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•A direct probe of the self-coupling of the Higgs 
boson is possible by studying Higgs boson pair 
production 


•A number of results have been previously 
published by the ATLAS and CMS collaborations

•Non-resonant HH→bblνlν

•VBF HH→bbbb

•HH→bbγγ

bb WW ττ ZZ γγ

bb 33%

WW 25% 4.6%

ττ 7.4% 2.5% 0.39%

ZZ 3.1% 1.2% 0.34% 0.076%

γγ 0.26% 0.10% 0.029% 0.013% 0.0005%

Searches with full 
Run 2 dataset
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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Non-resonant ggF

•First HH→bblνlν result from ATLAS

•Analysis optimized for non-resonant ggF production

‣All objects in the event final state topology are fully resolved

‣Contributions from three different processes


- HH→bbWW (90% of total signal yield in SR)

- HH→bbττ (9%)

- HH→bbZZ (1%)


• Dominant background contributions from Top production and 
Z/γ* in association with jets from heavy flavors  0
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(pT , ⌘, �) pT , ⌘, and � of the leptons, leading two signal jets, and leading two b-tagged jets
Dilepton flavour Whether the event is composed of two electrons, two muons, or one of each
�R`` , |��`` | �R and magnitude of the �� between the two leptons
m`` , p

``
T Invariant mass and the transverse momentum of the dilepton system

E
miss
T , E

miss
T -� Magnitude of the missing transverse momentum vector and its � component

|��(pmiss
T , p``T ) | Magnitude of the �� between the pmiss

T and the transverse momentum of the dilepton system
|pmiss

T + p``T | Magnitude of the vector sum of the pmiss
T and the transverse momentum of the dilepton system

Jet multiplicities Numbers of b-tagged and non-b-tagged jets
|��bb | Magnitude of the �� between the leading two b-tagged jets
m
bb
T2 mT2 [119] using the leading two b-tagged jets as the visible inputs and pmiss

T as invisible input
HT2 Scalar sum of the magnitudes of the momenta of the H ! `⌫`⌫ and H ! bb systems,

HT2 = |pmiss
T + p`,0T + p`,1T | + |p

b,0
T + pb,1T |

H
R
T2 Ratio of HT2 and scalar sum of the transverse momenta of the H decay products,

H
R
T2 = HT2/(E

miss
T + |p`,0T | + |p

`,1
T | + |p

b,0
T | + |p

b,1
T |),

where p`(b) ,0{1}
T are the transverse momenta of the leading {subleading} lepton (b-tagged jet)

(pT , ⌘, �) pT , ⌘, and � of the leptons, leading two signal jets, and leading two b-tagged jets
Dilepton flavour Whether the event is composed of two electrons, two muons, or one of each
�R`` , |��`` | �R and magnitude of the �� between the two leptons
m`` , p

``
T Invariant mass and the transverse momentum of the dilepton system

E
miss
T , E

miss
T -� Magnitude of the missing transverse momentum vector and its � component

|��(pmiss
T , p``T ) | Magnitude of the �� between the pmiss

T and the transverse momentum of the dilepton system
|pmiss

T + p``T | Magnitude of the vector sum of the pmiss
T and the transverse momentum of the dilepton system

Jet multiplicities Numbers of b-tagged and non-b-tagged jets
|��bb | Magnitude of the �� between the leading two b-tagged jets
m
bb
T2 mT2 [119] using the leading two b-tagged jets as the visible inputs and pmiss

T as invisible input
HT2 Scalar sum of the magnitudes of the momenta of the H ! `⌫`⌫ and H ! bb systems,

HT2 = |pmiss
T + p`,0T + p`,1T | + |p

b,0
T + pb,1T |

H
R
T2 Ratio of HT2 and scalar sum of the transverse momenta of the H decay products,

H
R
T2 = HT2/(E

miss
T + |p`,0T | + |p

`,1
T | + |p

b,0
T | + |p

b,1
T |),

where p`(b) ,0{1}
T are the transverse momenta of the leading {subleading} lepton (b-tagged jet)

(pT , ⌘, �) pT , ⌘, and � of the leptons, leading two signal jets, and leading two b-tagged jets
Dilepton flavour Whether the event is composed of two electrons, two muons, or one of each
�R`` , |��`` | �R and magnitude of the �� between the two leptons
m`` , p

