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Introduction (1)
What is the Higgs boson and why its discovery (2012) was important

• Higgs boson: massive scalar particle 
generated by the spontaneous breaking 
of the electroweak gauge symmetry. 

• Ok… but what does this mean? 🙂 

• Take the massless SM lagrangian , 
add a scalar particle and a “a mexican 
hat” potential: 

• Around the new potential minimum, 
electroweak bosons (W/Z) and fermions 
acquire masses. A massive scalar 
appears (the Higgs boson). 

• This works surprisingly well (so far)! All 
observed couplings (W,Z,b,t, ) are 
consistent with the SM Higgs mechanism!

ℒSM

τ
Nature 607, pages 52-59 (2022)

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2
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Is this the end of the story?
Have we understood everything about the Higgs?

• Simple answer: No! 

• The simple existence of the Higgs in the SM is really unique and puzzling: 

• Are there more Higgs bosons? 

• Why is the Higgs mass so small? 

• Is it really a Mexican hat potential shape or something else?
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This is what we 
experimentally know 

about the Higgs 
potential Unknown

Unknown

|ϕ |

V(
ϕ)

Many different potential
shapes could explain the same 

physics we see today!

arxiv:1907.02078
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The Higgs potential in the history of the universe
Electroweak baryogenesis and vacuum metastability

• The Higgs potential is deeply related to the baryogenesis 
problem. 

• A potential shape beyond the SM could explain the 
overabundance of matter in the universe (EWK baryogenesis)! 

• Also, important question about the stability of our current 
universe vacuum state!

V(
ϕ)

Stable 
universe

Our current 
Higgs 

minimum

|ϕ |
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The Higgs potential in the history of the universe
Electroweak baryogenesis and vacuum metastability

• The Higgs potential is deeply related to the baryogenesis 
problem. 

• A potential shape beyond the SM could explain the 
overabundance of matter in the universe (EWK baryogenesis)! 

• Also, important question about the stability of our current 
universe vacuum state!

V(
ϕ)

Stable 
universe

Our current 
Higgs 

minimum

|ϕ |

Unstable 
universe

Metastable 
universe

New future 
minimum?
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The Higgs potential in the history of the universe
Electroweak baryogenesis and vacuum metastability

• The Higgs potential is deeply related to the baryogenesis 
problem. 

• A potential shape beyond the SM could explain the 
overabundance of matter in the universe (EWK baryogenesis)! 

• Also, important question about the stability of our current 
universe vacuum state!

V(
ϕ)

Stable 
universe

Our current 
Higgs 

minimum

|ϕ |

Unstable 
universe

Metastable 
universe

New future 
minimum?

Current measurements suggest that we live in a 
metastable universe that will decay in future!

Markannen, Rajantie, Stopyra
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https://www.researchgate.net/publication/329750275_Cosmological_Aspects_of_Higgs_Vacuum_Metastability


Measuring the Higgs potential is 
critical to fully understand how 
the universe started… and also 

how it will finish.



But so… how can we measure the 
Higgs potential?
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How to measure the Higgs potential
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…
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How to measure the Higgs potential
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13
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How to measure the Higgs potential
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13

Access to  through 3-Higgs 
interactions

λ

∝ λ

Trilinear Higgs self-coupling

κλ ≡
λ

λSM

We generally look more at 
 rather than  directly κλ λ
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How to measure the Higgs potential
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13

Out of the reach of (HL)-LHC (and even most 
of future collider scenarios)

∝ λ

Quadrilinear Higgs self-coupling

Access to  through 3-Higgs 
interactions

λ

∝ λ

Trilinear Higgs self-coupling

κλ ≡
λ

λSM

We generally look more at 
 rather than  directly κλ λ

Pa
rt

ic
le

 P
hy

si
cs

 d
ep

ar
tm

en
t

Ch
ar

tin
g 

th
e 

H
ig

gs
 p

ot
en

tia
l w

ith
 p

ai
r-

pr
od

uc
tio

n 
of

 H
ig

gs
 b

os
on

s 
at

 th
e 

AT
LA

S 
ex

pe
rim

en
t

CA
P 

20
24

 [2
7-

31
 M

a7
 2

02
4]



HH production at the LHC
Non-resonant HH production
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• Extremely low cross-section in the SM due to 

Box diagramTriangle diagram

1 HH event every 1000 single-H events!

Gluon-gluon fusion (ggF)

Vector-boson fusion (VBF)

• Destructive 
interference leads 
to small cross-
section:
σggF = 31.05 fb

• Signature: 2 Higgs + 2 quarks 
close to the LHC proton beams. 

