tops. Right: Th%e‘ftcose*.
The decay angle in the rest frame of the leptonically decayip quark of theb-jet relative to the top
quark direction in the lab frame. Correct combinations ai&lgblack) and wrong combinations are
dashed (red).

e jet-top|min: The minimum cosine of the angle between the top quarks apdfatheir four jets in
thettH center of mass frame.

t'tfptcose*: The decay angle in the rest frame of the leptonically dexpyop quark of thdo-jet
relative to the top quark direction in the lab frame.

t'beptAR: the distance if\AR space between the lepton and thequark assigned to the same top
quark.

|n|™m&: The maximumin| of the considered jets. Jets from tiEl system tend to be more central
than those from the underlying event.

costi_jo: Measured in the Higgs boson rest frame, this is the cosirteeofingle between the
higherpr of the two jets from the Higgs boson and the boost appliedifofsbm the lab frame to
the Higgs boson rest frame.

e m: The hadronic top quark mass before the fit is performed.

The variables are displayed in Figs. 17 and 18 for correctvarwhg combinations. In this case
‘correct’ implies that all six quarks are correctly assignerig. 19 shows how each variable would
perform if used individually to separate correct and ineorpairings. For each variable combinations
are selected by the likelihood ratio found using that vdei@one. The Fig. shows the fraction of wrong
pairings which would be accepted as a function of the fractibcorrect ones. The fix? is the most
powerful single variable over much of Fig. 19, but the masdethe hadronic top quark and work
well at high efficiency while jettop|min is also rather powerful. Clearly the variables have cofimta,
and these are taken into account by evaluating the liketifio@ 3D space defined by the three variables
under study. This explicitly includes the correlationg, iblimited by the simulation statistics required to
populate the space. The combinatiordf jet- top|min and fptcose* was adopted as the most powerful
set of three variables found.
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Figure 18: Left: The distribution of distance8R, between the lepton and theguark from the leptonic
top quark. Center: The maximufm| of any jet in the combination being tested. Correct comimnat
are more central. Right: The reconstructed mass of the hadity decaying top quark, before any fitis
performed. Correct combinations are solid (black) and wroaombinations are dashed (red).
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Figure 19: The performance of a range of possible varialflésey are used individually to find the
correct quark-jet pairing in #H event. For a given efficiency for selecting the correct paiiix axis),
what fraction of the incorrect pairings will also be chosgiaXis). The line labelled null shows the effect
of selecting combinations at random.
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The remaining variables were tested to see whether thelti@udds uncorrelated likelihood contri-
butions made a significant improvement, and those that did imeluded. The final likelihood is defined
as follows:

Lrairing = l0g. 2P
pairing = 109 log X2 jet - top|min ™ c0S6*

+ IOggcosQ;"_jet + Iog.jfm + Ioggbftag + IOgegjetfcharge (5)

109.Z jept + 1092y mx

The combination which produces the largest likelihood felreevent is adopted. The quality of the
chosen combination is examined in Section 11.
10.5 Signal and background separation

The separation of signal from background is again done uki@dikelihood technique. There are two
rather different backgrounds considered: tifjg component for whictb-tagging is the primary tool and
the ‘irreducible’ ttbb background which differs from the signal only in kinematiays, which can be
exploited to give some separation. The variables used &ratpsignal and background are:

o Zhairing: From combinatorics.

e 3 Ioglo,ﬁfg: Sum of the log-likelihoods of the four jets used as b’s in¢bebination chosen.
° Zﬂ_tag: The sum of thdo-tagging weight of the two jets from the Higgs boson.

e An(H,top)™": The difference im between the Higgs boson and the closer top quark.

e cogqtH)™: The higher of the two angles between top quarks and Higgsrbwsthe center of
mass of theétH system.

e Hpin C.0.M: The Higgs boson momentum in the center of mass frafntiee ttH system.

e cosf)_jo;: As defined in Section 10.4.
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Figure 20: Left: Distributions for signal and backgroundghe likelihood used to find the combinatorics
solution. Center: The sum of thetag likelihoods of the four jets used B's in the chosen combination.

