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The observation of Higgs boson production in association with a top quark pair (tt̄ H), based on the 
analysis of proton–proton collision data at a centre-of-mass energy of 13 TeV recorded with the ATLAS 
detector at the Large Hadron Collider, is presented. Using data corresponding to integrated luminosities of 
up to 79.8 fb−1, and considering Higgs boson decays into bb̄, W W ∗, τ+τ−, γ γ , and Z Z∗, the observed 
significance is 5.8 standard deviations, compared to an expectation of 4.9 standard deviations. Combined 
with the tt̄ H searches using a dataset corresponding to integrated luminosities of 4.5 fb−1 at 7 TeV
and 20.3 fb−1 at 8 TeV, the observed (expected) significance is 6.3 (5.1) standard deviations. Assuming 
Standard Model branching fractions, the total tt̄ H production cross section at 13 TeV is measured to be 
670 ± 90 (stat.) +110

−100 (syst.) fb, in agreement with the Standard Model prediction.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

After the discovery of the Higgs boson in 2012 by the ATLAS 
and CMS Collaborations [1,2], many measurements of its properties 
were performed [3–8]. No significant deviations from the Standard 
Model (SM) predictions were found. A probe of fundamental inter-
est to further explore the nature of the Higgs boson is its coupling 
to the top quark, the heaviest particle in the SM. Indirect measure-
ments of the Yukawa coupling between the Higgs boson and the 
top quark were made by the ATLAS and CMS Collaborations [3], 
assuming no contribution from unknown particles in the gluon–
gluon fusion (ggF) loop. A more direct test of this coupling can be 
performed through the production of the Higgs boson in associa-
tion with a top quark pair, tt̄ H . Using a proton–proton (pp) dataset 
corresponding to an integrated luminosity of 36.1 ± 0.8 fb−1 [9], at 
a centre-of-mass energy 

√
s = 13 TeV, evidence of this production 

mode was found in 2017 by the ATLAS Collaboration [10], with an 
observed (expected) significance relative to the background-only 
hypothesis of 4.2 (3.8) standard deviations. Combining data at 7, 
8, and 13 TeV, the CMS Collaboration reported an observed (ex-
pected) significance of 5.2 (4.2) standard deviations [11].

This Letter presents results of the search for the tt̄ H process 
and the measurement of the tt̄ H production cross section us-
ing data produced in pp collisions by the Large Hadron Collider 
(LHC) and recorded with the ATLAS detector. The ATLAS detector 
is described in detail in Refs. [12,13]. Compared to Ref. [10], the 

� E-mail address: atlas .publications @cern .ch.

H → γ γ and H → Z Z∗ → 4� (� = e, μ) analyses are updated with 
the 13 TeV data collected in 2017. Improved lepton and photon re-
construction algorithms [14] and analysis techniques are used. The 
updated analyses are combined with the H → bb̄ and multilepton 
analyses from Refs. [10,15], the latter targeting Higgs boson decays 
into W W ∗ , H → τ+τ− with hadronically and leptonically decay-
ing τ -leptons, and H → Z Z∗ without Z Z∗ → 4�. Furthermore, a 
combination is performed with the results based on 4.5 ± 0.4 fb−1

and 20.3 ± 0.1 fb−1 of pp data recorded in 2011 and 2012 at 
√

s =
7 TeV and 

√
s = 8 TeV respectively [16–20]. A Higgs boson mass 

corresponding to the measured value of 125.09 ± 0.24 GeV [21] is 
assumed everywhere.

2. H → γ γ

In the H → γ γ analysis, using a dataset corresponding to an 
integrated luminosity of 79.8 ± 1.6 fb−1 at 

√
s = 13 TeV, events 

with two isolated photon candidates with transverse momenta1 pT
larger than 35 GeV and 25 GeV are selected. Both photons must 
satisfy the quality requirements discussed in Ref. [6]; the diphoton 
mγ γ invariant mass must be in the range mγ γ ∈ [105–160]GeV, 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms 
of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of 
	R ≡ √

(	η)2 + (	φ)2.
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Fig. 1. Distribution of the BDT output in the (a) Had and (b) Lep region in the H → γ γ analysis. The distribution of the simulated tt̄H signal is compared with that of 
the other Higgs boson production modes, as well as to the continuum background from data in the diphoton invariant-mass sidebands of 105 GeV < mγ γ < 120 GeV and 
130 GeV < mγ γ < 160 GeV. Events to the left of the vertical line are rejected. The distributions are normalised to unity.
and the leading (subleading) photon must have pT/mγ γ > 0.35
(0.25). At least one jet with pT > 25 GeV and containing a 
b-hadron, identified using a b-tagging algorithm with an efficiency 
of 77% [22–24], is required. Two signal regions targeting tt̄ H pro-
duction are defined. One is enriched in hadronic top-quark decays 
by requiring at least two additional jets and zero isolated leptons 
(electrons or muons). This ‘Had’ region contains events where both 
top quarks decay into hadrons or the leptons from decays of the 
top quarks are not reconstructed or identified. The ‘Lep’ region 
is instead enriched in semileptonic top-quark decays by requiring 
events to have at least one isolated lepton.

