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Abstract This paper reports the measurement of Higgs
boson production in association with a ¢7 pair in the H — bb
decay channel. The analysis uses 140 fb~! of 13 TeV proton—
proton collision data collected with the ATLAS detector at the
Large Hadron Collider. The final states with one or two elec-
trons or muons are employed. An excess of events over the
expected background is found with an observed (expected)
significance of 4.6 (5.4) standard deviations. The 17 H cross-
sectionis o;7y = 411 fégl fb = 411454 (stat.) fgg (syst.) fb
for a Higgs boson mass of 125.09 GeV, consistent with the
prediction of the Standard Model of 5071’;5) fb. The cross-
section is also measured differentially in bins of the Higgs
boson transverse momentum within the simplified template
cross-section framework.
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1 Introduction

After the discovery of the Higgs boson [1-3] in 2012 by
the ATLAS [4] and CMS [5] collaborations, attention has
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turned to detailed measurements of its properties and cou-
plings as a means of testing the predictions of the Standard
Model (SM) [6-8]. The Higgs boson coupling to the top
quark, the heaviest particle in the SM, is of special interest
as it could be very sensitive to effects of physics beyond the
SM (BSM) [9]. It is indirectly constrained assuming no BSM
contributions to loop-induced processes from measurements
of gluon—gluon fusion Higgs boson production and decay
into yy [10,11]. The Higgs boson production in association
with a pair of top quarks (¢fH), where the top quark cou-
ples to the Higgs boson at tree level, provides a possibility
for a direct measurement of the top-quark’s Yukawa cou-
pling without assumptions about the potential presence of
BSM physics [12—-15]. It was observed by the ATLAS and
CMS collaborations using several Higgs boson decay modes
[16,17].

The decay into two b-quarks is predicted to have the largest
branching fraction of about 58% [18] and has the advan-
tage of allowing for the reconstruction of the Higgs boson
four-momentum from the kinematics of its decay products.
Furthermore, the 17 H (bb) channel involves only fermionic
Higgs boson couplings in the production and decay, leading
to an enhanced sensitivity for probing them. However, this
final state is affected by a large irreducible background aris-
ing from the 17 production in associations with jets (¢ +jets),
in particular when the jets originate from b- or c-quarks,
which is challenging to predict theoretically.

The ATLAS Collaboration has measured the 17 H (bb) pro-
duction at /s = 13 TeV in the final state with at least
one lepton using the full Run 2 dataset collected in proton—
proton (pp) collisions at the Large Hadron Collider (LHC)
[19] between 2015 and 2018, corresponding to an integrated
luminosity of 139 fb~! [20]. The measured signal strength,
defined as the ratio of the measured cross-section to that pre-
dicted by the SM, was found to be 0.351'8:;2, and corresponds
to an observed (expected) significance of 1.0 (2.7) standard
deviations. The signal strength was also measured differen-
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tially in five intervals of the Higgs boson transverse momen-
tum ( p{l ) in the simplified template cross-section framework
(STXS) [18], probing potential p!r'l -dependent deviations
from the SM expectation.

The CMS Collaboration also recently released a mea-
surement of the 17 H (bb) production using 138 fb~! of data
collected at /s = 13 TeV in 2016-2018 [21]. The anal-
ysis achieved an observed (expected) significance of 1.3
(4.1) standard deviation and measured a signal strength of
0.33+0.26. Additionally, the 7 H production rate was deter-
mined in intervals of p{'l .

This paper presents a re-analysis of the full Run 2 dataset
collected at /s = 13 TeV with the ATLAS detector in final
states with one or two leptons, referred to in the following as
single-lepton and dilepton channels, and supersedes the result
of Ref. [20]. Compared with the previous result, this analy-
sis has an increased acceptance by selecting events with less
restrictive requirements on the number of jets identified as
originating from b-hadrons (b-jets), resulting in an increased
efficiency to select 17 H signal. It utilises a revised treatment
of the different flavour components of the ¢7 + jets back-
ground, and in particular, of the ¢7 production in association
with b-jets, the main background and the dominant source of
the systematic uncertainty in the previous 7 H (bb) measure-
ment. For the modelling of this background, a new sample
of Monte Carlo (MC) simulated events with improved set-
tings was produced, and a corresponding set of systematic
uncertainties was developed [22,23]. This measurement also
uses improved analysis techniques: an advanced b-jet iden-
tification and an improved event categorisation. In particu-
lar, unlike the previous result, where the event categorisation
into the background-dominated and signal-rich categories
was made based on the number of jets and the number of b-
jets, this analysis uses a multiclass neural network to define
regions enriched in different components of the main back-
ground, the 77 + jets production processes, and the signal. A
more powerful multivariate discriminant is also employed to
separate the signal from background and to reconstruct p{" .
These improvements lead to better overall sensitivity and
allow for a measurement of the ¢7H (bb) production cross-
section in six bins of p{{ , 0-60 GeV, 60-120 GeV, 120-
200 GeV, 200-300 GeV, 300-450 GeV, and > 450 GeV, as
obtained from the MC event record before the Higgs boson
decays, in the STXS formalism.

2 ATLAS detector
The ATLAS experiment [24] at the LHC is a multipurpose

particle detector with a forward—backward symmetric cylin-
drical geometry and a near 47 coverage in solid angle.! It

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z
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consists of an inner tracking detector (ID) surrounded by a
thin superconducting solenoid providing a 2 T axial mag-
netic field, electromagnetic and hadronic calorimeters, and
a muon spectrometer. The inner tracking detector covers the
pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity within the region |n| < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range
(In] < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for EM and hadronic energy
measurements up to || = 4.9. The muon spectrometer (MS)
surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and
6.0 Tm across most of the detector. The muon spectrome-
ter includes a system of precision tracking chambers up to
|n] = 2.7 and fast detectors for triggering up to |n| = 2.4.
The luminosity is measured mainly by the LUCID-2 [25]
detector, which is located close to the beampipe. A two-level
trigger system is used to select events [26]. The first-level
trigger is implemented in hardware and uses a subset of the
detector information to accept events at a rate below 100 kHz.
This is followed by a software-based trigger that reduces the
accepted event rate to 1 kHz on average depending on the
data-taking conditions. A software suite [27] is used in data
simulation, in the reconstruction and analysis of real and sim-
ulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and Monte Carlo simulation samples

This analysis was performed using the pp collision data col-
lected by the ATLAS detector between 2015 and 2018 at
/s = 13 TeV. After the application of data-quality require-
ments [28], the dataset corresponds to an integrated lumi-
nosity of 140 fb=!. Samples of simulated events were pro-
duced to model the different signal and background pro-
cesses. Additional samples were produced to estimate the
modelling uncertainties for each process. The effects of the
additional pp collisions in the same or a nearby bunch
crossing (pile-up) were modelled by overlaying minimum
bias events generated with PYTHIAS [29] using the A3 set
of tunable parameters [30] onto the simulated hard-scatter

Footnote 1 continued

-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, @) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = — Intan(6/2). Angular distance is measured in units of
AR =/(An)? + (A9)2.
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event. The MC events were weighted to reproduce the dis-
tribution of the average number of interactions per bunch
crossing observed in the data. The MC samples were pro-
cessed using the full ATLAS detector simulation [31] based
on GEANT4 [32]. Some alternative samples used to evaluate
the modelling uncertainties were produced using fast sim-
ulation, where the full GEANT4 simulation of the calorime-
ter response is replaced by a detailed parameterisation of
the shower shapes. For the observables used in this analy-
sis, both simulations were found to give similar modelling.
All MC samples were reconstructed using the same software
as for collider data. Corrections were applied to the simu-
lated events so that the selection efficiencies, energy scales
and energy resolutions of the physics objects closely match
those determined from data control samples.

All samples generated with POWHEGBOX [33-36] and
MADGRAPH5_AMC@NLO [37] were interfaced to PYTHIAS
[38] to simulate the parton shower (PS), fragmentation,
and underlying event with the Al4 tune [39] and the
NNPDF2.3L0 [40] parton distribution function (PDF) set.
Some alternative samples use the HERWIG7 [41,42] PS
model with the H7UE set of tuned parameters [42] and the
MMHT2014LO PDF set [43]. Samples using PYTHIAS and
HERWIG7 have heavy-flavour hadron decays modelled by
EvtGen [44]. The masses of the top quark, m), and of the
Higgs boson, my, are set to 172.5 GeV and 125 GeV, respec-
tively.

The nominal ¢7 H signal sample was generated at next-to-
leading order (NLO) in the five flavour scheme (5SFS) using
the POWHEGBOX [45] generator with the NNPDF3.0NLO
[40] PDF set. The hgamp parameter2 was set to 3/4 -
(my + m; + mpg) = 352.5 GeV, and the functional form
of the renormalisation and factorisation scales was set to
Jmr(t) - mr(t) - mr(H), where mp = /m? + p2 is the
transverse mass of a generated particle, m is its mass, and
pt 1s its transverse momentum. It is normalised to the theo-
retical prediction of Ref. [18] computed at NLO in QCD.?

An alternative tfH sample generated with the same
POWHEGBOX set-up, but interfaced to HERWIG7 is used to
evaluate uncertainties due to the choice of parton shower,
hadronisation and underlying event model. The uncertainty
related to the matching between the matrix element (ME)
generator and the PS is accessed by changing the definition of
the hardness of the POWHEG emission calculated by PYTHIAS
via the parameter p%ard from the value provided by POWHEG
to the pt of the POWHEG emission following Refs. [47,48].