There was cut at 8 in the combinatorics preselection. Righ& sum of théo-tags of the jets associated
to the Higgs boson. This variable remowég] more thanttbb. Histograms are filled for every event
where there is a successful fit. In all histograms, the surheirdividual histograms is shown. They
are stacked to indicate relative contributions.
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Figure 21: Left: The maximum cosine of the angle betweereetibp quark and the Higgs boson when
boosted into thétH center of mass frame. Center: The momentum of the Higgs boeadidate in the
center of mass frame. Note that the true Higgs bosons hawsea lmomentum than the background.
Right: The co®* of the higherpr of the jets from the Higgs boson. This tends to be more cefural
signal events. In all histograms, the sum of the individuatdgrams is shown. They are stacked to
indicate relative contributions.

Figures 20 and 21 show the data used to produce the likelinatol for most of the variables.
The backgrounds fall into two basic classes - thg and thettbb, and to deal with these two 3D
likelihoods are defined. The first includes the three quastivhich containb-tagging information:
Leiring; Zi Ioglo,ﬁfg, zg'_tag. These are all powerful but are highly correlated and tloeecthenefit from a
correct treatment of those correlations. The second i&ld9$*, Hy, cosBy;_j., which carries discrimi-
nation based on event kinematics. It too has important ltivas. These likelihoods are combined as
if independent, with one further likelihood, derived frdm(H,top)mi”, added as well. All the likeli-
hoods have been smoothed so that the expected fluctuatehelaw 10%, and there is therefore little
over-training, as separate test and training samples argaimed.

The distributions used to define the likelihood are consgtiiasing all events for which a constrained
fit was made, and all the components are normalized to thes-sexdions at that stage. The signal
separation likelihood is:

3D 3D
Zejp = 1/3 <|Ogg$pairingazi 10910 25.Zf 1o + IOggAn (H,tOp)min t Ioggcos(tH)mvavcoseﬁja> (6)

The factor of 3 makes this an average, rather than a sum, dheres purely for convenience. Note
that there is nothing in this definition to prefer correctired signal events.

Figure 22 shows the distribution of the final likelihood. dtgenerally dominated kyjj events, but
at the largest likelihood values thitbb and signal events are more prevalent. It can be seen that any
ttH analysis will be selecting a tail of the signal, and coninglithis will be important. The signal to
background ratio, within the mass window, rises to about 2&#a any rise above that is in a region
affected by lack of simulation statistics.

The final choice of working point will depend upon the detaifghe systematic error evaluation.
The tighter the selection on the likelihood the higher thymal to background ratio but the smaller the
samples in data and simulation; the latter is an importansiceration.

The maximum significance which might be expected in a measeme (evaluated as+b) ignoring
all systematic uncertainties, is obtained by cutting at@likelihood of -4.44. This would yield a
significance of 2.78, but at low purity. Reducing the mass range by requiring thatcandidate has a
mass within the range 90 to 150 GeV does not appear to imphaveesults when systematic errors are
not considered.
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Figure 22: Left: The total signal separation likelihood.eTtbp figure shows all events while the bottom
shows only those within a Higgs boson candidate mass wind®@ t 150 GeV. Right: The integrated
version of the lower left plot, so the total event rates pagsainy cut can be seen. The bottom half of this
plot is the signal to background ratio implied.

If an arbitrary ten per cent error on the background levetsiened then the significance for this cut,
evaluated as §/b+ (db)?, decreases to below @5while the highest significance is around &.®r a
cut at -4.05. This is shown numerically in Table 6, where tkgeeted event rates are shown for three
different cut values. No final choice is really possible withcomplete evaluation of systematic errors,
but -4.2 with the mass window cut applied does seem to be aiplauworking point. The statistical
significance for this selection is 2.@8 At this point the signal is reduced by a factor of twelve frtma
preselection, but signal to background ratio has becon5@0.01. The irreduciblétbb background
has increased to 50% of the total.