The sensitivity of the analysis is improved relative to Ref. [6]. 
Two dedicated boosted decision trees (BDTs) are trained using the
XGBoost package [25] to discriminate the tt̄ H signal from the 
main background processes. These are non-resonant diphoton pro-
duction processes, including tt̄ production together with a photon 
pair. The background processes also include non-tt̄ H Higgs boson 
production: mainly associated production with a single top quark 
t H and ggF in the Had region, and t H and associated production 
with a vector boson V H , where V = W , Z , in the Lep region. The 
tt̄ H , ggF, vector-boson fusion (VBF), and V H production processes 
were simulated with Powheg+Pythia8 [26–34]. The production of 
a Higgs boson in association with two b-quarks, bb̄H , and t H were 
modelled using Madgraph5_aMC@NLO+Pythia8 [35,36]. The BDT 
in the Lep region is trained with simulated tt̄ H events, and with 
background events from a data control region that differs from the 
Lep region by requiring exactly zero b-tagged jets, at least one 
jet, and at least one photon failing either identification or isola-
tion requirements. This BDT uses the transverse momentum pT, 
the pseudorapidity η, the azimuthal angle φ, and the energy E
of up to four (two) leading jets (leptons) in pT. It was verified 
that the BDT is not sensitive to the value of the jet mass. Further-
more, the BDT uses the magnitude and the azimuthal angle φ of 
the missing transverse momentum Emiss

T , the transverse momen-
tum of each of the two photons divided by the diphoton invariant 
mass pT/mγ γ , as well as the η and φ of each photon. The BDT in 
the Had region is also trained with simulated tt̄ H signal events, 
and with background events from a data control region with the 
same selection as the Had region, except that at least one pho-
ton has to fail either identification or isolation requirements. This 
BDT uses the pT, η, φ, E and the b-tagging decision of up to six 
leading jets, plus the Emiss

T information and the same photon ob-
servables as used by the BDT in the Lep region. In the Had region, 
the Emiss

T information adds discriminating power due to semilep-
tonic top-quark decays with undetected leptons. The data control 
regions for the Had and Lep BDT training are chosen with the 
goal to maximise the expected sensitivity, which is affected by the 

number of events in the training sample and background compo-
sition. Events with low values of the BDT response are removed: 
about 85% (97%) of the tt̄ H signal events are selected and about 
89% (43%) of the non-resonant background events are rejected in 
the Had (Lep) region. The remaining events are categorised into 
four (three) bins in the Had (Lep) region depending on the value of 
the BDT response. The number and boundaries of the BDT bins are 
chosen to optimise the expected sensitivity to the tt̄ H signal. Fig. 1
shows the distribution of the BDT response for simulated tt̄ H sig-
nal, simulated non-tt̄ H Higgs boson production and non-resonant 
background from data in the diphoton invariant-mass sideband re-
gions mγ γ ∈ [105–120] GeV and mγ γ ∈ [130–160] GeV.

In each BDT bin, the tt̄ H signal yield is measured using a com-
bined unbinned maximum-likelihood fit to the diphoton invariant 
mass spectrum in the range 105 GeV < mγ γ < 160 GeV, constrain-
ing the Higgs boson mass to 125.09 ± 0.24 GeV. Signal and back-
ground shapes are modelled by analytical functions as discussed in 
Ref. [6]. The functions modelling the Higgs boson signal, used for 
both the tt̄ H signal and the resonant background from the other 
Higgs boson production modes, are based on the simulated mγ γ

distributions. The functional form used to model the continuum 
background distribution in each BDT bin is chosen using simulated 
background events for the Lep region and a dedicated data con-
trol region for the Had region, following the procedure described 
in Refs. [1,6]. This procedure imposes stringent conditions on po-
tential biases in the extracted signal yield, in order to avoid losses 
in sensitivity. No evidence of such a bias is observed within the 
statistical accuracy of the available control samples. Depending on 
the BDT bin, either a power-law or an exponential function is cho-
sen, each with one parameter determining the functional shape, 
and one accounting for the overall background normalisation. The 
parameters of the continuum background model are left free in the 
fit. The contributions from the non-tt̄ H production modes are fixed 
to their SM expectations [26–37]. The predicted ggF, VBF and V H
(both qq → Z H and gg → Z H) yields are each assigned a conser-
vative 100% uncertainty, which is due to the theoretical uncertainty 
in the radiation of additional heavy-flavour jets in these Higgs bo-
son production modes. This is supported by measurements using 
H → Z Z∗ → 4� [38], tt̄bb̄ [39], and V b [40,41] events. The impact 
of this uncertainty on the H → γ γ and combined results is small.

The most important theoretical uncertainties affecting the tt̄ H
cross-section measurement in the H → γ γ decay channel are 
those related to the parton-shower modelling in the tt̄ H simula-
tion, which are evaluated by comparing the shower and hadro-
nisation modelling of Pythia8 with Herwig7 [42,43], and corre-
spond to a relative uncertainty of 8% in the tt̄ H cross-section mea-
surement, and the modelling uncertainty in the Higgs boson plus 
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Fig. 2. Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins 
observed in 79.8 fb−1 of 13 TeV data. Events are weighted by ln(1 + S90/B90), 
where S90 (B90) for each BDT bin is the expected tt̄ H signal (background) in the 
smallest mγ γ window containing 90% of the expected signal. The error bars rep-
resent 68% confidence intervals of the weighted sums. The solid red curve shows 
the fitted signal-plus-background model with the Higgs boson mass constrained to 
125.09 ± 0.24 GeV. The non-resonant and total background components of the fit 
are shown with the dotted blue curve and dashed green curve. Both the signal-
plus-background and background-only curves shown here are obtained from the 
weighted sum of the individual curves in each BDT bin. (For interpretation of the 
colours in the figure(s), the reader is referred to the web version of this article.)

heavy-flavour background (4%). The dominant experimental uncer-
tainties are related to the reconstruction of the jet energy (5%), the 
photon isolation requirements (4%), and the photon energy resolu-
tion (6%) and scale (4%).

This analysis is about 50% more sensitive than the one in 
Ref. [6] for the same integrated luminosity, with the two regions 
(Had and Lep) achieving similar sensitivity. The improvements in-
clude new reconstruction algorithms, the relaxed requirements on 
jets and b-tagged jets, and a BDT-based instead of a cut-based 
selection for the Lep region. The largest sensitivity improvement 
(about 30%) is achieved by using four-momentum information of 
photons, jets and leptons, as well as b-tagging information of jets, 
as input to the BDT. Both the Had BDT and the Lep BDT use the 
scaled photon pT/mγ γ observable to prevent the diphoton mass 
being used as a discriminating variable by the BDT. This is further 
verified using fits of the functional forms chosen in each BDT bin 
in several additional control regions in data and simulation, and no 
evidence of a bias is found.

