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top quarks + Higgs: production  

√s 7	TeV	 8	TeV 13	TeV
σ (ttH (125)) 90	fb	 130	fb	 510	fb	
σ (tt+jets) 177000	fb		 253000	fb	 830000	fb	
Ratio		 5.0E-4 5.1E-4 6.1E-4 
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A Direct Probe of Yt	
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•  mtop too large for Hàa – must 
look for production-side 
dynamics 	

•  Higgs production in association 
with a top-quark pair (aH 
production):	

–  Comparatively small production 
cross section wrt other Higgs 
production channels	

–  Signal dwarfed by a+jets bkgd	
–  Spectacular signature – rich final 

state	

root(s) [TeV] 7 8 13

σ (ttH (125))  [fb] 90 130 510

σ (tt+jets) [fb] 177000 253000 830000

Ratio 5.0E-4 5.1E-4 6.1E-4
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Introduction

Top quark ⇥ Higgs decay channels
Challenges: �t̄tH ⇡0.5 pb, �t̄t ⇡830 pb @13 TeV

Crucial to understand t̄t+X (X = bb̄, W, Z)

Large combinatorics of leptons and jets from top quark decays

Exploiting all t̄t decay channels and Higgs decays to

bottom quarks ! large BR, large background contributions (! Posters E31, E32)

W, Z bosons, taus ! smaller production rate, lower backgrounds (! Poster E28)

photons ! clean final state, very small rate

⇥
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•  Associated ttbar+Higgs 
production has ~0.5 pb 
cross section and 
dwarfed by ttbar 
background 

•  All ttbar decay 
channels and many 
decays of Higgs 
considered 
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•  H à ttbar not kinematically possible 
at mH=125 GeV so associated 
production main mode 



The Top-Higgs coupling 
•  Vital step in probing SM 

nature of the Scalar 
boson 

•  Top quark has strongest 
SM coupling (yt ~1) 

•  Direct and indirect 
measurement of yt possible 
•  Direct: ttH production 
•  Direct: tH production 

(inc. access to sign) 
•  Indirect: top loops 

dominate gluon fusion 
and γγ decay channel 
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Christopher Neu	 14	

	
	

M
H

=1
25

 	
•  mtop too large for Hàa – must 

look for production-side 
dynamics 	

•  Higgs production in association 
with a top-quark pair (aH 
production):	

–  Comparatively small production 
cross section wrt other Higgs 
production channels	

–  Signal dwarfed by a+jets bkgd	
–  Spectacular signature – rich final 

state	

root(s) [TeV] 7 8 13

σ (ttH (125))  [fb] 90 130 510

σ (tt+jets) [fb] 177000 253000 830000

Ratio 5.0E-4 5.1E-4 6.1E-4

t 

H t 

t 

W 

b 

b 

W 

Circumstantial Evidence of Top-Higgs Coupling	

Christopher Neu	 9	

•  Within the SM, these loops are dominated by top quarks:	
–  In gluon fusion, need something massive that participates in the strong 

interaction è top quark drives this loop, followed by b’s...	
–  In Hàγγ, need something massive that participates in the EM interaction 

è top quark drives this loop, followed by W’s...	

•  Results presented so far assume there are no exotic contributions to the 
loops in these processes.	

•  But what about the possibility of another suitable particle or particles from 
outside the norms of the SM?	

Gluon fusion:	
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H à γγ:	

Introduction

Top-Higgs coupling: the hunt for t̄tH

Best direct probe of the top-Higgs Yukawa coupling, vital step

towards verifying the SM nature of the Higgs boson

Top quark is the most strongly-coupled SM

fermion (yt ⇠1)

