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earth, air, 
fire, water

  stars, planets, 
dark matter,  
dark energy   

What is the universe made of?
• An age old question, but we live at a particularly 

interesting time: 
– We know how “big” the universe is. 
– We have no idea what most of it is made of. 

• How does the universe work?

See overview talk by Michael Kagan 
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• Where are anti-particles in our universe? 
• Where is Gravity in the table? 
• Why there are three generations?  
• Why are there three forces (besides gravity)? 
• Why isn’t only one kind of force (Grand Unified Theory)? 
• Why do we need Higgs particle? 
• Why some particles are heavy and some are light? 
• Dark matter / Dark Energy  
• How natural is this theory? 

• Naturalness; coincidence; fine tuning; multi-verse

Current Particle Physics Model is 
INCOMPLETE
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Higgs mass = bare mass - counter terms



Now we perform various experiments and among many other exciting experiments…..



• Located at CERN, near Geneva 
• Hadron: protons and nuclei 
• Large: 17 miles of vacuum and superconducting magnets 
• Accelerates protons to 99.999999% the speed of light, 10,000 

round trips per second 
• Proton beams squeezed down to 64 microns 
• 100 million proton-proton collisions per second 
• More than 5000 Ph.D. physicists from > 100 countries 
• ~$10 billion project  
• Conceived 1984, approved 1994 
• Beams in Sept 2008, run I begun 2009, run II 2015@13TeV
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• about 9500 Lego pieces 
• roughly 50:1 in scale (close to scale with the LEGO man) 
• material cost of about 2000 Euros 
• about 1 m x 0.5 m x 0.5 m in size

Peter Higgs playing with ATLAS lego model, Nobel prize winner in 2013
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• A very large number of collisions occur at a very high energy. 
• Proton bunches collider every 25ns. 
• 3.3 Terabyte hard drives/second. 10 Libraries of Congress/minute. 
• 100 full length DVD movies/second. 
• Data analysis requires full use of the worldwide Grid computing system. 
• Worldwide LHC Computing Grid used up to 485,000 computer processing cores at Run I.
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WHAT THE LHC IS LOOKING FOR
• More Higgs bosons 
• New quark-, electron-, or neutrino-

like particles 
• Quark and electron substructure 
• New forces 
• Black holes 
• Extra dimensions 
• Dark matter 
        …. 
• Ideas not yet thought of

One of the best motivation:  
Higgs potential



Why double Higgs (hh) ?
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• We will focus on the triple Higgs self-coupling (c3), with all other couplings set to their SM 
values. c3 is accessible at the HL-LHC but c4 needs 100 TeV collider.
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• The knowledge of c3 is crucial to reconstruct the Higgs potential for better understanding EWSB. 
Many BSM scenarios allow large deviations for c3.

• That’s why probing c3 is notoriously difficult.
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• The c3 is sensitive at lower-energy bins where the backgrounds are large.



Why double Higgs (hh) ?

+c3
m2

h

2v
h3 + c4

m2
h

8v2
h4Vh =

m2
h

2
h2

• We will focus on the triple Higgs self-coupling (c3), with all other couplings set to their SM 
values. c3 is accessible at the HL-LHC but c4 needs 100 TeV collider.

g

g

t

h

h
h

h
b

b

W

W ⇤

⌫

`

⌫

`

g

g

t

h

h

b

b

W

W ⇤

⌫

`

⌫

`

h

h
h

+

• The knowledge of c3 is crucial to reconstruct the Higgs potential for better understanding EWSB. 
Many BSM scenarios allow large deviations for c3.

• That’s why probing c3 is notoriously difficult.

⇠ c3y
2
t
↵S

4⇡

m2
h

ŝ
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Decays

• These measurements are challenged by a 
low 𝜎 (hh) and small branching ratios (BR). 

• No single channel is expected to reach 5 
sigma at HL-LHC. 

