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Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.
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Figure 179: The SM Higgs boson branching ratios as a function of the Higgs boson mass.

Introduction
�2

• top - Higgs coupling at the LHC:

• associated production provides direct sensitivity (tree level coupling)

• indirect sensitivity from gluon fusion (without BSM particles in the loop)


• Specific challenging aspects for each Higgs decay channel:

• ttH, H → bb: complex hadronic backgrounds (tt+heavy flavour)


• ttH, H → WW*,ZZ*,𝜏𝜏 → leptons: tt+V backgrounds, mis-identified leptons 

• ttH, H → ɣɣ , 4𝓵: cleanest, but low decay rate

LHC Higgs XS WG YR4

J. High Energ. Phys. (2014) 2014: 87

http://dx.doi.org/10.23731/CYRM-2017-002
https://doi.org/10.1007/JHEP09(2014)087
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ttH measurements in CMS
�3

• ttH production was first established by CMS with Run 1 and 2016 data:


• Searches in all channels have been improved and extended since then:


• 4𝓵: with the full Run 2 dataset - 137 fb-1


• bb, multi-lepton, ɣɣ: based on the 2016 and 2017 datasets - 77.4 fb-1
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tt + b-jets final states
�4

Challenging final state: 
• irreducible background 

from tt + heavy flavour jets: 
modeled with Powheg 
[new: per-event weights 
for ISR/FSR uncertainties]


• large jet combinatorics

• QCD background in 0-lepton categories

Key ingredients:

• b-tagging: efficiency improved by ~10% at 1% mistag probability 

w.r.t. 2016 (new pixel detector and DeepCSV algorithm)

• advanced methods to reduce backgrounds (neural networks, matrix element)
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ttH→bb, 2𝓵 categories
�5

DL (3 jets, 2 b tags)
 =  0.14BS/B = 0.0007, S/

DL (3 jets, 3 b tags)
 =  0.28BS/B = 0.0083, S/

 4 jets, 2 b tags)≥DL (
 =  0.53BS/B = 0.0028, S/

 4 jets, 3 b tags)≥DL (
 =  0.88BS/B = 0.0173, S/

 4 b tags)≥ 4 jets, ≥DL (
 =  0.89BS/B = 0.0624, S/

Simulation Preliminary CMS Pre-fit expectation

Htt
+lftt

c+ctt
+btt
+2btt

b+btt
Other Bkg

7. Results 17

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
1

1

10

210

310

410

510
Data SMHt t×15 

+lftt Multijet
c+ctt Single t

+btt V+jets
+2btt ~~~+Vtt

b+btt Diboson
Uncertainty

4 b tags)≥9 jets, ≥FH (
Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

MEM discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ P

re
d.

0.5
1

1.5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
1

1

10

210

310

410

510
Data ~~~signal

+lftt Multijet
c+ctt Single t

+btt V+jets
+2btt ~~~+Vtt

b+btt Diboson
Uncertainty

4 b tags)≥9 jets, ≥FH (
Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

MEM discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Ev
en

ts
 / 

0.
03

1

10

210

310

410

510 Data SMHt t×15 
+lftt Single t

c+ctt V+jets
+btt ~~~+Vtt
+2btt Diboson

b+btt Uncertainty

3 b tags)≥6 jets, ≥SL (
H nodett

Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

ANN discriminant
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

D
at

a 
/ P

re
d.

0.5
1

1.5
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Ev
en

ts
 / 

0.
03

1

10

210

310

410

510 Data ~~~signal
+lftt Single t

c+ctt V+jets
+btt ~~~+Vtt
+2btt Diboson

b+btt Uncertainty

3 b tags)≥6 jets, ≥SL (
H nodett

Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

ANN discriminant
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

Bi
n

1

10

210

310

410
Data SMHt t×15 

+lftt Single t
c+ctt V+jets

+btt ~~~+Vtt
+2btt Uncertainty

b+btt

4 b tags)≥4 jets, ≥DL (
Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

BDT discriminant
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ P

re
d.

0.5
1

1.5
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

Bi
n

1

10

210

310

410
Data ~~~signal

+lftt Single t
c+ctt V+jets

+btt ~~~+Vtt
+2btt Uncertainty

b+btt

4 b tags)≥4 jets, ≥DL (
Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

BDT discriminant
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

Figure 5: Final discriminant shapes in the categories with the highest sensitivity in fully-
hadronic (top), semi-leptonic (middle), and dilepton (bottom) channels before (left) and after
(right) the fit to data. The expected background contributions (filled histograms) are stacked. In
the pre-fit case, the expected signal contribution (line), scaled by a factor 15, is superimposed.
In the post-fit case, the fitted signal contribution is also stacked. The hatched uncertainty bands
include the total uncertainty of the fit model. The distributions observed in data (markers) are
overlayed. The first and the last bins include underflow and overflow events, respectively.
The lower plots show the ratio of the data to the background (pre-fit) and signal+background
(post-fit) prediction.

• b-tag categories allow to separate 
and constraint different background 
sub-processes (e.g. tt+bb, tt+light) 

• BDT discriminant trained against inclusive tt background:

• kinematic variables of physics objects, continuous b-tagging information

• matrix element score, invariant masses and angular separations

CMS PAS HIG-18-030
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ttH→bb, 1𝓵 categories
�6

• Event categories: 4, 5, ≥6 jets 
• Multi-classification using an 

artificial neural network (ANN), 
with similar inputs as for the 2𝓵 case

CMS PAS HIG-18-030

Event

Multi-output 
ANN

ttH tt+bb tt+b …

http://cds.cern.ch/record/2675023


Higgs Hunting 2019

Measurements of Higgs boson production in association with top quarks with the CMS experiment

Marco Peruzzi (CERN)

ttH→bb, 1𝓵 categories
�7

7. Results 17

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
1

1

10

210

310

410

510
Data SMHt t×15 

+lftt Multijet
c+ctt Single t

+btt V+jets
+2btt ~~~+Vtt

b+btt Diboson
Uncertainty

4 b tags)≥9 jets, ≥FH (
Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

MEM discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ P

re
d.

0.5
1

1.5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
1

1

10

210

310

410

510
Data ~~~signal

+lftt Multijet
c+ctt Single t

+btt V+jets
+2btt ~~~+Vtt

b+btt Diboson
Uncertainty

4 b tags)≥9 jets, ≥FH (
Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

MEM discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Ev
en

ts
 / 

0.
03

1

10

210

310

410

510 Data SMHt t×15 
+lftt Single t

c+ctt V+jets
+btt ~~~+Vtt
+2btt Diboson

b+btt Uncertainty

3 b tags)≥6 jets, ≥SL (
H nodett

Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

ANN discriminant
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

D
at

a 
/ P

re
d.

0.5
1

1.5
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Ev
en

ts
 / 

0.
03

1

10

210

310

410

510 Data ~~~signal
+lftt Single t

c+ctt V+jets
+btt ~~~+Vtt
+2btt Diboson

b+btt Uncertainty

3 b tags)≥6 jets, ≥SL (
H nodett

Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

ANN discriminant
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

Bi
n

1

10

210

310

410
Data SMHt t×15 

+lftt Single t
c+ctt V+jets

+btt ~~~+Vtt
+2btt Uncertainty

b+btt

4 b tags)≥4 jets, ≥DL (
Pre-fit expectation

Preliminary CMS  (13 TeV)-141.5 fb

BDT discriminant
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ P

re
d.

0.5
1

1.5
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

Bi
n

1

10

210

310

410
Data ~~~signal

+lftt Single t
c+ctt V+jets

+btt ~~~+Vtt
+2btt Uncertainty

b+btt

4 b tags)≥4 jets, ≥DL (
Post-fit

Preliminary CMS  (13 TeV)-141.5 fb

BDT discriminant
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a 
/ P

re
d.

