Available on the CERN CDS information server CMS PAS HIG-15-008

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2016/03/23

Search for ttH production in multilepton
final states at 1/s=13 TeV

The CMS Collaboration

Abstract

A search for the standard model Higgs boson produced in association with a top
quark pair is presented. Data collected by the CMS experiment in pp collisions at a
center of mass energy of \/s = 13 TeV and corresponding to an integrated luminosity
of 2.3 fb~! are used. The analysis targets the WW*, ZZ* and 77 decay channels of
the Higgs boson by selecting final states with two same-sign leptons or more than
three leptons, produced in association with b jets. The signal strength is measured
to be 0.641%:‘11 times the standard model expectation. The observed 95% confidence
level upper limit on the ttH production cross section is 3.3 times the standard model
expectation, compared to the 2.6 expected in absence of a signal.
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1 Introduction

The LHC Run I data have been exploited to measure nearly all the accessible properties of
the newly-discovered Higgs boson[1, 2]. ATLAS and CMS have combined their data in order
to reach a precise measurement of the boson mass, 125.09 + 0.21 (stat.) 4+ 0.11 (syst.) GeV [3].
Measurements of the Higgs boson production and decay rates and constraints on its couplings
to the particles of the standard model (SM) have been performed by both experiments, and
combined [4-6]. In general, agreement with the SM predictions given the current uncertainties
(10-30%) has been found. It is of great interest to use the 13 TeV LHC data to further constrain
these measurements as any deviation from the expectation could be a sign of new physics.

The coupling of the Higgs boson to top quarks is particularly relevant. Given its large mass, the
top quark could play a special role in the breaking of the electroweak symmetry. The largest
contribution to the total SM Higgs production cross section at the LHC is due to gluon fusion,
where virtual top quarks dominate this loop-induced process. The top-Higgs interaction vertex
is only directly accessible when the Higgs boson is produced in association with one or more
top quarks, since the Higgs boson is too light to decay to top quarks directly. Higgs boson
production in association with a top quark pair (denoted ttH production, as shown in Fig. 1)
offers the best opportunity for measurement of the top-Higgs coupling at the LHC. A compar-
ison of the directly-measured top-Higgs coupling with the one inferred by other cross section
measurements can be used to constrain contributions from new physics to the gluon fusion
loop.

The ttH process has been used by both experiments to directly probe the top-Higgs coupling
at tree level with the 5+ 20 fb~! of LHC Run I data at 7 and 8 TeV. The production cross
section (130 fb at 8 TeV at next-to-leading order (NLO) [7]) is two orders of magnitude lower
than that of gluon fusion. Nevertheless, both experiments reached a 30% accuracy on the top
Yukawa coupling via this process, by exploring several topologies [8-11]. A first set of analyses
targeted Higgs boson decays to bb; the best fit value for the ttH signal strength obtained on Run
I data by the CMS and ATLAS experiment are 0.7ﬂ:g and 1.5711 respectively. A second set of
analyses targeted Higgs boson decays to 7, and the corresponding Run I signal strengths are
2.7 for CMS and 1.4737 for ATLAS. The third set of analyses targeted leptonic final states
from Higgs boson decays to WW*, ZZ*, or T7, with at least one Z, W or T decaying leptonically.
Despite the small branching ratio, the presence of one or two additional leptons from top quark
decays leads to clean experimental signatures: two same-sign leptons or at least three leptons
(electrons or muons), plus b-tagged jets. The signal strengths measured by CMS and ATLAS
on /s = 8 TeV data in these channels are 3.721 and 2.11?:‘21 respectively.