2 The hdamp parameter controls the transverse momentum p of the
first additional emission beyond the leading-order Feynman diagram in
the PS and therefore regulates the high- pt emission against which the
t1 system recoils.

3 A new theoretical computation of the /7 H production at next-to-next-
to-leading order in QCD was published recently in Ref. [46].

Several MC samples with different accuracy in ME gen-
erator and with different PS models are used in this anal-
ysis to model the main ¢7 + jets background. This back-
ground is categorised according to the flavour of the addi-
tional jets in the event, excluding jets from top-quark or
W boson decays, using the same procedure as described in
Ref. [49]. Generator-level particle jets are reconstructed from
stable particles (mean lifetime 7 > 3 x 107!! s, excluding
muons and neutrinos) using the anti-k; algorithm [50] with a
radius parameter R = 0.4, and are required to have transverse
momentum pt > 15 GeV and || < 2.5. The flavour of a jet
is determined by counting b- or c-hadrons within AR < 0.4
of the jet axis. Jets matched to exactly one b-hadron, with pt
above 5 GeV, are labelled single-b-jets, while those matched
to two or more b-hadrons are labelled B-jets (with no pr
requirement on the second b-hadron); single-c- and C-jets
are defined analogously, only considering jets not already
defined as single-b- or B-jets. Events that have a single-b- or
B-jet, are labelled as t7 + 15 and ¢7 + 1 B respectively, events
with two or more b-jets are labelled as 17 + > 2b. These three
categories together are collectively referred to as 17 + > 1b.
Events with no single-b- or B-jet but at least one single-c- or
C-jet are labelled as 17 + > 1c. Finally, events not containing
any heavy-flavour jets aside from those from top-quark or W
boson decays are labelled as ¢7 + light.

The t7 + light and ¢7 + > lc contributions are modelled
by a MC sample produced with the HVQ programme [34]
in the POWHEGBOX generator at NLO in QCD in the five
flavour scheme (5FS) with the NNPDF3.0NLO PDF set. The
hdamp parameter was set to 1.5 myop [39,51]. An additional
sample was generated with the /14amp parameter increased by
a factor of two to evaluate the uncertainty in the modelling
of t7 + light and ¢7 + > 1¢ stemming from the choice of the
hdamp value.

To predict the 7 + > 1b background with the highest
available precision, the r7bb MC sample is generated at
NLO, where the additional b-quarks are included in the
ME. The four flavour scheme (4FS) was used for this
sample. It was produced with the POWHEGBOXRES [52]
generator and OPENLOOPS [53-55], using the implemen-
tation of this process in POWHEGBOXRES [56], with the
NNPDF3.INNLONF4 [69] PDF set interfaced to PYTHIAS.
Based on the studies of Ref. [22], the factorisation scale is
set to % > i=t.i.b.b.; MT,i, the renormalisation scale is set to

% - mr @) - mr@) - mr(b) - mr(b), and the hdamp parame-
ter is set to Ht/2. The POWHEG internal parameter hy,,q that
regulates the damping function together with the parameter
hdamp, Was set to 5. The choice of model used for the recoil
in the initial state parton shower was found to impact signifi-
cantly the 77 + > 1b background predictions [23]. The corre-
sponding uncertainty is evaluated by changing the PYTHIAS
parameter from a global recoil to a dipole recoil while keep-
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ing the rest of the settings identical to the nominal t7bb sam-
ple.

Similar to the ¢7 H signal sample, alternative samples were
generated to assess the PS and matching uncertainties in the
modelling of 7 + light, t7 + > 1c and 7 + > 1b by replacing
in the corresponding nominal set-ups the PYTHIAS shower
model by HERWIG and producing samples with a varied p%ard
parameter.

For an independent pseudo-data test, additional samples
of 17 events were produced to model ¢7 + light and 77 4+ > l¢
events with the SHERPA [57] generator. The NLO-accurate
matrix elements for up to one additional parton, and LO-
accurate matrix elements for up to four additional par-
tons were calculated with the CoMIX [58] and OPENLOOPS
libraries. They were matched with the SHERPA PS [59] with
the default set of tuned parameters using the MEPS@NLO
prescription [60—63] with a matching scale of 30 GeV. Fur-
thermore, 1 + > 1b events were simulated using SHERPA and
OPENLOOPSwith t7bb ME calculated at NLO accuracy using
CoMIX in the 4FS using the same functional form of the fac-
torisation and renormalisation scales as in the nominal ¢7bb
set-up.

Single-top-quark production processes, i.e. t W associated
production, t-channel and s-channel production, were mod-
elled using the POWHEGBOX [64-66] generator at NLO in
QCD. The t-channel process was generated in the 4FS with
the NNPDF3.0NLONF4 PDF set, while for t W and s-channel
processes the SFS  NNPDF3.0NLO PDF was used. The t W
MC sample was generated using the factorisation and renor-
malisation scales set to Ht/2 with Ht defined as a sum of
the transverse mass of the W boson, the top quark and the
transverse momentum of an additional parton. The overlap
between tW and ¢7 production [66] was removed using the
diagram-removal scheme [67]. An alternative t W MC sam-
ple implementing the diagram subtraction scheme [66] was
produced to evaluate the systematic uncertainty due to the
tW and #7 interference treatment.

The events in the nominal 1zW sample were simulated
using the SHERPA [68] generator with the NNPDF3.0NNLO
PDF set. The ME was calculated for up to one addi-
tional parton at NLO and up to two partons at LO using
Comix and OPENLOOPS, and merged with the SHERPA
PS using the MEPS @NLO prescription with a merging scale
of 30 GeV. The alternative sample was generated with MAD-
GRAPHS_AMC @NLO with up to one additional parton in the
final state at NLO accuracy in the strong coupling, using the
NNPDF3.INNLO [69] PDF set. The different jet multiplicities
were merged using the FxFx NLO ME and PS merging pre-
scription [70] with a merging scale of 30 GeV. Background
events from ¢7Z /y* and the rare processes t Zq,tW Z,t Hjb,
tWH and ritt were simulated at NLO in QCD using the
MADGRAPH5_AMC@NLO generator. The alternative sam-
ple used to evaluate the PS uncertainty in the 77 Z background
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was generated with the same set-up as the nominal but inter-
faced to HERWIG7.

The production of V4jets events (where V. = W or
Z) was simulated with the SHERPA generator using NLO-
accurate matrix elements for up to two partons and LO-
accurate matrix elements for up to four partons. Samples
of diboson final states (V' V) were also simulated with the
SHERPA generator.

AllMC samples corresponding to small backgrounds were
normalised to the most precise available theoretical predic-
tions closely following Ref. [20]. The normalisation of the
ttW background was updated to the most recent predic-
tion of Ref. [71]. The ¢z + light and 7 + > 1¢ components
were normalised to the ¢ cross-section computed at next-to-
next-to-leading order (NNLO) in QCD including the resum-
mation of next-to-next-to-leading-logarithmic (NNLL) soft-
gluon terms [72] while the 17 + > 1b normalisation is taken
from the r7bb MC simulation.

4 Objects and event selection

Events are selected using single-lepton triggers with variable
electron and muon transverse momentum thresholds, and var-
ious identification and isolation criteria depending on the lep-
ton flavour and the data-taking period [73,74]. The lowest pt
threshold at trigger level used for muons is 20 GeV (26 GeV),
while for electrons the threshold is 24 GeV (26 GeV) in 2015
(2016-2018). Events are required to have at least one vertex
with at least two associated ID tracks with pt > 0.5 GeV.
In each event, the primary vertex is defined as the recon-
structed vertex having the highest scalar sum of squared pr
of associated tracks [75] among the vertices consistent with
the average beam-spot position.

Electron candidates are reconstructed from energy deposits
in the electromagnetic calorimeter matched to tracks recon-
structed in the ID system and are required to satisfy the
MediumLH identification criterion [76]. They are required to
have pt > 10 GeV and |n| < 2.47, excluding the calorime-
ter barrel-endcap transition region (1.37 < [n| < 1.52).
Muon candidates are reconstructed from tracks in the MS
that are associated with tracks from the ID and are required
to satisfy the Loose identification criterion [77] and to have
pr > 10 GeV, |n| < 2.5. Electron (muon) candidates must
be associated with the primary vertex of the event: the trans-
verse impact parameter divided by its estimated uncertainty,
|dol/o (dp), is required to be less than five (three) for electron
(muon) candidates. The longitudinal impact parameter must
satisfy |zo sin(@)| < 0.5 mm for both lepton flavours.

Jets are reconstructed from particle flow objects [78] using
the anti-k; jet clustering algorithm in the FASTJET implemen-
tation [79] with a radius parameter R = 0.4. Jets are required
to satisfy the Tight criterion of the jet vertex tagger (JVT)
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algorithm [80] to mitigate the contribution from pile-up jets,
and to have pt > 25 GeV and |n| < 2.5. The jet energy scale
(JES) and resolution are calibrated using simulations with in
situ corrections obtained from data [81]. Events containing
jets originating from non-collision sources or detector noise
are removed.