• The combination of different channels is 
crucial. bbWW has good potential for 
further improvement.

bb WW* 𝜏𝜏 ZZ* 𝛾𝛾

bb 33%

WW* 25% 4.6%

𝜏𝜏 7.3% 2.7% 0.39%

ZZ* 3.1% 1.1% 0.33% 0.069%

𝛾𝛾 0.26% 0.1% 0.028% 0.012% 0.0005%

ratios

�(hh)NNLO

SM
' 40.7 fb

higher branching

cleaner final
state

( 14 TeV )
1 fb = 10   cm

-39      2

Ghent, 11/07/2018 12

ATLAS + CMS HH combina�on

Search for di-Higgs produc�on with ATLAS F. Costanza

 Combined values channel-by-channel:

 No correla�on considered (shown to have 

negligible impact).

 Systema�c uncertain�es included.

 Signal (SM) signi.cance:

 4σ expected for ATLAS+CMS! 

 Signal (SM) injec�on test:

 μinj = 1: μ measured with ~30% unc.

 μinj = 0: SM di-Higgs produc�on excluded at 95% CL.

 kλ measurement (assuming SM value):

 2nd minimum excluded at 99.4% CL thanks to

mhh shape informa�on. 

4σ expected for ATLAS+CMS! 

1902.00134

1902.00134
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Cross sections @14 TeV LHC

• We include a SM background process, tW production, which was missing from all pre-
vious discussions of this channel, yet it turns out to be the next dominant background
once the tt̄ background is under control.

• The fact that the Higgs boson h is a color-singlet allows us to use the jet image of the
h ! bb̄ decay for further background suppression [45–48, 50].

• We examine the effect of pile-up, which was missing from previous studies. In particular,
we chose to apply the Soft Drop algorithm [56], which is a powerful pile-up mitigation
technique.

Our results show that the dominant tt̄ background can be significantly reduced until it
is comparable to the other subdominant backgrounds, i.e., after all cuts, we find that all
SM backgrounds contribute at similar levels. This reduction can be accomplished without
sacrificing too much of the signal rate, which leads to an improved signal significance. Our
study indicates that the dilepton channel from hh ! bb̄W+W� could contribute to the com-
bined significance for hh discovery on par with the other final states, making double Higgs
production sooner accessible at the HL-LHC.

This paper is structured as follows. We begin our discussion of the SM backgrounds and
present the details of our simulation in section 2. In the following two sections 3 and 4, we
provide some basic information on the kinematic variables used later in the analysis and on jet
images, respectively. Then in section 5 we discuss how we set up our analysis in a deep learning
framework. Section 6 presents our results, while section 7 is reserved for the discussion and
conclusions. We include a brief review on deep neural networks in Appendix A.

2 Event generation and detector simulation

Parton-level signal and background events were generated using MadGraph5_aMC@NLO

v2.6 [57] with the default NNPDF2.3QED parton distribution functions [58] at leading or-
der QCD accuracy at the

p
s = 14 TeV LHC. The default dynamical renormalization and

factorization scales were used. We assume 3000 ab�1 of luminosity throughout this paper.
Parton-level events were generated with the following cuts: pTj > 20 GeV, pTb > 20 GeV,
pT� > 10 GeV, pT ` > 10 GeV, ⌘j < 5, ⌘b < 5, ⌘� < 2.5, ⌘` < 2.5, �Rbb < 1.8, �R`` < 1.3, 70
GeV < mjj , mbb < 160 GeV and m`` < 75 GeV. For jj``⌫⌫̄, ``bj and tW + j backgrounds, we
impose 5 GeV < m`` < 75 GeV additionally. Here the angular distance �Rij is defined by

�Rij =
q

(��ij)2 + (�⌘ij)2, (2.1)

where ��ij = �i � �j and �⌘ij = ⌘i � ⌘j are respectively the differences of the azimuthal
angles and rapidities between particles i and j.

