
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.
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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.



The hh faces experimental challenges

• But, 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.

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%

• The combination of different channels is crucial.
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Experimental status on c3 @ LHC 13 TeV
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• Allowed region of c3.

• The bb𝛾𝛾 and bb𝜏𝜏 are leading 
channels.
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Experimental status on c3 @ LHC 13 TeV

1 10 210 310 410 510

SM
σ HH) normalized to → (pp σ95% C.L. upper limit on 

γγ
-W+W

γγbb

bbbb

-τ+τbb
[CERN-EP-2018-164]

12.7 14.8

[arXiv:1804.06174]
13.0 20.7

[CERN-EP-2018-130]
22 28

[CERN-EP-2018-104]
230 160

obs. exp.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.41 fb→ (pp SMσ
[Phys. Rev. Lett. 117 (2016) 079901]  (Err.)
[Phys. Rev. Lett. 117 (2016) 012001]

95% CL on �hh/�
SM
hh

ATLAS, PRL 117 (2016) 012001
ATLAS, PRL 117 (2016) 079901

27.5� 36.1 fb�1(13 TeV)
• The bbbb channel is significantly 

improved!

• Using an improved b-tagging 
algorithm (MV2c10)

✏j!b = 0.26 ⇠ 0.83 %

✏b = 70 %

✏c!b = 8.3 ⇠ 14.1 %
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hh /�SM

hh = 13
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• The bound is weak… The situation 
at 300 fb-1 will be similarly bad…

• Allowed region of c3.



Channels Significances Combined Combined

ATLAS

bb𝛾𝛾 2.1

3.5

4.5

bb𝜏𝜏 (fully-hadronic)  
+ bb𝜏𝜏 (semi-leptonic) 2.5

bbbb 1.4

CMS
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2.8

bb𝜏𝜏 (fully-hadronic) + 
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bbbb 1.2

bbWW* (             ) 0.59

bbZZ* (            ) 0.37

CMS-
FTR-18-019-
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ATL-PHYS-
PUB-2018-053

• Recent analyses show that the combined significance is expected to be 4.5σ at the HL-LHC.

Discovery potential of the hh at HL-LHC ?

• Since no single channel gives us 5σ , combining channels is essential.

• Any potential improvement on the individual channel means a lot to discover the hh.
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c3 = 1

• In order to access c3, we should observe the hh first.



Previously on hh → bbWW*

Major 
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h

h

b

b

W

W ⇤

⌫

`

` ⌫

t

t

b

b

W+

W�

`+

`�

⌫

⌫

• hh → bbWW* channel suffers for 
the large      background where the 
final state is identical.

tt

Signal

• The sensitivity of signal in the di-
leptonic mode is very poor.

• The situation in the semi-leptonic 
mode is even worse…

Adhikary, Banerjee, Barman, 
Bhattacherjee, Niyogi 2017

CMS-FTR-15-002-PAS

Dolan, Englert, Spannowsky 2012

Seemingly it looks hopeless…



hh → bbWW*: dilepton channel

Adhikary, Banerjee, Barman, Bhattacherjee, Niyogi 2017
Figure 5: Normalised distributions of mbb, m``, pT,bb and pT,`` for the signal and

dominant backgrounds in the 2b2`+ /ET channel after the basic selection cuts.

the total SM di-Higgs significance at the HL-LHC and also serves as an important

search for a resonant di-Higgs scenario [88].

2.3.2 The 1`2j2b+ /ET channel

Before concluding this subsection, we make an attempt to decipher the potential

of the semi-leptonic final state for the bb̄WW
⇤ channel. On the analysis front, we

choose events with exactly two b-tagged jets, one isolated lepton and at least two

light jets meeting the trigger criteria as discussed above. We consider the same set

of cuts as for the dileptonic channel before performing the multivariate analysis. For

this case, we find the following variables to have the best discriminatory properties.

pT,`, /ET , mjj, mbb, �Rjj, �Rbb, pT,bb, pT,`jj, ��bb `jj, �R` jj,

where pT,`jj,��bb `jj and�R` jj refer to the visible pT of the `jj system (for the signal,

ensuing from the h ! WW
⇤
! `⌫jj decay), the azimuthal angle separation between

the di-b-tagged jet system and the `jj system and the �R separation between the

lepton and the di-jet system respectively. Here the dominant backgrounds are the
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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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Double Higgs vs top pair 
production

some visible differences. We note that even after employing the baseline cuts, one can still see
a difference in the two dimensional correlation of Higgsness and Topness (bottom row plots).

Along with Higgsness and Topness, we also consider two versions of the ŝmin variable
[71, 72], which is defined as

ŝ(v)
min

= m2
v + 2

✓q
|~P v

T
|2 + m2

v | /~PT |�
~P v
T · /~PT

◆
, (3.9)

where (v) represents a set of visible particles under consideration, while mv and ~P v
T

are their
invariant mass and transverse momentum, respectively. The variable (3.9) characterizes the
system comprising of the visible particles (v) and the invisible particles (here assumed to
be massless) which are responsible for the measured missing transverse momentum /~PT . It
provides the minimum value of the Mandelstam invariant mass ŝ for the system which is
consistent with the observed visible 4-momentum vector. We shall apply (3.9) to the whole
event, where v = {bb``}, or to the subsystem resulting from the decay h ! W±W ⇤⌥

!

`+`�⌫⌫̄, where v = {``}. The distributions of the resulting variables ŝ(bb``)
min

and ŝ(``)
min

are
shown in the left two panels on the fourth row of Fig. 1. The ŝ(bb``)

min
variable represents the

minimum energy required to produce the two original parent particles (the two Higgs bosons
in the case of the signal and the two top quarks in the case of the major tt̄ background). This
is why one would expect the distribution to peak around the parent mass threshold, 2mh for
the signal and 2mt for the background [71]. However, the first panel in the fourth row of
Fig. 1 shows that while the background ŝ(bb``)

min
distribution peaks near 2mt, which is expected,

the signal ŝ(bb``)
min

distribution peaks around 400 GeV, which is substantially higher than 2mh.
This implies that the two top quarks are produced more or less at rest, while the two Higgs
bosons have a sizable boost. Similarly, the variable ŝ(``)

min
is the minimum energy required to

produce the two W bosons. For the tt̄ background, where both W bosons are on-shell, the
peak is expected to occur around 2mW . On the other hand, the signal distribution should
be softer, since one of the W bosons is off-shell, and furthermore, the peak should be located
slightly below the Higgs boson mass. These kinematic differences are illustrated in the second
plot on the fourth row of Fig. 1, and motivate the use of ŝ(``)

min
as an analysis variable.

