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4 1 Introduction
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Figure 1: Exemplary leading order Feynman diagrams for tt̄H production, including the subse-
quent decays of the top quark-antiquark pair in the LJ channel (left) and the DL channel (right)
as well as the decay of the Higgs boson into a bottom quark-antiquark pair.

region.134

Although the signatures discussed above are quite spectacular, involving a large number and135

variety of high-pT final-state particles, they are unfortunately not background-free. By far, the136

dominant background contribution is tt+jets production, including tt+light-flavor jets where137

one or more of the jets is mistagged, as well as tt + cc and tt + bb backgrounds. Smaller back-138

ground contributions come from W+jets, Z+jets, single-top quark, diboson, and tt + W/Z139

productions.140

Because the background processes occur at much higher rates than the tt̄H signal process, a141

smart use of all the available information, especially the differences between the signal and the142

backgrounds, must be incorporated into the analysis. In the VH analyses, the most powerful143

discriminating variable is the invariant mass of the bb̄ pair, which peaks near the Higgs boson144

mass for the signal events. By contrast, for tt̄H production, where the decay H ! bb is dom-145

inant, the presence of two additional b quarks in the event creates combinatorial issues that146

prevent the reconstruction of a clear resonant peak. These additional b quarks from top-quark147

decays make it difficult to identify which tagged jets belong to the Higgs boson decay. Because148

most of the combinations are incorrect, the invariant mass distribution of b-tagged jet pairs is149

smeared out and is not significantly different from the tt+jets background.150

Despite the difficulty in resolving the Higgs boson resonant peak, there are still kinematic vari-151

ables that show separation between the tt+jets background and the tt̄H signal. These variables152

tend to fall into five categories:153

• Jet pT: The pT value of one or more jets in the event.154

• Invariant masses: The invariant masses calculated using some or all of the recon-155

structed objects in the events. Combinations involving different objects can be use-156

ful for discriminating against different backgrounds. Furthermore, it can be useful157

to consider selecting a particular permutation of objects (for example, the mass of158

the dijet pair which is closest or second closest to the expected Higgs mass) or to159

average over all permutations.160

• Angular correlations: Separations in h or DR between pairs of objects in the event,161

including averaging over permutations of objects or selecting a specific ranking of162

the permutations (e.g., the minimum DR among all jet pairs). Angular correlations163
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 2 ttH observation
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 3 Search for ttH production

● ttH, H → bb 

■ Direct probe of top-Higgs coupling 

■ Very rare, σttH = 0.51 pb 

■ H → bb: largest BR (0.58) 

● Backgrounds from tt+jets, 

■ Esp. ttbb irreducible 

■ Relatively large cross section uncertainties                                                            
(≳ 35%) 

● Complex final state 

■ High combinatorics due to many jets
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No “direct” measurement via (e.g.) mass peak 
→ Simultaneous fit to MVA distribution(s)
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 4 Simultaneous fitting

● Fit expected yields (MC) to data 
simultaneously in all categories / bins 

■ Backgrounds vary within uncertainties, 

constrained by prior (e.g. gaussian) 

■ No prior on signal
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→ Signal extraction crucially depends        

on ability to measure backgrounds

Illustration only
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 4 Simultaneous fitting

● Fit expected yields (MC) to data 
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■ Backgrounds vary within uncertainties, 

constrained by prior (e.g. gaussian) 
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on ability to measure backgrounds
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● ttH situation: 

■ Large backgrounds (e.g. ttlf) 

■ Irreducible backgrounds (e.g. ttbb) 

● Idea: Multi-classification DNN 

→ Create enriched categories for            

signal and each background

Illustration only
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Per event

 5 DNN-based event categorization

Event
Number 
of jets

DNN 
(5 jets)

DNN 
(4 jets)

DNN 
(≥6 jets)

0.4

0.2

0.1

...      

