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Abstract A search for the Standard Model Higgs boson
produced in association with a top-quark pair, t7H, is pre-
sented. The analysis uses 20.3 fb~! of pp collision data at
/s = 8TeV, collected with the ATLAS detector at the Large
Hadron Collider during 2012. The search is designed for the
H — bb decay mode and uses events containing one or two
electrons or muons. In order to improve the sensitivity of
the search, events are categorised according to their jet and
b-tagged jet multiplicities. A neural network is used to dis-
criminate between signal and background events, the latter
being dominated by ¢7+jets production. In the single-lepton
channel, variables calculated using a matrix element method
are included as inputs to the neural network to improve dis-
crimination of the irreducible 774bb background. No signif-
icant excess of events above the background expectation is
found and an observed (expected) limit of 3.4 (2.2) times the
Standard Model cross section is obtained at 95 % confidence
level. The ratio of the measured ¢7 H signal cross section to
the Standard Model expectation is foundtobe u = 1.5+ 1.1
assuming a Higgs boson mass of 125 GeV .

1 Introduction

The discovery of a new particle in the search for the Stan-
dard Model (SM) [1-3] Higgs boson [4-7] at the LHC was
reported by the ATLAS [8] and CMS [9] collaborations in
July 2012. There is by now clear evidence of this particle in
the H—> yy, H— ZZ® — 40, H - WW® — fvy
and H — tt decay channels, at a mass of around 125 GeV,
which have strengthened the SM Higgs boson hypothe-
sis [10—-15] of the observation. To determine all properties
of the new boson experimentally, it is important to study it in
as many production and decay modes as possible. In partic-
ular, its coupling to heavy quarks is a strong focus of current
experimental searches. The SM Higgs boson production in
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association with a top-quark pair (¢ H) [16—19] with subse-
quent Higgs decay into bottom quarks (H — bb) addresses
heavy-quark couplings in both production and decay. Due to
the large measured mass of the top quark, the Yukawa cou-
pling of the top quark (y,) is much stronger than that of other
quarks. The observation of the ¢z H production mode would
allow for a direct measurement of this coupling, to which
other Higgs production modes are only sensitive through
loop effects. Since y; is expected to be close to unity, it is
also argued to be the quantity that might give insight into the
scale of new physics [20].

The H — bb final state is the dominant decay mode in
the SM for a Higgs boson with a mass of 125 GeV. So far,
this decay mode has not yet been observed. While a search
for this decay via the gluon fusion process is precluded by
the overwhelming multijet background, Higgs boson pro-
duction in association with a vector boson (VH) [21-23]
or a top-quark pair (¢7) significantly improves the signal-to-
background ratio for this decay.

This paper describes a search for the SM Higgs boson in
the t#H production mode and is designed to be primarily
sensitive to the H — bb decay, although other Higgs boson
decay modes are also treated as signal. Figure la, b show
two examples of tree-level diagrams for ¢f H production with
a subsequent H — bb decay. A search for the associated
production of the Higgs boson with a top-quark pair using
several Higgs decay modes (including H — bb) has recently
been published by the CMS Collaboration [24] quoting a
ratio of the measured ¢ H signal cross section to the SM
expectation for a Higgs boson mass of 125.6 GeV of u =
2.8+ 1.0.

The main source of background to this search comes from
top-quark pairs produced in association with additional jets.
The dominant source is t7+bb production, resulting in the
same final-state signature as the signal. An example is shown
in Fig. 1c. A second contribution arises from 7 production in
association with light-quark (u, d, s) or gluon jets, referred
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Fig. 1 Representative tree-level Feynman diagrams for the production of the Higgs boson in association with a top-quark pair (t17H) and the
subsequent decay of the Higgs to bb, (a, b) for the main background 17+bb (c)

to as rr+light background, and from #7 production in asso-
ciation with c-quarks, referred to as tr+cc. The size of the
second contribution depends on the misidentification rate of
the algorithm used to identify b-quark jets.

The search presented in this paper uses 20.3 fb~! of
data collected with the ATLAS detector in pp collisions at
A/s = 8TeV during 2012. The analysis focuses on final
states containing one or two electrons or muons from the
decay of the ¢7 system, referred to as the single-lepton and
dilepton channels, respectively. Selected events are classified
into exclusive categories, referred to as “regions”, accord-
ing to the number of reconstructed jets and jets identified
as b-quark jets by the b-tagging algorithm (b-tagged jets
or b-jets for short). Neural networks (NN) are employed
in the regions with a significant expected contribution from
the 17 H signal to separate it from the background. Simpler
kinematic variables are used in regions that are depleted of
the 17 H signal, and primarily serve to constrain uncertain-
ties on the background prediction. A combined fit to signal-
rich and signal-depleted regions is performed to search for
the signal while simultaneously obtaining a background
prediction.

2 ATLAS detector

The ATLAS detector [25] consists of four main subsys-
tems: an inner tracking system, electromagnetic and hadronic
calorimeters, and a muon spectrometer. The inner detec-
tor provides tracking information from pixel and silicon
microstrip detectors in the pseudorapidity! range |n| < 2.5
and from a straw-tube transition radiation tracker covering
[n] < 2.0, all immersed in a 2T magnetic field provided by

I 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
coinciding with the axis of the beam pipe. The x-axis points from the IP
to the centre of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal
angle around the beam pipe. The pseudorapidity is defined in terms of
the polar angle 0 as n = —Intan(f/2). Transverse momentum and
energy are defined as pr = psin6 and Et = Esin6, respectively.
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a superconducting solenoid. The electromagnetic sampling
calorimeter uses lead and liquid-argon (LAr) and is divided
into barrel (|n| < 1.475) and end-cap regions (1.375 < |n| <
3.2). Hadron calorimetry employs the sampling technique,
with either scintillator tiles or liquid argon as active media,
and with steel, copper, or tungsten as absorber material. The
calorimeters cover || < 4.9. The muon spectrometer mea-
sures muon tracks within |n| < 2.7 using multiple layers of
high-precision tracking chambers located in a toroidal field
of approximately 0.5T and 1T in the central and end-cap
regions of ATLAS, respectively. The muon spectrometer is
also instrumented with separate trigger chambers covering
n| < 2.4.

3 Object reconstruction

The main physics objects considered in this search are elec-
trons, muons, jets and b-jets. Whenever possible, the same
object reconstruction is used in both the single-lepton and
dilepton channels, though some small differences exist and
are noted below.

Electron candidates [26] are reconstructed from energy
deposits (clusters) in the electromagnetic calorimeter that
are matched to a reconstructed track in the inner detector. To
reduce the background from non-prompt electrons, i.e. from
decays of hadrons (in particular heavy flavour) produced in
jets, electron candidates are required to be isolated. In the
single-lepton channel, where such background is significant,
an n-dependent isolation cut is made, based on the sum of
transverse energies of cells around the direction of each can-
didate, in a cone of size AR = /(A¢)2 + (An)? = 0.2.
This energy sum excludes cells associated with the electron
and is corrected for leakage from the electron cluster itself.
A further isolation cut is made on the scalar sum of the track
pr around the electron in a cone of size AR = 0.3 (referred
to as p%°“e30). The longitudinal impact parameter of the elec-
tron track with respect to the selected event primary vertex
defined in Sect. 4, 7o, is required to be less than 2 mm. To
increase efficiency in the dilepton channel, the electron selec-
tion is optimised by using an improved electron identification



Eur. Phys. J. C (2015) 75:349

Page 3 of 50 349

method based on a likelihood variable [27] and the electron
isolation. The ratio of p$°™30 to the pr of the electron is
required to be less than 0.12, i.e. p%onem/pff < 0.12. The
optimised selection improves the efficiency by roughly 7 %
per electron.

Muon candidates are reconstructed from track segments
in the muon spectrometer, and matched with tracks found in
the inner detector [28]. The final muon candidates are refit-
ted using the complete track information from both detec-
tor systems, and are required to satisfy || < 2.5. Addi-
tionally, muons are required to be separated by AR > 0.4
from any selected jet (see below for details on jet recon-
struction and selection). Furthermore, muons must satisfy
a pr-dependent track-based isolation requirement that has
good performance under conditions with a high number of
jets from other pp interactions within the same bunch cross-
ing, known as “pileup”, or in boosted configurations where
the muon is close to a jet: the track pr scalar sum in a cone
of variable size AR < 10GeV /pt* around the muon must
be less than 5% of the muon pr. The longitudinal impact
parameter of the muon track with respect to the primary ver-
tex, zo, is required to be less than 2 mm.

Jets are reconstructed from calibrated clusters [25,29]
built from energy deposits in the calorimeters, using the anti-
k; algorithm [30-32] with a radius parameter R = 0.4. Prior
to jet finding, a local cluster calibration scheme [33,34] is
applied to correct the cluster energies for the effects of dead
material, non-compensation and out-of-cluster leakage. The
jets are calibrated using energy- and n-dependent calibra-
tion factors, derived from simulations, to the mean energy
of stable particles inside the jets. Additional corrections to
account for the difference between simulation and data are
applied [35]. After energy calibration, jets are required to
have pr > 25GeV and |n| < 2.5. To reduce the contami-
nation from low- pt jets due to pileup, the scalar sum of the
pr of tracks matched to the jet and originating from the pri-
mary vertex must be at least 50 % of the scalar sum of the
pr of all tracks matched to the jet. This is referred to as the
jet vertex fraction. This criterion is only applied to jets with
pT < 50GeV and || < 2.4.

During jet reconstruction, no distinction is made between
identified electrons and jet candidates. Therefore, if any of
the jets lie AR < 0.2 from a selected electron, the single
closest jet is discarded in order to avoid double-counting of
electrons as jets. After this, electrons which are AR < 0.4
from a jet are removed to further suppress background from
non-isolated electrons.

Jets are identified as originating from the hadronisation of
a b-quark via an algorithm [36] that uses multivariate tech-
niques to combine information from the impact parameters of
displaced tracks with topological properties of secondary and
tertiary decay vertices reconstructed within the jet. The work-
ing point used for this search corresponds to a 70 % efficiency

to tag a b-quark jet, with a light-jet mistag rate of 1%, and
a charm-jet mistag rate of 20 %, as determined for b-tagged
jets with pr > 20GeV and |5| < 2.5 in simulated ¢ events.
Tagging efficiencies in simulation are corrected to match the
results of the calibrations performed in data [37]. Studies in
simulation show that these efficiencies do not depend on the
number of jets.

4 Event selection and classification

For this search, only events collected using a single-electron
or single-muon trigger under stable beam conditions and for
which all detector subsystems were operational are consid-
ered. The corresponding integrated luminosity is 20.3 fb~.
Triggers with different pr thresholds are combined in a log-
ical OR in order to maximise the overall efficiency. The
pr thresholds are 24 or 60 GeV for electrons and 24 or
36 GeV for muons. The triggers with the lower pt thresh-
old include isolation requirements on the lepton candidate,
resulting in inefficiency at high pr that is recovered by the
triggers with higher pt threshold. The triggers use selection
criteria looser than the final reconstruction requirements.

Events accepted by the trigger are required to have at least
one reconstructed vertex with at least five associated tracks,
consistent with the beam collision region in the x—y plane.
If more than one such vertex is found, the vertex candidate
with the largest sum of squared transverse momenta of its
associated tracks is taken as the hard-scatter primary vertex.

In the single-lepton channel, events are required to have
exactly one identified electron or muon with pt > 25GeV
and at least four jets, at least two of which are b-tagged. The
selected lepton is required to match, with AR < 0.15, the
lepton reconstructed by the trigger.