The last two panels in the fourth row of Fig. 1 show distributions of the subsystem MT2

variable [73] — first when it is applied to the bb̄ visible system resulting from the t ! bW

decays (M (b)
T2 ), and then when it is applied to the `+`� visible system resulting from the

W ! `⌫ decays (M (`)
T2 ). In principle, MT2 is defined as [74]

MT2(m̃) ⌘ min {max [MTP1(~pT⌫ , m̃), MTP2(~pT ⌫̄ , m̃)]} , (3.10)

where the minimization over the transverse masses of the parent particles MTPi (i = 1, 2) is
performed over the transverse neutrino momenta ~p⌫T and ~p⌫̄T , subject to the /~PT constraint6.
The parameter m̃ in (3.10) is the test mass for the daughter particle: in the case of M (`)

T2 one
should use m̃ = m⌫ = 0, while in the case of M (b)

T2 , the daughter particles are the W bosons,
6See Refs. [75–83] for more information and other variants of MT2.
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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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<latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit>

lo
g

T
<latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit>

Signal
<latexit sha1_base64="KCahDVUvWr/YkBnMZlYQEevvGAI=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLQNaWEY0H5AcYW6zl6zZ2z1294QQ8h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0ZQ2qhNLtCA0TXLKG5VawdqoZJpFgrWh0PfNbT0wbruSDHacsTHAgecwpWic17/lAouiVyn7Fn4OskiAnZchR75W+un1Fs4RJSwUa0wn81IYT1JZTwabFbmZYinSEA9ZxVGLCTDiZXzsl507pk1hpV9KSufp7YoKJMeMkcp0J2qFZ9mbif14ns/FVOOEyzSyTdLEozgSxisxeJ32uGbVi7AhSzd2thA5RI7UuoKILIVh+eZU0q5UgqAR31XLtJo+jAKdwBhcQwCXU4Bbq0AAKj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZiPFQ==</latexit><latexit sha1_base64="KCahDVUvWr/YkBnMZlYQEevvGAI=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLQNaWEY0H5AcYW6zl6zZ2z1294QQ8h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0ZQ2qhNLtCA0TXLKG5VawdqoZJpFgrWh0PfNbT0wbruSDHacsTHAgecwpWic17/lAouiVyn7Fn4OskiAnZchR75W+un1Fs4RJSwUa0wn81IYT1JZTwabFbmZYinSEA9ZxVGLCTDiZXzsl507pk1hpV9KSufp7YoKJMeMkcp0J2qFZ9mbif14ns/FVOOEyzSyTdLEozgSxisxeJ32uGbVi7AhSzd2thA5RI7UuoKILIVh+eZU0q5UgqAR31XLtJo+jAKdwBhcQwCXU4Bbq0AAKj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZiPFQ==</latexit><latexit sha1_base64="KCahDVUvWr/YkBnMZlYQEevvGAI=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLQNaWEY0H5AcYW6zl6zZ2z1294QQ8h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0ZQ2qhNLtCA0TXLKG5VawdqoZJpFgrWh0PfNbT0wbruSDHacsTHAgecwpWic17/lAouiVyn7Fn4OskiAnZchR75W+un1Fs4RJSwUa0wn81IYT1JZTwabFbmZYinSEA9ZxVGLCTDiZXzsl507pk1hpV9KSufp7YoKJMeMkcp0J2qFZ9mbif14ns/FVOOEyzSyTdLEozgSxisxeJ32uGbVi7AhSzd2thA5RI7UuoKILIVh+eZU0q5UgqAR31XLtJo+jAKdwBhcQwCXU4Bbq0AAKj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZiPFQ==</latexit><latexit sha1_base64="KCahDVUvWr/YkBnMZlYQEevvGAI=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLQNaWEY0H5AcYW6zl6zZ2z1294QQ8h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0ZQ2qhNLtCA0TXLKG5VawdqoZJpFgrWh0PfNbT0wbruSDHacsTHAgecwpWic17/lAouiVyn7Fn4OskiAnZchR75W+un1Fs4RJSwUa0wn81IYT1JZTwabFbmZYinSEA9ZxVGLCTDiZXzsl507pk1hpV9KSufp7YoKJMeMkcp0J2qFZ9mbif14ns/FVOOEyzSyTdLEozgSxisxeJ32uGbVi7AhSzd2thA5RI7UuoKILIVh+eZU0q5UgqAR31XLtJo+jAKdwBhcQwCXU4Bbq0AAKj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZiPFQ==</latexit>
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log H
<latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit><latexit sha1_base64="S0ROfAWo/WNykAjT8cZ5c6QWpDs=">AAAB73icbZDLSgMxFIZPvNZ6q7p0E2wFV2WmG10WdNFlBXuBdiiZNNOGZpIxyQhl6Eu4caGIW1/HnW9j2s5CW38IfPznHHLOHyaCG+t532hjc2t7Z7ewV9w/ODw6Lp2cto1KNWUtqoTS3ZAYJrhkLcutYN1EMxKHgnXCye283nli2nAlH+w0YUFMRpJHnBLrrG6lL9QINyqDUtmregvhdfBzKEOu5qD01R8qmsZMWiqIMT3fS2yQEW05FWxW7KeGJYROyIj1HEoSMxNki31n+NI5Qxwp7Z60eOH+nshIbMw0Dl1nTOzYrNbm5n+1XmqjmyDjMkktk3T5UZQKbBWeH4+HXDNqxdQBoZq7XTEdE02odREVXQj+6snr0K5Vfcf3tXL9Lo+jAOdwAVfgwzXUoQFNaAEFAc/wCm/oEb2gd/SxbN1A+cwZ/BH6/AG56I8Y</latexit>

lo
g

T
<latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit><latexit sha1_base64="TCRQj0vKlQKyDIuAZVIlAnZVTpg=">AAAB73icbZC7SgNBFIbPeo3xFrW0GUwEq7CbRsuAFpYRcoNkCbOT2WTIXNaZWSEseQkbC0VsfR0738ZJsoUm/jDw8Z9zmHP+KOHMWN//9jY2t7Z3dgt7xf2Dw6Pj0slp26hUE9oiiivdjbChnEnassxy2k00xSLitBNNbuf1zhPVhinZtNOEhgKPJIsZwdZZ3UqfqxFqVgalsl/1F0LrEORQhlyNQemrP1QkFVRawrExvcBPbJhhbRnhdFbsp4YmmEzwiPYcSiyoCbPFvjN06ZwhipV2T1q0cH9PZFgYMxWR6xTYjs1qbW7+V+ulNr4JMyaT1FJJlh/FKUdWofnxaMg0JZZPHWCimdsVkTHWmFgXUdGFEKyevA7tWjVw/FAr1+/yOApwDhdwBQFcQx3uoQEtIMDhGV7hzXv0Xrx372PZuuHlM2fwR97nD8wkjyQ=</latexit>