4

≥ 6

5

ttH

ttbb

ttlf

Categorize 
as ttH

Categorization

Σ = 1
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 6 Measurement strategy

Analysis of ttH(bb) with DNN, BDT 
and MEM Techniques at CMS III. Physics Institute A

Marcel Rieger (RWTH Aachen) 
On behalf of the CMS Collaboration

Analysis Challenges
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Direct measurement of the ttH cross section 

offers unique access to the Yukawa coupling 

to decisively probe the Standard Model

ttH in the Standard Model

q
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bttbb

1. ttH is very rare compared to tt (main background):           
σttH = 0.5071 pb   vs.  σtt = 831.76 pb   (√s = 13 TeV, mH = 125 GeV)

2. Irreducible backgrounds:                                         
(e.g.) ttbb has same final state and event topology

3. Uncertain background modeling:                                
∆ σttbb ∼ 50%     →     ∆ σttbb ≅ 7 × σttH

→ Challenging analyses require sophisticated methods

Events
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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ued from Fig. 8).
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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Event Categorization using Deep Learning
Precision of usual categorization scheme using jets & b-tags


degrades in events with high b-tag multiplicity 

→ Probability to tag 4 b-tags with εb-tag ≈ 70% is only 24%  

→ Use DNNs to categorize using jets & most probable process

DNN Discriminators

Events
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…


Σ = 1

Use

  - number of jets

  - process with highest

     DNN output

Categorize

Multi-class approach generates enriched categories 

for signal and each background 

→ Backgrounds constrained separately in fitting procedure

→ Improves extraction of parameters of interest (POI)

EPS Conference on High Energy Physics 2017 Poster 861

Output of categorization network yields

powerful discriminators, one for


each involved process vs. all other processes

Output of ttH node Output of ttbb node

→ Works best in conjunction with DNN categorization

→ Improves simultaneous measurement of two POIs:

     fit of both ttH & ttbb can exploit both discriminators

Example
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2.3 The Higgs Boson

with the electroweak coupling constants g and g0. Both, the Z and W bosons are
massive while the photon remains massless as anticipated.

The mass of the fermions can be explained by introducing the Yukawa coupling
which is represented by LYukawa in the Lagrangian as

LYukawa = �

X

f

�f
⌫

p
2| {z }

mass of
fermion f

 ̄f f + �f
1

p
2
 ̄f fH (2.22)

for a single family of fermions. Except for neutrinos2, the extension to three families
requires the addition of flavor mixing. Technically, this is realized by the unitary
3⇥ 3 Cabibbo-Kobayashi-Maskawa (CKM) matrix. Its elements describe a measure
of the transition probability between quarks mediated by the exchange of aW boson.

2.3 The Higgs Boson

This section elucidates the previously introduced Higgs boson in an experimental
context. To begin with, its properties are presented on the basis of latest results by
the ATLAS and the CMS collaborations. Consequently, details about its production
and decay characteristics in proton-proton colliders are given.

2.3.1 Higgs Boson Properties

In a seminar on 4 July 2012, both, the ATLAS and the CMS collaboration presented
preliminary results of the search for the Higgs boson. They announced the observa-
tion of a new boson with a mass between 125 and 126GeV that is consistent with
the Higgs boson as predicted by the SM. Figure 2.2 shows the invariant di-photon
mass spectrum for a combined measurement with an integrated luminosity of L =
5.1 fb�1 at a center-of-mass energy of 7TeV and L = 5.3 fb�1 at 8TeV. The com-
bination of all channels yielded an excess of events above the expected background
corresponding to a local significance of 5.0�. As of the date of this thesis, latest
results found the mass of the new boson to be mH = 125.9 ± 0.4GeV [8]. Since
an excess occurred in the di-photon channel, the particle is most likely uncharged.
Considering the Landau-Yang theorem [15, 16], i.e. the theoretical rationale that a
spin-1 particle cannot decay into two photons, the new boson is either a scalar spin-0
or a tensor spin-2 particle. Even though measurements already hint a spin-parity of
JP = 0+ in agreement with SM predictions [17], a final unambiguous proof is still
yet to be supplied.