• Access to , but also to VVHH 
process (never measured!) which 
could provide test of SM unitarity 
via measurement of . 

• Very tiny cross-section: 

κλ

k2V

σVBF = 1.72 fb
κ2V ≡

c2V

cSM
2V
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The HH final states
• With  and , ~4k HH events produced in 

the LHC Run 2. 

• Maximal sensitivity requires multiple analysis channels targeting 
different decays.

σ(HH) ≈ 31 fb ℒint = 139 fb−1

9

Most sensitive ATLAS 
channels  

covered in this talk.
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Higher BR

First Higgs decay
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HH detection at ATLAS



HH final state reconstruction
To observe  decaying to  channels we need to identify b-

quarks, -leptons and photons.
HH bb̄bb̄, bb̄τ+τ−, bb̄γγ

τ
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Inner Detector

ECAL

HCAL

Muon detectors
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HH final state reconstruction
To observe  decaying to  channels we need to identify b-

quarks, -leptons and photons.
HH bb̄bb̄, bb̄τ+τ−, bb̄γγ

τ
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Inner Detector

ECAL

HCAL

Muon detectors

B+

• b-jets: collimated spray of particles 
containing a displaced vertex (B-
hadron decay). 

• Machine Learning b-tagging 
algorithms for identification.
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HH final state reconstruction
To observe  decaying to  channels we need to identify b-

quarks, -leptons and photons.
HH bb̄bb̄, bb̄τ+τ−, bb̄γγ

τ
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Inner Detector

ECAL

HCAL

Muon detectors

B+

• b-jets: collimated spray of particles 
containing a displaced vertex (B-
hadron decay). 

• Machine Learning b-tagging 
algorithms for identification.

γ

• Photons: isolated ECAL energy deposit 
without associated track.
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HH final state reconstruction
To observe  decaying to  channels we need to identify b-

quarks, -leptons and photons.
HH bb̄bb̄, bb̄τ+τ−, bb̄γγ

τ
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Inner Detector

ECAL

HCAL

Muon detectors

• Taus:  plus 

1. Hadronic  ( ): jet with low number 
of tracks identified with  tagger. 

2. Leptonic  ( ): muon ( ) or electron 

( )

ντ

τ τhad
τ

τ τlep μ
e

Hadronic 
Decay

Leptonic decay

B+

• b-jets: collimated spray of particles 
containing a displaced vertex (B-
hadron decay). 

• Machine Learning b-tagging 
algorithms for identification.

γ

• Photons: isolated ECAL energy deposit 
without associated track.
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HH final state reconstruction
To observe  decaying to  channels we need to identify b-

quarks, -leptons and photons.
HH bb̄bb̄, bb̄τ+τ−, bb̄γγ

τ
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Inner Detector

ECAL

HCAL

Muon detectors

• Taus:  plus 

1. Hadronic  ( ): jet with low number 
of tracks identified with  tagger. 

2. Leptonic  ( ): muon ( ) or electron 

( )

ντ

τ τhad
τ

τ τlep μ
e

Hadronic 
Decay

Leptonic decaye

μ

B+

• b-jets: collimated spray of particles 
containing a displaced vertex (B-
hadron decay). 

• Machine Learning b-tagging 
algorithms for identification.

