Available on the CERN CDS information server CMS PAS HIG-16-004

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2016/03/16

Search for ttH production in the H — bb decay channel
with /s = 13 TeV pp collisions at the CMS experiment

The CMS Collaboration

Abstract

First 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 = 13 TeV are presented. The data correspond to an integrated luminosity of
2.7 fb~! recorded with the CMS experiment in 2015. Candidate ttH events are selected
with criteria enhancing the lepton+jets or dileptonic decay channels of the tt system
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 several cat-
egories with different expected signal and background rates. In each category signal
and background events are separated using a multivariate approach that combines a
physics-motivated method (matrix element method, MEM) with methods from ma-
chine learning (boosted decision trees, BDTs). The result is presented in terms of the
ttH signal strength modifier y, the ratio of the observed ttH production cross section
relative to the value expected for a 125 GeV standard model Higgs boson. A com-
bined fit of multivariate discriminant templates in all categories to data results in an
observed (expected) upper limit of y < 2.6 (3.6) at the 95% confidence level.
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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 £ 0.02 for a 125 GeV Higgs boson [9].
In addition, both ttH production and the decay H — bb only involve third-generation quarks,
which facilitates the theoretical interpretation of the results.

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, measurement of
the ttH production cross section has the potential to distinguish the SM Higgs mechanism from
alterative mechanisms to generate fermion masses.

Various dedicated searches for ttH production have been conducted during Run I of the LHC.



2 1 Introduction

The CMS searches employ pp collision data corresponding to an integrated luminosity of 5 fb™!
at a center-of-mass energy of v/s = 7TeV and 19.5fb~ ! at /s = 8 TeV. These searches have been
performed studying Higgs boson decays to hadrons, photons, and leptons using multivariate
analysis (MVA) techniques, showing a mild excess of the observed ttH signal strength relative

to the SM expectation of 4 = 0 /ogy = 2.8 £1.0 [20]. A similar excess of u = 2.1ﬂ:§ 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 preditions [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 4 = 4.3 (3.3) at 95% confidence level. The current best
observed (expected) upper limit on ttH production in the H — bb decay channel amounts to
i = 3.4(2.2). It was obtained by the ATLAS collaboration using 20.3 fb~! of pp collision data
at /s = 8TeV [23].

The observation of ttH production is one of the major goals in Higgs boson physics for 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, while the cross section for the most important background,
tt production, is only increased by a factor of 3.3 [24], resulting in a more favorable signal-to-
background ratio. In addition, a larger fraction of events contains top quarks or Higgs bosons
with transverse momenta above 200 GeV, making “boosted” jet reconstruction techniques in-
creasingly attractive for ttH studies [25].

This document summarizes a search for ttH production performed with 2.7 fb~! of data recorded
with the CMS detector during the first data-taking period of LHC Run II in 2015. Analysis
methods established in Run I have been significantly improved, and novel methods have been
added. In particular, the strengths of two multivariate techniques, one physics-motivated (ma-
trix element method, MEM), and one from machine learning (boosted decision trees, BDT),
have been combined to obtain a more powerful discriminant.

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
({*v £~ 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). A further category is
added with events in which “boosted” jets are identified as coming from hadronic top quark
or H — bb decays. 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 correlations of combinations of jets and leptons, as well as ob-
servables characterizing the event shape as inputs. The MEM discriminants are either used as
input to the BDTs or the BDTs are employed to define categories in which the MEM output is
used as the final discriminant. From a combined profile-likelihood fit of discriminant templates
to data in all categories, an upper limit on the signal strength modifier y is obtained.

This document is structured as follows: in Section 3, the data samples and simulated data 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 influence of systematic uncertainties is studied in Section 6. Results of the studies are
presented and their statistical interpretation is given 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. [26].

3 Data and Simulation Samples

This analysis is performed using samples of proton-proton (pp) collisions at /s = 13 TeV,
which are collected with the CMS detector in 2015 and correspond to a total integrated lumi-
nosity of 2.7 fb~ .

Monte Carlo (MC) event generators, interfaced with a detailed detector simulation, are used to
model experimental effects, such as reconstruction and selection efficiencies, as well as detector
resolutions. The CMS detector response is simulated using GEANT4 (v. 9.4) [27].

For the simulation of the reference ttH signal sample, the next-to-leading-order (NLO) event
generator POWHEG (v. 2) [28, 29] 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 [30]. The generated events are
subsequently processed with PYTHIA (v. 8.2) [31] for parton showering and hadronization.

Standard model backgrounds are simulated using POWHEG, MG5_aMC@NLO (v. 2.2.2) [32],
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+ets and tt +V samples are sim-
ulated 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 [33] prescription. In con-
trast, 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 [34, 35] is
used to characterize the underlying event in both the ttH signal and the background samples.