In this note we report on the search for ttH production in the multilepton signature with the
first 2.3 fb~! of 13 TeV data collected by the CMS experiment during the 2015 LHC Run II. The
ttH cross section increases by about a factor 4 with the higher center of mass energy compared
to 8 TeV [12]. The cross sections of the main backgrounds (ttW, ttZ, tt+jets) increase by roughly
a factor 3. The general strategy remains similar to the 8 TeV search. Prompt leptons are identi-
tied with high efficiency and distinguished from non-prompt backgrounds using multivariate
analysis methods. Events are then split in categories and the signal is extracted by means of
a fit to the output of multivariate discriminants aimed at separating ttH from other processes.
The fit is performed simultaneously in all categories. The object selections have been adapted
to the 13 TeV running conditions, the lepton identification technique has been improved, new
event kinematic variables have been considered in the multivariate approach for the signal ex-
traction, and the presence of hadronically-decaying T leptons has been taken into account in
the event categorization.
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Figure 1: Feynman diagrams for ttH production at pp colliders, with the Higgs boson decaying
to WW*, ZZ*, and 77 (from left to right). They represent examples of final states with four
leptons, three leptons, and two same-sign leptons, respectively.

2 Data and simulated samples

The dataset used for this analysis has been collected in 2015 and corresponds to an integrated
luminosity of 2.3 fb~!. The events are selected by requiring the presence of either one, two,
or three leptons (electrons or muons) at trigger level. The minimal transverse momentum
(p1) thresholds are 20 (23) GeV for muons (electrons) for the single lepton trigger, and 17 and
8 (12) GeV for muons (electrons) for the double lepton trigger. The three lepton triggers apply
a threshold of 5 (9) GeV for muons (electrons) on the third lepton in order of pr.

Simulated samples for the ttH signal and background processes are used for building the signal
model, optimizing the event selection and estimating the systematic uncertainties. ttH events
are simulated with Madgraph5_aMC@NLO [13], including up to one additional hadronic jet at
NLO QCD accuracy. The same generator is used for the main backgrounds: ttW, tt+jets, and
tty+jets. Other minor backgrounds are simulated with different generators, such as POWHEG[14—
19] and Madgraph at LO QCD accuracy. All generators are interfaced to PYTHIAS8 [20] for the
parton shower and hadronization steps. Pileup interactions are simulated with the multiplicity
observed in data. All events are finally processed through a detailed simulation of the CMS de-
tector based on GEANT4 [21], and reconstructed using the same algorithms used for the data.
Moreover, they are required to satisfy the same trigger requirements as in the data.

3 Object reconstruction and identification

The CMS particle-flow (PF) algorithm [22, 23] provides a global interpretation of the event by
combining the information from all sub-detectors to reconstruct and identify individual parti-
cles. They are classified into charged hadrons, neutral hadrons, photons, muons and electrons.

Particle-flow candidates are clustered into jets using the anti-kt algorithm with a distance pa-
rameter of 0.4, as implemented in the FASTJET package [24, 25]. Charged hadrons that do not
originate from the selected primary vertex are discarded. Jet energy corrections are then ap-
plied as a function of the pr and pseudorapidity (7). Only jets with pr > 25GeV, || < 2.4 and
separated from any lepton candidate by AR = /Ay? + A¢? > 0.4 are retained.

Jets that are likely to originate from the hadronization of b quarks are identified by using a b-
tagging algorithm [26]. Information about secondary vertices and track impact parameters are



combined in a likelihood discriminant (Combined Secondary Vertex, CSV). The efficiency to tag
b jets and the probability to misidentify jets from light quarks or gluons are measured in data
as a function of the jet pr and 1. We use two working points of the CSV output discriminant:
a loose working point, with an efficiency of about 80% and a mistag rate of about 5%, and a
medium working point with an efficiency of about 65% and a mistag rate of about 1% [27].
Simulated events are corrected for differences in the performance of the algorithm between
data and simulation.

The missing transverse energy (EF*) is calculated as the magnitude of the negative vector
sum of transverse momenta of all reconstructed PF particles. On the other hand, the HMss
variable is defined as the magnitude of the negative vector sum of transverse momenta of
all selected leptons and jets in the event. It has a worse resolution than EXS$, but it is also
more resilient to energy depositions from pileup and the underlying event. Following the
same strategy used in [8], we use a combination of the two variables in a linear discriminant,
EMSSLD = 0.6EMSS 4 0.4HMSS, The requirement of EMSLD > 30GeV has a similar signal
efficiency to a requirement of ETsS > 25 GeV, but rejects about a factor of two more Drell-Yan
background.