Fig. 2 shows the observed mγ γ distribution in the tt̄ H-sensitive 
BDT bins. For illustration purposes, events are weighted by ln(1 +
S90/B90), where S90 (B90) for each BDT bin is the expected tt̄ H
signal [26–28,37,44–52] (background) in the smallest mγ γ win-
dow containing 90% of the expected signal. Both the signal-plus-
background and background-only curves shown here are obtained 
from the weighted sum of the individual curves in each BDT bin. 
The expected and observed event yields are presented in Table 1
and shown in Fig. 3. In Fig. 3, a tt̄ H signal strength μ = σ/σSM of 
1.4 is assumed. The total number of fitted tt̄ H signal events in the 
mass range 105 GeV < mγ γ < 160 GeV is 36+12

−11. For 13 TeV data 
corresponding to an integrated luminosity of 79.8 fb−1, the ex-
pected significance of the tt̄ H signal in the H → γ γ channel is 3.7 
standard deviations. The significance of the observed tt̄ H signal is 
4.1 standard deviations. The expected significance in the Had (Lep) 
region is 2.7 (2.5) standard deviations, while the observed signifi-
cance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3. H → Z Z∗ → 4�

In the H → Z Z∗ → 4� analysis, using the same data as in the 
H → γ γ analysis, events with at least four isolated leptons (four 
electrons, four muons, or two electrons and two muons) corre-
sponding to two same-flavour opposite-charge pairs are selected. 

Fig. 3. Number of data events in the different BDT bins of the H → γ γ analysis, 
in the smallest diphoton mass window that contains 90% of the tt̄ H signal. The 
expected background and tt̄H signal (for a signal strength μ = σ/σSM of 1.4) are 
shown as well. The expected continuum background is extracted from the dipho-
ton mass fits. The lower panel shows the residuals between the data and the 
background. The red line shows the expected signal. The BDT bins are shown in 
ascending order of signal purity.

The four-lepton invariant mass is required to be in a window of 
115 GeV < m4� < 130 GeV. To search for tt̄ H events, at least 
one jet is required, with pT > 30 GeV and containing a b-hadron 
identified using a b-tagging algorithm with an efficiency of 70%. 
The event selection is described in more detail in Ref. [5]. The 
current analysis improves the expected tt̄ H significance by defin-
ing two signal regions, and by applying a BDT in one of them. 
A ‘Had’ region enriched in hadronic top-quark decays is formed by 
requiring at least three additional jets and zero additional isolated 
leptons, and a ‘Lep’ region enriched in semileptonic top-quark de-
cays is formed by requiring at least one additional jet and at least 
one additional isolated lepton. The main backgrounds in both re-
gions are tt̄W , tt̄ Z , and non-tt̄ H Higgs boson production (ggF and 
t H for the Had and t H for the Lep region), estimated from sim-
ulation. The same event generators and cross sections are used 
as in the H → γ γ analysis. Uncertainties due to parton distribu-
tion functions (PDF) and αS, and missing higher-order corrections 
are considered. To account for the theoretical uncertainty in the 
radiation of additional heavy-flavour jets, a 100% uncertainty is as-
signed to the predicted ggF yields. In the Had region, a BDT [53] is 
employed to separate the tt̄ H signal from the background. Eleven 
observables are used, including the invariant mass, the dijet pT, 
and the difference in pseudorapidity 	η of the two leading jets, as 
well as the difference between the η of the four-lepton system and 
the average η of the two leading jets. Further input observables are 
Emiss

T , the angular separation 	R between the four-lepton system 
and the leading jet, as well as between the dilepton pair with in-
variant mass closest to the Z boson mass and the leading jet, the 
scalar sum of the pT of the jets in the event, the number of jets, 
the number of b-tagged jets, and the value of the leading-order 
matrix element describing the Higgs boson decay [5]. This matrix-
element value will be larger for the leptons from the Higgs boson 
decay than for those from the tt̄ Z and tt̄W background. The out-
put discriminant of this BDT is divided into two bins, which are 
chosen to maximise the expected tt̄ H significance in the Had re-
gion. The bin with the higher values of the BDT discriminant and 
the Lep region are expected to have a tt̄ H signal purity of more 
than 80%. The other BDT bin is expected to have a tt̄ H signal pu-
rity of about 35%.

The observed events and expected background yields in the 
two Had BDT bins and the Lep region, in a four-lepton invariant 
mass window of 115 GeV < m4� < 130 GeV, are used as in-
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Table 1
Observed number of events in the different bins of the H → γ γ and H → Z Z∗ → 4� searches, using 13 TeV data corresponding to an integrated luminosity of 79.8 fb−1. 
The observed yields are compared with the sum of expected tt̄H signal, normalised to the SM prediction, background from non-tt̄H Higgs boson production and other 
background sources, with the systematic uncertainties assigned to the observed result in the H → γ γ analysis, and expected systematic uncertainties in the H → Z Z∗ → 4�

analysis. The numbers for H → γ γ are counted in the smallest mγ γ window containing 90% of the expected signal. The numbers for H → Z Z∗ → 4� are derived in a 
four-lepton mass window of 115 GeV < m4� < 130 GeV. In the H → γ γ analysis, the background yield is extracted from the fit with freely floating signal. The BDT bins are 
in descending order of signal purity.