For comparison with the measured distributions, the events in the simulated samples are nor-
malized to an integrated luminosity of 2.7 fb ™!, according to their predicted cross sections.
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 [36]), and NLO (diboson pro-
duction [37] and tt +V production [38]). The ttH cross section [24, 39-42] and Higgs boson
branching fractions [43-46] 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-
logarithic accuracy (NNLL) [47-53], assuming a top quark mass value of 172.5GeV 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 orginate from the top quark decays in the event: tt+bb,
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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 overlapping B hadrons;
tt+b, for which only one additional b jet originates from a single B hadron; tt+2b, which corre-
sponds 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 (If), 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 [23].

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 is consistent with the production of a Higgs boson in association with a
top quark-antiquark pair. In this analysis, only the cases in which the Higgs boson decays into
a bottom quark-antiquark pair are 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 (pt) threshold of pr > 27GeV (pr > 20GeV). For electrons a
pseudorapidity range of || < 2.1 is required. Events in the dilepton channel are required to
contain two leptons fulfilling p thresholds between 8 GeV and 17 GeV and isolation criteria.
Events are reconstructed using a particle-flow (PF) technique [54, 55], 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 subtracted event-
by-event. Subsequently, the remaining neutral-hadron pileup component is subtracted at the
level of jet energy corrections [56].

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 Az and A¢ are the distances in pseudorapidity and azimuthal angle. Excluding the con-
tribution from the lepton candidate, the scalar sum of the pr of all particle candidates inside
AR consistent with arising from the chosen primary event vertex is calculated to define a rela-
tive isolation discriminant, I.j, through the ratio of this sum to the pr of the lepton candidate.
Electron candidates are selected if they have values of I,; < 0.15, while muons are selected
if they fulfill I, < 0.15 in the lepton+jets channel and I; < 0.25 in the dilepton channel. In
addition, electrons from identified photon conversions are rejected. To further increase the pu-



rity of muons originating from the primary interaction and to suppress misidentified muons
or muons from decay-in-flight processes, 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. 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 energy in the isolation cone.

For the lepton+jets channel, events are selected containing exactly one energetic, isolated lep-
ton (e or u), which is required to have pr > 25GeV or pr > 30GeV in the case of the u or
e, respectively, and |77| < 2.1 (but excluding electrons within a small region of || 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 (e*e~, u*u~, ueT). The leading lepton
is required to have pt > 20GeV and the subleading lepton pr > 15GeV, and both leptons
are required to fulfill |#| < 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 [57]
with a distance parameter of 0.4, optimized for the running conditions at the higher center-of-
mass energy in LHC Run II. The jet energy is corrected for pileup in a manner similar to that
used to find the energy within the lepton isolation cone. Jet energy corrections are also applied
as a function of jet pt and # [58] to data and simulation. Events in the lepton+jets channel are
required to have at least four reconstructed jets with pr > 30GeV and |77| < 2.4. In the dilepton
channels, at least three jets with py > 20GeV and |y| < 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 (CSV) [59], which provides a b tagging discriminant by combining identified
secondary vertices and track-based lifetime information. A discriminant value is chosen such
that the efficiency for tagging jets from b (c) quarks is ~70% (20%), while the probability of
tagging jets originating from light-flavor quarks (u, d, or s) or gluons is around 1%. The shape
of the CSV discriminant distribution in simulation is corrected by scale factors to better describe
the efficiency observed in the data [60]. 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 in the ey channel with no additional jets. At least two
b-tagged jets are required.

In the lepton+jets channel, a dedicated reconstruction of the hadronically decaying top quark
and the H boson is performed, targeting at the case of high pr where their decay products
are strongly collimated and potentially clustered within one jet (referred to as ‘boosted” in the
following). The reconstruction is based on the HEP Top Tagger [61-63] and subjet-filterjet algo-
rithm [64] techniques, respectively. All PF particle candidates in the event except the one iden-
tified as lepton are clustered into large-radius jets with the Cambridge/Aachen algorithm [65]
with a cone-size parameter of 1.5. The presence of the t — bqq and H — bb decay products
within the jet is inferred by successively reverting the clustering sequence and searching for
a significant decrease of the invariant mass when splitting into two subjets, and the subjets
eventually obtained are assigned to the t and H — bb final state particles depending on their
CSV discriminant value and their pr. For the final selection, the boosted t and H candidates
are required to have pr > 200GeV and to fulfil a multivariate selection criterion constructed
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from kinematic and secondary-vertex information of the subjets, which assesses the agreement
of the candidate with the boosted object hypothesis.

The missing transverse momentum vector pis* is defined as the projection on the plane per-

pendicular to the beams of the negative vector sum of the momenta of all reconstructed par-
ticles in an event. Its magnitude is referred to as Ef"*. In the dilepton same-flavor channels,
events are required to fulfill ET"*% > 40 GeV.

