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Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

B
ra

nc
hi

ng
 R

at
io

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

Figure 179: The SM Higgs boson branching ratios as a function of the Higgs boson mass.

Introduction
2

• top - Higgs coupling at the LHC:

• indirect sensitivity from gluon fusion, 

if no BSM particles run in the loop

• direct sensitivity from associated production 

(coupling at tree level) 

• σttH, 13 TeV ~ 510 fb, more increase than backgrounds over 8 TeV

• Different challenging aspects for each Higgs decay channel
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Figure 12: Best Þt results for the production signal strengths for the combination of ATLAS and CMS data. Also
shown are the results from each experiment. The error bars indicate the 1! (thick lines) and 2! (thin lines) intervals.
The measurements of the global signal strengthµ are also shown.
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ttH measurements in CMS
3

A variety of final states, studied with different experimental techniques:

• tt + b-jets: large branching ratio, but complex hadronic final state


• tt + leptons (H !  WW*, ZZ*, 𝜏𝜏): lower rate, low SM backgrounds 

• tt + ɣɣ, 4𝓵: very clean final state, but small rate

❊

❊

❊

First presented 
here at Moriond 

last year

❊
Status of CMS ttH measurements before this talk:
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ttH measurements in CMS
4

}New measurements 
shown today  

for the first time

} New combination 
of leptonic channelsNew results


with full 2016 dataset

A variety of final states, studied with different experimental techniques:

• tt + b-jets: large branching ratio, but complex hadronic final state


• tt + leptons (H !  WW*, ZZ*, 𝜏𝜏): lower rate, low SM backgrounds 

• tt + ɣɣ, 4𝓵: very clean final state, but small rate
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Leptonic final states
5
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• From Higgs decays to WW*, ZZ*, 𝜏𝜏


• Channels:

• 1 lepton + 2 𝜏h 

• 2 same-sign leptons + 0,1 𝜏h 

• 3 leptons + 0,1 𝜏h 

• 4 leptons

• At least 2 loose or 1 medium b-tagged jets 
• High jet multiplicity

• Main sources of background:

• irreducible: ttV and di-boson, predicted from simulation and control regions

• reducible: non-prompt leptons in tt events, predicted from data

CMS HIG-17-018
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Analysis strategy
6

• Event categorization in lepton flavor, charge and b-jet multiplicity 

• Widespread usage of multivariate analysis methods:


• lepton selection combining isolation, identification and vertex variables

• resolved hadronic top decay and Higgs decay product taggers


• BDT discriminants based on kinematic variables (e.g. ΔR(𝓁,j))

• matrix element calculations in 2𝓁+1𝜏h and 3𝓁+0𝜏h
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Figure 2: Distributions in the discriminating observables used for the signal extraction in (a) the
1`+ 2th category, and, in (b)-(d), different subcategories of the 2`ss category, compared to the
SM expectation for the ttH signal and for background processes. A BDT trained to separate the
ttH signal from the tt+jets background is used in the 1`+ 2th category, while a DMVA variable,
combining the outputs of two BDTs trained to discriminate the ttH signal from the ttV and
tt+jets backgrounds respectively, is used in the 2`ss subcategories. The distributions expected
for signal and background processes are shown for the values of nuisance parameters obtained
from the combined ML fit and µ = µ̂ = 1.23, corresponding to the best-fit value from the ML
fit.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in the
(a) “no-missing-jet” and (b) “missing-jet” subcategories of the 2`ss + 1th category, (c) the 3`
category, and (d) the 3`+ 1th category, compared to the SM expectation for the ttH signal and
for background processes. The MEM discriminant LR(2`ss+ 1th) is used in the 2`ss+ 1th sub-
categories, while a DMVA variable, combining the outputs of two BDTs trained to discriminate
the ttH signal from the ttV and tt+jets backgrounds respectively, is used in the 3` and 3`+ 1th
categories. The distributions expected for signal and background processes are shown for the
values of nuisance parameters obtained from the combined ML fit and µ = µ̂ = 1.23, corre-
sponding to the best-fit value from the ML fit. The lowest bin of the MEM discriminant in the
“missing-jet” subcategory of the 2`ss+ 1th category collects events for which the kinematics of
the reconstructed objects is not compatible with the ttH, H ! tt signal hypothesis.

20 9 Results

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Discriminant

0

1

2

3

4

5

6

7

8

9

E
ve

nt
s Observed

=1.23)µH (tt
Ztt

WWtW + ttt
WZ + ZZ

Rare + tH
Conversions
Misid. leptons
Flips
Uncertainty

CMS  (13 TeV)-135.9 fb

h!2lss+1
no-missing-jet

0 0.2 0.4 0.6 0.8 1

Discriminant

0.5"

0

0.5

E
xp

ec
ta

tio
n

D
at

a 
- 

E
xp

ec
ta

tio
n

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Discriminant

0

5

10

15

20

25

E
ve

nt
s Observed

=1.23)µH (tt
Ztt

WWtW + ttt
WZ + ZZ

Rare + tH
Conversions
Misid. leptons
Flips
Uncertainty

CMS  (13 TeV)-135.9 fb

h!2lss+1
missing-jet

0 0.2 0.4 0.6 0.8 1

Discriminant

0.5"

0

0.5

E
xp

ec
ta

tio
n

D
at

a 
- 

E
xp

ec
ta

tio
n

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Discriminant

0

10

20

30

40

50

60

70

E
ve

nt
s Observed

=1.23)µH (tt
Ztt

WWtW + ttt
WZ + ZZ

Rare + tH
Conversions
Misid. leptons
Uncertainty

CMS  (13 TeV)-135.9 fb

3l

1 2 3 4 5

Discriminant

0.5!

0

0.5

E
xp

ec
ta

tio
n

D
at

a 
- 

E
xp

ec
ta

tio
n

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Discriminant

0

2

4

6

8

10

E
ve

nt
s Observed

=1.23)µH (tt
Ztt

WWtW + ttt

WZ + ZZ
Rare + tH
Misid. leptons
Uncertainty

CMS  (13 TeV)-135.9 fb

h!3l+1

1 2 3 4 5

Discriminant

0.5"

0

0.5

E
xp

ec
ta

tio
n

D
at

a 
- 

E
xp

ec
ta

tio
n

(a) (b)

(c) (d)

Figure 3: Distributions in the discriminating observables used for the signal extraction in the
(a) “no-missing-jet” and (b) “missing-jet” subcategories of the 2`ss + 1th category, (c) the 3`
category, and (d) the 3`+ 1th category, compared to the SM expectation for the ttH signal and
for background processes. The MEM discriminant LR(2`ss+ 1th) is used in the 2`ss+ 1th sub-
categories, while a DMVA variable, combining the outputs of two BDTs trained to discriminate
the ttH signal from the ttV and tt+jets backgrounds respectively, is used in the 3` and 3`+ 1th
categories. The distributions expected for signal and background processes are shown for the
values of nuisance parameters obtained from the combined ML fit and µ = µ̂ = 1.23, corre-
sponding to the best-fit value from the ML fit. The lowest bin of the MEM discriminant in the
“missing-jet” subcategory of the 2`ss+ 1th category collects events for which the kinematics of
the reconstructed objects is not compatible with the ttH, H ! tt signal hypothesis.

CMS HIG-17-018
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Combined result
7
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parameters obtained from the combined ML Þt and µ = öµ = 1.23, corresponding to the best-Þt
value from the ML Þt.

added to the Þt to constrain them. The t tZ-enriched control region is deÞned from the 3 ! signal681

region by inverting the Z boson veto on the invariant mass of SFOS lepton pairs. The t tW-682

enriched control region is deÞned from the 2 ! ss signal region but changing the jet multiplicity683

requirement to consider events with exactly three jets. The signal rate obtained from this Þt is684

µ = 1.04+ 0.50
! 0.36 (1.00+ 0.42

! 0.38) times the SM ttH production rate, with an observed (expected) signiÞ-685

cance of 2.7! (2.7! ).686

• Evidence for ttH production in leptonic final states: 3.2!  (2.8σ exp.) significance

• Main experimental uncertainties: lepton efficiency, non-prompt background prediction 
• Cross-check analysis with ttV normalization fitted from dedicated control regions: 
μ = 1.04+0.50-0.36, 2.7σ (2.7σ exp.) significance

New combination
CMS HIG-17-018
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tt + b-jets final states
8

• Challenging jet combinatorics 
• Limited bb mass resolution


• Channels:

• 1 lepton + ≥ 4 jets, ≥ 3 b-tag 
• 2 leptons + ≥ 4 jets, ≥ 3 b-tag 

• Rely on machine learning 
and matrix element methods 
to maximize the sensitivity of the analysis

• Main background: tt + heavy flavor, mainly tt+bb 
(from simulation, with large theory uncertainties ≳ 35%)

10 6 Signal extraction

simulation that map the measured jet four-momenta to the final-state particles in the matrix282

element calculations.283
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Figure 5: Examples of LO Feynman diagrams for the partonic processes of gg ! tt̄H and
gg ! tt̄+bb.

Each event contains three or four jets that most likely originate from b quarks (according to their284

CSVv2 discriminant values), and are considered as candidates for b quarks from the H ! bb285

and t ! Wb decays, whereas untagged jets are considered as candidates for the W ! ud or cs286

quarks (and their charge conjugates). The accepted jet permutations must retain the assigned287

“b” status of their quarks. To account for the loss of jets because of limited detector acceptance,288

as well as the presence of additional jets from gluon radiation, the method integrates over289

certain final-state variables in many categories, specifically over quark directions. In events290

with eight jets and four b jets, one light-flavour jet is excluded from our MEM calculation in291

turn, and a sum is taken over the additional permutations. This approach has been checked292

and shown to provide improved performance relative to the fully reconstructed hypothesis293

in the (8j, " 4b) category. Events with only three b jets are assumed to have lost a bottom294

quark from the decay of a top quark. Up to five untagged jets are considered as other than b295

quark candidates, while additional untagged jets are ignored. For five such quark candidates,296

one is excluded in turn and the number of permutations is increased by a factor of five. The297

final choice of hypothesis for each category, optimized according to discrimination power and298

computing performance, is given in Table 2.299

Table 2: Selected MEM hypotheses for each event topology. The 4W2H1T hypothesis assumes
1 b quark from a top quark is lost, 3W2H2T assumes that 1 quark from a W boson is lost, and
4W2H2T represents the fully reconstructed hypothesis requiring at least 8 jets.