γ

• Photons: isolated ECAL energy deposit 
without associated track.
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 analysis ( )HH → bb̄γγ 139 fb−1

γ
γ

b
b

JHEP 01 (2024) 066

https://link.springer.com/article/10.1007/JHEP01(2024)066


BDT i=1,2,3

 > 350 GeVm*
bb̄γγ

 analysis (1)HH → bb̄γγ
Analysis selection and categories

13

• Very tiny HH BR (0.26%), but excellent acceptance (  triggers) and 
low backgrounds. 

• Selection: 2 photons + 2 b-jets (77% eff.) 

• BDTs used to separate backgrounds and signals. 

• Categories: 7 regions split in  (350 GeV) and BDT output to 

enhance sensitivity to signal.

γγ

m*
bb̄γγ
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JHEP 01 (2024) 066JHEP 01 (2024) 066

https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.springer.com/article/10.1007/JHEP01(2024)066


• Main backgrounds:  and SM . 

 
 
 
 
 
 
 
 
 
 
 

• No significant excess above SM prediction.

γγ + jets H → γγ

 analysis (2)HH → bb̄γγ
Background estimation and results
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Final observation: simultaneous likelihood fit of  in 7 categories.mγγ

+
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JHEP 01 (2024) 066

https://link.springer.com/article/10.1007/JHEP01(2024)066


 analysis ( )HH → bb̄τ+τ− 139 fb−1
arXiv:2404.12660

https://arxiv.org/abs/2404.12660


Event selection and analysis categories

• Good trade between HH BR 
(7.3%) and moderate 
background. 

• Selection: 2 b-jets (77% eff.) 
and 2 -leptons  (  and ) 

• 9 categories: split in  decay 
mode (had-had, lep-had) and 
HH production mode (ggF 
VBF) . 

• BDT outputs in categories are 
simultaneously fit to separate 
background and signals. 

• No significant excess observed.

τ τhad τlep

τ

 analysis (1)HH → bb̄ττ
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+8 categories
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 analysis ( )HH → bb̄bb̄ 126 fb−1

b

b

b
b

Phys. Rev. D 105 (2022) 092002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002


ggF VBF

Selection and analysis categories

• Largest HH BR (34%), but large multi-jet background and challenging jet-pairing 
combinatorics. 

• Selection: at least 4 b-jets (77% eff.) 

• VBF selection: two additional jets close to the beam ( ). 

• Background estimation: fully data-driven with machine-learning-assisted ABCD method. 

• Categories: 6 for ggF and 2 for VBF to enhance signal sensitivity. 

• No significant excess observed.

|Δηjj | > 3
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 analysis (1)HH → bb̄bb̄
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+1 category+ 5 categories
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Phys. Rev. D 105 (2022) 092002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002


Combining everything together…



Allowed  rangesκλ

• What did we learn about the Higgs self-
coupling? 

•  scan: upper-limits on  assuming 
signal normalisation and kinematic at each 
value of 

κλ σHH

κλ

20

Higgs self-coupling constraints 
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Very close to the SM signal! We are getting close to 
regions with exciting BSM physics scenarios!

• Observed allowed  
range is measured to be 

 

• For the standard model 
point, combined observed 
(expected) 95% CL upper 
limit: !

κλ

−0.6 < κλ < 6.6

μ95%
SM = 2.4 (2.9)
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Phys. Lett. B 843 (2023) 137745
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And for VBF ( )?k2V



Boosted VBF  analysis ( )HH → bb̄bb̄ 139 fb−1

arXiv:2404.17193

bb̄

bb̄

large-radius jet 
(R=1.0)

h b

b̄

boost

q

q

https://arxiv.org/abs/2404.17193


Boosted VBF HH → bb̄bb̄
Analysis strategy
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• Extremely high sensitivity to  variations 
due to kinematic boost of Higgs bosons. 

• Less statistics, but also much less 
backgrounds! 

•  identified through dedicated 
machine-learning double-b tagger (ATL-
PHYS-PUB-2020-019). 

• Selection:  

• 2 large-radius jets tagged as  
(60% eff.) 

• 2 small-radius jets close to the beam 
( ) 

• Background estimation: fully data-driven 
ABCD method. 

