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Abstract

The results of the search for the associated production of a Higgs boson with a top
quark-antiquark pair (ttH) in proton-proton collisions at a center-of-mass energy of
V/s = 13TeV are presented. The data correspond to an integrated luminosity of up
to 12.9 fb~! recorded with the CMS experiment in 2016. Candidate ttH events are se-
lected with criteria enhancing the lepton+jets or dilepton decay-channels of the tt sys-
tem and the decay of the Higgs boson into a bottom quark-antiquark pair (H — bb).
In order to increase the sensitivity of the search, selected events are split into sev-
eral categories with different expected signal and background rates. In each category
signal and background events are separated using a multivariate approach that com-
bines a matrix element method with boosted decision trees. The results are char-
acterized by an observed ttH signal strength relative to the standard model cross
section, 4 = o /ogy, under the assumption of my = 125GeV. A combined fit of
multivariate discriminant distributions in all categories results in an observed (ex-
pected) upper limit of 4 < 1.5 (1.7) at the 95% confidence level, and a best fit value of
i =—0.19 15 (stat.) “5E8 (syst.).
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1 Introduction

The observation of a Higgs boson with a mass of approximately 125GeV [1, 2] at the Large
Hadron Collider (LHC) marked the starting point of a broad experimental program to deter-
mine the properties of the newly discovered particle. To date, the results of all measurements
performed at the LHC are consistent with the expectations for a standard model (SM) Higgs
boson. Decays into 7, ZZ and WW final states have been observed and there is evidence for
the direct decay of the particle to fermions from the 77 and bb decay channels [3, 4]. The mea-
sured rates of various production and decay channels agree with the SM expectations [5, 6] and
the hypothesis of a spin-0 particle is favored over other hypotheses [7, 8].

In the SM the coupling of the Higgs boson to fermions is of Yukawa type, with a coupling
strength proportional to the fermion mass. Probing the coupling of the Higgs boson to the
heaviest known fermion, the top quark, is hence very important for testing the SM and for
constraining models of physics beyond the SM (BSM). Indirect constraints on the top-Higgs
coupling are available from processes including top-quark loops, for example Higgs boson
production through gluon-gluon fusion [5, 6]. On the other hand, the associated production
of a Higgs boson and a top quark-antiquark pair (ttH production) is a direct probe of the top-
Higgs coupling, as illustrated by the Feynman diagrams in Fig. 1. If observed it would prove
the coupling of the Higgs boson to fermions with weak isospin +1/2 (“up-type”) in addition
to couplings to T and b, which carry a weak isospin of —1/2 (“down-type”). The Higgs boson
decay into bottom quark-antiquark pairs (bb), also shown in Fig. 1, is attractive as a final state
because it features the largest branching fraction of 0.58 4= 0.02 for a 125 GeV Higgs boson [9].

Figure 1: Exemplary leading-order Feynman diagrams for ttH production, including the subse-
quent decays of the top quark-antiquark pair in the lepton+jets channel (left) and the dilepton
channel (right) as well as the decay of the Higgs boson into a bottom quark-antiquark pair.

Several BSM physics models predict a significantly enhanced ttH production rate while not
modifying the branching fractions of Higgs boson decays by a measurable amount. For ex-
ample, a number of BSM physics models predict vector-like partners of the top-quark (T) that
decay into tH, bW and tZ final states [10-19]. The production and decay of TT pairs would lead
to final states indistinguishable from those of ttH production. In this context, a measurement
of the ttH production cross section has the potential to distinguish the SM Higgs mechanism
from alternative mechanisms to generate fermion mass.

Various dedicated searches for ttH production have been conducted during Run I of the LHC.
The CMS searches employ pp collision data corresponding to an integrated luminosity of 5 fb™*
ata center-of-mass energy of /s = 7 TeV and 19.5fb ™' at /s = 8 TeV. These searches have been
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performed studying Higgs boson decays to hadrons, photons, and leptons using multivariate
analysis (MVA) techniques, showing a mild excess of the observed ttH cross section relative to
the SM expectation of y = ¢ /05y = 2.8 £ 1.0 [20]. A similar excess of u = 2.1713 is observed

in a search for ttH production in multilepton final states with 20.3 fb ! of ATLAS data at /s =
8 TeV [21].

The CMS search results have also entered a comprehensive test of the compatibility of the Higgs
boson couplings with SM predictions [6]. The sensitivity for the ttH process in the H — bb
decay channel was further increased by employing the matrix element method (MEM) [22],
resulting in an observed (expected) upper limit of y < 4.2 (3.3) at 95% confidence level [23].
ATLAS obtained an observed (expected) upper limit on ttH production in the H — bb decay
channel of y < 3.4 (2.2) using 20.3 fb ™! of pp collision data at /s = 8 TeV [24].

Observation of ttH production is one of the major goals in Higgs boson physics for the LHC
Run II. The increased center-of-mass energy of /s = 13 TeV results in a ttH production cross
section 3.9 times larger than at /s = 8 TeV based on next-to-leading (NLO) calculations, while
the cross section for the most important background, tt production, is only increased by a factor
of 3.3 [25], resulting in a more favorable signal-to-background ratio. Latest CMS searches for
ttH production with Run-II data in the diphoton and multilepton final-states of the Higgs boson
observe signal strengths of y = 1.91“%:3 [26] and u = 2.0f82§ [27], respectively. ATLAS finds

p=—03%]7[28]and u = 2.51]7 [29], respectively.

In the H — bb final state, CMS has performed a search for ttH production using 2.7 fb~" of
data recorded in 2015 [30]. Analysis methods established in Run I have been significantly im-
proved, and novel methods have been added. In particular, the two multivariate techniques —
namely MEM and boosted decision trees (BDT) [31-35] — using different information from each
event and aiming at separating different background components, have both been employed
to obtain a better performance than using one technique alone. The analysis obtains a value
of u= —2.0ﬂ:§. A new result by ATLAS in H — bb channel, based on 13.2 fb_l, measures
p=21%3029].