In the dilepton channel, events are required to have exactly
two leptons of opposite charge and at least two b-jets. The
leading and subleading lepton must have pt > 25 GeV and
pt > 15 GeV, respectively. Events in the single-lepton sam-
ple with additional leptons passing this selection are removed
from the single-lepton sample to avoid statistical overlap
between the channels. In the dilepton channel, events are cat-
egorised into ee, puu and ey samples. In the ey category, the
scalar sum of the transverse energy of leptons and jets, Hr, is
required to be above 130 GeV. In the ee and uu event cate-
gories, the invariant mass of the two leptons, m g, is required
to be larger than 15 GeV in events with more than two b-jets,
to suppress contributions from the decay of hadronic reso-
nances such as the J/y and Y into a same-flavour lepton
pair. In events with exactly two b-jets, mg, is required to be
larger than 60 GeV due to poor agreement between data and
prediction at lower m¢. A further cut on myy is applied in the
ee and ppu categories to reject events close to the Z boson
mass: |mgg —myz| > 8 GeV.
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Fig. 2 Single-lepton channel: a S/+/B ratio for each of the regions
assuming SM cross sections and branching fractions, and my =
125 GeV . Each row shows the plots for a specific jet multiplicity (4, 5,
>06), and the columns show the b-jet multiplicity (2, 3, >4). Signal-rich
regions are shaded in dark red, while the rest are shown in light blue.
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After all selection requirements, the samples are dom-
inated by ri+jets background. In both channels, selected
events are categorised into different regions. In the following,
a given region with m jets of which n are b-jets are referred to
as “(mj, nb)”. The regions with a signal-to-background ratio
S/B > 1% and S/+/B > 0.3, where S and B denote the
expected signal for a SM Higgs boson withmpg = 125GeV ,
and background, respectively, are referred to as “signal-
rich regions”, as they provide most of the sensitivity to the
signal. The remaining regions are referred to as “signal-
depleted regions”. They are almost purely background-only
regions and are used to constrain systematic uncertainties,
thus improving the background prediction in the signal-rich
regions. The regions are analysed separately and combined
statistically to maximise the overall sensitivity. In the most
sensitive regions, (>6j, >4b) in the single-lepton channel
and (>4j, >4b) in the dilepton channel, H — bb decays
are expected to constitute about 90 % of the signal contribu-
tion as shown in Fig. 20 of Appendix A.

In the single-lepton channel, a total of nine independent
regions are considered: six signal-depleted regions (4], 2b),
(4j, 2b), (4j, 4b), (5j, 2b), (5j, 3b), (= 6j, 2b), and three
signal-rich regions, (5j, > 4b), (>6j, 3b) and (>6j, >4b).
In the dilepton channel, a total of six independent regions
are considered. The signal-rich regions are (>4j, 3b) and
(>4j, >4b), while the signal-depleted regions are (2j, 2b),
(3j, 2b), (3j, 3b) and (>4j, 2b). Figure 2a shows the S/\/E
and S/B ratios for the different regions under considera-
tion in the single-lepton channel based on the simulations

@ Springer

@
¢
e

4j,2b 4j,3b 4j,4b ATLAS
Simulation
(o (9 & o
Vs =8 TeV
5j,2b 5j,3b 5j,>4b  []ft+light
[Jtt+cc
I tt+bb
[ Jnon-tt
>6j,2b >6j,3b >6j,>4b
Single lepton

(b)

The S/ B ratio for each region is also noted. b The fractional contribu-
tions of the various backgrounds to the total background prediction in
each considered region. The ordering of the rows and columns is the
same as in a

described in Sect. 5. The expected proportions of different
backgrounds in each region are shown in Fig. 2b. The same
is shown in the dilepton channel in Fig. 3a, b.

5 Background and signal modelling

After the event selection described above, the main back-
ground in both the single-lepton and dilepton channels is
ti+jets production. In the single-lepton channel, additional
background contributions come from single top quark pro-
duction, followed by the production of a W or Z boson in
association with jets (W/Z+jets), diboson ( WW, WZ, ZZ)
production, as well as the associated production of a vec-
tor boson and a ¢7 pair, t7+V (V = W, Z). Multijet events
also contribute to the selected sample via the misidentifica-
tion of a jet or a photon as an electron or the presence of a
non-prompt electron or muon, referred to as “Lepton misID”
background. The corresponding yield is estimated via a data-
driven method known as the “matrix method” [38]. In the
dilepton channel, backgrounds containing at least two prompt
leptons other than 77+jets production arise from Z+jets, dibo-
son, and Wt-channel single top quark production, as well
as from the 7V processes. There are also several processes
which may contain either non-prompt leptons that pass the
lepton isolation requirements or jets misidentified as leptons.
These processes include W+jets, ¢7 production with a single
prompt lepton in the final state, and single top quark pro-
duction in #- and s-channels. Their yield is estimated using
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Fig. 3 Dilepton channel: a The S/+/B ratio for each of the regions
assuming SM cross sections and branching fractions and mp =
125 GeV . Each row shows the plots for a specific jet multiplicity (2, 3,
>4), and the columns show the b-jet multiplicity (2, 3, >4). Signal-rich
regions are shaded in dark red, while the rest are shown in light blue.

simulation and cross-checked with a data-driven technique
based on the selection of a same-sign lepton pair. In both
channels, the contribution of the misidentified lepton back-
ground is negligible after requiring two b-tagged jets.

In the following, the simulation of each background and
of the signal is described in detail. For all MC samples, the
top quark mass is taken to be m; = 172.5 GeV and the Higgs
boson mass is taken to be my = 125 GeV.

5.1 rt+jets background

The tf+jets sample is generated using the POWHEG- BOX
2.0 NLO generator [39—41] with the CT10 parton distri-
bution function (PDF) set [42]. It is interfaced to PYTHIA
6.425 [43] with the CTEQ6L1 PDF set [44] and the Peru-
2ia2011C [45] underlying-event tune. The sample is nor-
malised to the top++2.0 [46] theoretical calculation per-
formed at next-to-next-to-leading order (NNLO) in QCD that
includes resummation of next-to-next-to-leading logarithmic
(NNLL) soft gluon terms [47-51].

The t7+jets sample is generated inclusively, but events
are categorised depending on the flavour of partons that are
matched to particle jets that do not originate from the decay
of the 77 system. The matching procedure is done using the
requirement of AR < 0.4. Particle jets are reconstructed
by clustering stable particles excluding muons and neutrinos
using the anti-k; algorithm with a radius parameter R = 0.4,
and are required to have pr > 15GeV and |5| < 2.5.

@
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The S/ B ratio for each region is also noted. b The fractional contribu-
tions of the various backgrounds to the total background prediction in
each considered region. The ordering of the rows and columns is the
same as in a

Events where at least one such particle jet is matched to a
bottom-flavoured hadron are labelled as ¢7+bb events. Sim-
ilarly, events which are not already categorised as t7+bb,
and where at least one particle jet is matched to a charm-
flavoured hadron, are labelled as 17 +c¢ events. Only hadrons
not associated with b and ¢ quarks from top quark and W
boson decays are considered. Events labelled as either 17+bb
or ti+cc are generically referred to as r+HF events (HF
for “heavy flavour”). The remaining events are labelled as
tt+light-jet events, including those with no additional jets.

Since POWHEG+PYTHIA only models ¢7+bb via the parton
shower, an alternative ¢7+jets sample is generated with the
MADGRAPHS 1.5.11 LO generator [52] using the CT10 PDF
set and interfaced to PYTHIA 6.425 for showering and hadro-
nisation. It includes tree-level diagrams with up to three extra
partons (including b- and c-quarks) and uses settings similar
to those in Ref. [24]. To avoid double-counting of partonic
configurations generated by both the matrix element calcula-
tion and the parton-shower evolution, a parton—jet matching
scheme (“MLM matching”) [53] is employed.

Fully matched NLO predictions with massive b-quarks
have become available recently [54] within the SHERPA with
OPENLOOPS framework [55,56] referred to in the following
as SHERPAOL. The SHERPAOL NLO sample is generated
following the four-flavour scheme using the SHERPA 2.0 pre-
release and the CT10 PDF set. The renormalisation scale
(uRr) is setto ur = ]—L.:t,,—’b,l; E%/f', where ET; is the trans-
verse energy of parton i, and the factorisation and resumma-
tion scales are both set to (Et; + Et7)/2.
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Fig. 4 Relative contributions of different categories of 17+bb events
in POWHEG+PYTHIA, MADGRAPH+PYTHIA and SHERPAOL samples.
Labels “/t+MPI” and “r7+FSR” refer to events where heavy flavour
is produced via multiparton interaction (MPI) or final state radiation
(FSR), respectively. These contributions are not included in the SHER-
PAOL calculation. An arrow indicates that the point is off-scale. Uncer-
tainties are from the limited MC sample sizes

For the purpose of comparisons between tf+jets event
generators and the propagation of systematic uncertainties
related to the modelling of 7+HF, as described in Sect. 8.3.1,
a finer categorisation of different topologies in t7+HF is
made. In particular, the following categories are considered:
if two particle jets are both matched to an extra b-quark or
extra c-quark each, the event is referred to as t7+bb or ti+cc;
if a single particle jet is matched to a single b(c)-quark the
event is referred to as 17+b (t1+c); if a single particle jet is
matched to a bb or a c¢ pair, the event is referred to as t7+B
or 11+C, respectively.

Figure 4 shows the relative contributions of the differ-
ent ti+bb event categories to the total r7+bb cross sec-
tion at generator level for the POWHEG+PYTHIA, MAD-
GRAPH+PYTHIA and SHERPAOL samples. It demonstrates
that POWHEG+PYTHIA is able to reproduce reasonably well
the t#+HF content of the MADGRAPH t7+jets sample, which
includes a LO ¢7+bb matrix element calculation, as well as
the NLO SHERPAOL prediction.

The relative distribution across categories is such that
SHERPAOL predicts a higher contribution of the ¢ + B cat-
egory, as well as every category where the production of a
second bb pair is required. The modelling of the relevant
kinematic variables in each category is in reasonable agree-
ment between POWHEG+PYTHIA and SHERPAOL. Some dif-
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ferences are observed in the very low regions of the mass
and pr of the bb pair, and in the pt of the top quark and ¢7
systems.

The prediction from SHERPAOL is expected to model
the ¢7+bb contribution more accurately than both POWHEG
+PYTHIA and MADGRAPH+PYTHIA. Thus, in the analysis
ti+bb events are reweighted from POWHEG+ PYTHIA to
reproduce the NLO t7+bb prediction from SHERPAOL for
relative contributions of different categories as well as their
kinematics. The reweighting is done at generator level using
several kinematic variables such as the top quark pr, ¢ Sys-
tem prt, AR and pr of the dijet system not coming from
the top quark decay. In the absence of an NLO calculation of
tt+cc production, the MADGRAPH+PYTHIA sample is used to
evaluate systematic uncertainties on the 7z+c¢ background.

Since achieving the best possible modelling of the 77+jets
background is a key aspect of this analysis, a separate
reweighting is applied to ff+light and 74cC events in
POWHEG+PYTHIA based on the ratio of measured differen-
tial cross sections at 4/s = 7 TeV in data and simulation as a
function of top quark pr and ¢z system pt [57]. It was veri-
fied using the simulation that the ratio derived at /s = 7 TeV
is applicable to /s = 8 TeV simulation. It is not applied to
the t7-+bb component since that component was corrected
to match the best available theory calculation. Moreover,
the measured differential cross section is not sensitive to
this component. The reweighting significantly improves the
agreement between simulation and data in the total number
of jets (primarily due to the 77 system pr reweighting) and
jet pr (primarily due to the top quark pr reweighting). This
can be seen in Fig. 5, where the number of jets and the scalar
sum of the jet pt (Hr'd) distributions in the exclusive 2-b-
tag region are plotted in the single-lepton channel before and
after the reweighting is applied.