2In fact, neutrinos were observed to have oscillating weak eigenstates requiring finite neutrino
masses. However, this is not yet included in the SM.
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Analysis of ttH(bb) with DNN, BDT 
and MEM Techniques at CMS III. Physics Institute A

Marcel Rieger (RWTH Aachen) 
On behalf of the CMS Collaboration

Analysis Challenges
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Direct measurement of the ttH cross section 

offers unique access to the Yukawa coupling 

to decisively probe the Standard Model

ttH in the Standard Model

q

q̄

t̄

H

tttH

g

g

t̄

t

b̄

bttbb

1. ttH is very rare compared to tt (main background):           
σttH = 0.5071 pb   vs.  σtt = 831.76 pb   (√s = 13 TeV, mH = 125 GeV)

2. Irreducible backgrounds:                                         
(e.g.) ttbb has same final state and event topology

3. Uncertain background modeling:                                
∆ σttbb ∼ 50%     →     ∆ σttbb ≅ 7 × σttH

→ Challenging analyses require sophisticated methods
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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Figure 26: Final discriminant shapes in all analysis categories in the dilepton channel after the
fit to data.
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Figure 6: Final discriminant shapes (MEM) in the analysis categories with 4 jets, 4 b-tags (top
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lepton+jets channel after the fit to data.

2.3 The Higgs Boson

with the electroweak coupling constants g and g0. Both, the Z and W bosons are
massive while the photon remains massless as anticipated.

The mass of the fermions can be explained by introducing the Yukawa coupling
which is represented by LYukawa in the Lagrangian as

LYukawa = �

X

f

�f
⌫

p
2| {z }

mass of
fermion f

 ̄f f + �f
1

p
2
 ̄f fH (2.22)

for a single family of fermions. Except for neutrinos2, the extension to three families
requires the addition of flavor mixing. Technically, this is realized by the unitary
3⇥ 3 Cabibbo-Kobayashi-Maskawa (CKM) matrix. Its elements describe a measure
of the transition probability between quarks mediated by the exchange of aW boson.

2.3 The Higgs Boson

This section elucidates the previously introduced Higgs boson in an experimental
context. To begin with, its properties are presented on the basis of latest results by
the ATLAS and the CMS collaborations. Consequently, details about its production
and decay characteristics in proton-proton colliders are given.

2.3.1 Higgs Boson Properties

In a seminar on 4 July 2012, both, the ATLAS and the CMS collaboration presented
preliminary results of the search for the Higgs boson. They announced the observa-
tion of a new boson with a mass between 125 and 126GeV that is consistent with
the Higgs boson as predicted by the SM. Figure 2.2 shows the invariant di-photon
mass spectrum for a combined measurement with an integrated luminosity of L =
5.1 fb�1 at a center-of-mass energy of 7TeV and L = 5.3 fb�1 at 8TeV. The com-
bination of all channels yielded an excess of events above the expected background
corresponding to a local significance of 5.0�. As of the date of this thesis, latest
results found the mass of the new boson to be mH = 125.9 ± 0.4GeV [8]. Since
an excess occurred in the di-photon channel, the particle is most likely uncharged.
Considering the Landau-Yang theorem [15, 16], i.e. the theoretical rationale that a
spin-1 particle cannot decay into two photons, the new boson is either a scalar spin-0
or a tensor spin-2 particle. Even though measurements already hint a spin-parity of
JP = 0+ in agreement with SM predictions [17], a final unambiguous proof is still
yet to be supplied.

2In fact, neutrinos were observed to have oscillating weak eigenstates requiring finite neutrino
masses. However, this is not yet included in the SM.
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● Output nodes of categorization networks yield powerful discriminators 

→ Use output node associated to category for simultaneous fit 

▻ ttH node for events categorized as ttH 

▻ ttbb node for events categorized as ttbb 

▻ ...
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 7 Two-staged training

● Events of same class can have different topologies: 

■ Jets out of acceptance 

■ Merged jets 

■ ... 