Jets containing b-hadrons, referred to as b-jets, are iden-
tified using the DL1r b-tagging algorithm [82] that uses a
neural network based on the distinctive features of b-hadron
decays, primarily the impact parameters of tracks and the
displaced vertices reconstructed in the ID. Additional input
to this network is provided by discriminating variables con-
structed by a recurrent neural network that exploits the spa-
tial and kinematic correlations between tracks originating
from the same b-hadron. A multivariate b-tagging discrim-
inant value is calculated for each jet. The b-tagged jets are
required to satisfy the working point (WP) corresponding to
an efficiency of 70% or 85% for identifying b-quark initiated
jets in ¢7 simulated events for the single-lepton and dilepton
channels, respectively. For the 70% (85%) WP the rejection
factors against light-quark/gluon jets and c-quark jets are 625
and 12 (40 and 3), respectively. To fully exploit the b-tagging
information of an event, each jet is assigned a b-tagging score
that defines if a jet satisfies a given WP but fails to satisfy the
adjacent tighter one. In addition to the standard JES calibra-
tion, b-tagged jets satisfying the 85% WP receive additional
flavour-specific corrections to their four-vectors to improve
their energy measurement (scale and resolution) following
the muon-in-jet procedure described in Ref. [83].

Hadronically decaying t-leptons (tp,q) are distinguished
from jets using their track multiplicity and a multivariate
discriminant based on their shower shapes in calorimeter and
on tracking information [84]. They are required to have pt >
25 GeV and |n| < 2.5, and to pass the Medium t-lepton
identification working point.

The missing transverse momentum vector, with magni-
tude E‘T“iss, is defined as the negative sum of the trans-
verse momenta of the reconstructed and calibrated physical
objects, plus a ‘soft term’ built from all other tracks asso-
ciated with the primary vertex [85] and not matched to a
reconstructed object.

Targeting event topologies with a Higgs boson decay-
ing into collimated hadronic final states, reclustered (RC)
jets [86] are reconstructed from the selected jets, using
the anti-k; jet clustering algorithm with a radius parame-
ter R = 1.0. RC jets are required to have an invariant mass
M > 50 GeV, pr > 200 GeV, |n| < 2.0, have at least
two constituent small-R jets (subjets) and have an angular
distance AR > 1.0 from all electrons.

An overlap removal procedure is applied to avoid the dou-
ble counting of detector signatures. Electron candidates shar-
ing a track with a muon candidate are first removed. Jets
found within a AR = 0.2 cone of an electron are removed

and electrons within a AR = 0.4 cone of a remaining jet
are rejected. Jets with less than three associated tracks and
within AR = 0.2 of a muon and muons within AR = 0.4
of a jet with more than two associated tracks are rejected.
A thag candidate is rejected if it is separated by AR < 0.2
from any selected electron or muon. No overlap removal is
performed between jets and th,g candidates.

Events are selected if they contain exactly one lepton
candidate in the single-lepton channel and exactly two lep-
ton candidates with opposite electric charges in the dilepton
channel. At least one lepton should have pt > 27 GeV and
be matched to the corresponding object at the trigger level. In
the events with two electrons, the second lepton is required
to have pt > 15 GeV while in the other two dilepton chan-
nels, e and wpu, it must have pt > 10 GeV. In events with
two electrons or two muons, the dilepton invariant mass is
required to be above 15 GeV, to suppress contribution from
the decays of heavy-flavour resonances and low-mass Drell—
Yan processes, and be outside a window of &= 8 GeV centred
at the Z boson mass. To maintain orthogonality with other
t7H decay channels, events are vetoed if they contain one or
more (two or more) Thyq candidates in the dilepton (single-
lepton) channel.

To reduce the non-prompt and mis-identified lepton back-
ground contribution, additional lepton identification and
isolation requirements are applied. Electrons (muons) are
required to satisfy the TightLH (Medium) identification cri-
teria and the tight isolation criteria based on the calorimeter
and tracking information for electrons [76] and on tracking
information only for muons [77]. Events for which the lep-
tons fail to meet these requirements are removed.

In the single-lepton channel two event categories are
defined, referred in the following as resolved and boosted
categories. The latter is designed to select events in which
the Higgs boson is produced with high transverse momen-
tum as a collimated large- R jet. Events that do not satisfy the
boosted category selection are assigned to the resolved one.
In the single-lepton resolved channel, events are selected if
they contain at least five jets, at least three of which satisfy
the 70% b-tagging WP. In the single-lepton boosted chan-
nel, events are required to have at least one large-R jet and
at least four small-R jets, including those contained within
the large-R jet, at least three of which must satisfy the 85%
b-tagging WP. In the dilepton channel, events are selected if
they contain at least three jets satisfying the 85% b-tagging
WP, and among these at least two jets that satisfy the 70%
b-tagging WP. These requirements are henceforth referred to
as “preselection” and have an acceptance of 6.3% for select-
ing t7H events with H — bb decay, an acceptance that is
more than a factor of three larger than in the previous analy-
sis [20]. The corresponding acceptance in the signal regions
is 2.1%.
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5 Background modelling

The largest background from 77 + jets production is modelled
by MC simulation with the data-driven corrections described
in Sect. 5.1. Small backgrounds include single top produc-
tion, 1t W, ttZ, titt, rare top-quark processes and non-top-
quark processes such as V+jets and diboson production.
All of them are estimated from simulations. The contribu-
tion from the background arising from non-prompt or mis-
identified leptons is determined from data in the single-lepton
channel (see Sect. 5.2), and from MC simulation in the dilep-
ton channel, where this background arises primarily from ¢7
events with one prompt lepton and is very small.

5.1 Modelling of ¢7 + jets background

The 7 sample used to model the 77 +light and ¢ 4+ > 1¢ con-
tributions is generated at NLO as described in Sect. 3, with
up to one additional parton from the ME calculation. All
jets not originating from the decay chain of one of the top
quarks, i.e. additional jets, are produced by the parton shower.
The dedicated measurement [87] demonstrated deficiencies
in modelling the number of additional jets in the 77 events and
the scalar sum of the transverse momenta of the top quarks.
Moreover, the rate of 77 production in association with c-
and b-jets was observed to be underestimated in the previous
analysis [20]. The new tbb MC sample produced for this
analysis with lower value of the renormalisation scale than
the one used in Ref. [20] predicts larger inclusive 7 + > 1b
cross-section, which is expected to match data well. Never-
theless, the rate of the components of the ¢7 + > 1b back-
ground defined in Sect. 3, tf + 1B, tf + 1b and t7 + > 2b,
could still be mismodelled. Thus, to obtain a reliable estimate
of the 17 + jets background, the 7 MC events are reweighted
using data. The corrections applied include a rescaling of
the t7 + jets flavour components followed by a kinematic
reweighting and are described in the next paragraph. Any
possible residual mismodelling is accounted for by the sys-
tematic uncertainties in the profile-likelihood fit used for
the extraction of the signal strength which is described in
Sect. 6.

Initial scaling factors for the five ¢7 + jets flavour compo-
nents, 17 + light, t7 + > lc, t7 + 1B, tt + 1b and t7 + > 2b,
are obtained separately for the single-lepton and dilepton
channels from the profile-likelihood fit to data. The fit is
performed in background-dominated control regions includ-
ing all systematic uncertainties (see Sect. 7) prior to the sig-
nal extraction fit described in Sect. 6. These scaling factors
have similar values to those shown in Table 5. Following the
flavour components rescaling, a reweighting is used to mit-
igate the kinematic mismodelling of the scalar sum of the
p1’s of the reconstructed leptons and jets, Hr, observed for
the 77 + light and 77 + > l¢ components of the inclusive
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tf + jets POWHEG + PYTHIA8 sample. The ¢7 + > 15 compo-
nent is excluded from the reweighting since it is simulated by
a dedicated t7bb MC sample. Thus the reweighting derived
in the regions dominated by ¢z + light and ¢7 + > 1¢ might
not be applicable to 77 + > 1b. A dedicated reweighting was
investigated for the ¢7 + > 1b component but found to have
a negligible effect and is not used in the analysis.

The reweighting corrects the distributions of Ht in exclu-
sive jet multiplicity bins from Njeis = 5 t0 Njers > 8 in
the single-lepton channel and from Njets = 3 10 Njeis > 6
in the dilepton channel. It is derived in ¢7 enriched regions
selected by using looser b-tagging requirements after sub-
tracting from data all contributions except for 77 + light and
tf + > 1c and taking the ratio of data to the sum of 77 + light
and t7 + > ¢ yields predicted by MC in each Hr bin. These
regions are orthogonal to the signal and control regions of
the analysis and contain less that 0.2% of signal.

The reweighting factors are also derived in the same way
for each systematic variation affecting the ¢7 + light and ¢7 +
> lc predictions, such that all systematic variations match
the Hr distribution in data.

5.2 Non-prompt or mis-identified lepton background

A data-driven method, referred to as “fake factor” method [88],
based on the measurement of lepton selection efficiencies

using different identification and isolation criteria, is used

to estimate the non-prompt or mis-identified (fake) lepton

background in the single-lepton channel.

The fake rate is measured in a fake-dominated region
selected by requiring exactly one lepton with loose identi-
fication and isolation criteria, at least two jets, at least two
b-tagged jets satisfying the 70% WP, and a scalar sum of
missing transverse energy and the leptonically-decaying W
boson mass below 60 GeV. Itis parameterised as a function of
the leading jet pt and the lepton |5|. The expected number of
events arising from the fake lepton background is determined
by applying the measured lepton fake rate to data events sat-
isfying the selection requirements of each analysis region
except that the lepton is required to pass loose identification
and isolation criteria and to fail the tighter requirements.