Backgrounds
<latexit sha1_base64="w+EOqvGeFP/x+x/9JT38lAsZFpY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSS96LGoB48V7Ae0oWw2m3bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj5YeLw3MzvzwlRwg5737ZQ2Nre2d8q7lb39g8Oj6vFJx6hMU9amSijdC4lhgkvWRo6C9VLNSBIK1g0nt3O/+8S04Uo+4jRlQUJGksecErRS/4bQyUirTEZmWK15dW8Bd534BalBgdaw+jWIFM0SJpEKYkzf91IMcqKRU8FmlUFmWGrnkxHrWypJwkyQL1aeuRdWidxYafskugv1d0dOEmOmSWgrE4Jjs+rNxf+8fobxdZBzmWbIJF1+FGfCReXO73cjrhlFMbWEUM3tri4dE00o2pQqNgR/9eR10mnUfb/uPzRqzbsijjKcwTlcgg9X0IR7aEEbKCh4hld4c9B5cd6dj2VpySl6TuEPnM8fda6RXA==</latexit><latexit sha1_base64="w+EOqvGeFP/x+x/9JT38lAsZFpY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSS96LGoB48V7Ae0oWw2m3bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj5YeLw3MzvzwlRwg5737ZQ2Nre2d8q7lb39g8Oj6vFJx6hMU9amSijdC4lhgkvWRo6C9VLNSBIK1g0nt3O/+8S04Uo+4jRlQUJGksecErRS/4bQyUirTEZmWK15dW8Bd534BalBgdaw+jWIFM0SJpEKYkzf91IMcqKRU8FmlUFmWGrnkxHrWypJwkyQL1aeuRdWidxYafskugv1d0dOEmOmSWgrE4Jjs+rNxf+8fobxdZBzmWbIJF1+FGfCReXO73cjrhlFMbWEUM3tri4dE00o2pQqNgR/9eR10mnUfb/uPzRqzbsijjKcwTlcgg9X0IR7aEEbKCh4hld4c9B5cd6dj2VpySl6TuEPnM8fda6RXA==</latexit><latexit sha1_base64="w+EOqvGeFP/x+x/9JT38lAsZFpY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSS96LGoB48V7Ae0oWw2m3bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj5YeLw3MzvzwlRwg5737ZQ2Nre2d8q7lb39g8Oj6vFJx6hMU9amSijdC4lhgkvWRo6C9VLNSBIK1g0nt3O/+8S04Uo+4jRlQUJGksecErRS/4bQyUirTEZmWK15dW8Bd534BalBgdaw+jWIFM0SJpEKYkzf91IMcqKRU8FmlUFmWGrnkxHrWypJwkyQL1aeuRdWidxYafskugv1d0dOEmOmSWgrE4Jjs+rNxf+8fobxdZBzmWbIJF1+FGfCReXO73cjrhlFMbWEUM3tri4dE00o2pQqNgR/9eR10mnUfb/uPzRqzbsijjKcwTlcgg9X0IR7aEEbKCh4hld4c9B5cd6dj2VpySl6TuEPnM8fda6RXA==</latexit><latexit sha1_base64="w+EOqvGeFP/x+x/9JT38lAsZFpY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSS96LGoB48V7Ae0oWw2m3bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj5YeLw3MzvzwlRwg5737ZQ2Nre2d8q7lb39g8Oj6vFJx6hMU9amSijdC4lhgkvWRo6C9VLNSBIK1g0nt3O/+8S04Uo+4jRlQUJGksecErRS/4bQyUirTEZmWK15dW8Bd534BalBgdaw+jWIFM0SJpEKYkzf91IMcqKRU8FmlUFmWGrnkxHrWypJwkyQL1aeuRdWidxYafskugv1d0dOEmOmSWgrE4Jjs+rNxf+8fobxdZBzmWbIJF1+FGfCReXO73cjrhlFMbWEUM3tri4dE00o2pQqNgR/9eR10mnUfb/uPzRqzbsijjKcwTlcgg9X0IR7aEEbKCh4hld4c9B5cd6dj2VpySl6TuEPnM8fda6RXA==</latexit>

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
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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].

• Small signal cross section ~ 40 fb

• Large background

• TTbar ~ 950 pb

• 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
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• MadGraph5_aMC@NLO v2.6, NNPDF2.3

• PYTHIA8235 for parton-shower and 
hadronization

• Delphes 3.41. for detector effects

• FastJet 3.3.1 for jet-reconstruction
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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
1 from Ref. [39]:

• the two leading jets must be b-tagged,

• exactly two isolated leptons of opposite sign, each with pT ` > 20 GeV,

• /PT = | /~PT | > 20 GeV for the reconstructed missing transverse momentum,

• proximity cut of �R`` < 1.0 for the two leptons,

• proximity cut of �Rbb < 1.3 for the two b-tagged jets,
1For the motivation behind these cuts, see Fig. 1 (in which the cut values are indicated with vertical dotted

lines) and the related discussion in Sec. 3 below.
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(NNLO)

• tt: 953.6 pb (NNLO)

• tth: 611.3 fb (NLO)

• ttV (V=W, Z): 1.71 pb (NLO)

• DY:  

• Irreducible jjllnunu: 
k_NLO = 2

• tWj: 0.51 pb (after cuts, 
including all relevant 
branching fractions)
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Some modification
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Cuts at event generation

• 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
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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
1 from Ref. [39]:

• the two leading jets must be b-tagged,

• exactly two isolated leptons of opposite sign, each with pT ` > 20 GeV,

• /PT = | /~PT | > 20 GeV for the reconstructed missing transverse momentum,

• proximity cut of �R`` < 1.0 for the two leptons,

• proximity cut of �Rbb < 1.3 for the two b-tagged jets,
1For the motivation behind these cuts, see Fig. 1 (in which the cut values are indicated with vertical dotted

lines) and the related discussion in Sec. 3 below.
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• m`` < 65 GeV for the two leptons,

• 95 GeV < mbb < 140 GeV for the two b-tagged jets.