Signal ttH events are generally characterized by having more jets and more b-tags than the
background processes. Events are then divided into categories based on the number of jets, the
number of b-tagged jets, and the presence of boosted objects to improve the sensitivity of the
analyses. For the lepton+jets channel, events are separated into the following seven categories:
if both a boosted t and H are selected, events are assigned to the ‘boosted category’, else events
are assigned to either of the > 6jets, 2b-tags; 4jets, 3b-tags; Sjets, 3b-tags; > 6jets, 3 b-tags;
4ijets,> 4b-tags; 5Sjets, > 4b-tags and > 6jets, > 4b-tags categories. For the dilepton chan-
nel, events are divided into five categories: 3jets,2b-tags; 3jets, 3b-tags; > 4jets,2b-tags;
> 4jets,3b-tags and > 4jets, > 4 b-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.

5 Analysis Strategy and Background Estimation

Boosted decision trees and a matrix element method are used to further improve the signal-to-
background separation in all channels of the analysis. Both techniques are combined into one
single discriminant, which exploits the strenghts of both methods. This is a new feature of this
analysis compared to previous CMS results [20, 22].

The BDTs utilize information related to object kinematics, event shape, the CSV b-tag discrimi-
nant, variables specific to the boosted object reconstruction, and in some cases also the output of
the MEM described below. A separate BDT is trained for each category, resulting in eight BDTs
in the lepton+jets and five in the dilepton channel. The training is performed using simulated
ttH 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 overopti-
mization, 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 expected limits. The specific BDT method used is the stochastic Gradient Boost, available as
part of the TMVA package in ROOT [66]. The choice of BDT input variables as well as the tree
architecture is optimized separately in each category with a procedure based on the particle
swarm algorithm [67]. 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 probabil-
ity density values of the signal and background hypothesis. The deployed algorithm is an
improved version of the method described in [22]. The probability density functions are con-
structed at LO, assuming gluon-gluon fusion production both for signal and background pro-
cesses. The tt + bb matrix elements have been found to provide similar discrimination power



Table 1: ttH and background event yields for the lepton+jets categories. The processes and the
separation of the tt +jets sample are described in Section 3.

Process > 6jets,2b-tags  4jets,3b-tags  Sjets,3b-tags > 6jets, 3b-tags
ttH1f 5359.3 £1226.3 2026.1 £651.4 10002 £3529  589.5 £199.7
tt+cc 17222 +£849.5  363.2+190.9  368.1 £191.3 396.6 & 209.5
tt+b 393.7 +188.2 203.1 £92.5 199.6 £ 90.8 170.8 + 81.4
tt+2b 165.2 + 81.2 78.9 £ 38.0 872 +40.7 97.3 +46.8
tt+bb 226.4 +113.2 758 £35.3 1141 £52.3 183.7 £ 86.7
Single Top 283.0 +49.0 115.3 £ 30.8 762 +195 475+ 127
Vijets 130.5 + 35.2 38.6+17.8 22.8+104 13.6 £ 6.4
tt+V 435+ 82 43+12 64+18 10.0 £2.7
Diboson 28+13 21+13 0.9 +£05 02+03
Total bkg  8326.7 £1788.6 2907.4 £836.5 18755 +£5347  1509.1 4 423.7
ttH 29.6+21 74+1.0 109 £1.2 16.7 £2.1
Data 7185 2793 1914 1386

S/B 0.0036 0.0026 0.0059 0.011
Data/B 09+£02 1.0+0.3 1.0+0.3 09+03
Process 4jets, > 4b-tags 5jets, > 4b-tags > 6jets, > 4b-tags boosted
tt+1f 17.8 £10.8 17.7 £10.9 17.6 £11.3 451+94
tt+cc 11.6 +£8.2 221+154 35.9 +24.9 21.8+£12.0
tt+b 84+44 148 +7.7 20.0 +10.9 103 £55
tt+2b 35+19 69+37 123 £6.9 123 £ 6.6
tt+bb 10.1 £4.9 28.8+13.9 734 £ 36.6 17.0 £ 84
Single Top 25+11 43+14 55+20 70+17
V+jets 1.0+08 09+0.8 14+07 25+0.8
tt+V 0.3+0.1 0.74+0.3 1.6+0.6 09403
Diboson 0.0+ 0.0 01+0.1 0.0+0.0 01+0.1
Total bkg 55.2+23.0 96.5 + 37.6 167.6 + 65.7 117.0 £24.9
ttH 09402 2.7 £0.6 59+14 22+03
Data 75 104 150 104
S/B 0.017 0.028 0.035 0.019
Data/B 14 +0.5 1.1+04 09+04 09+02

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.