The double Higgs production cross-section is normalized to �hh = 40.7 fb, the next-
to-next-to-leading order (NNLO) accuracy in QCD [59]. Considering all relevant branching
fractions, we obtain signal cross section �hh·2·BR(h ! bb)·BR(h ! WW ⇤

! `+`�⌫⌫̄) = 0.648

– 3 –
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fb, where ` denotes an electron or a muon, including leptons from tau decays. The major
background is tt production, whose cross section is normalized to the NNLO QCD cross-section
953.6 pb [60]. Another important background is tth, which is normalized to the next-to-leading
order (NLO) QCD cross-section of 611.3 fb [61]. For the ttV (V = W±, Z) background, we
apply an NLO k-factor of 1.54, resulting in a cross-section of 1.71 pb [62]. We apply an NLO
k-factor of 1.0 for the Drell-Yan type backgrounds ``bj and ⌧⌧bb, where j denotes partons
in the five-flavor scheme. Note that a recent study indicates that kNNLO,DY

QCD⌦QED
⇡ 1 [63]. The

irreducible jj``⌫⌫ background from the mixed QCD+EW process is included with kNLO = 2.
Finally, we generate tW + j events with up to one additional matched jet (in the five-flavor
scheme), whose cross-section turns out to be 0.51 pb (after the cuts) including all relevant
branching fractions.

Events are further processed for parton-shower/hadronization using Pythia8235 [64].
We use Delphes 3.4.1 [54] for simulating the detector effects and Fastjet 3.3.1 [55] for
jet-reconstruction, with modified ATLAS settings as follows.

• Jets are clustered with the anti-kT algorithm [65] with cone-size �R = 0.4, where �R

is the distance (2.1) in the (�, ⌘) space. Jets are also required to have pT > 30 GeV and
|⌘| < 2.5.

• For lepton isolation, we require pT `
pT `+

P
i pTi

> 0.7, where the sum is taken over the
transverse momenta pT i of all final states particles i, i 6= `, with |⌘i| < 2.5, pT i > 0.5

GeV and within �Ri` < 0.3 of the lepton candidate `.

• For photon isolation, we analogously require
P

i pTi

pT�
< 0.12 for particles within �Ri� <

0.3 of the photon candidate �.

• The missing transverse momentum /~PT is defined as the negative vector sum of the
transverse momenta of the reconstructed jets, leptons and photons.

• We use the a flat b-tagging efficiency, ✏b!b = 0.75, and flat mis-tagging rates for non-b
jets of ✏c!b = 0.1 and ✏j!b = 0.01 [66].

After particle reconstruction, we employ the following baseline selection cuts
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• the two leading jets must be b-tagged,

• exactly two isolated leptons of opposite sign, each with pT ` > 20 GeV,
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lines) and the related discussion in Sec. 3 below.
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Signal tt̄ tt̄h tt̄V ``bj ⌧⌧bb tw + j jj``⌫⌫ � S/B

Baseline cuts: /PT > 20 GeV,

0.01046 1.8855 0.0269 0.0179 0.0697 0.0250 0.2209 0.0113 0.38 0.0046
pT,` > 20 GeV, �R`` < 1.0,

pT,b > 30 GeV, �Rbb < 1.3,

m`` < 65 GeV, 95 < mbb < 140 GeV

jet-image DL 0.00667 0.1817 0.0133 0.00793 0.0245 0.0129 0.0671 0.00854 0.65 0.021

10 low-level variables DL 0.00668 0.0806 0.00897 0.00435 0.0163 0.00876 0.0462 0.00578 0.88 0.039

16 variables DL 0.00667 0.0662 0.00948 0.00358 0.0170 0.00747 0.0387 0.00402 0.95 0.046

10 variables + jet-image DL 0.00667 0.0693 0.00897 0.00435 0.0178 0.00722 0.0359 0.00352 0.95 0.045

16 variables + jet-image DL 0.00668 0.0607 0.00769 0.00281 0.0173 0.00799 0.0317 0.00402 1.0 0.051

Table 1. Signal and background cross sections in fb after baseline cuts (first row) and at different
stages of analysis, using a combination of kinematic variables and jet images while requiring N = 20
signal events. The significance � is calculated using the log-likelihood ratio for a luminosity of 3 ab�1

at the 14 TeV LHC.

Figure 12. Correlation of the deep learning scores obtained in independent DL analyses using the
16 kinematic variables only (x-axis) and jet images only (y-axis) for signal (left panel) and background
(right panel).

