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Abstract

The measurement of the Higgs boson and its cross-section in top associated production allows a
direct measurement of the top quark Yukawa coupling at tree level. This can be compared with
the indirect one in gluon-gluon-fusion production. The decay channel of the ttH system in the
multilepton final state gives one of the largest sensitivities. The sub-channel focused on here
is that with two same-charged light leptons (electrons or muons) and oneτhad: ttH→2l+1τhad.
An overview over the ttH to multileptons analysis is given and the selection and data-driven
background estimation of the 2l+1τhad channel is described in more detail. The analysis includes
a dataset of 20.3 fb−1 which has been recorded in LHC Run 1 at a center-of-mass energy of√

s= 8 TeV with the ATLAS detector.

With the recorded data set of Run 1 no significant excess of events above the background ex-
pectation could be observed and the best fit for the ttH production cross section combining all
multilepton channels, assuming a Higgs boson mass of 125 GeV, is 2.1+1.4

−1.2 times the SM expec-
tation. The observed (expected) upper limit at the 95% confidence level is 4.7 (2.4) times the
SM rate. Thep-value for compatibility with the background-only hypothesis is 1.8σ and the
expectation in the presence of a Standard Model signal is 0.9σ .
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1. Introduction

A new particle,H, with a mass of about 125 GeV and compatible with the StandardModel
(SM) Higgs boson [1–4] was discovered at the LHC by the ATLAS [5, 6] and CMS [7, 8] exper-
iments in 2012 using proton-proton collisions with center-of-mass energies of

√
s= 7 TeV and√

s= 8 TeV.
The measurement of the process in which the Higgs boson is produced in association with a

top quark pair (tt̄H) would permit a direct measurement of the top quark–Higgs boson Yukawa
coupling in a process that is tree-level at the lowest order,which is otherwise accessible primarily
through loop effects. Having both the tree- and loop-level measurements would allow disambigua-
tion of new physics effects that could affect the two differently, such as dimension-six operators
contributing to theggH loop vertex.

Here, a search for the SM Higgs boson in thett̄H production mode in multilepton final states
at the ATLAS experiment of the LHC at a center-of-mass energyof

√
s= 8 TeV is described.

The five final states considered are: two same-charge-sign light leptons (eor µ) with no additional
hadronically decayingτ lepton (τhad), three light leptons, two same-sign light leptons with one
τhad, four light leptons and one light lepton with twoτhad. These channels are sensitive to the Higgs
decaysH →WW∗, ττ , andZZ∗ produced in association with a top quark pair.

2. Event selection

The first step of selection is a single-lepton (eor µ) trigger which all events considered in this
analysis have to pass. These achieve their maximal plateau efficiency for lepton pT > 25 GeV. The
detailed selection of the objects is described in Ref. [9].

PrimarilyH →WW∗ andττ decay modes are considered in addition to the final state of the tt̄
system. As the largest background,tt̄ decay, can produce a maximum of two light leptons which
are also opposite-sign, the analysis requires two same-sign leptons or three or more leptons to sup-
press what would otherwise be the largest single background.

The analysis categories are classified by the number of lightleptons andτhad candidates.
Events are initially classified by counting the number of light leptons with pT > 10GeV andτhad

candidates. In some cases the lepton selection criteria aretightened further by raising the pT thresh-
old, tightening isolation selections or restricting the allowed |η | range, as explained in more detail
in Ref. [9]. It is ensured that an event can only contribute toa single category. The event selection
of the category with two light leptons and oneτhad is described in more detail here.

Such events are required to include exactly two light leptons, with the same charge and leading
(subleading) pT > 25 (15) GeV, and exactly one (τhad) with pT > 25GeV. The reconstructed charge
of the τhad candidate has to be opposite to that of the light leptons. To reducett̄+jets andtt̄V
backgrounds, at least four reconstructed jets are required. To suppress diboson and single-boson
backgrounds, at least one jet must beb-tagged. To suppress theZ → ℓ+ℓ−+jets background due
to charge-misidentified electrons, events with dielectroninvariant mass within 10 GeV around the
Z mass are vetoed. A Feynman diagram of production and decay ofthe ttH signal process targeted
by this selection is shown in Fig. 1.

2



P
o
S
(
E
P
S
-
H
E
P
2
0
1
5
)
1
6
4

Top associated Higgs production in ATLAS Frank Seifert

g

g

t

t̄

H

W+

W−

τ−

W−

W+

b

b̄

q̄

ντ

ν̄τ

q′

ν̄ℓ

ℓ−

ν̄ℓ

q̄
q′

ℓ−
ℓ−

τ+
}τhad

Figure 1: Feynman diagram of the production and decay of a Higgs boson in association with a top quark
pair. The Higgs decay into two tau leptons (one decaying leptonically and one hadronically) is shown.