``
T Invariant mass and the transverse momentum of the dilepton system

E
miss
T , E

miss
T -� Magnitude of the missing transverse momentum vector and its � component

|��(pmiss
T , p``T ) | Magnitude of the �� between the pmiss

T and the transverse momentum of the dilepton system
|pmiss

T + p``T | Magnitude of the vector sum of the pmiss
T and the transverse momentum of the dilepton system

Jet multiplicities Numbers of b-tagged and non-b-tagged jets
|��bb | Magnitude of the �� between the leading two b-tagged jets
m
bb
T2 mT2 [119] using the leading two b-tagged jets as the visible inputs and pmiss

T as invisible input
HT2 Scalar sum of the magnitudes of the momenta of the H ! `⌫`⌫ and H ! bb systems,

HT2 = |pmiss
T + p`,0T + p`,1T | + |p

b,0
T + pb,1T |

H
R
T2 Ratio of HT2 and scalar sum of the transverse momenta of the H decay products,

H
R
T2 = HT2/(E

miss
T + |p`,0T | + |p

`,1
T | + |p

b,0
T | + |p

b,1
T |),

where p`(b) ,0{1}
T are the transverse momenta of the leading {subleading} lepton (b-tagged jet)

•Machine Learning approach to target HH

‣Multi-class neural network

‣Signal trained on HH→bbWW component only, due to 

larger branching fraction 

‣Final discriminant build from the class outputs

HDBS-2018-33

https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
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Table 2
Description of the variables used as inputs to the DNN classifier.

(pT , η, φ) pT , η, and φ of the leptons, leading two jets (not necessarily b-tagged), and leading two b-tagged jets
Dilepton flavour Whether the event is composed of two electrons, two muons, or one of each (encoded as 3 booleans)
#R$$ , |#φ$$| #R and magnitude of the #φ between the two leptons
m$$ , p$$

T Invariant mass and the transverse momentum of the dilepton system
Emiss

T , Emiss
T -φ Magnitude of the missing transverse momentum vector and its φ component

|#φ(pmiss
T ,p$$

T )| Magnitude of the #φ between the pmiss
T and the transverse momentum of the dilepton system

|pmiss
T + p$$

T | Magnitude of the vector sum of the pmiss
T and the transverse momentum of the dilepton system

Jet multiplicities Numbers of b-tagged and non-b-tagged jets
|#φbb | Magnitude of the #φ between the leading two b-tagged jets
mbb

T2 mT2 [120] using the leading two b-tagged jets as the visible inputs and pmiss
T as invisible input

HT2 Scalar sum of the magnitudes of the momenta of the H → $ν$ν and H → bb systems,

HT2 = |pmiss
T + p$,0

T + p$,1
T | + |pb,0

T + pb,1
T |

HR
T2 Ratio of HT2 and scalar sum of the transverse momenta of the H decay products,

HR
T2 = HT2/(Emiss

T + |p$,0
T | + |p$,1

T | + |pb,0
T | + |pb,1

T |),

where p$(b) ,0{1}
T are the transverse momenta of the leading {subleading} lepton (b-tagged jet)

The resulting four outputs, each constrained to values between 0 
and 1, are referred to as pi (i ∈ {H H, Top, Z-$$, Z-ττ }). Values of pi
nearer to 1 indicate that the event likely belongs to class i and val-
ues nearer to 0 indicate otherwise. The main discriminant in the 
analysis, dH H , is constructed from the four pi and is defined as 
dH H = ln

[
pH H/

(
pTop + pZ-$$ + pZ-ττ

)]
.

The H H → bb$ν$ν signal events are characterised by two 
distinct ‘Higgs hemispheres’. One hemisphere contains the two 
b-tagged jets from the H → bb decay and it is typically opposite 
in the transverse plane to the second hemisphere that contains the 
two leptons and Emiss

T from the H → W W ∗/Z Z∗/ττ decay. The 
final-state objects in the SM backgrounds, the Top process in par-
ticular, are distributed more uniformly within the event and they 
typically do not exhibit the same opposite hemispheres topology 
as the H H signal. These Higgs hemispheres thus provide a topo-
logical criterion that distinguishes the signal from the background 
and motivates the choice of input observables that are provided 
to the classifier. Thirty-five such variables are provided as inputs 
to the classifier, ranging from momentum components of the visi-
ble final-state objects to observables using event-wide information, 
and are constructed using only calibrated final state objects that 
have well-understood uncertainties (Section 6). A complete list is 
provided in Table 2. The event-wide input observables are sensitive 
to the presence of Higgs hemispheres in the signal and are largely 
angular in nature or take advantage of the fact that the final state 
objects from each of the Higgs bosons in the signal tend to be 
near to each other. The observables HR