→ Just training on bare event classes will confuse the network 

● Idea: 
1. Pre-training on event content from generator (hasH, hasbH, hasblep, ...) 
2. Extend network and train on actual classes

Yannik Rath – 05.10.17

- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations

has
H

has
tlep

has
tlep

...

ttH

...

ttH

tt+bb
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- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations

has
H

has
tlep

has
tlep

...

ttH

...

ttH

tt+bb

Pre-training Extended training
~20% improvement
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Figure 1: Exemplary leading order Feynman diagrams for tt̄H production, including the subse-
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Although the signatures discussed above are quite spectacular, involving a large number and135

variety of high-pT final-state particles, they are unfortunately not background-free. By far, the136

dominant background contribution is tt+jets production, including tt+light-flavor jets where137

one or more of the jets is mistagged, as well as tt + cc and tt + bb backgrounds. Smaller back-138

ground contributions come from W+jets, Z+jets, single-top quark, diboson, and tt + W/Z139

productions.140

Because the background processes occur at much higher rates than the tt̄H signal process, a141

smart use of all the available information, especially the differences between the signal and the142

backgrounds, must be incorporated into the analysis. In the VH analyses, the most powerful143

discriminating variable is the invariant mass of the bb̄ pair, which peaks near the Higgs boson144

mass for the signal events. By contrast, for tt̄H production, where the decay H ! bb is dom-145

inant, the presence of two additional b quarks in the event creates combinatorial issues that146

prevent the reconstruction of a clear resonant peak. These additional b quarks from top-quark147

decays make it difficult to identify which tagged jets belong to the Higgs boson decay. Because148

most of the combinations are incorrect, the invariant mass distribution of b-tagged jet pairs is149

smeared out and is not significantly different from the tt+jets background.150

Despite the difficulty in resolving the Higgs boson resonant peak, there are still kinematic vari-151

ables that show separation between the tt+jets background and the tt̄H signal. These variables152

tend to fall into five categories:153

• Jet pT: The pT value of one or more jets in the event.154

• Invariant masses: The invariant masses calculated using some or all of the recon-155

structed objects in the events. Combinations involving different objects can be use-156

ful for discriminating against different backgrounds. Furthermore, it can be useful157

to consider selecting a particular permutation of objects (for example, the mass of158

the dijet pair which is closest or second closest to the expected Higgs mass) or to159

average over all permutations.160

• Angular correlations: Separations in h or DR between pairs of objects in the event,161

including averaging over permutations of objects or selecting a specific ranking of162

the permutations (e.g., the minimum DR among all jet pairs). Angular correlations163
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 8 Network architecture & performance

● Network architecture (≥ 6 jets): 

● Implementation using plain TensorFlow 

● Training time ∼20min on 980 Ti

Network 1 Network 2 Activation L2 Dropout 
(keep prob.)

Learning rate 
(ADAM)

100,100 100,100 ELU 10-5 0.7 10-4

Yannik Rath – 05.10.17

- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations

has
H

has
tlep

has
tlep

...

ttH

...

ttH

tt+bb

Network 1 Network 2

concat
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 9 Network performance

● Classification accuracies 

● Common trade-off: 

→ Network size vs. amount of data 

● Artificially force overtraining by       
reducing statistics 

→ Results stable down to ∼⅔ of events

Validation Test

Marcel Rieger - 18.9.17

Dependence on training statistics

17 Training Validation

● Common DNN strategy:

■ More data → larger networks


● But:

■ At the same time, networks 

should remain robust against 
reduction of training statistics


● Plot on the left:

■ Artificially force overtraining by 

reducing training statistics

→ Accuracy suitable measure  

for overtraining detection


→ Results appear to be stable 
down to ~⅔ of events

Overtraining

regime

“No” overtraining

regime
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 10 MVA variable validation

● Check of agreement between data and MC necessary, but 1D not sufficient 

→MVA techniques exploit deep correlations 

→ Need to prove agreement of correlations in addition to 1D shapes 

■ Compare 2D correlation coefficients 

→Mix low- and high-level variables to cover even deeper correlations 

■ Recipe using GoodnessOfFit test (CMS combine tool): 

1. Create TH2F’s for all pairs of input variables 

2. Unroll to 1D histograms 

3. Determine p-value for data MC agreement                                                             

(using combine and frequentist toys) 