Table 6: The accepted cross-sections for signal and the lmaakgrounds at various stages of the
analysis. Thet ] cross-section suffers from limited statistics.

| Selection | tiH(fh) | ttbb(EW) (fb) | ttbb(QCD) (fb) | tiX (fb) |
Initial Sample 100 255 2371 109487
Pass preselection 16 23 198 2589
Fit quality requirements 14 20 165 1584
Lo > -4.40 4.9 5.1 35 58
,Zs/b > -4.20 2.5 2.3 13.9 11.9
ZLp > -4.10 14 0.96 7.11 4.5
Mass window 90 to 150 GeV.

,Zs/b > -4.40 2.3+0.07 1.4+0.17 10.8£0.7 22+3.1
Lsp > -4.20 1.3+0.05 | 0.62£0.12 4.6+0.5 5.3:1.5
L > -4.10 0.71+0.04| 0.23+0.07 2.5+0.35 2.2+1.0

The distribution of the masses of the candidates can be se€g.i23, at a cut 0f%;, > —4.2. The
right hand side of Fig. 23 shows details of the mass disiohuor signal only.
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Figure 23: The mass distribution after cutting at -4.24%,,. Left: All samples, showing the contri-
butions stacked. The signal distribution is also shown rsdply at the bottom. Right: Signal only, the
dashed (red) line equals events where the correct jets fierhliggs boson are selected.

11 Comparison between the three analysis techniques

The performance of the cut-based, pairing likelihood arddbnstrained fit analyses in terms of purity
versus selection efficiency can be seen in Fig. 24. For teéhidod analyses, the different working points
are obtained by varying the final cut on the likelihood disgniant. In the case of the cut-based analysis,
the same variation is achieved by loosening or tightenimgnttass-window cuts on the hadronically
decayingW and the reconstructed top quarks. For this section theasffigiis defined as the selection
efficiency relative to the total events simulated. The pustdefined in terms of the correctness of the
assignment ob-jets used to reconstruct the final objects. For instance, @as apure hadronic top
quark when thé-jet matches the true parton from the top quark decay, regardless of whether tine sa
happens for the hadronW boson decay products.

Fig. 24 clearly shows the increase of performance when usiog information (likelihood) than
just the mass of the reconstructed patrticles (cut-based).

The chosen working points are indicated with solid marker&ig. 24. Those points have not been
optimized in terms of statistical significance, because latk of statistics for thétX background and
because due consideration of the systematic errors shtaddrdluence the decision. However, the
significance does not change much with the choice of the cth@pairing likelihood output since this
likelihood is not designed to discriminate signal from ghg$ackground events.

The ability of the three analyses to correctly identify a@ltgan the event is compared in Table 7. The
likelihood-based assignments perform noticeably bdtim the cut-based analysis. The signal efficiency
and statistical significance are also improved.

12 Background Shapes

The success of this analysis relies on the accurate knowlefihe background level and shape. Monte
Carlo predictions are affected by large systematic uniceiéa, as the background rejection depends
critically also on the jet flavor composition. For this reasbis mandatory to develop methods to
measure background directly from real data.
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Figure 24: Comparison of the purity of reconstruckibdnvariant mass before the final mass window cut
versus selection efficiency for the cut-based, the paiikedihood and the constrained fit analysis. The
solid markers show the selected working points.

Table 7: A comparison of quality criteria for the three asaly at their working points. The mass window
of 90 to 150 GeV is only applied for the last two rows.

