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 2 The LHC & the CMS detector

The Large Hadron Collider 

•  pp collider @ CERN 

•  26.7 km, 1600 magnets, 8.3 T  

•  √s = 13 TeV (2016-2018) 

•  800 mio. events / s

The Compact Muon Solenoid 

•  Multi-purpose detector 

 → SM, Higgs, SUSY, DM, extra dim. 

•  21 x 15 m (l x ⌀), 12.500 tons 

•  3.8 T solenoid
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 3 Problem statement: ttH (H → bb) vs. tt+bb

● Classification task: separate ttH (H → bb)  from  tt+bb 

● Final state: 

■ 6 jets  (2 from tops, 2 from W, 2 from Higgs) 

■ 1 charged lepton 

■ 1 neutrino (missing transverse energy)

2.2 The tt̄H Process at Hadron Colliders

Under the assumption that the Higgs boson decay occurs perpendicular to the direction of its
motion, the spatial angle between the two jets in the observer’s reference frame at typical mo-
menta of pH = 100 GeV amounts to f ⇡ 103�. Therefore, one can estimate that in the majority
of cases the two jets exhibit a sufficiently large spatial separation, allowing for their resolved
measurement and identification based on features of displaced secondary vertices.

Signal processes in which the Higgs boson decays into particles other than a pair of bottom
quarks, such as H ! W+W� and H ! t+t�, are taken into account in the following. Despite
their minor expected yield due to smaller branching ratios and different final-state signature,
events of those processes can potentially pass phase space selection criteria and contribute to
the total number of tt̄H signal events.

Moreover, the decay of the tt̄ system is considered in the single-lepton and dilepton decay
channels (cf. Section 2.2.3). A corresponding leading-order Feynman diagram is presented in
Fig. 2.9a. It should be noted that more diagrams exist to describe tt̄H production. An example
is the production of a pair of top quarks (cf. Section 2.2.3) where one top quark emits a Higgs
boson. Similarly to generic tt̄ production, gluon-initiated processes have the largest contribution
to the total tt̄H cross section at

p
s = 13 TeV [33].
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Figure 2.9: Feynman diagrams showing tt̄H (H ! bb̄) (a) and tt̄+bb̄ production (b) in the
single-lepton and dilepton tt̄ decay channels. Their final state is identical and despite differ-
ent spin and color charge relations, the event topology is quite similar. It should be noted that
more possible diagrams exist for both processes.

In total, the measurable final state consists of six jets and an isolated lepton in the single-lepton,
and four jets and two isolated leptons with opposite charge in the dilepton channel, respectively.
In both cases, four jets are supposed to originate from b-hadron decays and a significant amount
of missing transverse energy is expected due to the non-detectable neutrinos. Given the high
combinatorial complexity due the number of jets and the typical detector resolution of jet ob-
servables, the full reconstruction of the event is rather challenging. The net cross section is

stt̄H,bb̄,SL+DL = stt̄H · BRH!bb̄ · BRtt̄,SL+DL = 98.4 +6.9
�9.9 fb, (2.50)

which corresponds to ⇠ 3500 produced events in the dataset recorded by the CMS detector in
2016 with an integrated luminosity of 35.9 fb�1.
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ttH (H → bb) tt+bb

 8 x four-vector components 
E, px, py, pz 

→ Low-level features}
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 4 Feature engineering in HEP
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5 ttH Event Reconstruction

hmi [GeV] �m [GeV]

thad 178.91 20.79
tlep 171.88 24.91
Whad 84.62 12.08

Table 5.1: Expectation values and uncertainties for the calculation of the �2 input
variable derived from the simulated event sample using generator data.

cjchbb The combined jet charge (CJC) of the two bottom quarks from the Higgs
boson decay,

CJC =
��JCbH

� JCb̄H

�� . (5.9)

The electric charges of the two quarks are expected to have opposite signs and
hence, CJC is larger for signal events and has a theoretical value of 2/3 e on
parton level.

cjcbhadblep The combined jet charge of the two bottom quarks from the top quark
decays,

CJC = |JCbhad � JCblep| . (5.10)

Its theoretical value on parton level is 2/3 e as well.

cjcj1j2 The combined jet charge of the two light jets,

CJC = �Qlep · (JClj1 + JClj2). (5.11)

The factor �Qlep, i.e. the charge of the lepton, causes the combination to be
+1 e on parton level.

cjcall The combined jet charge of the two light jets and the two bottom quarks from
the top quark decays,

CJC = Qlep · (JCbhad � JCblep � JClj1 � JClj2), (5.12)

with an expectation value of 5/3 e on parton level.

wlephelicity The angle ✓⇤ between W ⇤
lep

(boosted into the tlep system) and lep⇤

(boosted into the Wlep system) determined as

cos ✓⇤ =

#      »
W ⇤

lep
·

#  »
lep⇤���

#      »
W ⇤

lep

��� ·

���
#  »
lep⇤

���
. (5.13)

Another illustration of the angle ✓⇤ is shown in figure 5.1.
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 4 Feature engineering in HEP

Low-level 
features

High-level 
features

Physicist

Result

DNN

Better 
result

● Observations 

1. Physicists’ crafted high-level features might not exploit all available information 
2. In practice, it is hard for “standard” DNNs to learn representations of complex features
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● Similar situation to FCNs → CNNs: 

■ Images contain information in translation invariant adjacency of pixels 

→ Exploit information by changing the network structure!