This document summarizes a search for the ttH production in the H — bb final state performed
with up to 12.9 fb ™! of data recorded with the CMS detector in 2016. It is an update of the above
mentioned search [30]. One improvement is due to a refined Monte Carlo (MC) modeling,
leading to a more accurate description of the data, in particular the jet-multiplicity spectrum.
The event selection is adapted to ttH events with the decay of the Higgs boson into a bb pair
and lepton+jets as well as dilepton decays of the tt pair, resulting in the final state /v qq bb
((Tv{~vbb) for lepton+jets (dilepton) tt decays, where ¢ = e, u. Events are split into mutu-
ally exclusive categories according to the number of reconstructed jets and the number of jets
identified as coming from the hadronization of b quarks (b tagging). In each category, signal
and background processes are separated employing BDTs which use the kinematic properties
of jets and charged leptons, the b tagging probability, invariant masses and angular correla-
tions of combinations of jets and leptons, as well as observables characterizing the event shape
as inputs. Those categories with high number of jets or number of b-tagged jets are further
subdivided into two sub-categories depending on the BDT discriminant output, and in each
sub-category the MEM discriminant is used as final discriminant. From a combined profile-
likelihood fit of the final discriminant output distributions to data in all categories, a best-fit
value of the signal-strength modifier y is obtained. In absence of a signal, an upper limit on u
is set.

This document is structured as follows: in Section 3, the data samples and MC simulated sam-



ples are described. The basic selection of analysis objects and events is discussed in Section 4.
The general analysis strategy and background estimation methods are introduced in Section 5.
The effect of systematic uncertainties is studied in Section 6. Results of the studies are presented
in Section 7, followed by conclusions in Section 8.

2 The CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [36].

3 Data and Simulation Samples

This analysis is performed using proton-proton (pp) collision data at a center-of-mass energy
of v/s = 13TeV, which were collected with the CMS detector in 2016 and correspond to a
total integrated luminosity of 12.9fb™! and 11.4 — 12.9fb™! for the lepton+jets and dilepton
channels, respectively. The different (lower) luminosity in the dilepton channel only affects the
ete channel and is due to disabled trigger paths during parts of the data taking.

MC event generators, interfaced with a detailed detector simulation, are used to model experi-
mental effects, such as reconstruction and selection efficiencies, as well as detector resolutions.
The CMS detector response is simulated using GEANT4 (v. 9.4) [37].

For the simulation of the reference ttH signal sample, the next-to-leading-order (NLO) event
generator POWHEG (v. 2) [38, 39] is used. The value of the Higgs boson mass is assumed to
be 125GeV, while the top quark mass value is set to 172.5GeV. The proton structure is de-
scribed by the parton distribution functions (PDF) NNPDF3.0 [40]. The generated events are
subsequently processed with PYTHIA (v. 8.2) [41] for parton showering and hadronization.

Standard model backgrounds are simulated using POWHEG, MG5_.aMC@NLO (v. 2.2.2) [42],
or PYTHIA, depending on the process. The main background contribution originates from tt
production, the production of W and Z/v* bosons with additional jets (referred to as W+jets
and Z+jets or commonly as V+jets in the following), single top quark production (tW channel),
and diboson (WW, WZ, and ZZ) processes, and tt production in association with a W or Z bo-
son (referred to as tt+W and tt+Z or commonly as tt+V in the following). Both the tt and the
single top quark samples are simulated with POWHEG. The V+jets and tt+V samples are simu-
lated with the NLO generator MG5_aMC@NLO, where for the V+jets samples the matching of
matrix-element jets to parton showers is performed using the FXFX [43] prescription. PYTHIA is
used to simulate diboson events. Parton showering and hadronization are also simulated with
PYTHIA in all the background samples. The PYTHIA CUETP8M1 tune [44, 45] was used in the
past to characterize the underlying event in both the ttH signal and the background samples.
However, our ttH search based on the 2015 data has shown that this tune results in a much
harder jet-multiplicity spectrum in simulation with respect to data. Since ttH events typically
show a high jet multiplicity, this data-simulation discrepancy will have a big impact on our
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search. In order to improve the modeling, a custom tune has been derived by CMS. For this
new tune, the (mostly uncorrelated) parameters a-% and hdamp are optimized based on several
measurements at /s = 8 TeV. The latter is the parameter that controls the matrix element and
parton shower matching in POWHEG and effectively regulates the high-pr radiation. Valida-
tion studies show that this new tune significantly improves the jet-multiplicity modeling. For

this analysis, we used the ttH signal and tt background samples produced with this new tune.

For comparison with the measured distributions, the events in the simulated samples are nor-
malized to the same integrated luminosity of the data according to their predicted cross sec-
tions. These are taken from theoretical calculations at next-to-next-to-leading order (NNLO, for
V+jets production), approximate NNLO (single top quark tW channel [46]), and NLO (diboson
production [47] and tt+V production [48]). The ttH cross section [25, 49-52] and Higgs boson
branching fractions [53-56] used in the analysis also have NLO accuracy. The tt simulated sam-
ple is normalized to the full NNLO calculation with resummation to next-to-next-to-leading-
logarithmic (NNLL) accuracy [57-63], assuming a top quark mass value of 172.5 GeV and using
the NNPDF3.0 PDF set. This sample is further separated into the following processes based on
the flavor of additional jets that do not originate from the top quark decays in the event: tt+bb,
defined at generator level as the events in which two additional b jets are generated within
the acceptance requirements (cf. Section 4) and originate from one or more B hadrons; tt+b, for
which only one additional b jet originates from a single B hadron; tt+2b, which corresponds to
events with two additional B hadrons that are close enough in direction to produce a single b
jet; tt+cc, for which events have at least one c jet within acceptance and no additional b jets;
tt + light flavor (tt+LF), which correspond to events that do not belong to any of the above
processes. The separation is motivated by the fact that different sub-samples originate from
different physics processes and have different systematic uncertainties. A similar separation
strategy has been followed by the ATLAS collaboration [24].

Effects from additional pp interactions in the same bunch crossing (pileup) are modeled by
adding simulated minimum-bias events (generated with PYTHIA) to all simulated processes.
The pileup multiplicity distribution in simulation is reweighted to reflect the luminosity pro-
file of the observed pp collisions. Correction factors described in Section 4 are applied where
necessary to improve the description of the data by the simulation.