In our main analysis, we performed simultaneous runs as shown in the deep learning
architecture in Fig. 9. Before calculating our final deep learning score, we obtain three inter-
mediate values, ↵, �, and �, which represent the DL scores for the respective substructure
corresponding to the jet images, the 6 high level variables and the 10 low level variables.
The first 6 panels in Fig. 13 show the pair-wise correlations between these three intermediate
scores for the signal (top row) and the background (middle row). The bottom three panels in
the figure show the one-dimensional distributions of the intermediate scores for signal (blue
histograms) and background (red histograms). We observe that the score from jet images
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tt: 84% tW: 9.8% DY+jets: 3.1% tth: 1.2% ttV: 0.8%tautau + bb: 1.1%
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We propose a novel kinematic method to expedite the discovery of the double Higgs (hh) pro-
duction in the `

+
`
�
bb̄+ /ET final state. We make full use of recently developed kinematic variables,

as well as the variables Topness for the dominant background (top quark pair production) and
Higgsness for the signal. We obtain a significant increase in sensitivity compared to the previous
analyses which used sophisticated algorithms like boosted decision trees or neutral networks. The
method can be easily generalized to resonant hh production as well as other non-resonant channels.

PACS numbers: 12.60.-i,14.80.Bn,14.65.Ha

Introduction. The discovery of the Higgs boson (h)
with a mass mh = 125 GeV [1, 2] jumpstarted a com-
prehensive program of the precision measurements of all
Higgs couplings. The current results for the couplings to
fermions and gauge bosons [3] appear to be in agreement
with the Standard Model (SM) predictions. However,
probing the triple and quartic Higgs self-couplings is no-
toriously di�cult [4–11]. Yet, the knowledge of those
couplings is crucial for understanding the exact mecha-
nism of electroweak symmetry breaking and the origin of
mass in our universe.

The Higgs self-interaction is parameterized as follows:

V =
m

2
h

2
h
2 + 3�

SM
3 vh

3 +
1

4
4�

SM
4 h

4
, (1)

where �
SM
3 = �

SM
4 = m

2
h

2v2 are the SM values, 3 and 4

parametrize deviations from those, and v ⇡ 256 GeV
is the Higgs vacuum expectation value. In order to ac-
cess 3 (4), one has to measure the process of double
(triple) Higgs boson production at the Large Hadron Col-
lider (LHC) or future colliders, possibly with high lumi-
nosity (HL). Due to the small signal cross-section (�hh),
it is necessary to combine as many di↵erent channels as
possible. One specific process, hh ! (bb̄)(W±

W
⌥), has

so far been relatively overlooked, due to the large SM
background cross-section �bknd ⇠ 105�hh, which is pre-
dominantly due to top quark pair production (tt̄). In
particular, there have been very few studies on the re-
sulting dilepton final state [8–12]. The existing analyses
employ sophisticated algorithms (neutral network (NN)
[9], deep neutral network (DNN) [10], boosted decision
tree (BDT) [11, 12], etc.) to increase the signal sensitiv-
ity, but show somewhat pessimistic results, with a sig-
nificance no better than 1� at the HL-LHC with 3 ab�1

luminosity [9–12].
In this letter, we propose a novel method to enhance

the signal significance for hh production in the dilepton
channel. The idea is to maximize the use of kinematic
information for the dominant background (dilepton tt̄

production). For this purpose, we utilize the class of
kinematic variables which were specifically designed for

the dilepton tt̄ topology [13–17]. In addition, we intro-
duce a discriminator against signal, which we refer to as
Topness, following Ref. [18], and an analogous discrimi-
nator against background, called Higgsness. We do not
use matrix elements or any of the above mentioned com-
plicated algorithms. The method leads to a surprisingly
high significance compared to existing results. We will
first carry out an analysis for the case of a SM-like Higgs
boson, 3 = 1, before extending to non-SM values.

