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Why Top+Higgs?
• Direct measurement of top-Higgs coupling (Ct):

• SM: Ct~1 special role of the top in EWSB mechanism? Why so heavy?

• BSM: t+H present as final state of many new physics scenarios
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Pair production ttH 
sensitive to Ct magnitude

σ(ttH)∝|Ct|2=130 fb

Single top production tHq 
sensitive to Ct sign

σ(tHq)∝|Cwℳa+Ctℳb|2 = 18 fb
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Overview of CMS analysis
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H → hadrons
• ttH, H→ bb, 𝛕h𝛕h 
• ttH, H→ bb with Matrix Element Method 

HIG-12-035 / HIG-13-019

High rate, large tt + bb background

7/8 TeV

H → leptons

• ttH, H → WW, ZZ, 𝛕l𝛕h

HIG-13-020

Low rate, bacgkround suppressed by leptons

8 TeV

H → photons
• ttH, H → 𝜸𝜸
• tHq, H → 𝜸𝜸

CERN-PH-EP-2014-117
(HIG-13-015)

Low rate, H fully reconstructed
7/8 TeV

HIG-14-009

• Different techniques for ttH analysis but common strategy:

• Categorization depending on #Jets and #b-jets for best sensitivity                 
(S/B increases requiring high number of (b-)jets)

• ttH channels combined to measure 𝝁ttH = σttH/σttHSM
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Data H(125) x 30tt

ttH, H → hadrons
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H decay tt decay selection #sig and sig/bkg

bb semileptonic 1 e/μ, ≥4 jets (≥2b-jets) #sig~90 sig/bkg~0.004

bb dileptonic 2 e/μ, ≥3 jets (≥2b-jets) #sig~30 sig/bkg~0.002

𝛕h𝛕h semileptonic 1 e/μ, 2τ, ≥4jets (1-2 b-jets) #sig~2 sig/bkg~0.003
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• MC (Madgraph) modeling of background:

• tt+jets: reducible (tt+LF), irreducible (tt+HF)

• BDT to separate ttH from tt+jets: 

• Input variables related to objects kinematics and b-tag

• Fit to BDT output to extract #sig and #bkg

ttH x 30

𝝁ttH (bb)~ 0.7±1.8

𝝁ttH (𝛕𝛕)~ -1.3±4.8
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ttH, H → bb with MEM
• Analytical Matrix Element Method for S/B separation:

• tt+ bb irreducible but:

• Different diagrams means different kinematics

• Theoretical model + Experimental information = probability for ttH or ttbb hypothesis
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• Analytical matrix element method for S/B separation
‣ integrate over unreconstructed or poorly measured particles

‣ marginalize over unknown quark-jet assignments

‣ assign event weight under ttH or tt+bb (LO) hypothesis

18

ttH➝bb with Matrix Element Method

• Concentrate on events for which a single event 
interpretation is feasible
‣ 1 lepton  + ≥5 jets

‣ 2 leptons + ≥4 jets

• Build likelihood ratio discriminant using per-jet b 
tagging
‣ ttH/tt+HF:     4b quarks + ≥0 light quarks

‣ tt+LF:            2b quarks + ≥2 light quarks

CMS-PAS-HIG-14-010
Thursday, July 3, 14
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Figure 5: Distribution of the Ps/b discriminant in the high-purity categories. Events with a
value of Ps/b on the left of the vertical solid line are split into two bins of Pb/j. The signal
yield is the amount predicted by the standard model (µ = 1). The background yields are from
the combined fit to the final discriminant with µ constrained to 1. The bottom panel of each
plot shows the ratio between the observed events and the expectation from simulation, with
statistical and systematical uncertainties on the expectations after the fit.

Category Observed Median Median 68% CL 95% CL
Signal Injected Range Range

SL Cat-1 7.1 6.4 5.5 [3.7, 8.4] [2.7, 13]
SL Cat-2 4.3 8.4 7.2 [4.9, 11] [3.6, 16]
SL Cat-3 7.5 7.1 6.7 [4.6, 10] [3.4, 14]

DL 7.0 6.9 6.7 [4.6, 10] [3.3, 15]
All comb. 3.3 3.9 2.9 [2.1, 4.3] [1.5, 6.2]

Table 3: Observed and expected post-fit limits, with their 68% and 95% confidence intervals,
broken-up by category, and for the combined fit. Based on 19.5 fb�1 at

p
s = 8 TeV.

• 30% improvement wrt to standard ttH(→ bb)

NEW

Ps/b=prob(ttH)/prob(ttbb)

b

b

ttH x 10

example category (4 in total)

𝝁ttH ~ 0.7±1.4
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ttH, H → leptons
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2 3 Data and simulation samples
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Figure 1: Examples of leading-order Feynman diagrams for ttH production at pp colliders,
followed by Higgs boson decays to tt, ZZ⇤ and WW⇤ (from left to right). The first, second, and
third diagrams are examples of the two same-sign lepton signature, the three lepton signature,
and the four lepton signature, respectively.

2 The CMS detector

The CMS detector [11] consists of different components. A superconducting solenoid in the
central region of the detector provides an axial magnetic field of 3.8 Tesla parallel to the beam
direction. The silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL)
and the brass/scintillator hadron calorimeter (HCAL) are located in concentric layers within
the solenoid. These layers provide coverage out to |h| < 2.5, where pseudorapidity is defined
as h = � ln

⇥
tan

�
q
2
�⇤

, and q is the polar angle of the trajectory of the particle with respect
to the beam direction. A quartz-fiber Cherenkov calorimeter (HF) extends the coverage to
|h| < 5.0. Muons are detected by gas detectors embedded in the iron return yoke outside the
solenoid. The first level of the CMS trigger system, composed of custom hardware processors,
is designed to reduce the input rate by a factor of 1000 by selecting the most interesting events
in less than 3 µs using information from the calorimeters and muon detectors. The High Level
Trigger processor farm further decreases the event rate to a few hundred Hz for data storage.
All of these components are used for the ttH search.