Bin Expected Observed

tt̄ H (signal) Non-tt̄ H Higgs Non-Higgs Total Total

H → γ γ
Had 1 4.2 ± 1.1 0.49 ± 0.33 1.8 ± 0.5 6.4 ± 1.3 10
Had 2 3.4 ± 0.7 0.7 ± 0.6 7.5 ± 1.1 11.6 ± 1.5 14
Had 3 4.7 ± 0.9 2.0 ± 1.7 32.9 ± 2.2 39.6 ± 3.2 47
Had 4 3.0 ± 0.5 3.2 ± 3.1 55.0 ± 2.8 61 ± 5 67
Lep 1 4.5 ± 1.0 0.24 ± 0.09 2.2 ± 0.6 6.9 ± 1.2 7
Lep 2 2.2 ± 0.4 0.27 ± 0.10 4.6 ± 0.9 7.1 ± 1.0 7
Lep 3 0.82 ± 0.18 0.30 ± 0.13 4.6 ± 0.9 5.7 ± 0.9 5
H → Z Z∗ → 4�

Had 1 0.169 ± 0.031 0.021 ± 0.007 0.008 ± 0.008 0.198 ± 0.033 0
Had 2 0.216 ± 0.032 0.20 ± 0.09 0.22 ± 0.12 0.63 ± 0.16 0
Lep 0.212 ± 0.031 0.0256 ± 0.0023 0.015 ± 0.013 0.253 ± 0.034 0
put to a likelihood fit that extracts the tt̄ H yield. The expected 
dominant uncertainties in the cross section are due to the parton-
shower modelling affecting the acceptance of the selection, and 
to the cross-section uncertainty in the Higgs boson plus heavy-
flavour background (about 10% each). The leading experimental 
uncertainty arises from the calibration of the jet energy scale (6%). 
The expected and observed numbers of events are presented in 
Table 1. No event is observed. The expected significance is 1.2 stan-
dard deviations.

4. Combination

The tt̄ H searches in the H → γ γ and H → Z Z∗ → 4� decay 
channels are combined with the H → bb̄ and multilepton searches 
from Refs. [10,15]. These analyses use a dataset corresponding to 
an integrated luminosity of 36.1 fb−1 at 

√
s = 13 TeV, and find 

observed (expected) significances of 1.4 (1.6) standard deviations 
for H → bb̄ and 4.1 (2.8) for the multilepton search. The combina-
tion is performed using the profile likelihood method described in 
Ref. [54], based on simultaneous fits to the signal regions and con-
trol regions of the individual analyses. The overlap between the 
selected events in the different analyses is found to be negligi-
ble. The asymptotic approximation used in the fit is verified with 
pseudo-experiments, and the results are corrected if necessary. The 
effect of systematic uncertainties in the predicted yields and distri-
butions is incorporated into the statistical model through nuisance 
parameters. The correlation scheme of all systematic uncertainties 
between the H → bb̄ and multilepton analyses, as well as the cor-
relation scheme of the theory uncertainties between all channels 
are the same as in Ref. [10]. Since the H → γ γ and H → Z Z∗ →
4� analyses employ improved reconstruction software compared 
with the H → bb̄ and multilepton analyses, the correlations be-
tween the experimental systematic uncertainties are evaluated for 
each source individually. Some components of the systematic un-
certainties in the luminosity, the jet energy scale, the electron/pho-
ton resolution and energy scale, and in the electron reconstruction 
and identification efficiencies are correlated between the channels. 
All Higgs boson production processes other than tt̄ H , including 
Higgs boson production in association with a single top quark, are 
considered as background and their cross sections are fixed to the 
SM predictions [37]. The respective cross-section uncertainties are 
considered as systematic uncertainties. The total tt̄ H cross section 
is extracted assuming SM branching fractions and using the detec-
tor acceptance and efficiencies predicted from the tt̄ H simulation 

Table 2
Summary of the systematic uncertainties affecting the combined tt̄ H cross-section 
measurement at 13 TeV. Only systematic uncertainty sources with at least 1% im-
pact are listed. The fake-lepton uncertainty is due to the estimate of leptons from 
heavy-flavour decay, conversions or misidentified hadronic jets. The jet, electron, 
and photon uncertainties, as well as the uncertainties associated with hadronically 
decaying τ -leptons, include those in reconstruction and identification efficiencies, 
as well as in the energy scale and resolution. The Monte Carlo (MC) statistical un-
certainty is due to limited numbers of simulated events. More detailed descriptions 
of the sources of the systematic uncertainties are given in Refs. [10,15].

Uncertainty source 	σtt̄ H /σtt̄ H [%]

Theory uncertainties (modelling) 11.9
tt̄ + heavy flavour 9.9
tt̄ H 6.0
Non-tt̄ H Higgs boson production 1.5
Other background processes 2.2

Experimental uncertainties 9.3
Fake leptons 5.2
Jets, Emiss

T 4.9
Electrons, photons 3.2
Luminosity 3.0
τ -leptons 2.5
Flavour tagging 1.8

MC statistical uncertainties 4.4

discussed above. The respective uncertainties are included in the 
fit.

A combination is also performed with the tt̄ H searches based 
on datasets corresponding to integrated luminosities of 4.5 fb−1

at 
√

s = 7 TeV and 20.3 fb−1 at 
√

s = 8 TeV [16]. The com-
bined observable is the signal strength μ = σ/σSM. The SM cross-
section expectations σSM and branching ratios used in the 7 and 
8 TeV analyses are updated with the values in Ref. [37], while 
their uncertainties are not changed. Theoretical uncertainties in 
the SM cross-section prediction for tt̄ H are included in the signal-
strength extraction. The branching-fraction uncertainties and the 
uncertainties due to missing higher-order corrections in the tt̄ H
cross-section prediction are correlated between the 7 and 8 TeV
and 13 TeV analyses. Furthermore, the relevant uncertainties in the 
electron/photon energy scale and resolution are correlated.