4 Object and Event Selection

The event selection aims at selecting events from the production of a Higgs boson in association
with a top quark-antiquark pair, where only the case in which the Higgs boson decays into a
bottom quark-antiquark pair is considered. In the SM, the top quark is expected to decay
into a W boson and a b quark nearly 100% of the time. Hence different tt decay modes can
be identified according to the subsequent decays of the W bosons. Two tt decay modes are
considered: the lepton+jets mode (tt — (v qq’ bb), where one W boson decays into a charged
lepton and a neutrino, and the dilepton mode (tt — ¢*v £~ 7 bb), where both W bosons decay
into a charged lepton and a neutrino. These signatures imply the presence of isolated leptons
(¢ = e, p), missing transverse momentum owing to the neutrinos from W boson decays, and
highly energetic jets originating from the final-state quarks. The heavy-quark content of the
jets is identified through b tagging techniques.

At trigger level, events in the lepton+jets channel are required to contain an electron (muon)
with transverse momentum (p1) threshold of pr > 27GeV (pr > 22GeV). For electrons a
pseudorapidity range of || < 2.1 is required. Events in the dilepton channel are required to



contain two leptons fulfilling the requirement of py thresholds between 8 GeV and 23 GeV and
isolation criteria.

Events are reconstructed using a particle-flow (PF) technique [64, 65], which combines signals
from all sub-detectors to enhance the reconstruction performance by identifying individual
particle candidates in pp collisions. Charged hadrons from pileup events are omitted in the
subsequent event reconstruction.

The electron and muon candidates are required to be sufficiently isolated from nearby jet activ-
ity as follows. For each electron (muon) candidate, a cone of AR = 0.3 (AR = 0.4) is constructed

around the direction of the track at the event vertex, where AR is defined as V (A7)? + (A¢)?,
and Ay and A¢ are the distances in pseudorapidity and azimuthal angle. Excluding the contri-
bution from the lepton candidate, the scalar sum of the pr of all particle candidates inside the
cone consistent with arising from the chosen primary event vertex is calculated. The neutral
component from pileup events is subtracted event-by-event based on the average transverse
energy deposited by neutral particles in the event, which is removed from the transverse en-
ergy in the isolation cone. A relative isolation discriminant, I}, is defined as the ratio of this
sum to the pr of the lepton candidate. Electron candidates are selected if they have values of
L1 < 0.15, while muons are selected if they fulfill the requirement of I,y < 0.15 in the lep-
ton+jets channel and I) < 0.25 in the dilepton channel. In addition, electrons from identified
photon conversions are rejected. To further increase the purity of muons originating from the
primary interaction and to suppress misidentified muons or muons from decay-in-flight pro-
cesses, additional quality criteria, such as a minimal number of hits associated with the muon
track, are required in both the silicon tracker and the muon system.

For the lepton+jets channel, events are selected containing exactly one energetic, isolated lepton
(e or i), which is required to have pt > 25GeV or pr > 30GeV in the case of the yu or e, respec-
tively, and || < 2.1 (but excluding electrons within a small region of |77| between the barrel
and endcap sections of the ECAL). For the dilepton channel, events are required to have a pair
of oppositely charged energetic leptons (ete™, u™u~, u*eT). The leading lepton is required to
have pr > 25GeV and the subleading lepton pr > 15GeV, and both leptons are required to
fulfill the requirement of |57| < 2.4. The invariant mass of the selected lepton pair is required
to be larger than 20 GeV to suppress events from heavy-flavor resonance decays and low-mass
Drell-Yan processes. In the same-flavor channels, events are rejected if the dilepton invariant
mass is within the region 76 GeV < m‘ < 106 GeV, thereby suppressing further contribution
from Z+jets processes.

Jets are reconstructed from the PF particle candidates using the anti-kt clustering algorithm [66]
implemented in FASTJET [67] with a distance parameter of 0.4. The jet energy is corrected for
the remaining neutral-hadron pileup component in a manner similar to that used to find the
energy within the lepton isolation cone [68]. Jet energy corrections are also applied as a function
of jet pr and 7 [69] to data and simulation. Events in the lepton+jets channel are required to
have at least four reconstructed jets with pr > 30GeV and || < 2.4. In the dilepton channels,
at least three jets with pr > 20GeV and |r| < 2.4 are required, from which the two leading jets
must satisfy pr > 30 GeV.

Jets originating from the hadronization of b quarks are identified using a combined secondary
vertex algorithm (CSVv2) [70], which provides a b tagging discriminant by combining identi-
tied secondary vertices and track-based lifetime information. A discriminant value is chosen
such that the probability of tagging jets originating from light-flavor quarks (u, d, or s) or glu-
ons is around 1%, and the corresponding efficiency for tagging jets from b (c) quarks is ~70%
(20%). The shape of the CSVv2 discriminant distribution in simulation is corrected by scale fac-
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tors to better describe the jet CSVv2 shape observed in the data [71]. This correction is derived
separately for light-flavor and b jets from a “tag-and-probe” approach using control samples
enriched in events with a Z boson and exactly two jets, and tt events with no additional jets.

The missing transverse momentum vector p is defined as the projection of the negative

vector sum of the momenta of all reconstructed particles in an event on the plane perpendicular
to the beams. Its magnitude is referred to as E7"**. In the dilepton same-flavor channels, events
are required to fulfill the requirement of ET"** > 40 GeV.

Events from ttH are generally characterized by having more jets and more b-tags than the
background processes. Events are divided into categories based on the number of jets and the
number of b-tagged jets. For the lepton+jets channel, events are separated into the following
four categories: > 6jets, 3b-tags; 4jets, 4 b-tags; 5jets, > 4b-tags and > 6jets, > 4b-tags. For
the dilepton channel, events are divided into three categories: 3jets, 3 b-tags; > 4jets, 3 b-tags
and > 4jets, > 4b-tags.

Tables 1 and 2 show the predicted and observed event yields after the event selection in the
lepton+jets and dilepton channels, respectively. The tables are sub-divided into the different jet
and b-tag categories used in each channel. The expected and observed yields agree well in all
final states across the different categories of jets and b-tags.

Table 1: ttH and background event yields for lepton+jets categories. The processes and the
separation of the tt +jets sample are described in Section 3. The uncertainties in the expected
yields include the statistical as well as all the systematic contributions. Cases where no events

4

pass the event selection are marked as “—".