5.2 Other backgrounds

The W/Z+jets background is estimated from simulation
reweighted to account for the difference in the W/Z pr spec-
trum between data and simulation [58]. The heavy-flavour
fraction of these simulated backgrounds, i.e. the sum of
W/Z+bband W/ Z + c¢ processes, is adjusted to reproduce
the relative rates of Z events with no b-tags and those with
one b-tag observed in data. Samples of W /Z+jets events, and
diboson production in association with jets, are generated
using the ALPGEN 2.14 [59] leading-order (LO) generator
and the CTEQ6L1 PDF set. Parton showers and fragmenta-
tion are modelled with PYTHIA 6.425 for W /Z+jets produc-
tion and with HERWIG 6.520 [60] for diboson production.
The W +jets samples are generated with up to five additional
partons, separately for W+light-jets, Whb+jets, Wcc+jets,
and Wc+jets. Similarly, the Z+jets background is generated
with up to five additional partons separated in different par-
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top quark of the POWHEG+PYTHIA ¢7 sample. The jet multiplicity dis-

ton flavours. Both are normalised to the respective inclusive
NNLO theoretical cross section [61]. The overlap between
WQQ (ZQQ)(Q = b, c) events generated from the matrix
element calculation and those from parton-shower evolution
in the W+light-jet (Z+light-jet) samples is removed by an
algorithm based on the angular separation between the extra
heavy quarks: if AR(Q, 0) > 0.4, the matrix element pre-
diction is used, otherwise the parton shower prediction is
used.

The diboson+jets samples are generated with up to three
additional partons and are normalised to their respecitve NLO
theoretical cross sections [62].
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Samples of single top quark backgrounds are generated
with POWHEG- BOX 2.0 using the CT10 PDF set. The samples
are interfaced to PYTHIA 6.425 with the CTEQ6L1 set of
parton distribution functions and Perugia2011C underlying-
event tune. Overlaps between the ¢ and Wt final states are
removed [63]. The single top quark samples are normalised
to the approximate NNLO theoretical cross sections [64—66]
using the MSTW2008 NNLO PDF set [67,68].

Samples of r7+V are generated with MADGRAPH 5 and
the CTEQ6L1 PDF set. PYTHIA 6.425 with the AUET2B
tune [69] is used for showering. The ¢V samples are nor-
malised to the NLO cross-section predictions [70,71].

@ Springer



349 Page 8 of 50

Eur. Phys. J. C (2015) 75:349

5.3 Signal model

The tfH signal process is modelled using NLO matrix ele-
ments obtained from the HELAC-Oneloop package [72].
POWHEG- BOX serves as an interface to shower Monte Carlo
programs. The samples created using this approach are
referred to as POWHEL samples [73]. They are inclusive in
Higgs boson decays and are produced using the CT10NLO
PDF set and factorisation () and renormalisation scales
set to ugp = ur = m; + mpy /2. The POWHEL 1 H sample
is showered with PYTHIA 8.1 [74] with the CTEQ6L1 PDF
and the AU2 underlying-event tune [75]. The 17 H cross sec-
tion and Higgs boson decay branching fractions are taken
from (N)NLO theoretical calculations [19,76-82], collected
in Ref. [83]. In Appendix A, the relative contributions of the
Higgs boson decay modes are shown for all regions consid-
ered in the analysis.

5.4 Common treatment of MC samples

All samples using HERWIG are also interfaced to JIMMY
4.31 [84] to simulate the underlying event. All simulated sam-
ples utilise PHOTOS 2.15 [85] to simulate photon radiation
and TAUOLA 1.20 [86] to simulate T decays. Events from
minimum-bias interactions are simulated with the PYTHIA
8.1 generator with the MSTW2008 LO PDF set and the
AUET?2 [87] tune. They are superimposed on the simulated
MC events, matching the luminosity profile of the recorded
data. The contributions from these pileup interactions are
simulated both within the same bunch crossing as the hard-
scattering process and in neighbouring bunch crossings.

ATLAS 4 Data [EfH (125)
Vs=8TeV, 20.3fb" o t+v [ t+light
Single lepton [0 nontt [ ti+cc
v Totalunc. [l  tf+bb
7 HH (125)

Events
5
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Fig. 6 Comparison of prediction to data in all analysis regions before
the fit to data in a the single-lepton channel and b the dilepton channel.
The signal, normalised to the SM prediction, is shown both as a filled

\7' TSN TSR AT
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Finally, all simulated MC samples are processed through
a simulation [88] of the detector geometry and response
either using GEANT4 [89], or through a fast simulation
of the calorimeter response [90]. All simulated MC sam-
ples are processed through the same reconstruction soft-
ware as the data. Simulated MC events are corrected so
that the object identification efficiencies, energy scales and
energy resolutions match those determined from data control
samples.

Figure 6a, b show a comparison of predicted yields to
data prior to the fit described in Sect. 9 in all analysis regions
in the single-lepton and dilepton channel, respectively. The
data agree with the SM expectation within the uncertain-
ties of 10-30%. Detailed tables of the event yields prior
to the fit and the corresponding S/B and S/+/B ratios for
the single-lepton and dilepton channels can be found in
Appendix B.

When requiring high jet and b-tag multiplicity in the
analysis, the number of available MC events is significantly
reduced, leading to large fluctuations in the resulting distribu-
tions for certain samples. This can negatively affect the sen-
sitivity of the analysis through the large statistical uncertain-
ties on the templates and unreliable systematic uncertainties
due to shape fluctuations. In order to mitigate this problem,
instead of tagging the jets by applying the b-tagging algo-
rithm, their probabilities to be b-tagged are parameterised as
functions of jet flavour, pr, and 5. This allows all events in the
sample before b-tagging is applied to be used in predicting
the normalisation and shape after b-tagging [91]. The tagging
probabilities are derived using an inclusive 77+jets simulated
sample. Since the b-tagging probability for a b-jet coming
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from top quark decay is slightly higher than that of a b-jet
with the same pt and 7 but arising from other sources, they
are derived separately. The predictions agree well with the
normalisation and shape obtained by applying the b-tagging
algorithm directly. The method is applied to all signal and
background samples.

6 Analysis method

In both the single-lepton and dilepton channels, the analy-
sis uses a neural network (NN) to discriminate signal from
background in each of the regions with significant expected
tTH signal contribution since the S/+/B is very small and
the uncertainty on the background is larger than the sig-
nal. Those include (5j, > 4b), (>6j, 3b) and (>6j, >4b)
in the case of the single-lepton channel, and (>4j, 3b) and
(>4j, >4b) in the case of the dilepton channel. In the dilep-
ton channel, an additional NN is used to separate signal from
background in the (3j, 3b) channel. Despite a small expected
S/+/B, it nevertheless adds sensitivity to the signal due to
a relatively high expected S/B. In the single-lepton chan-
nel, a dedicated NN is used in the (5j, 3b) region to sep-
arate t7+light from r7+HF backgrounds. The other regions
considered in the analysis have lower sensitivity, and use
Hr" in the single-lepton channel, and the scalar sum of
the jet and lepton pt (Ht) in the dilepton channel as a
discriminant.

The NNs used in the analysis are built using the Neu-
roBayes [92] package. The choice of the variables that enter
the NN discriminant is made through the ranking procedure
implemented in this package based on the statistical separa-
tion power and the correlation of variables. Several classes
of variables were considered: object kinematics, global event
variables, event shape variables and object pair properties.
In the regions with >6 (>4) jets, a maximum of seven (five)
jets are considered to construct the kinematic variables in the
single-lepton (dilepton) channel, first using all the b-jets, and
then incorporating the untagged jets with the highest pt. All
variables used for the NN training and their pairwise cor-
relations are required to be described well in simulation in
multiple control regions.

In the (5j, 3b) region in the single-lepton channel, the
separation between the ¢7+light and t7+HF events is achieved
by exploiting the different origin of the third b-jet in the case
of t7+light compared to ¢7+HF events. In both cases, two of
the b-jets originate from the ¢7 decay. However, in the case of
t7+HF events, the third b-jet is likely to originate from one of
the additional heavy-flavour quarks, whereas in the case of
tt+light events, the third b-jet is often matched to a c-quark
from the hadronically decaying W boson. Thus, kinematic
variables, such as the invariant mass of the two untagged jets

with minimum AR, provide discrimination between ¢7+light
and 77+HF events, since the latter presents a distinct peak at
the W boson mass which is not present in the former. This
and other kinematic variables are used in the dedicated NN
used in this region.

In addition to the kinematic variables, two variables cal-
culated using the matrix element method (MEM), detailed
in Sect. 7, are included in the NN training in (>6j, 3b)
and (> 6j, >4b) regions of the single-lepton channel. These
two variables are the Neyman—Pearson likelihood ratio (D 1)
(Eq. (4)) and the logarithm of the summed signal likelihoods
(SSLL) (Eq. (2)). The D1 variable provides the best sepa-
ration between ¢7H signal and the dominant t74+bb back-
ground in the (> 6j, >4b) region. The SSLL variable further
improves the NN performance.

The variables used in the single-lepton and dilepton chan-
nels, as well as their ranking in each analysis region, are listed
in Tables 1 and 2, respectively. For the construction of vari-
ables in the (>4j, >4b) region of the dilepton channel, the
two b-jets that are closest in A R to the leptons are considered
to originate from the top quarks, and the other two b-jets are
assigned to the Higgs candidate.

Figures 7 and 8 show the distribution of the NN discrim-
inant for the ¢7 H signal and background in the single-lepton
and dilepton channels, respectively, in the signal-rich regions.
In particular, Fig. 7a shows the separation between the t7+HF
and z7+light-jet production achieved by a dedicated NN in
the (5j, 3b) region in the single-lepton channel. The distri-
butions in the highest-ranked input variables from each of
the NN regions are shown in Appendix C.

For all analysis regions considered in the fit, the t7 H signal
includes all Higgs decay modes. They are also included in
the NN training.

The analysis regions have different contributions from var-
ious systematic uncertainties, allowing the combined fit to
constrain them. The highly populated (4j, 2b) and (2j, 2b)
regions in the single-lepton and dilepton channels, respec-
tively, provide a powerful constraint on the overall nor-
malisation of the 7z background. The (4j, 2b), (5], 2b)
and (> 6j, 2b) regions in the single-lepton channel and the
(2j, 2b), (3j, 2b) and (>4, 2b) regions in the dilepton chan-
nel are almost pure in z7+light-jets background and pro-
vide an important constraint on 77 modelling uncertain-
ties both in terms of normalisation and shape. Uncertain-
ties on c-tagging are reduced by exploiting the large con-
tribution of W — c¢s decays in the t7+light-jets back-
ground populating the (4j, 3b) region in the single-lepton
channel. Finally, the consideration of regions with exactly
3 and > 4 b-jets in both channels, having different frac-
tions of t74+bb and ti+c¢ backgrounds, provides the abil-
ity to constrain uncertainties on the t7+bb and ti+cc
normalisations.