T2 and mbb
T2 are non-standard 

high-level observables that are not straightforward functions of the 
momenta of the final-state objects. By construction, HR

T2 can take 
values between zero and one; it peaks near one for signal and is 
more broadly distributed for background. The mbb

T2 observable is 
defined similarly to the Mbb

T2 observable in Ref. [119] but does not 
include the final-state leptons. As discussed in Ref. [119], for the 
Top backgrounds mbb

T2 generally has values below the mass of the 
top-quark due to kinematic constraints while for the Z/γ ∗ pro-
cesses, which have little-to-no Emiss

T , mbb
T2 is typically below 45

GeV. The use of dropout regularisation during the training of the 
classifier allows it to more effectively use the information con-
tained in the full set of inputs presented in Table 2 by reducing 
its susceptibility to overtraining effects that may otherwise appear 
as a result of using such an extended input feature space in the 
case where no such regularisation is performed. To verify this, the 
performance of the classifier was checked using an independent 
sample of events not used in the training of the classifier and was 

found to be compatible to its performance when presented with 
those of the training sample.

5.2. Signal selection criteria

To define signal selection criteria, the analysis relies on the 
invariant mass of the two leptons, m$$ , and the invariant mass 
of the two leading (pT-ordered) b-tagged jets, mbb . Due to spin-
correlation effects present in the H → W W ∗ → $ν$ν decay within 
the dominant H H → bbW W ∗ signal process, the signal events 
exhibit values of m$$ that are typically below 60 GeV. By se-
lecting low values of m$$ , the signal purity can therefore be en-
hanced while rejecting a large component of the SM Z boson 
and Top backgrounds. Additionally, mbb has a peak at the mass 
of the Higgs boson for the signal process and therefore provides 
an effective means to define selections in which the H H contri-
bution is enhanced. The signal selection criteria therefore require 
m$$ ∈ (20, 60) GeV and mbb ∈ (110, 140) GeV. The m$$ > 20 GeV 
requirement is enforced in order to remove contamination from 
low-mass resonances and Z/γ ∗ processes. The signal selection cri-
teria are further broken down into same-flavour (SF), i.e. ee or 
µµ, or different-flavour (DF), i.e. eµ, regions. Separating by dilep-
ton flavour enhances the separation power between the signal and 
Z/γ ∗ background; the former has roughly equal probabilities for 
the SF and DF final states and the latter leads predominantly to SF 
final states.

In addition to the m$$ and mbb requirements, the same-flavour 
and different-flavour signal regions, SR-SF and SR-DF, respectively, 
are defined by requiring high values of dH H and are presented 
in Table 3. The chosen threshold values of dH H > 5.45 (5.55) for 
SR-SF (SR-DF) are found to maximise the expected sensitivity to 
the non-resonant H H process. The predicted H H → bb$ν$ν signal 
yields in SR-SF and SR-DF are shown in Table 3, and are composed 
of 90% H H → bbW W ∗ , 9% H H → bbττ , and 1% H H → bb Z Z∗ . 
The predominance of the H H → bbW W ∗ process over the other 
two is a result of both its larger overall BF and of the classifier 
having been trained only on this component of the signal.

5.3. Background estimation

As mentioned in Section 5.1, the dominant backgrounds ex-
pected to contaminate the signal regions are the Top and Z/γ ∗

processes, specifically Z/γ ∗ production in association with jets 

•Machine Learning approach to target HH

‣Multi-class neural network

‣Signal trained on HH→bbWW component only due to 

larger branching fraction 

‣Final discriminant build from the class outputs

HDBS-2018-33
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•Significant improvements in analysis techniques leading to 

improvements in sensitivity 

‣CMS HH→bblνjj @36 fb-1 σEXP/σSM = 89 JHEP 01 (2018) 054

•Current analysis not optimized for a κλ scan 

HDBS-2018-33
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•Focuses on Vector Boson Fusion production