Muon candidates are reconstructed combining the information from both the silicon tracker
and the muon spectrometer in a global fit [28]. An identification selection is performed using
the quality of the geometrical matching between the tracker and the muon system measure-
ments. Only muons within the muon system acceptance || < 2.4 and a minimum pr of 5GeV
are considered.

Electrons are reconstructed using tracking and electromagnetic calorimeter information by
combining ECAL superclusters and Gaussian sum filter (GSF) tracks [29]. We require elec-
trons to have |57| < 2.5 to ensure that they are within the tracking volume and a minimum pr
of 7GeV. The electron identification is performed using a multivariate discriminant built with
shower-shape variables and track quality variables.

Further requirements are applied to reject electrons from photon conversions, by rejecting can-
didates with missing hits in the innermost layers of the tracking system or matched to a con-
version secondary vertex candidate [29]. Moreover, we ensure that the lepton charge measure-
ment is of good quality by requiring that the relative uncertainty on the muon pr is less than
20%, and that the measurements of the electron charge from different observables based on the
ECAL energy deposit and the reconstructed track are consistent [29]. We define loose leptons as
those that pass the requirements described so far.

Throughout this note, we define background leptons as those originating from b hadron decays,
from the misidentification of hadrons in jets, and from photon conversions. We define signal
leptons as the isolated leptons coming from W, Z, and prompt T decays. We developed ad-
vanced identification criteria to retain the highest possible efficiency for signal leptons while
rejecting leptons from background processes. In particular, we use the following variables as
an input to a multivariate discriminator based on a boosted decision tree (BDT):

e vertexing variables: the impact parameter in the transverse plane dy, the impact
parameter along the z axis d, the three-dimensional impact parameter significance
SIP3p,

e a particle flow isolation with variable cone size 0.05-0.2, dependent on the lepton
pr [30, 31],

e variables related to the closest jet to the lepton, such as the ratio between the pt of
the lepton and the pr of the jet, the CSV b-tagging discriminator value of the jet, the
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number of charged particles in the jet, and the pf" variable:

prel — [[(F(jet) — p(£)) x p(O)]]
! 17Get) —p(OII 7

e variables used in the identification of the electron and muon candidates: the muon
segment compatibility, and the electron ID multivariate discriminant.

We define tight leptons as the loose leptons that satisfy a requirement on the discriminator value.

Hadronically decaying taus (7,) are reconstructed using the hadron-plus-strips algorithm [32].
T, candidates are required to pass the “decay mode finding” discriminator, either being recon-
structed in 1- or 3-prong decay modes with or without additional 7%s. In addition, they have
to fulfill pr > 20GeV, |y| < 2.3, and isolation requirements.

4 Event selection

The event selection aims at rejecting final state signatures that do not match that of the signal.
Each event is required to have at least two leptons with pt > 10 GeV passing the tight selection
requirements, and the leading lepton must have pr > 20 GeV. Moreover, events with a pair of
leptons passing the loose selection requirement and with an invariant mass of less than 12 GeV
are rejected, as they are not accurately modeled by the simulation. As signal events contain a
pair of top quarks, we require that at least two selected jets are present in the final state. At least
two of them are required to pass the loose working point of the CSV b-tagging discriminator,
or at least one to pass the medium working point.

If no additional lepton with a pt greater than 10 GeV passes the tight selection requirements,
the event is tagged as a candidate for the two lepton same-sign (21ss) category of the analysis. It
is accepted in that category only if the two tight leptons have the same charge, and if it contains
at least four jets. If the sub-leading tight lepton is an electron, the pr threshold is tightened to
15GeV. The two selected leptons are required to pass criteria aimed at rejecting leptons from
conversions, and on the quality of the charge measurement. To suppress further backgrounds
from Z — ee with a misidentified charge, in the dielectron final states events are also rejected
if the dilepton invariant mass is within 10 GeV of the Z boson mass, and a requirement of
EMSSLD > 30 GeV is applied.