3jets, 2b-tags

3jets, 3 b-tags

> 4jets, 2b-tags

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

09=£08

tt+1f 2558.6 £542.7  26.6 =105 2271.6 £505.0 60.3 = 25.6

tt 4 cc 2209 +£103.4 227 £ 136 478.4 +234.4 784 +454 34+29
tt+b 65.4 £ 28.5 214 +10.2 126.2 £ 57.7 522 £251 27+£1.6
tt+2b 16976 6.6 3.1 429 +20.2 223 +10.7 1.2+£07
tt + bb 8.6 £4.2 3618 48.9 + 23.7 39.8 +18.8 134£71
Single Top 932 £16.7 3.0x+1.0 87.6 £15.8 7325 04+04
V+jets 145 £11.0 1.3 +£0.38 16074 0.0x£0.0 0.0£0.0
t+V 3.6 09 03+0.2 164 £3.2 32+09 05£02
Diboson 1.7 £ 0.9 0.0 £0.0 1.2+1.0 0.1£0.0 0.0 £ 0.0
Total bkg  2983.4 5904  85.6 £25.6 3089.2 + 650.6 263.6 =79.9 225+£98
ttH 14+£02 04=+0.1 81+1.1 3.6 £0.6 1.0£0.3
Data 3123 115 2943 319 27
S/B 0.00047 0.0051 0.0026 0.014 0.046
Data/B 1.0+0.2 1.3+04 1.0£0.2 1.2+03 1.2+05
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against all background subprocesses and are solely used to model the background. Hadroniza-
tion 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, only the four jets that most likely originate from b quarks are considered explicitly
when evaluating the probability densities; contributions from further jets are marginalized by
integration. The four jets are selected using the likelihood 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 probability densities from simulation.

The BDT and MEM discriminants perform slightly differently in terms of signal and back-
ground separation. While the BDT achieves in a slightly better separation against the inclusive
tt background, the MEM is by construction especially powerful in separating against the chal-
lenging 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 simula-
tion. In the lepton+jets channel, the two discrinants are combined with the scheme described
below. This results in the best sensitivity, and it is robust against binning effects and overopti-
mization.

In the two and three b-tag categories, a BDT is used as final discriminant, which includes the
MEM as input variable (in the three b-tags categories). These categories contain a relatively
large number of events, which is favourable for training the BDT.

In the categories with four or more b-tags, events are further separated into two sub-categories,
one with low and one with high BDT output, defined by the median of the BDT output distri-
bution. In each sub-category, the MEM is used as final discriminant. The high BDT output sub-
category is expected to be enhanced 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.

In the boosted category, which contains the events in which both a boosted top quark and a
boosted Higgs boson candidate are reconstructed and identified, a BDT is used as final discrim-
inant. Important input variables are derived from the reconstructed tt and H — bb system, for
example the invariant mass of the two b jets assigned to the Higgs boson decay. The sensitiv-
ity in the boosted category benefits from reduced combinatorics when assigning reconstructed
objects to the top quark and Higgs boson decay products.

The final discriminant outputs provide better discrimination between signal and background
than any of the input variables individually. 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-



Table 3: Systematic uncertainties considered in the analysis.

Source Type Remarks

Luminosity rate  Signal and all backgrounds

Lepton ID/trigger efficiency shape Signal and all backgrounds

Pileup shape Signal and all backgrounds

Jet energy scale 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 scale uncertainty of NLO 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 t{H

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) shape Renormalization and factorization scale uncertainties of

the parton shower (for tt events), independent for addi-
tional jet flavors




10 6 Systematic Uncertainties

tematic variations differ between 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.

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 +11.3/ —10.1 +77/ =70
Jet energy Resolution —-0.1/+0.1 —-0.1/+0.1
Pile-Up —-0.1/+00 +0.1/-0.2
Electron Efficiency +1.6/ —1.6 +1.6/ —1.6
Muon Efficiency +12/-1.2 +12/—-1.2
b-Tag HF contamination —35/+84 +0.2/ 4+ 0.6
b-Tag HF stats (linear) —6.4/ +6.2 —5.3/+4.9
b-Tag HF stats (quadratic) +42/ —44 +3.3/ —3.6
b-Tag LF contamination +71/ —-5.1 +5.5/ —42
b-Tag LF stats (linear) —-3.2/+6.5 —0.6/+1.1
b-Tag LF stats (quadratic) 4+0.5/4+1.2 —-0.8/+1.1
b-Tag charm Uncertainty (linear) —12.6/ +169 —-0.6/ +0.7
b-Tag charm Uncertainty (quadratic) +14/—-14 +0.0/ - 0.0
Q2 scale (tt+1f) —-19/+28 —