\ | CutBased | Pairing likelihood| Constrained fif

b jet from Hadronic top correct 44.4+1.1% 49.2+1.1% 51.0+1.5%
b jet from Leptonic top correct 50.5+1.2% 57.4+1.1% 56.2+1.5%
Higgs boson jets correctly chosen 29.4+1.0% 34.0+1.0% 32.0:1.4%
Fourb quarks correct 23.3+t1.0% 27.5+1.0% 27.1+1.3%
Higgs boson mass peak resolution, GeV 22.8+1.6 20.1+1.1 22.3+2.1
Signal Efficiency 2.04+0.05% 2.32+0.05% 2.49+0.07%
Signal to background 0.116+0.014| 0.103+0.014 0.123+0.019
s/v/b, 30fb! 1.82 1.95 2.18

One important result of the present study is that the Higg®baandidate mass spectrum depends
weakly upon theb-tagging working point. This is shown in Fig. 25, which regsothe difference irbb
invariant mass shape for thibb andtt+jets processes after applying the pairing likelihood wsialwith
the loose and tight-tagging requirement as defined in Section 5.3.2

The complete determination of the background shape from depends crucially on the relative
contributions of thetbb andtt+jets distributions, which in turn depends on the strengtheb-tagging
cut applied. Théb invariant mass can be studied fobdag requirement, the “mediutmtag”, between
the loose and tight, such that the possible presence oflsignae still neglected. We choose a medium
working point corresponding tolatagging weight cut of 3, such that the ratio of the contiiuif ttbb
with respect tdt+jets goes from 11% to 30%, with a signal contamination df tean 3%.

One strategy contemplated is to usettfb/tt+jets fraction coming from the Monte Carlo prediction
and the total number of events from the data to normalize tbat® Carlo at the loose working point
where the signal level is less than 1%. Using the Monte Catldlgvor composition and the ratio of
the b-, c- and light jet efficienciesg™\, (pr,n)/&%%%: 4 (Pr, 1)) at the loose and medium working
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points, it is then possible to predict the shape and noriet#diz at the medium working point.

The data reduction when moving theag quality from “loose” to “medium” is explained by theiat
of theb-tag efficiencies at these two working points applied tottbb andtt+jets data. With a 50 pit
data sample, thb-tagging efficiency ob- andc-jets will be known with an accuracy of 5% [19], while
the rejection of light quark jets will be measured with a 10%certainty. We expect a significantly
more accurate knowledge of tiretagging performance with a data sample of approximatelyb:?é;
This will allow the measurement of the background levettbb andtt+jets as a function of théb
invariant mass for the loose and medibragging working points. These measurements can be used to
verify and tune with data the background prediction giverth®yMonte Carlo simulation, which will be
used to extrapolate the event yeld expectation of knowngsses when thietag quality is moved from
“medium” to “tight”. This extrapolation can be monitoredydaeventually further corrected, by looking
at the comparison with the measured data outside the mas®wginvhere the number of signal events
expected is small (about 4%). If necessary, this procedamebe extended by asking for thre¢agged
jets to further constrain the background composition asidliipe and absolute normalization, to achieve
the 5% systematic uncertainty necessary for the analyshssoprocesses.

£ 0.22F T T T 2] 2T T T T T T ==
€ E —e— tt+jets sample ATLAS € 0.2 E tibb (QCD) ATLAS 3
3 02e :F 3 o0a8f _+_ =
§ 0185 § 0165 ) =
5 + 3
14F i _ 012 i - E
012E- tight b-tag e :*: _+_ tight b-tag E
01 —g— —+——4— — loose b-tag 0.08F —4— — looseb-tag 3
0.08F e et . E
E 0.06 — —e— —
0.06 ——— E ——_ E
0.04F- g 0.04 :‘—=.= =
0.02E- —+= 0025 ===
T Ee— — T E—— 3
= L L L L L L L L L L L L
00 50 100 150 200 250 300 350 00 50 100 150 200 250 300 350
Higgs candiates mass [GeV] Higgs candiates mass [GeV]
o 25 2 25
® 2E = ® 2E =
ey RS S - i —+
P —— —— ———
055 E 055 E
0 0

50 100 150 200 250 300 350 50 100 150 200 250 300 350

Figure 25: Ratio of the invariant mass spectrum for Higgohasandidates after combinatorial likeli-
hood analysis and using a loose and tight cut orbtteeg weight. Left hand sidet+jets, right hand side:
ttbb. The signal region shows very consistent behaviour.