@ Springer



349 Page 10 of 50

Eur. Phys. J. C (2015) 75:349

Table 1 Single-lepton channel: the definitions and rankings of the variables considered in each of the regions where an NN is used

Variable Definition NN rank
>6j, >4b >6j, 3b 5§, >4b 5, 3b

D1 Neyman—Pearson MEM discriminant (Eq. (4)) 10 - -

Centrality Scalar sum of the pr divided by sum of the E for all jets and 2 2 1 -
the lepton

prie® pr of the fifth leading jet 3 7 - -

Hl Second Fox—Wolfram moment computed using all jets and the 4 3 2 -
lepton

AREEg Average AR for all b-tagged jet pairs 5 6 5 -

SSLL Logarithm of the summed signal likelihoods (Eq. (2)) 4 - -

m{)“bi"AR Mass of the combination of the two b-tagged jets with the 7 12 4 4
smallest AR

mg}ax pr Mass of the combination of a b-tagged jet and any jet with the 8 8 - -
largest vector sum pt

ARE;)ax Pr AR between the two b-tagged jets with the largest vector sum 9 - - -
pr

AR,‘?;;)[ ﬁll} AR between the lepton and the combination of the two 10 11 10 -
b-tagged jets with the smallest AR

mlTUi“AR Mass of the combination of the two untagged jets with the 11 9 - 2
smallest AR

Aplanp_jet 1.5X%,, where A is the second eigenvalue of the momentum 12 - 8 -
tensor [93] built with only b-tagged jets

Nfi; Number of jets with pt > 40 GeV - 1 3 -

mg}i“ AR Mass of the combination of a b-tagged jet and any jet with the - 5 - -
smallest AR

gmx pr Mass of the combination of any two jets with the largest vector - - 6 -

sum pr

Hphad Scalar sum of jet p - - -

m}’i‘i“ AR Mass of the combination of any two jets with the smallest AR - - 9 -

mELaX pr Mass of the combination of the two b-tagged jets with the - - - 1
largest vector sum pr

pq’ftiSuAR Scalar sum of the pt of the pair of untagged jets with the - - - 3
smallest AR

mpp* ™ Mass of the combination of the two b-tagged jets with the - - - 5
largest invariant mass

ARL‘]“uin AR Minimum AR between the two untagged jets - - -

mij Mass of the jet triplet with the largest vector sum pr - - -

7 The matrix element method

The matrix element method [94] has been used by the DO
and CDF collaborations for precision measurements of the
top quark mass [95,96] and for the observations of single top
quark production [97,98]. Recently this technique has been
used for the t7H search by the CMS experiment [99]. By
directly linking theoretical calculations and observed quan-
tities, it makes the most complete use of the kinematic infor-
mation of a given event.

The method calculates the probability density function of
an observed event to be consistent with physics process i

@ Springer

described by a set of parameters «. This probability density
function P; (x|a) is defined as

2 4
Py xle) = 2 [ dpadps £ (o) £ (o)
o; ()
M; 2
% W (ylx) doy (v) )

and is obtained by numerical integration over the entire phase
space of the initial- and final-state particles. In this equation,
x and y represent the four-momentum vectors of all final-
state particles at reconstruction and parton level, respectively.
The flux factor F and the Lorentz-invariant phase space ele-
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Table 2 Dilepton channel: the definitions and rankings of the variables considered in each of the regions where an NN is used

Variable Definition NN rank
>4j, >4b >4j, 3b 3j, 3b

Anjr?ax An Maximum An between any two jets in the event 1 1 1
mg“bi“AR Mass of the combination of the two b-tagged jets with the smallest AR 2 8 -
myp Mass of the two b-tagged jets from the Higgs candidate system 3 - -
ARL‘P“ AR AR between the Higgs candidate and the closest lepton 4 5 -
N?(;ggs Number of Higgs candidates within 30 GeV of the Higgs mass of 125 GeV 5 2 5
ARE::’X pr AR between the two b-tagged jets with the largest vector sum pr 6 4 8
Aplanje 1.5%2, where A is the second eigenvalue of the momentum tensor built with all jets 7 7 -
m}}‘i“ m Minimum dijet mass between any two jets 8 3 2
ARP™ AR AR between the Higgs candidate and the furthest lepton 9 - -
mjcjl"SeSl Dijet mass between any two jets closest to the Higgs mass of 125 GeV 10 - 10
Hy Scalar sum of jet pt and lepton pr values - 6 3
ARGX™ AR between the two b-tagged jets with the largest invariant mass - 9 -
ARl‘fin AR Minimum A R between any lepton and jet - 10 -
Centrality Sum of the pt divided by sum of the E for all jets and both leptons - - 7
mj';ax pr Mass of the combination of any two jets with the largest vector sum pr - - 9
H4 Fifth Fox—Wolfram moment computed using all jets and both leptons - - 4
prieB pr of the third leading jet - - 6

ment d® y describe the kinematics of the process. The transi-
tion matrix element M; is defined by the Feynman diagrams
of the hard process. The transfer functions W (y|x) map the
detector quantities x to the parton level quantities y. Finally,
the cross section aieXp normalises P; to unity taking accep-
tance and efficiency into account.

The assignment of reconstructed objects to final-state par-
tons in the hard process contains multiple ambiguities. The
process probability density is calculated for each allowed
assignment permutation of the jets to the final-state quarks
of the hard process. A process likelihood function can then be
built by summing the process probabilities for the NV}, allowed
assignment permutation,

Np
Li(xla) =Y PP (x|e). )

p=1

The process probability densities are used to distinguish
signal from background events by calculating the likelihood
ratio of the signal and background processes contributing
with fractions fpkg,

Esig (x]o)

> fokgLokg (X|ar)
bkg

3

Isig (X|a) =

This ratio, according to the Neyman—Pearson lemma [100],
is the most powerful discriminant between signal and back-

ground processes. In the analysis, this variable is used as
input to the NN along with other kinematic variables.

Matrix element calculation methods are generated with
MADGRAPH 5 in LO. The transfer functions are obtained
from simulation following a similar procedure as described in
Ref. [101]. For the modelling of the parton distribution func-
tions the CTEQ6L1 set from the LHAPDF package [102] is
used.

The integration is performed using VEGAS [103]. Due to
the complexity and high dimensionality, adaptive MC tech-
niques [104], simplifications and approximations are needed
to obtain results within a reasonable computing time. In par-
ticular, only the numerically most significant contributing
helicity states of a process hypothesis for a given event, iden-
tified at the start of each integration, are evaluated. This does
not perceptibly decrease the separation power but reduces
the calculation time by more than an order of magnitude.
Furthermore, several approximations are made to improve
the VEGAS convergence rate. Firstly, the dimensionality of
integration is reduced by assuming that the final-state object
directions in 1 and ¢ as well as charged lepton momenta
are well measured, and therefore the corresponding transfer
functions are represented by § functions. The total momen-
tum conservation and a negligible transverse momentum of
the initial-state partons allow for further reduction. Secondly,
kinematic transformations are utilised to optimise the inte-
gration over the remaining phase space by aligning the peaks
of the integrand with the integration dimensions. The narrow-
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Fig. 7 Single-lepton channel: NN output for the different regions. In

the

(5j, 3b) region (a), the t7+HF production is considered as signal

and t7+light as background whereas in the (5j, > 4b) (b), (> 6j, 3b)

2 - ATLAS Simulation £ 02F ATLAS Simulation
i 016 F E:BTeV — tt +light ; 0.18 - E:STeV — Total background
S 014 Single lepton _ S o016 b Single lepton _
= g 5j,3b - tt+HF s O f 5iz4p T ttH (m,, =125 GeV)
£ o012fF 2 = .
< E < 2
0.1 3
0.08 |- 3
0.06 |- E
0.04 - E
0.02 |- -
0 b Qbewnd™ v 1
-1 -05 0 0.5 1 -1 -05 0 0.5 1
NN output NN output
(a) (b)
2 [ ATLAS Simulation £ 018 FATLAS Simulation
0.08 - r
i b E =8TeV — Total background ; 016 \@ =8TeV — Total background
S 007F Single lepton _ S I Single lepton _
S "7"F 6430 0 fiH (m,, = 125 GeV) S 0146 54p ttH (m,, = 125 GeV)
S o006} o £ o
z : ZTonp
005 0.1 F
0.04 008 [
0.03 F 0.06 |-
0.02 F 0.04 [
001 F | | 0.02 f
0:‘..--:":‘\””\””\‘ Oidi""ﬂm‘”\””\
-1 -05 0 0.5 1 -1 05 0 0.5 1
NN output NN output
(©) @

(¢), and (> 6j, > 4b) (d) regions the NN output is for the ¢7 H signal and
total background. The distributions are normalised to unit area

.‘é’ 0.2 £ ATLAS Simulation % 0.2 FATLAS Simulation % [ ATLAS Simulation
; 0.18 F /s=8Tev —— Total background ; 018 F (s=8Tev —— Total background i 0.3F (s=8Tev —— Total background
F Dilepton - _ 2 0.16 [ Dilepton : _ S b Dilepton 5 _
S 0.16 - 3, 3b ttH (mH_125 GeV) 9 0.16 E >4j 3b ttH (mH_125 GeV) 9 0.25 } >4] >4b ttH (mH_125 GeV)
5 ol 5 0nt s |
< 012F < 012F L 02f
a 0.1F i
01Ff g 0.15 |-
0.08 | 0.08 o s
0.06 £ 0.06 |- 01|
a 0.04F :
004} - 0.05 F :
0.02 - 0.02 F " F
03 E N N S A R B Bl aruurur
-1 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
NN output NN output NN output
@ (b) (c)

Fig. 8 Dilepton channel: NN output for the /7H signal and total background in the a (3j, 3b), b (>4j, 3b), and ¢ (>4j, >4b) regions. The

distributions are normalised to unit area

invariant mass of the two b-quarks originating from either the
Higgs boson for the signal or a gluon for the background as
the remaining parameters which define the integration phase

width approximation is applied to the leptonically decaying
W boson. This leaves three b-quark energies, one light-quark
energy, the hadronically decaying W boson mass and the
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space. The total integration volume is restricted based upon
the observed values and the width of the transfer functions
and of the propagator peaks in the matrix elements. Finally,
the likelihood contributions of all allowed assignment per-
mutations are coarsely integrated, and only for the leading
twelve assignment permutations is the full integration per-
formed, with a required precision decreasing according to
their relative contributions.

The signal hypothesis is defined as a SM Higgs boson
produced in association with a top-quark pair as shown in
Fig. 1a, b. Hence no coupling of the Higgs boson to the
W boson is accounted for in |M;|? to allow for a consis-
tent treatment when performing the kinematic transforma-
tion. The Higgs boson is required to decay into a pair of b-
quarks, while the top-quark pair decays into the single-lepton
channel. For the background hypothesis, only the diagrams
of the irreducible t7+bb background are considered. Since
it dominates the most signal-rich analysis regions, inclusion
of other processes does not improve the separation between
signal and background. No gluon radiation from the final-
state quarks is allowed, since these are kinematically sup-
pressed and difficult to treat in any kinematic transformation
aiming for phase-space alignment during the integration pro-
cess. In the definition of the signal and background hypothe-
sis the LO diagrams are required to have a top-quark pair as
an intermediate state resulting in exactly four b-quarks, two
light quarks, one charged lepton (electron or muon) and one
neutrino in the final state. Assuming lepton universality and
invariance under charge conjugation, diagrams of only one
lepton flavour and of only negative charge (electron) are con-
sidered. The probability density function calculation of the
signal and background is only performed in the (> 6j, 3b)
and (> 6j, >4b) regions of the single-lepton channel. Only
six reconstructed jets are considered in the calculation: the
four jets with the highest value of the probability to be a
b-jet returned by the b-tagging algorithm (i.e. the highest b-
tagging weight) and two of the remaining jets with an invari-
ant mass closest to the W boson mass of 80.4 GeV. If ajetis b-
tagged it cannot be assigned to a light quark in the matrix ele-
ment description. In the case of more than four b-tagged jets,
only the four with the highest b-tagging weight are treated
as b-tagged. Assignment permutations between the two light
quarks of the hadronically decaying W boson and between
the two b-quarks originating from the Higgs boson or gluon
result in the same likelihood value and are thus not consid-
ered. As a result there are in total 12 and 36 assignment per-
mutations in the (> 6j, >4b) and (> 6j, 3b) region, respec-
tively, which need to be evaluated in the coarse integration
phase.