Q2 scale (tt+b) —0.6/+09 —

Q2 scale (tt+2b) —-05/40.8 —

Q2 scale (tt+bb) -09/+13 -

Q2 scale (tt+cc) —1.6/+24 —

PS scale (tt+1f) 44/ — 8.7 —

PS scale (tt+b) —-13/40.8 —

PS scale (tt+2b) —-1.0/+04 —

PS scale (tt+bb) -2.0/+13 -

PS scale (tt+cg) —4.3/+23 —

The uncertainty in the luminosity estimate is 2.7% [68]. 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 [58] (resolu-
tion) are evaluated by varying the energy scale (resolution) correction of all jets in the signal
and background predictions by one standard deviation. The uncertainty of the CSV 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 con-
tamination 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 uncer-
tainty in the scale factor evaluation. The impact of the latter one is parameterized 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 CSV 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.



11

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. The rate and shape variation due to
the PDF uncertainty has been evaluated by comparing the results to those obtained when us-
ing the sub-PDFs of the NNPDF set and taking into account that the sub-PDFs should have
Gaussian-distributed deviations from the nominal PDEFE. Since the rate and shape uncertainties
due to the used NNPDF PDF set have been found to be negligible for the final discriminants
and output variables, these uncertainties have not been 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 [69, 70].

7 Results and Statistical Interpretation

The signal strength modifier 4 = o /ogy for the ttH production cross section is determined in
a simultaneous binned maximum-likelihood fit to data in all analysis categories. The distribu-
tions of the final discriminant in all analysis categories before the fit to data are displayed in
Figs. 2 to 4. The fit procedure takes into account sytematic uncertainties that modify the shape
and normalization of the distribution, as described in Section 6. The distributions of the final
discriminant after the fit are shown in Figs. 5 to 7. The value obtained for y is both compatible
with the SM expectation and no signal, therefore an upper limit at 95% confidence level (CL) is
determined using a modified frequentist CL; method [71, 72].

The expected and observed upper limits at the 95% CL on u under the background-only hy-
pothesis in each channel are listed in Table 5. A Higgs-boson mass of my = 125GeV has been
assumed in the signal model. The limits in each individual category are listed in Appendices A
and B for the lepton+jets and the dilepton channel, respectively.

When combining all categories and channels, we obtain an observed (expected) upper limit of
u < 2.6 (3.6) at the 95% confidence level. The best-fit value of y is —Z.Oﬂig, which is 1.7 standard
deviations from the standard model expectation of y = 1. The upper limits and best-fit values
are illustrated in Fig. 8.
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Figure 2: Final discriminant shapes in the different analysis categories in the lepton+jets chan-

nel before the fit to data.

The expected background contributions (filled histograms) are

stacked, and the expected signal distribution (line) for a Higgs-boson mass of mpy = 125GeV

is superimposed. Each contribution is normalized to an integrated luminosity of 2.7 fb~!, and

the signal contribution is additionally scaled by a factor of 15 for better readability. The distri-
butions in data (markers) are also shown. In the top row the > 6 jets 2 b-tag, the 4 jets 3 b-tag,
and the 5 jets 3 b-tag category are shown. Below are the > 6 jets 3 b-tag category, the 4 jets 4
b-tag category with low BDT output, and the 4 jets 4 b-tag category with high BDT output.

Table 5: Best-fit value of the signal strength modifier ; and expected and observed 95% CL
upper limits (UL) in the lepton+jets and dilepton channels as well as the combined results. The
one standard deviation (£1c) confidence intervals of the best-fit value and the expected limit
is also quoted. Expected limits are calculated with the asymptotic method [73].