Method. Our method relies on two new kinemat-
ics functions, Topness and Higgsness, which respec-
tively characterize features of tt̄ and hh events, and two
less commonly used variables, subsystem MT2 (or M2)
[13, 16, 19] for tt̄ and subsystem

p
ŝmin (or M1) [14–16]

for hh production. Topness provides a degree of con-
sistency for a given event to dilepton tt̄ production, in
which there are 6 unknowns (the three-momenta of the
two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints,
mt, mt̄, mW+ and mW� . The neutrino momenta can be
fixed by minimizing the following quantity

�
2
ij

⌘ min
~/PT=~p⌫T+~p⌫̄T

2

64
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m

2
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+⌫
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2
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2
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�
4
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2
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�⌫̄
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2
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⌘2

�
4
t

+

�
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2
`�⌫̄

� m
2
W

�2

�
4
W

3

75 , (2)

subject to the missing transverse momentum constraint,
~/PT = ~p⌫T + ~p⌫̄T . We use MINUIT for the minimization in
our analysis [20]. Since there is a twofold ambiguity in
the paring of a b-quark and a lepton, we define Topness

as the smaller of two �
2s,

T ⌘ min
�
�
2
12 , �

2
21

�
. (3)

In double Higgs production, the two b-quarks arise
from a Higgs decay (h ! bb̄), and therefore their in-
variant mass mbb can be used as a first cut to enhance
the signal sensitivity. For the decay of the other Higgs
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2.3.1 The 2b2`+ /ET channel

Inspired by the CMS HL-LHC studies [131], we focus on the dileptonic mode of the

bb̄WW
⇤ channel in this part. Di↵ering slightly from CMS, we do not impose cuts on

m``, �R`` and ��bb ``. Moreover, instead of using their neural network discriminator,

we consider the BDTD algorithm. Besides, in addition to their analysis, we include

various subdominant backgrounds on top of the dominant tt̄ backgrounds, as has

been listed above. For this study, we select events with exactly two b-tagged jets

and two isolated leptons with opposite charges. Upon inspecting various kinematic

distributions, we choose the following ten for our multivariate analysis:

pT,`1/2 ,
/ET , m``, mbb, �R``, �Rbb, pT,bb, pT,``, ��bb ``,

where the last term implies the azimuthal angle separation between the reconstructed

di b-tagged jet and di-lepton systems. Having tt̄ as the dominant background by far,

i.e., the weight of this background being several orders of magnitude larger than the

rest, we train our BDTD algorithm with the signal sample along with this background

only. We analyse the other backgrounds upon using this training. The final number

of signal and background events along with the significance are listed in Table 14.

The distributions of the four best discriminatory variables, viz., mbb, m``, pT,bb and

pT,``, after the basic cuts as listed above, are shown in Fig. 5.

Sl. No. Process Order Events

Background

tt̄ lep NNLO [128] 2080.52

tt̄h NLO [111] 131.66

tt̄Z NLO [130] 106.31

tt̄W NLO [129] 35.97

hbb̄ NNLO (5FS) + NLO (4FS) [111] ⇠ 0

``bb̄ LO 842.72

Total 3197.18

Signal (hh ! bb̄WW ! bb̄``+ /ET ) NNLO [70] 35.20

Significance (S/
p
B) 0.62

Table 14: Signal, background yields and final significance for the bb̄``+ /ET channel

after the BDT analysis.

Finally, with a judicious cut on the BDTD observable, we find ⇠ 35 signal and ⇠

3197 background events, yielding a significance of ⇠ 0.62 upon neglecting systematic

uncertainties. The numbers are in excellent agreement to the ones obtained by

CMS [131]. This channel can thus act as an important combining channel to enhance
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Table 14: Signal, background yields and final significance for the bb̄``+ /ET channel

after the BDT analysis.

Finally, with a judicious cut on the BDTD observable, we find ⇠ 35 signal and ⇠

3197 background events, yielding a significance of ⇠ 0.62 upon neglecting systematic

uncertainties. The numbers are in excellent agreement to the ones obtained by

CMS [131]. This channel can thus act as an important combining channel to enhance
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ŝ (t t)

FIG. 1: Distributions of
p
ŝ
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FIG. 2: Distributions of �R``, �Rbb, m`` and mbb after basic
generation level cuts.

above the corresponding 2mh threshold. Consequently,
the two top quarks are more or less at rest, while the
two Higgs bosons are boosted and their decay products
tend to be more collimated. This observation motivates
the use of the variables �R``, �Rbb, m`` and mbb for our
starting cuts (their individual distributions are shown in

Fig. 2). These cuts, along with cuts on ~/PT and the lepton
transverse momenta p

`

T
provide our baseline cuts. Ta-

ble I lists the corresponding signal and background cross-
sections (first row). We then compute Topness and Hig-

gsness for each event, which provides a pair of likelihoods
in the (log H, log T ) space. Our results are shown in
Fig. 3, where the Higgsness and Topness are chosen as
the x-axis and y-axis, respectively. The tt̄ events are ex-
pected to be in the bottom right corner (see the right
panel), while the hh events are expected to have smaller
Higgsness and higher Topness (see the left panel). This
motivates the use of a curve in the (log H, log T ) space
as a cut in order to separate signal and background.