For those events which passed the baseline cuts, we form 16 kinematic variables, as well
as jet images. As we will see later, the jet images can capture additional features which are
not already contained in the 16 standard kinematic variables. Therefore one can obtain better
performance by combining kinematics and jet images, which is one of the main ideas of this
paper.

3 Kinematics in signal and backgrounds

In this section we introduce the 16 kinematic variables used in this analysis. Their kinematic
distributions (for signal and all relevant backgrounds) are shown in Fig. 1 and will be discussed
shortly.

We begin with ten standard kinematic variables, which were previously considered in
Refs. [9, 43] (their distributions are shown in the first ten panels of Fig. 1):

• mbb, the invariant mass of the two b-tagged jets (1st plot in the 1st row). This is
expected to be a good variable, since for signal events, the two b-jets originate from the
decay of a narrow resonance (the Higgs boson) and would therefore reconstruct to the
Higgs mass, up to resolution effects: mbb ⇠ mh. This justifies the baseline cut of 95

GeV < mbb < 140 GeV, as indicated with the vertical dotted lines. In contrast, no such
correlations exists for backgrounds events: the two b-jets either originate from different
decay chains and are uncorrelated (as in the case of tt̄, for example), or they reconstruct
to the mass of a Z-boson or an off-shell gluon, with a mass lower than mh. The plot
in Fig. 1, while confirming those expectations, also shows that the total background
happens to peak at a value of mbb which, unfortunately, is not too far away from mh,
providing the motivation to explore other variables.

• m``, the invariant mass of the two leptons (2nd plot in the 1st row). For the case of the
signal, the two leptons ultimately originate from the Higgs boson decay, and therefore
their invariant mass m`` is bounded from above, hence the baseline cut of m`` < 65

GeV. Note that the m`` distribution (which is observable) should be the same as the
distribution of m⌫⌫ (which is unobservable).

• �Rbb, the angular separation (2.1) between the two b-tagged jets (3rd plot in the 1st
row). Given the relatively low Higgs mass, the two Higgs particles in hh production
have sizable transverse momentum and their respective decay products (e.g., the two b-
quarks) tend to go in the same direction. This and the next four variables try to exploit
this kinematic property of the signal. For example, the Higgs boost implies that �Rbb

is relatively small for signal events, and this motivates the proximity cut of �Rbb < 1.3.
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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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Hunting Asymmetric Stops
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FIG. 1: Stop pair branching fractions into (left) the mixed mode
t + �0, b + �±; (right) tt̄ + 2�0, for tan� = 20 and degenerate
Higgsinos with mass µ = 100 GeV.

tional soft daughters produced in the decay of heavier higgsi-
nos down to the (N)LSP �0

1 are not boosted enough to pass se-
lection cuts for hard isolated objects. We use a reference stop
pair branching fraction of BR(t̃t̃⇤ ! tb+E/T +X) = 0.5, and
show results for a reference signal point with m

t̃
= 500 GeV,

m�
0
1
= 200 GeV, �0

1 = eh0
u

unless otherwise specified. In all
signal points we take t̃1 = cos ✓tt̃R + sin ✓tt̃L with mixing
angle cos ✓t = 0.833.

We have checked that the modes t̃ ! t�0
1 and t̃ ! t�0

2 !

t�0
1 +X pass our selection cuts with efficiencies differing by

O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly

small.

TOPNESS

The dominant backgrounds to semileptonic stop searches
are dileptonic tt̄ where one of the leptons is either too soft or
too forward to be identified, and tt̄ events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the

event be minimized. As the PDFs fall off steeply with
p
s, this

provides a good approximation to the true event kinematics.
We construct a function S which quantifies how well an event
can be reconstructed subject to the dileptonic top hypothesis:

S(pWx, pWy, pWz, p⌫z) =
(m2

W
� p2

W
)2

a4
W

+
(m2

t
� (pb1 + p` + p⌫)2)2

a4
t

+
(m2

t
� (pb2 + pW )2)2

a4
t

+
(4m2

t
� (

P
i
pi)2)2

a4
CM

, (1)

where in the last term the sum runs over all 5 assumed fi-
nal state particles. We have imposed transverse momentum
conservation as well as the mass shell conditions p2

⌫
= 0,

p2
W

= m2
W

to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-

ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where
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FIG. 2: Left: unit-normalized topness distributions for events passing
preselection cuts as described in the text (signal, red, solid; dileptonic
top, blue, dashed; one `, one ⌧ top, cyan, dotted). Right: topness dis-
tributions for the dileptonic background broken down into samples
with two truth b jets (blue, dashed) and one truth b jet (purple, dot-
ted).
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FIG. 3: Performance comparison of topness (red, solid) to the vari-
ables MCT (blue, dotted) and MW

T2 (purple, dashed) for the asym-
metric signal (left) and the symmetric signal tt̄ + 2�0

1 (right). The
quantity plotted is the gain in signal significance, assuming Gaussian
statistics, as a function of signal efficiency. Results are shown for
mt̃ = 500 GeV and m�0

1
= 200 GeV in both channels.

the background is dominated by dileptonic tops with a missed
lepton, most notably stop searches in other channels. The
right panel of Fig. 3 shows the relative performance of topness
on the traditional stop signal, t̃t̃⇤ ! tt̄ + 2�0

1, followed by
semileptonic top decay, with backgrounds given by missed-
lepton tt̄ + 2j events. Events shown here have passed ob-
ject selection cuts analogous to those in [12], including the
requirement that mT (`, E/T ) > 150 GeV. Topness performs
comparably to MW

T2 in the symmetric search channel, realiz-
ing (by a slim margin) the largest gain in significance among
all three variables. The dilution in the efficacy of topness in
the tt̄ + 2�0 channel, relative to the tb + E/T channel, is be-
cause the extra jets in the events give more possibilities for
signal to accidentally reconstruct as a top-like event. We do
comment, however, that our implementation of topness was
not optimized for the tt̄+ E/T signal.