Category MEM hypothesis
7 jets, 3 b jets 4W2H1T
8 jets, 3 b jets 4W2H1T

" 9 jets, 3 b jets 4W2H1T
7 jets, " 4 b jets 3W2H2T
8 jets, " 4 b jets 3W2H2T

" 9 jets, " 4 b jets 4W2H2T

For each event, the MEM probability density function under the signal (S) or background (B)
hypothesis, i.e. H = tt̄H (S) or H = tt̄+bb (B), is calculated as:

w(y|H) = Â
perm

Z
dx

Z
dxadxb

2xaxbs
g(xa, Q)g(xb, Q)d4
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bb, 2𝓵 analysis
9

• Categorization based on b-tagged jet multiplicity

• ≥4j, 3b: BDT against tt+jets background, 

inputs: kinematic variables, event shape, b-tag

• " 4j, " 4b: BDT + MEM against tt+bb background

CMS PAS HIG-17-026
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• Categorization based on b-tagged jet multiplicity

• ≥4j, 3b: BDT against tt+jets background, 

inputs: kinematic variables, event shape, b-tag

• " 4j, " 4b: BDT + MEM against tt+bb background
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bb, 1𝓵 analysis
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• Categories based on jet multiplicity: 4j, 5j, "6j

• Deep neural network  in each category 
with BDT input variables + MEM discriminant

• Multi-classifier output representing “probability”  
of a certain physics process hypothesis

CMS PAS HIG-17-026
New result
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• Simultaneous Þt  of node output distributions 
in each category allows for optimal separation#
of physics processes

ttH category tt+bb category
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• Very significant improvement over the 
previous version of the analysis 

• Main systematic uncertainties:
• tt + heavy flavor theory prediction
• b-tagging and jet energy calibration

New result CMS PAS HIG-17-026

7. Results 19

Table 7: Best-fit value of the signal strength modifier µ and the observed and median expected
95% CL upper limits in the dilepton and the single-lepton channels as well as the combined
results. The one standard deviation (±1s) confidence intervals of the expected limit and the
best-fit value are also quoted, split into the statistical and systematic components in the latter
case. Expected limits are calculated with the asymptotic method [83].

Channel Limit Best-fit µ

observed expected ±tot (±stat ± syst)

Dilepton 2.34 2.48+1.17
�0.76 �0.24+1.21

�1.12(tot) +0.63
�0.60(stat) +1.04

�0.95(syst)

Single-lepton 1.75 1.03+0.44
�0.29 0.84+0.52

�0.50(tot) +0.27
�0.26(stat) +0.44

�0.43(syst)

Combined 1.51 0.92+0.39
�0.26 0.72+0.45

�0.45(tot) +0.24
�0.24(stat) +0.38

�0.38(syst)

the obtained uncertainty in quadrature from the total uncertainty. The total uncertainty of the
full fit (0.45) is different from the quadratic sum of the listed contributions due to correlations
between the nuisance parameters.

Table 8: Contributions of different sources of uncertainties to the result for the fit to the data
(observed) and to the expectation from simulation (expected). The quoted uncertainties sµ on
µ are obtained by fixing the listed uncertainties in the fit, and subtracting the obtained result
in quadrature from the result of the full fit. The quadratic sum of the contributions is different
from the total uncertainty due to correlations between the nuisance parameters.

Uncertainty source ±sµ (observed) ±sµ (expected)

total experimental +0.15/-0.16 +0.19/-0.17

b tagging +0.11/-0.14 +0.12/-0.11

jet energy scale and resolution +0.06/-0.07 +0.13/-0.11

total theory +0.28/-0.29 +0.32/-0.29

tt̄+hf cross-section and parton shower +0.24/-0.28 +0.28/-0.28

size of MC samples +0.14/-0.15 +0.16/-0.16

total systematic +0.38/-0.38 +0.45/-0.42

statistical +0.24/-0.24 +0.27/-0.27

total +0.45/-0.45 +0.53/-0.49

The total uncertainty of 0.45 is dominated by contributions from systematic effects, while the
statistical component is 0.24. The contributions from the theoretical uncertainties amount to
+0.28/-0.29, where the tt̄+hf modelling uncertainties have a major contribution and lead to
an uncertainty of +0.24/-0.28. Experimental uncertainties amount to +0.15/-0.16, with the b-
tagging and jet energy scale related uncertainties alone to +0.11/-0.14 and +0.06/-0.07, respec-
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Figure 1: An example of an LO Feynman diagram for t øtH production, including the subsequent
decays of the top quark-antiquark pair, as well as the decay of the Higgs boson into a bottom
quark-antiquark pair.

tøt+jets production, including t øt+light-ßavour jets, where one or more of the jets are incorrectly47

identiÞed as b jets, as well as tøt+cc and the topologically irreducible t øt+bb background. Smaller48

background contributions arise from single top quark and vector boson production in associ-49

ation with jets. Although the all-jet Þnal state has more background than, e.g. lepton+jets, it50

offers a fully reconstructed event, and less reliance on the modelling of t t.51

Because background rates are much larger than the tøtH signal, it is important that all available52

information on the differences between the signal and backgrounds is incorporated into the53

analysis. Given the many combinations of jet-quark matching, it is difÞcult to resolve a clear,54

resonant Higgs boson mass peak. Nevertheless, there are underlying kinematic differences be-55

tween the tøtH signal and the multijet background and, to a lesser extent, the t øt+jets background.56

These differences are exploited through the matrix element method (MEM) [27, 30Ð32] to dis-57

tinguish the signal from background. SpeciÞcally, events are assigned a probability density58

according to how compatible they are with the tree-level t øtH process. Although this probabil-59

ity density alone is enough to separate the signal from most background processes, a second60

probability density is assigned to each event according to its compatibility with the tree-level61

tøt+bb process, which provides extra discrimination against the irreducible t øt+bb background.62

The two probability densities are combined in a likelihood ratio to form the Þnal discriminant63

used in the analysis.64

The remainder of this paper is devoted to the details of the analysis. The CMS detector is65

described in Section 2, while the description of the Monte Carlo (MC) simulation follows in66

Section 3. The reconstruction of physical objects and event selections are discussed in Section 4.67

The QCD multijet background, estimated from control regions in data, is described in Section 5,68

followed by the description of the analysis strategy and the MEM in Section 6. The treatment69

of the systematic uncertainties is discussed in Section 7, the results are presented in Section 8,70

and a brief summary is provided in Section 9.71

2 The CMS detector72

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-73

ter, providing a magnetic Þeld of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal74

electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),75

• Fully hadronic final state: even more challenging

• Dedicated b-tag triggers: 6 jets, large HT, 1 or 2 b-jets


New channel 

in cms
CMS Preliminary HIG-17-022
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Figure 1: An example of an LO Feynman diagram for t øtH production, including the subsequent
decays of the top quark-antiquark pair, as well as the decay of the Higgs boson into a bottom
quark-antiquark pair.

tøt+jets production, including t øt+light-ßavour jets, where one or more of the jets are incorrectly47

identiÞed as b jets, as well as tøt+cc and the topologically irreducible t øt+bb background. Smaller48

background contributions arise from single top quark and vector boson production in associ-49

ation with jets. Although the all-jet Þnal state has more background than, e.g. lepton+jets, it50

offers a fully reconstructed event, and less reliance on the modelling of t t.51

Because background rates are much larger than the tøtH signal, it is important that all available52

information on the differences between the signal and backgrounds is incorporated into the53

analysis. Given the many combinations of jet-quark matching, it is difÞcult to resolve a clear,54

resonant Higgs boson mass peak. Nevertheless, there are underlying kinematic differences be-55

tween the tøtH signal and the multijet background and, to a lesser extent, the t øt+jets background.56

These differences are exploited through the matrix element method (MEM) [27, 30Ð32] to dis-57

tinguish the signal from background. SpeciÞcally, events are assigned a probability density58

according to how compatible they are with the tree-level t øtH process. Although this probabil-59

ity density alone is enough to separate the signal from most background processes, a second60

probability density is assigned to each event according to its compatibility with the tree-level61

tøt+bb process, which provides extra discrimination against the irreducible t øt+bb background.62

The two probability densities are combined in a likelihood ratio to form the Þnal discriminant63

used in the analysis.64

The remainder of this paper is devoted to the details of the analysis. The CMS detector is65

described in Section 2, while the description of the Monte Carlo (MC) simulation follows in66

Section 3. The reconstruction of physical objects and event selections are discussed in Section 4.67

The QCD multijet background, estimated from control regions in data, is described in Section 5,68

followed by the description of the analysis strategy and the MEM in Section 6. The treatment69

of the systematic uncertainties is discussed in Section 7, the results are presented in Section 8,70

and a brief summary is provided in Section 9.71

2 The CMS detector72

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-73

ter, providing a magnetic Þeld of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal74

electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),75
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• Fully hadronic final state: even more challenging

• Dedicated b-tag triggers: 6 jets, large HT, 1 or 2 b-jets

• QCD multi-jet background in addition to tt+HF, 

reduced using quark-gluon jet discriminator
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Figure 1: An example of an LO Feynman diagram for t øtH production, including the subsequent
decays of the top quark-antiquark pair, as well as the decay of the Higgs boson into a bottom
quark-antiquark pair.

tøt+jets production, including t øt+light-ßavour jets, where one or more of the jets are incorrectly47

identiÞed as b jets, as well as tøt+cc and the topologically irreducible t øt+bb background. Smaller48

background contributions arise from single top quark and vector boson production in associ-49

ation with jets. Although the all-jet Þnal state has more background than, e.g. lepton+jets, it50

offers a fully reconstructed event, and less reliance on the modelling of t t.51

Because background rates are much larger than the tøtH signal, it is important that all available52

information on the differences between the signal and backgrounds is incorporated into the53

analysis. Given the many combinations of jet-quark matching, it is difÞcult to resolve a clear,54

resonant Higgs boson mass peak. Nevertheless, there are underlying kinematic differences be-55

tween the tøtH signal and the multijet background and, to a lesser extent, the t øt+jets background.56

These differences are exploited through the matrix element method (MEM) [27, 30Ð32] to dis-57

tinguish the signal from background. SpeciÞcally, events are assigned a probability density58

according to how compatible they are with the tree-level t øtH process. Although this probabil-59

ity density alone is enough to separate the signal from most background processes, a second60

probability density is assigned to each event according to its compatibility with the tree-level61

tøt+bb process, which provides extra discrimination against the irreducible t øt+bb background.62

The two probability densities are combined in a likelihood ratio to form the Þnal discriminant63

used in the analysis.64

The remainder of this paper is devoted to the details of the analysis. The CMS detector is65

described in Section 2, while the description of the Monte Carlo (MC) simulation follows in66

Section 3. The reconstruction of physical objects and event selections are discussed in Section 4.67

The QCD multijet background, estimated from control regions in data, is described in Section 5,68

followed by the description of the analysis strategy and the MEM in Section 6. The treatment69

of the systematic uncertainties is discussed in Section 7, the results are presented in Section 8,70

and a brief summary is provided in Section 9.71

2 The CMS detector72

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-73

ter, providing a magnetic Þeld of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal74

electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),75
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• Fully hadronic final state: even more challenging

• Dedicated b-tag triggers: 6 jets, large HT, 1 or 2 b-jets

• QCD multi-jet background in addition to tt+HF, 

reduced using quark-gluon jet discriminator
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Figure 1: An example of an LO Feynman diagram for t øtH production, including the subsequent
decays of the top quark-antiquark pair, as well as the decay of the Higgs boson into a bottom
quark-antiquark pair.