3 Data and simulation samples

We use the 2012 CMS dataset, corresponding to a total integrated luminosity of 19.6 fb�1. The
events are selected by the trigger requirement of the presence of either two leptons (electrons
or muons), or a triplet of electrons. The minimal transverse momenta of the first and second
lepton are 17 and 8 GeV for the double lepton triggers, and 15, 8, and 5 GeV for the triple
electron trigger.

Simulated samples for the SM Higgs boson signal and for background processes are used to op-
timize the event selection and to evaluate the acceptance and systematic uncertainties. The ttH
signal is modeled with the PYTHIA generator [12]. The background processes ttW, ttZ, tt+jets
(which includes ttg+jets), Drell-Yan (DY) + jets (DY+g+jets), W+jets (W+g+jets), the diboson
ZZ+jets, WW+jets, WZ+jets and the rare WWZ, WWW, and ttWW process are all simulated
with the MADGRAPH [13] tree-level matrix element generator, combined with PYTHIA for the
parton shower and hadronization. Single top production is modeled with the NLO generator
POWHEG [14–19] combined with PYTHIA.
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and the four lepton signature, respectively.
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followed by Higgs boson decays to tt, ZZ⇤ and WW⇤ (from left to right). The first, second, and
third diagrams are examples of the two same-sign lepton signature, the three lepton signature,
and the four lepton signature, respectively.

2 The CMS detector

The CMS detector [11] consists of different components. A superconducting solenoid in the
central region of the detector provides an axial magnetic field of 3.8 Tesla parallel to the beam
direction. The silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL)
and the brass/scintillator hadron calorimeter (HCAL) are located in concentric layers within
the solenoid. These layers provide coverage out to |h| < 2.5, where pseudorapidity is defined
as h = � ln
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, and q is the polar angle of the trajectory of the particle with respect
to the beam direction. A quartz-fiber Cherenkov calorimeter (HF) extends the coverage to
|h| < 5.0. Muons are detected by gas detectors embedded in the iron return yoke outside the
solenoid. The first level of the CMS trigger system, composed of custom hardware processors,
is designed to reduce the input rate by a factor of 1000 by selecting the most interesting events
in less than 3 µs using information from the calorimeters and muon detectors. The High Level
Trigger processor farm further decreases the event rate to a few hundred Hz for data storage.
All of these components are used for the ttH search.

3 Data and simulation samples

We use the 2012 CMS dataset, corresponding to a total integrated luminosity of 19.6 fb�1. The
events are selected by the trigger requirement of the presence of either two leptons (electrons
or muons), or a triplet of electrons. The minimal transverse momenta of the first and second
lepton are 17 and 8 GeV for the double lepton triggers, and 15, 8, and 5 GeV for the triple
electron trigger.

Simulated samples for the SM Higgs boson signal and for background processes are used to op-
timize the event selection and to evaluate the acceptance and systematic uncertainties. The ttH
signal is modeled with the PYTHIA generator [12]. The background processes ttW, ttZ, tt+jets
(which includes ttg+jets), Drell-Yan (DY) + jets (DY+g+jets), W+jets (W+g+jets), the diboson
ZZ+jets, WW+jets, WZ+jets and the rare WWZ, WWW, and ttWW process are all simulated
with the MADGRAPH [13] tree-level matrix element generator, combined with PYTHIA for the
parton shower and hadronization. Single top production is modeled with the NLO generator
POWHEG [14–19] combined with PYTHIA.

2 same sign leptons 
≥4 jets (≥1b-jet)

3 leptons 
≥2 jets (≥1b‐jet)

4 leptons
≥2 jets (≥1b-jet)

• Targeting different H decays (WW, ZZ,𝛕𝛕) with >=1 lepton from tt decays
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Results
• Lepton charge correlations and kinematic variables to improve sensitivity

• Main backgrounds: reducible: tt with fake leptons (from b-jets) irreducible: tt+Z/W
• Suppression of tt+jets → Dedicated lepton MVA ID minimizing fakes

• BDT with kinematic variables

• Signal extraction: 

• 2l, 3l: fit to BDT distribution, 4l: just Njet distribution (yields are too low for BDT)

7

7.2 Theoretical uncertainties 9

N(jet)

Ev
en

ts

0

5

10

15

20

25

30

35 Data
ttH
ttW

*γttZ/
WZ
Others
Fakes

 channel±µ±µCMS Preliminary, -1 = 8 TeV, L = 19.6 fbs

N(jet)
4 5 6

Da
ta

/S
im

.

1

2

N(jet)

Ev
en

ts

0
2
4
6
8

10
12
14
16
18
20
22 Data

ttH
ttW

*γttZ/
γtt

WZ
Others
Fakes
Q Flip

 channel±e±CMS Preliminary, e -1 = 8 TeV, L = 19.6 fbs

N(jet)
4 5 6

Da
ta

/S
im

.

0

1

2

N(jet)

Ev
en

ts

0

10

20

30

40

50
Data
ttH
ttW

*γttZ/
γtt

WZ
Others
Fakes
Q Flip

 channel±µ±CMS Preliminary, e -1 = 8 TeV, L = 19.6 fbs

N(jet)
4 5 6

Da
ta

/S
im

.

0.5
1.0
1.5
2.0

BDT output

Ev
en

ts

0

5

10

15

20

25 Data
ttH
ttW

*γttZ/
WZ
Others
Fakes

 channel±µ±µCMS Preliminary, -1 = 8 TeV, L = 19.6 fbs

BDT output
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Da
ta

/S
im

.