 5 Networks motivated by Physics

Yannik Rath – 15.11.18

4 LBN - Motivation 

● Success of deep learning in computer science through 
dedicated architectures exploiting problem structure 

● Similar developments in physics, e.g. LoLa, Recursive NN 
(and others!)

● LBN: Utilize knowledge of particle combinations, rest 
frames through Lorentz boosts

Udacity Course 730, Deep Learning[Zeiler & Fergus 2013], adapted by Yann LeCun 

→ Encode first-principles of domain (physics) into network structure

https://arxiv.org/abs/1707.08966
https://arxiv.org/abs/1702.00748
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 6 Lorentz Boost Networks

N x 4

Input 
(4-vectors)

Combine 
to Particles 

& Rest frames 

Boost 
P into R

2 · (M x 4) M x 4

Feature 
engineering

F x 1

I

P

R

B F

Trainable

...
...

...
...Λ

Application-specific 
neural network

arXiv:1812.09722 
(submitted to JINST)

https://arxiv.org/abs/1812.09722
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 7 Boosting

● Lorentz transformation with boost matrix 

● Vectorized formulation to run efficiently on GPUs 

■ 4D tensor (batch x particle x 4 x 4)

I

P

R

B F

Λ = I + (U ⊕ γ) ⊙ ((U ⊕ 1) ⋅ β − U) ⊙ (e ⋅ eT)

U = [−11×1 01×3

03×1 −13×3] e = [ 11×1

− ⃗n 3×1]

Λ =

γ −γβnx −γβny −γβnz

−γβnx 1 + (γ − 1)n2
x (γ − 1)nxny (γ − 1)nxnz

−γβny (γ − 1)nynx 1 + (γ − 1)n2
y (γ − 1)nynz

−γβnz (γ − 1)nznx (γ − 1)nzny 1 + (γ − 1)n2
z

⃗n = ⃗β /βwith

with
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 8 Feature engineering

● Project features from M boosted 4-vectors: 

■ Features per vector: 

▻ E, pt, eta, phi, mass 

■ Pairwise features: 

▻ cos(φ) between vectors 

■ More features possible, but not necessarily required 

■ Input feature scaling / normalization not applicable 

→ Batch normalization applied after feature layer

I

P

R

B F



Application 
ttH  vs. tt+bb
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 10 Complication: jet sorting
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2.2 The tt̄H Process at Hadron Colliders

Under the assumption that the Higgs boson decay occurs perpendicular to the direction of its
motion, the spatial angle between the two jets in the observer’s reference frame at typical mo-
menta of pH = 100 GeV amounts to f ⇡ 103�. Therefore, one can estimate that in the majority
of cases the two jets exhibit a sufficiently large spatial separation, allowing for their resolved
measurement and identification based on features of displaced secondary vertices.

Signal processes in which the Higgs boson decays into particles other than a pair of bottom
quarks, such as H ! W+W� and H ! t+t�, are taken into account in the following. Despite
their minor expected yield due to smaller branching ratios and different final-state signature,
events of those processes can potentially pass phase space selection criteria and contribute to
the total number of tt̄H signal events.

Moreover, the decay of the tt̄ system is considered in the single-lepton and dilepton decay
channels (cf. Section 2.2.3). A corresponding leading-order Feynman diagram is presented in
Fig. 2.9a. It should be noted that more diagrams exist to describe tt̄H production. An example
is the production of a pair of top quarks (cf. Section 2.2.3) where one top quark emits a Higgs
boson. Similarly to generic tt̄ production, gluon-initiated processes have the largest contribution
to the total tt̄H cross section at

p
s = 13 TeV [33].
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Figure 2.9: Feynman diagrams showing tt̄H (H ! bb̄) (a) and tt̄+bb̄ production (b) in the
single-lepton and dilepton tt̄ decay channels. Their final state is identical and despite differ-
ent spin and color charge relations, the event topology is quite similar. It should be noted that
more possible diagrams exist for both processes.