tøt+jets production, including t øt+light-ßavour jets, where one or more of the jets are incorrectly47

identiÞed as b jets, as well as tøt+cc and the topologically irreducible t øt+bb background. Smaller48

background contributions arise from single top quark and vector boson production in associ-49

ation with jets. Although the all-jet Þnal state has more background than, e.g. lepton+jets, it50

offers a fully reconstructed event, and less reliance on the modelling of t t.51

Because background rates are much larger than the tøtH signal, it is important that all available52

information on the differences between the signal and backgrounds is incorporated into the53

analysis. Given the many combinations of jet-quark matching, it is difÞcult to resolve a clear,54

resonant Higgs boson mass peak. Nevertheless, there are underlying kinematic differences be-55

tween the tøtH signal and the multijet background and, to a lesser extent, the t øt+jets background.56

These differences are exploited through the matrix element method (MEM) [27, 30Ð32] to dis-57

tinguish the signal from background. SpeciÞcally, events are assigned a probability density58

according to how compatible they are with the tree-level t øtH process. Although this probabil-59

ity density alone is enough to separate the signal from most background processes, a second60

probability density is assigned to each event according to its compatibility with the tree-level61

tøt+bb process, which provides extra discrimination against the irreducible t øt+bb background.62

The two probability densities are combined in a likelihood ratio to form the Þnal discriminant63

used in the analysis.64

The remainder of this paper is devoted to the details of the analysis. The CMS detector is65

described in Section 2, while the description of the Monte Carlo (MC) simulation follows in66

Section 3. The reconstruction of physical objects and event selections are discussed in Section 4.67

The QCD multijet background, estimated from control regions in data, is described in Section 5,68

followed by the description of the analysis strategy and the MEM in Section 6. The treatment69

of the systematic uncertainties is discussed in Section 7, the results are presented in Section 8,70

and a brief summary is provided in Section 9.71
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ter, providing a magnetic Þeld of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal74

electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),75
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• Fully hadronic final state: even more challenging

• Dedicated b-tag triggers: 6 jets, large HT, 1 or 2 b-jets

• QCD multi-jet background in addition to tt+HF, 

reduced using quark-gluon jet discriminator
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7 jets, 3 b tags
 = 0.5878BS/B = 0.0023, S/

8 jets, 3 b tags
 = 0.7048BS/B = 0.0033, S/

 9 jets, 3 b tags≥
 = 0.7874BS/B = 0.0049, S/

 4 b tags≥7 jets, 
 = 0.5227BS/B = 0.0077, S/

 4 b tags≥8 jets, 
 = 0.6890BS/B = 0.0095, S/

 4 b tags≥ 9 jets, ≥
 = 0.8484BS/B = 0.0143, S/

Preliminary CMS

Multijet

+lftt

c+ctt
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+2btt

b+btt

 = 1)µH (tt

Other Bkg

• Event categorization in #jets, b-jets 
• Matrix element discriminator 

designed to separate ttH from tt+bb

• Tested on jet permutations

CMS Preliminary HIG-17-022
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• MEM discriminant template for QCD 
extrapolated from 2 b-jet control region, 
normalization left floating in the fit


• Corrections for different pT, η, ΔRjj  
of loose vs. tight b-tagged 3rd and 4th jets


• tt+jets predicted from simulation

• Event categorization in #jets, b-jets 
• Matrix element discriminator 

designed to separate ttH from tt+bb

• Tested on jet permutations

CMS Preliminary HIG-17-022
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bb, 0𝓵 results
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• In agreement with SM expectation, driven by " 4b categories

• Main experimental uncertainties: b-tagging, QCD shape modeling

• Nicely complements the sensitivity provided by semi- and di-leptonic top decays

New result CMS Preliminary HIG-17-022
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• All ttH analyses combined with other Higgs measurements in global Þts  
(more details in D. Sperka’s talk later today)

Combined results
21

CMS PAS HIG-17-031
New combination
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Measurement of the BEH scalar coupling to the top quark in CMS

Marco Peruzzi (CERN)

• All ttH analyses combined with other Higgs measurements in global Þts  
(more details in D. Sperka’s talk later today) 

• Focus here on top-Higgs coupling:

• ttH+tH production cross#
section modiÞer  from 
per-production mode fit:

Combined results
22

18 6 Signal strength and cross section Þts

Production process

ggH VBF WH ZH ttH

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.23 + 0.14
! 0.13

+ 0.08
! 0.08

+ 0.12
! 0.10 0.73 + 0.30

! 0.27
+ 0.24
! 0.23

+ 0.17
! 0.15 2.18 + 0.58

! 0.55
+ 0.46
! 0.45

+ 0.34
! 0.32 0.87 + 0.44

! 0.42
+ 0.39
! 0.38

+ 0.20
! 0.18 1.18 + 0.31

! 0.27
+ 0.16
! 0.16

+ 0.26
! 0.21

(+ 0.11
! 0.11) ( + 0.07

! 0.07) ( + 0.09
! 0.08) (+ 0.29

! 0.27) ( + 0.24
! 0.23) ( + 0.16

! 0.15) (+ 0.53
! 0.51) ( + 0.43

! 0.42) ( + 0.30
! 0.29) (+ 0.42

! 0.40) ( + 0.38
! 0.37) ( + 0.19

! 0.17) (+ 0.28
! 0.25) ( + 0.16

! 0.16) ( + 0.23
! 0.20)

Decay mode

H " bb H " !! H " WW H " ZZ H " ""

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.12 + 0.29
! 0.28

+ 0.19
! 0.19

+ 0.22
! 0.20 1.02 + 0.26

! 0.24
+ 0.15
! 0.15

+ 0.21
! 0.19 1.28 + 0.17

! 0.16
+ 0.09
! 0.09

+ 0.14
! 0.13 1.06 + 0.19

! 0.17
+ 0.16
! 0.15

+ 0.10
! 0.08 1.20 + 0.17

! 0.14
+ 0.12
! 0.11

+ 0.12
! 0.09

(+ 0.28
! 0.27) ( + 0.19

! 0.18) ( + 0.21
! 0.20) (+ 0.24

! 0.23) ( + 0.15
! 0.14) ( + 0.19

! 0.17) (+ 0.14
! 0.13) ( + 0.09

! 0.09) ( + 0.11
! 0.10) (+ 0.18

! 0.16) ( + 0.15
! 0.14) ( + 0.10

! 0.08) (+ 0.14
! 0.12) ( + 0.10

! 0.10) ( + 0.09
! 0.07)

Table 3: Best-Þt values and±1# uncertainties for the parameters of the models with per-
production mode and per-decay mode signal strength modiÞers. The expected uncertainties
are given in brackets.

the maximum likelihood Þt. In the case of WH, ZH, and ttH production with H " ZZ decay,521

as well as ZH production with H " "" decay, the background contamination is sufÞciently522

low that a negative signal strength can result in an overall negative event yield. Therefore,523

these signal strengths are restricted to positive values. Figure 6 summarizes the results in this524

model along with the 1 # CL intervals. The numerical values, including the uncertainty decom-525

position into statistical and systematic parts, and the corresponding expected uncertainties, are526

given in Table 4.527

Production
process

Decay mode

ggH VBF WH ZH ttH

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

H " bb 2.51 + 2.44
! 2.01

+ 1.96
! 1.92

+ 1.46
! 0.59 ! 1.73 + 0.70

! 0.68
+ 0.53
! 0.51

+ 0.46
! 0.44 0.99 + 0.48

! 0.45
+ 0.41
! 0.40

+ 0.23
! 0.20 0.91 + 0.45

! 0.43
+ 0.24
! 0.24

+ 0.38
! 0.36

(+ 2.06
! 1.86) ( + 1.86

! 1.83) ( + 0.89
! 0.33) ! (+ 0.69

! 0.67) ( + 0.53
! 0.51) ( + 0.45

! 0.44) (+ 0.46
! 0.44) ( + 0.40

! 0.39) ( + 0.23
! 0.20) (+ 0.44

! 0.42) ( + 0.24
! 0.23) ( + 0.37

! 0.35)

H " !! 1.05 + 0.53
! 0.47

+ 0.25
! 0.25

+ 0.47
! 0.40 1.12 + 0.45

! 0.43
+ 0.37
! 0.35

+ 0.25
! 0.25 ! ! 0.22 + 1.03

! 0.88
+ 0.80
! 0.71

+ 0.65
! 0.52

(+ 0.45
! 0.41) ( + 0.23

! 0.23) ( + 0.38
! 0.34) (+ 0.45

! 0.43) ( + 0.37
! 0.35) ( + 0.25

! 0.24) ! ! (+ 0.98
! 0.87) ( + 0.80

! 0.73) ( + 0.56
! 0.47)

H " WW 1.35 + 0.20
! 0.19

+ 0.12
! 0.12

+ 0.17
! 0.15 0.28 + 0.64

! 0.60
+ 0.58
! 0.53

+ 0.28
! 0.28 3.91 + 2.26

! 2.01
+ 1.89
! 1.72

+ 1.24
! 1.05 0.96 + 1.81

! 1.46
+ 1.74
! 1.44

+ 0.51
! 0.22 1.60 + 0.66

! 0.59
+ 0.40
! 0.39

+ 0.52
! 0.45

(+ 0.17
! 0.16) ( + 0.10

! 0.10) ( + 0.13
! 0.12) (+ 0.63

! 0.58) ( + 0.57
! 0.53) ( + 0.26

! 0.25) (+ 1.47
! 1.19) ( + 1.32

! 1.06) ( + 0.64
! 0.54) (+ 1.67

! 1.37) ( + 1.61
! 1.35) ( + 0.45

! 0.20) (+ 0.56
! 0.53) ( + 0.38

! 0.38) ( + 0.41
! 0.38)

H " ZZ 1.22 + 0.24
! 0.21

+ 0.20
! 0.19

+ 0.12
! 0.10 ! 0.09 + 1.02

! 0.76
+ 1.00
! 0.72

+ 0.21
! 0.22 0.00 + 2.32

+ 0.00
+ 2.31
! 0.00

+ 0.28
! 0.00 0.00 + 4.26

+ 0.00
+ 4.19
! 0.00

+ 0.81
! 0.00 0.00 + 1.51

+ 0.00
+ 1.48
! 0.00

+ 0.31
! 0.00

(+ 0.22
! 0.20) ( + 0.20

! 0.19) ( + 0.10
! 0.07) (+ 1.27

! 0.99) ( + 1.25
! 0.97) ( + 0.24

! 0.21) (+ 4.45
! 0.99) ( + 4.41

! 0.99) ( + 0.57
! 0.00) (+ 7.58

! 0.99) ( + 7.46
! 0.99) ( + 1.33

! 0.00) (+ 2.95
! 0.99) ( + 2.89

! 0.99) ( + 0.59
! 0.00)

H " "" 1.15 + 0.21
! 0.18

+ 0.17
! 0.15

+ 0.13
! 0.10 0.68 + 0.59

! 0.45
+ 0.49
! 0.42

+ 0.32
! 0.18 3.71 + 1.49

! 1.35
+ 1.45
! 1.33

+ 0.35
! 0.23 0.00 + 1.13

+ 0.00
+ 1.13
! 0.00

+ 0.09
! 0.00 2.14 + 0.87

! 0.74
+ 0.81
! 0.72

+ 0.31
! 0.14

(+ 0.17
! 0.16) ( + 0.14

! 0.14) ( + 0.11
! 0.08) (+ 0.59

! 0.48) ( + 0.48
! 0.43) ( + 0.34

! 0.21) (+ 1.29
! 1.16) ( + 1.28

! 1.16) ( + 0.13
! 0.06) (+ 2.52

! 1.04) ( + 2.50
! 1.04) ( + 0.24

! 0.00) (+ 0.72
! 0.62) ( + 0.71

! 0.62) ( + 0.15
! 0.06)

Table 4: Best-Þt values and±1# uncertainties for the parameters of the model with one signal
strength parameter for each production and decay mode combination. The entries in the table

represent the parameter µ
f
i = µi # µ f , where i is indicated by the row and f by the column.