4. Remove variables that yield a bad correlation                                              
agreement with other variables, criterion: 

p-value < 0.3 for ≥ 50% of variables

pair-wise GOF p-values

https://cms-hcomb.gitbooks.io/combine/content/part3/commonstatsmethods.html#goodness-of-fit-tests
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 11 Results

● Used in CMS ttH(bb) leptonic analysis (CMS-HIG-PAS-17-026) 

■ Results shown at Moriond 2018 

■ Two methods: 

▻ DNN (with MEM as input variable) 

▻ Combination of BDT + MEM

Yannik Rath – 20.03.18

- 5/11 -Results

● Used in CMS ttH(bb) leptons analysis (CMS-HIG-PAS-17-
026)

– Shown at Moriond 2018

– Two methods: DNN (with MEM) and 2D combination of 
BDT+MEM 

primary result: single lepton DNN + dilepton BDT+MEM

Yannik Rath – 20.03.18

- 5/11 -Results

● Used in CMS ttH(bb) leptons analysis (CMS-HIG-PAS-17-
026)

– Shown at Moriond 2018

– Two methods: DNN (with MEM) and 2D combination of 
BDT+MEM 

primary result: single lepton DNN + dilepton BDT+MEM
(excerpt)

“primary result”: single lepton DNN & dilepton BDT+MEM

From Moriond 2018
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 12 DNN interpretation

● Methods to interpret NN predictions, inspired by       
image recognition 

● Define sensitivity via gradient of output w.r.t. inputs 

→ “If input is varied, how does the output change?” 

■ Determine derivative via tf.gradient() 

● Other approaches possible                                          

(e.g layer-wise relevance propagation)

Yannik Rath – 20.03.18

- 6/11 -DNN Interpretation

● Methods to interpret neural network 
predictions commonly used in image 
recognition

 

● Sensitivity: Calculate gradient of output 
node with respect to input variables  

– “If the input changes, how strongly does it 
aBect the result?“

– Use output before the softmax to analyze 
output nodes individually

● Other approaches possible, e.g. layer-wise 
relevance propagation

– No single correct method
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 13 Input variable sensitivity

● Method to open the network “black box” 

● Possible to check impact of 2D correlations with 2nd derivatives 

● Sensitivity can be used for variable ranking (e.g. “rank = mean(abs(sensitivity))”)
Yannik Rath – 20.03.18

- 7/11 -Sensitivity – Example Event

● Possible to analyze speci2c events

– For general statements: Look at sensitivity distribution

Work in progress

Apply per event (here: ttH) Apply to all events

Yannik Rath – 20.03.18

- 8/11 -Sensitivity Distributions (1)

● In the following: DNN for ≥6 jet events

● Many distributions show expected behaviour

– For example MEM: Designed to separate ttH and tt+bb 

MEM discriminant 2nd highest b-tag
Work in progress Work in progress

MEM

Yannik Rath – 20.03.18

- 9/11 -Sensitivity Distributions (2)

● Other distributions oBer new insights

● Jet η: Not a strong variable by itself, but sensitive in 
combination with others

● Sensitivity can be used for ranking of variables

M(b-tag pair) closest to m
H

Jet1 η  

Work in progress Work in progress

Jet pair mass 
closest to mH
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 14 Summary

● Measurement of top-Higgs coupling provides a direct 
probe of the SM and BSM models 

● Categorization of events into underlying physics processes 
using multi-classification DNNs 

→ Dedicated categories per background 

→ Improved sensitivity by ∼20% 

● Interpretation of network results using sensitivity analysis 

■ Impact of variables consistent with physics expectation 

■ Allows ranking of input variables

Yannik Rath – 05.10.17

- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations

has
H

has
tlep

has
tlep

...

ttH

...