If, on the other hand, at least three tight leptons with pr greater than 10 GeV are found, the
event is tagged as a candidate for the three-lepton category. Background processes with Z
bosons in the final state are reduced by applying the same invariant mass veto used for the
2lss category and by requiring that EFSSLD > 30 GeV. The EMSSLD threshold is tightened to
45GeV if the event has a pair of opposite-sign and same-flavor leptons, but is not applied if
the event has at least four jets. Finally, the event is rejected if any of the first three leptons do
not pass the conversion veto requirements, or if the sum of their charges is not equal to +1 or
-1. Table 1 summarizes the event yields observed in data in each category, and the correspond-
ing expectations from simulated events and from data-driven predictions for non-prompt and
charge mis-identified leptons, discussed in Section 5.4.

After the selection described above, the yields are still dominated by background. The selected
events are thus further categorized. The 2lss events are divided according to the presence of
a Ty, in the final state. Furthermore, events where no 7, is found are split according to lepton
flavor into dielectron, dimuon and electron-muon sets. These sets, with the exception of the
dielectron one, are then further split according to the presence of at least two jets passing the



Table 1: Expected and observed yields after the selection in 2lss and three-lepton final states.
The rare SM backgrounds include ZZ, W*W*qq, WW produced in double-parton interactions,
and triboson production. Uncertainties are statistical only. The backgrounds from non-prompt
leptons and charge flips are extracted from data.

Uu ee ey 3¢

ttW 3224016 1474011 4954+0.19 2.56 +0.14
ttZ/v* 0.82+0.03 1.144+0.14 242+0.17 3.754+0.18
Wz 0.09+0.05 0.06+0.06 0.25+0.11 0.33+0.11
tttt 0.19+£0.03 0.11+£0.02 0.284+0.03 0.22 £0.03
tZq 0.10£0.06 0.00£0.00 0.124+0.13 0.44 +0.17
rare SM bkg. 0.06 £0.03 0.04+£0.04 0.134+0.06 0.16 £ 0.59
non-prompt (data) 3994038 3.58+0.38 10.10+0.65 8.08 £0.67
charge mis-ID (data) 1.11+0.05 1.65+0.05

all backgrounds 847 +042 7524044 19.90+0.73 15.55 4+ 0.95
ttH signal 1.53+0.08 0.69+0.05 227+0.10 2.12 4+ 0.09
data 9 11 11 28

medium CSV b-tagger working point (b-tight) or just passing the minimum CSV requirements
of the event selection (b-loose). On the other hand, three-lepton events are only separated into
b-tight and b-loose categories. Finally, all resulting categories are split by positive or negative
sum of charges of the selected leptons, with the exception of the 2lss category with 7, which is
not further split. This is motivated by the charge asymmetry in several background processes.

In order to further improve the sensitivity of the analysis, topological and kinematic differ-
ences between ttH signal and background events are exploited by means of two BDTs, aimed
at discriminating the signal from the tt and ttV processes respectively. The BDTs are trained
separately for 2lss and three-lepton events. In the 2lss category, for the training against the tt
background the input variables are the following: the maximum |#| of the two leading leptons,
the multiplicity of hadronic jets, the minimum distance between the leading lepton and closest
jet, the minimum distance of the trailing lepton and closest jet, the missing transverse energy;,
the average separation between the two jets, and the transverse mass of the leading lepton and
missing transverse energy. For the training against the ttV process, the missing transverse en-
ergy and the average jet-jet separation are replaced in the above list by the pt of the leading
and trailing among the selected leptons. The training against tt in the three-lepton category
differs from that used in 2lss by the usage of HI*® in the place of EF*S, while the one against
ttV uses the same input variables as in 2lss.

The output of the BDT discriminators is used simultaneously to divide each category in bins
of different S/B. The signal extraction is performed by fitting its normalization from the distri-
bution of events among these bins. Figures 2 and 3 show the distributions of the BDT outputs
and the number of jets for selected events in data and simulation.