‣VBF searches make it possible to probe κ2V 


- ggF production searches are more sensitive to κλ

‣Characterized by presence of two jets with large rapidity gap 


• Dominant background contributions from tt and Multijet events


• Corrections to b-jet energy derived using Boosted Decision 
Tree improve mbb resolution

https://link.springer.com/article/10.1007/JHEP05(2021)207
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
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•Combinatorics of the 4b system play an important role

‣Pairs of b-jets with invariant mass close to mH should 

be optimal

‣Pairs that minimize DHH are selected as Higgs 

candidates


• Signal, Validation and Sideband regions are defined in 
mass plane of the two Higgs candidates  

Selections

VBF topology At least two jets
with pT > 30, |⌘ | >2.0

Two highest-pT jets with opposite sign ⌘

����⌘VBF
j j

���> 5.0 and mVBF
j j

> 1000

Signal topology

Exactly 4 b-tagged jets with pT > 40, |⌘ | <2.0

If m4b < 1250
360
m4b
� 0.5 < �Rlead

bb
< 653

m4b
+ 0.475

235
m4b

< �Rsubl
bb
< 875

m4b
+ 0.35

If m4b � 1250
�Rlead

bb
< 1

�Rsubl
bb
< 1

Pairs with minimum

DHH =
q

(mlead
2b )2 + (msubl

2b )2 ����sin
✓
tan�1

✓
m

subl
2b

m
lead
2b

◆
� tan�1

⇣
116.5
123.7
⌘◆ ����

Background rejection
Multijet

|�⌘HH | < 1.5

|⌃i ~pTi | < 60, where i = b-jets and VBF-jets

plead
T,H > 0.5m4b � 103

psubl
T,H > 0.33m4b � 73

tt̄ Veto if XWt =

q⇣
mW�80.4
0.1mW

⌘2
+
⇣
mt�172.5

0.1mt

⌘2  1.5

Region definition

Signal region (SR) XHH =

r✓
m

lead
2b �123.7

11.6

◆2
+
✓
m

subl
2b �116.5

18.1

◆2
< 1.6

Validation region (veto SR)
q⇣

mlead
2b � 123.7

⌘2
+
⇣
msubl

2b � 116.5
⌘2
< 30

Sideband region (veto SR, VR)
q⇣

mlead
2b � 123.7

⌘2
+
⇣
msubl

2b � 116.5
⌘2
< 45

Invariant mass of selected b-jets 
used as final discriminant J

H
E
P
0
7
(
2
0
2
0
)
1
0
8

The resulting dijet pairs are still dominated by multijet events. To further increase

the search sensitivity, the dijet masses are required to fulfil:

XHH =

√(
mlead

2b − 123.7 GeV

11.6 GeV

)2

+

(
msubl

2b − 116.5 GeV

18.1 GeV

)2

< 1.6, (5.1)

where 11.6 GeV and 18.1 GeV are the experimental widths of the simulated leading and

subleading Higgs boson candidates, respectively. The mass resolution of the subleading

Higgs boson candidate is worse because it is composed of the lower pT jets. These values

are derived using a 600 GeV resonant signal sample and are similar for other signal samples.

Additional requirements are imposed to reduce the number of hadronically decaying

tt̄ events by vetoing candidate events compatible with a top-quark decay. The jet with

the highest b-tagging score is considered as the b-jet originating from a top-quark decay

and the remaining central jets are considered to stem from the W -boson decay. Since the

top quarks are expected to be produced centrally, only central jets are tested. All possible

two-jet combinations in the event are tested and the selected combination is the one with

the smallest value of XWt, defined as:

XWt =

√(
mW − 80.4 GeV

0.1mW

)2

+

(
mt − 172.5 GeV

0.1mt

)2

,

where mW and mt are the reconstructed invariant masses of the W -boson and top-quark

candidates, respectively. The event is vetoed if XWt ≤ 1.5. This requirement reduces the

tt̄ contamination by about 50% with negligible impact on the signal efficiency.

All requirements listed above define the signal region (SR). The number of selected sig-

nal events divided by the number of generated events after each selection step (cumulative

acceptance times efficiency) is shown in figure 2 for the non-resonant signal as a function of

the κ2V coupling modifier and for the resonant signal models as a function of the generated

mass. The acceptance times efficiency increases as a function of the resonance mass, while

for the non-resonant signal a significant drop is observed at κ2V = 1. The trigger and jet

selection requirements cause the drop for κ2V values around 1, while the smaller acceptance

times efficiency for low-mass resonances is due to the softer pT spectrum of b-jets.