Using the 7 H process as the signal hypothesis and the
t1+bb process as the background hypothesis, a slightly mod-
ified version of Eq. (3) is used to define the likelihood ratio
D1:

Ltt_H

D1 = ,
Lig +o- En’+h}3

“)

where o = 0.23 is a relative normalisation factor chosen to
optimise the performance of the discriminant given the finite
bin sizes of the D1 distribution. In this definition, signal-like
and background-like events have D1 values close to one and
zero, respectively. The logarithm of the summed signal like-
lihoods defined by Eq. (2) and the ratio D1 are included in the
NN training in both the (> 6j, 3b) and (> 6j, > 4b) regions.

8 Systematic uncertainties

Several sources of systematic uncertainty are considered that
can affect the normalisation of signal and background and/or
the shape of their final discriminant distributions. Individual
sources of systematic uncertainty are considered uncorre-
lated. Correlations of a given systematic effect are maintained
across processes and channels. Table 3 presents a summary of
the sources of systematic uncertainty considered in the anal-
ysis, indicating whether they are taken to be normalisation-
only, shape-only, or to affect both shape and normalisation.
In Appendix D, the normalisation impact of the systematic
uncertainties are shown on the ¢f background as well as on
the 17 H signal.

In order to reduce the degradation of the sensitivity of the
search due to systematic uncertainties, they are fitted to data
in the statistical analysis, exploiting the constraining power
from the background-dominated regions described in Sect. 4.
Each systematic uncertainty is represented by an independent
parameter, referred to as a “nuisance parameter”, and is fit-
ted with a Gaussian prior for the shape differences and a
log-normal distribution for the normalisation. They are cen-
tred around zero with a width that corresponds to the given
uncertainty.

8.1 Luminosity

The uncertainty on the integrated luminosity for the data set
used in this analysis is 2.8 %. It is derived following the same
methodology as that detailed in Ref. [105]. This systematic
uncertainty is applied to all contributions determined from
the MC simulation.

8.2 Uncertainties on physics objects

8.2.1 Leptons

Uncertainties associated with the lepton selection arise from
the trigger, reconstruction, identification, isolation and lepton

momentum scale and resolution. In total, uncertainties asso-
ciated with electrons (muons) include five (six) components.
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Table 3 List of systematic uncertainties considered. An “N” means
that the uncertainty is taken as normalisation-only for all processes and
channels affected, whereas an “S” denotes systematic uncertainties that
are considered shape-only in all processes and channels. An “SN” means
that the uncertainty is taken on both shape and normalisation. Some of
the systematic uncertainties are split into several components for a more
accurate treatment. This is the number indicated in the column labelled
as “Comp.”

Systematic uncertainty Type Comp.
Luminosity N 1
Physics objects

Electron SN

Muon SN

Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging efficiency SN 6
c-tagging efficiency SN 4
Light-jet tagging efficiency SN 12
High-pt tagging efficiency SN 1
Background model

t1 cross section N 1
tf modelling: pt reweighting SN 9
tf modelling: parton shower SN 3
tt+heavy-flavour: normalisation N 2
tt+cc: pr reweighting SN 2
tf+cc: generator SN 4
t1+bb: NLO Shape SN 8
W+jets normalisation N 3
W pt reweighting SN 1
Z+jets normalisation N 3
Z pr reweighting SN 1
Lepton misID normalisation N 3
Lepton misID shape S 3
Single top cross section N 1
Single top model SN 1
Diboson+jets normalisation N 3
tf + V cross section N 1
t7 + V model SN 1
Signal model

t1H scale SN 2
ttH generator SN 1
t7 H hadronisation SN 1
ttH PDF SN 1
8.2.2 Jets

Uncertainties associated with the jet selection arise from the
jet energy scale (JES), jet vertex fraction requirement, jet

@ Springer

energy resolution and jet reconstruction efficiency. Among
these, the JES uncertainty has the largest impact on the analy-
sis. The JES and its uncertainty are derived combining infor-
mation from test-beam data, LHC collision data and simu-
lation [35]. The jet energy scale uncertainty is split into 22
uncorrelated sources which can have different jet pt and 7
dependencies. In this analysis, the largest jet energy scale
uncertainty arises from the n dependence of the JES calibra-
tion in the end-cap regions of the calorimeter. It is the second
leading uncertainty.

8.2.3 Heavy- and light-flavour tagging

A total of six (four) independent sources of uncertainty affect-
ing the b(c)-tagging efficiency are considered [37]. Each of
these uncertainties corresponds to an eigenvector resulting
from diagonalising the matrix containing the information
about the total uncertainty per jet pt bin and the bin-to-
bin correlations. An additional uncertainty is assigned due to
the extrapolation of the b-tagging efficiency measurement to
the high- pt region. Twelve uncertainties are considered for
the light-jet tagging and they depend on jet pt and . These
systematic uncertainties are taken as uncorrelated between
b-jets, c-jets, and light-flavour jets.

No additional systematic uncertainty is assigned due to
the use of parameterisations of the b-tagging probabilities
instead of applying the b-tagging algorithm directly since
the difference between these two approaches is negligible
compared to the other sources.

8.3 Uncertainties on background modelling
8.3.1 ti+jets modelling

An uncertainty of +6.5 %/—6 % is assumed for the inclusive 77
production cross section. It includes uncertainties from the
top quark mass and choices of the PDF and «as. The PDF
and as uncertainties are calculated using the PDF4LHC pre-
scription [106] with the MSTW2008 68 % CL NNLO, CT10
NNLO [107] and NNPDF2.3 5f FFN [108] PDF sets, and are
added in quadrature to the scale uncertainty. Other system-
atic uncertainties affecting the modelling of r7+jets include
uncertainties due to the choice of parton shower and hadro-
nisation model, as well as several uncertainties related to the
reweighting procedure applied to improve the ¢ MC model.
Additional uncertainties are assigned to account for limited
knowledge of t7+HF jets production. They are described later
in this section.

Asdiscussed in Sect. 5, to improve the agreement between
data and the ¢7 simulation a reweighting procedure is applied
to t7 MC events based on the difference in the top quark
pr and 7 system pr distributions between data and sim-
ulation at /s = 7TeV [57]. The nine largest uncertain-
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ties associated with the experimental measurement of top
quark and ¢f system pr, representing approximately 95 % of
the total experimental uncertainty on the measurement, are
considered as separate uncertainty sources in the reweight-
ing applied to the MC prediction. The largest uncertain-
ties on the measurement of the differential distributions
include radiation modelling in ¢7 events, the choice of gen-
erator to simulate ¢7 production, uncertainties on the com-
ponents of jet energy scale and resolution, and flavour
tagging.

Because the measurement is performed for the inclusive
tf sample and the size of the uncertainties applicable to
the tf+cc¢ component is not known, two additional uncorre-
lated uncertainties are assigned to t7+cc events, consisting
of the full difference between applying and not applying the
reweightings of the ¢7 system pr and top quark pr, respec-
tively.

An uncertainty due to the choice of parton shower and
hadronisation model is derived by comparing events pro-
duced by POWHEG interfaced with PYTHIA or HERWIG.
Effects on the shapes are compared, symmetrised and applied
to the shapes predicted by the default model. Given that the
change of the parton shower model leads to two separate
effects — a change in the number of jets and a change of
the heavy-flavour content — the parton shower uncertainty is
represented by three parameters, one acting on the r7+light
contribution and two others on the t7+c¢ and t7+bb contri-
butions. These three parameters are treated as uncorrelated
in the fit.

Detailed comparisons of t7+bb production between
POWHEG+PYTHIA and an NLO prediction of ¢7+bb produc-
tion based on SHERPAOL have shown that the cross sections
agree within 50% of each other. Therefore, a systematic
uncertainty of 50% is applied to the t7+bb component of
the t7+jets background obtained from the POWHEG+PYTHIA
MC simulation. In the absence of an NLO prediction for
the tf+cc background, the same 50% systematic uncer-
tainty is applied to the tf4+c¢ component, and the uncer-
tainties on ¢7+bb and t7+c¢ are treated as uncorrelated. The
large available data sample allows the determination of the
ti+bb and ri+c¢ normalisations with much better precision,
approximately 15 and 30 %, respectively (see Appendix D).
Thus, the final result does not significantly depend on the
exact value of the assumed prior uncertainty, as long as it is
larger than the precision with which the data can constrain
it. However, even after the reduction, the uncertainties on
the t7+bb and the t74c¢ background normalisation are still
the leading and the third leading uncertainty in the analysis,
respectively.

Four additional systematic uncertainties in the r7+cc
background estimate are derived from the simultaneous vari-
ation of factorisation and renormalisation scales, match-
ing threshold and c-quark mass variations in the MAD-

GRAPH+PYTHIA ¢ simulation, and the difference between
the ##+cc simulation in MADGRAPH+PYTHIA and POWHEG
+PYTHIA since MADGRAPH+PYTHIA includes the 17 +cc pro-
cess in the matrix element calculation while it is absent in
POWHEG+PYTHIA.

For the ti+bb background, three scale uncertainties,
including changing the functional form of the renormali-
sation scale to ur = (m;m bg)l/ 2 changing the functional
form of the factorisation ©f and resummation 1 scales to
we = 1Q = [liziipip Ell-/ 14 and varying the renormalisa-
tion scale ur by a factor of two up and down are evaluated.
Additionally, the shower recoil model uncertainty and two
uncertainties due to the PDF choice in the SHERPAOL NLO
calculation are quoted. The effect of these variations on the
contribution of different 17+bb event categories is shown
in Fig. 9. The renormalisation scale choice and the shower
recoil scheme have a large effect on the modelling of t7+bb.
They provide large shape variations of the NN discriminants
resulting in the fourth and sixth leading uncertainties in this
analysis.

Finally, two uncertainties due to r74+bb production via
multiparton interaction and final-state radiation which are
not present in the SHERPAOL NLO calculation are applied.
Overall, the uncertainties on ¢7+bb normalisation and mod-
elling result in about a 55 % total uncertainty on the t7+bb
background contribution in the most sensitive (> 6j, >4b)
and (>4j, >4b) regions.

8.3.2 The W/ Z+jets modelling

As discussed in Sect. 5, the W/Z+jets contributions are
obtained from the simulation and normalised to the inclu-
sive theoretical cross sections, and a reweighting is applied
to improve the modelling of the W/Z boson prt spectrum.
The full difference between applying and not applying the
W /Z boson pt reweighting is taken as a systematic uncer-
tainty, which is then assumed to be symmetric with respect
to the central value. Additional uncertainties are assigned
due to the extrapolation of the W/Z+jets estimate to high jet
multiplicity.

8.3.3 Misidentified lepton background modelling

Systematic uncertainties on the misidentified lepton back-
ground estimated via the matrix method [38] in the single-
lepton channel receive contributions from the limited number
of data events, particularly at high jet and b-tag multiplici-
ties, from the subtraction of the prompt-lepton contribution
as well as from the uncertainty on the lepton misidentifi-
cation rates, estimated in different control regions. The sta-
tistical uncertainty is uncorrelated among the different jet
and b-tag multiplicity bins. An uncertainty of 50% asso-
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Fig. 9 Systematic uncertainties on the #7-+bb contribution based on a
scale variations and b PDF choice and shower recoil model of the SHER-
PAOL simulation. The effect of a given systematic uncertainty is shown

ciated with the lepton misidentification rate measurements
is assumed, which is taken as correlated across jet and b-
tag multiplicity bins, but uncorrelated between electron and
muon channels. Uncertainty on the shape of the misiden-
tified lepton background arises from the prompt-lepton
background subtraction and the misidentified lepton rate
measurement.

In the dilepton channel, since the misidentified lepton
background is estimated using both the simulation and same-
sign dilepton events in data, a 50 % normalisation uncertainty
is assigned to cover the maximum difference between the two
methods. It is taken as correlated among the different jet and
b-tag multiplicity bins. An additional uncertainty is applied to
cover the difference in shape between the predictions derived
from the simulation and from same-sign dilepton events in
data.