5 Signal and background modeling and systematic uncertainties
5.1 Signal model

Simulated samples are used to understand the event selection efficiency and build the discrimi-
nants ultimately used for signal extraction. Systematic uncertainties associated with the correc-
tion factors applied to better match the detector performance in data and with the theoretical
model are taken into account for the signal simulation.
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Figure 2: Top row: number of selected jets in the same-sign py, ee, and ey channels. Bottom
row: distributions of the BDT kinematic discriminants and result of their combination in the
bins used for signal extraction, for the two lepton same-sign selection inclusive in lepton flavor.
Pre-fit distributions are shown. Uncertainties are statistical only.

We use scale factors to correct for differences in the lepton trigger, reconstruction and identifica-
tion performance between data and simulation. The magnitude of the systematic uncertainty
on the lepton corrections is about 5%. We assess the impact of the uncertainties associated
with the jet energy corrections [33] by shifting the correction factors up and down by 1¢ and
re-calculating all kinematic quantities. Systematic effects both on normalization and shape are
taken into account in extracting the results. The uncertainty on the jet energy resolution has a
negligible impact on the analysis. The uncertainties on the correction for the data to simulation
differences in the b-tagging performance are parametrized as a function of pr, #, and flavor of
the jet. We assess their effect on the analysis by shifting the correction factor for each jet up and
down by 1c of the appropriate uncertainty, and recalculating the overall event scale factor.

The theoretical uncertainties on the NLO prediction for the inclusive ttH production cross sec-
tion amount to +5.8/ — 9.2% from unknown higher orders in the perturbative series and 3.6%
from the knowledge of the parton distribution functions (PDFs) and &, [12]. These uncertain-
ties are propagated to the final normalization of the signal yields. In addition to the overall
normalisation, a systematic uncertainty on the shape of the final discriminating variables is es-
timated by varying the normalisation and factorisation scales in generated events, and has an
effect of 2-3% on the normalisation.
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Figure 3: Number of selected jets, distributions of the BDT kinematic discriminants and result
of their combination in the bins used for signal extraction, for the three-lepton channel. Pre-fit
distributions are shown. Uncertainties are statistical only.

5.2 Irreducible backgrounds

Irreducible backgrounds from ttW and ttZ are estimated from simulated events. The same cor-
rections used for the signal are applied to account for the different performances between data
and simulation. The inclusive production cross sections for the ttW and ttZ processes are cal-
culated at NLO QCD and NLO EWK [12, 13, 34], with theoretical uncertainties from unknown
higher orders of 12% and 10% respectively, and uncertainties from the knowledge of the PDFs
and «; of 2 to 4%. In addition to the overall normalisation, systematic uncertainties of theoreti-
cal origin on the distribution of the events in the final discriminating variables are considered.
They are estimated by varying the normalisation and factorisation scales up and down, and
their amplitude is found to be of 2% to 4%.

5.3 Diboson processes

The WZ and ZZ production processes with the gauge bosons decaying to leptons can yield the
same final states as the signal. Out of the two, WZ is the one giving the largest contribution.
The inclusive production cross sections for these processes have been measured at the LHC
and are found to be in agreement with the NLO predictions. However, the agreement does not
translate directly to the phase space of the signal region used in this analysis, as we require the
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presence of at least one additional b jet.

It is possible to obtain a clean sample of WZ events with three leptons and at least two jets
in the final state by requiring the presence of a lepton pair compatible with the Z decay and
vetoing events with a loose b-tagged jet, as dibosons are preferentially produced in association
with jets from light quarks or gluons. A scale factor is extracted by normalizing the yield of
simulated events in this control region to the data, and then applied to the diboson prediction in
the signal region. The majority of diboson events in the signal region passes the event selection
because they contain jets from light quarks or gluons that are mistagged as b jets. Therefore,
this estimate is sensitive to the experimental uncertainty on the mistag rate, while reducing the
impact from theoretical uncertainties in the jet flavor composition due to higher-order QCD
terms.