0

1

2

3

BDT output

Ev
en

ts

0

2

4

6

8

10 Data
ttH
ttW

*γttZ/
γtt

WZ
Others
Fakes
Q Flip

 channel±e±CMS Preliminary, e -1 = 8 TeV, L = 19.6 fbs

BDT output
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Da
ta

/S
im

.

0

1

2

3

BDT output

Ev
en

ts

0

5

10

15

20

25 Data
ttH
ttW

*γttZ/
γtt

WZ
Others
Fakes
Q Flip

 channel±µ±CMS Preliminary, e -1 = 8 TeV, L = 19.6 fbs

BDT output
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Da
ta

/S
im

.
0

1

2

Figure 2: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states µµ (left), ee (center), and eµ (right). In
these plots events with positive and negative charge are merged. The signal yield is the amount
predicted by the standard model, (µ = 1). The background yields are from the combined fit to
the final discriminant at fixed µ = 1. The bottom panel of each plot shows the ratio between
the observed events and the expectation from simulation, with statistical and systematical un-
certainties on the expectations after the fit. There is good agreement between the predicted and
observed yields in the eµ and ee channels. There is an excess in the µµ channel.

The corrections for the b-tagging efficiencies for light, charm, and bottom flavour jets have
associated uncertainties [26, 27]. These uncertainties are parameterized as a function of pT, h,
and flavour of the jets. Their effect on the analysis is evaluated by shifting the correction factor
of each jet up and down by ±1s of the appropriate uncertainty.

In order to validate the agreement between data and simulation after these corrections, the
same physics objects and methods are used to select well known processes with larger cross
sections in dedicated control regions: tt ! e±µ⌥ bb nn, WZ ! 3`, ZZ ! 4` and Z ! 4`. The
overall event yields in the control regions and the kinematic distributions are found to be in
agreement with the predictions within the uncertainties (about 10%).

7.2 Theoretical uncertainties

The theoretical uncertainties on the NLO prediction for the inclusive ttH production cross sec-
tion amount to 6% from unknown higher orders in the perturbative series and 8% from the
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for the same-sign dilepton search, for the final states µµ (left), ee (center), and eµ (right). In
these plots events with positive and negative charge are merged. The signal yield is the amount
predicted by the standard model, (µ = 1). The background yields are from the combined fit to
the final discriminant at fixed µ = 1. The bottom panel of each plot shows the ratio between
the observed events and the expectation from simulation, with statistical and systematical un-
certainties on the expectations after the fit. There is good agreement between the predicted and
observed yields in the eµ and ee channels. There is an excess in the µµ channel.

The corrections for the b-tagging efficiencies for light, charm, and bottom flavour jets have
associated uncertainties [26, 27]. These uncertainties are parameterized as a function of pT, h,
and flavour of the jets. Their effect on the analysis is evaluated by shifting the correction factor
of each jet up and down by ±1s of the appropriate uncertainty.

In order to validate the agreement between data and simulation after these corrections, the
same physics objects and methods are used to select well known processes with larger cross
sections in dedicated control regions: tt ! e±µ⌥ bb nn, WZ ! 3`, ZZ ! 4` and Z ! 4`. The
overall event yields in the control regions and the kinematic distributions are found to be in
agreement with the predictions within the uncertainties (about 10%).

7.2 Theoretical uncertainties

The theoretical uncertainties on the NLO prediction for the inclusive ttH production cross sec-
tion amount to 6% from unknown higher orders in the perturbative series and 8% from the
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Figure 3: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilepton
search. Events with positive and negative charge are merged in these plots, but they are used
separately in the signal extraction. The signal yield is the amount predicted by the standard
model, (µ = 1). The background yields are from the combined fit to the final discriminant at
fixed µ = 1. The plot on the right shows the jet multeplicity for the four lepton search. The
bottom panel of each plot shows the ratio between the observed events and the expectation
from simulation, with statistical and systematical uncertainties on the expectations after the fit.

knowledge of the parton distribution functions (PDFs) [4].

Systematic uncertainties arising from the modeling of the process in PYTHIA are estimated by
comparing the predictions obtained with different parameter configurations of the generator.
The nominal prediction is taken from the Z2⇤ tune, and an uncertainty band is obtained from
the envelope of the predictions for the Z2⇤, Z2 [36], PROFESSOR Q2

0 [37] and Perugia ’11 [38]
parameter sets. The relative differences observed in variables related to hadronic jet activity are
of about 10%, while the uncertainties are smaller for variables related to leptons. Including also
the older D6T parameter set, now disfavoured by LHC data, does not increase substantially the
uncertainty.

Uncertainties from the PDFs beyond those affecting the overall normalization are estimated
with the PDF4LHC prescriptions [39] using the thee PDF sets CT10 [40], NNPDF21 [41],
MSTW2008 [42]. The resulting uncertainties on the shapes of the discriminating variables used
for signal extraction amount to about 5%.

8 Background predictions

Three categories of backgrounds are identified in this search: ttV backgrounds from associated
production of a tt pair and one or more electroweak bosons; electroweak diboson or multibo-
son production associated with multiple hadronic jets; and reducible backgrounds from events
with non-prompt leptons misidentified as prompt ones, or opposite-sign dilepton events in
which the charge of one of the leptons is mismeasured. These three classes of backgrounds
are estimated separately with different methods, as described below. Additional minor back-
grounds like triboson production are estimated directly from simulated events. The systematic
uncertainties associated with each background estimate are discussed in the following sections
and summarized in Table 2.