Direct measurement of yt in t̄tH production:

gluon-gluon fusion: assumes no BSM coupling

Allows probing new physics in gg!H and H! ��

e↵ective vertices

yt in tH production: access to sign of the

coupling (! Talk by B. Stieger)
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Decay modes: ttbarH (H à bb) 
•  Largest Higgs boson 

branching ratio 
•  Access to coupling 

both 3rd generation 
quarks 

•  Huge combinatorics 
•  Poor Higgs mass 

resolution 
•  Background comes 

with large theory 
uncertainties 

Rencontres du Vietnam, freya.blekman@vub.be 4 

Channels: 
Leptonic tt: higher purity 
Fully hadronic tt: higher rate 

Overview: Hàbb 	
•  Hàbb is a prime target 

of aH analyses:	
–  Largest Higgs BR for 

MH=125	
•  CMS considers three 

topologies:	
–  Single-lepton (SL):	

•  one high pT iso’d e/µ 	
•  ≥4 jets	

•  ≥3 b tags	

–  Dilepton (DL):	
•  two opposite-sign e/µ 	
•  ≥4 jets	

•  ≥3 b tags	

–  Multijet (MJ):	
•  ≥7 jets	
•  ≥3 b tags	

	
•  Split selected events into 

categories based on jet, 
b-tag multiplicity	

Christopher Neu	 18	

A discriminant is devised in each category for signal extraction and 
a simultaneous fit is performed across all categories. 	

	
Low-signal categories serve to help constrain backgrounds.	

	
Details of signal extraction in backup.	

CMS-HIG-17-026
Similar distributions for DL,MJ channels	

Overview: Hàbb 	
•  Hàbb is a prime target 

of aH analyses:	
–  Largest Higgs BR for 

MH=125	
•  CMS considers three 

topologies:	
–  Single-lepton (SL):	

•  one high pT iso’d e/µ 	
•  ≥4 jets	

•  ≥3 b tags	

–  Dilepton (DL):	
•  two opposite-sign e/µ 	
•  ≥4 jets	

•  ≥3 b tags	

–  Multijet (MJ):	
•  ≥7 jets	
•  ≥3 b tags	

	
•  Split selected events into 

categories based on jet, 
b-tag multiplicity	

Christopher Neu	 18	

A discriminant is devised in each category for signal extraction and 
a simultaneous fit is performed across all categories. 	

	
Low-signal categories serve to help constrain backgrounds.	

	
Details of signal extraction in backup.	

CMS-HIG-17-026
Similar distributions for DL,MJ channels	

arXiv:1804.03682, submitted to JHEP  
 



•  Modeling of tt+jets process: 
•  Powheg+Pythia8, normalised to NNLO 
•  Consider tt+X backgrounds separately: tt+b, tt+bb, tt+2b(in 1 jet), 

tt+cc, tt+light flavour 
•  Rate uncertainty is large (50%), independent per process, and 

among the leading uncertainties 
•  Main irriducible background, also measured in preliminary result 

TOP-16-010 
•  Additional ‘theory’ uncertainty sources: parton shower model, 

hadronisation model, PDFs, ISR/FSR 

Big Issue: Understanding the .+HF Background	

•  Modeling of a+jets process:	
–  Powheg+Pythia8, normalized to NNLO 

prediction	
–  Separate templates for a + b, a + bb, a + 

2b, a + cc, a + LF	

–  50% rate uncertainty per a + HF process, 
uncorrelated in final fit	
•  Among the leading uncertainties	

–  Add. sources include parton shower, 
hadronisation, PDF, ISR/FSR	

Christopher Neu	 19	

Measurement of .bb production at CMS	

CMS-TOP-16-010	

•  a+bb production poses irreducible 
background:	
–  Poorly known theoretically	
–  Measurements of abb CRUCIAL	

Rencontres du Vietnam, freya.blekman@vub.be 5 

ttbarH (H à bb): tt+bb background 

t̄tH(bb̄)

t̄tH(bb̄) Production

Large B(H ! bb̄), access to coupling 3rd
generation quarks

Challenging final state
Huge combinatorics in event

reconstruction

Poor H ! bb̄ mass resolution

Large t̄t + bb̄ background of

O(10)pb with associated large theory

uncertainties: from simulation

Search channels
Leptonic t̄t: higher purity

Fully-hadronic t̄t: higher rate

g

g

t

t

b

b
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Measurement of .bb production at CMS	