The second row in Table I lists the signal and back-
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FIG. 3: Scatter distribution of (logH, log T ) for signal (hh)
and backgrounds (tt̄, tt̄h, tt̄V , ``bj, ⌧⌧bb and others) after
loose baseline selection cuts. The curves are the optimized
cuts as in Table I.

ground cross-sections after some additional cuts. The last
two columns show the corresponding signal significance
using the log-likelihood ratio method for a luminosity of
3 ab�1 and the signal-over-background ratio NSM

sig /Nbknd,
respectively. Our baseline cuts result in a significance
of 0.6 with NSM

sig = 37 and Nbknd = 3841, which is in
rough agreement with results in literature [9, 12]. We
note that one can enhance the signal sensitivity by using

Higgsness � Topness along with M
(b)
T2 , M

(`)
T2 and

p
ŝ
(``)

min
.

The M
(b)
T2 (M (`)

T2 ) is MT2 computed for a subsystem where
the two b-quarks (leptons) are considered as the visible
particles and the two W ’s (⌫’s) as the invisible particles

with m̃ = mW (m̃ = 0). The M
(b)
T2 for tt̄ events has

a kinematic endpoint at mt, while the distributions for
the other processes may extend beyond this endpoint, as

shown in the left panel of Fig. 4. Similarly, M
(`)
T2 has an

endpoint at mW for tt̄ and at m⌧ for ⌧⌧bb, as shown in

the middle panel of Fig. 4. Finally,
p

ŝ
(``)

min
in the right

panel shows an endpoint at mh for hh production, while
all other backgrounds extend above this point. The cuts

on Higgsness � Topness, together with the cuts on M
(b)
T2 ,

M
(`)
T2 and

p
ŝ
(``)

min
increase the significance up to � = 2.1

and NSM
sig /Nbknd = 0.25, keeping NSM

sig = 20. The curve
in the two scatter plots of Fig. 3 and the vertical lines at

M
(b)
T2 = 190 GeV, M

(`)
T2 = 6 GeV and

p
ŝ
(``)

min
= 130 GeV

in Fig. 4 represent the optimized cuts from the second
row of Table I.

A higher significance of 3.0� can be obtained by im-
posing slightly tighter baseline cuts (�R`` < 0.48, m`` <

60 GeV, �Rbb < 1.1, and 95 < mbb < 140 GeV) and
reoptimizing the additional cuts for NSM

sig = 10 and

NSM
sig /Nbknd ⇠ 1.2. Conversely, we can obtain more signal

events with slightly looser baseline cuts. For instance,
NSM

sig = 35 with NSM
sig /Nbknd = 0.061 is easily obtained

with loose baseline cuts (�R`` < 1.6, m`` < 75 GeV,
�Rbb < 1.5, and 90 < mbb < 140 GeV) and optimization
of Higgsness�Topness, which gives a significance of 1.4�.
This can be compared to existing results with a similar
number of signal events but a lower significance of ⇠0.7
[9, 12].
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FIG. 1: Distributions of
p
ŝ
(bb``)
min and the true

p
ŝ for the

case of hh and tt̄ production.