0.6
0.8

1
1.2
1.4

Figure 5: Final discriminant shapes in the categories with the highest sensitivity in fully-
hadronic (top), semi-leptonic (middle), and dilepton (bottom) channels before (left) and after
(right) the fit to data. The expected background contributions (filled histograms) are stacked. In
the pre-fit case, the expected signal contribution (line), scaled by a factor 15, is superimposed.
In the post-fit case, the fitted signal contribution is also stacked. The hatched uncertainty bands
include the total uncertainty of the fit model. The distributions observed in data (markers) are
overlayed. The first and the last bins include underflow and overflow events, respectively.
The lower plots show the ratio of the data to the background (pre-fit) and signal+background
(post-fit) prediction.
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• Scores interpreted as per-event process probability estimates 
• Events splitted in sub-categories according to the most probable hypothesis
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Figure 1: Distribution of the Dhjets for events with 8 jets and � 4 b-tags in an extended signal
region (SRext), which corresponds to the regular SR but excluding the requirement of Dhjets 
2.52 for this category. The expected background contributions (filled histograms) are stacked,
and the expected signal distribution (line) is superimposed. Each contribution is normalised
to an integrated luminosity of 41.5 fb�1, and the signal distribution is additionally scaled by a
factor of 15 for better visibility. The hatched uncertainty bands correspond to the total statistical
and systematic uncertainties. The distributions observed in data (markers) are overlayed. The
lower plot shows the ratio of the data to the background prediction.

which is used to separate events containing light-flavour jets from qq 0 decays of W bosons
from events containing gluon jets produced in multijet interactions or via initial-state radiation.
The QGL discriminant is applied only to non-b-tagged jets. To correct the modelling of the
QGL distribution in simulation, a reweighting based on a control sample of µ+µ�+ jet and dijet
events is applied. A likelihood ratio (QGLR) is defined based on the QGL of N reconstructed
light-flavour jets that arise from N quarks and the QGL of N reconstructed light-flavour jets
that arise from N gluons. After excluding either the first three (in the categories with 3 b-tags)
or four (in the categories with � 4 b-tags) b-tagged jets in an event (ranked by the DeepCSV
output value), up to N light-flavour jets with N = 3, 4, or 5 are used to calculate QGLR. The
distributions of the QGLR after the baseline selection are shown in Fig. 2. The signal region
(SR) is defined as QGLR > 0.5.

The main residual background to the fully-hadronic channel stems from multijet production,
which is estimated from control regions in data, as described below. The approach uses a
control region (CR) with low b tag multiplicity to estimate the contribution from multijet events
in the SR. The CR is enriched in multijet events, and the remaining contribution from other
backgrounds (mainly tt+jets) is subtracted using simulation.

The CR is defined by events with exactly two b-tagged jets and one or more additional jets
that are not b tagged but fulfil a requirement on the DeepCSV that corresponds to a 84% b
tagging efficiency at a 11% light-flavour mistagging rate (referred to as “loose” b tag) [39]. We
define a validation region (VR) using events with QGLR < 0.5. This definition provides four
mutually exclusive regions, summarised in Table 3, two of which are used to obtain the multijet
background estimate, while two are used to validate the method. The use of the Validation CR
and the VR for validation is justified since the QGLR and the number of additional loose b-

• Handles to reduce the dominant QCD background:

• discrimination of quark vs. gluon jets (likelihood ratio)

• variable built from average jet angular separation [new] 

• Signal extracted by a fit to a matrix element discriminant

• Background normalized from control regions with looser b-tag requirements

Fully-Hadronic Channel Discriminant

� Analytic Matrix Element Method
(MEM) approach: likelihood f of
event kinematics
� Based on process matrix-element

(OpenLoops at LO)
� Takes into account detector

effects

� Likelihood ratio discriminant

f (ttH)
f (ttH) +  · f (tt + bb)

� Background hypothesis tt + bb
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Matthias Schröder – tt + bb and ttH(bb) at CMS June 25, 2019 23/42

CMS PAS HIG-18-030

http://cds.cern.ch/record/2675023


Higgs Hunting 2019

Measurements of Higgs boson production in association with top quarks with the CMS experiment

Marco Peruzzi (CERN)

Results
�9

7. Results 19

Table 5: Best fit value of the signal strength modifier µ and the corresponding observed (obs)
and expected (exp) significance in standard deviations in the fully-hadronic (FH), single-lepton
(SL), and dilepton (DL) channels and in the channel combination.

µ̂ ± tot (±stat ± syst) significance obs (exp)

FH 3 b-tags 1.36+3.57
�5.36

⇣
+1.68
�1.69

+3.15
�5.09

⌘
0.3 s (0.2 s)

FH 4 b-tags �1.54+1.41
�1.45

⇣
+0.91
�0.90

+1.08
�1.13

⌘
— (0.7 s)

FH combined �1.69+1.43
�1.47

⇣
+0.83
�0.83

+1.16
�1.22

⌘
— (0.7 s)

SL 4 jets 1.73+2.25
�2.21

�+0.88
�0.87

+2.07
�2.04

�
0.8 s (0.5 s)

SL 5 jets 0.73+0.98
�0.97

⇣
+0.47
�0.46

+0.86
�0.86

⌘
0.8 s (1.0 s)

SL � 6 jets 2.05+0.76
�0.69

⇣
+0.31
�0.31

+0.69
�0.62

⌘
3.0 s (1.6 s)

SL combined 1.84+0.62
�0.56

�+0.26
�0.26

+0.56
�0.50

�
3.3 s (1.9 s)

DL 3 jets �2.35+4.40
�2.65

⇣
+2.13
�2.06

+3.85
�1.66

⌘
— (0.2 s)

DL � 4 jets 1.57+1.02
�0.98

�+0.55
�0.53

+0.86
�0.82

�
1.6 s (1.0 s)

DL combined 1.62+0.90
�0.85

�+0.50
�0.48

+0.76
�0.70

�
1.9 s (1.2 s)

FH+SL+DL combined 1.49+0.44
�0.40

⇣
+0.21
�0.20

+0.39
�0.35

⌘
3.7 s (2.6 s)

FH+SL+DL combined 2016+2017 1.15+0.32
�0.29

⇣
+0.15
�0.15

+0.28
�0.25

⌘
3.9 s (3.5 s)
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Figure 7: Best fit values of the signal strength modifiers µ obtained in the fit of the 2017 dataset
(left) and in the combined fit of the 2016 and 2017 datasets (right) per channel and dataset and
in the full combination. Also shown are the 68% expected confidence intervals (outer error
bar), also split into their statistical (inner error bar) and systematic components.

7. Results 21

with a total uncertainty of +0.32/�0.29 (at an expected uncertainty of +0.31/�0.29). This
corresponds to an observed (expected) significance of 3.9 (3.5) standard deviations above the
background-only hypothesis. The best fit value is also listed in Table 5 and shown in Fig. 7
(right). The p value of the combined fit is p = 0.68.

The contributions of the statistical and various systematic uncertainties to the uncertainty in µ̂
are listed in Table 6. The statistical uncertainty is evaluated by fixing all nuisance parameters
to their post-fit values. The impact of the systematic uncertainties is evaluated by repeating the
fit fixing only the nuisance parameters related to the uncertainty under scrutiny to their post-
fit values and subtracting the obtained uncertainty in quadrature from the total uncertainty
of the fit where no parameters are fixed. The total uncertainty of the full fit (+0.32

�0.29) is different
from the quadratic sum of the listed contributions because of correlations between the nuisance
parameters.

Table 6: Contributions of different sources of uncertainties to the result for the combined fit to
the 2016 and 2017 datasets. The quoted uncertainties Dµ̂ in µ̂ are obtained by fixing the listed
sources of uncertainties to their post-fit values in the fit and subtracting the obtained result in
quadrature from the result of the full fit. The statistical uncertainty is evaluated by fixing all
nuisance parameters to their post-fit values. The quadratic sum of the contributions is different
from the total uncertainty because of correlations between the nuisance parameters.