Process > 6jets,3b-tags 4jets,4b-tags 5Sjets, > 4b-tags > 6jets, > 4b-tags

tt+LF 2710.6 10271  91.4 +69.9 96.9 + 75.8 86.2 +71.9
tt+cc 17719 £1099.0  59.3 +47.0 112.5 4+ 88.9 175.8 - 141.6
tt+b 717.6 + 406.8 37.6 £ 23.1 69.6 =424 86.3 = 57.0
tt+2b 401.4 4+ 237.1 16.0 9.9 33.8 £20.6 549 4+ 37.3
tt+bb 777.0 £+ 468.4 422 £23.8 126.5 £ 71.6 306.3 &= 183.2
Single t 3319 £ 77.2 192+78 205+ 11.4 30.0 = 10.8
V+jets 79.5 + 30.9 5.7 +£6.8 7.7 +5.1 72 +39
t+Vv 81.4+17.0 22+0.6 63+17 18.1 £5.2
Diboson 43+23 05+£05 — —
Total bkg. 6875.6 £2776.8 274.1 £153.0 4829 +239.7 764.8 £+ 365.3
ttH 742 +£9.7 40+0.8 11.7 £ 2.2 269 +5.6
Data 6811 376 551 787

5 Analysis Strategy and Background Estimation

The BDT and MEM techniques are used to further improve the signal-to-background separa-
tion in both lepton+jets and dilepton channels of the analysis. The information of both tech-
niques are used to derive a single discriminant, this way exploiting the strength of both meth-
ods.

The BDTs utilize information related to object kinematics, event shape, and the jet CSVv2 b-
tag discriminant. A separate BDT is trained for each category, resulting in four BDTs in the
lepton+jets and three in the dilepton channel. The training is performed using simulated ttH



Table 2: ttH and background event yields for dilepton categories. The processes and the sepa-
ration of the tt +jets sample are described in Section 3. The uncertainties in the expected yields
include the statistical as well as all the systematic contributions. Cases where no events pass
the event selection are marked as “—".

Process 3jets,3b-tags > 4jets,3b-tags > 4jets, > 4b-tags

tt+LF 179.0 £ 68.7 390.1 1679 7.6 £3.6
tt+cc 117.5+73.8 382.6 +237.7 19.44+15.5
tt+b 942 +519 228.0 +127.7 14.4+9.2
tt+2b 31.7+17.3 99.1 £54.3 6.2+ 3.8
tt+bb 17.14+9.4 172.5+92.9 579 +32.6
Single t 16.0 4.6 38.4+11.9 244+12
V+jets 1.6+22 1.6+4.1 0.7+0.5
t+V 144+05 16.6 =34 2.6 +£0.8
Diboson — 04+04 —
Total bkg. 458.3+197.0  1329.3 +503.1 111.2 +49.8
ttH 1.8+04 16.5+3.4 44+1.3
Data 498 1469 146

and tt+jets events as signal and background, respectively, which are weighted to achieve equal
yields of signal and background events in each category. In order to avoid a biased performance
estimate, the signal and background events are split in half: one half is used to perform the
training, and the other half is used in the final analysis to monitor the performance and derive
the final limits. The specific BDT boosting method used is the stochastic gradient boost [31,
72], available as part of the TMVA package [33] in ROOT. The choice of BDT input variables
as well as the tree architecture are optimized separately in each category with a procedure
based on the particle swarm algorithm [73]. A description of the input variables is provided in
Appendices A and B for each category of the lepton+jets and the dilepton channel, respectively.

Within the MEM, each event is assigned a probability density value computed from the four-
momenta of the reconstructed particles, which is based on the differential cross section of the
signal or background process. The MEM discriminant is constructed as ratio of the proba-
bility density values of the signal and background hypothesis. The deployed algorithm is
an improved version of the method described in [23]. The probability density functions are
constructed at LO, assuming gluon-gluon fusion production both for signal and background
processes. The tt + bb matrix elements have been found to provide comparable discrimina-
tion power against all background subprocesses and are solely used to model the background.
Hadronization and detector effects are taken into account via transfer functions derived from
simulation, which map the measured four-momenta to the final-state particles in the matrix
element. In each event, the four jets that most likely originate from b quarks are considered
explicitly as candidates for the b-quarks from the decay of the Higgs boson and the top quark,
whereas light jets, if present, are permuted over as the candidates for the light quarks from the
hadronic decay of the W-boson. All permutations are considered when associating the b-like
jets to top quark or Higgs boson decays in the matrix element, similarly we permute over up to
4 additional light jets for the W decay candidates. The four b-like jets are selected using the like-
lihood ratio between the hypotheses that four or two jets in the event arose from b quarks and
the rest from light quarks, based on the expected b tagging discriminant probability densities
from simulation.
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The BDT and MEM discriminants perform differently in terms of signal and background sepa-
ration. While the BDT achieves a slightly better separation against the inclusive tt background,
the MEM is by construction especially powerful in separating against the challenging tt + bb
background. The correlation between the BDT and MEM discriminants have been studied in
different control regions in data and found to be well-modeled by the simulation. In this anal-
ysis, the two discriminants are utilized with the scheme described below. This results in the
best sensitivity, and it is robust against effects due to the binning of the templates and overop-
timization of the multivariate discriminants.

In the dilepton 3jets, 3b-tags category, a BDT output distribution is used as final discrimi-
nant that enters the fit. This category contains a relatively large number of events, which is
a desirable situation for training the BDT. In the lepton+jets categories, as well as dilepton
> 4jets,3b-tags and > 4jets, > 4 b-tags categories, events are further separated into two sub-
categories, one with low (background-like) and one with high (signal-like) BDT output, divided
by the median of the BDT output distribution for simulated signal events. In each sub-category,
the MEM is used as final discriminant. The high BDT output sub-category is expected to be en-
hanced with signal events, and the MEM discriminant achieves additional separation against
the residual tt + bb background contributions. The choice of the median contributes to a robust
result by ensuring a sufficient number of events in each sub-category. Including the low BDT
output sub-category constrains the background contributions and systematic uncertainties for
each of the different event topologies.

The final discriminant outputs provide better discrimination between signal and background
than any of the input variables individually. Utilizing both the BDT and MEM information
also leads to better signal and background separation than using BDT-only or MEM-only in-
formation. The output distributions of the background and signal processes are fit to the data
simultaneously in all channels and categories to set limits on the Higgs boson production cross
section, as described in Section 7.

6 Systematic Uncertainties

In Table 3, all sources of systematic uncertainties considered in the analysis are listed. They
affect either the yields of the signal or background processes, or the discriminant shape, or
both. In the last case, the yield and shape effects are treated as entirely correlated and are
varied simultaneously. The uncertainties are taken into account via nuisance parameters in the
final fit procedure described in Section 7.