• No excess above SM prediction.

k2V

H → bb̄

H → bb̄

|Δη( j, j) | > 3
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arXiv:2404.17193

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/
https://arxiv.org/abs/2404.17193


Boosted VBF HH → bb̄bb̄
k2V limits

24

M
ar

co
 V

al
en

te

C
en

tr
e

TR
IU

M
F,

 C
an

ad
a’

s 
pa

rt
ic

le
 a

cc
el

er
at

or
Ph

ys
ic

s 
de

pa
rt

m
en

t

• At 95% CL:  (boosted-only)! 

• Much more sensitive than resolved ,  and  ( )! 

• Even more sensitive than expected sensitivity at the HL-LHC ( )! A 
huge step forward in just a couple of years!

κ2V ∈ [0.52,1.52]

bb̄bb̄ bb̄γγ bb̄τ+τ− κ2V ∈ [0.1,2.0]

3000 fb−1

k2V ∈ [0.52,1.52]
k2V ∈ [0.4,1.7]

Boosted VBF  ( )HH → bb̄bb̄ 140 fb−1 Resolved  at HL-LHC ( )HH → bb̄bb̄ 3000 fb−1
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arXiv:2404.17193

ATL-PHYS-PUB-2022-053

https://arxiv.org/abs/2404.17193
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/


So no unexpected Higgs self-coupling 
values for now.  

Can we improve the precision in future?



More data, better reconstruction and triggers

• Expect a large number of improvements by the end of Run 3 (2022-2025). 

• More data ( in Run 3) and +10%  with 
 

• b-tagging largely improved with Graph Neural Networks! 

• Triggers significantly improved (e.g. asymmetric  triggers)!

150 − 250 fb−1 σ(HH)
s = 13.6 TeV

HH → bb̄bb̄
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Run 3 ATLAS improvements
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X2 better light-jet rejection

ATLAS-PHYS-PUB-2022-027

+20-60% more  triggered databb̄bb̄
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Conclusion and prospects
• The Higgs sector is UNIQUE and still 

largely unexplored! 

• Shape of the Higgs potential essential 
to fully understand EWSB and the 
evolution of the universe. 

• HH searches at the (HL-)LHC are currently 
the best tool to constrain : 

• Huge improvements on  and 
constraints achieved with Run 2 ATLAS 
dataset. 

•  discovery achievable at the HL-LHC 
(ATLAS+CMS). 

• More improvements are expected for 
Run 3 (more data, better triggers, better 
physics object identification, etc.).

V(ϕ)

κλ κ2V

5σ
The human factor is 

important!

x2 lower limits than with  
luminosity only

If something is unexpected in the Higgs potential, Run 3 might already reveal this to us!

Only started to understand the Higgs!
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Thank you for your attention!



Backup



Challenges of HH production at the LHC
The unbearable lightness of HH
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Not only small cross-section, but also complex signal kinematic due to diagram 
interference!

arXiv:1903.08137

Impact of  more visible  
in soft part (i.e. low ) of the 

 spectrum

κλ
pT

mHH

Access low  events is hard due 
to soft Higgs kinematics!

mHH
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ATLAS-PHYS-PUB-2022-053

• Assuming Run 2 detector performance and expected reduction of 
systematics, statistical evidence ( ) is expected for SM HH ( ) 
with . 

•  constrained to  at 68% CL. 

• Reduction of systematic uncertainties could bring us close to 
discovery (  with stat. only). And we still have to combine with CMS!

3.4σ κλ = 1
3000 fb−1

κλ [0.5,1.6]

4.9σ
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Updated HL-LHC projections for HH
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3.4σ
4.9σ
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ATLAS-PHYS-PUB-2022-053
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Updated HL-LHC projections for HH
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Background estimation
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 analysisHH → bb̄bb̄
M

ar
co

 V
al

en
te

C
en

tr
e

TR
IU

M
F,

 C
an

ad
a’

s 
pa

rt
ic

le
 a

cc
el

er
at

or

• Background: QCD multijet (90%) and  (10%) estimated using a fully data-driven 
method. 