The expected uncertainties are given in brackets. Some of the signal strengths are restricted to
positive values, as described in the text.
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where the total uncertainty has been decomposed into statistical, signal theory systematic, and496

other systematic components.497

Relaxing the assumption of a common production mode scaling leads to a parametrization498

with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-499

rameterization, as well as all subsequent parametrizations involving signal strengths or cross500

sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-501

cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the502

fits in these two models are summarized in Figure 5. The numerical values, including the un-503

certainty decomposition into statistical and systematic parts, and the corresponding expected504

uncertainties, are given in Table 3.505
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi . The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ! 50%506

(from ! 20% to ! 10%) compared to Ref. [28] and ! 33% (from ! 15% to ! 10%) compared to507

Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,508

and a reduction in the associated theoretical uncertainties. Improvements in the precision for509

other production rates compared to Ref. [28] range up to ! 20% for the VBF and VH production510

rates. The uncertainty in the measurement of the ttH production rate is reduced by around511

50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and512

13 TeV, but also due to the inclusion of additional exclusive event categories that target this513

production processes.514

The most generic signal strength parametrization has one signal strength parameter for each515

production and decay mode combination, µi
f . Given the five production and five decay modes516

listed above, this implies a model with 25 parameters of interest. However not all can be ex-517

perimentally constrained in this combination. Since there is no dedicated analysis targeting the518

WH and ZH production with H " tt decay, or VBF production with H " bb decay included519

in the combination, these are fixed to the SM expectation and the modifiers are not included in520
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indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ! 50%506

(from ! 20% to ! 10%) compared to Ref. [28] and ! 33% (from ! 15% to ! 10%) compared to507

Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,508

and a reduction in the associated theoretical uncertainties. Improvements in the precision for509

other production rates compared to Ref. [28] range up to ! 20% for the VBF and VH production510

rates. The uncertainty in the measurement of the ttH production rate is reduced by around511

50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and512

13 TeV, but also due to the inclusion of additional exclusive event categories that target this513

production processes.514

The most generic signal strength parametrization has one signal strength parameter for each515

production and decay mode combination, µi
f . Given the five production and five decay modes516

listed above, this implies a model with 25 parameters of interest. However not all can be ex-517

perimentally constrained in this combination. Since there is no dedicated analysis targeting the518
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other systematic components.497
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The improvement in the precision of the measurement of the ggH production rate of ! 50%506

(from ! 20% to ! 10%) compared to Ref. [28] and ! 33% (from ! 15% to ! 10%) compared to507

Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,508

and a reduction in the associated theoretical uncertainties. Improvements in the precision for509

other production rates compared to Ref. [28] range up to ! 20% for the VBF and VH production510

rates. The uncertainty in the measurement of the ttH production rate is reduced by around511

50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and512

13 TeV, but also due to the inclusion of additional exclusive event categories that target this513

production processes.514

The most generic signal strength parametrization has one signal strength parameter for each515

production and decay mode combination, µi
f . Given the five production and five decay modes516

listed above, this implies a model with 25 parameters of interest. However not all can be ex-517

perimentally constrained in this combination. Since there is no dedicated analysis targeting the518

WH and ZH production with H " tt decay, or VBF production with H " bb decay included519

in the combination, these are fixed to the SM expectation and the modifiers are not included in520

other production 
modes ßoating
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• All ttH analyses combined with other Higgs measurements in global Þts  
(more details in D. Sperka’s talk later today) 

• Focus here on top-Higgs coupling:

• ttH+tH production cross#
section modiÞer  from 
per-production mode fit:

• top coupling modiÞer  
from 𝛋-framework fit 
in the unresolved  
loops assumption:

Combined results
23

18 6 Signal strength and cross section Þts

Production process

ggH VBF WH ZH ttH

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.23 + 0.14
! 0.13

+ 0.08
! 0.08

+ 0.12
! 0.10 0.73 + 0.30

! 0.27
+ 0.24
! 0.23

+ 0.17
! 0.15 2.18 + 0.58

! 0.55
+ 0.46
! 0.45

+ 0.34
! 0.32 0.87 + 0.44

! 0.42
+ 0.39
! 0.38

+ 0.20
! 0.18 1.18 + 0.31

! 0.27
+ 0.16
! 0.16

+ 0.26
! 0.21

(+ 0.11
! 0.11) ( + 0.07

! 0.07) ( + 0.09
! 0.08) (+ 0.29

! 0.27) ( + 0.24
! 0.23) ( + 0.16

! 0.15) (+ 0.53
! 0.51) ( + 0.43

! 0.42) ( + 0.30
! 0.29) (+ 0.42

! 0.40) ( + 0.38
! 0.37) ( + 0.19

! 0.17) (+ 0.28
! 0.25) ( + 0.16

! 0.16) ( + 0.23
! 0.20)

Decay mode

H " bb H " !! H " WW H " ZZ H " ""

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.12 + 0.29
! 0.28

+ 0.19
! 0.19

+ 0.22
! 0.20 1.02 + 0.26

! 0.24
+ 0.15
! 0.15

+ 0.21
! 0.19 1.28 + 0.17

! 0.16
+ 0.09
! 0.09

+ 0.14
! 0.13 1.06 + 0.19

! 0.17
+ 0.16
! 0.15

+ 0.10
! 0.08 1.20 + 0.17

! 0.14
+ 0.12
! 0.11

+ 0.12
! 0.09

(+ 0.28
! 0.27) ( + 0.19

! 0.18) ( + 0.21
! 0.20) (+ 0.24

! 0.23) ( + 0.15
! 0.14) ( + 0.19

! 0.17) (+ 0.14
! 0.13) ( + 0.09

! 0.09) ( + 0.11
! 0.10) (+ 0.18

! 0.16) ( + 0.15
! 0.14) ( + 0.10

! 0.08) (+ 0.14
! 0.12) ( + 0.10

! 0.10) ( + 0.09
! 0.07)

Table 3: Best-Þt values and±1# uncertainties for the parameters of the models with per-
production mode and per-decay mode signal strength modiÞers. The expected uncertainties
are given in brackets.

the maximum likelihood Þt. In the case of WH, ZH, and ttH production with H " ZZ decay,521

as well as ZH production with H " "" decay, the background contamination is sufÞciently522

low that a negative signal strength can result in an overall negative event yield. Therefore,523

these signal strengths are restricted to positive values. Figure 6 summarizes the results in this524

model along with the 1 # CL intervals. The numerical values, including the uncertainty decom-525

position into statistical and systematic parts, and the corresponding expected uncertainties, are526

given in Table 4.527

Production
process

Decay mode

ggH VBF WH ZH ttH

Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty Best Þt Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

H " bb 2.51 + 2.44
! 2.01

+ 1.96
! 1.92

+ 1.46
! 0.59 ! 1.73 + 0.70

! 0.68
+ 0.53
! 0.51

+ 0.46
! 0.44 0.99 + 0.48

! 0.45
+ 0.41
! 0.40

+ 0.23
! 0.20 0.91 + 0.45

! 0.43
+ 0.24
! 0.24

+ 0.38
! 0.36

(+ 2.06
! 1.86) ( + 1.86

! 1.83) ( + 0.89
! 0.33) ! (+ 0.69

! 0.67) ( + 0.53
! 0.51) ( + 0.45

! 0.44) (+ 0.46
! 0.44) ( + 0.40

! 0.39) ( + 0.23
! 0.20) (+ 0.44

! 0.42) ( + 0.24
! 0.23) ( + 0.37

! 0.35)

H " !! 1.05 + 0.53
! 0.47

+ 0.25
! 0.25

+ 0.47
! 0.40 1.12 + 0.45

! 0.43
+ 0.37
! 0.35

+ 0.25
! 0.25 ! ! 0.22 + 1.03

! 0.88
+ 0.80
! 0.71

+ 0.65
! 0.52

(+ 0.45
! 0.41) ( + 0.23

! 0.23) ( + 0.38
! 0.34) (+ 0.45

! 0.43) ( + 0.37
! 0.35) ( + 0.25

! 0.24) ! ! (+ 0.98
! 0.87) ( + 0.80

! 0.73) ( + 0.56
! 0.47)

H " WW 1.35 + 0.20
! 0.19

+ 0.12
! 0.12

+ 0.17
! 0.15 0.28 + 0.64

! 0.60
+ 0.58
! 0.53

+ 0.28
! 0.28 3.91 + 2.26

! 2.01
+ 1.89
! 1.72

+ 1.24
! 1.05 0.96 + 1.81

! 1.46
+ 1.74
! 1.44

+ 0.51
! 0.22 1.60 + 0.66

! 0.59
+ 0.40
! 0.39

+ 0.52
! 0.45

(+ 0.17
! 0.16) ( + 0.10

! 0.10) ( + 0.13
! 0.12) (+ 0.63

! 0.58) ( + 0.57
! 0.53) ( + 0.26

! 0.25) (+ 1.47
! 1.19) ( + 1.32

! 1.06) ( + 0.64
! 0.54) (+ 1.67

! 1.37) ( + 1.61
! 1.35) ( + 0.45

! 0.20) (+ 0.56
! 0.53) ( + 0.38

! 0.38) ( + 0.41
! 0.38)

H " ZZ 1.22 + 0.24
! 0.21

+ 0.20
! 0.19

+ 0.12
! 0.10 ! 0.09 + 1.02

! 0.76
+ 1.00
! 0.72

+ 0.21
! 0.22 0.00 + 2.32

+ 0.00
+ 2.31
! 0.00

+ 0.28
! 0.00 0.00 + 4.26

+ 0.00
+ 4.19
! 0.00

+ 0.81
! 0.00 0.00 + 1.51

+ 0.00
+ 1.48
! 0.00

+ 0.31
! 0.00

(+ 0.22
! 0.20) ( + 0.20

! 0.19) ( + 0.10
! 0.07) (+ 1.27

! 0.99) ( + 1.25
! 0.97) ( + 0.24

! 0.21) (+ 4.45
! 0.99) ( + 4.41

! 0.99) ( + 0.57
! 0.00) (+ 7.58

! 0.99) ( + 7.46
! 0.99) ( + 1.33

! 0.00) (+ 2.95
! 0.99) ( + 2.89

! 0.99) ( + 0.59
! 0.00)

H " "" 1.15 + 0.21
! 0.18

+ 0.17
! 0.15

+ 0.13
! 0.10 0.68 + 0.59

! 0.45
+ 0.49
! 0.42

+ 0.32
! 0.18 3.71 + 1.49

! 1.35
+ 1.45
! 1.33

+ 0.35
! 0.23 0.00 + 1.13

+ 0.00
+ 1.13
! 0.00

+ 0.09
! 0.00 2.14 + 0.87

! 0.74
+ 0.81
! 0.72

+ 0.31
! 0.14

(+ 0.17
! 0.16) ( + 0.14

! 0.14) ( + 0.11
! 0.08) (+ 0.59

! 0.48) ( + 0.48
! 0.43) ( + 0.34

! 0.21) (+ 1.29
! 1.16) ( + 1.28

! 1.16) ( + 0.13
! 0.06) (+ 2.52

! 1.04) ( + 2.50
! 1.04) ( + 0.24

! 0.00) (+ 0.72
! 0.62) ( + 0.71

! 0.62) ( + 0.15
! 0.06)

Table 4: Best-Þt values and±1# uncertainties for the parameters of the model with one signal
strength parameter for each production and decay mode combination. The entries in the table

represent the parameter µ
f
i = µi # µ f , where i is indicated by the row and f by the column.