The effect of the uncertainties is evaluated individually in each category of each analysis chan-
nel, where the effects from the same source are treated as fully correlated. The impact of the sys-
tematic variations differs among the categories. As an example, the change in background and
signal event yield due to the different uncertainties is listed in Table 4 for the > 6jets, 3b-tags
category of the lepton+jets channel, which shows high sensitivity and at the same time contains
a relatively large number of events such that the variations are statistically significant.

The uncertainty in the luminosity estimate is 6.2% [74]. Electron and muon identification and
trigger efficiency uncertainties were estimated by comparing variations in measured efficiency
between data and MC simulation using a high-purity sample of Z-boson decays and are found
to be 2—4%. Effects of the uncertainty in the distribution of the number of pileup interactions are
evaluated by varying the cross section used to predict the number of pileup interactions in MC
by £5% from its nominal value. The uncertainty of the jet energy scale [69] (resolution) is eval-
uated by varying the energy scale (resolution) correction of all jets in the signal and background



Table 3: Systematic uncertainties considered in the analysis.

Source Type Remarks

Luminosity rate  Signal and all backgrounds

Lepton ID/Iso shape Signal and all backgrounds

Trigger efficiency shape Signal and all backgrounds

Pileup shape Signal and all backgrounds

Jet energy scale shape Signal and all backgrounds

Jet energy resolution shape Signal and all backgrounds

b-tag HF fraction shape Signal and all backgrounds

b-tag HF stats (linear) shape Signal and all backgrounds

b-tag HF stats (quadratic) shape Signal and all backgrounds

b-tag LF fraction shape Signal and all backgrounds

b-tag LF stats (linear) shape Signal and all backgrounds

b-tag LF stats (quadratic) shape Signal and all backgrounds

b-tag charm (linear) shape Signal and all backgrounds

b-tag charm (quadratic) shape Signal and all backgrounds

QCD scale (ttH) rate  Scale uncertainty of NLO ttH prediction

QCD scale (tt) rate  Scale uncertainty of NLO tt prediction

QCD scale (tt+HF) rate  Additional 50% rate uncertainty of tt+HF predictions

QCD scale (t) rate  Scale uncertainty of NLO single t prediction

QCD scale (V) rate  Scale uncertainty of NNLO W and Z prediction

QCD scale (VV) rate  Scale uncertainty of NLO diboson prediction

pdf (gg) rate  PDF uncertainty for gg initiated processes except ttH

pdf (gg ttH) rate  PDF uncertainty for ttH

pdf (qg) rate  PDF uncertainty of qq initiated processes (tt W, W, Z)

pdf (qg) rate  PDF uncertainty of qg initiated processes (single t)

Q7? scale (tt) shape Renormalization and factorization scale uncertainties of
the tt ME generator, independent for additional jet fla-
vors

PS Scale (tt) rate  Renormalization and factorization scale uncertainties of
the parton shower (for tt events), independent for addi-
tional jet flavors

Bin-by-bin statistics shape statistical uncertainty of the signal and background pre-

diction due to the limited sample size
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Table 4: Specific effect of systematic uncertainties that affect the discriminant shape on the
predicted background and signal yields for events in the > 6jets, 3b-tags category of the lep-
ton+jets channel. Here, only the sum of the largest background processes, tt+LF, tt+b, tt+2b,
tt+bb, and tt+c¢, are considered.

Process tt rate up/down [%]  ttH rate up/down [%]
Jet energy scale +12.6/ —11.8 +8.4/ —-8.0
Jet energy resolution +0.2/ -0.3 —-0.0/ -0.1
Pile-up +0.1/ —0.1 —-0.2/+0.1
Electron efficiency +0.5/ —-0.5 +0.5/ —0.5
Muon efficiency +0.4/ —-04 +0.4/ —0.4
Electron trigger efficiency +1.2/—-1.2 +13/—-1.3
Muon trigger efficiency +0.8/-0.8 +0.9/ -09
b-Tag HF contamination —9.4/+9.8 —2.6/+28
b-Tag HF stats (linear) -3.1/+3.3 —-25/4+27
b-Tag HF stats (quadratic) +2.6/ —24 +24/ -22
b-Tag LF contamination +71/ —5.2 +5.8/ —45
b-Tag LF stats (linear) -2.0/+44 +0.5/+1.5
b-Tag LF stats (quadratic) +21/40.2 +1.5/+05
b-Tag charm Uncertainty (linear) —-11.1/ +14.9 -31/+4.1
b-Tag charm Uncertainty (quadratic) +0.5/ —-0.5 —0.0/+0.0
Q? scale (tt+LF) —62/ 475 —

Q? scale (tt+b) -1.7/ 420 —

Q? scale (tt+2b) —-11/+14 —

Q? scale (tt+bb) -2.0/+25 -

Q? scale (tt+cc) —43/ 454 —

PS scale (tt+LF) +4.8/ —9.0 —

PS scale (tt+b) —-09/+0.7 —

PS scale (tt+2b) —-0.8/ 409 —

PS scale (tt+bb) —15/+27 —

PS scale (tt+c¢) -39/ 43.0 —
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predictions by one standard deviation. The uncertainty of the CSVv2 b-tagging scale factors
is evaluated by applying alternative scale factors based on varying the following systematic
effects by one standard deviation, separately for the different jet flavors: the contamination
of background processes in the control samples, the jet energy scale uncertainty — which is
correlated with the overall jet energy scale uncertainty — and the statistical uncertainty in the
scale factor evaluation. The impact of the latter is parametrized as the sum of two orthogonal
contributions: a linear and a quadratic term, which allow an overall tilt and a shift of the center
of the b-tagging discriminant distribution, respectively. Both for the jet energy scale and for the
b-tagging scale factor uncertainties, the event categorization and successive evaluation of the
discriminant is re-evaluated after applying the systematic variations to account for migration
effects between categories.