The overall uncertainty is composed of the statistical uncertainty on the control region (30%),
the residual backgrounds in the control region (20%), the uncertainties on the b-tagging rate
(ranging from 10 to 40%), and from the knowledge of the PDFs and the theoretical uncertainties
on the extrapolation (up to 10%).

5.4 Non-prompt and charge mis-identified leptons

The yield of events where one of the selected leptons does not originate from the decay of a
W, Z or H boson is estimated from data using a fake-rate method. The probability for a non-
prompt candidate to pass the tight selection requirements is first measured in a control sample
where the candidate population is dominated by background leptons (as defined in Section 3),
and parametrized as a function of its p and |77| separately for muons and electrons. For muon
candidates and electron candidates above 30 GeV QCD multijet events are used, while lower
pr electrons are taken from Z+jets events to overcome limitations posed by the trigger used to
collect the data for this fake-rate determination. In both cases, the residual contamination from
prompt leptons originating from W and Z decays is subtracted using the transverse mass as
the discriminating variable and vetoing the presence of additional leptons.

A control region is then defined relaxing the requirement applied on the BDT used for lep-
ton identification. Events in this control region where only one lepton does not pass the
tight selection are then weighted by f/(1 — f), where f is the mis-identification probability
measured above, while those where two leptons fail the tight requirements are weighted by
—fif2/[(1 = f1)(1 — f2)]. The resulting yield is used as the background prediction in the signal
region, with an uncertainty of 30 to 50% arising from the statistical and systematic uncertain-
ties in the applied weights. The latter are derived from comparing alternative techniques for
subtracting prompt leptons and from closure tests of the method performed in simulated back-
ground events.

Following a similar logic, the probability for mis-reconstructing the electron charge is evaluated
in a sample of electrons from Z decays. They are split in observed opposite- and same-sign
pairs, and from the relative abundance of these sets a charge mis-reconstruction probability is
measured as a function of the electron pr and ||. The probability ranges from 0.03% in the
barrel to about 0.4% in the endcap regions. A systematic uncertainty of 30% is evaluated from
closure tests conducted in the simulation.

6 Results

The event yields are compared with the expectation from the background processes and a
125GeV SM Higgs boson. A signal strength parameter y = ¢ /ogy is introduced, and the



expected yields from ttH are scaled by its value without any modification to the branching
fractions or to the kinematic properties of the events.

Results in terms of the asymptotic 95% CL upper limit [35-38] on y are presented in Table 2. The
observed limits are compared with the expected ones under the background-only hypothesis.
The best fit of the signal strength is presented in Table 3, and the content of the tables is sum-
marized in Fig. 4. The measured signal strengths in the same-sign dilepton and three-lepton
categories are compatible with each other at the level of 1.8¢.

Table 2: Asymptotic 95% CL upper limits on the signal strength parameter.

Category Observed limit Expected limit +1c
same-sign dileptons 21 27(4+1.4)(-0.9)
trileptons 11.7 54(429)(-1.8)
combined 3.3 2.6(+1.3)(—0.8)

Table 3: Best fit of the signal strength parameter.

Category u best fit £10
same-sign dileptons —0.5(+1.0) (—0.7)
trileptons 5.8(4+3.3) (-2.7)
combined 0.6(—1.1)(+14)
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Figure 4: Left: asymptotic 95% CL upper hmlts on the signal strength parameter. Right: best fit
of the signal strength parameter.

7 Conclusions

A search for SM ttH production has been conducted using pp collision data collected by the
CMS experiment in 2015 at a center of mass energy of /s = 13TeV, and corresponding to an
integrated luminosity of 2.3 fb~!. The analysis targets the WW*, ZZ* and 77 decay channels
of the Higgs boson by selecting final states with two same-sign leptons or more than three
leptons, produced in association with b jets. Multivariate techniques are used to distinguish
prompt leptons from mis-identified jets and to separate the signal from other physics processes.
The signal strength is measured to be 0.671] times the SM expectation. The observed 95%
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confidence level upper limit on the ttH production cross section is 3.3 times the SM expectation,
compared to the 2.6 expected in absence of a signal.
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