5. Results

Table 2 shows a summary of the systematic uncertainties in the 
13 TeV tt̄ H production cross-section measurement. The dominant 
uncertainties arise from the modelling of the tt̄+ heavy-flavour 
processes in the H → bb̄ analysis [15] and the modelling of the 
tt̄ H process, which affects the acceptance of the selection in all 
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Table 3
Measured total tt̄H production cross sections at 13 TeV, as well as observed (Obs.) and expected (Exp.) significances (sign.) relative to the background-only hypothesis. The 
results of the individual analyses, as well as the combined results are shown. Since no event is observed in the H → Z Z∗ → 4� decay channel, an observed upper limit is set 
at 68% confidence level on the tt̄H production cross section in that channel using pseudo-experiments.

Analysis Integrated luminosity [fb−1] tt̄ H cross section [fb] Obs. sign. Exp. sign.

H → γ γ 79.8 710 +210
−190 (stat.) +120

−90 (syst.) 4.1σ 3.7σ

H → multilepton 36.1 790 ±150 (stat.) +150
−140 (syst.) 4.1σ 2.8σ

H → bb̄ 36.1 400 +150
−140 (stat.) ± 270 (syst.) 1.4σ 1.6σ

H → Z Z∗ → 4� 79.8 <900 (68% CL) 0σ 1.2σ

Combined (13 TeV) 36.1−79.8 670 ± 90 (stat.) +110
−100 (syst.) 5.8σ 4.9σ

Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1−79.8 – 6.3σ 5.1σ
Fig. 4. Observed event yields in all analysis categories in up to 79.8 fb−1 of 13 TeV
data. The background yields correspond to the observed fit results, and the signal 
yields are shown for both the observed results (μ = 1.32) and the SM prediction 
(μ = 1). The discriminant bins in all categories are ranked by log10(S/B), where S
is the signal yield and B the background yield extracted from the fit with freely 
floating signal, and combined such that log10(S + B) decreases approximately lin-
early. For the H → γ γ analysis, only events in the smallest mγ γ window containing 
90% of the expected signal are considered. The lower panel shows the ratio of the 
data to the background estimated from the fit with freely floating signal, compared 
to the expected distribution including the signal assuming μ = 1.32 (full red) and 
μ = 1 (dashed orange). The error bars on the data are statistical.

analyses. Further important uncertainties come from uncertainties 
in the estimate of leptons from heavy-flavour decays, conversions 
or misidentified hadronic jets, mainly in the multilepton analy-
sis [10], and in the jet energy scale and resolution in all analyses. 
The jet, electron, and photon uncertainties, as well as the uncer-
tainties associated with hadronically decaying τ -leptons, include 
uncertainties in the reconstruction and identification efficiencies, 
as well as in the energy scale and resolution. The τ -lepton uncer-
tainty affects the multilepton analysis. The Monte Carlo (MC) sta-
tistical uncertainty is due to limited numbers of simulated events 
in the H → bb̄ and multilepton analyses.

Using 13 TeV data, the likelihood fit to extract the tt̄ H sig-
nal yield in the H → γ γ , H → Z Z∗ → 4�, H → bb̄, and multi-
lepton analyses results in an observed (expected) excess relative 
to the background-only hypothesis of 5.8 (4.9) standard devia-
tions. A combined fit using the 7, 8, and 13 TeV analyses gives an 
observed (expected) significance of 6.3 (5.1) standard deviations. 
Table 3 shows the significances of the individual and combined 
analyses relative to the background-only hypothesis. Fig. 4 shows 
the combined event yields in all analysis categories as a function 
of log10(S/B), where S is the expected signal yield and B the 
background yield extracted from the fit with freely floating sig-

Fig. 5. Combined tt̄ H production cross section, as well as cross sections measured in 
the individual analyses, divided by the SM prediction. The γ γ and Z Z∗ → 4� anal-
yses use 13 TeV data corresponding to an integrated luminosity of 79.8 fb−1, and 
the multilepton and bb̄ analyses use data corresponding to an integrated luminos-
ity of 36.1 fb−1. The black lines show the total uncertainties, and the bands indicate 
the statistical and systematic uncertainties. The red vertical line indicates the SM 
cross-section prediction, and the grey band represents the PDF + αS uncertainties 
and the uncertainties due to missing higher-order corrections.

nal. A clear tt̄ H signal-like excess over the background is visible 
for high log10(S/B).

Based on the analyses performed at 13 TeV, the measured total 
cross section for tt̄ H production is 670 ± 90 (stat.) +110

−100 (syst.) fb, 
in agreement with the SM prediction of 507+35

−50 fb [37,44–52], 
which is calculated to next-to-leading-order accuracy (both QCD 
and electroweak). The cross section extracted in the combined like-
lihood fit, as well as the results from the individual analyses, are 
shown in Table 3, while their ratios to the SM predictions are dis-
played in Fig. 5. The measured total cross section for tt̄ H produc-
tion at 8 TeV is 220 ± 100 (stat.) ± 70 (syst.) fb. Fig. 6 shows the 
tt̄ H production cross sections measured in pp collisions at centre-
of-mass energies of 8 and 13 TeV, compared to the SM predictions.