CMS-TOP-16-010	

•  a+bb production poses irreducible 
background:	
–  Poorly known theoretically	
–  Measurements of abb CRUCIAL	
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t̄tH(bb̄)

t̄tH(bb̄): dilepton t̄t channel arXiv:1804.03682, sub. to JHEP

Events categorised
by number
of jets and
b-tagged jets
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� 4j, 3b: BDT separating signal and inclusive t̄t + jets background

� 4j, � 4b: low/high BDT sub-categories + Matrix Element Method
(MEM) separating against t̄t + bb̄ background
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t̄tH(bb̄)

t̄tH(bb̄): lepton+jets t̄t channel arXiv:1804.03682, sub. to JHEP

Search in single-lepton t̄t
channel

Events categorised by number
of jets: 4, 5, � 6
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Deep Neural Network (DNN) per jet category: multi-classification as
signal or any of 5 t̄t + jets bkgs. (t̄t + bb̄, t̄t + 2b, t̄t + b, t̄t + cc̄, t̄t + LF)

Final discriminant: DNN output of chosen process node
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Dilepton channel: 
events categorised by 
number of jets, 
number of b-tagged 
jets 
 
BDT separates signal 
Highest sensitive 
category (4+j4+b): 
Matrix Element 
Method provides 
further separation   

ttH ( H à bb): leptonic distributions 

Single lepton channel: 
Deep neural network per jet category: 
classifies and categorises each of the 5 tt+jets 
backgrounds 
  

arXiv:1804.03682, submitted to JHEP  
 



Single- and multilepton: Results t̄tH(bb̄)

t̄tH(bb̄) Leptonic: Results arXiv:1804.03682, sub. to JHEP
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C. Diez Pardos 07.07.2018 7/17

Rencontres du Vietnam, freya.blekman@vub.be 7 

arXiv:1804.03682, submitted to JHEP  
 



All hadronic final state 
t̄tH(bb̄)

t̄tH(bb̄) Hadronic arXiv:1803.06986, sub. to JHEP

� 7 jets, � 3 b-tagged jets,
HT > 500GeV, no leptons

Events categorised by number
of jets and b-tagged jets

Dominant background:
QCD-multijet production

Shape from low b-tag

multiplicity control region in

data

Rate from final fit to data
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 = 0.5878BS/B = 0.0023, S/
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 = 0.7048BS/B = 0.0033, S/
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 = 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/
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•  At least 7 jets 
•  At least 3 b-tagged jets 
•  No leptons, HT>500 GeV 
•  QCD multijet production 

shapes and rate 
determined from data 
control regions 

•  Use Matrix Element 
Method  
•  discriminate 

between QCD 
multijet, ttbar+HF 
and ttH 
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•  At least 7 jets 
•  At least 3 b-tagged jets 
•  No leptons, HT>500 GeV 
•  QCD multijet production 

shapes and rate 
determined from data 
control regions 

•  Use Matrix Element 
Method  
•  discriminate 

between QCD 
multijet, ttbar+HF 
and ttH 

t̄tH(bb̄)

t̄tH(bb̄) hadronic arXiv:1803.06986, sub. to JHEP

Final discriminant: MEM (discriminate t̄tH signal and t̄t + bb̄)
Also performs well against the t̄t + LF jets and QCD multijets backgrounds
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�1.5, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) ⇥ SM

Major systematic uncertainties: Multijet estimation, t̄t + HF prediction,
b-tagging and JES etc.
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All hadronic final state 
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•  At least 7 jets 
•  At least 3 b-tagged jets 
•  No leptons, HT>500 GeV 
•  QCD multijet production 

shapes and rate 
determined from data 
control regions 

•  Use Matrix Element 
Method  
•  discriminate 

between QCD 
multijet, ttbar+HF 
and ttH 

t̄tH(bb̄)

t̄tH(bb̄) hadronic arXiv:1803.06986, sub. to JHEP

Final discriminant: MEM (discriminate t̄tH signal and t̄t + bb̄)
Also performs well against the t̄t + LF jets and QCD multijets backgrounds
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b-tagging and JES etc.
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t̄tH(bb̄)

t̄tH(bb̄) hadronic arXiv:1803.06986, sub. to JHEP

Final discriminant: MEM (discriminate t̄tH signal and t̄t + bb̄)
Also performs well against the t̄t + LF jets and QCD multijets backgrounds
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5.3−( )
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 (13 TeV)-135.9 fb