Theoretical uncertainties of the cross sections used to predict the rates of various processes
are propagated to the yield estimates. All rates are estimated using cross sections of at least
NLO accuracy, which have uncertainties arising primarily from PDFs and the choice of factor-
ization and renormalization scales (both in the matrix element and the parton shower). The
cross section uncertainties are each separated into their PDF and scale components and corre-
lated where appropriate between processes. For example, the PDF uncertainty for processes
originating primarily from gluon-gluon initial states, such as tt and ttH production, are treated
as 100% correlated. The tt+bb process, and to lesser extent the tt+2b, tt+b, and tt+cc produc-
tion, represent important sources of irreducible background. Neither control region studies nor
higher-order theoretical calculations can currently constrain the normalization of these contri-
butions to better than 50% accuracy; therefore a conservative extra 50% rate uncertainty is
assigned to the tt +heavy-flavor processes. This rate uncertainty has the largest impact on the
median expected limit; omitting it in the computation improves the limit by approximately
10%. The effect of the scale uncertainties on the discriminant output shape is also taken into
account for the tt+jets production using event weights obtained directly from the MC generator
in case of the matrix element and dedicated samples generated with different scale choices in
case of the parton shower. The factorization and renormalization scales of the matrix element
generator and also the scales of the initial-state radiation and the final-state radiation of the
parton shower of the general-purpose MC event generator are varied simultaneously by a fac-
tor of 0.5 and 2. These scale variations are treated as uncorrelated between the matrix element
generator and the general-purpose MC event generator. Possible shape variations of the final
discriminant distributions due to the PDF uncertainty have been evaluated by comparing the
results to those obtained when using the PDF replicas provided with the NNPDF set. The repli-
cas parametrize the PDF uncertainties and are derived from re-sampling of the experimental
data that are used to fit the nominal PDF [40]. The impact on the discriminant distributions has
been found to be negligible, and therefore, is not propagated into the final analysis.

The impact of statistical fluctuations in the signal and background prediction due to the limited
number of simulated events is accounted for using the approach described in [75, 76].

7 Results

The signal strength modifier y = o /osy of the ttH production cross section is determined in
a simultaneous binned maximum-likelihood fit to the data across all analysis categories, cf.
Section 5. The fit procedure takes into account systematic uncertainties that modify the shape
and normalization of the final discriminant distributions, as described in Section 6. The final
discriminants in all categories before and after the fit to data are displayed in Figs. 2 to 5 and
Figs. 6 to 9, respectively.
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Figure 2: Final discriminant (MEM) shapes in the lepton+jets channel before the fit to data, in
the analysis categories with 4jets, 4b-tags (top row) and 5jets, > 4b-tags (bottom row) with
low (left) and high (right) BDT output. The expected background contributions (filled his-
tograms) are stacked, and the expected signal distribution (line) for a Higgs-boson mass of
mp = 125GeV is superimposed. Each contribution is normalized to an integrated luminos-

ity of 129fb ™!,

and the signal distribution is additionally scaled by a factor of 15 for better

readability. The error bands include the total uncertainty of the fit model. The distributions
observed in data (markers) are also shown.
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Figure 3: Final discriminant (MEM) shapes in the lepton+jets channel before the fit to data, in
the analysis categories with > 6jets,3b-tags (top row) and > 6jets, > 4b-tags (bottom row)
with low (left) and high (right) BDT output (continued from Fig. 2).
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Figure 4: Final discriminant shapes (BDT or MEM) in the dilepton channel before the fit to
data, in the analysis categories with 3jets, 3 b-tags (top row) and > 4jets, 3b-tags (bottom row)
with low (left) and high (right) BDT output. The expected background contributions (filled
histograms) are stacked, and the expected signal distribution (line) for a Higgs-boson mass of
mp = 125GeV is superimposed. Each contribution is normalized to an integrated luminosity
of 11.4 — 12.9fb !, and the signal distribution is additionally scaled by a factor of 15 for better
readability. The error bands include the total uncertainty of the fit model. The distributions
observed in data (markers) are also shown.
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Figure 5: Final discriminant (MEM) shapes in the dilepton channel before the fit to data, in
the analysis categories with > 4jets, > 4b-tags with low (left) and high (right) BDT output
(continued from Fig. 4).

The best-fit value of y is —0.19 7043 (stat.) T0%¢ (syst.) with a total uncertainty of *)%7. Thisis 1.5
standard deviations from the standard model expectation of y = 1. The best-fit values in each
analysis channel and in the combination are listed in Table 5 and displayed in Fig. 10 (left).

The value obtained for u is both compatible with the SM expectation and no signal: an upper
limit at 95% confidence level (CL) is determined using a modified frequentist CLs method [77,
78]. When combining all categories and channels, an observed (expected) upper limit of u <
1.5 (1.7) at the 95% CL is obtained. The expected and observed upper limits in each channel
and in the combination are listed in Table 5 and visualized in Figure 10 (right). The limits in
each individual category are listed in Appendices A and B for the lepton+jets and the dilepton
channel, respectively.

Table 5: Best-fit value of the signal strength modifier ;1 and the median expected and observed
95% CL upper limits (UL) in the dilepton and the lepton+jets channels as well as the combined
results. The one standard deviation (+10¢) confidence intervals of the expected limit and the
best-fit value are also quoted, split into the statistical and systematic components in the latter
case. Expected limits are calculated with the asymptotic method [79].

Channel Observed UL Expected UL Best-fit u

Dilepton 3.2 34772 —0.041135 (tot.) T2 (stat.) 10k (syst.)
Lepton+jets 1.8 21759 —0.431105(tot.) T02) (stat.) T8 (syst.)
Combined 1.5 17757 —0.19198 (tot.) T8 (stat.) T3 (syst.)
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Figure 6: Final discriminant shapes (MEM) in the analysis categories with 4jets, 4 b-tags (top
row) and 5jets, > 4b-tags (bottom row) with low (left) and high (right) BDT output in the
lepton+jets channel after the fit to data.
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Figure 7: Final discriminant shapes (MEM) in the analysis categories with > 6jets, 3 b-tags (top
row) and > 6jets, > 4b-tags (bottom row) with low (left) and high (right) BDT output in the
lepton-+jets channel after the fit to data (continued from Fig. 6).
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Figure 8: Final discriminant shapes (BDT or MEM) in the analysis categories with 3jets, 3 b-tags
(top row) and > 4jets, 3 b-tags (bottom row) with low (left) and high (right) BDT output in the
dilepton channel after the fit to data.
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Figure 9: Final discriminant shapes (MEM) in the analysis categories with > 4jets, > 4b-tags
with low (left) and high (right) BDT output in the dilepton channel after the fit to data (contin-
ued from Fig. 8).