The expected uncertainties are given in brackets. Some of the signal strengths are restricted to
positive values, as described in the text.
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where the total uncertainty has been decomposed into statistical, signal theory systematic, and496

other systematic components.497

Relaxing the assumption of a common production mode scaling leads to a parametrization498

with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-499

rameterization, as well as all subsequent parametrizations involving signal strengths or cross500

sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-501

cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the502

fits in these two models are summarized in Figure 5. The numerical values, including the un-503

certainty decomposition into statistical and systematic parts, and the corresponding expected504

uncertainties, are given in Table 3.505
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi . The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ! 50%506

(from ! 20% to ! 10%) compared to Ref. [28] and ! 33% (from ! 15% to ! 10%) compared to507

Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,508

and a reduction in the associated theoretical uncertainties. Improvements in the precision for509

other production rates compared to Ref. [28] range up to ! 20% for the VBF and VH production510

rates. The uncertainty in the measurement of the ttH production rate is reduced by around511

50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and512

13 TeV, but also due to the inclusion of additional exclusive event categories that target this513

production processes.514

The most generic signal strength parametrization has one signal strength parameter for each515

production and decay mode combination, µi
f . Given the five production and five decay modes516

listed above, this implies a model with 25 parameters of interest. However not all can be ex-517

perimentally constrained in this combination. Since there is no dedicated analysis targeting the518

WH and ZH production with H " tt decay, or VBF production with H " bb decay included519

in the combination, these are fixed to the SM expectation and the modifiers are not included in520
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Figure 11: Summary plots of the ! -framework model in which the ggH and H ! "" loops
are scaled with effective couplings. The points indicate the best-Þt values while the thick and
thin horizontal bars show the 1 # and 2# CL intervals, respectively. For the summary plot on
the left the constraint BRBSM = 0 is imposed, and both positive and negative values of ! Z are
considered while ! W is assumed to be positive. For the summary plot on the right, both ! W

and ! Z are assumed to be positive with the constraint |! W|, |! Z | " 1, while BRinv. > 0 and
BRundet. > 0 are free parameters.

inv.BR
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

q

0

1

2

3

4

5

6

7

8

9

10
CMS
Preliminary

 (13 TeV)-135.9 fb

Observed
SM Expected

inv.BR
0 0.1 0.2 0.3 0.4

un
de

t.
B

R

0

0.1

0.2

0.3

0.4

0.5

68% CL 95% CL

Best fit SM expected

 (13 TeV)-135.9 fbCMS Preliminary

Figure 12: Scans ofq as a function of BRinv. (left), and 68% and 95% CL regions for BRinv.

vs BRundet. (right), in the model where only positive values of ! V (same sign of ! W and ! Z)
are considered with the constraint |! W|, |! Z | " 1, and BRinv. > 0 and BRundet. > 0 are free
parameters. The scan ofq as a function of BRinv. expected assuming the SM is also shown in
the left panel.
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28 7 Measurements of the Higgs bosonÕs couplings

BRinv. = 0 BRinv. > 0, ! V < 1
Uncertainty Uncertainty

Parameter Best Þt Stat. Syst. Parameter Best Þt Stat. Syst.

! Z
0.99 + 0.11

! 0.11
+ 0.09
! 0.09

+ 0.06
! 0.06 ! Z

0.89 + 0.09
! 0.08

+ 0.07
! 0.07

+ 0.05
! 0.04

(+ 0.11
! 0.11) ( + 0.09

! 0.09) ( + 0.06
! 0.06) ( + 0.00

! 0.11) ( + 0.00
! 0.09) ( + 0.00

! 0.06)

! W
1.12 + 0.13

! 0.19
+ 0.10
! 0.18

+ 0.08
! 0.07 ! W

1.00 + 0.00
! 0.05

+ 0.00
! 0.04

+ 0.00
! 0.02

(+ 0.12
! 0.12) ( + 0.09

! 0.09) ( + 0.07
! 0.07) ( + 0.00

! 0.12) ( + 0.00
! 0.09) ( + 0.00

! 0.07)

! t
1.09 + 0.14

! 0.14
+ 0.08
! 0.08

+ 0.12
! 0.12 ! t

1.12 + 0.17
! 0.16

+ 0.09
! 0.09

+ 0.14
! 0.13

(+ 0.14
! 0.15) ( + 0.08

! 0.09) ( + 0.12
! 0.12) ( + 0.18

! 0.15) ( + 0.13
! 0.09) ( + 0.12

! 0.12)

! "
1.01 + 0.17

! 0.18
+ 0.11
! 0.15

+ 0.12
! 0.09 ! "

0.91 + 0.13
! 0.13

+ 0.08
! 0.08

+ 0.11
! 0.10

(+ 0.16
! 0.15) ( + 0.11

! 0.11) ( + 0.11
! 0.11) ( + 0.14

! 0.15) ( + 0.09
! 0.11) ( + 0.11

! 0.11)

! b
1.10 + 0.27

! 0.33
+ 0.19
! 0.30

+ 0.19
! 0.14 ! b

0.91 + 0.19
! 0.16

+ 0.12
! 0.11

+ 0.14
! 0.11

(+ 0.25
! 0.23) ( + 0.19

! 0.17) ( + 0.17
! 0.15) ( + 0.18

! 0.23) ( + 0.13
! 0.17) ( + 0.13

! 0.15)

! g
1.14 + 0.15

! 0.13
+ 0.10
! 0.09

+ 0.11
! 0.09 ! g

1.17 + 0.18
! 0.14

+ 0.11
! 0.10

+ 0.14
! 0.11

(+ 0.14
! 0.12) ( + 0.10

! 0.09) ( + 0.10
! 0.09) ( + 0.17

! 0.12) ( + 0.13
! 0.09) ( + 0.10

! 0.09)

! #
1.07 + 0.15

! 0.18
+ 0.10
! 0.17

+ 0.11
! 0.07 ! #

0.96 + 0.09
! 0.08

+ 0.06
! 0.06

+ 0.07
! 0.05

(+ 0.12
! 0.12) ( + 0.10

! 0.10) ( + 0.07
! 0.07) ( + 0.08

! 0.12) ( + 0.07
! 0.09) ( + 0.05

! 0.07)

BRinv.
0.04 + 0.09

+ 0.00
+ 0.03
! 0.03

+ 0.08
! 0.00

(+ 0.08
+ 0.00) ( + 0.04

! 0.00) ( + 0.07
! 0.00)

BRundet.
0.00 + 0.09

+ 0.00
+ 0.08
! 0.00

+ 0.03
! 0.00

(+ 0.20
+ 0.00) ( + 0.17

! 0.00) ( + 0.11
! 0.00)

Table 9: Best-Þt values and± 1$ uncertainties for the parameters of the ! -framework model
with effective loops. The expected uncertainties are given in brackets.

SM!/!
0.5 1 1.5 2 2.5 3

q

0

1

2

3

4

5

6

7

8

9

10
CMS
Preliminary

 (13 TeV)-135.9 fb

Observed
SM Expected

Figure 13: Scans ofq as a function of ! H / ! SM
H obtained by reinterpreting the model allowing

for BSM decays of the Higgs boson.
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Table 9: Best-Þt values and± 1$ uncertainties for the parameters of the ! -framework model
with effective loops. The expected uncertainties are given in brackets.
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1 Introduction

The discovery of a Higgs boson by the CMS and ATLAS experiments in 2012 [1, 2] opened a
new Þeld for exploration in the realm of particle physics. It is critical to study the couplings of
this new particle to other elementary particles to test whether it is the Higgs boson as predicted
by the standard model (SM). Of particular interest is the Yukawa coupling of the Higgs boson
to top quarks, yt, as the top quark is widely believed to play a special role in the mechanism
of electroweak symmetry breaking due to its large mass [3]. Most measurements of the top-
Higgs coupling are sensitive only to the magnitude of the coupling, rather than its sign, as
processes such as Higgs production associated with top quark pairs (t tH) depend only on |y2

t |.
Constraints on the sign of yt can be derived from the decay rate of Higgs bosons to photon
pairs [4] and from the cross section for associated production of Higgs and Z bosons via gluon
fusion [5], with recent results disfavoring negative signs of the coupling [6Ð8]. But further
measurements of the relative phase between the fermion and boson couplings of the Higgs
boson are warranted, in particular in scenarios with contributions from possible new particles
in the loop amplitudes [9].

The production of a single top quark in the t channel, where a Higgs boson can be radiated
either from the top quark or from the exchanged W boson in the two dominant leading order
diagrams (see Fig. 1) provides a unique opportunity to study the relative sign of the coupling.
Any deviation from the standard model coupling structure, where the two diagrams strongly
interfere negatively and thereby suppress the production cross section, can lead to a large en-
hancement of the event rate [10Ð12]. Other production modes of Higgs bosons and single top
quarks are the W associated process (tHW), and theschannel. While the schannel cross section
is negligible at the LHC [13], the associated tHW production is comparable and can contribute
signiÞcantly [14].
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Figure 1: Dominant leading order Feynman diagrams for the production of tHq events. The
Higgs boson is either radiated from the W boson (left) or the top quark (right).

Direct searches for tHq production using all relevant Higgs decay modes have previously been
carried out by CMS in the 8 TeV dataset [15] and in the 2015 13 TeV dataset using the H !
bb channel [16]. In the full 2016 13 TeV dataset, a search for ttH production in multilepton
Þnal states recently produced Þrst evidence for associated production of top quarks and Higgs
bosons [17].

This note reports a search for tHq production in leptonic Þnal states using the full 2016 LHC
dataset of at 13 TeV, corresponding to an integrated luminosity of 35.9 fb " 1. Multilepton Þnal
states with either two same-sign leptons or three leptons target the case where the Higgs boson
decays to a pair of W bosons, ! leptons, or Z bosons, and where the top quark decays lepton-
ically. The results are interpreted as a function of the ratio of two dimensionless modiÞers of
Higgs couplings: that of the top-Higgs coupling, " t, and of the coupling of vector bosons and
the Higgs, " V. A description of the CMS detector can be found in Ref. [18].
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Scenario Channel Obs. Limit Exp. Limit (pb)
(pb) Median ± 1! ± 2!