Channel Best-fit 4 Observed UL  Expected UL
Lepton+jets 70.41%% 4.0 4.1ﬂ:g
Dilepton —4.7%37 5.2 7.773%
Combined ~ —2.0%18 2.6 36710
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Figure 3: Final discriminant shapes in the different analysis categories in the lepton+jets chan-
nel before the fit to data. The expected background contributions (filled histograms) are
stacked, and the expected signal distribution (line) for a Higgs-boson mass of my = 125GeV is
superimposed. Each contribution is normalized to an integrated luminosity of 2.7 fb~!, and the
signal contribution is additionally scaled by a factor of 15 for better readability. The distribu-
tions in data (markers) are also shown. In the top row the 5 jets 4 b-tag with low BDT output,
the 5 jets 4 b-tag category with high BDT output, and the 6 jet category with low BDT output is
shown. Below are the 6 jets 4 b-tag category with high BDT output, and the boosted category.
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Figure 4: Final discriminant shapes in all analysis categories in the dilepton channel before the
fit to data. In the top row the 3jets,2b-tags, 3jets, 3b-tags, and > 4jets,2b-tags are shown.
Below are the > 4jets,3b-tags and > 4jets, > 4b-tags categories. The expected background
contributions (filled histograms) are stacked, and the expected signal distribution (line) for a
Higgs-boson mass of my = 125GeV is superimposed. Each contribution is normalized to an
integrated luminosity of 2.7 fb~!, and the signal contribution is additionally scaled by a factor
of 15 for better readability. The distributions in data (markers) are also shown.
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Figure 5: Final discriminant shapes in the different analysis categories in the lepton+jets chan-
nel after the fit to data. The expected background contributions (filled histograms) are stacked,
and the expected signal distribution (line) for a Higgs-boson mass of my = 125GeV is superim-
posed. Each contribution is normalized to an integrated luminosity of 2.7 fb !, and the signal
contribution is additionally scaled by a factor of 15 for better readability. The distributions in
data (markers) are also shown. In the top row the 5 jets 4 b-tag with low BDT output, the 5 jets
4 b-tag category with high BDT output, and the 6 jet category with low BDT output is shown.
Below are the 6 jets 4 b-tag category with high BDT output, and the boosted category.
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Figure 6: Final discriminant shapes in the different analysis categories in the lepton+jets chan-
nel after the fit to data. The expected background contributions (filled histograms) are stacked,
and the expected signal distribution (line) for a Higgs-boson mass of my = 125 GeV is superim-
posed. Each contribution is normalized to an integrated luminosity of 2.7 fb~!, and the signal
contribution is additionally scaled by a factor of 15 for better readability. The distributions in
data (markers) are also shown. In the top row the 5 jets 4 b-tag with low BDT output, the 5 jets
4 b-tag category with high BDT output, and the 6 jet category with low BDT output is shown.
Below are the 6 jets 4 b-tag category with high BDT output, and the boosted category.
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Figure 7: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data. In the top row the 3jets, 2b-tags, 3jets,3b-tags, and > 4jets,2b-tags are shown.
Below are the > 4jets,3b-tags and > 4jets, > 4b-tags categories. The expected background
contributions (filled histograms) are stacked, and the expected signal distribution (line) for a
Higgs-boson mass of my = 125GeV is superimposed. Each contribution is normalized to an
integrated luminosity of 2.7 fb~!, and the signal contribution is additionally scaled by a factor
of 15 for better readability. The distributions in data (markers) are also shown.
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Figure 8: (left) Best-fit values of the signal strength modifiers p with their +1¢ confidence
intervals. (right) Median expected and observed 95% CL upper limits on u. The expected
limits are displayed together with +1¢ and £2¢ confidence intervals.

8 Conclusions

A search for the associated production of a Higgs boson and a top quark-antiquark pair (ttH)
is performed using the first data recorded with the CMS detector at a center-of-mass energy of
13 TeV in 2015. 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,
including a category for “boosted” jets from hadronic decays of top quarks or H — bb decays
with large transverse momenta. In each category a powerful discriminant is constructed to
separate the ttH signal from the tt-dominated background, based on boosted decision trees
and the matrix element method. Using 2.7fb~" of pp collsion data an observed (expected)
upper limit on the ttH production cross section relative to the SM expectations of j = 2.6 (3.6)
at the 95% confidence level is obtained.
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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 Tables 6 and 7, all variables used in any of the categories are de-
scribed, and in Table 8, the variables used per category are listed. The expected upper limits
at 95% CL on the signal strength modifier ;1 under the background-only hypothesis in the lep-
ton+jets channel are listed in Table 9 and displayed in Fig. 9 for the individual categories and
for the combined fit in all categories.

Table 6: Variables used in the BDT training in the lepton+jets channel (continued in Table 7).

Event variable Description

Object and event kinematics

jet1,2,3,4pr Jet transverse momenta, jets ordered in pt

HT Scalar sum of transverse momentum for all jets with pr > 30 GeV/c

MET Missing transverse energy

Y. pr(jets,leptons, MET) Sum of the pr of all jets, leptons, and MET

mass(lepton,jet, MET) Invariant mass of the 4-vector sum of all jets, leptons, and MET

avg AR(tag tag) Average AR between b-tagged jets

avg An(jet,jet) Average An between jets

max Aly| (jet, avgjet |7]) max difference between jet |17| and avg |17] of jets

max A|y| (tag, avg jet |4]) max difference between tag |17| and avg |5 of jets

max A|y| (tag, avg tag |1]) max difference between tag |17| and avg 7 of tags

min AR(tag,tag) AR between the two closest b-tagged jets

M3 Invariant mass of the 3-jet system with largest transverse momentum

min AR(lepton,jet) AR between the lepton and the closest jet (L] channel)

mass(lepton,closest tag) Invariant mass of the lepton and the closest b-tagged jet in AR (L] chan-
nel)

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

tagged dijet mass closest to 125 | Invariant mass of the b-tagged pair closest to 125 GeV//c?

best Higgs mass 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.