𝝁±𝝁± e±𝝁± 3l

Mild excess in 𝝁𝝁	 channel 𝝁ttH ~ 3.9±1.5
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Fabrizio Margaroli

EVENT DISPLAY H→PHOTONS

29

ttH, H → 𝜸𝜸

• Limited by statistic BR(H→𝜸𝜸)~2‰ BUT clear signature:

• Two energetic photons 

• Narrow Higgs peak over continuum bkg spectrum                   
→ data driven background estimation

8

NEW

• New: now using MVA H→𝜸𝜸 photon ID 

• 2 event categories (only 1cat @7TeV):

• Leptonic/Multijet targeting different tt 
decays (>=1 lepton or no leptons)
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32 8 Statistical methodology
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Figure 15: Events in the ttH-tagged class of the 7 TeV dataset, binned as a function of mgg,
together with the result of a fit of the signal-plus-background model for mH = 124.7 GeV.
The 1s and 2s uncertainty bands shown for the background component of the fit include the
uncertainty due to the choice of function and the uncertainty in the fitted parameters. These
bands do not contain the Poisson uncertainty that must be included when the full uncertainty
in the number of background events in any given mass range is estimated.
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Figure 16: Events in the two ttH-tagged classes of the 8 TeV dataset, binned as a function of mgg,
together with the result of a fit of the signal-plus-background model. The 1s and 2s uncertainty
bands shown for the background component of the fit are computed from the fit uncertainty
in the background yield in bins corresponding to those used to display the data. These bands
do not contain the Poisson uncertainty that must be included when the full uncertainty in the
number of background events in any given mass range is estimated.
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Results

9

Leptonic

Cuts

ttH leptonic pT(𝜸1)>m𝜸𝜸/2  
>=1lepton, 2jets(>=1btag) 

ttH multijet pT(𝜸1)>m𝜸𝜸/2  
5jets(>=1btag) 

Multijet

•Event categories pure in ttH production:

•<5% contamination from other production mechanisms

•Events (window of 5 GeV around mH for 20 fb-1@8 TeV)

NEW

S+B fit to data

Leptonic: sig (exp)~0.5  Bkg ~ 1  Data=2

Multijet: sig(exp)~0.6  Bkg ~ 3   Data =6

𝝁ttH ~ 2.7±2.1
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Combination of all ttH channels

• Combining all channels:

• Best fit value 𝝁ttH=σ/σSM=2.76 -0.92

• Excess above bkg-only expectations at ~3 σ level
• Compatible with SM expectation (μ=1) at 2σ level

10

Channel 𝝁ttH @ 125 GeV [68%𝝁ttH interval]
H➝bb 0.7 [-1.1,2.4]
H➝τhadτhad -1.3 [-4.9,7.4]
H➝leptons 3.9 [2.5,5.6]
H➝γγ 2.7 [1.0,5.1]
ttH combination 2.76 [1.84,3.81]

+1.05 NEW
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tHq in diphoton decay channel

• If Ct x Cw=-1→ constructive interference                                                        
→ increase of σ × BR by a factor 34

• ttH rejection using likelihood discriminator        
(object kinematics)

• ZERO events observed (~1 expected for Ct=-1):

• Can exclude 4.1 times xsec expected for Ct=-1

• New physics can play a different role in ttH and tH 
production 
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Figure 1: Dominant Feynman diagrams for the production of tHq events: the Higgs boson
is typically irradiated from the heavier legs of the diagram, i.e. the W boson (left) or the top
quark (right).

1 Introduction

The discovery of a Higgs boson with the CMS and ATLAS experiments in 2012 [1, 2] opened
a new field for explorations in the realm of particle physics. It is now critical to explore the
coupling of this new particle with the other elementary particles to test whether it is the Higgs
boson predicted by the Standard Model (SM). In particular, the Yukawa structure of the cou-
pling of the Higgs to fermions is largely unexplored: as of today, we only have evidence of
the Higgs coupling to bottom quarks from the Tevatron and from CMS [3, 4] and to tau lep-
tons from CMS and ATLAS [5, 6]. A fermionic coupling of special interest is the one of the
new boson to the top quark. In fact, due to the top quark’s very large mass [7, 8], it is widely
believed that the top quark plays a special role in the electroweak symmetry breaking mecha-
nism. The Higgs boson has been discovered mainly through its direct coupling with the other
known heavy bosons (W/Z) and photons where a SM interaction with top quark is assumed.
New physics could alter the interaction between the top quark and the Higgs boson without
exceeding current constraints.

The most straightforward way to study the coupling of top quarks to Higgs bosons is through
the investigation of top-antitop-Higgs production. The search for tt̄H production has been
performed in the Higgs to hadrons [9], photons [10], and leptons [11] final states by the CMS
collaboration. The combination of the above channels offered the first hint of direct coupling of
the Higgs boson to the top quark [12]. The ATLAS collaboration has searched for ttH produc-
tion using the Higgs to two photons decay [13].

The coupling of the Higgs boson to a top quark (Ct) can be probed in a novel way by studying
the associated production of a single top quark and a Higgs boson. Single top quark production
has been observed at the LHC in the t-channel [14], s-channel production observation has been
achieved at the Tevatron [15] and CMS recently reported the first observation of the associated
production of a single top quark with a W boson [16]. Single top quark plus Higgs boson
production proceeds mainly through t-channel diagrams, with the Higgs being emitted either
from a top quark leg or a W boson propagator (see Figure 1). In the SM, as the couplings
of the Higgs to the W and the top quark have opposite sign, these two diagrams suffer from
destructive interference, so that they almost cancel out: the process cross section, calculated at
Next-to-Leading Order (NLO) precision, is approximately 18 fb [17–20].

Global fits of LHC and Tevatron Higgs data still allow for the possibility of a Higgs boson
having negative couplings to fermions [21]. Because the interference between the two main
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Figure 1: Dominant Feynman diagrams for the production of tHq events: the Higgs boson
is typically irradiated from the heavier legs of the diagram, i.e. the W boson (left) or the top
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believed that the top quark plays a special role in the electroweak symmetry breaking mecha-
nism. The Higgs boson has been discovered mainly through its direct coupling with the other
known heavy bosons (W/Z) and photons where a SM interaction with top quark is assumed.
New physics could alter the interaction between the top quark and the Higgs boson without
exceeding current constraints.