Uncertainty source Dµ̂

Total experimental +0.15/�0.13

b tagging +0.08/�0.07

jet energy scale and resolution +0.05/�0.04

Total theory +0.23/�0.19

signal +0.15/�0.06

tt+hf modelling +0.14/�0.15

QCD background prediction +0.10/�0.08

Size of simulated samples +0.10/�0.10

Total systematic +0.28/�0.25

Statistical +0.15/�0.15

Total +0.32/�0.29

The total uncertainty of +0.32/�0.29 is dominated by contributions from systematic effects,
while the statistical component is +0.15/�0.15. The largest contributions originate from the
theoretical uncertainties, amounting to +0.23/�0.19, where the tt+hf modelling uncertainties
have a major contribution. Uncertainties due to the QCD multijet background estimation con-
tribute with +0.10/�0.08. Experimental uncertainties amount to +0.15/�0.13. Systematic
uncertainties due to the size of the various simulated samples used to model the background
and signal templates are at the same order and amount to +0.10/�0.10.

• 2017 result: μ = 1.49 +0.44 -0.40 , 3.7σ significance (2.6σ expected)

• 2016+2017 combination: μ = 1.15 +0.32 -0.29 , 3.9σ significance (3.5σ expected) 
• Very significant improvements in the control of backgrounds 

result in an impressive boost of the analysis sensitivity

CMS PAS HIG-18-030

http://cds.cern.ch/record/2675023
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• Target Higgs decays to WW*, ZZ*, 𝜏𝜏


• Channels:


• 1 lepton + 2 𝜏h 

• 2 same-sign leptons + 0,1,2 𝜏h 

• 3 leptons + 0,1 𝜏h 

• 4 leptons


Measurements of ttH and tH production at CMS - EPS-HEP 2019 - C. Martin Perez �7

Lig
ht 

lep
ton

s

Hadronic τ’s
1l+2τ
2l+2τ2lss+1τ2lss+0τ

3l+1τ3l+0τ
4l+0τ

ttH with H → WW*, ZZ*, ττ Medium branching ratio,  
significant reducible background

Seven categories based on number of  
light leptons and hadronic τ’s:

Dedicated analysis methods per channel: 
‣ One BDT per channel against tt/ttV (MEM,  

hadronic top tagger, Higgs jet tagger) 
‣ MEM in 2lss+1τh (ttH, tt, ttV) 

Sensitivity driven by the leptons: 
‣ Prompt vs non-prompt lepton MVA  
‣ Flavor and b-tagging subcategories

“multileptons”

Irreducible ttZ/ttW and diboson backgrounds from 
simulation @NLO 
Reducible backgrounds from tt with non-prompt leptons 
or fake taus estimated from data CR with relaxed object ID

CMS-PAS-HIG-18-019

Main selection handles:

• At least 2 loose or 1 medium b-tagged jets 
• Jet multiplicity (≥4 jets in 2-lep, ≥2 jets in 3-lep)

CMS PAS HIG-18-019

http://cds.cern.ch/record/2649199
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• Categories based on lepton flavor, b-jet multiplicity and lepton charge  
• Main sources of background:


• prompt leptons from ttV, VV: from simulation normalized in control regions

• non-prompt leptons in tt events: predicted from data
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in (a)
the 1`+ 2th, (b) the 2`+ 2th, (c) the 2`ss + 1th, and (d) 3`+ 1th categories. Post-fit yields and
uncertainties for the ttH signal and the background processes are shown.
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in (a)
the 1`+ 2th, (b) the 2`+ 2th, (c) the 2`ss + 1th, and (d) 3`+ 1th categories. Post-fit yields and
uncertainties for the ttH signal and the background processes are shown.
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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• prompt leptons from ttV, VV: from simulation normalized in control regions

• non-prompt leptons in tt events: predicted from data
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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Figure 3: Distributions in the discriminating observables used for the signal extraction in (a)
the 1`+ 2th, (b) the 2`+ 2th, (c) the 2`ss + 1th, and (d) 3`+ 1th categories. Post-fit yields and
uncertainties for the ttH signal and the background processes are shown.
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
2`ss and 3` categories. Post-fit yields and uncertainties for the ttH signal and the background
processes are shown. In (a) and (c) the distributions for the 2`ss and 3` sub-categories are
shown; the x-axis labels “bl” and “bt” stand for “b-tag loose” and “b-tag tight”, respectively.
Further details are given in Section 7.2.1.
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• Multivariate analysis methods are used for several tasks:

• lepton selection based on isolation, identification and vertex variables

• tag resolved decay products from top and Higgs

• reduction of ttV and tt backgrounds based on kinematic observables
• matrix element calculation enhancing signal separation in 3-lep

CMS PAS HIG-18-019

• Categories based on lepton flavor, b-jet multiplicity and lepton charge  
• Main sources of background:


• prompt leptons from ttV, VV: from simulation normalized in control regions

• non-prompt leptons in tt events: predicted from data
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• 2017 result: μ = 0.75 +0.46 -0.43 , 1.7σ significance (2.9σ expected)

• 2016+2017 combination: μ = 0.96 +0.34 -0.31 , 3.2σ significance (4.0σ expected) 
• Post-fit ttV normalization shows a slight excess over the SM expectation 

(NLO cross section), coherent with dedicated tt+V measurements

10. Summary 21

Figure 4: Measured signal rates, normalized to the SM ttH production rate, for the individual
categories and for the combination of all seven categories.

H)t(tµBest fit 
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hτ1l + 2

-1.14
+1.24 = 1.40 µ

2lss

-0.55
+0.62 = 0.87 µ

hτ2lss + 1

-1.11
+1.03 = 1.13 µ

hτ2l + 2

-0.00
+1.29 = 0.00 µ

3l

-0.62
+0.82 = 0.29 µ

hτ3l + 1

-1.33
+1.96 = -0.96 µ

4l

-1.69
+3.81 = 0.99 µ

Combined (syst.)
-0.27
+0.29(stat.)  -0.34

+0.36    
-0.43
+0.46 = 0.75 µ
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Table 5: Summary of the main sources of systematic uncertainty and their impact on the mea-
sured signal rate. The Dµ/µ column shows the approximate relative shift in signal rate when
varying the systematic uncertainty source by its value. Impacts are shown both for the 2017
analysis and for the 2016 + 2017 combined analysis. A general indication on the treatment of
their correlations between the 2016 and 2017 samples in the combined analysis is also given.

Source Uncertainty [%] Dµ/µ [%] (2017) Dµ/µ [%] (Comb.) Correlations
Theoretical sources ⇡ 8 8 9 Correlated
e, µ selection efficiency 3–5 4 3 Correlated
th selection efficiency 5 3 5 Correlated
th energy calibration 1.2 1 2 Correlated
b tagging efficiency 2–15 [48] 10 5 Correlated
Jet energy calibration 2–15 [56] 3 3 Correlated
Fake background yield ⇡ 30–50 17 9 Un-correlated

of observed data events is in agreement with the SM expectation, which includes both the
signal and the backgrounds, within the uncertainties described in Section 8. Distributions of
the discriminating variables, used for the signal extraction in the different categories, after the
fit are shown in Figs. 2–3.

The signal rate is extracted from the ML fit either by restricting µ to the same value across
all categories, to extract a combined result, or by allowing it to assume a different value in
each category. The combined measurement using the dataset collected in 2017 stands for the
observed (expected) signal rate of µ = 0.75+0.46

�0.43 (1.00+0.39
�0.35) times the SM ttH production rate,

in agreement with the expectation, and corresponds to an observed (expected) significance of
1.7s (2.9s).

The signal rates measured in every category are presented in Table 7 and summarized in Fig-
ure 4. They are compatible with each other and with the SM expectation. The sensitivity is
driven by the 2`ss, 3` and 2`ss + 1th categories, while the 2`+ 2th, 3`+ 1th, and 4` categories
are statistically limited. The 1` + 2th and 2`ss + 1th categories show a slight excess over the
SM expectation, while a slight deficit is observed in the other categories.