6 Signal extraction

After the preselection, events are classified into non-
overlapping background-dominated or control regions (CR)
and signal-enriched regions (SR) with higher signal-to-
background ratios. The CRs provide stringent constraints
on the normalisation of the backgrounds and the systematic
uncertainties in a combined fit with the signal regions.

To define the regions in the single-lepton and dilepton
channels, a multiclass classification neural network based
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on the permutation-invariant transformer architecture with
attention mechanism [89] is trained to predict the probability
of an event to be from the 7 H signal or from one of the five
t7 +jets background categories introduced in Sect. 3: 17 + 15,
tt+ 1B, tt +>2b, tt + > lc, tf + light jets. The probability
pi of a network class i is converted into a discriminant d;
in order to maximise the separation between the class and
all the other classes (i # j), to yield a similar number of
events in the ¢+ 1b, tt + 1 B, and inclusive 7 + > 2b control
regions, and to maximise sensitivity. They are defined as

di=—" . (M

> ji Pj Nij

Here, the denominator of each discriminant is a weighted
average of all the remaining class probabilities p;-;. The
weights N; j = Nj/3 k4 Ni are the respective fractions of
event yields N relative to the total yield of all the remaining
classes k # i. These yields are determined from MC sim-
ulation after the preselection and incorporate the 77 + jets
scaling factors described in Sect. 5.1.

In the single-lepton (dilepton) channel, events fulfilling
diiy > 4.072 (d;;y > 9.031) are assigned to the signal
region. The thresholds are defined to maximize the ratio of
signal to the square root of the background in the inclusive
signal regions. All other events are assigned to the 77 + jets
background category with the highest value of the discrimi-
nant. By far the dominant Higgs boson decay mode in the sig-
nalregionis H — bb with a fraction of more than 97% (94%)
of the t7 H events in the single-lepton (dilepton) channel fol-
lowed by the H — W W decay. This motivates the training
of a second neural network, based on the same architecture,
to identify the two jets most likely originating from the Higgs
boson decay, to reconstruct p{’ that is used to further clas-
sify the signal region events into the six reconstructed STXS
regions. The performance of this reconstruction network to
correctly identify both Higgs boson decay products decreases
with increasing jet multiplicity and generally increases with
increasing true pf . Both Higgs boson decay products are

Control Regions
A

- Single- Sort by max.
Recon;}\r‘uct\on lepton e
Yes Event? Classifier
No
Boosted
CR
No

Single-

Reconstruction lepton
NN boosted

Yes Event?

correctly identified for 51% (58%) of t7 H (bb) events in the
single-lepton resolved (dilepton) channel. The boundaries of
the regions are optimised to maximise fraction of the events
with the corresponding truth p{l , listed in Fig. 1, separately
per tf decay channel to capture potential differences due to
the final states and separate neural networks. This optimi-
sation leads, in particular, to improved purity in the high-
est truth p{’ bins, the region of the phase space where this
analysis provides a particularly valuable contribution to the
global Higgs boson combination. The optimal reconstructed
pf boundaries are found to be [0, 60, 114, 186, 270, 402,
oo] GeV in the dilepton channel and [0, 60, 114, 192, 282,
408, o] GeV in the single-lepton resolved channel. They are
referred to in the following as STXS 1-6 regions.

The inclusive control region dominated by the 77 + > 2b
background in the single-lepton channel is further split into
three categories encompassing STXS regions 1-2, 3—4, and
5-6, to ensure a good control of the 1z + > 2b background
modelling over the bins of reconstructed Higgs boson pr.
These regions are henceforth referred to as 1 + >2b CR
1, CR 2, and CR 3. The split is not applied in the dilepton
channel due to limited statistics.

Events fulfilling the boosted selection criteria are assigned
to dedicated boosted signal and control regions. RC jets are
used as input to a multiclass deep neural network (DNN),
trained to distinguish high- pt Higgs boson candidates decay-
ing into collimated final states from top quarks and multijet
backgrounds following the same strategy as in the previous
analysis [20]. An event is flagged as containing a boosted
Higgs boson candidate if one of the RC jets has a high prob-
ability of originating from a Higgs boson, as estimated by the
DNN. Boosted Higgs boson candidates are required to have
pr > 300 GeV, a mass consistent with the Higgs boson
mass window of 100-140 GeV, contain at least two subjets,
of which exactly two are required to satisfy the b-tagging
85% WP, and have a DNN score above 0.4. At least two
small-R jets that do not form the Higgs boson candidate are
required to satisfy the b-tagging 77% WP. The flowchart in
Fig. 1 summarises the event classification strategy.

Signal Regions

Boosted STXS 1SR STXS 2 SR STXS 3 SR
SR [0, 60) [60, 120) [120, 200)

Yes C ! J

Single-
lepton Region Name

boosted Truth p¥ [GeV]
Event? No

( | ]

STXS 4 SR STXS 5 SR STXS 6 SR
[200, 300) [300, 450) 2450

Event passing
Preselection

Classification
NN

ttH
Classifier
above
Threshold?

Reconstruction

Fig. 1 Flowchart depicting the event classification and Higgs boson pt reconstruction strategy used in the analysis
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The transformer networks are trained using low-level fea-
tures of the reconstructed jets, electrons, muons, and the
missing transverse momentum of the event. For each recon-
structed object, the kinematic features used are the x-, y- and
z-component of the momentum (py, py, p;), the energy, the
pT, the mass, the pseudorapidity, the azimuthal angle and its
sine and cosine. Supplying redundant four-vector informa-
tion is observed to improve network performance. Addition-
ally, the DL 1r pseudo-continuous b-tagging score is included
for jets, and the electric charge and a variable indicating if it
is an electron or a muon is included for leptons.

The multiclass event-classification network is trained
using events sampled from the nominal and alternative tf H
and 7 + jets background samples to profit from an increased
number of events in training. The classification network
yields an area under the receiver-operator characteristic curve
(AUC) of 0.753 (0.774) for discriminating between ¢7 H and
the ¢ + > 1b background for events satisfying the prese-
lection in the single-lepton resolved (dilepton) channel. The
Higgs boson pr reconstruction network is trained using only
the 1t H samples. Figure 2 shows for each bin of truth p{f the
fraction of 7 H events assigned to each of the STXS signal
regions.

In the single-lepton channel, a total of 15 analysis regions
are defined, including six STXS signal regions, two boosted
regions (signal and control) and seven control regions target-
ing the different components of the ¢7 + jets background. In
the dilepton channel, a total of 11 analysis regions are defined,
including the six STXS signal regions and five 7+jets control
regions. The expected yields in the single-lepton (dilepton)
signal and control regions are summarised in Tables 1 and
2 (3 and 4) after applying the data-driven corrections to the
tf + jets background discussed in Sect. 5.1.

The 17 H inclusive signal strength, w7, defined as the
ratio of the measured 77 H cross-section including all Higgs
boson decay modes to the corresponding SM prediction, or
the signal strengths in each of the six STXS bins, u;, and
the normalisation factors of the components of the 77 + jets
background are determined via a binned likelihood fit to the
distributions in all signal and control regions defined above.
The ¢t H signal sample is split up according to the true pf
in each event, and the p; act on the respective component.
In the resolved signal and control regions, the corresponding
discriminant distribution is used in the likelihood fit, while
in the boosted regions, event yields in two bins of the recon-
structed p{l distribution, 300450 GeV and > 450 GeV, are
used in the fit.

The t7 + 1b, tf + > 1c and ¢f + light normalisation factors
are chosen to float independently in the single-lepton and
dilepton channels, while the normalisations of the ¢z + > 2b
and t7 + 1B backgrounds are scaled in a correlated way
between the two channels. This choice is made based on
studies of the different correlation assumptions between the
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normalisation factors in the combined fit. The chosen con-
figuration provides enough freedom for the fit model and
minimises pulls and constraints of the nuisance parameters
in the fit to data.

The inclusive measurement of the signal strength and
cross-section is performed in the full phase space. The mea-
surement of these parameters in STXS bins is carried out for
ttH events with a Higgs boson produced centrally within
|y| < 2.5 at truth level, while the remaining forward events
are considered as background.

The statistical model is based on a likelihood function built
with HistFactory [90] as the product over every bin of the
Poisson probability for the observed data, given the SM pre-
diction. The value of each nuisance parameter, describing the
systematic uncertainties for both signal and background pro-
cesses (see Sect. 7), is constrained by a Gaussian penalty term
present in the likelihood function, while all normalisation
factors are unconstrained. The statistical uncertainty arising
from the limited number of simulated events is included in
the likelihood in the form of additional nuisance parameters
with Poisson constraint terms. The maximum-likelihood fit
is performed with the RooFit package [91]. A test statistic
based on the profile-likelihood ratio is used to assess the
compatibility of the observed data with the background-only
hypothesis (1 = 0) [92].

Tests of the statistical model fitted to pseudo-data con-
structed with the SHERPA 7+ jets samples were performed to
help inform the choice of fit variables and uncertainty model,
with the goal of minimising bias, maximising robustness and
optimising sensitivity.

