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Abstract. A search for a Higgs boson produced in association with a pair of top quarks (tt̄H) and decaying into

a pair of bottom quarks (H → bb̄) is presented. The analysis uses 4.7 fb−1 of pp collision data at
√

s = 7 TeV

collected in 2011 with the ATLAS detector at the CERN Large Hadron Collider. The search is focused on

the semileptonic decay mode of the tt̄ system which, together with the H → bb̄ decay, typically results in a

final state signature characterised by one high transverse momentum isolated electron or muon, high transverse

missing momentum and six jets, of which four jets originate from b quarks. Events are classified in nine

different topologies depending on their jet and b-tagged jet multiplicities in order to improve the sensitivity of

the search. No significant excess of events above the background expectation is observed and 95% confidence-

level upper limits on the production cross section times branching ratio, σ(tt̄H) × BR(H → bb̄), are derived for

a Higgs boson with a mass between 110 and 140 GeV. For a Higgs boson with a mass of 125 GeV, an observed

(expected) 95% confidence-level upper limit of 13.1 (10.5) times the Standard Model cross section is obtained.

1 Introduction

The observation of a Higgs-like particle was reported by

the ATLAS [1] and CMS [2] collaborations. This parti-

cle was observed in searches focused on di-bosonic decay

modes of the Higgs boson, primarily H → γγ, H → ZZ(∗),

and H → WW, while no significant excesses were found

yet in searches targeting fermionic decay modes (H → bb̄

and H → τ+τ−). Therefore, it is imperative to continue

to pursue searches in other production and decay modes

over a wide mass range trying to establish if a signal is

also present, and if so, whether the estimated mass is con-

sistent with mH ≈ 125 GeV.

A search for tt̄H (H → bb̄) production in pp collisions

at
√

s = 7 TeV using data corresponding to an integrated

luminosity of 4.7 fb−1 collected by the ATLAS [3] exper-

iment is presented [4]. This search is simultaneously sen-

sitive to the Yukawa coupling between the top quark and

the Higgs boson and the H → bb̄ branching ratio. The

only assumption made is that the Higgs boson is a narrow

scalar particle.

2 Analysis Overview

The analysis is focused on the semileptonic decay mode

of the tt̄ system, where the W boson from one top quark

decays to a charged lepton and its associated neutrino, and

the W boson from the other top quark decays to a quark-

antiquark pair. The events are identified by a high trans-

verse momentum (pT) electron or muon, a characteristic
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that is crucial to triggering, high missing transverse mo-

mentum (Emiss
T

) from the undetected neutrino, and a high

jet multiplicity. They are also distinguished by a large

number of b-quark-initiated jets, which helps to further

distinguish them from the backgrounds. The main back-

ground to the search comes from tt̄ events where there are

at least two extra jets produced in association with the top

quarks. The amount of this background depends on the

b-jet identification efficiency and misidentification rate of

light jets provided by the b-tagging algorithm used, and

the number of reconstructed b jets required in the analy-

sis. A fraction of the tt̄+jets background consists of tt̄bb̄,

which constitutes an irreducible background.

Events with one high-pT isolated electron or muon,

high Emiss
T

and at least four reconstructed jets are selected,

and they are categorised into nine different topologies de-

pending on their jet and b-tagged jet multiplicities. Two

different discriminants are employed depending on the cat-

egory. Categories with fewer than six jets or fewer than

three b-tagged jets are dominated by background and the

discriminant used is Hhad
T

, the scalar sum of the jet trans-

verse momenta, p
jet

T
. Hhad

T
is primarily sensitive to un-

certainties associated with jet reconstruction and measure-

ment, as well as with the modelling of the tt̄+jets back-

ground. Categories with at least six reconstructed jets and

with three or more b-tagged jets present the highest signal-

to-background ratio and have the highest sensitivity to a

Higgs boson signal. In these categories a kinematic fit of

the event is performed in order to identify the Higgs de-

cay.
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3 Background and Signal Modeling

The main physics background to this search is tt̄+jets

production. Smaller background contributions arise from

W+jets, single top, diboson (WW, WZ, ZZ) and Z+jets

production. These physics backgrounds are predicted

from the Monte Carlo (MC) simulation and are nor-

malised to higher-order theoretical cross sections. In

the case of W+jets, the shapes of kinematic distribu-

tions are predicted with the simulation but the overall

yield and flavour composition are determined using data-

driven techniques based on the charge asymmetry between

W+and W−productions. The multijet background cannot

be modeled accurately with the MC simulation and is es-

timated using data-driven techniques.

Simulated samples of tt̄H (H → bb̄) sig-

nal are generated with the leading-order generator

Pythia, for a range of Higgs boson masses: mH =

110, 115, 120, 125, 130, 140 GeV. These samples are nor-

malised to the next-to-leading order theoretical cross sec-

tion. The cross sections and H → bb̄ branching ratio pre-

dictions used can be found in Ref. [5–10].

3.1 Tag-Rate-Function Method

When requiring high jet and b-tag multiplicity in the anal-

ysis, the available MC sample is significantly reduced,

leading to large fluctuations in the resulting distributions.

This can negatively affect the sensitivity of the analysis,

as the corresponding statistical uncertainties on the back-

ground templates need to be taken into account in the de-

termination of exclusion limits, and lead to unreliable sys-

tematic uncertainties in the predicted distribution shapes.