The ttZ and ttW rate modifiers are constrained in the simultaneous fit with µ and assume
the observed (expected) values of µttZ = 1.69+0.39

�0.33 (1.00+0.24
�0.21) and µttW = 1.42+0.34

�0.33 (1.00+0.27
�0.24),

following the same trend as reported in Ref. [57].

These results are combined, at the final statistical analysis step, with those obtained from the
dataset collected in 2016 and reported in Ref. [6]. In that analysis, an observed (expected) ttH
signal strength µ = 1.04+0.50

�0.36 (1.00+0.42
�0.38), corresponding to an observed (expected) significance

of 2.7s (2.7s), was obtained from the fit where ttZ and ttW normalizations were left freely
floating and constrained from the dedicated control regions.

The combination of 2016 and 2017 results yields an observed (expected) signal strength µ =
0.96+0.34

�0.31 (1.00+0.30
�0.27), which corresponds to an observed (expected) local significance of 3.2s

(4.0s). The combined result is appended to Table 7. The uncertainty in the signal strength
is significantly reduced in the combination. The result is in very good agreement with the SM
expectation.

Finally, the observed 95% confidence level (CL) upper limits on the ttH signal rate multiplier
are compared to the expected limits for the background-only hypothesis (µ = 0) and for the

• ttV and VV normalizations simultaneously 
fit using dedicated control regions

• Comparable impacts from theoretical and 
experimental sources of systematic uncertainty

CMS PAS HIG-18-019
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Figure 3: Distribution of the output of the ttH BDTs for the leptonic categories (left) and the
hadronic ones (right). Events are selected if the two photons have a photon identification
score > �0.2. At least one lepton and one b-tagged jet are required in the leptonic channel
and no leptons and at least two jets in the hadronic one. Signal (red histogram) is compared to
data sidebands (black markers), i.e. events in 100  mgg < 115 GeV or 135  mgg < 180 GeV,
excluding the Higgs boson region. The signal histogram is scaled to match the area of the data
one. Vertical lines represent the boundaries of the categories exploited in the analysis.

• the h of the four highest pT jets;
• the sum pT of all the reconstructed jets;

• b-tagged jet variables:
• the value of the b-discriminant of the three jets with the highest score of

the b-discriminant;
• the value of the b-discriminant of the four highest pT jets;

• the missing transverse momentum pmiss

T
.

The output of the BDT discriminant is reported in Fig. 3 (right). The ttH signal peaks at high
values of the BDT output, whereas the background evaluated from the data sidebands peaks
at low values. Events are classified using the output score of the BDT in three categories. The
boundaries of the categories are chosen to maximize the expected significance and are also
shown in Fig. 3. The resulting categories are:

• TTH Hadronic 0: events with a BDT score greater than 0.56;
• TTH Hadronic 1: events with a BDT score between 0.48 and 0.56;
• TTH Hadronic 2: events with a BDT score between 0.38 and 0.48.

Events with a BDT score lower than 0.38 are rejected.

6 Signal and background model

6.1 Signal model

The signal shape for the diphoton invariant mass distribution in each category and for a nomi-
nal Higgs boson mass mH is constructed from simulation based on the events from the different

8. Results 13

background function.
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Figure 5: Expected fraction of signal events per production mode in the different categories.
For each category, the se f f and FWHM of the signal model, as described in the text, are given.
The ratio of the number of signal events (S) to the number of signal plus background events
(S+B) is shown on the right hand side.

• Fit strategy as for the general H→ɣɣ analysis (see A. Kumar’s talk yesterday)


• Categories targeting hadronic (≥2j) and leptonic (1𝓁, ≥1j) top decays


• Dedicated BDT discriminants to enhance the analysis sensitivity, 
simultaneously using identification and kinematic variables from leptons and jets

CMS PAS HIG-18-018
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Figure 7: The likelihood scan for the tt̄H signal strength where the value of the standard model
Higgs boson mass is constrained to the Run I combination [9].
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value of the standard model Higgs boson mass constrained to the Run I combination, compared
to the overall signal strength (green band) and to the SM expectation (dashed red line).
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Figure 10: Data points (black) and signal plus background model fits for all categories weighted
by S/(S + B), where S and B are the numbers of expected signal and background events, respec-
tively, in a ±1se f f mass window centered on mH. The tt̄H signal strength (top left) is from a
simultaneous fit to all categories. The one standard deviation (green) and two standard devia-
tion (yellow) bands include the uncertainties in the background component of the fit. The solid
red line shows the contribution from the total signal, plus the background contribution. The
dashed red line shows the contribution from the background component of the fit. The bottom
plot shows the residuals after subtraction of this background component.

• 2017 result: μ = 1.3+0.7-0.5 
3.1σ significance (2.2σ expected)


• 2016+2017 combination: μ = 1.7+0.6-0.5 
4.1σ significance (2.7σ expected)

• Diphoton mass spectrum is fit 
in slices of the BDT discriminant score


• Background shape is determined from data 
using a discrete profiling method
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https://cds.cern.ch/record/2649208


Higgs Hunting 2019

Measurements of Higgs boson production in association with top quarks with the CMS experiment

Marco Peruzzi (CERN)

ttH in the 4𝓵 final state
�17

�11Measurements of ttH and tH production at CMS - EPS-HEP 2019 - C. Martin Perez

ttH with H → ZZ* → 4l

CMS-PAS-HIG-19-001 

Extremely low branching ratio, high purity

Part of the inclusive H → ZZ* → 4l analysis: 
‣ Full Run 2 data analyzed! 
Two dedicated ttH categories based on the tt decays 
High signal purity of ttH categories (~90% in ttH-leptonic) 
Reducible background from non-prompt leptons estimated  
from data CR with relaxed lepton identification
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• Dedicated categories as a part of the H→ZZ analysis

• Identify hadronic and leptonic tt decays by requiring at least 4 jets, and b-tagging

CMS PAS HIG-19-001
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Figure 4: Signal relative purity of the event categories in terms of the seven main production
mechanisms of the Higgs boson in a 118 < m4` < 130 GeV mass window. The WH, ZH
and tt̄H processes are split according to the decay of associated objects, whereby X denotes
anything other than an electron or muon.

• VBF-1jet-tagged category: VBF-1j
• VBF-2jet-tagged category:

1. VBF-2j/pT>200: p
H
T > 200 GeV and mjj > 350 GeV;

2. VBF-2j/mJJ[350,700]: p
H
T < 200 GeV, p

Hjj

T
< 25 GeV, and 350 < mjj <

700 GeV;
3. VBF-2j/mJJ>700:pH

T < 200 GeV, p
Hjj

T < 25 GeV, mjj > 700 GeV;

4. VBF-3j/mJJ>350:pH
T < 200 GeV, p

Hjj

T > 25 GeV, mjj > 350 GeV;
5. VBF-rest: if not above.

• VH-hadronic-tagged category

1. VH-had/mJJ[60-120]: 60 < mjj < 120 GeV;
2. VH-rest: not above.

• VH-leptonic-tagged category

1. VH-lep/pT[0-150]: p
H
T < 150 GeV;

2. VH-lep/pT>150: p
H
T > 150 GeV.

• tt̄H-hadronic-tagged category: ttH-had.
• tt̄H-leptonic-tagged category: ttH-lep.

Figure 5 shows the signal relative purity of all STXS Stage 1.1 Bins in the 22 event sub-categories
defined above.
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Figure 13: (Left) Results of likelihood scans for the signal-strength modifiers corresponding to
the main SM Higgs boson production modes, compared to the combined µ shown as a vertical
line. The horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties
include both statistical and systematic sources. (Right) Result of the 2D likelihood scan for the
µggH, ttH,bb̄H,tH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson.