To estimate the background and to validate the background estimation technique, two

regions orthogonal to the SR are used: the sideband region (SB) and the validation region

(VR). The events in the SB and VR must fail the requirement defined in eq. (5.1) and fulfil

√(
mlead

2b − 123.7 GeV
)2

+
(
msubl

2b − 116.5 GeV
)2

< 30 GeV

requirement in the VR and

30 GeV <
√(

mlead
2b − 123.7 GeV

)2
+
(
msubl

2b − 116.5 GeV
)2

< 45 GeV

requirement in the SB. The m2b distributions of the leading versus subleading Higgs boson

candidates for the non-resonant signal and the multijet background are shown in figure 3,

together with the contours of the SR, VR and SB.

– 8 –

SR defined 
by

https://link.springer.com/article/10.1007/JHEP05(2021)207
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
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Observed −2σ −1σ Expected +1σ +2σ

σVBF [fb] 1460 510 690 950 1330 1780

σVBF/σSM
VBF 840 290 400 550 770 1030

Table 2. Upper limits at 95% CL for SM non-resonant HH production via VBF in fb (first row)
and normalised to its SM expectation, σSM

VBF (second row). Uncertainties related to the branching
ratio of the H → bb̄ decay are not considered.
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Figure 6. Observed and expected 95% CL upper limits on the production cross-section for non-
resonant HH production via VBF as a function of the di-vector-boson-di-Higgs-boson coupling
modifier κ2V . The theory prediction of the cross-section as a function of κ2V is also shown. More
details on the predicted cross-section can be found in section 3.

Source mX = 300 GeV Source mX = 800 GeV

Multijet normalisation 46% Multijet modelling 44%

Jet energy resolution 26% Jet energy resolution 23%

Multijet modelling 18% Jet energy scale 19%

Multijet kinematic reweighting 17% Multijet kinematic reweighting 9%

tt̄ modelling 11% Multijet normalisation 7%

Jet energy scale 10% tt̄ modelling 6%

Total systematic uncertainty 64% Total systematic uncertainty 57%

Statistical uncertainty 77% Statistical uncertainty 82%

Table 3. Dominant relative uncertainties in the best-fit signal cross-section σbest fit
VBF (pp → Xjj →

HHjj) of hypothesised resonant HH signal production. The leading sources of systematic uncer-
tainty, the total systematic uncertainty and the data statistical uncertainty are provided. Two mass
points are selected: mX = 300 GeV with the best-fit cross-section of 140 fb and mX = 800 GeV
with 4.7 fb, which correspond to the low and high mass regions. The groups of uncertainties do not
add up in quadrature to the total uncertainty, because only the dominant uncertainties are shown
and also due to correlations between the uncertainties.

– 14 –

•Limits set for two Spin-0 scenarios

‣Narrow fixed width (4 GeV)

‣2HDM Type II, tan(β) = 2.0, sin(β-α) = 0.6


- α mixing between CP-even Higgs bosons

•κ2V exclusion

‣Expected: κ2V < -0.91, κ2V > 3.11

‣Observed: κ2V < -0.76, κ2V > 2.90

‣κ2V=0 not yet excluded

This search is not sensitive 
to SM (κ2V =1)

https://link.springer.com/article/10.1007/JHEP05(2021)207
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/


Gabriel Palacino

HH→bbγγ

12



Gabriel Palacino

HH→bbγγ

13

ATLAS-CONF-2021-016

g

g

H

H

t

t
g

g H

H

H

t �

Non-resonant ggF

H

H

q q

q q

V

V

2VH

H

q q

q q

H

V

V

�V H

H

q q

q q

V

V

V

V

Non-resonant VBF

200 250 300 350 400 450 500 550 600
Invariant mass [GeV]

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 5

 G
eV

γγbbm*
 = 300 GeVX   m
 = 500 GeVX   m

=1λκ   HH ggF, 
=1λκ   HH VBF, 

+jetsγγ   

γγbbm
 
 
 
 
 

γγbb→ = 13 TeV         HHs
ATLAS Simulation Preliminary

25 GeV for the sub-leading photon, where leading (sub-leading) refers to the photon candidate with the
highest (second-highest) transverse energy [101]. Di�erent photon identification criteria are used: 2015
and 2016 triggers require both photons to fulfill a ‘Loose’ photon identification criteria, while the ‘Medium’
criteria [87] is adopted in 2017–2018 to cope with the increased interaction rate. The trigger e�ciency for
the non-resonant signal is 82.9% and 69.5% for the resonant signal (using as reference <- = 300 GeV).