In addition, the observed limits may be biased, depending

on how the MC distributions fluctuate with respect to the

data in the signal region.

In order to mitigate this problem, a tag-rate-function

(TRF) method was developed to provide a b-tagging prob-

ability for each jet in the pre-b-tagged sample. This allows

the use of the full MC sample in the prediction of the nor-

malisation and shape of the signal and backgrounds after

b-tagging.

By using the TRF method, no event is cut based on its

b-tagging count, but instead all the events are weighted.

This weight can be interpreted as the probability of the

given event to contain the desired number of b jets. To

achieve this, the tagging efficiency (a function of η, pT

and true jet flavour) is used to calculate the event weight

based on the kinematics and flavour of the jets found in

each event.

4 Kinematic Reconstruction

A natural discriminator between the tt̄H (H → bb̄) sig-

nal and the background is the reconstructed invariant mass

of the b-quark pair, mbb̄, in particular if the b-quarks can

be determined to not have originated from the top quarks.

This assignment can be made for events with ≥ 6 jets of

which ≥ 3 jets are b tagged, from the two jets that are

not assigned to the tt̄ system. In the case of only three b-

tagged jets one jet in either the top quark or Higgs boson

system will not be b- tagged. In these cases a kinematic fit

via a maximum likelihood approach [11] is performed to

select the best assignment of four of the six jets to the two

top quarks in the final state. Their energies and transverse

momenta are adjusted to reconstruct the correct masses for

the various resonances present in the tt̄ hypothesis, accord-

ing to the mass width and experimental resolution. The

invariant mass of the two jets not included in the tt̄ recon-

struction (mbb̄) is analysed in the search for a Higgs boson

resonance.

5 Systematic Uncertainties

Several sources of systematic uncertainties have been con-

sidered that can affect the normalisation of signal and

background and/or the shape of their corresponding final

discriminant distributions. Individual sources of system-

atic uncertainty are considered uncorrelated. Correlations

of a given systematic uncertainty are maintained across

processes and channels. The dominating systematics are

tt̄ + heavy-flavour modeling, b-, c-, and light-tagging effi-

ciencies, multijet normalisation, the tt̄ + light flavour mod-

elling and jet energy scale. In order to reduce the degrad-

ing impact of systematic uncertainties on the sensitivity

of the search, nuisance parameters corresponding to each

of the systematic uncertainties are fitted to data during the

statistical analysis, exploiting the constraining power from

the background-dominated topologies considered.

6 Results

A simultaneous fit to the background-dominated topolo-

gies and those with signal is performed to obtain an im-

proved background prediction with reduced uncertainties,

resulting in a better search sensitivity. Hypothesis test-

ing is performed using a modified frequentist method as

implemented in RooStats [12] and based on a profile like-

lihood which takes into account the systematic uncertain-

ties as nuisance parameters which are fitted to the data.

This procedure allows the degrading impact of systematic

uncertainties on the search sensitivity to be minimized,

by taking advantage of the high-statistics background-

dominated control channels included in the likelihood fit.

The distributions of the final discriminants from each of

the channels considered are combined in the statistical

analysis to test for the presence of a signal at each value of

the hypothesized Higgs boson mass.

Observed and expected 95% confidence level (CL)

upper limits on the Higgs boson production cross sec-

tion times its branching ratio for decays to b-quark pairs,

σ(tt̄H)×BR(H → bb̄). These are shown in Table 1 as a ra-

tio of the derived limits to the SM prediction, as a function

of mH .

7 Conclusions

A search has been performed for a Higgs boson produced

in association with a pair of top quarks (tt̄H) and decay-
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ing into a pair of bottom quarks (H → bb̄), using 4.7 fb−1

of pp collisions at
√

s = 7 TeV collected in 2011 with

the ATLAS detector at the CERN Large Hadron Collider.

The search is focused on the semileptonic decay mode of

the tt̄ system and combines nine different topologies given

by the jet and b-tagged jet multiplicities of the event. For

events with at least six jets and three or more b-tagged

jets, a kinematic reconstruction of the Higgs boson can-

didate is performed, whose invariant mass becomes the

primary discriminant variable between signal and back-

ground. Background-dominated samples with lower jet

and/or b-tagged jet multiplicities are exploited to constrain

in-situ the leading systematic uncertainties affecting the

background prediction. No significant excess of events

above the background expectation is observed and 95%

confidence-level upper limits on σ(tt̄H) × BR(H → bb̄),

are derived for a Higgs boson with a mass between 110

and 140 GeV. For mH = 125 GeV, an observed (expected)

95% confidence-level upper limit of 13.1 (10.5) times the

SM Higgs boson cross section is obtained.
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mH (GeV) observed expected stat only

110 7.0 6.0 3.5

115 8.7 6.9 4.0

120 10.4 8.5 4.9

125 13.1 10.5 6.1

130 16.4 13.0 7.8

140 33.0 23.2 14.2

Table 1. Observed and expected 95% CL upper limits on

σ(tt̄H) × BR(H → bb̄) relative to the SM prediction, σ/σS M , as

functions of mH . The last column corresponds to the expected

limit with all systematic uncertainties removed.
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