In total, the measurable final state consists of six jets and an isolated lepton in the single-lepton,
and four jets and two isolated leptons with opposite charge in the dilepton channel, respectively.
In both cases, four jets are supposed to originate from b-hadron decays and a significant amount
of missing transverse energy is expected due to the non-detectable neutrinos. Given the high
combinatorial complexity due the number of jets and the typical detector resolution of jet ob-
servables, the full reconstruction of the event is rather challenging. The net cross section is

stt̄H,bb̄,SL+DL = stt̄H · BRH!bb̄ · BRtt̄,SL+DL = 98.4 +6.9
�9.9 fb, (2.50)

which corresponds to ⇠ 3500 produced events in the dataset recorded by the CMS detector in
2016 with an integrated luminosity of 35.9 fb�1.
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Option 1 
Use generator (truth) information 

→ Isolated study of LBN performance

Option 2 
Sort jets by transverse momentum pT 

→ Challenging “real-life” scenario

How to 

sort jets?
I

P

R

Λ
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● O(100) networks per configuration 

● LBN:  only few hyper-parameters, essentially number of combinations M 

● DNN: varied layers, units, activations, FCN/Dense/Residual setup, learning rate, L2 norm.

 11 Parameter scan results

Generator (truth) sorting



Marcel Rieger - 19.2.19

● O(100) networks per configuration 

● LBN:  only few hyper-parameters, essentially number of combinations M 

● DNN: varied layers, units, activations, FCN/Dense/Residual setup, learning rate, L2 norm.

 11 Parameter scan results

Generator (truth) sorting



Marcel Rieger - 19.2.19

● O(100) networks per configuration 

● LBN:  only few hyper-parameters, essentially number of combinations M 
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 12 Observations

I

P

R

B F

1. DNN behind LBN can be rather shallow 

▻ Feature representation moved to LBN 

▻ DNN can focus on transformation to output 

2. LBN is not a black box 

▻ Extract which (combined) particles and features are important

DNN

LBN

...
...

...
...
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 13 Combination coefficients (generator sorting)

I

P

R

B F

...

LBN finds particles & rest frames 
that lead to features which 
are important to solve task!



Marcel Rieger - 19.2.19
 14 Feature example: particle mass

ttH ttbb
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ttH ttbb

∆
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 15 Summary

● “Which additional feature could increase my network performance?”                                     

     should rather become                                                                                                       
“How can I design my network to (even better) work with raw features?” 

▻ Encode physics knowledge right into network rather than into features 

● Lorentz Boost Network possible candidate for many use cases 

▻ Architecture able to autonomously engineer features 

▻ Allows to open the black box: LBN finds meaningful relations in physics context 

▻ git.rwth-aachen.de/3pia/lbn

⠇

⠇
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https://git.rwth-aachen.de/3pia/lbn


Backup
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 17 Lorentz Boost Networks
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 18 Classification: ttH (H → bb) vs. ttbb

● Final state: 6 jets, 1 charged lepton, 1 neutrino (missing transverse energy) 

● Variables 

■ Low-level:  6 + 2 four-momenta 

■ High-level: 26, from published ttH analysis 

■ Combined

● How to order jets? 
a) Using truth information 

b) Simple sorting by pT

2 The tt̄H Process in the Standard Model of Particle Physics
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Figure 2.9: Feynman diagrams showing a) tt̄H (H ! bb̄) and b) tt̄+bb̄ production in the single-
lepton and dilepton tt̄ decay channels. Their final state is identical and despite different spin and
color charge relations, the event topology is quite similar. It should be noted that more possible
diagrams exist for both processes.

quark pair production with an additional bottom quark pair induced by the splitting of a gluon.
Despite differences caused by the spin and color-charge of the gluon, the process is very similar
to the tt̄H (H ! bb̄) signal process in terms of final state content and kinematic topology.

The theoretical description of the production mechanisms of these tt̄+hf contributions is am-
biguous. For example, processes with additional bottom quarks can be modeled via gg ! tt̄g
matrix element calculations in (N)LO with collinear g ! bb̄ splittings in the parton shower,
gb ! tt̄b production using 4FS and 5FS calculations, or solely via collinear gluon splittings in
the parton shower [29–31, 87]. Currently neither higher-order theoretical calculations nor exper-
imental methods can constrain expected rates with an accuracy better than 35 % [28–31].

However, a clear and robust process definition is required in the scope of this analysis for two
particular reasons. First, production processes might be subject to different theoretical uncertain-
ties which must be properly assigned to establish a reasonable modeling of recorded collision
data with simulated events. Second, common analysis strategies are based on the separation of
signal and background contributions to define specific signal- and background-enriched phase
space regions in which the measurement is performed. In the presented analysis, the most rele-
vant background contributions are also separated from each other (cf. Sections 4 and 7). In case
of inadequate process definitions, the efficiency of this separation approach is impaired which
in turn reduces the measurement sensitivity.