On top of the trigger requirements, events are selected if:

• there are at least two photons passing the object selection criteria detailed in Section 4.1;

• the di-photon invariant mass, built with the two leading photons, satisfies 105 GeV < <WW < 160 GeV;

• the leading (sub-leading) photon ?T is larger than 35% (25%) of the mass of the di-photon system;

• there are exactly two 1-tagged jets;

• no electrons or muons are present;

• fewer than six central (|[ | < 2.5) jets are required, to help rejecting CC̄� events where the top quarks
decay hadronically.

In order to remain orthogonal to the ATLAS search for �� ! 11̄11̄ [102], any event with more than two
1-jets using the 77% e�cient working point is rejected. Multivariate techniques are then used to target
the non-resonant ggF production mode or the resonant production mode of Higgs boson pairs. For both
the non-resonant and resonant analyses, the resulting boosted decision tree (BDT)-based categories are
required to have at least 9 expected continuum background events in the range 105 GeV < <WW < 160 GeV
excluding 120 GeV < <WW < 130 GeV , which guarantees that the final selection on the data sideband has
su�cient events to perform an <WW fit.

The <
⇤
11̄WW

variable, defined as <⇤
11̄WW

= <11̄WW � <11̄ � <WW + 250 GeV (where 250 GeV is about twice
the Higgs boson mass value), is used to implement selection criteria for both the non-resonant and resonant
analyses. Compared with <11̄WW , the <

⇤
11̄WW

variable improves the four-object resolution, in particular
for resonant signals decaying into a pair of Higgs bosons, as shown in Figure 4 thanks to cancellation of
detector resolution e�ects.

4.2.2 Non-resonant selection

Following the preselection, events are divided into two regions using the value of the <
⇤
11̄WW

variable. A
high mass region, with <

⇤
11̄WW

> 350 GeV, targets the SM signal (^_ = 1), while a low mass region, with
<

⇤
11̄WW

< 350 GeV, is used to retain sensitivity for BSM signals (^_ = 10). The dependence of <⇤
11̄WW

on
^_ can be seen in Figure 5.

In each mass region, a dedicated BDT is trained using XGBoost [103] to discriminate between a benchmark
�� signal and a combination of WW, CC̄�, 66�, and /� simulated backgrounds. In the high mass region,
the SM �� sample is used as signal, while in the low mass region, the ^_ = 10 sample is used as signal.

The BDT input variables are summarized in Table 2. Identical variable sets are used for high mass and low
mass categories.

The BDT combines several input variables that exploit the di�erent kinematic properties of signal and
background events, as well as the 1-tagging information. Observables based on the kinematic properties of

9

•ggF and VBF production mechanisms are considered 
in order to increase sensitivity to κλ (optimized for ggF)


•Events are selected based on presence of two 
photons with mass 105 < mγγ  < 160


•Extensive use of multivariate techniques for signal 
discrimination


•Detector resolution effects mitigated by definition of 
m*bbγγ


‣Large improvements in signal sensitivity achieved

g

g H

H

X

Resonant

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES//
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High mass region

distributions of the low mass and high mass regions are shown in Figure 6 for events passing the common
preselection. In each mass region, two categories are defined based on the BDT score. The boundaries of
the categories are chosen by maximizing the combined number counting significance [104] using signal
and background yields in the mass window 120 GeV < <WW < 130 GeV in the chosen categories. The four
resulting BDT categories are defined in Table 3.

Table 2: Variables used in the BDT for the non-resonant analysis. The 1-tag status identifies the highest fixed 1-tag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon q is
equal to zero.

.

Variable Definition

Photon-related kinematic variables

?T/<WW
Transverse momentum of the two photons scaled by their
invariant mass <WW

[ and q

Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

Jet-related kinematic variables
1-tag status Highest fixed 1-tag working point that the jet passes

?T, [ and q

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest 1-tagging score

?
11̄
T , [11̄ and q11̄

Transverse momentum, pseudo-rapidity and azimuthal
angle of 1-tagged jets system

<11̄
Invariant mass built with the two jets with the highest
1-tagging score

�T Scalar sum of the ?T of the jets in the event

Single topness For the definition, see Eq. (1)

Missing transverse momentum-related variables
⇢

miss
T and q

miss Missing transverse momentum and its azimuthal angle

Table 3: Definition of the categories used in the �� non-resonant search. Before entering the BDT-based categories,
events are required to satisfy the common preselection.