ttH

tt+bb
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– For general statements: Look at sensitivity distribution
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mass for the signal events. By contrast, for tt̄H production, where the decay H ! bb is dom-145

inant, the presence of two additional b quarks in the event creates combinatorial issues that146

prevent the reconstruction of a clear resonant peak. These additional b quarks from top-quark147

decays make it difficult to identify which tagged jets belong to the Higgs boson decay. Because148

most of the combinations are incorrect, the invariant mass distribution of b-tagged jet pairs is149

smeared out and is not significantly different from the tt+jets background.150
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ables that show separation between the tt+jets background and the tt̄H signal. These variables152

tend to fall into five categories:153
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structed objects in the events. Combinations involving different objects can be use-156

ful for discriminating against different backgrounds. Furthermore, it can be useful157

to consider selecting a particular permutation of objects (for example, the mass of158

the dijet pair which is closest or second closest to the expected Higgs mass) or to159

average over all permutations.160

• Angular correlations: Separations in h or DR between pairs of objects in the event,161

including averaging over permutations of objects or selecting a specific ranking of162

the permutations (e.g., the minimum DR among all jet pairs). Angular correlations163
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Figure 1: Exemplary leading order Feynman diagrams for tt̄H production, including the subse-
quent decays of the top quark-antiquark pair in the LJ channel (left) and the DL channel (right)
as well as the decay of the Higgs boson into a bottom quark-antiquark pair.

region.134

Although the signatures discussed above are quite spectacular, involving a large number and135

variety of high-pT final-state particles, they are unfortunately not background-free. By far, the136

dominant background contribution is tt+jets production, including tt+light-flavor jets where137

one or more of the jets is mistagged, as well as tt + cc and tt + bb backgrounds. Smaller back-138

ground contributions come from W+jets, Z+jets, single-top quark, diboson, and tt + W/Z139

productions.140

Because the background processes occur at much higher rates than the tt̄H signal process, a141

smart use of all the available information, especially the differences between the signal and the142

backgrounds, must be incorporated into the analysis. In the VH analyses, the most powerful143

discriminating variable is the invariant mass of the bb̄ pair, which peaks near the Higgs boson144

mass for the signal events. By contrast, for tt̄H production, where the decay H ! bb is dom-145

inant, the presence of two additional b quarks in the event creates combinatorial issues that146

prevent the reconstruction of a clear resonant peak. These additional b quarks from top-quark147

decays make it difficult to identify which tagged jets belong to the Higgs boson decay. Because148

most of the combinations are incorrect, the invariant mass distribution of b-tagged jet pairs is149

smeared out and is not significantly different from the tt+jets background.150

Despite the difficulty in resolving the Higgs boson resonant peak, there are still kinematic vari-151

ables that show separation between the tt+jets background and the tt̄H signal. These variables152

tend to fall into five categories:153

• Jet pT: The pT value of one or more jets in the event.154

• Invariant masses: The invariant masses calculated using some or all of the recon-155

structed objects in the events. Combinations involving different objects can be use-156

ful for discriminating against different backgrounds. Furthermore, it can be useful157

to consider selecting a particular permutation of objects (for example, the mass of158

the dijet pair which is closest or second closest to the expected Higgs mass) or to159

average over all permutations.160

• Angular correlations: Separations in h or DR between pairs of objects in the event,161

including averaging over permutations of objects or selecting a specific ranking of162

the permutations (e.g., the minimum DR among all jet pairs). Angular correlations163
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 16 Deep Neural Networks (1)

● Map input variables x to outputs y: 

■ D is the model which has to be defined 

■ W and b are parameters, or weights, to be learned 

■ n is the output dimension, BDT: 1, DNN: ≥ 1 

● One layer network with logistic function f:

~x ! ~y = ~D(~x,W 0) 2 Rn

~D = f(W · ~x+~b)

f(z) =
1

1 + e�z

1

~x ! ~y = ~D(~x,W 0) 2 Rn

~y = f(W · ~x+~b)

f(z) =
1

1 + e�z

1

tensorflow.org

with

z
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f(z
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1

~x ! ~y = ~D(~x;W ,~b) 2 Rn

~y = f(W · ~x+~b)

f(z) =
1

1 + e�z

~y = (f1 � f2 � ... � fn)(W · ~x+~b)

~y = f(W2 · ~y1 + ~b2)

1
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 17 Deep Neural Networks (2)

● Plug y into cost function, compares to expected outputs yexp (e.g. 𝛘2) 

● Minimize costs using gradient descent algorithms 

Direction of minimization ≙ current slope 

Give feedback to weights 

→ But:  computational too expensive to evaluate all                            
derivations of cost function w.r.t. all weights (O(105)) 

→ Back-propagation: change of weights ∝ costs 

● Combine layers to build deep networks: 

■ 2 layers: 

■ n layers: 

● Many matrix and vector operations 

→ GPUs are mandatory!