HUNTING ASYMMETRIC STOPS

In this section we discuss a search strategy for stop pair
production in the mode t̃t̃ ! tb+ MET. We target semilep-
tonic top decay, so the final state of interest contains one
`, 2 b-jets, and missing energy. We impose the following
cuts at preselection: exactly one lepton satisfying pµ > 20
GeV, pe > 25 GeV, |⌘`| < 2.5; E/T > 200 GeV, with
mT (`, ~p/T ) > 150 GeV; and at least two jets with pT > 20

GeV and |⌘| < 2.5, at least one of which must be b-tagged.
The cut on mT suppresses all backgrounds where the E/T
arises from a single W , in particular semileptonic tt̄ and the
enormous W+ jets, which is further suppressed by the b-tag
requirement. The major remaining background is therefore
dileptonic top pair events where one of the leptons is not iden-
tified, either because it falls outside acceptance, or because it
is a non-identified ⌧ . A secondary background is the asso-
ciated production of a top with a W boson, again with dou-
bly dileptonic decays and a missed lepton. All major SM
backgrounds can be reduced by identifying softer leptons in
the event; we thus reject events containing identified hadronic
taus with |⌘| < 2.5 and pT > 20 GeV or additional (isolated)
leptons with |⌘| < 2.5 and pT > 15 GeV. Importantly, the
additional soft decay products of the heavier Higgsinos in sig-
nal events have negligible impact on the ability of signal to
pass the veto. More aggressive vetos, as in [6], would further
reduce the backgrounds at little cost to signal.

In addition to cuts on the hardness of final state particles
and E/T , we add three novel variables which discriminate sig-
nal and background. First and by far the most important is
topness, discussed in the previous section. Another useful
variable can be constructed by exploiting the asymmetric sig-
nal kinematics. The b-jet coming from the decay t̃ ! b�+ is
typically much harder than the daughters of the top. The pT
asymmetry

rpT =
pTb1 � pT `

pTb1 + pT `

(3)

of the lepton and the highest pT b-jet, is thus useful for distin-
guishing signal and background. We also employ a centrality

variable,

C = max
����⌘j1,j2+`+~p/T

�� ,
���⌘j2,j1+`+~p/T

��� , (4)

formed from the two highest pT jets j1 and j2 in the event as
well as the lepton and missing momentum. Centrality is typ-
ically larger for backgrounds than for signal, reflecting both
the larger signal masses and the different kinematics of top
versus stop pair production [13]. Distributions of rpT and C
are shown in Fig. 4. This particular cut on rapidity separations
is most useful when used in conjunction with topness, because
background events with large topness have often selected an
ISR jet in place of one of the b jets, and this ISR jet is distinct
in rapidity from the other objects in the event.

We normalize signal [14] and background tt̄ [15] and
tW [16] processes to inclusive NLO+N(N)LL 8 TeV cross-
sections. Events are generated in Madgraph [17], showered
in Pythia [18], and clustered in FastJet using the anti-kT al-
gorithm with R = 0.4 [19]. In generating tW + 1j events,
we forbid tt̄ events from contributing when the momentum
in one of the internal top propagators lies in the window
|p2 � mt| < 15�t [20, 21]. Leptons are declared isolated if
the scalar sum-pT deposited in a cone of radius Riso = 0.2
around a lepton is less than riso = 0.2 times the lepton
pT . The isolation threshold is thus 4 GeV for a lepton with
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lection cuts for hard isolated objects. We use a reference stop
pair branching fraction of BR(t̃t̃⇤ ! tb+E/T +X) = 0.5, and
show results for a reference signal point with m

t̃
= 500 GeV,

m�
0
1
= 200 GeV, �0

1 = eh0
u

unless otherwise specified. In all
signal points we take t̃1 = cos ✓tt̃R + sin ✓tt̃L with mixing
angle cos ✓t = 0.833.

We have checked that the modes t̃ ! t�0
1 and t̃ ! t�0

2 !

t�0
1 +X pass our selection cuts with efficiencies differing by

O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly

small.

TOPNESS

The dominant backgrounds to semileptonic stop searches
are dileptonic tt̄ where one of the leptons is either too soft or
too forward to be identified, and tt̄ events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the

event be minimized. As the PDFs fall off steeply with
p
s, this

provides a good approximation to the true event kinematics.
We construct a function S which quantifies how well an event
can be reconstructed subject to the dileptonic top hypothesis:
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where in the last term the sum runs over all 5 assumed fi-
nal state particles. We have imposed transverse momentum
conservation as well as the mass shell conditions p2

⌫
= 0,

p2
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= m2
W

to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-

ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where
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unless otherwise specified. In all
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angle cos ✓t = 0.833.

We have checked that the modes t̃ ! t�0
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1 +X pass our selection cuts with efficiencies differing by

O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly
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The dominant backgrounds to semileptonic stop searches
are dileptonic tt̄ where one of the leptons is either too soft or
too forward to be identified, and tt̄ events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the

event be minimized. As the PDFs fall off steeply with
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to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-

ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where
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unless otherwise specified. In all
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We have checked that the modes t̃ ! t�0
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t�0
1 +X pass our selection cuts with efficiencies differing by

O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly

small.
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The dominant backgrounds to semileptonic stop searches
are dileptonic tt̄ where one of the leptons is either too soft or
too forward to be identified, and tt̄ events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the

event be minimized. As the PDFs fall off steeply with
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s, this

provides a good approximation to the true event kinematics.
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to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-

ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.
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but we emphasize that topness is useful in any search where
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o↵-shell

• Its distribution is wide, but there is a peak, which can constrain hh system further.
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Figure 2. Unit-normalized invariant mass distribution of the the lepton-neutrino (m`⌫ , left) and the
two neutrinos (m⌫⌫̄ , right).