10.2 Simplified template cross section

We also present the results for STXS, a measurement strategy detailed in the CERN Yellow
Report 4 of the LHC-HXSWG [24]. The Stage 0 Bins correspond to the H boson production
mechanisms. The previous Run 2 analysis has reported the measured Stage 0 results [15]. With
full Run 2 data, this analysis targets the finer Stage 1.1 Bins. The theoretical uncertainties on the
overall signal cross sections are removed, while the theoretical uncertainties which can cause
migration of events between the various categories are kept in this measurement.

The measured cross sections, normalized to the SM prediction are shown in Fig. 14 for Stage
0 and in Fig. 15 for Stage 1.1. The correlation matrix for Stage 1.1 is shown in Fig. 16. The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the measurement of the cross section for the production and decay pp ! H ! 4`
within a fiducial volume defined to match closely the reconstruction level selection is pre-
sented. This measurement has minimal dependence on the assumptions of the relative fraction
or kinematic distributions of the separate production modes. The definition of the fiducial vol-
ume is very similar to the definition used in Ref. [21]. The differences with respect to Ref. [21]
are that leptons are defined as “dressed” leptons, as opposed to produced bare leptons, and
the lepton isolation criteria is updated to match the reconstruction level selection. Leptons are
“dressed” by adding the four-momenta of photons within DR < 0.3 to the bare leptons, and
leptons are considered isolated if the sum of scalar pT of all stable particles within DR < 0.3
from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet ob-

• Results compatible with the SM expectation

• Dedicated categories as a part of the H→ZZ analysis

• Identify hadronic and leptonic tt decays by requiring at least 4 jets, and b-tagging
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• tHq production: sensitive to the sign of the top-Higgs coupling via interference


• Peculiar kinematic features: forward activity, lower jet multiplicity than ttH

Single top + Higgs
�19

1

1 Introduction
The scalar resonance discovered by the CMS and ATLAS Collaborations at the LHC [1–3] in
2012 has been found to have properties consistent with the predictions of the standard model
(SM) for a Higgs boson with a mass of about 125 GeV [4]. In particular, its couplings to bosons
(gHVV) and fermions (yf) corroborate an SM-like dependence on the respective masses. Further-
more, data indicate that it has zero spin and positive parity [5]. Recently, the associated pro-
duction of top quark pairs with a Higgs boson (ttH) and Higgs boson decays to pairs of bottom
quarks have been observed [6–8], thereby directly probing the Yukawa interactions between
the Higgs boson and top as well as bottom quarks for the first time. In addition to measuring
the absolute strengths of Higgs boson couplings, it is pertinent to assess the possible existence
of relative phases among the couplings, as well as their general Lorentz structure. Hence a
broad sweep of Higgs boson production mechanisms and decay modes must be considered to
reveal any potential deviations from the SM expectations.

The production rate of ttH is sensitive only to the magnitude of the top quark-Higgs boson
Yukawa coupling yt and has no sensitivity to its sign. Measurements of processes such as
Higgs boson decays to photon pairs [9] or the associated production of Z and Higgs bosons via
gluon-gluon fusion [10] on the other hand do have sensitivity to the sign, because of indirect
effects in loop interactions. Those measurements currently disfavor a negative value of the
coupling [11, 12], but rely on the assumption that only SM particles contribute to the loops [13].

In contrast, the production of Higgs bosons in association with single top quarks in proton-
proton (pp) collisions proceeds via two categories of Feynman diagrams [14–17], where the
Higgs boson couples either to the top quark or the W boson. The two leading order (LO)
diagrams for the t channel production process (tHq) are shown in Fig. 1, together with one of
the five LO diagrams for the tW process (tHW), for illustration. Because of the interference of
these diagrams, the production cross section is uniquely sensitive to the magnitude as well as
the relative sign and phase of the couplings.

t

W

b

q

t

H

q
0

yt

W

W

b

q

t

H

q
0

gHVV
b

t

b

g

W
�

H

t

yt

Figure 1: Leading order Feynman diagrams for the associated production of a single top quark
and a Higgs boson in the t channel, where the Higgs boson couples either to the top quark (left)
or the W boson (center), and one representative diagram of tHW production, where the Higgs
boson couples to the top quark (right).

In the SM, the interference between these two diagrams is maximally destructive and leads to
very small production cross sections of about 71, 16, and 2.9 fb for the t channel, tW process, and
s channel, respectively, at a center-of-mass energy

p
s = 13 TeV [18, 19]. Hence measurements

using the data collected at the LHC so far are not yet sensitive to the SM production. However,
in the presence of new physics, there may be relative opposite signs between the t-H and W-H
couplings which lead to constructive interference and enhance the cross sections by an order of
magnitude or more. In such scenarios, realized, e.g., in some two-Higgs doublet models [20],
tHq production would exceed that of ttH production, making it accessible with current LHC
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Figure 10: Post-fit classifier outputs of the signal classification BDT as used in the maximum
likelihood fit for the 3 tag channel (left) and the 4 tag channel (right). In the box below each
distribution, the ratio of the observed and predicted event yields is shown. The shape of the tH
signal is indicated with 800 times the SM.
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Figure 11: Pre- (left) and post-fit (right) classifier outputs of the flavor classification BDT for the
dilepton selection. In the box below each distribution, the ratio of the observed and predicted
event yields is shown.

ments are evaluated with a tag-and-probe method. Uncertainties in correcting the distribution
of PV interactions are accounted by varying the total inelastic cross section by 4.6% [60]. The
corrections applied to the jet energy scale and resolution are varied within their given uncer-
tainties and the migration between different categories is used to determine the effect. In ad-
dition, the contribution to pmiss

T of unclustered particles is varied within the resolution of each
particle [61]. The b tagging efficiencies for jets are measured in QCD multijet and tt enriched
samples and varied within their uncertainties [34].

As for the multilepton channel, an uncertainty of 2.5% is assigned to the integrated luminos-
ity [54] and affects the normalization of all processes.

The dominant systematic uncertainties are those related to the factorization and renormaliza-
tion scales, as well as the uncertainties in the overall normalization of the tt+HF processes and
the jet energy corrections.
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Figure 6: Post-fit categorized classifier outputs as used in the maximum likelihood fit for the
µ±µ± channel (left), e±µ± channel (center), and three-lepton channel (right), for 35.9 fb�1. In
the box below each distribution, the ratio of the observed and predicted event yields is shown.
The shape of the tH signal is indicated with 10 times the SM.

ditional multivariate algorithms are used to optimize the jet-parton assignment used to re-
construct kinematic properties of signal and background events which, in turn, are used to
distinguish these components.

5.1 Selection

Selected events in the single-lepton + bb signal channels must pass a single-lepton trigger.
Each event is required to contain exactly one muon or electron. Muon (electron) candidates are
required to satisfy pT > 27 (35)GeV and |h| < 2.4 (2.1), motivated by the trigger selection,
and to be isolated and fulfill strict quality requirements. Events with additional leptons that
have pT > 15 GeV and pass less strict quality requirements are rejected. At the analysis level,
the selection criteria target the H ! bb and t ! Wb ! `nb decay channels. With these
decays, the final state of the tHq process consists of one W boson, three b quarks, and the
light-flavor quark recoiling against the top quark-Higgs boson system. In addition, a fourth
b quark is expected because of the initial gluon splitting, but often falls outside the detector
acceptance. The main signal region is therefore required to have either three or four b-tagged
jets and at least one additional untagged jet, both defined using the medium working point.
Central jets with |h| < 2.4 are required to have pT > 30 GeV, while jets in the forward region
(2.4  |h|  4.7) are required to have pT > 40 GeV.

The neutrino is accounted for by requiring a minimal amount of missing transverse momentum
of pmiss

T > 35 GeV in the muon channel and pmiss
T > 45 GeV in the electron channel. This renders

the background from QCD multijet events negligible.