FIG. 2: Distributions of �R``, �Rbb, m`` and mbb after basic
generation level cuts.

above the corresponding 2mh threshold. Consequently,
the two top quarks are more or less at rest, while the
two Higgs bosons are boosted and their decay products
tend to be more collimated. This observation motivates
the use of the variables �R``, �Rbb, m`` and mbb for our
starting cuts (their individual distributions are shown in

Fig. 2). These cuts, along with cuts on ~/PT and the lepton
transverse momenta p

`

T
provide our baseline cuts. Ta-

ble I lists the corresponding signal and background cross-
sections (first row). We then compute Topness and Hig-

gsness for each event, which provides a pair of likelihoods
in the (log H, log T ) space. Our results are shown in
Fig. 3, where the Higgsness and Topness are chosen as
the x-axis and y-axis, respectively. The tt̄ events are ex-
pected to be in the bottom right corner (see the right
panel), while the hh events are expected to have smaller
Higgsness and higher Topness (see the left panel). This
motivates the use of a curve in the (log H, log T ) space
as a cut in order to separate signal and background.

The second row in Table I lists the signal and back-
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FIG. 3: Scatter distribution of (logH, log T ) for signal (hh)
and backgrounds (tt̄, tt̄h, tt̄V , ``bj, ⌧⌧bb and others) after
loose baseline selection cuts. The curves are the optimized
cuts as in Table I.

ground cross-sections after some additional cuts. The last
two columns show the corresponding signal significance
using the log-likelihood ratio method for a luminosity of
3 ab�1 and the signal-over-background ratio NSM

sig /Nbknd,
respectively. Our baseline cuts result in a significance
of 0.6 with NSM

sig = 37 and Nbknd = 3841, which is in
rough agreement with results in literature [9, 12]. We
note that one can enhance the signal sensitivity by using

Higgsness � Topness along with M
(b)
T2 , M

(`)
T2 and

p
ŝ
(``)

min
.

The M
(b)
T2 (M (`)

T2 ) is MT2 computed for a subsystem where
the two b-quarks (leptons) are considered as the visible
particles and the two W ’s (⌫’s) as the invisible particles

with m̃ = mW (m̃ = 0). The M
(b)
T2 for tt̄ events has

a kinematic endpoint at mt, while the distributions for
the other processes may extend beyond this endpoint, as

shown in the left panel of Fig. 4. Similarly, M
(`)
T2 has an

endpoint at mW for tt̄ and at m⌧ for ⌧⌧bb, as shown in

the middle panel of Fig. 4. Finally,
p

ŝ
(``)

min
in the right

panel shows an endpoint at mh for hh production, while
all other backgrounds extend above this point. The cuts

on Higgsness � Topness, together with the cuts on M
(b)
T2 ,

M
(`)
T2 and

p
ŝ
(``)

min
increase the significance up to � = 2.1

and NSM
sig /Nbknd = 0.25, keeping NSM

sig = 20. The curve
in the two scatter plots of Fig. 3 and the vertical lines at

M
(b)
T2 = 190 GeV, M

(`)
T2 = 6 GeV and

p
ŝ
(``)

min
= 130 GeV

in Fig. 4 represent the optimized cuts from the second
row of Table I.

A higher significance of 3.0� can be obtained by im-
posing slightly tighter baseline cuts (�R`` < 0.48, m`` <

60 GeV, �Rbb < 1.1, and 95 < mbb < 140 GeV) and
reoptimizing the additional cuts for NSM

sig = 10 and

NSM
sig /Nbknd ⇠ 1.2. Conversely, we can obtain more signal

events with slightly looser baseline cuts. For instance,
NSM

sig = 35 with NSM
sig /Nbknd = 0.061 is easily obtained

with loose baseline cuts (�R`` < 1.6, m`` < 75 GeV,
�Rbb < 1.5, and 90 < mbb < 140 GeV) and optimization
of Higgsness�Topness, which gives a significance of 1.4�.
This can be compared to existing results with a similar
number of signal events but a lower significance of ⇠0.7
[9, 12].
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Figure 1. Distributions of the 16 kinematic variables for signal (hh) and different types of back-
grounds (tt̄, tW̄ , tt̄V , tt̄h, ⌧⌧bb, ``bj and jj``⌫⌫) before baseline cuts. The y-axis represents the
number of events for each process and all individual distributions are normalized properly according
to their respective cross-sections assuming 3000 ab�1 at the 14 TeV LHC. The dotted vertical lines
indicate the baseline cuts introduced in Section 2.