The most straightforward way to study the coupling of top quarks to Higgs bosons is through
the investigation of top-antitop-Higgs production. The search for tt̄H production has been
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the Higgs boson to the top quark [12]. The ATLAS collaboration has searched for ttH produc-
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the associated production of a single top quark and a Higgs boson. Single top quark production
has been observed at the LHC in the t-channel [14], s-channel production observation has been
achieved at the Tevatron [15] and CMS recently reported the first observation of the associated
production of a single top quark with a W boson [16]. Single top quark plus Higgs boson
production proceeds mainly through t-channel diagrams, with the Higgs being emitted either
from a top quark leg or a W boson propagator (see Figure 1). In the SM, as the couplings
of the Higgs to the W and the top quark have opposite sign, these two diagrams suffer from
destructive interference, so that they almost cancel out: the process cross section, calculated at
Next-to-Leading Order (NLO) precision, is approximately 18 fb [17–20].

Global fits of LHC and Tevatron Higgs data still allow for the possibility of a Higgs boson
having negative couplings to fermions [21]. Because the interference between the two main

forward jet      
(|ηjet| > 1) 

Only leptonic decays of 
W considered (=1e/𝝁)

>=1 b-jet

Boosted photons: 
pt(𝜸1)>0.4m𝜸𝜸

Cw

Ct

5

Table 1: Expected MC yields in L = 19.7 fb�1 of data passing full requirements. Yields are
counted in the 122-128 GeV range. The additional contributions to the ‘standard’ Higgs pro-
cesses which would arise from the condition Ct = �1 are marked with a dagger (†).

Process Yield
tHq (Ct = �1) 0.67

tt̄H 0.03 + 0.05†

VH 0.01 + 0.01†

other H 0
other backgrounds < 0.01
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Figure 2: Invariant mass of the diphoton system for events passing full selection requirements.
The data (black markers) are compared to the Monte Carlo simulation (stacked histograms).
As can be seen zero events are measured in the data.

• transverse mass of the top candidate;162

• pseudorapidity of the qJet candidate;163

• rapidity gap between the lepton and the qJet;164

• charge of the lepton candidate.165

All of these variables are found to discriminate between tt̄H and tHq simulated events, and166

their linear correlation coefficients were found to be less than 10% on both processes. Hence167

the use of a simple likelihood product is expected to have close-to-optimal performance. We168

require the likelihood discriminator to be greater than 0.25, to suppress the tt̄H contribution169

under the peak.170

After enforcing the full analysis requirements, we obtain the yields shown in Table 1. The anal-171

ysis selection has an expected efficiency of about 17% on tHq events decaying to the sought-for172

final state. Figure 2 shows the diphoton mass spectrum for events passing full selection re-173

quirements. As can be seen the data sidebands are found to be void of events.174

5 Definition of the Background Shape175

A cut-and-count analysis relies on the knowledge of the background shape fbg(mgg) in order
to estimate the contribution of resonant backgrounds in the signal region. This is done by
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Conclusions

• μttH presents an excess:

• 𝝁ttH=σ/σSM=2.76 -0.92

• We can still get some information from Run1 data:

• New result using Matrix Element for ttH, H → bb

• No sign yet of exotic physics:

• tH(→𝛾𝛾)q was studied, adding more decay channels

• Looking forward 13 TeV data:

• Can achieve 10% precision on top-Higgs coupling with full Run2 data

12

+1.05
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Backup

13
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ttH, H→bb distributions
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ttH, H→bb yields
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�6 jets 4 jets 5 jets �6 jets 4 jets 5 jets �6 jets
2 b-tags 3 b-tags 3 b-tags 3 b-tags 4 b-tags �4 b-tags �4 b-tags

ttH(125) 33.4 ± 8.1 14.0 ± 3.0 21.1 ± 4.5 23.1 ± 5.5 1.8 ± 0.5 5.2 ± 1.4 8.3 ± 2.3
tt+lf 7650 ± 2000 4710 ± 820 2610 ± 530 1260 ± 340 74 ± 30 79 ± 34 71 ± 36
tt+b 530 ± 300 350 ± 190 360 ± 200 280 ± 160 21 ± 12 29 ± 17 33 ± 20
tt + bb 220 ± 120 99 ± 52 158 ± 85 200 ± 110 13.1 ± 7.3 38 ± 21 78 ± 47
tt + cc 1710 ± 1110 440 ± 230 520 ± 290 470 ± 280 19 ± 11 32 ± 18 52 ± 31
ttV 99 ± 27 16.2 ± 3.8 23.9 ± 5.7 28.8 ± 7.4 1.1 ± 0.4 2.5 ± 0.7 5.8 ± 1.8
Single t 264 ± 54 235 ± 41 116 ± 22 55 ± 14 3.4 ± 1.6 10.3 ± 5.3 7.3 ± 3.1
V+jets 160 ± 110 122 ± 95 44 ± 38 29 ± 27 2.1 ± 2.4 1.9 ± 1.7 1.2 ± 1.3
Diboson 5.9 ± 1.6 6.3 ± 1.4 2.4 ± 0.7 1.0 ± 0.4 0.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.1
Total bkg 10630 ± 2790 5970 ± 1060 3830 ± 790 2310 ± 620 133 ± 44 193 ± 62 249 ± 90
Data 10724 5667 3983 2426 122 219 260

Table 1: Expected event yields in 19.5 fb�1 for signal and backgrounds in the lepton + jets
channel.