6. Conclusion

Using proton–proton collision data at centre-of-mass energies 
of 7, 8, and 13 TeV, produced by the Large Hadron Collider and 
recorded with the ATLAS detector, the production of the Higgs 
boson in association with a top quark pair is observed with a sig-
nificance of 6.3 standard deviations relative to the background-only 
hypothesis. The expected significance is 5.1 standard deviations. 
The tt̄ H production cross section at 13 TeV is measured in data 
corresponding to integrated luminosities of up to 79.8 fb−1 to 
be 670 ± 90 (stat.) +110

−100 (syst.) fb, in agreement with the Stan-
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Fig. 6. Measured tt̄ H cross sections in pp collisions at centre-of-mass energies of 
8 TeV and 13 TeV. Both the total and statistical-only uncertainties are shown. The 
measurements are compared with the SM prediction. The band around the pre-
diction represents the PDF+αS uncertainties and the uncertainties due to missing 
higher-order corrections.

dard Model prediction. This constitutes a direct observation of the 
Yukawa coupling between the Higgs boson and the top quark.
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M. Rimoldi 20, L. Rinaldi 23b, G. Ripellino 151, B. Ristić 87, E. Ritsch 35, I. Riu 14, J.C. Rivera Vergara 144a, 
F. Rizatdinova 125, E. Rizvi 90, C. Rizzi 14, R.T. Roberts 98, S.H. Robertson 101,ae, D. Robinson 31, 
J.E.M. Robinson 44, A. Robson 55, E. Rocco 97, C. Roda 69a,69b, Y. Rodina 99,aa, S. Rodriguez Bosca 171, 
A. Rodriguez Perez 14, D. Rodriguez Rodriguez 171, A.M. Rodríguez Vera 165b, S. Roe 35, C.S. Rogan 57, 



186 The ATLAS Collaboration / Physics Letters B 784 (2018) 173–191

O. Røhne 130, R. Röhrig 113, C.P.A. Roland 63, J. Roloff 57, A. Romaniouk 110, M. Romano 23b,23a, 
N. Rompotis 88, M. Ronzani 121, L. Roos 132, S. Rosati 70a, K. Rosbach 50, P. Rose 143, N.-A. Rosien 51, 
E. Rossi 44, E. Rossi 67a,67b, L.P. Rossi 53b, L. Rossini 66a,66b, J.H.N. Rosten 31, R. Rosten 14, M. Rotaru 27b, 
J. Rothberg 145, D. Rousseau 128, D. Roy 32c, A. Rozanov 99, Y. Rozen 157, X. Ruan 32c, F. Rubbo 150, 
F. Rühr 50, A. Ruiz-Martinez 171, Z. Rurikova 50, N.A. Rusakovich 77, H.L. Russell 101, J.P. Rutherfoord 7, 
E.M. Rüttinger 44,j, Y.F. Ryabov 134, M. Rybar 170, G. Rybkin 128, S. Ryu 6, A. Ryzhov 140, G.F. Rzehorz 51, 
P. Sabatini 51, G. Sabato 118, S. Sacerdoti 128, H.F-W. Sadrozinski 143, R. Sadykov 77, F. Safai Tehrani 70a, 
P. Saha 119, M. Sahinsoy 59a, A. Sahu 179, M. Saimpert 44, M. Saito 160, T. Saito 160, H. Sakamoto 160, 
A. Sakharov 121,ak, D. Salamani 52, G. Salamanna 72a,72b, J.E. Salazar Loyola 144b, D. Salek 118, 
P.H. Sales De Bruin 169, D. Salihagic 113, A. Salnikov 150, J. Salt 171, D. Salvatore 40b,40a, F. Salvatore 153, 
A. Salvucci 61a,61b,61c, A. Salzburger 35, J. Samarati 35, D. Sammel 50, D. Sampsonidis 159, 
D. Sampsonidou 159, J. Sánchez 171, A. Sanchez Pineda 64a,64c, H. Sandaker 130, C.O. Sander 44, 
M. Sandhoff 179, C. Sandoval 22, D.P.C. Sankey 141, M. Sannino 53b,53a, Y. Sano 115, A. Sansoni 49, 
C. Santoni 37, H. Santos 136a, I. Santoyo Castillo 153, A. Santra 171, A. Sapronov 77, J.G. Saraiva 136a,136d, 
O. Sasaki 79, K. Sato 166, E. Sauvan 5, P. Savard 164,as, N. Savic 113, R. Sawada 160, C. Sawyer 141, 
L. Sawyer 93,aj, C. Sbarra 23b, A. Sbrizzi 23b,23a, T. Scanlon 92, J. Schaarschmidt 145, P. Schacht 113, 
B.M. Schachtner 112, D. Schaefer 36, L. Schaefer 133, J. Schaeffer 97, S. Schaepe 35, U. Schäfer 97, 
A.C. Schaffer 128, D. Schaile 112, R.D. Schamberger 152, N. Scharmberg 98, V.A. Schegelsky 134, 