13 Systematic uncertainties

The evaluation of systematic uncertainties, especialijpénbackground level, is of vital importance in
this analysis. Unfortunately it has not yet been brought satésfactory level and a robust method to
infer background shapes and normalization from data, fotathis channel, still needs to be developed.
Following the estimation of systematic uncertainties duthe standard detector effects, Table 8 shows
the various contributions for all three analyses. It iscedble how important the jet uncertainties are for
both signal and background. Indeed the knowledge of thengrtgy and of thés-tagging performance
have a crucial impact on the kinematic quantities used frélonstruction of the system and for the
correct identification of the-jets used for the analysis. Large fluctuations on the backyt estimations
arise due to the lack of statistics for th& sample, giving rise to a relative statistical error up t6®20
While the theoretical uncertainties for the signal and lgasnd normalization are quite large, their
impact can be reduced by making direct measurements. Téastainly the case for thé cross-section,
where the theoretical uncertainties associated with th@N\LLL calculation are around 12% [14] while
with only 100 pb'! of data, a direct measurement of the cross-section for timéleggtonic final state
using b-tagging could be performed with a much smaller error [22heTtbb background is only cal-
culated at LO, the cross-section calculation has a stroalp stependence, a factor 4 when changing
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from Qécp = $t0 Qdcp =< P > [9]. Even though the signal cross-sections used for thiskvaoe
LO, NLO calculations are already available with a theoedtimcertainty including errors coming from
parton distribution functions of the order of 15-20% [23}ifgpared to the 100-200% uncertainty of the
LO cross-section).

Table 8: Effect of the various systematic uncertaintieshansignal and background efficiencies.

Source Cut-based Likelihood Constrained fit
signal | background| signal | background| signal | background
energy scalg + 0.5% + 2% + 0.3% + 3% + 1% + 3%

Electron| resolution + 0.5% + 0.6% + 0% + 1% + 0.2% + 4%
efficiency +0.2% + 2% +0.2% + 1% + 0.5% +0.2%
energy scalg + 0.7% + 3% +0.6%| +02% | +04% + 4%
Muon resolution + 0.8% + 0.6% + 0.3% + 0.4% + 1% + 3%
efficiency +03%| +£01% | +0.8%| +0.1% + 0.4% +0.1%

energy scalg + 9% + 5% + 9% + 14% + 9% + 8%
Jet resolution + 0.3% + 7% + 1% + 5.5% + 5% + 14%
b-tag + 16% +20% + 18% + 20% + 16% + 20%
b mis-tag + 0.8% + 5% +1.1% + 3% + 3% + 10%

summed in quadrature 4+ 18% + 22% + 20% + 25% + 19% + 28%

13.1 Effect of pile-up on signal

The portion of the semi-leptonittH signal sample used here is simulated a second time, but kéth t
anticipated effects of pile-up and cavern background ot It is important to stress that the same
generated events are used as input for both pile-up and feopsamples. The pile-up actually applied
to the events is that expected for running at instantanesubsity.# of 1033cm1s1,

The effect of pile-up on the preselection of events (appliedo all three analyses) is shown in
Table 9, and as can be seen, the effect of the trigger regeireimthe most significant.