8.3.4 Electroweak background modelling

Uncertainties of +5 %/—4 % and £6.8 % are used for the the-
oretical cross sections of single top production in the single-
lepton and dilepton channels [64,65], respectively. The for-
mer corresponds to the weighted average of the theoretical
uncertainties on s-, - and W¢-channel production, while
the latter corresponds to the theoretical uncertainty on Wt-
channel production, the only single top process contributing
to the dilepton final state.
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across the different r7-+bb categories. The effect of migration between
categories is covered by variations of these systematic uncertainties

The uncertainty on the diboson background rates includes
an uncertainty on the inclusive diboson NLO cross section of
45 % [62] and uncertainties to account for the extrapolation
to high jet multiplicity.

Finally, an uncertainty of 30 % is assumed for the the-
oretical cross sections of the t7+V [70,71] background. An
additional uncertainty on 74V modelling arises from vari-
ations in the amount of initial-state radiation. The t7 + Z
background with Z boson decaying into a bb pair is an
irreducible background to the rtH, H — bb signal, and as
such, has kinematics and an NN discriminant shape similar
to those of the signal. The uncertainty on the 774V back-
ground normalisation is the fifth leading uncertainty in the
analysis.

8.4 Uncertainties on signal modelling

Dedicated NLO POWHEL samples are used to evaluate the
impact of the choice of factorisation and renormalisation
scales on the ¢7H signal kinematics. In these samples the
default scale is varied by a factor of two up and down.
The effect of the variations on ¢7H distributions was stud-
ied at particle level and the nominal POWHEL t7H sam-
ple was reweighted to reproduce these variations. In a
similar way, the nominal sample is reweighted to repro-
duce the effect of changing the functional form of the
scale. Additional uncertainties on the tfH signal due to



Eur. Phys. J. C (2015) 75:349

Page 17 of 50 349

w -

z ATLAS 4+ Data [fiH (125)
Q 10° Vs=8TeV, 203" O fi+v [ fti+light
w Single lepton (] nontt [] tt+cT

v Totalunc. [l  tt+bb
o7 ttH (125)

Post-fit

[}
L]
:

EEaRhl SEEERCEE FESRed 20 ISE aaads 14
0.75

o N}
3 3]
T

n

Data / Pred

s
IS

o

-
©

00 .99 90 2D .20 .ab _aD _a0 _AD
A 2oentTa® 5\‘326\‘3A'\‘2A5'\7/i6'\7’b‘

(a)

Fig. 10 Eventyields in all analysis regions in a the single-lepton chan-
nel and b the dilepton channel after the combined fit to data under the
signal-plus-background hypothesis. The signal, normalised to the fit-

the choice of PDF, parton shower and fragmentation model
and NLO generator are also considered. The effect of the
PDF uncertainty on the ¢7H signal is evaluated follow-
ing the recommendation of the PDFALHC. The uncertainty
in the parton shower and fragmentation is evaluated by
comparing POWHEL+PYTHIA8 and POWHEL+HERWIG sam-
ples, while the uncertainty due to a generator choice is
evaluated by comparing POWHEL+PYTHIAS with MAD-
GRAPHS5_AMC@NLO [109] interfaced with HERWIG++
[110,111].

9 Statistical methods

The distributions of the discriminants from each of the
channels and regions considered are combined to test for
the presence of a signal, assuming a Higgs boson mass of
mp = 125 GeV . The statistical analysis is based on a binned
likelihood function £(u, €) constructed as a product of Pois-
son probability terms over all bins considered in the analy-
sis. The likelihood function depends on the signal-strength
parameter u, defined as the ratio of the observed/expected
cross section to the SM cross section, and 6, denoting the
set of nuisance parameters that encode the effects of sys-
tematic uncertainties on the signal and background expecta-
tions. They are implemented in the likelihood function as
Gaussian or log-normal priors. Therefore, the total num-
ber of expected events in a given bin depends on u and
0. The nuisance parameters 6 adjust the expectations for
signal and background according to the corresponding sys-
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ted i, is shown both as a filled area stacked on the other backgrounds
and separately as a dashed line. The hashed area represents the total
uncertainty on the yields

tematic uncertainties, and their fitted values correspond to
the amount that best fits the data. This procedure allows the
impact of systematic uncertainties on the search sensitivity
to be reduced by taking advantage of the highly populated
background-dominated control regions included in the like-
lihood fit. It requires a good understanding of the system-
atic effects affecting the shapes of the discriminant distribu-
tions. The test statistic g, is defined as the profile likelihood

ratio: ¢, = —2In(L(u, éu)/ﬂ(/l, 0)), where /i and 6 are
the values of the parameters that maximise the ljkelihood
function (with the constraints 0 < & < w), and GAM are the
values of the nuisance parameters that maximise the likeli-
hood function for a given value of w. This test statistic is used
to measure the compatibility of the observed data with the
background-only hypothesis (i.e. for © = 0), and to make sta-
tistical inferences about w, such as upper limits using the CLg
method [112-114] as implemented in the ROOFIT package
[115,116].

To obtain the final result, a simultaneous fit to the data
is performed on the distributions of the discriminants in
15 regions: nine analysis regions in the single-lepton chan-
nel and six regions in the dilepton channel. Fits are per-
formed under the signal-plus-background hypothesis, where
the signal-strength parameter p is the parameter of inter-
est in the fit and is allowed to float freely, but is required
to be the same in all 15 fit regions. The normalisation of
each background is determined from the fit simultaneously
with . Contributions from ¢z, W/Z+jets production, sin-
gle top, diboson and 7V backgrounds are constrained by
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Fig. 11 Single-lepton channel: comparison between data and predic-
tion for the discriminant variable used in the (4j, 2b) region a before
the fit and b after the fit, in the (4j, 2b) region ¢ before the fit and d
after the fit, in the (4], 4b) region e before the fit and f after the fit. The
fit is performed on data under the signal-plus-background hypothesis.
The last bin in all figures contains the overflow. The bottom panel dis-
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plays the ratio of data to the total prediction. An arrow indicates that
the point is oft-scale. The hashed area represents the uncertainty on the
background. The ¢7 H signal yield (solid) is normalised to the SM cross
section before the fit and to the fitted p after the fit. In several regions,
predominantly the control regions, the t7H signal yield is not visible
on top of the large background
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Fig. 12 Single-lepton channel: comparison of data and prediction for
the discriminant variable used in the (5j, 2b) region a before the fit
and b after the fit, in the (5j, 3b) region ¢ before the fit and d after
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fit is peformed on data under the signal-plus-background hypothesis.
The last bin in all figures contains the overflow. The bottom panel dis-
plays the ratio of data to the total prediction. An arrow indicates that
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the point is oft-scale. The hashed area represents the uncertainty on the
background. The dashed line shows tt H signal distribution normalised
to background yield. The 77 H signal yield (solid) is normalised to the
SM cross section before the fit and to the fitted u after the fit. In several
regions, predominantly the control regions, the /7 H signal yield is not
visible on top of the large background
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the fit, in the (> 6], >4b) region e before the fit and f after the fit. The
fit is performed on data under the signal-plus-background hypothesis.
The last bin in all figures contains the overflow. The bottom panel dis-
plays the ratio of data to the total prediction. An arrow indicates that
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the point is off-scale. The hashed area represents the uncertainty on the
background. The dashed line shows t7 H signal distribution normalised
to background yield. The 17 H signal yield (solid) is normalised to the
SM cross section before the fit and to the fitted u after the fit. In several
regions, predominantly the control regions, the 7 H signal yield is not
visible on top of the large background
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Fig. 14 Dilepton channel: comparison of data and prediction for the
discriminant variable used in the (2j, 2b) region a before the fit and b
after the fit, in the (3j, 2b) region ¢ before the fit and d after the fit,
in the (3j, 3b) region e before the fit and f after the fit. The fit is per-
formed on data under the signal-plus-background hypothesis. The last
bin in all figures contains the overflow. The bottom panel displays the
ratio of data to the total prediction. An arrow indicates that the point
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is off-scale. The hashed area represents the uncertainty on the back-
ground. The dashed line shows tfH signal distribution normalised to
background yield. The 77 H signal yield (solid) is normalised to the SM
cross section before the fit and to the fitted u after the fit. In several
regions, predominantly the control regions, the 7 H signal yield is not
visible on top of the large background
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Fig. 15 Dilepton channel: comparison of data and prediction for the
discriminant variable used in the (>4j, 2b) region a before the fit and
b after the fit, in the (>4j, 3b) region c before the fit and d after the
fit, in the (>4j, >4b) region e before the fit and f after the fit. The
fit is performed on data under the signal-plus-background hypothesis.
The last bin in all figures contains the overflow. The bottom panel dis-
plays the ratio of data to the total prediction. An arrow indicates that
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the point is off-scale. The hashed area represents the uncertainty on the
background. The dashed line shows tt H signal distribution normalised
to background yield. The 77 H signal yield (solid) is normalised to the
SM cross section before the fit and to the fitted u after the fit. In several
regions, predominantly the control regions, the 7 H signal yield is not
visible on top of the large background
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the uncertainties of the respective theoretical calculations,
the uncertainty on the luminosity, and the data themselves.
Statistical uncertainties in each bin of the discriminant dis-
tributions are taken into account by dedicated parameters
in the fit. The performance of the fit is tested using simu-
lated events by injecting 17 H signal with a variable signal
strength and comparing it to the fitted value. Good agree-
ment between the injected and measured signal strength is
observed.

10 Results

The results of the binned likelihood fit to data described
in Sect. 9 are presented in this section. Figure 10 shows
the yields after the fit in all analysis regions in the single-
lepton and dilepton channels. The post-fit event yields and
the corresponding /B and S/~/B ratios are summarised in
Appendix E.

Figures 11, 12, 13, 14 and 15 show a comparison of data
and prediction for the discriminating variables (either Hphad,
Hr, or NN discriminants) for each of the regions considered
in the single-lepton and dilepton channels, respectively, both
pre- and post-fit to data. The uncertainties decrease signifi-
cantly in all regions due to constraints provided by data and
correlations between different sources of uncertainty intro-
duced by the fit to the data. In Appendix F, the most highly
discriminating variables in the NN are shown post-fit com-
pared to data.

Table 4 shows the observed u values obtained from the
individual fits in the single-lepton and dilepton channels, and
their combination. The signal strength from the combined fit
formpy = 125 GeV is:

puimpg =125GeV) =15+ 1.1. 4)

The expected uncertainty for the signal strength (u = 1)
is £1.1. The observed (expected) significance of the sig-
nal is 1.4 (1.1) standard deviations, which corresponds to
an observed (expected) p-value of 8% (15%). The prob-
ability, p, to obtain a result at least as signal-like as
observed if no signal is present is calculated using gy =

—2In(£(0, 6,)/L(jt, 0)) as a test statistic.

Table 4 The fitted values of signal strength and their uncertainties for
the individual channels as well as their combination, assuming my =
125 GeV . Total uncertainties are shown

Signal strength nw Uncertainty
Single lepton 1.2 1.3
Dilepton 2.8 2.0
Combination 1.5 1.1

T T T T T T
| — tot. ATLAS Vs=8TeV,203f"
stal. g (Hobb)  (tot) (stat)
Dilepton —_———y 28+20 (1.4) |
Lepton+jets ——e— 1.2+£13 (0.8)
Combination - FH—e—H 15+1.1 (0.7) 7
I - A TS S AT SN S NN SN ST SN SN SO S S
0 2 4 6 8 10

Best fit y=c/c__for m =125 GeV
SM

Fig. 16 The fitted values of the signal strength and their uncertainties
for the individual channels and their combination. The green line shows
the statistical uncertainty on the signal strength

Dilepton ATLAS

ttH (H—bb)
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Lepton+jets
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------- Injected signal (u=1)
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95% CL limit on o/c,, at m =125 GeV

Fig. 17 95 % CL upper limits on o (¢t H) relative to the SM predic-
tion, o /osm, for the individual channels as well as their combination.
The observed limits (solid lines) are compared to the expected (median)
limits under the background-only hypothesis and under the signal-plus-
background hypothesis assuming the SM prediction for o (¢f H) and pre-
fit prediction for the background. The surrounding shaded bands corre-
spond to the 68 and 95 % confidence intervals around the expected lim-
its under the background-only hypothesis, denoted by 10 and +20,
respectively

The fitted values of the signal strength and their uncer-
tainties for the individual channels and their combination are
shown in Fig. 16.