3 jets + 2 b-tags �4 jets + 2 b-tags �3 b-tags
ttH(125) 7.7 ± 1.4 16.1 ± 3.1 11.2 ± 2.5
tt+lf 7460 ± 1060 3190 ± 680 289 ± 83
tt+b 189 ± 97 172 ± 93 149 ± 82
tt + bb 38 ± 20 58 ± 31 80 ± 44
tt + cc 480 ± 260 510 ± 300 147 ± 79
ttV 30.2 ± 6.3 54 ± 12 11.9 ± 2.9
Single t 229 ± 35 97 ± 16 17.3 ± 5.1
V+jets 350 ± 130 151 ± 66 40 ± 23
Diboson 10.4 ± 1.7 3.1 ± 0.6 0.7 ± 0.4
Total bkg 8770 ± 1250 4230 ± 850 740 ± 190
Data 9060 4616 774

Table 2: Expected event yields in 19.5 fb�1 for signal and backgrounds in the dilepton channel.

2 jets 3 jets �4 jets 2 jets 3 jets �4 jets
1 b-tag 1 b-tag 1 b-tag 2 b-tags 2 b-tags 2 b-tags

ttH(125) 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 0.1 ± 0.0 0.2 ± 0.1 0.4 ± 0.1
tt 225 ± 69 119 ± 38 64 ± 22 48 ± 15 38 ± 12 27.0 ± 9.1
ttV 1.1 ± 0.3 1.3 ± 0.3 1.4 ± 0.4 0.4 ± 0.1 0.6 ± 0.2 1.1 ± 0.3
Single t 11.2 ± 4.0 3.0 ± 1.4 1.1 ± 1.0 1.9 ± 1.1 0.9 ± 0.6 0.6 ± 0.7
V+jets 33 ± 17 11.7 ± 6.8 3.8 ± 2.8 1.4 ± 0.9 0.4 ± 0.3 0.5 ± 0.6
Diboson 0.9 ± 0.2 0.7 ± 0.2 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1
Total bkg 271 ± 82 135 ± 41 71 ± 24 52 ± 16 40 ± 12 29.2 ± 9.4
Data 292 171 92 41 48 35

Table 3: Expected event yields in 19.5 fb�1 for signal and backgrounds in the tau channel. All
events have two additional t tagged jets.
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Table 3: Expected event yields in 19.5 fb�1 for signal and backgrounds in the tau channel. All
events have two additional t tagged jets.

ttH semileptonic

ttH dileptonic ttH H→𝝉𝝉
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Uncertainties of the sum of tt+lf, tt+b, tt + bb, and tt + cc events with � 6 jets and � 4 b-tags
Source Rate Shape?
QCD Scale (all tt+hf) 35% No
QCD Scale (tt + bb) 17% No
b-Tag bottom-flavor contamination 17% Yes
QCD Scale (tt + cc) 11% No
Jet Energy Scale 11% Yes
b-Tag light-flavor contamination 9.6% Yes
b-Tag bottom-flavor statistics (linear) 9.1% Yes
QCD Scale (tt+b) 7.1% No
Madgraph Q2 Scale (tt + bb) 6.8% Yes
b-Tag Charm uncertainty (quadratic) 6.7% Yes
Top pT Correction 6.7% Yes
b-Tag bottom-flavor statistics (quadratic) 6.4% Yes
b-Tag light-flavor statistics (linear) 6.4% Yes
Madgraph Q2 Scale (tt + 2 partons) 4.8% Yes
b-Tag light-flavor statistics (quadratic) 4.8% Yes
Luminosity 4.4% No
Madgraph Q2 Scale (tt + cc) 4.3% Yes
Madgraph Q2 Scale (tt+b) 2.6% Yes
QCD Scale (tt) 3% No
pdf (gg) 2.6% No
Jet Energy Resolution 1.5% No
Lepton ID/Trigger efficiency 1.4% No
Pileup 1% No
b-Tag Charm uncertainty (linear) 0.6% Yes

Table 5: Specific effect of systematics on predicted background yields for events with � 6 jets
and � 4 b-tags. Here we only consider the sum of the largest backgrounds, tt+lf, tt+b, tt + bb,
and tt+ cc. These backgrounds account for 94% of all background events. The signal is 3.5% of
the yield of these main backgrounds. The signal fraction is directly comparable to the variations
of the background in the table. The table shows that the signal is much smaller than many of
the background variations. The systematics with the largest rate variations are related to three
factors: the amount of tt+hf, the b-tagging efficiency and fake rate, and the jet energy scale.

1le
p+ ≥6

 jet
s +

 ≥4
 b-ta

g

Large uncertainty on tt+HF: ~50%

tt+LF: lower uncertainties, data-
driven corrections
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Event(kinematics
31

• The"kinematic!of!the!leptons"
in"the"events"does"not"show"
anomalies"and"is"compatible"
with"that"of"signal"or"ttV"
events

• Jets!and!ETmiss"are"more"
compatible"with"signal"or"ttV."

• The"multeplicity"of!b=tags"is"
also"signal-like"(while"the"
reducible"background"has"
more"often"only"1"b-tag"since"
the"other"b-jet"is"misidentified"
as"a"lepton)
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Leptons
32

• The"events"in"excess"are"characterized"by"having"
both"leptons"very"well"isolated."

• Scrutiny"of"the"events"also"confirms"that"both"
leptons"are"well"reconstructed"in"the"tracker"and"
muon"system,"and"that"their"charge"is"correctly"
assigned

• The"analysis"was"also"repeated"using"a"looser"
working"point"of"the"lepton"MVA

• the"excess"is"visible"only"when"both"""""""""""
leptons"pass"the"tight"MVA"wp

• the"rest"of"the"sample"is"well"described""""""""""""""
by"the"background"model

• The"analysis"was"also"repeated"with"a"""""""""""""""""
cut%based"muon"selection."The"result"is"""""""""
compatible"with"the"nominal"one"but"the"
sensitivity"is"worse

both)muons)pass)the)
tight)MVA)WP

at)least)one)muon)fails)
tight)MVA)WP

both"muons"pass"loose"MVA"WP
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Irreducible(bkg(check
33

• A#more*general*fit#is#performed:

• leaving)unconstrained)the)yields)of)ttW,)ttZ,)and)
reducible)background)(for)fake)e,)μ)separately)

• including)additional)control)regions)in)the)fit:)
trilepton)events)with)one)Z)candidate)(mostly)
ttZ),)and)dilepton)events)with)3)jets)(ttW)&)red.)
bkg.)