" t / " V = ! 1 µµ 1.00 0.58 [0.42, 0.83] [0.31, 1.15]
eµ 0.84 0.54 [0.39, 0.76] [0.29, 1.03]
!!! 0.70 0.38 [0.26, 0.56] [0.19, 0.79]
Combined 0.64 0.32 [0.22, 0.46] [0.16, 0.64]

" t / " V = 1 µµ 0.87 0.41 [0.29, 0.58] [0.22, 0.82]
(SM-like) eµ 0.59 0.37 [0.26, 0.53] [0.20, 0.73]

!!! 0.54 0.31 [0.22, 0.43] [0.16, 0.62]
Combined 0.56 0.24 [0.17, 0.35] [0.13, 0.49]

Table 4: Expected and observed 95% C.L. upper limits on the tH + ttH production cross section
times H " WW# + ## + ZZ# branching ratio for a scenario of inverted couplings ( " t / " V =
! 1.0, top rows) and for a standard-model-like signal ( " t / " V = 1.0, bottom rows), in pb. The
expected limit is calculated on a background-only MC dataset.
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expected limit is derived from a background-only MC dataset.

couplings, and the results are used to constrain these couplings.

Combining the results from all three channels yields a 95% conÞdence level (C.L.) upper limit
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1 Introduction

The discovery of a Higgs boson by the CMS and ATLAS experiments in 2012 [1, 2] opened a
new Þeld for exploration in the realm of particle physics. It is critical to study the couplings of
this new particle to other elementary particles to test whether it is the Higgs boson as predicted
by the standard model (SM). Of particular interest is the Yukawa coupling of the Higgs boson
to top quarks, yt, as the top quark is widely believed to play a special role in the mechanism
of electroweak symmetry breaking due to its large mass [3]. Most measurements of the top-
Higgs coupling are sensitive only to the magnitude of the coupling, rather than its sign, as
processes such as Higgs production associated with top quark pairs (t tH) depend only on |y2

t |.
Constraints on the sign of yt can be derived from the decay rate of Higgs bosons to photon
pairs [4] and from the cross section for associated production of Higgs and Z bosons via gluon
fusion [5], with recent results disfavoring negative signs of the coupling [6Ð8]. But further
measurements of the relative phase between the fermion and boson couplings of the Higgs
boson are warranted, in particular in scenarios with contributions from possible new particles
in the loop amplitudes [9].

The production of a single top quark in the t channel, where a Higgs boson can be radiated
either from the top quark or from the exchanged W boson in the two dominant leading order
diagrams (see Fig. 1) provides a unique opportunity to study the relative sign of the coupling.
Any deviation from the standard model coupling structure, where the two diagrams strongly
interfere negatively and thereby suppress the production cross section, can lead to a large en-
hancement of the event rate [10Ð12]. Other production modes of Higgs bosons and single top
quarks are the W associated process (tHW), and theschannel. While the schannel cross section
is negligible at the LHC [13], the associated tHW production is comparable and can contribute
signiÞcantly [14].
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Figure 1: Dominant leading order Feynman diagrams for the production of tHq events. The
Higgs boson is either radiated from the W boson (left) or the top quark (right).

Direct searches for tHq production using all relevant Higgs decay modes have previously been
carried out by CMS in the 8 TeV dataset [15] and in the 2015 13 TeV dataset using the H !
bb channel [16]. In the full 2016 13 TeV dataset, a search for ttH production in multilepton
Þnal states recently produced Þrst evidence for associated production of top quarks and Higgs
bosons [17].

This note reports a search for tHq production in leptonic Þnal states using the full 2016 LHC
dataset of at 13 TeV, corresponding to an integrated luminosity of 35.9 fb " 1. Multilepton Þnal
states with either two same-sign leptons or three leptons target the case where the Higgs boson
decays to a pair of W bosons, ! leptons, or Z bosons, and where the top quark decays lepton-
ically. The results are interpreted as a function of the ratio of two dimensionless modiÞers of
Higgs couplings: that of the top-Higgs coupling, " t, and of the coupling of vector bosons and
the Higgs, " V. A description of the CMS detector can be found in Ref. [18].

12 7 Conclusions

Scenario Channel Obs. Limit Exp. Limit (pb)
(pb) Median ± 1! ± 2!

" t / " V = ! 1 µµ 1.00 0.58 [0.42, 0.83] [0.31, 1.15]
eµ 0.84 0.54 [0.39, 0.76] [0.29, 1.03]
!!! 0.70 0.38 [0.26, 0.56] [0.19, 0.79]
Combined 0.64 0.32 [0.22, 0.46] [0.16, 0.64]

" t / " V = 1 µµ 0.87 0.41 [0.29, 0.58] [0.22, 0.82]
(SM-like) eµ 0.59 0.37 [0.26, 0.53] [0.20, 0.73]

!!! 0.54 0.31 [0.22, 0.43] [0.16, 0.62]
Combined 0.56 0.24 [0.17, 0.35] [0.13, 0.49]

Table 4: Expected and observed 95% C.L. upper limits on the tH + ttH production cross section
times H " WW# + ## + ZZ# branching ratio for a scenario of inverted couplings ( " t / " V =
! 1.0, top rows) and for a standard-model-like signal ( " t / " V = 1.0, bottom rows), in pb. The
expected limit is calculated on a background-only MC dataset.
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expected limit is derived from a background-only MC dataset.

couplings, and the results are used to constrain these couplings.

Combining the results from all three channels yields a 95% conÞdence level (C.L.) upper limit

→ 𝛋t for 𝛋V = 1
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1

1 Introduction1

In the standard model (SM) the production of four top quarks (t tt t) is a rare process, with repre-2

sentative leading-order (LO) Feynman diagrams shown in Fig. 1. Many beyond-the-SM (BSM)3

theories predict an enhancement of the ttt t cross section,! (pp ! ttt t), such as gluino pair pro-4

duction in the supersymmetry framework [1Ð10], the pair production of scalar gluons [11, 12],5

and the production of a heavy pseudoscalar or scalar boson in association with a t t pair in6

Type II two-Higgs-doublet models (2HDM) [13Ð15]. In addition, a top quark Yukawa coupling7

larger than expected in the SM can lead to a signiÞcant increase in ttt t production via an off-8

shell SM Higgs boson [16]. The SM prediction for ! (pp ! ttt t) at
"

s = 13 TeV is 9.2+ 2.9
# 2.4 fb9

at next-to-leading order (NLO) [17]. An alternative prediction of 12.2 + 5.0
# 4.4 fb is reported in Ref.10

[16], obtained from a LO calculation of 9.6 + 3.9
# 3.5 fb and an NLO/LO K-factor of 1.27 based on the11

14 TeV calculation of Ref. [18].12
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Figure 1: Representative Feynman diagrams for ttt t production at LO in the SM.

After the decays of the top quarks, the Þnal state contains several jets resulting from the had-13

ronization of light quarks and b quarks (b jets), and may contain isolated leptons and missing14

transverse momentum depending on the decays of the W bosons [19]. Among these Þnal states,15

the same-sign dilepton and the three- (or more) lepton Þnal states, considering ! = e,µ, corre-16

spond to branching fractions in t tt t events of 8 and 1%, respectively, excluding the small con-17

tribution from W ! "# , which is included in selected events. However, due to the low level of18

backgrounds, these channels are the most sensitive to ttt t production in the regime with SM-like19

kinematic properties. The ATLAS and CMS Collaborations at the CERN LHC have previously20

searched for SM ttt t production in
"

s = 8 and 13 TeV pp collisions [20Ð24]. The most sensitive21

of these results is a re-interpretation of the CMS same-sign dilepton search for BSM physics22

at 13 TeV [23], with an observed (expected) ttt t cross section upper limit (assuming no SM t tt t23

signal) of 42 (27+ 13
# 8 ) fb at the 95% conÞdence level (CL).24

The previous search is inclusive, exploring the Þnal state with two same-sign leptons and at25

least two jets, using an integrated luminosity of 35.9 fb # 1 [23]. The analysis described in this26

paper is based on the same data set and improves on the previous search by optimizing the27

signal selection for sensitivity to SM t tt t production, by using an improved b jet identiÞcation28

algorithm, and by employing background estimation techniques that are adapted to take into29

account the higher jet and b jet multiplicity requirements in the signal regions.30

2 Background and signal simulation31

Monte Carlo (MC) simulations at NLO are used to evaluate the t tt t signal acceptance and to32

estimate the background from diboson (WZ, ZZ, Z $, W± W± ) and triboson (WWW, WWZ,33

WZZ, ZZZ, WW $, WZ$) processes, as well as from production of single top quarks (tZq, t $),34

or t t produced in association with a boson (t tW, t tZ/ $$, ttH). These samples are generated us-35

ing the NLO M AD GRAPH5 aMC @NLO 2.2.2 [17] program with up to one additional parton in36
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• ttH accessible in a wide range of final states
• Challenging analysis performed with very 

advanced background reduction methods

• Direct measurements constrain#
the top-Higgs coupling to about 15%

• Indirect sensitivity is provided  
by other Higgs processes

• Diverse sources of uncertainty  
limit our current sensitivity:
• how to improve and  

on which timescale?
• what are the best observables 

to extract the most relevant 
physics information?
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where the total uncertainty has been decomposed into statistical, signal theory systematic, and496

other systematic components.497

Relaxing the assumption of a common production mode scaling leads to a parametrization498

with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-499

rameterization, as well as all subsequent parametrizations involving signal strengths or cross500

sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-501

cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the502

fits in these two models are summarized in Figure 5. The numerical values, including the un-503

certainty decomposition into statistical and systematic parts, and the corresponding expected504

uncertainties, are given in Table 3.505
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi . The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ! 50%506

(from ! 20% to ! 10%) compared to Ref. [28] and ! 33% (from ! 15% to ! 10%) compared to507

Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,508

and a reduction in the associated theoretical uncertainties. Improvements in the precision for509

other production rates compared to Ref. [28] range up to ! 20% for the VBF and VH production510

rates. The uncertainty in the measurement of the ttH production rate is reduced by around511

50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and512

13 TeV, but also due to the inclusion of additional exclusive event categories that target this513

production processes.514

The most generic signal strength parametrization has one signal strength parameter for each515

production and decay mode combination, µi
f . Given the five production and five decay modes516

listed above, this implies a model with 25 parameters of interest. However not all can be ex-517

perimentally constrained in this combination. Since there is no dedicated analysis targeting the518

WH and ZH production with H " tt decay, or VBF production with H " bb decay included519

in the combination, these are fixed to the SM expectation and the modifiers are not included in520
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Figure 11: Data points (black) and signal plus background model Þts in VBF and t øtH categories
are shown. The one standard deviation (green) and two standard deviation bands (yellow)
include the uncertainties in the background component of the Þt. The bottom plot shows the
residuals after background subtraction.
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line).