3. Background estimation

The main backgrounds to the signal arett̄ production with additional jets and non-prompt
leptons and associated production of a top quark pair and a vector bosonW or Z, hence denoted as
tt̄V. Important irreducible backgrounds includett̄V and diboson production and are estimated from
Monte Carlo (MC) simulation. To check the modelling of data by simulation, validation regions
(VR) enriched in these processes are constructed, which is described in more detail in Ref. [9].
Fig. 2 shows data together with the different MC contributions in the validation regions for the
most important irreducible backgroundstt̄Z andtt̄W.

Reducible (fake) backgrounds contain non-prompt leptons or mis-identification, and are esti-
mated by data-driven techniques. The focus here is on the channel with 2 same-sign light leptons
and oneτhad. In the following, a tight lepton is defined as a lepton that passes the nominal selec-
tion, a sideband lepton is defined as a lepton candidate whichsatisfies different criteria than the
tight lepton selection (identification selection, isolation, or pT), and (sideband) control regions ei-
ther require one or more sideband leptons to replace a tight lepton in the signal region selection, or
have the same lepton selection as the signal region but different requirements on the jet multiplicity.

Due to the same-charge sign requirement of the two light leptons, tt̄ events can only enter
the signal region if at least one light lepton is non-prompt or has its charge misidentified. It is
obtained from MC simulation studies that the non-prompt lepton arises nearly always from B-
meson decays and that around half of theτhad candidates in these events come fromW → τν
decays, and the remaining fake ones from misidentified light-quark or gluon jets. For the data-
driven fake estimation, sidebands are constructed by requiring a sideband lepton instead of a tight
lepton and by using a low jet multiplicity region: 2≤ njet ≤ 3. For the non-prompt sideband
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Figure 2: The spectrum of the number of jets expected and observed in the tt̄Z (left) andtt̄W (right) valida-
tion regions (VR). The hatched band represents the total uncertainty on the background prediction in each
bin. The “non-prompt” backgrounds are those with a lepton arising from a hadron decay or from a photon
conversion in detector material. Rare processes includetZ, tt̄WW, triboson,tt̄tt̄, andtH production. The
overlaid red line corresponds to thett̄H signal predicted by the SM [9].

leptons, the ET isolation requirement is inverted, the pT isolation requirement is relaxed, and the
electron identification is relaxed. The low jet multiplicity region is used to determine a transfer
factor from sideband to tight lepton selections. The expected non-prompt lepton yield in the signal
region is obtained by using this transfer factor to extrapolate from a control region with the same
jet selection as the signal region but with one tight and one sideband light lepton. Fake events with
charge mis-identified electrons are included in the transfer factor and the method. Since the ratio of
real to fakeτhadcandidates is similar in the signal and all control regions,the method is expected to
correctly reproduce the fake/realτhad composition in the signal region. A small correction factor,
kcorr = 0.96, due to the minor variations in the ratio in the control regions is calculated and applied
to the total estimate in the signal region. The overall uncertainty on the non-prompt background
prediction is dominated by the statistical uncertainty of the high jet multiplicity sideband region.
The overall obtained yields and uncertainties for all sub-channels are summarized in Table 1. For
most backgrounds the uncertainties from Monte Carlo simulation sample sizes are negligible. For
the diboson backgrounds, however, these can reach 50% of thetotal diboson yield uncertainties.
Further systematic uncertainties of the analysis can be found in Ref. [9].

4. Results

The expected yields for backgrounds,tt̄H signal and data observation are shown in Table 1.
The distributions of the number of jets in the signal region are shown in Fig. 3. The best-fit value
of the signal strengthµ = σtt̄H,obs/σtt̄H,SM is determined using a maximum likelihood fit to the
data yields of the categories listed in Table 1, which are treated as independent Poisson terms in
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Figure 3: The spectrum of the number of jets expected and observed in each signal region as well as the
best-fit values of the signal strength parameter. For display purposes the six 2ℓ0τhad categories (ee/eµ /µµ
and= 4/≥ 5 jets) are combined into one plot, as are the two 4ℓ categories (Z-enriched andZ-depleted). The
hatched bands show the total uncertainty on the background prediction in each bin. The non-prompt and
charge mis-id background spectra are taken from simulationof tt̄, single top,Z → ℓ+ℓ−+jets, and other
small backgrounds, with normalization as described in the text (in particular the= 4/≥ 5 jet regions of
the 2ℓ0τhad plot have the ratio given by the data-driven prediction). The overlaid red line shows thett̄H
signal from the Standard Model. For visibility, thett̄H signal is multiplied by a factor of 2.4 in the 2ℓ0τhad,
3ℓ, and 1ℓ2τhad plots. The lower right figure shows the best-fit values of the signal strength parameter
µ = σtt̄H,obs/σtt̄H,SM. For the 4ℓ Z-depleted category,µ < −0.17 results in a negative expected total yield
and so the lower uncertainty is truncated at this point [9].
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Table 1: Expected and observed yields in each channel. Uncertainties shown are the sum in quadrature
of systematic uncertainties and Monte Carlo simulation statistical uncertainties. “Non-prompt” includes the
misidentifiedτhad background to the 1ℓ2τhad category. Rare processes (tZ, tt̄WW, triboson production,tt̄tt̄,
tH) are not shown as a separate column but are included in the total expected background estimate [9].