CMS

Best-fit µ = 0.9+1.5
�1.5, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) ⇥ SM

Major systematic uncertainties: Multijet estimation, t̄t + HF prediction,
b-tagging and JES etc.
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t̄tH multilepton

t̄tH multilepton arXiv:1803.05485, sub. to JHEP

Multilepton final states: Higgs decay to W+W�, ZZ, and ⌧⌧
Events categorised based on number of leptons and ⌧h candidates

1 ` + 2 ⌧h, 2 same-sign ` + 0, 1 ⌧h, 3 ` + 0, 1 ⌧h, 4 `

Additional requirements on jets, b-tagged jets
Major backgrounds

Irreducible: t̄t + V and diboson, predicted from simulation and control

regions

Reducible: non-prompt leptons in t̄t + jets events, estimated from data

Large t̄t + fake ⌧h for 1 ` + 2 ⌧h
BDT and MEM discriminants to separate signal from backgrounds
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Multileptons 
•  Many possible final states when decay Higgs to WW, ZZ, ττ 

 
•  Categorise on number of e,μ (=‘leptons’) and number of 

hadronic taus 
•  1 lepton + 2τh, 2 same-sign leptons + 0/1τh, 3 leptons + 0/1τh, 4 

leptons 
•  Also require jets and b-tagged jets consistent with final states 
•  Backgrounds: tt+Z/W, dibosons (from simulation and control 

regions) 
•  Discriminate signal from background using MEM and BDT 
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ttH multilepton: analysis 
•  Categorising events in lepton flavour and b-jet multiplicity 
•  Using combination of simple yield, BDT and MEM depending 

on final state 
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t̄tH multilepton

t̄tH multilepton: analysis strategy arXiv:1803.05485, sub. to JHEP
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ttH multilepton: analysis 
•  Categorising events in lepton flavour and b-jet multiplicity 
•  Using combination of simple yield, BDT and MEM depending 

on final state 
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t̄tH multilepton

t̄tH multilepton results arXiv:1803.05485, sub. to JHEP
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Data
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Background uncertainty
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hτ1l + 2

-1.72
+1.76 = -1.52 µ

2lss

-0.51
+0.58 = 1.61 µ

hτ2lss + 1

-0.67
+0.80 = 0.94 µ

3l

-0.71
+0.77 = 0.82 µ

hτ3l + 1

-1.07
+1.42 = 1.34 µ

4l

-1.57
+2.29 = 0.57 µ

Combined (syst.)
-0.35
+0.37(stat.)  -0.25

+0.26    
-0.43
+0.45 = 1.23 µ

Best-fit µ = 1.23+0.45
�0.43, at 3.2 (2.8) � obs. (exp.) significance

Limited by non-prompt lepton estimation and tau identification, JES, t̄tH and t̄t + V

modelling

Several channels limited by statistics
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t̄tH combination

Combination: First observation of t̄tH PRL 120 (2018) 231801

Contributing analyses

All t̄tH analyses with 2016 data

7 TeV (up to 5.1 fb�1) + 8 TeV
(up to 19.7 fb�1):

Dedicated analyses targeting the
bb and multilepton final states

The t̄tH categories of the H! ��
analysis

Htt
µ

1− 0 1 2 3 4 5 6 7

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

Correlations between Run-1 and Run-2 analyses
Inclusive signal theory and some background theory uncertainties
correlated
Experimental uncertainties largely uncorrelated
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Combination: first observation of ttH 
•  Includes: 