7 Systematic uncertainties

Multiple sources of systematic uncertainty, arising from
detector effects, theoretical assumptions and the limited num-
ber of events in the MC simulations, are considered in the
analysis. They affect the categorisation of events as well as
the normalisation and shape of the distributions used in the
signal extraction fit.

All the sources of experimental uncertainty, except the
uncertainty in the integrated luminosity, affect both the nor-
malisations and the shapes of the distributions in all simu-
lated samples. The uncertainty in the integrated luminosity
is 0.83% [93], obtained using the LUCID-2 detector [25]
for the primary luminosity measurements, complemented by
measurements using the inner detector and calorimeters. The
uncertainty in the pile-up modelling is obtained by varying
the pile-up reweighting in the simulation within its uncer-
tainties.

The correction factors applied to the simulated samples to
improve the description of the lepton reconstruction, identi-
fication and isolation efficiencies, momentum scale and res-
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Fig. 2 STXS migration matrices for the t7 H signal regions in (a) the single-lepton resolved, (b) the single-lepton boosted, and (¢) the dilepton
channel. The yield fractions of the predicted STXS bins are normalised per truth STXS sample

Table 1 Expected yields in the single-lepton signal regions before the
fit to data. The data-driven corrections to the 77 + jets background
are applied and all uncertainties are included, except the ones asso-

not defined pre-fit. The “Other” category includes the s- and 7-channel
single-top, 1Zq and tW Z processes. The t7H signal is normalised to
the SM ¢7 H cross-section. For presentation purposes, uncertainties are

ciated with the ¢7 + jets background normalisation factors, which are symmetrised

STXS 1 SR STXS 2 SR STXS 3 SR STXS 4 SR STXS 5 SR STXS 6 SR Boosted SR
t1H truth p][! 0-60 GeV 77 +£12 18.7£3.2 11.1£23 57+£1.0 1.66 £ 0.2 0.42 +£0.09 0.58 £0.13
t1H truth p-{:l 60-120 GeV 49+5 99 + 13 37+6 155+£22 44+0.5 1.25 £0.19 1.54 £0.25
t7H truth p{’ 120-200 GeV 227+22 37+4 125+ 16 34+5 8.1+13 20+04 2.31+0.28
t1H truth p!fl 200-300 GeV 40+0.5 55+0.7 225429 88 £ 12 194+ 3.0 274+04 33+06
t1H truth p{:l 300450 GeV 0.39 +0.11 0.64 £0.16 14+04 76+13 325 80+13 20+£3
ttH truth p{’ >450 GeV <0.1 <0.1 0.14 + 0.06 0.21 £ 0.09 1.30 £ 0.31 98+ 1.8 69+13
ttH |y| > 2.5 0.16 £ 0.06 0.10 £ 0.04 <0.1 <0.1 <0.1 <0.1 <0.1
tr+>2b 870 + 80 870 £ 90 980 £ 100 640 £ 60 270 £ 40 92 +21 103 £8
tr+ 1b 210 £ 60 210 £ 50 250 £ 80 180 £ 60 78 £ 28 25+9 17£5
tr+ 1B 64 £ 19 73 +24 100 £ 40 87 £+ 30 46 + 19 22+ 11 11+4
tr+>1c 210 £ 50 210 £ 50 250 £ 50 190 + 50 88 £ 24 27 +£13 22 +8
17 + light 42+ 16 45+ 12 68 +22 64+ 19 31 +11 12+ 11 32+3
1z 36 £6 38+6 53+8 43+ 8 24 +5 72+ 1.1 58+£1.2
tW 20+8 35+ 12 60 £33 55+32 33 +£25 17+ 15 5+4
Wjets 10£6 12+8 30+ 15 29 + 14 23+ 12 12+6 3719
trw 42+0.5 59+0.38 9.8 £1.6 89+19 5.6 £0.7 32+£05 1.06 £ 0.26
Z+jets 25+ 1.1 5.1£2 6.5+£26 74 +£27 31+1.1 1.7+ 0.6 0.5+0.2
Diboson 1.3+0.8 2.5+ 1.40 44+£23 47 +2.7 31+1.6 1.4+0.7 0.7+04
trtr 5.1+£22 6.7+3 11+5 9+4 4.8 +2.1 25+ 1.1 1.1£0.5
tHjb 0.77 £0.22 1.06 + 0.21 1.61 £0.32 1.58 +0.28 1.11 £ 0.30 0.26 £0.12 0.72 £ 0.14
tWH 1.68 +0.23 2.16 +0.27 38+04 41405 2.224+0.25 1.03 £0.12 1.01 £0.11
Other 11.3+1.2 I1£15 14412 11.9+15 73+ 1.1 243 4+0.35 22406
Fakes 29+ 12 29+ 15 27+ 12 31+£19 22 +13 38+25 8+£5
Total 1670 £ 160 1710 + 170 2060 + 210 1520 + 150 710 + 80 250 £+ 40 221+ 19
Data 1672 1657 2016 1441 676 241 216
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Table 3 Expected yields in the dilepton signal regions before the fit to
data. The data-driven corrections to the ¢7 + jets background are applied
and all uncertainties are included, except the ones associated with the
t7+jets background normalisation factors, which are not defined pre-fit.

The “Other” category includes the tZg, t W Z and diboson processes.
The 7 H signal is normalised to the SM 77 H cross-section. For presen-
tation purposes, uncertainties are symmetrised

STXS 1 SR STXS 2 SR STXS 3 SR STXS 4 SR STXS 5 SR STXS 6 SR
ttH truth p{l 0-60 GeV 10.6 £ 1.5 2.03 +0.31 1.14 £ 0.17 0.63 £0.11 0.19 £ 0.07 0.046 £ 0.023
ttH truth p{’ 60-120 GeV 6.5+0.7 13.0£ 1.8 4.1+£0.7 1.9+04 0.7+ 0.11 0.13 £ 0.07
t1H truth p{' 120-200 GeV 3.06 £+ 0.34 4.7+05 163 £2.0 50407 1.36 £ 0.19 0.24 £ 0.07
ttH truth p{l’ 200-300 GeV 0.5 £0.07 0.72 £ 0.08 2.5+£0.29 13.0£ 1.7 44+0.6 0.41 £ 0.06
ttH truth p-lfl 300-450 GeV <0.1 <0.1 0.197 £ 0.033 0.82 £ 0.18 8.0+ 1.1 1.98 + 0.32
ttH truth p-f{ >450 GeV <0.1 <0.1 <0.1 <0.1 0.26 £ 0.08 2.84+0.5
ttH |y| > 2.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
tt+>2b 81+8 76+ 17 81+ 13 59+4 36.2+ 3.0 11.7+£2.1
tt + 1b 14£5 15+6 20+9 17£5 11+6 29+19
tt+ 1B 44+26 48 +32 57+£23 62+19 6.6 +29 35423
tr+>1c 11.3+24 11.7+£2.6 154+£34 125 +£2.6 7.1+26 30+ 1.7
tf + light 1.1£0.7 09+0.5 1.4£0.8 1.0£0.5 1.0+04 0.37 £ 0.30
ttzZ 4.6 +0.7 4.6+ 1.1 72+ 1.1 62+ 1.3 53+ 1.1 2+0.6
tW 1.7+ 0.8 3+ 1.8 614 8§+5 7+5 3.14+29
trw 0.65 £0.11 1.18 £ 0.15 2.1 +0.23 2.64+0.3 2.7+04 1.2+05
Z+jets 1.8£0.9 1.9£09 34+£13 38+ 1.4 334+1.2 1.8+ 0.7
trtr 09+04 1.1+£05 1.8 £ 0.7 1.7+ 0.7 1.34+0.6 0.65 £ 0.28
tWH 0.23 £0.04 0.31 £0.04 0.57 £ 0.07 0.7 + 0.08 0.66 £ 0.07 0.24 £+ 0.03
Other <0.1 <0.1 0.28 £0.14 0.42 £0.19 0.23 £0.08 0.29 £ 0.13
Fakes 1.7+0.9 22+ 1.1 32416 29415 26+ 13 1.1 +£0.6
Total 144 £+ 13 144 + 13 173 £20 143 £ 12 100 £ 11 38+6
Data 150 149 161 149 76 35

olution, and lepton trigger efficiencies are varied within their
uncertainties [76,77] to estimate the corresponding system-
atic uncertainty.

The JES uncertainty [81] accounts for contributions from
jet-flavour composition, n-intercalibration, punch-through,
single-particle response, calorimeter response to different jet
flavours, and pile-up, resulting in 31 uncorrelated JES uncer-
tainty components. The jet energy resolution was measured
separately for data and MC using two in situ techniques [81].
The systematic uncertainty is defined as the quadratic differ-
ence between the jet energy resolutions for data and sim-
ulation and split into 13 uncorrelated uncertainty compo-
nents. The uncertainty associated with the JVT discriminant
is obtained by varying the efficiency correction factors [80].

The uncertainties associated with the b-tagging algorithm
calibration are derived separately for b-jets, c-jets and light-
flavour jets, as a function of the jet p, and decomposed into
several uncorrelated components for each category, corre-
sponding to the number of pr bins multiplied by the num-
ber of DL1r pseudo-continuous scores [94-96]. This yields
a total of 45 components for b-jets and 20 each for c- and
light jets. For jets with a pr above the pt threshold where

the b-tagging algorithm is calibrated, high-pt extrapolation
uncertainties derived using MC simulation are included.