Category q mis-id Non-prompt tt̄W tt̄Z Diboson Expected bkg. tt̄H (µ = 1) Observed
ee+ ≥ 5 j 1.1± 0.5 2.3± 1.2 1.4± 0.4 0.98± 0.26 0.47± 0.29 6.5± 1.8 0.73± 0.14 10
eµ + ≥ 5 j 0.85± 0.35 6.7± 2.4 4.8± 1.2 2.1± 0.5 0.38± 0.30 15± 3 2.13± 0.41 22
µµ + ≥ 5 j – 2.9± 1.4 3.8± 0.9 0.95± 0.25 0.69± 0.39 8.6± 2.2 1.41± 0.28 11
ee+ 4 j 1.8± 0.7 3.4± 1.7 2.0± 0.4 0.75± 0.20 0.74± 0.42 9.1± 2.1 0.44± 0.06 9
eµ + 4 j 1.4± 0.6 12± 4 6.2± 1.0 1.5± 0.3 1.9± 1.0 24± 5 1.16± 0.14 26
µµ + 4 j – 6.3± 2.6 4.7± 0.9 0.80± 0.22 0.53± 0.30 12.7± 2.9 0.74± 0.10 20
3ℓ – 3.2± 0.7 2.3± 0.7 3.9± 0.8 0.86± 0.55 11.4± 2.3 2.34± 0.35 18
2ℓ1τhad – 0.4+0.6

−0.4 0.38± 0.12 0.37± 0.08 0.12± 0.11 1.4± 0.6 0.47± 0.08 1
1ℓ2τhad – 15± 5 0.17± 0.06 0.37± 0.09 0.41± 0.42 16± 5 0.68± 0.13 10
4ℓ Z-enr. – . 10−3 . 3×10−3 0.43± 0.12 0.05± 0.02 0.55± 0.15 0.17± 0.02 1
4ℓ Z-dep. – . 10−4 . 10−3 0.002± 0.002 . 2×10−5 0.007± 0.005 0.025± 0.003 0

the likelihood. Theµ = 1 hypothesis assumes Standard Model Higgs boson productionand decay
with mH = 125GeV. For all other values ofµ only thett̄H production cross section is scaled while
the Higgs boson branching fractions are fixed to their SM values.

The results of the fit are shown in the lower right plot of Fig. 3. The results are compatible
with the Standard Model expectation and with previous searches fortt̄H production in multilepton
final states [10]. Combined over all categories, the value ofµ is found to be 2.1+1.4

−1.2. In the
presence of a signal of SM strength, the combined fit is expected to returnµ = 1.0+1.2

−1.1. Theµ = 0
hypothesis has an observed (expected)p-value of 0.037 (0.18), corresponding to 1.8σ (0.9σ ). The
µ = 1 hypothesis (the SM) has an observedp-value of 0.18, corresponding to 0.9σ . The observed
(expected) 95% confidence level (CL) upper limit, combiningall channels, isµ < 4.7 (2.4). More
information about limit construction can be found in Ref. [9].

These results are sensitive tott̄W andtt̄Z production and use theoretical SM predictions for
their cross sections as experimental measurements are still statistically limited. The best-fitµ value
as a function of these cross sections is [9]:

µ(tt̄H) = 2.1−1.4

(

σ(tt̄W)

232 fb
−1

)

−1.3

(

σ(tt̄Z)
206 fb

−1

)

.

An event display of the observed data event in the signal region of the 2l+1τhad category is
illustrated in Fig. 4.

5. Conclusions

A search fortt̄H production in multilepton final states has been performed using 20.3 fb−1 of
proton–proton collision data at

√
s= 8 TeV recorded by the ATLAS experiment at the LHC. The

best-fit value of the ratioµ of the observed production rate to that predicted by the Standard Model
is 2.1+1.4

−1.2. This result is consistent with the Standard Model expectation. A 95% confidence level
limit of µ < 4.7 is set. The expected limit in the absence oftt̄H signal isµ < 2.4. The observed
(expected)p-value of the no-signal hypothesis corresponds to 1.8σ (0.9σ ).
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Figure 4: Event display of the observed data event in the signal regionof the 2l+1τhadcategory. Visible are
the reconstructed electron, muon, the 2 light jets, the 2 b-tagged jets and theτhad candidate [9].
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