In addition to the signal regions, a control region is defined to constrain the main background
contribution from top quark pair production. Events selected for this control region must pass
a dilepton trigger. Each event is required to contain exactly two oppositely charged leptons,
where their flavor can be any combination of muons or electrons. Two jets in each event must
be b tagged. Furthermore, at least one additional jet must pass the loose b tagging requirement.
Similarly to the signal regions, each event is further required to have a minimum amount of
missing transverse momentum. All selection criteria are summarized in Table 4.

Factor of 10 larger cross section 
if (𝜅T,𝜅V) = (-1,1) w.r.t. SM

Analysis strategies adapted 
from ttH leptonic and bb 

Reinterpretation of H→ɣɣ  
tagged categories in terms 
of a tH signal model
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gación Cientı́fica y Técnica de Excelencia Marı́a de Maeztu, grant MDM-2015-0509 and the Pro-
grama Severo Ochoa del Principado de Asturias; the Thalis and Aristeia programs cofinanced
by EU-ESF and the Greek NSRF; the Rachadapisek Sompot Fund for Postdoctoral Fellowship,
Chulalongkorn University and the Chulalongkorn Academic into Its 2nd Century Project Ad-
vancement Project (Thailand); the Welch Foundation, contract C-1845; and the Weston Havens
Foundation (USA).

References
[1] ATLAS Collaboration, “Observation of a new particle in the search for the standard

model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 1,
doi:10.1016/j.physletb.2012.08.020, arXiv:1207.7214.

[2] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC”, Phys. Lett. B 716 (2012) 30,
doi:10.1016/j.physletb.2012.08.021, arXiv:1207.7235.

24

�3 �2 �1 0 1 2 3

�t

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

�
tH

�
B

R
[p

b]

CMS 35.9 fb�1 (13 TeV)

pp ! tH
H ! WW/ZZ/��/bb/��

�V = 1.0, µtt̄H = 1.0

Observed limit
Expected limit
68% expected
95% expected
�theo.

tH � BR

Figure 14: Observed and expected 95% CL upper limit on the tH cross section times combined
H ! WW⇤ + tt + ZZ⇤ + bb + gg branching fraction for different values of the coupling ratio
kt. The expected limit is calculated on a background-only data set, i.e., without tH contribution,
but including a kt-dependent contribution from ttH. The ttH normalization is kept fixed in the
fit, while the tH signal strength is allowed to float.

[3] CMS Collaboration, “Observation of a new boson with mass near 125 GeV in pp
collisions at

p
s = 7 and 8 TeV”, JHEP 06 (2013) 081,

doi:10.1007/JHEP06(2013)081, arXiv:1303.4571.

[4] ATLAS and CMS Collaborations, “Combined measurement of the Higgs boson mass in
pp collisions at

p
s = 7 and 8 TeV with the ATLAS and CMS experiments”, Phys. Rev. Lett.

114 (2015) 191803, doi:10.1103/PhysRevLett.114.191803, arXiv:1503.07589.

[5] CMS Collaboration, “Constraints on the spin-parity and anomalous HVV couplings of
the Higgs boson in proton collisions at 7 and 8 TeV”, Phys. Rev. D 92 (2015) 012004,
doi:10.1103/PhysRevD.92.012004, arXiv:1411.3441.

[6] CMS Collaboration, “Observation of ttH production”, Phys. Rev. Lett. 120 (2018) 231801,
doi:10.1103/PhysRevLett.120.231801, arXiv:1804.02610.

[7] ATLAS Collaboration, “Observation of Higgs boson production in association with a top
quark pair at the LHC with the ATLAS detector”, Phys. Lett. B 784 (2018) 173,
doi:10.1016/j.physletb.2018.07.035, arXiv:1806.00425.

[8] CMS Collaboration, “Observation of Higgs boson decay to bottom quarks”, Phys. Rev.
Lett. 121 (2018) 121801, doi:10.1103/PhysRevLett.121.121801,
arXiv:1808.08242.

[9] S. Biswas, E. Gabrielli, and B. Mele, “Single top and Higgs associated production as a
probe of the Htt coupling sign at the LHC”, JHEP 01 (2013) 088,
doi:10.1007/JHEP01(2013)088, arXiv:1211.0499.

SMInverted top 
coupling

Shaded region 
is excluded
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• CMS has studied the associated production of a Higgs boson with top quarks 
in all main decay channels, using sophisticated analysis methods


• After the observation of ttH production from their combination, we have now 
separate evidence in all main channels with a partial Run 2 dataset


• All results are compatible with the expectation for SM Higgs boson couplings 
• As we move forward to the exploration of the full Run 2 dataset, and beyond, 

we will focus on an even more precise measurement of the coupling 
(see E.Fontanesi’s talk tomorrow), and differential measurements of ttH production

Channel 𝓛 μ Obs. (exp.) significance
bb

77.4 fb-1

1.15 +0.32 -0.29 3.9σ (3.5σ)
WW* / ZZ* / 𝜏𝜏 0.96 +0.34 -0.31 3.2σ (4.0σ)

ɣɣ 1.7 +0.6 -0.5 4.1σ (2.7σ)
4𝓵 137 fb-1 0.13 +0.93 -0.13 -
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Baseline event selection requirements
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online leptons with a flavour content consistent with that of the two leptons selected offline (for
example, µ+µ� events are required to pass a dimuon or single-muon trigger). The invariant
mass of the selected lepton pair, m``, is required to be larger than 20 GeV to suppress events
from heavy-flavour resonance decays and low-mass Drell–Yan processes. In the same-flavour
channels, events are also rejected if 76 GeV < m`` < 106 GeV, thereby suppressing further
contribution from Z+jets events. The dilepton events are required to contain at least two jets,
where the leading two jets must have pT > 30 GeV and all further jets pT > 20 GeV. At least
one jet must be b tagged.

In addition, events are required to fulfil p
miss
T > 20 GeV in the single-lepton and p

miss
T > 40 GeV

in the dilepton same-flavour channels to suppress background contributions, for example from
QCD multijet production, and to account for the neutrinos from the W boson decay.

The criteria of this selection, referred to as baseline event selection in the following, are sum-
marised in Table 1.

Table 1: Baseline event selection criteria in the fully-hadronic (FH), single-lepton (SL), and
dilepton (DL) channels.

FH channel SL channel DL channel
Number of leptons 0 1 2
pT of leptons (e/µ) [GeV] — > 30/29 > 25/25 GeV
pT of additional leptons [GeV] < 15 < 15 < 15
|h| of leptons < 2.4 < 2.4 < 2.4
Number of jets � 6 � 4 � 2
pT of jets [GeV] > 40 > 30 > 30, 30, 20
|h| of jets < 2.4 < 2.4 < 2.4
Number of b-tagged jets � 2 � 2 � 1
p

miss
T — > 20 GeV > 40 GeV

Event yields observed in data and predicted by the simulation after the baseline selection are
listed in Table 2. The ttH signal includes H ! bb and all other Higgs boson decay modes.
Background contributions from QCD multijet production, estimated using a low-p

miss
T control

region in data, have been found to be negligible in the single-lepton and dilepton channels.

5 Analysis strategy and classification

The analysis strategy has been optimised separately in each channel, based on the expected
sensitivity to a SM ttH signal evaluated with simulated data.

In each analysis channel, the selected events are further divided into categories with varying
signal purity and different background composition, as described below. In each category,
multivariate discriminants are optimised to separate signal from background. The signal is
extracted in a simultaneous template fit of the expected background and signal discriminant
output to the data across all the categories and channels, correlating corresponding processes.
The systematic uncertainties discussed in Section 6 are taken into account using nuisance pa-
rameters and are correlated among the processes, categories, and channels where appropriate.
The signal template includes contributions from all SM Higgs-boson decays to take into ac-
count contamination by other decay channels.