The uncertainty in E%‘iss results from the propagation of
the uncertainties in the energy scales and resolutions of pho-
tons, leptons and jets, and from the modelling of its soft
term [85].

For the t7H signal, two cross-section uncertainties are
applied accounting for the effect of varying the PDF and
as and for missing higher order terms in the fixed order
perturbative QCD calculations. They amount to +3.6% and
£9.2%, respectively [18]. The systematic uncertainty in the
t1 H cross-section includes theory uncertainties due to migra-
tions of events between the truth Higgs boson pt bins [97].
An uncertainty of 2.2% is assigned to the H — bb branch-
ing fraction [18]. Two uncertainties due to missing higher
order terms in the MC simulation are estimated by varying
independently the renormalisation and factorisation scales in
the ME of the nominal MC sample by a factor of two up and
down. The uncertainties in the amount of initial- and final-
state QCD radiation (ISR and FSR) predicted by the PS are
estimated by varying the scale in o §S R according to the val-
ues given by var3c in the PYTHIA8 A14 tune and by varying
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Table 4 Expected yields in the dilepton control regions before the fit to
data. The data-driven corrections to the ¢7 + jets background are applied
and all uncertainties are included, except the ones associated with the
t7+jets background normalisation factors, which are not defined pre-fit.

The “Other” category includes the tZg, t W Z and diboson processes.
The 7 H signal is normalised to the SM 77 H cross-section. For presen-
tation purposes, uncertainties are symmetrised

t7 + light CR tt +>1c CR tt + 1b CR tt + 1B CR tr +>2b CR
ttH truth p{l 0-60 GeV 119+£14 19.7£23 19.8 £23 99+14 26.0+3.0
ttH truth p{’ 60-120 GeV 170+ 1.3 345+£29 29.5£3.0 204 £25 42.0+4.0
ttH truth p{' 120-200 GeV 10.0 £ 0.9 27.1 £27 17.0 £ 2.1 192+24 340£35
ttH truth p{i’ 200-300 GeV 3.1+£035 11.1£13 4.6 £0.7 92+12 149+ 1.9
ttH truth p-lfl 300-450 GeV 0.94 £ 0.15 35+£05 0.94 £0.19 33£05 54+08
ttH truth p-f{ >450 GeV 0.33 £0.07 0.65 £0.12 0.116 +0.033 0.97 £0.15 1.33 £0.26
ttH |yl > 2.5 0.31 £ 0.05 0.25 £ 0.04 0.4 £0.05 0.127 +0.028 0.166 = 0.018
tt+>2b 495 £35 860 £ 60 1080 + 200 650 &+ 100 2700 £ 200
11+ 1b 1410 £ 130 1790 + 230 3600 £ 700 15404+ 180 1200 + 400
tt+ 1B 310 £ 40 460 £ 40 540+ 210 1560 + 230 310+ 110
tt+>1c 5600 £ 500 7700 £ 600 2210 £+ 280 1590 + 330 1070 £ 170
tf + light 9200 £ 1500 2800 £ 400 590 + 130 410 £90 190 & 70
ttZ 43+6 81 £12 35+£6 36 £5 92+ 12
tW 300 £ 60 210 £ 50 220+ 70 150 &+ 50 300 & 140
ttw 375 727 121£13 143 £33 29.8 £3.5
Z+jets 340 £ 130 260 £ 100 250 =90 93 £ 34 320 + 120
et 1.6 £0.7 10+ 4 1+ 0.4 48+2 28 £ 12
tWH 0.98 £ 0.11 224 £0.22 2.69 £0.29 1.42 £0.14 40+04
Other 56+24 8.1+3.1 44+20 2.1+£07 12+5
Fakes 110 £ 50 120 & 60 40 +£20 40 +20 80 £ 40
Total 18000 £ 2000 14400 £ 1100 8700 % 900 6200 + 500 6400 £ 700
Data 18557 14361 8624 5830 6448

the scale in ozg SR by a factor two up and down. To assess
the uncertainties associated with the PS, hadronisation and
underlying event, the nominal ¢z H sample is compared with
the alternative POWHEG+HERWIG7 sample, while the uncer-
tainty due to the NLO matching procedure is estimated with
POWHEG+PYTHIA8 with a varied pffard parameter value.

All the modelling uncertainties in the 7 +jets background
have independent nuisance parameters for the t7+1b, ti+1B,
tt+>2b,tt+> lc and t7 +light processes. These systematic
variations are normalised to conserve the total nominal event
count after the preselection for each process. Uncertainties
due to missing higher order terms in the perturbative QCD
calculations, in the amount of ISR and FSR as well as the
uncertainties associated with the PS and hadronisation, and
with the NLO matching procedure are estimated in the same
way as for the 17 H signal.

For ¢t + > 1b, the choice of recoil scheme in the ISR
PS has a sizeable effect in the normalisations and shapes
of the distributions used in the analysis within the detector
acceptance [22]. The uncertainty associated with the choice
of the global recoil scheme is assessed by comparing the
nominal sample with an alternative sample produced with
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the dipole recoil scheme. For ¢f + light and ¢7 + > lc, the
uncertainty in the choice of the hgamp parameter is estimated
by using the alternative POWHEGBOX+PYTHIAS sample with
hdamp =3 Miop-

Uncertainties related to the Ht reweighting procedure
described in Sect. 5.1 are assigned independently in the
single-lepton and dilepton channels. The 7 + light and
tf + > lc¢ normalisation factors are varied within their uncer-
tainties to estimate the corresponding systematic uncertainty.
An additional uncertainty is estimated by comparing the dis-
tributions with and without the weights derived in the Hrt
reweighting procedure, in bins of jet multiplicity.

A £5% normalisation uncertainty is considered for
the cross-sections of the t- and s- single-top production
modes [98,99]. The normalisation uncertainty of the tW
background is 3.7% [100]. Modelling uncertainties in the
t W production due to the choice of the PS and hadronisation
model, the NLO matching and the /1 gamp parameter choice are
evaluated in the same way as for the 77 + light and 77 4+ > lc
backgrounds. The uncertainty associated with the interfer-
ence between tW and #f production at NLO is assessed by
comparing the nominal POWHEGBOX+PYTHIAS8 sample pro-
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duced using the diagram removal scheme to an alternative
sample produced with the same generator but using the dia-
gram subtraction scheme.

The total uncertainty in the theoretical t7W cross-section
computed at NNLO in the QCD and at NLO in the electro-
weak interactions is 7.4% [71]. The modelling uncer-
tainty in the 17W background is evaluated by comparing
the nominal SHERPA simulation with the sample produced
using MADGRAPH5_AMC@NLO. For the 17Z production,
the uncertainty in the predicted cross-section at NLO in
QCD is 12% [18]. The modelling uncertainty in the t7Z
background is evaluated by comparing the nominal MAD-
GRAPHS_AMC@NLO+-PYTHIA8 sample with the sample
where PYTHIAS is replaced by HERWIG7 to simulate the PS
and hadronisation.

A normalisation uncertainty of ﬂg;&; is assigned for the
titt background. The down variation corresponds to the the-
ory uncertainty covering effects from varying the factorisa-
tion and renormalisation scales, the PDFs and as [101] while
the up variation covers the measured ¢7¢7 cross-section [102].
For t Zq, the total normalisation uncertainty is 7.9% [37]. A
normalisation uncertainty of 15.4% (9.2%) calculated using
MADGRAPH5_AMC@NLO at NLO is applied to the tHjb
(tW H) background normalisation [103]. For t W Z, an uncer-
tainty of £50% is used [37].

The treatment of V4jets uncertainties follows the pre-
vious analysis [104]. An uncertainty of 40% is assumed for
the Wjets cross-section, with an additional 30% normalisa-
tion uncertainty used for W boson production in association
with heavy-flavour jets, taken as uncorrelated between events
with two and events with more than two truth-level heavy-
flavour jets. These uncertainties are based on variations of the
factorisation and renormalisation scales and of the match-
ing parameters in the SHERPA samples. An uncertainty of
35% is applied to the Z+jets normalisation to account for
both the variations of the scales and matching parameters in
the SHERPA samples and the uncertainty in the correction
factor for the Z boson production accompanied by two b-
jets extracted from data. A 50% normalisation uncertainty is
used for the diboson background, which includes uncertain-
ties in the inclusive cross-section and additional jet produc-
tion [105-107].

A 50% normalisation uncertainty is assigned to the fake-
lepton background estimate in the single-lepton and dilepton
channels separately. An additional uncertainty obtained by
using an alternative parameterisation of the fake rate (Sect.
5.2) is considered in the single-lepton channel.