D. Scheirich 139, F. Schenck 19, M. Schernau 168, C. Schiavi 53b,53a, S. Schier 143, L.K. Schildgen 24, 
Z.M. Schillaci 26, E.J. Schioppa 35, M. Schioppa 40b,40a, K.E. Schleicher 50, S. Schlenker 35, 
K.R. Schmidt-Sommerfeld 113, K. Schmieden 35, C. Schmitt 97, S. Schmitt 44, S. Schmitz 97, 
J.C. Schmoeckel 44, U. Schnoor 50, L. Schoeffel 142, A. Schoening 59b, E. Schopf 24, M. Schott 97, 
J.F.P. Schouwenberg 117, J. Schovancova 35, S. Schramm 52, A. Schulte 97, H.-C. Schultz-Coulon 59a, 
M. Schumacher 50, B.A. Schumm 143, Ph. Schune 142, A. Schwartzman 150, T.A. Schwarz 103, 
Ph. Schwemling 142, R. Schwienhorst 104, A. Sciandra 24, G. Sciolla 26, M. Scornajenghi 40b,40a, F. Scuri 69a, 
F. Scutti 102, L.M. Scyboz 113, J. Searcy 103, C.D. Sebastiani 70a,70b, P. Seema 19, S.C. Seidel 116, A. Seiden 143, 
T. Seiss 36, J.M. Seixas 78b, G. Sekhniaidze 67a, K. Sekhon 103, S.J. Sekula 41, N. Semprini-Cesari 23b,23a, 
S. Sen 47, S. Senkin 37, C. Serfon 130, L. Serin 128, L. Serkin 64a,64b, M. Sessa 58a, H. Severini 124, F. Sforza 167, 
A. Sfyrla 52, E. Shabalina 51, J.D. Shahinian 143, N.W. Shaikh 43a,43b, L.Y. Shan 15a, R. Shang 170, J.T. Shank 25, 
M. Shapiro 18, A.S. Sharma 1, A. Sharma 131, P.B. Shatalov 109, K. Shaw 153, S.M. Shaw 98, 
A. Shcherbakova 134, Y. Shen 124, N. Sherafati 33, A.D. Sherman 25, P. Sherwood 92, L. Shi 155,ao, 
S. Shimizu 79, C.O. Shimmin 180, M. Shimojima 114, I.P.J. Shipsey 131, S. Shirabe 85, M. Shiyakova 77,ac, 
J. Shlomi 177, A. Shmeleva 108, D. Shoaleh Saadi 107, M.J. Shochet 36, S. Shojaii 102, D.R. Shope 124, 
S. Shrestha 122, E. Shulga 110, P. Sicho 137, A.M. Sickles 170, P.E. Sidebo 151, E. Sideras Haddad 32c, 
O. Sidiropoulou 35, A. Sidoti 23b,23a, F. Siegert 46, Dj. Sijacki 16, J. Silva 136a,136d, M. Silva Jr. 178, 
M.V. Silva Oliveira 78a, S.B. Silverstein 43a, L. Simic 77, S. Simion 128, E. Simioni 97, M. Simon 97, 
R. Simoniello 97, P. Sinervo 164, N.B. Sinev 127, M. Sioli 23b,23a, G. Siragusa 174, I. Siral 103, 
S.Yu. Sivoklokov 111, J. Sjölin 43a,43b, P. Skubic 124, M. Slater 21, T. Slavicek 138, M. Slawinska 82, K. Sliwa 167, 
R. Slovak 139, V. Smakhtin 177, B.H. Smart 5, J. Smiesko 28a, N. Smirnov 110, S.Yu. Smirnov 110, 
Y. Smirnov 110, L.N. Smirnova 111,s, O. Smirnova 94, J.W. Smith 51, M.N.K. Smith 38, M. Smizanska 87, 
K. Smolek 138, A. Smykiewicz 82, A.A. Snesarev 108, I.M. Snyder 127, S. Snyder 29, R. Sobie 173,ae, 
A.M. Soffa 168, A. Soffer 158, A. Søgaard 48, D.A. Soh 155, G. Sokhrannyi 89, C.A. Solans Sanchez 35, 
M. Solar 138, E.Yu. Soldatov 110, U. Soldevila 171, A.A. Solodkov 140, A. Soloshenko 77, O.V. Solovyanov 140, 
V. Solovyev 134, P. Sommer 146, H. Son 167, W. Song 141, A. Sopczak 138, F. Sopkova 28b, 
C.L. Sotiropoulou 69a,69b, S. Sottocornola 68a,68b, R. Soualah 64a,64c, A.M. Soukharev 120b,120a, D. South 44, 
B.C. Sowden 91, S. Spagnolo 65a,65b, M. Spalla 113, M. Spangenberg 175, F. Spanò 91, D. Sperlich 19, 
F. Spettel 113, T.M. Spieker 59a, R. Spighi 23b, G. Spigo 35, L.A. Spiller 102, D.P. Spiteri 55, M. Spousta 139, 
A. Stabile 66a,66b, R. Stamen 59a, S. Stamm 19, E. Stanecka 82, R.W. Stanek 6, C. Stanescu 72a, 
B. Stanislaus 131, M.M. Stanitzki 44, B.S. Stapf 118, S. Stapnes 130, E.A. Starchenko 140, G.H. Stark 36, 
J. Stark 56, S.H Stark 39, P. Staroba 137, P. Starovoitov 59a, S. Stärz 35, R. Staszewski 82, M. Stegler 44, 
P. Steinberg 29, B. Stelzer 149, H.J. Stelzer 35, O. Stelzer-Chilton 165a, H. Stenzel 54, T.J. Stevenson 90, 
G.A. Stewart 55, M.C. Stockton 127, G. Stoicea 27b, P. Stolte 51, S. Stonjek 113, A. Straessner 46, 