• Machine-learning algorithm learns weight , where  are different event 
kinematic variables, to reweight CR1- 2b into CR1-4b events 

•  applied to SR-2b to obtain SR-4b background estimation. 

• Alternative  from CR2 used to estimate systematics uncertainties.

tt̄

w(x) x

w(x)

w′￼(x)

2b 4b

CR1

SR

A B

C D

1) Learn  to reweight A into Bw(x)

2) Use  to predict D from C w(x)
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 analysisHH → bb̄ττ
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Analysis categories
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• Dominant backgrounds:  and +bb/bc/cc) 

• Final observation: binned fit of MVA scores in all 9 
categories. 

• No significant excess above SM prediction observed.

tt̄ Z( → ττ)

 analysisHH → bb̄ττ
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Background estimation and results
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Results

• Statistical combination maximises sensitivity to SM (and BSM) HH 
production

36

SM cross-section upper limits
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μHH =
σobs(pp → HH)
σSM(pp → HH)

Getting very close to the SM ( )μHH = 1

Previous result ( )36 fb−1

Expected: 15xSM 
Observed: 12.5xSM

Expected: 26xSM 
Observed: 20.3xSM

Expected:  20.7xSM 
Observed: 12.9xSM

Expected: 10xSM 
Observed: 6.9xSM
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Currently observing μ95% CL
HH < 2.4

Large improvement (x3.5) thanks to  
luminosity, better reconstruction (b-

jet, ) and analysis improvementsτ

Phys. Lett. B 843 (2023) 137745
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The evolution of the Higgs potential

•1 
•2 
•3 
•4
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A little history of the universe
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• BSM effect in the Higgs 
potential could explain 
the matter-antimatter 
asymmetry of the 
universe. 

• BSM physics acting on 
the Higgs potential 
would enable EWK 
bubble nucleation.

EWK baryogenesis

SM

|ϕ |

V(
ϕ)

|ϕ |

V(
ϕ)

BSM

Slow second order phase transition Strong first order phase transition 



Additional material
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 analysisHH → bb̄γγ
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arxiv:2211.01216
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HH combined and separate likelihoods
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Results

• Combination with ttH also allow to constrain HH 
box-diagram effects via direct measurement of κt

40
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t̄

κt

HH box diagram

ttH

Single-Higgs constraints to  and κλ κt
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ATLAS-PHYS-PUB-2022-053
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Updated projections for HL-LHC
M

ar
co

 V
al

en
te

C
en

tr
e

TR
IU

M
F,

 C
an

ad
a’

s 
pa

rt
ic

le
 a

cc
el

er
at

or
Ph

ys
ic

s 
de

pa
rt

m
en

t

Ch
ar

tin
g 

th
e 

H
ig

gs
 p

ot
en

tia
l w

ith
 p

ai
r-

pr
od

uc
tio

n 
of

 H
ig

gs
 b

os
on

s 
at

 th
e 

AT
LA

S 
ex

pe
rim

en
t

CA
P 

20
24

 [2
7-

31
 M

a7
 2

02
4]

https://cds.cern.ch/record/2841244


ATLAS-PHYS-PUB-2022-053
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Updated projections for HL-LHC
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Resonant interpretation
Resonant upper limits

• BSM models also predict possible heavy resonances 
decaying to HH 

• Re-optimised analyses to target these scenarios. 

• Complementarity between channels allow to obtain 
optimal exclusion across . 

• No statistically significant excess found: largest excess at 
, with local (global) significance of  ( ).

mX

mX = 1.1 TeV 3.2σ 2.1σ
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 dominatedbb̄γγ

 dominatedbb̄ττ

 dominatedbb̄bb̄
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Heavy spin-0 resonance

arxiv:2311.15956
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Additional material (resonant)
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Combination p-value
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Combination acceptances vs κλ
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Full Run 2 combinationPartial Run 2 combination ( )36 fb−1
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 constraints at future collidersκλ
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