• Studied within the general H !  ""  analysis

• Two dedicated selection categories:

• leptonic: 1 lepton + 2 jets, 1 b-tagged jet

• hadronic: 3 jets, 1 b-tagged jet


• Sensitivity enhanced by BDT discriminant 
in the hadronic category (jet multiplicity, pT, b-tag)

6.1 Event categories for tøtH production 11

BDT score of the ttH Hadronic MVA
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Figure 6: Score of the jet multivariate discriminant used to enhance jet tagging in the ttH-
Hadronic category. The points show the score for data in the signal region side-bands,
m!! < 115 GeV or m!! > 135 GeV; the histogram shows the score for events in the data con-
trol sample; the Þlled histogram shows the score for simulated signal events. The distributions
in the simulated and control samples are scaled as to match the integral of that from the data
side-bands.

¥ diphoton-classiÞer BDT score greater than 0.11;
¥ at least one lepton with pT > 20 GeV; electrons must satisfy loose re-

quirements on the same observables as described in Ref. [25]; muons are
required to pass a tight selection based on the quality of the track, the
number of hits in the tracker and muon system, and the longitudinal and
transverse impact parameters of the track with respect to the muon ver-
tex, satisfy a requirement on the relative isolation with pileup correction
based on transverse energy of the neutral hadrons and photons in a cone
of radius 0.4 around the muon;

¥ all selected leptons ! are required to have R(! , ! ) > 0.35, where R is the
radius between the objects in the " ! # plane;

¥ speciÞcally for electrons: |me,! ! mZ| > 5 GeV
¥ at least two jets in the event with pT > 25 GeV,|" | < 2.4, and R(jet, ! ) >

0.4 and R(jet, ! ) > 0.4;
¥ at least one of the jets in the event identiÞed as b jet according to the CSV

tagger medium requirement;

¥ hadronic top decays (ttHHadronic):

¥ leading photon pT > m!! /3, sub-leading photon pT > m!! /4;
¥ diphoton-classiÞer BDT score greater than 0.4;
¥ no leptons, deÞned according to the criteria of the ttHLeptonic category;
¥ at least three jets in the event with pT > 25 GeV and |" | < 2.4;
¥ at least one of the jets in the event identiÞed as a b-jet according to the

CSV tagger loose requirement;
¥ score of the ttH hadronic multivariate discriminant greater than 0.75.
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Figure 11: Data points (black) and signal plus background model Þts in VBF and t øtH categories
are shown. The one standard deviation (green) and two standard deviation bands (yellow)
include the uncertainties in the background component of the Þt. The bottom plot shows the
residuals after background subtraction.
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J. High Energ. Phys. (2017) 2017: 47

• Very clean final state, but branching ratio is tiny

• Dedicated selection category:

• at least four jets, 1 b-tagged jet, OR

• at least one additional lepton


• ~0.3 expected ttH signal events

8 7 Background estimation

signal fraction
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0.51 expected events

 (13 TeV)-135.9 fbCMS

Figure 1: Relative signal purity in the seven event categories in terms of the Þve main produc-
tion mechanisms of the Higgs boson in the 118 < m4! < 130 GeV mass window are shown. The
WH, ZH, and t tH processes are split according to the decay of the associated particles, where X
denotes anything other than an electron or a muon. Numbers indicate the total expected signal
event yields in each category.

fully differential cross section for the q q ! ZZ process has been computed at next-to-next-to-
leading order (NNLO) [60], and the NNLO/NLO K-factor as a function of mZZ has been ap-
plied to the POWHEG sample. This K-factor varies from 1.0 to 1.2 and is 1.1 atmZZ = 125 GeV.
Additional NLO electroweak corrections, which depend on the initial state quark ßavor and
kinematics, are also applied in the region mZZ > 2mZ where the corrections have been com-
puted [61]. The uncertainty due to missing electroweak corrections in the region mZZ < 2mZ is
expected to be small compared to the uncertainties in the pQCD calculation.

The production of ZZ via gluon fusion contributes at NNLO in pQCD. It has been shown [62]
that the soft-collinear approximation is able to describe the background cross section and the
interference term at NNLO. Further calculations also show that at NLO the K-factor for the sig-
nal and background [63] and at NNLO the K-factor for the signal and interference terms [64]
are very similar. Therefore, the same K-factor used for the signal is also used for the back-
ground [65]. The NNLO K-factor for the signal is obtained as a function of mZZ using the
HNNLO v2 program [40, 66, 67] by calculating the NNLO and LO gg ! H ! 2! 2! " cross sec-
tions at the small H boson decay width of 4.1 MeV and taking their ratios. The NNLO/LO
K-factor for gg ! ZZ varies from 2.0 to 2.6 and is 2.27 at mZZ = 125 GeV; a systematic un-
certainty of 10% in its determination when applied to the background process is used in the
analysis.

7.2 Reducible backgrounds

Additional backgrounds to the Higgs boson signal in the 4 ! channel arise from processes in
which heavy ßavor jets produce secondary leptons, and also from processes in which decays of
heavy ßavor hadrons, in-ßight decays of light mesons within jets, or (for electrons) the decay of
charged hadrons overlapping with ! 0 decays, are misidentiÞed as prompt leptons. We denote
these reducible backgrounds as ÒZ+XÓ since the dominant process producing them is Z+ jets,
while subdominant processes in order of importance are t t + jets, Z" + jets, WZ + jets, and
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Figure 4: Distribution of the reconstructed four-lepton invariant mass in the seven event cate-
gories for the low-mass range. (Top left) untagged category. (Top right) VBF-1jet-tagged cat-
egory. (Center left) VBF-2jet-tagged category. (Center right) VH-hadronic-tagged category.
(Bottom left) VH-leptonic-tagged category. (Bottom middle) VH-Emiss

T
-tagged category. (Bot-

tom right) ttH-tagged category. Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal
with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM
expectation, whilst the Z+X background is normalized to the estimation from data. For the
categories other than the untagged category, the SM Higgs boson signal is separated into two
components: the production mode that is targeted by the specific category, and other produc-
tion modes, where the gluon fusion dominates. The order in perturbation theory used for the
normalization of the irreducible backgrounds is described in Section 7.1.
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Figure 8: (Top left) Observed values of the signal strength modiÞer µ = ! / ! SM for the seven
event categories, compared to the combined µ shown as a vertical line. The horizontal bars
and the Þlled band indicate the ± 1! uncertainties. (Top right) Results of likelihood scans for
the signal strength modiÞers corresponding to the main SM Higgs boson production modes,
compared to the combined µ shown as a vertical line. The horizontal bars and the Þlled band in-
dicate the ± 1! uncertainties. The uncertainties include both statistical and systematic sources.
(Bottom) Result of the 2D likelihood scan for the µggH, t tH and µVBF,VH signal strength modi-
Þers. The solid and dashed contours show the 68% and 95% CL regions, respectively. The cross
indicates the best Þt values, and the diamond represents the expected values for the SM Higgs
boson.

Table 3: Expected and observed signal strength modiÞers.

Inclusive µggH µVBF µVHhad µVHlep µttH

Expected 1.00+ 0.15
! 0.14(stat)+ 0.10

! 0.08(syst) 1.00+ 0.23
! 0.21 1.00+ 1.25

! 0.97 1.00+ 3.96
! 1.00 1.00+ 3.76

! 1.00 1.00+ 3.23
! 1.00

Observed 1.05+ 0.15
! 0.14(stat)+ 0.11

! 0.09(syst) 1.20+ 0.22
! 0.21 0.05+ 1.03

! 0.05 0.00+ 2.83
! 0.00 0.00+ 2.66

! 0.00 0.00+ 1.19
! 0.00

https://doi.org/10.1007/JHEP11(2017)047
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6. Background estimation 9

than 140 GeV are rejected, to avoid overlap with the dedicated t tH category from [ ? ].

The event selections applied in the different categories are summarized in Tables 1 and 2. Com-
bining all the event categories and assuming the SM ttH production, 91 signal events are ex-
pected, corresponding to 0.5% of all produced t tH events.

Table 1: Event selections applied in the 2! ss, 2! ss+ 1! h, 3! , and 3! + 1! h categories.

Selection 2! ss 2! ss+ 1! h

Targetted ttH decay
t ! b! " , t ! bqq,
H ! WW ! ! " qq

t ! b! " , t ! bqq,
H ! !! ! ! ! h + " "s

Trigger Single- and double-lepton triggers

Lepton pT pT > 25 / 15 GeV pT > 25 / 15 (e) or 10 GeV (µ)
! h pT Ñ pT > 20 GeV
Charge requirements 2 same-sign leptons 2 same-sign leptons

and charge quality requirements and charge quality requirements
!

! ,! h

q = ± 1

Jet multiplicity # 4 jets # 3 jets
b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets

Missing transverse LD > 30 GeV LD > 30 GeV$

momentum

Dilepton mass m!! > 12 GeV and |mee %mZ| > 10 GeV$

Selection 3! 3! + 1! h

Targetted ttH decays
t ! b! " , t ! b! " ,
H ! WW ! ! " qq

t ! b! " , t ! b! " ,
H ! !! ! ! ! h + " "s

t ! b! " , t ! bqq,
H ! WW ! ! " ! "
t ! b! " , t ! bqq,

H ! ZZ ! !! qq or !! ""

Trigger Single-, double- and triple-lepton triggers

Lepton pT pT > 25 / 15 / 15 GeV pT > 20 / 10 / 10 GeV
! h pT Ñ pT > 20 GeV

Charge requirements !
!

q = ± 1 !
! ,! h

q = 0

Jet multiplicity # 2 jets
b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets

Missing transverse No requirement if Nj # 4
momentum LD > 45 GeV 

LD > 30 GeV otherwise

Dilepton mass m!! > 12 GeV and |m!! %mZ| > 10 GeVà

$ Applied only if both leptons are electrons.
  If the event contains a SFOS lepton pair and Nj & 3.
à Applied to all SFOS lepton pairs.

6 Background estimation

Contributions of background processes to the signal region (SR) of the analysis, deÞned by the
event selection criteria detailed in Section 5, arise from a variety of sources. Backgrounds are
categorized as being either ÒreducibleÓ or ÒirreducibleÓ and are estimated either from the data
or modelled using the MC simulation.

10

Table 2: Event selections applied in the 1! + 2! h and 4! categories.

Selection 1! + 2! h 4!

Targetted ttH decays
t ! b! " , t ! bqq,

H ! !! ! ! h! h + " "s
t ! b! " , t ! b! " ,
H ! WW ! ! " ! "
t ! b! " , t ! b! " ,

H ! ZZ ! !! qq or !! ""

Trigger Single=lepton Single-, double-

and lepton+ ! h triggers and triple-lepton triggers

Lepton pT pT > 25 (e) or 20 GeV (µ) pT > 25 / 15 / 15 / 10 GeV
! h pT pT > 30 / 20 GeV Ñ

Charge requirements !
! h

q = 0 and !
! ,! h

q = ± 1 !
!

q = 0

Jet multiplicity # 3 jets # 2 jets
b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets

Missing transverse Ñ No requirement if Nj # 4
momentum LD > 45 GeV 

LD > 30 GeV otherwise

Dilepton mass m!! > 12 GeV m!! > 12 GeV
and |m!! $ mZ| > 10 GeVà

Four-lepton mass Ñ m4! > 140 GeV¤

  If the event contains a SFOS lepton pair and Nj % 3.
à Applied to all SFOS lepton pairs.
¤ Applied only if the event contains 2 SFOS lepton pairs.