Dilepton

Lepton+jets

Combined

11.4-12.9 fb™ (13 TeV)

CMS Preliminary

u tot. stat. syst.

+1.50 +1.05 +1.01

I—l—I—H -0.04 T35 006 108

-0.43 +1.02 +0.51 +0.88

; 102 -0.52 -0.87

+0.80 +0.45 +0.66

0.19 g1 044 068
R S S B NI
-2 0 2 4 6

Best fit p= o/o_ atm, =125 GeV
SM

114 -

12.9 b (13 TeV)

CMS Preliminary

Dilepton + i
Lepton+jets + i

------ Expected +1o

. I ] Expected +20

Combined . ttH(p=1) injected
] —a Observed
| L | . .
1 10

95% CL limiton p = O'/O'SM atm, =125 GeV

Figure 10: Best-fit values of the signal strength modifiers y with their +1¢ confidence intervals,
also split into their statistical and systematic components (left), and median expected and ob-
served 95% CL upper limits on u (right). The expected limits are displayed together with £1c
and +2¢ confidence intervals. Also shown are the limits in case of an injected signal of y = 1.
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8 Summary

A search for the associated production of a Higgs boson and a top quark-antiquark pair is per-
formed using up to 12.9 fb~! of pp collision data recorded with the CMS detector at a center-
of-mass energy of 13 TeV in 2016. Candidate events are selected in final states compatible with
the Higgs boson decay H — bb and the lepton+jets or dilepton decay channel of the tt pair.
Selected events are split into mutually exclusive categories according to their tt decay channel
and jet content. In each category a powerful discriminant is constructed to separate the ttH sig-
nal from the tt-dominated background, based on boosted decision trees and the matrix element
method. An observed (expected) upper limit on the ttH production cross section relative to the
SM expectations of u = 1.5 (1.7) at the 95% confidence level is obtained. The best-fit value of u
is —0.19 T3 (stat.) 058 (syst.). These results are compatible with SM expectations at the level
of 1.5 standard deviations.
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A Lepton+Jets Additional Material

In the following, the input variables used to train the BDTs in each category of the lepton+jets
channel are presented. In Table 6, all variables used in any of the categories are described,
and in Table 7, the variables used per category are listed. The observed and expected upper
limits at 95% CL on the signal strength modifier ;1 under the background-only hypothesis in the
lepton-+jets channel are listed in Table 8 and displayed in Fig. 11 for the individual categories
and for the combined fit in all categories.

CMS Preliminary 12.9 fb (13 TeV)
4 jets, 4 b-tags (low BDT) | f===! Expected tlo L K
----- Expected +20
4 jets, 4 b-tags (high BDT) [
- Observed !
5 jets, = 4 b-tags (low BDT) *
5 jets, = 4 b-tags (high BDT) (]
> 6 jets, 3 b-tags (low BDT) *
> 6 jets, 3 b-tags (high BDT) [
> 6 jets, = 4 b-tags (low BDT) *
> 6 jets, > 4 b-tags (high BDT) ]
LJ combined *
| L MR | L roo ol
1 10 102

95% CL limiton pu = O/GSM atm, =125 GeV

Figure 11: Observed and expected upper limits at 95% CL on y in the lepton+jets channel. The
limits are calculated with the asymptotic method.
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A Lepton+dJets Additional Material

Table 6: Variables used in the BDT training in the lepton-+jets channel.

Object and event kinematics
pr(jet i)

HT

MET

Y. pr(jets, lepton, MET)
M(jets, lepton, MET)

avg. AR(tag, tag)

avg. An(jet,jet)

max Aly| (jet, avg. jet [7])
max A|7| (tag, avg. jet |7])
max Al7| (tag, avg. tag [7])

min AR(tag, tag)

M;

min AR(lepton, jet)

M, of min AR(tag, tag)
M, (tag, tag) closest to 125

best Higgs mass

/Ay (H€, bb) x Agp(thad, bb)

(Zpr(jet))/ (ZE(jet))

CSVv2 b-tag

1st- to 5th-highest CSVv2

avg. CSVv2 of b-tagged jets

2nd moment of b-tagged jets’ CSVv2

b-tagging likelihood ratio

Event shape
sphericity

aplanarity

Hi-Hy

Transverse momentum of i-th jet, jets ordered in pt

Scalar sum of transverse momenta for all jets with p > 30 GeV/c
Missing transverse energy

Sum of the pt of all jets, leptons, and MET

Invariant mass of the 4-vector sum of all jets, leptons, and MET
Average AR between b-tagged jets

Average An between jets

Maximal A|y| between any jet and the average || of all jets

Maximal A|y| between any b-tagged jet and the average |7| of all jets
Maximal A|y| between any b-tagged jet and the average || of all b-
tagged jets

AR between the two closest b-tagged jets

Invariant mass of the 3-jet system with largest transverse momentum
AR between the lepton and the closest jet

Invariant mass of the two b-tagged jets that are closest in AR

Invariant mass of the two b-tagged jets with an invariant mass closest to
125 GeV/c?

A minimum-chi-squared fit to event kinematics is used to select two b-
tagged jets as top-decay products. Of the remaining b-tagged jets, the
invariant mass of the two with highest Et is saved as this quantity.

Square root of the product of |An|(leptonictop,bb) and
|Ay| (hadronic top, bb), where the bb-system and the candidates
for the leptonically and hadronically decaying top quarks are found
with the best Higgs mass algorithm

Ratio of the sum of the transverse momenta of all jets and the sum of the
energies of all jets

First- to fifth-highest highest b-tag discriminant value of all jets
Average b-tag discriminant value of all b-tagged jets

Squared difference between the b-tag discriminant value of a given b-
tagged jet and the average CSVv2 discriminant value of all b-tagged jets,
summed over all b-tagged jets

Ratio of the likelihood that the event contains four b-jets to the likelihood
that it contains two b-jets. The likelihoods are constructed from the b-tag
discriminant, the pr and the 7 of the jets.

The sphericity is defined as %()\2 + A3) where the A; are the eigenvalues
of the sphericity tensor as defined in [80]

The aplanarity is defined as %/\3 where the A; are the eigenvalues of the
sphericity tensor as defined in [80]

The first four Fox-Wolfram moments as defined in [81]
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Table 7: BDT input variable assignment per category in the lepton+jets channel.