5. Analysis strategy and classification 9
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Figure 2: Distributions of the QGLR after excluding the first three (left) and first four (right)
b-tagged jets (ranked by the DeepCSV output value) for the calculation in the fully-hadronic
channel after the baseline selection. The expected background contributions (filled histograms)
are stacked, and the expected signal distribution (line) is superimposed. Each contribution is
normalised to an integrated luminosity of 41.5 fb�1, and the signal distribution is additionally
scaled by a factor of 15 for better visibility. The hatched uncertainty bands correspond to the
total statistical and systematic uncertainties (excluding the 50% uncertainties on the normalisa-
tion of the tt+hf processes) added in quadrature. The distributions observed in data (markers)
are overlayed. The last bin includes overflow events. The lower plots show the ratio of the data
to the background prediction.

tagged jets are uncorrelated by construction, since only the non-loose b-tagged jets are used in
the calculation of the QGLR, except for the rare case of events with five or more loose b-tagged
jets. However, there is a slight indirect correlation originating from different probabilties of
quark- and gluon-like jets being promoted to loose b-tagged jets, which does not effect the
validity of the method.

Table 3: Definition and description of the four mutually exclusive regions in the analysis.

Nb tag = 2
Nb tag � 3

Nb tag loose � 3

QGLR > 0.5 CR SR
(to extract distribution) (final analysis)

QGLR < 0.5 Validation CR VR
(to validate distribution) (comparison with data)

The four mutually exclusive regions are used independently in each of the six analysis cate-
gories defined above. For a given variable, the distribution of the multijet events in the SR of
each category is estimated from the data in the CR, after subtracting tt+jets and other minor
backgrounds. Since the kinematic properties of b-tagged and untagged jets differ in the CR and
SR because of a different heavy-flavour composition, corrections (TFloose) as a function of jet pT,
h, and the minimum distance between the jet and the first two b-tagged jets are applied to the
loose b-tagged jets in the CR. The TFloose correction is obtained from jets in events passing the
baseline selection, excluding the first two jets, ordered according to their DeepCSV discrimi-

Signal, control and validation region 
definitions used in the 0-lepton analysis

Fully-Hadronic Channel QCD Rejection

Handle 3:

� QCD: more gluon-initiated jets than
in ttH events

� Quark-qluon likelihood optimised to
distinguish light-flavour quark jets
from gluon jets [CMS-PAS-JME-13-002]

� Exploits different fragmentation of
gluons and quarks

� Cut on quark-gluon likelihood ratio

QGLR =
Lqqqq

Lqqqq + Lgggg

Compare 4 quark-jet vs. 4 gluon-jet
event likelihoods
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Table 2: Event selections applied in the 2`ss, 2`ss + 1th, 1`+ 2th and 2`+ 2th categories.
Selection 2`ss 2`ss + 1th
Targeted ttH decays t ! b`n, t ! bqq, t ! b`n, t ! bqq,

H ! WW ! `nqq H ! tt ! `th + n0s

Trigger Single- or double-lepton triggers

Lepton multiplicity Exactly 2 leptons
Lepton pT pT > 25 / 15 GeV pT > 25 / 15 (e) or 10 GeV (µ)
Lepton h |h| < 2.5 (e) or 2.4 (µ)

th multiplicity No th (loose WP) �1 th (loose WP) and < 2th
(medium WP)

th pT — pT > 20 GeV
th h — |h| < 2.3
Charge requirements 2 same-sign leptons and

charge quality requirements
Â
`,th

q = ±1

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

Missing transverse momentum LD > 30 GeV ⇤⇤

Dilepton mass m`` > 12 GeV ⇤ and |mee � mZ| > 10 GeV ⇤⇤

Selection 1`+ 2th 2`+ 2th
Targeted ttH decays t ! b`n, t ! bqq, t ! b`n, t ! b`n,

H ! tt ! thth + n0s H ! tt ! thth + n0s

Trigger Single-lepton Single-, double-lepton triggers
or lepton+th triggers

Lepton multiplicity Exactly 1 lepton � 2 leptons
Lepton pT pT > 25 (e) or 20 GeV (µ) pT > 25 / 15 (e) or 10 GeV (µ)
Lepton h |h| < 2.1 |h| < 2.5 (e) or 2.4 (µ)
th multiplicity � 2 th (medium WP)
th pT pT > 30 / 20 GeV pT > 20 GeV
th h |h| < 2.3 |h| < 2.3

Charge requirements Â
th

q = 0 Â
`,th

q = 0

Jet multiplicity �3 jets �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 ⇤
⇤ Applied on all pairs of leptons that pass loose selection.
⇤⇤ If both leptons are electrons.
† If the event contains a same-flavor opposite-sign lepton pair and Nj  3.

ation with W or Z bosons, and triboson production. The tH process is treated as a background,
with the cross section expected in the SM. Its event yield after selection amounts to about 5%
of the ttH one.

For all irreducible background predictions we require a geometrical match, within DR < 0.3,
between the reconstructed electrons, muons and th candidates and genuine prompt leptons
and hadronic t decays at generator level.
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Table 3: Event selections applied in the 3`, 3`+ 1th and 4` categories.

Selection 3` 3`+ 1th

Targeted ttH decays t ! b`n, t ! b`n,
H ! WW ! `nqq t ! b`n, t ! b`n,

t ! b`n, t ! bqq,
H ! WW ! `n`n

H ! tt ! `th + n0s

Trigger Single-, double- or triple-lepton triggers

Lepton multiplicity Exactly 3 leptons
Lepton pT pT > 25 / 15 / 15 GeV pT > 20 / 10 / 10 GeV
Lepton h |h| < 2.5 (e) or 2.4 (µ)
th No th (loose WP) � 1 th (loose WP)
th pT — pT > 20 GeV
th h — |h| < 2.3

Charge requirements Â
`

q = ±1 Â
`,th

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 GeV ‡

Four-lepton mass m4` > 140 GeV § —

Selection 4`

Targeted ttH decays t ! b`n, t ! b`n,
H ! WW ! `n`n
t ! b`n, t ! b`n,

H ! ZZ ! ``qq or ``nn

Trigger
Single-, double- or triple-lepton

triggers

Lepton multiplicity � 4 leptons
Lepton pT pT > 25 / 15 / 15 / 10 GeV
Lepton h |h| < 2.5 (e) or 2.4 (µ)
Charge requirements —

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

Missing transverse —
momentum

Dilepton mass m`` > 12 GeV ⇤ and
|m`` � mZ| > 10 GeV ‡

Four-lepton mass m4` > 140 GeV §

⇤ Applied on all pairs of leptons that pass loose selection.
† If the event contains a same-flavor opposite-sign (SFOS) lepton pair and Nj  3.
‡ Applied to all SFOS lepton pairs.
§ Applied only if the event contains 2 SFOS lepton pairs.
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Table 4: Variables used in the multivariate discriminators for the channels with and without
taus. Only one multivariate discriminant is used in categories with th. For the categories
without th, two different multivariate discriminants are constructed, each one providing better
discrimination against a specific background process. The cos(q)⇤ between leading and trailing
ths is measured in the rest frame of the th pair. Masses of `s + leading th, in the 3` + 1th
category, are constructed based on the leptons that have opposite signs to th.