A background is considered as reducible if at least one electron or muon is due to a nonprompt
lepton (i.e. originating from the decay of a hadron) or to the misidentiÞcation of a hadron, or
if one or more ! h is due to the misidentiÞcation of a quark or gluon jet. In the 2 ! ss category,
further sources of reducible backgrounds arise from events containing lepton pairs of oppo-
site charge in which the sign of either lepton is mismeasured and from the production of top
quark pairs in association with either real or virtual conversion photons. The dominant re-
ducible backgrounds, arising from the misidentiÞcation of leptons or ! h (misidentiÞed lepton
background) or from the mismeasurement of the lepton charge (Òsign-ßipÓ background), are
determined from data. The procedures are described in Sections 6.1 and 6.2.

The background contribution arising from t t production in association with photons (Òconver-
sionsÓ) is mostly relevant for the 2! ss and 2! ss+ 1! h categories. It is typically due to asym-
metric conversions of the type # ! e+ e$ , in which one electron or positron carries most of the
energy of the photon, while the other electron or positron is of low energy and fails to get recon-
structed. Events of this type are suppressed very effectively thanks to the electron selections
used. The small remaining background is modelled using the MC simulation. The validity of
the simulation has been veriÞed in control regions (CRs) in data.

Irreducible background contributions are modeled using the MC simulation. The dominant
contributions are due to the production of top quark pairs in association with W or Z bosons
and to the production of W or Z boson pairs in association with jets. Minor contributions arise
from rare SM processes such as triboson production, single top production in association with a
Z boson, the production of two same-sign W bosons, and tt tt production. Results are presented
considering the tH process as a backgound process normalized to the SM expectation. The SM
tH rate amounts to about 5% of the t tH one in the signal regions of this analysis. The modeling
of the data by the simulation is validated in speciÞc CRs, each enriched in the contribution of

• Selection requirements in 
different event categories

CMS HIG-17-018
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7. Signal extraction 15

Table 3: Observables used as input to the BDTs that separate the ttH signal from the ttV and
tt+jets backgrounds in the 1`+ 2th, 2`ss, 3`, and 3`+ 1th categories.

Observable 1`+ 2th 2`ss 3` 3`+ 1th
DR(`1, j) —

p p p

DR(`2, j) —
p p p

⌦
DRjj

↵ p
— —

p2

DRtt
p

— — —
max

�
|h`1|, |h`2|

�
—

p p p

H
miss
T

p
— —

p2

Nj
p p p p

Nb
p

— — —
m

vis
tt

p
— — —

m
`1
T —

p p p

p
`1
T —

p1 p1 p1

p
`2
T —

p1 - -
p
`3
T — —

p1 p1

p
t1
T

p
— — —

p
t2
T

p
— — —

LR(3`) — —
p1 —

MVAmax
thad —

p2 — —
MVAmax

Hj —
p1 — —

1 Used only in BDT that separates ttH signal from ttV background.
2 Used only in BDT that separates ttH signal from tt+jets background.

Events selected in the 2`ss + 1th category are analyzed in two subcategories, motivated by
different signal-to-background ratios and different levels of signal-to-background separation
provided by the MEM discriminant LR(2`ss + 1th) in each of the subcategories. The “no-
missing-jet” subcategory contains events in which a pair of jets compatible with originating
from the hadronic decay of a W boson is reconstructed, which allows for a full reconstruction
of the decay chain ttH ! bW bW tt ! bjj b`n `n`nt thnt in signal events, while the “missing-
jet” category contains events with no such pair of jets. The full reconstruction of the decay chain
improves the separation of the ttH signal from background events. Signal events can contribute
to the “missing-jet” category if, for example, one of the jets produced in the W boson decay is
outside of the pT and h acceptance or if it overlaps with another jet.

7.2 Statistical analysis

The rate of the ttH signal µ is measured through a simultaneous ML fit to the distribution in
the discriminating observables or the number of events observed in the six event categories
1`+ 2th, 2`ss, 2`ss + 1th, 3`, 3`+ 1th, and 4`. The best-fit value of this parameter is denoted
as µ̂. A 68% confidence interval on the parameter of interest is obtained using a maximum
likelihood fit based on the profile likelihood ratio test statistic [? ? ]. A potential signal excess
in data is quantified by calculating the corresponding p-value. Upper limits on the ttH signal
rate are set via the CLs method [? ?].

The nuisance parameters described in Section 8 are treated via the frequentist paradigm, as
described in Refs. [? ? ]. Systematic uncertainties that affect only the normalization, but not
the distribution in any discriminating observable, are represented by G-function distributions
if they are statistical in origin, e.g. corresponding to the number of events observed in a control
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ficiency measurement and the estimate of the misidentified lepton background are treated as
correlated between all the categories which include leptons with a given flavor. The system-
atic uncertainties in the normalization of the signal and irreducible backgrounds are treated as
correlated between all the categories.

Table 4: Summary of the main sources of systematic uncertainty and their impact on the com-
bined measured ttH signal rate µ. Dµ/µ corresponds to the relative shift in signal strength
obtained from varying the systematic source within its associated uncertainty.

Source Uncertainty [%] Dµ/µ [%]
e, µ selection efficiency 2–4 11
th selection efficiency 5 4.5
b tagging efficiency 2–15 [? ] 6

Reducible background estimate 10–40 11

Jet energy calibration 2–15 [? ] 5
th energy calibration 3 1

Theoretical sources ⇡10 12

Integrated luminosity 2.5 5

9 Results

The numbers of events observed in the different categories are compared to the SM expectations
after the ML fit in Table 5. The event yields resulting from the fit are consistent with those
predicted by the original background and signal estimates within the uncertainties described
in Section 8. Distributions in the discriminating observables used for the signal extraction in
the different categories after the final fit are shown in Figs. 2–4. In Fig. 5, the different bins of
the distributions are classified according to their expected ratio of signal (S) to background (B)
events. An excess of observed events with respect to the SM backgrounds is visible in the most
sensitive bins.

Upper limits on the signal rate, computed at 95% confidence level (CL), are given in Table 6.
The limits are computed for separate fits of each category, and for their combination. The
observed limit computed from the combination of all categories amounts to 2.1 times the SM
ttH production rate. The observed limit is compatible with the one expected if a SM ttH signal
is present at the SM predicted rate, amounting to 1.7 times the SM ttH production rate in the
presence of a ttH signal. In the absence of signal, an upper limit on the signal rate of 0.8 times
the SM ttH production rate is expected.

Signal yields are extracted from a fit with µ allowed to assume different values in each cat-
egory, or constrained to assume the same value in all the categories for the combined result.
The results are shown in Fig. 6. For the combined fit, the observed (expected) signal rate is
µ = 1.23+0.45

�0.43 (1.00+0.42
�0.38) times the SM ttH production rate, with an observed (expected) sig-

nificance of 3.2s (2.8s), which represents evidence for ttH production in those final states. A
simultaneous extraction of independent signal rates for the ttH process followed by a decay of
the Higgs boson into electroweak bosons (V) or into t leptons yields the following, anticorre-
lated values: µ(ttH, H ! VV) = 1.69+0.68

�0.61 and µ(ttH, H ! tt) = 0.15+1.07
�0.91.

As a cross check, the analysis is repeated with the ttZ and ttW(W) backgrounds kept freely
floating in the ML fit. Control regions enriched in the contributions of these backgrounds are
added to the fit to constrain them. The ttZ-enriched control region is defined from the 3` signal
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Figure 2: Distributions in the discriminating observables used for the signal extraction in (a) the
1! + 2! h category, and, in (b)-(d), different subcategories of the 2! ss category, compared to the
SM expectation for the ttH signal and for background processes. A BDT trained to separate the
ttH signal from the t t+jets background is used in the 1! + 2! h category, while a D MVA variable,
combining the outputs of two BDTs trained to discriminate the t tH signal from the t tV and
tt+jets backgrounds respectively, is used in the 2! ss subcategories. The distributions expected
for signal and background processes are shown for the values of nuisance parameters obtained
from the combined ML Þt and µ = öµ = 1.23, corresponding to the best-Þt value from the ML
Þt.
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Figure 2: Distributions in the discriminating observables used for the signal extraction in (a) the
1! + 2! h category, and, in (b)-(d), different subcategories of the 2! ss category, compared to the
SM expectation for the ttH signal and for background processes. A BDT trained to separate the
ttH signal from the t t+jets background is used in the 1! + 2! h category, while a D MVA variable,
combining the outputs of two BDTs trained to discriminate the t tH signal from the t tV and
tt+jets backgrounds respectively, is used in the 2! ss subcategories. The distributions expected
for signal and background processes are shown for the values of nuisance parameters obtained
from the combined ML Þt and µ = öµ = 1.23, corresponding to the best-Þt value from the ML
Þt.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in the
(a) Òno-missing-jetÓ and (b) Òmissing-jetÓ subcategories of the 2! ss+ 1! h category, (c) the 3!
category, and (d) the 3! + 1! h category, compared to the SM expectation for the ttH signal and
for background processes. The MEM discriminant LR (2! ss+ 1! h) is used in the 2! ss+ 1! h sub-
categories, while a DMVA variable, combining the outputs of two BDTs trained to discriminate
the ttH signal from the t tV and t t+jets backgrounds respectively, is used in the 3! and 3! + 1! h
categories. The distributions expected for signal and background processes are shown for the
values of nuisance parameters obtained from the combined ML Þt and µ = öµ = 1.23, corre-
sponding to the best-Þt value from the ML Þt. The lowest bin of the MEM discriminant in the
Òmissing-jetÓ subcategory of the 2! ss+ 1! h category collects events for which the kinematics of
the reconstructed objects is not compatible with the t tH, H ! !! signal hypothesis.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in the
(a) Òno-missing-jetÓ and (b) Òmissing-jetÓ subcategories of the 2! ss+ 1! h category, (c) the 3!
category, and (d) the 3! + 1! h category, compared to the SM expectation for the ttH signal and
for background processes. The MEM discriminant LR (2! ss+ 1! h) is used in the 2! ss+ 1! h sub-
categories, while a DMVA variable, combining the outputs of two BDTs trained to discriminate
the ttH signal from the t tV and t t+jets backgrounds respectively, is used in the 3! and 3! + 1! h
categories. The distributions expected for signal and background processes are shown for the
values of nuisance parameters obtained from the combined ML Þt and µ = öµ = 1.23, corre-
sponding to the best-Þt value from the ML Þt. The lowest bin of the MEM discriminant in the
Òmissing-jetÓ subcategory of the 2! ss+ 1! h category collects events for which the kinematics of
the reconstructed objects is not compatible with the t tH, H ! !! signal hypothesis.
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