Table 9: The effect of pile-up on the samples at successagestof preselection with relative

efficiencies.
ttH o (fb)

Quantity\ Sample No pile-up \ pile-up
Starting Sample Generated 100 100
Pass Triggerg22i, €55, mu20) 65 (65%) | 62 (62%)
One highpt Lepton 56 (87%) | 53 (86%)
> 6 jets (pr> 20 GeV,|n| < 5) 36 (64%) | 34 (64%)
> 4 centralb-jet candidates,|(| < 2.5 & b-jet weight> 0) | 16 (45%) | 15 (44%)
Preselected 16 (45%) | 15 (44%)

The distribution of the number of highr leptons in the events before preselection is shown in
Fig. 26 for the pile-up and non pile-up samples. They are genjlar, suggesting that the electron and
muon reconstruction are not significantly affected by pite-however the trigger requirement reduces
the number of events with pile-up available to the rest ofpteselection.
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for pile-up and non pile-up samples (before tion) for pile-up and non pile-up samples. The

preselection). cutspr< 20 GeV andn| < 5 are applied to the
individual jets.

Figure 27 shows the jet multiplicity before preselectiohcdn be seen that the number of events
having exactly 6 jets is reduced by approximately 10%, aedniiimber of events having more than 7
jets is increased. The net effect will be an increase in tmebdoatorial background, though the extra
jets will typically have a lowpr.

For the cut-based and pairing likelihood analyses, catellggets are designated as those jets lying
in the central region of the detectdn( < 2.5), with pr> 20 GeV andb-jet weight> 5.5, however, if
there are more than four of these then the jets with the hidihjs weights are used.

The number ob-jets in the events both with and without pile-up after theeotpreselection cuts are
applied can be seen in Fig. 28, where there is a reductioreimtimber of events having the requisite
four b-jets.

The extent of the reduction in events at the various stag#eeafut-based analysis is shown in Table
10. The most pronounced difference comes from the reduatidghe number ofb-jets, and the net
effect of pile-up is a~12% reduction in the number of events where it is possiblet¢omstruct a Higgs
particle, as shown in Fig. 29. This effect will also maniféself in the backgrounds, since they all
have either two or foub-quarks. The most interesting background pile-up studyldvoaw be with the
ttj] sample, since this relies on mis-tagging of light jets tateea physics background, however this is
beyond the scope of this study which only examines the signal

It should be noted that in the course of this study, liHet efficiency and light-jet rejections were
studied, however no visible differences were observeds Tain be explained by the fact that even a 1%
drop in efficiency from 50% to 49% causes almost an 8% drop ém&vhaving foub-jets.

14 Significance estimates

The number of remaining events in the Higgs boson mass wir{@0weV around the nominal Higgs
boson mass) have been used to compute a crude estimate tdtthtical significance for this channel
with 30 fb~1. For such a channel in which the signal and backgrounds ayelike, this naive estimate is
not the most relevant figure of merit, but it is still usefuctampare analyses. For the cut-based analysis,
a significance of 1.8 is achieved with signal to backgroutio &f approximately 0.11. It is worth noting
that the addition of the lovpr muons to jets and the residual jet calibrations performe®kictions 5.3.3
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are applied to the individual jets.

Table 10: The extent of the reduction in events for pile-ug aan pile-up samples for the cut-
based analysis with relative efficiencies in parenthesd® harshest reduction comes from the
four b-jet requirement.

ttH o (fb)
Quantity\ Sample No pile-up \ pile-up
Preselected events 16.0 14.8
> 4 b-jets (-jet weight> 5.5) 3.7 (23.1%)| 3.2 (21.5%)
Had & LepW inside mass-window 2.5 (66.4%)| 2.1 (66.8%)
t, t-quarks rec. in mass-window | 2.0 (81.6%)| 1.8 (83.1%)
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and 5.3.4 improved the cut-based analysis significance &y With the pairing likelihood approach
the significance is 1.95 for a signal to background ratio &f (Finally the constrained fit likelihood
gives 2.2 (1.7) for a signal over background value of 0.124)).obtained with a cut oy, of -4.2
(-4.1). Figure 30 shows the total significar86,/B + (AB)? as a function of the systematic error on the
background 4B) for the different analyses. As is shown in the Fig., only ekggound uncertanity level
below 10% allows exploitation of the statistical power of tinass constrained fit analysis with respect
to the cut-based analysis, and even less for the case thegplifelihood. Even for a robust analysis
such as the cut-based approach, the large systematic aintiegt estimated in Table 8 provide a clear
indication that a data driven background estimation is s&ag.