8 Results

An excess of events over the expected background is found
with an observed (expected) significance of 4.6 (5.4) standard

deviations, in a combined profile-likelihood fit to data in all
signal and control regions. The measured ¢7 H signal strength
for mp = 125.09 GeV [108] is

g = 0.817072 = 0.81 £ 0.11(stat.) ") 0(syst.).  (2)

The total statistical uncertainty is defined as the uncertainty in
;7 when all nuisance parameters associated with the sys-
tematic uncertainties are fixed to their best-fit values. The
total systematic uncertainty is then defined as the differ-
ence in quadrature between the total and statistical uncer-
tainties. The systematic uncertainty in the signal strength
w,ig includes the theoretical uncertainties in the SM 1t H
cross-section described in Sect. 7. The measured 77 H signal
strength in the single-lepton channel is

tig = 0.72 £ 0.12(stat.) T3] (syst.) 3)
and in the dilepton channel is
g = 1.03 £ 0.26(stat.) T35 (syst.). )

The combined p,7y is converted into an inclusive cross-
section using the SM theoretical cross-section of 5071’28 b
for my = 125.09 GeV and excluding its uncertainty [18].
The resulting cross-section is

o =411 T fb = 411 £ 54(stat.) T53(syst) b, (5)

with a relative uncertainty of f%ggj, consistent with the SM

prediction. The sensitivity is driven by the single-lepton
channel, where the systematic component of the uncertainty
dominates. The sensitivity of the dilepton channel is limited
by the size of the dataset.

The measured values of the ¢7 + jets background normal-
isation factors, which are free parameters of the fit, are listed
in Table 5. They are compatible between the single-lepton
and the dilepton channels within two standard deviations.
For tf + 1b, the measured value of the normalisation factor
is slightly larger in the dilepton channel than in the single-
lepton channel.

Compared with the previous analysis using the same
dataset, the current analysis selects 64% (29%) new events in
the single-lepton (dilepton) SR that did not enter the selection
of the previous analysis. This is consistent with the increase
of the overall acceptance by a factor of three. The statisti-
cal correlation between the two analyses is estimated using a
booststrap method to be 19%, assuming that the systematic
uncertainties are independent. This assumption is justified
by the fact that the systematic model of the most important
tf + > 1b background is different between the two analy-
ses and the experimental uncertainties are updated. Based on
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Fig. 3 The 11 H cross-sections T T T T T T T
measured in bins of truth Higgs ATLAS lef Total Unc.  mm Syst. only Stat. only SM + Theory
boson pr for a Higgs boson Vs = 13TeV, 140fb~', my=125.09Gev Total  ( Stat. Syst.)
rapidity |y| < 2.5, and measured 0.69 052 +0.46
inclusively in the full phase p![—' €[0,60) GeV [~ = 1.25 e 081 - 040 —
space, normalised to their SM " “
predictions, as obtained from a p# €[60,120) GeV [~ = 0.77 tg:gz iy (())',40 ! 8’_32 T
combined profile-likelihood fit
to Qata in all signal a.nd. control p_ll-_l €[120,200) GeV =——— 0.88 "_g::g * 8-_2; * g-_g; |
regions. The uncertainties are
shown separately for the H | =— 0.77 +044 +0.36 +0.26 |
measurement and the prediction Pt €(200, 300) GeV -0.42 - 035 - 024
0.55 0.44 +0.33
pH €[300,450) GeV |- He=—=—= 027 "oz Toae o .
0.89 0.76 +0.47
pi €450, 0) GeV |- === 0.63 “ggs o7t o043 N
. 0.20 A1 +0.17
Inclusive |- o= 0.81 g3 oH oe 7
| | | | | | |
0 1 2 3 4 5 6
o/ oM

Table 5 Best-fit values of the ¢7 + jets normalisation factors obtained
from the fit to data with a single inclusive ¢7 H signal strength parameter.
Independent normalisation factors for ¢7 + 1b, 17 + > 1c and ¢7 + light
components are used in the dilepton and single-lepton channels. Before

the fit, the 77 + light and 77 + > l¢ components are normalised to the 17
cross-section computed at NNLO in QCD including the resummation
of NNLL soft-gluon terms [72] while the ¢7 + > 1b normalisation is
taken from the ¢7bb MC simulation

Normalisation factor tf + light tr+>lc tr 4+ 1b tr+1B tt+>2b
Single-lepton 0.781908 1517919 1067919 1157513 0.947008
Dilepton 0.88018 1.367919 1.24700

Fig. 4 Post-fit correlations ATLAS Vs =13TeV, 140fb~!
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Fig. 6 Post-fit summary of the yields in the (a) dilepton and (b) single-lepton signal regions, with all regions aggregated into a single bin each.
The uncertainty band includes all uncertainties and their correlations
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Table 6 A list of the absolute and relative uncertainties in the measured
0,7 grouped in categories. The contributions from different sources of
uncertainty are evaluated after the fit. The quoted values are obtained
by repeating the fit, while fixing the set of nuisance parameters of the
sources corresponding to each category to their best-fit values, and sub-
tracting in quadrature the resulting uncertainty from the total uncertainty
of the nominal fit presented in the last row. The total uncertainty is differ-
ent from the sum in quadrature of the different components due to cor-

relations between nuisance parameters in the fit. The t7 H and t7 +> 1b
radiation uncertainty categories include the renormalisation and fac-
torisation scales, ISR and FSR uncertainties. The “¢/7H theory” cate-
gory includes STXS-related theoretical uncertainties and uncertainty in
the H — bb branching fraction. The “Minor background modelling”
category includes uncertainties in the fake-lepton background and in
minor backgrounds as defined in the text. The total statistical uncer-
tainty includes uncertainties in the normalisation factors

Uncertainty source Ao,y (tb) Aoig /oy (%)
Process modelling
tt H modelling
t7 H radiation +35 —21 +9 -5
ttH parton shower +32 -19 +8 -5
tt H matching <0.1 -0.3 <0.1 —0.1
ttH theory +25 -17 +6 —4
tf + > 1b modelling
tf + > 1b radiation +31 +8
tf + > 1b parton shower 429 +7
tf + > 1b matching +19 +5
tf + > 1c modelling +18 +4
t7 + light modelling +5 +1
tW modelling +16 +4
Minor background modelling +19 +5
Flavour tagging +36 +9
Jet modelling +22 +5
Monte-Carlo statistics +17 +4
Other instrumental +10 +2
Total systematic uncertainty +85 =75 +21 —18
Normalisation factors +21 +5
Total statistical uncertainty +54 +13
Total uncertainty +101 —-92 +25 —-22
£30000 . . . . o 100810 ; ; ; ; ; ;
5 ATLAS # Data WiiH Oif+22b o gof ATLAS # Data WiiH Oif+220
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Fig. 7 Post-fit summary of the yields in the (a) dilepton and (b) single-lepton control regions, with all regions aggregated into a single bin each.
The uncertainty band includes all uncertainties and their correlations
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Fig. 8 Post-fit data/prediction comparisons of the signal region dis-
tributions entering the fit in the single-lepton channel. The discrimi-
nants are rescaled to lie between zero and one using a logistic func-
tion. The signal and background normalisation parameters and the nui-

sance parameters are set to their best-fit values. The uncertainty band
includes all uncertainties and their correlations. For the reconstructed
Higgs boson pr in the boosted signal region, the first (last) bin includes
the underflow (overflow) contributions

@ Springer



210 Page 18 of 40

Eur. Phys. J. C (2025) 85:210

ATLAS ¢ Data WH
(s=13TeV, 140" [JiF+>2b Wtt+b
Dilepton RN @tt+>1c
STXS 1 SR
Post-fit, i = 0.81 ow

7/, Uncertainty

ATLAS

s =13TeV, 140 fb™
Dilepton

STXS 2 SR

Post-fit, p = 0.81

Events
Events

[T + light mttz
[ Other

Wi+ 1B
(T + light mttz
Ow [ Other
77, Uncertainty

ATLAS

s =13 TeV, 140 fo
Dilepton

STXS 3SR

Data WttH
tt+>2b mtt+ b
@ti+21c

¢ Data
Ott+=2b
Wi+ 1B
W tE + light

Events

Post-fit, u = 0.81 Ow
7/, Uncertainty

° ° o
o < o
a o a
s s s
© © ©
a o a .8
0. 0.1 0.
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
tfH Discriminant tTH Discriminant tfH Discriminant
(a) (b) ()
2 2 2
§ ATLAS ¢ Data § ATLAS ¢ Data ] § ATLAS ¢ Data ]
w (s=13TeV, 140" [Otf+>2b w Vs=13TeV, 140" [t +>2b 1 @ (s=13TeV, 140" [Otf+>2b ]
Dilepton Wi+ 1B Dilepton Wi+ 1B — Dilepton Wi+ 1B —
STXS 4 SR Wt + light STXS 5 SR [T + light ] STXS 6 SR [T + light ]
Post-fit, p = 0.81 Ow Post-fit, p = 0.81 ow ] Post-fit, p = 0.81 Omw ]
77 Uncertainty 77 Uncertainty — 77 Uncertainty —
° ° °
< o L
a o a 2E
o X [=] . o X
O'UO 01 02 03 04 05 06 07 08 09 1 O’UU 01 02 03 04 05 06 07 08 09 1 0'UO 01 02 03 04 05 06 07 08 09 1
tfH Discriminant tTH Discriminant tfH Discriminant
(d) (e) )

Fig. 9 Post-fit data/prediction comparisons of the signal region distri-
butions entering the fit in the dilepton channel. The discriminants are
rescaled to lie between zero and one using a logistic function. The signal

this, the probability that the current result is compatible with
the result of Ref. [20] is estimated as 21%.