Category Selection criteria

High mass BDT tight <
⇤
11̄WW

� 350 GeV, BDT score 2 [0.967, 1]
High mass BDT loose <

⇤
11̄WW

� 350 GeV, BDT score 2 [0.857, 0.967]
Low mass BDT tight <

⇤
11̄WW

< 350 GeV, BDT score 2 [0.966, 1]
Low mass BDT loose <

⇤
11̄WW

< 350 GeV, BDT score 2 [0.881, 0.966]
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‣Exploits kinematic properties of 
signal and background and b-
tagging information 

Non-resonant selection
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•Dedicated BDTs are used in the low mass (m*bbγγ < 350 GeV, trained on κλ=1 
signal) and high mass regions  (m*bbγγ ≥ 350 GeV, trained on κλ=10 signal)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES//
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•Two BDTs are used to separate signal from background

‣γγ + ttγγ

‣ZH + ttH


•An event-by-event reweighting is applied to signal match m*bbγγ 
distribution of background making making BDT training independent of 
the resonant mass

Resonant selection
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two di�erent values of :_ and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.

4.2.3 Resonant selection

The resonant analysis uses a multivariate analysis based on a BDT technique. A potential limitation of
a BDT-based selection is the low background statistics for higher resonance masses. To overcome this
limitation, a single BDT is trained for all resonance masses with the signal reweighted event-by-event
to match the <

⇤
11̄WW

distribution of the background events, such that the training is independent of the
resonant signal mass hypothesis.

Using the TMVA toolkit [105], two BDTs are trained to better separate the signal from backgrounds of
di�erent nature: the WW plus the CC̄WW backgrounds (BDTWW) and the single Higgs boson background
(BDTSingle� ), where /� and CC̄� production modes are the dominant resonant backgrounds. A complete
list of the variables used for the BDT training is detailed in Table 4. The ⇢

miss
T information is also used in

the training as it is useful to reject the single Higgs boson (CC̄� in particular) and the CC̄WW backgrounds.

The combined BDT score of an event is obtained by combining the two BDT scores in quadrature, as
shown in Equation (2):

BDTtot =
1q

⇠
2
1 + ⇠

2
2

s
⇠

2
1

✓BDTWW + 1
2

◆2
+ ⇠

2
2

✓BDTSingle� + 1
2

◆2
(2)

The coe�cients ⇠1, ⇠2 (⇠2 = 1 � ⇠1) and the BDTtot take values in the range [0,1]. Only events passing a
minimum requirement on the value of the BDTtot are considered in the analysis. The values of the ⇠1 and
⇠2 as well as the BDT cut value are scanned twice in order to maximize the significance. This two-stage
optimization procedure finds first the maximum significance that can be achieved for each resonance mass
point independently, leading to di�erent coe�cients and BDTtot requirement value for each mass parameter.
A second scan is done to select all coe�cients providing a significance within 5% from the maximum
value, for each of the resonance mass value. From those possible combinations a common ⇠1 coe�cient
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γγbb→HH
500 GeV Resonance

•κλ constraints

‣Observed: -1.5 ≤ κλ  ≤ 6.7

‣Expected: -2.4 ≤ κλ ≤ 7.7


•Range shrank by factor ~2

•σΗΗ limits on non-resonant 
production cross section:

‣Observed: 130 fb (4.1σSM)

‣Expected: 180 fb (5.5σSM)


•Improvement by factor five

ATLAS @36 ifb JHEP 11 (2018) 040

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES//
https://link.springer.com/article/10.1007/JHEP11(2018)040


Gabriel Palacino

Summary
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•Higgs boson pair production has been probed with a number of 
final states


•Searches for Higgs boson pair production are a great probe of 
the Higgs self-coupling…slowly but steadily closing in on SM 


•VBF Higgs pair production can be used to probe the VVHH 
coupling 


•ATLAS continues to work with the full Run 2 dataset aiming at 
releasing results comprising a large number of HH final states


•Expect more results soon! 10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

New results with full Run 2 

dataset coming up! 

Stay tuned!

Phys. Lett. B 800 (2020) 135103 

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