The definition of the particular tt̄ subprocesses is prescribed in the following. After the sim-
ulation of events using matrix element generators, parton showering, and phenomenological
hadronization processes (cf. Section 2.2.1), final state particles are clustered into jets using the
anti-kT algorithm with a distance parameter of DR = 0.4. If a jet can be associated to the hard
scattering process, i.e., if it originates from the top quark or hadronic W boson decays, or if it
exhibits a transverse momentum below 20 GeV, it is rejected in subsequent considerations. The
clustering history of the remaining jets is traversed backwards up to the hadronization stage and
comprises, in particular, the decays of unstable hadrons. Based on this, five tt̄ subprocesses are
defined by counting the numbers of additional jets and contained b and c hadrons.

• “tt̄+bb̄”: The event has at least two additional jets which each contain at least one b hadron.

24
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 19 Feature example
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Table 5.1: Expectation values and uncertainties for the calculation of the �2 input
variable derived from the simulated event sample using generator data.

cjchbb The combined jet charge (CJC) of the two bottom quarks from the Higgs
boson decay,

CJC =
��JCbH

� JCb̄H

�� . (5.9)

The electric charges of the two quarks are expected to have opposite signs and
hence, CJC is larger for signal events and has a theoretical value of 2/3 e on
parton level.

cjcbhadblep The combined jet charge of the two bottom quarks from the top quark
decays,

CJC = |JCbhad � JCblep| . (5.10)

Its theoretical value on parton level is 2/3 e as well.

cjcj1j2 The combined jet charge of the two light jets,

CJC = �Qlep · (JClj1 + JClj2). (5.11)

The factor �Qlep, i.e. the charge of the lepton, causes the combination to be
+1 e on parton level.

cjcall The combined jet charge of the two light jets and the two bottom quarks from
the top quark decays,

CJC = Qlep · (JCbhad � JCblep � JClj1 � JClj2), (5.12)

with an expectation value of 5/3 e on parton level.

wlephelicity The angle ✓⇤ between W ⇤
lep

(boosted into the tlep system) and lep⇤

(boosted into the Wlep system) determined as

cos ✓⇤ =

#      »
W ⇤

lep
·

#  »
lep⇤���

#      »
W ⇤

lep

��� ·

���
#  »
lep⇤

���
. (5.13)

Another illustration of the angle ✓⇤ is shown in figure 5.1.
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Figure 2.9: Feynman diagrams showing a) tt̄H (H ! bb̄) and b) tt̄+bb̄ production in the single-
lepton and dilepton tt̄ decay channels. Their final state is identical and despite different spin and
color charge relations, the event topology is quite similar. It should be noted that more possible
diagrams exist for both processes.

quark pair production with an additional bottom quark pair induced by the splitting of a gluon.
Despite differences caused by the spin and color-charge of the gluon, the process is very similar
to the tt̄H (H ! bb̄) signal process in terms of final state content and kinematic topology.

The theoretical description of the production mechanisms of these tt̄+hf contributions is am-
biguous. For example, processes with additional bottom quarks can be modeled via gg ! tt̄g
matrix element calculations in (N)LO with collinear g ! bb̄ splittings in the parton shower,
gb ! tt̄b production using 4FS and 5FS calculations, or solely via collinear gluon splittings in
the parton shower [29–31, 87]. Currently neither higher-order theoretical calculations nor exper-
imental methods can constrain expected rates with an accuracy better than 35 % [28–31].

However, a clear and robust process definition is required in the scope of this analysis for two
particular reasons. First, production processes might be subject to different theoretical uncertain-
ties which must be properly assigned to establish a reasonable modeling of recorded collision
data with simulated events. Second, common analysis strategies are based on the separation of
signal and background contributions to define specific signal- and background-enriched phase
space regions in which the measurement is performed. In the presented analysis, the most rele-
vant background contributions are also separated from each other (cf. Sections 4 and 7). In case
of inadequate process definitions, the efficiency of this separation approach is impaired which
in turn reduces the measurement sensitivity.

The definition of the particular tt̄ subprocesses is prescribed in the following. After the sim-
ulation of events using matrix element generators, parton showering, and phenomenological
hadronization processes (cf. Section 2.2.1), final state particles are clustered into jets using the
anti-kT algorithm with a distance parameter of DR = 0.4. If a jet can be associated to the hard
scattering process, i.e., if it originates from the top quark or hadronic W boson decays, or if it
exhibits a transverse momentum below 20 GeV, it is rejected in subsequent considerations. The
clustering history of the remaining jets is traversed backwards up to the hadronization stage and
comprises, in particular, the decays of unstable hadrons. Based on this, five tt̄ subprocesses are
defined by counting the numbers of additional jets and contained b and c hadrons.

• “tt̄+bb̄”: The event has at least two additional jets which each contain at least one b hadron.
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