Category 1`+ 2th 2`ss + 1th 2`+ 2th 3`+ 1th 2`ss 3`
tt ttV tt ttV

Leading ` cone pT X X X X X
Trailing ` cone pT X X X X
Minimum of DR(leading `, j) X X X X X X X X
Minimum of DR(trailing `, j) X X X X X
DR(leading `, trailing ` X X
Transverse Mass of leading ` X X X X X X
Transverse Mass of trailing ` X
Maximum |h| of ` collection X X X X X X
Signal leading `⇥ signal trailing ` X
Average of DR(jj) X X X
Number of jets (pT > 25 GeV) X X X X X X
Number of loose b-jets X X
Mass of leading medium b-jet pair X
Mass of leading loose b-jet pair X
Emiss

T X X X
res-hTT X X
Hadronic t pT X X
Dmax

thad X
Dmax

Hj X
Leading th pT X X X X
Trailing th pT X X
Mass of leading th + trailing th X X
DR(leading th, trailing th) X X
cos(q)⇤(leading th, trailing th) X X
Minimum of DR(leading th, j) X X X
Minimum of DR(trailing th, j) X
Minimum of DR(th, j) X
Mass of leading `+ leading th X
Mass of trailing `+ leading th X X
DR(leading `, leading th) X X
DR(trailing `, leading th) X
DR(`, th) for same-sign pair of (`, th) X
Average of DR(`, th) X
MEM X X

Number of variables 17 18 13 12 6 8 6 8

due to missing higher-order corrections in the perturbative expansion and 3.6% is due to un-
certainties on the partonic density functions and as [25]. Uncertainty in the branching fraction
for H ! VV (tt) amounts to 1.5% (1.7%). The effect of missing higher orders in distributions of
kinematic observables is evaluated through independent changes in the renormalization and

Input variables of kinematic

discriminants used 
for signal extraction
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41.5
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Table 7: The measured and expected signal rates are presented as signal-rate multipliers, µ,
which are normalized to the SM ttH production rate, for the individual categories and for the
combination of all seven categories. In addition, a combination with the results obtained from
the 2016 dataset [6] is made and added to the table. The * indicates that a lower boundary was
introduced in the allowed µ range to improve the fit convergence properties in the low-yield
2`+ 2th category.

Signal Strength ±1s
Category Measured Expected
1`+ 2th 1.40+1.24

�1.14 1.00+1.14
�0.93

2`ss 0.87+0.62
�0.55 1.00+0.53

�0.49

2`ss + 1th 1.13+1.03
�1.11 1.00+0.93

�0.80

2`+ 2th 0.00+1.29
�0.00* 1.00+2.63

�1.56*

3` 0.29+0.82
�0.62 1.00+0.59

�0.52

3`+ 1th �0.96+1.96
�1.33 1.00+1.91

�1.37

4` 0.99+3.31
�1.69 1.00+2.41

�1.72

Combined 0.75+0.46
�0.43 1.00+0.39

�0.35

Combined with 2016 analysis 0.96+0.34
�0.31 1.00+0.30

�0.27

Table 8: 95% CL upper limits on the signal-rate multiplier, µ, obtained for the individual cat-
egories and for the combination of all seven categories. In addition, a combination with the
results obtained from the 2016 dataset [6] is made and added to the table. The observed limit
is compared to the expected limits for the background-only hypothesis (µ = 0) and for the
hypothesis where the SM ttH process is expected (µ = 1).

Observed limit Expected limit Expected limit
(µ = 0) (µ = 1)

1`+ 2th 3.8 2.4+1.3
�0.8 3.3

2`ss 2.0 1.1+0.5
�0.3 1.9

2`ss + 1th 3.1 2.1+1.0
�0.7 2.8

2`+ 2th 5.2 5.8+3.4
�2.0 6.8

3` 1.7 1.2+0.6
�0.4 2.1

3`+ 1th 3.8 4.6+2.7
�1.6 5.1

4` 8.1 6.2+3.6
�2.1 6.4

Combined 1.6 0.8+0.3
�0.2 1.7

Combined with 2016 analysis 1.6 0.6+0.2
�0.2 1.5
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combination of all seven categories. In addition, a combination with the results obtained from
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Table 8: 95% CL upper limits on the signal-rate multiplier, µ, obtained for the individual cat-
egories and for the combination of all seven categories. In addition, a combination with the
results obtained from the 2016 dataset [6] is made and added to the table. The observed limit
is compared to the expected limits for the background-only hypothesis (µ = 0) and for the
hypothesis where the SM ttH process is expected (µ = 1).

Observed limit Expected limit Expected limit
(µ = 0) (µ = 1)

1`+ 2th 3.8 2.4+1.3
�0.8 3.3

2`ss 2.0 1.1+0.5
�0.3 1.9

2`ss + 1th 3.1 2.1+1.0
�0.7 2.8

2`+ 2th 5.2 5.8+3.4
�2.0 6.8

3` 1.7 1.2+0.6
�0.4 2.1

3`+ 1th 3.8 4.6+2.7
�1.6 5.1

4` 8.1 6.2+3.6
�2.1 6.4

Combined 1.6 0.8+0.3
�0.2 1.7

Combined with 2016 analysis 1.6 0.6+0.2
�0.2 1.5
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Table 5: Summary of the main sources of systematic uncertainty and their impact on the mea-
sured signal rate. The Dµ/µ column shows the approximate relative shift in signal rate when
varying the systematic uncertainty source by its value. Impacts are shown both for the 2017
analysis and for the 2016 + 2017 combined analysis. A general indication on the treatment of
their correlations between the 2016 and 2017 samples in the combined analysis is also given.

Source Uncertainty [%] Dµ/µ [%] (2017) Dµ/µ [%] (Comb.) Correlations
Theoretical sources ⇡ 8 8 9 Correlated
e, µ selection efficiency 3–5 4 3 Correlated
th selection efficiency 5 3 5 Correlated
th energy calibration 1.2 1 2 Correlated
b tagging efficiency 2–15 [48] 10 5 Correlated
Jet energy calibration 2–15 [56] 3 3 Correlated
Fake background yield ⇡ 30–50 17 9 Un-correlated

of observed data events is in agreement with the SM expectation, which includes both the
signal and the backgrounds, within the uncertainties described in Section 8. Distributions of
the discriminating variables, used for the signal extraction in the different categories, after the
fit are shown in Figs. 2–3.

The signal rate is extracted from the ML fit either by restricting µ to the same value across
all categories, to extract a combined result, or by allowing it to assume a different value in
each category. The combined measurement using the dataset collected in 2017 stands for the
observed (expected) signal rate of µ = 0.75+0.46

�0.43 (1.00+0.39
�0.35) times the SM ttH production rate,

in agreement with the expectation, and corresponds to an observed (expected) significance of
1.7s (2.9s).

The signal rates measured in every category are presented in Table 7 and summarized in Fig-
ure 4. They are compatible with each other and with the SM expectation. The sensitivity is
driven by the 2`ss, 3` and 2`ss + 1th categories, while the 2`+ 2th, 3`+ 1th, and 4` categories
are statistically limited. The 1` + 2th and 2`ss + 1th categories show a slight excess over the
SM expectation, while a slight deficit is observed in the other categories.

The ttZ and ttW rate modifiers are constrained in the simultaneous fit with µ and assume
the observed (expected) values of µttZ = 1.69+0.39

�0.33 (1.00+0.24
�0.21) and µttW = 1.42+0.34

�0.33 (1.00+0.27
�0.24),

following the same trend as reported in Ref. [57].

These results are combined, at the final statistical analysis step, with those obtained from the
dataset collected in 2016 and reported in Ref. [6]. In that analysis, an observed (expected) ttH
signal strength µ = 1.04+0.50

�0.36 (1.00+0.42
�0.38), corresponding to an observed (expected) significance

of 2.7s (2.7s), was obtained from the fit where ttZ and ttW normalizations were left freely
floating and constrained from the dedicated control regions.

The combination of 2016 and 2017 results yields an observed (expected) signal strength µ =
0.96+0.34

�0.31 (1.00+0.30
�0.27), which corresponds to an observed (expected) local significance of 3.2s

(4.0s). The combined result is appended to Table 7. The uncertainty in the signal strength
is significantly reduced in the combination. The result is in very good agreement with the SM
expectation.

Finally, the observed 95% confidence level (CL) upper limits on the ttH signal rate multiplier
are compared to the expected limits for the background-only hypothesis (µ = 0) and for the

Additional results and summary

of systematic uncertainties
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