\/ Ay (e, bb) x An(thed, bb) Square root of the product of abs Az (leptonic top, bb) and abs Ay
(hadronic top, bb), where the bb-system and the candidates for the lep-
tonic and hadronic tops are found with the best higgs mass algorithm

(Zjet pr)/ (X jet E) Ratio of the sum of the transverse momentum of all jets and the sum of
the energy of all jets

CSVv2IVF b-tag

first- to fifth-highest CSV First- to fifth-highest highest CSVv2IVF discriminator value of all jets

avg CSV (tags/all) Average b-tag discriminator value for b-tagged/all jets

dev from avg CSV (tags) Squared difference between the CSVV2IVF discriminator value of a

given b-tagged jet and the average CSVV2IVF discriminator value
among b-tagged jets, summed over all b-tagged jets

sphericity Sphericity: 3/2(A; + A3) (A;: eigenvalues of momentum tensor)
aplanarity Aplanarity: 3/2A1 (A;: eigenvalues of momentum tensor)

Hy, Hp, H3, Hy Fox-Wolfram moments [74]
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Table 7: continued from Table 6.

Event variable Description

MEM discriminator

MEM discriminator MEM discriminator

Boosted object and event reconstruction

T, /71 Higgs cand. 2-subjettiness to 1-subjettiness ratio of Higgs candidate fat jet [75]

m(Higgs, di-filterjet) Invariant mass of boosted Higgs candidate reconstructed from filtered
subjets B1 and B2

Ay (top,Higgs) Pseudo rapidity difference between boosted top candidate and boosted
Higgs candidate

MEM discriminator (using subjets) MEM discriminator using the subjets from the boosted top candidate

Table 8: BDT input variable assignment per category in the lepton+jets channel.

> 4jets, > 2b-tags boosted 4jets, 3 b-tags 4jets, > 4b-tags
avg AR(tag,tag) H; closest tagged dijet mass
T/ of Higgs cand. b-tagging likelihood ratio b-tagging likelihood ratio
third-highest CSV Y. pr(jets,leptons, MET) Y. pr(jets,lepton, MET)
fourth-highest CSV MEM discriminator avg AR(tag,tag)
An(top,Higgs) avg CSV (tags) Hj3
aplanarity avg CSV (all) jet1 pr
m(Higgs, di-filterjet) jet2 pr
min AR(tag,tag) jet4 pr
avg CSV (all)
MEM discriminator (using subjets)
b-tagging likelihood ratio
5jets, 3 b-tags Sjets, > 4b-tags
MEM discriminator b-tagging likelihood ratio
avg AR(tag,tag) jet3 pr
min AR(lepton,jet) tagged dijet mass closest to 125
b-tagging likelihood ratio avg Ar(jet jet)
fourth-highest CSV avg AR(tag,tag)
H, H,
dev from avg CSV (tags) fifth-highest CSV
avg Aret jet) (% jet pr)/(Z jet E)
avg CSV (tags)
avg CSV (all)
max Aly] (tag, avg jet |7])
> 6jets, 2b-tags > 6jets, 3b-tags > 6jets, > 4b-tags
avg Ar(tag tag) b-tagging likelihood ratio Y. pr(jets,leptons, MET)
avg AR(tag, tag) \/Aiy (ter, bb) x An(thad, bb) Hj
AR (jetl,jet2) HT best Higgs mass
b-tagging likelihood ratio MEM discriminator b-tagging likelihood ratio
max Alz| (tag, avg tags |77]) Y- pr(jets lepton, MET) tagged dijet mass closest to 125
third-highest CSV H;y fifth-highest CSV
sphericity fourth-highest CSV (X jet pr)/ (X jet E)
fourth-highest CSV avg CSV (tags) jet4 pr
max Aly| (tag, avg jet |17]) max Aly| (tag, avg jet |1]) sphericity
min AR(tag, tag) max A|y| (tag, avg tag |1])
second-highest CSV
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Table 9: Median expected 95% CLs upper limits on y in the lepton+jets channel, calculated with
the asymptotic method. The upper and lower range of one standard deviation is also quoted.