4 jets, 4 tags 5jets, > 4 tags
Y- pr(jets, lepton, MET) avg. An(jet,jet)
avg. CSVv2 of b-tagged jets HT
aplanarity avg. CSVv2 of b-tagged jets
Hj M (tag, tag) closest to 125
(=pr(iet))/ (ZE(Get)) M
M, of min AR(tag, tag) Y pr(jets, lepton, MET)
M, of min AR(tag, tag)
aplanarity

avg. AR(tag, tag)

> 6 jets, 3 tags

> 6jets, > 4 tags

aplanarity
\/ (£, bb) x A (th29, bb)
(Zpr(et))/ (ZE(jet))
min AR(tag, tag)
2nd moment of b-tagged jets” CSVv2
Y- pr(jets, lepton, MET)
b-tagging likelihood ratio

best Higgs mass

M) (tag, tag) closest to 125
M(jets, lepton, MET)
4th highest CSVv2
Y. pr(jets, lepton, MET)
5th highest CSVv2

Table 8: Observed and median expected 95% CLs upper limits on y in the lepton+jets chan-
nel, calculated with the asymptotic method. The upper and lower range of the 1o confidence
interval is also quoted.

Category Observed Expected
4 jets, 4 b-tags (low BDT) 469 53.01%0
4jets, 4 b-tags (high BDT) 128  13.916¢
5jets, > 4 b-tags (low BDT) 200  17.2*%3
5jets, > 4 b-tags (high BDT) 60 61739
> 6 jets, 3 b-tags (low BDT) 121 181789
> 6 jets, 3 b-tags (high BDT) 5.8 7.7133
> 6 jets, > 4 b-tags (low BDT) 96 94733
> 6 jets, > 4 b-tags (high BDT) 61 4372

lepton+jets combined 1.8 2.1739
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B Dilepton Additional Material

In the following, the input variables used to train the BDTs in each category of the dilepton
channel are presented. In Table 9, all variables used in any of the categories are described,
and in Table 10, the variables used per category are listed. The observed and expected upper
limits at 95% CL on the signal strength modifier # under the background-only hypothesis in
the dilepton channel are listed in Table 11 and displayed in Fig. 12 for the individual categories
and for the combined fit in all categories.

CMS Preliminary 11.4-12.9 fo (13 TeV)
..... + '
3jets, 3 b-tags Expected +1o +
----- Expected +20
—& Observed .
2 4 jets, 3 b-tags (low BDT) ?+
> 4 jets, 3 b-tags (high BDT) +
2 4 jets, = 4 b-tags (low BDT) +
> 4 jets, > 4 b-tags (high BDT) +
DL combined *
1 10 10°

95% CL limiton pu = O/GSM atm, =125 GeV

Figure 12: Observed and expected and upper limits at 95% CL on y in the dilepton channel.
The limits are calculated with the asymptotic method.



25

Table 9: Variables used in the BDT training in the dilepton channel.

Event variable

Description

Object and event kinematics
<ARtag,tag >
Z PTjets,leptons

max mass
jetjet

min ARtag,tag

max Aftag tag
minAR
jetjet

M
higgs-like
minAR

Mtag,tag

minAR
Pt tag tag

Centrality (tags)
Centrality (jets, leptons)

Hr
min ARjet,jet
median Mjet,jet

max mass
Mtag,tag

<ARjet,tag>

minAR
Pt jet,tag

max mass
jettag
max pr
mjet,jet,jet

bj
higgs-like

CSVv2 b-tag

<d> tagged/untagged
Event shape

HO/ Hl/ HZ/ H3/ H4
Cjets)

Average AR between b-tagged jets

Sum of the pr of all jets and leptons

Twist angle between jet pair

AR between the two closest b-tagged jets

A1 between the two furthest b-tagged jets

Invariant mass of jet pair with minimum AR

Invariant mass of a jet pair ordered in closeness to the Higgs mass
Mass of b-tagged jet pair with minimum AR

Sum of the pr of b-tagged jet pair with minimum AR

Ratio of the sum of the transverse momentum of all b-tagged jets and
the sum of the energy of all b-tagged jets

Ratio of the sum of the transverse momentum of all jets and leptons, and
the sum of the energy of all jets and leptons

Scalar sum of transverse momentum for all jets

AR between the two closest jets

Median invariant mass of all combinations of jet pairs

Mass for b-tagged jet pair with maximum invariant mass combination
Average AR between jets (with at least one b-tagged jet)

Sum of the pr of jet pair with minimum AR (with at least one b-tagged
jet)

Twist angle between jet pair (with at least one b-tagged jet)

Invariant mass of the 3-jet system with the largest transverse momen-
tum.

Invariant mass of a jet pair (with at least one b-tagged jet) ordered in
closeness to the Higgs mass

Average CSVv2 b-tag discriminant value for b-tagged /un-b-tagged jets

Fox-Wolfram moments [81]
3 (/\1/\2 + AMAz + /\2/\3) [80]
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Table 10: BDT input variable assignment per category in the dilepton channel.

3 jets, 3 tags >4 jets, 3 tags >4 jets, >4 tags
(d)tagged Centrality(jets & leptons) | Centrality(jets & leptons)
H (jets) C(jets) Centrality(tags)

Mﬁjiggs-hke H;(tags) H7®
Migtag M]I]ﬁggs-like M]k]ﬁggs-like
min ARyag tag M]I:;);f ].Tet min ARjetjet
max Affjet jet M{ggtﬁg M]I-‘;}f;ng
min ARjet,jet min ARtag,tag M{Qg/’i;gass
Y PTjets leptons max Afftag tag M&ﬁg{‘ég
H,/Hy(tags) Tagtag max Affjetjet
max Aftag tag
median Mietjet

Table 11: Observed and median expected and 95% CLs upper limits on y in the dilepton chan-
nel, calculated with the asymptotic method. The upper and lower range of the 1o confidence
interval is also quoted.

Category Observed Expected
3jets, 3 b-tags 222 2597227
> 4jets, 3 b-tags (low BDT) 126 117733
> 4 jets, 3 b-tags (high BDT) 52 9.0f§§
> 4 jets, > 4 b-tags (low BDT) 10.6 10.3Jjg:i
> 4 jets, > 4 b-tags (high BDT) 96 58773

dilepton combined 3.2 3473
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