• Results#compatible*with*the*nominal*ones#(but#
~20%#worse#sensitivity)

• All#backgrounds#yields#remain#within*1σ*from*
their*input*value:#no#indication#of#issues#with#
ttW#&#ttZ

• results)for)ttH)and)ttW)are)correlated,)all)the)
others)are)well)resolved
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and electrons obtained from the control regions in data. In this case, we don’t incldue1337

the overall systematic uncertainty on the normalization of the reducible background,1338

but we still include the uncertainties on its shape and on the relative normalization1339

between the dilepton and trilepton categories.1340

• if the three-jet dilepton category is included, we assume an extra 20% uncertainty on1341

the relative normalization of the reducible background in this category compared to1342

the rest of the dilepton events (both for muons and for electrons, uncorrelated).1343

For each of the four possibilities, we explore compute the expected sensitivity and the observed1344

results for the different parameters (Tab. 17 and Fig. 90). Overall, we see that the expected sensi-1345

tivity for the unconstrained fit is 17% worse than the nominal fit if the 3-jet events are included,1346

and 25% worse if not. In all the four fits, the fitted signal strength for ttH is reduced from 3.71347

to about 2.8, as part of the excess is absorbed by ttW and ttZ. In all fits the normalizations for1348

the irreducible backgrounds are compatible with the input values within one standard devia-1349

tion, and similarly the non-prompt backgrounds are compatible with the normalization from1350

the fake rate within the uncertainties used in the nominal fit (approximately ±50% for muons1351

and ±60% for electrons).

without 3-jet events with 3-jet events
parameter expected observed expected observed
µ(ttH) 1.0�1.4

+1.6 2.7�1.7
+2.0 1.0�1.3

+1.5 2.7�1.6
+1.7

µ(ttW) 1.0�0.6
+0.6 1.4�0.6

+0.7 1.0�0.5
+0.5 1.4�0.5

+0.6

µ(ttZ) 1.0�0.3
+0.4 1.2�0.4

+0.4 1.0�0.3
+0.4 1.1�0.3

+0.4

without 3-jet events with 3-jet events
parameter expected observed expected observed
µ(ttH) 1.0�1.4

+1.6 2.9�1.7
+2.0 1.0�1.3

+1.5 2.8�1.6
+1.8

µ(ttW) 1.0�0.6
+0.6 1.6�0.7

+0.8 1.0�0.5
+0.5 1.4�0.5

+0.6

µ(ttZ) 1.0�0.3
+0.4 1.2�0.4

+0.4 1.0�0.3
+0.4 1.1�0.3

+0.4

µ(fake µ) 1.0�0.4
+0.5 0.7�0.5

+0.5 1.0�0.3
+0.3 0.7�0.3

+0.4

µ(fake e) 1.0�0.4
+0.4 0.5�0.3

+0.4 1.0�0.3
+0.3 0.9�0.3

+0.3

Table 17: Expected sensitivites and observed results for different unconstained fits. The first set
of results is when leaving the normalization of the reducible backgrounds constrained to the
prediction from the fake rate, the second one is allowing the normalization to float freely in the
fit instead. For comparison, the expected result for the nominal fit is 1.0+1.3

�1.1.
1352

We select two of the four fits and study also the correlations between the fitted parameters.1353

The results for the fit not including 3-jet events and not floating the reducible background1354

normalization are shown in Fig. 91, while the ones for the fit including 3-jet events and floating1355

the reducible background are shown in Fig. 92. In both fits the correlation between the µ(ttH)1356

and µ(ttW) is clearly visible, while µ(ttZ) is uncorrelated since it contributes less to the signal1357

region and is measured accurately in the dedicated control region. Some correlation is also1358

visible between µ(ttW) and the normalization of the reducible backgrounds, since the two1359

processes both contribute to the 3-jet final state; the correlation is larger for the muons since1360

in the electron case there are additional backgrounds that contribute (e.g. ttg and charge mis-1361

assignment). The correlation between the normalization of the reducible backgrounds from1362

non-prompt leptons and the ttH signal yield are smaller, since ttH does not contribute to the1363
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and electrons obtained from the control regions in data. In this case, we don’t incldue1337
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parameter expected observed expected observed
µ(ttH) 1.0�1.4

+1.6 2.9�1.7
+2.0 1.0�1.3

+1.5 2.8�1.6
+1.8

µ(ttW) 1.0�0.6
+0.6 1.6�0.7

+0.8 1.0�0.5
+0.5 1.4�0.5

+0.6

µ(ttZ) 1.0�0.3
+0.4 1.2�0.4

+0.4 1.0�0.3
+0.4 1.1�0.3

+0.4

µ(fake µ) 1.0�0.4
+0.5 0.7�0.5

+0.5 1.0�0.3
+0.3 0.7�0.3

+0.4

µ(fake e) 1.0�0.4
+0.4 0.5�0.3

+0.4 1.0�0.3
+0.3 0.9�0.3

+0.3

Table 17: Expected sensitivites and observed results for different unconstained fits. The first set
of results is when leaving the normalization of the reducible backgrounds constrained to the
prediction from the fake rate, the second one is allowing the normalization to float freely in the
fit instead. For comparison, the expected result for the nominal fit is 1.0+1.3

�1.1.
1352

We select two of the four fits and study also the correlations between the fitted parameters.1353

The results for the fit not including 3-jet events and not floating the reducible background1354

normalization are shown in Fig. 91, while the ones for the fit including 3-jet events and floating1355

the reducible background are shown in Fig. 92. In both fits the correlation between the µ(ttH)1356

and µ(ttW) is clearly visible, while µ(ttZ) is uncorrelated since it contributes less to the signal1357

region and is measured accurately in the dedicated control region. Some correlation is also1358

visible between µ(ttW) and the normalization of the reducible backgrounds, since the two1359

processes both contribute to the 3-jet final state; the correlation is larger for the muons since1360

in the electron case there are additional backgrounds that contribute (e.g. ttg and charge mis-1361

assignment). The correlation between the normalization of the reducible backgrounds from1362

non-prompt leptons and the ttH signal yield are smaller, since ttH does not contribute to the1363
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CMS$%H$Analysis$Comparison$to$ATLAS$!