• �R``, the angular separation (2.1) between the two leptons (4th plot in the 1st row).
Here the same arguments apply as in the case of �Rbb just discussed. The corresponding
plot in Fig. 1 confirms that the signal �R`` distribution peaks well below most of the
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Distributions of (log H , log T) 
after baseline selection cuts
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• A clear separation between hh and 
backgrounds (     is dominant )
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• The Topness (Higgsness) variable 
measures the degree of consistency 
of a given event with the kinematics 
of dilepton ttbar (hh) production.  

Kim, Kong, Matchev, Park, PRL 2019
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Jet images: event-by-event
Each hh event

Charged

Neutral

Each tt event

Charged

Neutral

• It is difficult to 
distinguish them using 
the cut-and-count 
method…

• We train the machine 
using Deep Neural 
Network (DNN) 
architecture.



The Di-Higgs Photography

Charged Hadrons Neutral Hadrons 
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Photons Leptons
Reconstructed Neutrinos (using 

Higgsness)

�

⌘

bb - center

210�1�2�3 3

1

2

0

�1

�2

N
orm

alized 

⌘

bb - center

210�1�2�3 3

1

2

0

�1

�2 tt̄

hh hh hh hh hh 

N
orm

alized 

Charged Hadrons Neutral Hadrons 
Non-isolated 

Photons Leptons

tt̄ tt̄ tt̄ tt̄

Reconstructed Neutrinos (using 
Higgsness)

• Totally hadrons, lepton, photon, and neutrino images are shown for hh.

• Analogous five images are shown for        background.tt

• A sharp difference between hh and      .tt
Kim, Kong, Matchev, Park, preliminary
Kim, Kong, Matchev, Park JHEP 2019
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• Motivated by ResNet, we 
could design a much deeper 
network.

• The machine will be able to 
resolve much detailed 
features of 5-image data.

Our ResNet

• This ensemble-like topology 
is much resilient against the 
change in network hyper-
parameter.
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Kim, Kong, Matchev, Park, preliminary
Kim, Kong, Matchev, Park JHEP 2019

5 × 5 CNN (32 filters)

5 × 5 CNN (32 filters)

5 × 5 CNN (32 filters)

Classic CNN

• The classic CNN starts to 
degrade after 3 layers, with 
our 5-image data.

• Absolutely not suitable.

• As the network becomes 
deeper, the performance 
of CNN gets saturated or 
even starts degrading 
rapidly.
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Preliminary Results 
3 ab�1(14 TeV)

• We find that the classic CNN + 
kinematic variables can reach at most 
1.7 sigma.

• Significance with kinematic variables 
only or jet images only give signal 
significance below 1.

Using Delphes

Classic CNN + 
kinematic variables

ResNet + Kinematic Variables

ResNet
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Factor of 1.7 
improvement !

• As a preliminary study, we included 
only         background.tt

• Our ResNet can reach up to 2.9 sigma 
(factor of ~1.7 improvement)

• Our ResNet can be further reinforced 
by combining reconstructed kinematic 
variables.

• More recent architecture, Capsule 
Nets also provides a similar 
performance.

background onlytt
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• How does the hh image vary by shifting the Higgs triple coupling c3 ?

c3 = 1
c3 = 2

c3 = 3

Barger, Everett, Jackson, 
Shaughnessy [2013]

mhh [GeV]

c3 = 2

Ripples 

(Destructive Interference)

(SM)

hh

Charged + Neutral + 
Photons

Shifting the Higgs triple coupling c3

95 < mbb < 140 GeV

�Rbb < 1.3

• Interestingly, the gradient of images 
change as moving into the region of a 
destructive interference.

• We are working on how much neural 
network can be sensitive to this change 
(we don’t know yet, sorry).
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Summary
• LHC has great opportunity to study new physics beyond the SM.

• Measurement of triple Higgs self coupling reveals the nature of 
electroweak symmetry breaking.

• Double Higgs production is challenging due to small signal cross section / 
large SM backgrounds, and strong correlation among many kinematic 
variables.

• Multivariate analysis could benefit from deep neural networks using jet 
images and Topness / Higgsness with mass information.

• bbWW dilepton channel would make a significant contribution in triple 
Higgs coupling measurement. There is room for further improvement.

• Semi-leptonic channel would be similar.