2.2

cut-based
pairing likelihood
constrained mass fit

total significance

|
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Figure 30: Comparison of the total significance as functibsystematic uncertaintied\B), for the
cut-based, the pairing likelihood and the constrained fifyesis. Markers indicate the significance cor-
responding to the background uncertainty estimated ineTébl

15 Conclusion

We performed a baseline sensitivity study for the deteaticanStandard Model Higgs boson decaying to
bb when produced together withtaipair. After the definition of a common preselection, threféedent
techniques are used, all aimed at the reconstruction ofttisgstem. The first one is based on the
reconstruction of the top quark ald candidate masses (cut-based analysis). The second oriadpai
likelihood analysis) uses a more complete description@kthematic properties of thesystem to build
a likelihood discriminant and isolate the jets coming frdm Higgs boson decay. The third approach
(constrained fit) uses the known masses and jet errors asaotsto produce a combinatoric likelihood,
and a second likelihood to separate signal from backgrodidile the cut-based analysis is certainly
the most stable one, relying only on the reconstructed immtimasses of the top quark candidates,
it also performs worse with respect to the other two likelitidbased analyses. On the other hand,
these likelihood based analyses can be used successflyhyaier all kinematical variables are well
understood together with their correlations. Althoughdrel the scope of this work, the use of more
advanced multivariate techniques is foreseen to redudetbetcombinatorial and physics background.
The statistical significance obtained for the three apgresavas 1.82 for the cut-based, 1.95 for
the pairing likelihood and 2.18 for the constrained mass féignal-to-background ratios of 0.11, 0.10
and 0.12 respectively. All the analyses suffer drastic cgdo in significance as the overall systematic
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uncertainty increases. The most important individual uadaties are those for the jet energy scale and
b-tagging efficiency.

From this study emerges the necessity of a stietggging algorithm which is important not only
to suppress thét+jets physics background but also to help reduce the cordsiahbackground by
improving the hadronically decayiMy reconstruction. Itis also clear that the combinatoriakigaound,
responsible for the dilution of the Higgs boson mass pea&ds¢o be further reduced, possibly using
multivariate techniques, in order to improve the stattgignificance of the channel. Improvements in
the mass peak resolution would also enhance the ability lnfjpesanalysis from two perspectives; firstly
it would be easier to select a signal-depleted region forsh@pe fits, and secondly the mass peak itself
would become more pronounced.

The results presented in this work can be compared with dqug\ATLAS study [3] performed
using fast simulation with a parametrizéetagging efficiency which had a higher performance than
the one used here and also used PYTHIA in order to simulatét#ebackground. It resulted in a
significance of 1.9 and 2.6 respectively for the cut-basetllitalihood analyses. The results presented
in this note can also be compared with a recent CMS study E#rting a significance of 1.8 for the
electron channel and 1.6 for the muon channel, in both casesnfintegrated luminosity of 60 f8.
While a detailed comparison between the two experimentstiattempted in this work, it is noteworthy
that the jet energy resolution quoted the CMS paper could keydactor in explaining the improved
sensitivity seen by ATLAS for this channel.

The measurement of the background normalization from datétal for this channel. Subsequent
studies must be performed in this regard. Further methodxtoficting shape information from data
must also be developed, in particular, the extraction ofstgeal in the presence ofquasi-signal-like
background as is exhibited in the invariant mass plots agtigs of the analyses. The shape information
and any estimate of the significance obtained from it couldided in conjunction with the counting
experiment information to improve the overall significance
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