The observed limits, those expected with and without
assuming a SM Higgs boson with my = 125 GeV , for each
channel and their combination are shown in Fig. 17. A sig-
nal 3.4 times larger than predicted by the SM is excluded at
95 % CL using the CLs method. A signal 2.2 times larger
than for the SM Higgs boson is expected to be excluded
in the case of no SM Higgs boson, and 3.1 times larger in
the case of a SM Higgs boson. This is also summarised in
Table 5.
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Table 5 Observed and expected (median, for the background-only
hypothesis) 95 % CL upper limits on o (17 H) relative to the SM predic-
tion, for the individual channels as well as their combination, assuming
mpy = 125GeV. The 68 and 95 % confidence intervals around the

expected limits under the background-only hypothesis are also pro-
vided, denoted by +10 and £20, respectively. The expected (median)
95 % CL upper limits assuming the SM prediction for o (tf H) are shown
in the last column

95 % CL upper limit Observed —20 —lo Median +1lo +20 Median (n = 1)
Single lepton 3.6 1.4 1.9 2.6 3.7 4.9 3.6
Dilepton 6.7 22 3.0 4.1 5.8 7.7 4.7
Combination 34 1.2 1.6 22 3.0 4.1 3.1

S o8 - ATLAS —4 Data (1 = 1.5) and the background is obtained from the global
- E - H (1 =15) fit. A signal strength 3.4 times larger than predicted by the
g C o ' SM, which is excluded at 95 % CL by this analysis, is also
Lﬁ B ftH (HQS% exc|.=3'4) shown.
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Fig. 18 Event yields as a function of log;y(S/B), where S (signal
yield) and B (background yield) are taken from the Hr"d Hp and
NN output bin of each event. Events in all fitted regions are included.
The predicted background is obtained from the global signal-plus-
background fit. The 7 H signal is shown both for the best fit value
(u = 1.5) and for the upper limit at 95% CL (u = 3.4)

Figure 18 summarises post-fit event yields as a func-
tion of logy(S/B), for all bins of the distributions used
in the combined fit of the single-lepton and dilepton chan-
nels. The value of log;,(S/B) is calculated according to the
post-fit yields in each bin of the fitted distributions, either
HThad, Hr, or NN. The total number of background and
signal events is displayed in bins of log;y(S/B). In par-
ticular, the last bin of Fig. 18 includes the two last bins
from the most signal-rich region of the NN distribution in
(>6j, >4b) and the two last bins from the most signal-
rich region of the NN in (>4j, >4b) from the fit. The sig-
nal is normalised to the fitted value of the signal strength

@ Springer

Figure 19 demonstrates the effect of various systematic
uncertainties on the fitted value of u and the constraints
provided by the data. The post-fit effect on w is calculated
by fixing the corresponding nuisance parameter at 6 + o,
where 6 is the fitted value of the nuisance parameter and
op is its post-fit uncertainty, and performing the fit again.
The difference between the default and the modified wu,
Apu, represents the effect on p of this particular systematic
uncertainty. The largest effect arises from the uncertainty
in normalisation of the irreducible 7+bb background. This
uncertainty is reduced by more than one half from the ini-
tial 50%. The ti+bb background normalisation is pulled
up by about 40 % in the fit, resulting in an increase in the
observed t7+bb yield with respect to the POWHEG+PYTHIA
prediction. Most of the reduction in uncertainty on the
tt4+bb normalisation is the result of the significant num-
ber of data events in the signal-rich regions dominated by
t1+bb background. With no Gaussian prior considered on
the t7+bb normalisation, as described in Sect. 8, the fit still
prefers an increase in the amount of t7+bb background by
about 40 %.

The t7+bb modelling uncertainties affecting the shape of
this background also have a significant effect on . These
systematic uncertainties affect only the 77+bb modelling and
are not correlated with the other 7+jets backgrounds. The
largest of the uncertainties is given by the renormalisation
scale choice. The uncertainty drastically changes the shape
of the NN for the ¢7+bb background, making it appear more
signal-like.

The t7+c¢ normalisation uncertainty is ranked third
(Fig. 19) and its pull is slightly negative, while the post-
fit yields for t7+cC increase significantly in the four- and
five-jet regions in the single-lepton channel and in the two-
and three-jet regions of the dilepton channel (see Tables 10,
11 of Appendix 1). It was verified that this effect is caused
by the interplay between the ¢7+cc¢ normalisation uncertainty
and several other systematic uncertainties affecting the r7+cc
background yield.
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Fig. 19 The fitted values of the nuisance parameters with the largest
impact on the measured signal strength. The points, which are drawn
conforming to the scale of the bottom axis, show the deviation of each
of the fitted nuisance parameters, é, from 6, which is the nominal value
of that nuisance parameter, in units of the pre-fit standard deviation Af.
The error bars show the post-fit uncertainties, oy, which are close to
1 if the data do not provide any further constraint on that uncertainty.
Conversely, a value of oy much smaller than 1 indicates a significant
reduction with respect to the original uncertainty. The nuisance param-
eters are sorted according to the post-fit effect of each on u (hashed
blue area) conforming to the scale of the top axis, with those with the
largest impact at the top

The noticeable effect of the light-jet tagging (mistag) sys-
tematic uncertainty is explained by the relatively large frac-
tion of the 77+light background in the signal region with
four b-jets in the single-lepton channel. The ¢7+light events
enter the 4-b-tag region through a mistag as opposed to
the 3-b-tag region where tagging a c-jet from a W boson
decay is more likely. Since the amount of data in the 4-b-tag
regions is not large this uncertainty cannot be constrained
significantly.

The t7 + Z background with Z — bb is an irreducible
background to the 77 H signal as it has the same number of
b-jets in the final state and similar event kinematics. Its nor-
malisation has a notable effecton p (dpu/do (¢2V) = 0.3) and

the uncertainty arising from the ¢£+V normalisation cannot
be significantly constrained by the fit. Other leading uncer-
tainties include b-tagging and some components of the JES
uncertainty.

Uncertainties arising from jet energy resolution, jet ver-
tex fraction, jet reconstruction and JES that affect primarily
low pr jets as well as the r7+light-jet background modelling
uncertainties are constrained mainly in the signal-depleted
regions. These uncertainties do not have a significant effect
on the fitted value of .

11 Summary

A search has been performed for the Standard Model Higgs
boson produced in association with a top-quark pair (¢ H)
using 20.3 fb~! of pp collision data at /s = 8 TeV collected
with the ATLAS detector during the first run of the Large
Hadron Collider. The search focuses on H — bb decays,
and is performed in events with either one or two charged
leptons.

To improve sensitivity, the search employs a likelihood fit
to data in several jet and b-tagged jet multiplicity regions.
Systematic uncertainties included in the fit are significantly
constrained by the data. Discrimination between signal and
background is obtained in both final states by employing
neural networks in the signal-rich regions. In the single-
lepton channel, discriminating variables are calculated using
the matrix element technique. They are used in addition
to kinematic variables as input to the neural network. No
significant excess of events above the background expec-
tation is found for a Standard Model Higgs boson with a
mass of 125 GeV. An observed (expected) 95 % confidence-
level upper limit of 3.4 (2.2) times the Standard Model cross
section is obtained. By performing a fit under the signal-
plus-background hypothesis, the ratio of the measured sig-
nal strength to the Standard Model expectation is found to
bepu=15=+1.1.
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Appendix A: Higgs boson decay modes

Figure 20 shows the contributions of different Higgs boson
decay modes in each of the analysis regions in the single-
lepton and dilepton channels. The H — bb decay is the dom-
inant contribution in the signal-rich regions.

Appendix B: Event yields prior to the fit

The event yields prior to the fit for the combined e+jets and
u+jets samples for the different regions considered in the
analysis are summarised in Table 6.

The event yields prior to the fit for the combined ee+jets,
np+jets and ep+jets samples for the different regions con-
sidered in the dilepton channel are summarised in Table 7.
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Appendix C: Discrimination power of input variables

Figures 21, 22,23, 24,25, 26 and 27 show the discrimination
between signal and background for the top four input vari-
ables in each region where NN is used in the single-lepton
and dilepton channels, respectively. In Fig. 21, the NN is
designed to separate ¢7+HF from ¢7+light.

Appendix D: Tables of systematic uncertainties in the sig-
nal region

Tables 8 and 9 show pre-fit and post-fit contributions of
the different categories of uncertainties (expressed in %)
for the t7H signal and main background processes in the
(>6j, >4b) region of the single-lepton channel and the
(>4j, > 4b) region of the dilepton channel, respectively.

The “Lepton efficiency” category includes systematic
uncertainties on electrons and muons listed in Table 3. The
“Jetefficiency” category includes uncertainties on the jet ver-
tex fraction and jet reconstruction. The “sf heavy-flavour
modelling” category includes uncertainties on the t7+bb
NLO shape and on the t7+cl pt reweighting and generator.
The “Theoretical cross sections” category includes uncer-
tainties on the single top, diboson, V+jets and 17+ V theoret-
ical cross sections. The “¢f H modelling” category includes
contributions from ¢7 H scale, generator, hadronisation model
and PDF choice. The details of the evaluation of the uncer-
tainties can be found in Sect. 8.

Appendix E: Post-fit event yields

The post-fit event yields for the combined single-lepton chan-
nel for the different regions considered in the analysis are
summarised in Table 10. Similarly, the post-fit event yields
for the combined dilepton channels for the different regions
are summarised in Table 11.