John$Wood$–$jgw2kb@virginia.edu$–$University$of$Virginia$

!  For$the$%H,$HJ>bb$analysis$in$the$lepton+jets$channel,$the$ATLAS$limits$are$be%er$than$the$
baseline$CMS$analysis:$
"  CMS$baseline$expected$limit$=$4.8,$observed$=$5.0$
"  ATLAS$expected$limit$=$3.1,$observed$=$4.2$

!  Several$differences$between$the$two$approaches,$some$large,$some$small.$$
!  Most$prominently,$ATLAS$analysis$has…$

"  Increased$signal$and$background$acceptance$due$to$object$defini[ons$and$selec[ons$
"  Different$background$composi[on$in$selected$events$due$to$different$bJtag$

performance$
"  Incorporated$addi[onal$backgroundJrich$categories$
"  Employed$more$accurate$NLO$modeling$for$%H$signal$$

!  CMS$has$studied$the$effects$which$are$immediately$available$to$incorporate:$
"  ~20%$improvement$in$unblinded$limit$when$lowering$jet/lepton$pT$thresholds$
"  ~10%$improvement$in$unblinded$limit$when$incorpora[ng$addi[onal$categories$

"  In$fullyJblinded$assessment,$these$changes$would$not$have$been$significant$for$the$
CMS$baseline$analysis,$small$%$improvement$

"  NLO$signal$model$shows$higher$acceptance$in$most$sensi[ve$categories$

!  Overall,$no$single$aspect$of$the$analysis$differences$cause$the$difference$in$performance$
!  No$simple$explana[on$–$$a$collec[on$of$analysis$op[miza[ons$

Thursday, July 3, 14
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CMS$%H$Analysis$Comparison$to$ATLAS$!

John$Wood$–$jgw2kb@virginia.edu$–$University$of$Virginia$

!  Details$on$the$differences:$
"  Object$definiNon/selecNon:$

o  Leptons:$$
o  ATLAS:$pT>25,$|η|$<$2.5$for$e$and$μ$
o  CMS:$pT>30,$|η|$<$2.5$(2.1)$for$e$(μ)$$

o  Jets:$$
o  ATLAS:$pT>25,$|η|$<$2.5,$cone$of$0.4$$
o  CMS:$pT$>$40,40,40,30,$|η|$<$2.4,$cone$of$0.5$

o  b]tagging:$$
o  ATLAS$has$~50%$lower$mistag$rate$at$equivalent$b]jet$efficiency$

"  Event$CategorizaNon$
o  ATLAS$includes$background]dominated$4jet,2tag$and$5jet,2tag$categories,$using$a$

one]dimensional$signal$discriminant$(HT)$
"  Signal$Discriminant:$

"  ATLAS$uses$ANN,$CMS$uses$BDT$$(do$not$expect$one$to$be$superior$if$well$trained)$
"  MC$generators:$

"  %H$signal:$ATLAS$uses$NLO$HELAC+OneLoop+Powheg,$CMS$uses$LO$Pythia$
"  %+jets:$ATLAS$uses$POWHEG$for$%bar$plus$1$addiNonal$parton,$CMS$uses$

MadGraph$for$%bar$with$up$to$3$addiNonal$partons$$
"  Luminosity:$

"  ATLAS$has$~5%$more$luminosity$than$CMS$
$

Thursday, July 3, 14
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16 4 Results
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Figure 4: Values of the best-fit s/sSM for the combination (solid vertical line), for individual
channels, and for subcombinations by predominant decay mode or production mode tag. The
vertical band shows the overall s/sSM uncertainty. The s/sSM ratio denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. The hori-
zontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values for the
individual modes; they include both statistical and systematic uncertainties. (Top) Subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism. (Bottom left) Subcombinations by predominant decay mode. (Bottom right) Sub-
combinations by analysis tags targeting individual production mechanisms; the excess in the
ttH-tagged subcombination is largely driven by the ttH-tagged H ! gg and H ! WW chan-
nels as can be seen in the top panel.
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Figure 6: Likelihood scan versus µggH (top left), µVBF (top right), µVH (bottom left), and µttH
(bottom right). The solid curve is the result observed in data. The dashed curve indicates the
expected median results in the presence of the SM Higgs boson. Crossings with the horizontal
thick and thin red lines denote the 68% CL and 95% CL confidence intervals.

µVBF and µVH respectively, allowing the modifiers associated with the three other production
processes to float in the fit together with the nuisance parameters. All the decay mode groups
are used for this test, with the results mainly driven by the corresponding tagged categories,
while the contribution from ggH is constrained by the 0-jet and untagged categories. The plots
in Fig. 6 display the results of the scans, on the top right for VBF and on the bottom left for VH.
The median expected results for the SM Higgs boson are represented by the dashed curves, in
good agreement with the results from the data (solid curves).

Finally, the large best-fit value for µttH is compatible with what was seen and discussed in Fig. 4;
the data are compatible with the µttH = 1 hypothesis at the 2.1s level.