The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
proper lepton-neutrino system (m`⌫). The distribution has a bimodal shape — the narrow
peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the

expected invariant mass distribution d�
dm⌫⌫̄

for the neutrino pair3, which is shown in the right
panel of Fig. 2. The red solid curve gives the pure phase space prediction

d�

dm⌫⌫̄

/

Z
dm2

W ⇤�1/2(m2
h, m

2
W , m2

W ⇤)f(m⌫⌫̄) , (3.5)

where �(x, y, z) = x2 + y2 + z2 � 2xy � 2yz � 2zx is the two-body phase space function and
f(m) is the invariant mass distribution of the antler topology with h ! WW ⇤

! `+`�⌫⌫̄:

f(m) ⇠

(
⌘ m, 0  m  e�⌘E,

m ln(E/m) , e�⌘E  m  E,
(3.6)

where the endpoint E and the parameter ⌘ are defined in terms of the particle masses as

E =
p

mWmW ⇤ e⌘ , (3.7)

cosh ⌘ =

✓
m2

h
� m2

W
� m2

W ⇤

2mWmW ⇤

◆
. (3.8)

Note that by allowing one of the W -bosons to be on-shell, eqs. (3.5-3.8) generalize the results
previously derived in Refs. [66–69] for the purely on-shell case. The blue histogram in the

3In the limit of massless leptons, the distribution d�
dm⌫⌫̄

is the same as the dilepton mass distribution d�
dm

`+`�
,

which is directly observable and therefore more commonly discussed in the literature [66–69].
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neutrino momenta can be fixed by minimizing the following quantity
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subject to the missing transverse momentum constraint, /~PT = ~pT⌫ + ~pT ⌫̄ . The parameters
�t and �W are indicative of the corresponding experimental resolutions and intrinsic particle
widths. In principle, they can be treated as free parameters and one can tune them using NN,
BDT, etc. In our numerical study, we shall use �t = 5 GeV and �W = 5 GeV. Since there is a
twofold ambiguity in the paring of a b-quark and a lepton, Topness is defined as the smaller
of the two �2s [39],

T ⌘ min
�
�2
12 , �2
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�
. (3.2)

The Topness distributions for both signal and backgrounds before baseline cuts are shown in
Fig. 1 (3rd plot in the 3rd row). We observe that, as expected, T tends to have smaller values
for the main background (tt̄) than for signal.

In our signal of hh production, the two b-quarks arise from a Higgs decay (h ! bb̄), and
therefore their invariant mass mbb can be used as a first cut to enhance the signal sensitivity.
For the decay of the other Higgs boson, h ! W±W ⇤⌥, Higgsness is defined as follows [39]
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It tests whether the neutrino kinematics can be compatible with having the Higgs boson and
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The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
proper lepton-neutrino system (m`⌫). The distribution has a bimodal shape — the narrow
peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the

expected invariant mass distribution d�
dm⌫⌫̄

for the neutrino pair3, which is shown in the right
panel of Fig. 2. The red solid curve gives the pure phase space prediction

d�

dm⌫⌫̄

/

Z
dm2

W ⇤�1/2(m2
h, m

2
W , m2

W ⇤)f(m⌫⌫̄) , (3.5)

where �(x, y, z) = x2 + y2 + z2 � 2xy � 2yz � 2zx is the two-body phase space function and
f(m) is the invariant mass distribution of the antler topology with h ! WW ⇤

! `+`�⌫⌫̄:

f(m) ⇠

(
⌘ m, 0  m  e�⌘E,

m ln(E/m) , e�⌘E  m  E,
(3.6)

where the endpoint E and the parameter ⌘ are defined in terms of the particle masses as

E =
p

mWmW ⇤ e⌘ , (3.7)

cosh ⌘ =

✓
m2

h
� m2

W
� m2

W ⇤

2mWmW ⇤

◆
. (3.8)

Note that by allowing one of the W -bosons to be on-shell, eqs. (3.5-3.8) generalize the results
previously derived in Refs. [67–70] for the purely on-shell case. The blue histogram in the

3In the limit of massless leptons, the distribution d�
dm⌫⌫̄

is the same as the dilepton mass distribution d�
dm

`+`�
,

which is directly observable and therefore more commonly discussed in the literature [67–70].

– 9 –



Higgsness ( H )

• Higgsness provides a degree of consistency to dileptonic h → WW* system.

H ⌘ min

"�
m

2
`+`�⌫⌫̄ �m

2
h

�2

�
4
h`

+

⇣
m

2
⌫⌫̄ �m

2
⌫⌫̄,peak

⌘2

�4
⌫

+min

0

B@
�
m

2
`+⌫ �m

2
W

�2

�
4
W

+

⇣
m

2
`�⌫̄ �m

2
W⇤,peak

⌘2

�
4
W⇤

, (1)

�
m

2
`�⌫̄ �m

2
W

�2

�
4
W

+

⇣
m

2
`+⌫ �m

2
W⇤,peak

⌘2

�
4
W⇤

1

CA

3

75 ,

h

h

b

b

W

W ⇤

⌫

`

` ⌫

(p1x, p1y, p1z,
q
p21x + p21y + p21z)

(p2x, p2y, p2z,
q
p22x + p22y + p22z)

�2
ij ⌘ min

~/pT=~p⌫T+~p⌫̄T

2

64

⇣
m2

bi`+⌫ �m2
t

⌘2

�4
t

+

�
m2

`+⌫ �m2
W

�2

�4
W

+

⇣
m2

bj`�⌫̄ �m2
t

⌘2

�4
t

+

�
m2

`�⌫̄ �m2
W

�2

�4
W

3

75

• The off-shell W also has an end-point near mh - mW.

⇠ mh �mW
o↵-shell

• Its distribution is wide, but there is a peak, which can constrain hh system further.

Figure 2. Unit-normalized invariant mass distribution of the the lepton-neutrino (m`⌫ , left) and the
two neutrinos (m⌫⌫̄ , right).

The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
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subject to the missing transverse momentum constraint, /~PT = ~pT⌫ + ~pT ⌫̄ . The parameters
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proper lepton-neutrino system (m`⌫). The distribution has a bimodal shape — the narrow
peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the
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for the neutrino pair3, which is shown in the right
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two neutrinos (m⌫⌫̄ , right).

The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
proper lepton-neutrino system (m`⌫). The distribution has a bimodal shape — the narrow
peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the
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for the neutrino pair3, which is shown in the right
panel of Fig. 2. The red solid curve gives the pure phase space prediction

d�

dm⌫⌫̄

/

Z
dm2

W ⇤�1/2(m2
h, m

2
W , m2

W ⇤)f(m⌫⌫̄) , (3.5)

where �(x, y, z) = x2 + y2 + z2 � 2xy � 2yz � 2zx is the two-body phase space function and
f(m) is the invariant mass distribution of the antler topology with h ! WW ⇤

! `+`�⌫⌫̄:

f(m) ⇠

(
⌘ m, 0  m  e�⌘E,

m ln(E/m) , e�⌘E  m  E,
(3.6)

where the endpoint E and the parameter ⌘ are defined in terms of the particle masses as

E =
p

mWmW ⇤ e⌘ , (3.7)

cosh ⌘ =

✓
m2

h
� m2

W
� m2

W ⇤

2mWmW ⇤

◆
. (3.8)

Note that by allowing one of the W -bosons to be on-shell, eqs. (3.5-3.8) generalize the results
previously derived in Refs. [66–69] for the purely on-shell case. The blue histogram in the

3In the limit of massless leptons, the distribution d�
dm⌫⌫̄

is the same as the dilepton mass distribution d�
dm

`+`�
,

which is directly observable and therefore more commonly discussed in the literature [66–69].