The ATLAS Collaboration / Physics Letters B 784 (2018) 173–191 187

J. Strandberg 151, S. Strandberg 43a,43b, M. Strauss 124, P. Strizenec 28b, R. Ströhmer 174, D.M. Strom 127, 
R. Stroynowski 41, A. Strubig 48, S.A. Stucci 29, B. Stugu 17, J. Stupak 124, N.A. Styles 44, D. Su 150, J. Su 135, 
S. Suchek 59a, Y. Sugaya 129, M. Suk 138, V.V. Sulin 108, D.M.S. Sultan 52, S. Sultansoy 4c, T. Sumida 83, 
S. Sun 103, X. Sun 3, K. Suruliz 153, C.J.E. Suster 154, M.R. Sutton 153, S. Suzuki 79, M. Svatos 137, 
M. Swiatlowski 36, S.P. Swift 2, A. Sydorenko 97, I. Sykora 28a, T. Sykora 139, D. Ta 97, K. Tackmann 44, 
J. Taenzer 158, A. Taffard 168, R. Tafirout 165a, E. Tahirovic 90, N. Taiblum 158, H. Takai 29, R. Takashima 84, 
E.H. Takasugi 113, K. Takeda 80, T. Takeshita 147, Y. Takubo 79, M. Talby 99, A.A. Talyshev 120b,120a, 
J. Tanaka 160, M. Tanaka 162, R. Tanaka 128, B.B. Tannenwald 122, S. Tapia Araya 144b, S. Tapprogge 97, 
A. Tarek Abouelfadl Mohamed 132, S. Tarem 157, G. Tarna 27b,d, G.F. Tartarelli 66a, P. Tas 139, 
M. Tasevsky 137, T. Tashiro 83, E. Tassi 40b,40a, A. Tavares Delgado 136a,136b, Y. Tayalati 34e, A.C. Taylor 116, 
A.J. Taylor 48, G.N. Taylor 102, P.T.E. Taylor 102, W. Taylor 165b, A.S. Tee 87, P. Teixeira-Dias 91, H. Ten Kate 35, 
P.K. Teng 155, J.J. Teoh 118, S. Terada 79, K. Terashi 160, J. Terron 96, S. Terzo 14, M. Testa 49, 
R.J. Teuscher 164,ae, S.J. Thais 180, T. Theveneaux-Pelzer 44, F. Thiele 39, D.W. Thomas 91, J.P. Thomas 21, 
A.S. Thompson 55, P.D. Thompson 21, L.A. Thomsen 180, E. Thomson 133, Y. Tian 38, R.E. Ticse Torres 51, 
V.O. Tikhomirov 108,am, Yu.A. Tikhonov 120b,120a, S. Timoshenko 110, P. Tipton 180, S. Tisserant 99, 
K. Todome 162, S. Todorova-Nova 5, S. Todt 46, J. Tojo 85, S. Tokár 28a, K. Tokushuku 79, E. Tolley 122, 
K.G. Tomiwa 32c, M. Tomoto 115, L. Tompkins 150,o, K. Toms 116, B. Tong 57, P. Tornambe 50, E. Torrence 127, 
H. Torres 46, E. Torró Pastor 145, C. Tosciri 131, J. Toth 99,ad, F. Touchard 99, D.R. Tovey 146, C.J. Treado 121, 
T. Trefzger 174, F. Tresoldi 153, A. Tricoli 29, I.M. Trigger 165a, S. Trincaz-Duvoid 132, M.F. Tripiana 14, 
W. Trischuk 164, B. Trocmé 56, A. Trofymov 128, C. Troncon 66a, M. Trovatelli 173, F. Trovato 153, 
L. Truong 32b, M. Trzebinski 82, A. Trzupek 82, F. Tsai 44, J.C-L. Tseng 131, P.V. Tsiareshka 105, A. Tsirigotis 159, 
N. Tsirintanis 9, V. Tsiskaridze 152, E.G. Tskhadadze 156a, I.I. Tsukerman 109, V. Tsulaia 18, S. Tsuno 79, 
D. Tsybychev 152,163, Y. Tu 61b, A. Tudorache 27b, V. Tudorache 27b, T.T. Tulbure 27a, A.N. Tuna 57, 
S. Turchikhin 77, D. Turgeman 177, I. Turk Cakir 4b,u, R. Turra 66a, P.M. Tuts 38, E. Tzovara 97, 
G. Ucchielli 23b,23a, I. Ueda 79, M. Ughetto 43a,43b, F. Ukegawa 166, G. Unal 35, A. Undrus 29, G. Unel 168, 
F.C. Ungaro 102, Y. Unno 79, K. Uno 160, J. Urban 28b, P. Urquijo 102, P. Urrejola 97, G. Usai 8, J. Usui 79, 
L. Vacavant 99, V. Vacek 138, B. Vachon 101, K.O.H. Vadla 130, A. Vaidya 92, C. Valderanis 112, 
E. Valdes Santurio 43a,43b, M. Valente 52, S. Valentinetti 23b,23a, A. Valero 171, L. Valéry 44, R.A. Vallance 21, 
A. Vallier 5, J.A. Valls Ferrer 171, T.R. Van Daalen 14, H. van der Graaf 118, P. van Gemmeren 6, 
J. Van Nieuwkoop 149, I. van Vulpen 118, M. Vanadia 71a,71b, W. Vandelli 35, A. Vaniachine 163, 
P. Vankov 118, R. Vari 70a, E.W. Varnes 7, C. Varni 53b,53a, T. Varol 41, D. Varouchas 128, K.E. Varvell 154, 
G.A. Vasquez 144b, J.G. Vasquez 180, F. Vazeille 37, D. Vazquez Furelos 14, T. Vazquez Schroeder 101, 
J. Veatch 51, V. Vecchio 72a,72b, L.M. Veloce 164, F. Veloso 136a,136c, S. Veneziano 70a, A. Ventura 65a,65b, 
M. Venturi 173, N. Venturi 35, V. Vercesi 68a, M. Verducci 72a,72b, C.M. Vergel Infante 76, C. Vergis 24, 
W. Verkerke 118, A.T. Vermeulen 118, J.C. Vermeulen 118, M.C. Vetterli 149,as, N. Viaux Maira 144b, 
M. Vicente Barreto Pinto 52, I. Vichou 170,∗, T. Vickey 146, O.E. Vickey Boeriu 146, G.H.A. Viehhauser 131, 
S. Viel 18, L. Vigani 131, M. Villa 23b,23a, M. Villaplana Perez 66a,66b, E. Vilucchi 49, M.G. Vincter 33, 
V.B. Vinogradov 77, A. Vishwakarma 44, C. Vittori 23b,23a, I. Vivarelli 153, S. Vlachos 10, M. Vogel 179, 
P. Vokac 138, G. Volpi 14, S.E. von Buddenbrock 32c, E. von Toerne 24, V. Vorobel 139, K. Vorobev 110, 
M. Vos 171, J.H. Vossebeld 88, N. Vranjes 16, M. Vranjes Milosavljevic 16, V. Vrba 138, M. Vreeswijk 118, 
T. Šfiligoj 89, R. Vuillermet 35, I. Vukotic 36, T. Ženiš 28a, L. Živković 16, P. Wagner 24, W. Wagner 179, 
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