•  All ttH analyses using 2016 
data including what I 
showed earlier 

•  All ttH analyses using 2011 
and 2012 datasets (up to   
5.1 fb-1, 19.7 fb-1) 

•  2016 H à γγ analysis has ttH 
categories, which are also 
included 
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•  Correlations Run 1 vs Run 2: 
•  Theory uncertainties (signal, some background) are 

correlated when appropriate 
•  Experimental uncertainties mostly uncorrelated 

PRL 120 (2018) 231801 



t̄tH combination

Combination: First observation of t̄tH PRL 120 (2018) 231801

Observed significance is 5.2� (4.2� exp.) with respect to the µt̄tH = 0
hypothesis
First observation of the t̄tH production process
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Combination: first observation of ttH 
•  Observed significance is 5.2σ (4.2σ expected) with 

respect to no-ttH hypothesis 
•  First observation of ttH production! 
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tH production: new preliminary results  
•  Single top plus Higgs is sensitive to 

amplitude, relative sign and 
phase Yt (and gHVV) 

•  Destructive interference in SM – 
but BSM could enhance this! 

Experimental signature: back-to-
back top-Higgs with light forward jet 
again using machine learning to 
discriminate signal from 
background 
•  CMS has preliminary results based 

on 2016 dataset (36 fb-1) 
combining 3 decay channels: 
HIG-18-009 using an extension of 
subset ttH analyses: 

•  Multileptons (H à WW/ZZ/ττ) 
•  Leptonic top + b jets (H à bb) 
•  Leptonic top + diphotons (H à γγ) 
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Correlation ttH vs tH: fitting coupling 
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Note: Limits on signal strength tH are assuming SM couplings ttH  



Correlation ttH vs tH: fitting coupling 
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Note: Limits on signal strength tH are assuming SM couplings ttH  



t̄tH combination

Combination: First observation of t̄tH PRL 120 (2018) 231801
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Summary and outlook 
•  Higgs physics has now moved from search and 

discovery phase into precision measurement era  
•  CMS has performed a combination of all 

published ttH results and observed ttH production 
  
•  Measurement of the top-Higgs coupling is 

among the primary goals of the LHC physics 
program 

•  Edging closer to tH production with (non 
significant still) preference to positive coupling 

•  Future plans: differential cross sections, many 
EFTs / top partners / exotic 4th gen / 2HDM / etc 
look like SM top-Higgs...until you look in the tails  
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Backup 
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The Top-Higgs coupling 
•  Vital step in probing SM 

nature of the Scalar 
boson 

•  Top quark has strongest 
SM coupling (yt ~1) 

•  Direct and indirect 
measurement of yt possible 
•  Direct: ttH production 
•  Direct: tH production 

(inc. access to sign) 
•  Indirect: top loops 

dominate gluon fusion 
and γγ decay channel 

Higgs Characterization: Couplings	

•  In the post-discovery era focus: 	
–  Is this the Higgs Boson of the Standard 

Model?	

•  The coupling of this Higgs boson to 
the other fundamental particles is 
one distinguishing feature:	
–  Unambiguously predicted in the SM	
–  BSM physics (massive new particles 

or new dynamics) predicted to 
impact the observed coupling 
strengths	

	

Christopher Neu	 4	

JHEP08(2016)045	

Fermionic and bosonic coupling modifiers	

look very SM-like	
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SM:	

BSM allowance: 	

SM = (1.0,1.0)	
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Signal extraction ttH with H à bb Signal Extraction: Hàbb  	

•  Challenging signal extraction due to overwhelming irreducible backgrounds � require 
novel techniques	

•  Different multivariate techniques were considered for the signal extraction � choice 
based on best expected sensitivity	 Christopher Neu	 20	

CMS-HIG-17-026
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•  Overwhelming background means advanced analysis like MEM & machine learning techniques are optimal 
•  After optimization (full comparison : 

•  in single lepton Deep Neural Network is best, in multi-lepton channel matrix 
element method combined with boosted decision tree  

arXiv:1804.03682, submitted to JHEP  
 



h-t yields 
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tH bb postfit classifiers 
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