– 9 –

neutrino momenta can be fixed by minimizing the following quantity

�2
ij ⌘ min

/~PT=~pT⌫+~pT ⌫̄

2

64

⇣
m2

bi`
+⌫

� m2
t

⌘2

�4
t

+

�
m2

`+⌫
� m2

W

�2

�4
W

+

⇣
m2

bj`
�⌫̄

� m2
t

⌘2

�4
t

+

�
m2

`�⌫̄
� m2

W

�2

�4
W

3

75 , (3.1)

subject to the missing transverse momentum constraint, /~PT = ~pT⌫ + ~pT ⌫̄ . The parameters
�t and �W are indicative of the corresponding experimental resolutions and intrinsic particle
widths. In principle, they can be treated as free parameters and one can tune them using NN,
BDT, etc. In our numerical study, we shall use �t = 5 GeV and �W = 5 GeV. Since there is a
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T ⌘ min
�
�2
12 , �2

21

�
. (3.2)

The Topness distributions for both signal and backgrounds before baseline cuts are shown in
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The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
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peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the
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• The off-shell W also has an end-point near mh - mW.
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• Its distribution is wide, but there is a peak, which can constrain hh system further.

Figure 2. Unit-normalized invariant mass distribution of the the lepton-neutrino (m`⌫ , left) and the
two neutrinos (m⌫⌫̄ , right).

The left panel of Fig. 2 shows the unit-normalized invariant mass distribution of the
proper lepton-neutrino system (m`⌫). The distribution has a bimodal shape — the narrow
peak on the right near 80 GeV corresponds to the on-shell W -boson resonance, while the
broader hump to the left is due to the off-shell W ⇤, with a clear end-point at mh �mW = 45

GeV and a maximum near mpeak

W ⇤ = 40 GeV in accordance with (3.4).
The definition of Higgsness (3.3) also includes a term which tests for consistency with the

expected invariant mass distribution d�
dm⌫⌫̄

for the neutrino pair3, which is shown in the right
panel of Fig. 2. The red solid curve gives the pure phase space prediction
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Higgsness ( H )

• Higgsness provides a degree of consistency to dileptonic h → WW* system.

H ⌘ min

"�
m

2
`+`�⌫⌫̄ �m

2
h

�2

�
4
h`

+

⇣
m

2
⌫⌫̄ �m

2
⌫⌫̄,peak

⌘2

�4
⌫

+min

0

B@
�
m

2
`+⌫ �m

2
W

�2

�
4
W

+

⇣
m

2
`�⌫̄ �m

2
W⇤,peak

⌘2

�
4
W⇤

, (1)

�
m

2
`�⌫̄ �m

2
W

�2

�
4
W

+

⇣
m

2
`+⌫ �m

2
W⇤,peak

⌘2

�
4
W⇤

1

CA

3

75 ,

h

h

b

b

W

W ⇤

⌫

`

` ⌫

(p1x, p1y, p1z,
q
p21x + p21y + p21z)

(p2x, p2y, p2z,
q
p22x + p22y + p22z)

�2
ij ⌘ min

~/pT=~p⌫T+~p⌫̄T

2

64

⇣
m2

bi`+⌫ �m2
t

⌘2

�4
t

+

�
m2

`+⌫ �m2
W

�2

�4
W

+

⇣
m2

bj`�⌫̄ �m2
t

⌘2

�4
t

+

�
m2

`�⌫̄ �m2
W

�2

�4
W

3

75

• The off-shell W also has an end-point near mh - mW.
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• Its distribution is wide, but there is a peak, which can constrain hh system further.



Distributions of (log H , log T) 
after baseline selection cuts

�15 �10 �5 0 5 10

log(H)

�10

�5

0

5

10

lo
g(

T
)

0.015

0.030

0.045

0.060

0.075

0.090

0.105

0.120

N
or

m
al

iz
ed

�15 �10 �5 0 5 10

log(H)

�10

�5

0

5

10

lo
g(

T
)

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

N
or

m
al

iz
ed

lo
g(
T
) hh

All backgrounds

• A clear separation between hh and 
backgrounds (     is dominant )

tt
�

li
k
e

log(H)hh� like

log(H)hh� like

lo
g(
T
)

tt
�

li
k
e

tt

correct b`-pair

wrong b`-pair
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ambiguity in bℓ-paring, Topness 
displays the island-nature.
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• Since the Higgs is a color-singlet, two b jets are color-connected with each other.

• Parton showering dominantly occurs in the direction of color string.

• However, two b jets from       are color-connected with initial states.tt

• The advantage of using jet images is that we can better capture color-flow effects.

p

pg

g
A

B

C

D A

B

C

D

J. H. Kim, M. Kim, K. C. Kong, K. T. Matchev, M. Park [2019]

J. Lin, M. Freytsis, I. Moult, B. Nachman [2018]

L. Oliveira, M. Kagan, L. Mackey, B. Nachman, 
A. Schwarzman [2017]

See also P. T. Komiske, E. M. Metodiev, J. Thaler [2019]



Different Color flows

Major 
background

h

h

b

b

W

W ⇤

⌫

`

` ⌫

Signal
t

t

b

b

W+

W�

`+

`�

⌫

⌫

J. Gallicchio and M. D. Schwartz [2010]

• Since the Higgs is a color-singlet, two b jets are color-connected with each other.

• Parton showering dominantly occurs in the direction of color string.