Category Observed  Expected
4jets, 3 b-tags 145 18.6782
4 jets, > 4 b-tags high BDT output 35.7 25.6745
4 jets, > 4 b-tags low BDT output 86.6 84.2f%g
5jets, 3 b-tags 16.0 123737
5 jets, > 4 b-tags high BDT output 7.5 103134
5 jets, > 4 b-tags low BDT output 35.2 31.913%!
> 6 jets, 2 b-tags 254 4117331
> 6jets, 3 b-tags 9.6 7.6733
> 6 jets, > 4 b-tags high BDT output 9.2 8.3134
> 6 jets, > 4 b-tags low BDT output 15.4 18.372%
> 4 jets, > 2 b-tags, boosted 7.5 10.7f§:g
lepton+jets combined 4.0 4.1ﬂ:§
CMS preliminary 2.7 1" (13 Tev)
4jets, 3b-tags | TH8H Expected +1o

4 jets, > 4 b-tags high BDT output | === EXpected +20

4 jets, = 4 b-tags low BDT output - Observed

5 jets, 3 b-tags

5 jets, = 4 b-tags high BDT output
5 jets, = 4 b-tags low BDT output B

> 6 jets, 2 b-tags

> 6 jets, 3 b-tags

> 6 jets, = 4 b-tags high BDT output

> 6 jets, 2 4 b-tags low BDT output

> 4 jets, 2 2 b-tags, boosted

lepton+jets combined

1 10 10°
95% CL limiton p = O/GSM atm, =125 GeV

Figure 9: Visualisation of 95% CL upper limits on u in the lepton+jets channel. The limits are
calculated with the asymptotic method and displayed as the median and the +1¢ and +2¢
confidence intervals.
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B Dilepton Additional Material

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 10, all variables used in any of the categories are described,
and in Table 11, the variables used per category are listed. The expected upper limits at 95%
CL on the signal strength modifier y under the background-only hypothesis in the dilepton
channel are listed in Table 12 and displayed in Fig. 10 for the individual categories and for the
combined fit in all categories.

Table 10: Variables used in the BDT training in the dilepton channel.

Event variable

Description

Object and event kinematics
<ARtag,tag>

z PTjets,leptons
max mass
jet,jet

min ARtag,tag

max Ar]tag,mg
minAR
jet,jet
i
Mhiggs—like
min AR
mtag,tag

min AR
Pt tag,tag

m

Centrality (tags)

Hr
min ARjet,jet

median Myer jet

max mass
tag,tag

<ARjet,tag>

min AR
P jet,tag

max mass
jet,tag
max pr
mjet,tag,tag
bj
Mhi ggs—like

CSVV2IVF b-tag

<d>tagged/untugged
Event shape

HO/ Hl/ HZ/ H3r H4

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

A1n between the two furthest b-tagged jets

Invariant mass of jet pair AR

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

Sum pr of b-tag 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

Scalar sum of transverse momentum for all jets

AR between the two closest jets

Median invariant mass of all combinations of jet pairs

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

Sum pr of jet pair with minimum AR between them (with at least one b-tag jet)
Twist angle between jet pair (with at least one b-tagged)

Invariant mass of the 3-jet system with the largest transverse momentum where
at least two jets are b-tagged.

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

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

Fox-Wolfram moments [74]
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Table 11: BDT input variable assignment per category in the dilepton channel.

3jets,2b-tags | 3jets,3b-tags | > 4jets, 2b-tags > 4jets, 3b-tags > 4jets, > 4b-tags
(d) untagged () tagged median mj, ot min ARpag tag min ARyag tag
Y. PTjets leptons My H; /Hy(tags) (d) untagged median myjet jet
]g},aj);tmass mggﬁe@ass m]r";ijijﬁR <d>tugged max Aljtag,tag
min ARtagtag | MaxX Affjet jet (d) untagged m%?ﬁ? M{zjiggsflike
max Afjtagtag | Ha/Ho(tags) Hy (jets) Mﬁl ggs—like H?gs
m;’éi,’;ﬁR Hl (jets) Z ijets,leptons maXx Aﬂtag,tag <d> tagged
M;z]iggs—like ];Qiaj);tmass <ARf‘3trt”g > <AR]'€t,tﬂg > m%fﬁﬁgR
m%gﬁ? Y. PTjets leptons Hj;ts Hy(tags) m%?jeAtR
min ARje jet Myt Y. PTjets leptons tag tag
Mzzggsflike p?lﬁtﬁfl{g Tg;;);a?ass max A77jet,jel‘
Centrality(jets & leptons) | Centrality(jets & leptons)
nﬁéﬁégzt Centrality(tags)

Table 12: Median expected 95% CLs upper limits on y in the dilepton channel, calculated with
the asymptotic method. The upper and lower range of one standard deviation is also quoted.

Category Observed  Expected
3 jets, 2 b-tags 1860 11487326
> 3jets, 3 b-tags 1049 4867202
> 4jets, 2 b-tags 324 4017168
> 4 jets, 3 b-tags 74 10.8f§:§
> 4jets, > 4 b-tags 9.1 12.2:{:2
dilepton combined 52 7.73:2
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Figure 10: Visualisation of 95% CL upper limits on y in the dilepton channel. The limits are
calculated with the asymptotic method and displayed as the median and the +1¢ and £2¢
confidence intervals.
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