Figure 3 shows the measured values of 0,75 /oM in bins
of the Higgs boson pr, obtained from a combined profile-
likelihood fit to data with a free t7 H signal strength param-
eter for each bin. The result of this measurement is com-
patible with the SM prediction with a p-value of 89%, tak-
ing into account theoretical uncertainties in the SM tf H
cross-section. The measured value of the inclusive signal
strength is also shown. The measurement of 0,75 /oM in
the [300, 450) GeV and [450, o0) GeV p? bins is limited
by statistical uncertainties. In the remaining bins, there is
a similar contribution from statistical and systematic uncer-
tainties. Defining boosted regions improves sensitivity in the
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and background normalisation parameters and the nuisance parameters
are set to their best-fit values. The uncertainty band includes all uncer-
tainties and their correlations

[450, c0) GeV prf{ bin by about 15%, compared with the
scenario where only the resolved event selection is applied
to these events. The correlations between the parameters of
interest are shown in Fig. 4. They do not exceed 30% and
are larger in the lower Higgs boson transverse momentum
region.

The fitted values of ¢7 + jets background normalisation
factors are consistent with those obtained in the fit with a
single u,7y parameter shown in Table 5.

The absolute and relative systematic uncertainties in the
measurement of 0,7, grouped in categories, are shown in
Table 6, and the effect of individual nuisance parameters
ranked according to their impact on the inclusive 0,7 /o SM is
shown in Fig. 5. The largest impact originates from the signal
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Fig. 10 Post-fit data/prediction comparisons of the control region dis-
tributions entering the fit in the single-lepton channel. The discrimi-
nants are rescaled to lie between zero and one using a logistic func-
tion. The signal and background normalisation parameters and the nui-

()

sance parameters are set to their best-fit values. The uncertainty band
includes all uncertainties and their correlations. For the reconstructed
Higgs boson pr in the boosted control region, the first (last) bin includes
the underflow (overflow) contributions
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modelling, followed by the ¢7 + > 2b background modelling.
In both cases, the dominant effects arise from the modelling
of the FSR and the choice of the PS model. Among the exper-
imental uncertainties, the largest effects come from the b-jet
tagging and the jet energy scale.

Among the eight highest ranked nuisance parameters in
Fig. 5, the largest constraints are observed for the 17 + > 2b
uncertainties arising from the dipole shower model and the
choice of matching algorithm. These constraints predomi-
nantly originate from the single-lepton channel, and more
specifically the SRs and the 77 4+ > 2b CR where the 11 + > 2b
background contribution is large. The constraints are more
pronounced when the 77 + >2b CR is split into three in the
single-lepton channel to better control the ¢ + > 2b back-
ground modelling in bins of the reconstructed Higgs boson
PT-

The observed yields in all signal and control regions are
compared to the post-fit predictions in Figs. 6 and 7. In
each region, all bins are aggregated into a single bin. Fig-
ures 89 and 10 11 show a more detailed comparison in the
single-lepton (dilepton) signal and control regions. The sig-
nal and background predictions in all post-fit distributions
are obtained by setting the free parameters and the nuisance
parameters to their best-fit values. In all post-fit plots, the
uncertainty band includes all uncertainties and their correla-
tions. The discriminant output in the plots is rescaled to be
between zero and one using a logistic function.

The global goodness of fit [109,110] is 87% for the
0,711/ M measurement in p# bins, highlighting that good
post-fit modelling is achieved.

Figure 12 shows the event yield in data compared with the
post-fit signal (S) and total background (B) predictions. It is
ordered by the signal-to-background ratio of the bins from all
the fitted regions. The predictions are shown for the best-fit
signal strength and for the SM prediction. The observed data
shows an excess over the background compatible with the
best-fit signal strength ;7 = 0.81 in the high log, (S/B)
region.

9 Conclusion

The associated production of a Higgs boson with a pair of top
quarks was measured in the H — bb decay channel, using
the full Run 2 proton—proton collision dataset collected at
A/s = 13 TeV by the ATLAS detector at the LHC, cor-
responding to 140 fb~!. The measurement uses final states
containing one or two leptons. The measured inclusive cross-
section assuming a Higgs boson mass of 125.09 GeV is
411 = 54(stat.) fgg (syst.) fb with a relative uncertainty of
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Fig. 12 Observed and expected event yields as a function of
logyo (S/B), where S and B are the post-fit signal and total back-
ground yields, respectively. The bins in all fitted regions are ordered
and grouped in bins of log;, (S/B). The signal is shown for the best-fit
signal strength, © = 0.81, or the SM prediction, © = 1.0. The lower
panel shows the ratio of the data to the post-fit background prediction,
compared with the signal-plus-background prediction with the best-
fit signal strength and the SM prediction. The shaded band represents
the total uncertainty in the background prediction. The first (last) bin
includes the underflow (overflow) contributions

24%, consistent with the SM prediction. The measurement
is dominated by the systematic uncertainties arising from the
ttH signal modelling followed by the ¢7 + jets background
modelling. The observed (expected) significance of the 11 H
signal relative to the SM background-only hypothesis is 4.6
(5.4) standard deviations. The cross-section measurement is
also performed in six bins of p{i in the STXS framework
with the highest bin probing Higgs bosons with p{{ above
450 GeV. The uncertainty in the measurement for p? above
300 GeV is dominated by the limited number of data events.

With respect to the previous iteration of the analysis, this
measurement profits from looser selection requirements and
improved b-jet identification that increase the 17 H signal
acceptance. Control regions enriched in each of the ¢7 + jets
components are defined based on a more powerful multi-
class neural network. Together with data-driven modelling
corrections for the ¢ + > 1c and tf + light components,
and a dedicated MC simulation and systematic model for the
tf + > 1b component, they provide improved signal sensi-
tivity and better control over the background, such that the
modelling uncertainty in ¢ + > 1b is no longer the dominant
contribution to the total systematic uncertainty.

This analysis is the most precise 77 H cross-section mea-
surement in a single decay channel, inclusively and in each
pH bin.
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1. Introduction

The Prompt Lepton Isolation Tagger (PLIT) is an isolation algorithm using a transformer neu-
ral network architecture to separate prompt electrons and muons, arising in decays of electroweak
bosons, from the non-prompt leptons produced in semi-leptonic decays of b- and c-hadrons. Pre-
liminary results on its performance using simulated ¢7 events produced with setups corresponding
to the Run 2, as well as the partial Run 3 (2022 and 2023) configurations of ATLAS [1] are pre-
sented. The PLIT is based on the same neural network architecture used in ATLAS to identify jets
originating from b- and c-quarks [2, 3]. It uses features from the lepton, features from tracks within
acone of AR = v/(A¢)? + (An)? < 0.4 of the lepton, and features which are computed with respect
to the variable-radius track jet [4] closest in AR with AR < 0.4 to the lepton. Discrimination is
based on the final PLIT disriminant score. It is defined as

P prompt

(1

DppiT = log ,
Pnon-prompt

where pprompt and pPron-prompt are the prompt and non-prompt muon probabilities, respectively.

The training is performed on 40 million muons from a mixture of simulated 77 samples with
centre of mass energies of 13 and 13.6 TeV. The muons in the training dataset are required to pass the
Mepbium identification working point [5], satisfy pt > 10GeV and || < 2.5, and have additional
criteria regarding the distance between primary vertex and each track.

The supervised training is based on preserved generator-level information to match the track
of each reconstructed lepton candidate to a suitable stable particle produced by the generator or
the Geant4 [6] simulation. Muons in this dataset are labelled as prompt if they are matched to
a generator-level muon originating from the decay of a W boson. They are labelled non-prompt
otherwise. A resampling procedure to ensure a proportion of 3:1 and equal pt and 5 distributions
between prompt muons and non-prompt muons is applied.

2. Architecture of the PLIT

First, input features associated with the lepton are concatenated with features of tracks within
a cone of AR < 0.4 of the lepton. Next, an initial embedding to a representation space is performed
with a Deep Sets [7] network without using the aggregation over the output track representations.
The track representations are fed into a transformer encoder [8]. The output representation of each
track is then combined to form a global representation of the lepton to be used for classification. This
global representation is formed by a weighted sum over the track representations, where the attention
weights for the sum are learned during training. In addition to the primary lepton classification
task, PLIT also has auxiliary training objectives to classify the track origin and grouping tracks
into common vertices. Each of the tasks consists of three hidden layers containing 128, 64 and 32
neurons respectively. These auxiliary tasks enhance the sensitivity to leptons from semi-leptonic
B-decays which result in the presence of secondary vertices.

3. Results and conclusions

As shown in Figures 1 and 2, this novel algorithm shows impressive ability to separate prompt
from non-prompt muons. It was observed that the improvement of the PLIT over recommended
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working points at a fixed value of prompt muon efficiency is of order 2.2 - 2.7 in terms of non-
prompt lepton rejection. In both cases the statistical uncertainties are calculated using binomial
uncertainties and are indicated as colored bands. The next steps in its development will be the
optimization of its performance on electrons and its calibration using data.
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Figure 1: The non-prompt muon rejection factor as Figure 2: The non-prompt muon efficiency as func-
a function of the prompt muon efficiency for PLIT as tion of the muon p7 for PLIT, for a fixed prompt muon
well as for some cut-based isolation working points efficiency €yrompt Of 90%, obtained on a sample of 3.5
(PFlow Loose VarRad, PFlow Tight VarRad, Loose million muons from 7 events simulated at centre of
VarRad and Tight VarRad), as described in Ref. [5]. mass energies of 13 and 13.6 TeV.
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