• However, two b jets from       are color-connected with initial states.tt

• The advantage of using jet images is that we can better capture color-flow effects.

p

pg

g
A

B

C

D A

B

C

D

J. H. Kim, M. Kim, K. C. Kong, K. T. Matchev, M. Park [2019]

J. Lin, M. Freytsis, I. Moult, B. Nachman [2018]

L. Oliveira, M. Kagan, L. Mackey, B. Nachman, 
A. Schwarzman [2017]

See also P. T. Komiske, E. M. Metodiev, J. Thaler [2019]

Figure 5. Cumulative pT distributions resulting from showering 10,000 times a single partonic event
for the signal (left) and tt̄ production (right). The two b quarks from h ! bb̄ are color-connected to
each other and the soft radiation tends to fill in the region between them (left panel), while the two b
quarks from tt̄ production are not color-connected and the two clusters from their hadronization tend
to be more isolated (right panel).

The difference in color flow will be reflected in the resulting hadron distributions. Hadrons
coming from a color-singlet object will tend to be closer to the direction of the original mother
particle, and as a result, the soft radiation will tend to populate the region between the two
b quarks. On the other hand, hadrons from the decay of a color-octet particle will not be
so narrowly focused, due to the influence of the initial state partons. These features are
illustrated in Fig. 5, where we show the cumulative pT distributions in the (⌘, �) plane after
showering the same partonic event 10,000 times. In the left panel we used a signal event, while
in the right panel we used an event from tt̄ production. We see that the b-jet clusters in the
right panel tend to be better defined and more isolated, since they are not color-correlated
among themselves. On the other hand, in the left panel we observe quite a bit of soft radiation
in the region between the two b jets, due to the existing color connection between them.

Of course, the results in Fig. 5 are only valid in the statistical sense, since we took the
same parton-level event and hadronized it multiple times. In reality, only one instance of
this hadronization will be realized, as illustrated in Fig. 6. The top row of plots shows the
hadronization patterns for charged particles (left panel) and neutral particles (right panel) in
the case of one signal event, while the bottom row shows the same, but for one tt̄ event. The
parton-level event information is quoted (in GeV) to the right of each row of panels, and then
each event is translated in the (⌘, �) plane until the origin is aligned with the direction of the
b-quark pair. The color scheme indicates the total pT in each pixel, while the dotted circles
represent the �R = 0.4 cones for reconstruction of the corresponding b jets.

As an alternative to Fig. 5, in Figs. 7 and 8, we illustrate the effects of color-connection
by showing the average of the jet images for the signal and the different background processes
before and after the baseline cuts, respectively (some basic generation-level cuts were imposed
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Jet images before baseline cuts

Figure 7. The cumulative average of the jet images for the signal and the different background
processes before the baseline cuts (basic cuts at the event generation stage were still imposed). The
origin of the (⌘, �) plane is taken to be the center of the b quark pair and the color scheme indicates the
total pT in each pixel. The black dotted line delineates the region 1.6  ⌘  1.6 and �2.01  �  2.01
used in the analysis.

Figure 8. The same as Fig. 7, but after imposing the baseline cuts introduced in Section 2.
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• Most of backgrounds are unlikely to 
be classified as hh.

• We place a cut on p1 to disentangle 
the backgrounds.
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Future & On-going directions

• The semi-leptonic hh → bbWW* channel.

• The hh → bb𝜏𝜏 channel.

• The BSM Higgs searches h1 h2 → bbWW
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• Our method has a wide applicability to improve other channels.



Neutrino momenta (parton-level)

• Just like MT2, Higgsness and Topness provide momentum of neutrinos. 

• They can be used to study other quantities.
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Wolfram moments it can be said that the event shape is generator independent. Furthermore plots
using background data were created, for the same Hl Fox Wolfram Moments. These represent QCD
and W+Jets background data created using the Alpgen generator as well as the signal produced with
Alpgen. Again the four graphs can be found below:
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Figure 4: Fox Wolfram Moments with Background signal

All for plots show similar shapes for the event shape variable, hence it can be concluded that Fox
Wolfram is not su�ciently useful to separate signal and background data as desired.

3.2 Sphericity

The next event shape variable observed is sphericity. Sphericity can be defined as a measure of the
summed transverse moment squared with respect to the event axis [5]. By defining a sphericity tensor
Sphericity can be deduced.
Sphericity Tensor:

S
↵� =

P
i p

↵
i p

�
iP

i | pi |2 , (2)
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with ↵, � = 1, 2, 3 a matrix using x, y and z components of the momentum vector of the jets can
be constructed. Finding the normalised eigenvalues of these matices the actual sphericity can be
constructed. It will be found that to the eigenvalues applies the following to satisfy the normalisation
condition: �1 � �2 � �3 and �1 + �2 + �3 = 1. Sphericity can be found as a linear combination of
these:

S =
3
2
(�2 + �3) (3)

This formula was then used to evaluate the sphericity of signal data and background data. This can
be summarised in the two plots below:
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Figure 5: Sphericity

It can be seen, that the signal data is very similar no matter which generator is used for the data
production, which was to be expected. Furthermore both QCD and W+Jets background Sphericity
behave in a similar way as the sphericity of the signal. The shape of all three graphs in the plot on
the right are very similar and therefore will make it hard to use sphericity as an event shape variable
to distinguish between background and the actual signal.

3.3 Aplanarity

After sphericity aplanarity was the next event shape variable under investigation. Aplanarity is used
to look at di↵erent event topologies. It will help distinguish spherical from planar and linear events. Its
mathematical definition is 1.5 times the smallest eigenvalue of the momentum tensor(earlier introduced
as the sphericity tensor). [6]
Aplanarity:

A =
3
2
�1 (4)

For the aplanarity, again two plots were constructed one containing signal data of all four Monte Carlo
generators and the second one plotting the Alpgen signal data against a W+Jets and QCD background.
These two graphs display extremely well the fact that signal data is almost identical using di↵erent
generators. It can also be seen that aplanarity as an event shape variable is not e�cient in determining
a top event by separating signal and background data, as QCD as well as W+Jets show a very similar
pattern to the Alpgen signal.

7

• S -> 0:  pencil-like event

• S -> 1: isotropic event

Shape variables
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Sphericity in lab frame Sphericity in CM frame
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3 ab�1(14 TeV)Using Delphes

c3

SM (c3 = 1)

• Now our null hypothesis includes 
the SM backgounds + hh (@SM).

How well can we distinguish c3=1 vs c3≠1?

• We ask how well we can distinguish 
the SM c3 and anomalous c3.

• We can see that there would not be 
a significant impact on improving 
the precision of c3 coupling.

• Nevertheless hh → bbWW* can be 
useful to discover hh, when 
combining all channels.