ATLAS
Simulation

2j,2b

m,, = 125 GeV
Vs =8TeV

I ttH, H—bb

[ ttH, H>ww
M ttH, H>T
[OttH, H—gg
[C]ttH, H—others

3j,2b 3j,3b

>4j2b >4} 3b >4j>4b

Dilepton

(b)

Fig. 20 Contribution of various Higgs boson decay modes to the analysis regions in a the single-lepton channel and b the dilepton channel
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Table 6 Single lepton channel:
pre-fit event yields for signal,
backgrounds and data in each of
the analysis regions. The quoted
uncertainties are the sum in
quadrature of the statistical and
systematic uncertainties on the
yields

4j,2b 4j,3b 4j,4b
TH (125) 3143 1342 20403
17+ light 77000 + 7500 62004750 53£12
1T+ cé 490043000 6804390 21+12
ti+bb 18001100 6804380 44425
Wjets 510043000 2204130 55433
Z+jets 1100 4 600 50427 0.940.6
Single top 4900 4 640 340£60 6.8+£1.6
Diboson 220£71 11£4.1 0.2£0.1
1i+V 120440 15£5.1 0.940.3
Lepton misID 1600 4 620 100437 35413
Total 96000 #9500 83001100 140434
Data 98049 8752 161
S/B <0.001 0.002 0.014
S/v/B 0.099 0.141 0.167
55,2b 5j,3b 5j,>4b
1TH (125) 41+2 2342 6.2+0.8
17+ light 38000 4 5500 3500520 61+15
17+ c¢ 430042400 810460 43425
11+bb 1700 + 880 8904480 110+63
W+jets 1900 = 1200 140+ 87 59439
Z+jets 4104240 29417 15409
Single top 1900 360 190 +41 83+13
Diboson 97439 8.0+3.4 04402
1+V 150 +48 2649 3.1£1.0
Lepton misID 460170 70+£28 83+3.7
Total 49000 = 7000 57004980 250475
Data 49699 6199 286
S/B 0.001 0.004 0.025
S/V/B 0.186 0.301 0.397
26j.2b >6j,3b >6j,>4b
1TH (125) 64+5 40+3 1642
17+ light 19000 + 4400 2000 4460 52417
tf + c¢ 37002100 850£480 79446
ti+bb 14004770 9704530 250130
W+ets 9104620 97466 8.6£6.2
Z+ets 1804120 19£12 1.54+1.0
Single top 840220 120435 124£3.7
Diboson 50+ 24 6.0£3.0 0.540.3
1+V 180459 45414 85428
Lepton misID 180466 21£8 1.1£0.5
Total 26000 = 5800 4200+ 1000 4304150
Data 26185 4701 516
S/B 0.002 0.01 0.04
S/v/B 0.393 0.63 0.815
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Table 7 Dilepton channel:

yields

Arbitrary units

o
@

o

005 H

pre-fit event yields for signal, 2j,2b 3j,2b 3j,3b
backgrounds and data in each of _
the analysis regions. The quoted tt_H (125) 1.5+0.2 53+0.5 22403
uncertainties are the sum in t+ light 14000+ 1800 8100880 96+21
quadrature of the statistical and tf4cé 2704170 60041320 76+ 44
systematic uncertainties on the (Fbh 150£ 87 2604+ 130 1204 65
Z+jets 330430 190449 82+3.1
Single top 430+71 270430 7.6+3.5
Diboson 6.8+2.2 42+1.5 < 0.1£0.1
tr+V 8.4+2.7 21+6 1.9+0.6
Lepton misID 21£10 33+17 0.8+0.4
Total 15000 + 1900 9500+ 1000 31085
Data 15296 9996 374
S/B <0.001 0.001 0.006
S/IV/B 0.012 0.053 0.114
>4j,2b >4j,3b >4j,>4b
ttH (125) 15+1 8.61+0.6 27403
t1+ light 4400+ 810 120431 1.9+0.8
tf +cc 7104380 130+74 5.0+3.0
ti+bb 2904150 200+ 100 31£17
Z+jets 100+39 10+4 0.6+£0.2
Single top 140455 11£5 0.8+£0.2
Diboson 40+1.3 04+0.1 <0.1£0.1
t+V 45+ 14 7.8+2.4 1.1+£04
Lepton misID 38+19 43+£22 04+0.2
Total 5800 =+ 1000 490+ 140 43418
Data 6006 561 46
S/B 0.003 0.015 0.059
S/V/B 0.197 0.365 0.401
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Fig. 21 Single-lepton channel: comparison of t7+HF (dashed) and tt+light (solid) background for the four top-ranked input variables in the
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Fig. 22 Single-lepton channel: comparison of 17 H signal (dashed) and background (solid) for the four top-ranked input variables in the (5j, > 4b)
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Fig. 23 Single-lepton channel: comparison of t7 H signal (dashed) and background (solid) for the four top-ranked input variables in the (> 6], 3b)
region. The plots include a Nf{:‘;, b Centrality, ¢ H1, and d SSLL
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Fig. 24 Single-lepton channel: comparison of 17 H signal (dashed) and background (solid) for the four top-ranked input variables in the (> 6], > 4b)
region. The plots include a D1, b Centrality, ¢ pTJe‘S, andd H1
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Fig. 25 Dilepton channel: comparison of 17 H signal (dashed) and background (solid) for the four top-ranked input variables in the (3j, 3b) region.
The plots include a Anjr?ax M, b mjrj'-‘i"m, ¢ Hr,andd H4
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Table 8 Single lepton channel: normalisation uncertainties (expressed
in %) on signal and main background processes for the systematic uncer-
tainties considered, before and after the fit to data in (> 6j, > 4b) region

of the single lepton channel. The total uncertainty can be different from
the sum in quadrature of individual sources due to the anti-correlations

between them

Pre-fit Post-fit
tTH (125) 17 + light tf + cc tT+bb ttH (125) 17 + light tf +cc tt+bb
>6j, >4b

Luminosity +2.8 +2.8 +2.8 +2.8 +2.6 +2.6 +2.6 +2.6
Lepton efficiencies +1.4 +1.4 +1.4 +1.5 +1.3 +1.3 +1.3 +1.3
Jet energy scale +6.4 +13 +11 +9.2 +2.3 +5.3 +4.7 +3.6
Jet efficiencies +1.7 +5.2 +2.7 +2.5 +0.7 +2.3 +1.2 +1.1
Jet energy resolution +0.1 +4.4 +2.5 +1.6 +0.1 +2.3 +1.3 +0.8
b-tagging efficiency +9.2 +5.6 +5.1 +9.3 +5.0 +3.1 +2.9 +5.0
c-tagging efficiency +1.7 +6.0 +12 +2.4 +1.4 +5.1 +10 +2.1
[-tagging efficiency +1.0 +19 +5.2 +2.1 +0.6 +11 +3.0 +1.1
High pr tagging efficiency +0.6 - +0.7 +0.6 +0.3 - +0.4 +0.3
tt: pr reweighting - +5.4 +6.1 - - +4.7 +5.4 -
tt: parton shower - +13 +16 +11 - +3.6 +10 +6.0
tt + HF: normalisation - - +50 +50 - - +28 +14
t7 + HF: modelling - +11 +16 +8.3 - +3.6 +9.1 +7.1
Theoretical cross sections - +6.3 +6.3 +6.3 - +4.1 +4.1 +4.1
t7 H modelling +2.7 - - - +2.6 - - -
Total +12 +32 +59 +54 +6.9 +9.2 +23 +12
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Table 9 Dilepton channel: normalisation uncertainties (expressed in
%) on signal and main background processes for the systematic uncer-
tainties considered, before and after the fit to data in (> 4j, > 4b) region

of the dilepton channel. The total uncertainty can be different from
the sum in quadrature of individual sources due to the anti-correlations
between them

Pre-fit

Post-fit

ttH (125) tf + light tt +cc

tt+bb ttH (125) 17 + light tf +cc tt+bb

>4j, >4b

Luminosity +2.8 +2.8 +2.8
Lepton efficiencies +2.5 +2.5 +2.5
Jet energy scale +4.5 +12 +9.4
Jet efficiencies - +5.9 +1.6
Jet energy resolution +0.1 +4.5 +1.1
b-tagging efficiency +10 +5.5 +5.4
c-tagging efficiency +0.5 - +12
[-tagging efficiency +0.7 +34 +7.0
High pr tagging efficiency - - +0.6
tf: pr reweighting - +5.8 +6.2
t1: parton shower - +14 +18
t7 + HF: normalisation - - +50
t7 + HF: modelling - +11 +16
Theoretical cross sections - +6.3 +6.3
t1 H modelling +1.9 - -

Total +12 +40 +59

+2.8 +2.6 +2.6 +2.6 +2.6
+2.5 +1.8 +1.8 +1.8 +1.8
+7.0 +2.0 +5.5 +4.5 +3.3
+0.9 - +2.6 +0.7 +0.4
- +0.1 +2.3 +0.6 -

+11 +5.6 +3.1 +3.0 +5.8
+0.6 +0.3 - +10 +0.3
+1.6 +0.4 +21 +4.2 +0.9
- - - +0.3 -

- - +5.0 +5.4 -

+14 - +4.8 +11 +8.1
+50 - - +28 +14
+12 - +3.8 +10 +10
+6.2 - +4.1 +4.1 +4.1
- +1.8 - - -

+55 +6.7 +22 +22 +13

Table 10 Dilepton channel: post-fit event yields under the signal-plus-
background hypothesis for signal, backgrounds and data in each of the
analysis regions. The quoted uncertainties are the sum in quadrature

of statistical and systematic uncertainties on the yields, computed tak-
ing into account correlations among nuisance parameters and among
processes

4j,2b 4j,3b 4j,4b
tFH (125) 48435 20+ 15 3.0£22
17+ light 78000 1600 6300+ 160 5645
tF+ cé 6400 = 1800 850220 2647
ti+bb 2500490 970+ 150 6348
Wtjets 37004 1100 170 +51 40+12
Z-+jets 1100 4540 49425 1.14£06
Single top 4700 £320 330428 6.840.7
Diboson 220£65 1144 0.3+0.1
ti+vV 120438 1645 0.9+0.3
Lepton misID 11004370 78426 2.6£1.0
Total 98000 340 8800+ 82 160+6
Data 98049 8752 161
5i.2b 5i.3b 5j,>4b
tFH (125) 60+£44 34425 9.446.9
17+ light 38000 1000 3600+ 120 65+6
1+ ce 4800 & 1200 9304230 S1£12
ti+bb 2400+ 360 13004180 150420
Wets 1200 4420 87431 40415
Z-+jets 3704200 28+ 16 144038
Single top 17004150 190+ 18 82407
Diboson 94435 8.0+3.1 05402
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Table 10 continued

5j,2b 5j,3b 5j,>4b
t+V 140+£43 26£8 32+1.0
Lepton misID 340+£110 44+£16 57+£22
Total 50000220 6200454 300£10
Data 49699 6199 286

26,20 >6j,3b >6j,24b
ttH (125) 89+65 57+42 24+17
ti+ light 19000+ 700 2100487 58£5
it +cc 37004890 890£210 85+21
tt+bb 2000310 1400+ 190 33037
W+jets 450£170 51+£19 44+19
Z+jets 150+ 86 16+9 1.24+0.7
Single top 73083 110+ 14 11£2
Diboson 45420 5.6+2.6 0.5+£0.2
tr+V 170£52 42413 82425
Lepton misID 120+41 14£5 1.1£0.5
Total 26000+ 160 4600+£55 520+18
Data 26185 4701 516

Table 11 Single lepton channel: post-fit event yields under the signal-
plus-background hypothesis for signal, backgrounds and data in each
of the analysis regions. The quoted uncertainties are the sum in quadra-

ture of statistical and systematic uncertainties on the yields, computed
taking into account correlations among nuisance parameters and among

2j,2b 3j,2b 3j,3b
TH (125) 24+138 8.1+59 3.0£22
17+ light 14000 + 160 8300+ 170 84+9.6
tf + céc 400+110 700+ 160 92+22
ti+bb 190+ 36 350449 140419
Z+jets 330422 200443 73424
Single top 430435 260421 7.6+1.5
Diboson 6.8+2.1 45+1.4 <0.1+0.1
14V 8.7+2.7 2146 1.8+0.6
Lepton misID 19+10 3015 1.7£0.4
Total 15000+ 120 9900+ 82 340+ 14
Data 15296 9996 374

>4j,2b >4j,3b >4j,>4b
1TH (125) 2+16 11+8 3.1+23
17+ light 4500+ 150 100412 14403
1t + cé 7404170 140430 48+1.1
ti+bb 370459 230431 30+£4
Z+jets 100433 9.5+3.1 04=+0.2
Single top 140+23 1142 0.6+0.1
Diboson 42413 0.3+0.1 <0.140.1
1+V 43+13 7.042.1 0.940.3
Lepton misID 34+18 3.5+18 02+0.1
Total 5900+ 65 520+ 18 4244
Data 6006 561 46
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Appendix F: Post-fit input variables

Figures 28, 29, 30, 31, 32, 33 and 34 show a comparison of
data and prediction for the top four input variables in each
region with a neural network in the single-lepton channel
and dilepton channel, respectively. All of the plots are made
using post-fit predictions.
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