~x ! ~y = ~D(~x,W 0) 2 Rn

~y = f(W · ~x+~b)

f(z) =
1

1 + e�z

~y = (f1 � f2 � ... � fn)(W · ~x+~b)

1

~x ! ~y = ~D(~x;W , b) 2 Rn

~y = f(W · ~x+~b)

f(z) =
1

1 + e�z

~y = (f1 � f2 � ... � fn)(W · ~x+~b)

~y = f(W2 · ~y1 + ~b2)

1
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 18 Deep Neural Networks (3)

● Network architecture 

● Layer activations 

● Optimization algorithm 

● Overtraining suppression: 

■ L2 normalization 

■ Random unit dropout 

● Event weights 

● Feature scaling 

● ... 

● Challenge: “No separation in output distribution. Reason?” 

■  BDT:  Unfortunate variable selection 

■  DNN:  Unfortunate variable selection or 
    network architecture not optimal (more likely)

©
To

m
 D
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oh

ue

Challenging hyper-parameter space

→ Many hyper-parameter combinations 
but only a few appear to work
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 19 DNN-based discriminants for fitting

ttH ttbb ttb tt2b ttcc ttlf

ttH ✔

ttbb ✔

ttb ✔

tt2b ✔

ttcc ✔

ttlf ✔

Category

Output 
node
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BDT+MEM 2D approach
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 20 DL: BDT+MEM 2D method 

● Well established method in previous Run II analyses (HIG-16-038, HIG-16-004) 

● Jet - b-tag categorization: (≥4j,3t), (≥4j,≥4t) 

■ (≥4j,3t): use BDT output as discriminant 

■ (≥4j,≥4t): combine strengths of BDT and MEM 

▻ BDTs trained to discriminate ttH(bb) vs. inclusive tt+jets 

▻ Matrix element discriminants constructed to separate ttH(bb) and tt+bb 

→ Split events at median of signal BDT output 

→ In each category, use MEM as discriminant 

● 3 categories in total
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4j, ≥3b 5j, ≥3b ≥6j, 
4j, ≥3b 5j, ≥3b ≥6j, 

4j, ≥3b 5j, ≥3b ≥6j, 

Events

�21 Overall analysis strategy

SL

4j, ≥3b 5j, ≥3b ≥6j, ≥3b

                 DNN (MEM is input)

4j, ≥3b, 
ttH

5j, ≥3b, 
ttH

≥6j, ≥3b, 
ttH

Simultaneous fit

Selection

Categorization 1

MVA discriminants

Measurement

Categorization 2
Categorize by most probable process 

ttH, tt+bb/b/2b/cc/lf

3 x 6 categories
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4j, ≥3b 5j, ≥3b ≥6j, 
4j, ≥3b 5j, ≥3b ≥6j, 

4j, ≥3b 5j, ≥3b ≥6j, 

Events

�22 Overall analysis strategy

SL

4j, ≥3b 5j, ≥3b ≥6j, ≥3b ≥4j, 3b ≥4j, ≥4b

BDT MEM                 DNN (MEM is input)

4j, ≥3b, 
ttH

5j, ≥3b, 
ttH

≥6j, ≥3b, 
ttH ≥4j, 3b

≥6j, ≥4j, ≥4b, 
low BDT

Simultaneous fit

DL

Selection

Categorization 1

MVA discriminants

Measurement

Categorization 2
Split at BDT 

median
Categorize by most probable process 

ttH, tt+bb/b/2b/cc/lf

3 x 6 categories 1 + 2 categories


